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Abstract: Gravitational waves provide a novel and powerful way to test astrophysical models
of compact objects, early universe processes, beyond the Standard Model particle physics, dark
matter candidates, Einstein’s theory of General Relativity and extended gravity models, and even
quantum gravity candidate theories. A short introduction to the gravitational-wave background
and the method we are using to detect it will be presented. Constraints on various astrophysi-
cal/cosmological models from the non-detectability of the gravitational-wave background will be
discussed. Gravitational waves from transients will be highlighted and their physical implications
will be summarised.
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1. Introduction

The first direct detection of gravitational waves (GWs) from the LIGO interferom-
eters [1], followed by tens of other events [2-4], opened a new window into the early
and late universe and offered a powerful tool to test theories that are otherwise beyond
the current experimental realm [5]. Gravitational waves provide valuable information on
astrophysical models of compact objects [6-8], the cosmic history of the universe [9,10], and
the large-scale structure [11] independently of electromagnetic waves and corresponding
observational tools like the cosmic microwave background. In addition, gravitational
waves offer the means to test early universe processes [12-14], beyond the Standard Model
particle physics at energy scales that cannot be reached by current or near-future particle
accelerators [15,16], dark matter candidates [17-21], Einstein’s theory of General Relativ-
ity [22,23], modified /extended gravity proposals [17,24-26], and even quantum gravity
candidate theories [27-30].

The LIGO/ Virgo interferometers have so far detected several tens of phase-coherent
transient signals emitted by compact binaries (black holes, neutron stars, or combination
of both). In addition, there is an ongoing search for phase-coherent persistent signals,
like the continuous waves emitting by spinning neutron stars [31-33], as well as phase-
incoherent transient or persistent signals, the latter case being the long-sought stochastic
gravitational-wave background. The techniques used to search for GW signals depend on
their nature, and it is important to note that, even in the case of a non-detection (like for
the gravitational-wave background), important constraints can still be imposed on several
theoretical models and their free parameters.

In what follows, I will briefly summarise the current status of constraints imposed on
various astrophysical and cosmological models, as well to fundamental theories using the
novel and powerful tool of gravitational waves.

2. Gravitational-Wave Background

Our universe is permeated by cosmic microwave background electromagnetic radi-
ation, the relic photons of the Big Bang, first discovered by Penzias and Wilson in 1965.
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Similarly, our universe is expected to be filled with a stochastic gravitational-wave back-
ground generated by various processes that took place in its early history. In addition, a
background of gravitational waves can also emerge from the incoherent superposition of a
large number of astrophysical sources, which are too weak to be detected separately, and
such that the number of sources that contribute to each frequency bin is much larger than
one. These two components (the stochastic cosmological and the astrophysical one) form
the gravitational-wave background (GWB).

The GWB [34] can be expressed in terms of a dimensionless parameter (as done usually
in cosmology), which expresses the energy density of gravitational waves pg,, in a logarith-
mic interval of frequency f, normalised by the critical energy density per = 3H3¢?/(87G), as

Qgw(f) = f{fjfw )

with pgw ~ 2, where h denotes the strain of GWs and overdot stands for derivative with
respect to cosmological time .

The GWB is characterised by random non-deterministic phase evolution of GWs
emitted from a large number of distant sources. On the one hand, the GWB of cosmological
origin loses any phase coherence present at emission or at horizon crossing, as metric
perturbations affect the phase of GWs propagating through the inhomogeneous universe.
On the other hand, the GWB of astrophysical origin, generated by overlapping signals
from many individual sources below confusion limit of detector, has no phase-coherence.
For a standard cosmological model, it has been shown [35] that there is complete phase-
decoherence of the GWB above frequencies f ~ 10~'2 Hz. Hence, only the amplitude of
GWs plays a role in estimating Qg

Qgw ~ (hi*) = A2, )

where /i denotes the strain in Fourier space and A stands for the GW amplitude.

A detection of the GWB from unresolved compact binary coalescences (CBC) could
be made by Advanced LIGO and Advanced Virgo at their design sensitivities. It would
appear as noise in a single GW detector i:

5i(f) = hi(f) + i (f), 3)

with the noise n being much bigger than the strain / at a given frequency f. Thus, to detect
the GWB, we need to take the correlation between two detector outputs i, j:

(N5 (f) = (O (F1) + B Oy (f)) + 7 (O (1) + a7 (O () - @)
The signal-to-noise (SNR) ratio grows slowly over observing time Top,g:

<5152> ~ Var[5152] ~ Tops = SNR = % ~ \/Tops - %)
Var|sss;]

Assume that the GWB is isotropic, Gaussian, stationary and unpolarised:

2
(alf 1) = s O () f = F)R (0, ), ©

where Hj stands for the Hubble constant and A, A’ denote the +, x polarisation modes.
We build the estimator Cij (f;t) for the GWB measured from detectors i, j:

o aReE(EDS ()

Cifit) =7 T (NS @
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where §;(f;t) denotes the Fourier transform of the strain time series in detector 7 starting
at time t, [';;(f) is the normalised overlap reduction function between detectors i and;
accounting for all the geometric factors that come into play when cross-correlating data
from different detectors, T stands for the duration over which the Fourier transform is taken,
and So(f) = 3H3/(107%f3) is the spectral shape for a GWB that is flat in energy density.

Since the GWB is considered to be isotropic, Gaussian, stationary and unpolarised, it
is well-described by a single power spectral density Sgw (f):

0 (D)) = 561(F = FIT3(F)Sgw (), ®

where 67(f — f') denotes the finite-time approximation to the Dirac delta function and
Sgw (f) is related to Qg (f) through

2
Sl ) = mpmy 22l ©

Assuming the GW signal and the intrinsic noise to be uncorrelated and the noise in each
frequency bin to be independent, we obtain

(Cij(f;1)) = Qgw(f) +2Re (10)

In the absence of correlated noise, (7i;(f)#i;(f)) = 0, the (Cij (f)) is an estimator of
the dimensionless gravitational wave energy density Qg (f). However, it may be that
(77 (f)n;j(f)) # 0; a potential source of correlated magnetic noise is Schumann resonances.

