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Domain wall annihilation can leave a distinctive imprint on the induced gravitational wave spectrum.
During annihilation, most of the domain wall energy transforms into the scalar field responsible for the
initial Z2 symmetry breaking that created the walls, along with any coupled species. If the produced scalar
is sufficiently long lived, its delayed decay drives an early matter-dominated phase following domain wall
annihilation, significantly amplifying induced gravitational waves from primordial perturbations. The
subsequent transition to radiation domination dilutes the domain wall contribution through entropy
injection while preserving the enhanced induced signal. This creates a gravitational wave spectrum with
two distinct peaks detectable across complementary frequency bands. We explore the observable parameter
space and demonstrate how multiband detection can probe early Universe symmetry breaking.
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I. INTRODUCTION

The recent discovery of stochastic gravitational
wave background (SGWB), as reported by the North
American Nanohertz Observatory for Gravitational
Waves (NANOGrav) [1,2] has now motivated us to explore
cosmological events from the early Universe that could
generate such a background and potentially reveal physics
beyond the Standard Model (SM).
The origin of SGWBs can be associated to a variety of

early cosmological events, such as inflation [3–5] (primor-
dial tensor [6–17] and scalar [18–25] fluctuations), first-
order phase transitions [26–34], collapse of topological
defects like cosmic strings [35–42], or domain walls
(DWs) [43–47], primordial black hole (PBH) dynamics
[48–56], etc. Existing literature mostly treats these sources
in isolation, analyzing their individual contributions to the
gravitational wave (GW) spectrum. However, cosmological
histories involving multiple epochs can produce correlated
signals where one phenomenon affects or enhances signa-
tures from another. In this context, we examine a previously
unexplored connection: the imprint left by DW’s annihila-
tion on induced gravitational waves (IGWs) sourced by
second-order scalar [18–25] perturbations.
Phase transitions that involve spontaneous breaking of a

discrete symmetry give rise to a sheetlike topological defect
known as DWs [57–60]. The study of DWs has tradition-
ally focused on second-order phase transitions (SOPTs),

where they appear after a smooth phase transition, an idea
originally introduced by T. D. Lee [61].1 Once formed, their
energy density dilutes slower (ρDW ∝ t−1) in comparison to
that of radiation andmatter, causing them to rapidly dominate
the energy budget of theUniverse. This famousDWproblem
can be resolved by destabilizing the walls through explicit
breaking of the discrete symmetry [66] and introducing
biased conditions at the time of formation.2 This allows the
DWnetwork to annihilate prior to dominating theUniverse’s
energy budget, efficiently producing GWs in the process
[25,71–78]. Moreover, the DW collapse also results in the
particle production. A significant amount of the DWenergy
is transferred to the scalar field (whose Z2 symmetry
breaking produced the DWs) and any other particles coupled
to it [79]. Interestingly, if the produced scalar is sufficiently
long lived, its delayed decay drives an early matter-domi-
nated (MD) phase following DWannihilation. In this work,
we explore the cosmological consequences of this scenario in
the context of GW signatures.
During the inflationary phase, scalar curvature pertur-

bations can be developed in the early Universe [18–25].
While at first order, these scalar modes cannot directly
produce the transverse-traceless tensor modes that con-
stitute GWs, extending perturbation theory to second order
reveals that products of first-order scalar perturbations can
source tensor modes. As modes enter the horizon during
radiation domination, scalar perturbations interact at sec-
ond order to produce GWs. The resulting IGW spectrum
carries information about small-scale scalar perturbations
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1For first-order phase transitions involving Z2 breaking that
result in a DW formation see [62–65].

2However, this bias can also be generated through radiative
corrections [67–70].
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and provides an independent window into the primordial
Universe. Interestingly, if the Universe proceeds through an
era of early MD following the initial radiation domination
after reheating, the production of such IGWs gets intensi-
fied [23,24,80–92], but the accurate estimation of such a
spectrum is challenging [91,92]. The degree of enhance-
ment depends on whether perturbations evolve linearly or
nonlinearly. In the linear regime [83–85], where perturba-
tions remain small and analytical or semianalytical methods
reliably estimate IGW production, one expects moderate
enhancement of the IGW spectrum. However, significantly
larger amplification occurs in the nonlinear regime [81,91],
where perturbations grow sufficiently to form nonlinear
structures. As a result, a nonlinear regime requires numeri-
cal simulations for accurate predictions [90,91,93].
In thiswork,we focus on the nonlinear regime and explore

