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Evidence for different gravitational-wave sources in the NANOGrav dataset
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The NANOGrav Collaboration recently reported a strong evidence for a stochastic common-spectrum
process in the pulsar-timing data. We evaluate the evidence of interpreting this process as mergers of super
massive black hole binaries and/or various stochastic gravitational-wave background sources in the early
Universe, including first-order phase transitions, cosmic strings, domain walls, and large amplitude
curvature perturbations. We discuss the implications of the constraints on these possible sources. It is found
that the data shows a positive evidence in favor of the cosmic strings against other gravitational-wave

sources based on the Bayes factor analysis.
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I. INTRODUCTION

Recently, with the 12.5-yr data set, the NANOGrav
Collaboration reports a strong evidence of a stochastic
common-spectrum process [1]. The process may be inter-
preted as gravitational waves (GWs) from mergers of
supermassive black hole binaries (SMBHBs) [2-5] with
a spectral index of 13/3 [1], or other speculative stochastic
gravitational-wave backgrounds (SGWBs) in the nanohertz
frequency region, such as cosmic strings [6], first-order
phase transitions (FOPTs) [7,8], a primordial GW back-
ground produced by quantum fluctuations of the gravita-
tional field during inflation [9], and domain walls [10].

Motivated by the observation, there are several attempts
to interpret the results of GWs from supermassive black
holes [11-13], cosmic strings [14-16], dark phase tran-
sition [17-19], and large scalar fluctuations associated with
primordial black hole (PBH) formation [11,12]. In this
letter, based on the assumption that the stochastic common-
spectrum process is attributed to GWs, we first apply a
Bayesian analysis to evaluate the strength of evidence for
explaining the stochastic common-spectrum process with
different models, including: SMBHBs, cosmic strings,
scalar perturbations, FOPTs, domain walls, and/or a super-
position of some of these GW sources above. We find out
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the constraints on parameter spaces of these GWs models.
The constraints on the gravitational-wave parameters from
all these sources can be used to limit: 1) the phase transition
parameters of the dark sector, 2) the symmetry breaking
scale of new physics beyond the Standard Model of particle
physics, and 3) the PBH abundance. Model comparisons of
the Bayesian fit are performed to judge GW model
interpretations with the current NANOGrav 12.5-yr data.
Note that, here, the Bayesian analysis is conducted using
the violin plots at the first five frequency bins in the left
panel of Fig. 1 in Ref. [1] as data, instead of pulsar-timing
data directly, and the assumption that using the spectral
coefficients as independent data is taken.

II. NANOGRAY 12.5-YR RESULTS VERSUS
GW SOURCES

We perform a Bayesian inference over the first five
frequency bins of the NANOGrav 12.5-yr data set [1],
roughly f € (2.5 x 107, 1.2 x 10~%) Hz. We apply the full
Bayesian model fitting and model comparison procedure to
these explanations. The free parameters of each model are
set with uniform priors.

A. GWs from FOPTs

Two crucial parameters for the calculation of GWs from

FOPTs are: 1) the latent heat [20], apy, 2) the inverse time

duration of the phase transition Hﬁ, where T, is the PT

temperature and H,, is the Hubble parameter. We consider
the nonrunaway bubbles where the GW sources from

© 2021 American Physical Society
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FIG. 1. Constraints on parameters of FOPTs from Bayesian
model fitting. The contour levels in the plots correspond to the 1-,
2-, and 3-o levels in two-dimensional distributions.

FOPTs are dominated by sound waves, and the GW energy
spectrum reads [20]

Qi 12(f) =2.65x 10-(H.r, ) (2-) o, (%)
GW . * Lsw H* b 1+aPT

(B (o)™ 0

[} 5 ] is adopted to account for

the duration of the phase transition [21-25], where H R, =
v,(87)'/3(B/H,)™" [23] and the root-mean-square (rms)

fluid velocity is U7 ~ 312 [24-26]. The factor «, is the

fraction of the latent heat transferred into the kinetic energy
of plasma, which is obtained by the hydrodynamic analysis

[27]. The peak frequency of sound waves locates at % =

1.9 x 10~ SH@l T ({%5)s Hz [26,28,29]. For this study, we

consider the plasma temperature being 7', ~ T,,.

