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We compute the gravitational wave spectrum from a phase transition associated with the spontaneous
breaking of a ZDW

2 symmetry. If the transition is second-order, the only source of gravitational waves is the
annihilation of domain walls (biased by quantum gravity) formed after this breaking. However, if the
transition is first-order, this yields a twin-peaked signal from both the transition itself and the biased domain
wall annihilation. Both scenarios originate when a scalar singlet odd under the ZDW

2 obtains a nonzero
vacuum expectation value. An additional ZDM

2 odd scalar doublet strengthens the transition by keeping the
singlet scalar in thermal equilibrium with the Standard Model plasma at early times. Additionally, the same
scalar doublet produces fermionic dark matter via freeze-in, matching observed dark matter relic density.

DOI: 10.1103/phgv-tn2t

I. INTRODUCTION

Gravity being theweakest fundamental force allows gravi-
tons to decouple from the thermal plasma at the Planck
epoch, making gravitational waves (GWs) a unique mes-
senger capable of carrying unperturbed information from
the very beginning of the Universe. Moreover, the recent
discovery of stochastic gravitational wave background
(SGWB), as reported by the North American Nanohertz
Observatory for Gravitational Waves (NANOGrav) [1,2]
now provides a concrete opportunity to exploit this feature,
motivating exploration of cosmological events from the early
Universe that could generate such a background and
potentially reveal physics beyond the Standard Model (SM).
A SGWB may originate from a variety of early cosmo-

logical events, such as first-order phase transitions (FOPT)
[3–10], cosmic strings [11–18], or domain walls (DWs)
annihilation [19–24], primordial black holes [25–33], infla-
tion [34–37] etc. While most of these studies have focused
on GW production from individual sources, understanding
the complete GW spectrum observable today requires
considering them within a comprehensive theoretical frame-
work. With this in mind, we investigate the GW spectrum
generated by the annihilation of DWs that form after the
Universe undergoes a phase transition.
DWs are a two dimensional sheetlike topological defects

that arise from the spontaneous breaking of a discrete
symmetry [38–41]. The study of DWs has traditionally

focused on second-order phase transitions (SOPTs), where
they appear after a smooth phase transition, an idea origi-
nally introduced by T. D. Lee [42]. However, if the discrete
symmetry is spontaneously broken after the Universe under-
goes a FOPT, the formation and evolution of DWs exhibit
distinct characteristics that need a separate investiga-
tion as also discussed in [43–45]. Regardless of the for-
mation mechanism, DWs’ energy density dilutes slowly
(ρDW ∝ t−1) compared to radiation and matter, causing them
to rapidly dominate the energy budget of the Universe. The
slower dilution can lead to catastrophic cosmological con-
sequences. In order to avoid such catastrophe, the DWs can
be made unstable by explicitly breaking the discrete sym-
metries [46] and introducing biased conditions at the time of
formation.1 This allows the DW network to annihilate prior
to dominating the Universe’s energy budget, efficiently
producing GWs in the process [50,51]. While DW annihi-
lation remains the sole source of the SGWB in SOPT
scenarios, the situation becomes richer after a FOPT, where
GWs arise from two distinct mechanisms: (i) the annihilation
of DWs and (ii) the dynamics of the phase transition itself.
Building on our previous studies [52–55], in this work

we extend the model by introducing an additional SUð2ÞL
scalar doublet and a fermionic dark matter (DM) candidate.
Since the scalar is an SUð2ÞL gauge doublet, its gauge
interactions with the Standard Model particles keep it in
thermal equilibrium with the plasma at high temperatures.
Finally, the scalar doublet decay also produces the DM
through freeze-in mechanism [56–64]. Following, [52–55],
we also consider a scalar, singlet under the SM gauge
symmetry. Both the scalars are considered to be odd underPublished by the American Physical Society under the terms of
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1However, this bias can also be generated through radiative
corrections [47–49].
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the discrete global ZDW
2 symmetry, while the newly

introduced scalar doublet additionally carries a nontrivial
charge under ZDM

2 , which also stabilizes the DM odd under
ZDM

2 . Note that, through its coupling to the scalar singlet,
scalar doublet also maintains the singlet in thermal equi-
librium with the SM bath, ensuring that both sectors share
the same temperature. While the singlet scalar is respon-
sible for breaking the ZDW

2 symmetry and creating the DW,
its interactions with the scalar doublet play a crucial role in
determining the nature of the phase transition.
We follow the similar approach as discussed in [52–55]

and rely on the fact that exact global symmetries should be
explicitly broken [65–67] in theories of quantum gravity
(QG). These small but nonzero symmetry-breaking makes
both DM and DWs unstable, allowing them to decay and
produce observable signatures: indirect detection signals
from DM decay and GW from DW annihilation. Our
analysis proceeds in two stages. First, we consider the
parameter space where the phase transition is second order,
such that DW annihilation constitutes the only GW source.
Second, we study GW generation when DWs form follow-
ing a FOPT. This latter scenario generates a distinctive
twin-peaked GW spectrum that can be simultaneously
probed by multiple GW experiments.
The paper is organized as follows. In Sec. II we introduce

our simplified models involving two newly introduced
scalars and a fermionic DM. In Sec. III we discuss the
dynamics of phase transition and DW formation. In Sec. IV,
we discuss how QG effects can destabilise the DW net-
works followed by an analysis of GW generation in Sec. V.
Section VI addresses DM production and detection pros-
pects. Finally, we conclude in Sec. VII.

