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We search for gravitational-wave background signals produced by various early Universe processes
in the Advanced LIGO O4a dataset, combined with the data from the earlier O1, 02, and O3 (LIGO-
Virgo) runs. The absence of detectable signals enables powerful constraints on fundamental physics.
We derive gravitational-wave background energy density upper limits from the O1-O4a data to
constrain parameters associated with various possible processes in the early Universe: first-order
phase transitions, cosmic strings, domain walls, stiff equation of state, axion inflation, second-order
scalar perturbations, primordial black hole binaries, and parity violation. In our analyses, the
presence of an astrophysical background produced by compact (black hole and neutron star) binary
coalescences throughout the Universe is also considered. We address the implications for various

cosmological and high energy physics models based on the obtained parameter constraints. We
conclude that LIGO-Virgo data already yield significant constraints on numerous early Universe

scenarios.

I. INTRODUCTION

Advanced LIGO [1], Advanced Virgo [2] and KA-
GRA [3] have completed three observational runs. LIGO,
Virgo and KAGRA are now in their fourth observational
run, O4, which began in May 2023. The O4a part of
the run started on May 24, 2023, going until Jan. 16th,
2024 [M]. Data acquired in these observation runs have
resulted in a series of novel scientific pursuits. This in-
cludes discovery of over 200 compact binary (black hole
and neutron star) mergers [0], increasingly stringent tests
of General Relativity [0], multi-messenger measurements
of the Hubble constant [7], and measurements of the neu-
tron star equation-of-state [§].

One of the primary targets of these observations is the
gravitational-wave background produced by a superpo-
sition of a large number of uncorrelated gravitational-
wave signals [9]. Observations of stellar mass compact
binary mergers by Advanced LIGO and Advanced Virgo
imply that a gravitational-wave background of astrophys-
ical origin [TOHI5] should exist and that it may be de-
tectable by the LIGO-Virgo-KAGRA network in the near
future [I6HIY]. Furthermore, a gravitational-wave back-
ground could be of cosmological origin, generated in a
variety of processes in early phases of the Universe. Con-
sequently, gravitational-wave background searches can
be used to probe high energy physics models at energy
scales beyond the ones reached at the Large Hadron Col-
lider [20], and to explore early Universe cosmological sce-
narios [21H24].

In what follows, we present searches for a gravitational-
wave background produced by various cosmological mod-
els, using the LIGO O1 [25], 02, O3 [26] and O4a [27, 28]
data, plus Virgo O3 [29] data, and we report the re-
sulting constraints on their parameters. Motivations for
considering sources of a cosmological gravitational-wave
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background descend from open questions of fundamental
physics. Indeed, despite the extraordinary success of the
Standard Model of Particle Physics and Cosmology, our
understanding of basic aspects of fundamental physics is
still incomplete. The nature of dark matter, the origin
of the matter/anti-matter asymmetry, the explanation of
the neutrino masses, and the realization of inflation re-
main as important open questions. In order to solve these
issues, scenarios of physics beyond the Standard Model
are investigated and are under scrutiny in astro-particle
experiments, from colliders to telescopes. Many of these
beyond the Standard Model scenarios also imply novel
phenomena happening in the very early stages of the
Universe, potentially leaving footprints in the form of a
gravitational-wave background. The models for which we
conduct gravitational-wave background searches are first-
order phase transitions, cosmic strings, domain walls,
stiff equation of state, axion inflation, second-order scalar
perturbations, primordial black holes, and parity viola-
tion.

The first three models (first-order phase transitions,
cosmic strings, domain walls) we consider are related to
cosmological phase transitions, common in theories with
spontaneously broken symmetries [30H32]. If the phase
transition is first-order, it can generate a gravitational-
wave background [33]. Phase transitions followed by
spontaneously broken symmetries can lead to topologi-
cal defects, such as cosmic strings [34] B5] and domain
walls [36H42], extended objects in the Universe that can
produce a gravitational-wave background.

The next three models (stiff equation of state, axion in-
flation, second-order scalar perturbations) we study lead
to a gravitational-wave background generated during in-
flation. While single-field slow-roll inflation within the
ACDM cosmological model predicts a gravitational-wave
background that is too weak to be observed with cur-
rent detectors, other inflationary models may produce
a detectable gravitational-wave background. For an ex-
otic early Universe cosmological model with a stiff equa-
tion of state [43H51], we explore the gravitational-wave
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background generated during inflation [50H53]. For the
axion inflation model, we consider a coupling between
the scalar field driving inflation and an SU(2) gauge
field, and calculate the produced gravitational-wave
background [54H57]. For second-order scalar perturba-
tions [58], we estimate the gravitational-wave background
induced by primordial curvature perturbations [59H63].

Next we study a gravitational-wave background gener-
ated by mergers of primordial black holes [64] that could
have formed by a variety of mechanisms in the early Uni-
verse. Finally, we study a gravitational-wave background
that exhibits chiral polarization. We consider a model-
independent parametrization of such a background, as
well as a particular case where parity violation originates
from axion inflation [65].

For each of these cosmological models, the absence of
a gravitational-wave background constrains their param-
eters. The results of our analysis show that the LIGO-
Virgo O1-O4a data can already be used to successfully
derive new constraints on a wide range of theories beyond
the Standard Model.

Formalism and methodology: The gravitational-wave
background is quantified in terms of its energy density
per logarithmic frequency interval, and compared to the
critical energy density of the Universe. Specifically,

Quw(f) = L L2 1)

where pgw is the energy density of gravitational
waves, the critical energy density of the Universe is
pe = 3HZ/(87G) ~ 7.7 x 107 erg em™3, Hy =
100 h km/s/Mpc is the Hubble constant with h = 0.68
from the Planck measurements [66], ¢ the speed of light,
and G Newton’s constant. The gravitational-wave back-
ground spectrum is often approximated by the power-law
(PL) form with the spectral index «
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where (¢ is the gravitational-wave energy density at
the reference frequency frer. A background produced by
compact binary mergers from population I or II stars
can be approximated as having o = 2/3 [67]. Cosmolog-
ical backgrounds can also be typically approximated as
power laws, or as broken power laws, as we show in the
following.

For the first three observing runs, the LIGO-Virgo-
KAGRA collaboration reported an upper limit on the
strength of an isotropic gravitational-wave background
of Qaw < 5.8 x 1072 for @« = 0 and 95% credi-
ble level [68] with 99% of the sensitivity coming from
the band (20-76.6) Hz. For a = 2/3, the limit was
Qaw(25Hz) < 3.4 x 107 in the band (20-90.6) Hz. This
upper bound was derived from the LIGO data acquired
during O1, O2, and O3 observing runs, as well as Virgo
data of O3. There have also been searches for back-
grounds with non-standard polarizations, such as scalar

and vector (in addition to tensor) [69] [70]. Anisotropic
backgrounds have been also explored [15] [71].

The O4a data, combined with the data from O1, O2
and O3, do not provide evidence for the detection of a
gravitational-wave background [I9]. As such, an upper
limit of Qaw < 2.8 x 1079 is set for a = 0 and 95% confi-
dence, with 99% of the sensitivity coming from the band
(20 - 58.2) Hz. For a = 2/3 the limit is Qqw(25Hz) <
2.0 x 1079 in the band (20 — 86.8) Hz [19]. The LIGO-
Virgo-KAGRA Collaboration has also searched for an
anisotropic gravitational-wave background [71].

To derive constraints on the cosmological model pa-
rameters, we perform a Bayesian analysis [72] using
the data from the LIGO-Virgo O1-O4a observing runs,
following the methods developed in [73]. Assuming
the cross correlation estimator Cr;(f) [68] is Gaussian-
distributed, we write the following likelihood function

P(OI.](f)|07 A)

1 [Cri(f) — AQaw(f, 0))
X exp B Z O'?J(f) ]
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using data from detectors I and J, while o7 ,(f)

is the variance. Both Cr;(f) and o%,(f) are data
products from the LIGO-Virgo-KAGRA collaboration
isotropic gravitational-wave background search analy-
sis [19], where they are calculated from the LIGO-Virgo
data. It is assumed that such an isotropic search does
not have correlated noise between detectors I and J,
for example, from correlated magnetic noise [74]. Hence
a standard Gaussian noise model is preferred [68], and
the potential contribution from correlated magnetic noise
(Schumann resonances) [75] can be neglected [19]. The
function Qgw(f, @) corresponds to the model considered,
described by the set of parameters 8, while the parame-
ter A, which we marginalize over, accounts for the detec-
tors’ calibration uncertainties [I9]. A minimum of two
detectors are needed in order to conduct this analysis.
The two LIGO detectors contribute the most to the cor-
relation due to the smallest distance separation in the
network, their optimal alignment [76 [77], and their sen-
sitivities [68].

In our analyses, we take into account the contri-
bution from an isotropic astrophysical background of
compact binary coalescences (CBC) Qcpc(f,0cpc) =
Qcpe(f, Qrer, @), which we model by Eq. [2] where frof =
25 Hz [68]. The cosmologically produced gravitational-
wave background is Qcosmo(f, Ocosmo)- The total
gravitational-wave background is

QGW(fu 0) = QCBC(fa Qref7 Oé) + QCosmo(fy eCosmo)~ (4)

This publication is organized as follows: we present
limits on various cosmological models in the following
sections; first-order phase transitions in Sec. [} cosmic
strings in Sec. [[Ilf domain walls in Sec. [[V} stiff equation
of state in Sec. [V} axion inflation in Sec.[VI} second-order



scalar perturbations in Sec. [VII} primordial black holes
in Sec. [VIII} and parity violation in Sec. [[X] For each of
the eight scenarios we discuss the motivation, we present
the model considered, and give the constraints to the
model parameters using O1-O4a LIGO-Virgo data. The
models analyzed in this work span a wide range of phys-
ical processes. While we aim for a uniform presentation,
the specific statistical products (such as two-dimensional
corner plots) vary between models. This is due to the
inherent differences in parameter dimensionality and the
nature of the constraints in the LIGO-Virgo frequency
band. For models where certain parameters are fixed or
where the data only constrains a single combination of
parameters (e.g., cosmic strings), two-dimensional plots
are omitted in favor of more descriptive one-dimensional
upper limits or exclusion regions. Conclusions are given

in Sec. Xl

II. FIRST-ORDER PHASE TRANSITIONS
A. Motivation

Cosmological phase transitions are among the most
well-motivated early Universe phenomena we anticipate
(see e.g. [30H32]). They are a common feature of parti-
cle physics models that exhibit symmetry breaking. The
phase transition is first-order when the effective poten-
tial of the theory develops a new minimum (true vacuum)
with a free energy density lower than that of the mini-
mum at high temperature (false vacuum), and both are
separated by a potential barrier. The Universe then vio-
lently transitions from the symmetric higher energy false
vacuum to the broken lower energy true vacuum. A first
order phase transition could be a powerful source of a
gravitational-wave background.

Given our knowledge of the cosmological history and
particle physics, such transitions could have occurred
within the first one-trillionth of a second after the Big
Bang, at energies higher than those accessible in present-
day particle accelerators. Their gravitational wave im-
prints would be an important key to determining the
correct theory beyond the Standard Model realized in
Nature.

The Standard Model itself undergoes two phase tran-
sitions: the electroweak phase transition due to the
breaking of electroweak symmetry, and the confinement-
deconfinement phase transition due to chiral symmetry
breaking in quantum chromodynamics (QCD). Neither
of these Standard Model phase transitions is first order
(or generates stable topological defects), thus no corre-
sponding gravitational wave signatures are expected.

However, many extensions of the Standard Model with
enlarged symmetry structures at high energies necessarily
undergo spontaneous symmetry breaking (for sufficiently
high reheating temperature). Such a first order phase
transition corresponds to nucleation of bubbles of true
vacuum in various points in the Universe. Those bubbles

then expand, collide with each other, and eventually fill
out the entire space. During this process, gravitational
waves are generated from processes such as bubble colli-
sions [78, [79], sound waves propagating in the early Uni-
verse plasma [80] R1], and magnetohydrodynamic turbu-
lence [82], with the first two contributions being typically
dominant (see e.g. [33] and references therein).

The strong connection of the resulting primordial grav-
itational wave background to particle physics provides
gravitational wave astronomy with a unique opportu-
nity to probe regions of parameter space of physics mod-
els completely inaccessible in any other types of exper-
iments. This includes various extensions of the Stan-
dard Model, e.g., models with an extended electroweak
gauge sector [83HRH], theories with dark sectors [R6HSS],
axion models [89H91], unification models [92] [93], super-
symmetric theories [94H96], or theories with extra dimen-
sions [97]. In turn, the information about physics at en-
ergies beyond the electroweak scale may provide insight
into solutions to problems such as the nature of dark mat-
ter or the origin of the matter-antimatter asymmetry of
the Universe.

As it has recently been shown based on the LIGO-
Virgo observing runs O1-O3, already current data can
be used to provide meaningful constraints on the parame-
ters of first order phase transitions [98]. This method was
successfully applied to particle physics models in the con-
text of supercooled transitions (see e.g. [99] [100]), lead-
ing to novel constraints on beyond-Standard Model the-
ories [10I]. In the following, we utilize the LIGO-Virgo
01-0O4a data to derive new and improved bounds on the
parameters of early Universe first order phase transitions.

B. Model

In this scenario the cosmological component Qcosmo Of
the gravitational wave background in Eq. depends on
the parameters describing the phase transition, i.e. on
the details of the particle physics model. From an effec-
tive theory point of view, a first order phase transition
can be fully described by just several parameters: w,,
— the bubble wall velocity (given in units of the speed
of light), Tpr — the temperature of the phase transition,
apt — the strength of the phase transition, which is equal
to the density of the energy released divided by the en-
ergy density of radiation, k — the fraction of the energy
corresponding to a given source, § — the inverse time
duration of the transition, and g, — the number of effec-
tive degrees of freedom (equal to 106.75 in the Standard
Model at high temperatures).