Schumann resonances are global extremely low-frequency peaks in the electromagnetic
field of the Earth. They are eigenmodes of the conducting spherical cavity formed by the
surface of the Earth and its ionosphere, and are excited by lightning discharges. These low-
frequency resonances in the Earth’s global electromagnetic field could couple to the mass
suspension system and electronics in the interferometers, and mimic a GWB signal. One
must therefore develop a method for detecting correlated magnetic noise and separating
it from a true GWB signal. This issue is usually addressed by performing a coherent
subtraction in the raw data using Wiener filtering. However, for weakly coupled signals, it
can be difficult to completely subtract the noise. Recently, an alternative novel method to
minimise the possibility of a false detection was proposed [36] and tested [36] with realistic
simulations of correlated magnetic noise in interferometric GW detectors.

The correlated magnetic noise in GW detectors was modelled using data collected by
magnetometers placed near the detector sites, and adopting a parameterised model for the
magnetic field to GW detector coupling [36]. Peaks in the detectors” strain channels were
related to the peaks in the magnetometer channels via a coupling function, assumed to be
constant in time and well-described by a power-law with index 5. Hence,

(Cij(£)) = Qgw(f) + Qi (f), (11)

with Qyj(f) representing the magnetic contribution:

—Bi—Bj |
Oij(f) = Kin(lOLz) Mii(f) x 1072 (12)
x denotes the amplitude of the coupling at 10 Hz at the site of interferometric GW detector.
The factor 1022 assumes that the unites of magnetometer data 7;(f) are T/Hz.

Bayesian model selection was then used to distinguish between models that include
correlated magnetic noise and those with a true GWB. This method, originally proposed [36]
and used in the framework of LIGO/ Virgo detectors [37], was consequently extended in the
case of the third generation Einstein Telescope interferometer [38] forecasting the necessary
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measures to ensure that magnetic contamination will not pose a threat to the corresponding
science goals. In particular, it was shown [38] that, for GWB searches below ~30 Hz, it
will be necessary for the Einstein Telescope magnetic isolation coupling to be two to four
orders of magnitude better than the one measured in the current Advanced LIGO and
Virgo interferometers.

In the Advanced LIGO’s and Advanced Virgo’s third observing run (O3), data from
all three baselines were included in the isotropic GWB search. Combining O3 data with
upper limits from the earlier first and second (O1 and O2) observing runs, it was found
that the results are consistent with uncorrelated noise, hence placing upper limits on the
strength of the GWB [37]. More precisely, performing a Bayesian analysis that allows for
the presence of both a GWB and an effective magnetic background arising from Schumann
resonances, no evidence of correlated noise of magnetic origin was found.

Considering a power-law GWB of the form

f o

ng(f) = Oyt <fref> ’ (13)
where f.f is a fixed reference frequency chosen to be f.. = 25 Hz and « is the spectral
index describing the source of the GWB, limits on the dimensionless energy density in GWs
are imposed fora =0,2/3,3.

The & = 0 approximately characterises a GWB originated by a network of cosmic
strings, or a period of slow-roll inflation in the LIGO-Virgo frequency band. The x =2/3
power-law describes the GWB from compact binary coalescences when contributions
from the inspiral phase dominate the GWB. This can be easily seen by writing down the
quadrupole expression for the energy Eqw released per frequency from the inspiral phase
of two compact objects of masses m1, my:

dng . (Gﬂ_’)z/?) mqnip ~1/3 (14)
df B 3 1/3f ’

(m1 +m3)

and then integrating over all frequencies f. While this consideration is a very good
approximation in the LIGO-Virgo frequency band, it is not going to be valid for mergers
of binaries arising from population III stars [8]. The population III GWB spectrum shows
clear deviation from a 2/3 power law because these further away stars will lead to more
redshifted frequencies and therefore be detected in their merger and ringdown phases.
The a = 3 corresponds to a GWB that is flat in the strain power, S;(f) « f>Qgw(f), and
describes a GWB from supernovae.

The GWB searches from the O1, O2, and O3 observing runs led to the following upper
limits on the strength of the GWB [37]:

* Qg <58x 1077 at the 95% credible level for frequency-independent (x = 0) GWB,
using a uniform prior in the log of the strength of the GWB, with 99% of the sensitivity
coming from the band 20-76.6 Hz;

*  QOgw <34x10 7 at frf = 25 Hz for & = 2/3 power-law GWB in the band 20-90.6 Hz;

*  Qgw <39x10 at frf = 25 Hz for &« = 3 power-law GWB in the band 20-291.6 Hz.

Detection of a GWB is indeed hard, as one can easily observe by comparing the dimen-
sionless GW energy parameter to the corresponding of the cosmic microwave background
(Qcmb): Qg < Oy = 1075,

The challenge of claiming a true detection of the GWB will be immediately succeeded
by the difficulty of relating the signal to the sources (astrophysical or cosmological) that
contribute to it. This task was addressed in [39], considering that compact binary coales-
cences and two additional cosmological sources, namely cosmic strings (CS) and early
universe first order phase transition (FOPT), comprise the GWB. It was shown [39] that
the network of Advanced LIGO and Advanced Virgo, operating at design sensitivity, will
not be able to allow for separation of these sources. However, third generation detectors
(such as Einstein Telescope and Cosmic Explorer), which are sensitive to most individual
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compact binary mergers, may reduce the astrophysical signal via subtraction of individual
sources, and potentially reveal a cosmological background. Performing a Bayesian analysis,
it was found [39] that, considering an Einstein Telescope and Cosmic Explorer network and
reasonable levels of individual source subtraction, will allow us to detect a cosmological
signal of Os(25 Hz) ~ 4.5 x 10~ for cosmic strings and Oy, (25 Hz) ~ 2.2 x 10~ for
a broken power-law model describing GWs produced during an early universe phase
transition at fio = 25 Hz.

2.1. Gravitational-Wave Background from Compact Binary Coalescences: Information on
Compact Binaries

Consider an astrophysical GWB composed by compact binaries of population I and
II (pop I/1I) stars. The energy density of GWs from compact binaries as a function of
frequency f and model parameters 6 can be expressed as

dEgw (fsif)
f /‘ /Zmax(e) Rm (Z/ 9) dfs
Qgw(f;0) = dép(0 dz, 15
& (f ) pcrHO p() 0 (1+Z)Ez(QmIQA/Z) z (15

where p(6) is the probability distribution of the source parameters, dEgw (fs;0)/dfs is the
energy density emitted by as single source at a redshift z with parameters 8, E(Qm, Qp, z) =
v/ Om(1+2)3 + Qp accounts for the expansion history of the universe with Qm, = 0.31,
and Q5 = 0.69 the matter and dark energy contribution to the dimensionless cosmological
energy density, respectively, fs = (1 + z)f is the emitted frequency in the source frame,
and zmax (0) is the maximal redshift at which a compact binary with parameters 6 can form.

