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Abstract

Gravitational wave detectors are formidable tools to explore strong-field gravity,
especially black holes and neutron stars. These compact objects are extraordinarily ef-
ficient at producing electromagnetic and gravitational radiation. As such, they are ideal
laboratories for fundamental physics and have an immense discovery potential. The
detection of black hole binaries by third-generation Earth-based detectors, space-based
detectors and pulsar timing arrays will provide exquisite tests of general relativity. Loud
“golden” events and extreme mass-ratio inspirals can strengthen the observational ev-
idence for horizons by mapping the exterior spacetime geometry, inform us on possi-
ble near-horizon modifications, and perhaps reveal a breakdown of Einstein’s gravity.
Measurements of the black-hole spin distribution and continuous gravitational-wave
searches can turn black holes into efficient detectors of ultralight bosons across ten or
more orders of magnitude in mass. A precise monitoring of the phase of inspiralling
binaries can constrain the existence of additional propagating fields and characterize
the environment in which the binaries live, bounding the local dark matter density and
properties. Gravitational waves from compact binaries will probe general relativity
and fundamental physics in previously inaccessible regimes, and allow us to address
fundamental issues in our current understanding of the cosmos.
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1 Introduction

Over the past century, advances in our understanding of the Universe have also uncovered
new puzzles yet to be solved. What is the nature of BH horizons and their role in the
information loss problem, or in censoring singularities? What exactly is dark matter (DM)?
Is dark energy simply a small cosmological constant, a “strange” fluid or something else,
possibly explained at a fundamental level via zero-point quantum fluctuations? Is general
relativity (GR) the most accurate description of spacetime, even for the most energetic
and gravitationally indomitable events in Nature? Is there a unified theory of fundamental
interactions, and can we look for its footprints in the early stages of the cosmos?

Gravitational-wave (GW) and electromagnetic (EM) observations of extremely ener-
getic phenomena in strong gravitational fields have the potential to answer these funda-
mental questions. The first direct detection of GWs in 2015 [1–4] by the advanced LIGO
(aLIGO) detectors [5, 6] inaugurated the era of GW astrophysics. This observation re-
vealed that two black holes (BHs), each with mass & 30 M�, collided at about half the
speed of light to form another, more massive BH [1]. The GWs detected were consistent
with GR, carrying three solar masses in energy and for an instant “outshining” all stars
put together. Since then we have observed ∼ 90 mergers, turning GW astronomy into
a new tool to study astrophysical populations and test GR in ways that were previously
impossible [3, 4, 7–9].

Simultaneously, pulsar timing arrays (PTAs) are at the very cusp of making the first
detection of the GW background generated by supermassive BH binaries [10]. They oper-
ate on astrophysical scales, and each ultra-stable pulsar in the array works as a clock that
can be timed to nano-second precision with radio telescopes. By combining the times of
arrival from multiple pulsars, one can search for correlations that signal the presence of
an astrophysical background of GWs.

This is just the beginning. In the mid 2020s, hundreds of GW observations are expected
as aLIGO [11] and Virgo [12] are upgraded in sensitivity, and eventually joined by the
Japanese KAGRA detector [13] and the Indian LIGO-India interferometer [14]. In the mid
2030s, these ground-based detectors will be joined by the first space-based GW mission, L
ISA [15], which for the first time will detect GWs in the mHz band. The next generation
of ground-based detectors (Cosmic Explorer [16–19] and the Einstein Telescope [20–22])
planned for the 2030s), will observe thousands of sources with larger signal-to-noise ratios
(SNRs): in fact, they would enable the observation of pretty much all stellar-mass binary
BH mergers in the Universe.

Ground- and space-based detectors, along with PTAs, produce a complementary scan
of the sky, as they operate at very different frequencies. Ground-based detectors operate at
relatively high frequencies [5]; second-generation detectors are sensitive above ∼ 10 Hz,
and only third-generation (3G) detectors could reach frequencies & 1 Hz. Consequently,
ground based instruments can detect GWs emitted by binaries with masses . 102M�, the
events lasting less than a second in band and with SNRs of ∼ 10–100, thus probing the
“local” Universe. LISA, on the other hand, will operate at lower frequencies (between
∼ 10−5 and ∼ 10−2 Hz) [23], where the source populations are much richer (including the
merger of supermassive BHs in major galaxy mergers), and events can last months to years
with SNRs in the hundreds to thousands, probing a much larger volume of the Universe.
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Therefore, LISA will measure tens to hundreds of thousands of GW cycles from massive BH
inspirals, encoding rich information from which to draw exquisitely precise astrophysical
conclusions and perform stringent tests of GR in extreme gravity. PTAs operate at even
lower frequencies, with sensitivity between 10−8 Hz and 10−6 Hz (see e.g. [10, 24–27]).
Therefore, PTAs can detect GWs emitted by the very heaviest BH binaries with masses
& 107M�, thus probing the Universe on large scales.

The combination of GW observatories has an unprecedented potential to answer fun-
damental questions about the Universe in the extreme gravity regime [28–36], but this
potential is greatly enhanced through coincident EM observations. The merger of neutron
stars and the coalescence of a neutron star with a BH are believed to produce also a short
burst of gamma rays. Indeed, GWs from the first binary neutron star inspiral detected
by aLIGO and Virgo in 2017 were accompanied by a short gamma ray burst [37] and by
EM radiation in other frequency bands [38]. Together, this multi-messenger observation
allowed for the precise localization of the source and the most accurate ever measurement
of the propagation speed of GWs [39–41]. Binary neutron star events are not the only ones
expected to be accompanied by an EM counterpart. The coalescence of supermassive BHs
is also believed to emit electromagnetically, if the BHs possess accretion disks that change
dynamically due to the merger processes [42, 43].

In this White Paper, we will explain what these GW and multi-messenger observa-
tions can do for the field of particle physics in the next decade. This White Paper is an
extension of five letters of intent (“Fundamental Physics with Gravitational Wave Detec-
tors” [44], “Multi-messenger Probes of Cosmology and Fundamental Physics using Grav-
itational Waves” [45], “Fundamental Physics with Pulsar Timing Arrays” [46], “Physical
Effects of Nonlocally Coherent Quantum Gravity” [47], and “Searching for Scalar Gravi-
tational Waves in Neutron Star Binary Mergers” [48]) submitted to the Snowmass 2021
Cosmic Frontier process.

Many other White Papers submitted to Snowmass 2021 highlight the central role of
GW astronomy for fundamental physics, gravitational physics and cosmology. A partial
list includes the White Papers “Detection of Early-Universe Gravitational Wave Signa-
tures and Fundamental Physics” [49], “Cosmology Intertwined: A Review of the Parti-
cle Physics, Astrophysics, and Cosmology Associated with the Cosmological Tensions and
Anomalies” [50], “Dark Matter In Extreme Astrophysical Environments” [51], and “Prob-
ing Dark Matter with Small-scale Astrophysical Observations” [52]. Other White Papers fo-
cus on the numerical relativity and experimental developments necessary to realize this vi-
sion (“Numerical Relativity for Next-generation Gravitational-wave Probes of Fundamental
Physics” [53], “Future Gravitational-Wave Detector Facilities” [54]) and on the important
role of multimessenger observations: see e.g. “Synergies between Dark Matter Searches
and Multiwavelength/Multimessenger Astrophysics” [55], “Multi-Experiment Probes for
Dark Energy – Transients” [56], “Observational Facilities to Study Dark Matter” [57], “As-
trophysical and Cosmological Probes of Dark Matter” [58].

The present White Paper is organized through a “science-first” approach (see Fig. 1),
dividing its content into: tests of strong gravity (Sec. 2); BH horizons, quantum gravity,
and the information paradox (Sec. 3); gravitational signatures of DM (Sec. 4), GW and
multimessenger cosmology (Sec. 5); and cosmological GWs (Sec. 6).
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Figure 1: Schematic illustration showing how the science investigations addressed in this
White Paper (in blue) address fundamental open issues in theoretical physics (in green),
and their connection with GW and EM observations (in red).

2 Tests of strong-field gravity

Although Einstein’s theory has passed a plethora of tests [59–62], GWs have an unprece-
dented potential to carry out precision tests in the extreme gravity regime [29–34, 36].
Why are such tests valuable? Several fields in theoretical physics, including particle
physics, have explored the possibility of modifying GR [63] both for observational rea-
sons (e.g. to explain the late-time acceleration of the Universe [64, 65], or galaxy rotation
curves [66, 67]) and for theoretical reasons (e.g. the incompatibility of quantum mechan-
ics and GR, or the conceptual issues related to BHs discussed in the next section). Some
of these modified theories pass all binary pulsar, cosmological and Solar System tests [30–
34, 36, 60, 61, 68–70], and yet they introduce modifications to gravity in the extreme
regime, where GWs can constrain them. This extreme gravity regime, where gravitational
fields are very large and change dynamically during the observation time, was not accessi-
ble before the dawn of GW astrophysics.

Modified theories of gravity can, in general terms, be grouped into two large classes:
those that induce infrared (large scale) modifications, and those that induce ultravio-
let (small scale) modifications. Members of the first class typically possess some type
of screening mechanism, like the Vainshtein mechanism [71–74]. They include theories
like massive gravity [75] and bi-gravity [76]. An exception to this is the modification
to classical general relativity implied by the conformal anomaly, which does not require
any screening mechanism, and yet can produce macroscopic effects [68–70]. Members
of the second class include theories like Einstein-dilaton-Gauss-Bonnet gravity [77–85],
dynamical Chern-Simons gravity [86, 87], and Einstein-Æther theory [88, 89]. The latter
typically include higher curvature modifications to the Einstein-Hilbert action, thus intro-
ducing operators of dimension larger than 4, which by dimensional analysis must carry
a dimensionful coupling constant or scale. Naively, one may argue that this scale has to
be the Planck scale, if the modified theory descends from some quantum gravitational
completion of GR. This, however, is not necessarily the case, because the scale could be
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suppressed, as in the case of the cosmological constant.

