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Abstract

Detection of a gravitational-wave signal of non-astrophysical origin
would be a landmark discovery, potentially providing a significant clue
to some of our most basic, big-picture scientific questions about the
Universe. In this white paper, we survey the leading early-Universe
mechanisms that may produce a detectable signal — including infla-
tion, phase transitions, topological defects, as well as primordial black
holes — and highlight the connections to fundamental physics. We
review the complementarity with collider searches for new physics,
and multimessenger probes of the large-scale structure of the Universe.
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1 Introduction

Despite their remarkable successes, both the Standard Model of Particle
Physics and the Standard Model of Cosmology face multiple open questions.
Examples include the origin and composition of dark matter, the origin of dark
energy, the evolution of the Universe during the first minute after the Big Bang
(including the inflationary phase as well as possible other phase transitions),
the particle physics at the TeV and higher energy scales, the mechanism of
electroweak symmetry breaking, and others. Many of these phenomena could
have left measurable imprints in the form of gravitational waves (GWs) coming
from the early Universe, providing a unique connection between GW physics
and fundamental physics. Given the very high energies associated with many
of these phenomena, often unachievable in laboratories and accelerators, GWs
may provide the only experimental handle to probe these domains for new
physics. (Snowmass white paper “Future Gravitational-Wave Detector Facili-
ties” [1] gives an extensive survey of planned and proposed GW observatories.
Snowmass white paper “Spacetime Symmetries and Gravitational Physics” [2]
provides an overview of high-sensitivity small experiments that can be used
for GW detections.)

The connection between high energy physics, cosmology, and GW physics
has been investigated through many facets, and can be illustrated using dif-
ferent perspectives. On one hand, there are open questions that are inevitably
linked with the cosmology of our Universe and that may be partially decou-
pled from the Standard Model of Particle Physics. We dedicate two individual
Sections to such questions. Section 2 is dedicated to the questions about the
origin of our Universe. This includes the inflationary and other early phases in
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the evolution of the Universe that could have generated a stochastic GW back-
ground (SGWB). (For synergy, see Snowmass white papers on inflation [3] and
high energy physics model-building of the early Universe [4, 5].) Later, Section
5 is dedicated to the open problem of dark matter. (Many of the open prob-
lems in cosmology are presented in the Snowmass white paper “Cosmology
Intertwined: A Review of the Particle Physics, Astrophysics, and Cosmology
Associated with the Cosmological Tensions and Anomalies” [6].) Since there
are many possible strategies to address the dark matter problem, the dark mat-
ter mechanisms that generate GW signals are necessarily diverse. For instance,
a dark matter particle could leave an imprint in GW signals by distorting the
binary merger dynamics, while dark matter in the form of primordial black
holes would provide a new source of binary mergers GW signals. (For syn-
ergy, see the Snowmass white paper “Observational Facilities to Study Dark
Matter” [7]. See also the Snowmass white paper “Primordial Black Hole Dark
Matter” [8] for a detailed discussion of the implications of primordial black
holes. There are also significant overlaps with the Snowmass white papers
“Astrophysical and Cosmological Probes of Dark Matter” [9] and Snowmass
white paper: “Cosmic Probes of Fundamental Physics Probing dark matter
with small-scale astrophysical observations” [10].)

Many fundamental questions in particle physics — the electroweak hierar-
chy problem and the mechanism behind electroweak symmetry breaking, the
strong CP problem, the matter-antimatter asymmetry, neutrino masses, to
some extent also dark matter — are typically addressed by introducing new
particles and symmetries to the Standard Model (SM), with new, and possibly
dark, sectors. These new symmetries may break through phase transitions dur-
ing the evolution of the Universe, possibly constituting important new sources
of a SGWB. GW production mechanisms include both the dynamics of the
phase transition if it is first order, as discussed in Section 3, or topological
defects if they are created during the phase transition, as covered in Section 4.

Finally, there is a great potential for multimessenger complementarity
between GW observations and the standard techniques for probing cosmology
and particle physics. In Section 6, we explore such complementarity between
GW observations and the future collider experiments in the context of probing
TeV-scale physics. This includes studies of the electroweak symmetry breaking
in colliders and associated GWs from phase transitions in the early Universe. It
also includes other possible symmetries and associated phase transitions, such
as those related to supersymmetry. (For synergy with collider-based probes,
see the Snowmass white paper “Probing the Electroweak Phase Transition
with Exotic Higgs Decays” [11]. Further GW probes of fundamental physics
are described in the Snowmass white paper “Fundamental Physics and Beyond
the Standard Model” [12].) In Section 7 we explore complementarity between
GW observations and traditional electromagnetic observations of the large-
scale structure, such as the cosmic microwave background (CMB) or weak
gravitational lensing. Directional correlations between these observations, cod-
ified in angular cross-correlation spectra, may offer unique information about
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Fig. 1 Landscape of gravitational wave cosmology. Experimental results include: O1-O3
LIGO-Virgo upper limits [19], indirect limits from big bang nucleosynthesis [20], CMB lim-
its [20], and NANOGrav pulsar timing measurement [21], as well as projected sensitivities
of the third generation (3G) terrestrial GW detectors [22, 23] and space-borne LISA [24],
Taiji [25], and Tiangin [26]. Theoretical models include examples of slow-roll inflation [27],
first-order phase transitions (PT-1 [28], PT-2 [29], and PT-3 [30]), Axion Inflation [31], Pri-
mordial Black Hole model [32], hypothetical stiff equation of state in the early universe [33],
and foregrounds due to binary black hole/neutron stars [19] and galactic binary white
dwarfs [24].

the early phases in the evolution of the Universe and perhaps shed additional
information on the dark matter problem. (Snowmass white papers “Cosmology
and Fundamental Physics from the Three-Dimensional Large Scale Structure”
[13] and “Cosmic Microwave Background Measurements” [14] provide a deeper
study of the connections of large scale structure and CMB measurements to
fundamental physics.) We offer concluding remarks in Section 8.

We note that SGWB could also be generated by astrophysical sources such
as mergers of binary black hole and binary neutron star systems. This astro-
physical SGWB can act as a foreground to the cosmological (early universe)
SGWB. Suppression or removal of the astrophysical stochastic GW foreground
is an active area of research, with multiple techniques being explored [15-18].
These efforts have only had partial success to date and further studies in this
direction are needed. We will not discuss this problem any further in this paper.
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2 Early Phases in the Evolution of the Universe

A variety of physical processes in the early Universe may generate GWs. As
the universe expands and the temperature drops, phase transitions may take
place followed by spontaneously broken symmetries.

First order phase transitions may generate GWs [34] within the frequency
range of present [35] or future [36] interferometers, providing a way to test
particle physics models beyond the SM. Phase transitions followed by spon-
taneous symmetry breaking may lead to the production of topological defects
as relics of the previous more symmetric phase of the Universe; they are
characterised by the homotopy group of the false vacuum. One-dimensional
topological defects, called cosmic strings [37-39], were shown [40] to be gener-
ically formed at the end of hybrid inflation within the context of grand unified
theories. Cosmic strings, analogues of vortices in condensed matter systems,
leave several observational signatures, opening up a new window to fundamen-
tal physics at energy scales much above the ones reached by accelerators. The
production of GWs by cosmic strings [41, 42] is one of the most promising
observational signatures; they can be accessed by interferometers [43-45], as
illustrated in Fig. 1. Domain walls, [42, 46-50], textures [51], and indirectly
monopoles [50] can also source GWs; they are hitherto less studied than cos-
mic strings. A cosmic string network is mainly characterised by the string
tension Gu(c = 1), where G is Newton’s constant and p the mass per unit
length. Observational data constrain the Gu parameter, which is related to
the energy scale of the phase transition leading to cosmic string formation,
and therefore it may also be related to the energy scale of inflation. Cosmic
superstrings, predicted [52, 53] in superstring inspired inflationary models with
spacetime-wrapping D-branes, are coherent macroscopic states of fundamental
superstrings and D-branes extended in one macroscopic direction. For cosmic
superstrings, there is an additional parameter, namely the intercommutation
probability. The dynamics of either a cosmic string or a cosmic superstring
network is driven by the formation of loops and the emission of GWs.

Following the inflationary paradigm, vacuum fluctuations of the inflaton
field may generate a scale-invariant spectrum of GWs imprinted on the CMB
B-mode polarization. Inflationary models generally predict very small values
of the ratio of the power spectra of the tensor and scalar modes (r < 1). Com-
bining Planck with BICEP2/Keck 2015 data yields an upper limit of r < 0.044
[54]. Inflationary scenarios in which the inflaton couples to a gauge field may
predict strongly blue-tilted GW spectra that may be consistent with CMB
bounds at long wavelengths but within reach of direct detection experiments
at short wavelengths. (See Ref. [55] for examples, or the forthcoming “Cosmol-
ogy with the Laser Interferometer Space Antenna,” by the LISA Cosmology
Working Group [56], for further discussion.) Effective Field Theory inflationary
models that do not respect the null-energy condition are also characterized by
a blue tensor tilt [57], as well as inflationary models with violation of slow roll
[58], and potentially inflationary models within modified gravity. Finally, there
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are inflationary models that predict features in the stochastic GW background,
for instance as the result of particle production during inflation [59].

Despite its success, inflation does face drawbacks [60-65], hence various
alternatives have been proposed and worked out. Within bouncing cosmologies
[66], the pre-Big Bang [67] or ekpyrotic model [68], the string gas cosmology
(69, 70] and the matter bounce scenario [71, 72], have been long discussed in
the literature.