a previously unexamined cosmological scenario linkingDW
dynamics to the enhancement of IGWs. Specifically, DW
annihilation generates both a direct SGWB from topological
defect collapse and a population of scalar particles whose
long lifetime enables them to dominate the cosmic energy
density before eventually decaying. This intermediate MD
era plays a critical role in reshaping the GW landscape3:
scalar curvature perturbations entering the horizon during
MD source IGWs with dramatically enhanced amplitude
compared to radiation-dominated production. When the
scalar field finally decays, the transition back to radiation
domination introduces differential effects on the two GW
populations, entropy injection from decay dilutes the DW’s
GW signals, while preserving the enhanced induced signal.
We demonstrate that this interplay results in a distinctiveGW
spectrum: a higher-frequency peak directly reflecting DW
annihilation dynamics, and a lower-frequency peak carrying
the imprint of enhanced IGWs, together providing comple-
mentary observational windows detectable by multiband
GWexperiments. For our analysis of IGWs during the early
MD era, we adopt the framework of [91], which employs
hybrid N-body and lattice simulations to track the formation
and decay of early structures and compute the resulting IGW
spectrum.
The paper is organized as follows. In Sec. II we discuss the

DW phenomenology. In Sec. III we discuss how the pro-
duced scalar fromDWannihilation induces an earlyMD era.
In Sec. IV we do the GWanalysis, following which we sum-
marize our results in Sec. V. Finally, we conclude in Sec. VI.

II. DOMAIN WALL PHENOMENOLOGY

A. Toy model

We consider a toy model with a minimal extension of the
SM by adding a real scalar field S that transforms under a

Z2 symmetry as S → −S. The scalar breaks the Z2

symmetry spontaneously when it obtains a nonzero vacuum
expectation value (VEV), vS. The most general renorma-
lizable scalar potential involving the SM Higgs doublet H
and the Z2-odd real scalar singlet S at tree level can then be
expressed as

V ¼ μ2

2
H†H þ λH

4
ðH†HÞ2 þ λHS

4
H†HS2 þ λS

4
ðS2 − v2SÞ2:

ð1Þ

One should note that the scalar potential should be bounded
from below to make the electroweak vacuum stable, which
leads to the following constraints [98,99]:

λH; λS ≥ 0; λHS þ 2
ffiffiffiffiffiffiffiffiffiffi
λHλS

p
≥ 0: ð2Þ

A small quartic coupling λHS between S and the SM Higgs,
together with the large hierarchy vS ≫ vh, ensures that the
mixing angle θHS ∼ λHSvhvS=ðm2

S −m2
hÞ remains suffi-

ciently small after Higgs field acquires its VEV vh. This
also prevents a large quadratic correction to the Higgs mass,
avoids observable deviations in Higgs phenomenology, and
allows us to neglect S-Higgs mixing in our analysis.

B. A biased domain wall network

Assuming that the Universe went through a SOPT during
the spontaneous breaking of the Z2 symmetry, i.e. the
Universe smoothly evolves from the symmetric phase to
the broken phase as the temperature decreases, causality
prevents different regions of the Universe from choosing the
samevacuum state. At the time of the transition, theUniverse
is divided into causally disconnected regions with size of
order the correlation length LðTÞ ¼ 1=mSðTÞ, wheremSðTÞ
is thermalmass. In each region, the scalar field independently
settles into eitherþvS or−vS with roughly equal probability.
When neighboring regions choose different 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 [100,101].
Thus, DWs appear at the boundaries separating regions with
different vacuum choices. Once formed, their energy density
(ρDW) dilutes slowly,

ρDW ¼ σ

L
; with L ∼ t=A; ð3Þ

whereσ ¼
ffiffiffiffiffi
8λS
9

q
v3S denotes the surface tensionof theDWand

the area parameter has been calculated to be A ¼ 0.8� 0.1
[102] for theZ2-symmetric potential. The complexdynamics
of the DW network can bewell described by a scaling law in
which the correlation length of the network is set by the
cosmic horizonL ≃ t [103]. This slower dilution allows them
to rapidly dominate the energy budget of the Universe. In
order to avoid such a catastrophe, the DWs can be made

3The presence of an early MD era can also modify the GW
from different primordial sources as shown in [94]. Moreover,
presence of such era can also leave observable imprints on other
cosmological phenomena as discussed in [95–97].