In our analysis we first discuss the sound wave con-
tribution which is typically dominant in case of ther-
mal phase transitions (where friction from the Standard
Model plasma is relevant), and then focus on the bubble
collision contribution which is the leading source of grav-
itational waves for vacuum phase transitions (where fric-
tion is negligible). We disregard magnetohydrodynamic



turbulence since its effects are typically subdominant and
their characterization is subject of ongoing research. As
for the gravitational wave background spectral shape for
these two types of contributions, we first select two rep-
resentative forms, while acknowledging the fact that new
results and simulations are continuously proposed in the
literature (see discussion after Eq. ) In light of this,
to maintain a model-independent approach, we then con-
duct a more generic search using the broken power law
(BPL) model.

Sound wave contribution

We first address the leading source of gravitational
waves for a thermal first order phase transition which
comes from sound waves in the primordial plasma, and
is caused by the coupling between the scalar field un-
dergoing the phase transition and the thermal bath [0}
[B1, 102]. A fruitful description of the physics of this
process is provided by the sound shell model [T03HIO05],
although its accuracy has been challenged [102] [T06]. We
employ the gravitational-wave spectrum as summarized
in [I07] based on the numerical simulations performed

in [81L [I02]. This yields (upon setting v,, = 1)

. (Hpr\ [aprrsw \’
h2Qg ~ 0.4x107°
() (%) ()
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where the peak frequency fsw is

_ ﬂ TPT Gx %
fsw = 0.089 Hz <HPT) (1 PCV) (100) - ()

In the equations above, Hpr is the Hubble constant at
the phase transition, kg is the fraction of the latent heat
transformed into the bulk motion of the plasma [10§]

KSwW = art ; (7)
0.73 + 0.083v/apy + apr

and the suppression factor T due to the finite lifetime of

sound waves is [105, 109]
1

o —175 0 ®)
[1+87r1/3vw(£51)(ﬁ%) /]

derived assuming a lifetime on the order of the timescale
for the onset of turbulence.

Bubble collision contribution

In some cases, e.g., when the first order phase transi-
tion occurs in the vacuum of a dark sector without sizable
interactions with the Standard Model, the sound wave
contribution is suppressed and the bubble collision part
becomes dominant. The corresponding spectrum is ob-
tained within the envelope approximation by assuming

a zero width for the bubble wall and neglecting contri-
butions from overlapping bubble segments [79, TTOHIT2).
We consider the gravitational-wave spectrum from bub-
ble collisions as reported in [I13], and based on the nu-
merical simulations of [IT4], given by (assuming v,, = 1)

h*Qpe(f) ~ 13x1o5<HPT>2( art )2
e . B apr +1

(100)$ (f/ fro)?
0. ) T+ (/fesc) 2t

where the peak frequency fpc is

5 TPT Jx %
fec =0.018 Hz (HPT> (1 Pcv> (100) - (10

The shape of the spectrum at low frequencies ~ f24,
close to the expected ~ f3 from causality, whereas the
high frequency behavior is ~ 1/f24.

While we will use Eq. (9) in our analysis, we note that
the precise shape of the gravitational-wave spectrum for
bubble collisions is not fully settled. It was reported
in [IT5] that simulations beyond the envelope approxi-
mation yield at high frequencies ~ 1/f%*. In [116] a

9)

dependence on wall thickness was found to change the
high-frequency spectrum from ~ 1/f%4 to ~ 1/f23 with
1ncreasmg thlckness Further variations of the spectrum

Broken power law

Given the continuous developments in the modeling
of the gravitational-wave signals from phase transitions
through numerical simulations and semi-analytical meth-
ods, and the resulting modification in the predicted spec-
tra, we now proceed with a generic BPL model search.

We consider the following parametrization for a BPL
gravitational-wave background:

-\ 3 ,
() e ()
J J
where the f2 dependence arises from causality, while,
e.g., ng = —4 corresponds to sound waves and no = —1
to bubble collisions, as considered above. In our search
we scan over the values no € [—8, 0], thus including both
of those cases and possible generalizations. We perform
the analysis and present our results for two representative
values of the parameter A: the value A = 2 for signals
with a smooth peak, and A = 4 for spectra with a more
abrupt transition at the peak.

QppL(f) =

A7 (n2=3)/A
] (11)

C. Constraints using O1-O4a LIGO-Virgo data

Here we determine the 95% confidence level (CL) up-
per limits on the strength of the gravitational-wave signal



ro el 1
XL (!

Y

R

2 0.0 0.5 110 115 2.0 (') i
logl()/}/Hprr logm [Tprr/PeV]

-12-10 -8 -6-2 -1 0 1

log10 Quer logioapr
FIG. 1. Constraints from the LIGO-Virgo observing runs O1-
O4a data on the first order phase transition parameters apr,
B/Hpr, and Tpr, assuming a dominant sound wave contribu-
tion in Eq. and taking into account the CBC background.
The priors selected are shown in Table [ The 95% and 68%
confidence level exclusion contours are shown in blue and red,
respectively. Clearly, less conservative choices of priors could
lead to stronger constraints. The green shaded region corre-
sponds to 8/Hpr < (87)'/3.

Parameter Prior

apT LogUniform[1072, 10%]
B8/Hpr LogUniform[1, 10%]
Ter/GeV LogUniform[10%, 10"°]
Qrer LogUniform[107'3,107¢]
Vw fixed at 1

TABLE I. Prior distributions assumed for the parameters
of the model and the CBC background. For apr < 1
the gravitational-wave signal would be suppressed, while for
apr > 1 the signal shape becomes independent from apr.
The parameter §/Hpt cannot be less than 1 for consistency
(see explanation in the text), while larger values suppress the
gravitational-wave signal beyond detectability. The parame-
ter TpT is chosen such that the broken power law spectrum
peak is at frequencies close to the ones accessible with LIGO-
Virgo-KAGRA.

from sound waves Qgw, bubble collisions Qgc, and the
generic BPL model Qppy,, arising from the LIGO-Virgo
observing runs O1-O4a data. The previous analyses of
this type in [98] [I01] were based only on the O1-O3 data
set.

To this end, we perform a Bayesian analysis for these
cases (using pygwb [121]) assuming the priors on the pa-
rameters and the CBC background specified in Table []
for sound waves and bubble collisions, and in Table [[]
for the BPL model. For the CBC background, we fix the
power law index to o = 2/3 and vary the amplitude Q,f.

logio apr

logio f/Hpr
S S =

logio [Tpr/PeV]
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FIG. 2. Similarly as in Fig.[l] the constraints from the LIGO-
Virgo observing runs O1-O4a data on the first order phase
transition parameters including the CBC background, but for
a dominant bubble collision contribution in Eq. @D

Results for sound waves and bubble collisions

Our analysis for the case of a dominant sound wave
contribution, using the spectrum given by Eq. , yields
the Bayes factor In Bgﬁfysw = —0.571, so we do not
find any evidence of a signal in the data. Fig. [I] shows
the posterior distributions for the combined CBC and
first order phase transition search in this case. The 95%
and 68% CL exclusion contours are highlighted. In the
posterior distributions, we also show with a gray dashed
line the LogUniform priors.

In the case when bubble collisions dominate, we get
In BSO]?SC;+BC = —0.631 for the spectrum in Eq. @ Fig.
presents the corresponding constraints from the com-
bined CBC and first order phase transition search. As
Fig. [2] demonstrates, with the priors listed in Table [I]
the data excludes at 95% CL a small portion of the pa-
rameter space of the bubble-collision-dominated phase
transitions, especially the region of Tpr = 108 GeV and
B/Hpr < 3.

It is important to remark that small values of 8 are
at the edge of the consistency with the description of
the phase transition. The bubble size is related to the g
parameter as R, % ~ (1/87)(8/vw)? [122]. We indicated
with a green dashed line in Figs. [T] and [2| the value of 3
for which the size of the bubbles becomes comparable to
the Hubble volume (see e.g. [123HI25] for recent studies
of this regime), shading the region in which it is greater.

Finally, we note that our analysis sets a 95% CL up-
per limit on the amplitude of the CBC background, 2.,
of 2 x 1079 for both the sound wave and bubble colli-
sion cases. These values are compatible with the ones
reported in [I9].

Results for the broken power law spectrum
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FIG. 3. Constraints from the LIGO-Virgo observing runs

01-O4a data on the first order phase transition parameters
including the CBC background using the BPL distribution in

Eq. [0 with A = 2.

Parameter Prior

0. LogUniform[107%,107%]
I+ Uniform[0, 256 Hz|

n2 Uniform[—8, 0]

Qrer LogUniform[107'3,107°]
A A=2orA=4

TABLE II. Prior distributions adopted for the parameters of
the BPL spectrum and the CBC background.

We now report the results for the generic BPL model
described in Eq. . For A = 2 our analysis yields the

Bayes factor lnBSOl?SCC+BPL(A:2) = —1.757, whereas for

A = 4, we get In BSECTBPLA=Y — 9 093, Figures [3
and [ show the 95% and 68% CL exclusion contours for
the two cases, respectively. For A = 2, the 95% CL
upper limits are Qof = 4.5 x 1072 and ©, = 2.1 x 1077,
whereas in the A = 4 case those limits are Q.. = 4.5 X
1072 and €, = 3.8 x 1077. In both cases we are able
to set significant constraints on the peak amplitude of
a BPL signal. The limits on the CBC background are
compatible with the ones obtained in [I9].

The best sensitivity of the search corresponds to the
peak frequency close to f, ~ 100 Hz. The 95% CL upper
limits on €2, are largely insensitive to the value of ns;
the exclusion for lower ng values is only slightly stronger
than for larger no values.

Although the results show no evidence for a combined
first order phase transition signal plus CBC background
in the LIGO-Virgo O1-O4a data, our analysis demon-
strates that particle physics models predicting such phase
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FIG. 4. Same as Fig. |3| but taking A =4 in Eq. .

transitions are indeed testable with the LIGO-Virgo-
KAGRA data.

III. COSMIC STRINGS

A. Motivation

Cosmic strings are topological defects in the Uni-
verse, that can be generated from spontaneous symmetry
breaking of a global or gauge symmetry which has non-
trivial winding of the vacuum manifold during cosmolog-
ical phase transitions [34] via the Kibble-Zurek mecha-
nism [35] [126H128]. The width of the cosmic strings is
inversely proportional to the energy scale of the sym-
metry breaking, and is thus generally tiny, making these
strings line-like. Formed mainly as super-horizon objects,
these long strings intercommute and intersect to form a
network of string loops. String loops oscillate due to their
tension and shrink due to the emission of gravitational
waves, Nambu-Goldstone bosons, or gauge bosons, de-
pending on which coupling of the radiated particle to the
string world-sheet is dominant.

One of the simplest string models is the axion string
model, resulting from a spontaneous symmetry breaking
of U(1) global symmetry. The QCD axion string, as a
global string, is one of the well-motivated axion string
models since QCD axions [I29HI37] could contribute to
the dark matter relic abundance. Axion strings predom-
inantly radiate Nambu-Goldstone bosons (axions), and
thus gravitational waves radiated by axion strings are
subdominant. A recent study [I38] embeds the QCD ax-
ion string into the gauged global string model resulting
from two subsequent spontaneous symmetry breakings
of global U(1) and gauge U(1) symmetries. The model
contains both global strings and gauge strings, and the
gauge string as a bound state of two types of global
strings can either radiate gravitational waves or axions



depending on whether the gauge coupling is significantly
smaller than the gravitational coupling. Thus, it enriches
the radiation channels from gauge strings. Without fur-
ther assumption on the string model, in what follows,
we only consider Nambu-Goto gauge strings for which
gravitational-waves is the dominant radiation channel.

The evolution of the string loops in an expanding Uni-
verse eventually results in a scaling distribution, with
loop sizes proportional to the cosmic time or the Hub-
ble radius. At high frequencies, the gravitational-wave
production is dominated by cusps, kinks, and kink-kink
collisions. The dimensionless decay constant that char-
acterizes the radiation power of gravitational waves from
cusps, kinks, and kink-kink collisions can be estimated
by

PGW Z PGW i (12)

where Gpu is the string tension, and 7 = {c,k, kk} de-
notes cusp, kink, and kink-kink collision cases. Inco-
herent superpositions of these gravitational waves lead
to a gravitational-wave background, the detection of
which can be used to infer the energy scale of the sym-
metry breaking, and is thus an important target for
gravitational-wave detectors.

This target has been previously searched for with
LIGO’s O1 [139] and O2 [140] data, and more recently
with LIGO and Virgo’s O3 data combined with previ-
ous O1 and O2 data [I4I]. It has also been searched
for by pulsar timing array experiments [142HI44], and
remains an important source of gravitational-wave back-
ground for future space-based gravitational-wave detec-
tors [T45H147T], and atomic interferometers [148].

B. Model

The gravitational-wave spectrum is

d2R;
3 2
Qcs(f 3H2 f Z / / dih?—— (13)

where the index ¢ runs over cusps, kinks and kink-
kink collisions, [ denotes the invariant loop length, z
stands for the redshift, and h;, = A;(l,z)f~%, with
A; = g1,,Gul?=% J[(1+42)%~r(2)], 7(2) the comoving dis-
tance of the loop, ¢ = 4/3,5/3,2 respectively for cusps,
kinks, and kink-kink collisions, and g; ; ~ 0.85,0.29,0.10
correspondingly. For each type ¢, the burst rate per red-
shift and loop size is

ngi @V(Z) 2N;

= ! A, 14
dzdl  H3(1+2) 1 (DA (14)

where A; = (0,,/2)32~%) | with 0,, = [gof (1 + 2)I]71/3
and gy = V3 /4, denotes the fraction of burst events that
can be detected, n(l,t) is the loop distribution function

(the number of loops of size [ at time ¢ per loop size
per volume), N; is the number of burst events per loop
oscillation time, and ¢y (2) = H3dV (z)/dz, with V(z)
the proper volume at redshift z.

