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Servant ,54,170 Alexander Sevrin ,55 Lijing Shao ,134,171 Hector O.
Silva ,64 Peera Simakachorn ,172 Stephen Smartt ,95,173 Antonio
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Cristiano Ugolini ,73,17 Elias C. Vagenas ,180 Lorenzo Valbusa
Dall’Armi ,25,32 Elena Valenti ,153 Rosa Valiante ,17 Maarten van
de Meent ,181,64 Lieke A. C. van Son ,182,183 Miguel
Vanvlasselaer ,55 Massimo Vaglio ,73,7,74 Vijay Varma ,184 John
Veitch ,42 Ville Vaskonen ,185,25,32 Susanna D. Vergani ,49 Milan
Wils ,78,79 Helvi Witek ,186 Isaac C. F. Wong ,78,131 Stoytcho
Yazadjiev ,187,188 Garvin Yim ,134

Second List of Authors,189

1Max Planck Institute for Gravitational Physics (Albert Einstein Institute), Am Mühlenberg
1, Potsdam 14476, Germany

https://orcid.org/0000-0002-5219-0454
https://orcid.org/0000-0001-6709-0969
https://orcid.org/
https://orcid.org/0000-0002-0936-8237
https://orcid.org/0000-0003-3355-3704
https://orcid.org/0000-0002-9779-2838
https://orcid.org/0000-0002-7364-1904
https://orcid.org/0000-0002-4288-599X
https://orcid.org/0009-0006-4975-1536
https://orcid.org/0000-0002-1806-2483
https://orcid.org/0000-0002-5034-9273
https://orcid.org/0000-0001-9288-519X
https://orcid.org/0000-0001-5478-3950
https://orcid.org/0000-0003-0665-266X
https://orcid.org/0000-0002-8875-5453
https://orcid.org/0000-0002-0710-6778
https://orcid.org/0000-0001-7042-0914
https://orcid.org/0000-0003-0129-1930
https://orcid.org/0000-0001-9446-0638
https://orcid.org/0000-0002-1357-4164
https://orcid.org/0000-0002-2202-5415
https://orcid.org/0000-0003-4984-0775
https://orcid.org/0000-0003-1357-4348
https://orcid.org/0000-0003-4263-1110
https://orcid.org/0000-0001-5853-6164
https://orcid.org/0000-0001-8421-2040
https://orcid.org/0000-0002-6874-7421
https://orcid.org/0000-0002-7622-0881
https://orcid.org/0000-0003-4825-1629
https://orcid.org/0000-0003-2177-6388
https://orcid.org/0000-0002-4589-3987
https://orcid.org/0000-0002-5688-455X
https://orcid.org/0000-0001-6948-0856
https://orcid.org/0000-0003-2275-4164
https://orcid.org/0000-0003-0020-687X
https://orcid.org/0000-0002-3681-9304
https://orcid.org/0000-0002-8860-6538
https://orcid.org/0000-0003-2147-5411
https://orcid.org/0000-0001-7545-1533
https://orcid.org/0000-0001-9046-4420
https://orcid.org/0000-0001-5854-1617
https://orcid.org/0000-0002-2715-1517
https://orcid.org/0000-0003-4924-7322
https://orcid.org/0000-0002-0857-6018
https://orcid.org/0000-0001-5375-7494
https://orcid.org/0000-0002-0118-2649
https://orcid.org/0000-0003-3752-1400
https://orcid.org/0000-0003-3845-7586
https://orcid.org/0000-0003-1542-1791
https://orcid.org/0000-0002-8206-8089
https://orcid.org/0000-0002-5965-1022
https://orcid.org/0000-0001-9317-2888
https://orcid.org/0000-0002-5490-5302
https://orcid.org/
https://orcid.org/0000-0001-6564-9941
https://orcid.org/0000-0002-1334-8853
https://orcid.org/0000-0002-0066-9471
https://orcid.org/0000-0002-4274-1179
https://orcid.org/0000-0002-8229-1731
https://orcid.org/0000-0002-9430-5264
https://orcid.org/0000-0002-8781-1273
https://orcid.org/0000-0002-1614-0214
https://orcid.org/0000-0002-5490-5302
https://orcid.org/0000-0003-2157-4401
https://orcid.org/0000-0002-3891-0187
https://orcid.org/https://orcid.org/0000-0003-2389-6666
https://orcid.org/0009-0001-8487-0358
https://orcid.org/0009-0003-8886-3184
https://orcid.org/0000-0001-8760-5421
https://orcid.org/0000-0002-9835-4864
https://orcid.org/0000-0002-3865-7265
https://orcid.org/0000-0003-2483-6710
https://orcid.org/0000-0002-9258-7296
https://orcid.org/0000-0002-2998-7940
https://orcid.org/0000-0001-8709-5118
https://orcid.org/
https://orcid.org/0009-0005-9890-4722
https://orcid.org/0000-0002-8739-9506
https://orcid.org/0000-0002-0412-8058
https://orcid.org/0000-0002-6092-7145
https://orcid.org/0000-0003-3050-1765
https://orcid.org/0000-0002-0242-2464
https://orcid.org/0000-0001-5484-4987
https://orcid.org/0000-0002-8527-7011
https://orcid.org/0000-0002-7285-3489
https://orcid.org/0000-0002-9994-1761
https://orcid.org/0000-0002-6508-0713
https://orcid.org/0000-0003-0003-2259
https://orcid.org/0000-0001-9398-4907
https://orcid.org/0000-0002-1544-7193
https://orcid.org/0000-0003-3043-163X
https://orcid.org/0000-0003-2166-0027
https://orcid.org/0000-0002-1280-9013
https://orcid.org/0000-0001-8548-9535


2Instituto de F́ısica, Universidade de São Paulo, Rua do Matão 1371, 05508-090, São Paulo,
SP, Brazil

3Theoretisch-Physikalisches Institut, Friedrich-Schiller-Universität Jena, 07743, Jena, Ger-
many

4INFN sezione di Torino, Torino, 10125, Italy
5Astronomical Institute of the Czech Academy of Sciences, Bočńı II 1401/1a, CZ-141 00
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00133, Roma, Italy
17INAF–Osservatorio Astronomioco di Roma, via Frascati 33, 00078 Monte Porzio Catone

(RM), Italy
18Laboratoire de Physique Corpusculaire (LPC-Caen), CNRS/IN2P3, 6 Bvd du maréchal
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Germany
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160National Institute for Physics and Nuclear Engineering (IFIN-HH), RO-077125 Bucharest,

Romania
161Univ. Savoie Mont Blanc, CNRS, Laboratoire d’Annecy de Physique des Particules - IN2P3,

74940 Annecy, France
162Department of Astronomy and Astrophysics, The Pennsylvania State University, University

Park, PA 16802, USA



163Astronomical Observatory, University of Warsaw, al. Ujazdowskie 4, 00-478 Warsaw,
Poland

164Instituto de F́ısica Fundamental, Consejo Superior de Investigaciones Cient́ıficas, c/. Ser-
rano 121, E-28006, Madrid, Spain
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Abstract. Einstein Telescope (ET) is the European project for a gravitational-wave (GW)
observatory of third-generation. In this paper we present a comprehensive discussion of its
science objectives, providing state-of-the-art predictions for the capabilities of ET in both
geometries currently under consideration, a single site triangular configuration or two L-
shaped detectors. We discuss the impact that ET will have on domains as broad and diverse
as fundamental physics, cosmology, early Universe, astrophysics of compact objects, physics
of matter in extreme conditions, and dynamics of stellar collapse. We discuss how the study of
extreme astrophysical events will be enhanced by multi-messenger observations. We highlight
the ET synergies with ground-based and space-borne GW observatories, including multi-
band investigations of the same sources, improved parameter estimation, and complementary
information on astrophysical or cosmological mechanisms obtained combining observations
from different frequency bands. We present advancements in waveform modeling dedicated to
third-generation observatories, along with open tools developed within the ET Collaboration
for assessing the scientific potentials of different detector configurations. We finally discuss
the data analysis challenges posed by third-generation observatories, which will enable access
to large populations of sources and provide unprecedented precision.
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General Introduction

Thanks to the extraordinary discoveries of the LIGO, Virgo and KAGRA (LVK) Collab-
oration in the last few years (e.g. [1–9]), the field of gravitational-wave (GW) science is
blossoming. However, the current second-generation detectors are nearing the limits of their
capabilities, constrained by their infrastructures. As a result, the GW community is preparing
the jump toward third-generation (3G) GW detectors, new observatories that are designed
to detect GW sources along the cosmic history up to the early Universe. The 3G European
observatory project is Einstein Telescope (ET) [10, 11], while the United States community
effort is represented by the Cosmic Explorer (CE) project [12–14].

In recent years the ET project has undergone a significant acceleration, with the suc-
cessful proposal in 2020 for including ET in the European Strategy Forum on Research
Infrastructures (ESFRI) Roadmap (the roadmap which identify priority European research
infrastructures), and the formal creation of the ET Collaboration at the XII Einstein Tele-
scope Symposium in 2022.1 The ET Collaboration currently counts over 1700 members,
representing 260 Institutions in 31 different countries. The ET activities have been struc-
tured in four boards: the Instrument Science Board (ISB), for the design of the instrument;
the Site Characterization Board (SCB) for the geological/geographic characterization of the
site(s); the e-Infrastructure Board (eIB) for computing and services; and the Observational
Science Board (OSB), whose goal is to develop the science case of ET, along with with the
associated data analysis that will enable the full exploitation of its observations. In addition,
the OSB aims at developing the synergies for multi-band and multi-messenger observations.

The present paper summarizes work performed within the OSB (which currently counts
more than 700 members) over the last few years, and provides an updated and comprehensive
study of the science that can be achieved with ET. In the context of the recent developments
of ET, a first systematic discussion of the science case (building on many previous works)
was presented in [15], in the context of the ESFRI submission. In a subsequent work [16]
the ET science case was further developed, also in relation to the two possible geometries
that are currently considered for ET, i.e. a single-site triangular geometry made of 3 nested
detectors, and a network made of two identical L-shaped detectors in two distance sites
(“2L” in the following). The present paper significantly extends these studies, thanks to the
large community work performed within the OSB. While the objective of ref. [16] was to
compare different ET configurations and designs by establishing a common set of modeling
and astrophysical assumptions to build comparison metrics, the objective of the present work
is to present a comprehensive overview of the current knowledge of GW sources detectable
by ground-based observatories, identify the major open questions and the predicted impact
of ET on the widest range of science cases.

The paper is organized as follows. Section 1 discusses how ET can be used to probe
fundamental physics, such as testing fundamental aspects of gravitational interactions, com-
pact objects and near-horizon physics, and dark matter candidates. Section 2 is devoted
to cosmology; ET can probe early-Universe cosmology through various mechanisms that
can produce stochastic GW backgrounds, and late-Universe cosmology through “standard
sirens”. Section 3 discusses the impact that ET will have on our understanding of astro-
physical populations; with its vast distance reach and large detection rates, O(105) binary
black hole (BBHs) and binary neutron stars (BNSs) per year, ET will characterize these
populations across the whole cosmic history, including the possibility of identifying black

1See https://indico.ego-gw.it/event/411/.
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holes from the first stars (Population III stars) and primordial black holes, and the access
to low frequencies will make it possible to observe population of intermediate-mass black
holes up to 104M⊙. Section 4 is dedicated to multi-messenger astronomy, where ET will
force a change of paradigm on electromagnetic searches and characterization, making the
rare multi-messenger observations of today a routine with hundreds of detections per year.
The synergies of ET with other GW detectors, such as Cosmic Explorer, LISA, deciHz de-
tectors, or PTA are investigated in section 5. Section 6 is devoted to what can be learned on
nuclear physics and matter under extreme conditions from ET observations of neutron star
mergers, while section 7 discusses the perspective for detection for core-collapse supernovae,
burst sources, continuous and long-transient sources. Sections 8, 9 and 10 address different
aspects related to the development of forecasts and of data analysis for 3G detectors. In
particular, section 8 discusses the requirements and advances in waveform modeling at the
level of accuracy required by ET; section 9 presents public tools developed within the OSB
to assess the scientific potential of ET in different configuration or networks, such as tools
for performing relatively fast forecasts on large populations of compact binaries, ringdown
studies or stochastic searches. Section 10 presents the challenges and current progresses to-
ward setting up the data analysis for ET. Each section ends with an executive summary of
its key science takeaways.

Forecasts will in general be presented using the same ET sensitivity curve already used
in [16],2 which are shown in figure 9.5. For parameter estimation forecasts that depend on
astrophysical populations we use in general the same BBH and BNS catalogs as in [16].3 The
comparison between the triangle and 2L geometry will be performed whenever significant.

2These curves have been computed in the context of the activities of ISB and are publicly available at
https://apps.et-gw.eu/tds/ql/?c=16492, see in particular the Annex files; see also section 9 of this paper
for more details. Some of the results presented have rather been obtained with the somewhat older ET-D
sensitivity curve, which however will not affect significantly the results obtained.

3These catalogs are publicly available at https://apps.et-gw.eu/tds/?content=3&r=18321.
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1 Fundamental Physics with ET

In parallel with the anticipated diverse astrophysical applications of gravitational-wave as-
tronomy in the forthcoming years, next-generation detectors hold the promise to explore
foundational problems in gravity, high-energy, and particle physics. These explorations en-
compass scrutinizing the fundamental principles of the gravitational interaction, unraveling
the nature of compact objects and horizon-scale physics, and identifying novel gravitational-
wave signatures of dark matter surrounding or constituting compact sources. In this context,
owing to its superior sensitivity and larger bandwidth, ET will be a unique discovery machine
that will open the precision-gravity frontier, while intersecting various scientific domains and
establishing profound synergies with waveform modeling, data analysis, population studies,
nuclear and high-energy physics, as well as other branches of astrophysics and cosmology.
A summary of the main—potentially game-changer—deliverables is discussed in this section.

1.1 Introduction

Gravity is the weakest and arguably the most enigmatic among the fundamental interac-
tions. Its understanding is paramount to comprehend the evolution of the Universe and is
intertwined with some of the deepest longstanding puzzles in physics, from the tiniest to the
largest scales. Thanks to the advent of GW astronomy and observational BH physics, the
last decade has witnessed the rapid increase in our understanding of the gravitational interac-
tions of extreme sources. This momentum is far from being exhausted, with the forthcoming
decades promising an even more dramatic improvement.

One of the fundamental science objectives of ET is to test General Relativity (GR), Ein-
stein’s celebrated theory of gravity, the nature of GW sources, such as compact objects, and
our understanding of matter and particle physics under the most extreme conditions. The
output of ET observations will therefore have profound implications for diverse fields rang-
ing from astrophysics, cosmology, nuclear and particle physics, to perhaps even the realms
of quantum gravity. In parallel, the discovery potential in GW science has reinvigorated
the ongoing efforts to construct high-accuracy waveform models, either through numerical
simulations or using sophisticated analytic methods from particle physics that have been
instrumental for “new physics” searches at particle colliders through various precision-data
programs. The science of ET will then usher us into the precision-gravity frontier, leading the
path forward to several tests which are inaccessible with present-day GW detectors, greatly
impacting our understanding of the Universe. Devising these tests and describing the theo-
retical repercussions of GW observations is the main motivation of this section, developed in
the context of the ET OSB “Fundamental Physics” Division.

This section will be dealing with several topics carrying a unique discovery potential,
thus complementing the numerous deliverables for the science of ET discussed throughout
other sections. It is divided into three broad areas: Testing the fundamental principles
of the gravitational interactions (section 1.2); Testing the nature of compact objects and
horizon-scale physics (section 1.3); and Searches of dark-matter candidates and new fields
(section 1.4). For each of them we will discuss ET’s ability to detect (or constrain) funda-
mental physics beyond our present knowledge of the laws of nature, in the advent of a new
era of explorations of the cosmos. Synergies with other OSB Divisions are briefly covered in
section 1.5.
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1.2 Testing the fundamental principles of the gravitational interaction

GR is an extremely successful theory describing the gravitational interaction in geometric
terms. It is rooted in Einstein’s strong equivalence principle and based on a certain number
of assumptions. Lovelock’s theorem states that GR is the only theory in four spacetime
dimensions with second-order field equations that are diffeomorphism-invariant and built
solely from the metric tensor [17]. Relaxing any of these hypotheses (e.g., considering extra
dimensions, higher-order field equations, a massive graviton, or including new gravitational
degrees of freedom) gives rise to multiple pathways toward alternative theories of gravity [18,
19]. The minimal and most explored deviation from GR is the inclusion of extra fields which,
depending on the specific theory, can violate one of more of the pillars upon which GR is
built. Therefore, searching for the effects of extra fields in gravitational systems provide a
way to test GR in various regimes.

The emission of GWs from binary systems offers a unique possibility to test funda-
mental aspects of the gravitational interactions which are also responsible for the binding of
compact objects, such as BHs and NSs, in Nature. This can be achieved from an accurate
reconstruction of the early stages of an inspiral phase, or from the strongly-coupled regime
of the merger, or by an accurate characterization of the coalescence’s remnant. In all these
phases, GR deviations may manifest themselves in additional propagating degrees of freedom
and dissipative channels, as well as other subtle nonlinear effects. The quest towards high-
precision waveform models also unlocks new challenges in our understanding of the two-body
dynamics that deserve further study. This is a fundamental problem on its own, indepen-
dently of the phenomenological implications associated with GW science. For instance, both
precision tests of the inspiral regime as well as numerical simulations for beyond-GR theories
are crucial if one wishes to be agnostic about the origin of the GW signals. These topics are
naturally framed within the context of fundamental aspects of gravitational interactions and
covered in this section.

1.2.1 Tests of the inspiral dynamics

A model-independent approach to quantifying GR violations in the GW phase evolution
is to allow for modifications in a limited number of post-Newtonian (PN) coefficients in
the perturbative expansion [20–27]. Deviations in the amplitude can also be searched for,
which is especially interesting in the presence of detectable higher harmonics of the basic
signal [28–31]. More concretely, one considers the frequency-domain phase in the stationary
phase approximation:

Ψ(f) = 2πftc − φc −
π

4
+

3

128η

(v
c

)−5
7∑

n=0

[
φn + φ(l)

n log
(v
c

)] (v
c

)n
, (1.1)

where v/c = (πMf)1/3, with M the total mass of the binary in the detector frame, tc and
φc are respectively the time and phase at coalescence, and η = m1m2/M

2, with m1, m2 the

component masses. Within GR, the coefficients φn and φ
(l)
n depend on the masses and spins

of the component objects [32], and a series of tests is done on them [8]. For example, each
of the φn are replaced by (1 + δφ̂n)φn, and the fractional deviation δφ̂n is measured as a

variable together with all other parameters entering the waveform; similarly for the φ
(l)
n . Very

broad classes of modified theories of gravity can be mapped, to leading PN order, to specific
PN deviations [23, 33]. For example, theories causing dipole radiation manifest themselves
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Figure 1.1: 90% upper bounds on the beyond-GR parameters δφ̂n and δφ̂
(l)
n in the in-

spiral phase of GW150914, from −1PN to 3.5PN order. Red triangles represent bounds
from Advanced LIGO observations [34], while blue triangles show bounds from simulated
GW150914-like signals injected into synthetic noise for a single triangular ET.

to leading order at n = −2 in the notation of eq. (1.1) (i.e., a −1PN correction). Since this
term is absent in GR, one does a test with a coefficient δφ̂−2 multiplying the corresponding
power of v/c; in this case the testing coefficient represents an absolute rather than a relative
deviation. The same holds at 0.5PN, since φ1 = 0 in GR.

To get an idea of what to expect with ET compared to existing detectors for signals from
binary BH coalescences, it is convenient to use phenomenological inspiral-merger-ringdown
waveforms such as IMRPhenomPv2 [35–37], which includes the phase of eq. (1.1) as part of
its description of the inspiral. Figure 1.1 shows 90% confidence bounds that were obtained

on the |δφ̂n| and |δφ̂(l)
n | from Bayesian analyses of the first detected GW signal, GW150914,

which indeed happened to be from a binary BH. These analyses also yielded maximum-
likelihood values for the testing parameters along with the other parameters (masses, spins,
sky position, distance, ...) that characterize the signal [34]. Subsequently, simulated signals
for those same parameters were “injected” into stationary, Gaussian noise following the noise
power spectral density of ET, and the analyses were repeated to predict 90% confidence
bounds one would obtain with the latter when observing a signal such as GW150914. As
one can see, for the given signal, ET improves over Advanced LIGO in its first observing
run by about two orders of magnitude for all the testing coefficients. However, it should be
noted that it is possible to combine results from all the binary BH detections made (as is
already being done with current detectors [8, 34, 38]). ET may observe O(105) such signals
and, assuming the GR deviations are the same for all sources, measurement accuracies on
the |δφ̂n| will scale roughly as 1/

√
Ndet, where Ndet is the number of detections. Therefore,

ET will enable upper bounds that are well below the percent level – or reveal a GR violation
of such size, if present.
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1.2.2 Extra polarizations

Metric theories of gravity allow for up to six different polarization modes, which can be cat-
egorized into tensor modes (the two polarizations present in standard GR), vector modes,
and scalar modes [39, 40], which below will be denoted by T, V, and S, respectively. Tensor
and/or scalar polarizations occur in a wide variety of alternative theories of gravity [41–53],
and are thus an important science target for fundamental physics with ET.

Current constraints and projected improvements with ET. Polarization tests
typically rely on the fact that interferometers have different antenna responses to the different
polarizations. When multiple, differently oriented detectors are available then the presence
of non-standard polarizations can in principle be established. Preliminary tests were car-
ried out with GW events seen in both LIGO detectors and Virgo, e.g. GW170814 [54] and
GW170817 [2].

If the sky location of the GW source is known through an electromagnetic counterpart,
one can linearly combine the multiple outputs from the detector network to construct a
so-called null stream, in which the two tensor modes are eliminated completely [55, 56].4

The analysis of polarizations for signals like GW170817 with null stream was studied in
refs. [57, 58], and then developed in refs. [59, 60]. The null stream method does not require
precise waveform templates for the extra polarizations; one only needs to check whether or
not the null stream is statistically consistent with the presence of noise only. Such analyses
have been applied to the GW events in the GWTC-2 catalog of LIGO and Virgo [38], and in
the GWTC-3 catalog [8], though the resulting constraints are not yet very informative. For
ET, combined with other next-generation detectors, it has been demonstrated that one can
probe the relative ratio of the amplitude of the scalar mode to the tensor mode at the level
of AST ≃ 0.045, and AVT ≃ 0.014 for the vector modes, from a single BNS merger located at
100 Mpc with optimal sky location [61]. Considering multiple events randomly distributed
within ∼ 1 Gpc, the detection limit can reach AST ≃ 0.05 and AVT ≃ 0.02 on average; see Fig.
4 in [61].

Though stochastic GW backgrounds have not yet been found in the LIGO-Virgo-
KAGRA band [62–64], they too offer opportunities for studying polarization content. The
latest upper limits on the energy density spectrum (normalized by the critical density) are
ΩS
GW (25 Hz) ≤ 2.1× 10−8 for scalar backgrounds, ΩV

GW (25 Hz) ≤ 7.9× 10−9 for vector back-
grounds, and ΩT

GW (25 Hz) ≤ 6.4 × 10−9 for tensorial ones [64]. For ET together with CE as
a network of next generation detectors, the optimal geometric configuration (location and
orientation) to GW backgrounds of different polarizations is discussed in detail in [65]. In
general, the sensitivity can reach ΩA

GW ≃ 10−12 − 10−11 (A= T, V, S), for five years of ob-
servations [65], constituting two to three orders of magnitude improvement; see Table 1.1 for
details.

Polarization studies with lensed GW events. Returning to transient sources
of GWs, even if an EM counterpart is available to localize a source on the sky, the current
network of ground-based detectors is limited in its ability to disentangle the six polarizations,
since this requires the number of detectors in the network to be at least as large as the number
of polarizations to probe. While in the ET/CE era we will not have that many detectors,
Nature offers us a way to artificially extend our detector network through strong lensing [66].

4For a given signal with known localization, the null stream can be constructed also in the 2L geometry
of ET. In the triangular geometry, one can construct a null stream simultaneously for all (tensor) signals,
independently of the knowledge of the sky position; see sections 9.6 and 10.6.1 for extended discussion.
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Tensor+Vector+Scalar ET ∆ + CE ET 2L α = 0◦ + CE ET 2L α = 45◦ + CE

h20Ω
T
GW 2.80 × 10−10 2.63 × 10−11 1.24 × 10−10

h20Ω
V
GW 1.82 × 10−9 3.24 × 10−11 1.18 × 10−10

h20Ω
S
GW 1.13 × 10−9 2.37 × 10−11 8.17 × 10−11

Table 1.1: Detectable energy density (SNR= 5 and T = 5 yr, integrated in the sense of the
PLS), for a SGWB made of combination of tensor, scalar and vector modes with ET and CE
in different configurations. In particular, for ET we consider the triangle configuration, 2L
parallel, and 2L at 45◦; for CE we consider a single 40-km detector located at the Hanford
site. The parameter ξs, which is used to characterize the contribution from breathing mode
and longitudinal mode, is fixed to ξs = 1/3.

GW lensing is similar that of light, where a massive object on the GW’s travel path affects
its propagation. A lensed GW signal is observed as multiple ‘images’ that arrive on Earth at
different times and have different (de)magnifications, but the same frequency evolution [66–
69]. In between the arrival of two images, the Earth rotates and the detector network gets
re-oriented, effectively becoming a different network. Thus, N detectors observing M images
is equivalent to a network of N ×M detectors observing a single signal. If a BBH signal is
strongly lensed, leading to e.g. 4 images, even a single triangular ET observatory becomes
equivalent to a 12-detector network observing a single signal, with potentially excellent sky
localizability. Since in the ET era one expects to observe tens to hundreds of strongly lensed
events per year [70–72], strong lensing indeed offers the possibility of probing the polarization
contents of GWs without the need for an EM counterpart.

To demonstrate the capacity of lensing to identify extra polarizations with future de-
tectors, we perform Bayesian parameter estimation runs in which we inject signals with all
six polarizations present. In figure 1.2, we show example posterior probability distributions
for the relative amplitudes of the non-GR polarizations with a triangular ET, for the lensed
and unlensed cases. For this event, the detector frame component masses are 73.6M⊙ and
71.7M⊙, and the signal-to-noise ratio is 100 (150) for the unlensed (lensed) case, the differ-
ence being indicative of what one can expect from the multi-image nature of lensed events.
The relative amplitudes of the polarizations were picked randomly between 0 and 1. It is
evident that in the lensed case, these relative amplitudes are well measurable, and zero is ex-
cluded for the given parameter choices, while in the unlensed case, the posterior distributions
are essentially uninformative.

1.2.3 Anomalous gravitational-wave propagation, tests of Lorentz violation and
minimal length

A feature of several extensions of the Standard Model (SM) of particle physics is that the
dispersion relations of massive and massless particles gets modified. Furthermore, several
arguments suggest that quantum gravity features a minimal length [73–78] and dispersion
relations can be modified also by models of quantum gravity that incorporate a minimal
length [79–81].

A possibility to test physics beyond the SM in the gravitational sector utilizes the GW
signal from the coalescence of compact binary systems [82–89]. Another option is the induced
anomalous GW propagation and its imprint on the waveform [90]. Violations of fundamental
symmetries, such as Lorentz invariance, is also predicted in beyond-GR theories of gravity,
which may also induce a modified dispersion relations [91–93]. In figure 1.3, we show the
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Figure 1.2: An illustration of strongly lensed GWs used to disentangle polarization states
with a single triangular ET. Apart from the tensor polarizations we consider the two vector
polarizations, x and y, and the longitudinal scalar polarization l. Posteriors are shown for
the amplitudes of the vector polarizations relative to the + and × amplitudes, which are
denoted Ax and Ay, and similarly for the scalar polarization, where the relative amplitude
is denoted Al. Green indicates lensing, blue unlensed; solid lines show true values. Without
lensing, posteriors are uninformative, while lensing enables individual polarization studies.

results of a simulation where BBH signals are injected into stationary, Gaussian noise, and
analyzed in a Bayesian way. We show upper bounds on A0 = m2

g, with mg the graviton’s
mass, for (a) a network consisting of LIGO Livingston, LIGO Hanford, and Virgo (LVK),
and (b) a triangular ET. The ET bounds improve on LVK by nearly two orders of magnitude,
with only weak dependence on distance to the source. At relatively low luminosity distance
this results from the higher SNRs of ET signals, whereas at larger distances we see the
advantage of the longer path traveled by GWs. Other possibilities to perform this test are
offered by the signal from deformed rotating NSs, and the search for continuous GW sources
is ongoing [94, 95]. Overall, it is expected that the next-generation of GW detectors, in
particular ET, will allow us to set stringent bounds on parameters characterizing violations
of fundamental symmetries with an unprecedented level of accuracy.
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Figure 1.3: 90% confidence interval for the graviton mass, A0 = m2
g, as a function of

luminosity distance for three GW injection sets. Triangles represent analyses with HLV,
crosses and circles with a triangular ET; for the circles, luminosity distance was increased to
match SNRs of LVK. The results demonstrate that ET improves bounds on A0 both due to
increased SNR for close-by events, and its ability to access events at larger distances despite
their lower SNR.

1.2.4 Gravitational-wave memory

A key aspect of GR is the expectation that GWs contribute also through non-oscillatory
terms, known as the memory effect [97–101], often described as a displacement that manifests
as a permanent offset between test particles after the passage of GWs. The gravitational
memory represents a pivotal aspect of the so-called “infrared triangle”, connecting it with
Weinberg’s soft graviton theorem [102] and the Bondi-Metzner-Sachs (BMS) symmetry group
of asymptotically-flat spacetimes [103–105]. Later studies of BMS symmetries proposed more
relaxed fall-off conditions for the spacetime metric near null infinity and have been shown to
lead to new symmetries and new GW memory terms. In particular, one such null memory
term is known as the spin memory [106]. These studies reveal the profound interrelations
among disparate aspects of long-distance physics, offering new insights into gravity’s universal
characteristics [107]. The GW memory may be then used to experimentally unveil Nature’s
true asymptotic symmetries [96].

The detection of the displacement memory may be within reach of currently operating
ground-based detectors [96, 101, 108, 109], and efforts on this direction are underway [110,
111]. The displacement memory may further assist in breaking degeneracies in parameter
estimation [96, 112], identifying low-mass BBHs [113], and help distinguish between BHs and
NSs [114–116]. Next-generation ground-based detectors, such as ET, may also be able to
detect spin memory effects [96, 101]. In figure 1.4, we show how evidence for the displacement
and spin memory accumulates as a function of the observation time for various ground-based
detectors and ET [96]. In short, operating at design-sensitivity, ET may be able to detect
displacement memory with only a handful of BBHs, and it may be able to detect spin memory
in less than a year of uninterrupted observations.
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Figure 1.4: Panel (a): evidence (solid lines) or absence (dotted lines) for displacement
memory with the LIGO-Virgo network based on multiple BH GW observations. Panel (b):
spin memory evidence using ET. Filled regions in both panels show differences between
expected and pessimistic BH merger rates. Evidence is plotted against observation time at
design sensitivity. Panel (c): simulated measurements of displacement and spin memory
strains Ad and As, from 1000 optimally-chosen BH mergers observed by ET. Solid curve
denote the 1, 2, 3-σ credible levels, whereas the dotted curve denotes the 1-σ credible level
up to redshift z ≈ 1. We assume a 10 km triangular configuration for ET and a 40 km
configuration for CE. See [96] for more details.

1.2.5 Fundamental aspects of the two-body problem

1.2.5.1 Numerical simulations beyond General Relativity. Numerical simulations
are needed for the purpose of performing model selection and comparing the beyond-GR
with the standard GR hypothesis in the nonlinear regimes probed by merging binaries or
by the gravitational collapse. This topic is discussed in detail in section 8. However, even
before attempting to model the signal to an accuracy level matching the ET sensitivity, just
performing simulations beyond GR requires significant theoretical advances, notably in terms
of viable theories and of a more rigorous understanding of the numerical evolution beyong
GR. We discuss some paradigmatic examples below.

BBH mergers. Tracking the merger of two BHs requires fully nonlinear numerical simula-
tions. While these are viable in GR (see e.g. [117] and references therein), performing such
simulations beyond GR can be challenging, not only because of the technical difficulties but
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also because of the need of a well-posed formulation. In fact, for many conjectured exten-
sions, even the existence of such formulation remains an open issue. Nonetheless, in some
cases, for instance Bergmann-Wagoner scalar-tensor theories [118], a well-posed formulation
has been found [119] and BBH simulations have been carried out, e.g., in [120]. In this class
of theories, however, stationary BHs are still described by the Kerr metric [121], yielding
deviations from GR which are difficult to probe with BBH mergers. This limitation may be
overcome if the scalar field is supported by time-dependent boundary conditions or spatial
gradients [122].

Other type of scalar-tensor theories, like Einstein-Maxwell-dilaton gravity [123] and
cubic Horndesky gravity [124], have also been proven to allow for a well-posed formulation,
although hyperbolic evolution is guaranteed only in the so-called weak-coupling regime for
the latter. Numerical simulations have been performed [125–127], and in some cases, if the
scalar field is massive, a long-lived cloud may survive long enough to significantly affect
the waveforms [123, 128]. Furthermore, numerical simulations of coalescing BBHs have also
been performed for theories for which stationary BH solutions are different from those of
GR [127, 129–131]. However, such simulations have shown the formation of elliptic regions,
signaling the lack of predictability, when curvature invariants become large [132, 133].

An alternative approach consists of expanding the field equations in a small-coupling
constant parameterizing deviations from GR. In principle, this can potentially circumvent
the well-posedness issues, provided other constraints (such as, e.g., causality [134]) are en-
forced. Along these lines, an initial value formulation has been studied in various theo-
ries [135, 136], and simulations have also been performed through an expansion of the cou-
pling constant [137–142]. However, these simulations show a secular growth in the inspiral
phase, which signals the breakdown of the perturbative expansion at late times. These
developments clearly illustrate the need to further strengthen the theoretical backbone of
modifications of GR, and in particular a consistent embedding into a complete framework.

Another interesting aspect of scalar-tensor theories is the presence of so-called sponta-
neous scalarization [143–146], where BHs with a non-trivial scalar field configuration are also
solutions of the theory. For certain values of the mass and/or spin, the Kerr solution becomes
unstable, and spontaneously grows a scalar field. The dynamics of this mechanism was stud-
ied in the context of BBH merger, both in the limit of small coupling constant [147–149],
and for finite couplings, within the modified harmonic formulation [127, 130, 131, 150].

In conclusion, despite recent progress, theoretical control over modifications of GR, and
the the accuracy of corresponding waveforms for the merger phase of BBHs, is not yet at
the required level, and further development is required, to be ready when ET will become
operational.

BNS mergers. Numerical simulations beyond GR have also been explored for BNS mergers,
within the context of parameterized tests of GR (e.g. [151]) or theory-specific effective mod-
els for waveform building (e.g. [152]). It is worth mentioning that probes of modifications of
GR with NSs almost inevitably suffer from uncertainties in the nuclear EoS, that are often
degenerate with modified-gravity effects, see section 1.3.3 and section 6. While BBHs are
cleaner from the point of view of matter “contamination”, BNS may display very different
phenomenology [19]. An example of a strong-field effect that has been unveiled by numer-
ical simulations is dynamical scalarization [153–156], originally discovered by Damour and
Esposito-Farèse [157], who demonstrated that NSs may develop a nontrivial scalar charge.
Observations of radio pulsars strongly constrain the scalar charge, and the parameter space
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2.7M⊙ and the AH4 EoS, with B denoting the scalar-Ricci coupling strength. Credits [155].

for spontaneous scalarization [158–160]. Yet, BNS simulations have shown that large scalar
charges are possible during the late inspiral and plunge phases, which can significantly im-
pact the waveforms [153–155]. This is evident, for example, in figure 1.5 where the scalarized
NS merge faster compared to GR. Theory-agnostic models [161] suggest that this effect is
expected whenever the theory predicts scalarization of isolated compact objects, which has
been confirmed, for instance, by numerical simulations of NS mergers in a class of theories
that admit scalarization [162]. The high sensitivity of ET in the kHz region makes it ideal
for capturing (or constraining) such effects.

Numerical simulations in these theories have also revealed that the post-merger BNS
signal may be appreciably different from GR both in scalar-tensor theory [155] and in the-
ories of gravity involving higher curvature corrections [163]. For instance, the post-merger
dynamics affects the lifetime of the remnant hypermassive NS, as well as the amount of
ejected material which can source electromagnetic counterparts. The oscillation spectrum
of the newly formed hypermassive remnant can be significantly altered by the presence of a
scalar field and new types of scalar-field-induced modes can be excited. Since the post-merger
signal is known to depend significantly on the nuclear EoS, many of the effects observed in
these simulations may be degenerate with the unknown EOS in the NS core. Systematic
investigations are therefore needed in order to identify distinct signatures of modifications to
GR, such that the observation of the post-merger spectrum by ET will impact not only the
understanding of nuclear matter but also putative new degrees of freedom.

Stellar core collapse. Stellar core collapse beyond GR was first studied in the Damour–
Esposito-Farèse scalar-tensor model [164, 165]. The final outcome of the collapse strongly
depends on the theory parameters, and it has been shown that three possibilities for the
remnant are possible [165]: a GR (i.e non-scalarized) NS, a scalarized NS, or a short-lived
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proto-NS followed by the formation of a nonscalarized BH. An important advance was the
extension to the case of massive scalar-tensor theories. The presence of a scalar mass recon-
ciles the theory with binary pulsar observations for a larger range of parameters [166, 167],
while providing interesting consequences for the GW signal [168–173]. The most prominent
feature is the possible existence of an inverse-chirp signal that can last for years with a near
monochromatic signature on time scales of the order of one month. The results indicate that
for a source located at D = 10 kpc, the resulting GW signal, observed for 2 months, can reach
an SNR of over 1000 for ET [171]. Stellar core collapse has also been considered in other
modified theories, e.g. [174], with rich phenomenology. For instance, the proto-NS oscillation
modes, potentially detectable with ET, can be affected significantly by the presence of a
scalar field [175, 176].

1.2.5.2 Analytical approaches. Time and again, the rich history of the two-body prob-
lem in gravity has shown that with any major advance, beyond just accessing the next level
in the perturbative scheme of choice, post-Newtonian (PN) [32, 177, 178], post-Minkowskian
(PM) [179], or self-force (SF) [180] approximations, the resolution of new fundamental as-
pects of the problem was needed. For instance, the complete understanding of the 4PN
dynamics in GR was only possible after the interplay between near- and far-zone fields was
clarified [181–184], allowing for a systematic resolution of the IR/UV divergences which
(separately) plagued the potential and radiation regions [185]. Furthermore, recent devel-
opments in the study of scattering processes using techniques inspired by collider physics,
e.g. [186–199], have also opened new venues towards simultaneously tackling near- and far-
zone dynamics, while at the same time incorporating an infinite tower of velocity corrections
at each order in Newton’s constant. To quote an example, the study of hereditary and
radiation-reaction terms [191–194, 200–202] were instrumental in the determination of the
imprint of nonlinear gravitational effects in the dynamics at 5PN order [203], as well as in
the resolution of apparent discrepancies with the previous literature.

One of the key aspects in the computations of gravitational observables is the role of
time nonlocality, already present at 4PN, due to tail effects [181–184]. These are nonlinear
contributions associated with the emitted GWs interacting with the background geometry,
yielding orbit-dependent results. At the same time, nonlocality may also be present for
memory terms at 5PN order, due to the interaction with the earlier radiation instead, as
well as in corrections stemming from second-order effects in the leading radiation-reaction
force [203]. All of these subtleties illustrate the intricate connection between several physical
effects, as we move forward in the perturbative expansion, in a nonlinear theory such as GR.
Fortunately, many of these issues are naturally handled by importing ideas from particle
physics—such as the effective field theory approach [177, 178, 204–207]—which provide a
systematic framework to tackle the two-body problem in gravity [184, 203, 208–211].

Moving onto the case of scattering events, the state-of-the-art results in the PM ex-
pansion [179, 194, 197], endowed with a resummation scheme [212, 213], have proven to be
very successful in matching numerical simulations with exquisite level of precision [214–216],
see figure 1.6. For the case of bound states, on the other hand, fundamental challenges
arise connecting between observables for unbound/bound motion. The relevance of scatter-
ing dynamics for the understanding of the bound problem was originally triggered by the
observation that data from asymptotic states can also provide information about an effective
potential [217, 218], as well as by the “boundary-to-bound” dictionary relating observables
for hyperbolic (deflection angle) and elliptic (periastron advance) orbits through analytic
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Figure 1.6: Comparison of the scattering angle in various PM approximations vs numerical
simulations. See [215] for details.

continuation of the radial action [212, 213, 219]. The challenge, however, is to properly
separate the universal part of the dynamics (local-in-time) from the orbit-dependent part
(nonlocal-in-time) [182, 220, 221]. While the latter is amenable to the boundary-to-bound
connection [219], the former depends on the type of trajectory, and therefore cannot be di-
rectly extrapolated from hyperbolic to elliptic motion. This observation also directly impacts
the expected connection between the mass-dependence of the scattering result and bound ob-
servables [212, 213, 222], which becomes even more subtle at higher PN/PM orders [199, 203].

Progress in the direction of capturing the universal part of scattering data has already
appeared in [199], where the local-in-time contribution to the scattering angle was obtained
at 4PM order, and a total bound Hamiltonian derived using a hybrid PN/PM scheme for
the remaining nonlocal-in-time effects. However, due notably to the challenging “integration
problem” [179, 198], a scalable approach, likely merging several perturbative (PN/PM/SF)
schemes and novel ideas, will be sorely needed to achieve the level of precision required by
ET. As expected, the hunt for accuracy will inevitably lead to a deeper understanding of the
gravitational interactions, and perhaps to novel (non-perturbative) descriptions of Einstein’s
theory, which will be put to the test in the new area of GW science. See section 8 for more
details.

1.3 Testing the nature of compact objects & horizon-scale physics

Current electromagnetic and gravitational observations are compatible with BHs as predicted
by GR [8, 38, 223–227]. An important open issue is to which level these observations confirm
that dark compact objects have an event horizon concealing a curvature singularity, where it
is also known that Einstein’s classical field equations must break down. From the theoretical
standpoint, the possibility that quantum effects might not only resolve the singularity but
also modify the physics at horizon-size scales is attracting more interest. Several recent inves-
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Figure 1.7: 68% constraints on δks, quantifying deviations from the Kerr quadrupole mo-
ment, as a function of binary total mass (dL = 400 Mpc). We assume mass ratio q = 3,
aligned spins χ1 = 0.9 and χ2 = 0.8, and inclination ι = π/3. Blue/green triangles repre-
sent LIGO O5 and ET constraints (Fisher analysis); empty squares show Bayesian inference
results. We show results for both a 10 − km triangular configuration and a 15 − km 2L
configuration of the ET observatory.

tigations also suggest that quantum gravity effects may show up at distances larger than the
Planck scale [228–234], and make predictions that may be tested using GW astronomy [235–
244] (see [245] for an overview). Another possibility is the presence of exotic compact objects
(ECOs), which are regular (horizon-less) objects predicted in various gravitational models
(e.g., fuzzballs [246], gravastars [247]), as well as produced by dark matter and/or exotic
fields (e.g., boson stars [248], wormholes [249]). In the following, we will discuss the phe-
nomenology of horizon-scale physics and ECOs, emphasizing their detectability with ET in
a model-agnostic way, but also occasionally referring to specific models.

1.3.1 Inspiral tests

1.3.1.1 Model-agnostic tests of the multipolar structure. The multipolar structure
of a Kerr BH is uniquely determined by its mass and spin [250], MBH

ℓ + iSBH
ℓ = M ℓ+1 (iχ)ℓ,

where Mℓ and Sℓ are the mass and current multipole moments, respectively, χ := J/M2 is
the dimensionless spin and M the mass. One can then parametrize deviations from the Kerr
multipole moments for exotic compact objects in the following way:

MECO
ℓ = MBH

ℓ + δMℓ , SECO
ℓ = SBH

ℓ + δSℓ , (1.2)

with δMℓ and δSℓ model-dependent corrections. This parametrization can also be extended
beyond axisymmetry [251–255]. Generically, the dominant multipolar effect comes from the
quadrupole moment, M2. Figure 1.7 shows the projected constraints on the dimensionless pa-
rameter δκs (defined as δκs = κs−κKerr

s , where κs = (κ1 +κ2)/2 and κi := −M2/(M
3χ2) for
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each i-th binary component) from a typical ET observation and compared with LVK bounds.
The constraints were obtained assuming aligned binaries, using an augmented TaylorF2 wave-
form, and both using the Fisher-matrix code GWFISH [256] and through a Bayesian inference
with BILBY [257]. Interestingly, the Fisher-matrix and Bayesian results are in fairly good
agreement between each other, especially for ET, as expected given the higher SNR. Over-
all, ET bounds can improve by more than an order of magnitude compared to future LVK
observations, and the constraints with the 15 − km 2L configuration are better than those
with a 10 − km triangular configuration by a factor of a few, in agreement with the analysis
in Ref. [16].

1.3.1.2 Model-agnostic tests of tidal effects. Since the BH’s of GR have been shown to
have tidal deformability that vanishes in the static limit [258–261], the detection of a nonzero
value would constitute a smoking-gun signature of new physics [262], either in the form of
deviations from GR [263, 264], ECOs [263], or condensates of ultralight dark matter particles,
e.g. [265]. Alternatively, it might signal dense environments around merging BHs [266, 267].
The largest effect is described by the quadrupolar, electric-type, Love number that parame-
terizes the proportionality between the gravitational field and the objects’ deformation. The
Love numbers of various ECOs, including boson stars, were computed in [263, 268–274]. Gen-
eral prescriptions for computing quantum mechanical contribution to the Love numbers of
astrophysical BHs were suggested in [238], and the classical limit was discussed in [240]. For
instance, the area quantization [275] may induce nonzero Love numbers [243], and a model
for dynamical Love numbers of ECOs was recently developed in [244]. Despite the differences
among models, an overall common feature of ECOs, as well as regular (devoid of singulari-
ties) [276] or quantum [277] BHs is the presence of internal structures. As a result, their tidal
response is expected to scale qualitatively similarly to those of NSs. It is thus straightforward
to develop model-agnostic tests of the tidal deformability in compact binaries, by including
tidal corrections to the waveform (starting at 5PN order) [263, 272]. Figure 1.8 shows the
prospects for measurability of the Love numbers with ET and compares it with future LVK
bounds (see [278] for a recent analysis with current LVK data). Also in this case we adopted
an augmented TaylorF2 waveform, assuming aligned spins, and performed the analysis both
with a Fisher matrix and with a Bayesian inference, finding good agreement and better con-
straints with the 15 − km 2L configuration [16]. As we see in the plot, the bounds with ET
improve by roughly an order of magnitude relatively to LVK O5. For the case of stellar-
mass objects (which can be confused with ordinary NSs) approximately universal relations
between different tidal Love numbers [279] can be exploited to break the degeneracy among
different models [274]. This requires measuring both the leading quadrupolar electric Love
number, and a subdominant one (either the magnetic quadrupolar or the electric octupolar,
entering at 6.5PN and 7PN, respectively), a challenging task that is possibly achievable only
with next-generation GW detectors [280].

Another peculiar property of classical BHs is the so-called tidal heating [206, 207, 281,
282], which may be also modified for quantum BHs, or suppressed for horizon-less compact
objects. This effect is particularly significant for highly spinning BHs, and in the latest
stages of the inspiral, since it enters the GW phase at 2.5PN (4PN) order for spinning
(nonspinning) binaries. At the same time, it is also mildly correlated with the time and
phase of coalescence in the waveform, and therefore hard to measure. Constraints of the
amount of dissipation introduced by tidal heating are stronger for highly spinning binaries
with large mass ratios [283, 284] and are particularly stringent for EMRIs/IMRIs [282, 284–

– 17 –



10 20 30 40 50 60 70
M[M ]

101

|
|

ET 10 km, , Fisher
ET 15 km, 2L, Fisher
LIGO O5, Fisher 
ET 10 km, , Bayesian
LIGO O5, 2L, Bayesian

Figure 1.8: Same as in figure 1.7 but for the tidal deformability parameter Λ as a function
of the total mass of the binary (dL = 400 Mpc). In this case we assume mass ratio q = 3, zero
spins, and inclination ι = π/3. We show results for both a 10 − km triangular configuration
and a 15 − km 2L configuration of the ET observatory.

291]. For comparable mass binaries, generic PN deviations are searched for with test-of-GR
pipelines [8], whereas a specific analysis with LIGO data was recently performed in [292].
EMRI/IMRIs are among the main sources of space missions such as LISA [293], but they
may also be detectable by ET if subsolar-mass compact objects exist [294].

1.3.1.3 Constraining couplings to scalar fields. In addition to model-agnostic inspiral
tests discussed above, for concrete models one can attempt to construct inspiral waveforms
from first principles. In this case the deviations from the standard BH waveforms are not
independent, but eventually dictated by the fundamental coupling constants of the model.
For instance, in the case of a boson star, the tidal deformability of a spherically symmetric
configuration can be shown to depend directly on the couplings of the theory [272], which in
turn can be used to discern between fundamental interactions from measurements of finite-
size effects in the waveforms [295].

Figure 1.9 presents a subset of posterior distributions illustrating the analysis of a
boson-star binary signal injected in both ET and O4 noises. Since the fundamental coupling
constant MB is related to the tidal deformability only logarithmically [295], the constraints
improve only by a factor three. Nevertheless, ET capability of constraining the fundamental
couplings of a scalar field forming a boson star at the subpercent level will help discriminate
between various classes of compact objects and ultimately facilitate model selection.

1.3.2 Ringdown and post-merger tests

The ringdown waveform, corresponding to the phase when the binary coalescence settles
down and approaches stationarity, can be modeled as a superposition of quasinormal modes

– 18 –



MB (M ) = 162.2+0.4
0.4

161
.4

162
.0

162
.6

163
.2

163
.8

MB (M )

0.1
5

0.1
8

0.2
1

0.2
4

ef
f

0.1
5

0.1
8

0.2
1

0.2
4

eff

eff = 0.16+0.03
0.01

MB (M ) = 162.9+1.5
1.1

160 162 164 166 168

MB (M )

0.0
0.2
0.4
0.6

ef
f

0.0 0.2 0.4 0.6

eff

eff = 0.24+0.11
0.12

Figure 1.9: Posterior distributions for the effective spin parameter χeff = (m1χ1 +
m2χ2)/(m1 + m2) and MB ≡

√
λ/µ2, with (µ, λ) the boson’s mass and self-interaction

coupling, from a mock boson-star binary signal with ET (left) and LVK O4 (right) at
dL = 400 Mpc. The binary has chirp mass M = 8M⊙, mass ratio q = 0.6, and compo-
nent (aligned) spins (χ1, χ2) = (0.2, 0.1). The inspiral cutoff frequency is fixed at the Roche
frequency fRO = 120 Hz, corresponding to the binary tidal disruption.

(QNM), writing h(t) = h+(t) + ih×(t), with

h+,×(t) =
∑

lmn

Almn cos
(

2πflmnt+ ϕ+,×lmn

)
e−t/τlmn Y lm+,×(ι) , (1.3)

where ϕ×lmn = ϕ+lmn−π/2, ι is the spin inclination angle of the remnant with respect to the line
of sight, and {flmn, τlmn,Almn, ϕlmn ≡ ϕ+lmn} are the frequency, damping time, amplitude,
and phase of the (lmn) quasinormal mode, respectively, and the {+,×} polarizations should
be defined using a spin-weighted spheroidal harmonics basis. The integers (lmn) refer to
the multipolar, azimuthal, and overtone index, respectively, where n = 0 corresponds to the
fundamental tone and (lmn) = (220) is the dominant mode in a non-precessing quasicircular
coalescence. The amplitude scales as Almn ∼ Mf/dL, where Mf is the mass of the remnant
BH and dL is the luminosity distance from the source [296].

The (complex) QNM frequencies, flmn − i/τlmn, depend only on the remnant’s prop-
erties. If the latter is a Kerr BH, the entire spectrum depends only on the mass and spin.
Hence, observing multiple ringdown modes from a single source provides a null-hypothesis
test of the nature of compact objects. Furthermore, most modified gravity theories and mod-
els of ECOs predict extra modes not present in GR [297] and different amplitudes and phases
compared to the standard BH binary case in GR [298], so both effects can be studied in a
model agnostic way.

The prospects for accurately observing ringdown signals with ET are extremely promis-
ing [299, 300]. ET will allow us to transition from observing such events occasionally, and
with moderate SNR, to becoming almost daily occurrences extracted with great accuracy.
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For this reason, testing GR and the nature of the remnant with ringdown signals is a key
science objective of ET, as we detail below.

1.3.2.1 Black-hole spectroscopy. Using stellar mass BBH population estimates cali-
brated to LVK catalogues up to O3 [301], ET is expected to observe ∼ 104 events with a
ringdown-only SNR (ρRD) bigger than 10 of which ∼ 5/yr will have ρRD > 100 [16, 300].
Furthermore, with ET we expect a ringdown-horizon up to z ∼ 10 [302]. Numerical sim-
ulations show that, in non-precessing quasi-circular BBH ringdowns, the dominant mode is
the (2, 2, 0) mode, while the most excited subdominant modes are the (3, 3, 0), (2, 1, 0) and
(4, 4, 0) modes [296, 298, 303, 304]. The frequency and damping time of the dominant mode
can be inverted to infer an independent measurement of the remnant’s mass and spin, while
any subdominant mode can be used as a null-hypothesis test of GR, since they are fully
determined once the fundamental mode is fixed. Ref. [300] quantifies ET’s measurability of
subdominant modes and prospects of BH spectroscopy. ET is expected to measure O(103)
ringdowns/yr with O(10)% precision for deviations of the subdominant frequencies from the
GR predictions, whereas O(10) ringdowns/yr are expected to have O(1)% precision, see left
panel of figure 1.10. Constraints on deviations of the damping times are less precise and there-
fore will produce weaker tests of the BH spectrum. Apart from stellar mass BH binaries, ET
will also be able to perform a reasonably good BH spectroscopy with a measurability ∼ 10%
for ∼ 5 − 20 events/yr from light seed supermassive BH population [305], thus providing
complementary information to LISA [293]. The possibility of using pre-merger information
for ringdown based tests has also been explored in [306] which shows promising prospects for
the SNRs attainable by ET. Furthermore, ET will be able to put strong constraints using
consistency tests based on ringdown mode amplitudes and phases [298], see right panel of
figure 1.10.

In order to demonstrate the impact of ET in performing BH spectroscopy and the large
improvement with respect to present GW detectors, figure 1.11 (left) shows that ET will allow
measuring multiple ringdown frequencies with O(1%) precision from individual events, and
(right) that O(10%) constraints will be placed on the magnitudes of the ringdown amplitudes
and phases, thus allowing for novel tests of the BH nature [298, 307]. These results are in
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agreement with a Bayesian analysis on the detectability of a secondary (330) mode (see
figure 1.12), which is very challenging with current detectors, mostly due to the limited
SNR [30] (see also figure 1.11).

Exceptionally loud events with ρRD > 100 are expected in ET on a yearly basis and
they will deliver the tightest constraints as individual events. Regarding the ability of dis-
tinguishing a ringdown waveform in GR from that in an alternative theories of gravity, a
study in ref. [308] shows that percent-level deviations from GR can be identified with SNR
ρRD ∼ O(150 − 500), which is well within the ET capabilities. These results are also cor-
roborated by specific case studies in modified theories of gravity [309–313]. They rely on
the QNM spectra in modified theory which are currently available for Kerr-Newman BHs
in Einstein-Maxwell theories [314], slowly-spinning BHs in theories with quadratic curva-
ture corrections [311, 312, 315–317], Horndeski gravity [318], and higher-order effective-field-
theory gravity [264] to different orders in spin and coupling constants.

Finally, at large SNR the ringdown analysis might be affected by next-to-leading or-
der effects in perturbation theory [319–323]. A recent analysis showed that the dominant
nonlinear mode may be observable by next generation detectors for few tens of events per
year, although such results depend on the event rates [324]. The loudest signals can provide
constraints on the quadratic mode frequency and damping times of the order of few and ten
percent, respectively.

1.3.2.2 Tests of exotic compact objects with quasinormal modes and echoes.
If the remnant is an exotic compact object (ECO), the amplitude of the QNM will be different,
and new modes associated with matter fields may be excited. For a nonspinning object the
perturbations of the remnant can be classified as axial or polar, depending on their parity.
For BHs, axial and polar modes are isospectral, whereas for a horizon-less compact object,
axial and polar QNMs form a doublet [325]. In the limit in which the ECO is almost as
compact as a BH, the deviations from the BH QNM spectrum are increasingly large and the
QNMs are low-frequencies and long-lived [326, 327]. These modes are trapped in the cavity
of the effective potential formed between the light ring and the compact object interior.
Furthermore, the internal structures of regular [276] or (integrable) quantum [277] BHs can
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Figure 1.12: Posteriors of the final mass, spin, and amplitudes/phases of the 220 and
330 modes, and of the 330 GR deviations (δf330 and δτ330) for a GW150914-like remnant,
detected with ET in the standard 10-km triangular configuration. Here, AR is the relative
mode amplitude. The 2D distributions show 68% and 90% credible levels, while the dashed
lines in the 1D distributions mark the 90% credible intervals. Black lines indicate the injected
values.

induce modifications in the outer geometry predicted by GR [328]. These modifications will
affect the geodesic motion and ringdown phase after the merger. For example, by modeling
the external geometry with a quantum coherent state, one expects deviations as large as 5%
from the QNMs of the pure Schwarzschild geometry [231]. Measuring QNMs may also enable
tests of black hole area quantization [237, 329]. This is being explored through analytical
methods incorporating a minimum-length metric to study the impact of area quantization

– 22 –



Detector configuration σR/R[%]
R = 0.01 R = 0.5 R = 0.99

LIGO-Virgo O4 4104 67 0.56
ET ∆-10 km 422 6.9 0.058
ET 2L-15 km 327 5.3 0.044

Table 1.2: Fractional percentage errors on the measurability of the reflectivity of compact
objects for small (R = 0.01), medium (R = 0.5) and large (R = 0.99) reflectivity of a
GW150914-like event [16].

on the ringdown [330–332].

In the time domain, the prompt ringdown signal of ultracompact objects would be nearly
indistinguishable from that of a BH since it is due to the excitation of the light ring [326].
If the object does not absorb GW radiation, a train of modulated pulses – known as GW
echoes – would be emitted in the late post-merger stage in addition to the ringdown expected
from BHs [326, 327, 333, 334]. The amplitude of GW echoes depends on the boundary condi-
tions describing the compact object and the initial conditions of the perturbation [335–340].
In particular, the echo amplitude depends on the reflectivity of the compact object to ingoing
perturbations, whereas a BH is described by null reflectivity at the horizon. Several searches
for GW echoes have been performed based on the superposition of generalized wavelets
adapted from burst searches [341, 342], Fourier windows using the fact that GW echoes
should pile up at specific frequencies [343, 344], and the coherent WaveBurst pipeline [345].
Following some debated claim [342–344, 346–351], the LVK Collaboration found no evidence
of echoes in GW data [8, 38], both using a template-based search [346, 350] in the second GW
transient catalog and a morphology-independent search [341, 342] in the third catalog. The
ET observatory has the potential to observe (or rule out) GW echoes emitted by horizon-less
compact objects in a much larger region of the parameter space relative to the one currently
available [339, 352–354]. It is estimated that models with perfect reflectivities can already be
detected or ruled out by Advanced LIGO and Virgo; whereas excluding or detecting echoes
for models with generic reflectivities as small as a few percent requires SNR ≳ 100 in the
ringdown, which will be achieved by ET [352, 353]. Ref. [16] assessed the measurability of
a GW150914-like event with different ET configurations, particularly the triangular-10 km
and 2L-15 km designs. The parameters of the system are final mass M = 70M⊙ and final
spin χ = 0.68 placed at a fiducial distance dL = 1 Gpc. If measured by ET, the first GW
event would have had a ringdown SNR between 141 and 196 for the triangular-10 km and
2L-15 km configurations, respectively. Figure 1.13 shows the fractional percentage errors on
the reflectivity of compact objects expected for a GW150914-like event with ET compared
to the Advanced LIGO and Virgo noise curve used for O4 simulations [355]. The accuracy
on the reflectivity is affected by an order of magnitude between the O4 LIGO-Virgo and ET
configurations (see table 1.2).

1.3.2.3 Nonlinear dynamics of exotic compact objects. Previous tests focused on
specific waveform parts (inspiral or ringdown) as these regimes are conveniently modeled
perturbatively, forming a useful basis for model-independent parametrizations. More infor-
mation can be extracted from the full coalescence signal (inspiral, merger, ringdown) by
specifying an ECO model. This requires NR simulations which are primarily available for
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Figure 1.13: Fractional percentage errors on the reflectivity of compact objects for a
GW150914-like event [16].

consistent models like boson stars [248]. For instance, for the case of boson stars, simulations
of binary mergers have shown that collisions may result in a more massive star or a BH [356].
The stars’ intrinsic properties affect the emitted GW energy and waveform [356, 357]. For
example, phase opposition between stars could lead to a repulsive force forming a dipole
configuration [358]. Orbital mergers of boson stars have confirmed that more compact stars
may collapse into a BH, emitting a similar signal to a BH binary merger [359, 360]. GW tem-
plates from Proca star collisions have been compared to events like GW190521, suggesting
that ECO hypotheses can sometimes fit observations slightly better than traditional binary
BH models, though more studies are needed to extend these models [361, 362]. While overall
it is challenging to distinguish ECOs from BBH mergers with current observations, the ET
improved sensitivity, especially at low frequencies, could ultimately reveal smoking guns of
ECOs during the coalescence. Furthermore, if ECOs are present in Nature, they could form
hybrid binaries with BHs and NSs, possibly producing an electromagnetic counterpart [363].
Highly compact boson stars are also expected to eventually decay into a spherically symmetric
state, with gravitational emission serving as a distinguishing signal [364].

1.3.3 Neutron stars and fundamental physics

Modified gravity versus EoS. NSs provide the densest accessible medium to carry out tests
of the coupling of gravitational degrees of freedom to matter fields. Testing gravity with
NSs, however, faces the problem of the degeneracies between the EOS of matter in the NS
core (still unknown, although increasingly constrained, see section 6), and modified-gravity
theories [365–367]. In particular, measurements of the tidal deformability is not sufficient to
constrain/discard a modified theory of gravity, since varying the EOS can mimic beyond-GR
effects, as will be discussed in more detail in section 6.4.3. In principle, the large number of
BNSs detectable with ET, and the accuracy in the measurement of tidal parameters [368],
can help reduce the degeneracy. In addition, reconstructing the dependence of the tidal
deformation with the mass from future ET data one can also constrain some of the parameter
space of modified-gravity theories [369, 370] . Another promising (model-agnostic) approach
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Figure 1.14: Mass-radius diagram (left) and dimensionless tidal deformability (Λ) and mass
diagram (right) of a NS with a DM core. Stars containing fermionic DM (green lines) are
labeled by the particle mass µ (in GeV). The ones with bosonic DM (red lines) are labeled
by ρ0ℏ3 (in 10−4 GeV4). Reproduced from [375] with license from the American Physical
Society.

to test gravity with BNSs is by exploiting quasi-universal relations, for example between
the tidal deformability and the spin-induced quadrupole moment [371] or between different
tidal Love numbers [279] (see [372] for a review). ET will be crucial in this context, because
measuring the quadrupole moment or subleading tidal terms requires a level of precision which
is not achievable with current detectors. The same approach can be used to distinguish NSs
from ECOs [274].

Finally, it is relatively common in the numerical simulation community to employ simple
polytropic EOS because of their smooth behaviour that avoids propagating errors in an
evolution code. This common practice however disregards progress in nuclear and particle
physics [373], and leaves out the possibility of first-order phase transitions (non-analyticities)
in NS matter. Although this further complicates tests of gravity with NSs, it would be
important to systematically include such effects in future investigations (see section 6). New
physics parameters whose effect is a strengthening of gravity of order 10% are allowed and
degenerate with variations of the EoS. ET data should supply ample opportunity to test best
practices in the EOS inference, and modified gravity could also be used to benchmark the
uncertainties in nuclear matter.

Dark Matter versus EoS. The possibility of DM detection in NSs has been already em-
phasized in the literature, e.g. [374]. Due to the large uncertainties, the impact of DM on
the NS’s properties are model dependent. Figure 1.14 shows the mass-radius and the tidal-
deformation/mass diagrams for three EOS (black lines) and for EOS with added DM (see
also figure 6.20 for a comparison with the effect of some specific modified gravity theories).
Since ET will substantially increase the population of observable NS-participated binaries,
potentially detecting events near galactic centers where the DM density may be larger, one
possible strategy is thus to employ BNSs to constrain the parameter space of DM models.

Another test of DM-admixed NSs is directly from the merger phase. These can be
simulated using standard codes, for instance by adding a new fluid component [376, 377].
The presence of DM can impact the properties of the remnant. For example, for a sufficiently
large boson-to-fermion ratio (∼ 10%), the quadrupole symmetry of the massive remnant may
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be broken by the bosonic cores. This would lead to a suppression of the l = m = 2 emission,
and give rise to a new peak, at f ∼ 1 kHz, related to the m = 1 mode. Compact dark cores
in NSs have also been modeled as point particles in [378]. In this case, the compact dark
objects undergo orbital motion within the merger remnant, generating a GW signal with a
frequency of a few kHz. The signal is expected to be weak, but long lasting, and may be
detectable if integrated during the remnant lifetime (assumed to be sufficiently long) [378].

1.4 Searches for dark-matter candidates & new fields

There is overwhelming evidence for the existence of DM, coming from various observations,
such as measurements of galaxy rotation curves, the CMB, gravitational lensing, and galaxy
cluster dynamics (see e.g. [379–381] for reviews). However, although the existence of DM
is by now a nearly irrefutable fact, its nature remains one of the biggest unresolved puzzles
in fundamental physics. At the same time, GW observations provide a unique and novel
way to search for DM signatures, potentially unveiling its ultimate character [382]. In this
section we summarize some of the most promising prospects to search and constrain DM
candidates and new fundamental fields with the ET observatory. Notably, the possibility
to detect new ultralight bosons (much below the eV scale), either directly interacting with
the GW detectors or surrounding BHs in binaries, as well as other type of “environmental”
effects due to DM such as dynamical friction. As we shall see, these are complementary to
searches at particle colliders [382, 383], or with lower-frequency GW observatories such as
LISA [354], or pulsar timing arrays [384].

1.4.1 Direct detection of ultralight dark matter with interferometers

Searches for the imprint of ultralight DM fields in interferometric GW detectors have mainly
focused, so far, on vector particles in the form of dark photons. The latter would cause time-
dependent oscillations in the mirrors, leading to a differential strain on the detector [385, 386]
(a similar behavior has been predicted for tensor particles [387].) Dark photons cause a
small differential change in the interferometer’s arm length in two ways. First, the mirrors
are subject to slightly different phases of the dark photon field [385]. Second, an equivalent
differential strain is produced by the finite travel time of the laser light in the arms [388].
The overall signal at the detector’s output is stochastic and narrow-band, with an amplitude
proportional to the strength of the dark photon/baryon (or baryon-lepton) coupling, and a
frequency spread of the order of 10−7 f0, with f0 = mbc

2/h, and mb the dark photon’s mass
which, in range 10−14 – 10−11 eV, corresponds to frequencies in the ET band.

The dark photon signal requires the same type of methodology typically used for stochas-
tic (or continuous) GW searches [385, 388, 389]. In particular, cross-correlation and excess
power methods have been used to establish competitive upper limits in the frequency range
25-2000 Hz [390]. Figure 1.15 is adapted from [390] and shows upper limits on the dark photon
to baryon coupling U(1)B obtained analyzing O3 LIGO data, compared to MICROSCOPE
constraints on scalar dilaton [391] and Eöt-Wash torsion balance experiment on scalar parti-
cles [392], and to the predicted constraint from ET-D. As shown in [393–395] differences in
mirror materials (as it happens in KAGRA detector) can significantly enhance the sensitiv-
ity to U(1)B−L gauge symmetry. As a consequence of the variation of fermion masses and
electromagnetic fine-structure constant induced by the presence of new interactions, extra
scalar fields can also change the size and refractive index of objects. Constraints on scalar
couplings, based on the variation of the refraction index and thickness of the beam-splitter
of GEO600 detector, have been described in [396, 397].
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Figure 1.15: Predicted constraint on dark photon/baryon U(1)B coupling from ET-D
(blue continuous), compared to LIGO O3 upper limit (black continuous) and current MI-
CROSCOPE (dotted) [391] and Eöt-Wash torsion balance experiment [392] (dashed) limits.
Adapted from [390].

1.4.2 Environmental effects

1.4.2.1 Boson clouds from superradiance. Among the most suitable DM candidates
for which GW detectors are particularly relevant are ultralight bosons. The existence of such
particles has been proposed in a multitude of Beyond Standard Model theories, e.g. [398–406],
with the earliest candidate perhaps associated with the Peccei and Quinn’s solution to the
strong CP problem [398, 399], implying the existence of a new light (pseudo)-scalar particle:
the “axion” [400, 401]. Bosonic fields with masses in the range mb ≃ 10−21 – 10−11 eV have
Compton wavelengths that are of the order of the size of known astrophysical BHs, with
masses ranging from stellar-mass, MBH ≃ 10M⊙, to supermassive BHs, MBH ≃ 1010M⊙,
respectively. These ultralight fields can then render spinning BHs superradiantly unstable –
a process in which the BH’s rotational energy is transferred to the boson field, which in turn
condensates in a macroscopic “boson cloud” around the BH (see ref. [407] for a review).

The possible formation of such clouds has been shown to produce a number of GW
signatures. For example, given that rotational energy is extracted from the BHs, a robust
observable for this effect is the lack of BHs spinning above a certain threshold, which depends
on MBH and mb [408–410]. Therefore BH spin measurements, either from GW observations
or other probes, can be used to constrain the mass of ultralight bosons [409, 411, 412]. In
this respect 3G detectors will be particularly useful, since they will both provide accurate
measurements of the binary BH spins and will detected a large number of events, allowing
for an accurate reconstruction of the “gaps” in the BH mass-spin diagram [404, 408] and,
in turn, for a measurement of the putative field mass [410, 413–415]. Besides these indirect
signatures, the formation of boson clouds also leads to the emission of GWs from the cloud
itself [409, 413, 416, 417]. Moreover, various modifications with respect to the evolution in
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vacuum occur when the BH surrounded by a boson cloud is a member of a binary system [265,
418–420]. We discuss these possibilities in more detail below.

Continuous waves. Once formed, boson clouds will in general dissipate via annihilation into
gravitons, emitting a quasi-monochromatic signal (over a time scale much longer than the
scale of superradiant instability) with frequency [421]

fgw ≃ 483 Hz
( mb

10−12 eV

)[
1 − 7 × 10−4

(
Mbh

10M⊙

mb

10−12eV

)2
]
, (1.4)

where mb is the boson mass and Mbh is the black hole mass. The second term in parenthesis
is a small correction to the leading term. In general, scalar boson clouds [409, 413, 416]
emit longer but weaker signals, with respect to vector bosons [412, 417] or light tensor
bosons [422]. Moreover, the signal is characterized by a spin-up, due to the cloud contraction
over time [412, 423] and, possibly, to the boson self-interactions [424].

Searches for continuous gravitational waves from both scalar and vector boson clouds
have been proposed [425–427] and carried on LIGO-Virgo data, and they allowed setting
constraints on the existence and properties of ultralight bosons with mass in the range 10−13 –
10−11 eV. Specifically, scalar clouds have been subject to all-sky searches (namely, without
making any assumption about source position and signal parameters). This allows for the
exclusion of a portion of the mb – MBH plane, given assumptions on the distance, spin, and
age of the BHs [421, 428]. A directed search toward a specific potential source, i.e. Cygnus
X-1, has also been performed [429].

The ET sensitivity will allow us to either make a direct detection, or set much more
stringent constraints on the boson cloud mechanism. As an example, figure 1.16 shows the
maximum detectable luminosity distance for direct searches over one year of observation,
assuming the triangle configuration for ET. The distance reach is well beyond the Galaxy for
a portion of the parameter space, and this makes remnants of BH-BH mergers, for which the
final BH mass and spins can be measured to good accuracy, potentially interesting sources.
All-sky searches will be able to set constraints for galactic scalar boson clouds, as shown in
figure 1.17, where the ET exclusion regions in the mb – MBH plane are plotted assuming a
BH distance of 15 kpc, an initial spin χi = 0.6 and three different BH ages of 104, 107 and
109 years.

It is worth stressing that strong bosonic self-interactions, couplings of the ultralight
boson with Standard Model particles, or other environmental effects such as nearby objects,
could also affect the GW signal, since such effects could slow down the superradiance ex-
traction process or even destroy the cloud [265, 424, 431–435]. One therefore expects that
any constraints on ultralight bosons based on continuous GW searches to hold provided that
ultralight bosons have weak self-interactions and/or interact weakly with other particles.

Stochastic background. Besides the continuous GW searches mentioned above, one also ex-
pects that the incoherent superposition of all non-resolved GW signals emitted by boson
clouds produces a stochastic GW background. This background has been computed in
refs. [413, 436–438] both for scalar and vector clouds and considering both galactic and
extra-galactic sources. Constraints based on the lack of observation of a stochastic back-
ground in LIGO and Virgo have been set [437, 439, 440] showing that, within reasonable
astrophysical assumptions, current observations rule out boson clouds formed by ultralight
bosons with masses in a range around mb ∼ 3 × 10−13 eV. Such constraints, or potential
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Figure 1.16: Maximum detectable luminosity distances for optimal scalar clouds around
BHs with initial mass Mi and dimensionless spin parameter χi for ET, assuming one year
of observation and ET in the triangle configuration (results for the 2L configuration are
almost indistinguishable). White contour lines indicate the values of the corresponding bo-
son rest-energy in units of eV. The dotted white lines highlight the mass and spin of a
GW150914-like merger remnant. Adapted from ref. [426] and obtained using the python
package gwaxion [430]. We are indebted to Max Isi for providing the code.

Figure 1.17: ET exclusion regions for scalar boson clouds assuming a BH distance of 15
kpc, an initial spin χi = 0.6 and three different BH ages of 104, 107 and 109 years.
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Figure 1.18: Resonance frequency of the (main) Bohr transition [see eq. (1.5)], as a function
of the BH mass, MBH, and α. See ref. [418].

detections, will be significantly improved with ET [438]. In particular, the improved sensi-
tivity at low-frequencies with respect to current detectors will allow us to probe stochastic
backgrounds in a wider boson mass range compared to LIGO-Virgo, potentially probing the
entire range mb ∼ 9 × [10−13, 10−12] eV [438, 440].

Binary systems. Boson clouds can reach a mass density much higher than other astrophysi-
cal environments. As a result, they are able to dramatically affect the gravitational dynamics
during the inspiral regime of a binary system containing a BH surrounded by it. There are
two prominent types of cloud-binary interactions, orbital resonances and dynamical friction,
alongside a number of associated effects. Orbital resonances [265, 418, 441–446] are excited
whenever the binary’s orbital frequency is equal to (or is an integer multiple of) the energy
difference between the bound state initially occupied by the cloud and other eigenstates in
the spectrum, often described (due to similarities with the hydrogen atom) in terms of the
(n, ℓ,m) quantum numbers [265]. Resonances may be classified as hyperfine (only ∆m ̸= 0),
fine (∆ℓ ̸= 0,∆n = 0), and Bohr (∆n ̸= 0), respectively [265, 418]. Overtones of a reso-
nance can also be excited for eccentric orbits [419, 420, 447]. For equatorial orbits, the main
resonant Bohr frequency for GW emission, is given by

f resGW ≃ 26 Hz

|m2 −m1|

(
10M⊙
MBH

)(
α

0.2

)3∣∣∣∣
1

n21
− 1

n22

∣∣∣∣ , (1.5)

where α = MBHmb (in G = ℏ = c = 1 units) is the gravitational coupling, n1,2 and m1,2 are
the principal and magnetic quantum numbers of the two resonating states of the cloud, see
figure 1.18.

During the orbital evolution, the cloud undergoes a Landau-Zener type of transition
between resonant states [418], resembling similar phenomena in atomic physics. The energy
required for the process comes at the expenses of the binary systems, which in turn expe-
riences sinking or floating orbits, depending on the type of transition [418–420]. During
floating, the orbital frequency and associated GWs emitted remain at an approximately con-
stant value (with a pre-factor which may vary for different resonances). The floating time
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scales as

∆tfloat ∼ 0.2 s

(
MBH

10M⊙

)
(1 + q)2/3

q2

(
α

0.2

)−3

, (1.6)

where q is the binary mass ratio, which significantly alters the evolution of the GW phase [418].
On the other hand, sinking orbits introduce a temporary speed-up of the frequency chirp.

The low-frequency sensitivity of ET will be crucial to directly observe resonant tran-
sitions through the changes in the orbital evolution. Detecting multiple resonances would
provide strong evidence for the existence of the cloud, as the ratio of successive resonant
frequencies is predicted and constrained by the cloud’s energy spectrum. Another prominent
effect, relevant for Bohr resonances, is the dynamical friction exerted by the cloud on the
secondary object moving through it [432, 448, 449]. This is the backreaction of the excitation
of the cloud to gravitationally unbound states, which carry mass, energy and angular mo-
mentum away from the system; by analogy with atomic physics, the process is also known as
“ionization”. Energy can be dissipated through ionization much more efficiently than through
GW radiation. As a result, when the separation of the binary is of order O(MBHα

−2), the
dynamics is driven by ionization rather than GW emission. During this phase, the frequency
chirps according to a universal shape [450], which includes, remarkably, quasi-discontinuous
features at frequencies

f
(g)
GW ≃ 6.45 Hz

g

(
10M⊙
MBH

)(
α

0.2

)3( 2

n

)2

, g = 1, 2, . . . (1.7)

The distinctive frequency evolution due to ionization makes the boson cloud distinguishable
from other environments [451]. For high enough mass ratios q, however, ionization becomes
efficient enough to disrupt the cloud significantly. Numerical investigations suggest that the
total mass lost by the cloud throughout the inspiral is roughly ∼ qMBH, independent of α.
Only clouds more massive than the smaller compact object will then survive and still undergo
ionization in the late stages of the inspiral.

Due to its relatively large extent (of the order 1/α2 of the BH’s size), the presence
of a boson cloud can also be inferred through the measurement of non-vanishing finite size
effects, such as larger-than-expected spin-induced quadrupole moments and nonzero tidal
Love numbers [265, 418, 452, 453]. This possibility is further enhanced by the intriguing
result that, within GR in four spacetime dimension, the Love numbers of vacuum, isolated,
BHs vanish [258–260, 262, 454–457]. The existence of a boson cloud then provides an effective
dressing of astrophysical BHs, yielding large tidal effects. That is because Love numbers of

BHs surrounded by a bosonic scalar-field condensate scale as 1
αn

(
Mcloud
MBH

)
, where Mcloud is

the mass of the cloud (typically Mcloud ≃ αMBH), whereas n = 8 for scalar, vector and
spin-2 odd tidal perturbations [265, 452, 453], and n = 10 for the dominant spin-two even
perturbations [458].

Tidal effects may ultimately be unraveled by the gravitational interactions with a com-
panion in binary systems towards the late stages of the inspiral phase. As the companion en-
ters the cloud, finite size effects are suppressed (due to Gauss’ law). This process can then be
modeled by introducing a time-dependent tidal Love number, that smoothly approaches zero
at higher frequency, leading to tidal effects that fade away at late times towards the merger
phase [452, 453]. The time dependence of Love numbers is also manifest during resonance
transitions, in which the cloud transitions into a decaying mode and is ultimately reabsorbed
into the BH [265, 418]. In ref. [452, 453], the detectability of Love numbers through GW
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Figure 1.19: Left panel: relative percentage error on the scalar field mass mb for a BH
binary system with mass ratio m2/m1 = 1/2, detected by ET at dL = 1 Gpc. Bars show
the values of the innermost stable compact orbit (ISCO) and Roche frequencies. We fix the
scalar cloud mass to the upper bound Mcloud = 0.1mi for both objects (i = 1, 2). Right panel:
maximum luminosity distance for which the scalar field mass can be constrained by ET with
a relative percentage accuracy of 10% (magenta) and 50% (yellow), assuming α1 = 0.2. See
ref. [453].

observations was estimated (see also [278]). The main results are plotted in figure 1.19, which
shows that ET could measure scalar field masses in the range mb ∈ [10−14, 10−11] eV with an
accuracy of a few percent, for stellar mass binaries at distances of a few Gpc. Interestingly,
these constraints extend within the 10−14 eV regime, which is harder to probe with other
superradiance-driven observations. Finally, let us stress that an accurate measure of time-
dependent Love numbers allows for the possibility to disentangle dressed BHs from neutron
stars in the (sub)solar mass range and from exotic compact objects (see section 1.3.1.2),
since the latter are characterized by tidal effects which persist until the last stages of the
merger [459, 460].

Besides the effects discussed above, the cloud-binary system exhibits a number of other
potentially observable phenomena, notably through the backreaction on the orbital parame-
ters during a resonant transition. For instance, the presence of a cloud in the earlier cosmo-
logical history of the binary’s evolution, even much prior to entering the detector’s band, can
induce larger-than-expected values for the orbital eccentricity that are later observed via GW
emission [419, 420]. This can have a big impact in the interpretation of future GW obser-
vations, in particular inferring the origin (e.g. dynamical or in isolation) of binary compact
objects based on the eccentricity and mass distributions derived from pure vacuum evolution.
Other potentially observable effects include accretion on the companion [432], backreaction
of the cloud on the geometry [461, 462], binary outspiral due to the cloud decay in GWs [463],
and the termination of superradiance due to level mixing [434, 464].

1.4.2.2 Dynamical friction, accretion, and overdensities. Among the type of en-
vironmental effects that can play a significant role is dynamical friction, which emerges
as a fundamental mechanism in dense environments [465]. The gravitational interactions
between the binary and surrounding matter can lead to a gradual loss of orbital energy
and angular momentum. This process, governed by the density and velocity distribution
of the medium, plays a key role in altering the orbital parameters and phase evolution of
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compact binaries [451, 466–472]. Accretion stands as another notable environmental effect,
particularly prevalent in scenarios involving gas-rich environments or surrounding accretion
disks [451, 466, 473]. As the binary interacts with these regions, matter accretes onto one
or both binary components, inducing changes in their masses and influencing the orbital
dynamics and phase evolution [451, 466, 473]. The intricacies of accretion processes, ranging
from Bondi-Hoyle-Lyttleton accretion to collisionless accretion, dictate the degree of impact
on the binary’s evolution, further complicating the interplay between environmental factors
and binary dynamics [451, 466, 468, 473, 474].

Most studies of environmental effects on GW signals have typically focused on sources
relevant for LISA [354, 475], mainly due to the fact that environmental effects tend to be
more important in the early inspiral and more easily detectable in intermediate or extreme
mass-ratio systems [451, 467–473, 476–478]. In ref. [479], it was estimated that ET will be
sensitive to the effect of dynamical friction in a GW170817-like event evolving in mediums
with densities ≳ 10−3 g/cm3. Such densities would be possible for compact binaries merging
within dense thin accretion disks [466], but it is unlikely that DM environments can reach
densities ≳ 10−3 g/cm3 around such sources. A more promising possibility, however, is
that of primordial BHs [480] (see section 3). If they do not make up all of the DM, which
is likely on the mass range that ET is able to probe, it has been shown both analytically
and numerically that DM particles should form dense spikes around them [481–484]. It is
expected that DM spikes around equal-mass systems will be disrupted or destroyed before
the objects are close enough for the dynamical friction effect to be observable in the GW
signal [485]. Yet, in the regime where the mass ratio of the binaries is q ≲ 10−2.5, the
smaller BH will move through the DM, causing a dephasing with respect to an equivalent
system inspiralling through vacuum [469, 476]. This effect can then be observed by ET with
week-long duration signals, and failing to include dynamical friction may lead to significant
signal-to-noise ratio losses [486]. Furthermore, for BHs with sub-solar masses, ET will provide
exquisite measurements of the binary parameters [294], which are also sensitive to dynamical-
friction feedback [469, 470, 473], and secondary accretion [487]. Finally, let us emphasize that
the detection of primordial BHs, through their imprint in GW observables, would in turn also
put among the strongest constraints one could set on dark matter candidates and extensions
of the standard model [488–490], see section 3.

1.5 Synergies with other Divisions

Here we discuss a list of outstanding ET science cases which require an interdisciplinary
approach among different OSB Divisions. Such an approach is ubiquitous in most aspects of
ET science, but the Fundamental Physics division is, by its own nature, particularly cross-
cutting. We envisage strong synergies in the following aspects:

• Improve (beyond) GR waveforms to match ET requirements. The unprece-
dentedly loud signals to be detected by 3G detectors will require an accuracy improve-
ment of the waveforms to be used to extract signals from data. A necessary condi-
tion for two waveforms to be indistinguishable is that their mismatch must be smaller
than 1/(2 SNR2), so that louder events exacerbate any possible modeling systematics
(see [491] for a recent overview). When available, coalescence waveforms in theories
beyond GR or for ECO models are far less accurate than the prototypical binary BH
waveforms in GR, both in absolute terms and in terms of coverage of the multidimen-
sional parameter space. An outstanding task, to be undertaken in synergy with the
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Waveform Division 8, is to select the best motivated beyond-GR models and develop
them at the level of accuracy required in the ET era. This will be achieved by extending
various perturbative and numerical techniques discussed in section 8 also for alternative
theories and models, most likely on a case-by-case basis.

• Improve data analysis techniques beyond GR. As discussed in section 10, ET
poses new urgent challenges for data analysis, mostly due to the long duration of
certain signals, the possible overlap of several sources, and the huge number of expected
detections. While overlapping signals should not be a significant concern both in terms
of detection [492, 493] and parameter estimation [494–497], it would be advisable to
optimize current data-analysis pipelines for this scenario. Any fundamental physics
effect that one wishes to search for in the datastream should be properly included
in the pipeline. In the near future, synergy among the Data Analysis Division 10,
the Waveform Modelling Division 8, and the Fundamental Physics Division 1 will be
needed, for example, to introduce beyond-GR effects in the ET mock data challenge
(see section 10).

• Fundamental physics implications of primordial relics, cosmic strings, and
primordial BHs. Early Universe cosmology is strongly tied with fundamental physics,
GR extensions, and Beyond Standard Model physics. In particular, a putative GW de-
tection of primordial BHs, cosmic strings, or any primordial relics (see section 2), or
any direct signature of inflation, would have a huge impact on foundational physics.
For example, if microscopic horizon-less relics form in the early Universe either di-
rectly through gravitational collapse or as stable remnants of the Hawking evaporation
of primordial BHs, they could evade cosmological constraints arising from evapora-
tion [498] and could explain the entirety of the DM. The stochastic GW background
associated with the formation of microscopic DM relics in various scenarios is at most
marginally detectable with current interferometers but could be measured by ET [499].
This strengthens the connection between fundamental compact-object physics and cos-
mological GW sources, and calls for a synergy between the Fundamental Physics and
the Cosmology Divisions.

• Identifying the origin of merging binaries across cosmic history. Likewise,
detecting a new population of compact objects other than BHs or NSs, or BH binaries of
primordial origin, would have a strong impact on fundamental physics. Indeed, it would
imply the existence of Beyond Standard Model and/or beyond-GR effects, which should
then be further developed and could be possibly explored by other complementary
means. Except for the smoking gun signatures of deviations from standard theory
discussed in this section, evidence for new families of compact object could come from
population studies (see section 3), underscoring a strong connection between the latter
and fundamental physics.

• Fundamental physics implications of NS mergers. As the densest known objects
in the Universe, NSs are a unique laboratory for all fundamental interactions. As
previously explained, NS-based tests of gravity are tantalizing but severely limited by
the degeneracy with the unknown EOS in the NS core (see section 6). Finding ways to
break this degeneracy calls for a synergy among the Nuclear Matter and Fundamental
Physics Divisions. As discussed, a promising possibility is to make use of approximately
universal relations among the NS parameters that are almost EOS insensitive. ET will
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be instrumental for these tests, since they require very high SNR to measure subleading
parameters such as quadrupole moments or non-standard Love numbers.

1.6 Executive summary

We conclude this section by summarizing the advancements that ET will bring in Funda-
mental Physics, in comparison to the current state of the art, specifically emphasizing the
distinct features that ET will allow us to explore. The following are the major areas where
ET’s capabilities surpass the current generation of GWs detectors:

Fundamental principles of the gravitational interaction

ET will probe the spacetime dynamics, the generation, and the propagation of GWs
in Einstein’s theory of gravity like never before, including:

• Agnostic tests in the inspiral phase, with up to two orders of magnitude improve-
ments compared to current detectors;

• Searches for extra GW polarizations, which are not very informative with current
detectors;

• Tests of the mass of the graviton and dispersion relations, with up to two orders
of magnitude improvements compared to current detectors;

• Tests of GW (displacement) memory effects, for the first time;

• Tests of the fully nonlinear (perturbative/non-perturbative) structure of GR.

Consequently, ET will be able to tell whether gravitational interactions are well de-
scribed by Einstein’s theory or if the data will point to alternative theories which
manifest themselves in regions of parameter space that are not reachable with any
other experiment.

The nature of compact objects and horizon scale physics

ET will provide high accurate measurements of the nature of GW sources, including:

• Ringdown tests and BH spectroscopy at unprecedented level, with O(10) event/yr
expected to have O(1)% precision in the measurement of multiple ringdown
modes;

• Tests of intrinsic multipole moments and no-hair theorems, with almost an order
of magnitude improvement compared to LVK at design sensitivity;

• Tests of tidal deformability effects and absorption, with almost an order of mag-
nitude improvement compared to LVK at design sensitivity;

• Tests of the post-merger phase and of horizon-scale physics, with more than an
order of magnitude improvement compared to current detectors.
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Consequently, ET will be able to tell whether the dark massive compact objects in
the sky producing ripples of spacetime are indeed the GR BHs, or whether there exist
new compact objects which ET will allow us to detect for the first time.

Dark-matter particles and new fields

ET has a unique potential to discover the existence of new fields/particles in nature,
including:

• Searches of ultralight particles using BH mergers and the stochastic GW back-
ground at extra galactic distance, exploring the mass region between 10−14 eV
and 10−11 eV;

• Tests of dark-matter environmental effects, boson clouds, and dynamical friction,
in regions not accessible by current detectors.

Consequently, even if Einstein’s theory withstands all the aforementioned scrutiny, ET
will then turn into a precision machine for searches of new particles and fields through
GW precision data, opening entirely new windows of exploration. These searches will
be synergetic with complementary ones by space-based detectors such as LISA.
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2 Cosmology with ET

With its unprecedented sensitivity, ET will detect GWs from events such as merging black
holes, neutron star collisions, and potential signals from the early Universe. By probing
these cosmic events, ET will provide new insights into the fundamental properties of gravity,
the expansion of the Universe, and the nature of dark matter and dark energy, serving as a
powerful tool to explore previously uncharted aspects of cosmology.

One of the main targets for ET is the stochastic gravitational wave background (GWB),
which is a diffuse signal composed of many unresolved gravitational wave sources, encom-
passing both astrophysical (AGWB) and cosmological (CGWB) components. Section 2.1
discusses the general formalism for GWBs, including anisotropies, parity violation, the sep-
arability of different contributions, and the impact of correlated noise on detectability. As
we will discuss in section 2.2, stochastic background of cosmological origin are probes of the
early Universe, and potential sources in the ET band include inflationary models beyond
single-field slow-roll scenarios, first-order phase transitions occurring at energy scales of up
to 108 GeV, corresponding to timescales of 10−12 to 10−6 seconds after the Big Bang; topo-
logical defects, such as cosmic strings and domain walls, as well as individual GW bursts from
cosmic string cusps and kinks; or signals related to the formation mechanism of primordial
BHs.

ET will also offer unique opportunities for probing the late Universe and contributing to
cosmography, by detecting BBH mergers at high redshifts, up to z ∼ 20 and higher. This will
allow ET to observe black hole formation in the early Universe, tracing back to the population
of primordial black holes. A key feature of GWs from compact binary coalescences is that
they are ‘standard sirens’, i.e. they serve as self-calibrating distance indicators, enabling
reconstruction of the distance-redshift relation and providing insights into the expansion
history of the Universe. However, GWs alone generally cannot determine redshift of the
binary. For bright standard sirens, which have an electromagnetic counterpart, the redshift
can be directly measured from the electromagnetic observations, enabling constraints on
cosmological parameters. Most GW events, however, are ‘dark sirens’, i.e. do not have
an observed electromagnetic counterpart, and necessitate the use of correlation with galaxy
catalogs or population inference techniques to perform statistical inference on the relation
between luminosity distance and redshift. The potential of bright and of dark sirens for
cosmology and for probing the late Universe with ET will be discussed in section 2.3.

Finally, ET observations, particularly when combined with future galaxy surveys, are
expected to help address various cosmic tensions, such as discrepancies in the Hubble constant
H0 and potential differences in cosmic dipole measurements from electromagnetic and large-
scale structure (LSS) observations. The potential of the ET observations for probing LSSs
of the Universe is discussed in section 2.4.

2.1 Stochastic gravitational-wave backgrounds

Gravitational-wave backgrounds are of great interest in cosmology. The detection of a CGWB
would be a smoking-gun probe of the physics of the early Universe, as it would allow for
unique constraints on cosmic inflation, phase transitions, or cosmic strings. The anisotropies
of the CGWB are a probe of the cosmological perturbations in the early Universe. Moreover,
the AGWB, resulting from the superposition of numerous unresolved CBC signals, can also
be used as a cosmological probe, as its frequency spectrum is sensitive to cosmological pa-
rameters, and its anisotropies are tracers of the large scale structures (LSS) of the Universe.
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Finally, the detection of a polarized CGWB could serve as key evidence for parity-violating
mechanisms in the early Universe (even though the AGWB is also expected to be polarized
and constitutes an unavoidable foreground for a polarized CGWB). Indeed, the frequency
spectrum, anisotropies, and polarization of the GWB are crucial observables for distinguish-
ing between the CGWB and AGWB, as various cosmological and astrophysical sources are
expected to produce GWBs with distinct and unique signatures.

2.1.1 Definition and characterisation

A GWB is a diffuse signal formed by the incoherent superposition of numerous unresolved
GW sources. Some GWB components exhibit stochastic properties due to their generation
process, while others result from the limited sensitivity of the specific detectors used for their
observation. A variety of sources are expected to produce a gravitational-wave background,
with different properties and frequency profiles (see [500–504] for reviews). Traditionally,
we distinguish between an astrophysical GW background (AGWB) and a cosmological GW
background (CGWB). In a first approximation, the GWB is assumed to be homogeneous and
isotropic across the sky. This contribution (i.e., the monopole) is the dominant contribution
and it is characterized through its frequency dependence. However, the GWB exhibits also
some level of anisotropy due to inhomogeneous distribution of sources, line-of-sight effects
accumulated during the propagation across the large-scale structure (LSS) [505–519], and
kinematic anisotropies arising from the observer’s velocity relative to the rest frame of the
GWB [520–522].

Let us recall here the basic definitions for the characterization of stochastic backgrounds
(we follow the conventions in [523]). A continuous superposition of GWs coming from all
directions, with propagation directions labeled by a unit vector n̂, can be written as

hij(t,x) =

∫ ∞

−∞
df

∫

S2

d2n̂
∑

A=+,×
h̃A(f, n̂)eAij(n̂) e−2πif(t−n̂·x/c) , (2.1)

where the spatial indices i, j take values 1, 2, 3 and eAij are the polarization tensors, normalized
as (the sum over the spatial indices i, j is understood)

eAij(n̂)eA
′

ij (n̂) = 2δAA
′
. (2.2)

In a given detector, located at the position xa, the observed signal ha(t) is obtained convolving
each polarization with the pattern functions FAa (n̂) that encode the detector response,5

ha(t) =

∫ ∞

−∞
df

∫

S2

d2n̂
∑

A=+,×
h̃A(f, n̂)FAa (n̂) e−2πif(t−n̂·xa/c) , (2.3)

and therefore the Fourier transform of the signal is given by

h̃a(f) =

∫

S2

d2n̂
∑

A=+,×
h̃A(f, n̂)FAa (n̂) e2πif n̂·xa/c . (2.4)

5We assume here that the size of the detector is much smaller than the GW wavelength, so we can neglect
the spatial variation of the GW over the extension of the detector. This condition is very well satisfied by
ground-based interferometers: as the GW frequency f ranges between 10 Hz and 1 kHz, the wavelength c/f
ranges between 3× 104 km and 300 km, much larger than the 10 km or 15 km length of the arms of ET.
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If the signal is given by a stochastic background of GWs that is stationary, isotropic and
unpolarized, its two-point correlator is given by

⟨h̃∗A(f, n̂)h̃A′(f ′, n̂′)⟩ = δ(f − f ′)
δ(n̂− n̂′)

4π
δAA′

1

2
Sh(f) , (2.5)

where the brackets ⟨·⟩ denote the ensemble average and δ(n̂ − n̂′) is a Dirac delta over the
two-sphere, δ(n̂− n̂′) = δ(ϕ−ϕ′)δ(cos θ−cos θ′), where (θ, ϕ) are the polar angles that define
n̂. Equation (2.5) defines the (single-sided) spectral density of the signal, Sh(f). The factor
1/(4π) in eq. (2.5) is a standard choice of normalization, chosen so that

∫

S2

d2n̂ d2n̂′⟨h̃∗A(f, n̂)h̃A′(f ′, n̂′)⟩ = δ(f − f ′)δAA′
1

2
Sh(f) , (2.6)

so that, for each polarization, the right-hand side has the normalization used also for the
(single-sided) noise spectra density, see eq. (9.2) below.6

However, more generally, a stochastic GW background can be polarized and anisotropic.
Assuming again stationarity (which, in Fourier space, implies that the correlator is propor-
tional to δ(f − f ′)), the most general form of the two-point correlator is then [504, 524–526]

⟨h̃∗A(f, n̂)h̃A′(f ′, n̂′)⟩ = δ(f − f ′)
δ(n̂− n̂′)

4π

1

2
HAA′(f, n̂) . (2.7)

Note that we still assume that signals coming from different directions are uncorrelated, so
that the correlator is still proportional to δ(n̂−n̂′); however, anisotropy is encoded in the fact
that the function HAA′(f, n̂) could depend on n̂, and the possibility of a polarization in the
fact that HAA′(f, n̂) is a 2×2 matrix in the polarization indices, not necessarily proportional
to δAA′ . The reality of ha(t) implies that h̃∗A(f, n̂) = h̃A(−f, n̂) so, taking the complex
conjugate of eq. (2.7), one sees that HAA′(f, n̂) is a Hermitian matrix in the polarization
indices. As any 2 × 2 Hermitian matrix, it can then be decomposed (with real coefficients)
into the basis of the identity matrix and the three Pauli matrices,

HAA′(f, n̂) = I(f, n̂) δAA′ + U(f, n̂)σ1AA′ + V (f, n̂)σ2AA′ +Q(f, n̂)σ3AA′ , (2.8)

where the Pauli matrices are given by

σ1 =

(
0 1
1 0

)
, σ2 =

(
0 −i
i 0

)
, σ3 =

(
1 0
0 −1

)
.

In matrix form

H(f, n̂) =

(
I(f, n̂) +Q(f, n̂) U(f, n̂) − iV (f, n̂)
U(f, n̂) + iV (f, n̂) I(f, n̂) −Q(f, n̂)

)
. (2.9)

The coefficients of this decompositions define the Stokes parameters of the GW stochastic
background, and are real functions of f and n̂ describing intensity (I), linear polarization (U
and Q) and circular polarization (V ). Therefore,7

(
⟨h̃∗+(f, n̂)h̃+(f ′, n̂′)⟩ ⟨h̃∗+(f, n̂)h̃×(f ′, n̂′)⟩
⟨h̃∗×(f, n̂)h̃+(f ′, n̂′)⟩ ⟨h̃∗×(f, n̂)h̃×(f ′, n̂′)⟩

)
=

=
1

8π
δ(n̂− n̂′)δ(f − f ′)

(
I(f, n̂) +Q(f, n̂) U(f, n̂) − iV (f, n̂)
U(f, n̂) + iV (f, n̂) I(f, n̂) −Q(f, n̂)

)
.

(2.10)

6Here we follow the conventions used in refs. [500, 523], and in most of the literature. Observe, however,
that these differ by a factor of 2 from those used in [524], see their eq. (2.14).

7Here, again, one must be aware of the existence of different conventions in the literature, in which a factor
4π or 8π in eq. (2.7) is reabsorbed into the definition of the Stokes parameters. Our conventions are the same
as in [527] (see, e.g., also [526, 528]).
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If the GWB is unpolarized, U = V = Q = 0 and eq. (2.10) reduces to

⟨h̃∗A(f, n̂)h̃A′(f ′, n̂′)⟩ = δ(f − f ′)
δ(n̂− n̂′)

4π
δAA′

1

2
Sh(f, n̂) , (2.11)

with Sh(f, n̂) = I(f, n̂). If, furthermore, the background is isotropic, we get back eq. (2.5)
with a spectral density Sh(f) = I(f) independent of n̂. If we assume that the GWB is
Gaussian, then the 2-point correlation function, eq. (2.10) in the most general or eq. (2.11)
in the unpolarized case, is sufficient to fully describe its statistical properties.

The GWB can be described by its energy density per unit logarithmic frequency interval,
normalized by the critical energy density for closing the Universe ρc:

ΩGW(f) ≡ 1

ρc

dρGW

d ln f
, (2.12)

where ρc = 3c2H2
0/ (8πG) and H0 is the present-day value of the Hubble parameter. In terms

of the spectral density, one has (see eq. (7.202) of [523])

ΩGW(f) =
4π2

3H2
0

f3Sh(f) . (2.13)

Note that H0, in the denominator of eq. (2.13), entered through the normalization factor ρc,
so the observational uncertainty in this factor H0 is not related to an intrinsic uncertainty
of the energy density of the stochastic background considered, but rather of the quantity
that we have chosen for normalizing it. In order to get rid of this uncertainty, it is often
convenient to work in terms of the quantity h2ΩGW(f), where the reduced Hubble constant
h is defined from H0 = 100h km s−1 Mpc−1.

For a generic anisotropic and polarized GW background, one can show that the energy
density is given by [526]

ρgw =
πc2

2G

∫ ∞

0
d log f f3

∫

S2

d2n̂

4π
I(f, n̂) , (2.14)

so that
dρgw

d log fd2n̂
=

c2

8G
f3I(f, n̂) . (2.15)

Note that this expression is obtained using the full correlator given in eqs. (2.7) and (2.8).
However, in the computation the traceless terms associated to polarizations give zero [526],
and only the intensity Stokes parameter contributes to the energy density. Then, we have

ΩGW(f, n̂) ≡ 1

ρc

dρGW(f, n̂)

d log f d2n̂

=
π

3H2
0

f3 I(f, n̂) . (2.16)

In the typical situation in which the anisotropic part is a small perturbation of the isotropic
part, we can write

ΩGW(f, n̂) = Ω̄GW(f) + δΩGW(f, n̂) , (2.17)

i.e., the energy density is split into a homogeneous component Ω̄GW(f), and an anisotropic
perturbation, δΩGW(f, n̂), which is generally small compared to the monopole. Under the
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assumption of statistical isotropy, the sky distribution of the GWB energy density can be
characterised in terms of a frequency-dependent angular power spectrum, Cℓ(f), defined
through

⟨δΩGW(f, n̂) δΩGW(f, n̂′)⟩ =
∞∑

ℓ=1

Cℓ(f)Pℓ(n̂ · n̂′), (2.18)

where Pℓ(n̂ · n̂′) are the Legendre polynomials and the multipoles ℓ are inversely proportional
to the angular scale of the perturbation.

A useful tool in the study of the sensitivity of a network of detectors to an unpolarised
and isotropic GWB is the power-law sensitivity (PLS) curve [529]. We refer the reader to
section 9.5.2 for details on its construction, its physical meaning and some properties, and
here we limit ourselves to a brief reminder of the main ingredients needed. When constructing
the PLS curve, one considers the family of power-law GW backgrounds

ΩGW(f ;β) = Ωβ

(
f

fref

)β
, (2.19)

where the exponent β is the family parameter, which can take any real value, and fref is
an arbitrary fixed reference frequency (whose change simply amounts to a redefinition of
Ωβ). The dependence of the amplitude coefficient Ωβ on β is determined by requiring that,
in a given coincident observation time T , the integrated signal-to-noise ratio (SNR) in the
frequency range [fmin, fmax] probed by a given detector network takes an assigned value ρ.
This leads to

Ωβ = ρ

[
2T

∫ fmax

fmin

df Ω−2
eff (f)

(
f

fref

)2β
]−1/2

, (2.20)

where the function Ωeff(f) depends on the noise properties of the detectors (their PSD or noise
correlations, if present) and by the geometry of the detector configuration via the overlap
reduction functions for each pair of detectors, see eq. (9.64) for the explicit expression.

The PLS curve is then defined as the envelope of the family of curves (2.19), with Ωβ

as in eq. (2.20), and it is given by

ΩPLS(f) = max
β

ΩGW(f ;β) . (2.21)

By construction, in a log-log plot any line tangent to the PLS curve represents a power-law
GW background with integrated SNR equal to the value of ρ used in the PLS definition.

2.1.2 Anisotropies of the GWB

2.1.2.1 Anisotropies of the Cosmological Background. The anisotropies of the CGWB
can be described by introducing a distribution function of the primordial gravitons (in the
high frequency approximation, where anisotropies are typically studied) and solving the
Boltzmann equation in cosmological perturbation theory [505, 517, 518, 530]. The solution
of the Boltzmann equation shows that the anisotropies are generated by any inhomogeneity
and anisotropy in the production mechanism that sourced the background (i.e., initial con-
ditions) and by the metric perturbations around a Friedmann-Lemâıtre-Robertson-Walker
background crossed by gravitons along their geodesics. In addition, kinematic anisotropies,
in particular a dipole, are induced by the peculiar motion of the observer with respect to the
rest frame of the CGWB [508, 520].
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The anisotropies due to the propagation of gravitons and kinematic effects are propor-
tional to 4 − ngwb, where ngwb is the spectral tilt of the CGWB monopole. So, the spectral
tilt may have an impact on the amplitude of the anisotropies. Such a possibility has been
discussed in [531, 532] for the case of sharply peaked CGWB spectra generated at second
order by curvature perturbations, making these anisotropies a potential probe of primordial
black-holes physics.

The contribution due to the initial conditions largely depends on the model considered
and could dominate the spectra in a number of different scenarios. For instance, if the CGWB
is produced by the decay of a field which gives the dominant contribution to the curvature
perturbation of the Universe, the initial conditions are expected to be adiabatic, in analogy
with the CMB. For the CGWB generated by quantum fluctuations of the metric during
inflation a large non-adiabatic contribution in the initial conditions is expected, which can
increase the anisotropies by an order of magnitude [533]. In the case of scalar-induced gravita-
tional waves (SIGWs), the initial conditions are sensitive to any amount of local primordial
non-Gaussianity, parametrized by fNL [534], while for GWs from phase transitions large
isocurvature perturbations due to a decoupled sector at the production time could enhance
the spectrum [535]. The angular power spectrum of the CGWB for all these mechanisms and
the corresponding predictions for ET, can be computed with the code GW CLASS8 [536].

Another important source of anisotropies in the form of a contribution to the initial
condition term arises in inflation models predicting a sizable tensor or mixed (scalar-tensor-
tensor) bispectrum in the squeezed configuration. A non-trivial correlation between two
short-wavelength modes and one long-wavelength mode of the primordial fluctuations would
indeed result in a modulation of the gravitational wave two-point function, giving rise to
anisotropies in the energy density of the GW background [537]. If observed, these signa-
tures would be a smoking gun for inflation models beyond the basic single-field slow-roll
paradigm [538]. Another interesting aspect of this class of anisotropies is that they may be
tested through cross-correlations with the cosmic microwave background: the same large-
scale fluctuations modulating the GW energy density at interferometer frequencies, would
contribute to large-scale CMB anisotropies, making GW-CMB cross-correlations a new probe
of squeezed primordial non-Gaussianity, complementary to CMB bispectrum measurements
[539–541].

Since gravitational interactions decouple at the Planck scales, the CGWB could be used
to test the geometry and the particle content of the Universe at early times. In [519] it was
shown that the presence of exotic (beyond Standard Model) relativistic and decoupled parti-
cles could modify the amplitude of the anisotropies on large scales. In [542] the dependence
of the anisotropies on the equation of state parameter of the Universe was analysed, finding
a universal behavior for adiabatic primordial fluctuations. It was shown that deviations from
this behavior (which could be in the form of an amplification of the anisotropies) would point
to the presence of isocurvature fields during inflation. In [536] a joint Bayesian analysis of the
CMB and CGWB anisotropies for ET+CE has been performed, exploiting the large correla-
tion expected between the CMB and the CGWB [543]. It has been shown how the CGWB
could be used to estimate cosmological parameters, breaking some degeneracies which are
present in CMB measurements, such as the one between the amplitude of the primordial
scalar power spectrum and the reionization epoch of the CMB photons. The parameter in
this case is the angular power spectrum of the CGWB. A Fisher matrix analysis of the de-

8The code is publicly accessible as a new branch (GW CLASS) on the CLASS repository www.github.com/

lesgourg/class_public.
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Figure 2.1: Left: plot of the cumulative SNR of the anisotropies as a function of the
SNR of the monopole for ET (triangular) + CE (40 km) for five years of observation. The
dashed lines represent the LVK upper bounds on the amplitude of the monopole for the
three mechanisms considered (inflation, PT and SIGW). Right: plot of the monopole of the
intensity (solid blue), circular polarization (solid orange) of the AGWB, and of the PLS of
the intensity and circular polarization (dashed blue and orange respectively) for ET+CE in
one year of observation.

tectability of the angular power spectrum from the case of phase transitions has been done
in [544].

In the left panel of figure 2.1 we plot the cumulative SNR of the angular power spectrum
of the auto-correlation of the CGWB and cross-correlation between the CGWB and CMB as
a function of the SNR of the monopole. We consider as detector network ET in the triangular
configuration in combination with one CE of 40 km, for 5 years of observation. Because of
the limited angular resolution of the network, the cumulative SNR of the anisotropies is
sensitive up to ℓmax ≈ 10 (for the largest values of the monopole in the figure). We show the
result for the CGWB from inflation with nT = 0.35, phase transitions with f∗ = 1 Hz and a
Gaussian SIGW spectrum peaked at f∗ = 100 Hz. The dotted lines identify the maximum
values of the SNR of the monopole consistent with the upper bounds of LVK [64], which are
distinct for the three signals, because of the different dependence on the frequency of the
monopoles. For low values of the SNR of the monopole, the dominant contribution to the
SNR of the anisotropies is given by the kinetic dipole, which is orders of magnitude larger
than the cosmological anisotropies, while for larger monopoles the cosmological anisotropies
become comparable with the instrumental noise, giving rise to detectable signals.

2.1.2.2 Anisotropies of the Astrophysical Background. The distribution of the num-
ber of sources, and thus the AGWB, is expected to exhibit a uniform and dominant contri-
bution across all directions in the sky (i.e., a monopole component). Superimposed on this
dominant term, small anisotropies of the order of 10−2 − 10−5 are anticipated. These devi-
ations from a homogeneous and isotropic spectrum arise due to cosmological perturbations
(i.e., intrinsic anisotropies), which also account for the overdensity and peculiar velocity of
galaxies, as well as the anisotropies in the CMB. Additionally, Poisson fluctuations result
from the finite number of sources contributing to the background within a limited timeframe
and volume (i.e., shot noise), and the observer’s peculiar motion relative to the sources’ rest
frame introduces kinetic effects, such as Doppler boosting and aberration in the AGWB.

Following [545, 546], the monopole energy density of the AGWB generated by the
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superposition of many, unresolved, astrophysical sources can be computed by integrating
the product of the energy spectrum and the source rate over the entire parameter space
describing the population of GW events (see also section 3.10),

Ω̄GW(f) =
f

ρcc2

∫
dz

(1 + z)H(z)
R(z)

∫
dθ⃗ p(θ⃗)

dE

dfdΩ
(f, z, θ⃗) . (2.22)

Here, z is the redshift of the source, θ⃗ represents the intrinsic parameters of the binary, e.g.,
in the case of BBH, the masses, spins and inclination angle of the orbit (i.e. the angle between
the angular momentum of the binary and the direction of observation); dE/dfdΩ denotes the
energy spectrum per solid angle and frequency emitted by individual binaries [545, 546]. The
merger rate per comoving volume R(z) has been assumed here independent of the distribution
of the intrinsic parameters of the binaries p(θ⃗); see section 3.3 for a more detailed discussion
of the evolution of the mass distribution with the redshift.

The other Stokes parameters of the AGWB, introduced in eq. (2.10), can be computed
by replacing the energy density of the individual binaries in eq. (2.22) with an equivalent
“polarized energy spectrum”, which has the same amplitude as the intensity, but varies
differently with respect to the inclination angle; see, e.g., [547].9 The circular polarization of
the AGWB has been discussed in the previous subsection, while cosmological models which
produces polarized signals will be discussed in section 2.1.3.

The intrinsic anisotropies have been computed in [506, 507, 510–512, 548, 549] and can
be classified into density anisotropies, which are related to the distribution of GW sources
in the sky; Kaiser and Doppler anisotropies, which are related to the peculiar velocities of
the hosts; and anisotropies imprinted by gravitational potentials along the graviton’s path.
A fully relativistic, gauge-invariant computation using the cosmic rulers formalism [550]
has been performed in [511]. The monopole and anisotropies of the AGWB generated by
BBH, BNS and BHNS have been fully characterized in [515, 516]. The public available code
CLASS GWB [516] allows computing the angular power spectrum of the intrinsic and shot noise
anisotropies for different populations of CBC. The relative perturbation in the energy density
of the AGWB at the observer can be written as

δΩintr
GW

Ω̄GW
(f) =

∫
d3k

(2π)3
ζ
(
k⃗
)∫ η0

0
dη
[
∆den(η, k, f) + ∆rsd(η, k, f) + ∆gr(η, k, f)

]
, (2.23)

where ζ is the primordial curvature perturbation and η0 is the conformal time today. The
expression for the source functions ∆i can be found e.g. in [511, 516]. The cross-correlation of
the intrinsic anisotropies with other LSS tracers will be discussed in section 2.4.1.2, focusing
in particular on the dependence of the intrinsic anisotropies on the bias of the GWs. The
intrinsic anisotropies are typically considered as Gaussian random variables of zero mean
and covariance proportional to the power spectrum of the primordial curvature perturba-
tion, although the current Planck bounds admit the possibility of the presence of a non-
negligible amount of primordial non-Gaussianity in the cosmological perturbations [551]. In
section 2.4.2 we will discuss the effect of primordial non-Gaussianity on the anisotropies of
the AGWB in cross-correlation with the CMB.

The number of events that contribute to the AGWB fluctuate according to a Poisson
distribution, inducing a shot noise term in the AGWB [526, 552–554]. In the formalism

9Note, however, that only the Stokes parameter associated to the intensity, I, corresponds to an energy
density, and no actual energy density is associated to the Stokes parameters describing linear and circular
polarizations [526].
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Figure 2.2: Left: plot of the intrinsic, shot noise and kinetic contributions to the dipole
of the AGWB as a function of the frequency. Right: plot of the SNR of the kinetic dipole
of the AGWB, obtained with the multi-frequency analysis of the anisotropies, and of the
intrinsic and kinetic anisotropies of the AGWB, in cross-correlation with the galaxy survey
SKAO2, as a function of the amplitude of the monopole of the AGWB. Here a network with
the triangular ET configuration plus CE with the two interferometers (of 20km and 40km)
placed in Hanford and Livingston for 5 yrs has been considered.

adopted here, consistently with [516, 521, 547], the shot noise of the energy density is a
Gaussian random variable δΩSN

GW(n̂, f), with zero mean and covariance given by

CSN(n̂, f ; n̂′, f ′) =

∫
dz dθ⃗

R(z)p(θ⃗) δ(n̂− n̂′)

(1 + z)2H2(z) dV
dzdΩ(z)Tobs

∏

f̃=f,f ′

f̃

ρcc2
dE

dfdΩ
(f̃ , z, θ⃗) , (2.24)

where we have neglected Poisson fluctuations proportional to the square of the number of
GW events, suppressed by the low number of GWs per host galaxy. The term δ(n̂ − n̂′)
indicates that Poisson fluctuations are uncorrelated for objects in different regions in the sky,
thus the angular power spectrum is constant in the multipole space.

Kinematic anisotropies. The motion of the observer relative to the rest frame of the sources
induces kinematic anisotropies in the AGWB on the order of 10−3c, consistent with mea-
surements of Doppler boosting in the CMB [555]. The velocity of the Local Group (LG)
relative to the large-scale structure (LSS) generates a dipole in the anisotropies [521], while
the motion of the Earth relative to the LG induces a Doppler boosting of the signal, resulting
in a dipole of order one in the velocity and in a mode coupling between different multipoles,
linear in both the dipole and the intrinsic anisotropies [520, 556]. In [521], a comprehensive
discussion of all contributions to the dipole of the AGWB is provided, demonstrating how
the Einstein Telescope (ET) in combination with the Cosmic Explorer (CE) could be used
to accurately measure the velocity of the Local Group (LG), yielding results competitive
with large-scale structure (LSS) observations. Ref. [522] showed that prior knowledge of the
direction of the LG velocity (e.g., from CMB observations) can enhance the sensitivity to the
AGWB kinematic dipole. Additionally, it showed that the Earth’s peculiar motion must be
accounted for to avoid biases of up to ∼ 10% in the inferred dipole amplitude.

Component separation of the anisotropies. The anisotropies of the AGWB are expected to
be dominated by the shot noise fluctuations, which are of the order of 10−1 − 10−3, because
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of the low number of CBC mergers in the Universe per year. Therefore, the detection of the
kinetic and intrinsic anisotropies could be very challenging. Several attempts have been made
in order to reduce the impact of the shot noise, for instance by cross-correlating the AGWB
with galaxies [554] or lensing [515], but, because of the low angular resolution of ET to the
anisotropies of the GWB, it is challenging to get a SNR larger than one for the intrinsic and
kinetic components using standard techniques. In [521], it has been realized that the three
contributions to the angular power spectrum exhibit different frequency dependencies for
f ≳ 100 Hz. Therefore, the distinct frequency scaling of these anisotropies could potentially
be used for component separation. In the left panel of figure 2.2 we plot the three dipoles at
different frequencies, while in the right one we show the SNR of the anisotropies with ET+CE
in 5 years of observations. In the right plot, the blue line is the SNR of the kinetic dipole
of the AGWB with the multi-frequency analysis. When the instrumental noise is taken into
account, it becomes evident that a kinetic dipole in an AGWB with an amplitude consistent
with the current LVK bound could be detected with an SNR ≃ 3. In order to show the power
of the multi-frequency analysis, we also plot the SNR of the intrinsic and kinetic anisotropies
of the auto- and cross-correlation of the AGWB with the SKAO2 galaxy catalogue [557], up to
ℓmax = 100 (orange line), without considering the frequency dependence of the anisotropies.
When instrumental noise does not dominate the AGWB signal, it become evident that multi-
frequency analysis seems to be the most efficient technique for addressing the shot noise issue,
improving by orders of magnitude the SNR.

2.1.3 Polarization of the GWB and parity violation

2.1.3.1 Polarization of the AGWB. In GR, the AGWB is expected to be unpolarized
because the average over polarization angles set to zero linear polarizations and the aver-
age over inclination angles set to zero the circular polarization (see [526] for the explicit
computation). However, shot noise fluctuations can generate a net amount of both linear
and circular polarization (even for isotropic source distributions [526] ). In particular, cir-
cular polarization could be observed by ET+CE with an SNR greater than 2 in one year
of observations [547]. A computation analogous to eq. (2.24) for the V Stokes parameter
indicates that the amplitude of the circular polarization is indeed comparable to the shot
noise in the intensity and exhibits an angular power spectrum that is constant in multipole
space. In the right panel of figure 2.1 we plot the monopole (intensity) and amplitude of the
shot noise as a function of frequency, along with the PLS of the intensity (monopole) and
circular polarization (monopole plus anisotropies). The circular polarization of the AGWB
represents a foreground for the detection of polarized cosmological signals, and component
separation techniques based on the frequency and angular dependence of the signal should
be adopted [547].

Various mechanisms in the early Universe can generate parity violation, leading to an
uneven production of left- and right-handed circularly-polarized GWs. Since parity-violating
GWs are expected to be cosmologically sourced, polarization could be used together with the
intensity to identify the primordial origin of the signal, although the circular polarization of
the AGWB discussed is an unavoidable foreground for polarized cosmological backgrounds.
Searches for polarized GWBs can allow one to place constraints on parity-violating theories,
as we discuss next.

2.1.3.2 Chiral GW Sources. A number of mechanisms can result in parity violation in
the early Universe [558]. Two compelling, well-studied, classes of parity-violating inflation-
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ary models that could lead to a circularly polarized GW background include Chern-Simons
gravity [559–562], and axion-gauge field inflation [563–587]. More details on axion inflation
mechanism can be found in section 2.2.1.2. Other sources such as GWB from turbulence
in the primordial plasma induced either from cosmological first-order (electroweak or QCD
phase transition beyond the Standard Model) phase transitions [588–590] and from the pri-
mordial magnetic fields that are coupled to the cosmological plasma [591–595] can be chiral.
Although an AGWB is typically expected to be unpolarized, polarization can occur when
considering shot noise fluctuations, as we discussed in section 2.1.2.2.

2.1.3.3 Detection Formalism for Chiral Gravitational Waves. We now discuss the
formalism used in detecting parity-violating backgrounds, following [525, 596]. This formal-
ism was used in practice in the LVK data in [597, 598], and in simulated third-generation
networks in [597, 599]. We use the circularly polarized bases eR = (e+ + ie×)/

√
2 and

eL = (e+ − ie×)/
√

2 (with + and × the plus and cross polarizations, respectively) to obtain
the right- and left-handed modes hR = (h+−ih×)/

√
2 and hL = (h++ih×)/

√
2, respectively.

Using eq. (2.10), the right-right and left-left correlators can then be written as

(
⟨h∗R(f, n̂)hR(f ′, n̂′)⟩
⟨h∗L(f, n̂)hL(f ′, n̂′)⟩

)
=

1

8π
δ(f − f ′)δ2(n̂− n̂′)

(
I(f, n̂) − V (f, n̂)
I(f, n̂) + V (f, n̂)

)
, (2.25)

We use the standard cross-correlation estimator [524, 600–602]

⟨Ĉd1d2⟩ =

∫ ∞

−∞
df

∫ ∞

−∞
df ′δT (f − f ′)⟨s∗d1(f)sd2(f ′)⟩Q̃(f ′)

=
3H2

0T

10π2

∫ ∞

0
df

Ω′
GW(f)γd1d2I (f)Q̃(f)

f3
, (2.26)

where

Ω′
GW = ΩGW

[
1 + Π(f)

γd1d2V (f)

γd1d2I (f)

]
,

γd1d2I (f) =
5

8π

∫
dΩ̂(F+

d1
F+∗
d2

+ F×
d1
F×∗
d2

)e2πifΩ̂·∆x⃗,

γd1d2V (f) = − 5

8π

∫
dΩ̂(F+

d1
F×∗
d2

− F×
d1
F+∗
d2

)e2πifΩ̂·∆x⃗, (2.27)

with H0 the Hubble parameter, T the observing time, δT (f) = sin(πfT )/(πf), s̃d1(f) and
s̃d2(f) the Fourier transforms of the strain time series of two GW detectors (denoted by
d1, d2). We apply the usual Q̃(f) as the optimal filter taking into account detectors’ strain
power spectral densities, and FAn = eAabd

ab
n stands for the contraction of the tensor modes

of polarization A to the nth detector’s geometry. We denote by γd1d2I the standard overlap

reduction function of two detectors d1, d2, and by γd1d2V the overlap function associated with
the parity violation term. The polarization degree, Π(f) = V (f)/I(f), takes on values
between -1 (fully left polarization) and 1 (fully right polarization), with Π = 0 being an
unpolarized isotropic GWB. We build the Gaussian log-likelihood for a network ofN detectors

log p(Ĉ(f)|θ) ∝
N∑

i,j>i

∑

f

[
Ĉdidj (f) − Ω′

GW(f,θ)
]2

σ2didj (f)
, (2.28)
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where Ĉdidj (f) is the frequency-dependent cross-correlation estimator of the GWB calcu-
lated using data from detectors di, dj , and σ2didj (f) is its variance, and θ are the associated
parameters to the tested GWB model.

2.1.3.4 Detection Prospects for Chiral Gravitational Waves. In the context of ET,
this formalism has a number of ramifications on parity violation detection. We plot the
standard and parity-violating associated overlap reduction functions in figure 2.3. One can
see that the parity violating associated overlap reduction function between two detectors of
an assumed triangular design10 would be approximately 0 due to their co-planarity to one
another. From eq. (2.27) this would imply that ΩGW ≈ Ω′

GW for even entirely chiral GWs.
Thus, parity- violation inferences on GW data with this formalism is difficult with a triangu-
lar ET configuration alone. However, ET in combination with other detectors (such as CE)
should have γd1d2V (f) ̸= 0 due to their non-coplanarity - thus allowing for parity violating
inferences in extended networks whilst taking advantage of ET’s sensitivity. A 2L design for
ET, and any additional detectors in the network, would not face such problems for similar
reasons. Reconsidering the previously described formalism while taking into account the full
response functions and noise curves across the entire frequency band (for planar detectors),
it is found that O(1) net polarization can be detected in the GWB, with a magnitude of
h2ΩGW ≃ 10−11 and an SNR of order one [603]. Fully analytical and covariant details of
these parity-sensitive response functions, which are critical for parity violation detection, can
be found in [603]. Extensions to search for GWBs with anisotropies and circular polariza-
tion have been developed and studied in the context of ground-based detectors [604]. Many
results are in agreement with [598] in an LVK context; however, an ET+CE network can
improve this by about three orders of magnitude. As discussed in section 2.1.2.2, the pres-
ence of a circularly polarized AGWB may provide an additional challenge for CGWB parity
violation detection [547]. A simplified example showed that, by taking advantage of differ-
ent background features, such as their frequency dependence and features in the sky maps,
it is possible to reconstruct the primordial background with good precision using ET+CE,
primarily limited by instrumental noise, as in the case of the intensity. That said, separation
corrections of the order of 20% to the total SNR must be carefully taken into account.

2.1.4 Source separability

Once a GWB is detected, the next important question will be to relate the signal to the
sources that contribute to it. In particular, one will be interested in separating compact
binary coalescences (namely a pure astrophysical contribution) from possible sources of a
cosmological origin (for instance inflation, cosmic strings or first-order phase transitions). A
Bayesian analysis has shown that current terrestrial interferometers (i.e., Advanced LIGO
and Advanced Virgo network), even once operating at design sensitivity will not allow for
separation of the sources [605]. Assuming one is able to do an individual source subtrac-
tion [606], the residual CBC contribution to the GWB will be dominated by unresolved

10We follow the terminology of the 2020 ET Design Report Update, https://apps.et-gw.eu/tds/?r=

18715: the high-frequency (HF) and low-frequency (LF) interferometers that make the so-called “xylophone”
configuration are indeed referred to as “interferometers”. The combination of a HF interferometer and a LF
interferometer (whether in a L-shaped geometry, or with arms at 60◦ as in the triangle configuration) is called
a “detector”. The whole ensemble of detectors is called an “observatory”. So, ET in the triangle configuration
is made of three detectors for a total of six interferometers, while in the 2L configuration it is made of two
detectors, for a total of four interferometers.
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Figure 2.3: Standard and parity-violating overlap reduction functions plotted over ground-
based detector frequency range. When assuming a triangular configuration for ET, we plot
the result for a pair of ET detectors (out of the three composing the triangle), and for one
ET detector (out of the three composing the triangle) and a Cosmic Explorer (CE), with CE
taken either in the current Hanford site or in the current Livingston sites. When assuming
the 2L configuration for ET, we plot the result for this pair of L-shaped detectors. The
triangular ET design is assumed in Virgo location. We denote the triangular pairing with i,
j as all pairings produce the same overlap reduction functions.

binary neutron star mergers at the level of ∼ 10−11 at 10 Hz.11 Third generation (3G)
detectors, like Einstein Telescope, and in particular a network of 3G detectors will allow
simultaneous separation of astrophysical and cosmological GWBs, provided reasonable levels
of individual source subtraction can be achieved [605].

The separability of sources in the ET frequency band has several challenges given the
multiple components contribute to the overall signal. This makes the parameter space large
and complex. This complexity, along with degenerate characteristics, complicates such a task
making it also computationally challenging. A computationally less demanding approach
could be performed in a two-step process: first, reconstruct the GWB spectrum agnostically
(as in LISA data analysis techniques [608–611]); second, convert the spectrum constraints
into population and cosmological parameter constraints (see e.g., [612] for a recent applica-
tion). This method allows to balance accuracy and feasibility and can help identify relevant
parameter spaces for full Bayesian techniques.

Another limitation in the detection of the GWB signal is the impact of significant residu-
als, primarily from uncertainties in coalescence phase and luminosity distance, when resolved
sources are subtracted [606, 607]. Enhanced signal subtraction methods are necessary to
improve the observation of other astrophysical and cosmological GWBs.

11A more detailed analysis shows that the result actually depends on the shape of the cosmological spectrum
that is being searched, see [607] and section 9.5.3.
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2.1.5 Impact of correlated noise on GWB

To be able to resolve the weak signal from the GWB, one needs to rely on cross-correlation
methods to suppress independent noise sources at the different detectors. In the absence of
correlated noise, this implies that any remaining correlated signal is from GWs. However,
past research has shown that such a correlation analysis is prone to noise contamination from
correlated noise sources, both for co-located as well as widely separated detectors. As a first
order approach one should consider to reduce the noise couplings, so to lower or entirely
remove such correlated noise disturbances. If this is deemed impossible one could consider
either to subtract the noise by e.g. Wiener filtering methods or perform a joint parameter
estimation taking both the correlated noise and the GWB signal into account. Finally, if
the correlated noise has a much larger amplitude and/or is not known with high accuracy,
one has to consider whether it is more efficient to remove all the contaminated frequency
bins/time segments and only use the part of the data with the highest data quality.

In the next sections we will discuss two noise sources, which have been considered to
potentially contaminate the search for an isotropic GWB with the ET. Please note that
in this work we only focus on fundamental, environmental noise sources and their impact.
Earlier work has indicated that co-located detectors could have additional correlated noise
from detector infrastructure, which could potentially have significantly higher effects [613].
However, more work is needed to understand the levels of correlation of infrastructural noise
in a realistic ET environment.

2.1.5.1 Noise correlations from electromagnetic phenomena. On the Earth, every
second about hundred lightning strikes occur. This vast amount of electromagnetic discharges
creates standing waves in the cavity formed by the Earth’s surface and the ionosphere, known
as the Schumann resonances [614, 615]. With the fundamental mode and subsequent har-
monics occurring at ∼7.8 Hz, ∼14 Hz, ∼ 21Hz, etc., this broadband noise source falls within
ET’s low frequency sensitivity range. Due to the global nature of this noise source, it has the
potential to couple coherently to GW interferometric detectors, no matter their separation.
In past work the Schumann resonances were coherently observed in the magnetometers at
both the LIGO sites as well as at Virgo [616–620].

Earlier work has highlighted how correlations due to electromagnetic fluctuations can
impact the search for an isotropic SGWB up to ∼ 30 Hz if one assumes similar levels of
magnetic coupling at the ET compared to 2G detectors such as LIGO and Virgo [613].
The coupling should be reduced by three to four orders of magnitude per detector around
5 Hz to remove any noise contamination [613]. Furthermore, above 30 Hz there is potential of
additional contamination in narrow frequency bands around resonant features in the magnetic
coupling. More work is needed to understand whether the magnetic coupling to ET can be
reduced compered to 2G detectors to (partially) deal with this noise contamination. Also the
effectiveness of noise subtraction, as described in [617–619], or joint estimation, as discussed
in [621], in case of such a loud noise sources should be further investigated. However, it is
to be noted the correlated signal from magnetic origin has a steeply declining behavior as a
function of frequency, whereas many of the expected GW backgrounds have a flat or slowly
increasing ΩGW signature. This characteristic behavior originates from the steeply declining
magnetic coupling function observed at 2G detectors.
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Figure 2.4: The projected impact from correlated NN from body-waves on the search for an
isotropic GWB. We present budget based on observed seimic correlations from four different
seismic sites. Note that many parameters, such as depth, horizontal separation, etc., vary
for the different sites; see [623] for an in-depth discussion. Figure from [623].

2.1.5.2 Noise correlations from seismic phenomena. More recent work has also inves-
tigated the effect of coherent seismic noise and the subsequent Newtonian Noise (NN)12[622,
623]. This noise source will only appear correlated between different ET detectors if they
are located closely to each other. More concretely, the detectors are considered to be located
closely together if their input and/or end towers are separated by a distance of several hun-
dreds of meters up to several kilometers. This will be the case in ET’s proposed triangular
detector configuration. The exact distance at which the coherence of seismic noise decreases
enough in the relevant frequency band for the ET is likely to be somewhere between 2km
and 10km, however additional research is needed to confirm this.

Depending on the specific seismic environment of ET’s site, the coherent NN noise
originating from seismic body-waves will contaminate the sensitivity to an isotropic SGWB
up to 20 Hz–40 Hz [622, 623], as shown in figure 2.4. Similar to the magnetic noise scenario,
the lowest frequencies are affected more seriously and the NN is predicted to have a declining
behavior as a function of frequency (when expressed in terms of ΩGW). This might facilitate
spectral separation if one is looking for a GWB which has a flat or increasing ΩGW spectrum as
function of frequency. More concretely, in [623] is considered the seismic correlations observed
at seismically quiet site in France. In case of a similar seismic environment, using a starting
frequency of 15 Hz–20 Hz rather than 1 Hz for the analysis of a GWB, could potentially
eliminate any effect from correlated NN, as shown in figure 2.4. In such a scenario, one
would lose a factor ∼ 6 − 9 (∼ 3 − 4) in the SNR for a power-law GWB ΩGW ∝ fα with
α = 0 (respectively, α = 2/3), compared to an optimal ET scenario with starting frequency
of the analysis at 1 Hz. GWB signals with steeper power-laws such as α = 3 would experience
no effect as their key resolvability comes from frequencies which are not affected by the low
frequency noise correlations.

12NN is a force directly exerted on GW test-masses caused by density fluctuations in the surrounding
medium.
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2.1.6 Reconstruction of GWBs in presence of correlated noise

As discussed in section 2.1.5, a critical challenge in detecting the GWB is the precise char-
acterization of correlated detector noise, which is essential for distinguishing the signal from
spurious instrumental and environmental fluctuations. We have seen that the triangular
geometry suffers of correlated noise sources due to the relative proximity of interferometer
components, leading to potential contamination in GWB searches.

The effect of correlated noise on the detection and characterization of the GWB with
ET has been recently studied in [624]. In particular, a new Bayesian framework has been
introduced to simultaneously reconstruct the parameters of the GWB and the correlated
noise, both modeled as power laws in the frequency domain. Ref. [624] derives a general
likelihood for the GWB that accounts for correlated noise and performs parameter estimation
on different sets of simulated data containing both a GWB signal and a correlated noise
contribution. The analysis was conducted on an injected signal representative of a typical
GWB expected from stellar compact binary coalescences, along with an injected correlated
noise characterized by a varying amplitude and a slope typically expected from Newtonian
noise.

Mock data for the GWB were generated, and under the assumption of accurate noise
modeling, it was found that with one day of observation, both the GWB and noise parameters
could be reconstructed with percent-level accuracy, as shown in figure 2.5. As expected, the
precision in reconstructing the noise parameters decreases as the noise amplitude approaches
zero. The accuracy of the GWB parameters remains essentially stable across different values
of the correlated noise amplitude. These results indicate that detecting and characterizing
the GWB is feasible in the presence of correlated noise, provided that the noise Cross Spectral
Density (CSD) is correctly modeled.

In the analysis, the performance of the 10 km triangular configuration of ET was com-
pared to that of the 2L 15 km design. The 2L design outperforms the triangular one, with
credible regions for the GWB parameters approximately 1.5 times smaller. This slight im-
provement is mainly attributed to the longer interferometer arms, which enhance sensitivity
to the GWB. However, the triangular configuration remains competitive when accurate noise
modeling is implemented. This study demonstrates that the presence of correlated noise is
a relevant limitation, but it is possible to reconstruct the GWB parameters, provided that a
reliable noise model is available. This assumption holds for data simulated using the same
power-law noise model employed in the analysis. However, when dealing with real data, more
sophisticated noise models, possibly informed by seismographic data taken on-site, will be
necessary to achieve the required level of precision in noise reconstruction.

The analysis has been performed assuming a power law behavior of the GW signal
and noise. Further extension would require to consider more sophisticated models for the
correlated noise, as well as to consider GWB sources which have a spectrum beyond a simple
power law, such as phase transitions, or cosmic strings.

Additionally, the analysis has highlighted the importance of accounting for possible
noise correlations in GWB parameter estimation. The same simulated data were analyzed
using a likelihood that included only the GWB signal, without considering correlated noise.
In this case, the reconstructed GWB parameters result to be significantly biased relative to
the injected values for every correlated noise amplitude used to generate the data.
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Figure 2.5: Corner plot of the posterior distributions for the amplitude of the GWB
log10AGW, the tilt nGW, and the amplitude r, and the tilt nnoise of the noise. The shaded
areas represent the 1-, 2-, and 3-σ credible regions. The orange lines indicate the injected
values for the four parameters. Figure from [624].

2.2 Probing the early Universe

2.2.1 GWs from inflation

2.2.1.1 The single-field slow-roll paradigm: vacuum fluctuations. In its simplest re-
alization, inflation is driven by a single scalar field slowly rolling down its potential [625–628].
There exist several such “minimal” inflationary models that fare well compared to observa-
tions, such as the Starobinsky model [626] or Higgs inflation [629]. The general prediction
associated with single-field slow-roll models is that of a slightly red-tilted GW spectrum
sourced by vacuum fluctuations [630, 631]. Typically, CMB probes are then expected to
provide the most stringent constraints on this class of inflationary models.

Let us recall that, in a generic inflationary model, the primordial spectrum of tensor
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perturbations PT,in(k) is defined by13

⟨hTT
ij (ηin,x)hTT

ij (ηin,x)⟩ =

∫ ∞

0

dk

k
PT,in(k) , (2.29)

where ηin is chosen deep into radiation dominance, and such that all modes of interested
are super-horizon, and is taken as the initial value of conformal time for the subsequent
evolution until the present epoch. A useful parametrization for the primordial GW spectrum
in single-field slow-roll (SFSR) models is a power law

PT,in(k) = AT (k∗)
(
k

k∗

)nT

, (2.30)

where k∗ is a suitably chosen pivot scale (for CMB studies typical values are k∗ = 0.05 Mpc−1,
or k∗ = 0.002 Mpc−1), while nT is the tensor spectral index, which in general is a function
of k. In similar way, can be parameterized the primordial scalar power spectrum, with an
amplitude AR(k), where R is the primordial curvature perturbation. Using the equivalent
notation AS(k) ≡ AR(k) for the amplitude of scalar perturbations, the ratio of the amplitude
of the tensor and scalar power spectra allows to define the tensor-to-scalar ratio r(k) =
AT (k)/AS(k).

In the SFSR paradigm, for f >∼ 10−4 Hz (and therefore at the frequencies relevant for
ground-based detectors, as well as for LISA and even PTA) the GWB produced by the
amplification of quantum vacuum fluctuations can then be written as

h20Ωgw(f) ≃ 1.44 × 10−16

(
r(k∗)
0.1

) (
AS(k∗)

2.14 × 10−9

)(
f

f∗

)nT
(

106.75

g∗(Tk)

)1/3

, (2.31)

(see, e.g., eq. (21.357) of [501]).14 CMB observations constrain the amplitude of scalar
perturbations to AS(k∗) ≃ 2.14 × 10−9 at a pivot scale k∗ = 0.05 Mpc−1, and put an upper
bound on r(k∗) of about 0.03, when the consistency relation r = −8nt is assumed [632](see
also [633] for a constrain at k∗ = 0.01). If the consistency relation is not assumed the bounds
are less stringent with r0.01 < 0.066 and −0.76 < nT < 0.52 at 95%CL [634]. The frequency
f∗ corresponding to the pivot scale k∗ is extremely low, compared to the frequencies explored
by ground-based detectors. For instance, a pivot scale k∗ = 0.002 Mpc−1 corresponds to
f∗ ≃ 3 × 10−18 Hz. Therefore, in eq. (2.31), at the frequencies of ground-based detectors (or
of LISA), in the term (f/f∗)nT , the factor f/f∗ is very large, and the prediction for h20Ωgw(f)
at frequencies relevant for ET depends crucially on the sign of nT . For single-field slow-roll
models of inflation, nT = −r(k∗)/8, so the tilt is negative (and small in absolute value, given
the observational bound r(k∗) < 0.1). Then, at the frequencies relevant for ET, h20Ωgw(f) is
below 10−16, and is not detectable by 3G detectors, see figure 2.6.

2.2.1.2 Multi-field scenarios. Remarkably, there exist a non-trivial number of multi-
field inflationary scenarios supporting a detectable signal at interferometer scales. Amongst
these, a promising class of models that has gained considerable attention is axion inflation (see
[635] for a review). In these models the axion potential has an (approximate) shift symmetry
protecting its light mass from large quantum fluctuations. When the axion-like particle plays

13We follow the definitions and notation of Chapter 19 of [501].
14The expression of h2

0Ωgw(f) for feq<∼f<∼10−4 Hz, where feq ≃ 3 × 10−17 Hz, is also quite similar, see
eq. (19.291) of [501].
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Figure 2.6: Spectrum of the single-field slow-roll inflation as a function of frequency, together
with the PLS of LISA and ET in two different configurations. The solid, dashed, dot-
dashed standard inflation curves are computed by adopting r(k⋆) = 0.1, r(k⋆) = 0.01 and
r(k⋆) = 0.001, respectively.

the role of the inflaton the symmetries of the theory addresses directly the η-problem. Well
studied single-field realisation of axion inflation (such as natural inflation [636]) have been
recently ruled out [637]. Remarkably, multi-field realizations exist [563–587, 638, 639] with
intriguing gravitational wave phenomenology and the added feature of a sub-Planckian axion
decay constant, a very desirable feature from the top-down perspective [640]. In multi-field
constructions the axion is typically coupled to a (hidden) gauge sector via a Chern-Simons
term. Note that models with multiple axion-like particles (ALPs) have also been explored
[641, 642], with ALPs populating also spectator sectors of the inflationary Lagrangian. The
GW signatures of theories rich in spectator fields are very similar to those of their more
minimal counterparts.

Let us consider the example of a pseudo-scalar inflaton field ϕ and N gauge fields AIµ
(see e.g. [563–565, 567, 568, 638]):

L = −1

2
∂µϕ∂

µϕ− 1

4
F IµνF

µν
I − V (ϕ) − λI

4f
ϕF IµνF̃

µν
I , (2.32)

with scalar potential V typically of the natural inflation type V (ϕ) = Λ4[1 + cos (ϕ/f)], and
where F I aµν = ∂µA

I a
ν −∂νAI aµ −g ϵabcAI bµ AI cν is the field strength tensor. Notice that the gauge

group index “a” is suppressed in eq. (2.32). The field strength reduces to the Abelian case
for vanishing g. The dual field strength tensor is F̃µνI = ϵµναβF Iαβ/(2

√−g) and f is the mass
scale suppressing higher dimensional operators, whilst λ parameterizes the strength of the
Chern-Simons coupling. This setup leads to exponential gauge production, with potentially
detectable GWs and possibly amplified scalar perturbation sourced by the gauge field.

Common to Abelian and non-Abelian scenarios is the following dynamics: the axion-
inflaton rolls down its potential and dissipates some of its kinetic energy into the gauge sector.
The parity-violating nature of the Chern-Simons term results in only one polarisation of the
gauge fields being amplified when sourcing GWs (and scalar fluctuations). Such a sourcing
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Figure 2.7: The GW density ΩGW obtained in the case of a spectator axion superimposed
with the sensitivity curves of GW detectors, including ET. The blue (red) dashed line corre-
sponds to the strongly (weakly) amplified polarization. The continuous black line gives the
total signal.

mechanism may give rise to a blue or bump-like features in the GW and scalar spectra
depending also on the inflaton/spectator role played by the axion(s).

The corresponding GWB can be characterised as [565, 578, 643]

ΩGW ≃





1
12ΩR,0

(
H2

π2M2
Pl

)(
1 + 4.3 × 10−7 H2

M2
Plξ

6 e
4πξ
)
, for U(1)

1
12ΩR,0

(
H2

π2M2
Pl

)
ξ=ξcr

[
1 + 1

2ξ
6
cr

(
27/4H
g
√
ξ
e(2−

√
2)πξ
)2
ξ=ξref

]
, for SU(2)

(2.33)

where MPl is the reduced Planck mass, the radiation energy density today ΩR,0 = 8.4× 10−5

and the parameter ξ is proportional to the inflaton velocity

ξ ≡ λϕ̇

2fH
. (2.34)

where ξcr = ξ(x = 1) and ξref = ξ
(
x = (2 +

√
2)ξcr

)
, with x = −kτ for conformal time η.

The result for the SU(2) case is valid when 0.008e2.8ξcr ≳ 1/g.
The exponential sensitivity of the gravitational wave spectrum is a key feature that

allows for promising detection prospects. The GWB in eq. (2.33) is expected to be also non-
Gaussian and fully chiral for large ξ [567, 578], two features that can assist in the separation
of sources in the GW data.

The ability of gauge fields to significantly amplify GW notwithstanding, the GW ob-
servational prospects can be limited, for Abelian models, by the risk of overproducing scalar
modes [643, 644]. The non-observation of primordial black holes (PBH) places upper bounds
on the scalar power spectrum. PBHs are produced when large curvature fluctuations re-
enter the horizon during the radiation epoch. These PBHs must satisfy constraints on their
abundance, derived from cosmological and astrophysical data [498, 645]. The statistics of the
comoving curvature perturbation plays a key role in this upper bound [643, 644]: a Gaus-
sian assumption places an approximate upper bound of PR ≤ 10−2, whereas an assumed
χ2-statistics places a tighter upper bound of PR ≤ 10−4.
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Figure 2.8: Backreaction and SNR prospects as a function of the gauge coupling constant
g and the velocity parameter ξ(f) = ξconst for two values of the coupling constant, λ/f =
30/MPl. The Hubble rate on the CMB scale is assumed to be HCMB = 2.1 × 10−5 MPl.
The brown and red lines are the SNR contours calculated assuming 1 year of observation
with the design LVK and ET + 2 CE network sensitivities, respectively. The blue and green
bands represent |κ−1| ≤ 0.25 and 0.1, where we expect that the PBH overproduction bound
could be relaxed in the strong backreaction regime. The light purple region represents the
slow-roll parameter satisfying ϵH ≤ 1, where inflation is still ongoing. Yellow and orange
regions correspond to the parameter space where the primordial curvature spectrum stays
below the PBH upper limit assuming Gaussian (PR ≤ 10−2) and χ2 (PR ≤ 10−4) statistics.
Additionally, we shade the Abelian regime in magenta (below the black dotted line) and the
strong backreaction regime in gray (upper region of the |κ − 1| band), in both of which the
estimation of the SNR is not reliable.

Enforcing PBH constraints may result in a GWB sourced by axion inflation that is
undetectable by ET. There are however several models that can generate a detectable GW
signal all the while satisfying PBH bounds. For example, N > 1 coupled U(1) gauge fields
can suppress the scalar power spectrum by 1/N in the ξ ≫ 1 regime. Such an extension
was shown to create a working linear potential for N = 6 couplings and a working quadratic
model for N = 10 couplings [599, 644]. Recent lattice simulations of axion U(1) inflation
assuming a quadratic potential showed that strong backreaction close to the end of inflation
can suppress non-Gaussian behavior in comoving curvature perturbation, softening the PBH
bound in ground detector frequency regime [646] (see also [647] for lattice studies on Abelian
models). This relaxed bound would allow this model to be detectable by GW detectors,
including ET, LISA and even advanced LIGO. Extending axion inflation models with an
additional pseudoscalar field different from the inflaton can provide a localised bump in the
tensor and scalar spectrum. It can also create detectable GW signal that conform to PBH
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Figure 2.9: Posterior distributions from Bayesian inference assuming a piecewise, toy model
potential, with inflaton velocity ξCMB before pivot frequency f0, and velocity ξ0 after. This
search is done assuming χ2 statistics. The shaded regions correspond to the 95% CL. The
different colors used are: blue for ET and orange for a network consisting of ET+2CE. The
red cross and line correspond to the injected values.

and CMB related bounds [644, 648], see figure 2.7.

The GW sourcing mechanism for non-Abelian models is rather different: GWs are
sourced already at the linear level by tensor degrees of freedom in the gauge sector [569].
The sourcing mechanism for scalars being less tied to the fate of tensors amplification, PBH
bounds are typically less stringent in these scenarios.

A PBH constraint in non-Abelian field contexts can limit, but does not exclude GWB
detection prospects [587, 649]. A general parameter space study performed in [649] found
that assuming, conservatively, a constant inflaton velocity,15 a GWB from non-Abelian fields

15Inflaton velocity ξ generally increases exponentially during inflation.
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Figure 2.10: GWB predicted by pre-big-bang cosmology, compared with the PLS of the
considered ET configurations. Here we assume an observation time of one year and SNR = 1.
The shaded green area is the range of the GWB allowed by a set of consistency conditions
on the parameter space of the model [650]. The GWB spectral shape is computed assuming
zs = 5×106, zd = 103, zσ = 2.2 (“PBB 1” curve, broken power law within the ET sensitivity
window) and zs = 108, zd = 103, zσ = 2.2 (“PBB 2” curve, almost flat plateau within the
ET sensitivity window). Here zs = ηs/η1, zd = ηd/η1 and zσ = ησ/η1 are ratios of conformal-
time scales marking four different regimes: de Sitter evolution for −ηs < η < −η1, radiation
domination for −η1 < η < ησ, matter domination for ησ < η < ηd and another radiation-
domination phase for η > ηd.

can be 3G detectable - even with more constraining power in the χ2-statistical assumptions,
as reported in figure 2.8. An injection of a GWB sourced by a piece-wise scalar potential
analysed using a triangular ET detector and a ET+2CE network yielded a logBayes factor
for an GWB versus noise greater than 79, a confident detection. The posterior distribution
of the non-Abelian and of the cosmological parameters is shown in figure 2.9 for different
detector configurations.

2.2.1.3 Pre-big-bang cosmology. As we have seen in the previous subsection, the infla-
tionary prediction from single-field slow-roll inflation is in general too small to be detectable
by third-generation detectors. From eq. (2.31) we see that the key to having a detectable
spectrum is to have nT > 0 (i.e., a “blue” spectrum), at least up to the ET frequencies.
Eventually, the slope will have to flatten until it reaches a cutoff, in order not to violate up-
per bounds on h20Ωgw(f), such as the Big-Bang Nucleosynthesis (BBN) bound, that requires
that the integral of h20Ωgw(f) over d log f will be smaller than O

(
10−6

)
[651].

A model that displays such a behavior is the so-called “pre-big-bang” cosmology [652,
653], which emerges quite naturally from the low-energy effective action of string theory, and
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predicts a blue tensor spectrum [654, 655]. The GWB of this model roughly has a bell-shaped
form characterized by a maximal flat plateau whose length in frequency can vary from zero
(maximum peak) to a wide interval, depending on the value of the theoretical parameters
[650]. The portion of this shape falling into the ET frequency range is either a flat signal
(the plateau at maximal amplitude) or a broken power law; see figure 2.10. In the latter
case, the GWB raises as f3 at low frequencies and then, at some frequency fs, it changes
slope to f0; fs must be taken as a free parameter, since it depends on the details of the
cosmological evolution in the high-curvature phase of the model [656, 657]. The spectrum
then drops down at higher frequencies not shown in the plot.

2.2.2 GWs from phase transitions

One of the possibly strongest sources of GWs from the early Universe is a cosmological first-
order phase transition [588] that could lead to large observable signals at next-generation GW
observatories. The peak frequency of the signal is fixed by the temperature of the Universe at
the time of the phase transition. Particularly interesting is the case of the electroweak phase
transition that would give rise, if it is first-order, to a GW signal in the milliHertz range
observable at LISA [500, 658–662]. ET would be a window on phase transitions happening
much earlier, and would therefore probe particle physics that is well beyond the reach of
particle colliders.

While the Standard Model of high energy physics does not exhibit any first order phase
transitions, numerous Beyond Standard Model (BSM) scenarios do. Quantum field theory
and string theory typically feature a complicated vacuum manifold with several coexisting
minima. The unknown evolution of the early Universe might have populated, possibly via
the mechanism of symmetry restoration, false vacua and lead to a series of phase transitions
(PTs) between the minima of the manifold. The larger the latent heat released during the
transition, the stronger is the resulting GW signal. In this context, first-order PTs (FOPTs)
proceed via the stochastic nucleation of spherical bubbles of the new phase in the old phase,
with the probability of nucleation per unit of time and volume controlled by stochastic
processes

Pnucleation ∝ A(t)e−Sc(t) , (2.35)

where Sc(t) is the euclidean action of the critical bubble. The bubbles subsequently grow and
fill the space until the total conversion of the plasma to the true minimum. In this process
they produce GWs that can be observed at ET. There are two crucial steps on mapping the
BSM physics parameters (couplings, mass scales) to the induced GW signal. The first step
consists in mapping the BSM parameters to the thermal description in terms of energy budget
parameters. The energy released during the PT can be quantified by the ratio between the
energy stored in the vacuum and in the plasma at the moment of the transition [660, 661, 663]

α(T ) ≡ ∆V (T ) − T ∂∆V
∂T

ρrad
(Strength parameter), (2.36)

which has to be evaluated at the percolation temperature. A second important parameter is
the duration of the phase transition. The duration from the nucleation to the percolation can
be approximated by expanding the rate of nucleation at first order and leads to the definition

β̃ ≡ β

H
= −d(Sc/T )

Hdt
(Duration of the transition) . (2.37)
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The normalised speed of nucleation β̃ ∝ texpansion/ttransition, with ttransition the typical time
the transition takes to complete and texpansion the Hubble time, measures how fast a bubble
nucleates with respect to the expansion of the Universe, giving an estimate of the speed of
completion of the transition. This value can be related to the size of the bubbles at collision
via [661, 664, 665]

Rcoll =
(8π)1/3

Hrehβ
. (2.38)

Note that in the case in which the phase transition is seeded by topological defects [589, 666,
667], the duration of the transition and the bubble size are instead related to the number of
defects per Hubble volume, affecting also the GW signal [668–672].

Assuming that the transition occurs in less than an Hubble time, we can apply conser-
vation of energy arguments to obtain the reheating temperature Treh:

(1 − ΩGW)
(
∆V + ρrad

∣∣
T=Tper

)
= ρrad

∣∣
T=Treh

⇒ Treh ≈ (1 + α)1/4Tnuc , (2.39)

where we neglected the energy lost in the GW signal.
The terminal velocity of the bubble wall vw of the bubble has been the subject of intense

investigation, as it requires to solve a very non-trivial set of coupled equations. Estimates
of the terminal wall velocity are usually based on kinetic theory [673–676], improvement of
it [677–679], or holographic methods for strongly coupled theories [680–684] (see ref. [685]
for a quasiparticle (quasigluons) method). Typically, calculating the terminal wall velocity is
a very challenging task, and has only been performed for a limited number of models [674–
676, 679, 686, 687]. In such computations, one needs to solve the scalar field equation of
motion (EoM) coupled to the Boltzmann equations describing the particles in the plasma.
Simplifications can be obtained by assuming local thermal equilibrium (LTE) [688–695] or in
the ultrarelativistic regime [696–702]. Schematically, this mapping can be written

BSM parameters(couplings, masses...) ⇒ (α, β, Treh, vw) . (2.40)

The second matching consists of the prediction of the features of the GW signal, namely, the
shape of GW spectrum, the peak amplitude ΩGW,peak, and the peak frequency fpeak, from a
set of (α, β, Treh, vw). Schematically

(α, β, Treh, vw) ⇒ (fpeak,Ωpeak,GW spectrum) . (2.41)

The spectrum of the GW signal depends strongly on the source and requires to be simulated.
The process of expansion and collision of those bubbles of true phase will generate GWs
via three distinct mechanisms: i) from the bubble collision, where the energy collected in
the scalar shell on the bubble wall is released at collision [703–708], ii) from the sound waves
where the energy injected in the plasma propagates under the form of sound waves [665, 709–
711, 713, 714, 714, 715], iii) from the turbulence occurring when the sound waves decay [716]
(see also [712] for new source of GW). It is typically found to be well fitted by a broken
power-law of the type

ΩGW(f) ∝
(a+ b)cf bpeakf

a

(
bf

a+b
c

peak + af
a+b
c

)c , (2.42)

with parameters a, b, c given by simulations. In table 2.1 we report the slope in the UV and
in the IR for different simulations for the Ωϕ (bubble collision source), the Ωsw sound wave
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Reference and group IR tail UV tail

Envelope simulation[703] Ωϕ 3 1
Envelope simulation[704] Ωϕ 2.9r − 2.95 0.9 − 1
Envelope analytic[705, 706] Ωϕ 3 1
Bulk flow[704] Ωϕ 0.95 − 0.9r 2.9 − 2.1r

Lattice Simulation [707] Ωϕ 3 ∼ 1.5
Lattice Simulation[708] Ωϕ 0.68 − 1.56 1.35 − 2.25

Sound Shell model[709, 710] Ωsw 9 4
Analytic[706] Ωsw 3 1
Hybrid simulation[711] Ωsw 3 3
Lattice Simulation[665] Ωsw 3 4

Analytic and simulations[712] ΩFS 1 2

Table 2.1: Shape of the GW signals from some of the different groups working on GW from
FOPT in the UV and the IR. Results are shown under the form of (f/fp,0)

n for the IR and
(f/fp,0)

−n for the UV tail. The suffix r means that the result is specific to relativistic walls.
The mismatch between numerical simulations and the current models available (Sound shell
and Bulk flow) motivates us to investigate further the analytic understanding of GW from
bubble collision.

sources and from the free-streaming source ΩFS. Even if it seems that the spectra from the
sound waves and the bubble collisions are very different for small α, it was recently argued
that the spectra from the sound-waves in the regime of large α resembles the spectrum of
the bubble collision [717].

The typical frequency peak fpeak is controlled by the temperature Treh after the com-
pletion of the PT and the size of bubbles at collision Rcoll:

fpeak ≈ O(1) × 10−5 1

HrehRcoll

Treh
100GeV

Hz , (2.43)

where Hreh is the Hubble constant after the completion of the PT and a O(1) factor depending
on the details of the source. Figure 2.11 shows the expected spectra from sound waves, while
figure 2.12 shows the parameter spaces of FOPT that can be probed by ET.

Testing particles physics model would consist in inverting the steps that we have made
so far. Assuming an observed stochastic signal, we have to perform the inverse problem

(GW spectrum, fpeak,ΩGW,peak) ⇒ (α, β, Treh, vw) ⇒ BSM parameters . (2.44)

Supercooled phase transitions in particular lead to very strong signals (large α, small β/H).
This arises in particular naturally in models featuring nearly-conformal dynamics [720–722].
Such supercooled PTs and their associated signals were studied extensively in the context of
new TeV physics [723–725] but the same physics can be readily applied to strong dynamics
occurring at higher energies that could be connected to dark matter and that would lead to
signals in the ET window [726].

Going back to eq. (2.43), as can be seen from figure 2.11, this GW signal would roughly
lie in the detection range of the ET detector, f between a few Hz and a few 103 Hz, if
the ratio (HrehRcoll)

−1(Treh/100GeV) is between a few times 105 and a few times 108, i.e.
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for PTs largely above the EW scale. In this detection range, the LVK collaboration could
also constrain large regions of parameter space, specially in the case of models featuring
large supercooling, such as the conformal models [727–729], Pati-Salam models [730], high
energy B−L breaking PT [731], SUSY breaking [732, 733], Peccei-Quinn symmetry breaking
[734, 735], flavour models [736, 737], models with extended gauge groups [738–741], and the
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remnant of the confinement of a hypothetical composite Higgs [725, 742–744] (see also [745–
747] for more general studies). Other physical phenomena related to signals in ET have
also been envisioned, such as bubble wall enhanced phenomenon like baryogenesis [748–750],
leptogenesis [751, 752], Dark Matter production [726, 739, 753–755], and could be in the
reach of detection of ET. This exciting possibility motivates us to strengthen the relation
between model building parameters and observables in ET telescope.

2.2.3 GWs from cosmic strings

2.2.3.1 Local and global strings. Topological defects of various kinds – including cos-
mic strings and domain walls (see section 2.2.4) – may form in symmetry-breaking phase
transitions in the early Universe [756]. In particular, if the vacuum manifold contains non-
contractible loops then a network of strings will be produced, and the topological stability of
the strings means that they will still be present in the Universe until today. Cosmic strings
are referred to as local/global depending on the nature of the underlying symmetry groups
(see [757–760] for reviews on cosmic strings). Local cosmic strings are ubiquitous in super-
symmetric grand unified theories: indeed all models which solve the monopole problem, lead
to baryogenesis after inflation and are consistent with proton lifetime measurements form
local strings [761]. Global strings on the other hand are characteristic of axion models, and
are formed for instance when the Peccei-Quinn symmetry is broken after inflation [762–764].
The global strings in these models can become unstable at a later stage when a subsequent
symmetry breaking phase transition leads to the formation of domain walls [762–767] (see
also section 2.2.4).

Both local and global string networks (and indeed domain-wall networks) can source
gravitational waves (GWs), and this production occurs throughout the lifetime of the net-
work, from the initial phase transition to the present day. As a result, strings produce a
GWB spectrum which generally covers a very broad range of frequencies (see e.g. [768]),
and hence can be probed by experiments in different frequency bands—from the nHz and
pulsar timing array (PTA) experiments [384, 769, 770], to the mHz and LISA [768], up to
the 1–104 Hz band of ET and other ground-based interferometers. Furthermore, if a string is
sufficiently close to us, the characteristic bursts of GWs it emits [771, 772] can be searched
for individually [94]. Both type of observations (bursts or GWB) can put constraints on the
energy scale of the phase transition in which strings are formed, η, and can thus reveal the
properties of the phase transition and particle physics at that energy scale.

Local strings have a characteristic width w ∼ 1/η and finite energy per unit length
which (in units ℏ = c = 1), is given by

Gµ ∼ 10−6
( η

1016 GeV

)2
. (2.45)

Local strings predominantly lose energy into GWs. In contrast, global strings dominantly
radiate Nambu-Goldstone bosons, and the existence of this Nambu-Goldstone radiation leads
to a time-dependent, logarithmically-divergent energy per unit length

Gµ(t) ∼ 10−6
( η

1016 GeV

)2
log

(
H−1(t)

w

)
, (2.46)

where H(t) is the Hubble parameter.
In the remainder of this section, focusing on the ET frequency band, we summarise

the burst and GWB signatures of both local and global strings, taking into account exist-
ing observational constraints. Beyond the minimal cosmic-string models – depending only
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on Gµ (or equivalently η) – discussed here, there are several other well-motivated cosmic-
string models that depend on additional parameters, modifying the string-network dynamics
and leading to interesting features on GWB. These include the superstrings [773–778], the
metastable cosmic strings [757, 779–789], Hubble-induced strings [790] and superconducting
strings [791–794]. Although their GWB and features are relevant for ET, these models are
subjected to some uncertainties and will need more numerical studies in order to draw robust
predictions.

2.2.3.2 Gravitational waves from local strings. Due to the vast separation of scales
between the length and the width of a cosmic string, it is often convenient to describe their
dynamics in the zero-width limit. For local strings, this results in a Nambu-Goto action
characterised purely in terms of Gµ. Cosmic string networks can also be studied using
lattice field theory simulations (see, e.g., [795–797]). The results from these simulations have
sparked a long-standing debate on how to reconcile these two types of simulations. Recent
studies however suggest that indeed field theory string loops coming from cosmic string
network simulations evolve as Nambu-Goto dictates [798]. On the other hand, it is clear that
more work in this direction is needed to conclusively show the agreement between these two
approaches. Here we will concentrate of the predictions from Nambu-Goto strings.

This Nambu-Goto approximation has been used extensively in the literature to investi-
gate the dynamics of local string networks (see, e.g., refs. [757, 758, 768, 799] for reviews).
The picture that emerges is that each Hubble patch contains O(1) ‘long’ superhorizon strings,
which continually produce closed string loops by self-intersecting. These loops evolve peri-
odically over time, expanding and contracting at relativistic velocities due to their tension.
This relativistic dynamics results in strong GW production from loops, particularly via pro-
nounced features such as cusps (string segments which move instantaneously at the speed
of light), kinks (discontinuities in the tangent vector along the loop), and kink-kink col-
lisions [771, 800, 801]. As a result, loops decay in size and energy via GWs long kinky
strings [802] at a rate dE/dt ≈ −ΓGWGµ

2 (with ΓGW ≈ 50 a dimensionless coefficient
[801, 803, 804]), radiating at increasingly high frequencies until they vanish from the net-
work. This decay of individual loops, combined with the continuous production of new loops
from the self-intersection of ‘long’ strings, leads to an attractor solution in which the distri-
bution of loop sizes and the total energy contained in the network scale with the expansion
of the Universe [805]. This is the so-called scaling solution. Evidence of this attractor so-
lution has been found in many of the numerical simulations of string networks (see, e.g.,
[799, 806–808]).

Early attempts to detect local strings focused mostly on their imprints on the cosmic
microwave background (CMB) due to the deflection of CMB photons, resulting in constraints
of Gµ ≲ 10−7 [809–812]. However, the advent of GW astronomy has enabled much more
sensitive searches, and therefore much more stringent constraints on the string tension, as we
discuss below. The main theoretical uncertainty in these searches is the loop size distribution
reached by the network in the scaling regime. The two most well-established models for this
distribution – which we refer to here as model A [813] and model B [814] (based on [815])
– predict different abundances of small loops, and therefore different GW signatures, par-
ticularly at the higher frequencies relevant to ground-based interferometers such as ET and
LIGO/Virgo/KAGRA. For a discussion of the origin of this discrepancy on the loop number
density of non-self-intersecting loops computed from different simulations see [816, 817].

Another important theoretical uncertainty on the computation of the GW signatures
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of cosmic strings comes from the role played by gravitational back-reaction on the loop’s
evolution. The emission of gravitational radiation from loops modifies their shape altering
their power spectrum. This effect has been recently studied analytically as well as numerically
from a small number of loops [818–822]. However, its impact on the final gravitational wave
signals coming from strings has only been discussed on simple toy model description in [804].

2.2.3.3 GWs from global strings. The dynamics of global strings can be described effec-
tively as Nambu-Goto strings coupled to the Goldstone-boson field using the Kalb-Ramond
action [823–825]. This additional coupling affects GW production in two ways. First, the
evolution of the global-string network is modified by the back-reaction from Goldstone emis-
sion [826–828] in competition with the loop-chopping; this affects the loop number den-
sity. Second, a global-string loop only lives for a short time after its production because
it decays quickly into Goldstone bosons at the rate dE/dt ≈ −Γgoldµ/ log

(
H−1/w

)
with

Γgold ≈ 65 [824], which is O(1/(Gµ)) more efficient than GW emission. Similarly to local
strings, long global strings emit Goldstone bosons [829]. As a result, the GW production
from loops is roughly the same as the time of loop production, and is therefore diluted more
by Hubble expansion than in the local-string case. The resulting GWs are highly suppressed
compared to those from local networks formed at the same symmetry-breaking scale [830–
833]. In the case of axion strings, the spectrum is cut off at frequencies below a threshold
set by the axion mass due to the strings decaying. However, for axion mass below 10−22 eV
and axion decay constant ∼ 1015 GeV that do not cause dark matter overproduction [765–
767, 833–838], this cutoff is well below the ET frequency band, so can be neglected here. (This
cutoff is relevant however for low-frequency GW observations, e.g. with PTAs [833, 839].)

GW predictions for global strings must be treated with care, as there are several unre-
solved theoretical uncertainties. Many lattice simulations have attempted to verify whether
the global string network actually reaches the scaling regime or has its string correlation
length corrected with log

(
H−1/w

)
[826, 828, 833, 835–838, 840–844]. Moreover, the recent

debate on the powers of emissions into GW, Goldstone bosons, and massive radiation in
different numerical simulations is open [833, 845–848], e.g., the amplitude of the GW signal
can be smaller by log2(H−1/w) than the previous expectation [848].

In addition to GWs, the massless Goldstone production from global strings is subject
to strong constraints on the number of relativistic degrees of freedom present at BBN and
CMB scales, Neff . Accounting for uncertainties in the global-string network evolution, this
constraint bounds the energy scale of the string network formation to be η ≲ (1 − 3) × 1015

GeV [832, 833]. The bound from deflection of CMB photons (Gµ(tCMB) ≲ 10−7) also gives
similar constraints [830–833].

2.2.3.4 GW background from strings. The incoherent superposition of GWs from many
string loops gives rise to a GWB signal, whose amplitude and spectral shape are determined
by the symmetry-breaking scale η (which in the case of local strings corresponds one-to-one
with the string tension Gµ), as well as by the loop network modelling as discussed above. As
mentioned above, the signal spans many decades in frequency, due to the very broad range
of loop sizes and emission epochs involved in the network. As a result, it is possible to set
complementary constraints on string scenarios with multi-band GW observations. For local
strings, results from the LVK O3 stochastic search rule out Gµ ≳ 10−8 for model A and
Gµ ≳ 4× 10−15 for model B [94], while the most recent results from NANOGrav and EPTA
each rule out Gµ ≳ 10−10 for both models A and B [384, 769, 770]. (This assumes that
the GWB signal detected by these PTAs is due to inspiralling supermassive binary black
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holes [849]; several more exotic explanations for this signal have been proposed, including
cosmic strings.)

These constraints will improve drastically with next-generation GW observations in the
2030s. The space-based interferometer mission LISA, which has recently undergone ESA
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adoption [293], is expected to be sensitive to local string networks with Gµ ≳ 10−17 (for both
models A and B) [768]. As shown in figure 2.13, we can expect even stronger constraints from
ET. In the triangular 10km configuration we can probe string tensions Gµ ≳ 10−18 with just
one year of data both for models A and B, while with the 2L 15km aligned configuration we
can probe Gµ ≳ 10−19, for model A, and slightly smaller for model B [16].

For global strings, as shown figure 2.14, we can expect ET to probe η ≳ 8 × 1014 GeV.
This sensitivity is comparable to that of LISA [831–833], while for the most recent PTA
data from e.g., NANOGrav, one obtains η ≳ 3 × 1015 GeV [839], which is comparable to the
current constraints from Nambu-Goldstone radiation. ET will therefore improve upon these
current constraints; however, these other constraints are also likely to improve by the time
ET is operational, e.g., due to stage-4 CMB surveys [850].

2.2.3.5 GW bursts from strings. Strong bursts from nearby cosmic string loops may
be resolved in GW detectors and searches are currently undertaken with the hope to detect
individual cusps or kinks in LVK datatsets [94, 851] as well as PTA data [852]. Similar
searches will also be carried out in the future for LISA [293, 853, 854]. Here we forecast the
capabilities of ET to detect individual cusps assuming a single detector with a triangular
xylophone configuration with 10km arms (ET LF+HF) [16].

As a first approximation, we compute the combined SNR of individual bursts using
the response function for a triangular detector [492] and claim a detection if the SNR is
above 20. Accurate data analysis would rely on match-filtering methods or new methods
such as machine learning [855]. Similarly to the procedure already described for LISA [854],
we simulate a set of sources with random polarization and sky-localization, and obtain the
average response function of ET to cosmic string bursts as a function of their amplitude. We
then combine the response function of ET with the rate of bursts predicted for different loop
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population models to obtain the expected rate of bursts detected in ET.

The expected burst rates for both models A and B are presented in figure 2.15. For
Gµ ≈ 10−11 compatible with the PTA signal [384, 769, 770], one expects to detect about
one burst per year for B and 10−2 for A. If ET does not detect bursts from cosmic string
cusps, it would place constraints on the abundance of loops in our cosmic neighbourhood,
and constrain the string tension to Gµ ≲ 10−11 for B and Gµ ≲ 10−10 for A.

Note however that the computation of these rates have not taken into account the effect
of gravitational back-reaction. This could not only affect the typical number of cusps per
loop but also their persistence in time.

2.2.4 GWs from domain walls

Domain walls (DWs) are two–dimensional defects (surfaces) that separate regions of space
belonging to physically different vacua of the theory. These vacua are typically related by
a global discrete symmetry, so that they are exactly degenerate in energy and the DWs are
topologically stable. As the DW configuration interpolates between discrete minima, the
corresponding field is forced to leave the vacuum manifold at the center of the wall, so that
its energy density can in fact be very high. Domain walls can possibly lead to a cosmological
problem if they are absolutely stable and eventually dominate the energy density of the
Universe. Solutions to this problem come with interesting phenomenological consequences
for the domain wall network, as we will discuss.

Domain walls arise in many beyond Standard Model theories where the symmetry of
the SM is extended and a discrete group (or subgroup) of this symmetry is spontaneously
broken during the cooling of the Universe. The list of motivated models is large and in-
cludes: discrete flavor symmetries [856, 857], two-Higgs [858, 859], twin-Higgs [860, 861],
composite Higgs [862, 863] models, non-Abelian flavor symmetries [856, 857], axion mon-
odromy [864, 865], supersymmetry [866–870], grand unification [871–873], Hubble-induced
phase transitions [874, 875] and discrete spacetime symmetries [876–881].

QCD axion models [398–401] are of particular interest. While solving the strong CP
problem of the Standard Model, they lead naturally to DWs [762, 763, 882]. The underlying
Peccei-Quinn (PQ) mechanism introduces a new global U(1)PQ symmetry that is sponta-
neously broken at a high scale Fa and it is anomalous under QCD [398, 399]. At low
energies, the model consists of the (pseudo-)Goldstone boson, the axion, coupled to topolog-
ical defects: global strings, and DWs. See also [883–887] and [402, 404, 888–899] for recent
reviews on several aspects related to axion models and phenomenology.

In post-inflationary scenarios, the cosmological PQ phase transition leads to the for-
mation of a network of U(1)PQ global strings. At much lower temperature, T ∼ ΛQCD,
QCD further breaks U(1)PQ to a discrete subgroup ZNDW

, and DWs appear. The integer
NDW is the number of DWs attached to each string and is a model dependent parameter (it
relates to the PQ charges of SM and/or heavy quarks). If NDW = 1, the string network is
quickly annihilated at T ∼ ΛQCD and negligible GWs are produced. Instead, if NDW > 1
a string-wall network is formed and some additional U(1)PQ breaking sector enforces DW
annihilation.

As a result, QCD axion models with NDW > 1 naturally lead to a DW epoch and so
to potentially a sizeable GW signal. The signal is strongest in heavy QCD axion, which
are themselves of particular interest because they address the axion ‘quality’ problem [900–
919], see also [920–922]. Importantly, in these models the amplitude of GW observables is

– 69 –



correlated with the proton an electric dipole moments [920, 921], which is a welcome feature
towards possible degeneracies in interpretations.

The relevance of DWs in cosmology has been pointed out a long time ago [756, 923].
The typical setup involves the spontaneous breakdown of a discrete symmetry during the
thermal history of the Universe. Regions of space separated by distances that are larger
than the correlation length of the field around the temperature of the phase transition will
randomly select one among the possible vacua of the theory. DWs will then form at the
boundaries between these causally–disconnected regions where the field remains trapped at
the maximum of the potential.

The resulting DW network is characterized by the tension σ, which measures the DW
energy (or mass) per unit surface, and the correlation length, R, indicating the typical
distance between the walls as well as their average curvature radius. The evolution of the
network in a cosmological setting is determined by the tendency of the walls to reduce
their energy by reducing their surface, as well as by the Hubble expansion and the effect of
friction with the surrounding plasma. When particle friction can be neglected, the network
is known to approach an attractor solution independently of the initial conditions in which
the correlation length is set by the Hubble horizon, R = ξH−1, with constant ξ = O(1)
indicating the average number of DWs per Hubble patch. In this so–called scaling regime,
the energy density of the network is

ρDW = 2AσH, (2.47)

with A = O(1). It appears from the scaling in (2.47) that the DW energy density will
eventually take over the energy in matter and radiation leading to an inconsistent cosmol-
ogy [763, 923, 924]. This conclusion can be avoided if the DWs still remain a subdominant
component of the energy budget today. This can occur if the DW tension is small enough,
or in case a period of inflation has provided sufficient dilution of the network. These two
options inevitably suppress most of the signals coming from the DWs. We will instead con-
sider a third possibility in which the DW network is actually metastable and it undergoes
annihilation at a temperature Tann when its energy density is still far from domination.

As mentioned before, DWs related to exact discrete symmetries are topologically stable
and cannot annihilate. To allow for annihilation one then needs to introduce an explicit
breaking of the underlying discrete symmetry so that the degeneracy of the vacua is lifted
by a small bias ∆V . This introduces an additional force acting on the network, namely a
vacuum pressure towards the true vacuum of the theory. At the early stage of the evolution,
the bias has no effect and the network can still reach the scaling regime. However, at the
temperature Tann when the vacuum pressure balances the tension force σ/R, the friction with
the plasma as well as the Hubble expansion, the network begins to collapse. One estimates
this temperature to be related to ∆V as [925–928]

Tann ≃ 270 MeV

(
σ1/3

100 TeV

)−3/2(
∆V 1/4

100 MeV

)2 (
g∗
10

)−1/4

. (2.48)

Annihilation at Tann results in the copious production of gravitational waves, particle excita-
tions and (as discussed in section 2.2.5.3) possibly additional relics such as primordial black
holes. The energy budget available from the DW annihilation can be parameterized by αann

given by

αann ≡ ρDW

ρtot

∣∣∣
ann

≃ 0.02

(
σ1/3

100 TeV

)3(
Tann

100 MeV

)−2 ( g∗
10

)−1/2

, (2.49)
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Figure 2.16: Left: (αann, Tann) parameter space which can be probed by ET, assuming a
triangular xylophone configuration with 10km arms (orange), a 2L misaligned configuration
with 15km arms (blue), both for an observation time of T = 1 year and SNR = 1. For
comparison, we show the sensitivity region of LVK A+ (purple) with T = 1 year and SNR = 1.
Contours of h2Ωpeak and fpeak are shown by black and brown dashed lines respectively. Right:
bias vs. tension parameter space with similar sensitivity regions as on the left plot. Brown
dashed lines indicate the size of the bias. The gray region corresponds to a forbidden DW
dominated Universe, for which αann ≥ 1.

with ρtot = 3H2M2
Pl the total energy density, and αann < 1 to avoid DW domination. The

corresponding spectrum of GWs is characterized by a peak amplitude

Ωpeak ≃ 1.64 × 10−6

(
ϵ̃gw
0.7

)( A
0.8

)2(g∗(T )

10

)(
g∗s(T )

10

)−4/3

α2
ann , (2.50)

with ϵ̃gw an O(1) efficiency factor, and the peak frequency is

fpeak ≃ 1.15 × 10−9 Hz

(
g∗(T )

10

)1/2(g∗s(T )

10

)−1/3( Tann
10 MeV

)
. (2.51)

As expected, the GW amplitude scales like α2
ann while the peak frequency is set by the

correlation length of the network just before annihilation begins, which for the scaling solution
corresponds to the Hubble horizon at Tann.

Figure 2.16 shows the reach of ET to these signals, in terms of the model independent
parameters, αann, Tann, and of the parameters in the minimal Z2 model. We choose to show
the energy scales associated to the DW tension and the bias, σ1/3 and (∆V )1/4, which in the
simplest model mark the scales of spontaneous and explicit breaking of the Z2 symmetry.
The breadth of the ranges of scales is remarkable.

It is worth mentioning that GWs are actually continuously radiated by the DW network
from the moment of its formation. However, since the DW energy density grows with time
with respect to the critical density, the contribution to the GW spectrum is maximal at
T = Tann and it outshadows the previous emission. Let us also mention that our expressions
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for the amplitude and peak frequency correspond to the spectrum coming from the last
moment of scaling, and does not include the contribution from the actual collapse of the
network. This has been recently investigated in ref. [929, 930]. Additional effects may arise if
the friction from the thermal plasma on the DW network is not negligibile around the time
of annihilation [931, 932].

Finally, note that collapsing DW networks also can lead to substantial PBH formation,
see section 2.2.5.3. This adds signatures to the DW models that are correlated with GW
observables, which should be useful to discriminate among different candidate sources.

2.2.5 Primordial black holes

Primordial Black Holes (PBHs) can form in the very early Universe through a variety of
mechanisms and have been studied as a possible candidate to explain the dark matter (see
e.g., [933] for a recent review). Nevertheless, even if they accounted for a subdominant con-
tribution to the current energy density in the Universe, they could have played a crucial role
in the cosmological history, leading to various GW signatures. As the mass of these objects
is linked by model-dependent O(1) factors to the mass of the Hubble scale at formation,
they could have formed within a very large range of masses, potentially even lighter than
mPBH ≲ 10−18M⊙ corresponding to unstable objects through Hawking evaporation within a
timescale comparable to the age of the Universe [934]. The Einstein Telescope has the op-
portunity to constrain this putative population of BHs by searching for the associated GW
signatures.

A population of PBHs is expected to form binaries which could merge in the relatively
late-time Universe and lead to GWs signatures.16 These signatures of PBH binaries falling
within the ET frequency band would come from PBH of masses around the stellar mass
and thus need to be distinguished from the expected signatures of astrophysical origins, i.e.
coming from stars and astrophysical black holes. This is discussed in detail in Chapter 3,
dedicated to GW population studies.

In this section, instead, we will focus on the truly cosmological signatures of PBH
formation scenarios, i.e., the cosmological GWB associated with the physical mechanisms
that lead to the collapse of large overdensities in the early Universe. As the formation of
PBHs requires extreme overdensities, it is generically associated with the emission of sizeable
GWB. To gain an intuition on the typical mass range probed by ET, we can consider the
relation between the present-day GW frequency and the mass contained in the Hubble sphere
at Hubble crossing time (taken to be a proxy for the PBH mass)

fGW = 4.1 Hz
( κ

2.51

)( g∗
106.75

)−1/12
(

MH

10−17M⊙

)−1/2

, (2.52)

where κ = krm relates the perturbation size rm (see, e.g., [936]) to the wavenumber k and
g∗ is the number of effective degrees of freedom in the energy density (see, e.g., [500, 501]),
that in eq. (2.52) has been normalized to the value that it has in the Standard Model at
high energy. From this relation, we immediately see that ET will probe the formation of
ultra-light PBHs, potentially narrowing the open window where no bounds prevent PBHs
from being the dark matter (see, e.g., [498] for a recent review).

16Note, however, that for PBHs formed at the early Universe, the expansion of the Universe cannot be
neglected, questioning the choice of metric that most adequately describes PBHs. The choice of the appropriate
metric will have implications for the conditions for two PBHs to form a decoupled binary, and therefore for
calculating the merger rate [935].
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2.2.5.1 PBHs from primordial perturbations. The simplest formation scenario as-
sumes the collapse of extreme inhomogeneities during the radiation-dominated era [937–
940]. The PBH mass resulting from the collapse is related to MH by an order-unity factor
controlled by the critical collapse parameters [941] (see [942] for a recent review). Adopting
threshold statistics, we compute the mass fraction β assuming Gaussian primordial curvature
perturbations (see e.g., [943–947] for extensions alleviating this assumptions) and accounting
for the nonlinear relationship between curvature and density perturbations [948–950]. One
obtains

β = K
∫

δmin
l

dδl

(
δl −

3

8
δ2l − δc

)γ
PG(δl) , (2.53)

where PG is the Gaussian distribution for the linear component of the density contrast δl,
related to the primordial curvature perturbations by δl = −4r∂rζ(r)/3. We indicate with
σ(rm) the variance of the linear density field computed at horizon crossing time and smoothed
on a scale rm (see e.g., [951] for more details), while δc is the threshold for collapse derived
by dedicated numerical relativity simulations [952–955]. We also introduced the parameters
K and γ to include the effect of critical collapse [941, 956–959].

The same large adiabatic perturbations required in this scenario of PBH formation are
also inevitably responsible for the GW emission at second order in perturbation theory [960–
967]. The current energy density of these scalar-induced GWs (SIGW, whose effect on
anisotropies of the CGWB we already discussed in section 2.1.2.1) is given, in terms of the
curvature power spectrum Pζ , by (see e.g., [968] for a recent review)

ΩGW,0 = cg ΩR,0

∫ ∞

0
dv

∫ 1+v

|1−v|
duT (u, v)Pζ(ku)Pζ(kv). (2.54)

We introduced the parameter cg, which accounts for the suppression of SIGW amplitude
induced by the evolution of the degrees of freedom in thermal equilibrium, with cg ≃ 0.4
assuming that the Standard Model remains valid up to the relevant energy, while T (u, v) is
the so-called transfer function [969, 970] which accounts for the time evolution of the source.
For a sufficiently narrow spectrum of curvature perturbations, the SIGW spectrum features
a low-frequency tail that scales as ΩGW ∼ f3, due to the causality limited efficiency of the
super-Hubble emission [971–975], while the high-frequency tail that depends on the drop-off
of the curvature spectrum. The peak amplitude is expected to be ΩGW ≃ 10−5A2, where A
parametrizes the enhanced amplitude of Pζ at small scales.

In figure 2.17, we show the region of parameter space that ET will be able to constrain
by searching for SIGW signals (orange dashed line). This plot assumes the curvature power
spectrum to feature a lognormal enhancement at around k∗ with a width ∆ = 1 (see [729] for
more details). The green curve indicates the amplitude required to generate PBH abundance
that saturates the current constraints in the mass range shown in the upper edge of the plot.

The parameter space on the left of the dashed diagonal line in figure 2.17 (see also the
range between the dashed lines in figures 2.18 and 2.19) indicates the asteroid mass window
where the PBHs can constitute all of dark matter. For lower masses, i.e., to the right side
of the dashed line, Hawking evaporation leads to the emission of particles that could be
detected with different probes (mainly BBN, CMB anisotropies and distortions and cosmic
rays, among others [498]). However, these bounds may be avoided in scenarios where black
hole evaporation deviates from the semi-classical result [976–979]. Furthermore, microscopic
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Figure 2.17: Upper bound on the amplitude of the curvature power spectrum at small
scales A as a function of the wavenumber k∗ in case of null detection of a SIGW. The green
and blue regions at the top show, respectively, the exclusions from PBH constraints and from
BBN/CMB constraint on the number of relativistic degrees of freedom. In red the bound
from LVK is shown for comparison.

horizonless relics could form in the early Universe either directly through gravitational col-
lapse or as stable remnants of the Hawking evaporation of primordial black holes. In both
cases they completely or partially evade cosmological constraints arising from Hawking evap-
oration and they could still explain the entirety of the dark matter in certain mass ranges, a
scenario that will be tested by ET [499, 980, 981].

2.2.5.2 PBHs from phase transitions. Cosmological phase transitions are typically
associated with the breaking of global or local symmetries in a process where the vacuum
expectation value of a scalar field changes. They can be either continuous transitions where
the scalar field rolls down to the new minimum or first-order transitions that proceed by
nucleation and expansion of bubbles inside which the field is in the true vacuum, see the
discussion in section 2.2.2. Either way, the transition can lead to the formation of large
inhomogeneities, GWs and even PBHs. For the latter, the transition typically needs to be so
strongly supercooled that the vacuum energy of the scalar field in the false vacuum causes
a period of thermal inflation. The formation of PBHs can occur during the transition in
collisions of several bubbles [982–984] or after it when the scales that exited the cosmological
horizon during the thermal inflation reenter the horizon [985–989]. In terms of the phase
transition parameters defined in section 2.2.2, the first-order phase transitions where PBH
formation is efficient correspond to α≫ 1 and β/H∗ ≲ 8.

In case of a first-order phase transition, the distribution of the density contrast δ
generated for the modes that exited horizon during the thermal inflation has a negative
non-Gaussianity [989]. For comparison, models of primordial inflation including an ultra-
slow-roll period during which the fluctuations can became very large predict a positive non-
Gaussianity [990]. This implies that the SIGW signature (2.54) of the PBH formation from
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SIGW. The green and blue regions at the bottom show the exclusions from PBH constraints
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fluctuations generated during a first-order phase transition is stronger because the PBH
abundance is sensitive to the large δ tail of the distribution that is suppressed by the neg-
ative non-Gaussianity, whereas the SIGW abundance is sensitive to the typical values of δ,
i.e. the width of the distribution. Moreover, as discussed in section 2.2.2, also the bub-
ble collisions source GWs. Consequently, the GW spectrum related to PBH formation in a
strongly supercooled first-order phase transition has two peaks [989]: the SIGW peak at the
scale corresponding to the horizon size at the end of the thermal inflation, and the bubble
collisions GW peak at the scale corresponding to the typical bubble size.

In figure 2.18 we show the parameter space ET will be able to probe by searching the
GWB from a strongly supercooled (α ≫ 1) first-order phase transition. For β/H∗ ≲ 20
the double-peak structure of the spectrum can be detectable, whereas for β/H∗ ≳ 20 the
component sourced by bubble collisions fully dominates the spectrum. The range of ET
extends up to PBH masses ≃ 10−10M⊙, covering the asteroid mass window where PBHs
can constitute all DM. At these masses ET will probe the high-frequency tail of the GW
spectrum sourced by the bubble collisions.

2.2.5.3 PBHs from collapsing domain wall networks. We have summarized the mo-
tivation and observational consequences of Domain Walls in section 2.2.4. In short, DW
networks have a strong impact on cosmology and so they are an excellent means to probe
models with spontaneously broken discrete symmetries. The strong impact translates into
abundant production of cosmological relics, like a GW background.

The ability of DW networks to form PBHs has been re-examined recently [930, 991–998].
The PBH formation process is tied to the annihilation regime, the end of the DW epoch.
As in section 2.2.4, we specialize the discussion to the simplest annihilation mechanism, a
small explicit breaking of the discrete symmetry. This uplifts the degeneracy in the vacuum
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Figure 2.19: Constraints from PBH overproduction as a function of temperature TGW

and DW abundance at the peak of GW emission (adapted from [930]). Superimposed, the
detectable regions with ET and LKV design as well as the exclusion from LVK O3 data. The
shaded region above the solid line is excluded from the PBHs formed at tPBH or later. The
dash-dotted and dotted lines refer to sub-Hubble PBHs, for representative values of αc, giving
a reasonable sense of current systematic uncertainties. The vertical dashed lines indicate the
asteroid mass range (assuming αc = 1).

energies of the vacua, ∆V , which acts as a pressure that pushes the walls to increase the true
vacuum volume. During annihilation most DWs collapse due to tension σDW and vacuum
difference ∆V . The annihilation time tann is estimated from σDWHann ≃ ∆V . At that time
the fraction in DWs is given by αann, see (2.49), which must satisfy αann < 1 in order not to
run into a DW problem.

The PBH abundance is mainly governed by two factors [994]: the likelihood that Hubble-
sized false vacuum pockets shrink within their own Schwarzschild volume R3

S ; and the number
of Hubble-sized pockets at each time. The first factor is small at tann (for αann ≪ 1), but it
increases in time [994]. This leads to a rather sharp notion of ‘PBH formation time’, tPBH,
defined as when the Schwarzschild radius of a Hubble-sized pocket coincides with the Hubble
length. Surviving Hubble-sized pockets at t ≳ tPBH convert into BHs efficiently, indepen-
dently of shape and angular momentum (and have a baby-Universe wormhole topology, see
[991, 992]). Notice that there is a parametric delay between between the the time of GW

emission (set by tann up to a numerical factor [930]) and PBH formation: tPBH ∼ tGW/α
1/2
ann

[930, 994].

The second factor (the abundance of Hubble sized pockets) requires a dedicated com-
putation of how fast the network decays in time, which is challenging from the point of view
of numerical simulations. Recent work combining numerical simulations and semi-analytical
methods [930] concluded that this abundance decays like exp

[
−(t/τ)3/2

]
, see also [999]. For

Hubble-sized pockets the decay time τ is shorter than tann by a factor 2− 3 [930]. This leads

to a very strong dependence of the abundance, of the form exp
[
− c α−3/4

ann

]
with c a constant.

False vacuum pockets entering before tPBH can also form BHs, though they require
some amount of sub-Hubble contraction. Their collapse probability depends significantly
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on asphericities, angular momentum, etc, but on the other hand these pockets are more
abundant. A proper computation of this population is challenging and, at present, lacking.
A pragmatic way to account for these sub-Hubble BHs is to introduce a lower collapse
criterion, αc (the minimum value of RS H when the pocket enters the Horizon).

The resulting constraints are shown in figure 2.19 as a function of temperature TGW

and DW abundance at the peak of GW emission, together with the detectable regions in
ground based observatories. Remarkably, ET will be able to test whether DM is composed
of asteroid mass PBHs produced during the collapse of a DW network.