II. FRAMEWORK

In this work, we consider a setup where the SM is
extended by a singlet scalar field S and an additional
SUð2ÞL scalar doublet η. While both the scalars are
nontrivially charged under a discrete symmetry ZDW

2 , η
also carries a −1 unit of charge under ZDM

2 . This generates
the following scalar potential at tree level

V0 ¼ μ2H†H þ λðH†HÞ2 þ μ2ηη
†ηþ ληðη†ηÞ2 ð1Þ

þ λ1ðH†HÞðη†ηÞ þ λ2ðH†ηÞðη†HÞ

þ λ3
2
½ðH†ηÞ2 þ ðη†HÞ2� þ λhsS2H†H

þ ληsS2η†ηþ
λs
4
ðS2 − v2sÞ2; ð2Þ

where H is the SM Higgs doublet field. Further we
introduce a vector like lepton χ, a singlet under the SM
gauge symmetry but protected by an approximate ZDM

2 . As
a result, one can write the following Lagrangian,

L ¼ yχl η̃ χ þmχ χ̄χ þ H:c: ð3Þ

The scalar potential should be bounded from below to make
the electroweak vacuum stable, which poses constraints on
the scalar couplings [68]. Once ZDW

2 is spontaneously
broken, the mass of η can be expressed asm2

η ¼ μ2η þ ληsv2s .
Additionally, a small quartic coupling λhs between S and
the SM Higgs, together with the large hierarchy vs ≫ vh,
ensures that the mixing angle θsh ∼ λhsvhvs=ðm2

s −m2
hÞ

remains sufficiently small. This also prevent large quadratic
correction to the Higgs mass, avoids observable deviations
in Higgs phenomenology and allows us to neglect S-Higgs
mixing in our analysis.
Moreover, the two Z2-symmetries are also broken by

QG effects by higher-dimensional operators. While the
ZDW

2 is broken by the operators of the form

ΔV ¼ 1

ΛQG
ðα1S5 þ α2hS3H2 þ α3hSH4Þ

þ 1

ΛQG
ðα2ηS3η2 þ α3ηSη4Þ; ð4Þ

both ZDW
2 and ZDM

2 symmetries are broken explicitly by

Lbreak ¼
X

i¼1;2;3

βi
ΛQG

SlLi
H̃ χ þ H:c:; ð5Þ

where H̃ ≔ iσ2H�. We also assume that all the global
symmetries are broken by a common scale [52–55]. This
means that we simply take all the dimensionless coeffi-
cients αi and βi

2 in the above equations to be of the same
order and we can make all of them to be Oð1Þ by
redefining ΛQG.
It is worth noting that the cutoff scale ΛQG associated

with higher-dimensional operators that break the global
symmetry is typically taken to be the reduced Planck mass
MPl [69]. This choice is natural when symmetry breaking
arises from perturbative gravitational effects. However,
nonperturbative effects can substantially suppress the
symmetry-breaking effects, yielding an effective cutoff
scale that exceeds MPl by many orders of magnitude:

ΛQG ¼ MPleS ≫ MPl; ð6Þ

where S denotes the instanton action.

III. DYNAMICS OF PHASE TRANSITION AND
DOMAIN WALL FORMATION

Next, we discuss the dynamics of phase transition in this
model. To investigate the high-temperature behavior of the

2We also consider that the DM interacts with different
generations of neutrinos with the identical Oð1Þ strength, i.e.,
β1 ¼ β2 ¼ β3 ¼ 1.
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scalar potential, we first evaluate the complete effective
potential, incorporating both the tree-level potential and
loop corrections at finite temperature. The effective scalar
potential can be expressed as

Veff ¼ V0 þ VCW þ VCT þ VTh þ Vdaisy; ð7Þ

where V0; VCW and VCT denotes the tree-level potential
given in (2), Coleman-Weinberg corrections and counter-
terms, respectively and, VTh and Vdaisy denotes the leading
thermal corrections to scalar potential.3 The Coleman-
Weinberg (CW) potential [70] can then be expressed as

VCW ¼ 1

64π2
X
i

ð−1Þ2siniM4
i ðSÞ

�
log

�
M2

i ðSÞ
μ2

�
− Ci

�
;

ð8Þ

where the sum i runs over the contributions from all particles
in the theory, si and ni are the spin and the number of
degrees of freedom, respectively, with nS ¼ 1 and nη ¼ 4. μ
denotes the renormalization scale and we fix it at vs. In this
work, we adopt the MS scheme with Ci ¼ 3=2. Below we
provide the field dependent masses for both the scalars

m2
ηðSÞ ¼ μ2η þ ληsS2; m2

SðSÞ ¼ λsð3S2 − v2sÞ ð9Þ

As pointed out in [70], the inclusion of the loop
corrections shifts the minima of the scalar potential at
the tree level. In such a case, the counterterms are
introduced to keep the minima intact. The counterterm
potential can be written as