The spectrum above includes only the contribution
from sub-horizon string loops, though long strings can
also emit gravitational waves. As long strings intercom-
mute, they are building a small-scale structure, resulting
in the emission of radiation [149] [I50]. This additional
contribution is generally sub-dominant as compared with
that from string loops, hence usually neglected.

The gravitational-wave background sourced from cos-
mic string loops is very sensitive to the scaling loop distri-
bution, the string microstructure, as well as the number
of cusps, kinks and kink-kink collisions. The loop distri-
bution is subject to several theoretical uncertainties, and
numerical results remain inconsistent [I5THI53]. In our
analysis, asin O3 studies [I41], we consider three typical
models of the string loop population n(y, z) in a scaling
regime within a Friedmann-Lemaitre-Robertson-Walker
metric, where 7 = ¢/t is the dimensionless loop size,
and derive constraints on each of them. Model A [I52]
and B [I54] (called Model 2 and 3 respectively in O1
study) are based on results from numerical simulations of
Nambu-Goto string networks (zero thickness strings with
intercommutation probability equal to unity), wherein
the former infers the loop production function and the
latter obtains directly the loop distribution. The an-
alytical modeling [I5I] of Model B considers also the
effect of gravitational-wave back-reaction on the loops.
Model B leads to a higher number of small loops than
model A, leading to important consequences in the rate
of gravitational-wave events we can detect and on the
amplitude of the gravitational-wave background. Model
C [155] is constructed to incorporate features of both
model A and B. It assumes that the scaling loop distri-
bution is a power-law, but leaves its slope unspecified.
As in O3 study, we consider two different examples of
model C by choosing parameters to reproduce A and B
in radiation and matter eras. Model C-1 (respectively C-
2) reproduces qualitatively the loop production function
of model A (respectively B) in the radiation-dominated
era and the loop production of model B (respectively A)
in the matter-dominated era. We investigate the effect
of the number of kinks, cusps and kink-kink collisions.

C. Constraints using O1-O4a LIGO-Virgo data

Following the O3 study [I41], we carry out a Bayesian
analysis with the same posterior as previously

p(Gu|Ny) o< L(CLT |G, Ne)p(GulI, Ny) . (15)

where £(CI7|Gp, Ny) is the likelihood

L [CIJ QCS(fa;Gﬂa Nk)]2
Inl = IEJ;I U?J(fa) ) (16)
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FIG. 5. Exclusion regions at the 95% CL on the cosmic string
paramter space (Gu, Ni).
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Cl7 = C1(f,) and o7 are, respectively, the cross-
correlation estimator and the variance for the detec-
tor pair I.J, running over LIGO-Livingston & LIGO-
Hanford, LIGO-Hanford & Virgo and LIGO-Livingston
& Virgo [19]. The data used encompasses those used
in O3 analysis, i.e., from O1, O2, and O3 runs, and in
addition the data of LIGO-Livingston & LIGO-Hanford
from the O4a period, while Virgo was not running dur-
ing this period. In addition, p(Gu|I) is the prior on Gp,
and we impose a log-uniform prior for Gu in the range
10718 < Gu < 1075, and do the analysis for each value
of Ni, while fixing N, = 1.

Since there is no detection, we show in Fig. [f] the exclu-
sion region at the 95% CL on the parameters Gu versus
Ny, for the four loop distribution models, with O1, 02, O3
and O4a data. In the frequency band of LIGO—Virgo, the
main contribution to the gravitational-wave background
comes from loops in the radiation era, therefore Models
B and C-2 lead to similar findings. Model C-1 presents
more subtle features. Larger values of the string tension
do not necessarily imply signals with larger amplitude,
leading to features in the corresponding plot. As pointed
out [I50], the peculiar feature observed in the exclusion
plot for Model C-1 must be interpreted as exclusion for
a set of Gu intervals. As discussed earlier, Model C-1
reproduces qualitatively the loop production function of
model A in the radiation-dominated era and the loop pro-
duction of model B in the matter- dominated era. Model
B, leads to an additional population of small loops, as
compared to Model A, which modifies the gravitational-
wave spectrum at frequencies relative for LIGO-Virgo.
This extra population of small loops during the matter
era, leads to a peak in the spectrum around a given fre-
quency characterized by the gravitational back-reaction
scale. This peak enters the detectability band at a cer-
tain range of string tension, hence excluding another Gpu
interval [156].

Compared with previous results, the limits generally
become stringent. For model A, the region Gu = (4.5 x
1072 ~ 5.1 x 1077) is excluded for 1 < Nj < 200, with
the strongest constraint achieved at Ny = 1. This result
improves over that of O1-O3 for a wide range of Nj.
It becomes worse only for unrealistically high values of
N > 120. More precisely, for N, < 120, the constraint
on Gu is better at most by a factor of about 0.47 while
for N > 120 it is worse by at most 1.6.

For model B, the region Gu 2> (2.7 ~ 4.2) x 1071 is
excluded and this improves over that of O3 by a factor
of 0.66 over the range of Nj considered here. For model
C-1, the region Gu = (1.5 —3.2) x 1071? is excluded, and
this improves on the previous result in all the range of Ny
by a factor of (0.33 ~ 0.79). Due to the features of the
spectrum for this model, there is a region that cannot be
excluded for higher values of Gu. However, this region
shrinks after the O4a data are included. For model C-2,
the region Gu = (3.4 ~ 5.5) x 10715 is excluded, which
improves by a factor of 0.77 compared to O3.

It should be noted that the results presented here treat



each choice of N}, as a separate model (with N, = 1) in
the Bayesian analysis. Increasing N, has a similar ef-
fect as increasing Ng, as both lead to enhanced power of
gravitational-wave emission, while the resulting changes
to the constraints are different for the three models, with
model A weakened, and model B and C less sensitive.
Ideally, a joint distribution of Ny together with N, should
be used and a marginalization over these two parameters
should be performed to obtain the constraint on Gu. Due
to a lack of simulations to get this information, we have
adopted this approach. It should also be noted that the
choice I'y = 50 is commonly used, according to simula-
tion results. Enforcing this power emission corresponds
to setting (Ng, Ni) = (1,9) or (0, 18). The constraints for
(N. = 0, N, = 18) are slightly more stringent for most
models except for C-1. This is due to the smaller value
of 'y, despite the absence of gravitational-wave emission
from cusps. More specifically, the excluded regions are
Gu 2 9.2x107? for model A, Gp 2> 3.0 x 10~ for model
B, G = 2.6 x 10~ for model C1, and Gu > 3.5 x 10710
for model C2.

In this analysis, the average number of cusps per oscil-
lation on a loop has been set to 1. As it has been already
shown in the O3 analysis [141], a high number of cusps
gives qualitatively the same result as increasing the num-
ber of kinks. More precisely, numerical simulations have
shown that the constraints are weakened for model A,
whereas the bounds are insensitive to N. for models B
and C.

We include in Fig. [5| the corresponding constraints
from pulsar timing arrays (PTA), Cosmic Microwave
Background (CMB) [157], and Big Bang Nucleosynthe-
sis (BBN) [I58] obtained from the O1 [I39] and O3
analysis [I41]. Note that the PTA limits are obtained
considering the nanohertz limit of the primordial back-
ground obtained from the Parkes Pulsar Timing Ar-
ray 22] Qcs < 2.3 x 10719 at a single frequency of
2.8 x 107° Hz, which is comparable to the latest results
of NANOGrav, EPTA and ParkesParkes [T42H144].

In our analysis, we assume that the local curvature
of the cosmic string is small compared to its thickness,
hence their dynamics are described by the Nambu-Goto
action. Such strings decay by emission of gravitational
waves. However, considering cosmic strings as solitonic
solutions of a classical field theory, another decay mech-
anism is energy released into excitations of their ele-
mentary constituents. Large-scale field theory simula-
tions find that loops decay into field modes within a
Hubble time, and thus they do not contribute to the
gravitational-waves background [[59HIGI]. Such a de-
cay channel does not exist for Nambu-Goto strings and
this discrepancy remains under debate. More recent field
theory simulations find that loops seem to behave ac-
cording to the Nambu-Goto action, except in regions
of high curvature where energy is emitted in the form
of massive radiation [I62]. Finally, an Abelian-Higgs
string network was considered, allowing for both parti-
cle and gravitational-wave production, leading to multi-

messegner constraints from NANOGrav [163].

We briefly comment on the contribution from long
strings [149] [164] [165], Considering a kinky Nambu-Goto
string netwrok, recent works [I66HIGE] suggest enhanced
gravitational-wave production from long strings using a
semi-analytic approach and a modeling of the kink struc-
ture with sharpness [I69]. This makes the long string sce-
nario potentially detectable by the LIGO-Virgo-KAGRA
network. Adopting the spectrum from [I68], we find that
the excluded region is Gu 2> 2.06 x 10~7, comparable to
the results obtained from the loop distribution of model

A.

& 5 &€ ) .
Ttion for Abelian M S | i simulati
suggest-the-absence-of stable string loops

IV. DOMAIN WALLS

A. Motivation

In a cosmological context, domain walls (DWs) are
two—dimensional defects that arise when a discrete sym-
metry is spontaneously broken during the thermal his-
tory of the Universe [35] [36]. Around the temperature of
this symmetry—breaking phase transition, uncorrelated
patches in space will select one among the possible dis-
connected degenerate vacua of the theory. DWs are then
formed at the boundaries of those regions where the
scalar field interpolates between different vacua. These
field configurations are topologically stable owing to the
underlying discrete symmetry. At the center of the DW,
the field is trapped at the maximum of the scalar poten-
tial leading to a high energy density localized within the
wall width. This results in a large DW tension, which is
effectively the wall mass per unit surface. The relativis-
tic motion of the DWs, driven by their own tension force
or by vacuum pressure, could act as a powerful source of
gravitational waves that can be detected today.

Similarly to other topological defects such as cosmic
strings, DWs in the early Universe are known to reach a
scaling regime with a constant O(1) number of walls per
Hubble volume [37H42]. Differently from the strings, this
implies that the relative importance of the DW network
in the energy budget of the Universe grows with time, po-
tentially leading to a phase of DW domination. As this is
inconsistent with the standard evolution of the Universe,
DWs have been often regarded as a cosmological prob-
lem. Crucially, however, a DW network is not expected to
be absolutely stable, as the underlying discrete symmetry
needs not to be exact but only approximate. In this case,
DWs can annihilate before dominating the expansion of
the Universe, leading to a strong gravitational-wave sig-
nal and no contradiction with standard cosmology.

New physics scenarios involving the formation of DWs
are characterized by the presence of (approximate) dis-
crete symmetries that are spontaneously broken in the



early Universe. Relevant examples include the QCD ax-
ion [129HI34], [I70] and more generally axion-like par-
ticles, where a residual Zpy subgroup of the original
U(1) Peccei-Quinn symmetry (we generally refer to U(1)
Peccei-Quinn also for the case of axion—like particles that
are not related to the strong CP problem) is left un-
touched by its chiral anomaly. This particular class of
models implies the formation of cosmic strings at tem-
peratures of the order of the axion decay constant, f,,
when the Peccei-Quinn symmetry is spontaneously bro-
ken and the axion is effectively massless. If this occurs
after cosmic inflation, the strings and the corresponding
inhomogeneous axion field will play an important role
in the subsequent evolution of the system. In fact, as
the axion mass increases while the Universe cools down,
a network of axion DWs will ultimately form with each
string attached to N walls of tension opw ~ m, f2, where
my is the axion mass [I71,[I72]. The temperature of DW
formation in this case can be estimated as the moment
when the axion—like particle mass overcomes the Hubble
friction, m, ~ H.

The following dynamics depends on the value of N,
which is referred to as the DW number. For N =1
the string—wall network collapses very quickly after DW
formation, as the theory actually possesses a unique vac-
uum. On the other hand, for N > 1 axion DWs are topo-
logically stable and can be long-lived depending on the
quality of the underlying Peccei-Quinn symmetry. This
latter scenario is the one relevant for a gravitational-wave
signal from DWs, as the string—wall dynamics is mostly
controlled by the walls in this case.

Minimal QCD axion models predict the formation of
DWs at temperatures around the QCD scale, Aqcp ~
150 MeV, so that the corresponding gravitational waves
would not overlap with the LIGO-Virgo-KAGRA obser-
vation band. FEarlier formation of DWs leading to a
detectable gravitational-wave signal is, however, possi-
ble for the so—called heavy QCD-axion models [TT3HI75],
which still solve the strong CP problem and ameliorate
the issue with the quality of the U(1) Peccei-Quinn sym-
metry [I76HIRI], or for general axion-like particles de-
pending on the relevant scales [182].

Beyond the case of axions and axion-like particles,
many other scenarios of new physics involve new dis-
crete symmetries that can ultimately lead to the for-
mation of a DW network. Well-motivated models in-
clude discrete flavor symmetries [183], left-right symmet-
ric models [I84], supersymmetry [I85HI8Y], grand unifica-
tion [T90HI92], and discrete spacetime symmetries [193].

B. Model

The dynamics of the DW network is controlled on one
hand by the tension force, which tends to stretch the
walls and reduce their surface to minimize the energy,
and on the other hand by the Hubble expansion as well
as the interaction of the walls with the primordial plasma.
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When particle friction can be neglected, DWs are known
to approach a scaling regime in which the typical scale of
the network, such as the average curvature and distance
between the walls, is given by the Hubble radius, H!,
indicating the presence of O(1) DWs per Hubble volume
at any time [37H42]. In this regime, the energy density of
the network is given by

pow = 2AopwH , (17)

where A = O(1) and opw is the DW tension or mass
per unit surface. Eq. indicates that the energy den-
sity of the network decreases more slowly than matter or
radiation, eventually leading to a DW-dominated epoch
that is inconsistent with cosmological observations [36].

