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Very recently, the major pulsar timing array collaborations, including CPTA, EPTA, InPTA, NANO-
Grav, and PPTA, reported their results from searches for an isotropic stochastic gravitational wave
background (SGWB), collectively representing positive evidence for a SGWB. In this work, we assessed
the credibility of interpreting the Hellings-Downs correlated free-spectrum process of EPTA, PPTA, and
NANOGrav as either the result of supermassive black hole binary mergers or various stochastic SGWB
sources that originated in the early Universe, including first-order phase transitions, cosmic strings, domain
walls, and large-amplitude curvature perturbations. Our results show that the current new datasets do not
distinctly favor one specific SGWB source over the others based on Bayesian analysis. We also place
constraints on new physics for the SGWB sources.
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Introduction. Pulsar timing array (PTA) experiments
provide a unique window to probe the gravitational waves
(GWs) at nanohertz frequencies. Very recently, NANOGrav
released their new 15 yr dataset [1–3], CPTA released their
first data [4], EPTA released the second data [5], and PPTA
released their third dataset [6–8]. Compared to the pre-
viously observed common-spectrum process in the old
NANOGrav 12.5 yr dataset [9] and the results from other
collaborations like PPTA [10], EPTA [11], and IPTA [12],
this time we not only have robust evidence for the common-
spectrum process, but also have positive evidence concern-
ing the Hellings-Downs (HD) correlation, which provides
direct evidence for the gravitational wave quadrupolar
signal.
The previously observed stochastic common-spectrum

process has aroused enormous interests in the commu-
nities of astrophysics, cosmology, and particle physics.

Then, numerous interpretations have been proposed in
the literature with several possible sources, including
supermassive black hole binaries (SMBHBs) [13–15],
and cosmological sources such as cosmic strings [16–19],
first-order phase transition (FOPT) [20–23], domain
walls [24,25], scalar-induced GW [26–28], and so on.
Wherein, the cosmic strings are generally predicted in grant
unification theories [29], low-scale FOPT is well-motivated
by dark matter models [30], domain walls are highly
connected with axion physics [31–34], and the scalar
induced GW coming from curvature perturbation that are
related with formation of primordial black holes (PBHs)
which may serve as part of dark matter [35–37].
In this paper, we incorporate the new PTA datasets

from the three collaborations—PPTA, EPTA,1 and
NANOGrav—and employ the Bayesian analysis method
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1Specifically, while the common signal in EPTA DR2full
exhibits mild tension compared to DR2new, they are considered
consistent. Both posteriors overlap within the same A − γ
parameter region, corresponding to the fixed HD correlation
power of 13=3 from SMBHBs [5]. Consequently, we utilize the
more representative DR2full dataset, which already includes
DR2new data.

PHYSICAL REVIEW D 109, L101301 (2024)
Letter

2470-0010=2024=109(10)=L101301(6) L101301-1 © 2024 American Physical Society

https://orcid.org/0000-0002-6642-6851
https://orcid.org/0000-0003-1063-2282
https://orcid.org/0000-0001-6569-403X
https://orcid.org/0000-0001-6532-6480
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.109.L101301&domain=pdf&date_stamp=2024-05-10
https://doi.org/10.1103/PhysRevD.109.L101301
https://doi.org/10.1103/PhysRevD.109.L101301
https://doi.org/10.1103/PhysRevD.109.L101301
https://doi.org/10.1103/PhysRevD.109.L101301


to contrast interpretations between different SGWB models
mentioned above and fit each model separately. We find
that although all SGWB sources considered here could
potentially explain the observations, no strong evidence
clearly supports one source over the others. Considering the
evidence for SGWB in the common-spectrum process is
weak in the dataset of PPTA, we conservatively assume that
the common-spectrum process comes from SGWB. We
then place rigorous constraints on the SMBHBs, FOPT,
domain walls, cosmic strings, and the scalar-induced GW
with the PTA datasets. In turn, these constraints restrict
relevant new physics, such as QCD scale dark matter,
discrete symmetry breaking patterns, the spontaneous
symmetry breaking scale of the Uð1Þ symmetry, and the
PBH dark matter.

