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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
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1 General introduction

Thanks to the extraordinary discoveries of the LIGO, Virgo and KAGRA (LVK) Collaboration
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 successful
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 Telescope Symposium
in 2022.1 The ET Collaboration (ETC) currently counts over 1800 members, representing
264 Institutions in 31 different countries. The ETC activities have been structured 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 the associated
data analysis that will enable the full exploitation of its observations. In addition, the OSB
aims at developing the synergies with other GW observatories and with multi-messenger
observations. In parallel, the ET Organization (ETO) has the mandate to coordinate the ET
Project’s preparatory phase, which will conclude with the selection of the site, the decision
on the configuration of the detector and the governance for the future organization, and
to lay the foundations of the future legal entity that will be responsible for the operation
of the ET on technical and administrative level.

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

1See https://indico.ego-gw.it/event/411/.
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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], which was part 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 distant 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 2 discusses how ET can be used to probe
fundamental physics, such as testing fundamental aspects of gravitational interactions,
compact objects and near-horizon physics, and dark matter candidates. Section 3 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 4 discusses the impact that ET will have on our understanding of astrophysical
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 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 5 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 possibly hundreds of detections per
year. The synergies of ET with other GW detectors, such as Cosmic Explorer, LISA, deciHz
detectors, or PTA are investigated in section 6. Section 7 is devoted to what can be learned
on nuclear physics and matter under extreme conditions from ET observations of neutron star
mergers, while section 8 discusses the perspective for detection for core-collapse supernovae,
burst sources, continuous and long-transient sources. Sections 9, 10 and 11 address different
aspects related to the development of forecasts and of data analysis for 3G detectors. In
particular, section 9 discusses the requirements and advances in waveform modeling at the
level of accuracy required by ET; section 10 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 11 presents the challenges and current progresses
toward setting up the data analysis for ET. Each section ends with an executive summary
of its key science takeaways.
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Forecasts will in general be presented using the same ET sensitivity curve already used
in [16],2 which are shown in figure 177. 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.

2 Fundamental Physics with ET

In parallel with the anticipated diverse astrophysical applications of gravitational-wave
astronomy in the forthcoming years, next-generation detectors hold the promise to explore
foundational problems in gravity, high-energy, and particle physics. These explorations
encompass 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.

2.1 Introduction

Gravity is the weakest and arguably the most enigmatic among the fundamental interactions.
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 interactions 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),
Einstein’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
ranging 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

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 10 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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theoretical 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 2.2); Testing the nature of compact objects and horizon-scale
physics (section 2.3); and Searches of dark-matter candidates and new fields (section 2.4). For
each of them we will discuss ET’s ability to detect (or constrain) fundamental 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 2.5.

2.2 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 fundamen-
tal 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 accu-
rate 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, independently 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.

2.2.1 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
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Figure 1. 90% upper bounds on the beyond-GR parameters δφ̂n and δφ̂
(l)
n in the inspiral 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.

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
, (2.1)

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
to leading order at n = −2 in the notation of eq. (2.1) (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. (2.1) as part of its
description of the inspiral. Figure 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,

– 7 –
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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 0.01 — or reveal a GR violation of such size, if present.

2.2.2 Extra polarizations

Metric theories of gravity allow for up to six different polarization modes, which can be
categorized into tensor modes (the two polarizations present in standard GR), two vector
modes, and two scalar modes [39, 40], which below will be denoted by T, V, and S, respectively.

Extra 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. In the notation
of Newman and Penrose [54], the scalar, vector and tensor polarizations can be written in
terms of the Riemann tensor as

Φ22 = −R0x0x −R0y0y (s = 0) ,

Ψ2 = −1
6R0z0z (s = 0) ,

Ψ3 = −1
2R0x0z + i

2R0y0z (s = ±1) ,

Ψ4 = −R0x0x +R0y0y + 2iR0x0y (s = ±2) .

(2.2)

However, they are not necessarily equivalent to dynamical degrees of freedom, and as pointed
out in [39], the latter can be fewer or more than the number of polarization modes. For
example, in various scalar-tensor theories of gravity, the number of dynamical degrees of
freedom (three) is smaller than the number of polarization modes (four) [44]. On the contrary,
in other models, where different fields produce the same polarization mode, the number of
dynamical degrees of freedom is larger than the number of polarizations [55]. In general,
the metric perturbation hµν can be decomposed into irreducible pieces according to their
properties under spatial rotations, which can then be recombined into six quantities invariant
under infinitesimal coordinate transformations (i.e., gauge-invariant at linear order) and
which, under spatial rotations, transform as two scalars, two components of a transverse vector
and two components of a transverse traceless tensor [56–60]. Examples of the polarization
contents of some modified gravity theories considered in the literature are the following:

(i) Scalar-tensor theories (in the metric formalism) add an extra mode associated to the
scalar (propagating) field [41–43], an example of this being f(R) gravity [44, 45].

(ii) Einstein-aether theory predicts two tensor modes, two vector modes and one scalar
mode [46, 47].

– 8 –
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(iii) The ghost-free massive gravity proposed by de Rham-Gabadadze-Tolley (dRGT) [61],
in which gravity is mediated by a massive field ms of spin s = 2, propagates 2s+ 1 = 5
polarizations [48].

(iv) In Bumblebee gravity the polarization content is anisotropic, and depends on the angle
between the background vector field and the propagation direction of GWs [49].

(v) Randall-Sundrum braneworld models yield five bulk graviton polarizations [50].

(vi) In the version of non-local massive gravity free of ghosts on Minkowski spacetime [62], one
has five perturbative degrees of freedom. However, this model still has a cosmologically
unstable mode [63].