RISHAV ROSHAN PHYS. REV. D 114, 055046 (2026)

055046-2



unstable by explicitly breaking the discrete symmetries [66]
at the time of formation. This can be achieved by introducing
a term like

ΔV ¼ ϵvSS

�
1

3
S2 − v2S

�
ð4Þ

in the scalar potential.Here ϵ is a dimensionless constant.The
bias in the scalar potential can be evaluated by considering
ΔVð−vSÞ − ΔVðvSÞ which gives

Vbias ¼
4

3
ϵv4S: ð5Þ

The presence of the Vbias in Eq. (5) exerts pressure on the
walls. When this pressure exceeds the surface tension
pressure Cannσ=L, the DW network annihilates at time

tann ≃ CannA
σ

Vbias
; ð6Þ

whereCann ∼ 2 from lattice simulations [104]. Cosmological
viability requires annihilation before the DW network
dominates, i.e., tann ≲ tdom, where tdom satisfies

Aσ=tdom þ Vbias ≃ ρradðtdomÞ: ð7Þ

Approximating ρrad ≃ 3M2
pl=ð2tÞ2 as in pure radiation domi-

nation, we find

tdom ≃
ffiffiffi
3

p
Mpl

2
ffiffiffiffiffiffiffiffiffi
Vbias

p ; ð8Þ

neglecting Oðtann=tdomÞ corrections. The total energy frac-
tion of the DW network plus vacuum bias at annihilation is

αDWþV
ann ≃

ρDW þ ρV
3M2

plH
2

����
t¼tann

≃ ð1þ Cd=2ÞαDWann ; ð9Þ

where ρV ≃ Vbias=2 is the bulk vacuum energy density. The
DW surface energy fraction at annihilation is given by

αDWann ≡ ρDW
3M2

plH
2

����
t¼tann

≃ C−1
d

�
tann
tdom

�
2

; ð10Þ

using H ≃ 1=2t.
Next, we 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 [71]:

V1=4
bias > 2.18 × 10−5 GeVC1=4

annA1=2

�
σ1=3

103 GeV

�
3=2

: ð11Þ

Satisfying Eq. (11) ensures DWs annihilate before domi-
nating the energy density. However, if DWs decay to SM
particles, these decay products can destroy light elements
synthesized during Big Bang Nucleosynthesis (BBN). To
avoid this, DW annihilation must be complete by
tann ≤ 0.01 s, which imposes a further constraint on Vbias:

V1=4
bias > 5.07 × 10−4 GeVC1=4

annA1=4

�
σ1=3

103 GeV

�
3=4

: ð12Þ

In addition to this, percolation theory predicts that an
infinite false vacuum cluster forms when its probability
exceeds the threshold pc ¼ 0.311 [71]. This constrains the
bias potential to

Vbias

V0

< 0.795; ð13Þ

which ensures DW generation. Here, V0 denotes the height
of the potential barrier, and for simplicity we consider V0 ¼
σ4=3 following [71].
In order to present a model independent analysis, we

consider σ and Vbias as a free parameter and show these
constraints in the Vbias − σ plane in Fig. 1.

III. EARLY MATTER-DOMINATION ERA

As discussed previously, we consider scenarios where
Vbias is sufficiently large and DWs collapse instantane-
ously, well before they can dominate the Universe’s energy
density. During this collapse, most of the DW energy
density is transferred to the scalar field S and any particles

FIG. 1. Parameter space in the Vbias − σ plane. Gray
shaded regions show the parameter space ruled out by physical
constraints.
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coupled to it [79]. In this work, we examine the case where
S is long lived and nonrelativistic.
Following the Lagrangian in Eq. (1), S can dominantly

decay to the SM Higgs boson if kinematically allowed
(mS ≥ 2mh). The decay width of the singlet scalar is then
given by

ΓS ≃
λ2HSv

2
S

32πmS
; ð14Þ

where m2
S ¼ 2λSv2S. A long-lived S is naturally realized in

the current setup through a small Higgs portal coupling λHS
(see Sec. II A).
The energy density of a long-lived, nonrelativistic scalar

S can be expressed in terms of its comoving number density
Y as

ρSðTÞ ¼ mSYsðTÞ; ð15Þ

where s denotes the entropy density given by sðTÞ ¼
2π2

45
gsT3 with gs denoting the effective entropic degrees of

freedom and T denoting the temperature of the Universe.
On the other hand, the energy density of the radiation at any
temperature is defined as

