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We study the possibility of probing the scale of left-right symmetry breaking in the context of left-right
symmetric models (LRSM). In LRSM, the right handed fermions transform as doublets under a newly
introduced SUð2ÞR gauge symmetry. This, along with a discrete parity symmetry P ensuring identical
gauge couplings of left and right sectors make the model left-right symmetric, providing a dynamical origin
of parity violation in electroweak interactions via spontaneous symmetry breaking. The spontaneous
breaking of P leads to the formation of domain walls in the early universe. These walls, if made unstable by
introducing an explicit parity breaking term, generate gravitational waves (GW) with a spectrum
characterized by the wall tension or the spontaneous P breaking scale, and the explicit P breaking term.
Considering explicit P breaking terms to originate from Planck suppressed operators provides one-to-one
correspondence between the scale of left-right symmetry and sensitivities of near future GW experiments.
This is not only complementary to collider and low energy probes of TeV scale LRSM but also to GW
generated from first order phase transition in LRSM with different spectral shape, peak frequencies as well
as symmetry breaking scales.
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I. INTRODUCTION

Left-right symmetric models (LRSM) [1–13] have been
one of the most well motivated beyond standard model
(BSM) frameworks studied extensively in the last few
decades. The standard model (SM) gauge symmetry is
extended to SUð3Þc × SUð2ÞL × SUð2ÞR × Uð1ÞB−L with
the right handed fermions transforming also transforming
as doublets under SUð2ÞR gauge symmetry. While such a
setup treats left and right handed fermions on equal footing
unlike in the SM, inclusion of right handed neutrinos
automatically leads to possible ways of generating light
neutrino masses, as confirmed by neutrino oscillation
data [14]. In order to make the setup parity symmetric
SUð2ÞL ↔ SUð2ÞR, an additional discrete Z2 symmetry or
left-right parity P is incorporated. It not only provides a
dynamical origin of parity violation in weak interactions
but can also be realized as an intermediate symmetry in
popular grand unified theories (GUT) like SO(10). In order
to break the LRSM gauge symmetry spontaneously into

that of the SM, either a pair of scalar doublets [1–5,15] or a
pair of scalar triplets [7–13] are introduced. In both
these scenarios, the scale of SUð2ÞR ×Uð1ÞB−L breaking
coincides with the same P breaking.1 Apart from the
details of fermion mass generations, these two classes of
LRSM also have different experimental consequences at
collider experiments like the large hadron collider (LHC)
[18–25]. The LRSM also can have interesting low
energy probes some of which can be found in [26–32]
and references therein.
In addition to collider and other low energy search

prospects of TeV scale LRSM, we can also have interesting
cosmological signatures in this model. For example, if
light neutrinos are of Dirac type, then we can have
additional relativistic degrees of freedom ΔNeff [33]
which can be probed at future cosmic microwave back-
ground (CMB) experiments. It is also possible to have
a strong first order phase transition in LRSM with
observable consequences like stochastic gravitational
waves (GW) [34–37]. All these cosmological probes,
like the laboratory ones, depend upon the scale of
left-right symmetry breaking. In this work, we propose
an alternative way to probe the scale of left-right
symmetry via GW generated from collapsing domain
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1See [16,17] for scenarios where these two symmetry breaking
scales are decoupled.
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walls (DW).2 Such DW can arise due to spontaneous
breaking of discrete parity symmetry P which is generic in
LRSM. The walls can be made unstable by introducing an
explicit P breaking term in the potential which causes a
pressure difference across the DW, also known as the bias
term ΔV. Since such a bias term in the potential can arise
in different ways, we first consider the scale of left-right
symmetry breaking and bias term to be independent of
each other and find the GW spectrum. We then consider a
particular origin of bias term via Planck suppressed
operators, motivated by quantum gravity arguments and
pmg:quad="40"show the sensitivity of near future experi-
ments to different left-right symmetry breaking scales.
Interestingly, we find our results not only complementary
to collider and low energy experimental probes but
also to GW from first order phase transition in LRSM
discussed in earlier works. Contrary to GW from first order
phase transition in LRSM with peak frequencies around
f ∼Oð10−2Þ–Oð1Þ Hz, GW from unstable domain walls
can show up in the nano-Hz as well as intermediate
frequency regime too depending upon the scale of sym-
metry breaking as well as the bias term. In addition,
detection of GW from DW in future experiments can probe
the scale left-right symmetry all the way from TeV to very
high scale, in sharp contrast with GW from first order
phase transition sensitive to the scale of symmetry break-
ing up to a few tens of TeV. It should also be noted that
although the laboratory and other cosmological probes of
LRSM depend upon the details of field content as well as
the fermion mass generation, GW signature from collaps-
ing DW is quite generic and depends on the scale of parity
breaking only, if the bias terms arise from Planck sup-
pressed operators.