The pre-Big Bang scenario [67, 73] assumes that gravity and cosmology
are based on some particular version of superstring theory. According to this
model, the Universe emerges from a highly perturbative initial state preced-
ing the Big Bang. In string theory, the dilaton is an additional massless mode,
which while at late times may be assumed fixed, is dynamical in the very
early Universe. Hence, the massless sector of string theory to which the gravi-
ton belongs is given by dilaton gravity. This model leads to the production
of an amplified quasi-thermal spectrum of gravitons during the dilaton-driven
phase. While the slope of the GW spectrum may change for modes crossing
the horizon during the subsequent string phase, it remains characterized by
an enhanced production of high frequency gravitons, irrespective of the par-
ticular value of the spectral index [74]. For a wide region of the parameter
space of the pre-Big Bang model, one can simultaneously generate a spectrum
of scalar metric perturbations in agreement with Planck data and a stochas-
tic background of primordial GWs within reach of the design sensitivity of
aLIGO/Virgo and/or LISA [75].

The ekpyrotic model [68] is motivated by a specific realization of M-theory
in which spacetime is 11-dimensional [76]. In this model, whereas the equation
of motion of the cosmological perturbations depends on the potential of the
scalar field, that of the GWs does not. The spectrum of GWs turns out
to be very blue, implying that primordial GWs are negligible on scales of
cosmological interest today.

String gas cosmology is based on degrees of freedom and symmetries of
superstring theory which are absent in an effective field theory approach to
early Universe cosmology. This model has two fundamental elements. The first
is the Hagedorn temperature defined as the maximal temperature which a gas
of strings in thermal equilibrium can achieve. The second is the T-duality sym-
metry of the spectrum of string states. This string gas cosmology model (tested
also via numerical experiments [77]) leads to an almost scale-invariant spec-
trum of primordial GWs [78]. However, whereas inflation typically leads to a
red spectrum, string gas cosmology generically yields a slightly blue spectrum.

The matter bounce model [71, 72] is based on the duality between the
evolution of the canonical fluctuation variables in an exponentially expanding
period and in a contracting phase with vanishing pressure. In this model, the
amplitude of the GW spectrum is generically larger than that in inflationary
models (r can be close to 1).

Having indicated the many possibilities during the expansion phase in
the very early Universe, we now turn to the role that GWs play in the
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subsequent eras. GWs, because they free-stream through the entirety of cos-
mological history, provide us a way of probing cosmic history before Big Bang
Nucleosynthesis (BBN).

(7) Long-lasting GW sources as cosmic witnesses: The vast stretch of
energies between the initial expansion phase of the Universe and BBN can
accommodate a range of non-standard cosmological histories with equations of
state parameter w different from w = 1/3. The GW spectrum of long-lasting
sources such as inflation and networks of cosmic strings spans a wide range
of frequencies and has been studied as cosmic witnesses [79, 80], especially to
extract information about w. Scenarios with 1/3 < w < 1 develop a blue tilt
for the tensor perturbations at large frequencies and certain portions of the
parameter space may be detectable by LISA and/or terrestrial GW detectors
[33, 80-82], c.f. Fig. 1. Matter-dominated era with w = 0 may cause kinks in
the spectrum at frequencies corresponding to the onset of matter and radi-
ation domination, which may be observable in the future at BBO and other
experiments. If the change in the equation of state is sudden enough, rapidly
oscillating scalar perturbations may enhance the primordial GW spectrum
from inflation; this effect has been pursued in the context of primordial black
holes [83] and Q-balls [84].

(#4) Phase transitions as cosmic witnesses: It is challenging to use shorter-
lasting sources like phase transitions as a witness to w in the early universe,
although some effort has been made in this direction [85-88]. If the phase tran-
sition occurs during a phase dominated by an entity with a general equation
of state w that is not radiation, expressions for the parameters defining the
phase transition should take into account the new dominant contribution to
the energy density; if the phase transition is followed by an era dominated
by an entity with state w, the modified redshifting changes the spectrum. In
the deep infrared, super-horizon modes scale as K325 A special case of
phase transitions serving as a probe of inflationary physics is when the tran-
sition occurs during inflation itself, possibly triggered by inflaton couplings to
spectator fields. For such a source, the GW spectrum always contains a unique
oscillatory feature, which can be used to identify the GW source [89].

A different avenue is to use GWs from phase transitions as a record of
temperature anisotropies coming from a previous era, for example from infla-
tion. Since the phase transition inherits primordial temperature anisotropies,
it effectively serves as a copy of the CMB, but in an earlier, more pristine
form [90]. While this matching is true for adiabatic fluctuations, if the primor-
dial fluctuations carry an isocurvature component then a richer scenario can
emerge [91].

(¢7i1) GWs from inflationary reheating/preheating: The large time-
dependent field inhomogeneities that are characteristic of rapid particle
production through parametric resonances during a preheating phase [92-94]
can be a well-motivated source of GW production. Topics that have been
explored in this context include gauge preheating after axion inflation [95, 96],
self-resonance after single-field inflation and oscillon formation [97-102], as well
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as tachyonic preheating from a waterfall transition [103—105]. The frequency
of the resultant GW signal is typically too high, or the amplitude too small,
to be detectable with near future GW detectors, although several ideas have
been proposed recently [106, 107]. (See also the Snowmass White Paper [108].)
The recent work of [109] demonstrates a promising GW detection prospect
based on a preheating scenario in the framework of hybrid inflation, where a
prolonged waterfall phase allows for an efficient transfer of energy from the
scalar sector to an Abelian gauge field. For particular reheating mechanisms,
the study of [110] has investigated the phases of early and late time reheating
through imprints on primordial GWs.

3 Phase Transitions

GWs from first order phase transitions (FOPTSs) in the early Universe offer
a unique way of probing particle physics models at energy scales otherwise
inaccessible. The GW spectrum, with examples shown in Fig. 1, is sensitive to
the shape of the effective potential, which depends on the symmetry breaking
pattern and the particle content of the theory. This provides access to regions
of parameter space unexplored so far in various extensions of the SM. GWs
from a strong FOPT have a plethora of motivations in the early universe. For
instance, new physics at the electroweak scale can lead to a strongly first order
electroweak phase transition [111-138] and large lepton asymmetries or dif-
ferent quark masses can make the QCD transition strong [139-142]. Beyond
this, a strong transition can occur in multistep phase transitions® [148-153],
B-L breaking [28, 154-161] (or B/L breaking [162]), flavour physics [163, 164],
axions [29, 165, 166], GUT symmetry breaking chains [167-171], supersym-
metry breaking [172-175], hidden sector involving scalars [176-180, 180-185],
neutrino mass models [186-188] and confinement [189, 189-196].

Such phase transitions could occur at nearly any time during or after
inflation. For example, the environment in which an electroweak-scale phase
transition takes place, where bubbles expand in a plasma of relativistic SM
particles, is very different to that prior to reheating. Much of what is dis-
cussed in this section relates in particular to what one might call thermal
phase transitions, in which the bubbles typically nucleate thermally through
the three-dimensional bounce action. Despite the name, not all thermal tran-
sitions efficiently transfer kinetic energy to the plasma, as will be discussed
below. Nevertheless, as a class of scenarios they represent the most likely source
of an observable SGWB due to a FOPT, and have the richest complementarity
with other particle physics and cosmological observables.

A thermal phase transition begins with the nucleation of bubbles where the
walls expand in a plasma of ultrarelativistic particles, and the interactions of
the particles with the walls in large part determine the terminal wall velocity
of the bubbles. GWs are first sourced by the colliding bubble walls [197-200)
and the fluid shock configurations, detonation or deflagrations, accompanying

1See Refs. [143-147] for the viability of a multistep phase transition
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them [201], although for a thermal transition the shear stress in the walls and
shocks is unlikely to be a substantial source of GWs [202]. For deflagrations,
pressure may build up in front of the walls, deforming them and delaying
completion of the transition through the formation of hot droplets [203]. After
the bubbles have merged, a bulk fluid velocity will remain in the plasma. At
first the velocity perturbations will typically be longitudinal, unless the bubbles
have been deformed during the transition due to hydrodynamic instabilities
or deformations of the shape. In weak transitions, the fluid perturbation will
take the form of longitudinal acoustic waves — sound waves [204]. If the shock
formation timescale 7qp, ~ L. /Urms, where L, is a typical length scale in the
fluid linked to the mean bubble separation, and v, is the root mean square
fluid 3-velocity, is smaller than the Hubble time, shocks will form [205]. This is
expected to occur for strong transitions, and to lead to turbulence [206]. Sound
waves, acoustic, and vortical turbulence are all sources of GWs, lasting until
the kinetic energy is dissipated by the plasma viscosity [207]. These different
processes source GWs with different spectral shapes (see e.g. [207-212]), which
would allow us in principle to reconstruct the conditions in the Universe during
and after a sufficiently strong FOPT.

The starting point in the calculation is the effective potential Vg of a
given model, consisting of three contributions: tree-level, one-loop Coleman-
Weinberg, and finite temperature part. The Vg initially admits a vacuum
at high temperature, typically at the origin of the field space, and starts to
develop another one which becomes more and more energetically preferable
as temperature drops. Provided that the two vacua are separated by a poten-
tial barrier, the Universe then undergoes a FOPT to the lower-energy state.
This is realized through nucleating bubbles of true vacuum, which then expand
and collide with each other, eventually leaving the Universe in the new vac-
uum state. Four parameters characterizing this picture dictate the resulting
GWs: the nucleation temperature 7T, the bubble wall velocity v,,, the FOPT’s
strength o and its inverse duration 5. We note the following issues and recent
developments regarding their calculations.