ρRðTÞ ¼
π2

30
g�T4; ð16Þ

where g� denotes the effective number of relativistic degrees
of freedom. Following Eqs. (15) and (16) one obtains

ρSðTÞ
ρRðTÞ

¼ 4

3

mSY
T

; ð17Þ

where we consider g� ¼ gs.
Next, the temperature,TS-dom at which S starts to dominate

can be calculated by equating ρSðTS-domÞ ¼ ρRðTS-domÞ.
Therefore, setting ρSðTS-domÞ

ρRðTS-domÞ ¼ 1, gives

TS-dom ¼ 4

3
mSY: ð18Þ

Further, substituting TS-dom back in Eq. (17) we find a
relation,

ρSðTÞ
ρRðTÞ

¼ TS-dom

T
; ð19Þ

where TS-dom can be obtained from the relation

TS-dom ≃ αDWþV
ann Tann: ð20Þ

A. S decay

We nowmove on to calculate the decay temperature of S,
Tdec. Once the Universe is dominated by the field S, the
expansion rate H can be expressed as

HðTÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρSðTÞ þ ρRðTÞ

3Mp

s
; ð21Þ

whereMp denotes the reduced Planckmass. Using Eqs. (16)
and (19), the Hubble rate can then be expressed as

HðTÞ ¼ 0.33
ffiffiffiffiffi
g�

p T2

MP

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ TS-dom

T

r
: ð22Þ

Assuming S decays instantaneously, one can simply equate
HðTdecÞ ≃ ΓS. This gives

0.33
ffiffiffiffiffi
g�

p T2
dec

MP

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ TS-dom

Tdec

s
≃ ΓS: ð23Þ

SinceS starts dominating theUniversemuchbefore its decay,
i.e. TS-dom ≫ Tdec, the decay temperature can be calculated
from

Tdec ≃
�

1

0.33
ffiffiffiffiffi
g�

p Γ2
SM

2
P

TS-dom

�
1=3

: ð24Þ

B. Entropy injection from S decay

Let S denotes the entropy per comoving volume,

SðTÞ ¼ a3
ρRðTÞ
T

; ð25Þ

where a denotes the scale factor. Since both entropy before
and after decay is calculated at the time of decay, we write

Sbefore ¼ a3dec
ρbeforeR ðTdecÞ

Tdec
; ð26Þ

where ρbeforeR denotes the radiation energy density (sub-
dominant in comparison to ρS) just before decay. Next we
write the entropy of the Universe after the decay,

Safter ¼ Sbefore þ ΔS; ð27Þ

where ΔS ¼ a3dec
ρafterR ðTdecÞ

Tdec
is the entropy injected to the bath

from the S decay. We also assume the entropy injection to
be instantaneous. Following Eq. (27) we write

D ¼ Safter

Sbefore
¼ 1þ ΔS

Sbefore
; ð28Þ

where D denotes the dilution factor. As the entropy
injection is assumed to be instantaneous, the total energy
density of S will be transferred to the bath, i.e. ρS ¼ ρafterR .
Substituting this back in Eq. (27), we get
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Safter ¼ a3dec
ρbeforeR ðTdecÞ

Tdec
þ a3dec

ρafterR ðTdecÞ
Tdec

; ð29Þ

Safter

Sbefore
¼ 1þ ρafterR ðTdecÞ

ρbeforeR ðTdecÞ
ð30Þ

or

D ¼ 1þ ρsðTdecÞ
ρbeforeR ðTdecÞ

: ð31Þ

Following Eq. (19), we can replace ρsðTdecÞ
ρbeforeR ðTdecÞ ¼

TS-dom
Tdec

and

get

D ¼ 1þ TS-dom

Tdec
: ð32Þ

Note that, D ¼ 1 denotes no entropy injection.
The decay of S injects entropy and energy into the

radiation bath, causing the temperature to rise from Tdec to a
higher temperature TS

reh. For an instantaneous decay,
entropy conservation gives us the relationship between
the temperature change and the dilution factor. The entropy
per comoving volume scales as S ∝ T3, therefore

D ¼ Safter

Sbefore
¼

�
TS
reh

Tdec

�
3

: ð33Þ

Therefore, the TS
reh is given by

TS
reh ¼ Tdec ×D1=3 ¼ Tdec ×

�
1þ TS-dom

Tdec

�
1=3

: ð34Þ

Since TS-dom ≫ Tdec by assumption, the dilution factorD is
large, and consequently TS

reh ≫ Tdec. This reheating effect
is crucial for understanding the thermal history after S
decay and impacts calculations of relic abundances for any
species present during this era.

