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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, O2, 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.
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I. INTRODUCTION

Advanced LIGO [1], Advanced Virgo [2], and KAGRA
[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 January 16, 2024 [4]. Data
acquired in these observation runs have resulted in a series
of novel scientific pursuits. This includes discovery of over
200 compact binary (black hole and neutron star) mergers
[5], increasingly stringent tests of general relativity [6],
multimessenger measurements of the Hubble constant [7],
and measurements of the neutron star equation of state [8].
One of the primary targets of these observations is the

gravitational-wave background produced by a superposi-
tion 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 astrophysical
origin [10–15] should exist and that it may be detectable
by the LIGO-Virgo-KAGRA network in the near future
[16–19]. Furthermore, a gravitational-wave background
could be of cosmological origin, generated in a variety

of processes in early phases of the Universe. Consequently,
gravitational-wave background searches can be used
to probe high-energy physics models at energy scales
beyond the ones reached at the Large Hadron Collider [20]
and to explore early Universe cosmological scenarios
[21–24].
In what follows, we present searches for a gravitational-

wave background produced by various cosmological mod-
els, using the LIGO O1 [25], O2, O3 [26], and O4a [27,28]
data, plus Virgo O3 [29] data, and we report the resulting
constraints on their parameters. Motivations for considering
sources of a cosmological gravitational-wave background
descend from open questions of fundamental physics.
Indeed, despite the extraordinary success of the Standard
Model of particle physics and cosmology, our understand-
ing of basic aspects of fundamental physics is still
incomplete. The nature of dark matter, the origin of the
matter-antimatter asymmetry, the explanation of the neu-
trino masses, and the realization of inflation remain as
important open questions. In order to solve these issues,
scenarios of physics beyond the Standard Model are
investigated and are under scrutiny in astroparticle experi-
ments, 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 gravita-
tional-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 violation.
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The first three models (first-order phase transitions,
cosmic strings, and domain walls) we consider are related
to cosmological phase transitions, common in theories with
spontaneously broken symmetries [30–32]. If the phase
transition is first order, it can generate a gravitational-wave
background [33]. Phase transitions followed by sponta-
neously broken symmetries can lead to topological defects,
such as cosmic strings [34,35] and domain walls [36–42],
extended objects in the Universe that can produce a
gravitational-wave background.
The next three models (stiff equation of state, axion

inflation, and second-order scalar perturbations) we study
lead to a gravitational-wave background generated during
inflation. While single-field slow-roll inflation within the
ΛCDM cosmological model predicts a gravitational-wave
background that is too weak to be observed with current
detectors, other inflationary models may produce a detect-
able gravitational-wave background. For an exotic early
Universe cosmological model with a stiff equation of state
[43–51], we explore the gravitational-wave background
generated during inflation [50–53]. 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 [54–57]. For
second-order scalar perturbations [58], we estimate the
gravitational-wave background induced by primordial cur-
vature perturbations [59–63].
Next, we study a gravitational-wave background gen-

erated by mergers of primordial black holes [64] that could
have formed by a variety of mechanisms in the early
Universe. Finally, we study a gravitational-wave back-
ground 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 parameters.
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,

ΩGWðfÞ ¼
f
ρc

dρGW
df

; ð1Þ

where ρGW is the energy density of gravitational waves,
the critical energy density of the Universe is ρc ¼
3c2H2

0=ð8πGÞ ≈ 7.7 × 10−9 erg cm−3, H0 ¼ 100 h km=
s=Mpc is the Hubble constant with h ¼ 0.68 from the
Planck measurements [66], c is the speed of light, and G is
Newton’s constant. The gravitational-wave background

spectrum is often approximated by the power-law (PL)
form with the spectral index α:

ΩPL
GWðfÞ ¼ Ωref

�
f
fref

�
α

; ð2Þ

where Ωref is the gravitational-wave energy density at the
reference frequency fref. A background produced by
compact binary mergers from population I or II stars can
be approximated as having α ¼ 2=3 [67]. Cosmological
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 ΩGW ≤ 5.8 × 10−9 for α ¼ 0 and 95% credible level
[68] with 99% of the sensitivity coming from the band
(20–76.6) Hz. For α ¼ 2=3, the limit was ΩGWð25 HzÞ ≤
3.4 × 10−9 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 backgrounds with nonstandard
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 [19]. As such, an upper
limit of ΩGW ≤ 2.8 × 10−9 is set for α ¼ 0 and 95%
confidence, with 99% of the sensitivity coming from
the band (20–58.2) Hz. For α ¼ 2=3, the limit is
ΩGWð25 HzÞ ≤ 2.0 × 10−9 in the band (20–86.8) Hz
[19]. The LIGO-Virgo-KAGRA Collaboration has
also searched for an anisotropic gravitational-wave back-
ground [71].
To derive constraints on the cosmological model param-

eters, we perform a Bayesian analysis [72] using the data
from the LIGO-Virgo O1–O4a observing runs, following
the methods developed in Ref. [73]. Assuming the cross-
correlation estimator ĈIJðfÞ [68] is Gaussian distributed,
we write the following likelihood function:

p½ĈIJðfÞjθ; λ�

∝ exp

�
−
1

2

X
f

½ĈIJðfÞ − λΩGWðf; θÞ�2
σ2IJðfÞ

�
; ð3Þ

using data from detectors I and J, while σ2IJðfÞ is the
variance. Both ĈIJðfÞ and σ2IJðfÞ are data products from
the LIGO-Virgo-KAGRA Collaboration isotropic gravita-
tional-wave background search analysis [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
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model is preferred [68], and the potential contribution from
correlated magnetic noise (Schumann resonances) [75] can
be neglected [19]. The function ΩGWðf; θÞ corresponds to
the model considered, described by the set of parameters θ,
while the parameter λ, which we marginalize over, accounts
for the detectors’ calibration uncertainties [19]. A minimum
of two detectors are needed in order to conduct this
analysis. The two LIGO detectors contribute the most to
the correlation due to the smallest distance separation in the
network, their optimal alignment [76,77], and their sensi-
tivities [68].
In our analyses, we take into account the contribution from

an isotropic astrophysical background of compact binary
coalescences (CBC) ΩCBCðf; θCBCÞ ¼ ΩCBCðf;Ωref ; αÞ,
which we model by Eq. (2) where fref¼ 25 Hz [68].
The cosmologically produced gravitational-wave back-
ground is ΩCosmoðf; θCosmoÞ. The total gravitational-wave
background is

ΩGWðf; θÞ ¼ ΩCBCðf;Ωref ; αÞ þΩCosmoðf; θCosmoÞ: ð4Þ

This publication is organized as follows: We present
limits on various cosmological models in the following
sections; first-order phase transitions in Sec. II; cosmic
strings in Sec. III; domain walls in Sec. IV; 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. IX. For each of the
eight scenarios, we discuss the motivation, 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 physical
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 constrain only 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. X. The data supporting the findings presented in this
article are openly available at the Gravitational Wave Open
Science Center (GWOSC) [4,78].

II. FIRST-ORDER PHASE TRANSITIONS

A. Motivation

Cosmological phase transitions are among the most well-
motivated early Universe phenomena we anticipate (see,
e.g., Refs. [30–32]). They are a common feature of particle
physics models that exhibit symmetry breaking. The phase
transition is first order when the effective potential of the
theory develops a new minimum (true vacuum) with a free

energy density lower than that of the minimum at high
temperature (false vacuum), and both are separated by a
potential barrier. The Universe then violently 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 imprints
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 break-
ing 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 correspond-
ing 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 collisions
[79,80], sound waves propagating in the early Universe
plasma [81,82], and magnetohydrodynamic turbulence
[83], with the first two contributions being typically
dominant (see, e.g., Ref. [33] and references therein).
The strong connection of the resulting primordial gravi-

tational-wave background to particle physics provides
gravitational-wave astronomy with a unique opportunity
to probe regions of parameter space of physics models
completely inaccessible in any other types of experiments.
This includes various extensions of the Standard Model,
e.g., models with an extended electroweak gauge sector
[84–86], theories with dark sectors [87–89], axion models
[90–92], unification models [93,94], supersymmetric the-
ories [95–97], or theories with extra dimensions [98]. In
turn, the information about physics at energies beyond the
electroweak scale may provide insight into solutions to
problems such as the nature of dark matter or the origin of
the matter-antimatter asymmetry of the Universe.
As 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 parameters of first-
order phase transitions [99]. This method was successfully
applied to particle physics models in the context of
supercooled transitions (see, e.g., Refs. [100,101]), leading
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to novel constraints on beyond Standard Model theories
[102]. In the following, we utilize the LIGO-Virgo O1–O4a
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 ΩCosmo of
the gravitational-wave background in Eq. (4) depends on
the parameters describing the phase transition, i.e., on the
details of the particle physics model. From an effective
theory point of view, a first-order phase transition can be
fully described by just several parameters: vw, the bubble
wall velocity (given in units of the speed of light); TPT, the
temperature of the phase transition; αPT, the strength of the
phase transition, which is equal to the density of the energy
released divided by the energy density of radiation; κ, the
fraction of the energy corresponding to a given source; β,
the inverse time duration of the transition; and g�, the
number of effective 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 thermal
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 gravitational
waves for vacuum phase transitions (where friction is
negligible). We disregard magnetohydrodynamic turbu-
lence, since its effects are typically subdominant and their
characterization is the subject of ongoing research. As for
the gravitational-wave background spectral shape for these
two types of contributions, we first select two representa-
tive forms while acknowledging the fact that new results
and simulations are continuously proposed in the literature
[see discussion after Eq. (10)]. In light of this, to maintain a
model-independent approach, we then conduct a more
generic search using the broken-power-law (BPL) model.

1. 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 under-
going the phase transition and the thermal bath [81,82,103].
A fruitful description of the physics of this process is
provided by the sound shell model [104–106], although its
accuracy has been challenged [103,107]. We employ the
gravitational-wave spectrum as summarized in Ref. [108]
based on the numerical simulations performed in
Refs. [82,103]. This yields (upon setting vw ¼ 1)

h2ΩSWðfÞ ≈ 0.4 × 10−5
�
HPT

β

��
αPTκSW
αPT þ 1

�
2

×

�
100

g�

�
1=3 ðf=fSWÞ3

½1þ 0.75ðf=fSWÞ2�7=2
ϒ; ð5Þ

where the peak frequency fSW is

fSW ¼ 0.089 Hz
�

β

HPT

��
TPT

1 PeV

��
g�
100

�
1=6

: ð6Þ

In the equations above, HPT is the Hubble constant at the
phase transition, κsw is the fraction of the latent heat
transformed into the bulk motion of the plasma [109]

κSW ¼ αPT
0.73þ 0.083

ffiffiffiffiffiffiffi
αPT

p þ αPT
; ð7Þ

and the suppression factor ϒ due to the finite lifetime of
sound waves is [106,110]

ϒ ¼ 1 −
1

½1þ 8π1=3vwðHPT
β Þð αPTþ1

3αPTκSW
Þ1=2�1=2 ; ð8Þ

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

2. Bubble collision contribution

In some cases, e.g., when the first-order phase transition
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
obtained within the envelope approximation by assuming
a zero width for the bubble wall and neglecting contribu-
tions from overlapping bubble segments [80,111–113]. We
consider the gravitational-wave spectrum from bubble
collisions as reported in Ref. [114], and based on the
numerical simulations of Ref. [115], given by (assuming
vw ¼ 1)

h2ΩBCðfÞ ≈ 1.3 × 10−5
�
HPT

β

�
2
�

αPT
αPT þ 1

�
2

×

�
100

g�

�
1=3 ðf=fBCÞ2.4

½1þ ðf=fBCÞ1.2�4
; ð9Þ

where the peak frequency fBC is

fBC ¼ 0.018 Hz

�
β

HPT

��
TPT

1 PeV

��
g�
100

�
1=6

: ð10Þ

The shape of the spectrum at low frequencies ∼f2.4, close
to the expected ∼f3 from causality, whereas the high-
frequency behavior is ∼1=f2.4.
While we 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 Ref. [116]
that simulations beyond the envelope approximation yield
at high frequencies ∼1=f1.5. In Ref. [117], a dependence on
wall thickness was found to change the high-frequency
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spectrum from ∼1=f1.4 to ∼1=f2.3 with increasing thick-
ness. Further variations of the spectrum were discussed in
Refs. [118–121].

3. Broken power law

Given the continuous developments in the modeling of
the gravitational-wave signals from phase transitions
through numerical simulations and semianalytical methods,
and the resulting modification in the predicted spectra, we
now proceed with a generic BPL model search.
We consider the following parametrization for a BPL

gravitational-wave background:

ΩBPLðfÞ ¼ Ω�

�
f
f�

�
3
�
1þ

�
f
f�

�
Δ
�ðn2−3Þ=Δ

; ð11Þ

where the f3 dependence arises from causality, while, e.g.,
n2 ¼ −4 corresponds to sound waves and n2 ¼ −1 to
bubble collisions, as considered above. In our search, we
scan over the values n2 ∈ ½−8; 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 Δ: the value Δ ¼ 2 for signals
with a smooth peak and Δ ¼ 4 for spectra with a more
abrupt transition at the peak.

C. Constraints using O1–O4a LIGO-Virgo data

Here, we determine the 95% confidence level (CL) upper
limits on the strength of the gravitational-wave signal from
sound waves ΩSW, bubble collisions ΩBC, and the generic
BPL model ΩBPL, arising from the LIGO-Virgo observing
runs O1–O4a data. The previous analyses of this type in
Refs. [99,102] were based only on the O1–O3 dataset.
To this end, we perform a Bayesian analysis for these

cases (using PYGWB [122]) assuming the priors on the
parameters and the CBC background specified in Table I
for sound waves and bubble collisions and in Table II for

the BPL model. For the CBC background, we fix the
power-law index to α ¼ 2=3 and vary the amplitude Ωref .

1. Results for sound waves and bubble collisions

Our analysis for the case of a dominant sound wave
contribution, using the spectrum given by Eq. (5), yields the
Bayes factor lnBCBCþSW

noise ¼ −0.571, so we do not find any
evidence of a signal in the data. Figure 1 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 pos-
terior distributions, we also show with a gray dashed line
the LogUniform priors.
In the case when bubble collisions dominate, we get

lnBCBCþBC
noise ¼ −0.631 for the spectrum in Eq. (9). Figure 2

presents the corresponding constraints from the combined
CBC and first-order phase transition search. As Fig. 2
demonstrates, with the priors listed in Table I, the data

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

Parameter Prior

αPT LogUniform½10−2; 102�
β=HPT LogUniform½1; 102�
TPT=GeV LogUniform½105; 1010�
Ωref LogUniform½10−13; 10−6�
vw Fixed at 1

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

Parameter Prior

Ω� LogUniform½10−9; 10−4�
f� Uniform½0; 256 Hz�
n2 Uniform½−8; 0�
Ωref LogUniform½10−13; 10−6�
Δ Δ ¼ 2 or Δ ¼ 4

FIG. 1. Constraints from the LIGO-Virgo observing runs
O1–O4a data on the first-order phase transition parameters
αPT, β=HPT, and TPT, assuming a dominant sound wave con-
tribution in Eq. (5) and taking into account the CBC background.
The priors selected are shown in Table I. 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
corresponds to β=HPT < ð8πÞ1=3.
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exclude at 95% CL a small portion of the parameter space
of the bubble-collision-dominated phase transitions, espe-
cially the region of TPT ≳ 108 GeV and β=HPT ≲ 3.
It is important to remark that small values of β are at the

edge of the consistency with the description of the phase
transition. The bubble size is related to the β parameter as
R−3� ∼ ð1=8πÞðβ=vwÞ3 [123]. We indicated with a green
dashed line in Figs. 1 and 2 the value of β for which the size
of the bubbles becomes comparable to the Hubble volume
(see, e.g., Refs. [124–126] for recent studies of this
regime), shading the region in which it is greater.
Finally, we note that our analysis sets a 95% CL upper

limit on the amplitude of the CBC background, Ωref , of

2 × 10−9 for both the sound wave and bubble collision
cases. These values are compatible with the ones reported
in Ref. [19].