2.2.6 GWs as probes of the early Universe expansion history

When studying modifications to the standard cosmological model based on GR and ΛCDM,
it is convenient to distinguish between the early Universe evolution, defined as the evolution
from the earliest instants of the Universe until, say, Big Bang Nucleosynthesis (BBN), and
the late Universe evolution, from BBN until the present epoch. The late Universe evolution
is strongly constrained by observations, and the role of GWs in probing it will be discussed
in details in section 2.3.Early Universe cosmology is much less constrained. Deviations form
the predictions of GR and ΛCDM could appear as a consequence of modifications of gravity
relevant at high energies, which indeed emerge in different contexts [1000], such as scalar-
tensor theories [1001–1003], braneworld theories [1004, 1005], compactified extra dimensions
and Kaluza-Klein models [1006, 1007], f(R) theories and theories with higher-order terms in
the curvature invariants [1008, 1009], string loop effects [1010] or string cosmology [655, 1011].
The evolution predicted by the standard ΛCDM cosmological model can also be affected, in
the early Universe, by physics beyond the Standard Model, phase transitions, etc. In the
previous subsections we have seen for instance how such physics beyond the Standard Model
could lead to GW signals produced by cosmic strings, domain walls, or related to primordial
BH formation.

Another way in which GWs can be used to probe the early Universe, and in particular
modifications of its expansion history, is through the imprint that the expansion history
leaves on primordial GWs (PGWs) produced in the early Universe, as they propagate until
the present epoch. This information is contained in the transfer function, that connects the
primordial power spectrum to the power spectrum observed today. To fix the notation, let us
recall that the primordial power spectrum PT,in(k) of the tensor perturbations was defined in
eq. (2.29). The simplest form of the spectrum, at least in a range of comoving wavenumbers
k close to a “pivot scale” k∗, is just a power-law, see eq. (2.30), characterized by an amplitude
AT (which depends on the value chosen for k∗) and a tilt nT (which to a first approximation
can be taken as constant, or else can also be made to “run” with k). A typical choice for k∗ is
0.05 Mpc−1, corresponding to the wavenumbers probed by the CMB. The tensor amplitude
AT (k∗) can be traded for the tensor-to-scalar ratio r(k∗) = AT (k∗)/AS(k∗), where AS(k∗) is
the analogous amplitude for scalar perturbations, whose value is fixed by CMB observations:
e.g., AS(k∗ = 0.05 Mpc−1) ≃ 2.14 × 10−9.

Given a cosmological model, such as ΛCDM, the evolution in time of the Fourier modes
of the GW perturbations over a FRW background can be computed, and the result is encoded
in the transfer function TGW(k),

h̃A(η0, k) = TGW(k)h̃A(ηin, k) , (2.55)

(where A = +,× labels the two polarizations and, at least in GR as well as in any modifi-
cations of it that preserves parity, the transfer function is the same for both polarizations).
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Then, the power spectrum observed today, PT,0(f), is related to the primordial tensor power
spectrum by

PT,0(k) = |TGW(k)|2 PT,in(k) . (2.56)

Instead of the comoving wavenumber k, we can equivalently express all results in terms of
the GW frequency observed today, f , which (in units c = 1) is related to k by f = k/(2π).
The relation between ΩGW(f) and PT,0(k) is given by [see eq. (19.288) of ref. [501]]

ΩGW(f) =
π2

3H2
0

f2PT,0(f) , (2.57)

and therefore

ΩGW(f) =
π2

3H2
0

f2|TGW(f)|2 PT,in(f) , (2.58)

where we have used f = k/(2π) as the argument of the functions. In particular, for modes that
re-entered the horizon during radiation dominance, i.e. modes with f ≫ feq ∼ 1.7×10−17 Hz
(and therefore for modes relevant for pulsar timing arrays, space-borne and ground based
GW interferometers), we have

h20ΩGW(f) ≃ 1

24
h20ΩR

(
g∗(Tk)
3.363

)(
3.909

gS∗ (Tk)

)4/3

PT,in(f) , (2.59)

where ΩR is the energy fraction of radiation (numerically h20ΩR ≃ 4.184 × 10−5); Tk is the
temperature at which a mode with comoving wavenumber k re-enters the horizon; and g∗(T )
and gS∗ (T ) are the effective number of species in the energy density and in the entropy,
respectively, at temperature T . For the frequencies relevant for space-borne and ground-
based interferometers we have Tk ≫ 100 GeV and, in the Standard Model, g∗(Tk) = gS∗ (Tk) ≃
106.75, and therefore

h20ΩGW(f) ≃ 6.73 × 10−7 PT,in(f) , (2.60)

where we have used the numerical value h20ΩR ≃ 4.184× 10−5. Equivalently, using eq. (2.30)
for the primordial power spectrum, and writing AT (k∗) = r(k∗)AS(k∗), h20ΩGW(f) can be
written as in eq. (2.31).

If the cosmological evolution is modified, with respect to that obtained assuming the
validity of GR and ΛCDM, the transfer function in eq. (2.55) will be different and, given a
mechanism that produces a known primordial spectrum PT,in(f), the stochastic GW back-
ground observed today, given by eq. (2.58), will be different from that expected in GR and
ΛCDM. Stochastic GW backgrounds can therefore be a probe of the expansion history of the
Universe, and in particular of the early Universe, for which it is in general more difficult to
obtain observational constraints.

Power-like phenomenological modifications of the expansion rate. At the level of background
evolution, modification of the expansion rate can be described writing H(t) as HMC(T ) =
A(T )HGR(T ) [1012–1014], where HMC(T ) refers to a given modified cosmology while HGR(T )
refers to the standard cosmological model (GR+ΛCDM). The factor A(T ), which depends
on the temperature and accounts for the underlying modified cosmological model, can be
parameterized phenomenologically in different ways [1012, 1013]. In all cases, to avoid conflict
with the successful predictions of BBN [1015–1017], the parametrization must satisfy the
conditions A(T ) → 1 at the onset of the BBN period. At early times, however, one can have
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Figure 2.20: h2ΩGW(f) for the amplification of vacuum fluctuations in standard single-field
slow-roll inflation. The gray dashed lines corresponds to the result in GR+ΛCDM, assuming
a tensor-to-scalar ratio r = 0.07 and a scale-invariant primordial tensor spectrum, nT = 0.
The colored lines show the result obtained with the modified cosmological discussed in the
text, for fixed f∗ ≃ 2.5 × 10−6 Hz, and A∗ = 1 (blue dashed lines), A∗ = 10 (green dot-
dashed lines), A∗ = 100 (red dotted lines), and ν = 0 (left panels), ν = 1 (right panels). The
colored regions refer to the BBN constraint and the projected sensitivities of various GW
observatories.

A(T ) significantly different from one. A number of models, in this regime, can be described by
a power-law function A(T ) ≃ A∗(T/T∗)ν [1012, 1013], with {A∗, ν} dimensionless constants
and T∗ a reference temperature. In particular, ν = 2 corresponds to a Randall-Sundrum type
II brane cosmology; ν = 1 to kination models in GR; ν = 0 gives a model with a constant
rescaling of the Hubble expansion rate; ν < 0 in scalar-tensor cosmology; and ν = 2/n − 2
in f(R) cosmology, with f(R) = R + αRn. This power-law behavior is then smoothly
interpolated toward A(T ) = 1 at some temperature T∗ [1012, 1013]. For the analysis of the
PGWs spectrum, it is convenient to refer to the frequency f∗, instead of the corresponding
temperature T∗. For f ≪ f∗ and f ≫ f∗, the following general cases can be analyzed
[1018, 1019]:

• f ≪ f∗. In this range of frequencies, the cosmology converges to GR, H(a) = HGR(a),
so the transfer function is the same and, for a given primordial spectrum PT,in(f), the
spectrum PT,0(f) observed today is the same. Therefore h20ΩGW(f) ∝ PT,in(f), see
eqs. (2.59) and (2.60).

• f ≫ f∗. In this range of frequency, the factor A(f) plays a major role. The regimes
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Figure 2.21: (left) Inflationary spectra induced by the intermediate matter-kination era are
shown as colored lines, while the prediction from standard ΛCDM cosmology is the black
line. Following the period of matter domination, the intermediate kination era starts at
energy scale EKD and lasts for NKD e-folds of the scale-factor expansion. We assume the
scale invariant tensor perturbation with inflationary energy scale Einf ≃ 1.6×1016 GeV. The
sensitivity curves of ET assume respectively 1 and 10 years of observation with SNR = 1, and
the LISA sensitivity comes from [611]. (right) Effect of an intermediate matter era—lasting
for NMD efolds and ending at temperature Tdec—on the prediction for h2ΩGW(f) from local
cosmic strings, shown by the blue lines [831, 1020, 1021].

where ν > 0, ν = 0, and ν < 0 are separately discussed:

– ν > 0: if ν takes positive values, the PGW relic density reads ΩGW(f) ∝ PT,in(f) f
2ν
1+ν ,

in which appears an extra factor f
2ν
1+ν , that generates a blue-tilted modification to the

original tensor power spectrum. This enhancement follows from the reduction of the
friction term entering the equation of GWs.

– ν = 0: In this case, the Hubble rate is enhanced by a constant factor A = 1 + A∗,
and the PGW spectrum is therefore not distorted and is modified by an overall shift
ΩGW(f) ∝ (1 +A∗)2PT,in(f).

– ν < 0: for negative values of ν, the factor A → 1 both for low (f ≪ f∗) and high
frequencies (f ≫ f∗), with a maximum at f = f̄ ≳ f∗ given by A(f̄) = A∗. In these
limits the PGW spectrum presents the same tilt as the original tensor power spectrum,
with a characteristic bump at f = f̄ .

Figure 2.20 shows h2ΩGW(f) for the amplification of vacuum fluctuations in standard single-
field slow-roll inflation. The result in GR+ΛCDM is given by the gray dashed line, while the
colored lines shows the results for ν = 0 (left panel) and ν = 1 (right panel) for different values
of A∗. The colored regions refer to projected sensitivities for different GW experiments.

Modified equation of state in the early Universe. As another example of modified expansion
history, if there were some pre-BBN epochs in the cosmological history with a modified
equation of state associated for instance with either a matter domination or a stiff era,
this would lead to a tilt in ΩGW(f) with spectral index β = −2(1 − 3w)/(1 + 3w), with
w the equation of state of the Universe, at the frequencies corresponding to the modes
which re-entered the horizon in this non-standard era [1014, 1022, 1023]. For example, the
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Figure 2.22: The (fRD, fSD) parameter regions accessible by ET are shown. The colored
regions represent the detectable parameter spaces for three different values of w: red for
w = 0.6, orange for w = 0.8, and yellow for w = 1.0 (corresponding to kination). The
gray regions indicate the parameter space excluded by indirect limits from BBN and CMB,
with the darkest gray for w = 0.6 and the lightest gray for w = 1. We again assume the
scale invariant tensor perturbation with inflationary energy scale Einf ≃ 1.6×1016 GeV. The
parameter fMD is chosen as a function of fRD, fSD and w, as described in the text, and we
denote the parameter region where fMD > fMD,max with blue lines (dashed for w = 1, dotted
for w = 0.8 and thick for w = 0.6). The sensitivity curve of ET assumes 1 year of observation
with SNR = 1. The green area on the left is excluded, since there fRD < fBBN, which is not
allowed.

kination era right after inflation can result in the enhanced GW spectrum shown in the right
panel of figure 2.20, although any observable signal at ET would be strongly constrained by
∆Neff bound, as shown in [1022, 1023]. The most striking case comes from an intermediate
matter-kination era, well-motivated by rotating axions [1023–1025], that largely amplifies the
inflationary signal and induces the “triangular signature” [with β = 1 during kination era
(w = 1) and β = −2 slope during matter era (w = 0)] shown in the left panel of figure 2.21.
This amplification can make the signal from slow-roll inflation observable at ET, for kination
energy scales of order (106 − 109) GeV, that connect to axion mass ma and axion decay
constants fa in the range ma ≲ 6.5 µeV(109 GeV/fa)(Ωa/ΩDM), where the last bracket is
the energy fraction of axions as dark matter [1023].

Furthermore, one can study scenarios with a stiff epoch weaker than kination (1/3 <
w < 1) [1022, 1026]. As a case study, we focus on a cosmological history similar to the one
studied above, where after inflation there is an intermediate radiation-matter-stiff era (de-
noted with RD1, MD and SD respectively), followed by the conventional radiation dominated
Universe. We assume instantaneous transitions between the different epochs. This scenario
also leads to a peak-like spectrum that can be testable at Advanced LIGO A+ sensitivity
and by third-generation detectors [1026]. The frequency of the stiff-to-radiation transition
is denoted by fRD, and the one of matter-to-stiff transition by fSD. The parameter space of
the model that is testable at ET is illustrated in figure 2.22, for three different values of the
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equation of state w during the stiff period. Assuming no entropy variation, the frequency at

the RD1-to-MD transition can be expressed as fMD = f
1−3w
1+3w

RD f
6w

1+3w

SD . This transition cannot
occur earlier than the end of inflation, implying a maximum value of fMD,max = 1.8 × 108

Hz. This limit is indicated by the blue lines in figure 2.22.
The non-standard era beyond the radiation era at high temperatures not only impact

the inflationary PGW, but it can also lead to significant spectral distortions in GW from
other cosmological sources, in particular, from cosmic strings [830–832, 1020, 1021, 1023,
1025, 1027–1029], and causality tails [788, 973, 1023, 1030, 1031]. The frequencies at which
the spectral slope gets modified correspond to the scales at which the GW is being produced;
the slope depends on the equation of state of the Universe and can differ from the case of
inflationary PGW; see e.g., [1014, 1032] for reviews. This is illustrated for the case of local
cosmic strings in the right panel of figure 2.21.

Oscillation features in the GWB. Interferometers such as ET have the capability not only
to observe the general coarse-grained trend of a primordial GWB, but also its fine-grained
features. A class of such features is characterized by a periodic pattern, either of linear
oscillations,

Ωgw(f) = Ω̄gw(f)

{
1 +

lmax∑

l=1

[
Ac
l cos

(
lω
f

f∗

)
+As

l sin

(
lω
f

f∗

)]}
, (2.61)

or of log-periodic ones,

Ωgw(f) = Ω̄gw(f)

{
1 +

lmax∑

l=1

[
Ac
l cos

(
lω ln

f

f∗

)
+As

l sin

(
lω ln

f

f∗

)]}
, (2.62)

where Ω̄gw(f) is the envelope or main spectral shape, f is the observed frequency of the
GW signal, f∗ is the pivot frequency scale of the observatory, lmax is the number of har-
monics determined by the model, Ac,s

l are constant amplitudes and ω is the frequency of the
oscillations, not to be confused with f .

The linear oscillatory shape (2.61) usually arises in inflationary models with a poten-
tial with sharp features [1033–1043], while (2.62) can be produced in inflationary scenarios
where the inflaton potential has bumps [1044], a multi-field dynamics has sudden trajec-
tory turns [1035, 1045–1051] and other multi-scalar settings such as axion monodromy in-
flation [1052–1055] and axion Chern–Simons gravity [1056]. In all these cases, the GWB is
induced by second-order scalar perturbations [965, 966].

The log-oscillatory profile (2.62) can also be produced directly in the tensor sector as a
manifestation of a broken discrete scaling symmetry in scenarios of quantum gravity [1057,
1058]. In this case, the energy spectrum in eq. (2.62) is given by eq. (2.59) with

PT,in(k) = P̄T,in(k)

[
1 +Ac

1 cos

(
ω ln

k

k∗

)
+As

1 sin

(
ω ln

k

k∗

)]
, (2.63)

where the prefactor P̄T,in(k) depends on the model. A function F is invariant under a discrete

scale symmetry if F (λmω f) = F (f), where λω := e
2π
ω and m is an integer. The oscillatory

modulation of (2.62) enjoys this symmetry but the envelope Ω̄gw(f) in general does not. A
discrete scale invariance in frequency as the one above corresponds to a symmetry in mo-
mentum space, mirrored by an invariance under discrete dilations xµ → λωx

µ in position
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Figure 2.23: Dependence of the expected relative errors σ for lmax = 2 (left) and lmax = 3
(right) harmonics. The oscillation amplitude A2 and A3 vary, while the other parameters
are fixed as follows. For lmax = 2: Ω0 = 10−11, nt = 0, ω = 10, A1 = 0.1, Φ1 = 0. For
lmax = 3: A2 = 0.1, Φ2 = 0 and Φ3 = 0. The black, orange and purple curves correspond
to the oscillation parameters (oscillation amplitude Al and phase Φl) for l = 1, l = 2, and
l = 3, respectively. From [1057].

space. Such a micro-structure of spacetime geometry would correspond to the one of a de-
terministic (multi-)fractal [1059–1063] replicated at all scales. This everpresence of the same
structure transcending a UV/IR divide is responsible for the appearance of log oscillations
at all frequencies in (2.62).

Expressions (2.61) and (2.62) can serve as templates to fit any signal displaying linear
or logarithmic oscillations, regardless of its physical origin [1057]. To check the detectability
of the log oscillations in ET, in [1057] the Fisher matrix for the cross-correlation analysis
was calculated to estimate the expected error on the parameters in (2.62) for the ET-D
sensitivity curve assuming a three-year observation run. It has been shown that, for oscillation
amplitudes Al ∼ 0.1 and a frequency ω ∼ 10, we need a detection with signal-to-noise
ratio ≳ 100 to determine all the oscillation parameters with an O(10%) precision. If the
GWB is primordial and the envelope is parameterized by Ω̄GW = Ω0(f/f∗)nt , the minimum
GWB amplitude Ω0 and the minimum tensor tilt nt needed to achieve such SNR at the ET
frequencies satisfying the current upper bound r < 0.036 of the tensor-to-scalar ratio at the
CMB scale k0 = 0.05 Mpc−1 [637] are roughly

Ω0 ≳ 10−11 , nt ≳ 0.28 . (2.64)

Relative errors on oscillation frequency, oscillation amplitude, and the oscillation phase scale
as σlnω ∝ 1/(Alω), σlnAl

∝ 1/Al and σΦl
∝ 1/Al, respectively, and they all decrease as

∝ 1/SNR. Notably, the error is insensitive to the inclusion of higher-order harmonics, for
the reason that oscillation frequencies are ordered hierarchically as integer multiples of ω and
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each term in the harmonic expansion can be constrained independently. The lmax = 2 and
lmax = 3 cases are shown in figure 2.23. The range of ω accessible by ET is roughly

10 < ω < 103 , (2.65)

where the lower bound is fixed by requiring to have enough oscillation cycles inside the
sensitivity band of ET and the upper bound is determined by ω < f/∆f , where ∆f is
the frequency resolution of the instrument. Our estimation is obtained by f ∼ 10Hz and
∆f ∼ 0.01Hz, which is a similar value used in the LVK stochastic analysis as a result of
coarse graining.

2.3 Probing the late Universe with Einstein Telescope

In the previous section we have discussed how ET can probe the early Universe. The relevant
observable, in that case, is the stochastic GW background of cosmological origin that, as we
have seen, can be generated by many different early Universe mechanisms. For probing the
late Universe with GWs, in contrast, the most important signals are those due to the coales-
cence of compact binaries. A crucial feature of GWs for late time Universe studies is the fact
that CBC sources are self-calibrating distance indicators. When the redshift of the source
can also be somehow inferred, one can reconstruct the distance-redshift relation, tracking
the expansion history of the Universe and constraining cosmological parameters such as the
Hubble constant [1064, 1065], similarly to the use of standard candles. In this context, CBC
are then called “standard sirens”. This reconstruction is, however, non-trivial, since from
a GW alone one can not in general infer the redshift, which is degenerate with the chirp
mass. While breaking this degeneracy is possible in special cases, like for Love sirens [1066],
or for matter structure/cosmological effects considered in [1067], in general direct redshift
measurements are not possible with GW detectors. On the other hand, for bright standard
sirens, which are those events followed by electromagnetic counterparts, direct redshift mea-
surements are enabled by host galaxy identification or by temporal-coincident GRB detection
[1068]. However, most GW events seen so far by LVK have not been followed by electromag-
netic counterparts, hence the name of dark (standard) sirens. With dark sirens, the most
common techniques for cosmological parameter estimation rely on combinations with galaxy
catalogs from which redshift information can be extracted [1064, 1069], allowing to track the
cosmic expansion history [1070–1074]. Additionally to these methods, one can make use of
known merger redshift distribution [1075–1077] or features in the mass distribution of BHs
and NS to obtain redshift information [1078–1084], a technique called spectral sirens. We
highlight, however, that cosmological and astrophysical population inference are deeply in-
tertwined [1072, 1074, 1085–1088]. In this section we discuss various types of methods for
doing cosmography with ET and their prospects.

2.3.1 Cosmography with coalescing binaries

2.3.1.1 Bright sirens. Bright sirens are expected to have two main types of prompt
electromagnetic counterparts: kilonova (KN) explosions, and short GRBs, as we know from
the celebrated example of GW170817 [3, 4]. The number of bright sirens expected to be seen
with ET is highly dependent on the exact network of telescopes that will be looking for the
counterparts at the time of third generation detectors, as well as their observation strategy,
and the intrinsic rates at which BNS and NSBHs merge. As discussed in [1089, 1090], out of
the O(105) BNS per year that might be observed by ET, a few thousands of KN follow-up
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are expected in the total 10 years of observation up to z ∼ 0.6 if an LSST-like survey would
dedicate at least 10% of its time for this search. As for events with short GRBs, according
to the analysis of [1091], between 1 and 5 ×102 of events would be seen with a gamma ray
telescope like the THESEUS mission [1092, 1093] in the same period; see section 4 for a
detailed discussion of the perspective for multi-messenger observations with ET.

Besides model-based cosmological parameter estimation with bright sirens, one can also
employ model-independent methods to reconstruct the distance-redshift relation and test for
deviations of the standard cosmological model or some of its basic assumptions. That can
be done for example with the use of Gaussian Process as in [1094, 1095], or by combining
GW distances with other distance indicators, such as standard candles and angular diameter
distances from the large-scale structure [1096]. Taking the ratio of different distances is an
interesting approach as it avoids the intrinsic degeneracies present in the distance-redshift
relation between standard cosmological parameters, notably Ωm, and effects that can modify
the GW luminosity distance or other cosmic distances, such as violations of the transparency
of the Universe (cosmic opacity) or modified gravity (see section 2.3.2). In [1096], it was
shown that, in combination with other distance measurements expected for the near future
with surveys like Euclid, LSST, DESI and Roman, bright sirens from ET would allow tests
of cosmic opacity together with deviations in the GW propagation due to modified gravity
models. That can be achieved with percent level precision, in various redshift bins up to
z = 0.9, with no assumption on the redshift evolution of the mechanisms causing deviations
from standard physics.

As shown in [1089], bright sirens will be useful tracers of both the density and velocity
fields in cosmology. In particular, a combination of ET sirens with EM counterparts with
LSST allows for a 30% improvement on the measurements of H0 with ET alone, but also
percent-level measurements of Ωk0 (an improvement of over one order of magnitude). We can
also get good constraints on the growth of structure in particular on σ8 and the growth-rate
index γ.

In [1089] it was also proposed the use of preliminary GW distances, obtained for the
alerts for follow-ups, to inform the optimal telescope exposure time. It was shown that this
technique reduces the necessary telescope time to obtain the same kilonova completeness by
around 25%. This could be useful since in the ET era the bottleneck for bright sirens catalogs
will possibly be due to available telescope time.

2.3.1.2 Dark sirens. If the direct, GR-calibrated determination of the luminosity distance
is the jewel of GW events from resolved sources for late–time cosmology, the other side of
the coin is the difficulty in the observation of the EM counterpart. Events with direct
EM counterparts will constitute only a tiny fraction of the total detected events, with a
strong selection from the EM side limiting these sources to redshifts generally of order z ≲
O(1) [1091, 1097]. On the other hand, an unprecedented opportunity offered by ET will
be the detection of compact binary mergers across all cosmic history, in particular BBH
mergers up to redshift O(20) [16, 1098]. At redshifts below the star formation peak, ET can
in particular detect almost 100% of the population [16, 1098]. The vast majority of these
events will not have EM counterparts but contain precious information about the evolution
of the Universe, especially at redshifts that are not accessible to the current generation of
GW detectors, not even at their most advanced sensitivity. This will open a window on the
evolution of the Universe well before the Dark Energy dominated era and beyond the star
formation peak, possibly even in region where compact objects formed by standard stellar–
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evolution scenarios are expected to be absent [1099, 1100]. Even if their actual high–redshift
nature will have to be carefully assessed on an event-by-event basis [1101–1104], inferring
their statistical distribution might lead to clearer signatures [1105]. Therefore, methods
that target the use of the full sample of detected events will be crucial for cosmography
with ET. Several of those are actively being developed by the community, and are generally
referred to as “dark siren” methods. The general principle behind dark sirens is the use of
prior information on the properties of the underlying distribution of sources, of which the
observed catalog is a biased sample, to break the degeneracy between source–frame masses
and redshift in the GW waveform at the statistical level [1086].

The line-of-sight redshift prior. The GW observations provide a direct measurement of the
luminosity distance. For a dark siren measurement of H0 or the other cosmological param-
eters, the GW distance information needs to be convolved with some “prior” information
on the redshift. This prior comes from the underlying cosmology and binary merger rate
evolution (uniform part), as well as potential host galaxies (non-uniform part). Cosmology
inference algorithms allow us to construct this prior along each line-of-sight. This line-of-sight
redshift prior essentially consists of an in-catalogue part and an out-of-catalogue part. The
in-catalogue part is constructed using redshifts and luminosities of the galaxies in the region.
The luminosity (in a certain observation band) is used to effectively weight the galaxy in
proportion to the probability of sourcing a merger. Astrophysical assumptions go into this
construction, given that the luminosity in a certain band may trace a certain aspect of the
astrophysics. The out-of-catalogue is used to model the galaxies which are beyond the cata-
logue, due to their distance or due to low intrinsic brightness. This part usually depends on
galaxy luminosity parameters (or Schechter function parameters) in addition to the assumed
cosmological model. A detailed prescription of the construction of the line-of-sight redshift
prior can be found in [1088]. In the following paragraphs we describe the galaxy catalogs
and surveys which can be used to construct this prior in the 3G era.

Galaxy catalogs. The lack of an EM counterpart poses a tough challenge in GW cosmol-
ogy. However, as first proposed by Schutz in 1986 [1064], statistical approaches that rely
on available galaxy catalogs can counterbalance the missing source’s redshift information.
Specifically, the potential host galaxies that fall in the localization error volume of a de-
tected GW event display an inhomogeneous distribution that can be employed as redshift
prior in the Bayesian framework. Contrarily to bright sirens, a single or few of such events
are likely unable to deliver tight constraints on the cosmological parameters. As a statis-
tical tool, the efficiency of this approach strongly relies on the size of the sample of dark
sirens used, and we expect the precision to shrink with the square root of the number of
events. In the past decade, this methodology has successfully been applied both to simulated
[1069, 1072, 1074, 1087, 1106–1108] and real data with different galaxy catalogs, includ-
ing GLADE/GLADE+ [9, 1070, 1109–1112], the Dark Energy Survey [1113, 1114], the DESI
Legacy Survey [1115], the DECam Local Volume Exploration Survey [1116] and DESI [1117].

Spectral Sirens. A complementary possibility is the use of features in the source–frame mass
distribution [1078–1083] (also called “spectral sirens” method). The population properties,
in particular, the mass and redshift distributions, are given in source–frame; for example,
one can predict the probability that a black hole has a certain mass, or forms at a certain
redshift, from population synthesis codes [1118–1120]. On the other hand, GW detections
measure detector–frame quantities (redshifted masses and luminosity distance). The popula-
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tion properties reconstructed in source–frame from detector–frame observations will thus be
reshaped by a change of the cosmology. In case source–frame distributions are informative,
the degeneracy between source–frame masses and redshift in the GW waveform can be bro-
ken by combining an ensemble of sources. This can drive constraints on cosmology, as the
presence of preferential scales breaks the mass–redshift degeneracy at the statistical level.

Potential systematic effects. Recent advances have led to the development of pipelines incor-
porating information from both the mass distribution and galaxy catalogs [1074, 1087, 1088].
Thus one no longer needs to assume a fixed mass distribution for an inference using galaxy
galaxy catalogues, which may otherwise have biased the measurement. Taking care of this
leading order sytematics exposes us to smaller sources of potential systematic uncertainties.
These can come from the GW data, the EM data, or the underlying assumptions. It is
crucial to understand and address even the smallest of the potential systematic effects as the
statistical power of the data increases, in order to converge towards an unbiased measure-
ment. On the GW side, mis-modelling the source population or its redshift evolution could
pose a problem [1121]. On the EM side, it is important to understand redshift measurement
errors [1122]. Uncertainties in the measurement of galaxy luminosities and the measurement
of the Schechter luminosity function parameters (and their evolution) come next. It has
recently been shown that the results could be biased due to incorrect assumptions on the
luminosity weighting of galaxies [1123]. A large body of work is underway largely in the
context of upcoming LVK observations [1124], to understand and address small systematic
effects and ensure an accurate measurement as we move towards precision. Targeted studies
to determine the potential of these techniques for ET will be necessary in the future.

The 3G era is expected to bring O(104−5) BBH detections per year. Albeit compu-
tationally challenging, this abundance naturally meets the conditions that make the galaxy
catalog approach a powerful statistical tool. Indeed, current forecasts predict that a sub-
percent (∼ 10%) H0 (Ωm,0) measurement can confidently be attained by 3G detectors by
employing only the loudest dark sirens observed in one year [1108, 1125]. Yet, as shown in
figure 2.24, reaching this precision requires a mandatory joint effort between more than a
single 3G detector, as the localization power plays a crucial role in the statistical machinery.

We stress, however, that these predictions are subject to variability, which depends on
the properties of the galaxy catalog adopted in these studies. A promising candidate will
be the database created from the observations of the Vera Rubin Observatory. It is pre-
dicted to contain 1010 galaxies up to a redshift of z ≤ 6, covering 20,000 square degrees. For
about 4× 109 galaxies, six-band photometric measurements and shape measurements will be
available, making the estimation of photometric redshifts much more precise [1126]. Early
estimations show that a faint sample of all types of galaxies having photometric information
in 6 bands would have a statistical photo-z error of ∆z ∼ 0.05 (1 + z) per galaxy [1127].
Even assuming improved photometric redshift estimating techniques, the errors from these
measurements would be an important source of uncertainty for the dark siren results. As
demonstrated in [1074], the accuracy in redshift determination plays a crucial role in the
estimate of cosmological and astrophysical parameters, since already at O5 sensitivities the
accuracy on the determination of H0 can improve down to the percent level when a spec-
troscopic catalog is considered (see figure 2.24, right panel). Hence, a spectroscopic survey
would be crucial to maximising the potential of this method.

The galaxy database from the Vera Rubin Observatory, therefore, should be comple-
mented with other galaxy catalogues to provide spectroscopic full-sky coverage as deeply
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Figure 2.24: Left panel: Posterior joint distribution on H0 and Ωm,0 obtained by employing
BBHs as dark sirens and cross correlating the loudest GW event localization volumes with
a galaxy catalog. The contours, which refer the 68% and 90% confidence level, are shown
for two networks of 3G detectors assuming one year of continuous observations. Here ET
is in a 10 km-triangular configuration and CE1 and CE2 correspond to 40 km and 20 km
Cosmic Explorer, respectively. Figure from [1108]. Right panel: Dependence of the accuracy
on H0 on the GW event localization volume with a photometric (photo-z) or spectroscopic
(spec-z) galaxy catalog.

as possible. From this point of view, several ongoing and planned galaxy surveys can be
exploited. Currently, the largest spectroscopic galaxy surveys that are taking data are the
Dark Energy Spectroscopic Instrument survey (DESI, from the ground, [1128]) and the ESA
mission Euclid (from space, [1129]). DESI is planned to observe order of 107 galaxies at
0 < z < 3.5 over ∼ 14000 square degrees, at a depth of 24, 23.4, and 23 for AB magnitudes
g, r, and z, respectively; on the other hand, covering ∼ 14000 square degrees, Euclid will
provide 1.5 billions photometric redshifts in the range 0 < z < 2 and order of 30 millions
spectroscopic redshifts at 0.84 < z < 1.88, down to a Euclid HE magnitude of 24. In the
meanwhile, future spectroscopic surveys are already being planned and, pushing significantly
deeper in redshift and completeness, they could constitute a fundamental resource to exploit
the dark sirens provided by ET; in this respect, the most promising ones are the Wide-Field
Spectroscopic Telescope (WST [1130]) and Spec-S517 facilities.

Besides utilising existing data, another possibility is performing dedicated galaxy sur-
veys for the best localised GW events without a counterpart to maximise their impact on
the dark siren method. In parallel to that, dedicated spectroscopic follow-up surveys could
be conducted for the best-localized events.

Formally, dark sirens analyses are conducted with a hierarchical Bayesian approach [1131–
1133], which allows the propagation of uncertainties on the individual events to the population
properties. Crucially, when using the population properties to infer cosmology, one must take
into account the fact that those are actually unknown, but determine the selection bias of
the experiment, which needs to be carefully deconvolved to obtain unbiased estimates of

17See https://www.spec-s5.org/pubs/.
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Figure 2.25: Localization capabilities for BBHs of ET in its triangular (left panel) and“2L”
(right panel) configurations. The color scale denotes the number of galaxies expected in the
90% localization volume. Events marked with black dots are localized to one galaxy only.

the cosmological parameters. This is usually done with large injections campaigns to deter-
mine the sensitivity of the instrument to the targeted population [1134–1136]. The scaling
of this technique to ET needs to be assessed, both in terms of accuracy and computational
cost. Furthermore, the likelihood evaluation, involving the computation of multi–dimensional
Monte Carlo integrals at each iteration to marginalize over the individual source properties
and/or the construction of redshift priors from the interpolation of large galaxy catalogs, is
computationally demanding. Alternative approaches such as simulation–based [1137] and/or
machine–learning leveraged pipelines [1138] might be beneficial for tackling these challenges.

We can identify several milestones that ET can bring in this context, regardless of the
technical details. The construction of a redshift prior from galaxy catalogs benefits in partic-
ular from the accurate sky localization.18 Figure 2.25 shows the localization capabilities of
ET in the triangular and 2L configurations.19 In particular, we show the 90% sky localization
area as a function of redshift, while the color refers to the number of galaxies contained in
the localization volume, assuming a constant galaxy density of 10−2 galaxies/Mpc3. In par-
ticular, ET has the potential of localizing O(103) sources per year to better than 10 deg2 [16].
Remarkably, figure 2.25 also shows that ET alone could allow pinpointing the host galaxy
of the merger at a rate of a few per year without the need of a direct EM followup. Events
with a single host galaxy are further marked with a black dot in figure 2.25. This scenario
alone would lead to a determination of the Hubble constant, and is a unique possibility of
ET. Figure 2.26 shows the number of galaxies enclosed in the GW localization volume of ET
golden BBH events (i.e., with ∆Ω < 2 deg2) in the triangular and 2L configurations using
the catalog of massive MICEcat galaxies, as in [1074]. In particular, ET has the potential
of localizing O(102) sources per year to better than 2 deg2 [16]. We note that, besides cos-
mology, this could bring invaluable information about the relation between galaxy properties
and GW emission [1139]. Indeed, assigning a weight to galaxies according to their properties
such as mass or star formation rate can help increasing the accuracy on H0 when using also

18Similar arguments hold for the cross–correlation of resolved sources with other tracers of the LSS, see
section 2.4.1, as well as for the identification of a direct counterpart, see section 2.3.1.1.

19We refer to ref. [16] for the details on the catalogs, software, and detector shape and orientations used.
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Figure 2.26: Number of galaxies inside the localization volume of ET golden BBH events
(∆Ω < 2 deg2) for the triangular (left) and 2L (right) configuration. The color bar represents
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GW sources with a large number of galaxies in their localization volume [9, 1070]. However,
the dependence on the galaxy properties will have to be correctly modeled and marginalized
over, in order to avoid systematics [1139].

Besides subsamples of “golden” events, as already remarked, it is important to stress
that ET will detect almost the entire population of BBHs below the star formation peak, and
more than 90% of BBHs of stellar origin across all redshifts [16, 1098]. In this large–statistics
regime, information from sources with poorer sky localization will still contribute to recon-
struct precisely the source–frame mass distribution, hence to determine cosmology [1084].
In this context, the possible systematics related to the correct modeling of source–frame
features [1121], and their correlation to redshift evolution [1140], will need to be addressed.
However, we stress that the presence of features in the mass spectrum can in principle be
inferred directly from data, without the need of a specific modeling, using non–parametric
approaches [1140–1142]. This will allow a robust measurement of the cosmic expansion his-
tory.

Love Sirens. Neutron stars taking part in compact binary coalescences, whether as BNS
or NSBH systems, undergo tidal deformation during the later stages of the inspiral process.
The tidal deformability parameter (Λ) is related to the compactness (C) of the neutron star
via the second tidal Love number (k2) by,

Λ =
2

3
k2C−5, (2.66)

where C = m/R, where R is the radius of the NS and m its source-frame mass [1143]. The
parameters k2 and C depends on the equation of state governing the NS (see section 6 for
details). These deformations leave an imprint on the GW amplitude and phase; in particular,
the dominant effect of tidal deformation appears in the phase at the fifth post-Newtonian
order, characterized by a combination of the individual tidal deformability parameters (note
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that Λ = 0 for BHs) and the mass ratio of the binary [1144]. This combination, called the
reduced tidal deformability Λ̃ (see eq. (6.5) or eq. (9.18) for the explicit expression), is the
best-measured tidal parameter using GW. The next-to-leading order contribution to the GW
phase is characterized by another linear combination of individual Λs and the mass ratio,
denoted by δΛ̃, see eq. (9.18). The contribution of δΛ̃ to the phase is subdominant compared
to that of Λ̃, even at the sixth post-Newtonian order, which is why it is not expected to be
constrained very well with GW observations. Furthermore, if the neutron stars are spinning,
the individual Λs also contribute to the phase from spin-induced quadrupolar deformations
which appear at the 2.5 post-Newtonian order and beyond [1145–1148]. Given these effects,
one can constrain the individual tidal deformability of the two compact objects using GW
detections, as we detail in section 6.

With an established NS equation of state, inferred Λ can be converted to constraints
on source-frame mass using eq. (2.66). As GW observations also provide precise constraints
on detector-frame mass, the measured detector-frame mass can be compared to the inferred
source-frame mass, giving constraints on the redshift associated with the source [1066]. To-
gether with the measurement of the luminosity distance dL obtained from the GW signal,
one can then obtain measurements of the cosmological parameters. Furthermore, exploiting
the post-merger signals of BNS mergers can enable the resolution of redshift-mass degeneracy
by exploiting spectral features dependent on the source-frame masses of the binary [1149].
This method, which leverages the constraints on tidal deformability parameters, knowledge
of the neutron star equation of state, and, possibly, the spectral features from neutron star
post-merger, to break the mass-redshift degeneracy and obtain a redshift estimate, is referred
to as the Love siren approach.

If using only the inspiral part of the signal, the redshift constraints obtained using the
Love siren method depend on the precision with which Λ̃ and the detector-frame masses
are inferred. The sensitivity improvement in ET at both low and high frequencies greatly
improves these two measurements. Specifically, for O(100) BNS events detected with the
triangular ET configuration every year, the fractional error in Λ̃ is expected to be less than
10% and that in chirp mass is expected to be less than O(10−5) [1098]. With the 2L-45◦

geometry, this number can increase to O(103) every year [1150]. With the triangular ET
geometry, the redshift can be measured with a precision of O(10%) for systems up to z ∼ 1
[1066, 1151, 1152]. With the post-merger spectra, this can be achieved for systems up to
z ∼ 0.04 [1149]. In fact, the post-merger signal for a BNS system can be detected with an
SNR of 10 for systems up to ∼ 90 Mpc with ET alone, resulting in O(1%) measurement of
the post-merger peak frequency f2 [1153]. Together with CE, the redshift can be resolved to
∼ 1% for O(104) yearly detections, which translates to 0.1% error in H0 and 0.61% error in
Ωm in a year of observation [1154].

The Love siren method represents an approach to cosmological parameter estimation
that only relies on the GW signal, requiring a robust understanding of the neutron stars
equation of state, expected to be significantly enhanced by forthcoming observatories [72,
1150, 1155, 1156]. An equation of state agnostic approach can also be used, that jointly
estimates the equation of state and the cosmological parameters [1157]. However, caution
is warranted in post-merger spectrum-based forecasts, which require improved modeling of
gravitational waves from hypermassive neutron star remnants.

2.3.1.3 Cosmic dipole tension. The Earth’s motion relative to the Hubble flow generates
a dipole anisotropy in both the temperature of the CMB [555, 1158] and in the angular
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distribution of electromagnetic sources observed at cosmological distances [1159–1161]. This
type of angular anisotropy is typically called the “cosmic dipole”. There is currently a ∼ 5σ
tension between the estimation of the cosmic dipole from the early Universe (CMB) and the
one inferred from the angular distribution of active galactic nuclei (AGN) [1159, 1162]. It
has been argued that this tension might be alleviated by modeling the redshift evolution of
radio sources [1163], however, nowadays this tension is still open for debate.

GW sources observed with 3G detectors offer a new avenue to solve this cosmic dipole
tension. The cosmic dipole could be estimated from the stochastic GW backgrounds gener-
ated by cosmological and astrophysical sources (see section 2.1.1 for more details), but can
also be estimated from the angular distribution of GW sources [1164, 1165]. ET embedded
in a detector network with CE will provide ∼ 3 · 104 BBH sources per year with a 90%
localization area lower than 10 deg2. The angular distribution of these well-localized sources
can be used to detect and estimate the cosmic dipole.

By considering the angular number density of GW sources, with just 2-3 years of ob-
servations, 3G detectors have a 75% probability of detecting the cosmic dipole if its value is
consistent with the one inferred from AGN [1164]. The probability of detecting the dipole
increases to 100% if we consider 10 years of joint observations. Therefore, with just few years
of observations, there is the concrete possibility of ruling out the AGN value of the cosmic
dipole and solving this tension. The possibility of detecting and measuring the cosmic dipole
are enhanced if also binary neutron star (BNSs) sources are considered. For this class of
sources, it is also possible to inspect the presence of a cosmic dipole by studying the angular
dependence of the detector-frame mass spectrum of BNSs, which is also expected to be modi-
fied by the cosmic dipole. Including BNSs and the angular distribution of the detector-frame
mass spectrum, it will be possible to enhance the probability of detecting the cosmic dipole
by 30-50% [1165] for a given observing time, thus making the detection of an AGN cosmic
dipole in just 2-3 years of observation almost certain.

Furthermore, as discussed in detail in section 2.1.2.2, in [519] it has been shown that
a detection of the dipole of the AGWB at different frequencies with ET and CE would
allow to measure the dipole of the AGWB emitted by BBH and to distinguish between
the kinematic, intrinsic and shot noise contributions, see figure 2.2 for more details. The
component separation of the dipole of the AGWB which could be done by ET and CE is
crucial to understand if the cosmic dipole tension is due to a relative velocity between the
CMB and LSS frame (by comparing the CMB and AGWB kinetic dipoles) or to an anomalous
intrinsic dipole of the CMB or LSS.

2.3.1.4 The astrophysical background as a cosmological probe. Another observ-
able that can be used to constrain cosmological parameters with ET is the astrophysical
GW background (AGWB) produced by coalescing binaries. The frequency spectrum of the
AGWB is determined by the complex interplay of various astrophysical factors, as discussed
in section 3, but also by the underlying cosmology. The region of the spectrum which con-
tains most of the information is the high-frequency peak, whose shape and position are very
sensitive to all the various astrophysical and cosmological factors at play. For instance, in
figure 2.27 we show the effect of varying the value of the Hubble parameter and the matter
density parameter on the peak of the AGWB produced by BBHs and BNSs. With the sen-
sitivity of ET in the 1-100 Hz range, the frequency spectrum of the astrophysical GWB will
be measured precisely. This, in turn, will open the possibility for a Bayesian reconstruction
of both astrophysical and cosmological parameters, in line with the methodology outlined
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Figure 2.27: Effect of varying the value of H0 and ΩM on the energy density of the stochas-
tic background from BBHs (green) and BNSs (purple). The astrophysics is fixed to the
models described in [515, 1166]. The black curve is the PLS of ET for the triangular 10 km
configuration [16].

in [1167] for the specific case of the GWB from BNSs. This approach complements existing
methods such as GW sirens, discussed in the previous sections, which constitute the main
strategy to constrain cosmological parameters with GWs. By employing these techniques
concurrently, it becomes feasible to mitigate degeneracies and potentially refine parameter
constraints further, particularly if posterior contours are orthogonal.

2.3.2 Modified GW propagation

2.3.2.1 Observables for the dark-energy sector. In ΛCDM, on sufficiently large scales
where cosmological perturbation theory applies, one performs a separation between a ho-
mogeneous Friedmann-Lemaitre-Robertson-Walker (FLRW) background, and scalar, vector
and tensor perturbations over it. Whenever gravity is modified on cosmological scales, both
the background evolution and scalar and tensor perturbations are modified (while, in ΛCDM
and in most modified gravity models, vector perturbations usually only have decaying modes
and are irrelevant). At the level of the background evolution, the effect of modified gravity
is encoded in a dark energy (DE) density ρDE(z) and a DE pressure pDE(z). One can then
introduce the DE equation of state wDE(z), defined by pDE(z) = wDE(z)ρDE(z); ΛCDM is
recovered for wDE(z) = −1. Using the conservation of the DE energy-momentum tensor, one
finds that the DE density is given as a function of redshift by

ρDE(z) = ρ0ΩDE exp

{
3

∫ z

0

dz̃

1 + z̃
[1 + wDE(z̃)]

}
, (2.67)

where ΩDE = ρDE(0)/ρ0 is the DE density fraction and ρ0 = 3H2
0/(8πG) is the critical

density today. At the background level, the properties of DE are therefore encoded just in
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one function wDE(z). The corresponding expression for the luminosity distance is

dL(z) =
c

H0
(1 + z)

∫ z

0

dz̃√
ΩM(1 + z̃)3 + ΩR(1 + z̃)4 + ρDE(z̃)/ρ0

, (2.68)

where ΩM is the present matter fraction and ΩR that of radiation (which we have written
for completeness, but is completely negligible at the redshifts where astrophysical compact
binaries merge; we also write for simplicity our equations for a flat cosmology, so ΩM + ΩR +
ΩDE = 1). When wDE = −1, ρDE in eq. (2.67) becomes a constant, that we denote ρΛ, and
eq. (2.68) reduces to the ΛCDM expression

dL(z) =
c

H0
(1 + z)

∫ z

0

dz̃√
ΩM(1 + z̃)3 + ΩR(1 + z̃)4 + ΩΛ

, (2.69)

where ΩΛ = ρΛ/ρ0. At low redshift, both eq. (2.68) and eq. (2.69) reduce to Hubble’s law
dL(z) ≃ (c/H0)z, so standard sirens at low redshift allows us to measure H0. At the redshifts
accessible to ET, however, we can also test the DE equation of state, and any deviation from
the ΛCDM value wDE = −1 would provide evidence for a dynamical dark energy. In general,
however, it is difficult to extract from the data a full function of redshift, such as wDE(z), and
a parametrization in terms of a small number of parameters is useful. For the DE equation
of state a standard choice is the (w0, wa) parametrization [1168, 1169],

wDE(z) = w0 +
z

1 + z
wa . (2.70)

The evolution of the cosmological background can be tested both with standard electromag-
netic cosmological probes, such as CMB, Supernovae, Baryon Acoustic Oscillations (BAO) or
structure formation, and by GW observations, combining the GW measurement of the lumi-
nosity distance of coalescing binaries with information on the redshift, obtained either with
an electromagnetic counterpart, if it is observed (“standard sirens”) or with statistical meth-
ods (“dark sirens”), as discussed in section 2.3.1. A first observable for GW observations, in
the context of dark energy and modified gravity, is therefore the DE equation of state wDE(z)
or, more simply, the two parameters (w0, wa). Modifications of the cosmological model in
the sector of scalar perturbations are less directly relevant for GW experiments, and rather
manifest themselves in cosmological structure formation; these modifications are among the
targets of current galaxy surveys. However, for GW observation, there are further quantities
that are accessible, to test modified gravity: GW observation can in fact access modifications
in the tensor perturbation sector (i.e., GWs propagating over a FLRW background). In GR
the equation that governs the propagation of tensor perturbations over FLRW is given by

h̃′′A + 2Hh̃′A + c2k2h̃A = 0 , (2.71)

where h̃A(η,k) is the Fourier-transformed GW amplitude, A = +,× labels the two GW
polarizations, the prime denotes the derivative with respect to cosmic time η [defined by dη =
dt/a(t)], a(η) is the scale factor, and H = a′/a. In modified gravity theories, this propagation
equation is modified, as has been found on many explicit modified gravity models [1170–
1180]. A modification of the coefficient of the k2h̃A term induces a speed of GWs, cgw,
different from that of light. After the observation of GW170817, this is now excluded at
a level |cgw − c|/c < O(10−15) [3] (at least for scale-independent modifications, see [1181]).
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However, the modified gravity models that pass this constraint still, in general, induce a
change in the above equation, that becomes

h̃′′A + 2H[1 − δ(η)]h̃′A + c2k2h̃A = 0 , (2.72)

for some function δ(η) that encodes the modifications from GR. As a result, the amplitude of
a GW propagating across cosmological distances, from the source to the observer, is modified,
because of this different friction term; one can then show that the amplitude of the GW from
a coalescing binaries no longer allows us to obtain the standard luminosity distance dL(z)
of the source [that, in this context, we will denote by d em

L (z), since this is the quantity
that would be measured, for instance, using the electromagnetic signal from a counterpart].
Rather, the quantity extracted from GW observation is a “GW luminosity distance” d gw

L (z)
[1174], related to d em

L (z) by [1174, 1176]

d gw
L (z) = d em

L (z) exp

{
−
∫ z

0

dz′

1 + z′
δ(z′)

}
, (2.73)

where the function δ that appears in eq. (2.72) has now been written as a function of redshift.
Of course, to perform a full inference on the function δ(z) from future GW data is

difficult (although it can be performed, to some extent, with the technique of Gaussian
process reconstruction [1094]) and, similarly to what is done for the DE equation of state, it
is convenient to introduce a parametrization. A very convenient choice, proposed in [1176],
takes the form

d gw
L (z)

d em
L (z)

= Ξ0 +
1 − Ξ0

(1 + z)n
, (2.74)

in terms of two parameters (Ξ0, n). This parametrization interpolates, with a power-law
in the scale factor a = 1/(1 + z), between d gw

L /d em
L = 1 at z = 0 (i.e. when there is no

propagation), and a constant value large redshifts; the latter limit is motivated by the fact
that, in typical modified gravity models, the deviations from GR only appear in the recent
cosmological epoch, so δ(z) goes to zero at large redshift, and the integral in eq. (2.73)
saturates to a constant; GR corresponds to Ξ0 = 1 (for any n). This simple parametrization
has been shown to work remarkably well for practically all best-studied modified gravity
models [1180] (except bigravity, where d gw

L /d em
L displays some oscillations).

Another parametrization of modified GW propagation which has been used in the lit-
erature is given by

αM (z) ≡ −2δ(z) = cM
ΩDE(z)

ΩDE
, (2.75)

where cM is a constant and ΩDE(z) = ρDE(z)/ρ0. This parametrization was introduced in
[1182] to study the scalar sector of Horndeski theories and, in these theories, it turns out
that the same function also describes the modification of the tensor sector. A drawback
of the parametrization (2.75) is that it requires to postulate an expression for ΩDE(z), i.e.
for ρDE(z), so it is less suitable for model-independent studies. In practice, when applied
to modified GW propagation, this parametrization has been used assuming that the dark
energy density is constant, ρDE(z) = ρDE(0) [1183, 1184] (which, however, is not expected
to be the case, since if the tensor sector of the theory is modified with respect to ΛCDM,
also the background evolution will be different). In any case, as long as ΩDE(z) is such
that the integral in eq. (2.73) saturates to a finite value (which is also the case of a con-
stant ΩDE), this parametrization is still qualitatively of the same form as eq. (2.74), since
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the ratio d gw
L (z)/d em

L (z) goes from unity at z = 0 to a constant Ξ0 at large z. However,
this parametrization is less general than the (Ξ0, n) parametrization, since it only has one
parameter, cM , so it implicit assumes a relation between Ξ0 and n (see App. F of [1081] for
detailed comparison). Other proposed parametrizations include

Ξ(z) =

√
1 + Ω0

1 + Ω0aβ
, (2.76)

from [1185], which has the same behavior as that of eq. (2.74) when the deviations from GR
are small (|Ω0| ≪ 1), with the correspondence Ξ0 = 1 + Ω0/2 and n = β; also

αM (z) = αM0a
β (β > 0) , (2.77)

used in the context of the EFT of dark energy [1162, 1186]; and the one of [1187].

It is interesting to note that, with electromagnetic observations, the background evolu-
tion and the scalar perturbations have been tested to a few percent level. For instance, com-
bining many different cosmological datasets (and setting wa = 0), one finds w0 = −1.031+0.030

−0.027

[1188], consistent with ΛCDM at the 3% level, while for the parameters Σ0 and µ0 that
parametrize deviations in the scalar perturbation sector (with µ0 = Σ0 = 0 in GR) one finds
µ0 = −0.04 ± 0.25 and Σ0 = −0.024 ± 0.054 [1189], so the latter corresponds to a test of
GR and ΛCDM at the 5% level. Naively one would then imagine that, if a modified gravity
model complies with existing bounds in the background evolution and in the scalar pertur-
bation sector, even in the tensor perturbations its deviation from GR will not exceed a few
percent. Indeed, this is true for some important classes of models, like the f(R) or several
scalar-tensor theories, where the GW friction is the time variation of the effective Planck
mass,

αM (z) =
d logM2

∗
d log a

. (2.78)

There, αM is also sourcing gravitational slip η ≡ Φ/Ψ = 2Σ/µ− 1 [1170, 1182, 1185], there-
fore linking tests of gravity based on standard sirens with those from large-scale structure.
However, this link is not generally true; as an explicit example, the model originally proposed
in [1190] complies with all observational limits in the background evolution and in the scalar
sector but, in the tensor sector, predicts a value of Ξ0 that (depending on a free parameter
related to initial conditions) can be as large as 1.8 [1179], corresponding to a 80% deviation
from GR. Figure 2.28 shows the prediction for δ(z) (left panel) and d gw

L /d em
L in this non-local

model, for different values of a free parameter of the theory (see [1179] for details).

This shows that the window of cosmological tensor perturbations, that has been opened
for the first time by the LVC and LVK observations, and that will be deeply explored by ET,
is extremely interesting and could reserve us remarkable surprises.

2.3.2.2 Current limits on Ξ0. Using the various methods for bright and for dark sirens
discussed previously in this chapter, several limits on modified GW propagation have already
been obtained from the current dataset of GW detections.

A first limit was obtained in [1176] using GW170817 as a standard siren with counter-
part (see also [1183]). In this case the electromagnetic luminosity distance of the host galaxy
can be obtained from surface brightness fluctuations. Because of the very small redshift of
GW170817, what is obtained is really a limit on δ(z = 0), independently of the parametriza-
tion used, and the result from [1176] is δ(0) = −7.8+9.7

−18.4. In terms of Ξ0, this corresponds to
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Figure 2.28: The functions δ(z) (left panel) and d gw
L (z)/d em

L (z) (right panel), for the non-
local gravity model proposed in [1190], for different values of a free parameter of the theory.
From ref. [1179].

a rather broad limit Ξ0<∼O(10). This limit is not stringent because GW170817 has a very
small redshift, z ≃ 0.01, and the effect of modified GW propagation disappears as z → 0.

A stronger bound was obtained in [1070] using BBH dark sirens from the O1, O2 and
O3a LIGO/Virgo run, and performing a correlation with the GLADE [1109] galaxy catalog.
This gives (at 68% c.l.)

Ξ0 = 2.1+3.2
−1.2 . (2.79)

A more stringent bound can obtained if one accepts the tentative identification of the flare
ZTF19abanrhr as the electromagnetic counterpart of the BBH coalescence GW190521, as
proposed in [1191].20 Then, the analysis in [1070] (keeping fixed H0 to the Planck value)
gives

Ξ0 = 1.8+0.9
−0.6 , (2.80)

(68% C.L.). A similar results is obtained in [1193], again assuming the identification of
ZTF19abanrhr with GW190521, and combining this with GW170817. Using again a narrow
prior on H0 the most stringent limit obtained in [1193] (for different choices of the waveform)
is Ξ0 < 2.9.

Another approach is to constrain modified GW propagation using the BBH mass dis-
tribution, following the strategy proposed in [1080]. Using the BBH mass function and the
GWTC-3 catalog, ref. [1081] finds

Ξ0 = 1.2+0.7
−0.7 , (2.81)

with a flat prior on Ξ0, and Ξ0 = 1.0+0.4
−0.8 with a prior uniform in log Ξ0, while using

the GWTC-2 catalog of GW events and the parametrization (2.75) with a constant ρDE,
ref. [1184], finds cM = −3.2+3.4

−2.0 (see App. G of [1081] for a discussion of the technical differ-
ences between the analyses of refs. [1184] and [1081]).

2.3.2.3 Forecasts for ET. Constraints on modified GW propagation parameters are
among the primary targets of the ET science case. Information on modified GW propa-
gation can come from both bright sirens and dark sirens, as we discuss next.

20In [1192] it was observed that the volume localization of GW190521 is not statistically sufficient for
a confident identification of ZTF19abanrhr as the electromagnetic counterpart. However, this assumes no
modified GW propagation. Introducing the possibility of modified GW propagation has precisely the effect
of restoring the consistency between the volume localization of GW190521 and the flare ZTF19abanrhr.
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Constraints from bright sirens. In the era of precision cosmology, joint GW+EM detections
could be leading observables, since both the luminosity distance and the redshift of each
source can be extracted with great accuracy from their respective surveys. Indeed, as already
presented in [16], ET is expected to have a key role in the determination of cosmological
parameters.

Together with the efforts of next-generation EM detectors, it has been shown that the
precision achievable on Ξ0 ranges from ∼ 10% to ∼ 4%, depending on the nature of the EM
emission observed. Moreover, in [1096] it is shown that, when combined with other distance
measurements expected from future standard candles and large-scale structure surveys, the
precision on Ξ0 could reach the ∼ 1% level, while keeping model-independence. In the context
of EFT of dark energy, when identifying Ξ as the effective Planck mass ratio of eq. (2.78),
also LSS and CMB data will help constraining Ξ0 when combined with bright sirens, not only
by helping pinning down the cosmological parameters. The price one has to pay is of course
to be more model-dependent in order to describe the modifications of gravity in the scalar
sector. In the analysis of [1185], it was shown that the addition of 500 bright sirens with
the triangular 10 km configuration of ET would improve current Planck constraints on Ξ0

on around 40%, for typical late time modifications of gravity where the same Ξ is generating
gravitational slip. The further combination with galaxy clustering and weak lensing from an
Euclid-like survey would allow reaching an error of 0.3% (more precisely, σ(Ω0) = 0.6% with
the equivalent parametrization of eq. (2.76)).

To have a broader idea of 3G interferometers capabilities in synergy with EM detec-
tors, here we extend the analysis performed in [16] – where the inference was carried out
on two cosmological parameters at a time – to a more comprehensive investigation. Specif-
ically, this study is conducted on the same dataset of bright sirens (see tables 6 and 10 of
[16]), but aims to extract a measurement for all the 6 considered ΛCDM+DE+modified GW
propagation parameters H0, Ωm,0, w0, wa, Ξ0 and n simultaneously. While this choice in-
evitably leads to broader constraints, we stress that this wider approach is necessary if no
other complementary survey’s results are readily available to fix one or more parameters in
the inference. Furthermore, it represents a standalone benchmark for the additional science
that GW astronomy can deliver regardless of the available previous measurements.

Given the detection of a BNS signal by ET, we assume the two different scenarios
proposed in [16]. In the first one, the merger of the binary is followed by a Kilonova (KN)
emission that is potentially observed electromagnetically by the Vera Rubin Observatory
(VRO) [1194]. In the second one, under proper circumstances, a short Gamma Ray Burst
(GRB) detection by THESEUS [1092] is associated to the GW event. The former studies
the multimessenger sources detected in one year of observations, while the latter considers a
5 years catalog.

We report these results in figures 2.29, 2.30 and in table 2.2, where we additionally show
the impact of using the Planck 2018 [1162] posterior distributions as a prior. As expected,
extending the analysis to all 6 cosmological parameters worsen the precision on Ξ0 by a factor
of order ∼ 5 with respect to the results reported in [16], while n remains undetermined in
both cases due to the strong degeneracy with Ξ0. On the other hand, however, using the
early Universe from Planck as priors strongly increase the precision on Ξ0, which ranges from
∼ 12% in the worst scenario, to ∼ 6% in the best case.

We stress, however, that the analysis performed in the GW+GRB case has been con-
ducted under the assumption that the relative uncertainty on the luminosity distance can be
approximated to 2/SNR, as assumed also in previous studies [16, 1091]. While the SNR−1
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Figure 2.29: Results of the joint inference on the cosmological parameters H0, Ωm,0, w0,
wa, Ξ0 and n employing GW+KN events detected in one year of observations by the 10 km
triangular (left panel) and the 2 misaligned L-shaped (right panel) ET configurations and
the Vera Rubin Observatory. Vertical dashed lines represent the 68% CI of each distribution,
while the black solid lines label the fiducial values.

scaling theoretically represents a good proxy for most of the parameter space, it reaches
important limitations in some specific corners [1195]. In particular, the GRB counterpart
associated to a GW event can be detected only for small inclination angles, since the emis-
sion mechanism typically ejects the material in the same direction of the angular momentum
of the binary. This circumstance introduces two non-trivial challenges in the determinaton
of the luminosity distance uncertainty: in the limit of face-on/face-off binaries, the Fisher
Matrix becomes ill-conditioned, leading to an unfaithful reconstruction of the infamous dL–ι
degeneracy [1098, 1196] and to a regime where the 2/SNR approximation is not appropri-
ate anymore; additionally, this intrinsic correlation gets stronger as the inclination angle
approaches smaller values. The two above-mentioned effects, which inevitably appear in
the framework of GW+GRB observations, represent non-negligible sources of bias that can
jeopardize the whole inference if not taken into account for. A comprehensive description of
how to properly deal with such issues has been recently proposed in [1197], where the Fisher
Matrix limitations are overcome and the dL–ι correlation is mitigated by the underlying fact
that the EM detection implicitly select a specific corner of the parameter space.

Constraints from dark sirens. As we have seen in section 2.3.2.2, the dark siren method
based on features on the mass function can provide stringent limits on modified GW propa-
gation. Currently, the best limits are obtained from the BBH mass function, given that the
current BNS sample is very small and limited to small redshifts (where the effect of modified
GW propagation is suppressed). However, ET will detect a large number of BNS, of order
104 − 105 per year, and up to large redshifts of order 2–3. This will allow to use this sta-
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Figure 2.30: Results of the joint inference on the cosmological parameters H0, Ωm,0, w0,
wa, Ξ0 and n employing GW+GRB events detected in 5 years of observations by the 10 km
triangular (left panel) and the 2 misaligned L-shaped (right panel) ET configurations and
THESEUS. Vertical dashed lines represent the 68% CI of each distribution, while the black
solid lines label the fiducial values.

EM Source ET configuration
Without Planck data priors With Planck data priors
∆Ξ0/Ξ0 ∆n ∆Ξ0/Ξ0 ∆n

KN
∆ 10 km 0.27 > 1 0.12 > 1

2L 45◦ 15 km 0.21 > 1 0.07 > 1

GRB
∆ 10 km 0.31 > 1 0.07 > 1

2L 45◦ 15 km 0.27 > 1 0.06 > 1

Table 2.2: 68% CI relative uncertainties on the modified GW propagation parameters Ξ0 and
n obtained from multimessenger observations and adopting the two shown ET configurations.

tistical method also on BNSs, which has the advantage that the BNS mass function is quite
narrow, compared to the BBH mass function. The logic behind the possibility of bounding
(or observing) modified GW propagation from the BNS mass function can be described as
follows [1082]. From a GW detection of a BNS we obtain its GW luminosity distance, d gw

L .
If Nature is described by a modified gravity theory with Ξ0 ̸= 1, d gw

L is different from the
electromagnetic luminosity distance d em

L ; therefore, the source redshift zGR that would be
inferred from the measured d gw

L assuming (incorrectly) the validity of GR and ΛCDM, would
differ from the true value ztrue. The effect is shown in the left panel of figure 2.31, for some
values of Ξ0 consistent with the limits given in eqs. (2.79)–(2.81) at about the (1-2)σ level.21

21In this plot, we use for illustration the same values of H0 and ΩM in the modified gravity theory and in
GR, setting them to H0 = 67.9 km/(sMpc) and ΩM = 0.30. In a full analysis, all cosmological parameters
will have to be determined self-consistently in GR and in modified gravity, by fitting the prediction of each
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Figure 2.31: Left: the redshift ztrue of a source, as a function of the value zGR that would
be incorrectly inferred using GR if Nature is described by a modified gravity theory with
Ξ0 ̸= 1, for different values of Ξ0. Right: the effect on the distribution of the total mass of
the binary from a ‘wrong’ reconstruction using GR, assuming that the true distribution of
the source-frame total mass of the binary is a (redshift-independent) Gaussian, with mean
2.66M⊙ and standard deviation 0.13M⊙. Adapted from [1082].

We see that the effect can become very significant at large redshifts: for instance, if Nature
were not described by GR but rather by a modified gravity theory with Ξ0 = 1.8, a source
whose true redshift is ztrue = 1, would be assigned a wrong redshift zGR ≃ 1.45, if the redshift
is inferred assuming Ξ0 = 1.

In turn, this would produce a systematic (and redshift-dependent) bias in the inference
of the actual (“source-frame”) masses mi (i = 1, 2) of the component neutron stars, since
these are obtained from the measured “detector-frame” masses m(det),i through the relation
mi = m(det),i/(1 + z). Getting z wrong would then result in a wrong estimate of mi. More
precisely, if Nature is described by a modified gravity theory with Ξ0 ̸= 1, the true values
of the source-frame masses, mtrue,i are obtained from the observed detector-frame masses by
mtrue,i = m(det),i/(1 + ztrue), while the values incorrectly inferred assuming GR would be
mGR,i = m(det),i/(1 + zGR), and therefore

mtrue,i =

(
1 + zGR

1 + ztrue

)
mGR,i . (2.82)

For instance (assuming again, as an example, Ξ0 = 1.8), for a NS with mtrue = 1.35M⊙
at ztrue = 1, the mass incorrectly inferred from GR would be mGR ≃ 1.10M⊙, while for
ztrue = 2, in GR one would infer mGR ≃ 0.99M⊙. The effect is quite striking because it
would bias, in the same way, all NS masses at a given z (so, in particular, both masses of
a BNS, contrary to what could be expected from evolutionary paths leading to accretion of
matter on one of the two neutron stars), shifting the whole distribution of NS masses in a

theory to the cosmological observations.

– 101 –



characteristic redshift-dependent manner. This is shown (for the distribution of the total
mass of the binary) in the right panel of figure 2.31.

Given the large number of BNS that ET will detect, this method can in principle reach a
very good accuracy on Ξ0. The effect can be tested directly on the chirp mass of the system,
which is very accurately measured, so in the end, with this technique, the main error on
d gw
L /d em

L from a single BNS is expected to be of order of the relative width of the BNS mass
function. With N detections at sufficiently large redshift, where the effect of modified GW
propagation can be sizable, the error scale approximately as 1/

√
N , so sub-percent errors

on Ξ0 could be obtained, as long as other competing sources of biases, such as lensing or a
possible redshift evolution of the BNS mass function [1198], can be adequately accounted for.

2.3.3 GW lensing

According to GR, if a GW encounters a massive object on its travel path from source to
observer, it can undergo gravitational lensing. Depending on the lens mass and the lens-source
alignment, one can get different effects; for the lowest masses and more misaligned systems,
one has microlensing, where the GW undergoes frequency-dependent modulations [66, 1199].
On the other hand, for more massive lenses and better-aligned systems, one is in the geometric
optics regime, and the wave is split into multiple copies of the original system, with an overall
magnification, and overall phase shift and a time delay [66, 1200]. If the system is less aligned
and/or the lens lighter, the various images have a small time delay and overlap, leading to
a single non-trivial signal in the detector, called millilensing [1201]. For larger masses, the
images are individually resolvable, generally referred to as strong lensing [1200]. While rates
for micro and millilensing are uncertain—due to their strong dependency on the nature of
dark matter— strong lensing is expected to be already observable for BBH signals in current
detectors [71, 1202]. Hundreds of such lensed signals [72] and tens of lensed BNSs should be
observed in next-generation detectors every year [1203]. A fraction of the latter could also
have an observable lensed EM counterpart, making their correlation easier to do [1204].

2.3.3.1 GW lensing as probe of cosmological parameters. In the geometric optics,
according to GR, GW and light are bend the same way, which can be leveraged to study our
Universe, with unique possibilities at high redshift. Indeed, if a GW coming from a BBH is
lensed, then the EM emission from its host galaxy is also lensed. One can then match both
to use their complementary information to probe various physical phenomena [1205, 1206].
Matching a lensed BBH and its host galaxy is also easier than for an unlensed signal because
lensing offers a much more precise sky localization [68]. In addition, GW measurements
lead to millisecond precision measurements of the arrival times, and one can use time de-
lay cosmography to constrain cosmological parameters [1207], provided the EM observations
complete the observations by giving access to the lens and source redshifts. Moreover, one
can also have extra constraints via the reconstructed magnifications of the images. The total
measure obtained for the Hubble constant is relatively accurate, even for a single observa-
tion [1205]. Additionally, in next-generation detectors, several observations can be stacked to
improve the final constraints, similarly to what is already done nowadays for dark sirens [9].
When the BBH host galaxy cannot be identified, one can still develop a dark sirens-like
approach for lensing, which accounts for a list of possible counterparts and the probability
to miss the genuine system in the EM. While less precise than with a direct access to the
counterpart in the EM, the list of candidates will be more restrained than for the usual
dark siren method thanks to the selection done using the observed lens characteristics [1205].
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Moreover, these events would also allow for measurements at higher redshifts than unlensed
systems, giving extra insights on the early Universe.

Furthermore, lensed events without EM counterpart can be used to constraint cosmology
based on their statistical properties, using the fact that the expected number of lensed events
and the distribution of the time delay between lensed images depend on the cosmology. In
particular, in ref. [1208] is shown how the expected distributions of lensed GW events can
be used to constrain the cosmological parameters. Denoting by N the number of lensed
BBHs events observed over an extended period of time Tobs (each one assumed to produce
two copies of the observed GW signal), and by {∆ti} , i = 1, . . . , N their corresponding time
delays, one can construct a probability distribution for the cosmological parameters Ω⃗ as

p(Ω⃗|N, {∆ti}, Tobs) =
p(Ω⃗)p(N |Ω⃗, Tobs)p({∆ti}|Ω⃗, Tobs)

Z
, (2.83)

where one uses the conditional independency between the time delays and the number of
lensed BBH detections given the parameters and the observation time Tobs; p(Ω⃗) is the prior
and Z is the normalization constant. By performing various simulations on a coarse grid of
values for the cosmological parameters, it is then possible to construct the two probability
functions. Then, one can evaluate those with a given observation time and find a probability
distribution for the cosmological parameters. With this approach, using 10 years of observa-
tion and a BBH merger rate of 5 × 105 yr−1 with 3G detectors (made of CE and ET), one
obtains H0 = 67.8± 1.1 km s−1Mpc−1 and Ωm = 0.3142± 0.0056 at 1-σ C.I. for the standard
ΛCDM cosmology. Figure 2.32 shows the posterior distribution for the cosmological param-
eters found with this methods. The bounds obtained depend on the detection rate, with
broader constraints for lower rates. Besides, the approach also works for other cosmological
models, such as wCDM, where the same observational conditions lead to competitive bounds
compared to other traditional approaches (see right plot in Figure 2.32) [1208]. An inter-
esting feature of these observations is that (a fraction of) such BBHs can come from high
redshift, and, therefore, such studies could also probe cosmological parameters in a regime
that is not explored by other methods.

As discussed in section 2.3.2, modified GW propagation can be a smoking gun for
modifications of gravity at cosmological scales, and lensing can also be used to study it [1209,
1210]. Basically, if one observes a strongly lensed GW and its EM counterpart, and performs
the lens reconstruction, one can access two different measures of the luminosity distance:
one via GWs—by correcting the measured luminosity distance by the magnification, and one
by the EM redshift measurements. If GR is the correct theory of gravity, the two values
should match. However, in the presence of modified GW propagation, the two quantities will
be different, and the difference can be used to constrain the parameter(s) linking the two
quantities. This can be done for the Ξ0 parametrization mentioned above [1209] but also for
other theories such as large extra spatial dimensions or a time-varying Planck mass [1210].
This method can be used for lensed BNS, NSBH, and BBH events. The former have the
advantage of offering a better sky location thanks to the use of Earth rotation in addition
to the multiple images [1211], while the latter would lead to better constraints thanks to the
fact that, for a given SNR, they can be detected to larger distance.

Another way to look into possible modifications in long-distance propagation is to test
the speed of gravity by comparing the arrival time of photons and GWs [3]. For unlensed
events, the intrinsic difference in emission time between photons and GWs is one of the main
sources of uncertainty, and varies from one model to the other [3]. As mentioned above,

– 103 –



0.18 0.19 0.20 0.21 0.22

Ωm

−2.0

−1.5

−1.0

−0.5

w
0

from {∆ti} from N

combined

Figure 2.32: Constraints obtained from the statistical method relying on lensed BBH events
to constrain the cosmological parameters presented in [1208]. Left: H0 vs. Ωm. Right: w0

vs. Ωm. These results are obtained for a ten year observation period, assuming that a generic
network of 3G detectors will have a nominal BBH detection rate of 5×105 yr−1 upto a typical
redshift of zmax ∼ 15 (exact value dependent on the cosmology and population models), and
that their time of arrivals will be measured precisely. The bounds obtained are competitive
with other studies, and the BBH signals originate from further away, potentially carrying
information from earlier periods in the Universe. Figures adapted from [1208].

if a GW is lensed, the light emitted by its source is also lensed. Therefore, we would now
have multiple measures of the difference in arrival time between GW and EM. Moreover, by
comparing the differences between EM and GW measured for the various images, one can
cancel out several nuisance terms in the measure, and in particular the intrinsic difference in
emission time [1212, 1213]. Therefore, one may expect a more precise measurement of the
speed of gravity, depending on the source of EM emission. Also, this method suffers from
different sources of uncertainties (related to the lens itself and not the time of emission), so
it can be used to cross-check the measurements made with other observations.

2.3.3.2 GW lensing and dark matter. When a GW is lensed, the lensing effect encodes
the mass and density profile of the lens. Therefore, it can be used to probe the lens itself.
In particular, millilensing and microlensing originate from smaller-scale objects, which can
potentially match some dark matter candidates such as dark matter halos or primordial black
holes. A particularly interesting case is when one searches for micro- or millilensing effects
on top of strong lensing; if a GW is deflected by a galaxy or a galaxy cluster, one image
or more can interact with smaller objects in the macrolens. These can be stars or dark
matter [1214–1216]. In particular, relying on different mass models, and looking how the
mass is distributed in the lens, it is possible to probe various dark matter models [1217]. The
same is true for millilensing, where objects are heavier than for microlensing, corresponding
to the expected mass regime of dark matter halos. However, the number of images, their
magnifications and time delays inform us about the objects within the galaxy that lead to
the extra effect [1201]. Knowing more about the scale helps constraining dark matter models

– 104 –



since, from one model to the other, different scales are favored or prohibited [1218, 1219].
Alternatively, isolated objects can also lead to such lensing effects, and they can be used
to study the abundance of intermediate-mass and primordial black holes [1220, 1221]. For
micro- and millilensing searches, ET offers the interesting advantage of enabling the detection
of more subtle features thanks to its enhanced sensitivity.

The above assumes the detection of micro or millilensing. However, non-detection can
also be particularly useful to constrain the fraction of dark matter made of compact objects
such as MACHO’s [1222]. Indeed, depending on the model for dark matter, the fraction of
it made of compact objects, and the BBH distribution, one can expect a different number
of detected microlensed events. So, in the absence of detection, one can constrain the dark
matter fraction made of compact objects. This is done by simulating many realisations with
different fractions and checking which ones are compatible with the non-observation, leading
to an upper bound on this fraction [1222, 1223]. If a microlensed GW is detected, it is also
possible to use this to put a lower bound on the dark matter fraction. For this, ET offers
extra opportunities thanks to its additional sensitivity within the volume already probed,
but also thanks to its larger horizon distance, increasing the probability for lensing.

2.3.3.3 Impact of lensing on standard sirens measurements. In the previous para-
graphs we have discussed the prospects of lensing as an extra source of information. On the
other hand, it is important to highlight that lensing can also act as an additional source of
nuisance or systematic uncertainty in standard siren measurements. Besides unrecognized
strongly lensed events, the phenomenon of weak lensing due to the gravitational potential
of large-scale structures in the Universe is ubiquitous, as it accumulates along the propagat-
ing paths of all GWs [1065, 1224–1226]. Within the geometric optics approximation, lensing
induces frequency-independent (de)magnification of the GW amplitude, which directly trans-
lates to the inference of a biased luminosity distance of the GW source:

dobsL (z, µ) =
dtrueL (z)√

µ
, (2.84)

where dtrueL is the true luminosity distance of the GW source and µ is the lensing magni-
fication. The probability distribution function of the lensing magnification depends on the
redshift of the source; it is sharply peaked at µ = 1, such that the majority of events will
suffer very small modification, but it has a tail towards high magnifications that becomes
more relevant for increasing redshifts. Moreover, lensing selection effects, i.e. the fact that
magnified events are more likely to be detected than demagnified ones, tend to worsen its
impact [1227–1229]. This effect is usually accounted as an additional source of noise in the
luminosity distance uncertainty [1230], worsening the estimation of the cosmological param-
eters, particularly those relying on distant events. Focusing on the case of bright standard
sirens, lensing can also act as a systematic uncertainty in the estimation of such cosmological
parameters. Using idealized mock catalogs of bright standard sirens events, relevant for ET,
[1231] shows that in some scenarios the lensing bias on the cosmological parameters can be
comparable or greater than the expected statistical uncertainty. In this regard, [1232] high-
lights the importance of properly modeling the lensing magnification probability distribution
function when evaluating the expected lensing uncertainty. Furthermore, in the absence of
an EM counterpart, and when the mass-redshift degeneracy cannot be broken by any other
external information, lensing can also impact the inference of the source-frame masses of the
GW sources [1204, 1233–1235]. In particular, in the case of BNS mergers, the masses can be
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magnified above the intrinsic maximum mass of the distribution, thus falling into the lower
mass gap. In the era of ET, it would be important to account for this effect, to properly
infer the maximum mass of NSs and to avoid misinterpretation of NS events as BH ones,
spoiling for example the multi-messenger searches. In the coming years, the development of
mitigation strategies in the data analysis will be necessary to properly account for lensing in
ET events.

2.4 Probing the large scale structure of the Universe

2.4.1 Cross-correlation GWxLSS

As a cosmic tracer of the underlying matter distribution, resolved GWs and the GWB offer
the unique possibility to map the large scale structure (LSS) of the Universe though grav-
itational radiation [511, 1236, 1237]. In the ET era, the anisotropic distribution of GWs
will provide an independent cosmological probe and effectively become a useful LSS trac-
ers in a complementary way to other LSS surveys (that trace cosmic structures through
redshift measurements), as well as to emerging techniques such as Line Intensity Mapping
or HI intensity mapping. Since all those map the same underlying density field via com-
plementary observables, their cross-correlation offers a new opportunity for Cosmology (see
also [1236, 1238–1244]).

2.4.1.1 Cross-correlation of GW resolved events with LSS. Besides information
that can be extracted from individual detections (such as in the case of bright sirens) or from
ensemble of GW detections (such as from dark sirens), large GW catalogs of resolved events
open more general possibilities. They naturally trace structure in a luminosity distance
space [1237], whereas galaxy surveys probe the redshift space [1245]. The expected number
count exhibits different effects in both spaces, and the mapping of one into the other depend
on both cosmology and gravity theory. The expression for the relativistic number count in
luminosity distance space was initially considered in [1246] (see [1089, 1237] for subsequent
studies), and then calculated in full generality in [1226, 1247]. Importantly, these works
showed that the result is different with respect to its analogue in redshift space, with con-
tributions such as lensing including additional terms. Those differences will become relevant
for ET, which could allow using tomographic redshift bins up to z ∼ 2 [1226]. Ref. [1248]
further models the evolution and magnification biases for 3G detectors which affect those
contributions.

Interestingly, similarly to supernovae, bright sirens are useful tracers not only of the
density but also of the velocity field [1249, 1250], because the latter introduces correlations in
the distances which are well modelled by linear theory [1251]. Combining both measurements,
one can improve precision substantially by breaking the degeneracy between fundamental
parameters such as σ8 and the tracer bias. Moreover, combining with a galaxy catalog
covering the same area of the sky, one gains access to a total of one velocity and two density
tracers. One can thus probe six power spectra with the different combinations, and perform
a 6 × 2pt analysis [1089, 1252]. In particular, it was shown in [1089] that, using GW signals
from BNS with ET with kilonova follow-ups from the Vera Rubin Observatory,22 together
with DESI galaxies23 in the range 0 < z < 0.5, such an analysis could, when compared to a
standard BNS Hubble diagram one, improve H0 precision by 30%, improve precision in Ωk0

by a factor of more than 10 (reaching σ(Ωk0) < 0.02 in 5 years), and constrain well both σ8

22https://www.lsst.org/
23https://www.desi.lbl.gov/
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Figure 2.33: Marginalised constraints combining ET KN and galaxies for z ≤ 0.5, separated
according to the method used. Purple: only DESI BGS galaxies; Red: DESI+KN velocities
(3 × 2pt); Green: DESI+KN in the full 6 × 2pt; Orange: KN distances only; Blue: 6 × 2pt
+ distances; Brown: CMB. Figure from [1089].

and the growth-rate index simultaneously. Therefore, a joint analysis of GWs and LSS will
help address both H0 and σ8 tensions. Figure 2.33 shows forecasts obtained in [1089] for
BNS with KN obtained with a Vera Rubin Observatory follow-up, together with DESI BGS
galaxies in an area of 14000 deg2, assuming a maximum wavenumber kmax = 0.1h/Mpc and
zmax = 0.5. The forecast is for {σ8, γ,Ωm0,Ωk0, H0}, where γ is the growth-rate index, which
is assumed constant as a simple parametrization of beyond-GR gravity, marginalized over
two free bias parameters in each of 5 redshift bins and three global non-linear redshift-space
distortion parameters.
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Basic formalism. The anisotropic distribution of resolved GW events is described by the
relative GW number count fluctuation in a direction n and at redshift z defined as

∆(n, z) =
N − ⟨N⟩

⟨N⟩ . (2.85)

Given that GW interferometes are effectively all-sky experiments, it is convenient to study
the n-point functions of this stochastic field in a base that reflects the intrinsic symmetry of
the sky. Therefore, following the treatment presented in [1239], we decompose the number
count fluctuation in a spherical harmonics base and we study the angular power spectrum
given by

CXYℓ (zi, zj) =
2

π

∫
dk

k
P(k)∆X,zi(k)∆Y,zj (k) , (2.86)

where we allow for the possibility of including different tracers X,Y (GWs and/or galaxies)
in different redshift bins, and P(k) is the (almost-scale invariant) primordial scalar power
spectrum. The number count fluctuation ∆X,zi(k) reads as

∆X,zi(k) =

∫ ∞

0
dz
dNX

dz
w(z, zi)∆

X(k, z), (2.87)

where dNX/dz is the observed source number density per redshift interval, w(z, zi) a nor-
malized window function centered at redshift zi, and ∆X(k, z) encodes contributions from
density, velocity, lensing and gravity effects [516, 1245].

Noise, dependence on the population model and detector sensitivity. Since GWs are a
discrete tracer of the LSS, their angular power spectrum measurement has a shot noise
contribution analogous, for instance, to that of galaxies. Assuming the noise of different
experiments and in different redshift bins to be uncorrelated, the shot noise reads as NXY

ℓ =
δXY δij(dNX/dΩ)−1, where dNX(zi)/dΩ is the total number of observed sources per steradian
in the i-th redshift bin. This quantity depends on the population properties, in particular
on the total merger rate and on detector sensitivity. Conversely, we note that the signal in
eq. (2.87) depends on a normalized window function, hence the dependence on the population
model is through its shape rather than through its overall amplitude [1239].

For GW sources, an important difference with LSS studies is the limited angular res-
olution of GW detectors. The best angular resolution determines a limiting scale in the

angular power spectrum [1237, 1238, 1242, 1243], ℓmax ∼ 180◦/∆Ω
1/2
max with ∆Ωmax being

the best 1σ sky localization of the GW catalog. From figure 2.25, we see that the best
angular resolution of ET alone corresponds to roughly ∆Ωmax ∼ 0.1 deg2, hence a maxi-
mum multipole of at most ∼ 300 in a local redshift shell (up to z ∼ 0.2), while for higher
redshifts the range will be further limited. The effect of limited spatial resolution can be
effectively modeled as a smoothing of the underlying overdensity field by an observational
“beam”, similarly to CMB experiments. A common choice in the literature is to parametrize
this effect with a Gaussian beam, inducing an exponential damping in the GW-GW correla-
tion signal [1237, 1242, 1243, 1253]. Moreover, error in distance/redshift localization can be
accounted as showed in ref. [1237, 1238, 1243, 1253], which suggested to implement a prob-
abilistic treatment similar to those employed in weak lensing analysis, where photometric
redshifts carry a non-negligible uncertainty.
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Parameter
All nuisance

parameters free
Fix Ωb Fix As, ns Fix Ωb, As, ns

ET 2L 45◦ 15 km + 2CE

H0 0.8 0.75 0.55 0.47

Ωm 5.3 4.9 2.6 1.2

ET ∆ 10 km + 2CE

H0 0.8 0.79 0.6 0.53

Ωm 5.3 4.9 2.6 1.2

Figure 2.34: Left: constraints in the H0 − Ωm plane from the tomographic angular auto-
and cross-correlation of resolved BBHs with a Euclid–like photometric galaxy catalog, for ET
in the 2L configuration in combination with two CE detectors. Different lines correspond to
fixing other cosmological parameters (baryon density Ωb, amplitude As and spectral index ns
of the primordial power spectrum), representing the case where prior knowledge is assumed
on those, while still marginalising over the tracers’ bias. The case of a triangular ET is not
displayed since almost indistinguishable. Right: relative errors (in %) on H0, Ωm for the 2L
and triangular configurations of ET. Results from [1255].

Cosmography. In presence of tracers of the same density fields in distance and redshift
spaces, the cross-correlation signal depends on the parameters of the distance-redshift rela-
tion. Here we consider in particular GW sources correlated with a galaxy catalog, as well as
the respective auto–correlations. The window function in eq. (2.87) takes the schematic form
wi(z|bin in z) for the galaxy survey and wi(dL(z,H0, ...)|bin in dL) for the GW catalog. That
is, the binning is performed in the spaces where sources are observed - redshift for galaxies
and luminosity distance for GWs, but GW sources distributed according to the source–frame
distribution dNGW(zi)/dz are observed in different distance bins depending on the value of
the parameters determining the distance–redshift relation, with the likelihood of the observed
signal being maximised for the correct cosmology [1238, 1254, 1255].

Figure 2.34 shows the forecasts in the H0 − Ωm plane obtained in [1255] for the auto–
and cross–angular power spectrum in tomographic redshift/distance bins [see eq. (2.86)] of
GW sources with a galaxy catalog with the specifics of the Euclid photometric survey [1129,
1256]. While the application of this technique to ET alone is possible, the angular resolution
highly benefits from the presence of a network of detectors. So, we focus on 10 years of
observations of ET in combination with two CE detectors. We refer to [16] for a description
of the BBH population used. We employ a Fisher matrix analysis with 20 equally populated
redshift bins for the galaxy catalog, converted into luminosity distance bins for GW events
assuming a fiducial cosmology. We account for the dominant contributions to the number
count fluctuation, namely density and lensing [1226]. We also include the effect of the limited
angular resolution with an exponential damping in the signal, with a redshift dependence
computed in each redshift bin from the median localization in the simulations shown in
figure 2.25. Furthermore, we restrict to a maximum multipole ℓmax = 300 in any case,
and for GW sources we impose a stricter hard cut on the maximum multipole in each bin
(denoted with the index i) at ℓmax,i = π/

√
∆Ωmin,i being ∆Ωmin,i the best sky localization in
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the bin. The result is marginalised over the amplitude and spectral index of the primordial
power spectrum, the baryon density, and the amplitude of the GW and galaxy bias in each
bin, for a total of 43 nuisance parameters. Therefore, importantly in light of the Hubble
tension, this constraints are independent on any other external probe or prior (e.g. BBN,
CMB, SNe). We also show the result obtained fixing the baryon density Ωb and primordial
power spectrum amplitude As and spectral index ns to their fiducial values, corresponding
to the case where external priors are added. The relative error is reported in the table in the
right panel of figure 2.34. In the best case, we forecast a 0.8% measurement of H0, which
can be reduced to ∼ 0.5% when assuming prior knowledge of Ωb, As, ns, in which case a
∼ 1% measurement of Ωm is also obtained. In conclusion, the cross–correlation technique for
ET in combination with CE can lead to a promising sub–percent determination of H0, with
percent–level precision already reached after one year of operation.

Reconstructing the Hubble diagram from cross-correlations of GW sources and tracers
in redshift space can also be done directly through full-sky cosmological galaxy mock simu-
lations. In [1257], the authors employ thousands of relativistic galaxy simulations together
with binary black-hole sky maps populating the same large-scale structures of the galaxy
maps, taking into account various systematic sources of anisotropies: the direction depen-
dent sensitivities of both 2G and 3G GW networks, galaxy mask, the lensing magnification
of luminosity distances, and modeling BBHs as extended sources due to the much larger
errors in the determination of their 3D positions (RA, Dec, DL) as compared to the ones for
galaxies. Ref. [1257] shows that the method is robust to all these effects and to the choice of
fiducial cosmology behind the simulations. This means that the position of the crest in the
(z,DL) plane illustrated in fig. 2.35 is a cosmic standard ruler, not depending strongly on
the details of the individual large-scale structures in the two spaces (distance or redshift) and
rather on their matching. With such technique, one can get sub-percent measurements of
the Hubble constant with 5 years of ET+2CE, while measuring also other cosmological pa-
rameters, which is one order of magnitude more precise than what is expected from the next
observing run of LVK (O5). Moreover, if LVK is still active at the time of ET, LVK would
help ET on localizing binary sources, even when those are below the detection thresholds for
the 2G network, also potentially leading to sub-percent level measurements of H0.

Modified gravity. One of the goals of all next generation cosmological experiments is to test
General Relativity in the late Universe. In particular, General Relativity has not been fully
tested on scales comparable to today’s cosmological horizon. At those scales projection effects
have the largest impact on the clustering of LSS tracers, while, at the same time, being very
sensitive to deviations from General Relativity. Therefore GW clustering offer the unique
possibility to fulfill this task in a complementary fashion to galaxy surveys or line intensity
mapping experiments.

Two possible extensions that can be tested are: an equation of state for dark en-
ergy wDE ̸= −1, and a modified growth of structure, often parametrised via the (possibly)
time- and scale-dependent µ, η functions defined as [1258]

k2Ψ(k, z) = −4πGa2µ(k, z)ρ̄D, Φ(k, z) = η(k, z)Ψ(k, z), (2.88)

where Ψ,Φ are the Bardeen potentials, a is the scale factor, ρ̄ is the background energy
density, and D is the gauge-invariant energy density fluctuation. This parametrization allows
to test a broad class of models, from scalar-tensor theories [1259–1262] to models that invoke
extra dimensions [1263], by choosing an appropriate time- and scale-dependence of the µ, η
variables.
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Figure 2.35: The cross-correlation between the harmonic modes of galaxies (g) at z and

BBHs (b) at DL leads to a cross-angular power spectrum Cgbℓ (z,DL). We show the average
cross-spectrum for 1000 light-cone simulations of galaxies and BBHs, for ℓ = 100 (∼ 2◦).
When a shell in z coincides with a shell in DL, the correlation between the galaxy and BBH
maps is maximal. The red, blue and black lines correspond to the Hubble diagrams DL(z) of
three different cosmologies – in the fiducial model H0 = 70.0 km s−1 Mpc−1 and Ωm = 0.3.
Figure taken from [1257].

Many different authors employed different parametrisations to forecast sensitivity of
next generation GW observatory, such as ET, on deviations from General Relativity, both as
unique probe or by cross-correlating this datasets with galaxy clustering, weak lensing and
HI line intensity mapping [1242, 1243, 1264]. Constraints on these parameters are heavily
dependent on the chosen parametrization, however the general consensus is that in all the
cases ET alone, or in synergy with Cosmic Explorer, will provide unparalleled constraints on
extensions of General Relativity.

Primordial black holes. The clustering properties of PBH binaries can be substantially dif-
ferent from those of traditional stellar-origin BH binaries [1244, 1265, 1266]. While astro-
physical BH binaries are the result of intense stellar formation history in galaxies, and thus
they trace the galaxy (anisotropic) spatial distribution, PBH binaries trace a different kind
of environment, depending on their formation channel (see section 3 for detailed discussion).
In particular, there are two well-understood formation channels that are worth mentioning:
early-time [1267] and late-time binaries [1265, 1268]. In the former channel, binaries start
forming in the early Universe, during radiation domination, and therefore they are thought
to evenly trace all sort of dark matter structure that form in the late Universe. In the latter
formation channel, binaries are expected to form in the late Universe in low-mass dark matter
halos (Mhalo ≃ 102−103 M⊙) via a direct capture process because of the low relative velocity
of halo particles.

Clustering properties of GWs depend mainly on the bias parameter bGW. Since astro-
physical binaries trace luminous galaxy distributions, we expect them to have a bias close to
that of galaxies, i.e., bGW ∼ bgal ∼ 1.2 − 3.0. On the other hand, early-time binaries, since
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they effectively trace the entire dark matter distribution, are expected to have bGW ∼ 1.
Finally, late-time binaries, because of the peculiarity of their formation mechanism, trace
only low mass halos, mostly in filaments, thus they have bGW ∼ 0.5. Therefore, it is possible
to disentangle PBHs from astrophysical binaries by measuring the GW bias with sufficient
precision. Even in this case, the exact numbers depend on the modeling of PBHs; how-
ever the consensus reached by different studies is that by measuring the bias with a pre-
cision of order few percent it is possible to constraint PBH abundance at the ten percent
level [1239, 1243, 1244, 1264, 1266]. Interestingly, reaching that level of precision will be well
within the reach of ET in combination with many current and future LSS surveys, making
it potentially capable of resolving the long-standing issue of what the nature of dark matter
is [1244].

2.4.1.2 Cross-correlation of AGWB with LSS. In section 2.1.2.2 it has been dis-
cussed that the inhomogeneous distribution of sources and the line-of-sight effects accu-
mulated during propagation contribute to the anisotropies of the AGWB. These intrinsic
anisotropies are generated by the primordial perturbations in the Universe on large angular
scales, and therefore constitute a tracer of the LSS. This implies that the cross-correlation
of the anisotropies of the AGWB with other tracers of the LSS, such as galaxy number
counts [510, 513, 521, 554, 1269, 1270], weak gravitational lensing [510, 513], CMB [543], and
CMB lensing [1271], could be very large in light of the common seeds of the perturbations
which generate the anisotropies of these signals.

It is possible indeed to characterize the anisotropies of the AGWB as a tracer of the
LSS by computing the redshift distribution, the bias, and the magnification bias of the
AGWB energy density, as shown in [511, 515, 516]. Among these three functions, the bias
is of particular interest, since it contains information about GW clustering, quantifying how
effectively the AGWB traces the overdensity of CDM. The analysis of the bias of the AGWB
could be complementary to the one of the anisotropies of the resolved GW sources discussed
in section 2.4.1.1. The bias of the AGWB energy density can be theoretically predicted
starting from the bias of the host galaxies as

bGW(z) =

∫
dθgal

dΩ̄GW
dzdθgal

bgal(z, θgal)
∫
dθgal

dΩ̄GW
dzdθgal

, (2.89)

where θgal is the key parameter describing the properties of the host galaxies. It could be the
star-formation rate ψ as in [1271], or the total stellar mass M⋆ as in [516]. In [516] an analog
expression for the bias has been given in terms of the mass function and the bias of the host
halos. Since the dominant contribution to AGWB anisotropies is given by the clustering term
[511, 513], even a measurement of the first few multipoles of the angular power spectrum can
yield informative constraints on bGW. The astrophysical implications of the cross-correlation
of the AGWB with other probes are discussed in section 3.10.6.

In addition, the cross-correlation of the AGWB with other LSS probes could play a
crucial role in the detection of the anisotropies. As discussed in section 2.1.2.2, the shot noise
and instrumental noise make the direct measurement of the anisotropies very challenging
with current standard techniques. However, cross-correlating the GWB with other LSS
tracers [510, 513, 521, 543, 554, 1269–1271], could help increasing the SNR by a significative
factor. Thus, the cross-correlation with electromagnetic probes represents one of the best
tools to detect GWB anisotropies with ET, if used together with the multi-frequency analysis
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of the anisotropies discussed in section 2.1.2.2 or other data analysis techniques. Indeed,
even detecting the first few multipoles of the cross-correlation angular power spectrum would
provide insights into the aforementioned underlying astrophysical and cosmological processes.

2.4.2 Cross-correlation of AGWB with CMB

Cross-correlations of GW and CMB anisotropies are an important probe for characterising
the GW background and possibly disentangling its various components (e.g., the cosmological
versus astrophysical contributions). The two backgrounds are indeed affected by the same
large-scale (scalar and tensor) perturbations, both at production and during propagation
through the Universe towards the Earth [505, 517–519, 531, 533–540, 542–544]. An overview
of GW background anisotropies and their properties in the context of different early Universe
scenarios can be found in section 2.1.2.1.

As discussed before, a possible source of anisotropies for the GW signal comes from the
distribution of GW sources in the sky. Astrophysical GWs events, in fact, are expected to be
hosted in galaxies, whose distribution follows the underlying dark matter one. Hence such
sources reside in the large-scale gravitational potentials. Among the different anisotropies
imprinted on the CMB signal, instead, the relevant one for the cross-correlation with GW
sources is the late-times integrated Sachs-Wolfe effect [1272]. This effect arises from the evo-
lution of gravitational potential in times: the energy of a photon going trough the potential
is changed leaving an imprint on the CMB signal. The cumulative change of energy during
the photon path in the dark-energy era gives rise to the late-Integrated Sachs-Wolfe (ISW)
effect. This is not only a late-time effect but happens to be also relevant on the largest scales.
The physical explanation for the cross-correlation, hence, becomes clear: the large-scale grav-
itational potential giving rise to the late-ISW are the same potentials hosting GW sources,
hence tracing their distribution in the sky. The dominant contribution to the GWxCMB
cross-correlation is thus expected from the density anisotropies of the former with the ISW
of the latter.

The cross-correlation between GW and the CMB could also provide a complementary
way to constrain primordial non-Gaussianity. As first shown by [1273–1275], the presence of
local non-Gaussianities induces an additional scale-dependent term in the bias of the tracer
considered. This correction affects the density term in (2.23), being the only one proportional
to the GW bias [511, 516]. The scale dependence scales as 1/k2, hence it dominates on the
largest scales. As explained above, on those scales the cross-correlation of GWs and the CMB
is expected to be important and hence to be affected by the presence of non-Gaussianities,
suffering of an enhancement or a suppression which can be probed by 3G detectors [541].

2.4.3 Probing LSS with GWs alone

The study of the LSS of the Universe is performed by constructing a two-point correlation
function of galaxies, which describes their clustering properties at large scales (≳ 10 Mpc).
These studies are usually performed using galaxy catalogues constructed from large EM sur-
veys. One result of these studies is the identification of the Baryon Acoustic Oscillation
(BAO) peak at ≈ 100 h−1Mpc, which puts constraints on the density parameter Ωm0 of the
cosmological model and on the equation of state of dark energy models. We expect that
the 3D localization of coalescing compact binaries could serve as another probe providing
complementary information, as these compact objects trace the underlying DM distribution
in a possibly different way than the luminous matter of galaxies does, due to the astrophys-
ical processes leading up to the formation of CBCs. This discrepancy is quantified by the
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Figure 2.36: Left: Recovery distributions of the GW bias bGW correspond to the injected
values [1276]. These results are for simulated BBH observations at a redshift z = 0.5 (shell
thickness 350h−1 Mpc) and with 10 years of observation by a worldwide ET+2CE network
(ET 10 km ∆ + CE 40 km US + CE 40 km Australia). Right: Recovery of the angular
two-point correlation function w(θ) reveals the BAO peak at the injected angular scale,
θ = 6.9◦ [1277]. These results are for simulated BNS observations at redshift z = 0.3 (shell
thickness 150h−1 Mpc) observed by the same detector network and over similar observation
times.

clustering bias. Compact binary source localizations thus probe the GW bias bGW, which
is inherently different from the galaxy bias bgal probed by luminous matter distribution.
One should note that bGW is potentially dependent on redshift as well as the astrophysical
environment for compact binary formation and merger. It goes without saying that GW
observations are needed to probe the GW bias. Earlier in this section, we have discussed
the prospects of measuring bGW using a combination of GW and EM tracers. It is worth
exploring the possibility of measurement of bGW using GW probes alone.

The proposed paradigm comes with certain challenges. Firstly, instead of point-like ob-
jects, the new method has to deal with extended GW detection volumes, which are currently
of the same size or larger than the clustering scale itself. Secondly, the current GW detection
rates are too low to perform this kind of statistical analysis. Hence, this endeavor requires
a new detector network with enhanced sensitivity. Einstein Telescope and the 3G detector
network in general open up the unique prospect of probing the LSS of the universe using
GW alone.

Using third-generation ground based detectors consisting of ET and CE, we expect to
detect thousands of mergers per year with sky localization areas within a square degree. It has
been shown that with 5 to 10 years of observation time with such a network, we can extract the
clustering bias of the BBH population [1276] (figure 2.36, left panel). In that same observation
time, it is possible to detect the BAO peak solely from GW observations [1277] (figure 2.36,
right panel). This reconstruction constrains the value of H0. Therefore, the separate galaxy
and GW measurements of BAO peak are complementary to each other, and combining their
data will enable us to constrain cosmological parameters using a standard ruler, i.e. the BAO
scale [1278]. The results of these preliminary studies are the first indications that there are
indeed prospects in probing the LSS with GW alone and more-realistic follow-up studies are
in order.

Another method for probing LSS with third-generation GW observatories is by lever-
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aging its impact on the event rate of BBHs and other CBCs [1279]. In particular, the rate of
high-redshift BBHs is a sensitive tracer of the abundance of low-mass dark matter halos that
form at early times. Measuring this rate therefore allows us to test for suppression in the
matter power spectrum on small scales compared to ΛCDM, as predicted by various alter-
natives, such as warm dark matter, fuzzy dark matter, and interacting dark matter [1280].
Ref. [1279] found that a 3G network composed by ET+2CE could improve current constraints
on these dark matter alternatives by as much as two orders of magnitude.

2.5 Executive summary

Here we summarize the advancements that ET will bring in Cosmology, in comparison to the
current state of the art, specifically emphasizing the distinct features that the ET will allow
us to explore. The following are the major areas where ET’s capabilities surpass the current
generation of GWs detectors:

Early Universe Cosmology with Einstein Telescope

• Gravitational Wave Background (GWB)

– Sensitivity: Einstein Telescope will provide a strain sensitivity improve-
ment of up to a factor of 10 compared to Advanced LIGO-Virgo, achieving

a targeted sensitivity of S
1/2
h (f) ≃ 10−24 Hz−1/2 at 10 Hz and a broader

frequency range extending down to 3 − 5 Hz, compared to the ∼ 10 − 20
Hz lower limit of current detectors (see figure 9.5 for a plot of the strain
sensitivity in different configurations). This expanded range will allow ET
to capture more sources and trace features of the GWB that are inaccessible
today.

– Detailed Study of GWB Components: With its enhanced sensitivity
and wider frequency range, ET will be able to:

∗ Cosmological GWB: Detect the CGWB with a sensitivity reaching
energy density values of ΩGW ∼ 10−12, allowing us to probe early
Universe events like inflation, phase transitions, and cosmic strings.

∗ Astrophysical GWB: Extract astrophysical population properties
more precisely, tracing large-scale structures with better sensitivity.

– Anisotropies and Parity violation: with its improved sensitivity and
new layout ET will have better resolution to probe anisotropies of the GWB,
and will be also sensitive to chiral GWBs, which are indicators of new early
Universe physics.

• Inflation, Phase Transitions and Cosmic Strings

– Inflation: ET is expected to be sensitive to GWs originating from in-
flationary models beyond standard single-field slow roll and from multifield
models, providing an opportunity to test fundamental physics and the pres-
ence of extra field in the early Universe.

– First-Order Phase Transitions (PTs): ET is expected to be sensitive
to gravitational waves originating from PTs, with an observable energy
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density ΩGW potentially as low as 10−11 for strong PTs at temperatures of
∼ 103 GeV, corresponding to earlier epochs of the primordial Universe with
respect to those probed by LISA.

– Cosmic Strings: ET will probe local string networks with tensions as low
as Gµ ∼ 10−18, which is an improvement of several orders of magnitude
compared to existing bounds (Gµ ≳ 10−10 from current PTA experiments).

Late Universe Cosmology with Einstein Telescope

• Cosmography and Cosmological Parameters

– Bright Sirens: ET will detect hundreds of bright standard siren events
(neutron star mergers with kilonovae/short GRB counterparts) per year,
allowing direct measurements of the Hubble constant H0 with sub-percent
precision.

– Dark Sirens: For dark sirens (BBHs without EM counterparts), ET will
utilize galaxy catalog information, or correlation with the mass function,
to statistically infer redshifts, enabling a ∼ 10% determination of H0 and
other cosmological parameters.

– Distance-Redshift Relation: The precision in measuring the distance-
redshift relation will enable model-independent tests of the expansion his-
tory of the Universe, addressing current tensions in H0 measurements.

• Modified Gravity and New Physics

– Gravitational Wave Propagation: The ability to compare GW and EM
luminosity distances will allow ET to test deviations in GW propagation
that might arise from modifications to General Relativity, potentially de-
tecting differences of order 10−2.

– Cosmic Dipole and H0 Tensions: ET will also contribute to resolving
cosmic dipole discrepancies by comparing dipoles in the GW and EM sec-
tors with a precision that is unachievable with current second-generation
detectors.

• Detection of Individual Cosmological Events

– Gravitational Wave Bursts from Cosmic Strings: ET will be capable
of detecting GW bursts from cosmic string cusps if Gµ ∼ 10−11, while
non-detection could constrain Gµ below this level for different string loop
models.

– Primordial Black Holes: With its improved sensitivity, ET could detect
signatures from PBH mergers, originating not only from inflationary mech-
anisms but also from domain walls or phase transition. In this way, it will
allow to shed light on Dark Matter.
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– Ultralight dark matter: ET will probe the existence of scalar or vector
ultralight dark matter, that can form clouds around spinning black holes.

Einstein Telescope will provide a significant step forward in our ability to study our
early and late Universe. It will offer deeper insight into processes occurring at high
redshifts and across a broader range of frequencies than ever before, making it an
essential tool in the pursuit of our understanding of cosmology.
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3 Population studies and astrophysical background

The first detection of gravitational waves (GWs) in 2015 is often compared to Galileo’s first
astronomical observation with an optical telescope. Moving from LIGO-Virgo-KAGRA to
the Einstein Telescope (ET) and Cosmic Explorer marks an equally transformative leap,
comparable to advancing from Galileo’s crude instrument to the James Webb Space Tele-
scope, which now reveals the cosmos in unparalleled detail. ET will observe approximately
105 binary black hole (BBH) and 104−105 binary neutron star (BNS) mergers every year, up
to a redshift of 100, and for a few thousand BBH events per year and several tens to O(102)
BNS per year, the signal-to-noise ratio will exceed 100 [16, 1098]. With such capabilities,
ET will unveil the mass function and spin distribution of BHs and neutron stars (NSs) in
exquisite detail, allowing us to probe their evolution with redshift. While LIGO and Virgo
have already paved the way for studying intermediate-mass BHs (102 − 105M⊙) with GWs,
ET will observe systems with masses of ≈ 103M⊙ up to a redshift of ≈ 8, possibly via joint
multi-band observations with LISA, the first space-borne GW detector. This will be pivotal
for understanding the formation of supermassive black holes in the Universe.

At high redshift, Population III stars, the very first stars formed in the Universe, con-
tinue to elude our observations, even with the James Webb Space Telescope. The Einstein
Telescope will routinely observe mergers of black holes born from Population III stars, with
the main challenge being distinguishing such high-redshift messengers from other events.
The individual observation of a binary BH merger at redshift ≳ 30, or of a sub-solar mass
non-tidally deformable object would be a smoking gun for the existence of primordial black
holes, with profound implications for our understanding of dark matter. This will ultimately
pave the way for interpreting the formation channels of binary compact object mergers.

3.1 Introduction: formation channels of binary compact objects

After three observation runs, the LVK detected ∼ 100 compact binary coalescences (CBCs,
[6]), a number that may double or triple by the end of the ongoing fourth observation run. The
number of detected CBCs enabled the scientific community to start placing constraints on the
properties of the underlying population of compact objects. Nonetheless, the origin of CBCs is
still unknown and widely debated. Broadly speaking, we can distinguish two main formation
channels: the isolated channel, according to which compact binaries are the byproduct of
binary stellar evolution; and the dynamical channel, in which compact binaries — or their
progenitors — pair up through gravitational interactions in dense stellar environments. ET
will contribute key improvements to reveal the formation channels and distinguish between
them, for example through golden (high SNR) events that will pin down properties currently
difficult to measure like spin, as well as through multidimensional constraints, such as the
redshift dependence of masses and spins. Here below, we discuss this in detail.

3.1.1 Isolated channel: compact binary mergers from pairs and multiples in
galactic fields

3.1.1.1 Binary evolution with mass transfer. For most close binaries, it can become
unavoidable for the two stars to interact at some point during their life to eventually form a
GW source. A circular binary with two compact objects can only experience a merger due to
GW emission within a Hubble time if the orbital separation is less than a few solar radii (for
NS+NS) to less than several tens of solar radii (for BH+BH) [1281]. However, the radius
of their progenitor stars is already larger than a few solar radii at birth, and easily reaches
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tens to hundreds of solar radii during the giant phases. For that reason, the story of the
formation of GW sources in stellar binaries is one of stellar interactions and mass transfer.

A mass transfer phase strongly affects the stellar components (i.e., their masses and
mass ratio, their spin properties), as well as the orbital separation, and consequently the
delay time (i.e. the time elapsed from binary formation down to the merger). Progenitors
of CBCs typically undergo two mass transfer interactions: a first one in which the initially
most massive (primary) star is stripped of its hydrogen envelope, and the second one where
the companion star is stripped. If the process occurs in a self-regulating manner, it is re-
ferred to as “stable mass transfer”, while “unstable mass transfer” is often assumed to lead
to a common-envelope (CE) phase [1282–1285]. Interestingly, the process of stable and un-
stable mass transfer affects the system in different ways, leaving different imprints on the
system. These imprints provide us with a wonderful opportunity to distinguish between (or
potentially determine the) GW progenitors from the source properties. Here we mention
the two main channels in binary evolution with mass transfer and discuss the corresponding
source properties. Other channels likely make up only a few per cent of the total yield (e.g.,
[1286, 1287]).

Common envelope channel. A well-known evolutionary pathway is the common-envelope
channel (hereafter CE channel: an example is given in figure 3.1, left). This channel leads
to plenty of BBH mergers [1288, 1289], BHNS mergers [1286, 1290, 1291], as well as BNS
mergers [1290, 1292–1294]. Initially on the zero-age main-sequence (ZAMS), the stars are
not interacting (stage 1). After expanding, the primary star fills its Roche lobe and the
first phase of mass transfer commences (stage 2). It proceeds in a stable manner, typically
leading to widening of the orbit. The donor star is slowly stripped of its envelope, and at the
end of its nuclear evolution, it will collapse to a compact object (i.e. BH or NS) at stage 3
(see also section 3.3.3.1). The next stage in the channel is driven by the evolution of the
secondary star, leading to a second phase of mass transfer at stage 4 (see also section 3.4.1).
For this channel, the second phase of mass transfer occurs in an unstable manner due to
the extreme mass ratio and the response of the donor to mass loss, and a common-envelope
phase is expected to develop. The name of the channel is derived from this second phase of
mass transfer. During the common-envelope phase, the companion plunges into the envelope
of the secondary star, and continues spiraling in due to friction. A merger is avoided if and
when the envelope becomes unbound and is ejected from the system. The remaining binary
has a much reduced orbital separation. In case of BHNS and NSNS formation, the secondary
star may fill its Roche lobe a second time as a hydrogen-poor helium-star (i.e. case BB Roche
Lobe Overflow), before collapsing to a NS. At stage 5, the system consists of two compact
objects in a close orbit. Due to GW emission, the orbit shrinks further, eventually leading
to a double compact object merger (stage 6).

Stable mass transfer channel. The stable mass transfer channel differs from the CE channel
in only one key aspect [1291, 1295–1297]; the second phase of mass transfer (stage 4) does
not lead to a CE-phase, but in fact the mass transfer is self-regulating and therefore proceeds
in a stable manner (stage 4 in figure 3.1).

It is important to realise that in order to form a GW merger, this second phase of mass
transfer should lead to a shrinkage of the orbit. This occurs for those systems that have
relatively high mass ratios (i.e. the secondary star is more massive than the compact object)
and that experience relatively large angular momentum loss compared to their mass loss, as
expected for a BH accretor. As the compact object binaries tend to be wider at formation
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Stage  
1

2

3

Figure 3.1: Evolutionary pathways to form a GW source for isolated binary evolution. Left:
the common-envelope channel and the stable mass transfer channel. Stage 1) Zero-Age-Main-
Sequence (ZAMS) 2) First phase of mass transfer 3) Formation of BH or NS 4) Second phase
of mass transfer 5) Formation of double compact object 6) GW merger. Right: chemically
homogeneous evolution. Stage 1) ZAMS 2) Formation of binary BH 3) GW merger.

(stage 4 in figure 3.1) than for the classical CE-channel, the stable channel typically leads to
GW events with longer time delays [1298, 1299].

GW signatures. As the GW sources from isolated binary evolution can be formed through
multiple sub-channels (e.g., CE channel and stable mass transfer channel), one can ask: what
is the relative contribution of each channel? Historically, binary evolution calculations have
found that the CE channel dominates the total merger rate [1287, 1300]. However, recently
there are indications that the contribution of the CE channel to the BBH merger rate may
have been overestimated [1301–1305]. These works suggest that the common envelope may
not be successfully ejected (stage 4 in figure 3.1) in many binaries, but instead lead to a
merger or to stable mass transfer. The level of mixture between the channels therefore
depends on the assumptions made when modeling binary evolution [1287, 1306, 1307].

ET can play an important role in distinguishing formation channels, since the intrinsic
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level of mixture is very likely redshift-dependent. As the stable channel typically leads to
binary compact objects with relatively wide orbits (see above), its GW sources have longer
delay times (tdelay ≳ 1Gyr) leading to merging in the local Universe. Correspondingly, binary
compact objects from the CE channel are born with more compact orbits, and merge with
shorter delay times (tdelay ≲ 1Gyr) and higher redshifts on average. It is found that the BBH
merger rate from isolated binary evolution is dominated by sources from the CE channel at
large redshifts, while in the local Universe the contributions from the CE and stable channel
are similar [1299, 1308].

In addition ET can put constraints on the physics of the CE phase that is poorly
understood [1284] by inferring from the merger rate the size of the post-CE orbits that
depends on the efficiency of the deposition of energy into the envelope, in particular for
BNS24 mergers [1309]. This is not possible with current instruments, given the limited
redshift coverage, even with the help of precise redshift determinations from electromagnetic
counterparts.

There are also correlations between the formation channel and the compact object
masses that ET can uncover. For example, the typical mass ratio of BBHs formed through the
stable mass transfer channel range between 0.6–0.8, whereas the CE channel provides sources
with a relative flat mass ratio distribution between25 0.2–1.0 [1290, 1291, 1298, 1299, 1310].
Similarly the mass ratio of BHNS (MNS/MBH) peaks at ∼ 0.3 for the stable channel, and
spans from 0.1 to 0.5 for the CE channel [1286, 1290]. In addition, there is a link between the
BH mass, the delay time and the formation channel of BBH mergers [1299, 1306, 1311, 1312].
The CE channel preferentially produces BHs with masses below about 30M⊙, while the stable
channel primarily forms systems with BH masses above 30M⊙. As BBH mergers from the
stable mass transfer channel typically merge with long delay times, mergers of massive BHs
are expected to predominantly occur at low redshifts and be relatively less common at higher
redshifts. This counter-intuitive result holds despite the fact that massive BHs are easier to
form at low metallicities which are more common at higher redshifts [1299, 1311, 1313].

3.1.1.2 Chemically homogeneous evolution (CHE). An example of non-mass-transfer
binary evolution is chemically homogeneous evolution [1314–1316]. In the context of GW
progenitors, the CHE scenario considers compact binaries that are near contact or even in
contact at the start of the hydrogen burning phase (see stage 1 in figure 3.1, right panel
[1317–1321]). In such binaries, tidal interaction will enforce rapid stellar rotation, which in
turn induces meridional currents in the radiative layers of the rotating star [1322–1324]. The
mixing currents prevent the build-up of a chemical gradient inside the star and keep the
star chemically homogeneous during most of the core hydrogen burning phase. Contrary to
classically evolving (i.e. slowly rotating) stars, chemically homogeneously evolving stars do
not experience significant expansion during the post-main-sequence phase. After the core
hydrogen burning phase ends, the stars will become helium-burning stars, before collapsing
to a black hole (stage 2). The binary black hole then merges due to GW emission (stage 3).

GW signatures. For the CHE scenario to produce mergers in a Hubble time, stellar winds
need to be weak, as is expected at low metallicity [1325, 1326]. The reason for this is threefold:
1) stellar winds cause a spin-down of the star which halts rotational mixing, 2) stellar winds
cause a widening of the orbit in which a tidally locked star has to spin down, 3) the widened

24It is advantageous to use BNS over BBH or NSBH, as the BNS merger yield is virtually independent of
metallicity [1290, 1291, 1293].

25The shape of the mass distribution depends on the CE efficiency [1290, 1298].
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orbit may be too wide to merge within a Hubble time due to GW emission alone. Therefore
we expect the CHE channel to take place only at low metallicities. In addition, as the wide
orbits give rise to long delay times, mergers at high redshifts are less likely to be observed for
this channel in comparison with the classical channels (e.g. [1308]). Lastly, naively one may
expect large effective spins from this channel due to the high rotational velocities required
for the stars. However, [1319] argues for moderate spins (∼0.4) due to stellar winds during
the Wolf-Rayet phase.

Other signatures that may be used to distinguish events from the CHE channel from
other channels are related to the expected masses. In the CHE channel, there is a strong pref-
erence for high mass black holes (≳ 25M⊙) as CHE is not effective for lower mass progenitors
[1327]. Therefore, it only produces binary black hole mergers, and not binary neutron star or
BH-NS mergers. Secondly, there is a preference for detecting events with nearly equal-mass
components [1318, 1319]. ET will thus be able to determine if a population of BBH with
these properties exists or not.

The CHE channel is competitive with the classical isolated binary evolutionary channel
with respect to rates [1318–1321] (see also section 3.2 for a discussion on rates and their
large uncertainties). In particular, ref. [1321] showed that the CHE channel may contribute
50-75% of all aLIGO BBH detections from isolated binary evolution. For the highest chirp
masses (Mchirp > 30M⊙), this percentage may be as high as 80%.

ET can also measure the effective inspiral spin parameter, χeff = (m1s⃗1 +m2s⃗2)/(m1 +
m2) · L̂, where s⃗1 and s⃗2 are the dimensionless spins of the two components, while L̂ is the
orbital angular momentum versor. For isolated binary evolution, at first sight it does not
strongly constrain the formation channels in isolated binary evolution. This is because the
effective spin is predominantly determined by the natal BH spin and the orientation of the
BH spins [1328, 1329]. If angular momentum is transported efficiently through the progen-
itor star, the resulting BH natal spin is low, as preferred by current-day GW observations
(e.g., [1330, 1331]). Low effective spin is also possible if the BH spins are misaligned. It is
possible to form GW sources with high spins in isolated binaries if the stellar angular momen-
tum transport is inefficient, or by increasing BH spins through accretion [1298, 1332–1334]
or through tidal interactions [1308, 1335–1337]. Interestingly, the latter implies a relation
between the effective spin and the redshift of the merger that should become visible with
third-generation instruments [1308]. The fraction of highly spinning BBHs from isolated bi-
nary evolution is expected to increase with redshift, as low metallicity stars experience less
wind mass loss and less radial expansion, enabling the formation of more compact binaries
with stronger tidal interaction and prompt GW mergers. At low redshift (z ∼ 0.5 i.e., in
the currently observable population) highly spinning BHs are expected to be dominated by
BHs formed through chemically homogeneous evolution. In addition, for low CE efficiencies
that translate to tighter post-CE orbits and more strongly spun up BHs, the highly spinning
BHs in the CE channel merge at high redshifts (z ∼ 2) close to the peak of the cosmic star
formation rate, but outside current detector horizons [1298]. The advent of third-generation
instruments would finally enable us to detect the redshift dependence of the intrinsically
highly spinning BBH population from isolated binaries. This would enable us to clearly
identify the population of BBHs that are of isolated origin.

3.1.1.3 Evolution in higher order systems. Observations of massive stars in the Milky
Way and the Magellanic Clouds suggest that their companion fraction is high; typically
massive stars not only have a stellar companion, but two or three companions [1338–1343].
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Figure 3.2: Evolutionary pathway to form GW sources a) according to the non-interacting
triple channel, b) in an interacting triple with a stellar merger in the inner binary. On the
left: Stage 1) ZAMS 2) Formation of triple BH 3) ZLK cycles and orbital dissipation 4) GW
merger. On the right: Stage 1) ZAMS 2) Stellar merger in the inner binary 3) Formation of
binary with a rejuvenated star 4) Various phases of mass transfer 5) Formation of binary BH
6) GW merger.

It is therefore interesting to ask if and how this may change the GW signatures compared
to isolated binary evolution. In the following section, we consider the evolution of small and
isolated stellar systems.

Non-interacting triples. If both the inner and outer orbit are sufficiently wide that mass
transfer will not take place, the stars evolve as if they were single stars. After a triple
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compact object has been formed, the system experiences strong three-body dynamical effects
such as von Zeipel-Lidov-Kozai cycles [1344–1346]. During these cycles, the eccentricity of
the inner binary can reach high values, which enhances the GW emission and can lead to a
merger [1347–1355]. The predicted BBH merger rate for this channel events is estimated at
∼ 0.5−5/yr/Gpc3 for solar metallicity and 25/yr/Gpc3 at low metallicity. Due to the strong
impact of supernova kicks, the rate for NSBH mergers is more uncertain, 10−4− 25/yr/Gpc3

[1354, 1355].

Interacting triples. When the orbits are closer, triples do experience mass transfer at some
point in their evolution (right column in figure 3.2, see [1356–1359]). The existence of a
tertiary star can lead to an earlier interaction in the inner binary, a merger of the inner
binary turning the triple into a binary system, or even multiple mergers in case of higher-
order systems. In a third of the triple systems, the tertiary plays a fundamental role in the
evolutionary pathway, leading to configurations that are not predicted for isolated binaries.
The predicted merger rate in this channel can reach 25 yr−1Gpc−3 (e.g. [1360]).

GW signatures. The GW signatures of these mergers are high eccentricity [1349, 1361] and
a mass ratio q-distribution that is significantly flatter than for isolated binary evolution or
for dense stellar clusters [1352, 1360, 1362, 1363]. Multiple mergers can produce masses in
the upper and lower mass-gap [1364–1368], see also section 3.3. Moreover, in triples with
chemically homogeneously evolving inner binary stars, commonly the third star will transfer
mass to the inner binary black hole [1363], possibly leading to “wet” mergers in which the
orbital decay is driven by gas drag instead of GW emission [1369]. Of particular interest
is the effect of triple stars on the effective spin of BBH mergers. Although complicated by
GR effects, many studies have found that, independently of their magnitude, the coupling of
triple dynamics with GW energy loss leads to misaligned spins and χeff ∼ 0 [1351, 1353, 1355,
1361, 1370–1373]. ET will be able to uncover a significant population of mergers originating
in triple systems (e.g., [1374]).

3.1.2 Dynamical channel: stellar systems as factories of merging compact ob-
jects

With densities much larger than galactic fields, star clusters represent ideal factories for
the production of dynamical CBCs. Theoretical models and observations generally gather
clusters into three main categories: open and young massive clusters, with typical masses in
the range 102−105M⊙ [1375], globular clusters (∼ 105−107M⊙) [1376], and nuclear clusters
(106 − 108M⊙) [1377]. A primary difference among different cluster types is the typical
density, which varies from < 104M⊙ pc−3 in open clusters [1375, 1378] and can reach extreme
densities of 108M⊙ pc−3 in the densest nuclear clusters [1379]. Additional differences pertain
to the possible presence of gas in young clusters, the development of multiple populations in
globular clusters, and the peculiar star formation history or the possible presence of a central
supermassive black hole in nuclear clusters.

Within the dynamical scenario, there is a large variety of processes that can lead to
the formation of CBCs, as we briefly describe in the following. The branching ratio of such
processes intrinsically depends on the binary properties and the cluster type and structure.

Dynamical formation in a star cluster is expected to be more effective for BBHs than for
both BNSs and NSBHs, because BHs dominate the dynamics in the cluster central regions,
preventing the segregation of NSs and their progenitors and suppressing their interaction
rate.
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As the star cluster evolution proceeds, though, BHs are slowly evacuated from the
cluster in what is called the BH burning process [1380]. As the number of BHs diminishes, the
probability for NSs to interact with other BHs and among each other increases. Therefore,
theoretical models predict that the number of NSBH and BNS mergers with a dynamical
origin is much smaller than that of BBHs, and their occurrence requires that the host cluster
lost a significant fraction of its original BH population [1381–1385].

Despite their rarity, a subpopulation of dynamical NSBH mergers may exhibit charac-
teristic features that differentiate them from the isolated ones. These include BHs heavier
than 10M⊙ [1383, 1386], a chirp mass > 4M⊙ [1384], the absence of an electromagnetic
counterpart [1384, 1387, 1388], and longer delay times, with most of them likely forming over
a cluster relaxation time [1382, 1386].

BNS mergers are even rarer than NSBH and their occurrence in star clusters is expected
to be several orders of magnitudes smaller than in the field [1382, 1389]. Given their rarity,
it is also unclear whether dynamical BNS mergers can exhibit distinctive features compared
to those forming in galactic fields [1383, 1390]. Most likely, the only way to infer a dynamical
origin is via the association of the resulting EM counterpart with a dense cluster.

Moreover, the low detection rate of both BNS and NSBH by current ground-based detec-
tors, alongside with the limited number of BNS detected through other means of observation,
make it hard to assess the existence of a “lower mass-gap” separating NSs and BHs, in the
mass range 2− 5M⊙. In this sense, the recent discovery of a CBC by the LVK Collaboration
involving a NS and an object with a mass in the 2.5 − 4.5M⊙ [1391] could make the case
for a dynamical origin [1383, 1390, 1392] or push new studies to explore more some poorly
understood mechanism of stellar evolution, like the common envelope physics [1393].

But, how can CBCs form in star clusters and merge within a Hubble time?

Primordial binaries. The simplest way to form CBCs in a star cluster is from the evolution
of binary stars already paired at birth, the so-called “primordial binaries”. Observations of
stellar nurseries and young star clusters suggest that up to 50−70% (and even 100% in some
extreme cases) of stars are born in binary systems and higher-order multiples [1339, 1340].
The binary fraction seems to increase with the primary mass [1339], thus suggesting that
many, if not all, compact object progenitors may have been part of a “primordial” binary.

At the simplest level, the binary star can evolve into a CBC via stellar evolution making
it indistinguishable from the same binary evolving in isolation. If, however, the timescale
for binary–single stellar interactions is shorter than the binary delay time, the perturbations
induced by stellar flybys and close encounters on the orbit can significantly alter the binary
evolution, either shortening its merging time or delaying it, leading to a swap between an
interloper and one of the binary components, or causing its ionization.

Even in the extreme case that no stars are born in a binary system, there are several
ways to form CBCs via dynamics.

Gravitational wave captures. If the two CBC components, initially unbound, undergo a close
hyperbolic encounter, GWs emitted during the passage at pericentre (GW bremsstrahlung)
can carry away enough energy to bind the two objects. This process, called gravitational
wave capture, requires an environment with densities typical of galactic nuclei [1394, 1395]
and dense globular clusters [1396, 1397]. In this scenario, the pericentre distance between
the two objects must be so small that CBCs forming through this channel merge minutes
to hours after the interaction [1394]. Given their short formation time, their merger rate
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will directly follow the binary formation rate, which is expected to be in the range 0.2 − 150
Gpc−3 yr−1 [1398]. Up to 90% of mergers formed this way can retain an eccentricity e > 0.9
at 10 Hz [1394, 1399–1401].

Three-body binary formation. Another way to form tight binaries is via three-body binary
formation. In this case, three initially unbound objects find each other and closely interact
up to the point that two objects pair up and the third carries away the extra energy. The
timescale of this process is extremely sensitive to the cluster velocity dispersion, being ∝ σ9

[1402], and generally exceeds a Hubble time for the densest globular clusters and nuclear
clusters. Nonetheless, three-body binary formation represents a primary channel to build-up
hard binaries, i.e. binaries with a binding energy larger than the average kinetic energy of the
environment, containing at least one compact remnant [1403, 1404], but see also [1405]. Such
binaries can either merge outside the cluster or harden via binary–single and binary–binary
interactions.

Binary–single interactions. If the cluster harbours a population of binaries, either primor-
dial or formed via three-body interactions (see paragraph above), CBCs can form through
interactions between the binary and a third compact object (binary–single interactions) de-
pending on the binary dynamical status (i.e. if it is hard or soft) and the star cluster structure
and evolution [1406, 1407]. This type of interaction can account for up to 20 − 70% of all
mergers occurring in Galactic nuclei [1408], and is a primary mechanism for forming CBCs
with large eccentricity (e.g., [1407, 1409–1411]) or with at least one component in the lower
or upper mass gap by triggering the merger of the inner binary system [1412–1414].

When the distance between a binary and an incoming third body falls below a few times
the binary semimajor axis, the three bodies can undergo a so-called resonant interaction, a
chaotic phase during which the three bodies pair up and exchange continuously (e.g., [1415–
1417]). This process proceeds up to the point in which one of the objects, generally the least
massive, is expelled and the other two form a hard binary [1381, 1384, 1411, 1417, 1418].

Gas-driven dynamics. Star clusters rich in gas, such as embedded open clusters or young
massive clusters, can nurture the development of CBCs as the gaseous medium can alter the
orbit of a binary, for example by inducing a dynamical friction term on the components that
shrinks the binary and can enhance the probability for the binary to merge within a Hubble
time [1419].

Gas-driven CBC formation can also occur in the dense disks that surround AGNs [1420–
1422]. In such extreme environments, the disk can dissipate the orbital energy of compact
objects passing through its medium and capture them, thus their orbits settle in the plane
of the disk and undergo inward migration that steepens the radial density profile around the
SMBH [1423]. The aforementioned process acts faster than relaxation in AGN disks, and can
nurture the formation of CBCs in the plane of the disk aided by a combination of gaseous
accretion, gas dynamical friction, and stellar scattering [1398, 1421].

In the case of BBHs, it has been suggested that mergers occurring in an AGN can power
an EM counterpart [1424]. GW190521, the first GW source to produce a final mass in the
intermediate-mass black hole (IMBH) range (∼ 150M⊙) [1425], has been associated with a
high-energy transient detected by the Zwicky Transient Facility [1191], although it is rather
hard to assess whether this association can be robustly confirmed [1192].

Secular mechanisms. Secular effects generally develop when the binary is perturbed by a
third object or a series of close passages by different objects. Depending on the perturber
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orbital properties, the binary can undergo Kozai-Lidov oscillations [1345, 1346], a mechanism
that could boost the merger probability of CBCs in dense clusters [1426–1428] and galactic
nuclei [1429–1434]. Weak perturbations acting on soft binaries in loose star clusters, for
example, can induce a steady increase of the binary eccentricity on a timescale shorter than
the binary evaporation time, up to the point that the binary coalescence occurs within a
Hubble time [1435, 1436].

3.1.3 Properties of dynamical CBCs

Dynamical CBCs exhibit peculiar properties, some of which may be unique marks of this
formation channel, as we briefly discuss in the following.

3.1.3.1 Eccentricity of dynamical CBCs. Several works have pointed out that orbital
eccentricity may represent a key parameter to identify dynamical CBCs, as according to
most stellar evolution theories, isolated CBCs are expected to circularise before reaching the
Hz frequency band [1437]. Moreover, eccentricity could be used to untangle the population
of mergers occurring after their ejection or inside a cluster, either triggered by repeated
interactions or owing to hierarchical secular dynamics [1410, 1427, 1438–1440]. In general,
we expect that in-cluster mergers are more eccentric than mergers occurring after the ejection
of the CBC from the parent cluster [1438, 1439].

The different eccentricity distribution for in-cluster and ejected mergers may be particu-
larly evident in the 1–10 Hz frequency band. In-cluster mergers forming from three-body and
binary–single interactions have typical eccentricity in the 10−4 − 10−2, whilst those forming
from GW captures have very high eccentricities, > 0.9, and merge on timescales of days or
years. In the case of ejected binaries, instead, their eccentricity may be too small < 10−5

to be accurately measured in the 1 − 10 Hz band, and a detector sensitive at lower frequen-
cies could be more suited to detect them. In these regards, the possibility to access the
0.001 − 0.1 frequency band, for example with LISA, DECIGO, or the LGWA, could enable
us to observe the eccentricity evolution of the binary weeks to months prior to the merger,
helping us to place constrain on the origin of stellar mass CBCs. However, particular atten-
tion is needed when modeling the signal, owing to the spin precession-eccentricity degeneracy
[1441, and reference therein], which can significantly hinder eccentricity measurements (e.g.,
[1441–1443]).

3.1.3.2 Stellar interactions, hierarchical mergers, and spins. A binary traveling in a
stellar environment is subjected to continuous binary–single interactions that can impart on
its motion a Newtonian recoil and remove part of the binary orbital energy. As a consequence,
the binary progressively shrinks (hardening process), making the new interactions rarer but
more violent. At some point, GW emission takes over and drives the binary to coalescence
inside the cluster, provided that the binary shrinking rate due to GWs is larger than the
binary–single interaction rate. Otherwise, a new interaction can, on the one hand, increase
the binary eccentricity and possibly trigger a rapid GW coalescence, and, on the other hand,
transfer enough kinetic energy to expel the binary, which then will merge outside the cluster.

Using the population synthesis code B-Pop [1444], we show in figure 3.3 how the frac-
tion of in-cluster mergers varies with the cluster escape velocity, calculated at the time of
the binary merger for different assumptions about the initial binary semimajor axis distribu-
tion. Specifically, we either assume a Gaussian distribution peaked around the hard-binary
separation [1417] with dispersion σa = 0.1, 0.3, or a flat distribution between 0.1-0.2 AU
[1396]. B-Pop models are compared against direct N -body [1440, 1445] and Monte Carlo
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Figure 3.3: Left panel: Fraction of BBHs that merge inside the cluster for different assump-
tions about the binary semimajor axis sampling: assuming a Gaussian distribution peaked
around the hard binary separation with σa = 0.1 (purple straight line), or with σa = 0.3
(blue dashed line), or following the assumption of [1396], i.e. that a is distributed between
0.1 − 0.2 AU according to a flat distribution. Shaded areas encompass the Poissonian error
associated with the samples. The points represent data from self-consistent N -body and
Monte Carlo simulations of star clusters. Right panel: distribution of merger generation for
different cluster types. All models are performed with the B-Pop population synthesis tool
[1444].

simulations [1410]. Note that for all the simulation database considered, the fraction of in-
situ merger is calculated taking into account only dynamically assembled binaries, and the
range of simulated velocity dispersion is shown, generally limited to within a factor of a few
from the average value. Despite B-Pop relies on an approximated method to simulate BBH
mergers, their results agree surprisingly well with both few-body and self-consistent simula-
tion of star clusters. In general, it is evident that the fraction of in-cluster mergers sensibly
increases with the cluster escape velocity, especially in the case of tight BBHs [1397, 1446–
1449]. This aspect can have crucial implications for the development of multiple mergers and
the formation of higher-generation BHs, as we discuss in the next section.

Asymmetries in the emitted GW signal impart a relativistic kick on the merger rem-
nant [1450–1452]. If the amplitude of such recoil is smaller than the cluster escape velocity,
the remnant can remain in the cluster and merge again, leaving behind a second-generation
remnant. The development of repeated mergers is usually referred to as the hierarchical
merger mechanism [1406]. Relativistic kicks can be as large as 104 km s−1, therefore hi-
erarchical mergers are expected to develop only in the most massive and dense star clus-
ters [1397, 1406, 1444, 1453–1462], especially because the escape velocity of star clusters
decreases over time owing to relaxation processes, which cause mass-loss and expansion
[1444, 1458, 1463].

Higher-generation BHs are expected to be characterised by clearly different spins com-
pared to first-generation mergers. For example, second-generation mergers are expected to
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have spin distribution tightly peaked around χ ∼ 0.7 [1464–1466]. The ability to identify
a second-generation merger thus depends on the natal spin distribution of their progeni-
tors [1444, 1467, 1468]. For higher generation remnants, instead, the older the generation
the smaller the spin [1454, 1469]. Higher generation merger remnants also feature typical
precessing spin values χp = 0.5 − 0.8, which are hardly achievable with isolated and 1st
generation mergers [301, 1458, 1470, 1471].

The mass, spin, and generation of a hierarchical merger product encode information
about the host cluster and the properties of the previous chain of mergers. For example,
the GW recoil is generally smaller if the merging components have small spins, therefore the
development of a long merger chain requires a natal spin distribution that favors low spins
[1397, 1448]. The amplitude of the kick requires a host environment with a large escape
velocity, generally > 100 km s−1, thus favoring dense and massive globular and nuclear
clusters as preferred environments for higher generation merger products [1444, 1446, 1459,
1469, 1472].

The hierarchical merger mechanism represents a viable way to form IMBHs (see section
3.8 and references therein) and BHs in the upper mass gap [1403, 1406, 1414, 1440, 1455,
1456, 1460, 1473–1476]. Upper mass-gap BHs can also form via stellar evolution under par-
ticular conditions [1477–1480] or via stellar collisions [1311, 1414, 1440, 1481–1483]. Mergers
involving upper mass-gap BHs can thus carry information about their formation origin. Pre-
cise measurements of masses and spins could help untangle different formation channels for
mergers involving one or two BHs with masses in the gap. In this sense, at masses below
O(500M⊙) ET will enable to place stringent constraints on the primary spin, chirp mass,
location and distance [16, 72, 1098, 1104, 1484, 1485], offering a unique opportunity to infer
the origin of mergers with one or both components in the upper mass gap.

3.1.4 Fingerprints of different formation channels

As we have seen in the previous sections, CBCs forming from the isolated and dynamical
channels exhibit some peculiar features that could be used to infer the contribution of different
channels to the cosmic population of CBCs [301, 1444, 1486]. With the prospective detection
of 105 BBH and BNS events per year [16, 1098], it will be possible to characterise in detail
the impact of the isolated and dynamical channels on the formation of CBCs. This can be
achieved by constraining crucial quantities like merger rates, redshift dependencies, masses
and spins of merging CBCs.

Merger rates are highly uncertain, as they depend on the cosmic star formation history,
the metallicity evolution, and the star cluster formation process. Isolated binary models
predict a BBH merger-rate density R ∼ (0.5 − 5, 000) yr−1Gpc−3 at redshift z ≲ 1, while
dynamical models suggest R ∼ (10−3 − 102) yr−1Gpc−3 (for a comprehensive discussion
about rates from different channels, see [1398, 1487]). A similar difference in the expected
merger rates is also estimated for BHNS mergers, while for BNS most models suggest that
isolated mergers outnumber dynamical mergers by one order of magnitude, despite the large
uncertainties [1487]. Note that the upper limits to theoretical predictions are already in
tension with the local merger-rate densities inferred from LVK data [7]. See also section 3.2
for further details about CBC merger rates. With ET, we will be able to verify the possible
evolution with redshift of the merger rate [7] and other quantities, like the median mass or
the primary mass of merging BBHs [1444, 1458, 1488], and their mass ratio [7].

The binary mass, primary mass, and mass ratio distributions can be diagnostic quan-
tities to unveil features from different channels. For example, mergers with large primary
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mass and low-mass ratios are most likely byproducts of dynamical processes [1382–1384, 1397,
1406, 1444, 1453–1455, 1455–1462], while isolated mergers predominantly favor the formation
of lower mass mergers [1286, 1311, 1393, 1489–1494], although uncertainties in binary stellar
evolution and pair-instability physics leave room for massive BH formation also through this
channel (e.g., [1310, 1495]).

Spin magnitude and alignment are other quantities that ET can accurately measure, at
least for the closest BBH mergers, to provide crucial insights about the unknown distribution
of BH natal spins and the origin of the merging binary, despite the large uncertainties in
stellar dynamics and evolution, and in the physics of stellar explosions (e.g., [1337, 1496–
1498]). Isolated BBHs are predicted to have mildly aligned spins, depending on the impact
of SN explosions on the binary orbit [1496, 1499, 1500], and the establishment of precessional
instabilities that can completely change the initial spin configuration (e.g., [1329, 1497]),
whilst dynamical BBHs should have randomly oriented spins, unless some effect efficiently
aligns them, e.g. like disk torques in AGN disks (e.g., [1501]).

Eccentricity probably represents the most representative parameter of the dynamical
channel. The isolated channel largely produces nearly circular mergers at f > 1 Hz. The
eccentricity of dynamically assembled CBCs, gravitational-wave captures, and hierarchical
triple systems, instead, can attain high values (e > 0.9) depending on the processes that
affected the binary evolution. ET can measure eccentricities above e > 0.01 with accuracy
at 1% level at redshift z ≲ 0.1 [16, 1502], making it possible to identify mergers coming from
high-energy dynamical interactions in dense star clusters, e.g. GW captures or collisions
from resonant interactions in dense star clusters, or from dynamics in isolated triples.

3.2 Merger rate density of CBC across cosmic time

A common metric of the capabilities of GW detectors for population studies, which demon-
strates the promise of next-generation detectors, is the fraction of the population that can
be detected above a certain signal-to-noise (SNR) threshold as a function of redshift. The
upgraded network of current detectors (Advanced LIGO, Advanced Virgo, and KAGRA with
sensitivity curves as shown in [1503]) will be able to detect complete population of stellar
BBH mergers with SNR ≥ 10 up to z ∼ 0.1 and only up to z ∼ 0.01 for the lower mass
BNS mergers [72, 1503]. Therefore, even the upgraded network of current GW detectors will
provide limited insight into the evolution of CBC properties through cosmic history. As we
discuss in this section, this dependence encodes valuable information about the formation
and evolution of stars and stellar multiples in environments very different from our cosmic
neighborhood. It also probes the cosmic history of star clusters and galaxies. In addition,
constraints on the evolution of the merger rate at redshifts z > 2 (above the peak of the
cosmic star formation history) may prove key to overcoming current degeneracies in the
astrophysical interpretation of the population properties of BBH mergers.

Although efforts are made to constrain the evolution of the CBC merger rate with
current telescopes through sources such as gamma-ray bursts, many challenges (such as un-
derstanding selection effects, source classes, and environments) limit our ability to constrain
the CBC merger rate even at small redshifts, let alone at z ≳ 2 [1487]. Such constraints can
be obtained with next generation GW detectors. Ref. [1098] estimates that ET alone can
detect 100% of the BBH (BNS) mergers with SNR ≥ 12 up to z = 1 (z = 0.2). For the
network of at least two next generation GW detectors, the complete BBH (BNS) population
can be detected up to z ≈ 2 (z ≈ 0.3) [72, 1098]. Moreover, more than 90% of the BBH
population can still be detected with SNR ≥ 12 out to z = 20. This redshift is more than a
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factor of two higher than that of the most distant known electromagnetic signal associated
with the formation of a stellar compact object [1504–1506] and further back in the history
of our Universe than any galaxy has ever been observed [1507]. ET will allow us to map the
BBH merger rate beyond the current limits on the onset of the cosmic star formation and
to access the unexplored epoch of the formation of the first stars and the first galaxies with
BBH mergers.

3.2.1 The key ingredients of compact binary coalescence rates

With the exception of primordial BH mergers (see section 3.6), CBCs detectable by ground-
based GW detectors originate from compact objects left over from the evolution of massive
stars (≳ 8M⊙). Given the short evolutionary timescales of such stars (a few 106 − 107 yr),
the formation rate of stellar BHs and NSs follows the overall cosmic star formation history.
However, only a small fraction of those compact objects evolve into observable CBC. Fur-
thermore, depending on the efficiency of the processes that bring the two compact objects to
merger (see section 3.1), these events can occur with a wide range of time delays, tdelay, with
respect to the formation of their progenitor stars. These delays can range from a few Myrs
to the age of the Universe THubble ∼ 14 Gyr. Consequently, the observable CBC population
contains a mixture of systems formed throughout the Universe: at different times, with dif-
ferent chemical compositions, and in very different environments. Both the birth chemical
composition and the environment in which stars evolve strongly influence the formation of
CBCs and their population properties.

Birth chemical composition leaves imprint on stellar afterlives (CBC properties). Metallic-
ity (i.e. the abundance of elements heavier than helium, Z) is a necessary initial condi-
tion for modeling the evolution of massive stars [1508] and stellar binaries/multiples, and
influences the properties of stellar-origin compact objects such as masses and spins. Espe-
cially important is the abundance of iron, which determines the mass loss in stellar winds
[1325, 1326, 1509–1511]. Iron-poor stars can end their lives as heavier black holes [1512],
whose mergers lead to stronger GW signals. Weaker wind mass loss reduces the amount
of angular momentum removed from the stars, possibly allowing the formation of compact
objects with higher spin magnitudes. Stellar winds also remove mass and angular momen-
tum from the system’s orbit, typically leading to wider binaries at higher metallicities. This
can change the type of interaction the binaries undergo later in their evolution, which has
a non-trivial effect on the formation of double compact objects and CBC rates. Metallic-
ity appears to be particularly important for the formation of mergers involving stellar BHs,
whose formation efficiency in isolated channels may be greatly enhanced at low metallic-
ity [1120, 1287, 1290, 1492–1494, 1513]. In addition, certain CBC formation scenarios (e.g.
chemically homogeneous evolution; see section 3.1.1.2) may operate exclusively for metal-
poor progenitors. Modeling the CBC population requires specifying the birth metallicity
distribution of the progenitor stars forming at different times.

Environment plays a crucial role in the formation of CBCs. Other differences in the environ-
ments in which stars evolve allow for unique merger formation channels [1514]) (see section
3.1). In sparse stellar environments (galactic field), CBC formation involves exchanges of
mass and angular momentum between stellar companions in isolated binary/multiple sys-
tems. In regions with a sufficiently high density of stars and compact objects, dynamical
effects can further influence the formation of CBCs. In the densest environments (e.g. glob-
ular/nuclear clusters), compact object binaries can efficiently assemble dynamically and pos-
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sibly undergo multiple mergers. Further differences in the CBC formation are expected in
the presence of gas (e.g. in AGN disks), or in the case of extremely metal-poor/metal-free
progenitors (see section 3.7). Therefore, modeling the CBC population requires specifying
the cosmic formation history of the progenitors in the considered type(s) of environment.

CBC population – a mixed bag of everything. The overall observable CBC population is
likely a superposition of subpopulations formed in multiple channels, whose relative contri-
butions are expected to vary over cosmic time. The resulting cosmic merger rate density for
a certain type of double compact objects (either BBH, BHNS or BNS binaries) is the sum
over the contributions from different environments:

Rmerger, DCO(tmerger) =
d2Nmerger, DCO

dtsdVc
(tmerger) =

=
∑

env

∫
dZ

∫ tmerger

0
dtdelay

(
dMSFR

dtformdVcdZ
(tform, Z)

)(i)

env

×
(
d2Nform,DCO

dMSFRdtdelay
(Z)

)(ii)

env

(3.1)

where ts is the time in the source frame of the merger, Vc is the comoving volume, tmerger =
tform + tdelay and Z stands for metallicity. The term (ii) in the second parenthesis describes
the intrinsic properties of the CBC populations. Specifically, d2Nform,DCO/dMSFRdtdelay is
the number of binary compact objects that form per unit stellar mass and merge per unit
delay time with tdelay < THubble. In general, term (ii) depends on the formation channel/en-
vironment (e.g. field, globular cluster with certain properties). We can call merger efficiency
the term ηform, DCO = dNform, DCO/dMSFR and delay time distribution (DTD) the term
DTD=dNform, DCO/dtdelay.

For a population of field stars formed with the same chemical composition, ηform and
the DTD depend on factors such as the fraction and initial parameters of stellar bina-
ries/multiples, their evolution and interactions (mass transfer, tides), core collapse physics
[1287, 1299, 1513, 1519, 1520]. For the CBC population formed in dense environments, the
initial cluster properties (density profile, mass, binary fraction) can override the effects of
stellar evolution on ηform and DTD [1463]. The term (i) in the first parenthesis of eq. (3.1)
describes the cosmic volume-averaged star formation rate density at a given time and metal-
licity that ends in the considered type of environment (section 3.2.2). Its role is to weight the
intrinsic population properties according to the chemical and star formation history repre-
sentative of that environment. Term (i) is sensitive to factors such as the chemical evolution
of galaxies, the physics of star formation and cluster formation history [1520].

The interpretation challenge. Many of the factors that go into the Rmerger, DCO calculation
are subject to large uncertainties. Taken together, this leads to a wide range of model
CBC rate predictions in the literature (see [1487] and references therein). Strikingly, these
predictions span a range that is orders of magnitude larger than the current GW-based
constraints on the local Rmerger. This is the case for all CBC types, but is particularly
striking for the BBH merger rate Rmerger,BBH, which is the best measured. The lower left
panel of figure 3.4 shows that the GW constraints already rule out most current models, which
tend to overestimate the Rmerger,BBH (especially when considering the possible contribution
from multiple formation channels). However, the astrophysical interpretation of this fact, and
hence the lesson to be learned from it, is unclear. The interpretation of these constraints is
challenging because, even when considering a single CBC formation channel, fSFR(Z, t) (term
i), ηform and DTD (term ii) degenerate into Rmerger. In particular, different combinations
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Figure 3.4: The key ingredients of compact binary coalescence rates. Top: star formation rate density (gray
- total, blue - at metallicity lower than in the Small Magellanic Cloud) as a function of redshift/lookback time,
spanned by observation-based fSFR(Z, t) models from [1515, 1516]. Solid and dashed black lines show variation
in the evolution of the low-metallicity Star Formation History (SFH) due to the uncertain high redshift
evolution in the number density of low-mass galaxies (nlowM,gal). The arrowheads indicate the predicted
range of redshifts for the peak of the star formation history in various types of environments and peak of the
AGN luminosity density. Middle: ηform and delay-time distribution (DTD) illustrative of merging BBH (black),
BHNS (turquoise) and BNS (brown) formed in isolated binary evolution channel. Thick lines: simplified main
trends found in the literature. Thin lines: ηform and DTD for example binary population synthesis model
variations from [1287] (left) and [1517] (right, normalised to the same value at peak) showing a diversity of
shapes. Bottom left: literature compilation of the local BBH Rmerger from [1487]. Bottom right: BBH Rmerger

redshift evolution examples normalised to the same local rate. Black dashed/solid lines - calculated using
fSFR(Z, t) variations corresponding to those shown as black dashed/solid lines in the top panel and the ηform
and DTD shown as black lines in the middle panel. Purple line - example BBH Rmerger for globular cluster
channel from [1518].

of modeling assumptions about terms (i) and (ii) and the relative contributions of merger
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formation channels operating in different environments can lead to similar Rmerger in the local
Universe. The accuracy of local Rmerger measurements for each type of CBC will continue to
improve with ongoing and future GW observations, narrowing the overall parameter space
of viable models. However, information on the redshift dimension is likely to be required to
resolve the degeneracies in the interpretation. The role of ET constraints on the CBC rate
in addressing this challenge is twofold:

• First, ET will provide joint constraints on the Rmerger of all BBH, NSBH and BNS out
to at least z ∼1, mapping the rate evolution for all CBCs over the bulk of the cosmic
history. This joint measurement is key: although BBH, BNS and BHNS are expected
to be sensitive to different modeling uncertainties (e.g. due to the mass dependence of
stellar evolution or the efficiency of dynamical merger formation), one must be able to
reproduce the Rmerger(z) of all three from the same metallicity dependent cosmic star
formation history.

• Second, ET will constrain the BBH merger rate well beyond the peak of the cosmic
star formation history, where the uncertain factors associated with the environment
(term (i)) are likely to dominate and lead to divergent Rmerger,BBH(z) predictions, and
they may affect the mass-specific rate even more strongly, see section 3.3 on mass
distribution. These factors, discussed further in the following subsection 3.2.2, could
potentially be constrained with the Einstein Telescope.

3.2.2 Part (i): cosmic star formation history as a function of metallicity and
environment

Each subsequent generation of stars forms with broadly different metallicities. Their exact
chemical composition depends on the complex interplay between the timing and metal yields
of enrichment events, the mixing of metals in the interstellar medium, metal-poor inflows
and metal-rich outflows. These processes shape the chemical evolution of individual galaxies.
Their combined evolution determines the metallicity dependent cosmic star formation history
fSFR(Z, t), which characterises term (i) in eq. (3.1) for stars in the field and young/open
clusters. The fraction of fSFR(Z, t) forming in massive bound clusters (the progenitors of
today’s globular clusters), and the properties of these clusters, are expected to vary with
the physical conditions in the local star-forming environment. Such factors further affect
term (i) in eq. (3.1) characterising CBC progenitor formation in dense environments. The
possibility of enhanced dynamical BBH merger formation in galactic nuclei (nuclear star
clusters, gaseous AGN disks) introduces yet another class of environments with uncertain
cosmic formation history. In principle, all environments characterised by different cosmic
star formation histories can leave a unique imprint on the redshift evolution of the BBH rate,
which can potentially be unravelled with future GW data.

3.2.2.1 Metallicity-dependent cosmic star formation history. Metallicity-dependent
cosmic star formation history can be derived by combining statistical galaxy properties con-
strained by galaxy surveys [1166, 1515, 1516, 1521, 1522] or extracted from cosmological
simulations of galaxy evolution [1523–1527]. Mixed approaches and simplified analytical pre-
scriptions for the birth metallicity distribution of stars normalised to the chosen cosmic SFH
are often used in the context of GW source population modeling (see [1520] for a recent
discussion and comparison of literature assumptions).

The limitations of current methods result in fSFR(Z, t) being particularly poorly con-
strained at low metallicity and high redshift (figure 3.4, top panel). Due to limited resolution,
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low-mass and starburst galaxies, which are crucial for low-metallicity star formation, are cur-
rently not accurately described in cosmological simulations. Many processes that are key to
chemical evolution (e.g. enrichment by different types of supernovae, feedback processes)
rely on prescriptions with poorly constrained parameters. Studies of the effects of such pa-
rameter choices in the full cosmological volume are limited by the high computational cost.
Empirical bounds on fSFR(Z, t) can be derived by combining observational distributions of
galaxy properties (star formation rate, gas phase metallicity, stellar mass) and number statis-
tics [1166, 1515, 1516, 1521, 1522]. These are increasingly incomplete at high redshift and
low mass, i.e. for typically metal-poor galaxies. Constraints on the gas-phase metallicity
are typically inferred from the oxygen abundances, which have large systematic uncertain-
ties [1528, 1529] that translate directly into the uncertainty in fSFR(Z, t) (see blue range in
figure 3.4, which is based on oxygen abundance measurements). These systematics are one
of the dominant factors driving the fSFR(Z, t) uncertainty at low redshifts. Furthermore, the
metallicity dependence of stellar evolution (and CBC formation) is thought to be primarily
driven by iron. While constraints on gas-phase oxygen abundances are rapidly becoming
available for much larger samples and redshifts, constraints on iron abundances in the star-
forming material are scarce and likely to remain a challenge. Consequently, oxygen is often
used as a proxy for iron abundance. However, the two elements are produced by sources
operating on different timescales and the link between them is not straightforward - failure
to account for that can lead to significant errors [1530].

The case for next generation GW detectors. Combined, the issues discussed above lead
to a wide range of observationally allowed fSFR(Z, t). This uncertainty cannot be ignored
when interpreting the GW-based CBC population constraints, as the assumed fSFR(Z, t) can
strongly affect the model CBC properties, especially Rmerger [1166, 1287, 1291, 1306, 1513,
1519, 1520, 1531, 1532]. This is particularly important for BBH mergers, where fSFR(Z, t)
alone can affect the local merger rate by more than an order of magnitude. If the strong
low-metallicity preference of the BBH ηform seen in isolated channels is correct (black line,
middle left panel in figure 3.4), the low-metallicity cosmic star formation history becomes
the determining factor for the high redshift Rmerger,BBH of such formed BBH mergers. This
part of the fSFR(Z, t) is shaped by the uncertain properties of low-mass and faint galaxies
[1516], which map to a distinct Rmerger,BBH evolution at redshifts >2 (compare the upper and
lower panels of the figure 3.4). Constraints in this regime will provide a potential new way,
complementary to electromagnetic observations, to study cosmic star formation, the early
(iron) enrichment history and the properties of low-mass galaxies in the reionisation epoch
[1520, 1533–1535].

Different types of mergers are expected to have a different ηform dependence on metal-
licity (figure 3.4, middle left panel), and hence their Rmerger(z) may probe different parts of
fSFR(Z, t). Given the exciting prospect that the properties of BBH mergers will be mapped
to z > 10 by the next generation GW detectors, these systems received the most attention
in the literature as probes of cosmic history. However, the interpretation of the redshift
evolution of BBH mergers is complicated by the potential competing contributions of dif-
ferent formation channels. This is less likely to be the case for mergers involving NS (see
section 3.1), where isolated binary evolution is thought to dominate [1487, 1514]. While
the GW constraints will not be available for the lower-mass BNS and BHNS at such high
redshifts as for BBH mergers, their Rmerger will be measured for most of cosmic history. Due
to the expected weak metallicity dependence of BNS formation, their Rmerger(z), modulo the
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effect of the DTD, is likely to track the total cosmic SFH (i.e. fSFR(Z, t) integrated over all
metallicities). BHNS formation is found to be enhanced at low metallicity, although less so
than BBH. This makes the relative rate of BNS and BHNS mergers another promising probe
of fSFR(Z, t) [1287, 1520].

3.2.2.2 Cluster formation history and properties. Both observational [1536–1538]
and theoretical studies [1539–1541] indicate that the efficiency of cluster formation and their
properties depend on the star forming conditions. The emerging consensus is that denser
and more actively star-forming regions (such as those found in local starbursts [1542] and in
the early Universe [1543, 1544]) favor the formation of massive and dense star clusters that
can remain bound and evolve into today’s globular clusters. Conversely, more regular star
formation leads to stellar systems that dissolve on short timescales and/or evolve into less
dense open clusters. However, the full picture, from star formation through young clusters
(where isolated CBC formation dominates) to the potential globular cluster stage (where
dynamical interactions drive the CBC), remains fragmentary. This evolution is challenging
to model because of the variety of spatial and temporal scales that need to be considered
as clusters co-evolve with their host galaxies (but see [1545, 1546], for the recent efforts
in the GW context). Related, the observational link between globular clusters and their
progenitors is unclear because of their long history during which clusters can lose mass or
dissolve completely.

Nevertheless, it is clear that only a fraction of fSFR(Z, t) will eventually end up in
environments where dynamical CBC formation becomes efficient. Given the properties of
local globular clusters [1547, 1548] and the conditions that favor the formation of their pro-
genitors, this fraction is expected to be higher at higher redshifts and lower metallicities.
Furthermore, the efficiency with which CBCs can be dynamically produced depends on the
uncertain distributions of initial cluster properties [1463, 1549–1552]. In other words, term
(ii) in eq. (3.1) is sensitive to cluster characteristics, such as their masses and densities/half-
mass radii. Calculating the total Rmerger from cluster environments requires summing over
the contributions from clusters with different characteristics.

Finally, we note that while dynamical formation in globular clusters can make a sub-
stantial contribution to the overall BBH merger rate, this is less likely to be the case for BNS
and BHNS mergers. Their lower masses make them less likely to reside in cluster central
regions where dynamical interactions are frequent [1375] and natal kicks associated with NS
formation cause many of them to escape the cluster [1553] (see section 3.1.2). The potential
imprint of the dynamical formation on other population properties of BBH mergers (mass,
effective spin and eccentricity distributions) further motivates the focus on this class of CBC
in the literature in the context of this channel (see section 3.1.4).

The case for next generation GW detectors. Both the possibility that the majority of today’s
globular cluster progenitors formed within the first Gyr of the Universe, and the possibility
that the majority formed near the peak of cosmic star formation are considered in the lit-
erature. Such scenarios could potentially be discriminated with the Rmerger,BBH constraints
provided by the next generation GW detectors [1554, 1555].

Several authors discuss the promise of future GW data to jointly constrain the formation
history of globular clusters and some of their initial properties [1463, 1555]. It is important to
note that GW data alone cannot constrain all these uncertain properties, since many of them
are degenerate in BBH Rmerger (e.g. the distribution of virial radii and the cosmic formation
rate of globular clusters). However, it can provide complementary information to improve
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constraints from other studies, at least as long as the subpopulation of cluster-formed mergers
among the detected CBCs can be identified (e.g. by using GW-based information on masses,
eccentricities and spins, see section 3.1.4).

3.2.2.3 Nuclear star clusters. A somewhat separate class of cluster environments are
nuclear star clusters. These are the densest stellar systems in the Universe, and as such
were proposed as promising sites for efficient dynamical CBC formation [1398]. They are
found in the centres of different types of galaxies, are more common in massive star-forming
objects, and can make up ∼ (0.1 − 1)% of the stellar mass of the galaxy [1377]. They are
thought to form from dissolving old globular clusters that spiral to the galactic center due
to dynamical friction or through in situ star formation at the center [1377, 1556]. These
two scenarios imply different cosmic star formation histories for nuclear clusters, which could
range from following the total fSFR(Z, t) in the second case, to resembling the globular cluster
formation history in the first case. They would lead to different properties of the stellar and
compact object populations in the cluster [1398]. Recent observational studies support an
intermediate scenario, in which globular cluster accretion dominates the mass build-up of
the nuclear cluster in dwarf galaxies, while in situ star formation dominates the formation
of the most massive nuclear clusters in massive galaxies [1556, 1557]. It is currently unclear
whether the history of nuclear cluster formation can lead to a distinguishable imprint on
CBC Rmerger evolution [301].

3.2.2.4 AGN disks. The absolute contribution to Rmerger from the AGN channel is par-
ticularly uncertain and depends strongly on factors such as the number density of galaxies
hosting an AGN, the lifetime and the characteristics of the AGN disk [1398, 1421, 1457,
1558, 1559]. Current population predictions for the AGN channel focus mostly on the local
Universe, and the discussion of trends in the high redshift regime that will be probed by
ET is lacking. Nonetheless, because of the short BBH merger delay times expected from
this channel, the resulting Rmerger(z) is expected to be proportional to the number density
of AGNs with the appropriate properties. The dominant AGN property influencing the BH
merger rate appears to be the mass accretion rate onto the central supermassive BH [1422],
also powering the AGN luminosity. However, the exact dependence is different for several
processes that can drive BBH mergers in AGN disks (see [1421] for comparison). If the
dominant processes are strongly enhanced at high accretion rates, then the BBH merger rate
will scale with the abundance of the most luminous AGNs. Conversely, if such a dependence
is weak, then low luminosity AGNs will contribute a substantial fraction of the total BBH
merger rate, and the rate will scale better with the total AGN number density. Since the
number density of faint AGNs appears to peak at lower redshifts than that of bright ones
[1560], in the latter case the AGN-driven BBH merger rate would peak at lower redshifts.
This has been found by [1422], who use the AGN luminosity function of [1560] to derive
AGN-driven BBH merger rate at z < 2. Their Rmerger(z) shows a milder evolution with a
peak at lower redshifts (z < 1) than expected from other BBH merger formation channels
and when compared to the peak of the cosmic SFH and of the cosmic luminosity density of
AGNs [1561]. However, there are considerable uncertainties in the number density and lumi-
nosity distribution of (particularly faint) AGNs as a function of redshift [1561] which need
to be explored further in future studies. Such a distinct Rmerger(z) evolution would help to
identify the CBC subpopulation formed in AGN disks. Next-generation detectors will allow
to select such subpopulations, even for subdominant channels, by dramatically increasing the
number of detections and the accuracy of their estimated astrophysical parameters. Informa-
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tion from the spatial correlation between observed GW events and AGN already constrains
this formation channel at low redshifts and high AGN luminosities [1562–1564]. Future GW
data could help to constrain it in the faint and high redshift regimes, where the approach
based on the AGN luminosity function described above is challenged by the incompleteness
of galaxy catalogs.

3.2.3 Part (ii): intrinsic properties of the CBC populations set by binary com-
pact object formation efficiencies and delay times

The binary compact object formation efficiency and delay time distributions play a key role
in setting the properties and rates of CBC populations across cosmic time. Binary compact
objects are a rare outcome of massive star evolution – to form a binary compact object that
can merge in a Hubble time the progenitor system typically has to survive many phases of
massive star evolution and/or dynamical interactions. The physics underlying these processes
impact the fraction of progenitor stars that can form binary compact objects: the so-called
formation efficiency. This can be written down as a ‘Drake equation’: a multiplication of
factors that a population of stars needs to satisfy to form a CBC. For the formation of
binary compact objects through the isolated massive binary star channel, the key factors can
be written as something like:

ηform = finit × fsurvive SNe × fmass transfers × fmerge, (3.2)

where each factor f is a factor selecting only a subset of a given initial population of stars
that has the properties to become a CBC source, as we will describe in more detail for the
channels below.

The delay time distribution (DTD) spans a broad range of values (from many Myr to
Gyr) and as a result, for binary compact objects formed at a given redshift in our Universe,
can significantly impact at which redshift these sources can contribute to the merger popula-
tion and thus what sources GW detections probe as they reveal the CBC populations across
cosmic time [1520]. This is because the orbital angular momentum loss by GW radiation is
typically very small. For a binary consisting of two compact objects with masses M1, M2,
eccentricity e, and semi-major axis a the change in separation due to GW radiation is given
by [1281]
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which, for a circular orbit and a system with masses M = M1 = M2, simplifies to tinsp ≈
0.1 Gyr (a/R⊙)4(M/M⊙)−3. This means that the delay times depend strongly on the sepa-
ration, as t ∝ a4. If the distribution of orbital separations at the moment of binary compact
object formation is given by some power law distribution dn/da ∝ a−γ , we can use this to
derive that the DTD is approximately described as:

dn

dt
∝ dn

da

da

dt
∝ a−γa−3 ∝ t−(γ+3)/4 (3.4)

If we take that, based on observational evidence, binaries are born with a separation distri-
bution described by γ ≈ 1 [1340, 1565–1567], the equation reduces to dn/dt ∝ t−1, which is
a commonly used distribution and also found by observations (e.g., [1568–1571]).

The formation efficiency and DTD are still uncertain and can vary for different formation
channels based on different underlying physical processes leading to binary compact object
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formation. The details of these ingredients play a major role in shaping the CBC properties
as a function of redshift. Observations with Einstein Telescope of the CBC merger rate as a
function of redshift will probe the formation efficiency and DTD in enough detail to enable
inferring the underlying physics [10, 12, 15, 72, 1572, 1573]. We discuss this in more detail
below.

3.2.3.1 Isolated Massive Stars (the field). In eq. (3.2), the key factors for determin-
ing the formation efficiency for CBCs formed from the field and their DTDs are the initial
conditions, and those relating to mass transfer episodes, stellar winds, and supernovae – fun-
damental phases in the lives of massive stars that are poorly understood and can be uniquely
probed with the Einstein Telescope. The key factors entering the CBC efficiency depend on
the specific formation channel within the field (only stable mass transfer, classic common-
envelope, CHE, triples, see the overview in section 3.1), but important factors include the
following. First, the initial conditions of the stars need to be sufficient for binary compact
object formation, (finit). The system needs to have stars that are massive enough to form
NSs or BHs, the system typically needs to be born with a small enough separation to initi-
ate a mass transfer phase during its lifetime (as mass transfer interactions are expected to
be required to bring the binary compact object to a tight enough orbit to merge within a
Hubble time) but not too small for it to undergo a stellar merger at ZAMS, and the system
needs to be born as a binary or a triple star system (typically described by the “multiplicity
factor”). The initial conditions and binary fractions of massive stars are uncertain and can
be informed by observations [1340, 1574–1581]. Second, the binary (or hierarchical) system
typically disrupts during the supernova by the significant natal kicks of hundreds of km/s
that the system can receive when the NS (or BH) forms (e.g., [1582, 1583]). This likely dis-
rupts the majority of the systems during the supernovae (especially the first supernova when
the system typically has a wide orbit), though uncertainties remain (e.g., [1294, 1584, 1585]).
This probability is expressed by the factor fsurvive SNe. Third, the system is typically thought
to undergo several mass transfer phases, either stable or an unstable common-envelope phase.
The stability of mass transfer and the mass and angular momentum loss during these phases
might well be one of the most uncertain aspects of massive star evolution. What stars and
what fraction of stars can successfully eject the envelope and form a tight system is uncer-
tain and adds an important factor in the formation efficiency equation fmass transfer, see (e.g.,
[1287, 1290, 1291, 1294, 1307, 1494, 1519, 1586]). Last, even once the binary compact object
has formed it needs to have a tight enough orbit to merge within the age of the Universe
so that it can merge and be observable today, likely removing another half of the systems
described by the factor fmerge [1281]. Other field-based channels, including CHE, triples and
hierarchical systems have similar ingredients impacting the DTD and formation efficiency,
but often include extra Drake factors, corresponding to questions such as: What is the metal-
licity at which CHE formation channel operates [1317, 1318, 1320]? How do interactions with
a triple or hierarchical companion contribute to binary compact object formation efficiency
and DTD [1358, 1359, 1587–1589]? How do Population III stars form, evolve, and produce
CBCs [986, 1331, 1590–1594]? These factors combined with the DTD decide the merger rate
of CBCs. Observing the CBC merger rate across redshift with the Einstein Telescope will be
crucial to infer the formation efficiency and DTD and study the underlying physical processes
in massive star evolution [1533, 1535, 1595].

3.2.3.2 Cluster formation (dynamical). The formation efficiency and DTD distribu-
tions for binary compact objects formed in dense star clusters is still under debate and de-
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pends on the dynamical formation channel at play and the expected binary compact object
properties, as described in detail in section 3.1. Important open questions that ET will probe
by inferring the CBC merger rate include the following. First, what are the CBC host cluster
properties? The formation rate and history of globular cluster populations across cosmic time
is still under debate as well as the (initial) mass distribution of globular clusters, which is
important as the formation efficiency and DTD are found to be significantly impacted by the
cluster mass [1444, 1455, 1456, 1462, 1463, 1540, 1549–1552, 1596, 1597]. What fraction of bi-
nary compact objects can be retained in the cluster and undergo multiple interactions thought
to be required to harden the binary enough to form a CBC [1598, 1599]? What fraction of
merger products receives low enough recoil kicks such that it can be retained in the cluster
center and form hierarchical mergers [1353, 1467, 1600, 1601]? How does the presence of a
supermassive black hole impact the formation and merger rate of CBCs [1456, 1602, 1603]?
What is the role of accretion disks around supermassive black holes and potential migration
traps in forming CBC sources across cosmic time [1420, 1447, 1558, 1604–1607]? Einstein
Telescope is poised to detect the CBC merger rate with sub-percent precision; this, together
with measuring the properties of CBC across cosmic time, is expected to unveil the forma-
tion channels and uniquely inform the key ingredients contributing to the CBC rate: the star
formation histories, formation efficiencies, and DTDs [10, 12, 15, 72, 1467, 1555, 1572, 1573].

3.2.4 Future outlook

• CBC merger rate is expected to evolve as a function of redshift. Its evolution is not
expected to follow directly the cosmic SFH. The simple link to cosmic SFH is modified
by the delay time distribution (relevant for all types of mergers), further affected by the
metallicity dependence of the CBC formation efficiency (BH-NS and BBH mergers),
and possibly by contributions from multiple formation channels (expected primarily for
BBH mergers) whose relative importance may vary with redshift. Rmerger(z) encodes a
wealth of astrophysical information, especially at high redshifts that will be accessible
to ET, where much of the uncertainty in current models lies.

• There is a huge space to explore with ET, and a challenge for the astrophysical interpre-
tation. There are substantial uncertainties due to factors related to both the formation
environment (metallicity dependent cosmic star formation history, cluster formation
history and initial properties) and intrinsic properties of the CBC merger population
(delay time distribution and formation efficiency for different formation channels). All
of these factors affect the predicted evolution of the CBC merger rate with redshift.
However, many of them are degenerate in Rmerger. Future constraints on the joint red-
shift dependence of all CBC and on the high redshift evolution of BBH merger rate will
be key to break such degeneracies in the interpretation. These constraints will be most
informative if subpopulations of mergers formed in specific channels/environments can
be identified, and if improving electromagnetic constraints are used to place bounds on
the population models. From this perspective, the greatest promise of ET lies in the
use of future GW constraints to complement the electromagnetic studies.

• It is unclear whether the redshift-dependent merger rate of the entire BBH population
will show multiple features (peaks) or not. The former case can be expected if different
formation channels dominate or give similar contributions to the merger rate at differ-
ent redshifts. The latter case could occur if one of the formation channels dominates
the BBH formation, or if multiple channels lead to similar merger rate evolution over
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cosmic history. Both scenarios seem possible within the uncertainties of current models
and ET will provide constraints to distinguish between them. More detailed astrophysi-
cal inference requires: (a) on the theoretical side, reliable models for the Rmerger,BBH(z)
from various formation channels/environments, or the ability to confidently identify
the corresponding subpopulations in the data based on other properties, and (b) on
the empirical side, accurate Rmerger,BBH(z) measurements up to high redshifts and the
ability to accurately infer the redshift of sources and associated features in population
properties [1103, 1518, 1595]. For the latter, a network of next-generation GW detec-
tors is advantageous. In general, a network of GW detectors leads to better redshift
measurements for individual sources and thus to tighter constraints on the evolution
of CBC population properties compared to a single detector (which requires longer
observing times to reduce statistical uncertainties). The fraction of GW detections at
z >1 with accurate luminosity distance measurements increases by almost an order
of magnitude for a network of 3 next-generation detectors compared to a single ET
[72, 1098].

• Full population inference for CBC catalogs observable by a detector with ET capabilities
is needed. As discussed in this section, some of the poorly-constrained astrophysical
assumptions lead to divergent predictions of the evolution of the BBH merger rate
only at high redshifts >3. These are of particular interest in the context of next-
generation detectors, which are going to provide unique constraints on the rate in this
regime. To better quantify which astrophysical assumptions we can expect to constrain
with ET, it is important to quantify (i) what is the minimum factor to which we can
constrain the CBC merger rate, especially at high redshifts and (ii) what is the minimum
amplitude/width of a feature in the BBH merger rate that can be confidently recovered
from the population analysis of ET-like data (as a function of redshift).

The scalability of currently employed population inference schemes to the numbers of
detections and accuracy on the reconstruction of the single events’ parameters achiev-
able at ET is limited by the high computational cost. Work in this direction is ongoing
(see also the discussion in section 9.2.4), extending methodologies to more flexible mod-
els, improving their efficiency, as well as exploring new tools, such as machine learning
techniques.

• ET is essential to make significant progress in observing the CBC merger rate. In the
coming years updating current ground-based detectors (O4 and O5) will likely bring
the number of BBH mergers to around ∼ 500 with detections out to z ∼ 1 [355], but
this is not enough to reveal important parts of the CBC merger rate such as the peak of
the merger rate (expected around z ∼ 2), multiple features or peaks in the merger rate
especially expected at z ≳ 2 as different formation channels might be dominating the
rate at different redshifts. ET will detect stellar-mass black hole mergers out to (and
beyond) redshifts z ≳ 10, and BNS and BHNS beyond z ≳ 2, which will drastically
change the field by increasing our understanding of the redshift behavior of CBCs
[10, 15, 72, 1572, 1573].

3.3 Mass function of BHs and its evolution with redshift

3.3.1 The scientific potential of the mass function

GW astronomy is well-suited to measure the masses of binary components. From the
physics encoded in the observed gravitational waveform, we can infer the source proper-
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ties [1608, 1609]. The inspiral portion of a binary coalescence is determined, to leading
order in the post-Newtonian expansion, by the chirp mass of the binary, with the mass ratio
contributing at the next order [1610–1613]. The transition to merger and the subsequent
ringdown are principally determined by the binary’s total mass [1614–1616]. The sensitivity
of next-generation detectors means that for the closest (and hence highest SNR) sources,
these mass measurements will have unprecedented precision [16, 1098, 1503, 1617, 1618].

The masses of BHs are a key tracer of their evolutionary history. Considering a star
in isolation, its remnant mass is primarily set by its initial mass [1508]. Given the initial
mass function of stars, we therefore expect more low-mass BHs [1581, 1619]. However, the
mapping between initial and final mass is not monotonic: different evolutionary histories can
lead to different amounts of mass loss, e.g., through stellar winds and supernova explosions.
The amount of mass loss also varies with metallicity [1620–1622]. Stellar winds are stronger
for higher metallicity stars, meaning that lower mass remnants are typically formed.

With GWs, we observe BHs in merging binaries. Therefore, we must consider the pro-
cesses that form binaries, and drive them to be close enough to merge. As discussed in
section 3.1.1.1, periods of mass transfer between binary stars will alter the orbital configura-
tion and remnant masses. Dynamical exchanges may preferentially select the most massive
objects in a cluster to form a merging binary [1397, 1417, 1623]. Accretion for binaries
embedded within active galactic nucleus disks will grow BHs [1421, 1624]. This wealth of
diverse astrophysical processes leaves imprints on the masses of observed BHs —both on the
individual component masses and their mass ratio— and through reconstructing the mass
distribution we may uncover the underlying physics that shaped these binaries.

The component masses are one piece of information about the origins of BHs. Fur-
ther information is encoded in other measurements. The overall merger rate (section 3.2),
the spins (section 3.5), the distribution in redshift, and the orbital eccentricity all contain
information about the origins of binaries. Crucially, looking at the correlations between
parameters (such as whether spin alignment is correlated to mass ratio) can reveal informa-
tion that is overlooked when considering each parameter in isolation [1625–1627]. Only by
combining all this information can we untangle the complicated physics of how BHs form
(section 3.1), distinguishing primordial from stellar BHs (section 3.6), and BHs that formed
from Population III or from later stars (section 3.7).

Understanding the distribution of masses also has implications beyond understanding
the sources themselves. As we discussed in section 2.3, GW observations can be used to
measure the expansion of the Universe [9, 1084, 1628]. While the GW measurement pro-
vides the distance [1064, 1069], the redshift has to be obtained through other means. If no
electromagnetic counterpart is detected (which is expected to be the case for the majority
of GW sources) we can link the GW source to its host galaxy (and thus merger redshift)
through a statistical association with galaxy catalogs, as has been done in recent years for
both simulated data [1069, 1072, 1074, 1087, 1106–1108] and actual data [9, 1070, 1109–1117];
see section 2.3.1.2 for extended discussion. Alternatively, features in the mass distribution,
such as mass gaps or peaks, can be used to determine the redshift [1078–1083], see again
section 2.3.1.2; however, this requires that we understand how these features of the mass
distribution evolve with redshift [1121, 1629]. In either case, calculation of the distance is
influenced by mass measurement: a signal can potentially be from a louder source (higher
mass) at greater distance or a quieter source (lower mass) at small distance. Therefore, when
performing an inference to measure cosmological parameters, we must simultaneously infer
the underlying astrophysical source population [9, 1085, 1088].
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Figure 3.5: Time to detect 100 merging binary BHs in bins of size ∆z = 0.2 in redshift
and ∆ logm1 = 0.1 in primary mass, indicative of the number of measurements required to
provide a constraint on the rate with an error of 10% in each bin. The distribution of masses
is taken to be the Power Law+Peak parametric model derived from GWTC-3 [7] using
the median values for all parameters (which include a localized Gaussian peak at 34M⊙), and
increasing the upper cut on BH mass to mmax = 250M⊙. This figure assumes the sensitivity
curves adopted in [16] for a 2L configuration with 15 km arm-length.

Next-generation ground-based GW observatories such as ET are well-designed to un-
cover the details of the mass distribution of BHs. Their sensitivity means that we can detect a
large number of BH binaries, and make detections out to large distances [16, 1098, 1104, 1618].
This sensitivity compared to current-generation GW detectors is illustrated in figure 3.5,
which shows the time necessary to obtain a significant number of detections to constrain
the merger rate as a function of redshift and primary mass. This is computed based on the
Power Law+Peak parametric model determined from GWTC-3 [7], although the upper
limit on BH masses of the model has been increased to mmax = 250M⊙ to highlight the
expected sensitivity of ET at high masses.26 The total merger rate has been taken to follow
the cosmic star formation history as given by [1630], with the rate at z = 0.2 fixed to the
value inferred from GWTC-3 [7]. The precision of population measurements typically scales
with the square root of the number of detections [1631, 1632], so the increased sample size
will enable a revolutionary advancement compared to existing GW observatories. The long-
distance reach enables reconstruction of the mass distribution over cosmic time—although
figure 3.5 was constructed assuming it is redshift independent, we expect this distribution
to change with time due to the evolution of the source population, e.g., through changes
in the metallicity distribution [1119, 1291, 1332], in the balance of star formation in the
field compared to clusters [1486, 1573], and due to the prevalence of primordial compared to
stellar-origin BHs [1105, 1633].

The combination of the large number of detections with the increased detection horizon
means that with these observations we can precisely reconstruct not only the overall mass

26The median value derived for mmax from GWTC-3 is poorly constrained, with large support up to mmax =
100M⊙ which is the edge of the uniform prior used [7].
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Table 3.1: The interdependence of observational capabilities of next-generation GW detec-
tors and how they may uniquely answer key scientific questions about the masses of BHs.
Shades of green indicate how relevant an observational capability is for the envisioned science
goal, while check marks designate essential capabilities.

distribution, but the distribution as a function of redshift, and explore correlations at different
points in the Universe’s history [1634]. As summarised in table 3.1, this is precisely the
information needed to unravel the intricate mysteries of how (the progenitors of) BHs form
and evolve. Throughout the rest of this section, we link the scientific outcomes listed in
table 3.1 to the science enabled by ET.

3.3.2 Reconstructing the mass distribution

To uncover the astrophysics of the population of GW sources, we must perform a sequence
of analyses. First, signals must be identified in the data stream, and their source properties
inferred [6, 1635]. The sensitivity of next-generation detectors like ET means that we can
detect sources at large distances, and that the closest sources (as currently detected by
the LVK [6]) will be measured with high SNR, meaning that the source properties will be
precisely measured [16, 1098, 1503, 1610, 1617, 1618]. To map from the observed sample to the
underlying astrophysical population, we must correct for selection effects [1132]. Some signals
are easier to detect than others, hence the observed distribution is biased compared to the true
source distribution. This is the case for current GW observations [6]. However, the sensitivity
of next-generation detectors means that there will be a range of masses and redshifts where
the probability of detection is effectively equal to 1; hence all these sources will be detected,
and the observed population is a complete, unbiased census of all the merging compact-object
binaries. To consider the full ranges of masses and redshifts, selection effects will still need
to be accounted for. Finally, we can combine the inferred properties of the observed sources
with the calculated selection effects to constrain the astrophysical population: this requires
an assumption about the underlying distribution.
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There are multiple approaches to modeling the underlying distribution when performing
a population inference. Broadly, these may be categorised into three approaches:

• Using predictions driven by population models. We can use predictions from theoretical
models of different formation channels to match observations [1636–1638]. The observed
population is a mix of different channels, and so it is necessary to consider a combination
of channels in this inference (omitting channels leads to biased results [1486]). The
observations can be used to infer the branching ratio between different channels, and
any uncertain model inputs (section 3.1). Hence, this approach provides the most
direct probe of the underlying physics. However, this approach also requires accurate
model predictions [1639], and the calculation of (potentially computationally expensive)
models across a range of input parameters.

• Using parametric models. We can alternatively use a flexible parametric model, such
as a power-law, to fit the population [1640–1642]. This does not rely upon theoretical
predictions for the inference, making it easier to identify unexpected features in the
data. However, it is still necessary to define a model, and if the model is not a good fit
to the underlying data, the inferred fit will not be a good representation of the truth.
The parameters of the model need not have direct physical meanings, making their
interpretation more difficult than if using theoretical predictions. However, the model
features, such as the position of a peak in the mass distribution, may drive development
of theoretical models to explain them.

• Using non-parametric models. All models require parameters to define them, but some
approaches allow the number of parameters to be adapted during the fitting (poten-
tially growing to an infinite number). These are referred to as non-parametric models.
Examples include using a Dirichlet process Gaussian mixture model [1140, 1141] or an
autoregressive process [1643]. The flexibility means that they can recover unexpected
features in the observations. The result of the inference is a reconstruction of the un-
derlying population, but this does not directly encode information about the source
physics.

In each case, the expected measurement precision on the population properties scales with
the square root of the number of detections. The high detection rate of next-generation
detectors will mark a significant advancement in our understanding of these populations.

In practice, we expect a combination of different approaches to be used to understand
results. This may be illustrated in considering the evolution of LVK results. The first in-
ference of the astrophysical population used a simple power-law for the masses—given the
small number of detections at the time, that was the most complicated model that was con-
sidered justified [1609]. As the population has grown, more complicated parametric models
have been introduced, adding peaks and dips to the model [1644–1647]. Flexible features
have been added to the parametric models (such as using a variable number of Gaussian
kernels to reconstruct the mass distribution [1648], using a binned distribution [1649–1651],
or adding a spline to model additional features in the mass distribution [1652]), starting to
bridge the gap to non-parametric models [7]. These allow for checks of whether the paramet-
ric models are capturing all of the features in the astrophysical population. With the current
population of order ∼ 100 observations, it is still difficult to understand if a lack of detections
is the sign of a physical dip in the population, or the result of a Poisson fluctuation [1653].
Despite the relatively small sample size, non-parametric approaches have also been applied,
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showing that some features found by the parametric models are robust (such as a peak at
low masses) [1140, 1643, 1654–1656]. Direct comparison with population-synthesis predic-
tions have also been made [1623, 1657–1659], demonstrating that there is probably a mix of
different formation channels [1486, 1660, 1661]. As the number of detections has grown, we
have gone from identifying general trends, to starting to identify features and pointing out
limitations in our current theoretical models.

Over the coming years, we expect the current generation of GW detectors will yield
hundreds of new detections [355]. Our understanding of the astrophysics of these sources
will therefore advance greatly. This knowledge, however, will be eclipsed by that resulting
from next-generation detectors, as demonstrated in figure 3.5. Detectors like ET will detect
large numbers of sources (∼ 105 yr−1), allowing us to perform the same types of analyses as
we do currently for individual redshift bins—we will not only be able to map out the mass
spectrum in high detail, but also see how it varies across cosmic time [1634].

3.3.3 BH mass spectrum and outstanding questions

The BH mass spectrum holds crucial information about the evolution and final fate of stars.
Here, we address BHs of stellar origin only (primordial BHs are discussed in section 3.6) and
the richness of the physics that could be inferred from the mass distribution. The masses of
such BHs depend on the final moments of the life of their stellar progenitors and whether
they explode in a supernova, collapse directly into a BH, or experience partial explosion
and fallback of mass onto the forming compact remnant, possibly giving rise to a BH. The
question of the explodability of stars relates to the supernova mechanism (e.g., electron-
capture supernovae, core-collapse supernovae and pulsational pair-instability supernovae)
and the final structure of stars, which is set by their evolutionary history. This evolution
depends strongly on the metallicity of the stars and the formation channel of the binaries
(i.e., their interactions with their environment or stellar companion). For example, for single
stars, there is a critical metallicity beyond which stars lose so much mass by stellar winds
that virtually no star can form a BH anymore; see [1662] for a recent review of many of such
aspects related to the formation of BHs in stars.

As shown in figure 3.5, ET will reconstruct the BH mass spectrum at various redshifts,
and hence at different average metallicities. Therefore, it will be possible to directly probe
theoretical models and a wide range of basic physics, as highlighted in table 3.1. In the
following, we describe possible features in the BH mass spectrum that will be observable
with ET, and explain the essential physics that governs them. In essence, ET can help solve
the complex question “Which stars form BHs?”. This question encompasses aspects ranging
from stellar explodability to the physics of pair-instability pulsations, but also concerns the
formation channels (i.e., stellar collisions and hierarchical mergers). We start the discussion
with the explodability of stars (section 3.3.3.1) and then dive into various features of the BH
mass spectrum. We consider the transition from the neutron star to the BH mass spectrum
and the possibility of the neutron star–BH mass gap (section 3.3.3.2); we explain theoretical
ideas and observations of global peaks in the BH mass spectrum (section 3.3.3.3), and we
finally move to the upper mass region of the BH mass spectrum, where is expected an upper
mass gap with a pile-up due to pulsational pair-instability supernovae (section 3.3.3.4).

3.3.3.1 Supernova or direct collapse? Stars with low iron-core masses and those un-
dergoing electron-capture supernovae are thought to leave behind neutron star remnants,
discussed in section 3.4.1. We now focus on iron-core collapse situations within the frame-
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work of neutrino-driven supernovae (pulsational pair-instability supernovae are discussed in
section 3.3.3.4). The pre-supernova stellar structure is often summarized by the so-called
compactness parameter ξM = (M/M⊙)/(R(M)/1000 km), which is the dimensionless mass-
to-radius ratio at a given mass coordinate M , usually taken to be 2.5M⊙ to measure the
compactness just outside the iron core [1663]. High values of compactness (ξ2.5 ≳ 0.45) signal
BH formation, while neutron star formation may occur for lower values. Over the last decade,
various groups reported a qualitatively similar landscape of compactness showing clear peaks
and troughs as a function of the core mass of stars. The peaks could indicate islands of
BH formation, but given the uncertainties in the supernova explosion mechanism and core-
collapse dynamics, it remains an open question which pre-supernova stellar structures lead
to BH formation. If there was a direct link between high compactness and BH formation,
an almost universal picture would emerge with probable BH formation at carbon–oxygen
core masses of 7–8M⊙ and > 13M⊙: a qualitatively similar landscape is found for differ-
ent stellar-evolution codes [1508, 1664–1668], largely independent of evolutionary histories of
stars (i.e., single stars, binary-stripped stars, accretors of binary mass transfer and even stel-
lar mergers) [1667, 1669], metallicities [1670–1672], and uncertain physics such as convective
boundary mixing [1673]. Since pre-supernova red supergiants follow a tight carbon–oxygen
core mass-to-luminosity relation, the high compactness at carbon–oxygen core masses of
7–8M⊙ predicts a luminosity range of red supergiants that shall collapse into BHs and not
explode in a supernova. The best candidate red supergiant to have collapsed into a BH,
N6946-BH [1674, 1675], had an inferred luminosity in general agreement with this prediction
[1669, 1673].

On top of the general compactness landscape, there is considerable variability, and the
connection of the pre-supernova stellar structure to BH formation is still uncertain. While
three-dimensional simulations of iron core collapse supernovae seem to converge on the ex-
plosion mechanism [1676, 1677], the exact outcome remains uncertain because it is compu-
tationally challenging to reach a conclusive statement regarding compact-object formation
and possible fallback of envelope material onto the proto-neutron star. Starting from one
realisation of one-dimensional simulations of core collapse, a complex picture emerges that
reproduces the general picture described above, but additionally shows sub-structure in the
form of smaller islands of BH formation [1678, 1679]. Another set of such computations gives
opposite results in terms of explodability and hence compact remnant masses [1680]. With
ET, there will finally be a direct observation of the BH mass spectrum that will allow us to
put constraints on the question of BH formation in stars and the explosion mechanism of
core-collapse supernovae (section 3.3.3.2, section 3.3.3.3 and section 3.3.3.4).