(vii) In the non-local infrared modification of gravity proposed in [64] (see [65, 66] for reviews)
the non-local term can be localized using auxiliary fields that do not propagate, so only
the two tensor modes propagate, while the non-propagating conformal mode becomes
massive.

(viii) A class of UV-complete (unitary and renormalizable) non-local theories of quantum
gravity features eight non-perturbative degrees of freedom [67], just like non-unitary
local Stelle gravity [68]. Out of these degrees of freedom, only two modes corresponding
to the massless graviton propagate in Minkowski spacetime but the others can become
non-trivial on curved backgrounds.

Given the fact that the existence of extra polarizations means extra energy emission
channels, this can accelerate the orbital decay of binary systems. There are many studies
on constraining modified gravity with observations of such decays, e.g. [69–71], as well as
the phase evolution in the tensor modes, e.g. [19, 72, 73]. In what follows we discuss some
general features of using measurements of the GW polarization to test deviations from GR.

2.2.2.1 Detector response to extra polarizations. 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. Currently, there are three major types of beam
detectors: ground-based interferometric detectors, space-based interferometric detectors,
and pulsar timing arrays. They have different response to different polarizations, and we
refer to [74–80] for details.

For the case of stochastic GW backgrounds, cross correlation of the outputs of multiple
detectors is needed [81, 82]. The sensitivity to the stochastic background of the detector
pair depends on the antenna response of each detector, and it gets reduced due to the
separation and non-optimal orientations of the detector pair. The reduction of the sensitivity
is characterized by the overlap reduction function [80, 83] (see section 10.5.1). For different
polarizations, the overlap reduction functions of various of ground-based detector network
configuration are discussed in refs. [74, 75]. Different polarizations are projected on the strain
via the antenna pattern function. Thus, for a network of multiple non-coaligned detectors,
we get different linear combination of polarizations. Theoretically, for a transient signal,

– 9 –
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the number of non-coaligned detectors should be at least the same as the number of the
polarization modes in order to distinguish each of them. It should be observed, however, that
the detector pattern functions of the two scalar modes are degenerate in the limit f ≪ f∗,
where f∗ = c/(2πL) (with L the interferometer arm-length) [74]; still, this degeneracy is lifted
and the signals from the two scalar modes can in principle be disentangled at f > f∗ (see
figure 24 in [75]). For L = 10 km (as in the 10 km triangle), f∗ ≃ 4.7 kHz; for L = 15 km,
as in the 2L configuration of ET, f∗ ≃ 3.2 kHz; for a 40 km CE, f∗ ≃ 1.2 kHz. Thus, for a
stochastic background, only the part of the spectrum above such frequencies can be used
to disentangle the two scalar modes.

The capability of the second generation detector network to separate the polarization
modes for the inspiraling compact binary was studied systematically in ref. [84]. ET has
great sensitivity at lower frequency, and thus it can observe the early inspiral stage of the
binary neutron star for a long time. In this sense, a single ET detector can be regarded as a
virtual detector network due to the Earth’s rotation [85], which helps distinguishing the scalar,
vector and tensor polarizations among them. Note, however, that for CBCs disentangling
further the two scalar modes among them is more challenging since, particularly for a 10 km
arm-length, basically all of the observable signal is at f ≪ f∗ (and the Earth’s rotation in
this case does not help, since the degeneracy between the pattern functions of the two scalar
modes at f ≪ f∗ is not affected by the Earth’s rotation).

2.2.2.2 Current and future constraint. Preliminary tests were carried out with GW
events seen in both LIGO detectors and Virgo, e.g. GW170814 [86] and GW170817 [2]. For the
first detected GW event, GW150914 [1], there was no conclusive constraint on the polarization
because there were only two detectors and they have similar orientation [87]. In contrast, for
the first two GW events detected by three detectors, GW170814 [86] and GW170817 [2], it
is found that the purely tensor polarization is strongly favored over purely scalar or vector
polarizations [86, 88]. The same test was also performed to GW170818 in GWTC-1 [34]. The
test was based on the method proposed in [89], which applied coherent Bayesian analysis using
GR waveform template but with different antenna response. For future studies, the precise
waveform template in modified gravity is needed; for more details we refer to section 2.2.1
for inspiral, section 2.2.5.1 for merger and section 2.3.2 for ringdown. The Bayesian model
selection method is also applicable for persistent sources, such as continuous waves from
isolated neutron star [90] and stochastic gravitational wave background [91].

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 [72, 92].4
The analysis of polarizations for signals like GW170817 with null stream was studied in
refs. [93, 94], and then developed in refs. [95, 96]. 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

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 10.6 and 11.6.1 for extended discussion.
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Tensor+Vector+Scalar ET ∆ + CE ET 2L α = 0◦ + CE ET 2L α = 45◦ + CE
h2

0ΩT
GW 2.80 × 10−10 2.63 × 10−11 1.24 × 10−10

h2
0ΩV

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

h2
0ΩS

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

Table 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.

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 [97]. Considering multiple events uniformly distributed in
volume within a sphere with a large radius corresponding to a luminosity distance of ∼ 1 Gpc,
the detection limit can reach AST ≃ 0.05 and AVT ≃ 0.02 on average; see figure 4 in [97].

Though stochastic GW backgrounds have not yet been found in the LIGO-Virgo-KAGRA
band [98–100], 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 backgrounds, and
ΩT

GW (25 Hz) ≤ 6.4 × 10−9 for tensorial ones [100]. 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 [75]. In general, the
sensitivity can reach ΩA

GW ≃ 10−12 − 10−11 (A= T, V, S), for five years of observations [75],
constituting two to three orders of magnitude improvement; see table 1 for details.