2. Results for the broken-power-law spectrum

We now report the results for the generic BPL model
described in Eq. (11). For Δ ¼ 2, our analysis yields the

Bayes factor lnBCBCþBPLðΔ¼2Þ
noise ¼ −1.757, whereas for

Δ ¼ 4, we get lnBCBCþBPLðΔ¼4Þ
noise ¼ −2.093. Figures 3

and 4 show the 95% and 68% CL exclusion contours
for the two cases, respectively. For Δ ¼ 2, the 95% CL
upper limits are Ωref ¼ 4.5 × 10−9 and Ω� ¼ 2.1 × 10−7,
whereas in the Δ ¼ 4 case those limits are Ωref ¼ 4.5 ×
10−9 and Ω� ¼ 3.8 × 10−7. 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 Ref. [19].
The best sensitivity of the search corresponds to the peak

frequency close to f�≈100 Hz. The 95% CL upper limits
on Ω� are largely insensitive to the value of n2; the
exclusion for lower n2 values is only slightly stronger than
for larger n2 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 demonstrates
that particle physics models predicting such phase tran-
sitions are indeed testable with the LIGO-Virgo-
KAGRA data.

III. COSMIC STRINGS

A. Motivation

Cosmic strings are topological defects in the Universe
that can be generated from spontaneous symmetry breaking
of a global or gauge symmetry which has nontrivial
winding of the vacuum manifold during cosmological

FIG. 2. Similarly as in Fig. 1, 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. (9).

FIG. 3. Constraints from the LIGO-Virgo observing runs
O1–O4a data on the first-order phase transition parameters
including the CBC background using the BPL distribution in
Eq. (11) with Δ ¼ 2.

FIG. 4. The same as Fig. 3 but taking Δ ¼ 4 in Eq. (11).
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phase transitions [34] via the Kibble-Zurek mechanism
[35,127–129]. The width of the cosmic strings is inversely
proportional to the energy scale of the symmetry breaking
and is, thus, generally tiny, making these strings linelike.
Formed mainly as superhorizon 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, depending 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 [130–138] could contribute to the dark
matter relic abundance. Axion strings predominantly radi-
ate Nambu-Goldstone bosons (axions), and, thus, gravita-
tional waves radiated by axion strings are subdominant. A
recent study [139] embeds the QCD axion 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 radiate either 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 further assumption on the string model, in what
follows, we consider only Nambu-Goto gauge strings, for
which gravitational waves are the dominant radiation
channel.
The evolution of the string loops in an expanding

Universe eventually results in a scaling distribution, with
loop sizes proportional to the cosmic time or the Hubble
radius. At high frequencies, the gravitational-wave pro-
duction is dominated by cusps, kinks, and kink-kink
collisions. The dimensionless decay constant that charac-
terizes the radiation power of gravitational waves from
cusps, kinks, and kink-kink collisions can be estimated by

Γd ≡ PGW

Gμ2
¼

X
i

PGW;i

Gμ2
; ð12Þ

where Gμ is the string tension and i ¼ fc; k; kkg denotes
cusp, kink, and kink-kink collision cases, respectively.
Incoherent 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 symmetry
breaking and is, thus, an important target for gravitational-
wave detectors.
This target has been previously searched for with LIGO’s

O1 [140] and O2 [141] data and, more recently, with LIGO
and Virgo’s O3 data combined with previous O1 and O2
data [142]. It has also been searched for by pulsar timing

array experiments [143–145] and remains an important
source of gravitational-wave background for future space-
based gravitational-wave detectors [146–148] and atomic
interferometers [149].

B. Model

The gravitational-wave spectrum is

ΩCSðfÞ ¼
4π2

3H2
0

f3
X
i

Z
dz

Z
dlh2i

d2Ri

dzdl
; ð13Þ

where the index i runs over cusps, kinks, and kink-kink
collisions, l denotes the invariant loop length, z stands for
the redshift, and hi ¼ Aiðl; zÞf−qi , with Ai ¼ g1;iGμl2−qi=
½ð1þ zÞqi−1rðzÞ�, rðzÞ the comoving distance of the
loop, q ¼ 4=3; 5=3, 2, respectively, for cusps, kinks, and
kink-kink collisions, and g1;i ≈ 0.85, 0.29, 0.10 corre-
spondingly. For each type i, the burst rate per redshift
and loop size is

d2Ri

dzdl
¼ φVðzÞ

H3
0ð1þ zÞ

2Ni

l
nðl; tÞΔi; ð14Þ

whereΔi ¼ ðθm=2Þ3ð2−qiÞ, with θm ≡ ½g2fð1þ zÞl�−1=3 and
g2 ¼

ffiffiffi
3

p
=4, denotes the fraction of burst events that can be

detected, nðl; tÞ is the loop distribution function (the
number of loops of size l at time t per loop size per
volume), Ni is the number of burst events per loop
oscillation time, and φVðzÞ ¼ H3

0dVðzÞ=dz, with VðzÞ
the proper volume at redshift z.
The spectrum above includes only the contribution from

subhorizon string loops, though long strings can also emit
gravitational waves. As long strings intercommute, they are
building a small-scale structure, resulting in the emission of
radiation [150,151]. This additional contribution is gen-
erally subdominant as compared with that from string loops
and, hence, usually neglected.
The gravitational-wave background sourced from cos-

mic string loops is very sensitive to the scaling loop
distribution and the string microstructure as well as the
number of cusps, kinks, and kink-kink collisions. The loop
distribution is subject to several theoretical uncertainties,
and numerical results for the matter era loop distribution are
inconsistent [152–154]. In our analysis, as in O3 studies
[142], we consider three typical models of the string loop
population nðγ; zÞ in a scaling regime within a Friedmann-
Lemaître-Robertson-Walker metric, where γ ¼ l=t is the
dimensionless loop size, and derive constraints on each of
them. Models A [153,154] and B [155] (called model 2 and
3, respectively, in the O1 study) are based on numerical
simulations of Nambu-Goto string networks of Nambu-
Goto string networks (zero thickness strings with inter-
commutation probability equal to unity) but differ in their
interpretation of the results. The analytical modeling [152]
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of model B considers also the effect of gravitational-wave
backreaction 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 [156] is constructed to incorporate
features of both models A and B. It assumes that the scaling
loop distribution is a power law but leaves its slope
unspecified. As in the O3 study, we consider two different
examples of model C by choosing parameters to reproduce
A and B in radiation and matter eras. Model C1 (respec-
tively, C2) 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 inves-
tigate the effect of the number of kinks, cusps, and kink-
kink collisions.
Following the same approach as in the O1 LVK study

[140], the parameters for model B are obtained from
Ref. [155]. Similarly, for modelsC1 andC2, the parameters
are obtained from Ref. [156], as in the O3 analysis [142].
See Appendix A in Ref. [142] for the equations governing
the models and Sec. II in Ref. [142] for the parameter
values.

C. Constraints using O1–O4a LIGO-Virgo data

Following the O3 study [142], we carry out a Bayesian
analysis with the same posterior as previously:

pðGμjNkÞ ∝ LðĈIJ
a jGμ; NkÞpðGμjI; NkÞ; ð15Þ

where LðĈIJ
a jGμ; NkÞ is the likelihood

lnL ¼ −
1

2

X
IJ;a

½ĈIJ
a −ΩCSðfa;Gμ; NkÞ�2

σ2IJðfaÞ
; ð16Þ

ĈIJ
a ≡ ĈIJðfaÞ and σIJ are, respectively, the cross-

correlation estimator and the variance for the detector pair
IJ, running over LIGO-Livingston and LIGO-Hanford,
LIGO-Hanford and Virgo, and LIGO-Livingston and Virgo
[19]. The data used encompass those used in O3 analysis,
i.e., from O1, O2, and O3 runs, and, in addition, the data of
LIGO-Livingston and LIGO-Hanford from the O4a period,
while Virgo was not running during this period. In addition,
pðGμjIÞ is the prior on Gμ, and we impose a log-uniform
prior for Gμ in the range 10−18 ≤ Gμ ≤ 10−6 and do the
analysis for each value of Nk while fixing Nc ¼ 1.
Since there is no detection, we show in Fig. 5 the

exclusion region at the 95% CL on the parameters Gμ
versus Nk for the four loop distribution models, with O1,
O2, O3, and O4a data. In the frequency band of

FIG. 5. Exclusion regions at the 95% CL on the cosmic string
parameter space ðGμ; NkÞ.
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LIGO-Virgo, the main contribution to the gravitational-
wave background comes from loops in the radiation era;
therefore, models B and C2 lead to similar findings. Model
C1 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 [157], the peculiar feature observed in the
exclusion plot for model C1 must be interpreted as
exclusion for a set of Gμ intervals. As discussed earlier,
model C1 reproduces qualitatively the loop production
function of model A in the radiation-dominated era and the
loop production 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 frequency
characterized by the gravitational backreaction scale.
This peak enters the detectability band at a certain range
of string tension, hence excluding another Gμ inter-
val [157].
Compared with previous results, the limits generally

become stringent. For model A, the region Gμ≳ ð4.5 ×
10−9–5.1 × 10−7Þ is excluded for 1 ≤ Nk ≤ 200, with the
strongest constraint achieved at Nk ¼ 1. This result
improves over that of O1–O3 for a wide range of Nk. It
becomes worse only for unrealistically high values of
Nk ≥ 120. More precisely, for Nk < 120 the constraint
on Gμ is better at most by a factor of about 0.47, while for
Nk ≥ 120 it is worse by at most 1.6.
For model B, the region Gμ ≳ ð2.7–4.2Þ × 10−15 is

excluded, and this improves over that of O3 by a factor
of 0.66 over the range of Nk considered here. For model
C1, the region Gμ≳ ð1.5–3.2Þ × 10−15 is excluded, and
this improves on the previous result in all the range of Nk
by a factor of (0.33–0.79). Because of the features of the
spectrum for this model, there is a region that cannot be
excluded for higher values of Gμ. However, this region
shrinks after the O4a data are included. For model C2,
the region Gμ≳ ð3.4–5.5Þ × 10−15 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 Nk as a separate model (with Nc ¼ 1) in the
Bayesian analysis. Increasing Nc has a similar effect as
increasing Nk, 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 models B and C less sensitive.
Ideally, a joint distribution of Nk together with Nc should
be used and a marginalization over these two parameters
should be performed to obtain the constraint on Gμ.
Because of a lack of simulations to get this information,
we have adopted this approach. It should also be noted
that the choice Γd ¼ 50 is commonly used, according
to simulation results. Enforcing this power emission

corresponds to setting ðNc; NkÞ ≈ ð1; 9Þ or (0,18). The
constraints for ðNc ¼ 0; Nk ¼ 18Þ are slightly more strin-
gent for most models except for C1. This is due to the
smaller value of Γd, despite the absence of gravitational-
wave emission from cusps. More specifically, the
excluded regions are Gμ≳ 9.2 × 10−9 for model A, Gμ ≳
3.0 × 10−15 for model B, Gμ ≳ 2.6 × 10−15 for model C1,
and Gμ ≳ 3.5 × 10−15 for model C2.
In this analysis, the average number of cusps per

oscillation on a loop has been set to 1. As has been
already shown in the O3 analysis [142], a high number of
cusps gives qualitatively the same result as increasing the
number of kinks. More precisely, numerical simulations
have shown that the constraints are weakened for model A,
whereas the bounds are insensitive to Nc for models B
and C.
We include in Fig. 5 the corresponding constraints from

pulsar timing arrays (PTA), cosmic microwave background
(CMB) [158], and Big Bang nucleosynthesis (BBN) [159]
obtained from the O1 [140] and O3 analysis [142]. Note that
the PTA limits are obtained considering the nanohertz limit of
the primordial background obtained from the Parkes Pulsar
TimingArray [22]ΩCS < 2.3 × 10−10 at a single frequencyof
2.8 × 10−9 Hz, which is comparable to the latest results of
NANOGrav, EPTA, and ParkesParkes [143–145].
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 mecha-
nism is energy released into excitations of their elemen-
tary constituents. Large-scale field theory simulations find
that loops decay into field modes within a Hubble time,
and, thus, they do not contribute to the gravitational-wave
background [160–162]. Such a decay channel does not
exist for Nambu-Goto strings, and this discrepancy
remains under debate. More recent field theory simula-
tions find that loops seem to behave according to the
Nambu-Goto action, except in regions of high curvature
where energy is emitted in the form of massive radiation
[163]. Finally, an Abelian-Higgs string network was
considered, allowing for both particle and gravitational-
wave production, leading to multimessenger constraints
from NANOGrav [164].
We briefly comment on the contribution from long

strings [150,165,166]. Considering a kinky Nambu-Goto
string network, recent works [167–169] suggest enhanced
gravitational-wave production from long strings using a
semianalytic approach and a modeling of the kink structure
with sharpness [170]. This makes the long string scenario
potentially detectable by the LIGO-Virgo-KAGRA net-
work. Adopting the spectrum from Ref. [169], we find that
the excluded region is Gμ≳ 2.06 × 10−7, comparable to
the results obtained from the loop distribution of model A.
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IV. DOMAIN WALLS

A. Motivation

In a cosmological context, domain walls (DWs) are two-
dimensional defects that arise when a discrete symmetry is
spontaneously broken during the thermal history of the
Universe [35,36]. Around the temperature of this sym-
metry-breaking phase transition, uncorrelated patches in
space will select one among the possible disconnected
degenerate vacua of the theory. DWs are then formed at the
boundaries of those regions where the scalar field inter-
polates 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 potential 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 relativistic 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 Oð1Þ number of walls per
Hubble volume [37–42]. Differently from the strings, this
implies that the relative importance of the DW network in
the energy budget of the Universe grows with time,
potentially 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 problem.
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 signal and
no contradiction with standard cosmology.
New physics scenarios involving the formation of DWs

are characterized by the presence of (approximate) discrete
symmetries that are spontaneously broken in the early
Universe. Relevant examples include the QCD axion [130–
135,171] and, more generally, axionlike particles, where a
residual ZN subgroup of the original U(1) Peccei-Quinn
symmetry [we generally refer to U(1) Peccei-Quinn also for
the case of axionlike particles that are not related to the
strong CP problem] is left untouched by its chiral anomaly.
This particular class of models implies the formation of
cosmic strings at temperatures of the order of the axion
decay constant, fa, when the Peccei-Quinn symmetry is
spontaneously broken 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 σDW ∼maf2a,

where ma is the axion mass [172,173]. The temperature of
DW formation in this case can be estimated as the moment
when the axionlike particle mass overcomes the Hubble
friction, ma ∼H.
The following dynamics depends on the value of N,

which is referred to as the DW number. For N ¼ 1 the
string-wall network collapses very quickly after DW
formation, as the theory actually possesses a unique
vacuum. On the other hand, for N > 1, axion DWs are
topologically 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,
ΛQCD ∼ 150 MeV, so that the corresponding gravitational
waves would not overlap with the LIGO-Virgo-KAGRA
observation band. Earlier formation of DWs leading to a
detectable gravitational-wave signal is, however, possible
for the so-called heavy QCD-axion models [174–176],
which still solve the strong CP problem and ameliorate the
issue with the quality of the U(1) Peccei-Quinn symmetry
[177–182], or for general axionlike particles depending on
the relevant scales [183].
Beyond the case of axions and axionlike particles, many

other scenarios of new physics involve new discrete
symmetries that can ultimately lead to the formation of a
DW network. Well-motivated models include discrete
flavor symmetries [184], left-right symmetric models
[185], supersymmetry [186–190], grand unification
[191–193], and discrete spacetime symmetries [194].