The most important quantities describing binary black holes are the masses and spins
of each black hole component. The impact of uncertainties in the distribution of binary black
holes on the astrophysical GWB has been investigated in [40] using population inference
from GW observations. Adopting a truncated power-law black hole mass distribution and
modelling the black hole spin magnitudes by a Beta distribution, about 10,000 models have
been studied, concluding that the astrophysical GWB monopole is sensitive to the nature of
the binary black hole population, and in particular the local merger rate. Hence, the GWB
can be used as a new probe of the population of compact objects throughout cosmic history,
complementary to direct observations.

The theoretically postulated population III (pop III) stars are thought to have formed
at high redshifts, hence they have low metallicity as compared to pop I/1II stars which
are more recently formed. If pop III exists, their GWB signal will be superposed with
a pop I/l signal. Several models indicate that the total CBC background is dominated
by pop I/1I, implying that the pop III signal will remain hidden underneath the pop 1/1I
signal. Indeed, for second generation detector networks (even by including LIGO-Hanford,
LIGO-Livingston, Virgo, LIGO- India, and KAGRA), the pop III signal is lost in the pop
I/1I foreground and hence invisible. However, third generation terrestrial detectors, such
as Einstein Telescope and Cosmic Explorer, may reveal a pop III background [8].

A CBC signal is typically modelled with a 2/3 spectrum. This is appropriate for pop
I/1I stars which lead to a GWB in the LIGO/Virgo frequency star at the inspiral phase.
However, the older pop III stars would show up at the later merger and ringdown phases,
hence there will be a clear deviation from the 2/3 spectrum. Testing filters different from a
2/3 power spectrum and performing a Bayesian analysis, it was shown [8] that a broken
power-law filter is the most appropriate one to reveal a pop III GWB.

Considering a detector network composed by Einstein Telescope and two Cosmic
Explorers, it was shown that one could successfully subtract enough individual merger
events to unravel the elusive pop IIl GWB—the reason being that subtraction methods are
more effective for nearby sources, so the residual pop I/1I signal can become sub-dominant
to the pop IIl residual. It was also found that a detection of a pop III GWB could reveal
important information, such as the mass and redshift distribution of pop III stars [8].
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2.2. Stochastic Gravitational-Wave Background from Cosmic Strings: Information on Particle
Physics Models beyond the Standard Model

Cosmic strings are one-dimensional topological defects, which may have been formed
in the early universe as a result of phase transitions followed by spontaneously broken
symmetries, characterised by a vacuum manifold with non-contractible closed curves.
These defects have been shown to be generically formed in the context of Grand Unified
Theories [41].

A cosmic string network reaches an attractor scaling solution in which its energy
density remains a fixed fraction of the background energy density [42-44]. As strings
collide, they always intercommute exchanging partners and reconnect after a collision. As
a result, closed loops are formed when a string self-intersects or two curved strings collide.
Loops smaller than the horizon decouple from the cosmological evolution and oscillate
under their own tension, slowly decaying into GWs [45].

The relativistic nature of strings leads to the formation of points where the string
momentarily moves at the speed of light; these points are called cusps. The intersections of
strings generate discontinuities on their tangent vector; they are called kinks. Cusps and
kinks generate gravitational-wave bursts [46]. Cusps produce beamed GWs in the forward
direction of the cusp, kinks propagate around the string creating GWs with a fan-like
emission, while the collision of two kinks radiates GWs isotropically. The high-frequency
gravitational-wave spectrum of an oscillating loop is dominated by bursts emitted by cusps
and kinks. The waveforms of the strain are power-law functions in the frequency domain,
and grow as f~*/3, f75/3 £=2 for cusp, kink, and kink-kink collision cases, respectively. In
addition to these distinct individual bursts, the incoherent superposition of weaker GW
bursts from cosmic strings produced over the history of the universe leads to a strongly
non-Gaussian stochastic GWB.

The cosmic string network also contains long strings that stretch across a Hubble vol-
ume, which are either infinite or in the form of super-horizon loops; they also emit GWs [47].
However, the dominant GW contribution is the one produced by the superposition of GW
radiation from sub-horizon loops along each line of sight.

The spectrum of the GWB from cosmic strings is

_ AT 2 &R
Opul) = 37/ ZZ/dz/déhi x St

(16)

where d?R;/dz/d/ is the burst rate of type i—cusp, kink or kink-kink collision—per unit
loop size ¢ and per redshift z; it depends on the number of cusps and kinks.

Consider Nambu-Goto strings, parametrised by a single quantity, namely the string
tension Gy (with G Newton’s constant and y the string linear mass density; note that we
set ¢ = 1), related to the energy scale 7 at string formation by Gu ~ (7j/ Mp;)? (with Mp|
the Planck mass). To estimate the GWB generated by cosmic strings, one must know the
loop distribution and the average number of cusps and kinks. Numerical simulations have
shown that, while kinks accumulate over the cosmological evolution, the number of cusps
per loop still remains undetermined.

There are two different models [48,49] for the loop distribution based on different
numerical simulations. Their differences arise from different modelling of the production
and cascade of loops from the infinite string network. In addition, a new agnostic model
that extends and encompasses the ones based on the numerical simulations has recently
been proposed and studied [50].

