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Implications for cosmic domain walls from the first three observing
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We put constraints on the normalized energy density in gravitational waves from cosmic domain walls
by searching for the stochastic gravitational-wave background in the data of Advanced LIGO and Virgo’s
first three observing runs. By adopting a phenomenological broken power-law model, we obtain the upper
limit on the amplitude of stochastic gravitational-wave background generated by domain walls in the peak
frequency band 10-200 Hz and get the most stringent limitation Qpyw (f, = 35 Hz) < 1.4 x 1078 at
95% confidence level at the peak frequency f, = 35 Hz. Subsequently, we work out the constraints on the
parameter space in the appealing realization of DW structure—the heavy axion model which can avoid the

so-called quality problem.
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I. INTRODUCTION

The successful observation of gravitational-wave (GW)
signal from compact binary coalescence [1] by Advanced
LIGO [2] and Advanced Virgo [3] has open up a new era of
GW astronomy. The superposition of a large number of not
loud enough GW incidences can produce a stochastic
gravitational-wave background (SGWB) that encodes
information about the physics of astrophysical sources.
Until the O3 observing period, the LIGO and Virgo
Scientific Collaboration has not detected such a SGWB,
and therefore they set the upper limits of SGWB [4].

Besides the origin of astronomy like compact binary
coalescence, SGWB can also have the cosmological origins,
including phase transitions [5-8], primordial perturbations
during inflation [9—11], cosmic string [ 12—16] etc. Detecting
SGWRB signals from these cosmological origins is of great
significance for understanding the physics of the early
Universe. In this paper, we focus on SGWB signal from
cosmic domain wall (DW) [17,18] network—Ilaminar topo-
logical defects that form when a discrete symmetry is
spontaneously broken. Such discrete symmetries arise in
various particle physics frameworks beyond the Standard
Model (SM), such as Higgs models [19-21], grand
unification [22,23], supersymmetry [24—-26], non-Abelian
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discrete symmetries [27], axion models [18,28], and so on.
Once the breaking of symmetry occurs after inflation, DWs
begin to form and leave different Hubble patches in different
degenerate vacua. Although the formation of DW networks
cause potential conflict with cosmological observations if
they dominate the energy and then overclose the Universe
[29], one can expect that the discrete symmetry is only
approximate [30] and the energy bias of the potential can
induce the annihilation of the DWs. Along with the motion
and annihilation of DWs, GWs are radiated and form the
SGWB for present observers.

An appealing mechanism forming such a DW network is
the spontaneous breaking of U(1) Peccei-Quinn (PQ)
symmetry [31,32]. The resulting QCD axion [33] explains
the undetectable CP violation in strong interaction.
However, PQ mechanism depends particularly on the axion
potential from QCD instantons and it is susceptible to
additional global symmetry breaking. It is widely accepted
that there is no continuous global symmetry in quantum
gravity [34] and thus PQ solution is spoiled. This so-called
quality problem has always been perplexing. To avoid the
problem, heavy axion [35-40] is taken to be consideration.
Its heavy sector provides a larger contribution to the axion
potential and lift the quality of PQ symmetry. In general,
the heavy axion decays more easily and leave few detect-
able objects. Therefore, detecting GW radiation becomes a
crucial way to understand this model.

In this paper, we provide a first search for the SGWB
from DWs using the data of Advanced LIGO and
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Advanced Virgo’s first three observing runs. First of all, we
take a model-independent analysis and figure out the
constraints on the parameters characterizing the SGWB
from DWs. Then, like [40], we focus on the heavy axion
[35,36] for explaining strong CP problems and avoiding
the vulnerable PQ mechanism. In the standard QCD axion
model, the DW network makes up a very tiny fraction of
energy density of the Universe and leave SGWB undetect-
able [41]. But GWs from the DW network in the heavy
axion model can be much stronger because of the large
tension carried by heavy axion DWs.