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.
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−1,
indicating the presence ofOð1Þ DWs per Hubble volume at
any time [37–42]. In this regime, the energy density of the
network is given by

ρDW ¼ 2AσDWH; ð17Þ

where A ¼ Oð1Þ and σDW is the DW tension or mass per
unit surface. Equation (17) indicates that the energy density
of the network decreases more slowly than matter or
radiation, eventually leading to a DW-dominated epoch
that is inconsistent with cosmological observations [36].
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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, ρc ¼ 3H2c2=ð8πGÞ,
yielding

Tdom ¼
�

80G
πc4g�

�
1=4 ffiffiffiffiffiffiffiffiffi

σDW
p

; ð18Þ

where we have assumed radiation domination with g� being
the number of relativistic degrees of freedom.
Crucially, DW domination can be avoided if the under-

lying discrete symmetry is only approximate and the
different vacua of the theory are actually biased by a small
energy difference ΔV such that there exists only a unique
true vacuum state [173,195]. The microscopic origin of this
bias will depend on the specific particle physics under
consideration. However, according to the no global sym-
metry conjecture in quantum gravity [196–199], one
expects the DW discrete symmetry to be ultimately broken
at the Planck scale or earlier. In the case of axions and
axionlike particles, the bias term can then descend from
Planck-suppressed higher-dimensional operators that break
the U(1) Peccei-Quinn symmetry as well as its ZN
subgroup relevant for DW formation.
The vacuum pressure resulting from the potential bias

ΔV 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 DWenergy density in
the scaling regime, namely, ΔV ∼ ρDW, leading to

Tann ∼ 108 GeV

�
1011 GeV

σ1=3DW

�
3=2

�
ΔV1=4

108 GeV

�
2
�
100

g�

�
1=4

:

ð19Þ

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 σ1=3DW and parametrically
suppressed for axion DWs. In the following, we hence
restrict ourselves to Tann ≲ σ1=3DW.
During the lifetime of the DW network, gravitational

waves are copiously produced by the relativistic motion of
the walls [200–203]. As the energy density of the network
actually increases with time compared to the critical density
according to Eq. (17), the gravitational-wave emission is
the strongest around the final time of DW annihilation.
While the dynamics of the DW collapse itself can con-
tribute to the emission of gravitational waves [204,205], we
here consider only the gravitational-wave spectrum coming
from the last period of scaling just before the collapse
begins, namely, at T ¼ Tann. Several numerical simulations
of the gravitational waves emitted by a domain wall
network in scaling have been performed [203,206–212],
where it has been shown that the gravitational-wave

spectrum is a broken power law. In the following, we
employ the recent simulation [212], where the spectrum
scales as [203]

ΩDWðfÞ ¼ Ωpeak
DW ×

� ðf=fpeakÞ3 f < fpeak;

ðf=fpeakÞ−1.3 f > fpeak;
ð20Þ

where the peak amplitude associated to gravitational-wave
emission at Tann and redshifted until today is given by

Ωpeak
DW ¼ 2.45 × 10−7

�
ϵ̃gw
0.35

��
g�
100

��
g�s
100

�
−4=3

�
Tdom

Tann

�
4

;

ð21Þ

with ϵ̃gw ∼Oð1Þ the efficiency of the DW network in
emitting gravitational waves and g�s denotes the effective
number of entropy degrees of freedom. The redshifted peak
frequency is

fpeak ¼ 17 Hz

�
g�
100

�
1=2

�
g�s
100

�
−1=3

�
Tann

108 GeV

�
: ð22Þ

In Fig. 6, we show a benchmark spectrum to highlight the
effect of varying the DW tension, as well as the annihilation
temperature. The power-law integrated sensitivity curves
displayed here and in subsequent figures follow the method
described in Ref. [213].

FIG. 6. The gravitational-wave spectrum of DW networks for a
benchmark for the wall tension σDW and annihilation temperature
Tann. The schematic in the top left box illustrates the impact of
these parameters on the spectra: increasing the wall tension σDW
enhances the peak amplitude, while a higher annihilation temper-
ature Tann 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 Ωref (and with α ¼ 2=3).
Finally, power-law integrated sensitivity curves [213] for LIGO-
Virgo O3 run [68] as well as the ones of the O4a run [19] and
LIGO Aþ detector [214] are included.
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C. Constraints using O1–O4a LIGO-Virgo data

We perform a Bayesian analysis following the approach
described in Sec. I and using the PYGWB package [122]. For
the gravitational-wave spectrum, we consider the contri-
bution from a DW network, given by Eq. (20), in
combination with the astrophysical gravitational-wave
background from unresolved CBCs [defined as in
Eq. (2) with α ¼ 2=3 and fref ¼ 25 Hz]:

ΩGWðfjθÞ ¼ ΩDWðfÞ þ ΩCBCðfÞ: ð23Þ

The parameters of interest are θ ¼ ðΩref ; σDW; TannÞ, with
Ωref the CBC background amplitude and Tann and σ1=3DW the
parameters determining the cosmological gravitational-
wave signal from DWs. The prior distributions for these
parameters are summarized in Table III.
The resulting posterior distributions are shown in Fig. 7,

which displays contour regions corresponding to 1 to 2σ
CL. From the posterior of the CBC background amplitude
Ωref , we set an upper limit at the 95% CL, with a value
of 2.82 × 10−9.
For the parameters controlling the DW signal, the region

excluded by the gravitational-wave data is visualized in
white in the bottom-middle panel. In the same panel, we
have shaded in gray the values of Tann and σDW for which
the DW system would have dominated the Universe,
leading to inconsistent cosmology. The excluded white
region is close to DW domination, as the gravitational-
wave signal is strongest when Tann ∼ Tdom. Our analysis
can rule out annihilation temperatures in the range
107 GeV < Tann < 109 GeV for sufficiently large 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
lnBDWþCBC

noise ¼ −1.10, indicating no evidence for such a
background in the data. Similarly, for a CBC-only back-
ground, we find lnBCBC

noise ¼ −0.52, implying a preference
for the CBC-only scenario with lnBDWþCBC

CBC ¼ −0.58.

In conclusion, we find no evidence for a gravitational-
wave signal from a DW network. The constraints on σDW
and Tann 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 future
gravitational-wave experiments. Indeed, the current con-
straints on the scale of inflation and on the tensor-to-scalar
ratio implies that the typical primordial gravitational-wave
flat spectrum lies below the sensitivity of current and future
gravitational-wave experiments in the ΛCDM model.
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., Refs. [43–51] ] leads to
an inflationary gravitational-wave background growing at
higher frequencies (i.e., blue tilted), making it accessible to
the LIGO-Virgo-KAGRA network [50–53], future third-
generation detectors, and space-based laser interferometer
experiments [47,215–225]. There are several concrete

TABLE III. Prior distributions assumed for the parameters of
the DWmodel and the CBC background. The prior onΩref comes
from estimates of the CBC background [17], whereas the range
for the priors on the tension σDW and the annihilation temperature
Tann are chosen large enough to include region of parameter space
that would lead to gravitational-wave signals within the LIGO-
Virgo-KAGRA observational band. Values for Tann larger than
σ1=3DW are not considered, as previously discussed around Eq. (19).

Parameter Prior

Ωref LogUniform½10−13; 10−6�
σ1=3DW=GeV LogUniform½1010; 1013�
Tann=GeV LogUniform½106; 1010�

FIG. 7. Posteriors for the strength of the CBC background
amplitude Ωref , the tension σDW of the DW network, and the
temperature Tann at which the network annihilates using 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.
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models in physics beyond the Standard Model that lead
to cosmological periods with a stiff equation of state.
We list here, for instance, quintessence models
[43,44,226], axion scenarios [227–230], models with
string theory moduli [231,232], Peccei-Quinn inflation
models [233], etc. In the following, we introduce a
model-independent parametrization for a stiff epoch and
explore the constraints imposed on this scenario by the
O1–O4a runs of LIGO-Virgo-KAGRA. The same model
was previously constrained using the O1–O3 data
in Ref. [53].

B. Model

The Universe can be described as a cosmological fluid
with two key parameters: density ρ and pressure P. The
equation of state parameter w ¼ P=ρ characterizes the
Universe’s behavior across different epochs. In the
ΛCDM model, inflation is immediately followed by a
period of radiation domination (RD), with w ¼ 1=3, then a
period of matter domination (MD) with w ¼ 0, and,
currently, a period of dark energy domination with
w ¼ −1. Modifications to this sequence can be made by
inserting other eras between the end of inflation and the

onset of 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 ≤ ws ≤ 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 [227–
230] (see also Refs. [234–236]), providing a theoretical
motivation for this cosmological scenario. In addition, a
stiff era leads to a blue tilt in the inflationary gravitational-
wave spectrum, making it observationally interesting.
Finally, including a MD era suppresses the gravitational-
wave spectrum at higher frequencies, allowing the model to
evade indirect constraints from CMB and BBN observations.
The unconventional cosmological history enhances

the inflationary gravitational-wave background, which
results in a spectral shape with the following asymptotic
behavior [53]:

ΩSDðfÞ ¼ ΩSDjð0Þplateau

8>>>>>>>><
>>>>>>>>:

A1 if f ≪ fRD;

Aαs

�
f

fRD

	
2ð1−αsÞ if fRD ≪ f ≪ fSD;

A2

�
fSD
fRD

	
2ð1−αsÞ�fSD

f

	
2

if fSD ≪ f ≪ fMD;

A1

�
fSD
fRD

	
2ð1−αsÞ�fSD

fMD

	
2

if fMD ≪ f

ð24Þ

withAαera a coefficient that depends on the equation of state
at the moment when the gravitational-wave mode reenters
the Hubble radius, given by [46]

Aαera≡
Γ2ðαeraþ1=2Þ

π

�
2

αera

�
2αera

; αera≡ 2

1þ3wera
; ð25Þ

and where [50]

Ωð0Þ
SDjplateau ≡Gk

Ωð0Þ
rad

12π2

�
Hinf

MPl

�
2

; ð26Þ

with Ωð0Þ
rad ≈ 9 × 10−5 and with MPl ¼ 1=

ffiffiffiffiffiffiffiffiffi
8πG

p
≈ 2.44 ×

1018 GeV the reduced Planck mass. Moreover, the
factor Gk ¼ ½g�;k=g�;0�½gs;0=gs;k�4=3 encodes the change in
relativistic degrees of freedom between today and the
time when the mode k enters the Hubble radius at
k ¼ aH. The detailed gravitational-wave background

assuming instantaneous transitions between subsequent
epochs can be found in Ref. [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 in-
stance, Ref. [227] for the case of a kination epoch). This
smoothness slightly modifies the gravitational-wave spec-
trum around the corresponding 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. 8.
The Hubble scale of inflation Hinf influences the size of

the spectrum. CMB polarization experiments Planck 2018,
BICEP2, Keck Array, and BICEP3 [237] constrain the
tensor-to-scalar-ratio r and, therefore, also the inflationary
power spectrum as Hinf < Hinf;max ¼ 5.12 × 1013 GeV.
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The next-generation CMB experiment LiteBIRD [238] is
expected to lead to an improvement in this bound
as Hinf < 1.21 × 1013 GeV.
Then, fRD is the frequency corresponding to the moment

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 occur
during the RD2 era, implying that fRD ≥ fBBN≃
1.41 × 10−11 Hz.
Moreover, the equation of state parameter during the SD

era, ws, determines the slope of the increasing part of the
spectrum. The range for the related parameter αs ≡ 2=ð1þ
3wsÞ is 0.5 ≤ αs ≤ 1, where the lower bound corresponds to
kination and the upper bound to radiation.
Then, fSD, which corresponds to the transition moment

between MD1 and SD, influences the peak amplitude and
the location of the peak.
Lastly, fMD, 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

�
h2ρGW
ρc

�




τ¼τ0

≈
1

2ð1 − αsÞ
h2ΩSDðfpeakÞ < 1.3 × 10−6;

ð27Þ

where the right-hand side is evaluated at the peak
frequency fpeak ∼ fSD and where we used the 2σ limit
on ΔNeff from the CMB plus BBN analysis [239]. Further
constraints on a stiff epoch could possibly arise from the
enhancement of scalar modes [236], depending on the
inflationary model.

C. Constraints using O1–O4a LIGO-Virgo data

We use the Bayesian analysis as described in Sec. I and
employ the PYGWB package [122]. The model for the
gravitational-wave energy density spectrum ΩGWðfjθÞ
combines the inflationary gravitational-wave background
enhanced by a stiff era ΩSDðfÞ and the astrophysical
gravitational-wave background from unresolved CBCs
ΩCBCðfÞ: ΩGWðfjθÞ ¼ ΩSDðfÞ þ ΩCBCðfÞ. Within the rel-
evant frequency range, the CBC background takes the form
of Eq. (2), where fref ¼ 25 Hz is the reference frequency
and Ωref 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 θ ¼ ðΩref ;

Hinf ; fMD; fSD; fRD; αsÞ. For the Bayesian analysis, how-
ever, Hinf and fMD are fixed by using delta function priors
centered around a constant value. First, we fix Hinf to
Hinf;max ¼ 5.12 × 1013 GeV, which maximizes the ampli-
tude of the gravitational-wave signal. Note that, for the
signal in the LIGO-Virgo-KAGRA observational frequency
band, there is a degeneracy between Hinf and fRD,
which could be used to translate the results presented
here to another value of Hinf (for more details, see
Ref. [53]). Second, we assume that fMD is higher than
the maximal frequency detectable with LIGO-
Virgo-KAGRA. Specifically, notice that, as soon as
fMD ≳ 100 Hz, the high-frequency portion of the gravita-
tional-wave spectrum, which is set by fMD, lies beyond the
LIGO-Virgo-KAGRA observational band and, therefore,
does not affect our analysis (see Ref. [53] for more details).
For definiteness, we set fMD ¼ fi ¼ 1.8 × 108 Hz, where
fi represents the frequency associated with the end of
inflation (assuming a constant Hubble scale during infla-
tion and no entropy injection between RD1 and RD2). The
priors for the other parameters are reported in Table IV.
In our analysis, we concretely consider two scenarios.
(i) Kination model—We fix αs ¼ 0.5, which corre-

sponds to the maximum value for ws. This model
is denoted as “kinationþ CBC,” and its results are
given in Fig. 9.

FIG. 8. The gravitational-wave background spectrum resulting
from the exotic cosmology, for different choices of ws. The
power-law integrated sensitivity curves [213] for LIGO-Virgo O3
run [68], as well as the ones of the O4a run [19] and the LIGOAþ
detector [214] are shown. The parameters that control the
gravitational-wave spectrum are chosen as Hinf ¼ Hinf;max,
fRD ¼ 10−5 Hz, fSD ¼ 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 Hinf affects the overall
gravitational-wave background amplitude, as indicated by the
double arrow. The low-frequency part of the spectrum is shaped
by fRD: lower values of fRD shift the low-frequency plateau to the
left, resulting in a stronger gravitational-wave background, while
higher values shift it to the right, resulting in a weaker
gravitational-wave background. The peak frequency of the
spectrum depends on fSD: lower values shift the peak to the
left (weaker gravitational-wave background), and higher values
shift it to the right (stronger gravitational-wave background).
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(ii) General SD epoch model—In this case, ws is
allowed to vary, referred to as “SDþ CBC.” Its
results are given in Fig. 10.

Our study finds no evidence for either of these
backgrounds, with log Bayes factors as follows:
lnðBkinationþCBC

Noise Þ ¼ −1.16 for the kination model and
lnðBSDþCBC

Noise Þ ¼ −0.62 for the model with varying αs. We
also compare a CBC-only background with a combined
SDþ CBC signal. For the kination model, we obtain
lnðBkinationþCBC

CBC Þ ¼ −0.62, suggesting a preference for a
CBC-only background. For the general SD model, we find

lnðBSDþCBC
CBC Þ ¼ −0.09, that indicates a small preference for

a CBC background only.
In summary, we do not find evidence in the O1–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 cosmol-
ogy. These are identified by the white regions in Figs. 9 and
10 (and slightly improve on the previous analysis per-
formed only with O1–O3 data [53]). In Fig. 9, in the case of
kination, we show that the data can exclude a portion of
parameter space in the fRD vs fSD plane which would
otherwise still be allowed by indirect limits. Our analysis,
independently on the stiff epoch, also sets an upper limits
on the amplitude of the astrophysical background, with the
value Ωref ≤ 2.9 × 10−9.

VI. AXION INFLATION

A. Motivation

Gravitational waves offer a novel tool to test inflationary
models and constrain their parameters. One inflationary
model motivated by high-energy physics is axion inflation,
where a pseudoscalar axion, coupled to a gauge field, leads
to the early Universe accelerated expansion [54–57]. This
model offers rich opportunities for cosmological observa-
tions [240,241], including distinctive CMB features
[242,243], the formation of primordial black holes [244]
arising from the effective multifield dynamics induced by
the gauge field background, and a chiral gravitational-wave

TABLE IV. Priors assumed for the Bayesian analysis. The prior
for Ωref comes from estimates of the CBC background [17]. The
prior for αs is determined by the allowed range of ws:
1=3 ≤ ws ≤ 1. The prior ranges for fRD and fSD are set to satisfy
fBBN ≤ fRD < fSD. 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.

Parameters θ Prior

Ωref LogUniform½10−13; 10−6�
fRD=Hz LogUniform½10−10; 10−5�
fSD=Hz LogUniform½10−3; 106�
αs Uniform½0.5; 1�

FIG. 9. Posteriors of the Bayesian analysis for the kinationþ
CBC model. Here, αs is fixed to αs ¼ 0.5. For the contour
regions, the same colors as in Fig. 10 are used. The gray region in
the bottom panel is excluded by indirect limits from BBN and
CMB as in Eq. (27).