The temperature at which this would occur can be
estimated by equating the energy density of the DWs to
the critical density of the Universe, p. = 3H?c?/(87G),
yielding

1/4
Tdom == (7?242) \/ma (18)
where we have assumed radiation domination with g,
being the number of relativistic degrees of freedom.

Crucially, DW domination can be avoided if the un-
derlying discrete symmetry is only approximate and the
different vacua of the theory are actually biased by a
small energy difference, AV, such that there exists only
a unique true vacuum state [I72], [194]. The microscopic
origin of this bias will depend on the specific particle
physics under consideration. However, according to the
no global symmetry conjecture in quantum gravity [I95-
198], one expects the DW discrete symmetry to be ulti-
mately broken at the Planck scale or earlier. In the case
of axions and axion—like particles, the bias term can then
descend from Planck—suppressed higher—dimensional op-
erators that break the U(1) Peccei-Quinn symmetry as
well as its Zy subgroup relevant for DW formation.

The vacuum pressure resulting from the potential bias
AV competes with the tension force trying to annihilate
the DW network. The temperature at which the collapse
initiates, Tann, can be estimated by equating the bias to
the tension force or equivalently the DW energy density
in the scaling regime, namely AV ~ ppw, leading to

3 1

101 GeV\” /[ AVY4N\? 1100\ 7
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(19)
For consistency, the annihilation temperature needs to be
smaller than the temperature at which DWs form, which
is at most as large as the DW tension 0113/\2, and paramet-
rically suppressed for axion DWs. In the following we

will hence restrict ourselves to Tan, < 0]13/\;’,.

During the lifetime of the DW network, gravitational
waves are copiously produced by the relativistic motion
of the walls [T99H202]. As the energy density of the net-
work actually increases with time compared to the criti-
cal density according to Eq. , the gravitational-wave



emission is the strongest around the final time of DW
annihilation. While the dynamics of the DW collapse it-
self can contribute to the emission of gravitational waves
[203] 204], we will here consider only the gravitational-
wave spectrum coming from the last period of scaling
just before the collapse begins, namely at T = T,.,.
Several numerical simulations of the gravitational waves
emitted by a domain wall network in scaling have been
performed [202] 205H2TT], where it has been shown that
the gravitational-wave spectrum is a broken power law.
In the following, we employ the recent simulation [21T],
where the spectrum scales as —From—numerical-simula-

tions [202], the-energy density-spectrum-isfoundto ben
broken-power-law

(f/fpeak)3
(f/fpeak)il'3

where the peak amplitude associated to gravitational-
wave emission at T, and red-shifted until today is given
by

f < fpeak

f > fpeak ’ (20)

Qpw(f) = QB x {

~ 4 4
peak __ = —6 Cgw 9« Gxs \ 3 Tdom

fIpw = 24510 <0.35> (100) (100) (T)

(21)
with € ~ O(1) the efficiency of the DW network in
emitting gravitational waves, with and g.s denotes the
effective number of entropy degrees of freedom. The red-
shifted peak frequency is

s =11 (55)" (85)” () - 2

In Fig.[6] we show a benchmark spectrum to highlight the
effect of varying the DW tension, as well as the annihila-
tion temperature. The power-law integrated sensitivity
curves displayed here and in subsequent figures follow the

method described in [212].

C. Constraints using O1-O4a LIGO-Virgo data

We perform a Bayesian analysis following the approach
described in Section [, and using the pygwb package
[I21]. For the gravitational-wave spectrum, we consider
the contribution from a DW network, given by Eq.,
in combination with the astrophysical gravitational-wave
background from unresolved CBCs (defined as in Eq.
with o = 2/3 and frer = 25 Hz)

Qaw(f10) = Qow(f) + Qese(f) - (23)
The parameters of interest are 8 = (e, oDW, Tann)s
with Qo the CBC background amplitude, and T,,,

and 0113/\,?, the parameters determining the cosmological

gravitational-wave signal from DWs. The prior distribu-
tions for these parameters are summarized in Table [[TT}

The resulting posterior distributions are shown in
Fig. [7} which displays contour regions corresponding to
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FIG. 6. The gravitational-wave spectrum of DW networks

for a benchmark for the wall tension opw and annihilation
temperature Tann. The schematic in the top left box illus-
trates the impact of these parameters on the spectra: increas-
ing the wall tension opw enhances the peak amplitude, while
a higher annihilation temperature Tan, reduces the amplitude
and shifts the spectrum to higher frequencies. In addition, the
assumed shape for the overlapping astrophysical gravitational
wave background is displayed in green, for a representative
value of Qe (and with « = 2/3). Finally, power-law inte-
grated sensitivity curves [212] for LIGO-Virgo O3 run [68], as
well as the ones of the O4a run [I9] and LIGO A+ detector
[213] are included.

Parameter Prior

Qret LogUniform[10™?,107¢]

U;E)/\,%,/Ge\/’ LogUniform[10'?, 10"?]
Tonn/GeV LogUniform[10°, 10"°]

TABLE III. Prior distributions assumed for the parameters of
the DW model and the CBC background. The prior on Q;ef
comes from estimates of the CBC background [17], whereas
the range for the priors on the tension opw and the annihi-
lation temperature T.nn are chosen large enough to include
region of parameter space that would lead to gravitational-
wave signals within the LIGO- Vlrgo KAGRA observational
band. Values for T,nn larger than a W are not considered, as
previously discussed around Eq. (19|

1 to 20 CLs. From the posterior of the CBC background
amplitude Q,..t, we set an upper limit at the 95% CL,
with a value 2.82 x 1077,

For the parameters controlling the DW signal, the re-
gion excluded by the gravitational-wave data is visual-
ized in white in the bottom-middle panel. In the same
panel, we have shaded in gray the values of T,,, and
opw for which the DW system would have dominated
the Universe, leading to inconsistent cosmology. The ex-
cluded white region is close to DW domination, as the
gravitational-wave signal is strongest when Tonn ~ Tgom-
Our analysis can rule out annihilation temperatures in
the range 10°GeV < Thnn < 109GeV for sufficiently large
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FIG. 7. Posteriors for the strength of the CBC background
amplitude Qer, the tension opw of the DW network and
the temperature Tann at which the network annihilates us-
ing LIGO-Virgo data from O1, O2, O3 and O4a. The gray
region in the bottom corresponds to a region where the DW
network dominates the Universe, i.e. Tann < Tdom-

DW tension.
Considering the hypothesis of a combined
gravitational-wave background signal from a DW

network and CBCs versus noise, the analysis yields a
Bayes factor of lntX:CBC = —1.10, indicating no
evidence for such a background in the data. Similarly,
for a CBC-only background, we find In BSEC = —0.52,
implying a preference for the CBC-only scenario with
In Bopa “B¢ = —0.58.

In conclusion, we find no evidence for a gravitational-
wave signal from a DW network. The constraints on opw
and T,,, derived from gravitational-wave data exclude
specific regions of parameter space, which can be used in

the context of particle physics models.

V. STIFF EQUATION OF STATE

A. Motivation

Standard inflationary models in the slow roll regime
typically give rise to a gravitational-wave background
that is too weak to be detected by the current and fu-
ture gravitational-wave experiments. Indeed, the cur-
rent constraints on the scale of inflation and on the
tensor-to-scalar ratio implies that the typical primordial
gravitational-wave flat spectrum lies below the sensitiv-
ity of current and future gravitational-wave experiments
in the ACDM model.
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However, the detailed form of the primordial spectrum
and hence its detectability depends on the assumptions
about the cosmological history in the period between
reheating and the onset of BBN. In particular, adding
an exotic era dominated by stiff energy (called the stiff
dominated (SD) epoch, see e.g. [43H51]) leads to an infla-
tionary gravitational-wave background growing at higher
frequencies (i.e. blue tilted), making it accessible to the
LIGO-Virgo-KAGRA network [50H53], future third gen-
eration detectors and space-based laser interferometer ex-
periments [47) 214H224]. There are several concrete mod-
els in physics beyond the Standard Model that lead to
cosmological periods with a stiff equation of state. We list
here for instance quintessence models [43] 44, 225], ax-
ion scenarios [226H229], models with string theory mod-
uli [230, 231], Peccei-Quinn inflation models [232], etc.
In the following, we will introduce a model independent
parametrization for a stiff epoch and explore the con-
straints imposed on this scenario by the O1 to O4a runs
of LIGO-Virgo-KAGRA. The same model was previously
constrained using the 01-03 data in [53].

B. Model

The Universe can be described as a cosmological fluid
with two key parameters: density p and pressure P.
The equation of state parameter w = P/p character-
izes the Universe’s behavior across different epochs. In
the ACDM Model, inflation is immediately followed by
a period of Radiation Domination (RD), with w = 1/3,
then a period of Matter Domination (MD) with w = 0,
and currently, a period of Dark Energy Domination with
w = —1. Modifications to this sequence can be made by
inserting other eras between the end of inflation and the
onset of Big Bang Nucleosynthesis (BBN), provided the
Universe is RD during BBN [46].

Our model introduces an unconventional sequence of
epochs preceding the standard eras: an exotic RD era
(denoted by RD1), an exotic MD era (denoted by MD1)
and an exotic era driven by stiff energy, described by an
equation of state parameter 1/3 < wys < 1 (denoted by
SD). The most extreme case of such a SD era is called
kination, in which ws is fixed to 1.

This cosmological model is motivated by high energy
physics and can have a variety of observational conse-
quences. Indeed, this specific sequence of epochs (in the
case of kination) naturally arises in axion models [226-
[229] (see also [233H235]), providing a theoretical motiva-
tion for this cosmological scenario. In addition, a stiff
era leads to a blue tilt in the inflationary gravitational-
wave spectrum, making it observationally interesting. Fi-
nally, including a MD era suppresses the gravitational-
wave spectrum at higher frequencies, allowing the model
to evade indirect constraints from CMB and BBN obser-
vations.

The unconventional cosmological history enhances the
inflationary gravitational-wave background, which re-



sults in a spectral shape with the following asymptotic

QSD(f) = QSD|§)?3)xteau

with A, a coeflicient that depends on the equation of
state at the moment when the gravitational-wave mode
re-enters the Hubble radius, given by [40]

4 - T2(Qera + 1/2) [ 2 2% 2
Qora — . Oors ; Qera = 1+ 3Wera s
(25)
and where [50]
OO [ Hie\?
Q(O) atoan = rad mn )
SD‘PI t Gk12ﬂ_2 ]\41:’1 ) ( 6)

with Q% ~ 9 x 10° and with Mp = 1/v87G ~ 2.4 x
10'® GeV the reduced Planck mass. Moreover, the factor
Gy = [g*,k/g*,o][g&O/g&kﬁ encodes the change in rela-
tivistic degrees of freedom between today and the time
when the mode £ enters the Hubble radius at &k = aH.
The detailed gravitational-wave background assuming in-
stantaneous transitions between subsequent epochs can
be found in [53], and it is the one used in the following.
Note that in more realistic models, transitions between
different cosmological epochs are typically smooth rather
than instantaneous (see, for instance, [220] for the case
of a kination epoch). This smoothness slightly modifies
the gravitational-wave spectrum around the correspond-
ing transition frequencies. However, the precise form of
this modification is model dependent and, as observed in
previous analyses based on LIGO-Virgo data [53], does
not significantly affect the resulting constraints. Within
this approximation, there are five different parameters
that influence the spectrum, as can be seen in Fig.

The Hubble scale of inflation Hi,¢ influences the size
of the spectrum. CMB polarization experiments Planck
2018, BICEP2, Keck Array and BICEP3 [230] constrain
the tensor-to-scalar-ratio r and therefore also the infla-
tionary power spectrum as Hint < Hinfmax = 9.12 X
10*3 GeV. The next-generation CMB experiment Lite-
BIRD [237] is expected to lead to an improvement in
this bound as Hiys < 1.21 x 1013 GeV.

Then, frp is the frequency corresponding to the mo-
ment of transition between SD and RD2 and influences
the position of the elbow between plateau and increase in
spectrum (here RD2 denotes the standard radiation era
occurring after the SD phase). Note that BBN should
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behavior [53]

if  f< frp
if frp < f< fsp

fsp < f < fmp

fup < f

occur during the RD2 era, implying that frp > fepNn =
1.41 x 107! Hz.

Moreover, the equation of state parameter during the
SD era, wy, determines the slope of the increasing part
of the spectrum. The range for the related parameter
as = 2/(1+ 3wg) is 0.5 < ag < 1, where the lower bound
corresponds to kination and the upper bound to radia-
tion.

Then, fsp, which corresponds to the transition mo-
ment between MD1 and SD influences the peak ampli-
tude and the location of the peak.

Lastly, fmp, which is the transition moment between
RD1 and MD1 influences the elbow between the decreas-
ing spectrum and the plateau on the right.

The gravitational-wave energy density can be con-
strained because of its contribution to the relativistic
degrees of freedom in the Universe [23]. For the model
considered here, we can estimate this bound as

R2Qsp (fpear) < 1.3x107°

h?paw - 1
( Pe ) - 2(1 - ay)

(27)
where the right hand side is evaluated at the peak fre-
quency fpeak ~ fsp, and where we used the 20 limit on
ANyg from the CMB plus BBN analysis [238]. Further
constraints on a stiff epoch could possibly arise from the

enhancement of scalar modes [235)], depending on the in-
flationary model.

