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We study a domain wall induced by spontaneously broken Z2 symmetry and its gravitational wave
signature in the standard model with a complex scalar in connection with dark matter physics. In a minimal
setup, a linear term of the singlet field is added to the scalar potential as an explicit Z2 breaking term to
make the domain wall unstable. We obtain its minimal size from cosmological constraints and show that the
parameter space that can be probed by current and future pulsar time array experiments requires the vacuum
expectation value of the singlet field to be greater than Oð10–100Þ TeV, along with a singletlike Higgs
mass of Oð1–100Þ TeV. However, such a region is severely restricted by the dark matter relic density,
which places an upper bound on the singlet vacuum expectation value at approximately 200 TeV, and limits
the dark matter mass to about half of the singletlike Higgs boson mass.
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I. INTRODUCTION

The search for physics beyond the standard model (SM)
is the most critical and pressing issue in particle physics.
After discovering the Higgs boson with a mass of 125 GeV
[1,2], attention has increasingly been drawn to searches for
extra scalar particles. However, despite current experimen-
tal data from the Large Hadron Collider (LHC), there is still
no clear evidence of new physics. This may suggest that the
new mass scales are too high to be reached, or that the new
interactions are too weak to be detected. In such a situation,
the use of cosmological probes through gravitational waves
(GWs) can complement the search for extended Higgs
sectors (for reviews, see, e.g., Refs. [3–5]).
Currently, positive evidence of the stochastic gravita-

tional wave background in the nano-Hz frequency range is
reported by pulsar timing array experiment collaborations,
NANOGrav [6], EPTA [7], PPTA [8], and CPTA [9]. In
addition to the supermassive black hole binaries interpre-
tation [10], alternative explanations by extended Higgs
sectors have also been proposed [11–15].

If there exist multiscalar fields, cosmological phase
transitions would be diverse. For example, the electroweak
phase transition (EWPT), which is a smooth crossover in
the SM [16–19], could be of first order, and GWs could
be produced by bubble collisions, etc. This possibility
is particularly important in the electroweak baryogenesis
mechanism [20] (for reviews, see, e.g., Refs. [21–31]).
Additionally, other phase transitions prior to EWPT could
occur, in which case extra sources of GWs could exist, such
as collapses of domain walls (DWs) induced by sponta-
neously broken discrete symmetries. In such situations, the
order of the phase transitions is not necessarily of first order.
One of the simplest new physics models is the SM with a

complex scalar (cxSM) [32–35]. Its scalar potential pos-
sesses a global U(1) symmetry if it is a function of jSj2, where
S denotes a complex singlet scalar field. To avoid the
emergence of a massless Nambu-Goldstone boson after the
U(1) symmetry is spontaneously broken, we need to add
explicit U(1) breaking terms, such as aS2 term, which breaks
the U(1) symmetry down to a Z2 symmetry. In this case, the
DWwould appear if theZ2 is spontaneously broken. Adding
a linear term in the S field to the scalar potential is a common
way to avoid the cosmologically unwanted DW. In the CP
conserving limit, the scalar potential becomes invariant under
S → S�, or equivalently ImS → −ImS.1 Therefore, ImS can
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1DW induced by the CP symmetry (called CPDW) in the
cxSM is extensively studied in Ref. [35].
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be dark matter (DM). As first indicated in Ref. [34], a spin-
independent DM cross section with nucleons would vanish if
the linear term is absent (for this type of cancellation
mechanism, see also Ref. [36]). To our knowledge, the lower
value of the biased term required by the DW collapse has not
been explicitly quantified, taking the DM constraints into
account.
In this article, we explore DW and its GW signatures in

the CP-conserving cxSM with the minimal setup, where
the U(1)-breaking terms in the scalar potential are only S
and S2. After considering constraints such as vacuum
stability, tree-level unitarity, the DM relic density, and
the condition that DW decays before the big-bang nucleo-
synthesis (BBN) era, we obtain the lower bound of the
linear term in S and identify a parameter space that is
accessible by future experiments such as SKA [37]. In this
work, we do not aim to explain the NANOGrav 15-year
(NG15) data using the current model since the interpreta-
tion by DW with a constant tension, which applies to our
case, is not favored [15]. Instead, we use the NG15 data as a
constraint when selecting our benchmark points. Our
analysis shows that the coefficient of the linear term needs
to be higher than Oð10−15Þ GeV3, and in order to have the
detectable GW spectrum, the vacuum expectation value
(VEV) of S needs to be greater than Oð10–100Þ TeV.
Additionally, the mass of the singletlike Higgs boson
should be within the range of Oð1–100Þ TeV with a
mixing angle between the two Higgs bosons of approx-
imately Oð0.10–10Þ degrees. Such mass ranges are similar
to those in the CPDW case [35]. However, the allowed
region in our scenario is severely limited by the DM relic
abundance, imposing an upper limit of about 200 TeV on
the singlet Higgs VEV and limiting the DM mass to about
half the mass of the singletlike Higgs boson.
The paper is organized as follows. In Sec. II, we

introduce the cxSM and present the masses and couplings
at the tree level. We also describe the theoretical con-
straints such as vacuum stability and perturbative unitar-
ity in this section. In Sec. III, we derive the equations of
motion for DW and display DW profiles using a typical
parameter set. We then discuss the decays of DWs in
terms of the BBN constraint and GWs signatures,
considering the discovery potential at SKA. Our main
numerical results are presented in Sec. V, and the
conclusion is made in Sec. VI.