II. LEFT-RIGHT SYMMETRIC MODEL

The fermion and scalar contents of LRSM with scalar
triplets [7–13] is given by

Fermions∶ QL ≡ ð3; 2; 1; 1=3Þ; QR ≡ ð3; 1; 2; 1=3Þ;
ΨL ≡ ð1; 2; 1;−1Þ; ΨR ≡ ð1; 1; 2;−1Þ

Scalars∶ Φ≡ ð1; 2; 2; 0Þ;
ΔL ≡ ð1; 3; 1; 2Þ; ΔR ≡ ð1; 1; 3; 2Þ ð1Þ

where the numbers in the brackets are the quantum numbers
corresponding to the LRSM gauge group SUð3Þc ×
SUð2ÞL × SUð2ÞR ×Uð1ÞB−L. The discrete left-right sym-
metry or parity is an additional Z2 symmetry P under which
the left and right sector fields get interchanged as

QL ↔ QR; ΨL ↔ ΨR; ΔL ↔ ΔR; Φ ↔ Φ†:

This also ensures the equality of left and right sector gauge
couplings gL ¼ gR, in addition to relating the Yukawa and
scalar potential couplings of these two sectors. Asmentioned
before, the symmetry group of LRSM can be realized as an
intermediate stage symmetry when SOð10Þ symmetry of
GUT breaks down to the SM gauge symmetry. For example,
SOð10Þ can be broken down to SUð3Þc × SUð2ÞL ×
SUð2ÞR ×Uð1ÞB−L × P by a scalar of 210 representation.
For details of such SOð10Þ breaking patterns with LRSM as
intermediate symmetry, one may refer to [40–43] and
references therein.
The neutral component of the scalar triplet ΔR acquires a

nonzero vacuum expectation value (VEV) breaking both
left-right symmetry P and SUð2ÞR ×Uð1ÞB−L gauge sym-
metry into Uð1ÞY of the SM. At a later stage, the
electroweak gauge symmetry gets spontaneously broken
to Uð1Þem by the neutral components of scalar bidoublet.
The symmetry breaking pattern is

SUð2ÞL × SUð2ÞR ×Uð1ÞB−L × P ⟶
hΔRi

SUð2ÞL ×Uð1ÞY
→
hΦi

Uð1Þem ð2Þ

If the scalar triplets are replaced by a pair of scalar doublets
HL;R, the neutral component of HR breaks SUð2ÞR ×
Uð1ÞB−L × P into Uð1ÞY of the SM.
In the model with scalar doublets, the scale of left-right

breakingMR ≡ vR can be related to SUð2ÞR charged gauge
boson mass as

M2
WR

≈
1

4
g2Rv

2
R: ð3Þ

In the scalar triplet version of LRSM, it is given by

M2
WR

≈
1

2
g2Rv

2
R: ð4Þ

Depending upon the scalar content of LRSM, the neutral
heavy gauge boson ZR mass can be derived fromWR mass.
The direct search constraints from the LHC rules out WR
mass up to a few TeV MWR

≥ 4–5 TeV [19–25].