T=T0

C. Constraints using O1-O4a LIGO-Virgo data

We use the Bayesian analysis as described in Section [
and employ the pygwb package [12I]. The model for the
gravitational-wave energy density spectrum Qgw(f]0)
combines the inflationary gravitational-wave background
enhanced by a stiff era Qgp(f) and the astrophysical
gravitational-wave background from unresolved CBCs
QCBC(f): ng(f|9) = QSD(f) + QCBC(f)- Within the
relevant frequency range, the CBC background takes the
form of Eq. [2] where f..f = 25 Hz is the reference fre-
quency and ¢ is the amplitude of the CBC background
at this frequency, and we fix the power law to 2/3.

The parameter space is defined by 6 =
(Qret, Hing, fump, fsp, fRD, Q). For the Bayesian
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FIG. 8. The gravitational-wave background spectrum result-
ing from the exotic cosmology, for different choices of ws.
The power-law integrated sensitivity curves [212] for LIGO-
Virgo O3 run [68], as well as the ones of the O4a run [I9]
and the LIGO A+ detector [2I3] are shown. The parame-
ters that control the gravitational-wave spectrum are chosen
as Hine = Hinf,max, fRD =10"7° Hz, fSD = 75 Hz, and fMD
is fixed, so that the right plateau and the left plateau have
the same amplitude. The standard inflationary gravitational-
wave background is denoted with a purple dashed line. The
parameter Hi,¢ affects the overall gravitational-wave back-
ground amplitude, as indicated by the double arrow. The low-
frequency part of the spectrum is shaped by frp: lower values
of frp shift the low-frequency plateau to the left, resulting in
a stronger gravitational-wave background, while higher val-
ues shift it to the right, resulting in a weaker gravitational-
wave background. The peak frequency of the spectrum de-
pends on fsp: lower values shift the peak to the left (weaker
gravitational-wave background), and higher values shift it to
the right (stronger gravitational-wave background).

analysis, however, Hi,s and fyp are fixed by using delta
function priors centered around a constant value. First,
we fix Hinf t0 Hinfmax = 9.12 X 103 GeV, which max-
imizes the amplitude of the gravitational-wave signal.
Note that, for the signal in the LIGO-Virgo-KAGRA
observational frequency band, there is a degeneracy
between Hi,s and frp, which could be used to translate
the results presented here to another value of Hi,¢
(for more details, see [53]). Second, we assume that
fup is higher than the maximal frequency detectable
with LIGO-Virgo-KAGRA. Specifically, notice that as
soon as fup =2, 100 Hz, the high-frequency portion
of the gravitational-wave spectrum, which is set by
fup, lies beyond the LIGO-Virgo-KAGRA observa-
tional band and therefore does not affect our analysis
(see [53] for more details). For definiteness we set
fup = fi = 1.8 x 108 Hz , where f; represents the
frequency associated with the end of inflation (assuming
a constant Hubble scale during inflation and no entropy
injection between RD1 and RD2). The priors for the
other parameters are reported in Table [[V]

In our analysis, we concretely consider two scenarios:
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Parameters 6 Prior

Qret LogUniform[107*%,107¢]

frpo/Hz LogUniform[1071°,1077]
fsp/Hz LogUniform[1072,10°]
as Uniform[0.5, 1]

TABLE IV. Priors assumed for the Bayesian analysis.

The prior for Q,ef comes from estimates of the CBC back-
ground [I7]. The prior for as is determined by the allowed
range of ws: 1/3 < ws < 1. The prior ranges for frp and fsp
are set to satisfy feen < fap < fsp. They are selected over a
sufficiently wide range to ensure that they include regions of
parameter space leading to gravitational-wave signals within
the LIGO-Virgo-KAGRA frequency band. We have verified
that the posteriors are not significantly affected if we make
the priors larger.

Log10(frp/Hz)

Log10(fsp/Hz)

-10-9 -8 -7 -6 -5 -2.5 0.0 2.5 5.0

Log10(frp/Hz) Log10(fsp/HZ)

12 -10 -8 -6
LOglO(Qref)

FIG. 9.  Posteriors of the Bayesian analysis for the kina-
tion+CBC model. Here ag is fixed to as = 0.5. For the
contour regions the same colors as in Figure|10|are used. The
gray region in the bottom panel is excluded by indirect limits
from BBN and CMB as in .

e Kination Model: we fix as = 0.5, which corre-
sponds to the maximum value for wg. This model
is denoted as “kination+CBC” and its results are
given in Fig. [0

e General SD epoch Model: in this case wg is allowed
to vary, referred to as “SD+4+CBC”. Its results are

given in Fig. [I0]

Our study finds no evidence for either of these
backgrounds, with log Bayes factors as follows:
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FIG. 10. Posteriors of the Bayesian analysis for an SD4+CBC
model. Contour regions in purple correspond to 95% CL and
those in red to 68% CL.

kination+CBCy __
(BN01se ) -

—1.16 for the kination model, and

In(BIPHCBCY = 0,62 for the model with varying a.
We also compare a CBC-only background with a com-
bined SD+CBC signal. For the kination model, we ob-
tain ln(Blgg?}tmn+CBC) = —0.62, suggesting a preference
for a CBC-only background. For the general SD model,
we find In(BERE“PC) = —0.09, that indicates a small
preference for a CBC background only.

In summary, we do not find evidence in the O1 to
O4a LIGO-Virgo data for either a CBC background or
a gravitational-wave background coming from a stiff era.
Consequently, we derive 95% CL upper limits on some of
the parameters characterizing this unconventional cos-
mology. These are identified by the white regions in
Fig. EI and Fig. (and slightly improve on the previ-
ous analysis performed only with 01-O3 data [53]). In
Fig. [0 in the case of kination, we show that the data
can exclude a portion of parameter space in the frp vs
fsp plane which would otherwise still be allowed by in-
direct limits. Our analysis, independently on the stiff
epoch, also sets an upper limits on the amplitude of the
astrophysical background, with value Q.of < 2.9 x 1077,

VI. AXION INFLATION

A. Motivation

Gravitational waves offer a novel tool to test inflation-
ary models and constrain their parameters. One infla-
tionary model motivated by high energy physics is ax-
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ion inflation, where a pseudo-scalar axion, coupled to a
gauge field, leads to the early Universe accelerated ex-
pansion [54H57]. This model offers rich opportunities for
cosmological observations [239, 240], including distinc-
tive CMB features [241] [242], the formation of primordial
black holes [243] arising from the effective multi-field dy-
namics induced by the gauge field background, and a chi-
ral gravitational-wave background [55] , which
may be detectable by the LIGO-Virgo-KAGRA detec-
tors.

Although U(1) gauge fields have been studied exten-
sively, non-Abelian gauge fields, such as SU(2), present
a compelling alternative. Their key difference is that the
SU(2) gauge field can have an isotropic background value,
whereas the U(1) cannot. As a result, gravitational-wave
production can be computed using linear analysis in the
case of SU(2), while it becomes a nonlinear process for
U(1), generally requiring a more involved analysis to pre-
dict gravitational-wave amplitude [244] [248]. In our anal-
ysis, we focus on the SU(2) gauge field.

Gravitational waves can be efficiently produced when
background gauge fields induce linear couplings between
metric and tensor perturbations [249, 250]. While the
original cosine inflaton potential is excluded by CMB ob-
servations [251 [252], other more complex models [246],
[253H261] can evade CMB constraints and generate sig-
nals at currently detectable interferometric scales.

B. Model

We consider chromo-natural inflation [262, 263], for
which the action reads [56, [262]

/d%f{ PIR (3(;5)2

1
—V(6) - (P +

(28)
f (;ZSFﬁyFa“V ’

where Mp; is the reduced Planck mass, g = det(gu.),
R denotes the Ricci scalar, ¢ is the inflaton axion field
with a scalar potential V(¢). The SU(2) gauge field Af
has field strength F}, = 9, Ay — 0, A}, — gaabCAZAi, and
its dual is Fo* = etPoFS, [/(24/=g). The axion-gauge
coupling is denoted by oy, and the gauge coupling by g.

We consider an isotropic ansatz for the homogeneous
component of the gauge field,

Af = 67 a(t)Q(1), (29)

where Q ~ (—9,V/3a;gH)"/? with H = a/a the Hubble
parameter [264H260].

The coupling between the inflaton and the SU(2)
gauge field induces a tachyonic instability in one helic-
ity mode of the gauge field. This leads to exponential
amplification of that mode, which in turn sources a chi-
ral (parity-violating) gravitational wave background [56|
[252]. When the gauge coupling is small or the gauge field

Al =0,



is weak, a non-Abelian SU(N) gauge theory behaves ap-
proximately like N2 —1 independent copies of an Abelian
U(1) gauge theory. In the non-Abelian regime, the back-
ground gauge field acquires a nonzero vacuum expecta-
tion value (VEV), which enables a linear coupling be-
tween gauge field tensor perturbations and the metric
tensor perturbations. This linear coupling allows the en-
hanced helicity +2 mode of the gauge field to efficiently
source gravitational waves during inflation. In contrast,
in the Abelian case, such couplings only arise at the non-
linear level, making the gravitational wave production
less efficient. Therefore, we focus on the non-Abelian
regime.

The non-Abelian regime is conservatively defined by
the condition [260]

0.008¢%% > 1/g . (30)

In this regime, the gravitational-wave background
sourced can be analytically approximated as [260]

o o VU (OB B
sue) (k) = =3 (me)s:scr< 43 )szgref’
(31)
where 95231 =9x107° and ¢ = afgz5/2H. In Eq. ,
the first term is evaluated at {cr = {(x = 1), while the
second term is evaluated at &of = &(z = (2 + V2)Eer),
with © = —k7 for conformal time 7.
A straightforward way to evade the CMB constraints is

to consider the piecewise linear potential originally pro-
posed by Starobinsky [267], 268],

_ S Vo+Ai(¢—¢o), for ¢ > ¢
V(¢)_{V2+A+(¢_¢g)7 for¢<¢g, (32)

where V[ sets the energy scale of the potential, and
A4 and A_ determine the slopes on either side of ¢g.
Within the slow-roll approximation, the inflaton veloc-
ity remains approximately constant, leading to a con-
stant velocity parameter . For ¢ < ¢y, we denote the
velocity by &g, which in the slow-roll approximation is
& = A_ay/2V;. This property greatly simplifies analyt-
ical calculations and facilitates the computation of the
resulting gravitational-wave spectrum.

In Fig we show the spectrum Qgy2)(k) for differ-
ent parameter sets. Due to the constant velocity parame-
ter &, the gravitational-wave amplitude remains constant
over the relevant scales. We assume that the transition
from the Abelian to the non-Abelian regime occurs near
@0, positioned between CMB and interferometer scales,
which determines where the enhanced gravitational-wave
production begins. For further discussion of the al-
lowed parameter space and analyses of alternative mod-
els, see [269].

Although the SU(2) gauge field can enhance gravita-
tional waves during inflation, observational constraints
exist, which we summarize below.

Cosmic Microwave Background:
pansion rate during inflation at the

The Hubble ex-
CMB scale,
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Hcyvp, sets the amplitude of the vacuum contribu-
tion to the gravitational-wave background, Qy..(k) =

Q% 2y (1272M3E,). The observable tensor-to-scalar ra-

rad

tio 7 is related to Hcymp through
Heup = 2.7 x 10M7Y/2GeV . (33)

The latest observational constraint, r < 0.036 at 95%
CL [236], translates into Homp < 2.1 x 1075 Mpy, thereby
ruling out certain classes of inflationary models.

Primordial Black Hole overproduction: Gauge-
field—induced tensor modes can amplify primordial cur-
vature fluctuations through second-order effects in cos-
mological perturbation theory. Once these fluctua-
tions re-enter the Hubble radius, they may collapse
into primordial black holes, whose abundance is tightly
constrained by cosmological and astrophysical observa-
tions [270, 271]. If the curvature perturbations obey x?2
statistics, primordial black hole formation is more effi-
cient than in the Gaussian case, excluding a substantial
region of parameter space [244]. This bound may how-
ever be alleviated in certain case. Lattice simulations of
axion inflation with a U(1) gauge field suggest that, in
the strong back-reaction regime, curvature perturbations
approach a Gaussian distribution [272], reducing the ex-
pected primordial black hole abundance. While a similar
analysis has not yet been carried out for SU(2) gauge field
models, it is plausible that back-reaction effects could
likewise relax primordial black hole constraints.

The strength of the back-reaction is controlled by the
parameter k£ [269] 273]

24 2 m2 —-1/2
KR >~ g il Q 2 ) (34)
2.3e39m@ 1 + me

where mg = gQ/H plays the role of an effective mass.
When back-reaction is an efficient mechanism, x ~ 1,
the curvature perturbations would approach a Gaussian
distribution and the primordial black hole constraint
may be relaxed. However, if the back-reaction becomes
too strong (k > 1), the analytical expressions for the
gravitational-wave spectrum are no longer reliable, and
a dedicated numerical analysis would be required. We
thus do not consider this latter case.

C. Constraints using O1-O4a LIGO-Virgo data

We perform a Bayesian parameter estimation search
for a combined non-Abelian and CBC background using
pygwb [121]. The model has 8 free parameters and the
prior ranges are summarized in Table [V}

Figure|12[shows the 95% constraints obtained from the
joint SU(2) 4+ CBC analysis. We show both cases where
all the 8 parameters are searched and where Hoyp is
fixed at Homp = 1075]\41317 1076Mp1, 1077MP1. The con-
straint is shown in the log; g — & plane and other param-
eters are marginalized over. As discussed in the previous
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FIG. 11. Examples of Non-Abelian gravitational-wave back-
ground spectra for varying o, g, plotted with the O4a power-
law integrated sensitivity curve [212].