1. Issues in perturbation theory. A perturbative treatement of the
finite temperature potential is known to breakdown. The central problem is
that the expansion parameter at finite temperature involves a mode occu-
pation which diverges when the mass vanishes [213]. This can be partially
addressed by resumming the most dangerous “daisy” diagrams. However, the
usual resummation prescriptions have the issues that (7" dependent) UV diver-
gences do not cancel at the same order [214] and anyway does not address
the issue of the slow convergence of perturbation theory. Including next to
leading order corrections can change the predictions of the GW amplitude by
many orders of magnitude [116, 215]. At present, only the technique of dimen-
sional reduction [216, 217] performed at NLO using an /i expansion provides
a prescription to calculate thermodynamic parameters at O(g?) in a gauge
independent way [116, 215]. This method is challenging to use and has been
applied to benchmarks in very few models. There are proposed alternatives
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to dimensional reduction [218, 219]. However, these are in need of develop-
ment and testing and it is not yet obvious how to apply such techniques in a
gauge invariant way. Finally, for very weak transitions, the tachyonic mass of
the physical Higgs is cancelled by thermal mass near the origin, leading to an
unresolved infrared divergence which is probably captured by large differences
in predictions of perturbation theory and Monte-Carlo simulations [220, 221].
It is generally assumed that perturbation theory in its most sophisticated form
should give accurate results provided a transition is strong enough, however
this needs to be proven by careful comparison with Monte-Carlo simulations.

2. Calculation of the bubble nucleation rate. An accurate evaluation
of the nucleation rate I',. and its evolution with temperature is of paramount
importance to defining the characteristic time scales of the transition. For suf-
ficiently fast transitions, T} and 8 can be obtained by linearizing the rate near
Ty. This breaks down for slow transitions, which can be of great phenomeno-
logical interest, where the next order corrections must be accounted for [222].
Various components contribute to I'y,., each meriting a separate discussion.
Firstly, analytical solutions of the bounce EOM exist only for specific single
field potentials [223-226], with progress made in the study of approximate sin-
gle field potentials for light scalars [227-231]. Often, however, the underlying
theory implies highly nonlinear equations of motion, or the existence of mul-
tiple scalar directions, where the bounce solution describes the motion of a
soliton along a complicated manifold, requiring the use of numerical tools, such
as [232-238]. Secondly, the stationary phase approximation used to derive the
bounce action holds well for weakly-coupled theories, including radiative cor-
rections [239-243], which assumes the existence of a hierarchy of scales, with
UV and IR modes well separated in energy scales. This assumption breaks
down at strong coupling, where novel methods for generalizing the saddle point
treatment are necessary, as discussed in [116, 219, 244]. Thirdly, the nucleation
prefactor, often taken to be a simple O(1) times mass dimension 4 prefac-
tor, can have a non-trivial form when more carefully evaluated, and has been
shown to substantially alter the nucleation rate in some cases, as its contribu-
tion may become exponential. This prefactor can be split into two independent
pieces, a dynamical part, related to the inverse timescale of critical bubble
growth, depending on the evolution of fluctuation of the bubble radius, as well
as the thermal bath [245-250], and a statistical part, which depends on func-
tional determinants of the second-order fluctuations around the critical bubble
and the symmetric phase [85, 116, 208, 251-253], both requiring a different
formalism in order to obtain a complete treatment.

3. Bubble wall velocity. Different formalisms have been developed for
the calculation of v,,, whose applicability depends on the relative strengths of
the transition, which determines whether the terminal speed will be only mildly
relativistic, or on the other hand ultrarelativistic. For not-too-fast moving
walls, a standard approach is to split the distribution functions for the various
particle species in the plasma into an equilibrium part, plus a perturbation
due to the interaction between the wall and the particles. Recently, progress
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has been made in characterizing the importance of the equilibrium part of
the distribution function, where variation of the plasma temperature, which
is a function of the position relative to the wall and v,,, plays a role. These
variations are tied to hydrodynamic effects in the plasma, which can induce
a backreaction force on the wall [133, 254-257]. For ultrarelativistic bubble
walls, with a Lorentz factor v(v,,) = 1/4/1 —v2, 2 10, equilibration cannot be
maintained across the bubble wall. Nevertheless, one can assume that all the
particles ahead of the advancing bubble, featuring equilibrium distributions,
are absorbed by the new phase, without any reflections. The absorbed particles
can then exchange momentum with the wall, which gives rise to friction. The
leading effect is caused by the variation in the particles’ masses across the
wall due to the changing scalar condensate [258]. This gives rise to a friction
force that remains independent of v,,, and thus cannot in general prevent a
runaway behaviour towards v,, = 1. Additionally, the particles can also emit
radiation, mainly in the form of gauge bosons, which leads to a v,,-dependent
friction effect that grows with v, and thus can prevent runaways. Single-
particle emissions yield a force proportional to (v, )mT? [259], where m is the
mass of emitted gauge bosons inside the bubble, while a resummation of multi-
particle emissions leads to an enhanced force proportional to (v, )2T* [260],
or v(v,)mT? times a log [261]. Possible open issues include the difference
between these two results and the lack of mass dependence [262] of the force in
[260], and the impact of radiated bosons that are reflected [261]. Nevertheless,
independent of the specific form of the friction term, the efficiency factor for
the bubble wall motion can be calculated in general [263].

With the above transition parameters T, v,,, @ and 8 determined, one can
go on to calculate GWs. For a weak thermal phase transition, the dominant
contribution is due to sound waves, with the GW spectrum obtained from
large scale numerical simulations [202, 208]. The sound shell model [209, 264]
has been proposed to understand these numerical results, with a generaliza-
tion to the expanding Universe given in [85]. In this model, the velocity field of
the perturbed plasma is modelled by a linear superposition of individual dis-
turbance from each bubble which in turn can be solved from a hydrodynamic
analysis [265]. The resulting spectrum agrees reasonably well with that from
large scale numerical calculations [208]. Aside from the spectral shape, which
does not agree perfectly with numerical result, the amplitude is also different
due to several reasons. Firstly, the amplitude depends on the root mean square
fluid velocity U ¢, calculable from the hydrodynamic analysis. However, [ £ cal-
culated this way gives an overestimation as observed in numerical simulations
for strong phase transition where a ~ 1 with small v, [203]. This reduction
is more pronounced for increasingly smaller v,, for fixed «, due presumably to
the formation of bubble droplets ahead of the wall which then slows down the
wall. Secondly, the original widely used GW spectrum (see, e.g., [205]) actually
enforces an infinite lifetime, 74, of sound waves, as found out in [85, 222]. For
a finite 74y, an additional multiplication factor needs to be added to account
for the increasingly reduced GW production due to the increasingly diluted
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energy density as the universe expands. This factor depends on the expansion
rate of the universe during the transition, and for radiation domination it is
(1 —1/v/1+4274wH) with H the Hubble rate at T, [85], which approaches
the asymptotic value of 1 as 74 — 00 recovering the old result, and reduces
to TewH [222, 266] for short transitions. There remains the question of what
exactly the value of 7y is. It is usually chosen to be the time scale correspond-
ing to the onset of turbulence [206, 208], which needs to be improved based
on insights gained from numerical simulations and analytical studies. Besides,
there are attempts [267, 268] of going beyond the bag model [267].

We now return to the less-thermal transitions, where the vacuum energy
released in phase transitions can far exceed the surrounding radiation energy
(see, e.g., [269, 270]). Here the bubble expansion mode has two possibili-
ties [265]: strong detonation, where the wall reaches a terminal velocity due to
balancing between the outward pressure and the friction, and runaway, where
the wall continues to accelerate until it collides. In determining which of the
two is relevant, the friction from the thermal plasma splitting upon imping-
ing onto the ultrarelativistic walls plays a crucial role [259-261]. Since this
friction increases as the wall accelerates, runaway is now known to require
a stronger transition than previously thought. The main contribution to the
energy budget of these transitions comes from a highly relativistic and con-
centrated fluid around the bubbles in strong detonations, while it comes from
relativistic walls in runaway [28]. The GW production for the latter has
long been estimated with the so-called envelope approximation, in which the
walls immediately dump upon collision [198-200, 271-274]. However, numer-
ical calculations revealed that the energy accumulated on the bubble surface
propagates inside other bubbles even after collision [275-279]. To incorporate
the long lifetime of these walls, a modelling now called the bulk flow model
is proposed [280-282], and it is found that GWs at low frequencies are ampli-
fied, reflecting the expanding spherical structure after collision. On the other
hand, the GW production in strong detonations leaves much room for study.
While the sound shell model [209, 264] is expected to describe the GW pro-
duction if the system turns into weak compression waves 7 < O(1) at an early
stage, it should be noted that strong concentration of the fluid may take some
time to get dispersed [283], or the system may develop vortical and/or acoustic
turbulence at an early stage [205, 211, 266, 284].

In addition, both purely hydrodynamic and magneto-hydrodynamic
(MHD) turbulence are expected to source GWs [201]. Past analyses have eval-
uated the GW production using semi-analytical modelling [207, 210, 285-289].
The results of these analyses have been combined with the prediction of the
GW signal from the acoustic phase, leading to a GW spectrum where the
acoustic contribution dominates at the peak while turbulence, believed to be
sub-leading, dominates at high frequencies (see e.g. [205]). Simulations featur-
ing the scalar field evolution coupled to the relativistic fluid dynamics started
only recently to explore the non-linear regime, where vorticity and turbulent



Springer Nature 2021 ITEX template

CONTENTS 15

generation is expected to occur [203]. Simulations of MHD turbulence car-
ried out with the Pencil code have improved on previous analytical estimates,
but have shown that the initial conditions of the turbulence onset affect the
GW spectral shape around the peak region [211, 290, 291]. A ready-to-use
prediction of the GW signal from MHD turbulence, validated by numerical
simulations but assuming fully-developed turbulence as initial condition, has
been provided in [292]. Simulating the onset of turbulence directly from the
PT dynamics, and thereby providing a thorough and reliable estimate of the
GW power spectrum, remains a key challenge of the next decade.