II. MODEL

The cxSM is an extension of the SM that involves adding
a complex scalar field denoted as S. The scalar potential of
this model generally has 13 parameters. However, to
simplify the model, the potential is modified by enforcing
a global U(1), and some symmetry-breaking terms are
added [32]. In the simplest model, the scalar potential is
defined as

V0ðH;SÞ ¼ m2

2
H†H þ λ

4
ðH†HÞ2 þ δ2

2
H†HjSj2

þ b2
2
jSj2 þ d2

4
jSj4 þ

�
a1Sþ b1

4
S2 þ H:c:

�
;

ð1Þ
where b1 is needed to avoid the unwanted massless
Nambu-Goldstone boson associated with the spontane-
ously broken global U(1) symmetry. On the other hand,
a1 has a dual role: not only does it break the U(1)
symmetry, but it also introduces a bias that destabilizes
DW generated by the spontaneously broken Z2 symmetry,
thereby avoiding cosmological constraints. As mentioned
in Introduction, we quantify the required magnitude of a1
in Sec. V. Although a1 and b1 can be complex parameters,
only their relative phase gives rise to the physical phase.
However, for our present analysis, we assume them to be
real, so that the scalar potential V0 remains invariant under
the CP transformation S → S�.
The scalar fields are parametrized as

HðxÞ ¼
� GþðxÞ

1ffiffi
2

p ðvþ hðxÞ þ iG0ðxÞÞ
�
; ð2Þ

SðxÞ ¼ 1ffiffiffi
2

p ðvS þ SðxÞ þ iχðxÞÞ; ð3Þ

where vð≃246.22 GeVÞ and vS are the VEVs of the
doublet and singlet scalar fields, respectively. Gþ;0ðxÞ
are the unphysical Nambu-Goldstone bosons associated
with electroweak symmetry breaking. The CP-even scalars
hðxÞ and SðxÞ can mix and one of them becomes the
SM-like Higgs boson with a mass of 125 GeV. One can see
that the scalar potential V0 is invariant under χðxÞ → −χðxÞ
due to the aforementioned CP invariance, which implies
that χðxÞ can play a role of DM.
The tadpole conditions with respect to h and S are,

respectively, given by�
∂V0

∂h

�
¼ v

�
m2

2
þ λ

4
v2 þ δ2

4
v2S

�
¼ 0; ð4Þ

�
∂V0

∂S

�
¼ vS

�
b1þb2

2
þ δ2

4
v2þd2

4
v2Sþ

ffiffiffi
2

p
a1

vS

�
¼ 0; ð5Þ

where h� � �i denotes that the fluctuation fields are taken zero
after the derivatives.
The mass matrix of the ðh; SÞ bosons takes the form

M2
S ¼

 
m2

2
þ 3λ

4
v2 þ δ2

4
v2S

δ2
2
vvS

δ2
2
vvS

b1þb2
2

þ δ2
4
v2 þ 3d2

4
v2S

!

¼
 λ

2
v2 δ2

2
vvS

δ2
2
vvS

d2
2
v2S −

ffiffi
2

p
a1

vS

!
; ð6Þ
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where the tadpole conditions (4) and (5) are used in the
second equality. This mass matrix can be diagonalized by
an orthogonal matrix OðαÞ

OTðαÞM2
SOðαÞ ¼

�m2
h1

0

0 m2
h2

�
; OðαÞ ¼

�
cα −sα
sα cα

�
;

ð7Þ
where sα ¼ sin α and cα ¼ cos αwith −π=4 ≤ α ≤ π=4 and
h1 is identified as the SM-like Higgs boson in our study,
i.e., mh1 ¼ 125 GeV. In the large vS limit, the two scalar
masses are simplified to

m2
h1
≃
1

2

�
λ −

δ22
d2

�
v2; m2

h2
≃
1

2

�
d2v2S þ

δ22
d2

v2
�
: ð8Þ

The DM mass is given by

m2
χ ¼

b2 − b1
2

þ δ2
4
v2 þ d2

4
v2S ¼ −

ffiffiffi
2

p
a1

vS
− b1; ð9Þ

where the tadpole condition (5) is used in the second
equality.
There are 7 parameters in the scalar potential:

ðm2; b2; λ; d2; δ2; b1; a1Þ. All parameters except for a1
can be expressed in terms of ðv; vS;mh1 ; mh2 ; α; mχÞ.
More explicitly, one finds