FIG. 10. Posteriors of the Bayesian analysis for an SDþ CBC
model. Contour regions in purple correspond to 95% CL and
those in red to 68% CL.
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background [55,245–248], which may be detectable by the
LIGO-Virgo-KAGRA detectors.
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
predict gravitational-wave amplitude [245,249]. In our
analysis, 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 [250,251]. While the
original cosine inflaton potential is excluded by CMB
observations [252,253], other more complex models
[247,254–262] can evade CMB constraints and generate
signals at currently detectable interferometric scales.

B. Model

We consider chromonatural inflation [263,264], for
which the action reads [56,263]

S ¼
Z

d4x
ffiffiffiffiffiffi
−ḡ

p �
M2

Pl

2
R −

1

2
ð∂ϕÞ2

− VðϕÞ − 1

4
Fa
μνFaμν þ αf

4
ϕFa

μνF̃aμν

�
; ð28Þ

where MPl is the reduced Planck mass, ḡ ¼ detðgμνÞ, R
denotes the Ricci scalar, and ϕ is the inflaton axion field
with a scalar potential VðϕÞ. The SU(2) gauge field Aa

μ has
field strength Fa

μν ¼ ∂μAa
ν − ∂νAa

μ − gεabcAb
μAc

ν, and its dual
is F̃aμν ¼ εμνρσFa

ρσ=ð2
ffiffiffiffiffiffi
−ḡ

p Þ. The axion-gauge coupling is
denoted by αf, and the gauge coupling by g.
We consider an isotropic ansatz for the homogeneous

component of the gauge field:

Aa
0 ¼ 0; Aa

i ¼ δai aðtÞQðtÞ; ð29Þ

where Q ≃ ð−∂ϕV=3αfgHÞ1=3 with H ≡ ȧ=a the Hubble
parameter [265–267].
The coupling between the inflaton and the SU(2) gauge

field induces a tachyonic instability in one helicity mode
of the gauge field. This leads to exponential amplification
of that mode, which, in turn, sources a chiral (parity-
violating) gravitational-wave background [56,253]. When
the gauge coupling is small or the gauge field is weak, a
non-Abelian SUðNÞ gauge theory behaves approximately
like N2 − 1 independent copies of an Abelian U(1) gauge
theory. In the non-Abelian regime, the background gauge
field acquires a nonzero vacuum expectation value, which
enables a linear coupling between gauge field tensor
perturbations and the metric tensor perturbations. This

linear coupling allows the enhanced helicity þ2 mode of
the gauge field to efficiently source gravitational waves
during inflation. In contrast, in the Abelian case, such
couplings arise only at the nonlinear 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 [261]

0.008e2.8ξ ≳ 1=g: ð30Þ

In this regime, the gravitational-wave background sourced
can be analytically approximated as [261]

ΩSUð2ÞðkÞ≃
ffiffiffi
2

p
Ωð0Þ

rad

3

�
ξ3H
πMPl

�
2

ξ¼ξcr

�
Heð2−

ffiffi
2

p Þπξ

g
ffiffiffi
ξ

p
�

2

ξ¼ξref

; ð31Þ

where Ωð0Þ
rad ¼ 9 × 10−5 and ξ ¼ αfϕ̇=2H. In Eq. (31),

the first term is evaluated at ξcr ¼ ξðx ¼ 1Þ, while the
second term is evaluated at ξref ¼ ξ½x ¼ ð2þ ffiffiffi

2
p Þξcr�, with

x ¼ −kτ for conformal time τ.
A straightforward way to evade the CMB constraints is

to consider the piecewise linear potential originally pro-
posed by Starobinsky [268,269]:

VðϕÞ ¼
�
V0 þ Aþðϕ − ϕ0Þ; for ϕ > ϕ0;

V0 þ A−ðϕ − ϕ0Þ; for ϕ < ϕ0;
ð32Þ

where V0 sets the energy scale of the potential and Aþ and
A− determine the slopes on either side of ϕ0. Within the
slow-roll approximation, the inflaton velocity remains
approximately constant, leading to a constant velocity
parameter ξ. For ϕ < ϕ0, we denote the velocity by ξ0,
which in the slow-roll approximation is ξ0 ¼ A−αf=2V0.
This property greatly simplifies analytical calculations and
facilitates the computation of the resulting gravitational-
wave spectrum.
In Fig. 11, we show the spectrum ΩSUð2ÞðkÞ for different

parameter sets. Because of the constant velocity parameter
ξ, 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 ϕ0,
positioned between CMB and interferometer scales,
which determines where the enhanced gravitational-wave
production begins. For further discussion of the allowed
parameter space and analyses of alternative models, see
Ref. [270].
Although the SU(2) gauge field can enhance gravita-

tional waves during inflation, observational constraints
exist, which we summarize below.

1. Cosmic microwave background

The Hubble expansion rate during inflation at the CMB
scale, HCMB, sets the amplitude of the vacuum contribution
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to the gravitational-wave background, ΩvacðkÞ ¼ Ωð0Þ
radH

2=
ð12π2M2

PlÞ. The observable tensor-to-scalar ratio r is
related to HCMB through

HCMB ¼ 2.7 × 1014r1=2 GeV: ð33Þ

The latest observational constraint, r < 0.036 at 95% CL
[237], translates into HCMB < 2.1 × 10−5MPl, thereby rul-
ing out certain classes of inflationary models.

2. Primordial black hole overproduction

Gauge-field-induced tensor modes can amplify primor-
dial curvature fluctuations through second-order effects in
cosmological perturbation theory. Once these fluctuations
reenter the Hubble radius, they may collapse into primordial
black holes, whose abundance is tightly constrained by
cosmological and astrophysical observations [271,272]. If
the curvature perturbations obey χ2 statistics, primordial
black hole formation is more efficient than in the Gaussian
case, excludingasubstantial regionofparameter space [245].
This bound may, however, be alleviated in certain cases.
Lattice simulations of axion inflationwith aU(1) gauge field
suggest that, in the strong backreaction regime, curvature
perturbations approach aGaussian distribution [273], reduc-
ing the expected primordial black hole abundance. While a
similar analysis has not yet been carried out for SU(2) gauge
field models, it is plausible that backreaction effects could
likewise relax primordial black hole constraints.
The strength of the backreaction is controlled by the

parameter κ [270,274]:

κ ≃ g

�
24π2

2.3e3.9mQ

m2
Q

1þm2
Q

�
−1=2

; ð34Þ

where mQ ≡ gQ=H plays the role of an effective mass.
When backreaction is an efficient mechanism, κ ≃ 1, the
curvature perturbations would approach a Gaussian dis-
tribution and the primordial black hole constraint may be
relaxed. However, if the backreaction becomes too strong
(κ > 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

[122]. The model has eight free parameters, and the prior
ranges are summarized in Table V.
Figure 12 shows the 95% constraints obtained from the

joint SUð2Þ þ CBC analysis. We show both cases where all
eight parameters are searched and where HCMB is fixed at
HCMB ¼ 10−5MPl; 10−6MPl; 10−7MPl. The constraint is
shown in the log10g-ξ0 plane, and other parameters are
marginalized over. As discussed in the previous section, the
viable region for ξ and g is limited to a certain area around
the diagonal line in Fig. 12. The gravitational-wave
amplitude is proportional to g−2 and an exponentially
increasing function of ξ0 [see Eq. (31)], and it becomes
larger toward the upper-left region in Fig. 12.
Consequently, the gravitational-wave observations con-
strain the parameter space above the green lines.
95% upper bounds on the SU(2)+CBC model and CBC

background s parameters obtained under different Hubble
constant HCMB prior assumptions are shown in Table VI.
Parameter estimation log Bayes evidence factor for the
searched combined model and CBC background under
different Hubble constant prior assumptions are shown in
Table VII.
The constraint is most sensitive to the value of HCMB, as

it affects the overall amplitude. As we can see from the
figure, we obtain tighter constraints on g and ξ0 when
HCMB is large, and vice versa. We can also observe that,
when HCMB is left free and marginalized over, the con-
straint is relatively weak. This is because, due to our prior

FIG. 11. Examples of Non-Abelian gravitational-wave back-
ground spectra for varying ξ0, g, plotted with the O4a power-law
integrated sensitivity curve [213].

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

Parameter Prior

Ωref LogUniform½10−12; 10−7�
NCMB Uniform½50; 60�
f0=Hz LogUniform½10−6; 10�
ϕend=MPl Uniform½0; 25�
Aþ=M3

Pl LogUniform½10−20; 10−6�
A−=M3

Pl LogUniform½10−20; 10−6�
V0=M4

Pl LogUniform½10−20; 10−6�
αf=M−1

Pl Uniform½0; 250�
g LogUniform½10−5; 1�
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allowing very small HCMB values, small HCMB likely
dominate the results when HCMB is marginalized over.
In other words, the constraint is dependent on the prior of
HCMB, and fixing HCMB eliminates this ambiguity.
This result can be understood physically as follows. In

Fig. 12, if we fix g and gradually increase ξ0 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 remains
inefficient. However, beyond a certain threshold, the

non-Abelian nature of the gauge field becomes significant,
leading to enhanced gravitational-wave generation.
However, if ξ0 becomes too large, backreaction effects
become dominant, violating the assumptions of our analy-
sis, or the resulting gravitational-wave signal would contra-
dict LIGO-Virgo observations, leading to exclusion.
The result presented here applies specifically to the form

of the potential given in Eq. (32). Different inflationary
potentials yield different gravitational-wave spectra, as the
latter are determined by the evolution of the scalar field
(namely, ξ evolves differently). We chose the double linear
potential model because a linear potential leads to a
constant solution for the velocity parameter ξ, 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 determined by the
velocity parameter at the second stage, ξ0. For discussions
on cosine-type potentials and the R2 potential, we refer the
reader to Refs. [261,270].

VII. SECOND-ORDER SCALAR PERTURBATIONS

A. Motivation

The scalar-induced gravitational-wave background, aris-
ing from large-amplitude primordial curvature perturba-
tions, provides an observational test for probing directly the
epoch of inflation [58]. This topic has recently gained
significant attention due to its connection with primordial
black holes [275,276]. In scenarios where primordial
curvature fluctuations are amplified during inflation, pri-
mordial black holes form through the collapse of extremely
dense regions shortly after the corresponding modes enter

TABLE VI. 95% upper bounds on the SUð2Þ þ CBC model and CBC background’s parameters obtained under
different Hubble constant HCMB prior assumptions.

Parameters HCMB free HCMB ¼ 10−5MPl HCMB ¼ 10−6MPl HCMB ¼ 10−7MPl

Ωref 2.48 × 10−9 3.18 × 10−9 3.37 × 10−9 2.72 × 10−9

g 0.411 0.421 0.322 0.325
V0 4.41 × 10−9 2.36 × 10−10 2.37 × 10−12 2.50 × 10−14

Aþ 2.77 × 10−12 3.73 × 10−11 3.77 × 10−13 3.69 × 10−15

A− 2.01 × 10−10 1.60 × 10−11 2.23 × 10−13 2.36 × 10−15

ξ0 5.936 4.104 4.976 5.884
HCMB=MPl 4.18 × 10−5 � � � � � � � � �

FIG. 12. Marginalized posterior in the ξ0 − log10 g plane
obtained from a search for early Universe axion inflation with
an overlaid astrophysical background, assuming fixed values of
HCMB ¼ 10−7MPl; 10−6MPl; 10−5MPl (dotted, 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 efficient gravitational-wave production is
not expected. The purple shaded region corresponds to the
parameter space where strong backreaction is anticipated,
namely, κ ≥ 1, and the gravitational-wave amplitude estimates
may no longer be reliable.

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

HCMB logBGWB
noise

Free −0.515� 0.028
10−7MPl −0.541� 0.029
10−6MPl −0.555� 0.029
10−5MPl −0.511� 0.028
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the Hubble radius [277,278]. Associated with this process,
gravitational waves are sourced by the second-order terms
of scalar perturbations, in the context of cosmological
perturbation theory [59–63]. Thus, an upper bound on the
gravitational-wave background can provide constraints on
primordial curvature perturbations [279–282].
The amplification of the primordial curvature spectrum

can be achieved through various mechanisms. Within the
framework of single-field inflation, an enhanced power
spectrum on small scales can occur, for instance, via the
hilltop-type or running mass models [283,284], the former
being phenomenologically equivalent to the latter. These
models predict a gravitational-wave spectrum, probably
detectable by DECIGO [285] and LISA, but certainly not
within the LIGO-Virgo-KAGRA band detectability.
Primordial black holes might be overproduced if the gravi-
tationalwavesare inducedby thecurvatureperturbations that
follow the Gaussian distribution. In particular, excess of
primordial black holes rules out a region of the hilltop-type
and running mass parameter space [283,284]. Hence, one
may prefer models associated with the non-Gaussianity of
the curvature perturbations that suppress the primordial
black hole production rate. One such model is the axionlike
curvaton model leading to a blue-tilted power spectrum of
curvature perturbations [286,287] and inducing a gravita-
tional-wave spectrum within the pulsar timing array detect-
ability [288]. One should, however, keep in mind that the
positionof thepeak in the curvaturepower spectrum ismodel
dependent, and, hence, an enhancement can result for
gravitational-wave signals within the LIGO-Virgo-KAGRA
frequency band. For instance, an inflationary model with an
ultraslow-roll phase, achieved through a plateau region in the
inflationary potential [289–291], provides a flexibility to
adjust the scale of enhancement. Another possibility is to
consider multifield inflation, which can predict enhanced
curvature perturbations through mechanisms such as hybrid
inflationwith a tachyonic instability [292,293]or turns in field
space,corresponding toabendingof the inflationarytrajectory
[294,295].

B. Model

Although extensive phenomenological studies have been
conducted on the scalar-induced gravitational-wave back-
ground, 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 [296]

PζðkÞ ¼
Affiffiffiffiffiffi
2π

p
Δ
exp

�
−
ln2ðk=k�Þ

2Δ2

�
: ð35Þ

It is defined by its position k� with its width controlled by
the parameterΔ and its amplitude characterized by A. In the
Δ → 0 limit, Eq. (35) reduces to a Dirac delta function
PζðkÞ ¼ Aδ½lnðk=k�Þ�. The assumption for the primordial

curvature power, Eq. (35), provides constraints in a model-
independent manner and serves as a good approximation
for many inflationary models. Furthermore, given the
relatively narrow frequency band, our constraints are not
sensitive to the detailed shape of the spectrum. Inflationary
models typically predict an enhanced curvature perturba-
tion 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 distribution for

the primordial curvature perturbations. Non-Gaussianity
can significantly modify the spectrum of the scalar-induced
gravitational-wave background [297–303]; however, the
precise form of non-Gaussianity depends on the inflation
model and a general parametrization is lacking.
Hence, assuming a Gaussian distribution for the curvature

perturbations, the energy-density spectrum of the scalar-
induced gravitational-wave background can be computed
using the approximate analytical expression [304,305]

ΩScalarðkÞh2

≃ 1.62 × 10−5
�

Ωð0Þ
radh

2

4.18 × 10−5

��
g�

106.75

��
g�;s

106.75

�
−4=3

×
1

12

Z
1

−1
dx

Z
∞

1

dyPζ

�
k
y − x
2

�
Pζ

�
k
xþ y
2

�
Fðx; yÞ;

ð36Þ

whereΩð0Þ
rad is the present value of the energy density fraction

of radiation and g� and g�;s are the effective number of
degrees of freedom for energy density and entropy density,
respectively. The function Fðx; yÞ is given by

Fðx; yÞ ¼ 288ðx2 þ y2 − 6Þ2ðx2 − 1Þ2ðy2 − 1Þ2
ðx − yÞ8ðxþ yÞ8

×

"�
x2 − y2 þ x2 þ y2 − 6

2
ln





 y2 − 3

x2 − 3






�

2

þ π2

4
ðx2 þ y2 − 6Þ2θðy −

ffiffiffi
3

p
Þ
#
; ð37Þ

where θ denotes the Heaviside step function. The frequency
range of our search corresponds to wave numbers between
approximately 1016 and 1019 Mpc−1. These scales reentered
the Hubble horizon when the temperature exceeded
108 GeV, allowing us to set g� ¼ g�;s ¼ 106.75 within
the Standard Model framework.
Figure 13 shows the spectrum assuming a log-normal

curvature power spectrum for different values of the width
parameter, Δ ¼ 0, 0.1, 1, while keeping A and k� fixed. As
Δ increases, the peak becomes broader and the spectral
amplitude decreases. The integrated amplitude A sets the
overall normalization, with the spectrum scaling as
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ΩScalarðfÞ ∝ A2, while the peak scale k� determines 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 wave number as the curvature power spectrum. If
primordial black holes form after the corresponding mode
reenters the Hubble radius, their mass can be related to the
peak frequency as

f� ≡ ck�
2π

¼ 25

�
k�

1.6 × 1016 Mpc−1

�
Hz

≃ 25γ1=2H

�
MPBH

5.3 × 10−20M⊙

�
−1=2

Hz; ð38Þ

where M⊙ ≃ 2 × 1030 kg is the solar mass and
γH ≔ MPBH=MH, typically of the order of unity, accounts
for the difference between the primordial black hole mass
MPBH and the horizon mass MH.