2.2.2.3 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 (and, even in this case, we have seen above that the two
scalar modes can only be disentangled at f > f∗). 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 [101]. GW lensing is similar to 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 [101–104]. 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. Note that strongly lensed images are separated on the arcsecond scale, while
GW detectors have a precision of several degrees. So, the separation between the images is

– 11 –



J
C
A
P
0
3
(
2
0
2
6
)
0
8
1

completely swamped in the relatively low sky location accuracy from the interferometers, and
the M images are effectively associated to the same direction in space.

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 [105–107], 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 detectors,
we perform Bayesian parameter estimation runs in which we inject signals with all six
polarizations present. In figure 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
difference 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 excluded for the given parameter choices, while in the unlensed case, the posterior
distributions are essentially uninformative.

2.2.3 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 [108–113] and dispersion
relations can be modified also by models of quantum gravity that incorporate a minimal
length [114–116].

A possibility to test physics beyond the SM in the gravitational sector utilizes the GW
signal from the coalescence of compact binary systems [117–124]. Another option is the
induced anomalous GW propagation and its imprint on the waveform [125]. 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 [126–128]. In figure 3, we
show the 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 [129, 130]. 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 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.

2.2.4 Gravitational-wave memory

A key aspect of GR is the expectation that GWs contribute also through non-oscillatory terms,
known as the memory effect [133–137], 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 [138] and the Bondi-Metzner-Sachs (BMS) symmetry group
of asymptotically-flat spacetimes [139–141]. 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 [142]. These studies reveal the profound interrelations
among disparate aspects of long-distance physics, offering new insights into gravity’s universal
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Figure 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.

characteristics [143]. The GW memory may be then used to experimentally unveil Nature’s
true asymptotic symmetries [132].

The detection of the displacement memory may be within reach of currently operating
ground-based detectors [132, 137, 144, 145], and efforts on this direction are underway [146,
147]. The displacement memory may further assist in breaking degeneracies in parameter
estimation [132, 148], identifying low-mass BBHs [149], and help distinguish between BHs
and NSs [150–152]. Next-generation ground-based detectors, such as ET, may also be able to
detect spin memory effects [132, 137]. In figure 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 [132]. 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.

2.2.5 Fundamental aspects of the two-body problem

2.2.5.1 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 9. 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.
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Figure 4. Panel (a): evidence (solid lines) or absence (dotted lines) for displacement memory
based on multiple BH GW observations with the LIGO-Virgo network, as well as in a LIGO-Voyager
network (where Voyager is a proposed upgraded of LIGO making use of the same LIGO facility [131]).
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 [132] for more details.
Reprinted figure with permission from [132], Copyright (2024) by the American Physical Society.

BBH mergers. Tracking the merger of two BHs requires fully nonlinear numerical simulations.
While these are viable in GR (see e.g. [153] and references therein), performing such simulations
beyond GR can be challenging, not only because of the technical difficulties but also because
of the need of a well-posed formulation. In fact, for many conjectured extensions, even the
existence of such formulation remains an open issue. Nonetheless, in some cases, for instance
Bergmann-Wagoner scalar-tensor theories [154], a well-posed formulation has been found [155]
and BBH simulations have been carried out, e.g., in [156]. In this class of theories, however,
stationary BHs are still described by the Kerr metric [157], 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 [158].
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Other type of scalar-tensor theories, like Einstein-Maxwell-dilaton gravity [159] and
cubic Horndesky gravity [160], 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 [161–163], and in some cases, if the
scalar field is massive, a long-lived cloud may survive long enough to significantly affect
the waveforms [159, 164]. Furthermore, numerical simulations of coalescing BBHs have also
been performed for theories for which stationary BH solutions are different from those of
GR [163, 165–167]. However, such simulations have shown the formation of elliptic regions,
signaling the lack of predictability, when curvature invariants become large [168, 169].

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 [170]) are enforced.
Along these lines, an initial value formulation has been studied in various theories [171, 172],
and simulations have also been performed through an expansion of the coupling constant [173–
178]. 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 spontaneous
scalarization [179–182], 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
studied in the context of BBH merger, both in the limit of small coupling constant [183–185],
and for finite couplings, within the modified harmonic formulation [163, 166, 167, 186].

In conclusion, despite recent progress, theoretical control over modifications of GR, and 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. [187]) or theory-specific effective models
for waveform building (e.g. [188]). 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 2.3.3 and section 7. 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
numerical simulations is dynamical scalarization [189–192], originally discovered by Damour
and Esposito-Farèse [193], who demonstrated that NSs may develop a nontrivial scalar charge.
Observations of radio pulsars strongly constrain the scalar charge, and the parameter space
for spontaneous scalarization [194–196]. Yet, BNS simulations have shown that large scalar
charges are possible during the late inspiral and plunge phases, which can significantly impact
the waveforms [189–191]. This is evident, for example, in figure 5 where the scalarized
NS merge faster compared to GR. Theory-agnostic models [197] 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
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Figure 5. GWs from the coalescence of equal-mass NSs in a scalar-tensor theory compared to GR.
Upper panel: plus polarization along the axis perpendicular to the orbital plane. Lower panel: GW
frequency vs. retarded time. Simulations assume a binary total mass m = 2.7M⊙ and the AH4 EoS,
with B denoting the scalar-Ricci coupling strength. Reprinted figure with permission from [191],
Copyright (2014) by the American Physical Society.

that admit scalarization [198]. 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 [191] and in theories
of gravity involving higher curvature corrections [199]. 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 [200, 201]. 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 [201]: a GR (i.e non-scalarized) NS, a scalarized NS, or a short-lived 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 reconciles the theory
with binary pulsar observations for a larger range of parameters [202, 203], while providing
interesting consequences for the GW signal [204–209]. The most prominent feature is the
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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 [207]. Stellar core collapse has also been considered in other modified theories,
e.g. [210], 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 [211, 212].