λ ¼ 2

v2
ðm2

h1
c2α þm2

h2
s2αÞ; ð10Þ

d2 ¼
2

v2S

�
m2

h1
s2α þm2

h2
c2α þ

ffiffiffi
2

p
a1

vS

�
; ð11Þ

δ2 ¼
s2α
vvS

ðm2
h1
−m2

h2
Þ; ð12Þ

b1 ¼ −
�
m2

χ þ
ffiffiffi
2

p
a1

vS

�
; ð13Þ

m2 ¼ −
λ

2
v2 −

δ2
2
v2S; ð14Þ

b2 ¼ −
δ2
2
v2 −

d2
2
v2S −

2
ffiffiffi
2

p
a1

vS
− b1: ð15Þ

The Higgs couplings to fermions and gauge bosons are,
respectively, given by

Lhif̄f ¼ −
mf

v

X
i¼1;2

κifhif̄f; ð16Þ

LhiVV ¼ 1

v

X
i¼1;2

κiVhiðm2
ZZμZμ þ 2m2

WW
þ
μ W−μÞ; ð17Þ

where κ1f ¼ κ1V ¼ cα and κ2f ¼ κ2V ¼ −sα. The values of
mh2 and κ are restricted by LHC data [38,39]. Regarding
theoretical bounds, on the other hand, we impose the
bounded-from-below condition and the global minimum
condition on the scalar potential. The former is given by

λ > 0; d2 > 0; −
ffiffiffiffiffiffiffi
λd2

p
< δ2; ð18Þ

where the third inequality condition is needed only if δ2 < 0.
The global minimum condition means that V0ðv; vSÞ is
smaller than any other potential energy. Moreover, we
impose the perturbative unitarity [35]. Because of this,
the value of mh2 has an upper bound for a given α. In
the parameter space where the sizable GW is produced, the
theoretical constraints hold more significance than the
collider bounds, as discussed in Sec. V.

III. COLLAPSE OF DOMAIN WALL AND ITS
GRAVITATIONAL WAVE SIGNATURES

In the case of a1 ¼ 0 and vS ≠ 0, we have the DW
solution. The classical scalar fields are parametrized as2

hHðzÞi ¼ 1ffiffiffi
2

p
�

0

ϕðzÞ

�
; hSðzÞi ¼ ϕSðzÞffiffiffi

2
p ; ð19Þ

where z is a coordinate perpendicular to DW. The energy
density of DW is given by

EDW ¼ 1

2
ð∂zϕÞ2 þ

1

2
ð∂zϕSÞ2 þ Vðϕ;ϕSÞ; ð20Þ

with the normalized scalar potential

Vðϕ;ϕSÞ ¼ V0ðϕ;ϕSÞ − V0ðv; vSÞ

¼ λ

16
ðϕ2 − v2Þ2 þ δ2

8
ðϕ2 − v2Þðϕ2

S − v2SÞ

þ d2
16

ðϕ2
S − v2SÞ2; ð21Þ

where Eqs. (14) and (15) are used to eliminate m2 and
b1 þ b2. The subtraction of V0ðv; vSÞ is necessary in order
not to generate a divergence in a tension of DW defined
below. From Eqs. (10)–(12) with a1 ¼ 0, we note that
Vðϕ;ϕSÞ is determined bymh2,α, andvS, independent ofmχ .
The equations of motion for DW are

d2Φ
dz2

−
∂V
∂Φ

¼ 0; ð22Þ

where Φ ¼ fϕ;ϕSg with the boundary conditions

lim
z→�∞

ϕðzÞ ¼ v; lim
z→�∞

ϕSðzÞ ¼ �vS: ð23Þ

2Since we consider the CP-conserving case, only the real part
of the singlet field would be relevant.
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We solve Eqs. (22) and (23) using a relaxation method [40],
and then calculate the tension of DW which is given by

σDW ¼
Z

∞

−∞
dzEDW ¼ σkinDW þ σpotDW; ð24Þ

where σkinDW and σpotDW are contributions of kinetic and potential
terms, respectively. From Derrick’s theorem [41], it follows
that σkinDW ¼ σpotDW.We use this relation as a cross-check for the
correctness of our numerical solutions.
In the decoupling limit, where jαj ≪ 1, DW is reduced to

that in the ϕ4 theory (see, e.g., Ref. [42]). In this case, the
DW profile is expressed as

ϕSðzÞ ¼ vS tanh

� ffiffiffiffiffi
d2
8

r
vSz

�
: ð25Þ

Using this analytic solution, σDW can be easily calculated as

σDW ≃
d2
8
v3S

Z
∞

−∞
dξ

�
tanh2

� ffiffiffiffiffi
d2
8

r
ξ

�
− 1

�2

¼ 2

3

ffiffiffiffiffi
d2
2

r
v3S ≃

2

3
mh2v

2
S; ð26Þ

where ξ ¼ vSz, and Eq. (11) is used. Therefore, the magni-
tude of σDW is controlled by mh2v

