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We investigate gravitational-wave backgrounds (GWBs) of primordial origin that would manifest
only at ultra-high frequencies, from kilohertz to 100 gigahertz, and leave no signal at either LIGO,
Einstein Telescope, Cosmic Explorer, LISA, or pulsar-timing arrays. We focus on GWBs produced
by cosmic strings and make predictions for the GW spectra scanning over high-energy scale (beyond
1010 GeV) particle physics parameters. Signals from local string networks can easily be as large
as the Big Bang nucleosynthesis/cosmic microwave background bounds, with a characteristic strain
as high as 10−26 in the 10 kHz band, offering prospects to probe grand unification physics in the
1014 − 1017 GeV energy range. In comparison, GWB from axionic strings is suppressed (with
maximal characteristic strain ∼ 10−31) due to the early matter era induced by the associated heavy
axions. We estimate the needed reach of hypothetical futuristic GW detectors to probe such GWB
and, therefore, the corresponding high-energy physics processes. Beyond the information of the
symmetry-breaking scale, the high-frequency spectrum encodes the microscopic structure of the
strings through the position of the UV cutoffs associated with cusps and kinks, as well as potential
information about friction forces on the string. The IR slope, on the other hand, reflects the physics
responsible for the decay of the string network. We discuss possible strategies for reconstructing the
scalar potential, particularly the scalar self-coupling, from the measurement of the UV cutoff of the
GW spectrum.
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1. PRIMORDIAL GWB AT ULTRA-HIGH
FREQUENCIES

The landscape of gravitational waves (GW) in the
ultra-high frequency (UHF) regime, above the kHz, is
beyond the sensitivities of the present terrestrial exper-
iments: LIGO/Virgo/KAGRA [1, 2], and the planned:
Einstein Telescope (ET) [3, 4] and Cosmic Explorer (CE)
[5]. It is compelling because it is clean from the standard
astrophysical GW signals, such as binaries of massive
objects [6–12] and would, in principle, be the reserved
domain of early-Universe signals, ranging from primor-
dial inflation [13–16], thermal plasma [17–21], first-order
phase transitions [22–26], topological defects [27–30], pri-
mordial black-holes [31–36] and preheating [37–42]; see
reviews [43–46]. The recently launched “UHF-GW Ini-
tiative” reviewed the detector concepts that have been
proposed to explore this almost uncharted territory in
Ref. [47].
The above primordial signals contribute to a stochas-

tic gravitational-wave background (GWB) characterized
by its frequency power spectrum, commonly expressed
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FIG. 1. Benchmark GWBs of primordial origin with large amplitude above kHz frequencies, compared to sensitivities of existing
and planned experiments below the kHz [1–5, 45, 48–53] as well as experiments sensitive at frequencies above the kHz from
[47] (in shaded gray). The green line is associated with a very strong first-order phase transition [22] (β/H = 7, α = 10) at a
temperature T ∼ 1010 GeV (compatible with a Peccei-Quinn phase transition with axion decay constant fa ∼ 1010 GeV for
instance [54]). Interestingly, the irreducible background from inflation with inflationary scale Einf ≃ 1016 GeV can be amplified
if inflation is followed by kination (purple line) [55] or if a kination era is induced much later by the rotating QCD axion DM
field (blue line) [55–57]. Local cosmic strings can generate a signal (in red) as large as the BBN bound (3), that also uniquely
goes beyond 109 Hz. The gray line shows the signal from preheating [41] corresponding to an inflaton mass M ≃ Mpl with a
coupling g = 10−3 to the thermal bath. Similar but suppressed GW spectra can come from the fragmentation of a scalar field,
which is not the inflaton [58–60]. The lower gray shaded region is the spectrum from the Standard thermal plasma [17–19],
assuming a reheating temperature Treh ≃ 6× 1015 GeV.

as the GW fraction of the total energy density of the
Universe today ΩGWh2. It can be related to the charac-
teristic strain hc of GW by [43]

hc ≃ 1.26× 10−18(Hz/fGW)
√
ΩGWh2. (1)

Its characteristic frequency is related to the moment
when GW was emitted, and its amplitude is typically
small1 (ΩGWh2 ≲ Ωrh

2 ≃ 4 · 10−5 [61], where Ωr is the
fraction of energy density in radiation).

