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We place constraints on the normalized energy density in gravitational waves from first-order strong
phase transitions using data from Advanced LIGO and Virgo’s first, second, and third observing runs. First,
adopting a broken power law model, we place 95% confidence level upper limits simultaneously on the
gravitational-wave energy density at 25 Hz from unresolved compact binary mergers, ΩCBC < 6.1 × 10−9,
and strong first-order phase transitions, ΩBPL < 4.4 × 10−9. The inclusion of the former is necessary since
we expect this astrophysical signal to be the foreground of any detected spectrum. We then consider two
more complex phenomenological models, limiting at 25 Hz the gravitational-wave background due to
bubble collisions to Ωpt < 5.0 × 10−9 and the background due to sound waves to Ωpt < 5.8 × 10−9 at
95% confidence level for phase transitions occurring at temperatures above 108 GeV.
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Introduction.—The Advanced LIGO [1] and Advanced
Virgo [2] detection of gravitational waves (GWs) from
compact binary coalescences (CBCs) [3] offers a novel and
powerful tool in understanding our universe and its
evolution. We have detected CBCs, and before the detec-
tors reach their designed sensitivity we may detect a
stochastic gravitational-wave background (SGWB) pro-
duced by many weak, independent, and unresolved sources
of cosmological or astrophysical origin [4–6]. Among the
former, phase transitions occurring in the early universe, is
one of the plausible mechanisms leading to a SGWB.
The universe might have undergone a series of phase

transitions (see, e.g., Refs. [7,8]). In the case of a first-order
phase transition (FOPT), once the temperature drops below
a critical value, the universe transitions from a meta-stable
phase to a stable one, through a sequence of bubble
nucleation, growth, and merger. During this process, a
SGWB is expected to be generated [9,10].

Many compelling extensions of the standard model
predict strong FOPTs, e.g., grand unification models
[11–13], supersymmetric models [14–19], extra dimen-
sions [20,21], composite Higgs models [22–28], and
models with an extended Higgs sector (see, e.g.,
Refs. [29,30]). Generally there might exist symmetries
beyond the ones of the standard model, which are sponta-
neously broken through a FOPT; for example the Peccei-
Quinn symmetry [31–35], the B-L symmetry [36–39], or
the left-right symmetry [40]. The nature of cosmological
phase transitions depends strongly on the particle physics
model at high energy scales.
The SGWB sourced by a FOPT spans a wide frequency

range. The peak frequency is mainly determined by the
temperature Tpt at which the FOPT occurs. Interestingly, if
Tpt ∼ ð107–1010Þ GeV—an energy scale not accessible by
any existing terrestrial accelerators—the produced SGWB
is within the frequency range of Advanced LIGO and
Advanced Virgo [41,42]. Such an energy scale is well-
supported by either the Peccei-Quinn axion model [43],
which solves the strong CP problem and provides a dark
matter candidate, or high-scale supersymmetry models
[44–46], among others. Especially, for axionlike particles,
the upper end of the Tpt we probe is at the energy scale
where astrophysical constraints, such as stellar cooling,
lose their sensitivities [47]. In addition, the lower end of the
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Tpt fits well in minisplit SUSY models where the Higgs
mass is explained.
The well-motivated SGWB search is performed by

cross-correlating strain data from different GW detectors
[4,48]. No SGWB signal has been observed in the last three
observation periods (O1–O3) of the LIGO-Virgo-KAGRA
Collaboration (LVKC) [49]. Nevertheless, one can use the
data to constrain the energy density of gravitational waves,
and consequently the underlying particle physics models.
This is the aim of this Letter.
SGWB from phase transitions.—In a FOPT, it is well

established that GW can be produced by mainly three
sources: bubble collisions, sound waves, and magneto-
hydrodynamic turbulence (see, e.g., Refs. [8,50–52] for
recent reviews). The GWs thus produced is a SGWB,
described by the energy density spectrum: ΩGWðfÞ ¼
dρGW=ðρcd ln fÞ with ρc the present critical energy density
ρc ¼ 3c2H2