3.3.3.2 The neutron star–BH mass gap. More than two decades ago, studies on the
mass distribution of BHs based on X-ray binary observations suggested an absence of BHs
in the (3 − 5)M⊙ range [1681–1684]. This idea of a gap between the most massive neutron
stars and the least massive BHs, also known as the neutron star–BH mass gap (or some-
times, the “lower-mass gap”), hinges on the mass measurement in one of the X-ray binaries
(GRO J0422 +32), and has been a topic of active debate ever since it was first suggested,
due to expected observational and evolutionary selection biases [1685–1688]. Nonetheless,
multiple theoretical models have been proposed to explain this gap as the result of a discon-
tinuous remnant-mass distribution, driven by either the supernova engine [1689, 1690] or the
progenitors’ density profile, which determines if a supernova fails [1691, 1692].

The first catalogs of GW observations showed tentative support for a relative dearth of
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merging BBHs with component masses between 2.5–5M⊙ [1647, 1693, 1694]. Studies have
linked this dearth of low-mass BHs observed with GWs to the underlying supernova engine
(e.g., [1393, 1695]). However, the population of GW sources is a heavily biased population in
terms of detected events and should receive equal, if not more scrutiny over its evolutionary
selection effects as X-ray bright sources. Binary evolution alone can also produce a dearth
of low-mass BHs without invoking a discontinuous remnant-mass distribution [1296].

Moreover, at the time of writing, there has been at least one confident detection
of a GW source with a primary component falling into this neutron star—BH mass gap
(GW230529 181500) [1391], while there have been two detections with tentative secondary
component masses detected in this mass range (GW190814, GW200210 092254) [7].

How sparsely populated is this mass range? Is this the result of the remnant mass
function or of evolutionary selection effects? Is this dearth related to the metallicity and/or
redshift of star formation? ET will be perfectly positioned to answer these questions, since
the improvement of ET over current LVK detections will be most significant in the relevant
mass regime of this purported mass gap (figure 3.5).

3.3.3.3 Global peaks of the BH mass spectrum. There are several lines of evidence
that point towards an abundance of ∼ 9M⊙ BHs. First, there seems to be a peak at about
this mass in BH mass distribution of X-ray binaries [1685]; second, a similar peak is found in
BBHs observed with GWs [7], and third, BHs found in field binaries often have a similar mass
(e.g., Gaia BH1 and BH2 [1696, 1697]). The current GW data further reveals a significant
peak in the primary BH mass distribution at ∼ 35M⊙ and a tentative peak at ∼ 16M⊙
[7, 1698]. While the significance of these features still needs to be assessed [1644, 1653, 1656],
we discuss the possible origins of these and other features, and what information they may
hold for our understanding of BH formation in light of the capabilities of ET.

The isolated binary evolution channel for BBH mergers makes the prediction of peaks
in the BH mass spectrum at ∼ 9M⊙ and ∼ 16M⊙ [1296, 1672], and the ∼ 9M⊙ peak
is even predicted to exist because of two different mechanisms. Both mechanisms probe
different physics, and revealing such features in observed populations of BHs would allow us
to directly constrain this physics.

First, the stable mass transfer channel has been proposed to naturally lead to a dearth
of low-mass compact objects [1296]. The stability of mass transfer depends on the mass ratio
of the systems involved in the mass transfer. This places strong constraints on the progenitor
population masses that can lead to merging BBH systems. This should lead to a minimum
primary compact-object mass that can follow from the stable mass transfer channel. If this
is the case, then the global peak at 9M⊙, and a decrease towards lower masses could be the
transition from the stable mass transfer channel as the dominant formation channel, to the
common-envelope channel (cf. [1301, 1303–1305, 1699]). This is in line with recent work
that suggest that the dominant formation channel for binary neutron star mergers is the
common-envelope channel, while BBH formation has been suggested to be dominated by the
stable mass transfer channel [1491, 1700]

Second, both BHs in BBH mergers from isolated binary evolution are from progenitor
stars that have been stripped of their hydrogen-rich envelopes. Envelope removal is known
to affect the core structures at the pre-supernova stage: almost independently of metallicity,
binary-stripped stars with carbon–oxygen core masses of ∼ 7–8M⊙ achieve stellar structures
at core collapse that are difficult to explode within the framework of neutrino-driven super-
novae, and may thus give rise to direct collapse BHs. Since binary-stripped stars at a large
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range of metallicities follow a carbon–oxygen core mass–final stellar mass relation, they are
predicted to form BHs of similar mass around ∼ 9M⊙ and largely independent of metallicity
[1672]. A similar reasoning holds for higher carbon–oxygen core masses of ≳ 13M⊙ and
binary-stripped stars with such cores are found to exhibit core structures that appear likely
to directly collapse into BHs [1670–1672]. Indeed, one-dimensional, core-collapse simulations
show that these stars likely produce BHs of ∼ 9M⊙ and ≳ 12M⊙ [1701]. The models clearly
predict the existence of such BH masses largely independent of metallicity and this can be
directly probed by ET. The physics governing these BH masses is a combination of stellar,
nuclear and SN physics [1672]. On the stellar physics side, one can, e.g., test binary evolu-
tionary channels leading to the formation of BBH mergers and convective boundary mixing
during core helium burning. In terms of nuclear physics, the characteristic carbon–oxygen
core masses are set by the complex interplay between nuclear burning processes during the
late stages of massive star evolution and thermal neutrino losses, and particularly the gener-
ally important 12C(α, γ)16O reaction [1702]. Regarding supernovae, a broad range of physics
is relevant to establish the connection of pre-supernovae core structures that appear difficult
to explode and the actual explodability of stars. Another important question is how much of
the final stellar mass may form the resulting BH and how much is still ejected in the collapse
of the star.

From data of the third GW Transient Catalog [7], a clear peak at ≈ 35M⊙ has been
inferred. Notably, also the third BH discovered by Gaia, Gaia BH3, with a mass of about
33M⊙ falls into this peak [1703]. As of today, there is no consensus on the origin of this
feature. Among other scenarios, mergers in globular clusters [1704] and repeated mergers
of initially lower-mass BHs from other peaks in the BH mass spectrum have been suggested
[1698], as well as a pile-up of BHs from pulsational pair-instability supernovae [1644, 1705,
1706] (see also section 3.3.3.4 for more details).

Peaks in the BH mass spectrum should persist across a wide range of metallicities
and redshifts. These features are expected to evolve with redshift due to a combination of
cosmological redshift, and the redshift-dependence of their formation channels. As long as
these two effects can be disentangled, the redshift evolution of features in the mass distri-
bution can serve as “spectral sirens”, see the discussion in section 2.3.1.2. This offers an
independent measurement of the Hubble constant, and will help resolve the Hubble constant
tension [1707, 1708], as well as the possibility of constraining or revealing deviations from
the standard cosmological model, see section 2.3.2.

3.3.3.4 Upper mass gap and (pulsational) pair-instability supernovae. Stellar the-
ory predicts a gap in the BH mass function between approximately 45–80M⊙ and 120–160M⊙,
known as the pair-instability supernova mass gap [1508, 1670, 1709, 1710]. The progen-
itor stars of these BHs reach temperatures and densities in their centers that allow for
electron-pair production, triggering a premature collapse of the carbon-oxygen core that
results in an explosion that completely disintegrates the star [1711, 1712]. For helium cores
of MHe ≳ 130M⊙, photo-disintegration prevents the disruption of the star and we expect BHs
to form again, see e.g. [1709]. Pair-instability theory thus predicts a mass gap in the distribu-
tion of BH masses. The expected location of this gap is robust against most uncertainties in
stellar evolution, but is only sensitive to the 12C(α, γ)16O reaction rate [1713–1715]. This has
renewed interest in constraining this rate [1716–1718], and it has conversely been suggested
that an observed mass gap in GW sources can be used to assess its value [1702, 1719].

ET is particularly promising in this regard because its lower frequency range will increase
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our sensitivity from ∼ 100M⊙ to up to ∼ 500M⊙, allowing us to observe both the lower, and
the upper edge of the PISN mass gap. Initial GW detections supported a dearth of BHs with
masses above 45M⊙ [1641, 1645], but more recent observations have shown that this proposed
gap is not empty [7]. Since pair-instability theory predicts that isolated binaries cannot form
BHs in this mass range, other formation channels have been suggested to explain the low
but non-zero rate of mergers in the gap, including hierarchical mergers of BHs. Confirming
the location of the PISN mass gap is thus linked to fundamental questions, such as “What
is the most massive BH we can form from stars?” (also closely related to IMBH formation,
see section 3.8), “Which merging BBHs are formed from isolated binaries vs. dynamical
environments?”.

Have we detected the lower edge of the PISN gap? Just below the lower edge of the PISN
mass gap, stars exhibit pulsations that are not strong enough to completely disrupt the star,
but instead map a range of core masses to similar BH masses. We thus expect a pile-up of
BH masses just below the lower bound of the PISN mass gap [1720]. Over the past six years,
the feature observed in the primary BH-mass distribution at 35M⊙ has consistently been
attributed to this pile-up resulting from pulsational-PISN [1331, 1644, 1705, 1706, 1721].
However, recent studies seem to pile on evidence that the location of this feature is in tension
with the expected location of PISN [1717, 1722, 1723], and whether the lower edge of the
PISN mass gap has been observed remains an open question [1724, 1725].

Addressing this requires detecting both edges of the PISN mass gap. The lower frequency
range of ET provides a unique chance to measure the full range of the PISN gap, thereby
enabling us to answer this question and distinguish between different BH formation channels.

3.4 Constraining the mass function of neutron stars

3.4.1 Observations of radio pulsars and accreting NSs

Neutron star (NS) properties [1726] are determined by a complex interplay between stellar
evolution, supernova physics, binary interactions (mass transfer), plasma physics, and ultra-
dense matter behavior. Therefore, powerful insights into these processes can be obtained from
macroscopic observables such as NS masses, radii, moments of inertia, spins, and magnetic
fields. NS masses in particular have been proven to be an exceptionally informative probe of
NS physics.

Because BNS mergers are intrinsically much fainter than BBHs, second-generation de-
tectors do not provide a detailed view of the NS mass spectrum. Instead, currently the only
detailed insights are provided by binary radio pulsars within our Galaxy, which provide the
most precise mass measurements [1727]. Most of these are derived from long-term monitor-
ing of pulse arrival times, which are modulated by binary motion, thereby giving access to
the orbital dynamics. In tight binaries and/or favorably oriented systems, constraints on
leading-order post-Keplerian (pK) parameters such as the Shapiro delay, orbital precession,
and orbital decay often become possible [1728]. Component masses can be measured in sys-
tems for which at least two pK parameters can be determined [1729]. For systems in which
the pulsar companion is optically bright, spectroscopy and photometry can also be used to
constrain the mass ratio and the companion mass [1730–1732]. Despite significant progress
in recent years, acquiring precise pulsar mass measurements still presents a formidable chal-
lenge. Although more than 600 binary radio pulsars are now known, only 56 masses in 46
binaries have been constrained with a precision better than 15% (see figure 3.6). Most of
these objects are millisecond pulsars (MSPs) with low-mass companions, with only 22 being
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Figure 3.6: NS mass measurements in binary pulsar systems, sorted by increasing mass.
Names followed by (C) indicate companions to radio pulsars that are consistent with being
NSs. The names in blue show systems in which the companion could also be a massive WD.
The error bars indicate the 68% confidence intervals. The histogram on the right is based on
the median of the mass PDFs. Figure reproduced from V. V. Krishnan and P. Freire; for up-
to-date versions, see https://www3.mpifr-bonn.mpg.de/staff/pfreire/NS_masses.html.

double NSs (DNSs). It is therefore unclear whether the general conclusions drawn from these
systems are directly applicable to merging DNS binaries.

Determination of NS masses in X-ray binaries is also possible due to the eclipsing and
accreting, or even pulsating, nature of such binaries where a NS orbits a visible companion
star. In such double-lined spectroscopic binaries, for which the orbital inclination angle can
be determined, one can determine the mass of the NS [1733]. Unlike the situation for binary
radio pulsars, the empirically determined masses of NSs in X-ray systems are typically subject
to uncertainties of order ∼ 10%, or more [1734, 1735]. For this reason, individual NSs in
X-ray binaries can rarely be used to constrain NS structure and formation theories. The
mass distribution of NSs in X-ray binaries appears to roughly follow the spectrum of NS
masses obtained from radio pulsar binaries.

3.4.2 Overall shape of empirical NS mass distribution

As a first guess, the masses of NSs are expected to spread between the Chandrasekhar limit
and the Tolman-Oppenheimer-Volkoff limit. In principle, from an EOS point of view, the NS
mass distribution could be wider: for instance, if part of the iron core is somehow ejected
during the supernova (SN), or if very fast differential rotation prevents a massive (e.g. post-
merger) NS from collapsing [1736].

The empirical NS mass distribution for pulsars in our Galaxy is overall consistent
with this picture. The lightest known in a DNS system, J0453+1559, has a mass of m =
1.174(4)M⊙, while the most massive known NS is PSR J0740+6620 with a mass of m =
2.08(7)M⊙ [1737, 1738], although there are candidates such as PSR J0952−0607, that may
have even higher NS masses [1731, 1739]. More recently, a binary NS was discovered [1740]
with a total mass of 3.887(4)M⊙ in NGC 1851. The compact companion has a mass between
2.09 and 2.71M⊙ (95% confidence), but it is not yet clear whether it is a massive NS or a
low mass BH.
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The observed masses are not uniformly distributed between the two extremes, but rather
seem to cluster around a small number of characteristic values. Approximately one third of
objects appear to have masses greater than 1.6M⊙ (figure 3.6). Several studies suggest that
the mass spectrum is multimodal, with at least two groups clustered around ∼ 1.4M⊙ and
∼ 1.8M⊙ [1735, 1741, 1742]. There is also marginal evidence for a high-mass cutoff around
2.1M⊙, that could signify the dividing line between NSs and BHs [1741–1743]. However,
the presence of such a cutoff appears to be sensitive to modeling choices and requires more
measurements to be constrained with confidence.

Differences between the mass spectra of different NS populations also appear to be
present. For example, DNS systems seem to cluster with symmetric NS masses around
(1.35 − 1.40)M⊙, thus generally having smaller masses than MSPs in binaries that host the
most massive NSs. However, recent discoveries of asymmetric DNS systems challenge this
picture. Progress on this front requires robust quantitative and qualitative comparisons with
the DNS merger population, which will become possible in ET era.

3.4.3 Theoretical expectations

Several theoretical studies suggest that the complexity of the NS mass spectrum can be
largely explained by the nonlinear nature of late stellar evolution and an element of stochas-
ticity in SN dynamics [1744]. For instance, subtle differences in the way late shell burning
phases proceed may give rise to large explodability fluctuations between stars that had very
similar properties at the beginning of their evolution [1671, 1701, 1745, 1746]. In turn, these
fluctuations seem to significantly influence not only the nature of the final remnant (NS or
BH), but also the amount of matter ejected and falling back during the SN.

Additional complexity may be introduced by more elusive core-collapse events such
as electron-capture supernovae and accretion-induced collapse. For example, for stars which
evolve to develop low-mass metal cores, the exact boundary in outcome between an iron core-
collapse SN and an electron-capture SN depends on the location of ignition of the off-center
neon and oxygen burning and the propagation of the neon–oxygen flame [1747]. The location
and narrow range (∼ 0.2 − 0.6M⊙) of initial ZAMS masses that produce electron capture
SNe, and thus the total number of low-mass NSs produced, are a function of metallicity
[1748, 1749]. However, it should be noted that the lowest mass NSs (< 1.25M⊙) are not
expected from electron-capture SNe but from low-mass iron core-collapse SNe [1750]. The
reasons for this is that the cores of stars with ZAMS masses ≥ 12M⊙ during and beyond
carbon burning are not degenerate, and therefore their collapse is not directly related to the
Chandrasekhar mass, as is the case for electron-capture collapse. As a consequence of this,
NSs with the very lowest masses are expected to be below even the Chandrasekhar limit.
In electron-capture SNe, the core will collapse rapidly and thus produce a NS accompanied
by a dim SN explosion. The related NS formation channel of an accretion-induced collapse
(AIC) of a massive WD may also leave behind a NS. Because of the promptness of these core
collapses, caused by the steep density gradient at the edge of the core in the progenitor stars,
there is therefore little time for asymmetries to develop and it is therefore believed that both
electron-capture SNe and AIC events produce small NS kicks and NS masses very close to
the Chandrasekhar limit.

Mass transfer from the binary companion after the NS formation may also affect the
mass spectrum towards higher masses. Interestingly enough, the mass difference between non-
recycled and recycled NSs need not be dominated by accretion of matter after the formation
of the NS. As argued by [1292], the first-born NSs in NS+NS systems probably only accrete
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≲ 0.02M⊙, based on an analysis of the various accretion phases and observational data of
both mass and spin periods. While there is no doubt that NSs in low-mass X-ray binary
(LMXB) systems (producing MSPs with He WD companions or H-rich “spiders”) are able
to accrete significantly more material than the first-born NSs in DNS systems, because the
timescale of evolution in the former systems is much longer, there are still many examples of
fully recycled MSPs which have small masses of (1.2−1.4)M⊙. Since the original birth masses
of these NSs could not be much smaller than 1.2M⊙, these systems show clear evidence of
very inefficient accretion. (For a reference, it only takes ∼ 0.1M⊙ of accreted material to
spin up a NS to a rotation period of 2 ms [1751].) Therefore, the general differences in masses
between non-recycled and recycled NSs is likely caused by a difference in the birth masses
of NSs born first or second in a binary system. Thus, these mass differences are likely to be
the result of the progenitor star evolution. At the upper end of the mass scale, it is possible
that heavy accreting NSs may reach a critical mass and collapse to produce low-mass BHs
[1752], even with masses below this critical threshold due to loss of gravitational binding
energy when the BH is formed.

3.4.4 Anticipated impact from ET data

A high-resolution NS mass spectrum (and ultimately its dependence on redshift) is a key
ET objective. ET BNS detection rate is expected to be up to two orders of magnitude
higher compared to second-generation detectors [16]. For a BNS population following the
Galactic DNS mass distribution, this could translate to several thousands of events per year,
detected up to redshifts z ∼ 5. A considerable fraction of these events (few hundred per year)
will be recorded with sufficient precision during both the inspiral and post-merger phases to
accurately separate the component masses. Hence, these data will provide a completely new
probe of the NS mass distribution and its evolution with redshift. In turn, this will allow
for the first time a direct link to physical processes before and after the NS formation. For
example, the different nature of core collapse SNe (iron core collapse vs. electron capture) is
guaranteed to produce a distinct signature in a high-resolution NS mass spectrum obtained
at different metallicities [1753].

Synergies with existing (e.g. the Five-hundred-metre Aperture Spherical radio; FAST)
or upcoming (e.g. the Square Kilometre Array; SKA) facilities that will provide an order
of magnitude more mass measurements for galactic binary pulsar systems [1754], will also
help resolve degeneracies between the effects of the EoS, core-collapse physics, and binary
evolution [1741]. Likewise, nearby golden events that will be observable for several days to
weeks will also allow for joint EM monitoring and follow-up. Such events will further help to
identify non-equilibrium effects (see section 6 for details) during the inspiral and use them
to obtain more accurate estimates of NS macroscopic properties. It is important to note
that the LF instrument will be critical for achieving the sensitivity required to meet these
objectives.

3.5 Spins of stellar-origin BHs and NSs

3.5.1 BH spins – theoretical expectations

The origin of spin in astrophysical BHs remains an active research topic. However, from
first principles, BH spin is related to four factors [1755]: (i) the angular momentum content
of the BH’s immediate progenitor star, (ii) the angular momentum of material accreted
onto the BH after it formation, (iii) an instability during the core collapse that transfers
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significant amount of angular momentum to the core of the collapsing star, while a small
amount of material carrying the opposite angular momentum is ejected from the system, and
(iv) the conversion of orbital angular momentum into spin angular momentum in a binary
BH (BBH) system. In the next paragraphs we examine each of these four aspects in the
process of forming coalescing BBHs and NSBHs.

In the last several years, it has been argued that a BH formed from a single star or
the first-born27 BH in an isolated BH binary systems is likely to have very slow spin as
long as there is efficient angular momentum transport within the star [1330, 1756]. As the
BH progenitor star is expanding in its post-main-sequence evolution, angular momentum
is transported to its outer layers, depleting the core from angular momentum. The outer
layers of the BH progenitor star are subsequently removed via stellar winds and binary
interactions, typically leaving behind a slowly spinning stripped star which eventualy forms
a slow-spinning BH. For single stars, the exact BH spin depends on the initial rotation of
the star and the details of the assumed angular momentum transport mechanism, but in any
case it is expected to be ≲ 0.1 [1330, 1331, 1757]. However, when member of a binary system,
the progenitor star of the first-born BH may maintain a slightly higher angular momentum
content, due to tidal interactions during it evolution, resulting in BH spins up to 0.2 [1758].
One caveat to the argument above is the possibility for chemically homogeneous evolution
(CHE) [1759]. The rapid rotation of a massive star, which can be either its initial rotation
or induced by a binary interaction, can induce strong internal mixing, maintaining a uniform
chemical composition throughout the star. CHE stars do not expand to become supergiants,
and thus can avoid angular momentum losses, especially at very low metallicity where stellar
winds are significantly reduced, and can form BHs with higher spins. It is believed that CHE
occurs for low-metallicity, fast rotating, massive stars, but the exact conditions that lead to
CHE remain uncertain (e.g., [1320, 1760–1762])

In all formation channels emerging from the evolution of isolated binaries, the progenitor
of the second-born BH is a stripped He star. The spin of the second-born BH is determined
by the net effect of the stellar wind and the tidal interaction of the BH–He-star binary system.
Because of the efficiency of the angular momentum transport, as explained above, the He-star
emerges from the second mass-transfer event with a negligible spin. If the orbital separation
is small enough, and stellar winds do not widen the system significantly, the He-star, however,
can be spun up by tides. These conditions are typically met at low metallicities for BBHs
formed through the common-envelope formation channel. In contrast, in the case of stable
mass-transfer, the orbits shrink less efficiently leading to less tidally spun-up second-born
BHs (e.g. [1330, 1331, 1335–1337, 1757, 1763]).

Accretion of material onto a BH can alter its spin. While it is relatively easy to spin
up a non-degenerate star (only ∼ 1% of the star’s initial mass needs to be accreted in order
to significantly alter its spin [1764]), a BH mass must be roughly doubled due to accretion
to produce a rapidly spinning object. A more accurate calculation (e.g., [1756, 1765–1767])
shows that 20% of the BH’s mass must be added to bring the spin of a non-spinning BH to
0.5, and the initial BH mass must be more than doubled to bring the spin to 0.99. The mass
doubling timescale for a BH accreting at the Eddington limit is of order 100 million years –
far longer than the ≲ 105 year lifetime of high-mass X-ray binaries composed of a BH and

27One should note that the terms “first-born” and “second-born” here refer to the order in evolution of
the BBH progenitor system that the two BHs were formed, and should not be used interchangeably with the
terms “primary” and “secondary”, often used in observational GW astronomy, referring to the more and the
less massive BH, respectively, at the time of merger.
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its mass-shedding companion.

Stable Roche-lobe overflow accretion onto a BH can result in mass-transfer rates that can
exceed the Eddington rate by many orders of magnitude. In the context of binary evolution
and binary population synthesis modeling, a common assumption is to limit the accretion onto
the BH to the Eddington, or a few times the Eddington, rate. However, hypercritical accretion
has been claimed as a way to allow for a significant amount of matter to be accreted at
super-Eddington rates [1768], and radiation GR-MHD simulations of super-critical accretion
disk (e.g., [1769]) partially support this argument. Binary population synthesis models that
consider super-Eddington accretion show that BHs can indeed increase significantly their
masses during a stable mass-transfer episode (e.g., [1306]).

The question of angular momentum gained during such a super-Eddington mass-transfer
episode is a more delicate one. The common assumption that the accreted material carries
the angular momentum of the ISCO may not be valid at highly super-Eddington rates.
Radiation GR-MHD simulation of super-Eddington accretion disk around BHs show that,
if significant structured magnetic fields are present in those disks, then the disks may enter
in a magnetically arrested disk state, where the specific angular momentum of the material
accreted by the BH is much less that that of the ISCO [1770]. Furthermore, magnetically
arrested disks can lunch relativistic jets, which extract rotational energy from the BH [1771].
In that case accretion can lead to spin down of the BH instead of spin up. In the absence
of significant structured magnetic fields, the assumption that the accreted material carries
the specific angular momentum of the ISCO is closer to what numerical simulations predict
[1772].

It is plausible that core collapse itself is a process that spins up a BH. If during a
supernova explosion the ejecta somehow were to carry away a significant amount of angular
momentum, while the collapsing part of the star acquired the conjugate angular momentum,
then a spinning BH could be formed. However, black holes more massive than ≳ 15M⊙
are likely to form through complete fallback [1689]. In this context, it has being suggested
that black holes could spin up if part of the ejecta were torqued by the binary companion
before faling back, effectively converting part of the orbital angular momentum to BH spin.
For this process to be efficient, however, a fine-tuning of the ejecta velocity distribution
is required, making it unlikely to lead to significant spin-up in most cases [1773, 1774].
Finally, the standing accretion shock instability during core collapse and gravity waves during
the late evolutionary stages of massive stars have been suggested as potential mechanisms
that can stochastically transfer angular momentum to the stellar core right before or during
its collapse, potentially explaining the spin distribution of young NSs. However, it is not
expected that either of these two mechanisms can significantly affect the spin of a BH [1775,
1776].

While all the above processes were discussed in the context of the evolution of isolated
binaries, they are also relevant for most other formation channels, e.g. dynamical formation in
triple and higher multiplicity systems (e.g., [1348, 1349]), globular clusters (e.g., [1777, 1778]),
nuclear clusters (e.g., [1456]), young star cluster (e.g., [1475]) or AGN disks (e.g., [1421]).
In such environments, dynamics and stellar/binary evolution act together to form coalescing
double compact objects. Dynamical encounters are expected to lead to a perfectly isotropic
orientation of BH spins in the densest environments, where each binary system experiences
multiple close gravitational interactions and exchanges [1779]. Only in open clusters and
low-mass young clusters, spin orientation can retain some memory of the initial alignment
with the orbital angular momentum of the binary system [1780].
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In the densest stellar systems, globular and nuclear clusters, the merger product of
a coalescing BBH can be retained. This second generation BH retains part of the orbital
angular momentum of the progenitor BBH, such that even if the two progenitor BHs where
non-rotating, the resulting BH would have a spin of ∼ 0.7 [1781]. Although a kick is imparted
onto the BH merger product, second generation BHs can sometimes be retained in the clusters
and be involved in the formation of a new BBH. Merging BBH that contain at least one second
generation BH, although account only for a small fraction of the total BBH population,
can leave a distinct imprint in the BH spin distribution inferred from BBH mergers (e.g.,
[1397, 1459]).

3.5.2 BH spins – empirical evidence from X-ray binaries and GWs

The first efforts to constrain the spins of stellar-mass BHs were done using electromagnetic
observations of BH X-ray binaries, and specifically by studying either the spectrum of the
emitted X-ray radiation or the X-ray timing variability of the systems. There are three widely
used methods for estimating the spins of stellar-mass BHs observed in X-ray binaries [1782]:
(i) fitting the thermal continuum spectrum of the accretion disk, (ii) modeling the reflection
spectrum of the disk and specifically the distortion of the Fe K line due to GR effects, and
(iii) modeling high-frequency (∼ 100 − 450 Hz) quasi-periodic oscillations (HFQPOs). While
for the former two methods there are well-understood physical models underpinning them,
there is no established model for the origin of HFQPOs. Over the last decade, the results
from disk continuum fitting and the reflection line fitting methods have broadly converged.
The picture that emerges is that BHs in low-mass X-ray binaries have spins that cover the
entire range, from 0 to 1, while BHs in high-mass X-ray binaries tend to be fast, almost
maximally, spinning (figure 3.7).

Gravitational-wave observations have provided insights into the spins of black holes.
Spins leave an imprint of the gravitational waveform, enabling measurement of spin magni-
tudes (between 0 and 1) and orientations (typically defined relative to the orbital angular
momentum) [1608, 1609]. These imprints are more subtle that the effects of the masses,
making them more difficult to precisely measure [1612, 1783–1785]. The low-frequency sen-
sitivity of ET may be especially important for measuring spin precession, that takes place
when the spins are misaligned with the orbital angular momentum [1786].

In contrast to X-ray observations, the majority of the detected gravitational-wave
sources are consistent with having zero spin [6]. The more massive component of the source
GW190814 has the most precise spin-magnitude measurement, χ ≤ 0.08 [1788, 1789]. Several
sources, such as for GW151216 [1789, 1790], have been observed to have non-zero spin [6].
Considering the observed population, half of spin magnitudes are below χ = 0.25 [7]. The
statistical analysis by ref. [1787] shows that the spins of BBHs from gravitational waves
and those of BHs in X-ray binaries cannot be drawn from the same underlying distribution
(figure 3.7).

Spins are often discussed using effective spin parameters: the effective spin parameter
χeff = (m1χ1 +m2χ2)/(m1 +m2) is a mass-weighted combination of the spins aligned with
the orbital angular momentum [1791, 1792], and the effective precession spin χp characterises
a mass-weighted in-plane that contributes to spin precession [1793]. To date, most detected
sources are consistent with χeff = 0 [6], which could indicate either spin magnitudes are close
to zero, spins are anti-aligned with each other, or spins are primarily in the orbital plane.
The systems with non-zero χeff currently all have χeff > 0 indicating a preference for spins
aligned, rather than antialigned, with the orbital angular momentum [6, 7]. GW190814’s
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Figure 3.7: Cumulative distributions of BH measured from BBHs (yellow), low-mass X-ray
binaries (blue) and high-mass X-ray binaries (magenta). The distribution of prior CDFs is
shown by the unfilled black bands [1787].

source has the best measured value of χp, with χp ≤ 0.07 consistent with having a low-spin
primary component. Identifying an individual source showing spin precession has been more
difficult: GW200129 065458 is potentially the best candidate [6, 1794, 1795], but this result
is sensitive to the noise subtraction procedure used [1796, 1797] and it has been suggested
that the signs of precession could be a misdiagnosis of the influence of orbital eccentricity on
the signal [1798]. Considering the entire population, however, there is evidence that some
sources have non-zero χp [7, 1646]. Therefore, black hole spins can be misaligned with their
orbital angular momentum.

3.5.3 NS spin periods – theoretical expectations and limitations

NS spin periods measured so far span over 7 orders of magnitude [1733]: from ∼1.4 ms for
the radio millisecond pulsar J1748−2446ad [1799] to more than 5 hr for the symbiotic X-ray
binary 4U 1954+31 [1800]. The possible existence of sub-ms pulsars (P < 1 ms) is a long
standing and intriguing question. The distribution of MSP spins is shown in figure 3.8. The
discovery of a sub-ms MSP is very important for constraining the equation-of-state of NSs
[1801]. Given the physical mass shedding frequency limit of about 1500 Hz (P ≃ 0.67 ms),
it is perhaps puzzling why no sub-ms pulsars have been found so far in light of the intense
efforts to detect these objects in both radio and X-rays. Nowadays, there seems to be no
instrumental or computational selection effects that would prohibit such a discovery. From a
theoretical point of view, it is an open question whether the lack of detected sub-ms pulsars
might be due to magnetospheric conditions [1733] or GW radiation during the accretion
phase that halts the spin period above a certain level [1802–1805]. A GW discovery of an
accreting sub-ms pulsar would thus be a major discovery. The emitted GW signal would have
a frequency above 2000 Hz, and although this is not optimal for ET where the sensitivity
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peaks at 200–300 Hz, any GW strain above 10−24 Hz−1/2 @ 2000 Hz is potentially detectable.

Figure 3.8: Distribution of spin periods of 485 radio MSPs with P < 10 ms. Despite intense
searches, no sub-ms MSP has been discovered thus far. ET may reveal such a sub-ms MSP
in a GW merger – see text. After [1733].

3.5.4 Spins of double NS systems: evidence from Galactic sources and expec-
tations for mergers

Radio pulsar data on recycled and young pulsars in Galactic field NS+NS systems reveal
that the spin values of the second-born (i.e. non-recycled) pulsars are equivalent to those
of single young pulsars (∼ 0.1 − 3 s) and that the recycling process of the first-born NS
is rather inefficient: the most rapidly spinning NS measured in a Galactic NS+NS system
has a spin period of P ≃ 21 ms. This is expected [1733] because NS+NS systems descend
from high-mass X-ray binaries (HMXBs), which means that the relatively short lifetime of
the massive (ultra-stripped) progenitor of the second-born NS prevented sufficient supply of
material to spin up the first-born accreting NS [1806]. However, the situation is different for
NS+NS produced in dense stellar environments, like globular clusters [1807], because binary
exchange encounters may pair up an MSP (formed in a low-mass X-ray binary systems)
with another NS — a process which is evident from exactly such MSP+NS pairs detected
in globular clusters [1808]. Thus we do expect ET to eventually detect mergers of NS+NS
systems in which one NS component (or even both) may be an MSP, although their rate will
likely only be a small fraction of the total detected NS+NS merger rate [1382, 1809].

A natural question is what the spin rate will then be at the moment of the merger
since NS+NS system may have long delay times of several Gyr, during which magnetodipole
radiation and magnetospheric plasma currents give rise to loss of rotational energy. It turns
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out that many MSPs will lose only a small amount of rotational energy [1751] because their
surface B-fields are very low (107 − 108 G) as evident from their Ṗ values down to ∼ 10−21.
Thus we do expect ET to detect some NS+NS mergers with NS component spin periods of
order ms, although the rate is likely low and the resulting post-merger GW signal from such
NS+NS mergers with one high-spin component is slightly weaker than for slower spinning
NSs [1809].

3.5.5 BH/NS spin-axis direction and core collapse

Whereas the spin magnitudes of BHs and NSs are expected to be determined by progenitor
star evolution and binary interactions (mass accretion and tides) after their formation, the
directions of BH and NS spins are of uttermost importance for probing core collapse and
understanding SN explosion physics. Measurements of individual spin components will still
remain challenging with ET. However, the distribution of measured effective spins (χeff , i.e.
spins projected along the orbital angular momentum vector during in-spiral) can teach us not
only about the formation channel of GW mergers [1496, 1779, 1810, 1811] but also about SN
explosion physics. Evidence has recently been suggested for spin-axis tossing (flipping the
rotation axis in a random direction) at birth based on empirical data from LVK observing
runs O1–O3 [1812] and theoretical investigations of this phenomenon (at least for NSs and
low-mass BHs) has been put forward [1813]. A large increase in GW merger data from
ET will significantly boost the empirical statistics to firmly infer both progenitor formation
channels and the question of tossing the spin axis at birth.

3.5.6 BH/NS spins in light of ET

ET offers a significant increase in detector sensitivity compared to LVK. This improvement
enhances the possibility of detecting continuous GW signals at high frequencies from Galactic
spinning NS with sufficiently large ellipticities [1814–1817], see section 7.3.2 for extended
discussion. Detection of continuous GWs from a spinning NS would be a major breakthrough
and open up a new path to study the structure and evolution of NSs. If GWs from a spinning
NS are detected in a tight binary, from which LISA will be able to detect the orbital motion in
low-frequency GWs, i.e. a dual-line GW source [1818, 1819], the prospects for investigating
the interior of these NSs are even brighter.

3.6 Primordial versus stellar-origin BHs

As we already discussed in section 2.2.5, primordial black holes (PBHs) are a putative pop-
ulation of BHs that could have formed in the early Universe, much before the formation
of structures and stars. The simplest formation scenario assumes the collapse of extreme
inhomogeneities during the radiation–dominated era [937–940] (although various alterna-
tive mechanisms were suggested, e.g. based on early matter dominated eras [1820, 1821],
cosmological phase transitions [984, 986, 988, 1822, 1823, 1823], the collapse of domain
walls [930, 998, 1824] and others [1825–1829]). While remaining one of the most studied
candidates to explain the dark matter, even a subdominant population of PBHs could serve
as the seed of supermassive black holes at high redshift [1830–1833], explain small scale
structure features [480, 1834, 1835], and lead to boosted signatures of other dark matter
candidates (such as WIMPs) [488–490, 1836].

The characteristic natal mass of these objects is linked by model-dependent factors to the
mass within the Hubble sphere mH at formation. For example, if the formation takes place
in a radiation dominated Universe, it was shown to follow a critical scaling as a function of
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the collapsing overdensity above the threshold. For typical perturbations, mPBH/mH takes
values of order unity, although different hierarchies can be attained. Overall, PBHs can
generically be formed in a range of masses which spans several orders of magnitude [1837–
1840], from the ultra-light masses mPBH ≲ 10−18M⊙ that are unstable through Hawking
evaporation, up to supermassive scales. There are many constraints on the PBH abundance
fPBH ≡ ΩPBH/ΩDM (see [498] for a comprehensive review). In this landscape, ground-based
detectors will be able to provide strong bounds in the mass range that goes from planet size
masses, mPBH ∼ O(10−6)M⊙, up to intermediate masses mPBH ∼ O(104)M⊙, by searching
for the GW signatures of PBH mergers, exceeding in most of this mass range the existing
bounds derived from microlensing surveys and various phenomena related to particle emission
from accreting PBHs. The complementary constraints that will be set by searching for GWs
associated with the formation mechanisms are discussed in section 2.2.5.

While current LVK observations are still compatible with a fraction of the events to have
primordial origin, as originally suggested in refs. [1265, 1267, 1268] (see however refs. [951,
1841] for the most recent analyses, and [933, 1842] for reviews on PBH mergers as GW
sources), it is exciting that next-generation GW detectors, such as ET, would greatly enhance
our capabilities to search for GW signatures of PBHs [1843–1845], leading to unprecedented
tight bounds on their abundance, as low as fPBH ≲ 10−10 in some extreme scenarios [1846].

PBHs form in the early Universe. Their distribution is random unless specific corre-
lations are induced in the primordial perturbations [1847–1853], and they can pair to form
binaries through different processes [1854]:

i) via gravitational decoupling from the Hubble expansion, which typically happens before
the matter–radiation equality [1855, 1856]. Such binaries are initially highly eccentric,
with a semi-major axis distribution allowing for a large fraction to merge in the late-
time Universe;

ii) through gravitational capture within present-day small scale structures and galaxies
[1265, 1268];

iii) through three-body interactions in Poisson-induced PBH small scale structures [1597,
1857]. It is also possible that GW bursts are produced via PBH hyperbolic encounters
[1858], although with an expected subdominant rate within most of the ground-based
observable band [1859].

Out of those channels, it was shown that the dominant contribution comes from binaries
formed in the early Universe [1857, 1860–1862].28

It is important to stress that understanding clustering properties, and in particular
clustering evolution at low redshift, is crucial in this context, as non-trivial PBH correlation
beyond what is induced by Poisson initial conditions can enhance binary formation in both
the early- and late-time Universe, while at the same time inducing stronger suppression
factors due to disruption of binaries through more frequent binary-PBH interactions. More
broadly, a precise description of the clustering evolution of PBHs after their formation is
challenging, especially at low redshift. Numerical simulations of PBH cosmologies were able
to describe only high redshift (z ≳ 100) [1863] or individual clusters of PBHs [1864–1866],
while the impact of clustering on the merger rate was investigated with advanced analytical

28This conclusion was also tested with dedicated N-body simulations for relatively narrow mass functions
[1861] (up to 2 orders of magnitude in width). Whether disruption of binaries is more or less efficient for
broader mass distributions is still subject to debate (see also [480]).
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Figure 3.9: A flowchart to test the primordial nature of a binary. Green and red refer to
the condition in the box being met or violated, respectively. Adapted from ref. [1869]. The
asterisks indicate that the condition is evaluated in the scenario where PBHs are formed in
a radiation-dominated Universe, and a model-dependent alternative is possible.

studies [1857, 1862]. The detection of PBH mergers would provide valuable insights and allow
to narrow down theoretical uncertainties. Furthermore, due to the range of scales involved
with the formation of PBHs of masses that can be probed by ET, synergies with other
observables are possible. On the one hand, scenarios induced by large stellar-mass PBH
clustering require non-trivial correlations at the scales probed by CMB distortions [1867]
with future experiments (e.g. PIXIE and Voyage 50 [1868]), while the enhanced density
perturbations required to form PBHs would fall in the range probed by PTA experiments.

Searching for evidence on the existence of PBH binaries is very challenging due to large
uncertainties on their properties, such as their mass distribution, which is inherently model-
dependent and linked to the early Universe initial conditions. An additional challenge is
posed by the expected astrophysical BBHs that act as foreground, and trying to distinguish
the two contributions is mostly limited by existing theoretical uncertainties and degeneracies
between the astrophysical and primordial channels. However, it is important to stress here
that some distinctive features exist, and in the following, we will present what are considered
the smoking-gun signatures of PBH binaries.

In figure 3.9 we summarize the main properties of PBH binaries formed in the radiation-
dominated early Universe. As we will see, detecting high redshift mergers and/or subsolar
binaries would allow for a confident discovery of a PBH population. In most scenarios,
one also expects specific mass-spin correlations that could be searched for in the GW data.
In this endeavor, ET will be a game-changer compared to current GW detectors [1869].
These smoking guns could be exploited on an event-by-event basis or through population
studies. We will discuss both approaches below. In section 3.10.3 we will discuss the potential
contribution from PBH mergers to the stochastic GW background.

Current LVK observations set the most stringent bound on the merger rate of primor-
dial binaries. However, next-generation detectors would boost our capabilities to constrain
this scenario. In table 3.2 we report the intrinsic and detectable number of mergers in the
interesting mass and redshift range (assuming the PBH abundance saturates current PBH
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N tot NSS N z>10 N z>30 NLMG NUMG

1920000 708487 1400384 795904 300220 7774

13347 1650 336 17 2638 235

Table 3.2: The total number of PBH (N tot), subsolar events (NSS), high redshift (z > 10 and
z > 30) events, and “mass gap” events (LMG and UMG for the lower and upper mass gap,
respectively), for the intrinsic numbers of PBH mergers per year predicted by maximizing
current LVK bounds [1633] (second row) and for the events per year detected with ET at
SNR ≥ 12 (third row).

upper bounds, see ref. [1869] for more details).

3.6.1 Constraints on high-redshift merger rate evolution

The unique feature of the PBH merger rate density is that it is monotonically increasing
with redshift as RPBH(z) ∝ t−34/37(z) [1860, 1864, 1870], extending up to early epochs at
z ≳ O(103). Interestingly, this property is dictated by how pairs of PBHs decouple from
the Hubble flow before the matter-radiation equality. Therefore, it is a robust feature of the
PBH channel.29

As high-redshift mergers are difficult to produce by astrophysical channels, one can set
a conservative threshold above which no astrophysical mergers are expected to exist within
standard cosmologies [1872]. One can adopt the conservative redshift threshold z ≳ 30 to be
a smoking gun for primordial binaries [1101, 1102, 1105, 1844, 1872–1874].

The superior sensitivity and wider bandwidth of ET at low frequencies are crucial to
detect putative mergers at z ≳ 30, and up to hundreds of them per year are expected when
the PBH abundance saturates current bounds [16, 1844]. However, an important aspect is
the measurement uncertainty on the source redshift z associated with a putative detection.
In simple terms, this is because an individual detection that is compatible with z ≈ 10
within uncertainties could be confused with black holes originating from Pop III stars, see
section 3.7.1 [1101–1104, 1869]. Figure 3.10 shows the posterior of the redshift in various
cases [1101, 1102] for an example network composed of ET+2CE. Note that analogous con-
clusions are reached with similar detector configurations. For a correct recovery of the true
redshift, it is important to include higher-order modes in the waveform [1101, 1102], which
alleviate the distance-inclination degeneracy and allow for a sufficiently accurate measure-
ment of z. Still, uncertainties could remain as large as ∆z/z ∼ 30% for a source at z = 30,
depending on the source properties, and would quickly degrade at larger distances.

Further information can be gathered by reconstructing the merger rate as a function of
redshift for a population of events. Figure 3.11 (left panel) shows the posterior predictive
distributions at z > 10 reconstructed from a hierarchical Bayesian inference of 4 months of
synthetic data, assuming two populations of mergers: a representative astrophysical merger
channel from Pop III stars and a primordial one with abundance saturating current upper
bounds and a mass function centered around Mc ∼ 30M⊙. In the right panel, we report the
corresponding upper bound that will be set on fPBH from a non-detection of PBHs in 1 year
of data taking.

29In the case of initially strongly clustered PBHs, the merger rate evolution with cosmic time is only slightly
modified to RPBH ∼ t−1(z) [1846, 1861, 1871].
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Figure 3.10: Redshift posteriors for sources with (Mtotal, z, q) = (40M⊙, 30, 1) at ι̂ =
0◦, 30◦, 60◦ and 90◦, obtained with a waveform with (blue) and without (red) higher-order
modes and for a detector network composed of two CE and one ET (see ref. [1102] for more
details on the assumed detector network). The solid horizontal lines show the 95% credible
intervals, whereas the dashed lines mark the injected value z = 30. The top axis shows the
optimal SNR of the two waveforms. From ref. [1102].
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Figure 3.11: Left panel: Reconstructed merger rate at z > 10 assuming ET+CE and
two populations of events: astrophysical (Pop III) and primordial. We consider the most
conservative scenario in which both populations have the same mass function, we neglect
PBH accretion, and we adopt an optimistic Pop III merger rate [1875]. Right panel: a null
observation for a primordial population with ET+CE can be translated into an upper bound
on the PBH abundance. Taken from ref. [1105].

3.6.2 Subsolar PBH binary searches

The detection of a subsolar object in a compact binary merger is regarded as one of the
smoking gun signatures of a population of PBHs.30 Current bounds from LVK observations

30Alternative new physics scenarios could also lead to the formation of subsolar BHs. For example, dissi-
pative dark matter models allow for the generation of dark black holes, with similar properties compared to
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are already forcing the PBH abundance to be smaller than unity in the subsolar mass range
[1887–1889]. Also, microlensing constraints are setting comparable bounds in the nearly-
stellar mass range [1890–1894]. Even complying with current bounds, however, the number
of potential subsolar mergers in 1 yr of observation of ET could be large, as indicated in
table 3.2, given the much higher sensitivity of the future detector. In case one candidate
detection is found, it would be crucial to:

i) check that the supersolar regime is excluded within uncertainties;

ii) exclude possible confusion with other subsolar objects, such as light NSs or more exotic
compact objects.

PBH binaries could be distinguished from stellar binaries based on the measurability of tidal
effects (i.e. tidal Love number as well as tidal disruption of the compact objects) [459, 1895].
At variance with PBHs, the GW signal from stellar binaries is affected by tidal effects (see
also sections 1 and 6), which dramatically grow for moderately compact stars, as those
expected in the subsolar range. The prospects of measuring tidal effects in subsolar binaries
are good already with the LVK network, but only the next generation of GW detectors such
as ET will allow to claim a putative subsolar detection at (> 5σ) level [459]. This is shown in
figure 3.12, summarizing the results of a model-agnostic Bayesian analysis [459] of a simulated
GW event from a PBH binary with masses m1 = 0.62M⊙ and m2 = 0.27M⊙ at z = 0.02,
and in table 3.3. This example is motivated by the low significance trigger found by LVK
[1888], see also [1896].

In particular, table 3.3 shows two types of analyses, assuming the event was either
a BNS (including tidal deformability in the waveform and tidal disruption frequency fmax

beyond which the signal shuts off, parametrized by the effective tidal deformability Λ̃ and
λ̃f ≡ fmax/fISCO, respectively, where fISCO is the frequency corresponding to the innermost-
stable circular orbit) or a BBH (assuming an injection with zero tidal effects but including
Λ̃ in the recovery). While the errors on the masses are sufficiently small to be confidently
ascribed to the subsolar range already for LVK O4, in the BNS case the errors on the tidal
deformability are relatively large, so that Λ̃ = 0 cannot be excluded with a high confidence
level. Only next-generation detectors such as ET will allow to exclude Λ̃ = 0 at least
at 3σ level (at > 5σ level, in fact). Nonetheless, the cut-off frequency for tidal disruption
(parametrized by λ̃f ) would be constrained away from unity at 4σ level already by O4, which
would still support the interpretation of the observed signal as coming from a BNS. Likewise,
if the subsolar event is a binary PBH, model-agnostic measurements of Λ̃ with ET+2CE (or
similarly with ET alone) will exclude the NS hypothesis and also certain classes of exotic
compact objects, such as compact boson stars [459].

Even lighter binaries could be searched for using ad-hoc techniques [1897]. As light
PBH binaries would only appear in ET frequency band during the inspiral phase, the signal
evolution is very slow, and appears as a nearly monochromatic signal. While the current LVK
sensitivity is still not sufficient to derive constraints which are competitive with microlensing
upper bounds on fPBH [1894] for mPBH ≲ 10−2M⊙ [1897], ET will drastically improve the

the formation from Population-III stars with, however, potentially different masses [1876, 1877]. Additionally,
nearly solar-mass BHs can form out of NS transmutation in certain scenarios [1878–1885]. If one observed
both the NS and the transmuted BH populations, one could infer implosion timescale, and eventually the
properties of the dark matter particle that induced the transmutation, such as mass and interaction cross
section [1886].
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Figure 3.12: Posterior distribution of the masses (m1,m2) and the tidal deformability Λ̃
parameter for LVK O5 (left) and ET+2CE (right) (see ref. [459] for more details on the
assumed detector network). The red lines represent the injected values of a typical subsolar
event. In ET+2CE case, the upper bounds on Λ̃ would exclude neutron stars or more exotic
alternatives [245]. Taken from ref. [459].

Network LVK O3 LVK O4 LVK O5 ET+2CE

BNS (Λ̃ = 1.5 · 105, δΛ̃ = 4.9 · 104, λ̃f = 0.075)

SNR 7.90 12.8 22.4 398

∆m1/m1 0.47 0.22 0.082 0.0017

∆m2/m2 0.39 0.19 0.070 0.0015

∆Λ̃/Λ̃ 0.86 0.66 0.55 0.047

∆λ̃f/λ̃f 0.38 0.24 0.13 0.015

BPBH (Λ̃ = δΛ̃ = 0, λ̃f = 1)

SNR 8.38 13.4 23.9 403

∆m1/m1 0.20 0.13 0.044 6.6 · 10−3

∆m2/m2 0.17 0.11 0.037 5.6 · 10−3

∆Λ̃ 9.1 · 103 5.8 · 103 3.0 · 103 7.5 · 102

Table 3.3: Fisher parameter estimation uncertainties with current and future GW experi-
ments. We inject a system with m1 = 0.62M⊙ and m2 = 0.27M⊙, assuming the binary was
either a BNS (top rows) or a BPBH (bottom rows). Adapted from ref. [459].

sensitivity leading to much tighter bounds [1898, 1899], tightening the ones currently derived
from microlensing surveys.
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3.6.3 Spins of primordial black holes

A broad class of models predicts the Kerr dimensionless spin parameter at PBH formation
to be very small, of the order a ≲ 10−2 [1900]. This includes the most studied formation
mechanism where the collapse of extreme inhomogeneities takes place during the radiation-
dominated Universe. However, alternative formation scenarios [1829], such as collapse during
an early matter-dominated phase, or through the subhorizon assembly of massive objects, can
lead to larger natal spins [1901]. This model dependence is inevitably linked to the primordial
scenario due to the currently poor knowledge of the initial phases of cosmological evolution.
After formation, PBHs may spin up due to the accretion of baryonic matter throughout the
cosmological evolution, in a process that is expected to quench at the onset of the reionization
era, due to both enhanced PBH peculiar velocities within structures as well as gas heating
up [1902, 1903]. The dominant contribution to the PBH merger rate comes from binaries
formed in the early Universe, through decoupling from the Hubble expansion, and thus no
spin alignment is expected at binary formation. Spin induced by accretion, which is only
expected to be efficient for masses larger than O(10)M⊙, leads to a correlation between large
total binary masses and large spins which can be used to distinguish this scenario from others.

3.6.4 Tests based on mass and spin distributions

PBHs can be formed in a wide range of masses and, at odds with the astrophysical scenarios,
there are no forbidden mass gaps where they cannot form. In particular, as the formation
mechanisms rely on the collapse of large density perturbations in the early Universe, they
are not affected, for example, by the physics dictating pair-instability supernova [1711, 1712,
1720]. While large uncertainties on the exact location of the astrophysical mass gaps remain
(see section 3.3.3.2 and 3.3.3.4), the presence of events in such regions would potentially
require different astrophysical mechanisms (e.g. astrophysical hierarchical mergers) or point
towards the primordial nature of the binary.

Let us focus first on the so-called lower mass gap, the putative gap in the distribution of
masses separating astrophysical NS and BH binaries in the range ≈ [3, 5]M⊙. If PBH binaries
were contaminating the NS range, the mass distribution would also contaminate the lower
mass gap, due to the difficulty of generating a sharply peaked PBH mass distribution in the
early Universe. In figure 3.13 (left panel) we show an example of this, following ref. [951]. The
green band indicates the mass distribution assuming the primordial scenario to be responsible
for the light events in the GWTC-3 catalog [6], to be compared with the NS predictions
in purple. It shows the larger width necessarily induced by the QCD effects and critical
collapse [1841, 1904–1906], which would then correspondingly predict events both in the
adjacent subsolar and lower mass gap range. Similar considerations apply to the upper mass
gap, in the range approximately between 50− 130M⊙ where, as discussed in section 3.3.3.4,
a dearth of BHs is theoretically expected due to the pair-instability supernova mechanism
[1711, 1712, 1720]. As contamination of the gap by astrophysical binaries is possible (see
section 3.1 for more details), it is important to devise robust tests for the primordial nature
of the binary [1905, 1908].

One possibility to distinguish between these two populations is based on searching for
features in the mass distribution, or searching for correlations between masses and spins.
In a general sense, remnants of second-generation BHs, which are the product of a prior
merger, are identified by a final spin of around χf ≃ 0.68 [1909], assuming that the spin of
first-generation BHs is negligible or isotropic distribution of BH spin directions [1466]. Addi-
tionally, it is expected that the mass ratio will be less than unity. Conversely, the relationship
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Figure 3.13: Left panel: posterior predictive distribution for events within the NS range
based on the LVK GWTC-3 catalog [951]. Right panel: Distribution of χeff expected for
PBH binaries as a function of the total mass M depending on the accretion efficiency (see
[1902, 1907] for more details). We stress that this prediction applies to PBHs born in a
radiation-dominated Universe or to alternative formation scenarios for which the natal spin
is negligible, and therefore represents a weaker test of the primordial nature of the binary.

between masses and spins in the PBH scenario exhibits a different pattern. By concentrat-
ing on the formation in a Universe dominated by radiation (which is generally applicable
even in extended scenarios [1910]), the main predictions of the primordial scenario for the
distribution of the effective spin parameter χeff are as follows [1869] (see also figure 3.13):

i) Binaries possess negligible χeff at low masses within the observable range of ground-
based detectors;

ii) At larger masses, one expects a correlation between large binary total masses and wide
distributions of χeff induced by accretion effects;

iii) The distribution of χeff is only dependent on the total mass of the binary, with negli-
gible dependence on the mass ratio (see also figure 3.13). Therefore, for fixed primary
mass m1, the χeff distribution widens for larger q. In other words, there is a positive
correlation between larger spin magnitude and mass ratios close to unity. This trend
with q is opposite to the one expected for dynamically formed astrophysical BBH, where
more massive, higher-generation mergers tend to have smaller mass ratios, i.e. negative
correlation between large spin magnitude and q.

While current GWTC-3 observations allow for a positive correlation between binary mass
and width of the χeff distribution [1911], poorly measured spins and the low statistics do not
allow to confirm this trend and to distinguish between the PBH and dynamical astrophysical
channels. ET is expected to gather a much larger number of detections with more precise
spin measurements, potentially reaching sub-percent precision on individual spin magnitudes
for a large fraction of detections (see e.g. [16, 1633]), and allowing for tests of the presence
of mass-spin correlation consistent with the PBH scenario.
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3.7 Revealing Population III stars with the first BHs

3.7.1 The nature of Pop III stars

The formation of the first (Pop III) stars marks a primary transition phase of cosmic evo-
lution. Their light ends the so-called ‘dark ages’, and they play a key role in cosmic metal
enrichment and reionization, thereby shaping the Universe at large and the present-day galaxy
population. The field of Pop III star formation and how Pop III stars impact cosmic evolu-
tion has been rapidly growing in the past 25 years, and it is therefore a relatively young field
of research. As a consequence, there is still considerable debate about the physical processes
that govern stellar birth at high redshift, and the overall properties of the first stars. Here we
provide a very brief summary of the latest findings and highlight if and how ET observations
of the GW emission from their BH remnants may help us improve our understanding of the
first stars. For the interested readers, we suggest some of the latest excellent reviews which
have appeared on this subject [1099, 1912–1915].

3.7.1.1 Cosmological context of Pop III star formation. Initially, primordial star
formation was proposed to be very simple, governed by well defined initial conditions provided
by Gaussian fluctuations of the cosmic density field. In this context, the formation of the
first stars occurs in regions where the cosmic fluid fulfils two conditions. First, it needs
to decouple from the global expansion and begin to contract due to the self-gravity of dark
matter, in a so-called dark matter halo. Second, the gas within the dark matter halo needs to
be able to cool and go into runaway collapse to eventually reach stellar densities. For a gas of
primordial composition, the only available coolant are atomic and molecular hydrogen. The
combination of ΛCDM and primordial gas cooling leads to an initial collapse phase driven
by H2 cooling in dark matter (DM) mini-halos with masses Mh ∼ 105 − 106 M⊙ which form
at the intersect of cosmic web filaments, at 20 ≲ z ≲ 30 [1916–1918].

At these high redshifts, electromagnetic observations of individual Pop III forming re-
gions are very challenging even for the James Webb Space Telescope (JWST) [1919, 1920].
However, Pop III stars forming in pockets of metal-free gas at z ≲ 10 have been pre-
dicted by simulations [1921, 1922] and may have already been tentatively detected by JWST
[1923, 1924]. In addition, their cumulative emission leaves an important signature on the
21cm signal from cosmic dawn and the epoch of reionization [1925], which will provide im-
portant constraints on the onset and efficiency of Pop III star formation [1926–1930].

We shall also note that other important physical processes affect the onset of Pop III
star formation and the minimum dark matter halo mass where this can occur. One example
is the existence of streaming velocities, a relative motion between dark matter and baryons
which stems from second-order cosmic perturbation theory and decreases linearly as the
Universe expands [1931]. Simulations that include streaming velocities suggest that their
presence delays the onset of cooling, and leads to a larger critical mass for collapse to set
in [1912]. Another important aspect that may affect the minimum halo mass to host star
formation is the nature of dark matter (DM). Warm DM or fuzzy DM models suppress
structure formation on small scales that depends sensitively on the mass of DM particles,
which therefore affects the predicted minimum scale for structure formation and the onset of
Pop III star formation [1932–1936]. This may result in a delay of Pop III star formation into
more massive (atomic-cooling) halos (Mh ≳ 107M⊙), where the primordial gas can cool by
the collisionally excited Lyman-α line.

Finally, once the first Pop III stars form, there are other additional effects which control
Pop III star formation, such as the presence of radiation fields in the LW UV band, which
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Figure 3.14: Redshift evolution of the critical halo mass threshold above which Pop III star
formation can happen (left axis) and the BH mass range in BBH mergers detectable by ET
(right axis). We show Mh,crit for efficient H2- and H-cooling from [1917] with the thin solid
and dash-dot-dotted curves. We plot Mh,crit regulated by Lyman-Werner (LW) radiation
and baryon-DM streaming motion in four cases based on [1937] (see also [1918]), adopting
different models for the LW background intensity J21 (in the unit of 10−21 erg s−1 cm−2 sr−1)
and streaming velocities vbc (in the unit of the cosmic root-mean-squared velocity). The thin
dashed, dotted, and long-dashed curves show the results for vbc = 0, 1, and 2, respectively,
under the model of J21 from [1938, 1939], while J21 is boosted by a factor 10 under vbc = 0
for the dash-dotted curve. We also show the halo masses corresponding to 3- and 4-σ density
peaks for the standard ΛCDM model and a fuzzy DM (FDM) model given a boson particle
mass of mac

2 = 5 × 10−21 eV with the thick solid and dotted curves. For the right axis, the
inner, intermediate, and outer shaded regions show the BH mass ranges in which more than
90%, 50%, and 10% of equal-mass BBH mergers can be detected at SNR > 9 by ET.

photo-dissociate H2, and hence suppress cooling, or in the X-ray band, which instead promote
H2 formation by increasing the free electron fraction and hence favor H2 cooling. These
additional physical processes however, depend on the properties of the radiation sources,
hence on their mass spectrum and multiplicity, which we will discuss below.

In figure 3.14 we illustrate how some of the above effects may be constrained by ET
by detecting the high-z BBH mergers formed as remnants of Pop III stars. The left axis
shows the redshift evolution of the halo mass threshold, Mh,crit above which Pop III star
formation can happen. In particular, we report Mh,crit for efficient H2- and H-cooling from
[1917], and Mh,crit regulated by LW radiation and baryon-DM streaming motion in four
cases based on [1937]. We also show the halo masses corresponding to 3- and 4-σ density
peaks for the standard ΛCDM model and a fuzzy DM model with a boson particle mass of

– 169 –



mac
2 = 5× 10−21 eV. The onset of Pop III star formation can be identified by the intersects

of these halo masses with Mh,crit, which span a broad range of redshifts (z ∼ 12 − 30). To
appreciate these results in the context of GW observations, we show the BH mass ranges in
which more than 90%, 50%, and 10% of equal-mass BBH mergers can be detected at SNR > 9
by ET with the right axis of figure 3.14. It is clear that ET has the potential to probe the
formation history of Pop III stars up to z ∼ 30 via mergers of Pop III BH remnants (at least
in the mass range of ∼ 20 − 40 M⊙) (see e.g. [1593] for detailed discussions on the relation
between the detection rate of Pop III BBH mergers by ET and the Pop III star formation
history), which will provide interesting constraints on the factors that regulate the onset of
Pop III star formation, such as the nature of DM, baryon-DM streaming motion, and UV
radiation fields.

3.7.1.2 Initial mass function of Pop III stars. Starting from a pristine dark-matter
mini-halo, the sequence of events which characterize the initial collapse phase is dictated by
the physics of H2. The formation of the dense cores, which are hotter and more massive
(typically a few 1000 M⊙) then those in present-day conditions, corresponds to the point
where H2 cooling becomes inefficient.31 From this point on, the cloud continues to collapse
without further fragmentation until it becomes optically thick and forms the central protostar.
Early simulations were stopped at this point, when the object was surrounded by only a small
disk-like structure which was more strongly supported by pressure than by rotation [1940–
1949]. The authors of these studies argued that all the inflowing mass would end up in one
single high-mass star.

In addition, due to the larger gas temperatures in the star-forming cores, the accretion
rates onto Pop III protostars is expected to be several orders of magnitude higher than for
present-day star formation and at these high rates the evolution was predicted to continue
up to the arrival of the growing protostar onto the Zero-Age-Main-Sequence, where its mass
was expected to be already of MZAMS ∼ 100 M⊙ [1950].

Because the luminosity increases rapidly with protostellar mass, radiative feedback is
expected to regulate the mass accretion and ultimately shut off the accretion flow, setting
the final mass to a few tens of M⊙ [1950, 1951], although this value is likely to depend on
environmental conditions, with values ranging from just under ten to more than one thousand
solar masses [1952, 1953]. It is important to stress that these results where based on 2D
radiation-hydrodynamic simulations that only follow the evolution of the central collapsing
core. Hence, by construction, they describe a mass spectrum of solitary Pop III stars, one
for each halo.

In the last two decades, the simple scenario of solitary formation of one massive Pop III
star per minihalo has significantly evolved into a more complex picture that primordial star-
forming gas is highly susceptible to fragmentation and Pop III stars typically form with broad
mass distributions in (small) clusters where binary and multiple systems are common. In
figure 3.15 we show some illustrative examples of the Pop III stellar initial mass function
(IMF) predicted by numerical studies with and without the inclusion of radiative feedback
[1912]. Despite the large variation in range (due to numerical limitations in resolution and
time coverage), the predicted distributions are rather flat (in log space) compared to the
highly bottom-heavy present-day IMF, and can extend up to ∼ 1000 M⊙. Pop III stars

31This occurs when the gas temperature is ≃ 200K and the gas density is ≃ 104cm−3, and the H2 levels
are no longer populated according to non-local thermodynamic equilibrium (NLTE). As a result, the cooling
becomes less efficient [1914].
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Figure 3.15: Illustrative examples of the Pop III stellar IMF predicted by three high-
resolution models without stellar feedback [1954–1956] and three simulations with radiative
feedback included [1952, 1953, 1957]. This figure is adapted from figure 6 in [1912].

may therefore leave behind black holes with a variety of masses, ranging from remnants of
core-collapse SN explosions, to black holes formed by failed explosions, up to black holes
with masses above the PISN mass gap, reaching the mass range expected for intermediate-
mass black holes (IMBHs, see section 3.3.1 and 3.8). In this new picture, fragmentation has
significant implications not only for the resulting Pop III stellar mass spectrum but also for
the formation of binary/multiple systems of stars and BHs, as we discuss below.

3.7.1.3 Pop III star clusters and binaries. In the standard pathway of Pop III star
formation, a star-forming disk forms at the center following the monolithic collapse of pristine
gas by runaway molecular cooling in a minihalo (Mh ∼ 105 − 106 M⊙). The disk fragments
to produce multiple protostars, which eventually become a small cluster of a few to few
tens stars and a total mass of ∼ 10 − 1000 M⊙ when the disk is evaporated by stellar
feedback. The initial configurations of Pop III star clusters and statistics of binary/multiple
systems are shaped by poorly understood processes of protostar formation and evolution
[1875, 1958]. Suffering from uncertainties due to limited resolution and imperfect modeling
of stellar feedback, some simulations predict that Pop III binary stars typically have large
separations a ∼ (2 × 102 − 4 × 104) AU due to outward migrations of nearly equal-mass
protostars by rapid accretion of gas with high angular momentum [1959–1962], while others
favor the formation of closer binaries (a ≲ 103 AU down to the resolution limit of a few AU)
with inward migrations by, e.g., dynamical friction in dense gas structures [1963, 1964].

The situation becomes even more complex in non-standard pathways where Pop III
star formation is delayed to occur in more massive (atomic-cooling) halos (Mh ≳ 107 M⊙)
by, e.g., baryon-DM streaming motion and LW radiation (see figure 3.14 and section 3.3 in
[1912]). The rapid gas inflows (Ṁ ∼ 0.1−103 M⊙ yr−1) in such massive halos are expected to
produce massive (≳ 104M⊙), dense star clusters, where competitive accretion and runaway
stellar collisions lead to the formation of a small number of very/super massive stars with
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MZAMS ≳ 300 M⊙ up to a few 105 M⊙ [1965–1973], which are promising progenitors of
IMBHs (see section 3.8). However, the abundance and properties of such massive Pop III
clusters (e.g., mass, size, virial factor, internal structure, and IMF of stars) are also uncertain
in current theoretical models.

In summary, our knowledge of Pop III star clusters and binaries is still incomplete due to
computational limitations of simulations (e.g., resolution, time coverage, volume, treatment
of feedback) and the lack of direct observations (which will remain challenging in the near
future). Nevertheless, as discussed below, the properties of Pop III star clusters and binaries,
as well as Pop III stellar evolution, are encoded in the properties of compact object mergers
from Pop III stars. Therefore, GW observations by ET will bring us new insights into the
physics of Pop III star formation/evolution.

3.7.2 The evolution of Pop III stars and binary black holes

Compared with metal-enriched Population I/II (Pop I/II) stars, Pop III stars are more com-
pact and experience negligible mass loss from radiation-driven winds because radiation es-
capes from them more easily in the lack of metal-line opacity (see figure 13 of [1912]). The
special metal-free stellar evolution, massive nature (section 3.7.1.2), and common multiplicity
(section 3.7.1.3) of Pop III stars indicate that they are efficient progenitors of BBHs. Similar
to BBH mergers from Pop I/II stars, the evolution of Pop III BBHs to mergers can also be
classified into the isolated (section 3.7.2.1) and dynamical (section 3.7.2.2) channels. As sum-
marized in figure 3.16 and discussed in detail below, these two channels are closely connected
to the special cosmological context and pathways of Pop III star formation, and they can
potentially produce BBH mergers32 with unique signatures identifiable in GW observations
by ET, which makes ET an indispensable probe of Pop III stars (section 3.7.3).

3.7.2.1 Pop III binary black hole mergers from isolated binary stellar evolution.
BBH mergers from Pop III stars have been studied most intensively for the isolated binary
stellar evolution channel (see section 3.1.1) [1590–1594, 1875, 1975, 1977–1984]. The isolated
binary stellar evolution channel is expected to be suitable for the standard pathway of Pop III
star formation that produces small Pop III clusters with short dynamical and relaxation
timescales, where most dynamical interactions happen in the early stage (within ≲ 1 Myr),
and Pop III binaries33 evolve effectively in isolation thereafter. Although well-motivated,
the merger efficiency and properties of Pop III BBH mergers from isolated binary stellar
evolution are highly sensitive to the obscure initial statistics of Pop III binary stars, binary
interaction processes, and Pop III stellar evolution.

For instance, if the initial binary statistics of Pop III stars is dominated by wide binaries
with a ∼ 102−104 AU as found in the simulations from [1956], rather than close binaries with
a ∼ 0.1−10 AU like in observations of present-day stars [1340], the merger efficiency of Pop III
BBHs will be reduced by up to a factor of ∼ 20, and the dominant evolutionary pathway
changes from stable mass transfer to common envelope evolution [1591, 1593, 1594]. The
evolution of individual stars has strong effects on the BH mass distribution in Pop III BBH

32Pop III stars also produce BH-NS and NS-NS mergers but at much lower efficiencies compared with BBH
mergers (see, e.g., [1875, 1974–1976]). Such less massive mergers are also more difficult to detect at high z.
Therefore, we focus on Pop III BBH mergers.

33Triples and quadruples also form in small Pop III star clusters [1958, 1985, 1986]. The BBH mergers
produced by such higher-order systems can be different from those from standard isolated binary stellar
evolution (see section 1.1.3). However, this aspect has not been explored for Pop III stars.
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Figure 3.16: Connections between the cosmological context (red) and pathways (orange) of
Pop III star formation (section 3.7.1), evolution of Pop III BBHs (green, see section 3.7.2),
and identifiable signatures of Pop III BBH mergers in ET observations (blue, see section 3.7.2
and 3.7.3).

mergers, in particular for massive BHs inside or above the PISN mass gap34 ∼ (50−130) M⊙.
In general, models with stronger stellar expansion disfavor the formation of massive Pop III
BBH mergers via isolated binary stellar evolution, since larger stars are more likely to suffer
strong mass loss and undergo stellar mergers during binary interactions. If massive Pop III
stars with MZASM ≳ 100 M⊙ become red super giants with radii R ≳ 103R⊙ when they
approach the end of main sequence (MS) or during post-MS evolution, Pop III BH mergers
mostly contain BHs below 50 M⊙ [1593, 1594]. In contrast, if stellar expansion is suppressed,
for example, by inefficient convective overshooting, close (a ≲ 1 AU) binaries of Pop III stars
with MZAMS ∼ (50 − 100) M⊙ can produce BBH mergers involving BHs of similar masses
inside the PISN mass gap via stable mass transfer with little mass loss, and binaries of more
massive (MZAMS ≳ 240 M⊙) Pop III stars can produce BBH mergers with BHs above the
PISN mass gap (≳ 130 M⊙) avoiding stellar mergers [1592, 1981–1984].

Moreover, these results point out the intriguing possibility that the BH mass distribution
in Pop III BBH mergers from isolated binary stellar evolution shows a unique35 narrow mass
gap around ∼ (100−130)M⊙, under the peculiar condition that (1) close (a ≲ 10 AU) binaries
of massive Pop III stars are common, and (2) massive Pop III stars do not expand significantly
before collapse. The identification or non-detection of this feature in GW observations of
BBH mergers (up to z ∼ 20 by ET, see figure 3.14) will place novel constraints on the binary
statistics of Pop III stars and Pop III (binary) stellar evolution.

34Pop III single stars with initial masses ∼ (50−100) M⊙ can avoid pair instability and retain most of their
hydrogen envelopes before collapse to produce BHs of similar masses in the PISN mass gap [1987, 1988]. If
their spins remain small (≲ 0.2) after birth [1330, 1490, 1989], Pop III BHs in the mass gap can be distinguished
from the merger products of smaller BHs [1990], although it is challenging to tell them from PBHs with similar
masses and spins (see section 3.6). How such Pop III BHs show up in BBH mergers is still in debate [1981].

35BBH mergers from extremely metal-poor (Z ≲ 10−4) stars have similar properties as Pop III mergers if
given the same conditions [1594, 1983]. However, it is unknown whether such stars can be as abundant and
massive as Pop III stars to have noticeable signatures in GW observations.
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3.7.2.2 Dynamical Pop III binary black hole mergers in dense star clusters. Other
than isolated binary stellar evolution, dynamical Pop III BBH mergers can also occur in
dense star clusters in two scenarios. (1) In-situ: Pop III BBHs form in massive (≳ 104 M⊙),
dense clusters of Pop III stars/remnants themselves [1969, 1970, 1991] hosted by atomic-
cooling halos (Mh ≳ 107 M⊙). (2) Ex-situ: Pop III BBHs (initially born in isolation) fall
into nuclear star clusters made of Pop I/II stars by dynamical friction when their natal
minihalos grow/merge into larger halos [1976, 1992, 1993]. The main difference between the
two scenarios is that Pop III mergers in nuclear star clusters mostly happen at relatively low
redshifts z ≲ 6 because only massive (Mh ≳ 109 M⊙) halos can possibly host nuclear star
clusters, while a large fraction (∼ 0.4− 0.8) of in-situ dynamical Pop III mergers can happen
at z ∼ 6 − 20 providing that massive Pop III clusters are common. Both scenarios produce
mergers of more massive BHs with lower mass ratios compared with the case of isolated
evolution, especially for BHs above ∼ 50 M⊙ including IMBHs that can be extremely rare
in isolated mergers [1593, 1594, 1991, 1993]. Besides, a significant fraction (up to ∼ 30%) of
dynamical Pop III BBH mergers will have large enough eccentricities e ≳ 10−3 detectable by
ET at the observer-frame frequency f = 10 Hz [1502].

These results are consistent with the common properties of dynamical BBH mergers (see
sections 3.1.2 and 3.1.3), although the predicted merger rates are subject to large uncertainties
in the abundance, initial conditions, and long-term environments of massive Pop III clusters,
as well as the assumptions on high-z nuclear star clusters and dynamics of Pop III BBHs
in high-z galaxies. It will be challenging to identify Pop III BBH mergers in nuclear star
clusters where they are likely overwhelmed by dynamical mergers of Pop I/II BBHs with
similar masses [1459]. However, observations of massive, eccentric mergers (with low mass
ratios) at very high redshifts (z ≳ 10) by ET will strongly constrain the in-situ Pop III
scenario, since BBH mergers from other origins either occur at lower redshifts (Pop I/II
BBHs) or on quasi-circular (e ≲ 10−5) orbits (isolated Pop III BBHs and PBHs).

3.7.3 Gravitational waves from Pop III remnants

Due to large uncertainties in the cosmic star formation history of Pop III stars (see figure 2
of [1912]), properties of Pop III clusters and binaries, as well as Pop III (binary) stellar
evolution, theoretical predictions Pop III BBH mergers are highly uncertain. Their merger
rate (density) is expected to peak around z ∼ 6− 15 with Rmax

PopIII ∼ (0.1− 200) yr−1 Gpc−3,

and the local rate is RPopIII(z = 0) ∼ (10−3−100) yr−1 Gpc−3 [1590–1593, 1875, 1969, 1970,
1975, 1976, 1978, 1980, 1982–1984, 1991, 1993, 1994]. In general, Pop III BBH mergers will
dominate the merger rate at least for z ≳ 20 (unless PBH mergers are abundant), and they
typically contain BHs above 20 M⊙, more massive than the low-mass (∼ 10 M⊙) BHs that
dominate the observed local merger rate. Depending on the Pop III IMF and (binary) stellar
evolution parameters, Pop III BBH mergers in isolation may contain massive (≳ 50 M⊙)
BHs inside and above the PISN mass gap, while such BHs will be common in dynamical
Pop III BBH mergers in dense star clusters. The high sensitivity of ET, especially at low-
frequencies, makes it an ideal instrument for observing Pop III BBH mergers at very high
redshifts (z ∼ 30), reaching the smallest structures hosting the first generation of stars in the
Universe (figure 3.14). A promising detection rate of ∼ 10− 104 events per year is estimated
from current theoretical models, as illustrated in figure 3.17.

More importantly, even if Pop III BBH mergers remain a sub-dominant component in
the detectable events, they can be identified with their potentially unique features, such as
a narrow mass gap ∼ 100 − 130 M⊙ in the BH mass distribution and high eccentricities
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Figure 3.17: Detection rates of Pop III BBH mergers from isolated binary stellar evolution
by ET with SNR > 9 for different models of the initial statistics of Pop III stellar binaries
(x axis) and cosmic star formation histories of Pop III stars (denoted by different markers)
adapted from Fig. 4 in [1593]. The rates predicted by other studies for isolated mergers and
dynamical mergers in dense star clusters are within the range shown here.

(e ≳ 10−3 at f = 10 Hz) at z ≳ 10, and with the aid of machine learning [1502, 1659, 1719,
1995]. Beyond resolved merger events, under certain conditions, Pop III BBH mergers can
possibly make significant contributions to the GW background, producing a spectral feature
at f ≲ 10 Hz accessible to ET observations, in particular for the residual background where
individual detected sources are properly subtracted, see also section 3.10.2 [1993, 1996–1998].
Since it is incredibly difficult to observe individual Pop III stars directly via electromagnetic
waves [1919, 1920], GW observations by 3rd-generation detectors like ET, combined with
other indirect probes of Pop III stars [1999–2001], will be extremely valuable for revealing
the elusive nature of Pop III stars and early structure formation.

3.8 Intermediate-mass BHs (IMBHs): formation channels and merger rate

Intermediate-mass black holes (IMBHs) are an elusive class of objects that may bridge stellar-
mass black holes and supermassive black holes (SMBHs). IMBHs are expected to densely
populate the 102 − 105M⊙ mass range, although there is little knowledge about their prop-
erties due to scarce observational evidence.

During the first three observing runs, the LVK collaboration identified 8 IMBH candi-
dates (3 of them at 90% credibility level) formed from stellar BH mergers [1425, 2002, 2003].
Several IMBHs, generally heavier than 50, 000M⊙, have been observed in the nucleus of
dwarf galaxies [2004–2011], and in the center of massive systems in the outskirts of massive
galaxies, suggesting they are the nucleus of a dwarf galaxy that was stripped during a minor
merger (e.g., [2012–2016]).
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IMBHs are one possible engine powering the so-called ultra-luminous X-ray sources
(ULXs) (e.g., [2017, 2018]), off-centered sources with an X-ray luminosity above the Edding-
ton limit for a stellar BH, LX ∼ 1039 erg s−1 (see the review [2019]). Most of the known
population of ULXs are associated with emitting NSs, but the most energetic ones – also
known as hyper-luminous X-ray sources (HLXs) – with LX > 1041 erg s−1, can be powered
only by an object with mass > 103M⊙ [2020, 2021].

In the (103 − 104)M⊙ mass range, putative IMBHs have been also observed in a few
galactic and extragalactic star clusters (e.g., [2022–2026]). However, most observations of
these mid-range IMBHs are controversial (e.g., [2027–2030]). The absence of compelling
evidence for IMBHs with masses (103 − 104)M⊙ leads to a natural, fundamental question
about IMBHs: do IMBHs constitute a unique class of astrophysical BHs? Or, rather, do
they populate the high end of the stellar BH mass distribution and the low end of the SMBH
mass distribution?

Several scenarios have been proposed to explain IMBH formation. We can broadly divide
them into three main ensembles: direct collapse, Pop III stellar evolution, and dynamical
formation.

3.8.1 Formation Scenarios

3.8.1.1 Direct collapse. Direct collapse BHs can have masses of ∼ (104 − 105)M⊙ and
result from the collapse of a supermassive star of ∼ 105M⊙ [2031–2037]. Such supermassive
stars form via a rapid inflow of dense gas in metal-free, or very metal-poor, protogalax-
ies, in which an intense Lyman-Werner radiation field prevents gas fragmentation and star
formation. This Lyman-Werner radiation can be provided by close star-forming galaxies
[2038–2040]. The high supersonic turbulence in the primordial gas reservoirs could however
also yield the formation of direct collapse BHs without the need for a strong Lyman-Werner
field [2041]. Because of all these constraints, direct collapse BHs are thought to be less abun-
dant than IMBHs formed via other mechanisms (e.g. Pop III stars) and their mass range is
out of ET operating band. They could however be detected at near-infrared wavelengths at
z ≳ 20 [2042, 2043] and in the radio regime at z ∼ 8 − 10 [2044, 2045].

3.8.1.2 Pop III stars. One possible pathway to form IMBH seeds with masses in the
range (102 − 103)M⊙ is via single and binary stellar evolution of Pop III stars. This channel
has been discussed in detail in section 3.7.1.3. In this scenario, IMBHs form in the early
Universe, at a redshift z ∼ 8 − 20 (for a discussion about the various uncertainties in Pop
III star formation history and their impact on BH formation, see [1593]) in the center of
protogalaxies. Given their mass, IMBH from Pop III stars are usually referred to as “light
seeds”, in contrast to the “heavy seeds” formed from direct collapse discussed above. In
fact, light seeds can, in principle, further grow via gaseous accretion and reach final masses
that cross the IMBH-SMBH boundary. However, theoretical and numerical models suggest
that the IMBH mass growth is not sufficiently rapid to explain the observation of SMBHs
at redshift z > 10, as recently discovered by JWST [2046, 2047], favoring the direct collapse
scenario.

A viable way to increase the IMBH mass is via repeated mergers with smaller BHs and
accretion of stellar material. This “dynamical” process is poorly explored for Pop III stars,
owing to our poor knowledge of the physics of clustering in the first stages of life of the
Universe, but it is quite robustly explored in the case of Pop I and Pop II star clusters, as
we discuss in the next section.
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3.8.1.3 Dynamical formation of IMBHs. Several galactic and extragalactic GCs exhibit
peculiar features that may be ascribed to a central IMBH with masses from a few 102M⊙ to
∼ 104M⊙ (e.g., [2026]). Three main mechanisms can support the seeding and growth of an
IMBH in a star cluster: stellar collisions, stellar feeding, and hierarchical BH mergers (for a
recent review, see [2048]).

Stellar collisions. The combination of mass segregation, by which the most massive objects
in a stellar ensemble lose orbital energy to the lighter ones, and relaxation, which is driven
by close dynamical interactions, causes over time a continuous increase of the central density
of star clusters up to a critical point, referred to as “core-collapse”, at which the density
reaches a peak and interactions become so violent to favor the formation of tight binaries.
The binaries act as a heating source, scattering off stars and causing the expansion and
cooling of the cluster core. During this complex phase, binaries can get so tight that their
components merge, and densities become high enough to favor close hyperbolic interactions.

If the timescale of core-collapse is shorter than the typical stellar evolution time for
massive stars, this process can favor stellar mergers and collisions. This generally happens in
clusters with a mass ≲ 105M⊙ and half-mass radii in the range ∼ (0.2−1) pc [2049, 2050]. In
such low-mass and dense clusters stellar collisions can proceed in a runaway fashion, rapidly
building up a very massive star (VMS) with a mass ∼ (102−103)M⊙ [1476, 2049, 2051–2054].
The VMS ultimately collapse to an IMBH, which possibly grows later, at a slower pace, by
capturing passing by stars or merging with smaller BHs, see figure 3.18.

There may be a threshold value of the cluster core density above which the stellar
collision process is favored over others to build-up an IMBH, likely in the range ρthre ∼
(3× 105 − 107)M⊙ pc−3 [1476, 2049, 2051]. The time over which this runaway process onset
depends critically on several quantities that characterise the cluster structure, like possible
primordial mass segregation, primordial binaries, or the stellar mass function.

The possibility of forming an IMBH seed through this mechanism depends on the mass
of the VMS, which must overcome the mass range affected by PISN and pulsational pair-
instability supernova (PPISN). Typically, the onset of PISN, which completely disrupts the
star, becomes inefficient at mVMS > 240M⊙, although the minimum star mass above which
PISN significantly increases at increasing the metallicity (e.g., [2055]). Unfortunately at
metallicities Z ≥ 0.008, the VMS collapse would result in a BH of ∼ (20−30)M⊙, regardless
its mass [2055], thus suggesting that metal-rich clusters are unlike site of formation of IMBHs
via stellar collisions, unless the internal structure of the VMS significantly differs from that
of a single massive star owing to the material reshuffling promoted by the stellar collision
process. Accretion of gaseous material during the phase in which clusters are still embedded
in their progenitor clouds can significantly contribute to the VMS growth, possibly favoring
the formation of supermassive stars as massive as (103 − 104)M⊙ (e.g., [1972, 2056]), that
would likely undergo direct-collapse.

Stellar feeding. In dense stellar environments, close encounters between stars and BHs can
trigger star-BH collisions, with consequent fall of stellar material onto the BH. This can
sustain the IMBH growth, especially for massive (> 50M⊙) stars. Whether, and in what
amount, such material can be fed to the BH is unclear.

Little accretion is expected in the case of a normal star colliding with a stellar BH,
as in such a case most of the energy is expected to be radiated away via jets [2057–2060].
Nonetheless, some models suggest that during the common envelope phase, a BH can accrete
the star core and expel the envelope [2061], a process that can significantly spin up the BH.
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Figure 3.18: Stellar mergers leading to the formation of an IMBH in one of the Dragon-II
numerical simulations [1476].

If the accreting star is a byproduct of previous stellar collisions, the merger product should
be characterised by a tenuous envelope and dense core [2062]. In such a case, the BH can
accrete most of the star mass.

IMBHs forming through this mechanism may be preceded by SN-like [2061] and other
high-energy transients [2060]. These IMBHs may be characterised by peculiar spins, depend-
ing on their formation history. If most of its mass comes from the accretion of one massive
star, the accretion process can significantly spin-up the IMBH up to extremal values. If, in-
stead, the IMBH mass growth proceeds through episodic accretion from random directions,
the cumulative effect should lead the IMBH to spin-down.

Hierarchical BH mergers. IMBHs can also form via repeated mergers among BHs, or hier-
archical mergers [1406, 1454, 1455, 1472, 1476]. The growth of an IMBH through repeated
mergers with smaller BHs can be hindered by both Newtonian and Relativistic recoil, which
can expel the IMBH from the host cluster (see also section 3.1). Newtonian kicks on IMBHs
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with m < 103M⊙ can be as large as 102 km s−1 [1476, 2063]. Relativistic kicks typically ex-
ceed 102 km s−1 for binary mass ratio > 0.136 [1468]. Owing to the typical mass and density
of young massive and globular clusters, IMBHs in these clusters are expected to reach max-
imum masses in the range (100 − 1000)M⊙ (e.g., [1444, 1454, 1458, 2064]). Heavier IMBHs
could form in nuclear clusters, where escape velocities can reach values (102 − 103) km s−1

[1398, 1456, 1459, 1472].

Long merger chains can leave observable imprints on the properties of the IMBH popula-
tion. The increase in mass through successive mergers and the reduction in spin driven by the
accretion of smaller BHs from isotropic directions can lead to a peculiar mass-spin-redshift
relation (e.g., [1454]), although such complex relation is severely affected by the uncertainties
in theoretical models. Accurate measurements of spin and masses can thus possibly help to
discriminate between IMBHs that grew prevalently via BH mergers and those that accreted
a significant amount of stellar matter.

Dynamical formation in AGN disk. An alternative formation scenario for IMBHs is via
repeated mergers and gaseous accretion in the disk of AGN [1624, 2065]. In this framework,
orbits of stars and BHs crossing the disk are damped by dissipation forces and settle in
the disk plane. Additionally, massive stars can form directly in-situ from fragmentation in
marginally stable discs [2066, 2067], although the slope and extent of the mass function may
depend on the SMBH mass and environment [2068].

The reduced relative velocities in the disk plane, the impact of gaseous dynamical fric-
tion, and the possible emergence of regions of the disk where inward and outward forces
cancel out (so-called migration traps) favor scatterings and collisions that can rapidly build
up an IMBH [1413]. This channel can leave peculiar imprints in the distribution of merger
masses and spins, especially if the IMBH accretes gas from the disk after the formation (see
the recent review by [1398]).

This type of process could, in principle, favor the formation of an IMBH binary, although
it is hard to assess the likelihood for this process to occur.

Multiple scenarios. The aforementioned scenarios do not work necessarily exclusively. For
example, stellar mergers can lead to the formation of an IMBH seed that subsequently grows
via repeated BH mergers. If the formation of an IMBH depends on the cluster structure, the
cosmic distribution of IMBH mass should encode information on the structure and cosmic
formation history of star clusters. The possibility to observe ∼ (10−103) mergers/yr involving
an IMBH with ET [1454] will give us insights on the global IMBH mass distribution, at least
at masses < 103M⊙ [2069], and their nursing environments [1555].

3.8.2 IMBH binaries

3.8.2.1 Massive star clusters. In dense star clusters, forming an IMBH-IMBH binary
requires that multiple merger chains separately seed the two BHs (e.g., [2070, 2071]). This
process is unlikely in young massive and globular clusters, where typically one massive star
or BH grows and soon dominates the dynamics cannibalizing the population of BHs or their
progenitors and preventing the onset of a new merger chain (e.g., [2053, 2072, 2073]). Two
chains may develop if the cluster is sufficiently massive, dense, and rich in binaries [2074].

36Although depending on the spin alignment the kick can remain in the range 10− 100 km s−1 for a binary
mass ratio value > 0.7.
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The merger of massive, Pop III, binaries can represent a viable way to form IMBHs
with mass < 103M⊙ in high-redshift star clusters (see also section 3.7 for further details on
this scenario).

Alternatively, star cluster collisions can aid IMBH binary formation (e.g., [2075–2077]).
In a similar scenario, the collision of molecular clouds and protoclusters in starburst envi-
ronments can lead to the rapid build-up and pairing of IMBHs with nearly equal masses
[2073, 2078].

The detection of a merging IMBH binary with mass < 103M⊙ by ET can help place
constraints on the properties of the star clusters that can host such systems.

3.8.2.2 Dwarf galaxies. According to the ΛCDM scenario for structure formation, dwarf
galaxy mergers are expected to be relatively frequent, as also supported by cosmological
simulations [2079, 2080]. This process can aid IMBH binary formation (e.g., [2081–2083]),
although it is unclear whether dynamical friction is efficient enough as to prevent the IMBHs
from staling and not reaching coalescence [2082].

Observing IMBH mergers in the mass range ≳ 103M⊙ with ET could thus provide us
with crucial insights about dwarf galaxy formation processes.

3.8.3 Can ET decipher the origin of IMBHs?

An instrument like ET has the potential to place stringent constraints on the mass distri-
bution of double IMBH binaries with total masses mIMBH ≲ 3 × 103M⊙ at redshift z > 1
[16, 1104]. Compared to the equal-mass binary case, the horizon redshift slightly changes if
an IMBH paired with a smaller compact object is considered.

Figure 3.19 shows ET horizon redshift for different values of the SNR and assuming a
companion BH with a mass m2 equal to 30M⊙ or to 100M⊙. ET can potentially detect
merging IMBHs with masses in the mass range (102 − 103)M⊙ with a stellar (upper-mass
gap) BH out to a redshift ≲ 3(6) with an SNR ≳ 15. Golden events at z < 1 (with an
SNR > 100) could help place stringent constraints on the mass of both the spin and mass of
the merging components. ET can thus significantly boost our understanding of IMBHs and
their cosmic evolution. We also compare a 2L ET configuration with 15 km arm length and
45 deg inclination and a triangle configuration with 10 km arm length and found minimal
differences, see figure 3.20.

Essentially, ET will be able to detect IMBH binaries and intermediate-mass ratio inspi-
rals (IMRIs). However, while the theory about SMBH-BH mergers, i.e. extreme mass-ratio
inspirals (EMRIs), is robustly defined, despite the main unsolved uncertainties, the same the-
oretical framework is hard to apply to IMRIs. SMBHs remain anchored at the host galaxy
center, whilst IMBHs wander in the cluster core. Therefore, the EMRI formation is driven by
relaxation of stellar motion in the cusp, and most EMRIs are expected to appear highly ec-
centric in LISA band. For IMBHs, the wandering motion can have a non-trivial effect on the
global distribution of the eccentricity at the moment of IMRI’s formation [2084]. Depending
on the measurement accuracy of IMRI eccentricities, ET could potentially help to place con-
straints on the IMRIs eccentricity distribution. For example, an excess of high-eccentricity
IMRIs in ET band would support the idea that IMRIs form in massive and dense star clusters
via close single-single and single-binary encounters (e.g., [2085]).

Whether IMBHs are spinning depends on many uncertain quantities, like the natal spin
distribution of stellar BHs, or the impact of mass transfer on the spin evolution. Recent
numerical simulations based on both stellar dynamics and evolution suggest that young
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Figure 3.19: Horizon redshift for IMBH-BH mergers assuming a companion mass of 30M⊙
(left panel) and 100M⊙ (right panel). From brighter to darker colours, contours encompass
regions with an SNR > 1, 5, 10, 15, 25, 50, 100, 500, 1, 000, respectively. Calculations are
performed through the GWFish package [256], assuming a PhenomD waveform approximant.
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Figure 3.20: Horizon redshift for IMBH-BH mergers assuming a companion mass of 30M⊙
(solid line) and 100M⊙ (dashed line) for a fixed SNR= 15 and comparing a 15km 2L ET
configuration with 45 deg inclination (black) and a 10km triangle ET configuration (red and
blue for the 30 and 100 M⊙ companion, respectively). The sensitivity curves come from [16].
We used the GWFish package [256], assuming a PhenomD waveform approximant, i.e. the
same as Fig. 3.19.
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massive clusters can nurture the formation of IMBHs with masses in the range (100−500)M⊙
[1476, 2053, 2054, 2086] and expected spins χ > 0.6 [1476]. More massive IMBHs, mIMBH >
103M⊙, forming through long chains of repeated BH mergers, instead, are expected to develop
a final spin relatively small < 0.1, leading to an anti-correlation between the IMBH spin and
its mass [1454, 1469]. Stellar feeding can also have a significant effect: coherent accretion,
for example, represents a viable way to spin up the IMBH while feeding on stellar material,
similar to what is expected for SMBHs (for a recent review on the subject, see [2087]). This
would be the case in which a single, very massive star, collides with a stellar-mass BH, leading
the resulting IMBH to gain most of its mass in a single event. Differently, when the mass
growth occurs through slow accretion of small stars (e.g., [2051, 2088]), the IMBH should
spin-down. This may lead to a variety of IMBH sub-populations characterised by peculiar
spin distributions at different cosmic times – as the timescale regulating the IMBH accretion
can vary by several orders of magnitudes – depending on the process. Repeated mergers with
BHs can damp the IMBH spin once the IMBH mass reaches a given threshold, i.e. the binary
mass ratio falls below a certain value [1454]. If the IMBH forms in a gaseous medium, like
an AGN disk, the accretion of gaseous material can also spin up the IMBH [1501].

Depending on the assumptions, models predict that ET could observe 10 − 103 IMBH-
BH mergers per year involving IMBHs with masses up to ≲ 103M⊙ mass range [1454]. This
is somehow supported by the population of mergers observed during the O1-O3 runs by
LVK, which lead to a predicted rate for equal-mass binaries with mass 200M⊙ of 0.056
Gpc−3 yr−1[2003]. Assuming that ET can detect all IMBH mergers and a constant merger
rate up to redshift 8 leads to ∼ 160 detections per year. Since ET can measure the IMBH
spin down to σχ ≃ 10−3 [1484], the large number of possibly detectable IMBHs can provide
crucial clues on the spin distribution of merging IMBHs.

For the sake of comparison, we show in table 3.4 the SNR and the relative error in
measuring the IMBH mass and spin for different assumptions of the IMBH-BH binary prop-
erties. From our analysis, performed with the GWFish package, we find that ET could
observe IMBH-BH binaries with mass < 103M⊙ out to redshift z < 4 with an SNR ≫ 1.

Therefore, ET has the unique possibility to deeply probe the IMBH mass range within
mIMBH < 103M⊙, a region of the phase space that cannot be accessed with detectors operat-
ing at lower frequencies, like LISA. In some cases, the emitted signal could also be observed
in different bands, depending on the binary location, distance, and orbital parameters. An
example of multiband sources is shown in figure 3.21, where the signal coming from differ-
ent IMBH-IMBH binaries is compared against the SNR of several detectors. A network of
terrestrial detectors could also represent a viable way to place strong constraints on IMBH
properties, allowing to precisely measure masses, spins, and redshift within O(0.1 − 10)%
error at redshift z < 10 (see for example figures 6 and 7 in [1485]). Therefore, exploiting the
synergies among ET and lower-frequency detectors can enable us to obtain a full picture of
the IMBH mass range (see section 5 for a more detailed discussion on these topics).

3.9 The host galaxies of binary compact object mergers

The properties of host galaxies where binary compact objects form and merge provide com-
plementary information to understand how these binary systems evolved. Identifying the
host galaxies can be challenging and, in principle, requires an electromagnetic counterpart
emission after the GW event. While some of the GW events from the coalescence of binary
neutron stars (BNS) and black hole - neutron star binaries (BHNS) would be accompanied
by an electromagnetic counterpart detection, this is possibly not the case for binary black
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z m1 m2 χ1,2 SNR σm1/m1 σχ1/χ1

IMRI

1 100 30 0.5 117 0.006 0.005
1 500 30 0.5 209 0.0006 0.002
1 1000 30 0.5 67 0.006 0.01
1 3000 30 0.5 6 0.04 0.07
4 100 30 0.5 39 0.02 0.04
4 500 30 0.5 33 0.01 0.02
4 1000 30 0.5 4 0.1 0.3
4 3000 30 0.5 0.1 3.2 10.1

IMBH binaries

1 100 100 0.5 90 0.04087 0.08624
1 500 500 0.5 564 0.03564 7.186e− 07
1 1000 1000 0.5 242 0.01833 2.578e− 07
1 3000 3000 0.5 16 0.07471 3.146e− 06
4 100 100 0.5 46 0.1018 0.001492
4 500 500 0.5 44 0.03316 7.034e− 07
4 1000 1000 0.5 4 0.1561 3.331e− 06

Table 3.4: Col. 1: redshift. Col. 2-3: primary and companion mass. Col. 4: component
spins. Col. 5: SNR. Col. 6-7: relative error on the IMBH mass and spin. Simulations are
carried out with GWFish [256], assuming a PhenomD waveform approximant
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different masses, assuming a luminosity distance dL = 1 Gpc. The signal is overlaid to the
sensitivity curves of various detectors at low-frequency (LISA), mid range (DECIGO), and
high-frequency (ET, CE, AVirgo, and ALIGO).
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Figure 3.22: The joint accuracy on luminosity distance (∆dL/dL) and angular resolution
(∆Ω90%) for BNS (left) and BBH (right). Green shows results from the triangular ET
detector (10-km arms) with both high- and low-frequency instruments (HFLF). Light blue
indicates forecasts for LVKI O5, the most advanced 2G detector network (LIGO Hanford,
LIGO Livingston, Virgo, KAGRA, and LIGO India) [355]. The dashed red line represents a
10 deg2 sky localization error. Adapted from [16].

hole (BBH) mergers, which are likely to be EM-dark (although BBH mergers in dusty regions
such an AGN disk is a possible scenario for an EM counterpart event, see [1191]).

To date, the sole unequivocally identified host is NGC 4993, an early-type galaxy with
a stellar mass of (0.3 − 1.2) × 1011 M⊙, a mean stellar age of 3 Gyr and a metallicity
of ∼ (0.2 − 1.0)Z⊙ [2089–2092]. The merging binary neutron star, observed as the GW
event GW170817, occurred in this galaxy [3, 93, 2093–2102]. This event coupled with its
electromagnetic counterpart shed light on a wide range of physical phenomena. It confirmed
that GWs travel at the speed of light and validated binary neutron star mergers as both
progenitors of short gamma-ray bursts [2] and prolific sites for the formation of heavy elements
[2103].

Studying the host galaxies of binary compact object mergers is crucial for several rea-
sons. First, the identification of the most likely host galaxy can help to improve the elec-
tromagnetic counterpart detection of GW events (section 3.9.1) which, as discussed in detail
in section 2.3.1, provides an alternative measurement of current methods to constrain the
cosmological parameters such as the Hubble constant. Second, galaxy formation and evolu-
tion throughout the history of the Universe affects stellar populations, thereby shaping the
likely pathways for compact object mergers (section 3.9.2). Here, we explore these aspects
in anticipation of future detections with ET.

3.9.1 Multi-messenger detections and sky localization of the host galaxies

The large sky localization inferred with current GW detectors, spanning hundreds of square
degrees [355], represents a challenge for host galaxy identification. The impact of this un-
certainty on the efficiency of host galaxy identification is substantial, as it determines the
number of pointings required by electromagnetic instruments to cover the GW signal loca-
tion and the corresponding observational time to be used. This challenge, however, holds
promising prospects with the deployment of ET. Its low-frequency sensitivity promises to
observe binary compact objects for a longer period of time before the merger occurs [16].
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For instance, a BNS signal analogous to GW170817 can be visible by ET > 20 hours before
merger [1098] (see also figure 10.1 in section 10). This aspect will significantly increase the
number of BHNS and BNS mergers with a sky localization of less than 10 square degrees
[16, 1098, 2104]. Figure 3.22 shows that the angular resolution expected for the most ad-
vanced 2G network at full O5 sensitivity (LVKI O5: LIGO Hanford, LIGO Livingston, Virgo,
KAGRA, and LIGO India) is similar to that of a single 10-km ET triangular observatory.
However, ET detects over 10 times more events, including those with high SNR, resulting in
a nearly tenfold reduction in the error on luminosity distance [16].

Despite the improved sky localization achieved with ET, the electromagnetic follow-
up process still tipically entails scanning through multiple galaxies (although in some case
the angular resolution could be sufficiently good that there will be only one galaxy in the
localization volume, see figure 2.25 in section 2). Therefore, optimized follow-up strategies
can be accomplished through simulation-informed ranking of galaxies within a given sky
localization. We can derive the probability that a galaxy hosts a compact object coalescence
based on various properties, such as its stellar mass and star formation rate (see e.g. [2105–
2108]. The refinement of simulation-informed ranking, where multiple formation scenarios
of compact object mergers are taken into account, is particularly crucial for identifying the
host galaxies of compact objects where electromagnetic emission is impossible or improbable,
such as BBH mergers and BHNS mergers [2109].

As we saw in section 2.3.1, host galaxy identification is also crucial in the use of compact
binary mergers as “bright” sirens, in order to infer cosmological parameters. As discussed in
particular in section 2.3.1.2, even with the lack of an EM counterpart detection, galaxies with
known redshift within the sky localization can be ranked and used to infer the cosmological
parameters with statistical methods, particularly if the localization volume contains a limited
number of possible host galaxies. The thousands of GW events that ET will detect with its
improved sky localization will provide a significant step forward in determining cosmological
parameters.

3.9.2 Formation channels and their link with galaxy properties

As we have discussed, the improvements expected for third-generation detectors will provide
a number of simultaneous identification of GW events and their host galaxies at different
cosmic times [16], either through the detection of an electromagnetic counterpart (at least
for BNSs) or, for BBHs, through the statistical association with a limited number, or possibly
just a single host galaxy in the localization volume. These concurrent detections (or statistical
associations) offer a unique opportunity to gain additional insights into the underlying physics
governing the formation channels and evolution of compact objects (see e.g. [2110–2117]).

As mentioned previously (see section 3.1 and reference therein), the two main proposed
pathways are the isolated formation channel, which includes processes like common envelope
evolution, chemically homogeneous evolution, and stable mass transfer; and the dynamical
formation channel taking place in dense stellar clusters (e.g. galactic center, open star clus-
ters, globular clusters and young star clusters). Current detections suggest that multiple
formation channels are needed to explain the origin of BBHs (see e.g. [1486]). Furthermore,
most binary compact object systems are formed in galaxies. Therefore, the host galaxy prop-
erties are an excellent complement to understand the role of the different formation channels
of gravitational-wave events across cosmic time.

Galaxy formation and evolution is regulated by a large diversity of baryonic processes
shaping their star formation history, chemical enrichment, stellar mass, gas abundance,
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among others [2118]. These factors impact the stellar populations’ properties and, in turn,
the most favorable formation channels of binary compact object mergers.

For instance, galaxies in high-dense regions often undergo major mergers increasing the
probability of hosting a large number of stellar clusters [2119, 2120]. These galaxies, in turn,
would produce more BBHs through dynamical interactions [2121]. Notably, observations
from the local Universe indicate a strong dependence of the number and mass of globular
clusters on the total stellar mass of the galaxies, and a tendency to be more numerous in
early-type galaxies [2122–2124]. Furthermore, stellar clusters and active galactic nuclei are
considered potential factories of BBH mergers in the pair-instability mass gap and above (see
e.g. [1413, 1457, 2121]).

The delay time, defined as the time for compact objects to merge, is important for
connecting galaxy properties with binary compact object formation channels. It depends on
the outcome of specific physical processes experienced by stars in binary systems such as the
common envelope phase in the isolated scenario (see section 3.1). In particular, the number
of mergers that occur in massive and passive galaxies tends to increase when the delay time
is longer [2106, 2125]. The wide redshift range expected for ET detections [10, 12, 15],
together with their electromagnetic counterparts will play a fundamental role in deciphering
the contribution of the different formation channels across cosmic time.

The chemical abundance of the stellar populations within galaxies is another key piece
of information. Theoretical inferences from binary population synthesis simulations suggest
the efficient formation of BBHs at sub-solar metallicities [1119, 1287, 1513, 1519, 2126].
Consequently, low-mass galaxies (< 108M⊙) emerge as promising sites for detecting these
mergers [1166, 1522]. However, their faintness and high-redshift nature (z > 4) make them
challenging to constrain through EM observations. As a result, ET emerges as a promising
tool for delving into the chemical evolution of galaxies [1533, 2127]. As host galaxies leave
distinctive imprints on compact object mergers throughout cosmic time, the identification
capability of ET becomes crucial. If these galaxies have features like low mass and low
metallicity, it implies a relatively short delay time for BBHs on average. This breakthrough
will effectively resolve the degeneracy between the impacts of formation metallicity and delay
time distribution [1520], addressing a significant challenge in gravitational-wave astrophysics.
This is also shown in figure 3.23 schematically.

3.10 Populations backgrounds

The incoherent superposition of the GW signal from all astrophysical sources in our Universe
creates a stochastic background whose amplitude and spectral shape reflect the properties of
each source population contributing to it. The stochastic GW background (SGWB) is thus
a powerful astrophysical probe, complementary to the detection of individual astrophysical
sources.

As discussed in section 2.1.1 a SGWB, either of astrophysical or cosmological origin, is
characterised in terms of the dimensionless energy density parameter, defined in eq. (2.12),
that we recall here,

ΩGW(f) =
1

ρc

dρGW(f)

d ln f
, (3.5)

where ρc is the critical energy of the Universe. The astrophysical component can be schemat-
ically parametrised as:

ΩGW(f) =
f

ρcc2

∑

i

∫ zmax

0

∫

λ

Ri(z, λ) Pi(λ)

(1 + z)H(z)

dEGW,i(fs, λ)

dfs
dλ dz , (3.6)
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Figure 3.23: ET will explore the interplay between the physics of compact objects, origi-
nating from massive stars, and the galaxies hosting their mergers. Presently, with current
GW detectors, exploration is confined to the local Universe (z < 1), where mergers can occur
in early-type passive galaxies, like NGC 4993 which hosted GW170817. In contrast, ET will
be able to observe BBH mergers with sky localization error of less than 10 deg2 up to z ∼ 6
(see figure 10 in [16]), opening to completely new perspectives in host galaxy identification.

where H(z) is the Hubble parameter, the index i runs over different source classes (such as
BBH, BNS, supernovae, neutron stars) and the parameter λ encodes all the source properties
of each class (such as masses and spins for CBC, ellipticity for rotating neutron stars etc.).
Finally, Ri(z, λ) is the rate of each source and dEGW,i(fs, λ)/dfs is the energy spectrum it
emits.

We will focus our discussion here on CBCs and the unique information that can be
obtained with ET. The main challenges are studying BBH formation channels, searching
for Population III stars and detecting the residual BNS background. We will also mention
other sources and their contribution to the SGWB and discuss synergies with electromagnetic
observations.

We note that the background defined in eq. (3.6) is the total background. In the case
of CBCs, it can be relevant to study the residual background obtained after subtracting
individually detected sources. On the one hand this background is complementary from in-
dividual detection and can provide statistical information about the faintest sources at the
largest distances, and on the other hand subtracting sources can help observing backgrounds
that are masked by the total background. For LIGO-Virgo-Kagra, the number of sources
detectable individually is sufficiently small so that the distinction between total background
and residual one (obtained after resolvable sources are filtered out), is very mild. However,
with its highly improved sensitivity, ET will detect a very large number of individual sources:
their accurate subtraction is crucial and will pose itself an interesting challenge. Indeed, as
discussed in section 9.5.3, suboptimal individual sources subtraction will manifest itself as
an additional stochastic component. In the rest of this section we will assume that source
subtraction is completely noiseless and discuss the scientific questions that SGWB observa-
tions can address. We will discuss both the total background (without subtraction) and the
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residual background (obtained after noiseless subtraction).
We note that, even if most of the BBHs are expected to be detectable individually by

ET, this will not be the case for a population of BNSs: since they are fainter than BBH
and with a longer time in band, they are expected to produce superposed signals, and the
bulk of the population is expected to be subthreshold (see figure 14 of [1098] or figure 5.4 in
section 9). A background approach will provide us with information on this population that
cannot be achieved with a catalog (individual detections) approach alone. However, even
for BBHs, using a background approach to reconstruct parameters such as merger rate and
mass distribution is useful to perform a cross-check with the same quantities extracted from
a catalog. A discrepancy might be the indication of the presence of a faint subpopulation,
that is not captured when looking at individual events. A population of PBHs extends to
redshift higher than the instrument horizon, and the properties of a high-z population can
be extracted only with a background approach. Finally, since astrophysical backgrounds
represent a foreground for sources of primordial origin, understanding their properties is
crucial for accurately subtracting their contribution from an observed background map and
looking at cosmological components.

3.10.1 Study of BBH formation channels

Detection and characterization of the SGWB will provide additional information on source
population properties. One of the main contributions to the signal in ET is expected to be
from BBH mergers occurring at relatively low redshifts (z < 5), with masses in the range
∼ (10− 103)M⊙ [16]. The formation channels of these BBH, as discussed in section 3.1, can
be broadly divided into the isolated channel (including formation from isolated field pairs
and multiples), and the dynamical channel. The latter including formation in globular (GC),
nuclear (NSC) or young star clusters (YSC), and gas-driven formation in AGN disks. These
formation channels leave an imprint on the masses, spins and eccentricities of the resulting
BBH, as well as the merger rate, the distribution of time delays and the evolution of the mass
spectrum with redshift. These differences will manifest themselves in the SGWB detectable
with ET.

As an example, in figure 3.24 we show the contributions to the SGWB from BBH formed
via the isolated channel (Field) and three variants of the dynamical channel: YSC, NSC and
GC. All the computations were performed with the public code PRINCESS37 using population
models from [301]. We show both the total and residual backgrounds, where the latter are
computed by removing all sources having an individual SNR ρthrs. > 20 (neglecting the error
in the subtraction; see section 9.5.3 for the treatment of the subtraction error) and assuming
a random inclination and position in the sky. The shaded areas shown for the Field, YSC and
GC channels reflect the uncertainty in the merger rates for each population model, and are
derived from table 2 in [301]. The model uncertainty of the NSC channel is relatively small
(up to 30%). We also show the power-law integrated sensitivity curve of ET to stochastic
backgrounds, computed for the triangular configuration and assuming SNR of 2 and 1 year
of observing time with duty cycle of 50%. As discussed in [16], this sensitivity depends on
the configuration: choosing two L-shaped detectors decreases the sensitivity above ∼ 100 Hz
because the overlap reduction function drops significantly. However, L-shaped configurations
where the detectors are co-aligned perform better at low frequencies than the triangular ones.

As can be seen in figure 3.24, the spectral shape at low frequencies is dominated by
the inspiral phase of each BBH and therefore has a constant slope close to f2/3. At higher

37See https://gitlab.com/Cperigois/Princess .
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Figure 3.24: Background energy density spectrum for BBHs assuming four evolution chan-
nels, isolated (Field), Young Star Cluster (YSC), Globular Cluster (GC) and Nuclear Star
Cluster (NSC). Uncertainties, depicted by the shaded areas, are derived from the merger
rates given in table 2 of [301]. The black dashed curve shows the sensitivity of ET for the
triangular configuration.

frequencies, however, we start observing features specific to each formation channel that
reflect the distribution of masses and redshifts of each population [1996, 2128]. In particular,
the frequency at which the spectrum deviates from a power-law corresponds to the minimal
mass in the BBH population (the peak is relatively wide due to redshifting effects). In
figure 3.24, this deviation starts at a few hundred Hz for the Field formation channel, and
at ∼ 100 Hz for the YSC and GC channels. Thus, observing the shape of the SGWB can
provide important clues as to the formation scenario of the sources.

3.10.2 Study of Population III stars

As discussed in section 3.7.1, Pop III stars are the first stars that formed in the Universe.
Similarly to Pop I/II stars, they form BBHs via the isolated or dynamical channels. However,
Pop III remnants are expected to have unique properties that may help to distinguish them
from Pop I/II remnants, in particular merger rate evolution with redshift and mass spectrum.
These properties are also imprinted on the SGWB they produce [1997, 1998, 2000, 2129].

As an example, in figure 3.25 we show the total and residual SGWB, where the source
populations are taken from [1593]. The residual signal was calculated assuming all sources
with an individual signal to noise ratio ρthrs. > 20 are subtracted noiselessly. Note that
the SGWB from Pop III remnants starts deviating from a power-law at lower frequencies
compared to Pop I/II remnants, as a consequence of their higher masses and higher merger
redshifts.
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Figure 3.25: Background energy density spectra for BBHs born from Pop. III stars. Fidu-
cial, Optimistic and Pessimistic models are the LOG H22, LAR H22 and LAR J19 respec-
tively populations models from [1593]. The residuals correspond to ρthrs. > 20, and the grey
lines correspond to the background from Pop. I/II channels (see section 3.10.1).

We note that the residual signal form Pop I/II remnants in the model shown in fig-
ure 3.25 is more than two orders of magnitude above that of Pop III remnants due to their
low merger rate. Therefore a better understanding of Pop III remnants is needed in order
to efficiently extract information from the SGWB. Nevertheless, even if the residual Pop III
signal is indeed much below the one from Pop I/II, SGWB observations will contribute to
putting upper limits of high-z merger rates. In addition, the predictions for Pop III remnant
merger rates and masses are much more uncertain that those for Pop I/II. Finally, we note
that the ability to accurately subtract the signal from individually detected Pop III remnants
highly depends on ET performance at low frequencies.

3.10.3 Primordial black hole contribution

Primordial black hole mergers may lead to a sizeable SGWB [1843, 2128, 2130–2133].38 As
indicated in eq. (3.5), the SGWB results from the incoherent superposition of stellar and
BH mergers, and it gets contributions from the entire merger history. In other words, it is
sensitive to the rate evolution with redshift of the channels responsible for GW emission.
Crucially, the PBH scenario is characterized by a merger rate that grows monotonically with
redshift [1860, 1864, 1870] RPBH(z) ∝ t−34/37(z) , extending up to early epochs at z ≳ O(103),
see also discussion in section 3.6.1.39

38The SGWB associated with the PBH formation mechanisms is discussed in section 2.2.5.1.
39We do not consider the contribution to the SGWB from PBH hyperbolic encounters, since it is typically

subdominant [1859].
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Figure 3.26: Left panel: Merger rate evolution for representative astrophysical models and
the PBH channel. As for the astrophysical models, CE, SMT, and GC refer to common
envelope mass transfer, stable mass transfer, and globular clusters, respectively. The nor-
malization comes from the Bayesian inference on the GWTC-2 catalog in ref. [1298]. The
blue band reports the local merger rate bound from LVK while the dashed gray band the
star formation rate (SFR). Right panel: Total SGWB (black line) coming from the various
channels shown in the left panel, while we report with colored lines their contributions. We
do not show the residual SGWB. Figures adapted from ref. [2128].

In figure 3.26 (left panel), we show the merger rate distribution of PBHs as a function
of redshift (blue line), compared to other representative astrophysical models both from
isolated (common envelope, stable-mass transfer) and dynamical (globular cluster) formation
scenarios from ref. [1486] (see [1298] for more details). The chosen normalization reflects the
result found in ref. [1658] with a multi-channel Bayesian inference of the GWTC-2 catalog.
While we do not discuss the mass distribution of the populations assumed in these plots, we
highlight the large contribution from PBHs at low frequencies even if they only contribute
to a subdominant fraction of the local merger rate density in this specific example. This
property allows testing the presence of PBH binaries, adding an independent constraint to
the model selection, as a cross-correlation between local rate and SGWB amplitude would
provide valuable information on the merger rate distribution of the various channels at a
relatively high redshift. The degeneracy between the PBH models and other astrophysical
scenarios would then be broken by the fact that the former predicts a monochromatic growth
of the merger rate density with redshift, thus the integrated SGWB would be larger for the
same local (i.e. low redshift) observed rate.

3.10.4 Astrophysical Uncertainties in background description

While the recent detections of CBC by ground-based interferometers have provided a wealth
of information on the BBH, BNS and NSBH populations, many uncertainties remain. These
uncertainties can have an important impact on our predictions of the SGWB and can be
divided into two categories: CBC source properties, which can be modelled with stellar
models and constrained with current observations; and galaxy evolution, including SFH,
Initial Mass Function (IMF) and metallicity evolution, which are taken from observations.
On the other hand, observations with ET offer an opportunity to lift these uncertainties and
thus obtain indirect constraints on these physical processes.

As was shown in [2134], uncertainties in the mass distribution of stellar-mass BBH affect
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not only the overall amplitude of the SGWB (see also [2135]), but also the spectral shape
around the peak and the location of the peak. Moreover, current instruments are sensitive
only to relatively low redshifts (z ∼ 0 for BNS and z ≲ 1 for BBH). Therefore in order to
compute the SGWB we need to extrapolate our models up to z ∼ 10. However, not only the
merger rate may evolve with redshift, but also source parameters, such as mass distribution,
which would strongly influence the SGWB, as shown in [2134].

Another major source of uncertainty is the SFH, which serves as the basis for SGWB
modeling since it determines the total number of stars formed at each epoch [2125]. The
SFH can be measured from the UV and IR luminosity functions of galaxies; however, in
addition to various observational biases, such as dust attenuation, surveys often suffer from
incompleteness at higher redshifts, beyond z ∼ 3 (see e.g. [1166]). A closely related parameter
is the IMF, which describes the number of massive stars formed in a given population. The
IMF is typically assumed to be universal across environments and redshifts. However, some
recent studies show that this may not be the case, which could strongly influence the number
of compact objects formed and therefore the SGWB. Finally, the metallicity evolution is
highly important for modeling the SGWB, since, as discussed in section 3.2, the efficiency of
forming CBCs strongly depends on metallicity (see e.g. [1291, 1513, 2125, 2136]). The reason
for this dependence is two-fold: first of all, stellar winds become stronger at high metallicity,
and can remove a large fraction of the initial stellar mass before the star reaches core-collapse.
This process leads to reduced masses of the resulting BHs. Second, metallicity can impact
the efficiency of mass transfer phases during binary star evolution (like the common envelope
phase), which can result in less efficient mergers and a lower probability of forming BBHs.
In addition, metallicity influences the properties of supernovae that produce BHs through
fallback. Measuring the metallicity evolution remains challenging, especially for z ≳ 3 (e.g.,
[1166]) and these observational uncertainties lead to large variations in the predicted SGWB
[1996, 2134].

We expect several of these uncertainties to be lifted in the next few years: the number
of detected CBCs is expected to increase, leading to a better determination of the mass spec-
trum; the reach of electromagnetic observations, in particular with JWST, is also extending,
and a better measurement of the SFH at high redshift is foreseeable. Nevertheless, some of
the open questions will remain until the deployment of ET, such as the mass distribution and
merger rate of CBCs at high redshifts. The metallicity evolution and IMF universality also
remain challenging targets to study. Thus, future observations of the SGWB with ET will
help constraining not only the properties of CBCs but also several crucial aspects of galac-
tic evolution. In this regard, studying the SGWB is complementary to the direct catalog
approach: combining both resolved and unresolved populations will give the most complete
picture of the compact binary evolution across cosmic times.

3.10.5 Sources other than CBCs

While CBC are the most studied class of GW sources, and the only one detected so far,
other sources are expected to be detectable with ET, including stellar collapses and isolated
neutron stars that are described in detail in section 7. Recent works have studied the SGWB
produced by core-collapse SNe [2137, 2138] and rotating neutron stars [546, 2139]. In the
case of core-collapse supernovae (CCSN), individual detections with ET would be possible
only for the local Universe, whereas the SGWB includes also the contribution from more
distant sources. Ref. [2138] studied a large range of CCSN explosion models and calculated
the stochastic GW signal. They showed that for most models the expected SGWB is below
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the sensitivity of ET, with ΩGW ≃ 10−16 at f ∼ 10 Hz and ΩGW ≃ 10−14 at f ∼ 100 Hz.
The only exception are extreme models that feature rapidly rotating progenitors with a low
ratio of rotational to gravitational potential energy that produces a rotational instability
(low-T/|W | instability). This instability produces strong GW emission between 200 and 300
Hz. Therefore, if a large fraction of CCSN progenitors share this property, the resulting
stochastic background would be much stronger, with ΩGW ≃ 10−10 at f ∼ 200 Hz and
possibly detectable with ET. It should be noted that such extreme models are considered
unrealistic, since only a small fraction of massive stars are rapidly rotating. On the other
hand, there are currently large uncertainties in the predictions of the GW signal from CCSN,
and the resulting GW background differs by several orders of magnitude between models.

Rotating non-axisymmetric neutron stars also emit GW due to time varying mass
quadrupole. This signal is expected to be much weaker than that of merging binary com-
pact objects, but to last for much longer times. The loudest sources will thus be possibly
detectable individually, but the contribution from unresolved sources will constitute a con-
fusion background. This signal depends on the highly uncertain equation of state of neutron
stars, their deformability, the distribution of rotation periods and magnetic fields (that con-
tribute to the deformation of the star) and possible accretion from a companion. In ref. [546],
the SGWB from rotating neutron stars was estimated as ΩGW ≃ 2 · 10−8 at f = 760 Hz,
which would be potentially detectable with ET.

In both cases, CCSN and isolated neutron stars, the modeling uncertainties are still very
large and accurate predictions are challenging. More theoretical work is needed, in particular
in the areas of hydrodynamical simulations of core-collapse SNe and the nuclear equations
of state of neutron stars.

3.10.6 Anisotropies and cross-correlation with electromagnetic observables

The astrophysical SGWB is not perfectly homogeneous across the sky, but exhibits some
level of anisotropy. As we already saw in eqs. (2.17) and (2.18), these can be addressed
introducing a directional dependence in eq. (3.5), writing

ΩGW(f, n̂) =
1

ρc

dρGW(f, n̂)

d ln f dn̂
= Ω̄GW(f) + δΩGW(f, n̂) , (3.7)

where n̂ is the direction of observation, Ω̄GW(f) is the homogeneous component of the en-
ergy density, and δΩGW(f, n̂) is the anisotropic perturbation. The statistical properties of
the anisotropies can be characterised in terms of the frequency-dependent angular power
spectrum:

⟨δΩGW(f, n̂) δΩGW(f, n̂′)⟩ =
∑

ℓ

Cℓ(f)Pℓ(n̂ · n̂′), (3.8)

where Pℓ(n̂ · n̂′) are Legendre polynomials. The SGWB anisotropies are generated by the
intrinsic clustering of sources and the line-of-sight effects accumulated during the propagation
through the large-scale structure [505–509, 511, 512]. Moreover, kinematic anisotropies arise
from the motion of the observer with respect to the rest frame of the SGWB [520–522]. The
theoretical expression of the SGWB anisotropies and their detection prospects have been
subject of intense study in the last years; see section 2.1.2 for a review of this topic, for both
the cosmological and astrophysical background components.

The astrophysical SGWB is given by the superposition of a large yet finite number of
unresolved signals. In the ET band, the GW events from BBHs are expected to be separated
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in time and with a limited time overlap (while some overlap is expected for BNS mergers).
Hence, the sources of the SGWB are discrete in space and time, and their number fluctuates
according to a Poisson distribution, resulting in a significant shot noise. The total SGWB
angular power spectrum is therefore Ctot

ℓ = Cℓ + N shot, where the shot noise contribution
is flat in the ℓ-space and dominates over the intrinsic anisotropies. Indeed, the intrinsic
anisotropies are typically at the level of δΩGW/ΩGW ∼ 10−3 − 10−2 [510, 513–516], while
the shot noise is around one order of magnitude larger [552–554, 1271]. Given the sensitivity
of ET to various multipoles (see e.g. the analysis of [2140]) and the presence of shot noise,
directly detecting the anisotropies due to clustering and line-of-sight effects will be extremely
challenging. However, shot noise is expected to be measured with good precision, at least
within the range of amplitudes predicted by most astrophysical scenarios. Despite being
insensitive to the sky distribution of the sources, the shot noise still carries astrophysical
information as its amplitude depends on the overall number of sources contributing to the
SGWB and thus reflects the underlying astrophysics.

An effective way to overcome the shot noise issue is to cross-correlate the SGWB with
electromagnetic observables. Indeed, the SGWB anisotropies are correlated with other cosmic
fields that trace the large-scale structure, such as galaxy number counts [510, 513, 554, 1269,
1270], weak gravitational lensing [510, 513], CMB [543], and CMB lensing [1271]. All of
these studies have shown that the SNR of the cross-correlation outperforms that of the
auto-correlation by several orders of magnitude. Measuring the angular power spectrum
of the cross-correlation between the SGWB and an electromagnetic observable can provide
constraints on various astrophysical and cosmological quantities. Moreover, cross-correlating
with a redshift-dependent observable (such as the number counts of galaxy, at different
redshifts), allows one to have a tomographic reconstruction of redshift information, i.e. to
extract the contribution to the total background from sources in a specific redshift band.

In [1270], the cross-correlation between LVK data and the Sloan Digital Sky Survey
catalog was exploited to derive upper limits on a set of effective astrophysical parameters
describing the local process of GW emission at galactic scales. As the sensitivity of the
GW detector network improves, the approach presented in [1270] will become more effective,
enabling more stringent constraints on the astrophysical kernel and its effective parameters.
ET will improve the sensitivity to the angular power spectrum of the cross-correlation by more
than a factor ∼ 1000: ET is expected to reach and explore the astrophysically interesting
region of the parameter space. Yet another approach could be to use the hierarchical Bayesian
approach to estimate the BBH SGWB anisotropy [2141], which could also lead to ∼ 1000
times sensitivity improvements relative to the approach presented in [1270], hence resulting
in a very significant improvement when applied to ET data. This is a promising approach
which might help to set stringent constraints on the parameter space of the underlying
astrophysical models. The cosmological significance of cross-correlating the astrophysical
SGWB with electromagnetic observables, such as measuring the bias of the SGWB and
constraining non-gaussianities in the large-scale structure, is discussed in section 2.4.1.2.

Given a generic anisotropic signal, an important challenge is mapping its angular dis-
tribution [532]. For an unpolarized stochastic signal, the stochastic search with ET aims
to reconstruct the SGWB power spectrum Sh(f, n̂) defined in eq. (2.11), while in the more
general case of a polarized signal we want to reconstruct the quantity HAA′(f, n̂) defined in
eq. (2.8), which also includes the Stokes parameters describing circular and linear polariza-
tion. For most of the astrophysical backgrounds, the frequency and the angular dependence
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of the power spectrum of the SGWB in eq. (2.11) are factorized.40 Then, restricting to the
unpolarized case

Sh(f, n̂) = Sh(f)E (n̂) . (3.9)

It is then convenient to decompose the angular part of the power spectrum in spherical
harmonics41

E(n̂) =
∞∑

ℓ=0

ℓ∑

m=−ℓ
δℓmYℓm(n̂) , (3.10)

and then reconstruct the value of the anisotropic (map) coefficients δℓm from the cross-
correlation of the instruments’ data streams that are available [604, 2145]. The reconstruction
is performed in the framework of Bayesian analysis, by writing the likelihood function of the
cross-correlators, expressing it as a function of the coefficients δℓm and performing a maximum
likelihood estimation, which can be done by a Markov-chain Monte Carlo (MCMC) or by a
Fisher analysis.

Several factors may affect the quality of the reconstruction of the anisotropic map.
Firstly, the instrumental noise puts a threshold on the detectability of the anisotropy coef-
ficients δlm. In particular, the higher values of ℓ in the expansion of eq. (3.10) produce a
signal in the high-frequency side of the power spectrum. This is due to the fact that the
anisotropic overlap reduction functions of ground-based interferometers (which quantify the
sensibility of a cross-correlator to a specific anisotropy) show a peak at a frequency f ∝ ℓb/c,
where b is the baseline between the pair of instruments taken into account.

Furthermore, up to today most of the map-making analyses have been performed for
a Gaussian SGWB [64, 604], with stationary statistics in its reference frame. Under this
assumption, the frequency domain is a natural choice to perform the data analysis.42 The
signal-to-noise ratio (SNR) grows with the square root of the time and it is dominated by the
frequencies at which the overlap reduction functions, for each anisotropic coefficient of the
map, display a peak. In fact, the astrophysical GW background is expected to be nonsta-
tionary due to the finite number of sources generating it [515, 552–554]. More sophisticated
analyses that aim to work beyond the frequency domain must be employed if we want to
tackle the challenge of extracting a weak anisotropic signal, as expected by both the astro-
physical and cosmological models. A joint analysis of the SGWB along with the information
given by the angular distribution of the resolved GW sources and the electromagnetic surveys
will certainly help in that direction.

Another aspect that must be considered when studying the SGWB with ET (and in
general in next generation detectors) is the nuisance effect due to the intrinsic variance of the
signal [2146]. This effect impacts the measurement of the anisotropy coefficients in the limit
where the instrumental noise is lower in absolute value with respect to the total effect of the
SGWB on the interferometers. In fact, the current analyses work in the opposite regime, i.e.

40Although Doppler anisotropies induced by the motion of the detector with respect to the rest frame of the
SGWB induce a mixing between frequency and angular dependence, see [520]. For a more general treatment
we refer to the formalism developed in [2142].

41The so-called pixel domain is an alternative basis that can be employed to decompose the angular de-
pendence of the power spectrum [2143, 2144]. However, for the astrophysical and most of the cosmological
models of a SGWB the spherical harmonics choice is the most natural one.

42The rotation of the Earth results in an observed GW background which is cyclo-stationary in the reference
frame of the detectors. In [604, 2145] a folding method is employed in order to take into account this effect
in the data analysis process.
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the so-called noise-dominated assumption. It has been shown [604] that current detectors
live in the noise-dominated regime, while for ET and the new generation interferometers, the
intrinsic variance of the signal will no longer be a negligible effect when compared to the low
instrumental noise power spectrum.

As a last important remark, the mapping of the high ℓ values for the SGWB angu-
lar power spectrum and all the odd ℓ values is suppressed when the baseline between the
instruments is small. This results in enhanced sensitivity for the proposed configuration
[16] of 2 L-shaped Einstein Telescopes in two different sites, improving the detectability for
those anisotropies of several orders of magnitude with respect to the original triangular-
shaped design. In a similar way, the analysis obtained by cross-correlating ET with other
new-generation instruments (such as Cosmic Explorer) will result in a significantly greater
sensitivity to the SGWB anisotropies.

3.10.7 Spectral shape reconstruction

As already mentioned in section 3.10.2, the SGWB spectral shape contains plenty of informa-
tion on the underlying astrophysical populations from which the sources responsible for the
SGWB generation are drawn. Techniques for SGWB spectral shape reconstruction are thus
crucial for extracting this information from the data. While it is known that the astrophysical
background is not perfectly isotropic, stationary, or unpolarized (see, e.g., [510, 515, 547–
549, 552, 554]), in the remainder of this section, we neglect these features and focus on the
spectral shape only. In this limit, all the information on the SGWB is contained in the
function Sh(f) in eq. (3.9), which fully characterizes the spectrum. This quantity is uniquely
determined, through eqs. (2.13) and (3.5), by the population properties, and inherits the
dependence on the population (hyper)parameters, say Λi. These (hyper)parameters char-
acterize, among others, the mass function and the merger rates for all the subpopulations
contributing to the SGWB, and impact the overall amplitude and the position and sharpness
of the high-frequency cutoff in the frequency spectrum [2128, 2147].

In a consistent Bayesian approach, all the Λi would have to be included in the analysis,
and their parameter space would have to be sampled simultaneously.

There are several challenges to be faced while following the above procedure in the
context of ET. For example, since several components contribute simultaneously to the overall
signal, the dimensionality of the parameter space may be significant (if not prohibitive), and
all signal components will effectively act as an additional nuisance to each other. Sampling
such a parameter space, which might be highly degenerate and non-Gaussian, can be quite
a non-trivial problem from a numerical point of view. For this reason, an alternative (and
computationally less demanding) avenue could be to separate the data analysis problem into
two steps. In an initial step, one would attempt an agnostic reconstruction of the SGWB
spectrum (for some techniques developed in the context of LISA data analysis, see, e.g., [608–
611, 2148, 2149]) to capture the overall frequency shape. In a second step, the constraints
on the spectrum are converted into constraints on the population (hyper)parameters. Such
an approach has the merit of compromising between accuracy and feasibility, and it could be
used, e.g., to identify the relevant part of the parameter space to be sampled with the full
Bayesian techniques described in the previous paragraph.

3.11 Executive summary

Here we summarize the advancements that ET will bring in population studies and astro-
physical backgrounds, in comparison to the current state of the art, specifically emphasizing
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the distinct features that the ET will allow us to explore. The following are the major areas
where ET’s capabilities surpass the current generation of GWs detectors:

Astrophysical CBCs across cosmic time

• Formation channels. Current models describe a remarkable zoo of CBC forma-
tion channels, including (stable and unstable) mass transfer in massive binaries,
chemically homogeneous evolution, dynamics in star clusters and gas rich AGNs.
With the prospective detection of 105 BBH and BNS events per year, it will be
possible to characterise in detail the impact of the isolated and dynamical chan-
nels on the formation of CBCs. This can be achieved by constraining crucial
quantities like merger rates, redshift dependencies, masses and spins of merging
CBCs.

• Merger rate density evolution. Current detectors enable us to infer the
merger rate density of BNSs and BHNSs at redshift zero, and to reconstruct the
BBH merger rate density up to a redshift of z ≈ 1.5, under several assumptions.
ET will be a paradigm shift for measuring the merger rate evolution of astro-
physical CBCs: we will estimate the intrinsic BBH merger rate up to a redshift
of z ≈ 100 and the BNS merger rate at least up to cosmic noon. This will
yield unique opportunities to constrain the formation of CBCs, their possible
dependence on stellar metallicity, their delay time, the evolution of their stellar
progenitors, and the link with their host galaxies.

• CBC masses. From current detections, several peaks have already emerged
in the mass function of primary black holes. ET will not only constrain these
features to an exquisite level of accuracy, but will also probe their evolution with
cosmic time and the existence of the claimed pair-instability mass gap.

• CBC spins. Current gravitational-wave data suggest a tension between the
spin of black holes in gravitational-wave detections and X-ray binaries. Our
ability to interpret this claimed tension in terms of formation history of X-ray
and gravitational-wave black holes is hampered by large observational uncertain-
ties. Moreover, hierarchical merger models predict a peak of the precessing spin
at χp ∼ 0.7 for second-generation black holes. ET will yield an accurate recon-
struction of the spin distribution of black holes, providing a conclusive answer
about the claimed tension and the existence of moderate to high-spin peaks.

• Population III stars. ET will yearly observe between 10 and 104 binary black
hole mergers from the first generation of stars that appeared in the Universe
(Population III stars). The main challenge will be to disentangle such population
from primordial black holes and black holes born from other stellar progenitors.

• Intermediate-mass black holes. Intermediate-mass black holes are crucial
to explain the formation of supermassive black holes observed at the center
of most galaxies, but have largely eluded our efforts to characterize them with
electromagnetic surveys. GW190521 demonstrated the potential of gravitational-
wave detectors to probe the intermediate-mass black hole regime. ET will enable
us to study a rich population of intermediate-mass black holes, up to a redshift
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z ≈ 10. This will offer unique opportunities for multi-band gravitational-wave
observations with space-based detectors.

Primordial Black Holes

PBHs are BHs which could have formed in the early universe and might compose a non
negligible fraction of the dark matter. ET will allow to pin down the presence of PBHs
to unprecedented precision through its capability to search their GW signatures. On
one side, thanks to its superior sensitivity and wider bandwidth at low frequencies,
ET will test the unique feature of the PBH merger rate density, its monotonically
increase with redshift, up to redshifts larger than 30 where astrophysical sources are
not present. Secondly, ET will drastically improve the sensitivity leading to a possible
detection of subsolar PBHs, a smoking gun for their existence given the fact that
subsolar astrophysical BHs may not exist.

Population backgrounds

• Sources. Most BBHs can be detected individually by ET. However, using a
background approach for parameter reconstruction is valuable for cross-checking
results against catalog data, as any discrepancies may indicate faint subpopula-
tions that individual analyses might miss. For BNSs, the bulk of the population
will be sub-threshold, and a background study provides insights that catalog ap-
proaches cannot offer. ET is also expected to detect sources other than CBCs,
such as stellar collapses and isolated neutron stars (see section 7). Finally, a
population of PBHs extends at redshifts beyond ET’s detection horizon, making
a background approach crucial for studying them.

• Astrophysical information. Different formation channels for BBHs will influ-
ence their masses, spins, and eccentricities, as well as the merger rate, distribu-
tion of time delays, and the evolution of the mass spectrum with redshift. These
variations are expected to be reflected in the stochastic gravitational wave back-
ground (SGWB) observable by ET. Pop III remnants are expected to possess
unique characteristics that could be detected in the SGWB they generate.

• Detection prospects. The angular power spectrum of the cross-correlation
between the SGWB and electromagnetic observables is a promising observable
for a first detection of anisotropies. ET is expected to enhance sensitivity to this
angular power spectrum by over a factor of approximately 1000, allowing access
to astrophysically significant regions of parameter space. Similar improvements
are expected from the hierarchical Bayesian approach.

• Mapping. The configuration of two L-shaped detectors at different sites greatly
enhances the detectability of anisotropies compared to the triangular design.
Moreover, cross-correlating ET with new-generation instruments like Cosmic Ex-
plorer will further improve angular sensitivity to the SGWB.

• Spectral shape. An agnostic reconstruction of the frequency shape allows con-
verting constraints on the spectrum into limits on population (hyper)parameters.
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This method strikes a balance between accuracy and feasibility.
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4 Multi-messenger observations in the ET era

The cosmological reach of the Einstein Telescope is such that it will detect extremely large
numbers of compact object mergers which should also create luminous electromagnetic coun-
terparts. If successfully paired, this can lead to substantial samples of multi-messenger
sources that can be used to understand heavy element nucleosynthesis, probe physics at high
density and extreme velocity, measure cosmological parameters, and constrain alternative
theories of gravity. These objects will typically lie in the mid-to high-redshift Universe, and
so while their detection in gravitational waves may be straightforward, we must enhance and
optimize our electromagnetic capabilities if we are to exploit the treasure trove of scientific
results that can flow from multi-messenger observations. Here we review the likely signatures
occurring in coincidence with ET-detected mergers. We construct both population models
and up-to-date implementations of the emission physics for electromagnetic counterparts to
determine their recovery with both electromagnetic and neutrino facilities that may be avail-
able in the 2030s. We highlight the requirements of localisation capability, and that EM
capability should be co-developed along with ET to ensure that the critical science questions
enabled by multi-messenger observations can be answered.

4.1 State of the art

4.1.1 Multi-messenger Astronomy

Traditionally, we have studied the Universe with light, from millennia of observations with
the naked eye to the insights enabled by the discovery of the telescope and its continued
refinement. In the 20th century, astronomers made spectacular progress with the develop-
ment of multiwavelength astronomy. Multiwavelength astronomy led to the realisation that
physical conditions in the Universe enabled some astrophysical sources to emit light across
the electromagnetic spectrum. A myriad of astrophysical insights stem from multiwavelength
observations, from the cosmic microwave background [2150] and its many applications [1162]
to new exotic source classes, including the radio-emitting pulsars [2151] and the high-energy
dominated gamma-ray bursts [2152].

Throughout the twentieth century, there was also a realisation that distant astrophysical
sources may also create signals that are not electromagnetic in origin. The journey to un-
derstanding these alternative carriers of information (messengers) began with the discovery
of cosmic rays in 1912 and flows through solar neutrinos in the 1960s [2153] to the increas-
ingly complex and sophisticated detectors for gravitational waves, which discovered the first
sources in 2015 [1].

Multi-messenger astronomy is the combination of two or more of these astrophysical
messengers, although one of these is typically electromagnetic light. The value of such detec-
tions is immense; the non-photonic messengers often carry information from regions that are
essentially invisible to light. Gravitational waves cannot be shielded and so provide infor-
mation about the behaviour of mass in kilometre-sized regions where compact objects such
as neutron stars and black holes merge. Neutrinos can escape from the cores of collapsing
stars, hidden from electromagnetic view by the star itself. Therefore, multi-messenger as-
tronomy provides a direct probe of matter in conditions far exceeding those available in any
Earth-bound laboratory. Strikingly, many objects that emit panchromatic electromagnetic
light are also likely to be multi-messenger emitters, and this combination of messengers is
critical both in studying the full details of the events in question and in using them as probes
of extreme astrophysics and cosmology (see figure 4.1).
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The first multi-messenger detection was of thermal neutrinos, coincident with SN 1987A
in the Large Magellanic Cloud [2154]. However, supernovae neutrinos have not been seen
in the 35 years since, despite the substantial improvements in detectors. The gravitational
wave multi-messenger era began in 2017 with the discovery of gravitational waves from the
binary neutron star merger GW170817 [2] and its subsequent identification from the gamma-
ray to radio regime [4]. This detection enabled a raft of new scientific insights, which we
describe in detail in section 4.1.2. To date, there has yet to be a further gravitational wave -
electromagnetic source, despite intensive efforts. These endeavours will likely unveil further
electromagnetic counterparts as the current generation of interferometers reaches their design
sensitivities in the next few years. However, the rates of such detections mean that building
samples beyond a handful of events will be challenging, and these events will all be at low
redshift, ideal for detailed study of extreme physics in compact objects but of less utility in
understanding source evolution or in deriving cosmological parameters.

Large samples of electromagnetic bright sources will require next-generation gravita-
tional wave detectors such as the Einstein Telescope (ET), whose astrophysical reach is
sufficient to uncover populations of thousands of likely electromagnetically bright events.
This dramatic rate increase is possible because of the increased horizon of ET. It comes at
the cost that the events will be more distant and will require novel approaches for their
identification and characterisation, combined with the next generation of electromagnetic
observatories that will be active in the 2030s. The realisation of the multi-messenger promise
of ET will rely on developing electromagnetic capability in tandem with the gravitational
wave detectors.

This section outlines the science enabled by multi-messenger observations. It reviews the
progress made to date via studies of both GW170817 and similar systems, perhaps seen so far
only in electromagnetic light. We subsequently construct detailed source population models
to make predictions for both the rates of events and, critically, the expected electromagnetic
signals. We then use these, along with a census of likely telescopes available to the community
in the mid-2030, to make robust, if broad, predictions for the recovery of electromagnetic
counterparts.

4.1.2 GW170817

To date, there is only a single unambiguous event in which gravitational waves and electro-
magnetic light have been observed in tandem, GW170817 [2, 4]. This binary neutron star
merger provided an exceptionally rich set of data that continues to provide new scientific
insight. Observations of GW170817 hence offer a template for what future observations may
enable and also an opportunity to learn lessons and improve follow-up.

Both the LIGO detectors detected GW 170817, while an upper limit from VIRGO was
decisive in breaking location degeneracies and providing an error box of only ∼ 30 sq. degrees
[4]. Only 1.7 seconds after the merger of the two neutron stars, a short-duration gamma-ray
burst, GRB 170817A, was also detected by both the Fermi [2093] and INTEGRAL [2094]
satellites. The rate of short GRB detection by these satellites is approximately one per week,
so the time coincidence alone made identifying the GRB a highly significant event.

The source location was non-optimal for electromagnetic observations, lying only ∼
50 degrees from the Sun, with very limited possibilities for follow-up. This location was
also not promptly visible to any observatories at the point at which it was disseminated.
Targeted electromagnetic observations did not begin immediately, but several hours later,
when observatories in South America could observe the sky localisation, and the Swift satellite
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Figure 4.1: The promise of multi-messenger astrophysics. While much astronomy to date
has been undertaken in the electromagnetic bands, in particular in optical light, many ex-
treme systems in the Universe emit light across the electromagnetic spectrum and also pro-
duce additional messengers in the form of cosmic rays, neutrinos, or gravitational waves.
Understanding the details of these systems and the insight they offer into central questions
in astronomy, cosmology, and fundamental physics is something that can be done via multi-
messenger observations.

started its search [2155]. These searches were rapidly successful, with [2096] reporting a new
transient, subsequently named AT2017gfo, in the galaxy NGC 4993 in observations taken 11
hours after the merger. Indeed, before this first announcement, five more observatories had
also observed the source [2097, 2156–2159]. Initially, it was unclear if this source was related
to GW170817 or was an unrelated supernova explosion. However, imaging and spectroscopy
over the next 48 hours revealed a spectral evolution unlike any previously observed transient
and cemented the association [2098, 2101, 2160–2162]. This spectral evolution was extremely
rapid, with the source spectrum moving from a spectral peak at ∼ 5000Å to ∼ 15000Å on
a timescale of only a few days. Strikingly, this signature was qualitatively extremely similar
to what had been predicted for kilonova emission [2163, 2164], in which the high opacity of
heavy elements synthesised in the explosion effectively blocks the optical light. IR and optical
observations of the source continued for as long as allowed by the encroaching Sun, and on
a timescale of 10-20 days, the counterpart was also detected in both X-ray [2095, 2165] and
radio [2166] observations. Indeed, while a faint source was detectable by the Hubble Space
Telescope 100 days after the merger [2167], the X-ray and radio afterglows continued to
brighten, reaching their peaks on timescales of hundreds of days before decaying [2168–2171]
.

The comprehensive observational campaign for GW170817 led to a myriad of scientific
advances, which we highlight below.
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Figure 4.2: The physical process ongoing in the merger of a binary system of neutron
stars (or a neutron star and a black hole) and the astrophysical insight that comes from
observations of them.

4.1.2.1 The kilonova and the origin of the heavy elements. The optical and IR
light created in GW170817 was caused by the decay of newly synthesized elements in the
merger. During the merger, neutrons are ejected both in tidal tails from the merger and a
range of additional processes, such as the wind from a newly formed accretion disc. These
neutrons then undergo neutron capture reactions via the so-called r-process, which builds
extremely neutron-rich nuclei far from the valley of stability [2172]. The energy released as
these unstable isotopes decay then powers the faint and fast transient that we know as a
kilonova [2164] while also populating the high-mass regions of the periodic table. Indeed,
it is thought that the r-process is responsible for the creation of around half the elements
heavier than iron and is the dominant source of elements with significant social, geological,
and even biological importance, such as gold, thorium, and iodine.

Before the discovery of GW170817 and its associated kilonova (AT2017gfo) several can-
didate kilonovave had been uncovered in the afterglows of (short) GRBs [2173, 2174]. How-
ever, AT2017gfo is by far the best-studied event, with a comprehensive set of both imaging
and spectroscopic observations that are outlined in figure 4.3. These observations provide
strong evidence for the production of r−process elements.

The abundance patterns of heavy elements show three apparent “peaks”, often referred
to as the first, second, and third peak elements. These are broad regions of higher elemental
abundance centered at atomic numbers around krypton (atomic number 36, first peak), xenon
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Figure 4.3: The spectroscopic evolution of kilonovae. The upper (colored) lines show the X-
shooter spectral sequence for AT2017gfo [2101, 2160], demonstrating the early blue emission
with the subsequent transition to a much redder spectrum. The lower (grey/black) lines
show much later time spectra of the kilonova in GRB 230307A (AT 2023vfi) obtained with
JWST [2175]. The spectra contain numerous spectra features both early in absorption and
later in emission, and these have been linked to several different r-process elements.

(atomic number 54, second peak), and platinum (atomic number 78, third). The production
of elements around each peak depends on the nuclear physics ongoing within the material
forming the heavy elements (in the case of a compact object merger, this is the ejecta). In
particular, different nucleosynthetic pathways are available depending on how neutron-rich
the material is. Perhaps counterintuitively, the neutron-richness of the ejecta is defined by its
so-called electron fraction (Ye), which is equivalent to the proton-fraction for material that
is neutral on a bulk scale. In broad terms, access to the more massive elements becomes
increasingly straightforward for decreasing Ye. In general, the production of material in the
second and third r-process peaks is thought to require Ye < 0.15 [2164].

Within the merger of a binary system of neutron stars, or a neutron star with a black
hole, material can be ejected via various mechanisms. Firstly, the initially less massive
object is larger and will be tidally stretched and disrupted as the gravitational wave-driven
inspiral reaches its final phases. Material from these (or plausibly both) stars is ejected in the
plane of the orbit in so-called tidal dynamical ejecta. Having been stripped directly from a
neutron star, this material is extremely neutron-rich and should be able to undergo r−process
reactions to the most massive elements. As the merger proceeds, the vast majority of the
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total mass remains with the stars and, ultimately, the central merged object. However, some
also form a disc around this object. This disc may be a source of r−process synthesis itself
[2176], and also drives a wind which creates further ejecta in the polar directions. Because of
strong radiation from this disc (in particular in the form of neutrinos which trigger inverse
beta-decays), the material in this polar ejecta is less neutron-rich than in the tidal ejecta and
likely yields intermediate mass elements around the first r−process peak.

While the elemental abundances within the ejecta are determined by nuclear physics, the
observed light in the kilonova is determined by the atomic physics of the newly synthesized
material. While this atomic physics, and in particular the energy levels of a given isotope, are
well known for low-mass elements, there are substantial gaps and uncertainties for the most
massive nuclei due to the immensely complex electron structures. Of particular importance
for the appearance of kilonovae are the so-called lanthanides and actinides that have open
electron f -shells, and extremely high numbers of electron transitions throughout the UV
and optical region. The effect of this is to provide extremely high opacity to outgoing light
rendering kilonovae which produce these elements extremely red [2163].

This work, much of which was undertaken prior to the discovery of AT2107gfo (but has
been refined since), provided a broad expectation for what a kilonova should look like. It
will have a low luminosity at peak (compared to most transients), evolve quickly because of
the low ejecta mass, and either be very red or transition from blue to red on a timescale of
a few days.

In bulk terms, this is exactly what was observed in AT2017gfo, and it was the similarity
of the observed properties to the pre-existing theoretical predictions that gave strong evidence
that AT2017gfo was indeed the counterpart of GW170817. However, it is also true that when
investigated in detail there were many aspects of the observed event that did not match
the models, and demonstrated the requirement of more sophisticated approaches to fully
exploit the potential of kilonovae in probing heavy element enrichment. In part, this explains
why continuing analysis of the AT2017gfo observations reveals new insight 7 years after its
discovery. Indeed, the kilonova, AT2017gfo has been the most widely studied component of
GW170817, with several hundred articles dedicated to its study. While many of these studies
disagree on the details of the source, often because of the use of disparate sets of models, the
broad picture appears to be generally agreed upon. The source emitted in the range 0.02-0.1
M⊙ of r−process material [2098, 2101, 2103, 2156, 2158, 2160, 2177]. The composition of
this material is a mixture of lighter r-process elements which are responsible for the early
bluer emission, and heavier elements, responsible for the redder, later emission [2177, 2178].

Most the these conclusions are drawn from the study of the multi-wavelength lightcurves
of the kilonova. However, very substantial effort has also gone into the evolving spectral se-
ries, which shows significant variations, even on the sub-hour timescale at early times [2179].
These observations reveal the presence of strontium at early times [2180], an identification
now generally agreed upon in the community [2181] and supported by theoretical expec-
tations [2182]. These early observations also potentially contain several further spectral
features, such as yttrium [2183], although the challenge in such identifications is substantial
given the uncertainties in the atomic physics of heavy elements.

There has also been substantial interest in the later phases of the spectrum, which
because of the low ejecta mass and high velocities rapidly become optically thin. At this
point, it is plausible that emission lines may be observed. In the later IR spectra of AT2017gfo
a prominent line at 2.2 microns has been interpreted as tellurium [2184, 2185], a line also
seen in the JWST spectrum of a further KN in a GRB [2175, 2185].
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The rich dataset for AT2017gfo continues to be exploited as models improve. The
complex spectral and temporal evolution of the kilonova provides the opportunity to dissect
the details of its composition and ejecta mass, although are currently limited substantially by
model uncertainties. As these improve it should be possible to robustly infer the contribution
of kilonova to the heavy element budget of the Universe. However, doing so concretely is likely
to require samples of tens of kilonovae to understand source diversity and pinpoint rates. The
current paucity of detections means that it is unclear if such observational samples can be
built in a reasonable time with the current generation of gravitational wave detectors.

4.1.2.2 The gamma-ray burst and its afterglow. In addition to diagnostics from the
core of the merging binary, electromagnetic observations also probe the relativistic outflow
that created the GRB. In particular, GW observations (in particular when combined with the
EM distance to the galaxy) provide a route to measuring both the energetics of the outflow,
the inclination angle, and the structure of the relativistic jet. These provide substantial
insight into the physics of GRB jets, as well as potentially into larger physics questions
relating to the acceleration of material to ultra-relativistic velocity.

GRB 170817A was observationally a rather typical, if faint, short duration GRB, with
a duration of T90 = 2.0 ± 0.5 [2093] and a spectral shape consistent with that seen for
other GRBs. In the absence of a distance measurement, it would not have stood out as
exceptional. However, at a distance of only 40 Mpc the inferred energetics of the GRB
are at the extremes of the distribution. In particular, the so-called isotropic equivalent
energy release (the energy from the burst on the (false) assumption that it emits equally in
all directions) is Eiso = 1046 erg [2093, 2094]. This is four orders of magnitude lower than
typical for short-GRBs [1570, 2186], which are typically found at much larger distances (these
closest short-GRB after GRB 170817A is GRB 080905A at z = 0.125, or ∼ 600 Mpc [2187],
a factor of > 15 more distant than GRB 170817A, although there are some merger-related
GRBs likely at lower redshift).

This likely explains why GRB 170817A was so underluminous compared to the bulk of
the short GRB population – it was viewed off-axis. In turn, studies of the GRB afterglow
provide a route to studying the jet structure and imply that the jet in GRB 170817A was
highly structured, with a lower Lorentz factor in the wings, but a luminous, highly collimated
event to an on-axis observer [2167, 2169, 2170, 2188–2191]. Indeed, in the years following the
merger, deep observations utilizing radio interferometry [2192, 2193] and the Hubble Space
Telescope [2194] could directly resolve the motion of the relativistic GRB jet. The implication
is that GRB 170817A was viewed ∼ 25 degrees from its jet-axis. It was an extremely faint
afterglow, only just detectable to the premier facilities in the X-ray (Chandra/XMM-Newton),
optical (HST) and radio (JVLA). Indeed, it may be that multi-messenger observations are
one of the most effective routes of identifying GRB jets off-axis, and in doing so to study
the structure of the GRB jets, itself of great importance in understanding the details of
ultra-relativistic motion and particle acceleration.

4.1.2.3 The host galaxy and environment. In addition to the light from the transient
itself, we can also glean much information about a given event from the environment in which
it is born. Indeed, early in the history of studies of supernovae, it was apparent that type
II events occurred exclusively in young, star-forming galaxies, while SN Ia also occurred in
older populations, implying different progenitor systems. There is now a long history of using
the environments of supernovae, gamma-ray bursts [1570, 2195–2201] and other transients
[2202–2204] as a route to understanding the stars that form them.
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The host galaxy of GW170817/AT2017gfo is NGC 4993, a massive lenticular galaxy.
This has also been studied in great detail on both the scale of the galaxy [2089, 2090, 2092,
2205], and the local environment [2089, 2206]. These studies generally concur that the host
galaxy is dominated by an old stellar population (> 1 Gyr, [2089, 2205, 2207]), with evidence
for minor merger tens of millions of years ago [2092, 2208]. The vast majority of the stellar
mass resides in the older populations, suggesting it is most likely the binary was formed in
this population [2209]. There is no evidence for any underlying globular cluster to limits
that probe the majority of the globular cluster luminosity function [2092, 2167]. In principle,
observations of these locations are highly diagnostic of progenitor production, natal kicks,
and delay times, since the host of GW 170817 is much closer than those of short GRBs for
which such studies are typically undertaken [1570, 2210, 2211]

4.1.2.4 Tests of cosmology and fundamental physics. Observations of GW170817,
GRB170817A, and the kilonova AT2017gfo enabled a unique route of probing the extreme
physics at play in compact object mergers. For example, gravitational wave observations
measure (or place constraints) the so-called tidal deformability of the neutron stars during
the merger. The degree of deformability places restrictions on plausible equations of state
(or mass-radius relations) for the matter at nuclear densities within neutron stars [2212].
Consistency checks on the results from these analyses can be run in tandem with electro-
magnetic observations; for example, are the allowed equations of state consistent with the
mass ejected in the kilonova, or even how the equations of state rule in (or out) via tidal de-
formability studies compare with those inferred for different neutron stars via high-resolution
X-ray spectroscopy of millisecond pulsars [2212, 2213].

A critical use of combined EM and GW observations is a novel one-stop route (distance
ladder independent) to measure cosmological parameters. In particular, the waveforms of
merging compact objects encode their masses and are so-called standard sirens [1064], where
the measurement of the gravitational wave amplitude directly provides the distance to the
source. The Hubble constant can be determined if paired with a measure of the velocity, for
example, in the form of a redshift of either the electromagnetic counterpart or its host galaxy.
For GW 170817, initial estimates were of H0 = 70+12

−8 km s−1 Mpc−1 [1628], but improved
to H0 = 71.9 ± 7.1 km s−1 Mpc−1 [2214] using improved estimates of the distance to NGC
4993 or to H0 = 70.3+5.3

−5.0 via the determination of the inclination angle due to superluminal
motion measurements of the GRB afterglow [2215].

Finally, the joint observations can constrain core questions in fundamental physics.
In particular, the time delay between the gravitational waves and the first electromagnetic
emission provides robust tests on any deviation between the speed of gravitational waves and
the speed of light, which are several orders of magnitude better than previously available,
suggesting any variations are smaller than one part in ∼ 1015 [3]. In turn, this rules out nu-
merous alternatives to General Relativity which predict a difference between the two speeds.
While more complex scenarios remain plausible (e.g., frequency-dependent speed of GWs),
the observations are a strong demonstration of the ability to multi-messenger observations
to pose new tests for the validity of General Relativity.

4.1.2.5 Limits on other messengers associated with GW170817. GW170817 was
the first source to be identified in both gravitational waves and light, but there is also
significant interest in the prospect that it also created further messengers, such as high-
energy neutrinos accelerated in the relativistic jet. Several such searches were undertaken
using time windows around GW170817 including both close to the merger time [2216] and
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over a much longer ∼ 2 week time frame [2217]. The detection of such neutrinos would be
a major step forward in our understanding of the details of particle acceleration in compact
object mergers, although despite the relatively close distance to GW170817 the limits were
generally significantly shallower than expected for the majority of models [2217, 2218].

4.1.3 GRBs and KN as counterparts of compact binary mergers

While we have, to date, only uncovered one electromagnetic counterpart of a binary neutron
star merger detected in gravitational waves, we likely studied hundreds of such events in
electromagnetic light only. In particular, the detection of a GRB in GW170817 strongly
links at least some short-duration gamma-ray bursts to the mergers of compact objects.
Indeed, this joint detection cemented a growing body of evidence that already linked short-
GRBs to such mergers. For example, the host galaxies of the bursts appear to span a broad
range of ages, from young, star-forming dwarfs to giant ellipticals [2219]. Such a broad range
of ages is inconsistent with any origin in young, massive stars. Furthermore, the locations
of the short-GRBs in and around their host galaxies were very different from that seen in
long-duration gamma-ray bursts [2196] or in supernovae [2199]. In particular, a substantial
fraction of short-GRBs arise at large offsets from their host galaxies [2220–2222], making it
difficult to explain their locations without invoking progenitors that have received some kind
of “kick” (though see [2223, 2224]). Such kicks are naturally expected to occur in compact
object systems in which the combination of mass loss at the time of supernova (the so-called
Blauw-kick) and natal kicks to neutron stars on formation [1583, 2225] can propel the binary
from its birth site at tens to hundreds of km s−1. Finally, the first suggestions of kilonova
emission were in the short-GRB 130603B [2173, 2174] and several possible examples had
been uncovered before 2017 [2226, 2227]. Combined, this evidence suggests that many, if not
all, short-duration GRBs arise from compact object mergers and provides us with a much
larger sample of events from which we can hone our expectations for future gravitational
wave sources.

A remarkable realisation in the past two years has been the identification of kilonova
signatures in long-duration gamma-ray bursts. In particular, two events, GRBs 211211A
[2228–2231], and GRB 230307A [2175, 2185, 2232], both have durations which place them
in the bulk of the long duration GRB population, but also appear to contain kilonovae
remarkably similar to AT2017gfo. The implication is that mergers powering long-GRBs may
be comparably common in the local Universe to mergers powering short-GRBs, and motivates
using both categories for GRB-GW coincidence searches.

A complexity in using GRBs to predict the properties of gravitational wave counterparts
is that they are (mostly) selected as events in which we view down the relativistic jet. The
GRB and its afterglow are bright in this scenario, and we cannot expect off-axis events to be
such luminous high-energy emitters. Indeed, even the kilonovae themselves are expected to
have a varying appearance depending on the viewing angle and if we observe primarily the
polar (light r−process) or equatorial (heavy r−process) material.

In principle, the kilonovae associated with mergers can be identified without any pre-
selection from either gravitational wave or GRB identification. A suite of small telescopes
now routinely scan essentially all the visible sky every few nights (these telescopes include
the Zwicky Transient Factory (ZTF, [2233]), the ATLAS telescopes [2234], the MASTER
telescopes [2235] and the Gravitational Wave Optical Transient Explorer (GOTO) [2236]),
while other, slightly narrower but deeper telescopes also conduct surveys of much of the sky
(e.g. DECCAM at CTIO, PanSTARRS, BlackGEM). These predominantly optical surveys
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can uncover kilonovae and potentially have unrecognised events within their large catalogues
of transients. However, there are substantial challenges in moving from detection to discovery
for these events. In particular, the rate of very nearby events is likely low, with even the cur-
rent complete range of uncertainties from the GWTC-3 predicting between 0.05 and 7 events
per year at 100 Mpc [6]. Given some loss of events is to be expected (direction too close to the
Sun or behind the Galactic plane, poor weather, technical problems, some events too far from
host galaxies to be associated at < 100 Mpc), it is perhaps unsurprising that these searches
have, to date, not yielded a robust kilonova detection. Indeed, this problem is compounded
because the number of sources that may mimic the peak luminosities and timescales of kilo-
novae likely substantially outnumber the kilonovae. Indeed, intensive searches for faint fast
transients have been run for the past several years and have identified many such sources.
While none show the combined hallmarks of rapid evolution and fast transition from blue to
red, substantial follow-up resources have been necessary to demonstrate this. Indeed, most
of these faint, fast sources appear to be some combination of outbursts from Luminous Blue
Variables, unusual white dwarf explosions (e.g., SN Iax), or ultra-stripped supernovae [2237].
These are all of substantial interest in their own right but complicate the identification of
kilonovae. Indeed, with the imminent arrival of the Vera Rubin Observatory (VRO) and its
Legacy Survey of Space and Time (LSST), the ability to isolate candidate kilonovae, either
found blindly or in the error box of gravitational wave searches, becomes an urgent challenge
to overcome.

4.1.4 Alternative signatures of mergers

The vast majority of effort in the detection of multi-messenger signals has been directed at the
mergers of CBs that contain a neutron star, or more specifically that contain a neutron star
and a mass ratio such that material is expected to remain outside the innermost stable orbit
of the merged compact object [1387, 2238]. This is natural because it is in these scenarios
where baryonic matter is left outside the merger remnant producing luminous electromagnetic
emission. The merger of a BBH binary in a vacuum should yield no detectable EM emission.
Despite this, it is striking to note that the first BBH detection, GW150914 [1], was associated
with a weak detection of a short GRB [2239] that remains controversial [2240].

Partly motivated by this coincidence, several works explored the possibility of deriving
light from BBH mergers. These critically consider that BBH mergers do not happen in a
true vacuum, but contain material in the form of the surrounding medium which may take a
variety of forms. For example, it may be an ionized plasma [2241], a remnant disc around one
of the black holes [2242, 2243] or a BBH embedded in the dense disc around a supermassive
black hole [1558].

It is the latter of these suggestions that has received the most interest to date, with the
suggestion from [1191] of an AGN outburst consistent in time and space with the extremely
high mass BBH mergers GW190521 [1425]. This was suggested to be an unusual AGN out-
burst triggered by the merger of the two components within the disc of the AGN. Subsequent
analysis of a large sample of BBH mergers that received follow-up from the Zwicky Transient
Factory revealed evidence of a larger number of unusual AGN outbursts in the error boxes
than expected randomly, perhaps implying a substantial fraction of BBH mergers that could
be formed in the discs of AGN [2244]. Although the rates of such mergers are expected to be
much lower than for those formed in the field, the higher masses result in a larger horizon.
Through studies of GRBs, there is now some limited evidence for neutron star mergers in
AGN discs [2245, 2246], and so BBH mergers may naturally be expected as well.
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However, this result has also proved to be controversial. In particular, the challenge
of associating a given AGN outburst with a BBH merger in a large error box is non-trivial
[1563, 2247] and the details of the wide range of AGN variability remain poorly understood.
Nonetheless, these claims suggest that we should remain alert to the possibility of multi-
messenger signals from BBH mergers, and the science they may enable.

4.2 Modeling the EM counterparts of ET detected CB mergers

This section presents predictions of the observational properties of the electromagnetic coun-
terparts of compact binary mergers, namely BNS and BHNS binaries, detectable by the
Einstein Telescope.

We consider the kilonova and the jet-related emission, the latter including both the
prompt emission (appearing as a short GRB when the jet is observed close to on-axis) and
the broadband afterglow. Four state-of-the-art population synthesis models are considered,
with predicted gravitational and electromagnetic signals for each binary. Despite the con-
siderable knowledge advancement made possible by GW170817, these model predictions are
still based on a variety of astrophysical assumptions which need to be tested with new detec-
tions in the years to come until ET operations. Therefore, any description of the expected
EM properties of the GW sources detected by ET is subject to a considerable amount of
uncertainty. To partly account for this modeling uncertainty, we adopted four models pub-
lished in the literature, each of which provides an end-to-end simulation of the GW and EM
signals. An overview of the main assumptions of these models is provided in sections 4.2.2
and 4.2.2.1. Specifically, the parameter estimation analysis of the GW signal is presented in
section 4.2.2.2, while the models adopted for the prediction of the electromagnetic signals
are described in section 4.2.2.3.

For each binary class and for each emission component, we consider the subsample of
events detectable by ET. For these we provide in section 4.2.3 two kind of information:

• the properties (e.g., light curves, energetics, characteristic timescales) of the KN and
jet-related GRB emission components;

• the annual joint detection rates as a function of the individual EM component flux at
specific frequencies or within selected energy bands.

While there are a number of present or planned major facilities for the search and
follow-up of GW-detected sources that are expected to operate in synergy with ET, the
specific evolution of the observational landscape is hard to predict. This section, therefore,
aims to provide a few general tools that can be used to estimate the expected joint detection
rates by scaling for basic facility/instrument configurations.

Figure 4.4 shows a possible 1 year of multi-messenger detections by ET and compares
BNS (left) with BHNS (right). The jet-related emission (cyan double cones) and the kilonova
(red butterflies) show the EM horizons reachable by a typical GRB satellite (with a sensitivity
comparable to that of Fermi/GBM) and an optical search facility (reaching a 26 magnitude
limit), respectively. Jets of BNS are brighter than BHNS systems and can be detected out to
and above redshift z = 1. For BNS systems an EM horizon at z ∼ 0.5 is identified. Within
this horizon most of the multi-messenger events will be KN-GW systems and a fraction will
have GRB-KN-GW signals. At z > 0.5 most of the BNS joint detections will be GRB-GW
signals. This selection effect is mainly due to the orientation of the jet, with off-axis jets
being detectable only within relatively smaller distances. Compared to the BNS case, a
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z = 0.5

z = 1.0

BNS BHNS

Figure 4.4: Representation of two of our reference multi-messenger synthetic populations
in a geocentric Universe. Compact binaries in the synthetic populations of C22 and C23
that are detected by ET-∆ are represented by yellow (BNS – left semicircle) and orange
(BHNS – right semicircle) dots. The distance of each dot from the Earth (blue circle) is
proportional to the redshift of the corresponding compact binary. If the simulated merger
produces a relativistic jet whose prompt (> 4 ph cm−2 s−1) or afterglow emission (> 0.01
mJy, radio band) is detectable, a cyan jet is plotted centered on the dot, with its axis inclined
by the actual viewing angle with respect to the line of sight to the Earth. If a kilonova is
also produced, and if it is detectable (< 26 mag, g band), then a red butterfly shape is also
plotted. The total number of binaries is representative of one year of ET operation.

much smaller number of joint detections is expected for the BHNS channel and the relative
EM horizons are much closer to the Earth.
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4.2.1 Dynamics and emission components of compact binary mergers

In figure 4.5 we present a schematic representation of the dynamics of BNS and BHNS mergers
and their respective multi-messenger emissions. For BNS systems, during the final phase of
the inspiral, the development of tidal forces leads to the partial disruption of the stars,
producing an emission of neutron-rich material. This material can be divided into two main
components: a gravitationally unbound component, called dynamical ejecta, which leaves the
merger region, and a bound component, which forms an accretion disk around the remnant.
Compression and shock heating lead to additional emissions when the two stars’ surfaces
collide. The emitted neutron-rich material is an ideal site for r-process nucleosynthesis,
which produces the heaviest elements in the universe. The synthesized nuclei are unstable,
and their radioactive decay can power a KN emission. On longer timescales, other emissions
originate from the disk: some ejecta are produced by magnetic pressure and neutrino-matter
interactions, called wind ejecta, and some ejecta are produced by viscous processes inside the
disk, called secular ejecta.

When the NS is disrupted and some of the released material forms a disk, its accretion
onto the remnant can induce the launch of a relativistic jet. Internal shocks inside the jet
and/or magnetic reconnection phenomena lead to the dissipation of a fraction of the jet’s
kinetic energy, which is radiated, giving rise to the prompt emission of the GRB. The jet
then continues its expansion into the interstellar medium, where it begins to decelerate. This
causes the formation of a shock near which electrons are accelerated, producing synchrotron
emission: the afterglow emission of the GRB.

BHNS mergers can also be accompanied by an EM counterpart, as in the BNS case.
The condition for ejecta production is that the tidal disruption distance dtidal, at which
tidal disruption occurs, must be larger than the BH’s innermost stable circular orbit RISCO.
This condition is favored if the BH is of low mass and/or rapidly spinning. Otherwise,
the NS directly plunges into the BH, and no ejecta are produced (and, consequently, the
event has no EM counterpart). Unlike BNS mergers, where the impact of the two surfaces
provokes additional emissions making the distribution of the dynamical ejecta much more
isotropic, BHs do not have a crust, so no shock occurs. Therefore, these systems produce
dynamical ejecta close to the equatorial plane and mainly in about half of the azimuthal angle.
Moreover, the absence of a hypermassive or supramassive NS phase can cause differences in
the properties of the wind and secular ejecta.

In figure 4.5 we present (in the middle of the stages labeled 1-4) a representation of the
GW waveform of a BNS merger.43 At the top, we show a representation of the expected
EM emission. Specifically, in the first-row panels we show the observed peak energy and
photon flux for the GRB prompt emission, assuming a viewing angle of 0 and 30 degrees.
In the second-row panels we present the optical light curve of the KN (blue) and the GRB
afterglow (orange), again assuming viewing angles of 0 and 30 degrees. The EM emission
was calculated using the C22 model for a BNS of 1.4 and 1.4 M⊙ at the median redshift of
the population, z ∼ 0.22. It can be noted that the KN emission is much more isotropic, not
showing substantial differences in the light curve when moving to larger viewing angles. In
contrast, the GRB emission, being collimated, is much more sensitive to variations in this
parameter. When shifting from 0 to 30 degrees, the GRB prompt flux decreases by several
orders of magnitude, and the afterglow light curve peaks several months after the merger at

43The time domain GW signal corresponds to the BNS simulation BAM:0095 [2248] in the CoRe
database [2249].
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Figure 4.5: Schematic representation of BNS and BHNS mergers and their multi-messenger
emissions.
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a much lower apparent magnitude compared to the on-axis case.

4.2.2 Multi-messenger BNS & BHNS population models

We considered three population models for BNS: Colombo et al. 2022 (C22) [2250], Ronchini
et al. 2022 (R22) [1097] and Loffredo et al. 2024 (L24) [2251]. For the BHNS population we
consider the model of Colombo et al. 2023 (C23) [2109]. These models are based on different
assumptions of the hyperparameters describing the population of binaries, their evolution
and their EM emission components. Table 4.1 lists the main assumptions of the models
providing the key references. In this section, we provide a brief description of these models
and compare their different assumptions. The reader is referred to the relevant publication
for a more in-depth description of each model.

Table 4.1: List of the main characteristics of the four different models used to compute EM
emission from BNS and BH-NS mergers detectable by ET.

C22 [2250] R22 [1097] L24 [2251] C23 [2109]

CBC System BNS BNS BNS BH-NS
CBC Pop. R0+delayed SFR Santoliquido+21 Iorio+23 Broekgaarden+21

R0 [Gpc−3 yr−1] 347+536
−256 365+555

−360 107+813
−102 149+153

−87
Mass distr. Analytic Uniform Gaussian Broekgaarden+21
EOS SFHo − BLh SFHo
Fisher analysis GWFast GWFish GWFish GWFast

SNR cut 12 8 8 12
EM Transients KN, GRB GRB KN KN, GRB
KN ejecta model [2252–2254] − [2251, 2252, 2254] [2254, 2255]
KN emission model [2256, 2257] − [2258] [2253, 2256]
Jet launch & breakout Yes No − Yes
Cocoon Emission Yes No − No

4.2.2.1 Progenitor compact binary population properties. The population models
considered here predict different local merger rates, R0, compatible with current constraints
provided by the Advanced LIGO and Virgo detectors in GWTC3 [6] (R0 ∈ [10, 1700] Gpc−3

yr−1 for BNS and R0 ∈ [7.8, 140] Gpc−3 yr−1 for BHNS). Given the lack of BNS merger
detections in the ongoing run (O4) of LVK, we tune our populations on a fiducial local merger
rate closer to the lower bound of the GWTC3 constraint. In particular, for BNS the local
rates considered correspond to R0 = 347, 365, 107 Gpc−3 yr−1 for C22, R22, and L24,
respectively44. We adopt R0 = 149 Gpc−3 yr−1 for the BHNS population of C23.

The mass distribution of NSs (isolated and in binaries) is still uncertain, therefore we
explore three possibilities for BNS systems. C22 models the mass distribution of BNSs
via an analytic fit to both Galactic BNS and the two BNS mergers detected through GWs
(GW170817 and GW190425). R22 adopts a uniform NS mass distribution between 1.0 M⊙
and 2.5 M⊙, which is consistent with the GW detections, while L24 considers a Gaussian
distribution centred at 1.33M⊙ with a standard deviation of 0.09M⊙, which fits the mass of
Galactic NSs in binaries. The NS and BH mass distributions in C23 are derived from the
population synthesis model of [1286] ensuring that the mass distribution of the population
of BHNS is compatible with the constraints imposed by GW observations [1694]. NSs in
binaries are predicted to have a negligible spin, therefore we assume spinless NSs in all
our populations. BHs might have a non-negligible spin before the merger. However, since

44In the case of C22, the local merger rate of 347 Gpc−3 yr−1 should be reduced by a factor 1.85 to take
into account the absence of BNS GW detections during O4a.
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larger BH spins in BHNS binaries favour a stronger EM emission, we choose a conservative
approach imposing a BH spin parameter χBH = 0. R22 and L24 compute the redshift
distribution of BNS mergers using the semi-analytic code cosmoRate [2259], which models
the star formation rate density and the average metallicity evolution of the Universe as in
[2260]. Conversely, C22 models the BNS redshift distribution analytically, using a delay time
distribution compatible with the results of population synthesis models [1493]. For BHNS
C23 assumes the fiducial metallicity specific star formation rate density from [1286], based
on the phenomenological model described in Ref. [2261].

The EOS of NSs determines the tidal deformability of NSs in binaries and affects the
properties of the EM emission. Given the present uncertainties on the NS EoS, we assume
two different nuclear EOSs, namely SFHo [2262] (for C22 and C23) and BLh [2263, 2264]
(for L24). These EOSs are built within very different theoretical frameworks, in particular,
SFHo is based on relativistic mean field theory while BLh is a microscopic EOS based on
the Brueckner-Bethe-Goldstone many-body theory. However, these EOSs predict similar
values for the NS maximum mass and corresponding radius, specifically Mmax = 2.06M⊙
and Rmax = 10.3 km for SFHo, while Mmax = 2.10M⊙ and Rmax = 10.4 km for BLh. Both
the EOSs are compatible with current experimental constraints on nuclear matter properties
and astrophysical constraints on NS maximum mass, radius, and tidal deformability. They
both produce quite compact NSs, with SFHo predicting slightly more compact NSs compared
to BLh. By selecting the SFHo and BLh EOSs we made a conservative choice for the modeling
of the KN emission since more compact NSs in binaries are associated with fainter KNae. A
different approach is followed in R22, which does not make any assumption on the NS EoS.
Accordingly, C22, L24, and C23 compute the NS dimensionless tidal deformability, Λ, from
the mass and the EOS of each NS, while R22 samples Λ uniformly in the interval [0, 2000]
and independently for each NS. In all the considered models, the BNS and NS-BH mergers
are distributed isotropically in the sky with a random inclination of the orbital plane to the
line of sight.

4.2.2.2 Gravitational wave detection and parameter estimation simulation. The
parameter estimation analysis of the BNS population for L24 and for R22 was carried out
using the Fisher matrix code GWFish [2265]. For the BNS and BHNS populations of C22
and C23, respectively, GWFast [1098, 2266] is adopted. These codes have been cross-checked
within the activities of the Common Tools OSB division and yield comparable results. For
a comprehensive description of the codes, we refer to section 9.

The settings of the gravitational analysis are common across the three BNS popula-
tion models and the two different codes. We used the IMRPhenomD NRTidalv2 waveform
approximant [36, 1148], which allows us to include tidal effects. We used the full cryogenic
(HFLF-cryo) sensitivity curve for ET, including both low and high-frequency45, with the
starting frequency corresponding to 2 Hz.

We analyzed the two following detector configurations [16]:

1. the reference triangular ET design of 10 km located in Sardinia (Sos Enattos) with the
HFLF-cryo sensitivity curves;

2. two L-shaped interferometers of 15 km arms misaligned at 45 deg located, respectively,
in Sardinia and in the Meuse-Rhine region.

45All the available curves, including HFLF-cryo, can be found at https://apps.et-
gw.eu/tds/?content=3&r=18213.
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For BHNS systems of C23, the GW analysis, we consider the same configurations,
sensitivities, and starting frequency of 2 Hz as for the BNS case, but we adopt the waveform
approximant IMRPhenomNSBH, which is more suitable for this kind of systems [1148, 2267]. In
particular, it is tuned up to mass ratios of q ∼ 100, it includes tidal effects and the signatures
on the signal due to different possible outcomes of the merger (plunge or disruption).

4.2.2.3 Electromagnetic emission models.

Kilonova. C22 computes the BNS KN light curves from 0.1–50 days, using the anisotropic
three-component model of [2256, 2257]. The model accounts for the emission from three
different outflow components:

• dynamical ejecta, produced by tidal interactions on a timescale of few milliseconds;

• winds ejecta, produced by the accretion disk, due to neutrino matter-interactions and
magnetic pressure on a time scale of tens of milliseconds;

• secular ejecta, also produced by the accretion disk, due to viscous processes of magnetic
origin throughout the duration of the accretion.

The ejecta are assumed to be in homologous expansion and thermal emission is computed
following [2268, 2269]. The expected ejecta mass, ejecta average velocity and accretion disk
mass are computed using numerical relativity-informed fitting formulae [2252, 2254, 2270],
assuming the SFHo EOS [2262] and the masses of the wind and secular ejecta are computed as
fractions of the disk mass: ξw = 0.05 and ξs = 0.2, respectively. The KN model parameters,
such as the ejecta geometry, opacity, and the velocity of the wind and secular ejecta, are
assumed as the best-fit parameters from [2253].

For the BHNS population in C23, the KN light curves are computed in the same way
as for the BNS in C22, accounting for the expected differences in the KN model parameters
[2253]. In this case, they compute the expected mass mdyn and average velocity vdyn for
the dynamical ejecta and the mass mout remaining outside the remnant BH, using the nu-
merical relativity-informed fitting formulae from [2254, 2255, 2271]. For the binaries where
mdyn > 0.5mout, they assume mdyn = mmax

dyn (mout) = 0.5mout [2272]. Finally, the mass of the
accretion disk is computed as Mdisk = mout −mdyn.

L24 models the BNS KN emission from 1 hour to 10 days assuming a two-component
anisotropic ejecta. The first ejecta component (C1) includes matter ejected on a dynamical
timescale (dynamical ejecta) and matter unbound from the disk through spiral-wave winds.
The second component (C2) contains matter unbound from the disk through viscous processes
on a secular timescale (secular ejecta). The mass and velocity of the dynamical ejecta and
the amount of mass in the disk are computed employing numerical relativity-informed fitting
formulas reported in [2251], assuming the BLh EOS [2263, 2264]. These formulas model the
possibility of the prompt collapse of the remnant to a BH, which is favoured for more massive
and asymmetric binaries. A prompt collapse to BH affects the ejecta properties, reducing the
amount of dynamically ejected matter and preventing the formation of spiral wave winds.
Therefore, if the remnant undergoes prompt collapse to BH, the amount of matter unbound
through spiral-wave winds is set to zero, while it corresponds to a fraction ξsw = 0.15 of the
disk mass, otherwise. The total amount of mass in the first component, mC1 = mdyn +msw,
is distributed as sin θ, where θ is the polar angle. The corresponding velocity, vC1, is obtained
as a weighted average of the velocity of the dynamical ejecta, vdyn, and the velocity of the
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spiral-wave wind vsw = 0.17c [2273]. The mass in the second component, mC2, is modelled
as a fraction ξs = 0.3 of the disk mass and the velocity is set to vC2 = 0.06c. The ejecta
properties such as opacity, entropy, expansion timescale, and floor temperatures are chosen
as in [2251], ensuring that the KN light curves of the BNS in the population with chirp mass
compatible with GW170817 reproduce AT2017gfo data. The KN light curves are computed
using the semi-analytic model xkn-diff [2258], based on a semi-analytic solution of the
radiative transfer equation for homologously expanding matter.

Jet-related emission. C22 and C23 adopt, for both the BNS and the BHNS population,
a jet angular structure inspired by GRB170817A [2274] with an half-opening angle of 3.4
deg. They compute the GRB afterglow light curves from 0.1 to 1000 days in the radio (1.4
GHz), optical (g band) and X-rays (1 keV) bands, fixing the median interstellar medium
density n = 5 × 10−3 cm−3 [1569] and assuming the microphysical parameters characteristic
of GW170817, ϵe = 0.1, ϵB = 10−3.9 and p = 2.15.

In C22 and C23, the methodology for GRB prompt emissions is based on models similar
to those in [2253] and [2275]. They assume that a constant fraction ηγ = 0.15 of the jet energy
density, confined to regions with a bulk Lorentz factor Γ ≥ 10, is emitted as photons. The
resulting observed spectrum is the integration of this radiation over the jet’s solid angle,
incorporating relativistic beaming effects. Finally, photon fluxes in specific energy bands are
calculated, assuming a standard burst duration of 2 seconds.

In C22 they assume the launch of a relativistic jet just for BNS mergers where the
remnant mass Mrem ≥ 1.2MTOV, which suggests either an immediate or delayed collapse
into a black hole. For BHNS mergers in C23, they consider the formation of a relativistic jet
with energy Ec if the disk mass Mdisk > 0. In both works, if the jet energy exceeds a specific
threshold (as defined by [2276]), it successfully breaks through the ejecta, resulting in GRB
prompt and afterglow emissions.

For BNS systems observed within a viewing angle θv ≤ 60◦, C22 also incorporates a
cocoon shock breakout component, modeled in line with the properties of GRB170817A,
namely a luminosity LSB = 1047 erg s−1, a cutoff power-law spectrum with νFν peak photon
energy Ep, SB = 185 keV and low- energy photon index α = −0.62. In BHNS systems, C23
does not include this additional emission due to the absence of observational constraints for
this type of source.

For the prompt emission, R22 considers a universal jet structure, corresponding to the
profile derived for GW170817. The jet is assumed to have a core with an opening angle of
3.4 deg. The profile outside the jet core follows a power-law with index s = 4. The values
of jet energy, on-axis rest-frame peak energies and pulse duration are extracted from Eqs.
(6), (7) and (8) of R22, respectively. The parameters of the distributions, including also the
probability that a BNS produces a successful jet, are calibrated performing a comparison
with existing samples of short GRBs observed by Fermi.

For the computation of the afterglow emission, the afterglowpy model is adopted [2277].
The isotropic-equivalent kinetic energy of the jet is derived starting from the posterior dis-
tribution of the isotropic-equivalent prompt energy taken from R22. The micro-physical
parameters are ϵe = 0.1, p = 2.2, log10 ϵB uniformly distributed in the range [−4,−2] and
n ∈ [0.25, 15] × 10−3 cm−3.
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4.2.3 EM properties of the GW-detectable sub-population

In this section we describe the observed properties of the EM emission of sources detected in
GW by ET. We also provide the rates of joint detectable sources as a function of a variable
detection limiting flux in different energy bands for each emission component. It is important
to distinguish between detectable and detected joint EM-GW events. The former are those
sources, detected as GW signals by ET, which are above a given sensitivity limit, i.e., they
are in principle bright enough to be detectable by any facility reaching that sensitivity. We
will consider this condition in defining detectable joint events. However, the rate of joint
detected sources may be smaller than the rate of detectable ones. Indeed, the latter should
be scaled by any EM facility property other than its sensitivity, such as the field of view,
the observability constraints, the duty cycle etc. In this section, we will only report the
joint detectable event rates. We will provide more realistic detected rates in section 4.3 by
considering specific mission/facilities.46

4.2.3.1 Kilonova. Figure 4.6 shows the distributions of the KN lightcurves in the g band
of the subsample of sources (BNS and BHNS) detected as GW events and localized with a
sky accuracy of up to 100 deg2 by ET in two different configurations (10 km triangle and 15
km 2L - left and right panels, respectively). There are no appreciable differences in the light
curves detected by the two configurations for either the BNS or BHNS populations. BNS
kilonovae typically exhibit AB magnitudes in the range of 20-27 (99% confidence region)
at approximately 2.4 hours post-merger, and their brightness remains almost constant (or
slightly increases) until about 1 day, and then decreases rapidly over the 10-day timescale.
Despite still being perfectly consistent within their dispersion, the BNS-KNae lightcurves of
L24 show a shallower decay with respect to those of C22 owing to the different KN model
parameters, as well as the different ejecta distribution in the two populations.

BHNS systems (bottom panels of figure 4.6) produce KN light curves, which are typically
fainter (AB magnitudes in the range 22-29 at 2.4 hours post-merger) than BNS and evolve
towards a faster decline within 1 day from the merger. This may be explained, respectively,
by the larger GW horizon of BHNS systems with respect to BNS and the different ejecta
properties resulting from the assumed mass and spin distributions and EoS.

Figure 4.7 depicts the joint detection rate as a function of different AB magnitude
detection limits for the BNS populations in L24 (red) and C22 (blue), and for the BHNS
population in C23 (green). The panels on the right assume the ET triangle configuration,
while those on the left assume ET-2L. Solid lines indicate all detectable KN+GW systems,
while dashed and dotted lines represent only events with a sky localization ∆Ω90% < 100 deg2

and ∆Ω90% < 40 deg2, respectively.

The colored band represents the uncertainty due to the local merger rate, which propa-
gates as a constant relative fraction to all other rates. Despite different assumptions for the
initial BNS population and the KN model, L24 and C22 predict rates that differ by only a
factor of about 2-3, and when considering the uncertainty due to the local merger rate, they
are entirely compatible.

Using this plot, given an instrument with specific sensitivity, one can estimate the rate
of GW events with a KN brighter than this limit, thus estimating the rate of potentially
detectable KNe. For instance, the Vera Rubin Observatory can reach an AB magnitude of
26 in the g band with an exposure time of 180s. The majority of KNe lightcurves are brighter

46We adopt the convention to distinguish between “missions” and“facilities” referring to space-based detec-
tors and ground based telescopes, respectively.
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Figure 4.6: Distribution of ET optical KNe as a function of time assuming the BNS popu-
lation from L24 (red, first row) and C22 (blue, central row), and the BHNS population from
C23 (green, last row). The left column assumes the ET-∆ configuration, the right column
is the 2L configuration. The plots represent the apparent AB magnitude versus post-merger
time (days) for our simulated KN light curves in the g (484 nm) band, restricting to ET
GW-detectable sources with ∆Ω90% < 100 deg2. The shaded regions contain 50%, 90%, and
99% of the KN light curves.

than this limiting magnitude up to 1-2 days post-merger, see figure 4.6). Considering this
representative limit and events with ∆Ω90% < 100 deg2, L24 yields a rate of detectable KNe
100+760

−95 yr−1, while C22 yields a rate of 191+295
−141 yr−1.

For BHNS events, the rate is 5.1+5.2
−3.0 yr−1. In general, the BHNS rates are systematically

lower than those of BNS events. The reasons, as explained in C23, are due to the fact that
only a small fraction (about 2%) of events can emit ejecta, and the KN population is generally
less luminous.

4.2.3.2 Gamma-Ray Burst prompt emission. Figure 4.8 presents the observed peak
energy Ep,obs as a function of the photon peak flux for the BNS populations of R22 (upper
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Figure 4.7: Detection rate as a function of detection limit threshold for the KN BNS
population presented in L24 and C22 (upper panels, red and blue, respectively) and for
the BHNS population from C23 (lower panels, green). The left column assumes the ET-∆
configuration, and the right column is the 2L configuration. The lines indicate the KN+GW
(g band) detectable binaries, assuming all the BNSs (solid line from C22 upper panels and C23
lower panels), the ones with ∆Ω90% < 100 deg2 (dashed lines) and the ones with ∆Ω90% <
40 deg2 (dotted lines). The shaded region indicates the uncertainty due to the local merger
rate.

panels) and C22 (mid panels), and for the BHNS population of C23 (lower panels). The
colored regions include events that are both GW and GRB prompt-detectable. For prompt
detection, Fermi/GBM was used as a reference instrument, with threshold values chosen to
replicate the short GRB observations of Fermi/GBM: 0.5 ph cm−2 s−1 for R22 and 4 ph
cm−2 s−1 for C22. Note that R22 considers the 50-300 keV band, while C22 assumes the
10-1000 keV band.

Generally, GW+GRB prompt events extend from an Ep,obs ∼ 30 keV to Ep,obs10 MeV,
concentrating around Ep,obs ∼ 300 keV. For C22, the events do not extend beyond 1 MeV
due to different assumptions regarding the jet peak energy. Concerning the photon flux, all
models reach up to 100 ph cm−2 s−1, while the 50% of events concentrates between 0.5-10
ph cm−2 s−1, depending on the flux cut assumption.

The black lines enclose 50% (solid), 90% (dashed), and 99% (dotted) of events detectable
by ET, without the requirement of prompt detection. In this case, the population extends
to much lower fluxes and peak energies and becomes dominated by off-axis events. While
these events are out of the reach of Fermi/GBM mainly due to its sensitivity and low energy
threshold, next-generation GRB detectors may extend their energy band below 10 keV with
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Figure 4.8: Observed spectral energy distribution peak photon energy Ep,obs vs photon flux
for the GRB prompt BNS population presented in R22 (first row) and C22 (central row),
and for the BHNS population from C23 (last row). The colored-filled regions contain 50%,
90%, and 99% of the binaries, both GRB Prompt and ET detectable. The black lines contain
50%, 90%, and 99% (solid, dashed, and dotted, respectively) of the ET-detectable binaries.
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an improved sensitivity, thus capturing the bulk of the prompt emission.