Parameter Prior

Qrer LogUniform[10712,1077]
NcwvB Uniform[50, 60]
fo/Hz LogUniform[107°, 10]
Pena/Mp1 Uniform|[0, 25

Ay /ME, LogUniform[1072°,107¢]
A_/M§, LogUniform[1072°,107¢]
Vo/Mp LogUniform[1072°,107¢]
ay /Mg Uniform|0, 250)

g LogUniform[1075, 1]

TABLE V. Prior distributions assumed for the parameters of
the model and the CBC background.

section, the viable region for £ and g is limited to a cer-
tain area around the diagonal line in Fig. The grav-
itational wave amplitude is proportional to ¢g~2 and an
exponentially increasing function of &, (see Eq. (31)), and
it becomes larger toward the upper-left region of Fig.
Consequently, the gravitational-wave observations con-
strain the parameter space above the green lines.

The constraint is most sensitive to the value of Howms,
as it affects the overall amplitude. As we can see from
the figure, we obtain tighter constraints on g and &£, when
Hewp is large, and vice versa. We can also observe
that, when Hcyp is left free and marginalized over, the
constraint is relatively weak. This is because, due to
our prior allowing very small Hoyp values, small Hoyp
likely dominate the results when Hcyp is marginalized
over. In other words, the constraints is endent on the
prior of Howmp, and fixing Hoyvp eliminates this ambigu-
ity.

This result can be understood physically as follows.
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FIG. 12. Marginalized posterior in the & — log,, ¢ plane
obtained from a search for early Universe axion inflation
with an overlaid astrophysical background, assuming fixed
values of Homp = 1077 Mp, 107 Mp), 107° Mp; (dot-
ted, dot-dashed, and dashed green lines, respectively), and
also treating it as a free parameter (solid green line). The
gray shaded region denotes the Abelian regime, where effi-
cient gravitational-wave production is not expected. The pur-
ple shaded region corresponds to the parameter space where
strong backreaction is anticipated, namely x > 1 , and the
gravitational wave amplitude estimates may no longer be re-
liable.

In Fig. if we fix g and gradually increase £, from a
small value, the energy transfer from the inflaton to the
gauge field is initially too weak, keeping the system in the
Abelian regime, where gravitational wave production re-
mains inefficient. However, beyond a certain threshold,
the non-Abelian nature of the gauge field becomes signif-
icant, leading to enhanced gravitational wave generation.
However, if £y becomes too large, backreaction effects be-
come dominant, violating the assumptions of our analy-
sis, or the resulting gravitational-wave signal would con-
tradict LIGO-Virgo observations, leading to exclusion.
The result presented here applies specifically to the
form of the potential given in Eq. . Different infla-
tionary potentials yield different gravitational-wave spec-
tra, as the latter is determined by the evolution of the
scalar field (namely, £ evolves differently). We chose the
double linear potential model because a linear potential
leads to a constant solution for the velocity parameter
&, and the two-stage inflation allows us to avoid concerns
about CMB constraints. This provides a relatively simple
picture in which the gravitational-wave spectrum is de-
termined by the velocity parameter at the second stage,
&. For discussions on cosine-type potentials and the R?
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Parameters Hcwvms free Hovmg = 107° Mpy Hcvmg = 1076 Mpy Hovg = 10_7 Mp,

Qrer 2.48 x 107° 3.18 x 107° 3.37 x 107° 2.72 x 107°
g 0.411 0.421 0.322 0.325

Vo 441 x107° 236 x 10710 2.37 x 10712 2.50 x 10714
Al 2.77x 1071 373 x 107 3.77 x 10713 3.69 x 10715
A_ 2.0l x107'°  1.60 x 107 ** 2.23 x 10713 2.36 x 10715
& 5.936 4.104 4.976 5.884

Honp /Mpr 4.18 x 107° _

TABLE VI. 95% upper bounds on the SU(2)+CBC model and CBC background’s parameters obtained under different Hubble

constant Hcovp prior assumptions.

log Biive
Free  —0.51540.028
107 Mp; —0.541 4+ 0.029
107% Mp; —0.555 + 0.029
107° Mp; —0.511 +0.028

Hcums

TABLE VII. Parameter estimation log Bayes evidence factor
for the searched combined model and CBC background under
different Hubble constant Hcwmp prior assumptions.

potential, we refer the reader to [260] 269).

VII. SECOND-ORDER SCALAR

PERTURBATIONS

A. Motivation

The scalar-induced gravitational-wave background,
arising from large-amplitude primordial curvature per-
turbations, provides an observational test for probing di-
rectly the epoch of inflation [58]. This topic has recently
gained significant attention due to its connection with
primordial black holes [274] 275]. In scenarios where pri-
mordial curvature fluctuations are amplified during in-
flation, primordial black holes form through the collapse
of extremely dense regions shortly after the correspond-
ing modes enter the Hubble radius [276] 277]. Associated
with this process, gravitational waves are sourced by the
second-order terms of scalar perturbations, in the con-
text of cosmological perturbation theory [59H63]. Thus,
an upper bound on the gravitational-wave background
can provide constraints on primordial curvature pertur-
bations [278-28]].

The amplification of the primordial curvature spec-
trum can be achieved through various mechanisms.
Within the framework of single-field inflation, an en-
hanced power spectrum on small scales can occur, for in-
stance via the Hilltop-type or running mass models [282]
[283]; the former being phenomenologically equivalent to
the latter. These models predict a gravitational-wave
spectrum, probably detectable by DECIGO [284] and

LISA, but certainly not within the LIGO-Virgo-KAGRA
band detectability. Primordial black holes might be
overproduced if the gravitational-waves are induced by
the curvature perturbations that follow the Gaussian dis-
tribution. In particular, excess of primordial black holes
rules out a region of the Hilltop-type and running mass
parameter space [282] 283]. Hence, one may prefer mod-
els associated with the non-Gaussianity of the curva-
ture perturbations that suppress the primordial black
hole production rate. One such model is the axion-
like curvaton model leading to a blue-tilted power spec-
trum of curvature perturbations [285] 286] and inducing
a gravitational-wave spectrum within the Pulsar Tim-
ing Array detectability [287]. These—models—typically
enhance—curvatureperturbationstoward-—the-end-of in-
ion. . .

1 .]g] ]g 1 ]31 gi f LICOVS
KAGRAdeteetors: One should, however, keep in mind
that the position of the peak in the curvature power
spectrum is model-dependent, and hence an enhance-
ment can result for gravitational-wave signals within
the LIGO-Virgo-KAGRA frequency band. For instance,
an inflationary model with an ultra slow-roll phase,
achieved through a plateau region in the inflationary po-
tential [288H290], provides a flexibility to adjust the scale
of enhancement. Another possibility is to consider multi-
field inflation, which can predict enhanced curvature per-
turbations through mechanisms such as hybrid inflation

with a tachyonic instability [29T] 292] or turns in field
space, corresponding to a bending of the inflationary tra-

jectory [293] 294].

B. Model

Although extensive phenomenological studies have
been conducted on the scalar-induced gravitational-wave
background, we provide constraints based on the simplest
assumptions: a log-normal spectral shape and a Gaussian
distribution of the primordial curvature perturbations.
The peak in the primordial curvature power spectrum is



assumed to take the form [295]

C Ay [ ML)

It is defined by its position k, with its width controlled
by the parameter A and its amplitude characterized by
A. In the A — 0 limit, Eq. 5] reduces to a Dirac delta
function P¢(k) = Ad(In(k/k.)). The assumption for the
primordial curvature power, Eq. provides constraints
in a model-independent manner and serves as a good
approximation for many inflationary models. Further-
more, given the relatively narrow frequency band, our
constraints are not sensitive to the detailed shape of the
spectrum. Inflationary models typically predict an en-
hanced curvature perturbation spectrum over a wider
range of scales, which can be well-approximated by a log-
normal peak with a large width within the LIGO-Virgo
frequency coverage.

In our analysis we focus on a Gaussian distribu-
tion for the primordial curvature perturbations. Non-
Gaussianity can significantly modify the spectrum of the
scalar-induced gravitational-wave background [296H302],
however the precise form of non-Gaussianity depends on
the inflation model and a general parametrization is lack-
ing.

Hence, assuming a Gaussian distribution for the cur-
vature perturbations, the energy-density spectrum of
the scalar-induced gravitational-wave background can
be computed using the approximate analytical expres-
sion [303] 304]

Pe(k)

(35)

QScalar (k)hQ

00 p2 g g —4/3
~ 1.62x 107° rad * 5
8 (4.18 % 10-5 (106.75) (106.75)

1 [t e y— T+y
— d d k k
2/, “’/1 yp(( 2 >P<< 2

where 95221 is the present value of the energy density frac-
tion of radiation, and g, and g, s are the effective number
of degrees of freedom for energy density and entropy den-

sity, respectively. The function F'(z,y) is given by

288(x2 4+ 4% — 6)2(22 — 1)%(y? — 1)?
(x —y)3(z +y)®
{(2_ 2+x2+y2—61 y2_3D2
r oy 2 ol P

F(z,y) =

X

2
+ T+t =6y~ V) (37)
where 6 denotes the Heaviside step function. The fre-
quency range of our search corresponds to wavenum-
bers between approximately 1016 and 10'® Mpc™!. These
scales re-entered the Hubble horizon when the tempera-
ture exceeded 10 GeV, allowing us to set g. = gus =
106.75 within the Standard Model framework.

) F(z,y) ,
(36)
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Parameter Prior

et LogUniform[107,1077]
A LogUniform[107°,10%]
f«/Hz  LogUniform[10™2,10°]
A fixed at 0 and 1

TABLE VIII. Prior distributions assumed for the parameters
of the scalar-induced gravitational wave background and the
CBC background.

Figure shows the spectrum assuming a log-normal
curvature power spectrum for different values of the
width parameter, A = 0,0.1,1, while keeping A and k,
fixed. As A increases, the peak becomes broader and
the spectral amplitude decreases. The integrated ampli-
tude A sets the overall normalization, with the spectrum
scaling as Qgcalar(f) o< A2, while the peak scale k., de-
termines the frequency at which the spectrum reaches its
maximum.

The peak scale is set by the specific mechanism that
enhances scalar perturbations during inflation, and the
gravitational-wave spectrum peaks at approximately the
same wavenumber as the curvature power spectrum. If
primordial black holes form after the corresponding mode
re-enters the Hubble radius, their mass can be related to
the peak frequency as

ck k.
y=— =2 H
fe=or =% <1.6 % 1016 Mpc—l) z

Mph 172

~o5 A2 TPBH H

TH \ 53%10~20MM, (39
where My ~ 2 x 103%kg is the solar mass, and vy =
Mpgu /My, typically of order unity, accounts for the dif-
ference between the primordial black hole mass Mpgy
and the horizon mass M.

[ [Hz]

FIG. 13. Spectrum for different values of width A =
0,0.1, 1 plotted with the O4a power-law integrated sensitivity
curve [212]. We assume A = 0.01 and f. = 50Hz.



C. Constraints using O1-O4a LIGO-Virgo data

The result of the Bayesian parameter estimation, ob-
tained using pygwb [121], are shown in Fig. The
bounds set on A from the O4a data (shaded red re-
gion) are compared with BBN/CMB constraints for A —
0 and for A = 1. The bottom and top horizontal
axis represent the peak scale of the curvature pertur-
bation k, and the primordial black hole masses related
with the scale calculated using Eq. , respectively.
The shaded blue region represents indirect bounds from
BBN/CMB on the abundance of the stochastic gravi-
tational wave background. We calculate the bound by
using the recent joint CMB+BBN analysis, which indi-
cates that [dlnf h?*Qgw(f) < 1.3 x 1075 at 20 for
f > 2x107'"Hz [238]. Since marginalized constraints
tend to be prior dependent, here we run the Bayesian
search by fixing the value of A and taking k. and A as
free parameters. The upper bound on A for different
combinations of A and k, are summarized in Table [X]

M, [ke]
, 107 0% 10" 100 10
10"+ . - X X
¢ 107 fmmmmmmmm-m-———-feiecioacooioooo
|
BBN/CMB bounds\‘ /
=
01-O4a stochastic A—0
-2
10 2 , ,
1014 1015 1016 1017 1018 1019 1020 1021
k., /Mpc~t
My, [ke]
. 10° 10° 100 10°
10° X \ .
< 107];
BBN/CMB bounds
01-0O4a stochastic A=1
10’2 . : : ! ! ! !
1014 1015 1016 1017 1018 1019 1020 1021

k. /Mpc™*

FIG. 14. Constraints on the curvature perturbation ampli-
tude for A = 0 (delta function case) and A = 1.
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k. = 10" Mpc™! k. = 10" Mpc™?! k. = 10" Mpc™?!

A—0 1.44 0.01 0.15

A=1 0.96 0.05 2.12

TABLE IX. 95% CL Upper bounds on the power A of the
curvature spectrum for fixed values of the peak position k.
and width A .

VIII. PRIMORDIAL BLACK HOLES

A. Motivation

Several mechanisms have been proposed for the for-
mation of primordial black holes. One of the most ex-
tensively studied scenarios involves the amplification of
small-scale perturbations during inflation. Other pro-
posed mechanisms [64] include formation during phase
transitions, an early matter-dominated era, scalar field
instabilities, and the collapse of topological defects,
among others. Their masses can span a wide range, from
asteroid-like scales to supermassive sizes, depending on
the formation scenario. Primordial black holes are com-
pelling candidates for dark matter [64] 305 306] and may
contribute to the observed population of binary black
holes [B07H3T5].

Just like astrophysical black holes, primordial black
holes can form binaries and emit gravitational waves.
The resulting gravitational-wave background, produced
by a collection of unresolved events, provides a powerful
probe of source populations in the early Universe [316-
325]. Moreover, it offers a unique opportunity to test
the existence of primordial black hole binaries, since the
abundance of astrophysical black holes is expected to be
low at high redshifts during the cosmic dark ages, before
star formation. In contrast, primordial black holes could
form binaries during this epoch, generating gravitational
waves from the early Universe.