2.2.5.2 Analytical approaches. Time and again, the rich history of the two-body problem
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, 213, 214], post-Minkowskian
(PM) [215], or self-force (SF) [216] approximations, the resolution of new fundamental aspects
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 [217–
220], allowing for a systematic resolution of the IR/UV divergences which (separately) plagued
the potential and radiation regions [221]. Furthermore, recent developments in the study
of scattering processes using techniques inspired by collider physics, e.g. [222–236], 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 [227–230, 237–239] were instrumental in the determination of the imprint of nonlinear
gravitational effects in the dynamics at 5PN order [240], 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 [217–220]. 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 [240]. 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 [213, 214, 241–244] — which provide a
systematic framework to tackle the two-body problem in gravity [220, 240, 245–248].

Moving onto the case of scattering events, the state-of-the-art results in the PM expan-
sion [215, 230, 233], endowed with a resummation scheme [249, 250], have proven to be very
successful in matching numerical simulations with exquisite level of precision [251–253], see
figure 6. For the case of bound states, on the other hand, fundamental challenges arise connect-
ing between observables for unbound/bound motion. The relevance of scattering 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 [254, 255], as
well as by the “boundary-to-bound” dictionary relating observables for hyperbolic (deflection
angle) and elliptic (periastron advance) orbits through analytic continuation of the radial
action [249, 250, 256]. The challenge, however, is to properly separate the universal part of
the dynamics (local-in-time) from the orbit-dependent part (nonlocal-in-time) [218, 257, 258].
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Physical Society.

While the latter is amenable to the boundary-to-bound connection [256], the former depends
on the type of trajectory, and therefore cannot be directly extrapolated from hyperbolic
to elliptic motion. This observation also directly impacts the expected connection between
the mass-dependence of the scattering result and bound observables [249, 250, 259], which
becomes even more subtle at higher PN/PM orders [235, 240].

Progress in the direction of capturing the universal part of scattering data has already
appeared in [235], 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” [215, 234], 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 9
for more details.

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

Current electromagnetic and gravitational observations are compatible with BHs as predicted
by GR [8, 34, 38, 87, 260–262]. 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
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singularity but also modify the physics at horizon-size scales is attracting more interest.
Several recent investigations also suggest that quantum gravity effects may show up at
distances larger than the Planck scale [263–269], and make predictions that may be tested
using GW astronomy [270–279] (see [280] 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 [281], gravastars [282]), as well as produced by dark
matter and/or exotic fields (e.g., boson stars [283], wormholes [284]). In the following, we will
discuss the phenomenology of horizon-scale physics and ECOs, emphasizing their detectability
with ET in a model-agnostic way, but also occasionally referring to specific models.

2.3.1 Inspiral tests

2.3.1.1 Model-agnostic tests of the multipolar structure. The multipolar structure
of a Kerr BH is uniquely determined by its mass and spin [285], 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 , (2.3)

with δMℓ and δSℓ model-dependent corrections. This parametrization can also be extended
beyond axisymmetry [286–290]. Generically, the dominant multipolar effect comes from the
quadrupole moment, M2. Figure 7 shows the projected constraints on the dimensionless
parameter δκs (defined as δκs = κs − κKerr

s , where κs = (κ1 + κ2)/2 and κi := −M2/(M3χ2)
for 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 waveform, and both using the Fisher-matrix code GWFISH [291] and through a
Bayesian inference with BILBY [292]. Interestingly, the Fisher-matrix and Bayesian results
are in fairly good agreement between each other, especially for ET, as expected given the
higher SNR. Overall, 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].

2.3.1.2 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 [293–296], the detection of a
nonzero value would constitute a smoking-gun signature of new physics [297], either in
the form of deviations from GR [298, 299], ECOs [298], or condensates of ultralight dark
matter particles, e.g. [300]. Alternatively, it might signal dense environments around merging
BHs [301, 302]. The largest effect is described by the quadrupolar, electric-type, Love
number that parameterizes the proportionality between the gravitational field and the objects’
deformation. The Love numbers of various ECOs, including boson stars, were computed
in [298, 303–309]. General prescriptions for computing quantum mechanical contribution
to the Love numbers of astrophysical BHs were suggested in [273], and the classical limit
was discussed in [275]. For instance, the area quantization [310] may induce nonzero Love
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Figure 7. 68% constraints on δks, quantifying deviations from the Kerr quadrupole moment, 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 represent 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.

numbers [278], and a model for dynamical Love numbers of ECOs was recently developed
in [279]. Despite the differences among models, an overall common feature of ECOs, as well
as regular (devoid of singularities) [311] or quantum [312] 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) [298, 307]. Figure 8 shows the prospects for measurability of the Love numbers
with ET and compares it with future LVK bounds (see [313] 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 constraints 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 [314] can be exploited
to break the degeneracy among different models [309]. 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 [315].
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Figure 8. Same as in figure 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.

Another peculiar property of classical BHs is the so-called tidal heating [243, 244, 316, 317],
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 eccentric [318] or highly spinning binaries with
large mass ratios [319, 320] and are particularly stringent for EMRIs/IMRIs [317, 320–327]. For
comparable mass binaries, generic PN deviations are searched for with test-of-GR pipelines [8],
whereas a specific analysis with LIGO data was performed in [328, 329]. EMRI/IMRIs are
among the main sources of space missions such as LISA [330], but they may also be detectable
by ET if subsolar-mass compact objects exist [331].

2.3.1.3 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 [307], which
in turn can be used to discern between fundamental interactions from measurements of
finite-size effects in the waveforms [332].

Figure 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

– 22 –



J
C
A
P
0
3
(
2
0
2
6
)
0
8
1

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 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 component (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.

MB is related to the tidal deformability only logarithmically [332], 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.