A search for a stochastic GWB was conducted using the LIGO and Virgo O3 data and
combining them with those from the previous O1 and O2 runs. Performing a Bayesian
analysis taking into account the precise shape of the GWB from cosmic strings, upper
limits were derived on the cosmic string tension [15]. More precisely, for model [49], the
stochastic analysis ruled out particle physics models leading to cosmic strings with tension
Gy 2 (9.6 x 1072 — 107%). For this model, the strongest limit comes from pulsar timing
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measurements, excluding string tension Gy > 1017, For model [48], the stochastic analysis
ruled out particle physics models with string tension Gy > (4.0 — 6.3) x 10~ 15; this is the
strongest limit in the literature. Two different variants of model [50] were considered. One
that reproduces qualitatively the loop production function of model [49] in the radiation
era and the loop production of model [48] in the matter era, for which string tension
Gu 2 (2.1 — 4.5) x 10715, was ruled out aside from a small region where the number of
kinks is greater than 180. For this variant, the exclusion range obtained from the stochastic
LIGO/Virgo analysis is the strongest one in the literature. The other variant reproduces
qualitatively the loop production function of model [48] in the radiation era and the loop
production of model [49] in the matter era, for which particle physics models with string
tension Gy > (4.2 — 7.0) x 10~1% were excluded. The corresponding constraint obtained
from the cosmic microwave background is almost as strong as this one. We note that the
average number of cusps per oscillation on a cosmic string loop has been set to 1. A high
number of cusps leads qualitatively to a similar result as increasing the number of kinks:
for model [49], the constraints are weakened, whereas, for all other considered models, the
bounds are insensitive to the number of cusps [15].

Considering the cosmic string models [48,49] for the loop distribution, it was shown [51]
that LISA will be able to probe cosmic strings with tension Gy > O(10~Y), improving
by about six orders of magnitude current pulsar timing arrays (PTA) constraints, and
potentially three orders of magnitude with respect to expected constraints from next
generation PTA observatories. However, to obtain these limits, only the LISA noise was
taken into account. Considering the cosmic string GWB in the presence of a compact binary
produced astrophysical background and a galactic foreground, in addition to the LISA noise,
it was shown [52] that, with four years of data, LISA will be able to measure a cosmic string
tension Gy ~ 1071 (for the model [53]) to Gu ~ 10~1° (for the models [44,48,49]) or bigger;
the galactic foreground affecting the Gy limit more than the astrophysical background.

2.3. Stochastic Gravitational-Wave Background from First Order Phase Transitions: Information
on Particle Physics beyond the Standard Model

As the universe expands and its temperature drops, a series of phase transitions might
have taken place. In the case of a first-order phase transition (FOPT), once the temperature
drops below a critical value, the universe, being originally in a meta-stable phase, reaches
a stable one, through a sequence of bubble nucleation, growth, and merger. During this
process, a stochastic GWB is thought to be generated [54,55] by mainly three sources: bubble
collisions, sound waves, and magnetohydrodynamic turbulence. Several extensions of the
Standard Model predict strong FOPTs; their footprint on the stochastic GWB may thus
reveal important information on beyond the Standard Model particle physics constraining
their free parameters.

The stochastic GWB produced by a FOPT covers a large frequency range, with
the peak frequency set by the temperature Tropr at which the FOPT takes place. For
a Tropr ~ (107 — 10'%) GeV, which is the case for the Peccei-Quinn axion model or high-
scale supersymmetry models, the generated stochastic GWB lies within the frequency range
of Advanced LIGO and Advanced Virgo. Thus, current terrestrial interferometers have the
ability to constrain particle physics models at energy scales which remain inaccessible by
any existing terrestrial accelerator.

Using the absence of a stochastic GWB signal in the data from the last three observing
runs (O1-03) of the LIGO/ Virgo, one can constrain (g sourced by FOPT, and consequently
test the underlying particle physics models. The O1-O3 data were analysed [16] using
either an approximated broken power-law (bpl) describing its main features in terms of the
shape and the peak amplitude, or a phenomenological model accounting for contributions



Universe 2022, 8, 132

8 of 19

from bubble collisions and sound waves. In the former approach, the stochastic GWB
spectrum is approximated by

prl(f) o (J];)nl - (JJCC*)A} (”2—1’11)/A, W)

with ny = 3 from causality, 7y equal to —4 or —1 for sound wave and for bubble collisions,
respectively, and A equal to 2 or 4, for sound waves and approximating bubble collisions,
respectively. One then runs a Bayesian search and model selection considering both a
broken power law background and a CBC background approximated by a f2/3 power
law. In the second approach, a phenomenological model is adopted with the dominant
contribution coming either from bubble collisions (bc), following

2 2 1/3
Ope(f)H? = 1.67 x 107°A (HFEPT> (ff‘a) ({g) Senv(f), (18)

or from sound waves (sw), following

H Kewt \ 2 /100 /3
2 —6 FOPT SW 1UU
(= 265 ¢ 10 o) (Y 10)

X o (ﬁiv)‘”’(m)mw 9

where £ is the dimensionless Hubble parameter, A stands for the amplitude, Hropr is the
Hubble parameter at Tgopr, f is the inverse time duration of the transition, x4 denotes
the fraction of vacuum energy converted into gradient energy of the scalar field, « is the
energy released normalised by the radiation energy density, g, is the number of relativistic
degrees of freedom chosen to be 100, Seny is the spectral shape, ks, is the fraction of vacuum
energy converted into the kinetic energy of the bulk flow, vy, is the bubble wall velocity,
fsw denotes the present peak frequency, and Y is a suppression factor due to the finite
lifetime Tgyy.

The analysis following the generic power-law spectrum led to 95% confidence level
upper limits simultaneously on the GW energy density at 25 Hz from unresolved CBC
and strong FOPT, Qcpc < 6.1 X 10?2 and Qpp1 < 44 X 1077, respectively [16]. The
analysis following the phenomenological model constrained at 25 Hz the stochastic GWB
to Qpe < 5.0 x 1077 and Qg < 5.8 x 1077 at 95% confidence level due to bubble collisions
and sound waves, respectively [16].

2.4. Stochastic Gravitational-Wave Background: Information on the Early Universe

Several mechanisms [56-60] in the early universe can create parity violation manifest-
ing itself in the production of asymmetric amounts of right- and left- handed circularly
polarised isotropic GWs. Since astrophysical sources of the GWB are unlikely to create
circular polarisation, a detection of a circularly polarised signal may allow us to distinguish
the cosmologically sourced component of the GWB from the astrophysically sourced one.
Analysing polarised GWB can then be used to constrain parity violating theories.