Here, two main formation channels are considered: one
operating in the early Universe and another in the late
Universe, as discussed in the following subsection. A key
factor determining the merger rate is the number density
of primordial black holes, typically quantified by fppn,
the fraction of dark matter composed of primordial black
holes today. While current observations rule out fppy =
1, primordial black holes could still make up a significant
fraction of dark matter.

B. Model

The mass function of primordial black holes is com-
monly parametrized using monochromatic or log-normal
distributions. This provides a good approximation for
primordial black holes produced by a peak in the pri-
mordial power spectrum [326]. We define the log-normal



mass function p(m) as

1 dppeu
p(m _ _ - GppBH

~ pppu dlnm ’ (39)

where pppy stands for the primordial black hole energy
density. For a log-normal distribution, the mass function
takes the form

o) = exp[_@m—W]’ (40)

2o 202

where p is the median mass and o controls the width of
the distribution in logarithmic space. The mass function
is normalized such that [ p(m)dlnm = 1.

We calculate the gravitational-wave background gen-
erated by an ensemble of binary events by summing the
energy spectra of individual binaries, considering the red-
shift of gravitational waves since emission and using the
merger rate distribution [11]:

R / p(ma)p(m2)

Q = d dl dl — L
pBH(f) peo Jo Z nmi anms 1+ 2)H(2)
@*Rep/is dEqw (41)

* dmmydinmg df,

In Eq. (41) the integration is over the masses m;
and mgo of the binaries, and f, = (1 4+ z)f is the
gravitational-wave frequency in the source frame. The
quantity d?Rgp sLB/dInmy/dInms represents the differ-
ential merger rate per unit time, comoving volume, and
mass interval. Different binary formation mechanisms
are denoted by EB (Early Binary) and LB (Late Binary).
Early binaries form during the radiation-dominated era
shortly after primordial black hole formation, while late
binaries form later via dynamical capture in primordial
black hole clusters during the matter-dominated era. We
model the single-source energy spectrum dEgw /df, by
the phenomenological fitting function of [327], which cap-
tures the inspiral, merger, and ringdown phases. Al-
though binaries at high redshift emit gravitational waves
early, the nearest binaries typically dominate the back-
ground power unless the merger rate rises sharply with
redshift. Since the merger rate in our model does not
increase steeply, we take zp.x = 100, which is sufficient
to include all relevant contributions to the gravitational-
wave background.

Several uncertainties may influence the shape of the
gravitational-wave background, such as the binary for-
mation mechanism and the potential disruption of bina-
ries by a third body. The formation scenario can also
affect properties like eccentricity, spin, and precession,
which in turn modify the waveform. In what follows, we
only consider non-spinning binaries.

The gravitational-wave background is composed of pri-
mordial black hole merger events occurring across a range
of redshifts. If nearby binaries are the dominant ones, the
spectrum exhibits a peak at the characteristic merger fre-
quency, determined mainly by the primordial black holes
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masses. For equal-mass binaries, the energy spectrum
has a peak at

3 (MPBH ) -
f~83x10° —— Hz . (42)
Mg
Hence LIGO-Virgo-KAGRA detectors are sensitive to
binaries with masses ranging from sub-solar scales up to
0O(10%) M. The possibility of probing such a background
with the LIGO-Virgo—-KAGRA detectors has been inves-
tigated in the literature [311] BI8H320, [325] [328H330).
There are two major binary formation channels. In the
Early Binary formation scenario, a binary originates from
a pair of closely spaced primordial black holes, where
the tidal influence of a third nearby object imparts the
angular momentum necessary for binary formation. The

merger rate for early binaries at cosmic time ¢ is given
by [308], B31H335]

dQREB B 1.6 x 106 53/37 |:i:| —34/37
dlnmidlnmy,  Gpedyr "FPBH (¢,
y (ml +m2>—32/37 |: myms :|—34/37
M@ (m1 + m2)2
X S(mlam27fPBH)7 (43)

where tg is the age of the Universe. A rate suppression
factor, S, has been introduced to take into account two
main mechanisms that can suppress binary formation.
One resulting from local matter inhomogeneities and
nearby primordial black holes S;(m1, ms, fppu), and the
other from clustering due to their initial Poissonian fluc-
tuations So(fppn) [310, BIIl B35]. We employ suppres-
sion factors modeled with analytical methods [311} [335].

In the Late Binary formation senario, binaries can
form within dense environments if clusters of primor-
dial black holes develop during the matter-dominated
era [307]. Analytical expressions for the merger rate can
be derived by considering the two-body capture process
within a cluster, under the assumption that the merger
timescale of the resulting binary is much shorter than the
age of the Universe [336] 337],

dQRLB o Rclust
dlnmidlnms  Gpcdyr

(ml + 7712)10/7

(m1m2)5/7

The parameter Rcus; captures the enhancement of the
primordial black hole merger rate due to local cluster-
ing [317, [338], which depends on their velocity dispersion
and density contrast. We consider three representative
values: Reust = [1,4 x 102,103], corresponding to (i)
modest clustering consistent with ACDM [307], (ii) the
level needed to match observed binary merger rates, and
(iii) an optimistic scenario with highly efficient cluster
formation [338].

With O4a sensitivity, the merger rate of late binaries is
typically subdominant compared to early binaries, except
for mppy 2 100Mg. This behavior is also illustrated in
Fig. which shows example spectra for both formation
channels.

fBBH (44)
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FIG. 15. Gravitational-wave background spectrum for

monochromatic mass function, for both early (red solid) and
late (blue dashed) binary formation channels. Different curves
show different primordial black hole masses. We also plot
the O4a power-law integrated sensitivity curve [212]. Here
we assume fpu = 1, fixed supression factor S = 0.002 and
Reiust = 400.

Parameter Prior

Qrer LogUniform[lOle, 1077]
/Mg LogUniform[10™F, 107]
o LogUniform[1072, 1]
LogUniform[1075, 1]

feBH

TABLE X. Prior distributions for the model parameters in
Bayesian Analysis.

C. Constraints using O1-O4a LIGO-Virgo data

The prior ranges for the parameters are summarized
in Table [X] Note that we adopt relatively narrow prior
for the width of the mass function o, since the merger
rate is known to be reliable only when the mass func-
tion is sharply peaked, particularly in the early binary
formation scenario. The Bayesian analysis implies that
no substantial gravitational-wave background sourced by
primordial black holes or CBCs has been detected. We
establish upper limits on the CBC energy density pa-
rameter Qyer ~ 3 x 1072 at the 95% CL level, which are
consistent with the constraints from the isotropic back-
ground search [19].

Even in the absence of a detection, we can still con-

Rewst p=1 [MQ] pu =30 [MQ] n= 10° [MQ}

1 1.5x1072 3.7x107% 64x 107!
4%x10% 1.6 x1072 3.6x107% 45x 107!
10> 14x1072 38x107% 4.1x107!

TABLE XI. 95% CL on fppn for various masses.
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FIG. 16. The 95% CL constraints on fppu as a func-

tion of Mppu (= u) from the Bayesian analysis, shown for
Reust = 1,4 x10%,10% (dotted, solid, and dashed red curves).
We also show other observational constraints such as super-
nova lensing constraints (SNe, black) [339] , Massive Compact
Halo Object constraints (EROS, yellow) [340], the recent Op-
tical Gravitational Lensing Experiment constraints (OGLE,
green) [341], and Cosmic Microwave Background constraints
(CMB, blue)[342].

strain fppy as a function of u. We show our constraint
in Fig. along with those from other analyses. Our
constraint is derived by marginalizing over the mass
function width o and Q;. For Mppn 2 2 x 102Mg,
the spectral amplitude of the gravitational-wave back-
ground is predominantly attributed to the late binary
formation channel. However, the O4a sensitivity loses
its constraining power sharply in this mass range due to
the limited frequency range. These findings underscore
the ongoing and future importance of gravitational-wave
background searches as a tool for probing phenomena
within the mass range of [1,3 x 10%] M. The resulting
bounds are complementary to existing ones from indi-
vidual binary events, microlensing surveys, and Cosmic
Microwave Background observations. The posterior dis-
tributions of each parameter are shown in Fig. and
the 95% upper bound on fpgy for various combinations
of p and Reust are presented in Table [XI}

We note that the parameters exhibit a degeneracy with
the CBC contribution, £2,.¢, because both primordial and
astrophysical sources produce a gravitational-wave spec-
trum with the same frequency dependence, o f2/3, dur-
ing the inspiral phase. This similarity is particularly rele-
vant when the average black hole mass is < 10Mg. How-
ever, our results indicate the highest sensitivity to pri-
mordial black hole masses around ~ 100Mg, where the
dominant contribution comes from the merger phase. In
this regime, the spectrum has a characteristic frequency
dependence, and its shape is sensitive to the assumed
merger rate and mass distribution, allowing us to break
the degeneracy between parameters.
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FIG. 17. Corner plots of the posterior distributions for the
gravitational-wave background from primordial black hole bi-
naries, assuming Rciust = 4 X 102. The results for other values
of Rciust are very similar.

Note that if primordial black hole binaries are pro-
duced from curvature perturbations during inflation,
they are accompanied by gravitational waves. Such grav-
itational waves from primordial black holes can be de-
tectable by LIGO-Virgo detectors, provided their mass is
Mppn < 10'6g [343]. Various studies have addressed the
possibility that some of the detected CBCs events origi-
nate from primordial black hole mergers (see, e.g. [344]
[348]). More recently, pulsar timing array data have been
examined in the framework of large curvature pertur-
bations generating sub-solar primordial black holes and
a gravitational-wave background background at nHz fre-

quencies [349] B50].

IX. PARITY VIOLATION

In the previous sections we searched for signatures in
the gravitational-wave background spectrum originating
from beyond the standard particle physics and early uni-
verse models. In the following we investigate parity vio-
lation, conducting either a model-independent search or
focusing within the context of one of the exotic particle
physics models that we have previously considered.

A. Motivation

Several string-theory models and scalar-tensor mod-
els of gravity can result in circularly polarized gravita-
tional waves, most notably models inspired by Chern-
Simons gravity [35IH354] and by inflationary scenarios
coupled to Abelian gauge fields [355H360]. Chirality is
also expected in various models of early Universe phase
transitions [361H367] and axion inflation sourced by non-
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Abelian gauge fields, commonly referred to as chromo-
natural inflation [56, 250, 260, 262 [368].

We describe a generic parity-violation search based
on a power-law energy density gravitational-wave spec-
trum [65], then detail more theoretically motivated polar-
ized gravitational-wave background models of early Uni-
verse turbulence and chromo-natural inflation.

B. Model

In searching for parity-violating models, we adopt the
formalism [65] that uses modified cross-correlation esti-
mator

(Caras) = / T / T or(f — 1), (F)sa (PO

_ 3H3T /°° LT Ll i L) B
1071'2 0 f3 ’
where
dyids
’ v (f)
= Qcw [1+H(f)—} (46)
o VP (f)
with
5 A * w\ _2mifQLAZ
W) = o [AURLEL ¢ BRI,
5 A * * TifQ-AZ
YE(f) = —g/dQ(F&thxz — FJ Ffr)e?m /e

We denote T the measurement time, or(f) =
sin(wfT)/(wf), sa(f) the strain time series of the two
gravitational-wave detectors (denoted by di,ds). Q( )
is a filter and F# stands for the contraction of the ten-
sor modes of polarization A = +, x to the n'® detec-
tor’s geometry. We denote by 'y}ild"‘ the usual (unpo-
larized isotropic gravitational-wave background) overlap
reduction function of detectors dy,dy [76], and ’y{i}d"‘ as
the overlap function associated with the parity violation
term [369]. The polarization degree,

_ Palf) — Pu(f)
Pa(f) + Po(f) "

ranges from -1 (fully left polarization) and 1 (fully right
polarization), with II = 0 corresponding to an unpolar-
ized isotropic gravitational-wave background. We indi-
cate by I, V the Stokes parameters and Pg,; denote
the right- and left-hand gravitational-wave power spec-

tra. Note that allowing II = 0 in Egs. , re-
turns the formalism to one utilized in standard, isotropic

searches [19].

H(f) = V(H)/I(f) (47)

1. Model-independent

We conduct a generic search for a parity-violating
gravitational-wave background exhibiting power-law be-
havior, Eq. , with fier = 25 Hz. We use a log-uniform



amplitude prior from 107'3 and 10~°, while the model
spectral index prior is a Gaussian distribution centered
at 0 with a standard deviation of 3.5. We search for
this model using the O1-O4a gravitational-wave data and
place upper limits on its parameters.

We investigate both a simplified model with constant
IT and a model in which the polarization varies with fre-
quency. In the constant polarization case, we search
uniformly for IT between -1 and 1. Additionally, two
searches that fix Il = —1 and 1 are conducted to compare
constraints under maximal chiral assumptions. For the
frequency-dependent model, we use II(f) = +(f/1 Hz)”
with a uniform prior 8 between -2 and 0. This is moti-
vated from theoretical models where II decays with in-
creasing frequency [370, B7I]. In our analysis we only
consider frequencies larger than 1 Hz — at lower frequen-
cies terrestrial detectors are limited by seismic noise —
and hence the form of II(f) guarantees that the physi-
cally allowed bound |II| <1 is valid.

Parameter Prior
QLY LogUniform[10~5,1077]
« Gaussian|0, 3.5]
II Uniform[—1,1
B Uniform[—2,0

TABLE XII. Prior distribution for the model-independent
parity-violation searches.

2. FEarly Universe Turbulence

A parity-violating turbulent source during a phase
transition will produce circularly polarized gravitational
waves. Depending on the helicity strength, there are two
types of turbulent gravitational-wave spectra [372] B73].
When energy dissipation at small scales dominates, it
leads to a helical Kolmogorov spectrum, and we consider
this type of polarization.