2
S in the decoupling limit.

Now,wepresent aDWsolution in a parameter space of our
interest, wheremh2 ¼4.0TeV,mχ ¼2.0TeV,vS¼100TeV,
and α ¼ 0.10°ð¼ 1.7 × 10−3 radiansÞ. This choice turns out
to be consistent with all theoretical and experimental con-
straints and yields detectable GW signals in future experi-
ments discussed below. The left and right panels of Fig. 1
show the DW profiles of ϕðzÞ and ϕSðzÞ, respectively. ϕSðzÞ
has a hyperbolic tangent shape as expected, while ϕðzÞ has a

dip around z ≃ 0, which should be attributed to the singlet-
doublet scalar field mixing. In this parameter set, we obtain
σDW ¼ 2.7 × 1013 ½GeV3�, which agrees well with the
approximate expression (26).
DW must disappear to avoid interfering with cosmo-

logical observations, and the Z2 breaking term a1S is
introduced to destabilize the DW. In the presence of
nonzero a1, the degeneracy of the two vacua is broken by

ΔV ≡ jVðv; vSÞ − Vðv;−vSÞj ¼ 2
ffiffiffi
2

p
ja1jvS: ð27Þ

DW would be annihilated when the pressure of DW is less
than the pressure caused by the bias term ΔV. We
determine the annihilation temperature by the condition
ΔV ¼ Cann

AσDW
tann

[3], where Cann ≃ 2–5 [3] and A ≃ 0.8�
0.1 [43]. For our numerical analysis, we assume thatCann ¼
2 and A ¼ 0.8. For convenience, we introduce the dimen-
sionless DW tension

σ̂DW ¼ σDW
mh2v

2
S
: ð28Þ

The successful BBN enforces a bound on tann ¼
CannA

σDW
ΔV < tBBN ≡ 0.01 s, which places a lower bound

on ja1j as

ja1j>2.3×10−15GeV3

�
mh2

103GeV

��
vS

105GeV

�
CannAσ̂DW:

ð29Þ

For the parameter set considered in Fig. 1, ja1j should be
greater than Oð10−15Þ GeV3 for the successful BBN. If
DW is annihilated when the universe is in the radiation-
dominated era, the temperature at t ¼ tann is given by

FIG. 1. The DW profiles of ϕðzÞ (left) and ϕSðzÞ (right), respectively. We take mh2 ¼ 4.0 TeV, mχ ¼ 2.0 TeV, vS ¼ 100 TeV, and
α ¼ 0.10°ð¼ 1.7 × 10−3 radiansÞ. This parameter set gives σDW ¼ 2.7 × 1013 ½GeV3�.
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Tann ¼ 1.8 × 10−2 GeV

�
g�ðTannÞ

10

�
−1=4

� ja1j
10−15 GeV3

�
1=2

×

�
103 GeV

mh2

�
1=2
�
105 GeV

vS

�
1=2

ðCannAσ̂DWÞ−1=2;

ð30Þ

which has to be greater than TBBN ¼ 8.6 × 10−3 GeV. Note
that the larger ja1j makes Tann higher.
We consider another constraint that the DWs should not

dominate the universe. Assuming that the energy density of
the universe is initially dominated by radiations, then the
time of the DW-dominated universe can be calculated as
tdom¼3m2

pl=ð32πAσDWÞ [3], wherempl¼1.22×1019GeV.
From the condition tann < tdom, it follows that

ja1j > 8.0 × 10−18 GeV3

�
mh2

103 GeV

�
2
�

vS
105 GeV

�
3

× CannA2σ̂2DW: ð31Þ
This constraint is weaker than that in Eq. (29) for the
parameter set used in Fig. 1. In principle, however, it could
impose a more stringent bound in the region of larger mh2
and/or vS due to their higher powers.
After the annihilation of DWs, GW would be generated,

and their spectrum at peak frequency can be determined
by [3,44]3

fpeak ¼ 1.1 × 10−9 Hz

�
g�ðTannÞ

10

�
1=2
�
g�sðTannÞ

10

�
−1=3

×

�
Tann

10−2 GeV

�
; ð32Þ

ΩGWh2ðfpeakÞ ¼ 7.2 × 10−10ϵ̃GWA2

×

�
g�sðTannÞ

10

�
−4=3

�
Tann

10−2 GeV

�
−4

×

�
mh2

103 GeV

�
2
�

vS
105 GeV

�
4

σ̂2DW; ð33Þ

where ϵ̃GW ¼ 0.7� 0.4 [43], g�ðTannÞ ¼ g�sðTannÞ ¼ 10.75
for 1 MeV < Tann ≪ 100 MeV [42]. As seen fromEq. (33),
ΩGWh2ðfpeakÞ is proportional to σ2DW and can reach
Oð10−10Þ for the parameter set in Fig. 1. For an arbitrary
frequency f, we use

ΩGWh2ðf < fpeakÞ ¼ ΩGWh2ðfpeakÞ
�

f
fpeak

�
3

; ð34Þ

ΩGWh2ðf > fpeakÞ ¼ ΩGWh2ðfpeakÞ
�
fpeak
f

�
: ð35Þ

The signal-to-noise ratio (SNR) is defined as

SNR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tdur

Z
fmax

fmin

df

�
ΩGWðfÞh2
ΩexpðfÞh2

�
2

s
; ð36Þ

where tdur denotes the duration of the mission. In our
numerical study, we explore the parameter space assuming
tdur ¼ 20 and SNR ¼ 20 at the SKA experiment [37] which
aims at detecting GW in the nano-Hz frequency. Such a
region is currently favored by the pulsar timing array
experimental data [6–9]. The requirement of the GW signal
detectability puts an upper bound on ja1j because of
ΩGW ∝ T−4

ann ∝ ja1j−2, which has to be consistent with the
lower bound on ja1j coming from either Eq. (29) or Eq. (31).