Right- and left-handed correlators can then be written as

(<hR<f, )i (f, sz'>>) (- RO - (1<f,sj1> T v<f,sz>> 20)
(e (f, QO (f, V) in 1(£,0) - v (£,0))"

where (-) represents the ensemble average and I, V are the Stokes parameters, with V char-
acterising the asymmetry between right- and left-handed polarised waves, and I(> |V|)
the wave’s total amplitude. Note that, for V = 0, the above equation would just be the
correlator for unpolarised isotropic GWB.
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The cross-correlation estimator reads [34]

Caow) = [ ar [~ afes(r= )i, (sa (M)

SHRT [ DT HQ) o
1072 Jo f3 ’
where
. 1)
ay, = ng{1+n(f)’y?1dz(f)],
W) = g [ A0,
W = g [AOFF — Fi LSO, 22)

with Hy the Hubble parameter, T the observing time, é7(f) = sin(7tfT)/(7f), 54, (f) and
$4,(f) the Fourier transforms of the strain time series of GW detectors dy and d», Q(f) the
optimal filter taking into account detectors’ strain power spectral densities, and F# = e/ d%
the contraction of the tensor modes of polarisation A to the n'h detector’s geometry. We
denote by 'y‘lildz the standard overlap reduction function of detectors dy, d», and by 'y"i/ldz
the overlap function associated with the parity violation term. The polarisation degree,
II(f) = V(f)/I(f), can take any value between -1 (fully left polarisation) and 1 (fully right
polarisation), with IT = 0 denoting an unpolarised isotropic GWB.

A strategy based on parameter estimation and subsequent fit of two GW models to O3
data, as well as simulated GW data (for A+ LIGO-Virgo detectors including KAGRA), was
proposed in [13]. The proposed method, using a hybrid frequentist-Bayesian approach, was
employed in the search of a generic parity violation GW signal with a power-law behaviour,
as well as a broken power-law spectral shape motivated by high energy physics. The search
has shown no evidence for a parity violation signal in the most recent O3 data, while an
upper limit of Q(fref = 25 Hz) = 4.9 x 10~ at a 95% confidence limit was imposed on the
amplitude of a power-law GW model. Simulating GW data for future detection prospects,
and, considering a chiral turbulence source in the early universe, the importance of having
a multi-detector network was demonstrated, while it was shown that, even if we detect a
turbulence signal, we may not be able to deduce its polarisation [13].

Subsequently, the ability of current or next generation interferometers was investi-
gated [14] to detect parity violation sources from axion inflation focusing on the quadratic
potential. It was shown [14] that, using two third generation detectors, Einstein Telescope
(ET) and Cosmic Explorer (CE), one may be able to claim with at least 95% confidence a
positive polarisation degree I, while a network of three third generation detectors (ET and
2 CEs) is needed in order to make a confident claim about the detection of a quadratic axion
inflation signature.

2.5. Stochastic Gravitational-Wave Background: Information on Dark Matter (Primordial
Black Holes)

Primordial black holes remain one of the least speculative dark matter candidates.
The merger rate of virialised PBH binaries in the mass range ~ (10 — 50) M, is consistent
with the rate inferred from the LIGO/ Virgo detections. In particular, PBHs with masses
in the range (30 — 100) M occupy a narrow window between microlensing and cosmic
microwave background constraints on the PBH dark matter fraction, and hence provide a
plausible dark matter candidate. Unfortunately, such PBHs are tightly constrained by the
LIGO merger rate. In deriving these constraints, however, PBHs were treated as constant
Schwarzschild masses, while, to model the behaviour of primordial black holes in the early
universe, one needs to determine a way to embed black hole solutions in an expanding



Universe 2022, 8, 132

10 of 19

cosmological background. By revisiting the PBH merger rate to account for a more adequate
description of black holes in their surrounding spacetime, it was shown that the merger
rate constraints on the abundance of dark matter PBHs, imposed by LIGO, are evaded
entirely [61,62].

Several studies in the literature examine whether some of the LIGO-Virgo detected
CBC events are the outcome of PBH coalescences (see, for instance [63,64]). One of the mech-
anisms leading to PBH formation in the early universe is the large curvature fluctuations
generated during an inflationary era. More precisely, PBHs result from the gravitational
collapse of overdensed regions seeded by large curvature perturbations on small scales
once the corresponding wavelength re-enters the horizon as the curvature perturbations
exceed a critical value. Since the curvature perturbations couple to the tensor perturbations
at second-order, such large curvature perturbations are accompanied by the scalar induced
GWs in the radiation-dominated era [65].

The spectrum of the scalar induced GWB scales as the square of the curvature power
spectrum P;(k), which at large scales is O(10~?) [66]—set by cosmic microwave back-
ground data—and, as such, it would imply that the scalar induced GWB remains un-
observable by current or planned experiments. However, P;(k) may be considerably
larger at small scales, reaching P; (k) ~ 0(0.01), and resulting in a GWB within reach of
gravitational-wave observatories.

A Bayesian search of scalar induces GWB in the data from Advanced LIGO and Virgo’s
first, second, and third observing runs was performed in [12]. To avoid the choice of a
particular inflationary model, the curvature power spectrum was parametrised by a well-
localised peak depending on only three parameters: its position, width, and integrated
power, using a log-normal function [67]

Py (k)

2
A [_ln (k/k.) 23)

~ Vanh; 242

¢
where A; is the integrated power of the peak, A; determines its width and k. its position.

The scalar induced GW spectrum is peaked around the same wavenumber as P (k),
corresponding to the frequency f./Hz = 1.6 x 10~ %k, /Mpc 1. At A; < 1, for which
the amplitude of the induced GWs as well as the generated PBH abundance become
independent of A;, the peak amplitude of the GWB is Qgy, = O (10_5)A%. Since the LIGO-
Virgo detectors are sensitive to frequencies around f 2 10Hz, they have the potential
to probe peaks in P; (k) at scales larger than 10" Mpc~! which re-enter the horizon at
temperatures > 108 Gev.

Performing a Bayesian analysis—including also potential contributions from CBC—mno
evidence was found for a scalar induced GWB in the LIGO-Virgo O1, O2 and O3 data [12].
However, depending on the width A; of the peak, 95% confidence level upper limits were
imposed on the integrated power of the peak A; as a function of its position k.. The
obtained constraints are stronger than the ones arising from big bang nucleosynthesis and
cosmic microwave background observations in the range O(10'%) < k,/Mpc™! < 0(10'9),
and reach A; =~ 0.02 for a narrow peak at k, ~ 10 Mpc~'. It is worth noting the
constraints from LIGO and Virgo at their design sensitivity, and from the Einstein Telescope
can compete with those related to the abundance of the formed primordial black holes [12].