C. Constraints using O1–O4a LIGO-Virgo data

The result of the Bayesian parameter estimation,
obtained using PYGWB [122], are shown in Fig. 14. The
prior distributions are given in Table VIII. The bounds set
on A from the O4a data (shaded red region) are compared
with BBN and CMB constraints for Δ → 0 and for Δ ¼ 1.
The bottom and top horizontal axis represent the peak scale
of the curvature perturbation k� and the primordial black
hole masses related with the scale calculated using Eq. (38),
respectively. The shaded blue region represents indirect
bounds from BBN and CMB on the abundance of the
stochastic gravitational-wave background. We calculate the
bound by using the recent joint CMBþ BBN analysis,
which indicates that

R
d ln fh2ΩGWðfÞ < 1.3 × 10−6 at 2σ

for f > 2 × 10−11 Hz [239]. Since marginalized constraints
tend to be prior dependent, here we run the Bayesian search
by fixing the value of Δ and taking k� and A as free
parameters. The upper bounds on A for different combi-
nations of Δ and k� are summarized in Table IX.

FIG. 13. Spectrum for different values of width Δ ¼ 0, 0.1, 1
plotted with the O4a power-law integrated sensitivity curve [213].
We assume A ¼ 0.01 and f� ¼ 50 Hz.

FIG. 14. Constraints on the curvature perturbation amplitude
for Δ ¼ 0 (delta function case) and Δ ¼ 1.

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

k� ¼ 1015 Mpc−1 k� ¼ 1017 Mpc−1 k� ¼ 1019 Mpc−1

Δ → 0 1.44 0.01 0.15
Δ ¼ 1 0.96 0.05 2.12

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

Parameter Prior

Ωref LogUniform½10−13; 10−5�
A LogUniform½10−6; 100.5�
f�=Hz LogUniform½10−2; 106�
Δ Fixed at 0 and 1
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VIII. PRIMORDIAL BLACK HOLES

A. Motivation

Several mechanisms have been proposed for the for-
mation of primordial black holes. One of the most
extensively 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 for-
mation scenario. Primordial black holes are compelling
candidates for dark matter [64,306,307] and may contribute
to the observed population of binary black holes
[308–316].
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 [317–
326]. 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 fPBH, the
fraction of dark matter composed of primordial black holes
today. While current observations rule out fPBH ¼ 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 primordial
power spectrum [327]. We define the log-normal mass
function pðmÞ as

pðmÞ ¼ 1

ρPBH

dρPBH
d lnm

; ð39Þ

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

pðmÞ ¼ 1ffiffiffiffiffiffi
2π

p
σ
exp

�
−
ðlnm − ln μÞ2

2σ2

�
; ð40Þ

where μ is the median mass and σ controls the width of the
distribution in logarithmic space. The mass function is
normalized such that

R
pðmÞd lnm ¼ 1.

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

ΩPBHðfÞ ¼
f
ρc;0

Z
zmax

0

dz
Z

d ln m1 d ln m2

pðm1Þpðm2Þ
ð1þ zÞHðzÞ

×
d2REB=LB

d lnm1d lnm2

dEGW

dfr
: ð41Þ

In Eq. (41), the integration is over the massesm1 and m2 of
the binaries, and fr ¼ ð1þ zÞf is the gravitational-wave
frequency in the source frame. The quantity d2REB=LB=
d lnm1=d lnm2 represents the differential 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 spec-
trum dEGW=dfr by the phenomenological fitting function
of Ref. [328], which captures the inspiral, merger, and
ringdown phases. Although binaries at high redshift emit
gravitational waves early, the nearest binaries typically
dominate the background power unless the merger rate
rises sharply with redshift. Since the merger rate in our
model does not increase steeply, we take zmax ¼ 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 forma-
tion mechanism and the potential disruption of binaries by a
third body. The formation scenario can also affect proper-
ties like eccentricity, spin, and precession, which, in turn,
modify the waveform. In what follows, we consider only
nonspinning binaries.
The gravitational-wave background is composed of

primordial 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
frequency, determined mainly by the primordial black hole
masses. For equal-mass binaries, the energy spectrum has a
peak at

f ≃ 8.3 × 103
�
MPBH

M⊙

�
−1

Hz: ð42Þ

Hence, LIGO-Virgo-KAGRA detectors are sensitive to
binaries with masses ranging from subsolar scales up to
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Oð102ÞM⊙. The possibility of probing such a background
with the LIGO-Virgo-KAGRA detectors has been inves-
tigated in the literature [312,319–321,326,329–331].
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 t is given by
[309,332–336]

d2REB

d lnm1d lnm2

¼ 1.6 × 106

Gpc3 yr
f53=37PBH

�
t
t0

�
−34=37

×

�
m1 þm2

M⊙

�
−32=37

�
m1m2

ðm1 þm2Þ2
�
−34=37

× Sðm1; m2; fPBHÞ; ð43Þ

where t0 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 S1ðm1; m2; fPBHÞ and the other
from clustering due to their initial Poissonian fluctuations
S2ðfPBHÞ [311,312,336]. We employ suppression factors
modeled with analytical methods [312,336].
In the late binary formation scenario, binaries can form

within dense environments if clusters of primordial black
holes develop during the matter-dominated era [308].
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 [337,338]:

d2RLB

d lnm1d lnm2

¼ Rclust

Gpc3 yr
f2PBH

ðm1 þm2Þ10=7
ðm1m2Þ5=7

: ð44Þ

The parameter Rclust captures the enhancement of the
primordial black hole merger rate due to local clustering
[318,339], which depends on their velocity dispersion and
density contrast. We consider three representative values:
Rclust ¼ ½1; 4 × 102; 103�, corresponding to (i) modest clus-
tering consistent with ΛCDM [308], (ii) the level needed to
match observed binary merger rates, and (iii) an optimistic
scenario with highly efficient cluster formation [339].
With O4a sensitivity, the merger rate of late binaries is

typically subdominant compared to early binaries, except
for mPBH ≳ 100M⊙. This behavior is also illustrated in
Fig. 15, which shows example spectra for both formation
channels.

C. Constraints using O1–O4a LIGO-Virgo data

The prior ranges for the parameters are summarized in
Table X. Note that we adopt a relatively narrow prior for the

width of the mass function σ, since the merger rate is
known to be reliable only when the mass function 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 parameter Ωref ∼
3 × 10−9 at the 95% CL level, which are consistent with the
constraints from the isotropic background search [19].
Even in the absence of a detection, we can still constrain

fPBH as a function of μ. We show our constraint in Fig. 16,
along with those from other analyses. Our constraint is
derived by marginalizing over the mass function width σ
andΩref . ForMPBH ≳ 2 × 102M⊙, the spectral amplitude of
the gravitational-wave background is predominantly attrib-
uted 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
½1; 3 × 102�M⊙. The resulting bounds are complementary

FIG. 15. Gravitational-wave background spectrum for mono-
chromatic mass function, for both early (red solid line) and late
(blue dashed line) binary formation channels. Different curves
show different primordial black hole masses. We also plot the
O4a power-law integrated sensitivity curve [213]. Here, we
assume fPBH ¼ 1, fixed suppression factor S ¼ 0.002, and
Rclust ¼ 400.

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

Parameter Prior

Ωref LogUniform½10−12; 10−7�
μ=M⊙ LogUniform½10−1; 103�
σ LogUniform½10−2; 1�
fPBH LogUniform½10−5; 1�
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to existing ones from individual binary events, micro-
lensing surveys, and cosmic microwave background obser-
vations. The posterior distributions of each parameter are
shown in Fig. 17, and the 95% upper bounds on fPBH for
various combinations of μ and Rclust are presented in
Table XI.
We note that the parameters exhibit a degeneracy with

the CBC contribution Ωref , because both primordial and
astrophysical sources produce a gravitational-wave

spectrum with the same frequency dependence, ∝ f2=3,
during the inspiral phase. This similarity is particularly
relevant when the average black hole mass is ≲10M⊙.
However, our results indicate the highest sensitivity to
primordial black hole masses around approximately
100M⊙, 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.
Note that if primordial black hole binaries are produced

from curvature perturbations during inflation, they are
accompanied by gravitational waves. Such gravitational
waves from primordial black holes can be detectable by
LIGO-Virgo detectors, provided their mass is MPBH ≤
1016 g [344]. Various studies have addressed the possibility
that some of the detected CBCs events originate from
primordial black hole mergers (see, e.g., Refs. [345–349]).
More recently, pulsar timing array data have been examined
in the framework of large curvature perturbations generat-
ing subsolar primordial black holes and a gravitational-
wave background background at nanohertz frequencies
[350,351].

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
Universe models. In the following, we investigate parity
violation, either conducting 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 models of
gravity can result in circularly polarized gravitational
waves, most notably models inspired by Chern-Simons
gravity [352–355] and by inflationary scenarios coupled to
Abelian gauge fields [356–361]. Chirality is also expected
in various models of early Universe phase transitions
[362–368] and axion inflation sourced by non-Abelian
gauge fields, commonly referred to as chromonatural
inflation [56,56,251,261,263,369].
We describe a generic parity-violation search based on a

power-law energy density gravitational-wave spectrum
[65] and then detail more theoretically motivated polarized

FIG. 16. The 95% CL constraints on fPBH as a function of
MPBH (¼ μ) from the Bayesian analysis, shown for Rclust ¼
1; 4 × 102; 103 (dotted, solid, and dashed red curves, respec-
tively). We also show other observational constraints such as
supernova lensing constraints (SNe, black) [340], massive com-
pact halo object constraints (EROS, yellow) [341], the recent
optical gravitational lensing experiment constraints (OGLE,
green) [342], and cosmic microwave background constraints
(CMB, blue) [343].

FIG. 17. Corner plots of the posterior distributions for the
gravitational-wave background from primordial black hole bina-
ries, assuming Rclust ¼ 4 × 102. The results for other values of
Rclust are very similar.

TABLE XI. 95% CL on fPBH for various masses.

Rclust μ ¼ 1½M⊙� μ ¼ 30½M⊙� μ ¼ 103½M⊙�
1 1.5 × 10−2 3.7 × 10−3 6.4 × 10−1

4 × 102 1.6 × 10−2 3.6 × 10−3 4.5 × 10−1

103 1.4 × 10−2 3.8 × 10−3 4.1 × 10−1
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gravitational-wave background models of early Universe
turbulence and chromonatural inflation.

B. Model

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

hĈd1d2i ¼
Z

∞

−∞
df

Z
∞

−∞
df0δTðf − f0Þhs�d1ðfÞsd2ðf0ÞiQ̃ðf0Þ

¼ 3H2
0T

10π2

Z
∞

0

df
Ω0

GWðfÞγd1d2I ðfÞQ̃ðfÞ
f3

; ð45Þ

where

Ω0
GW ¼ ΩGW

�
1þ ΠðfÞ γ

d1d2
V ðfÞ
γd1d2I ðfÞ

�
;

with

γd1d2I ðfÞ ¼ 5

8π

Z
dΩ̂ðFþ

d1
Fþ�
d2

þ F×
d1
F×�
d2
Þe2πifΩ̂·Δx⃗;

γd1d2V ðfÞ ¼ −
5

8π

Z
dΩ̂ðFþ

d1
F×�
d2

− F×
d1
Fþ�
d2
Þe2πifΩ̂·Δx⃗: ð46Þ

We denote T the measurement time, δTðfÞ ¼
sinðπfTÞ=ðπfÞ, sdðfÞ the strain time series of the two
gravitational-wave detectors (denoted by d1 and d2). Q̃ðfÞ
is a filter, and FA

n stands for the contraction of the tensor
modes of polarization A ¼ þ;× to the nth detector’s
geometry. We denote by γd1d2I the usual (unpolarized
isotropic gravitational-wave background) overlap reduction
function of detectors d1 and d2 [76] and γ

d1d2
V as the overlap

function associated with the parity-violation term [370].
The polarization degree

ΠðfÞ ¼ VðfÞ=IðfÞ ¼ PRðfÞ − PLðfÞ
PRðfÞ þ PLðfÞ

ð47Þ

ranges from −1 (fully left polarization) to 1 (fully right
polarization), with Π ¼ 0 corresponding to an unpolarized
isotropic gravitational-wave background. We indicate by I
and V the Stokes parameters, and PR=L denote the right-
and left-hand gravitational-wave power spectra. Note that
allowing Π ¼ 0 in Eqs. (45) and (47) returns the formalism
to one utilized in standard, isotropic searches [19].

1. Model independent

We conduct a generic search for a parity-violating
gravitational-wave background exhibiting power-law
behavior, Eq. (2), with fref ¼ 25 Hz. We use a log-uniform
amplitude prior from 10−13 and 10−5, 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 Π

and a model in which the polarization varies with fre-
quency. In the constant polarization case, we search
uniformly for Π between −1 and 1. Additionally, two
searches that fix Π ¼ −1 and 1 are conducted to compare
constraints under maximal chiral assumptions. For the
frequency-dependent model, we use ΠðfÞ ¼ �ðf=1 HzÞβ
with a uniform prior β between −2 and 0. This is motivated
from theoretical models where Π decays with increasing
frequency [371,372]. We refer the reader to Table XII. In
our analysis, we consider only frequencies larger than 1 Hz
—at lower frequencies, terrestrial detectors are limited by
seismic noise—and, hence, the form of ΠðfÞ guarantees
that the physically allowed bound jΠj ≤ 1 is valid.

2. Early 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 [373,374].
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 realized

in extensions of the Standard Model of particle physics,
manifesting as helical (or chiral) turbulent motion
[375,376]. Circularly polarized gravitational waves are
generated by parity-violating turbulent sources [377].
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 [378–380]

ΩTurbulenceðfÞ ¼
(
Ωpeakðf=fpeakÞ; f ≤ fpeak;

Ωpeakðf=fpeakÞ−8=3; f > fpeak:
ð48Þ

The peak frequency fpeak is related to the temperature T� at
which the first-order phase transition takes place. At an
energy scale of T� ∼ 108 GeV, the predicted chiral turbu-
lence spectrum would exhibit a peak within the current
LIGO-Virgo-KAGRA observational band. We, therefore,
search for fpeak over a broad range (10–2000) Hz. The prior
distributions are given in Table XIII.

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

Parameter Prior

ΩPV
ref LogUniform½10−13; 10−5�

α Gaussian[0, 3.5]
Π Uniform½−1; 1�
β Uniform½−2; 0�
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Previous numerical studies calculated the net circular
polarization of gravitational waves under various initial
turbulent conditions, determining the degree of polarization
as a function of the wave number k. They identified models
where Π depends on the frequency [371,377]. We model
the polarization as the power-law functional form described
previously.

3. Non-Abelian axion inflation

The Chern-Simons interaction term sources exponential
production of gravitational waves through the induced
linear couplings between metric and gauge field tensor
perturbations and is given in Eq. (31).
The total gravitational-wave spectrum includes the

vacuum contribution

ΩVacuumðkÞ ¼
ΩR;0

12π2
H2

M2
Pl

: ð49Þ

We consider a piecewise linear model potential, given
previously in Eq. (32). The inflaton velocity, in the slow-
roll approximation, is approximately constant:

ξ ¼
�
ξCMB ¼ Aþαf=2V0; for ϕ > ϕ0;

ξ0 ¼ A−αf=2V0; for ϕ < ϕ0;
ð50Þ

where CMB constraints set un upper bound of ξCMB < 2.5
at 95% CL [381]. More studies for this model can be found
in Ref. [269].

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.

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

Parameter Prior

Ωpeak LogUniform½10−13; 10−5�]
fpeak=Hz Uniform[5, 2000]
β Uniform½−2; 0�

FIG. 18. Posterior distributions for a power-law gravitational-
wave background model with ΠðfÞ ¼ const, assuming an over-
laying CBC background.

