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We propose a general framework in which a phase transition is triggered during cosmic inflation by the
slow-roll dynamics of a spectator field. The topological defects formed at the transition are inflated outside
the horizon, reenter it after inflation, and can subsequently generate characteristic gravitational wave (GW)
signals. Quantum fluctuations of the spectator field modulate the timing of the transition, imprinting large-
scale anisotropies in the resulting GW background. As an explicit realization, the spectator field may be
identified with the Higgs field in a supersymmetric Standard Model. More generally, our framework applies
to a wide class of spectator-modulated phenomena, providing a generic mechanism for producing
anisotropic GW signals.
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I. INTRODUCTION

Symmetry and its spontaneous breaking are ubiquitous
in particle physics. A prominent example is the electroweak
symmetry, which is spontaneously broken down to the
electromagnetic symmetry. In grand unified theories, gauge
symmetries such as SUð5Þ and SO(10) are broken to the
Standard Model (SM) gauge symmetry [1,2]. In the Peccei-
Quinn solution to the strong CP problem [3,4], a global
Uð1Þ symmetry is spontaneously broken.
Symmetry breaking is often accompanied by the for-

mation of topological defects, including magnetic monop-
oles, cosmic strings, and domain walls. If the symmetry
breaking occurs before the observable inflation, these
defects are inflated away and leave no observable imprint.
Conversely, if the symmetry is broken after inflation,
topological defects may give rise to observable signals,
such as strong ionization by magnetic monopoles, anisot-
ropies in the cosmic microwave background (CMB)
induced by cosmic strings, or gravitational waves (GWs).
See Refs. [5,6] for reviews.

Less explored, but potentially more striking, is the
possibility that symmetry breaking occurs during the
observable inflation. In this case, the resulting topological
defects are inflated outside the horizon, rendering them
effectively frozen by causality. After inflation ends, these
defects reenter the horizon and subsequently evolve.1

Observable consequences of this scenario include an
enhanced abundance of axions [9–11] and GWs with
characteristic spectral features [12–17].
In the literature, phase transitions during inflation have

often been realized by coupling the symmetry-breaking
sector directly to the inflaton field [14,15,17–24]. Such
scenarios typically require a large excursion of the inflaton
field value in order for the mass of the symmetry-breaking
field to vary significantly during inflation.
In this work, we point out an alternative possibility in

which a phase transition is triggered by the dynamics of a
field whose energy density is subdominant during inflation,
i.e., a spectator field. In this setup, the timing of the phase
transition is modulated by the inflationary quantum fluc-
tuations of the spectator field. As a result, the horizon
reentry of the resulting topological defects, and hence any
signals they produce, is spatially modulated. In particular, if
the topological defects emit GWs, this mechanism naturally
generates large-scale anisotropies in the GW background.
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1A similar evolution of topological defects may also arise if the
phase transition occurs between two stages of inflation, where the
latter stage could be a period of thermal inflation [7,8].

PHYSICAL REVIEW D 114, 055008 (2026)

2470-0010=2026=114(5)=055008(13) 055008-1 Published by the American Physical Society

https://orcid.org/0000-0002-2622-0939
https://orcid.org/0000-0001-6516-3386
https://ror.org/024mw5h28
https://ror.org/024mw5h28
https://ror.org/02chw6z69
https://ror.org/057zh3y96
https://ror.org/057zh3y96
https://crossmark.crossref.org/dialog/?doi=10.1103/z1ws-kb9z&domain=pdf&date_stamp=2026-09-15
https://doi.org/10.1103/z1ws-kb9z
https://doi.org/10.1103/z1ws-kb9z
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Anisotropies in GWs sourced by scalar perturbations
[25–38] and by phase transitions [39–42] have been studied
previously. Compared to existing models, one of our
realizations based on cosmic strings allows for the largest
possible GW anisotropy while remaining consistent with
constraints from (iso)curvature perturbations and their non-
Gaussianity.
This paper is organized as follows: in Sec. II, we present

the general mechanism by which a phase transition during
inflation is triggered by a light spectator field whose
spectrum is discussed in Sec. II A. Fluctuations of the
spectator field value lead to a fluctuation in the phase
transition timing during inflation, as discussed in Sec. II B.
We then study the GW signal of cosmic strings in Sec. III
and that of domain walls (DWs) in Sec. IV. Their respective
GW anisotropy signals are discussed in Secs. III A and
IVA, and their constraints are discussed in Secs. III B and
IV B. In Sec. V, we point out that a two-field symmetry
breaking allows the defect-forming field during inflation to
differ from that in the vacuum. This is then realized in a
supersymmetric embedding of the mechanism in which the
SMHiggs field functions as the spectator field, as discussed
in Sec. VI. We conclude in Sec. VII.

II. PHASE TRANSITION DURING INFLATION
TRIGGERED BY LIGHT SPECTATOR

Physics beyond the SM typically contains new scalar
fields. A notable example is supersymmetric theories,
where the scalar partners of the SM fermions are predicted.
In this section, we discuss how those fields can trigger a
phase transition (PT) during inflation.

A. Light spectator during inflation

If the inflationary Hubble scale HI is larger than their
masses, they may be displaced from the minimum and
obtain quantum fluctuations.
We consider the case where a spectator field σ has a mass

squaredm2
σ ofO ð0.01 − 0.1ÞH2

I during inflation. The mass
may be a vacuum mass or a so-called Hubble-induced mass
that is given by the coupling of σ with the Ricci scalar or the
inflaton potential. Such a field may undergo a slow roll
while obtaining de Sitter quantum fluctuations. Given an
m2

σσ
2=2 potential, the equation of motion for σ is2

σ̈ þ 3HI σ̇ ≈ −m2
σσ

⇒ σðtÞ ≈ σ� expð−βHIΔtÞ; β≡ 3

2
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9

4
−
m2

σ

H2
I

s
; ð1Þ

in which σ� denotes the field value at some reference time
t� during inflation and Δt is the time past from t�. Because
the scale factor a ∝ eHIt during inflation, the classical
rolling of σ scales as σ ∝ a−β. Taking the comoving scale
that exits the horizon at each time, k ¼ aHI , as a time
variable,