III. DOMAIN WALLS AND GRAVITATIONAL
WAVES

Topological defects like domain walls can form in the
early universe when a discrete symmetry is broken sponta-
neously [44–49]. As the energy density of DW falls with
the expansion of the universe at a slower rate compared to
that of ordinary radiation or matter, they can start domi-
nating the energy density of the universe and can ruin
the successful predictions of standard cosmology [50].
However, this can be prevented if the DW are made

2While this possibility was outlined in [38,39] in the context of
parity solution to strong CP problem and supersymmetric
SOð10Þ GUT respectively, here we discuss the details of differ-
ent left-right models and resulting GW spectrum from collaps-
ing DW.
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unstable or diluted or if the probability distribution for
initial field fluctuations is asymmetric [51,52]. Let us
consider the example of a Z2-odd scalar singlet ϕ, having
the potential

VðϕÞ ¼ λϕ
4
ðϕ2 − u2Þ2; ð5Þ

having two different vacua hϕi ¼ �u. One can find a static
solution of the equation of motion after imposing a
boundary condition such that the two vacua are realized
at x → �∞,

ϕðxÞ ¼ u tanh

� ffiffiffiffiffi
λϕ
2

r
ux

�
; ð6Þ

which represents a DW extended along the x ¼ 0 plane.
The DWwidth δ is approximately the inverse of the mass of
ϕ at the potential minimum that is, δ ∼m−1

ϕ ¼ ð ffiffiffiffiffiffiffi
2λϕ

p
uÞ−1.

Another key parameter, known as the DW tension is
given by

σ ¼
Z

∞

−∞
dx ρϕ ¼ 2

ffiffiffi
2

p

3

ffiffiffiffiffi
λϕ

q
u3 ¼ 2

3
mϕu2; ð7Þ

where ρϕ ¼ 1
2
j∇ϕj2 þ VðϕÞ is the (static) energy density of

ϕ. For mϕ ∼ u, the tension of the wall can be approximated
as σ ∼ u3.
Since we consider the walls to form in a radiation

dominated universe after inflation, we need to make them
unstable so that they disappear eventually. As pointed out
long ago [44,46,53,54], such DW can be made unstable
simply by introducing a pressure difference across the walls
and such pressure difference can originate from a small
explicit symmetry breaking term in the potential. Such a
pressure difference or bias term ΔV should be large enough
to ensure the disappearance of the walls before the big bang
nucleosynthesis (BBN) epoch that is, tBBN > tdec ≈ σ=ΔV.
We also ensure that the walls disappear before dominating
the universe tdec < tdom, where tdom ∼M2

Pl=σ is the typical
epoch of domain wall domination. Both of these criteria
put a lower bound on the bias term ΔV. However, the
bias term ΔV cannot be arbitrarily large due to the
requirement of percolation of both the vacua (separated
by DW) whose relative population can be estimated as
pþ=p− ≃ e−4ΔV=ðλϕu4Þ [54]. We choose ΔV such that the
required percolation can be achieved trivially [54].
Such unstable DW can annihilate and radiate their
energy via stochastic gravitational waves, the details of
which has been studied in several works [55–64]. The
amplitude of such GW at peak frequency fpeak can be
estimated as [55,56]

ΩGWh2ðt0Þjpeak ≃ 5.2 × 10−20ϵ̃gwA4

�
10.75
g�

�
1=3

×

�
σ

1 TeV3

�
4
�
1 MeV4

ΔV

�
2

; ð8Þ

with t0 being the present time and g� is the relativistic
degrees of freedom at the epoch of GW emission which is
assumed to be same as the epoch of DW collapse
tdec ∼ σ=ΔV. Away from the peak, the amplitude varies as

ΩGW ≃ΩGWjpeak ×
8<
:

�
fpeak
f

�
for f > fpeak�

f
fpeak

�
3

for f < fpeak
; ð9Þ

where the peak frequency is given by

fpeakðt0Þ ≃ 3.99 × 10−9 HzA−1=2

×

�
1 TeV3

σ

�
1=2

�
ΔV

1 MeV4

�
1=2

: ð10Þ

In the above expressions, A is the area parameter [65,66]
≃0.8 for DW arising from Z2 symmetry breaking like we
have inLRSM, and ϵ̃gw is the efficiency parameter≃0.7 [56].
Since the GW amplitude at peak frequency increases with
DW tension or equivalently, the Z2 symmetry breaking
scalar VEV, one can derive an upper bound on this VEV
from the requirement of GWnot to generate excess radiation
or relativistic degrees of freedom. Cosmological observa-
tions from the PLANCK satellite and the corresponding
cosmic microwave background (CMB) limits on additional
effective relativistic degrees of freedom ΔNeff result in an
upper bound ΩGWh2 ≲ 10−6 [67–71]. Similar but slightly
weaker bounds can be applied from theBBN limits onΔNeff
as well. It is worth mentioning that in the above description,
we have ignored the friction effects which can be present
between the walls and the background thermal plasma
[58,72]. Such friction effects can be significant if the field
constituting the wall has large couplings with the SM bath
particles like the SM Higgs, leading to a suppression in
resulting GW amplitude compared to the friction-less
scenario discussed above. We neglect such frictional effects
assuming that the parity breaking scalar coupling with the
SMbath to be tiny [60]. This is valid in the sense that after the
formation of DW or left-right breaking, the only fields to
which the parity breaking scalar couples significantly
decouple from the plasma due to their heavy masses.

IV. DOMAIN WALLS IN LRSM

In both the versions of LRSM discussed above, since the
left-right symmetry or parity P is spontaneously broken, it
leads to the formation of domain walls. This has been
studied in the context of LRSM as well as its SOð10Þ
embedding in several earlier works [42,73–79]. As pointed

PROBING LEFT-RIGHT SYMMETRY VIA GRAVITATIONAL … PHYS. REV. D 106, 035016 (2022)

035016-3



out earlier, a small explicit parity breaking term can make
these DW unstable recovering the standard cosmology by
the BBN epoch. In LRSM, this can be done by introducing
higher dimensional gauge invariant but parity breaking
operators. These operators can be suppressed by the Planck
scale based on the argument that any generic theories of
quantum gravity should not respect global symmetries:
both discrete and continuous [80–82]. It was also pointed
out in [83,84] that Planck scale suppressed nonrenormaliz-
able operators can be a source of domain wall instability.
Gauge structure of the underlying theory dictates the
structure of these nonrenormalizable operators. The role
of such operators on neutrino mass and mixing has been
discussed in [85–87].
In either of the versions of LRSM mentioned above (to

be referred to as the minimal model hereafter), such
operators can arise only at dimension six level, given by

VNR ⊃ fL
ðΣ†

LΣLÞ3
M2

Pl

þ fR
ðΣ†

RΣRÞ3
M2

Pl

ð11Þ

where ΣL;R ≡ ΔL;R; HL;R depending upon the type of
LRSM. If the vacuum with right sector fields getting
VEV ∼MR, the vacuum energy corresponding to the
Planck suppressed term is

ρReff ∼
fR
M2

Pl

M6
R: ð12Þ

Similarly, if left-sector fields acquire nonzero VEV we get

ρLeff ∼
fL
M2

Pl

M6
L: ð13Þ

The left-right symmetry or parity makes it equally likely for
left and right sector fields to acquire the same VEV and
henceML ¼ MR. Therefore, the effective energy difference
across the walls separating these two vacua is given by

δρ ¼ ΔV ∼
ðfL − fRÞ

M2
Pl

M6
R: ð14Þ

Since only the Planck suppressed terms break parity
explicitly, there arises no energy difference due to renor-
malizable terms of the scalar potential. For order one
coefficients fL;R ∼Oð1Þ, the bias term is ΔV ∼M6

R=M
2
Pl

in both the versions of LRSM discussed above.
For nonminimal scalar content, it is possible to realise

such explicit P breaking operators at dimension five level
too [76]. For example, introducing a pair of real scalar
triplets ΩL ≡ ð1; 3; 1; 0Þ, ΩR ≡ ð1; 1; 3; 0Þ in either of the
minimal model can lead to a two step breaking of LRSM
into that of the SM gauge symmetry. For example, in such a
nonminimal LRSM with scalar doublets HL;R and real
scalar triplets ΩL;R, the symmetry breaking chain will be as
follows

SUð2ÞL × SUð2ÞR ×Uð1ÞB−L × P

⟶
hΩRi

SUð2ÞL × Uð1ÞR ×Uð1ÞB−L
⟶
hHRi

SUð2ÞL × Uð1ÞY →
hΦi

Uð1Þem: ð15Þ

In such a nonminimal model, one can have explicit parity
breaking Planck suppressed operators at dimension five as
well as follows