Direct experimental searches for GWs from FOPTs have recently been
carried out by several experimental collaborations. A subgroup of the LIGO-
Virgo-KAGRA collaboration has performed the first search using its data from
the O1, O2 and O3 observing runs [35], being sensitive to FOPT at the energy
scale of ~(PeV-EeV), and found no evidence for such signals, with upper limits
thus placed on the FOPT parameters. Searches have also been performed by
the NANOGrav collaboration, based on its 12.5 year data set [293], correspond-
ing to the QCD energy scale [141, 294], after the detection of a common-noise
possibly due to a SGWB [295]: it concludes that a FOPT signal would be
degenerate with that from supermassive black hole binary mergers. A search
on Parkes PTA data is also reported [296] with no positive detection and with
upper limits set. Continued searches by these efforts will give improved results
in the near future, while in a longer term, future third generation ground-based
detectors such as Cosmic Explorer [297, 298] and Einstein Telescope [299, 300]
will probe much more weaker GW signals, and future space interferometers
LISA [205, 301], Taiji [25, 302, 303] and Tiangin [26, 304, 305] will operate
in a frequency range suitable to test FOPTs at the electroweak scale. Once
the GW signal from a FOPT is detected, recent analyses suggest that all four
parameters determining its spectral shape can be reconstructed from the power
spectrum, within the sound shell model [306].

4 Topological Defects

Motivation. Topological defects are generically predicted in field theories
with symmetry breaking [40] as well as superstring theories [52, 53].

When a symmetry is spontaneously broken in the early Universe, the
homotopy groups of the resultant vacuum manifold can be non-trivial. Con-
sequently, topological defects of different forms can form [37, 38]. Three types
of topological defects have been shown to produce SGWB signals: domain
walls [42, 46-50], textures [51] and cosmic strings [307-316]. Monopoles can
also indirectly produce GWs, particularly when combined with other defects
[50]. What makes such signals particularly interesting, is that, in all cases the
amplitude of the GW signal grows with the symmetry breaking scale. This
makes topological defects an effective probe of high energy physics.

The type together with the detailed properties of defects which are formed
depends on the underlying theory. Domain walls can in principle arise wherever
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there is reason to expect a discrete symmetry — from Pecci Quinn [317, 318],
R-Parity [319] to neutrino masses [320] for a non-exhaustive list. Discrete sym-
metries also appear naturally in the center of symmetry breaking chains — for
example D parity and matter parity [321, 322]. Global strings can originate
from axion dark matter models where a U(1) is broken to a vacuum with a
discrete symmetry [323]. Local strings, monopoles and textures are ubiquitous
in the symmetry breaking chains that result from SO(10) breaking to the SM
[50]. Counsidering all possible spontaneous symmetry breaking patterns from
the GUT down to the SM gauge group, it was shown [40] that cosmic string
formation is unavoidable. The strings which form at the end of inflation have
a mass which is proportional to the inflationary scale. Sometimes, a second
network of strings form at a lower scale.

In the context of string theory, cosmic superstrings [324] can form as the
result of brane interactions. While solitonic cosmic strings are classical objects,
cosmic superstrings are quantum ones, hence one expects several differences
between the two (see, e.g., [325] and references therein).

Gravitational wave signals. The GW spectrum resulting from the topolog-
ical defect will have different features depending upon whether the symmetry
broken is local or global. For instance, GW spectrum from local textures has
an infrared suppression compared to global textures [326], GW signal strength
from global strings features a more dramatic scaling with the symmetry break-
ing scale compared to the linear scaling of local strings [323] and local domain
walls require destruction via strings in order to be viable, in contrast with
global domain walls [50]. In the following we summarize the current status on
GW signal from topological defects, with an emphasis on cosmic strings, which
are most studied.

1. GW from local cosmic strings. For local strings, and particularly thin strings
with no internal structure which can be described by the Nambu-Goto action,
once the string network is formed, it is expected to quickly reach the scaling
regime [38]. The predicted GW spectrum is then contingent on two crucial
quantities: the dimensionless power spectrum for a loop of a given length;
and the number density of loops. Regarding the power spectrum, either one
can motivate an averaged power spectrum (where the average is over differ-
ent configurations of loops of the same length) using simulation data as input
[308], or one can assume a high frequency domination [310, 327]. Regarding
the number density, a (rather crude) analytic estimate can be made using the
‘velocity dependent one scale model’” that takes only the loop size at formation
as an input [328, 329]. This agrees quite well with some models of simula-
tions [330, 331}, but disagrees with others [332-334] which predict a greater
fraction of energy density in smaller loops. The reasons for these differences
are not yet fully understood, but may be related to the effects of gravita-
tional backreaction. Besides their differences, these string models all predict
a roughly constant GW spectrum over many decades of frequency, assuming
standard cosmological history (see e.g. [44]). This makes it a useful witness to
any departures from a standard cosmological picture [335-337]. Nambu-Goto
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dynamics may not apply to all types of cosmic strings, in particular the case
with field theory strings is unclear. Some simulation results [338, 339] show
that the field theory strings decay predominantly into particles rather than
gravitational radiation, although the literature did not yet converge [340-343].
Such discrepancies lead to different observational predictions. Therefore it is
important to further investigate this open question and better understand the
difference between Nambu-Goto and field theory results.

2. GW from global/axion cosmic strings/domain walls. While most of litera-
ture focused on the evolution of local cosmic strings, motivated by the close
connection to axion physics, recent years have seen increasing interest in global
or axion strings/topological defects and the GW signature sourced by them
[47, 323, 344-349]. Although the GW signal from global strings is suppressed
relative to local strings due to the dominant emission of Goldstone bosons,
it has been shown to be detectable with upcoming experiments, and fea-
ture a logarithmic declining spectrum towards high frequency [323, 348, 349].
Clarification of the GW spectrum from global strings will require further
investigations in simulation studies, which so far have not converged well.

3. GW from superstrings. Evolution of cosmic superstring networks, is a rather
involved issue, which has been addressed by numerical [350-355] as well as
analytical [356-359] approaches. Cosmic superstrings can also lead to gravita-
tional waves (see, e.g., [360, 361]), hence GW experiments can provide a novel
and powerful way to test string theory.

Probe for non-standard cosmology. The state and particle content of our
Universe prior to the BBN era remains unknown as the “primordial dark age”
[362, 363], despite the standard paradigm we often assume. Potential devia-
tions from the standard cosmology scenario are well motivated and attracted
increasing interest in recent years. GW background spectrum from a cosmic
string network typically spans over a wide frequency range with detectable
amplitude, making it a unique tool for “cosmic archaeology” based on a
time-frequency correspondence [335, 336]. In the following we review a few
representative cases on how the GW signal from strings may be used to probe
the pre-BBN cosmology.

1. Probe new equation of state of the early universe. In standard cosmology,
the Universe undergoes a prolonged radiation dominated era from the end of
inflation till the recent transition to matter domination at redshift ~ 3000.
However, well-motivated theories suggest that the evolution of the Universe’s
equation of state may deviate from this paradigm, e.g. the presence of an early
matter-domination or kination phase [364-368]. Such an alternative cosmic
history can sharply modify the GW spectrum from cosmic strings via its effect
on Hubble expansion rate. Specifically, an early period of kination results in a
period where the GW frequency spectrum grows as f!, whereas an early period
of matter domination results in a spectrum that depletes in the UV, obeying
a f~1/3 power law [336, 369, 370]. A string network can also be “consumed”
through the nucleation of monopoles [371] or domain walls if there is a small
hierarchy between symmetry breaking steps, or if not they can be destroyed by
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a connected domain wall in a later symmetry breaking step [50]. Importantly,
all of these signals can be distinguished.

2. Probe new particle species. While the high frequency range of the GW
spectrum from strings is largely flat (corresponding to GW emission during
radiation domination), it is modified by changes in the number of relativistic
degrees of freedom, g, [44, 335], which modifies the standard Hubble expansion
history, and can therefore be used as a probe of high energy degrees of freedom
that are beyond the reach of terrestrial colliders or CMB observatories.

3. Probe (pre-)inflationary universe. Cosmic defects generally dilute more
slowly than radiation. Even if a large number of e-foldings during inflation
largely washes out a pre-existing string network, it can regrow back into the
horizon and replenish itself to become a non-trivial component of the late
Universe energy budget. In particular, replenished strings can leave a unique
SGWB spectrum that can be probed by nanoHz detectors, along with GW
burst signals [369]. This provides a unique example that cosmology before the
end of inflation can be probed with GWs from cosmic defects.

Probe for new particle physics. As the amplitude of the GW spectrum
produced by a string network grows with the symmetry breaking scale, they
provide a unique way of probing high scale physics. For example, since there is
typically a hierarchy between the seesaw scale and the GUT scale, it is natural
to protect the seesaw scale with gauge symmetry. Symmetry breaking chains
predict strings more often than not and the entire range of scales relevant
to thermal leptogenesis is projected to be testable by future detectors [326].
More generally, GUT symmetry breaking chains more often than not allow for
observable signals from some set of defects [50].2 Searches for proton decay
provide a complimentary probe of symmetry breaking chains, as chains that
allow for proton decay can be chains that do not predict strings [373, 374].
Furthermore, there has been a growing interest in GWs from global/axion
topological defects due to the close connection to axion or axion-like (ALP)
dark matter physics [323, 337, 348, 349, 375, 376]: when PQ symmetry breaking
occurs after inflation, these topological defects are an indispensable companion
of axion particles. While there have been extensive studies on axion particle
detection which strongly depend on whether/how axions couple to SM particles
in an observable manner, the GW signature from axion strings/domain walls
is universal and could be a highly complementary probe for axion physics.
In addition, as mentioned earlier, the GW spectrum from cosmic strings may
reveal new particle species via the effect on the Hubble expansion rate due to
changes in relativistic degrees of freedom.

Prospect for experimental detection. Current limits on cosmic strings
from GW signals are: Gu < 9.6 x 1079 by LIGO-Virgo [43], and Gu < 10710
by pulsar timing arrays [377, 378]. Fig. 1 shows and example of a cosmic string
GW spectrum in comparison with existing and future detector sensitivities.
Note that considering the expected astrophysical background and a galactic
foreground, a cosmic string tension in the range of Gu ~ 10716 — 1071 or

2see also Snowmass white paper [372]
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bigger could be detectable by LISA, with the galactic foreground affecting this
limit more than the astrophysical background [44, 45].