0=ð8πGÞ. Each spectrum can be well approxi-
mated by a broken power law, with its peak frequency
determined by the typical length scale at the transition, the
mean bubble separation Rpt which is related to the inverse
time duration of the transition β, and also by the amount of
redshifting determined by Tpt and the cosmic history. The
amplitude of each contribution is largely determined by the
energy released normalized by the radiation energy density
α, its fraction going into the corresponding source and the
bubble wall velocity vw. Here we do not consider the
contribution from magnetohydrodynamic turbulence as it
always happens together with sound waves and is sub-
dominant. In addition, we note that its spectrum is the least
understood and might witness significant changes in the
future [50,53–58].
The dominant source for GW production in a thermal

transition, as most commonly encountered in the early
universe, is the sound waves in the plasma induced by
the coupling between the scalar field and the thermal bath
[59–61]. A good analytical understanding of this spectrum
has been achieved through the sound shell model [62–64],
though it still does not capture all the physics [8,61,65] to
match perfectly the result from numerical simulations
[50,59]. We use the spectrum from numerical simulations:

ΩswðfÞh2 ¼ 2.65 × 10−6
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where κsw is the fraction of vacuum energy converted into
the kinetic energy of the bulk flow, a function of vw and α
[66,67]; Hpt is the Hubble parameter at Tpt; g� is the
number of relativistic degrees of freedom, chosen to be 100
in our analysis; h is the dimensionless Hubble parameter;
fsw is the present peak frequency,
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and ϒ ¼ 1 − ð1þ 2τswHptÞ−1=2 [64] which is a suppres-
sion factor due to the finite lifetime [64,68], τsw, of sound
waves. τsw is typically smaller than a Hubble time
unit [69,70] and is usually chosen to be the timescale
for the onset of turbulence [52], τsw ≈ Rpt=Ūf, with
Rpt ¼ ð8πÞ1=3vw=β for an exponential nucleation of bub-
bles [63,64], and Ū2

f ¼ 3κswα=½4ð1þ αÞ� [52].
When sound waves, and thus also magnetohydro-

dynamic turbulence, are highly suppressed or absent,
bubble collisions can become dominant, e.g., for a
FOPT in vacuum of a dark sector which has no or very
weak interactions with the standard plasma. The resulting
GW spectrum can be well modeled with the envelope
approximation [71–73], which assumes an infinitely thin
bubble wall and neglects the contribution from overlapping
bubble segments. In the low-frequency regime, ΩGW ∝ f3

from causality [74], and for high-frequencies ΩGW ∝ f−1

[75] due to the dominant single bubble contribution as
revealed by the analytical calculation [73]. The spectrum is
[52,73,75]

ΩcollðfÞh2 ¼ 1.67 × 10−5Δ
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where κϕ ¼ ρϕ=ρvac denotes the fraction of vacuum energy
converted into gradient energy of the scalar field. The
amplitude Δ is ΔðvwÞ ¼ 0.48v3w=ð1þ 5.3v2w þ 5v4wÞ and
the spectral shape is Senv ¼ 1=ðclf̃−3 þ ð1 − cl − chÞf̃−1 þ
chf̃Þ where cl ¼ 0.064, ch ¼ 0.48, and f̃ ¼ f=fenv with
fenv the present peak frequency

fenv ¼ 16.5
�
fbc
β

��
β

Hpt

��
Tpt

100 GeV

��
g�
100

�
1=6

μHz;

ð4Þ

and fbc the peak frequency right after the transition
fbc ¼ 0.35β=ð1þ 0.069vw þ 0.69v4wÞ. More recent simu-
lations going beyond the envelope approximation show a
steeper shape f−1.5 for high frequencies [76], and it also
varies from f−1.4 to f−2.3 as the wall thickness increases
[77] (see also Refs. [78–80]).
Data analysis.—Here we take two analysis approaches.

