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In this paper, we analyse sound waves arising from a cosmic phase transition where the full
velocity profile is taken into account as an explanation for the gravitational wave spectrum observed
by multiple pulsar timing array groups. Unlike the broken power law used in the literature, in this
scenario the power law after the peak depends on the macroscopic properties of the phase transition,
allowing for a better fit with pulsar timing array (PTA) data. We compare the best fit with that
obtained using the usual broken power law and, unsurprisingly, find a better fit with the gravitational
wave (GW) spectrum that utilizes the full velocity profile. We then discuss models that can produce
the best-fit point and complementary probes using CMB experiments and searches for light particles
in DUNE, IceCUBE-Gen2, neutrinoless double β−decay, and forward physics facilities (FPF) at the
LHC like FASERν, etc.

INTRODUCTION

It has been known for some time that Pulsar Timing
Array (PTA) experiments can be used to detect gravita-
tional waves (GWs) [1–3]. This is possible by studying
the timing distortions of successive light pulses emitted
by millisecond pulsars, which are extremely stable clocks.
The PTAs search for spatially correlated fluctuations in
the pulse arrival time measurements of such pulsars, due
to GWs perturbing the space-time metric along the line
of sight to each pulsar. For GWs, the timing distor-
tions should exhibit the angular dependence expected for
an isotropic background of spin two GWs which enables
them to be distinguished from either spin-zero or spin-
one waves, and other effects, according to the work of
Hellings and Down [4].

Recently, several PTA projects have reported the dis-
covery of a stochastic gravitational wave background
(SGWB). In particular, the North American Nanohertz
Observatory for Gravitational Waves (NANOGrav) [5],
the European PTA [6], the Parkes PTA [7] and the Chi-
nese CPTA [8] have all released results which seem to be
consistent with a Hellings-Downs pattern in the angu-
lar correlations which is characteristic of the SGWB. In
particular, the largest statistical evidence for SGWB is
seen in the NANOGrav 15-year data (NANOGrav15) [5].
This is the first discovery of GWs in the frequency around
10−8 Hz, and wavelengths around 10 light years. The
most obvious origin of such an SGWB is due to the

merging supermassive black hole binaries (SMBHBs) re-
sulting from the collision of two galaxies, each with an
SMBH with masses in the range 108−9 solar masses at
its centre [9, 10]. The expected amplitude has an or-
der of magnitude uncertainty depending on the density,
redshift, and other properties of SMBH sources. Indeed,
there may be millions of such sources contributing to the
SGWB.

However, the current data does not allow individual
SMBH binary sources to be identified, so it is unclear
if the observed SGWB has an astrophysical or cosmo-
logical origin [11]. For example, the cosmological ori-
gin of SGWB could be due to first-order phase transi-
tions [12–17], cosmic strings [18–24], domain walls [25–
27], or scalar-induced gravitational waves (SIGWs) gen-
erated from primordial fluctuations [28–33]. Such possi-
bilities represent new physics beyond the standard model
(BSM) and it would be interesting to know how such al-
ternative scenarios could be distinguished.

One characteristic feature is the shape of the spec-
trum in the recent data, which, unlike the previous re-
sults, seems to be blue-tilted [5, 11]. The analysis of the
NANOGrav 12.5-year data release suggested a nearly flat
GW spectrum as a function of frequency (f), ΩGW ∝
f (−1.5,0.5) at one sigma, in a narrow range of frequen-
cies around 5.5 nHz [34]. By contrast, the recent 15-year
data release finds a steeper slope, ΩGW ∝ f (1.3,2.4) at
one sigma [5]. The naive scaling predicted for GW from
SMBH binaries is disfavoured by the latest NANOGrav
data, although environmental and statistical effects can
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lead to different predictions [11, 35].
Motivated by the above considerations, new analyses

are necessary to explore which SGWB formation mech-
anisms can lead to the generation of a signal consis-
tent with these updated observations. Indeed, following
the recent announcements, several papers have appeared
which address some of these issues [36–68].

In this paper, we consider the sound waves arising from
a cosmic phase transition where the full velocity profile
is taken into account. We compare the best fit with that
obtained using the usual broken power law and find a
better fit to NANOGrav data using the full velocity pro-
file. We first explain how to obtain this result before
discussing some models that can produce such thermal
parameters. Finally, we discuss complementary probes
of hidden sectors.