2.1 Graviton mass and propagation speed

Regardless of the specifics of the theory one considers, there are general properties of the
graviton particle (understood as a gauge boson that carries the gravitational interaction)
that one may wish to measure or test to ensure our description is as prescribed by Einstein’s
theory. One such property is the graviton’s mass, which according to GR is exactly zero.
Theories such as massive gravity [75] and bi-gravity [76] predict a non-zero value. In
fact, many modified theories created to explain the present-day cosmic acceleration also
predict deviations in the propagation of GWs [90–96], and in the gravitational lensing
of GWs [97–100]. GWs have thus the potential to place stringent bounds on the graviton
mass, because a non-zero value leads to a modified dispersion relation [101, 102]. On very
general grounds that rely only on special relativity, a non-zero graviton mass implies that
the GW frequency does not just depend on its wave-vector, but rather also on the mass,
leading to a compression of the GW train that accumulates with distance travelled [101].

Current GW observations are already placing constraints on the mass of the graviton,
but much more can be achieved in the next decade. Current aLIGO/Virgo observations
have constrained the graviton mass to be less than 4.7× 10−23 eV/c2 [103]. Constraints on
the mass of the graviton, however, can be shown to scale as [flow/(DLρ)]1/2, where DL is
the luminosity distance, ρ is the SNR, and flow is the lowest frequency detected [104]: this
is because the larger the distance, the longer the GW train compression can accumulate for,
leading to a stronger constraint. Because of this, in the next few years and then in the next
decade, future observations with aLIGO/Virgo/KAGRA/LIGO-India and 3G ground-based
detectors can place constraints better than 10−25 eV/c2 and 10−26 respectively, while space-
borne detectors like LISA can improve these constraints down to 3×10−27 eV/c2 [104, 105].
These numbers are interesting because if one associates the late-time acceleration of the
Universe to a non-zero graviton mass, then the graviton would have to be of the scale of
the Hubble constant, 10−33 eV. By stacking events from LISA and 3G detectors we may
begin to approach this scale, and thus confirm or rule out a non-zero graviton mass as an
explanation for the late-time acceleration of the Universe.

Another property of the graviton as a particle that one may wish to probe is its group
velocity in the high-energy limit E � mg. In Einstein’s theory, this group velocity is
equal to the speed of light, but in other theories of gravity, this need not be the case [40,
41, 106–109]. For example, in Einstein-Æther theory, the graviton travels at a constant
group speed that is faster than the speed of light, avoiding causality violations [88, 89].
The measurement of the speed of the graviton, unfortunately, is rather difficult because
it requires that we compare the time of arrival of a GW to some other baseline. This
is where multi-messenger events shine. If an event produces both GWs and EM waves
simultaneously, then one can in principle compare the speed of the GWs to the speed of
the EM waves (i.e., the speed of light) by comparing their times of arrival.

This is exactly what was done with the first aLIGO/Virgo binary neutron star obser-
vation, GW170817, which was accompanied by a short gamma-ray burst emitted shortly
after merger [98, 99, 110–112]. This single observation was sufficient to infer that the
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speed of the graviton is equal to that of the photon to better than one part in 1015. Such
a measurement had the effect of severely constraining a variety of modified theories of
gravity. Future ground-based observations with aLIGO/Virgo/KAGRA/LIGO-India or with
3G detectors will allow for additional measurements of the speed of the graviton along
other lines of sight, and thus allow us to test local position invariance [59, 60].

With LISA we may detect supermassive BH binaries at mHz frequencies and measure
time delays between the arrivals of photons and gravitons. This will present some ad-
vantages. First, the longer timescales of these massive mergers can facilitate triggered
EM precursor observations. The inevitable periodic modulations of the EM signal due to
Doppler and lensing effects during the inspiral stage arise from the same orbital motion as
the GWs, and can be phased in a robust way, without the need to model the astrophysical
source in detail [113, 114]. The measurements will also provide tighter limits, due to the
high SNRs and large horizon distances achievable with LISA. The frequency dependence
of the time delay would further probe Lorentz-violating theories [115–117].

Some modifications of GR, invoked to explain the present-day cosmic acceleration,
predict deviations between the propagation properties of EM radiation and GWs [91–96,
118]. A multi-messenger data-driven measurement of the running of the effective Planck
mass and its redshift dependence is possible by combining three length scales, namely
the GW luminosity distance, baryon acoustic oscillations (BAO), and the sound horizon
from the CMB [119]. Sources detectable at higher redshifts (such as supermassive BH
binaries) are most useful to measure the redshift dependence and running of the effective
Planck mass. Such measurements may be possible by cross-correlating binary BHs with
galaxies [119]. GR propagation effects could also be probed using other techniques – e.g.
by using the mass distribution of binary neutron stars [120] and BHs [121].

Weak lensing allows for tests of modified gravity through multiband GW observa-
tions [97–100, 112, 122]. Multiband measurements can also be used to test whether
constraints on GR deviations are independent of scale, frequency or energy – for example,
reducing to GR at tens of Hz but deviating from GR in the mHz regime [123]. Propagation
tests may also be possible by observing strong lensing of GW signals [124].

2.2 Polarization of gravitational waves

A third property of the graviton that one may study is its spin and helicity (projection of
the spin along the momentum direction). In GR, the graviton is a spin s = 2 particle with
helicity +2 or −2, because GWs have only 2 polarizations that can be converted into each
other by a rotation of π/(2s) = π/4 radians. The most general GWs, however, can have up
to 6 different polarizations [125, 126]: two transverse-traceless tensor modes (like in GR,
which are colloquially called the “plus” and “cross” polarizations), two transverse vector
modes, and two scalar modes (colloquially called the breathing mode and the longitudinal
mode). As shown in Fig. 2, different polarizations will have drastically different effects on
matter, as a GW propagates through a detector. But since helicity depends on the direction
of propagation of the GW, one must have multiple detectors to allow for enough lines of
sight to break degeneracies and extract independent polarization states. Pinning down GW
polarization will therefore be a prime target opportunity for a network of future detectors.
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Figure 2: The six possible GW polarizations in metric theories of gravity. The solid and
dotted lines in each case represent the effect of the GW on a freely falling ring of masses
at integer and half-integer multiples of the GW period. GR predicts only plus and cross
modes (shown on the left in red), while other metric theories of gravity can predict the
existence of more polarizations. Finding evidence in favor of scalar or vector polarizations
would immediately require some modification of classical GR. Reproduced from [127].

Currently, measuring the polarization of GWs is difficult, even though there are 3 GW
detectors that can be simultaneously operational. This is because the two aLIGO detectors
are not rotated with respect to each other and they are located relatively close to each
other (within the United States). This means that effectively there are only 2 linearly-
independent data streams (one from the aLIGO instruments and one from Virgo) that can
be combined to measure up to 2 independent polarizations. The LVC has therefore only
been able to carry out tests to determine whether GWs contain only the 2 tensor polariza-
tions, the 2 vector polarizations or the 2 scalar polarizations [128–131]; tests to constrain
the existence of more than the 2 GR tensor polarizations are not yet possible. Once the
Japanese KAGRA detector joins the network (in the next few years), the combination of
3 linearly independent data streams will allow for the construction of one null stream: a
stream that, if the graviton is a spin-2 particle, will have no signal power in it [132–134].
Once LIGO-India comes online by late this decade or the next, one will be able to construct
2 null streams. In this way, a network of GW detectors will be able to carry out null tests of
the spin and helicity content of the graviton. Ground-based detectors will also contribute
to the measurement of polarizations by being able to detect signals at lower frequencies
(∼ 1 Hz), that remain in band long enough for the Earth to rotate and encode the effect of
multiple polarizations [135, 136].

Space-based detectors can also carry out tests of the polarization content of GWs. This
is because unlike the GWs accessible to current ground-based detectors, those measured
by space-based detectors can last months or even years in band. This means that while
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the GW is being detected, the detector is moving around the Sun, and thus is sampling
different lines of sight, which allows for the measurement of multiple polarizations. Simi-
larly, PTAs can also constrain the polarization content of GWs, since (unlike ground-based
detectors) they possess many “interferometer arms”, one per pulsar-Earth system in the
array. By correlating the times of arrival of the pulses from multiple pulsars, one can then
determine whether their correlation (described by the so-called Hellings-Downs curve in
GR) is consistent with a spin-2 particle or not.

PTAs offer significant advantages over second-generation ground-based interferome-
ters for detecting new polarizations or constraining the polarization content of GWs. Each
line of sight to a pulsar can be used to construct an independent projection of the various
GW polarizations, and since PTAs typically observe tens of pulsars, linear combinations of
the data can be formed to measure or constrain each of the six polarizations many times
over [60]. Additionally, PTAs have an enhanced response to the longitudinal polariza-
tion [127], with inferred constraints on the energy density of longitudinal modes about
three orders of magnitude better than constraints for the transverse modes [137]. Using
the NANOGrav 9-year data set [138], one can set 95% upper limits on the amplitudes
of stochastic GW backgrounds from non-GR polarizations at ΩTT+STh

2 < 7.7 × 10−10,
ΩV Lh

2 < 3.5 × 10−11 and ΩSLh
2 < 3.2 × 10−13, corresponding to the sum of tensor-

transverse and scalar-transverse (breathing) modes, the vector-longitudinal modes, and
scalar-longitudinal modes [137]. Very recently, NANOGrav searched their 12.5-year data
set for evidence of a GW background with all the spatial correlations allowed by general
metric theories of gravity [24]. They found no substantial evidence in favor of the exis-
tence of non-Einsteinian correlations, and placed upper limits on the amplitudes of the
stochastic background produced by eight different families of metric theories of gravity.