IV. GRAVITATIONAL WAVE SIGNALS

Before delving into the details of GW analysis, we first
identify the allowed parameter space when a DW annihi-
lation is followed by an era of MD. We try to keep our
analysis model independent, and hence we choose four free
parameters: (a) DW surface tension, σ; (b) bias in the scalar
potential, Vbias; (c) scalar decay width, ΓS; and (d) ampli-
tude of scalar curvature perturbation, As. We apply the
constraints coming from the lifetime of the long-lived
scalar on top of the constraints that already exist on DW
allowed parameter space as show in Fig. 1. In addition, we
also include the constraints on the amplitude of scalar
curvature perturbation, As. We first demand that the era of
MD is only induced after the DWs have vanished, i.e.
tS-dec > tann; in addition, we want S domination to happen

before it decays, i.e. tS-dec > tS-dom. Moreover, we also want
S to decay before BBN i.e. tS-dec < tBBN. Finally, we want
the minimum value As to be smaller than Amin

s < 10−2 to
avoid the overproduction of PBH [105–108], and we also
consider Amin

s > ACMB
s ≃ 10−9 [109].

In addition to the constraints shown in Fig. 1, we now
include these extra constraints in Fig. 2 in the Vbias − σ
plane for four representative values of ΓS. Looking at the
plots in Fig. 2, it is clear that an induced early MD
following a DW annihilation shrinks the allowed param-
eter drastically. In the top left panel of Fig. 2, we fix
ΓS ¼ 10−14 GeV, and we observe a very narrow allowed
region (shown in white); here a significant amount of
parameter space is constrained from the overproduction
of PBH, DW overabundance and DW annihilation after
BBN. Since Amin

s following Eq. (38), depends on the
duration of MD, i.e. Tdec and TS-dom, decreasing ΓS
relaxes both PBH overabundance constraints as well as
Amin
s > ACMB

s ≃ 10−9 resulting in a less restrictive (wider
white region) parameter space. This behavior is visible in
the top right and bottom left panels of Fig. 2.
Interestingly, decreasing ΓS further to 10−22 GeV, the
BBN constraints on the lifetime of S become more
stringent, making the parameter space shrink again.
This observation restricts our choices of ΓS roughly in
between 10−14 GeV and 10−22 GeV.

A. Gravitational wave from domain walls

In this section, we examine GW production from
DW annihilation and demonstrate how the resulting GW
spectrum is modified by an early MD era and the
subsequent transition back to radiation domination. We
start with the assumption that the DW annihilate instanta-
neously (t ¼ tann) during the radiation-dominated era; the
peak frequency fp and peak energy density spectrum Ωph2

of GW at present can be expressed as [71,110]

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

; ð35Þ

where ϵ̃GW ≃ 0.7 [102] denotes the fraction of energy
radiated into GW and can be regarded as a constant in
the scaling regime.
The GW spectrum from DWs characteristically exhibits

a broken power-law form. The peak frequency is set by the
annihilation time, while the peak amplitude is determined
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by the DW energy density, as shown in Eq. (35). However,
if a MD phase intervenes between DWannihilation and the
onset of standard radiation domination, bothΩpeak and fpeak
are modified. The peak amplitude is suppressed by the
entropy dilution factor, while the peak frequency is
redshifted according to the expansion history during and
after the MD epoch. Incorporating these modifications, we
describe the GW spectrum using the broken power-law
parametrization introduced in Refs. [2,111]:

ΩGWh2 ¼
Ωph2

D4=3

ðaþ bÞc
ðbðD1=3 f

fp
Þ−a=c þ aðD1=3 f

fp
Þb=cÞc ; ð36Þ

where a, b and c are real and positive parameters. Here the
low-frequency slope4 a ¼ 3 can be fixed by causality, while
numerical simulations suggest b ≃ c ≃ 1 [102].
In Fig. 3, we first present the power-law integrated

sensitivity curves [112] of the future GW detectors ET
[113], LISA [114], DECIGO [115], μAres [116], SKA
[117], and THEIA [118] which are evaluated following

FIG. 2. Parameter space in the Vbias − σ plane for four representative values of ΓS ¼ 10−14 GeV, ΓS ¼ 10−18 GeV, ΓS ¼ 10−20 GeV,
and ΓS ¼ 10−22 GeV respectively. Gray shaded regions show the parameter space ruled out by physical constraints.