FIG. 19. Posterior distributions for a power-law gravitational-
wave background model with ΠðfÞ ¼ �ðf=HzÞβ (positive power
law in red, negative in purple) assuming an overlaying CBC
background.

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

Parameter Prior

Ωref LogUniform½10−13; 10−5�
NCMB [e-folds] Uniform[50, 60]
f0=Hz LogUniform½10−6; 10�
ϕend=MPl Uniform[0, 25]
Aþ=M3

Pl LogUniform½10−20; 10−6�
A−=M3

Pl LogUniform½10−20; 10−6�
V0=M4

Pl LogUniform½10−20; 10−6�
αf=M−1

Pl Uniform[0, 250]
g LogUniform½10−5; 1�]
Π Uniform[0, 1]
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In Ref. [250], it was shown that the enhanced helicity is
model dependent and relies on the inflaton vacuum expect-
ation value sign; right-handed tensor modes corresponding
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

Π ≃
½ρ̄YM=ρ̄�G2þðmQÞ

½ρ̄YM=ρ̄�G2þðmQÞ þ 1
¼ const > 0; ð51Þ

where ρ̄YM=ρ̄≲ ϵ2 for slow-roll parameter ϵ, effective mass
mQ is approximated as ξ ≃mQ þm−1

Q , and the explicit
functional form of GsðmQÞ is detailed in Ref. [250]. It is
easy to show that ΠðfÞ ≃ 1 for ξ0 ≳ 4 and ρ̄YM=ρ̄≳ 5 ×
10−5 over the ground detectors’ frequency band.
We perform a search for parity-violating axion inflation,

a model investigated in Sec. VI by introducing an addi-
tional parameter for the polarization amplitude Π with a
uniform prior range of [0, 1]. For the other parameters, we
use the same prior range as in Table V. Note that we impose
a non-negative prior on the polarization amplitude, as we
expect Π ≥ 0 for the studied toy model. We refer the reader
to Table XIV.

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% and 95% confidence
contours for the searched general models with an assumed
CBC background in Figs. 18 and 19. Although no con-
straints can be placed on the parity-violating (PV) asso-
ciated parameter, we set upper bounds on the background’s
strength parameter ΩPV

ref . We list the 95% upper bound on
ΩPV

ref and Ωref plus the logarithmic Bayes factor for each
general search in Table XV.
Figure 20 displays the 68% and 95% confidence con-

tours of the resulting ΩPV
ref − α posteriors from an assumed

Π ¼ �1 polarization. One can see that more stringent
constraints can be made for an assumed entirely right-
handed polarization (2.82 × 10−9 < ΩPV;95%

ref , red) than for
a left-handed polarization (2.94 × 10−9 < ΩPV;95%

ref , blue);
this was also found using the O3 data [382]. This
preference can be explained by the ratio between the
standard and parity-violating associated overlap reduction
functions ςd1d2 ≡ γd1d2V =γd1d2I . While ςHV and ςLV are
roughly periodic in the considered frequency range, ςHL

is preferentially positive. Preferentially positive ςHL

TABLE XV. General parity-violating model search results with an assumed overlaying CBC background.

PV model 95% upper bound of ΩPV
ref 95% upper bound of Ωref lnBPVModelþCBC

noise

Π ¼ const 2.54 × 10−9 2.61 × 10−9 −1.175� 0.047
Π ¼ þðf=HzÞβ 2.41 × 10−9 2.95 × 10−9 −1.222� 0.043
Π ¼ −ðf=HzÞβ 2.76 × 10−9 2.46 × 10−9 −1.203� 0.044

FIG. 20. ΩPV
ref − α confidence curve at 95% (solid line) and 68%

(dashed line) level for assumed Π ¼ 1 (red) and Π ¼ −1 (blue)
polarization.

FIG. 21. Posterior distributions for early Universe turbu-
lence with an overlaying CBC background model with
ΠðfÞ ¼ ðf=HzÞβ.
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combined with Π > 0 results in enhanced modified ΩGW
[Eq. (47)], hence leading to stricter constraints on right-
hand polarized signals.
A general power-law search assuming no parity

violation (Π ¼ 0) yields a logarithmic Bayes factor
of lnBΠ¼0þCBC

noise ¼ −1.194� 0.042. In combination with
Table XV, we find no statistical preference between
polarized (Π ≠ 0) and nonpolarized (Π ¼ 0) power-law
models.

2. Early Universe turbulence

We plot the resulting constraints from a parity-violating
turbulence with overlaying CBC model search in Fig. 21.
We calculate a log Bayes factor of logBTurbþCBC

noise ¼
−0.830� 0.035, indicating no evidence for a chiral

turbulent background. No constraints on parity-violating
parameter β could be made. We find the 95% upper bound
of the gravitational-wave background strength to be
Ωpeak < 5.39 × 10−8—larger compared to power-law back-
ground model constraints due to the allowed broken-power-
law spectra being able to peak at frequencies with poor
sensitivity.

3. Non-Abelian axion inflation

We find a log Bayes factor of logBPVSUð2ÞþCBC
noise ¼

−0.545� 0.029 and, thus, no evidence of such a model
nor a preference for a polarized model over a nonchiral
model. We list the 95% confidence limits on both searched
models in Table XVI, and there do not appear to be large
discrepancies in the parameter estimation between the
searched models. In Fig. 22, we show the 2D posterior
ξ0 −HCMB results. Similarly, there are small differences
between the searched models, highlighting the lack of
statistical preference between chiral and nonchiral 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.

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 scenarios
which could contribute to the gravitational-wave back-
ground. These are first-order phase transitions, cosmic
strings, domain walls, stiff equation of state, axion infla-
tion, 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.
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 beyond the Standard
Model. They could generate gravitational waves from
processes such as bubble collisions, sound waves propa-
gating in the early Universe plasma, and magnetohydrody-
namic 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 Oð10−7Þ.
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

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 (Π ≠ 0) and
nonchiral (Π ¼ 0) searches, respectively.

TABLE XVI. Parameter estimation 95% confidence upper
bound for the searched chiral and nonchiral models.

Parameter Π ¼ 0 Π ≠ 0

g 0.411 0.385
V0=M4

Pl 4.41 × 10−9 3.47 × 10−9

Aþ=M3
Pl 2.77 × 10−12 1.62 × 10−12

A−=M3
Pl 2.01 × 10−10 2.55 × 10−10

ξ0 5.936 5.843
HCMB=MPl 4.18 × 10−5 3.94 × 10−5

Ωref 2.48 × 10−9 2.80 × 10−9
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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 C1, and model C2), we exclude
cosmic strings with a tension Gμ greater than Oð10−15Þ.
Domain walls are two-dimensional topological defects.

Our analysis constrains the domain wall tension, and the
temperature at which they collapse, resulting in their
annihilation, to avoid domain wall dominance in the
Universe. For sufficiently large domain wall tension, we
rule out 107 GeV < Tann < 109 GeV.
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 character-
izing this unconventional cosmology.
Gravitational waves offer a novel tool to test inflationary

models and constrain their parameters. While single-field
slow-roll inflation within the ΛCDM cosmological model
predicts a gravitational-wave background that is too weak
to be observed with current detectors, other inflationary
models may produce a detectable gravitational-wave back-
ground. We consider an axion inflation model, where a
pseudoscalar 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, aris-

ing from large-amplitude primordial curvature perturba-
tions, provides an observational test for probing directly the
epoch of inflation. In scenarios where primordial curvature
fluctuations are amplified during inflation, primordial black
holes form through the collapse of extremely dense regions
shortly after the corresponding modes enter the Hubble
radius. We impose an upper bound on a gravitational-wave
background, leading to constraints on primordial curvature
perturbations, stronger than the one imposed by Big Bang
nucleosynthesis and cosmic microwave background at a
scale of approximately 1017 Mpc.
Several mechanisms have been proposed for the for-

mation of primordial black holes. Just like astrophysical
black holes, primordial black holes can form binaries and
emit gravitational waves. A key factor determining the
merger rate is the number density of primordial black holes,
typically quantified by fPBH, the fraction of dark
matter composed of primordial black holes today. We
find 95% UL constraints on fPBH as a function of the
primordial black hole mass. In particular, we set fPBH <
10−2 for primordial black holes with masses in the range
ð1–100ÞM⊙.
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 spectrum
and then detail more theoretically motivated polarized
gravitational-wave background models of early Universe

turbulence and axion inflation. We impose new constraints
on parity-violation parameters.
In searching for a cosmologically produced gravita-

tional-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 [15]. For the current generation of ground-
based detectors, it will be challenging to separate astro-
physical and cosmological contributions [383,384].
Various methods have been proposed for signal separation
with future detectors [385–389], such as the Einstein
Telescope [390] and the Cosmic Explorer [391].
No gravitational-wave background signal has been

detected for any of the cosmological and high-energy
physics models considered here, leading to constraints
on their parameters. No CBC-produced gravitational-wave
background has been detected either. Nevertheless, our
analyses 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 testing of
early Universe scenarios and particle physics models at
energy scales otherwise inaccessible. We expect the con-
straints 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 O4a,
O4b, and O4c are modest, the extended observing time will
improve the sensitivity to the energy density of the
gravitational-wave background. The subsequent O5 run
will push these limits even further, deepening their impact
on cosmology and high-energy physics.
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[33] C. Caprini, O. Pujolàs, H. Quelquejay-Leclere, F.
Rompineve, and D. A. Steer, Primordial gravitational
wave backgrounds from phase transitions with next gen-
eration ground based detectors, Classical Quantum Grav-
ity 42, 045015 (2025).

[34] R. Jeannerot, J. Rocher, and M. Sakellariadou, How
generic is cosmic string formation in SUSY GUTs, Phys.
Rev. D 68, 103514 (2003).

[35] T. W. B. Kibble, Topology of cosmic domains and strings,
J. Phys. A 9, 1387 (1976).

[36] Y. B. Zeldovich, I. Y. Kobzarev, and L. B. Okun, Cosmo-
logical consequences of the spontaneous breakdown of
discrete symmetry, Zh. Eksp. Teor. Fiz. 67, 3 (1974).

[37] B. S. Ryden, W. H. Press, and D. N. Spergel, The evolution
of networks of domain walls and cosmic strings, As-
trophys. J. 357, 293 (1990).

[38] M. Hindmarsh, Analytic scaling solutions for cosmic
domain walls, Phys. Rev. Lett. 77, 4495 (1996).

[39] T. Garagounis and M. Hindmarsh, Scaling in numerical
simulations of domain walls, Phys. Rev. D 68, 103506
(2003).

[40] J. C. R. E. Oliveira, C. J. A. P. Martins, and P. P. Avelino,
The cosmological evolution of domain wall networks,
Phys. Rev. D 71, 083509 (2005).

[41] P. P. Avelino, J. C. R. E. Oliveira, and C. J. A. P. Martins,
Understanding domain wall network evolution, Phys. Lett.
B 610, 1 (2005).

[42] A. M. M. Leite and C. J. A. P. Martins, Scaling properties
of domain wall networks, Phys. Rev. D 84, 103523 (2011).

[43] P. J. E. Peebles and A. Vilenkin, Quintessential inflation,
Phys. Rev. D 59, 063505 (1999).

[44] M. Giovannini, Gravitational waves constraints on post-
inflationary phases stiffer than radiation, Phys. Rev. D 58,
083504 (1998).

[45] L. A. Boyle and P. J. Steinhardt, Probing the early universe
with inflationary gravitational waves, Phys. Rev. D 77,
063504 (2008).

[46] L. A. Boyle and A. Buonanno, Relating gravitational
wave constraints from primordial nucleosynthesis, pul-
sar timing, laser interferometers, and the CMB: Im-
plications for the early universe, Phys. Rev. D 78,
043531 (2008).

[47] S. Kuroyanagi, K. Nakayama, and S. Saito, Prospects for
determination of thermal history after inflation with future
gravitational wave detectors, Phys. Rev. D 84, 123513
(2011).

[48] B. Li, T. Rindler-Daller, and P. R. Shapiro, Cosmological
constraints on Bose-Einstein-condensed scalar field dark
matter, Phys. Rev. D 89, 083536 (2014).

[49] B. Li, P. R. Shapiro, and T. Rindler-Daller, Bose-
Einstein-condensed scalar field dark matter and the
gravitational wave background from inflation: New

A. G. ABAC et al. PHYS. REV. X 16, 041023 (2026)

041023-30

https://doi.org/10.1086/500190
https://doi.org/10.1086/500190
https://doi.org/10.1088/1674-4527/11/4/001
https://doi.org/10.1088/1674-4527/11/4/001
https://doi.org/10.1103/PhysRevLett.122.111101
https://doi.org/10.1103/PhysRevD.104.022005
https://doi.org/10.1103/PhysRevD.104.022005
https://doi.org/10.1103/PhysRevLett.116.131102
https://doi.org/10.1103/PhysRevLett.116.131102
https://doi.org/10.1103/PhysRevLett.120.091101
https://doi.org/10.1103/PhysRevX.13.011048
https://arXiv.org/abs/2508.20721
https://arXiv.org/abs/gr-qc/9803028
https://doi.org/10.1016/S0370-1573(99)00102-7
https://doi.org/10.1103/PhysRevX.6.011035
https://doi.org/10.1088/1361-6382/aac608
https://doi.org/10.1088/1361-6382/aac608
https://doi.org/10.1088/1475-7516/2018/11/038
https://doi.org/10.1088/0264-9381/33/13/134001
https://doi.org/10.1088/1361-6382/abfd85
https://doi.org/10.1088/1361-6382/adc4b6
https://doi.org/10.1103/PhysRevD.111.062002
https://doi.org/10.1103/PhysRevD.111.062002
https://doi.org/10.1088/1361-6382/acd92d
https://doi.org/10.1103/PhysRevD.30.272
https://doi.org/10.1103/PhysRevD.30.272
https://doi.org/10.1088/1361-6633/ab1f55
https://doi.org/10.21468/SciPostPhysLectNotes
https://doi.org/10.21468/SciPostPhysLectNotes
https://doi.org/10.1088/1361-6382/ad9a48
https://doi.org/10.1088/1361-6382/ad9a48
https://doi.org/10.1103/PhysRevD.68.103514
https://doi.org/10.1103/PhysRevD.68.103514
https://doi.org/10.1088/0305-4470/9/8/029
https://doi.org/10.1086/168919
https://doi.org/10.1086/168919
https://doi.org/10.1103/PhysRevLett.77.4495
https://doi.org/10.1103/PhysRevD.68.103506
https://doi.org/10.1103/PhysRevD.68.103506
https://doi.org/10.1103/PhysRevD.71.083509
https://doi.org/10.1016/j.physletb.2005.02.003
https://doi.org/10.1016/j.physletb.2005.02.003
https://doi.org/10.1103/PhysRevD.84.103523
https://doi.org/10.1103/PhysRevD.59.063505
https://doi.org/10.1103/PhysRevD.58.083504
https://doi.org/10.1103/PhysRevD.58.083504
https://doi.org/10.1103/PhysRevD.77.063504
https://doi.org/10.1103/PhysRevD.77.063504
https://doi.org/10.1103/PhysRevD.78.043531
https://doi.org/10.1103/PhysRevD.78.043531
https://doi.org/10.1103/PhysRevD.84.123513
https://doi.org/10.1103/PhysRevD.84.123513
https://doi.org/10.1103/PhysRevD.89.083536


cosmological constraints and its detectability by LIGO,
Phys. Rev. D 96, 063505 (2017).

[50] D. G. Figueroa and E. H. Tanin, Ability of LIGO and LISA
to probe the equation of state of the early universe, J.
Cosmol. Astropart. Phys. 08 (2019) 011.

[51] B. Li and P. R. Shapiro, Precision cosmology and the stiff-
amplified gravitational-wave background from inflation:
NANOGrav, Advanced LIGO-Virgo and the Hubble ten-
sion, J. Cosmol. Astropart. Phys. 10 (2021) 024.

[52] S. Kuroyanagi, T. Takahashi, and S. Yokoyama, Blue-tilted
tensor spectrum and thermal history of the universe, J.
Cosmol. Astropart. Phys. 02 (2015) 003.

[53] H. Duval, S. Kuroyanagi, A. Mariotti, A. Romero-
Rodríguez, and M. Sakellariadou, Investigating cosmic
histories with a stiff era through gravitational waves,
Phys. Rev. D 110, 103503 (2024).