2.3 Symmetries of the gravitational sector

Aside from probing the particle properties of the graviton, GWs also allow us to investigate
the fundamental symmetries at play in the gravitational sector. This search for funda-
mental symmetries resembles the development of the Standard Model of particle physics,
which was guided by results from particle colliders. One can similarly ask if the founda-
tions of Einstein’s gravity theory rest on solid experimental ground. A symmetry one may
probe is gravitational Lorentz invariance. Several ultraviolet completions of GR predict
that Lorentz symmetry may be spontaneously broken at some small scale in the gravita-
tional sector. In some theories, this has been found to be necessary for the theory to be
power-counting renormalizable [139, 140], as in the case of Hořava and khronometric
gravity [141, 142]. The most general theory that breaks Lorentz symmetry while retaining
second-order field equations is Einstein-Æther theory [88, 89], which is why attention on
constraining this model has spiked in recent years.

The multi-messenger GW170817 event described earlier has already placed constraints
on gravitational Lorentz violation. This is because the two tensor GW polarizations in this
theory propagate faster than the speed of light. This constraint, however, limits only 1
combination of the 4 coupling constants in Einstein-Æther theory, and there is still a large
coupling phase space [143] that allows for spontaneous Lorentz symmetry breaking (even
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after accounting for Solar System [144–148], binary pulsar [149–151] and cosmological
constraints [152, 153]). GW observations of neutron stars and BHs may allow further
constraints [154, 155], and tests of gravitational Lorentz violation are today limited by the
lack of theoretical models to compare against the data [154, 155]. Once further modeling
is completed, tests with current and future detectors will place more stringent bounds.

Another fundamental symmetry one may wish to probe is parity. In Einstein’s theory,
parity is preserved under a reversal of the spatial triad. In the standard model of particle
physics, however, CP symmetry is broken, as famously shown from the decay of neutral
kaons [156], which earned Cronin and Val Fitch the Nobel Prize in Physics in 1980. The
question then arises as to whether parity could be broken in the gravitational sector, an
effect that can be modeled in dynamical Chern-Simons gravity [86, 87]. This effective
theory of gravity modifies the Einstein-Hilbert action through a pseudo-scalar field that
couples to the Pontryagin topological invariant. As such, it induces a variety of modifi-
cations in the generation of GWs and also in their propagation. Parity violation is most
clearly manifest in the latter, where left- and right-polarized GWs obey different propa-
gation equations [157, 158]. The detection of an imbalance in left- and right-polarized
modes would then be a signal of parity violation [158, 159].

GW detectors are currently searching for such effects and attempting to constrain them,
but this has proven to be challenging. The excess or deficit of left- versus right-polarized
GWs can only be established when enough sources are detected to construct robust popu-
lation statistics [159]. The LVC has carried out the first tests of this type, but constraints
will become much more robust when 3G detectors observe thousands of sources. A multi-
messenger event could also be used to constrain parity violation, because source localiza-
tion and the detection of (say) short-gamma ray bursts would break degeneracies with
the parity-violating modifications [158]. The GW170817 event was not sufficiently clean
to carry out this test, so we will have to wait for future multi-messenger events with 3G
detectors. The generation of GWs is also modified by parity-violating interactions, most
notably activating a pseudo-scalar wave that carries energy away from a binary BH, forcing
it to inspiral faster than in GR [160–162]. This effect, however, is degenerate with the spin
angular momenta of the BHs in the binary, and thus, the test has so far been ineffective
with current data. As ground-based detectors are improved in the next few years, it is
likely that this test will be performed, and we will be able to constrain the degree to which
parity could be violated in the gravitational interaction [163].

3 Black hole horizons, quantum gravity, and the informa-
tion paradox

At the most microscopic scales probed by experiments so far, the principles of quantum
field theory (QFT) hold. Yet Einstein’s classical GR remains unreconciled with quantum
theory, and tests of GR are still based on an essentially classical description of matter and
energy. This tension between quantum matter and classical gravity comes to the fore in
the puzzles and paradoxes of BHs.

Classical BHs are vacuum solutions of Einstein’s equations, in which all details of the
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quantum matter that gave rise to them are subsumed into an interior spacetime singularity
of infinite pressure and density. According to the singularity theorems, as long as a closed
trapped surface forms and the collapsing matter satisfies certain energy conditions, a BH
singularity is unavoidable [164, 165]. In the case of rotating BHs, analytic extension of
the exterior Kerr solution through the horizon leads not only to singularities but also to
closed timelike curves in their interior, violating causality at even macroscopic scales.

For these reasons it is virtually certain that the purely classical description breaks down
in the BH interior, or possibly even at the horizon boundary of this region. In classical
GR the interior region is defined by the existence of a trapped surface and of an event
horizon causally disconnecting it from observers at future infinity. Yet the presumption that
gravitational collapse of very massive stars leads inevitably to a BH horizon and interior
singularities is based upon an essentially classical view of the collapsing matter, and the
assumption of no energy-momentum sources at the horizon. Both of these assumptions can
be questioned, since Standard Model matter is certainly quantum in nature, and quantum
matter may not satisfy the assumed classical energy conditions.

When quantum effects are considered, additional problems appear at the macroscopic
horizon scale. Since a BH horizon is a marginally trapped surface from which no matter or
information can escape, at least classically, the entropy of matter falling into a BH would
seem to have vanished from the external Universe. On the other hand, if the BH horizon
itself contributes an entropy equal to one quarter of its area in Planck units – as Bekenstein
suggested, and as seemingly implied by the Hawking effect [166–168] – it is not clear how
this enormous entropy can arise from a counting of microscopic states of a surface where
nothing special is supposed to happen locally in classical GR. BH entropy also gives rise to
a potential conflict with quantum unitary evolution, a cornerstone upon which quantum
physics itself is founded. As a result the “BH information paradox” has stimulated theo-
retical research and debate for over four decades [169–171]. Quantum physics however
allows for nonlocal effects at the horizon scale [69], which may lead to a physical surface
and an entirely different interior (that of a gravitational vacuum condensate) which is free
of both spacetime singularities and any information paradox [172–174].

With the increase in GW and multi-messenger data anticipated in this decade, tests of
this and other hypotheses for solving the BH paradoxes arising from the tensions between
QFT and classical GR will become possible for the first time. We are therefore on the
threshold of transforming BH physics from a theoretical conundrum to a subject of obser-
vational science, with potentially far-reaching implications for the foundations of physics,
including the quantum nature of gravity.

3.1 Gravitational-wave and electromagnetic tests of black hole space-
times

One of the outstanding observational quests concerns testing GR in the strong-field regime.
Many of the conceptual issues listed above can be better understood by placing experimen-
tal constraints on BH spacetimes and on the existence of horizons. Uniqueness results in
vacuum GR imply that isolated BHs are fully described by only three parameters (mass,
spin, and possibly electric charge), making them the simplest macroscopic objects in the
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Universe [175]. In addition, BHs posses the tantalizing property that they don’t “polarize”
under the influence of a companion [176–180]. The simplicity of BHs, whether isolated or
in binaries, implies that they are ideal laboratories to probe classical GR.

Dynamical tests of gravity in its strong-field, highly dynamical and nonlinear regime
can be done to exquisite precision with GWs. Consistency with GR requires the full merger
signal to be consistent with the theory. This ultimate test of GR requires large SNRs as well
as accurate GR calculations of the waveforms emitted by binary systems throughout the
merger, so that systematic modeling errors do not affect the tests.

Tests of generic theories of gravity and BH spacetimes beyond GR would require dy-
namical evolutions. This is a difficult problem because of the complexity of the equations
of motion and, more fundamentally, because several modifications of GR lack a well-posed
initial-value problem [85, 181–183]. Therefore many proposed tests rely either on slow-
motion parametrizations of the early (inspiral) phase [184], or on late-time expansion of
the GW signal based on BH perturbation theory [185].

In particular, the uniqueness properties of BHs in GR imply that such objects have a
simple multipolar structure, which specifies uniquely the expansion of their gravitational
field. The relativistic multipole moments of a stationary, asymptotically flat spacetime are
defined in terms of two sets of quantities evaluated at infinity: the mass multipole moments
M` and the current multipole moments S`. In the Newtonian limit, the mass multipole
moments reduce to the moments in Newtonian theory [62, 186, 187]. For the Kerr BH
spacetime with mass M and angular momentum per unit mass a ≤M ,

M2` = (−1)`Ma2` ,

S2`+1 = (−1)`Ma2`+1 . (1)

In other words, all multipole moments are fixed in terms of the mass and spin alone, a
manifestation of the “no-hair” properties of BHs in GR.

One of the most natural ways to test the spacetime metric of a BH is to study – through
astrophysical or GW observations – the motion of stellar objects in its surroundings. If a
stellar-mass BH or neutron star orbits a supermassive object, the inspiral process (driven by
GW emission) will be sensitive to the entire multipolar structure of the central object [188–
190] (in addition to there being an horizon or not). A comparison with Eq. (1) then
provides a theory-agnostic test of GR.

The measurement of the different multipole moments can also be done in the EM band.
The multipole moments of BH candidates can be measured from EM observations of stars
on tight orbits around supermassive BHs, and in particular Sgr A*, the compact object at
the center of the Galaxy [191–194]. Such tests are complicated by several additional fac-
tors (related to the fact that such orbits have typical radii much larger than those involved
in GW observations), but progress in instrumentation makes them attractive possibilities in
the near-future. The key idea is to measure the pericenter and orbital plane precession of
stars orbiting a massive BH, on tight and eccentric enough orbits. The precession depends
on the mass, spin and quadrupole moment of the central object, and therefore the mea-
surement can be inverted to estimate each of these quantities and to test the BH nature of
the object.

The observation of a single pulsar in orbit around a very compact object may also allow
for tests of the Kerr hypothesis [195] using pulsar timing data (see e.g. [193, 196] for a
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description of the general strategy and sources of error). The mass of the central object and
the inclination of the orbital plane can be determined from the precession of the periastron
or via Shapiro time delay. The Lense-Thirring precession, along with a measurement of the
periastron precession, the projected semi-major axis and their time derivatives, allow for
the determination of all three spin components. Finally, Roemer delay can be used to
estimate the quadrupole moment [196]. Tests of the Kerr hypothesis using single pulsars
require high-eccentricity pulsars and sub-year orbital periods, but they are a promising
prospect for the near future [193, 196].