Recently, based on the evidence for a stochastic
common-spectrum process in the pulsar timing array
(PTA) datasets [42—47], the energy spectrum of SGWB
from DWs has been searched and used to put constraint on
axionlike particles in [48]. They have found that DWs
annihilating at temperature 20-50 MeV with tension
(40100 TeV)? are well fitted to the NANOGrav 12.5 years
dataset and International PTA Data Release 2. If the DW
mechanism is realized by QCD heavy axions, part of
parameter space fitted by PTA will be checked by future
collider experiments like DUNE ND [49], MATHUSLA
[50], and HL-LHC [51]. In our analysis, instead, the data
from Advanced LIGO and Advanced Virgo’s first three
observing runs is adopted to probe the mechanism of DWs
at much higher energy scale because the frequency band of
LIGO and Virgo is much higher than that of PTA.

II. SGWB FROM DWS

The energy spectrum of SGWB normalized by the
critical density of Universe is defined as

_ 1 dpgy
 pedinf’

where p, is present critical density, pg,, is the energy density
of GWs, and f is the frequency of GWs. In the absence of
significant friction from surrounding plasma, the DW
network quickly achieves a scaling regime [5,12] with
the energy density ppw = coH, where ¢ ~O(1) is a
model-dependent prefactor, ¢ is the tension or surface
energy density of DW, and H is the Hubble rate. This
corresponds to the fractional energy density:

Qo (f)

(1)

PDW
a = ) 5 (2)
3H Mp

where M, = (87G)~"/? is the reduced Planck energy scale.
Notice that DWs can possess large energy and become
dangerous to cosmology [29,52]. Therefore, a mechanism
inducing the annihilation of DW network at certain time is
usually needed in practice.

Due to the time-varying quadrupole, a DW network
emits GWs, and the simple estimations show that
Paw ~ Pow/ (327H*M3) [53-59]. Most GWs are radiated

at the frequency f,~H corresponding to the time of
annihilation and then redshifted to today with the peak
frequency:

foats(—2 ) (Vg (3)
>~ 1. Z
. 106.75) \107 Gev) "~

where g, is the number of relativistic degrees of freedom at
annihilation. We take the number of (entropy) relativistic
degrees of freedom g, ; = g, = 106.75 in the whole paper.
By assuming annihilation happens at the radiation domi-
nation period, numerical simulations [41,55] show that the
normalized energy density of SGWB takes the form

Qp ()12 2 4.7 x 10-Tee2 (102‘75> ms(%). ()

Here a, represents the fractional energy density at anni-
hilation. € ~ 0.1-1 is a numerical efficiency factor that is
suggested in [55], and its value is fixed to be 0.7 in our
analysis. The causality ensures Qpw ~ f> when f < f,.
Besides, Qpw ~ f~! when f — oo until the cutoff depicted
by the inverse of wall width. The order of O(1) width
around the maximum is suggested by numerical studies
[55]. Therefore, the shape of the SGWB spectrum can be
parametrized as a broken power law:

S(x) 4

C x4 3%

We adopt the cross-correlation spectrum of isotropic
SGWB during Advanced LIGO’s and Advanced Virgo’s
O1 ~ O3 observing runs [4] and follow the method
described in [60,61] to do a Bayesian analysis and estimate
the probability of models. The likelihood is given by

(5)

P(E10) o exp HZ; =BT (o

The model of energy spectrum €, (f;@) is parametrized

by a series parameters 6. C;; is the cross-correlation
spectrum and o;; denotes its variance. Likelihoods
obtained by each detector pair are multiplied together to
obtain Eq. (6). The Bayes factor between SGWB signal and
pure noise is used to show the fitness of the model. Here
0 = (a., f,) are free parameters and their priors are listed
in Table I. The Bayesian analysis makes use of PYTHON

TABLEI Priors of the parameters adopted in broken power law
model.

Parameter Prior

a, Uniform [0, 0.3]

f+(Hz) Log Uniform [10, 200]
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FIG. 1. Posterior distribution of a, and f, for the broken power
law model. The 68% and 95% C.L. exclusion contours are shown
with blue shaded region.
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FIG. 2. Upper limit of Qpw (f,) at 95% C.L. for different peak
frequency f,.

BILBY package [62] and dynamic nested sampling package
DYNESTY [63]. The posterior distributions of parameters in
the broken power law model is presented in Fig. 1. The
Bayes factor is log BPW = —0.27, indicating that no
evidence of such signal in the strain data. In fact, the
posterior of a, allows us to put constraint on the amplitude
of the energy spectrum of GWs from DW network. In
Fig. 2, the upper limit of Qpw (f,) at 95% confidence level
(C.L.)isillustrated for different peak frequency f,. The most
stringent limitation is Qpw(f, =35 Hz) < 1.4 x 1078
at 95% C.L.