The BNS C22 population shows two clusters when considering only the events de-
tected by ET. This effect is due to the assumption that for events with a viewing angle less
than 60 degrees, there is also a shock breakout component whose properties mimic those of
GRB170817A. Events dominated by the cocoon shock breakout component form the upper
cluster and become insignificant when also considering the detection by Fermi/GBM, which
is dominated by events with a higher photon flux.

Figure 4.9 shows the detection rate as a function of different photon flux detection
limits for the BNS populations of R22 (red), C22 (orange), and the BHNS population of
C23 (purple). The solid curve refers to all BNS events, while the dashed and dotted lines
consider events with sky localization smaller than 100 deg2 and 10 deg2, respectively. The
colored bands represent the uncertainty in the local merger rate for C22 and C23, and the
Poisson uncertainty due to variations in hyperparameters for R22. Considering the flux cuts
assumed by the respective studies using Fermi/GBM, the rates obtained are 71+70

−43 yr−1 and

59+91
−44 yr−1 Additionally, these rates can be scaled by a factor accounting for the duty cycle

and field of view of the instrument. We consider the latter two parameters yielding, for
Fermi/GBM, a scaling factor 0.6 so that ET(triangle)-Fermi/GBM joint detection rate for
the prompt emission would be 43+42

−26 yr−1 and 35+55
−26 yr−1. This means that the majority of

short GRBs currently detected by Fermi/GBM would have a GW counterpart detected by
ET.

4.2.3.3 Gamma-Ray Burst afterglow emission. Figure 4.10 shows the average proper-
ties of the afterglow lightcurves of all the BNS and NSBH mergers detected by ET, considering
the delta (left panel) and 2L (right panel) configurations. The figure reports the 50% (solid
line) and 90% (dashed line) contours containing the peak fluxes of afterglow light curves
in the radio (red), optical (green), and X-ray (blue) bands for the BNS populations of R22
(upper panels) and C22 (mid panels), and for the BHNS population of C23 (lower panels).
The gray curves in the background are a sample of optical light curves for the respective
populations.

Generally, all populations have peaks concentrated after 102 days, with a tail extending
to shorter timescales. Specifically, the R22 population is concentrated at around 102.5 days,
while the C22 and C23 populations show a slower growth, with peaks concentrated around
103 days.

Most populations exhibit a subset of bright optical and X-ray events with peaks at very
short timescales (hours). These are the on-axis events of the population, as can be seen
from the monotonous gray light curves in the background, representing light curves observed
at viewing angles comparable to the jet opening angle. This subset is always present, even
when the population is dominated by off-axis events, which do not show such curves. Overall,
there are no noticeable differences between the delta and 2L configurations, in terms of peak
brightness of the afterglow and distribution of the peak times.

Figure 4.11 represents the detection rates as a function of different flux limits in mJy for
the BNS populations of R22 (upper panels) and C22 (mid panels), and for the BHNS popu-
lation of C23 (lower panels). The lines represent the detectable GW+GRB afterglow events,
assuming all binaries (solid line), binaries with sky localization within 100 deg2 (dashed line),
and within 10 deg2 (dotted line). Overall the 2L configuration gives slightly more (within a
factor two) BNS and NSBH with detectable afterglow. In the X-rays, for a representative
limiting flux of 10−14 erg cm2 s−1, R22 predicts around 103-104 detectable BNS per year,
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Figure 4.9: Detection rate as a function of detection limit threshold for the GRB prompt
BNS population presented in R22 and C22 (upper panels, red and orange, respectively) and
for the BHNS population from C23 (lower panel). The left column assumes the ET delta
configuration, and the right column assumes the 2L configuration. The lines indicate the
GRB prompt+GW detectable binaries, assuming all the BNSs (solid lines), the ones with
∆Ω90% < 100 deg2 (dashed lines) and the ones with ∆Ω90% < 10 deg2 (dotted lines). The
shaded region indicates the uncertainty due to the local merger rate.

of which ∼30 localized better than 100 deg2 and ∼ few localized better than 10 deg2. In
comparison, C22 predicts around 200 detectable BNS per year, of which ∼10 localized better
than 100 deg2 and ∼ 1 localized better than 10 deg2.

4.2.4 GW sky localization of multi-messenger events

Figure 4.12 shows the ∆Ω90% sky localization distribution as a function of redshift for the
BNS population from C22 (upper panel, blue) and the BHNS population from C23 (lower
panel, green), considering only events capable of emitting an EM counterpart, thus having
non-zero ejecta and/or accretion disk. The colored bands represent the 50%, 90%, and 99%
credibility regions, while the solid line indicates the median value. The left column assumes
the ET configuration with a triangle, while the right column assumes the 2L configuration.

The figure illustrates the gradual broadening of sky localization with increasing redshift.
For the triangle configuration, within a redshift of approximately z ≲ 0.05, 50% of the events
have a sky localization between 10 and 100 deg2. Beyond a redshift of z ≳ 0.2, 50% have a
sky localization exceeding 1000 deg2. In contrast, for the 2L configuration, there is a general
decrease in the median value by about an order of magnitude. Specifically, within a redshift
of z ≲ 0.05, most events have a sky localization between 1 and 10 deg2, while 50% have a sky
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Figure 4.10: Afterglow lightcurves in Radio (red), Optical (green) and X-ray (blue), for the
delta (left) and 2L (right) configurations, assuming the BNS population from R22 (first row)
and from C22 (central row), and the BHNS population from C23 (last row). The dashed and
solid lines are the 50% and 90% containment regions of the afterglow peaks, in the respective
bands. The grey lines in the background are randomly sampled optical light curves.
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Figure 4.11: Detection rate as a function of detection limit threshold for the GRB afterglow
BNS population presented in R22 (first row) and C22 (central row), and for the BHNS
population from C23 (last row). The left column assumes the ET delta configuration, the
right column the 2L configuration. The lines indicate the GRB afterglow+GW detectable
binaries in the radio (red), optical (green) and X (blue) bands, assuming all the BNSs (solid
line), the ones with ∆Ω90% < 100 deg2 (dashed lines) and the ones with ∆Ω90% < 10 deg2

(dotted lines). The shaded region indicates the uncertainty due to the local merger rate.

localization exceeding 1000 square degrees for redshifts greater than z ≳ 0.5. The greater
broadening of the distribution for the 2L configuration as compared to the triangle can be
traced mainly to events for which only one of the detectors is operational due to our choice of
the duty cycle. For a discussion regarding the comparison of the sky localization capabilities
of the triangular and 2L ET configurations within the context of Fisher forecasts we refer
the reader to section 3 of [16].
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Figure 4.12: Distribution in redshift of the sky localizations of BNS events (upper panel)
and BHNS events (lower panel) that can power and EM counterpart, for the delta (left) and
2L (right) configurations. The line indicates the median value, the colored bands are the
50%, 90% and 99% credible regions.

4.2.5 ET in a network with Cosmic Explorer

ET may operate together with another 3G detectors such as Cosmic Explorer. Predicted
performances of an ET-CE network have been explored in a number of works (e.g. [16,
1097, 1098, 2251, 2278]), and the synergies between ET and CE will be further discussed in
section 5.

To compare ET as a standalone observatory with ET as part of a network of other 3G
detectors, figure 4.13 shows the KN detection rates as a function of detection limits for the
BNS population from C22 (left plot) and the BHNS population from C23 for different GW
detector networks. The different line colors represent various ET configurations and network
setups. Specifically, the blue (or green) lines indicate ET-∆, while the red lines correspond
to ET2L. The gray and black lines represent the networks ET-∆+2CE and ET2L+2CE,
respectively. In this context, we assume the 2 CE network as the most optimistic scenario,
consisting of two L-shaped detectors with arm lengths of 40 km and 20 km located in the
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Figure 4.13: Detection rates as a function of the detection limit threshold for the KN BNS
population from C22 (left panel) and the BHNS population from C23 (right panel). The
different colors represent various ET configurations and detector networks: blue (or green) for
ET-∆, red for ET2L, gray for ET-∆+2CE, and black for ET2L+2CE. The lines correspond to
KN+GW (g-band) detectable binaries: solid lines indicate all BNSs (or BHNSs), dashed lines
represent events with ∆Ω90% < 100deg2, and dotted lines represent events with ∆Ω90% <
40deg2. The shaded region illustrates the uncertainty arising from the local merger rate.

USA. Solid, dashed, and dotted lines represent, respectively, all BNS (or BHNS) events,
events with ∆Ω90% < 100deg2, and events with ∆Ω90% < 40deg2, respectively.

The comparison between the two ET configurations has been previously discussed; how-
ever, it is noteworthy that in a network including 2 CE detectors, the number of joint detec-
tions significantly increases due to the enhanced precision in sky localization. Specifically,
considering all events with ∆Ω90% < 100deg2, the number of detectable events (assuming a
detection limit of AB magnitude 26) increases by more than an order of magnitude. In a
complete network, the differences between the two ET configurations become negligible up
to a magnitude of 26. For deeper limits, the increased EM horizon allows for the observation
of more distant events, which results in a small but noticeable difference in detection rates
between the two configurations.

4.3 Observational facilities/strategies

4.3.1 The ET change of paradigm

ET will revolutionize the field of multi-messenger astrophysics, particularly the study of BNS
and BHNS mergers. It will transform the field from being observationally constrained to the
local universe and to a poor number of events into a domain exploring more than 10 billion
years of cosmic history, encompassing hundreds of thousands of objects.

This paradigm shift necessitates the development of new observational strategies to de-
tect, identify, and characterize the EM counterparts of GW events detected by ET. Different
strategies should be developed depending on the scientific goals, and taking into account four
intrinsic factors well illustrated in the previous sections: (i) the large localization uncertainty
for the majority of the GW events; (ii) the large number of ET detections; (iii) the faintness
of the KN and GRB off-axis afterglow counterparts; (iv) the brightness of on-axis GRBs and
afterglows at any distances explored by ET. Indeed, while studies involving cosmic evolution
should take advantage of the entire volume covered by the ET sensitivity, the study of KNe
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or off-axis afterglows may rely on the numerous nearby events detected by ET with a good
localization.

The precision of GW localization, although introducing biases favoring nearby will be
a key selection criterion for EM observations, because of the prohibitive observing time
required to scan large sky region at the necessary depths, and of the extremely high number
of ET events. About hundred ET-detected BNS events per year at z < 0.5 (a few tens at
z < 0.2) will have a GW localization to within a few tens of square degrees (see figure 9.13 in
section 9.3.3 and ref. [2251]). However, if a scenario with ET + CE observations is considered,
more than ten thousand events will have such a sky-localization, several thousands of which
will have localization uncertainty smaller than 10 deg2, decreasing to less than 1 deg2 for
a few hundreds of them (see figure 5.4 in section 5.2.1). In such a scenario, additional
selection criteria will therefore be crucial to optimize the use of the limited observational
time. Prioritization of the alerts and observational strategies will need to be tailored to each
specific science case.

4.3.2 Kilonovae

The best spectral range to look for KNe is the UV-optical-(near)infrared one. Through
photometry it is possible to obtain images of the sky where to look for unidentified transients,
and to follow their lightcurves in search of the time and color evolution signatures expected
for KNe. However, for a certain detection of a KN, spectroscopic observations provide more
precise features and are often required. Considering the faintness of such EM counterparts
(see section 4.2.3.1) instruments with a high sensitivity are required. Unfortunately, to date,
he best instruments to obtain deep images have a small Field of View (FoV), i.e. they are
able to observe only a very limited area of the sky, much smaller than the typical GW error
regions. Spectroscopic observations are even more limited because the fibers or slit cover
only few arcsec, unless Integral Field Spectroscopy (IFS) is used. This technique enables the
possibility to obtain a spectrum for each pixel of the image of a field, but nowadays sensitive
IFS are limited to FoV of the order of the arcmin2.

The ideal facility for the most efficient MM observations of KN would be a highly
sensitive integral field spectrograph with a very large field of view (several square degrees)
and (sub-)arcsecond spatial resolution. The simulations presented in Section 4.2 on the
predicted brightness of the KN (and GW error regions) imply that, with the most advanced
facilities expected to be available by the late 2030s (see the table in figure 4.16), KN detections
will remain limited to redshifts z < 0.5.

Among the planned instruments, photometric and spectroscopic facilities with unprece-
dented sensitivity and coverage, such as the Vera Rubin Observatory and the Wide Survey
Telescope (WST), will be particularly well-suited for detecting KNe up to z < 0.4− 0.5 from
the events localized to within a few tens of square degrees [2251, 2279]. Target of Oppor-
tunity observations by the Vera Rubin Observatory will provide the photometric depth and
spectral constraints needed to detect candidate KN counterparts of ten to a hundred ET
BNS detections, per year. These numbers may improve by a factor of ∼ 10, providing to
dispose of enough observing time, if ET will operate in the network with CE. Facilities such
as WST could work in synergy with Rubin or independently and detect about a hundred
KN counterparts per year at a signal-to-noise ratio (S/N) > 10 (thousands at lower S/N),
if that observations are collected within ∼ 12 − 24 hours after the merger (see figure 4.14).
It is evident that, in both cases, the observing time available will be the main limitations to
the number of events for which KN can be detected. Therefore, in addition to the distance
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and position indications provided by ET, other parameters (such as the inclination angle)
will have to be considered to select the events triggering the search for a KN counterparts.

Current and forthcoming sky surveys providing galaxy redshift catalogs could enable
photometric and/or spectroscopic targeted observations, leveraging distance information
from ET detections. However, this would not be an efficient strategy to find KNe beyond
z ∼ 0.1. In fact, in this case, the number of galaxies requiring observation quickly becomes
vast—thousands, within the expected sky localizations of ten - few tens square degrees. Tar-
geted spectroscopic searches at higher redshifts could be useful in a ET+2CE scenario (or
also with the addition of an interferometer in China, e.g. [2280]), as, for ∼ a thousand events
per year, the sky localizations would have error regions less than 1 deg2 also for events at
z ∼ 0.5, and the errors on the distances will be reduced by a factor of ten, allowing targeted
searches (with IFS / multi-object spectrographs) up to z ∼ 0.3. We stress, however, that
the Rubin Observatory can easily cover such sky regions in just one exposure. In this case,
redshift catalogues will be useful to discard contaminant transients from KN candidates.

Detecting EM candidate counterparts is only the first step in multi-messenger studies.
Proper characterization of KN counterparts will require the largest ground-based observa-
tories and space telescopes, such as the James Webb Space Telescope (JWST), which offers
unparalleled sensitivity and spatial resolution. From ground, 30-meter-class telescopes as
the Extremely Large Telescope (ELT) will be fundamental to track spectroscopically the evo-
lution of KNe and study their role in the chemical enrichment of the universe, because in
most cases 10-meter-class telescopes will lack the sensitivity for spectral studies. Given the
high-demand of such kind of telescopes, it is likely that such deep studies will be performed
only for a limited number of detected KN. In any case, it is of the highest importance for
MM science that MM studies are well integrated in the highest priority observations of such
facilities.

4.3.3 Off-axis afterglows

Another EM counterpart of BNS and BHNS mergers whose detection will also be limited to
the low-redshift regime (for viewing angles larger than ∼ 15◦) is the off-axis afterglow of GRBs
associated with GW events. Observing strategies for these counterparts partially align with
those for KNe but, in this case, the search at lower (radio) and higher (X-rays) frequencies
will play a significant role. Radio frequencies result in being the most appropriate for off-axis
afterglow detections. SKAO-Mid, with its unprecedented sensitivity and survey speed (see
the Table in figure 4.16), will be the ideal facility to detect (and follow, in synergy with
the ngVLA) off-axis afterglows (see Section 4.2.3.3). It is of great importance that specific
SKAO GW follow-up programs are established. X-rays can also be an efficient way to look
for off-axis afterglows, provided that suitable facilities joining sensitivity and large Field of
View (FoV) will be operational at the ET epoch. Missions projects such as NewAthena
and THESEUS at ESA can be keys to the identification and characterization of these EM
counterparts, by detecting ∼ tens of them per year (e.g. [2281, 2282]).

4.3.4 On-axis GRBs

As stated, KN and off-axis afterglows will be likely too faint to be detected and studied at
z > 0.5. However, ET will enable the detection of BNS and BHNS mergers out to redshifts
beyond the cosmic star formation peak. To exploit such GW exploration and conduct multi-
messenger studies across the full volume probed by ET, the detection of on-axis (or slightly
off-axis, i.e., viewing angles < 15◦) GRBs and afterglows will be essential. Realizing this
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Figure 4.14: Example of redshift distribution of simulated KNe detected by Vera Rubin and
WST, associated with BNS detected by ET in the 2L (top panels) and 2L + 1CE (bottom
panel) configurations, and having error regions of < 40 deg2 (top left and bottom panles),
and < 100 deg2 (top right panel). The background distribution in white corresponds to the
parent BNS+KN population. The green colored distribution corresponds to the KNe that
are detectable with WST IFS (SNR > 3). KNe detectable with Vera Rubin are shown in
grey. Black points refer to the y-axis scale on the right-hand side and show the fraction of
detectable KN with WST with respect to those that are detectable with Vera Rubin. From
Bisero et al., in preparation.

opportunity will depend on facilities capable of detecting and localizing such events. Missions
like the current Neil Gehrels Swift Observatory or the SVOM satellite have the required
capabilities, but ensuring that similar missions are operational beyond 2035 is critical. As
of now, no approved missions are slated to fly in the late 2030s or beyond. The proposed
THESEUS satellite, currently competing for selection as ESA’s M7 mission, could fulfill
these requirements and offers the additional advantage of onboard redshift determination for
a significant fraction of GRBs.

4.3.5 ET early warnings and ET as alert receiver

Another new opportunity opened by ET will be the detection of GW events also in their
in-spiraling phase [16]. This allows early warnings to be sent to the EM community hours to
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Figure 4.15: Redshift distribution of the sky-localization uncertainty (given as 90% credible
region) for ET and ET+CE configurations. The panels show the BNS detections and the
corresponding sky-localizations as a function of the redshift 15, 5, and 1 minute(s) before
the merger and at the merger time. The blue histogram indicated with ”all” shows all the
detected sources, whereas other colors show those having a sky localization more precise than
103 deg2 (orange), 102 deg2 (green), and 10 deg2(red). Adapted from [2284]

minutes before mergers, with an error region that becomes more and more precise. In fact,
simulations show that there can be tens of BNS events localized within ∼ 100 deg2, few tens
of minutes before merger, per month of observation (e.g. [2283]). This opens the possibility
of following the entire process of BNS coalescence also from an EM point of view, at least for
the closest events. Indeed, the rapid (∼ minute scale) pointing capabilities of optical transient
survey facilities will allow for the exploration of the very early emission associated with KN,
which is fundamental for probing the processes at play in KN emission and the properties
of the ejecta. Furthermore, GW early warnings will allow the search for associated very
high energy (VHE) emission by new VHE observatories such as CTAO [2284] that will have
suitable rapid pointing, FoV and sensitivity. In some cases, when early warnings can be sent
hours before the merger [2285], satellites could also be triggered to look at the appropriate
region of the sky, so as not to miss any counterpart. Some GRB satellites, as currently done
by Swift, could even able to react on ∼minute scale.

Finally, we should not forget that ET will also operates as alert receiver. Due to the huge
amounts of events, it will not be possible to perform a complete parameter estimation for all
detections. However, EM facilities will regularly detect short GRBs (space-based missions),
afterglows (space-based missions and ground-based facilities, scanning the sky at different
wavelengths covering the entire EM spectrum, from VHE, as CTAO, to radio, as SKAO) or
KN (especially optical and near-infrared sky surveys). ET will listen to these alerts from the
EM community, and use them to perform an informed search and parameter estimation for
the corresponding GW signal.
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4.3.5.1 Available and Expected EM facilities characteristics. In figure 4.16 we re-
port the results of a survey on the best EM current facilities and future projects for MM
observations (column 1), as well as their corresponding characteristics, in terms of Field of
View (FoV; column 2), sensitivity (col. 3), spectral range (col. 4), resolution (col. 5), capa-
bility and time delay to perform Target of Opportunity (ToO) (col. 6), survey strategy (col.
7), data policy and data access (columns 8 and 9). Each facility may be of good use to look
and/or to follow-up and characterize one or more kinds of EM counterparts (GRBs, off-axis
afterglows, KNe). This is indicated from column 10 to 15.

4.3.5.2 Requirements for ET BNS and BHNS multi-messenger observations based
on simulations. Based on the simulations presented in this work, in figure 4.17 we report
the desiderata requirements to detect and study the EM counterparts (on-axis GRB, off-axis
afterglow, KN) of BNS and BHNS detected by ET, for EM facilities working in different
ranges of the EM spectrum. We consider the FoV, sensitivity, spectral range, resolution, and
capability and time delay to perform ToOs. We separate the Search for the EM candidate
counterparts (orange columns) from their in depth study for the Characterization of their
properties (green columns).

4.3.6 Neutrino facilities for ET-MM science

Despite the decade-long observational efforts, coincident detection of HEN and GWs is yet
to be identified. To address this problem, the IceCube Neutrino Observatory followed up on
the existing individual GW events to identify their neutrino counterparts, both via real-time
and archival searches, using tracks-only, cascade-only and also all-flavour neutrino dataset,
ranging from sub-TeV to PeV energies. The typical observation time window is selected
to be ± 500 s concerning the GW event detection time. We expect the neutrino signal
from the source to dominate over the background within this time window. During the ET
operation time, IceCube will continue to actively participate in the GW follow-up efforts.
Considering the huge data we will be receiving daily with ET soon, identifying neutrino
counterparts for GW events before triggering follow-up searches will allow us to improve GW
event localisation by identifying joint best-fit GW + ν source location. This will allow us to
schedule EM follow-up search initiatives more efficiently. Such observational prospects further
increase with next-generation HEN detectors, specifically with the KM3NeT, IceCube-Gen2,
Baikal-GVD, and many other proposed water-Cherenkov neutrino detectors, for example,
P-ONE, TRIDENT, etc.

4.4 Executive Summary

Einstein Telescope will, each year, identify thousands of gravitational wave signals from
sources that also emit electromagnetic light. This rich stream of data will provide the oppor-
tunity to build the first substantial samples of multi-messenger events. In turn, these objects
will enable transformative science across many of the core areas of ET science.

Discovery of sources with multiple messengers

• At redshifts z >∼ 0.2 − 0.3, the localisation of a large number of BNSs from ET-
alone will be tens to hundreds of square degrees in size (see figures 9.13 and
9.15 in section 9). The corresponding localization volumes may still contain
thousands of galaxies. However, such localizations are sufficiently informative
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Column 1 FoV (deg) -diam Sensitivity Spectral range Resolution (spectral / spatial) ToO? delays? Survey strategy Data policy Data access search characterization On-axis GRB
/afterglow

off-axis GRB/
afterglow KN

SKA-MID 1 degree * (1.4 GHz/observing freq) 1-4 uJy in one hour 0.35-15.4 GHz

Channel width 13-80 kHz, 
up to 200 Hz 'zoom'
Angular: 0.4 arcsec
 * (1.4 GHz/frequency)

Transient buffers 288 sec 
/ ToO or DDT likely not yet clear not yet published, 

but imminent X X X X

SKA-LOW 2 degrees * (300 MHz/observing 
freq) 14-26 uJy in one hour 0.05-0.35 GHz

Channel width 5 kHz, 
up to 220 Hz 'zoom'
Angular: 6-300 arcsec

Likely transient buffers / 
Likely ToO or DDT policy not yet clear not yet published, 

but imminent X X X X

ngVLA 0.6 - 25 arcmin (from top to bottom 
of spectral range) 0.15-0.40 uJy/beam in one hour 1.2-50.5 GHz and 

70-116 GHz

Narrowest channel < 1 kHz; 
Angular: 1 milliarcsec - 1 arcsec; 
LBA to 0.1 milliarcsec

Likely ToO and/or DDT policy TBD not yet published NRAO archive  X `X X

BLACKGEM 8.1 deg^2 (3 x 2.7 sq. deg) q(white) = 23 is 300s (dark) 350-1000nm Average seeing on La Silla, ~1"   

GOTO 2 x 100 deg^2 (North/South) L(white)=21 in 60s (dark) 450-1000nm   

Rubin Observatory 1.75 degrees (9.6 sq. deg. effective 
FoV) r=24.0 mag in 30s ugrizy filters (~3,

500-10,000A) ugrizy filters; 0.2 arcsec/pix ToO yes TBD
public alerts;  images 
avaiable after 80 hours 
to member countries

via Alert Brokers;
Rubin Science 
Platorm 
https://data.lsst.
cloud

X X X X X

WFST ~6 sq. deg. effective FoV r=22.84 mag in 30s ugrizw filters (~3,
500-9,000A) ugrizw filters; 0.33 arcsec/pix ToO yes

Deep High-
cadence Survey
 and Wide-field 
Survey

Proprietary private pipeline X X X X X

ELT/HARMONI Four different FoVs: 0.61"x0.82"; 
1.52"x2.04"; 3.04"x4.08"; 4.56"x6.12"

5hr on-source integration, SNR=5: 
R_AB=23 (4mas/px scale), 25 
(30mas/px); H_AB=26.3 (4mas/px, 
R=3100), 24.3 (4mas/px, R=17000) , 
26.8 (30mas/px, R=3100), 25.2 
(30mas/px, R=17000); K_AB=25.7 
(4mas/px, R=3100), 24.4 (4mas/px, 
R=17000) , 25 (30mas/px, R=3100), 
24.4 (30mas/px, R=17000)

(0.47) 0.8 - 2.45 
um

Spatial: 4mas/px, 20mas/px, 
20mas/px, 30mas/px; 
Spectral: ~3500, ~7500 and 
~18000 (visible only low res)

TBD N/A TBD ESO archive  X  X X

ELT/MICADO-Ima LR: 50 arcsec (0.014 deg diameter), 
HR: 19 arcsec (0.0053 diameter)

5 hr, 5 sigma limiting point source AB 
mag: J~28.6, H~29.5, K~29.1 I,Y,J,H,K filters 

Spatial: 4 milliarcsec per pixel
 (LR) or 1.5 milliarcsec per 
pixel (HR)

TBD N/A TBD ESO archive  X  X X

ELT/MICADO-Spec Slit (width x length): 16masx3", 
20masx15", 48masx3" similar to imaging mode 1.4-2.46 um or 

0.96-1.55 um Spectral: ~10000 or ~20000 TBD N/A TBD ESO archive  X  X X

ELT/MOSAIC

Patrol field of 40 arcmin2 with 3 
obsvering modes:
- MOS-VIS: 140 VIS apertures of 0.7" 
at LR, 85 apertures at HR
- MOS-NIR: 200 NIR apertures of 0.6" 
at both LR and HR
- NIR-mIFU: 8 hexagonal NIR IFUs of 
2.2arcsec diameter
Possible parallel observations mixing 
VIS and NIR apertures/IFUs in the 
patrol field

Performances currently in 
revision/estimation following a recent 
evolution of the architecture. 
Examples of objectives:
-point sources at LR with MOS modes: I
(AB)~24.5 with S/N >=20, V(AB)~22 
with S/N>=50, H(AB)~25.4 with 
S/N>=20
-extended sources at LR with MOS 
modes: R(AB)=25.5 with S/N>=4, H
(AB)=23.5 with S/N > 20/A
-extended sources at LR with IFUs: J
(AB)=26-27 with S/N>:3 per spaxel in 
emission lines with EW0>15A 

VIS: 380-950 nm in 
three bands 
obtained in one 
shot
NIR= 950-1800 nm 
in two bands 
obtained in one 
shot

VIS-LR at R>=4,000 
NIR-LR at R>=4,000
4 VIS-HR windows at R>=18,000:
 390-450, 510-590, 610-710,
 800-940 (all TBC)
1 NIR-HR window at R>=18,000: 
1520-1670 (TBC)
For the NIR-IFUs: spaxel 
scale = 150mas

TBD TBD TBD ESO archive X X  X X

ELT/ANDES
 seeing-limited 1  square-arcsec AB=20 in 1 hr SNR=10 400-1800 nm R=100,000 yes N/A tbd ESO archives  X X

ELT/ANDES IFU 0.5 square-arcsec AO requires m(I_AB)=6-15mag 980-1800 nm R=100,000 yes N/A tbd ESO archives   

VLT/MUSE-GLAO 
or seeing limited 1 arcmin (0.017 deg diameter) V(AB)=22, 1hr, SNR=5 (@550nm)

465.000 - 930.000 
nm or 480.000 - 
930.000 nm

Spatial: 250 mas per pixel, 
Spectral: 3000-3500 yes N/A 0 to 12 months

 proprietary time ESO archives  X X X

VLT/MUSE-LTAO 7.5 arcsec (0.0021deg diameter) V(AB)=21.5, 1hr, SNR=5 (@550nm) 480.000 - 930.000 
nm

Spatial: 25 mas per pixel, Spectral: 
3000-3500 yes N/A 0 to 12 months 

proprietary time ESO archives  X X X

VLT/X-shooter
Slit length=13", several slit width (e.
g., 0.5”, 0.8”, 1.0”, 1.3”, 1.6”, 5.0”), 
depending on the arm

m_AB=22.4@500nm, 
m_AB=21@800nm, m_AB=20.
5@1500nm, m_AB=19@2000nm in 1hr 
and with SNR=10

300-2500 nm split 
in 3 arms

Spectral resolution depends 
upon the selected slit, and the 
considered arm wavelength.
 Generally, it reanges 
from min 4300 to max 18400

yes N/A 0 to 12 months
 proprietary time ESO archives  X X

WST 3 deg^2 MOS (3x3 arcmin IFS) m_AB=24.5 MOS, m_AB=25.2 IFS  in 
1hr and with SNR=10

350-970nm to be 
extended to 
1600nm

LR mode R=4000, 20000 fibers; 
HR mode R=40000, 2000 fibers yes, ~hours TBD tbd tbd X X  X

MSE 1.5 deg^2 m_AB=24, 1hr 360-950 nm; 360-
1800nm

3000 (NIR extension), 6500,
 with 20000 fibers;
 HR mode R=20000

foreseen, ? TBD tbd tbd   

HST variable by instrument (up to ~10 sq. 
arcmin) r(F606w) ~ 29(AB) 

100-1600 nm 
imaging and 
spectroscopy

0.1" resolution in imaging
 (wavelength dependent), 
low resolution grism (R~100)
 in optical/IR. Higher
 resolution available 
via COS and STIS
 (up to R~25000)

Non-disruptive ToO: >21 days, Disruptive ToO 3-21 days, ultra-disruptive <3 days.   

JWST/NIRCam 9.7 arcmin²
m_AB=22 (grism), m_AB=29-31 
depending on the configuration; 
S/N=10 in 10000s

2400-5000nm 
(grism), 600-
5000nm covered 
by different filters

R~1600 / << 1 arcsec

Non-disruptive ToO: > 14 days; 
Disruptive ToO: between 3 and 
14; Ultra-disruptive ToO: < 3 
days

NA 0 to 12 months
 proprietary time archive  X  X X

JWST/NIRSpec 3"x3" in IFU mode
m_AB=26 (prism), m_AB=22-24 
depending on the configuration; 
S/N=10 in 10000s

600-5000nm 
(prism), 700-5000 
divided in 3 bands

R=100,1000, 2700 depending on 
the 
obs. mode

Non-disruptive ToO: > 14 days; 
Disruptive ToO: between 3 and 
14; Ultra-disruptive ToO: < 3 
days

NA 0 to 12 months 
proprietary time archive  X  X X

JWST/MIRI 112.6"x73.5"
m_AB=23 (slit @8000nm), m_AB=24 
(imaging @13000nm) ; S/N=10 in 
10000s

5000-12000nm 
(slit); 5600-
25000nm 
(imaging, covered 
by different 
filters))

R~100 / <1 arcsec

Non-disruptive ToO: > 14 days; 
Disruptive ToO: between 3 and 
14; Ultra-disruptive ToO: < 3 
days

NA 0 to 12 months 
proprietary time archive  X  X X

JWST/NIRISS 133" × 133" m_AB=25, m_AB=28 (imaging); S/N=10 in 10000s

800-2200nm, 800-
5000nm (imaging 
covered by 
different filters)

R~150 / << 1 arcsec

Non-disruptive ToO: > 14 days; 
Disruptive ToO: between 3 and 
14; Ultra-disruptive ToO: < 3 
days

NA 0 to 12 months
 proprietary time archive  X  X X

ROMAN 0.281 sq  degree m_AB=28 depending on the filter 500--2000nm R=461 R= 80-180 depending on 
obs. mode TDAMM program To be decided 0 to 12 months   

SVOM/GRM ~5.6 sr combined, 3 modules of 2.6 
sr 0.22 ph/cm2/s 15 keV-5 MeV <16% @60 keV Y, from <5 hours to 48 hours 

depending on urgency
Data are proprietary, 
scientific products public X X

SVOM/ECLAIRs 2 sr 1.6 ph/cm2/s 4-120 keV 1.3 keV @60 keV,
 12 arcmin (loc. accuracy)

Y, from <5 hours to 48 hours 
depending on urgency

Data are proprietary, 
scientific products public  X X

SVOM/VT 26'x26' 22.5 in 300 seconds 450-1000nm ~arcsec Y, from <5 hours to 48 hours 
depending on urgency

Data are proprietary,
 scientific products public X X

SVOM/MXT ~1 deg^2 ~10^-12 erg/cm2/sec 0.2-10 keV 75 eV, ~tens of arcsec Y, from <5 hours to 48 hours 
depending on urgency

Data are proprietary, 
scientific products public X X X

Swift/BAT 1.4-1.6 steradiants 0.3 ph/cm2/s * 15-150 keV 7 keV, 20 arcmin yes, as soon as schedulable Public Public archive X X

Swift/XRT 15' 8 x 10^-14 erg cm-2s-1 in 10^4 s 0.3-10 keV 190 eV (10KeV), 18 arcsec yes, as soon as schedulable Public Public archive X X X X

NewATHENA 40x40 arcmin^2 (WFI); 4 arcmin 
(diameter; IFU) few 1e-16 erg/cm2/s (WFI) 0.2-12 keV 4 eV @ 7 keV / 5" >12 hrs tiling, scan region TBD TBD X X X X

THESEUS/SXI 0.5 steradiant 1e-10 erg/cm2/s (100 sec) 0.3-5 keV <2 arcmin Y, 0-15 min TBD Public archive X X X X

THESEUS/XGIS 2 steradiant 1e-8 erg/cm2/s 3kev-2MeV 15 arcmin N TBD Public archive X X X

THESEUS/IRT 15x15 arcmin 21(I) to 20.8(H) (150s, SNR=5) 0.7-1.8 mu R~400 Y, 0-15 min TBD Public archive  X X X X

FERMI/GBM ~8 steradiant 2 ph/cm2/s * 8keV-40MeV 1-100 keV (0.01-10MeV),10 deg Public Public archive X X X

FERMI/LAT 2.5 sr 1e-6 erg/cm2/s * 20 MeV - 300 GeV 3.5-0.15 deg (100 MeV-10GeV) Public Public archive  X

HERMES Pathfinder 5.2 sr 5 ph/cm2/s 3keV-2MeV No TBD Public archive X X X

HERMES Conts All sky 1 ph/cm2/s 3keV-2MeV No TBD Public archive X X X

CTAO 3.5-11
1e-12 erg/cm2/s @100 GeV 50hrs; 5e-
11 erg/cm2/s MAGIC-
Int_Note_GRB050713.pdf

20 GeV - 300 TeV 5-15% 20-40 s tiling, scan region TBD Public interface
 (gammapy) x x

LST 3.5
1e-12 erg/cm2/s @100 GeV 50hrs; 5e-
11 erg/cm2/s MAGIC-
Int_Note_GRB050713.pdf

20 - 300 GeV 15-10% 20s tiling, scan region Proprietary private pipeline x x

ASTRI-MA 10 1e-10 erg/cm2/s @1TeV 100s 1-300 TeV ~10% >1 TeV; 0.05 deg 40s tiling, scan region Proprietary private pipeline x x

* based on detected GRB samples   

Figure 4.16: Characteristics of most advanced EM facilities expected to be available by the
late 2030s. Also available as an Excel table at https://apps.et-gw.eu/tds/ql/?c=17760.
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FoV Sensitivity Spectral range Resolution (spectral / spatial) ToO? delays? FoV Sensitivity Spectral range Resolution (spectral / spatial) ToO? delays?

radio -- 0.1mJy > 1 GHz ~arcsec hours arcsec 0.01mJy >1GHz ~arcsec

logarithmic
 monitoring  for 
days, months,
 years

NIR ~ few arcmin 21 AB mag 1000-2000nm broad band / arcsec < min, RRM, ToO arcsec
24 AB mag for photometry; 22 
AB spectroscopy 1000-2000nm 1" spatial; low/mid spectral RRM, ToO, <12h

optical ~ few arcmin 22 AB mag 500-900nm broad band / arcsec < min, RRM, ToO arcsec 26 AB mag for photometry; 22 AB spectroscopy300-900nm 1" spatial; low/mid spectral RRM, ToO, <12h

X-rays ~ tens of arcmin 10^-13 erg/cm/s 0.2-10 keV few arcsec ASAP, < hours ~ tens of arcmin 10^-16 erg/cm/s 0.2-10 keV few arcsec < hours

gamma-rays ~80% sky (~10 sr)~1 ph/cm2/s 10keV-10MeV arcmin -- -- -- -- -- --

VHE >1 deg^2 <1e-10 erg/cm/s @100GeV; <5e-10 erg/cm/s @1TeV (Crab flux)10 GeV - 30 TeV 0.1-1 deg; DE/E~20% ASAP, < hours 1-10 deg <1e-11 erg/cm/s @100GeV; <5e-11 erg/cm/s @1TeV (1/10 Crab flux)20 GeV - 10 TeV 0.1 deg; DE/E<~15% > 1 hrs

Search Characterization

FoV Sensitivity Spectral range Resolution (spectral / spatial)ToO? delays? FoV Sensitivity Spectral range Resolution (spectral / spatial) ToO? delays?

radio 1 deg^2 0.01mJy > 1 GHz ~arcsec few days ~ some arcsec 10^-3 mJy > 1 GHz ~arcsec

logarithmic
monitoring
for days, 
months, years

NIR 1 deg^2 > 22 AB >1000nm ~arcsec from few days to years!~arcsec 25 low-mid (spectroscopy) broad band / arcsec

ToO at first 
then
logarithmic
monitoring 

optical 1 deg^2 > 24 AB 500-1000nm ~arcsec from few days to years!~arcsec 27 low-mid (spectroscopy) broad band / arcsec

ToO at first 
then
 logarithmic 
monitoring 

X-rays ~ tens of arcmin 10^-15 erg/cm/s 0.2-10 keV few arcsec ~ day ~ tens of arcmin 10^-17 erg/cm/s 0.2-10 keV few arcsec

logarithmic 
monitoring
for days, 
months, years

gamma-rays ~80% sky (~10 sr)0.01-0.1 ph/cm2/s3keV-10MeV arcmin -- -- -- -- -- --

VHE >3 deg 1/10 Crab (tentative)10 GeV - 30 TeV 0.1-1 deg; DE/E~20% < 30-50s 1-10 deg 1/10 Crab (tentative) 20 GeV - 10 TeV 0.1 deg; DE/E<~15% > 1 hrs

Search Characterization

FoV Sensitivity Spectral range Resolution (spectral / spatial)ToO? delays? FoV Sensitivity Spectral range
Resolution
 (spectral / spatial) ToO? delays? Survey strategy

NIR >~1 deg^2 >22 AB mag 1000-1800nm ~1000 (spectral); 
~" (spatial)

1 day arcsec >24 mag 1000-2400 nm > 1000 1 day

Ideally nightly monitoring of the
 evolution for ~1week. 
However at such late time most
 counterparts will reach exteremely
 faint magnitudes (m~30 AB)

optical >~1 deg^2 >22 AB mag 500-900nm ~1000 (spectral); 
~" (spatial)

12 hrs arcsec >24 mag 500-900nm > 1000 12 hrs

Ideally nightly monitoring of the
 evolution for ~1week. 
However at such late time most
 counterparts will reach exteremely
 faint magnitudes (m~30 AB)

UV >~1 deg^2 >22 AB mag 300-500nm ~1000 (spectral); ~" (spatial)< 1 hr arcsec >24 mag 300-500nm <1 hr Ideally nightly monitoring of the 
evolution for ~2-3 days. 

Figure 4.17: Requirements to detect and study the EM counterparts of BNS and BHNS
detected by ET, for EM facilities working in different ranges of the EM spectrum, for on-axis
GRB (top panel), off-axis afterglow (middle panel) and KN (lower panel).

for electromagnetic observatories, so that they can pinpoint the sources on the
sky, identify host galaxies and provide measurements of the distance (redshift)
to the source. Further significant improvement in the localization from the GW
signal is obtained in a network of ET+CE, see figure 5.4 in section 5.

• There are many plausible EM signals that a merging compact object binary
may create during or after the merger, including high-energy transients such
as gamma-ray bursts (GRBs), multi-wavelength afterglows seen from
the TeV range through X-ray/Optical/NIR to the radio band, and radioactively
powered kilonovae emitting dominantly in the optical to mid-infrared. In addi-
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tion to these EM signals which are dealt with in this chapter, ET may also open
new science cases with the joint association of GW to Fast X-ray Transients or
high energy neutrino.

• The identification of these sources in the large gravitational wave error boxes is
not straightforward, and in this chapter we utilize two state of the art approaches
to provide self-consistent estimates of event rates and detectability to the current
and next generation of electromagnetic observatories for two proposed configu-
rations of the Einstein Telescope and for ET in a network of 3G detectors. These
simulations show that, while ET may identify > 10, 000 compact object mergers
that create electromagnetic light, the majority will remain undetectable to near-
term electromagnetic facilities. However, tens to hundreds of events per year will
be accessible, providing the first opportunity to build substantial samples of
object detected both in gravitational waves and electromagnetic light.

Enabling new science

Knowledge of the precise source locations offers a route to addressing a wealth of
astrophysical questions, many of which are described in other chapters of this book.
In particular, these observations will enable ET data, in concert with electromagnetic
observations to:

• Determine the contribution of compact object mergers to heavy element en-
richement via studies of their kilonovae.

• Study the launching, collimation and emission processes of relativistic jets
from the post-merger remnant.

• Use the properties of the associated electromagnetic signals to probe the equa-
tion of state of matter at nuclear densities (see section 6).

• Combine electromagnetically determined redshifts with gravitational wave mea-
sured distances to measure key cosmological parameters (see section 2).

• Use source locations and the demographics of the galaxies which host them to
inform the evolution of the stellar populations that create compact object
binaries (see section 3).

A new paradigm for multi-messenger astronomy

Focus in the current era has been on identifying multi-messenger signals in the rela-
tively nearby Universe. In contrast, the cosmological reach of ET will identify them
across cosmic time. This dramatically changes the most likely electromagnetic coun-
terparts and the associated search techniques.

• Our simulations suggest that the best route to growing the multi-messenger sam-
ples in the ET era will arise via the detection of coincident gamma-ray burst (or
associated high-energy transient) signals. Realising the scientific return of
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ET will critically rely on the availability of high-energy instrumenta-
tion with good localisation capabilities.

• Future observational facilities will play a crucial role in identifying and char-
acterizing EM counterparts. Photometric (e.g Vera Rubin) and spectroscopic
(e.g. WST) instruments will be pivotal for detecting KNe up to z ∼ 0.5 while
large ground and space based telescopes (e.g. ELT, JWST) will be essential for
spectroscopic characterization.

• Radio and X–ray follow-up will be critical for detecting off–axis afterglows
with facilities such as SKA, ngVLA, NewAthena and THESEUS. GW with on-
axis GRB counterparts, detected up z > 2, will provide valuable insights into
the cosmic star formation history of double compact systems.

• The capability of ET to provide several minutes of advanced warning prior to a
given merger raises the prospect of sensitive (but still wide field) electromagnetic
observations observing the merger in real-time. This opens new EM observa-
tional windows for studying precursor emission, kilonova shock physics
and VHE counterparts. The latter could be efficiently detected by CTAO
and other next-generation gamma-ray observatories.

• The identification of EM-signals (e.g. gamma-ray bursts) may be crucial as a
route of identifying the GW signals of events of particular interest within the
ET data flow.

• High-energy neutrino observatories such as IceCube-Gen2, KM3NeT, and
Baikal-GVD will play a key role in the multi-messenger network, enhancing the
probability of detecting coincident GW–neutrino–EM events.
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5 Synergies of ET with other GW observatories

This section aims to explore the scientific synergies that arise from combining gravitational
waves detected by ET with those from other GW observatories. Synergies with other ground
based detectors operating between a few Hz and a few kHz, such as the Cosmic Explorer,
are crucial for consolidating the science case of ET. Synergies with GW observatories at
frequencies that are not accessible from Earth-based detectors (≲ Hz) broaden instead the
scientific reach of ET, allowing for connections to be drawn with different GW sources.
This chapter investigates key themes that highlight the scientific advances that are most
impactful for the science of ET. The consequences of these synergistic observations span
astrophysics, fundamental physics, nuclear physics, late-Universe cosmography, and early-
Universe cosmology, offering immense potential for breakthroughs across these fields.

5.1 Introduction

This section aims to describe the synergies that arise from combining or intersecting obser-
vations from ET with other GW observatories [15, 1618, 1634]. These synergies enable a
deeper, sharper, and wider exploration of our Universe, enhancing our understanding of the
physical laws that govern it. In certain areas, ET can benefit from complementary observa-
tions by other GW observatories, while in others, it can uniquely contribute to them, thanks
to its high sensitivity and extended observational horizon, especially in the lower range of
the high-frequency spectrum around a few Hz.

With ET operating as part of a network of other third-generation (3G) ground-based
detectors, such as the Cosmic Explorer (CE) [14], the accuracy of measurements for physical
parameters, luminosity distance, and sky localization of GW sources will improve significantly
[16, 72, 1098]. The scientific advantages include enhanced cumulative sensitivity, longer
observation periods and duty cycles, an extended reach to distant sources, and larger sample
sizes of detected events. The baseline configuration considered here includes ET (in either a
triangular or 2L configuration) alongside two CE detectors, covering a frequency range from
approximately 3 Hz to the kHz region. Within this high-frequency range, we also highlight
synergies with the proposed Neutron Star Extreme Matter Observatory (NEMO) [2286], a
GW interferometer optimized for studying nuclear physics at frequencies above a kHz.

At lower frequencies, we consider different GW observatories in space: the Laser In-
terferometer Space Antenna (LISA) [293], recently adopted as a flagship mission by ESA in
collaboration with NASA, and the concept designs Tian Qin [2287] and Taiji [2288], all of
which are sensitive to GWs from below 10−4 Hz to about 0.1 Hz. In the decihertz band,
we consider the Lunar Gravitational Wave Antenna (LGWA) [2289, 2290] as an example
of Moon-based projects (see also LILA; [2291]) and the proposed space mission DECIGO
[1873, 2292–2294], with sensitivities extending from about 0.01 Hz up to Hz frequencies. Fi-
nally, at even lower frequencies, around the nHz band, we will discuss possible synergies with
Pulsar Timing Array (PTA) experiments, using expected radio observations from the Square
Kilometre Array (SKA) [2295] as a primary example of a radio telescope infrastructure of
interest for our considerations.

Although we may mention other GW observatories that have been proposed in the
literature (e.g. [2296–2309]), the ones mentioned above represent the current standard for
expected detection capabilities across different frequency ranges during the observational
epoch of ET. We will therefore consider these as primary examples providing synergetic
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Figure 5.1: The GW landscape — a schematic representation of synergistic sources in the
GW frequency-amplitude plane. Detection sensitivities are shown for ET and CE (including
the current LVK detectors) at higher frequencies, and for LISA, Taiji, Tian Qin, DECIGO
and LGWA at lower frequencies (sensitivities for the latter are from [293, 2290, 2292, 2294,
2310, 2311]). Tracks (left to right) represent: an equal mass black hole binary merger (labelled
SMBH) of 106M⊙ at z ∼ 6; an equal-mass intermediate mass black hole merger (IMBHB)
of 105M⊙ at z = 1.5; a multi-band source hosting an inspiralling equal-mass stellar black
hole binary (BBH) of 60M⊙ at z ∼ 0.1 merging in the ET bandwidth; an intermediate
mass ratio inspiral (IMRI) hosting a stellar black of 30M⊙ orbiting around a black hole of
5× 103M⊙ at z = 1. The “BBH@z=10” track denote mergers at z = 10 of equal-mass black
hole binaries forming in metal poor early galaxies, with a total mass, from bottom to top,
of 20, 60, 100M⊙. Squares, pentagons and diamonds refer to Galactic compact binaries
detected by LISA, millions to billions of years away from merging. DLS indicates a dual
line system. Each section of this chapter presents each of these sources and their scientific
opportunities in detail.

observations for ET. In figure 5.1, we show the sensitivities of some of the GW observatories
mentioned above, along with the frequency tracks of few example GW sources.

In section 5.2 we quantify the scientific gains from combining observations of merging
binary neutron star (BNS) systems and stellar-mass binary black holes (BBHs) from a net-
work of 3G Earth-based detectors, including ET. These joint observations will deepen our
understanding of the properties and evolution of BNSs and stellar-mass BBHs across cosmic
epochs and will provide insights into the equation of state of nuclear matter, the dynamics
of the Universe on large scales, and the possible existence of exotic compact objects. While

– 238 –



these scientific topics are covered in later sections, section 5.2 will focus on the improvements
in detection and parameter estimation for these sources. The synergy of combining GW ob-
servations of compact binary mergers, such as BNSs and BBHs, can extend to observatories
operating at frequencies below a few Hz, which are inaccessible to ground-based detectors.
Section 5.2 also discusses nearby extragalactic stellar-mass BBHs, which serve as intrinsic
multi-band GW sources. When far from coalescence, they emit GWs at frequencies twice their
Keplerian orbital frequency, appearing as slowly chirping signals. These low-frequency signals
contain unique information about their formation pathways, which is otherwise inaccessible.
Detectors such as LISA, Tian Qin, and Taiji can capture these signals at frequencies as low
as mHz, long before they enter the deci-Hz band and eventually merge within ET’s frequency
range (above a few Hz). Deci-Hz detectors like LGWA and DECIGO will not only track the
inspiral of stellar BBHs closely but also observe BNS inspirals, providing early estimates of
their masses, distances, and sky locations. These early estimates will allow electromagnetic
(EM) telescopes to target these sources long before merger, greatly improving the potential
for EM follow-up observations and hence, significantly advancing multi-messenger science.

In section 5.3 we review the expected insights into nuclear physics. The combined mea-
surements of a 3G network of Earth-based detectors will allow for unprecedented constraints
on the tidal deformability parameters of NSs and in turn on the state and properties of
nuclear matter at extreme densities. These scientific breakthroughs will complement those
from nuclear physics experiments at lower energy as well as those from particle physics ex-
periments at higher energy, yielding a complete panorama of the behavior of nuclear matter
at all energy scales.

In section 5.4 we present the implications for fundamental physics obtained by the
combination of ET with other GW observations. BHs are scale-invariant, vacuum solutions
of Einstein’s field equations. Probing the spacetime geometry of BHs, i.e. whether they are
described by the Kerr metric or not, from the stellar-mass scale to the supermassive scale, is
of paramount importance. The benefit of combined ET with CE or with LISA the benefit has
far reaching consequences. Tests of the nature of black hole horizons, the orbital evolution
during the inspiral phase and tests of the propagation properties of GWs can be carried out
at better precision, given the wider dynamic range that becomes accessible.

The synergy among different GW observatories has the potential to revolutionize late-
time cosmology, as discussed in section 5.5. With ET operating as part of a 3G network, the
larger dataset, and significantly improved sky localization, will enable better identification
of the host galaxies of sources through the detection of EM counterparts of BNS and NSBH
systems. These events will serve as unique cosmic tracers, allowing precise measurements
of the Universe’s expansion, delivering stringent constraints on the Hubble constant, and
enabling new tests of the nature of dark energy. Even in the absence of an EM counterpart,
the ET+CE network will provide accurate measurements of source masses, sky locations,
and distances to enable powerful cosmological analyses. These include measuring the Hubble
constant with dark sirens, cross-correlating localization data with galaxy catalogues and
exploiting features in the mass distribution of black holes (BHs) and neutron stars (NSs).
The large number and extended distance reach of detected GW sources will facilitate precise
measurements of the Universe on large scales, offering new insights into current cosmological
enigmas and serving as valuable probes at high redshifts.

Section 5.6 discusses an additional, albeit indirect, intersection of ET with LISA. This
connection addresses an unresolved problem in astrophysics: the origin of supermassive black
holes (SMBHs), which range from millions to billions of solar masses and reside at the centres
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of bright galaxies in the present-day Universe. The discovery of quasars near and beyond
the epoch of cosmic reionization raises significant questions about the rapid growth of these
massive, accreting black holes. One hypothesis is that these SMBHs form from seed black
holes of about 102M⊙ to 105M⊙, and grow by accretion and mergers. Among these, light
seeds – those lighter than about 103M⊙ – are expected to be the relics of the first forming,
metal-free massive stars present in the earliest dark matter halos assembling around z ∼ 20,
when the Universe was only a few hundreds of millions of years old. Observing the merger
signals of black holes from this first pristine population of stars with ET would establish
a connection with the population of merging massive black holes that LISA will detect at
comparable and lower redshifts in the mass range around (104−107)M⊙. Matching these two
independent observations will provide invaluable clues into the physical origin of the seeds,
their masses and the processes through which they grew to become supermassive during
galaxy evolution. This connection is unique and is made possible since both ET and LISA
have comparable cosmic horizon-reaches.

Section 5.7 explores potential synergies between ET, LISA and PTA in the detection
of a stochastic GW background (SGWB) from the early Universe. By combining these in-
dependent observations we can cover a much broader range of GW frequencies and achieve
a precise characterization of the expected cosmological background(s). The detailed mor-
phology of the SGWB encapsulates information about the mechanisms that originated the
emission of GWs in the early Universe. Complementary observations at different frequencies
will thus greatly enhance our ability to precisely characterise these early-Universe phenomena
that have produced the detected SGWB. Additionally, the synergy with other Earth-based
detectors is crucial for cross-correlating the data of ET and differentiating between noise and
stochastic signal. A single interferometer alone will struggle to extract a SGWB from the
observed data.

In each of the following sections, readers will find two boxes highlighting important text.
Cyan boxes outline the main scientific questions associated to the section, while teal boxes
summarize key take-home messages of the section.

5.2 Compact object binaries

The stellar-mass compact object binaries in the Universe

• What scientific questions on the astrophysics of neutron stars and
black hole binary systems can only be answered with ET in synergy
with a network of next generation ground-based observatories?

• What is the promise of multi-band GW observations for understand-
ing compact object binaries?

• Are there dual-frequency GW sources and how will they inform
us about the physics of compact objects?

The majority of ET sources will consist of two stellar-mass compact objects with masses
in the range ∼ 1–1000M⊙. ET is expected to detect hundreds of thousands of these sources
throughout the Universe each year [72, 1098, 1503]. The properties and origin of the pop-
ulation of compact object binaries is currently unknown, with many formation pathways
suggested (see section 3). There is no doubt that ET on its own will enable very significant
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Figure 5.2: Detector horizons for the two baseline configurations of ET, alone and in con-
junction with a network of two CE as described in the legend. The shaded bands, reported
only for the combinations with CE, denote the range within which 50% of the sources are
detected, when averaging over sky location. Known classes of target sources are reported
for illustration: stellar-mass black holes (SOBBH) and double neutron star systems (catalogs
from [16]), neutron star-black hole binaries (catalogs from [1098] based on [1286, 1290, 2312]),
Population III stars [1593, 1594], and intermediate mass black holes (IMBH) [293]. The or-
ange band is representative of a population of high–redshift primordial black holes (PBHs)
[1105, 1658]. Triangles show the events detected by the LVK collaboration [6].

advances in our understanding of the population and origin of compact object binaries. How-
ever, in synergy with other GW detectors, several additional science results are expected,
which are highlighted here. We discuss both synergy with high-frequency detectors and with
mid-frequency detectors.

5.2.1 Synergy with ground-based detectors

There are several other detectors in the frequency range of ET, from a few Hz to a few
kHz, that could provide synergy with ET. Perhaps the most important one is the Cosmic
Explorer (CE) concept [14], a US study of a third generation detector. Einstein Telescope
and Cosmic Explorer strengthen and complement each other in important ways. An im-
portant difference is that CE is expected to be slightly more sensitive in the 10–100 Hz
range which will complement the ET sensitivity curve [14], whereas ET is expected to have
better sensitivity compared to CE at lower frequencies as a result from ET’s underground
location that suppresses seismic disturbances, reducing the Newtonian noise that limits CE
at low frequencies. To highlight this synergy, figure 5.2 shows the detection horizons for
equal–mass, non–spinning binaries, with a network SNR ≥ 8, for ET in its triangular and 2L
configurations, both alone and in a network of two CE detectors.

From just a point of view of detection, ET alone is expected to detect more than 90% of
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Figure 5.3: Comparison of SNR and parameter estimation error for the chirp mass, angular local-
ization and luminosity distance for BBHs. We show the results for ET alone, for ET +1CE and for
ET+2CE and, in all cases, for ET we consider both the triangle 10 km and the 2L-45◦ configurations.
The results are obtained with the GWfast code [2266]; technical details as in [16].

BBHs of stellar origin (SOBBHs) and about 26%(15%) of the binary neutron stars in the 2L
(triangular) configuration [16]. This corresponds to O(105) BBH and BNSs detected per year.
ET and CE operating in network will allow us to significantly improve range and number
of BNS detections. In the ET2L+2CE configuration, the number of BNS sources detectable
per year will be > 4×105 (in the population model considered). Moreover, a network of next
generation GW observatories with both ET and CE is crucial to provide orders-of-magnitude
improvement in parameter estimation for coalescing binaries, with significant impact on most
of the science goals outlined in the ET and CE studies. As an example, figure 5.3 shows the
SNR distribution as well as the parameter estimation error for the chirp mass, the angular
localization and the luminosity distance for the BBHs mergers corresponding to one year of
data (using the same population as in [16]), while figure 5.3 shows the same results for BNS.
In both plots we show the results for ET alone, for ET together with a 40 km CE (labeled
ET+1CE) and for ET together with a 20 km and a 40 km CE (ET+2CE). In all cases, for
ET we consider both the 10 km triangle and the configuration with 2L of 15km at a relative
angle of 45◦. We see that the improvement is particularly remarkable for angular localization
and for luminosity distance (while the improvement in the accuracy of the mass measurement
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Figure 5.4: As in figure 5.3, for BNS.

is less dramatic).

Examples of scientific results that can only be found by the combination of ET and
CE are: (i) detections of BBHs (BNSs) with 90%-credible sky area less than 0.01 (0.1) deg2,
important for multi-messenger observations [16, 72, 1098]; (ii) regular detection of BNS
(BBH) systems at z > 1 (z > 10) with mass uncertainty δm1/m1 < 0.3(0.2) [72], important
for understanding BH and NS properties across cosmic time, probing fundamental physics
and performing precision cosmology; (iii) detection (or strong upper limits on the rate of)
primordial black hole mergers at z ≳ 25 with δz/z < 0.2 and population III binary black holes
at z ≳ 10 with δz/z < 0.1, which will be crucial to inform BH formation channels [72, 1101].
Importantly, by being located in the USA, CE will provide a longer baseline that will improve
sky localizations and parameter estimations [72, 1098, 1503], as we see from figures 5.3 and
5.4. Having both CE and ET will also be beneficial for increasing the completeness of
the observed population: for example, a network with both ET and CE will achieve 50%
completeness of BNS sources up to z ∼ 2, , as can be seen in Figure 5.2, whereas an (A+)-
like network will only achieve that for z ∼ 0.2 [1503]. Furthermore, having both ET and CE
will increase the time that at least one detector is always online to assure measurements are
made during exceptional events such as a galactic supernova [72, 1098, 1503].

All in all, the ET in a network with CE observatories will be crucial for transforming
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many science fields including those related to measuring cosmological parameters, inferring
the growth of BHs through cosmic time, unraveling the nuclear equation of state, and making
new discoveries such as the presence of dark matter around NSs or BHs, continuous GWs from
pulsars, multi-messenger detections of mergers, and the formation channels of stellar mass
BHs in the early Universe [14, 72, 1098, 1503]. Similar synergies can be outlined between
ET and the Neutron Star Extreme Matter Observatory (NEMO) [2286], a proposed GW
interferometer optimized to study nuclear physics with merging neutron stars which, together
with ET, could contribute to inform the physics of BHs and NSs and their progenitors.

5.2.2 Synergies with space-borne detectors

The synergies with space-borne detectors, in particular LISA, the space mission recently
adopted by ESA in collaboration with NASA [293], and operating in the “mid-frequency”
band ∼ 10−4 − 10−1 Hz, come in three distinct ways: i) observations of different instances
of a class of compact object binaries at lower frequency, that provide complementary insight
in their population properties and their origin; ii) observations of multi-band sources, that
are first observed at mid-frequency and then later in the ET band; and iii) dual-line sources
that emit simultaneously in both mid-frequency band and the ET band.

Observations of the same source class. Different origins of compact object binaries (from
isolated binaries, from dynamical processes, or from primordial black holes) give rise to dif-
ferent population properties that can be used to disentangle their origin, e.g. [2313]. Orbital
eccentricity is thought to be a significant indicator of formation via dynamical processes and
can be detected by LISA, but cannot easily be measured by high-frequency detectors, since
the eccentricity is radiated away by GW and it very small by the time the signals enter the
detectable band, even for large initial eccentricity [1437, 2313]. Observing the same type of
sources at much lower frequency is an excellent way to constrain the importance of dynami-
cal formation, albeit only in the nearby Universe, since LISA and similar detectors typically
observe binary black holes in the Milky Way and nearby galaxies [2314], unless they are at
very high frequency when they can be observed to several tens or at most hundreds of Mpc,
see [475]. Deci-Hz observatories such as DECIGO would in fact be even better at detecting
eccentricity given the large number of sources they can observe up to cosmological distances
[1374].

Multi-band sources. These are binary black holes that are observed in the LISA band and
then later, on human time scales (years), merge in the high-frequency band [2315]. In order
for this to happen the binaries must have heavy black holes of around 30 M⊙ or higher. Such
heavy sources have been observed already with the current detectors. However, the expected
number of multi-band systems that will be observed with LISA is likely small [2316, 2317].
The scientific value of these measurements would be high: the LISA measurements can
make a very accurate prediction of the time and sky localisation of the merger in the ET
band and the properties of these systems would be determined to very high accuracy, see
e.g. [2318]. Another proposed special class of multi-band sources is a low-frequency binary
black hole orbiting around a super-massive black hole, where high induced eccentricity could
move the system temporarily into the ET band [2319]. Multi-band sources would as well be
ideal targets for deci-Hz detectors, as these observatories will be able to closely follow their
inspiral almost until the merger, providing a strong complementarity with ET measurements
and excellent pre-localisation accuracy for multi-messenger studies [2290, 2320–2323].
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Dual-line sources. These are proposed sources emitting simultaneously in two frequency
bands. An example are ultra-compact X-ray binaries consisting of a rapidly rotating NS
(with spin frequencies in the hundreds of Hz) orbiting a companion star [1818]. GW from
the orbital motion can be detected by LISA while continuous GWs can be detected in the
ET band due to the presence of accretion-built mountains, toroidal magnetic fields, and/or
r-mode oscillations [1819]. A dual-line detection could provide percent-level constraints on
the mass, radius, and internal magnetic field strength of the neutron star. With ET, at least
four of the known ultra-compact binaries become potentially dual-line detectable [1819].

5.2.3 Stochastic background from compact binaries

Finally, there is added value in correlating GW observations between different instruments
for the detection of broadband stochastic signals that make up the astrophysical GW back-
ground, e.g. [64, 2324] to both characterize the population of astrophysical GW sources
and distinguish these from cosmological backgrounds, as discussed in section 9.5.3. In the
ET frequency band, the astrophysical GW background is the collective signal produced by
unresolved black hole and neutron star binaries, and can be detected by ET with significant
confidence (see section 3.10). However, its broadband features imply it may be difficult to
distinguish from instrumental noise, particularly when the latter is not very well known, see
e.g. [504]. Cross-correlating measurements of different, independent instruments, such as ET
and CE will thus increase detection confidence.

In addition, there is synergy with detection efforts in other frequency bands: the same
binary background extends to lower frequencies and can in principle be detected by detectors
such as LISA and Tian Qin. A multi-band detection and characterization effort would pro-
vide additional constraints on compact binary population features, including information on
compact binary progenitors, see e.g. [2128, 2134, 2135, 2325], complementary to those com-
ing from resolved source analyses. Furthermore, low frequencies such as those monitored by
LISA will be dominated by a broadband stochastic foreground due to unresolved white dwarf
binaries (that, due to the relatively large size of the white dwarfs, does not contribute to the
ground-based detector GW band). Recent studies suggest that the white dwarf background
may well dominate LISA data, hindering detection prospects for the stellar-mass compact
object background [2326, 2327]. In this scenario, detection of this background signal with
ET will be all the more valuable, and will be used to inform analyses at lower frequencies.

A notable data analysis challenge in this context will be component separation. Dif-
ferentiating between resolved events and background and between background contributions
of various nature requires novel analyses techniques. Current projections performing simple
event waveform subtraction from the data time stream show that the residual subtraction
error can easily dominate stochastic measurements [607, 2328, 2329].
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Take Home Message

• ET in a 3G network with other ground-based detectors, such as
Cosmic Explorer, and in synergy with lower-frequency space-borne
detectors, such as LISA, is key to understand the physics and prop-
erties of stellar-mass compact object binaries.

• These synergies will enable deeper surveys, to observe a wider
range of frequencies, and to make more precise physical measure-
ments.

• Joint observations with an Earth-based GW network will be the
way to make significant contributions in mapping black holes and
neutron stars across cosmic time.

• Multi-wavelength observations of the same source class are key to
understand BH formation pathways.

5.3 Nuclear physics

Nuclear Physics in the Realm of GW Sources

• How many more BNS and NSBH mergers we can observe with
ET+CE? How does it translate to constraints on EoS?

• How much better can we observe the post-merger phase of a BNS
merger? How does it translate to QCD phase transition con-
straint?

A principal goal of heavy-ion collision experiments such as Relativistic Heavy Ion Col-
lisions (RHIC) [2330] and Facility for Rare Isotope Beams (FRIB) [2331] is to understand
the nature of hot and dense hadronic matter. These experiments have improved our under-
standing of the quark-gluon plasma, a state of matter thought to have existed in the early
moments after the Big Bang. However, much about the properties of this matter remains
unknown. At the other end of the spectrum, neutron star cores are believed to contain
matter at even higher densities, though at much colder temperatures than those explored in
heavy-ion collision experiments.

During the inspiral phase of a neutron star merger, the properties of the cold supranu-
clear matter are encoded in the tidal dephasing of the signal. The supranuclear matter can
reach a temperature of 50 MeV [2332–2334] during the post-merger phase. Therefore, the
observation of a binary neutron star merger provides a unique opportunity to explore the
QCD phase diagram comprehensively, spanning both cold and hot regimes of dense matter,
as we discuss in detail in section 6.

In this section, we showcase how the synergy between ET and CE can: (1) constrain the
cold supranuclear matter with the thousands of neutron star merger detections; (2) detect the
currently undetectable post-merger signal; (3) gain insights about the supranuclear matter
with the post-merger signal.
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Figure 5.5: The cumulative number of GW detections (vertical axis) for which it will be
possible to constrain NS radii below a specified threshold (horizontal axis) is shown. The lines
represent different GW detector configurations: HLET, 20LA, and 40LA indicate networks
with one next-generation detector, while 4020A, 20LET, and 40LET represent networks with
two next-generation detectors. Figure reproduced from [72].

5.3.1 Population approaches for nuclear physics

Next-generation GW detectors will detect thousands of binary coalescences involving a neu-
tron star (NS) [16, 72]. These mergers are rich laboratories to study the behavior of matter
under extreme conditions [2335], as also demonstrated by the binary neutron star GW170817
[4, 2212]. When the NS approaches its companion, in particular a BH, it may undergo tidal
deformation and be disrupted. This process imprints a distinctive signature on the GW wave-
form that is parametrized with a tidal deformation parameter Λ for the NS (see eqs. (6.4) and
(6.5) below). From the knowledge of Λ and the NS mass, it becomes possible to estimate the
NS radius. Finally, a joint estimation of the NS mass and radius is crucial for determining
the Equation of State (EoS) that governs the star mass-radius relation [2336]. However, the
EOS for neutron stars remains unknown and measuring NS radii is extremely challenging
as the Λ parameters are not often well constrained. The BNS merger GW170817 currently
provides the best constraint on the NS radii, with a precision of a few kilometres [2336]. This
precision was only sufficient to exclude the stiffest EoSs.

Next-generation detectors will detect thousands of GW events like GW170817, including
hundreds of sources with higher signal-to-noise ratio [16, 72, 1098]. Figure 5.5 shows the
forecasted constraints on the NS radii achievable in the next-generation GW era. For a GW
detector network that includes at least one next-generation GW detector, it is anticipated
that NS radii can be measured with a precision of 1 km (approximately 10% of the nominal NS
radius) for about 200 detections per year [72]. In a network with at least two next-generation
GW detectors, this number increases to around 1,000 detections annually. These observations
would provide the robust data necessary to precisely test and refine proposed EoSs for NSs
[1150, 1156]. The ability of 3G detectors to constrain the NS EOS from populations of
compact binary coalescences is not significantly affected by the specific geometries of the
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Source1 Source2 Source3

Total PM Total PM Total PM

LHV 100 2.0 94 2.5 100 2.7

ETCE 1267 10.2 1190 12.3 1268 13.3

Table 5.1: The SNRs for a source located at a distance of 68 using the numerical relativity
waveforms as in [2343]. The table includes the SNR for the entire waveform (labelled as
“Total”) and for the post-merger phase specifically (labelled as “PM”).

detectors but rather depends on the number of 3G detectors available to capture these signals
[1150].

5.3.2 Measurability of the post-merger phase signal

The post-merger phase explores a different regime in the QCD phase diagram, characterized
by significantly higher densities and temperatures compared to the inspiral phase. During
the inspiral, the neutron stars remain largely intact, and the densities reached are limited
to their central densities, approximately 3–4 times the nuclear saturation density. On the
other hand, the post-merger phase probes densities exceeding five times nuclear saturation
density [2337]. At temperatures of approximately 50 MeV, the effects of different transport
coefficients become prominent, leaving noticeable imprints on the data [2332–2334]. However,
the amplitude of the post-merger phase signal is weaker than that of the inspiral phase
due to the reduced quadrupole component [2338–2342]. This challenge is compounded by
the reduced sensitivity of current detectors at the higher frequencies where the post-merger
signal lies. However, a next-generation GW detector significantly improves access to the
post-merger phase. As shown in table 5.1, the post-merger phase SNR is five times higher in
the next-generation GW detector network as compared to current generation networks.

To translate the SNR into physically meaningful parameters, parameter inference must
be conducted within a next-generation GW detector network. Figure 5.6 illustrates that in-
cluding the post-merger phase and linking its parameters to those of the inspiral phase using
quasi-universal relations (QU-PM) results in significantly tighter posteriors for tidal deforma-
bility compared to analyses that exclude the post-merger phase (NO-PM). This demonstrates
the potential of the post-merger phase to enhance studies of cold supranuclear matter. Ad-
ditionally, as shown in figure 5.7, the parameters of the post-merger phase are only measur-
able with a next-generation GW detector network. This highlights the critical role of the
post-merger phase in studying hot supranuclear matter, contingent on the availability of a
next-generation GW detector network.

A network of next generation GW detectors is essential for breaking degeneracies among
waveform parameters. Adding interferometers such as NEMO [2286], which are optimised for
the higher-end of the high-frequency GW spectrum, would provide even stronger constraints
on the EoS, thanks to a more precise characterisation of the post-merger phase.

5.3.3 Inferring exotic nuclear phenomena with binary neutron star mergers

The merger of BNS systems can result in a dense NS remnant that can resist gravitational
collapse for timescales ranging from several milliseconds to a few minutes after merger [2344,
2345]. The post-merger evolution of these remnants results in GW emission [2346], making

– 248 –



Figure 5.6: Posterior probability density for Λ̃ (see eq. (6.5) for definition) for sources
at 68 Mpc observed by the ET+CE network, recovered with three different models NO-PM
(without post-merger phase), QU-PM (with post-merger phase and employing quasi-universal
relation), and Free-PM (with post-merger phase and its parameters freed from that of the
inspiral phase), in blue, orange, and green, respectively. The black dashed lines correspond
to the injected values. Figure from [2343].

Figure 5.7: Posterior probability density for c1, one of the post-merger phase Lorentzian
parameter for different detector networks. The dashed vertical line indicates the injected
value. Figure from [2343].

them promising candidates for understanding the behavior of matter at extreme densities.
These remnants have been shown to potentially exhibit several exotic phenomena, such as
phase transitions to deconfined quarks [2347, 2348], deconfined quarks via quark-hadron
crossover [2349, 2350], the appearance of hyperons [2351, 2352], and thermal effects [2353,
2354]; see section 6.3.2.1 for more detailed discussion.

Among other outcomes, these effects can alter the compactness of the remnant (com-
pared to the cold hadronic equation of state), thereby affecting the value of the peak post-
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merger frequency, f2. Hence, precise measurement of f2 is important for inferring the nuclear
processes occurring within the dense remnant. Ref. [1153] finds that deviations in f2 caused
by phase transitions can be detected with 90% confidence for a post-merger SNR of 10. This
corresponds to an inspiral SNR of approximately 600, achievable by ET alone at distances
∼ 90 Mpc. The 20 km CE detector, when optimized towards post-merger frequencies, can
accumulate the same post-merger SNR at ∼ 120 Mpc. For the crossover scenario, ref. [2355]
employs a Bayesian model selection to claim that a crossover to the quark phase will be de-
tectable with ET and CE detectors for a few BNS mergers every year. Further, the deviation
in f2 due to thermal effects can be detected with 90% credibility for a post-merger SNR of
15, achievable for by ET for events at 50 Mpc [2354]. Together with CE, such events can be
detected with the same SNR up to higher distances, which will increase the rate of detection
of these events.

While phase transitions to quark matter are expected to affect post-merger signals due
to their relevance at high densities, several studies suggest that signatures of strong phase
transitions may also appear in the inspiral phase. Single or sequential phase transitions
can lead to significant deviations in the mass-radius (M −R) relationship compared to their
hadronic counterparts [2356, 2357]. EoSs with first-order phase transitions may exhibit small
deviations in the tidal deformability parameter Λ while causing variations in the radius on
the order O(100) m [2358]. Detecting such changes due to phase transitions using GWs
alone requires precise measurements of both radius and Λ, which can only be achieved with
next-generation GW observatories. Using a non-parametric approach, ref. [2359] finds that
a catalog of several hundred BNS mergers would be necessary to confidently detect phase
transitions, a capability that would only be feasible in the next-generation GW detector era.
However, ref. [2360] demonstrates that if the phase transition occurs at twice the nuclear
saturation density, it could be confidently inferred from a single BNS event at a distance of
O(100) Mpc with next-generation GW observatories.

Hence, precise measurement of NS parameters in both pre- and post-merger GW signals
from BNS mergers will allow the inference of exotic nuclear processes. Such detailed and
numerous estimates will only be achievable with a network that includes both ET and CE
observatories.

Take home message

The synergies between ET and other Earth-based GW observatories is
essential for obtaining a comprehensive and robust understanding of
supranuclear matter.

5.4 Fundamental physics

Stellar- and intermediate-mass BBH systems serve as exceptional laboratories for testing
General Relativity (GR). Stellar-mass BBHs evolve over long timescales within the LISA
frequency band, where their dynamics can be accurately described using the post-Newtonian
(PN) approximation [32]. As they gradually inspiral out of LISA’s range and transition into
the frequency band of ET, their dynamics enters a highly non-linear regime that eventually
necessitates numerical relativity (NR) simulations. Multiband observations of these systems
thus provide a unique avenue to probe both lower-order PN predictions and the strong-field
effects captured by NR simulations, offering a comprehensive test of GR across a wide range
of physical regimes.
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In contrast, intermediate-mass BBH systems have shorter lifespans in both the LISA
and ET bands, but their significantly larger signal strains and SNRs enable unique tests
of GR. In the LISA band, these systems allow exploration of mildly non-linear dynamics
during the inspiral phase, while in the ET band, their post-merger signals probe the strongly
non-linear regime. Additionally, concurrent observations by ET and CE will provide an
unprecedented opportunity to test the polarization properties of the waves, further advancing
our understanding of gravitational phenomena in the strong-field regime. The synergetic
fundamental physics exploration with ET are enumerated in the box below.

Synergetic Fundamental Physics

• Multiband observations of the inspiral and ringdown phases of com-
pact binary coalescences is a unique opportunity for precision tests
of GR.

• Joint observations by ET and CE can help break degeneracies.

As we have discussed in detail in section 1, one of the fundamental science objectives
of ET is to test General Relativity (GR). ET alone will be able to test GR to incredible
precision with the detection of black hole binaries like GW150914 with an SNR of more than
1000. With multiband observations with space interferometers the precision to which the
theory can be tested increases by a order of magnitude. Additionally, combining ET and
CE data will help test the theory in new regimes such as polarization states and lensing of
the observed gravitational waves as they would require accurate sky pointing and distance
measurements. In the reminder of this subsection we discuss how ET can achieve greater
sensitivity to test GR with data from other terrestrial and space-based GW observatories.

5.4.1 Tests of the inspiral phase

In GR, the phase evolution of a binary system is driven by a balance equation between the
change in orbital energy and the energy flux emitted in GWs. During the inspiral, this
evolution is well represented by the post-Newtonian approach [32], that permits to derive
a perturbative series for the phase evolution written in terms of the small PN parameter
v = (GMω/c3)1/3 for a total mass M and orbital frequency ω, with v2 denoting the PN order
parameter. In GR, the dominant term in the phase evolution is driven by the quadrupole
radiation and is ∝ v−5; it is often called Newtonian, or 0PN, term. High and low (or negative)
PN orders affect most the late or early inspiral, respectively.

In alternative theories of gravity, this structure can be modified due to either the exis-
tence of extra fields or a modification of the gravitational dynamics. One well-known example
is dipolar radiation, present generically for theories featuring scalar or vector fields [2361],
which appears at leading order at the −1PN order with respect to the quadrupole radia-
tion. Because dipole radiation appears at a relative lower order of −1PN with respect to the
quadrupole radiation, it affects most prominently the early inspiral of a binary and represents
a valuable window to look for clues of new physics in the gravity sector [2362]

Among proposed modifications from GR (see e.g. Table VII in [2363]), time-dependent
variations of the gravitational constant itself create a negative −4PN correction; modifications
of black hole evaporation in large extra dimensions also yield a −4PN term; scalar-tensor
theories such as Jordan-Fierz-Brans-Dicke and Einstein-Dilaton-Gauss-Bonnet theories, as
well as Einstein-Aether theories will all feature dipolar radiation with a −1PN leading term;
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introducing a graviton mass yields a 1PN term; parity-violating Dynamical Chern-Simmons
theory and some models of non-commutative gravity will introduce a modification at the
2PN order.

In this landscape, negative PN orders will affect most prominently the early inspiral,
while positive PN orders will affect the late inspiral the most. This creates a strong trend
across instruments: observations sensitive to the late inspiral and merger of a binary system,
such as massive BH binaries (MBHBs) in LISA or stellar-mass BH binaries (SBHBs) in
ET, are typically best to constrain high PN orders, while observations sensitive to the early
inspiral, such as SBHBs for LISA or binary pulsar timing, are best to constrain negative PN
orders. Notably, dipolar radiation might even dominate over the quadrupolar radiation at low
enough frequencies. However, if multi-band GW observations are made, the high-frequency
band data can also help a lot in inferring parameters that are otherwise degenerate if only
low-frequency data are available.

This synergy has been explored in many recent works. Ref. [2364] proposed a theory-
agnostic test on black-hole dipolar radiation, combining the LISA band and the band of
ground-based instruments. Ref. [2365] explored this multiband synergy for parity-violating
gravity, ref. [2366] for parity-violating gravity as well as scalar-tensor theories, ref. [2367] in
the form of a theory-agnostic test at every PN order. These studies relied on the Fisher matrix
approximation for parameter recovery. Ref. [2368] used Bayesian inference for the LISA data
with priors from ground-based instruments to simulate an analysis of dipolar radiation and
graviton mass. The emerging view from these studies is clear: multiband observations would
significantly improve over the constraints that could be achieved with LISA or ET alone.

Beyond multiband observations with LISA, a similarly synergy would exist with instru-
ments in the deciHz band. Ref. [2369] demonstrated that by combining data from ground-
based detectors such as ET and CE with data from milli-hertz observatory (e.g., LISA) or
deci-hertz observatory (e.g. DECIGO) the parameter precision on the dipolar-radiation pa-
rameter indeed improves by several orders of magnitude. Similar improvements were also
found [2370] by performing joint parameter estimation using ET and atom-interferometer
gravitational-wave observatories that are also investigated for operating in the deci-hertz
band [2309, 2371].

In cases where dipolar GW radiation happens, it is common to simultaneously have
a varying gravitational constant, e.g. in the scalar-tensor theory [2361, 2372]. Ref. [2373]
showed that a synergy between ET and other deci-hertz gravitational-wave observatories will
be able to simultaneously test the effects from dipolar radiation and a linear-in-time evolving
gravitational constant, thus constraining the underlying gravity theory from multiple angles.

A somewhat different scenario has been proposed where multiband observations would
be valuable: in presence of ultralight boson clouds around black holes, a GW detection in the
LISA band could direct a search in ET for a continuous wave generated by clouds orbiting
the remnant of the merger [2374].

5.4.2 Tests of the merger and ringdown

Multiband observations with LISA and ET would provide a different view for model-agnostic
tests checking the consistency of the signal in its inspiral and merger-ringdown phases, by
providing independent information on the inspiral and improving the overall parameter es-
timation [2375]. This would be particularly important in providing a view of the inspiral of
massive systems only detectable at merger in the ET band [2365, 2376].
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Multiband observations also provide an important operational input for ringdown anal-
yses: SBHBs observed by LISA before their merger will be among the loudest targets of
ground-based instruments, and an advance warning would allow us to make sure that the
ground network will be fully operational and at optimal sensitivity by the time the merger
occurs. It is also possible, in principle at least, to tune ground-based interferometers to
achieve an increased sensitivity in a narrow frequency band that can be chosen to maximize
the precision of ringdown tests for a particular binary, achieving an improvement by a factor
of 2 [2377].

5.4.3 Tests of frequency-dependent speed of GWs

A particularly important consequence of the observation of the bright siren event GW170817
has been the determination of the propagation speed of GWs to be the speed of light within
10−15 [2, 4]. This bound applies to GWs in the frequency range probed by ground–based
interferometers. However, in an effective field theory approach to dark energy, the GW fre-
quencies probed by ground-based interferometers lie around the typical strong coupling scale
of the EFT, leaving the possibility that an appropriate ultraviolet completion of dark energy
scenarios could avoid present constraints on the GW speed, while still showing deviations at
lower frequencies [1181, 2378]. Refs. [2378] and [2379] showed however that a single multi-
band observation of a GW150914-like event by LISA and a ground–based interferometer
would allow to constrain the speed of GWs to match the speed of light within 10−15 across
a much wider frequency range.

5.4.4 Tests of the GW polarization

In modified theories of gravity, GW signals can typically feature additional modes of polariza-
tion beyond the usual transverse-traceless tensor modes h+, h× [2361]. In the most general
case, the GW can comprise up to 6 modes, two transverse tensorial modes, two vectorial
modes, a breathing scalar mode and a longitudinal scalar mode [56, 2361]. Although the
dominant effect of modifications to GR tends to be the contribution to the orbital phasing,
and thereby to the phase of tensorial modes, the GW itself will also be modified by the ad-
dition of these extra modes of polarization, for instance due to the additional energy loss in
dipolar radiation. Since this is in essence an amplitude correction rather than a phase correc-
tion, constraints on the parameters of specific modified gravity theories are typically weak.
However, checking the tensorial nature of GWs can also be seen as a theory-independent
verification of the consistency of GR with the data, and different polarization hypotheses can
be compared using null-stream methods [8, 60].

Because each detector (or TDI channel in the LISA case) is only sensitive at any given
time to a projection of the gravitational wave, constraining additional modes of polarization
requires at least as many detectors as targeted modes [2380], although, for long-lived sig-
nals, the detector motion can also help in breaking degeneracies by changing the detector’s
pattern function over time [2381]. Theory-independent null-stream methods benefit from
combining multiple detectors as well [59, 61]. Overall, this test presents a strong synergy
between detectors, where combining detectors in a network, and in particular combining ET
with one or two CE detectors, would directly improve our ability to disentangle additional
polarizations [2381].
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Take home message

• Synergetic observation of stellar and intermediate BBH systems by
ET and LISA can bound GR by an order of magnitude better than
either observatories.

• Joint observation by ET and CE is a unique opportunity to measure
polarization modes of the waves and constrain alternative gravity
theories.

• Dipolar-radiation test is boosted by combining ET with millihertz
and decihertz GW detectors.

5.5 Hubble tension and cosmography

Cosmography and Cosmology: Synergies with CE and LISA

• What are the key improvements that a 3G network of Earth-based
GW observatories can bring to cosmology?

• Can the synergy among GW experiments be also crucial for other
observatories, in particular multi-messenger observations?

The determination of the expansion history of the Universe largely benefits from the
combination of different datasets, as in the current “concordance” scenario. The use of GW
sirens provides a new player in this landscape, which will be further bolstered by the synergy
among future GW observatories.

The discrepancy between local [2382–2384] and CMB-based [1162] measurements of
the Hubble constant H0 either points to unresolved systematics or new physics. As such,
the field of cosmology greatly benefits from new classes of cosmological sources for which
it is possible to measure the Universe’s expansion. The presence of a network of next-
generation GW detectors will give us access to a plethora of sources at cosmological scales,
thus allowing us to corroborate the origin of the H0 tension. In the case of new physics, the
possibility of determining H0 to sub-percent level with tracers complementary to EM and
CMB observations would be of paramount importance.

Furthermore, the increased detection horizon of 3G detectors, as shown in Figure 5.2,
will give us access to thousands of GW events from the dark matter-dominated era (beyond
redshift 0.3). Contrary to current generation GW detectors at their designed sensitivity,
3G generation detectors will allow us to constrain cosmological parameters beyond H0 such
as the dark matter fraction Ωm. GWs can further allow us to probe the presence of dark
energy, through the imprint of its EOS on rate of expansion of the Universe, and more
importantly the phenomenon of “modified GW propagation” taking place whenever GR is
modified at cosmological scales, as discussed in section 2.3.2. The coordination of ET with a
network of next-generation GW detectors will significantly boost current techniques for GW
cosmology and also allow for studies of GW sources as large-scale structure tracers that are
currently impossible. In general, we can identify several common benefits for GW cosmology:
(i) the improved distance reach allowing to target high–redshift sources; (ii) the improved
localization capabilities of a network of GW detectors; (iii) the overall boost in the number
of detections per observation time and (iv) the possibility of multi–band observations and
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Figure 5.8: Localization capabilities for BBH (left panels) and BNS (right panels) of ET
in its triangular and “2L” configurations (first and second rows respectively), in a network
with two CE. The color scale denotes the number of galaxies expected in the 90% localization
volume. Events marked with black dots are localized to one galaxy only.

constraints. We discuss how these common benefits will impact future prospects for GW
cosmology.

5.5.1 Bright sirens cosmology

Localization is of crucial importance for GW cosmology. A precise localization of GW events
can allow us to promptly identify a possible EM counterpart but also statistically identify
the source galaxy from galaxy surveys.

Figure 5.8 shows the localization capabilities of ET in synergy with two CE detectors,
for BBH and BNS respectively.47 In particular, we show the 90% sky localization area as
a function of redshift, while the color refers to the number of galaxies contained in the
localization volume, assuming a constant galaxy density of 10−2 galaxies/Mpc3. Events with
a single host galaxy in their localization volume are further marked with a black dot.

In particular, BNS systems are targets for follow-up multimessenger campaigns, where
sky localization plays a major role. The synergy with CE brings a dramatic improvement in
localization: ref. [16] finds that the number of sources localized to better than 10 (100) deg2

passes from 8 (184) to ∼ 6500 (∼ 105) for ET in the triangular configuration, and from 25

47We refer to ref. [16] for the details on the catalogs and software used.
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(559) to ∼ 9800 (∼ 145000) for ET in the 2L configuration. We also note the presence of
O(10) events localized to a single host galaxy in both configurations (see Appendix C of [16]).
For this subset of well-localized GW events, it will be possible to identify the host galaxy
solely from the GW localization volume, without the need of any transient EM counterpart.
This is not currently possible with current-generation GW detectors.

For the impact on the measurement of H0, it would already be possible to obtain sub–
percent accuracy with one year of observations of ET alone (see section 6.4 of [16]), if a
precise redshift measurement following the localization of the source through the kilonova
emission produced by BNS mergers in the optical band can be obtained. In particular, this
can be possible in synergy with the Vera Rubin Observatory [16] for sources up to redshift
z ∼ 0.3 − 0.4. The addition of two CE detectors would allow boost this accuracy to an
unprecedented level, as well as decrease the time required to reach such a goal (even to
just a few days of observations). Even more interestingly, we note that besides H0, other
parameters affecting the distance–redshift relation might not be constrained to better than
a few percent with ET alone. In particular, ref. [16] finds that the matter density ΩM would
be constrained at 20−30%, the dark energy EOS parameter w0 at ≥ 10% and the parameter
Ξ0 describing modified GW propagation [1174, 1176] at ∼ 3%. Crucially, the addition of CE
would allow to reach percent or sub–percent level accuracy for all these parameters, allowing
to reconstruct the local expansion history in full generality (as well as to provide a stringent
test of ΛCDM) rather than just the local value of the Hubble constant.

5.5.2 Dark sirens cosmology

3G interferometers are expected to detect most of the stellar BBHs merging up to z ∼ 100
[16, 1098]. Albeit no associated EM counterpart is emitted, the abundance of such dark sirens
allows for statistical methods, discussed in section 2.3.1.2, to become efficient. Within this
framework, the localisation power plays a crucial role in the precision that this approach can
reach, as galaxy catalogues are employed to counterbalance the lack of the source’s redshift
[1070–1072, 1074, 1087, 1088, 1108, 1125, 2385–2387]. While ET alone might not be able to
pin down the sky position of a large number GW source accurately enough, a network of ET
and CE can restrict the potential hosts to a few candidates for a large number of events. A
sub-percent H0 measurement can confidently be attained by employing only the loudest dark
sirens observed in 1 yr of observations [1108]. Furthermore, we expect to localise a few tens
of GW events per year accurately enough that only one host galaxy falls inside the credible
region (left panels of figure 5.8). These unique events, which contain most of the information,
would constrain H0 down to O(1%) precision alone [1108, 2387] if provided with complete
galaxy catalogues.

Dark sirens detected by 3G detectors will play a crucial role in cosmology even in the
absence of any galaxy survey information. As discussed in section 2.3.1.2, by exploiting the
relation mdet = (1 + z)m between detector-frame mass mdet and the actual (“source-frame”)
mass m, it is possible to obtain a statistical redshift estimation of the source [1078, 1079]
and jointly fit for the source mass spectrum and cosmological expansion parameters [1074,
1080, 1083, 1085, 1087, 1088]. Dark sirens that are employed for this type of analysis have
been recently named “spectral sirens” [1083]. To reach a percent-level estimate of H0, we
would require at least thousands of spectral sirens [1074, 1080, 1085] that could be provided
at the end of the planned observing runs in 2027 for current GW detectors. While current
GW detectors could already provide in the next years a percent-level measure of H0 with
spectral sirens, they will not provide a high enough number of sources to consistently check
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for systematics in the H0 measure that could arise from poor calibration of mass distribution
models [1121]. In contrast, 3G detectors will make accurate and precise cosmology with
spectral sirens possible; 3G detectors will provide O(105) GW sources at all the cosmic
times in just one year of observation, as we see also from figure 5.2. The large number of
GW detections will allow us to perform spectral siren analyses with independent subsets of
thousands of GW sources. The use of an independent subset of GW observations, divided
accordingly to their mass and distance from us, will provide an in-depth understanding on
the most critical assumptions that could possibly introduce systematics in the estimate of
H0.

Another possibility is the use of GWs as tracers of the Large Scale Structures, and the
extraction of cosmological information from their two–point cross-correlation with galaxy sur-
veys [1237, 1238, 1242, 1243, 1254, 1255, 1278, 2388–2391], see the discussion in section 2.4.1.
The main limitation of this method comes from the poor angular resolution of GW sources as
compared to galaxies. In particular, the minimum resolution of the GW survey determines

a limiting scale in the angular power spectrum [1237, 1238, 1242, 1243], ℓmax ∼ 180◦/∆Ω
1/2
max

with ∆Ωmax being the maximum resolution of the instrument. While the angular resolution
of ET alone corresponds to roughly ∆Ωmax ∼ 0.1 deg2, hence a maximum multipole of at most
∼ 300 only in a local redshift shell (up to z ∼ 0.2), from figure 5.8 we see that the addition
of CE could allow to reach ∆Ωmax ≲ 0.01 deg2, corresponding to a maximum multipole of
≥ 1800 at low redshift, and a maximum multipole of ≥ 300 up to redshift z ∼ 1. In practise,
going to high multipoles would require to model non-linear scales; however, refs. [1238, 1255]
find that sub-percent accuracy on H0 could already be achieved with a cut ℓmax = 300 which
is reachable with ET in combination with CE.

Finally another dark sirens method which can be applied to 3G detectors, consists in
the simultaneous estimation of cosmological parameters and the EOS of NSs, as discussed in
section 2.3.1.2. A network of 3G detectors will have the potential to determine the EOS of NSs
with great accuracy, in turns providing an associated redshift measurements for all compact
binary mergers including a NS. Such a method do not require an EM counterpart and could
deliver constraints on H0 comparable to other siren methodologies [1066, 1149, 1152, 2392].

5.5.3 Multi-band sources

The presence of multiple GW observatories covering complementary frequency ranges will
open further unique possibilities. ET detection horizon is complementary, in terms of source
masses, to LISA, as well as to the deci-Hz detectors discussed in section 5.1. This com-
plementarity is crucial for GW cosmology for two reasons. These low-frequency detectors
could provide early-warning alerts to prepare ET for the detection of the merger of BNSs
and SOBBHs [2386]. They will scan the Universe for a population of BBHs with masses
≳ 103M⊙, on which we currently lack knowledge. If this population of GW sources exists,
we will be able to perform GW cosmology with an independent set of data that can be used
to corroborate possible systematics present in ET [2393].

In addition, there are classes of compact objects for which detections of the same source
in different experiments will be possible. In particular, BBHs originating from massive stars,
which exceed the pair-instability mass gap and with masses in the range 120M⊙ − 300M⊙,
are considered prime dark siren candidates for GW observations across multiple frequency
bands [2386, 2394, 2395]. The prolonged inspiral signals emitted by these systems can be
observed by LISA, or even better by deci-Hz detectors, while the later stages of inspiral and
merger will be detected by ET. The combination of the observations from LISA and ET
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will improve the sky localization of these sources by a factor O(10− 100) compared to those
obtained with the same sources using only ET. Ref. [2386] finds that with 4 years of LISA
observation this multiband approach may allow for a O(2%) estimate of the Hubble constant
H0 with O(10) detected sources. An even better precision is expected from deci-Hz detectors,
which can follow the inspiral up to minutes before merger [2396, 2397].

Take home message

The synergy among different ground–based GW observatories can be
a game-changer for late-time cosmology with resolved sources, due
to the improved localization capabilities which are crucial for both
bright and dark siren cosmology. The interplay with GW observatories
in other frequency bands will further allow to enlarge the spectrum
of GW sources used for cosmology and to target well-localized multi–
band sources.

5.6 The origin of supermassive black holes

The Link Between Stellar and Supermassive Black Holes

• What can ET and LISA tell us about the nature of seed black holes
that grow supermassive over time? Are stellar black holes born
at cosmic dawn the only building blocks of the supermassive black
holes seen to shine as quasars as early as redshift z ∼ 11 and ob-
served almost ubiquitously in today quiescent galaxies?

• What can ET and LISA tell us about the existence of black holes
of intermediate mass of 102 − 105M⊙ bridging the gap between the
stellar and the supermassive black holes?

The discovery of rare quasars at redshifts as high as z ∼ 11 [2046, 2398–2405], of the
large population of active galactic nuclei (AGN) emerging at z ≲ 6 and extending to z ∼ 1
[2406], and of dark massive objects in the nuclei of today’s quiescent galaxies [2407] provides
evidence of the ubiquity of supermassive black holes (SMBHs) in the near and far Universe.
Understanding the origin of SMBHs is important and goes hand in hand with understanding
the formation and evolution of stars and galaxies, which is a process rooted in our current
model of cosmic structure formation [2408].

ET on Earth and LISA from space will probe an immense volume of the Universe as both
observatories have sensitivities to detect GW signals from merging binaries out to z ∼ 15−20.
This enables measurements of black hole masses in the largely unexplored segment of the
spectrum, ranging from about 10M⊙ up to 107M⊙, and across cosmic epochs to understand
when, where and how SMBHs have formed from their seeds (see [2408–2410], for detailed
reviews). ET will have the capability of discovering the earliest black holes, relics of the
first population III stars. Inside gas-rich regions of the host halos, some of these black holes
become seeds as they can grow rapidly through accretion and mergers [2411–2414], and this
establishes a close connection between stellar and supermassive black holes. LISA will have
the capability of discovering the evolving population of growing light seeds, while ET will
inform about the existence of seeds [2415].
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Independent, synergistic observations of the two different populations, the stellar and
massive ones, will help breaking degeneracies among different evolution pathways. This is
achieved by matching, in a multi-dimensional space and within a defined theoretical frame-
work, the information resulting from the measurements of the black hole masses, spins (when
possible) and redshift of individual sources, and by confronting the relative rates of coales-
cence events detected by ET and LISA, respectively.

5.6.1 Seed black holes

In section 3.7 we presented a detailed overview of the latest advances in understanding the
properties of the first stars, known as population III stars, forming in the earliest collaps-
ing dark matter halos of 105−6M⊙ at z ≲ 30. Their initial mass spectrum is unknown
and theoretical investigations indicate that it is in the range from 1 M⊙ to several 102M⊙.
This population is expected to dominate at z > 13 and to persist down to z ∼ 6, albeit
in subdominant fractions compared to the growing population II stars. Despite the increas-
ing number of hints, recently provided by the JWST telescope, on possible indications of
population III star’s signatures in the spectra of high redshift galaxies or in lensed sources
[1923, 1924, 2416, 2417], direct EM observations of single stars are beyond foreseen capabil-
ities.

The properties of population III stars are encoded in those of their relics, i.e. the black
holes that ET can uncover, see section 3.7. The role of ET is therefore central in inferring
the properties of these first stars, but not only. These early black holes are expected to
represent the channel of formation of the light seeds of up to a few to several 102M⊙ [2408].
These may not be the only seeds to grow SMBHs. Heavy seeds of 103−5M⊙ have been also
hypothesized, resulting either form direct collapse of massive gas clouds, via runaway stellar
mergers or hierarchical black hole mergers [2412, 2438]. LISA can observe these heavy seeds,
whose relative contribution in explaining the formation of high-z quasars (z > 4) is under
debate [2409, 2410, 2439].

The upper left panel of figure 5.9 illustrates the concept of black hole growth from
light seeds and heavy seeds in selected mass ranges. In the same figure (upper right panel)
we show the extension of the BH mass spectrum, known as of today, indicating the main
formation pathways. Note the presence of a desert around 102−3M⊙, and the uncertainty
in the rise or decline of mass distribution around 103−5M⊙, where intermediate mass black
holes (IMBHs) sit [2010, 2011]. IMBHs are in the midst of the high-end tail of the stellar
BH mass distribution and the low-end tail of the SMBH mass distribution. At present,
whether a discontinuity exists in the families of stellar and supermassive BHs, related to the
existence of uncorrelated physical processes, is not known. In this regard, the lower right
panel of figure 5.9 shows the evolution of the BH mass distribution as a function of redshift
from the semi-analytical cosmological model L-Galaxies [2437] that describes the formation
and evolution of SMBHs from light and heavy seeds. This model indicates that the IMBH
segment is being progressively filled by growing light seeds which evolve to account for the
vast population of AGN, with heavy seeds partially explaining the rare high-z quasars.

There are large theoretical uncertainties related to the way the seeding process and
seed growth is treated in inferring the BH mass spectrum as a function of redshift. This
is illustrated in the left lower panel of figure 5.9, taken from [2414]. Different models give
different predictions on the shape and normalization of the mass function [2414, 2440–2444].
Therefore, future GW observations will be key to help reducing these uncertainties, jointly
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Figure 13. Comparison between the mass function predicted by ��� and the results of numerical simulations (upper panel, I = 4) and semi-analytical models
(lower panel, I = 5). As in Fig.4, the data points show the binned distribution obtained by ��� reference model for light (magenta) and heavy (red, orange) BH
descendants, with the red dashed line representing the best-fit of the distribution of heavy seed descendants. The violet dotted lines show the best-fit of the BH
MF obtained by the merger-driven model. In the upper panel, as a comparison, we present with colored dashed lines the results of large-scale cosmological
simulations, namely: Illustris (dark green), IllustrisTNG100 (cyan), IllustrisTNG300 (blue), SIMBA (olive) and EAGLE (light green). In the lower panel we
show the mass function obtained by the semi-analytical models by Ricarte & Natarajan (2018a, yellow shaded region) and Piana et al. (2021, orange dashed
line). The grey shaded area and the dashed-dotted black lines represent instead the observational constraints proposed by Merloni & Heinz (2008) and Shankar
et al. (2009) respectively.

phi semi-analytic model proposed by Piana et al. (2021). The two
models implement similar approaches in investigating the BH mass
distribution, following the evolution of both stellar and direct col-
lapse BH progenitors in a cosmological framework. However, ���
and Delphi present considerably di�erent prescriptions for BH seed
formation and growth. In fact, in the latter, BH seeding is less sen-

sitive to the galaxy environmental conditions, since all dark matter
halos are initially seeded with a stellar (150 M�) or a DCBH seed
(103�4 M�), depending only on the initial incident LW radiation.
The newly formed BHs are then assumed to accrete a given fraction
of the available gas, independently of their mass, without exceeding
the Eddington limit. Despite these di�erences, we find consistent

MNRAS 000, 1–26 (2022)

22 Trinca et al.

Figure 13. Comparison between the mass function predicted by ��� and the results of numerical simulations (upper panel, I = 4) and semi-analytical models
(lower panel, I = 5). As in Fig.4, the data points show the binned distribution obtained by ��� reference model for light (magenta) and heavy (red, orange) BH
descendants, with the red dashed line representing the best-fit of the distribution of heavy seed descendants. The violet dotted lines show the best-fit of the BH
MF obtained by the merger-driven model. In the upper panel, as a comparison, we present with colored dashed lines the results of large-scale cosmological
simulations, namely: Illustris (dark green), IllustrisTNG100 (cyan), IllustrisTNG300 (blue), SIMBA (olive) and EAGLE (light green). In the lower panel we
show the mass function obtained by the semi-analytical models by Ricarte & Natarajan (2018a, yellow shaded region) and Piana et al. (2021, orange dashed
line). The grey shaded area and the dashed-dotted black lines represent instead the observational constraints proposed by Merloni & Heinz (2008) and Shankar
et al. (2009) respectively.

phi semi-analytic model proposed by Piana et al. (2021). The two
models implement similar approaches in investigating the BH mass
distribution, following the evolution of both stellar and direct col-
lapse BH progenitors in a cosmological framework. However, ���
and Delphi present considerably di�erent prescriptions for BH seed
formation and growth. In fact, in the latter, BH seeding is less sen-

sitive to the galaxy environmental conditions, since all dark matter
halos are initially seeded with a stellar (150 M�) or a DCBH seed
(103�4 M�), depending only on the initial incident LW radiation.
The newly formed BHs are then assumed to accrete a given fraction
of the available gas, independently of their mass, without exceeding
the Eddington limit. Despite these di�erences, we find consistent

MNRAS 000, 1–26 (2022)

Figure 5.9: Upper left panel: Tracks of BH growth, for different initial seed masses assuming
uninterrupted accretion at the Eddington rate and at rates twice above this limit. The different colored
symbols labeled in the figure refer to z > 6 observations of quasars by ALMA (green squares [2418])
and JWST (red diamonds [2400, 2404, 2419–2421]), including the z ∼ 10 massive black holes in UHZ1
(magenta circle [2046]), GHZ9 (black cross [2403]) and the candidate super-Eddington accreting black
hole in GN−z11 (violet hexagon [2047]). Light seeds can explain these quasars if they accrete at a
super-Eddington rate. Heavy seeds, forming at lower redshifts, do not necessarily need sustained
super-Eddington accretion. There is a debate whether sustained accretion above the Eddington limit
is likely in high-redshift galaxies [2405, 2414, 2422–2425]. The black, blue and red tracks refer to
state-of-the-art high-resolution cosmological zoom-in simulations [2425, 2426] where a 105M⊙ black
hole was implanted at z = 10 and let evolve including accretion and feedback. Upper right panel:
Cartoon sketching the mass spectrum of black holes and the different formation paths. Arrows and
labels indicate selected quasars, the Milky Way black hole, Sgr A∗, [2427, 2428] M87 [2429], and the
post-merger mass of GW150914 and GW190521, the first and the most massive coalescence events
detected to date by LVK, respectively [1425, 2430]. Shown are the windows of exploration of ET
and LISA. Lower left panel: BH mass spectrum at z = 4 from [2414] as inferred from a suite
of semi-analytical models and numerical simulations to show the still large theoretical uncertainties
in predicting BH evolution. Data points show the distribution of light (magenta) and heavy (red,
orange) BH seeds, with the best fit for the distribution of heavy seeds in red and violet dotted
lines, and the results from large-scale cosmological simulations: Illustris (dark green, cyan, and blue
[2431, 2432]), SIMBA (olive [2433]), and EAGLE (light green [2434]). The observational constraints
by [2435] and [2436] are shown in the grey shaded area and black dashed-dotted lines. Lower right
panel: evolution of the BH mass function from the semi-analytical model L-Galaxies [2437]. The
figure shows how the intermediate-mass range is being progressively filled due to the growth of light
seeds from population III relics (Courtesy of Izquierdo Villalba).

with forthcoming deeper studies and observations of quasars and AGN in the electromagnetic
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Figure 5.10: The ET and LISA cosmic horizons. The figure shows contour lines of constant
signal-to-noise ratio (SNR) in the plane redshift versus total mass of the black hole binaries,
as measured in the source frame. Binaries have all mass ratio 0.5. Yellow dots denote loci of
BH mergers extracted from the semi-analytical model of [2415], which tracks the evolution of
light and heavy seeds forming in merging halos. Light seeds form at z ∼ 20 − 30 as relics of
population III stars in molecular cooling dark matter halos of 106M⊙. Heavy seeds form later
(z ∼ 10 − 20) in atomic cooling halos of 108M⊙ under contrived conditions (see the review
by [2410] and references therein). The bulk of the merging black holes in LISA come from
the growing light seed population that ET can detect when seeds form in binaries. Red dots
and blue triangles denote the quasars observed at 4 < z < 11, from JWST [2400, 2404, 2419–
2421] and ALMA[2418], respectively. Green contour lines depicting the vast population of
AGN are from [2406].

sector.

5.6.2 Synergies between ET and LISA

Participating in the formation, growth, and assembly of cosmic structures, massive black
hole in merging galaxies form binaries that coalesce, becoming sources of low-frequency GWs
[293, 475]. LISA, operating from below 0.1 mHz to about 1 Hz, aims at detecting the signals
from these sources in the segment of the mass spectrum between about 104M⊙ and 107M⊙,
out to redshift z ∼ 10−15. The LISA’s cosmic horizon together with ET’s horizon are shown
in figure 5.10.
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Signals. The GW signals that LISA can detect encode information on the black hole source-
frame masses, spins and luminosity distance, as for the case of ET binaries. At high redshifts
(z ∼ 10−15) GW signals from binaries of ∼ 104−105M⊙ are characterized by a months-long
inspiral phase prior to merge and median signal-to-noise ratios (SNRs) are around ≲ 100.
The source-frame masses in this case can be determined with uncertainties from 10% to 100%
[293]. ET will measure with comparable accuracies the physical parameters of potential light
seeds, whose signal display only few inspiral-cycles before final plunge [1104]. Below z ∼ 8,
the inspiral, merger and ringdown signal of LISA’s binaries contains all information to enable
accurate measurements of the source-frame masses at the level of 10% and effective spin with
accuracy of 1%. At z ∼ 2, SNRs are as large as a few thousands, with black hole masses
and luminosity distances measured with accuracy at the level of 0.1%, and the spin of the
primary black hole, which provides clues on the way accretion proceeded [475, 1466], with
an absolute error of 1 part in 103 [293].

Rates. The ET merger rate density associated to population III stars (and in turn to po-
tential seeds) has been estimated to range from 0.1 to about 200 yr−1 Gpc−3, extending from
z ∼ 15 to 6, corresponding to a detection rate of about ten to hundreds of events per year
in ET (e.g. [1592, 1593, 1969, 1976, 1983, 1991, 1993, 2445]). The LISA merger rates range
between a few to several tens per year, with the uncertainties in these values rooted in the
largely unknown process of pairing of massive black holes down to the milliparsec scale below
which GWs drive the late inspiral and final plunge [2415, 2437, 2446–2451]. The physics of
binary formation in LISA is completely different from that of ET stellar binaries, as it occurs
via galaxy mergers: orbit’s sinking in a galactic collision is controlled by the complex inter-
action black holes have with their surrounding dark matter, stars and gas, during a major
or/and minor galaxy merger [475]. LISA rates at z ≳ 8 depends largely on how short is the
sinking time compared to the “then” Hubble time, and depending on the model rates range
again from a few to several per year [2437, 2449, 2451].

ET and LISA together. In figure 5.10 we show the synergy between ET and LISA. In [2415],
a semi-analytical cosmological model was developed, aimed at reproducing typical quasars
observed at redshift 8 and 2. The seeding mechanisms include both light and heavy seeds
and merging binaries (yellow dots in the figure) form during halo-halo mergers, under the
hypothesis that dynamical interactions lead to their formation and pairing. The model shows
that most of the LISA events are rooted in the process of formation of stellar black holes
from population III stars, with only a few resulting from heavy seeds.

Comparing GW merger events of ∼ 102M⊙ binaries at z ∼ 10 − 14 detected by ET,
with events of ∼ 104 − 105M⊙ at comparable or lower redshifts with LISA (just on the edge
of the left side of the LISA waterfall plot shown in figure 5.10) paves the way for identifying
light seeds as progenitors of SMBHs. Lack of ET high-z events around a few 102M⊙ could
indicate that either they rarely form, or that they rarely pair in binaries which merge shortly
after. From the LISA perspective this might indicate that heavy seeds only are the progenitor
of the SMBHs or that light seeds grow at a very fast (super-Eddington) rate, following their
formation without experiencing mergers. All of this needs to be quantified through careful
modeling of black hole cosmic formation and evolution.

5.6.3 IMBH populations across frequency bandwidths and detectors

Intermediate mass black holes (IMBHs) in the nominal mass range of (102−105)M⊙, bridging
the known stellar and supermassive BHs, are ideal sources to exploit the advantages of having
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more than one detector in different frequency bands. As described in section 3.8, IMBHs
are expected to form as outcome of close and repeated dynamical encounters among stars
or stellar black holes inside dense and massive clusters [1406, 2049, 2051]. IMBHs can also
from in the collapse of gaseous clouds in protogalaxies [2452], or from gaseous accretion
onto massive stellar remnants originating from the first stars [2453]. Despite the plethora of
formation scenarios and the growing evidence of IMBH candidates in dwarf galaxies [2010,
2011], the existence of IMBHs and their role in galaxies, whether ubiquitous or rare, is still
unclear and actively debated. In these regards, the detection of GWs from merging IMBHs
is key to understanding where, when, and how IMBHs form along cosmic history.

ET can detect equal-mass IMBH binaries with source-frame masses of ≲ 103 M⊙ at
redshift z ≲ 7 [16], and IMBH-BH systems having a stellar BH and a primary of ∼ 103M⊙,
at redshift z ≳ 1 [1454]. Detecting IMBH and IMBH-BH binaries (the last referred also as
intermediate-mass ratio inspirals or IMRIs) will provide us information about the efficiency
of dynamical processes in population I, II, and III star clusters in producing IMBHs.

As discussed above (see also figure 5.10), the horizon reach of ET for IMBHs of mass
close to (1 − 5) × 102M⊙ extends up to z ∼ 10 [16, 1104, 1485]. However, binary IMBHs
can also be present at lower redshifts. With ET operating with two CEs in network, we can
measure the mass of an equal-mass IMBH binary of ∼ 103M⊙ with accuracy of ≲ 0.1% (1%)
at redshift z = 0.5 (2) [1485]. Such a network can localise binaries at z = 0.1 − 0.5 with
mass ratio q ∼ 0.1 and primary mass of ∼ (5× 102 − 103)M⊙ within an angular localization
∆Ω ∼ (0.01−1) deg2 [1485]. Good localisation and accurate measurements of the properties
of merging components can help distinguishing both the environment nurturing the IMBH
growth and the IMBH formation channel.

At z ≲ 1, ET can detect signals from binaries made of an IMBH and a stellar BH,
which could in principle also be detected by low-frequency observatories such as LISA or
deci-Hz detectors. This is illustrated in figure 5.1. IMRI binaries are exquisite probes of the
physics of formation of IMBH in dense environments as these systems form exclusively from
the dynamical channel. Combining different detectors operating independently at different
frequencies makes it possible to cover the IMBH mass range fully and to place stringent
constraints on the IMBH mass distribution, shedding light on the origin of IMBHs. As an
example, the right panel of figure 5.11 shows the mass distribution of a population of IMRIs
resulting from dynamical interaction in dense young, globular, and nuclear clusters modeled
with the B-pop population synthesis model [1444] and the corresponding distribution of
detectable mergers in ET and other detectors, while the left panel of the figure shows the
horizon redshift for ET, LISA, and LGWA in the case of an IMRI hosting a stellar BH of
30M⊙ inspiralling/merging with a primary in the mass-range (102 − 106)M⊙. As shown
in figure 5.11, an IMRI can be detected during the inspral phase in LISA and at merger in
LGWA. The cumulative mass distribution for this selected IMRI (right panel of figure 5.11)
shows the saturation mass in the three detectors. Finally, it is interesting to remark that
with LGWA and deci-Hz detectors we have the possibility to probe the region of the IMBH
mass spectrum that is poorly covered by ET or LISA, i.e. roughly (5× 103 − 104)M⊙ [1386,
2290, 2454].

Joint multi-band observations of the same event will be possible for (102 − 104)M⊙
binaries out to redshift z ∼ 2 − 4, enhancing the ability to carry on precise measurements of
the source parameters at such high redshifts [2455]. Multi-band detection of distant lower
(higher) mass binaries would be instead limited by the sensitivity for LISA at frequencies
around and above 0.1 Hz (for ET/CE at frequencies around and below 3 Hz).
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Figure 5.11: Left panel: horizon redshift for IMRIs involving a stellar BH of 30M⊙ as a function

of the mass of the more massive primary mIMBH. Detection is set at SNR=15 using the GWFish

tool [256] for ET (green straight curve), LGWA (blue dashed curve), and LISA (purple dotted curve).

Right panel: cumulative mass distribution of IMRI detection versus the IMBH mass. These systems

are dynamically formed in young, globular, and nuclear clusters and their overall population is shown

by the filled grey histogram. The detectable sub-population of IMRIs are shown for ET, LGWA

and LISA (as in the legend). Models are obtained from combined population synthesis simulations

performed with the BPop code [1444] and parameter estimation performed with GWFish. Adapted

from Arca Sedda (in prep).

Take home message

• 3G detectors such as ET and CE will be the only observatories
that will discover the relics of the first massive stars expected
to form at cosmic dawn. They will allow to measure the masses
and redshift of these relic black holes with enough accuracy to
tell about pristine star’s formation in binaries. Some of these black
holes could serve as “light” seeds for the growth of massive black
holes.

• Comparing ET and LISA merger events over the two different mass
intervals at which they are sensitive (around 100M⊙ for ET, 105M⊙
for LISA) will statistically shed light into the black hole seeding
and growth mechanisms.

• Intermediate mass black holes of (103−104)M⊙ with a stellar black
hole as companion are unique probes of the dynamical formation
channel and ET with lower-frequency detectors can contribute
uniquely to discovering these still elusive black holes.
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5.7 Early Universe cosmology

Cosmological Backgrounds

• What are the particle physics models leading to early phase tran-
sitions, or producing cosmic strings? Can we precisely pin down
their properties by measuring the GWs they produce, by means of
ET in synergy with other GW detectors?

• What is the source of cosmic inflation? Can it generate a broad
spectrum of SGWB with a sufficiently large amplitude to be de-
tected by ET, and by other GW experiments operating at smaller
frequencies?

• Can we extract information on the early Universe cosmic history
(before Big Bang nucleosynthesis) by precisely measuring the fre-
quency dependence of the stochastic GW background produced by
primordial sources? Does a synergy between ET and other instru-
ments offer any advantage in answering this question?

• What is the source of the GW background recently detected by
several PTA collaborations? If it has a primordial origin in terms
of cosmic phase transitions, inflation, or cosmic strings, can a fu-
ture detection by ET help in characterizing its origin?

Stochastic GW backgrounds can be detected across various frequency bands and have
an astrophysical or cosmological origin [500–504]. In particular, as discussed in detail in
section 2.2, the early Universe immediately after the Big Bang could create a stochastic GW
background (SGWB), through mechanisms such as the amplification of vacuum fluctuations
in models beyond the single-field slow-roll paradigm, first-order phase transitions, cosmic
strings, or domain walls. From the observed spectrum of the backgrounds, ET could learn
about the physical processes that generated them and hence obtain a picture of the Universe
at the earliest moments of its creation. The sensitivity to stochastic backgrounds of ET
as a single observatory, both in the triangle and in the 2L configurations, are discussed in
detail in section 9.5, see in particular figure 9.23, and in section 10.6 where, for the triangle
configuration, is also discussed the use of the null stream, see section 10.6.1, as well as the the
potential caveat of the masking effect of correlated noise, see section 10.6.2. The correlation of
ET with other ground-based detectors would help rule out whether the observed backgrounds
originate from instrumental or environmental disturbances. For example, ET in conjunction
with Cosmic Explorer will be able to identify and characterize most binary coalescence events,
subtract them from the data, and potentially measure the underlying primordial background
(although the accumulation of the errors in the subtraction of resolved sources will also
produce an important foreground [606, 607, 2329], see also section 9.5.3).

Several mechanisms that generate stochastic GW background produce a spectrum that
extends over many decades in frequency. The use of detectors operating in very different
frequency bands is then crucial for characterizing them. Working with PTAs, the 10-year
long GAIA database, LISA, as well as with deci-Hz detectors, ET could help understand
stochastic backgrounds over six orders of magnitude in frequency range from nanohertz to
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Figure 5.12: Left panel: Examples of SGWB from phase transitions (PT). Middle panel: Ex-
amples of SGWB from cosmic strings (CS). Right panel: Examples of SGWB from cosmic inflation.
Besides LISA and ET sensitivity curves (PSD) and the corresponding PLS (see eq. (2.21) and sec-
tion 9.5.2 for definitions), in blue and green lines are represented the benchmark scenarios discussed
in each of the aforementioned sections.

kilohertz. In this section, we explore the synergies between ET and LISA (section 5.7.1), and
ET and PTA (section 5.7.2) towards the aim of a joint detection of the cosmological SGWB.

5.7.1 Synergies between ET and LISA

Although ET and LISA operate across different frequency ranges, both are expected to have
comparable integrated sensitivities to the amplitude of a SGWB. In this subsection we explore
the potential synergies between these two detectors for analyzing GW sources from the early
Universe that generate a SGWB with a high amplitude and a broad frequency spectrum. In
combining the results of LISA and ET, we are able to cover a much larger range of frequencies,
of order

O(10−5) Hz ≤ f ≤ O(103) Hz . (5.1)

As discussed in section 2.2, SGWB sources that could produce an observable stochastic GW
signal in this range include first order phase transitions, cosmic strings, and inflation (beyond
single-field slow roll). For such broad signals, combining data from both LISA and ET offers a
clearer signal characterisation and more precise extraction of physical properties than using
either instrument alone, since we can study the signal across the full frequency band in
eq. (5.1).

We analyse this possibility using Fisher forecasts to assess the detectability of the SGWB
shape in synergy among the two instruments. We consider a Gaussian likelihood on the
GW energy density ΩGW with a covariance matrix given by a combination of the nominal
sensitivity curves for LISA [611] and ET in its triangle configuration. The Fisher plots are
produced using the GetDist package [2456]. For the theoretical SGWB frequency profile, a
useful SGWB template is the broken power law (BPL) function. This model provides a good
first approximation for GW spectra generated by various early Universe phenomena [2457].
We follow ref. [662] for the form of the BPL function

Ωth
GW(f) = Ω⋆

(
f

f⋆

)n1
[

1

2
+

1

2

(
f

f⋆

)σ]n2−n1
σ

, (5.2)
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Ω⋆ n1 n2 σ f⋆
PT1 1 × 10−10 3 −1 7.2 0.04

PT2 1 × 10−8 2.4 −2.4 1.2 0.2

CS1 4 × 10−13 −0.1 −0.1 − 0.02

CS2 2.5 × 10−12 −0.1 −1
2 3 2

Ω⋆ f⋆ ρ

Inf1 3 × 10−10 0.2 0.45

Inf2 7 × 10−13 0.25 1.6

Table 5.2: Left: Benchmark values associated with Ansatz (5.2) for the scenarios corre-
sponding to cosmological phase transitions and cosmic string models. Right: Benchmark
values for cosmological inflation scenarios described by Ansatz (5.3).

where f⋆ determines the break position, and Ω⋆ is the amplitude of the spectrum at the
break. The parameters n1 and n2 correspond to the spectral indices before and after the
break, while σ controls the break’s smoothness. We use the BBN bound ΩGW ≤ 1.7 × 10−6

[651] as the reference for the SGWB’s maximal amplitude, even when considering post-BBN
sources. The previous profile will be applied to investigate GW from phase transitions and
cosmic strings; a different, log-normal Ansatz will be considered for the case of inflation.
We show in figure 5.12 the benchmark scenarios for the examples we are going to discuss
next, together with the nominal and power law sensitivity curves for LISA, and for ET in
the triangle configuration (using the ET-D sensitivity curve).48 For more details about our
scenarios and our methods of analysis, see ref. [2458].

Phase transitions. The production of stochastic GW background from phase transitions
has been discussed in section 2.2.2. In particular, in the GWs produced by bubble collisions,
the SGWB follows the BPL profile [662], as in eq. (5.2) or similar parametrizations such
as eq. (2.42). Other mechanisms that produce GWs from PTs, such as sound waves in
primordial plasma [2459, 2460] and turbulent motion [2461–2463], rather follow a double
broken power-law profile, see [662]. However, the focus here is on the overall structure
across the broad frequency band in eq. (5.1), and so we use the BPL template eq. (5.2) as a
reasonable approximation.

We consider the scenarios in table 5.2: scenario PT1 has spectral index n1 = 3 in the
infrared [971] and n2 = −1 in the UV. This scenario matches cases where GWs are produced
by sound waves of the bubble surrounding plasma, or by effects of turbulent behavior in
the fluid. For the second benchmark scenario, PT2, we consider the model of ref. [717]
in the context of highly relativistic fluid shell dynamics, which finds n1 = −n2 ≃ 2.4 and
σ ≃ 1.2. These scenarios are shown in the left panel of figure 5.12. Notice that the SGWB
amplitude is well below the nominal sensitivity curves (i.e. the Power Spectral Density, PSD):
nevertheless, the SGWB can be detected with a sufficient signal-to-noise ratio by integrating
over frequencies. In fact, in all panels of figure 5.12, besides the PSD , we also include the
power-law integrated sensitivity curves (PLS) introduced in ref. [529] (see also section 9.5.2),
which exploit the aforementioned integration over frequencies. In plotting the curves, we
assume three years of observation, and we take a threshold of detection corresponding to
SNR= 5.

For both scenarios PT1 and PT2 in figure 5.13, LISA and ET individually can accurately
measure only one of the spectral indices n1 or n2 (for more details and additional Fisher
plots comparing different cases, see ref. [2458]). However, the two experiments together can

48See figure 9.23 for the ET PLS with the updated sensitivity curve used in [16] as well as for the PLS of
the 2L configurations, with different relative angles and arm lengths.
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Figure 5.13: First and second column: Fisher forecasts for the phase transition and cosmic
string scenarios. Third column: Fisher forecasts for the inflation benchmark scenarios. See
Table 5.2.

measure both quantities with at least 10% accuracy. The parameter σ, which controls the
smoothness of the transition, can also be measured more precisely with combined data. This
highlights that using LISA and ET together provides richer insights into high-temperature
PT physics, also reducing parameter degeneracies.

Cosmic strings. As discussed in section 2.2.3, cosmic strings form networks where inter-
actions create loops of varying sizes, which decay and generate a SGWB spanning a broad
frequency range. Determining the spectral tilts n1, n2 and the break position will provide
insights into both the cosmic string properties and the Universe’s evolution before BBN. In
fact, by analysing the spectrum’s frequency profile, we can also be able to constrain non-
standard pre-BBN cosmic epochs. For normal cosmological expansions, we expect the SGWB
from cosmic strings to approximately follow a power law profile in the band of eq. (5.1): this
corresponds to our benchmark scenario CS1 of table 5.2 (see e.g. ref. [2457]). We obtain
the values for the benchmark scenario CS2 from [2464], corresponding to a spectral tilt be-
ing dependent on the equation of state w in a non-standard cosmological expansion, where
n2 = −2(3w − 1)/(3w + 1) for values where w ≥ 1/4. The middle panel of figure 5.12 illus-
trates the benchmark values used in our CS cases. Only with both instruments together can
the full set of parameters be measured within 10% accuracy. See figure 5.13, middle column,
and ref. [2458] for more details.

Cosmic inflation. As discussed in section 2.2.1, see in particular figure 2.6 while the most
minimal inflation models based on single-field slow-roll predict a SGWB amplitude too small
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for both ET and LISA to detect, several well-motivated scenarios can boost the amplitude
to observable levels within the frequency band given by eq. (5.1). These scenarios include
dynamics of vector and axion fields [565, 567]; spontaneous space-time symmetry breaking
[2465–2467]; and effects associated with the production of primordial black holes [965, 966].
Generally, a SGWB from inflation exhibits a more complex frequency profile than those
from other sources, potentially featuring log-normal shapes, multiple peaks, or oscillatory
patterns (see ref. [612] for a discussion of various inflation templates.). We consider the
so-called log-normal peak Ansatz:

ΩGW = Ω⋆ exp

{[
− ln2 (f/f⋆)

2ρ2

]}
, (5.3)

where Ω⋆, f⋆, and ρ control the amplitude, position, and smoothness of the peak. This sce-
nario can be the result of axion or axion spectator inflation models [572, 575, 648]. Table 5.2
gives the values used in our benchmark scenarios, which are also shown in the right panel
of figure 5.12. The corresponding Fisher forecasts are presented in figure 5.13, third col-
umn. Particularly for scenario Inf2 we learn there are significant benefits from the combining
the results of the two instruments for reducing the errors in the measurements (again see
ref. [2458] for a more detailed analysis).

5.7.2 Synergies between ET and PTAs

A primordial SGWB can span a large range of frequencies, from Cosmic Microwave Back-
ground frequencies of 10−17 Hz, Pulsar Timing Array (PTA) frequencies of around 10−9

Hz, LISA frequencies in the millihertz range as well as ground-based detectors above a few
Hz and up to a few kHz. ET observations can thus be studied in synergy with CMB, PTA
and LISA observations. Specific scenarios are however different for each type of cosmologi-
cal background, e.g. inflation, first-order phase transitions, cosmic strings, domain walls or
second-order scalar perturbations associated with primordial black holes: see for example
figure 17 of [2468].

Single field slow-roll inflation is detectable by CMB instruments such as Planck at the
lowest frequencies, but its red tilt implies that it cannot be detected by either PTAs, LISA or
ET, see figure 2.6. However, as we discussed in section 2.2.1 other, more complex inflationary
scenarios can produce a GW spectrum with a positive spectral index nt (blue tilt), making
them potentially detectable by PTAs, LISA and ET. Ref. [2469] used actual CMB, PTA and
LIGO measurements to place constraints on a SGWB of inflationary origin, in particular
on nt and the tensor-to-scalar ratio r (characterizing the amplitude of a primordial GW
signal as compared to the amplitude of scalar perturbations as detected in the CMB). This
is an example of how different instruments across the GW spectrum can be used to place
constraints on a SGWB.

More recently, in 2023, PTA results across the globe have shown evidence for a SGWB
[2470–2474]. Work is in progress to confirm these results with a 5σ significance. If confirmed
as a true SGWB, the most likely source is a background of supermassive black holes. In
this case, because of the completely different masses, there would be little synergy between
PTAs and ET (but there would be synergy between PTAs and LISA in the sense that PTA
sources can inform expected LISA findings on massive black hole binaries). However, an-
other possible source is a cosmological background. In refs. [384, 769], the observed signal
was interpreted as a cosmological background and the spectral index nt and tensor-to-scalar
ratio r were estimated. While, in principle, these estimates could be used to search for this
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same background in the ET data, the observed spectral index in PTA data is quite high and
not compatible with the high frequencies of ET if the spectral index is assumed to be fixed;
however, in the case of a running index across GW frequencies, a PTA background could be
compatible with a background in ET. Another possibility is a non-conventional cosmological
history with a period characterised by a stiff equation of state [1026]. Additionally, a CMB
detection of a GW background would be groundbreaking; a combined detection of a primor-
dial SGWB in both the CMB and PTA data could make it easier to find the same signal in
ET. However, it is much more likely that in PTA data, the cosmological background is present
as a secondary background with a foreground of supermassive black hole binaries. Work is
ongoing to model a search for both backgrounds. Cosmic strings, domain walls, first-order
phase transitions and second-order perturbations or Primordial black holes (PBH) could also
be detected by PTAs, LISA and ET. The recent PTA results [384, 769] are not compatible
with a cosmic string signal, but are potentially compatible with a first-order phase transition
or PHBs. Ref. [2475] looked at the combined NANOGrav and EPTA results and their possi-
ble interpretation as a cosmological background. Many papers on the interpretation of PTA
results as a cosmological background have in fact been published after the June 2023 release
of results by the main PTA collaborations, and trying to summarize them all is a research
avenue in and of itself.

In conclusion, PTA data can help inform an ET search for a cosmological background.
On the one hand, PTA data can help constrain a SGWB in the nanohertz GW frequency
range, as the sensitivity of PTAs improves, in particular in light of the upcoming Square
Kilometre Array. Recent results (from 2023) provide evidence for a correlated common red
noise that could be a SGWB that is compatible with a background generated in exotic
inflationary scenarios, first-order phase transitions or second-order scalar perturbations, but
requires in each case a surprisingly large effect. More probably, the cosmological background
is only secondary to a foreground of supermassive black holes, in which the spectral index
of the cosmological background would be lower and thus more compatible with a similar
index at high ET frequencies. Studying scenarios of running spectral indices across the GW
frequency range as well as differing equations of state are good avenues for linking the PTA
frequencies with the ET frequencies and thus finding synergies.

Take home message

Possible early Universe GW sources can provide a SGWB profile
spanning many decades in frequency: cosmic phase transitions, cosmic
strings, and cosmic inflation. SGWB from primordial sources have a
rich frequency dependence, whose characterization improves up to a
10% accuracy by means of a multiband detection by ET and by other
GW detectors. Therefore, synergies between ET and other GW instru-
ments thus provide invaluable information on primordial sources of the
SGWB, and on the early history of our Universe expansion.

5.8 Executive summary

In this section we have explored how the science case of ET is enhanced by exploiting syn-
ergies with other GW observatories, operating either in a similar frequency band, as Cosmic
Explorer, or in completely different bands, as LISA, deciHz detectors such as LGWA, or
PTA.
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Joint observations of ET with Cosmic Explorer will consolidate the science of this emerg-
ing and transformative field. The synergy with lower-frequency GW observatories, such as
PTA at nHz, LISA in the mHz bandwidth, and design concepts like LGWA in the deciHz
interval, will broaden the scientific case for ET. These synergies allows for connections to be
made with other GW sources also in different astrophysical environments, enabling the in-
vestigation of some of the most compelling questions in astrophysics, physics and cosmology.
In particular:

Synergies of ET with other GW observatories:

• Synergies between CE and ET enable a more comprehensive exploration of the
Universe by extending further the cosmic horizon (see figure 5.2), enlarging the
search for intermediate-mass black holes –an entirely uncharted territory– and
enhancing the accuracy of measurements of the source’s physical parameters,
resolving degeneracies and obtaining a comprehensive and robust understanding
of the nature of neutron stars and black holes.

• Joint observations of ET with CE offer a unique opportunity to measure the
GW polarization modes and constrain alternative gravity theories. The dipolar
radiation test is significantly enhanced by combining ET with millihertz and
decihertz gravitational wave detectors.

• 3rd-generation detectors like ET and CE will be the only observatories capable
of discovering the relics of the first massive stars expected to form during cosmic
dawn. These detectors will provide better measurements of the masses and
redshifts of these black holes, shedding light on the formation of pristine stars in
binaries. Some of these black holes could serve as “light” seeds for the growth
of massive black holes.

• The collaboration between ET and CE represents a transformative advancement
for late-time cosmology with resolved sources, due to the improved localization
capabilities that are critical for both bright and dark siren cosmology. Further-
more, the synergy with other gravitational wave observatories, such as LISA,
will expand the range of GW sources available.

• Multi-wavelength observations of merging black holes, captured by LISA in their
early inspiral phase and by ET at the point of merger, are crucial for understand-
ing the formation pathways of stellar-mass and intermediate-mass binary black
holes. The combined observations of these systems by ET and LISA can further
constrain General Relativity (GR) with an order of magnitude better precision
than either observatory could achieve alone.

• BBHs originating from massive stars with masses in the range 120M⊙− 300M⊙,
are prime candidates for GW observations across multiple frequency bands. The
prolonged inspiral signals emitted by these systems can be observed by LISA
and by deci-Hz detectors, while the later stages of inspiral and merger will be
detected by ET. The combination of the observations from LISA or from deci-Hz
detectors such as LGWA, with the ET observations will dramatically improve
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the sky localization of these sources, making them effective dark sirens for the
determination of cosmological parameters.

• By comparing merger events detected by ET and LISA, which are sensitive to
different mass ranges (around 100M⊙ for ET and 105M⊙ for LISA), we can gain
statistical insight into the mechanisms behind black hole seeding and growth.

• Intermediate mass ratio inspiral, where a stellar mass BHs merges with an inter-
mediate mass black hole (IMBH), are exquisite probes of the physics of formation
of IMBH in dense environments. Combining observations from ET, LGWA and
LISA makes it possible to cover the IMBH mass range fully and to place strin-
gent constraints on the IMBH mass distribution, shedding light on their origin,
see figure 5.11.

• GW sources from the early Universe, such as cosmic phase transitions, cos-
mic strings, and cosmic inflation, may provide a stochastic gravitational wave
background (SGWB) profile across multiple frequency bands. The SGWB from
primordial sources has a rich frequency dependence, which can be characterized
with up to 10% accuracy through multi-band detection by ET and other GW
detectors such as LISA, detectors operating in the deciHz such as LGWA, and
PTA. Consequently, synergies between ET and other instruments offer invalu-
able information about primordial sources of the SGWB and the early history
of the Universe’s expansion.
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6 Subatomic Physics with ET

The first detection of GWs from a merging neutron star binary system and the accompanying
observations of electromagnetic counterparts in 2017 demonstrated the enormous potential of
multi-messenger astronomy for nuclear physics. Neutron stars comprise the highest densities
of matter that can stably exist in the Universe. The gravitational-wave signals emitted from
events involving neutron stars encode detailed and clean information on the dense matter
in their interiors and, for a subset of binary neutron star mergers, on the subatomic mi-
crophysics in regimes of yet higher density and temperature. Such invaluable insights into
states of subatomic matter under extreme conditions are inaccessible to any other probes
and, in conjunction with electromagnetic counterparts, enable a multitude of additional op-
portunities, such as understanding the nucleosynthesis of very heavy elements. This section
emphasizes the advances in nuclear and neutron star physics poised to open up with future
gravitational-wave detections by ET, which are synergistic yet go beyond what can be ac-
complished with other astrophysical and terrestrial experiments. We also advocate progress
in microscopic nuclear and hadron theory to fully exploit ET and test gravity in the regime
of largest achievable densities and pressures, that of neutron stars.

6.1 Introduction

Astrophysical environments involving neutron stars (NSs) – objects where gravity compresses
matter to several times the normal nuclear density – are unique testbeds for a rich variety
of subatomic physics. A NS encompasses different phases of matter over a large range in
density: from neutron-rich nuclei and free electrons in the outer parts to a uniform liquid of
primarily neutrons, until the densities become so high in the very cores that other particles
may be populated such as hyperons or mesons, which could also form condensates, and/or
a transition to degenerate quark matter. This is illustrated in figure 6.1 and makes NSs
exquisite probes for unexplored regimes of strongly interacting matter, as well as for nuclear
many-body phenomena and their variations with density and isospin asymmetry.

Among the messengers probing NSs and related phenomena, gravitational waves (GWs)
are unique because they are purely based on gravitational interactions, and thus travel nearly
uncontaminated from the densest regions of their sources to the detectors. The potential for
nuclear physics with GWs has already become evident with the spectacular first detection of
a binary NS (BNS) merger, GW170817 [2]. For this event, only the inspiral epoch, when the
NS and its companion are still orbiting and matter is near its ground state, was discernible
in the GW data. This enabled inferring constraints on the cold equation of state (EOS)
above nuclear density from measurements of the NS’s tidal deformability, a characteristic
parameter that depends on the properties of matter and – together with the electromagnetic
counterpart– provided the first definite identification of the central engine of a kilonova and
the association of a BNS merger with a GRB. Since then, at least four more events likely
involving one or two NSs in a binary were discovered, but apart from the masses of the
coalescing objects, no new information relevant for nuclear physics could be extracted [1391,
2476, 2477].

Current detectors are mainly sensitive to the inspiral of NS binary coalescences. The
outcomes beyond that vary depending on the type of binary system and its parameters. For
mergers of NSs with a black hole (BH), the NS either becomes tidally disrupted, which leads
to a strong suppression of the GW signal, or plunges into the BH, or is partially disrupted. In
all such scenarios, the final remnant is a BH, and cases with tidal disruption are accompanied
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Figure 6.1: Conjectured structure of a cold, mature neutron star. In the interior, matter
ranges over nearly an order of magnitude in density and encompasses a variety of different
phases and physical properties. Figure adapted from ref. [15].

by electromagnetic counterparts. The mergers of two NSs have different outcomes depend-
ing on the initial systems: prompt collapse to a BH or the formation of a rotating massive
NS heated by shocks during the merger process, which either collapses to a BH after shed-
ding enough angular momentum or forms a stable NS remnant. In the latter two cases, the
post-merger behavior is highly dynamical, involving differential rotation, oscillations, and
dissipation, along with various microphysical processes, small-scale magnetohydrodynamic
instabilities, and higher temperatures. This aftermath of a BNS merger provides a window
onto a completely unexplored swath of the parameter space of subatomic physics that rep-
resents a complex nonperturbative regime in-between our current understanding of matter
at low baryon densities from nuclear physics and heavy-ion collisions, and the regime of un-
reachable high densities where first principle calculations within quantum chromondynamics
(QCD), the theory of the strong interaction, are valid.

The coalescences of NS binaries are also among the key production sites of elements
heavier than iron in the cosmos. Heavy elements can be synthesized from the neutron-rich
material expelled during BNS mergers or the tidal disruption of NSs by BHs and winds from
the remnant accretion disks. The subsequent radioactive decay of these elements powers a
kilonova electromagnetic transient.

In addition to binary mergers, future multi-messenger observations include the possible
discoveries of signals from (i) a nearby (galactic) core-collapse supernova (CCSN), where the
GWs and neutrinos contain imprints of the yet poorly understood explosion mechanism, dense
matter properties in regimes complementary to heavy-ion collisions and BNS mergers, and
the possible hot proto-NS, and (ii) rotating isolated NSs with a deformation (e.g. elastically-
or magnetically-induced mountains on their surface or unstable oscillation modes) encoding
information about the structure of the crust and the behavior of dense matter under the
influence of a strong magnetic field.

Due to the projected increase in sensitivity of the existing detector network of the LIGO,
Virgo, and KAGRA (LVK) facilities in the coming years, and based on the event rates inferred
from the past detections, we expect GW measurements of potentially dozens of binary merger
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events involving NSs in the coming years [7, 355]. This will represent a larger sample of the
diverse population of NSs, with the nearby events measured with higher accuracy and possible
access to the tidal deformability characterizing the dominant EOS signatures in GW signals.
Several cases with electromagnetic counterparts are also expected [2109, 2478–2481]. Further
upgrades, A# [2482] and VirgoNext, are planned to fill the gap between the LVK run O5
and the onset of next-generation observatories projected for the late 2030’s [2483]. These
detections will already enable significant advances in our understanding of dense matter in
NSs.

However, even after these planned upgrades, the capabilities of the current detectors will
remain limited in sensitivity and bandwidth, especially at the high frequencies corresponding
to the signals of the post-merger phase. Next-generation observatories such as ET will have
a significantly higher sensitivity, e.g., GW170817 would have a signal-to-noise ratio of up to
fifty times larger than current detectors due to the higher sensitivity and the larger frequency
range that ET will cover. Moreover, ET is expected to detect several tens of thousands of BNS
merger events per year [15, 16] and thus probe the diverse population of NSs. Its increased
low frequency sensitivity is important for sending early-warning alerts to electromagnetic
telescopes before the BNS mergers and for higher precision measurements during the inspiral
phase. The increased high frequency sensitivity will enable higher precision measurements of
matter effects in the late inspiral and tracing the details of the behavior of matter during the
merger and its aftermath. For inspirals, this will not only enable precision measurements of
tidal deformability along with the NS masses and spins, but also give access to subdominant
effects, such as the tidal excitations of characteristic NS modes, among others, which will
provide further details about NS matter. The dominant GW observables from the post-
merger regime are the frequency associated with the rotation of the dynamical remnant and
its lifetime, with the frequency spectrum also involving a number of additional features related
to various microphysics properties. For NS-BH binaries with tidal disruption, the disruption
frequency provides additional information on the cold EOS. The possibility of performing a
GW observation from a CCSN event and the subsequent proto-NS (PNS) evolution, as well
as of detecting GWs from isolated NSs also significantly increases with ET. Measurements
with ET are thus poised to yield profoundly transformative advances for nuclear physics.
Accompanying electromagnetic and neutrino signals to the mergers will yield complementary
information and, when combined, provide copious insights into a variety of microphysics of
dense matter and the production of heavy elements. Conversely, with adequate nuclear
theory support, NS binaries observed with ET can be used to test the theory of gravity and
its matter couplings in the largest density and pressure regimes available in nature and probe
for dark matter, as detailed in section 1.

This section is organized as follows. In section 6.2 we recapitulate the current status
of our knowledge on the properties of dense and hot matter in NS-related environments. In
section 6.3 we discuss the potential of GW detections with ET to impact our understanding
of subatomic physics. The inspiral phase of a BNS merger, the tidal disruption of NSs in
NS-BH systems, and the GWs from an isolated NS thereby probe essentially cold matter,
whereas in the BNS post-merger phase and during a CCSN event or within a PNS, matter
is hot. Section 6.4 is devoted to a discussion of the different uncertainties in the theoretical
modeling that underpins the interpretation of the data for nuclear physics and will be the
main limiting factor for the science returns from measurements with ET. We also discuss
degeneracies with other physical effects, such as those due to modified gravity or to dark
matter, in the interpretation of the detected signal for subatomic physics. We conclude in
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section 6.5 with a summary of the key takeaway points and synergies with other facilities.

6.2 Current status of microphysics properties

To motivate the science potential of ET, we first review the current status of our knowledge
and remaining open questions for the properties of dense and hot matter, which also enter the
modeling of the various astrophysical systems considered in this section. This includes the
EOS discussed in section 6.2.1, as well as the different reactions rates from out-of-equilibrium
processes which cannot be included in the EOS, and are discussed in section 6.2.3.

6.2.1 Equation of state modeling

The structure of cold, mature NSs can be described by a one-parameter EOS that relates
the pressure to the energy density, as the temperature is well below the Fermi temperature
and weak (β-)equilibrium has been reached. The typical density range extends from values
encountered on Earth up to several times the nuclear saturation density, nsat ≈ 0.16 fm−3,
which corresponds to ρ0 ≈ 2 × 1014g/cm3. In addition, the study of related astrophysical
phenomena, e.g., the post-merger phase of a BNS merger, CCSN, PNSs and the formation
of stellar BHs, requires EOSs, dubbed general purpose EOSs, that also include a wide range
of temperatures 0 ≲ T ≤ 150 MeV and charge fractions 0 ≤ YQ ≤ 0.6, where YQ = nQ/nB
with nQ defined as the electric charge density in hadrons and nB the baryon number density.
By electric charge neutrality, YQ equals the fraction of charged leptons, i.e., electrons and
muons, which appear in the higher density regions of NSs. The regimes of baryon density,
temperature, and isospin parameter space covered by NSs are illustrated in the phase di-
agram in figure 6.2. Describing the different properties of matter over this vast range of
thermodynamic parameters is a challenge. Firstly, over these large ranges of density scales,
matter characteristics change dramatically, from a mixture of different nuclei to uniform
strongly interacting matter, containing, in the simplest case, just nucleons but potentially
more exotic components such as hyperons or mesons. Moreover, a transition to deconfined
quark matter might occur at high densities. Secondly, the extreme densities and asymmetries
involved in NSs are inaccessible to both terrestrial experiments and, so far, theoretical first-
principles calculations, which are hindered by the non-perturbative character of this strongly
interacting many-body system.

6.2.1.1 NS EOS. Over the last decades, numerous models for the NS EOS have been
developed. In what follows, we review some of the main classes of models, and expose the
change of paradigm caused by large computing resources and availability of new astrophysical
data, advantages and disadvantages of different strategies, and the potential onset of non-
nucleonic degrees of freedom.

Agnostic EOS models. Agnostic EOS models can either be non-parametric, e.g., based on
Gaussian processes, or parametric, e.g., based on a piece-wise polytropic or spectral represen-
tation, or a parametrization of the speed of sound. The parameters of such a representation
can be constrained based on a number of considerations that often include causality and
thermodynamic stability, but also astrophysical measurements and ab initio calculations of
pure neutron matter; see, e.g., refs. [2358, 2485–2488] and references therein. Some models
also include constraints on the high density part of the EOS based on requiring compatibility
between the behavior of the EOS at densities n ≲ 5nsat and in the quark phase at ultrahigh
densities of n ∼ 40nsat accessible to perturbative QCD calculations, see, e.g., refs. [2489–
2491].

– 276 –



Figure 6.2: Depending on the thermodynamic conditions, matter can exist in different
forms, like nuclei, gas of nuclear clusters, gas of hadrons, and strongly-coupled quark-gluon
plasma states. The temperature-density-isospin asymmetry diagram illustrates the different
thermodynamic conditions spanned in NSs, BNS mergers, CCSN, PNSs, as well as in nuclei
and the early universe. The regimes that can be explored in different terrestrial facilities are
also indicated. Figure adapted from [2484].

Agnostic models enable exploring the relation between properties of the EOS and global
NS properties. The latter include mass, radius, compactness, moment of inertia, tidal de-
formability, and Kepler frequency49. While flexible, computationally cheap, and straightfor-
ward to use, these models lack a connection with the underlying microphysics. Hence, no
information on the interactions and composition of the matter is available, and compliance
with known properties of nuclear matter has not always been checked.

Semi-agnostic models. Semi-agnostic models have been designed to account for basic knowl-
edge of nuclear matter while still allowing for significant flexibility. Some of these models rely
on a meta-modeling approach, i.e., a flexible model where the parameters can be tuned to re-
produce present information from nuclear physics and/or constraints from astrophysics. For
instance, a useful basis [2492–2495] is a Taylor expansion of the energy per particle in terms
of particle number density of neutrons and protons n = nn + np and the isospin asymmetry
δ = (nn − np)/n (see refs. [2496, 2497] for a discussion)
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]
δ2 + . . . , (6.1)

with x = (n − nsat)/(3nsat) denoting the deviation from saturation. This enables directly
incorporating constraints on the coefficients of the expansion, that is, the empirical nuclear

49The Kepler frequency is the maximum possible frequency of a rigidly rotating star.
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matter parameters such as the energy per particle at saturation Esat, the nuclear compress-
ibility Ksat, the symmetry energy Esym, the slope Lsym and curvature Ksym of the symmetry
energy; for a relativistic version see [2498]. While low-order parameters, up to Ksat (Lsym)
for the isoscalar (isovector) channel are relatively well constrained by ab initio nuclear theory
and low-energy nuclear experiments, large uncertainties still affect higher order parameters.
Other models employ a chiral effective field theory (χEFT)-inspired expansion in terms of the
neutron and proton Fermi momenta [2499]. The increased flexibility of these models makes
them suitable for Bayesian inferences. The related meta-model approach, which is based
on an empirical parameterization inspired by eq. (6.1), enables predicting observables with
uncertainties controlled by our present theoretical and experimental knowledge of nuclear
and NS physics.

Phenomenological models. Phenomenological models employ effective interactions to de-
scribe the properties of atomic nuclei. The forms of the interactions are motivated by ab
initio theory while the values of parameters are adjusted by extensive fits to different data
from nuclear structure, particle production and flow in heavy-ion collisions, microscopic cal-
culations of neutron matter and, most recently, multi-messenger observations of NSs. The
non-relativistic models use the Hartree-Fock technique to solve for the nucleonic equations
of motion based on a Hamiltonian. Most models of NS EOS rely on the zero-range Skyrme
interaction [2500] while others employ momentum dependent Gogny interactions [2501]. For
densities above a few times nsat, a number of deficiencies have been identified, for instance,
superluminal sound speeds and Fermi velocities [2502] or negative symmetry energies. These
make the extrapolation to arbitrarily high densities questionable unless these deficiencies are
fixed. The relativistic models, also known as covariant density functional models, are based
on relativistic Lagrangian densities. Most models of NS EOS correspond to the Hartree ap-
proximation and are finite-range [2503]. Relativistic Hartree-Fock models exist as well [2504];
the Fock term is responsible for a strong density increase of the symmetry energy, which leads
to large proton fractions in the core and low threshold densities for the onset of direct Urca
processes, responsible for fast NS cooling. The ensemble of these models is evocative for how
the limited information on nucleon-nucleon effective interactions away from saturation and
isospin symmetry gets translated into large uncertainties in dense and/or isospin asymmet-
ric matter [2505]. Use of both non-relativistic and relativistic phenomenological models in
Bayesian inferences of dense matter EOS and composition [2506–2509] helps identify corre-
lations between nuclear matter parameters and NS properties and test their robustness with
respect to the energy density functional. The Induced Surface Tension model, a multicom-
ponent parametric model for the EOS [2510, 2511] enters this category, too. An advantage
of phenomenological models is their physical underpinning and the possibility to apply the
constrained effective interactions to other physical environments, such as nuclear structure
calculations. Extensions to finite temperature are straightforward. Extensions to incorporate
non-nucleonic degrees of freedom (d.o.f.) have also been developed.

Ab-initio models. Ab-initio models represent a theoretical approach in which the EOS is de-
rived by solving the complicated nuclear many-body problem [2512] starting from few-body
interactions. For the nucleon-nucleon case, very high precision interactions exist from meson-
exchange [2513–2516] and potential models [2517, 2518], or, more recently, from χEFT [2519–
2521]. The latter has the additional advantage that three-body forces can be constructed in a
consistent manner rather than adding them purely phenomenologically. For other particles,
such as hyperon-nucleon interactions, the situation is much less favorable, in particular due
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to the scarcity of experimental data. The most commonly used microscopic many-body ap-
proaches include the (Dirac)-Brueckner-Bethe-Goldstone theories [2512], the self-consistent
Green’s function technique [2522, 2523], the variational method [2524], the correlated basis
function formalism [2525], Quantum Monte Carlo techniques [2526, 2527], ladder resum-
mations that reorganize scattering data without resorting to assumptions on microscopic
dynamics [2528], and the use of renormalisation group improved interactions [2529] or many-
body perturbation theory (see e.g. ref. [2530]). Details of these approaches are reviewed
in [2531, 2532].

Non-nucleonic degrees of freedom. An interesting feature at high densities is the potential
appearance of new d.o.f. Generic arguments based on the energetics suggest that extra
baryonic d.o.f., e.g., Λ, Σ−,0,+ and Ξ−,0 hyperons or ∆−,0,+,++ resonances can be populated
in dense matter [2533]. High densities can also favor the appearance of mesons, e.g., kaons and
pions, as well as meson condensates [2533]. This includes inhomogeneous condensates [2534]
which entail an anisotropy and require a description of the stress-energy tensor Tµν beyond a
simple perfect-fluid EOS, as further discussed in the paragraph on nonhomogeneous energy-
momentum tensors below. Generally, the onset of any extra d.o.f. entails a softening of the
EOS, that is a reduction of the pressure, and consequently a reduced NS maximum mass.
A wealth of studies nevertheless testify that the appearance of any of the above-mentioned
particles is compatible with the current observational lower bounds on the NS maximum
mass. The vast majority of models with these “exotic” d.o.f. currently available rely on
covariant energy density functional models, see e.g. [2535–2540]. The parameters governing
the interactions of the non-nucleonic d.o.f. are, however, very poorly constrained. Rare
measured properties of hypernuclei set some constraints on the hyperonic interactions [2541,
2542] (more are expected from femtoscopy studies of baryon-baryon correlations in heavy-ion
collisions) and many models apply symmetry arguments from an underlying simple quark
model to relate the different coupling parameters and thus reduce the parameter space, see
e.g. [2543, 2544]. Under certain conditions, the onset of these d.o.f. can occur via a density-
driven phase transition [2535, 2540].

Another possibility for matter above a few times nsat is that deconfined quark matter
phases emerge. Hybrid compact stars, i.e., stars with a quark core surrounded by a nuclear
envelope containing a minimal liquid inner shell and a solid crust, represent an interesting
subclass of compact stars where a phase transition to quark matter is assumed to take place.
The fundamental theory of the strong interactions, QCD, predicts an asymptotically-high
density phase of color superconductivity, which shares features with a perturbative-QCD gas
but in which color and flavor symmetries are partially broken, locked into a remaining sub-
group “CFL” phase [2545, 2546]. This provides insights into the EOS of strongly interacting
matter at presumably unreachably high densities. At lower densities, additional phases such
as the 2SC in which only two quark flavours (u,d) participate in the condensate may exist.
However, the theory cannot currently be employed in the low-temperature, finite density and
neutron-proton asymmetry regime typically encountered in cold NSs. Therefore, in most
cases, effective models such as the Nambu-Jona-Lasinio model, the MIT bag model, or a
constant sound-speed parametrization are often used to model quark phases in hybrid stars,
see, e.g. refs. [2547, 2548], and ref. [2549] for a review. An alternative possibility for the
state of quark matter in NSs is that a quarkyonic phase emerges, where a Fermi sea of quarks
defines the matter and confining forces are only realized at the surface. Such a model can al-
low quarks to exist at rather low densities [2550, 2551] and interestingly does not necessarily
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lead to smaller radii for hybrid stars compared with purely hadronic ones [2552]. Due to the
phenomenological nature and the impossibility to explore dense quark matter in terrestrial
experiments, the parameters of the different models are difficult to determine, or to relate to
one another and to QCD. However, these models allow testing the consequences of a hadron
to quark phase transition on the NS’s structure, cooling, oscillation modes, etc. Moreover,
there have been recent advances on informing the NS EOS using holographic approaches
for describing strongly-interacting QCD matter at high baryon density [2553–2557], or with
functional renormalisation group techniques [2558–2560].

Crust models. Thus far, we discussed models for matter at high density, which is the most
relevant for describing the NS core. At lower densities, nuclear clusters are formed under
screened electromagnetic or frustrated nuclear interactions and arrange in crystalline struc-
tures. The properties of the crust are important, for instance, for (accreting) NS cooling
[2561], for magnetic, thermal and rotational evolution of pulsars [2562], NS ellipticity that can
be potentially measured by GW observations [2563], and for explaining pulsar glitches [2564].
In these regimes, i.e. at low density and relatively low temperatures (though this also holds
at slightly higher temperatures for the so-called general-purpose EOSs, see section 6.2.1.2),
different approaches are employed to compute the EOS and the composition, either (i) using
the so-called single-nucleus (SNA) or one-component plasma (OCP) approximation, where
the composition of matter is assumed to be made of one representative heavy nucleus (the
one that is energetically favored), and possibly unbound nucleons, or (ii) considering the dis-
tribution of an ensemble of nuclei at finite temperature or using a multi-component plasma
approach (often called nuclear statistical equilibrium, NSE, in the context of general purpose
EOS). While the internal constitution of the outermost layers of a non-accreted, cold NS
crust is completely determined by atomic masses that are either experimentally measured
or predicted by theoretical mass tables, the description of the inner crust, where unbound
nucleons are also present, relies on theoretical models. Methods to calculate the NS crust
usually treat nucleons as non-uniformly distributed within a cell of a given shape and size,
either considering them as localized particles, or assuming a nucleon density distribution,
in a charge neutralizing electron background. Despite remarkable progress in the develop-
ment of many-body methods, ab initio calculations of the crust are still unattainable, thus
phenomenological models are employed. Most of the crust calculations rely on the Wigner-
Seitz cell approximation, and while a spherical cell is usually assumed at lower density, since
nuclear clusters are (quasi-)spherical, at higher densities in the inner crust, other geome-
tries have been considered that take into account the possible appearance of non-spherical
structures collectively known as ‘pasta phases’ [2565]. Within this picture, different methods
have been used in the literature to model the inhomogeneous crust. Fully quantum me-
chanical approaches that incorporate shell and pairing effects, which are important in deter-
mining the ground-state composition of the crust, include Hartree-Fock, Hartree-Fock+BCS,
and Hartree-Fock-Bogoliubov approaches (see e.g. the pioneering calculations of ref. [2566],
and the more recent works [2567–2569]). These calculations are however computationally
expensive. For this reason, many studies have employed compressible liquid-drop models
(e.g. refs. [2565, 2570, 2571] and the more recent ones of refs. [2572–2579]), that parameter-
ize the energy of the system in terms of individual contributions, such as bulk, surface, and
Coulomb energy; nucleons inside the neutron-proton clusters and free nucleons outside are
assumed to be uniformly distributed and treated separately. A more realistic effective treat-
ment involves the use of semi-classical methods such as the (extended) Thomas-Fermi model,
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Figure 6.3: Pressure versus baryon number density for different EOS models taken from
the CompOSE database [2593]. Left panel: different unified nucleonic EOSs in the crust-core
density regime (changes of slope indicate the transition from the outer to the inner crust and
from the crust to the core); right panel: different EOS models (nucleonic, with admixtures
of hyperons and ∆s, and with a phase transition to quark matter) in the high-density regime
in the core.

that determines the density distribution of nucleons in the cell using a given energy density
functional, thus allowing for a consistent modeling of nucleons ‘inside’ and ‘outside’ clusters
(see e.g. refs. [2573, 2580, 2581] for recent works); although shell effects which play a role
for the composition for the inner crust are usually lost, they can be restored perturbatively
(see e.g. the recent works of refs. [2582–2584] and references therein). Alternative approaches
such as time-dependent Hartree-Fock methods based on a wavelet representation (e.g. [2585]),
classical molecular dynamics (e.g. [2561, 2586, 2587]), or quantum molecular dynamics (e.g.
[2588–2590]), have also been employed, see e.g. refs. [2496, 2531, 2549, 2591, 2592] for a
review.

We note that ensuring consistency between the description of the NS core and crust is
important for EOS models, as has been thoroughly discussed in e.g. [2505]. Most approaches
to construct full NS EOSs have relied on an ad-hoc matching of three EOSs, corresponding to
the outer and inner crusts and the core, computed using different models. Often, arbitrary
values have been employed for the various transition densities. The rationale behind this
procedure is that NS mass and radius are determined mainly by the core EOS. However,
the crust-core matching procedures still alters the predicted values of NS tidal deformabil-
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ity and radius by a few to ten percent [2505, 2594, 2595]. Although these uncertainties
seem relatively small compared with the current precision of observational data, they will
become particularly relevant for next-generation GW observatories such as ET. In order to
minimize these uncertainties, the matching must be smooth, causal and thermodynamically
consistent. To avoid any arbitrariness in the matching procedure, so-called unified EOSs,
where the same nuclear model is employed for the different regions of the NSs, must be
used. Providing such unified EOS models has been the focus of much recent effort by the
nuclear physics community, see e.g. refs. [2572, 2574, 2580, 2582, 2596–2598] and the Com-
pOSE database [2593, 2599] for a collection. The CUTER tool [2600] enables constructing
a consistent crust from a given core EOS.

Figure 6.3 shows examples of a collection of beta-equilibrated cold NS EOSs from the
CompOSE database: the left panel shows unified nucleonic EOSs (changes of slope indicate
the transition between the outer and the inner crust, and between the crust and the core)
in the crust-core density regime, while the right panel illustrates different EOSs (some of
which include heavy baryons or a phase transition to quark matter) in the core. The largest
uncertainties are indeed observed in the high-density regime in the NS core.

Nonhomogeneous energy-momentum tensors. It is customary to approximate the energy-
momentum tensor of NS matter by that of a perfect fluid in thermodynamic equilibrium,
Tαβ = (ϵ + P )uαuβ + Pgαβ with a local fluid velocity u satisfying u2 = −1 (in geometric
units), energy density ϵ and pressure P . Later on we will discuss dissipative effects, for exam-
ple in subsection 6.2.3, which can be implemented by adding a non-ideal fluid piece τij to the
energy-momentum tensor. Further, anisotropies in NS matter can develop which require a
non-rotationally invariant form for the tensor, affecting the formulation of the Einstein equa-
tions. This can happen for various reasons [2601]. One is the presence of external privileged
directions such as magnetic fields [2602–2604], see 6.3.1.2 below, or rotation vortices which
affect matter at smaller scales. But matter can also organize itself in crystalline structures to
relax the electrostatic energy (Coulomb interactions in the crust) or to alleviate the pressure
(because neutrons exclude a finite volume due to the repulsive n − n short-range potential,
arranging them in compact packings can relax the free energy) [2605] and this entails a
breaking of rotational invariance. Anisotropies can also arise when two phases coexist [2606].
Likewise, if quark phases emerge in NSs, it is possible that inhomogeneous chiral conden-
sates may form, although this is still under active theoretical investigation [2607].Thus, it is
interesting to explore the capabilities of detectors such as ET to probe for anisotropic stress-
energy tensors, which would have important implications for understanding the microscopic
physics of NSs.

6.2.1.2 General purpose EOS. Matter in CCSN, PNSs, or the post-merger phase of a
BNS coalescence, is heated and not necessarily in β-equilibrium. Therefore, thermal and
compositional effects have to be incorporated in the EOS. Matter is assumed to consist
of hadrons or, alternatively, deconfined quarks, leptons and photons and taken to be in
thermal equilibrium for hadrons, photons and charged leptons, as well as chemical equilibrium
with respect to the strong interaction. Commonly, the corresponding EOSs, called “general
purpose”, are provided as functions of temperature T , baryon number density n, and the
charge fraction YQ (if electrons are the only considered charged leptons and charge neutrality
holds, YQ = Ye; if muons are included, then YQ = Ye + Yµ, with Yµ the muon fraction); see
e.g. ref. [2593].
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Charged leptons and photons are in general simply considered as ideal gases and the
discussion below therefore focuses on the contribution of strongly interacting matter, hadrons
and/or quarks. Due to the computational efforts needed to cover the entire range of thermo-
dynamic parameters and the different matter compositions from a gas of (interacting) nuclei
to potentially a color-flavor locked condensate phase, most of the existing general purpose
EOS employ phenomenological models for the interactions with a few exceptions. EOSs with
various particle blends have been built. Many of these general purpose EOSs are available
for public use on CompOSE [2593, 2599]. Information on thermodynamic properties and
optionally on particle composition and microscopic quantities such as interaction potentials
is provided in tabular form with a mesh fine enough to allow usage in numerical astrophysical
simulations or data interpolation.

In the absence of constraints from nuclear experiments, insights into the thermal behav-
ior of matter can only be gained by confronting the predictions of available models against
each other and by comparing with ab initio calculations. Such comparisons reveal that – at
least for purely nucleonic models – the effective mass and its density derivative entering the
statistical partition function play the dominant role in the thermal corrections to thermo-
dynamic state variables [2608–2610]. However, due to the different ways the effective mass
depends on the underlying interaction within the different types of models, large qualitative
differences exist between the predictions (e.g. [2611]), and it is difficult to attribute a generic
thermal behavior to the EOS.

Non-nucleonic degrees of freedom can also be thermally excited and are generally found
to increase in abundances with temperature, see e.g. [2539, 2612–2617]. The thermodynamic
properties are very sensitive to the number of particle d.o.f. and less sensitive to the details
of the underlying interaction [2618]. A potential phase transition from hadronic to quark
matter along with the technical solution adopted to build the phase coexistence impacts all
thermodynamic state variables, too, see [2618] and references therein. In particular, a phase
coexistence built according to the Maxwell construction, where the pressure in the mixed
phase remains constant, leads to vanishing values for the speed of sound, while a Gibbs
construction leads to a smooth density dependence in most cases.

Approximate methods for extending cold EOSs to finite temperatures exist as well,
with flexibility and low computational cost being their most important assets. The most
commonly used example is the Γ-law [2619], which consists of supplementing the cold EOS
with an ideal-gas-like contribution. As such, any density-, temperature-, composition- and
interaction-dependence is disregarded, which represents a serious drawback. An improved
solution is provided by attempts which use the finding that the effective mass dominates
thermal effects in the EOS, see for instance [2620, 2621]. The analytical expressions proposed
in [2621] are able to reproduce the thermal pressure of a given class of models to within a
few percent. However, as stated above, it cannot cover the model dependence and thus
uncertainties in thermal effects.

6.2.2 Current constraints on EOS and matter composition

At present, the different approaches to the NS EOS yield generally similar results up to
about twice the saturation density and significantly diverge at larger density [2532]. The
main source of uncertainty is the extrapolation of the nucleonic interaction to large density.
In fact, nuclear data from both experiments and theoretical ab initio calculations provide
information only up to less than two nsat. For the phenomenological EOS models, their spread
at high density can be related to the use of parameters whose values are fitted on experimental
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data that is approximately available for symmetric matter around saturation density; for the
ab-initio approaches, it is due to the different high-density behavior of nucleonic three-body
forces, which are mainly constructed at saturation density and then extrapolated. NS matter
is also poorly constrained due to it being neutron rich, i.e. very isospin asymmetric. Apart
from first-principle constraints including causality, current constrains on the EOS come from
nuclear physics (mainly from nuclear structure data, heavy-ion collision experiments, and
theoretical ab initio calculations of pure neutron matter) and from astrophysical observations.

The theoretical ab initio calculations of pure neutron matter are particularly interesting
since they impose constraints on the symmetry energy, i.e. the behavior of the EOS upon
passing from symmetric nuclear matter to more neutron rich matter as in NSs. They have
been implemented in several approaches to the EOS, see e.g. [2486, 2490, 2622, 2623], but
again the range of validity is limited to below 2nsat. At higher density, much progress
has recently been achieved on completing higher-loop calculations in perturbative QCD to
describe matter at densities ≳ 40nsat, see e.g. refs. [2624, 2625]. As discussed in refs. [2491,
2626], improving the theoretical knowledge in such high-density regimes well beyond what is
encountered in NSs can have implications for NS EOS models.

Laboratory experiments also give information up to or slightly above saturation density,
and especially for isospin-symmetric matter (see e.g. refs. [2496, 2531, 2532] for a review).
Note that the recent PREX-II (CREX) measurement of neutron skins in 208Pb (48Ca) (see
ref. [2627] and refs. therein) is sensitive to the symmetry energy, too; see, however, e.g.
refs. [2488, 2628] for a critical discussion of the interpretation for parameters in eq. (6.1) in
view of other constraints. (Semi-)agnostic approaches, too, show the impact of the lack of
data beyond that range in density and for asymmetric matter. As discussed previously, the
situation is even more complicated for hot and dense matter, since currently there are no
experimental or observational data in the relevant parameter regimes, and only benchmark
ab initio calculations can provide some theoretical information.

Astrophysical observations have led to constraints on the NS EOS in various ways. For
example, information on the EOS comes from NSs with high masses ≳ 2M⊙ [1730, 1737,
1738, 2629, 2630], which sets a lower limit on the maximum mass the EOS needs to support,
joint estimates of NS mass and radius by NICER [2631–2634], and tidal deformability mea-
surements from GW170817 [2, 4]. To be more precise on the latter, during the inspiral of
coalescing BNSs, the dominant EOS-dependent effects in the emitted GWs is characterized
by the tidal deformability parameter Λ that quantifies how easily one object in a binary
system is deformed due to the gravitational field of the companion; see [2635] and references
therein for a review. Considering a static quadrupolar tidal field Eij = C0i0j in the rest frame
of the NS, with C0i0j the time-space components of the Weyl curvature tensor due to the
companion, the induced quadrupole moment Qij characterizing the quadrupolar deviation
of the NS exterior spacetime away from spherical symmetry at large distances, is given to
linear order by [258, 259, 2636, 2637]

Qij = −λ2Eij . (6.2)

The tidal deformability λ2 is expressed in terms of the l = 2 tidal Love number k2 (in units
c = G = 1) as50

λ2 =
2

3
k2R

5 , (6.3)

50In the Newtonian limit the perturbing tidal field Eij is defined as the second spatial derivative of the
external field, resulting in units of inverse length squared [2638] whereas the quadrupole moment has units of
length cubed.
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with R the star radius, and k2 has typical values of order 0.1 but strongly depends on the NS
mass and EOS [2635]. A related quantity is the dimensionless tidal deformability defined as

Λ ≡ λ2
M5

=
2

3
k2
R5

M5
=

2

3
k2C

5, (6.4)

where M is the mass of the star and C ≡ M/R is its compactness. Although λ2 and k2 are
the most commonly considered tidal parameters in the context of NS binary systems, they
are only the first in a series of tidal parameters of different types and orders that arise from
the study of generic static tidal perturbations. However, higher multipolar contributions of
λ beyond the quadrupole λ2 (e.g. the octupolar λ3 or hexadecupolar λ4 contributions) are
much smaller. Their values are computed by solving the Einstein field equations coupled
with the matter equations of motion for linear, static perturbations around an equilibrium
configuration. Current models used for measurements also include effects of spin-induced
multipole moments, which contribute GW imprints from EOS-dependent rotational Love
numbers [2639]. In addition, effects of dynamical tides due to the fundamental modes of the
NS introduce a further dependence of the GW signal on the EOS-dependent fundamental
mode frequency. Current data are not sensitive to all these parameters, and thus in the data
analysis for GW170817 they were eliminated in favor of Λ by using quasi-universal relations.
At this point, it is worth highlighting that although EOS-independent relations between NS
macroscopic parameters have often been employed when interpreting GW data, e.g., [2336].
For next-generation observatories, the use of quasi-universal relations in parameter extraction
leads to larger uncertainties on the extracted parameter than direct EOS inference [2640,
2641].

A variety of EOS models from the different categories discussed in section 6.2.1 have
been employed with different levels of input from nuclear experiments and theory to study
the impact of the measurement of Λ from the event GW170817 (see e.g. ref. [2635] for
a review) and other astrophysical data on the NS EOS, the composition of dense matter,
empirical nuclear matter parameters or parameters of a particular model. The availability of
large computing resources have thereby motivated numerous statistical analyses to infer the
information employing different techniques, such as Bayesian analyses or machine learning,
focusing on a particular measurement or combining different ones, see e.g. [2489, 2494, 2499,
2507, 2508, 2633, 2634, 2642–2647].

The main results can be summarized as follows:

(i) The progressive incorporation of different observations narrows down the cold EOS,
but current constraints remain loose and are insufficient to discriminate between models
or to determine the composition of high density (and hot) matter. Indeed, the relation
between EOS and composition is not free from ambiguity, and very similar EOSs (thus
almost indistinguishable mass-radius or mass-Λ relations) can be obtained under different
hypotheses on the underlying microphysics, giving rise to the so-called “masquerade” effect
[2549]. We also note that even a very precise knowledge of the NS EOS does not pin down the
matter composition without any additional information, such as accurate measurements on
the symmetry energy at high density or possibly complementary information from dynamical
NS observables [1150, 2648]. The composition and in particular a change with respect to a
purely nucleonic one considerably affects transport properties and thus NS cooling [2649] as
well as the evolution of oscillation frequencies [2650], but no conclusive measurements exist
today, although the recent discovery of three young and cold objects might be interesting in
this respect [2651];
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(ii) In addition to the reduced maximum mass, the onset of new d.o.f. in general leads to
a sizable reduction of radii and tidal deformabilities for intermediate mass NSs, too. Current
constraints can accommodate the presence of additional particles, such as ∆ isobars (e.g.
[2652, 2653]) or hyperons [2539, 2654–2657]. The semi-agnostic modeling of a nucleonic
EOS has also been used as a null hypothesis to search for exotic d.o.f., indicating a mild
tension between the GW data and ab-initio nuclear physics calculations [2658], however, the
statistical significance of the discrepancies is currently insufficient to be conclusive. Overall,
current astrophysical data are not constraining enough and remain compatible as well with
non-nucleonic as with purely nucleonic EOSs [2497, 2499, 2623, 2645];

(iii) If the non-nucleonic particles appear via a first-order phase transition, with a density
jump at constant pressure, the global properties of compact stars may differ significantly from
the nucleonic counterparts. In particular, NSs with the same mass but different compactness
dubbed “twin stars” can appear in the mass-radius diagram [2659, 2660] and similarly for
tidal deformability [2661]. Sharp phase transitions thereby lead to very small values of tidal
deformabilities and induce discontinuities in the tidal deformability–mass relation [259, 2356,
2357, 2662]. Current data are compatible with a phase transition in compact stars [2663–
2667] and several indications could be found on its properties, e.g. it was concluded that a
sizable quark core can exist inside a heavy NS (∼ 2M⊙) [2665] or that strong phase transitions
with a visible jump in the mass-radius relation are ruled out at 1σ at densities below 1.7
times saturation density [2668]. Agnostic studies also found a weak statistical evidence in
favor of two stable branches with current data, that is, the existence of hybrid stars with a
strong phase transition [2485, 2622];

(iv) Concerning the constraints on empirical nuclear matter parameters, the results
from NS observables have almost no effect on low-order parameters, the latter being mainly
constrained (in the isoscalar sector) by nuclear physics information. A slight trend to favor
“soft” EOS with relatively low values for Lsym, Qsat and Ksym has been observed without
being conclusive [2539, 2623, 2669–2671].

In brief, current constraints remain inconclusive and a larger sample and higher precision
measurements of NS properties together with inputs from subatomic physics are needed to
advance our understanding of dense matter.

6.2.3 Reaction rates

Isolated mature NSs and NSs in the inspiral phase of BNS mergers are typically in near
thermal and chemical equilibrium. As a result, knowing the EOS of dense matter is sufficient
to relate its microphysical properties to the macroscopic parameters of NSs, such as mass,
radius, tidal deformability. However, during the postmerger phase of BNS mergers and in
core-collapse supernovae, including also the physics of ejecta and nucleosynthesis, matter is
out of chemical (and thermal) equilibrium. In these scenarios, additionally reaction rates
governing the various out-of-equilibrium processes are required to model the dynamics of
these events and, ultimately, to extract information about subatomic physics from observa-
tions. This subsection provides a brief overview of the current state of the key ingredients
needed to describe out-of-equilibrium processes. We will omit details about the precise im-
plementation of these effects since there are many different ways to treat them, ranging from
a simple source of dissipation within a hydrodynamics description to a full transport coupled
to hydrodynamics via conservation equations (particle numbers, energy and momentum).
The current incomplete understanding of these processes within dense matter and degenera-
cies with the EOS and other microphysical parameters limits our ability to draw definitive
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conclusions from future observations and will need to be improved to optimize the science
returns with ET and multimessenger observations.

6.2.3.1 Neutrino rates. Neutrinos interact with matter through weak interactions. They
reduce the lepton number of the system and affect the local cooling and heating via energy-
and momentum transfer. Neutrinos play a central role in the dynamics of CCSN and largely
determine the neutron-to-proton ratio in the ejecta of CCSN and BNS mergers, and thus the
conditions for (heavy element) nucleosynthesis. Current and future neutrino observatories
such as Super/Hyper-Kamiokande are capable of detecting neutrinos from an event in the
Galaxy and its close environment. Understanding neutrinos in CCSN and BNS mergers is
thus important for a better understanding of the multi-messenger emission by these transient
events. Neutrino interactions are most important in the vicinity of the neutrinosphere, i.e., in
the transition region from trapped neutrinos close to equilibrium to free streaming neutrinos
which only feebly interact with matter. Although the exact location of the neutrinosphere
depends on (anti-)neutrino energies and precise thermodynamic conditions, due to the strong
variation of the reaction rates with temperature, the latter is often taken as indicator for the
neutrinosphere with values in the range of a few MeV relevant for CCSN and BNS mergers.

As a first approximation, the effect of neutrino absorption and creation processes can be
included via its contribution to bulk viscous dissipation. Bulk viscosity from weak interac-
tions is expected to be effective in damping post-merger density oscillations. The treatment
of neutrino dynamics via a kinetic equation allows to include their reactions with the envi-
ronment via opacities [2672]. These opacities can be utilized in various numerical schemes
without assuming specific properties of the (anti-)neutrino distribution function, as is self-
consistently determined from the transport equation. A full transport approach also enables
the inclusion of other neutrino reactions such as scattering and pair creation via neutral
current interactions. In addition, neutrino scattering processes could in principle provide
viscosity to influence turbulent flow. Due to the large neutrino mean free paths, however, it
is generally assumed that the magnetic field is much more efficient in this respect, see e.g. the
discussion in [2673]. It should be noted that neutrinos influence matter properties locally,
e.g. the temperature and composition, and its detailed impact on turbulence is not yet fully
understood.

Bulk viscosities. The main weak reaction for bulk viscosity, first suggested in the study of
cold matter [2674], arises from direct Urca processes describing neutron decay n→ p+e+ ν̄e,
where ν̄e is the electron antineutrino, and the corresponding electron/positron capture or
proton decay reactions. Recent research has extensively explored its contribution to bulk
viscosity in both neutrino-trapped and transparent regimes in a hot and dense environ-
ment [2675, 2675–2679]. In addition, muonic Urca [2679] and modified Urca [2680], which
involves bystander particles that contribute to energy-momentum balance, may contribute.
Results for the bulk viscosity and damping timescales that cover the entire range of temper-
atures and densities are available in [2678, 2681] showing that bulk viscosity is most relevant
at T ∼ 5 MeV where the transition between the trapped to untrapped neutrino regimes
occurs. Bulk viscosities can be significantly enhanced due to resonant behavior [2682] and
can arise due to phase conversion dissipation [2683] in NSs that also contain non-nucleonic
matter.

Neutrino opacities within a transport approach. Approximating the effect of neutrino inter-
actions via their contribution to (bulk) viscous dissipation implies averaging over neutrino
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phase space assuming free streaming. By contrast, neutrino transport allows to follow the
dynamics throughout the system and thus requires information on the energy and angular de-
pendence of the reaction rates. The importance of accurate neutrino transport in supernova
simulations has spurred numerous studies of the relevant reactions. Nevertheless, it remains
challenging to obtain reliable predictions. On the one hand this is due to the difficulties in
determining the nuclear (strongly interacting) matrix element and on the other hand due to
the computational cost of the high-dimensional phase space integration. The former clearly
needs information beyond the EoS, starting with detailed information about the composition.

Concerning the different reactions, the direct Urca type reactions on nucleons contribut-
ing to bulk viscosity are in most cases the dominant ones for (anti-)neutrino absorption and
creation and thus to determine the neutron to proton ratio, information lost within a viscous
description. Opacities for these processes have been extensively studied in the literature,
applying different levels of approximation for both matrix element and phase space integra-
tion, see e.g. [2684–2688]. At high densities, the predictions can vary by more than one order
of magnitude, and depend strongly on the treatment of nuclear excitations. Under certain
conditions, reactions on other particles such as hyperons or pions [2689] or in quark mat-
ter [2690, 2691], or involving muons as charged leptons [2692] can contribute as well. In the
low-temperature limit, the direct Urca reactions are kinematically suppressed and the mod-
ified Urca processes which involve an additional particle for energy-momentum conservation
must be considered, see e.g. [2680, 2693, 2694].

For neutrino-nucleon scattering kernels, different approximations for treating the nuclear
interactions in dense matter have been considered, see e.g. [2684, 2685, 2695–2697]. In this
case the level of approximation not only affects the opacity, but also influences the scattering
angle distribution [2502]. In contrast to the modified Urca processes, the corresponding neu-
tral current process, the Bremsstrahlung reaction, has received some attention in dense and
hot matter [2698–2703] since it is known to influence neutrino spectra in CCSN. Electron cap-
ture (EC) on nuclei plays an important role during the late stages of stellar evolution and the
pre-bounce phase of CCSN, see e.g. [2704]. Total EC rates are influenced both by the nuclear
distribution and by the rates on individual nuclei, both of which suffer from uncertainties.
The former is very sensitive to nuclear masses and for the latter, although microscopic calcu-
lations are available for a large number of different nuclei, see [2705] and references therein,
the nuclei identified in several studies [2706–2708] as having the highest impact lie outside
the region where microscopic calculations exist and parameterizations [2709, 2710] are often
used. Theoretical and experimental efforts are underway to improve the situation and ob-
tain reliable rates for all relevant nuclei [2711–2714]. Nuclear abundances also influence the
neutrino opacity via neutrino-nucleus scattering [2715]. Standard rates for these reactions
including in addition purely leptonic processes and plasmon decay are available in publicly
accessible libraries like NuLib [2716] and Weakhub [2717].

6.2.3.2 Nucleosynthesis and reaction rates. As detailed in section 6.3.3, compact bi-
nary mergers involving at least one NS have been shown, both observationally and theoret-
ically, to be a key astrophysical site for the production of neutron-rich nuclei by the rapid
neutron-capture process (or r-process). Despite the recent success of nucleosynthesis studies
for NS mergers, the estimated abundances and decay heat in the ejecta are still affected
by a variety of uncertainties, including those associated with the complex nuclear physics
description of exotic neutron-rich nuclei. R-process nucleosynthesis calculations require a
reaction network consisting of about 5000 species from protons up to Z ≃ 110 lying between
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the valley of β-stability and the neutron drip line [2718, 2719]. All charged-particle fusion
reactions on light and medium-mass elements that play a role when the nuclear statisti-
cal equilibrium freezes out need to be considered, in addition to radiative neutron captures
and photodisintegrations. On top of these reactions, β-decays as well as β-delayed neutron
emission probabilities and α-decay rates need to be taken into account, but also fission pro-
cesses, such as neutron-induced, spontaneous, β-delayed and photofission, together with the
corresponding fission fragment distribution for all fissioning nuclei. All rates should ideally
be based on experimental information whenever available, but since only an extremely tiny
amount of data concerning the neutron-rich nuclei produced during the r-process are known
experimentally, theoretical models are fundamental.

For the estimate of reaction and decay rates of relevance in r-process simulations, the
necessary nuclear ingredients (properties of cold and hot nuclei, nuclear level densities, optical
potentials, γ-ray strength functions, fission properties, β-strength functions) should ideally
be derived from global, universal and microscopic models [2720]. Nowadays, microscopic
or semi-microscopic mean-field-type models can be tuned to the same level of accuracy as
the phenomenological models, and therefore could replace the phenomenological inputs in
astrophysical simulations [2721]. Some details about existing models to estimate the key
ingredients to nucleosynthesis reaction network calculations are given below. They concern
nuclear masses, β-decay and reaction rates.

Nuclear masses. Among the properties of ground state matter, the atomic mass is the
most fundamental quantity (for a review, see e.g. [2722]) and governs the r-process path
through the competition between inverse channels like the dominant (n,γ) and (γ,n) reactions.
Uncertainties in the mass predictions may significantly affect the r-process predictions and
consequently the ejecta composition and decay heat resulting from NS merger [2723]. When
not available experimentally [2724], these quantities need to be extracted from a mass model
which aims at reproducing measured masses as accurately as possible, i.e typically with
a root-mean-square (rms) deviation smaller than 800 keV. Modern mass models not only
try to reproduce experimental masses and mass differences, but also charge radii, quadrupole
moments, giant resonances, fission barriers, shape isomers, infinite nuclear matter properties,
and more [2722, 2725].

Nowadays, nuclear structure properties can be accurately determined within the (rela-
tivistic or non-relativistic) mean-field model [2726]. This is a variational approach in which
the trial wavefunction of the nucleus has the form of a Slater determinant of single-particle
wavefunctions. The energy is then calculated by minimizing the expected value of the Hamil-
tonian with respect to arbitrary variations in the single-particle wavefunctions. Since the
mean field itself depends on these wavefunctions, the process has to be reiterated until an ac-
ceptable level of self-consistency is reached. Such non-relativistic Hartree-Fock-Bogolyubov
calculations based on the Skyrme zero-range [2727, 2728] or Gogny finite-range [2729] ef-
fective interactions have proven their capacity to describe experimental data, provided the
interaction parameters are directly fitted to the complete set of known masses. The accu-
racy achieved by relativistic mean field models also still needs to be improved, as the most
successful interaction still leads to rms deviations larger than about 1.2 MeV. Other global
mass models have been developed, essentially within the so-called liquid drop or droplet ap-
proach, where the binding energy is macroscopically described by the leading volume and
surface terms as well as a symmetry energy (also with a volume and surface contribution)
and a Coulomb energy. Microscopic corrections to account for quantum shell and pairing
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correlation effects need to be added to the liquid drop part [2722]. Despite its success, this
macroscopic-microscopic approach remains unstable with respect to parameter variations,
especially when approaching the neutron drip line, and suffers from major shortcomings,
such as the incoherent link between the macroscopic part and the microscopic correction or
the instability of the shell correction [2722, 2725].

β-decay rates. β-decay rates are fundamental in much of nuclear astrophysics [2730, 2731],
particularly so in r-process nucleosynthesis [2718, 2719] for which they set the timescale of
the nuclear flow and consequently of the production of the heavy elements [2723]. Most
of the nuclei involved during the r-process neutron irradiation have yet to be discovered,
with β−-decay half-lives known only for about 1200 nuclei [2732]. A proper prediction of
r-abundances in any r-process site calls for β-decay rates to be estimated within a factor
smaller than typically 1.5. However, only a restricted number of global models of β-decay
rates are available for nucleosynthesis applications [2733–2737] and deviations between their
predictions can reach factors of 100 for many neutron-rich regions. In particular, for very
heavy Z >∼ 82 nuclei, as well as along the isotonic chains corresponding to closed neutron
shells (N = 50, 82, 126, 184), responsible for the formation of the r-process peaks observed in
the solar system, non-negligible differences can be observed, leading to different estimated
r-process peak structures [2738].

More effort is needed in the future to include not only the contribution of the forbidden
transitions [2735, 2736] but also deformation effects, as the majority of nuclei is expected to be
deformed [2739]. Recent studies within the fully self-consistent proton-neutron Quasi-particle
random phase approximation (QRPA) model using the finite-range Gogny interaction have
now also consistently taken axially symmetric deformations into account [2739], but forbidden
transitions remain to be included. The inclusion of finite-temperature effects as well as the
phonon coupling has also been shown to give rise to a redistribution of the QRPA strength and
significantly impact the β-decay half-lives of neutron-rich nuclei [2740]. Inclusion of particle-
vibration coupling effects has also been shown to redistribute the Gamow-Teller strength and
impact the β-decay half-lives of neutron-rich nuclei significantly [2741]. Finally, note that
on the basis of the β-decay strength, the β-delayed processes, including neutron emission
and fission for the heaviest species, need to be derived. Detailed calculations on the basis of
statistical reaction codes, like TALYS [2742], can account for the competition of the various
open channels (neutron, photon, fission) in the daughter nucleus. Reaction models still need
to be better exploited to estimate the probability for such β-delayed processes.

Neutron capture rates. If an (n, γ) ⇄ (γ, n) equilibrium is established during the r-process,
the abundances and decay heat in the ejecta of NS mergers remain rather insensitive to
the adopted reaction rates. However, even in this case, i.e. to prove that an (n, γ) ⇄ (γ, n)
equilibrium is achieved, it is necessary to estimate the rates and perform network simulations
to show that neutron captures and photoneutron emissions are faster than β-decays in the
conditions prevailing during NS mergers. If an (n, γ) ⇄ (γ, n) equilibrium is not established,
as expected in particular at late times when reactions freeze out, the abundances become
directly sensitive to the estimated rates.

Most of the low-energy cross section calculations for nucleosynthesis applications are
based on the statistical model of Hauser-Feshbach. The statistical model has proven its abil-
ity to predict cross sections accurately for medium- and heavy-mass nuclei. However, this
model suffers from uncertainties that essentially stem from the predicted nuclear ingredients
describing the properties of the nuclear ground and excited states, the γ-ray strength function
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and the optical potential. Nuclear level densities typically affect rates by a factor of 10 with a
strong odd-even effect (i.e. between systems with an even or odd number of nucleons) accord-
ing to the way the pairing interaction is treated. The γ-ray strength function may impact the
prediction of the rate up to a factor of 100, in particular depending on the description of the
low-energy tail of the giant E1 resonance, or if the low-energy M1 component is included,
both for the scissors mode and its low-energy enhancement related to the de-excitation mode
(also referred to as the M1 upbend) [2743, 2744]. Finally, the optical potential is known
to have a negligible impact in the standard case of radiative neutron captures. However, a
reduction of the imaginary component of the neutron-nucleus potential (that takes into ac-
count the absorption of the reaction flux from the elastic channel) may have a drastic impact
in reducing the capture cross section by neutron-rich nuclei. More details on our capacity to
reliably predict all these ingredients can be found in [2720, 2730, 2743, 2745–2748].

In addition, at the very low energies of astrophysical interest for light or exotic neutron-
rich nuclei for which few, or even no resonant states are available, the capture reaction
is known to be possibly dominated by direct electromagnetic transitions to a bound final
state rather than through a compound nucleus intermediary. This direct contribution to the
neutron capture rate can be 2–3 orders of magnitude larger than the one obtained within
the statistical approach traditionally used in nucleosynthesis applications [2720, 2749–2751].
Significant uncertainties still affect the predictions of the direct contribution. These are
related to the determination of the nuclear structure ingredients of relevance, i.e., the nuclear
mass, spectroscopic factor, neutron-nucleus interaction potential and excited level scheme.
A special emphasis needs to be put on determining the low-energy excitation spectrum with
all details of the spin and parity characteristics. This can be deduced from a nuclear level
density model, but not a statistical approach. Further efforts are needed to improve the
prediction of such nuclear inputs within reliable microscopic models. The transition from the
compound to the direct nucleus mechanism when only a few resonant states are available also
needs to be tackled in a more detailed way, for example within the Breit-Wigner approach
[2752].

In view of all the above-mentioned difficulties and complexities of the relevant nuclear
physics, the estimate of nuclear masses, β-decay and neutron capture rates of exotic neutron-
rich nuclei need to be further improved, both experimentally and theoretically, in order to
be able to accurately estimate the ejecta composition and decay heat released by compact
binary objects after merger. Future kilonova light curve and spectra observations, triggered
by ET detection of NS-NS and NS-BH systems, will provide constraints on the r-process
nucleosynthesis provided nuclear physics uncertainties are significantly reduced.

6.3 Prospects for constraints on microphysics with ET data

We expect that in the near future our current understanding of the various fundamental
phenomena related to the astrophysics of NSs will be improved thanks to a new generation of
telescopes and advanced GW detectors. New observational data both in pre- and post-merger
phases will be of great help for understanding their internal composition, thermal effects,
and nucleosynthesis. This will significantly contribute to insights in the internal structure of
compact objects, dynamics of their mergers, and explosion mechanisms of CCSNe. In this
context, an important line of work for ET will be to assess the possibility of finding a phase
transition to “exotic”, i.e., non-nucleonic, matter inside NSs. In this section wediscuss the
capabilities of ET. In section 6.3.1 we review the possibilities to obtain constraints on low
temperature matter, in section 6.3.2 on the postmerger phase of a BNS or on hot matter
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from CCSN, respectively, and in section 6.3.3 on multi-messenger aspects. For the following
discussion we assume general relativity as theory of gravity; see section 6.4 for a discussion
of the impact of alternative theories on the subatomic physics outcome.