2.6. Stochastic Gravitational-Wave Background: Tests of General Relativity

Einstein’s theory of General Relativity allows for the existence of only two gravitational-
wave polarisation modes (the tensor plus and cross modes), while general metric theories
of gravity may allow for up to four additional polarisations: two vector modes and two
scalar modes (the breathing and longitudinal scalar modes). The detection of any of
these additional polarisation modes would imply violation of General Relativity, while
their non-detection may experimentally constrain extended theories of gravity. The three-
detector Advanced LIGO-Virgo network is generally unable to distinguish the polarisation
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of transient gravitational-wave signals, like those from binary black holes. The twin LIGO
detectors (Livingston and Hanford) are nearly co-oriented, implying that Advanced LIGO
is sensitive to only a single polarisation mode. Even if the twin LIGO detectors were more
favorably-oriented, one needs generically a network of at least six detectors to uniquely
determine the polarisation content of a gravitational-wave transient.

Observation of the GWB offers a way to directly measure generic gravitational-wave
polarisations. It has been shown that a GWB dominated by alternative polarisation modes
may be missed by current searches optimised only for tensor polarisations. A Bayesian
method to detect a generically-polarised GWB was proposed in [68] and subsequently used
in the LIGO/Virgo observing runs. This (generic) method relies on the construction of two
odds ratios: one to determine if a GWB has been detected, another one to quantify evidence
for the presence of alternative polarisations in the background. Employing this method, it
was shown [68] that flat scalar-polarised backgrounds of amplitude Q) (25 Hz) ~ 2 x 108
can be confidently identified as non-tensorial with Advanced LIGO. Note that ng does
not necessarily have the interpretation of an energy density in modified theories of gravity;
one may think of it as a measure of the strain power in each polarisation. It was then con-
sidered [68] the ability of Advanced LIGO to perform simultaneous parameter estimation
on tensor, vector and scalar components of the GW background. It was shown [68] that,
after three years of observation at design sensitivity, Advanced LIGO will be able to limit

the amplitudes of tensor, vector, and scalar polarisations to Qgg (25 Hz) < 1.6 x 10710,

O (25 Hz) < 2.0 x 10710, and Q) (25 Hz) < 5.0 x 10719, respectively, at 95% credibility.

In the case that a stochastic GWB of mixed polarisation is detected, Advanced LIGO alone
will not be able to precisely determine the parameters of the tensor, vector, and/or scalar
components simultaneously due to large degeneracies between modes. It is worth noting
that, while addition of Advanced Virgo does not particularly increase our ability to detect
or identify backgrounds of alternative polarisations, it does significantly improve our
parameter estimation on power-law backgrounds, hence breaking the degeneracies of the
twin LIGO analysis.

Thus far, no evidence for scalar or vector modes was found in the data from Advanced
LIGO and Advanced Virgo. The non-detection of scalar and vector polarised stochastic
GWB is consistent with predictions of Einstein’s theory of General Relativity. Using the
log-uniform prior for (s and a Gaussian prior on the spectral index for each polarisation,
the upper limits

0 (25Hz) <21 %1078, QV)(25Hz) <79 x107%, O (25 Hz) < 6.4 x 1077,

at the 95% credible level on (), for scalar, vector, and tensor polarisations, respectively,
were obtained [37].

3. Gravitational-Wave Transients

The LIGO/Virgo/KAGRA (LVK) Collaboration has published [2—4] catalogues of
Gravitational-Wave Transient Catalogues (GWTC) of compact binary coalescences candi-
date events observed by Advanced LIGO and Advanced Virgo during the first, second,
and third observing runs.

The GW data analysis of the LVK Collaboration is first done in low-latency so that
public alerts can be generated that subsequently trigger follow-up astronomical observa-
tions, and then in higher latency in order to create GW catalogues. To analyse GW data
from the last (O3) observing run, five pipelines were used in real time: an unmodelled
burst search, and four matched-filter pipelines. The matched-filter method relies on having
a model of the signal, as a function of the intrinsic (two individual component masses
and two dimensionless spin vectors) and extrinsic (luminosity distance, right ascension
and declination, inclination between total angular momentum and line-of-sight, time of
merger, reference phase, and polarisation angle) physical parameters of the source. Using
the search pipelines, a template bank of GW waveforms is created, covering the appropriate
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intrinsic parameter space; it is consequently used to filter against the data and produce
signal-to-noise ratio time series.

3.1. Gravitational-Wave Transients: Tests of General Relativity

Gravitational waves emitted by CBCs allow us to test GR in extreme environments
of strong gravitational fields, large spacetime curvature, and velocities close to the speed
of light. Considering the most significant signals, namely the ones with a false-alarm rate
(FAR) < 10-3yr~!, from the gravitational-wave transient catalogue GWTCO02 [3], observa-
tional constraints of General Relativity (GR) were reported [22] by the LVK Collaboration,
following a twofold approach. First, the consistency of GR predictions with the data was
tested and then, by parametrising modifications to GW waveforms, the amount of allowed
deviations from GR predictions was constrained.

To investigate whether the GR waveforms are successful in describing the data, one
studies the residual strain once the best-fit template for each event has been subtracted.
Such an analysis has not found any statistically significant deviations between the observed
residual power and the detector noise [22]. Within GR, the final state of the coalescence
of two black holes will be a single perturbed Kerr black hole, gradually relaxing to its
Kerr stationary state by emitting GWs which correspond to a specific set of characteristic
quasinormal modes. The explicit analysis of the GWTCO02 events has shown [22] that all GW
transient signals were produced by merging Kerr black holes in agreement with Einstein’s
theory of General Relativity.