Future experiments covering a wide frequency range will further improve
the sensitivity to GW signals from cosmic strings, including: e.g. Einstein
Telescope, Cosmic Explorer, AEDGE, DECIGO, BBO, pAres and Theia [299,
379-383]. An exciting possibility is that NANOGrav may have already seen a
hint of cosmic strings [295]. The suggested hint is consistent with a shallow
power law as one would expect from strings [193, 370, 373, 377, 384-386]
though to fully verify one way or another, the Hellings-Downs curve needs to
be constructed [387].

5 Dark Matter

There are multiple strong and independent lines of evidences on the existence
of dark matter (DM). However its identity remains as one of the greatest
mysteries in the modern physics. For example, the mass of DM can range
for almost 100 orders of magnitude. Understanding the DM identity provides
invaluable information about the early Universe as well as the extension of the
particle Standard Model.

Decades of effort have been devoted to searches of DM. Motivated by the
gauge hierarchy problem, experimental efforts has been focused on the mass
window around the electroweak energy scale, i.e. ~100 GeV. Null results to
date have led to strong constraints in this part of the parameter space and
have prompted a re-examination of the possibilities of other well-motivated
mass windows.

Besides conventional DM search methods, GW experiments may provide
completely novel opportunities to search for DM. Interestingly, it has been
demonstrated that GW experiments can be used to study DM in both ultra-
heavy and ultralight mass regimes, for an indirect as well as a direct detection.
(For synergy, see Snowmass white paper “New Horizons: Scalar and Vector
Ultralight Dark Matter” [388], and “Ultraheavy particle dark matter” [389]. )

e Primordial black holes (PBHs): GW observations [390-399] have
revealed intriguing properties of BH mergers and have rekindled suggestions
that PBHs may exist and constitute a fraction of the DM [400-404]. Advanced
LIGO and Virgo, and future ground-based GW observatories, e.g. Cosmic
Explorer (CE) [297, 405] and Einstein Telescope (ET) [300, 381, 406], will
probe the origin of BHs (stellar or primordial) through different methods and
observations:

1. Subsolar black holes mergers. Detecting a black hole of mass below the
Chandrasekhar mass would almost unambiguously point towards a primor-
dial origin. Subsolar searches have been carried out in the first three runs of
LIGO/Virgo [407-413], with a few candidates recently found [411], while CE
and ET will reach the sensitivity at cosmological distances.

2. BHs in the NS mass range, low mass gap and pair-instability mass gap.
Multi-messenger astronomy could probe the origin of compact objects in the
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possible mass-gap between NS and astrophysical BHs [398, 399], eventually
revealing their possibly primordial origin by detecting EM counterparts[414].
CE and ET could also detect their different merging phase. PBHs in this
range are motivated by a boosted formation at the QCD transition [415, 416].
Above 60M,, pair-instability should prevent BHs to form while PBHs could
explain recent observations [416-418], though hierarchal mergers remain a
more natural explanation [419]. Accurate spin reconstructions allow distin-
guishing them from secondary mergers in dense environments [420]. CE will
probe intermediate-mass black hole binaries up to 10*Mg, which will reveal
a possible primordial origin of the seeds of the super-massive BHs at galactic
centers [416, 421].

3. BH mergers at high redshift. The third generation of GW detectors like
CE and ET will have an astrophysical reach 20 < z 4+ 1 < 100, prior to the
formation of stars. Any BH merger detection would therefore almost certainly
point to a primordial origin [422].

4. Distinguishing PBH vs stellar BHs with statistical methods. Bayesian
statistical methods and model selection [423] applied to the rate, mass, spin
and redshift distributions will also help to distinguish PBHs from the stellar
scenarios [416, 424-443]. They can be used to set new limits on PBH models
and reveal the existence of different black hole populations (PBH binaries with
merging rates large enough to be detected may have formed by tidal capture
in clusters [400, 401, 444, 445] and before recombination [425, 446-449]).

5. GW backgrounds. If PBHs contribute to a non-negligible fraction of DM,
their binaries generate a detectable GW background [32, 447, 450-454], as
well as close encounters [455]. Its spectral shape depends on the PBH mass
distribution and binary formation channel, with its amplitude comparable or
higher than astrophysical sources. The number of sources contributing may
also help to identify a SGWB from PBHs [456]. Other SGWBs may come
from Hawking radiation [457, 458], from the density fluctuations at the origin
of PBH formation [414, 459-470] or from their distribution [471, 472]. The
density fluctuations also give rise to anisotropies and deformation in SGWBs
of other cosmological origins through propagation effects [473-478].

6. Continuous waves (CWs). Very light (< O(10~1°Mg —1073M)) PBH
binaries would generate long-lived GWs during inspiraling, lasting at least
O(hours-days) and potentially up to thousands or million years. A method
has been designed to search for these GWs [479], and those from mini-EMRI
ones [480], with constraints placed using upper limits from searching for quasi-
monochromatic, persistent GWs in O3 from planetary and asteroid-mass PBHs
[481, 482]. CE and ET could even detect such binaries in the solar system
vicinity.

7. GW bursts. These may be produced by hyperbolic encounters in dense
halos [483, 484]. The signal frequency can lie in the frequency range of ground-
based detectors for stellar-mass BHs, with a duration of order of milliseconds.
Finally, the absence of GW from kilonovae may point to neutron stars (NS)
destroyed by sublunar PBHs [485].
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8. Phase transition GWs. PBHs can form during a first-order phase transi-
tion via trapping fermions in the false vacuum [486-490], bubble collisions [491,
492] or postponed vacuum decay [493, 494]. In such scenarios, there could be
correlated signals between PBHs (e.g. merger/evaporation/microlensing) and
phase transition GWs.

e Dark photon DM: If DM is made up of ultralight bosons, it will
behave as an oscillating classical wave, with dark photon (DPDM) being a
good candidate. If DPDM is further charged under U(1)p gauge group, the
DPDM background field will induce displacements on the GW interferometer’s
test masses, resulting in a time dependent variation on the arm length and
thus a GW-like signal [495]. The DPDM signal in the frequency domain is
quasi-monochromatic, centered at the mass of dark photon m 4, with a very
narrow frequency width Af/f ~ 10~ from the velocity dispersion of DM halo
in the Milky Way. Thus, the search amounts to bump hunting in the frequency
domain with Fourier analysis.

Searches have been performed at LIGO, which is most sensitive to a DPDM
mass of ma ~ 4 x 1073eV at its most sensitive frequency ~ 100Hz, using
data from the first observation run (O1) [496] and the third (O3) [497]. The
long coherence length of the DPDM means the signal is correlated in multiple
interferometers of LIGO and Virgo, which then allows cross-correlating the
strain channels of data from pairs of interferometers to significantly reduce
the noises [498], while in the O3 search, a band sampled data method is also
used[499].

No evidence of DPDM signal has been found in O1 and O3 data and
upper limits are placed on the DPDM coupling with baryon number. The O3
upper limit of squared coupling €2 is best constrained to be 1.2(1.31) x 10747
at 5.7(4.2) x 10713eV/c? for the two methods used, which is improved by
a factor of ~ 100 for my ~ (2 —4) x 107 3eV/c? compared with the O1
result, with most of the gain in sensitivity coming from taking into account
of the finite travel time of the light [500]. The GW data have already probed
the unexplored DPDM parameter space, and direct DPDM search using GW
data became competitive compared with other fifth-force experiments at this
particular mass region.

e Dilaton: The dilaton is a promising ultralight dark matter candidate. It
is naturally predicted in theories with extra dimensions, and it couples to the
SM particles through the trace of the energy momentum tensor. If the dilaton
plays the role of DM, its oscillation will lead to time-dependent variations
of fundamental constants, such as the electron mass and the fine structure
constant.

If the GW interferometers are embedded in the background of the dila-
ton, the oscillation of the dilaton DM would manifest as changes in the length
and index of refraction of materials [501-503]. Similarly to DPDM, dilatons
would behave as a classically oscillating field, and would impart a quasi-
monochromatic, persistent signal onto the detectors by physically changing
the size of the beam splitter, resulting in different travel times for light coming
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from the x- and y-arms [504]. Therefore, the arm-length of the interferome-
ters does not matter; instead, it is necessary to have high sensitivity to optical
phase differences between the two arms. In GEO 600, the squeezed light vac-
uum states of light allow for a large quantum noise reduction, more than
LIGO/Virgo/KAGRA, meaning that GEO 600 is the most sensitive GW inter-
ferometer to dilaton DM. A search for dilaton DM was conducted using about
a week of data from GEO 600, resulting in extremely competitive constraints
on the couplings of dilatons to electrons and photons [505]. The analysis was
optimally sensitive to each logarithmically-spaced mass of the dilaton, since it
employed LPSD to confine the frequency modulation induced by the dilaton
on the detector to one frequency bin. This modulation results from the super-
position of plane waves that compose a packet of dilatons that interacts with
the detector [506].

e Axions: Axions are scalar particles that generally appear in various
extensions of the SM [507, 508]. These hypothetical particles can be con-
strained in several ways. If axions play the role of DM, constraints can
be imposed using techniques sensitive to different interaction channels and
appropriate mass ranges [509]. Stellar energy-loss arguments can also lead
to constraints [510]. Axions with weak self-interactions could lead to black
hole superradiance, and thus be constrained through black hole spin measure-
ments [511-516], polarimetric observations [517], and GWs emitted by the
superradiance cloud [518-522].

Light scalar fields can be sourced by neutron stars due to their coupling
to nuclear matter, and affect the dynamics of binary neutron star coalescence
leaving potentially detectable fingerprints in the inspiral waveform. Calculating
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 field, it was shown [523] that Advanced LIGO at designed sensitivity
can potentially exclude axions with mass m, < 107'! eV and decay constant
fa ~ (10 — 10'7) GeV. Analyzing the GWs from the binary neutron star
inspiral GW170817 allowed to impose constraints on axions with masses below
107! eV by excluding the ones with decay constants ranging from 1.6 x 106
GeV to 10'® GeV at a 30 confidence level [524]. This parameter space, excluded
from neutron star inspirals, has not been probed by other existing experiments.