VCT ¼ δμ2s
2

S2 þ δλs
4

S4: ð10Þ

The above counterterms are determined by solving the
following sets of equations:

�
∂VCT

∂S
þ ∂VCW

∂S

�����
vs

¼ 0;

�
∂
2VCT

∂S2
þ ∂

2VCW

∂S2

�����
vs

¼ 0: ð11Þ

Solving (11), we get

δμ2s ¼
1

2

∂
2VCW

∂S2
−

3

2vs

∂VCW

∂S

δλs ¼
1

2v3s

∂VCW

∂S
−

1

2v2s

∂
2VCW

∂S2
ð12Þ

Now, since S is in thermal equilibrium with the SM bath at
high temperatures, the thermal contributions to the effective
potential [71,72] can be expressed as

VTh ¼
X
i

niT4

2π2
JB

�
M2

i ðSÞ
T2

�
ð13Þ

where

JBðxÞ ¼
Z

∞

0

dy y2 log
h
1 − e−

ffiffiffiffiffiffiffiffiffi
y2þx2

p i
;

and T is the temperature of the thermal plasma. Besides
this, the Daisy corrections [73–75] are also incorporated in
thermal contribution to improve perturbative expansion
considering Arnold-Espinosa method [75] during FOPT
such that V thermalðS; TÞ ¼ VThðS; TÞ þ VdaisyðS; TÞ. The
Daisy contribution can be written as

VdaisyðS; TÞ ¼ −
T
2π2

X
i

ni½M3
i ðS; TÞ −M3

i ðSÞ� ð14Þ

The thermal corrections to the masses of the different
particles involved can be expressed as [76–78]

Πη ¼
�
g2

8
þ ðg2 þ g02Þ

16
þ λη

2
þ λ1 þ λ2

12
þ ληs

12

�
T2 ð15Þ

ΠS ¼
�
λs
4
þ ληs

3

�
T2 ð16Þ

As the Universe expanded and cooled, the ZDW
2 symmetry

was spontaneously broken during a phase transition. The
thermal evolution of the scalar field S is governed by the
finite-temperature effective potential VeffðS; TÞ, which
determines the preferred vacuum state at a given temper-
ature. The shape of this potential evolves with temperature,
and the transition from the symmetric phase ðhSi ¼ 0Þ to
the broken phase ðhSi ≠ 0Þ corresponds to a cosmological
phase transition.

A. Second order phase transition and domain
wall formation

In principle, the phase transition can be either second
order or first order. For a SOPT, the Universe smoothly
evolves from the symmetric phase to the broken phase as
the temperature decreases. In this case, the minimum of the
effective potential continuously shifts from hSi ¼ 0 to
hSi ≠ 0. This behavior is illustrated in the potential plots
shown in Fig. 1, for the parameter choice λs ¼ 0.01,
ληs ¼ 0.2, μη ¼ 10−2vs and vs ¼ 106 GeV.
Although the SOPT occurs continuously, causality pre-

vents different regions of the Universe from choosing the
same vacuum state. At the time of the transition, the

3In analyzing the phase transition, we neglect the SM Higgs
contribution to the scalar potential. This simplification is justified
by the suppressed portal coupling λhs, discussed in Sec. II.
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Universe is divided into causally disconnected regions with
size of order the correlation length ξðTÞ ¼ 1=mSðTÞ, where
mSðTÞ is thermal mass. In each region, the scalar field
independently settles into either þvs or −vs with roughly
equal probability. When neighboring regions choose differ-
ent vacua, the scalar field must interpolate between them.
This interpolation cannot occur abruptly, instead, the field
varies smoothly across a finite thickness region, forming a
DW. Thus, DWs appear at the boundaries separating
regions with different vacuum choices.

B. First order phase transition and domain
wall formation

For a FOPT, the effective potential develops a second,
local minimum separated by a potential barrier from the
symmetric phase. At the critical temperature Tc, the two
minima become degenerate. The transition then proceeds
through the nucleation of bubbles of the broken phase
within the symmetric background. As a result, the order
parameter (vacuum expectation value) changes discontinu-
ously, as illustrated in Fig. 2. The strength of the phase
transition is characterized by the ratio vc=Tc, where vc is the
vacuum expectation value at the critical temperature, Tc. A
value vc=Tc ≳ 1 indicates a strong FOPT, whereas values
approaching zero correspond to a SOPT. In the above
estimation, the other couplings, such as λη;1;2, are assumed
to be of order Oð10−3Þ to ensure that their contributions are
negligible.
Before delving into the details of DW formation resulting