In Fig. 1, we perform a whole parameter space scan, and
the data constraints at 1o favors the following: a supersonic
velocity v, ~[0.91,0.99] and a moderate latent heat
apr ~[0.31,0.96], with a duration /H, ~ [18.17,58.27]
at phase transition temperature 7, ~ [0.42, 1.43] MeV for
the FOPT. We note that the big-bang nucleosynthesis
(BBN) bounds 7, > 1 MeV [30]. This result may invali-
date a lot of parameter spaces of the dark phase transition
explanation of the NANOGrav observation [17-19] at
this level.

Here, the factor 7, = min [~

B. GWs from cosmic strings

The vastly adopted Nambu-Goto cosmic strings are
characterized solely by the dimensionless parameter G,
where G is Newton’s constant and y is the string tension,
which is a function of the breaking scale of the U(1)
symmetry. We consider GWs emitted by the cosmic
string network are dominated by cusps here, with [31]

Qew(f) =S Qg‘&\,( f), and for each k-mode [32],

® 12k F,oW eff fk
Qaw(f) = Pe f Ofcs(acs+FGﬂ f k4
a1 (a0 _
L(rOJ L@ } O = 1) @)

Here, p. = 3H(2)/ 872G 1is the critical density, and we take
F, = 0.1 to characterize the fraction of the energy released
by long strings. The loop production efficiency is adopted
as Cq = 5.4(0.39) in the radiation (matter) dominated
universe [33]. The gravitational loop-emission efficiency is
I' = 50 [35]. The fourier modes of cusps [36] are [35,37]
4
e = Zl;ki_j%; here, % m™3 ~3.60 and Y, T'® =T,
m=1 m

The formation time of loops of the k-mode casts the form of

Wz oy L [2ka(@
(NG )_acs+FGﬂ {f a(ty)

where 7 is the GW emission time. The cosmic string net-
work reaches an attractor scaling solution after the for-
mation time ¢;. When the small-scale structure of loops is
dominated by cusps, the high mode relates to the low mode

as follows: QU (f) = LyQUY (F/k) = k=3Q54 (f/k).
In Fig. 2 we show the results of Bayesian model fitting
for the cosmic string network case. The constraints yield
log,o Gu ~ [-10.44, —7.64] at 16, which suggests the U(1)
symmetry breaking scale of the new physics connecting
with grant unification is around 5 ~ O(10'41%) GeV for
local strings (where u ~2zn* for the winding number
n = 1), and log g acs ~ [-3.91, —2.63] is allowed by data

+ FG/ﬁ], (3)
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FIG. 2. Constraints on parameters of cosmic strings from the
Bayesian model fitting.
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at lo, which is slightly smaller than the acg=0.1
suggested by the simulations [35,37].

C. GWs from the domain wall decay

The peak amplitude and the frequency of GWs are
determined by the surface energy density o (which is a
function of the discrete symmetry scale) and the bias term
AV (which explicitly breaks the discrete symmetry and is
bound below since domain walls should decay before
domination). We use the slope of spectrum Q&% h* « f3
when f < fiea and Q&WA? o f~' when f > fie. as
suggested by the estimation of Ref. [10]. The peak
amplitude of the GW is [10,38,39]

itk 20 s 10.75\13( o \*
Qi h* ~5.20 x 10720 x egWA4< m [TV

y (1 I\AA;V4>2, ()

with the peak frequency [10] f®(o)pea = 3.99%

1070 HzA~1/2 (LTl *({AL)V/2, the area parameter
A= 1.2 [38], the efficiency parameter € = 0.7 [10],
and the effective relativistic degree of freedom at the
domain wall decay time g, = 10.75 [38].