6 Complementarity between Collider and GW
Observations

As discussed in previous sections, GW signals from the early Universe offer
a new probe of physics beyond the SM. In particular, a phase transition in
the early Universe in the 100 GeV - 100 TeV energy range will lead to a GW
signal with a peak frequency in the mHz - Hz range, potentially accessible at
future GW observatories such as LISA, Taiji, Tianqgin. This range will also
be scrutinized by the LHC (including its High Luminosity upgrade) in com-
bination with proposed future high-energy colliders like ILC, CLIC, CEPC,
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FCC, SppC or a multi-TeV muon smasher. GW observatories and high-energy
colliders are then highly complementary in the search for physics beyond the
SM: the discovery of a GW signal from a phase transition in the early Uni-
verse could then guide searches for new physics at future colliders; conversely,
new physics discovered at colliders could provide hints of early Universe phase
transitions producing GW signals. We here discuss this complementarity, high-
lighting that the respective sensitivities may be very different depending on
the specific incarnation of new physics, and each of the two approaches could
in principle cover the “blind spots” of the other.

We first focus on the possibility of an electroweak phase transition (EWPT)
as a prime example leading to potential signatures both at colliders and next-
generation GW detectors. Then, we also discuss other phase transitions in the
early Universe for which such complementarity could be very important.

6.1 Electroweak Phase Transition

Unravelling the physics behind electroweak symmetry breaking (EWSB) is
central to particle physics. It will be a leading aspect of the upcoming LHC
and HL-LHC physics runs, as well as a main physics driver for future high-
energy colliders. There are compelling theoretical arguments to expect new
physics coupled to the SM Higgs and not far from the TeV energy scale, e.g. in
order to address the origin of the electroweak scale. Among the many questions
surrounding EWSB, the thermal history of EWSB is of particular interest. In
the SM with a 125 GeV Higgs boson, the EWSB transition occurs via a smooth
cross-over rather than a bona fide phase transition [525]. This transition takes
place at a temperature Tgw ~ 140 GeV. Importantly, new physics coupled to
the Higgs could alter the nature of the EWSB transition, possibly making it a
first order EWPT. The existence of such a transition is a necessary ingredient
for electroweak baryogenesis (see Ref. [526] amd references therein as well as
Snowmass white papers [5, 527]) and could provide a source for observable
gravitational radiation. To significantly alter the SM thermal history, the new
physics mass scale cannot lie too far above Tgw, nor can its interactions with
the SM Higgs boson be too feeble[111]. Thus, it will be generally possible to
measure its effects at the LHC or future high-energy colliders.

Collider probes rely on two classes of signatures. On the one hand, it should
be possible to directly produce and study the new particles at some of these
facilities, given that their reach in energy spans one/two orders of magnitude
beyond the electroweak scale. On the other hand, new physics coupled to the
Higgs tends to lead to deviations d; of the Higgs couplings or other properties
from their SM values, including:

e The Higgs trilinear self-coupling, Asz. Although the HL-LHC will only be
mildly sensitive to this coupling (dx, ~ 50%), future colliders could sig-
nificantly improve on its measurement. In particular, 100 TeV hadron
colliders (e.g. FCC-hh or SppC) and TeV scale lepton colliders could reach
a sensitivity o, ~ 5 — 10%.
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e The Higgs-Z boson coupling [114, 528], which could be measured with
exquisite precision (down to dz;, ~ 0.1%) in future Higgs factories like ILC,
CEPC or FCC-ee.

® Higgs boson signal strengths, which depend on the product of the Higgs
production cross section and decay branching ratios. Mixing between the
Higgs boson and a new neutral scalar that catalyzes a first order EWPT
may lead to deviations accessible at future Higgs factories [529].

e The Higgs-to-diphoton decay rate. If a new neutral scalar is part of an elec-
troweak multiplet, its charged partners will contribute to this loop-induced
decay, with a magnitude governed by the scalar mass and the same Higgs
portal coupling responsible for a first order EWPT. Order 1-10% devia-
tions from the SM prediction are possible, yielding potentially observable
signatures at next generation colliders.

® Possible new or “exotic "Higgs decay modes into new light particles
responsible for a first order EWPT.

For a generic assessment of the discovery reach for direct and indirect
signals associated with a first order EWPT — along with an extensive set of
references to model-specific studies — see Ref. [111].

The two types of collider probes of new physics that may catalyze a first
order EWPT, direct production of the new particle states and precision mea-
surements of Higgs properties, are complementary to each other and to GW
probes of the EWSB thermal history. In the following, we discuss several con-
crete examples of such interplay, which illustrate the reach when combining
collider searches and GW observations to probe the properties of a possible
first order EWPT.

Singlet-driven EWPT scenarios. The interactions of a SM gauge singlet scalar
with the Higgs open up significant possibilities for a first order EWPT. A
singlet may be either real (the “xSM”) or complex (the “cxSM”) and involve
adding to the SM one or two new degrees of freedom, respectively. We focus on
the EWPT in the xSM (see, e.g., [112, 114, 529-531]). In the absence of a Zy-
symmetry for the singlet scalar field .S, the Higgs and the singlet will generally
mix. On general grounds, one expects |sin | 2 0.01 when a first order EWPT
is sufficiently strong as to accommodate electroweak baryogenesis [111]. The
presence of the singlet, both via the mixing angle # and via its contribution to
the Higgs two-point function at loop level, leads to a universal suppression of
Higgs couplings to gauge bosons and fermions w.r.t. their SM values. Precision
studies of Higgs boson properties provide multiple avenues for observing these
effects. For example, it has been shown in [114, 532] (see also [533]) that the
resulting modification of the Higgs coupling to the Z boson would allow one to
probe a large fraction of the parameter space region yielding a strongly first-
order EWPT at FCC-ee, CEPC or ILC-500. Measurements of the Higgs boson
signal strengths at the LHC or future Higgs factories could provide a similarly
powerful probe, as shown in Ref. [529]. The Higgs self-coupling A3 could be
measured at a future 100 TeV hadron collider or a multi-TeV lepton collider
(e.g. CLIC or a muon smasher) with 10% precision or better, which yields a
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comparable constraint on the singlet parameter space in the small-mixing limit
sinf < 1 [529, 532].

On the other hand, it is possible that the degree of singlet-Higgs mixing
needed for a first order EWPT may not be entirely accessible with future
precision Higgs studies. In this case, direct production via the “resonant di-
Higgs” process (for ms > 2my,) provides a complementary approach. It was
shown in Ref. [534] that searches for this process in the channels pp — s —
hh — bbyy and pp — s — hh — 47 at a 100 TeV hadron collider could cover
the entire first order EWPT parameter space, including portions not accessible
through precision Higgs studies. (See also Refs. [535, 536] for resonant di-
Higgs probes of the EWPT in the xSM with the bW W and 4b channels at
the HL-LHC.) Additional direct production possibilities include vector boson
fusion (VBF) production of the singlet at 3 TeV CLIC [537, 538] or a multi-
TeV muon collider [538, 539] with its subsequent decay to a Higgs boson pair
(s — hh — bbbb) or Z boson pair (s — ZZ — ¢4~ ¢~) (with higher collision
energy setups giving higher reach).

Conversely, for small singlet scalar masses m, < my/2, exotic Higgs
decays h — ss will also allow to probe the corresponding first-order EWPT
region [540, 541] at the HL-LHC (in the bbrT final state) and future lepton
colliders (in the 4b final state). When combined with the projected sensitiv-
ity to the EWPT via GWs of the future LISA detector, (almost) the entire
parameter space yielding detectable GW signals would be probed by future
multi-TeV lepton colliders [539] (and also by 100 TeV hadron colliders). Thus,
if a stochastic GW signal from a phase transition were to be detected by LISA,
these future collider facilities would provide a key cross-check to identify the
underlying new physics. The complementarity between GW probes with the
future LISA detector and new physics searches at colliders (in this case the
HL-LHC) is shown explicitly for the xSM in Fig. 2, in the plane of EWPT
strength o and inverse duration (in Hubble units) 8/H* (see section 3), using
PTPLoT [542].

For the Zo-symmetric singlet extension of the SM [112, 533] the direct
signatures® at colliders differ from the ones discussed above: the singlet field
does not mix with the Higgs, has to be produced in pairs and does not decay
to SM particles, escaping the detector as missing transverse energy EMiss,
For ms > my /2, the sensitivity of the HL-LHC (in the VBF process pp —
2j + ss via an off-shell Higgs) will be very limited, and the parameter space
yielding a first-order EWPT will only be accessible at a future 100 TeV hadron
collider [533, 543] or multi-TeV lepton colliders [538, 544, 545] (also possibly
at a high-energy ~7 collider based on such lepton colliders [546]). A space-
based GW observatory like LISA would then have the first chance to probe
the parameter space with a first-order EWPT in the Z,-symmetric scenario
(as discussed in section 6.1 of [36]).

3Indirect signatures of the singlet through the modifications of Higgs couplings would be similar
to the non-Zs-symmetric case discussed above in the limit of vanishing Higgs-singlet mixing.
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BIH

Not probed by HL-LHC
Will be probed by HL-LHC

1071 10°
a
Fig. 2 EWPT strength « versus inverse duration (in Hubble units) 8/H* for xSM bench-
mark scenarios. The orange benchmarks feature a singlet mixing [sinf| > 0.1, thus within
reach of the HL-LHC, while the HL-LHC will not be able to probe the blue points (some
of which are within reach of LISA). The red-orange-green curves correspond to the LISA
sensitivity with a certain signal-to-noise ratio (indicated in the figure). The black dashed
lines correspond to constant values of (‘rSWH)’1 (see section 3), with 7swH < 1 for the grey
region. Figure adapted from [36] using PTPLOT [542].