SGWB models. We discuss five main mechanisms that
can generate SGWB at nano-Hertz frequencies, which are
1) SMBHBs, 2) FOPT, 3) cosmic strings, 4) domain walls,
and 5) large amplitude curvature perturbations. We refer the
readers to Ref. [24] and references therein for a summary of
these models. For convenience, we have also summarized
the GW spectra of the latter four models with correspond-
ing references in the Appendix.
Centers of most galaxies likely host supermassive black

holes, formingbinary systems during galaxymergers [38,39].
These systems emit gravitational radiation, creating a gravi-
tationalwavebackground (GWB)detectable in thePTAband.
The GWB’s properties depend on the SMBHBs’ character-
istics andevolution.For binaries purely evolving throughGW
emission, the power spectral density follows a power lawwith
a spectral index of −13=3 [40], influenced by interactions
with the local galactic environment [41].
FOPTs happening in the early Universe arise in many

models beyond the Standard Model of particle physics.
For example, they are usually associated with explaining
the baryon asymmetry (see e.g., Ref. [42]). An FOPT can
generate gravitational waves in multiple ways, including
collisions of vacuum bubbles, relevant shocks in the
plasma, sound waves in the plasma after bubble collisions,
and the magnetohydrodynamic turbulence in the plasma
after bubble collisions [43]. Here, following Ref. [24], we
consider the scenario that sound-wave contribution domi-
nates. The GW spectrum is mainly determined by the latent
heat αPT , the inverse time duration of FOPT β which is
usually rescaled by the Hubble parameter Hn at the bubble
nucleation temperature Tn (which is approximately T�, the
temperature when the GWare produced) and the velocity of
expanding bubble wall in the plasma background vb [43].
A cosmic string is a one-dimensional topological defect

associated with a symmetry breaking of Uð1Þ symmetry,
which is also predicted in many models beyond the
Standard Model. Infinite strings will intersect and generate
string loops [44]. The string loops can oscillate and vibrate
to emit gravitational waves [45]. The strings can also

develop the structure of kinks and cusps that can generate
gravitational waves [46,47]. GWs emitted from cosmic
strings mainly depend on the parameters Gμ and αCS. G is
the Newton gravitational constant and μ is the string tension
(energy per unit length). αCS is the loop-size parameter
representing the ratio of the loop size to the Hubble length
(or more naturally, the correlation length [48,49]). Note we
are discussing gauge strings associated with a gauge
symmetry breaking, the energy of which is mainly lost
in GWs, while the global strings associated with a global
symmetry breaking lose energy mainly in the form of
Goldstone bosons [50].
A domain wall is another kind of topological defect,

which is two-dimensional. It is formed when discrete
degenerate vacua are present after a symmetry breaking,
which also naturally arises in many beyond the Standard
Model theories. The evolution of the domain wall network
can generate gravitational waves; see e.g., Ref. [51]. To
avoid the domain wall problem that domain walls dominate
theUniverse, a bias potentialΔV is usually introduced to kill
the domain wall network by explicitly breaking the vacua
degeneracy [32,52,53]. ΔV determines the time when the
network disappears and thus marks the location of GW
spectrum’s peak frequency. Another key factor is the
domain wall tension σ, i.e., the energy per unit wall area.
GWs can also be generated by the curvature per-

turbations due to the coupling at nonlinear order between
scalar and tensor modes. The large amplitude curvature
perturbations are related to the formation of primordial
black holes (PBHs), which are attractive dark matter
candidates and are also the possible sources for the merger
events of black hole binaries [35–37]. Via the coupling
with the tensor modes, scalar perturbations can induce
GWs; see e.g., Refs. [26–28]. The power spectrum of
curvature perturbations is assumed to be a power law,
PRðkÞ ∝ PR0ðk=k�Þm, where k is the wave number and k�
is the wave number at the frequency around 1 yr−1. The
corresponding GW spectrum is thenΩGWðkÞ ∝ P2

RðkÞ. The
amplitude PR0 and the slope m are the two key parameters
that determine the GW spectrum.