[54] M.M. Anber and L. Sorbo, Naturally inflating on steep
potentials through electromagnetic dissipation, Phys. Rev.
D 81, 043534 (2010).

[55] J. L. Cook and L. Sorbo, Particle production during
inflation and gravitational waves detectable by ground-
based interferometers, Phys. Rev. D 85, 023534 (2012);
86, 069901(E) (2012).

[56] E. Dimastrogiovanni and M. Peloso, Stability analysis of
chromo-natural inflation and possible evasion of Lyth’s
bound, Phys. Rev. D 87, 103501 (2013).

[57] T. Fujita, K. Mukaida, K. Murai, and H. Nakatsuka, SU(N)
natural inflation, Phys. Rev. D 105, 103519 (2022).

[58] G. Domènech, Scalar induced gravitational waves review,
Universe 7, 398 (2021).

[59] K. Tomita, Non-Linear theory of gravitational instability
in the expanding universe, Prog. Theor. Phys. 37, 831
(1967).

[60] S. Matarrese, O. Pantano, and D. Saez, General relativistic
dynamics of irrotational dust: Cosmological implications,
Phys. Rev. Lett. 72, 320 (1994).

[61] S. Matarrese, S. Mollerach, and M. Bruni, Second order
perturbations of the Einstein-de Sitter universe, Phys. Rev.
D 58, 043504 (1998).

[62] K. N. Ananda, C. Clarkson, and D. Wands, The cos-
mological gravitational wave background from primor-
dial density perturbations, Phys. Rev. D 75, 123518
(2007).

[63] D. Baumann, P. J. Steinhardt, K. Takahashi, and K. Ichiki,
Gravitational wave spectrum induced by primordial scalar
perturbations, Phys. Rev. D 76, 084019 (2007).

[64] B. Carr and F. Kuhnel, Primordial black holes as dark
matter candidates, SciPost Phys. Lect. Notes 48, 1 (2022).

[65] N. Seto and A. Taruya, Measuring a parity violation
signature in the early universe via ground-based laser
interferometers, Phys. Rev. Lett. 99, 121101 (2007).

[66] P. A. R. Ade et al. (Planck Collaboration), Planck 2015
results. XIII. Cosmological parameters, Astron. Astro-
phys. 594, A13 (2016).

[67] A. J. Farmer and E. S. Phinney, The gravitational wave
background from cosmological compact binaries, Mon.
Not. R. Astron. Soc. 346, 1197 (2003).

[68] R. Abbott et al. (KAGRA, Virgo, and LIGO Scientific
Collaborations), Upper limits on the isotropic gravita-
tional-wave background from Advanced LIGO and

Advanced Virgo’s third observing run, Phys. Rev. D
104, 022004 (2021).

[69] T. Callister, A. S. Biscoveanu, N. Christensen, M. Isi, A.
Matas, O. Minazzoli, T. Regimbau, M. Sakellariadou, J.
Tasson, and E. Thrane, Polarization-based tests of gravity
with the stochastic gravitational-wave background, Phys.
Rev. X 7, 041058 (2017).

[70] B. P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Search for tensor, vector, and scalar polarizations
in the stochastic gravitational-wave background, Phys.
Rev. Lett. 120, 201102 (2018).

[71] A. G. Abac et al. (LIGO Scientific, Virgo, and KAGRA
Collaborations), Directional search for persistent gravi-
tational waves: Results from the first part of LIGO-Virgo-
KAGRA’s fourth observing run, Phys. Rev. D 114, 022001
(2026).

[72] N. Christensen and R. Meyer, Parameter estimation with
gravitational waves, Rev. Mod. Phys. 94, 025001 (2022).

[73] V. Mandic, E. Thrane, S. Giampanis, and T. Regimbau,
Parameter estimation in searches for the stochastic gravi-
tational-wave background, Phys. Rev. Lett. 109, 171102
(2012).

[74] E. Thrane, N. Christensen, and R. M. S. Schofield, Corre-
lated magnetic noise in global networks of gravitational-
wave interferometers: observations and implications,
Phys. Rev. D 87, 123009 (2013).

[75] P. M. Meyers, K. Martinovic, N. Christensen, and M.
Sakellariadou, Detecting a stochastic gravitational-wave
background in the presence of correlated magnetic noise,
Phys. Rev. D 102, 102005 (2020).

[76] N. Christensen, Measuring the stochastic gravitational-
radiation background with laser-interferometric antennas,
Phys. Rev. D 46, 5250 (1992).

[77] N. Christensen,Optimal detection strategies for measuring
the stochastic gravitational radiation background with
laser interferometric antennas, Phys. Rev. D 55, 448
(1997).

[78] GWOSC home page, https://gwosc.org.
[79] A. Kosowsky, M. S. Turner, and R. Watkins, Gravitational

radiation from colliding vacuum bubbles, Phys. Rev. D 45,
4514 (1992).

[80] A. Kosowsky and M. S. Turner, Gravitational radiation
from colliding vacuum bubbles: Envelope approximation
to many bubble collisions, Phys. Rev. D 47, 4372 (1993).

[81] M. Hindmarsh, S. J. Huber, K. Rummukainen, and D. J.
Weir, Gravitational waves from the sound of a first order
phase transition, Phys. Rev. Lett. 112, 041301 (2014).

[82] M. Hindmarsh, S. J. Huber, K. Rummukainen, and D. J.
Weir, Numerical simulations of acoustically generated
gravitational waves at a first order phase transition, Phys.
Rev. D 92, 123009 (2015).

[83] M. Kamionkowski, A. Kosowsky, and M. S. Turner,
Gravitational radiation from first order phase transitions,
Phys. Rev. D 49, 2837 (1994).

[84] C. Grojean and G. Servant, Gravitational waves from
phase transitions at the electroweak scale and beyond,
Phys. Rev. D 75, 043507 (2007).

[85] V. Vaskonen, Electroweak baryogenesis and gravitational
waves from a real scalar singlet, Phys. Rev. D 95, 123515
(2017).

COSMOLOGICAL AND HIGH-ENERGY PHYSICS IMPLICATIONS … PHYS. REV. X 16, 041023 (2026)

041023-31

https://doi.org/10.1103/PhysRevD.96.063505
https://doi.org/10.1088/1475-7516/2019/08/011
https://doi.org/10.1088/1475-7516/2019/08/011
https://doi.org/10.1088/1475-7516/2021/10/024
https://doi.org/10.1088/1475-7516/2015/02/003
https://doi.org/10.1088/1475-7516/2015/02/003
https://doi.org/10.1103/PhysRevD.110.103503
https://doi.org/10.1103/PhysRevD.81.043534
https://doi.org/10.1103/PhysRevD.81.043534
https://doi.org/10.1103/PhysRevD.85.023534
https://doi.org/10.1103/PhysRevD.86.069901
https://doi.org/10.1103/PhysRevD.87.103501
https://doi.org/10.1103/PhysRevD.105.103519
https://doi.org/10.3390/universe7110398
https://doi.org/10.1143/PTP.37.831
https://doi.org/10.1143/PTP.37.831
https://doi.org/10.1103/PhysRevLett.72.320
https://doi.org/10.1103/PhysRevD.58.043504
https://doi.org/10.1103/PhysRevD.58.043504
https://doi.org/10.1103/PhysRevD.75.123518
https://doi.org/10.1103/PhysRevD.75.123518
https://doi.org/10.1103/PhysRevD.76.084019
https://doi.org/10.21468/SciPostPhysLectNotes
https://doi.org/10.1103/PhysRevLett.99.121101
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1111/j.1365-2966.2003.07176.x
https://doi.org/10.1111/j.1365-2966.2003.07176.x
https://doi.org/10.1103/PhysRevD.104.022004
https://doi.org/10.1103/PhysRevD.104.022004
https://doi.org/10.1103/PhysRevX.7.041058
https://doi.org/10.1103/PhysRevX.7.041058
https://doi.org/10.1103/PhysRevLett.120.201102
https://doi.org/10.1103/PhysRevLett.120.201102
https://doi.org/10.1103/wgp7-t8r8
https://doi.org/10.1103/wgp7-t8r8
https://doi.org/10.1103/RevModPhys.94.025001
https://doi.org/10.1103/PhysRevLett.109.171102
https://doi.org/10.1103/PhysRevLett.109.171102
https://doi.org/10.1103/PhysRevD.87.123009
https://doi.org/10.1103/PhysRevD.102.102005
https://doi.org/10.1103/PhysRevD.46.5250
https://doi.org/10.1103/PhysRevD.55.448
https://doi.org/10.1103/PhysRevD.55.448
https://gwosc.org
https://gwosc.org
https://doi.org/10.1103/PhysRevD.45.4514
https://doi.org/10.1103/PhysRevD.45.4514
https://doi.org/10.1103/PhysRevD.47.4372
https://doi.org/10.1103/PhysRevLett.112.041301
https://doi.org/10.1103/PhysRevD.92.123009
https://doi.org/10.1103/PhysRevD.92.123009
https://doi.org/10.1103/PhysRevD.49.2837
https://doi.org/10.1103/PhysRevD.75.043507
https://doi.org/10.1103/PhysRevD.95.123515
https://doi.org/10.1103/PhysRevD.95.123515


[86] G. C. Dorsch, S. J. Huber, T. Konstandin, and J. M. No, A
second Higgs doublet in the early universe: Baryogenesis
and gravitational waves, J. Cosmol. Astropart. Phys. 05
(2017) 052.

[87] P. Schwaller, Gravitational waves from a dark phase
transition, Phys. Rev. Lett. 115, 181101 (2015).

[88] J. Jaeckel, V. V. Khoze, and M. Spannowsky, Hearing the
signal of dark sectors with gravitational wave detectors,
Phys. Rev. D 94, 103519 (2016).

[89] M. Breitbach, J. Kopp, E. Madge, T. Opferkuch, and P.
Schwaller, Dark, cold, and noisy: Constraining secluded
hidden sectors with gravitational waves, J. Cosmol.
Astropart. Phys. 07 (2019) 007.

[90] P. S. B. Dev, F. Ferrer, Y. Zhang, and Y. Zhang, Gravita-
tional waves from first-order phase transition in a simple
axion-like particle model, J. Cosmol. Astropart. Phys. 11
(2019) 006.

[91] L. Delle Rose, G. Panico, M. Redi, and A. Tesi, Gravi-
tational waves from supercool axions, J. High Energy
Phys. 04 (2020) 025.

[92] B. Von Harling, A. Pomarol, O. Pujolas, and F.
Rompineve, Peccei-Quinn phase transition at LIGO, J.
High Energy Phys. 04 (2020) 195.

[93] D. Croon, T. E. Gonzalo, and G. White, Gravitational
waves from a Pati-Salam phase transition, J. High Energy
Phys. 02 (2019) 083.

[94] W.-C. Huang, F. Sannino, and Z.-W. Wang, Gravitational
waves from Pati-Salam dynamics, Phys. Rev. D 102,
095025 (2020).

[95] S. J. Huber and T. Konstandin, Production of gravitational
waves in the nMSSM, J. Cosmol. Astropart. Phys. 05
(2008) 017.

[96] S. V. Demidov, D. S. Gorbunov, and D. V. Kirpichnikov,
Gravitational waves from phase transition in split
NMSSM, Phys. Lett. B 779, 191 (2018).

[97] N. Craig, N. Levi, A. Mariotti, and D. Redigolo, Ripples in
spacetime from broken supersymmetry, J. High Energy
Phys. 02 (2020) 184.

[98] L. Randall and G. Servant, Gravitational waves from
warped spacetime, J. High Energy Phys. 05 (2007)
054.

[99] A. Romero, K. Martinovic, T. A. Callister, H.-K. Guo, M.
Martínez, M. Sakellariadou, F.-W. Yang, and Y. Zhao,
Implications for first-order cosmological phase transitions
from the third LIGO-Virgo observing run, Phys. Rev. Lett.
126, 151301 (2021).

[100] J. Ellis, M. Lewicki, J. M. No, and V. Vaskonen, Gravi-
tational wave energy budget in strongly supercooled phase
transitions, J. Cosmol. Astropart. Phys. 06 (2019) 024.

[101] J. Ellis, M. Lewicki, and V. Vaskonen,Updated predictions
for gravitational waves produced in a strongly super-
cooled phase transition, J. Cosmol. Astropart. Phys. 11
(2020) 020.

[102] C. Badger et al., Probing early Universe supercooled
phase transitions with gravitational wave data, Phys. Rev.
D 107, 023511 (2023).

[103] M. Hindmarsh, S. J. Huber, K. Rummukainen, and D. J.
Weir, Shape of the acoustic gravitational wave power
spectrum from a first order phase transition, Phys. Rev. D
96, 103520 (2017); 101, 089902(E) (2020).

[104] M. Hindmarsh, Sound shell model for acoustic gravita-
tional wave production at a first-order phase transition in
the early Universe, Phys. Rev. Lett. 120, 071301 (2018).

[105] M. Hindmarsh and M. Hijazi, Gravitational waves from
first order cosmological phase transitions in the sound
shell model, J. Cosmol. Astropart. Phys. 12 (2019) 062.

[106] H.-K. Guo, K. Sinha, D. Vagie, and G. White, Phase
transitions in an expanding universe: Stochastic gravita-
tional waves in standard and non-standard histories, J.
Cosmol. Astropart. Phys. 01 (2021) 001.

[107] D. Cutting, M. Hindmarsh, and D. J. Weir, Vorticity,
kinetic energy, and suppressed gravitational wave pro-
duction in strong first order phase transitions, Phys. Rev.
Lett. 125, 021302 (2020).

[108] C. Caprini et al., Detecting gravitational waves from
cosmological phase transitions with LISA: An update, J.
Cosmol. Astropart. Phys. 03 (2020) 024.

[109] J. R. Espinosa, T. Konstandin, J. M. No, and G. Servant,
Energy budget of cosmological first-order phase transi-
tions, J. Cosmol. Astropart. Phys. 06 (2010) 028.

[110] J. Ellis, M. Lewicki, and J. M. No, Gravitational waves
from first-order cosmological phase transitions: Lifetime
of the sound wave source, J. Cosmol. Astropart. Phys. 07
(2020) 050.

[111] A. Kosowsky, M. S. Turner, and R. Watkins, Gravitational
waves from first order cosmological phase transitions,
Phys. Rev. Lett. 69, 2026 (1992).

[112] S. J. Huber and T. Konstandin, Gravitational wave pro-
duction by collisions: More bubbles, J. Cosmol. Astropart.
Phys. 09 (2008) 022.

[113] R. Jinno and M. Takimoto, Gravitational waves from
bubble collisions: An analytic derivation, Phys. Rev. D 95,
024009 (2017).

[114] C. Caprini, R. Jinno, M. Lewicki, E. Madge, M. Merchand,
G. Nardini, M. Pieroni, A. Roper Pol, and V. Vaskonen
(LISA Cosmology Working Group Collaboration), Gravi-
tational waves from first-order phase transitions in LISA:
Reconstruction pipeline and physics interpretation, J.
Cosmol. Astropart. Phys. 10 (2024) 020.

[115] M. Lewicki and V. Vaskonen, Gravitational waves from
bubble collisions and fluid motion in strongly supercooled
phase transitions, Eur. Phys. J. C 83, 109 (2023).

[116] D. Cutting, M. Hindmarsh, and D. J. Weir, Gravitational
waves from vacuum first-order phase transitions: From
the envelope to the lattice, Phys. Rev. D 97, 123513
(2018).

[117] D. Cutting, E. G. Escartin, M. Hindmarsh, and D. J. Weir,
Gravitational waves from vacuum first order phase tran-
sitions II: From thin to thick walls, Phys. Rev. D 103,
023531 (2021).

[118] M. Lewicki and V. Vaskonen, Gravitational wave spectra
from strongly supercooled phase transitions, Eur. Phys. J.
C 80, 1003 (2020).

[119] M. Lewicki and V. Vaskonen, Gravitational waves from
colliding vacuum bubbles in gauge theories, Eur. Phys. J.
C 81, 437 (2021); 81, 1077(E) (2021).

[120] Y. Di, J. Wang, R. Zhou, L. Bian, R.-G. Cai, and J. Liu,
Magnetic field and gravitational waves from the First-
Order phase transition, Phys. Rev. Lett. 126, 251102
(2021).