When matter moves very close to a BH (or any compact object) a multipolar decompo-
sition of the gravitational field is not particularly useful, since all (or a substantial number
of) multipoles contribute to the gravitational potential and to the motion of matter. How-
ever, the spacetime around compact objects possesses unique features – such as innermost
stable circular orbits and light rings (unstable null geodesics) [197] – that might be used
as smoking guns of the BH nature of the object and of GR. In particular, null (photon)
geodesics carry information about the effective size of BHs, since in essence any particle
or light ray penetrating the light ring will never reach asymptotic observers: this is some-
times referred to as the BH “shadow” [198–200]. The exact shape and appearance of BHs
depends on the source illuminating them and on the BH rotation rate, which determines
how close to the horizon the co- and counter-rotating light rings are, how tightly the ac-
cretion disk can bind to the BH, and the magnitude of the gravitational and Doppler shifts
from the disk. Observations of BH shadows became possible with the advent of powerful
instruments such as the Event Horizon Telescope [201]. The main obstacles to performing
tests of GR in this way are (i) the large number of parameters that describe the shadow
(including the inclination angle of the object, the mass and angular momentum of the BH,
and the details of the accretion mechanism); (ii) the lack of a robust parametrization of
strong-field deviations from the Kerr geometry.

Multimessenger observations hold the promise of providing additional tests. If an EM
light-curve can be obtained for a massive LISA BH binary, prior to the merger, over at least
several orbital cycles, then there is a significant probability of seeing unmistakable, peri-
odic self-lensing flares whenever the two BHs are aligned along the line of sight, within the
Einstein radius of the foreground (lens) BH [113, 202]. Furthermore, for compact binaries
in the LISA band, the BH horizon and/or photon rings should imprint characteristic fea-
tures (“dips”) near the peaks of the flares in this light-curve [203, 204]. These dips carry
information analogous to the size and shape of the spatially resolved “shadow” measured
by the Event Horizon Telescope, but would be seen “directly” in the light-curves, and hence
do not require high angular resolution.

All of the above tests are dependent on the motion of matter on an otherwise fixed
BH background. When a massive companion is present, tidal effects must be taken into
account, but BH binaries are very special: their so-called tidal Love numbers and tidally
induced multipole moments vanish identically [176–180, 205]. Therefore, accurate track-
ing of the GW phase allows for constraints on the tidal properties of the inspiraling objects
and for tests of their BH nature [206].
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3.2 Tests of black hole dynamics and black hole spectroscopy

The dynamical content of the underlying theory of gravity can be probed in violent, dy-
namical situations giving rise to strong bursts of GW emission. After the violent merger
of two compact objects leading to BH formation, GR predicts the formation of a Kerr BH,
so that the spacetime is described by only two parameters. The relaxation to this state
is described by a set of exponentially damped sinusoids (“ringdown”) whose frequencies
and damping times depend only on the mass and spin [207, 208]. Since GW observations
provide a measurement of frequencies and damping times, the “ground state” QNM allows
us to infer the mass and spin. Any measurement of additional QNM frequencies (“excited
states”) can then be used as a null test of the Kerr nature of the remnant.

The idea of treating BHs as “gravitational atoms”, thus viewing their QNM spectrum
as a unique fingerprint of spacetime dynamics (in analogy with atomic spectra), is usually
referred to as “BH spectroscopy” [185, 209–212]. The seeds of this idea were planted in the
1970s (see e.g. [208] for a detailed chronology). Chandrasekhar and Detweiler developed
various methods to compute the QNM spectrum, identifying and overcoming some of the
main numerical challenges (see e.g. [213]). In particular, Detweiler concluded the first
systematic calculation of the Kerr QNM spectrum [214] with a prescient statement: “After
the advent of gravitational wave astronomy, the observation of [the BH’s] resonant frequencies
might finally provide direct evidence of BHs with the same certainty as, say, the 21 cm line
identifies interstellar hydrogen.”

Early estimates [185, 210] showed that the detection and extraction of information
from ringdown signals requires events whose SNR in the ringdown alone is larger than
those achievable now (for example, the first GW detection (GW150914) had a combined
SNR of 24, with an SNR∼ 7 in the ringdown phase [2, 215]). There are claims that over-
tones have been detected in GW150914 [216] and higher modes have been measured in
GW190521 [217], but the detection of modes other than the fundamental is debatable at
current SNRs [218–220]. Any deviation from the QNM spectrum of classical GR would
indicate substructure of BH “atoms” inconsistent with the standard picture. In particular,
a non-singular horizonless object would lead to different boundary conditions than the
classical theory and departures from the BH QNM spectrum. In any case, conclusive tests
should be achievable once Advanced LIGO and Virgo reach design sensitivity, and certainly
with 3G detectors (Cosmic Explorer or the Einstein Telescope) or with space-based detec-
tors such as LISA [221]. If the frequencies turn out to be compatible with the predictions
of GR, parametrized formalisms can be used to constrain theories of gravity that would
predict different spectra [222–225].

3.3 Testing the existence of horizons

The existence and properties of horizons can be inferred and quantified with a variety of
observations [35]. It is believed that accreting horizonless objects would reach thermal
equilibrium with the environment rather quickly, whereas accreting supermassive BHs do
not: the luminosity contrast between the central accreting object and its accretion disk
imposes stringent constraints on the location and property of a putative surface [35, 226].
However constraints based on accretion models are model dependent, and have also been
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questioned [227]. They still leave open the possibility of a surface close to the would-
be event horizon, as predicted in thin shell gravastar models [173, 174, 228, 229]. The
planned EHT and future surveys of tidal disruption events will improve current constraints
on the location of a hypothetical surface by two orders of magnitude.

The EM observations above are done essentially in a fixed-background context, in
which the BH spacetime is an arena where photons propagate. One can also consider
situations probing both the background and the field equations. A stellar-mass BH or
a neutron star orbiting a supermassive BH will slowly inspiral due to emission of GWs,
“sweeping” the near horizon geometry and being sensitive to tiny near-horizon changes,
such as tidal deformability or tidal heating, or to non-perturbative phenomena like reso-
nances of the central object [178, 206, 230–232]. Accurate tracking of the GW phase by
the future space-based detector LISA may constrain the location of a putative surface to
Planckian levels [35].

The absence of an horizon can also lead to smoking-gun effects in the GW signal. An
ultracompact, horizonless vacuum object sufficiently close to the Kerr geometry outside
the horizon behaves as a cavity for impinging GWs, which end up being trapped between
the object’s interior and its light ring [35, 233, 234]. Thus, perturbations of such objects,
and possibly mergers as well, lead to a GW signal which is – by causality principles –
similar to that emitted by BHs on sufficiently small timescales. However, at late times the
signal trapped in the “cavity” leaks away as a series of “echoes” of the original burst, which
may carry a significant amount of energy. LIGO/Virgo observations have so far shown no
evidence for such echoes [219, 235]. The absence of such structure in future observations
by LIGO and LISA will allow the exclusion – or detection – of any significant structure a
Planckian distance away from the Schwarzschild radius, with important implications for
fundamental physics [35].

Setting stringent constraints on the nature of compact objects – in particular quanti-
fying the existence of horizons in the Universe – requires advanced detectors. It is also
a challenging task from the modelling and computational point of view, as one needs:
(i) a physically motivated, well-posed theory solving – at least partially – the conceptual
problems of GR; (ii) the existence in such theories of ultracompact objects which arise nat-
urally as the end-state of gravitational collapse; and (iii) the solution of the relevant partial
differential equations describing the mergers of such objects. There is pressing need for
progress on all of these fronts to confront the increasingly precise data expected from a
wide variety of new experimental facilities.

4 Gravitational signatures of dark matter

Dark matter (DM) is the dominant part of the matter density of the Universe. Together
with the fate of gravitational singularities, the nature of DM has been for decades – and
remains today – one of the outstanding issues in physics. Many Snowmass White Papers
discuss open problems in this field, which is too large and complex to summarize here.
Our main focus will be on possible gravitational signatures of DM.
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4.1 Dark compact objects

Some of the DM may have clustered gravitationally in the early Universe, forming compact
dark objects. These structures may cause a transient magnification of light from distant
stars via microlensing, which remains one of the most powerful techniques to constrain
compact dark objects in a wide range of masses [236].

DM clumps near (or within) the Earth can alter the planet’s tidal field – which is well
monitored for decades and therefore well constrained – or cause sudden accelerations,
leading to interesting constraints on asteroid-like clumps [237–239]. Albeit small, the
interaction cross section of DM with Standard Model fields can lead to the deposition of
small DM cores at the center of stars [240], with capture rates that can be enhanced by
the large density of white dwarfs and neutron stars. For fermionic fields, the accumulation
of DM could eventually lead to cores more massive than the Chandrasekhar limit, collapse
of the DM core to a BH, and eventually to the disruption of the star by accretion onto
the newly formed BH [241]. For bosonic DM, this fate may be eluded via gravitational
cooling [242].

Another possibility is that standard cold dark matter (CDM) models could produce
small-scale clumps. A CDM clump moving near the Earth or a pulsar produces an accel-
eration that could be measurable in PTA data, providing an opportunity to test the CDM
paradigm [239, 243].

The possibility of compact objects harboring DM cores is intriguing. If these cores are
sufficiently massive the star is effectively described by a different equation of state, and its
properties change. The coalescence of DM stars will differ from the prediction of standard
GR, leading to peculiar signatures in the GW signal close to merger [244, 245]. In fact,
DM clumps can also form in isolation and bind to compact stars in their vicinity. Compact
DM cores orbiting neutron stars (either in their exterior or in their interior) may give rise
to detectable signals in our Galaxy [246].

The general GW signatures of the coalescence of DM clumps or “blobs” have been
explored by various authors (see e.g. [247, 248]), but precise calculations of the signal
from the coalescence of two DM clumps require an underlying theory with a well-posed
initial value problem. One example are compact configurations made of self-gravitating
scalar fields, also known as boson stars [178, 249–251].