σðkÞ ¼ σ�

�
k�
k

�
β

; ð2Þ

with some reference scale k� such that σðk�Þ ¼ σ�.
On the other hand, light fields during inflation inherit

fluctuations of order δσ ∼HI=ð2πÞ when each mode exits
the horizon [46–50]. Outside the horizon, δσ and σ scale in
time in the same way. Thus, the primordial dimensionless
spectrum of σ is blue tilted as

Δ2
σðkÞ ≈

�
δσ

σðkÞ
�

2

¼
�

HI

2πσ�

�
2
�
k
k�

�
2β

: ð3Þ

B. Phase transition during inflation

We propose the possibility that σ triggers a phase
transition during inflation. The phase transition may lead
to various stochastic GW signals if it (1) produces topo-
logical defects, (2) generates large scalar fluctuations, or (3)
has a strong enough phase transition strength. The precise
GW spectrum depends on the dominant GW source.
However, GW anisotropy is a generic feature for this class
of models. We will show this with explicit examples.
We first discuss how a phase transition can be triggered

by a spectator during inflation. We consider the following
Lagrangian

−L ⊃
1

2
ðλ2σχσ2 −m2

χÞχ2; ð4Þ

in which the symmetry-breaking field χ has a tachyonic
mass m2

χ and couples quadratically to σ. Here, m2
χ has two

potential contributions: (1) a vacuum mass m2
χ;0 and (2) a

Hubble-induced mass ∼cχH2
I with cχ ∼O1 to ensure that

classical rolling of χ dominates during inflation. For high-
scale inflation, cχH2

I ≫ m2
χ;0 will affect the inflationary

dynamics of χ. On the other hand, the vacuum expectation
value (VEV) of χ today is controlled bymχ;0. We keep track
of the two masses with the notationm2

χ;0 andm
2
χ;I ≡m2

χ;0 þ
cχH2

I in what follows.
Initially, when σ has a large field value, χ has a positive

mass and a vanishing field value. As σ slowly rolls to the
origin and passes the critical value σc ¼ mχ;I=λσχ , χ obtains
a nonzero field value and undergoes a phase transition.
When this happens at the comoving Hubble scale kre, one
expects some spectral feature at this scale as it reenters the
horizon after inflation.

2Instead of a quadratic mass, we may consider a nonharmonic
potential with a negligible quadratic term. In this case, the
attractor behavior can drive σ to the field value where a slow
roll occurs [43–45].
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The reentry timing of the phase transition during
inflation depends on (1) the initial value of σ and (2) the
number of e-foldings from the phase transition to the end of
inflation. These two freedoms allow us to treat σ� and k� in
Eq. (3) as free parameters. For convenience, we may pick
k� ¼ kre and σ� ¼ σc. From Eq. (2), we find that the
fluctuation in kre is related to the fluctuation in σ at
comoving scale k, as follows:

δkre
kre

ðkÞ ¼ 1

β
ΔσðkÞ ¼

1

β

�
HI

2πσc

��
k
kre

�
β

: ð5Þ

Therefore, the long-wavelength fluctuation of σ imprints
itself as long-wavelength modulation of kre. If the GW
signal from phase transition depends on kre, then a large-
scale anisotropic GW is expected, as sketched in Fig. 1.
When mχ is dominated by the Hubble-induced mass,

HI=ð2πσcÞ ¼ λσχ=ð2πc1=2χ Þ, and the anisotropy is naturally
large. We consider the parameter region with δkre=kre < 1.
Otherwise, the dynamics of σ during inflation are domi-
nated by quantum fluctuations rather than the classical
rolling, and our computation is not applicable.

III. GRAVITATIONAL WAVE ANISOTROPY
SIGNAL FROM COSMIC STRINGS

Large-scale fluctuations of σ may produce GW anisot-
ropies. The multipole index l of the anisotropic signal

roughly scales as l ≈ kD�, in which D� denotes the
comoving distance to the emission surface of GWs. As
D� in radiation domination (RD) remains almost
unchanged for earlier time, the emission surface of GWs
almost coincides with the last scattering surface of the
CMB, D� ≈ 1.4 × 104 Mpc. We will be interested in low-
multipole (l≲ 5) anisotropies that can be observed by
future GW observatories.

A. GW signal

Consider a scalar field χ charged under some Uð1Þ gauge
symmetry that couples to the spectator field

−L ⊃ ðλ2σχσ2 −m2
χÞjχj2 þ

λ2χ
4
jχj4: ð6Þ

When the phase transition occurs during inflation, the
Kibble-Zurek mechanism produces cosmic strings. After
inflation, these strings will have a tension of μ ¼ πv2χ ,
where the VEV of χ is vχ ¼ 2mχ;0=λχ .
The model may be extended so that the symmetry-

breaking field during inflation is different from that at the
vacuum, which helps identify σ with the Higgs field in the
minimal supersymmetric SM (MSSM); see Sec. VI.
The GW signature of this string network should be

similar to that of a typical gauge string network, but the UV
rolloff depends on the reentry Hubble scale of the inflated

FIG. 1. Schematic of the mechanism. (a) A fluctuation of the spectator field value σ early in the inflation epoch imprints as a
fluctuation in the PT timing during inflation. This changes when PT happens in different Hubble patches. (b) The fluctuation in PT
timing at large distance k−1 changes the horizon size k−1re when the PT defects reenter. When the mode k reenters the horizon, a large-
scale anisotropic GW signal appears if the GW spectrum ΩGW depends on kre. (c) GW spectrum is modulated because of the reentry
timing. Here, we take GWs produced by cosmic strings as an example. Modulation in kre changes the UV rolloff scale. This modulation
is at large scales because it comes from the early fluctuation of σ during inflation.
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strings instead of the phase transition Hubble scale [51,52].
For illustrative purposes, we simplify the GW spectrum as a
broken power law,3 as follows:

ΩGW ≈ 2 × 10−2Ωrad

�
g�;0
g�;re

�
1=3 ffiffiffiffiffiffiffiffi

μ

M2
Pl

r

×

8><
>:

1þ
�
2πf
kre

�
3
; f < kre

2π ;�
kre
2πf

�
; f ≥ kre

2π ;
ð7Þ

in which Ωrad ¼ 9.14 × 10−5 is the current fractional
density of photons and massless neutrinos, f is the
frequency of the GWs, g�;0ðreÞ denotes the effective number
of relativistic degrees of freedom today (at defects’ reentry),
and we assume that the k−1re -sized string loop decays during
radiation domination. The k−1re -sized loops initially produce

the f3 IR spectrum before shrinking and later generate the
f−1 UV spectrum, as the energy decreases in proportion to
their radii. The modulation on the GW spectrum due to σ
fluctuation is

δΩGW ¼ δkre
kre

∂ΩGW

∂ ln kre
: ð8Þ

The GWanisotropy signal can be obtained using Eq. (5), as
follows:

ΩGW;anisoðl; fÞ

∼ 2 × 10−2Ωrad

ffiffiffiffiffiffiffiffi
μ

M2
Pl

r �
g�;0
g�;re

�
1=3

×
λσχHI

2πmχ;I

1

β

�
l

kreD�

�
β

×

8><
>:

3
�
2πf
kre

�
3
; f < kre

2π ;

kre
2πf ; f > kre

2π :
ð9Þ

Hence, one expects a slightly blue-tilted anisotropy signal,
a telltale feature of the light spectator field. We offer two
benchmark spectra against exclusion and reach from
current and future GW observatories in Fig. 2.

FIG. 2. Benchmark spectra for GW anisotropy produced by spectator-modulated cosmic-string reentry. While the string tension μ
controls the plateau of the isotropic signal, the comoving reentry scale kre of the string alters the UV rolloff scale. A modulation in kre
leads to an anisotropic signal ΩGW;anisoðl; fÞ in higher multipoles on top of the isotropic background. Our Benchmark 1 is taken
at ð ffiffiffi

μ
p

; kre=ð2πÞ; β; HI=ð2πσcÞÞ ¼ ð3 × 1014 GeV; 10−3 Hz; 10−1; 10−1Þ, and Benchmark 2 is taken at ð ffiffiffi
μ

p
; kre=ð2πÞ; β; HI=

ð2πσcÞÞ ¼ ð3 × 1014 GeV; 10 Hz; 10−2; 10−2Þ. The current exclusions from LVK O4a [53], CMB measurement of ΔNeff [54], GW
isocurvature perturbations [55], and the prospects of future searches (Laser Interferometer Space Antenna (LISA) [56], Big Bang
Observer (BBO) [57,58], and Einstein Telescope (ET) [57–59]) of GWanisotropy are provided for comparison. Future detector reaches
are power-law-integrated sensitivity curves with a signal-to-noise threshold of 1 and an integration time of one year. Details of the GW
constraints and prospects are provided in Appendix.

3Here, we focus on the GW spectrum around string reentry as
it generates most of the GWanisotropy. For string loops produced
later, the g�-dependent factor should be adjusted and increase as
g� decreases.
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B. Constraints

The gauge string’s energy density around the string
reentry is mostly radiated into GWs and can produce dark-
radiation isocurvature perturbations. The fluctuation of the
energy density around the matter-radiation equality is at
most Δζ at large scales; thus, the large-scale anisotropy of
GW energy density is at most ≲ΔζΩradh2 ∼ 10−10 in the
current Universe. This computation is detailed below,
where we find

δΩGWðfpeakÞh2 ≲ 2.8 × 10−10; ð10Þ

where fpeak is the GW frequency at which the anisotropy is
maximized. For cosmic strings, fpeak ≃ kre=ð2πÞ. Because
the isocurvature perturbations are nonlinearly related to the
nearly Gaussian σ fluctuation, this leads to a local-type
non-Gaussianity as well. However, our model evades the
current Planck constraint on such non-Gaussianity [60].

1. Isocurvature power spectrum

Here, we assume that, for gauge strings, the string loops
decay entirely into gravitational waves. This is sensible
because the gauge and Higgs bosons of the Uð1Þ symmetry
breaking have larger masses than the Hubble scale that
determines the typical length scale of string reconnection
and loop production. Because string loops redshift like
matter rather than radiation, their energy density during RD
can contribute significantly to the energy density of the
network even when the string tension is small. In fact, the
typical decay rate of string loops into GWs is
Γstr ∼ μHp=M2

Pl ≪ Hp, in which Hp denotes the Hubble
scale around string loop production. The typical energy
density of the string loops scales as

ρloop

����
t¼Γstr

≈ μH2
p

�
aðHpÞ
aðΓstrÞ

�
3

¼
ffiffiffi
μ

p
MPl

t2
≈ ρGW: ð11Þ

Hence, during RD, a string network that reaches the scaling
regime shall produce an energy density

ρlong str ≈ μH2; ρGW ≈ γ
ffiffiffi
μ

p
MPlH2; ð12Þ

in which γ ≈ 2 × 10−2 is a dimensionless number obtained
from numerical simulations [61–63]. Both the GW density
produced during the scaling regime and the long-string
energy density are independent of the timing of the horizon
reentry of the strings, and therefore do not contribute to
cosmic perturbations. On the other hand, the energy density
of GWs produced by string loops right after the horizon
reentry depends on the timing of the reentry and contributes
to cosmic perturbations.
The curvature perturbations can be computed using the

δN formalism [64–66]. To relate GW’s perturbation to
observational constraints, we note that the de Sitter

fluctuation of σ generates uncorrelated isocurvature fluc-
tuations in the free-streaming GW. Hence, we may recast
the neutrino density isocurvature (NDI) constraint from
Planck [55]. The NDI perturbation is defined as

SNDI ≡ 3ðζν − ζγÞ; ð13Þ

in which ζνðγÞ are the curvature perturbations of neutrinos
(photons). Here, we reinterpret ζν as the curvature pertur-
bations from any free-streaming species. In particular, if
neutrino perturbations are generated from inflaton fluctua-
tions, and GWs are produced from σ fluctuations, then the
NDI perturbation comes from the GW from cosmic strings’
reentry. To compute ζν, we take both the initial and final
slices in the scaling regime after the string reentry. The
initial flat slice coincides with the uniform density slice of
SM radiation. The final slice is the uniform-density slice of
GWs and neutrinos. Then, the relation