2.3.2 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
(QNM), writing h(t) = h+(t) + ih×(t), with

h+,×(t) =
∑
lmn

Almn cos
(
2πflmnt+ ϕ+,×

lmn

)
e−t/τlmn Y lm

+,×(ι) , (2.4)

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 [333].

The (complex) QNM frequencies, flmn− i/τlmn, depend only on the remnant’s properties.
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
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the nature of compact objects. Furthermore, most modified gravity theories and models
of ECOs predict extra modes not present in GR [334] and different amplitudes and phases
compared to the standard BH binary case in GR [335], so both effects can be studied in
a model agnostic way.

The prospects for accurately observing ringdown signals with ET are extremely promis-
ing [336, 337]. ET will allow us to transition from observing such events occasionally, and
with moderate SNR, to becoming almost daily occurrences extracted with great accuracy.
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.

2.3.2.1 Black-hole spectroscopy. Using stellar mass BBH population estimates calibrated
to LVK catalogues up to O3 [338], 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, 337]. Furthermore,
with ET we expect a ringdown-horizon up to z ∼ 10 [339]. Numerical simulations 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 [333, 335, 340, 341]. 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. [337] 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 10.
Constraints on deviations of the damping times are less precise and therefore 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 [342], thus providing complementary
information to LISA [330]. The possibility of using pre-merger information for ringdown
based tests has also been explored in [343] 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 [335], see right panel of figure 10.

In order to demonstrate the impact of ET in performing BH spectroscopy and the
large improvement with respect to present GW detectors, figure 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 [335, 344]. These
results are in agreement with a Bayesian analysis on the detectability of a secondary (330)
mode (see figure 12), which is very challenging with current detectors, mostly due to the
limited SNR [30] (see also figure 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
distinguishing a ringdown waveform in GR from that in an alternative theories of gravity,
a study in ref. [345] 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
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corroborated by specific case studies in modified theories of gravity [346–350]. They rely on
the QNM spectra in modified theory which are currently available for Kerr-Newman BHs in
Einstein-Maxwell theories [351], slowly-spinning BHs in theories with quadratic curvature
corrections [348, 349, 352–354], Horndeski gravity [355], and higher-order effective-field-theory
gravity [299] to different orders in spin and coupling constants.

Finally, at large SNR the ringdown analysis might be affected by next-to-leading order
effects in perturbation theory [356–360]. 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 [361]. The loudest signals can provide constraints on the
quadratic mode frequency and damping times of the order of few and ten percent, respectively.
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Figure 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.

2.3.2.2 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 [362]. 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
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the QNMs are low-frequencies and long-lived [363, 364]. 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 [311] or (integrable) quantum [312] BHs can
induce modifications in the outer geometry predicted by GR [365]. 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 [266]. Measuring QNMs may also enable
tests of black hole area quantization [272, 366]. This is being explored through analytical
methods incorporating a minimum-length metric to study the impact of area quantization
on the ringdown [367–369].

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 [363]. 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 [363, 364, 370, 371]. The amplitude of GW echoes depends on the boundary conditions
describing the compact object and the initial conditions of the perturbation [372–377]. 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 [378, 379], Fourier windows using the fact that GW echoes
should pile up at specific frequencies [380, 381], and the coherent WaveBurst pipeline [382].
Following some debated claim [379–381, 383–388], the LVK Collaboration found no evidence
of echoes in GW data [8, 38], both using a template-based search [383, 387] in the second GW
transient catalog and a morphology-independent search [378, 379] 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 [376, 389–391]. 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 [389, 390]. 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 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 [392]. The accuracy
on the reflectivity is affected by an order of magnitude between the O4 LIGO-Virgo and
ET configurations (see table 2).

2.3.2.3 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
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Figure 13. Fractional percentage errors on the reflectivity of compact objects for a GW150914-like
event [16]. Reproduced from [16]. The Author(s). CC BY 4.0.

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 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].
Reproduced from [16]. The Author(s). CC BY 4.0.

specifying an ECO model. This requires NR simulations which are primarily available for
consistent models like boson stars [283]. 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 [393].
The stars’ intrinsic properties affect the emitted GW energy and waveform [393, 394]. For
example, phase opposition between stars could lead to a repulsive force forming a dipole
configuration [395]. 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 [396, 397]. GW
templates 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 [398, 399]. 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 [400].
Highly compact boson stars are also expected to eventually decay into a spherically symmetric
state, with gravitational emission serving as a distinguishing signal [401].
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2.3.3 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 7), and modified-gravity
theories [402–404]. 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 7.4.3. In principle, the large number of
BNSs detectable with ET, and the accuracy in the measurement of tidal parameters [405],
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 [406, 407]. Another promising (model-agnostic) approach
to test gravity with BNSs is by exploiting quasi-universal relations, for example between
the tidal deformability and the spin-induced quadrupole moment [408] or between different
tidal Love numbers [314] (see [409] 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 [309].

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 [410], 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 7). 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 emphasized
in the literature, e.g. [411]. Due to the large uncertainties, the impact of DM on the
NS’s properties are model dependent. Figure 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 138 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 [413, 414].
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
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
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Figure 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).
Reprinted figure with permission from [412], Copyright (2022) by the American Physical Society.

in NSs have also been modeled as point particles in [415]. 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) [415].

2.4 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. [416–418] 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 [419]. 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 [419, 420], or with lower-frequency GW observatories such
as LISA [391], or pulsar timing arrays [421].