First, we consider an approximated broken power law
including main features of the shape and its peak. We then
consider the phenomenological models [Eqs. (3) and (1)],
for contributions from bubble collisions and sound waves.
I. Broken power law model: The spectrum can be

approximated by a broken power law (BPL) as
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ΩBPLðfÞ ¼ Ω�
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Here n1 ¼ 3, from causality, and n2 takes the values −4 and
−1, for sound waves and bubble collisions, respectively.
We fix the n1 parameter in our search, but we let n2 vary
uniformly between −8 and 0, allowing for the values
motivated by both contributions. The value for Δ is set
to 2 for sound waves and 4 for approximating bubble
collisions. We run a Bayesian search for both values, but
present results only for Δ ¼ 2, since it gives more
conservative upper limits.
We follow Refs. [81–83] to perform a Bayesian search

and model selection. In addition to a search for the broken
power law, we undertake a study on simultaneous estima-
tion of a CBC background and a broken power law
background, because current estimates of the CBC back-
ground [49,84] show it as a non-negligible component of
any SGWB signal. The CBC background is very well
approximated by an f2=3 power law [85]. The challenge
then is to search for a broken power law in the presence of a
CBC background.
The log-likelihood for a single detector pair is Gaussian,

logpðĈIJðfÞjθGW; λÞ ∝ −
1

2

X
f

½ĈIJðfÞ− λΩGWðf;θGWÞ�2
σ2IJðfÞ

;

ð6Þ

where ĈIJðfÞ and σIJðfÞ are data products of the analysis:
ĈIJðfÞ is the cross-correlation estimator of the SGWB
calculated using data from detectors I and J, and σ2IJðfÞ is
its variance [86]. The search for an isotropic stochastic
signal shows no evidence of correlated magnetic noise, and
a pure Gaussian noise model is still preferred by the data
[49]. Therefore, here, a contribution from Schumann
resonances [83,87,88] is neglected. The model we fit to
the data is ΩGWðf; θGWÞ, with parameters θGW. The
parameter λ captures calibration uncertainties of the detec-
tors [89] and is marginalized over [90]. For a multibaseline
study, we add all log-likelihoods of individual baselines.
The set of GW parameters depends on the type of search we
perform.
The CBC spectrum is modeled as

ΩCBC ¼ Ωrefðf=frefÞ2=3; ð7Þ

with fref ¼ 25 Hz. We consider three separate
scenarios: contributions from unresolved CBC sources,
with θGW¼ðΩrefÞ; broken power law contributions,
with θGW ¼ ðΩ�; f�; n2Þ; and the combination of
CBC and broken power law contributions, for which
θGW ¼ ðΩref ;Ω�; f�; n2Þ. The priors used are summarized
in Table I. To compare GW models and assess which
provides a better fit, we use ratios of evidences, other-
wise known as Bayes factors. In particular, we consider

logBCBCþBPL
noise and logBCBCþBPL

CBC as indicative detection
statistics.
II. Phenomenological model: Two scenarios are consid-

ered, corresponding to dominant contributions from bubble
collisions or sound waves, respectively, following an
approach similar to Ref. [33]. The analysis procedure
follows closely that of the broken power law search, with
θGW ¼ ðΩref ; α; β=Hpt; TptÞ including CBC background
ΩCBC, and ΩGW from bubble collisions and sound waves
described by Eqs. (3) and (1), respectively.
For bubble collisions, vw and κϕ are set to unity. The

remaining model parameters are varied in the ranges in
Table I. We note that the GW spectra in Eqs. (3) and (1)
may not be applicable when α≳ 10, and also a large α does
not translate into a significant increase in the GW ampli-
tude. Moreover, β=Hpt is related to the mean bubble
separation, up to an Oð1Þ coefficient, and one should be
cautious when it is smaller than 1 [69,92]. In this study, we
conservatively choose β=Hpt to be larger than 0.1.
For sound waves, we initially set vw ¼ 1, and then

explore different values for vw in the range (0.7–1.0),
corresponding to various detonation and hybrid modes of
fluid velocity profile [65,66]. Here κsw is a function of α
and vw, e.g., for vw ¼ 1, κsw increases from 0.1 to 0.9 as α
increases from 0.1 to 10. The rest of the parameters are
varied as in the case of bubble collisions.
Results.—I. Broken power law model: In Fig. 1 we

present posterior distributions of parameters in the com-
bined CBC and BPL search. The Bayes factor is

TABLE I. List of prior distributions used for all parameters in
the various searches. The narrow, informative prior on Ωref stems
from estimates of the CBC background [84], and encompasses
uncertainties on the mass and redshift distributions of CBCs
[49,91]. The frequency prior is uniform across the frequency
range considered since we have no further information about it.