VNR ⊃ fL
Tr½ðΩ2

L�ðH†
LΩLHLÞ

MPl

þ fR
Tr½ðΩ2

R�ðH†
RΩRHRÞ

MPl
: ð16Þ

Due to lower dimension compared to the minimal model,
we can have a larger bias term in such nonminimal models.
Since the bias term can originate in different ways, we

first considerMWR
and ΔV to be independent of each other

and show the GW spectrum for three different benchmark
combinations in Fig. 1. The details of the benchmark
parameters are given in Table I. While these choices of
MWR

and ΔV in Table I are arbitrary, they show the
dependence of GW spectrum and peak frequencies on
these two key parameters. The experimental sensitivities of
NANOGrav [88], SKA [89], GAIA [90], THEIA [90],
μARES [91], LISA [92], DECIGO [93], BBO [94], ET
[95], CE [96], and aLIGO [97], PPTA [98], IPTA [99],
EPTA [100] are shown as curves of different styles.
Although the spectrum has peak type features, the peak
frequencies remain near the nano-Hz regime (within the
ballpark of pulsar timing array (PTA) based experiments) in
sharp contrast with GW originating from first order phase
transitions in LRSM where peak frequencies remain on
the higher side near the ballpark of experiments like LISA
[34–37]. In fact, for typical choices of model parameters,
the peak frequencies remain outside the reach of all the
experiments with one of the arms of the GW spectrum
falling within sensitivity curves of several experiments
from nano-Hz to Hz regime.
In Fig. 2 we show the contours in MWR

− ΔV plane for
different GW experiment corresponding to the signal-to-
noise ratio (SNR) at respective GWexperiments to be more
than 10. The SNR is defined as [101,102]

ρ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τ

Z
fmax

fmin

df

�
ΩGWðfÞh2
ΩexptðfÞh2

�
2

s
; ð17Þ

with τ being the observation time in years for a particular
GW detector. In each of these contours, the SNR for the
respective GW experiment correspond to 10 assuming
that the experiment will operate for at least four years.
The region above each of these contours corresponds to
SNR > 10 for the respective GW experiment while the
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region above the solid black line is ruled out by BBN as
well as CMB limits onΔNeff . While we show the parameter
space for GWexperiments BBO [94], LISA [92], DECIGO
[93], PPTA [98], IPTA [99], EPTA [100], SKA [89],
THEIA [90], μARES [91], and NANOGrav [88] only,
for remaining experiments like ET, CE, GAIA the required
SNR cannot be obtained in the chosen range ofMWR

− ΔV
shown in Fig. 2. We also shade the disfavored regions in
upper part of Fig. 2 from the requirements that the domain
walls decay before BBN epoch as well as before domi-
nating the energy density of the universe.
We then consider two possible origins of the bias term

from dimension six and dimension five Planck suppressed
operators respectively, as discussed above and evaluate the
range of left-right symmetry breaking scale which can be
probed by future GW experiments with SNR > 10. In
Fig. 3, we first show the GW spectrum to compare the
minimal and nonminimal model where the bias terms
originate from dimension six and dimension five Planck
suppressed operators respectively. For the nonminimal

FIG. 1. Gravitational wave spectrum from collapsing domain walls in LRSM for three different benchmark combination of
ðMWR

;ΔVÞ given in Table I. Different colored curves show the sensitivities from GW search experiments like LISA, BBO, DECIGO,
HL (aLIGO), ET, CE, NANOGrav, SKA, EPTA, PPTA, IPTA, GAIA, THEIA, and μARES.

TABLE I. Details of the benchmark parameters used to gen-
erate the GW spectrum from domain walls in Fig. 1.