4In the presence of an early MD, the lower frequency slope
should also see a slight modification as discussed in [94]. Since it
does not effect our main result significantly, we do not include it
in our analysis.
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Eq. (36) by calculating the signal-to-noise ratio (SNR)
[119,120]

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 GWenergy density spectrum [121]. 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 [87].
In Fig. 3, we show the GW curves resulting from the DW

annihilation for a fixed value of σ ¼ 5 × 1022 GeV3 and
Vbias ¼ 1010 GeV4. The choice presented here is merely
one illustrative example that remains consistent with all the
constraints shown in Fig. 2. This parameter choice serves as
an illustrative example; analogous results can be obtained
for any other values of σ and Vbias within the allowed region
of Fig. 2. The GW spectrum [following Eq. (36)] clearly
reflects the influence of early MD and the subsequent
return to radiation domination. As expected, decreasing ΓS
extends the scalar’s lifetime, thereby increasing entropy
injection into the thermal bath and amplifying the dilution
factor D [see Eq. (32)]. This entropy release suppresses the
peak amplitude of the GW signal while simultaneously
redshifting the peak frequency in accordance with the
modified expansion history during and after the MD phase.
This is seen from the black dashed and black dot-dashed
line of Fig. 3. For reference, we also include the undiluted
GW spectrum (solid black line) corresponding to D ¼ 1.

B. Enhanced induced gravitational waves

It is well known that during the early Universe’s
evolution, primordial scalar curvature perturbations could
indirectly generate GW through second-order effects in
general relativity. While at first order, they cannot directly
produce the transverse-traceless tensor modes that con-
stitute GW, extending the perturbation theory to second
order reveals that products of these first-order scalar modes
can source tensor perturbations [18–25]. As modes enter
the horizon during radiation domination, scalar perturba-
tions interact nonlinearly to produce GW through their
coupling. The amplitude of these induced GWs depends
quadratically on the scalar power spectrumΩGW ∝ A2

s [24],
with As denoting the amplitude of the scalar curvature
perturbations. The resulting IGW spectrum carries infor-
mation about the scalar perturbation spectrum at small
scales and provides an independent window into early
Universe physics.
Moreover, the presence of an early MD era can intensify

the production of these IGWs [23,24,80–92], and the
degree of enhancement depends on whether perturbations
evolve linearly or nonlinearly. For the nonlinear case,
density perturbations grow and can lead to the formation
of nonlinear structures [91] (here S−halos). The scale of
nonlinearities, kNLðTÞ at the time of S decay is estimated
by [91]

kNLðTdecÞ ∼ 1.7A−1=4
s HðTdecÞ: ð37Þ

In addition, the transition from the MD era to the sub-
sequent radiation-dominated era further complicates pre-
dictions, as the transition dynamics affect the final
spectrum [91].
In a linear regime, i.e. for k < kNL, the IGW energy

density still scales as ΩGW ∝ A2
s but with a relatively larger

coefficient in front of As [85] in comparison to the standard
radiation dominated era. The simulation done in [91], does
not shows a sufficient enhancement of the GW spectrum
over the perturbative prediction in a linear regime.
In the nonlinear regime, i.e. for k > kNL, as shown in

Ref. [91], the IGW generation is dominated by the largest
structures that form at the end of the MD era. Hence a
longer MD is preferred in the nonlinear regime.
Specifically, the largest nonlinear scale must enter the
Hubble horizon during the early MD phase, i.e.
kNLðTdecÞ < HðTS-domÞ. This inequality translates into a
lower bound on As given by [91,92]

Amin
s ≡ α4

�
adom
adec

�
2

≈ 9

�
Tdec

Tdom

�
2

: ð38Þ

We adopt the state-of-the-art fit from Ref. [91] for the
IGW spectrum induced by a scale-invariant power spec-
trum at the end of the early MD epoch. Expressing the GW
spectrum today in terms of frequency we get [92]

FIG. 3. The GW spectrum produced from the annihilation of
DWs. The effect of entropy injection is shown by dashed and dot-
dashed lines. The plot is made for a fixed value of σ ¼ 5 ×
1022 GeV3 and Vbias ¼ 1010 GeV4.
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ΩGWh2 ¼ 4.2 × 10−5A11=8
s