Broken power law model

Parameter Prior

Ωref LogUniform(10−10, 10−7)
Ω� LogUniform(10−9, 10−4)
f� Uniform(0, 256 Hz)
n1 3
n2 Uniform(−8, 0)
Δ 2

Phenomenological model

Parameter Prior

Ωref LogUniform (10−10, 10−7)
α LogUniform (10−3, 10)
β=Hpt LogUniform (10−1, 103)
Tpt LogUniform (105, 1010 GeV)
vw 1
κϕ 1
κsw fðα; vwÞ ∈ ½0.1–0.9�
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logBCBCþBPL
noise ¼ −1.4, demonstrating no evidence of such a

signal in the data from the three observing runs. The 2D
posterior of Ωref and Ω� allows us to place simultaneous
estimates on the amplitudes of the two spectra. The
95% confidence level (CL) upper limits are Ωref ¼ 6.1 ×
10−9 and Ω� ¼ 5.6 × 10−7, respectively. If we take indi-
vidual posterior samples of Ω�, f�, and n2 from Fig. 1, and
combine them to construct a posterior of ΩBPL, we estimate
at 95% CLΩBPLð25 HzÞ ¼ 4.4 × 10−9. The width of the n2
posterior suggests no preference for a particular value by
the data, and we are unable to rule out any part of the
parameter space at this time. Other searches give Bayes
factors logBBPL

noise ¼ −0.78 and logBCBCþBPL
CBC ¼ −0.81,

once again giving no evidence for a BPL signal, with or
without CBCs considered.
To demonstrate the dependence of GW amplitude con-

straints on other parameters, we present 95% CL upper
limits on Ω� for a set of n2 and f� in Table II. We choose
representative values of n2, for bubble collisions, n2 ¼ −1
and −2, and for sound waves, n2 ¼ −4. The f� values are
chosen to represent broken power laws that peak before, at,

and after the most sensitive part of the LIGO-Virgo band,
f� ¼ 25 Hz. As expected, the most constraining upper
limits are obtained for a signal that peaks at 25 Hz. For the
signal in the first column that peaks at 1 Hz, the faster it
decays, the weaker it is at 25 Hz. Therefore, the more
negative n2 values give less constraining upper limits on the
amplitude. Finally, the signal that peaks at 200 Hz gives
similar Ω� upper limits for all values of n2 since it
resembles a simple n1 ¼ 3 power law in the range with
largest signal-to-noise ratio. Note the upper limits in
Table II are fundamentally different from results in
Fig. 1. In the former case we fix f� and n2 and find
Ω95%� , while in the latter we marginalize over all parameters
to obtain Ω95%� .
II. Phenomenological model: We now estimate

95% CL upper limits on Ωcoll and Ωsw from bubble
collisions and sound waves, respectively. The Bayesian
analysis is repeated separately for Ωcoll and Ωsw contribu-
tions, with priors stated in Table I, leading to Bayes
factors logBCBCþcoll

noise ¼ −0.74 and logBCBCþsw
noise ¼ −0.66,

respectively.
In Fig. 2 we present exclusion regions as a function of

the different parameters of the CBCþ FOPT model, now
under the assumption that contributions from bubble
collisions dominate, with vw ¼ 1 and κϕ ¼ 1. In general,
with the chosen prior, the data can exclude part
of the parameter space at 95% CL, especially when
Tpt > 108 GeV, α > 1, or β=Hpt < 1.
Table III presents 95% CL upper limits on Ωcollð25 HzÞ

for several β=Hpt and Tpt, where α is left as a free parameter
to be inferred from the data. We consider three values for

FIG. 1. Posterior distributions for the combined CBC and
broken power law search as a function of logΩref and the
different parameters of the model. The 68% and 95% CL
exclusion contours are shown. The horizontal dashed line in
the posteriors indicate the flat priors used in the analysis.