MWR
(TeV) ΔV ðMeV4Þ

BP1 5.98 10
BP2 6.90 102

BP3 9.20 103

FIG. 2. Contours of SNR ¼ 10 for different GW experiments
shown in MWR

− ΔV plane. The region above these contours
correspond to SNR > 10 for the corresponding experiment. The
region above the black solid line corresponds to ΩGWh2 ≳ 10−6

or equivalently ΔNeff > 0.3 and hence disfavored. The shaded
regions in upper part correspond to DW decaying after BBN
ðtdec > tBBNÞ and dominating before decaying ðtdom < tdecÞ
respectively and hence disfavored. The gray shaded region at
the bottom is disfavored from the LHC bounds.
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model, we consider the second step of symmetry breaking
to occur at 10 TeV while SUð2ÞR × P breaks at a higher
scale which generates WR mass. Since the nonminimal
model has a larger bias term, the corresponding GW
amplitude goes down as expected. In Fig. 4, we show
the range of MWR

or equivalently the P breaking scale
within future experimental sensitivities of SNR > 10, for
both the minimal and nonminimal models. Clearly, one can
probe from TeV to very high scale left-right symmetry by
detecting GW from collapsing DW. In addition to the
sensitivity of low frequency PTA based experiments to left-
right symmetry breaking scale mentioned earlier, another
sharp contrast from first order phase transition based GW
probe of LRSM [34–37] is the fact that one can probe very
high scale left-right symmetry with GW from DW. Usually,
GW originating from first order phase transition can be
detected in future experiments to probe left-right symmetry
up to around tens of TeV [34–37].

V. CONCLUSIONS

We have proposed a gravitational wave based probe
of left-right symmetry breaking by future detection of
stochastic GW background originating from collapsing
domain walls formed as a result of discrete left-right
symmetry or parity breaking. The domain walls are made
unstable by introducing a small explicit parity breaking
term into the potential, which can also arise from Planck
suppressed higher dimensional operators motivated from

FIG. 3. Gravitational wave spectrum from collapsing domain walls in LRSM for a particular benchmark value of MWR
but with two

different ways of generating bias terms, labelled as minimal and nonminimal respectively (see text for details). Different colored curves
show the sensitivities from GW search experiments like LISA, BBO, DECIGO, HL (aLIGO), ET, CE, NANOGrav, SKA, EPTA, PPTA,
IPTA, GAIA, THEIA, and μARES.

FIG. 4. Sensitivities of different GW experiments to the
corresponding scale of left-right symmetry breaking or MWR

with SNR ≥ 10 by considering the bias term to originate from
Planck suppressed dimension six and dimension five operators,
labelled as minimal and nonminimal model respectively. The re-
gion below the red solid line is disfavored from the LHC bounds.
The bounds on parameter space from tdec<tBBN, tdom>tdec are
also satisfied.
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quantum gravity arguments. Such explicit breaking intro-
duces a bias term or equivalently a pressure difference
across the walls eventually making them disappear.
Considering the scale of left-right symmetry and the bias
term to be independent of each other, we show the
sensitivities of future GW experiments to the scale of
left-right symmetry for a given bias term. We then consider
the bias term to be dependent on the scale of left-right
symmetry via higher dimensional operators and show that
the future GW experiments can probe left-right symmetry
breaking all the way from TeV to very high scale. This not
only offers a complementary probe to usual collider or low
energy frontier experiments but also to GW from first order
phase transition in LRSM. While future GW experiments
operating only in the high frequency range around LISA
sensitivity can probe left-right symmetry breaking up to a
few tens of TeV, our proposal allows the probe of left-right
symmetry scale in a much wider range and also in a wide
range of GWexperiments sensitive to frequencies as low as
nano-Hz regime. It can also be distinguished from GW
probes of other high scale scenarios with topological defect

like cosmic strings being responsible for generating the
stochastic GW background with contrasting spectral
shapes [103–107]. In LRSM itself, one can have cosmic
string formation as a result of extended gauge symmetry
breaking [108]. These strings can generate stochastic
GW background with a characteristic spectrum which
can be within the reach of near future GW detectors if the
scale of symmetry breaking is sufficiently high [109,110].
Depending upon the symmetry breaking scales, both
domain walls and cosmic strings can individually generate
observable GW background predicting a spectrum which
results from a combination of peak type feature of domain
wall generated ones and the scale-invariant ones generated
by cosmic strings. We leave such detailed studies on
multiple sources of GW within LRSM to future works.
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