Model comparisons. By using the fitting results of the free
spectrum with the HD correlation from the datasets of
NANOGrav, PPTA, and EPTA, we can make comparisons
between the following models; SMBHBs, FOPT, cosmic
strings, domain walls, and scalar-induced GWs, which are
labeled as Mi (i ¼ 1, 2, 3, 4, 5) in sequence, respectively.
We list the Bayesian prior range of the model parameters in
table. S1 in the Supplemental Material [54] and the results
are summarized in Eqs. (1)–(3). In addition, the corre-
sponding interpretation of Bayes factors is shown in
Table I.
EPTA and NANOGrav have a weak evidence while

PPTA has a positive evidence in favor of the cosmic
strings and FOPTexplanations against SMBHBs. A positive
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evidence in favor of the SMBHB, cosmic strings, scalar-
inducedGWs, andFOPTagainst domainwalls is shown in all
the datasets of EPTA, PPTA, and NANOGrav. NANOGrav
and PPTA, especially, show more inclination in favor of the
FOPT explanation than the other sources, while EPTA are
more sensitive to cosmic-string explanation.
Upon comparing these explanations, we find that none of

the above models has a distinct advantage over others in
interpreting the common-spectrum process with the HD
correlation implied in the datasets of NANOGrav, PPTA,
and EPTA.

BNANOGrav
ij ¼

0
BBBBB@

1 0.49 0.55 5.19 1.34

2.03 1 1.12 10.55 2.72

1.82 0.90 1 9.46 2.44

0.19 0.09 0.11 1 0.26

0.75 0.37 0.41 3.88 1

1
CCCCCA
; ð1Þ

BPPTA
ij ¼

0
BBBBB@

1 0.27 0.32 2.53 0.58

3.64 1 1.16 9.2 2.10

3.13 0.86 1 7.92 1.81

0.40 0.11 0.13 1 0.23

1.73 0.48 0.55 4.37 1

1
CCCCCA
; ð2Þ

BEPTA
ij ¼

0
BBBBB@

1 0.67 0.47 6.87 1.65

1.50 1 0.70 10.30 2.47

2.15 1.43 1 14.75 3.53

0.15 0.10 0.07 1 0.24

0.61 0.41 0.28 4.18 1

1
CCCCCA
: ð3Þ

Model constraints. Since no preference was found in the
datasets, we thus put constraints on the parameter space of
each model based on the Bayesian model fitting.
In Fig. 1, we show the constraints on the log-amplitude

log10 A of the SMBHB power-law spectrum. Analyses of
PPTA, EPTA, and NANOGrav datasets yield the results
log10A∼ ½−15.04;−14.42�, ½−14.74;−14.42�, and ½−14.76;
−14.50� at 68% confidence level (CL), respectively.

Figure 2 shows the result for the FOPT case. The data
constraint based on the PPTA dataset favors a moderate
latent heat αPT ≥ 0.548 and a duration β=H� ∼ ½9; 59� at the
phase transition temperature T� ∼ ½0.61; 1.33� MeV at
68% CL Likewise, EPTA dataset at the same confidence
level favors a latent heat αPT ≥ 0.591, accompanied by a

FIG. 1. Constraints on the SMBHB parameter log10 A from the
Bayesian model fitting.

TABLE I. Bayes factors can be interpreted as follows: for
comparing a candidate model Mi against another model Mj, a
Bayes factor of 20 corresponds to a belief of 95% in the statement
“Mi is true”, which means a strong evidence in favor of Mi. The
interpretation of the value of the Bayes factor into a qualitative
judgement on the evidence can be found in [55].

Bij Evidence in favor of Mi against Mj

1–3 Weak
3–20 Positive
20–150 Strong
≥150 Very strong

FIG. 2. The constraints on parameters of FOPT from Bayesian
model fitting. Contours contain 68% and 95% of the probability.
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duration β=H� ∼ ½22; 40� at T� ∼ ½0.48; 1.30� MeV. Finally,
the NANOGrav dataset at the same confidence level
favors αPT ≥ 0.692, β=Hn∼ ½29;47�, and Tn ≥ 1.03MeV.
Noting that the energy injection from the phase transition
would change the BBN and CMB observations [56,57],

which excludes some slow and strong phase transitions
around T� ∼ 1 MeV.
The results based on the Bayesian model fitting for the

case of cosmic string network are shown in Fig. 3. The
constraints yield log10Gμ ∼ ½−10.2;−7.5�; ½−10.4;−8.0�,
and ½−10.9;−8.1� at 68% CL under PPTA, EPTA, and
NANOGrav datasets, respectively, implying a Uð1Þ sym-
metry-breaking scale η ∼Oð1013−14Þ GeV of local strings.
Meanwhile, we also obtain constraints on the loop-size
parameter αCS that log10 αCS ∼ ½−5.5;−1.5�; ½−5.3;−1.5�,
and ½−4.4;−0.7� at 68% CL from PPTA, EPTA, and
NANOGrav datasets, respectively, which are well below
the typical value of αCS ¼ 0.1 suggested by simula-
tions [58,59].
In Fig. 4, we show the results for the domain-wall case