After the annihilation, DWs may decay into SM particles

or dark radiation (DR). In literature the abundance of

ANesr

IOg T«

FIG. 3. Posterior distribution of AN and T, (GeV) for the
broken power law model. The 68% and 95% C.L. exclusion
contours are shown with blue shaded region. The vertical orange
(red) line denotes the constraint from BBN (CMB + BAO).

DR is described by the effective number of neutrino
species AN = ppr/p,- If DWs decay into DR entirely,
Ppr = ppw and then

AIveff,decay ~ 13.69:1/30!*. (7)

In addition, GWs emitted by the DW network also make a
contribution to DR, namely

) G -1/3
ANeff,gw ~ 0090* (10675) . (8)

In this scenario, ANy = ANcgf gecay + ANegr gw- It is worth
mentioning that big bang nucleosynthesis (BBN)
(CMB + BAO cosmic microwave background (CMB)
and baryon acoustic oscillation (BAQO)) also put constraints
on the abundance of DR with AN < 0.39 [64] (0.29 [65])
at 95% C.L. This may also provide a constraint on the
energy density of DW network. In Fig. 3, we transform the
posterior of (a,, f,) to (AN, T.) using Egs. (3), (7),
and (8). It implies that the constraint from LIGO-Virgo is
comparable to those from BBN and CMB + BAO in the
scenario where DWs are all assumed to decay into DR.

III. HEAVY QCD AXION MODEL

From now on, we will use the former results to constrain
the parameter space in the heavy axion model. The
composite potential of heavy axion periodic potential
and the contribution from QCD is given by
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V, = (kAL + KAL) [1 — cos <Fi)] : (9)

a

where F, is axion decay constant, Ag y are coupling scales
of QCD and heavy sector. The factors kg < 1 are related
to mass of fermion. After the spontaneous breaking of U(1)
PQ symmetry, axionic string-DW network forms and then
GWs are emitted. In the form of Eq. (9), periodic potential
from the heavy sector is aligned with that of QCD. It is
typically ensured by the Z, symmetry [50]. To that end,
QCD cannot induce the annihilation of DWs. However,
regardless of its specific physical origin (see some models
in [66—69]), we could expect a term misaligned with V, as
follows

N, a 5), (10)

V, ~ —u? cos ——
’ ﬂb <NDWFu

where p;, is related to the specific model under consid-
eration, N, Npy are integers describing discrete symmetry
subgroup. Note that energy bias of potential only appears
when N, =1 or coprime with Npw. & is the generic
misaligned phase. CP violation caused by V, is depicted by

AQ:Q—Her‘*(]éV—b) <$) (11)
DW Ky

where r = u;,/Ay. Once Npw > 1, a long-lasting DW
network could form, and the fractional energy density is

Vdeky 2 F, 270.002\\4
a, ~0.1(— )
sin(Nyz/Npw)/ \10'? GeV r

(12)

and the temperature at annihilation reads

08 Sin(Nbﬂ'/NDw) 106.75 1/4 r 2
Vdcky G 0.005

102 GeV\'2/ A
x © ) Gev. (13)
F, 101 GeV

Different from the standard QCD axion, the heavy axion
is unstable and tends to decay into SM particles [70]:
gluons, photons, or fermions, depending on the energy
scale, and then the heavy axion avoids the constraints on
the abundance of DR from BBN and CMB + BAO. If the
heavy axion does not decay fast enough, then there is a
temporary period of matter domination (MD) and hence
Egs. (3) and (4) should be modified. To evaluate whether
the situation takes place, we compare the characteristic
temperature of efficient decay with that of MD, where,
according to [40], the effective characteristic temperature
of decay is

T,~1

VErAE \? (10'2 GeV /2
nglo6<1010 Gov 3 GeV, (14

and the temperature of MD is

T g 106 Velexn)? Fo \?
MD sin(N,7/Npw) /) \10'2 GeV

A 0.001\2 /106.75\ /4
X g a 073\ Gev. (15)
10"Y GeV r s

If Ty < Typ, then there is a MD phase, and the peak
frequency and the energy spectrum of SGWB from DWs
become [40]