IV. DARK MATTER

The parameter space of the CP-conserving cxSM is
further constrained by DM physics. Figure 2 shows the

(a) (b)

(d) (e)

(c)

FIG. 2. The DM annihilation processes, where f denote the SM fermions, while V represent W� and Z. Each process is described by
Eqs. (A1)–(A5) in Appendix.

3A recent study by Ref. [45] has provided somewhat different
estimates. However, our main conclusion remains qualitatively
unchanged.
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annihilation processes of χ, and each contribution is given
by Eqs. (A1)–(A5) in Appendix. Let us consider the cases
where ΩGWð∝ σ2DW ∝ m2

h2
v4SÞ is enhanced and the mixing

angle α is small enough to make h1 similar to the SM. In
this scenario, δ2 would be small [as per Eq. (12)], and some
Higgs couplings appearing in the DM annihilation proc-
esses can become small as well. This would lead to a
significant suppression of the DM annihilation cross
section, which could cause the DM relic density (denoted
as Ωχ) to exceed the observed value of ΩDMh2 ¼
0.11933� 0.00091 [46]. However, such an overabundance
of DM can be avoided in the resonance region, where the

DM mass is half as large as the masses of the intermediate
Higgs bosons. Among the processes given in Fig. 2, the
most relevant diagram in the case of TeV DM mass would
be diagram (c), which is cast into the form

ðσvrelÞχχ→h2→hihj
≃ S

βhihj
8πs

				 λh1χχλh1hihj
s −m2

h1
þ imh1Γh1

þ λh2χχλh2hihj
s −m2

h2
þ imh2Γh2

				2; ð37Þ

where S ¼ 1=2 for identical particles as final states, and
S ¼ 1 otherwise. The center-of-mass energy squared is

FIG. 3. Contours of the DM relic abundance in the three cases: mχ ¼ 2.0 TeV (upper panel), 5.0 TeV (lower-left panel), and 15 TeV
(lower-right panel), respectively. In each panel, the three lines denote Ωχ=ΩDM ¼ 0.1 (black, dotted line), 1.0 (red, solid line), and 10
(blue, dashed line), with ΩDM representing the observed value of the DM relic abundance. The perturbative unitarity constraint excludes
the shaded region. The second CP-even Higgs mass is set to mh2 ¼ 2mχ to enhance the DM annihilation crosse sections, while
a1 ¼ −10−12 GeV3 for illustration.
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approximately given by s ≃ 4m2
χ, and the phase space

factor is

βij ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

2ðm2
i þm2

jÞ
s

þ ðm2
i −m2

jÞ2
s2

s
: ð38Þ

The Higgs couplings are explicitly given by Eqs. (A7)–
(A12), and Γh1 and Γh2 are given by Eqs. (A16) and (A17),
respectively. In the case of s ≃ 4m2

χ ≃m2
h2

≫ m2
h1
, for

instance, ðσvrelÞχχ→h2→h1h1 would be reduced to

ðσvrelÞχχ→h2→h1h1 ≃
1

16πm2
h2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−

4m2
h1

m2
h2

s 				
×

λh1χχλh1h1h1
m2

h2
−m2

h1
þ imh2Γh2

þ λh2χχλh2h1h1
imh2Γh2

				2:
ð39Þ

Note that the first term is suppressed by λh1χχλh1h1h1 ≃
ðm2

h1
sα=vSÞ · ð3m2

h1
c3α=vÞ in the limit of ja1j=v3S ≪ 1. In the

second term, on the other hand, the suppressed couplings
λh2χχλh2h1h1 ≃ ðm2

h2
cα=vSÞ · ð−ð2m2

h1
þm2

h2
Þc2αsα=vÞ could

be compensated by the smallness of Γh2 ∝ s2α, preventing
the annihilation cross section from becoming tiny. From
this simple argument, we expect the detectable GW region
to require mh2 ≃ 2mχ , otherwise, the DM would be over-
abundant and ruled out. We numerically verify this state-
ment below.
Now we move on to discuss the spin-independent (SI)

cross section of DM scatting off a nucleon (denoted as

σN¼p;n
SI ). After integrating the hi fields out, one can obtain

an effective Lagrangian for DM-quarks interactions as

Lχ2q̄q ¼ χ2
X
q

fqmqq̄q; fq ¼
1

2v

�
λh1χχκ1q
m2

h1

þ λh2χχκ2q
m2

h2

�
:

ð40Þ

Using the coupling fq, one can find σNSI as [33,34]

σNSI ¼
1

8πv2
m4

N

ðmχ þmNÞ2
s22αðm2

h1
−m2

h2
Þ2a21

m4
h1
m4

h2
v4S

×

				 X
q¼u;d;s

fTq
þ 2

9
fTG

				2: ð41Þ

Currently, the value of σNSI is severely limited by the LZ
experiment [47]. However, one can observe that σNSI would be
zero if the value of a1 were to be zero as well. This was first
noted in Ref. [34] and explored in greater detail in Ref. [36].
Nonetheless, to avoid the DW problem, a1 should not be
exactly zero, as discussed in Sec. III. In our study, we use
MICROMEGAS [48] to calculate Ωχh2 and σpSI.
We close this section by giving the DM relic abundance

in the region, where vS > 10 TeV, taking mχ ¼ mh2=2.
Figure 3 displays the contours of the DM relic abundance
normalized by the observed value in three different DM
mass cases: mχ ¼ 2.0 TeV (upper panel), 5.0 TeV (lower-
left panel), and 15 TeV (lower-right panel). The three lines
in each panel represent Ωχ=ΩDM ¼ 0.1 (black, dotted line),
1.0 (red, solid line), and 10 (blue, dashed line), respectively.
The hatched area is excluded by the perturbative unitarity

FIG. 4. Constraints on the biased term ja1j as a function of vS (left panel) and mh2 (right panel). We take mh2 ¼ 4.0 TeV in the left
panel and vS ¼ 100 TeV in the right panel, respectively, and the remaining parameters are mh1 ¼ 125 GeV, mχ ¼ 2.0 TeV, and
α ¼ 0.10°. The solid line in red represents the BBN bound which yields the lower bound on ja1j. On the other hand, the dashed line in
blue (SKA20) denotes the discovery potential case with SNR ¼ 20 which sets the upper bound on ja1j.

GRAVITATIONAL WAVES FROM DOMAIN WALL COLLAPSES … PHYS. REV. D 109, 095048 (2024)

095048-7



constraint. As an example, we take a1 ¼ −10−12 GeV3. In
all cases, we have vS ≲ 200 TeV in order not to exceed the
observed DM relic abundance, implying that the value of
σDWð∝ v2SÞ would be bounded from above, which in turn
can limit the magnitude of the GW spectrum.

V. NUMERICAL RESULTS

Here, we study the detectability of GW from the domain
collapses. In Fig. 4, we plot the constraints on the biased term
ja1j as a function of vS (left panel) or mh2 (right panel) for
mh1 ¼ 125 GeV, mχ ¼ 2.0 TeV, and α ¼ 0.10°. In the left
panel, we take mh2 ¼ 4.0 TeV, while for the right panel,
vS ¼ 100 TeV.The red solid line represents theBBNbound,
which sets the lower bound on ja1j. On the other hand, the

blue-dashed line (denoted as SKA20) corresponds to the
discovery potential at SKAwithSNR ¼ 20, and abovewhich
SNR < 20, yielding the upper bound on ja1j. From the left
panel, vS ≳ 54 TeV is required to detect GW signals at SKA
in the case ofmh2 ¼ 4.0 TeV. Similarly, from the right panel,
mh2 ≳ 1.2 TeV is necessary for the detectable GW signals
for vS ¼ 100 TeV. Therefore, the biased term has to satisfy
that ja1j≳Oð10−15Þ GeV3.Due to the smallness ofa21=v

4
S as

well as s2α ≪ 1, σNSI is far too small to be constrained by the
current LZ data. In the parameter space that we explore
below, we always choose the value of ja1j so that it satisfies
the condition of SNR ¼ 20, while imposing the BBN
constraint.
Figure 5 shows the discovery potential at SKA in the

ðmh2 ; vSÞ plane, where all the points satisfy SNR ¼ 20 by

FIG. 5. Discovery potential at SKA as a function ofmh2 and vS. The lower region of the solid line is excluded by the BBN bound. The
perturbative unitarity excludes the right region of the dotted line in magenta. The solid curve in blue shows the observed DM relic
density Ωχh2 ¼ 0.12, and the narrower region rounded by the curve, Ωχh2 < 0.12. Here, α ¼ 0.10°, 1.0°, and 10° are taken in the top,
bottom-left, and bottom-right panels, respectively. The DM mass is fixed to mχ ¼ 2.0 TeV.
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judiciously choosing a1. We take α ¼ 0.10° (upper panel),
and α ¼ 1.0° (lower-left panel), and α ¼ 10° (lower-right
panel), respectively, and set mχ ¼ 2.0 TeV. The BBN
constraint excludes the lower region of the solid line in
red, while the right area of the dotted line in magenta is
excluded by the perturbative unitarity. The solid curve in
blue shows Ωχh2 ¼ 0.12, and the narrower region rounded
by the curve corresponds to Ωχh2 < 0.12. The allowed
region is limited to the resonance region, wheremh2 ≃ 2mχ ,
as discussed in Sec. IV. The region of Ωχh2 ≤ 0.12
becomes broadened as α gets larger. However, the maxi-
mum value of vS gets lowered, and the larger mh2 region is
also more constrained by the perturbative unitarity, as seen
in the lower-right plot. It should be noted that as long as
mh2 ¼ 2mχ is maintained, the allowed values of mh2 could
vary, as shown in Fig. 3. Taking all the constraints into
account, we conclude that the parameter space that SKA
could probe is limited only to the region, where 10 TeV≲
vS ≲ 200 TeV with mh2 ¼ 2mχ .
In Fig. 6, the values of ΩGWh2 are displayed as a func-