A well-studied class of DM cores consists of primordial BHs (PBHs), which have been
predicted as a generic outcome of density perturbations in the early Universe [252–270].
PBHs can exist over a wide range of masses ranging from around 10−16M� to 1010M�,
and they may form a significant fraction of the DM [261–263, 268, 269, 271–274]. GWs
may allow us to detect PBHs over a wide range of masses, being complementary to other
proposed probes, such as gravitational lensing, dynamical friction, and CMB distortions.
A firm detection requires the ability to distinguish PBHs from BHs of astrophysical origin.
PBHs can be distinguished on the basis of their source properties such as mass, and ec-
centricity spin, the redshift evolution of BBH merger rates, and their spatial distribution.
The GW signal can distinguish between BHs of astrophysical origin and PBHs using either
resolved events [273–277] or the stochastic GW background [278–280]. The detection of
sub-solar BHs would be a smoking gun of the existence of PBHs. BHs of both sub-solar and
higher masses may be observed at high redshift, either through their stochastic GW back-
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ground [279, 280] or as individual events observed with 3G GW detectors. The detection
of BBHs of any mass at high redshift, where star formation should be rare, can also provide
a smoking gun signature of PBHs [261–263, 268, 279–282]. Therefore 3G detectors could
give us conclusive evidence of whether PBHs form a significant fraction of DM in a wide
range of masses. LISA and PTAs may observe stochastic GW signals from PBHs, yielding
independent constraints on their existence [283–285]. The detection of PBHs would not
only shed light on DM candidates, but also on the physics of the early Universe.

4.2 Dilute DM distributions

One of the most solid experimental pillars of modern physics is the equivalence principle,
which ensures that all forms of matter couple universally to gravity. Even if DM does not
form compact object, dilute DM configurations must still interact gravitationally. Dense DM
spikes can then develop in the vicinity of isolated compact bodies such as BHs [286, 287].
Massive BHs are expected to be present at the center of many galaxies. In these environ-
ments the DM density should therefore be substantially higher than in the Solar System.
Compact objects (BHs or neutron stars) moving in these dense DM environments will be
subject to accretion and dynamical friction, leading to small changes in their dynamics that
require a detailed understanding of the physics involved in these processes. Preliminary
studies indicate that DM-induced changes in the GW phase of compact objects could be
detectable by 3G interferometers [288–294].

If DM has a very large Compton wavelength, as in the case of “fuzzy” ultralight DM
fields of mass 10−23 − 10−22 eV, it may give rise to small pressure oscillations at low fre-
quency (e.g. of the order of nanoHz), that could affect the motion of stars and binary
systems [295, 296]. These minute changes can be tracked with PTA experiments. In fact,
these oscillations can affect the GW detectors themselves: the direct couplings to the beam
splitter of GW detectors can be used to set stringent constraints on the abundance and
coupling strength of DM [297, 298].

4.3 Nonperturbative effects: ultralight bosonic fields

The simplest possibility for new matter sectors are bosonic or fermionic degrees of freedom
minimally coupled to gravity. These fields could form all or part of the DM. Their scale is set
by their mass µ, which could range from cosmological scales to very heavy particles [299–
301]. Bosonic fields with Compton wavelength comparable to the Schwarzschild radius
of astrophysical BHs of mass M , i.e. GMµ/(c~) ∼ 1, can trigger a new fascinating phe-
nomenon caused by the existence of ergoregions around spinning BHs [165, 302]. Spinning
BHs can spontaneously transfer their rotational energy to a boson “condensate” or “cloud”
co-rotating with the BH and carrying a significant fraction of its angular momentum. The
bosonic cloud is a classical object of size much larger than the BH itself, and it can con-
tain up to 10% of its mass [302]. The BH/cloud system is similar to a huge gravitational
“lighthouse” which extracts energy from the BH by emitting a nearly monochromatic GW
signal.

Proposed ways to rule out or constrain light bosons as DM candidates include [302]:
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(i) Monitoring the spin and mass distribution of astrophysical BHs. Measurements of
highly spinning BHs will immediately rule out fields with Compton wavelengths com-
parable to the horizon radius, as these BHs should have been spun down on relatively
short timescales.

(ii) Direct searches for the resolvable or stochastic monochromatic GW signals produced
by the boson cloud [303–309], which are now routinely carried out by the LIGO/Virgo
collaboration [310].

(iii) Searches for EM emission from BH/boson cloud systems. Axion-like particles have
been proposed in many theoretical scenarios, including variations of the original
solution to the strong CP problem of QCD. Self-interactions and couplings with Stan-
dard Model fields can lead to periodic bursts of light, “bosenovas” and other inter-
esting phenomenology [311, 312]. In addition, axion-like particles should couple to
photons and produce preferentially polarized light [313].

(iv) Observations of peculiar stellar distributions around massive BHs. The nonaxisym-
metric boson cloud can cause a periodic forcing of other orbiting bodies, possibly
leading to Lindblad or corotation resonances where stars can cluster [314, 315].

These are only some of the possible strategies. Superradiance does not require any
”seed” boson abundance: any vacuum fluctuations will lead to energy extraction and grow
exponentially in time. In this sense BHs are natural particle detectors, complementary
to terrestrial colliders [32, 302]. It is important to remark the complementary role of
the different GW and EM instruments necessary to probe the large range of mass/energy
scales: astrophysical BHs span about ten orders of magnitude in mass, thus allowing us to
constrain ultralight bosonic fields across ten orders of magnitude in mass (or energy).

Most of our discussion focused on a neutral DM environment and on gravitational
dynamics. Another possibility is that beyond the Standard Model fermions may carry
a fractional electric charge, or be charged under a hidden U(1) symmetry [316, 317].
Modified theories of gravity can also lead to compact stars or BHs carrying nonzero scalar
charges [318–320]. In all of these theoretical scenarios, BHs and compact stars can carry
non-negligible charges that would lead to different inspiral and merger signals [321–327]:
GW observations can be used to reveal or constrain these charges and the underlying
theories.

5 Mapping the expansion history of the Universe using
multi-messenger observation

5.1 Hubble constant measurement

Recently, two main probes of the Hubble constant H0 have come into significant tension:
the latest measurement from the Cepheids and SNe Ia distance ladder are discrepant at the
5σ level with Planck observations of the CMB [328–338]. As an independent, new probe of
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H0, GW standard sirens could help us to clarify the origin of this tension [339–343]. Stan-
dard sirens are ideal for this purpose as they are “self-calibrating” distance indicators, i.e.,
unlike SNe, they do not require a distance ladder: they are calibrated directly by the theory
of general relativity. While the GW signal can provide a direct luminosity distance mea-
surement, the mass-redshift degeneracy requires external information to derive a redshift,
and thus to probe H0 and other cosmological parameters through the distance-redshift re-
lation. Here we focus on multi-messenger standard sirens that require the combination of
EM observations with GW data. The GW sources can be broadly classified in two classes:
(i) bright standard sirens, from which we expect EM counterparts; and (ii) dark standard
sirens, from which we do not expect EM counterparts.
Bright standard sirens: EM counterparts from GW sources are expected from compact
objects such binary neutron stars, neutron star-black hole binaries, and BH binaries sur-
rounded by baryonic matter [38, 339, 340, 344, 345]. The LIGO/Virgo detection of the bi-
nary neutron star event GW170817, jointly with multiband EM observations ranging from
gamma-ray to radio [341, 346], ushered in the era of multimessenger astronomy with
bright standard sirens. The constraining power of standard sirens on H0 is most promi-
nent for low-redshift binary neutron stars (z . 0.1) observed by the LIGO/Virgo/KAGRA
detector network with an identified host galaxy [339–341, 344, 347–350]. Similarly, neu-
tron star-BH binaries should be detected at low redshift, and EM counterparts are possible
(depending on the source properties).

In addition, LISA should be able to measure the luminosity distance to inspiraling su-
permassive BH binaries up to redshift z ∼ 10, prior to the onset of dark energy domination
and well beyond what SNe can probe [351, 352]. LISA measurements in coordination
with EM observatories can yield few-percent constraints of the value of the Hubble con-
stant. EM emission is possible because massive BH mergers take place in galactic nuclei,
where large amounts of gas can surround the merging binary. Recent numerical simula-
tions suggest that a massive BH binary accretes at the same rate as a single massive BH,
implying that binaries remain bright even near merger, with periodic modulations of their
light-curves [114, 353]. Typical massive BH binaries can be localized in the sky about a
day (or 10-20 orbits) before merger, allowing a targeted search for periodic counterparts.
Additionally, post-merger afterglows may be detectable [354–357]. With the availability
of 3G ground based GW detectors, EM counterparts from binary neutron star and neutron
star-BH binaries may be observable up to z = 1 [358], potentially enabling a sub-percent
measurement of the Hubble constant. Multimessenger observations at such large redshifts
require telescopes that can cover the full sky with large cadence and with the ability to de-
tect faint sources. With the advent of large all-sky time-domain surveys, such as the Legacy
Survey of Space and Time (LSST) by the Vera Rubin Observatory [359], a large fraction of
the sky will have archival data on faint sources at high cadence (at least weekly), allowing
archival searches for EM counterparts up to high redshift.
Dark standard sirens: Dark standard sirens are GW sources such as stellar origin BH bina-
ries, or binary neutron star and neutron star-BH systems without detectable EM counter-
parts. The redshift of these sources cannot be identified from the host galaxy (see, however,
Ref. [360] for how exceptional BH mergers could localize a single host galaxy within its
localization patch) but it may be identified using either statistical host identification tech-
niques [339, 349, 361–363] or by exploiting the spatial clustering between GW sources
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and galaxies to infer the clustering redshift of the GW sources through cross-correlation
techniques [99, 364–368]. By cross-correlating with spectroscopic or photometric galaxy
surveys [369], dark standard sirens can be used to measure the value of the Hubble con-
stant up to redshift z ∼ 1 with a few percent precision, even if the host galaxy of the GW
source is not present in the galaxy catalog. Upcoming galaxy surveys such as DESI [370],
SPHEREx [371, 372], Euclid [373], Vera Rubin Observatory [359] and the Roman Space
Telescope [374] will enable a nearly full sky measurement of the galaxy distribution with
photometric/spectroscopic redshift measurements [369]. The cross-correlation technique
and the statistical host identification will also be useful for the dark standard sirens de-
tectable from LISA in combination with the Vera Rubin Observatory, which can observe
EM counterparts at high redshift. In the future, cross-correlation of 3G detector measure-
ments with the CMB, 21 cm and other line intensity signals will be useful to map the
expansion history up to high redshift [99, 375, 376].
Spectral standard sirens: An alternative to bright or dark sirens is to use information
about the intrinsic spectrum of GW source properties to provide a scale, and thereby cali-
brate the signal and allow for the inference of redshift. The most straightforward approach
to this would be to use the mass spectrum of GW events to measure redshift [377–382].
This method has been implemented on the O3 LIGO/Virgo/KAGRA data, providing ∼ 15%
constraints on H0 [381], and is expected to provide percent-level constraints at z & 1
with current and future GW detector networks [378–380, 382–384] after mitigating the
effects of formation scenarios and dependence on stellar metallicity [385]. An alternative
approach is to use the EoS of neutron stars to provide a unique signature in the mass dis-
tribution, and thereby infer redshift and constrain cosmology using binary neutron stars
as standard sirens in the absence of EM counterparts [386, 387].