A. G. ABAC et al. PHYS. REV. X 16, 041023 (2026)

041023-32

https://doi.org/10.1088/1475-7516/2017/05/052
https://doi.org/10.1088/1475-7516/2017/05/052
https://doi.org/10.1103/PhysRevLett.115.181101
https://doi.org/10.1103/PhysRevD.94.103519
https://doi.org/10.1088/1475-7516/2019/07/007
https://doi.org/10.1088/1475-7516/2019/07/007
https://doi.org/10.1088/1475-7516/2019/11/006
https://doi.org/10.1088/1475-7516/2019/11/006
https://doi.org/10.1007/JHEP04(2020)025
https://doi.org/10.1007/JHEP04(2020)025
https://doi.org/10.1007/JHEP04(2020)195
https://doi.org/10.1007/JHEP04(2020)195
https://doi.org/10.1007/JHEP02(2019)083
https://doi.org/10.1007/JHEP02(2019)083
https://doi.org/10.1103/PhysRevD.102.095025
https://doi.org/10.1103/PhysRevD.102.095025
https://doi.org/10.1088/1475-7516/2008/05/017
https://doi.org/10.1088/1475-7516/2008/05/017
https://doi.org/10.1016/j.physletb.2018.02.007
https://doi.org/10.1007/JHEP02(2021)184
https://doi.org/10.1007/JHEP02(2021)184
https://doi.org/10.1088/1126-6708/2007/05/054
https://doi.org/10.1088/1126-6708/2007/05/054
https://doi.org/10.1103/PhysRevLett.126.151301
https://doi.org/10.1103/PhysRevLett.126.151301
https://doi.org/10.1088/1475-7516/2019/06/024
https://doi.org/10.1088/1475-7516/2020/11/020
https://doi.org/10.1088/1475-7516/2020/11/020
https://doi.org/10.1103/PhysRevD.107.023511
https://doi.org/10.1103/PhysRevD.107.023511
https://doi.org/10.1103/PhysRevD.96.103520
https://doi.org/10.1103/PhysRevD.96.103520
https://doi.org/10.1103/PhysRevD.101.089902
https://doi.org/10.1103/PhysRevLett.120.071301
https://doi.org/10.1088/1475-7516/2019/12/062
https://doi.org/10.1088/1475-7516/2021/01/001
https://doi.org/10.1088/1475-7516/2021/01/001
https://doi.org/10.1103/PhysRevLett.125.021302
https://doi.org/10.1103/PhysRevLett.125.021302
https://doi.org/10.1088/1475-7516/2020/03/024
https://doi.org/10.1088/1475-7516/2020/03/024
https://doi.org/10.1088/1475-7516/2010/06/028
https://doi.org/10.1088/1475-7516/2020/07/050
https://doi.org/10.1088/1475-7516/2020/07/050
https://doi.org/10.1103/PhysRevLett.69.2026
https://doi.org/10.1088/1475-7516/2008/09/022
https://doi.org/10.1088/1475-7516/2008/09/022
https://doi.org/10.1103/PhysRevD.95.024009
https://doi.org/10.1103/PhysRevD.95.024009
https://doi.org/10.1088/1475-7516/2024/10/020
https://doi.org/10.1088/1475-7516/2024/10/020
https://doi.org/10.1140/epjc/s10052-023-11241-3
https://doi.org/10.1103/PhysRevD.97.123513
https://doi.org/10.1103/PhysRevD.97.123513
https://doi.org/10.1103/PhysRevD.103.023531
https://doi.org/10.1103/PhysRevD.103.023531
https://doi.org/10.1140/epjc/s10052-020-08589-1
https://doi.org/10.1140/epjc/s10052-020-08589-1
https://doi.org/10.1140/epjc/s10052-021-09232-3
https://doi.org/10.1140/epjc/s10052-021-09232-3
https://doi.org/10.1140/epjc/s10052-021-09892-1
https://doi.org/10.1103/PhysRevLett.126.251102
https://doi.org/10.1103/PhysRevLett.126.251102


[121] H.-k. Guo, F. Hajkarim, K. Sinha, G. White, and Y. Xiao, A
precise fitting formula for gravitational wave spectra from
the sound shell model, J. Cosmol. Astropart. Phys. 02
(2025) 056.

[122] A. I. Renzini et al., pygwb: A Python-based library for
gravitational-wave background searches, Astrophys. J.
952, 25 (2023).

[123] K. Enqvist, J. Ignatius, K. Kajantie, and K. Rummukainen,
Nucleation and bubble growth in a first order cosmologi-
cal electroweak phase transition, Phys. Rev. D 45, 3415
(1992).

[124] R.-G. Cai and S.-J. Wang, Energy budget of cosmological
first-order phase transition in FLRW background, Sci.
China Phys. Mech. Astron. 61, 080411 (2018).

[125] L. Giombi and M. Hindmarsh, General relativistic bubble
growth in cosmological phase transitions, J. Cosmol.
Astropart. Phys. 03 (2024) 059.

[126] R. Jinno and J. Kume, Gravitational effects on fluid
dynamics in cosmological first-order phase transitions,
J. Cosmol. Astropart. Phys. 02 (2025) 057.

[127] T. W. B. Kibble, Some implications of a cosmological
phase transition, Phys. Rep. 67, 183 (1980).

[128] W. H. Zurek, Cosmological experiments in superfluid
helium?, Nature (London) 317, 505 (1985).

[129] W. H. Zurek, Cosmological experiments in condensed
matter systems, Phys. Rep. 276, 177 (1996).

[130] S. Weinberg, A new light boson?, Phys. Rev. Lett. 40, 223
(1978).

[131] F. Wilczek, Problem of strong P and T invariance in the
presence of instantons, Phys. Rev. Lett. 40, 279 (1978).

[132] M. A. Shifman, A. I. Vainshtein, and V. I. Zakharov, Can
confinement ensure natural CP invariance of strong
interactions?, Nucl. Phys. B166, 493 (1980).

[133] J. E. Kim, Weak interaction singlet and strong CP invari-
ance, Phys. Rev. Lett. 43, 103 (1979).

[134] A. R. Zhitnitsky, On possible suppression of the axion
hadron interactions. (In Russian), Sov. J. Nucl. Phys. 31,
260 (1980).[Yad. Fiz. 31, 497 (1980)].

[135] M. Dine, W. Fischler, and M. Srednicki, A simple solution
to the strong CP problem with a harmless axion, Phys.
Lett. 104B, 199 (1981).

[136] J. Preskill, M. B. Wise, and F. Wilczek, Cosmology of the
invisible axion, Phys. Lett. 120B, 127 (1983).

[137] L. F. Abbott and P. Sikivie, A cosmological bound on the
invisible axion, Phys. Lett. 120B, 133 (1983).

[138] M. Dine and W. Fischler, The not so harmless axion, Phys.
Lett. 120B, 137 (1983).

[139] X. Niu, W. Xue, and F. Yang, Gauged global strings, J.
High Energy Phys. 02 (2024) 093.

[140] B. P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Constraints on cosmic strings using data from the
first advanced LIGO observing run, Phys. Rev. D 97,
102002 (2018).

[141] B. P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), Search for the isotropic stochastic background
using data from Advanced LIGO’s second observing
run, Phys. Rev. D 100, 061101 (2019).

[142] R. Abbott et al. (LIGO Scientific, Virgo, and KAGRA
Collaborations), Constraints on cosmic strings using data

from the third Advanced LIGO–Virgo observing run, Phys.
Rev. Lett. 126, 241102 (2021).

[143] A. Afzal et al. (NANOGrav Collaboration), The NANO-
Grav 15 yr data set: Search for signals from new physics,
Astrophys. J. Lett. 951, L11 (2023).

[144] J. Antoniadis et al. (EPTA, InPTA Collaborations), The
second data release from the European Pulsar Timing
Array—IV. Implications for massive black holes, dark
matter, and the early universe, Astron. Astrophys. 685,
A94 (2024).

[145] N. Yonemaru et al., Searching for gravitational wave
bursts from cosmic string cusps with the Parkes Pulsar
Timing Array, Mon. Not. R. Astron. Soc. 501, 701 (2021).

[146] P. Auclair et al., Probing the gravitational wave back-
ground from cosmic strings with LISA, J. Cosmol. As-
tropart. Phys. 04 (2020) 034.

[147] P. Auclair et al. (LISA Cosmology Working Group
Collaboration), Cosmology with the laser interferometer
space antenna, Living Rev. Relativity 26, 5 (2023).

[148] Z.-C. Chen, Q.-G. Huang, C. Liu, L. Liu, X.-J. Liu, Y. Wu,
Y.-M. Wu, Z. Yi, and Z.-Q. You, Prospects for Taiji to
detect a gravitational-wave background from cosmic
strings, J. Cosmol. Astropart. Phys. 03 (2024) 022.

[149] B. Canuel et al., ELGAR—a European laboratory for
gravitation and atom-interferometric research, Classical
Quantum Gravity 37, 225017 (2020).

[150] M. Sakellariadou, Gravitational waves emitted from in-
finite strings, Phys. Rev. D 42, 354 (1990); 43, 4150(E)
(1991).

[151] M. Sakellariadou, Radiation of Nambu-Goldstone bosons
from infinitely long cosmic strings, Phys. Rev. D 44, 3767
(1991).

[152] C. Ringeval, M. Sakellariadou, and F. Bouchet, Cosmo-
logical evolution of cosmic string loops, J. Cosmol.
Astropart. Phys. 02 (2007) 023.

[153] J. J. Blanco-Pillado, K. D. Olum, and B. Shlaer, The
number of cosmic string loops, Phys. Rev. D 89,
023512 (2014).

[154] J. J. Blanco-Pillado and K. D. Olum, Direct determination
of cosmic string loop density from simulations, Phys. Rev.
D 101, 103018 (2020).

[155] L. Lorenz, C. Ringeval, and M. Sakellariadou, Cosmic
string loop distribution on all length scales and at any
redshift, J. Cosmol. Astropart. Phys. 10 (2010) 003.

[156] P. Auclair, C. Ringeval, M. Sakellariadou, and D. Steer,
Cosmic string loop production functions, J. Cosmol.
Astropart. Phys. 06 (2019) 015.

[157] P. G. Auclair, Impact of the small-scale structure on the
stochastic background of gravitational waves from cosmic
strings, J. Cosmol. Astropart. Phys. 11 (2020) 050.

[158] L. Pagano, L. Salvati, and A. Melchiorri, New constraints
on primordial gravitational waves from Planck 2015,
Phys. Lett. B 760, 823 (2016).

[159] R. H. Cyburt, B. D. Fields, K. A. Olive, and E. Skillman,
New BBN limits on physics beyond the standard model
from 4He, Astropart. Phys. 23, 313 (2005).

[160] G. R. Vincent, M. Hindmarsh, and M. Sakellariadou,
Scaling and small scale structure in cosmic string net-
works, Phys. Rev. D 56, 637 (1997).

COSMOLOGICAL AND HIGH-ENERGY PHYSICS IMPLICATIONS … PHYS. REV. X 16, 041023 (2026)

041023-33

https://doi.org/10.1088/1475-7516/2025/02/056
https://doi.org/10.1088/1475-7516/2025/02/056
https://doi.org/10.3847/1538-4357/acd775
https://doi.org/10.3847/1538-4357/acd775
https://doi.org/10.1103/PhysRevD.45.3415
https://doi.org/10.1103/PhysRevD.45.3415
https://doi.org/10.1007/s11433-018-9216-7
https://doi.org/10.1007/s11433-018-9216-7
https://doi.org/10.1088/1475-7516/2024/03/059
https://doi.org/10.1088/1475-7516/2024/03/059
https://doi.org/10.1088/1475-7516/2025/02/057
https://doi.org/10.1016/0370-1573(80)90091-5
https://doi.org/10.1038/317505a0
https://doi.org/10.1016/S0370-1573(96)00009-9
https://doi.org/10.1103/PhysRevLett.40.223
https://doi.org/10.1103/PhysRevLett.40.223
https://doi.org/10.1103/PhysRevLett.40.279
https://doi.org/10.1016/0550-3213(80)90209-6
https://doi.org/10.1103/PhysRevLett.43.103
https://doi.org/10.1016/0370-2693(81)90590-6
https://doi.org/10.1016/0370-2693(81)90590-6
https://doi.org/10.1016/0370-2693(83)90637-8
https://doi.org/10.1016/0370-2693(83)90638-X
https://doi.org/10.1016/0370-2693(83)90639-1
https://doi.org/10.1016/0370-2693(83)90639-1
https://doi.org/10.1007/JHEP02(2024)093
https://doi.org/10.1007/JHEP02(2024)093
https://doi.org/10.1103/PhysRevD.97.102002
https://doi.org/10.1103/PhysRevD.97.102002
https://doi.org/10.1103/PhysRevD.100.061101
https://doi.org/10.1103/PhysRevLett.126.241102
https://doi.org/10.1103/PhysRevLett.126.241102
https://doi.org/10.3847/2041-8213/acdc91
https://doi.org/10.1051/0004-6361/202347433
https://doi.org/10.1051/0004-6361/202347433
https://doi.org/10.1093/mnras/staa3721
https://doi.org/10.1088/1475-7516/2020/04/034
https://doi.org/10.1088/1475-7516/2020/04/034
https://doi.org/10.1007/s41114-023-00045-2
https://doi.org/10.1088/1475-7516/2024/03/022
https://doi.org/10.1088/1361-6382/aba80e
https://doi.org/10.1088/1361-6382/aba80e
https://doi.org/10.1103/PhysRevD.42.354150
https://doi.org/10.1103/PhysRevD.43.4150.2
https://doi.org/10.1103/PhysRevD.43.4150.2
https://doi.org/10.1103/PhysRevD.44.3767
https://doi.org/10.1103/PhysRevD.44.3767
https://doi.org/10.1088/1475-7516/2007/02/023
https://doi.org/10.1088/1475-7516/2007/02/023
https://doi.org/10.1103/PhysRevD.89.023512
https://doi.org/10.1103/PhysRevD.89.023512
https://doi.org/10.1103/PhysRevD.101.103018
https://doi.org/10.1103/PhysRevD.101.103018
https://doi.org/10.1088/1475-7516/2010/10/003
https://doi.org/10.1088/1475-7516/2019/06/015
https://doi.org/10.1088/1475-7516/2019/06/015
https://doi.org/10.1088/1475-7516/2020/11/050
https://doi.org/10.1016/j.physletb.2016.07.078
https://doi.org/10.1016/j.astropartphys.2005.01.005
https://doi.org/10.1103/PhysRevD.56.637


[161] M. Hindmarsh, S. Stuckey, and N. Bevis, Abelian Higgs
cosmic strings: Small scale structure and loops, Phys. Rev.
D 79, 123504 (2009).

[162] M. Hindmarsh, J. Lizarraga, J. Urrestilla, D. Daverio, and
M. Kunz, Scaling from gauge and scalar radiation in
Abelian Higgs string networks, Phys. Rev. D 96, 023525
(2017).

[163] J. J. Blanco-Pillado, D. Jiménez-Aguilar, J. Lizarraga, A.
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41Université Paris-Saclay, CNRS/IN2P3, IJCLab, 91405 Orsay, France

42University of Tokyo, Tokyo, 113-0033, Japan
43Institut de Física d’Altes Energies (IFAE), The Barcelona Institute of Science and Technology, Campus

UAB, E-08193 Bellaterra (Barcelona), Spain
44Gran Sasso Science Institute (GSSI), I-67100 L’Aquila, Italy

45INFN, Laboratori Nazionali del Gran Sasso, I-67100 Assergi, Italy
46University of Florida, Gainesville, Florida 32611, USA

47Dipartimento di Scienze Matematiche, Informatiche e Fisiche, Università di Udine, I-33100 Udine, Italy
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99Aix-Marseille Université, Université de Toulon, CNRS, CPT, Marseille, France

100Laboratoire des 2 Infinis - Toulouse (L2IT-IN2P3), F-31062 Toulouse Cedex 9, France
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Collège de France, F-75005 Paris, France
123Christopher Newport University, Newport News, Virginia 23606, USA
124OzGrav, University of Melbourne, Parkville, Victoria 3010, Australia

125Astronomical Observatory Warsaw University, 00-478 Warsaw, Poland
126University of Maryland, College Park, Maryland 20742, USA

COSMOLOGICAL AND HIGH-ENERGY PHYSICS IMPLICATIONS … PHYS. REV. X 16, 041023 (2026)

041023-47
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184Corps des Mines, Mines Paris, Université PSL, 60 Boulevard Saint-Michel, 75272 Paris, France
185Dipartimento di Fisica, Università di Trieste, I-34127 Trieste, Italy
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