Parity violation at the electroweak scale can be re-
alized in extensions of the Standard Model of particle
physics, manifesting as helical (or chiral) turbulent mo-
tion [374l B75]. Circularly polarised gravitational waves
are generated by parity-violating turbulent sources [376].
Their spectrum has a broken power-law spectrum with
a peak at the characteristic frequency of the source. We
search gravitational-wave data for models [377H379]

_ Qpeak(f/fpeak) s f < fpeak
QTurbulence(f) - {Qpeak(f/fpeak)S/S , f > fpeak )
(48)

The peak frequency fpeax is related to the temperature 7T,
at which the first-order phase transition takes place. At
an energy scale of T}, ~ 108 GeV, the predicted chiral tur-
bulence spectrum would exhibit a peak within the current
LIGO-Virgo-KAGRA observational band. We therefore
search for fheax over a broad range (10 — 2000)Hz.

24

Previous numerical studies calculated the net circular
polarization of gravitational waves under various initial
turbulent conditions, determining the degree of polariza-
tion as a function of the wave number k. They identified
models where IT depends on the frequency [370, [376]. We
model the polarization as the power-law functional form
described previously.

Prior
Qpear  LogUniform[10~ 7, 1077]
Jpeax/Hz Uniform[5, 2000]
B Uniform[—2, 0]

Parameter

TABLE XIII. Prior distribution for the turbulence parity-
violation searches.

8. Non-Abelian Axion Inflation

The Chern-Simons interaction term sources exponen-
tial production of gravitational waves through the in-
duced linear couplings between metric and gauge field
tensor perturbations, and is given in Eq.(31).

The total gravitational-wave spectrum includes the
vacuum contribution

_ QR,O I’I2
Co12m? MR,

QVaucuum(k:) (49)

We consider a piecewise linear model potential, given pre-
viously in Eq.. The inflaton velocity, in the slow-roll
approximation, is approximately constant

RS = Ajrap/2Vy, for ¢ > ¢
i AL o A S AN )

where CMB constraints set un upper bound of éoymp <
2.5 at 95% CL [380]. More studies for this model can be
found in [268].

The Chern-Simons term not only sources significant
production of gravitational waves, the spin-2 fluctuation
of the gauge field leads to an asymmetry between its left-
and right-handed polarization states. Thus, the gauge
field can produce a chiral gravitational-wave signal within
the ground detectors’ frequency band.

In [249], it was shown that the enhanced helicity is
model-dependent, and relies on the inflaton vacuum ex-
pectation value sign; right-handed tensor modes cor-
responding to positive vacuum expectation value, left-
handed modes for negative vacuum expectation value.
For the toy model studied, the polarization can be well
approximated as

[Py /PlGE (mq)
~ [pym/plG3 (mg) +1

=const. >0,  (51)

where pym/p < €2 for slow-roll parameter ¢, effective
mass mg is approximated as § ~ mg + mél and the



explicit functional form of Gs(mg) is detailed in [249]. It
is easy to show that II(f) ~ 1 for & 2 4 and pym/p 2
5 x 1072 over the ground detectors’ frequency band.

We perform a search for parity-violating axion infla-
tion, a model investigated in Sec. [V] by introducing an
additional parameter for the polarization amplitude II
with a uniform prior range of [0,1]. For the other pa-
rameters, we use the same prior range as in Table. [V}
Note that we impose a non-negative prior on the polar-
ization amplitude, as we expect II > 0 for the studied
toy model.

Parameter Prior

Qror LogUniform[10~ 3,10 7]
Ncums [efolds] Uniform[50, 60]

fo/Hz LogUniform[107°, 10]
GPend / Mp1 Uniform|0, 25]
Ay /M3, LogUniform[10~2°,107°
A_/M3,  LogUniform[10~2°,107°
Vo /M3, LogUniform[10~2Y, 10 °
oy /Mg Uniform[0, 250]
g LogUniform[107°, 1]
I1 Uniform[0, 1]

TABLE XIV. Prior distribution for the SU(2) axion inflation
parity-violation searches. Note: the same as the previously
listed prior table in Sec. m, just with added II prior.

C. Constraints using O1-O4a LIGO-Virgo data

We present the results for the models where a search
was conducted. We find no evidence for parity-violation;
constraints on such models are set.

1. Model-independent

We plot the results and the 65%, 95% confidence con-
tours for the searched general models with an assumed
CBC background in Figs. [I§ and Although no con-
straints can be placed on the parity-violating associated
parameter, we set upper bounds on the background’s
strength parameter QLY. We list the 95% upper bound
on QFY and Q.f, plus the logarithmic Bayes factor for
each general search in Table [XV]

Figure [20] displays the 68%, 95% confidence contours
of the resulting QFY — o posteriors from an assumed
II = £1 polarization. One can see that more stringent
constraints can be made for an assumed entirely right-

handed polarization (2.82 x 107° < QY% red) than

ref

for a left-handed polarization (2.94 x 1079 < Qfe\f/’%%,
blue); this was also found using the O3 data [381]. This
preference can be explained by the ratio between the
standard and parity-violating associated overlap reduc-
tion functions ¢%192 = fy{‘l,ldQ /’y?ld"‘. While ¢V and ¢&V
are roughly periodic in the considered frequency range,
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FIG. 18. Posterior distributions for a power-law gravitational-
wave background model with TI(f) = const., assuming an
overlaying CBC background.
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FIG. 19. Posterior distributions for a power-law gravitational-
wave background model with TI(f) = +(f/Hz)” (positive
power-law in red, negative in purple) assuming an overlay-
ing CBC background.
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PV model  95% upper bound of QF,Y 95% upper bound of Qe In Bhy Mo TEBC

II = const. 2.54 x 107° 2.61 x 107° —1.175 4 0.047
I = +(f/Hz)? 2.41 x 107° 2.95 x 107° —1.222 +0.043
I = —(f/Hz)® 2.76 x 107° 2.46 x 107° —1.203 & 0.044

TABLE XV. General parity-violating model search results with an assumed overlaying CBC background
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FIG. 20. QFY — o confidence curve at 95% (solid) and 68%
(dashed) level for assumed II = 1 (red) and II = —1 (blue)
polarization.

¢HL is preferentially positive. Preferentially positive ¢HL

combined with IT > 0 results in enhanced modified Qagw
(Eq. (@7)), hence leading to stricter constraints on right-
hand polarized signals.

A general power-law search assuming no parity-
violation (IT = 0) yields a logarithmic Bayes factor of
In BIZOFOBC — 1194 4 0.042. In combination with
Table [XV] we find no statistical preference between po-
larized (IT # 0) and non-polarized (II = 0) power-law
models.

2.  FEarly Universe Turbulence

We plot the resulting constraints from a parity-
violating turbulence with overlaying CBC model search
in Fig. We calculate a log Bayes factor of
log BE;YSZ BC — _0.830 + 0.035, indicating no evidence
for a chiral turbulent background. No constraints on
parity-violating parameter 8 could be made. We find the
95% upper bound of the gravitational-wave background
strength to be Qpcax < 5.39 X 1078 - larger compared
to power-law background model constraints due to the
allowed broken power-law spectra being able to peak at
frequencies with poor sensitivity.
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FIG. 21. Posterior distributions for early Universe turbu-

lence with an overlaying CBC background model with II(f) =
(f/Hz)".

8. Non-Abelian Axion Inflation

We find a log Bayes factor of log BSO\;SSU(QHCBC =

—0.545 £ 0.029, and thus no evidence of such a model
nor a preference for a polarized model over a non-chiral
model.  We list the 95% confidence limits on both
searched models in Table XV and there do not ap-
pear to be large discrepancies in the parameter estima-
tion between the searched models. In Fig. 22] we show
the 2D posterior £y — Hcup results. Similarly, there are
small differences between the searched models, highlight-
ing the lack of statistical preference between chiral and
non-chiral models. It is important to highlight that these
results do not exclude other parity-violating models of
axion inflation based on other scalar potential models.



Parameter I=0 Im#0

g 0.411 0.385
Vo/Mp, 441 x107% 3.47 x 107°
AL /MB, 277 x 10712 1.62 x 10712

A_ /M3, 2.01 x 10719 2.55 x 10710
£o 5.936 5.843
Heovs/Mpr 418 x 107° 3.94 x 107°

Qref 248 x 1079 2.80 x 107°

TABLE XVI. Parameter estimation 95% confidence upper
bound for the searched chiral and non-chiral models.
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FIG. 22. Parameter estimation 95% confidence limit contours
for the SU(2) gauge field model. The blue and orange curves
show the 95% confidence limit contours for chiral (IT # 0) and
non-chiral (IT = 0) searches.

X. CONCLUSIONS

The LIGO-Virgo-KAGRA collaboration uses the O4a
data from LIGO Hanford and LIGO Livingston to search
for a gravitational-wave background signal, in addition to
the data from LIGO-Virgo from O1, O2 and O3. In this
publication we report the results of dedicated searches
of various particle physics models and cosmological sce-
narios which could contribute to the gravitational-wave
background. These are first-order phase transitions, cos-
mic strings, domain walls, stiff equation of state, axion
inflation, second-order scalar perturbations, primordial
black holes, and parity violation. They can all lead to a

gravitational-wave background potentially detectable by
the LIGO-Virgo-KAGRA network.
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First-order phase transitions could have occurred
within the first one-trillionth of a second after the Big
Bang, and their gravitational-wave imprints would be
an important key to determining the correct theory be-
yond the Standard Model. They could generate gravi-
tational waves from processes such as bubble collisions,
sound waves propagating in the early Universe plasma,
and magnetohydrodynamic turbulence. We place new
constraints on the strength, temperature and duration of
these transitions. We also present a search for a generic
broken power law gravitational-wave spectrum and we
obtain constraints on the peak amplitude of O(10~7).

Cosmic strings are one-dimensional topological defects
that can be generated after phase transitions followed by
spontaneously symmetry breaking. Cosmic string loops
oscillate because of their tension and shrink as a result
of the emission of gravitational waves. We constrain the
string tension, a parameter related to the temperature of
the symmetry breaking. In our study we consider cosmic
strings following the Nambu-Goto dynamics. For three
out of the four loop distribution models we have studied
(dubbed Model B, Model C-1 and Model C-2), we exclude
cosmic strings with a tension G greater than O(10719).

Domain walls are two-dimensional topological defects.
Our analysis constrains the domain wall tension, and the
temperature at which they collapse, resulting in their an-
nihilation, to avoid domain wall dominance in the Uni-
verse. For sufficiently large domain wall tension, we rule
out 107GeV < Tynn < 109GeV.

High energy physics can motivate a cosmological model
with a stiff equation of state (1/3 < ws < 1). We derive
95% CL upper limits on some of the parameters charac-
terizing this unconventional cosmology.

Gravitational waves offer a novel tool to test infla-
tionary models and constrain their parameters. While
single-field slow-roll inflation within the ACDM cosmo-
logical model predicts a gravitational-wave background
that is too weak to be observed with current detec-
tors, other inflationary models may produce a detectable
gravitational-wave background. We consider an axion in-
flation model, where a pseudo-scalar axion is coupled to
a gauge field and we impose constraints on the gauge
coupling and the inflaton velocity.

The scalar-induced gravitational-wave background,
arising from large-amplitude primordial curvature per-
turbations, provides an observational test for probing
directly the epoch of inflation. In scenarios where pri-
mordial curvature fluctuations are amplified during in-
flation, primordial black holes form through the collapse
of extremely dense regions shortly after the correspond-
ing modes enter the Hubble radius. We impose an up-
per bound on a gravitational-wave background, lead-
ing to constraints on primordial curvature perturbations,
stronger than the one imposed by Big Bang Nucleosyn-
thesis and Cosmic Microwave Background at a scale of
~ 10'"Mpec.

Several mechanisms have been proposed for the for-
mation of primordial black holes. Just like astrophysi-



cal black holes, primordial black holes can form binaries
and emit gravitational waves. A key factor determin-
ing the merger rate is the number density of primordial
black holes, typically quantified by fpgy, the fraction of
dark matter composed of primordial black holes today.
We find 95% UL constraints on fpppy as a function of
the primordial black hole mass. In particular, we set
feeu < 1072 for primordial black holes with masses in
the range (1 — 100) M.

Several string-theory models and scalar-tensor models
of gravity can result in circularly polarized gravitational
waves. We study a generic parity-violation search based
on a power-law energy density gravitational-wave spec-
trum, then detail more theoretically motivated polarized
gravitational-wave background models of early Universe
turbulence and axion inflation. We impose new con-
straints on parity violation parameters.

In searching for a cosmologically produced
gravitational-wave background, we also account for
the presence of an astrophysical CBC background,
composed of black holes and neutron stars. This is
a background that LIGO-Virgo-KAGRA will likely
detect before the cosmological background [I5]. For
the current generation of ground-based detectors, it
will be challenging to separate astrophysical and cos-
mological contributions [382, B83]. Various methods
have been proposed for signal separation with future
detectors [384H388g], such as the Einstein Telescope [389)
and the Cosmic Explorer [390].

No gravitational-wave background signal has been de-
tected for any of the cosmological and high energy physics
models considered here, leading to constraints on their
parameters. No CBC produced gravitational-wave back-
ground has been detected either. Nevertheless, our anal-
yses demonstrate that the LIGO-Virgo data can already
be used to derive new constraints on a variety of beyond
the Standard Model theories, thereby enabling the test-
ing of early Universe scenarios and particle physics mod-
els at energy scales otherwise inaccessible. We expect the
constraints presented in this publication to be useful for
particle physics and cosmological model building.

The LIGO-Virgo-KAGRA collaboration will continue
to improve gravitational-wave background limits using
data from the remainder of O4, with updated results to
follow its completion. Although the sensitivity changes
across O4da, O4b, and O4c are modest, the extended ob-
serving time will improve the sensitivity to the energy
density of the gravitational-wave background. The sub-
sequent O5 run will push these limits even further, deep-
ening their impact on cosmology and high-energy physics.
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