ρGW;iðxÞe−4NðxÞ þ ρν;ie−4NðxÞ ¼ ρGWþν;f ð14Þ

implies

ζν ¼ δN ¼ 1

4

δρGW
ρν þ ρGW

; ð15Þ

where δρGW is defined in the flat slice, or equivalently, in
the uniform-density slice of SM radiation. Since the GW
density typically has a power-law dependence ρGW ∝ kαre
and δkre is determined by σ fluctuation as shown in Eq. (2),
one can relate

ρGW ¼ ρ̄GW

�
σðkÞ
σ̄ðkÞ

�
α=β

: ð16Þ

Hence, to quadratic order in the Gaussian fluctuation δσ,
the GW curvature perturbation is

ζν ¼
δN
δρGW

δρGW
δσ

δσ þ 1

2

�
δ2N
δρ2GW

�
δρGW
δσ

�
2

þ δN
δρGW

δ2ρGW
δσ2

	
δσδσ

≈
1

4

ΩGW

Ων

α

β

δσ

σ
þ 1

8

ΩGW

Ων

�
α

β

�
2
�
δσ

σ

�
2

; ð17Þ

in which we used the following relations:

δN
δρGW

¼ 1

4ðρGW þ ρνÞ
≈

1

4ρν
;

δ2N
δρ2GW

≈ −
1

4ρ2ν
;

δρGW
δσ

¼ α

β

ρGW
σ

;
δ2ρGW
δσ2

≈
α2

β2
ρGW
σ2

; ð18Þ

and assumed that ρGW ≪ ρν to be compatible with the
ΔNeff constraint from Planck [54] and β ≪ 1 so that σ
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undergoes a slow roll. Therefore, the effective NDI per-
turbation due to GW from σ-modulated reentry of cosmic
strings is

Δ2
NDI ¼

�
3ΩGW

4Ων

α

β

�
2

Δ2
σ ≈

�
3Ωrad

4Ων

�
2 δΩ2

GWðfpeakÞ
Ω2

rad

≈
�
1.9 ·

δΩGWðfpeakÞ
Ωrad

�
2

; ð19Þ

where fpeak is the frequency at which the GWanisotropy is
maximized. Here, we used Eq. (16) to relate Δσ to δΩGW.
Using the Planck constraint at klow ¼ 0.002 Mpc−1 in
which Δ2

NDIðklowÞ≲ 7.4%Δ2
ζ ≲ 1.6 × 10−10, we find that

δΩGWðfpeakÞh2 ≲ 0.15 ·Ωradh2ΔζðklowÞ ≈ 2.8 × 10−10:

ð20Þ
However, if we take the North American Nanohertz
Observatory for Gravitational Waves (NANOGrav) con-
straint on stable cosmic strings Gμ ≲ 10−9.5 [67], then we
conclude that ΩGW=Ωrad ≲ 6.4 × 10−7. Hence, if the NDI
constraint is saturated, the GW fluctuation is at least

δΩGWðfpeakÞ
ΩGW

≈ 0.15

�
Ωrad

ΩGW

�
Δζ ≳ 11; ð21Þ

which violates perturbativity. Therefore, requiring
δΩGWðfpeakÞ=ΩGW < 1 for the cosmic-string-generated
GW anisotropy and the NANOGrav constraints are typi-
cally sufficient to evade the current isocurvature constraint.

2. Isocurvature non-Gaussianity

Beyond two-point correlation, it is also possible that an
NDI non-Gaussianity is produced. The isocurvature fluc-
tuation SNDIðkÞ is related to the underlying almost Gaussian
field δσ ¼ δσ=σ by

SNDIðkÞ ¼
3

4

ΩGW

Ων

α

β
δσðkÞ þ

3

8

ΩGW

Ων

�
α

β

�
2

ðδσ ⋆ δσÞðkÞ;

ð22Þ

in which ⋆ denotes a momentum convolution. Then, the
tree-level isocurvature bispectrum is obtained by comput-
ing hS3NDIi of three different momenta, as follows:

Biiiðk1;k2;k3Þ

¼ 33

42 · 8

�
ΩGW

Ων

�
3
�
α

β

�
4

½2Δ2
σðk1ÞΔ2

σðk2Þ þ 2 perms�

¼ fi;iiNL½2Δ2
Φðk1ÞΔ2

Φðk2Þ þ 2 perms�: ð23Þ

For the cosmic string scenario, the gravitational wave
spectrum is related to the NDI spectrum by Eq. (19) so
that the local-type fNL is

fi;iiNL ¼ 625

384

�
ΩGW

Ων

�
3
�
δΩGWðfpeakÞ

ΩGWΔζ

�
4

≈ 1.4 ·

�
ΩGW

6.4 × 10−7Ωrad

�
3
�
δΩGW=ΩGW

1

�
4

; ð24Þ

where we relate the curvature perturbation ζ to the
gravitational potential Φ ¼ 3ζ=5. The current constraint
on the NDI non-Gaussianity from Planck is jfi;iiNLj≲ 210

[60]. As long as the NANOGrav constraint ΩGW=Ωrad ≲
6.4 × 10−7 is satisfied, the non-Gaussianity constraint is
also satisfied.
It is possible that cosmic strings disappear by the

nucleation or reentry of monopoles [12,13] by the time
the NANOGrav-scale GWs would be emitted. In this case,
Gμmay be larger and the NDI and/or non-Gaussianity may
be large enough to be observed in future observations.
To our knowledge, this setup produces the largest GW

anisotropies among the models known in the literature,
without producing excessive cosmic perturbations or their
non-Gaussianity. This is because almost all the energy of
the source of GWs, namely, cosmic strings, goes to GWs
rather than other forms of radiation [68,69].4

IV. GRAVITATIONAL WAVE ANISOTROPY
SIGNAL FROM DOMAIN WALLS

A. GW signal

In this section, we consider another possibility that
domain walls form during inflation and are pushed outside
the horizon. For simplicity, we will assume that upon their
reentry, the wall network immediately starts to annihilate
due to bias between the false and true vacua. For concrete
realization, we consider the following Lagrangian:

−L ⊃
1

2
ðλ2σχσ2 −m2

χÞχ2 þ
λ2χ
4
χ4 þ ε3χ; ð25Þ

with ε ≪ mχ . The potential bias across the two vacua
δ ∼ 2mχ;0ε

3=λχ , while the wall tension τ ∼m3
χ;0=λ

2
χ . The

walls immediately collapse after their horizon reentry if
τHre < δ, which requires Hre < λχεðε=mχ;0Þ2. As Hre is
typically small due to the inflationary dilution, it is easy to
realize this inequality.