A higher magnitude of GWs is obtained with a large
surface energy density. In Fig. 3, the Bayesian fit at 1o sets
the bound on the bias term and the surface energy density as
follows: log,o(c/TeV?) ~ [2.79,4.83], log,o(AV/MeV*)~

[0.26, 4.89]. Utilizing ¢ ~ 21/245%/3 (here 1 and 7 are the

-~
< 4
2
50
S
3<
2
1
30 35 40 45 50 55 60
logio o
FIG. 3. Constraints on parameters of the domain wall from

Bayesian model fitting.

interaction coupling and the breaking scale for the Z,
discrete symmetry), one can estimate the breaking scale of
the discrete symmetry being < 10 TeV for 1 ~ O(1072).

D. Scalar-induced GWs

We use the method in Ref. [40] to calculate the energy
spectrum of the SGWB resulting from the large scalar
fluctuations during inflation and study the constraints from
the common-spectrum process detected by NANOGrav.
The GW production process happens almost around the
horizon reentry of the corresponding modes, after that,
Qgw soon reaches a constant. Assuming a power-law form
of scalar fluctuations Py (k) = Prok™ around f =1 yr~!,
one can simply obtain Qgw(to,f =1 yr™!) « P%, and
Qgw(k) < k*" from the quadratic Pg-dependence of
Qaw (10, k).

In the case of scalar-induced GWs, we find log o Pro ~
[-3.20,-2.10] and m ~ [-0.89,0.27] are allowed by the
NANOGrav data at 1o, as shown in Fig. 4. This shows that
the universal behavior in the low-frequency region with &*
slope [41] is highly disfavored by the NANOGrav data. It is
well known that large amplitude scalar perturbations are
also responsible for the production of PBHs, which may
constitute dark matter and provide merger events of black
hole binaries [42—44]. The best-fit Py of Gaussian curva-
ture perturbations hints that the abundance of such PBHs is
less than 10~'? for the PBH mass of about 0.1 M. The
constraint on PBH mass function from NANOGrav
is much more strict than the others in the same mass
range (less than 0.01), such as microlensing results from

0.51
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—1.01

—1.5+

-35 -3.0 25 —2.0
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FIG. 4. Constraints on parameters of the power spectrum of
curvature perturbations from the Bayesian model fitting.
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TABLE 1. Bayes factors can be interpreted as follows: given
candidate models M; and M ;, a Bayes factor of 20 corresponds to
a belief of 95% in the statement “M; is true,” this corresponds to
strong evidence in favor of M; [54].

Bj; Evidence in favor of M; against M
1-3 Weak

3-20 Positive

20-150 Strong

> 150 Very strong

EROS/MACHO [45] and OLGE [46]. However, if we
consider non-Gaussian scalar perturbations reported in
Refs. [47-49], the PBH abundance can be 1073 to explain
the merger rate observed by Laser Interferometer
Gravitational Wave Observatory (LIGO). The amplitude
of scalar induced GWs is also inconsistent with the
assumption that PBHs could seed the supermassive black
holes [11]. With the amplitude of scalar perturbations
extended into smaller scales, the predicted PBH mass
decreases and the PBH abundance might increase enor-
mously. PBHs could constitute all dark matter when
assuming a scale-invariant power spectrum for scalar
fluctuations [50], or explain the microlensing events
observed by OGLE when taking into account the early
dustlike stage [50].

III. GW SOURCES COMPARISON

We apply Bayesian model comparison on the following
models: SMBHBs, cosmic strings, scalar induced GWs,
FOPTs, domain walls, SMBHBs + cosmic strings, cosmic
strings + scalar induced GWs, cosmic strings + domain
walls, respectively. The result is given in Eq. (5) with the
interpretation of Bayes factors given in Table I [51]. We
find that the current data shows positive evidence in favor
of the cosmic strings explanation against SMBHBs, scalar
induced GWs, FOPTs, and domain walls, and weak
evidence in favor of cosmic strings against cosmic

|

logio Qawh?®
~

/
%~ SMBHB+CS

cs
SMBHBS

-2 -lo -8 -6 -4 -2
logi

logio Qawh?