6.3.1 Constraints on low-temperature microphysics

6.3.1.1 Compact Binary Mergers (NS-NS and NS-BH). As discussed in section 6.2.2,
current measurements are insufficient to answer fundamental open questions on the proper-
ties of dense baryonic matter and the occurrence of phase transitions, possibly to deconfined
quark matter in the core of NSs. With current detectors, we expect at most ten to hundred
NS-NS or NS-BH mergers per year [355, 2109], whereas ET will enable the detection of up
to 105 BNS mergers per year [15]. The enhanced sensitivity will also lead to higher precision
measurements of tidal deformability and sub-dominant matter effects during inspiral. In
addition, in mixed (NS-BH) binaries, tidal forces on the NS can become so strong that it
gets tidally disrupted, which leads to a distinctive sudden shutoff of the GW signal. The dis-
ruption occurs at a characteristic frequency in the O(kHz) range that depends primarily on
the NS compactness, BH mass and spin [1387, 2753, 2754] and thus yields additional, clean
information on the cold EOS, though spin precession may complicate the identification of the
shut-off [2755]. ET will be able to detect NS-BH binaries out to redshifts of ∼ 20 [15, 1098],
which leads to a noticeable shift in the detected GW frequencies. For a fraction of these ob-
servable events, the NS will be tidally disrupted, which would only be detectable for events
with a sufficiently high signal-to-noise ratio (SNR).

In addition, information on microphysics in and beyond the EOS could come from the
characteristic oscillation modes excited by the tidal field of the companion in a binary system,
or by other mechanisms in isolated NSs (see e.g. ref. [2650]). The most relevant modes from
the observational point of view and to obtain spectroscopic information about the NS interior
are the fundamental (f), the gravity (g), and r modes that lead to imprints in the GW signal.
The f -modes have the strongest tidal couplings and their behavior below resonance is the
primary contributor to the tidal deformability discussed above. For slowly rotating NSs,
these modes have frequencies in the kilo-Hertz range, making their effects most significant
near the end of the inspiral in circular orbits. However, high spin can lower the mode
frequency, allowing these excitations to occur earlier in the inspiral, potentially even reaching
resonance before the plunge or merger phase (see, e.g., [2756, 2757]). Gravity g−modes and
related classes of interfacial modes are directly associated with steep composition gradients
in the NS, and arise, for instance, from a strong phase transition, with their frequencies
and amplitudes containing direct information about the properties of the transition. The
r-modes have frequencies proportional to the spin of the NS and may thus become excited
during the early inspiral. Although their effects could be relevant for ET, their influence will
likely be subdominant to f -mode effects due to the significantly weaker tidal coupling [2758,
2759]. The low-frequency sensitivity of next-generation detectors will be key to capture this
information in loud events. It is also important to note that f - and r-mode excitations have
opposite effects on the merger timing, with f -modes advancing and r-modes delaying the
merger [2758, 2760]. In addition, various kinds of spin-tidal couplings [2761] will enrich the
subdominant GW signatures during binary inspirals. Moreover, effects of viscosity may also
play a role, in particular in conjunction with tidal heating due to mode excitation [2762–
2765]. Together, these effects can influence the oscillation spectra [2766–2769] and the tidal
response function [2770–2772]. Modes can also play an important role in single NSs for
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continuous gravitational wave (CGW) signals and in the proto-NSs formed in SNe, as will
be discussed in sections 6.3.1.2 and 6.3.2.2, respectively.

As discussed above, the connection between astrophysical observations and microphysi-
cal properties of NSs requires both microscopic and macroscopic (global simulation) modeling,
where the specific microphysics inputs depend on the astrophysical scenario explored. If one
restricts the study to cold, non-rotating, and unmagnetized NSs, which are the subject of
this section, this connection mainly relies on the knowledge of the EOS [pressure versus en-
ergy density relation P (ε)] of cold (baryonic) matter in β-equilibrium (see section 6.2). For
static properties of NSs, the hypothesis of validity of general relativity (see section 6.4.3 for a
discussion about possible consequences when relaxing this assumption) suffices to guarantee
a direct correspondence between global properties and the corresponding EOS. Therefore, it
is, in principle, possible to reverse the problem and associate to simultaneous observations of
the M -Λ relation of several NSs the underlying EOS. The measurement of mass and radius
of several NSs with high precision as projected by X-ray telescopes, successors of NICER, are
very promising in this respect, too (see e.g. [2773] for a review), but suffer from larger mod-
eling uncertainties. However, intriguing degeneracies should be noted in this context. Very
similar M -R relations can be obtained under different hypotheses on the underlying micro-
physics, giving rise to the so-called “masquerade” effect [2774], where hybrid stars involving a
quark matter core can be difficult to distinguish from those comprising only hadronic matter.
Another potential degeneracy are so-called tidal deformability doppelgängers [2775], which
have been found in sets of parameterized EOS models when allowing for a strong first-order
phase transition at low density of 1 − 2nsat. Such doppelgängers can have similar tidal de-
formabilities (as well as main postmerger frequencies) that are indistinguishable within the
statistical uncertainties achievable by current GW detectors but different radii. The use of
more restrictive prior information from nuclear physics and joint EOS interpretations with
astrophysical measurements of NS radii could reduce these degeneracies.

More and higher-precision measurements such as those expected from ET will contribute
to reduce the error bars, thus tightening the constraints on the EOS [16]. In this section, we
discuss constraints on the low-temperature microphysics that can be obtained from (future)
binary-merger GW data. They concern information inferred from the pre-merger phase,
when matter can still be assumed as ‘cold’, while constraints on the finite-temperature EOS,
which is relevant for the post-merger phase or CCSN, will be discussed in sections 6.3.2.1
and 6.3.2.2, respectively.

Constraints on hadronic EOS parameters and composition. Several studies have been per-
formed highlighting the potential of next-generation GW observatories, such as ET, for con-
straining the NS EOS. First of all, those observatories will not only detect many events but,
due to higher sensitivity, also more precisely determine the component masses and the mass-
weighted tidal deformability Λ̃; see, e.g., for recent works refs. [16, 1150, 2343, 2776, 2777].51

Assuming a relatively broad mass distribution in NS binaries, this leads to a determination of
Λ̃ as function of the two masses, which in turn allows obtaining the mass–tidal deformability

51The mass-weighted tidal deformability is defined as [1144]

Λ̃ =
8

13

[
(1 + 7η − 31η2)(Λ1 + Λ2) +

√
1− 4η(1 + 9η − 11η2)(Λ1 − Λ2)

]
, (6.5)

where Λ1 and Λ2 are the tidal deformabilities of the two component stars, and η = m1m2/(m1 +m2)
2 is the

symmetric mass ratio. The usefulness of Λ̃ is that it is the combination that enters the inspiral waveform at
5PN order, where tidal effects first appear.
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NET Λ1.4M⊙ Λ2.0M⊙
BSk24 Nl3ωρ BSk24 Nl3ωρ

10 550.590+39.262
−36.078 914.771+26.206

−33.372 61.438+11.460
−11.137 108.683+12.474

−10.709

50 526.677+19.882
−19.022 935.696+1.357

−4.151 51.473+7.854
−6.402 114.872+0.084

−0.084

100 518.230+22.086
−23.094 934.407+0.069

−2.862 45.306+6.521
−8.030 114.287+0.670

−1.116

500 513.879+1.405
−2.147 931.547+0.002

−0.002 37.722+0.445
−0.780 114.957+0.0003

−0.0003

1000 505.346+9.939
−4.168 931.545+5e−6

−5e−6 38.893+0.733
−1.616 114.957+5e−7

−5e−7

2000 511.192+0.540
−0.540 931.545+4e−8

−4e−8 37.170+0.228
−0.228 114.957+3e−9

−3e−9

5000 512.294+0.528
−0.528 931.545+1e−13

−1e−13 37.293+0.349
−0.349 114.957+0

−0

Table 6.1: Mean and 1σ statistical uncertainties on tidal deformability for 1.4M⊙ and 2.0M⊙
NSs with varying number of simulated detections using BSk24 and Nl3ωρ EOS models for
injection, as depicted in left panel of figure 6.6.

relation. This can be translated into constraints on the NS EOS and hence NS radii. The
capability of ET to access lower frequencies can also contribute to increasing the precision of
the parameter estimation, although this effect is more important for determining the chirp
mass and the mass ratio than on the measurement of the tidal deformability [16].

The added value of multiple detections with ET is shown in the left panel of figure 6.6
(adapted from ref. [1150]), where the extracted value of the tidal deformability for a 1.4M⊙
and a 2M⊙ NS is shown for an increasing number NET of detections with ET, see table 6.1 for
the corresponding mean values and 1σ uncertainties. A uniform distribution for NS masses
between 1.1M⊙ and the maximum mass for each EOS has been assumed and the events
are chosen randomly among the events leading to a Λ̃ measurement from the simulation
of detected BNS merger events with ET over one year from ref. [1150]. Compared to the
total number of ∼ 105 BNS merger detections expected par year with ET, those with Λ̃
measurement correspond –depending on the injected EOS and the waveform model used– to
roughly 60-70% of the total number. For a discussion of the influence of different detector
configurations on these expected detections, see section 9.3.4.

Note that the capability to determine the tidal deformability of a star with a given
mass, and thus to infer the NS EOS and radius, will depend on the mass distribution of the
measured events –detections of events across a wide range of masses will better constrain the
EOS for a large range of densities. For EOS inference, a nucleonic meta-modeling approach
has been employed within a Bayesian framework [2623, 2778]. With ≳ 500 detections, the
underlying NS EOS can be narrowed down quite accurately irrespective of the different
proposed designs (2L shape or triangle) of ET. Without doppelgängers, NS radii for the
fiducial masses can also be determined from this analysis [1150]. To be precise, in this case
the uncertainty on radius and tidal deformability is reduced from (1-2)% for NET = 10 to less
than 10−3% for NET = 5000. This is in agreement with other studies, e.g., that in ref. [2779],
where it was shown that a few loud events within a network of next-generation observatories
are sufficient to determine radii with a precision of < 100 m. It should be noted that the
difference of applying a unified crust model or a fixed reasonable unique crust does not induce
any noticeable difference in the above analysis if the latter is matched consistently at the
corresponding crust-core transition and reasonably well describes the crust [2600] even for
ET. This result might seem astonishing on a first sight in view of the large differences obtained
for the predicted radii for some EOS models between unified and unique crust [2505, 2680].
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The reason is probably that recent constraints from nuclear theory, in particular from χEFT,
very strongly constrain the EOS in the crust region [2600].

Most of these constraints can be derived from the measurement of BNS systems; how-
ever, NS-BH systems can also provide valuable information about the EOS. Those constraints
would mainly arise from observations of NS-BH systems in which the objects have comparable
masses and/or the BH is highly spinning, see e.g. [2780, 2781].

Concerning the underlying nuclear matter parameters, it should be noted that there is
some degeneracy and that different combinations of parameters lead to the same EOS for
β-equilibrated NS matter, and thus, measuring the tidal deformability alone does not deter-
mine all nuclear matter properties [1150, 2648, 2782]. Similar conclusions have been drawn
for precise NS radius measurements [2783]. However, with some complementary information
either from independent observations or from nuclear physics experiments or theory, ideally
on symmetric (i.e., same number of neutrons and protons) matter, nuclear matter proper-
ties can be determined very precisely. To cite some examples, within a given framework
for the nuclear Hamiltonian, refs. [2784, 2785] found that next-generation observatories have
the potential to constrain the strength of the three-nucleon interaction. Complementary
information on the low-temperature EOS from the inspiral phase could also come from com-
bined measurements of the tidal deformability and quadrupolar crust-core interface i-modes
through multi-messenger astronomy (specifically, through resonant shattering flares). In-
deed, even if i modes are expected to be weak, their detection might be within reach for
ET, and ref. [2786] suggest them as a possible way to constrain the empirical nuclear matter
parameters with a single loud event being sufficient. As discussed above, exotic hadrons
may also be present. The GW signatures of a strong phase transition that could reveal their
presence is discussed below; in addition they would likely also impact viscosities, which may
be constrained from signatures in GWs from binary inspirals, e.g. [2771, 2772].

Altogether, these studies demonstrate the unprecedented potential of detectors such as
ET to determine from the inspiral of BNS mergers the underlying NS EOS, and help to
constrain NS structure and properties of dense matter.

Comparison between triangular and 2L-configurations. Given the current situation in which
the final choice for ET geometry has not yet been made, it is important to also consider
the impact of different designs and configurations on the science return regarding the EOS
inference; since the parameters encoding most information about the EOS are the masses and
tidal deformabilities, in the following we will focus on these when discussing the difference
between a triangular ET with 10km arms vs. 2 L-shaped detectors with 15km arms; a detailed
comparison can be found in [16]. We also refer to chapter 9 for similar studies employing a
Fisher matrix approach.

Figures 6.4 and 6.5 show an example of how accurately we expect to infer these quantities
from complete PE runs with ET. Figure 6.4 shows a summary of the results presented in
Refs. [16, 2777], to which we refer for more details. The panels on the left-hand side show
the posteriors obtained for Λ̃ from mock signals created for three different sources, all placed
at a distance of 100 Mpc, with three possible ET configurations: a triangle with 10 km arm-
length (∆), placed in Sardinia, or two L-shaped interferometers with 15 km arm-length, one
in Sardinia and one in Limburg, with either aligned (2L− 0◦) or misaligned (2L− 45◦) arms;
in all cases the sensitivity for the xylophone configuration in cryogenic mode was considered.
For all sources, all configurations recover Λ̃ very well. The posteriors for ∆ seem slightly wider
than the 2L ones. In order to check whether this is due to the geometry or the arm-length,
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Figure 6.4: Left: Λ̃ posteriors recovered from the simulated signals for three different
sources, whose parameters are reported on top of each panel, for three ET configurations;
the horizontal red line indicates the injected value. Right - top panel: width of the 90%
confidence interval of the Mc and Λ̃ posteriors obtained for the source in the middle on the
left-hand side panels, when performing the analysis with different starting frequencies flow;
the different markers and colors correspond to two different detector configurations. Right -
bottom panel: Λ̃ posteriors recovered for the source on the bottom panel on the left-hand side,
with the red line showing the injected value; th different colors correspond to the different
ET geometries, with the lighter shade representing a 10 km arm-length configuration, and
the darker ones a 15 km arm-length one.

for one of the sources we repeated the analysis for all the configurations with 10 km and
15 km arm-length. As shown in the bottom panel on the right-hand side of figure 6.4, if we
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compare detectors with the same arm-length, the obtained precision on Λ̃ is the same. Finally,
the top panels on the right-hand side show the width of the 90% confidence interval of the
chirp mass Mc and mass-weighted tidal deformability Λ̃ posteriors for the analysis performed
at different starting frequencies flow, highlighting how, irrespective of the configuration, the
increased sensitivity of ET at lower frequencies will help in obtaining more and more accurate
measurements of these parameters. Figure 6.5, instead, compares how accurately we measure
Λ̃ for high-SNR simulated signals from a catalog of 100 sources with a triangular or two L-
shaped detectors, showing the difference between the 90% confidence interval obtained from
the analysis considering one triangular detector with 10 km arm-length (placed in Limburg)
or two L-shaped, misaligned detectors, with 15 km arm-length (one placed in Sardinia and
one in Saxony). As a caveat, these inference runs were not performed as a “standard” PE
run, since the work for which they were produced included six additional free parameters
to model the tidal phase in a model agnostic way in the Bayesian inference, which causes
the posteriors to be wider than we would have with regular PE. However, figure 6.5 shows
clearly how in most cases the 2L configuration recovers more accurate posteriors for both Λ̃
and Mc.

Constraints on a potential phase transition. As discussed in section 6.2.2, there are clear
features in the mass–tidal deformability relation which are a signature of a phase transition.
To identify them, or to break possible degeneracies, the resolution and statistics achievable
with next-generation observatories is required. We note that they only depend on the ther-
modynamic characteristics of the phase transition and not on the details of the two adjacent
phases. Thus, although the most studied case is a transition from hadronic to deconfined
quark matter within NS, a detection of a phase transition would not be a proof of a quark
matter core. As discussed below, detecting signatures from g-modes directly associated to
the transition could supplement additional information, however, more work is needed to
fully explore the information contained in their GW signatures.

The detectability of a phase transition from the inspiral of a BNS merger with next-
generation observatories has been the subject of numerous works recently. For instance, based
on the breakdown of quasi-universal relations fitted to purely hadronic EOS in [2787] and
a comparison of the inferred radius in [2788] together with a collection of simulated events
for a few purely hadronic and hybrid EoS, the authors suggest that ∼ 50 − 100 detections
can be sufficient to distinguish different EoSs. Similar findings, showing that, under some
conditions, a relatively small number of events – reachable with ET with a single week of
operations – could be sufficient to infer on a first-order phase transition, have been obtained
in others studies using Bayesian non-parametric EOS inference [2789, 2790]. This conclusion
relies on the fact that the uncertainty on the tidal deformability is significantly reduced if
multiple BNS mergers are detected, as shown in the right panel of Fig. 6.6 (adapted from
ref. [2790]).

The most complete investigation to date, which was based on representing the full
variation of the nucleonic EOSs and phase transitions within a meta-modeling approach (see
section 6.2.1), concluded that from a single loud event of BNS merger up to a luminosity
distance ≲ 300 Mpc, a phase transition at relatively low density (around twice saturation
density), can be successfully identified [2360]. In this study, the phase-transition signal was
quantitatively extracted through Bayes factors, assuming the simulated precision in the tidal
deformability that would be achieved by ET.

Moreover, using a large sample of hybrid EOSs with a first-order phase transition to
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Figure 6.5: Difference between the width of the 90% confidence interval obtained with a
triangular, 10 km arm-length detector and a configuration including two L-shaped inter-
ferometers with 15 km arm-length, for the posterior recovered for Λ̃ (top panel) and Mc

(bottom panel), over a catalog of simulated signals for 100 different sources. The red line
marks zero, meaning that points above (below) the line show a wider posterior for the ∆
(2L) configuration.

deconfined quark matter, ref. [2791] showed that the detection of a system with a total
binary mass equal to the threshold mass for prompt black hole formation, together with the
(combined) measurement of the dimensionless mass-weighted tidal deformability Λ̃ and the
threshold mass, could reveal the possible appearance of a phase of deconfined quark matter
in NSs. With the large number of events expected with ET, such a detection seems possible.

In addition, phase transitions modify the spectrum of oscillation modes of the NS. In
particular, the principal core g-mode in hybrid stars containing quark matter has an unusually
large frequency range compared to ordinary NSs of the same mass [2792]; as such, for binary
mergers involving at least one hybrid star, the fraction of tidal energy pumped into resonant
g-modes can exceed the corresponding energy of a normal NS by a factor of 2 to 3 [2792].
Likewise, the resonant tidal excitation of g-modes due to a transition from nucleonic to
hyperonic matter can potentially be measurable with detectors such as ET [2793].
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Figure 6.6: Left panel: Increased precision obtained from multiple ET detections of the
tidal deformability for a 1.4M⊙ and 2.0M⊙ NS using a nucleonic meta-modeling technique
(violin shapes); for comparison the prediction of two selected EoSs is shown with horizontal
lines. Right panel: Reduction in the uncertainty on the tidal deformability with increasing
number of detection. Figures adapted from ref. [1150] (left) and ref. [2790] (right panel).

In conclusion, these studies highlight the enormous potential of ET to answer open
questions such as the occurrence of phase transitions in NSs and the need to complement
this information by other observables to fully understand not only the dense matter EOS in
β-equilibrium, but its inner structure and behavior for other conditions.

6.3.1.2 Continuous GWs.

Neutron star mountains. Rotating NSs that support long-lived, non-axisymmetric defor-
mations, colloquially known as mountains, have long been considered interesting sources of
continuous GWs. Even though the amplitude from such a source is likely to be weak, one
may hope to integrate over long-lasting continuous waves to gain in signal-to-noise ratio.
Considerable effort has gone into modeling and searching for GWs from deformed rotating
NSs. This effort has not yet been rewarded with success. Searches have only provided upper
limits on the size of the involved deformations. However, we are beginning to probe the
interesting parameter regime and with the improvements in detector sensitivity and analysis
techniques anticipated in the era of next-generation instruments, there are good reasons to
expect observations, see e.g. [16]. This motivates a closer discussion of the physics involved
in the problem and the observational effort associated with it.

Why should we expect NSs to support mountains in the first place? The answer is
quite simple, even though the precise details are not. The formation history of a NS starts
from the remnant of a supernova. A newly born NS will be hot and rapidly rotating, as it
retains some of the angular momentum of the progenitor star (or is given a “kick” during
the collapse process [2794]). As the star cools, it becomes energetically favourable to form
a crystal lattice at low densities and the crust forms. The NS may then, at some point in
its lifetime, exhibit starquakes/glitches or accrete from a companion star. These processes
are expected to build up (or release) strain in the crust and cause the star to change shape.
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Intuitively, it seems inevitable that a typical NS will be deformed in a non-axisymmetric
fashion and therefore should emit GWs.

The general problem of deformed NSs has been reviewed in [2795–2798]. These discus-
sions include mountains, but also long-lived oscillation modes, like the r-modes (discussed
later) which may be excited and radiate GWs. The problem of detecting the continuous GW
signals from NSs is reviewed in [2139, 2799–2805].

In general relativity (and if we ignore internal dynamics) an isolated body must spin
and be deformed away from axisymmetry in order to radiate GWs—there must be a time-
varying quadrupole moment [523]. The fact that NSs have solid crusts close to the surface
enables them to support long-lived, non-axisymmetric deformations. These deformations can
be quantified in terms of the principal moments of inertia, Ij . For a rigid uniformly rotating
star with angular velocity Ω about the z = x3-axis, an estimate of the strain amplitude is:

h0 =
4G

c4
ϵI3Ω

2

d
≈ 10−25

(
10kpc

d

)( ϵ

10−6

)( I3
1045 g cm2

)( ν

500 Hz

)2
, (6.6)

where ν = Ω/2π is the star’s spin frequency and we have defined the ellipticity of the star as

ϵ ≡ I2 − I1
I3

. (6.7)

The ellipticity is a dimensionless measure of the star’s quadrupolar deviation from symmetry
about the z-axis. From eq. (6.6) we see that, even for a reasonably nearby and rapidly
rotating source, the GW strain is extremely weak. However, if the source can be observed for
a sufficiently long period of time, the strain data measured at the detector can be folded over
itself to improve the signal-to-noise ratio (roughly as the square root of the observing time for
fully coherent searches or as the fourth root of the observing time for semi-coherent searches
[2803]). We also see that the detection problem is degenerate. We need, for example, some
insight into the moment of inertia, whose value is uncertain up to a factor of 3-5, depending
on the NS mass and EOS [2806].

In an all-sky search for unknown GW sources, i.e., those sources for which no corre-
sponding EM signal is observed, a signal with some given amplitude will not allow us to
infer ϵ and constrain the relevant nuclear physics, e.g. the crustal strength, unless additional
information, e.g., the distance, is available. Instead, focusing on known NSs for which an
estimated distance and an observed spin-down rate is available, we can work out the required
energy loss. Assuming that the energy is entirely radiated through GWs we have an upper
limit on the NS mountain. This estimate—the so-called spin-down limit—allows us to quan-
tify to what extent known pulsars could in principle be detectable GW sources. figure 6.7
provides an illustrative example, showing the minimum required ellipticity for known pulsars
and two specific ET configurations. The estimates do not change much among the two possi-
ble instrument designs, see section 7 for a more detailed discussion. However, we know that
some energy is lost as electromagnetic radiation because we observed these NSs in the first
place. Moreover, in the relatively rare cases where the braking index52 n can be inferred from
the spin evolution, we know that it is not close to the n = 5 expected for a NS mountain.
This indicates that, while GW losses may contribute, they do not dominate in these systems.

How large should we expect the mountains to be? The size of a NS mountain depends
on unknown nuclear physics and the star’s evolutionary history. To get an estimate, we

52The braking index is the exponent of the power law describing the time evolution of the NS spin frequency,
ν̇ ∝ −νn, see section 7 for more details.
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focus on the physics of a deformed crust: its shear modulus and breaking strain. An ener-
getics estimate (see e.g. [2807] for details) leads to ϵmax ≈ 2 × 10−7 (σ̄max/0.1), where there
is some degree of uncertainty around how large the crustal breaking strain σ̄max may be.
Molecular-dynamics simulations for high-pressure Coulomb crystals suggest that the lattice
is remarkably strong; σ̄max ≈ 0.1 [2808]. For comparison, terrestrial solids lie in the range
10−4 ≤ σ̄max ≤ 10−2. For a NS with radius R ∼ 10km, this would lead to deformations of
the size ϵmaxR ∼ 0.1 cm. Going beyond this simple estimate by also considering the stellar
interior, the star’s relaxed shape, and assuming that the crust is maximally strained at every
point [2809] yields an estimate for the maximum allowed ellipticity for a M = 1.4M⊙ star
(with the DH(SLy4) equation of state [2572]) of [2806]

ϵmax ≈ 3 × 10−6
( σ̄max

0.1

)
. (6.8)

The result differs by a factor of a few from the simple energetics argument. However, it was
noted in [2810], and later discussed in more detail in [2811], that demanding the crust to
be at breaking strain throughout forces the NS into a shape that violates physical boundary
conditions. The question then becomes how close a real system can get to this idealized,
unphysical state. A useful step towards the answer was taken in [2811], where a fiducial
deforming “force” was introduced in the problem (see also [2812]) that contains information
about the non-spherical shape of the crust if it were relaxed. This force plays no role in
supporting the mountain; the deformed shape of the star is self-consistently supported by
crustal strains and represents a solution to the elastic perturbation equations. This approach
results in smaller predicted mountains but is closer to realistic evolutionary scenarios and an
understanding of how deformations actually arise.

Further work is needed on several fronts in order to make reliable computations of how
NS mountains form and which is their typical size. Firstly, going beyond the assumption of
a purely elastic crust we probably need to take into account some form of plastic behavior
[2813–2815]. In a plastic flow the crust may retain some of the strain beyond the yield point
and as a result be able to develop larger quadrupole moments. Secondly, realistic mountain
models need to involve evolutionary aspects (some of which will be discussed in section 7)
and we may seek guidance from electromagnetic observations, as in the case of the spindown
upper limit argument. For example, it has been suggested that the observed population of
millisecond pulsars is consistent with a minimum ellipticity of ϵ ≈ 10−9 [2816].

Accreting NSs have long been considered promising GW emitters [1802, 2817–2819].
Accreting gas is expected to transfer angular momentum to the NS [2820, 2821] and the
magnetic field will direct the matter flow towards the star’s poles. Assuming the magnetic
poles are misaligned with the rotation axis, the star will naturally develop a mass asymmetry.
This argument may be somewhat simplistic, but it provides key motivation for detailed stud-
ies discussed in section 7. Specifically, ref. [1802] proposed that the observed spin frequencies
in low-mass X-ray binaries could be explained by the accreted matter heating the crust giv-
ing rise to temperature-sensitive nuclear reactions involving electron captures. Hotter regions
of the crust would have these reactions at lower pressures, so the density variations would
occur at higher altitudes in these regions. This naturally generates a quadrupole moment,
commonly referred to as a thermal mountain. There have been further developments of this
work, mostly in an effort to provide more detail to the modeling [2809, 2822–2824]. These
models require a precise understanding of the composition of the NS crust (see for example
[2825]).
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The most recent search for continuous GWs from known pulsars using LIGO-Virgo O3
data [2826] pushed the upper limit on the signal strain amplitude below the spin-down limit
for 23 of the target systems. Among these, the inferred upper limits on the ellipticity for
J0437-4715 and J0711-6830 are 8.5 × 10−9 and 5.3 × 10−9, respectively; only a factor of few
larger than estimate from [2816]. Future prospects with ET are summarized in figure 6.7,
which shows the smallest detectable ellipticity for a search over three years (85% duty cycle)
with a network of two L-shaped detectors, each with 15 km arms (top plot) or a single
triangular detectors, with 10 km arms (bottom plot).

These estimates show that there are hundreds of pulsars for which ET will be able to, if
not detect a signal, set constraints below the maximum ellipticity predicted by theory. From
the figure, we also see that for tens of high frequency millisecond pulsars, ellipticities below
10−9 will be probed. Based on these predictions and the available theoretical results, the
detection of at least one continuous GW signal by ET seems likely. What information can
be drawn from a detection is not a completely solved problem and is a hot topic in the field
[2804]. In particular, we need to better understand systematics and degeneracies, see for
example [2827] for a relevant discussion.

For a source with an estimated distance, the measure of the signal amplitude and
frequency would provide a measure of the l = m = 2 quadrupole moment [2828]

Q22 =

√
15

8π
Izzϵ. (6.9)

This may permit us to exclude EOS models that do not allow quadrupole moments as large
as the measured one. Neutron star distance measures typically come from EM observations,
like for many known pulsars, but purely GW methods based on the parallax effect have been
proposed in [2829, 2830] for EM-silent sources. The results suggest that relative distance
errors ∆d/d ∼ (1− 10)% can be obtained with ET over an observation time of 1-3 years, for
source distance in the range 0.1-1 kpc and ellipticities in the range 10−9 − 10−7. In general,
we expect the distance error to dominate the errors in other GW-derived parameters, like
the signal strain amplitude, the frequency, and its derivatives. If the GW contribution to
the spin-down is dominant or can be estimated, a measure of the star’s moment of inertia,
with relative error ∆Izz/Izz ≈ 10% may be possible [2830]. An independent measure of the
star’s mass or radius would in any case be necessary to constrain the EOS, see, e.g., [2831–
2834]. A quantitative model of how accurately the EOS could be determined assuming the
observation of one or more continuous GW signals, possibly in combination with results from
EM facilities, remains to be worked out. It is clearly a very important step to be taken.

The magnetic field. If we focus on the issue of why mountains form in the first place,
then it is natural to consider the star’s magnetic field. A dipole magnetic field breaks the
(essentially spherical) symmetry of the star, deforms the star [2835], and is expected to lead
to some level of GW emission. In fact, the internal magnetic field sets a natural lower limit on
NS deformations. However, magnetic fields in NS interiors remain poorly understood. Even
for the external field some studies suggest the presence of complex magnetic-field structures
beyond the standard dipole assumption; see [2631–2634, 2836, 2837].

For the magnetic field, an argument comparing the energy stored in the magnetic field
to the gravitational potential energy leads to [2838]

ϵ ∼ B2R3

GM2/R
≈ 10−12

(
R

10 km

)4(1.4M⊙
M

)2( B

1012 G

)2

, (6.10)
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Figure 6.7: Smallest detectable ellipticity for a search for CWs from known pulsars using
a network of two L-shaped ET detectors, with 15 km arms (top plot) or a single triangular
detector (bottom plot), with 10 km arms. In both cases, an observation time of three years,
with duty cycle 85%, has been considered. The horizontal dashed line roughly indicates NS
theoretically predicted maximum ellipticity, see discussion in the main text. The horizontal
dashed-dot line indicates a suggested possible minimum ellipticity of observed millisecond
pulsars [2816]. For comparison, the three circles indicates upper limits obtained in O3 LIGO-
Virgo run for pulsars Vela (f ≃ 22.38 Hz), Crab (f ≃ 59.89 Hz) and J0711-6830 (f ≃ 364.23
Hz).

where B represents the magnetic-field strength. As in the case of the crust, the NS’s self-
gravity is very strong compared to the magnetic field so the expected deformations are (very)
small. However, this estimate of the field strength is based on the external magnetic field
inferred from pulsar timing. The interior field, which will be more relevant for the shape of
the star, is highly uncertain and presents (quite predictably) a complicated problem. The
main theoretical challenge is our present inability to construct stable magnetic NS models.
Both analytical [2839, 2840] and numerical studies [2841, 2842] indicate that purely poloidal
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and purely toroidal magnetic fields are unstable on dynamical timescales. Mixed fields, where
the toroidal field threads the closed-field-line region of the poloidal component, the so-called
twisted-torus configuration, may be stable [2843–2845], but this result appears to be EOS
dependent [2846, 2847]. Much of our present understanding involves idealized assumptions
such as ideal magnetohydrodynamics and barotropic equations of state. It could also be that
a real NS is not always in equilibrium—the magnetic field may be gradually evolving, and
this could be important [2848]. Moreover, the high-density NS interior is expected to form a
large-scale superconductor [2849]. In that case, estimates suggest that a purely toroidal field
leads to the ellipticity scaling as [2850, 2851] ϵ ∼ 10−9

(
B/(1012 G)

) (
Hc/(1015 G)

)
, where

Hc is the critical field strength (above which the superconductivity is broken). Again, this
estimate is highly uncertain. In principle, a strong magnetic field, like that of a magnetar
(of order 1015 G), may enable the star to develop a large ellipticity, of order that expected
from crust deformations [2602], see section 7 for discussion. This is yet another degeneracy
of the continuous GW problem.

The magnetic field also comes into play in accreting systems. In fact, an accreting
NS is expected to develop an asymmetry through the magnetic field confining the accreted
matter [2852–2860]. Accretion will interact with the magnetic field and compress it, such
that there will be locally strong fields on the star’s surface. Estimates suggest that this
can lead to slightly larger deformations than those sourced by the background magnetic-
field configuration, but (again) precise modeling is difficult. The accretion problem will be
discussed in more detail in section 7.

Unstable r-modes. Neutron stars host a rich spectrum of oscillation modes [2861]. These
oscillations are closely connected to the physics of the stars. Essentially, each characteristic of
the star, e.g., the density, composition gradients, rotation has a corresponding mode family,
e.g., the p-modes, g-modes, inertial modes. The mode properties are intrinsically linked to
the properties of the nuclear matter. An excited non-axisymmetric oscillation mode will
emit GWs, presenting an opportunity to probe dense nuclear matter through observations.
However, the oscillatory motion will be damped by the radiation and viscosity in the stellar
fluid (which is sensitive to nuclear transport coefficients) and this damping may be quite
rapid. For this reason, it is natural to consider instabilities that cause the oscillations to
grow, such as the Chandrasekhar-Friedman-Schutz (CFS) instability [2862, 2863].

The CFS instability arises in rotating stars. The idea is as follows: There are two
frequencies associated with an oscillation of a spinning star—the frequency as measured by
an observer co-rotating with the star and the frequency according to an inertial observer.
Suppose the mode is travelling in retrograde to the star’s rotation such that the inertial
frequency is smaller than the co-rotating frequency. If the star spins fast enough, it will drag
the mode along with its rotation such that the inertial observer will see the mode travelling in
the prograde direction. The emitted gravitational radiation comes from the non-axisymmetric
motion of the star in the inertial frame. The GWs will carry positive angular momentum
away from the star, which will be subtracted from the mode. Since this mode is travelling
in retrograde in the rotating frame, it carries negative angular momentum and the radiation
will cause its amplitude to grow. This, in turn, will increase the amplitude of the radiation,
leading to an instability.

Many families of NS oscillation modes contain members that, for sufficiently fast rotation
rates, satisfy the CFS instability criterion (for reviews, see [2864, 2865]). The (currently)
most promising candidates for the instability are the inertial r -modes [2817, 2866, 2867]. The
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Figure 6.8: Constraints on the r -mode amplitude α using a network of two L-shaped ET
detectors, with 15 km arms (left plot) and the triangle configuration, with 10 km arms
(right plot), over three years, assuming in both cases a detector duty cycle of 85%. The
considered parameter space corresponds to that of pulsar J0537-6910. The two colored bands
corresponds to a range of EOS, from a stiff causally limited EOS with crust [1805] to a soft
WFF1 EOS [2878], assuming a distance d = 49.6 kpc (green band), which is the distance
of pulsar J0537-6910, and a hypothetical source emitting at the same frequency and with
distance d = 2 Mpc (red band). The two dashed lines define the spin-down limit for the
same range of EOS.

r -modes are generically unstable in perfect fluids [2868, 2869] because they are retrograde in
the rotating frame but prograde to an inertial observer at any rate of rotation.

In reality, NSs are more complex than perfect fluids. Notably, they exhibit viscosity,
which damps the fluid motion. To assess the actual relevance of the r -mode instability, one
must compare the growth timescale associated with the GW emission with the damping
timescales that arise due to, in the first instance, shear and bulk viscosity [2870, 2871]. How-
ever, most current estimates of these timescales rely on Newtonian gravity. The relativistic
r -mode problem is complicated (and may involve a continuous spectrum [2872, 2873]). Nev-
ertheless, the Newtonian estimates provide important qualitative insights, while we await the
developments required to understand the relativistic problem better.

Calculations of the competing timescales demonstrate the existence of an instability
window. The details depend on the state and composition of the nuclear matter. Broadly,
dissipation due to shear viscosity suppresses the r -mode at low temperatures, while the bulk
viscosity dominates when the star is hot. There exists critical rotation rates at which each
viscosity balances the radiation-reaction growth. The instability window maps out a region of
parameter space in temperature and stellar spin, where the r -mode is unstable and will grow.
In order to model the associated GW signal, we also need to understand the amplitudes the
unstable modes may reach. This is a difficult problem as it requires nonlinear hydrodynamics
(the coupling of modes, touching upon turbulence) [2874]. Given our relative ignorance of
the nuclear physics and our inability to calculate the relativistic r -modes [2875], we do not
have a precise description of the instability window. Neither do we complete understand the
nonlinear fluid aspects. Nonetheless, it is possible that r -modes limit the spin frequencies of
hot, newly born pulsars [2876, 2877] and more mature accreting systems [1802, 2819].

From an observational point of view, the GW signal emitted by excited r -modes is
continuous, with a frequency ≈ (4/3)ν, where ν is the star rotation frequency. The precise
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value of the GW frequency f actually depends on the EOS, and has been parametrized in
[2879] (making reasonable assumptions) as

f = Aν −B

(
ν

νK

)2

ν, (6.11)

where νK is the Keplerian frequency and the two parameters A, B depend on the EOS.
For an astrophysically motivated set of EOS considered in [2879] we have 1.39 < A < 1.57
and 0 < B < 0.195. If the GW emission is completely due to r -modes, the corresponding
“spin-down limit” strain amplitude is given by

hsd =

√
10GIzz
c3

ν|ν̇|
f2

1

d
, (6.12)

where d is the source distance. The corresponding r -mode amplitude is

αsd =

√
5

8π

c5

G

hsd
(2πf)3

d

MR3J̃
. (6.13)

This quantity, which depends on the EOS through the relation f(ν), the star’s mass and
radius values, and the dimensionless canonical angular momentum of the mode, J̃ (which
is weakly dependent on the EOS) can be compared to a given search sensitivity, that is to
the minimum detectable r -mode amplitude. In case of a detection, parameters A and B of
eq. (6.11) could be estimated, constraining the range of possible NS EOS. Even in case of
non-detection, setting an upper limit below the spin-down limit allows to constrain the mode
amplitude, giving some insight on the excitation mechanism.

A recent search for r -mode emission from pulsar J0537-6910 has been conducted using
LVK O3 data [2880]. This is a frequently glitching X-ray pulsar, and the search was motivated
by the observation that spin evolution in the inter-glitch period could be driven by r -mode
oscillations [2881]. The search set upper limits around or below (depending on the assumed
EOS) the spin-down limit over the narrow frequency band 86-97 Hz, beginning to constrain
the range of mode amplitudes predicted by theoretical models.

Figure 6.8 shows the predicted constraints on the r -mode amplitude, α, considering two
possible ET configurations, one consisting of two L-shaped ET detectors, each with 15 km
arms, and one consisting of a single triangular observatory, with 10 km arms. In both cases,
a semi-coherent search over three years (with a detector duty cycle of 85%), with each data
segment of duration three months, is considered. Moreover, we assume a search aimed at
a source with the same parameters (spin frequency and spin-down) as J0537-6910 at two
possible distances, d = 49.6 kpc (the distance of J0537-6910) and a hypothetical distance
of d = 2 Mpc. For each assumed distance we plot constraints corresponding to a range of
EOS, going from a causally limited stiff EOS in the core, connected to a crustal EOS [1805],
to the observationally motivated soft WFF1 EOS [2878]. These estimates are compared to
the range of spin-down values, computed from eq. (6.13) taking M = 1.4M⊙, R = 12km
and J̃ = 0.0164, the values for a n = 1 polytrope [2882]. For a galactic source like J0537-
6910, ET would be able to probe α ∈ [10−4, 10−2], possibly allowing us to test various
proposed mechanisms for saturating the r -mode instability. A hypothetical source emitting
gravitational waves at the spin-down limit, i.e., with α ≈ 10−2 − 10−1, would be detectable
at a distance of about 2 Mpc.
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Figure 6.9: Left panel: Orientation-averaged spectra of the GW signal for different EOSs
and the Adv LIGO (red dashed) and ET (black dashed) sensitivity curves. The inset shows
the GW amplitude of the + polarization at a distance of 20 Mpc for one of the EOSs. Figure
from ref. [2886]. Right panel: Peak frequency of the postmerger GW emission as a function
of tidal deformability Λ for a 1.35M⊙−1.35M⊙ NS-NS merger. Black symbols are for purely
hadronic EOSs, while green symbols are for EOSs which include a phase transition to quark
matter; characterized by a density jump ∆n given fm−3. The solid curve shows a fit for the
purely hadronic EOSs. Figure taken from ref. [2887].

6.3.2 Constraints on microphysics at finite temperature

6.3.2.1 Postmerger GWs. In general, for numerous parameter combinations of the indi-
vidual masses of the stars, BNS mergers will give rise to short-lived or long-lived remnants
that could emit a GW signal also after the merger before the collapse to a black hole [2883].
In fact, the post-merger phase is strongly affected by the evolution of nuclear matter at
high densities with temperatures reaching values of up to ≈ 100 MeV; therefore, higher
densities than during the inspiral and thermal effects in nuclear matter can be tested, see
e.g. [2884, 2885] for recent reviews.

In [2886], the authors used numerical-simulations to derive a correlation between the
GW frequency in the post-merger phase and the EOS of NS matter. Since then, numerous
studies have followed and revealed several possible relations between inspiral and postmerger
properties. Specifically, the main characteristic peak in the GW amplitude spectral density
was found to be correlated with the radius of the maximum-mass TOV solution or other
quantities, such as the tidal deformability of the stars, which are directly accessible through
GW observations of the inspiral. The left panel of figure 6.9 (taken from [2886]) shows the
typical GW spectrum one can expect from the post-merger phase of a BNS merger leading
to a hypermassive or supramassive NS remnant.

As seen in figure 6.9, the post-merger signals are emitted at high frequencies (≈ 2 − 4
kHz), and therefore, their detection by the current LIGO-Virgo-KAGRA interferometers is
limited by their sensitivity, and no detection has been reported so far (see [2888, 2889] for
a search in the case of GW170817). The higher sensitivity of the ET detector at such high
frequency could instead allow for a detection of such signals [2890]. Unfortunately, at the
moment, we are still lacking accurate enough approximants that could be used in parameter
estimation, but some models have been suggested, e.g., [2343, 2891–2895], as well as agnostic
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data analysis techniques that could be used without templates, e.g., [2896, 2897]. However,
a current issue is that different numerical-relativity codes, even if producing similar results
from a qualitative point of view, still produce quantitative differences in the post-merger
phase for the same BNS systems [2898]; see section 6.4.2. In the following, we will outline
some of the science targets or studies doable with future postmerger detections.

In general, it is also worth highlighting that the use of EOS-insensitive relations (e.g.,
refs. [372, 2340, 2899, 2900]) allows not only for the reduction of the d.o.f. in waveform
modeling and enables Bayesian studies, e.g., [2343, 2893, 2901, 2902], or to search for possible
phase transitions, it also helps to perform pre/post-merger consistency tests [2892, 2903]; as
described below. However, these relations are always derived based on a selected set of EOSs,
which do not cover all possible scenarios, e.g., the presence of phase transition could alter
derived relations and leads to systematic biases. This emphasizes the need for further studies
in the coming years to ensure that the full potential of postmerger detections is revealed.

Determining NS properties for maximum-mass TOV stars. Post-merger frequencies are ex-
pected to reveal information on remnants with up to two times the original component’s
mass reaching ∼ (3 − 6)ρ0, with ρ0 denoting as before the nuclear saturation density. For
those post-merger remnants that do not promptly collapse into black holes, NR simulations
predict loud GW transients with a characteristic main peak frequency. The postmerger main
peak frequency f2 can be phenomenologically associated with an effective remnant radius
using Kepler’s law [2901]. Even though this quantity has no direct physical interpretation in
terms of the remnant properties, it correlates with the maximum central density ρTOV

max of a
non-rotating equilibrium NS with a weak dependence on the EOS. This relation ρTOV

max (Rf2)
is illustrated in figure 6.10. Hence, to a good approximation, the maximum density ρTOV

max

can be inferred from a full-spectrum BNS GW observation, including the postmerger; where
some further work is required to robustly check these relation shown in figure 6.10 in the
presence of a strong phase transition and more realistic microphysics. Hence, a postmerger
detection can generally impose bounds on the maximum NS mass MTOV

max and several post-
merger detections could enable a slightly more accurate measurement [2904] complementary
to that from an inspiral EOS inference [2336, 2893, 2905, 2906]. The minimum NS radius
RTOV

max = R(ρTOV
max ), that is the radius of a NS at maximum density ρTOV

max , is crucial informa-
tion to constrain the mass-radius diagram for NSs. It can be extracted from quasiuniversal
relations between the postmerger peak frequency [2904] and measured with an uncertainty of
∼ 2 km at postmerger signal-to-noise ratio of 10 [2893, 2907]; see [2342, 2343, 2892, 2908]. It
is worth noting that, in the presence of strong phase transitions, and additional physics such
as viscosities, the accuracy of the employed quasi-universal relations might decrease, and con-
straints might be weaker. Imposing stronger constraints on the EOS from BNS mergers will
be feasible by combining GW observations with other messengers, e.g., [2257, 2909, 2910].

Search for Phase Transitions and pre/post-merger consistency tests. The higher densities
and temperatures produced after merger may also trigger phase transitions. Such phase-
transitions can significantly modify the dynamics and hence the GW emission, so that in
some cases, the post-merger GW frequency would not match anymore with previously derived
predictions [2347, 2887] (e.g., see right panel of figure 6.9). As mentioned, in the absence
of phase transitions, the characteristic post-merger GW frequency can be correlated with
the tidal deformability Λ, inferred during the inspiral, e.g., [2340, 2341]. Combining inspiral
and post-merger GW detections with ET could therefore allow for the detection of phase
transitions (e.g., see [2902]). At the moment, simulations accounting for phase transitions
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Figure 6.10: Empirical relation (black line) for the maximum central density ρTOV
max of a

non-rotating NS as function of the postmerger peak frequency f2 and the Keplerian radius
Rf2 . The colored markers show the data extracted from 289 numerical-relativity simulations
with 14 EOSs, whereas the shadowed area indicates the 90% credibility region of the fit.
Figure is adapted from ref. [2901].

have focused mainly on two possible scenarios: the softening of the EOS due to the appearance
of hyperons (e.g., [2352]) and the transition to deconfined quark matter (e.g., [2347, 2348,
2887, 2911, 2912]). It has also been pointed out that unless the phase transition is ‘strong’,
it could be difficult to disentangle the deviations from other uncertainties, e.g. [1153], and
the shift in the peak could also be due to non-convex dynamics [2913], both of which are
areas for further work. The onset of new d.o.f. such as hyperons and quarks, may also
impact viscosities, potentially leading to further shifts of the peak frequency, and manifest
in sub-dominant oscillations of post-merger objects, e.g.,[2769, 2911, 2914].

Thermal Effects. Due to the high temperatures reached after the merger, thermal effects
in the EOS impact the GW emission in the post-merger and hence become detectable by
ET [2354, 2915–2917]. Different studies have demonstrated that they alter the GW spec-
trum and shift the dominant post-merger frequency by amounts ranging from 60 to 200 Hz,
depending on the underlying EOS [2918]. Hence, future detections with ET allowing precise
measurements of the cold part of the EOS during the inspiral could be complemented by
post-merger observations to infer the thermal properties of the EOS [2354, 2919]. However,
to enable extracting accurate information about the finite temperature EOS requires further
work on analyzing quasi-universal relations and other observables in settings that go beyond
the approximate treatment of thermal effects within the EOS often used in current studies,
which requires a large community effort due to the complexity and computational costs of
numerical-relativity simulations.

Influence of Magnetic Fields. Another possibly important effect is due to the very large
magnetic fields that may be formed after merger [2920–2923]. In this case, while many simu-

– 309 –



lations suggest that the post-merger GW frequency should not be significantly affected [2910,
2924, 2925], unless large magnetic field strengths are present before the merger [2926, 2927],
others claim that the GW amplitude and luminosity may be suppressed [2928], making a
detection more difficult, or that the frequency shift of the post-merger signal could be high
enough to mask effects due to phase transitions in the EOS [2927]. This is because magnetic
turbulence acts as an effective viscosity on the fluid, redistributes angular momentum, and
may accelerates collapse to BH.

Inference of prompt black-hole formation. Constraints on the EOS may also be provided
by inferring the threshold binary mass for prompt black-hole formation in NS mergers from
analyzing the GW signal radiated in the inspiral phase. The merging of two NSs may lead
to either the formation of a BH or of a NS remnant [2345, 2929]. A direct gravitational
collapse occurs if the binary’s total mass Mtot is higher than some threshold mass Mthres

beyond which the forming remnant cannot be stabilized. For lower Mtot, rapid differential
rotation and thermal pressure support the central object against prompt collapse even if Mtot

is larger than the maximum mass of non-rotating NSs. Such systems may undergo a delayed
collapse to a BH due to the reduction of angular momentum and cooling [2791]. The merger
outcome is predominantly determined by the ratio of the total mass Mtot and the threshold
mass Mthres [2930, 2931]. The system with the lowest Mtot and observational indications for
a prompt collapse gives an upper limit on Mthres, whereas a detection with characteristics
excluding a prompt collapse limits Mthres from below. In general, the dynamics of NS mergers
depend on the incompletely known EOS of high-density matter [1735, 2531] and other param-
eters such as the mass ratio or the spin of the merging stars [2932, 2933]. Over the last years,
numerous phenomenological relations for Mthres have been derived, e.g., [2791, 2931, 2933–
2935]. figure 6.11 shows one such relation, where the threshold mass is lined to the mass
ratio and the typical radius of a NS with a mass of 1.6M⊙, R1.6. However, further work is
needed to verify the robustness of the relations, for example, ref. [2936] finds that the thresh-
old mass does not have a universal behavior under EOS variations for q ̸= 1 as the collapse
is induced by the tidal disruption and accretion of the secondary star [2885, 2937, 2938].
However, [2936] demonstrate that observations of prompt collapse thresholds, either from
binaries with two different mass ratios or with one mass ratio but combined with the knowl-
edge of the maximum NS mass or compactness, will constrain the incompressibility at the
maximum NS density Kmax to within tens of percent. Hence, measuring the maximum mass
in combination with the other systems’ parameters directly helps us to constrain important
information about the EOS.

Accuracy in the measurement of postmerger properties. Recent investigations have attempted
to estimate the accuracy with which the post-merger signal could be measured by next-
generation GW observatories. For example, in [2939] the authors estimated an error in the
measure of fpeak (sometimes also referred to as f2) of δfpeak ≈ 139 Hz at a horizon distance
dhor ≈ 267 Mpc for ET (corresponding to a source with a signal-to-noise ratio of 5 in the
post-merger). The same error could be achieved by Advanced LIGO at dhor ≈ 30 Mpc. The
detection rate for the post-merger signal was estimated to be ≈ 1 every 100 years for Ad-
vanced LIGO and ≈ 3 per year for ET. Combining the merger and post-merger signal, ET
could also detect phase transitions in the post-merger, assuming the phase transition causes a
shift in the fpeak predicted from the inspiral measured Λ (solid line in right panel of figure 6.9)
of at least 455 Hz (assuming a signal-to-noise ratio of at least 10 in the post-merger [1153]).
Due to the limited number of post-merger detections per year, it will probably be necessary
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Figure 6.11: Threshold binary mass for prompt collapse as a function of mass ratio for
different neutron star radii. Solid curves assume a fixed maximum mass of Mmax = 2M⊙
but different NS radii. Blue curves show Mthres(q) for a fixed radius R1.6 = 13 km but with
Mmax being 2.0M⊙ (solid), 2.1M⊙ (dashed) and 2.2M⊙ (dotted). Figure adapted from ref.
[2791].

to stack multiple detections together in order to increase the accuracy in the determination
of the post-merger EOS. One year of observations may indeed not be enough to distinguish
between different EOSs in the post-merger phase [2940]. For example, in [2941] it was in-
vestigated the possibility of using both power and coherent mode stacking methods and it
showed that it could be possible to measure the post-merger frequency and the NS radius
with an accuracy of ≈ 4% or better (depending on the EOS) when combing together 30
post-merger detections (i.e., with an error of ≈ 20 Hz on the post-merger peak frequency
and less than ≈ 100 m in the NS radius). Such an accuracy should be sufficient to detect
phase transition in the post-merger phase, since it may be able to show a difference between
the measured post-merger frequency and the one expected from the EOS measured during
the inspiral. We need to make clear that studies are still very limited at the moment, since
the larger sensitivity of ET in the post-merger phase will require more accurate theoretical
predictions. NR simulations, for example, sometimes employ approximate modeling of finite
temperature effects instead of a fully tabulated finite temperature EOS (which is more com-
putationally expensive). While current detectors are not sensitive enough to be impacted
by such approximations, ET could be affected for sources up to ≈ 44 Mpc in case of softer
EOSs, and up to ≈ 113 Mpc for stiffer EOSs [2916] (see also [2917, 2942]).

6.3.2.2 GWs from core-collapse supernovae and proto-neutron stars. CCSN probe
the EOS of supranuclear-dense matter in complementary regimes of temperature and density
to BNS mergers. CCSNs are triggered when exothermic nuclear burning ceases at the center
of a star with a mass between 8M⊙ and 100M⊙. At this time, the hydrostatic equilibrium
is lost and the core (iron) begins to collapse from its original radius of a few thousands of
km. The collapse of the core continues until it reaches nuclear densities, at which point the
repulsive forces between nucleons cause the collapse to decelerate rapidly. This results in a
partial rebound of the inner core, known as the core bounce, which generates a shock wave
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that propagates outward. The collapse is then halted at the formation of a PNS. At an
initial mass and radius of MPNS ∼ 0.6M⊙ and RPNS ∼ 50 km, this object has a moderately
relativistic gravitational field, which gets stronger when the newly formed PNS accretes
additional matter and contracts.

During this phase, processes such as convection, rotation, and magnetic field interac-
tions, generate non-spherical flows in the core that could produce gravitational radiation.
These flows also contribute to all of the mechanisms that have been proposed to initiate a
CCSN explosion after the prompt shock has failed to break out of the core. In most stars,
they support neutrino-driven explosions by enhancing the efficiency with which neutrinos
transport energy from the PNS to its surrounding layers [2943–2945]. In a subset of cores,
high rotational and magnetic energies drive the explosion in a predominantly anisotropic
geometry [2946, 2947]. Even if none of these mechanisms succeeds at launching a CCSN
and instead accretion causes the PNS to collapse to a black hole (BH), spherical symmetry
will be broken to a considerable degree [2948, 2949]. The GW signal is determined by the
dynamic processes in the collapsing core and PNS, exhibiting a range of features with varying
amplitudes and frequencies that are sensitive to the stochastic source dynamics and the EOS
of nuclear matter.

Information on the EOS in the signal comes from hydrodynamic oscillation modes of
the PNS whose frequencies have a direct relation with the structure of the PNS, in particular
its mass and radius. The time evolution of the mode spectrum would yield valuable insights
into the EOS through GW asteroseismology of PNSs. No such detection has been achieved
so far, but progress in theoretical modeling along two lines of work has laid the ground for
future observations. As the relevant PNS oscillations are relatively weak perturbations of a
slowly varying object close to equilibrium, they can be described as solutions of the linearized
hydrodynamic equations [2950–2953]. This approach is computationally inexpensive and thus
well suited to scanning the large parameter space of nuclear and stellar physics. It cannot,
however, account for the large-scale dynamics of the core, including, e.g., the development of
a CCSN explosion, the rate at which mass is accreted onto the PNS, its internal dynamics
such as convection, and it cannot predict how and to which amplitude the possible modes are
excited. These questions can be addressed by large-scale, multi-dimensional simulations of the
entire core that capture (magneto-)hydrodynamics, relativistic gravity, neutrino transport,
and nuclear reactions. Such models produce detailed synthetic GW signals but can be very
expensive. Thus, only a limited number of them are available [2954–2962]. Figure 6.12
shows an example result of three-dimensional simulation as a time-frequency map of the GW
signal from a 20M⊙ star. The figure depicts the continuous rise of the PNS oscillation mode
frequency starting from core bounce (t = 0).

Perturbation analyses aimed at uncovering the relationship between GW emission and
the physical parameters of progenitors during PNS formation and evolution have shown that
the time-frequency evolution of the primary emission mode corresponding to the g-mode or
f -mode, closely relates PNS properties such as surface gravity and average density [2964].
Additionally, advanced numerical simulations of CCSN have established empirical relation-
ships that link oscillation modes to intrinsic system attributes and are largely independent of
the EOS or progenitor mass [2964]. However, factors like progenitor mass and the EOS for
dense matter can influence GW signals, leading to further empirical relationships between
the supernova GW frequency and the average density of the PNS [2952]. While most of
these relationships are largely EOS-independent, certain PNS g-modes, especially those with
decreasing frequencies over time, exhibit a clear EOS dependence [2965]. Building on these
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Figure 6.12: Time-frequency map of the GW signal of a three-dimensional model of the
collapse of a star with 20M⊙ showing a PNS oscillation mode whose frequency rises contin-
uously from the time of core bounce (t = 0). Figure taken from [2963].

insights, a recent investigation has compiled a comprehensive dataset of over 1000 exploding
CCSNe models spanning various progenitor masses, metallicities, and nuclear EOS [2966].
This work identified two main frequencies in a range of order 1 kHz, with the lower/higher
one associated to the early/late stage of the signal that are sensitive to the EOS, and with
the latter being correlated with the surface gravity of the remnant.

Although the frequency range of GW emissions from CCSNe is within the reach of
current detectors, the detection range for slowly or non-rotating CCSNe is limited to ap-
proximately 5 kpc [2137, 2967]. If the progenitor core exhibits very rapid rotation, as seen
in only 1% of electromagnetically observed events [2968, 2969], the distance increases up to
50 kpc. The estimated occurrence rate for CCSNe within the Milky Way is about 1 to 2
per century [2970], making detection challenging for current detectors. For ET, the antici-
pated event rate is about 0.5 events per year [2971], with a detection range extending up to
(2–4) Mpc for neutrino driven explosion and up to (5–30) Mpc for rapidly rotating progen-
itors [2972]. For a detailed assessment of the observed and expected rates of CCSNe in the
local Universe and the Milky Way, see section 7.2.5.

In the case of QCD phase transitions, the GW emission due to the sudden contraction
of the PNS results in an abrupt rise in the amplitude by more than a factor of 10, followed
by a model-dependent ring-down phase that can last for several hundreds of milliseconds.
This unique GW emission, as illustrated in figure 6.13 (right panel), makes the QCD-driven
supernova scenario well distinguishable from a canonical neutrino-driven supernova explosion
(see the characteristic GW strain hchar in figure 6.14, comparing S11.2 and S50). The detailed
GW analysis of these models demonstrates great potential for their detection in galactic
events, with characteristic GW spectral amplitudes more than an order of magnitude above
those of normal supernovae in the frequency range above about 1 kHz.

Associated with the GW signal from the QCD phase transition is the emission of a
non-standard neutrino burst, dominated by ν̄e and contains information about bulk proper-
ties of the EOS [2974]. Despite the present uncertainties due to yet-incompletely understood
neutrino flavour evolution, this non-standard ν̄e burst is detectable at the currently oper-
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Figure 6.13: Post-bounce evolution of the gravitational waveform A+ (top panels) and the
corresponding spectrogram (bottom panels) for two representative models, neutrino-driven
supernova explosion of a 11.2 M⊙ progenitor model (S11.2) and 50 M⊙ model (S50), the
latter featuring a QCD phase transition and associated supernova explosion onset at around
376 ms post bounce, which is accompanied by a sudden rise of the GW amplitude. For S50,
a magnified view of the gravitational waveform is shown in the inlay of the top panel with
respect to the second bounce time, tp2b. Figure taken from ref. [2973].
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Figure 6.14: Characteristic GW spectral amplitudes, hchar, for the two models S11.2 (light
blue solid lines) and S50 (red solid lines) shown in figure 6.13, assuming a source distance of
10 kpc (left panel) and 50 kpc (right panel). The noise amplitudes of aLIGO (green dashed
lines) and ET (grey dashed lines) are plotted as references. Figure reproduced based on data
from ref. [2973].

ating generation of water-Cherenkov detectors [2975, 2976]. Such QCD-driven massive star
explosions also feature r-process nucleosynthesis [2976].
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6.3.3 Nucleosynthesis and multi-messenger signals

In addition to being primary targets for ET, compact binary mergers and CCSNe are key
players in galactic chemical evolution, see, e.g., [2719, 2977–2979]. Moreover, the variety of
scales and processes involved in these events produce radiation of different kinds, qualifying
them as genuinely multimessenger events. In the strong field regime, the heating of dense
matter boosts weak reactions and produces intense neutrino radiation (with peak luminosities
∼ 1053erg s−1) in all neutrino flavors, lasting for seconds and influencing the ejecta compo-
sition, see, e.g., [2704, 2980–2982]. At the same time, several mechanisms involving strong
magnetic fields, neutrinos, and dynamical spacetime can produce a relativistic jet that drills
inside the ejecta or through stellar layers, and possibly breaks out. Once ejected matter
has expanded, it becomes transparent enough to emit electromagnetic (EM) radiation over
the entire spectrum. In particular, the jet is expected to produce the non-thermal emissions
powering the prompt and afterglow emission of gamma-ray bursts (GRBs). According to
the present paradigm, compact binary mergers produce short GRBs, while the long ones are
produced by the core-collapse of fast rotating, highly magnetized stellar cores (collapsars).
Within the same scenarios, the decay of freshly synthesised radioactive nuclei powers the
light curves and spectra that characterizes CCSNe and kilonovae.

Nuclear physics represents a key ingredient for the prediction and interpretation of
the multimessenger signals from CCSNe and compact binary mergers, as well as of their
nucleosynthesis signature. With its unprecedented sensitivity and sky localization capability
(especially, if part of a larger network of detectors, not only for GWs, but also for EM
radiation and neutrinos) ET will enable us to maximize the outcome of joint multimessenger
analysis, see also section 5 and section 7. In particular, it will directly connect the strong
field dynamics, where the properties of dense nuclear matter are at play and shape the GW
and neutrino signals, with its imprint in post-explosion/post-merger observables, including
the EM emissions, as well as the nucleosynthesis yields.

6.3.3.1 Nucleosynthesis in Core-Collapse Supernovae and the r-process. The gen-
eral picture of nucleosynthesis in standard CCSNe is nowadays well-established [1508]. Ex-
tensive calculations were usually performed by means of parameterized spherically symmetric
models, e.g., [1679, 2986], including also the study of correlations with the EOS of dense mat-
ter [2987]. Three-dimensional models featuring nucleosynthesis calculations have also become
available [2988–2991]. Their outcome was compared with observations from CCSN remnants
and elemental abundances in the Solar System, in the interstellar medium and in stars of
our Galaxy, as well as of nearby galaxies. The largest uncertainties still concern iron-group
and heavy element formation in the innermost ejecta, mostly powering the EM luminosity
(∼ 1041−42 erg s−1). The silicon shell of the progenitor star is expected to experience explo-
sive Si-burning that has 56Ni as the major product. Ejecta coming from deeper layers first
photodissociate into neutrons, protons, and α-particles, while the build-up of heavier nuclei
occurs during the subsequent expansion. The nucleosynthesis outcome depends mostly on
the entropy and on the initial relative abundance of free neutrons and protons (quantified
by the electron fraction, Ye) [2992]. For Ye ∼ 0.5, the production of iron-group nuclei can
occur. The production of heavy elements beyond the iron-group follows a different path,
called rapid neutron capture process (r-process) nucleosynthesis, which requires the presence
of neutron rich conditions (Ye < 0.5), see e.g. [2719, 2985]. Figure 6.15 shows the abun-
dances obtained for a representative low entropy fluid element (s ∼ 10 kB baryon−1) and for
different initial Ye. For low entropy material, matter with Ye ≳ 0.4 produces iron-group
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Figure 6.15: Abundances obtained for a fluid element of entropy s ≈ 10kB baryon−1,
expansion timescale τ ≈ 10 ms and for different initial Ye are presented as a function of
the mass number A (left) and of the atomic number Z (right). For Ye ≲ 0.25, r-process
nucleosynthesis produces all heavy elements between the second (Te-I-Xe region) and third
(Ir-Pt-Au region) r-process peaks, including lanthanides [2983]. If Ye ≲ 0.15, also actinides
are produced [2983, 2984]. The production of elements between the first (Se-Br-Kr region)
and the second r-process peaks requires 0.25 ≲ Ye ≲ 0.4. Figure from [2985].

nuclei and only weak r-process elements. However, in the case of high entropy material
(s ≳ 100 kB baryon−1), an α-rich freeze-out occurs and, even for marginally neutron-rich
conditions (Ye ≲ 0.5), the synthesis of heavy elements proceeds due to the capture of free
neutrons on the few available seed nuclei. The electron fraction is set by the interaction
between neutrinos and matter. The initial neutrino burst is emitted a few milliseconds after
core bounce and followed by accretion-powered thermal neutrino emission characterized by a
luminosity Lν ∼ 1052−53 erg s−1 and mean energies ⟨Eν⟩ ∼10-20 MeV, with heavy flavor neu-
trinos hotter than electron ones, due to their deeper decoupling from matter, see e.g. [2993].
In the case of a successful explosion, the neutrino luminosities decrease exponentially over
the neutrino diffusion timescale in the subsequent PNS cooling phase. At the same time, the
mean energies decrease down to a few MeV and equalize due to the different neutrinospheres
approaching each other as the PNS contracts [2994, 2995]. In the context of neutrino-delayed
explosion mechanism, neutrinos emitted by the new born PNS interact with matter just be-
hind the shock through reactions like p + ν̄e → n + e+ and n + νe → p + e−. The precise
balance between these reactions determines the equilibrium Ye in the innermost ejecta, e.g.,
[2996–2999].

The initial entropy, expansion timescale and Ye are ultimately related to the explosion
dynamics (i.e., the explosion mechanism and the shock strength) and to the neutrino lumi-
nosities. High-entropy neutrino-driven winds from the nascent PNS were long considered
promising r-process nucleosynthesis sites [2992]. However, recent simulations showed that
the ejecta of standard CCSNe are not neutron-rich enough to produce robust and strong
r-process nucleosynthesis [2693, 3000, 3001]. Only a partial and weak r-process can be re-
alized in some classes of CCSNe, e.g. electron-capture SNe and CCSNe near the low-mass
end [3002]. At the same time, the lightest heavy elements, including Sr, Y, Zr, could be
produced in neutrino-driven winds [3003], depending on the nuclear physics input, see also
section 6.2.3.2. Another argument against the occurrence of full r-process nucleosynthesis
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Figure 6.16: Left: Evolution of the maximum density in CCSNe producing a BH. For a
given progenitor, the nuclear EOS affects significantly the collapse timescale. Right: Color-
coded GW spectrum from a 15M⊙ CCSN simulation using the SFHx EOS. The red curves are
contours (only for post-bounce times larger than 100 ms) of the ν̄e’s spectra. The observer’s
direction is fixed along the z-axis for a source at a distance of d = 10 kpc. The overlap
observed for this model between the two spectra is evident. Figures adapted from [3010]
(left) and [3011] (right).

in standard CCSNe is the fact that at low-metallicity the abundance of r-process elements
is characterized by a large scatter. The latter points to their production in relatively large
amounts, but in rare events [3004]. On the other hand, special classes of rare SNe, such
as magneto-rotationally driven supernovae [3005–3007] or collapsar [2176, 3008], may har-
bor suitable conditions in their innermost ejecta to provide strong r-process nucleosynthesis
yields. Their existence is, however, still debated, as well as their viability as r-process nu-
cleosynthesis sites, together with their dependence on relevant stellar parameters, such as
metallicity, rotational velocity and core inhomogeneities.

The detection of GWs from nearby CCSNe and from long GRBs by ET, especially if
combined with the multi-messenger detection of line elements in EM spectra or of thermal
neutrinos from the exploding core (see below), could improve our understanding of the nu-
cleosynthesis in the innermost ejecta, mostly by shedding light on the explosion mechanism.
In the case of a nearby long GRB, the detection of EM signatures from r-process elements in
the associated SN could provide a smoking gun evidence for the existence of rare classes of
SNe contributing to r-process nucleosynthesis. In the case of an extremely close (yet unlikely)
event (≲ a few Mpc), the coincident detection of GWs, more plausible in the case of strong
asymmetries in the central engine, could better clarify the nature of the progenitor. Such
a discovery would release some of the present tensions in galactic chemical evolution, e.g.
[3009].

6.3.3.2 Multimessenger detections of core-collapse Supernovae. In the case of a
Galactic CCSN, whose rate is expected to be between 1-2 per century, a multimessenger
detection could involve GWs, neutrinos and EM radiation. With optimal GW filters and
for cases involving strong asymmetries, the ET detection horizon could reach up 30-500 kpc,
i.e., comparable or even larger than the distance of the Large Magellanic Cloud (50kpc)
[3012]. The sensitivity of next-generation GW observatories such as ET will be necessary
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to distinguish between standing accretion shock instability (SASI) and convection-induced
modulations in detected GW signals [2137], see also section 6.3.2.2. For a galactic event,
future neutrino detectors such as Hyper-Kamiokande, DUNE or JUNO, will detect almost
one hundred thousand neutrinos within a few seconds, allowing to investigate in great detail
the thermal neutrino emission. Even pre-collapse neutrinos could be observed for a few
seconds, probing the latest stellar evolution phases. However, even for a Galactic CCSN, it
is not obvious that all three radiation types could be easily detected: while the EM emission
could be observable up to redshift z ∼ 1, if the explosion happens in the Galactic plane and
on the other side of the Galaxy, its EM emission will be likely obscured by dust. On the
other hand, GWs and neutrinos are largely unaffected by absorption processes within the
Galaxy, and their combination can very precisely indicate the time of the explosion and its
sky localization [3012–3014]. Moreover, if a massive progenitor star directly collapses into
black holes without bright explosion, a failed SN occurs. Such a SN will have a very faint EM
signature [3015], while it could have significant GW and neutrino emissions. By measuring
the neutrino and GW emission during the first few seconds, a sharp end in both emissions
should indicate the time of BH collapse, a feature which is possibly distinguishable from the
drop in the neutrino emission due to the explosion. The collapse timescale, in combination
with information on the progenitor structure, can set constraints on the EOS of nuclear
matter, since the latter sets the density at which the collapse occurs [3010], as visible in the
left panel of figure 6.16. Additionally, the detection and very precise localization of CCSNe
in GWs and neutrinos, but very faint in EM radiation, can help mitigate the apparent lack
of SNe from stars with initial masses ≳ 17M⊙, known as ‘red supergiant problem’ [3016].

The nuclear EOS and several related quantities, including the symmetry energy, its slope
and the nuclear incompressibility at saturation density, can significantly affect the GW [3017–
3019], neutrino [3020–3024] and EM emissions from CCSNe through the explosion dynamics
and the PNS evolution. For example, a softer EOS is expected to produce a more compact
and faster contracting PNS, increasing both the neutrino luminosities and mean energies, as
well as the GW frequency and its evolution rate. Additionally, the progenitor variety (e.g.,
mass, rotation, magnetic field) is expected to produce an intrinsic variability in all emissions,
see e.g. [1663, 2945, 3025]. Thus, relevant constraints on nuclear physics require a robust
way to disentangle the dependence on the progenitor from the one on the nuclear physics,
also breaking possible degeneracies. A multimessenger detection of GWs and neutrinos could
help to achieve this, for instance, through correlations between the two types of emission,
which are also related to the progenitor mass and compactness, remnant mass and explosion
energy [2779]. Moreover, the presence of SASI is expected to induce modulations both in
the neutrino and GW signals, as visible the right panel of figure 6.16, while in the case
of explosions dominated by neutrino-driven convection, such a correlation could be barely
seen [3011]. Since strong SASI activity is observed in the case of more compact stellar cores,
such a detection could favor softer nuclear EOSs. In the case of rapidly collapsing cores,
the gravitational collapse can lead to the onset of the low T/W instability within the PNS
[3026], also producing correlated signatures in both the GW and neutrino emissions [3027].
The strength and configuration of the magnetic field could also influence the T/W -related
emissions as well as their multimessenger detection prospects [3028].

In the case of extra-galactic CCSNe, GW detections by ET could reach such horizons
only if strong axisymmetric instabilities are present, for example when the remnant is a BH
surrounded by a very massive accretion disk. The joint detection of high energy photons,
neutrinos and GWs from a nearby long GRB could help discriminate between different central
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Figure 6.17: Left: Dynamical ejecta mass (x axis) VS secular ejecta mass (y-axis, estimated
as 20% of the disk mass) extracted from a large set of BNS merger simulations. Secular
ejecta are dominant over the dynamical ones. Different colors show the impact of the nuclear
EOS. Right: r-process nucleosynthesis from different simulations of the same BNS merger.
Simulations featuring neutrino absorption in optically thin conditions (red and orange lines)
produce all r-process nuclei, while the simulation not including it (blue line) only strong
r-process nucleosynthesis. Figures adapted from [2252].

engines, e.g. an accreting BH from a magnetar, and could set constraints on the nuclear EOS
through inference of the maximum NS mass. While ET is expected to boost horizon and
sensitivity with respect to current detectors, the observational prospects will however be
small, since even for an optimistic GW horizon at the edge of the Local Group (≲ 3Mpc),
the expected detection rate is of the order of a few every 105 years due to the low long GRB
explosion rate in the local universe [3029]. Only in very optimistic scenarios could ET be able
to provide a multimessenger detection within the Virgo Cluster (i.e., ∼16 Mpc) in the time-
frame of several years [3030]. Recently, other possible multimessenger signatures related to
collapsar and long GRBs were explored. These include the GW and EM signature produced
by the collapse of a very massive He core (above the pair-instability mass gap), possibly also
ejecting r-process elements. In this scenario, ET could be able to detect multiband GWs of
0.1–50 Hz from non-axisymmetric instabilities in self-gravitating massive collapsar disks out
to hundreds of Mpc [3031]. The resulting EM transient would include a long GRB and a
quasi-thermal emission, with intermediate properties between a kilonova and a supernova,
and r-process signatures. Another scenario related to CCSNe and long GRBs involves a
choked jet, where the relativistic jet fails to break through the stellar envelope, driving a
quasi-spherical shock into the surrounding circumstellar material. In this case, high-energy
neutrinos are expected to be produced over broader angles compared to a successful jet
enhancing the chances of observing both GWs and high-energy neutrinos from nearby Type
II CCSNe, which could also be associated with low-luminosity GRBs [3032–3036].

6.3.3.3 Ejecta, nucleosynthesis and kilonova emission from compact binary merg-
ers. Compact binary mergers involving at least one NS have been long considered promis-
ing r-process nucleosynthesis sites [2980, 3037, 3038]. Thermal neutrino emission from them
shares many similarities with the one of CCSNe. This is due to the similar conditions of
matter inside a PNS and in a merger remnant, with possibly larger temperatures and higher
densities in the case of BNS mergers [2353]. Additionally, accretion of matter from the disk
or torus around the central object provides accretion-powered neutrino luminosity. This be-
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comes the main source of neutrinos in the case of NS-BH mergers or for BNS merger whose
remnant has collapsed to a BH. While the mean neutrino energies are comparable to the
ones observed in CCSNe, the neutrino luminosities are possibly larger at peak. A valuable
difference is represented by the initial dominance of ν̄e over νe, due to the tendency of cold
β-equilibrated matter to leptonize, once decompressed and heated, see e.g., [3039].

Extensive simulation campaigns showed that different ejection mechanisms and neutrino
irradiation operate on different timescales, contributing with different components to the
total ejecta [2885, 3040], as visible in the left panel of figure 6.17. During merger, a mass
∼10−4 − 10−2M⊙ of neutron rich material is expelled on dynamical (GW) timescales, i.e.,
within 5–10 ms after merger, and with characteristic velocities of ∼ (0.1 − 0.3)c, see e.g.,
[2252, 3041–3045]. Two main mechanisms are responsible for these dynamical ejecta: the
tidal interaction between the two merging objects [3041, 3046] and the shock developing at
the collisional interface [2252, 3042, 3043, 3047]. The former is more relevant in the case of
NS-BH mergers, asymmetric BNS mergers and stiff nuclear EOSs. The latter is the dominant
mechanism in the case of equal mass BNSs, and leads to mass mainly being expelled at the
first bounce of the two NS cores [2252]. In the case of soft nuclear EOSs, the merging NSs are
more compact, the merger is more violent, while the remnant reaches higher temperatures.
A small fraction of the shocked component can reach high-speeds, up to ∼ 0.8c [2252, 3043];
this fast-tail has a non-trivial dependence on the EOS [3048] and is relevant for the kilonova
afterglow [3049]. The merger remnant can unbind a total mass of ∼ 10−2M⊙ during its
evolution on viscous timescales of (0.1 − 1) s throughout various wind mechanisms (spiral-
wave and disk winds). Binaries with short-lived NS remnants and/or with mass ratio ≳ 1.4
(including NS-BH) produce remnant BH with massive hyperaccreting disks whose evolution
is dominated by viscous and thermal effects. Turbulent viscosity of magnetic origin, neutrino
absorption or EM interaction with a strong, large-scale magnetic field have been proven to
be very efficient in unbinding a significant fraction (between 10 and 40%) of the accretion
disk resulting from the merger dynamics, see e.g. [3050–3054]. At a quantitative level, it is
important to notice that the amount of ejected matter, its composition and, in the case of BNS
mergers, the lifetime of the remnant are influenced by both intrinsic binary parameters, as
the total mass and the mass ratio, see, e.g., [2254, 3055], and nuclear EOS-related properties,
such as the reduced tidal deformability, the stellar compactness or the maximum mass for a
non-rotating NS, see e.g. [2252–2254, 3056, 3057].

Due to the variety of ejection processes and timescales, as well as to the anisotropic
neutrino emission that characterizes merger remnants, the ejecta feature a broad range of
electron fractions [3058, 3059]. The tidal ejecta are very neutron rich (Ye ∼ 0.1) and cold,
while the shocked ejecta are reprocessed to higher Ye by capture processes and neutrino
irradiation from the NS remnant [2256, 3044]. The electron fraction in shocked ejecta can
span a wide range of values, Ye ∼ 0.1 − 0.4, with the largest Ye obtained at high latitudes
where the neutrino fluxes are more intense. The inclusion of neutrino absorption has a direct
impact on the r-process nucleosynthesis, as visible in the right panel of figure 6.17. The
lifetime of a BNS merger remnant and, more in general, the presence of a massive NS or a
BH in the center possibly affect the disk wind ejecta composition due to stronger or weaker
neutrino irradiation [2273, 3060, 3061].

The observational imprint of r-process elements in compact binary mergers is the kilo-
nova EM transient [3062–3064], see also section 4. The peak time and the spectral evolution
of the light curves are influenced by the amount of the ejecta, as well as by its composition.
In particular, if the r-process nucleosynthesis results in the synthesis of lanthanides or ac-
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tinides, the resulting opacity is expected to increase by one or two orders of magnitudes, due
to the opening of the electron f -shell [3065–3067]. The peak in the emission is then shifted
toward later times and the spectrum becomes redder following the adiabatic cooling due to
matter expansion. Kilonova modeling is extremely challenging, since it requires the solution
of the photon radiative transfer problem in a fast expanding medium of ionized matter. The
latter is composed by radioactive elements characterized by millions of atomic transitions
whose strengths are poorly known. Moreover, the ejecta emerging from the collisions are
characterized by a non-trivial geometry, due to the presence of different ejecta components,
possibly characterized by a radial and angular dependence in the most relevant properties
(mass distribution, expansion velocity, nucleosynthesis yields, etc), which are far from being
isotropic or radially homogeneous, see e.g. [2256]. Sophisticated radiative transfer models
have shown their ability in reproducing, at least at a qualitative level, the spectral features
observed in AT2017gfo, e.g. [2103, 3068–3071]. They are mandatory to identify the presence
of specific elements through distinct spectral features. A possible compromise for efficient
line identification is represented by radiative transfer codes that model only the effects of
the atmosphere on the photospheric emission, see e.g. [2180], while efficient kilonova models
necessary for Bayesian analysis can rely on kilonova surrogate models of radiative transfert
simulations [3072] or simplified semi-analytical solution of the radiative transfer equations
[2258].

6.3.3.4 Multimessenger detections in compact binary mergers.

Gravitational waves and neutrinos. In the case of NS-BH or BNS mergers, a multimessen-
ger detection possibly includes neutrinos and EM radiation, in addition to GWs. Thermal
neutrino luminosities from BNS mergers were analyzed and compared with the corresponding
GW luminosities [3073]. In the case of non-promptly collapsing remnants, both emissions
seem to correlate with the mass-weighed tidal deformability Λ̃, eq. (6.5), with larger Λ̃ pro-
viding weaker luminosities. Both emissions show ∼1 kHz modulations associated to the
violent radial bounces of the remnant’s core, ultimately depending on the nuclear EOS prop-
erties. This kind of analysis would require a Galactic merger, which is extremely unlikely
(∼ 10−5yr−1). The detection of one event within the Local group (≲ 3Mpc) could still results
in O(10) neutrinos in future neutrino detectors. A more significant probability to observe
thermal neutrinos in combination with GW signals from next-generation GW observatories
will be realized only when megaton-scale ν detectors will be available. The impact of ET
on these searches will be mostly limited to set triggers and alerts for well localized neutrino
searches. However, the access to the post-merger signal, which is very likely in the case of
nearby events, could better constrain the neutrino emission and the related nuclear physics,
even by setting limits in the case of a lack of detections.

A more promising perspective is the multimessenger detection of GWs and non-thermal
neutrinos. High-energy (> TeV) non-thermal neutrinos are expected to be produced in
gamma-ray bursts (GRBs) via photo-hadronic interactions between GRB photons and rel-
ativistic protons. During the prompt emission, these interactions lead to the production of
pions, which decay into neutrinos. Additionally, during the extended emission phase, where
the Lorentz factor of the jet becomes lower, the efficiency of meson production is enhanced,
increasing the expected neutrino flux. For relatively nearby events (< 100 Mpc), the next-
generation neutrino observatory, such as IceCube-gen2, will have the sensitivity required to
detect neutrinos associated with ET detections of BNS or NSBH mergers [3074]. Another
particularly interesting scenario occurs when a BNS merger results in the formation of a
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millisecond magnetar remnant surrounded by a low-mass ejecta shell. In this case, a fraction
of the magnetar’s rotational energy could be deposited in a pulsar wind nebula, accelerating
ions to ultra-high energies. After ∼ O(1) day, pion production in the resulting ion collisions
could produce high-energy neutrinos. The resulting signal may be detectable in conjunction
with GWs for individual mergers out to ∼100 Mpc by next-generation neutrino telescopes
such as IceCube-Gen2 [3075]. Within such distances, ET could be able to detect the post-
merger signal with a high enough signal-to-noise ratio to confirm the presence of a long-lived
NS remnant and to set constraints on the nuclear EOS from the joint detection.

Gravitational waves and EM emission. The coincident detection of GWs and EM radiation
has already disclosed its potential in constraining the nuclear EOS in the case of GW170817
and of its EM counterparts (GRB170817A and AT2017gfo). The reason is that the properties
of the GW and EM emissions are influenced by nuclear physics in many different and often
correlated ways, see, e.g., section 6.3 for the impact on the GW signal.

The contribution of ET to these multimessenger detections will be manifold, see sec-
tion 4. First of all, ET will enlarge the detection horizon, and for longer signals, such as
those from BNS mergers, ET will provide accurate sky localization even when operating as
a single observatory. Section 4 demonstrates that the GW+kilonova detectable binaries are
tens to a few hundreds per year by a telescope reaching an AB magnitude of around 26 in
the g band and following up GW signals with a sky-localization smaller than 100 deg2. By
exploring realistic observational strategies of ET operating with the Vera Rubin Observa-
tory, ref. [2251] evaluates 10 to 100 detections per year and a detection increase of an order
of magnitude when ET operates with Cosmic Explorer. The impact of the EOS of nuclear
matter on the GW+KN detection rate is found to be ≲ 20% level for ET observing as a
single detector and ≲ 40% for the ET+CE network. While for kilonova emission, the horizon
of joint detections is limited to z ∼ 0.5, the larger horizon for GW+GRB detections will add
tens to a few hundred joint GW+GRB detections per year (see section 4 and ref. [1097]). The
resulting number of detections will be large enough to provide a significant exploration of
the binary parameter space, probing different post-merger scenarios and the involved nuclear
physics. The capability to localize compact binary merger events in the sky will allow deep
and temporally extended follow-up campaigns, whose results will be detailed light curves and
spectra from which the ejecta properties and composition could be accurately inferred (at
least for the closer ones).

Second, ET will help break the degeneracies between the nuclear physics effects and
the influence of the binary parameters on the post-merger dynamics and observables. In
particular, for sufficiently nearby events, ET will allow a detailed GW parameter estima-
tion to determine with high accuracy the properties of the merging objects and their tidal
deformability, see section 6.3.1. In this way, the kilonova features and, if available, the post-
merger GW signal can be more directly and firmly related to the post-merger dynamics and
to the ejecta composition, and from that to the underlying nuclear physics. For example,
post-merger models differing only in the high density and high temperature behavior of the
EOS or featuring the appearance of hyperons or quarks (usually producing an EOS softening)
could indeed be tested by their effects on the post-merger observables (for example, through
their impact on the remnant lifetime or on the amount of ejected matter). In this respect,
it is important to remark that the coincident detection of kilonova provides complementary
information with respect to the GW signal alone since, even in the case of a long-lived rem-
nant, the GW emission is expected to subside after a few tens of ms, while matter ejection
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and neutrino irradiation can last seconds and leave their fingerprints in the kilonova emission.

Third, in the case of a joint GW and kilonova detection, detailed modeling of the matter
ejection and kilonova emission based on robust binary parameters extracted from the GW
inspiral signal can provide constraints on the ejecta mass, on the nuclear heating rate and on
the nucleosynthesis yields required to explain the observed light curves and spectra. However,
starting from the same ejecta properties, different mass models can introduce up to a factor
10 of uncertainty in the kilonova brightness [3076, 3077]. It is thus clear that such a kind
of analysis has the potential to determine the properties of the exotic nuclei involved in the
r-process, see section 6.2.3.2.

Another relevant scenario for which next-generation GW observatories could be key is
the one involving promptly collapsing BNS mergers. The latter have the potential of probing
nuclear properties at the highest densities, especially if the threshold for prompt collapse is
determined for different mass ratios, see, e.g., [2936] and 6.3.2.1. GW telescopes such as ET
have the potential of directly probing the process of BH formation in promptly collapsing
or short lived events [3078]. For the same events, the detection of the corresponding kilo-
nova could discriminate between different mass ratios or different remnant lifetime: indeed,
unequal mass mergers and short-lived remnant are expected to produce more ejecta and,
thus, brighter kilonovae, while equal mass mergers tend to eject very small amount of ejecta
[2933, 3043, 3055].

The joint detection of GWs and of a short GRB signal (prompt or afterglow emis-
sion) has the potential of shading light on the nature of the central GRB engine. In par-
ticular, assuming that the post-merger signal could be detected up to ∼100 Mpc by ET,
the expected joint detection rate involving a post-merger signal can be estimated to be
∼ 0.03 − 0.6 yr−1 [2250, 3079]. Such a detection could directly discriminate between the
magnetar and the BH central engine scenarios for the production of a relativistic jet. Addi-
tionally, the precise localization of compact binary mergers allowed by ET can also favor the
discovery of faint emissions from chocked jets. The precise knowledge of the central engine,
combined with the measured rates of successful short GRBs and of merging binaries by GW
observations, can provide independent constraints on the maximum NS mass and, from that,
on the EOS of nuclear matter, see, e.g., [2883, 3080]. Recent detection of nearby (z ≲ 0.1)
long GRBs with kilonova-like signatures have questioned the long-standing paradigm of long-
GRBs always originating from core collapses, see, e.g., [2175, 2228, 2231]. These observations
points on the possibility for compact mergers to produce long GRBs. Since ET will be able
to detect compact mergers up to an horizon of z = 3 − 4 [16], in the case of long GRB with
kilonova-like signatures, it has the capability to firmly confirm this scenario.

6.3.3.5 Data analysis and modeling efforts. The rigorous analysis of multi-messenger
signals requires a Bayesian approach. Constraints on the EOS of nuclear matter and on
specific NS properties (for example, the maximum mass of a non-rotating NS or the radius
of a 1.4 or 1.6 M⊙ NS) were obtained by combining parameters extracted from the inspiral
signal of GW170817 and GW190425, detailed models of the EM counterparts, additional as-
trophysical and nuclear physics constraints (e.g., maximum observed NS masses, NS radii as
obtained by the NICER mission or data extracted from heavy-ion collisions) and non-trivial
relations connecting the remnant and ejecta properties to the nuclear EOS (as obtained by
detailed compact binary merger simulations), see, e.g., [2213, 2257, 2489, 2622, 3081–3088].
Even the non-detection of EM counterparts, if not due to insufficient accuracy in the sky
localization or EM follow-up coverage, can provide constraints on the nuclear EOS, as in
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Figure 6.18: Examples of constraints on the nuclear EOS obtained by joint multimessenger
analysis combining astrophysical observations of pulsars, NICER measurements, GW170817
and GW190425, kilonova AT2017gfo and GRB170817A modeling. Left: Posteriors for the
pressure as a function of number density with (purple) and without (blue) NICER and XMM
observations of PSR J0740+6620. Right: Posteriors in the M -R diagram of the GW-only
(blue), joint (red), and NR-informed joint analysis (green). Figures adapted from [3087] (left)
and [3093] (right).

the case of GW190425, see, e.g., [3089–3091]. In the case of (i) large correlations between
the parameters describing the different observations and (ii) systematics in the modeling,
the analysis of different data coming from a single source benefits from a joint and coherent
analyses. In this kind of analysis, single messenger likelihoods are joined and a combined sam-
pling of the full posterior probability distribution is performed. This approach was recently
implemented and presented in refs. [2337, 3092, 3093]. It allows joint and coherent analyses
of multimessenger signals, including GWs, kilonovae/supernovae and GRBs, possibly taking
into account quantitative relations inferred by large sets of sophisticated simulations connect-
ing the source intrinsic properties (for example, the masses of two merging neutron stars) to
the ejecta properties, nuclear-physics constraints at low densities and multiband observations
of isolated NSs, as visible in figure 6.18.

It is thus clear that the full exploitation of future multimessenger observations involving
GW detections from ET will rely on detailed and reliable models of the sources that contains
detailed nuclear physics. This will require a great community effort within the next ten years.
The ambitious goal will be to connect the strong field dynamics that characterizes the emis-
sion of GWs and neutrinos, as well as the expulsion of matter, to the resulting light curves
and spectral features that allow to quantify the amount of ejecta and its properties through
the identification of elements. For standard CCSNe, three-dimensional, self-consistent ex-
ploding simulations, characterized by a high level of fidelity in the neutrino transport, are
now available. Future models should also include consistent nucleosynthesis yields predictions
and extend up to shock breakout. The inclusion of magneto-hydrodynamics effects in CCSN
models to predict their imprint will also be key. In case of a sufficiently close-by CCSN,
jet-like features in the GW, neutrino and electromagnetic signals can be a smoking gun for
the viability of magneto-rotationally driven SNe. Reliable collapsar simulations, addressing
both the formation of the relativistic jet and the nucleosynthesis of the innermost ejecta, will
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be also necessary to probe the central engine of gamma-ray burst related to SNe. In the case
of compact binary mergers, the ambitious goal will be the production of reliable end-to-end
models, i.e., models that seamlessly connect the GW inspiral signal to the emission of EM
radiation that characterizes the gamma-ray burst and the kilonova, as well as their afterglows
[2182, 3094, 3095]. Open challenges here are represented by the inclusion of detailed neutrino
transport and microphysics in merger models (see also section 6.4.2), the modeling of the
central engine producing the relativistic jet, as well as its interaction with the surrounding
medium. In terms of kilonova emission, large effort will be devoted to the calculation of
opacities and spectral features that can unambiguously identify the presence and the amount
of specific elements in the ejecta.

A great challenge ahead is also represented by the inclusion of neutrino oscillations in
models of CCSNe and compact binary mergers. While the effect of vacuum and matter
oscillations is presently accounted for the determination of the expected neutrino signal,
the role of neutrino-induced oscillations, their impact on the remnant dynamics and on the
nucleosynthesis are possibly significant, but still under investigation, see, e.g., [3096–3100].

6.4 Uncertainties and degeneracies in our measurements

To properly extract the information from GW observations, one has to cross-correlate the
observational data to theoretical models. In this section, we discuss the impact that various
uncertainties in GW modeling and theoretical assumptions may have on the interpretation
of ET data for subatomic physics. For a detailed discussion about waveform modeling, we
refer to section 8.

6.4.1 Impact of waveform-model uncertainties

6.4.1.1 Inspiral – Merger. During the inspiral, characteristic matter signatures in the
GW signal arise primarily due to spin and tidal effects, including dynamical tides associated
with the excitation of the star’s internal oscillation modes, and, in NS-BH systems, also the
possible tidal disruption of the NS. Waveforms describing the inspiral of compact binaries
with at least one NS are commonly built by augmenting a high-fidelity point-mass, i.e.,
binary BH (BBH), baseline with matter-induced corrections. A more detailed overview of
the current state-of-the art waveform models for BNS and BHNS can be found in section 8.

Spin effects that depend on the EOS first enter the GWs through the spin-induced
quadrupole moment with the same scaling in frequency as post-2-Newtonian (2PN) point-
mass effects. For tidal effects, the dominant adiabatic (static) contribution first enters the
GW phase with a scaling in frequency similar to a 5PN term [3101] and higher order cor-
rections to these effects are currently known to relative 2.5PN order [3102, 3103], while non-
spinning point-mass effects are currently known completely up to 4PN order. More recently,
calculations within the effective-one-body framework as well as PN theory have been carried
out to start incorporating dynamical tidal effects from the f−modes into BNS waveform
models [2757, 3104–3108]. Even though these effects are most prominent at a GW frequency
of around 800 Hz, they accumulate over a wide range of frequencies and, for a detector like
ET, neglecting these effects can lead to systematic biases in the inferred NS radius by more
than 1 km [3109–3111], i.e., they have to be incorporated to achieve the estimated accuracies
discussed in section 6.3.1.1, which only account for statistical uncertainties. In addition,
other NS modes such as r-modes and g-modes can become resonantly excited much earlier
in the inspiral and accumulate significant information, see e.g. [2758, 2793, 3112–3117] for
recent work and further references. Moreover, nonlinear tides may also play a non-negligible
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role [3118]. Spins further affect tidal phenomena, e.g., they lead to effective shifts in the
resonance frequencies [2756, 3119] and new interactions characterized by spin-tidal Love
numbers [3120, 3121]. Other physics may also play a role, e.g., the NS viscosity [2770, 3122];
see section 6.2.3.1, and a nonnegligible temperature induced by mode excitations as esti-
mated in [2762]; see section 6.3.2.1. However, such consequences remain to be explored in
more realistic settings. Additionally, the effects of eccentricity could alter the dynamics, in
turn impacting tidal effects [3123, 3124] and thus influencing the inference of EOS physics,
as remains to be quantified. In summary, incomplete knowledge of the point-mass baseline
model and more realistic physical effects can have a significant impact on the measurement of
tidal parameters. The implications for ET remain to be comprehensively analyzed once the-
oretical models are further developed. The main theoretical tools to understand and model
the currently missing effects are in hand, but further work is needed to determine which phe-
nomena are essential for the majority of NS binary signals when incorporating more realistic
physics.

Currently, shortcomings in the analytical knowledge of the point-mass baseline are re-
duced by including phenomenological corrections to incorporate non-perturbative information
from NR simulations and in some cases also more theoretical knowledge from other channels
such as gravitational self-force. Importantly, while the current BBH baseline models such
as IMRPhenomXPHM [3125, 3126] and SEOBNRv5PHM [3127, 3128] are found to be sufficiently
accurate across a large part of the parameter space for current-generation GW detectors,
systematic differences due to modeling choices are already becoming apparent in more chal-
lenging parts of the parameter space, e.g. [3129]. Shortcomings in these baselines impact
the inference of all source parameters and hence the EOS reconstruction from global NS
properties, including the masses. Moreover, current models that include matter effects (e.g.
NRTidalv3 [3108], SEOBNRv4T [3104, 3105], TEOBResumS [3130]; see section 8 for details on
these models) remain even more limited than those for BBHs in both the parameter space
covered and the additional physics included, such as the magnitude of spins, spin precession
effects due to the misalignment between the component spins and the orbital angular mo-
mentum, orbital eccentricity, and higher modes. Spin-precession effects have been shown to
be essential to avoid biases in the measurement of the source masses [1785, 3131], which in
turn impacts the inference of the mass-radius relationship, and higher-order modes will be
especially important for NS-BH systems due to the larger mass ratio of these class of objects.
Any such shortcoming further impacts the measurements of tidal parameters. The extent of
these impacts remains to be quantified, however, existing estimates already indicate the need
for advances in modeling to include such effects.

To capture the tidal imprints in the waveform phasing during the late stages of the
inspiral, phenomenological expressions informed by NR simulations have been developed.
However, their tuning is limited in mass ratio, spin magnitude, and orientation, as well as
the dominant quadrupolar mode and BNS systems. Recent progress has been made by ex-
tending the calibration range to more asymmetric binaries and incorporating more analytical
information into the structure of the model, e.g., [3108]. However, ET will be sensitive to
even more subtle matter effects, as discussed above, that could alter the morphology of the
signal and have not yet been included in such state-of-the-art models.

An additional tidal signature that occurs in NS-BH binaries is the complete or partial
disruption of the NS, which also gives rise to an electromagnetic counterpart. While disrup-
tion preferentially occurs for binaries with similar masses, large BH spins and stiffer EOS, the
recent observation of GW230529 [1391] suggests that such events may be more common than
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previously expected. Currently, tidal disruption is only treated phenomenologically and mod-
elled as a sudden dropoff in the waveform amplitude [3132–3134]. The disruption frequency
and its main parameter dependencies have been explored in full NR simulations, which are
challenging to carry out, as explained in detail in section 8, and have been limited in their
parameter space coverage. Under the assumption of a perfect model, the improved detector
sensitivity alone will allow us to determine the disruption frequency within ∼ 100 Hz, which
translates into an NS radius measurement accuracy of ∼ 1 km [3135], with much tighter
constraints possible when combining this with the information on tidal deformability from
the inspiral phasing.

6.4.1.2 Post-Merger Due to the complex multi-scale physics involved, the modeling of
the post-merger GW emission is very challenging and involves extreme densities, tempera-
tures, and magnetic field strengths. We also note that, as discussed in section 6.3.2.1, only
a fraction of BNS mergers are expected to exhibit such rich post-merger behavior, while
others will promptly collapse to a BH. Understanding and modeling the post-merger phase
of the binary evolution requires NR simulations. However, NR simulations are limited by
uncertainties from numerical inaccuracies (which increase in the presence of shocks) and in-
complete descriptions of the microscopic physics. Given the high temperatures and densities
after the merger and the possibility of increased magnetic field strength by orders of mag-
nitude during the merger, the physical inputs, which are of interest when constraining the
EOS, alter the postmerger GW signal noticeably more than during the inspiral. For exam-
ple, the emission of neutrinos reduces the remnant’s temperature and leads to an earlier BH
formation. Similarly, a possible quark-hadron phase transition (that might appear in the
post-merger phase) might noticeably change the compactness of the remnant and, therefore,
shift the emission frequency of the post-merger GW signal, e.g., [2347, 2887, 3136]. All of
these influences must be quantified to extract information from the postmerger GW signal
reliably; see section 6.4.2.

Up to now, there have been several attempts to construct postmerger models, e.g., [2340,
2343, 2890–2895, 2939, 3137], by capturing the most important characteristic frequencies
from the postmerger remnant. While our understanding of the main emission frequencies
continuously increases, existing estimates still have uncertainties of about 100 Hz. These
differences are of the same order as differences in the postmerger spectra due to interesting
physical processes; for example, it has been outlined [3138] that pion production could lead to
a frequency shift of about 150 Hz. To further improve our understanding of the postmerger
spectrum, one would need a larger set of NR simulations with well-quantified error bars
across a large range of the BNS parameter space and with accurate modeling of microphysical
processes. Given the enormous complexity of physics and scales involved, and despite recent
progress on novel codes (e.g. [3139]), it is likely that computing thousands of NR waveforms
with sufficient resolution, physical realism, and parameter space coverage to build accurate
waveforms (e.g. via surrogates) for parameter inference of BNS mergers will remain out of
reach for the next decade.

However, it is possible to instead adopt a data-driven approach, for instance, by using
a morphology-independent method to reconstruct the postmerger GW signal [2896, 2902].
Such analysis strategies have the advantage that information of the GW spectrum can be
directly extracted without reliance on models. However, the interpretation of these results
for the underlying source physics still requires theoretical models.

Irrespective of the data analysis approach, extracting the main emission frequencies from
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the postmerger remnant will remain challenging even with ET and will only be possible for
BNS sources with a minimum postmerger signal-to-noise ratio of about ∼ 5 [2892]. Depending
on the properties of the source, this corresponds to distances of less than 100 Mpc. Hence,
only a few of the closest BNS systems will provide reliable information on postmerger physics.
For these sources, the properties of the progenitors would be measured by ET with high
accuracy from the inspiral physics, which will aid in the analysis of the postmerger signals.

6.4.2 Uncertainties in simulations and microphysics input

Due to the complexity of Einstein’s field equations, NR simulations are an essential tool to
improve our understanding of the merging of BNS and NS-BH systems [2884, 3140, 3141].
However, despite continuous progress and simulations with increasing accuracy, e.g., [3142–
3148], these simulations have different sources of errors and uncertainties which have to
be taken into account when using numerical-relativity simulations to extract information
from future observations of NS mergers. Uncertainties in such simulations arise, on the one
hand, due to numerical approximation when solving the GR field equations together with
those of general relativistic hydrodynamics and on the other, due to the incorporation of
microphysical processes, such as neutrino and photon radiation, magnetic-field amplification,
or viscous effects. In the following, we briefly discuss the dominant sources of uncertainty.

6.4.2.1 Numerical Discretization. In contrast to the simulation of black-hole space-
times, simulations of supernova explosions or compact binaries including at least one NS,
not only need to find an accurate description for the simulation of the spacetime but also
have to deal with general-relativistic hydrodynamics. This adds to the complexity that at
the surface of the NS, the shocks and discontinuities have to be described properly. Until
now, most numerical codes used for such simulations use either finite differencing or spec-
tral methods for the spacetime, and high-resolution shock-capturing schemes based on finite
differencing or finite-volume methods for the hydrodynamical equations. Irrespective of the
numerical methods employed, the discretization typically introduces an error that has to
be carefully checked by computing numerous resolutions. In the past, several groups have
assessed the uncertainty of their simulations and found errors in the phase of the extracted
gravitational-wave signal of about O(0.1) rad up to O(1) rad accumulated over the last 10 to
20 orbits before the merger [3142, 3145, 3147–3150]. This typically leads to mismatches that
are larger than the target accuracy required for ET. However, recent progress has also been
made on using discontinous-Galerkin methods [3151, 3152] and developing exascale comput-
ing codes that will be a promising tool in the upcoming years, e.g., [3153]. In addition,
alternatives to the ordinary high-resolution shock-capturing schemes and Riemann solvers
have been proposed to reduce the uncertainty without increasing the computational footprint
of the simulations [3148, 3154]. Overall, it will be crucial to explore alternative techniques
to ensure efficient use of the computational hardware. Without such significant progress,
based on the accuracy improvements obtained over the last decade, e.g., [3147, 3155, 3156],
the accuracy targets will not be reached, which – as discussed in section 8 – will limit the
development of improved GW models.

Moreover, uncertainties related to the finite volume of the simulation domain, though
typically smaller than discretization errors, might also impact ET science. Most notably, the
finite domain size leads to an extraction of the GW at a finite distance from the emitting
system. At these distances, the linear approximation typically employed to describe GWs
might not fully apply, and additional errors are introduced. Polynomial extrapolation em-
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ploying different extraction radii or next-to-leading order information about the GW falloff
behavior can improve on this, e.g., [3145]. While increasing the accuracy of the simulation
and the extracted GW, this increased accuracy will likely still be too low. Hence, one has
to expect that all future simulations aiming to produce accurate simulations for developing
new waveform models employed in the ET era will have to use Cauchy Characteristic Ex-
traction [3157], a method that ensures that GWs propagate to future null infinity where they
can be properly and accurately extracted.

6.4.2.2 Matter-composition and simulating neutrino radiation. In addition to the
uncertainty introduced by numerical discretization, our limited knowledge about the input
physics is causing uncertainties in NR simulations. Among the most important unknown
effects are composition effects of the EOS describing the material inside the NSs. Certainly,
an understanding of the EOS and composition is among the science drivers for ET, and hence,
one can not assume to have complete knowledge about these aspects. However, this might
cause substantial problems, e.g., there have been numerous studies in the field outlining
the existence of quasi-universal relations connecting postmerger properties to the binary
properties, see section 6.3.2.1, but these relations might break in the presence of a strong
phase transition, e.g., [2347, 2887]. Furthermore, the influence of pions or muons on the
merger dynamics has also not been understood in detail [3158, 3159], and the role of viscous
or out-of-equilibrium effects have to be quantified in greater depth, e.g., [2334, 2914]. Clearly,
such studies are of interest to be prepared for upcoming ET discoveries so that observational
data can be correctly interpreted, and the community has recently started to make increasing
progress in this direction - see section 6.2 and section 6.3.1.1 for more detailed discussions.

Another issue regarding the correct simulation of the composition is the inclusion of
neutrino interactions. The correct approach for including neutrinos in NR simulations would
require solving equations for relativistic neutrino transport. However, these equations, cou-
pled with the equations of general relativity and general relativistic hydrodynamics, are
computationally too expensive to be solved directly. The reason is that, in addition to
three spatial and one-time dimensions, three dimensions in the neutrino momentum space
would need to be resolved. This 3+3+1-dimensional parameter space is too large consider-
ing the existing (and likely also upcoming) high-performance computing facilities. Hence,
the community is still focusing on finding good approximations of the relativistic Boltzmann
Equations; see [3160] for a recent review.

6.4.2.3 Simulating Magnetic fields. Another possible accuracy limitation of current
simulations is the treatment of magnetic fields. While studies such as the results shown in
figure 6.19, where the upper (lower) panel corresponds to a system without (with) magnetic
fields, have shown that, for most scenarios, the magnetic field strength is insufficient to cause
a large difference during the inspiral dynamics, the postmerger evolution will be affected by
the magnetic fields. This is due to magnetic field amplification during the merger through
the Kelvin-Helmholtz or the magnetorotational instability [3162–3167]. After merger, mag-
netized winds and jetted outflows can be launched by the now dynamically relevant magnetic
field for both black hole and NS remnants [3168–3170]. This has a direct impact on the elec-
tromagnetic counterparts signals expected from these events, see section 6.3.3. A challenge in
current state-of-the-art general-relativistic magnetohydrodynamics simulations of NS merg-
ers is to resolve the turbulent magnetic field amplification and the resulting nonlinear small-
and large-scale dynamo processes. High-resolution simulations showed that the length scales
driving small-scale dynamos in the early merger are clearly unresolved [2920, 2923] and
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Figure 6.19: Influence of magnetic field and neutrino emission in the post-merger phase
of a specific BNS simulation. Vertical lines mark the neutrino insertion (Mag + Rad cases),
and BH formation. Figure from [3161].

.

at least two orders of magnitude below the currently highest resolution simulations avail-
able but that resolving the magnetorotational instability in the later postmerger evolution
can lead to large-scale magnetic field generation [3171]. Alternative approaches to incorpo-
rate the unresolved merger and early post-merger sub-grid scale effects are underway, e.g.,
general-relativistic large-eddy simulation schemes, e.g., [2910, 3172–3175]. However, such
approaches are challenging, and most of the proposed methods are coordinate-dependent
and do not provide a covariant formulation; see [3176] for recent progress. Hence, further
developmental work on both the theoretical and computational side is needed to ensure that
magnetic fields are properly modelled, which requires a better description of turbulent flow
and small-scale effects. Additionally, beyond-ideal general relativistic magnetohydrodynam-
ics (GRMHD) effects play a key role in how particles are accelerated in jetted outflows from
BNS remnants. Hence, such effects have to be modeled to systematically connect GRMHD
BNS simulations to their potential short-GRB signatures. While there are a small number of
resistive GRMHD simulations [3177, 3178], more work is needed to develop resistive GRMHD
simulation capabilities with all the necessary nuclear and neutrino physics included. Effects
from the nuclear stress-energy tensor, such as bulk viscosity, may also play an important role
and have only just begun to be included. This is partly due to the complexity of finding suit-
able and stable formulations of the viscous GRMHD equations that are numerically feasible,
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e.g., [3179]. Including all of these beyond-ideal effects will require significant development
efforts from the community.

6.4.3 Degeneracies with modified gravity and Beyond-Standard-Model physics

Determining the EOS from GW data requires assuming an underlying theory of gravity. Even
though most of the existent analyses assume General Relativity (GR), one can plausibly argue
that its modification might be necessary and convenient in cosmology or help in building a
consistent quantum–gravity theory (see section 1 for further detail). Section 6.4.3.1 addresses
the influence of modified gravity on the structure of NSs and possible degeneracies with effects
coming from the EOS uncertainties [3180]. Even if GR is adopted, other new physical effects,
e.g., from the presence of dark matter, could impact the inference of the subatomic EOS
from measurements. Such effects of Beyond the Standard Model (BSM) non-QCD matter
are discussed in Secs. 6.4.3.2 and 6.4.3.3. We note that much of the material discussed in this
section is an active and relatively new area of research. Consequently, the examples discussed
below mainly serve to illustrate possible phenomena that have been uncovered and point out
potential degeneracies with changes in the EOS in qualitative terms, while detailed studies
of such degeneracies and implications for data analysis strategies remain an open problem.

6.4.3.1 Degeneracy of EOS uncertainties with gravity beyond GR. The degenera-
cies between EOS uncertainties and gravity beyond GR are far-reaching, covering both the
equilibrium properties of NSs as well as their dynamics. Perhaps the best-known example is
the degeneracy in the mass-radius diagram. This is demonstrated in figure 6.20 (left panel),
which represents M(R) dependencies for two EOSs within GR and for higher-curvature the-
ories of gravity where one substitutes R→ f(R) in the gravitational action, with the choice
f(R) = R + αR2 [3181] and α a parameter.53 For example, a hypothetical simultaneous
measurement of the mass and radius of a NS as indicated by a grey dot might signal either
that the true EOS is SLy or that we actually have a GR modification and the correct EOS is
APR4. Such degeneracies are very common, and they reduce our ability to disentangle the
two effects. Hence, extracting an EOS from the M(R) diagram alone, which is in one-to-
one correspondence in GR, becomes extremely difficult if alternative theories of gravity are
considered.

Another example is represented in the right panel of figure 6.20. The mass-radius
diagram shows how a typical EOS (dashed green line [2490]) is modified by (a) adding a
first-order phase transition, visible as a kink, at around R = 13 km in the black-dashed line,
or (b) using the modified-gravity Palatini R + αR2 [369] TOV equations with a parameter
α = 150 (solid green line). The two modifications would be practically indistinguishable over
most of the range without extremely precise data (two data bars are shown to understand
current precision in this diagram). It is interesting that such complicated phenomena like
kinks, i.e. nonanalyticities, points of discontinuous derivatives in the EOS due to the latent
heat of the phase transition [3186] in subatomic matter, can be mimicked by modified gravity.
Another interesting example of a non-trivial degeneracy is the phase transition between
two equilibrium states of NSs caused by the formation or the complete dissolution of a
scalar condensate above a certain threshold condition [3187, 3188]. This process shares many
similarities with a potential first-order phase transition between normal nuclear matter and
deconfined quark matter in the stellar cores. As discussed in subsection 6.3.1.1, ET has

53We stress that the choice of a particular theory beyond GR, and the values of its parameters, are chosen
mainly for illustrative purposes and better visualization.
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Figure 6.20: Left: The M(R) curve for two EOS and two theories of gravity – GR and
metric f(R) = R + αR2 gravity. Figure adapted from [3182]. Right: M(R) curves from a
typical EOS (green dashed line) modified by either a phase transition (black dashed line)
or Palatini f(R) gravity (solid green line). Superposed are example current and near-term
pulsar measurement uncertainties [1739, 3183, 3184]. Figure adapted from [369].

Figure 6.21: Influence of different values of the coupling constant α of f(R) = R + αR2

gravity on the post-merger GW signal (A10 computed with α = 21.8 km2, A500 with α =
1090.3 km2). (Time shifted so that the peak strain is simultaneous to that in GR). Figure
from [3185] with APS permission.

the potential to determine NS radii down to 0.1 km. Even falling short of that goal would
be extremely useful in this diagram, given that current uncertainties are over ×10 times
larger [2336]. We refer to [365] for the equivalent tidal deformability vs. mass diagram, which
is the quantity directly relevant for GW measurements, while the radius is only inferred from
the resulting preferred EOSs.
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Figure 6.22: The universal relation for the peak frequency of the remainder following
a neutron-star binary merger breaks down even in GR if the band of EOS used is broad
enough: full tests of the gravity theory will need good control of the EOS from other sources.
Reproduced from [3189] under Creative Commons 4.0 Attribution license.

In addition to modifying properties of individual NSs and their binary inspirals, the
theory of gravity also impacts the postmerger phase, as shown for the strain in figure 6.21. A
popular method to test the theory of gravity without having to worry about the underlying
EOS is the use of universal relations [372, 3190, 3191] that correlate quantities, like the dom-
inant frequency following a binary merger and the radius of a cold spherically symmetric NS
in β-equilibrium. These relations generally no longer hold in theories beyond GR. However,
even within GR, such relations tend to be empirical and based on computing with a swath of
EOS, whereas they sometimes fail when checked with a broader choice of EOS (colored sym-
bols in the example of figure 6.22, that are out of the initially predicted grey band). Hence,
a violation of quasi-universal relations could hint at multiple things: (i) interesting nuclear
physics such as phase transitions, (ii) modifications of GR, (iii) too uncertain NR simulations
employed to derive the quasi-universal relations, or (iv) a non ideal choice of variables for the
quasi-universal relation. The latter is actually the case for the example shown in figure 6.22,
where a rescaling of the frequency and the radius with the NS mass leads to much tighter
and better fulfilled relations for a large set of NR data [2895].

Moreover, similarly to the case of a BNS merger, a close (within 10 kiloparsecs) super-
nova event’s f -mode is expected to be reconstructible by ET with 90% accuracy [3192] in
the frequency measurement. While we should be able to extract information about the EOS
from it, once again, modifications to GR can produce degeneracies as outlined in ref. [3193].

Despite the mentioned matter-gravity degeneracies, interesting features in modified
gravity can sometimes be solely attributed to the generalization of Einstein’s equations.
One such example is the existence of additional polarizations of the gravitational waves not
present in GR, such as a scalar “breathing mode”, a scalar longitudinal mode, and any
vector modes [3194]. Special attention has been paid to the “breathing mode”, present in
certain classes of scalar-tensor models (such as Brans-Dicke theory). It can lead to interesting
scalar-field induced GW signals, potentially detectable with ET [168, 3187, 3195].

6.4.3.2 Dark matter and other BSM physics. Models of the galactic dark matter
(DM) halo (e.g. [3196]) suggest that many NSs may not be in vacuum but rather in a DM
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Figure 6.23: If mirror DM is added in varying quantities to ordinary NS matter, the admix-
ture is equivalent to having a one-parameter family of EOSs, and observable to observable
diagrams such as M(R) or Λ(M) are now populated in two dimensions, with pure NS matter
providing the (cyan online) upper right edge of the figure. Reproduced from [3207] with
permission from APS.

environment. As a consequence, NSs could accumulate a nonnegligible amount of DM within
their interiors and vicinity, depending on the nature of the DM. Studies of the capture cross-
section for DM particles such as [3197] imply that it is possible that NSs could efficiently
thermalize and accumulate enough DM to affect their macroscopic astrophysical properties.

Depending on its nature, quantum numbers, and particles’ mass, the effects of DM
on the NS include modification of mass, radius, tidal deformability, kinematic properties,
thermal evolution, x-ray pulse profile, etc [3198–3201]. As the nature of DM is unknown,
proposed model DM particles span a broad mass range, from ultralight (< 1 keV) to heavy
(≳ GeV) [3202]. Here, selected DM candidates and their impact on compact stars are briefly
discussed, and we refer to section 1 for more details.

An observable of special note is the NS cooling behavior [3203], where DM can lead to
a higher temperature plateau for old NSs. Such indications of a nonvanishing DM fraction
in some NSs is complementary to signatures of matter properties in the GW signal [3204].
Recent work [3205] has also considered the efficiency of scalar-vector field theories describing
the DM sector to reproduce current astrophysical measurements. In this way it is possible
to further constrain the available DM parameter space complementarily to other existing
bounds.

The impacts of DM on NS structure depend on the DM properties. Very weakly inter-
acting dust-like DM acts by increasing the net energy density of the star without increasing
the pressure, and thus at a given mass, the star contracts and the tidal deformability drops
as R5. The effect of such DM is akin to a softening of the EOS. Moreover, the presence
of DM has been found to be potentially capable of triggering a phase transition to a quark
star [3206]. This arises because the added DM increases the compactness of the NS at a given
mass, which could make it energetically favorable to change at least part of the subatomic
matter to a non-nucleonic phase.

If DM belongs to a mirror sector, where each ordinary particle is assumed to have a
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corresponding dark partner, it generally does not equilibrate with ordinary matter via the
strong force, but nevertheless accrues in NSs due to gravitational interactions. This leads
to matter in NSs being characterized by two pressures and two energy densities for each of
the components (normal and mirror). Consequently, observable properties such as the M -R
curves shown in figure 6.23 depend not only on the nuclear EOS but additionally on the
dark matter parameters, i.e. M(R) becomes an envelope of a neutron+DM M(R) region
in a two-dimensional plane [3207]. Similar results apply to the tidal deformability vs. mass
curves. The width of the “line” in tidal vs. mass or radius vs. mass diagrams can be used
to constrain DM properties in this scenario.

Another proposed BSM phenomenon is an axion cloud surrounding NSs [3208]. While
the motivation for axions in the context of the Strong-CP Problem is currently being de-
bated [3209–3211], many kinds of light DM particles can create an extended halo around the
star that increases the total gravitational mass. By contrast, heavy DM tends to condense
in a core, leading to a smaller radius and tidal deformability compared to a pure baryonic
star due to the additional gravitational pull. Figure 6.24 illustrates these two scenarios con-
sidering the asymmetric fermionic DM that interacts with the visible sector only through
gravity [3212]. The outermost radius of the two configurations are different, as is the tidal
deformability. Consequently, DM distributed in a halo/core could mimic an apparent stiff-
ening/softening of strongly interacting matter EOS and spoil astrophysical constraints at
high densities [3213, 3214]. This degeneracy between the effect of DM and strongly interact-
ing matter properties at high densities could potentially lead to misleading conclusions and
remains to be studied in detail.

The contribution of the next-generation GW telescopes is important in breaking a pos-
sible degeneracy between the effects of DM and strongly interacting matter at high densities.
Along with advances in subatomic theory and experiment, astrophysical observations of NSs,
and their thermal evolution require simultaneous efforts in setting bounds on the microscopic
DM parameters [3219]. Thus, for popular particle-like DM models with mass mDM ∈ (1, 104)
GeV, accounting for the impact of DM on the star sequence leading to NS → BH collapse
should allow constraining the nucleon-DM cross-section σN−DM to the 10−48 to 10−50 cm2

range [1886]. This approach is competitive with other experiments, even below the solar sys-
tem neutrino floor. Therefore, we emphasize the importance of combining multi-messenger
data on NS properties with microscopic nuclear input and DM distribution in the target
galaxy to address this question.

6.4.3.3 The effect of dark matter on the merger dynamics. Binary NS coalescences
provide a new and sensitive indirect way of constraining the properties of DM, as the GW
signals contains information on their environment, where effects such as dynamical friction or
accretion could change the signals away from those in vacuum. The environments of merging
binaries could be different depending on the particular galaxy, the distance to the centre, and
the shape [3196] of the galactic DM halo. Studies of the impact of DM on the post-merger
phases of the binary NS system showed that DM cores can lead to additional peaks in the
post-merger GW spectrum [3220] (and formation of a one-arm spiral instability [377, 378]).
The extra spectral peak (or two for unequal masses), which occurs at higher frequency than
the main post-merger peak associated to the rotation of the hypermassive remnant, provides
a possible way to disentangle DM from nuclear EOS effects. It is found to arise from the
fact that, while the normal matter components of two NSs merge, the compact DM cores are
still orbiting within the remnant and take more time to coalesce [3220]. The location and
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Figure 6.24: Modifications of the mass-radius relation (left panel) and tidal deformability
of NSs with a fraction of DM, fχ, and DM particle’s mass, mχ. To address the uncertainties
of the baryonic matter EOS, the soft IST EOS [3215] (black solid curve) and stiff BigApple
EOS [3216] (dark red solid curve) are considered. The 1σ constraints from GW170817,
GW190425, the NICER measurements of PSR J00030+0451, and PSRJ0740+6620, as well
as mass measurements of heavy radio pulsars (PSR J1810+1744, PSR J0348+0432) are
plotted. The 1σ and 2σ contours of HESS J1731-347 [3217] are shown in dark and light
orange. Figure adapted from [3213, 3218]

.

features of the spectral peaks are expected to correlate with properties of the merging DM
cores [3220], and may enable inferring their size. Constraining the DM core size then allows
to more confidently extract the information about the nuclear matter. Moreover, simulations
have indicated that due to the absence of non-gravitational interactions, the DM cores and
the surrounding post-merger matter likely exhibit distinct rotational frequencies immediately
after the merger. Over time, these frequencies might synchronize through gravitational an-
gular momentum transfer, including tidal effects [3207]. The first two-fluid NR simulations
of NSs mixed with mirror DM, concluded that DM might prolong the inspiral phase as the
amount of DM increases as well as decrease the kilonova ejecta [376].

Recently, DM models deployed in NS physics also have incorporated possible DM self-
interactions, as suggested by galactic dynamics, as DM most likely flows with an effective
viscosity [3204]. In the power spectral distribution, this damps the peak amplitudes at the
frequencies of the (expected) main modes in the power-spectrum distribution, see figure 6.25
for selected CoRe database BNS merger simulations. ET, among other detectors, will better
constrain whether such damping is at work.

To have a comprehensive understanding of the effect of DM, it is necessary to perform bi-
nary NR simulations and analyze kilonova ejecta [3222]. These simulations should encompass
various DM candidates, particle masses, interaction strengths, and fractions. Furthermore,
a thorough investigation should include a comparison with GW and electromagnetic signals.
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Figure 6.25: Spectral density computed for the full post-merger data (thin red line) and
for the early post-merger interval (thick colored lines) obtained from variation of DM mass
fraction fχ and viscosity parameter β2 defined as the coefficient of an effective velocity-
dependent dissipative force ∼ β2v

2. We also plot sensitivity curves of the NEMO, CE, ET,
and Advanced LIGO detectors (black and grey curves). CoRe database [3221] sets THC005,
THC0032, and THC0040 appear in the left, center, and right plots, respectively. The damping
of the peak amplitude due to DM can be seen. Distance fixed to d = 50 Mpc.

To conclude this subsection, we stress that extracting an EOS or other properties of
nuclear matter from ET data is always subject to a hypothesis about the gravity theory.
To prevent misleading conclusions, the possible degeneracies need to be studied in detail, in
particular: (a) impact of exotic matter (whose effect is to soften/stiffen the EOS, modify the
merger outflow, kilonova ejecta, and electromagnetic counterpart) and (b) degeneracies with
modifications of General Relativity (which needs to be simultaneously tested with NS data).

6.5 Executive summary

As exposed throughout this section, the science potential for subatomic physics with GWs
from next-generation observatories such as ET will be immense and is poised to enable
groundbreaking advances in the fundamental understanding of the structure of NSs, dense
hadronic matter, and the QCD phase diagram. Among others, copious detections of GWs
from BNS and NSBH systems are guaranteed. Rapid progress is underway to face computa-
tional and modeling challenges and those for interdisciplinary interactions, such as optimally
benefiting from the opportunities offered by GW astronomy. Here we will summarize the
main points discussed in this section, on the areas where ET’s capabilities will lead to ad-
vances in our understanding, the main challenges to be overcome and potential synergies
with other facilities.

ET observables for probing subatomic physics

Different observable GW sources will probe different aspects of subatomic matter:

• Isolated mature NSs, and NSs in the inspiral phase of BNS mergers, can be
considered as cold and in chemical (β-) equilibrium. From the inspiral phase
of such mergers and the tidal disruption in NS-BH systems, NS properties such
as radius and tidal deformability along with the underlying EOS for cold β-
equilibrated matter can be recovered with great accuracy with a limited number
of detections improving considerably on current knowledge, see section 6.3.1. A
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potential phase transition in dense NS matter is detectable for an onset at low
densities from a few loud events, which will potentially also enable measuring
subdominant matter effects such as those from characteristic oscillation modes.

• In a post-merger remnant, matter is heated up and higher densities are reached
such that signals from the post-merger phase probe dense and hot matter. The
complicated dynamics and the fact that matter is out of chemical equilibrium
renders the interpretation of GW signals from this phase more difficult than
during inspiral. Nevertheless, as discussed in section 6.3.2.1, the detection of such
a signal in combination with the associated inspiral allows to obtain additional
information on the EOS, for example on a potential phase transition at high
densities.

• The GW signal from a CCSN is highly sensitive to the progenitor properties and
the supernova dynamics. Nevertheless, GW asteroseismology of the newly born
PNS can reveal properties such as its surface gravity and some features of hot
and dense matter, see section 6.3.2.2 for more details.

• ET will be able to probe the deformations of hundreds of pulsars either detecting
a signal, or setting constraints below the maximum ellipticity predicted by theory,
and for tens of high frequency millisecond pulsars ET will probe ellipticities below
10−9; see section 6.3.1.2 and section 7.

• In combination with other observables, e.g., electromagnetic counterparts of BNS
or NSBH mergers, there will be additional information to place constraints on the
EOS as well as on the formation of heavy elements. In particular, the improved
sky-localization of future GW signals observed by ET will provide important in-
formation for follow-up searches of electromagnetic counterparts; see section 6.3.3
and section 4.

Challenges

In order to take full advantage of this scientific potential for nuclear physics with ET,
important theoretical, numerical, and computational challenges remain to be resolved.

• A key feature of GW measurements is that they are based on cross-correlating
theoretical models with the data to make the link between the signals and the
fundamental source physics. Models for NS binary systems that include more
realistic physics are urgently needed for data analysis; the specific aspects re-
quiring prioritized efforts for subatomic physics were highlighted throughout this
section. This also requires key inputs from nuclear physics on the possible matter
properties beyond the pressure-density relationship, such as finite temperature
effects and transport coefficients (see section 6.2.3), from studies that follow a
first-principle methodology as far as possible. Interactions between the GW and
nuclear-physics communities are essential to communicate what information is
required and what formats of the results are most useful as inputs for numerical
simulations and analytical studies. Efforts are also necessary to develop suitable
waveforms for data analysis that include NS matter effects (see section 6.4.1).
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• On the computational side, the complex merger process in BNS events requires
NR simulations with high computational cost on supercomputers. At present,
they remain limited in length, resolution, parameter space coverage, and micro-
physical realism, see the discussion in section 6.4.2. NS binary signals for ET
will linger for several hours in the sensitive band, which also presents a compu-
tational challenge for data analysis. With current methods and infrastructures,
it will become prohibitively expensive. New tools such as deep learning could
help address this critical issue; see section 10.

• In this context, it should also be noted that the extraction of nuclear matter prop-
erties is simultaneous with constraining modifications of GR and exotic (perhaps
dark matter) components of NSs, which can mask or distort the subatomic ef-
fects and that further work is required to understand resulting degeneracies and
develop strategies to mitigate them, as discussed in section 6.4.3. A better and
independent understanding of the underlying nuclear physics from theory and ex-
periment will open new avenues for tests of gravity, cosmology, and explorations
of dark matter with GWs from NS events.

Synergies with other facilities

In addition, to optimize the science payoffs with GWs for nuclear physics requires
strengthening the efforts on interdisciplinary connections with various other probes
from astrophysical observations, and nuclear physics theory and experiment, see sec-
tion 5 for more details. As an example, as discussed in section 6.3.1, from the inspiral
of BNS mergers, the cold β-equilibrated EOS can be determined accurately, but with-
out additional information it is difficult to determine matter composition or properties
of symmetric nuclear matter. Only a combination of data from different probes will
enable pinning down the forces acting in dense matter. In particular:

• Heavy-ion collisions at lower energies probe the EOS of warm dense matter and
yield valuable information in a regime of density and isospin asymmetry different
from NSs; data on nuclear masses, excitations, resonances, and the determination
of the neutron skin thickness probe properties of nuclear interactions in yet
other complementary realms than NSs. Likewise, it will be important to exploit
experiments to gain insights into the complex physics of kilonovae, for instance,
by measuring masses of exotic nuclides and synthesizing neutron-rich nuclei with
rare isotope beam facilities.

• New electromagnetic telescopes will also come online in the next years, for some
of which an important objective is to observe counterparts to GW events in
different wavelengths. In addition, X-ray telescopes, such as e.g., NICER or
the planned Strobe-X, and radio-timing, e.g., with SKA and its precursors, will
provide information on NS masses and radii complementary to BNS and NSBH
inspirals. Multi-messenger observations of (P)NS cooling will allow us to gain
valuable insight into the composition of the dense (and hot) matter in these
compact stars.
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7 Stellar collapse and rotating neutron stars

Stellar collapses are among the most powerful astrophysical phenomena, in which extreme
temperatures and densities are reached. They are characterized by complex physical pro-
cesses, involving hydrodynamics, magnetic fields, neutrinos, nuclear physics, electromagnetic
and gravitational radiation. The final remnant of a stellar collapse is a compact object,
namely a neutron star or a black hole.

Although some aspects are still not totally clear, stellar collapses are unanimously con-
sidered as potential sources of gravitational-waves (GWs). GWs are associated both to the
collapse itself, in the form of transient emission, and to the collapse aftermath in the form
of persistent emission from an asymmetric neutron star, isolated or part of a binary system.
Further possible channels of GWs include various kinds of dynamical instabilities, which can
set in during the early stages of the remnant life, and glitches, likely associated to cracks in
the neutron star crust or to the interplay among the crust and the inner superfluid.

In this section, we describe the main aspects of the collapse process and of the resulting
neutron star, focusing attention on the associated GW emission in view of the unprecedented
sensitivity promised by Einstein Telescope. Benefits of the multi-messenger approach, in
which information from electromagnetic, neutrino and GW observatories are combined, are
also stressed both in terms of improved detection capabilities and in terms of science return.

7.1 Introduction

In this era of GWs as new and exciting astrophysical messengers, stellar collapses and the
resulting neutron star (NS) will play a crucial role. Their emission encompasses all the
available multi-messenger tracers: electromagnetic (EM) waves, cosmic rays, neutrinos, and
GWs. They are unique laboratories where the most extreme phases of matter can be studied:
not only probing extreme regimes of gravity and electromagnetism but also the strong and
weak interactions can be studied in regimes that there is no hope to explore on Earth. To
interpret at the best future GW detections, it is necessary to consolidate our understanding
of the stellar collapse mechanisms and of the different NS classes, their EM and neutrino
signatures, rates and the expected GW characteristics.

Concerning GW emission, stellar collapses are predicted to emit short bursts of radia-
tion, with duration from a few milliseconds to a few seconds, associated to the core bounce
and following explosion, with a more structured emission due to the excitation of oscillation
modes of the newly formed proto-neutron star (PNS). NSs have been predicted to emit short
GW transients in response to sudden changes in the star’s mass quadrupole, like glitches,
and persistent signals due to long-lived deviations from an axi-symmetric shape. Young NSs
could also be subject to the excitation of various kinds of oscillation modes triggered by
dynamical instabilities or following fast processes, like crust cracks or rearrangements of the
star’s magnetic field.

Overall, stellar collapse events detectable by ET will belong to the Milky Way or the
local group of galaxies (i.e. within a few Mpc), with the possible exception represented by
long-transient emission from fast spinning newborn magnetars endowed with a super-strong
inner magnetic field, which could be detectable up to a distance of a few tens of Mpc.

In this section, we will briefly discuss the different data analysis techniques required to
detect the GWs emitted by such sources.Depending on their characteristics, different data
analysis algorithms are needed to extract the signals from detector data. In general, the
development of suitable data analysis methods must conform, as much as possible, to three
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keystones: sensitivity, robustness and computational efficiency. On one hand, search algo-
rithms must be as sensitive as possible to the specific kind of GW signal being searched.
On the other hand, these algorithms must often balance search sensitivity to generic, un-
modeled signal features with robustness against detector noise artefacts.In addition, analyses
computational cost also play a relevant role and must be taken into account during method
development.

Since in this section we deal with the outcomes of the stellar collapse, we begin in
subsection 7.2 to recall the main evolutionary path of stars toward the collapse and discuss
the limiting masses of stars that explode and those that collapse directly to a black hole
(BH). We also discuss the minimum mass of stars that enter the pulsation pair instability
exploding, therefore, as Pair Instability Supernovae leaving no remnant. We also address the
dynamics of the explosion of core collapse supernovae, the current status of their observations
and the expected GW and neutrino emission from these objects. We provide the observed
and expected core collapse supernova rates (CCSNR) and in particular the expected rate in
the Milky Way, which is of key importance to plan the observational strategy for the current
and next generation GW and neutrino detectors.

In subsection 7.3, we outline NSs’ main features, in terms of structure, and emission of
EM radiation, going from steady beamed radio or gamma emission of pulsars to burst-like
highly energetic X- or gamma-ray flares in young magnetars. Moreover, we describe the main
mechanisms through which NSs are expected to emit GWs. We are here mainly interested
in isolated NSs, or NSs in stellar binary systems like Low Mass X-ray Binaries (LMXBs) and
pulsars in binary systems, in which the GW emission is powered by the NS rotational energy
rather than the orbital (as for coalescing binaries, discussed in section 6).

Subsection 7.4 is devoted to a discussion of GW detection prospects of the aforemen-
tioned sources and to outline the role of EM and neutrino future facilities in the context
of multi-messenger astronomy. A brief classification of the main search categories is also
presented for both stellar collapses and rotating NSs GW signals. Moreover, some basic in-
formation on the main analysis methods is given, stressing possible open points to be tackled
in view of ET and promising routes for improvement.

7.2 Stellar collapse

7.2.1 Stellar evolution toward stellar collapse

In the general picture of stellar evolution stars with initial mass M ≳ 10 M⊙ never experience
a significant electron degeneracy in the core during all their nuclear burning stages; therefore,
they evolve to higher and higher temperatures, fusing heavier and heavier nuclei until an iron
core is formed. The iron core, then, becomes unstable, collapses and through a sequence of
events drives the explosion of the star as a core collapse supernova (CCSN) (see section 7.2.2).
However, as the initial mass increases the explosion becomes harder and it is expected that
above a critical initial mass the stars, at the end of their evolution, will collapse directly to a
BH, producing a so-called failed explosion. As the progenitor mass increases even more, the
core of these stars becomes unstable for pair creation, it collapses and eventually drives a
pair instability supernova (PISN) that leaves no remnant. The minimum masses of the stars
that produce a successful explosion, MCCSN, a direct collapse (DC) to a BH, MDC, and a
PISN, MPISN, depend in general on the initial metallicity and rotation velocity. In general
MCCSN < MDC < MPISN.

According to the most recent studies [3223], stars with mass M ≲ 7.5 M⊙ evolve along
the Thermally Pulsing Asymptotic Giant Branch (TP-AGB) phase and end their life as CO
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Figure 7.1: Final fate of stars in the mass range (7 − 13)M⊙ according to [3223].

White Dwarfs (CO-WDs). Stars with M ≳ 9.2 M⊙, on the contrary, evolve through all
the major stable nuclear burning stages and eventually explode as CCSN leaving a compact
remnant, i.e. either a neutron star or a BH. Therefore, according to this study MCCSN ∼
9.2M⊙. However, the minimum mass that produces an explosion cannot be set to such a
value because stars in the range ∼ (7.5 − 9.2) M⊙ have a much more complex evolution
and a fraction on them can eventually explode as electron capture supernovae (ECSNe).
In particular, as a result of the carbon burning phase, stars in this mass range develop a
degenerate ONeMg core and enter the thermally pulsing phase. These stars are usually
called Super Asymptotic Giant Branch (SAGB) stars. Among them, the most massive ones,
∼ (8.5− 9.2)M⊙, achieve central densities close to the threshold density for the activation of
the electron capture (EC) 20Ne(e−, ν)20Fe. Once such an electron capture becomes efficient,
deleptonization and thermonuclear instability develop and may eventually lead to the ECSN.
The final fate of such stars however is not yet completely well established since it depends
on the competition between the energy released by the nuclear burning front and the loss of
pressure due to the deleptonization occurring in the central zones. If the energy released by
nuclear burning prevails, degeneracy is removed and the star explodes as a thermonuclear
ECSN [3224–3227]. If, on the contrary, the deleptonization dominates, the collapse cannot be
halted and the star collapses into a NS (core collapse ECSN) [2994, 3224, 3226, 3228–3231].
Which outcome is realized from ECSNe depends on both the details of the modeling of the
presupernova evolution and explosion. For all these reasons the minimum mass that can
produce an explosion as an ECSN cannot be identified with certainty of precision and we can
only say that it is in the range MECSN ∼ (8.5 − 9.2)M⊙. A summary of the evolution and
final fate of stars in the mass interval between 7 and 13 M⊙ is shown in figure 7.1.

For sufficiently high masses (with M > MCCSN), the binding energy of the stars are so
large that they do not explode but, rather, collapse directly to a BH. The determination of
the minimum mass that produces a direct collapse to a BH (MDC) is quite difficult because
it depends on the details of the explosion and in particular on the amount of fallback of
material and mixing occurring at late times. After about three decades of research, the

– 342 –



current reference model for CCSNe is based on the “delayed shock mechanism” or “neutrino-
heating mechanism”, which was originally proposed by Wilson and Bethe [2943, 2957, 3232–
3237]. However, state-of-the-art 3D simulations of the explosion, which include the most
sophisticated treatment of neutrino transport, cannot follow the explosion at late times (t ≳
10 s), when most of the fallback should occur, because of the tremendous cost of computer
time. As a consequence these simulations cannot accurately predict the the final mass of the
compact remnant and whether the supernova (SN) will be successful or failed, in the entire
SN progenitor mass range [2955, 2958, 3238–3246].

A simplified approach for studying the explosion of massive stars is to artificially stimu-
late the SN explosion by injecting some amount of energy at an arbitrary mass coordinate in
the progenitor model. This extra energy induces the formation of a shock wave whose prop-
agation through the mantle is followed by means of a hydro code. Different groups adopted
different schemes to inject the extra energy: a thermal bomb [3247]: a piston [3248]: a kinetic
bomb [3249]: thermal energy due to a calibrated neutrino luminosity [3250]. Whichever is
the way in which the energy is deposited into the presupernova model, the typical evolution
of the explosion involves (1) an initial remnant; (2) a shock wave propagating through the
mantle and inducing compression, heating, explosive nucleosynthesis and expansion of the
shocked material; (3) a fallback of the deepest layers of the expanding mantle because of the
gravitational field of the compact initial remnant; (4) a mass cut which is the mass separa-
tion between the ejecta, which will have a given final kinetic energy, and the final remnant,
which in general will be larger than the initial one. The main advantage of this approach is
that the computing cost is relatively small. Thus, it is possible to follow the evolution of the
shock over longer timescales and to estimate the amount of fallback and the final remnant
mass. The 1D approach has been extensively used to study the chemical composition of the
ejecta produced by SN explosion, especially in the context of explosive nucleosynthesis. A
recent calculation of the explosion of an extended set of presupernova models in the range
(13 − 120) M⊙, with initial metallicities corresponding to [Fe/H] = 0, −1, −2, −3 and ini-
tial rotation velocities v = 0, 300 km/s, in the framework of the thermal bomb, has shown
that: (1) for non rotating models the threshold main sequence masses above which the stars
undergo a direct collapse to BH are M ≃ 60 M⊙ for [Fe/H] = −2, −3 and M ≃ 80 M⊙ for
[Fe/H] = 0, −1; (2) for stars with initial rotation velocity v = 300 km/s the transition from
a successful SN explosion to a direct collapse to BHs occurs for initial main sequence masses
of ≃ 30 M⊙, ≃ 17 M⊙, ≃ 15 M⊙, and ≃ 15 M⊙, for [Fe/H] = 0, 1, 2, 3, respectively. A
summary of these results are shown in figures 7.2 and 7.3.

Above a given threshold value of the initial mass, or more correctly of the CO core mass,
after core He burning the stars evolve at sufficiently high temperature and low density (i.e.
high central entropy) that electron-positron pairs are created copiously, converting internal
energy into rest mass of the pairs without contributing much to the pressure. When the
star enters this stage the equation of state softens, the structural adiabatic index decreases
below 4/3 and the core becomes unstable. This is the “pair-instability” [1711, 1712, 3251].
According to [1710], if the mass of the CO core is larger than ∼ 53 M⊙, this instability results
in a dynamical collapse of the core that triggers explosive oxygen and silicon burning. These
nuclear burning produce enough energy to revert the collapse leading to the explosion of the
star as a PISN. Unlike other types of supernovae, the explosion mechanism of a PISN is well
understood, without complications like mass cut or fallback. If, on the contrary, the mass of
the CO core is in the range ∼ (35−53) M⊙, the nuclear burning are not sufficiently energetic
to disrupt the star but, rather, they induce a series of pulsations. This is the “pulsation
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Figure 7.2: Final fate and remnant masses predicted for non rotating stars as a function of
the initial mass and initial metallicity. The red line marks the predicted maximum remnant
mass.

pair-instability”. After a number of pulsations the H rich envelope is almost completely lost
and the core of the star resumes the classical evolution of a typical massive star eventually
collapsing to a BH (PPISN). In general the limiting masses that eventually become PPISN
or PISN, depend on the initial metallicity and initial rotation velocity. According to recent
studies [3252], for solar metallicity models, regardless of the initial velocity, the mass loss is
efficient enough that the CO core never becomes massive enough to enter the pair instability
regime. For non-rotating models of lower metallicities, on the contrary, the mass loss is
almost negligible, in this way MPPISN = 95, 92, 91 M⊙ and MPISN = 163, 130, 130 M⊙, for
metallicities [Fe/H] = −1, −2, −3, respectively. The effect of rotation is that of increasing
the CO core mass due to the rotation driven mixing, as a consequence for rotating models
with initial velocity of 300 km/s the limiting masses are MPPISN = 131, 70, 67 M⊙ and
MPISN = 235, 117, 93 M⊙, for metallicities [Fe/H] = −1, −2, −3 (see figures 7.2 and 7.3).

The most massive BH (MBH,max) that can be formed corresponds to the mass of the
most massive stars that collapses directly to a BH. For non-rotating stars MBH,max ≃ 91 M⊙
and is the result of the direct collapse of the most massive star at [Fe/H] = −3 not undergoing
PPISNe (red line in figure 7.2). In the case of rotating stars (with initial rotation velocity of
300 km/s), because of the enhanced mass loss driven by rotation, even if more stars collapse
directly to a BH, MBH,max is lower than for non-rotating stars. In particular, in the rotating
case MBH,max ≃ 47 M⊙ and is the result of the direct collapse of a star undergoing PPISNe,
according to the PPISNe models of [1710].

An important aspect of the progenitors of a CCSNe is the presence of an extended H-rich
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Figure 7.3: Final fate and remnant masses predicted for stars with initial rotation velocity
of 300 km/s as a function of the initial mass and initial metallicity. The red line marks the
predicted maximum remnant mass.

envelope. The basic classification of CCSNe in Type IIP, Ib and Ic, in fact, is based on the
presence of hydrogen in their ejecta (see section 7.2.4). During the presupernova evolution,
stars with initial mass larger than M ∼ 20 M⊙ lose a substantial amount of mass. Stars
above a critical mass, then, lose their entire H-rich envelope and become Wolf-Rayet (WR)
stars. The limiting masses that form the various kinds of WR stars (the classification of a
WR star is based on the chemical composition of their atmospheres) depend on the interplay
between the evolutionary times and the efficiency of mass loss. A detailed survey of massive
stars in a wide range of initial masses, metallicities and rotation velocities [3252] has shown
the following results. At solar metallicity, non-rotating stars populate the Red Super Giant
(RSG) branch up to a luminosity Log(L/L⊙) ∼ 5.7, which corresponds to a mass of ∼ 40 M⊙.
More massive stars lose a major fraction of their H-rich envelope because they overcome the
Eddington luminosity before reaching the RSG branch and hence turn back blueward where
they spend all their core He-burning lifetime. Stars in the mass range ∼ 20 − 40 M⊙ leave
the RSG branch during the core He burning and evolve towards a Blue Super Giant (BSG)
configuration, eventually becoming WR stars. Stars with initial mass M ≲ 15 M⊙, on the
contrary, remain RSG until their final explosion. Accordingly, the expected maximum mass
for the progenitors of SNIIP is MIIP ∼ 17 M⊙ (which corresponds to a maximum luminosity
of Log(L/L⊙) ∼ 5.1). Moreover, stars with initial mass M ≳ 25 M⊙ loose their entire H-rich
during the RSG phase and therefore are expected to explode as SNIb. Stars in the range
∼ (20− 25) M⊙ retain a modest amount of H in the envelope at the presupernova stage and
therefore should explode as SNIIb. Since the transition SNII/SNIIb/SNIb is not yet clear
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either from the theoretical and observational side, we can consider only one limiting mass
MIIP ∼ 17 M⊙ such that stars with M < MIIP explode as SNII while stars with M > MIIP

explode as SNIb. These limiting masses are in fair agreement with some observed properties
of massive stars: (a) MIIP ∼ 17 M⊙ is compatible with the lack of detected progenitors (of
SNIIP) with luminosities higher than Log(L/L⊙) ∼ 5.1, as reported in [3253] - therefore this
result constitutes a natural possible explanation of the so called “RSG problem” [3254]; (b)
in a scenario in which all the stars with M > 25 M⊙ fail to explode and collapse directly to
a BH, no SNIb is expected at luminosities larger than Log(L/L⊙) ∼ 5.6 - this result is at
least not in contradiction with the 14 SNIb progenitors with no detection reported in [3253],
moreover, the expected amount of mass ejected by stars exploding as SNIb is of the order of
Mejecta ∼ 6M⊙, i.e., in rather good agreement with the ejected masses of (3−4)M⊙ estimated
from the SNIb light curve fitting (see, e.g., [3255]). The effect of rotation is in general that
of reducing both the maximum mass of stars that evolve, with a significant fraction of their
lifetime, as RSG and the minimum mass that becomes WR. In particular, solar metallicity
models, with initial rotation velocities v ≥ 150 km/s, are expected to populate the RSG up to
a luminosity of the order of Log(L/L⊙) ∼ 5.5 and then to explode as SNIb (MIIP ∼ 13 M⊙).

At metallicity corresponding to [Fe/H] = −1, in the absence of rotation, the strong
decrease of the mass loss raises the maximum mass that settles on the RSG branch up to
∼ 25−30 M⊙. The more massive ones, on the contrary, do not reach the RSG branch before
the explosion because these stars turn towards their Hayashi track on a nuclear timescale.
Therefore, at this metallicity, without rotation, RSG SNIIP progenitors are predicted with
masses as high as ∼ (25 − 30) M⊙; above this value stars are expected to explode as BSGs
SNIIP. Given the very low amount of mass lost at this metallicity, only stars with initial
mass M ≥ 80 M⊙ may become WR, therefore in this case MIIP ∼ 80 M⊙. At lower
metallicities ([Fe/H] ≤ −2) also the less massive stars turn to the red on a nuclear timescale
so that basically no stars are expected to populate significantly the RSG branch at these
metallicities. This does not imply that no RSG SNIIP are expected, because stars in the
range ∼ (13− 25) M⊙ reach the RSG branch towards the end of the core He burning. Given
the extremely low amount of mass lost by these stars, all of them explode as SNIIP (blue or
red supergiants). The main effect of rotation at these (low) metallicities is that of pushing
the stars towards the RSG branch. As a consequence, low metallicity rotating stars with
M ≲ (25 − 30) M⊙ spend a considerable amount of time on the RSG branch where they
eventually explode as RSG SNIIP. The more massive ones, on the contrary, approach their
Eddington luminosity when their surface temperature drops to Log [Teff (K)] ∼ 3.8 − 4.0,
lose a huge amount of mass and turn to the blue becoming WR stars. As a consequence, at
subsolar metallicities the limiting mass between SNIIP and SNIb for rotating models is in the
range MIIP ∼ (25−30) M⊙. Though no progenitor for SNIIP as massive as (25−30) M⊙ has
been detected yet, the present results imply the existence of these massive RSG progenitors
(and SNIIP) at low metallicities and we expect their detection in the next future.

A summary of the limiting masses discussed in the previous paragraph is reported in
table 7.1.

7.2.2 Modelling, explosion mechanisms, and dynamics

Besides the aforementioned stellar models our understanding of the dynamics of stellar core
collapse owes a great deal to a growing set of ever more sophisticated numerical models (for
recent reviews and works, see, e.g., [1677, 2982, 3245, 3256–3259]). The phase during which
the GWs detectable by ground-based interferometers such as ET are emitted is only a short
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Metallicity Velocity MCCSN M∗∗
IIP MDC MBH,max MPPISN MPISN

[Fe/H] (km/s) (M⊙) (M⊙) (M⊙) (M⊙) (M⊙) (M⊙)
0 0 9.2 17 80 47 - -
0 300 9.2∗ 13 30 47 - -

-1 0 9.2∗ 80 80 47 95 163
-1 300 9.2∗ 25 17 47 131 235
-2 0 9.2∗ > 120 60 89 92 130
-2 300 9.2∗ 25 15 47 70 117
-3 0 9.2∗ > 120 60 91 91 130
-3 300 9.2∗ 25 15 47 67 93

Table 7.1: Summary of the limiting masses. Values marked with ∗ are obtained for the non
rotating solar metallicity case; values marked with ∗∗ are obtained during the presupernova
evolution and hence do not take into account the stars that directly collapse to a BH.

window of a few seconds in the wider sequence of events that transforms a star in hydrostatic
equilibrium into a compact object. It is dominated by a very specific combination of input
physics that differs from the stages before and after and thus calls for highly specialized
methods for simulation and analysis. Primary ingredients for modelling are multi-dimensional
and multi-scale (magneto-)hydrodynamics, relativistic gravity, the equation of state (EOS)
describing matter at densities up to the supernuclear regime, reactions between nuclei and
between matter and neutrinos, and the transport of neutrinos from an opaque core to the
transparent stellar envelope.

The main drivers of computational costs come from the neutrino sector [3245] where
the direction dependence of the neutrino distribution and the energy dependence of the
interactions with matter have to be taken into account, thus increasing the dimensionality
of the problem beyond the usual three spatial and one temporal dimensions. Ideally, the
Boltzmann transport equation for the neutrino distribution function in seven-dimensional
phase space coupled to the equations of fluid dynamics would have to be solved. Additionally,
the development of small-scale turbulence and the many dynamical time scales over which
the cores have to be simulated increase the effort. Therefore, groups working on the field
can perform state-of-the-art simulations at moderate rates of typically a few models per
year (see, e.g., [1677] for a particularly extensive set of 3d models). Thus, many studies
addressing specific questions on, e.g., the nature of the GW emission, employ approximations
in one or several of these fields such as simplified neutrino schemes, e.g., expansions of the
Boltzmann equations in angular moments, or a reduced dimensionality. Of particular interest
for studying the GW signal might be that the moderate compactness of the cores and the
lack of backreaction of the GW emission on the dynamics make meaningful results possible
with post-Newtonian approximations, including calculating waveforms with the quadrupole
formula, instead of a fully general relativistic treatment [3260–3262].

Beyond the technical difficulties related to computational costs, modellers have to con-
tend with several physical uncertainties. A principal concern is the possible impact of neu-
trino flavor oscillations for which the lack of tight experimental and theoretical constraints
still leaves a large parameter space to be explored [3097, 3263–3266]. Further microphysical
uncertainties come from the nuclear EOS, in particular the potential transition to hyperons
or quark matter at very high densities [3267].

The progenitor star arrives to the point of core collapse after having evolved through

– 347 –



subsequent burning stages starting on the main sequence with the fusion of hydrogen to
helium [1508, 3223, 3254, 3268–3270] (see also section 7.2.1). By then it has formed an
onion-shell structure with an inert iron core of about a mass of 1.5M⊙ and a few 1000 km
radius surrounded by layers composed of lower-mass elements. Once the core loses stability,
it collapses within a few 100 ms to a PNS with a radius of initially around 50 km. While
this qualitative picture is the same for all progenitors, with the possible exception of the
supermassive stars formed at Cosmic dawn [1100], the precise structure of the core is still
not fully understood. Important uncertainties arise from the necessary approximations made
to model the evolution up to collapse. Spherically symmetric hydrostatic modelling is still
and will for the foreseeable future remain the workhorse of stellar evolution theory. It can by
design incorporate effects such as convection and other mixing processes, rotation, magnetic
fields, or binary interaction only approximately. Modifications of the stellar profiles caused
by these processes, however, can have crucial impact on the post-collapse evolution. Due
to progress in numerical methods and computing power, traditional stellar evolution models
are now supported by multi-dimensional MHD simulations of short episodes of, e.g., con-
vective phases immediately prior to collapse, which makes it possible to test and calibrate
approximate descriptions used to describe these effects [3259].

The PNS, composed of highly incompressible matter at supernuclear density, is close to
hydrostatic equilibrium. Hence, the infall of surrounding shells of matter is abruptly stopped
at its surface. These layers bounce back in the form of an outward moving shock wave. An
intense burst of neutrinos streams out of the cores during the few ms that PNS formation
takes and carry away the largest fraction of the energy released in the gravitational collapse.
Thus weakened, the shock wave fails to leave the core and turns into an accretion shock
located at a radius of between 100 and 200 km, having traversed less than ≈ 1M⊙ of core
matter. The exterior layers, several M⊙ of material, keep falling supersonically toward the
center. If no additional processes entered the picture, the accretion would cause the PNS to
grow in mass until it collapses to a BH in what amounts to a failure of the prompt explosion
mechanism [2704].

Neutrinos are produced thermally in the hot and dense PNS and by the gas accreted
onto it. They are in local thermodynamic equilibrium with matter inside the bulk of the
PNS and start to decouple at the neutrinosphere marking its surface. They traverse a semi-
transparent region extending up to the shock wave before freely streaming to infinity. Their
mean energy, set by the temperatures at the neutrinosphere, exceeds that of the post-shock
matter. Thus, reactions with matter will, on average, heat the gas at the expense of the
neutrinos. If the energy transfer in this gain layer is sufficiently rapid compared to the
velocity at which matter falls onto the PNS, it can unbind the gas from the gravitational
pull of the PNS and thus cause an explosion marked by the shock revival and runaway to
the stellar surface [3271]. The balance between the infall and the infrequent neutrino-matter
reactions is too close to determine the outcome analytically. Detailed numerical models with
accurate neutrino transport, however, show that this delayed neutrino-driven mechanism
usually does not succeed in reviving the shock.

Multi-dimensional models show an increased heating efficiency because the fluid, no
longer bound to travel on purely radial trajectories, can dwell for a longer time in a place
where it is exposed to the neutrino flux, e.g., because it is caught up in a vortical flow
[3272]. In the gain layer, such eddies are a natural consequence of the convective instability
induced by neutrino heating [3273]. Further non-radial motions can be caused by the standing
accretion shock instability (SASI) that leads to large-scale deformations of the shock and the
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Figure 7.4: Morphology of the ejecta of two three-dimensional models of neutrino-driven
SNe for progenitors of initial masses of 11 and 23M⊙ [3282]: isosurfaces of 10% abundance of
56Ni colored by the Mach number of the radial velocity and, as blue veil, the shock surface.

enclosed matter [3238, 3274]. If these effects manage to revive the shock wave, it will start to
propagate outward and eject in a very aspherical manner parts of the stellar material enriched
with heavy elements produced before or during the SN (see figure 7.4). After breaking out of
the stellar surface, a bright SN starts to shine electromagnetically, powered by the thermal
energy of the gas and by the decay of newly produced radioactive isotopes.

The consequences of the multi-dimensional nature of the event go beyond the mecha-
nism of shock revival. The hydrodynamic instabilities can transfer linear and angular mo-
mentum from the envelope to the PNS, thus giving it a non-zero kick velocity and spin
[1744, 1813, 3275–3278]. Additionally, convection is also excited in the PNS where it en-
hances the neutrino emission (e.g., [2993, 3279, 3280]). The simultaneous presence of down-
flows and outflows behind the shock means that the PNS can continue to accrete even while
the explosion is already proceeding.

That this hydrodynamically aided neutrino-driven mechanism can work in principle
has been shown in two-dimensional axisymmetric and in fully three-dimensional simulations
independently with many different numerical approaches (e.g., [3281]). Irrespective of cur-
rently open or discussed issues such as the explosions conditions depending on the progenitor
properties, the role of different instabilities and of turbulence, the origin of the spin and kick
velocity of the NS formed from the PNS, and of the difficulties to match simulations to an
observed event, the current generation of models seem to offer a viable explanation for a large
fraction of observed SNe (e.g., [1677, 3246]). They also indicate that this mechanism might
have difficulties to produce more extreme explosions, in particular ones with above average
kinetic (i.e., Ekin ≫ 1051 erg) or EM energies, relativistic outflow velocities, or particular
nucleosynthetic yields.

The main limitation of the neutrino-driven mechanism is the very loose coupling of the
energy carried by neutrinos to the post-shock gas. The magneto-rotational explosion mech-
anism overcomes this restriction by invoking an alternative energy source for the powering
outflows in the form of the rotational energy of a PNS spinning with periods in the ms range.
The energy thus available is at Erot ∼ O(1052) erg sufficient for events on the hypernova
branch. Sufficiently strong magnetic fields then act as very efficient conduits for transporting
angular momentum outward and hence launching outflows at the cost of extracting rotational
energy and spinning down the PNS [3283, 3284]. Multi-dimensional simulations have demon-
strated the viability of this mechanism (recent work, e.g., [2954, 2959, 2961, 3285]). Apart
from the high energies that can be reached, it differs from the standard mechanism by the
potential to accelerate mildly relativistic jet-like outflows preferentially along the rotational
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axis. Apart from observed explosions with such characteristics, the existence of magnetars,
i.e., a population of young NSs with extremely strong magnetic fields, suggests that the
magneto-rotational mechanism works for a non-zero, yet so far poorly determined, fraction
of stars. The uncertainty on the rates comes from our lack of knowledge about the internal
rotation rates of potential progenitors and from the unsettled question as to how the cores
reach the required strong magnetic fields. Compression during the infall and differential
rotation will certainly increase the pre-collapse field strength, and additional amplification
mechanisms such as convection and the magnetorotational instability can boost the field
further [2947, 3286]. The latter, however, are connected to small-scale turbulence and, thus,
not easy to follow in numerical simulations with limited resolution.

Other proposed explosion mechanisms rely on tentative modifications of nuclear physics
at a few times the saturation density [3267, 3287, 3288]. A phase transition from ordinary
matter to a state composed of u, d, s quarks can liberate enough energy to launch a successful
explosion accompanied by a sudden increase of the PNS density and a burst of neutrino emis-
sion. Such a phase transition could power an explosion even if none of the other mechanisms
worked, as in that case the PNS is bound to accrete large amounts of matter and contract
to reach the threshold density. While the nuclear physics input is uncertain and somewhat
speculative, simulations, so far mostly in spherical symmetry, have shown the principle vi-
ability. This result can be turned around to use searches for observations compatible with
such an explosion type to put constraints on the properties of nuclear matter [3289].

In the absence of shock revival and jet formation, and sometimes even going together
with them, the PNS can, by accretion of enough matter, transform into a BH. Even then,
explosions can occur in the presence of rapid rotation. In the collapsar scenario [3290, 3291],
an accretion disk would form orbiting the BH inside the core, i.e., composed of matter of
subnuclear, but nonetheless very high density. Magnetic fields generated in the disk and/or
neutrinos emitted by it can extract a large fraction of the gravitational energy released in
the accretion process, and power collimated jets which, for sufficiently low ambient densities,
can have highly relativistic velocities [3292]. As shown in multi-dimensional simulations, the
outcome of such an evolution can be a long gamma-ray burst.

In most of the successful explosions, by far most of the released energy is carried away
by neutrinos (Eν ∼ 1053 erg) over a period of several seconds. The kinetic energy of the
ejecta is usually quoted with a canonical value of Ekin ∼ 1051 erg, but has a large scatter.
The EM emission tends to be lower by roughly two more orders of magnitude. There is
a basic consistency between observations and theory/simulations on these figures. For the
energy emitted in GWs, the upper limits from the non-detections so far are not very tight.
Theoretical results indicate that the GW emission is again several orders of magnitude less
and thus dynamically insignificant. By probing the wide range of non-spherical motions
described above, in particular PNS oscillations, rotation, and aspherical ejecta expansion,
GWs nonetheless offer an intriguing possibility to directly learn about the dynamics in the
core.

7.2.3 GW and neutrino emission

Neutrinos (for recent reviews, see, e.g., [2993, 3097, 3293]) and GWs share many character-
istics as the only direct observables of the dynamics in the stellar core. However, they probe
different and complementary aspects of the physics. Neutrinos are produced as a consequence
of the release of gravitational and thermal energy and carry most of it from the core (see
section 7.2.2). This property makes them primary probes of the energetics of the collapse and
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explosion. GWs, on the other hand, are only emitted in proportion to the breaking of spher-
ical symmetry. Hence, not all processes necessarily leave an observable imprint in the GW
signal. However, as outlined above, all cores will eventually develop pronounced anisotropies
and thus produce GWs. In line with these different emission properties, the methods used
for detecting and analysing neutrinos and GWs each have their own characteristics. For a
sufficiently nearby explosion, neutrino detectors would collect large numbers of neutrinos,
enabling us to reconstruct the neutrino light curve and the energy spectrum of, ideally, more
than one flavour. For the GW signal, a time-frequency analysis via spectrograms turns out
to be a powerful tool which might reveal details about, e.g., oscillations in the PNS. Recon-
structing the dynamics from future detections of this kind, however, is an intricate procedure
and requires a detailed understanding of the physics.

The thermal production of large neutrino fluxes does not start with core collapse. During
the last phases of nuclear burning, massive stars cool predominantly via neutrinos rather than
photons [3294]. Hence, detecting the characteristic increase in neutrino emission as the star
evolves though its last burning stages would provide a useful early warning months before
collapse ensues [3295]. However, given the luminosities and the relatively low (sub-MeV)
neutrino energies, it would only be feasible for nearby stars. At this stage, the compactness
of the star and the, e.g., convective, velocities are too low for any detectable GWs to be
produced.

For the subsequent core collapse and explosion itself (addressed in general in sec-
tion 7.2.2), figure 7.5 shows the evolution of the luminosities and the mean energies of neu-
trinos observed at infinity obtained using a spherically symmetric simulation [2995]. The
different phases indicated in the panels will be outlined in the following.

As the density and temperature of the core increase during collapse, the neutrino emis-
sion rises, in particular via the electron-capture process e− + p+ → n+ νe. The rise is briefly
interrupted when the core becomes optically thick at a central density ρc ∼ 1012 gcm−3.
From this moment on, the properties of the emitted neutrinos are set to large degree by
the conditions at the newly developed neutrinospheres [3296]. The collapse proceeds further
until the PNS is formed. The outward moving shock wave releases a large fraction of the
trapped neutrinos in the intense deleptonisation burst in which the luminosity of νe exceeds
for a few ms values Lνe ≳ 3× 1053 erg/s. This very distinctive electron neutrino burst occurs
in all stellar core collapse events. Its detection would serve as a very clear indication of the
moment of bounce [3297]. As the height of the burst varies only slightly between stars, the
count rates in a detector could furthermore be used to estimate the distance to the event.

The collapse is mostly spherical and by itself does not generate any significant GWs.
It can, however, amplify pre-existing asphericities caused, e.g., by rapid rotation of the core.
In that case, the ensuing rapid anisotropic acceleration of the gas at bounce, followed by
the decaying oscillations as the PNS settles into its new quasi-equilibrium, produces a signal
composed of a short (few ms), large spike, and a series of lower-amplitude oscillations there-
after. The amplitude of the spike and the frequencies at which it is emitted can be used as
probes for the rotational energy of the core as shown, e.g., in ref. [3298].

While Lνe declines after the burst, the production of the other flavours increases such
that, after a few tens of ms, all flavours are emitted at roughly similar rates. Their spectra
are approximately, though not exactly, thermal [3299–3301], with mean energies close to the
gas temperature at the neutrinospheres. The ordering of the neutrinosphere radii, Rns,νe >
Rns,ν̄e > Rns,νµ,τ , reflects the hierarchy of neutrino-matter interaction rates from strongest to
weakest coupling and translates into an inverse order of the mean energies ēνe < ēν̄e < ēνµ,τ .
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Figure 7.5: Time evolution of neutrino luminosities L and mean energies ⟨ε⟩ for a typical
long-time simulation [2995].

Two main sources feed the neutrino emission: the thermal energy of the hot PNS and
the accretion of matter falling toward it [3097, 3302]. The former leads to a luminosity that
is similar for all flavours and decays on the Kelvin-Helmholtz timescale of the PNS, typically
several seconds [3303]. The total energy emitted until the transformation of the PNS into a
cold NS should approximately correspond to the total gravitational binding energy. That, in
turn, is, for a given nuclear EOS, a function of the NS mass. Hence, observing the neutrino
emission for a sufficiently long time could provide an estimate of the mass of the newly born
NS. The cooling PNS emits all flavours at similar rates.
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Matter keeps falling onto the PNS at least until an explosion sets in, and, in the case of
very asymmetric explosions, potentially for much longer. The gravitational binding energy
released in the process powers the second main component of the neutrino luminosity, which
thus is a possible probe for the instantaneous accretion rate. It occurs mostly near the PNS
surface where the matter settles into equilibrium. In the corresponding lower density range,
νµ,tau couple too weakly to matter to be emitted at significant rates. Consequently, accretion
contributes mainly to the emission of νe and ν̄e [3097]. A pronounced drop in the luminosities
of these flavours would thus be signature of the end of mass accretion, signalling in many
cases a successful explosion.

Besides these long-term trends, the neutrino luminosities can show fluctuations on a
range of time scales down to a few milliseconds. Additionally, the nonspherical geometry of
the core leads to significant variations with emission directions. Given sufficiently high count
rates, the former can be discovered in a detector equipped with a sufficiently fast readout
system and with the help of time-frequency analysis techniques. The latter is harder to
observe as any detector is limited to a single line of sight.

The SASI, which is only excited before the explosion sets in while the shock stalls at
a low radius, leaves an imprint in the form of a modulation of the emission at frequencies
around O(100) Hz [3011, 3304–3307]. An eventual detection could offer a way to infer the
radius of the shock wave via its influence on the period of SASI spiral waves or sloshing
motions. Additional variations at lower frequencies can come from the dynamics of the
convection in the gain layer.

The neutrino emission is never perfectly spherical, but usually develops a large-scale
anisotropy, in particular after the explosion is launched. Aside from this effect, three-
dimensional simulations have revealed a large-scale asymmetry in the emission of νe and
ν̄e, the lepton number emission self-sustained asymmetry (LESA, [3236, 3308–3310]). It con-
sists of a dipolar pattern in which the emission in one direction is dominated by νe and in
the opposite direction, by ν̄e. This geometry corresponds to a similar dipolar anisotropy of
the electron fraction in the PNS. The dipole direction is random, but changes only slowly in
time.

Further variations of the neutrino luminosities and mean energies can be observed if the
rotation of the core periodically moves hotter and cold spots on the neutrinospheres across
the line of sight. Furthermore, rapid rotation can cause a flattening of the core. The PNS
and with it the neutrinospheres are situated at lower radii along the rotational axis than
in the equatorial plane. As a consequence, the polar neutrino fluxes can be enhanced with
respect to those at equatorial directions by several tens of percent.

Potential post-bounce episodes in which gravitational binding energy is released on
short times are reflected in bursts of the neutrino emission [3311, 3312]. They can occur if
the contraction of the core leads to a regime in which phase transitions of the nuclear matter
change the adiabatic index of the EOS and, thus, cause the PNS to rapidly settle into a new
quasi-equilibrium. These bursts tend to be lower and slower than the deleptonisation burst.
Futhermore, they would not be visible in all flavours, not only the νe. If the PNS accretes
enough mass for collapse to a BH to be inevitable, a similar rise of the neutrino emission
occurs [3097]. In this case, however, it is followed by a very rapid dimming marking the
moment of BH formation.

We note that most results on the neutrino emission are based on models that take into
account neutrino emissions in a simplified manner at best. Thus, they may miss an important
ingredient in the dynamics and the emission of the core itself as well as the propagation of
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Figure 7.6: Bounce GW signal: strain during the first few ms of the collapse of a fast
rotating progenitor computed for different EOS. The signal is cheracterized by the peak to
peak amplitude, ∆h+, and the frequency fpeak of the post bounce oscillations up to ∼ 6 ms
[3298].

the neutrinos to the detector. Collective oscillations could, e.g., swap neutrino flavors among
each other, thus complicating the interpretation of a detection. The physical input such as
neutrino masses and mixing angles required for describing the oscillations are still uncertain,
and numerical methods adequate for long-term, large-scale simulations are under development
[3313–3318].

Although at first sight the GW signal from CCSN may seem completely stochastic, in
reality is rich in different features that carry information about the emitting object, mainly
the nascent PNS. The main burst has a typical duration of ∼ 1 s, starting at the core bounce.
A number of numerical simulations have been performed focused in the analysis of the GW
signal for the case of non-rotating progenitors both in 2D [3011, 3017, 3018, 3319–3323] and
3D [2945, 2956, 3025, 3258, 3324–3326]. For the case of rotating progenitors there is also
extensive work by means of 2D [2948, 3017, 3327] and 3D simulations [2960, 3028, 3328–3330].
The different features present in the signal are described next:

Bounce signal: If rotation is present, the collapsing core is not perfectly spherically
symmetric but deformed by rotation. The rotationally-induced quadrupolar deformation has
its maximum time variation at the time of bounce, which produces a characteristic signal in
coincidence with the bounce followed by a few oscillations in a timescale of a few ms (see
figure 7.6). The dependence of the waveform on the rotation rate, the rotational profile, the
equation of state and the progenitor mass has been extensively studied by [3298, 3331, 3332].
Numerical simulations show that the signal only has plus polarization and is characterized
by its amplitude ∆h (at a given source distance) and its peak frequency, related to the post-
bounce oscillations. [3298] found that ∆h is proportional to the ratio of rotational-kinetic
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Figure 7.7: Typical strain during neutrino-driven SNe showing the different features
present [3319].

energy to potential energy T/|W |. This relation breaks for sufficiently large rotation rates,
T/|W | > 0.06, due to the effect of centrifugal forces in the dynamics, reaching a maximum
value of about 3×10−20 at 10 kpc. In the same regimen, they found that the peak frequency,
which is in the range 100 − 1000 Hz, scales with the square root of the mean density in
the PNS. This dependencies open the possibility of measuring the rotation rate and putting
constrains on the EOS. Unfortunately, this feature is only present for fast rotating progenitors
that are expected to be only a small fraction of all collapse events.

Prompt convection: About 10 ms after bounce symmetry of the PNS breaks due to
the development of convection. In some cases the conditions in the PNS after bounce can
trigger a strong episode of convection that produces a GW signature lasting for at most
∼ 50 ms [3319, 3321, 3333] (see figure 7.7). Typical frequencies are 100 − 200 Hz and the
strain amplitude is about 10−22 at 10 kpc. In case it is present, this phase can be followed
by a quiescent phase, with lower GW amplitude, lasting for, at most, 200 ms.

PNS oscillations: The dominant GW emission mechanism in neutrino-driven supernovae
are PNS oscillations sustained by the instabilities developing at the PNS region [2948, 3319,
3320], which are observed generically in all numerical simulations. The dominant component
of the signal (the so-called ramp-up mode) is particularly easy to identify in the spectrogram
of the GW signal where it appears as an arch with increasing frequency starting at about
100 − 500 Hz after bounce and raising to 500 − 2500 Hz after 0.6 s (see figure 7.8). Most of
the energy of the signal is emitted in the first 0.2− 1 s after bounce, with a strain amplitude
in the range ∼ 10−23−10−22 for non rotating progenitors. For rotating progenitors the strain
increases with rotation up to values as high as ∼ 10−21 for a source located at 10 kpc. By
comparing to the oscillation modes of the PNS, computed by solving the eigenvalue problem
associated to a spherical background, it has been shown that this dominant component
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Figure 7.8: Spectrogram of a typical core-collapse simulation showing the tracks of different
oscillation modes of the PNS [2951].

of the signal is the result of the excitation of a particular oscillation mode of the PNS
[2950, 2951, 3018, 3334–3336]. The nature of this mode is unclear and has been proposed
to be a g-mode [2948, 2950, 2951, 2964, 3320], a f-mode [3018, 3334, 3335, 3337] or some
combination of both [2945]. The frequency of the dominant mode depends on the properties
of the PNS at each time. Have been proposed universal relations, independent of the EOS
or the progenitor model used, relating this frequency with the surface gravity (M/R2), the
mean density (

√
M/R3) and the compactness (M/R) of the PNS [2953, 2964, 3338, 3339].

These relations allow developing GW asteroseimology by measuring the PNS properties from
the frequency evolution of the dominant mode in the GW spectrogram. The development of
this kind of relations for the case with rotation is something important to consider for the
future.

Additionally, some simulations show a power gap in the spectrograms at about 1000 −
1300 Hz [2945, 2963, 3017, 3018, 3258, 3340], breaking the dominant component in two. This
gap has been attributed either to an avoided crossing between g and p-modes [2945, 3018]
or to to a minimum of the eigenfunctions of the PNS oscillation modes [3340]. [2966] have
proposed the possibility of using the exact location of this gap to constraint the EOS of dense
matter.

Apart from the dominant component there are some weaker modes excited that could
observable and linked to the properties of the PNS.

• SASI induces a periodic signal (see figure 7.8) that can be also seen inf GW spectro-
grams [2948, 3319, 3320, 3333]. Although there is some basic understanding of the
SASI through mode analysis (e.g. [3273]), detailed calculations based of simulations
are still missing. If we use p-modes as a proxy for SASI modes (they behave similarly
and share properties) one can conclude that the frequency of these modes could be used
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to determine the shock radius [2964].

• A g-mode with decreasing frequency [2964, 2965, 3017, 3018, 3340, 3341] has been iden-
tified starting at ∼ 0.3 s post-bounce at a frequency of ∼ 600 − 800 Hz that decreases
with time to values as low as 200 Hz. This mode has been proposed to be a g-mode of
the PNS core and its frequency seems to be highly sensitive to the EOS [2965, 3341].

• For fast rotating models, the quasi-radial mode contribute to the GW emission [2948].
The frequency of this mode goes to zero if the NS becomes unstable to collapse, therefore
it can be used to infer the formation of a BH [2948, 2951].

Long-term PNS convection: Even in the case of a successful explosion, the cooling PNS
is still convectively unstable for timescales of 10− 50 s. This convection can produce a weak
(< 10−24) broad-band signal in the range 100 − 1000 Hz [3342]. If fast rotation is present
inertial modes can develop, with frequencies scaling with the rotational frequency of the
PNS. The detection of these inertial modes is an interesting oportunity for asteroseismology.
However, this signal can be suppressed if a strong dynamo is developed, case in which a low
frequency signal (< 100 Hz) may apear instead.

Triaxial instabilities: A sufficiently fast rotating PNS can develop triaxial instabilities,
typically a bar, that breaks axisymmetry and induces a strong GW emission with a frequency
related to the rotation of the bar. The presence of differential rotation lowers the threshold of
the instability allowing for the formation of bars a moderate rotation (T/|W | > 0.01). This
is the so called Low-T/|W | instability and has been observed in a number of simulations
[3026, 3028, 3328, 3330, 3343–3345]. It leaves a very characteristic periodic oscillation with
increasing frequency in the range 400 − 1000 Hz and a strain amplitude up to about 10−21.
Once formed it is unclear how long this bars can survive since it could be destroyed by the
presence of turbulent viscosity, driven by the presence of magnetorotational instabilities. In
any case, this feature is only present for fast-rotating progenitors which are likely a small
subset of all collapsing cores.

Memory: The asymmetric expansion of the exploding shock and anisotropic neutrino
emission produces a low-frequency (1 − 10 Hz) component of the GW signal [3319, 3321,
3333, 3346] that carries information about global asymmetries of the system (see figure 7.8).

Finally, we discuss other parameters that have an impact on the GW signal:

• The main impact of the progenitor star is through the structure of the iron core at the
time of collapse, although for most stars the GW signal is qualitatively similar. Even
for some extreme progenitors such that ultra-stripped helium stars, with masses as low
as 3.5M⊙, produce GW signals comparable to other SN cases [3324]. Special mention
require the case of low mass progenitors (9− 10M⊙) which explode easily and produce
very short GW bursts of 0.1 − 0.35 s (e.g. [3025, 3325]).

• Black hole formation: The signal is qualitatively similar for the case of successfully
and failed explosions because the typical timescale in which the explosion develops is
comparable or longer than the GW emission (see e.g. [2948]). The ring-down of the
forming BH is expected to leave a very short (∼ 0.1 ms) GW burst with a frequency
of ∼ 5 kHz [3347].

• The consideration of EOS with QCD phase transitions [3348–3350] may leave an imprint
in the GW signal, namely a secondary GW short burst (a few ms) at late times with
strain amplitude ∼ 10 times the main burst and frequencies in excess of 1 kHz
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7.2.4 Observations: state of the art

Although most SNe probably are not strong sources of GWs, some cases, such as rapidly ro-
tating hypernovae associated with Long Gamma Ray Bursts (LGRBs), magnetar progenitors
or asymmetric CCSNe, are. Furthermore, the existence in binary systems of compact objects
such as NS and BH, whose merger has been detected by GWs, implies that core-collapse
supernovae have occurred before.

The characteristics of a SN, including its outcome, rest upon several factors, notably the
evolutionary stage of the star that acts as the SN progenitor at the moment of its explosion,
as well as its chemical composition and, possibly, its angular momentum [3351] (see also sec-
tion 7.2.1). The observational heterogeneity observed in supernovae introduces a significant
challenge in making precise theoretical predictions regarding the expected outcomes.

In the initial fundamental classification of CCSNe, we already distinguish between Type
II SNe (SNII), which exhibit the residual hydrogen from the stellar envelope, and Type Ib SNe
(SNIb, He-rich) or Type Ic SNe (SNIc, He-poor), characterized by the absence of hydrogen
(e.g. [3352]). SNIIe are classified into two photometric subclasses based on their light curves:
those displaying prominent plateaus (SNII-P) and those with linearly declining curves (SNII-
L). Nowadays, the gap between the two classes has been filled with a continuous distribution
of SNe with different light-curve slopes (e.g. [3353]). Additionally, two other main CCSN
subclasses are recognised according to their spectra. The interacting SNe which are any SN
type (it includes the core-collapse subfamilies IIn, Ibn, Icn) with fast ejecta and sufficient
energy to interact with a slower and denser circumstellar material (CSM; [3354]), and the
Type IIb SNe (SNIIb), whose spectra metamorphose in the following week from hydrogen-rich
to helium-dominated, similar to those of the SNIb ([3355]). Since then, numerous additional
SN groups have been identified, some of which we will discuss below.

Together the SNII-P and SNII-L represent the majority of CCSNe (considering a volume-
limited rate in the local Universe; [2968]). Almost 9% is formed by interacting SNe. Instead,
the intermediate grouping of SNIIb and the H-poor SNe (SNIb, SNIc) constitute the re-
maining ∼ 37%. [3356] find similar rates for CCSN groups considering a redshift range
0.15 < z < 0.35 (see also section 7.2.5).

The large observational heterogeneity present in the SNe is closely related to the pro-
genitor star’s evolutionary state at the moment of the explosion. Here, a key parameter
to predict the final fate of star evolution is the initial mass. Several indirect techniques to
probe the progenitor have been utilized over the years, but the most straightforward method
involves pinpointing the star that underwent an explosion. The search for such progeni-
tors demands precise spatial resolution and accurate astrometry in both pre- and post-SN
explosion images. Source confusion in densely populated environments poses a significant
challenge, especially for more distant objects. Therefore, the majority of these identifications
have been achieved by examining archival images captured by the Hubble Space Telescope
(HST; e.g. [3357]) and recently by the James Webb Space Telescope (JWST; e.g. [3358])
before the explosion occurred.

In recent years, it has derived a limited range from 8 to 17 M⊙ for the progenitor mass
of SNe H-rich. As theoretically expected (see section 7.2.1) these seem to have exploded
in the red supergiant phase. However, other surprising cases of massive stars exploding
unexpectedly as yellow hypergiants (e.g. [3359, 3360]) or luminous blue variables [3361, 3362]
have been observed. Furthermore, evidence for enhanced mass loss on timescales of years to
days before a star undergoes core collapse [3363], as well as stars exploding within shells of
circumstellar dust [3364] has been accumalated.
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A well-known case of H-rich SN whose progenitor was not found to be a RSG is the
peculiar SNII-P SN 1987A in the Large Magellanic Cloud. Sk -69◦ 202, a blue B3I supergiant
star, was identified at the SN position on pre-SN ground-based images ([3365–3367]), with
a mass of ∼ 20 M⊙ ([3368, 3369]). SN 1987A is the SN know well as the first example of
a multi-messenger event observed through neutrinos and photons. This SN showed a light
curve that did not resemble any of those observed up to that moment, challenging many
of the scientific models of the time. It showed that its explosion was not as symmetric as
previously thought ([3370, 3371]). It was also possible to analyse the dust released by a SN
(e.g., [3372–3376] and detect for the first time neutrinos created just when the core of the
massive star exploded as a SN (see, e.g., [3377]). The latest discovery provided by SN 1987A
came recently with observations from the ALMA radio interferometer and JWST, confirming
that in the central parts of the SN remnant, there is a cloud of dust that is very hot and
brighter than its surroundings. This discovery suggests that the explosion remnant was a NS
currently hidden within the dust cloud ([3378–3380]).

H-poor CCSNe could instead arise either from more massive single-progenitor stars than
hydrogen-rich SN one (≥ 20 M⊙) or from lower mass stars 8M⊙ < M < 30M⊙ in a binary
system [3381]. In binary systems, they are expected to be stripped of mass by their companion
stars, however, this process alone is insufficient to completely remove the hydrogen envelope
of a star and they must evolve into a helium giant phase to shed the remaining mass [3382].
The difficulty in detecting them is because these SNe tend to occur near complex, crowded
environments (see, e.g. [3383]). Despite our best efforts and a bunch of upper limits [3382],
there are only two tentative identifications of progenitor stars for SNIb (iPTF13bvn; e.g.
[3384] and SN 2019yvr; [3385]), and a potentially hot and luminous candidate progenitor for
a SNIc (SN 2017ein; [3386–3388]).

It is worth noting that both single-star and binary systems scenarios are used in the
current search for CCSN progenitors since most massive stars (∼ 70%) live in interacting
multiple systems [1340]. From a different perspective, the abundance of binary systems
implies that binary interaction plays a predominant role in the evolution of massive stars,
giving rise to phenomena such as stellar mergers and gamma-ray bursts.

Since the initial SN classification, further SN types have been recognized (see figure 7.9),
such as the Broad-Line Type Ic supernovae (SNIc-BL) linked to high-energy gamma-ray
bursts (GRBs; [3390]) and the Super Luminous Supernovae (SLSN; [3391]).

SNIc-BL are a subclass of SNIc characterised by extreme velocity dispersion in their
spectra at and before the peak (∼ 19000 km s−1; [3392]), causing the spectral lines to appear
broader than in other types of supernovae. They are often found in association with LGRBs
and are then believed to be linked to the deaths of rapidly rotating massive stars, which can
produce powerful jets of material and radiation (e.g. SN 1998bw, located in the error region
of the GRB980425; [3393]). However, there are relativistic SNIc-BL without a detected GRB
(e.g. SN 2009bb; [3394]). SNIc-BL similar to those associated with GRBs are intrinsically
rare, being constrained its rate to ≤ 950 Gpc−3 yr−1 ([3395]).

The SLSNe can be hundreds of times brighter than SNe found over the last decades
(MV > −21 mag), having an energetic not explained by the standard core-collapse and
neutrino-driven mechanisms (see, e.g., [3396]). Since the first reported SLSN, SN 2005ap
([3397]), we have built a catalogue of approximately 100 such events, a number steadily
growing thanks to ongoing sky surveys. This sample of events has allowed us to classify
SLSNe into two main types based on the presence or absence of hydrogen in their spectra:
SLSN-I and SLSN-II. While SLSNe are rare compared to more common SN types, with SLSN-

– 359 –



Figure 7.9: Relationship between peak optical luminosity and characteristic time (defined
as the duration for a luminosity decline of 0.1 dex) for optical transients within the lo-
cal Universe. Different regions, denoted by various colours and shapes, indicate the typi-
cal location of some representative classes of transients such as SuperLuminous Supernovae
(SLSNe), Tidal Disruption Events (TDEs), CCSNe, Luminous Blue Variables (LBVs), In-
termediate Luminosity Red Transients (ILRTs), Luminous Red Novae (LRNe), and others.
Figure adapted from [3389].

II being less frequent than hydrogen-poor SLSNe, they are nonetheless significant cosmic
phenomena. The volumetric rate of SLSNe, including both hydrogen-rich and hydrogen-
poor events, is estimated to be between 0.4 and 1 event per several thousand supernovae
(e.g., [3398]). Standard SN progenitors typically synthesize about 0.1M⊙ of 56Ni, while
SLSNe demand ≥ (1−10)M⊙ of this isotope (see, e.g. [3399, 3400]). Therefore, SLSNe seem
to favor alternative explosion scenarios to the traditional SN energy sources of radioactive
decays of 56Ni and 56Co. It is proposed that the additional energy is provided, for example, by
a shock between the SN ejecta and CSM shed by the progenitor star before its explosion (see,
e.g., [3401]) or by the radiation from a newly-formed, highly magnetized NS (a magnetar)
deposited into the ejecta (see, e.g., [3401, 3402]). However, no models yet provide an excellent
and unique interpretation of the observations.

The peak luminosities and radiant energies of SNIc-BL and SLSNe, which exceed those
of typical supernovae by several orders of magnitude, lead to the hypothesis that the progen-
itor stars are more massive than typical CCSN progenitors (e.g., [3403, 3404]). The spectro-
scopic analysis, particularly during the nebular phase, and the study of their host galaxies
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suggest that SLSNe and SNIc-BL associated with long GRB might share similar progenitors
and/or explosion mechanisms ([3396]). Although there is no direct observational evidence,
magnetar-driven models which involve the energy injection from a rapidly spinning magnetar
(see below and [3402, 3405]) successfully explain the observed light curves of both SN families
(e.g., [3400, 3406–3409]). In addition, jets launched by the central engine in these events are
widespread (e.g., [3410–3415]). The possible magnetar formed at the collapse of a massive
star slows down quickly due to its magnetic field, sometimes causing it to emit focused jets
that can punch through the star’s outer layers. These jets can also provide enough energy
to cause the star to explode as a SN. Furthermore, a jet will introduce asymmetries in the
ejecta that may explain peculiar features also depending on the viewing angle. Indeed, SN
observations suggest that many, if not most, CCSN explosions exhibit asymmetric features
(e.g., [3416–3420]).

As previously described the more massive stars should end their lives as failed, or dark,
SNe (see section 7.2.1). These events occur when, after the initial phase of the explosion, the
mantle of the star collapses back onto the core and the consequence is the formation of a BH
without the occurrence of a visible SN (e.g., [1663, 1678, 1679, 3421]). Models suggest that
about (10 − 30)% of core collapses lead to failed SNe, supported by the lack of higher mass
SN progenitors ([3016, 3422], but see [3423, 3424]). Some efforts have been made to identify
failed SNe using telescopes to search for disappearing RSGs without an associated SN (e.g.,
[1674, 3422, 3425, 3426]). The first candidate discovered was N6946-BH1 [1674, 3427]. It
was a red source consistent with a mass (18 − 25)M⊙ RSG star, which disappeared after a
long-duration weak transient. Later, ref. [1675] did not find any optical counterpart and only
low-luminosity near-IR and no mid-IR counterparts compared to the estimated progenitor
luminosity. Recently, [3428] have found a very red, dusty source at the candidate location
in the mid-IR with data from the JWST. Overall, it has been estimated that failed SNsne
occur at a rate of one every 300–1000 years (see, e.g., [3429]) in the Milky Way galaxy and its
satellites. More recently, [3426] quantified the fraction of core collapses that fail to produce
SNe at 0.16+0.23

−0.12 (at 90% confidence level).

Failed supernovae could theoretically produce GWs; however, these waves may be weak
due to a lower level of asymmetry compared to more energetic supernovae and could have
lower frequency emissions since the core collapse often leads directly to the formation of a
black hole without significant shock waves or turbulence (e.g., see [3430] and [2948]). As a
result, detecting these GWs is challenging for current observatories like LIGO and Virgo.
However, third-generation detectors, such as the Einstein Telescope, may detect them.

7.2.5 Observed rates and expected rates in the local Universe

7.2.5.1 The observed CCSN rate in the local Universe. The history of SN discovery
and the measurement of the SN rate is a fascinating evolution from serendipitous observa-
tions to systematic surveys. In the past, nearby SNe were all discovered serendipitously by
amateurs and astronomers. The first significant organized effort to search for SN events was
initiated by F. Zwicky in 1942 with the Schmidt telescope on Palomar. Zwicky was able to
obtain the first estimate of the SN rate based on a small sample of 19 SN events. In 1964
Rosino began a systematic search for SNe at Asiago Observatory discovering 30 SNe. Since
Zwicky and Rosino pioneering efforts there have been numerous attempts to estimate the
local SN rate. However, it was not until the 1980s and early 1990s that the measurement
of the local SN rate became more accurate. During this period, the sample size of observed
SNe grew substantially, and improvements in observational techniques allowed astronomers
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Figure 7.10: The yearly distribution of CCSNe with spectroscopic classification from 2000
to 2023 within 100 Mpc.

to make more precise estimates [3431, 3432]. ref. [3431] combined data of five optical sur-
veys in the nearby Universe using wide-field telescopes and photographic plates, collecting 67
CCSNe in a reference sample of about 10000 galaxies. More recently, the Lick Observatory
Supernova Search (LOSS) at the Katzman Automatic Imaging Telescope equipped with a
digital camera measured the rate for each SN type monitoring a sample of 14882 galaxies
up to z ≤ 0.035 and discovering 106 CCSNe within 60 Mpc and 440 CCSNe in the overall
galaxy sample [3433].

The landscape of optical transient searches is changed considerably in the last decade
with the advent of wide-field all-sky surveys (e.g. Catalina Real-Time Survey, Palomar
Transient Factory, Rapid Response System-Pan-STARRS, All Sky Automated Survey for
SuperNovae) monitoring the local Universe with a regular cadence and a deeper limiting
magnitude compared to past searches. The significant increase in the number of SN discov-
eries over the past decade, driven by new SN surveys (as shown in figure 7.10), is revealing a
remarkable diversity in SN types. This progress has enabled the discovery of new classes of
stellar explosions as such as SLSNe and Intermediate Luminosity Optical Transients (ILOTs)
(see section 7.2.4).

In particular, from 2017 the Zwicky Transient Facility (ZTF) [3434] at 48 inch Samuel
Oschin Telescope (Schmidt-type) at the Palomar Observatory scans the entire Northern sky
every two days with a median single visit depth (5 sigma) of 20.4 mag in R band and
the Asteroid Terrestrial impact Last Alert System (ATLAS) [3435] which consists of four
telescopes (two in Hawaii, one in Chile, one in South Africa) automatically scans the whole
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10 Mpc 50 Mpc 100 Mpc

SFR CCSNR SFR CCSNR SFR CCSNR

(M⊙ yr−1) (yr−1) (M⊙ yr−1) (yr−1) (M⊙ yr−1 ) (yr−1)

LOSS 0.3±0.04 37.0±6 295±46

Kennicutt et al. 87±4 0.40±0.02

Lee et al. 123±8 0.6±0.04

Bothwell et al. 75±5 0.4±0.02 9420±602 45±3 75360±4814 362±23

Hopkins & Beacom 65 0.3 8836 42 76121 365

Madau & Dickinson 63 0.3 8059 39 66568 319

Observations 1.1+1.7
−0.6 38.0±3 153±5

Table 7.2: Our estimates of the expected CCSNe per year within 10 Mpc, 50 Mpc and
100 Mpc, respectively. These estimates are derived from the volumetric rate measured by
LOSS, several measurements of the total SFR in the same volumes, and our estimates of the
observed number of CCSNe per year based on discovery reports and archives.

sky several times every night with a median depth of 19.5 mag.