FIG. 2. Posterior distributions for the CBCþ FOPT search in
the case of a phenomenological model with dominant bubble
collision contributions as a function of logΩref and the different
parameters of the model. The 68% and 95% CL exclusion
contours are shown. The horizontal dashed lines in the posteriors
indicate the flat priors used in the analysis.

TABLE II. Upper limits for the energy density amplitude,
Ω95%� , in the broken power law model for fixed values of the
peak frequency, f�, and negative power law index, n2.

Broken power law model

f� ¼ 1 Hz f� ¼ 25 Hz f� ¼ 200 Hz

n2 ¼ −1 3.3 × 10−7 3.5 × 10−8 2.8 × 10−7

n2 ¼ −2 8.2 × 10−6 6.0 × 10−8 3.7 × 10−7

n2 ¼ −4 5.2 × 10−5 1.8 × 10−7 3.7 × 10−7
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β=Hpt, namely 0.1, 1, and 10, and four for Tpt: 107, 108,
109, and 1010 GeV. Our constraints on Ωcollð25 HzÞ, as
computed at the reference frequency of 25 Hz, vary in the
range 4.0 × 10−9 to 1.0 × 10−8, with more stringent limits
at large β=Hpt or large Tpt. At the largest values of β=Hpt
and Tpt there is not enough sensitivity to place constrains to
the model. In all cases, the inferred upper limits on
the CBC background range between Ωref ¼ 5.3 × 10−9

and 6.1 × 10−9.
Similarly, in Fig. 3 we present the results for the CBCþ

FOPT hypothesis in which the sound waves dominate with
vw ¼ 1 and κsw a function of vw and α. The Bayesian
analysis shows sensitivity at large values of α and Tpt, but
does not exclude regions in the parameter space at 95% CL.
The analysis is then performed for given values of β=Hpt
and Tpt leaving α as a free parameter. As a result, a 95% CL
upper limit on Ωswð25 HzÞ of 5.9 × 10−9 is obtained
for β=Hpt < 1 and Tpt > 108 GeV. The analysis is repeated
for models with reduced velocities of vw ¼ 0.9, vw ¼ 0.8,

and vw ¼ 0.7, with Bayes factor logBCBCþsw
noise ¼ −0.60 and

upper limit Ωref ≈ 5.9 × 10−9, with no significant vw
dependence. In all studied cases, the models with reduced
vw lead to significantly lower energy densities from sounds
waves, and with no 95% CL exclusions.
Conclusions.—We have searched for signals from

FOPTs in the early universe, potentially leading to a
SGWB in the Advanced LIGO and Advanced Virgo
frequency band. The analysis is based on the data from
the three observation periods, for which no generic sto-
chastic signals above the detector noise have been
observed.
We use the results to deduce implications for models

describing SGWB. We first consider a generic broken power
law spectrum, describing its main features in terms
of the shape and the peak amplitude. We place 95% CL
upper limits simultaneously on the normalized energy
density contribution from unresolved CBCs and a FOPT,
ΩCBCð25HzÞ¼6.1×10−9 and ΩBPLð25HzÞ¼4.4×10−9,
respectively.
The results are then interpreted in terms of a phenom-

enological model describing contributions from bubble
collisions or sound waves, showing that the data can
exclude a part of the parameter space at large temperatures.
In a scenario in which bubble collision contributions
dominate, with vw ¼ 1 and κϕ ¼ 1, part of the phase space
with Tpt > 108 GeV, α > 1, and β=Hpt < 1 is excluded at
95% CL. For fixed values of β=Hpt ¼ 0.1, 1, or 10 and
Tpt ¼ 107, 108, 109 or 1010 GeV, the 95% CL upper limits
on Ωcollð25 HzÞ vary in the range between 4.0 × 10−9 and
1.0 × 10−8 which depends on the β=Hpt and Tpt values
considered. In the case where sound waves dominate,
several scenarios are explored considering different vw.
The data only shows a limited sensitivity, and a 95% CL
upper limit on Ωswð25 HzÞ of 5.9 × 10−9 is placed in the
case of vw ¼ 1, for β=Hpt < 0.1 and Tpt > 108 GeV.
Altogether, the results indicate the importance of using
LIGO-Virgo GW data to place constraints on new phe-
nomena related to strong FOPTs in the early universe [93].
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