2.4.1 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 [422, 423]
(a similar behavior has been predicted for tensor particles [424].) 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 [422]. Second, an equivalent
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Figure 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 MICROSCOPE (dotted) [428] and
Eöt-Wash torsion balance experiment [429] (dashed) limits. Adapted from [427]. Reprinted figure
with permission from [427], Copyright (2022) by the American Physical Society.

differential strain is produced by the finite travel time of the laser light in the arms [425].
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 stochastic
(or continuous) GW searches [422, 425, 426]. In particular, cross-correlation and excess power
methods have been used to establish competitive upper limits in the frequency range 25–
2000 Hz [427]. Figure 15 is adapted from [427] 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 [428] and Eöt-Wash torsion balance experiment on scalar
particles [429], and to the predicted constraint from ET-D. As shown in [430–432] differences in
mirror materials (as it happens in KAGRA detector) can significantly enhance the sensitivity
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 [433, 434].

2.4.2 Environmental effects

2.4.2.1 Boson clouds from superradiance. Among the most suitable DM candidates for
which GW detectors are particularly relevant are ultralight bosons. The existence of such
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particles has been proposed in a multitude of Beyond Standard Model theories, e.g. [435–443],
with the earliest candidate perhaps associated with the Peccei and Quinn’s solution to the
strong CP problem [435, 436], implying the existence of a new light (pseudo)-scalar particle:
the “axion” [437, 438]. 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. [444] 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 [445–447]. Therefore BH spin measurements, either from GW observations
or other probes, can be used to constrain the mass of ultralight bosons [446, 448, 449]. 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 [441, 445] and,
in turn, for a measurement of the putative field mass [447, 450–452]. Besides these indirect
signatures, the formation of boson clouds also leads to the emission of GWs from the cloud
itself [446, 450, 453, 454]. Moreover, various modifications with respect to the evolution
in vacuum occur when the BH surrounded by a boson cloud is a member of a binary
system [300, 455–457]. 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 [458]

fgw ≃ 483 Hz
(

mb
10−12 eV

)[
1 − 7 × 10−4

(
Mbh

10M⊙

mb
10−12eV

)2
]
, (2.5)

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 [446, 450, 453]
emit longer but weaker signals, with respect to vector bosons [449, 454] or light tensor
bosons [459]. Moreover, the signal is characterized by a spin-up, due to the cloud contraction
over time [449, 460] and, possibly, to the boson self-interactions [461].

Searches for continuous gravitational waves from both scalar and vector boson clouds
have been proposed [462–464] 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 [458, 465]. A directed search toward a specific potential source,
i.e. Cygnus X-1, has also been performed [466].

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 16 shows the
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Figure 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 boson rest-energy in units of eV. The dotted
white lines highlight the mass and spin of a GW150914-like merger remnant. Adapted from ref. [463]
and obtained using the python package gwaxion [467]. We are indebted to Max Isi for providing
the code. Reprinted figure with permission from [463], Copyright (2019) by the American Physical
Society.

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 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 extraction
process or even destroy the cloud [300, 461, 468–472]. 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
expects 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. [450, 473–475] both for scalar and vector clouds and considering both galactic and extra-
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Figure 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.

galactic sources. Constraints based on the lack of observation of a stochastic background in
LIGO and Virgo have been set [474, 476, 477] 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 detections, will
be significantly improved with ET [475]. In particular, the improved sensitivity 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 [475, 477].

Binary systems. Boson clouds can reach a mass density much higher than other astrophysical
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 [300, 455, 478–483] 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 [300]. Resonances may be classified as hyperfine (only
∆m ̸= 0), fine (∆ℓ ̸= 0,∆n = 0), and Bohr (∆n ̸= 0), respectively [300, 455]. Overtones
of a resonance can also be excited for eccentric orbits [456, 457, 484]. For equatorial orbits,
the main resonant Bohr frequency for GW emission, is given by

f res
GW ≃ 26 Hz

|m2 −m1|

(10M⊙
MBH

)(
α

0.2

)3∣∣∣∣ 1
n2

1
− 1
n2

2

∣∣∣∣ , (2.6)
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Figure 18. Resonance frequency of the (main) Bohr transition [see eq. (2.6)], as a function of the
BH mass, MBH, and α. See ref. [455]. Reprinted figure with permission from [455], Copyright (2020)
by the American Physical Society.

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 18.

During the orbital evolution, the cloud undergoes a Landau-Zener type of transition
between resonant states [455], resembling similar phenomena in atomic physics. The energy
required for the process comes at the expenses of the binary systems, which in turn experiences
sinking or floating orbits, depending on the type of transition [455–457]. During floating, the
orbital frequency and associated GWs emitted remain at an approximately constant value
(with a pre-factor which may vary for different resonances). The floating time scales as

∆tfloat ∼ 0.2 s
(
MBH
10M⊙

)(1 + q)2/3

q2

(
α

0.2

)−3
, (2.7)

where q is the binary mass ratio, which significantly alters the evolution of the GW phase [455].
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 transitions
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 [469, 485, 486]. This is the backreaction of the excitation of the cloud to
gravitationally unbound states, which carry mass, energy and angular momentum 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
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universal shape [487], 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, . . . (2.8)

The distinctive frequency evolution due to ionization makes the boson cloud distinguishable
from other environments [488]. 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 [300, 455, 489, 490]. This possibility is further enhanced by the intriguing
result that, within GR in four spacetime dimension, the Love numbers of vacuum, isolated,
BHs vanish [293–295, 297, 491–494]. 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 [300, 489, 490], and n = 10 for the dominant spin-two even
perturbations [495].

Tidal effects may ultimately be unraveled by the gravitational interactions with a
companion in binary systems towards the late stages of the inspiral phase. As the companion
enters 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 [489, 490]. 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 [300, 455]. In refs. [489, 490], the detectability of Love numbers through GW
observations was estimated (see also [313]). The main results are plotted in figure 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 2.3.1.2),
since the latter are characterized by tidal effects which persist until the last stages of the
merger [496, 497].