4This argument comes from the standard Nambu-Goto
approximation of cosmic strings [6] and is supported by Abe-
lian-Higgs simulations [68,69]. However, it is worth noting that
there is debate over whether it is possible to primarily produce
small string loops that can radiate massive modes [70,71]. This
leads to the small-string-loop scenario. More details about the
large-string-loop and small-string-loop scenario are discussed in
Ref. [72]. As our discussion focuses on semiclassical large-scale
dynamics, we thus argue that gravitational wave radiation is the
dominant decay channel for consistency.

YUNJIA BAO and KEISUKE HARIGAYA PHYS. REV. D 114, 055008 (2026)

055008-6



The GW spectrum can be estimated as

ΩGW ¼ Ωrad
0.7 · τ2k4eq

24πM4
PlH

2
eqk4re

×

8><
>:

�
2πf
kre

�
3
; f ≤ kre

2π ;�
kre
2πf

�
nUV ; f > kre

2π ;
ð26Þ

in which we used Hre ¼ Heqðkre=keqÞ2 during RD. The
spectral index nUV is determined by detailed UV physics
and is extracted numerically, and nUV ≈ 1 for scaling walls
that collapse due to bias [73]. Our scenario slightly differs
because the bias is already large so that the wall network
collapses immediately upon reentry. Nonetheless, we
expect a similar, if not sharper, UV rolloff. Then, the
anisotropy signal is

ΩGW;anisoðl; fÞ

∼Ωrad
0.7 · τ2k4eq

24M4
PlH

2
eqk4re

�
λσχHI

2πmχ;I

�

×
1

β

�
l

kreD�

�
β

×

8><
>:

7 ·
�
2πf
kre

�
3
; f ≤ kre

2π ;

ð4 − nUVÞ
�

kre
2πf

�
nUV ; f > kre

2π :
ð27Þ

B. Constraints

Similar to the cosmic-string case, large cosmic pertur-
bations can be generated by the modulation of domain
walls’ reentry. As discussed below, we obtain a constraint

δΩGWðfpeakÞh2

≲min



2.8; 4.0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΩGW

2.3%Ωrad

s
; 4.3

�
ΩGW

2.3%Ωrad

�
5=8

;

0.99 ×

�
ΩGW

2.3%Ωrad

�
1=4

�
× 10−10: ð28Þ

The first constraint comes from the bound on GW iso-
curvature perturbations similar to the cosmic-string sce-
nario, the second is due to the adiabatic perturbations from
the radiation created by domain walls’ collapse, the third is
from their non-Gaussianity, and the fourth is the GW
isocurvature perturbations partially correlated with the
curvature perturbations. This constraint is more stringent
than the string case because domain walls dominantly
decay into non-GW components, which obtain larger
fluctuations than GWs.5

1. Adiabatic power spectrum

For the domain wall that collapses immediately after
reentry, the wall predominantly decays into other Standard
Model radiation species rather than GWs. This is because
the gravitational wave emission rate is ∼τ=M2

Pl in which τ
denotes the wall tension while the decay rate of the network
is ∼Hre (immediate collapse upon reentry) so that ρGW ≈
ϵτρDW=ð8πM2

PlHreÞ around walls’ reentry tre in which the
efficiency factor ϵ ≈ 0.7 [73] and ρDWðtreÞ ¼ τHre. If DWs’
reentry happens during RD, we can express

ρGW
ρrad

¼ 3ϵ

8π

�
ρDW
ρrad

�
2

⇒
ρDW
ρrad

¼
�
g�;re
g�;0

�
1=6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8π

3ϵ

ΩGW

Ωrad

s
; ð29Þ

where ρDW=ρrad is evaluated around the reentry while
ΩGW=Ωrad is evaluated today.
On the other hand, the SM radiation from domain walls

observed at a later time tf will obtain an energy density
ρDWðtfÞ ¼ τHreðTf=TreÞ4 ∝ T−2

re . Thus, we can track the
curvature perturbation by treating the original SM radiation
and that generated by DW decay separately as a radiation
fluid with density ρSM and another with ρDW. Assuming
ρDW ≪ ρSM ≈ ρrad (which is required to avoid domain-
wall-dominated epoch), we may take the initial flat slice at
some temperature T� < Tre of the SM radiation and take
the final slice at a uniform-density slice of SMþ DW fluid
and enforce

T4�e−4NðxÞ þ τ

MPl
T2
reðxÞ

�
T�

TreðxÞ
�

4

e−4NðxÞ ¼ ρrad; ð30Þ

which implies that the curvature perturbation from DW-
generated radiation is

ζDW ¼ −
1

2

ρDW
ρrad

δTre

Tre
¼ 1

4

δρDW
ρrad

; ð31Þ

in which we used the relation that δTre=Tre ¼
−δρDW=ð2ρDWÞ. And a subdominant curvature perturba-
tion due to GW is

δρGW
ρGW

¼ 2
ρrad
ρDW

δρDW
ρrad

¼ 8
ρrad
ρDW

ζDW

¼
�
g�;0
g�;re

�
1=6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
24ϵ

π

Ωrad

ΩGW

s
ζDW; ð32Þ

in which we used Eq. (29). Thus, the adiabatic constraint on
ζDW limits the anisotropic GW signal to be below

5The case (ii) of the curvaton model in Ref. [29] will be subject
to the analogous constraints. If the first constraint is the strongest,
the setup in Ref. [29] can generate as large δΩGW as our string
case when the ΔNeff constraint is nearly saturated.
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δΩGWðfpeakÞh2 ≲
�
g�;0
g�;re