5.2 Dark energy and cosmic expansion rate at higher redshift

High-redshift (z & 0.1) GW events offer additional opportunities to test the presence of
dark energy. To measure the dark energy equation of state w(z) we need simultaneous
measurements of the luminosity distance and counterpart redshift of GW sources, since
the relationship between these two numbers depends on w(z). This may be possible by
cross-correlating GW sources with the galaxy distribution identified from photometric or
spectroscopic redshift surveys [366], or by identifying host galaxies from concomitant EM
signals [351, 352, 364, 366, 369].

The measurements of GW sources up to high redshifts allowed by LISA (z . 10), Ein-
stein Telescope and Cosmic Explorer (z . 1 for binary neutron stars and z . 80 for binary
BHs) will map the cosmic expansion rate well beyond redshift z = 1. Therefore GW
sources observed by next-generation detectors will probe the properties of dark energy in
uncharted territory. GW sources will also be able to reconstruct the expansion rate of the
Universe up to high redshift in a model-independent way, independently validating the
different components that contribute to the energy budget of the Universe.
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Figure 3: Cosmic (super)string GW spectra for values of the dimensionless string tension
Gµ/c2 in the range of 10−23-10−9, as well as the spectrum produced by supermassive BH
binaries, along with current and future experimental constraints. PTA sensitivity will not
be superseded until the LISA mission. The Big Bang Observer (BBO) is a future planned
space-based GW detector. Figure from Ref. [388].

6 Cosmological gravitational waves

6.1 Cosmic (super)strings

Cosmic strings are topological defects that can form during phase transitions in the early
Universe [389, 390], and cosmic superstrings are the fundamental strings of string the-
ory stretched to cosmological scales due to the expansion of the Universe [391–396]. In
a cosmological setting, and for the simplest superstring models, cosmic string and super-
string networks evolve in the same way. For a detailed review of cosmic (super)string net-
work evolution and observational signatures, see e.g. [397]. Cosmic (super)strings can ex-
change partners when they meet and produce loops when they self-intersect. These loops
then oscillate and lose energy to GWs generating bursts and a stochastic background [398–
403]: these are the signals we wish to detect [388, 404]. Strings are characterized by their
mass per unit length µ, which is normally given in terms of the dimensionless parameter
Gµ/c2, the ratio of the string energy scale to the Planck scale squared. The detection of
a stochastic background from cosmic (super)strings, or GWs from individual cosmic (su-
per)string loops, would be transformative for fundamental physics.

The cosmic string GW spectrum is broad-band, spanning many orders of magnitude in
frequency, and it is therefore accessible to a number of GW experiments including LIGO,
LISA, and PTAs. However, PTAs are currently the most sensitive experiment for the detec-
tion of cosmic (super)strings and will remain so for at least the next decade and a half.
Correspondingly, pulsar-timing experiments are producing the most constraining bounds
on the energy scale and other model parameters of cosmic strings and superstrings. The
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best limit on the string tension, Gµ/c2 < 5.3(2) × 10−11, is several orders of magnitude
better than constraints from cosmic microwave background (CMB) data, and comes from
the NANOGrav Collaboration [405]. Figure 3 shows the stochastic background spectrum
produced by cosmic strings in terms of the dimensionless density parameter Ω versus fre-
quency for dimensionless string tensions Gµ/c2 in the range 10−23–10−9. Overlaid are
current and future experimental constraints from PTAs, ground-based GW detectors, and
spaced-based detectors. As we mentioned, PTAs might have already seen the first hints of
a stochastic background [27], and the implications of these hints for cosmic strings have
been explored by many authors, see e.g. [406–411]. The PTA sensitivity to stochastic back-
grounds of cosmic strings will not be superseded until the LISA mission, which is scheduled
for launch in the mid 2030s.

6.2 Primordial gravitational waves from inflation

The evolution of the very early Universe is thought to include a period of exponential
expansion called inflation that accounts for its observed homogeneity, isotropy, and flat-
ness [412–418]. Additionally, by expanding quantum fluctuations present in the pre-
inflationary epoch, inflation seeds the density fluctuations that evolve into the large scale
structures we see in the Universe today [419–423], and produces a stochastic background
of GWs [424–426]. This GW background is broad-band, like the one produced by cosmic
strings, and potentially detectable by multiple experiments.

Detecting primordial GWs from inflation has been a critical objective of CMB experiments
for some time [427]. The CMB is sensitive to the lowest frequency portion of the GW
spectrum from inflation, and CMB data can be used to constrain the tensor-to-scalar ra-
tio, which is the ratio of the size of GWs produced to that of scalar perturbations (which
seed density fluctuations as described above). For standard inflation models the GW back-
ground in the PTA band is likely to be fainter than that of supermassive BH binaries,
though that depends in part on the character of the supermassive BH binary spectrum at
the lowest frequencies, where environmental effects like accretion from a circumbinary
disk or stellar scattering can reduce GW emission from supermassive BH binaries [428]. In
addition, some inflationary models have a spectrum that rises with frequency. Thus, GW
detectors operating at higher frequencies than CMB experiments, like PTAs and space- and
ground-based interferometers, can be used to constrain the shape of the inflationary GW
spectrum. Indeed, PTA, CMB, and GW interferometer data across 29 decades in frequency
have already begun to place stringent limits on such models [429].

6.3 Gravitational waves from phase transitions

The early Universe may have experienced multiple phase transitions as it expanded and
cooled. Depending on the detailed physical processes that occur during a phase transition,
GWs can be generated with wavelengths of order the Hubble length at the time of the
phase transition. That length scale, suitably redshifted, translates into a GW frequency
today. Thus, GW experiments at different frequencies today probe horizon-sized physical
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Figure 4: GW spectrum of a first order QCD phase transition for various phase transition
durations (dashed lines), along with the PTA and LISA sensitivities (solid lines). LISA
will not be able to detect a signal from the QCD phase transition; the electroweak phase
transition that occurs at higher temperatures, earlier times, and therefore maps onto higher
frequencies, is a more promising source for LISA. Figure from Ref. [430].

processes occurring at different times in the early Universe, with higher frequency experi-
ments probing earlier and earlier times.
For example, the nanohertz frequency band accessible to PTAs maps onto the era in the
early Universe when the quantum chromodynamics (QCD) phase transition took place,
about 10−5 s after the Big Bang. The horizon at that time was on the order of 10 km, and
any GWs generated at that length scale at that time would today be stretched to about 1 pc
(or 3 light-years), which corresponds to GW frequencies of about 10 nHz, and lie within
the PTA sensitivity band. The possibility that interesting QCD physics can result in a GW
signal detectable by PTAs was first pointed out by Witten in the 1980s [431]. More recently,
Caprini et al. [430] considered the possibility of a first order phase transition at the QCD
scale. In standard cosmology the QCD phase transition is only a cross-over, and we do
not expect it to generate GWs. However, if the neutrino chemical potential is sufficiently
large it can become first order (it is worth pointing out that if sterile neutrinos form the
DM, we expect a large neutrino chemical potential). There is also the possibility that the
fluctuations of gluon fields could generate scalar GWs from the conformal anomaly in the
quark-gluon plasma phase [70]. Thus PTAs provide a window onto physical processes
occurring in the Universe at the time of the QCD phase transition or before, and could
detect GWs from a first order phase transition at that time (see Fig. 4). As can be seen
in Fig. 4, a given PTA will become sensitive to lower frequencies as the baselines on their
data sets increases through the next decade.

It should be noted that for PTAs all of these stochastic background signals (cosmic
strings, inflation, and phase transitions) will have to contend with the background of su-
permassive BH binaries expected to be detected in the next few years by PTAs. However,
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long enough baselines and sufficiently distinguishable spectral characteristics will make
these signatures individually resolvable [432].

7 Executive summary

We conclude with a list of key opportunities in the various sub-areas listed above:

Tests of strong-field gravity:

• Coordinate efforts in the development of the combined science case for future GW
detectors, including 3G ground-based interferometers, space-based interferometers,
atom interferometry and PTAs.

• Coordinate synergies between multimessenger and GW observations on the ground
and in space.

• Explore connections between astrophysical tests of GW production and propagation
and laboratory tests of gravity.

• Search for additional GW polarizations in binary mergers and in the cosmological
stochastic GW background using PTAs and the expanding network of GW interfer-
ometers, which could hint to modified gravity.

Black hole horizons, quantum gravity and the information paradox:

• Explore connections between EM tests of the Kerr metric (based e.g. on EHT and
GRAVITY observations) and GW tests of BH dynamics.