from a FOPT, we would like to discuss the parameters that

controls the strength of phase transition in the present setup.
From Figs. 1 and 2, we find that the quartic interaction (ληs)
between η and S modifies the thermal potential, thereby
changing the phase transition from a SOPT to a FOPT
scenario. To further examine the role of the self-quartic
coupling of S and its quartic interaction with η in determin-
ing the nature of the phase transition, we show the
corresponding parameter space in Fig. 3. We observe that
a significant region of the parameter space allows for FOPT
for larger values of the quartic coupling ληs up to a certain
cutoff. Beyond this value, loop corrections modify the
potential such that the symmetry remains unbroken at zero
temperature. On the other hand, smaller values of ληs
correspond to SOPT. The ⋆ and ○ markers denote points
corresponding to FOPTand SOPT, respectively. The dashed
black line represents the contour vc=Tc ¼ 1. We would like
to emphasize that the choice of vs presented above is merely
one representative example.
As the phase transition progresses, bubbles grow and

eventually collide with one another. When two bubbles
containing the same vacuum state (þvs andþvs or −vs and
−vs) collide, the field configuration merges smoothly and
the interior becomes a single domain. While DWs are
formed after bubbles of þvs and −vs vacua collide. When
these bubbles collide, their walls bounce off each other and
slow down due to surface tension, continuously losing
energy. The wall eventually settles into a stable field
configuration once sufficient energy has been dissipated.
The initial separation between bubbles determines how
many times they bounce before stabilizing.

FIG. 1. Temperature dependence of the effective potential
VeffðS; TÞ for SOPT. The potential profiles are shown for
λs ¼ 0.01, ληs ¼ 0.2, and vs ¼ 106 GeV.

FIG. 2. Temperature evolution of the effective scalar potential
showing a FOPT. The potential profiles are shown for λs ¼ 0.01,
ληs ¼ 1.0, and vs ¼ 106 GeV.
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IV. DOMAIN WALL BIASED BY
QUANTUM GRAVITY

The subsequent evolution of these residual DWs depends
on the bias between the approximately degenerate vacua
that can be calculated after replacing the fields S and H
with their individual vevs in Eq. (4). We get a bias
contribution to the potential of the form

Vbias ¼
1

ΛQG

�
v5s þ

v3sv2h
2

þ vsv4h
4

þ v3sη2 þ vsη4
�
: ð17Þ

The introduction of the bias terms in the potential allows
DWs to annihilate that results in the stochastic GW back-
ground generation. As discussed, we consider a large
hierarchy vs ≫ vh in our analysis, as a result, the dominant
contribution to the Vbias can be approximated as

Vbias ≃
v5s
ΛQG

: ð18Þ

Before examining GW production from DWannihilation
in detail, we first address constraints on Vbias arising from
DW decay into SM particles. DWs with very small energy
bias can exist for long periods, since the annihilation
timescale scales inversely with the bias (tann ∝ V−1

bias).
Demanding that DWs collapse before dominating the
Universe’s energy density establishes a lower bound on
jVbiasj [50].

V1=4
bias > 2.18 × 10−5 GeV C1=4

annA1=2

�
σ1=3

103 GeV

�
3=2

; ð19Þ

where Cann ≃ 2 is a dimensionless constant, and σ ¼ffiffiffiffiffi
8λs
9

q
v3s is the surface tension of the DW. Satisfying

Eq. (19) ensures DWs annihilate before dominating the
energy density. However, if DWs decay to SM particles,
these decay products can destroy light elements syn-
thesized during BBN. To avoid this, DW annihilation must
complete by tann ≤ 0.01 s, which imposes a further con-
straint on Vbias:

V1=4
bias > 5.07 × 10−4 GeV C1=4

annA1=4

�
σ1=3

103 GeV

�
3=4

: ð20Þ

V. GRAVITATIONAL WAVES SIGNATURES

A. Gravitational waves from second order phase
transition: Annihilating domain walls

In this section, we discuss the case where the phase
transition proceeds through second order and the GW is
solely produced from the annihilation of the DWs. The
production of the GW from DW annihilation has been
investigated in detail, for example, see Refs. [46,50,51,79–
83]. Assuming that the DW annihilate instantaneously
(t ¼ tann) during the radiation-dominated era, the peak

FIG. 3. Parameter space in the λs-ληs plane for vs ¼ 106 GeV and μη ¼ 10−2vs. The dashed black line corresponds to the contour
vc=Tc ¼ 1, indicating the boundary for a strong FOPT.
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frequency fp and peak energy density spectrum Ωph2 of GW at present can be expressed as [50,84]

fp ≃ 3.75 × 10−9 Hz × C−1=2
ann A−1=2

�
103 GeV

σ1=3

�
3=2

�
V1=4
bias

10−3 GeV

�
2

;

Ωph2 ≃ 5.3 × 10−20 × ϵ̃GWC2
annA4

�
σ1=3

103 GeV

�
12
�
10−3 GeV

V1=4
bias

�
8

; ð21Þ

where ϵ̃GW ≃ 0.7 [81] denotes the fraction of energy
radiated into GW and can be regarded as a constant in
the scaling regime. The GW spectrum from DWs character-
istically exhibits a broken power-law form. The break
frequency is set by the annihilation time, while the peak
amplitude is determined by the DW energy density, as
shown in Eq. (21). To describe this spectrum, we employ
the broken power-law parametrization from Refs. [2,85]:

ΩGWh2 ¼ Ωph2
ðaþ bÞc

ðbx−a=c þ axb=cÞc ; ð22Þ

where x≡ f=fp, and a, b and c are real and positive
parameters. Here the low-frequency slope a ¼ 3 can be
fixed by causality, while numerical simulations suggest b ≃
c ≃ 1 [81].
Apart from the constraint on DW from equations (19)

and (20), a large amplitude of GW from DW annihilation
can also contribute to extra effective number of relativistic
species, ΔNeff . This gives an upper bound on the GW
energy density. Considering the Planck 2018 results on
ΔNeff at the time of BBN, the constraint on GW energy
density is given as [86]

ΩGW;BBN <
7

8

�
4

11

�
4=3

ΔNeff ∼ 0.05: ð23Þ

Hence, the maximum energy density of GW today which is
allowed from ΔNeff bound can be written as

ΩΔNeff
GW h2 ¼ 0.39

�
g�ðTBBNÞ
106.75

�
−1=3

Ωr;0h2ΩGW;BBN

≃ 1.75 × 10−6; ð24Þ

where Ωr;0h2 ∼ 4.18 × 10−5 represents current radiation
energy density fraction. Therefore, to be consistent with
this bound, the peak energy density of GW from DW,
Ωph2, should be less than ΩΔNeff

GW h2.
In Fig. 4, we first present the power-law integrated

sensitivity curves [87] of the future GW detectors ET [88],
LISA [89], DECIGO [90], μAres [91], SKA [92], and
THEIA [93] which are evaluated following Eq. (22) by
calculating the signal-to-noise ratio (SNR) [94,95]

ϱ ¼
�
ndettobs

Z
fmax

fmin

df

�
ΩsignalðfÞ
ΩnoiseðfÞ

�
2
	
1=2

;

where ndet ¼ 1 for autocorrelated detectors and ndet ¼ 2 for
cross-correlated detectors, tobs denotes the observational
time, and Ωnoise represents the noise spectrum expressed in
terms of the GW energy density spectrum [96]. Integrating
ðΩsignal=ΩnoiseÞ2 over the sensitive frequency range of
individual GW detectors, we obtain the SNRs for the
GW spectra. Here we also choose ϱ ¼ 10 as the threshold
SNR. The gray shaded region (labeled BBN) represents the
constraint ΩΔNeff

GW h2.
In Fig. 4, the curve corresponding to benchmark point

(BP), BP1, we fix vs ¼ 106 GeV, ΛQG ¼ 1027 GeV and
λs ¼ 0.01 such that the benchmark spectrum aligns with the
NANOGrav 15-year result very well. Here the blue violins
indicate the GW spectrum observed by the NANOGrav.
Note that while ληs does not affect the GW spectrum
from DW annihilation, it plays a crucial role in the FOPT-
generated GW analysis discussed in the next section. For
BP2, we change vs ¼ 1010 GeV and ΛQG ¼ 1028 GeV
while keeping λs fixed at 0.01. As expected, increasing
the values of both vs and ΛQG increases Ωph2 ∝
ðλ2sΛ2

QGÞ=v2s as well as fp ∝ vs=ðλ1=4s Λ1=2
QGÞ, this is visible

from the black dashed line in Fig. 4. Finally, we have
chosen BP3 in such a way that the DM phenomenology
discussed in Sec. VI can also be probed by the GW
experiments. These BPs also obey the constraints from
Eqs. (19) and (20).

B. Gravitational waves from first order phase
transition: A twin-peaked spectrum

As detailed in Sec. III B, DWs form during a FOPTwhen
bubbles ofþvs and −vs collide. In our scenario, QG effects
introduce a bias, so DWs’ late-time evolution occurs in a

TABLE I. Three characteristic benchmark values of vs and ΛQG
are listed along with the values λs and ληs.

BPs vs [GeV] ΛQG [GeV] λs ληs

1 106 1032 0.01 1.19

2 1010 1028 0.01 1.16

3 107 1027 0.1 4.39
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thermal plasma consisting entirely of the true vacuum.
Importantly, the bias in the scalar potential must be chosen
such that the FOPT completes on a timescale much shorter
than the Hubble time.
While GW production from annihilating DWs proceeds

as discussed in the previous section, an additional GW
source emerges here: GW from the FOPT itself. This
produces an interesting twin-peaked GW spectrum (see
Fig. 5). We now discuss the GW production during the
FOPT resulting from the bubble collisions of same type
vacua [97–101], the sound wave of the plasma [102–105]
and the turbulence of the plasma [106–111]. One should
note that in this scenario, an additional contribution to the
GW spectrum from the FOPT arises from collisions
between bubbles of the opposite vacuum which do not
merge (i.e.,þvs and −vs). However, as shown in [43], once
these bubble collisions complete, their GW contribution
becomes subdominant and even negligible compared to the
DW network, which becomes the primary GW source
during later evolution. Hence we neglect this contribution
to the GW arising from collisions between bubbles of the
opposite vacuum throughout our analysis. The total GW
spectrum is then given by