FIG. 5. GW energy spectrum for different models with best-fit
value of parameters (which are shown in Supplemental Material
[53]). The violin plots show the first five frequency bins of the
NANOGrav 12.5-yr data set. The top-left panel shows individual
GW source scenario, and the other three plots show the combined
explanations with SMBHB + cosmic strings, cosmic strings +
domain walls, and cosmic strings + scalar induced GWs.

strings + SMBHBs, cosmic strings + scalar  induced
GWs, and cosmic strings + domain walls. The data shows
a positive evidence of cosmic strings + SMBHBs, cosmic
strings + scalar induced GWs, and cosmic strings +
domain walls against SMBHBs, see Supplemental
Material [53] for details. In comparison with other explan-
ations, there is a least the possibility to explain the
common-spectrum process of the GWs from SMBHBs.
The GWs spectra of different sources confronted with the
low frequency five bins data of the NANOGrav 12.5-yr
results are shown in Fig. 5. It shows that the GWs from the
cosmic strings fit the data much better due to the fall-off
behavior of the GW energy spectrum connecting the matter
dominate region (low frequency) and radiation dominate
region (high frequency),

1009 037 028
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273 025 1 076
36 033 132 1
Bi=1121 o11 044 034
6.18 057 226 1.72
817 0.76 299 227
586 054 2.15 1.63

0.83 0.16 0.12 0.17
893 1.75 132 1.84
226 044 033 047
297 058 044 0.61
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IV. CONCLUSION AND DISCUSSION

In this letter, we evaluate the possibility of the SGWB
explanations for the stochastic common-spectrum process
observed by the NANOGrav 12.5-yr data set and perform a
model comparison based on Bayesian analysis using the
five low-frequency bin data. The models include GW's from
SMBHBSs, cosmic strings, scalar induced GWs, phase
transition, and domain walls. We also consider the situation
that the SGWB is superposed by two individual sources,
including cosmic strings + SMBHBs, cosmic strings +
scalar induced GWs, and cosmic strings + domain walls.
We evaluate the possibility of these SGWB explanations for
the stochastic common-spectrum process observed by the
NANOGrav 12.5-yr data set, and the analysis shows that:
1) With positive evidence, the cosmic string model is the
most favored one by the current data against SMBHBs and/
or other SGWB sources, which hints that the symmetry
breaking scale of a U(1) symmetry of new physics is close
to the symmetry breaking scale of the grand unified theory
[55-57]; 2) a lot of the parameter spaces for the explanation
of the dark sector FOPT is invalidated by the BBN bounds;
3) scalar-induced GWs hint at the mass of PBHs around
solar mass and its abundance as dark matter. Other
combinations of GWs sources are less supported by data.
Noticing that small Bayes factors can be strongly affected
by the prior ranges that are assumed for the models,
stronger evidence will be obtained with more data available
in the future.

References [14,15] study cosmic strings as the possible
SGWRB sources of the NANOGrav data, and the two studies
are performed based on a power-law spectrum.
Reference [14] assumes a single a-g = 0.1 and finds Gu ~
[4,10] x 107" at 16. While Ref. [15] assumes acg and Gu
to be free parameters and obtains Gu ~ [6,17] x 10~!! and
acs ~[1072,107!] at 16, our study is based on the Bayesian
analysis of NANOGrav data disregarding the power-law
spectrum. We show that the NANOGrav 12.5-yr data favors
a wider range of Gu and a smaller acg at 1o, which
corresponds to a spontaneous breaking scale of a local U(1)
symmetry closer to the grant unification scale, in compari-
son with the above two papers, whose GW energy spectrum
may be checked in high frequency regions by LIGO, Laser
Interferometer Space Antenna, TianQin, and Taiji [58].
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