PTA DATA AND THE SOUND SHELL MODEL

Multiple PTA collaborations observed strong evidence
for a gravitational wave spectrum, with NANOGrav and
EPTA giving the best fit for a power law spectrum
parametrized as follows,

Ω =
8π4f5Φ(f)

H2
0∆f

(1)

with

Φ =
A2

12π2Tobs

(
f

yr−1

)−γ

yr3 (2)

where ∆f = 1/Tobs and H0 = h × 100 km s−1Mpc−1 is
the current value of the Hubble rate. The best fit values
of the parameters A and γ in Eq. 2 are given by

γ =

{
3.2± 0.6 NANOGrav
3.1+0.77

−0.68 EPTA
(3)

A =

{
6.4+4.2

−2.7 × 10−15 NANOGrav
10−14.13±0.12 EPTA

(4)

While inspiralling SMBHBs provide the standard as-
trophysical explanation for the signal, a first-order phase
transition (FOPT) at the O(MeV) scale is an intriguing
alternative. In this Section, we model the FOPT with
the sound shell model [69], obtain the corresponding GW
spectrum, and compare our results with the fit performed
by the NANOGrav Collaboration.

The GW spectrum from a FOPT is characterized by
the following parameters: the nucleation temperature Tn,
the strength of the FOPT αn, the average separation of
bubbles Rn which can be related to the bubble nucle-
ation rate β, and the bubble wall velocity vw. The fit
frequently appearing in the literature, and in particular
in the recent analysis of the NANOGrav paper describes

Full Sound shell

Parameter Best fit value

αn 0.85

β/H∗ 42

Tn 133 MeV

vw 0.09

χfit 1.4

Broken power law fit

Parameter Best fit value

αn 0.89

β/H∗ 5.17

Tn 142 MeV

vw 0.67

χfit 1.59

TABLE I. Best fit values for the full sound shell model and
the usual fit used in the literature as given by Eq. 5. The full
sound shell model performs somewhat better than the fit.

a single broken power-law of the form [69–76]

h2ΩGW = 8.5× 10−6

(
100

g∗(Te)

)1/3

Γ2Ū4
f

[
Hs

β(vw)

]
vw ×Υ

×S(f), (5)

where Ūf is the root mean square fluid velocity, Γ ∼ 4/3
is the adiabatic index and Υ is the suppression factor
arising from the finite lifetime [70, 77] (τsh) of the sound
waves [70]

Υ = 1− 1√
1 + 2τshHs

. (6)

Finally, the spectral form has the shape

S(f) =

(
f

fp

)3 (
7

4 + 3(f/fp)2

)7/2

(7)

where fp is the peak frequency given by

fp = 8.9×10−6 1

vw

(
β

He

)( zp
10

)(
Te

100GeV

)(
g∗(Te)

100

)1/6

Hz

(8)
However, a full calculation of the sound shell model can
see qualitative deviations from this curve [75] with a bet-
ter fit being a double broken power law. Most important
for our interests is the fact that the power law after the
peak depends on the strength of the phase transition and
the bubble wall velocity [78]. A more optimistic scenario
was studied in [79] where the power law on either side of
the peak was treated as a free parameter. In this work, we
will perform a full calculation of the sound shell model to
take advantage of this flexibility in the peak of the spec-
trum. Note that in the sound shell model, by keeping
the force term between the bubble wall and the plasma
longer, the shape can be modified in the infrared [80].
We will perform a scan over the space of thermal pa-

rameters, (αn, Tn, vw, β/Hn), to find the best fit to the
NANOGrav data (who have released their full data in-
cluding uncertainties). The scans are performed over the
following ranges: nucleation temperature 3 MeV < Tn <
150 MeV, bubble wall velocity 0 < vw < 1, phase tran-
sition strength 0 < αn < 1, and the efficiency of bubble
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FIG. 1. The data from NANOGrav measurement for relic
density of SGWB w.r.t. frequency in Hz (black) against the
best fit using the full sound shell model (red) and the best fit
for a broken power law fit (blue) frequently appearing in the
literature (see eqn 5). The parameters behind each fit are in
Table I.