For other (non-singlet) extensions of the SM yielding a strong first-order

EWPT, e.g. with new scalar electroweak multiplets, the non-singlet nature of
the new fields helps making them more accessible at high-energy colliders. This
strengthens the interplay between LHC studies and the generation of GWs
from the EWPT. Important cases of recent interest include:
Two-Higgs-doublet models (2HDM). In this scenario, a first-order EWPT
favours a sizable mass splitting among the new states Ag and Hy from the
second Higgs doublet, and LHC searches for pp — Ag — Hy Z yield impor-
tant constraints on the corresponding EWPT parameter space [547, 548]. The
HL-LHC will completely probe the first-order EWPT parameter space in the
2HDM of Type-II (see e.g. section 9.4 of [549]), while for Type-I, LISA will be
able to explore parameter regions beyond the LHC.
Eztension of the SM by a (real) scalar SU(2)y, triplet. This scenario[145, 147,
148, 550], which entails adding three new degrees of freedom to the SM, allows
for a very strong first-order EWPT through a two-step process [145] within the
reach of LISA. It also predicts various distinct collider signatures, including
the modification of the h — =~ branching fraction and disappearing track
signatures [551] associated with the compressed triplet scalar spectrum.

Recent work on the triplet model that draws on the use of effective field
theory and lattice simulations, illustrates how the combination of GW and col-
lider observations could test the model and identify the values of the relevant
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Fig. 3 Real triplet extension of the SM. Panel (a) gives the phase diagram in terms of
the triplet mass my, and Higgs portal coupling a2. The light blue, green, red, and grey
areas correspond to singlet step crossover transition, single step first order transition, two
step thermal history, and unstable electroweak minimum, respectively. The interior of the
black dashed contour corresponds to an EWPT that would complete. The thin black band
is the allowed region for a hypothetical LISA observation. The dark (light) ellipses give
prospective collider allowed regions for scenarios BMA (BMA’): determination of the triplet
mass and Higgs diphoton decay rate (adds a measurement of the neutral triplet decay to two
Z bosons). The blue bands in panel (b) show projection of the hypothetical collider allowed
parameter space into the plane of GW-relevant inputs. Figures adapted from Ref. [153].

parameters[153]. llustrative results are shown in Fig. 3. Panel (a) shows the
phase diagram (see caption for details), with the thin black band giving the
portion region that a hypothetical GW signal would identify. The dark and
light blue ellipses correspond to the results of prospective future collider obser-
vations. An overlap between the collider and GW-allowed regions could enable
a precise determination of the model parameters in a way that is unlikely to
occur with either GW or Collider measurements alone. Panel (b) shows how
a hypothetical collider-allowed region in the plane of GW input parameters.
Some portions of that parameter space would lie within the range of currently
envisioned GW probes, while a complete coverage would require development
of more sensitive probes.

Finally, some scenarios envision the dark matter actually plays a role in
modifying the nature of the EWPT. An example in this class is the so called
lepton portal dark matter model, with Majorana fermionic dark matter candi-
date [552] which has negligible direct and indirect signals. Therefore, the only
hope to probe such a WIMP scenario is the collider searches. The scalar portal
interactions between the charged mediator and the SM Higgs are first consid-
ered in Ref. [135], which shows that the EWPT can be modified to a first-order
one, providing an extra detecting channel, i.e. the first order EWPT GWs. It
is shown that the precision measurement at the future CEPC on Higgs exotic
decay and Higgs coupling to lepton can be complementary to the GW signals
in probing the scalar and lepton portal couplings.
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6.2 Theoretical Robustness

When exploring the EWPT sensitivity of future GW and collider probes, it is
important to assess the reliability of the theoretical computations. To date, the
bulk of such studies have relied on the use of perturbation theory to analyze the
EWPT thermodynamics and bubble nucleation dynamics (in the case of a first
order EWPT). However, it has long been known, if not widely appreciated in
recent times, that exclusive reliance on perturbation theory can yield quanti-
tatively and qualitatively misleading results. The most significant impediment
arises from bosonic contributions to thermal loops. While non-perturbative lat-
tice computations are free from this difficulty, exclusive reliance on the lattice
is not practical for a wide survey of BSM scenarios and the relevant parameter
space therein. A reasonable middle ground is to pair the lattice with state-
of-the-art perturbative computations, using the former to “benchmark” the
latter. The latter now relies on the use of the dimensionally-reduced, three-
dimensional effective field theory (DR 3DEFT). For recent applications to the
singlet, 2HDM, and real triplet models, see Refs. [148, 220, 221, 553, 554].

A recent application of this benchmarking approach to the GW-collider
interplay is given in Ref. [220]. In that study, it was observed that if a new
scalar is sufficiently heavy to be integrated out of the DR 3DEFT, yielding
a high-temperature effective theory that is SM like, then the resulting GW
signal is unlikely to be accessible with LISA. Only for a sufficiently light or
dynamical new scalar could one expect a signal in the LISA detector. On the
other hand, future collider searches could still probe the first order EWPT-
viable models that would be inaccessible to LISA. Looking to the future, the
use of lattice-EFT methods to investigate the prospects for next generation
GW probes is a clear theoretical forefront.

6.3 Other Phase Transitions

Other phase transitions close to the weak scale can also leave both collider and
GW signal. One of the well motivated scenarios is Supersymmetry, which could
be probed with GWs, complementing the existing efforts in collider physics.

First, the presence of light supersymmetric particles (specifically the stops)
coupled to the SM Higgs could affect the properties of the EW symmetry
breaking, rendering it strongly first order [555, 556]. However such light stop
scenario is in tension with LHC data [557-560]. Within the same strategy, one
could consider non minimal SUSY extension of the SM including extra scalars
which further favour a strong FOPT, without being excluded by the LHC (see
e.g. [561-563]). The phenomenology of such models possesses features similar
to the singlet extensions of the SM which have been previously discussed.

A promising scenario for GW signatures in the MSSM has been investigated
recently in [172]. In this realization the MSSM scalars have a non-standard
thermal evolution at high temperatures, passing through a phase of symmetry
non-restoration. The associated phase transition at high temperature can be
a source of GWs, possibly detectable in future interferometers.
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Futhermore, viable SUSY models should include a sector where SUSY is
spontaneously broken, and SUSY breaking is tied to spontaneous R-symmetry
breaking [564]. In [173] the SUSY and R-symmetry phase transition in simple
SUSY breaking hidden sectors has been investigated, and it has been shown
under which conditions this can be strong and first order, leading to a SGWB.
Constraints from gravitino cosmology set bounds on the SUSY breaking scales
resulting in a GW spectrum in the frequency ranges accessible to current and
future interferometers. Moreover, once the SUSY breaking mediation scheme
is specified, the peak of the GW spectrum is correlated with the typical scale
of the SM superpartners, and a visible GW signal would imply superpartners
within reach of future colliders.

As a generic remark, we emphasize that SUSY gauge theories typically
include large scalar manifolds where phase transitions could have occurred
during the evolution of the Universe, opening the possibilities for novel mech-
anisms to generate GW signatures and to test high energy SUSY breaking
scales.

7 Correlating GW Background with EM
Observations

As discussed above, a SGWB arises as an incoherent superposition of many
GW sources, summed over all sky directions and both polarizations. Numerous
SGWB models have been proposed, both cosmological and astrophysical, many
of which are accessible to terrestrial and space-borne GW detectors [565, 566].
These models often yield predictions for other cosmological observables, such as
the CMB, the distribution of galaxies across the sky and redshift, and the dis-
tribution of dark matter throughout the universe. It is therefore expected that
cross-correlating the spatial structure in the SGWB with spatial structures
in other cosmological observables would enable new probes of the underlying
physical models and of the earliest phases of the evolution of the universe.
The SGWB is typically described in terms of its energy density [567, 568]:

. . _
Qaew(é, f) = %d p(f;gg’e) = Qfﬂw + 0Qaw(é, f), (1)

where dpgw is the energy density of gravitational radiation stored in the fre-
quency band [f, f + df], é is the direction on the sky, and p. is the critical
energy density needed for a spatially flat Universe. In the second step, we
have separated the isotropic and anisotropic components of the SGWB energy
density. The anisotropic part can further be decomposed in spherical harmon-
ics 0Qaw (&, f) = D1 @im(f)Yim(é), from which the angular power spectrum
can be computed as Ci(f) o< >, (aim(f)aj,(f)), under the assumption of
statistical isotropy.

While the isotropic SGWB component is expected to be larger than the pos-
sible anisotropy across the sky, there have been significant recent developments
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in the literature computing the levels of anisotropy for various astrophysical
and cosmological SGWB models [569-594]. Some of them have also investi-
gated the possibility of correlating the SGWB anisotropy with the anisotropy
observed in electromagnetic (EM) tracers of the large scale structure, such
as galaxy counts and weak lensing [576-578, 580, 582, 583, 585, 595-597], or
the CMB [569, 586-588, 590, 592-594]. In such cases, one can also expand
the EM observable (such as galaxy count distribution) in spherical harmon-
ics (with coefficients b,,,) and define the angular cross-correlation spectrum
Di(f) < >, (am(f)b;,,(f)). These SGWB-EM anisotropy correlations carry
unique potential to probe different aspects of high-energy physics, as we outline
in the following examples.