• Construct “ab initio” models of nonsingular, horizonless alternatives to BHs, and self-
consistent predictions of the ringdown spectra and echo signal they would produce.

• Improve theory and data analysis methods for BH spectroscopy, as well as searches
for horizonless compact objects (using e.g. echoes or tidal deformability measure-
ments) in the large sample of large-SNR sources observable by next-generation GW
detectors.

Gravitational signatures of dark matter:

• Look for smoking-gun signatures of dark compact objects, including e.g. accretion-
induced collapse and their effects in gravitational waveforms.

• Investigate gravitational signatures of dilute dark matter distributions on binary dy-
namics and/or PTA signals.

• Search for nonperturbative signatures of ultralight bosonic fields, such as gaps in
their astrophysical mass/spin distribution, stochastic or resolvable signals produced
by BH/boson cloud systems, bosenovas, EM signals due to axion/photon couplings,
and the effect of boson clouds on stellar distributions around massive BHs.
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Expansion history of the Universe using multi-messenger observations:

• Exploit the wealth of information coming from bright and dark GW standard sirens
detectable by ground- and space-based detectors to map the cosmic expansion history
up to high redshift.

• Coordinate GW detectors and EM observations with large sky coverage and cadence
over multiple frequency bands to open up new avenues in multimessenger astron-
omy, addressing several open problems in astrophysics and fundamental physics.

Cosmological gravitational waves:

• Use the network of existing and future GW detectors (ground-based interferome-
ters, space-based interferometers, atom interferometers, and PTAs) to search for GW
signals from cosmological sources including cosmic strings and superstrings, phase
transitions in the early Universe, and inflation.
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Valerie Domcke (CERN/EPFL)
Daniela Doneva (University of Tübingen)
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[315] M. Bošković, F. Duque, M.C. Ferreira, F.S. Miguel and V. Cardoso, Motion in
time-periodic backgrounds with applications to ultralight dark matter haloes at
galactic centers, Phys. Rev. D 98 (2018) 024037 [1806.07331].

[316] A. De Rujula, S.L. Glashow and U. Sarid, CHARGED DARK MATTER, Nucl. Phys. B
333 (1990) 173.

[317] M.L. Perl and E.R. Lee, The search for elementary particles with fractional electric
charge and the philosophy of speculative experiments, Am. J. Phys. 65 (1997) 698.

[318] T. Damour and G. Esposito-Farese, Nonperturbative strong field effects in tensor -
scalar theories of gravitation, Phys. Rev. Lett. 70 (1993) 2220.

52

https://doi.org/10.1088/0264-9381/32/13/134001
https://arxiv.org/abs/1411.0686
https://doi.org/10.1103/PhysRevD.95.043001
https://arxiv.org/abs/1604.03958
https://doi.org/10.1103/PhysRevLett.119.131101
https://doi.org/10.1103/PhysRevLett.119.131101
https://arxiv.org/abs/1706.05097
https://doi.org/10.1103/PhysRevD.96.064050
https://doi.org/10.1103/PhysRevD.96.064050
https://arxiv.org/abs/1706.06311
https://doi.org/10.1103/PhysRevD.99.104030
https://arxiv.org/abs/1812.01620
https://arxiv.org/abs/2111.15507
https://doi.org/10.1143/PTP.128.153
https://arxiv.org/abs/1203.5070
https://doi.org/10.1103/PhysRevLett.122.081101
https://doi.org/10.1103/PhysRevLett.122.081101
https://arxiv.org/abs/1811.04950
https://doi.org/10.1103/PhysRevLett.124.061102
https://arxiv.org/abs/1905.02213
https://doi.org/10.1103/PhysRevD.96.083017
https://arxiv.org/abs/1710.00830
https://doi.org/10.1103/PhysRevD.98.024037
https://arxiv.org/abs/1806.07331
https://doi.org/10.1016/0550-3213(90)90227-5
https://doi.org/10.1016/0550-3213(90)90227-5
https://doi.org/10.1119/1.18641
https://doi.org/10.1103/PhysRevLett.70.2220


Snowmass2021 Cosmic Frontier White Paper

[319] D.D. Doneva and S.S. Yazadjiev, New Gauss-Bonnet Black Holes with
Curvature-Induced Scalarization in Extended Scalar-Tensor Theories, Phys. Rev. Lett.
120 (2018) 131103 [1711.01187].

[320] H.O. Silva, J. Sakstein, L. Gualtieri, T.P. Sotiriou and E. Berti, Spontaneous
scalarization of black holes and compact stars from a Gauss-Bonnet coupling, Phys.
Rev. Lett. 120 (2018) 131104 [1711.02080].

[321] M. Zilhao, V. Cardoso, C. Herdeiro, L. Lehner and U. Sperhake, Collisions of
charged black holes, Phys. Rev. D 85 (2012) 124062 [1205.1063].

[322] V. Cardoso, C.F.B. Macedo, P. Pani and V. Ferrari, Black holes and gravitational
waves in models of minicharged dark matter, JCAP 05 (2016) 054 [1604.07845].

[323] S. Alexander, E. McDonough, R. Sims and N. Yunes, Hidden-Sector Modifications to
Gravitational Waves From Binary Inspirals, Class. Quant. Grav. 35 (2018) 235012
[1808.05286].

[324] J. Kopp, R. Laha, T. Opferkuch and W. Shepherd, Cuckoo’s eggs in neutron stars:
can LIGO hear chirps from the dark sector?, JHEP 11 (2018) 096 [1807.02527].

[325] J.A. Dror, R. Laha and T. Opferkuch, Probing muonic forces with neutron star
binaries, Phys. Rev. D 102 (2020) 023005 [1909.12845].

[326] G. Bozzola and V. Paschalidis, General Relativistic Simulations of the Quasicircular
Inspiral and Merger of Charged Black Holes: GW150914 and Fundamental Physics
Implications, Phys. Rev. Lett. 126 (2021) 041103 [2006.15764].

[327] A. Maselli, N. Franchini, L. Gualtieri, T.P. Sotiriou, S. Barsanti and P. Pani,
Detecting fundamental fields with LISA observations of gravitational waves from
extreme mass-ratio inspirals, 2106.11325.

[328] DES collaboration, Dark Energy Survey Year 1 Results: A Precise H0 Estimate from
DES Y1, BAO, and D/H Data, Mon. Not. Roy. Astron. Soc. 480 (2018) 3879
[1711.00403].

[329] PLANCK collaboration, Planck 2018 results. VI. Cosmological parameters, Astron.
Astrophys. 641 (2020) A6 [1807.06209].

[330] K.C. Wong et al., H0LiCOW – XIII. A 2.4 per cent measurement of H0 from lensed
quasars: 5.3σ tension between early- and late-Universe probes, Mon. Not. Roy.
Astron. Soc. 498 (2020) 1420 [1907.04869].

[331] L. Verde, T. Treu and A.G. Riess, Tensions between the Early and the Late Universe,
Nature Astron. 3 (2019) 891 [1907.10625].

[332] W.L. Freedman et al., The Carnegie-Chicago Hubble Program. VIII. An Independent
Determination of the Hubble Constant Based on the Tip of the Red Giant Branch,
1907.05922.

53

https://doi.org/10.1103/PhysRevLett.120.131103
https://doi.org/10.1103/PhysRevLett.120.131103
https://arxiv.org/abs/1711.01187
https://doi.org/10.1103/PhysRevLett.120.131104
https://doi.org/10.1103/PhysRevLett.120.131104
https://arxiv.org/abs/1711.02080
https://doi.org/10.1103/PhysRevD.85.124062
https://arxiv.org/abs/1205.1063
https://doi.org/10.1088/1475-7516/2016/05/054
https://arxiv.org/abs/1604.07845
https://doi.org/10.1088/1361-6382/aaeb5c
https://arxiv.org/abs/1808.05286
https://doi.org/10.1007/JHEP11(2018)096
https://arxiv.org/abs/1807.02527
https://doi.org/10.1103/PhysRevD.102.023005
https://arxiv.org/abs/1909.12845
https://doi.org/10.1103/PhysRevLett.126.041103
https://arxiv.org/abs/2006.15764
https://arxiv.org/abs/2106.11325
https://doi.org/10.1093/mnras/sty1939
https://arxiv.org/abs/1711.00403
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://arxiv.org/abs/1807.06209
https://doi.org/10.1093/mnras/stz3094
https://doi.org/10.1093/mnras/stz3094
https://arxiv.org/abs/1907.04869
https://doi.org/10.1038/s41550-019-0902-0
https://arxiv.org/abs/1907.10625
https://arxiv.org/abs/1907.05922


Snowmass2021 Cosmic Frontier White Paper

[333] A.G. Riess, S. Casertano, W. Yuan, L.M. Macri and D. Scolnic, Large Magellanic
Cloud Cepheid Standards Provide a 1% Foundation for the Determination of the
Hubble Constant and Stronger Evidence for Physics beyond ΛCDM, Astrophys. J. 876
(2019) 85 [1903.07603].

[334] J.P. Blakeslee, J.B. Jensen, C.-P. Ma, P.A. Milne and J.E. Greene, The Hubble
Constant from Infrared Surface Brightness Fluctuation Distances, Astrophys. J. 911
(2021) 65 [2101.02221].

[335] A.G. Riess et al., A Comprehensive Measurement of the Local Value of the Hubble
Constant with 1 km/s/Mpc Uncertainty from the Hubble Space Telescope and the
SH0ES Team, 2112.04510.

[336] W.L. Freedman, Measurements of the Hubble Constant: Tensions in Perspective,
Astrophys. J. 919 (2021) 16 [2106.15656].

[337] E. Di Valentino, O. Mena, S. Pan, L. Visinelli, W. Yang, A. Melchiorri et al., In the
realm of the Hubble tension—a review of solutions, Class. Quant. Grav. 38 (2021)
153001 [2103.01183].

[338] P. Shah, P. Lemos and O. Lahav, A buyer’s guide to the Hubble constant, Astron.
Astrophys. Rev. 29 (2021) 9 [2109.01161].