1/3
ro= 0 (75)" (16)
gy (2410 (1)
“ow = Sow <9*(TMD) Tvip ' (17)

In fact, there are also some inherent limitations which
should be taken into account in our analysis. First, the
characteristic temperature (Tpw._gom) Of string wall domi-
nating the Universe can be estimated by a, ~ 1 and

ckyF,
Towaom 25X 10\ {om 50y
A 106.75\ 1/+
X (e GeV. (18)
101 Gev) \ 4.

In the case of Tpw.gom > T+, DWs will dominate our
Universe, which may conflict with the standard cosmology.
Even if the contradiction might be avoided [71], there is a
lack of knowledge about the evolution of DWs in the
situation. Second, the validity of the axion effective theory
requires /kgAy < F,. At last, neutron electric dipole
moment measurements [72] require A9 < 10710,

In this paper we mainly focus on constraining the three
physical parameters (e.g., the coupling scale Ay of heavy

TABLE II.  Priors of the parameters adopted in the heavy axion
model.

Ay = 10'9,10'%5 10" GeV
Parameter Prior
F,(GeV) LogUniform [1019, 10122]
A0 LogUniform [10~143,10719]

AG = 107110712, 10711

Parameter Prior
F,(GeV) LogUniform [10'0, 10'22]
Ay (GeV) LogUniform [10%, 1022
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FIG. 4. Parameter space excluded by Advanced LIGO and Advanced Virgo O1 ~ O3 observing runs. The blue shaded regions denote
the 95% exclusion contours. The orange-red and orange shaded regions correspond to DW domination and violation of axion effective

theory, respectively.

sector, axion decay constant F,, and CP violation coef-
ficient A0) in the heavy axion model. From Egs. (12) and
(13), the former constraints on @, and 7', can be used to
constrain these three parameters. Here we set the factor
ky ~ 1 providing that the heavy sector contains a light
fermion. Similar to [73], we take N, = 1, Npw = 6, and
then ¢ = 4.48, d = 6.28. Since the dependence of 6 only
appears in Eq. (11) as a factor between A# and r, we set
0 = 0.3 and the results for other values can be obtained by
simply rescaling A6. Since there are three free parameters,
our strategy of analysis is to constrain the other two
parameters by keeping Ay or A@ fixed, respectively.
The priors adopted in our analysis are listed in Table II,
and the excluded parameter spaces in the heavy axion
model are illustrated by the blue shaded regions in Fig. 4.

IV. CONCLUSIONS

By adopting the cross-correlation spectrum of Advanced
LIGO and Advanced Virgo’s first three observing runs, we
search for the GW signal from DW network in the peak
frequency range 10-200 Hz. Since no such signal in the

strain data has been observed, we place constraints on
the energy spectrum of SGWB from cosmic DW network.
The most stringent limitation is Qpw (f, = 35 Hz) < 1.4 x
1078 at 95% C.L. The posterior of f, does not show
obvious preference for any certain peak frequency, and the
fractional energy density of DWs with a, > 0.2 is excluded
at 95% C.L. for f, =20-100 Hz corresponding to the
most sensitive band of LIGO and Virgo.

Furthermore, for fixed values of Ay = 10'°, 10'03
or 101! GeV, the CP violation coefficient A@ in the blue
shaded regions in the upper panel of Fig. 4 is excluded; for
fixed values of AG = 107'3,107'2 or 107!, the coupling scale
Ay of the heavy sector in the blue shaded regions in the bottom
panel of Fig. 4 is excluded. In all, even though SGWB has not
been detected by Advanced LIGO and Advanced Virgo, the
nondetection of the SGWB from cosmic DWs already places
constraints on the heavy axion model.

Our results have shown the ability of LIGO/Virgo/
KAGRA interferometers to understand physics related to
DWs. With the improvement of the detector sensitivity and
the construction of next-generation gravitational detectors
like Cosmic Explorer [74] and Einstein Telescope [75], we
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expect more elaborate results according to the predictions
in [40].
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