SGWB-CMB Correlations: While most cosmological SGWB models
predict isotropic backgrounds [27, 31, 33, 598-602], recent studies have started
to investigate anisotropy in these models. An example is the model of phase
transitions (PT) in the early universe, which occurred as the universe cooled
and went through symmetry-breaking transitions [603—611]. As bubbles of a
new vacuum form and expand, collisions of bubble walls, combined with cor-
responding motion of the plasma and magnetohydrodynamic turbulences lead
to formation of the SGWB [611], as discussed in Section 3. A PT is expected
to occur at the time of the electroweak symmetry breaking, at ~ 1 TeV scale,
resulting in a potentially strong SGWB in both LISA and third-generation
(3G) terrestrial detector bands [610, 612]. Possible PTs at higher tempera-
tures (~ 103 — 105 TeV) would also be accessible to 3G detectors [612]. The
PT would have occurred at slightly different redshifts in different causally dis-
connected regions of the universe, giving rise to anisotropy in the SGWB. The
SGWB angular structure would not be affected by interactions with the plasma
(i.e. effects such as Silk damping and baryon acoustic oscillations are not rel-
evant for GWs), resulting in a simple angular spectrum: CZW ~ [I(I + 1)]71
[586]. Assuming the PT happened after inflation, the primordial density fluc-
tuations that led to the CMB angular spectrum would also have been present
during the PT, imprinting a SGWB anisotropy at least as large as the CMB
anisotropy [586]. The degree and nature of correlations between the two back-
grounds would provide valuable insight into inflation and the ”dark ages* of
cosmic history.

While SGWB anisotropy can be generated at the time of the SGWB
production, as in the above phase transition example, it is also possible for
the SGWB anisotropy to be generated while GWs propagate through a non-
uniform universe. This effect is common for all isotropic early-universe SGWB
models: as GWs propagate through large-scale density perturbations that are
correlated with the CMB temperature and E-mode polarization, they too
become correlated with the CMB [569, 587, 588, 592, 593]. Multiple examples
of extensions of ACDM universe model have been examined, all featuring new
pre-recombination physics. This includes models with extra relativistic degrees
of freedom, a massless non-minimally coupled scalar field, and an Early Dark
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Energy component [594]. SGWB-CMB correlations help constrain these mod-
els at various levels of significance, depending on the specific model and on the
strength of the SGWB monopole.

Cosmic strings: As discussed in Section 4, cosmic strings, either as fun-
damental strings or as topological defects formed during PTs in the early
universe, are expected to support cusps [327, 613-615] and kinks [616], which
if boosted toward the Earth could result in detectable GW bursts. Integrat-
ing contributions of kinks and cusps across the entire string network results
in a SGWB. Discovery of the cosmic superstring SGWB would open a unique
and rare window into string theory [324]. The amplitude, the frequency spec-
trum, and the angular spectrum depend on fundamental parameters of cosmic
strings (string tension, reconnection probability), and on the network dynam-
ics model [617-619]. While the isotropic (monopole) component of this SGWB
may be within reach of the advanced or 3G detectors [620], the anisotropy
amplitudes are found to be 10* — 10® times smaller than the isotropic compo-
nent, depending on the string tension and network dynamics [570, 621]. This
level of anisotropy may be within reach of the 3G detectors. Correlating the
anisotropy of this SGWB with anisotropy in the CMB or large scale struc-
ture may reveal details about the formation and dynamics of the cosmic string
network.

Primordial Black Holes (PBHSs): As discussed in Section 5, PBHs are
of high interest as dark matter candidates and have been searched for using
different observational approaches, including gravitational lensing, dynamical
effects, and accretion effects. While constraints have been placed that disfavour
PBHs as a significant fraction of the dark matter, they are far from conclusive
due to the variety of assumptions involved, and consequently a window around
10Mg is still allowed. Cross correlating the sky-map of the SGWB due to
binary black hole (BBH) signals with the sky-maps of galaxy distribution or
dark matter distribution could provide additional insights on the origin of black
holes [622—625]. In particular, in more massive halos the typical velocities are
relatively high, making it harder for two PBHs to form a binary through GW
emission, since the cross section of such a process is inversely proportional to
some power of the relative velocity of the progenitors. The PBH binaries are
therefore more likely to form binaries in low-mass halos. On the other hand, the
merger probability for stellar black holes is higher in more luminous galaxies
(or more massive halos). Therefore, if the BBH SGWB anisotropy is found to
be correlated with the distribution of luminous galaxies, the BBHs would be
of stellar origin, otherwise they would be primordial. While mergers of PBHs
would tend to trace the filaments of the large-scale structure, stellar BBH
mergers would tend to trace the distribution of galaxies of high stellar mass.
The clustering of well-resolved individual GW sources may provide additional
constraints [626-628], and efforts to combine well-resolved sources with the
SGWB hold promise as well [629].

Outlook for GW-EM observations: Advanced LIGO and Advanced
Virgo have produced upper limit measurements of the SGWB anisotropy in the
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20-500 Hz band for different frequency spectra, and for both point sources and
extended source distributions on the sky [630, 631]. Similar techniques for mea-
suring SGWB anisotropy in the 1 mHz band using LISA are being developed
[632]. The first attempts to correlate SGWB measurements with EM obser-
vations are also being developed (for example with the SDSS galaxy survey,
resulting in upper limits on the cross-correlation [633]). Much more remains
to be done in order to fully explore the science potential of the SGWB-EM
correlation approach. Systematic studies are needed to understand the angu-
lar resolution of GW detector networks and to perform optimal SGWB-EM
correlation measurements so as to start constraining model parameters—e.g.
Bayesian techniques applied to the BBH SGWB are particularly promising
[634, 635]. Further development of theoretical models of SGWB-EM anisotropy
correlation is critical to enable formulation of suitable statistical formalisms
to compare these models to the data. Finally, the study of the astrophysi-
cal and cosmological components of the SGWB and their correlations with
different EM observations will be further deepened by the upcoming, more
sensitive data coming from gravitational wave detectors (LIGO, Virgo, Kagra,
Einstein Telescope, Cosmic Explorer, LISA), galaxy and weak lensing surveys
(EUCLID, SPHEREx, DESI, SKA, and others), and CMB measurements.

8 Conclusions

This white paper highlights the strong scientific potential in using GW obser-
vations to probe fundamental particle physics and the physics of the early
universe. Processes that took place in the Universe within one minute after
the Big Bang are often associated with high energies that cannot be repro-
duced in laboratories, making GW observations unique opportunities to probe
the new physics at such energies. In some cases, combining GW observations
with accelerator-based experiments or with cosmological observations in the
electromagnetic spectrum allows even more powerful probes of the new physics.

The standard inflationary paradigm results in a scale-invariant GW spec-
trum. A novel coupling between the inflaton and gauge fields could result in
a strongly blue-tilted spectrum. At the end of inflation, a variety of mecha-
nisms for transferring energy from the inflaton to other particles, including
reheating and preheating phases, could result in a boost of the GW spectrum
at relatively high frequencies. The presence of additional phases in the Uni-
verse, especially if characterized by stiff equations of state, could also result in
a significant blue GW spectrum observable by future GW detectors. Alterna-
tive cosmologies, such as pre-Big-Bang and ekpyrotic models, could also leave
observable blue GW spectra, hence providing new windows into the origins of
the universe.

As the Universe cools, multiple symmetries are expected to be broken at
different energy scales, resulting in phase transitions in the early universe.
The electroweak phase transition is of particular interest, but others are also
possible, including QCD, supersymmetry, and others. If they are first-order,
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these phase transitions could result in GW production with a spectrum typ-
ically peaked around the frequency corresponding to the energy scale of the
phase transition. GW production mechanisms include collisions of bubble
walls, sound waves in the plasma, and magnetohydrodynamic turbulence. In
the case of electroweak phase transitions, existence of new physics slightly
above the electroweak scale could cause the transition to be first-order. Such
new physics would be within reach of future collider experiments, including
the ILC, FCC, CEPC, and others, hence raising the distinct possibility of
combining collider experiments with GW observations to probe the physics of
electroweak symmetry breaking. Similar collider-GW complementarity could
also be used to study other symmetries and corresponding phase transitions,
with supersymmetry as a notable example.

Furthermore, phase transitions in the early universe could result in topo-
logical defects, such as strings or domain walls. Among these, cosmic strings
have received much attention as possible GW sources: the dynamics in cosmic
string loops is expected to produce a broad GW spectrum, spanning decades in
frequency, with the amplitude strongly dependent on the string tension. More
recently, axion strings and topological defects have been studied as sources
of GWs, likely with a spectrum with logarithmic decline at high frequencies.
Cosmic superstrings are also a possible GW source, turning GW experiments
into novel ways to test string theory.

Dark matter could result in GW production with a broad variety of mor-
phologies. Dark matter in the form of primordial black holes could be detected
in individual binary black hole merger events, for example if involving sub-
solar black holes or if taking place at high redshift (> 20), or by observing
the SGWB due to binary black holes whose spectrum would depend on the
fraction of black holes that are of primordial origin. Dark matter in the form
of dark photons would induce quasi-monochromatic displacements in the GW
detector test masses, at the frequency set by the dark photon mass, and could
be searched for using Fourier techniques. Dark matter in the form of a dilaton
would cause changes in the length and index of refraction in a GW detector’s
mirrors, hence inducing phase differences in the detector’s two arms. Dark
matter in the form of axions could generate GW signatures through the black
hole superradiance process or by modifying the inspiral signal in neutron star
binary mergers.

Finally, we note that cross-correlations of the anisotropy in GW energy
density and the anisotropy in electromagnetic tracers of the structure in the
universe (cosmic microwave and infrared backgrounds), weak lensing, galaxy
counts) could also serve as powerful probes of the early universe physics. As
an example, if a phase transition happened after inflation, the primordial den-
sity fluctuations that led to the CMB angular spectrum would also have been
present during the phase transition, imprinting anisotropy in the SGWB at
least as large as (and correlated with) the CMB anisotropy. Other applica-
tions include cosmic string probes and probes of dark matter in the form of
primordial black holes.
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This tremendous breadth of fundamental particle physics and cosmology
phenomena will be accessible to future GW observations, including terrestrial
and space-borne detectors, pulsar timing observations, and experiments target-
ing the B-mode CMB polarization. Realizing this scientific potential requires
not only development and completion of the next generation of GW and col-
lider detectors, but also theoretical developments that would define effective
probes of the phenomena using the upcoming data.
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