based on the Bayesian model fitting. At 68% CL, we get
tight bounds on the bias ΔV and the surface energy density
σ; log10ðσ=TeV3Þ ∼ ½2.98; 5.12�, log10ðΔV=MeV4Þ ≤ 4.94
under the PPTA dataset, log10ðσ=TeV3Þ ∼ ½2.89; 5.56�,
log10ðΔV=MeV4Þ ≤ 5.26 under the EPTA dataset,
and log10ðσ=TeV3Þ ∼ ½5.11; 6.50�, log10ðΔV=MeV4Þ ∼
½5.50; 7.95� under the NANOGrav dataset. Thus, con-
sidering a Z2 domain wall network as an example, the
results imply that the symmetry breaking scale should be

η≲ 104 TeV for σ ¼ 2
ffiffiffiffiffi
2λ

p
η3=3 assuming the interaction

coupling as λ ∼Oð10−2Þ.
In the case of scalar-induced GWs, we find log10 PR0 ∼

½−3.17;−1.67� and m ∼ ½−1.27; 0.53� are allowed by the
PPTA dataset, log10 PR0 ≥ −2.32 and m ∼ ½−0.12; 0.68�

FIG. 3. The constraints on parameters of cosmic strings
from the Bayesian model fitting. Contours contain 68% and
95% of the probability.

FIG. 4. The constraints on parameters of domain wall from
Bayesian model fitting. Contours contain 68% and 95% of the
probability.

FIG. 5. The constraints on parameters of power spectrum
of curvature perturbations from the Bayesian model fitting.
Contours contain 68% and 95% of the probability.
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are allowed by the EPTA dataset, log10 PR0 ≥ −2.03 and
m ∼ ½0.19; 0.91� are allowed by the NANOGrav dataset at
68% CL, as shown in Fig. 5. The slope m has a negative
best-fit value from the PPTA dataset, which is consistent
with the result from the old 12.5 yr NANOGrav dataset.
However, positive best-fit values ofm are obtained from the
new datasets of EPTA and NANOGrav. None of these
results shows a k3 slope which was suggested as a universal
infrared behavior of GW spectrum [60]. The best-fit value
of amplitude PR0 from PPTA is similar to that from the old
12.5 yr NANOGrav dataset. In comparison, the new
datasets of NANOGrav and EPTA give a larger best-fit
value. The larger best-fit amplitude from new datasets
implies a larger corresponding PBH abundance which can
be even larger if the non-Gaussianity of curvature pertur-
bations is considered [61–63].

Conclusion and discussion. We consider different SGWB
sources as the possible interpretations of the strong sto-
chastic common-spectrum process with HD correlation
observed by the NANOGrav, PPTA and EPTA collabora-
tions. A Bayesian model comparison is carried out by
fitting with the first five low-frequency bins of their HD
free-spectrum data. Our results show that the current
datasets from the three collaborations are unable to dis-
tinguish one SGWB model as obviously superior to the
others. We also place constraints on the parameter spaces of
SMBHBs, FOPT, cosmic strings, domain walls, and
curvature perturbations, some of which can be further used
to constrain the related new physics. Our study mainly
indicates that: 1) The parameter spaces of the slow phase
transition are with moderate strength around 1 MeV scale,
which can be further constrained by BBN and CMB
observations; 2) Cosmic strings are formed after the Uð1Þ
symmetry breaking scale around η ∼Oð1013−14Þ GeV;
3) The discrete symmetry breaking scale should be lower
than 104 TeV; 4) The PBHs from curvature perturbations

are severely constrained. In addition, we find that compared
to EPTA and PPTA, the current data from NANOGrav
can place much stronger constraints on SGWB model
parameters.
Since all cosmological SGWB models can reproduce the

HD signal observed in the current datasets, it is necessary to
obtain more data from pulsar timing array to distinguish
these models from SMBHBs. Additionally, it is important
to note that more accurate GW spectra based on numerical
simulations and more precise theoretical predictions of GW
model parameters based on particle physics (such as the
symmetry breaking scale for phase transitions, cosmic
strings, and domain walls) are crucial for settling on the
preferred SGWB model(s) conclusively.
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