In addition, one can use the GWTCO02 events to constrain parameters of phenomeno-
logical modifications to General Relativity. In the context of GR, GWs far from their source
propagate along null geodesics, with energy E and momentum p related by the dispersion
relation E? = p2c?, with ¢ denoting the speed of light. To investigate modifications to
General Relativity, a phenomenological approach was considered introducing a modified
dispersion relation [69]

E? = p?c? 4+ Aup"c®, witha = 0,0.5,1.0,1.5,2.5,3.0,3.5,4.0, (24)

with A, and « two phenomenological parameters. Such an expression holds for a variety of

proposed extensions to General Relativity. For instance, « = 0, A5 > 0 represents massive

gravity with graviton mass mg = A(l)/ 2¢=2; note that General Relativity is recovered for

Ay = 0,Va. All cases apart @ = 0 correspond to a Lorentz-violating dispersion relation.
In frequency-domain, the strain in Fourier space, within General Relativity, is

h(f) = A(f)e®), (25)

A non-zero A, will lead to a frequency-dependent dephasing of the GW signal, 6P, (f),
building up as the GW propagates towards Earth. For a given model (i.e., given the values
of A,, ), the dephasing 6P, (f) depends on the binary’s luminosity distance, the binary’s
detector—frame chirp mass, the effective wavelength parameter used in the sampling
defined in terms of binary’s redshift, and a distance parameter for a given cosmological
model.

Using the gravitational-wave transient catalogue GWTCO02 [3], 90% credible upper
bounds on the absolute value of the modified dispersion relation parameter A, as a function
of « were obtained in [22]. The analysis has shown no evidence for GW dispersion, con-
straining the Lorentz-violating dispersion parameters. Moreover, the obtained constraint
on the graviton mass is [22]

mg < 1.76 x 102 eV/c?, (26)

with 90% credibility; it is an improvement of 1.8 over Solar System bounds.
Since we have only three active detectors, we cannot simultaneously constrain all
six possible GW polarisations allowed in generic metric theories of gravity. Using GW
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transients, one can only compare the likelihood of having purely scalar or purely vec-
tor polarisations against the pure tensor case, predicted by General Relativity. Such an
approach, using multiple binary black hole signals reported in the gravitational-wave
transient catalogue GWTCO2 [3], has shown [22] no evidence in favour of non-tensor GWs.

3.2. Gravitational-Wave Transients: Tests of Modified Gravity Models

Several modified gravity phenomenological models have been proposed in the liter-
ature in an attempt to find an explanation for the dark energy. Gravitational waves offer
the means to test/constrain such modified gravity models by studying the propagation of
GWs across cosmological distances [24,25].

In the context of General Relativity, gravitational waves travelling on a four-dimensional
Friedmann-Lemaitre-Roberson-Walker background obey the linearised evolution equation

Wy +2HK, +Khy =Tl,, (27)

where A = +, x stands for the two polarisation plus and cross modes, primes denote
derivatives with respect to conformal time 7, related to the cosmological time through
dy = dt/a(t) with a(t) the scale factor, H is the Hubble parameter in conformal time #, and
IT4 denotes the source term related to the anisotropic stress tensor. The GW propagation
equation above becomes modified in a generic modified gravity model into

g +2[1 = 8(n) | Hhy + [ (0)k* + m3 () [KPha = T1a, (28)

where three new quantities have been introduced. The function §(#) modifies the friction
term and hence affects the amplitude of a GW propagating across cosmological distances.
The tensor velocity ct can be in general time and scale dependent; in General Relativity,
it is equal to the speed of light c. The mass of the tensor mode my can be non-zero in the
context of a modified gravity theory. These three quantities are in principle testable with
GW data.

The modification in the tensor sector leads to the gravitational-wave luminosity dis-
tance d(ng) (z), which is different from the standard electromagnetic luminosity distance

4 = 0+ [ p 9)

where

H(z) = Hoy/Qm(1+2)° + (1 +2)* + Qpg(2),

with O, O and Qpg the present matter density, radiation density and DE fractions,
respectively. A simple phenomenological parametrisation

(8w) -
—_ _ dL (Z) _— 1-Ey
E(z) = 701(;“‘) o Eo + Ao (30)

which depends on the (positive) parameters Zy and #n (with &y = 1 in General Relativity)
has been proposed in [70]. This approach has been employed in [24] to test several modified
gravity models—Horndeski or the more general degenerate higher order scalar-tensor
theories, non-local infrared modifications of gravity, bi-gravity theories, as well as theories
with extra or varying dimensions—using standard sirens at GW detectors such as LISA
or third-generation ground based experiments. More precisely, constructing mock source
catalogues and performing Markov Chain Monte Carlo studies of the likelihood obtained
from LISA standard sirens combined with other cosmological datasets, it was found [24]
that the parameter &y can be measured to the percent level accuracy.
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In conclusion, it has been shown that the modified GW propagation is an important
observable for advanced GW detectors; supermassive black hole merger binaries detectable
with LISA can provide a powerful probe of modified gravity and dark energy.

3.3. Gravitational-Wave Transients: Information on Dark Matter (Axion-like Particles)

Pseudo-scalar (axion-like) particles are hypothetical scalar particles that appear in
many fundamental theories. String theory compactifications generally predict a number of
light axions; they represent one of the most compelling candidates for dark matter.

Consider axions that couple to nuclear matter in the same way as the QCD axion, but
with masses that are relatively light. Such axions can be sourced by compact objects with a
high nuclear density, for instance neutron stars. If the axion decay constant is f, < 108,
neutron stars with radius of the order of 10 km will develop an axion profile, interpolating
from %71 f, near the neutron star surface to 0 at spatial infinity. For two neutron stars, with
each one within the axion’s Compton wavelength, A, = 1/m,, the axion field mediates an
additional force, which at leading order is

Qi

F, =
a 4777?

(14 mar) exp[—marlt; (31)
Q1,2 denotes the axion charge carried by each neutron star, related to its radius R; ; through
Qip = 47 faRyp . (32)

The axion force F, is attractive or repulsive, depending on whether the axion field values
have the same or opposite sign, respectively, on the surfaces of the two neutron stars.
Compact objects with a scalar charge may have important implications for binary neutron
stars or neutron star-black hole mergers, leading to the emission of axion radiation and an
axion-mediated fifth force, which affects the orbital dynamics leaving potentially detectable
fingerprints in the inspiral GW waveform [17].

More precisely, if such neutron stars form a binary system, the axion field might also
radiate axion waves during the compact objects coalescence. Considering circular orbits,
the radiation power at leading order reads

_ 2 2 3/2
p, — (Q1M; — QM) Rot(1-Ma) (33)
127t(My + Mz)z w?

where w denotes the orbital frequency and r the separation between the two neutron stars
of masses M1, M. The axion radiation turns on once the orbital frequency exceeds the
axion mass.