tion of frequency f for mh2 ¼ 4.0 TeV (black, solid
line), 10 TeV (red, dashed line), and 30 TeV (blue, dotted
line). We use vS ¼ 100 TeV and α ¼ 0.10°, and main-
tain a fixed DM mass of mχ ¼ mh2=2 to ensure that
Ωχh2 ≤ ΩDMh2 ¼ 0.12. The gray-shaded region represents
the SKA sensitivity, while the light-blue shaded region is
indicated by the NG15 data. As noted in Introduction,
however, the ordinary DW interpretation is not favored
since the best-fit low-frequency slope of GW spectrum

reported by the NG15 data is ΩGW ∝ f1.2−2.4 [6,15], while
ΩGW ∝ f3 in our case.4 Here, we consider the NG15 data
as a constraint. The values of ΩGWh2ðfpeakÞ, fpeak, Tann,
and αGW in each case are summarized in Table I, where
αDW ≡ ρDWðTannÞ=ρrðTannÞ with ρDW and ρr representing
the energy densities of DW and radiations, respectively.
Although Tann and αDW in those cases lie outside the
95% CL NG15-favored region, they are not ruled out [6].
Regardless of the small viable window for the DM relic
abundance, GWarising from the DW collapses in the cxSM
can accommodate ΩGWh2 ¼ Oð10−10–10−9Þ in the nano-
Hz frequency range, which can be further probed by the
SKA experiment.
Before closing this section, we discuss a possible

alteration in the DM relic density.
(i) If a significant amount of entropy is generated after

the collapse of DW, the abundance of DM could be
reduced [49], which would expand the allowed
region. However, in the parameter space we are
examining, the energy density of DW is subdomi-
nant, and therefore, the large entropy production
would not occur.

(ii) DM could be nonthermally produced after the
collapse of DW. If DWs annihilate primarily into
h2, which subsequently decays into lighter particles
including χ, then the value of Ωχ would remain
unchanged because h2 → χχ is kinematically sup-
pressed due to mχ ≃mh2=2 in our allowed region.
However, if χ is produced directly by the DW
collapse, thevalue ofΩχ could be affected. To provide
a quantitative assessment, we would need to have a
complete understanding of the DW annihilation dy-
namics, which is outside the scope of our current
study. We will defer this aspect to future work.

VI. CONCLUSION

We have conducted the study on GW signatures from
DW collapses in the CP-conserving cxSM, in relation to
DM physics. Our findings indicate that the bias term ja1j,
which is needed to make DW unstable, has to be greater

FIG. 6. ΩGWh2 as a function of frequency f in the cases of
mh2 ¼ 4.0 TeV (black, solid line), 10 TeV (red, dashed line), and
30 TeV (blue, dotted line), respectively. For all cases, we take
vS ¼ 100 TeV and α ¼ 0.10°, and the DM mass is fixed to mχ ¼
mh2=2 in order to satisfy Ωχh2 ≤ ΩDMh2 ¼ 0.12. The gray-
shaded region represents the SKA sensitivity, while the light-
blue region (denoted as NG15) is indicated by the NANOGrav
15-year data.

TABLE I. Summary of the GW-related parameters for the
three benchmark points shown in Fig. 6, where αDW ¼
ρDWðTannÞ=ρrðTannÞ with ρDW and ρr denoting the energy
densities of DW and radiations, respectively.

ΩGWh2ðfpeakÞ
½10−10�

fpeak
½10−9 Hz�

Tann
[MeV] αDW

mh2 ¼ 4.0 [TeV] 2.4 1.9 17 0.018
mh2 ¼ 10 [TeV] 4.5 2.6 23 0.025
mh2 ¼ 30 [TeV] 10 3.6 32 0.038

4For melting DWs, ΩGW ∝ f2 [15].
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thanOð10−15Þ GeV3 to be consistent with the BBN bound.
Such a small value of a1 results in σNSIð∝ a21Þ being far
below the latest LZ bound. We also found that to have the
region that can be probed by SKA, we should take
10 TeV≲ vS ≲ 200 TeV and 1 TeV≲mh2 ≲ 100 TeV
for a relatively small mixing angle α, such as α ¼ 0.1°.
In such a parameter space,Ωχ tends to be overabundant due
to the smallness of α. Nevertheless, the allowed region can
be marginally found if mχ ≃mh2=2. If we take α to be
larger, the region where Ωχh2 < 0.12 gets broadened to
some extent. However, the upper limit of mh2 becomes
smaller owing to the perturbative unitarity constraint,
diminishing the parameter space that gives detectable

GW signatures. In any case, it is encouraging that future
GW experiments may shed light on the higher-mass range
of the additional scalar.
In this study, we focused on the minimal setup by

dropping other U(1)-breaking terms. It would be interesting
to see how much our results change quantitatively in more
complicated cases. The analysis will be given elsewhere.