Besides the effects discussed above, the cloud-binary system exhibits a number of other
potentially observable phenomena, notably through the backreaction on the orbital parameters
during a resonant transition. For instance, the presence of a cloud in the earlier cosmological
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 [456, 457]. This can have a big impact in the interpretation of future GW
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Figure 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. [490]. Reprinted figure with permission from [490],
Copyright (2023) by the American Physical Society.

observations, 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 [469],
backreaction of the cloud on the geometry [498, 499], binary outspiral due to the cloud decay
in GWs [500], and the termination of superradiance due to level mixing [471, 501].

2.4.2.2 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 [502]. 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
compact binaries [488, 503–509]. Accretion stands as another notable environmental effect,
particularly prevalent in scenarios involving gas-rich environments or surrounding accretion
disks [488, 503, 510]. 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 [488, 503, 510]. 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 [488, 503, 505, 510, 511].

Most studies of environmental effects on GW signals have typically focused on sources
relevant for LISA [391, 512], 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 [488, 504–510, 513–515]. In ref. [516], it was estimated that ET will be
sensitive to the effect of dynamical friction in a GW170817-like event evolving in mediums
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with densities ≳ 10−3 g/cm3. Such densities would be possible for compact binaries merging
within dense thin accretion disks [503], 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 [517] (see section 4). 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 [518–521]. 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 [522].
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 [506, 513]. 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 [523]. Furthermore, for BHs with sub-solar masses, ET will provide exquisite
measurements of the binary parameters [331], which are also sensitive to dynamical-friction
feedback [506, 507, 510], and secondary accretion [524]. 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 [525–527], see section 4.

2.5 Synergies with other aspects of the ET Science Case

Here we discuss a list of outstanding ET science cases related to fundamental physics which
require an interdisciplinary approach with topics discussed in other chapters. Such an
approach is ubiquitous in most aspects of ET science, but topics related to fundamental
physics are, by their own nature, particularly cross-cutting. We envisage strong synergies
in the following aspects:

• Improve (beyond) GR waveforms to match ET requirements. The unprecedent-
edly loud signals to be detected by 3G detectors will require an accuracy improvement
of the waveforms to be used to extract signals from data. A necessary condition
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 [528] 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 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 9 also for alternative theories and models, most likely on a case-by-case basis.

• Improve data analysis techniques beyond GR. As discussed in section 11, 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 [529, 530] and parameter estimation [531–534], it would be advisable to
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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 data analysis (section 11), waveform
modeling (section 9), and the fundamental physics topics disucssed in this section will
be needed, for example, to introduce beyond-GR effects in the ET mock data challenge
(discussed in section 11).

• 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
detection of primordial BHs, cosmic strings, or any primordial relics (see section 3), 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 directly
through gravitational collapse or as stable remnants of the Hawking evaporation of
primordial BHs, they could evade cosmological constraints arising from evaporation [535]
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 [536]. This
strengthens the connection between fundamental compact-object physics and cosmolog-
ical GW sources, and calls for a synergy between the topics developed in this section
and those in section 3.

• 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 4), 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 7). Finding ways
to break this degeneracy calls for a synergy among nuclear matter and fundamental
physics studies. As discussed, a promising possibility is to make use of approximately
universal relations among the NS parameters that are almost EOS insensitive. ET will
be instrumental for these tests, since they require very high SNR to measure subleading
parameters such as quadrupole moments or non-standard Love numbers.

2.6 Executive summary

We conclude this section by summarizing the advancements that ET will bring in Fundamental
Physics, in comparison to the current state of the art, specifically emphasizing the distinct
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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:

• Tests in the inspiral phase, with up to two orders of magnitude improvements
compared to current detectors;

• Searches for extra GW polarizations, which are inaccessible 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;

• High-precisions tests of the fully nonlinear (perturbative/non-perturbative) struc-
ture of GR.

Consequently, ET will be able to tell whether the gravitational interactions driving the
coalescence of compact objects are described by GR, or if the data will point instead
to alternative theories which manifest themselves in regions of parameter space that
are not reachable by 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
magnitude 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.

Consequently, ET will be able to tell whether the dark massive compact objects in
the sky producing ripples of spacetime are indeed the BHs of GR, or whether ET will
allow us to detect novel types of compact objects for the first time.
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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 region between 10−14 eV and
10−11 eV of putative new bosonic matter;

• Tests of dark-matter environmental effects, boson clouds, and dynamical friction,
in regions currently inaccessible by GW 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 experimental efforts, including space-based
detectors such as LISA.

3 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, encompassing
both astrophysical (AGWB) and cosmological (CGWB) components. Section 3.1 discusses
the general formalism for GWBs, including anisotropies, parity violation, the separability
of different contributions, and the impact of correlated noise on detectability. As we will
discuss in section 3.2, 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; topological 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
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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 3.3.

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 3.4.

3.1 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 parameters,
and its anisotropies are tracers of the large scale structures (LSS) of the Universe. 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 distinguishing between the CGWB
and AGWB, as various cosmological and astrophysical sources are expected to produce GWBs
with distinct and unique signatures.

3.1.1 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 [60, 537–540] 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) [541–555],
and kinematic anisotropies arising from the observer’s velocity relative to the rest frame
of the GWB [556–558].