�
1=6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
24ϵ

π

ΩGW

Ωrad

s
Ωradh2ΔζðklowÞ

≈ 4.0 × 10−10

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΩGW

2.3%Ωrad

s �
106.75
g�;re

�
1=6

:

ð33Þ

When the ΔNeff constraint is saturated by taking
ΩGW ¼ 2.3%Ωrad, this is a weaker constraint than the
NDI constraint δΩGWðfpeakÞh2 ≲ 2.8 × 10−10. However,
for generically lower isotropic background ΩGW, this is
a stronger constraint. Alternatively, one may compare the
constraint on the GW fluctuation, i.e.,

δΩGWðfpeakÞ
ΩGW

≲ 4.2 × 10−4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2.3%Ωrad

ΩGW

s �
106.75
g�;re

�
1=6

: ð34Þ

The adiabatic-perturbation constraint remains strong until
ΩGWh2 ≲ 1.7 × 10−13 at which the perturbativity constraint
δΩGW < ΩGW becomes effective.

2. Adiabatic non-Gaussianity

Non-Gaussianity of the DW-originated fluctuations can
be obtained by expanding to second order in δσ, as follows:

ζDW ≈
1

2β

ρDW
ρrad

δσ

σ
þ 1

2β2
ρDW
ρrad

δσ2

σ2
; ð35Þ

leading to a bispectrum of the form

Baaaðk1;k2;k3Þ

¼ 1

23β4

�
ρDW
ρrad

�
3

½2Δ2
σðk1ÞΔ2

σðk2Þ þ 2 perms�:

¼ fa;aaNL ½2Δ2
Φðk1ÞΔ2

Φðk2Þ þ 2 perms�: ð36Þ

Its corresponding local fNL is

fa;aaNL ≈
5

3

1

23β4

�
ρDW
ρrad

�
3
�
β

4

�
4
�
δΩGWðfpeakÞ

ΩGWΔζ

�
4

¼ 5

12

ffiffiffiffiffiffiffiffi
g�;re
g�;0

r �
π

24ϵ

ΩGW

Ωrad

�
3=2

�
δΩGWðfpeakÞ

ΩGWΔζ

�
4

; ð37Þ

assuming Δ2
DW ≪ Δ2

ζ , which holds when ðρDW=ρradÞ
ðϕ̇=σ̇Þ ≪ 1. Recasting the Planck constraint jfa;aaNL j≲ 5.1
[60], we find that the anisotropic GW signal must be smaller

than

δΩGWðfpeakÞh2 ≲ 4.3 × 10−10
�

ΩGW

2.3%Ωrad

�
5=8

×
�
106.75
g�;re

�
1=8

: ð38Þ

3. Correlated isocurvature

Lastly, this type of signal also induces correlated iso-
curvature. The correlation is

hSNDIζDWi ¼
3

4

�
g�;re
g�;0

�
1=6

ffiffiffiffiffiffiffi
π

24ϵ

r
Ωrad

Ων

×

�
ΩGW

Ωrad

�
3=2

�
δΩGWðfpeakÞ

ΩGW

�
2

: ð39Þ

The Planck constraint hSνζDWi < 5 × 10−11 [55] requires

δΩGWh2 ≲ 9.9 × 10−11
�

ΩGW

2.3%Ωrad

�
1=4

�
106.75
g�;re

�
1=12

:

ð40Þ

Although the correlated isocurvature constraint is the
strongest one for the benchmark of ΩGW here, because
the fa;aaNL constraint, ∝ Ω5=8

GW drops more quickly than Ω1=4
GW

as ΩGW decreases, and the fa;aaNL constraint eventually
becomes stronger at small ΩGW.

V. SYMMETRY BREAKING BY TWO FIELDS

So far, we consider a case where a charged field breaks
symmetry during inflation and remains the dominant
source of symmetry breaking also in the vacuum. This
setup may be slightly varied so that the symmetry-breaking
field during inflation is different from that in the vacuum,
which is realized in an embedding to the MSSM discussed
in Sec. VI.
For example, let us introduce two fields χ1 and χ2, where

the subscript shows the U(1) charge of each field, and
consider the Lagrangian of the form

−L ¼ ðλ2σχσ2 − c1H2
I þm2

1Þjχ1j2 þ
λ21
4
jχj4

þ ðc2H2
I −m2

2Þjχ2j2 þ
λ22
4
jχ2j4 þ ðΛχ21χ�2 þ H:c:Þ:

ð41Þ
During inflation, assuming c1H2

I > m2
1, χ1 breaks the Uð1Þ

symmetry and produces cosmic strings. Assuming
c2H2

I > m2
2, χ2 is trapped near the origin, but because of

the interaction term between χ1 and χ2, χ2 obtains a nonzero
field value. Parametrizing the fields as χi ∼ vieiθi , the
interaction term ∝ cosðθ2 − 2θ1Þ, so χ2 winds twice more
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around the cosmic strings than χ1, which χ1 typically winds
once around strings. Then, as the Hubble-induced mass
of χ1 becomes small after inflation, the VEVof χ1 vanishes
while Uð1Þ continues to be broken by χ2, with cosmic strings
made by χ2. The evolution of the field values is sketched
in Fig. 3.
Two-field breaking can also be realized in the domain

wall scenario. In this case, χ1 and χ2 are real fields and
charged under some Z2. With the interaction term replaced
by Λ2χ1χ2, one can alter the wall-forming field during
inflation from that in the vacuum as well.