APPENDIX: DM ANNIHILATION
CROSS SECTION

The DM annihilation processes (a)–(e) shown in Fig. 2
are, respectively, given by

ðσvrelÞχχ→h1;2→ff̄ ¼ Nf
C

m2
fβ

3
ff

16πv2

				 λh1χχκ1f
s −m2

h1
þ imh1Γh1

þ λh2χχκ2f
s −m2

h2
þ imh2Γh2

				2; ðA1Þ

ðσvrelÞχχ→h1;2→VV ¼ S
m4

VβVV
2πsv2

�
3þ s2β2VV

4m4
V

�				 λh1χχκ1V
s −m2

h1
þ imh1Γh1

þ λh2χχκ2V
s −m2

h2
þ imh2Γh2

				2; ðA2Þ

ðσvrelÞχχ→h1;2→hihj ¼ S
βhihj
8πs

				 λh1χχλh1hihj
s −m2

h1
þ imh1Γh1

þ λh2χχλh2hihj
s −m2

h2
þ imh2Γh2

				2; ðA3Þ

ðσvrelÞχχ→χ→hihj ¼ S
βhihj
πs

λ2hiχχλ
2
hjχχ

ðs −m2
hi
−m2

hj
Þ2 ; ðA4Þ

ðσvrelÞχχ→hihj ¼ S
βhihj
8πs

λ2hihjχχ ; ðA5Þ

where Nf
C ¼ 3 for quarks and Nf

C ¼ 1 for leptons, and

s ¼ 4m2
χ

1 − v2rel=4
; βij ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

2ðm2
i þm2

jÞ
s

þ ðm2
i −m2

jÞ2
s2

s
; ðA6Þ

with vrel ≃ 0.3. S ¼ 1=2 if the final states are identical particles, otherwise S ¼ 1. The Higgs couplings are, respectively,
given by

λh1χχ ¼
1

2
ðδ2vcα þ d2vSsαÞ ¼

ðm2
h1
vS þ

ffiffiffi
2

p
a1Þsα

v2S
; ðA7Þ

λh2χχ ¼
1

2
ð−δ2vsα þ d2vScαÞ ¼

ðm2
h2
vS þ

ffiffiffi
2

p
a1Þcα

v2S
; ðA8Þ

λh1h1h1 ¼
3

2
½λvc3α þ δ2sαcαðvsα þ vScαÞ þ d2vSs3α�; ðA9Þ

λh1h1h2 ¼
1

2
½−3λvsαc2α þ δ2f−vðs3α − 2sαc2αÞ þ vSðc3α − 2s2αcαÞg þ 3d2vSs2αcα�; ðA10Þ

λh1h2h2 ¼
1

2
½3λvs2αcα þ δ2fvðc3α − 2s2αcαÞ þ vSðs3α − 2sαc2αÞg þ 3d2vSsαc2α�; ðA11Þ
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λh2h2h2 ¼
3

2
½−λvs3α þ δ2sαcαð−vcα þ vSsαÞ þ d2vSc3α�; ðA12Þ

λh1h1χχ ¼
1

2
ðδ2c2α þ d2s2αÞ; ðA13Þ

λh2h2χχ ¼
1

2
ðδ2s2α þ d2c2αÞ; ðA14Þ

λh1h2χχ ¼
1

2
ð−δ2 þ d2Þsαcα: ðA15Þ

The total decay widths of h1 and h2 are

Γh1 ¼ c2αΓSM
tot þ Γh1→h2h2 þ Γh1→χχ ¼

c2αΓSM
tot

1 − Brh1→h2h2 − Brh1→χχ
; ðA16Þ

Γh2 ¼ s2αΓSM
tot þ Γh2→h1h1 þ Γh2→χχ ¼

s2αΓSM
tot

1 − Brh2→h1h1 − Brh2→χχ
; ðA17Þ

where ΓSM
tot ¼ 4.1 MeV [50] and

Γhi→χχ ¼
λ2hiχχ

32πmhi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
χ

m2
hi

s
; θðmhi − 2mχÞ; i ¼ 1; 2; ðA18Þ

Γh1→h2h2 ¼
λ2h1h2h2
32πmh1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
h2

m2
h1

s
θðmh1 − 2mh2Þ; ðA19Þ

Γh2→h1h1 ¼
λ2h1h1h2
32πmh2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
h1

m2
h2

s
θðmh2 − 2mh1Þ; ðA20Þ

with θðxÞ denoting the step function.
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