ΩPT
GWðfÞ ¼ ΩsðfÞ þΩswðfÞ þ ΩturbðfÞ:

While the peak frequency and peak amplitude of such GW
spectrum depend upon specific FOPT related parameters,
the exact nature of the spectrum is determined by numerical
simulations. Before going into the details of the GW
spectrum from all three sources mentioned above, we first

discuss the key parameters relevant for GW estimates
namely, the inverse duration of the phase transition and
the latent heat released are calculated and parametrized in
terms of [112]

β

HðTÞ ≃ T
d
dT

�
S3
T

�

and

α� ¼
1

ρrad

�
ΔV tot −

T
4

∂ΔV tot

∂T

	
T¼Tn

respectively, where S3 is the bounce action for an Oð3Þ
symmetric bounce solution and ΔV tot is the energy differ-
ence in true and false vacua. The bubble wall velocity vw is
estimated from the Jouguet velocity [106,113,114]

vJ ¼
1=

ffiffiffi
3

p þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
α2� þ 2α�=3

p
1þ α�

following the prescription given in [115]. The GW spec-
trum for bubble collision is given by [112]

Ωsh2 ¼ 1.67 × 10−5
�
100

g�

�
1=3

�
H�
β

�
2
�

κsα�
1þ α�

�
2

×
0.11v3w

0.42þ v2w

3.8ðf=fPT;speakÞ2.8
1þ 2.8ðf=fPT;speakÞ3.8

; ð25Þ

where the peak frequency [112] is
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FIG. 4. The gravitational wave spectrum produced from the annihilation of domain walls corresponds to the benchmark points listed in
Table I.
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fPT;speak ¼ 1.65 × 10−5 Hz

�
g�
100

�
1=6

�
Tn

100 GeV

�

×
0.62

1.8 − 0.1vw þ v2w

�
β

H�

�
: ð26Þ

The Hubble expansion parameter at nucleation temperature
is denoted as H� ¼ HðTnÞ. The efficiency factor κs for
bubble collision can be expressed as [106]

κs ¼
1

1þ 0.715α�

�
0.715α� þ

4

27

ffiffiffiffiffiffiffiffiffiffiffiffi
3α�=2

p �
: ð27Þ

Subsequently, the collision of bubble walls with the
surrounding plasma leads to the generation of sound waves.
The GW spectrum produced from the sound wave in the
plasma can be written as [85,112,116]

Ωswh2 ¼ 2.65 × 10−6
�
100

g�

�
1=3

�
H�
β

��
κswα�
1þ α�

�
2

× vwðf=fPT;swpeak Þ3
�

7

4þ 3ðf=fPT;swpeak Þ2
�

7=2
ϒ ð28Þ

and the corresponding peak frequency is given by [112]

fPT;swpeak ¼ 1.65 × 10−5 Hz

�
g�
100

�
1=6 1

vw

�
Tn

100 GeV

�

×

�
β

H�

�
2ffiffiffi
3

p : ð29Þ

The efficiency factor for sound wave can be expressed as
[114]

κsw ¼
ffiffiffiffiffi
α�

p
0.135þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

0.98þ α�
p : ð30Þ

The suppression factor is given by ϒ ¼ 1 − 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ2τswH�

p ,

which depends on the lifetime of the sound waves, τsw
[116]. The sound-wave lifetime can be estimated as
τsw ∼ R�=Ūf, where the mean bubble separation is R� ¼
ð8πÞ1=3vwβ−1 and the root-mean-square fluid velocity is
Ūf ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3κswα�=4
p

. Finally, the gravitational wave spectrum
generated by magnetohydrodynamic turbulence in the
plasma is given by [112].

Ωturbh2 ¼ 3.35 × 10−4
�
100

g�

�
1=3

�
H�
β

��
κturbα�
1þ α�

�
3=2

× vw
ðf=fPT;turbpeak Þ3

ð1þ f=fPT;turbpeak Þ11=3ð1þ 8πf=h�Þ

TABLE II. FOPT parameters and other details involved in the
GW spectrum calculation correspond to Table I.

BPs Tc [GeV] vc [GeV] Tn [GeV] α� β=H�

1 3.7 × 105 9.2 × 105 1.5 × 105 0.06 69.6

2 3.8 × 109 9.1 × 109 1.6 × 109 0.06 97.2

3 8.1 × 106 9.9 × 106 4.9 × 106 0.01 107.1

FIG. 5. The combined gravitational wave spectrum arising from the FOPT and the annihilation of domain walls corresponds to the
benchmark points listed in Tables I and II.
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with the peak frequency as [112]

fPT;turbpeak ¼ 1.65 × 10−5 Hz

�
g�
100

�
1=6 1

vw

�
Tn

100 GeV

�

×
3.5
2

�
β

H�

�
: ð31Þ

The efficiency factor for turbulence is taken to be
κturb ≃ 0.1κsw. The inverse Hubble time at the epoch of
gravitational wave production, redshifted to the present
day, is given by

h� ¼ 1.65 × 10−5
Tn

100 GeV

�
g�
100

�
1=6

: ð32Þ

It is clear from the above expressions that the contribution
from sound waves turns out to be the most dominant one
and the peak of the total GW spectrum corresponds to the
peak frequency of sound waves contribution.
The contribution to the GW spectrum coming from the