VI. MODEL REALIZATION: GW ANISOTROPY
FROM HIGGS-DRIVEN B −L STRINGS

So far, we have discussed our mechanism within toy mod-
els. We now embed the mechanism into a well-motivated
UV extension of the SM. To this end, we consider super-
symmetric theory, in which the lightness of σ and χ can be
understood in terms of supersymmetry.
To be concrete, we consider Uð1ÞB−L phase transition

and show that the Higgs fields in the MSSM can play the
role of σ. Besides the MSSM fields, we introduce a right-
handed neutrino field N with B − L charge 1, a scalar Σ
with B − L charge −2, and another Σ̄ field with B − L
charge 2 to ensure anomaly cancellation. These fields will
follow two-field symmetry-breaking dynamics, a simpli-
fied version of which is discussed in Sec. V. We start by
considering the following superpotential:

W ¼ yLHuN þ λ

2
ΣN2: ð42Þ

This leads to the following Lagrangian:

−L ⊃ ðjyj2jHuj2 − cNH2
I þm2

softÞjNj2
þ ðjλj2jNj2 þ cΣH2

I −m2
softÞjΣj2

þ ðcΣ̄H2
I −m2

softÞjΣ̄j2 þ ðλmsoftΣN2 þ H:c:Þ

þ jλj2
4

jNj4 þ g2B−L
2

ðjNj2 − 2jΣj2 þ 2jΣ̄j2Þ2; ð43Þ

where we took L ¼ 0, which can be guaranteed by a large
enough positive mass of L. We omit the D-term potential
by the MSSM gauge group, and in the following, Hu is
understood as aD-flat directionHuHd that plays the role of
the light spectator. Heavy neutral slepton N is the field χ1
undergoing phase transition during inflation, and Σ is the
field χ2 that breaks Uð1ÞB−L at the vacuum.
Initially, Hu has a large field value but is light during

inflation, while other fields have vanishing field values. As
it scans to the critical valueHu ≲ ffiffiffiffiffiffi

cN
p

HI=y,N undergoes a
phase transition, producing B − L gauge strings. We may
assume that λ < gB−L such that the D-term potential of N
field dominates and fixes N to obtain a field value
hNi ≃ ffiffiffiffiffiffi

cN
p

HI=gB−L. By setting gB−L < 1 or cN > 1, N
can be fixed to a field value larger than HI with a larger
mass so that its de Sitter fluctuation can be suppressed, and
N’s phase transition is complete during inflation. In the
meantime, the Σ field is also nudged away from zero
because of the A-term potential. The new field value of Σ is
hΣi ≃ cNλmsoft=ðcΣg2B−LÞ with a winding dictated by the
winding of N field. Hence, Σ strings are formed during
inflation as well. Σ̄ does not need to obtain a field value yet,
which can be accommodated by a positive Hubble-
induced mass.
After inflation, hNi decreases due to the positive

vacuum mass. hΣi and hΣ̄i increase because of negative
soft mass terms. D-flatness ensures that hΣi ∼ hΣ̄i. To
stabilize the hΣi and hΣ̄i, we have two options: (1)
introducing another singlet X or (2) considering a radiative
breaking of Uð1ÞB−L.
The following superpotential realizes the first case,

W ⊃ κXðΣΣ̄ − v2Þ; ð44Þ

so that the F term of X forms a wine-bottle potential
∼κ2jΣΣ̄ − v2j2. If κ ≲ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

cΣ þ cΣ̄
p

HI=v, the tachyonic mass
term is negligible during inflation and will not affect the
symmetry-breaking pattern discussed in the previous para-
graphs. Once hΣi ∼ hΣ̄i ∼ v, N strings formed during
inflation will be wrapped around by Σ and Σ̄ field, and
the D-term potential can ensure a safe transfer of the
winding. Although the A-term potential winds the Σ field
twice around the N field, the nonminimal Σ strings remain

FIG. 3. Schematic for the evolution of the field values in the
two-field symmetry breaking discussed in Sec. V. Initially, both
charge-1 field χ1 and charge-2 field χ2 have no field values during
inflation. When the spectator field σ crosses a threshold, χ1 rolls to
a minimum generated by the tachyonic Hubble-induced mass.
χ2 field may obtain a tiny field value by coupling to χ1. After
inflation, χ1’s Hubble-induced mass term becomes negligible while
χ2’s tachyonic vacuum mass becomes significant and drives χ2
to a new field value. In the supersymmetric realization, χ1 can be
identified with right-handed sneutrino N, χ2 with the B − L
breaking scalar, and σ with the Higgs field as discussed in Sec. VI.
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stable until reentry because gB−L > κ leads to an attractive
force binding two minimal Σ strings together. Also, the
postinflationary breaking of Σ̄ can produce another cosmic
string due to the breaking of the global chiral symmetry of
Σ and Σ̄. This string, however, is not stable because the
κ2v2 ΣΣ̄ term explicitly breaks the chiral symmetry.
More minimally, one may assume that the soft mass of Σ

gets radiatively corrected to obtain a minimum [74]

−L ≃m2
soft

�
1þ

�
λ

4π

�
2

ln

�
Σ2

Λ2

�	
Σ2; ð45Þ

which yields hΣi ≃ Λ expð−ð4π=λÞ2Þ. In this case, the
breaking of Σ̄ string produces a stable global string besides
the Uð1ÞB−L string, and the Nambu-Goldstone boson of this
global symmetry can be massless without further explicit
breaking. However, as long as v ≲ 10−2MPl, the Nambu-
Goldstone radiation from global strings can evade the
ΔNeff constraint as the string network in the scaling regime
is a subdominant component of the radiation bath.
We considered the case where HuHd is σ and N is χ, but

other combinations are possible. For example, with HuHd
being σ, LLēmay be χ. Also, X may play the role of σ with
ΣΣ̄ being χ.