Let us recall here the basic definitions for the characterization of stochastic backgrounds
(we follow the conventions in [559]). A continuous superposition of GWs coming from all
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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) , (3.1)

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′

. (3.2)

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) , (3.3)

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 . (3.4)

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
2Sh(f) , (3.5)

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 (3.5) defines the (single-sided) spectral density of the signal, Sh(f). The factor
1/(4π) in eq. (3.5) is a standard choice of normalization, chosen so that∫

S2
d2n̂ d2n̂′⟨h̃∗

A(f, n̂)h̃A′(f ′, n̂′)⟩ = δ(f − f ′)δAA′
1
2Sh(f) , (3.6)

so that, for each polarization, the right-hand side has the normalization used also for the
(single-sided) noise spectra density, see eq. (10.2) 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 proportional
to δ(f − f ′)), the most general form of the two-point correlator is then [80, 540, 560, 561]

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

′)
4π

1
2HAA′(f, n̂) . (3.7)

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

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.
6Here we follow the conventions used in refs. [537, 559], and in most of the literature. Observe, however,

that these differ by a factor of 2 from those used in [80], see their eq. (2.14).
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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. (3.7), 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)σ1
AA′ + V (f, n̂)σ2

AA′ +Q(f, n̂)σ3
AA′ , (3.8)

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)

 . (3.9)

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)

 .

(3.10)

If the GWB is unpolarized, U = V = Q = 0 and eq. (3.10) reduces to

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

′)
4π δAA′

1
2Sh(f, n̂) , (3.11)

with Sh(f, n̂) = I(f, n̂). If, furthermore, the background is isotropic, we get back eq. (3.5)
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. (3.10) in the most general case or eq. (3.11)
in the unpolarized case, is sufficient to fully describe its statistical properties.

An important property of a GWB is its energy density per unit logarithmic frequency
interval, which is conventionally normalized to the critical energy density for closing the
Universe ρc,

ΩGW(f) ≡ 1
ρc

dρGW
d ln f , (3.12)

7Here, again, one must be aware of the existence of different conventions in the literature, in which a factor
4π or 8π in eq. (3.7) is reabsorbed into the definition of the Stokes parameters. Our conventions are the same
as in [562] (see, e.g., also [561, 563]).
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where ρc = 3c2H2
0/ (8πG) and H0 is the present-day value of the Hubble parameter. Note

that H0, in the denominator of eq. (3.13), 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 stationary, isotropic and unpolarized background, described by eq. (3.6), the energy
density can be written in terms of the spectral density as (see eq. (7.202) of [559])

ΩGW(f) = 4π2

3H2
0
f3Sh(f) . (3.13)

The same expression holds for a polarized background (as long as it is stationary and
anisotropic), since the Stokes parameters related to linear and circular polarization do not
contribute to the energy density, and only the intensity I(f) ≡ Sh(f) contributes [561]. For
a generic anisotropic and polarized GW background (but still assuming stationarity), one
can show that the energy density is given by [561]

ρgw = πc2

2G

∫ ∞

0
d log f f3

∫
S2

d2n̂
4π I(f, n̂) , (3.14)

so that

dρgw
d log fd2n̂ = c2

8G f3I(f, n̂) . (3.15)

Note that this expression is obtained using the full correlator given in eqs. (3.7) and (3.8).
However, in the computation the traceless terms associated to polarizations give zero [561],
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) . (3.16)

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) , (3.17)

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 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′), (3.18)
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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 [564]. We refer the reader to
section 10.5.2 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
, (3.19)

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

, (3.20)

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. (10.64) for the explicit expression.

The PLS curve is then defined as the envelope of the family of curves (3.19), with Ωβ

as in eq. (3.20), and it is given by

ΩPLS(f) = max
β

ΩGW(f ;β) . (3.21)

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.

3.1.2 Anisotropies of the GWB

3.1.2.1 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 [541, 553, 554, 565]. 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 conditions)
and by the metric perturbations around a Friedmann-Lemaître-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 [544, 556].

The anisotropies due to the propagation of gravitons and kinematic effects are proportional
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
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discussed in [566, 567] 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 [568]. In the case of scalar-
induced gravitational waves (SIGWs), the initial conditions are sensitive to any amount
of local primordial non-Gaussianity, parametrized by fNL [569], while for GWs from phase
transitions large isocurvature perturbations due to a decoupled sector at the production
time could enhance the spectrum [570]. 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 [571].

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 [572]. If observed, these
signatures would be a smoking gun for inflation models beyond the basic single-field slow-
roll paradigm [573]. 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 [574–576].

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 [555] it was shown
that the presence of exotic (beyond Standard Model) relativistic and decoupled particles
could modify the amplitude of the anisotropies on large scales. In [577] 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 [571] a joint Bayesian analysis of
the CMB and CGWB anisotropies for ET+CE has been performed, exploiting the large
correlation expected between the CMB and the CGWB [578]. 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

8The code is publicly accessible as a new branch (GW_CLASS) on the CLASS repository www.github.com/les
gourg/class_public.
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Figure 20. 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.

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 detectability
of the angular power spectrum from the case of phase transitions has been done in [579].

In the left panel of figure 20 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 [100], 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.

3.1.2.2 Anisotropies of the Astrophysical Background. The distribution of the number
of sources, and thus the AGWB, is expected to exhibit a uniform and dominant contribution
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 deviations 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.,
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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 [580, 581], the monopole energy density of the AGWB generated by the
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 4.10),

Ω̄GW(f) = f

ρcc2

∫
dz

(1 + z)H(z)R(z)
∫
dθ⃗ p(θ⃗) dE

dfdΩ(f, z, θ⃗) . (3.22)

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 [580, 581]. 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 4.3 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. (3.10), can be computed
by replacing the energy density of the individual binaries in eq. (3.22) 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., [582].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 3.1.3.

The intrinsic anisotropies have been computed in [542, 543, 546–548, 583, 584] 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 [585]
has been performed in [547]. The monopole and anisotropies of the AGWB generated by
BBH, BNS and BHNS have been fully characterized in [551, 552]. The public available code
CLASS_GWB [552] 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)

]
, (3.23)

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 [547, 552]. The cross-correlation of
the intrinsic anisotropies with other LSS tracers will be discussed in section 3.4.1.2, 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 perturbation,

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 [561].
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