[339] B.F. Schutz, Determining the Hubble Constant from Gravitational Wave
Observations, Nature 323 (1986) 310.

[340] D.E. Holz and S.A. Hughes, Using gravitational-wave standard sirens, Astrophys. J.
629 (2005) 15 [astro-ph/0504616].

[341] LIGO SCIENTIFIC, VIRGO, 1M2H, DARK ENERGY CAMERA GW-E, DES, DLT40,
LAS CUMBRES OBSERVATORY, VINROUGE, MASTER collaboration, A
gravitational-wave standard siren measurement of the Hubble constant, Nature 551
(2017) 85 [1710.05835].

[342] LIGO SCIENTIFIC, VIRGO, VIRGO collaboration, A Gravitational-wave Measurement
of the Hubble Constant Following the Second Observing Run of Advanced LIGO and
Virgo, Astrophys. J. 909 (2021) 218 [1908.06060].

[343] LIGO SCIENTIFIC, VIRGO, KAGRA collaboration, Constraints on the cosmic
expansion history from GWTC-3, 2111.03604.

[344] N. Dalal, D.E. Holz, S.A. Hughes and B. Jain, Short grb and binary black hole
standard sirens as a probe of dark energy, Phys. Rev. D 74 (2006) 063006
[astro-ph/0601275].

[345] D.A. Coulter et al., Swope Supernova Survey 2017a (SSS17a), the Optical
Counterpart to a Gravitational Wave Source, Science 358 (2017) 1556
[1710.05452].

54

https://doi.org/10.3847/1538-4357/ab1422
https://doi.org/10.3847/1538-4357/ab1422
https://arxiv.org/abs/1903.07603
https://doi.org/10.3847/1538-4357/abe86a
https://doi.org/10.3847/1538-4357/abe86a
https://arxiv.org/abs/2101.02221
https://arxiv.org/abs/2112.04510
https://doi.org/10.3847/1538-4357/ac0e95
https://arxiv.org/abs/2106.15656
https://doi.org/10.1088/1361-6382/ac086d
https://doi.org/10.1088/1361-6382/ac086d
https://arxiv.org/abs/2103.01183
https://doi.org/10.1007/s00159-021-00137-4
https://doi.org/10.1007/s00159-021-00137-4
https://arxiv.org/abs/2109.01161
https://doi.org/10.1038/323310a0
https://doi.org/10.1086/431341
https://doi.org/10.1086/431341
https://arxiv.org/abs/astro-ph/0504616
https://doi.org/10.1038/nature24471
https://doi.org/10.1038/nature24471
https://arxiv.org/abs/1710.05835
https://doi.org/10.3847/1538-4357/abdcb7
https://arxiv.org/abs/1908.06060
https://arxiv.org/abs/2111.03604
https://doi.org/10.1103/PhysRevD.74.063006
https://arxiv.org/abs/astro-ph/0601275
https://doi.org/10.1126/science.aap9811
https://arxiv.org/abs/1710.05452


Snowmass2021 Cosmic Frontier White Paper

[346] LIGO SCIENTIFIC, VIRGO collaboration, GW170817: Observation of Gravitational
Waves from a Binary Neutron Star Inspiral, Phys. Rev. Lett. 119 (2017) 161101
[1710.05832].

[347] C.L. MacLeod and C.J. Hogan, Precision of Hubble constant derived using black hole
binary absolute distances and statistical redshift information, Phys. Rev. D 77 (2008)
043512 [0712.0618].

[348] S. Nissanke, D.E. Holz, S.A. Hughes, N. Dalal and J.L. Sievers, Exploring short
gamma-ray bursts as gravitational-wave standard sirens, Astrophys. J. 725 (2010)
496 [0904.1017].

[349] H.-Y. Chen, M. Fishbach and D.E. Holz, A two per cent Hubble constant measurement
from standard sirens within five years, Nature 562 (2018) 545 [1712.06531].

[350] S.M. Feeney, H.V. Peiris, A.R. Williamson, S.M. Nissanke, D.J. Mortlock, J. Alsing
et al., Prospects for resolving the Hubble constant tension with standard sirens, Phys.
Rev. Lett. 122 (2019) 061105 [1802.03404].

[351] C. Cutler and D.E. Holz, Ultra-high precision cosmology from gravitational waves,
Phys. Rev. D 80 (2009) 104009 [0906.3752].

[352] N. Tamanini, C. Caprini, E. Barausse, A. Sesana, A. Klein and A. Petiteau, Science
with the space-based interferometer eLISA. III: Probing the expansion of the Universe
using gravitational wave standard sirens, JCAP 04 (2016) 002 [1601.07112].

[353] B.D. Farris, P. Duffell, A.I. MacFadyen and Z. Haiman, Binary Black Hole Accretion
During Inspiral and Merger, Mon. Not. Roy. Astron. Soc. 447 (2015) L80
[1409.5124].

[354] J.D. Schnittman and J.H. Krolik, The Infrared Afterglow of Supermassive Black Hole
Mergers, Astrophys. J. 684 (2008) 835 [0802.3556].

[355] Z. Lippai, Z. Frei and Z. Haiman, Prompt Shocks in the Gas Disk Around a Recoiling
Supermassive Black Hole Binary, Astrophys. J. Lett. 676 (2008) L5 [0801.0739].

[356] E.M. Rossi, G. Lodato, P.J. Armitage, J.E. Pringle and A.R. King, Black hole mergers:
the first light, Mon. Not. Roy. Astron. Soc. 401 (2010) 2021 [0910.0002].

[357] M. Anderson, L. Lehner, M. Megevand and D. Neilsen, Post-merger electromagnetic
emissions from disks perturbed by binary black holes, Phys. Rev. D 81 (2010) 044004
[0910.4969].

[358] H.-Y. Chen, P.S. Cowperthwaite, B.D. Metzger and E. Berger, A Program for
Multimessenger Standard Siren Cosmology in the Era of LIGO A+, Rubin
Observatory, and Beyond, Astrophys. J. Lett. 908 (2021) L4 [2011.01211].

[359] LSST SCIENCE, LSST PROJECT collaboration, LSST Science Book, Version 2.0,
0912.0201.

55

https://doi.org/10.1103/PhysRevLett.119.161101
https://arxiv.org/abs/1710.05832
https://doi.org/10.1103/PhysRevD.77.043512
https://doi.org/10.1103/PhysRevD.77.043512
https://arxiv.org/abs/0712.0618
https://doi.org/10.1088/0004-637X/725/1/496
https://doi.org/10.1088/0004-637X/725/1/496
https://arxiv.org/abs/0904.1017
https://doi.org/10.1038/s41586-018-0606-0
https://arxiv.org/abs/1712.06531
https://doi.org/10.1103/PhysRevLett.122.061105
https://doi.org/10.1103/PhysRevLett.122.061105
https://arxiv.org/abs/1802.03404
https://doi.org/10.1103/PhysRevD.80.104009
https://arxiv.org/abs/0906.3752
https://doi.org/10.1088/1475-7516/2016/04/002
https://arxiv.org/abs/1601.07112
https://doi.org/10.1093/mnrasl/slu184
https://arxiv.org/abs/1409.5124
https://doi.org/10.1086/590363
https://arxiv.org/abs/0802.3556
https://doi.org/10.1086/587034
https://arxiv.org/abs/0801.0739
https://doi.org/10.1111/j.1365-2966.2009.15802.x
https://arxiv.org/abs/0910.0002
https://doi.org/10.1103/PhysRevD.81.044004
https://arxiv.org/abs/0910.4969
https://doi.org/10.3847/2041-8213/abdab0
https://arxiv.org/abs/2011.01211
https://arxiv.org/abs/0912.0201


Snowmass2021 Cosmic Frontier White Paper

[360] S. Borhanian, A. Dhani, A. Gupta, K.G. Arun and B.S. Sathyaprakash, Dark Sirens
to Resolve the Hubble–Lemâıtre Tension, Astrophys. J. Lett. 905 (2020) L28
[2007.02883].

[361] W. Del Pozzo, Inference of the cosmological parameters from gravitational waves:
application to second generation interferometers, Phys. Rev. D 86 (2012) 043011
[1108.1317].

[362] LIGO SCIENTIFIC, VIRGO collaboration, A Standard Siren Measurement of the
Hubble Constant from GW170817 without the Electromagnetic Counterpart,
Astrophys. J. Lett. 871 (2019) L13 [1807.05667].

[363] R. Gray et al., Cosmological inference using gravitational wave standard sirens: A
mock data analysis, Phys. Rev. D 101 (2020) 122001 [1908.06050].

[364] M. Oguri, Measuring the distance-redshift relation with the cross-correlation of
gravitational wave standard sirens and galaxies, Phys. Rev. D 93 (2016) 083511
[1603.02356].

[365] S. Mukherjee and B.D. Wandelt, Beyond the classical distance-redshift test:
cross-correlating redshift-free standard candles and sirens with redshift surveys,
1808.06615.

[366] S. Mukherjee, B.D. Wandelt, S.M. Nissanke and A. Silvestri, Accurate precision
Cosmology with redshift unknown gravitational wave sources, Phys. Rev. D 103
(2021) 043520 [2007.02943].

[367] S. Bera, D. Rana, S. More and S. Bose, Incompleteness Matters Not: Inference of H0

from Binary Black Hole–Galaxy Cross-correlations, Astrophys. J. 902 (2020) 79
[2007.04271].

[368] S. Mukherjee, A. Krolewski, B.D. Wandelt and J. Silk, Cross-correlating dark sirens
and galaxies: measurement of H0 from GWTC-3 of LIGO-Virgo-KAGRA, 2203.03643.

[369] C.C. Diaz and S. Mukherjee, Mapping the cosmic expansion history from
LIGO-Virgo-KAGRA in synergy with DESI and SPHEREx, 2107.12787.

[370] DESI collaboration, The DESI Experiment Part I: Science,Targeting, and Survey
Design, 1611.00036.
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