FIG. 2. Scan over different parameters of FOPT: Tn, β/H,
vw and αn to find the minimum of χ2

fit for the best-fit point
that matches the NANOGrav data for SGWB around 10−8 Hz.

formation w.r.t. the expansion rate 0 < β/H < 100.
Since the relevant ranges of temperature and frequency
are around the quark-gluon confinement regime near
150 MeV, we consider g∗(Tn) the evolution of degrees
of freedom for the energy density of the thermal bath
of SM particles at the nucleation temperature [81]. The
best fit point we use the following figure of merit

χ2
fit =

N∑
i=1

(
log10 Ωthh

2 − log10 Ωexph
2
)2

2σ̄2
i

, (9)

where Ωthh
2 and Ωexph

2 represent the GW relic from
theoretical prediction of FOPT and experimental value
from PTA, respectively. Note that we ignore the width in
the uncertainty regions, taking the midpoint and fitting
to the vertical width. That is, σ, in the above equation
is the distance from the midpoint value of log10 h

2ΩGW

for each uncertainty region to the top or bottom.
In Fig. 2 we display the results of our scan for data cor-

responding to NANOGrav.Using the data of NANOGrav
we obtain the following values for the best fit point: vw ≃
0.09, αn ≃ 0.85, Tn ≃ 132.95 MeV and β/H ≃ 42.02.

BSM SCENARIOS AND COMPLEMENTARY
LABORATORY PROBES

We are somewhat spoilt for choice in models that can
produce a strong first order phase transition at roughly
the QCD scale. The very large strength of the transition
lends credit to solitosynthesis as a possible explanation
[82], as this mechanism typically leads to a stronger tran-
sition than conventional nucleation. The low wall veloc-
ity, however, supports a model that can predict a lot of
friction like perhaps a SIMP model which can contain
particles with large multiplicites [83–86]. Quite a few
other dark sector phase transitions have been considered
in this temperature range, see for instance [87–92]. Of
course, while the QCD phase transition is a crossover in
the standard model at low density, a high lepton asym-
metry or a different number of light quarks can change
this picture [93–95]. We focus here on a dark sectors
that have the prospect of having complementary probes
in searches for long lived particles. A full model survey
we leave for future work.
Let us now briefly discuss model-independent con-

straints on a MeV scale FOPT in the dark or hidden
sector. During a FOPT, the vacuum energy contained
in the false vacuum gets released, and a part of it goes
into reheating the photons or neutrinos in the plasma.
The released energy may also end up heating relativistic
particles in the dark sector. If the reheating of the SM
particles happens at around or after the thermal decou-
pling of neutrinos and photons, either or both of their
temperatures will differ from the predictions of standard
cosmology. This will change the relativistic degrees of
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freedom, Neff, which is strongly constrained by Big Bang
Nucleosynthesis (BBN) and the Cosmic Microwave Back-
ground (CMB). The abundances of light element will also
be modified and offer further bounds. Neff measurements
severely constrain the dark sector reheating scenario as
well. While our best fit point has a percolation tem-
perature well above the scale at which we need to be
concerned with BBN constraints, there are some points
the agree well with NANOGrav data and have a much
lower percolation temperature.

We first consider the reheating of the dark radiation
case. In the approximation TD

n ≪ T γ
n , one can show

that αn < 0.08 for T γ
n ∼ O(MeV) [90]. Ref. [90] also

derived model-independent constraints on phase temper-
ature (Tn) and strength parameter (αn) fromNeff and he-
lium and primary deuterium abundance ratios (YP and
D/H|P , respectively) measured by CMB and BBN ex-
periments when the FOPT heats the SM particles. For
illustration, we discuss here the neutrino reheating sce-
nario since the portal operator that can induce it (and the
associated phenomenology) is relatively well-studied [96].

Using the BBN data from PDG [97] and the CMB
data from the latest Planck results [98], Ref. [90] shows
that the neutrino reheating temperature, T ν

rh, has to be
greater than ∼ 3 MeV for αn > 0.1. A future CMB
experiment like CMB-S4 [99] will improve the bounds to
T ν
rh ≳ 4 MeV. One can translate the above bounds on

T ν
rh to the phase transition temperature Tn by using the

formula,

T ν
rh =

[
1 + αn + αn

gγ∗ (trh)

gν∗ (trh)