VII. CONCLUSION

In this work, we have demonstrated that a phase
transition modulated by a spectator field during inflation
can generate sizable anisotropies in the GW background.
As an explicit realization, we considered a scenario in
which the timing of a phase transition during inflation is
modulated by spectator-field fluctuations, leading to the
formation of topological defects whose subsequent horizon
reentry produces anisotropic GW signals. Although the
associated (iso)curvature perturbations impose constraints
on the amplitude of the anisotropy, our framework allows
for ∼Oð1Þ modulation of GWs on large scales. This
mechanism can be naturally embedded in supersymmetric
theories, where the spectator field may be identified with
the Higgs field of the MSSM.
The spectator-modulated phase transition offers several

advantages over scenarios in which the phase transition is
modulated by the inflaton. In inflaton-modulated models,
both the adiabatic perturbations and the GW anisotropies
originate from inflaton fluctuations, making it difficult to
generate large GW anisotropies while maintaining the
observed small amplitude of adiabatic perturbations.
Moreover, inflaton-modulated phase transitions typically
require a large excursion of the inflaton field in order to
induce a significant variation in the mass of the symmetry-
breaking field during inflation. These requirements are
absent in the spectator-based framework.
While our analysis focused on phase transitions triggered

by the slow-roll dynamics of a spectator field, other

triggering mechanisms are possible. For example,
Ref. [75] studied quantum tunneling triggered by the
decreasing expansion rate during inflation, where the
bounce action is modulated by spectator-field fluctuations
to generate curvature perturbations. If such quantum
tunneling induces a phase transition, it may lead to GW
signals qualitatively similar to those discussed here.
More broadly, this framework readily interfaces with a

wide range of particle-physics and cosmological mecha-
nisms. Phase transitions associated with grand unified
theories, the Peccei-Quinn mechanism, or the Affleck-
Dine mechanism may occur during inflation rather than
before it. The framework may also be combined with other
sources of GWs, such as scalar-induced tensor perturba-
tions, to explore richer phenomenology. Finally, a specta-
tor-modulated phase transition may itself account for the
observed curvature perturbations, realizing a new class of
curvatonlike models. All of these possibilities suggest that
spectator-modulated phase transitions open a promising
avenue for exploring the interplay between inflationary
dynamics, novel cosmological observables, and fundamen-
tal particle-physics questions.
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APPENDIX: SENSITIVITIES
FOR GW ANISOTROPY

In this appendix, we detail how sensitivities of current
and future GW observatories are recast in this paper. We
match our ΩGW;anisoðl; fÞ to the spherical harmonic coef-
ficients Ωm

GW;l of the directional GW spectrum

ΩGWðn̂; fÞ ¼
X
l;m

Ωm
GW;lY

m
l ðn̂Þ ðA1Þ

on the celestial sphere [56,57]. Because Y0
0ðn̂Þ ¼ 1=

ffiffiffiffiffiffi
4π

p
,

the monopole coefficient is larger than the usual isotropic
spectrum Ωm¼0

GW;l¼0 ¼
ffiffiffiffiffiffi
4π

p
ΩGW. In other words, the sky-

averaged spectrum ΩGWðfÞ ¼ ð4πÞ−1 R d2n̂ ΩGWðn̂; fÞ is
dimensionless while Ωm

GW;l has a unit sr1=2 as Ym
l ðn̂Þ has a

unit sr−1=2. Another frequently used convention is to
define ΩGWðfÞ ¼

R
d2n̂ Ω̃GWðn̂; fÞ and perform an expan-

sion using dimensionless spherical harmonic function
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Ỹm
l ðn̂Þ ¼

ffiffiffiffiffiffi
4π

p
Ym
l ðn̂Þ. In this expansion convention, the

spherical harmonic coeffcient Ω̃m
GW;l has a unit sr−1

Sometimes, one also introduces the relative directional
fluctuation

δGWðn̂; fÞ ¼
ΩGWðn̂; fÞ − ΩGWðfÞ

ΩGWðfÞ
; ðA2Þ

δmGW;l ¼
Z

d2n̂ Ym�
l ðn̂ÞδGWðn̂; fÞ; ðA3Þ

in which δmGW;l has a unit sr
1=2 and we define the variance of

its spherical harmonic coefficient as

hδm�
GW;lδ

m0
GW;l0 i ¼ δl0lδm0mCl; ðA4Þ

analogous to the CMB measurement so that

Ωm
GW;l ≈

ffiffiffiffiffiffi
Cl

p
ΩGWðfÞ ðA5Þ

from a steradian counting. For the other convention widely
used in GWobservatories [53,76], one sometimes defines a
different C̃l, as follows:

hΩ̃m�
GW;lΩ̃m0

GW;l0 i ¼ δl0lδm0mC̃l; ðA6Þ

in which C̃l has a dimension sr−2. Then, the spherical
harmonic coefficients relate to this C̃l via

Ωm
GW;l ≈ ð4πÞ3=2

ffiffiffiffiffiffi
C̃l

q
: ðA7Þ

Lastly, much similar to the CMB Cl, the per-log-l power

spectrum is given by
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lðlþ 1ÞCl=ð2πÞ

p
[38,52];

therefore, when we plot the benchmark ΩGW;anisoðl; fÞ
spectrum from modulated reentry of cosmic strings, we
introduce another factor of

ffiffiffiffiffiffi
2π

p ½lðlþ 1Þ�−1=2 to convert
the estimated per-log-lΩGW;anisoðl; fÞ to Ωm

GW;lðfÞ.
For sensitivity curves of GWobservatories, it is common

to project the reach using the power-law-integrated sensi-
tivity (PLIS) curve ΩPLIS [58,77,78]. This reach is typically
much deeper than per-frequency-bin (strain-noise) sensi-
tivity as one usually integrates over multiple frequency bins
to search a particular primordial signal. This is usually
determined by the number of detectors ndet, observation
time tobs, effective noise spectrum ΩN, and an signal-to-
noise-ratio (SNR) threshold ϱthr. The PLIS is defined as

ΩPLISðfÞ≡max
p



ϱthr

�
ndettobs

Z
fmax

fmin

df

�ðf=frefÞp
ΩNðfÞ

�
2
	
−1=2

×

�
f
fref

�
p
�
: ðA8Þ

Here, we pick tobs ¼ 1 yr and ϱthr ¼ 1 to project reaches
for future detectors, such as LISA, BBO, and ET, and use
the noise spectra from Refs. [56,57] for anisotropic reach
and Ref. [58] for the isotropic reach. In addition, LVK O4a
also limits the GW anisotropy on a scale-invariant spec-
trum [53]. While different from PLIS, this still provides
valuable insights on current exclusions. We cast these
constraints on C̃l to Ωm

GW;l and place them at the
frequency ranges where the LVK detector is the most
sensitive. Lastly, we also used an ET sensitivity projection
for the scale-invariant spectrum from Ref. [59] as a
consistency check with other projections.
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