Using an effective field theory approach, the first post-Newtonian corrections to the
orbital dynamics, radiated power, and gravitational waveform for binary neutron star
mergers in the presence of an axion have been calculated in [18]. It was shown that Ad-
vanced LIGO at design sensitivity can potentially exclude axions with mass m, < 10711 eV
and decay constant f, ~ (10 — 10'7) GeV.

Subsequently, a search for such axions has been conducted [19] by analysing the
gravitational waves from the binary neutron star inspiral GW170817. Let us write the
frequency domain waveform as [19]

h(f) = H(f) expli¥ (f)], (34)

with
¥ =%cer+¥at O(Q%,z) + (’)(Q%,sz), (35)
where YR is the standard phase of the waveform within General Relativity, ¥, de-

notes the leading order phase correction due to the axion field, and v? counts the post-
Newtonian order.



Universe 2022, 8, 132

15 0f 19

The effects of the axion field in the waveform template can be parametrised by the
axion mass 1, and a dimensionless parameter v, = Q1Q»/ (4tGMjM,) that characterises
the relative strength of the axion and gravitational forces between the two neutron stars.
Performing a Bayesian analysis of GW17081, the posterior distribution over the waveform
parameters suggests no significant evidence for such axion fields [19]. The null result
constrained axions with masses below 101! eV by excluding the ones with decay constants
ranging from 1.6 x 10'® GeV to 10'® GeV at a 3¢ confidence level. This is the first constraint
on axions imposed from neutron star inspirals [19].

It is worth noting that such constraint may be improved if the SNR of the merger event
is enhanced; the constraint on f, will improve by v/N if the SNR is improved by N. The
constraint could also be improved by roughly two orders of magnitude by considering a
neutron star-black hole merger.

3.4. Gravitational-Wave Transients: Information on Quantum Gravity Theories

Gravitational waves can also provide means to test quantum gravity (QG) theories,
challenging one’s naive claim that any late-time QG imprint will be Planck-suppressed
and hence undetectable. The reason being the existence of a long-range non-perturbative
mechanism, called dimensional flow (scale-dependence of the dimensionality of spacetime),
shared by most QG candidate theories.

Let us consider propagation of gravitational waves in the context of QG theories.
Quantisation of spacetime geometry introduces two types of change relevant for the prop-
agation of GWs: an anomalous spacetime measure and a kinetic operator. The former
captures the way that volumes scale and the latter is related to the modified dispersion
relations. Given a spacetime metric, a kinetic operator and a compact source, the GW
amplitude, in radial coordinates and in the local wave zone, reads [27,28]

T
) ~ ) () LAl =0 @)

where I' ~ dy /2 — d’ﬁ /ds, with dy, d’ﬁ and dg the Hausdorff dimension, the Hausdorff
dimension in momentum space, and the spectral dimension, respectively. Clearly, / is the
product of a dimensionless function f},, depending on the source and the type of correlation
function, and a power-law distance behaviour. This is a rather general feature in quantum
gravity theories.

The amplitude of GWs propagating in such a background is [27,28]

-1
(&) glem)\ 7
(VR AR N ) , (37)
d£gw) d](dem) f*

with e = O(1), v # 1, and /¢, a characteristic scale of the geometry. If there is only one
fundamental length scale ¢, = O(/p)), the above equation relating the GW luminosity
distance to the electromagnetic one is exact and ¢ = I'yy, namely scales at which QG
corrections are important. If, however, ¢, is a mesoscopic scale I'meso, denoting intermediate
scales where the corrections are small but non-negligible, then the above equation is valid
only near the infrared regime and y = I'meso =~ 1. The values of I'yy and I'meso are known
for a large variety of QG candidate theories (including group field theory, spin foams, loop
quantum gravity, causal dynamical triangulations, x-Minkowski, low-energy limit of string
theory, asymptotic safety).

The left-hand side of Equation (37) is the strain measured in a GW interferometer, while
the right-hand side gives the luminosity distance measured for the optical counterpart of
the standard siren. GW observations can thus be used to constrain ¢, and vy, by constraining

the ratio d(ng) (z)/ d(Lem) (z) as a function of the redshift z of the source.
Considering two examples of multimessenger standard sirens, namely the binary
neutron-star merger GW170817 and a simulated supermassive black hole merger event
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detectable with LISA, it was found [27] that only group field theory, spin foams or loop
quantum gravity could generate a signal detectable with standard sirens.

4. Conclusions and Future Prospects

Gravitational waves give us the means to unravel mysteries of our universe, allowing
us to test theories describing its early stages, when it was opaque to electromagnetic radia-
tion. Using direct observations of gravitational waves, we can now test particle physics
models at energy scales that are not accessible to any foreseeable particle accelerator, test
Einstein’s theory of General Relativity in the strong gravity regime, and also constrain mod-
ified/extended gravity models. Gravitational waves offer us an independent way to study
the large scale structure of our universe, and to obtain a useful insight on astrophysical
properties of compact objects. They also allow us to constrain some of the most promising
dark matter candidates, while they open the way to test quantum gravity theories.

The twin LIGO and Virgo detectors are yet to achieve their design sensitivities; they
will also be supplied by the Japanese KAGRA and LIGO-India. However, to fully explore
the wealth of GW information, a new generation of detectors is necessary. The planned
third generation observatory in Europe, Einstein Telescope, and in the United Sates, Cosmic
Explorer, are expected to detect hundreds of thousands of compact binary mergers, as well
as tens of thousands of multimessenger sources. The Laser Interferometer Space Antenna
(LISA) will observe gravitational waves at much lower frequencies than ground-based
instruments, allowing for the measurement of supermassive black hole mergers, extreme
mass ratio inspirals, galactic binaries, and stochastic GW backgrounds of cosmological
origin. LISA will detect the signature of binary black holes up to years before ground-based
detectors observe them collide.

Combining terrestrial- and space-based observations of gravitational waves will boost
even further the field of gravitational astronomy. This will allow us to better understand
the most powerful astrophysical phenomena, determine the properties of dense matter,
identify phase transitions, explore particle physics of the early universe, and probe its yet
unknown dark sectors, and even explore gravity theories.
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