FOPT can be seen in Fig. 5. The twin peaks observed in
Fig. 5 have distinct physical origins: the higher-frequency
peak traces GW production during the FOPT, while the
lower-frequency peak comes from DW annihilation. Since
DWs persist and annihilate only after the phase transition
completes, their GWemission occurs later and thus appears
at lower frequency today.
This scenario also has a compelling observational feature

as visible from the spectrum corresponding to BP1 in Fig. 5:
a single symmetry breaking generates GW detectable by
both PTAs and interferometers. A detection by one experi-
ment would immediately point to complementary signals in
the other. In addition to this, we also show two other BPs in
the figure. While BP2 exhibits only the DW peak in the
observable range (with the FOPT peak at higher frequency),
BP3 is specifically tuned to satisfy DM phenomenology:
the candidate χ reproduces the measured relic density and
remains accessible to complementary DM detection experi-
ments. We provide an elaborate discussion of the DM
phenomenology in Sec. VI.

VI. DARK MATTER PHENOMENOLOGY

A. Freeze-in dark matter

The present setup provides an option of producing the
DM via freeze-in mechanism. Once the ZDW

2 is sponta-
neously broken, while η obtains a mass m2

η ¼ μ2η þ ληsv2s ,
the DM mass remains unaffected, mχ . If kinematically
allowed mη > mχ , η can decay and produce χ and the SM
leptons. Assuming the DM production happen through the
freeze-in mechanism, the coupling yχ has to be extremely
feeble in order to prohibit DM from thermalizing with the
surrounding plasma. In such a case, the DM abundance can
be estimated using [63]

YDM ≃
3 × 135MPl

1.66 × 8π3gS⋆
ffiffiffiffiffi
gρ⋆

p Γη→χl

m2
η

; ð33Þ

where the decay rate assuming mη ≫ mχ is given as

Γη ¼
y2χ
16π

mη; ð34Þ

and the factor 3 in numerator of Eq. (33) comes from the
fact that all the component of η decay to the DM with same
rate. Following this, one can obtain the DM relic density at
the present epoch using

ΩDMh2 ¼ 2.75 × 108
�
mDM

GeV

�
YDM: ð35Þ

The region of parameter space producing the observed DM
relic density ΩDMh2 ¼ 0.12� 0.0012 [117] for different
values of yχ is shown by the red and blue solid lines in
Fig. 6 as an illustrative example. We also show the gray-
colored region excluded from the Lyman-α bound on
freeze-in DM [118].

B. Dark matter decay via quantum gravity effects

After the breaking of EW symmetry, Eq. (5) can be
expressed in terms of the vevs vs and vh as

Lbreak ¼
X

i¼1;2;3

βivsvhffiffiffi
2

p
ΛQG

νLi
χ: ð36Þ

This generates a Dirac mass term mDi
¼ βivsvhffiffi

2
p

ΛQG
for the SM

neutrinos identical to the one obtained in the type-I seesaw
mechanism [119–125]. Consequently, the SM neutrino
mixes with the DM χ. The mixing angle θ in this situation
can then be written as [59]

θ ≃
X

i¼1;2;3

�
mDi

mDM

�
¼

X
i¼1;2;3

�
βivsvhffiffiffi
2

p
ΛQGmDM

�
: ð37Þ

The assumption β1 ¼ β2 ¼ β3 ¼ 1 discussed earlier also
suggest that the DM interacts with different generations of
neutrinos with the identical Oð1Þ strength hence one can
write

θ ≃
3vsvhffiffiffi
2

p
ΛQGmχ

: ð38Þ

This mixing allows the DM to decay to the SM particles
and provides us a possibility to look for DM in the indirect
search experiments. For example, the mixing allows the
DM to have two-body (one-loop level mediated viaW� and
SM charged leptons) and three-body (at tree-level mediated
via W�) decay channels that can dominate if kinematically
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allowed. At one-loop, χ can decay to photons and active
neutrinos via χ → νγ with the decay rate [126,127]

τχ→νγ ≃
�
9αEMsin2θ
1024π4

G2
Fm

5
χ

�−1

≃ 1.8 × 1017 s

�
10 MeV

mχ

�
5
�
sin θ
10−8

�
−2
; ð39Þ

where αEM ¼ 1=137 is the electromagnetic fine-structure
constant and GF denoting the Fermi constant. The decay
rate of three-body decay channel χ → eþe−ν can be
approximately expressed as [127,128]