Assuming that modern SN searches are very close to guarantee a continuous full-sky
monitoring and an almost complete census of SN explosions in the local Universe we can
easier estimate the CCSN rate (CCSNR) counting the CCSNe reported in transient discovery
repositories and archives (the Asiago SN catalogue54, Transient Name Server55 and Bright
SNe catalogue56).

We analysed the sample of transients discovered in different volumes of the Local Uni-
verse (within a radius of 10, 50 and 100 Mpc) in two time intervals, from 2000 to 2023 and
from 2018 to 2023, the beginning of ZTF and ATLAS surveys. The number of CCSNe discov-
ered from 2000 to 2023 is 27, 680 and 2030 within 10, 50 and 100 Mpc, respectively, yielding
rates of 1+1.7

−0.6, 28±1, and 85±2 events per year. If we consider the temporal range from
2018 to 2023, we found 229, and 916 CCSNe detected within 50, and 100 Mpc, respectively,
corresponding to rates of 38±3, and 153 ± 5 events per year. The results of our analysis
are presented in table 7.2. We emphasize that the observed number of CCSNe provides a
stringent lower limit on the intrinsic number of CCSNe exploded in each volume.

The incompleteness of CCSN sample collected from archives arises from several fac-
tors: the effective search area in the sky, the fraction of intrinsically faint CCSNe that are
missed by local SNe surveys due to their limiting magnitude, the fraction of CCSNe obscured
by dust that remain undetected by optical searches, and the fraction of transients lacking
classification.

To estimate the fraction of faint CCSNe missed by modern surveys, we assumed an
average limiting magnitude of 20 mag for the SN searches which corresponds to absolute
magnitudes of −10 mag, −13 mag, and −15 mag, at distances of 10, 50 and 100 Mpc,

54http://sngroup.oapd.inaf.it/[3436]
55https://www.wis-tns.org
56https://www.rochesterastronomy.org/snimages/
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respectively. The cumulative luminosity function of CCSNe measured by LOSS survey [2968]
indicates that approximately 20% of CCSNe are fainter than −15 mag and about 5% of
CCSNe are fainter than −13 mag. We expect that local SN searches are nearly complete
within 50 Mpc, but miss about 20% of CCSNe that explode within 100 Mpc.

The number of nearby CCSNe missed due to dust extinction remains largely uncertain.
Dust extinction can significantly reduce the number of detectable SNe, especially in starburst
galaxies, where the dust content is higher than in normal galaxies.

SN searches in near-IR wavelength range using adaptive optics have yielded a number of
SNe in nuclear region of the Ultra Luminous InfraRed Galaxies (ULIRGs) with a broad range
of host galaxy extinctions (for more details, see [3437]). ref. [3438] monitored 46 LIRG at near
infrared wavelengths to search for obscured SNe, and detected only about (10 − 30)% of the
expected SNe for far infrared luminosity of the galaxies. Ref. [3439], following the approach
of [3438] and exploiting high resolution adaptive optics, found that the fraction of SNe missed
due to high dust extinction has an average local value of approximately 20%. Results from the
Spitzer InfraRed Intensive Transients Survey (SPIRITS) which monitored a large number of
very nearby (< 35 Mpc) galaxies between 2014 and 2018 suggest that the fraction of CCSNe
in nearby galaxies missed by optical surveys could be as high as 38.5% [3440]. More recently,
ref. [3441] performed a systematic search at 3.6µm for dust-extinguished SNe in the nuclear
regions of forty LIRGs within 200 Mpc, resulting in the detection of 5 SNe that had not been
discovered by optical searches. However, the spatial resolution of Spitzer was not optimal for
searching for obscured SNe within the nuclear regions of ULIRGs. In contrast, high-resolution
ground-based radio surveys have successfully discovered nuclear SNe with rates consistent
with the galaxy IR luminosities. Nevertheless, not all SNe are are sufficiently bright at radio
wavelengths to allow a complete survey with the radio telescopes currently available to us
[3442].

We also estimated the fraction of transients without spectroscopic classifications and
found an average value of 35% within both 50 and 100 Mpc. A portion of these transients
are likely CCSNe but accurately determining their number remains challenging.

By combining the fraction of faint CCSNe, dust obscured CCSNe and CCSNe without
a spectroscopic classification, we infer that about 40% of the CCSNe exploded within 100
Mpc remain undetected.

Our estimate of the observed number of CCSNe in each volume can be compared with
the expected number based on the CCSNR measured by the systematic SN search LOSS. The
CCSNR measurements from LOSS have been normalised per unit B and K band luminosity,
and their conversion into a volumetric rate requires knowledge of the local luminosity density
for galaxies of different Hubble types. ref. [2968], adopting the following luminosity densities
for early type and late type galaxies from [3443],

jearly type = (2.25 ± 0.36) × 108 L⊙Mpc−3 , (7.1)

jlate type = (2.96 ± 0.42) × 108 L⊙Mpc−3 , (7.2)

obtained a volumetric rate of 0.258 ± 0.044 × 10−4 Mpc−3yr−1 for SN Ib/c, and of 0.447 ±
0.068 × 10−4 Mpc−3yr−1 for SNII. The total CCSNR (0.7 ± 0.11 × 10−4 Mpc−3yr−1), when
multiplied by the volumes within 10 Mpc, 50 Mpc and 100 Mpc, gives 0.3± 0.04 , 37± 6 and
295 ± 46 CCSNe per year, respectively.

Our estimate of the observed number of CCSNe per year within 10 Mpc is about a
factor four higher than the expected value from the LOSS volumetric rate. The discrepancy
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can be explained by the observed galaxy overdensity within 10 Mpc [3444] which results in a
higher luminosity density compared to that assumed in [2968] for estimating the volumetric
CCSNR, as described by eqs. (7.3) and (7.4) below. The expected CCSN number from LOSS
volumetric rate matches the observed CCSNe within 50 Mpc while is about a factor two
higher within 100 Mpc.

7.2.5.2 The expected CCSN rate from SFR measurements. Due to the short lifetime
of their progenitor stars, the CCSNR closely follows the current SFR in a stellar system,
making it possible to infer the CCSNR in a galaxy sample by adopting a progenitor scenario
and measuring the total SFR in the sample. If we assume that the time interval between the
formation of the CCSN progenitors and their explosion (delay time) is negligible, and that
the SFR remains constant during this period, we obtain a linear relation between CCSNR
and the SFR ψ(z),

CCSNR(z) = KCCψ(z) . (7.3)

Assuming that all stars with suitable masses (mCC
l −mCC

u ) become CCSNe, the scale factor
is given by:

KCC =

∫mCC
u

mCC
l

ϕ(m)dm
∫mu

ml
mϕ(m)dm

(7.4)

where ϕ(m) is the initial mass function (IMF), and ml −mu is the mass range for the IMF.
The estimate of KCC requires knowledge of the presupernova evolution of massive stars

and of their final fate and depends on: (1) the value of the minimum mass that explodes as a
CCSN (MCCSN); (2) the minimum mass that produces a failed (and therefore undetectable)
SN MDC; (3) the limiting masses that form the various types of Wolf-Rayet stars (MIIP) (see
section 7.2.1). Since we are focusing on the Local Universe we can, as a first approximation,
assume the limiting masses for the solar metallicity reported in table 7.1 at the beginning of
this section. Adopting a Salpeter IMF in the range (0.1 − 100)M⊙ [1619] and a progenitor
mass range of (9 − 25)M⊙ for CCSNe, we obtained:

KCC = 4.8 × 10−3M−1
⊙ . (7.5)

The luminosity of a galaxy is a sensitive tracer of its stellar population, allowing a direct
connection between luminosity and instantaneous SFR when the observed emission originates
from short-lived stars or brief phases of stellar evolution. Measurements of the SFR in the
local Universe are based on Hα, Far Ultraviolet (FUV) and Total Infrared (TIR) galaxy lu-
minosities. The total SFR in a given volume can be estimated using two different approaches:
summing the SFR of each galaxy within this volume or extrapolating at z ∼ 0 a model of the
cosmic Star Formation Density (SFD) based on measurements in a larger range of redshift.

The total SFR in a galaxy sample. We estimated the total SFR within a volume of radius 10
Mpc by summing the measurements based on Hα [3445], Ultraviolet (UV) and TIR luminosity
[3446] for a sample of 398 nearby galaxies from the 11 Mpc Hα UV Galaxy Survey (11 HUGS)
and Spitzer Local Volume Legacy programs [3445] as in [3447]. The total SFR based on LHα
is lower than that obtained from LFUV and TIR luminosities, likely due to the attenuation
correction. A detailed analysis of these differences can be found in [3447] and in [3448].

By adopting the SFR based on LHα, we found that the expected CCSN number within
10 Mpc is 0.4 events per year, whereas when adopting the SFR based on LFUV and total
IR luminosity, it is 0.6 events per year. For volumes with radii of 50 Mpc and 100 Mpc, we
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used the SFR estimate in [3449], based on measurements from a large (> 10000) sample of
galaxies selected from the Imperial IRAS Faint Source Catalogue Redshift Database (IIFSCz)
catalogue, as well as the GALEX All-Sky Imaging Survey, augmented by the 11 HUGS dataset
to include systems with low SFR, low metallicity and low dust content. This UV and IR
dataset covers the full range of SFR behaviour, ensuring that both obscured and unobscured
star formation are represented. It provides a SFD of 0.025± 0.0016M⊙yr−1Mpc−3 at z ∼ 0.
We used a scaling factor of 0.72 to adjust the SFD to our cosmological model yielding
(0.018 ± 0.015)M⊙yr−1Mpc−3.

By adopting the SFR estimate from [3449], we derived the expected number of CCSNe
as 0.4 ± 0.02 events per year within 10 Mpc, 45 ± 3 events within 50 Mpc, and 362 ± 23
events per year within 100 Mpc, as shown in table 7.2. The expected number of events
within 10 Mpc is consistent with the value obtained by adopting the SFR measurements
from [3445, 3446].

The cosmic SFD models. ref. [3450] mapped the evolution of the cosmic SFD by collecting
FIR measurements from the Spitzer and UV measurements from the SDSS GALEX and
the COMBO17 and Hubble Ultra Deep Field project and Hα derived measurement at low
redshift. They performed parametric fits to the SFD using the form of ref. [3451],

ψ(z) =
(a+ bz)h

1 + (z/c)d
M⊙yr−1Mpc−3 . (7.6)

The coefficients of the parametric form used in [3450] depend on the choice of the IMF and
are a = 0.017, b = 0.13, c = 3.3 and d = 5.3 for a Salpeter IMF A with a high-mass power-law
slope of 1.35 [3452]. We scaled these parameters to a Salpeter IMF using a factor of 0.77.

Madau & Dickinson (2014)[1630] based their modeling of the cosmic SFD evolution on
a limited set of post-2006 galaxy surveys. This set includes only surveys that measured SFRs
from rest-frame FUV or MIR and FIR data from Spitzer or Herschel. In some cases, this set
also incorporates older measurements for local luminosity densities from IRAS or GALEX,
as well as GALEX-based measurements at higher redshifts. They adopted a fitting function
that is a double power law in (1 + z) defined as:

ψ(z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6
M⊙yr−1Mpc−3 . (7.7)

We extrapolated both the parametric form from [3450] and from [1630] to z ∼ 0 in order to
estimate the expected CCSNR in the Local Universe.

We found that the expected number of CCSNe from SFD measurements is 0.3 events
per year within 10 Mpc when adopting SFD values from both [3450] and [1630]. Within of
50 Mpc, we expect 42 and 39 CCSNe per year, corresponding to the SFD values from [3450]
and [1630], respectively. And within 100 Mpc, the expected number of CCSNe is 365 and
319 events per year, respectively. These results are in good agreement with those obtained
from SFD measurements in [3449]. See table 7.2 for a detailed summary.

7.2.5.3 Comparison between observed and expected CCSNe. The results of the
comparison between the expected CCSN numbers from SFR measurements assuming a mass
range of (9−25)M⊙ for CCSN progenitors and the observed CCSN numbers for each volume
we analysed are presented in table 7.2 and shown in figure 7.11.

Our estimate of the observed number of CCSNe within 10 Mpc is 2 to 3 times higher
than our estimate of the expected number from the total SFR values by [3445] and [3446]. It
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Figure 7.11: Comparison between the observed number of CCSNe and expected number
obtained using different approaches within 10, 50 and 100 Mpc. For the expected CCSNR
from the cosmic SFD, we adopted the parametric form from [1630] as a reference.

is important to note that all the host galaxies of CCSNe discovered within the last 24 years
in this volume are included in the galaxy catalogues selected by [3445] and [3446]. ref. [3447],
analysing the CCSNe discovered within 11 Mpc from 1998 to 2010, measured a CCSNR of
1.1+0.4

−0.3 events per year. By comparing this result with the expected CCSNR from 11 HUGS
SFR measurements, they concluded that the measurements from Lα may under-estimate the
total SFR by nearly a factor of two. Furthermore, our estimate of the observed number
of CCSNe per year within 10 Mpc is about a factor four higher than our estimate of the
expected number based on the extrapolation z ∼ 0 SFD models, a discrepancy attributed to
the observed galaxy over-density within 10 Mpc [3444].

The expected numbers of CCSNe from different SFD measurements [1630, 3449, 3450]
are in good agreement with the observed number within 50 Mpc. However, they all exceed
the observed rates by a factor of two within 100 Mpc.

These results are consistent with those obtained from the comparison with the expected
values derived from CCSNR by LOSS survey.

7.2.5.4 Observed and expected CCSNR in the Milky Way. The estimate of CCSNR
in the Milky Way (MW) is crucial for planning the observational strategy of current and
next generation GW and neutrino detectors. Detecting a neutrino burst, a GW signal, shock
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breakout emission and gamma rays from a Galactic CCSN will provide direct and significant
constraints on CCSN explosion mechanism. The most recent recorded SN explosion in our
Galaxy occurred in 1604. However, the study of young SN remnants suggests that at least
two SN events have occurred in the past 400 years in our Galaxy. The expansion age of the
Cassiopeia A remnant (G111.7-2.1), approximately 325 yr, indicates that the SN explosion
took place around AD 1681 ± 19 [3453]. Additionally, the most recently discovered SN
remnant G1.9+0.3 has an age of ∼ 110 − 180 years, making it the youngest-known remnant
in our Galaxy with an explosion date placed in the second half of the 19th century [3454–
3456]. A significant fraction of SN events in the MW remains undetected in the optical range
due to heavy dust absorption in the Galactic disk. Despite advancements in observational
capabilities across other wavelengths (e.g., radio telescopes), and the advent of neutrino and
GW detectors, no other SNe have been discovered since SN1604. Different approaches can

Figure 7.12: The distribution of the historical SNe and SN remnants in the galactic co-
ordinate system is shown. CCSNe (SN1054 and SN1181) are showed as red stars, SNIa
(SN1006,SN1572,SN1604) as green stars, and the SN remnants from the Green catalogue
[3457] as blue dots.

be adopted to infer the Galactic CCSNR based on both direct and indirect evidences:

• the number of historical records of SNe combined with spatial distribution models for
Galactic stellar populations and dust,

• the CCSNR measurements for galaxies with morphological type and luminosity similar
to these of the MW,

• probes of CCSN explosions, such as the census of massive stars, the birth rate of NSs,
the age distribution of SN remnants, the 26Al distribution in the Galaxy.

These estimates are summarized in table 7.3.

CCSNR from historical records and Galaxy models. Historical records indicate that
five SN events have occurred in the Milky Way over the past millennium: SN1006 (SNIa),
SN1054 (CCSN), SN1181 (CCSN), SN1572 (SNIa) and SN1604 (SNIa). Their apparent
magnitudes range from −4 to 0 mag (SN1181) [3458] and their observability timescales span
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Method CCSNR (100 yr)−1) Reference

Galaxy models 2.1 [3462]

3.2+7.3
−2.6 [3429]

1.4+1.6
−0.9 [3463]

CCSNR measurements 1.7 ±1.1 [3464]

2.4-2.7± 0.9 [3465]

2.30 ±0.48 [2968]

Counts of massive stars 1 - 2 [3466]

NSs 7.2 [2970]

SN remnants 0.43 [3467]

26Al distribution 1.9 ± 1.1 [3468]

Combination of different methods 1.63 ± 0.46 [2970]

Table 7.3: The expected CCSNR per century in the Milky Way estimated with different
proxies.

from 6 months (SN1181) to 3 years (SN1006) [3459]. SN 1054 and 1181 have been classified
as CCSNe due to the presence of a pulsar in their remnants: SN1054 is thought to be a
IIn-P [3460], while SN1181 classification remains uncertain, with several subtypes proposed,
including (SNIb, SNIc, SNII-L, and possibly an underluminous SNII-P) [3461].

The first attempt to estimate the Galactic CCSNR [3462] was made by combining rate
measurements from other galaxies and from the historical SNe in the Galaxy. This approach
yielded a Galactic SN rate of 2.5(100 yr)−1 and CCSNR of 2.1(100 yr)−1, assuming that about
85% of all SNe are core-collapse events.

Ref. [3429] presented a new measurement of the Galactic CCSNR by exploiting advance-
ments in models of Galactic stellar populations and modern dust maps. They performed a
Monte Carlo simulation to determine the position and dust extinction of Galactic SNe mod-
eling both progenitor and dust distributions with a double-exponential function and adopting
new estimates of the Galactic scale lengths, heights and total extinction along any line of
sight. The resulting cumulative apparent magnitude distribution for Galactic CCSNe, de-
rived under the assumption of a Salpeter IMF and a range mass for CCSN progenitors of
8 − 100M⊙, when combined with the number of historical SNe suggests a value of 3.2+7.3

−2.6

(100yr)−1 for Galactic CCSNR.

More recently, ref. [3463] conducted a similar study analysing the SN visibility by the
naked eye in our Galaxy. They adopted the spatial distributions of SN and dust by [3429]
and modeled the sky distributions for naked eye SNe using axisymmetric models of MW.
Their fiducial model was compared to the location of historically SNe, which all avoid the
the high-probability region (95%), likely due to spiral arm effects. The authors calculated the
fraction of SNe visible to the naked eye and found that about 33% of CCSNe are visible at
a magnitude limit of mV,lim = −2 mag. The number of historical SNe within the observable
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fraction suggests an underlying CCSNR of 1.4+1.6
−0.9 (100yr)−1.

CCSNR from measurements in the local Universe. Historically, the CCSNR in the
Local Universe has been estimated for samples of galaxies with various Hubble types and sizes
and has been normalized to B-band or K-band galaxy luminosities. The Galactic CCSNR
can be inferred by adopting a morphological classification and luminosity for MW, along with
the corresponding value of CCSNR measured in the local Universe.

Ref. [3464], exploiting their CCSNR measurements for a sample of more 10000 galaxies
and assuming that the MW is a type Sb± 0.5 galaxy with a luminosity of (2.0±0.6)×1010LB,⊙
[3469], obtained a value of (1.7 ± 1) (100 yr)−1 for the Galactic CCSNR.

Ref. [3465] estimated the CCSNR for a sample of 800 galaxies from the Shapley-Ames
catalogue and SN discoveries by [3470]. Assuming that the MW is a Sbc galaxy, with proper-
ties similar to the Sab-Sd galaxies for which they estimated the rates, and a B-band luminosity
of (2.6 ± 0.6) × 1010LB,⊙ [3465], they obtained a Galactic SN rate of (3.0 ± 1.0)(100yr)−1

and, by assuming that CCSNe account for 80% − 90% of all SNe, they derived a CCSNR in
the range [2.4 − 2.7] ± 0.9 per 100yr.

Ref. [2968] estimated the CCSNR per unit luminosity for a galaxy sample monitored by
LOSS. They assumed that the MW has the average size of a Sbc and a B-band luminosity
by [3471] and derived a Galactic CCSNR of (2.30 ± 0.48) (100yr)−1.

These results, based on similar assumptions about the morphological classification and
luminosity of the MW, are in good agreement within the reported uncertainties. Considering
the uncertainties in the Hubble type and luminosity of the MW we can conclude that these
measurements have an uncertainty approximately a factor of two.

CCSNR from the local massive star birthrate. An estimate of CCSNR can be inferred
by extrapolating a direct census of massive stars within solar neighborhood.

Ref. [3466] estimated the local massive-star birthrate from a sample of 420 O3-B2 dwarfs
within 1.5 kpc of the Sun to a limiting magnitude of 8 mag in V band. To extrapolate the
local birthrate to the entire Galaxy, they adopted a two-component “disk + hole” model
for the stellar density distribution, along with models for extinction and main-sequence star
lifetime. The authors found that the massive-star birthrate is on average 7.86 stars kpc−3

10−6 yr−1 and 176 stars kpc−3 10−6 yr−1 on the Galactic-plane and concluded that many
more galactic OB stars likely remain to be discovered.

Assuming a mass cutoff of 10 M⊙ for CCSN progenitors, the resulting CCSNR ranges
from 1 to 2 (100yr)−1 depending on the values of the model parameters.

Ref. [3472] compiled a sample of massive stars (O and early B type) within 3 kpc detected
in 2MASS [3473] and observed by Hipparcos [3474] with parallax and precise photometry.
Luminosities and temperatures of these stars were used to estimate the masses and ages
adopting mass tracks and isochrones from different sources, such as [3475–3477]. The authors
identified 759 stars with masses greater than 8M⊙ and inferred a CCSNR of 21.3±4.7 per
Myr within 600 pc from the Sun.

CCSNR from NSs birthrate. The census of NSs, considering their various manifestations,
can also provide an estimate of the CCSNR, as they are the outcomes of core collapse events
for the progenitor mass range assumed in our analysis.

Ref. [3478] reviewed the NS birthrate estimates in the literature by analysing different
classes of NSs: magnetars, radio pulsars, Rotating Radio Transients (RRATs), X-Ray Dim
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Isolated Neutron Stars (XDINSs) and X-ray binaries. For the magnetars, the authors used
an overall estimate derived from two different age estimation methods: i) spin-down age
estimates [3479], ii) SN remnant age estimates [3480].

For radio pulsars, they used estimates from three different studies [3481–3483]. The
birthrate of XDINSs was estimated by [3484] from a sample of seven XDINSs detected by
the ROSAT All-Survey. Finally, the authors assumed a direct proportionality between the
pulsars and the RRATs birthrate, as in [3485].

If we consider the average of the birthrate values presented by [3478], based on the
Galactic electron density model NE2001[2970], we obtain a CCSNR of 7.2 (100yr)−1. This
value is higher than the other estimates and suggests that there may be an excess of NSs in
the Galaxy, known as the NS ‘birthrate problem’.

CCSNR from the SN remnant birthrate. Approximately 300 SN remnants have been
observed in our Galaxy through their radio emission [3457]. However, only a small number
have been physically characterized, including determination of evolutionary state, explosion
energy and age as discussed in [3486]. The authors developed a set of spherically symmetric
SN remnant models based on hydrodynamic calculations and used them to estimate age,
explosion energy, and circumstellar medium density for a sample of 43 Galactic SN remnants
whit known distances and temperatures, assuming spherically symmetric evolution of the SN
remnant.

The distribution of ages yields a SN birthrate of 1/260 yr for the sample of 43 SN
remnants and of 1/160 yr including 15 Galactic SN remnants from [3467]. A final correction
for the incompleteness of X-ray observations of SN remnants increases the birth rate to ∼1/35
yr,which corresponds to a CCSNR of ∼ 0.43 (100yr)−1. This result is significantly lower than
other CCSNR estimates, likely due to the incompleteness of the SN remnant sample.

CCSNR from 26Al distribution in the MW. Ref. [3487] suggested that the injection of
elements into the interstellar medium, such as 26Al, may originate from CCSNe. Ref. [3468]
analysed the γ-ray emission from 26Al decays to derive its distribution using INTEGRAL
data. By mapping the isotope, they found an irregular distribution, primarily concentrated
along the plane of our Galaxy. This result strongly supports the hypothesis that CCSNe are
26Al emitters, as CCSNe are mainly located in this region. The mean mass of 26Al ejected in
the Galaxy has been estimated by combining observations with the theoretical models. The
26Al yield was inferred from the total mass, assuming a Scalo IMF (i.e. ϕ(m) ∼ m−2.7) [3488],
the isotope lifetime (1.04 Myr) and a progenitor mass range (10−120)M⊙. By correlating the
observed 26Al γ-ray emission with the expected 26Al yield [3489] they estimated the CCSNR
to be (1.9 ± 1.1) (100yr)−1.

CCSNR combining different proxies. Ref. [2970] obtained a more precise estimate
of the Galactic CCSNR by combining various measurements from the literature over the
past twenty years with direct information on the CCSNR from historical SNe in the Local
Group. Their first estimate is based on the following measurements: i) counts of massive
stars (CCSNR=(1.5 ± 0.5)(100yr)−1 [3466]), ii) the NS birthrate (CCSNR=7.2 (100yr)−1)
[3478], iii) CCSNR measurement from a large galaxy sample by [2968] (CCSNR= (1.95 ±
0.41)(100yr)−1), iv) Galactic enrichment of 26Al (CCSNR=(1.9 ± 1.1) (100yr)−1 [3468]).
By multiplying the likelihood functions of these different estimates, the authors obtained a
CCSNR of (1.79 ± 0.55) (100yr)−1.

The second estimate of the galactic CCSNR is based on: i) the Galactic CCSNR from
historical records adopting the fraction of visible CCSNe by [3429], ii) the CCSNR from
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neutrino observations of the MW, iii) CCSNR in M31 galaxy, iv) CCSNR in other galaxies
within the Local Group.

By combining these four likelihood functions, a range of [0.66 − 2.04] (100yr)−1 was
obtained. Finally, by incorporating all available information, the first combination of mea-
surements and direct data on the CCSNR in the local Group, the authors performed a global
fit, resulting in a CCSNR of (1.63 ± 0.46) (100yr)−1.

7.3 Neutron stars

Neutron stars are the end product of the collapse of progenitor stars with mass in the range
≈ [9, 20]M⊙. See section 7.2 for a detailed discussion regarding theory and observations
related to star collapses.

7.3.1 Observed NS population

Neutron stars manifest themselves in a bewildering diversity, and over the whole EM spec-
trum, from radio to TeV energies. The observed NSs population is dominated by isolated
radio or gamma pulsars, which beamed emission is powered by their large rotational energy,
with about 2500 objects observed57. Then, there are about 1500 systems consisting of NSs
in binary systems, showing different emission phases, from accreting X-ray binary systems
to rotational powered radio pulsars orbiting low and high mass stars, or transitional pulsars
that oscillate between direct matter accretion and quiescent phases where the radio pulsar
switches on. However, in the last decades, several extreme and puzzling sub-classes of NSs
were discovered: Magnetars, X-ray Dim Isolated Neutron stars (XDINSs), or Central Com-
pact Objects (CCOs), all somewhat hosting extreme magnetic fields (in the case of CCOs
buried by fall-back accretion after their SN explosion). A recent brief review can be found
in [3490].

The majority of NSs show a measurable slow decrease of their rotational frequency νs,
the spin-down ν̇s, consequence of rotational energy losses due to several possible mechanisms,
including emission of EM radiation, particle wind and, possibly, GWs. The star’s rotational
energy loss rate, called spin-down luminosity Lsd , can be related to the spin-down by [3491]

−Ė ≡ Lsd = −4π2I3ν̇sνs (7.8)

where I3 is the star moment of inertia with respect to the star’s rotation axis. Without loss of
generality, we can express the spin-down rate as a power law in terms of rotational frequency,

ν̇s = −Kνns , (7.9)

where the coefficient K and the braking index n depend on the energy loss mechanism. For
instance, n = 1 describes pulsar wind, n = 3 corresponds to magnetic dipole radiation, n = 5
to quadrupole gravitational radiation and n = 7 to r-mode GW emission. For the typical
observed spin-down rates, the star’s time-dependent rotation period, P = 1/ν, deriving from
integration of eq. (7.9), can be described by a Taylor expansion around the value P0 at a
reference time t0,

P (t) = P0 + Ṗ (t− t0) + P̈
(t− t0)

2

2
+ . . . . (7.10)

57v. 2.4.0, https://www.atnf.csiro.au/research/pulsar/psrcat/
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Figure 7.13: Period versus period derivative of different classes of pulsars. Lines of constant
estimated B-field are also shown, seeeq. (7.12), as well as lines of constant luminosity, see
eq. (7.8). Data taken from [3493, 3494].

The set of values (Ṗ , P̈ , . . .) are called spin-down parameters and can be in principle mea-
sured from the pulsar timing. From a measure of the first two parameters, an estimation of
the braking index can be obtained from the time derivative of eq. (7.9),

n = 2 − PP̈

Ṗ 2
. (7.11)

In practice, only for a very small number of pulsars the measure of P̈ (which is typically
affected by timing noise) is sufficiently accurate to provide a reliable measure of the braking
index, see e.g. [3492].

From eq. (7.9), and assuming spin-down is dominated by the emission of magnetic dipole
radiation (n = 3), an expression of the magnetic field at the surface can be obtained:

Bs = 3.2 × 1019
√
PṖ G , (7.12)

where the period P is expressed in seconds. The various NSs sub-populations can be effec-
tively represented in the so-called P − Ṗ diagram, see figure 7.13, where each known NS for
which rotation period and the first spin-down parameter have been measured, corresponds to
a point. In general, different sub-populations mostly occupy a different region in the plane.
In the plot, lines of constant spin-down luminosity (eq. (7.8)) and B-field (eq. (7.12)) are
also indicated. The sky distribution (in galactic coordinates) of these objects is shown in
figure 7.14.

Rotating NSs can be sources of long duration GWs, if their shape deviates from axi-
symmetry with respect to the rotation axis. The two basic emission mechanisms (the so-called
‘mountains’ and ‘r-modes’) have been introduced in section 6. Moreover, they can also be
source of burst-like GWs, following e.g. pulsar glitches. A few specific emission mechanisms,
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Figure 7.14: Position in the sky (galactic coordinates) of the various classes of pulsars
shown in figure 7.13. Data taken from [3493, 3494].

not covered in section 6, will be discussed in section 7.3.2, while a more general discussion
about ET detection prospects will be done in section 7.4.2.

7.3.1.1 Galactic radio pulsars. Pulsars – a contraction of ‘pulsating radio source’, as
they were initially observed at radio wavelengths – are rapidly rotating NSs with a plasma-
filled magnetosphere that emits beamed radiation at many wavelengths. Due to a conspicuous
particle acceleration in their magnetosphere undergoing a series of pair production cascades,
ultimately a beamed synchrotron emission is observed, see e.g. [3495]. Pulsars also emit their
EM signal in the optical, X-ray and gamma-ray bands, often also due to curvature emission
and/or surface thermal emission [3496].

Pulsars are extremely interesting objects due to their intrinsic regular EM emission, as
some of the known millisecond pulsars rival the stability of atomic clocks. The possibility of
tracking their rotation rate via pulsar timing techniques to a high level of precision opens a
wealth of options, from precision tests of general relativity in the strong field regime [3497] to
inferring dense matter properties by studying their timing instabilities [3498] or estimating
pulsar masses via Shapiro delay [2629] and using millisecond pulsars as a pulsar timing array,
i.e. a galactic-scale interferometer for GWs [2470, 2471].

7.3.1.2 Pulsar glitches The slow and predictable spin-down of most young pulsars suffers
from sporadic timing irregularities that spoil their perfect timing. Abrupt increases in a
spinning-down NS’s observed rotation frequency – a phenomenon known as a ‘glitch’ – are
commonly observed in most young canonical pulsars (notably, the Vela and Crab pulsars
among others) and, more exceptionally, in some old millisecond pulsars, see e.g. [3499, 3500].
Since glitching rotation-powered pulsars are isolated, the glitch phenomenon must originate
from their interiors. Accordingly, the question of where the apparent increase in angular
momentum comes from is directly linked to the understanding of the inner structure and
transport properties of NS interiors [3498]. The exact mechanisms responsible for glitches
is still not exactly understood, but it is likely to involve an interplay between the NS’s
elastic crust and the superfluid that lies within the inner crust and outer core. Shortly
after the first glitches were detected in the Vela and Crab pulsar, it was suggested that the
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observed spin-up is caused by a decrease in the NS’s moment of inertia – a consequence of
the conservation of angular momentum – as the solid crust suddenly reduces to a less oblate
shape. This hypothesis is known as the ‘starquake model’. However, the observed quasi-
exponential post-glitch relaxation of the rotation frequency to the pre-glitch state cannot
be easily explained only in terms of starquakes. Therefore, the long post-glitch relaxation
timescale (of the order of days to months) was linked to the presence of superfluid neutrons in
the interior of glitching NSs [3498, 3501]. Superfluidity is also likely to be involved in timing
noise [3502], a random and long-timescale wandering of the rotation frequency around its
secular value, that is frequently seen in canonical and millisecond pulsars. Besides giving us
a glimpse of the interior of NSs, glitches and timing noise can also impact the search for CW
from NS mountains, as they spoil the perfect coherence of the periodic GW signal. Finally,
pulsar glitches are expected to be accompanied by some degree of GW emission, both burst-
like emissions and longer-lived signals [3503, 3504], as recently reviewed in [3505]. See 7.3.2.3
for a brief summary on GW emission from pulsar glitches.

7.3.1.3 Magnetars, XDINs and CCOs. Magnetars are isolated X-ray pulsars whose
emission is thought to be powered by the decay and instabilities of their extreme magnetic
fields, typically B ∼ 1014–1015 G at the surface (see [3506] for a review; stars in figure 7.13).
At the time of writing, about 30 sources are listed as magnetars. With spin periods in
the 1–12 s range and relatively large spin-down rates, these objects have a persistent X-ray
luminosity of LX ∼ 1031–1036 erg s−1 generally larger than their rotational energy loss rate.
The birthmark of these isolated NSs is the unpredictable and variable bursting activity in
the X-/gamma-ray bands on different time scales, from a few milliseconds to hundreds of
seconds. In particular, short bursts are the most common, with peak luminosities in the
range ∼ 1036–1043 erg s−1. Burst durations span over two orders of magnitude, ranging from
a few milliseconds to a few seconds. They can occur sporadically or cluster in time, and it is
not possible to predict their appearance and which source is about to burst. The brightest
bursts, also called intermediate bursts, sometimes show a tail lasting up to several thousand
seconds that might show flux modulation at the NS spin period [3507]. The most energetic
events associated with magnetars are the giant flares. So far, only three have been observed,
each from a different source, implying that giant flares are rare. Their properties are very
similar: all of them started with a short (∼ 0.1−0.2 s) spike of γ-rays, with emission detected
up to a few MeVs that reached a peak luminosity ≥1044–1045 erg s−1 (and ≥1047 erg s−1 in
one case [3508]). The initial flashes were followed by hard X-ray tails strongly modulated at
the spin period and observed to decay in a few minutes.

These flaring events often indicate that the magnetar has entered an active phase,
commonly referred to as an outburst. During an outburst, the persistent X-ray flux increases
by up to three orders of magnitude above the quiescent level. Then, it usually relaxes back to
the pre-outburst level on time scales spanning from weeks to months/years. The outbursts
are most likely driven by magnetic stresses, which result in elastic movements of the NS
crust and/or rearrangements/twistings of the external magnetic field, with the formation of
current-carrying localized bundles.

XDINSs are a small group of seven nearby (hundreds of parsecs), thermally emitting,
isolated NSs (squares in figure 7.13). They are radio quiet while relatively bright in the X-ray
band, and five out of the seven have spin periods similar to the magnetars. Moreover, their
magnetic fields seem to be comparable to the electron critical field. At variance with the
majority of X-ray emitting pulsars, XDINSs X-ray spectra are rather perfect black bodies
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(kT ∼ 0.1 keV, eventually with some broad lines), which make them the key objects for a
large branch of research on the NS equation of state, and the cooling properties of the NS
crust and core.

Central compact objects (CCO) consists of radio quiet thermally emitting X-ray sources
(kT ∼ 0.2 − 0.5 keV), located at the center of luminous shell-like SN remnants (triangles
in figure 7.13). The association with SN remnants implies ages at most of a few tens of
kyrs. Three CCOs show X-ray pulsations with periods in the 0.1 − 0.4 s range, but with
small spin-down rates. The rotational energy loss of the three pulsed CCOs is certainly
too small to give a detectable contribution to their observed X-rays. Furthermore, they are
often called “anti-magnetars”, because of their extremely low inferred dipolar magnetic fields
(Bdip ∼ 1010−11 G). The spin-down characteristic ages of these three CCOs exceed by orders
of magnitude the ages of their associated SN remnants, indicating that they were either born
with spin periods very close to the current values, or underwent strong accretion during the
fallback phase soon after the SN explosion, which might have buried a strong magnetic field
inside. Furthermore, the large spin modulated X-ray emission (i.e. ∼ 60% in Kes 79 SN
remnant) and the evidence for bright and tiny (a few km radii) thermally emitting hot spots
in most of them, are difficult to explain in a weakly magnetized NS scenario. Magnetars,
XDINSs and CCOs are examples of different stages of the evolution of strongly magnetic
NSs: the first ones being young, the second their older peers and CCOs young systems but
having witnessed strong accretion at birth.

Strongly magnetized NSs are potentially relevant sources of GWs. As will be discussed
in more detail later, burst-like emission of GWs can happen in association with outburst
(section 7.4.1), while magnetars can emit “long-transient” signals during the early phases of
their life due to the distortion of the star’s shape induced by the strong inner magnetic field
(if not aligned with the rotation axis), as discussed in section 7.3.2.2 and 7.4.2.

7.3.1.4 Low Mass X-ray Binaries. Low Mass X-ray Binaries (LMXBs) with NS accretors
are crucial systems in astrophysics, where a NS accretes material from a companion star that
is less massive than the Sun. These systems are significant sources of X-rays, as the material
from the companion star spirals in towards the NS, heating up and emitting high-energy
radiation in the process. In the majority of Low Mass X-ray Binaries (LMXBs), the NS
undergoing accretion experiences a rapid increase in its spin rate to millisecond durations, a
process often referred to as pulsar recycling. This acceleration is attributed to the transfer
of mass from the companion star, which carries substantial specific angular momentum,
thus enhancing the spin of the NS through accretion torques [3509]. When the period of
mass transfer concludes, the NS, now spinning rapidly, has the potential to reactivate as
a “recycled” millisecond radio pulsar. This reactivation typically occurs once the accretion
ceases, allowing the swiftly spinning NS to emerge as a radio millisecond pulsar. This scenario
has somehow blurred in recent years with the discovery of a class of LMXBs known as
transitional pulsars which have shown the characteristics of both accreting millisecond pulsars
and radio millisecond pulsars [3510, 3511].

Neutron stars in LMXBs with spin periods in the millisecond range are of particular
interest for the study of continuous GWs. As these dense objects accrete mass, they can
develop asymmetries in their mass distribution, leading to the emission of continuous GWs
as they spin [1802], see section 7.3.2.1 for more details.
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7.3.2 GWs from rotating NSs

We start this section with a brief summary of the main mechanisms and features of long-lived
GW emission (CW, Continuous Waves) from rotating NSs, deferring to section 6 for more
details. Later we provide a more in-depth discussion for a few specific sources not covered
in section 6. An excellent review on GW emission from rotating NSs is given in [2797].
Detection prospects with ET will be presented in section 7.4.2.

If a rotating NS is deformed in a non-axisymmetric way, it produces CWs. There
are essentially two main mechanisms that can be at play: a static deformation of the star,
a so-called ‘mountain’, which creates (to leading order) a mass quadrupole, that is then
swept around by rotation, or modes of oscillation of the NS, that can create time-varying
mass or current quadrupoles. The mountain is supported by either crustal rigidity or the
star’s magnetic field [2139], as the field evolves due to the Hall effect [3512]. Theoretical
estimates suggest the crust could sustain deformations, in terms of the star’s ellipticity ϵ,
which measures the degree of asymmetry with respect to the rotation axis, of up to ϵ ≈
10−5 [2808] (although relativistic effects may reduce the ellipticity by more than an order
of magnitude [3513]). In the case of compact stars with exotic EOS, due for instance to
the presence of hybrid quark-baryon mixtures or meson-condensates, significantly higher
ellipticities, up to 10−4−10−3, could be reached [2828]. See section 6 for a detailed discussion
on possible mechanisms for mountains formation and the role of the star’s EOS. The strain
amplitude of the CW emitted by an asymmetric NS rotating around one of its principal axes
of inertia is given by eq. (6.6) which, for convenience, we re-write here:

h0 ≃ 10−25

(
10kpc

d

)( ϵ

10−6

)( I3
1045 g cm2

)( ν

500 Hz

)2
, (7.13)

where ν = 2νs is the GW signal frequency, I3 is the star’s momentum of inertia with respect
to the rotation axis and d is the source distance from the detector. For the standard case
of a star emitting at a single harmonic emission from the l = m = 2 mass quadrupole mode
i.e. with a GW frequency at twice the pulsar rotation frequency, assuming all the observed
source spin-down is due to the emission of CWs brings to the so-called spin-down limit on
the star ellipticity, given by

ϵsd =

(
5c5

32π4GI3

|ν̇|
ν5

)1/2

, (7.14)

where ν̇ is the signal frequency first-time derivative.
Equation (7.13) shows that CW from “standard” spinning NSs are very faint even for

galactic sources. On the other hand, signal persistency can be exploited to build signal-
to-noise ratio (SNR) by analyzing long chunks of data. This has significant implications
in the way in which the analyses must be carried on, because some secular effects, like the
Doppler effect induced by the detector motion, the source intrinsic spin-down and the sidereal
modulation due to the detector time-dependent response, affect the signal at the detector
and must be properly taken into account, see section 7.4.2 for more details.

In addition, as the magnetic and rotational axis are not, in general, aligned, a magnetic
mountain may emit not only via the Q22, but also the Q21 (i.e. l = 2,m = 1) multipole
moment, thus leading to emission not only at ν = 2νs, but also at ν = νs (see [2803] for a
review).

Newborn millisecond magnetars (section 7.3.1.3) may sustain large ellipticities, due to
the strong inner magnetic field, and this can lead to a significant GW emission, in principle
detectable up to several Mpc with ET.
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Accreting NSs (section 7.3.1.4), like LMXBs (e.g. Sco-X1), may develop crustal moun-
tains as a consequence of the matter accretion process and reach spin equilibrium making
them potential interesting emitters of CW.

When it comes to modes of oscillation, the most relevant for our discussion are the f -
mode and the r-mode. The f -mode frequency ν is in the kHz region, and proportional to the
average density of the star, ν ∝

√
M/R3. The mode can be excited efficiently by transient

events, for instance pulsar glitches (section 7.3.1.2), leading to copious GW emission, which
also leads to rapid damping, on a timescale τ ∝ ν−6R−5, which for typical NS parameters
is less than a second. However, if both frequency and damping timescale are measured, this
leads to a constraint on the mass and radius of the star, and therefore on the EOS of dense
matter [3514].

The r-mode, as discussed in section 6, is a toroidal mode of oscillation for which the
restoring force is the Coriolis force, and can be driven unstable by GW emission, growing to
large amplitudes that make it an interesting mechanisms for current and future searches (see
[3515] for a review).

In the following subsections we focus on three scenarios potentially relevant for the
emission of GW from spinning NSs, which have not been discussed in detail in section 6:
accreting NS, newborn millisecond magnetars and pulsar glitches.

7.3.2.1 Spin equilibrium in LMXBs. Accreting NSs in LMXBs are a promising source
of CWs. Observations suggest that these systems rotate well below the break-up limit,58

implying that some kind of speed limit may be enforced, and the already discussed r-modes
could provide an explanation. Alternatively, the observed spin frequencies of accreting NSs
in LMXBs could be determined by the balance between spin-up torques due to accretion and
spin-down torques due to GW emission from mountains created by the accreted material in
the crust (crustal mountains) [1802].

This possibility is supported by X-ray measurements of the spins of NSs in LMXBs.
The spin-distribution is, in fact, cut-off well before any theoretically conceivable break up
frequency for the star [1805], and the cutoff appears to be sharp, with evidence for two
populations: a slower, more widely distributed population, and a faster, narrower population
with a cutoff around 700 Hz [1804]. Theoretical population synthesis models show that such
a feature is better modeled by the presence of GW torques which stall the spin-up above
approximately 700 Hz [3517].

The GW amplitude that would give spin-equilibrium in observed LMXB systems is
thus a useful benchmark for GW searches, and future observations with ET will allow to
thoroughly investigate this scenario. For the simplest accretion torque model, that assumes
accretion at the surface of a M = 1.4M⊙ and R = 10 km NS, this amplitude, as a function
of the observed X-ray flux Fx reads

heq ≈ 5.48 × 10−27

(
Fx

10−8 erg cm−2 s−1

)1/2 ( νs
300 Hz

)−1/2
, (7.15)

where νs is the spin frequency of the star at equilibrium. Recent searches for GW signals
in O2 and O3 data [3518, 3519] from the brightest (in X-ray) LMXB, Sco X-1, have in fact
surpassed this limit, and thus put constraints on the magnetic field of the star (as we discuss
in the following paragraph) and the EOS. The current sensitivity of CW searches has thus

58The break-up limit is the star’s maximum rotation frequency above which the centrifugal force overcomes
the gravitational force causing the star’s break-up [3516].
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started to put astrophysical constraints on these sources, and the increased sensitivity of next
generation detectors, such as ET, will allow to fully probe quantitative details of the physics
of these systems.

In accreting NSs, the field structure evolves due to infalling matter [2854]. This is
particularly interesting for multimessenger observations, as the magnetic mountain may lead
to cyclotron resonance scattering features (CRSFs) in the X-ray spectrum of an accreting NS
[3520]. Given a GW detection, X-ray observations may thus offer the means to understand
which kind of mechanisms is producing the mountain on a NS [3521]. Note that in the
presence of a magnetic field, the disc will be magnetically truncated, and the spin-equilibrium
formula above, eq. (7.15), no longer applies, although it is still a useful order of magnitude
estimate (see [3519] for a more detailed discussion of the topic).

7.3.2.2 Newborn millisecond magnetars. As previously discussed, magnetars are be-
lieved to be born rapidly rotating (with millisecond periods), from the collapse of massive
stars, accretion induced collapse of white dwarfs, or from a NS-NS merger. Two main fun-
damental mechanisms have been proposed to determine long-duration GWs from newborn
millisecond magnetars. The large magnetic field and likely presence of fallback accretion,
can lead to the creation of a mountain, which couple with the rapid rotation rate, can lead
to strong GW emission from these systems. The braking index of a number of systems is, in
fact, consistent with n = 5 [3522], corresponding to spin-down due to a GW mountain, which
for the estimated durations of up to 50 s, would require an ellipticity of the order of ϵ ≈ 10−3

[3523], consistent with theoretical models for fallback accretion, and which could be detected
by next generation detectors at distances of 1 Mpc (see e.g. [3524, 3525]). Alternatively,
the strong inner magnetic field can significantly distort the star, up to ϵ ≈ 10−4 − 10−3, and
trigger long-lasting GW emission [3526], in particular in presence of a toroidal field which
induces a prolate deformation that maximizes GW emission (through the so called spin-flip
mechanism) [2850, 3527, 3528]. Such GW signal, with duration from several hours to a few
days, could be detected by ET up to 5-10 Mpc with reasonable data analysis approaches, see
section 7.4.2 for more details.

In the case of millisecond magnetars produced by NS-NS mergers, there is evidence that
a meta-stable NS may be produced in some cases, and power the X-ray plateau observed in
some short gamma-ray bursts [3529]. A magnetar central engine has been also proposed for
short gamma-ray burst with extended emission, see e.g. [3530, 3531]. See [3532] for a review
on the connection among gamma-ray bursts and magnetars. If the star is supra-massive,
i.e. has a maximum mass that exceeds that of a non-rotating, stable, NS, it will eventually
collapse to a BH as it slows-down, and a measurement of the collapse time, from combined
EM and GW observations, could thus constrain the equation of state of dense matter [3533].

7.3.2.3 Oscillations and mountains after pulsar glitches. Pulsar glitches, the sudden
spin-up events discussed in section 7.3.1.2, are also likely to excite GW emission. Key to this
discussion is an understanding of the superfluid interior of NSs which, when rotating, form
an array of quantum vortices that carry the angular momentum of the fluid. Each vortex
essentially acts as a quantum of angular momentum. The observed rise in the pulsar’s spin
from a glitch occurs rapidly (the best current upper limits indicating it is over in less than
a minute), and is thought to be associated with the sudden outward motion of quantum
vortices in the superfluid interior of the star [3498, 3500]. The rearrangement of the vortex
configuration is likely to be non-axisymmetric and can lead to the excitation of oscillation
modes during and after a glitch. In particular, the f-mode is likely to be excited efficiently
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and therefore lead to a short-duration burst-like signal, which is damped on short timescales
comparable to that of the rise [3504, 3534, 3535].

On longer timescales, associated with those of the post-glitch relaxation (hours to
months), transient mountains may be created in the crust of the NS, leading to continu-
ous signals, and leaving an imprint also on the evolution of the spin-down rate of the pulsar,
as measured from EM timing [3503]. See [3505] for a review of GW emission mechanisms asso-
ciated with glitches. Finally, on even longer timescales, glitch-induced intermittent emission
of GWs leads to a fluctuating braking torque that can drive timing noise, a slow modulation
of a pulsar’s period that is generally consistent with a red noise process [3502, 3536].

A benchmark for searches for signals following glitches can be obtained by expressing
the energy associated with the event in terms of the glitch parameters [3503],

Esd = 4π2QI3νs∆νs , (7.16)

where Q is the healing parameter which quantifies the fraction of the total spin-up that
recovers. The case Q = 1 corresponds to the situation in which all the energy associated
with the event is radiated away as GWs [3537], both for burst-like and continuous emission.

Furthermore, one can also predict the maximum GW amplitude h0 under certain models.
If non-axisymmetric f -modes are excited, which carry angular momentum and therefore affect
the NS’s spin, one expects [3504]

h0 ≈ 6.8 × 10−24

(
α

1 × 10−6

)(
M

1.4 M⊙

)2( R

10 km

)−1( d

1 kpc

)−1

, (7.17)

which assumes an l = 2, m = 2 (retrograde) f -mode has been excited with an ampli-
tude α ∼ δr/R, where δr is the radial displacement caused by the oscillation. A different
parametrization is found in [3535] for f -modes that are excited by the glitch but are not
coupled to rotation (axisymmetric oscillations).

Transient mountains have an evolution that follows the post-glitch exponential recovery
of the spin-down rate. As expected, it leads to an exponentially decaying amplitude [3503]

h0(t) =

√
−5

2

G

c3
I3
d2

∆ν̇s,t
νs

e−t/(2τEM) , (7.18)

where t is the time after the glitch, and ∆ν̇s,t is the transient change in the spin-down rate.
It is notable that the recovery timescale of the GW strain is twice that of the glitch recovery
timescale observed in the EM band, i.e. τGW = 2τEM, which is on the order of weeks to
months. Putting in typical values, we find an initial GW amplitude of

h0(0) ≈ 2.5 × 10−26

(
d

1 kpc

)−1 ( νs
10 Hz

)− 1
2

( −∆ν̇s,t

10−14 Hz s−1

) 1
2

. (7.19)

Although the transient mountain amplitude is smaller than the f -mode case by a few orders
of magnitude, the fact that they last much longer results in more signal accumulating which
improves detectability prospects.

Searches in O3 data did not detect a signal, and all observational upper limits were all
above these theoretical upper energy and spin-down limits [3538]. Nevertheless, for several
pulsars they were close to the theoretical expectation: several glitching pulsars would be
targets for next-generation detectors, which could also help us detect glitches that are not
observed electromagnetically, and allow for EM follow-up of such events [3505, 3537].
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7.4 ET observational prospects

7.4.1 Bursts

7.4.1.1 CCSN. The case of CCSN GW detection deserves special attention. The stochas-
tic nature of its GW signal makes it impossible the use of matched-filtering techniques. The
main reason behind is that, unless the case of binary mergers, the phase is stochastic and
determined by the instabilities developing in the PNS, such as convection, SASI and turbu-
lence (see section 7.2.3). Therefore, excess-power search algorithms are the basic tool that
are used in CCSN signal searches with current detectors. This will remain the case for third
generation detectors, as well as the fact that searches are carried out differently depending
on the observation or not of another messenger: neutrinos and/or the light of the SN. As
stated in section 7.2.4 a certain fraction of CCSNe are observed by telescopes. This has
the advantage of a precise sky location, less than few arcminutes, an accuracy smaller than
what neutrinos detectors can achieved [3377]. When neutrinos are detected, the time of the
collapse is known within O(10) ms [3097, 3377, 3539]. In both cases, this allows to conduct
a targeted search that enhances the search performance.

In targeted searches, when only the EM counterpart is detected (this corresponds to tar-
geted searches conducted by the LVK collaboration [3540–3542]) the source location is known
to good accuracy (less than few arcminutes depending on the telescope angular resolution).
The source sky location is thus fixed in the search. The time of the event can be bounded
within ∼ 2−10 days. The remaining sources of uncertainty of this time bound, the so called
“on source window” (OSW), are the determination of the time at which the shock breaks
out of the star (in most of the cases it is not observed directly and the light-curve has to be
modeled backwards in time to estimate it) and the time it takes for the shock to cross the
star. It depends mostly on the size of the star and can be modeled if there are observations
of the progenitor star prior to the explosion [3542].

The detection of the neutrino counterpart is less likely than for the EM emission because
of the horizon distance which is limited to 100 kpc with current neutrino detectors (e.g. super-
Kamiokande, [3543]) and to ∼ 1 Mpc for next generation detectors (e.g. Hyper-Kamiokande,
[3544]) that will be available at the time of ET, see section 7.4.3. The main advantage of the
neutrino is that it reduces the OSW to a few ms. This bound takes into account the delay
between the collapse and the neutrino burst emission (see section 7.2.3 for more details).
Besides, neutrino detectors can also determine the host galaxy, but it is also very likely that
the CCSN sky location be precisely identified thanks to EM observations. An OSW of a few
seconds is extremely powerful as it allows to reduce the probability of a false alarm. Because
the parameter space is also reduced (known sky position and reduced OSW) the false alarm
rate is reduced. This permits to set a detection threshold lower than for the case one does not
know when and where the collapse happened. It also allows carrying out Bayesian inference
for unmodeled GW burst signal.

When no EM nor neutrino counterpart is found, all-sky/all-time generic burst searches
are considered to detect CCSNe. EM counterparts could be absent or be very dim for the case
of BH forming core-collapse events, which nevertheless have a GW signature very similar to
regular CCSNe. Additionally, galactic disk dust obscuration may prevent the EM observation
of some CCSNe in both our galaxy and distant galaxies. Regarding a neutrino counterpart,
the horizon distance will remain limited to ∼ 1 Mpc for next generation detectors. This
means that, for sufficiently distant supernovae, there may not be any detectable neutrino
counterpart (see section 7.2.3 for more detailed discussion).
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Figure 7.15: Sensitivity of the cWB search pipeline to different CCSN waveform models
as function of the signal SNR using simulated O5 LIGO Hanford and Livingston data (from
[2967]). The search sensitivity is defined as the average detection efficiency percentage.

In the ET era, we expect that different families of search pipelines will be available.
Among them, excess power techniques search pipelines which implement time-frequency tech-
niques such as wavelet transform (cWB, [3545]) or spectrogram (X-pipeline, [3546]) are tar-
getting CCSN signals. Cross-correlation techniques, implemented in cWB and PySTAMPAS
[3547] are also promising to better catch up the complex GW waveform which is expected
to be very widely spread in frequency. Finally, Bayesian algorithm using a superposition of
wavelets as implemented in Bayeswaves [3548] is also adapted to detect CCSN GW emission.

Carrying out a targeted or all-sky/all-time search implies different pipeline configuration
and tuning but the intrinsic detection performance depends mainly on the way data from
multi-detectors are processed to disentangle signal from noise. Current pipelines sensitivity
to GW emission strongly depends on the total amount of GW energy and the complexity
of the signal. GW burst at the bounce due to fast rotating progenitor, convection/SASI
and PNS fundamental mode excitation correspond to very different frequency bands. This
results into a still rather large loss of the GW signal. For instance, for the current network
of GW detectors, cWB sensitivity requires signals with a minimal SNR amplitude of ∼ 20 as
shown in figure 7.15 (from ref. [2967]). Assuming optimal glitch characterization and data
quality, there is potential to improve algorithms, enabling more efficient searches with a lower
detection SNR threshold compared to that used for data taken by current detectors.

The estimated detection horizon for neutrino-driven CCSN in 2nd generation detectors
is about 10 kpc, while for fast rotating progenitors it can reach 100 kpc [3542]. Yet, these
numbers hide lots of variation depending on the progenitor properties and which simula-
tion code is used (see section 7.2). Moreover, as already mentioned, the current generation
of search pipelines is still sub-optimal for complex CCSN waveforms. For third generation
detectors the performance of current search pipelines (cWB, X-pipeline, Bayeswave, PyS-
TAMPAS) has not been tested in detail. However, given the increase of about a factor 10 in
sensitivity at all frequencies in ET with respect to 2nd generation detectors, the expectation
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Figure 7.16: Expected SNR as a function of distance for the 15.01 (top plot) and 9a (bottom
plot) models corresponding to a progenitor mass of 15.01 M⊙ and 9 M⊙ [2945], respectively.
Solid lines represent the median SNR for ET 10 km triangle, while dashed lines indicate
the median SNR for ET 15 km 2L considering ET operating as a single observatory or in
a network with CE(40 km), and CE(40 km)+CE(20km). Colored bands indicate the 90%
confidence interval. The vertical lines indicate reference distances; the Milky-Way edge, the
large and small Magellanic clouds.

is an increase of a factor 10 in the detection range. This is consistent e.g. with the estimates
of [2960] that show that, for a fixed SNR, a detectable source would be located typically
a factor 10 further away for ET than for LIGO/Virgo/KAGRA detectors. Moreover, there
is a possibility to gain a factor ∼ 2 by developing improved search pipeline fully targeted
on electromagnetic CCSN signals59. Another important aspect of the CCSNe search with
ET concerns the exact configuration of the ET detector. All cited sensitivity performances
assume that the false alarm rate is reduced by the coincidence/coherence of a non-colocated
multi-detectors search. A detailed study, assuming data from three colocated detectors,
remains to be done to assess the ET performance. In general, however, we expect such con-
figuration should reduce the search distance reach to CCSN signals, due to the randomness
of the polarization. These semi-quantitative considerations are confirmed by the following
results, related to a simplified simulation to compute the horizon of supernova detection us-
ing GWFish [256]. Since CCSN signals are stochastic, a Fisher matrix approach is not fully
usable. Despite losing out on parameter estimation, all the functionalities of the code can
be exploited to compute the SNR for any observatory network, source distance and position
in the sky. We use waveforms based on the models developed by [2945], which provides 11
3D supernova GW emission simulations from 9 to 23 M⊙ progenitors. For distances covering
the Milky-way and up to 100 kpc, SNR distributions are obtained by injecting 400 source
location (RA and Dec) randomly selected for each combination of distance, waveforms and
observatory network. Figure 7.16 shows the SNR distributions as a function of distance for
the waveforms corresponding to a progenitor mass of 15.01 M⊙ and 9 M⊙, which represent
the best and worst GW emission scenario in [2945]. In the best scenario ET will be able
to detect a CCSN up to the Small Magellanic Cloud with SNR > 10, while in the worst

59E.g., the sensitivity of optically targeted search for gravitational waves emitted by CCSN is approximately
a factor of 2 better than the all-sky, all-time burst search in O2 [3541, 3549]
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scenario the CCSN detections will be limited to the Milky-Way. ET observing in network
with CE(40 km) would increase the distance reach of about 70%, while a network including
ET, and CE(40 km) and CE(20 km) would double it. ET 15 km 2L performs better than
ET 10 km triangle with a horizon increase of around 20%, while the increase is limited to
within 10% when ET operates in a global network.

When considering a galactic SN, the improved sensitivity of ET could open the possi-
bility of detecting components of the signal that are more challenging to detect. For example
contributions that are weaker than the main emission mechanism, such as SASI [3550], long
term PNS convection [3342] or quasi-radial oscillations [2948]. Also components with low
frequencies, such as GW memory effects [3346], present a detection challenge, although there
are chances of being detectable with current detectors [3551]. This is in particular the case of
the GWs from anisotropic emission of neutrinos which is ignored in many CCSN simulations.
This low-frequency signal is rather high amplitude and detection prospects for ET should be
enhanced [3261, 3552]. This also means that the ET sensitivity improvement must be ac-
companied with new methodological developments such that a fully CCSN dedicated search
pipeline is ready for the time of ET. Below we list some of these possible methodological
developments.

Machine learning methods: Searches based on excess power detection have the advantage
that they are model independent. However, this may also limit the detection capability when
searching for specific waveforms, such as those from supernovae. For example, cWB is able
to detect SN signals with a typical SNR in the range 15-25 [2967]. This is a relatively high
SNR when compared to binary mergers, for which matched filtering techniques can easily
detect sources with a SNR ∼ 8 [6]. Given that template matching is not possible in this
case, machine learning techniques have been proposed by a number of authors [3553–3564]
as an alternative for CCSNe. These works are part of a more general effort of introducing
ML techniques in GW searches [3565]. In many ML detection pipelines there is a first step
in which a neural network is trained, either using time series or time-frequency data, to
recognize data in which a signal is present from data in which only noise is present. Once
the neural network has been trained, it can be used as a detection pipeline. The properties
(efficiency, false alarm rate) can be tested by evaluating its capabilities on test data. In
general, ML algorithms seem to perform similar to other excess-power techniques; in many
cases they are capable of detecting signals with SNR∼ 15. However, a direct comparison with
current excess-power techniques (e.g. cWB) is currently not available, so it is still difficult
to evaluate if they provide any advantage. Nevertheless, the ever increasing sophistication
of ML techniques in a field that is fast moving makes them very promising for the future
and should be explored further for ET. Additionally, ML techniques are typically faster than
traditional techniques and this could produce a critical advantage over traditional searches
for the ET era, where the number of events is expected to increase significantly (although
not necessarily in the CCSN case).

The main limitation of ML techniques is the necessity to train neural networks with
known examples of signals. In the case of CCSNe, the total number of GW signals available in
the literature computed from numerical simulations is of the order of ∼ 100, when considering
only models with sufficient degree of realism (three-dimensional simulations with accurate
neutrino transport). This amount is clearly insufficient to train any neural network, for which
one typically needs 10-100 thousand examples. This number is not expected to increase
significantly in the future given that is limited by the computational cost of the numerical
simulations (millions of CPU hours). To address this problem different strategies have been
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followed: i) [3553, 3556, 3562] used phenomenological templates to train neural networks,
that mimic the temporal and frequency evolution of CCSN waveforms but are inexpensive
to produce (∼ms). Those can be generated in any amount necessary to train the network
and the trained networks are still capable of detecting signals from numerical simulations.
ii) Dimensionality reduction allows to reduce the information contained in waveforms to a
minimum set of parameters that can be used to train a simple neural network. One possible
approach is the use of principal component analysis (see e.g. [3566–3569] for other uses in
the context). In this case the number of waveforms necessary to train the network could be
reduced significantly. iii) In combination with the strategies above (and in many cases as the
only strategy) one may use only a few numerical simulations and perform tens of thousands
of injections at different sky locations and source orientations. Given that the strain at the
detector changes depending on these parameters, the variability introduced could provide
sufficient variety of examples to the network to have a proper training. However, the use
of this strategy alone may lead to overfitting, i.e. networks that work very well for a small
set of known waveforms but do not generalize properly when used on new waveforms. An
alternative approach is the use of ML techniques in combination with current excess-power
techniques as a post-processing step to improve the detection statistics [3555, 3557, 3559,
3563]. This approach is currently being used for the analysis of the O4 LVK data as a
modification of the cWB and PySTAMPAS pipelines that allows to improve the false alarm
rate of the detected events.

Waveform reconstruction: Once the signal has been detected one may attempt to re-
construct the signal based on a model independent algorithm. For the case of CCSNe this
has been developed with cWB [2967], MuLaSECC [3557], Bayeswave [3570] and an ensemble
of empirical mode decomposition [3571]. To get a waveform overlap better than 90% in the
reconstructed signal one needs typically SNR values of ∼ 40 − 100.

Model classification: The detection of a GW signal from a CCSN might provide an
insight on the mechanism driving the explosion. To this purpose a number of data analy-
sis methods have been developed with the aim at classifying CCSNe signals in categories,
mostly between neutrino driven SN and magneto-rotational SN. Refs. [3568, 3572, 3573] have
developed a classification pipeline (Supernova Model Evidence Extractor, SMEE) based on
Principal Component Analysis of the signal, capable of performing Bayesian model selec-
tion. They showed that this classification is possible for sources up to the LMC with second
generation detectors. Ref. [3574] used supervised dictionary-learning for the task obtaining
a performance comparable to SMEE. Machine learning has also been used in this context
[3554, 3560]. Ref. [3562] performed a comparison of different classification methods including
all the mentioned above. For ET, they conclude that for signals with SNR in the range
25− 40 is possible to classify between neutrino-driven and magneto-rotational. In their work
they also include a class for non-exploding models. They show that it is generally difficult to
distinguish between neutrino-driven and non-exploding models, unless the SNR is high and
SASI is strong. A different approach to distinguish the presence of strong rotation is to check
the presence of circular polarization in the Stokes parameters of the signal [3575, 3576]. They
have shown that circular polarization should be detectable up to 5 kpc with current detec-
tors. Another feature that can benefit of classification algorithms is the presence of SASI.
Ref. [3550] used the modified constrained likelihood method, in combination with neutrino
detector data, to detect the presence of SASI, reaching a detection distance of about 5 kpc
with current GW and neutrino detectors.

PNS asteroseismology: Among the most promising perspectives in CCSNe observations
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by GWs is the detection of oscillation modes of the PNS. PNS asteroseismology can allow
measuring the properties of the nascent NS through the universal relations existing between
the frequency of the modes and combinations of mass and radius of the PNS (see discussion
in section 7.2.3). Refs. [2963, 3577, 3578] have shown that is possible to reconstruct the time
evolution of the PNS surface gravity (MPNS/R

2
PNS) from GW data alone. For ET, inference

is possible up to hundreds of kpcs [2963]. Additionally, ref. [3192] has shown that, with third
generation detectors, it will be possible to reconstruct the frequency track of the dominant
oscillation mode with a 10% accuracy for a galactic SN. Instead of trying to reconstruct the
full track of the oscillation mode, some work has also be done trying to infer the frequency and
slope of the dominant mode after bounce using machine learning techniques [3561]. The use
of other oscillation modes, beyond the dominant emission, is still rather unexplored, mainly
because they are weaker. Those modes could contain complementary information to the
dominant mode and are certainly a target for ET in case of a galactic SN. In this context,
ref. [3550] explored the possibility of measuring the frequency and duration of the SASI
component. Many of the algorithms mentioned require the reconstruction of the frequency
track of the modes in spectrograms. Two aspects of these analysis could be be improved in the
future: i) the error associated to the tracking algorithm itself is poorly understood and could
be the dominant source of error in the inferred parameters, in particular for weaker features
such as SASI. A possible solution could be the use of Bayesian inference methods, but also
the use of error propagation techniques such as Gaussian processes. ii) Tracking algorithms
might depend on the way the spectrogram is constructed. Alternative methods such as the
Hilbert-Huang transform [3579], the S-method [3580] or the Prony method ([3581] applied to
binary NS mergers (BNS) extract directly the frequency evolution of different components
in the signal and could be of use here.

Bounce signal and rotation: In the case of fast rotating progenitors the signal at bounce
is very characteristic, linearly polarized and its amplitude is related to the rotation rate
of the PNS (see section 7.2.3 for a longer discussion). A variety of methods have been
explored to try to determine the rotation rate of the PNS using the bounce signal, including
Principal Component Analysis [3332, 3567, 3582], coherent network analysis [3583], Bayesian
parameter inference [3584, 3585], maximum likelihood estimator [3586] and neural networks
[3564]. One of the main drawbacks of this approach is that the rotation rate is degenerated
with the distance and source inclination. Although the distance can be easily estimated if
an EM counterpart is present, the inclination angle is more challenging and specific methods
should be developed (see discussion in [3585]). Additionally, the frequency of the bounce
signal is related to the density in the PNS and might be used to constraint the EOS of dense
matter [3567, 3584, 3587, 3588].

7.4.1.2 Pulsar glitches. As mentioned in section 7.3.2.3, we also expect burst signals
from pulsar glitches. It is believed that pulsar glitches can excite the f -mode which in
turn can radiate away GWs in a burst-like way [3504, 3534, 3535]. One can calculate the
maximal energy available for GW radiation and relate it to the signal-to-noise ratio that a
GW detector would detect. From this energy-based argument, one finds that next-generation
detectors should be able to detect signals from f -modes excited by pulsar glitches, as seen in
figure 7.17 [3504, 3535, 3589]. Since the exact f -mode frequency depends on mass and radius,
a successful detection offers the exciting prospect of probing the elusive EOS [3514, 3589].
There is also the possibility to detect burst signals from small spin-up and spin-down events,
which are similar to glitches (and antiglitches) but are much smaller in magnitude, and it is
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Figure 7.17: Each circle represents a value of h0
√
τGW for f -modes excited by glitches of

different pulsars and the sensitivity of several GW detectors are plotted as horizontal dashed
lines. Points that lie above the sensitivity curve have signal-to-noise ratio estimates greater
than 1. Typically, one would require a signal-to-noise greater than ∼10 before a detection is
classified as astrophysical. The ET sensitivity curve has been computed assuming the 2L 15
km configuration. The triangular 10 km configuration curve is not be distinguishable on the
plot scale. Adapted from [3535].

thought that the succession of these events could potentially contribute towards timing noise
[3504]. Although it may be difficult to detect GWs from individual spin-up or spin-down
events, the accumulation of signal power from several events could yield a detection with
next generation detectors. However, before this becomes a reality, more work needs to be
done on stacking signals together so as to ensure maximal extraction of signal from the data.

7.4.1.3 Magnetar bursts. As discussed in section 7.3.1.3, some of the magnetars have a
flaring activity. GW emission associated with these bursts is the subject of a targeted search,
since we know both the source sky location and the time of the burst with a very good
accuracy. Few known magnetars have a regular flaring activities and LVK data are regularly
searched with standard unmodeled search pipelines. The search sensitivity is rather limited.
For instance in [3590] the search was sensitive to the ratio of the GW energy to EM energy
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of 3 × 103 for SGR 1935+2154. The main difficult of this search is the weakness of the GW
bursts, whose energy is expected to be a small fraction of the EM burst energy. To enhance
the SNR, stacking methods have been proposed such as [3591]. The SNR enhancement scales
with the number of flares. With ET, the search sensitivity for a single burst search will be 10
times higher. It is expected that with stacking methods we could be sensitive to GW energy
weaker than the EM energy. The repeated flaring activity from individual magnetars would
also have characteristic signatures in terms of the energy distribution of the flares, and the
waiting times between individual events [3592].

Yet, magnetar giant flares are maybe the most promising source of GWs from magne-
tar flaring activities. Those events are rarer but more energetic. With current generation
detectors, searches are sensitive to the ratio of the GW energy to EM energy of the order of
0.1 for magnetar giant flare at 10 kpc. With ET we could probe this ratio in the regime of
10−5 − 10−4 for a galactic magnetar giant flare [3593].

7.4.2 Continuous waves and long transients

In general, the class of CW comprises all deterministic GW signals that last much longer
than typical transient signals, with duration from thousands of seconds to years. No CW
has been detected so far, although notable upper limits on the star’s ellipticity have been
established, see e.g. [2800, 2801, 2803] for recent reviews. The prototypical source of CWs is a
spinning NS, asymmetric with respect to the rotation axis, that emits a quasi-monochromatic
GWs whose frequency slowly changes over time. For such sources, the long signal duration
implies that the frequency modulation due to the Doppler effect, caused by the motion of the
Earth, and the sidereal modulation due to the detector directional response, play a relevant
role. Doppler modulation is given by the following equation, which relates the emitted signal
frequency ν0 to the frequency at the detector ν:

ν(t) = ν0

(
1 +

v⃗(t) · n̂
c

)
, (7.20)

where v⃗ is the detector time-dependent velocity and n̂ is the versor toward the source position
in the solar system barycenter reference frame. The sidereal modulation, on the other hand,
implies that the received signal is a linear combination of the wave plus and cross components,

h(t) = F+(t)h+(t) + F×(t)h×(t), (7.21)

where the detector beam-pattern functions, F+, F×, are a combination of periodic functions
with period of one and half sidereal day, with coefficients depending on the detector location
and orientation and the position and polarization angle of the source. Such amplitude mod-
ulation, for signal lasting more than about one sidereal day, produces a splitting of the signal
power at the five frequencies ν± k⃗νsid, with k⃗ = −2, ...+ 2, being νsid ≃ 1.1606×10−5 Hz the
Earth sidereal frequency. The overall observed phase evolution then depends on the intrinsic
signal frequency, frequency time derivatives, and source sky position and polarization. If
the source is located in a binary system, there is a further frequency modulation caused by
the source orbital motion, usually described by five unknown Keplerian parameters. The
frequency shift resulting from the source binary orbit is typically more significant, and the
computational challenge of searching for the additional five parameters describing the binary
orbit is substantial [3594, 3595]. Hence, these Doppler effects must be accurately taken into
account at the analysis level, to prevent the signal power from being spread across many
frequency bins, resulting in a significant SNR loss.
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Various techniques have been devised to search for CW signals, each reflecting diverse
approaches to detect these persistent signals. These methods prioritize either the pipeline
sensitivity or robustness against signal deviations from the assumed model while keeping the
computing cost still accessible, see recent reviews [2800, 2803].

Matched filtering stands out as the optimal search method for these signals when the
waveform is completely understood and under the assumption of Gaussian noise. Typically
matched filter is applied in known pulsar searches, where all source parameters are identi-
fied. These parameters may be obtained from EM observations (typically radio, gamma, or
X-rays), providing information such as the source’s sky position, its rotational parameters
and Keplerian parameters for NSs in binary systems. In such case, fully coherent targeted
searches are conducted. Various implementations of matched filtering techniques are avail-
able, utilizing different detection statistics or algorithms. See [2826] for the latest O3 results
using LIGO and Virgo data.

Also searches covering a larger parameter space, with a corresponding increase in the
computational cost, are regularly conducted. For instance, narrow-band searches expand a bit
the parameter space around the EM-inferred parameters of known pulsars to accommodate
potential small deviations, such as fractions of a Hz, between the EM-inferred rotational
and GW frequencies [3538]. Cases of interesting targets or specific sky regions, where the
sky position is assumed as known, are referred to as directed searches. In this case, the
star’s rotational parameters are often unknown, as in the case of SN remnants or the galactic
centre [3596, 3597]. This class also includes accreting NSs, like LMXBs, among which Sco-X1
has a prominent role. It is the most luminous system and potentially, if the torque balance
condition is met, it could generate a large GW strain, see eq. (7.15). Even though the sky
position is known, the search for CWs from LMXBs is complicated by the need to cover
a large frequency range, and by the possibility that matter accretion from the companion
star induces fluctuations in the spin period (spin wandering) which may significantly affect
the search sensitivity. Recent searches of LIGO-Virgo-KAGRA data started to constrain the
torque balance limit over some frequency range [3519, 3598].

All-sky searches for NSs lacking EM counterparts have been developed to explore as
much parameter space as possible. Given their computational limitations, these searches
employ hierarchical semi-coherent methods, trading off some sensitivity for computational
feasibility. Compared with known pulsar searches, most searches are robust against possible
deviations from the assumed emission models despite the lowest sensitivity achieved. The
latest LIGO-Virgo-KAGRA results of such all-sky searches can be found in [3599].

Besides conventional continuous waves, efforts have also been made to detect long tran-
sient signals (often called “transient continuous waves” - tCW), which are shorter in duration
- typically O(minutes-days) - but not as short as burst signals. The signals can be modeled or
unmodeled and that choice determines whether a semi-coherent or a cross-power accumula-
tion (incoherent) search is used. Triggers of long transients include pulsar glitches [3505] and
magnetar flares [3600] and, so far, searches for coincident signals have not resulted in detec-
tion, leading to upper limits on the GW strain as a function of signal duration or upper limits
in the root-sum-squared strain [3538, 3590]. Newborn fast-spinning magnetars, produced in
core collapses or merger of NS binary systems, see section 7.3.2.2, represent one potentially
very interesting source of tCWs. The strong inner magnetic field of magnetars can induce a
distortion of the star’s shape which, if not aligned with the rotation axis, causes a powerful
emission of tCWs [3526, 3528, 3601]. The downside is that a strong magnetic field would
contribute to a rapid spin-down of the star due to EM radiation, therefore such GW emission
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will only take place over a timescale of hours or days. Some fraction of NSs, probably higher
than 10%, are likely to be born as magnetars following the collapse of a massive progenitor
star [3479, 3602, 3603]. A search for GWs from a possible long-lived remnant of GW170817
has been conducted in O2 data, using four different semi-coherent methods [2889]. A horizon
distance of less than ∼0.5 Mpc has been reached, about two orders of magnitude smaller
than the estimated remnant distance (∼ 40Mpc). Even considering magnetars formed in
stellar collapses, which may happen once every few years within 5-10 Mpc [3524, 3603], it
is clear that the sensitivity improvement provided by ET will need to be accompanied by a
significant increase in the analysis pipeline sensitivity.

All these sources share the characteristic that, once detected, they can be monitored
over extended periods, transforming them into a valuable laboratory for fundamental physics
and astrophysics. Additionally, the persistence of the signal helps to reduce virtually to
zero the false alarm probability for any candidate. If a signal is present in a dataset, even
with low significance, it will reappear in new datasets, increasing in significance until a
detection can be confidently claimed (though this is not always true for tCWs). Moreover,
CW source parameters can be measured with great precision, as uncertainties decrease with
longer observation times. Finally, this long-term observation can potentially reveal minute
deviations from assumed models, such as non-standard polarizations indicating deviations
from General Relativity (see [3604]).

However, CW signals are predicted to have small amplitudes compared to typical CBC
signals and searching for them can be computationally intensive. For this reason, developing
more sensitive, robust, and computationally efficient algorithms is a highly active area of
research, progressing alongside upgrades to current detectors and R&D for future detectors
like ET.

In the following, we discuss ET detection prospects for different classes of CW/tCW
sources, in some cases relying on [16] and in other cases presenting new results.

Concerning searches for known pulsars, we report in table 7.4 the number of potentially
detectable sources (among those contained in the ATNF catalogue60), for both the 10 km
triangle and the 15 km 2L configurations. As mentioned above, known pulsars are searched
for using a fully coherent method based on matched filtering. Here we assume taking one
year of data at a duty cycle of 85%. We consider three different scenarios for the ellipticity,
ϵ1 = ϵsd (second column), meaning the sources emit at their spin-down limit, i.e. all their
spin-down is due to the emission of GWs, see eq. (7.14). The second scenario (column three)
assumes an ellipticity ϵ2 equal to the minimum between the spin-down limit value ϵsd and
10−6, which is of the order of the maximum theoretical ellipticity a NS with a standard EOS
could sustain before breaking off [2812]. Finally, we also consider the case ϵ3 of minimum
ellipticities between ϵsd and 10−9 (fourth column), which some works suggest as a possible
ellipticity value for millisecond pulsars [2816, 3605]. For each case, we also report the median
value of the ellipticity for the potentially detectable sources. Due to the implicit averaging
over time of CW searches, the results depend very weakly (within less than 1%) on the
relative orientation of the two detectors.

It is important to note that ϵ2 and ϵ3 are more realistic estimates for the ellipticities of
pulsars. Most potentially detectable sources are millisecond pulsars or young, fast-spinning
pulsars with frequencies exceeding a few tens of Hertz. For these frequencies, the detectors’
low-frequency sensitivity is not particularly relevant.

60v. 2.4.0, https://www.atnf.csiro.au/research/pulsar/psrcat/
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Configuration n1 (ϵmed) n2 (ϵmed) n3 (ϵmed)

∆ 10km 866 (1.3 × 10−4) 180 (4.4 × 10−9) 19 (7.5 × 10−10)
2L 15km 959 (1.2 × 10−4) 206 (4.2 × 10−9) 29 (8.1 × 10−10)

Table 7.4: Expected number of detectable sources, including binaries, by two different detector
configurations (10 km triangle and 15 km 2L), assuming three different conditions for the ellipticity:
ϵ1 = ϵsd, ϵ2 = min(ϵsd, 10−6), ϵ3 = min(ϵsd, 10−9), assuming a total observation time Tobs = 1 year
and a duty cycle of 85%. The spin-down limit on ellipticity, ϵsd, is given by eq. (7.14). For each case,
we give in parentheses the median ϵmed values of ellipticity for detectable signals.

For the most conservative scenario, the typical ellipticity values for detectable sources
are of the order of few times 10−10, corresponding to “mountains” on the star’s surface that
are not taller than a few microns.

Moving to accreting NSs, ET will significantly improve the perspectives for detection of
CWs from LMXBs (such as Sco-X1) over a broad frequency range, even if the emission occurs
at an amplitude below the torque balance limit. Figure 7.18 shows the expected sensitivity
of a semi-coherent search for Sco-X1 using the Viterbi algorithm, able to take into account
random frequency fluctuations [3606] (both with the 2L 15km detector configuration and the
10km triangle configuration, 1 year of observation time, duty cycle of 85% and a drift time
of 10 days, compatible with the characteristic time-scale of the random walk inferred from
accretion-driven fluctuations in the observed x-ray flux of Sco X-1 [3607]), compared to an
estimate of the torque balance limit (assuming the accretion occurs at the star’s surface),
given by eq. (7.15). However, as already noted in section 7.3.2.1, the torque balance limit is
rather uncertain, potentially varying by up to an order of magnitude due to factors such as
the star magnetic field topology, viscous heating, X-ray emission efficiency, and the effects of
radiation pressure [3519]. Searches for Sco-X1, and other LMXBs, would receive a significant
sensitivity boost if more accurate measures of the main parameters were available from EM
observations [2803].

Concerning all-sky searches for NSs without an EM counterpart, figure 7.19 shows the
astrophysical reach of the semi-coherent FrequencyHough pipeline [3608], routinely used in
current CW searches, assuming the ET design noise curve Sn(f). The astrophysical reach
can be obtained by recasting the 95% confidence level pipeline’s sensitivity hmin,95% in terms
of the distance dmax,95% as a function of the ellipticity by inverting eq. (7.13). Such distance
is given by:

dmax,95% =
4π2GϵI3ν

2

hmin,95%c4
≈ 4π2GϵI3ν

2

c4
N1/4

4.97

√
TFFT

Sn(f) (CRthr + 1.6449)
. (7.22)

This expression assumes that the detector noise is Gaussian; it depends on N , the number
of data segments of duration TFFT (coherence time) to be incoherently combined, and on
the Critical Ratio threshold used to select outliers, CRthr. For figure 7.19 we assume a data-
taking period of Tobs=1 year, TFFT=10 days, hence N = Tobs/TFFT, and a duty cycle of 85%.
The Critical Ratio threshold is set equal to 4. A standard value I3 = 1038 kg m2 has been
taken for the star’s moment of inertia. Two configurations, one consisting of two L-shape
15km arms detectors and one with a triangular 10 km arms detector, are considered. With
this search setup we can reach the center of the galaxy (at about 8 kpc) for sources emitting
at frequencies above 100 Hz and ellipticities larger than 10−6. For ellipticities of the order of
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Figure 7.18: Estimated ET sensitivity (solid line: 2L 15 km configuration, dashed line:
triangular 10 km configuration - 1 year of data, duty cycle 85%, drift time of 10 days) to
CW emission from Sco-X1 using the semi-coherent Viterbi algorithm [3606]. The transversal
orange dashed line represents the standard torque balance limit (with an average over the
star rotation axis inclination), assuming surface accretion. The cyan band indicates torque
balance strains from circular polarization (lower) to linear polarization (upper).

10−8, ET would be able to detect galactic sources at a distance larger than 100 pc, provided
they emit signals at frequencies higher than 100 Hz (and up to about 20 kpc for neutron
stars spinning near the break-up limit).

Prospects of detecting tCWs from pulsar glitches with ET are promising, with up to 40
percent of all glitches from pulsars in our Galaxy being detectable by ET (with SNR > 10)
if one assumes all the glitch energy goes into generating GWs [3503, 3537, 3609]. This result
comes from the analysis of historic glitch data. Looking specifically at the glitches of the
Crab and Vela pulsars, one expects signal-to-noise ratios of ∼ 50 and ∼ 1000, respectively, for
ET [3503]. This raises the question of whether these types of signals could be detectable by
current detectors. Calculations show this is indeed possible, if a glitch were coincident with
one of the observing runs, like the most recent April 2024 Vela glitch [3537]. The assumption
that all the glitch energy goes into the production of GWs is an optimistic assumption.
However, the non-detection of a supposedly detectable signal would give an upper limit on
how much glitch energy can be radiated away as GWs, much like the upper spin-down limit
for quasi-infinite CWs.

In relation to the search for tCW signals emitted by newborn magnetars, figure 7.20
shows the distance reach with ET for a method based on the Generalized FrequencyHough
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Figure 7.19: Maximum distance reached for an all-sky search of rotating NSs, based on the
FrequencyHough transform. The shaded area roughly covers the Milky Way extension (set at
25 kpc). The black dashed line represents a distance of 100 kpc. We assumed three plausible
ellipticity values (and a realistic analysis setup, see main text). Two configurations, one
consisting of two L-shape 15km arms detectors (continuous lines) and one with a triangular
10 km arms detector (dashed lines), are considered. In both cases, one year of observation
time and a duty cycle of 85% is assumed.

(GFH) [3610], assuming data segments of duration 100 seconds are combined over an obser-
vational window of 5 hours, as a function of the initial signal frequency and the ellipticity
induced by the inner magnetic field. Both the 10 km triangle and the 15 km 2L detector
configurations are considered. As already said, reaching distances of 5 − 10 Mpc, for moder-
ately large ellipticities, would correspond to an expected rate of one newborn magnetar every
few years. While current methods are limited to segment duration of few seconds, an intense
effort toward more sensitive approaches is being carried on, so reaching durations of hundreds
of seconds is considered very likely by the time ET will start taking data. In parallel to the
improvement of classical semi-coherent methods, new methodologies based on ML techniques
are also being explored, and have been shown to have a comparable sensitivity at a lower
computing cost [3611–3613]. The use of cutting-edge image processing techniques looks very
promising too, see e.g. [3614], as a way to pre-process data in order to increase the initial
SNR. Overall, this is a field in which significant progresses are expected in coming years. In
parallel, adopting a multi-messenger approach could significantly boost chances of detection.
Indeed, as shown e.g. in [3615], EM observations of the shock breakout emitted during the
collapse of massive progenitor stars can provide crucial information about the newly born
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Figure 7.20: Maximum distance at which tCW emission from a newborn magnetar could
be detected by ET for three different plausible values of the ellipticity (and realistic analysis
setup, see text for more details). Two configurations, consisting of two L-sphape 15km arms
or one triangular 10 km arms detectors, are considered.

magnetars, thus allowing to make deeper searches over a restricted parameter space.

7.4.3 Synergies with neutrino and electromagnetic observatories

Concurrent multi-messenger observations of a core-collapse supernova would address many
long-standing issues regarding the physical processes during stellar explosions, see e.g. [3616].
Historically, the first multi-messenger observations of a SN were obtained for SN 1987A in
the LMC. The detection of 25 MeV neutrinos shortly before the optical breakout definitively
proved that the supernova began with the collapse of a stellar core into a compact remnant
[3617]. This nearby event allowed for unique multi-wavelength observations, including the
identification of the progenitor as a massive star [3365] and the detection of gamma-rays from
the radioactive decay of 56Ni [3618] much earlier than expected. This finding is inconsistent
with a model of spherically symmetric ejecta expansion. SN1987A was both radio-loud and
aspherical, featuring relativistic radio jets and possible NS or BH remnant. Initially, the
black hole scenario was supported by the absence of a neutron star detection, however,
recent JWST [3619] observations of high-ionization emission lines in the center of the SN
1987A remnant appear to have resolved this ambiguity indicating the presence of a source of
ionizing photons, probably a NS [3380].

The detection of GWs from a nearby core-collapse would be immensely valuable. GWs
are direct probes of the angular momentum in the collapsing stellar core and of convection
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processes in both the proto-neutron star and the convective engine region. They can also
originate from highly asymmetric neutrino emission, and thus, even upper limits on GW
emission would add significant value to concurrent neutrino detections. See discussion in
section 7.2.3.

There are two observing approaches that need to be implemented to ensure the synergy
of multi-messenger probes.

The first one is to secure detailed multi-wavelength EM follow-up immediately after
the detection of a burst of GWs or neutrinos. The infrastructure to guarantee this kind
of observation strategy is already in place, including the rapid alert system of the current
generation of GW interferometers and neutrino detectors, as well as a wide network of EM
facilities dedicated to target-of-opportunity observations [4] for these kind of astrophysical
objects.

The second approach is instead driven by the discovery of a nearby core-collapse super-
nova observed as a transient EM. The search for gravitational waves and neutrinos can be
triggered in the time window and sky position of the EM transient, allowing for sub-threshold
detections or, alternatively, for more stringent upper limits (e.g. [3542]). In this scenario, it
is crucial to assess the ability of EM observations to constrain the time of explosion.

Neutrinos Detectors

As discussed in sections 7.2.2 and 7.2.3, neutrinos play a fundamental role in the physics of
a CCSN. Thanks to their weak interaction cross section, they immediately escape from the
innermost regions of the collapsing core just after the core bounce. Therefore, their detection
provides the time of the bounce within few milliseconds, allowing to trigger the search for
GWs within an extremely precise time window [3620]. The detection of neutrino emission is
guaranteed for a Galactic SN by a worldwide network of sensitive detectors able to provide
fast alerts with a low false alarm rate. A cooperative effort between the neutrino detection
experiments, known as the Supernova Neutrino Early Warning System (SNEWS) [3014], has
been established to exploit the combined potential of the neutrino detectors in operation
around the globe. Through a coincidence-based approach, the detection significance is in-
crease by combining the observations of several neutrino detectors. The same approach can
work for a combined network of GWs and neutrino detectors, with an overall increase of the
SN detection capability[3012].

The neutrino signal can be used to localize the SN in the sky thanks to specific detection
channels due to anisotropic neutrino interactions [3621] or triangulation techniques in a
network [3622]. In particular, the neutrino elastic scattering (ES) on electrons shows a strong
correlation with the direction of the neutrino flux. For a SN distance of 10 kpc, the current
Super-K, doped with Gadolinium, is expected to have a pointing accuracy of 3.3◦ − 4.1◦.

Current and next-generation neutrino detectors have the capabilties to make high-
statistics observations of the neutrino burst (see e. g. [3377] for a review), enabling the
characterization of the neutrino light curves to study the effects of the standing accretion
shock instability [3623], the lepton number emission self-sustained asymmetry [3308], or to
determine the stellar core compactness [3624] or the mass and radius of the resulting neutron
star [3625]. The detection horizon of the current generation of neutrino detectors includes
the Milky Way and the Magellanic Clouds, while the next generation of neutrino detectors
can reach Andromeda.

As a leading example, Hyper-Kamiokande (HK) [3626] with a fiducial mass of 187 kton
of pure water is expected to observe more than 50 000 events in a temporal window of a
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few tens of seconds for a supernova distance of 10 kpc. With this statistic, the pointing
capability of HK trough ES can reach 1◦ − 1.3◦. For a CCSN at the Andromeda distance
(700 kpc) the number of events is still enough (tens) to identify the neutrino burst with high
significance. HK is under construction near the town of Kamioka in Japan’s Gifu Prefecture,
and data-taking is scheduled to start in 2027. Shortly, also the Jiangmen Underground
Neutrino Observatory (JUNO), a 20 kton liquid scintillator detector, will start the data-
taking. JUNO is expected be sensitive to CCSNe within ∼ 300 kpc.

While HK and JUNO are sensitive primarily to the scattering of ν̄e on protons, by the
inverse beta decay (IBD) channel, the Deep Underground Neutrino Experiment (DUNE)
[3627], made up of four 10 kton liquid argon time-projection chambers, will be sensitive to
νe via νe charged-current interactions on argon nuclei. DUNE will provide high statistic and
good reconstruction within a horizon of ∼ 100 kpc.

In addition to the SN neutrinos accompanying the star collapse, during the last years,
the possibility of detecting pre-supernova neutrinos has also been investigated. Pre-supernova
neutrinos are neutrinos of ∼ 0.1−5 MeV emitted during the advanced nuclear burning stages
of a massive star years/days before the onset of the core collapse [3294, 3628]. As the central
temperature and density increase during the last evolution stages, the ναν̄α pair production
by electron-positron pair annihilation becomes the dominant mechanisms of energy loss.
When the core silicon burning begins, the neutrino luminosity and average energy increase
and the neutrino signal becomes potentially detectable in the hours prior to the collapse. In
particular, detection of ν̄e through inverse beta decay allows the clear identification of such
signal from nearby SNe. The current generation of neutrinos detectors, such as KamLAND,
Borexino, SNO+, Daya Bay and SuperKamiokande are already able to detect pre-supernova
neutrinos in case of a SN at a distance similar to that of Betelgeuse (see [3629] for a review).
The upcoming HK [3626], DUNE [3627] and JUNO [3630] will be able to reach ∼ 1 kpc away
from Earth.

Finally, the next-generation long-string water detectors, IceCube Gen-2 [3631] and
KM3NeT [3632], will bring improved burst timing for a Galactic CCSN. These detectors
primarily aim to detect GeV-PeV neutrinos, but are also sensitive to SN MeV neutrinos,
searching for excess over the background expectation. Combining signals form different de-
tectors and using only the IBD channel (IceCube, KM3NeT, HK and JUNO), triangulation
enables to provide a sky-localization uncertainty of ∼ 70 deg2 (at 1σ level) for a SN distance
of 10 kpc [3633]. The main drawback of detecting MeV neutrinos is the low rate of SN
events within the Local Group of galaxies, approximately one event every 30 years. However,
recently, new scenarios have expanded the detection horizon for high-energy neutrinos from
kpc to 10-15 Mpc, making their detection a promising scientific case. In recent years, an older
hypothesis regarding the jet productionin CC-SN events has regained attention, particularly
due to studies of long-duration GRBs. This hypothesis [3415, 3634] suggests that jets may
play a crucial role not only in the explosion of massive GRB progenitors but also in other SNe.
The idea is that jets might be produced and launched immediately after the core collapse.
If the progenitor has lost its hydrogen and helium envelopes, the relativistic jet emerge from
the stellar envelope resulting in a type Ic supernova associated with a long-duration GRB.
Conversely, if the progenitor retains the hydrogen and helium envelopes, the jet is “choked”.
It remains trapped within the huge envelopes, forming a “cocoon” where significant energy is
deposited. This energy is comparable to that of standard CCSN and GRB-SNe. Supporting
evidence for this scenario includes the 2019 first detection of a jet cocoon in SN 2017iuk
[3635]. Furthermore, internal shocks within the jet can accelerate protons, leading to TeV
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neutrino production, detectable with IceCube and Km3Net experiments [3636]. A similar
scenario for high-energy neutrino production, characterized by similar horizon distance, has
been elaborated by [3637] (see also [3638, 3639]). These authors consider the collisions of
the SN ejecta with massive CSM shells as potential sources of accelerated protons that may
interact with the protons present in the dense CSM producing high-energy neutrinos.

Electromagnetic Facilities

As extensively discussed in section 4, the observation of the first GW signal from a BNS
merger GW170817, together with the detection of EM signals across the entire electromag-
netic spectrum, from gamma rays to the radio, marked the birth of multi-messenger astron-
omy including GWs, and highlighted the important scientific breakthrough achieved thanks
to the synergy between GW detectors and EM facilities.

The enhanced sensitivity and broader frequency range of the new generation of GW
detectors, such as ET, will significantly extend the range of detectable distances and source
masses, while finally enabling the detection of GW signals from a wider variety of astrophys-
ical sources, including nearby CCSNe [3640]. Even in the context of these new accessible
sources, multi-messenger astronomy combining GW and electromagnetic (EM) signals is im-
perative to fully understand the underlying physics of these phenomena. Thus, the operation
of efficient, deep, and wide-field transient dedicated EM surveys — such as those currently
running and the more sensitive ones planned for the near future —are of great importance.
These wide-field surveys will continuously scan the sky across multiple EM bands. By em-
ploying specific observing strategies with the appropriate sensitivity and cadence, optimized
for the expected properties of EM counterparts, these survey will be crucial for both de-
tecting EM counterparts to GW events and identifying the best candidates for subsequent
characterization by dedicated EM resources.

EM prompt follow-up.The optimal strategy for prompt EM follow-up of GW events relies
on several steps. The initial search for the EM counterpart using wide-field facilities enables
to cover the sky localization provided by the GW detectors and to identify EM counterpart
candidates. This step needs then to be followed by the selection and characterization of
the most promising candidates among the large number of contaminant detected transients.
While the wide-field facilities can search for the EM counterparts of GW events both in
survey mode or pointing the target through Target of Opportunity (ToO) observations, the
characterization of the most promising candidates requires the use of dedicated ToO. As the
wide-field survey will be more and more sensitive, the expected rate of detected transients
will significantly increase making the selection of the candidate counterparts of GW events
more difficult and requiring a larger amount of characterization resources.

In the case of CCSNe, as discussed in the previous sections, the detection of GW signal
from the core-collapse by ET will be limited to the local Universe with a relatively low
expected rate of detections. Thus, a reverse observing approach could become more effective;
the EM detection of a nearby CCSN can be used as a trigger to search for anGW signal in
the same sky position and in temporal coincidence with the core collapse time extrapolated
from the EM signal. In this scenario as well, efficient EM facilities that can promptly detect
transients, issue alerts, and conduct characterization follow-ups are required.

Wide field transient surveys. The availability of increasingly efficient ground-based fa-
cilities specifically dedicated to transient phenomena has greatly driven the evolution of
time-domain astronomy over the past decade. In particular, we have witnessed the devel-
opment of several wide-field optical transient surveys, such as the ASASSN [3641], ATLAS
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[2234], the Panoramic Survey Telescope and Rapid Response System (PANSTARRS or PS)
[3642], the Palomar Transient Factory (PTF/iPTF) [3643], and, more recently, ZTF [3644].
These surveys have played a crucial role in making the optical and near-infrared (NIR) bands
the primary channels for the discovery of transients.

In the past, the discovery of such phenomena was mainly a serendipitous process. How-
ever, with the advent of these synoptic all-sky surveys, it has become the result of systematic,
repeated scanning of the sky over days to weeks. Thanks to dedicated and efficient observing
strategies, these once rare events have become more common, and a number of new, exotic,
and exciting phenomena have started to unveil their existence.

Each survey is characterized by different scientific goals and associated modes of oper-
ation and properties, such as sensitivity, cadence of repeating observations in the same area
of the sky, slewing time, filters provided by the different cameras and telescopes employed.
For instance, ASASSN is a long-term project specifically dedicated to the study of super-
novae (SNe). It consists of a network of small, wide-field telescopes distributed across both
hemispheres, allowing it to survey the entire night sky with a cadence of approximately 2-3
days. It reaches a magnitude limit of about 18.5 each night in the 470-700 nm wavelength
range [3641].

PANSTARRS and ATLAS are mainly dedicated to the study of Near-Earth Asteroids
(NEOs). Both consist of a system of two telescopes located in the Hawaiian Islands, with
diameters of 1.8 meters and 0.5 meters, respectively. Their observing strategies are slightly
different: PANSTARRS provides observations with a cadence of about 7 days in the 400-
1000 nm band, reaching a maximum depth of approximately 24 magnitude, while ATLAS
provides a 2-day cadence in the 420-975 nm band, reaching around 19 magnitude [2234, 3642].
Although designed for NEO monitoring, both surveys have proven to be extremely useful in
the discovery and follow-up of transient sources of various natures. They systematically
report new transient discoveries and publish updated light curves. In particular, one of
the two PANSTARRS telescope, Pan-STARRS1 (PS1), provides deep reference imaging for
the northern sky in Sloan filters. Reference images are essential for the image subtraction
technique. This image processing method is widely used in transient searches and consists
on the subtracting images of the same region of sky taken at different times to detect new
transients.

The Zwicky Transient Facility (ZTF) has increased the transient discovery rate by an
order of magnitude. ZTF represents the forefront of what can be achieved with a single 1-
meter class survey telescope. It consists of a wide-field imager (with a 47 square degrees field
of view) mounted on the 1.22-meter Palomar Oschin Schmidt telescope, currently scanning
the entire Northern sky with a 3-day cadence in the 400-900 nm band, and reaching a depth
of approximately 21 magnitude. Additionally, an integral field unit spectrograph on the 1.52-
meter Palomar telescope is optimized for the spectral classification of transients brighter than
19 magnitude. The significant increase in detected transients has highlighted the urgent need
for efficient automated tools to analyse the data and provide the community with alerts.

Another project of great interest is the Gravitational-wave Optical Transient Observer
(GOTO) [2236], which is specifically dedicated to the search for optical transients associated
with GW detections, maximising the coverage of wide sky areas. GOTO consists of an array
of wide-field optical telescopes with multiple 40-cm reflectors on a single robotic mount. The
project includes a node located on La Palma island (GOTO-N) and one located in Australia
(GOTO-S), ensuring northern and southern hemisphere coverage. This configuration results
in an instantaneous field of view of up to 80 square degrees at each site. Two observing
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strategies are available: sky-survey with a cadency of 2-3 days and target trigger mode. Each
unit is equipped with Baader filters, covering the 380-700 nm range down to a magnitude
of approximately 20.5. In line with the goal of monitoring large regions of the sky, new
optical system concepts, such as Mezzocielo [3645], are being developed to enable continuous
monitoring of the entire sky, aimed at detecting the prompt and early optical emission of
transients such as GRBs and SNe.

Beyond the substantial advancements expected from the next generation of GW detec-
tors such as ET, we are also entering a new era in time-domain astronomy. A revolutionary
optical/NIR facility, the Vera Rubin Observatory is in the process of starting the Large Syn-
optic Survey Telescope (LSST) [1126]. The VRO-LSST will offer a unique combination of
a large effective aperture (6.7 meters) and a wide field-of-view (9.6 square degrees) imaging
camera equipped with six broad-band filters (covering 0.35 to 1.1 microns), reaching a to-
tal point-source depth in r-band of 27.5.The VRO-LSST is expected to detect a few million
transients per night, among them core-collapse SNe, kilonovae and GRB oprphan afterglow
which can trigger the GW search.

The combination of deep sensitivity, wide field-of-view and rapid slewing time also
makes VRO ideally suited for the GW follow-up. In particular, VRO will be able to cover
well-localized GW regions with just a few pointings and achieve deep observations with rela-
tively short integration times. This means VRO has the potential to detect and identify EM
counterparts to GW sources rapidly and effectively, especially at the large distances where
such counterparts (with an absolute magnitude in the optical of M∼-16 mag) are expected to
be too faint for all the other wide field-of-view telescopes. Ref. [2251] discusses in detail the
perspectives of the VRO observing in synergy with ET to detect the optical counterparts as-
sociated with BNS. When operating in synergy with ET and other available multi-wavelength
facilities, VRO will open enormous opportunities for new discoveries, significantly advancing
our understanding of the transient universe.

In other EM bands, particularly the ultraviolet and soft X-ray bands, wide-field mis-
sions are expected to detect the first emission from CCSNe caused by shock breakout. For
example, the upcoming Ultraviolet Transient Astronomy Satellite (ULTRASAT) [3646], with
an unprecedentedly large field of view of 204,deg2, is expected to collect the early UV light
curves for hundreds of CCSNe. Nearby, low-luminosity long GRBs, CCSN shock breakout
signals, and soft gamma repeaters are promising target signals for detection by the Transient
High Energy Sky and Early Universe Surveyor (THESEUS) [3647].

Candidate selection/characterization. The wide-field optical surveys previously de-
scribed are fundamental resources for the prompt discovery and for alerting the community
to their detection. Many of these surveys also provide updated multi-band optical light-
curves, which are invaluable for investigating the properties of transients, facilitating initial
classification, and identifying promising candidates. Then, prompt spectroscopic observations
of the detected transients enable a more precise classification necessary to select interesting
candidates among contaminants. This step is essential for the subsequent characterization
through multi-wavelength follow-up campaigns dedicated to selected events. For nearby SNe,
the combination of prompt identification and early photometry and spectroscopic follow-up
allows the transient to be correctly classified as an CCSNe and the initial light curve to be
accurately sampled, which is particularly important for extrapolating the core collapse time
and precisely defining the time window for searching for GW and neutrino signals.

Among the available ground-based facilities and projects currently dedicated to tran-
sient spectroscopic observations, the Public ESO Spectroscopic Survey of Transient Objects
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(PESSTO) [3648] and its extension ePESSTO+ have proven to be extremely useful and pro-
ductive. ePESSTO+ targets supernovae and optical transients brighter than 20 mag. Since
its starting operations in 2012, the ESO New Technology Telescope (NTT) EFOSC2 (optical)
and SOFI (NIR) spectrographs have been systematically used to classify transients selected
from publicly available surveys and to select interesting science targets for detailed follow-up
campaigns. To give some numbers, spectra for 2138 objects were provided during the first
2.5 years of ePESSTO+ operations (from April 2019 to October 2021) . Spectroscopic clas-
sification reports along with the corresponding optical spectra are publicly available within
24 hours, while follow-up spectra are delivered to the community after one year through ded-
icated public data release events. While this project is approaching its end, a more efficient
instrument is being installed at the NTT to replace SOFI: the Sons of X-shooter (SoXS)
[3649].

SoXS is a broad-band, high-efficiency, medium-resolution spectrograph expected to be
operational in 2025. It is capable of simultaneously observing a spectral range of 350-2000
nm with a resolution of about 4500, thanks to its two-arm configuration (UV-VIS+NIR). Its
acquisition camera is equipped with the u, g, r, i, z, and Y filters and features a 3.5’×3.5’
field of view. This facility is fully dedicated to the classification and follow-up of transient
sources, as well as to supporting wide-field transient surveys.

The next-generation of 30-40 m class telescopes comprises facilities such as the Ex-
tremely Large Telescope (ESO-ELT) [3650], the Giant Magellan Telescope (GMT) [3651]
and the Thirty Meter Telescope (TMT) [3652]. Their instruments will revolutionize the
study of gravitational wave sources by providing unprecedented capabilities for spectroscopic
and imaging observations. Their advanced instruments will enable for example the direct
detection of spectral signatures from the heaviest elements at their production sites, track
the temporal evolution and spectral features of faint emissions, and constrain the physics of
matter ejection in compact object mergers. Because of their narrow fields of view, they will
only come into operation when a well-localized counterpart is found.

Another proposed next-generation project is the Wide-field Spectroscopic Telescope
(WST) [3653], a 10-meter class telescope dedicated to wide-field spectroscopic surveys. It
aims to combine a large field of view (approximately 3 square degrees) with a high-multiplex
multi-object spectrograph (MOS) operating in both low and high-resolution modes (R4000
and R40000, respectively) across a wavelength range of 370-970 nm, , as well as a giant
panoramic central integral field spectroscopy (IFS) unit. This combination will greatly en-
hance our ability to conduct comprehensive transient and multi-messenger observations.

EM facilities to observe isolated neutron stars. EM observations of isolated neutron
stars has uncovered a wide variety of these fascinating objects, each distinguished by unique
observational properties and emission mechanisms. Extensive observations and theoretical
modeling have significantly advanced our understanding of rotation-powered pulsars, mag-
netars, XDINSs and CCOs. Each class offers valuable insights into the underlying physics of
neutron stars, including their magnetic fields, rotational dynamics, emission processes, and
evolutionary paths.

Looking ahead, the Square Kilometre Array (SKA) with its unprecedented sensitivity
will make it possible the discovery of many more pulsars and detailed studies of their proper-
ties. Large-scale radio surveys with the SKA and other telescopes will be critical in uncover
new, peculiar neutron stars, such as long-period radio sources, and understanding their full
population diversity.

As powerful gamma-ray emitters, isolated neutron stars are one of the primary targets
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of the Cherenkov Telescope Array Observatory which aim to probe the (very) high-energy
emission mechanisms at work in these sources. For neutron star in X-ray binaries, satellites
such as NewAthena with the X-ray Integral Field Unit (X-IFU), a cryogenic imaging spec-
trometer covering the 0.2 to 12 keV energy range, will observe absorption and emission lines
from the outflow to probe the physics of accretion. Overall, the study of isolated neutron
stars is poised for significant advancements, with each discovery offering new opportunities
for a deeper understanding of these enigmatic objects.

EM characterisation of progenitor population and nearby SNe. While waiting for
the fortunate occurrence of a nearby core collapse SN and the possible detection of a related
GW signal there are two areas where EM surveys can contribute to better define the GW
search context, namely: i) the characterisation of massive star population in the Milky Way
and nearby galaxies and ii) the detailed studies of bright, nearby core-collapse events.

Massive stars population Surveys of massive stars in our Galaxy are providing a view on the
properties of the progenitors of core-collapse SNe (e.g. [3654]). One of their most important
finding is that most massive stars are born in binary or, in general, multiple systems, and
about three-quarters of them are expected to undergo interactions during their evolution,
either by exchanging mass or merging [1340]. This is expected to perturb their evolution,
explosion mechanism and remnant properties with respect to the outcomes of an isolated
star. Indeed, as emphasised in a recent review [3655], binary evolution provides a rich set
of post-interaction products such as stripped stars, rapidly rotating accretors, mergers and
X-ray binaries. It is claimed that binary systems provide the favored formation channel of
stripped envelopes, exotic supernovae, and double-degenerate binaries, which are best-known
sources of GW emission. In this case, it is important to note that such systems, particularly
double-degenerate binaries, will be detectable by the Laser Interferometer Space Antenna
(LISA). A major contribution to the characterisation of galactic massive binaries is expected
from GAIA starting from the fourth data release (DR4), that is due by the end of 2025.

Then, as discussed in section 7.2.1 wind and rotation are the other key ingredients in
determining the evolution of massive stars and their final remnant mass. Theoretical models
are able to describe the effects of these parameters but there are large uncertainties on the
initial conditions and therefore observational constraints are needed.

The measurements of rotational velocities in massive stars of the Milky Way and nearby
galaxies indicate that in most cases they are relatively slow rotators, with a rate less than
20% of their break up velocity. There is however a sizeable population of fast rotators that
it is attributed to the outcome of close binary interaction [3656]. Interestingly, there is the
tendency of fast rotators to occur at low metallicity [3657] that intriguingly matches the fact
that long GRBs also occurs in metal-poor galaxies.

For what concern mass loss, there is a well know problem that empirical estimates of
rates for OB stars gives much lower values than predicted by theory (the weak wind problem)
[3658]. This weak winds is not sufficient to remove the hydrogen envelope, that could allow
for the formation of massive BH even for moderately sub-solar metallicity [3659]. On the
other hand, this scenario would not lead to a Wolf-Rayet phase that therefore requires some
other formation mechanism. There are evidences that for very massive stars mass (above
(40 − 50)M⊙) loss may be dominated by ejection in brief, powerful eruption in the so-called
luminous blue variable (LBV) phase [3660].

A long debated issue is the shape and the universality of the initial mass function (IMF).
This is important because, as reminded in a previous section, IMF is the link between the
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star formation rate and the number of expected CCSNe. The standard assumption is that
of a universal IMF, typically with a power law shape, although the exact parameters are
debated (see section 7.2.5).

Yet, there is evidence that in starburst region the IMF can be “top-heavy”, implying
a higher fraction of massive star for a given SF [3661]. The study of the 30 Doradus star
forming region in the Large Magellanic cloud shows indeed that the IMF contains 1/3 more
stars above 30M⊙ than predicted by a standard Salpeter IMF [3662]. If this is confirmed, it
would imply a rate of SNe from very massive stars a factor two higher than for a standard
IMF, for a given SFR.

Nearby core collapse It is important to continue to secure detailed EM observations of
nearby core collapse to be used to constrain the explosion properties, mass loss history,
amount of asymmetry, binary companion and compact remnant properties.

We notice that the peculiar properties of the two closest SNe discovered in modern times,
SN 1987A [3663, 3664] and SN 1993J [3665] were attribute to close binary evolution that is
consistent with the global properties of massive star population mentioned above. Also,
recent spectroscopic observations of the remnant of SN 1987A with JWST were explained
with the contribution of energy injection by a cooling NS or a pulsar wind nebula and the
observed line velocity shift evidence for a NS natal kick [3380].

For nearby SNe it is sometimes possible to identify the progenitor in pre-explosion
images. Based on these studies, it appears that there is an upper limit for the maximum
mass for SN II-P of 16.5± 1.5 M⊙, that is in fair agreement with the theoretical predictions,
while the majority of stars with mass above ∼ 20⊙ would explode as SNIb/Ic or would
collapse directly to a black-hole (see section 7.2.1). In the first case the progenitor of the
SN is difficult to detect in the pre-explosion images while in the second case the explosion
remains undetected [3254]. Therefore, more data are needed.

A significant contribution in this field is expected by VRO-LSST that, with its deep,
multicolor monitoring of the southern sky would allow a better constraints of the progenitor
on nearby SNe. At the same time, the survey will allow for a systematic search of failed
SNe, monitor stars that disappear rather than for bright SNe. There have been already some
attempts of this kind of search that, however, were not yet able to provide definite evidences
[3425].

7.5 Executive Summary

GW radiation from CCSN and from rotating NS has not been detected so far by current
detectors, due to the predicted signal weakness. In this chapter it has been shown that ET,
considering foreseeable advances in data analysis and computing techniques, has significant
chances to detect such signals. Relevant sources are in the Milky Way or in the local group
of Galaxies, with a few notable exceptions, like newborn magnetars, for which GW radiation
could be detected up to tens of Mpc.

GWs from CCSNe

• The rate of CCSNe within 10 Mpc is about 1 per year and the predicted CCSN
rate within the Milky way is ∼ 2 to 3.2 per 100 years.

• ET is expected to have a CCSN detection horizon 10 times further than the
2nd generation detectors, which are expected to detect neutrino-driven CCSN
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up to about 10 kpc and fast rotating progenitors up to about 100 kpc. There is
a potential factor of ∼ 2 gain in horizon distances from future improvement in
search techniques.

• Observed CCSN signals will provide insight into the explosion mechanism and,
for galactic CCSNe, the frequency of the dominant oscillation gravitational wave
mode, for example from g-mode excitations of newly formed proto-neutron star,
can be tracked with an uncertainty of 10%.

• Neutrino and/or electromagnetic counterparts will provide excellent, arcsecond
sky localisation information for CCSNe. Neutrino counterparts will potentially
constrain the on-source window for gravitational wave signals to a few millisec-
onds while electromagnetic observations that estimate the shock breakout time
will lead to on-source windows ranging from seconds to hours, depending on the
progenitor mass.

• ET can also detect transient gravitational wave signals from isolated NSs, for
example associated with pulsar glitches and magnetar bursts. It is likely that
ET will observe f-mode excitations resulting from pulsar glitches, for pulsars
such as Vela. For magnetar bursts, ET will probe the regime where the ratio
of gravitational wave to electromagnetic energy is 10−5 to 10−4 for a galactic
giant flare. The observation of gravitational waves from less energetic flares and
pulsar glitches relies on the successful implementation of stacking methods to
accumulate signal-to-noise ratio from a population of bursts/glitches.

• The role of EM surveys, which involve efficient, deep, wide-field instruments with
planned observing strategies based on GW counterpart properties, along with
continuous sky scanning across different bands, will be crucial for detecting the
shock breakout and early emission from nearby CCSNe, magnetar flares, nearby
low-luminosity long GRBs. These EM-detected transients will enable to trigger
a more efficient GW search.

• EM follow-up of GW burst triggers will require initial wide-field searches with the
appropriate cadence, followed by the selection and characterization of promising
candidates through dedicated spectroscopic follow-up. The high rate of unre-
lated transient discoveries will require careful optimization of data analysis and
coordinated planning for the efficient use of observational resources.

• Wide field of view, sensitive and fast optical telescopes such as the VRO dedi-
cated to GW-related transients providing global coverage are critical in the ET
era. Spectroscopic facilities like SoXS (an upcoming broad-band spectrograph
at NTT), ELT, and WST will play key roles in transient classification.

GWs from rotating NSs

• ET will detect persistent emission from several known NSs rotating at high
frequency (namely, millisecond pulsars) if their ellipticity is larger than a few
times 10−10, corresponding to “mountains” a few micron high. Such values are
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orders of magnitude below the maximum theoretical ellipticity that neutron stars
can sustain and is comparable to the minimum ellipticity millisecond pulsars
could have, as suggested on the basis of their observed properties.

• Accreting NSs, like Sco-X1, are promising sources of persistent GWs. ET will be
able to probe the standard torque balance limit scenario. Actually, ET would be
sensitive to the GW emission even considering more conservative signal ampli-
tude estimations, which take into account uncertainties in the star magnetic field
topology, viscous heating, X-ray emission efficiency, and the effects of radiation
pressure.

• In all-sky surveys, ET will be able to detect signals emitted by NSs rotating
at frequency larger than about 200 Hz, up to the distance of the galactic cen-
ter, provided their ellipticity is larger than about 10−7. Slower NSs, with spin
frequency of 20-30 Hz, would be detectable in the solar neighborhoods (with
distance up to about 500 pc).

• Newborn millisecond magnetars, endowed with a super-strong internal magnetic
field, could have significantly larger deformation. Therefore, they are expected
to emit GW signals with durations of hours-days detectable by ET up to 5–10
Mpc, for moderately large ellipticities up to 10−4−10−3 (and up to about 15–20
Mpc for more extreme ellipticities).

• A multi-messenger approach, exploiting observations in the electromagnetic band
by future facilities, will significantly help in the endeavor of detecting GW emis-
sion from rotating NSs, as it would allow to restrict the parameter space (e.g.,
providing accurate sky localization and decent time of formation for magnetars,
and accurate measure of the binary parameters for accreting systems). There-
fore, a deeper (i.e., more sensitive) search could be performed at fixed computing
cost. The search for a possible EM counterpart would be also a natural step to
confirm the detection of a GW source in all-sky searches.

• The detection of a persistent signal from a rotating NS would open a new win-
dow on the observation of our Universe, as the long signal duration would allow
to measure the star’s parameters with extremely high accuracy, and to spot
possible tiny deviations from the models (for instance, violation of General Rel-
ativity which would leave an imprint on the signal polarization). Constraining
the NS internal structure is another important possibility that can be achieved,
although accurately determining the equation of state is not that simple due to
the presence of degeneracies, and careful studies are needed on this topic.
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8 Waveforms

8.1 Introduction

The upcoming era of precision gravitational-wave astronomy enabled by ET requires un-
precedented knowledge of gravitational waveforms of modelled sources to achieve many of
its science goals and to maximize its science output. Waveforms that are physically detailed,
numerically accurate and computationally fast to generate, underpin much of ET’s data
analysis challenges: detection by matched filtering, parameter estimation via comparison of
measured data with theoretical expectations of General Relativity, and tests of deviations of
the data from the predictions of General Relativity.

The Waveforms Division of the ET Observational Science Board aims to provide the
waveform models needed for ET to reach its science goals. Despite more than a hundred years
in semi-analytic and numerical developments since the birth of General Relativity, major
advances will be required in all areas of waveform modeling to achieve the ultimate scientific
goals of ET, as will be detailed below. In this section we present the current state-of-the-art,
the main open challenges and the important next steps in all domains of waveform modeling
for ET: waveform systematics and accuracy requirements for third generation detectors,
established and novel techniques for waveform modeling, waveform models for specific sources
and waveform acceleration techniques.

ET has the potential to make extremely precise measurements. To enable this potential,
however, requires sufficiently accurate waveform models, which encompass all relevant phys-
ical effects. Waveform systematics and accuracy requirements are discussed in section 8.2,
with the overall conclusion that waveform models need further improvements to avoid sys-
tematic biases due to modeling errors, with the precise accuracy needs being a topic of
ongoing scientific studies. Moreover, the large event rate and the larger frequency band of
ET may uncover GW source populations in other parts of parameter space, so that enlarged
parameter space coverage is important (e.g. mass-ratio, spins, eccentricity).

The state-of-the-art and latest advances in techniques of waveform modeling are outlined
in section 8.3. There are currently four techniques being used to formulate waveforms within
the framework of Einstein gravity: numerical relativity, weak-field expansions, gravitational
self-force and inspiral-merger-ringdown models. In addition, some techniques have been
extended beyond General Relativity, although they remain largely underdeveloped. Each of
these techniques has its own current limitations, and all need significant improvements to be
able to deliver the scientific promise of ET.

Section 8.4 discusses waveform models for the expected sources of ET, which are built
utilizing results of the modeling techniques discussed in section 8.3. Models need to be formu-
lated for compact binary mergers involving black holes and neutron stars or yet undetected
but theoretically studied exotic compact objects, for core-collapse supernovae, for galactic
binaries such as double white dwarf systems, but also for potentially detectable systems such
as hyperbolic encounters and triple systems. Waveform modeling beyond vacuum General
Relativity is necessary to test GR and infer the environment of targeted sources. Waveform
models of dark matter environments and alternative theories of gravity have been formulated
both as theory-specific models, or as parametric deviations of vacuum General Relativity in
an effective theory framework.

ET data analysis will not only require faithful and accurate waveforms but also fast
generation of waveforms, which allows for efficient determination of the source’s properties.
The waveform acceleration techniques discussed in section 8.5 focus on methods used to
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improve the efficiency of evaluation of individual waveforms. Current techniques, such as
reduced-order-models or surrogates, which might include an architecture built using machine
learning, are trained to be accurate for 2G detectors, but further refinements or even new
tools will be needed for ET.

8.2 Waveform systematics and accuracy requirements for 3G

With increasing signal-to-noise ratio of a GW signal, the statistical uncertainty in the pos-
teriors of parameter estimation becomes smaller, whereas the impact of systematic errors is
independent of SNR. Therefore, control of systematic errors —like inaccuracies in waveform
models or decisions to simplify the treatment of certain physical effects— becomes ever more
important as the sensitivity of detectors increases. The high sensitivity of ET, where the
loudest events detected will likely have SNRs ∼ 103 [16, 1098, 1503, 3666], allows astonish-
ingly precise measurements, but in turn places high demands on the waveform models. The
high sensitivity, broader frequency bands and the higher event rates in future detectors also
imply that the detectors will be sensitive to signals from a larger part of parameter space
(e.g. binaries with more unequal masses). Therefore, not only do waveform models need
to be accurate enough in those parts of parameter space where particularly high SNRs are
expected, they also need to maintain sufficient accuracy across the entire parameter space of
conceivable sources and all physical effects potentially measurable.

State-of-the-Art

Studies of waveform accuracy fall into several categories, which follow different trade-offs
between the ease of the study and reliability of results. We will first discuss easy, yet less
reliable techniques, and subsequently more reliable, but computationally costly approaches.

A simple way to approach the problem is through indistinguishability criteria between
waveforms: inequalities which – when statisfied – ensure that a model waveform is indis-
tinguishable from a target (exact) waveform when performing measurements with a chosen
detector. These criteria [1195, 1613, 3667–3672] are phrased in terms of the noise-weighted
inner product between two waveforms h1 and h2,

(h1|h2) ≡ 4 Re

∫ ∞

0

h1(f)h̄2(f)

Sn(f)
df, (8.1)

where Sn(f) is the power spectral density, the overlap O ≡ (s|h)/
√

(s|s)(h|h) and the mis-
match M ≡ 1−O. A typical version of the criteria reads that, given a signal s and a model
waveform h, if

M <
D

2ρ2
, (8.2)

then h cannot be distinguished from s beyond statistical uncertainty. Here ρ =
√

(s|s) is

the signal to noise ratio (SNR) and when calculating M, the waveform model h(θ⃗) is to be
evaluated at the same parameters θ⃗ as the signal. As formulated in [1613], D is the chi-
square value, for a given number of degrees of freedom, and a chosen confidence interval in
the measurement. Some authors replace the chi-square by the number of intrinsic parameters
in the model [3672], which is the chi-square value for 1-sigma confidence.

If the waveform model is approximate, which is typically the case, the mismatch in
eq. (8.2) should be replaced by FF − O [1195, 3673], where the fitting factor FF between
the signal s and the waveform model h(θ) is given by FF ≡ max

θ⃗
O(s, h(θ⃗). This replacement
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Figure 8.1: Predicted waveform accuracy requirements for second and third generation
ground based detector networks (from [3674]).

weakens the accuracy requirements by allowing waveform errors orthogonal to the waveform
manifold, which do not cause parameter estimation biases. Indistinguishability criteria can
also be generalized to multiple detectors, where M and ρ are replaced by suitable SNR-
weighted averages across detectors [3673]. Finally, the true signal s is generally not known;
in that case one often substitutes a second waveform model for the signal s, and thus takes
the difference between two waveform models for the same class of signal as indicative of
waveform error.

While easy to evaluate, indistinguishablity criteria impose a (too) strong requirement
on waveform models. They provide a sufficient criterion, essentially requiring waveforms
to be accurate enough that no possible measurement in the infinite dimensional space of
potential waveforms would ever show a systematic bias. For instance, at SNRs ∼ 103, they
imply waveform models would need a mismatch M ∼ 10−5 − 10−6 [3674] (see figure 8.1).
In practice, one is often only interest in measuring a subset of parameters, and only desires
those to be unbiased. Injection studies can be used to gauge the actual biases in such
measurements. In an injection study a waveform from one model or from numerical relativity
is injected in simulated detector noise, and its parameters are estimated with a different
waveform model through Bayesian inference. Such studies find [3674] that in some cases
where the indistinguishablity criteria suggest biases may occur, none of the typically measured
parameters show any bias.

Injection studies can be computationally intensive, especially at high SNR values. The
linear signal approximation provides a compromise between rigor and computational cost.
One assumes that in the vicinity of a signal to be studied, the waveforms change only linearly
with model parameters; this leads to the Fisher information matrix analysis for statistical
uncertainity, which is combined with an estimate of the systematic bias from the maxi-
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mum likelihood point [3667, 3668]. With careful alignment between distinct waveform mod-
els [3129] and modifications to avoid posteriors to exceed physical bounds [1610, 1612, 3675],
the linear signal approximation can yield estimates of systematic parameter estimation (PE)
biases across parameter space. One such analysis [3676] (restricted to aligned spin systems
using only the (2,2) waveform mode) reports that current waveform models would result in
significant PE bias in several hundreds events from a population of 3000 events with SNR
> 100. Another analysis [3129] (for precessing binaries using waveform models including
higher modes) concludes that as much as 40% of binaries with high spins would lead to
biased PE results, and further illustrates the severity of potential biases through three case
studies performed with full Bayesian PE.

Waveform modeling errors increase with magnitude of spin and with mass ratio, so that
PE biases will be more common at large spins and unequal masses, i.e. precisely for less com-
mon, but perhaps particularly interesting binary parameters at the edge of the astrophysical
distributions.

Main Open Challenges

Injection studies are mainly a test of whether a particular waveform model is “good enough”.
Such studies [3128, 3677] tell us that present day state-of-the-art models may produce biases
even for certain possible events in ongoing observation campaigns, and publications of the
LVK collaboration regularly and carefully discuss waveform systematics, both for GW cata-
logs [5, 6, 3678] and for individual events [93, 1391, 1788, 2002, 2212, 2476, 2477, 3679, 3680].

What they typically do not tell us is how much better a model needs to be if it is
found lacking. Properly quantifying the needed improvement in modeling remains an open
challenge. Ideally, such quantification should come in terms that are meaningful to first
principles calculations of the waveforms: How many orders are needed in post-Newtonian
expansions? What resolution is needed in numerical relativity simulations? How many post-
adiabatic orders need to be included in the self-force formalism? Some efforts have been
made to start answering these questions in the context of post-Newtonian [3677], numerical
relativity [3681], and self-force [3682–3684] calculations. In most case these still come with
limitations such as restricting to quasicircular (possibly non-spinning) binaries.

One of recurring challenges is that accuracy standards typically require a comparison to
a “true” signal. The typical solution adopted is to use a waveform from a similarly (or more)
accurate, but different, model as a stand-in for the “true” model. This is in many cases a
reasonable solution, but does come with the risk of missing some systematics. A relative
new challenge for future detectors comes from the increased chance of observing overlapping
signals. Ref. [3685] shows that the incorrect subtraction of a loud signal due to modeling
error can lead to significant bias in the parameter estimation of a weaker overlapping signal
in 3G detectors. A final challenge is the step from quantifying biases of individual PE results
(as discussed above) to biases in studies that combine many GW signals, like population
inference, measuring cosmological parameters, tests of General Relativity or measurements
of the equation of state, continuing and refining the studies presented in [3129, 3686–3688]. It
is also important to quantify the impact on each of ET’s science objectives for the situations
in which waveform models do not fully satisfy the accuracy requirements.

Integrating waveform modeling error estimates directly into waveform models may also
provide a method to mitigate biases due to waveform systematics. Proposed methods in-
clude using Gaussian Process Regression to interpolate either waveform residuals or directly
NR waveforms [3689–3695], applying frequency-dependent amplitude and phase corrections
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similar to those used for detector calibration uncertainty [3696], or marginalizing over the
uncertainty of calibration parameters in the models [3697] (see also [3677]). In these ap-
proaches, one can account for waveform modeling uncertainties by marginalizing over these
additional degrees of freedom during the inference process. While this may lead to param-
eter estimates with reduced precision (e.g. wider posterior distributions), it should improve
their robustness, ensuring they remain reliable even in the presence of systematic modeling
errors. However, most studies incorporating error estimates into waveform models have been
proof-of-principle, and assessing the impact of these approaches on the analysis of realistic
signals observable with ET remains to be done.

Important Next Steps

In the absence of a clear goal post of how much waveform models need to improve to meet
ET’s science goals, it is important to continue monitoring potential systematic biases due to
modeling error through the use of injection studies, as improvements to waveform models are
made.

Of high importance is an improved understanding of systematics, e.g., with improved
distinguishability estimates that are not conservative, and with specific studies on the accu-
racy requirements of the separate ingredients of models (PN, NR, self force), and how they
relate to the accuracy of final models.

Of course, this also raises the question, how much systematic uncertainty can be toler-
ated? The traditional answer to this, is that in order to maximize the scientific pay-off from
investments in better detectors, we should strive to always have the systematic uncertainty
due to modeling error be smaller than the statistical uncertainty in the observations. This
may be a too conservative requirement, and it may be possible to reach some science goals
with suboptimal waveforms. This should be considered for each science goal.

8.3 Techniques for waveform modeling: Current state and advances

Several individual calculation techniques provide important input into waveform models. The
subsections here keep track of developments in these areas.

8.3.1 Numerical Relativity

General relativistic simulations of binary black hole (BBH), binary neutron star (BNS), and
neutron star-black hole (NSBH) systems have rapidly evolved over the last decades. Simu-
lations of BNS [3698] and BBH [3699–3701] mergers have been possible for ∼ 15 − 20 years.
Today, thousands of high-accuracy BBH GW signals have been produced. Simulations have
also been performed using alternative theories of gravity, while more advanced models for
the dense matter at the core of neutron stars and the inclusion of magnetic fields, neutrino
radiation transport, or non-ideal fluid dynamics in simulations allow us to study the merger
and post-merger evolution of BNS and NSBH mergers with increasing realism. These sim-
ulations play a crucial role in testing, calibrating, and developing the models used by GW
observatories, as well as in the analysis of electromagnetic (EM) signals following these merg-
ers. Nevertheless, the accuracy of the simulations, their coverage of the available parameter
space, and their approximate treatment of important physical process are insufficient for the
expected needs of ET.

State-of-the-Art
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Formalism. Most GR simulations use one of two formulations of Einstein’s equations known
to be amenable to numerical evolution: the Generalized Harmonics (GH) formalism [3699,
3702–3704] and the Baumgarte-Shapiro-Shibata-Nakamura (BSSN) formalism [3705, 3706]
(and its Z4c [3707, 3708] and ccZ4 [3709, 3710] extensions). These methods have been
improved over the years through appropriate gauge choices [3711–3717]. Black holes are
evolved either by excising a region inside their horizon [3699, 3718], or using the puncture
method [3700, 3701, 3719–3721]. Most simulations are performed with high-order finite dif-
ference methods [3700, 3701, 3722, 3723] or spectral methods [3724]. For neutron stars, the
GR equations of fluid dynamics are usually evolved in the Valencia formalism [3725] using
high-order shock capturing finite difference [3145, 3726] or finite volume [3727] methods. A
Lagrangian formulation of the fluid equations has also been developed [3728]. An important
aspect of these simulations, particularly for the analysis of high-frequency GWs, is the as-
sumed equation of state (EoS) for dense neutron rich matter. Simulations now routinely use
tabulated EOS derived from nuclear physics models (e.g. [2249, 2351, 3729, 3730]), as well as
simpler analytical models [3731–3733] that can however be extended to include temperature
and composition effects [2621]. Magnetic fields have been evolved using ideal magnetohy-
drodynamics (MHD) [2920, 3165, 3734–3736], resistive MHD [3178, 3737], and the force-free
formalism [3738]. Neutrinos have been taken into account using order-of-magnitude leakage
schemes [2981, 3739], approximate transport (moment formalism) [3740–3743], and Monte-
Carlo methods [3744, 3745]. Formalism for the evolution of theories of gravity beyond GR
have recently been developed for use in numerical simulations with [153, 155] and without
matter [140, 3746]. Combining all of these important ingredients into sufficiently accurate
simulations across the entire available parameter space remains however beyond our current
abilities.

Initial data. GR simulations require solving the Einstein constraint equations on an initial
spatial slice. In the case of compact binaries involving black holes and neutron stars, this
initial data problem admits its formulation in terms of elliptic equations [3747], which in the
case of neutron star mergers are solved iteratively to obtain initial conditions in hydrostatic
equilibrium [3748]. The community has put significant effort in developing numerical codes
to solve elliptic problems. Most of the state-of-the-art codes employ spectral methods to
discretize the elliptic equations [3748–3762], with the exception of COCAL [3763–3765] and
NRPyElliptic [3766] which employ finite-difference methods. The cost of solving the initial
data problem is typically negligible compared to the cost of evolution. In addition, there are
issues relating to transients arising from the relaxation of the initial data to a quasi-stationary
geometry [3767, 3768] (often referred to as “junk radiation”) and gauge relaxation [3719,
3721].

BBH simulations. One of the key motivations driving BBH simulations is the accurate
modeling of the GW signal, especially through the merger and ringdown where NR infor-
mation is essential. The semi-analytical waveform models used to analyze GW data (see
section 8.3.4 for details) are calibrated and validated against entire catalogs of NR simu-
lations [35, 3724, 3769–3775], emphasising the central importance of NR in modern GW
astronomy. Models have also been developed based solely on simulations [3776–3778]. The
parameter space coverage of BBH simulations can be broadly split between quasi-circular bi-
naries and eccentric binaries, including hyperbolic encounters. Significant attention has been
given to modeling the 7-dimensional non-eccentric parameter space (mass ratio q = m1/m2

and black hole spins). For aligned-spin binaries, current catalogs extend up to mass ra-
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Figure 8.2: Exemplary waveforms of hyperbolic BBH encounters where the two BHs are
initially unbound. The left panel shows a scattering event where the BHs remain unbound,
changing their direction of motion by ∼ 90◦. The configuration shown at the right loses
enough energy at the first interaction to be captured into a bound, eccentric binary that
subsequently merges. Both systems start with equal-mass, non-spinning BH, with data from
the SXS waveform catalog [3790]. Left SXS:BBH:3999 (initial energy Ei = 1.023 and angular
momentum Ji = 1.600M). Right SXS:BBH:4000 (Ei = 1.001 and Ji = 1.005M).

tios q = 18 and spins |χ| ≲ 0.8 [35, 3125, 3724, 3770, 3773], whereas for precessing bina-
ries, the vast majority of simulations cover a restricted parameter space up to q ∼ 4 and
|χi| ≲ 0.8 [3724, 3770, 3773], though see [3779] which presented simulations sufficient to
model single-spin binaries up to q = 8. For spins ≳ 0.8, it becomes increasingly difficult to
resolve the apparent horizons, which become smaller and increasingly deformed in the coor-
dinate systems used in NR. Nevertheless, individual simulations have reached spins as high
as 0.998 [3724, 3780, 3781]. For large mass ratio, computational cost increases because the
decreasing size of the smaller BH forces the time-step to decrease as ∼ 1/q, whereas the phys-
ical evolution time increases as ∼ q. Combined, these two effects increase computational cost
at least as fast as ∼ q2 [3782, 3783] for high mass ratio binaries covering a certain frequency
band. Individual simulations have reached mass ratio up to q = 1000 [3717, 3784, 3785],
and an alternative framework to tackle intermediate mass ratio binaries based on a world-
tube excision method was presented in [3782, 3786, 3787], but long and accurate numerical
waveforms at such high mass ratios remain beyond our current reach. For eccentric and hy-
perbolic binaries, preliminary catalogues are typically limited to q ≤ 6, spins |χ| ≲ 0.8, and
e ≲ 0.8 [1442, 3771, 3774, 3788, 3789]; non-spinning eccentric simulations up to q = 10 were
presented in [3775]. Exemplary waveforms for hyperbolic encounters are shown in figure 8.2.

NSBH/BNS simulations. Simulations of NSBH binary and of BNS are not as accurate as
BBH simulations. Waveforms in GW databases [2249, 3146, 3147, 3150] typically capture
the impact of the finite size of the neutron star with ≳ a few parts of a radian error at
merger, accumulated over ∼ 10 orbits. For BNS systems, non-spinning low-mass binaries
(Mbinary ≲ 3M⊙) in quasi-circular orbits have been studied most extensively, though more
asymmetric, eccentric, higher mass systems and/or spinning neutron stars have also been
simulated (see e.g. [2335, 3791, 3792] for reviews). For NSBH systems, most simulations
consider low mass or high spin black holes in quasi-circular orbit with a low-mass neutron
star (as this configuration leads to EM signals), with the rest of the parameter space more
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sparsely covered (see e.g. [3793, 3794] for reviews). Specifically, simulations have focused
on the features of tidal disruption in the GW amplitude [3150, 3795–3800]. This has en-
abled predictions of the outcome of a NSBH merger based on the mass ratio, |χBH|, and the
NS compactness for circular inspirals and negligible NS spin [1387, 2254], the shutoff fre-
quency [2754], and the properties of remnants [3801–3805]. Simulations have also explored
effects of spin precession [3797, 3806], and eccentricity [3807, 3808], which complicate the
identification of the tidal disruption shutoff.

Simulations provide us with a decent qualitative understanding of BNS/NSBH merg-
ers, as well as quantitative predictions for the remnants/outflows of NSBH mergers [2238,
2255, 3134, 3801, 3809], the threshold for collapse of BNS merger remnants [2931, 2934],
and its post-merger GW frequency [2895, 3810] (though magnetic fields and/or exotic mat-
ter may modify the latter [2887, 3189]). Quantitative predictions for many other properties
of the post-merger remnant remain unreliable (see e.g. [3057, 3802, 3811]). Simulations of
BNS [2922] and NSBH [3812] have demonstrated the rapid growth of magnetic fields dur-
ing merger, but demonstrating convergence of this effect remains difficult even the highest
resolution simulations. This is problematic as magnetic fields can drive collimated out-
flows [3166, 3813, 3814] and disk winds [3815, 3816]. Neutrino absorption, for its part, can
greatly impact nucleosynthesis and the properties of post-merger EM signals [3817, 3818].
Self-consistent simulations of the merger and post-merger evolution are only becoming avail-
able in 2D [3819] and 3D [3803], and will certainly play an important role in our understanding
of EM signals.

Core-collapse. Historically, core-collapse supernova (CCSN) simulations have included sig-
nificantly more advanced microphysics (neutrino physics, dense matter EoS, nuclear reac-
tions) than BNS simulations (see the discussion in section 7.2 and, e.g., refs. [3236, 3259, 3820]
for reviews of CCSN simulations and microphysics), while making stronger approximations
when modeling gravity and/or imposing symmetries on the system – though as the impor-
tance of GR and 3D effects (e.g. turbulence) in CCSNe and the need for improved micro-
physics in BNS mergers became more obvious, technology transfers between these two fields
has become more important. In CCSNe, GW emission is due to the oscillation of the post-
collapse neutron star excited by 3D hydrodynamics instability, the asymmetric emission of
neutrinos, and/or larger scale deformation of the forming neutron star in rapidly rotating
systems [2137, 3821], thus potentially providing us information about the properties of dense
matter and the rotation rate of the system [3584]. GWs from CCSNe can only be seen for
close-by objects [2972], yet provide us with a unique opportunity to combine neutrino and
GW observations to better understand nuclear physics at high density. See section 7.4.1.1
for a discussion of the corresponding observational prospects at ET.

Main Open Challenges

BBH simulations. The main open challenges in extending the parameter space coverage of
BBH simulations are producing accurate, long-duration simulations at high mass ratios and
high spins where one has to resolve multiple length and time scales associated to both the
large and small BHs. Implicit time-stepping may help with this issue [3822], but is costly
and not used in current state-of-the art simulations. The BH excision used in multi-domain
pseudospectral codes such as SpEC [3715, 3718, 3823] becomes increasingly complicated for
highly distorted BH horizons and can require fine-tuning of numerical algorithms [3780, 3824].
Finite-difference codes based on the moving puncture framework are numerically more robust,
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but less computationally efficient at comparable mass ratios. High mass ratios (q > 10)
are computationally challenging for all current codes, and it is currently not possible to
study the high mass ratio regime with anywhere near the detail that has been achieved for
comparable masses. Developing methods to do this is one of the major unsolved problems
for BBH simulations. In addition, high-spin simulations with BH spins χ ≳ 0.85 constitute
a very small portion of current catalog of NR simulations [3724, 3770, 3785]. This is because
standard initial data impose conformal flatness [3825, 3826], which limits spins to χ < 0.93
[3827–3830], and high-spin simulations [3781, 3830–3833] are more challenging.

Besides difficulties with the numerical methods for solving initial data, the choice of
adequate initial parameters is also an open problem. While there has been a lot of work
to develop methods to estimate initial parameters for quasi-circular evolutions [3771, 3834–
3840], the choice of parameters for the most generic binaries such that the simulations have the
desired values of eccentricity, radial phase as well as time to merger is still fairly unexplored
[3771, 3775, 3841–3843]. Covering the parameter space of eccentric binaries will be even more
challenging, particularly for nearly hyperbolic encounters with long time intervals between
periastron passages.

NSBH/BNS Mergers. Simulations involving matter face important challenges to reach the
level of accuracy and physical realism required to serve ET science. In order to make sure
that GW models do not bias our measurements of the neutron star EoS, pre-merger GW
models with significantly improved phase accuracy are needed (see e.g. [3674, 3696]). This
is a steep challenge for current numerical codes which have shown 3rd [3726] or 4th or-
der convergence [3148] so far for simple EoS, and have reduced accuracy for more complex
EoS [3733, 3844]. Additonally, while schemes enabling 4th order convegence, such as the
entropy-based flux-limiting scheme of ref. [3148], mark a significant advancement towards
ET accuracy requirements, such simulations remain limited in number. Simulations have
begun exploring phase transitions [2912, 3845, 3846] and strange matter [2351, 3847] in neu-
tron stars, as well as boson stars [359, 3848] but a more systematic understanding of the
impact of more advanced nuclear physics, MHD, and neutrinos on post-merger GW signals
will be needed in preparation for ET. Recent simulations relying on subgrid models [3173]
as well as extremely high-resolution simulations of merger remnants [3054] and post-merger
accretion disks [3849] have been able to capture the growth of magnetic fields from rela-
tively low initial magnitude, yet such simulations remain rare and expensive, and even now
the process leading to the production of collimated jets and gamma-ray bursts remains an
open question. The cooling of the remnant and heating of the outflows by neutrinos, as
well as composition changes in the outflows, is captured at the ∼ 10% level by the best
existing transport schemes [3743, 3744], but with the exception of the post-merger evolutions
in [3745, 3804, 3850], only simpler treatment of neutrinos have been used in conjunction with
high-resolution MHD simulations [3730, 3803], limiting our ability to study the impact of
neutrinos on outflow composition, jet formation, and bulk viscosity. Performing sufficiently
long simulations of the post-merger remnant with adequate microphysics across the entirety
of the relevant parameter space thus remains an important issue for ET. More generally, it
is worth noting that the exact impact of currently missing physics (nuclear physics, neutrino
physics, non-ideal MHD,...) on the observable properties of neutron star mergers remains
unknown, greatly complicating the task of determining what is actually measurable in these
systems.
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CCSNe simulations. The simulations of CCSNe suffer from some of the same issues as
NSBH/BNS mergers: the need to perform expensive 3D simulations with advanced mi-
crophysics across a high-dimensional parameter space (of both initial conditions and input
nuclear physics). In addition, the outcome of CCSNe is impacted by the late-stage 3D evo-
lution of massive stars, and the presence of inhomogeneities in the pre-collapse remnant.
Generating realistic initial conditions for these simulations is thus a complex and important
question, that itself can only be solved through 3D hydrodynamics simulations of massive
stars including a detailed modeling of nuclear burning.

8.3.1.1 Important Next Steps

Code development. The previous sections should make it clear that there are two impor-
tant aspects of NR simulations that need to greatly improve for ET: accuracy (specifically
for inspirals) and physical realism (nuclear physics, MHD, neutrinos, for simulations with
matter; gravity beyond General Relativity). This will require NR to leverage current and
upcoming exascale computing facilities, and has driven the development of next-generation
codes, including the Disontinuous Galerkin code SpECTRE [3762, 3851–3853], the octree-
refined wavelet code DendroGR [3854] and finite difference codes GRAthena++[3855], Car-
petX (part of the Einstein Toolkit [3723], the most used open-source NR code), and AMReX
[3856]; as well as continued development of existing codes already used for near exascale sim-
ulations (e.g. SACRA [3803]). Testing and development of these (and other future) codes is
an important step to allow the NR community to provide ET with simulations of the required
quality.

Understanding current accuracy and future requirements. Recent studies investigating the
accuracy necessary to perform unbiased parameter estimation with next generation detectors
have highlighted the need of orders of magnitude improvements for both waveform models
and NR simulations [2776, 3674]. These estimates, however, are largely based on simple
comparisons between simulations performed at different resolutions, and often do not account
for other possible sources of error, such as systematic differences between NR codes, the
integration from Newman-Penrose scalar Ψ4 to GW strain [3857] (challenging for highly
eccentric or hyperbolic systems), extrapolation of the GWs to infinity and – when considering
long inspirals – EOB-NR or PN-NR hybridization. The quoted requirements further depend
on the parameters of the binary, and may become more stringent in the more extreme regions
of the parameter space. In order to drive waveform development it is then fundamental
to develop a framework to fully characterize the sources of error that currently affect our
simulations, allowing important insights on the determination of accuracy requirements for
ET.

BBH binaries. For BBH simulations, a dual push towards simulations that can match the
accuracy requirements discussed in the previous section and an expansion of the covered
parameter space to high-spin, high mass ratios, and eccentric systems are likely to be needed
to satisfy ET requirements.

NSBH/BNS binaries. Matter simulations should greatly benefit from next-generation codes
aimed to leverage exascale computational resources. The development of those codes may
however not be sufficient to allow simulations to reach the level of accuracy desirable for
ET science. Subgrid models capable of capturing the growth of magnetic fields in mergers
may remain necessary even in next-generation codes. While progress has been made in that
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direction [2910, 3858, 3859], whether these models can reasonably match the results of a MHD
simulation remains an open question. Larger parameter studies of merger and post-merger
evolution including magnetic field effects, neutrinos, and a range of potential equations of
state (including exotic physics that can be probed with ET) are also necessary for post-
merger GW and EM modeling, but computationally expensive. On shorter time scales,
continued development of existing post-merger GW models for BNS systems, especially with
improved/more exotic nuclear physics, and the improvement of the qualitative disruption
models currently used by NSBH models, could benefit from large parameter space studies
with existing codes including the range of equations of state currently considered in nuclear
physics. Finally, it will be crucial to better understand the impact of currently missing
physics in simulations, and determine more accurately the level of realism that is desired in
order to reach a desired accuracy level in predictions for the GW and EM signals powered
by these mergers.

8.3.2 Weak-field Expansions

State-of-the-Art

Parallel to the numerical methods presented in the previous section, analytical frameworks
are also used to derive gravitational waveforms. In this section, we discuss the class of
weak-field methods, that are valid when the separation of the two object is large (typically
during the inspiral phase). Those methods rely on post-Newtonian (PN, low velocity) and
post-Minkowskian (PM, large separation) expansions: the first one is an expansion in (v/c)2

where v is the relative velocity of the two bodies and c the light speed; the second one,
an expansion in Gm/rc2 where G is Newton’s constant, m is the total mass and r the
separation. In a bound and virialized state, the two expansions are correlated, but they stay
independent in the scattering problem, which has lately attracted more and more attention
as an useful tool to study the two-body gravitational interaction. For recent reviews, see
notably [32, 177, 3860–3863]. Note that another analytical framework is discussed in the
next section: the Gravitational Self-Force, that is able to span the whole history of the
binary, but valid only for a large mass ratio.

The key observables delivered by weak-field methods are the GW phase and amplitude
of the waveform. For bound systems, the GW phase is computed via the energy flux-balance
equation, expressing the loss of energy by GW emission dE

dt = −FGW where E is the (con-
servative) binding energy and FGW, the flux of radiation emitted. Once both quantities
are derived, the GW phase is obtained by a simple integration, and the amplitude is ex-
tracted from the moments that enter the flux. For non-spinning compact binary systems in
quasi-circular orbits, complete results for the phase and amplitude are respectively known at
4.5PN [3864, 3865] and 3.5PN [3866]. For binaries with spinning but non-precessing objects,
the phase has been derived at 4PN [210], and the amplitude, up to 3.5PN in the case of
aligned spins [3867]. Once precession is added, and while higher-PN order information exists
for generic orbits [3868], the accuracy is degraded to 2PN for the phase, and 1.5PN for the
amplitude to get ready-to-use waveforms on precessing quasi-circular orbits [3869]. The con-
tribution of the quadrupole-monopole interaction due to a rotating star’s oblateness which
enters at 2PN order has been computed at leading-order in the radiation losses for generic
orbits [3870, 3871]. As for the tidal effects, that enter at 5PN, their contribution in the phase
is known at 2.5PN relative order [3103], and their coupling with spins, at the leading 6.5PN
order [3121].
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For the conservative sector of non-spinning objects, three different techniques have been
used to compute the binding energy at the 4PN level of precision: the canonical Hamilto-
nian formulation of GR [181, 3872–3875], the Fokker Lagrangian [183, 3876–3879] and the
EFT [182, 184, 185, 204, 3880–3882] approaches, yielding physically equivalent results. The
equations of motion at 4.5PN order, resulting from the 2PN corrections of the radiation-
reaction effect, are also known [3883]. The next level of precision, at 5PN order, is in a
mature stage [203, 3884], with partial results also at 6PN [220] and 7PN [3885] also known.
Other methods have also been traditionally applied in the literature to derive the conservative
dynamics, but have not (yet) attained the 4PN order, such as the surface-integral approach
at 3PN [3886], or the extended-body framework at 2.5PN order [3887].

For radiative effects, these are expressed in terms of multipole moments [3888] (which are
also used to compute the amplitude), that generalize the Einstein’s quadrupole formula [3889].
Using the post-Newtonian-Multipolar-post-Minkowskian algorithm [32], the relevant (spin-
independent) moments have been derived to 3.5PN [3890–3892]. The 4PN moments, leading
to the phase and amplitude at the same order, are also known [3892–3894], notably the
quadrupole moment which requires a proper regularization scheme [3895–3897], and including
non-linear interactions [3898–3900]. For quasi-circular orbits, the full 4.5PN flux has also been
computed [3901, 3902], and the 4.5PN sector has been confirmed by an independent PN
reexpansion of resummed waveforms [3903]. The 4.5PN phase for quasi-circular orbits have
also been derived [3865]. Two other methods are also in use, the EFT approach developed
to 3PN order in the radiative sector [211, 3904], and the direct integration of the relaxed
equations, at 2PN [3905].

Note that in order to derive the observable phase, one has also to take into account the
absorption of the wave by the black holes horizons, see [207, 3868, 3906–3909].

For the case of spinning bodies, extensive dynamical studies have been initially devel-
oped in the framework of the PN approximation [3910–3917], while significant present knowl-
edge of the dynamics has been achieved through the EFT approach [177, 204, 205, 3863, 3918–
3920]. In the conservative sector, the binding energy is known up to 5PN order [1146, 3921],
whereas the radiative multipoles and GW phase at the 4PN level of accuracy for aligned
spins were derived in [210, 219, 3867] (see also [3916, 3917, 3922] for alternative derivations
up to 3.5PN order). The radiation-reaction force has also been computed up to 4.5PN order
in [3923, 3924]. Spin-dependent effects in the amplitude have also been derived to 3.5PN
order [3867, 3925, 3926]. Note also that leading PN order results for the binding energy, the
GW flux and GW modes were obtained to all orders in spins [3927].

To get inspiral waveforms for compact binaries in eccentric orbits, one commonly re-
lies on the quasi-Keplerian parametrization (QKP), a semi-analytic representation of the
perturbative, slowly precessing post-Newtonian motion. The conservative motion as well as
instantaneous and hereditary contributions to the secular evolution of the orbital elements
are known to 3PN order, in both modified harmonic and ADM-type coordinates [3928–3932]
and to 4PN order in the ADM-type coordinates only [3933]. The complete 3PN-accurate
GW amplitudes from non-spinning eccentric binaries have been derived using the multipolar
post-Minkowskian formalism, including all instantaneous, tail and non-linear contributions
to the spherical harmonic modes [3934–3936].

For non-precessing spinning eccentric binaries, the effects of spin-orbit and spin-spin
couplings on the binary evolution and gravitational radiation have been worked out to lead-
ing order in QKP [3937]. Subsequent work has aimed to extend the treatment of spins in
QKP to higher PN orders [3938, 3939]. The waveforms modes to next-to-leading (3PN) or-
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der for aligned spins and eccentric orbits have been derived in [3940, 3941], including tail
and memory contributions. Regarding precessing eccentric systems, the inspiral dynamics
of spinning and precessing compact binaries with arbitrary eccentricities, including the mass
quadrupole-monopole interaction, has been obtained at leading order [3942, 3943]. Gravita-
tional waveforms have been obtained to leading order in the precessing equation [3944]. A
fully analytical treatment has also been proposed to leading order order in the spin-obit and
spin-spin couplings, including higher harmonics [3945].

For compact binaries evolving on hyperbolic trajectories (or scattering case),61 the
knowledge of the scattering angle or gravitational waveform would, in principle, not be rel-
evant for the study of bound orbits. Nevertheless, such configurations have recently gained
much interest in the context of the Post-Minkowskian expansion, notably after the connec-
tions to the EOB potentials discussed in [217], as well as the (boundary-to-bound) map
that links scattering data to observables for elliptic orbits [179, 199, 212, 213, 219]. As, for
instance, the scattering angle contains terms computed to all orders in the relative veloc-
ity, one can extract valuable high-precision information on the bound dynamics from the
knowledge of the hyperbolic case. The current state-of-the-art for the total relativistic im-
pulse is at 4PM for both conservative and radiative sectors, for non-spinning [192–194], and
spinning [196, 197] objects, and also partial results in the conservative sector at 5PM (and
first order in the SF expansion) [198], obtained by means of a Post-Minkowskian version
[179, 187, 190, 195, 3946, 3947] of the worldline EFT approach [204, 205]. Other methods
have been developed, such as the scattering amplitudes approach, that have also completed
the conservative [191, 3948] and dissipative [3949] (non-spinning) impulse at 4PM order, while
yielding several results at low PM orders but high orders in the spins [3950]. The deriva-
tion of the waveform has also received attention, and was computed by several groups using
scattering amplitudes methods to 3PM order [3951–3953]. Other relevant results include the
inclusion of various types of tidal effects [189, 3954, 3955].

Main Open Challenges

For non-spinning systems on bound orbits, the current frontier is the expression of both the
energy and the flux at 5PN order. The derivation of the binding energy and equations of
motion at 5PN has been tackled in two different frameworks: the so-called “Tutti-Frutti”
(TF) Hamiltonian approach [220, 221] and EFT methodologies [203, 3884, 3956–3958] (see
also [3959]). While the TF Hamiltonian still contains two unknown parameters at 5PN, the
EFT derivation is in principle complete and includes the subtle tail and memory effects (where
the GWs emitted are back-scattered on the geometry and earlier radiation, respectively, and
reabsorbed by the system), as well as contributions quadratic in the (linear) radiation-reaction
forces. The subtleties involved in the computation led to an initial disagreement between
the results at 5PN in [3956–3958] and the overlap with the 4PM scattering dynamics in
[193, 194]. This has been recently resolved in [203]. Yet, the identification of the total
conservative part of the full dynamics, in particular the determination of the two unknowns
in the TF formalism, remains an open quest. We should also emphasize that the inclusion of
spin effects is relatively straightforward within the EFT approach [177, 3863], and therefore
the resolution of these discrepancies can also ultimately lead to higher order waveform models
including spin contributions.

Other progresses in the case of bound orbits include the determination of the flux and

61Note that orbits dubbed chameleon which alternate between hyperbolic and highly eccentric due to spin
effects were also found [3911].
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waveform for generic precessing spins on eccentric orbits, beyond the slowly-precessing and/or
small eccentricity assumptions. The post-circular (PC) formalism [3960] provides a method
to recast the time-domain response function h(t) into a form that permits an approximate
fully analytic Fourier transform in the stationary phase approximation (SPA), under the
assumption that the eccentricity is small, leading to non-spinning, eccentric Fourier-domain
inspiral waveforms. It has been extended to 3PN order [3961, 3962], and has included previ-
ously unmodeled effects of periastron advance [3963]. However such an approach is limited
by the necessary expansion in small eccentricity. Newer models aim for validity in the range
of moderate to high eccentricities, by utilizing numerical inversions in the SPA and resum-
mations of hypergeometric functions to solve orbital dynamics [3964, 3965]. A semi-analytic
frequency-domain model for eccentric inspiral waveforms in the presence of spin-induced
precession has been developed with the help of a shifted uniform asymptotics technique to
approximate the Fourier transform, a numerical treatment of the secular evolution coupled
to the orbital-averaged spin-precession, and relying on a small eccentricity expansion [3966].
However, the full treatment of precession at arbitrary eccentricities still remains to be done
beyond leading orders.

Finally, the proper PN treatment of the dynamics of magnetized binaries (e.g. composed
of neutron stars) has also been studied [3967, 3968].

When it comes to scattering results, and their relevance to the study of bound orbits,
there are two major obstacles. Firstly, a computational hurdle, in the form of a significant
increase in complexity in the Feynman integration problem, see the discussions in e.g. [179,
198]; and secondly, in circumventing the presence of nonlocal-in-time effects [181, 182, 220,
221] that are not directly amenable to a boundary-to-bound continuation to elliptic orbits
[219].

Important Next Steps

Pushing the weak-field results to high accuracy seems an important goal for at least three
reasons. First, it may be necessary for the precise parameter estimation of low-mass binaries
(that will be observed in their inspiral phase during a long time). Second, high precision
waveforms are very beneficial for the calibration of numerical waveforms, and are crucial for
testing the second-order self-force computations, as done e.g. in [3969]. Last, as the difference
between canonical and exotic compact object enter at high orders (at least 5PN, due to the
so-called “effacement principle” [3970]), high precision can be crucial to clearly discriminate
between those.

Another important frontier for the ET science is not only high accuracy, but also the
inclusion of physical effects, such as eccentricity, that are poorly understood, even at low
precision. For instance, most of (if not all) the compact objects that ET will observe will
have nonzero spins, yet our current waveforms are usually derived under the much simpli-
fied assumption of aligned-spin and non-precessing, quasi-circular orbits, which the compact
binaries are definitively not expected to necessarily follow. Moreover, neutron stars bear
strong magnetic fields, that will act on the trajectories, and thus on the GW emission [3971].
Furthermore, all these effects couple to each other, and to the eccentricity and precession
of the orbit. Yet, even though they may play a crucial role in the data analysis of ET,
only a handful of such couplings have been studied and at very low levels of accuracy. A
greater effort is needed to include all relevant physical effects and respective couplings in the
computation of analytical waveforms.

Recent Progress
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Recently, the comparison between the 4.5PN and 2SF (see section 8.3.3) results has been
performed and it proved to be in very good agreement, even in the late-inspiral regime of
PN when non-linearities become important [3972]. Notable progress has also been achieved
in the realm of both the PN and PM expansions. In particular, the discrepancy between the
previous 5PN results in [3956–3958] and the complete 4PM knowledge of the impulse derived
in [179, 194, 197], has been resolved [203]. Furthermore, a first attempt at the complete
fourth-loop level of precision in our understanding of scattering events was recently done in
[198], at first order in the SF expansion. Novel developments, in particular in the Feynman-
integration frontier, will be sorely needed to continue forward in this realm. At the same
time, the separation of local- and nonlocal-in-time effects was recently performed in [199] in
the context of unbound/bound dynamics at 4PM order. The results reported in [199] are
readily applicable to waveform models for elliptic-like orbits, incorporating an infinite tower
of velocity corrections. New ideas are also needed here to enable the direct application of
scattering result to the dynamics of bound systems at higher orders.

8.3.3 Gravitational Self-Force

State of the art

Formalism. GSF theory is applicable to binaries with small mass ratios, for which ϵ :=
m2/m1 ≪ 1. The binary’s spacetime metric is expanded in powers of the mass ratio,

gαβ = g
(0)
αβ + ϵh

(1)
αβ + ϵ2h

(2)
αβ + . . . , (8.3)

where the background metric g
(0)
αβ describes the spacetime of the primary object, typically

taken to be a Kerr BH, and the corrections h
(n)
αβ are perturbations created by the presence of

the secondary object, which may be a BH or a material body. At zeroth order, the secondary

moves on a geodesic of g
(0)
αβ . At subleading orders, the perturbations h

(n)
αβ exert a self-force

on the secondary, accelerating it away from geodesic motion [180, 3973–3976]. The emitted

waveform is then contained in the perturbations h
(n)
αβ . Calculations involving the nth-order

perturbation h
(n)
αβ are referred to as nSF.

Equations of motion for the secondary and field equations for the perturbations h
(n)
αβ

have been derived through second order in ϵ in a generic background spacetime [3974, 3977–
3989]. When specialized to a BH background, the field equations can be solved using methods
of BH perturbation theory [3976, 3990–4005].

Waveforms. Waveform-generation schemes in the GSF approach have traditionally focused
on the inspiral phase, and waveforms are now typically generated within a multiscale frame-
work [3976, 4006–4010], which exploits the fact that a small-mass-ratio inspiral occurs slowly,
over ∼ 1/ϵ orbits. The evolution is written in terms of a set of “slow” parameters JA (the
secondary’s orbital energy, angular momentum, and Carter constant, the primary’s mass
and spin), which evolve on the slow time scale ∼ m1/ϵ, and a set of “fast” phase variables
ψA, which evolve on the orbital time scale ∼ m1. In terms of these variables, the system’s
evolution is governed by equations of the form [3976, 4007, 4011, 4012]

dψA

dt
= ΩA

(0)(JB) + ϵΩA
(1)(JB) +O(ϵ2), (8.4)

dJA
dt

= ϵ
[
G

(0)
A (JB) + ϵG

(1)
A (JB) +O(ϵ2)

]
, (8.5)
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where ΩA
(0) = (Ωr

(0),Ω
θ
(0),Ω

ϕ
(0)) are the three independent frequencies of geodesic orbits in

Kerr spacetime [3976, 4013–4016]. Each ℓm mode of the perturbations h
(n)
αβ (and therefore

of the emitted waveform) is then a sum of slowly varying amplitudes h
(n)
ℓmωk

(JA) multiplied
by rapidly evolving phase factors:

h
(n)
ℓm =

∑

kA

h
(n)
ℓmωk

(JB)eikAψ
A
, (8.6)

where kA = (kr, kθ, kϕ) are integer constants and ωk := kAΩA
(0). Concretely, ψA = (ψr, ψθ, ψϕ)

are the phases of the secondary’s radial, polar, and azimuthal motion around the primary,
such that the ratios ψ̇ϕ/ψ̇r and ψ̇ϕ/ψ̇θ represent precession of periapsis and precession of the
orbital angular momentum around the central BH’s spin axis. If the secondary is spinning,
then eqs. (8.4)–(8.6) are straightforwardly extensible to include its spin precession phase and
slowly evolving parameters associated with its spin components [4017–4020]. These effects
modify the phasing at 1PA (see below).

The multiscale structure of eqs. (8.4)–(8.6) conveniently splits waveform generation

into offline calculations and online ones. In the offline stage, h
(n)
ℓmωk

, ΩA
(n), and G

(n)
A are pre-

computed by solving the field equations (formulated in multiscale form) on a grid of parameter
values JA. Using this stored offline data, the online stage solves eqs. (8.4) and (8.5) and
evaluates the sum (8.6) to obtain a waveform. The Fast EMRI Waveforms (FEW) package
has made this online stage sufficiently rapid for gravitational-wave data analysis [4006, 4009].

A leading-order waveform in this construction uses the slowly evolving geodesic fre-

quencies ΩA
(0)(JB) together with the dissipative driving forces G

(0)
A (JB); this is referred to

as adiabatic order (0PA). Subsequent orders in eqs. (8.4)–(8.5) are referred to as nth post-
adiabatic order (nPA). In the remainder of this section, we summarise the state of the art at
each order as well as progress to cover regions of phase space where the multiscale expansion
breaks down.

Before proceeding to that summary, we note that alternatives to the multiscale ex-
pansion have also been formulated, though never implemented beyond 0PA order. Most
prominently, waveforms have been generated using an iterative scheme in which the lin-
earized field equations are solved in the time domain with an adiabatically inspiraling sec-
ondary [287, 4021–4024]. This method does not immediately provide rapid waveform gen-
eration, due to the cost of solving the field equations in the online step, but the resulting
waveforms can be used to build a surrogate model [4024, 4025].

0PA waveforms. Leading-order (0PA) waveforms require the driving forces G
(0)
A (JB), which

are calculated from the radiative pieces of the modes h
(1)
ℓmωk

(1SF). Decades of work have
enabled efficient calculations of these inputs [282, 287, 3998, 4006, 4011, 4014, 4021, 4026–
4061], and 0PA waveforms can now be computed for generic orbits around a Kerr BH, both
numerically [4008] and analytically (in a weak-field expansion) [4010]. However, substantial
effort is still required to populate the parameter space with sufficient offline data.

1PA waveforms. First-post-adiabatic waveforms (1PA) require the corrections ΩA
(1)(JB),

which are calculated from the time-symmetric pieces of h
(1)
ℓmωk

(1SF), together with the driving

forces G
(1)
A (JB), which are calculated from the radiative pieces of h

(2)
ℓmωk

(2SF).
Practical methods of solving the 1SF field equations and calculating the necessary inputs

for ΩA
(1) have been developed over the past two decades [4000, 4062–4084], leading to 1SF
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calculations for generic bound orbits in Kerr spacetime [4085]. These results have been
incorporated into inspiral and waveform models covering much of the parameter space [4012,
4086–4090].

Further development of 1SF methods is ongoing [4003, 4044, 4079, 4091–4109], but the

frontier in GSF theory is now the calculation of G
(1)
A (JB), which involves solving the radiative

part of the 2SF field equations. Progress in 2SF formulations [3985–3989, 4110–4112] and in
practical implementation techniques [3976, 4005, 4080, 4113–4118] has recently led to the first
2SF calculations and complete 1PA waveforms [3683, 3969, 4119] in the case of quasicircular
orbits around a Schwarzschild BH.

Secondary spin and finite-size effects. The secondary’s spin enters the multiscale expansion
at 1PA order [4120]. There has been a wealth of work on this topic in recent years [4121–
4135], and the community is now able to calculate these effects for generic binary configura-
tions [4017–4019].

Little work [4136, 4137] has been done to incorporate the secondary’s higher moments
into evolution models because their effects are suppressed by ϵℓ [3975] and by even higher
powers of ϵ in the case of tidally induced moments [258]. However, these effects might
be important for IMRIs and highly deformable secondaries [4137] including certain exotic
compact objects and white dwarfs [4138].

Transient resonances. The multiscale expansion (8.4)–(8.6) breaks down during transient
resonances, when two or more of the orbital frequencies have an approximately rational
ratio [4139–4148]. Passage through such a resonance can lead to a large, 0.5PA contribution
to the waveform phase, i.e. only O(ϵ1/2) below the leading order in eqs. (8.4)–(8.6). There
is ongoing effort to model these effects and incorporate them into evolution schemes [4010,
4052, 4057, 4148–4155].

Merger and ringdown. The multiscale expansion also breaks down as the secondary ap-
proaches the last stable orbit, where it gradually transitions into a rapid plunge into the pri-
mary [4023, 4058, 4156–4162]. Using alternative expansions across the transition and through
the plunge, a number of groups have generated leading-order inspiral-merger-ringdown wave-
forms in some scenarios [287, 4022–4025, 4163, 4164]. Refs. [4162, 4165] have begun to extend
this progress toward 1PA/2SF order.

Main Open Challenges

Currently, there are two main challenges in GSF calculations. The first is expanding their
coverage of parameter space: (i) completing the coverage of 0PA waveform models and 1PA
spin contributions for generic orbital and spin configurations around a Kerr BH, (ii) extending
the 1PA waveform model to include generic spin on the primary, orbital inclination, and
eccentricity. The second major challenge is to extend waveform models to include the merger
and ringdown; at present, complete models that extend beyond the inspiral phase are only
available at leading order in the mass ratio and only for quasicircular, nonspinning binaries.

0PA waveforms for generic orbits in Kerr spacetime. A fast 0PA waveform model is available
for generic orbits in Kerr spacetime, but only in the large-separation regime [4010]. At small
separations, below ∼ 10 Schwarzschild radii, the requisite tools are available, but only a small
number of waveforms have been produced [4008]. Populating the parameter space with the
necessary offline data will require highly accurate and efficient interpolation of the forcing
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1PA waveforms beyond the quasicircular, nonspinning case. At present, the only 1PA wave-
form model is restricted to quasicircular inspirals into nonspinning primaries [3683]. Numer-
ous challenges arise in going beyond this case.

Many of the challenges in going beyond this case stem from singularities that appear
in 2SF calculations. Because the secondary is modelled as a point particle (or a puncture in
the spacetime [3975]), strong singularities appear at its location. Correctly capturing these
singularities is difficult using standard methods of BH perturbation theory: common gauge
choices lead to pathological singularities extending away from the particle’s position [4091];
and decompositions into ℓmω modes suffer from intransigently slow convergence in the par-
ticle’s neighbourhood [4116]. All of these problems have been surmounted or bypassed in
1SF calculations, but existing 1SF methods fail in 2SF calculations, where gauge singularities
and slow convergence become more problematic. 2SF calculations additionally suffer from
an infrared breakdown of the multiscale expansion at large distances and near the primary’s
event horizon [4115]. Methods currently used to overcome these problems are cumbersome,
expensive, and tailored to the spherical symmetry of a Schwarzschild background spacetime.

Extending 1PA waveforms to generic orbits around generic Kerr BHs will require sev-
eral advances: improved computational efficiency of current methods; development of new
approaches in BH perturbation theory, particularly in practical methods of working with
better-behaved gauges; and development of new tools to improve or avoid slow convergence.

Secondary spin and finite-size effects. After rapid recent progress, the next obstacle in
calculating 1PA secondary-spin effects is to find efficiently evaluated flux-like expressions for
the evolution of the spin-corrected Carter constant and the spin component parallel to the
total orbital angular momentum [4019]. The remaining challenge will then be the same as
in calculating 0PA effects: covering the full parameter space of generic, inclined orbits with
generic, precessing spins. Significantly more work is required to assess the impact of the
secondary’s quadrupole and higher moments in the range of mass ratios where GSF models
are relevant for ET and (if needed) to incorporate these effects into GSF waveform models.

Transient resonances. Several strategies have now been developed to evolve through orbital
resonances, although more work is likely required to achieve the same waveform-generation
speed as in the non-resonant case. Currently, the largest potential concern related to res-
onances is the cumulative loss of phase accuracy in the case of multiple resonances: each
successive resonance causes an O(ϵ1/2) growth in phase error, meaning a 1PA model will
have an O(ϵ0) error if an inspiral passes through two significant resonances. Further study is
required to determine the absolute magnitude of this error and its relevance for ET sources,
as well as to develop mitigation strategies.

Merger and ringdown. GSF calculations were historically motivated by EMRIs, for which
the merger and ringdown contain negligible SNR. However, for small-ϵ signals detectable
by ET, including the merger will likely be crucial. At present, the merger has only been
modelled at leading order in the mass ratio. These calculations must be extended beyond
leading order in such a way that they remain compatible with fast waveform generation.

Important next steps

There are several obvious next steps in the GSF modeling program.

The first, simplest step is to build a complete 0PA waveform model covering the space of

generic inspirals. This means computing (and interpolating) data for GA(0) and h
(1)
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the space of inclined, eccentric orbits in Kerr spacetime. Similarly, another next step will
be to cover the parameter space with 1PA data proportional to the secondary spin. At 1PA
order these spin contributions add linearly onto a nonspinning-secondary waveform model,
making this step relatively straightforward (though more demanding than the calculation of
0PA data).

Extending the 1PA waveform model toward generic inspiral configurations will be more
challenging. A major step will be to include the primary spin, which means performing 2SF
calculations in Kerr spacetime. There are several possible routes toward this goal [4004,
4091, 4166, 4167]. Such calculations can then be extended to spherical orbits with spin-orbit
precession and finally to fully generic orbits with eccentricity.

Another important, largely independent step will be to extend inspiral waveform models
to include the final merger and ringdown. This can begin with the simplest case of quasi-
circular, nonspinning binaries by further developing the expansions across the transition to
plunge and plunge, extending the existing leading-order treatments.

Depending on the difficulty of completing these steps, high-risk, high-gain approaches
could also be pursued. In particular, work on scattering orbits in GSF theory [4095, 4168–
4173] might provide an independent avenue toward obtaining GSF data for bound orbits [4174].

Synergies with other solution techniques like weak-field expansions (section 8.3.2) or
numerical relativity (section 8.3.1) will provide very useful external checks on all calculations.
In tandem, a critical task will be to assess the required accuracy and range of parameters
that are relevant for ET sources, which will influence the prioritization of other steps. For
example, for ET sources it might be more beneficial to target specific GSF calculations that
can be used to improve EOB models, rather than focus on complete inspiral-merger-ringdown
1PA waveform models across the full parameter space.

8.3.4 Inspiral-Merger-Ringdown Models

State-of-the-Art

The analytical and numerical methods presented in the previous sections can be combined
to create reliable inspiral-merger-ringdown (IMR) models. In particular, we will focus on
the three most fruitful approaches: NR surrogates, effective-one-body (EOB) models, and
phenomenological (Phenom) approximants.

As previously discussed, NR simulations represent the most accurate GR solution of
binary systems but are still too slow to be directly used in parameter estimation. Thus,
available NR waveforms have been interpolated to build surrogate models [3777, 4175–4177],
which are very accurate but are currently limited in waveform length and parameter space
coverage. State-of-the-art NR surrogates include NRSur7dq4 [3777, 4178, 4179], which can
handle generically spinning BBHs but is restricted to mass ratios q ≤ 4, and ∼ 20 orbits before
merger, and NRHybSur3dq8 [3776], which can handle mass ratios q ≤ 8 and includes the early
inspiral through PN/EOB hybridization, but is restricted to nonprecessing BBHs. Recent
efforts have been made to include extreme spins [4180], high mass ratios [3778, 4025, 4181],
GW memory [4182] and even eccentricity effects [3842].

NR simulations are also a key ingredient in the construction of semi-analytical waveform
models. They are necessary to correctly model the plunge, merger and post-merger waveforms
and provide a much needed validation of analytical approximations. These latter, on the other
hand, constitute a very useful complement to NR simulations, being able to deal with long
inspirals and a wide range of different physical effects.

– 423 –



An important step in the improvement of analytical approximations was the introduc-
tion of the EOB approach [4156, 4183–4185], which provides a way to map the general rela-
tivistic two-body problem onto an effective one-body system where a test particle moves in
an external effective metric. This metric is a deformation of the Schwarzschild (or Kerr) one,
with the symmetric mass ratio ν = (m1m2)/M

2 as a deformation parameter. The continu-
ous link between the test-mass case, where GR is exactly solvable, and the equal-mass one,
allows to meaningfully resum perturbative information, improving its accuracy during the
late stages of the inspiral and plunge. Currently, these semi-analytical models are built using
(mostly) PN series resummed through the EOB prescription and calibrated to NR informa-
tion [1147, 3127, 4186]. Importantly, this framework does not allow to model the postmerger
and ringdown waveform per se. Hence, this part is generally modeled using NR fits and a
smooth transition between the inspiral and postmerger waveforms is required [4187–4191].

Current state-of-the-art EOB models such as the TEOBResumS [1147, 4192, 4193] and
SEOBNR families [3127, 3128, 4186, 4194, 4195] take into account tidal effects, higher harmonics
and spin-induced precession. Significant progress has been made in the modeling of non-
circular binaries [3775, 3940, 4196–4202]. Additionally, the framework’s flexibility allows to
straightforwardly include analytical contributions computed in different approximations such
as the GSF [4203–4206] and PM [214, 215, 4207–4209] ones. EOB models allow complete
control over the underlying physics, making it easy to modify them, for example to take into
account beyond-GR effects [4210–4217]. The models generally rely on solving a system of
ordinary differential equations, which provides a highly accurate description of the binary
dynamics, but can also make waveform generation computationally expensive. This drawback
can be mitigated, at the cost of a slight reduction in accuracy, through the building of
surrogate models [4218–4223], by using a post-adiabatic approximation during the early
inspiral [4222, 4224, 4225], or through a numerical implementation of the stationary phase
approximation [4226]. As EOB models are based on physical equations of motion, we can
use a broader range of observables to test the consistency and accuracy of the resulting
waveform model, e.g. periastron advance [4227, 4228], binding energy [4208, 4229–4233], or
their scattering angles [214, 216–218, 4208, 4234–4236].

Another successful approach to waveform generation consists in building phenomeno-
logical approximants [36, 37, 1791, 1792, 3125, 3126, 3772, 3779, 4237–4241]. These focus
predominantly on directly modeling the GW signal without solving the equations of motions
for the binary system, thereby significantly reducing the computational cost and hence en-
abling fast yet accurate analyses. In order to do so, they separately model the amplitude
and phase of the waveforms and split them into three distinct regions: (i) the inspiral region
is modeled using a high-order pseudo-PN series typically calibrated to EOB models; (ii) the
intermediate region and (iii) the merger-ringdown part. The latter two are modeled using
different functional forms and are both calibrated to NR simulations. Spin-induced orbital
precession is included via an SO(3) frame transformation [1786, 4242–4244] by separately
modeling the multipolar modes in a co-precessing frame and a time-dependent rotation that
encapsulates the orbital precession [4245]. Test-mass waveforms are also sometimes used to
extend the models’ validity beyond the available comparable-mass NR simulations.

State-of-the-art phenomenological approximants, such as the PhenomX family [3125,
3126, 3772, 4241], are able to generate multipolar waveforms for spin-precessing systems
and are reliable also for intermediate mass-ratios in the aligned-spin case. Phenomenological
models can also be directly generated in the time-domain, see e.g. the PhenomT family [4246–
4248], which can be helpful to include precession and eccentricity effects. The phenomeno-
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logical approximants are known to be less faithful than some of the EOB models in regions of
the parameter space [3126, 3127, 3772, 4249], but can be several times faster than surrogate
models for EOB [3126, 4193].

EOB, phenomenological and NR surrogate waveforms can be extrapolated beyond their
calibration range, but their accuracy and validation strongly depend on the availability of
NR simulations across the parameter space.

For sufficiently small mass ratios, the situation is somewhat different: GSF theory (see
section 8.3.3) by itself can provide sufficiently accurate IMR waveforms, and it may be possi-
ble to make these sufficiently rapid to meet data analysis requirements by extending [4162] the
acceleration methods used for inspiral waveforms [4009]. Alternatively, existing, slow GSF
IMR simulations can also be used to build surrogates [4024, 4025] analogously to NR surro-
gates. For nonspinning binaries, surrogates such as the ones developed in refs. [4024, 4025],
have also been made highly accurate even for comparable masses through simple, NR-
calibrated rescalings of time and amplitude, although it remains to be seen whether such
a simple method can be successfully adapted for non-circular and/or precessing systems.

Main Open Challenges

The sensitivity of future detectors such as ET imposes a strong requirement on the accu-
racy of IMR models for compact binary coalescences (see section 8.2). Much work is still
needed to meet such stringent accuracy requirements for higher harmonics, large mass ratios
and extremal black hole spins. Spin-induced precession adds another layer of complications,
which concerns the modeling of the multipolar co-precessing waveforms [4250], the preces-
sion angles [37, 3128, 3672], a dedicated ringdown model [3779] and modeling the multipole
asymmetry in precessing systems that leads to large out-of-plane recoils [3777, 4241, 4251].
Another open but crucial issue is the inclusion of non-circular effects in semi-analytical mod-
els. The inclusion of effects due to orbital eccentricity into waveform models have recently
started to gain traction [3965, 4197, 4200–4202]. In the future, complete models that accu-
rately model the GWs from fully generic systems that are both eccentric and spin-precessing
will be required [3944, 4252, 4253]. This will demand improved analytical information but
also coincides with the lack of NR simulations covering such a high-dimensional parameter
space. Work will be required in producing accurate and long NR simulations that include
both effects.

At the same time, the increased number of detections and observation of signals for
a longer duration, will be even more demanding on the waveform generation time of any
model. This introduces several challenges for EOB models, which require solving a coupled
system of ODEs. However, there has been significant work on techniques to amortize the
cost of EOB models. For example, the post-adiabatic approximation [4224], used to quickly
generate waveforms in the co-precessing frame, has not yet been extended to take into account
eccentricity effects. The building of very fast surrogates seems to be necessary, possibly
making use of machine learning techniques (see section 8.5). Phenomenological models on
the other hand are already several orders of magnitude less computationally expensive than
other models: Their PN-based inspiral prescription allows them to be evaluated to arbitrarily
low frequencies (unlike surrogates) and the closed-form analytical expressions make them
very fast to evaluate. This makes them particularly suitable for efficient parallelization with
GPUs, as well as the use of non-uniform time or frequency grids for a further reduction
in evaluation cost. However, the accuracy of phenomenological models must be improved,
raising a number of important challenges in the construction of generic waveform models and
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overcoming known limitations, such as those imposed by the stationary phase approximation
and its extensions.

Important Next Steps

The first step to improve current models would be a thorough exploration of the parameter
space with NR simulations. This implies, e.g., performing long high-resolution simulations
for high-mass ratio systems. Numerical simulations are also necessary to build post-merger
templates for BNS and BHNS systems [2343, 2893, 2895, 3119, 3132, 3133]. A larger num-
ber of eccentric and/or precessing binaries not only would help in building dedicated NR
surrogates, but would constitute a needed benchmark to inform and validate semi-analytical
models.

At the same time, high-order analytical contributions, will be useful in building fast
(inspiral) waveforms for the most challenging systems. GSF and PM contributions can com-
plement the more common PN terms in different corners of the parameter space.

8.3.5 Alternative Theories of Gravity

State-of-the-Art

The modeling of gravitational waves (GWs) in alternative theories of gravity faces similar
challenges to those in General Relativity (GR), since in the end the same level of accuracy is
required. This section focuses on numerical and analytical techniques for making predictions
in these theories of gravity, with particular emphasis on the challenges that arise when gen-
eralizing the methods presented in sections 8.3.1–8.3.4 to alternative theories. We focus on
GWs from compact binary systems, the most promising probes of strong-field gravity, with
the notable exception of GWs that might be emitted by dark matter clouds (see section 1
for a more detailed discussion) or supernovae.

The modeling of GWs from compact binaries starts at the smallest length scale in
the EFT treatment, i.e. for isolated compact objects. Single-object solutions are needed
to provide initial data for numerical simulations, but also as input to analytical methods
that match single objects to effective point particles. For example, to obtain e.g. their spin-
induced multipoles [2639, 4254] or tidal deformabilities [258, 259, 2637]. In the presence
of additional fields, such as in scalar-tensor theories, significant complications can arise in
calculating such quantities [365, 4255–4259]. For example, new families of tidal deformations
emerge, such as the scalar tidal ones, and their calculation is nontrivial both theoretically
and numerically [4259]. However, self-consistent calculations of multipole moments and tidal
deformabilities are still largely lacking in many modified theories of gravity, such as the
effective field theories, so further development is needed.

The post-merger object, either a black hole or a neutron star, can be also well modeled
as a perturbed single object, simplifying the calculations of the emitted gravitational wave
signal. The study of the compact object quasinormal modes (QNMs) in modified theories of
gravity is conceptually very similar to the GR case. However, there can be serious technical
challenges due to the fact that the field equations of the modified gravity theories are as
a rule more complicated and contain more degrees of freedom. Systematic studies of the
QNM beyond GR were mainly performed for static black holes and static neutron stars
within the (extended) scalar-tensor theories [176, 4260–4266]. Those studies show that, in
the general case, the QNM in modified gravity are different from those in GR, the well-
known GR isospectrality is violated and there can exist new type of (scalar) QNMs absent
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in GR. Studies of QNM without approximations for rotating beyond-GR black holes and
neutron stars are practically lacking. Available studies are based on approximate techniques
using perturbations in the spin and/or in the coupling constants [311, 317]. Ideas for different
approaches to the QNM calculation, like spectral decompositions without the need to separate
the radial and angular dependence [4267], are also being developed, but much further work
is needed in this direction in order to calculate the QNM frequencies of beyond-Kerr black
holes close to the extremal limit. Also, analytic solutions for stationary BHs in alternative
theories can be developed as a perturbation series in beyond-GR coupling constants, which
then in principle allows to express their linear perturbations as an extension of the (relatively
simple) GR master equations, see also refs. [4268, 4269].

The late inspiral and merger of a compact binary involves strong and highly dynami-
cal fields that are generally accessible only to numerical-relativity simulations. It has taken
decades to get the GR field equations into a form that is numerically well-posed, and unfortu-
nately there is still no approach that works for generic beyond-GR theories without compro-
mises; usually the GR modifications cannot become too large. One possibility is to formulate
the theory as GR with a modified matter source, as in scalar-tensor theories by going to
the Einstein frame, or for studies of higher-dimensional gravity [4270]. Another possibility
is a reduction of the derivative order in the field equations within an effective-field-theory
framework [138, 147, 3746, 4271]. The generalized harmonic gauge approach to numerical
simulations can also be modified or adapted [127, 129, 130]. Finally, one can try to find
modifications with the sole purpose of “fixing” the field equations (making them well-posed),
while making sure that these modifications are of higher order within an effective-field-theory
power counting [4272–4274].

The only alternative to these numerical-relativity methods with access to the strong-
field regime is an expansion in the mass ratio: the gravitational self-force program. Self-force
models benefit from several simplifications in the most commonly considered alternatives
to GR. Corrections to GR and coupling of gravity to new fields typically manifest themselves
at high curvature, meaning (i) their impact on the primary black hole is typically suppressed
by a power of the mass ratio relative to their impact on the secondary object, and (ii)
coupling of new fields to gravity is also suppressed by a power of the mass ratio. Detailed
scaling arguments show that in a broad class of theories, corrections to the primary can
then be treated perturbatively; new fields entirely decouple from gravity at leading, 0PA
order; and standard GSF modeling methods can be applied [4275]. These simplifications
have enabled a recent program to develop complete GSF waveform models at 0PA order in
large classes of theories beyond GR [4276–4279]. Note, however, that such a simplification
only applies when the coupling to the new physics is dimensionfull, which is not the case in
certain theories, such as Einstein-Aether gravity. Numerous earlier studies also carried out
partial or semi-relativistic calculations beyond GR at 0PA order (see, e.g., [4261, 4280–4284]),
and the first-order GSF equations of motion have been derived in a class of scalar-tensor
theories [4285]. All concrete calculations to date have been restricted to the inspiral phase
prior to merger, but there does not appear to be an obstacle (in principle) to handling the
merger phase with GSF methods as in GR.

As discussed in section 8.3.2, the early inspiral can be modeled in a weak-field and slow-
motion (or post-Newtonian) approximation, and a scattering for large impact parameter in
a weak-field (or post-Minkowskian) approximation. For simple scalar-tensor theories, there
are essentially no new technical obstacles in performing this calculation, compared to the GR
computations discussed in section 8.3.2, as demonstrated by high-order calculations of the
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binary dynamics in these theories [4213, 4214, 4286]; for the waveform see refs. [4287, 4288],
and for scattering ref. [4172]. In Einstein-Aether theories, preliminary results were derived
in order to obtain the equations of motion up to 2.5PN order [4289]. However, in most
alternative theories that introduce higher derivative terms, there are complications and one
should consider the weak-field expansion only in a certain EFT regime of validity [134]. An
essential input is an effective point-particle model representing the compact object, which
is matched to solutions of the individual objects described above. While this presents some
challenges, it is conceptually not that different from GR, with notable examples being the
description of spontaneous scalarization in a wide range of theories [4290] and also dynamical
scalarization [152, 154, 161, 4291–4294].

Finally, predictions from the above techniques must be combined into complete inspiral-
merger-ringdown models, as explained in section 8.3.1. For effective-one-body waveform
models, no immediate technical problems should arise in this process, and so far most efforts
focused on theories with an additional scalar field [4215, 4216, 4295]. Aside from predic-
tions in specific alternative theories, a complementary agnostic approach is to introduce
phenomenologically parametrized deviations from GR directly in the waveform, as we will
discuss in section 8.4.5.

Main Open Challenges

As explained above, numerical-relativity approaches to beyond-GR theories are often prob-
lematic when the modifications become large in the strong-field regime. One reason may
be that numerical stability breaks down, or that one has to modify the equations without
a clear physical interpretation. Similarly, the gravitational self-force program makes crucial
use of the separation of the BH perturbation equations into master equations, but the sepa-
rability cannot be achieved generically when the beyond-GR modifications are large, i.e. no
expansion in the beyond-GR coupling constants is possible (and BH solutions may even only
exist numerically). That is, while the techniques for dealing with the strong-field regime are
somewhat limited to small modifications relative to GR, the modifications to GR are in fact
not necessarily small, especially in the strong-field regime. Resolving this conundrum is the
major open challenge for waveform modeling techniques beyond GR.

The matching of single-object solutions to the effective point-particle models used in
the weak-field approximations (and for the secondary object in GSF models) also remains
a challenge. Even in GR, obtaining the relativistic (tidal) response to external fields is
conceptually controversial (see e.g. refs. [4296, 4297]), especially when the external fields
are dynamical. Fortunately, this is mostly relevant for higher orders in the perturbative
weak-field expansion, with the notable exception of dynamical scalarization effects [152] and
screening mechanisms [4298].

Important Next Steps

An important next step is to advance the development of numerical relativity in beyond-
GR theories of gravity. This may involve improvements in numerical algorithms, but it
may also involve rethinking the whole approach to strong-field modifications, e.g. from an
effective-field-theory perspective [4299]. These efforts on the numerical-relativity side should
be coordinated with the efforts on weak-field approximations, solutions for single compact
objects, and the gravitational self-force, also considering which modifications of GR are best
motivated and compatible with contemporary experimental constraints.
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8.4 Waveform Models for Specific Sources

Results of the individual techniques for waveform modeling are combined into complete
waveform models for concrete GW sources. This section covers the various models that
exist for each of the specific sources and stress the directions where major progresses are
required.

8.4.1 Binary black holes

State-of-the-Art

The main families of inspiral-merger-ringdown (IMR) waveform models commonly used in
gravitational-wave data analysis are phenomenological models, the effective-one-body (EOB)
framework, and numerical relativity (NR) surrogate models. The first two families are
semi-analytical models predicated on a range of analytical information including the post-
Newtonian (PN) framework and gravitational self-force. Information on the strong-field
regime is incorporated by calibrating the semi-analytical expressions against NR simulations.
The NR surrogates, however, effectively interpolate NR simulations across the parameter
space to directly reproduce the input NR information.

The PhenomX family is the latest generation of phenomenological waveform models
which were first proposed in [4237, 4300, 4301]. PhenomXAS models the dominant ℓ = m = 2
mode for aligned-spin binaries [3772], offering nearly two orders of magnitude improvement
in the mismatch of the model against EOB-NR hybrids relative to earlier generations. The
number of NR simulations used to calibrate the model has increased dramatically to ∼ 400
simulations. In addition, waveforms in the test-particle limit provided through numerical
solutions to the 2 + 1 Teukolsky equation [287, 4125, 4302], and are used to extend the
calibration of the model to extreme mass ratios. The aligned-spin NR simulations cover
mass ratios up to q = 18 and spins up to |χ| ∼ 0.8. In the equal-mass limit, high-spin
simulations produced by the SXS collaboration [3724] allow a calibration up to |χ| ∼ 0.99.
An extension to incorporate subdominant multipoles calibrated against NR was provided by
PhenomXHM, using the same catalog of NR simulations and test-particle waveforms. The
PhenomX family also benefits from including recently derived higher order PN information.
The phasing model incorporates non-spinning corrections to 3.5PN order [32, 4303], spin-
orbit corrections to 3.5PN [1146, 3916], spin-orbit tail corrections at 4PN [3922], quadratic-
in-spin-spin corrections to 3PN [1146, 3870, 3930, 4304], and cubic-in-spin corrections at
3.5PN [1145]. PhenomX also includes the recently derived non-spinning corrections at 4PN
to the equations of motion for compact binaries [181, 3873, 3876–3878, 4305] and a higher
non-linear tail effects associated to quartic non-linear interactions that were derived from
first principles in the multipolar post-Minkowski (MPM) framework [3901], see also [3903]
for an independent derivation from the PN re-expansion of the factorized and resummed
EOB fluxes.