�
f

fhigh

�
3=2

; ð39Þ

where we account for the redshifting factor assuming the
SM effective degrees of freedom,

fhigh ≃ 6.4 × 10−5 Hz

�
As

10−5

�
−1=4

�
Tdec

10 GeV

�
; ð40Þ

flow ≃ 3.8 × 10−6 Hz

�
Tdec

10 GeV

�
: ð41Þ

Here, flow and fhigh cutoffs correspond to klow ≈ 15Hdec

and khigh ≈ 9kNLðτdecÞ ≈ 14Hdec=A
1=4
s , respectively. The

lower limit arises from numerical resolution constraints

[91], while the upper limit stems from potential artifacts in
nonrelativistic N-body simulations related to coherent
effects, corresponding to the light-crossing time of the
largest halos. However, a smooth spectral decay is gen-
erally expected rather than an abrupt cutoff at khigh. Studies
[88,90,91,93] indicate a high-frequency power-law decay
ΩGW ∝ 1=fn with n ≳ 1, though fully relativistic simu-
lations are necessary to confirm this [122]. We adopt
ΩGW ∝ f−1 for f > fhigh for simplicity. At sufficiently
low frequencies, linear perturbation theory predictions are
recovered.
Following Eqs. (39)–(41), it is clear that the two

parameters that control the IGW amplitude and frequency
are ΓS and As; hence in Fig. 4, we show the variation of
ΩGWh2 with frequency f for different values of ΓS and As.
Comparing the solid and the dashed line one finds that for a
fixed value of As ¼ 10−3, changing the decay width ΓS

from 10−18 to 10−20 shifts the spectrum toward the lower
frequency while keeping the ΩGWh2ðfhighÞ the same; this is
because at fhigh, the ΩGWh2 remains independent of ΓS. A
significant shift in ΩGWh2ðfhighÞ is observed when As is
changed from 10−3 to 10−5 for a fixed value of ΓS (dashed
and dot-dashed lines). This behavior is clear from Eq. (39)
where a strong dependence on As is observed. These
benchmarks are also consistent from all the constraints
shown in Fig. 2.

V. SUMMARY

Figure 5 summarizes our results for a scenario in which
DW annihilation precedes an early MD era driven by the
same scalar field whose Z2 symmetry breaking produced
the DW initially. The predicted GW spectrum shows a

FIG. 4. The enhanced primordial induced GW spectrum result-
ing from the early matter domination driven by S. The plot is
made for different combinations of ΓS and As.

FIG. 5. The combined GW spectrum arising from the DW annihilation and enhanced IGW for a fixed value σ ¼ 5 × 1022 GeV3 and
Vbias ¼ 1010 GeV4 respectively.
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double-peaked structure reflecting two distinct physical
mechanisms: DW annihilation generates the higher-fre-
quency peak, while IGW produces the lower-frequency
feature. The separation between these peaks comes from
the fact that the MD era enhancing the IGW signal begins
only after DWs have annihilated. As evident from the
spectrum in Fig. 5, this scenario offers a striking observa-
tional signature: a single symmetry-breaking process yields
GW accessible to both high-precision astrometry (THEIA)
and space-based interferometry (μARES). Detection in one
frequency band would immediately indicate the presence of
a complementary signal in the other. Notably, moderately
enhanced scalar curvature perturbations can amplify the
IGW component to the point where it overshadows the DW
signal entirely.

VI. CONCLUSION

We study a minimal SM extension containing a real
scalar singlet with nontrivial Z2 charge. While spontaneous
Z2 breaking is known to create DWs that generate GW
through annihilation, we demonstrate that the full phenom-
enology is significantly richer when the scalar has a long
lifetime. Such a long-lived scalar necessarily induces an

early MD phase following DW annihilation, which enhan-
ces IGWs from primordial perturbations. The scalar’s
eventual decay dilutes the DW signal via entropy injection
while preserving the induced component’s amplification.
This produces two distinct peaks in the GW spectrum with
a remarkable property: both peaks are potentially detectable
in high-precision astrometry like THEIA and space-based
interferometry like μARES. Detection by one experiment
predicts observable signals for the other, establishing a
powerful consistency check. Additionally, we find that
moderately enhanced primordial curvature perturbations
can boost the induced component to levels that completely
dominate over DW’s contributions.
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