(T γ
n

T ν
n

)4
]1/4

T ν
n , (10)

where for reheating temperatures above MeV, gγ∗ (trh) ≈
11/2 and gν∗ (trh) ≈ 21/4. Thus, one can conclude that
the existing CMB and BBN data bounds place an almost
flat constraint on T ν

n ≳ 2 MeV for αn > 0.1 as shown
by the blue line in Fig. 3. The bound on Tn from the
photon reheating case is almost the same but extends to
a bit smaller values of αn [90].
Finally, we provide a brief discussion on the inter-

actions between the SM neutrinos and the dark sector
scalar that is responsible for the FOPT under discussion.
There is one point that we should clarify that the reheat-
ing has to be instantaneous for the above constraints to
be applicable. For a delayed reheating, the constraints
on the FOPT is expected be much stronger [90]. The
neutrino reheating can happen from the decay of a dark
scalar ϕ to a pair of neutrinos via the dimension-6 effec-
tive operator

O = λαβ
(LT

α iσ2H)(HT iσ2Lβ)ϕ

Λ2
, (11)

where L and H are the SM lepton and Higgs doublets, re-
spectively. After the electroweak symmetry breaking the
above operator will generate an interaction term gαβ ννϕ,
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FIG. 3. Constraints on FOPT parameters from PLANCK and
BBN taken from Ref. [90]. The best-fit point obtained from
our sound shell analysis with the NANOGrav data is shown
by the red star.

where α, β = e, µ, τ and gαβ = λαβ v
2/Λ2. Significant

bounds already exists on the gαβ−mϕ plane from existing
laboratory experiments like meson decay spectra [100],
neutrinoless double β-decay [101], Z or the SM Higgs
invisible decay or τ decay [102]. Also, these couplings
are significant interest of study in upcoming experiments
like DUNE[103, 104], generation-2 IceCube [105], and
forward physics facilities (FPF) [104] at the LHC. We
show a subset of these existing and projected bounds
on the gαβ − mϕ plane in Fig. 4. For the detailed phe-
nomenology of these couplings at various terrestrial and
celestial experiments we refer the interested readers to
the recent review paper on this topic [96]. As far as the
UV-completion of the effective operator of Eq. 11 is con-
cerned, the most canonical models that can provide it are
the massive Majoron models [101, 106–108]. In addition,
the generation of this effective operator from an inverse
seesaw model [109] and a U(1)B−L [110] model has been
considered in the literature.

DISCUSSIONS AND CONCLUSIONS

In this paper we have had an in depth look at sound
wave induced gravitational waves from a strong first or-
der cosmic phase transition as a possible explanation for
the recent signal at multiple pulsar timing arrays. In par-
ticular, we have looked at how much including the full
velocity profile rather than using a broken power law fit
improves agreement with data. The best fit parameters
also look a bit more realistic than what can be achieved
via the broken power law, with the time scale of the phase
transition being a smaller fraction of the Hubble time.
We of course emphasize the caveat that understanding
the spectrum from sound shell models is still in a state
of flux. Reheating can suppress the nucelation rate en-
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FIG. 4. A selection of limits on the parameters gαβ and mϕ

that can participate in reheating the neutrino plasma from the
decay of a dark sector scalar. We show the existing labora-
tory constraints from meson decay spectra [dark blue solid]
and neutrinoless double β-decay [blue dot dashed]. Also we
show the projected limits from DUNE [magenta solid], Ice-
Cube Gen-2 [brown dotted] and forward physics facility at the
LHC [orange dotted].

hancing the spectrum [111]. On the other hand, energy
lost to vorticity can suppress the spectrum [112]. We
leave a detailed analysis of this to future work. We then
took a brief look at dark sector models that can be re-
sponsible for such a phase transition. We show that one
for phase transitions occurring at low temperatures, the
cosmological constraints from BBN, PLANCK data and
future sensitivities from CMB experiments like CMB-S4,
CMB-HD, CMB-Bharat, LiteBIRD will be complemen-
tary to the gravitational wave detectors to essential probe
phase transition parameter space. This complementarity
approach to probe phase transitions via GW detectors
as well as CMB detectors paves the way distinguish the
SMBHB and phase transition explanations to observed
gravitational waves. Furthermore we showed that once
we fix an operator that decides the interactions between
the SM sector and the invisible sector (Eqn. 11) one is
able to search for such mediators which is responsible
for such interactions. We also discussed possible UV-
complete neutrino mass models that can give rise to such
low scale phase transitions and GW from sound waves
measured in PTA data however detailed analysis involv-
ing a complete UV-complete model is beyond the scope of
the current paper and will be taken up in a future pub-
lication. We envisage that the precision measurements
that the GW cosmology and GW astronomy offers us
from current data and from the planned worldwide net-
work of GW detectors will make the dream of testing
particle physics and fundamental BSM scenarios a real-
ity in the very near future.
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