The aligned-spin models incorporate precession following the paradigm introduced in
[4243, 4244, 4306], in which the co-precessing frame modes can be well approximated by
aligned-spin modes with an augmented merger-ringdown [4245]. The subsequent model,
PhenomXPHM [3125], incorporates multiple prescriptions for precession, including a single-
spin next-to-next-to-leading-order post-Newtonian description [37, 4307], a prescription based
on a multiple scale analysis [4308–4311] that captures double-precessing spin effects, and
the option to numerically integrate the SpinTaylor equations for the precession dynam-
ics [4312]. Most recently, PhenomPNR introduced a model for the precession dynamics
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and co-precessing frame modes that are calibrated against a suite of 40 single-spin precessing
NR simulations up to q = 8 and spins |χ ≲ 0.8|. This includes the modeling of mode asym-
metries through the antisymmetric contribution to the dominant coprecessing-frame signal
multipole [4251].

A family of time domain phenomenological models, PhenomT [4246–4248], offers a
complementary development to PhenomX. A key motivation for this is to simplify insight
into modeling precession and eccentricity, which can be non-trivial in the frequency-domain
and often invokes approximations such as the stationary phase approximation to analytically
approximate the Fourier transformation. The domain of validity of PhenomT is comparable
to the PhenomX family of models, being calibrated against a similar suite of NR simulations.

The EOB framework, first introduced in [4156, 4183], provides a means to map the
general relativistic two-body problem to that of a test particle moving in some effective
spacetime metric, typically a deformed Kerr or Schwarzschild spacetime. The two main state-
of-the-art EOB models are SEOBNRv5 [3127, 3128, 4206, 4313] and TEOBResumS [1147].
The models differ in a number of ways, including the choice of the underlying Hamiltonian,
re-summation of PN information, how spin-effects enter the model, and incorporation of
information from numerical relativity. The analytical structure of the different EOB models,
and their differences, was for example explored in [4233, 4314].

SEOBNRv5, the latest generation of SEOBNR models, introduces notable changes in
the underlying structure of the Hamiltonian, which is based on that of a test-mass in a
deformed Kerr background [4185, 4192, 4315–4317] whereas SEOBNRv4 was based on the
Hamiltonian for a test-spin in a deformed Kerr background [4318, 4319]. Further improve-
ments include higher-order PN information, the modeling of mode-mixing [4320], calibration
against a larger suite of 442 NR simulations and 13 waveforms from black-hole perturbation
theory, and information from second-order GSF in the non-spinning waveform modes and
radiation reaction. The extension to spin-precession [3128] builds on previous studies that
employed aligned-spin orbital dynamics in the co-precessing frame coupled to PN-expanded
precessing-spin equations [4193, 4247, 4321], to mitigate the computational expense of solving
the equations of motion using the full precessing-spin EOB Hamiltonian [4195, 4322, 4323].
SEOBNRv5PHM extends beyond this approach by using, in the co-precessing frame, an
EOB Hamiltonian that includes partial precessional effects, in the form of orbit-averaged
in-plane spin contributions for circular orbits [4313]. Additionally, the model employs PN-
expanded evolution equations for the spins and angular momentum that include higher-order
PN information and uses a spin-supplementary condition consistent with such a Hamiltonian.
SEOBNRv5PHM achieves more than an order of magnitude improvement in speed with re-
spect to the previous generation SEOBNRv4PHM. Building on early attempts to incorporate
eccentricity into the EOB framework [4324–4326], there have been a number of parallel devel-
opments within the SEOBNR framework [3775, 4200, 4202, 4325]. SEOBNRv5EHM [4202] is
the state-of-the-art model for eccentric, aligned-spin BBHs within this framework. This time-
domain, inspiral-merger-ringdown, multipolar model includes the dominant (2,2) mode and
the modes (2, 1), (3, 3), (3, 2), (4, 4), (4, 3), and it employs two eccentric parameters, namely an
eccentricity and a radial anomaly. It is inspired by the previous-generation SEOBNRv4EHM
eccentric model [4200], and it is constructed upon the SEOBNRv5HM model for quasi-
circular, aligned-spin BBHs [3127]. SEOBNRv5EHM benefits from analytical results at 3PN
order for the eccentricity contributions to the inspiral EOB waveform modes and radiation-
reaction force [3940, 4201], employs a quasi-circular description for the merger-ringdown, and
targets binaries with eccentricities up to ∼ 0.45 at 20 Hz.
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Figure 8.3: Exemplary IMR waveforms of coalescing binary black holes with mass ratio
1 : 3 and a total source-frame mass of 60M⊙ located at a distance of 100 Mpc and viewed
under an inclination angle of π/3 relative to the line-of-sight. The initial GW frequency is
20 Hz. The four panels show waveforms from four different state-of-the-art approximants
discussed in the text highlighting the impact of different physical effects on the waveform.
Top left: Example of an aligned-spin binary with only the dominant harmonic using the
IMRPhenomTPHM approximant. Top right: Example of an aligned-spin binary including
higher-order modes using the IMRPhenomXPHM approximant. Bottom left: Example of
a spin-precessing binary using the SEOBNRv5PHM approximant. Bottom right: Example
of an aligned-spin binary with non-zero orbital eccentricity using the TEOBResumS-Daĺı
approximant. We note that the latter waveform is shorter due to the enhanced radiation
reaction in eccentric binaries relative to quasi-circular ones.

The TEOBResumS family currently provides two state-of-the-art models. The first
is the quasi-circular model TEOBResumS-Giotto, which includes detailed modeling of the
higher-multipoles and precession. The second is TEOBResumS-Daĺı, which is the extension
to generic orbits [4196–4198, 4327]. The two variants feature different choices in numerous
aspects, including analytical information and calibration to NR. TEOBResumS-Giotto is
informed by a suite of NR simulations in the aligned-spin sector [1147, 4231, 4328, 4329]
and incorporates precession following the paradigm of [4243–4245, 4306] by solving a post-
Newtonian system of equations [4193, 4321]. Radiation reaction and higher multipoles follow
an improved factorization and resummation procedure introduced in [4329, 4330] with an NR
informed merger-ringdown based on [4222, 4329]. TEOBResumS-Daĺı includes recent 5PN
information [4331] with radiation reaction on generic orbits being incorporated by dressing
the factorized quasicircular modes [4196, 4197] with the eccentric corrections up to 2PN
[4199, 4332]. Exemplary waveforms of coalescing binary black holes from the Phenom and
EOB waveform families are shown in figure 8.3.

For a detailed overview of current progress within the PN framework, see section 8.3.2.
Here we highlight recent progress in modeling eccentric binaries. Key steps towards building
non-spinning eccentric waveform models in the PN framework included deriving the quasi-
Keplerian equations for the orbits [3929, 3933, 4333, 4334], the evolution equations for the
orbital terms [3928, 3930–3932, 4335], and the derivation of the waveform amplitudes [3934–
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3936]. Spin effects were subsequently incorporated in [3937, 3945, 4336–4342]. Post-circular
or small-eccentricity expansions have proven to be particularly successful, and have been used
to derive analytical expressions for eccentric binaries in the Fourier-domain [3944, 3960, 3961,
3965, 3966, 4343, 4344]. Early efforts at modeling both precession and eccentricity include
[3966], which used a small-eccentricity expansion of the waveform amplitudes to separate
the periastron precession timescale from the orbital timescale. This was extended in [3944],
building on the multiple scale analysis (MSA) framework, to introduce a system of equations
for precessing binaries on elliptic orbits that can be integrated on the radiation-reaction
timescale. The validity of the model was extended to moderate eccentricities (e ≲ 0.8)
[4345]. In [4346], a number of significant improvements were introduced including closed-
form analytical expressions for the eccentric amplitudes, higher-order PN information, and
a reformulation of the MSA equations to improve numerical stability and robustness.

The existence of the BH event horizons implies that a fraction of the emitted GWs
can be absorbed by the binary objects and lead to a change in the BH masses and spins.
These fluxes are called horizon fluxes or BH absorption to distinguish them from the ones
carried out to infinity. The increased sensitivity of future detectors may be sufficient to
discern such dissipative effects and help to probe the nature of BHs and the existence of
event horizons [283, 284, 288, 4347]. In the case of nonspinning BHs, the horizon flux starts
at 4PN [3907, 4348] relative to the leading quadrupolar flux to infinity, while the same
effect appears earlier, at 2.5PN [3907, 4038, 4310, 4348–4353], when spins are considered.
These effects, for quasi-circular spin-aligned binaries, are known up to 11PN in the test-mass
limit [3907, 4053, 4054, 4354], while the corresponding generic mass ratio contributions have
been computed only up to relative 1.5PN (absolute 4PN) order [3868, 3908, 3909, 4310].
Although many studies have focused on the inclusion of horizon absorprion in EOB models
(see, e.g., refs. [285, 286, 4355–4357]), complete state-of-the-art models either do not consider
it or include it only at leading order [1147, 4192]. This situation is broadly similar for the
phenomenological waveform models, e.g., [292, 4358].

The NR surrogate models are based on reduced order modeling techniques [4175, 4177]
and are capable of accurately reproducing NR information without being required to use any
analytical approximations or phenomenological model. The first such models were restricted
to non-spinning NR simulations up to q = 10 including all multipoles up to ℓ = 8 [4178].
Subsequent work has extended the framework to aligned-spins [3776], precession [3777, 4179],
extremal spins [4180], extreme mass ratios [4025, 4181], and eccentric non-spinning binaries
[3842]. The NR surrogates inherit any limitation in the underlying NR dataset, including
finite duration, finite coverage of the parameter space, and data quality issues. One possible
avenue for overcoming the finite duration of NR simulations is to construct PN/EOB-NR
hybrids that are subsequently used to build the surrogate model [3776]. Various metrics have
been introduced in order to quantify the optimal placement of simulations for constructing
NR surrogates, including greedy algorithms or neural networks [3777, 4179, 4359, 4360].
Surrogate models for other NR observables, including the remnant properties, have also been
developed [3842, 4181, 4361]. The current state-of-the-art model is NRSur7dq4 for precessing,
quasi-circular binaries [3777]. This model was trained against 1528 NR simulations with mass
ratios q ≤ 4 and spins |χi| ≤ 0.8, however the model supports extrapolation to q ∼ 6. The
model begins about 20 orbits before merger and includes all multipoles up to ℓ ≤ 4.

Unlike the methods described above, the gravitational self-force program has historically
focused on LISA sources and has hence only recently begun to produce full-fledged wave-
form models, see section 8.3.3. The Fast EMRI Waveforms (FEW) framework [4009, 4362]
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currently includes (i) a fully relativistic waveform model for eccentric, nonspinning BBHs at
leading, 0PA order, with complete harmonic content, as well as (ii) ref. [3683]’s 1PA model for
quasicircular, nonspinning BBHs. For generic systems with eccentricity and precession (but
nonspinning secondaries), FEW includes the lower-accuracy “augmented analytical kludge”
model [4363]. However, all FEW models are truncated at the end of the inspiral phase, before
the final merger, because GSF modeling has focused on LISA EMRI sources, which contain
negligible SNR in the final merger. Currently, the only IMR model based on the GSF ap-
proach is the nonspinning, quasicircular 0PA surrogate model developed in refs. [4024, 4025].

Main Open Challenges

One of the key open challenges is to overhaul current paradigms for modeling precessing
compact binaries to incorporate in-plane spin-effects in the co-precessing frame modes [4250],
precession-induced mode asymmetries [4250, 4364, 4365], and merger-ringdown models that
are calibrated to precessing NR simulations. A limitation is that the waveform modes for
precessing binaries are only known for circular orbits at leading PN order [3869], so extensions
to higher PN orders and to generic orbits will be important. Recent progress has been made
to complete the amplitudes and the spin contributions to the waveform modes up to 3.5PN
within the PN framework [3866, 3867, 3894].

Other key challenges will be to develop complete IMR waveform models that describe
precessing binaries on generic orbits. This will require numerous advances on both the ana-
lytical and numerical fronts. Numerical explorations of the precessing, eccentric parameter
space are still limited but already display a wealth of phenomena, including resonant cycles
[4152]. The increased dimensionality introduced by eccentricity is likely to be a challenge for
a full calibration against NR. Dimensional reduction strategies informed by analytical and
numerical relativity have been remarkably successful [4242, 4243, 4245, 4359, 4366] and will
likely play a key role in modeling precessing eccentric binaries.

A limitation in further improving the calibration of the BBH models against NR is
the lack of high-accuracy, long-duration simulations at large mass ratios q ≳ 18 and spins
|χ| > 0.8. This situation is exacerbated by the increased dimensionality for precessing
binaries on non-circular orbits. Recent efforts have focused on understanding the domain
of validity of small mass-ratio perturbation theory [3682, 3775] as well as a extending the
coverage of numerical simulations to higher mass ratios, e.g. [3717, 3784, 3785, 3854, 3855,
4367]. In particular, it is anticipated that recent second-order (1PA) gravitational self-force
developments help to bridge the gap between extreme and comparable mass ratios [3683,
3969, 4119, 4204, 4205]. However, significant work will be required to extend these models
to cover the merger phase as well as more generic binary configurations.

Important Next Steps

A key step will be to push the calibration of precessing, quasi-circular waveform models to-
wards the complete 7D parameter space. This will require a community effort to produce
long-duration NR simulations that extend the current catalogs to higher mass ratios. Sim-
ilarly, producing more aligned-spin simulations at high-mass ratios and high-spins is likely
to be key in driving down waveform systematic areas in regions of the parameter space with
poor NR coverage, e.g. [3772, 4307, 4360].

Recent Progress

In this section we highlight a subset of the developments that make progress towards tackling
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some of the key open challenges identified above.

Within the post-Newtonian framework, ref. [4345] extends the precessing eccentric
model of [3944] to moderate eccentricities e ≤ 0.8 by introducing a framework to derive
the mode amplitudes for arbitrary eccentricity. A new analytical model for precessing bi-
naries in the extreme mass-ratio limit was introduced in [4368]. Recent progress within the
GSF paradigm includes the modeling of the transition to plunge [4369] and progress towards
tackling the second-order self-force problem in Kerr [4370, 4371].

There have been several developments in the EOB framework. In particular, [4253]
extends TEOB to generic, non-planar orbits including validation against precessing eccen-
tric NR simulations [3773]. There have been improvements to the treatment of radiation
reaction [4372], incorporation of GSF information into the TEOB framework [4373], explo-
rations of the structure of the merger-ringdown in eccentric binaries [4374], and incorporation
of higher-order PN information for spin-orbit couplings [4375]. Progress on the inclusion of
post-Minkowskian information in waveform models can e.g. be found in [215], which presents
a new spinning EOB Hamiltonian for unbound orbits, including the use of a physical power
counting scheme and incomplete 5PM results [198]. Post-Minkowskian information was also
leveraged to construct a Hamiltonian valid for bound orbits, enhanced with 4PN non-spinning
corrections, to build a complete inspiral-merger-ringdown waveform model based on SEO-
BRNv5 for aligned-spin BBHs [4209].

8.4.2 Binary Neutron Stars

Binary neutron star (BNS) systems are one of the main targets of next-generation GW
detectors, with more than 104 expected events per year with SNRs above 10, and O(200) per
year with SNRs larger than 50 [16, 1098] (with an uncertainty by one order of magnitude
in both directions due to the uncertainty in the local merger rate). Due to the presence
of matter effects, GWs from NS binaries are quantitatively different from GWs emitted by
BBHs in both the pre- and post- merger stages of the coalescence.

State-of-the-Art

Inspiral-to-merger. While the dynamics of BNS systems is effectively indistinguishable from
that of BBHs when the two stars are far apart, as the orbits shrink due to the emission of GWs
finite-size effects become more and more relevant. The quadrupole moment of the system,
which impacts the waveforms at leading order, is modified by the presence of tidal effects [258,
259, 2637, 3101–3103, 4376–4381], quadrupole–monopole terms [3870, 4304, 4382, 4383] as
well as possible resonant excitations of the stars’ modes [3104, 3119, 4384–4388] or nonlinear
fluid instabilities at low frequencies [4389–4391]. All of these effects can be successfully
described in post-Newtonian theory, i.e. they can be modeled by resorting to expansions in
the small parameter (v/c)2, where v denotes the typical orbital speed of the binary, assuming
slow-motion and adiabaticity.

From PN theory it is relatively straightforward to construct families of PN approxi-
mants. The most successful PN model is the analytical, frequency domain TaylorF2 approx-
imant [3869, 4392]. Typically, the 3.5PN description of point-mass effects is augmented by
7.5PN contributions due to tidal effects [3101–3103, 4378] and EOS-dependent spin terms
up to 3.5PN [1148, 4383]. Recent work has also seen the development of PN models for
dynamical tides associated with the fundamental (f -) mode of the neutron star [2756, 3107].
Although very efficient, PN models are known to become less and less accurate the closer
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one approaches merger – where the importance of matter effects grows – and are not valid
beyond contact.

Phenomenological models, such as the NRTidalv* approximants [1148, 2248, 3108, 4312]
and the model of refs. [4393, 4394], are obtained by fitting the tidal and spin-squared con-
tributions of the waveform phase and amplitude to a suite high resolution simulations of
BNS hybridised with an inspiral waveform. The functional forms chosen to represent the NR
contributions are such that these models naturally recover the correct PN limit in the low
frequency regime. Differently from pure PN models, the calibration to hybrid waveforms im-
plies that they are also predictive in the strong field regime close to merger, whilst retaining
all of the computational convenience of analytical models.

Effective-one-body models are some of the most accurate waveform models for BNS
coalescences. The two main flavours currently available within the EOB framework are the
TEOBResumS and SEOBNRv4T approximants:

TEOBResumS [1147] is based on a conservative Hamiltonian that includes gravitoelectric
and gravitomagnetic tidal terms up to ℓ = 8 and ℓ = 2, respectively. Quadrupolar (ℓ = 2)
and octopolar (ℓ = 3) contributions of the former kind are included via a “GSF-inspired”
resummation [3130], which enhances the strength of tidal effects close to merger. Spin-
squared terms are included through a modification of the centrifugal radius [4185, 4192, 4383]
to next-to-next-to leading order. Furthermore, tidal terms are also included in the waveform
multipoles with (ℓ,m) ∈ {(2, 2), (2, 1), (3, 3), (3, 2), (3, 1)}.

SEOBNRv4T [3104, 3105, 3119] is based on a Hamiltonian with modified potentials that
includes resummed PN expressions of the tidally-induced quadrupole (ℓ = 2) and octopole
(ℓ = 3) gravitoelectric multipole moments, and spin-squared corrections. Dynamical tidal
effects due to the excitation of the fundamental modes of the stars close to the mode
eigenfrequency are included via an effective Love number that approximates the frequency-
dependence of the response. Recently, spin-tidal couplings due to frame dragging and Coriolis
interactions, which result in a spin-induced shift of the resonance frequency, have been de-
rived [3119] but are not yet incorporated in the model. The incorporation of dynamical
tides leads to an enhancement of the tidal response. The dynamical tides are incorporated
in the waveform multipoles via the effective response. A frequency-domain surrogate model,
SEOBNRv4Tsurrogate [4218], is also available.

Post-merger. In contrast to the inspiral-to-merger emission, GWs emitted during the post-
merger phase of BNS coalescences cannot be modeled accurately via simple expansions in
the binary orbital parameters. Typically, if the remnant does not collapse into black hole,
the post-merger spectrum is characterized by a dominant frequency peak and multiple sub-
dominant components that reflect the dynamics of the remnant [2886, 4395], see also the
discussion in section 6.3.2.1. Numerical relativity simulations illustrate how, on top of gravi-
tational interactions, nuclear reactions and hydro- and thermo-dynamical processes drive the
evolution of the post-merger remnant object (see e.g. [2352, 2939]). Therefore, due to the
non-trivial morphology of these signals and the various physical processes that contribute to
the merger outcomes, post-merger templates are currently calibrated to numerical relativity
results [2340, 2619, 2891, 2893, 2895, 2939]. These models capture few, robust features of
numerical relativity simulations resorting to quasi-universal relations – which link the char-
acteristic properties of the signal to the binary masses, spins and (adiabatic) tidal parameters
– and are typically built via superpositions of damped sinusoids or wavelets. More compli-
cated approaches based on principal component analysis [2939], hierarchical models [2891]
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Figure 8.4: Selection of binary neutron star waveforms from NR simulations showcas-
ing three different postmerger phenomenologies: The top panel shows prompt collapse to a
black hole; the middle panel shows the formation of a hypermassive neutron star (HMNS),
and the bottom panel shows the formation of a stable neutron star. The simulations are
BAM:0005 [4402], THC:0084 [3045] and BAM:0080 [2341], publicly available from the CoRE
database [2249].

and conditional variational autoencoders [4396] are also being investigated. Alternatively,
one can consider a flexible morphology-independent analysis for detecting the post-merger
phase, which still allows the estimation of key features such as the peak frequency of the
post-merger spectrum [2902].

While the aforementioned methods are typically applied to short-lived post-merger sig-
nals, the merger of two neutron stars can also result in a long-lived unstable or stable neutron
star, see also the discussion in sections 6.3.1.2 and 7.3.2. The analysis of such intermediate
or long-duration GW signals does not commonly use waveform models but instead utilises
other techniques such as cross-power spectrograms [4397], Hidden Markov Model Track-
ing [4398, 4399] or algorithms based on the Hough transform, e.g. [3610, 4400]. Searching
for long-duration post-merger signals spanning hundreds of seconds comes with its own host
of challenges, including the treatment of data gaps and sharp features in the noise spectrum
such as lines [4401].

Main Open Challenges

The current selection of BNS NR simulations is sparse and limited in its physics content but
post-merger models rely entirely on the availability of such simulations. Moreover, BNS merg-
ers can result in different post-merger scenarios, which are characterised by distinct waveform
morphologies. Examples of NR simulations of BNSs with different postmerger outcomes from
the CoRE database [2249] are shown in figure 8.4. Currently available NR-informed post-
merger models are phenomenological in nature [2895] and focus on the dominant harmonic.
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Going beyond the (2, 2)-mode will be required in order to identify possible phase transi-
tions [3845]. Highly accurate NR simulations with smaller errors and improvements in the
numerical treatment of effects such as magnetic fields, nuclear reactions and neutrino emis-
sion will be crucial. NR simulations are not only important to model the post-merger signal
but are also needed to inform the description of the late stages of the inspiral and to deter-
mine its end. Improving the accuracy and physics content of NR simulations of BNS remain
an key open challenge that needs to be tackled urgently.

As BNS signals will be observed for minutes to hours (and up to a day) by ET, any
waveform model will need to be computationally highly efficient to provide accurate source
parameter estimates and sky localisation information in low latency, which is at odds with
the need for improving the model accuracy. Building on existing techniques such as multi-
banding [4403], reduced-order modeling [4218] or the stationary phase approximation [4226],
and developing novel techniques and tools including the use of AI and machine learning algo-
rithms [4404] to reduce the computational cost for generating long-duration signals remains
a pertinent challenge.

Important Next Steps

As discussed in section 6, ET promises to deliver some of the most stringent constraints on the
properties of neutron star matter, with projected statistical uncertainties in the measurement
of the neutron star radius of 50 − 200 m [1156]. To deliver such a precise measurement, any
potential systematic errors must be less than the statistical one. Waveform systematics due to
incomplete physics content is one of the dominant sources of error. To achieve the projected
measurement accuracy of the neutron star radius, waveform modeling errors must be small
enough to induce a dephasing of less than ≲ 0.3 rad [4405]. Currently available waveform
models can have typical dephasing errors of up to several radians (depending on the part of
the parameter space), and NR simulations typically quote errors of ∼ 1 rad [4388].

It has been shown (see e.g. [2776, 3109]) that systematics due to the lack of relevant
physical effects pertaining to the presence of matter will need to be minimised in order
to make accurate inferences about the nuclear EOS with the next generation of GW ob-
servatories. There are numerous such effects that are not yet consistently incorporated in
current BNS waveform models, including fluid modes other than the f -modes, such as Rossby
modes or gravity modes, dissipative effects [2770], and orbital eccentricity, which leads to a
distinctly different GW spectrum [3808, 4406]. The availability of analytic tidal-spin infor-
mation, including self-spin, is currently limited to low PN orders, and an extension of such
gravitomagnetic effects to higher order is highly desirable.

As discussed before, while recent progress has been made on modeling the merger and
post-merger phases [2895], no such general model exists across the entirety of the parameter
space. As ET will be able to observe the post-merger phase of BNS, which provides a unique
opportunity to study the hot nuclear EOS, an improved post-merger model with be required.
This necessarily demands further progress in NR simulations.

Tidal effects and certain beyond-GR effects are degenerate, see section 6.4.3. Therefore,
missing tidal physics could also lead to a misclassification of a violation of GR. Concrete BNS
models in alternative gravity theories such as scalar-tensor or scalar Gauss-Bonnet [4216] will
be advantageous for gauging systematics.

8.4.3 Neutron Star – Black Hole Binaries

State-of-the-Art
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Parameter space of NSBH systems. The parameter space of NSBH systems involves masses
in the ranges ∼ 1M⊙ < mNS ≲ 2M⊙, mBH ≳ few M⊙ (though primordial BHs could have
lower masses), dimensionless black hole spins |χBH| ≲ 1 and a NS spin frequency up to
fNS ∼ 720Hz [1799], where the maximum value and the conversion to |χNS| depend on
the EOS and, with NS spins observed in binary systems, is generally much lower. While
most NSBH binaries are expected to have negligible eccentricities in the ET band, some
environments may lead to a significant remaining eccentricity [1433, 1780]. The physics of NS
matter enters mainly through the cold EoS, while effects of temperature, neutrinos, magnetic
fields, and viscosity are expected to be less important for the GW signals [3793, 3794].
Altogether, this makes NSBH systems clean probes of the interplay of dense matter and
strong-gravity but also complicates the development of reliable waveform models over this
large parameter space.

Features of the GWs. NSBH inspiral waveforms have a rich structure as the moderate to
large mass ratio increases the power in higher modes of the GWs, and spin precession,
eccentricity, and signatures of NS matter (described in section 8.4.2) also have an impact.
Depending on the mass ratio, the BH spin and the EoS, the inspiral terminates in different
ways [3793, 3794] as illustrated in figure 8.5:

• Tidal disruption of the NS leads to a distinct shutoff of the GW signal at fGW ∼ 1−1.5
kHz, with the exact value depending predominantly on the BH mass, BH spin, mass
ratio and NS EOS (see e.g. [3793, 3794]). During the post-merger phase more matter
is accreted onto the remnant, which leads to a dampening of the ringdown signal and
is important for multimessenger counterparts.

• Plunge of the NS into the BH, which occurs in a large swath of NSBH parameter space.
The GW signals are similar to BBH and multimessenger counterparts are absent.

• Mild disruption, which represents an intermediate case where part of material is stripped
off the NS near merger. The GWs qualitatively resemble those of BBH mergers but
with the properties of the final remnant altered by accretion.

Numerical relativity simulations. These play a crucial role for accurately modeling the GW
signal in the strong-field regime as well as for robustly determining if and at what frequency
distruption occurs. A summary of the current state-of-the-art NR simulations of NSBH
systems can be found in section 8.3.1.

Analytical models. Full waveform models for NSBH coalescences involve a baseline point-
mass model for the inspiral with corrections due to matter effects that smoothly connects
with a description of the tidal disruption or merger. The purely theoretical models for matter
effects during the inspiral apply for any kind of compact object and can be used both for
BNS and NSBH systems; differences between these systems only appear in the late stages of
the inspiral. The basic features of the GW signals beyond the inspiral due to plunges or tidal
disruption have long been qualitatively understood [1387, 4407–4409], and improved through
fits to numerical relativity simulations [2267, 2780, 4410, 4411]. Following a first complete
model developed in [2780], the current state-of-the-art for NSBH-specific waveform models
comprises three models, ordered here in the sequence in which they became available:

IMRPhenomNSBH [3132] is a frequency-domain model for the dominant mode of GWs
for aligned BH spins |χBH| ≤ 0.5, circular orbits, and nonspinning NSs with dimensionless
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Figure 8.5: Features of NSBH waveforms from the SXS catalog [3790] for nonspinning
systems, which were aligned at early times. The case with mass ratio Q = 2 (red curve)
clearly shows the shutoff due to tidal disruption. For Q = 3, the NSBH waveform (blue
curve) is similar to the corresponding BBH case (dark grey curve) up to a small dephasing
due to tidal effects and details in the evolution near the plunge-merger (not visible on this
scale here).

tidal deformability up to Λ ≤ 5000. The point-mass phase baseline is IMRPhenomD [35, 36]
and tidal effects are added through the NRTidalv2 model [1148], which was calibrated to
equal-mass BNS waveforms from the BAM code. The merger model is from [2267] which
uses the disk mass fit of [1387], the BBH baseline amplitude of IMRPhenomC [1792]. It is
calibrated to NR data from the SACRA code for mass ratios 2, 3, 4, 5, aligned BH spins with
χBH = −0.5, 0, 0.25, 0.5, 0.75, mNS ∼ 1.35M⊙ with a few cases of 1.2, 1.45M⊙, and piecewise
polytropic EoSs designed to cover the range Λ ∼ 100−1000. The NS compactness appearing
in the disk mass predictions is eliminated in favor Λ using quasi-universal relations [372]
adapted to ensure a well-behaved BH limit for Λ → 0.

SEOBNRv4ROM NSBH [3133] is a frequency-domain model for the dominant mode of GWs
for aligned BH spins of magnitude |χBH| ≤ 0.9, circular orbits, and nonspinning NSs. The
point-mass baseline is SEOBNRv4 ROM [4307], which was calibrated to NR results and to wave-
forms from a BH perturbation code. Tidal effects are also based on the NRTidalv2 model
(see the limitations listed above). The tidal disruption – plunge model is structurally also
based on [2267] with [1387] and using quasi-universal relations to eliminate compactness in
terms of Λ. The difference is that the coefficients were re-calibrated for the EOB baseline
to the SACRA waveforms (see above) and NSBH waveforms from SpEC for mass ratios 1 − 8,
−0.5 ≤ χBH ≤ 0.9, mNS ∼ 1.2 − 1.45M⊙ and Λ ∼ 100 − 1400.

The NSBH version of TEOBResumS-GIOTTO [3134] is a time-domain model with accom-
panying transformation to the frequency-domain using the stationary phase approximation.
The model is calibrated to non-precessing SACRA and SpEC waveforms for mass ratios ≲ 8,
BH spins of χBH ≤ 0.75, nonspinning NSs and circular orbits. Several higher modes and
approximate spin precession effects are included. The point-mass baseline is the TEOBResumS

model of [4193], which is based on an EOB Hamiltonian, PN spin precession effects, and tidal
effects from [3130, 4412]. The tidal disruption – plunge model builds on an updated version
of predictions for the remnant BH from [3801] and is an NR-informed fit to the differences
from a BBH signal. We note that the calibration regions of the models quoted above are
non-uniformly sampled over the parameter space; see the original references for more details.
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Main Open Challenges

The wide range of parameter space of NSBH systems covers regions that are inherently
difficult to model, both analytically and with NR simulations. Waveform models for NSBH
remain less developed than for BBH and the following key challenges remain.

Parameter space coverage and accuracy. This presents challenges for both numerical and
analytical models. NR simulations require capabilities to evolve both an event horizon and
the NS over a number of orbits. More unequal mass ratios and higher spins lead to larger
differences in the scales involved, making simulations more challenging and computationally
expensive. Due to the greater complexity of the physics involved in simulations with matter,
the numerical errors in the waveforms (e.g. resolution, mass loss) are usually larger than for
BBHs and assessing them requires additional efforts. For analytical models, the challenges
for the inspiral are similar to those for BNS in section 8.4.2, up to a few differences in the
very late inspiral: NSBH lack overlapping matter distributions, i.e., while for BNS the outer
layers of the stars come in contact before their high-density cores merge, this is not the case
for NSBH, which may impact the GW signal during the very last inspiral stages shortly
before merger. Detailed studies and quantification of the differences are yet to be carried
out, while NR calibration would be one avenue to improve the accuracy of NSBH models
during this late stage. NSBHs also involve regimes of stronger gravity and higher companion
spin. This impacts matter signatures and involves parameters outside the regimes covered
by BNS. For complete models, a challenge remains to exploit physical insights to reduce
the number of calibration parameters and thus improve their robustness. Current NSBH
models rely on a large number of fitting parameters in a sparsely sampled parameter space
to describe the merger regime and use information from remnant disk masses that is only
indirectly related to the GW signals. Another challenge is that existing models are either not
entirely independent in their assumptions and inputs, or differ in all aspects at once, thus
making it difficult to assess systematic uncertainties.

Impact of more realistic NS physics. While the dominant GW signatures of NS matter in
NSBH systems even during tidal disruption depend only on the cold EoS, potential sub-
dominant effects from combined finite temperatures [4413], out-of-equilibrium microphysics,
multi-fluids, magnetic fields [4414], or phase transitions in dense matter [2887] cannot be
completely excluded. Most estimates and amplification mechanisms have assumed simpli-
fied scenarios and individual effects, see section 8.4.2, and fully quantifying their effects
and potential importance for NSBH waveforms remains an open problem that needs to be
addressed.

Efficiency. Including additional complexities in the models to improve their accuracy, pa-
rameter space coverage, and physical realism generally decreases their efficiency. Recent
vigorous progress on deep learning methods and other means to speed up waveform eval-
uations has made this a separate concern (see section 8.5 for an overview). Still, the high
dimensionality and large extent of the NSBH parameter space of future models that will
include more realistic physics poses challenges.

Flexibility to constrain modified gravity, dark matter and other BSM physics. While mod-
eling astrophysically expected systems within GR is the priority and the fundamentally re-
quired baseline, it is also important to develop models with enough flexibility to test for new
physics and quantify potential degeneracies and biases (see also section 1 and section 6.4.3).
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Some studies have begun to explore aspects of this issue but more work is needed, especially
NSBH-specific considerations.

Important Next Steps

Accuracy requirements. Dedicated studies to determine the accuracy requirements for NSBH
waveform models for ET and other 3G GW detectors are largely missing. The lack of a
systematic sampling of the NSBH parameter space with NR limits the accuracy assessment of
current models and the determination of systematic errors inherent to them. Limited studies
indicate that the calibration of models to NSBH simulations is crucial for SNRs ≳ 70 [4415]
and that higher-order tidal effects such as the f -mode excitation can lead to significant
biases [3150]. With the recent observation of the NSBH candidate GW230529 [1391] and
the attendant increase in event-rate for NSBH systems and associated EM counterparts,
understanding the modeling error budget and determining accuracy requirements will be
paramount for the next generation.

NR simulations. Further studies of the features of NSBH systems with large BH spin mag-
nitudes, arbitrary spin orientations, appreciable NS spins, and eccentricity are required to
improve the modeling. Regarding the coverage of NS masses and EoSs, the range of Λ ex-
plored to date covers a relatively wide range but also leaves some parts of the parameter
space sparsely sampled, for instance small Λ, as also relevant for higher mass NSs. Studies
with varying EoSs have indicated that primarily Λ or compactness matters for the wave-
forms; however, any potential impact of e.g. strong phase transitions in cold NSs on the
GWs from the tidal disruption regime remain to be explored. Likewise, further detailed
studies of the potential impact of more realistic physics mentioned above will be needed to
assess their full impact. In addition, a few case studies for NSBH systems in well-motivated
classes of modified gravity theories and in the presence of dark matter are also needed as
unexpected nonlinear phenomena could arise, as discovered in BNS [153] and BBH [148]
systems. The parameter space of large mass ratios, far from regimes where NS matter ef-
fects are discernible, for which the exact boundary still needs to be fully mapped out over
the parameter space, does not require NSBH-specific simulations and can be explored with
less challenging BBH simulations. The current two-pronged strategy to cover the interesting
features might continue to be useful, with shorter simulations exploring the merger and fewer
long, high-accuracy waveforms also covering the late inspiral and consistency checks on the
mergers.

Analytical modeling. Further work is needed to improve several components of analytical
models to cover more of the parameter space with greater accuracy: the BBH baseline,
description of matter effects during inspiral, and the modeling of the merger. In addition,
models must include or improve the accuracy of higher modes and several independent models
are needed to assess the systematic uncertainties. For the BBH baseline, the important
steps are similar as for BBH-specific waveforms discussed in section 8.4.1, and for matter
effects in the inspiral similar to BNS covered in section 8.4.2. For the latter, a few extra
considerations must be taken into account for NSBH, for instance, more realistic descriptions
of dynamical tides that include more effects of strong gravity and a potentially high BH spin,
NS spins, precession, and higher modes. Although matter effects during the inspiral are
expected to be rather small in NSBH systems compared to BNS, their measurement would
be a uniquely clean probe of the physics of cold dense matter and its interplay with strong
gravity, especially in the case of NS disruption [3135]. Similarly to the inspiral, the analytical
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structure for modeling tidal disruption modifications away from a BBH waveform requires
further refinements, for instance, by making use of physical considerations that are directly
related to features in the GWs to develop a more robust underlying structure of the model
and its parameter-dependence and thus reduce the number of fitting parameters. Likewise,
the description of mild tidal disruptions and mapping from the progenitor parameters to
the remnant BH over a wider range of parameter space could be improved with further
physical considerations as is done for the BBH case before calibrating to NSBH simulations.
Moreover, a few analytical models need to also allow for capabilities to discern additional
physics, both related to NS matter as well as beyond the standard paradigms of gravity and
particle physics.

8.4.4 Modelled sources beyond binary inspirals

8.4.4.1 Early universe sources

State-of-the-Art

With the Einstein Telescope, we may discover GW sources that do not originate from stan-
dard stellar evolution. As we discussed in detail in section 2.2, other types of structures
may have formed in the early universe, such as cosmic strings (section 2.2.3), domain walls
(section 2.2.4) or primordial BHs (section 2.2.5). Other exotic compact objects with a pos-
sible cosmological origin include Q-balls [4416], boson stars [248], fermion stars [4417–4419],
gravastars, and anisotropic stars (for reviews see refs. [245, 271] and references therein).
These could leave behind a trace of their existence by the production of observable GWs,
both in the form of stochastic GW backgrounds, and as individually resolvable events, for
which we could reconstruct the waveform.

In this section, we overview the current state-of-the-art and highlight future challenges
regarding the GW waveform of sources with early universe origins. More details and signa-
tures of these early universe sources, e.g., in the stochastic GW background and BH mergers,
are given in section 1, 2 and 3. We proceed to discuss each source separately.

Primordial black holes. The waveform for the coalescence of binaries made of PBHs is the
same as for astrophysical binary black hole mergers; however, unlike astrophysical black
holes, PBHs could be lighter than a solar mass. Interestingly, though there is no definite
detection yet, there are tentative hints of solar and sub-solar mass compact objects in the
LVK data [1888, 1896, 1905, 4420]. Finding a single binary of sub-solar mass BHs would
be a very strong evidence of new physics in the very early universe and such possibility is
within reach of ET [459]. It should be noted that, in the case of masses larger than a solar
mass, one needs additional information, e.g. by doing population analysis or looking for the
induced GW background counterpart, to distinguish PBH binaries from astrophysical black
holes binaries, see the discussion in sections 2.2.5 and 3.6.

Current bounds from the LVK collaboration place the abundance of PBHs as dark
matter to be less than unity in the subsolar mass range [1888], complementing microlensing
constraints [1890–1894]. Remarkably, even though PBHs might comprise less than 1% of the
dark matter in the sub-solar mass range, the number of resolvable PBH mergers in 1 yr of
observation of ET could still be significant due to the improved strain sensitivity [459, 1633].
Also, strongly lensed GWs can be used also to constrain the abundance of PBHs in the stellar
mass regime (1 − 20)M⊙ [4421].
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Figure 8.6: Cusp strain in time domain computed using eq. (7) of ref. [854], and fixing
flow = 5 Hz, fhigh = 104 Hz and for a cusp burst of characteristic amplitude A = 10−21 s−1/3.

Another mechanism that could produce observable GW signals is the close hyperbolic
encounter of PBHs, leading to GW bursts. The waveform of hyperbolic encounters has been
studied extensively in the literature [214, 4234, 4235, 4422–4434]. For graphic examples of
the GW waveform see, e.g., figure 2 of ref. [1858] and figure 2 of ref. [4435]. The peak
frequency of the GW burst depends on parameters such as the PBH masses, the speed at
which they encounter and the eccentricity of the orbit. Searches for hyperbolic events have
been performed using the current LVK data [4436, 4437], with no significant candidate so far.
Although the standard expectation is that close hyperbolic encounters are rarer than PBH
binary mergers, they could be detectable by ET if PBHs constitute a significant fraction of
dark matter and are clustered at formation [1858, 1859, 4433, 4436–4440].

Cosmic strings. As discussed in section 2.2.3, the simplest models of strings are parametrized
by a single energy scale, η that controls their energy density per unit length as well as tension.
This scale is usually described by the dimensionless quantity, Gµ ∼ (η/Mpl)

2. Once formed,
cosmic strings start to evolve and oscillate according to their tension. Individual events on
a loop, such as cusps and kinks, can generate a strong GW signal. Cusps are points where
the string moves momentarily at the speed of light [4441–4443], and they typically produce
a strong burst of radiation beamed in the direction of motion [771, 772, 4444]. Kinks, which
are discontinuities in the tangent vector for string, and kink-kink collision may also pro-
duce GWs, which will be observed as transient bursts [771, 4444]. For an illustration of the
typical GW waveform from cosmic strings, see figure 8.6. Interestingly, bursts may repeat
themselves [4445] since the dynamics of the Nambu-Goto string predict that loops follow a
periodic motion.

A search for these types of bursts has been done using the LVK data in ref. [94, 851]. The
lack of any signal compatible with these bursts can then be used to put constraints on the scale
of the string. The capabilities of ET for detecting cosmic string bursts have been discussed in
section 2.2.3.5, see in particular figure 2.15, where we see that the absence of detection of GW
bursts will place constraints on the string tension, around Gµ < 10−10 − 10−11, depending
on the string model. For reference, the CMB data imposes a much lower constraint on the

– 443 –



Exotic compact object
Black hole

0 100 200 300 400 500 600
-0.5

0.0

0.5

1.0

t/M

ψ
(t
)

Figure 8.7: Ringdown signal featuring echoes, when the remnent of the merger is a hori-
zonless ultracompact object as opposed to a black hole.

string tension, namely, Gµ ≲ 10−7 [809]. A similar analysis has also been conducted in the
case of the LISA observatory in [854].

It may also be possible for a cosmic string loop to collapse to a BH and emit GWs.62

In this case the waveform, which must be calculated using full non-linear General Relativity,
differs from the waveform of a burst and of a black hole merger [4448, 4449]. Interestingly,
there is a candidate of such a new cosmic string waveform in the LVK data [4450]. It should
be noted, though, that the probability of these types of events is likely to be rather small
[4451, 4452].

Exotic compact objects. Depending on the matter content of the collapsing overdensities in
the early Universe, the end state of gravitational collapse might be different from a PBH,
and other compact objects can be stable in Beyond Standard Model physics [245, 271]. As in
the case of PBHs, sub-solar mass compact objects are possible, depending on the parameters
of the theory [4453]. Such compact objects then emit GWs when in a binary. The resulting
GW frequency and waveform is similar to the standard GWs from binaries. However, as
discussed in section 1.3, any compact object that is not a black hole [258–260, 4454] has
a non-vanishing tidal deformability [262, 263, 268]. Thus, the presence of tidal effects in
the GW waveform would distinguish exotic compact objects from PBHs as well as stellar
BHs [459, 1895]. The Love numbers of exotic compact object have been calculated for boson
stars [263, 270, 272], fermion stars [4455], gravastars [263, 268, 269], anisotropic stars [273]
and stars with a stiff equation of state at the surface [263]. If the remnant of a merger is
an ultracompact object without a horizon, the prompt ringdown signal would be nearly the
same as the one emitted by a BH. However, the absence of a horizon in the remnant would
lead to the emission of a modulated train of GW echoes at later times, as shown in figure 8.7.

Main Open Challenges

62This type of process was first described by Hawking as an alternative way to create a primordial black
hole [4446, 4447].
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GWs from binaries and hyperbolic encounters of sub-solar mass compact objects, such as
PBHs and exotic compact objects, are a strong indication of physics beyond the standard
model of particles and cosmology. GW bursts, and repeated GW bursts, can be sourced by
nearby cosmic string loops, providing hints of grand unified theories. ET may be able to
detect such sources with early Universe origin and resolve their GW waveform.

Challenges on primordial black holes. To distinguish PBH subsolar binaries from other
astrophysical candidates, one should rule out the presence of tidal effects or disruption before
ISCO frequency [459, 1895]. Having reliable waveform models that could capture these effects
and are calibrated in the subsolar regime is crucial to rule out the alternative hypothesis of
neutron star binaries or more exotic deformable compact objects (e.g., boson star binaries).

Regarding the hyperbolic encounters, the main challenge is to identifying such a GW
burst event, specifically distinguishing it from glitch noises, as the waveform is mostly a
featureless bump. It is also important to estimate the event rate for a PBH scenario, which
strongly depends on clustering. This information is key to distinguishing whether the event
is of astrophysical or primordial black hole origin (see section 3.6). The current estimates are
made by introducing a simple clustering parameter [1858, 4456], but it must connect with
factors such as initial non-Gaussianity and the evolution of PBH clusters. Information on
the event rate and mass distribution is also crucial for increasing search efficiency.

Challenges on cosmic strings. The calculation of the number of burst events from a network
of strings as well as their waveforms does not take into account the building up of gravitational
backreaction on the loop’s evolution. This backreaction affects these results since it can alter
the average number of cusps per loop as well as their strength. Though information on
the shape of the loops may be extracted from numerical simulation, one should also take
into account that backreaction may change the shape of loops [804, 4457]. Furthermore,
the number of GW events is directly related to the number density of loops, which at the
moment depends on the model [813, 814]. Regarding the possible misidentification of the
GW burst signal with glitches, some authors are considering alternative strategies based on
deep learning to identify the cusps signals [855].

Challenges on exotic compact objects. It remains a challenge to build consistent initial con-
ditions for ECOs in order to perform trustable numerical simulations of such binary systems.
Without a consistent treatment of initial conditions for ECOs, current numerical simulations
are likely to contain systematic issues and biases.

Core-Collapse Supernovae. The detection of GWs from core-collapse supernova explosions
(CCSN) is also a primary science goal of the Einstein Telescope. The CCSN GW signal [4458–
4469] from bounce through supernova explosion and into the late-time (many-second) proto-
neutron star (PNS) cooling phase (or black hole formation) can be decomposed into various
stages with characteristic features, frequency spectra, strains and polarizations [4470]. GWs
are generated immediately around bounce in core-collapse supernovae by time-dependent
rotational flattening and prompt post-shock overturning convection (lasting tens of millisec-
onds) [4471, 4472], then during a low phase (lasting perhaps ∼100−200 milliseconds) during
which post-shock neutrino-driven turbulence builds, followed by vigorous accretion-plume-
energized PNS modal oscillations (predominantly f- and g-modes) [4458, 4468]. If an explo-
sion ensues, these components are accompanied by low-frequency (∼1−10 Hz) gravitational-
wave “memory” due to asymmetric emission of neutrinos and aspherical explosive mass mo-
tions [4473–4476]. Section 7 discusses CCSN, and we refer the reader there for more details.
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8.4.5 Waveforms in alternative theories of gravity

In this section we provide a birds-eye-view of the present state of gravitational waveform
modeling of comparable mass binaries in alternative theories of gravity and in the presence
of dark matter clouds. We will start by reviewing what has been done in the context of post-
Newtonian theory, then numerical relativity, and, at last, black-hole perturbation theory. We
then survey the progress towards inspiral-merger-ringdown waveform models. In addition,
we discuss theory-agnostic parametrized waveform models (including their relation to theory-
specific predictions). Before proceeding we must make a disclaimer: the zoo of contenders to
general relativity has a plethora of specimens, and it is impossible to review what we know
about waveform modeling for each theory here.

State-of-the-Art

Post-Newtonian theory. Perhaps unsurprisingly, most progress has been made in the con-
text of scalar-tensor theories of the Bergmann-Wagoner type [4477, 4478] (referred to as
just “scalar-tensor theories” hereafter) which are arguably the simplest extension of General
Relativity. In virtue of black-hole no-hair theorems (see ref. [4479] for a review), the dynam-
ics of black-hole binaries will be identical to what is predicted by General Relativity (see
e.g., refs. [33, 120]), as long as the background scalar field is spatially homogeneous or time-
independent [122, 4480, 4481]. However, neutron stars can carry a “monopole scalar charge”
in these theories (i.e., the scalar field decays as 1/r asymptotically), making neutron-star or
mixed binaries potential test-beds for these theories. When one or both of the binary com-
ponents have such a charge, scalar dipolar radiation can be emitted and thus accelerate the
binary inspiral relative to GR. Regarding the analytical treatment of the two-body problem
in these theories, the dynamics were studied in refs. [4213, 4286, 4482–4488] and waveform
generation in refs. [4287, 4288].

The next simplest extension of GR involves the coupling of the scalar field to quadratic-
in-curvature scalars. Two such theories that have received considerable attention are Einstein-
scalar-Gauss-Bonnet (EsGB) gravity and dynamical Chern-Simons (dCS) gravity. In the for-
mer, a scalar field couples to the Gauss-Bonnet invariant, while in the latter a pseudoscalar
field couples to the Pontryagin density. No-hair theorems do not apply to these theories, and
black holes will in general carry some “scalar charge”. In EsGB, this charge is monopolar,
while in dCS the charge is “dipolar” (i.e., the pseudoscalar field decays as 1/r2 asymptoti-
cally). The post-Newtonian dynamics in these theories was studied in refs. [4214, 4216, 4489–
4494].

Isolated neutron stars in scalar-tensor theories can undergo a phase transition known as
spontaneous scalarization [157]. In a neutron star binary, one or both binary components can
scalarize during the merger. This effect was first observed in numerical relativity simulations
as described below, and can be formulated in terms of an effective action [152, 161, 4291].
See also ref. [4292, 4293] for an incorporation of these effects in GW models.

Post-Newtonian calculations were also performed in Einstein-Maxwell-Dilaton theo-
ries [4212, 4495], in Lorentz-violating theories [4496], and in effective-field-theory (EFT)
of GR [134, 4497, 4498].

Numerical relativity. We divide the zoo of alternative theories of gravity into two main
categories that are determined by their type of modification of GR and their challenge for
numerical relativity.
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Figure 8.8: Numerical waveforms for the dipole l = m = 1 mode (left) and the quadrupole
l = m = 2 mode (right) of the outgoing scalar radiation emitted by a BH-NS system in K-
essence theory, for different values of the strong coupling scale Λ and extracted at a radius of
r = 7383km. The comparison to Fierz-Jordan-Branz-Dicke (FJBD) unscreened scalar-tensor
theory have been included for comparison. The first peak (after the transient phase) of the
quadrupole waveforms have been aligned for ease of comparison. See ref. [4506] for details.

The first category represents beyond-GR theories in which scalar or vector fields are
minimally coupled to gravity. It includes scalar-tensor theories or Einstein-Maxwell-dilaton
gravity, as well as dark matter “clouds” (represented by massive scalar or vector fields) around
black holes. In this case, the field equations can be written as a set of wave equations for each
field, and standard numerical relativity techniques can be applied. In scalar-tensor theories,
black holes are the same as in GR, but neutron stars can scalarize. If a coalescing binary
that contains at least one neutron star becomes sufficiently compact, the scalar field can be
excited dynamically via “dynamical scalarization” [154–156, 4499]. Another example in this
group is Einstein-Maxwell-dilaton gravity, for which the binary coalescences were modeled in
ref. [123]. Binary black holes surrounded by a scalar field (or dark matter) condensate can
generate scalar radiation that accelerates the inspiral and causes a gravitational wave phase
shift, see, e.g., [4500, 4501].

The second group are higher derivative theories of gravity, including the Horndeski
class, EsGB and dCS gravity and EFTs of GR. Because of the higher-order derivatives, the
bottleneck to performing numerical simulations is the theories’ formulation as a well-posed
initial value problem. A straightforward approach is an order-by-order formulation used in
the first simulations of dCS gravity [4271] and EsGB gravity [141]. This approach provides
insight into the dynamics of the scalar field, and was used to estimate the GW phase shift
or to identify new nonlinear phenomena like dynamical (de-)scalarization in black-hole bina-
ries [147, 148]. However, at second order in the expansion, this method suffers from secular
effects [138, 142]. A new formulation using modified general harmonic coordinates [124–126]
allowed the first full simulations of binary black holes, and the computation of the gravita-
tional radiation, in EsGB gravity [129–131, 150]. The third approach is to use a regular-
ization scheme [4502, 4503] inspired by the Israel-Stewart formulation of relativistic viscous
hydrodynamics. This approach has been applied to simulate compact binaries in Horndeski
gravity [128, 4504], in EFTs of GR [4505], as well as in scalar-tensor theories with kinetic
screening (K-essence) [4506], see figure 8.8 for an example of screened scalar field scalar in
a waveform of a BH-NS merger in a quasi-circular inspiral. Simulations in quadratic grav-
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Figure 8.9: Real part of the l = m = 2 spherical harmonic of the GW strain obtained
in the order-by-order (left) and fixing-the-equations (right) approaches, and compared when
solving the full equations for EsGB gravity. The GR waveform is shown for comparison and
the waveforms are aligned in phase and time at peak amplitude. See ref. [4508] for details.

ity were done in ref. [4507]. A systematic and fully self-consistent comparison of the three
different numerical approaches was performed in [4508]. Considering quasi-circular binary
black hole mergers in shift-symmetric EsGB gravity, they were able to quantify the errors
introduced when using the approximate approaches. See figure 8.9 for an illustration of the
differences in the GW signal of merging binary black holes obtained with these approaches.

Post merger. Considerable effort has been made to determine the QNM spectrum of com-
pact objects in alternative theories of gravity. This is a technically challenging problem, due
to the complexity of the field equations of alternative gravity theories, the lack of closed
form analytical black-hole spacetimes (and their algebraic symmetries), and the numerical
difficulties in solving the boundary-value problem for the QNM determination, which often
involves coupled systems of equations. For these reasons, most of the literature has focused
on nonrotating (or slowly-rotating) black holes. Yet, these calculations have taught us a few
lessons. First, modifications to GR generically cause the QNM spectra of axial and polar
QNMs, which are identical in GR, to become different (“isospectrality breakdown”). Second,
each extra field introduced by the alternative to GR, will have its own QNM spectrum.

The most extensive work has been performed in EsGB theories, e.g., in refs. [4261, 4262,
4264, 4265, 4509]. The quasinormal modes of BHs in EsGB theory have also been considered
for rotating solutions at linear [4510] or quadratic [311] order in the expansion of small spin of
the black hole (see also ref. [4511]). Similar calculations have been made in dCS [317, 4512],
Horndeski theories [4513], and EFTs of GR [316, 4514].

All previous results fall short of being directly applicable to perform spectroscopy of
black-hole remnants of binary coalescences which have dimensionless spin values ≃ 0.7. This
has motivated the pursuit of a generalization of Teukolsky’s formalism (which in GR is used,
e.g., to determine the QNMs of Kerr black holes at arbitrary spin) to beyond-GR theories.
This avenue was explored in refs. [4269, 4515, 4516]. See also refs. [4517, 4518]. First
calculations of QNMs of rapidly rotating BHs in EFTs of GR were obtained in ref. [312]. A
novel approach based on perturbative spectral expansions [4267, 4519, 4520] has been applied
in refs. [4521, 4522] to calculate QNM frequencies of rapidly rotating BHs in EsGB theories.
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Effective-one-body and phenomenological waveform models. In order to accurately describe
the binary dynamics and gravitational wave emission up to merger, i.e., in the strong-field
regime, the construction of semi-analytical approximants becomes necessary. As in GR, it
is possible to increase the reliability of post-Newtonian results by mapping them onto EOB-
type of coordinates [4156, 4183, 4184]. The EOB framework imposes a physically motivated
resummation of the perturbative results and grants a better behavior for the inspiral evolution
up to the plunge. For scalar-tensor and EsGB theories, the explicit form of this mapping
was computed up to 3PN order [4210, 4215, 4216, 4523]; see also refs. [4211, 4495] for similar
calculations in Einstein-Maxwell-dilaton theories. The first full IMR gravitational waveform
in EsGB theories was also computed within the EOB framework and applied to analyse GW
events to place new constraints on the fundamental coupling of the theory [4295]. The GW
phase corrections induced by modification to GR computed in post-Newtonian theory can
be included on a baseline GR frequency-domain waveform model, as we will see next.

Parametrized waveform models. Gravity tests in the weak-field, slow-motion regime can be
conveniently performed in the framework of the parametrized post-Newtonian (ppN) for-
malism [2362, 3604]. Likewise, in the strong-field regime for compact binary coalescences,
a parametrized approach was developed in the construction of gravitational waveforms for
beyond-GR effects [23, 4524], in a theory-agnostic manner. The idea behind parametrized
post-Einsteinian (ppE) framework is to allow for modifications to the frequency-domain grav-
itational wave amplitude and phase predicted by GR. The type and magnitude of these
modifications are controlled by ppE parameters which, when set to zero, return back the
GR waveform. One can then let data determine the most likely values of this parameter,
i.e., perform a theory-agnostic inference. The posteriors on the ppE parameters can then
be translated into predictions of specific theories. The mapping between theory-agnostic
and theory-specific modifications to GR have been worked out mostly for the inspiral part,
where post-Newtonian calculation can be used; see refs. [33, 151] for such mappings. For
this reason, although not strictly speaking a limitation of the formalism, most application
of the ppE model have used the inspiral part of the waveform. The ppE has also been
extended to include additional gravitational-wave polarizations [56], spin-precessing bina-
ries [4525] and parity-violation effects in the gravitational wave propagation, such as velocity
birefringence [4526]. Similar approaches have been developed in refs. [25, 4527] and are in
use by the LVK Collaboration. Bounds on generic deviations to the GW phase evolution in
GR at different PN orders have been obtained from the GW transient catalogs [8, 34, 38].

More recently, a parametrized framework around the merger and ringdown time of
black-hole coalescences was developed within the EOB framework in ref. [4528], building on
refs. [306, 4529]; see section 1 for other ringdown tests of GR. In parallel, ref. [4530] developed
an EOB waveform model in which the QNMs are parametrized according to the formalism
ParSpec of ref. [4531]. ParSpec is a double expansion in the theory coupling and in the BH
spin parameter such that when the coupling goes to zero, one recovers GR, i.e. the QNMs
for the Kerr solution. While this approach is built to map theoretical calculations beyond
GR, as was done in ref. [4532] for EsGB, dCS and some EFT theories of gravity, it can also
be used agnostically to find the constraints at each relevant order in the spin [4531, 4532].
Note that ref. [4530] also mapped QNM calculations in specific theories (described earlier)
to the free parameters of this parametrization.

Main Open Challenges

Below are some important questions to be addressed in the future regarding the construction
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of beyond GR waveforms in preparation of next-generation gravitational detectors. See also
section 1, where some of these points are discussed in more details.

– Will higher-order PN terms affect the constraints derived at leading PN orders on
specific gravity theories?

– To what extend a more accurate modeling of waveforms beyond GR can help us to
constraint the plethora of new physics introduced by modified gravity? Examples of
such effects are: extra dimensions, variation of fundamental constants (e.g. Newton’s
one), modified dispersion relations, violation of Lorentz invariance, etc.

Important Next Steps

Post-Newtonian theory. In the near fututre, it will be crucial to extend current calculations
by exploring the effects of spin (including spin-precession), non-Kerr multipolar structure,
orbital eccentricity, and tidal interactions in the inspiral of beyond-GR theories.

Numerical relativity. So far the first, proof-of-principle calculations of GWs in alternative
theories of gravity have been attained [123, 128–131, 150, 154–156, 4499, 4504, 4505]. How-
ever, more substantial work is required to chart out the parameter space and to improve the
quality of the waveforms (resolution, eccentricity reduction, etc) that will enable new, theory-
specific tests of gravity. One can also explore other alternatives to GR, e.g., Lorentz-violating
theories, for which no simulations of compact binaries exist yet. To progress in this direc-
tion, several preliminary studies have already been performed. Thus, a well-posed initial value
formulation of Einstein-Aether gravity in 3+1 dimensions was presented in ref. [4533]. Spher-
ically symmetric scalar field collapse in Einstein-Aether gravity was studied in ref. [4534].
A well-posed time evolution formulation of bi-gravity was derived in [4535]. Simulations of
black holes in massive gravity were performed in spherical symmetry [4536, 4537].

Post merger. It is important to extend the calculation of QNM frequencies, as well as
the understanding of their excitation, for rapidly-rotating black holes beyond-GR. Another
important point to be studied is to understand how the loss of isospectrality affects the
observable ringdown signal. Also, being able to accurately estimate how much the remnant
mass and spin of a BBH coalescence deviate from their GR predictions in beyond-GR theories
is crucial.

Gravitational self-force (GSF). In GR, as seen in section 8.3.3, self-force results can be used
to improve our modeling of comparable mass binaries. It is natural to expect that the same
will occur for alternative theories of gravity. It would also be interesting to develop self-force
calculations in modified gravity theories, see, e.g., refs [4275, 4285].

IMR models. Other important questions to be addressed in order to perform meaning-full
tests of GR with ET are:

– How to ensure that the waveform systematics do not affect the tests of GR?

– Could we develop a technique to perform tests of GR with NRsurrogate models?
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8.5 Waveform Acceleration Techniques

The large expected event rate for 3G detectors (see section 9) drives the need for quicker
data analysis techniques including searches and parameter estimation for compact binaries
in order to optimise the use of computing resources and to deliver time-critical information
such as accurate sky maps or source classification for follow-up by the scientific community.
The cost of Bayesian inference is typically dominated by the generation of waveforms, and
commonly a two-pronged approach is chosen to reduce the computational expense.

The first class of approaches aims to increase the efficiency of posterior exploration. This
can be achieved through novel techniques to speed up the likelihood evaluation, for example
by using heterodyning/relative binning [4538–4541], reduced-order quadratures (ROQs) [4542–
4544] or multibanding [4545]. One can also opt for novel sampling techniques such as
Hamiltonian Monte Carlo that forego the random-walk process of stochastic samplers [4546].
Hardware-based acceleration provides another means to reducing the computational cost. A
final alternative lies in likelihood-free sampling using machine learning (ML) techniques [4547–
4549].

The second class of approaches aims to speed up individual waveform evaluations. This
is the approach we will be focusing on here and will be discussed in more detail below.
The most commonly used waveform acceleration techniques for IMR models are reduced-
order modeling [4175, 4550], multibanding/adaptive grids [4403] and waveform decomposition
techniques such as singular value decomposition (SVD) [4551]. For inspiral-only models, the
stationary phase approximation (SPA) [4552] and Shifted Uniform Asymptotics (SUA) [4553]
are common tools to obtain fast frequency-domain approximants. In recent years, the use of
ML alone or in combination with these approaches has gained prominence.

Both types of approaches can be combined to achieve additional savings.

State-of-the-Art

Reduced-order models. Reduced-order models (ROMs) or surrogates rely on representing
waveform models in terms of a small set of basis components. We refer the reader to [4177]
for a review. The earliest work on ROMs [4550] was motivated by the observation that the
size of the basis needed to represent a typical waveform model was smaller than the number
of time samples in a typical observation and the fact that the representation error of such a
basis shows exponential convergence. ROMs require determination of the basis coefficients as
a function of the waveform parameters. This can be done by building an interpolant to obtain
the coefficients of that expansion as a function of the waveform parameters [4551], or through
empirical interpolation [4550], or through Gaussian process interpolation [3692, 4218]. For
expensive waveform models computational savings can be obtained even when the size of the
basis is large, because the typical cost of evaluating the interpolants is much lower than that
of calculating the original waveforms. Typical ROMs are between one and three orders of
magnitude faster to evaluate and, for waveform models that rely on ODE integration such
as EOB models, often provide smoother likelihoods than the original models, helping the
sampling process.

The reduced bases on which ROMs are based can be constructed using greedy algo-
rithms [4550] or by performing SVD decompositions of a set of training waveforms [4551,
4554, 4555]. For simple models, the reduced basis can be built directly with time or fre-
quency domain waveforms. More complex waveforms are decomposed into harmonic modes
and a separate reduced basis, with corresponding parameter space interpolant, is constructed
for the Fourier domain amplitude and phase of each mode [4556, 4557].
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ROMs have been constructed for non-spinning black hole waveform models, e.g., EOBNR
[4175], for SEOBNR aligned-spin black hole models without higher modes [3127, 4307, 4556,
4557] and for BNS models [4218, 4558, 4559]. The first ROMs for higher-mode models with-
out precession were described in [4219, 4560] and the first surrogates for a model including
both higher modes and precession, SEOBNRv4PHM, were obtained in [4223, 4561]. Re-
cently, a ROM for stellar origin BBH mergers observed with LISA was also proposed that
uses a wavelet basis to construct waveforms in the time-frequency domain [4562].

The ROMs described above are based on semi-analytic models and build a reduced basis
from a very large set of training waveforms. A second family of ROMs, usually referred to
as NR surrogate models, are built in the same way but use NR simulations to construct the
reduced basis. Waveform models exclusively based on NR simulations are generally regarded
as more accurate than semi-analytic models but they are usually restricted in parameter
range due to the limited length of NR simulations. The first such surrogate was built using
non-spinning BBH simulations [4178] and subsequently extended to aligned spin [3776] and
then systems with precession [4176, 4179]. The latter model was the first ROM of any kind
for a precessing waveform model. More recent surrogate models have targeted extensions to
higher mass ratios [3777, 4024] and eccentricity [3842]. Surrogates have also been built to
analyse specific observed events, for example GW190814 [3778], by targeting the simulations
used to build the surrogate to a narrow region of parameter space.

SEOBNRv4PHM surr [4561] and the NRSur7dq4 surrogate [3777] represent the cur-
rent state of the art in reduced order models. The latter is valid for systems with mass ratio
q ≲ 4, arbitrary spin directions and spin magnitudes |χi| ≲ 0.8, and can generate the last
∼ 20 orbits of the system before final plunge, while the former has a broader parameter space
in mass ratio (q ≤ 20) with the same spin magnitude limits. Work is currently ongoing to
extend the NR surrogate model to mass ratios of q ≲ 8.

Machine Learning. Thanks to reduced order modeling, we can represent waveforms in a
lower-dimensional space that still contains enough information to perform inference. This
representation will have some functional dependence on the waveform parameters, which can
be reconstructed by a Machine Learning (ML) architecture in a supervised learning setting.
Such framework describes a good fraction of the work on ML applied to waveform model-
ing [4006, 4218, 4223, 4404, 4563–4570]. The distinction between simple fits and “Machine
Learning” is not well defined, and is typically heuristically made based on the complexity of
the architecture that performs the fit.

Efforts have mostly focused on modeling ET/LVK-band BH binaries in the time domain,
without spin [4566, 4568, 4571], with only aligned spin [4220, 4221, 4564, 4565, 4569, 4570],
with precessing spin [4223, 4564], and with eccentricity but no spin [4567]. Comparatively
little effort has gone into applying a similar procedure to BNS [4218, 4404, 4559] and to
exotic objects such as Proca stars [4572].

Some effort has also gone into modeling low-frequency sources for LISA [4006, 4563].
While these are typically qualitatively different from the ones in the ET band, the techniques
employed for LISA may be beneficially applied to ET sources.

A variety of ML models have been applied: Gaussian Process Regression [4218, 4559,
4567], shallow perceptrons [4221, 4223, 4404, 4569, 4573], deep neural networks [4006, 4563,
4565], autoencoders [4566, 4568], text-processing inspired transformers [4570], generative
adversarial networks [4572], residual networks [4569]. Some effort has also gone into com-
paring different ML architectures and approaches for a specific task [4564, 4571]. Most of
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these architectures, have the advantage of being intrinsically differentiable; this may allow
for the direct computation of waveform gradients, which could provide precious information
for downstream applications.

It is difficult to compare performances of different models, since the metrics and hard-
ware used may vary among different works. Acceleration efforts tend to focus on speed-up at
moderate fidelity (mismatches around 10−2 to 10−4), with typical timing results on the order
of single milliseconds per waveform on a CPU [4223, 4404, 4564], whereas sub-millisecond
performance can be achieved thanks to GPU acceleration [4223].

Main Open Challenges

Despite the recent burst of interest on waveform acceleration techniques, the current fast
waveform surrogates are unlikely to be directly usable in the context of ET and they will
need to be updated. First of all, they will need to meet a strict accuracy requirement,
see section 8.2; so far, most of the surrogates available (especially the ML ones) achieve a
faithfulness with the training model which is suitable only for current detectors. As we move
towards ET, the accuracy of most of the fast surrogates will need to be improved. Since
accuracy is often at trade with speed, the conciliation of the two can be challenging.

Moreover, ROMs/surrogate models for ET will need to be able to reach significantly
lower waveform starting frequency, which amounts to longer waveforms in the time domain,
and will need to incorporate realistic physics. On one hand, pushing the range of validity of
a surrogate to lower frequencies may be relatively straightforward, as the binary dynamics
asymptotically approach the Newtonian limit. On the other hand, incorporating a large
number of physical effects into a single surrogate will be a challenge. So far, surrogates mostly
tackled a single physical effect at a time (e.g. precession, eccentricity, tides...). Assembling
a more realistic surrogate requires to deal with a larger variance in the training waveforms,
meaning that current methods’ architectures may prove inadequate. A ROM will probably
employ a large number of basis functions, requiring excessive memory and computational
time. A ML model might be able to represent the features of the dataset more efficiently,
but very little work has been done to build such model and a change over the state-of-the-art
will be probably needed. It is also worth noting that the increase in the model complexity
must not affect the runtime, which is often challenging to achieve.

Studies have shown that the evaluation of a surrogate on a large time/frequency grid
constitutes a large fraction of the overall cost [4220, 4404]. It is very hard to optimize such
cost, unless we depart from the need of a large grid altogether. To this purpose, an effective
ET waveform should be coupled with a scheme (such as ROQ or relative binning) to reduce
the number of grid points needed for a given data analysis application.

Finally, we note that an effective model should be able to generate a large batch of
waveforms in parallel, in order to fully exploit the power of modern computing hardware.
While this has been already explored [4221] and might be trivial in modern ML code frame-
works, an efficient parallelization scheme remains a challenge that any developer should keep
in mind.

Important Next Steps

While ROMs have proven to be reliable, ML techniques are promising candidates to build the
next generation of surrogates, due to their flexibility and ubiquity. While a rich literature has
been developed in the field, to our knowledge no ML surrogate has been developed through
production stage (i.e. used to make a novel scientific statement) in the current generation of

– 453 –



GW observatories. Advancing such models to production quality will be a milestone in their
developments, marking a necessary step towards a reliable surrogate for the ET era.

Recent interest in eccentricity has produced a number of models incorporating both
the effects of eccentricity and spins [4197, 4200, 4202]. A spinning-eccentric surrogate has
not been developed yet and would mark an important step towards a more physics-complete
surrogate model, possibly leading to the development of new ML techniques.

While the use of adaptive rather than uniform grids yields further speed-up for already
fast frequency-domain models [4403], this technique is equally applicable to time-domain
models such as the PhenomT family and worth exploring for phenomenology-rich models
where ROMs/surrogates may incur additional accuracy losses.

Finally, closed-form approximants such as the Phenom family and ML-based surrogates
models are particularly amenable to (additional) hardware-based acceleration e.g., through
the use of GPUs and parallelisation of the frequency or time array.

Besides the effort of producing more complete and accurate approximants, it would be
beneficial to set a common set of requirements for fast ET waveform approximants, stated
in terms of parameter space coverage, generation time and faithfulness. These will help to
establish a common target for the developers to reach.

8.6 Executive summary

As highlighted throughout this and other sections, gravitational-wave observations with ET
will provide unprecedented insights into fundamental physics and astrophysics, including
revealing the equation of state of nuclear matter and firmly determining the mass functions
and merger rates of black holes and neutron stars throughout the Universe. Delivering
many of these key science goals requires highly accurate waveform models of the emitted
gravitational-wave signal. Here, we summarize the main points discussed in this section
which encompasses the current state-of-the-art of techniques and models and avenues for
achieving the accuracy and computational efficiency needed for ET.

Waveform accuracy requirements

• Inaccurate waveform models may lead to errors in the estimated source param-
eters with subsequent erroneous conclusions about astrophysics, cosmology or
fundamental physics.

• Inaccuracies can arise either through the omission of relevant physical effects or
through insufficiently precise modeling.

• The high sensitivity of ET requires that waveform models must become signifi-
cantly more accurate compared to today over broader regions of parameter space
of sources. By how much is under active investigation.

Waveform models and sources

• Current waveform models for binary systems synthesize different approaches such
as numerical relativity (NR), perturbation theory including post-Newtonian and
post-Minkowskian expansions and gravitational self-force. Recently, techniques
from high-energy physics such as the calculation of scattering amplitudes and
effective-field theory have been utilized to derive higher-order perturbative cor-
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rections.

• The current state-of-the-art waveform models that capture the inspiral, merger
and ringdown fall into two categories: NR-calibrated Effective-one-body (EOB)
and phenomenological (Phenom) models. These models include higher-order
modes and precession, with recent advancements to include orbital eccentricity,
and tides.

• The main targeted sources for ET are binary systems consisting of black holes and
neutron stars, for which models have been developed to high accuracy but further
improvements are needed for ET. Possible progresses to be made for BBH require
to produce longer NR simulations, that includes higher mass ratios and higher
spin systems. For BNS and NSBH, the challenge consists in accounting for more
physical effects, especially in the tidal sector and post-merger models. Producing
longer duration waveforms will also be key as those signals are expected to be
seen for minutes to hours.

• Other modeled sources involve hyperbolic encounters, triple systems, core-
collapse supernovae and GWs from cosmological origin such as primordial BHs,
exotic compact objects or cosmic strings. However, for most of these sources
reliable waveform models are not yet readily available.

• Waveform models in alternative theories of gravity are also being developed,
using both analytical and numerical techniques to describe all three stages of
the coalescence: inspiral, merger and post-merger. However, this is still at its
infancy and should be further developed to provide reliable waveforms beyond
GR that span a large parameter space. Alternative tests of gravity could be
performed by the use of parametrized waveform models.

Computational efficiency

• ET is expected to observe tens of thousands of gravitational waves from modeled
sources per year. Such high event rates require computationally efficient analysis
algorithm including searches and parameter estimation. Bayesian inference, in
particular, is dominated by the waveform generation cost.

• Commonly used techniques to increase the efficiency of waveform models include
the development of phenomenological or surrogate models, the use of adaptive
grids, singular value decomposition, shifted uniform asymptotics, dimensional
reduction and advanced reduced-order modeling.

• Recently, machine learning techniques including Gaussian process regression and
neural networks have been applied and are becoming increasingly more promi-
nent to tackle the efficiency problem.
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9 Tools for assessing the scientific potentials of detector configurations

The goal of this section is to provide an introduction to various software products developed
within ET Observational Science Board, with the specific task of releasing tested and pub-
licly available software that allows us to quickly evaluate the effect on the ET science output
of possible variations of its design such as sensitivity curve, geometry, or geographical loca-
tion. This allows assessing the scientific potentials of different detector configurations with
standardized, official figures of merits (FOMs). In this section we will present these tools,
and illustrate their applications to the production of such FOMs used to investigate the ET
science case. The packages presented here are also meant to provide consistent, tested and
rapid tools for the community for first estimations and prompt forecasting.

The content is organized as follows. In section 9.1 we introduce basic notions for de-
tection and parameter estimation: in particular, in section 9.1.1 we discuss the detector’s
response and signal parameters for compact binaries, while in section 9.1.2 we discuss the
Fisher information matrix formalism. Section 9.2 describes software tools for compact binary
coalescence (CBC) sources: in particular, the sky location-polarisation-inclination averaged
signal-to-noise ratio (SNR) is discussed in section 9.2.1, Fisher matrix pipelines are presented
in section 9.2.2, improvements of Fisher baseline models are discussed in section 9.2.3, and
tools for performing inference at the level of astrophysical populations in section 9.2.4. In
section 9.3 we have gathered FOMs related to pattern functions and Earth rotation in sec-
tion 9.3.1, the relation between the distance reach (horizon) and SNR in section 9.3.2, sky
localisation and distance performance in section 9.3.3, and the inference of intrinsic parame-
ters in section 9.3.4. In section 9.4 we review the conceptual aspects and the implementation
of a Fisher information code for black hole ringdown spectroscopy.

Section 9.5 is devoted to GW stochastic background searches. General definitions for
the characterization of stochastic backgrounds are collected in section 9.5.1. In section 9.5.2
we discuss the power-law sensitivity curve and we present the tools for computing it for
different ET configurations. The methodology and tools for the subtraction of astrophysical
backgrounds in the search for cosmological backgroud are discussed in section 9.5.3.

Section 9.6 describes a package for the use of the null stream in the triangle configuration.
Section 9.7 contains the conclusions, and is followed by the Executive summary.

9.1 Basic formalism

9.1.1 Detection and parameter estimation of resolved signals

In this subsection we summarize the basic concepts behind the detectability and the param-
eter estimation of resolved GW signals, providing a minimal and self-consistent discussion
of the methods used by the software tools discussed in the rest of the section. We refer the
reader to [523, 4574] for exhaustive treatments on the waveform models and on the data
analysis approaches currently used to infer the source properties from GW observations.

9.1.1.1 Matched filtering. In the presence of a GW signal h(t), the output of a detector,
s(t), can be written as

s(t) = n(t) + h(t) , (9.1)

where n(t) denotes the detector’s noise, which we assume here to be Gaussian, stationary,
and with zero mean. The statistical properties of the noise are then summarized by the

– 456 –



one-sided power spectral density (PSD), defined as

⟨ñ∗(f) ñ(f ′)⟩ =
1

2
δ(f − f ′)Sn(f) , (9.2)

where a tilde denotes Fourier transform from time to frequency domain.

Partial knowledge of the form of the signal and of the noise properties allows in general
to detect h(t) even if its amplitude is smaller than n(t). To assess the signal detectability it
is useful to introduce a filter function K(t), and to define the signal-to-noise ratio (SNR) for
s(t) as the ratio among the expectation value of the filtered detector output ŝ =

∫
dt s(t)K(t)

when a signal is present,

S = ⟨ŝ(t)⟩ =

∫ ∞

−∞
dt h(t)K(t) =

∫ ∞

−∞
df h̃(f) K̃∗(f) , (9.3)

and the root mean square of the filtered output in absence of signal:

N2 = ⟨ŝ2(t)⟩h=0 =
1

2

∫ ∞

−∞
df Sn(f)|K̃(f)|2 . (9.4)

The optimal filter, or matched filter, is then defined as the one which maximizes SNR = S/N
for a given h(t). This can be obtained by defining the scalar product on the waveform space,

(g |h) = 4 Re

∫ ∞

0
df
g̃∗(f) h̃(f)

Sn(f)
, (9.5)

such that
S

N
=

(u|h)

(u|u)1/2
, (9.6)

where u(t) is a function whose Fourier transform is given by

ũ(f) =
1

2
Sn(f)K̃(f) . (9.7)

The maximum is then found choosing K̃(f) = const × h̃(f)/Sn(f), which defines the optimal
matched filter. By substituting this expression in eq. (9.6) we obtain the expression for the
optimal SNR,

SNR = (h |h)1/2 = 4

∫ ∞

0
df

|h̃(f)|2
Sn(f)

. (9.8)

When forecasting the capabilities of a given GW detector it is customary to use eq. (9.8) as
a FOM to assess the detectability of source. A source is considered detectable if its optimal
SNR exceeds a certain detection threshold.

9.1.1.2 Parameter estimation. Once the presence of a signal in a segment of the datas-
tream has been assessed, the next step is the reconstruction of the source parameters θ. We
adopt a Bayesian perspective, where the information on θ is fully encoded in the posterior
distribution p(θ|s), which can be expressed as

p(θ|s) =
L(s|θ)π(θ)

Z(s)
, (9.9)
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where L(s|θ) represents the likelihood function of θ given the data, π(θ) is the prior distri-
bution on the parameters, and the normalization Z(s) corresponds to the evidence

Z(s) =

∫
dθL(s|θ)π(θ) . (9.10)

The prior can include physically motivated bounds (e.g. positive masses and distances) and
all pre-existing information on the source parameters. For CBCs, for example, a common
choice for the luminosity distance is given by assuming a uniform prior in the coming volume,
to take into account the effect of the Universe expansion at larger distances.

The likelihood function L(s|θ) depends on the statistical properties of the noise and
on the specific class of sources targeted. For resolved sources, and from the assumption of
stationarity and gaussianity of the noise (9.2), the probability of having a specific realization
of the noise n in the frequency domain is given by

p(n) ∝ exp

{
−1

2

∫
df

|ñ(f)|2
Sn(f)

}
= exp

{
−1

2
(n|n)

}
. (9.11)

This can be re-expressed in terms of the data s and of a waveform model for the signal h(θ)
as

L(s|θ) ∝ exp
{
− 1

2
(s− h(θ)|s− h(θ))

}
. (9.12)

9.1.1.3 Detector response. The function h(θ) in eq. (9.12) describes the GW detector
response to an incoming signal. Such response is not uniform, and depends on the geometry
of the instrument, and on the source position in the sky. In order to discuss specifically
the detector response, in this section we will explicitly introduce another set of parameters,
denoted by θp, characterising the detector shape and position. We will also explicitly write
the time dependence of the strain. In summary, we will use the notation h = h(t,θ,θp). For
a GW source with polarization amplitudes h+,×, the strain h can be decomposed as

h(t,θ,θp) = h+(t,θ)F+(t,θ,θp) + h×(t,θ)F×(t,θ,θp) . (9.13)

where F+,×(t,θ,θp) are the so-called antenna pattern functions, that allow to project the
two polarizations of a GW signal h+,×(t,θ) onto the arms of a detector on Earth [4575].
The parameters that determine the detector’s position are θp = {λ, φ, γ, ζ}, with λ and
φ the detector’s latitude and longitude, γ the angle formed by the arms bisector and East,
and ζ the angle between the detector’s arms (e.g. 90◦ for an L-shaped detector and 60◦

for a component of a triangular detector). Intuitively, this projection can be seen as the
composition of three rotations [4576]: one from the source’s frame to a geocentric frame, a
second from the geocentric frame to a frame centered on the detector on Earth’s surface,
and a final rotation from this frame to the detector’s proper coordinates. Denoting by ϕ and
θ, respectively, the right ascension and declination of the source sky position, the antenna
pattern functions can be explicitly recast in the form

F+(t, θ, ϕ, ψ,θp) = sin ζ
[
a(t, θ, ϕ,θp) cos 2ψ + b(t, θ, ϕ,θp) sin 2ψ

]
,

F×(t, θ, ϕ, ψ,θp) = sin ζ
[
b(t, θ, ϕ,θp) cos 2ψ − a(t, θ, ϕ,θp) sin 2ψ

]
,

(9.14)
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with

a(t, θ, ϕ,θp) =
1

16
sin 2γ(3 − cos 2λ)(3 + cos 2θ) cos [2(ϕ− φ− 2πf⊕t)]

− 1

4
cos 2γ sinλ(3 + cos 2θ) sin [2(ϕ− φ− 2πf⊕t)]

+
1

4
sin 2γ sin 2λ sin 2θ cos (ϕ− φ− 2πf⊕t)

− 1

2
cos 2γ cosλ sin 2θ sin (ϕ− φ− 2πf⊕t)

+
3

4
sin 2γ cos2 λ sin2 θ ,

b(t, θ, ϕ,θp) = cos 2γ sinλ cos θ cos [2(ϕ− φ− 2πf⊕t)]

+
1

4
sin 2γ(3 − cos 2λ) cos θ sin [2(ϕ− φ− 2πf⊕t)]

+ cos 2γ cosλ sin θ cos (ϕ− φ− 2πf⊕t)

+
1

2
sin 2γ sin 2λ sin θ sin (ϕ− φ− 2πf⊕t) ,

(9.15)

where f⊕ ≃ 1 day−1 is the Earth’s rotational frequency. The pattern functions for the three
ET configurations considered in this section at a specific time will be shown in section 9.3.1
below.63

We expect the signal modulation due to the Earth’s motion to be negligible for the
short-lived signals detected by 2G interferometers. This is not the case for 3G detectors,
which could observe signals from light binaries up to ∼ 1 day.

The explicit dependence on t in eq. (9.14) introduces three effects [4577, 4578]: (i)
an amplitude modulation due to the time evolution of the pattern functions, (ii) a phase
modulation due to the different time dependence in F+,×, (iii) a Doppler shift given by the
relative motion between the source and the detector.64

9.1.1.4 Signals from compact binaries. Until now we have made no explicit assumption
on the specific form of the signal. We now focus on parameter estimation for CBCs. For
binary black holes with masses m1 and m2 (we take m1 > m2) on circular orbits, the GW
signal depends on 15 parameters [523]

θ = {Mc, η, dL, RA, dec, ι, ψ, tc, Φc, χ1, χ2} , (9.16)

where Mc and η are the detector-frame chirp mass and symmetric mass ratio,65, dL is
the luminosity distance from the detector, RA and dec are the sky position coordinates, ι
denotes the inclination angle of the binary orbital angular momentum with respect to the
line of sight,66 ψ is the polarization angle, (tc,Φc) are the time and phase of coalescence, and

63These are obtained by summing in quadrature the contribution for each detector in a given configuration
and then extracting the square root, as for the SNR.

64A similar correction arises for the amplitude, although its is expected to be negligible given that f⊕ is
much smaller than the frequencies relevant for ground-based detectors.

65Alternative parameterizations for the mass variables are given in terms of the individual component masses
m1,2 or of Mc and the mass ratio q = m2/m1.

66Instead of ι one could use the inclination of the total angular momentum with respect to the line of sight,
θJN , which coincides with ι in the non-precessing case.
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χ1,2 denote the three-dimensional spin vectors of the two black holes.67 Note that the spins
contribute, at the leading order, with the mass-weighted effective parameter [4185, 4579]

χeff =
m1 χ1,z + m2 χ2,z

m1 + m2
, (9.17)

where z conventionally denotes the direction of the binary orbital angular momentum. For
coalescing binaries on eccentric orbits, the set of parameters (9.16) is complemented by two
extra quantities, the eccentricity e and the mean anomaly ζM . If e≪ 1 the vector θ includes
only one new parameter, given by e0 at some reference frequency fe0 .

For binary systems in which at least one of the objects is a neutron star, we need to
include finite size effects due to the star internal composition. The dominant contribution68

is provided by the tidal parameters which encode the stellar deformability properties. In the
case of a double neutron star system, the tidal deformability Λ1,2 enter the waveform with
the following contribution [1144]:

Λ̃ =
8

13

[
(1 + 7η − 31η2)(Λ1 + Λ2) +

√
1 − 4η(1 + 9η − 11η2)(Λ1 − Λ2)

]

δΛ̃ =
1

2

[
√

1 − 4η

(
1 − 13272

1319
η +

8944

1319
η2
)

(Λ1 + Λ2)

+

(
1 − 15910

1319
η +

32850

1319
η2 +

3380

1319
η3
)

(Λ1 − Λ2)

]
.

(9.18)

We next turn to the detector response to CBC signals. As discussed in section 9.1.1.3, the
antenna pattern functions depend on the relative orientation between the instruments and
the source, which evolve in time due to the Earth’s rotation. This effect is not negligible for
long–lasting signals, which are expected at ET. For those signals, however, the amplitude
variation during a GW cycle is much slower than the corresponding change in the phase,
which makes it possible to resort to the Stationary Phase Approximation (SPA) to compute
the waveform in the frequency domain. As discussed in [1098], the SPA can be carried out
similarly to the case of time-independent pattern functions [523]. The stationary point t∗(f)
is determined by the condition 2πf = Φ̇(t∗), being Φ̇ the derivative of the time-domain
GW phase Φ, which in the time-dependent case inherits a dependence on the frequency. In
particular, for CBC signals at lowest Post-Newtonian order we have

t∗(f) = tc −
5

256

(
GMc

c3

)−5/3

(πf)−8/3
[
1 + O

(
(πfGMtot/c

3)2/3
)]

. (9.19)

We note that the SPA is applicable to signals from compact binaries and short transients,
but not for long-lived signals such as those expected from continuous wave sources.

67A commonly used parameterization is also given in terms of the individual spin magnitudes χ1,2, the tilt
angles of the spin vectors with respect to the binary orbital angular momentum at a reference frequency θ1,2,
the azimuthal angle between the total and orbital angular momentum ϕJL and the difference in azimuthal
angle between spin vectors ϕ1,2, all given at a reference frequency.

68Finite size effects are also encoded by the spin induced quadrupole moments [4580]. However such contri-
butions depend on the stellar spins which are expected to be small for NS at the end of the binary evolution.
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9.1.2 Fisher information matrix formalism

With the likelihood function encoding a model of the experiment, and a template for the
expected signal, we can reconstruct the posterior probability in eq. (9.9). This in general
achieved with techniques such as Markov Chain Monte Carlo or Nested Sampling [4574, 4581].
Indeed, an accurate reconstruction of the posterior is crucial for precision science when data
are available. Such techniques however share an high computational cost.

In the case of characterising a future experiment instead, the primary need can shift to
having a quick indicator of its parameter estimation capabilities without having to perform
actual injection recovery in simulated noise. The main reason is grounded in the computa-
tional cost of such procedure, which nowadays can require O(hours − days) for a single event,
whose analysis can furthermore require manual tuning, e.g. of the prior range and sampler
configuration. For instance, in the context of the study of an experiment such as ET, the
recent activities of the Observational Science Board [16] have considered a total of 6 × 2
configurations for 2 populations of compact objects of order O(105) detected sources each,
plus their combinations with Cosmic Explorer. Assuming an optimistic average computation
time of 3 hours per source, this would have required ∼ 150000 days of computing time for
each population. In order to reduce the total time to O(days − months), one has to be able
to forecast the parameter estimation (PE) for a single event in O(1 − 10) s. Currently, this
is not yet achievable with full Bayesian analysis software on such large catalogs. Besides
issues in computing time, the modeling of the signal is also in some cases still under active
investigation. In particular, including in Bayesian analyses software the effect the rotation
of the Earth on long signals while keeping the computational cost under control is not fully
achieved at the present, especially for large catalogs of events (but see [4582–4584] for recent
progress).

All the above considerations motivate the adoption of approximations that make the
computation for each single event feasible, as explained, in O(1−10) s. A standard approach
is that of the Fisher information matrix (FIM) approximation, that we recall here in the
context of GW parameter estimation. We refer the interested reader to [1195, 1610] for
exhaustive treatments. We assume that both the true signal h determining the data s as
in 9.1, and the waveform model h(θ) that appears in the likelihood in eq. (9.12), are obtained
from the same waveform approximant, so h = h(θ0) for some set of true parameters θ0. The
FIM aproximation consists in considering an expansion of the template around the true
values and retaining only the first derivatives, i.e. h(θ) ≈ h+ ∂ih(θi − θi0). This is known as
linearized signal approximation (LSA), and it can be shown to be equivalent to the high-SNR
limit [1195]. This means in particular that the approximation is valid for events at large SNR,
which usually drive a significant part of the scientific output of the experiment [16].

Omitting noise-dependent factors, the likelihood in eq. (9.12) can be written in the LSA
as

−2 logL(s |θ) ∝∼ (∂ih | ∂jh)(θi − θi0)(θ
j − θj0) , (9.20)

i.e. as a multivariate Gaussian distribution with covariance given by the inverse of the FIM

Cov−1
ij = Γij ≡ (∂ih | ∂jh) = − ⟨∂i∂j logL(s |θ)⟩

∣∣∣∣
θ=θ0

, (9.21)

where ⟨ . . . ⟩ denotes an average over noise realizations with fixed parameters. In particular,
eq. (9.21) shows that one can obtain forecasts for the covariance of the parameters by com-
puting derivatives of the signal around the injected values of the parameters, i.e. without
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the need of a full injection recovery with simulated noise, which makes the process faster and
parallelizable.

It is useful to recall that the result of eq. (9.21) has different complementary interpre-
tations [1195]. In particular, the inverse of the FIM can be seen as:

• the covariance (over noise realizations) of the frequentist maximum likelihood estimator;

• the covariance of the Bayesian posterior probability for θ0 given one observation of s
(assuming flat priors on each parameter);

• the lower limit for the covariance of any unbiased estimator of θ0 under repeated data re-
alisations (Cramer-Rao bound). Importantly, this does not trivially bound the variance
of Bayesian posterior, so the Fisher forecasts should not be expected to be necessarily
more precise than any forecast obtained from a full Bayesian simulation [4585].

Finally, we comment about the use of priors when adopting the Bayesian perspective.
Within the FIM framework it is possible to implement straightforwardly only Gaussian priors
on the signal parameters, whose inverse variance can be added to the FIM diagonal elements
prior to inversion [1195]. While practical, this in general does not reflect the actual priors
employed in real PE scenarios. In particular, in the context of GW sources hard priors limiting
the parameters to the physical region of the domain are used, such as positive masses and
distance, and angles typically either in [0, π] or in [0, 2π]. To further improve the reliability
of the FIM approach, one possibility is to sample the multivariate Gaussian likelihood in
eq. (9.20), and include such physical priors on the parameters via rejection sampling [1195].
For details on such procedure, and practical implementations, see appendix C of [1098] and
[1196].

When resorting to approximations, a discussion of their validity is always important. As
already pointed out before, many conclusions driven on the performances for ET are based on
high-SNR events for which the LSA is valid. However, there can be specific cases where the
FIM fails to adequately approximate the GW likelihood independently on the SNR. This is the
case, for example, of ill-conditioned Fisher matrices, namely matrices where the condition
number, defined as the ratio between the largest and smallest eigenvalues, is larger than
machine precision [1195]. In this case, numerical instabilities in the inversion of the matrix
can lead to numerical errors up to 100%. More generally, even if the numerics could be kept
under control, a large condition number signals a potential breakdown of the validity of the
LSA over the whole likelihood surface, i.e. unreliable forecasts for the error [1195]. In general,
there is no clear and numerically quick criterion to assess the validity of the approximation
in those cases [1195, 4585]. Different software packages adopt different strategies to exclude
or regularize Fisher matrices with large condition numbers. We will describe them in the
next section and, in particular, in section 9.2.3, we will introduce recent advancements and
software tools conceived to go beyond such limitations.

9.2 Software tools for CBC sources

In this section we provide an overview of the main forecast tools for resolved sources. These
are publicly available and can be found in particular in the OSB division 9 GitLab repository
(see also table 9.1 below for each code’s repository).
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9.2.1 Sky location-polarisation-inclination averaged SNR

As shown in eq. (9.13), GW signals can be decomposed as a linear combination of the
two polarizations h+(t,θ) and h×(t,θ), projected in a detector through its unique antenna
pattern functions F+(t, θ, ϕ, ψ,θp) and F×(t, θ, ϕ, ψ,θp). From eq. (9.8), or equivalently from
figure 9.6 below, one can observe that the set of angles {θ, ϕ, ψ} affects the loudness of a
given GW source, i.e. its SNR. Following [4586], we can define a sky location-polarisation
averaged signal in the frequency domain as:

⟨|h̃(f)|2⟩ = ⟨F 2
+(t(f)) ⟩|h̃+(f)|2 + ⟨F 2

×(t(f)) ⟩|h̃×(f)|2

= R(f)
(
|h̃+(f)|2 + |h̃×(f)|2

)
,

(9.22)

where R(f) = ⟨F 2
+(t(f)) ⟩ = ⟨F 2

×(t(f)) ⟩. Angular brackets denote the sky location-polarisation
average given, for a quantity X, by

⟨X⟩ =
1

4π2

∫ π

0
dψ

∫ 2π

0
dϕ

∫ π

0
X sin θdθ . (9.23)

Assuming that the signal is short-lived in the detector’s band, we can drop the frequency
dependency from F+ and F×.

As an example, for a detector located at the North Pole (i.e. λ = π/2, φ = 0 and
γ = π/4) the antenna pattern functions in eq. (9.14) become

F+(θ, ϕ, ψ, ζ) = sin ζ

(
1

2
(1 + cos2 θ) cos 2ϕ cos 2ψ − cos θ sin 2ϕ sin 2ψ

)
,

F×(θ, ϕ, ψ, ζ) = sin ζ

(
1

2
(1 + cos2 θ) cos 2ϕ cos 2ψ + cos θ sin 2ϕ sin 2ψ

)
,

(9.24)

which in turn leads to the average values

R = ⟨F 2
+⟩ = ⟨F 2

×⟩

=
sin2 ζ

4π2

[
1

4

∫ π

0
cos2 2ψ dψ

∫ 2π

0
cos2 2ϕdϕ

∫ π

0
sin θ dθ

+
1

4

∫ π

0
cos2 2ψ dψ

∫ 2π

0
cos2 2ϕdϕ

∫ π

0
cos4 θ sin θ dθ

+
1

2

∫ π

0
cos2 2ψ dψ

∫ 2π

0
cos2 2ϕdϕ

∫ π

0
cos2 θ sin θ dθ

+

∫ π

0
sin2 2ψ dψ

∫ 2π

0
sin2 2ϕdϕ

∫ π

0
cos2 θ sin θ dθ

]

=
1

5
sin2 ζ . (9.25)

Therefore, in particular, R = 1/5 for an L-shaped detector (ζ = π/2), and R = 3/20 for
ζ = π/3 as is the case for the detectors nested in a triangle.

The angle average can be extended to the inclination angle ι; if higher order modes are
neglected, which we assume to be the case here, we have

⟨|h(f)|2⟩ = RA2(f)
1

2

∫ 1

−1

(
(1 + cos ι)2

4
+ cos2 ι

)
d cos ι =

4

5
RA2(f) , (9.26)

– 463 –



101 102 103

SNR

100

101

102

103

104

105
N

u
m

b
er

ET

〈SNR〉
SNR

101 102 103

SNR

CE

〈SNR〉
SNR

Figure 9.1: SNR distribution for ET in the triangular configuration (left) and CE (right)
considering a GW source with M1 = 36.9 M⊙, M2 = 29 M⊙ and located at z = 0.085
(dL = 402.4 Mpc), obtained by selecting a random sets of angles. The mean of the distribution
SNR approaches the average ⟨SNR⟩ as the size of the samples increases.

where A(f) is the amplitude of the signal. Plugging this results into eq. (9.8) we obtain the
SNR averaged over sky location, polarization and inclination, that we denote by ⟨SNR⟩. The
latter corresponds to the mean value of a distribution of SNR, obtained by randomizing over
all angles, as shown in figure 9.1.

A package to quickly compute the ⟨SNR⟩ of a binary system with a given source-frame
masses and redshift, for a custom number of detectors with specific noise curves, is available
at this link. The code uses as a waveform model for the signal obtained with the IMRPhenomA

template, which includes the inspiral, merger and ringdown phases of the coalescence [4586].
The tool also provides a graphic representation of the characteristic strains, together with
the cumulative ⟨SNR⟩ as a function of frequency, as shown in figure 9.2.

9.2.2 Fisher Matrix pipelines

As discussed in section 9.1.2, the Fisher matrix approximation allows us to forecast the
parameter estimation capabilities of a given detector network without the computational
expenses of a full Bayesian analysis.

To this scope, five different Fisher matrix pipelines were developed: GWBench [4587],
GWFast [1098, 2266] GWFish [256], TiDoFM [4588, 4589] and GWJulia [4590]. The first
four presented above are Python based, while the latter is developed in Julia. All codes but
TiDoFM work with frequency domain waveforms. Finally, all codes include the effect of the
Earth rotation in the pattern functions. This is relevant for ET given the higher sensitivity
and broader frequency band accessible with respect to current–generation detectors, that will
allow signals to remain in band up to O(1) day. Codes in frequency domain use the SPA to
account for the time evolution of the antenna patterns, see eq. (9.19), while TiDoFM directly
encodes the time–dependent response in time domain.
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Figure 9.2: Left panel: Characteristic strain for a sky location-polarisation-inclination
averaged GW signal from a binary system composed of M1 = 36.9 M⊙, M2 = 29 M⊙ is
located at z = 0.085 (dL = 402.4 Mpc), compared against the sensitivity curves of three
different 3G detectors (CE sensitivities defined as in footnote 71 on page 467). Right panel:
cumulative ⟨SNR⟩ of the source as a function of frequency for the three detectors. Final
values of the SNR are listed in the legend.

These codes were developed independently and then cross-checked and validated in
different ways (see e.g. [16, 1098]) to ensure the reliability of their results.

In particular, from the computational point of view, the evaluation of a Fisher matrix
relies on the following building blocks [see eq. (9.21)]:

• Waveform approximants

• Derivatives

• Matrix inversion (to obtain the covariance matrix)

In the following, we will give a brief descritpion of each code, highlighting the different
implementations of the core functions. Finally we will discuss their comparison.

9.2.2.1 GWBench. GWBench [4587] uses two packages to compute the partial derivatives
of the frequency-domain waveform models necessary for the computation of the FIMs: the
package numdifftools enables numerical differentiation of any waveform model written using
numpy, such as all the frequency-domain waveform models from LALSimulation [4591] via
the SWIGLAL [4592] interface, and sympy for analytical differentiation. The latter requires the
waveform model to be written with sympy syntax such as the two TaylorF2 implementations,
with and without tidal corrections, within the GWBench package. To improve the accuracy
and speed when using the numerical differentiation option, GWBench further allows the user to
use analytical derivative expressions for the following six waveform parameters: luminosity
distance dL, time tc and phase ϕc of coalescence, right ascension RA, declination DEC,
polarization angle ψ. The inversion of the FIMs is handled through the mpmath package
at an arbitrary decimal precision which is dynamically adjusted according to the condition
number of the FIM.

– 465 –



9.2.2.2 GWFast. GWFast [1098, 2266] features several state-of-the-art frequency-domain
waveform models written in pure Python and cross-checked against their C implementation in
the LIGO Algorithm Library LAL [1098], namely TaylorF2 (both with its tidal and mildly ec-
centric extensions), IMRPhenomD and IMRPhenomHM (suitable for BBH systems, with the latter
including the contribution of higher order harmonics in the signal), IMRPhenomD NRTidalv2

(suitable for BNS systems), and IMRPhenomNSBH (suitable for NSBH systems)[2266].69 The
code also incorporates a wrapper to use the waveform approximants implemented in LAL, as
well as the TEOBResumSPA model. When using pure Python waveforms, the code can handle
multiple events at a time even on a single CPU (on top of the possibility to parallelize the
calculations over multiple cores) and the derivatives can be computed using the automatic
differentiation [4593] routines implemented in the JAX package [4594]. This allows the code
to be particularly efficient when running on large catalogs of events, and to get machine-
precision estimates of the derivatives, avoiding issues that may arise using finite-differences
techniques. On top of this, in order to further gain in speed and accuracy, the derivatives
with respect to the luminosity distance dL, sky position angles θ and ϕ, polarization an-
gle ψ, coalescence time tc, coalescence phase Φc and inclination angle ι (the latter only in
the non-precessing case and when using waveforms containing the fundamental (2,2) mode)
are computed analytically. If using LAL waveforms, derivatives are computed through the
finite-differences-based package numdifftools. The inversion of the FIMs is handled through
normalization of the eigenvalues, and the use of the mpmath package, developed for precision
arithmetic computation, allowing to partly mitigate issues related to the ill-conditioning of
some matrices. It can be performed through Cholesky, Lower-Upper, and Singular Values
decompositions, with the Cholesky decomposition being the most stable and default option.
The recommended criterion for a stable matrix inversion is ensuring that the inversion error
should be larger than 0.05 [1098].

9.2.2.3 GWFish. GWFish is a frequency-domain detector network simulation software
[256]. It accurately models the response of terrestrial, space-based, and lunar GW detectors,
which includes the slow variations in the detector response due to the detector motion and
working beyond the long-wavelength approximation. Waveform approximants can be taken
from LALSimulation [4591] or be based on numerical data. Networks can consist of mixed
detector types, and GWFish puts particular attention to the numerical problems emerging
when simulating a network in a common coordinate system with widely separated detectors.
This makes GWFish suitable for the simulation of multiband observations. The waveforms
can be given in time domain or frequency domain. An important technical choice is that
GWFish allows the user to work with ill-conditioned Fisher matrices by projecting on a
suitable parameter subspace before inversion of the matrix. This accounts for the fact that
ill-conditioned Fisher matrices still contain accurate information about estimation errors for
the majority of the parameters, and that ill-conditioning is an artifact of the Fisher-matrix
approach irrelevant to the full Bayesian analyses where non-Gaussian likelihoods and prior
distributions naturally cure the problem. GWFish implements a module to sample from a
Gaussian likelihood with priors, which provides more realistic error estimates whenever priors
are important [1196].

9.2.2.4 TiDoFM. TiDoFM [4588, 4589] performs all calculations in time domain. This
naturally allows one to track the evolution of the errors on source parameters of a GW

69See github.com/CosmoStatGW/WF4Py for the open-source python implementation of those waveforms.
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event. This feature makes TiDoFM particularly useful for evaluating the prospect for early
warning alerts. GWs from BNSs may last up to days before the merger. Such lengthy
time-domain signals require excessive storage space and operational memory for subsequent
computations. To enhance computational efficiency, the time-domain signals are segmented.
By default, each segment lasts for 100 seconds (adjustable), wherein we compute the signal-
to-noise ratio, antenna pattern, and FM for each segment separately.

9.2.2.5 GWJulia. GWJulia is the only code written in Julia. It is completely self con-
tained, and does not rely on external libraries, increasing its computational speed. As an
example, to calculate the Fisher matrix for an event with the most demanding waveform
implemented yet (i.e., IMRPhenomXHM, which includes higher order harmonics) the code takes
less than a second for a network of three interferometers. This allows to evaluate the cat-
alog of 1 year of observations in less than two hours (considering 8 CPUs), making feasible
to analyze 3G detector catalogs on a laptop. The code employs automatic differentiation
to perform derivatives in a fast and reliable way, which are based on the Julia package
ForwardDiff [4595]. This is possible thanks to the use of state-of-the-art frequency-domain
waveform models written entirely in Julia. The code supports IMRPhenomXHM, IMRPhenomD
and IMRPhenomHM for BBH (i.e., no tidal deformation allowed), IMRPhenomD NRTidalv2 for
BNS and IMRPhenomNSBH for NSBH. Moreover, the code can perform a full pipeline analysis,
including the generation of a catalog of events. At any point it is possible to save the results
and continue the analysis using other programming languages such as Python. To invert the
Fisher matrix the Cholesky decomposition is used.

9.2.2.6 Summary and comparison of software tools The key features of the five
Fisher matrix tools presented above are summarized in table 9.1. We have performed a
further comparison among the code performances besides those discussed in [16, 1098]. To
this purpose, we have chosen 9 BNS signals, reported in table 9.2, for which we compare the
SNRs and errors obtained with the different codes. The test is performed using the TaylorF2
waveform approximant70 with a triangular-shaped ET located in Sardinia, and two Cosmic
Explorers located at Hanford and Livingston (see table 1 of [3640] for the details of detectors
characteristics). The sensitivity curves are et d.txt for ET, ce1.txt for CE located at
Hanford and ce2.txt for CE located at Livingston.71

Table 9.3 contains the SNRs. The result show an excellent agreement between the five
pipelines. Table 9.4 contains the errors obtained from the Fisher matrix. In particular, we
choose to display errors on the most relevant parameters for the metrics that will be con-
sidered in the rest of the section to compare detector performances, namely detector–frame
chirp mass, symmetric mass ratio, luminosity distance, sky localization and spin component
of the primary object along the angular momentum. Despite the difference in implementa-
tion, differentiation technique, and programming language, we find excellent agreement for
extrinsic parameters, and very good agreement for intrinsic parameters (in which case the
different differentiation strategies and waveform implementations play a larger role).

9.2.3 Improvements of Fisher baseline models

As already noticed, in some cases the Fisher Matrix formalism does not provide a good
approximation of the likelihood.

70The code TiDoFM, being in time domain, uses instead the TaylorT3 waveform model.
71The sensitivity curves are public and can be downloaded from this link.
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GWBench GWFast GWFish TiDoFM GWJulia

link GWBench CosmoStatGW/gwfast GWFish TiDoFM GWJulia
domain Frequency Frequency Frequency Time Frequency

language Python Python Python Python Julia

waveforms LALSimulation self+LALSimulation LALSimulation+num. Pycbc self
derivatives an.+fd. an.+AD or +fd. an.+fd. num. AD
inversion mpmath Cho.,LU,SVD+mpmath SVD Cho.
reference [4587] [2266] [256] [4588, 4589] [4590]

Table 9.1: Summary of main characteristics of the five Fisher matrix codes. Abbreviations
used are: an. for analitical, fd. for finite differences method, num. for numerical, AD for
automatic differentiation, Cho. for Cholesky. See text for other pipeline–specific features.

η
dec RA ι
[rad] [rad] [rad]

1 0.24900 π/4 π/4 π/4
2 0.24900 π/4 0 π/4
3 0.24900 π/4 π/2 π/4
4 0.24900 π/2 π/4 π/4
5 0.24900 0 π/4 π/4
6 0.24900 π/4 π/4 0
7 0.24900 π/4 π/4 π/2
8 0.24999 π/4 π/4 π/4
9 0.25000 π/4 π/4 π/4

Table 9.2: Source parameters for the 9 simulated signals used to test the agreement between
the five codes presented in this section. The parameters not reported in the table are kept
fixed in all cases to the following values: Mc,det = 1.15M⊙, dL = 0.1 Gpc, tc = 0.290958,
ψ = π/4 rad, Φc = π/4 rad, χ1,z = 0.01, χ2,z = 0.005.

SNR ×10−2

GWBench GWFast GWFish TiDoFM GWJulia

1 9.4 9.4 9.4 9.8 9.4
2 10 10 10 9.1 10
3 8.0 7.9 7.9 7.9 7.9
4 7.4 7.3 7.3 6.7 7.3
5 7.3 7.2 7.2 8.7 7.2
6 13 13 13 14 13
7 2.1 2.1 2.1 3.6 2.1
8 9.4 9.4 9.4 9.8 9.4
9 9.4 9.4 9.4 9.8 9.4

Table 9.3: Comparison of SNR calculation by the five codes for the signals of table 9.2.
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Uncertainties

GWBench GWFast GWFish TiDoFM GWJulia

Detector–frame chirp mass (1σ relative error ×107)

1 5.6 6.2 6.9 5.9 6.2
2 5.5 6.0 6.6 5.9 5.9
3 1.4 6.9 7.7 6.8 6.9
5 7.1 7.7 8.5 7.2 7.7
7 16 19 21 18 19

Symmetric mass ratio (1σ error ×104)

1 2.4 2.7 2.6 2.6 2.3
2 2.4 2.6 2.5 2.5 2.6
3 2.5 2.9 2.8 2.8 2.9
5 3.1 3.3 3.2 3.1 3.3
7 7.3 8.7 8.4 8.4 8.7

Luminosity distance (1σ relative error ×102)

1 1.04 1.1 1.1 1.05 1.1
2 1.6 1.8 1.8 1.7 1.8
3 0.73 0.73 0.73 0.67 0.73
5 1.5 1.5 1.5 1.4 1.5
7 0.53 0.53 0.53 0.45 0.53

90% sky localization ×103 [deg2]

1 4.9 4.9 4.7 4.05 5.0
2 6.5 6.9 6.4 5.8 7.0
3 6.5 6.4 6.3 5.1 6.4
5 20 26 18 17 26
7 215 168 161 117 169

Primary spin, aligned component (1 σ error)

1 0.10 0.11 0.11 - 0.11
2 0.10 0.11 0.10 - 0.11
3 0.11 0.12 0.12 - 0.13
5 0.13 0.15 0.14 - 0.15
7 0.34 0.41 0.39 - 0.42

Table 9.4: Comparison of marginal 1σ relative error calculation by the five codes for the
signals of table 9.2 for the most representative parameters of the metrics considered in this
section. We exclude events 4 and 6 as they have a singular Fisher matrix, and events 8 and
9 as they do not significantly differ from the others. In the last block, forecasts for spin are
not shown for TiDoFM as this code does not include their effects.

In particular, this happens for ill-conditioned Fisher matrices. While in many science
cases these events are only a subset of the total and can be discarded without altering the
results, there can be specific situations where this is not the case.

A relevant example comes from GW cosmology, for which the distance estimates is
essential. For low inclination angles of the binary’s angular momentum with respect to the
line of sight, distance and inclination become degenerate, which leads to ill-conditioned Fisher
matrices (see [1098] for a thorough discussion). On the other hand, events at low inclination
are the most relevant for the possible joint detection of a coincident gamma–ray burst which
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can lead to the determination of the redshift. Hence, dealing accurately with this case is
relevant for standard siren cosmology [1197, 4596, 4597].

In this section, we describe some approaches and software tools aimed at improving the
reliability of Fisher–matrix based forecasts and address the issue of ill-conditioned matrices.

GWDALI. The code GWDALI provides a Fisher Matrix formalism in which the likelihood
function is expanded beyond first order [4598],72 and implements the Derivative Approxima-
tion for LIkelihoods (DALI) [4599] in the GW context [4600]. The method involves exploring
high-order terms in the likelihood expansion, organizing them based on the order of deriva-
tives. This ensures that the likelihood remains positive definite and normalizable. This
expansion, up to the third order of derivatives (evaluated at the true parameters {θi0}), is
given by:

logL ≈−
[

1

2
(∂ih|∂jh)0∆θ

i∆θj
]

−
[

1

2
(∂ih|∂j∂kh)0∆θ

ijk +
1

8
(∂i∂jh|∂k∂lh)0∆θ

ijkl

]

−
[

1

6
(∂ih|∂j∂k∂lh)0∆θ

ijkl +
1

12
(∂i∂jh|∂k∂l∂mh)0∆θ

ijklm

+
1

72
(∂i∂j∂kh|∂l∂m∂nh)0∆θ

ijklmn

]
,

(9.27)

where ∆θi ≡ θi − θi0 is the displacement of some parameter θi from the true parameter
θi0. The tensors ∆θij...n are defined by displacements products as ∆θij...n = ∆θi∆θj . . .∆θn.
The first term of the expansion is just the Fisher term. The expansion up the second term
(second square brackets) is called Doublet and the expansion up to the third term (third
square brackets) is called Triplet. After computing the derivatives entering in eq. (9.27)
with finite differences techniques, GWDALI extracts samples from the likelihood (9.27) with
standard stochastic samplers, from which the uncertainties can be extracted.

GWDALI allow users to set any detector coordinates, orientations, sensitivities, shapes
(opening angle of interferometer arms) as well as waveform approximants (available from
LALSimulation), priors, likelihood (exact, Fisher or DALI) and sampler method (available
from Bilby library). As an example, figure 9.3 shows the relative uncertainty on the distance
dL versus inclination ι obtained with GWFish (blue) against the ones obtained with GWDALI
Fisher (magenta) and Triplet (green) estimators. For inclinations close to 0 or 180◦, the
Fisher forecasts become unrealistically large, differently from the GWDALI prediction. For
comparison, the red points represent the scaling ∆dL/dL ≈ 1/SNR, which is expected from
the Fisher matrix when all other waveform parameters are perfectly known. The sampling
result obtained using the exact likelihood is shown in black. Note that the implementation
of prior distributions greatly improves the parameter-estimation errors even in the Gaussian
likelihood approximation as was recently assessed in a comparison of GWFish with GWTC-3
results [1196].

Sampling with prior-informed Fisher approximants. Standard Fisher analysis assumes the
parameters’ priors to be flat and uninformative. This choice is well motivated for high SNR
events, for which the Fisher approximation is reliable, since in this case the likelihood func-
tion is expected to be sharply peaked so that prior choices become irrelevant. However, even

72github.com/jmsdsouzaPhD/GWDALI/
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Figure 9.3: Relative uncertainty of dL as a function of the inclination ι for binary neutron
stars (BNSs) with total mass Mtot = 3M⊙. Both dL and ι are treated as free parameters.
Results are obtained using exact likelihood via nested sampling (black), and GWDALI with
Fisher (magenta) and Triplet (green) estimators. These are compared to GWFISH (blue)
and to the lower limit predicted by the Fisher matrix when only dL is a free parameter,
leading to ∆dL/dL ≈ 1/SNR (red points). Figure adapted from [4598].

in this case, correlations among parameters can widen the likelihood beyond the physical
range of certain parameters, independently of the SNR value. This is the case for angular
parameters, whose range is limited, and for the luminosity distance and masses which are
bound to be positive. The inclusion of priors becomes then necessary to restrict the posterior
within the physical range of parameters. Hard priors can be included in Fisher analyses via
rejection sampling from the approximate multivariate likelihood given in eq. (9.20) [1195].
An implementation and a discussion of the role of priors imposed via rejection sampling
can be found in [1098], which leverages on GWFast and samples from the LSA likelihood
with an algorithm that avoids the inversion of the Fisher matrix, thus also improving the
numerical reliability. We refer to table I of [1098] for the default prior choices in GWFast.
The Fisher matrix package GWFish was recently supplemented by a module which returns
the prior-informed posteriors [1196]. The algorithm - based on importance sampling - is
computationally efficient, requiring less than twice the computational time with respect to a
Fisher analysis alone. In particular, a truncated version of the likelihood function is sampled
with an algorithm developed in ref. [4601], which allows avoiding regions with vanishing like-
lihood. The prior-improved Fisher results were compared to the result of the full Bayesian
analysis for the GW events observed in the first three observing runs of the LVK collabo-
ration [5, 64, 3678], showing that priors play an important role for improving the reliability
of Fisher matrix forecasts for moderate and low–SNR events [1196]. We refer to table II
of [1196] for the default prior choices in GWFish.

– 471 –



Hybrid exact–Fisher likelihood. Another possibility to cure singularities in the FIM is to
avoid any approximation in some specific directions in the parameter space. This is possible
in particular for parameters that determine the amplitude of the GW signal. This is the case
for the aforementioned degeneracy between distance and inclination. In this case, a hybrid
approach can be used. This was introduced in [1197] which we follow for the rest of the
discussion. The strategy consists in dividing the parameters θ into a subset θ̄ for which the
LSA is used, and a subset β on which the dependence of L is kept exact. In this framework,
we have

h(θ̄,β) ≃ h̄(β) + δθ̄i hi(β) , h̄(β) ≡ h(β , θ̄0) ,

hi(β) ≡ ∂θ̄ih(β , θ̄)
∣∣
θ̄=θ̄0

, δθ̄i ≡ θ̄i − θ̄i0 ,
(9.28)

where the subscript 0 labels the true parameters of the event and, by introducing the notation
∆h(β) ≡ h̄(β)−h with h ≡ h(β0 , θ̄0), one obtains the following expression for the likelihood:

−2 logL(s|β , θ̄) ∝ (∆h(β)|∆h(β)) − 2δθ̄i(∆h(β)|hi(β)) + δθ̄iδθ̄jΓij(β) . (9.29)

In order to compute the likelihood terms that depend on β, especially Γij(β) and (∆h(β)|hi(β)),
one then needs to assume an explicit form of the signal.

We consider the case β = {dL, ι}, and we restrict to the fundamental mode of the GW
signal.73 We define the polarization–decomposed FIM elements as

Γabij ≡
(fa,i |f b,j)
d2L 0

, a, b ∈ {+, ×} , (9.30)

with fa,b given by

h(θ) =
c+(ι)

dL
f+(θ̄) + i

c×(ι)

dL
f×(θ̄) , c+(ι) =

1 + cos2 ι

2
, c×(ι) = cos ι . (9.31)

With these definitions, the likelihood can be written as

−2 logL(DGW|dL , ι , θ̄) ∝
(
dL 0

dL

)2
[
δ̃daLΓabdLdL δ̃d

b
L + (δ̃θ̄ai δ̃d

b
L + δ̃θ̄bi δ̃d

a
L)ΓabidL + δ̃θ̄ai Γabij δ̃θ̄

b
j

]
,

(9.32)
with

ΓabidL ≡
(fa,i |f b)
d3L 0

, ΓabdLdL ≡ (fa|f b)
d4L 0

,

δ̃θ̄+ ,×
i ≡ δθ̄i · c+ ,×(ι) ,

δ̃d+ ,×
L ≡ δdL · c+ ,×(ι0) − dL 0[c+ ,×(ι) − c+ ,×(ι0)] .

(9.33)

An example of the application of this approximant is shown in figure 9.4, where we plot
the posterior samples for a face-on BNS system with SNR ≃ 45 observed by a 2G detector
network consisting of LIGO, Virgo, KAGRA and LIGO India at design sensitivity.

The contours obtained by a full Bayesian PE with parallel bilby [257, 4602] are
reported in green. In blue we show the samples obtained by a simple FIM enhanced by

73Extending to higher–order harmonics is possible by repeating the procedure for each mode separately.
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Figure 9.4: Posterior samples for a face-on BNS systems with SNR∼ 45 at a LVKI O5
detector network obtained with: the standard FIM computed with GWFAST, with the addition
of priors – in particular, a prior on the inclination angle flat in cos ι, between -1 and 1
(blue); the extended hybrid likelihood approximant described in the text (orange); and a full
Bayesian parameter estimation performed with bilby.

the inclusion of priors, which fails to accurately reproduce the likelihood in the dL− ι plane.
The extended approximant (orange samples) instead is able to correctly capture the posterior
shape. In both cases a good agreement in the mass plane is found. It should also be noted that
the overall computational cost of this procedure is not much higher than the one of two FIMs,
plus the time to extract samples from the posterior, that can be made quick enough with a
smart initialization of the chains informed by the knowledge of the Fisher matrix. Indeed,
the most computationally expensive part is the evaluation of derivatives, which in this case
can however be reduced to the computation of those of the two polarizations separately.

The formalism developed here can be further extended to other parameters. The ex-
pression of the likelihood for β = {dL, ι, ψ} is given in appendix B of [1197], and further
work to include the sky–position parameters is ongoing.
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9.2.4 Inference at the population level

The Fisher matrix codes described in section 9.2 enable the estimation of the uncertainties
on the single-event parameters θ that characterize each detected compact binary system.
However, given the tremendous detection rate expected for ET, the main science driver for
astrophysics and cosmology is expected to be the study of the properties of the underlying
population from which individual events are drawn, rather than individual events on a one-
by-one basis. This is the goal of population studies in GW astronomy [7, 1645, 1646, 4603].

In this section we introduce the formalism and implementation of a forecast tool for
population studies, based on the Fisher matrix approximation. The underlying mathematical
framework has been developed in ref. [4604], where was first derived a Fisher matrix formalism
for the population problem. An open–source implementation tailored to 3G observatories was
then developed in ref. [4605] and is available as a module of the package GWFast [2266].74

From single-event to population-level inference. The properties of a population of sources
are described by a function ppop(θ|λ) encoding the probability for each source to have param-
eters θ, given hyperparameters λ describing the population. The latter can be, for example,
the spectral index of the mass distribution, cutoffs for the minimun/maximum mass allowed
for compact objects, or the slope of the redshift distribution. All these are related to the
processes governing the formation and evolution of the binaries, therefore their knowledge
is of enormous importance for astrophysics. The goal of population studies is inferring the
hyperparameters λ by propagating the uncertainty on the single–event parameters and cor-
recting for selection effects, namely, the fact that not all sources are equally likely to be
observed (an effect also known as Malmquist bias).

The problem can be modeled as a inhomogeneous Poisson process in presence of selec-
tion bias. The likelihood for observing an ensemble of Ndet statistically independent, non
overlapping events drawn from the population model ppop(θ|λ), with data denoted by {s},
is given by [1131–1133]

L ({s}|λ) ∝ Pdet(λ)−Ndet

Ndet∏

k=1

∫
L(sk|θ) ppop(θ|λ) dθ , (9.34)

where L(sk|θ) is the single-event likelihood, see eq. (9.12). The quantity Pdet(λ), encoding
the effect of selection bias, is the fraction of detectable events in the Universe, defined as

Pdet(λ) =

∫
Pdet(θ) ppop(θ|λ) dθ ≤ 1 , (9.35)

where Pdet(θ) is the probability to observe a compact binary merger with parameters θ. Note
that eq. (9.34) assumes marginalization over the overall event rate R, with a scale-invariant
prior ∝ 1/R.

While codes are available to perform population analyses using hierarchical Bayesian
inference for current detectors [1073, 4606], their scaling to the amount of data expected at
3G observatories remains to date an open problem, both for the computational cost and –
perhaps more worrisome – for the need of computing the likelihood, and in particular the
selection bias, at a sufficient level of accuracy (see e.g. [4607]).

74https://github.com/CosmoStatGW/gwfast/tree/master/gwfast/population
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Fisher matrix approximation for population studies. Similarly to the case of single events,
the above considerations motivate the development of approximation schemes to deliver fore-
casts for 3G observatories. In particular, it is possible to write a “hyper-Fisher matrix”
approximating the likelihood (9.34). This relies on two steps of approximations [4604, 4605]:
(i) the linear signal approximation for the single-event likelihood L(s|θ), as in the standard
Fisher expansion, and (ii) the assumption of a large number of events, namely Ndet → ∞.
Following these assumptions, the hyper-Fisher matrix, denoted by Γλ, can be written as the
sum of five contributions, in the form75

Γλ,ij =
Ndet

Pdet(λ)

(
ΓI + ΓII + ΓIII + ΓIV + ΓV

)
ij
, (9.36)

where

ΓI,ij = −
∫
∂2ln[ppop(θ0|λ)p−1

det(λ)]

∂λi∂λj

∣∣∣∣∣
λ=λ0

pdet(θ0)ppop(θ0|λ0)dθ0 , (9.37)

ΓII,ij =
1

2

∫
∂2ln det(Γθ+H)

∂λi∂λj

∣∣∣∣∣
λ=λ0

pdet(θ0)ppop(θ0|λ0)dθ0 , (9.38)

ΓIII,ij = −1

2

∫
∂2
[
(Γθ+H)−1

kl

]

∂λi∂λj

∣∣∣∣∣
λ=λ0

Γθ,kl ppop(θ0|λ0)dθ0 , (9.39)

ΓIV,ij = −
∫
∂2
[
Pk(Γθ+H)−1

kl

]

∂λi∂λj

∣∣∣∣∣
λ=λ0

Dl ppop(θ0|λ0)dθ0 , (9.40)

ΓV,ij = −1

2

∫
∂2
[
Pk(Γθ+H)−1

kl Pl
]

∂λi∂λj

∣∣∣∣∣
λ=λ0

pdet(θ0)ppop(θ0|λ0)dθ0 . (9.41)

In the above equations, λ0 denotes the fiducial population hyperparameters, Γθ is the single-
event Fisher matrix defined in eq. (9.21), and we defined

Pi =
∂ ln ppop(θ|λ)

∂θi

∣∣∣∣
θ=θ0

, (9.42)

Hij = −∂
2 ln ppop(θ|λ)

∂θi∂θj

∣∣∣∣
θ=θ0

, (9.43)

Di =
∂Pdet(θ)

∂θi

∣∣∣∣
θ=θ0

=
∂Pdet

∂ρ

∂ρ

∂θi

∣∣∣∣
θ=θ0

. (9.44)

Note that, when the errors associated with individual events are small – as expected for 3G
observatories – the leading contribution to eq. (9.36) comes from the term ΓI. We refer the
reader to ref. [4604] for a detailed derivation of eqs. (9.37)–(9.41). Finally, we note that
corrections to eq. (9.36) scale with inverse powers of Ndet. It is therefore essential to assess
the validity of these assumptions for the specific scenarios under consideration.

75Note that in this notation the symbol Γλ indeed indicates the population Fisher matrix and not its single-
event contribution as in ref. [4604]. This means that the square root of the covariance matrix (Γ−1

λ )
1/2
ii directly

provide the uncertainties on λ for a catalog composed of Ndet events. See ref. [4605] for more details.
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Implementation. The Fisher formalism described above has been implemented as an ex-
tension of GWFast [4605]. Derivatives with respect to the hyperparameters λ are computed
using automatic differentiation via the jax library [4594]. The single-event Fisher matrices
are computed through GWFast. Equations (9.37)–(9.41) are then evaluated with re-weighted
Monte Carlo integration. Potential numerical instabilities in Γλ caused by large errors in
single-event Fisher matrices (e.g., from low-SNR sources or boundary effects), are regular-
ized by restricting Monte Carlo sums to the inner 95% quantile of the target distribution.
In order to further regularize the computation, ppop(θ|λ) = 0 is set for values below 10−12.
This prevents numerical instabilities when computing derivatives with respect to λ.

9.3 Metrics for CBCs

In this section we describe some key FOMs to assess the accuracy of ET observations in
constraining the properties of compact binary sources. The FOMs we present here provide
standard metrics for current ET configurations, and can be considered as a guideline to
determine how changes from the baseline models could affect the most relevant ET science
cases. The FOMs presenting number of events are obtained using an SNR detection threshold
of 12, unless otherwise specified. All FOMs discussed in this section can be produced with
the open–source tools described previously in this section.

The results are computed assuming the sensitivity curves shown in figure 9.5, which
take into account detectors with different arm-length, and the possibility of having ET in
the full configuration, in which each detector is made of a high-frequency (HF) and a low-
frequency (LF) interferometer, with the latter operating at cryogenic temperatures (curves
labeled “HFLF cryogenic” or simply “HFLF-cryo”), or else in a reduced configuration in
which only the HF interferometer is operative (labeled “HF only”). We refer the reader to
[16] for a detailed investigation on the relevance of such configurations for the ET science
goals, and to [4608, 4609] for studies of further detector network configurations.

We also stress that the ASDs shown in figure 9.5 always refer to a single L-shaped
detector. To obtain the sensitivity of ET in the triangle configuration one must take into
account that the triangle is made of three nested detectors (a detector being an LF and HF
interferometer pair), with an opening angle of 60◦. One must then project the GW tensor
of the incoming wave onto each of these three components [see e.g. eqs. (9)–(11) of [4576]
for explicit expressions], and combine the results at the level of the SNR and parameter
estimation. This procedure is automatically performed by all PE codes presented above; see
also section 9.1.1.3 for further discussion.

The results for BBHs and BNSs are obtained using the same catalogs as in [16] which,
for one year of observation, contain about 1.2× 105 BBHs and 7.2× 105 BNSs events,76 and
assuming an independent 85% duty cycle for each L-shaped detector, and in each of the three
detectors composing the triangle

9.3.1 Pattern functions and Earth rotation

As discussed in section 9.1.1.3, the response of a GW detector to an incoming signal depends
on the position of the source itself and on the detector geometry and location. A useful
visualization is provided by a skymap plot of the angular sensitivity of a given network. This
is computed as the sum in quadrature of the antenna pattern function of each interferometer

76These correspond to state-of-the art population models tuned to the O3 LVK data. The absence, to date,
of BNS candidates in the currently ongoing O4 run implies that the rate used for BNS is now toward the
upper range, rather than the mean value.
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Figure 9.5: Amplitude spectral densities (ASDs, single-sided) adopted for the FOMs dis-
cussed in this section. The left panel shows the sensitivity curves given by the High Frequency
and cryogenic Low-Frequency instrument, in a xylophone configuration. The right panel pro-
vides the sensitivity resulting from the High Frequency instrument only. We consider ET
with 10, 15 and 20 km arms, compared with the ASD of the 10 km ET-D. See [16] for further
details.

in the network. Figure 9.6 shows the angular sensitivity for three different ET configurations,
namely the triangular one (upper panel), a 2L configuration with misaligned detectors, i.e.
with a relative arm orientation of 45◦ (bottom left) and a 2L configuration with aligned
detectors (bottom right).77 In particular, the presence of “blind spots” with vanishing sensi-
tivity is evident for the latter configuration. We note that the angular sensitivity depends on
the relative orientation between source and detector, hence on the specific time of the day,
which is relevant for sources that remain in the detection band long enough. The explicit
time dependence is given in eqs. (9.14) and (9.15). Figure 9.6 assumes a fixed GPS time,
arbitrarily fixed to Sep. 12, 2030 at 17:19:15 UTC. Figure 9.7 shows the sensitivity 6 hours
later, displaying the different location of the most sensitive areas and of the blind spots.

9.3.2 Horizons and Signal to Noise Ratios

Horizon. An important performance indicator for a GW detector is its distance reach. Since
the SNR depends on several extrinsic and intrinsic parameters, the maximum distance out
to which a binary can be observed varies from source to source. It is customary to define a
FOM that relies on the most optimistic possibility for the extrinsic parameters while tracking
the dependence on the intrinsic ones. In particular, the one mostly affecting detectability
is the mass of the system. The metric used to quantity the distance reach is the detector
horizon, defined as the maximum redshift out of which a binary with optimal sky position
and orientation can be observed above a chosen SNR threshold, as a function of the total
mass. Equal mass, non–spinning binaries are also usually assumed. Figure 9.8 shows the
horizon plot for different configurations of the ET detector(s) studied in [16].

Inference horizon. It is important to underline that the concept of detector horizon is an
optimistic one. The reason is not only the ideal choice of the source’s position and inclination,
but more importantly the fact that the definition does not take into account the error on

77The relative angles, 45◦ for the misaligned configurartion and 0◦ for the aligned configuration, are defined
with respect to the great circle that connects the two detectors.
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Figure 9.6: Mollview plots for the angular sensitivity of different ET configurations, at
a fixed GPS time. The upper panel shows the antenna pattern functions for a triangular
detector, while lower plots refer to two L-shaped detectors in the misaligned (left) and aligned
(right) configurations (as defined in [16]). The figures can be reproduced using the notebook
available in the Div. 9 GitLab repository.

the reconstruction of the source parameters. In simple words, detecting a source at some
true (but unknown) redshift does not add scientific knowledge unless such detection happens
with a precision high enough to confidently state that the source is actually located at that
redshift. This is particularly relevant for sources at high redshift, which are primary targets
of ET inaccessible to current–generation detectors. Since the distance estimate degrades for
far away sources, assessing the interplay between true redshift and the best lower bound
attainable on it is essential for this specific science case. To this end, ref. [1103] introduced
the notion of an “inference horizon”, defined as the largest redshift one can possible put a
claim on for a given confidence level. This is shown in figure 9.9 as the dashed line for two
different ET configurations, choosing a C.L. of 90% as customary in GW astronomy, and
denoted by z90%. Importantly, the sources with best lower bound on the redshift are found
not to be those at the horizon. One can define another notion of horizon as the true value
of the redshift where the z90% is largest. This is shown as the dot–dashed line in figure 9.9
and denoted by zpeak. In particular, from figure 9.9 one can appreciate that, for systems
with total mass between ∼ [20, 100]M⊙, a 2L configuration might lead to a confident bound
of z ≳ 30, which is usually taken as a threshold for identifying the primordial origin of the
system. Such possibility seems not to be guaranteed by the triangular configuration.

Early warnings. An important aspect related to the detection of BNS systems is the possi-
bility of detecting the source prior to merger, in order to alert electromagnetic observatories
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Figure 9.7: As in figure 9.6, but with a time shift of 6 hrs.

for potential coincident detections. To study this possibility, it is useful to determine how
the SNR accumulates in time, as the frequency of the signal increases. In the two panels of
figure 9.10 we show the cumulative SNR as a function of the frequency, for a GW170817-like
event, with the top axis of each plot providing the time to merger in minutes. Color curves
refer to different ET configurations. The 2L-45◦ design with 20 km arm length yields the
largest SNR among the ET geometries considered, followed by the triangle configuration with
15 km arms. For this event, the presence of the LF instrument slighlty increases the final
value of the SNR. However, at lower frequencies the difference between the HFLF and HF
configurations becomes significant, with more than an order of magnitude improvement at
10 Hz. Of course, besides a sufficiently high SNR, an important aspect of early warnings is
the sky localization of the source. This is discussed in detail in section 9.3.3.

SNR and detection rates. Another obvious metric to determine the potential of a given
instrument is the detection rate. In figure 9.11 we show the cumulative number of observed
events as a function of the SNR and ET design, for BBH (top panel) and BNS (bottom
panel), using the merger taking place in 1 yr, assuming an independent 85% duty cycle
for each L-shaped detector, and in each of the three detectors composing the triangle, and
using the same BBH and BNS catalogs already used in [16] (whom we refer the reader
for more details). As a general result, we find that the HFLF-cryogenic configuration can
significantly increase the number of detections with SNR between 102 and 103, compared
to the HF-only configuration. For both BH and NS binaries, the 2L aligned design yields
the best performance. Note however that this picture changes when comparing the accuracy
reconstruction on the intrinsic and extrinsic parameters (see discussion afterward), for which
the 2L-45◦ provides the most accurate forecasts.
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Figure 9.11: Cumulative distributions of the number of BBH (left panel) and BNS (right
panel) detections per year as a function of the SNR, observed by ET for the different con-
figurations studied in [16]. The shaded area delimited by the dash-dotted line identifies the
region with non-detectable events with SNR ≤ 12.

9.3.3 Distance reconstruction and merger and pre-merger sky localization

The accuracy that ET can reach on angular localization and luminosity distance is shown in
figure 9.12 for BBHs and figure 9.13 for BNSs, using again the same population model as in
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Figure 9.12: Cumulative distributions of the accuracy on angular localization (left panel)
and luminosity distance (right panel) for BBHs observed by ET in the different configurations
studied in [16].
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Figure 9.13: Cumulative distributions of the accuracy on angular localization (left panel)
and luminosity distance (right panel) for BNSs observed by ET in the different configurations
studied in [16].

[16] and the same ET configurations as in figures 9.10 and 9.11.

Accurate estimates of the source sky-localization and distance play a crucial role in
many ET science cases, and are particularly relevant for multi-messenger astrophysics based
on detections of electromagnetic (EM) counterparts [16, 1097, 2251, 2284]. For example,
coincident observations between ET and EM observatories would allow us to probe comple-
mentary aspects of BNS mergers, investigating neutron star physics from the GW inspiral to
the postmerger kilonovae (KNe) and short gamma-ray bursts (GRBs) emission.
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Figure 9.14: Redshift distribution of the relative error on the luminosity distance of BNSs,
with cuts at 50%, 20%, 10% and 1%. Each panel represents a different detector configuration:
the 10 and 15 km triangle and the 15 and 20 km 2L geometry. The left and right columns
adopt full HFLF-cryo and the HF-only sensitivity curve, respectively. The total number of
events corresponds to one year including duty cycle, with the same population of BNS as in
[16].

Figures 9.14 and 9.15 show the result for BNSs (and the same detector configurations) as
a function of redshift (using again the same population as in [16]); in figure 9.14 we show the
results for luminosity distance. Different colors correspond to cuts on the relative accuracy
of 50%, 20%, 10% and 1%; In figure 9.15 we show the ET sky localization performance for
BNSs as a function of redshift at different cuts of localization precision, 1000 deg2, 100 deg2,
10 deg2 and 1 deg2.

We perform the study on different detector setups, the 10 and 15 km triangle and the
15 and 20 km 2L shape, both using the HFLF-cryogenic and the HF-only sensitivity curves.

– 483 –



101

103
N

u
m

b
er

of
ev

en
ts

∆ 10km HFLF cryo ∆ 10km HF

101

103

N
u

m
b

er
of

ev
en

ts

∆ 15km HFLF cryo ∆ 15km HF

101

103

N
u

m
b

er
of

ev
en

ts

2L 45◦ 15km HFLF cryo 2L 45◦ 15km HF

0 1 2 3
z

101

103

N
u

m
b

er
of

ev
en

ts

2L 45◦ 20km HFLF cryo

0 1 2 3
z

2L 45◦ 20km HF

injected

detected

∆Ω < 1000 deg2

∆Ω < 100 deg2

∆Ω < 10 deg2

∆Ω < 1 deg2

Figure 9.15: Redshift distribution of the uncertainty on sky-localization of BNSs at differ-
ent cuts: 1000 deg2, 100 deg2, 10 deg2 and 1 deg2. For comparison, we also plot the injected
and detected signals with SNR > 8. Each panel represents a different detector configura-
tion, considering full HFLF-cryo (left plots) and the HF-only detectors (right plots) as in
figure 9.14. The total number of events corresponds to one year including duty cycle, with
the same population of BNS as in [16].

Comparison between left and right columns shows that losing the low-frequency sensitivity
provides looser constraints on the source localisation. ET in a 2L configuration with 20 km
arms yields the best performance, with both the 2L-15 km arm and the triangle-15 km leading
to similar results.

A crucial aspect of ET multi-messenger capabilities is the localization of the source be-
fore the merger. Pre-merger alerts can allow EM instruments to narrow the binary position
in the sky, and to detect prompt and early EM emissions that would not be observed other-
wise. To assess ET pre-merger performances, we compare in table 9.5 the number of sources
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Table 9.5: Number of BNS mergers per year detected before the merger within z = 1.5 for
the different ET configurations with HFLF-cryo sensitivity. We show three scenarios, with
30, 10, and 1 minute(s) before the merger. For each detector we give the number of events
with sky-localization (90%CL) within 10, 100, 1000 deg2, and the total number of detected
sources. The 2L configurations are assumed to be misaligned by 45◦ if not otherwise specified.
Observations assume a duty cycle of 0.85.

∆Ω90% All orientation BNSs BNSs with Θv < 15◦

[deg2] 30 min 10 min 1 min 30 min 10 min 1 min

∆10km

10 0 1 5 0 0 0
100 10 39 113 2 8 20
1000 85 293 819 10 34 132

All detected 905 4343 23597 81 393 2312

∆15km

10 1 5 11 0 1 1
100 41 109 281 6 14 36
1000 279 806 2007 33 102 295

All detected 2489 11303 48127 221 1009 4024

2L-15 km

10 0 1 8 0 0 0
100 20 54 169 2 7 26
1000 194 565 1399 23 73 199

All detected 2172 9598 39499 198 863 3432

2L-20 km
10 2 4 15 1 1 2
100 39 118 288 7 19 47
1000 403 1040 2427 47 128 346

All detected 4125 17294 56611 363 1588 4377

that would be detected on a given period before the coalescence, with a sky-localization of
(10, 100, 1000 deg2), within redshift z = 1.5. In particular, we distinguish between randomly
oriented BNS systems and on-axis sources with an inclination angle lower than 15◦, as these
events could allow us to detect the early/prompt emission associated with relativistic jets.
For well-localized pre-merger events with sky localization smaller than 100 deg², the 15 km
triangle configuration performs better than both the 10 km triangle and the 2L with 15 km
misaligned arms, and its performance is comparable to the 2L with 20 km misaligned arms.
Similar results hold for systems with viewing angles below 15◦.

9.3.4 Inference of intrinsic parameters, and golden binaries

The ET exquisite ability to reconstruct the source intrinsic parameters, like masses, spins,
and eccentricity of a binary system is key to study the properties of the astrophysical distri-
butions of detected mergers, see the discussion in section 3. Thanks to the ∼ 105 expected
observations of CBCs per year, ET would shed new light on the formation channels of com-
pact binaries, possibly disentangling sub-populations forming due to distinct mechanisms.

To investigate this aspect of the science case we show in figures 9.16 and 9.17 the cumu-
lative distribution for the errors on some intrinsic parameters. Results are shown assuming
different ET configurations, using again the same catalog as in [16]. For BBHs we consider
precessing binaries and use as GW template the IMRPhenomXPHM waveform model [3125]. We
restrict the BNS analysis to spin–aligned systems and employ the IMRPhenomD NRTidalv2

waveform, which also includes tidal effects [1148]. Unless otherwise stated, we consider
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sources detected with an optimal matched–filter SNR larger than 12.

In the top row of both figures we report the 1σ accuracy in the reconstruction of the
source–frame chirp mass and of the symmetric mass ratio. For BBHs we find ET can measure
Mc with a relative percentage accuracy of O(10−3), while η can be inferred with an uncer-
tainty as small as ≲ O(10−7). The 2L-45◦ configuration provides the strongest constraints on
both mass parameters. Indeed this geometry yields the best measurement of the luminosity
distance, which affect the reconstruction of source–frame parameters.

This feature is even more relevant for the reconstruction of the BNS chirp mass, with
the presence of the LF instrument at cryogenic sensitivity also being crucial. The inference
of the symmetric mass ratio is also affected in case of loss of the LF instrument, even if in a
less dramatic way, with errors on η as small as ≲ O(10−5).

In the lower panels of figure 9.16 we show the accuracy measurement on the BBH
spins. The uncertainties on χ1,2 (where χ1 refers to the more massive star and χ2 to the less
massive) are not dramatically affected by ET geometry. Both spins are reconstructed with
similar accuracy, which can be O(10−5) in the best case scenario, with the constraints on the
spin of the more massive binary component being in general stronger. Note however that,
for larger errors, of the order of O(10−2), the LF instrument play a more significant role.

The lower left panel of figure 9.17 shows the 1σ cumulative distribution of the effective
spin parameter defined in eq. (9.17) for BNS systems. The reconstruction accuracy on this
parameter improves significantly with the LF instrument, allowing for uncertainties as small
as O(10−3). Finally, in the lower right panel of figure 9.17 we present the accuracy distribution
on the dimensionless tidal parameter Λ̃ defined in eq. (9.18), whose relevance for science cases
related to nuclear physics has been discussed in section 6. The relative errors on Λ̃ depend
on the detector configuration, with narrower constraints, of the order of percent, obtained
again by ET in HFLF mode.

Figures 9.18–9.19 show the redshift distribution of golden binaries, i.e. BBHs with
either SNR larger than 100 (resp. 30 for BNSs) or with reconstruction of the source–frame
chirp mass smaller than 1% (resp. 5% for BNS). Indeed, being able to achieve accurate
measurements of source parameters up to high–z is pivotal in order to disentangle formation
channels which might feature different redshift evolution. For BBH systems, we find that
golden binaries can be observed up to z ∼ 3 or higher only if the LF instrument is present,
with the best geometry being again the 2L-45◦. Similar results hold for BNSs, with the
highest redshift being z ∼ 1.

Finally, in figure 9.20 we show the relative error on the eccentricity in the small e0 limit.
We focus here on a single-source analysis, fixing the binary intrinsic parameters and the
luminosity distance (see caption of the figure 9.20). Note that in this case we use as template
the TaylorF2 waveform approximant [3926, 4303, 4610] augmented with the inclusion of the
eccentricity [3962]. Our results show that the error accuracy greatly improves for lighter
binaries. Indeed, constraints on e0 are dominated by the early part of the inspiral and
improve for systems that stay in band longer, performing larger amount of cycles. The errors
do not change significantly as a function of the detector geometry. However, the inclusion
of the LF instrument allows to constrain the eccentricity with a relative error smaller than
100% down to e0 ∼ 10−4.

9.3.5 Detection of population features

Beyond single–event parameters, accurately pinpointing properties and features of the pop-
ulation of compact objects is a central target of 3G observatories. For example, the pair-
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Figure 9.16: Cumulative distributions of the number of detections per year for the relative
errors on intrinsic parameters of BBH systems observed by ET in the different configurations
studied in [16]. We report the relative uncertainties on the source-frame chirp masses, and
the uncertainties on the symmetric mass ratio and spin magnitudes of the two objects.

instability supernova process can lead to an accumulation of events, modeled as Gaussian
component in the BBH mass spectrum; the tilt angles of the spin vectors are modeled as
a mixture of a uniform component, representing dynamically formed binaries with isotropic
spin orientations, and a truncated Gaussian component, to account for preferentially aligned
spins in isolated binary formation channels; the BBH merger rate is expected to peak at
a redshift related to the peak of the star formation, with a subsequent decrease; see sec-
tion 5 for extended discussion. Accurate measurements of those parameters would lead to
precision constraints on the physics of compact binaries, and determining ET’s capability in
constraining them is essential.

As a Figure of Merit, we consider the relative uncertainties for the population hyper-
parameters as a function of observation time and of the corresponding number of detected
events Ndet, quantifying in particular the time needed for achieving a 1% constraint. Those
are computed with the population-level Fisher matrix software described in section 9.2.4.
Figure 9.21 presents the result for a single, triangular ET detector with 10 km arms located
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Figure 9.17: As in figure 9.16 for BNS sources. We report the relative uncertainties on
the source-frame chirp masses and adimensional tidal deformability combinations Λ̃, and the
uncertainties on the symmetric mass ratio and effective spin parameters.

at the Sardinia site.78 The hyperparameters have values calibrated on the latest LVK ob-
servational constraints [7],79 and are categorized into four groups in figure 9.21, describing
respectively:

• broad mass features – αm, βq, µm, σm, λpeak. The BBH mass spectrum is modeled
with the standard Power–Law + Peak [7, 1644],80 where the primary mass m1

follows a power-law distribution with slope αm, mixed to a Gaussian component (mean
µm, standard deviation σm, mixing weight λpeak), and the secondary mass m2 is also
described by a power-law distribution (spectral index βq).

78We use the 10 km noise curve from ref. [16], available at apps.et-gw.eu/tds/?r=18213. The minimum
frequency for the analysis is set to 2Hz. We use the IMRPhenomXPHM [3125, 3126, 3772] waveform model and
the single-event Fishers are computed in terms of the 15 source parameters describing a quasi-circular BBH
merger, see eq. (9.16).

79Additional details on the population models can be found in appendix A of ref. [4605].
80Actually, the model slightly differs from the standard LVK implementation for the tapering of the edges

of the mass distribution. In particular, here we adopt a differentiable polynomial smoothing function, see
Appendix A of Ref [4605] for details.
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Figure 9.18: Redshift distributions of detected BBH events at ET in the different configu-
rations studied in [16] having SNR ≥ 100 (left panel) and relative error on the source-frame
chirp mass smaller than 1% (right panel).
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Figure 9.19: Redshift distributions of detected BNS events at ET in the different configu-
rations studied in [16] having SNR ≥ 30 (left panel) and relative error on the source-frame
chirp mass smaller than 5% (right panel).
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Figure 9.20: Relative errors on the eccentricity parameter e0 at fe0 = 10 Hz attainable
at the various ET configurations studied in [16], in the regime of small eccentricities. We
consider equal-mass sources with optimal sky position and orientation for each detector,
negligible spins and Mtot = 2 M⊙ at dL = 100 Mpc (left panel) and Mtot = 20 M⊙ at
dL = 500 Mpc (right panel).

• mass cutoffs – mmax, mmin, σh, σl. The model supports a minimum mass of mmin − σl
and a maximum mass of mmax + σh with σl, σh being the lower and upper tapering
scales.

• redshift evolution – zp, αz, βz parameters of the Madau–Dickinson profile [1630] for
the merger rate evolution with redshift [redshift zp at the peak of the rate, power-law
indexes governing the increase (decline) at low (high) redshift].

• spins – αχ, βχ, ζ, σt. Component spin magnitudes follow a Beta distribution with
shape parameters αχ and βχ. The tilt angles of the spin vectors follow a mixture model
with a uniform component, and a truncated Gaussian component centered at 1, with
standard deviation σt and weight ζ.

Figure 9.21 illustrates that certain hyperparameters, such as the minimum mass mmin, the
spectral index αm, and the Gaussian peak position µm in the primary mass spectrum, are
measured with remarkable precision, achieving 1% accuracy within a few months of 3G obser-
vations. These accurate constraints are due to the fact that these hyperparameters influence
the mass distribution where the merger rate is higher. Measuring mmin can help confirm the
existence of the hypothesized mass gap between BHs and NSs. The spectral index αm pro-
vides insight into whether the BH mass distribution is steeper or shallower compared to stars,
while µm marks the transition between BHs formed via supernovae and those potentially con-
strained by pair-instability physics. The secondary-mass spectral index βq is measured with
lower precision compared to αm. This disparity arises because the primary mass m1 is inher-
ently easier to constrain than the secondary mass m2, and also due to the functional form
of the population model ppop(θ|λ), which separates the two contributions as p(m1)p(m2|m1).
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Figure 9.21: Relative errors on the population hyperparameters λ for BBH systems as a
function of observation time (bottom x-axes) for ET in the triangular configuration, based
on the fiducial population model described in the text. The upper x-axes display the corre-
sponding number of detected events. Each panel illustrates the hyperparameters associated
with broad mass features, mass cutoffs, merger redshift evolution, and BH spins. Dashed
horizontal lines indicate the threshold for percent-level accuracy, σλ/λ = 1%, as a visual
reference. Figure adapted from ref. [4605].

Conversely, hyperparameters like the maximum mass mmax and the smoothing length σh are
more challenging to measure. These parameters influence the population where the event
rate is lower, and their precision remains above the 1% threshold even after 10 years of 3G
observations.

For our fiducial model, we find that all parameters associated with the redshift evolution
achieve 1% accuracy within a range of 2 to 4.5 years when using ET. Improvements saturate
as Tobs increases and marginal gains require longer times.

Among the spin hyperparameters, the shape parameters governing the distribution of
spin magnitudes are the most tightly constrained. Specifically, αχ and βχ reach percent-level
precision within just a few months of observations. Conversely, hyperparameters related to
spin orientations require significantly longer observation times to achieve comparable accu-
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racy. Notably, the mixing fraction ζ demands nearly 10 years of data to obtain 1% precision.
It is worth noting that, in the case of spins, the population Fisher matrix terms ΓII−V become
comparable to ΓI. This indicates that single-event spin measurement uncertainties are no
longer negligible in the population analysis. These findings highlight that accurately identi-
fying the BBH formation channels through spin orientations will remain challenging, even in
the 3G detector era. A key factor here will be improving the sensitivity at lower frequencies
in order to enable a better resolution of the inspiral phase, where spins are most informative.

9.4 Tools for the ringdown phase of binary mergers

In this section we review the conceptual and implementation details of a Fisher informa-
tion python code for black hole ringdown spectroscopy, which has been used to assess the
capability of ET to perform precision tests of General Relativity in the strong-field regime.
For detailed accounts on the methodology, we refer the reader to [300, 305, 308]. In its
present status, it has been used to perform perspective studies of BH spectroscopy with
next-generation GW detectors including ET [300, 305, 308] as well as in the recent activities
of the Observational Science Board (OSB) [16] and in section 1 of the present work.

Black-hole spectroscopy. A distorted black hole (BH) settles down to equilibrium by emit-
ting GWs with a characteristic set of complex frequencies [4611, 4612], also known as the
quasi-normal modes (QNMs) of the BH [3347, 4613]. The real parts are the frequencies of
oscillation, while the complex parts are the inverse of the damping times of each oscillatory
mode. In General Relativity (GR), the no-hair theorems [4614–4617] imply that stationary
BHs are described by the Kerr metric [4618, 4619], which is specified solely by the mass M
and the dimensionless spin χ of the BH. This striking consequence of GR holds also at the
level of BH perturbations [3992, 4620], whose QNMs are expressed as functions of the mass
and spin of the perturbed BH at equilibrium. On the other hand, QNMs in theories of gravity
beyond GR can be characterized by additional degrees of freedom [4621, 4622]. It follows
that, if one were to measure multiple QNMs from the GWs emitted by a BH, one could put
GR to a test by checking that QNMs are consistently described by a two-parameter family
[296, 4623]. This research program is known as black-hole spectroscopy.

Ringdown modelling. In GW astronomy, one is particularly interested in perturbed BHs
generated in the aftermath of BBH coalescence. The corresponding GWs are observed in
the so-called ringdown stage of the strain morphology. The degree of excitation of different
modes depend on the physical processes that set up the perturbations. While in principle
a countably infinite number of modes can be excited, numerical simulations of BBHs show
that only a finite set is appreciably excited and one can provide approximate fits for the
excitation amplitudes within GR [296, 298, 303, 4624–4627]. Moreover, a variety of ready-to-
use accurate approximants to the QNMs of Kerr BHs are available, including tabulated data
[4628, 4629], analytical fits [4630] and fast solvers [4631]. Finally, accurate fits from numerical
simulations allow us to model the final mass Mf and final spin χf from a BBH merger event
as a function of the progenitor masses and spins [35, 1909, 4632–4634]. All together, these
approximants allow us to model BH ringdowns from Kerr BHs in the aftermath of a BBH
coalescence.

Fisher information formalism. Fisher matrix methods can be applied to the case of ring-
down GW signals. Due to peculiarities in the ringdown waveform morphology, the resulting
formalism is sufficiently distinct from the inspiral-merger-ringdown (IMR) Fisher methods
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presented in section 9.1.2, to justify a separate treatment here. We follow the treatment in
[4628] to define approximate notions of SNRs and Fisher-information matrices for ringdown
signals in the frequency domain. QNMs are indexed by an angular index l, an azimuthal
index m and an overtone index n. A BH ringdown can be mathematically modelled as a
superimposition of damped sinusoids,

h+ − ih× =
∑

l>2

l∑

m=−l

∑

n>0

Almne
−t/τlmne−i(2πflmn+ϕlmn) (9.45)

where flmn and τlmn are respectively the frequency and damping time of the (l,m, n) mode,
while Almn and ϕlmn are the (real) amplitudes and phases of the modes. The above expression
is only defined for times t ≥ 0, assuming that the time axis has been shifted such that the
ringdown starts at t = tstart = 0. In order to take Fourier transforms, we use the Flanagan-
Hughes (FH) method [3667] and reflect the waveform about the origin of the time axis;
specifically, we assume that the waveform at t < 0 is identical to the waveform at t ≥ 0
except for the damping factor e−t/τlmn , which is replaced by e−|t|/τlmn in order to ensure that
the waveform fall off to zero at t→ −∞. The corresponding doubling of the power spectrum
in the signal is compensated by the application of an extra factor of 1/

√
2 in the definition

of the strain. The FH extension of the waveform allows us to take its Fourier transform
and define a notion of SNR via the usual integrated expression in frequency domain, see
eqs. (3.4)–(3.6) in [4628]. Note that the main results in [4628] are based on a δ-function
limit when performing integrals in the frequency domain, i.e., they assume that the power
spectrum is localized around the QNM frequencies flmn. While this is a good approximation
for most cases and it allows us to derive analytical results, our implementation of the integrals
is fully numerical and therefore we do not need this further simplification.

Extrinsic parameters. Bayesian parameter estimations of BH ringdowns usually fix the start-
ing time tstart and the sky location (RA, dec) in order to unambiguously define the data
segments at each detector [4635]. Therefore, we exclude (tstart,RA,dec) from the inference
parameters θ. Moreover, the typical damping times of stellar-mass BH ringdowns last 1 to
10 ms; therefore, the effect of Earth rotation is negligible during the duration of the signal
and we suppress it by fixing t = tstart in eq. (9.15). Finally, we keep the polarization angle ψ
and the inclination angle ι fixed at inference time, under the assumptions that they are much
more accurately measured during the inspiral phase. This last assumption will be relaxed in
a future version of the code.

Waveform templates. We implement three distinct waveform templates.

1. RingdownDampedSinusoids parametrizes the strain directly as in eq. (9.45), in terms
of the parameters

θ = {flmn, τlmn, Almn, ϕlmn} . (9.46)

Therefore, there are 4Nmodes free parameters, where Nmodes is the number of QNMs
included in the model; this model is agnostic about the relation between the QNMs
and the Kerr-like nature of the ringing BH.

2. RingdownKerr assumes that the frequencies and damping times are functions of the
final mass Mf and final spin χf according to the spectrum of a Kerr BH in GR; it is
parametrized by

θ = {Mf , χf , Almn, ϕlmn} , (9.47)
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and there are 2 + 2Nmodes free parameters.

3. RingdownDeltaKerr places free deviational parameters δflmn and δτlmn to the fre-
quencies and damping times of a Kerr BH; it is parametrized by

θ = {Mf , χf , δflmn, δτlmn, Almn, ϕlmn} . (9.48)

As discussed in [308], δf220 and δτ220 are degenerate with Mf and χf , therefore we fix
them to zero both at injection and at inference times, and we are left with 4Nmodes free
parameters.

The choice of log10 Almn in place of Almn ensures that credible intervals for the ampli-
tudes do not extend to unphysical negative values. All models assume non-precessing binary
progenitors, which implies the symmetry

Al−mne
−iϕl−mn = (−1)lAlmne

iϕlmn , (9.49)

together with the reflection symmetry fl−mn = −flmn and τl−mn = τlmn, generally valid for
the QNMs of Kerr BHs in GR, this allows us to recast eq. (9.45) such that the summation
runs over positive m only.

Differentiation, integration and inversion. Derivatives of the strain are evaluated with auto-
matic differentiation using the JAX library for python [4594]. Fisher matrices are computed
via numerical integration and inverted via the standard implementation in numpy of the
Lower-Upper (LU) triangular decomposition. The code also allows for vectorization, i.e., it
can process multiple events simultaneously on a single CPU. We envisage that a relevant
future development will be to compute the Fisher information matrix directly in the time
domain, e.g. using the the TiDoFM code described in section 9.2, in order for the Fisher
approximations to relate directly to well-established time-domain software for BH ringdown
analysis [4635, 4636].

Applications. In figure 9.22 we show an example of the forecasts that can be obtained with
this code. We focus on a system with final mass Mf = 70 M⊙ and final spin χf = 0.7, as
observed by a single ET detector with a triangular design placed in Sardinia. For illustrative
purposes we consider only two ringdown modes, namely the dominant (l,m, n) = (2, 2, 0)
mode and a subdominant mode (l,m, n) = (3, 3, 0). The relative amplitude is chosen such
that AR330 = A330/A220 = 0.2, consistently with estimates from NR simulations of binary
black holes — see for example figure 3 of [4637]. We employ the RingdownDeltaKerr
template, which is relevant for the purposes of testing General Relativity. The filled blue
contours in figure 9.22 (left) display the 68% and 90% credible regions on Mf and χf for a
signal with amplitudes adjusted to give ρRD = 50. For comparison, the empty green contours
mark the 68% and 90% credible regions for the same signal but with lower SNR ρRD = 12.
Fig. 9.22 (right) displays the corresponding predictions for the deviation parameter δf330
and for the relative amplitude AR330 of the subdominant mode. In order to interpret the
constraints on δf330 physically, it is recommended that the amplitude of the corresponding
mode is bounded away from zero to claim mode detection: we see that, while this condition
is fully met at ρRD = 50, it holds only marginally when ρRD = 12. Note that, since we
are using a Fisher-matrix formalism in the log-scale amplitudes log1 0Almn, the posterior is
not Gaussian when expressed in terms of the amplitude AR330, as it is most evident for the
ρRD = 12 case.
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Figure 9.22: Left: 68% and 90% credible regions in the Mf -χf plane, for a system with final
mass Mf = 70 M⊙ and final spin χf = 0.7. Filled blue contours (resp. empty green contours)
are relative to a system with ringdown SNR ρRD = 50 (resp. ρRD = 12). Marginalized 1-d
posteriors refer to ρRD = 50, with the corresponding 90% credible intervals indicated by the
vertical dashed blue lines and in the plot headers (median and 90% intervals for the ρRD = 12
case are indicated in parentheses for reference). Right: Same as left, in the δf330−AR

330 plane.
Note that the posterior is not Gaussian because we are mapping samples from log10Almn
to AR

330. For both ρRD = 50 and ρRD = 12 we fix the right ascension to α = 1.95, the
declination to δ = −1.27, the polarization to ϕ = 0.82 and the inclination angle to ι = π/3,
and assume a GPS time tGPS = 1126259462.423. We change the SNR by a simple rescaling
of the amplitudes.

9.5 Stochastic searches

Astrophysical sources with low SNRs will not be resolved as single events. However, the
superposition of such signals will appear in the detector as a Stochastic Gravitational Wave
Background (SGWB). Even if 3G detectors resolve a large fraction of the merging binaries
in the Universe, still this residual stochastic background is very significant, both for the
astrophysical information that it contains (see the discussion in section 3.10) and for the
fact that it could mask a background of cosmological origin. This is particularly important
for BNS; indeed, as we see from the right panel in figure 9.11, for a single ET observatory
about (10 − 30)% (depending on the ET configuration) of the BNS merging in the Universe
is resolved, which raises to (30− 50)% and at a network ET+2CE, see figure 5.4. Therefore,
a large fraction of the BNS is still unresolved and contributes to the stochastic background.
For BBHs, the fraction of resolved sources is higher and can be of order (80 − 90)% for a
single ET (in the full HFLF-cryo configuration, see the left panel of figure 9.11) to almost
99% of the population for the best ET+2CE configuration. Still, in absolute terms even
1% of a population of 105 BBHs means 103 unresolved events per year. On top of this, the
reconstruction of the resolved events and their subtraction from the data stream always has
an associated error, and the accumulation of the errors from the resolved sources effectively
produce another confusion noise that can degrade the ET sensitivity to cosmological signals,
as we will discuss in detail in section 9.5.3.
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Production mechanisms for cosmological stochastic backgrounds have been discussed
in detail in section 2.1. Here we rather focus on the mathematical formalism for the char-
acterization of the sensitivity of a detector network to a SGWB, the definition, properties
and tools for the computation of the power-law integrated sensitivity (PLS) and the formal-
ism and tools that have been developed to address the problem of the subtraction of the
astrophysical background to reveal a cosmological background.

9.5.1 Characterization of stochastic backgrounds

The basic definitions for the characterization of stochastic backgrounds have already been
given in section 2.1.1, see in particular eqs. (2.1)–(2.5). For convenience, let us recall here
the main formulas. We write the superposition of GWs coming from all directions as

hij(t,x) =

∫ ∞

−∞
df

∫

S2

d2n̂
∑

A=+,×
h̃A(f, n̂)eAij(n̂) e−2πif(t−n̂·x/c) , (9.50)

where n̂ is the unit vector in the propagation direction and eAij are the polarization tensors,

normalized as eAij(n̂)eA
′

ij (n̂) = 2δAA
′
. The signal observed in a given detector is

ha(t) =

∫ ∞

−∞
df

∫

S2

d2n̂
∑

A=+,×
h̃A(f, n̂)FAa (n̂) e−2πif(t−n̂·xa/c) , (9.51)

where xa denotes the detector’s position, and FAa (n̂) are the detector’s pattern functions.
Then,

h̃a(f) =

∫

S2

d2n̂
∑

A=+,×
h̃A(f, n̂)FAa (n̂) e2πif n̂·xa/c . (9.52)

For a stationary, isotropic and unpolarized stochastic background of GWs, the two-point
correlator is given by

⟨h̃∗A(f, n̂)h̃A′(f ′, n̂′)⟩ = δ(f − f ′)
δ(n̂− n̂′)

4π
δAA′

1

2
Sh(f) , (9.53)

which defines the (single-sided) spectral density of the signal. The generalization to polarized
backgrounds was given in eq. (2.10).

The GW background can be described by its energy density per unit logarithmic fre-
quency interval, normalized by the critical energy density for closing the Universe ρc:

ΩGW(f) ≡ 1

ρc

dρGW

d ln f
=

8πG

3H2
0c

2

dρGW

d ln f
, (9.54)

where ρc = 3c2H2
0/ (8πG) and H0 is the present-day value of the Hubble parameter. In terms

of the spectral density, one has

ΩGW(f) =
4π2

3H2
0

f3Sh(f) . (9.55)

This expression also holds for polarized backgrounds; indeed, the Stokes parameters de-
scribing linear and circular polarization, see eq. (2.10), do not contribute to the energy
density [526]. To get rid of the uncertainty on H0, is is often convenient to work in terms of
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the standardized quantity h2ΩGW(f), where the reduced Hubble constant h is defined from
H0 = 100h km s−1 Mpc−1.

The expectation value of the cross–correlation of the outputs of two detectors a, b de-
pends on the overlap reduction function (ORF) of the pair, defined as [4638, 4639]

Γab(f) =

∫

S2

d2n̂

4π
e2πi

f
c
n̂·∆xab

∑

A=+,×
FAa (n̂)FAb (n̂) , (9.56)

where ∆xab = xb−xa is the spatial separation between the two detectors and FAa (n̂), FAb (n̂)
are their antenna pattern functions. In a network with more than two detectors, for stochastic
backgrounds the simplest strategy is to consider separately all possible detector pairs and sum
up in quadrature the signal-to-noise ratio of the various detectors pairs.81 Then, considering
an optimally filtered cross-correlation search using a network of a pair of detectors labeled
by indices a, b (with a ̸= b), the corresponding signal-to-noise ratio (S/N)ab, integrated over
the observation time T and frequency range [fmin, fmax], is given by [529, 4640]

(
S

N

)

ab

=

[
2T

∫ ∞

0
df S2

h(f)
Γ2
ab(f)

S
(a)
n (f)S

(b)
n (f)

]1/2
, (9.57)

where S
(a)
n (f) and S

(b)
n (f) are the noise power spectral densities (PSDs) of the detectors a

and b, defined by
〈
ñ∗a(f)ñb(f

′)
〉

= δ(f − f ′)
1

2
S(a)
n (f)δab , (9.58)

and we assumed that the noise among detectors are uncorrelated (more on this below). If we
have N > 2 detectors with uncorrelated noise, limiting ourselves to two-point correlations,
the total signal-to-noise ratio is obtained adding in quadrature the signal-to-noise ratios of
the various pairs, so

S

N
=

[
2T

∫ ∞

0
df S2

h(f)
N∑

a=1

N∑

b>a

Γ2
ab(f)

S
(a)
n (f)S

(b)
n (f)

]1/2
. (9.59)

Eq. (9.59) suggests the definition of an effective strain noise power spectral density for the
detector network Seff(f), given by

Seff(f) =

[ N∑

a=1

N∑

b>a

Γ2
ab(f)

S
(a)
n (f)S

(b)
n (f)

]−1/2

, (9.60)

so that

S

N
=

[
2T

∫ ∞

0
df

S2
h(f)

S2
eff(f)

]1/2
. (9.61)

9.5.2 Power-Law Sensitivity

The sensitivity of a network of detectors to an unpolarized and isotropic stochastic GW back-
ground can be characterized by the power-law sensitivity (PLS) curve [529] (also denoted as

81Other possibilities involving multiple detector correlations are however also possible, see refs. [4640, 4641].
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the power-law integrated sensitivity curve). Here, we first recall its construction and discuss
some its properties, and we will then show examples of PLS for different ET configurations.

In the PLS construction one considers a family of power-law GW backgrounds

ΩGW(f ;β) = Ωβ(f/fref)
β , (9.62)

labeled by an exponent β which can take any real value β ∈ (−∞,+∞); fref is an arbitrary
reference frequency that we fix once and for all, since changing it simply amounts to a
redefinition of Ωβ. A convenient choice could be a value somewhere in the middle of the
bandwidth of the detector that we are considering, e.g. 100 Hz for ground based detectors.
For any given value of the exponent β, one can compute the amplitude Ωβ such that, in a
given coincident observation time T , the total signal-to-noise ratio in the frequency range
[fmin, fmax] has a given value ρ. Explicitly, this requirement gives [529]

Ωβ = ρ

[
2T

∫ ∞

0
df Ω−2

eff (f)

(
f

fref

)2β
]−1/2

, (9.63)

where Ωeff(f) is determined from Seff(f) as in eq. (9.55), so

Ωeff(f) =
4π2

3H2
0

f3Seff(f)

=
4π2

3H2
0

f3

[ N∑

a=1

N∑

b>a

Γ2
ab(f)

S
(a)
n (f)S

(b)
n (f)

]−1/2

. (9.64)

Inserting eq. (9.63) into eq. (9.62), we see that the family of power-law GW backgrounds of
the form (9.62) with given signal-to-noise ratio ρ is given by82

ΩGW(f ;β) = ρ

(
f

fref

)β [
2T

∫ ∞

0
df ′ Ω−2

eff (f ′)
(
f ′

fref

)2β
]−1/2

. (9.65)

Finally, the PLS curve is defined as the envelope of the family (9.65), where β is the family
parameter. The result can be written as [529] (see [4642] for a related conceptual point)

ΩPLS(f) = max
β

ΩGW(f ;β) . (9.66)

In a log-log plot, any line tangent to the PLS curve represents a power-law GW background
with S/N equal to the value of ρ used in the PLS definition.

The usefulness of the PLS curve is that it allows studying the detectability (for a cho-
sen S/N threshold ρ) of a given power-law GW background [529]: if the background lies
everywhere below the PLS curve, then it is not detectable because its S/N is smaller than
the threshold ρ; if the background rather lies somewhere above the PLS curve, then it will
be observed with S/N larger than the threshold ρ (see [4642] for clarifications about this
interpretation).

Several properties of the PLS curve, including a parametric equation for it, have been
derived analytically in [4642]. Below we mention some of those results.

82Notice that the arbitrary fref plays no role, as it cancels in eq. (9.65). We just keep it in the equations so
that dimensionless ratios of frequencies appear in the bases of powers.
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Figure 9.23: Left panel: the PLS for different ET configurations, colors as in legend. Right
panel: the minimum value of the PLS (i.e. the peak sensitivity) for different ET configurations
as a function of the relative angle αGC between two interferometers with respect to the great
circle that joins them, colors as in legend. In both panels solid lines refer to the full sensitivity
obtained with the HF interferometer together with the cryogenic LF interferometer, while
dashed curves refer to the sensitivity when only the HF instrument is included.

• Exact parametric equation. The points on the PLS curve are described by the
following parametric equation:





f(β) = fref exp




∫∞
0 df ′ Ω−2

eff (f ′)
(
f ′
fref

)2β
ln
(
f ′
fref

)

∫∞
0 df ′ Ω−2

eff (f ′)
(
f ′
fref

)2β


 ,

ΩPLS(β) = ρ

exp

[
β

∫∞
0 df ′ Ω−2

eff (f ′)
(

f ′
fref

)2β
ln

(
f ′

fref

)
∫∞
0 df ′ Ω−2

eff (f ′)
(

f ′
fref

)2β

]

[
2T
∫∞
0 df ′ Ω−2

eff (f ′)
(
f ′
fref

)2β]1/2 .

(9.67)

As the parameter β runs over the real numbers, eq. (9.67) gives the coordinates of a
point that moves on the PLS curve. In a log-log plot, the slope of the PLS curve at
that point is equal to the corresponding value of β. The use of eq. (9.67) is the most
precise and efficient way to plot the PLS curve.

• Convexity. In a log-log plot the PLS curve is always convex, independently of the
details of the network entering in Ωeff(f), i.e.

d2 ln ΩPLS(f)

d(ln f)2
> 0 . (9.68)

• Peak sensitivity. The peak sensitivity is defined as the minimum value of the PLS
curve. We call fpeak the frequency at which the minimum PLS value Ωpeak is reached,
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i.e.
Ωpeak ≡ min

f
ΩPLS(f) = ΩPLS (fpeak) . (9.69)

The values of fpeak and Ωpeak are given by

fpeak = fref exp



∫∞
0 df ′ Ω−2

eff (f ′) ln
(
f ′
fref

)

∫∞
0 df ′ Ω−2

eff (f ′)


 , (9.70)

Ωpeak = ρ

[
2T

∫ ∞

0
df ′ Ω−2

eff

(
f ′
)]−1/2

. (9.71)

The use of eq. (9.71) is convenient for studying the peak sensitivity of a network de-
pending on its configuration ( recall that the information on the detector sensitivities
is contained in Ωeff(f ′)). It is definitely more efficient than going through the determi-
nation of the full PLS curve and then looking numerically for its minimum.

The left panel of figure 9.23 shows the PLS curves for different ET configurations,
considering a triangle (∆) or two L-shaped detectors (2L).83 In the right panel of the same
figure we plot the peak sensitivity, computed with eq. (9.71), as a function of the relative
orientation between two L-shaped detectors. Figure 9.23 shows in particular the dramatic
improvement of the sensitivity below ∼ 10 Hz with a HFLF instrument, as well as the impact
of the relative orientation of the detectors for a 2L configuration. In this case, the best
sensitivity is reached for aligned detectors, differently from the reconstruction of the source
parameters for CBCs, which is enhanced in a misaligned configuration.

It should be stressed that these PLS have been computed assuming that noise among
different detectors is uncorrelated, see eq. (9.58). However, correlated instrumental noise
will be present, in particular for ET in its triangular configurations, which features three
colocated detectors; in this case, correlated Newtonian noise could affect stochastic searches
below O(50−100) Hz [16, 622, 623], or in any case at least up to 30 Hz assuming an optimistic
factor of 10 of Newtonian noise cancellation [4643]. See sections 2.1.5 and 2.1.6 for detailed
discussion.

9.5.3 Subtraction of the astrophysical background

As we have discussed, third-generation detectors such as ET will resolve a huge number of
BBH and BNS signals per year, see figure 9.11. Nevertheless, the residual “confusion noise”
due to the unresolved CBCs is still important, and can affect the search for cosmological
backgrounds. This is due to several factors; first, given the large number of BBHs and BNSs
coalescing per year (about 1×105 BBH/yr and 7×105 BNS/yr in the population model used
in figure 9.11), in absolute terms the number of undetected events is still large. In particular,
we see from figure 9.11 that, setting a detection threshold at SNR = 12, ET alone will detect
(depending on the geometry) between 1 × 104 and 1 × 105 BNS/yr, out of a population of
7 × 105 BNS/yr; this means that (in this population model) there will still be of order of
(6 − 7) × 105 BNS/yr that are too faint to be resolved; for BBHs a larger fraction of events
is resolved (a consequence of the fact that BBHs are more massive than BNSs, and therefore
their signal is louder); we see from figure 9.11 that only a few percent of the population is
missed. Still, missing just a few percent of the events, over a population of O(105) BBH/yr,

83These curves can be obtained with a dedicated public tool available at CosmoStatGW/gwfast.
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means that there will be several thousands of undetected BBH events per year. The number
of unresolved events decreases further in a ET-2CE network [16, 1098, 1503], but still remain
large as absolute numbers.

Even more importantly, the CBCs that are above the detection threshold can only be
reconstructed with some approximation, and the accumulation of the errors in the reconstruc-
tion and subtraction on the O(105) resolved events/yr produces another important source of
confusion noise [606, 607, 1996, 2329, 4644–4649]. In fact, this can be the dominant source
of confusion noise for typical values of the detection threshold, such as SNR = 12.

Finally, this confusion noise must be compared with the PLS of 3G observatories, which
significantly improves with respect to 2G networks, and which therefore can also be more
easily covered by such a residual background. As a result, the confusion noise generated by
the unresolved sources and by the accumulation on the errors on the resolved sources can be
significant, and could spoil the 3G sensitivity to cosmological backgrounds. It is therefore
important to develop the appropriate formalism, as well as the software tools, for accurately
estimating this effect, and subtracting the astrophysical confusion noise to reveal possible
cosmological backgrounds.

Here we follow the strategy developed in ref. [607], which provides a first-principle
approach to the subtraction problem.84 The output of a given GW detector, labeled by an
index a, in presence of a GW signal, has the form sa(t) = na(t) + ha(t), where na(t) is the
noise in the a-th detector and ha(t) is a generic GW signal (projected onto the a-th detector).
If the signal is made of a superposition of CBCs plus a cosmological signal, we have

sa(t) = na(t) +

Nev∑

i=1

htruea,i (t) + hcosmo
a (t) , (9.72)

where htruea,i (t) is the projection of the true i-th astrophysical signal onto the a-th detector,
Nev the number of mergers taking place in the observation time T , and hcosmo

a (t) is the
(possible) cosmological signal in the a-th detector. We are adding here a label “true” to
the actual astrophysical signals, since below we will need to distinguish between the true
values and the reconstructed ones. We assume that an astrophysical signal is detected if
the SNR of the full detector network is above a threshold value SNRth, and we denote by
hobsa,i (t) the projection of the reconstructed (i.e., “observed”) i-th astrophysical signal onto
the a-th detector. Note that whether a signal is above or below threshold, as well as its
reconstruction (when it is above threshold) also depends on the specific realization of the
noise in the detector. Denoting by σa(t) the output of the a-th detector after subtraction of
the reconstructed signals, we then have

σa(t) = na(t) + hconfa (t) + hcosmo
a (t) , (9.73)

where

hconfa (t) =

Nev∑

i=1

[
htruea,i (t) − hobsa,i (t)θ(SNRobs

i − SNRth)
]
, (9.74)

and θ(SNRobs
i − SNRth) is a Heaviside theta function, that expresses the fact that an event

is subtracted only if its SNR is above a given threshold SNRth. The notation hconfa (t) in
eq. (9.74) stresses that this quantity is a “confusion noise”, due to the unresolved sources

84The public code that implements it can be found within the GWFast package.
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(the terms in the sum where the theta function is zero), and to the error in the subtraction
of resolved sources (the terms in the sum where the theta function is one). The problem that
we face is therefore how to extract a cosmological signal, from the effective noise neffa (t) ≡
na(t) + hconfa (t) or, in Fourier space,

ñeffa (f) = ña(f) + h̃confa (f) , (9.75)

using the correlation technique between detector pairs. The crucial point is that, even when
we assume that the instrumental noise is uncorrelated among detectors, still ñeffa (f) is cor-
related among the detectors because it depends on h̃confa (f), where the astrophysical signals
enter, and the latter produces a correlated effect in the two detectors. Furthermore, the
reconstruction of the signal depends on the noise realization in the whole detector network,
and therefore the reconstruction of a signal in one detector is correlated also with the noise
in any other detector of the network.

Let us then discuss, following [607, 4640], how to generalize the correlation technique
discussed in section 9.5.1, in the presence of correlated noise. In general, the signal-to-
noise ratio of a two-detector correlation is constructed as follows. Given two GW detectors,
labeled by indices a, b (with a ̸= b), taking data over a time T , one forms the correlator of
their outputs,

Yab =

∫ T/2

−T/2
dt

∫ T/2

−T/2
dt′ sa(t)sb(t

′)Qab(t− t′)

≃
∫ ∞

−∞
df s̃∗a(f)s̃b(f)Q̃ab(f) , (9.76)

where Qab(t− t′) is a filter function.85 One then defines the signal-to-noise ratio (S/N)ab of
a pair of detectors (a, b) as (S/N)ab = Sab/Nab, where Sab is the ensemble average of Yab,
and Nab is its root-mean-square value,

Sab = ⟨Yab⟩ , Nab =
[
⟨Y 2
ab⟩ − ⟨Yab⟩2

]1/2
, (9.77)

and the brackets denotes the ensemble average. For correlated noise eq. (9.58) generalizes to

〈
ñ∗a(f)ñb(f

′)
〉

= δ(f − f ′)
1

2
Nab(f) , (9.78)

so that, when a = b, Naa(f) = S
(a)
n (f), while the off-diagonal terms with a ̸= b represent the

correlated component of the noise among the two detectors. Therefore

Sab =

∫ ∞

−∞
df
[
⟨ñ∗a(f)ñb(f)⟩ + ⟨h̃∗a(f)h̃b(f)⟩

]
Q̃ab(f) , (9.79)

where we assume that the noise in the detector a is uncorrelated with the signal in detector
b. Note that, for observations taking place over a finite observation time T , the Dirac delta
δ(f − f ′) in eqs. (9.53) and (9.78) must actually be replaced by the regularized Dirac delta,
defined by

δT (f − f ′) =

∫ T/2

−T/2
dt e−2πi(f−f ′)t , (9.80)

85The second equality is valid if fT ≫ 1 over the detector bandwidth, which for 3G ground-based detectors,
operating at f > (5− 10) Hz, is already true for a stretch of data corresponding, e.g., to T = 60 s.
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so in particular

δT (0) = T . (9.81)

The ⟨hh⟩ correlator can be computed using eqs. (9.52), (9.53), (9.56) and (9.81), and one
obtains

Sab =
T

2

∫ ∞

−∞
df [Nab(f) + Sh(f)Γab(f)] Q̃ab(f) . (9.82)

The computation of the variance of the noise is also standard (e.g. section 7.8.3 of [523]) and
gives (in the limit in which we want to extract a small signal from a much larger noise)

Nab =

[
T

4

∫ ∞

−∞
df |Q̃ab(f)|2 S2

n,ab(f)

]1/2
, (9.83)

where

Sn,ab =
[
S(a)
n (f)S(b)

n (f)
]1/2

, (9.84)

and S
(a)
n (f), S

(b)
n (f) are the noise spectral densities of the individual detectors. In eq. (9.82)

it is convenient to write Sab = SN
ab + SH

ab, where

SN
ab =

T

2

∫ ∞

−∞
df Nab(f)Q̃ab(f) , (9.85)

SH
ab =

T

2

∫ ∞

−∞
df Sh(f)Γab(f)Q̃ab(f) . (9.86)

In the absence of correlated noise, we only need to maximize SH
ab/Nab. This is obtained

choosing [4640]

Q̃ab(f) = const.
Γab(f)Sh(f)

S2
n,ab(f)

, (9.87)

and leads to eq. (9.57) (the overall constant in Q̃ab is irrelevant and cancels in the signal-to-
noise ratio). Note that the signal-to-noise ratio in eq. (9.57) grows as T 1/2. This is due to the
fact that the signal-signal correlator grows as the observation time T while, for uncorrelated
noise, the noise-noise correlator only grows as

√
T (as in a random walk), see eq. (9.83).

Observe that the optimal filter function depends on the stochastic background that we are
searching, through its spectral density Sh(f). In the absence of correlated noise, the condition
for detectability of a stochastic background is therefore that, once the optimal filter function
has been chosen, SH

ab/Nab > 1 (or whatever confidence level one wishes to impose).

In the presence of correlated noise (and assuming that the correlated component of the
noise is smaller compared to the diagonal terms, i.e. |N12| ≪ N11 and |N12| ≪ N22), the
optimal filter function will still be given by eq. (9.87). However, correlated noise cannot be
beaten by integrating for a long time, since SN

ab and SH
ab in eqs. (9.85) and (9.86) both grow

as T . Therefore, in order for the signal to beat correlated noise, we must have SH
ab/S

N
ab > 1

(or whatever confidence level one wishes to impose). The sensitivity of the detector pair to
a stochastic background is therefore now determined by two conditions, SH

ab/Nab > 1 and
SH
ab/S

N
ab > 1, which can be rewritten as

SH
ab

Nab
> max

(
1,
SN
ab

Nab

)
, (9.88)
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where Nab is given by eq. (9.83), with the filter function chosen as in eq. (9.87). Note that,
if one interprets SN

ab as a signal, correlated among the two detectors, then SN
ab/Nab is the

corresponding signal-to-noise ratio with respect to the uncorrelated noise Nab. The condition
that SH

ab/Nab be larger than SN
ab/Nab therefore expresses the requirement that the signal-to-

noise ratio of the cosmological signal should be above that of the correlated noise.86

From the previous expressions, one finds that SN
ab/Nab can be rewritten as [607]

SN
ab

Nab
=

∣∣∣∣
∫ f=∞

f=0
d log f Rab(f)

∣∣∣∣ , (9.89)

where

Rab(f) ≡

√
2T f Re

[
N eff
ab (f)

]Γab(f)Sh(f)
S2
n,ab(f)[∫∞

0 df ′
(
Γab(f ′)Sh(f ′)
Sn,ab(f ′)

)2]1/2 , (9.90)

so that the function Rab(f) provides information on the frequency range from which SN
ab/Nab

gets most of its contribution. Note that Rab(f) also depends on Sh(f), the spectral density of
the cosmological background that we are searching, which enters through the filter function.

The full formalism for the evaluation of the correlator of the effective noise (9.75) has
been developed in ref. [607], whom we refer the reader for technical details. The main points
to be stressed are: (1) the separation between resolved and unresolved sources depends
on the specific noise realization. The procedure must therefore be repeated over a large
number of noise realizations for all the BBH and BNS injections, and then averaged over
noise realizations. In ref. [607] was considered fo instance the backgrounds produced by
104 BBHs and 104 BNS, each reconstructed in 103 different noise realizations. (2) Whether
the BBH or BNS background can degrade the sensitivity to a cosmological search does not
depend only on the properties of the astrophysical background and of the detector network
used, but also on the specific cosmological search performed, which enters through Sh(f) in
eq. (9.90). In particular, the question of whether the stochastic background due to CBCs
is detectable at a given detector network is different from the question of whether it can
mask a cosmological search: when searching for the CBC stochastic background, the filter
function is chosen so to optimize that specific search. Such a filter is very different from the
filters used to search for smooth (e.g. power-law) stochastic backgrounds. Therefore, even if,
when using the filter tuned to it, the CBC stochastic background could be above detection
threshold, still it is quite possible that, in a given cosmological search, it would not affect the
sensitivity of the detector network to that search.

The quality of the reconstruction of the injected signals depends strongly, of course,
on the detector network used. As an example, in figure 9.24 we show the results obtained
resolving the sources with a full network made by ET in the triangle configuration plus two CE
detectors of 40 km and 20 km arms, respectively. The plot shows the function Rab(f), where
the indices a, b refer to the correlation between different pairs of detectors of this network
(here ET1 and ET2 denotes two independent detectors among the three that form the triangle
configuration), and the corresponding value of SN

ab/Nab for the given pair are shown in the
inset. As mentioned above, the result depends on the shape of the cosmological spectrum

86Note that, even when SN
ab/Nab > 1, if the correlated noise is sufficiently well modeled, one can still dig

below this new sensitivity curve determined by the correlated noise, by performing a Bayesian analysis that
determines simultaneously both the noise and the signal, see also the discussion in section 2.1.6. A similar
strategy can be applied to separate two cosmological backgrounds, see section 2.1.4.
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Figure 9.24: The function Rab(f) that determines the signal-to-noise ratio of the astro-
physical confusion noise through eq. (9.89), for three different cosmological searches corre-
sponding to Ωgw(f) ∝ 1/f3, Ωgw(f) ∝ const., and Ωgw(f) ∝ f3. The inset gives the quantity
(SN /N)ab, defined in eq. (9.89) as the integral of Rab(f) over d log f . We use SNRth = 12 as
threshold for the resolved sources. The left column refers to the contribution of BBHs and
the right column to BNSs. From ref. [607].

that one is searching, and three cases are shown here: a “red” spectrum Ωgw(f) ∝ 1/f3, a flat
spectrum Ωgw(f) ∝ const., and a “blue” spectrum Ωgw(f) ∝ f3 (i.e., because of eq. (9.55),
Sh(f) ∝ 1/f6, Sh(f) ∝ 1/f3 and Sh(f) ∝ const., respectively). The left column shows the
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result for the background generated by 104 BBH and the right column for 104 BNS.87 We see
that for this 3G network made by ET+2CE, that has an excellent resolving power for CBCs,
the residual “confusion noise” from BBHs can be pushed well below the detector sensitivity
(the values of SN

ab/Nab in the inset are always well below 1, and the integrand is small at
all frequencies), and therefore does not limit the sensitivity to these cosmological searches.
The BNS confusion noise is larger, but still (except for the CE40km-CE20km pair) does not
significantly degrades the sensitivity. However, in a network made by ET only (whether in
the triangle or 2L configuration) or by only the CE40km–CE20km pair, the resolving power
for CBCs will be lower, and the effect of the astrophysical confusion noise will be larger.

9.6 Tools for the null stream

In GW astronomy, a null stream is a signal-free linear combination of inputs from three or
more detectors [55]. It may be formed for one signal at a time with any general network
of at least three detectors, and it can also be formed for all signals simultaneously in the
case of ET in the triangular configuration, because of the closed geometry of its component
arms, and the almost negligible light travel times between detectors.88 While not adding any
additional information, the null stream reduces the noise modeling uncertainties and enables
otherwise-inaccessible tools for data analysis. An overview of the benefits and limitations of
the null stream of the ET is provided in [4650] and in [16]. We briefly outline the known
use cases for the ET null stream below:

1. It allows direct evaluation of the noise power spectral density (PSD) simultaneously
with measuring GW signals, without introducing additional uncertainties associated
with distinguishing between the signals and the noise [4650, 4651]. An example is
shown in figure 9.25. Without the null stream, the PSD is typically evaluated at
signal-free segments of data; however, finding such segments would be challenging for
ET. For instance, with the population model used in [4650], around 2 BBHs and 100
BNSs contribute to 1-minute segments above 2 Hz, while 24-hour segments contain
approximately 300 BBHs and 2500 BNSs. This abundance of signals introduces the so-
called “confusion noise”. The level of confusion noise in ET is shown in figure 5 in [4650].
Ref. [4652] showed the impact of such confusion noise on the loss of matched filtering
and estimated the corresponding reduction in the horizon reach of the detector to be
the order of a few percent in redshift. However, since Bayesian parameter estimation
requires the full background PSD consisting of instrument and confusion noise, the use
of the instrument noise PSD still needs to be demonstrated. Additionally, knowledge
of the instrument PSD allows, e.g., a straightforward evaluation of the contribution
of the stochastic GW background as an alternative method to the correlation based

87The result for larger number of events, Nev, corresponding to longer integration times, can be obtained
with approximate rescaling, but the result does not change dramatically since Rab(f) scales as N

1/2
ev , so the

result for 105 events are larger only by a factor ∼
√
10.