τχ→eþe−ν ≃
�
cαsin2θ
96π3

G2
Fm

5
χ

�−1

≃ 2.4 × 1015 s

�
10 MeV

mχ

�
5
�
sin θ
10−8

�
−2
; ð40Þ

where cα ¼ ð1þ 4 sin2 θW þ 8 sin4 θWÞ=4 ≃ 0.59 with θW
being the weak mixing angle. Contributions from the above
two channels to the x=γ-ray fluxes are roughly at similar

levels [127]. The null detection of x-rays and γ-rays line set
a lower bound on the lifetime of the decaying DM that can
further be converted into the constraints on the DM mass
and the mixing angle. The observed diffuse photon spectra
data obtained from the HEAO-1 [129], INTEGRAL [130],
COMPTEL [131] and EGRET [132] satellites can restrict
the parameter space of mχ and θ within the range
0.01 MeV≲mχ ≲ 100 MeV, which can be parametrized
as θ2 ≲ 2.8 × 10−18ðMeV=mχÞ5 [133]. With the help of the
expression of θ in Eq. (37), we have

�
3vsvhffiffiffi
2

p
ΛQGmχ

�
2 ≲ 2.8 × 10−18

�
MeV
mχ

�
5

; ð41Þ

where we consider that the DM interacts with different
generations of neutrinos with the identical Oð1Þ strength.
Additionally, the Fermi Large Area Telescope (Fermi-LAT)
[134,135] has presented a dedicated line search of the
diffuse γ-ray background, the null result of which also
constrains the lifetime of the DM within the mass range
1 GeV≲mχ ≲ 1 TeV. Here we take the 95% CL limit on
the lifetime of decaying DM given by Ref. [136], which

FIG. 6. Constraints on the DM mass mχ and the VEV vs of the scalar field from the DM relic density and indirect detections for
ΛQG ¼ 1027 GeV, μη ¼ 10−2vs; ληs ¼ 4.39. The blue, and red solid curves denote the correlations betweenmχ and vs we should have to
satisfy the correct DM relic density ΩDMh2 ¼ 0.12 for different yχ ¼ 10−8; 10−10. The blue, red, pink, and gray-shaded areas represent
respectively the excluded regions by the γ-ray decay, x-ray, CMB, and Lyman-α observations.
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assumes a Navarro-Frenk-White (NFW) profile for the DM
distribution [137].
A decaying DM also faces stringent constraints from

CMB, if the decay occurs after or during the recombination.
Following the decay, the decay products can reionize the
intergalactic medium, and can modify the CMB power
spectrum. Accurate measurements of the CMB spectrum
have been implemented by recent experiments including
WMAP [138], ACT [139], SPT [140], and Planck [117].
The 95% CL lower bounds on the DM decay lifetime have
been given in Ref. [141], showing that τDM ≳ 1025 s for
decays into both eþe− pairs and photons. These DM decays
can also introduce radio signals originating inside the DM-
dominated galaxies and clusters, if the produced eþe− pairs
undergo energy loss via electromagnetic interactions in the
interstellar medium. Such radio waves can be tested by
radio telescopes like the Square Kilometer Array (SKA)
radio telescope [142]. It is found that the DM decay width
up to ΓDM ≳ 10−30 s−1 is detectable at SKA assuming
100-hour observation time [143]. We incorporate all these
constraints in Fig. 6 while showing a region of allowed
parameter space for a fixed value of ΛQG ¼ 1027 GeV,
μη ¼ 10−2vs; ληs ¼ 4.39. Note that the choice of parame-
ters presented above is merely one illustrative example.

VII. CONCLUSION

This work continues our previous studies [52–54], with a
new ingredient, an additional SUð2ÞL scalar doublet. This
scalar helps enable a phase transition while simultaneously
producing fermionic DM through its decay via the freeze-in
mechanism. Both scalars (S and η) are odd under the
discrete global ZDW

2 symmetry, while η additionally carries
a nontrivial charge under ZDM

2 , which stabilizes the DM χ
(also odd under ZDM

2 ) on cosmological timescales. The
scalar S is responsible for breaking the ZDW

2 symmetry and
creating the DW. However, both Z2 symmetries are
explicitly broken by nonperturbative QG effects, leading

to observable signatures from DM decay and GW from DW
annihilation. While SOPT generates a single-peak GW
spectrum resulting from DW annihilation, FOPT produces
a twin-peak spectrum: one from DW annihilation and an
additional higher-frequency peak arising directly from the
phase transition dynamics.
This study has a compelling multimessenger feature: a

single symmetry breaking generates GW detectable by both
pulsar timing arrays and interferometers, with detection by
one experiment pointing to complementary signals in the
other. This makes collaboration between GW experimental
communities essential to map the complete spectrum.
Furthermore, the framework naturally connects GW obser-
vations with DM searches, as the same physics drives both
phenomena. Joint constraints from GW detectors and DM
experiments significantly enhance predictive power and
help resolve degeneracies in identifying early universe
sources, a persistent challenge when relying on GW data
alone. While GW experiments can confirm the occurrence
of phase transitions and DW networks, complementary
constraints from DM experiments can pin down the specific
parameter space and discriminate between competing
cosmological scenarios that might produce similar GW
spectra.
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