88Note that each detector is in turn made of two interferometers, one optimized for low frequencies and
one for high frequencies. We use here the terminology from the 2020 ET Design Report Update, https:
//apps.et-gw.eu/tds/?r=18715: the high-frequency (HF) and low-frequency (LF) interferometers that make
the so-called “xylophone” configuration are indeed referred to as “interferometers”. The combination of a HF
interferometer and a LF interferometer (whether in a L-shaped geometry, or with arms at 60◦ as in the
triangle configuration) is called a “detector”. The whole ensemble of detectors is called an “observatory”. So,
ET in the triangle configuration is made of three detectors for a total of six interferometers, while in the 2L
configuration it is made of two detectors, for a total of four interferometers.
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Figure 9.25: Analysis of the noise PSD in ET based on the null stream. Left: The overall
PSD across the ET’s components, with the presence of a gravitational-wave signal from a
binary neutron star inspiral. It distinctly affects the noise PSD at 5 Hz, deviating from the
expected design sensitivity. PSD estimation is based on a 128-second data span, resulting
in the BNS signal appearing as a narrowband feature. Right: PSD assessment in one of
the ET components, utilizing the cross-power between this component and the null stream,
alongside the established linear relationship between the PSD of the null stream and the
detector. The impact of the BNS signal on the noise PSD has been effectively eliminated.
From ref. [4650].

measurements [492]. It should be noted that correlated instrument noise limits the
sensitivity of both search methods equally.

2. It allows a more rapid and computationally efficient gravitational-wave parameter esti-
mation, as shown in [4653]. The ET null stream allows decomposing the data into the
so-called signal space and the noise space. The signal space is represented, effectively,
by only two data streams instead of the standard three data streams from three ET
components.

3. It allows to eliminate glitches – non-stationary, non-Gaussian noise artefacts – down to
the Gaussian noise level, as well as to effectively distinguish glitches from signals [4650].
This becomes possible because glitches and non-stationarities appear as outliers in the
Gaussian null stream background, whereas GWs do not appear in the null stream at
all. However, since the null stream only contains transients that do not mimick a GW
signal consistently in the ET triangle, it is an open question how much the evaluation
of the actual search background can be improved with the help of the null stream.

4. It informs on the relative calibration errors of the ET components [4654, 4655]. A
calibration error in a given ET component would make a fraction of a signal leak
into the null stream. The procedure would be especially beneficial for the loudest
GW signals. Small relative calibration errors would provide indirect evidence that the
absolute calibration of the three detectors is accurate as well. Instead, larger than
expected relative calibration errors would hint to a problem with detector calibration,
which then needs to be addressed by the commissioners.
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A null stream Python package based on [4650] is available in the open-access data repos-
itory online.89. After an installation, the package may be loaded using the command import

nullstream. In the core module, it currently contains a general class NullStreamBaseTD

which is, essentially, a blueprint for the null stream time series. In the utils module, there
are classes for null stream time series compatible with external packages for GW data analy-
sis, Bilby [257] and PyCBC [4656]. Once the null stream time series object is constructed, it
can be used for standard analyses such as PSD evaluation as in figure 9.25, matched filtering
of signals and glitches, as well as the background evaluation. For Bilby, the package also
contains a class to create a null stream noise likelihood object. Therefore, the package can
also be used for likelihood analyses. It is open to further development and contributions.

9.7 Conclusions

ET is expected to have a pivotal role among the next generation of GW detectors. Its science
case is immense. ET observations will transform GWs into magnifying lenses of fundamental
interactions, with the unique opportunity to simultaneously bridge the gap between particle
physics, cosmology and astrophysics.

To which extent one will achieve such objectives ultimately depends on the ET design
and geometry. For example, as we showed with the metrics introduced in this section,
variations of the sensitivity at low frequencies can have a crucial impact on the distance reach,
pre–merger alerts, inference on intrinsic and extrinsic parameters. The relative orientation
between the detector arms, as well as the detector geometry, impact the ability to reconstruct
the source parameters and the sensitivity to stochastic backgrounds. The ultimate choice
about the construction of the instrument has to be informed by those metrics to maximise the
science output. In this context, forecasting the detectability and measurement accuracy of
source parameters based on the detector configurations is crucial for determining the optimal
ET design and maximise its science goals.

Bayesian methods that directly sample the parameter distribution of GW signals in-
jected into simulated noise are currently computationally too expensive for such tasks. This
issue becomes even more significant for population-based studies, given the expected O(105)
detections per year by ET. Therefore, it is important to develop approaches that can provide
a reliable assessment of detector performance while maintaining manageable computational
costs. This task becomes indispensable when many possible configurations are under study,
as was the case for ET in the context of the detailed study [16].

In this section we have summarized the efforts performed within the ET Observational
Science Board to address this problem, developing a variety of numerical pipelines, ready-
to-use for the ET community. The majority of these tools, based on Fisher matrix methods,
allow forecasting the parameter estimation of compact binary signals, and have been exten-
sively used to study costs and benefits of ET configurations [16]. Along with CBC pipelines,
however, we have developed different approaches that can be used, for example, to forecast
measurement accuracy of ringdown signals, for null-stream analyses, and stochastic back-
ground studies.

This section presented the essential aspects of the formalism behind the forecasting
tools, the different public packages available and their basic features, and a series of metrics
and FOM that can be produced with those tools and used to characterize the performance
of a network of ground–based interferometers.

89github.com/bvgoncharov/nullstream
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While reliable within the limits of validity of the approximations they are based on,
the tools presented here, such as FIM codes, can be considered as initial seeds for more
sophisticated approaches. As discussed in this section, advances towards refinements in
known cases of failure of such approximations have already been considered.

Looking forward, it will become necessary to address several aspects of real data analysis
situations that cannot be directly captured by the current forecast tools. Developing data
analysis and simulation tools that progressively include as many realistic elements as possible
will become a central task. One important aspect is that Fisher matrix forecasts for CBCs
assume that each source is resolvable, i.e. that its presence can be detected and isolated from
the rest of the data stream. This is the case for current generation observatories, that are
most of the time noise–dominated, with a signal detected at a rate of a few per day. On the
other hand, future observatories will be signal dominated, in the sense that we should expect
overlapping signals in the data stream. This aspect, on which first studies will be presented
in section 10, will be among the most important future directions of study in the context,
with the ultimate goal of developing fast data analysis tools for parameter estimation and
population studies on real data streams usable by the larger ET community.

9.8 Executive summary

This section describes various open–source software tools developed by the ET Observational
Science Board. These tools have been designed to assess how variations in the ET detector
configurations, such as sensitivity curves, geometry, and geographical locations, impact its
scientific capabilities, through large–scale simulation campaigns. The evaluation of these con-
figurations is based on specific Figures-of-Merit (FoMs), which are presented in the section.
The tools presented here are used to produce scientific results across several other sections
of the present work.

Software Tools for Compact Binary Coalescence (CBC) Sources

A suite of Fisher Matrix–based parameter estimation forecast tools for compact binary
signals is presented. These have been rigorously tested and validated against each
other, enabling robust performance evaluations of ET based on its design, detector
geometry, and Earth-based location, and providing simulation schemes used in various
other science case studies of ET. These tools allow the following:

• Estimation of signal-to-noise ratios of CBCs, alongside uncertainties on source
parameters, including intrinsic ones (e.g., masses and spin) and sky localization.

• Use of analytic, hybrid, and phenomenological waveform models for CBC signals.

• Population-level inference analyses for large-scale astrophysical studies.

GWBench � GWFast � GWFish �
TiDoFM � GWJulia � GWDALI �

• Forecasting constraints on the population properties of merging compact objects.

GWFast/population �
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Methods and software implementations to address known limitations of Fisher
Matrix approaches are also presented, including higher order and exact approximants

and inclusion of prior information.

Metrics for CBCs

Key metrics for assessing the ET science case related to resolved CBC events are
introduced and discussed. These are produced with the software tools discussed in the
section, and include:

• Detectability and inference horizons, detection rates for compact binaries.

• Accuracy assessments for sky localization and source luminosity distance—
including pre-merger alerts and multi-messenger analyses—, accounting for the
dependency on Earth’s rotation.

• Statistical distributions of constraints on intrinsic parameters of compact objects.

• Constraints on population–level features depending on observation time.

Tools for Ringdown Analysis of CBCs

A dedicated tool for assessing the post-merger gravitational wave emission of CBCs
is introduced. This tool allows for forecasts of the measurement accuracy on the
parameters characterizing the ringdown phase of compact binary mergers, enabling
detailed analysis of post-merger signals.

Stochastic Gravitational-Wave Searches

The tools developed for forecasting the detection of stochastic gravitational wave back-
grounds are introduced. Those are designed to:

• Characterize the detectability of stochastic backgrounds from astrophysical and
cosmological sources via the power–law sensitivity.

• Subtract residual ”confusion noise” caused by unresolved CBC signals from the
astrophysical background in the search for cosmological contributions.

GWFast/stochastic �

Null Stream Tools for Noise Reduction

The implementation of null stream techniques in the triangle configuration to reduce
systematic errors is discussed, and a package to assess their impact is presented.

nullstream �
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10 Data Analysis

10.1 Introduction

As we have seen in the previous sections, with ET GW astronomy will take a step further,
with the possibility of detecting a large number of compact binary mergers at cosmological
distances, and a variety of new types of sources, such as core collapses to neutron stars or
black holes, rotating neutron stars, initial instabilities in young neutron stars or stochastic
backgrounds. We therefore need to start developing optimal data analysis and parameter es-
timation methods, to be ready to extract valuable information from the data, in astrophysics,
cosmology and fundamental physics. From a data-analysis perspective, specific problems for
ET include long signals from the increase in frequency bandwidth, the presence of a very
large number (∼ 105) of signals per year within the sensitivity band [16, 1098, 1503], as well
as signals overlapping in the detector’s band [494]. All of these involve a steeply rising need
for computational resources, or the development of faster and accurate methods of analysing
data. With the rising number of signals in the data, characterisation of noise in the detector
also becomes challenging since there will be no signal-free stretch of data. In the triangle
configuration for ET, the noise characterization will however exploit the existence of the null
stream [4650, 4653, 4657], both in terms of measuring the noise power spectral density and
for characterizing instrumental glitches which can have a significant impact on the quality
of parameter estimation (see section 10.6.1). A 2L configuration without access to the null
stream may still achieve good noise mitigation but requires more complex methods that in-
troduce uncertainty into the process (see section 7 of [16]). One could also envisage fitting
directly for the noise model and the signal model to be agnostic of the underlying noise
properties [4658].

In the following, section 10.2 describes these challenges in detail. In section 10.3 we
briefly review specific innovations particularly in the area of machine learning required for
analysing GW data in the ET era. Section 10.4 describes the current status of signal detec-
tion, their computational requirements, and possible techniques to address next-generation
challenges. Section 10.5 does the same for parameter estimation. Section 10.6 outlines pe-
culiarities of the triangle configuration of ET, namely the use of the null stream, and the
presence of correlated noise among the three nested detectors forming the triangle. In order
to start systematically addressing these challenges we will provide common mock datasets,
which can be used for characterisation of algorithms, study their performance and make pre-
dictions for required computational cost. The first Mock Data Challenge (MDC) dataset is
described in section 10.7. Section 10.9 lists aspects of data analysis that involve synergies
with topics discussed in the previous sections; we conclude in section 10.10.

10.2 Challenges

10.2.1 Long duration Compact Binary Coalescence signals

Current (second generation) GW detectors have a sensitive frequency band that starts at
around 20 Hz [355], whereas it is expected that ET will have good sensitivity down to ∼ 5 Hz.
Due to the chirping nature of compact binary coalescences (CBC) signals, where the frequency
evolves more slowly at lower frequencies, this means that CBC signals will spend dramatically
longer times in the sensitive frequency band of ET than in previous detectors. For instance,
an equal-mass BNS signal with (detector frame) component masses of 1.4 M⊙ will last for
∼ 107 minutes in the detector’s band, while an equal-mass BBH signal with (detector frame)
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Figure 10.1: Comparison between the amplitude of a BNS signal analogous to GW170817,
as seen by ET in its triangular configuration, accounting for the effect of Earth’s rotation
(violet curve) and without accounting for it (orange curve). The dashed vertical lines indicate
the amount of time left before coalescence and the amplitude is computed using the wave-
form model IMRPhenomD NRTidalv2. For comparison, we also show a representative LIGO
Livingston sensitivity curve during the second observing run. Figure taken from [1098].

component masses of 30 M⊙ will last for ∼ 40 seconds in the band, assuming that they enter
the detector bandwidth at 5 Hz. In comparison, the same BNS and BBH signals would be
∼ 160 seconds and ∼ 0.9 seconds long, respectively, in current generation detectors with a
lower frequency sensitivity of 20 Hz.90 BNS at small distances could enter the ET bandwidth
even earlier, and their signal will therefore be corresponding longer. E.g., a source with the
properties of GW170817 would stay in the ET bandwidth for about 24 hours, see figure 10.1.

These longer signals pose a data analysis problem, as they require an increase in the
number of data points needed to describe them. This translates directly into a linear increase
of the computational cost of evaluating the overlap integral or inner product required for
standard matched filter-based searches and parameter estimation. This problem, already
significant in current generation detectors, becomes prohibitive for low-mass signals in next
generation detectors, and requires techniques to accelerate the evaluation of the waveform
generation, as already discussed in section 8.5, and the inner product; we will come back
to this topic in section 10.5.2. The measured signal will also be modulated in amplitude
and phase by the motion and rotation of the Earth on a 1-day timescale, as visible again in
figure 10.1. The slow modulation relative to the frequency of the signal has previously been
neglected over the minute-long timescale of 2G signals; however, at 3G detectors, for BNS
systems in particular this may yield useful information about the localisation of the source,
even prior to the merger itself [4659–4661], see also the discussion in section 9.3.1. The time
and frequency-dependent nature of this modulation has the undesirable effect of making the
inner product integrand dependent on the extrinsic sky-location parameters, which normally

90Note, however, that the time spent in the bandwidth depends on the detector-frame masses mdet. These
are related to the intrinsic (source-frame) masses ms and the source redshift z by mdet = (1+z)ms. Then, for
instance, a BBH signal with source-frame component masses of 30 M⊙ +30 M⊙, at z = 2, will have detector-
frame component masses of 90 M⊙ + 90 M⊙, and will stay in the ET bandwidth only about 6 seconds.
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can be factored out of the problem as a single complex number describing the antenna
response. To fully treat this problem, a näıve approach would require a template bank to
cover not only the intrinsic mass and spin parameters but also the sky location. This problem
already exists for continuous wave searches, where the vast number of distinguishable sky
locations contributes to the prohibitive cost of an exhaustive all-sky search at sensitivities
that should be theoretically possible given the detector performance [3599]. In other words,
there is a risk of encountering a computational limit in sensitivity before we exploit the
full performance of the detector. While existing methods may perform well across much of
the parameter space, combining them with new techniques will be essential for efficient and
feasible analysis of signals, particularly given the extreme volumes of data expected from the
Einstein Telescope.

In addition to the increase in data quantity, the longer signal duration, particularly
for signals lasting many hours, violates several of the assumptions that are made in deriv-
ing the standard Whittle likelihood function. In particular, the detector noise curve may
be expected to change over hours-long timescales, due to environmental and technical influ-
ences [4662–4664]. This breaks the assumption of stationarity in the noise-generating process,
that results in the possibility of reducing the likelihood computation to a one-dimensional
sum over frequencies. If the timescale over which the noise PSD changes is long relative to the
autocorrelation time of the noise itself, then the effect of this should be minimal on the actual
inference of signals, provided it is modeled sufficiently well. However, techniques to do such
modeling are yet to be fully developed into a prototype pipeline for detection or parameter
estimation. A potentially more serious issue comes from the transient noise artefacts known
as “glitches” that are observed to be present in all detector data to date [4665–4667]. These
glitches have multiple causes, depending on which they may be well modeled or relatively
unpredictable in their morphology [4668, 4669]. As the duration of signals increases, so does
the probability that one or more glitches will occur during the time when the signal is in
band. This problem has already been observed in 2G detectors, most notably with the BNS
signal GW170817 [2], where the glitch was relatively simple and could be removed from the
data prior to analysis of the GW of interest. However, the frequency of this occurrence in 3G
data may be expected to overwhelm any human-led method of glitch removal. This motivates
simultaneous modeling and analysis of glitches which overlap signals. Such techniques have
been demonstrated [3548, 4658, 4670, 4671] for 2G and space-based detectors; however, their
scaling to the 3G problem is yet to be established. Machine learning approaches based on
generative models of detector data are a promising alternative [4672], but have yet to be
demonstrated for long duration signals.

Finally, the longer signal duration, coupled with the improved sensitivity, means that
multiple signals will be present in the sensitive band simultaneously. These overlapping
signals may be individually resolvable, or there may be one or more undetectable signal
that effectively contributes transiently to the noise process. This problem is described in
section 10.2.2 below.

Taken individually, each of the challenges described above has been considered and
methods proposed for their solution. The ultimate challenge of 3G analyses lies in developing
methods that can address them all simultaneously, whether by making adequate simplifying
assumptions to extend traditional methods based on matched filtering or by developing new
techniques that change the nature and scaling costs of the analysis problem. A promising
avenue for the latter approach lies in machine learning models, in particular simulation-based
inference, which relies only on being able to generate examples of the dataset, rather than
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explicitly writing the likelihood function accounting for all possible physics.

10.2.2 Overlapping signals

Chances of observing overlapping signals will increase [494] in the 3G era. Our current
pipelines, designed for single GW signals, may yield biased results when applied to overlap-
ping signals. This is specifically true for parameter estimation where the likelihood-based
Bayesian approach assumes a single-signal model to model the data. As detailed in sec-
tion 10.4.1, previous studies have focused on detection of GWs. An updated search cam-
paign on overlapping signals is proposed by [4652], where the authors additionally consider
the effects of using the traditional matched filtering and its consequences on estimating the
noise properties as well as detection rates of overlapping signals.

However, the first parameter inference study [494] done with simulated overlapping sig-
nals in the 3G era and attempted recovery using conventional Bayesian approaches with a
single-signal model, did not show significant bias in parameter estimates across most of the
parameter space. Parameter estimates do however show biases when the merger times of
two overlapping signals are close to each other and depends furthermore on the ratios of
the signals’ loudness, with conventional analyses performing worse as signal SNRs become
comparable, as well as signal durations. Figure 10.2 shows an example where the overlapped
heavy BBH merger atop a BNS merger with same merger times (top panel) cannot be re-
covered with a single-signal model. In the same figure, the lighter BBH (lower panel) can
be recovered at all times, as well as the heavier BBH when the merger time is before the
merger time of the underlying BNS. The overall conclusions were supported by several other
studies [495–497, 3685, 4673, 4674]. While ref. [494] was the only one to simulate also binary
neutron star sources, ref. [496] looked at the effects of spin modulations and if they could
mimic effects from overlapping signals, and ref. [495] looked at the parameter space in more
detail and predicted where biases in inference would occur.

Possible remedies to this problem have been suggested, either from a Fisher Matrix
study [3685] or adapting the signal model accordingly in the Bayesian likelihood [4675]. In
[4676], normalizing flows were used as an avenue to deal with the computational burden
coming from multiple-signal analyses in case of overlaps. Moreover, [4677] studied the effects
of waveform inaccuracy and overlapping signals on tests of GR, concluding that combining
signals—i.e., constructing a joint likelihood from multiple data streams to robustly estimate
a common parameter like a parameter characterising deviations from GR—can lead to false
GR deviations when multiple signal overlaps occur. More recently, [4678] extended this
to higher post-Newtonian (PN) deformation parameters. Analysing all simulated signals
individually for GR deviations and then combining them all, they concluded that a non-
negligible number of overlapping signals can lead to false GR violations at the individual
event level. However, when the bounds are combined, the biases tend to smooth out, leading
to a preference for GR at the population level inference. While overlapping signals will cause
biases in estimating parameters in corner cases (depending on ratios of signal loudness, length
of overlapped signals), parameter offsets even in a few cases will likely have a large impact
on estimating common parameters from a set of signals. Since Bayesian analysis allows a
more robust bound by combining several independent data sets, parameters characterising
fundamental properties of the Universe like deviations from GR, or Hubble’s constant [3129]
may get systematically biased from offsets in a few analyses. In the case of mass measurement
offsets in some signals, the same conclusion will likely affect population properties of compact
objects like black holes and neutron stars. Whether these biases average out or accumulate
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Figure 10.2: Posterior PDFs for total mass and mass ratio, for the GW150914-like signal
(top panel) and the GW151226-like signal (bottom panel) when they are respectively being
overlapped with a BNS signal with SNR = 30 (solid lines), SNR = 20 (dashed lines), and
SNR = 15 (dotted lines). The overlaps are made so that the BBH and the BNS end at the
same time (tc), or so that the BBH ends 2 seconds before the BNS (tc-2). Finally, posterior
PDFs for the two BBH signals by themselves are shown as green, dashed-dotted lines (BBH).
The injected parameter values are indicated by black, vertical lines. Figure taken from [494].

will depend on whether the offsets consistently shift measurements in a particular direction
or are effectively random, which can vary depending on the specific problem.

10.2.3 Noise Background estimation

The estimation of the properties of the background noise is an open problem, as ET data
will be polluted by a large number of astrophysical signals, making it difficult to evaluate
the Power Spectral Density (PSD) of the instruments and the False Alarm Rate even at the
level of significance actually used by LIGO and Virgo.

Early MDC results (2012), where a population of binary neutron stars (BNS) was in-
jected into Gaussian noise, demonstrated that individual PSDs were contaminated by the
GW signals and that the use of the null stream (see section 10.6.1), in the case of the tri-
angle configuration, would give a better estimate [492]. Other studies [4650] indicate that,
depending on the length of time segments used to estimate the noise spectra, the presence
of a number of simultaneous signals can add a significant contribution to the detector PSD
at low frequencies.

On the other hand, in order to be able to estimate the false alarm rate due to noise
alone, current detectors use a very specific technique, which consists of creating time shifts
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between the data from different detectors. This technique ensures that each coincidence
is nothing more than noise. With ET, we will enter the signal dominated regime and the
detection rate will be such that the probability of finding a coincidence between two different
sources when applying time shifts will not be negligible anymore. As a result, the false alarm
rate estimated with the time-shift method will overestimate the noise background. In the
case of ET in a triangular configuration, with the help of the null stream, it could be possible
to provide a more accurate estimate. Innovative methods should be developed to address
this issue and some ideas will be presented below.

10.2.4 Source subtraction for CBCs

The gravitational wave signal will be dominated by compact binary coalescences that, to-
gether, create a foreground that is expected to mask a cosmological background from pro-
cesses that happened in the very early Universe (inflation, phase transitions, cosmic strings).
In this context, subtracting individual detected signals correctly is crucial to search for a
cosmological background below. It has been shown that in the case of binary black holes,
any uncertainty on source parameter estimation would lead to an extra residual background,
that will dominate over the background created by the superposition of all the sources that
are too faint or too far to be detected [606, 607, 4647], in particular when the spins of CBCs
are included [4679].

Promising methods, like the projection methods [4644, 4648], the Bayesian method
by [2328] or the unmodeled notching in the time frequency plan [2329, 4680] will be investi-
gated further using simulated data.

Most of these challenges will also be present in LISA and have been studied for many
years. Although data analysis codes may not be directly transferable to ET, some of the
methodologies could potentially be adapted.

10.3 Innovative methods: machine learning applications

The data analysis for the Einstein Telescope detector will present several challenges, as dis-
cussed in section 10.2, particularly due to the instrument’s enhanced sensitivity overall and
its exceptional performance at low frequencies. We must be prepared to process data from
astrophysical signals that remain in the band of interest for extended periods, necessitating
the analysis of longer time series and transient events. Additionally, in particular for the
colocated detectors in the triangle configuration for ET, we must tackle the issue of cor-
related noise, which could generate correlated transient signals that could be mistaken for
astrophysical sources (see section 10.6.2 for extended discussion). The noise may be non-
stationary and display non-linearities such as couplings between different sources of noise,
a phenomenon observed even in second-generation detectors. We should aim at efficiently
and quickly using signals from noise monitoring (environmental, control, etc.) to enable a
rapid alert system, necessary for multi-messenger astrophysics. These will necessitate the
use of alternative and innovative methods compared to the standard data analysis pipelines
currently employed for 2G detectors.

In recent years, significant progress has been made in the development of analysis meth-
ods based on machine learning, including applications to gravitational wave analysis [3565].
While we will not delve into the general principles of machine learning in this discussion,
readers interested in a more comprehensive overview of the topic can refer to [4681, 4682].

It is possible to identify several domains in which the application of these methods could
yield significant benefits in terms of noise characterization, signal detection, early warning
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strategies, and parameter estimation. A recent review [4683] outlines the current advance-
ments in machine learning applications for second-generation gravitational wave interferom-
eters. While some of these techniques are still applicable to ET data, their effectiveness may
be limited due to the unprecedented sensitivity of ET, and the new challenges that it poses.

For example, one of the main problems for current generation detectors is the presence
of glitches, i.e. transient noise signals which can spoil the detection. We cannot make
predictions on the glitches that will be present in the next generation of detectors, but we
could expect many more due to the better sensitivity and, as discussed in section 10.2.1,
the problem becomes worse for long signals. A key focus of the upcoming MDC preparation
will be to incorporate noise glitches resembling those observed in LIGO/Virgo detectors into
our datasets. This will allow us to evaluate and refine machine learning-based data cleaning
solutions.

The first fundamental approach is to tackle binary classification by attempting to dis-
tinguish signals from noise. However, the presence of overlapping signals can significantly
complicate this task, making even a seemingly straightforward binary classification highly
problematic. When signals overlap, the boundary between what constitutes “signal” and
“noise” becomes blurred, increasing the challenge of accurate separation. Machine learning
is a promising approach to glitch classification and characterization [4684]. The classification
algorithms can be applied to features extracted from glitch time series, e.g. wavelet decom-
position, that can then be classified by adopting various approaches such as classification
trees [4685, 4686]. More complex, deep-learning based approaches can also be used for glitch
classification. Convolutional Neural Networks are well suited for image classification since
they can extract and classify features in 2D data, and have therefore been applied to the
classification of spectrograms of glitches [4687]. This approach is particularly effective since
glitch morphologies can be quite rich and complex to analyze with simple image classifica-
tion algorithms [4688]. The most effective approach to spectrogram classification is based
on supervised learning, which requires a large sample of labeled glitches. To this purpose,
citizen science projects as GravitySpy [4688] and GWitchHunters [4689] have been developed,
where volunteers across the globe are asked to view and visually analyze and classify glitch
spectrograms.

An unsupervised approach has also been applied to the problem of glitch classification,
with the goal of overcoming the need for large labeled datasets. To this scope, autoencoders
have been shown to be quite effective for finding anomalies among glitch populations, as well
as denoising of data [4690, 4691]. Another way of tackling the lack of large datasets is to
create large synthetic samples of glitches, a task that can be achieved with the application
of generative adversarial networks [4692, 4693].

Some of the applications of machine learning techniques for signal detection and param-
eter estimation will be described in section 10.4.1.1 and section 10.5.2.2.

10.4 Signal detection method

10.4.1 Data analysis methods for Compact Binary Coalescences

The detection of GW signals from quasicircular compact binaries coalescence can be per-
formed through the application of matched-filtering [4694], as the signals are modeled and
we know their evolution in amplitude and phase. The method has been successfully applied
to find signals in data for the GW interferometers currently in operation and has led to the
detection of gravitational waves [4695]. Therefore, it seems natural to consider using the
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matched-filter method in ET, taking however into account the different conditions both in
terms of signal characteristics and the nature of the ET noise.

Several pipelines have been designed and are currently used for CBC searches inside the
LIGO-Virgo-Kagra (LVK) collaborations [4656, 4696–4698]; groups external to LVK have im-
plemented as well matched-filter methods and have analysed LVK data [4699]. The pipelines
rely on the development of banks of simulated waveforms, called templates, to filter the data;
different methods, mainly using geometric or/and stochastic approaches are commonly used
to construct the banks (see e.g. [4700–4702]). As we discussed in section 10.2.1, due to the
high sensitivity of ET, some CBC signals can be visible for thousands of seconds. This means
that long templates are required, which can be computationally expensive. Filtering with
such long templates has nevertheless been shown to be doable using approaches already used
in the current data analysis platform as decomposition of the analysis in several frequency
bands [4696] or SVD approach [493, 4697]. The computational cost is also linked to the
number of templates necessary to filter the data, as this number will grow with the widening
of the search frequency band.

A ubiquitous approximation made in today’s search algorithms is that the sky location
of a compact binary is fixed (from the point of view of an Earth-fixed observer) during the
duration of the visible signal in the detector data. This is appropriate because the duration of
the inspiral phases, in 2G detectors, goes from fractions of a second for binary black holes to
a few minutes for binary neutron stars. This simplification makes the angular response of an
interferometer time-independent and degenerate with the luminosity distance of the binary,
thus removing the need to explicitly search for the signal over the sky [4694]. However, ET
will extend the useful bandwidth down to a few Hz, so the inspiral of binary neutron star
systems might be visible for thousands of seconds (and up to one day) in the data, and the
angular response of the interferometers will imprint a slow amplitude and phase modulation
for at least some signals, especially when a zero of the angular response sweeps close to the
source’s sky location (as we see in the example of figure 10.1). Neglecting this modulation
in the search templates might lead to a significant loss of signal-to-noise ratio or rejection
of a candidate from χ2 discriminators. Preliminary studies suggest that this will not be a
major concern, because the events missed due to the loss of signal-to-noise ratio will be a
small fraction of the overall detections [493, 4703]. However, to our knowledge, a detailed
investigation including the effects of signal-based discriminators is not available yet. On the
other hand neglecting the modulation is expected to have a stronger impact on parameter
estimation, in particular on the localization in the sky.

As already discussed in section 10.2.2, the presence of overlapping signals will be one
of the main features of ET. Several studies have been conducted to check if overlapping
coalescing binaries signals could be a problem for detection; the current pipelines have been
used in these studies, which mainly focused on the analysis of the first and second ET MDC
[492, 493] or of synthetic data reproducing the LIGO and Virgo sensitivities [4704]. The
results indicate that there should not be any relevant decrease in the detection efficiency;
even in the challenging cases of a sub-second difference in the merger times of two signals, an
affordable modification of the current methods to cluster the different triggers pertaining to
the same event, for example checking for multiple significant triggers in a single templates,
should be sufficient to separate the signals [4704].

10.4.1.1 Machine learning methods for CBC detection. In the recent years, the
use of machine learning for detecting compact binary coalescence events has emerged as a
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key research area in the gravitational wave community, especially with advancements in ML
technology powered by GPUs.

Typically, this problem is approached as a classification task, where neural networks
are trained through supervised learning to distinguish between two main classes: detector
noise and detector noise plus a CBC event. The initial approaches used a deep convolutional
neural network (CNN), providing probabilities for each class (noise or noise plus signal). This
method demonstrated that ML could match the sensitivity of traditional matched-filtering
techniques [4705]. Subsequent studies confirmed these findings and emphasized comparing
ML approaches to matched filtering in realistic scenarios [4706]. Further research sought
to enhance the power of ML for CBC detection. Some studies [4707] suggested that while
ML approaches, particularly CNNs, could not quantify the statistical significance of GW
detections, they are useful for generating real-time triggers for detailed analysis. Recent ad-
vancements have integrated ML with traditional search pipelines [4707] and improved ML
techniques [4708], giving better detection sensitivity, especially for low-significance events.
Additionally, efforts have been made to improve the reliability of machine learning models
and enhance their robustness against adversarial attacks, i.e. intentional manipulations of
input data designed to deceive models by causing incorrect predictions. In 2021, a mock data
challenge for CBC detection using ML was launched, followed by a more realistic challenge
aimed at benchmarking ML methods against traditional detection tools [4709]. This chal-
lenge highlighted that while traditional methods, like PyCBC, achieved the highest sensitive
distances, some ML analyses performed comparably well. The motivation for using ML in
GW searches includes the potential for real-time detection with minimal computational cost,
particularly relevant for events involving neutron stars that may produce electromagnetic
counterparts [4710]. Efforts have been made to extend the signal durations considered in
ML algorithms, with significant progress in analyzing longer time-series data [4711–4714].
Special cases, such as searches for gravitationally lensed signals, have also seen ML applica-
tions. Various ML methods, including CNNs and ensemble classifiers, have been developed to
identify lensed GW events, demonstrating the versatility and potential of ML in expanding
the scope of GW detection [1223, 4715]. XGBoost [4716], which is a powerful, efficient, and
scalable machine learning algorithm based on gradient boosting, is also utilized alongside a
version of cWB that targets the detection of BBH events [4717, 4718].

10.4.1.2 Computational Requirements. Preliminary findings show that searches in the
same parameter space presently considered in LIGO-Virgo-Kagra collaborations will not be
orders of magnitude more expensive for 3G GW observatories than for current interferometers
and will be feasible with present-day computational resources [4719]. Considering a wider
parameter space, i.e. eccentricity, precession, tidal effects etc, will be challenging; improve-
ments in technology may however make these searches a possibility with current methods,
but new solutions should also be pursued.

10.4.2 Data analysis for Gravitational Wave Background

Stochastic Gravitational Wave Background (SGWB), both of astrophysical and cosmological
origin, have been discussed in section 2.1. The background is usually described by the
characteristic energy density as a function of the direction of observation n̂ and frequency f
as in eq. (2.16), that we recall here,

Ωgw(f, n̂) =
1

ρc

dρGW(f, n̂)

d log f d2n̂
, (10.1)
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where ρGW(f, n̂) the background energy density per unit of logarithmic frequency, and ρc
is the critical density of the Universe today. Since the SGWB is described by a random
signal, it will look like noise in a single detector. Therefore, the standard search techniques
like matched filtering will not work when trying to detect the SGWB. Instead, we have to
consider data from multiple detectors and look for evidence of a common signal. In the
case of ET in its triangle configuration we can cross correlate the three V shape colocated
detectors, while in the 2L configuration we can correlated the two L-shaped detectors, which
will not be colocated. To look for SGWB in this way, we perform cross-correlation, where the
output of one detector is used as a template for the data in another detector. As of today, in
the LIGO-Virgo-KAGRA SGWB searches, such cross-correlation techniques are used to look
for SGWB. The most common prescription is that the SGWB is assumed to be isotropic;
one could determine its statistical properties by observing any part of the sky. However,
cosmological and astrophysical SGWB components are expected to be anisotropic due to the
nature of spacetime along the line of sight, and for the astrophysical contribution, due to
the local distribution of matter and the finiteness of the number of sources [506, 508, 510,
514, 514, 516, 549, 552, 553], see the discussion in section 2.1.2. Two pipelines are tailored
to searches for isotropic and anisotropic search. For isotropic SGWB, current LVK searches
use pygwb [4720]. This Python package employs cross-correlation spectra of GW detector
pairs to construct an optimal estimator of the Gaussian and isotropic SGWB and Bayesian
parameter estimation to constrain SGWB models. On the other hand, for anisotropic SGWB
current LVK searches use a Python-based pipeline called PyStoch [4721, 4722]. This pipeline
employs the GW radiometer technique, which accounts for Earth rotation and time delay.
With minimal modifications to these pipelines, one can perform the searches for SGWB even
in the ET scenario.

The computational cost of existing stochastic searches is negligible compared to matched
filtering for CBC sources. We will need the results of MDCs to estimate better the cost
including new developments for ET.

10.4.2.1 Direction for new methods. Though the existing pipelines mentioned above
would work for the ET case, there are several scenarios in which many real-life complications
will occur. One such complication would be that, at 2G detectors, the noises intrinsic to the
detectors are much larger in magnitude than the expected SGWB signals. This, in general,
will no longer be true for 3G detectors. This complication demands new developments in
search techniques where the variance from the signal needs to be considered.

Considering the cross-correlation basics, one can show that the mean and variance
associated with SGWB estimators can be written as:

µ ≡ ⟨Ĉ12⟩ = ⟨h2⟩ = Sh (10.2)

σ2 ≡ ⟨Ĉ2
12⟩ − ⟨Ĉ12⟩2 = (Sn1 + Sh)(Sn2 + Sh) + S2

h (10.3)

In the usual cross-correlation searches (employed for the current ground-based detectors),
we assume that the noises intrinsic to the detectors are much larger in magnitude than the
gravitational strains. This assumption will lead to

σ2 ≈ (Sn1 + Sh)(Sn2 + Sh) (10.4)

This assumption is valid for ground-based detectors like LIGO, Virgo, and KAGRA (assuming
the current detector sensitivity). However, for 3G detectors like ET, we will have intrinsic
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detector noise levels comparable to the level of a real SGWB signal. When the magnitude of
the SGWB signal is comparable to the noises intrinsic to the detectors, the calculation of the
SNR = µ/σ will become more involved. Although the mean µ is independent of the relative
size of the SGWB and the detector noise, the variance σ is not. Thus, we have to change the
current way of ’optimal” (which maximizes the SNR) cross-correlations by incorporating the
variance term coming from the GW signal.

Another promising possibility for ET in its triangle configuration is to use the null
stream (see section 10.6.1). A proof of principle was demonstrated in a mock data challenge
that took place in 2012 [492], where the authors computed the median over the whole dataset
of the difference between (one-third of) the null stream PSD and the individual detector PSD.
These residuals were shown to be consistent with the median PSD of the injected GW signals
in each detector.

10.4.3 Data analysis for Continuous Wave searches

Persistent semi-periodic GW signals, called Continuous Waves (CW), are produced by vari-
ous classes of sources, in particular rotating neutron stars asymmetric with respect to their
rotation axis, see section 6. CW emission is also expected in more exotic sources, including
ultra-light boson clouds around spinning black holes (discussed in section 1.4.2.1) and the
inspiral of light primordial black hole binaries, with mass m≪M⊙ (discussed in section 3.6);
see e.g., [2803] for a recent review of CW sources.

The search for CW is made difficult by the predicted weakness of the signals which, with
a few notable exceptions, will limit the search volume to the Milky Way and its neighborhood.
This will be also true with 3G GW detectors. Moreover, if the signal parameters are not
known in advance, the resulting parameter space can be very large, as a consequence of the
long signal duration. This complicates the waveform at the detector due, for instance, to the
Doppler effect induced by the Earth motion and the sidereal amplitude and phase modulation
due to the detector beam pattern functions. As a result, the search for this kind of signals
may be challenging also from the computational point of view. This is true both for current
and future detectors. No CW signal has been detected so far, although interesting upper
limits have been set in several cases, see e.g. [2826, 2880, 3519, 3538, 3597, 3599, 4723–4728]
for some recent results obtained with the LIGO/Virgo/KAGRA observatory. We refer the
reader to section 7.4.2 for more details on current searches of CW from rotating neutron stars
and for prospects in the ET era, and to section 1.4.2.1 for prospects about the detection of
CW from ultra-light particles.

In order to increase the chance of detection, not only more sensitive detectors are needed,
but also improved data analysis methods are crucial. In general, search method development
should aim to reach three fundamental milestones: a) maximizing sensitivity, b) ensuring
robustness against unmodeled signal or noise features, and c) maintaining manageable com-
putational costs. A compromise among these three features must often be found. A standard
approach for wide parameter searches is that of developing semi-coherent approaches, where
the whole dataset is split into a number of smaller segments, which are individually processed
and then incoherently combined, that is without requiring signal phase coherence from one
segment to the other, see for instance [3608] and reference therein. While this approach in-
troduces a sensitivity loss with respect to optimal searches based on matched filtering (which
is used only when the signal parameters are known with high accuracy), it ensures better
robustness and a lower computing cost, depending on the segment duration TFFT.
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It can be shown that for a standard semi-coherent search the sensitivity scales as T
1/4
FFT,

while the computational load scales at least as T 4
FFT [4729]. Finding effective ways to increase

the sensitivity of wide parameter searches without making the computational cost explode
is a non-trivial and important task for current detectors as well as for future detectors. This
target can be pursued at the algorithmic level and/or in the context of a multi-messenger
approach. The former case includes optimizations at the level of template placement [4730,
4731], efficient exploitation of modern computing architectures, like GPUs [4732], correction
of the Doppler effect via hierarchical approaches [4733], exploration of image processing [4734]
and Machine Learning techniques [3611]. The latter consists in exploiting observations in the
electromagnetic band to better constrain the portion of parameter space to be investigated,
allowing the saved computing resources to be dedicated to making deeper searches, see e.g.
[3615].

In the ET era, there will also be other data analysis issues that could play a relevant
role and need to be investigated: the impact of the superposition of CBC signals on CW
searches, and the superposition of CW signals themselves, which we briefly describe in the
following subsections.

It is also worth mentioning that data analysis issues similar to those presented by
CW searches in Earth-bound detectors could also affect the search for Extreme Mass Ratio
Inspirals (EMRIs) in LISA [4735]. There could be a mutual benefit from the data analysis
developments in these fields.

10.4.3.1 Impact of CBC background on CW searches. The incoherent superposition
of several CBC signals will constitute an astrophysical background that adds to the detector
noise, whose impact on CW searches must be evaluated. This effect would be especially
pronounced in the low frequency regime, where the CBC signal density is higher. As a first
step, we need to estimate how ET theoretical sensitivity curve compares with such signal
background, in order to understand which is the frequency range more affected. Next, we
need to study how current CW search procedures are impacted, e.g. in relation to the data
power spectrum estimation, and if needed, find suitable solutions. This study will likely be
corroborated by a dedicated MDC.

10.4.3.2 Superposition of CW signals. CW signals emitted by ultra-light boson clouds
around rotating black holes, see e.g. [408, 411, 4736]. As already discussed in section 1.4.2.1,
see in particular eq. (1.4), they are characterized by a frequency [421]

fgw ≃ 483 Hz
( mb

10−12 eV

)[
1 − 7 × 10−4

(
Mbh

10M⊙

mb

10−12eV

)2
]
, (10.5)

where mb is the boson mass and Mbh is the black hole mass. Assuming a given boson
mass, and a population of boson clouds, the resulting signal frequencies are expected to be
concentrated in a range

∆fgw = 0.338 Hz
( mb

10−12eV

)3
[(

Mmax
bh

10M⊙

)2

−
(
Mmin

bh

10M⊙

)2
]
, (10.6)

where Mmin
bh and Mmax

bh are, respectively, the minimum and maximum mass of the black holes
that developed a cloud. Depending on the black hole mass distribution, such a frequency
interval can vary from a fraction of hertz to about 1 Hz, for boson masses in the range
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10−14 − 10−11 eV, which produce signals in the sensitivity band of ET. If the number of
detectable signals is large, a superposition may take place with a possible impact on search
algorithms [436]. A preliminary study has been done in [4737], showing that current semi-
coherent analysis methods are generally robust concerning this possible issue. A more detailed
study, explicitly taking into account the predicted ET sensitivity curve and reasonable models
for the boson cloud population, must still be done. It will also be interesting to evaluate
if modifications of current semi-coherent schemes, explicitly exploiting the expected signal
superposition, can increase the detection probability.

10.4.4 Data analysis for burst signals

Numerous astrophysical processes in the universe are expected to produce transient signals
for which we do not have a complete model as in the case of CBCs. Some notable cases
are supernova explosions, gamma-ray bursts, soft-gamma repeaters, fast radio bursts, or
possible sources of unknown origin. Given that there is no exhaustive knowledge of the
expected signals, alternatives to matched filtering have been developed to search for signals
of unknown features but consistent with minimal properties of gravitational waves.

10.4.4.1 Methods for sub-second long signals. Devoted algorithms for short transient
signals (bursts), i.e. less than a second, usually share common features. These algorithms
identify power excesses from the noises of multiple detectors and combine them in a coher-
ent data stream consistently with the light time difference between detectors. This coher-
ent approach allows to discard of noise features that casually appear in various detectors
more effectively than a simple time-coincidence selection. The current pipelines can differ
in the way they build the search parameter space; for instance, applying Wavelet or Fourier
Time-Frequency transformation, or building an orthogonal basis of Sine-Gaussian functions.
Another difference can be found in the procedure used to differentiate the signal candidates
from the noise excesses. For instance, one approach used in the LVK Collaboration for the
cWB pipeline [4738] was to define a subset of noise excesses based on morphology, so as to
penalize well known glitches in favor of other signal characteristics, at the cost of the trial
factor, i.e. the false alarm rate of a single event is multiplied for the number of total subsets.

In current searches, this approach has been abandoned in favor of machine learning
techniques to identify potential signals in the high noise environment, like the application
of autoencoder [4739], XGBoost [4740] or GMM [3558] in conjunction with coherent Wave-
Burst [4738]. Other algorithms extend some features of these algorithms to restrict the search
to a selected class of gravitational waves. Some examples are the use of Convolutional Neu-
ral Networks for the recognition of certain patterns in the time-frequency domain, which has
been applied to CBC [4741] and to supernovae [3556, 3560].

Algorithms can be adapted for searches in different conditions, passing from a general
all-sky/all-time search, where there is no information of the expected signal, to triggered
searches, where information about the arrival time or the sky direction is provided by ex-
ternal information (like neutrino or electromagnetic). Examples of such searches which have
been explored are GWs associated with gamma-ray bursts [4742], fast-radio bursts [4743]
or supernova explosions [3541], where the search for GW is focused around the time of the
alerts from non-GW detectors.

The expected detectable signal depends on the shape of the detector PSD; for instance,
in the case of the Advanced LVK detectors it is very short for binary black holes (around
hundreds of milliseconds). In this case these signals are sufficiently separated in time to
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not interfere with each other. However, this could be one of the main limiting factors when
applying the current pipelines to ET data, given the longer duration of detectable signals, so
that we expect more frequently the case that multiple signals would be occurring at the same
time. A preliminary study has been performed on overlapping CBC signals [4704] which
demonstrate the feasibility of detection in the case of two signals partially overlapping in
time. The considered burst algorithm (cWB) was capable to get most of the overlaps, but as
a unique candidate, without distinguishing the separate contributions. This shows that an
extension of the algorithm is needed, so to be able to split different signals in case they are
happening at the same time.

10.4.4.2 Data analysis methods for minute-long burst signals. Minute-long signals,
ranging from 100 to over 1000 seconds, present unique challenges due to the large data
volume and the need for high sensitivity over extended periods [4744]. One approach to
dealing with these challenges involves creating time-frequency (TF) maps that can cover the
entire duration of long signals without fragmenting the waveform across multiple maps. By
“stitching together” multiple TF maps, we effectively create a continuous representation that
spans the extended duration of the signal [3547]. This technique allows handling long data
segments more efficiently, while maintaining coherence across the signal’s full time span.

The current generation of detection pipelines typically employs a combination of tra-
ditional and machine learning methods to enhance detection accuracy and efficiency. One
recently developed technique involves using the U-NET architecture for anomaly detection
[4745]. This architecture is particularly effective in distinguishing between normal back-
ground noise and potential gravitational wave signals, which appear as anomalies. Given
that target signals are relatively well-behaved in the time-frequency domain, the data is an-
alyzed in the form of spectrograms. The resolution of these spectrograms directly impacts
the computational requirements, as it determines the size of the 2D array and consequently
the batch size used in training.

Training these machine learning models is computationally expensive due to the large
data volumes involved. For instance, segments of 512 seconds and 1000 seconds are commonly
used in current methodologies [4746]. The primary goal of these models is to detect grav-
itational wave signals amidst a background of noise and glitches. Most glitches are shorter
than one second, allowing them to be represented as single pixels in the time-frequency array.
This simplifies the thresholding process for identifying the loudest background event, which
is the most limiting factor for the sensitivity of minute-long searches.

The computational requirements for processing long-duration gravitational wave bursts
are significant. High resolution in the time-frequency domain necessitates powerful computa-
tional resources to handle the large 2D arrays representing the data. This includes substantial
memory and processing power to manage the continuous influx of data and the complex cal-
culations required for anomaly detection and signal processing. The use of advanced machine
learning models like U-NET further adds to the computational load, as these models need to
be trained on extensive datasets to achieve the necessary pixel-to-pixel accuracy for real-time
detection.

In current searches, techniques such as convolutional neural networks (CNNs) and en-
semble classifiers, like XGBoost in conjunction with a version of coherent WaveBurst (cWB)
[4738] or STAMPAS [3547], are employed to identify potential signals in high-noise environ-
ments. These methods enable the processing of large datasets more efficiently and improve
the sensitivity and accuracy of gravitational wave searches, particularly for low-significance
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events.
Moreover, the extraction and isolation of overlapping signals are being actively explored.

The approach, detailed in [4704], involves advanced methodologies to better separate and
identify multiple signals occurring simultaneously.

10.5 Parameter estimation methods

As already discussed in section 9.1.1.2, the parameters of a GW signal are characterised
through the use of Bayesian analysis. This requires using Bayes’ theorem

p(θ|Hs, d) =
p(d|θ,Hs) p(θ|Hs)

p(d|Hs)
, (10.7)

where θ is the set of parameter values that describe a GW signal and Hs is the hypothesis that
a GW signal depending on the parameters θ is present in the data d. The data is compared
to a model by constructing the likelihood p(d|θ,Hs) under the assumption of Gaussian and
stationary noise in GW detectors, while p(θ|Hs) is the prior distribution on the parameters.91

All information about the parameters of interest is encoded in the posterior probability density
function (PDF), p(θ|Hs, d). For parameter estimation purposes, the factor p(d|Hs), called the
evidence for the hypothesis Hs, is set by the requirement that PDFs are normalised. This
quantity is particularly important when comparing one model (or hypothesis) to another,
using the same data. In a GW data analysis context, under the assumption that the noise is
stationary and Gaussian, the likelihood is given by

p(d|θ,Hs) ∝ exp

{
−1

2
(d− h(θ)|d− h(θ))

}
, (10.8)

where the noise-weighted inner product ( · | · ) is defined as

(a|b) = 4 Re

∫ fhigh

flow

df
ã∗(f) b̃(f)

Sh(f)
, (10.9)

see also eqs. (9.5) and (9.12). Here a tilde refers to the Fourier transform, and Sh(f) is the
PSD. The integral in eq. (10.9) could in principle be taken to run from flow = 0 to fhigh = ∞,
as in eq. (9.5), but, in practice, the PSD determines a minimum and a maximum value of
the frequency beyond which the detector is, for all purposes, blind. A (quasicircular) BBH
signal within GR is described by 15 parameters, already given in eq. (9.16), with the pa-
rameter space increasing if including eccentricity, or with the presence of matter effects in
BNSs, or for exotic compact objects with additional parameters. Stochastic sampling has
been traditionally used for sampling this high-dimensional parameter space [4747]. With the
increased number of detections and improved detector sensitivities, Bayesian pipelines like
Bilby [257] have been developed. Improvement of noise sensitivity in the 3G era translates
to a lower flow, making the signals and therefore each likelihood evaluation extremely expen-
sive for 3G detectors. Considering hours to days long signals in the 3G era, improvements
to this pipeline have also been made [4602] which, however, relies on heavy computational
resources. A further method to enable analysing very long BNS signals like reduced order
quadratures (ROQ) [4583] has also been developed. However, this method suffers from an

91Often, the label Hs is left implicit, and eq. (10.7) is rewritten as in eq. (9.9), where has been used the
notation p(θ|Hs, d) ≡ p(θ|d), p(d|θ,Hs) ≡ L(d|θ) and p(d|Hs) ≡ Z(d), and the data has been denoted by s
instead of d.
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Figure 10.3: Left: comparison of the offset of the recovered posterior for the chirp mass
for joint parameter estimation (JPE) and single parameter estimation (SPE) method. Right:
comparison of the offset of the recovered posteriors for the chirp mass for JPE and hierarchical
subtraction (HS). The two plots indicate that the offset is reduced for JPE compared to HS,
due to the better modeling of the noise, while it is still better in the SPE case, where the noise
is well modeled and the problem at hand has a reduced complexity. Figure taken from [4675].

inherent overhead by the need to first build a reduced basis and moreover construct a new
basis each time a new prior may be chosen and further when adding a new parameter. On
the one hand, we will be facing extremely long signals requiring very heavy computational
resources and on the other, as noted in section 10.2.2, the data will mostly consist of overlap-
ping signals, making conventional Bayesian analysis potentially extremely computationally
expensive by increasing the parameter space dimensionality. In the following, we look at
methods developed for solutions of both these problems.

10.5.1 Analysis of overlapping signals

Ref. [4675] presented the first methods to analyse overlapping signals effectively. In the pres-
ence of overlapping signals, the assumption of the presence of a single signal in the likelihood
breaks down. In ref. [4675], simulation sets consisting of two signals in the 3G network at
the same time were analysed by expanding the likelihood to consist of two signals, hence-
forth called joint likelihood ; however, in reality, the number of signals present will be much
larger [494] (with the population model used in [16], at any given moment there are O(102)
overlapping BNS [607]) and such an analysis may be practically infeasible. Furthermore,
the method of hierarchical subtraction was also introduced whereby the loudest signals are
subtracted from data containing overlapping signals, and signals are analysed one by one.
Although computationally more efficient, this method however suffers from the drawback of
introducing biases in residuals with each subtraction. Figure 10.3 shows a comparison of off-
sets in chirp mass from joint likelihood method compared against the methods of hierarchical
subtraction and analysing single signal at a time.

10.5.2 Innovative methods for faster inference

Since PE depends on evaluating the likelihood multiple times (typically ∼ 106 − 108 eval-
uations for estimating the parameters of a CBC signal), the speedup can be achieved by
constructing reduced-order-quadratures (ROQs) [4544, 4558]. ROQs were developed for long
signals like BNSs relevant for the 3G era in [4583]. In addition, reduced-order-methods for
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waveform generation, discussed in section 8.5, will facilitate faster likelihood computation.
Relative binning [4539, 4748] has been proposed as a method to effectively make sparser
frequency grids to evaluate long waveforms like those from BNS signals by making use of the
frequency-change in the evolution of waveforms. Further advancements in relative binning
when using waveforms including higher-order-modes have been made in [4541, 4749]. In re-
cent years, likelihood-free inference has been gaining popularity due to its immense potential
to speed up PE analyses [4548, 4549]. Likelihood-free inference, as the name suggests, avoids
explicitly computing the likelihood to get parameter estimates. An example of avoiding ex-
plicit likelihood computations is by using machine-learning methods, eg. normalising flows to
approximate the likelihood. Simulation-based inference has been applied to PE [4750, 4751]
and all such methods hold immense promise for longer as well as multi-dimensional analyses
necessary in the 3G era due to overlapping signals. Normalising flows have been applied
and shown to infer parameters correctly in the case of overlapping signals [4676]. Testing
the theory of gravity or inferring the dense nuclear equation-of-state (EoS) of neutron stars
mostly requires inferring additional parameters to characterise their effect, making the PE
problem even more complex and computationally challenging. Inference of EoSs using neural
networks has been explored in [4752], while the application of neural networks to testing
gravity has been explored in [4753]. Bayesian PE using conditional variational autoencoders
were developed in [4754]. Low-mass BBH sources, with chirp masses as low as ∼ 5 M⊙ have
also been inferred accurately using neural posterior estimation in [4755]. In the following
subsections, we review a few methods for faster inference.

10.5.2.1 Relative binning method. Relative binning (RB) was developed as a faster al-
ternative to performing Bayesian analyses for the long BNS signal, GW170817 [4539, 4748].
It has however been extended to other expensive analyses like those with higher-order-
modes [4541] and been shown to be effective for 3G detectors in case of lensing analyses [4749].
The principle behind RB is to reduce the computational cost of the evaluation of the like-
lihood (10.8) by leveraging summary data calculated on a dense frequency grid for a single
fiducial waveform, which must resemble the best fit to the data. The key assumption is that
the set of parameters contributing non-negligibly to the posterior probability produces simi-
lar waveforms, such that their ratio varies smoothly in the frequency domain. Consequently,
within each frequency bin b = [fmin(b), fmax(b)], the ratio between the sampled waveforms
and the fiducial waveform can be approximated by a linear function of frequency:

r(f) =
h(f)

h0(f)
= r0(h, b) + r1(h, b)[f − fm(b)] + · · · , (10.10)

where h0 is the fiducial waveform and fm(b) the central frequency of the frequency bin
b. This reduces the number of frequencies at which the waveform information must be
evaluated, thus reducing the overall cost of the likelihood computation. However, the ratios
r0(h, b) and r1(h, b) still depend on the source parameters, and so parameter evaluations
are necessary. While this method allows the use of computationally expensive samplers like
nested sampling [4756], it requires a fiducial waveform, which assumes an existing set of
representative parameter estimates. One may use initial parameter values from detection
pipelines, although they are typically associated with larger uncertainties.

10.5.2.2 Machine learning for parameter estimation. In addition to the ML-based
detection methods laid out in section 10.4.1.1, over the last few years ML has gained traction
as an avenue to perform parameter estimation for GW signals since, in principle, it offers
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a faster alternative with the same precision as classical methods. In particular, several ap-
proaches, generally based on normalizing flows (NFs) [4757], have been suggested to speed
up parameter inference processes. One can split those into two general trends: (i) the full
inference is replaced by a ML framework, i.e. the setup directly outputs posteriors character-
izing the event analyzed [4548, 4549, 4750, 4755, 4758–4760], and (ii) part of the process is
aided by an ML system [4584, 4761–4764]. In both cases, one observes a significant speed-up
in the computation time. Specific ML algorithms developed for parameter estimation are as
follows

• Neural Posterior Estimation (NPE) directly outputs posteriors characterizing gravita-
tional waves (GWs) in data [4548, 4549, 4755, 4758]. It typically consists of two parts:
a context network (often a convolutional neural network) that compresses the data, and
an inference network that transforms a base distribution (a multivariate Gaussian) into
the target posterior. Initial NPE methods were PSD-dependent, as they were trained
with a specific PSD. To address this, methods have been developed to include the PSD
as input and allow for PSD variations during training [4765], increasing robustness.
However, significant detector upgrades may still require re-training. Currently, NPE
frameworks are reliable for BBHs with component masses above 10 M⊙, though, re-
cently, extension in the neutron star mass regime has been implemented [4710, 4766].
Adapting these networks for lower mass signals [4755] is challenging due to the need to
handle long signal durations and correlations between distant data points. An example
posterior obtained with this framework for a system with a 5M⊙ chirp mass injected
in an LVK network is shown in figure 10.4. One approach involves using more effective
priors in the training phase—modifying them to have a uniform sample exposure in
the mass space, and fine-tuning the network on a per-event basis to focus on relevant
regions of the parameter space, significantly improving efficiency while remaining faster
than traditional methods. For the Einstein Telescope (ET), which expects high SNR
and long-duration signals, further development will be needed. Issues such as overlap-
ping signals [494–496, 3685, 4675] must also be addressed. Initial attempts to analyze
overlapping BBH signals using NPEs have shown promise [4676] but require larger net-
works and further optimization [4675]. Developments are ongoing to adapt NPE for
next-generation detectors like ET, indicating a promising direction for future GW data
analysis.

• Truncated Marginal Neural Ratio Estimator (TMNRE) generates from the data low-
dimensional marginal posterior distributions (1D or 2D) [4750, 4759]. Unlike Neural
Posterior Estimation (NPE), TMNRE trains a neural network to model the likelihood-
to-evidence ratio (p(d|ϑ)/p(d)) for the parameters of interest ϑ. This is done by training
a classifier to classify samples between those correlated with the data and those inde-
pendent from the data. This classifier can then approximate the ratio [4750, 4759]. For
complex problems like gravitational wave (GW) data analysis, an amortized approach
is inefficient as many prior samples do not contribute to the final posterior. Thus,
training is done in rounds, shrinking the prior space based on previous outputs un-
til convergence [4750], which is faster than traditional methods. TMNRE adapts well
to scenarios like overlapping signals [4751], providing rapid and accurate posteriors.
A significant advantage of TMNRE is its scalability for high-dimensional parameter
spaces, useful for problems like inferring noise properties in next-generation detectors.
However, it does not provide the full set of correlated posteriors, which is necessary for
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Figure 10.4: Representation of the posteriors obtained with the approach from [4755] (red)
and the posteriors obtained with traditional approaches (blue) for a system with a chirp
mass of 5M⊙ injected in an LVK network. A good agreement is obtained between the two
posteriors, which required an adapted training procedure due to the relatively low mass of the
system. To obtain this agreement, the priors during the training process have been adapted
to have an effectively uniform coverage of the mass parameter space.

calculating evidence or performing importance sampling. To address this, Neural Ra-
tio Estimation (NRE) can be adapted to be autoregressive (AR), using the probability
chain rule to transform the n-dimensional joint prior into a product of 1D conditional
priors and the likelihood-to-evidence ratio into a product of conditional ratios [4767].
This approach maintains sample correlations but results can be unstable, depending
on the ordering of conditional probabilities [4767]. TMNRE and autoregressive NRE
offer promising machine learning methods for future data analysis in GW research.

• Nested sampling with artificial intelligence ((i-)nessai) [4761, 4763] integrates ML,
specifically NFs, with nested sampling techniques to enhance efficiency in exploring
parameter spaces and calculating evidence for GW data. In traditional nested sam-
pling [4756], samples are drawn from iso-likelihood contours to explore higher likelihood
values and build posteriors. nessai [4761] uses NFs to represent the sampling space,
mapping a multivariate Gaussian distribution to the parameter space. New samples are
generated by passing them through the trained NF network and verified via importance
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Figure 10.5: Number of likelihood evaluation and time needed to perform the inference
for i-nessai [4763] (blue dots), nessai [4761] (orange crosses), and Dynesty [4770] (green
plusses) for 64 BBH signals injected in an LVK network. One sees that ML-aided nested
sampling has a significantly reduced computation time, meaning it is a promising avenue for
data analysis in next-generation GW detectors. Figure taken from [4763].

sampling, ensuring they remain within prior boundaries. The NF network is retrained
periodically based on certain criteria, and this process continues until convergence.
This method improves efficiency by reducing the number of likelihood evaluations and
computation time compared to usual samplers, making it suitable for the analysis of
GW events with future detectors. One bottleneck is the importance sampling step,
which can be addressed by using importance nested sampling. This involves approxi-
mating the evidence integral with a pseudo-importance sampling density [4768, 4769],
using weighted NF distributions to sample directly and bypass the importance sampling
step, further reducing errors and rejection sampling time. Comparative studies show
that i-nessai [4763] significantly reduces sampling time and inference duration, from
more than a day to a few hours, as demonstrated with 64 BBH injections in an LVK
network, see figure 10.5. Despite its advantages, challenges remain for next-generation
detectors with very loud signals and highly peaked posteriors, requiring further testing
and development.

• Normalizing Flows for parameter estimation of close encounter signals. In addition to
quasi-circular evolutions of coalescences, dynamical interactions are gaining more and
more interest as formation channels for CBCs. In particular, they play a crucial role
in the formation of IMBHs in dense stellar environments. Such systems are mainly
characterized by having a non-zero eccentricity whose effect is to induce a modulation
in the gravitational waveform. In the e→ 1 limit the emission is expected to be a series
of short-duration bursts peaked around the time of periastron passage, corresponding to
the “close encounters” case [4771]. Another way of producing a close encounter signal
is during capture of two initially unbound objects. In the case of 2-body encounters of
stellar mass binaries (M ≲ 100M⊙) inside Globular Clusters the peak frequency of the
GW emission fGW is expected to be fGW ≲ 10 Hz for eccentricities −2.5 < log e < 1.5
[1396, 1410, 4772], which enhances the importance of the improved low-frequency ET
sensitivity. Performing accurate and fast PE on these sources is of great importance
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for many different studies: from fundamental tests of GR in the strong field regime to
the investigation of the astrophysical formation channels and even to multimessenger
astronomy. In particular, electromagnetic counterparts to GW signals are expected to
be produced even by BBHs if mergers occur in specific environments like Active Galactic
Nuclei (AGNs) [2244]. More specifically, the EM signature consists of optical/UV flares
induced by shocks in the gas surrounding the merging binary [1424]. Due to their
repeated burst nature, close encounters are suited for early warning strategies, given
that precise localization and time of coalescence can be estimated in advance. Provided
that the parameters of each GW burst are well reconstructed and correctly correlated
to the previous one(s), the chances of detecting EM counterparts would increase thanks
to the fast and early pointing of telescopes.

Machine learning techniques have proven to be promising for studying this kind of
sources, which are characterized by repetitive short burst signals. For example, in
[4773] a neural network architecture based on Normalizing Flows, HYPERION, ob-
tained successful results in the reconstruction of single-burst parameter posteriors. The
proposed network is composed of a convolutional embedding network for extracting the
most relevant features and an affine coupling flow to estimate the posterior distribu-
tion on the source parameters. The network is trained on simulated close encounter
signals, which were realized using the effective fly-by waveform formalism [4771]. The
computation time for the reconstruction of the posterior discussed in [4773] is of 0.5 s,
∼5 orders of magnitude faster than that obtained with traditional PE methods.

• Markov Chain Monte Carlo aided by Machine Learning : In Markov Chain Monte Carlo
(MCMC) sampling, the goal is to directly assess the posterior distribution without com-
puting the evidence. This is done by evolving chains of samples with a proposal distribu-
tion. To improve sample proposals, gradient information can be used to select samples
pointing toward higher likelihood values, as seen in the MALA [4774] algorithm. NFs
can further enhance MCMC by representing the posterior landscape [4775]. This com-
bination is implemented in JIM [4584, 4764], which relies on FlowMC [4762, 4775]
and MALA for sampling and Ripple [4776] for JAX-based waveforms. The gradient-
based MCMC benefits from JAX’s auto-differentiation and just-in-time compilation
for speed. The process involves initial steps of MALA to sample the posterior land-
scape, using these samples to train an NF network, and iterating between MALA
steps and NF training until convergence. Final samples are generated by freezing the
network, ensuring the chain’s Markovian nature [4764]. JIM has shown significant
speed-ups [4584, 4764]: BBH analyses in under 3 minutes [4764] and BNS analyses
in less than 30 minutes [4584]. This method automatically adapts to new noise and
signals without pre-training. However, it only returns posteriors, not evidence, which
could be addressed with importance sampling [4761, 4763]. Efficient implementation
requires a fully JAX-based framework [4776], including waveforms.

• Deep neural network driven Hamiltonian Monte Carlo (DeepHMC) is a new approach
to parameter estimation for long-duration signals [4777], improving upon standard
samplers like MCMC and Nested Sampling, which suffer from high autocorrelations
and slow convergence. Hamiltonian Monte Carlo (HMC) avoids these issues by using
Hamiltonian trajectories [4778] instead of random jumps, converting the problem into
a gravitational one with potential and kinetic energy terms. Properly tuned HMC
converges D times faster than MCMC, where D is the parameter space dimensionality.
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Table 10.1: Table showing computational requirements for a variety of waveforms with
physical effects including higher-order-modes and tidal deformabilities. For BNS systems
as well as highly asymmetric systems, availability of only 16 CPUs make obtaining results
infeasible. Table from [4602].

Despite its theoretical advantages, HMC is underused due to tuning difficulties and
computational bottlenecks, specifically the need to calculate D-dimensional gradients
of the log-likelihood at each trajectory step, which is costly for long-duration signals.
DeepHMC addresses these issues by combining HMC with deep learning. It generates
∼ O(103) Hamiltonian trajectories using numerical differencing to calculate gradients,
which are then used to train a deep neural network (DNN) model of the background
geometry, called a “shadow potential”. The final inference process involves:

1. Starting on the true potential and calculating the initial Hamiltonian.

2. Jumping to the shadow potential and evolving the trajectory using DNN gradients.

3. Moving back to the true potential and calculating the final Hamiltonian.

4. Comparing initial and final Hamiltonians using the Metropolis-Hastings ratio.

On a Macbook Pro with an M1 processor, DeepHMC’s data-taking phase takes 10
minutes (parallel on ten cores), training/testing the neural network takes 30 minutes,
and the final inference phase takes around two hours to produce 5000 independent
samples. This reduces Bayesian inference of BNS systems in the LVK band from weeks
to hours.

While not fully ready for parameter estimation in 3G detectors, the examples above show ML-
based methods are a promising avenue for this task in the future, even if more development
is needed. Moreover, the applications shown have focused on data resembling the ones we
observe in the LIGO-Virgo data. The data will clearly be different for Einstein Telescope,
leading to new challenges, and requiring further devlopment.

10.5.3 Computational Requirements

Ref. [4602] introduced a highly parallelised algorithm, called parallel bilby, or PBILBY, to infer
properties of a source in an accelerated way. Table 10.1 shows a table from their analysis
showing the immense improvement in runtimes for a low and asymmetric mass BBH using
640 CPUs which would otherwise be impossible with reduced computational resources. As
summarised in ref. [4779], ∼ O(10) events in O2 required about 106 CPU core hours. In
the ET era, seeing ∼ 103 CBC signals will therefore scale accordingly. Ref. [2283] provides
detailed estimates of PE cost in 3G detectors. With one-month observation, PE for BBH
sources would cost billions of CPU hours with a vanilla PE setting, but the costs are reduced
by at least 4 orders of magnitude when acceleration methods such as ROQ are applied. The
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costs of BNS and NSBH sources are roughly an order of magnitude higher than BBH when
acceleration methods are used. However the advent of faster approaches coupled with ML
and use of GPUs and TPUs in addition to CPUs will likely lead to feasible runtimes of longer
signals in the ET era. As reported in [4584], using a single NVIDIA A100-40 GB GPU can
reduce the runtime of a BNS signal to 2.5 minutes.

10.6 Peculiarities of a triangular ET

10.6.1 Null stream

A null stream can be formed for an arbitrary GW detector network with at least three
detectors, but generally only for one GW signal at a time, depending on its sky position [55].
With ET in a triangle configuration, because of the closed geometry of its component arms
and almost negligible light travel times between components, it is possible to construct a null
stream that cancels the gravitational-wave signal, independently of the sky position of the
source. The null stream is obtained by adding together the three detector outputs,

dnull(t) =
3∑

i=1

di(t) . (10.11)

In the triangular design, it is then guaranteed that no signal is present in the null stream [4650],
so that

dnull(t) =
3∑

i=1

ni(t) . (10.12)

The subsections below describe the opportunities that the sky-independent null stream offers
to the data analysis problems described in the sections above.

10.6.1.1 Noise estimation. Noise estimation is crucial to ensure robust detection [3545,
4656, 4780] and PE [257, 4747]. Furthermore, an accurate noise characterization is essential
for understanding the origin of the different noise contributions, and for the development of
noise mitigation strategies [4781], thereby increasing the overall sensitivity. As explained in
section 10.2.3, the estimation of the properties of the background noise for ET is still an open
problem. The following paragraphs outline a few possibilities to leverage the null stream for
this challenge.

From eq. (10.12) we see that the PSD in each of the three detectors in the triangle
configuration92 can be estimated from the null stream taking the Fourier transform of the
correlator ⟨d∗null(t)di(0)⟩, and assuming that the noise in different detectors are uncorrelated,
so that, for each i, ⟨d∗null(t)di(0)⟩ becomes the same as ⟨n∗i (t)ni(0)⟩ (where we used also the
fact that the GW signals are uncorrelated with the noise). Note that this is only valid if
⟨n∗i (t)nj(0)⟩ ∝ δij , i.e. if the noise in different detectors are uncorrelated. However, it is
highly likely that noise sources couple coherently to the different ET detectors of the triangle
configuration, particularly at low frequencies [4651] (see section 10.6.2 for more details). This

92We use the nomenclature defined in footnote 10 on page 48 (see also footnote 88 on page 506), so ET in its
triangle configuration is made of three nested detectors, with each detector composed of two interferometers
(one tuned toward low frequencies and one toward high frequencies), for a total of six interferometers.
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would therefore bias the PSD estimates that use the null stream, unless these correlated noise
can be identified and characterized, e.g. with witness sensors [4650].93

In the PSD estimate, the null stream can also be useful for removing the astrophysical
confusion noise. This confusion noise is produced by a large population of unresolvable
signals, which forms the stochastic GW background, as well as the foreground population of
overlapping signals, which are individually resolvable but behave as an additive noise source
given the large number and long duration [618, 619, 4652]. Such a confusion noise could affect
the detection and bias the PE analysis of individual GW sources. As outlined in ref. [4650],
it is possible to remove such background by cross-correlating the null stream with the data
stream of the individual detectors. Given the absence of any GW signal in the null stream,
this cross-correlation yields the sum of the instrumental Power Spectral Density (PSD) of the
detector under consideration and the Cross-power Spectral Density (CSD) of instrumental
correlated noise between that detector and the others. Therefore, this method can be used to
provide an unbiased estimate of the detector noise, again at frequencies where the correlated
noise is negligible.

Another unique opportunity of the null stream is the on-source measurement of the
PSD. In GW searches [3545, 4656, 4780] and PE [257, 4747], detector noise is often modeled
as a stationary Gaussian process. However, actual noise in GW detectors is not stationary
[4667]. Figure 10.6 illustrates the median and the 1σ variation of the PSD variation statistic,
akin to the one defined in ref. [4783]:

v(f ; δt) =
Sn(f ; t+ δt)

Sn(f ; t)
, (10.13)

for the LIGO Livingston detector during the first half of the third observing run (O3a).
Data segments containing event triggers with a false alarm rate below one per month were
excluded from the PSD estimation. The results indicate significant noise PSD fluctuations
over periods of O(1) hours, with an estimated fluctuation of ∼ 80% in the frequency range
of 20-60 Hz. Extending the time difference to one day results in fluctuations up to 200%.

The non-stationarity of noise is a critical issue for ET, particularly during long-duration
observations of BBH and BNS mergers, which can span hours to days. As demonstrated in
ref. [4650], BNS inspirals can leave a visible imprint on the inferred PSD at ∼ 5 Hz. Inaccu-
rate PSD estimates would lead to incorrect uncertainty estimation in posterior distributions
[4663], affecting studies reliant on precise localization volumes, such as Hubble constant mea-
surements [4664, 4784]. Therefore, PSD estimation using off-source data is not feasible for
ET. The methods discussed above demonstrate the capability of the null stream technique
to provide an unbiased noise PSD estimation using on-source data, even in the presence of
GW signals (again, as long as correlated noise can be identified and characterized).

Another option for PSD estimates are global fitting approaches, such as those used
to simultaneously model both GW signals and noise PSD [4785]. While they offer accurate

93It should also be observed that, as with all applications of the null stream, there is an important depen-
dence on the duty cycle of the detectors, since the null stream can only be formed when all three detectors
in the triangle configurations are on-line. Assuming an uncorrelated 85% duty cycle in each of the three
detectors composing the triangle, the null stream will be available for (0.85)3 = 61% of the run time, which
goes down to 51% of the run time assuming instead an independent duty cycle of 80% for each detector [16]
(the best duty cycle for the O3b LVK run is 79% [4782]). However, the triangle design is considerably more
complex than that of 2G detectors, with two interferometers in each detector (an HF interferometer, and a
LF interferometer working at cryogenic temperatures), and it is difficult to reliably estimate what the duty
cycle will be.
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Figure 10.6: The median and the 1σ variation of the PSD variation statistic of the LIGO
Livingston detector during the first half of the third observing run.

results, they substantially increase both the complexity and the computational demands com-
pared to signal-only parameter estimation. In contrast, the null stream technique presents a
computationally efficient alternative for estimating the on-source noise PSD. When employ-
ing global fitting methods, one must select a parametric model for the PSD, often with a
variable number of parameters, which necessitates trans-dimensional sampling, adding fur-
ther complexity. For example, BayesWave employs cubic splines and Lorentzians in this
process [4658]. By incorporating null stream information, a non-parametric estimation of
the PSD can be directly utilized, streamlining the analysis and bypassing the need for the
extensive computational effort required for stochastic sampling in global fitting methods.

Another specific advantage of the null stream is the ability to directly measure the spec-
trum of the confusion noise. As known, the auto-correlation of a single detector provides the
sum of the detector noise and confusion noise PSDs. By subtracting the cross-correlation
between the null stream and the data stream of that detector from this sum, the instrumental
noise PSD is eliminated, leaving only the instrumental correlated and confusion noise compo-
nents. This method provides an unbiased estimate of the confusion noise PSD at frequencies
where the instrumental correlated noise is negligible. Hence, the null-channel method from
ref. [524] can be used to improve the measurement of the stochastic GW background described
in section 10.4.2.

10.6.1.2 Glitch Identification. In addition to non-stationarity, detector noise in GW
observatories is also subject to glitches [4667, 4786–4788], as outlined in section 10.2.1 and
section 10.3. These glitches can significantly reduce the efficiency of astrophysical searches
[4789] and introduce bias in PE [1796, 4790–4792]. Notably, during the O3 run, the median
rate of glitches in the LIGO and Virgo detectors exceeded one per minute for the majority of
the run [4793]. Approximately 20% of the detected signals required some form of mitigation
due to glitches [4793]. The high frequency and significant impact of these glitches highlight
the necessity for effective identification and subtraction techniques to ensure the integrity of
gravitational wave data and validate transient candidate events [4794].

The current approach to identifying glitches in GW data primarily involves utilizing
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witness sensors that are insensitive to GWs to monitor the local environment. These sensors
help detecting non-astrophysical disturbances that might affect data quality. The data chan-
nels from these sensors, known as auxiliary channels, are critical as they provide information
for investigating and assessing the quality of the GW data. Detailed procedures for this pro-
cess employed during O3 are documented in refs. [4667, 4786], outlining the methodologies
and tools used to identify and mitigate the impact of glitches on data analysis. In contrast
to GW signals, glitches do not cancel in the null stream. Therefore, the null stream offers an
additional channel, apart from the auxiliary channels, to identify the presence of glitches in
strain data.

The null stream has been proposed as an effective tool to discriminate GW signals from
noise [4795–4797]. In the context of a triangular detector network, since the null stream is sky-
independent and unique, the presence of glitches in any of the detectors will manifest in the
null stream. Thus, methods utilizing the null stream can directly monitor the “glitchiness” of
strain data. Ref. [4650] evaluated the effectiveness of the null stream in detecting glitches in
a triangular ET exploring two different approaches: the waveform-dependent null SNR [4796]
and the waveform-independent likelihood-based approach, demonstrating that both methods
effectively reduce glitches to the Gaussian noise background. An end-to-end null-stream based
glitch-mitigation algorithm for a triangular ET has been developed and implemented recently
in [4657]. It demonstrates that characterization and subtraction of glitches arbitrarily close
to the peak of the signal can be performed using the null stream without any significant effect
on the quality of parameter measurements.

Beyond classical statistical tests, the ET null stream could serve as input for machine
learning-based methods such as Gravity Spy [4688, 4798] and iDQ [4799]. Once a glitch
is identified, the specific detector where the glitch is present can be determined by cross-
correlating the null stream with the main GW channels from each detector, as these channels
contain the glitch in a form most similar to the null stream. Additionally, cross-correlating
the null stream with the auxiliary channels can help identify not only the detector where the
glitch occurs but also the source of the noise.

10.6.1.3 Self-calibration. In the third gravitational wave transient catalog [6], and previ-
ous LVK publications, calibration uncertainty was taken into account by marginalising over
the calibration uncertainty estimates provided by the calibration team [4800, 4801].

For CBCs, it has been found that the impact of calibration errors is mostly negligible for
the current generation of detectors, [3542, 4802, 4803]. However, the localization parameters
are the most affected by the inclusion of the calibration error distribution [4803]; in fact,
the area of the 90% credible interval for the sky position of GW150914 increased by 300%
when calibration uncertainty was taken into account [1608]. Additionally, calibration errors
might lead to biased results for other science cases such as measurements of the Hubble
constant [4804] or GW stochastic backgrounds [4805]. The improved sensitivity of ET will
also tighten the requirements on the calibration errors because at high SNR the effect of
calibration errors becomes distinguishable from the statistical variation. More precisely, the
calibration error for ET needs to be below 1% in both amplitude and phase [3674] to avoid
biased results in PE for CBC signals. Therefore, new methods are required to ensure precise
calibration that will guarantee the scientific goals set for ET.

One possible method that has been proposed, but never implemented, relies on signal
leakage into the null stream [4654]. First, a null stream is constructed for every detected
event. If calibration errors are present, then a small fraction of the GW signal leaks into the
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null stream, which can be detected with a template bank that consists of convolutions of the
detected signal with a parameterised calibration model. Since the SNR of the leaked signal
is only a fraction of the SNR of the detected signal, the results of multiple detections have to
be combined in a single detection statistic. This approach only works if the calibration error
remains constant in between detector upgrades, which is usually a valid assumption.

A triangular configuration can relax some of the assumptions in the method discussed
above because the construction of the null stream is independent of the measured sky position.
This can be a major advantage because:

• An initial timing error in the calibration model impacts the measured sky-position and
hence, if the null stream depends on the sky position, it also impacts the estimated
calibration error. This does not happen for the triangle, whose null stream is sky-
independent.

• The null stream of the triangle allows us to deal with overlapping signals. Indeed, if
the null stream is not sky-position independent, then the SNR of the signal of interest
is scaled down by the calibration error (∼ 1%), while the SNR of the secondary signal
remains roughly the same. Therefore, it is likely that any signal of interest in the
null stream overlaps with several signals of comparable SNR, severely impacting the
matched filter performance.

• It is possible to abandon the assumptions on the signal altogether by constructing a
(Gaussian) likelihood on the null stream because the PSD of the null stream is related to
the PSDs of the individual detectors. In this scenario, overlapping signals, unresolvable
signals, unmodeled signals and even the SGWB contribute to the self-calibration.

Note that we can only improve the relative calibration error because any common mode
calibration error across detectors is equivalent to a modified GW signal and therefore does
not appear in the null stream. Additionally, for a single event with a fixed polarisation, the
response in different detectors is equivalent up to a scaling with a complex factor. There-
fore, it is not possible to attribute the calibration error to a specific detector. However, for
a collection of events, there is no fixed correspondence between the signals in each detec-
tor. Hence, there is a unique set of calibration errors that maximises the likelihood, up to
the aforementioned common mode. Finally, the template based method exploits the fixed
frequency dependence of the waveform to extrapolate any absolute calibration at a single
frequency to the entire spectrum.

10.6.2 Correlated noise

The triangular configuration of ET with three nested detectors will give rise to correlated
noise. So far correlated noise has not been a concern for current detectors, which are situ-
ated further apart from one another, with the exceptions of the environmental effects like
Schumann resonances [4806, 4807], for which correlations in the magnetic field have been
measured between the LIGO and Virgo sites [616–620]. Predictions indicate that these could
impact the low frequency region of the search for an isotropic gravitational wave background
when LVK reaches its design sensitivity [620]. Recent work also reported on correlated mag-
netic glitches which are predicted to significantly couple to LIGO-Virgo at their A+/AdV+
design sensitivities [620]. The effect of these correlations in magnetic field fluctuations has
also been investigated for ET. In the case in which ET has a similar magnetic coupling func-
tion compared to second generation GW interferometric detectors such as LIGO and Virgo,
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it is predicted that correlated magnetic noise will dominate ET’s ASD below 15 Hz and by
up to several orders of magnitude for the lowest frequencies [613]. The projected impact of
correlated magnetic noise remains of similar levels regardless of the choice of a triangular or
2L configuration. Due to the higher sensitivity to correlated noise in the case of the search
for a stochastic gravitational wave background, such searches will be more sensitive to these
correlated magnetic field fluctuations by about a factor 10 and will be affected up to ∼ 30
Hz [613]. Furthermore, lightning strikes would produce about O(105) correlated glitches per
week for a third generation detector such as the ET [620], that is, on average about one
correlated glitch every six seconds; however, these are expected to be somewhat clustered in
time based on lightning activity.

Due to ET’s triangular configuration there is potential for additional noise couplings,
which do not occur in the 2L configuration, due to the proximity of sensitive detector parts
of different interferometers. One such example is the effect of Newtonian Noise (NN)94 due
to correlations in the seismic noise on distance scales of several hundreds of meters [622, 623].
This noise source is expected to have a limited effect on ET’s ASD. However, it is projected
to dominate ET’s low frequency sensitivity up to 20 Hz-40 Hz for the search for a stochastic
gravitational wave background, by many orders of magnitude [622, 623], see the discussion in
section 2.1.5.2 and figure 2.4. In case of such a scenario one could consider only to analyse data
starting from 15 Hz–20 Hz for the analysis of a gravitational wave background to eliminate
or reduce the effect from correlated NN, as shown in figure 2.4. In such a scenario, the
smallest resolvable amplitude of a power-law gravitational wave background with exponent
α = 0 (α = 2/3), would be lower by a factor ∼ 6 − 9 (∼ 3 − 4), compared to an optimal ET
scenario with starting frequency of the analysis at 1 Hz. However, a non-optimal orientation
of a 2L configuration can yield similar reductions in the maximally resolvable gravitational
wave background amplitude [16, 623]. Signals with steeper power-laws such as α = 3 would
experience no effect as their key resolvability comes from frequencies which are not affected
by the low frequency noise correlations.

Correlated noise can also have an impact on parameter estimation [4808]. Akin to
a network of witness sensors measuring the same physical phenomenon, correlated noise
enhances the collective information about the noise processes, thereby reducing the spread
of the network likelihood. However, the propagation of this reduced spread to the precision
of PE is not trivial and depends on several critical factors, such as the specific structure of
the signal gradient. By decomposing the triangular ET observational space into the principal
coordinate system [4653], consisting of a 1-dimensional null space and a 2-dimensional signal
space (commonly referred to as the T, A and E channels in the LISA community [4809]), it is
observed that the effect of correlated noise varies with the sign of the correlation coefficient
between the E1, E2 and E3 detectors [4808]. Specifically, for positive correlation coefficients,
the signal space shrinks, resulting in an increase in the SNR compared to the case without
correlated noise. Conversely, for negative correlation coefficients, the signal space expands,
leading to a reduction in the SNR. Additionally, the impact on the null space must be
considered, as an increase or decrease of the noise variance in the null space due to positive
or negative correlations, respectively, may indicate a diminished or improved capability to
estimate the noise through the null stream. The sign of the correlations, whether positive or
negative, is highly uncertain as it depends on the relative orientation of the detectors and
the specific sources of correlated noise. However, due to the triangular geometry, negative

94NN is a force directly exerted on GW test-masses caused by density fluctuations in the surrounding
medium.
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correlations may be more common.
Ref. [4808] showed that in cases of high positive correlations across the entire frequency

band, neglecting correlated noise in ET can lead to failures in reconstructing signals that
would otherwise be resolvable. Similarly, ignoring negative correlations can lead to an over-
confident reconstruction of the posterior distribution, introducing bias into the results. There-
fore (for such high values of the noise correlation) accounting for correlated noise becomes
important for parameter estimation analysis at low frequencies. This can be achieved by
incorporating the estimated CSDs of different detectors directly into the likelihood. In par-
ticular, the CSDs can be estimated by cross-correlating the data streams from different
detectors, using long data stretches and applying the median method to mitigate the impact
of confusion noise.

10.7 Simulations and Mock Data Challenges

ET will have the potential to detect a large number and a large variety of sources, but
at the same time, as we have discussed above, new challenges will appear, such as long
duration waveforms or overlapping sources. The purpose of mock data challenges (MDCs)
is to produce simulated data that will be used to develop, test and optimize data analysis
and parameter estimation techniques and understand the science potential of ET, and also
understand the requirements for computing infrastructure.

10.7.1 Description of the first MDC

The end product of the MDCs are the time series of the detector outputs, arising both from
the instrumental (or environmental) noise and the GW signal (see figure 10.7)

The first ET MDC was generated with a simulation code available on the ET gitlab.95

It consists of one month of data split into 1300 segments of length 2048s with a sampling
rate of 8192 Hz. The procedure to generate the simulated data is mostly the same as the
one used for the previous ET MDC in 2012-2014 and described in detail in [492]. The main
steps are briefly summarized below.

Simulation of the Noise. We consider ET in its triangle configuration, which consists of
three independent detectors (each made of two interferometers, see footnote 10 on page 48
or footnote 88 on page 506) with 60 degree opening angles and arms of length 10 km, placed
underground to reduce the influence of seismic noise. Assuming that there is therefore no
instrumental or environmental correlated noise, the noise was simulated independently for
each of the three ET detectors E1, E2 and E3, by generating Gaussian frequency series with
a mean of zero and unit variance.96 These frequency series were then colored with the noise
PSD, and inverse Fourier transformed to the time domain. The code generates sequential
segments with a stride from one segment to the next, so that the data are continuous over
segments.

Simulation of the GW signal. The signal contains the gravitational waves from a cosmo-
logical population of compact binary coalescences, including binary neutron stars (BNSs),
binary black holes (BBHs) and systems of one neutron star and one black hole (BHNSs).
The masses, spins and redshift are provided by population synthesis catalogs [1519] for BNS

95https://gitlab.et-gw.eu/osb/div10/mdc-generation
96As discussed in section 10.6.2, the assumption that there is no correlated noise may not be realistic,

especially at low frequency, as the three ET detectors are nearly co-located. A more careful study of the effect
of environmental noise will be included in future ET mock data and science challenges.
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Figure 10.7: Top: Time series of one data segment of length 2048s at a sampling rate of
8192 Hz. The noise realization is in blue and the gravitational-wave signal from compact
binary coalescences in black. Bottom: Same as above with the GW signal only, with in blue
the signal from BNSs, in green from BHNSs and in red from BBHs.
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and BHNSs, and [301, 1459] for BBHs, and are the same population described in section 3 of
[16]. To generate a population of compact binaries, we proceeded as follow for each source :

• Assuming a Poisson process, the time from the previous coalescence was drawn from
an exponential distribution P (τ) = exp(−τ/λ), where λ = 38 s is the average time
interval between successive events (see [4810]), directly calculated from the catalog as
the inverse of the ratio between the number of events and the duration of the catalog.

• We then selected the type of the binary using the proportion 87% of BNSs, 3% of BHNS
and 10% of BBH also provided by the catalogs and drew randomly a source with its
masses, spins, distance and redshift from the corresponding catalog. In total the one
month dataset contains 59540 BNSs, 6578 BBHs and 1977 BHNSs.

• For BNS systems we calculated the tidal parameters of the two neutron stars from their
mass given a single equation of state.

• The inclination was drawn assuming a isotropic distribution, the polarization angle and
the phase at coalescence were drawn assuming a uniform distribution.

• The position in the sky was drawn assuming an isotropic distribution.

• The two polarizations h+ and h×, the antenna pattern functions of the three ET
detectors F j+ and F j× (j = 1, 2, 3) were calculated, and then the responses hj(t) =

F j+(t)h+(t) +F j×(t)h×(t) were added to the time series of E1, E2 and E3. In these sim-
ulations, we have used the waveforms IMRPhenomPv2 with tidal effects (NRTidalv2)
and no spins for BNSs, and IMRPhenomXPHM with higher modes for both BBHs and
BHNSs.

The GW background. The combined energy density of the signal from all the sources at
all redshift and in all directions, usually referred to as the background or the stochastic
background, can be calculated from the list of sources present in the data using the formula
given in [4810]:

ΩGW (f) =
f

cρc

1

T

N∑

k=1

1

4πr2(zk)

dEgw
df

(θk, fs) (10.14)

where ρc = 3H2
0c

2/(8πG) is the critical energy density required to close the Universe, and H0

is the Hubble constant. The corresponding expressions for BBH, BNS and NSBH are shown
in figure 10.8.

10.8 Challenges

The first ET MDC is divided into a beginner and a more expert challenge. The beginner
challenge consists of the recovery of the six highest signal-to-noise ratio signals for which
the time window is given. For this challenge a tutorial is provided to help retrieve the data,
calculate the PSD or plot the time series. For the expert challenge we ask the participants
to run parameter estimation on the largest SNR signals, but also analyse very long BNS or
separate overlapping signals.

– 541 –



Figure 10.8: Gravitational energy density from the sources in our one month dataset

10.9 Synergies in data analysis developments

With the advent of 3G detectors, including ET, there will be access to unprecedented precision
of fundamental properties of our Universe. To be able to robustly assess these properties,
efficient and feasible methods of data analysis will be of paramount importance. We note
below some notable aspects of data analysis to be developed, that will benefit from synergies
with research directions presented in previous sections of this work.

• Synergies with Fundamental Physics (section 1). Precision science with ET will require
efficient as well as reliable methods of detection and parameter estimation for loud
signals. Testing a theory of gravity or probing an equation-of-state of dense nuclear
matter introduces additional parameters into the GW data analysis problem. As sig-
nals become longer and louder, incorporating these extra parameters will require more
refined data analysis methodologies, directly linking advances in fundamental physics
to the development of efficient and robust data analysis techniques.

• Synergies of ET with other GW observatories (section 5). In addition to observing
CBC signals already in the band of current detectors for much longer durations during
the ET era, we will likely detect sources like intermediate-mass black holes (IMBHs),
completing the spectrum of CBC GW signals. Furthermore, with pulsar timing arrays
(PTAs) already detecting potential signatures of a gravitational wave background from
supermassive black hole binaries and the space-based LISA coming online in about a
decade, we will be exploring the full GW spectrum from all sources. To maximise
the scientific return, data analysis methods developed for other detectors (particularly
LISA) could be highly relevant to ET, and vice versa. The synergy between different
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observatories will require the development of joint analysis frameworks to analyse the
full spectrum of observations. This will enable us to gain deeper insights into the
populations of sources, but it will also necessitate extensions of the data analysis tools
to handle the combined data from multiple detectors efficiently and robustly.

• Synergies with developments of waveforms (section 8). Most of CBC analyses is done in
a modeled framework, making accurate CBC waveforms vital for inferring parameters.
As seen in eq. (10.8), the waveform model is directly related to computing the likelihood
which is at the heart of Bayesian data analysis. As mentioned in section 10.5, waveform
acceleration techniques like constructing ROQs will directly affect accelerating likeli-
hood computations. Adding more physical effects like tides, or higher-order-modes or
eccentricity increases the parameter space and makes analyses more computationally
demanding. In the ET era, it is likely that optimsation of CBC waveforms will be of
paramount importance in addition to optimising data analysis methods. While GW
detectors have mostly focused on CBC sources and most resources have been spent on
developing and refining data analysis for well modeled sources, further development
may be necessary for other sources of GWs.

• Synergy with the development of tools for assessing the scientific potentials of detector
configurations. In section 9 we have presented recent development of standardised tools
for GW data analysis, including methods like Fisher matrices, which provide rapid es-
timates of parameter constraints and sensitivities. These tools are especially useful
in the early stages of data analysis, where quick, approximate insights are needed to
assess signal detectability or to guide more detailed analysis. While Fisher-based meth-
ods offer valuable projections, particularly with the projected sensitivities of the ET,
they may not fully capture the complexity of real data, such as the effects of glitches,
multimodalities, or correlations between parameters. For this reason, there is a crucial
synergy with Bayesian inference techniques, which are more robust in handling the
detailed structure of the data and addressing challenges that arise from specific wave-
form models and detector noise. Combining the strengths of both approaches—quick
estimates from Fisher matrices and deeper insights from Bayesian analysis—will be key
in developing comprehensive data analysis frameworks for ET.

10.10 Conclusion

Data analyses methods on CBCs, specifically sources targeted by current ground-based detec-
tors, have proven to be effective for detecting and characterising sources in current detectors.
However, to fully prepare for ET, we need to develop and test analyses tailored towards
non-CBC sources as well as sources not in the band of current ground-based detectors. For
the next MDC we will be extending our dataset in various directions and develop analyses
to tackle the following problems:

• variety of network configurations, the triangle but also 2 L-shaped detectors in Sardinia
and the Netherlands, with different orientations (aligned and 45 degrees) and different
sizes (10/15/20 km) [16] (see also [300, 1150, 1633, 2777] for further follow-up studies).
To study the effect of network configurations on the estimates of parameters, we will
keep the simulated population the same for each specific network.

• Include transient noise effects, or glitches. While there are ways of simulating blip
glitches [4692], they have been trained on real data from current detectors. Even if
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it is natural to assume similar shapes also for the ET data, there could be new kinds
of glitches whose effects remain to be seen. For the design of a triangular ET, noise
in the 6 interferometers will further be correlated, an additional effect that we need
to consider when simulating the next MDC. While mainly studied for the space-based
detector LISA, data gaps will happen during the long run-times of the interferometers
of ET. This may potentially impact parameter estimation of long duration signals like
BNSs if present during such a gap event.

• Include other types of sources, e.g., eccentric binaries, population III binaries, pri-
mordial BBHs, IMBHs, bursts, continuous waves and cosmological backgrounds. The
detection and characterisation of non-CBC sources as well as signals from non envisaged
and possible exotic sources will likely require development of morphology-independent
methods.

• non isotropic model of sky distribution for source populations.

Finally, in addition to refinement of data analysis techniques, for example through machine
learning, hardware development will be equally important for efficient and robust data anal-
ysis. It is likely that detection and parameter estimation of most CBC signals will provide
reliable results with existing methods; however, as signal numbers and durations increase, the
demand for computational resources will grow significantly, necessitating parallel advance-
ments in hardware development to ensure efficient data processing at the scale required by
third-generation detectors. Such hardware advancements include GPUs, Field-Programmable
Gate Arrays (FPGAs), advancement and use of quantum computing, and finally need for ef-
ficient data-transfer as well as storage of massive volumes of data.

10.11 Executive summary

ET will significantly enhance our ability to detect a wide range of GW signals. Its sensitivity
and frequency range will allow the observation of compact binary mergers at cosmological
distances, stochastic backgrounds, and other exotic sources. In fact a GW signal detected
at high redshifts could point to sources of primordial origin. However, the increasing de-
tector bandwidths and the precision that instrumental advancements will introduce bring in
substantial challenges for data analysis and parameter estimation of GW signals. Increased
frequency bandwidth and sensitivity will lead to increased signal duration, e.g. ∼ hours for
a low mass binary neutron star (BNS) signals. Additionally this will lead signals to overlap
in time and frequency. Furthermore, noise properties may change while the signal is being
observed. All this leads us to believe that existing data-analysis methods for analysing GW
signals will need to be much faster, or automated, and approximations for signal analysis will
need to be modified.

Key Challenges

• Long-Duration Signals: ET’s low-frequency sensitivity extends the duration of
signals in its band. For example, binary neutron star signals may persist for
hours, increasing computational demands for matched filtering and waveform
modeling. Additionally, Earth’s motion modulates the signal, complicating sky
localisation and template bank design.

• Overlapping Signals: The high detection rate in ET will lead to frequent overlap-
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ping signals in the data. Traditional single-signal models may introduce biases,
particularly for closely timed or comparable signal amplitudes. New methods to
separate and analyze overlapping signals simultaneously are crucial.

• Noise Background Estimation: The dominance of GW signals complicates noise
characterisation, as there will be minimal signal-free data segments. Traditional
noise estimation techniques may overestimate the background. For a triangular
configuration for ET, the signal-free null stream can be leveraged to produce
correct background estimation.

Innovative Methods and Tools

• Machine Learning Applications: Machine learning (ML) methods are emerging
as essential tools for ET data analysis. ML-based approaches promise to improve
efficiency and scalability for ET’s unique data analysis challenges. Applications
include:

– Noise characterisation and glitch classification.

– Real-time detection of GW signals.

– Parameter estimation using simulation-based inference and normalizing
flows.

• Advanced Signal Detection Techniques: Traditional matched-filtering remains
effective for compact binary coalescences (CBCs), but adaptations are needed
for ET’s longer signal durations and overlapping events. Techniques like rela-
tive binning and semi-coherent searches optimize computational resources while
maintaining sensitivity.

• Parameter Estimation: Parameter estimation in the ET era must account for
long signals, high signal-to-noise ratios, and overlapping events. Bayesian meth-
ods, accelerated using reduced-order quadratures and ML-based inference, are
being developed to handle these challenges efficiently. Novel approaches like hi-
erarchical subtraction and joint likelihood analysis are also being explored for
overlapping signals.

– Null Stream Utilisation: For a triangular geometry it is possible to exploit
the null stream, which cancels GW signals to provide noise-only data, pro-
viding a powerful tool for noise estimation and improving the reliability of
detection and parameter inference. Additionally the null stream will let us
uniquely characterise and eliminate noise artifacts like glitches to ensure
robust parameter estimation.

– Correlated noise: In ET, correlated noise acts like a network of sensors, im-
proving noise characterisation and potentially refining parameter estimation
when incorporated into likelihood calculations. Depending on the correla-
tion sign, it can either enhance signal loudness (positive correlations) or
reduce SNR (negative correlations), affecting detectability. In ET’s trian-
gular configuration, negative correlations may be more common, leading to
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potential biases if not properly modelled. Additionally, correlated magnetic
noise and Newtonian Noise (NN) from seismic fluctuations will dominate
ET’s low-frequency spectrum (20–40 Hz), significantly impacting stochastic
background searches. The higher rate of correlated glitches also complicates
data analysis. While offering benefits for noise modeling, correlated noise
introduces low-frequency contamination and must be carefully accounted
for to avoid biases.

• Simulations and Mock Data Challenges: Mock data challenges (MDCs) play
a critical role in testing and validating data analysis pipelines. They provide
standardized datasets to benchmark algorithms, evaluate computational require-
ments, and predict ET’s performance in real-world scenarios. Incorporating
realistic noise and signal properties will be key to ensuring readiness for ET
operations.

The Einstein Telescope will open new frontiers in GW astronomy, but it demands a
paradigm shift in data analysis methodologies. Addressing challenges such as long signal
durations, overlapping events, and noise characterization will require innovative techniques,
including machine learning and null stream utilization. Continued development and testing
through simulations will be essential for maximizing ET’s scientific potential.
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colò Muttoni, Peter Pang, Constantino Pacilio, Delphine Perrodin, Arianna Renzini, Lijing
Shao, Gianmassimo Tasinato, Rosa Valiante

Section 6.
Coordinators: Tim Dietrich, Tanja Hinderer, Micaela Oertel
Key contributors: Conrado Albertus, Nils Andersson, David Barba-González, Dániel Barta,
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List of Acronyms

Acronym Meaning

11 HUGS 11 Mpc Hα UV Galaxy Survey

2G Second Generation

3G Third Generation

AGB Asymptotic Giant Branch

AGN Active Galactic Nucleus

AGWB Astrophysical Gravitational Wave Background

AIC Accretion-Induced Collapse

ALIGO Advanced LIGO

ALMA Atacama Large Millimeter/submillimeter Array

ALPs Axion-Like Particles

ASASSN All Sky Automated Survey for SuperNovae

ASD Amplitude spectral density

ATLAS Asteroid Terrestrial Impact Last Alert System

AVirgo Advanced Virgo

BAO Baryon Acoustic Oscillation

BBH Binary Black Hole

BBN Big Bang Nucleosynthesis

BGS Bright Galaxy Survey

BH Black Hole

BHNS Black Hole – Neutron Star

BMS Bondi-Metzner-Sachs

BNS Binary Neutron Star

BPL Broken Power Law

BSG Blue Super Giant

BSM Beyond Standard Model

CBC Compact Binary Coalescence

CCSN Core Collapse Supernova

CCSNR Core Collapse Supernovae Rate

CE Cosmic Explorer

CE Common Envelope (when used in the context of stellar evolution)

CFS Chandrasekhar-Friedman-Schutz

CGWB Cosmological Gravitational Wave Background

CHE Chemically Homogeneous Evolution

CMB Cosmic Microwave Background

CNN Convolutional Neural Network

CO-WD Carbon-Oxygen White Dwarf
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Acronym Meaning

CR Critical Ratio

CSD Cross-power Spectral Density

CSM Circum Stellar Material

CW Continuous Wave

DC Direct Collapse

dCS dynamical Chern-Simons

DECIGO Deci-hertz Interferometer Gravitational wave Observatory

DESI Dark Energy Spectroscopic Instrument

DM Dark Matter

DNN Deep Neural Network

DNS Double Neutron Star

DTD Delay-Time Distribution

DW Domain Wall

EC Electron Capture

ECO Exotic Compact Object

ECSN Electron Capture Supernova

EFT Effective Field Theory

EM Electromagnetic

EMRI Extreme Mass-Ratio Inspiral

EOB Effective One-Body

EOS Equation of State

EPTA European Pulsar Timing Array

ESA European Space Agency

EsGB Einstein-scalar-Gauss-Bonnet

ET Einstein Telescope

FAR False Alarm Rate

FEW Fast EMRI Waveforms

FIM Fisher Information Matrix

FIR Far Infrared

FLRW Friedmann-Lemaitre-Robertson-Walker

FOM Figure of Merit

FOPT First-Order Phase Transition

FoV Field of View

FRIB Facility for Rare Isotope Beams

FUV Far Ultraviolet

GC Globular Cluster

GR General Relativity

GRB Gamma Ray Burst
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Acronym Meaning

GRMHD General Relativistic MagnetoHydroDynamics

GSF Gravitational Self-Force

GW Gravitational Wave

GWB Gravitational Wave Background

GWTC Gravitational Wave Transient Catalog

HF High Frequency

HFQPO High-Frequency Quasi-Periodic Oscillations

HLX Hyper-Luminous X-ray source

HMC Hamiltonian Monte Carlo

HMXB High-Mass X-ray Binary

HST Hubble Space Telescope

IIFSCz Imperial IRAS Faint Source Catalogue Redshift Database

ILOT Intermediate Luminosity Optical Transient

ILRT Intermediate Luminosity Red Transient

IMBHB Intermediate Mass Black Hole Binary

IMF Initial Mass Function

IMR Inspiral-Merger-Ringdown

IMRI Intermediate Mass-Ratio Inspiral

IR Infrared

ISB Instrument Science Board (of ET)

ISCO Innermost Stable Circular Orbit

ISW Integrated Sachs-Wolfe

JWST James Webb Space Telescope

KAGRA Kamioka Gravitational Wave Detector

KN Kilonova

LBV Luminous Blue Variable

LF Low Frequency

LGRB Long Gamma Ray Burst

LG Local Group

LGWA Lunar Gravitational Wave Antenna

LIGO Laser Interferometer Gravitational-Wave Observatory

LIRG Luminous InfraRed Galaxies

LISA Laser Interferometer Space Antenna

LMC Large Magellanic Cloud

LMXB Low-Mass X-ray Binary

LOSS Lick Observatory Supernova Search

LRN Luminous Red Novae

LSA Linearized Signal Approximation
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Acronym Meaning

LSS Large-Scale Structure

LSST Legacy Survey of Space and Time

LVC LIGO-Virgo Collaboration

LVK LIGO-Virgo-KAGRA Collaboration

LW Lyman-Werner

MACHO Massive Compact Halo Object

MBHB Massive Black Hole Binary

MCMC Markov Chain Monte Carlo

MD Matter Dominance

MDC Mock Data Challenge

MHD MagnetoHydroDynamics

MIR Mid-infrared

ML Machine Learning

MSP Millisecond Pulsar

MW Milky Way

NEMO Neutron Star Extreme Matter Observatory

NF Normalizing Flow

NN Newtonian Noise

NPE Neural Posterior Estimation

NR Numerical Relativity

NS Neutron Star

NSBH Neutron Star – Black Hole

NSC Nuclear Star Cluster

OSB Observational Science Board (of ET)

ORF Overlap Reduction Function

PBH Primordial Black Hole

PE Parameter Estimation

PISN Pair Instability Supernova

PLS Power-Law Sensitivity

PM post-Minkowskian

PN post-Newtonian

PNS Proto-Neutron Star

PPISN Pulsation Pair Instability Supernova

PSD Power Spectral Density

PT Phase Transition

PTA Pulsar Timing Array

QKP Quasi-Keplerian Parametrization

QRPA Quasi-particle Random Phase Approximation
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Acronym Meaning

QCD Quantum Chromo-Dynamics

QNM Quasi-Normal Mode

RB Relative Binning

RD Radiation Dominance

RHIC Relativistic Heavy Ion Collisions

ROM Reduced-Order Model

ROQ Reduced-Order Quadrature

RSG Red Super Giant

RRAT Rotating Radio Transient

SAGB Super Asymptotic Giant Branch

SASI Standing Accretion Shock Instability

SBHB Stellar-mass Black Hole Binary

SFD Star Formation Density

SFH Star Formation History

SFR Star Formation Rate

SFSR Single-Field Slow-Roll

SGWB Stochastic Gravitational Wave Background

SIGW Scalar-Induced Gravitational Wave

SKA Square Kilometre Array

SLSN Super Luminous Supernova

SM Standard Model (of particle physics)

SMBH Super-Massive Black Hole

SOBBH Stellar Origin Binary Black Hole

SN Supernova

SN Ib/c Type Ib/Ic Supernova

SNIa Type Ia Supernova

SNIb Type Ib Supernova

SNIb/c Type Ib/Ic Supernova

SNIc Type Ic Supernova

SNIc-BL Broad-Line Type Ic Supernova

SNII Type II Supernova

SNII-L Type II Linear Supernova

SNII-P Type II Plateau Supernova

SNII-np Type II nP Supernova

SNIIb Type IIb Supernova

SNR Signal-to-Noise Ratio

SPA Stationary Phase Approximation

SPIRITS Spitzer InfraRed Intensive Transients Survey
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Acronym Meaning

SVD Singular Value Decomposition

SVOM Space Variable Objects Monitor

TCW Transient Continuous Wave

TDE Tidal Disruption Event

TF Time-Frequency

THESEUS Transient High Energy Sources and Early Universe Surveyor

TIR Total Infrared

TMNRE Truncated Marginal Neural Ratio Estimator

ToO Target of Opportunity

TP-AGB Thermally Pulsing Asymptotic Giant Branch

ULX Ultra-Luminous X-ray source

UV Ultraviolet

VHE Very High Energy

VRO Vera Rubin Observatory

VMS Very Massive Star

WD White Dwarf

WR Wolf-Rayet

WST Wide-Field Spectroscopic Telescope

XDINS X-Ray Dim Isolated Neutron Star

YSC Young Star Cluster

ZAMS Zero-Age-Main-Sequence

ZTF Zwicky Transient Facility
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[187] G. Kälin and R. A. Porto, “Post-Minkowskian Effective Field Theory for Conservative
Binary Dynamics,” JHEP 11 (2020) 106, arXiv:2006.01184 [hep-th].
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[194] C. Dlapa, G. Kälin, Z. Liu, J. Neef, and R. A. Porto, “Radiation Reaction and Gravitational
Waves at Fourth Post-Minkowskian Order,” arXiv:2210.05541 [hep-th].
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[219] G. Cho, G. Kälin, and R. A. Porto, “From boundary data to bound states. Part III.
Radiative effects,” JHEP 04 (2022) 154, arXiv:2112.03976 [hep-th]. [Erratum: JHEP 07,
002 (2022)].

[220] D. Bini, T. Damour, and A. Geralico, “Sixth post-Newtonian local-in-time dynamics of
binary systems,” Phys. Rev. D 102 no. 2, (2020) 024061, arXiv:2004.05407 [gr-qc].

[221] D. Bini, T. Damour, and A. Geralico, “Sixth post-Newtonian nonlocal-in-time dynamics of
binary systems,” Phys. Rev. D 102 no. 8, (2020) 084047, arXiv:2007.11239 [gr-qc].

[222] T. Damour, “Classical and quantum scattering in post-Minkowskian gravity,” Phys. Rev. D
102 no. 2, (2020) 024060, arXiv:1912.02139 [gr-qc].

– 576 –

http://arxiv.org/abs/2409.05860
http://dx.doi.org/10.1103/PhysRevD.73.104029
http://arxiv.org/abs/hep-th/0409156
http://dx.doi.org/10.1103/PhysRevD.73.104031
http://dx.doi.org/10.1103/PhysRevD.73.104031
http://arxiv.org/abs/gr-qc/0511061
http://dx.doi.org/10.1103/PhysRevD.73.104030
http://arxiv.org/abs/hep-th/0511133
http://dx.doi.org/10.1103/PhysRevD.77.064026
http://arxiv.org/abs/0710.5150
http://dx.doi.org/10.22323/1.416.0012
http://arxiv.org/abs/2208.04552
http://dx.doi.org/10.1103/PhysRevD.104.124075
http://arxiv.org/abs/2110.14146
http://dx.doi.org/10.1103/PhysRevD.106.L101501
http://dx.doi.org/10.1103/PhysRevD.106.L101501
http://arxiv.org/abs/2201.05138
http://arxiv.org/abs/2406.03457
http://dx.doi.org/10.1007/JHEP01(2020)072
http://arxiv.org/abs/1910.03008
http://dx.doi.org/10.1007/JHEP02(2020)120
http://arxiv.org/abs/1911.09130
http://dx.doi.org/10.1103/PhysRevD.107.064051
http://arxiv.org/abs/2211.01399
http://arxiv.org/abs/2402.12342
http://arxiv.org/abs/2402.12342
http://arxiv.org/abs/2411.09652
http://dx.doi.org/10.1103/PhysRevD.94.104015
http://arxiv.org/abs/1609.00354
http://dx.doi.org/10.1103/PhysRevD.97.044038
http://arxiv.org/abs/1710.10599
http://dx.doi.org/10.1007/JHEP04(2022)154
http://arxiv.org/abs/2112.03976
http://dx.doi.org/10.1103/PhysRevD.102.024061
http://arxiv.org/abs/2004.05407
http://dx.doi.org/10.1103/PhysRevD.102.084047
http://arxiv.org/abs/2007.11239
http://dx.doi.org/10.1103/PhysRevD.102.024060
http://dx.doi.org/10.1103/PhysRevD.102.024060
http://arxiv.org/abs/1912.02139


[223] Event Horizon Telescope Collaboration, K. Akiyama et al., “First M87 Event Horizon
Telescope Results. VI. The Shadow and Mass of the Central Black Hole,” Astrophys. J. Lett.
875 no. 1, (2019) L6, arXiv:1906.11243 [astro-ph.GA].

[224] Event Horizon Telescope Collaboration, K. Akiyama et al., “First Sagittarius A* Event
Horizon Telescope Results. VI. Testing the Black Hole Metric,” Astrophys. J. Lett. 930
no. 2, (2022) L17, arXiv:2311.09484 [astro-ph.HE].

[225] GRAVITY Collaboration, R. Abuter et al., “Detection of the Schwarzschild precession in
the orbit of the star S2 near the Galactic centre massive black hole,” Astron. Astrophys. 636
(2020) L5, arXiv:2004.07187 [astro-ph.GA].

[226] LIGO Scientific, Virgo Collaboration, B. P. Abbott et al., “Tests of general relativity
with GW150914,” Phys. Rev. Lett. 116 no. 22, (2016) 221101, arXiv:1602.03841 [gr-qc].
[Erratum: Phys.Rev.Lett. 121, 129902 (2018)].

[227] LIGO Scientific, Virgo Collaboration, B. P. Abbott et al., “Tests of General Relativity
with the Binary Black Hole Signals from the LIGO-Virgo Catalog GWTC-1,” Phys. Rev. D
100 no. 10, (2019) 104036, arXiv:1903.04467 [gr-qc].

[228] J. D. Bekenstein and V. F. Mukhanov, “Spectroscopy of the quantum black hole,” Phys.
Lett. B 360 (1995) 7–12, arXiv:gr-qc/9505012.

[229] G. Dvali, C. Gomez, and S. Mukhanov, “Black Hole Masses are Quantized,”
arXiv:1106.5894 [hep-ph].

[230] G. Dvali and C. Gomez, “Black Hole’s Quantum N-Portrait,” Fortsch. Phys. 61 (2013)
742–767, arXiv:1112.3359 [hep-th].

[231] R. Casadio, “Geometry and thermodynamics of coherent quantum black holes,” Int. J. Mod.
Phys. D 31 no. 16, (2022) 2250128, arXiv:2103.00183 [gr-qc].

[232] M. Cadoni, M. Oi, and A. P. Sanna, “Effective models of nonsingular quantum black holes,”
Phys. Rev. D 106 no. 2, (2022) 024030, arXiv:2204.09444 [gr-qc].

[233] R. Casadio, “Quantum dust cores of black holes,” Phys. Lett. B 843 (2023) 138055,
arXiv:2304.06816 [gr-qc].

[234] I. Bena, E. J. Martinec, S. D. Mathur, and N. P. Warner, “Fuzzballs and Microstate
Geometries: Black-Hole Structure in String Theory,” arXiv:2204.13113 [hep-th].

[235] V. Cardoso, V. F. Foit, and M. Kleban, “Gravitational wave echoes from black hole area
quantization,” JCAP 08 (2019) 006, arXiv:1902.10164 [hep-th].

[236] D. Laghi, G. Carullo, J. Veitch, and W. Del Pozzo, “Quantum black hole spectroscopy:
probing the quantum nature of the black hole area using LIGO–Virgo ringdown detections,”
Class. Quant. Grav. 38 no. 9, (2021) 095005, arXiv:2011.03816 [gr-qc].

[237] I. Agullo, V. Cardoso, A. Del Rio, M. Maggiore, and J. Pullin, “Potential Gravitational
Wave Signatures of Quantum Gravity,” Phys. Rev. Lett. 126 no. 4, (2021) 041302,
arXiv:2007.13761 [gr-qc].

[238] R. Brustein and Y. Sherf, “Quantum Love numbers,” Phys. Rev. D 105 no. 2, (2022)
024043, arXiv:2008.02738 [gr-qc].

[239] D. R. Mayerson, “Fuzzballs and Observations,” Gen. Rel. Grav. 52 no. 12, (2020) 115,
arXiv:2010.09736 [hep-th].

[240] R. Brustein and Y. Sherf, “Classical Love number for quantum black holes,” Phys. Rev. D
105 no. 2, (2022) 024044, arXiv:2104.06013 [gr-qc].

[241] K. Chakravarti, R. Ghosh, and S. Sarkar, “Signature of nonuniform area quantization on
black hole echoes,” Phys. Rev. D 105 no. 4, (2022) 044046, arXiv:2112.10109 [gr-qc].

– 577 –

http://dx.doi.org/10.3847/2041-8213/ab1141
http://dx.doi.org/10.3847/2041-8213/ab1141
http://arxiv.org/abs/1906.11243
http://dx.doi.org/10.3847/2041-8213/ac6756
http://dx.doi.org/10.3847/2041-8213/ac6756
http://arxiv.org/abs/2311.09484
http://dx.doi.org/10.1051/0004-6361/202037813
http://dx.doi.org/10.1051/0004-6361/202037813
http://arxiv.org/abs/2004.07187
http://dx.doi.org/10.1103/PhysRevLett.116.221101
http://arxiv.org/abs/1602.03841
http://dx.doi.org/10.1103/PhysRevD.100.104036
http://dx.doi.org/10.1103/PhysRevD.100.104036
http://arxiv.org/abs/1903.04467
http://dx.doi.org/10.1016/0370-2693(95)01148-J
http://dx.doi.org/10.1016/0370-2693(95)01148-J
http://arxiv.org/abs/gr-qc/9505012
http://arxiv.org/abs/1106.5894
http://dx.doi.org/10.1002/prop.201300001
http://dx.doi.org/10.1002/prop.201300001
http://arxiv.org/abs/1112.3359
http://dx.doi.org/10.1142/S0218271822501280
http://dx.doi.org/10.1142/S0218271822501280
http://arxiv.org/abs/2103.00183
http://dx.doi.org/10.1103/PhysRevD.106.024030
http://arxiv.org/abs/2204.09444
http://dx.doi.org/10.1016/j.physletb.2023.138055
http://arxiv.org/abs/2304.06816
http://arxiv.org/abs/2204.13113
http://dx.doi.org/10.1088/1475-7516/2019/08/006
http://arxiv.org/abs/1902.10164
http://dx.doi.org/10.1088/1361-6382/abde19
http://arxiv.org/abs/2011.03816
http://dx.doi.org/10.1103/PhysRevLett.126.041302
http://arxiv.org/abs/2007.13761
http://dx.doi.org/10.1103/PhysRevD.105.024043
http://dx.doi.org/10.1103/PhysRevD.105.024043
http://arxiv.org/abs/2008.02738
http://dx.doi.org/10.1007/s10714-020-02769-w
http://arxiv.org/abs/2010.09736
http://dx.doi.org/10.1103/PhysRevD.105.024044
http://dx.doi.org/10.1103/PhysRevD.105.024044
http://arxiv.org/abs/2104.06013
http://dx.doi.org/10.1103/PhysRevD.105.044046
http://arxiv.org/abs/2112.10109


[242] A. Coates, S. H. Völkel, and K. D. Kokkotas, “On black hole area quantization and echoes,”
Class. Quant. Grav. 39 no. 4, (2022) 045007, arXiv:2201.03245 [gr-qc].

[243] S. Nair, S. Chakraborty, and S. Sarkar, “Dynamical Love numbers for area quantized black
holes,” Phys. Rev. D 107 no. 12, (2023) 124041, arXiv:2208.06235 [gr-qc].

[244] S. Chakraborty, E. Maggio, M. Silvestrini, and P. Pani, “Dynamical tidal Love numbers of
Kerr-like compact objects,” Phys. Rev. D 110 no. 8, (2024) 084042, arXiv:2310.06023
[gr-qc].

[245] V. Cardoso and P. Pani, “Testing the nature of dark compact objects: a status report,”
Living Rev. Rel. 22 no. 1, (2019) 4, arXiv:1904.05363 [gr-qc].

[246] S. D. Mathur, “The Fuzzball proposal for black holes: An Elementary review,” Fortsch.
Phys. 53 (2005) 793–827, arXiv:hep-th/0502050.

[247] P. O. Mazur and E. Mottola, “Gravitational vacuum condensate stars,” Proc. Nat. Acad.
Sci. 101 (2004) 9545–9550, arXiv:gr-qc/0407075.

[248] S. L. Liebling and C. Palenzuela, “Dynamical boson stars,” Living Rev. Rel. 26 no. 1, (2023)
1, arXiv:1202.5809 [gr-qc].

[249] M. S. Morris and K. S. Thorne, “Wormholes in space-time and their use for interstellar
travel: A tool for teaching general relativity,” Am. J. Phys. 56 (1988) 395–412.

[250] R. O. Hansen, “Multipole moments of stationary space-times,” J. Math. Phys. 15 (1974)
46–52.

[251] I. Bena and D. R. Mayerson, “Multipole Ratios: A New Window into Black Holes,” Phys.
Rev. Lett. 125 no. 22, (2020) 221602, arXiv:2006.10750 [hep-th].

[252] M. Bianchi, D. Consoli, A. Grillo, J. F. Morales, P. Pani, and G. Raposo, “Distinguishing
fuzzballs from black holes through their multipolar structure,” Phys. Rev. Lett. 125 no. 22,
(2020) 221601, arXiv:2007.01743 [hep-th].

[253] I. Bena and D. R. Mayerson, “Black Holes Lessons from Multipole Ratios,” JHEP 03 (2021)
114, arXiv:2007.09152 [hep-th].

[254] M. Bianchi, D. Consoli, A. Grillo, J. F. Morales, P. Pani, and G. Raposo, “The multipolar
structure of fuzzballs,” JHEP 01 (2021) 003, arXiv:2008.01445 [hep-th].

[255] N. Loutrel, R. Brito, A. Maselli, and P. Pani, “Inspiraling compact objects with generic
deformations,” Phys. Rev. D 105 no. 12, (2022) 124050, arXiv:2203.01725 [gr-qc].

[256] U. Dupletsa, J. Harms, B. Banerjee, M. Branchesi, B. Goncharov, A. Maselli, A. C. S.
Oliveira, S. Ronchini, and J. Tissino, “gwfish: A simulation software to evaluate
parameter-estimation capabilities of gravitational-wave detector networks,” Astron. Comput.
42 (2023) 100671, arXiv:2205.02499 [gr-qc].

[257] G. Ashton et al., “BILBY: A user-friendly Bayesian inference library for gravitational-wave
astronomy,” Astrophys. J. Suppl. 241 no. 2, (2019) 27, arXiv:1811.02042 [astro-ph.IM].

[258] T. Binnington and E. Poisson, “Relativistic theory of tidal Love numbers,” Phys. Rev. D 80
(2009) 084018, arXiv:0906.1366 [gr-qc].

[259] T. Damour and A. Nagar, “Relativistic tidal properties of neutron stars,” Phys. Rev. D 80
(2009) 084035, arXiv:0906.0096 [gr-qc].

[260] H. S. Chia, “Tidal deformation and dissipation of rotating black holes,” Phys. Rev. D 104
no. 2, (2021) 024013, arXiv:2010.07300 [gr-qc].

[261] S. Iteanu, M. M. Riva, L. Santoni, N. Savić, and F. Vernizzi, “Vanishing of Quadratic Love
Numbers of Schwarzschild Black Holes,” arXiv:2410.03542 [gr-qc].

– 578 –

http://dx.doi.org/10.1088/1361-6382/ac4618
http://arxiv.org/abs/2201.03245
http://dx.doi.org/10.1103/PhysRevD.107.124041
http://arxiv.org/abs/2208.06235
http://dx.doi.org/10.1103/PhysRevD.110.084042
http://arxiv.org/abs/2310.06023
http://arxiv.org/abs/2310.06023
http://dx.doi.org/10.1007/s41114-019-0020-4
http://arxiv.org/abs/1904.05363
http://dx.doi.org/10.1002/prop.200410203
http://dx.doi.org/10.1002/prop.200410203
http://arxiv.org/abs/hep-th/0502050
http://dx.doi.org/10.1073/pnas.0402717101
http://dx.doi.org/10.1073/pnas.0402717101
http://arxiv.org/abs/gr-qc/0407075
http://dx.doi.org/10.1007/s41114-023-00043-4
http://dx.doi.org/10.1007/s41114-023-00043-4
http://arxiv.org/abs/1202.5809
http://dx.doi.org/10.1119/1.15620
http://dx.doi.org/10.1063/1.1666501
http://dx.doi.org/10.1063/1.1666501
http://dx.doi.org/10.1103/PhysRevLett.125.221602
http://dx.doi.org/10.1103/PhysRevLett.125.221602
http://arxiv.org/abs/2006.10750
http://dx.doi.org/10.1103/PhysRevLett.125.221601
http://dx.doi.org/10.1103/PhysRevLett.125.221601
http://arxiv.org/abs/2007.01743
http://dx.doi.org/10.1007/JHEP03(2021)114
http://dx.doi.org/10.1007/JHEP03(2021)114
http://arxiv.org/abs/2007.09152
http://dx.doi.org/10.1007/JHEP01(2021)003
http://arxiv.org/abs/2008.01445
http://dx.doi.org/10.1103/PhysRevD.105.124050
http://arxiv.org/abs/2203.01725
http://dx.doi.org/10.1016/j.ascom.2022.100671
http://dx.doi.org/10.1016/j.ascom.2022.100671
http://arxiv.org/abs/2205.02499
http://dx.doi.org/10.3847/1538-4365/ab06fc
http://arxiv.org/abs/1811.02042
http://dx.doi.org/10.1103/PhysRevD.80.084018
http://dx.doi.org/10.1103/PhysRevD.80.084018
http://arxiv.org/abs/0906.1366
http://dx.doi.org/10.1103/PhysRevD.80.084035
http://dx.doi.org/10.1103/PhysRevD.80.084035
http://arxiv.org/abs/0906.0096
http://dx.doi.org/10.1103/PhysRevD.104.024013
http://dx.doi.org/10.1103/PhysRevD.104.024013
http://arxiv.org/abs/2010.07300
http://arxiv.org/abs/2410.03542


[262] R. A. Porto, “The Tune of Love and the Nature(ness) of Spacetime,” Fortsch. Phys. 64
no. 10, (2016) 723–729, arXiv:1606.08895 [gr-qc].

[263] V. Cardoso, E. Franzin, A. Maselli, P. Pani, and G. Raposo, “Testing strong-field gravity
with tidal Love numbers,” Phys. Rev. D 95 no. 8, (2017) 084014, arXiv:1701.01116
[gr-qc]. [Addendum: Phys.Rev.D 95, 089901 (2017)].

[264] V. Cardoso, M. Kimura, A. Maselli, and L. Senatore, “Black Holes in an Effective Field
Theory Extension of General Relativity,” Phys. Rev. Lett. 121 no. 25, (2018) 251105,
arXiv:1808.08962 [gr-qc].

[265] D. Baumann, H. S. Chia, and R. A. Porto, “Probing Ultralight Bosons with Binary Black
Holes,” Phys. Rev. D 99 no. 4, (2019) 044001, arXiv:1804.03208 [gr-qc].

[266] E. Cannizzaro, V. De Luca, and P. Pani, “Tidal deformability of black holes surrounded by
thin accretion disks,” arXiv:2408.14208 [astro-ph.HE].

[267] T. Katagiri, V. Cardoso, T. Ikeda, and K. Yagi, “Tidal response beyond vacuum General
Relativity with a canonical definition,” arXiv:2410.02531 [gr-qc].

[268] P. Pani, “I-Love-Q relations for gravastars and the approach to the black-hole limit,” Phys.
Rev. D 92 no. 12, (2015) 124030, arXiv:1506.06050 [gr-qc]. [Erratum: Phys.Rev.D 95,
049902 (2017)].

[269] N. Uchikata, S. Yoshida, and P. Pani, “Tidal deformability and I-Love-Q relations for
gravastars with polytropic thin shells,” Phys. Rev. D 94 no. 6, (2016) 064015,
arXiv:1607.03593 [gr-qc].

[270] R. F. P. Mendes and H. Yang, “Tidal deformability of boson stars and dark matter clumps,”
Class. Quant. Grav. 34 no. 18, (2017) 185001, arXiv:1606.03035 [astro-ph.CO].

[271] G. F. Giudice, M. McCullough, and A. Urbano, “Hunting for Dark Particles with
Gravitational Waves,” JCAP 1610 no. 10, (2016) 001, arXiv:1605.01209 [hep-ph].

[272] N. Sennett, T. Hinderer, J. Steinhoff, A. Buonanno, and S. Ossokine, “Distinguishing Boson
Stars from Black Holes and Neutron Stars from Tidal Interactions in Inspiraling Binary
Systems,” Phys. Rev. D 96 no. 2, (2017) 024002, arXiv:1704.08651 [gr-qc].

[273] G. Raposo, P. Pani, M. Bezares, C. Palenzuela, and V. Cardoso, “Anisotropic stars as
ultracompact objects in General Relativity,” Phys. Rev. D 99 no. 10, (2019) 104072,
arXiv:1811.07917 [gr-qc].

[274] E. Berti, V. De Luca, L. Del Grosso, and P. Pani, “Tidal Love numbers and approximate
universal relations for fermion soliton stars,” arXiv:2404.06979 [gr-qc].

[275] J. D. Bekenstein, “Black holes and entropy,” Phys. Rev. D 7 (1973) 2333–2346.

[276] R. Carballo-Rubio, F. Di Filippo, S. Liberati, and M. Visser, “Singularity-free gravitational
collapse: From regular black holes to horizonless objects,” arXiv:2302.00028 [gr-qc].

[277] R. Casadio, A. Giusti, and J. Ovalle, “Quantum rotating black holes,” JHEP 05 (2023) 118,
arXiv:2303.02713 [gr-qc].

[278] H. S. Chia, T. D. P. Edwards, D. Wadekar, A. Zimmerman, S. Olsen, J. Roulet,
T. Venumadhav, B. Zackay, and M. Zaldarriaga, “In Pursuit of Love: First Templated
Search for Compact Objects with Large Tidal Deformabilities in the LIGO-Virgo Data,”
arXiv:2306.00050 [gr-qc].

[279] K. Yagi, “Multipole Love Relations,” Phys. Rev. D 89 no. 4, (2014) 043011,
arXiv:1311.0872 [gr-qc]. [Erratum: Phys.Rev.D 96, 129904 (2017), Erratum:
Phys.Rev.D 97, 129901 (2018)].

– 579 –

http://dx.doi.org/10.1002/prop.201600064
http://dx.doi.org/10.1002/prop.201600064
http://arxiv.org/abs/1606.08895
http://dx.doi.org/10.1103/PhysRevD.95.084014
http://arxiv.org/abs/1701.01116
http://arxiv.org/abs/1701.01116
http://dx.doi.org/10.1103/PhysRevLett.121.251105
http://arxiv.org/abs/1808.08962
http://dx.doi.org/10.1103/PhysRevD.99.044001
http://arxiv.org/abs/1804.03208
http://arxiv.org/abs/2408.14208
http://arxiv.org/abs/2410.02531
http://dx.doi.org/10.1103/PhysRevD.95.049902
http://dx.doi.org/10.1103/PhysRevD.95.049902
http://arxiv.org/abs/1506.06050
http://dx.doi.org/10.1103/PhysRevD.94.064015
http://arxiv.org/abs/1607.03593
http://dx.doi.org/10.1088/1361-6382/aa842d
http://arxiv.org/abs/1606.03035
http://dx.doi.org/10.1088/1475-7516/2016/10/001
http://arxiv.org/abs/1605.01209
http://dx.doi.org/10.1103/PhysRevD.96.024002
http://arxiv.org/abs/1704.08651
http://dx.doi.org/10.1103/PhysRevD.99.104072
http://arxiv.org/abs/1811.07917
http://arxiv.org/abs/2404.06979
http://dx.doi.org/10.1103/PhysRevD.7.2333
http://arxiv.org/abs/2302.00028
http://dx.doi.org/10.1007/JHEP05(2023)118
http://arxiv.org/abs/2303.02713
http://arxiv.org/abs/2306.00050
http://dx.doi.org/10.1103/PhysRevD.89.043011
http://arxiv.org/abs/1311.0872
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von einer Luftschicht und einer Ionosphärenhülle umgeben ist,” Zeitschrift Naturforschung
Teil A 7 no. 2, (Feb., 1952) 149–154.
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[798] J. J. Blanco-Pillado, D. Jiménez-Aguilar, J. Lizarraga, A. Lopez-Eiguren, K. D. Olum,
A. Urio, and J. Urrestilla, “Nambu-Goto dynamics of field theory cosmic string loops,”
JCAP 05 (2023) 035, arXiv:2302.03717 [hep-th].

[799] M. Sakellariadou and A. Vilenkin, “Numerical Experiments With Cosmic Strings in Flat
Space-time,” Phys. Rev. D 37 (1988) 885.

[800] A. Vilenkin, “Gravitational radiation from cosmic strings,” Phys. Lett. B 107 (1981) 47–50.

[801] T. Vachaspati and A. Vilenkin, “Gravitational Radiation from Cosmic Strings,” Phys. Rev.
D 31 (1985) 3052.

[802] M. Sakellariadou, “Gravitational waves emitted from infinite strings,” Phys. Rev. D 42
(1990) 354–360. [Erratum: Phys.Rev.D 43, 4150 (1991)].

[803] C. J. Burden, “Gravitational Radiation From a Particular Class of Cosmic Strings,” Phys.
Lett. B 164 (1985) 277–281.

[804] J. J. Blanco-Pillado and K. D. Olum, “Stochastic gravitational wave background from
smoothed cosmic string loops,” Phys. Rev. D 96 no. 10, (2017) 104046, arXiv:1709.02693
[astro-ph.CO].

[805] T. W. B. Kibble, “Evolution of a system of cosmic strings,” Nucl. Phys. B 252 (1985) 227.
[Erratum: Nucl.Phys.B 261, 750 (1985)].

[806] A. Albrecht and N. Turok, “Evolution of Cosmic Strings,” Phys. Rev. Lett. 54 (1985)
1868–1871.

[807] D. P. Bennett and F. R. Bouchet, “Evidence for a Scaling Solution in Cosmic String
Evolution,” Phys. Rev. Lett. 60 (1988) 257.

[808] B. Allen and E. P. S. Shellard, “Cosmic string evolution: a numerical simulation,” Phys.
Rev. Lett. 64 (1990) 119–122.

[809] Planck Collaboration, P. A. R. Ade et al., “Planck 2013 results. XXV. Searches for cosmic
strings and other topological defects,” Astron. Astrophys. 571 (2014) A25,
arXiv:1303.5085 [astro-ph.CO].

[810] J. Lizarraga, J. Urrestilla, D. Daverio, M. Hindmarsh, and M. Kunz, “New CMB constraints
for Abelian Higgs cosmic strings,” JCAP 10 (2016) 042, arXiv:1609.03386 [astro-ph.CO].

[811] T. Charnock, A. Avgoustidis, E. J. Copeland, and A. Moss, “CMB constraints on cosmic
strings and superstrings,” Phys. Rev. D 93 no. 12, (2016) 123503, arXiv:1603.01275
[astro-ph.CO].

[812] M. Torki, H. Hajizadeh, M. Farhang, A. V. Sadr, and S. M. S. Movahed, “Planck limits on
cosmic string tension using machine learning,” Mon. Not. Roy. Astron. Soc. 509 no. 2,
(2021) 2169–2179, arXiv:2106.00059 [astro-ph.CO].

[813] J. J. Blanco-Pillado, K. D. Olum, and B. Shlaer, “The number of cosmic string loops,” Phys.
Rev. D 89 no. 2, (2014) 023512, arXiv:1309.6637 [astro-ph.CO].

[814] L. Lorenz, C. Ringeval, and M. Sakellariadou, “Cosmic string loop distribution on all length
scales and at any redshift,” JCAP 10 (2010) 003, arXiv:1006.0931 [astro-ph.CO].

[815] C. Ringeval, M. Sakellariadou, and F. Bouchet, “Cosmological evolution of cosmic string
loops,” JCAP 02 (2007) 023, arXiv:astro-ph/0511646.

[816] J. J. Blanco-Pillado, K. D. Olum, and J. M. Wachter, “Energy-conservation constraints on
cosmic string loop production and distribution functions,” Phys. Rev. D 100 no. 12, (2019)
123526, arXiv:1907.09373 [astro-ph.CO].

– 609 –

http://dx.doi.org/10.1103/PhysRevD.96.023525
http://dx.doi.org/10.1103/PhysRevD.96.023525
http://arxiv.org/abs/1703.06696
http://dx.doi.org/10.1088/1475-7516/2023/05/035
http://arxiv.org/abs/2302.03717
http://dx.doi.org/10.1103/PhysRevD.37.885
http://dx.doi.org/10.1016/0370-2693(81)91144-8
http://dx.doi.org/10.1103/PhysRevD.31.3052
http://dx.doi.org/10.1103/PhysRevD.31.3052
http://dx.doi.org/10.1103/PhysRevD.42.354
http://dx.doi.org/10.1103/PhysRevD.42.354
http://dx.doi.org/10.1016/0370-2693(85)90326-0
http://dx.doi.org/10.1016/0370-2693(85)90326-0
http://dx.doi.org/10.1103/PhysRevD.96.104046
http://arxiv.org/abs/1709.02693
http://arxiv.org/abs/1709.02693
http://dx.doi.org/10.1016/0550-3213(85)90596-6
http://dx.doi.org/10.1103/PhysRevLett.54.1868
http://dx.doi.org/10.1103/PhysRevLett.54.1868
http://dx.doi.org/10.1103/PhysRevLett.60.257
http://dx.doi.org/10.1103/PhysRevLett.64.119
http://dx.doi.org/10.1103/PhysRevLett.64.119
http://dx.doi.org/10.1051/0004-6361/201321621
http://arxiv.org/abs/1303.5085
http://dx.doi.org/10.1088/1475-7516/2016/10/042
http://arxiv.org/abs/1609.03386
http://dx.doi.org/10.1103/PhysRevD.93.123503
http://arxiv.org/abs/1603.01275
http://arxiv.org/abs/1603.01275
http://dx.doi.org/10.1093/mnras/stab3030
http://dx.doi.org/10.1093/mnras/stab3030
http://arxiv.org/abs/2106.00059
http://dx.doi.org/10.1103/PhysRevD.89.023512
http://dx.doi.org/10.1103/PhysRevD.89.023512
http://arxiv.org/abs/1309.6637
http://dx.doi.org/10.1088/1475-7516/2010/10/003
http://arxiv.org/abs/1006.0931
http://dx.doi.org/10.1088/1475-7516/2007/02/023
http://arxiv.org/abs/astro-ph/0511646
http://dx.doi.org/10.1103/PhysRevD.100.123526
http://dx.doi.org/10.1103/PhysRevD.100.123526
http://arxiv.org/abs/1907.09373


[817] J. J. Blanco-Pillado and K. D. Olum, “Direct determination of cosmic string loop density
from simulations,” Phys. Rev. D 101 no. 10, (2020) 103018, arXiv:1912.10017
[astro-ph.CO].

[818] J. M. Quashnock and D. N. Spergel, “Gravitational Selfinteractions of Cosmic Strings,”
Phys. Rev. D 42 (1990) 2505–2520.

[819] J. M. Wachter and K. D. Olum, “Gravitational smoothing of kinks on cosmic string loops,”
Phys. Rev. Lett. 118 no. 5, (2017) 051301, arXiv:1609.01153 [gr-qc]. [Erratum:
Phys.Rev.Lett. 121, 149901 (2018)].

[820] J. J. Blanco-Pillado, K. D. Olum, and J. M. Wachter, “Gravitational backreaction near
cosmic string kinks and cusps,” Phys. Rev. D 98 no. 12, (2018) 123507, arXiv:1808.08254
[gr-qc].

[821] D. F. Chernoff, E. E. Flanagan, and B. Wardell, “Gravitational backreaction on a cosmic
string: Formalism,” Phys. Rev. D 99 no. 8, (2019) 084036, arXiv:1808.08631 [gr-qc].

[822] J. J. Blanco-Pillado, K. D. Olum, and J. M. Wachter, “Gravitational backreaction
simulations of simple cosmic string loops,” Phys. Rev. D 100 no. 2, (2019) 023535,
arXiv:1903.06079 [gr-qc].

[823] M. Kalb and P. Ramond, “Classical direct interstring action,” Phys. Rev. D 9 (1974)
2273–2284.

[824] A. Vilenkin and T. Vachaspati, “Radiation of Goldstone Bosons From Cosmic Strings,”
Phys. Rev. D 35 (1987) 1138.

[825] R. L. Davis and E. P. S. Shellard, “Antisymmetric Tensors and Spontaneous Symmetry
Breaking,” Phys. Lett. B 214 (1988) 219–222.

[826] V. B. Klaer and G. D. Moore, “How to simulate global cosmic strings with large string
tension,” JCAP 10 (2017) 043, arXiv:1707.05566 [hep-ph].

[827] C. J. A. P. Martins, “Scaling properties of cosmological axion strings,” Phys. Lett. B 788
(2019) 147–151, arXiv:1811.12678 [astro-ph.CO].

[828] V. B. Klaer and G. D. Moore, “Global cosmic string networks as a function of tension,”
JCAP 06 (2020) 021, arXiv:1912.08058 [hep-ph].

[829] M. Sakellariadou, “Radiation of Nambu-Goldstone bosons from infinitely long cosmic
strings,” Phys. Rev. D 44 (1991) 3767–3773.

[830] C.-F. Chang and Y. Cui, “Stochastic Gravitational Wave Background from Global Cosmic
Strings,” Phys. Dark Univ. 29 (2020) 100604, arXiv:1910.04781 [hep-ph].

[831] Y. Gouttenoire, G. Servant, and P. Simakachorn, “Beyond the Standard Models with Cosmic
Strings,” JCAP 07 (2020) 032, arXiv:1912.02569 [hep-ph].

[832] C.-F. Chang and Y. Cui, “Gravitational waves from global cosmic strings and cosmic
archaeology,” JHEP 03 (2022) 114, arXiv:2106.09746 [hep-ph].

[833] M. Gorghetto, E. Hardy, and H. Nicolaescu, “Observing invisible axions with gravitational
waves,” JCAP 06 (2021) 034, arXiv:2101.11007 [hep-ph].

[834] A. Dabholkar and J. M. Quashnock, “Pinning Down the Axion,” Nucl. Phys. B 333 (1990)
815–832.

[835] M. Buschmann, J. W. Foster, and B. R. Safdi, “Early-Universe Simulations of the
Cosmological Axion,” Phys. Rev. Lett. 124 no. 16, (2020) 161103, arXiv:1906.00967
[astro-ph.CO].

[836] M. Gorghetto, E. Hardy, and G. Villadoro, “Axions from Strings: the Attractive Solution,”
JHEP 07 (2018) 151, arXiv:1806.04677 [hep-ph].

– 610 –

http://dx.doi.org/10.1103/PhysRevD.101.103018
http://arxiv.org/abs/1912.10017
http://arxiv.org/abs/1912.10017
http://dx.doi.org/10.1103/PhysRevD.42.2505
http://dx.doi.org/10.1103/PhysRevLett.118.051301
http://arxiv.org/abs/1609.01153
http://dx.doi.org/10.1103/PhysRevD.98.123507
http://arxiv.org/abs/1808.08254
http://arxiv.org/abs/1808.08254
http://dx.doi.org/10.1103/PhysRevD.99.084036
http://arxiv.org/abs/1808.08631
http://dx.doi.org/10.1103/PhysRevD.100.023535
http://arxiv.org/abs/1903.06079
http://dx.doi.org/10.1103/PhysRevD.9.2273
http://dx.doi.org/10.1103/PhysRevD.9.2273
http://dx.doi.org/10.1103/PhysRevD.35.1138
http://dx.doi.org/10.1016/0370-2693(88)91472-4
http://dx.doi.org/10.1088/1475-7516/2017/10/043
http://arxiv.org/abs/1707.05566
http://dx.doi.org/10.1016/j.physletb.2018.11.031
http://dx.doi.org/10.1016/j.physletb.2018.11.031
http://arxiv.org/abs/1811.12678
http://dx.doi.org/10.1088/1475-7516/2020/06/021
http://arxiv.org/abs/1912.08058
http://dx.doi.org/10.1103/PhysRevD.44.3767
http://dx.doi.org/10.1016/j.dark.2020.100604
http://arxiv.org/abs/1910.04781
http://dx.doi.org/10.1088/1475-7516/2020/07/032
http://arxiv.org/abs/1912.02569
http://dx.doi.org/10.1007/JHEP03(2022)114
http://arxiv.org/abs/2106.09746
http://dx.doi.org/10.1088/1475-7516/2021/06/034
http://arxiv.org/abs/2101.11007
http://dx.doi.org/10.1016/0550-3213(90)90140-9
http://dx.doi.org/10.1016/0550-3213(90)90140-9
http://dx.doi.org/10.1103/PhysRevLett.124.161103
http://arxiv.org/abs/1906.00967
http://arxiv.org/abs/1906.00967
http://dx.doi.org/10.1007/JHEP07(2018)151
http://arxiv.org/abs/1806.04677


[837] M. Gorghetto, E. Hardy, and G. Villadoro, “More axions from strings,” SciPost Phys. 10
no. 2, (2021) 050, arXiv:2007.04990 [hep-ph].

[838] M. Buschmann, J. W. Foster, A. Hook, A. Peterson, D. E. Willcox, W. Zhang, and B. R.
Safdi, “Dark matter from axion strings with adaptive mesh refinement,” Nature Commun.
13 no. 1, (2022) 1049, arXiv:2108.05368 [hep-ph].

[839] G. Servant and P. Simakachorn, “Constraining postinflationary axions with pulsar timing
arrays,” Phys. Rev. D 108 no. 12, (2023) 123516, arXiv:2307.03121 [hep-ph].

[840] M. Kawasaki, T. Sekiguchi, M. Yamaguchi, and J. Yokoyama, “Long-term dynamics of
cosmological axion strings,” PTEP 2018 no. 9, (2018) 091E01, arXiv:1806.05566
[hep-ph].

[841] A. Vaquero, J. Redondo, and J. Stadler, “Early seeds of axion miniclusters,” JCAP 04
(2019) 012, arXiv:1809.09241 [astro-ph.CO].

[842] M. Hindmarsh, J. Lizarraga, A. Lopez-Eiguren, and J. Urrestilla, “Scaling Density of Axion
Strings,” Phys. Rev. Lett. 124 no. 2, (2020) 021301, arXiv:1908.03522 [astro-ph.CO].

[843] D. G. Figueroa, M. Hindmarsh, J. Lizarraga, and J. Urrestilla, “Irreducible background of
gravitational waves from a cosmic defect network: update and comparison of numerical
techniques,” Phys. Rev. D 102 no. 10, (2020) 103516, arXiv:2007.03337 [astro-ph.CO].

[844] M. Hindmarsh, J. Lizarraga, A. Lopez-Eiguren, and J. Urrestilla, “Approach to scaling in
axion string networks,” Phys. Rev. D 103 no. 10, (2021) 103534, arXiv:2102.07723
[astro-ph.CO].

[845] A. Drew and E. P. S. Shellard, “Radiation from global topological strings using adaptive
mesh refinement: Methodology and massless modes,” Phys. Rev. D 105 no. 6, (2022)
063517, arXiv:1910.01718 [astro-ph.CO].

[846] A. Drew and E. P. S. Shellard, “Radiation from global topological strings using adaptive
mesh refinement: Massive modes,” Phys. Rev. D 107 no. 4, (2023) 043507,
arXiv:2211.10184 [astro-ph.CO].

[847] A. Drew, T. Kinowski, and E. P. S. Shellard, “Axion String Source Modelling,”
arXiv:2312.07701 [astro-ph.CO].

[848] J. Baeza-Ballesteros, E. J. Copeland, D. G. Figueroa, and J. Lizarraga, “Gravitational Wave
Emission from a Cosmic String Loop, I: Global Case,” arXiv:2308.08456 [astro-ph.CO].

[849] NANOGrav Collaboration, G. Agazie et al., “The NANOGrav 15 yr Data Set: Constraints
on Supermassive Black Hole Binaries from the Gravitational-wave Background,” Astrophys.
J. Lett. 952 no. 2, (2023) L37, arXiv:2306.16220 [astro-ph.HE].

[850] CMB-S4 Collaboration, K. N. Abazajian et al., “CMB-S4 Science Book, First Edition,”
arXiv:1610.02743 [astro-ph.CO].

[851] LIGO Scientific, Virgo Collaboration, B. P. Abbott et al., “Constraints on cosmic strings
using data from the first Advanced LIGO observing run,” Phys. Rev. D 97 no. 10, (2018)
102002, arXiv:1712.01168 [gr-qc].

[852] N. Yonemaru et al., “Searching for gravitational wave bursts from cosmic string cusps with
the Parkes Pulsar Timing Array,” Mon. Not. Roy. Astron. Soc. 501 no. 1, (2021) 701–712,
arXiv:2011.13490 [gr-qc].

[853] S. Babak et al., “The Mock LISA Data Challenges: From Challenge 1B to Challenge 3,”
Class. Quant. Grav. 25 (2008) 184026, arXiv:0806.2110 [gr-qc].

[854] P. Auclair, S. Babak, H. Quelquejay Leclere, and D. A. Steer, “Cosmic string bursts in
LISA,” Phys. Rev. D 108 no. 4, (2023) 043519, arXiv:2305.11653 [gr-qc].

– 611 –

http://dx.doi.org/10.21468/SciPostPhys.10.2.050
http://dx.doi.org/10.21468/SciPostPhys.10.2.050
http://arxiv.org/abs/2007.04990
http://dx.doi.org/10.1038/s41467-022-28669-y
http://dx.doi.org/10.1038/s41467-022-28669-y
http://arxiv.org/abs/2108.05368
http://dx.doi.org/10.1103/PhysRevD.108.123516
http://arxiv.org/abs/2307.03121
http://dx.doi.org/10.1093/ptep/pty098
http://arxiv.org/abs/1806.05566
http://arxiv.org/abs/1806.05566
http://dx.doi.org/10.1088/1475-7516/2019/04/012
http://dx.doi.org/10.1088/1475-7516/2019/04/012
http://arxiv.org/abs/1809.09241
http://dx.doi.org/10.1103/PhysRevLett.124.021301
http://arxiv.org/abs/1908.03522
http://dx.doi.org/10.1103/PhysRevD.102.103516
http://arxiv.org/abs/2007.03337
http://dx.doi.org/10.1103/PhysRevD.103.103534
http://arxiv.org/abs/2102.07723
http://arxiv.org/abs/2102.07723
http://dx.doi.org/10.1103/PhysRevD.105.063517
http://dx.doi.org/10.1103/PhysRevD.105.063517
http://arxiv.org/abs/1910.01718
http://dx.doi.org/10.1103/PhysRevD.107.043507
http://arxiv.org/abs/2211.10184
http://arxiv.org/abs/2312.07701
http://arxiv.org/abs/2308.08456
http://dx.doi.org/10.3847/2041-8213/ace18b
http://dx.doi.org/10.3847/2041-8213/ace18b
http://arxiv.org/abs/2306.16220
http://arxiv.org/abs/1610.02743
http://dx.doi.org/10.1103/PhysRevD.97.102002
http://dx.doi.org/10.1103/PhysRevD.97.102002
http://arxiv.org/abs/1712.01168
http://dx.doi.org/10.1093/mnras/staa3721
http://arxiv.org/abs/2011.13490
http://dx.doi.org/10.1088/0264-9381/25/18/184026
http://arxiv.org/abs/0806.2110
http://dx.doi.org/10.1103/PhysRevD.108.043519
http://arxiv.org/abs/2305.11653


[855] Q. Meijer, M. Lopez, D. Tsuna, and S. Caudill, “Gravitational-Wave Searches for Cosmic
String Cusps in Einstein Telescope Data using Deep Learning,” Physical Review D 109
no. 2, (Jan., 2024) 022006, 2308.12323 [astro-ph, physics:gr-qc].

[856] F. Riva, “Low-Scale Leptogenesis and the Domain Wall Problem in Models with Discrete
Flavor Symmetries,” Phys. Lett. B 690 (2010) 443–450, arXiv:1004.1177 [hep-ph].

[857] G. B. Gelmini, S. Pascoli, E. Vitagliano, and Y.-L. Zhou, “Gravitational wave signatures
from discrete flavor symmetries,” JCAP 02 (2021) 032, arXiv:2009.01903 [hep-ph].

[858] R. A. Battye, A. Pilaftsis, and D. G. Viatic, “Domain wall constraints on two-Higgs-doublet
models with Z2 symmetry,” Phys. Rev. D 102 no. 12, (2020) 123536, arXiv:2010.09840
[hep-ph].

[859] N. Arkani-Hamed, R. T. D’Agnolo, and H. D. Kim, “Weak scale as a trigger,” Phys. Rev. D
104 no. 9, (2021) 095014, arXiv:2012.04652 [hep-ph].

[860] Z. Chacko, H.-S. Goh, and R. Harnik, “The Twin Higgs: Natural electroweak breaking from
mirror symmetry,” Phys. Rev. Lett. 96 (2006) 231802, arXiv:hep-ph/0506256.

[861] B. Batell and C. B. Verhaaren, “Breaking Mirror Twin Hypercharge,” JHEP 12 (2019) 010,
arXiv:1904.10468 [hep-ph].

[862] L. Di Luzio, M. Redi, A. Strumia, and D. Teresi, “Coset Cosmology,” JHEP 06 (2019) 110,
arXiv:1902.05933 [hep-ph].

[863] G. Panico and A. Wulzer, The Composite Nambu-Goldstone Higgs, vol. 913. Springer, 2016.
arXiv:1506.01961 [hep-ph].

[864] A. Hebecker, J. Jaeckel, F. Rompineve, and L. T. Witkowski, “Gravitational Waves from
Axion Monodromy,” JCAP 11 (2016) 003, arXiv:1606.07812 [hep-ph].

[865] T. Krajewski, J. H. Kwapisz, Z. Lalak, and M. Lewicki, “Stability of domain walls in models
with asymmetric potentials,” Phys. Rev. D 104 no. 12, (2021) 123522, arXiv:2103.03225
[astro-ph.CO].

[866] E. Witten, “Constraints on Supersymmetry Breaking,” Nucl. Phys. B 202 (1982) 253.

[867] J. R. Ellis, K. Enqvist, D. V. Nanopoulos, K. A. Olive, M. Quiros, and F. Zwirner,
“Problems for (2,0) Compactifications,” Phys. Lett. B 176 (1986) 403–408.

[868] S. A. Abel, S. Sarkar, and P. L. White, “On the cosmological domain wall problem for the
minimally extended supersymmetric standard model,” Nucl. Phys. B 454 (1995) 663–684,
arXiv:hep-ph/9506359.

[869] G. R. Dvali and M. A. Shifman, “Domain walls in strongly coupled theories,” Phys. Lett. B
396 (1997) 64–69, arXiv:hep-th/9612128. [Erratum: Phys.Lett.B 407, 452 (1997)].

[870] A. Kovner, M. A. Shifman, and A. V. Smilga, “Domain walls in supersymmetric Yang-Mills
theories,” Phys. Rev. D 56 (1997) 7978–7989, arXiv:hep-th/9706089.

[871] G. Lazarides, Q. Shafi, and T. F. Walsh, “Cosmic Strings and Domains in Unified Theories,”
Nucl. Phys. B 195 (1982) 157–172.

[872] A. E. Everett and A. Vilenkin, “Left-right Symmetric Theories and Vacuum Domain Walls
and Strings,” Nucl. Phys. B 207 (1982) 43–53.

[873] G. Lazarides and Q. Shafi, “Axion Models with No Domain Wall Problem,” Phys. Lett. B
115 (1982) 21–25.

[874] D. Bettoni and J. Rubio, “Hubble-induced phase transitions: Walls are not forever,” JCAP
01 (2020) 002, arXiv:1911.03484 [astro-ph.CO].

– 612 –

http://dx.doi.org/10.1103/PhysRevD.109.022006
http://dx.doi.org/10.1103/PhysRevD.109.022006
http://arxiv.org/abs/2308.12323
http://dx.doi.org/10.1016/j.physletb.2010.05.073
http://arxiv.org/abs/1004.1177
http://dx.doi.org/10.1088/1475-7516/2021/02/032
http://arxiv.org/abs/2009.01903
http://dx.doi.org/10.1103/PhysRevD.102.123536
http://arxiv.org/abs/2010.09840
http://arxiv.org/abs/2010.09840
http://dx.doi.org/10.1103/PhysRevD.104.095014
http://dx.doi.org/10.1103/PhysRevD.104.095014
http://arxiv.org/abs/2012.04652
http://dx.doi.org/10.1103/PhysRevLett.96.231802
http://arxiv.org/abs/hep-ph/0506256
http://dx.doi.org/10.1007/JHEP12(2019)010
http://arxiv.org/abs/1904.10468
http://dx.doi.org/10.1007/JHEP06(2019)110
http://arxiv.org/abs/1902.05933
http://dx.doi.org/10.1007/978-3-319-22617-0
http://arxiv.org/abs/1506.01961
http://dx.doi.org/10.1088/1475-7516/2016/11/003
http://arxiv.org/abs/1606.07812
http://dx.doi.org/10.1103/PhysRevD.104.123522
http://arxiv.org/abs/2103.03225
http://arxiv.org/abs/2103.03225
http://dx.doi.org/10.1016/0550-3213(82)90071-2
http://dx.doi.org/10.1016/0370-2693(86)90185-1
http://dx.doi.org/10.1016/0550-3213(95)00483-9
http://arxiv.org/abs/hep-ph/9506359
http://dx.doi.org/10.1016/S0370-2693(97)00131-7
http://dx.doi.org/10.1016/S0370-2693(97)00131-7
http://arxiv.org/abs/hep-th/9612128
http://dx.doi.org/10.1103/PhysRevD.56.7978
http://arxiv.org/abs/hep-th/9706089
http://dx.doi.org/10.1016/0550-3213(82)90052-9
http://dx.doi.org/10.1016/0550-3213(82)90135-3
http://dx.doi.org/10.1016/0370-2693(82)90506-8
http://dx.doi.org/10.1016/0370-2693(82)90506-8
http://dx.doi.org/10.1088/1475-7516/2020/01/002
http://dx.doi.org/10.1088/1475-7516/2020/01/002
http://arxiv.org/abs/1911.03484


[875] D. Bettoni, A. Lopez-Eiguren, and J. Rubio, “Hubble-induced phase transitions on the
lattice with applications to Ricci reheating,” JCAP 01 no. 01, (2022) 002,
arXiv:2107.09671 [hep-ph].

[876] R. F. Dashen, “Some features of chiral symmetry breaking,” Phys. Rev. D 3 (1971)
1879–1889.

[877] B. Rai and G. Senjanovic, “Gravity and domain wall problem,” Phys. Rev. D 49 (1994)
2729–2733, arXiv:hep-ph/9301240.

[878] G. R. Dvali, Z. Tavartkiladze, and J. Nanobashvili, “Biased discrete symmetry and domain
wall problem,” Phys. Lett. B 352 (1995) 214–219, arXiv:hep-ph/9411387.

[879] A. V. Smilga, “QCD at theta similar to pi,” Phys. Rev. D 59 (1999) 114021,
arXiv:hep-ph/9805214.

[880] D. Gaiotto, Z. Komargodski, and N. Seiberg, “Time-reversal breaking in QCD4, walls, and
dualities in 2 + 1 dimensions,” JHEP 01 (2018) 110, arXiv:1708.06806 [hep-th].

[881] N. Craig, I. Garcia Garcia, G. Koszegi, and A. McCune, “P not PQ,” JHEP 09 (2021) 130,
arXiv:2012.13416 [hep-ph].

[882] M. C. Huang and P. Sikivie, “The Structure of Axionic Domain Walls,” Phys. Rev. D 32
(1985) 1560.

[883] J. Preskill, M. B. Wise, and F. Wilczek, “Cosmology of the Invisible Axion,” Phys. Lett. B
120 (1983) 127–132.

[884] L. F. Abbott and P. Sikivie, “A Cosmological Bound on the Invisible Axion,” Phys. Lett. B
120 (1983) 133–136.

[885] M. Dine, W. Fischler, and M. Srednicki, “A Simple Solution to the Strong CP Problem with
a Harmless Axion,” Phys. Lett. B 104 (1981) 199–202.

[886] M. Dine and W. Fischler, “The Not So Harmless Axion,” Phys. Lett. B 120 (1983) 137–141.

[887] P. Arias, D. Cadamuro, M. Goodsell, J. Jaeckel, J. Redondo, and A. Ringwald, “WISPy
Cold Dark Matter,” JCAP 06 (2012) 013, arXiv:1201.5902 [hep-ph].

[888] A. Ringwald, “Exploring the Role of Axions and Other WISPs in the Dark Universe,” Phys.
Dark Univ. 1 (2012) 116–135, arXiv:1210.5081 [hep-ph].

[889] D. J. E. Marsh, “Axion Cosmology,” Phys. Rept. 643 (2016) 1–79, arXiv:1510.07633
[astro-ph.CO].

[890] M. Bauer, M. Neubert, and A. Thamm, “Collider Probes of Axion-Like Particles,” JHEP 12
(2017) 044, arXiv:1708.00443 [hep-ph].

[891] I. Brivio, M. B. Gavela, L. Merlo, K. Mimasu, J. M. No, R. del Rey, and V. Sanz, “ALPs
Effective Field Theory and Collider Signatures,” Eur. Phys. J. C 77 no. 8, (2017) 572,
arXiv:1701.05379 [hep-ph].

[892] X. Cid Vidal, A. Mariotti, D. Redigolo, F. Sala, and K. Tobioka, “New Axion Searches at
Flavor Factories,” JHEP 01 (2019) 113, arXiv:1810.09452 [hep-ph]. [Erratum: JHEP 06,
141 (2020)].

[893] M. Bauer, M. Neubert, S. Renner, M. Schnubel, and A. Thamm, “The Low-Energy Effective
Theory of Axions and ALPs,” JHEP 04 (2021) 063, arXiv:2012.12272 [hep-ph].

[894] H.-S. Goh and M. Ibe, “R-axion detection at LHC,” JHEP 03 (2009) 049, arXiv:0810.5773
[hep-ph].

[895] B. Bellazzini, A. Mariotti, D. Redigolo, F. Sala, and J. Serra, “R-axion at colliders,” Phys.
Rev. Lett. 119 no. 14, (2017) 141804, arXiv:1702.02152 [hep-ph].

– 613 –

http://dx.doi.org/10.1088/1475-7516/2022/01/002
http://arxiv.org/abs/2107.09671
http://dx.doi.org/10.1103/PhysRevD.3.1879
http://dx.doi.org/10.1103/PhysRevD.3.1879
http://dx.doi.org/10.1103/PhysRevD.49.2729
http://dx.doi.org/10.1103/PhysRevD.49.2729
http://arxiv.org/abs/hep-ph/9301240
http://dx.doi.org/10.1016/0370-2693(95)00511-I
http://arxiv.org/abs/hep-ph/9411387
http://dx.doi.org/10.1103/PhysRevD.59.114021
http://arxiv.org/abs/hep-ph/9805214
http://dx.doi.org/10.1007/JHEP01(2018)110
http://arxiv.org/abs/1708.06806
http://dx.doi.org/10.1007/JHEP09(2021)130
http://arxiv.org/abs/2012.13416
http://dx.doi.org/10.1103/PhysRevD.32.1560
http://dx.doi.org/10.1103/PhysRevD.32.1560
http://dx.doi.org/10.1016/0370-2693(83)90637-8
http://dx.doi.org/10.1016/0370-2693(83)90637-8
http://dx.doi.org/10.1016/0370-2693(83)90638-X
http://dx.doi.org/10.1016/0370-2693(83)90638-X
http://dx.doi.org/10.1016/0370-2693(81)90590-6
http://dx.doi.org/10.1016/0370-2693(83)90639-1
http://dx.doi.org/10.1088/1475-7516/2012/06/013
http://arxiv.org/abs/1201.5902
http://dx.doi.org/10.1016/j.dark.2012.10.008
http://dx.doi.org/10.1016/j.dark.2012.10.008
http://arxiv.org/abs/1210.5081
http://dx.doi.org/10.1016/j.physrep.2016.06.005
http://arxiv.org/abs/1510.07633
http://arxiv.org/abs/1510.07633
http://dx.doi.org/10.1007/JHEP12(2017)044
http://dx.doi.org/10.1007/JHEP12(2017)044
http://arxiv.org/abs/1708.00443
http://dx.doi.org/10.1140/epjc/s10052-017-5111-3
http://arxiv.org/abs/1701.05379
http://dx.doi.org/10.1007/JHEP01(2019)113
http://arxiv.org/abs/1810.09452
http://dx.doi.org/10.1007/JHEP04(2021)063
http://arxiv.org/abs/2012.12272
http://dx.doi.org/10.1088/1126-6708/2009/03/049
http://arxiv.org/abs/0810.5773
http://arxiv.org/abs/0810.5773
http://dx.doi.org/10.1103/PhysRevLett.119.141804
http://dx.doi.org/10.1103/PhysRevLett.119.141804
http://arxiv.org/abs/1702.02152


[896] A. Belyaev, G. Cacciapaglia, H. Cai, T. Flacke, A. Parolini, and H. Serôdio, “Singlets in
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[1515] M. Chruślińska and G. Nelemans, “Metallicity of stars formed throughout the cosmic history
based on the observational properties of star-forming galaxies,” Monthly Notices of the Royal
Astronomical Society 488 no. 4, (07, 2019) 5300–5326,
https://academic.oup.com/mnras/article-pdf/488/4/5300/32358846/stz2057.pdf.
https://doi.org/10.1093/mnras/stz2057.
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[1857] V. Vaskonen and H. Veermäe, “Lower bound on the primordial black hole merger rate,”
Phys. Rev. D 101 no. 4, (2020) 043015, arXiv:1908.09752 [astro-ph.CO].

[1858] J. Garcia-Bellido and S. Nesseris, “Gravitational wave bursts from Primordial Black Hole
hyperbolic encounters,” Phys. Dark Univ. 18 (2017) 123–126, arXiv:1706.02111
[astro-ph.CO].
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[2054] E. González, K. Kremer, S. Chatterjee, G. Fragione, C. L. Rodriguez, N. C. Weatherford,
C. S. Ye, and F. A. Rasio, “Intermediate-mass Black Holes from High Massive-star Binary
Fractions in Young Star Clusters,” Astrophys. J. Lett. 908 no. 2, (2021) L29,
arXiv:2012.10497 [astro-ph.HE].

[2055] M. Spera and M. Mapelli, “Very massive stars, pair-instability supernovae and
intermediate-mass black holes with the SEVN code,” Mon. Not. Roy. Astron. Soc. 470
no. 4, (2017) 4739–4749, arXiv:1706.06109 [astro-ph.SR].

[2056] M. Gieles, C. Charbonnel, M. G. H. Krause, V. Hénault-Brunet, O. Agertz, H. J. G. L. M.
Lamers, N. Bastian, A. Gualandris, A. Zocchi, and J. A. Petts, “Concurrent formation of
supermassive stars and globular clusters: implications for early self-enrichment,” MNRAS
478 no. 2, (Aug., 2018) 2461–2479, arXiv:1804.04682 [astro-ph.GA].

[2057] J. Guillochon and E. Ramirez-Ruiz, “Hydrodynamical Simulations to Determine the Feeding
Rate of Black Holes by the Tidal Disruption of Stars: The Importance of the Impact
Parameter and Stellar Structure,” Astrophys. J. 767 (2013) 25, arXiv:1206.2350
[astro-ph.HE]. [Erratum: Astrophys.J. 798, 64 (2015)].

[2058] M. MacLeod, M. Trenti, and E. Ramirez-Ruiz, “The Close Stellar Companions to
Intermediate Mass Black Holes,” Astrophys. J. 819 no. 1, (2016) 70, arXiv:1508.07000
[astro-ph.HE].

[2059] A. Cruz-Osorio and L. Rezzolla, “Common-envelope Dynamics of a Stellar-mass Black Hole:
General Relativistic Simulations,” Astrophys. J. 894 no. 2, (2020) 147, arXiv:2004.13782
[gr-qc].

[2060] K. Kremer, J. C. Lombardi, W. Lu, A. L. Piro, and F. A. Rasio, “Hydrodynamics of
Collisions and Close Encounters between Stellar Black Holes and Main-sequence Stars,”
Astrophys. J. 933 no. 2, (2022) 203, arXiv:2201.12368 [astro-ph.HE].

[2061] S. L. Schrøder, M. MacLeod, A. Loeb, A. Vigna-Gómez, and I. Mandel, “Explosions Driven
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“MOCCA-SURVEY data base II – Properties of intermediate mass black holes escaping
from star clusters,” Mon. Not. Roy. Astron. Soc. 514 no. 4, (2022) 5879–5889,
arXiv:2111.09223 [astro-ph.GA].

[2087] C. S. Reynolds, “Observational Constraints on Black Hole Spin,” Ann. Rev. Astron.
Astrophys. 59 (2021) 117–154, arXiv:2011.08948 [astro-ph.HE].
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Broekgaarden, S. E. de Mink, D. Szécsi, S. Vinciguerra, and I. Mandel, “The effect of the
metallicity-specific star formation history on double compact object mergers,” Mon. Not.
Roy. Astron. Soc. 490 no. 3, (2019) 3740–3759, arXiv:1906.08136 [astro-ph.SR].

[2262] A. W. Steiner, J. M. Lattimer, and E. F. Brown, “The Neutron Star Mass-Radius Relation
and the Equation of State of Dense Matter,” Astrophys. J. Lett. 765 (2013) L5,
arXiv:1205.6871 [nucl-th].

[2263] I. Bombaci and D. Logoteta, “Equation of state of dense nuclear matter and neutron star
structure from nuclear chiral interactions,” Astron. Astrophys. 609 (2018) A128,
arXiv:1805.11846 [astro-ph.HE].

[2264] D. Logoteta, A. Perego, and I. Bombaci, “Microscopic equation of state of hot nuclear
matter for numerical relativity simulations,” Astron. Astrophys. 646 (2021) A55,
arXiv:2012.03599 [nucl-th].

[2265] U. Dupletsa, J. Harms, B. Banerjee, M. Branchesi, B. Goncharov, A. Maselli, A. C. S.
Oliveira, S. Ronchini, and J. Tissino, “GWFISH: A simulation software to evaluate
parameter-estimation capabilities of gravitational-wave detector networks,” Astronomy and
Computing 42 (Jan., 2023) 100671, arXiv:2205.02499 [gr-qc].

[2266] F. Iacovelli, M. Mancarella, S. Foffa, and M. Maggiore, “GWFAST: A Fisher Information
Matrix Python Code for Third-generation Gravitational-wave Detectors,” Astrophys. J.
Supp. 263 no. 1, (2022) 2, arXiv:2207.06910 [astro-ph.IM].

[2267] F. Pannarale, E. Berti, K. Kyutoku, B. D. Lackey, and M. Shibata, “Aligned spin neutron
star-black hole mergers: a gravitational waveform amplitude model,” Phys. Rev. D 92 no. 8,
(2015) 084050, arXiv:1509.00512 [gr-qc].

[2268] D. Grossman, O. Korobkin, S. Rosswog, and T. Piran, “The long-term evolution of neutron
star merger remnants - II. Radioactively powered transients,” MNRAS 439 no. 1, (Mar.,
2014) 757–770, arXiv:1307.2943 [astro-ph.HE].

[2269] D. Martin, A. Perego, A. Arcones, F. K. Thielemann, O. Korobkin, and S. Rosswog,
“Neutrino-driven Winds in the Aftermath of a Neutron Star Merger: Nucleosynthesis and
Electromagnetic Transients,” ApJ 813 no. 1, (Nov., 2015) 2, arXiv:1506.05048
[astro-ph.SR].

[2270] C. Barbieri, O. S. Salafia, M. Colpi, G. Ghirlanda, and A. Perego, “Exploring the nature of
ambiguous merging systems: GW190425 in low latency,” A&A 654 (Oct., 2021) A12.

[2271] F. Foucart, T. Hinderer, and S. Nissanke, “Remnant baryon mass in neutron star-black hole
mergers: Predictions for binary neutron star mimickers and rapidly spinning black holes,”
Phys. Rev. D 98 no. 8, (Oct., 2018) 081501, arXiv:1807.00011 [astro-ph.HE].

– 697 –

http://dx.doi.org/10.1093/mnras/stab1287
http://dx.doi.org/10.1093/mnras/stab1287
http://arxiv.org/abs/2101.01201
http://dx.doi.org/10.1093/mnras/stae572
http://dx.doi.org/10.1093/mnras/stae572
http://arxiv.org/abs/2311.15709
http://dx.doi.org/10.3847/1538-4357/ab9b78
http://arxiv.org/abs/2004.09533
http://dx.doi.org/10.3847/1538-4357/aa6af9
http://arxiv.org/abs/1606.07887
http://dx.doi.org/10.1093/mnras/stz2840
http://dx.doi.org/10.1093/mnras/stz2840
http://arxiv.org/abs/1906.08136
http://dx.doi.org/10.1088/2041-8205/765/1/L5
http://arxiv.org/abs/1205.6871
http://dx.doi.org/10.1051/0004-6361/201731604
http://arxiv.org/abs/1805.11846
http://dx.doi.org/10.1051/0004-6361/202039457
http://arxiv.org/abs/2012.03599
http://dx.doi.org/10.1016/j.ascom.2022.100671
http://dx.doi.org/10.1016/j.ascom.2022.100671
http://arxiv.org/abs/2205.02499
http://dx.doi.org/10.3847/1538-4365/ac9129
http://dx.doi.org/10.3847/1538-4365/ac9129
http://arxiv.org/abs/2207.06910
http://dx.doi.org/10.1103/PhysRevD.92.084050
http://dx.doi.org/10.1103/PhysRevD.92.084050
http://arxiv.org/abs/1509.00512
http://dx.doi.org/10.1093/mnras/stt2503
http://dx.doi.org/10.1093/mnras/stt2503
http://arxiv.org/abs/1307.2943
http://dx.doi.org/10.1088/0004-637X/813/1/2
http://arxiv.org/abs/1506.05048
http://arxiv.org/abs/1506.05048
http://dx.doi.org/10.1051/0004-6361/202037778
http://dx.doi.org/10.1103/PhysRevD.98.081501
http://arxiv.org/abs/1807.00011


[2272] F. Foucart, M. D. Duez, L. E. Kidder, S. M. Nissanke, H. P. Pfeiffer, and M. A. Scheel,
“Numerical simulations of neutron star-black hole binaries in the near-equal-mass regime,”
Phys. Rev. D 99 no. 10, (May, 2019) 103025, arXiv:1903.09166 [astro-ph.HE].

[2273] V. Nedora, S. Bernuzzi, D. Radice, A. Perego, A. Endrizzi, and N. Ortiz, “Spiral-wave wind
for the blue kilonova,” Astrophys. J. Lett. 886 no. 2, (2019) L30, arXiv:1907.04872
[astro-ph.HE].

[2274] G. Ghirlanda et al., “Compact radio emission indicates a structured jet was produced by a
binary neutron star merger,” Science 363 (Mar., 2019) 968–971.

[2275] O. S. Salafia, C. Barbieri, S. Ascenzi, and M. Toffano, “Gamma-ray burst jet propagation,
development of angular structure, and the luminosity function,” A&A 636 (Jan, 2020) A102,
arXiv:1907.07599 [astro-ph.HE].

[2276] P. C. Duffell, E. Quataert, D. Kasen, and H. Klion, “Jet Dynamics in Compact Object
Mergers: GW170817 Likely Had a Successful Jet,” ApJ 866 no. 1, (Oct, 2018) 3,
arXiv:1806.10616 [astro-ph.HE].

[2277] G. Ryan, H. van Eerten, L. Piro, and E. Troja, “Gamma-Ray Burst Afterglows in the
Multimessenger Era: Numerical Models and Closure Relations,” Astrophys. J. 896 no. 2,
(2020) 166, arXiv:1909.11691 [astro-ph.HE].

[2278] A. Corsi, L. Barsotti, E. Berti, M. Evans, I. Gupta, K. Kritos, K. Kuns, A. H. Nitz, B. J.
Owen, B. Rajbhandari, J. Read, B. S. Sathyaprakash, D. H. Shoemaker, J. R. Smith, and
S. Vitale, “Multi-messenger astrophysics of black holes and neutron stars as probed by
ground-based gravitational wave detectors: from present to future,” Frontiers in Astronomy
and Space Sciences 11 (May, 2024) 1386748, arXiv:2402.13445 [astro-ph.HE].

[2279] V. Mainieri, R. I. Anderson, J. Brinchmann, A. Cimatti, R. S. Ellis, V. Hill, J.-P. Kneib,
A. F. McLeod, C. Opitom, M. M. Roth, P. Sanchez-Saez, R. Smiljanic, E. Tolstoy, R. Bacon,
S. Randich, A. Adamo, F. Annibali, P. Arevalo, M. Audard, S. Barsanti, G. Battaglia, A. M.
Bayo Aran, F. Belfiore, M. Bellazzini, E. Bellini, M. T. Beltran, L. Berni, S. Bianchi,
K. Biazzo, S. Bisero, S. Bisogni, J. Bland-Hawthorn, S. Blondin, J. Bodensteiner, H. M. J.
Boffin, R. Bonito, G. Bono, N. F. Bouche, D. Bowman, V. F. Braga, A. Bragaglia,
M. Branchesi, A. Brucalassi, J. J. Bryant, I. Bryson, I. Busa, S. Camera, C. Carbone,
G. Casali, M. Casali, V. Casasola, N. Castro, M. Catelan, L. Cavallo, C. Chiappini, M.-R.
Cioni, M. Colless, L. Colzi, S. Contarini, W. Couch, F. D’Ammando, W. d’Assignies D.,
V. D’Orazi, R. da Silva, M. G. Dainotti, F. Damiani, C. Danielski, A. De Cia, R. S. de Jong,
S. Dhawan, P. Dierickx, S. P. Driver, U. Dupletsa, S. Escoffier, A. Escorza, M. Fabrizio,
G. Fiorentino, A. Fontana, F. Fontani, D. Forero Sanchez, P. Franois, F. J. Galindo-Guil,
A. R. Gallazzi, D. Galli, M. Garcia, J. Garcia-Rojas, B. Garilli, R. Grand, M. G. Guarcello,
N. Hazra, A. Helmi, A. Herrero, D. Iglesias, D. Ilic, V. Irsic, V. D. Ivanov, L. Izzo,
P. Jablonka, B. Joachimi, D. Kakkad, S. Kamann, S. Koposov, G. Kordopatis, A. B.
Kovacevic, K. Kraljic, H. Kuncarayakti, Y. Kwon, F. La Forgia, O. Lahav, C. Laigle,
M. Lazzarin, R. Leaman, F. Leclercq, K.-G. Lee, D. Lee, M. D. Lehnert, P. Lira, E. Loffredo,
S. Lucatello, L. Magrini, K. Maguire, G. Mahler, F. Zahra Majidi, N. Malavasi, F. Mannucci,
M. Marconi, N. Martin, F. Marulli, D. Massari, T. Matsuno, J. Mattheee, S. McGee,
J. Merc, T. Merle, A. Miglio, A. Migliorini, I. Minchev, D. Minniti, N. Miret-Roig,
A. Monreal Ibero, F. Montano, B. T. Montet, M. Moresco, C. Moretti, L. Moscardini,
A. Moya, O. Mueller, T. Nanayakkara, M. Nicholl, T. Nordlander, F. Onori, M. Padovani,
A. F. Pala, S. Panda, M. Pandey-Pommier, L. Pasquini, M. Pawlak, P. J. Pessi, A. Pisani,
L. C. Popovic, L. Prisinzano, R. Raddi, M. Rainer, A. Rebassa-Mansergas, J. Richard,
M. Rigault, A. Rocher, D. Romano, P. Rosati, G. Sacco, R. Sanchez-Janssen, A. A. C.
Sander, J. L. Sanders, M. Sargent, E. Sarpa, C. Schimd, P. Schipani, E. Sefusatti, G. P.
Smith, L. Spina, M. Steinmetz, S. Tacchella, G. Tautvaisiene, C. Theissen, G. Thomas, Y.-S.
Ting, T. Travouillon, L. Tresse, O. Trivedi, M. Tsantaki, M. Tsedrik, T. Urrutia, E. Valenti,

– 698 –

http://dx.doi.org/10.1103/PhysRevD.99.103025
http://arxiv.org/abs/1903.09166
http://dx.doi.org/10.3847/2041-8213/ab5794
http://arxiv.org/abs/1907.04872
http://arxiv.org/abs/1907.04872
http://dx.doi.org/10.1126/science.aau8815
http://dx.doi.org/https://doi.org/10.1051/0004-6361/201936335
http://arxiv.org/abs/1907.07599
http://dx.doi.org/10.3847/1538-4357/aae084
http://arxiv.org/abs/1806.10616
http://dx.doi.org/10.3847/1538-4357/ab93cf
http://dx.doi.org/10.3847/1538-4357/ab93cf
http://arxiv.org/abs/1909.11691
http://dx.doi.org/10.3389/fspas.2024.1386748
http://dx.doi.org/10.3389/fspas.2024.1386748
http://arxiv.org/abs/2402.13445


M. Van der Swaelmen, S. Van Eck, F. Verdiani, A. Verdier, S. D. Vergani, A. Verhamme,
and J. Vernet, “The Wide-field Spectroscopic Telescope (WST) Science White Paper,” arXiv
e-prints (Mar., 2024) arXiv:2403.05398, arXiv:2403.05398 [astro-ph.IM].

[2280] Y. Li, I. S. Heng, M. L. Chan, X. Fan, and L. Gou, “Detection, sky localization, and early
warning for binary neutron star mergers by detectors located in China of different
configurations in a third generation detector network,” Phys. Rev. D 110 no. 4, (Aug., 2024)
043001, arXiv:2406.18228 [astro-ph.CO].

[2281] M. Cruise, M. Guainazzi, J. Aird, F. J. Carrera, E. Costantini, L. Corrales, T. Dauser,
D. Eckert, F. Gastaldello, H. Matsumoto, R. Osten, P.-O. Petrucci, D. Porquet, G. W.
Pratt, N. Rea, T. H. Reiprich, A. Simionescu, D. Spiga, and E. Troja, “The NewAthena
mission concept in the context of the next decade of X-ray astronomy,” Nature Astronomy 9
(Jan., 2025) 36–44, arXiv:2501.03100 [astro-ph.IM].

[2282] R. Ciolfi, G. Stratta, M. Branchesi, B. Gendre, S. Grimm, J. Harms, G. P. Lamb,
A. Martin-Carrillo, A. McCann, G. Oganesyan, E. Palazzi, S. Ronchini, A. Rossi, O. S.
Salafia, L. Salmon, S. Ascenzi, A. Capone, S. Celli, S. Dall’Osso, I. Di Palma, M. Fasano,
P. Fermani, D. Guetta, L. Hanlon, E. Howell, S. Paltani, L. Rezzolla, S. Vinciguerra,
A. Zegarelli, L. Amati, A. Blain, E. Bozzo, S. Chaty, P. D’Avanzo, f. De Pasquale,
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[3074] S. S. Kimura, K. Murase, P. Mészáros, and K. Kiuchi, “High-energy Neutrino Emission from
Short Gamma-Ray Bursts: Prospects for Coincident Detection with Gravitational Waves,”
ApJ 848 no. 1, (Oct., 2017) L4, arXiv:1708.07075 [astro-ph.HE].

[3075] K. Fang and B. D. Metzger, “High-Energy Neutrinos from Millisecond Magnetars formed
from the Merger of Binary Neutron Stars,” Astrophys. J. 849 no. 2, (2017) 153,
arXiv:1707.04263 [astro-ph.HE].
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[3170] P. Mösta, D. Radice, R. Haas, E. Schnetter, and S. Bernuzzi, “A Magnetar Engine for Short
GRBs and Kilonovae,” ApJ 901 no. 2, (Oct., 2020) L37, arXiv:2003.06043
[astro-ph.HE].

[3171] K. Kiuchi, A. Reboul-Salze, M. Shibata, and Y. Sekiguchi, “A large-scale magnetic field via
PLACEHOLDERalphaPLACEHOLDEROmega dynamo in binary neutron star
mergers,” arXiv:2306.15721 [astro-ph.HE].

[3172] D. Radice, “Binary Neutron Star Merger Simulations with a Calibrated Turbulence Model,”
Symmetry 12 no. 8, (2020) 1249, arXiv:2005.09002 [astro-ph.HE].
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core-collapse supernova detection,” Phys. Rev. D 103 no. 6, (2021) 063011,
arXiv:2011.13733 [astro-ph.IM].

[3557] S. Mukherjee, G. Nurbek, and O. Valdez, “Study of efficient methods of detection and
reconstruction of gravitational waves from nonrotating 3D general relativistic core collapse
supernovae explosion using multilayer signal estimation method,” Phys. Rev. D 103 no. 10,
(2021) 103008.

[3558] D. Lopez, V. Gayathri, A. Pai, I. S. Heng, C. Messenger, and S. K. Gupta, “Utilizing
Gaussian mixture models in all-sky searches for short-duration gravitational wave bursts,”
Phys. Rev. D 105 no. 6, (2022) 063024, arXiv:2112.06608 [gr-qc].

[3559] J. M. Antelis, M. Cavaglia, T. Hansen, M. D. Morales, C. Moreno, S. Mukherjee, M. J.
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Y. Miron-Salomon, Z. Mor, A. Nir, G. Nitzan, S. Philipp, A. Porelli, I. Sagiv, J. Schliwinski,
T. Sprecher, N. De Simone, N. Stern, N. C. Stone, B. Trakhtenbrot, M. Vasilev, J. J.
Watson, and F. Zappon, “The scientific payload of the Ultraviolet Transient Astronomy
Satellite (ULTRASAT),” in Space Telescopes and Instrumentation 2022: Ultraviolet to
Gamma Ray, J.-W. A. den Herder, S. Nikzad, and K. Nakazawa, eds., vol. 12181 of Society
of Photo-Optical Instrumentation Engineers (SPIE) Conference Series, p. 1218105. Aug.,
2022. arXiv:2208.00159 [astro-ph.IM].

[3647] L. Amati, P. O’Brien, D. Goetz, E. Bozzo, C. Tenzer, F. Frontera, C. Guidorzi, M. Hernanz,
N. Masetti, V. Reglero, et al., “The Transient High-Energy Sky and Early Universe Surveyor
(THESEUS),” Adv. Space Res. 62 no. 1, (2018) 191–244.

[3648] S. J. Smartt et al., “PESSTO : survey description and products from the first data release
by the Public ESO Spectroscopic Survey of Transient Objects,” Astron. Astrophys. 579
(2015) A40, arXiv:1411.0299 [astro-ph.SR].

[3649] P. Schipani, S. Campana, R. Claudi, M. Aliverti, A. Baruffolo, S. Ben-Ami, G. Capasso,
R. Cosentino, F. D’Alessio, P. D’Avanzo, O. Hershko, H. Kuncarayakti, M. Landoni,
M. Munari, G. Pignata, K. Radhakrishnan, A. Rubin, S. Scuderi, F. Vitali, D. Young,
J. Achrén, J. A. Araiza-Durán, I. Arcavi, F. Battaini, A. Brucalassi, R. Bruch,
E. Cappellaro, M. Colapietro, M. Della Valle, R. Di Benedetto, S. D’Orsi, A. Gal-Yam,
M. Genoni, M. Hernandez Dı́az, J. Kotilainen, G. Li Causi, L. Lessio, L. Marty, S. Mattila,
M. Rappaport, D. Ricci, M. Riva, B. Salasnich, S. Savarese, S. Smartt, R. Zanmar Sanchez,
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G. Gräfener, N. Langer, O. H. Ramı́rez-Agudelo, C. Sab́ın-Sanjulián, S. Simón-Dı́az,
F. Tramper, P. A. Crowther, A. de Koter, S. E. de Mink, P. L. Dufton, M. Garcia,
M. Gieles, V. Hénault-Brunet, A. Herrero, R. G. Izzard, V. Kalari, D. J. Lennon, J. Máız
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construction of binary black hole initial data,” Class. Quant. Grav. 32 (2015) 245010,
arXiv:1506.01689 [gr-qc].

[3757] N. Tacik et al., “Binary Neutron Stars with Arbitrary Spins in Numerical Relativity,” Phys.
Rev. D 92 no. 12, (2015) 124012, arXiv:1508.06986 [gr-qc]. [Erratum: Phys.Rev.D 94,
049903 (2016)].

[3758] T. Dietrich, N. Moldenhauer, N. K. Johnson-McDaniel, S. Bernuzzi, C. M. Markakis,
B. Brügmann, and W. Tichy, “Binary Neutron Stars with Generic Spin, Eccentricity, Mass
ratio, and Compactness - Quasi-equilibrium Sequences and First Evolutions,” Phys. Rev. D
92 no. 12, (2015) 124007, arXiv:1507.07100 [gr-qc].

[3759] W. Tichy, A. Rashti, T. Dietrich, R. Dudi, and B. Brügmann, “Constructing binary neutron
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[3848] M. Bezares, M. Bošković, S. Liebling, C. Palenzuela, P. Pani, and E. Barausse,
“Gravitational waves and kicks from the merger of unequal mass, highly compact boson
stars,” Phys. Rev. D 105 no. 6, (2022) 064067, arXiv:2201.06113 [gr-qc].

[3849] O. Gottlieb et al., “Large-scale Evolution of Seconds-long Relativistic Jets from Black
Hole–Neutron Star Mergers,” Astrophys. J. Lett. 954 no. 1, (2023) L21, arXiv:2306.14947
[astro-ph.HE].

[3850] S. Curtis, J. M. Miller, C. Frohlich, T. Sprouse, N. Lloyd-Ronning, and M. Mumpower,
“Nucleosynthesis in Outflows from Black Hole-Neutron Star Merger Disks With Full
GRνRMHD,” arXiv:2212.10691 [astro-ph.HE].

[3851] L. E. Kidder et al., “SpECTRE: A Task-based Discontinuous Galerkin Code for Relativistic
Astrophysics,” J. Comput. Phys. 335 (2017) 84–114, arXiv:1609.00098 [astro-ph.HE].

[3852] J. Moxon, M. A. Scheel, S. A. Teukolsky, N. Deppe, N. Fischer, F. Hébert, L. E. Kidder, and
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[4135] V. Skoupý and G. Lukes-Gerakopoulos, “Adiabatic equatorial inspirals of a spinning body
into a Kerr black hole,” Phys. Rev. D 105 no. 8, (2022) 084033, arXiv:2201.07044
[gr-qc].

[4136] J. Steinhoff and D. Puetzfeld, “Influence of internal structure on the motion of test bodies in
extreme mass ratio situations,” Phys. Rev. D 86 (2012) 044033, arXiv:1205.3926 [gr-qc].

[4137] M. Rahman and A. Bhattacharyya, “Prospects for determining the nature of the secondaries
of extreme mass-ratio inspirals using the spin-induced quadrupole deformation,” Phys. Rev.
D 107 no. 2, (2023) 024006, arXiv:2112.13869 [gr-qc].

[4138] S.-C. Yang, R.-D. Tang, X.-Y. Zhong, Y.-H. Zhang, and W.-B. Han, “Recognizing the
constitution of small bodies in extreme-mass-ratio inspirals by gravitational waves,”
arXiv:2209.01110 [gr-qc].

[4139] T. Tanaka, “Gravitational radiation reaction,” Prog. Theor. Phys. Suppl. 163 (2006)
120–145, arXiv:gr-qc/0508114.

[4140] J. Levin and G. Perez-Giz, “A Periodic Table for Black Hole Orbits,” Phys. Rev. D 77
(2008) 103005, arXiv:0802.0459 [gr-qc].

[4141] T. A. Apostolatos, G. Lukes-Gerakopoulos, and G. Contopoulos, “How to Observe a
Non-Kerr Spacetime Using Gravitational Waves,” Phys. Rev. Lett. 103 (2009) 111101,
arXiv:0906.0093 [gr-qc].

[4142] E. E. Flanagan and T. Hinderer, “Transient resonances in the inspirals of point particles into
black holes,” Phys. Rev. Lett. 109 (2012) 071102, arXiv:1009.4923 [gr-qc].

[4143] J. Brink, M. Geyer, and T. Hinderer, “Orbital resonances around Black holes,” Phys. Rev.
Lett. 114 no. 8, (2015) 081102, arXiv:1304.0330 [gr-qc].

[4144] U. Ruangsri and S. A. Hughes, “Census of transient orbital resonances encountered during
binary inspiral,” Phys. Rev. D 89 no. 8, (2014) 084036, arXiv:1307.6483 [gr-qc].

[4145] J. Brink, M. Geyer, and T. Hinderer, “Astrophysics of resonant orbits in the Kerr metric,”
Phys. Rev. D 91 no. 8, (2015) 083001, arXiv:1501.07728 [gr-qc].
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