The frequency range of cosmological GWB is linked to
the size of the source, which is limited to the horizon size
by causality. The frequency today of a GW produced
with wavelength λGW ≤ H−1(T ) when the Universe had
temperature T (assuming radiation domination for the

1 Except the signals resulting from a modified equation of state
of the Universe such as kination or stiff eras [55] or extremely
strong first-order phase transitions.

GW considered in this paper) is

fGW ≃ 1 kHz

[
H−1(T )

λGW

](
T

1010 GeV

)
, (2)

where H is the Hubble expansion rate, and fGW =
λ−1
GW[a(T )/a0] with a being the scale factor of cosmic

expansion. For instance, the irreducible GWs produced
during inflation that re-enter the horizon at temperature
T have λGW ∼ H−1. On the other hand, GWs from
first-order phase transitions have λGW that is roughly the
bubbles’ size, typically of the order O(10−3− 10−1)H−1.
GWs produced from the thermal plasma are produced
maximally at λGW ∼ T−1, such that the signal gen-
erated at any T is peaked at fGW ∼ O(10) GHz. Fi-
nally, for cosmic strings, λGW relates to the string-loop
size, which is fixed by the Hubble size; see Eq. (11) for
the precise relation. Therefore, apart from the thermal
plasma source, the highest GW frequencies are associ-
ated with the earliest moments in our Universe’s his-
tory, and the maximum reheating temperature of the
Universe Treh ≤ Tmax

reh ≃ 6 × 1015 GeV [62] bounds
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fmax
GW ≲ 1012 − 1013 Hz for prime sources of cosmolog-
ical GWBs.

As for the maximal amplitude of the GWB, there is a
strong general constraint that applies at all frequencies.
It comes from the maximally allowed amount of GW that
can be present at the time of Big Bang nucleosynthesis
(BBN) and in the cosmic microwave background (CMB)
measurements [61, 63–65]. It can be written as the bound
on the energy-density fraction in GW today ΩGW span-
ning over frequency fGW as∫ fmax

GW

fmin
GW

dfGW

fGW
h2ΩGW(fGW) ≲ 5.6× 10−6∆Neff , (3)

where h ≃ 0.68 [62], the effective number ∆Neff ≲ 0.2
of relativistic particle species is bounded by BBN/CMB
[62, 66–68], and the fmin

GW (fmax
GW ) is the lower (upper) cut-

off frequency of the GWB. This translates into ΩGW ≲
10−7 for short-lasting sources such as phase transitions,
and to ΩGW ≲ 10−8 for long-lasting sources such as cos-
mic strings; see Eq. (38). We compare in Fig. 1 different
types of GW spectra inherited from the early Universe,
which would escape detection at present and future in-
terferometers and require UHF-GW experiments.

The interest in UHF-GW detection has blossomed
lately, impulsed by the “UHF-GW Initiative” [47], lead-
ing to new ideas for detection techniques, e.g., [69–91].
Still, this remains extremely challenging experimentally,
and none of the proposals so far reach a sensitivity that
enables them to go beyond the BBN bound (3). This
paper aims to motivate further investigation and provide
a concrete science case for UHF-GW detectors: the pos-
sibility to probe particle physics at energy scales many
orders of magnitude beyond the reach of future particle
colliders.

Cosmic strings [27, 92–94] are among the most promis-
ing sources of GWBs; see [29, 30] for recent reviews. Not
only do they arise in many well-motivated extensions of
the Standard Model of particle physics, but they also
scan almost the entire cosmological history. A string
network evolves into the so-called scaling regime [95–108]
where its energy density tracks the total energy density of
the Universe, and continuously emits particles and string
loops—where the latter subsequently decays into parti-
cles or radiates gravitationally [27, 109–113].

With loops being produced throughout cosmological
history, the cosmic-string network is a long-lasting source
of cosmological GWB, spanning an extremely broad fre-
quency range. It carries information on the cosmic his-
tory before BBN, when the age of the Universe is less
than ∼1 sec, and the energy scale is above ∼MeV and far
beyond. This GWB is potentially detectable at planned
future GW experiments [1–5, 45, 48, 49, 114–123] and
its full spectrum could be reconstructed by space-based
and ground-based GW observatories and their synergy
[124–126]. However, we will consider the cosmic-string
network decaying well above BBN scale and having the
corresponding GWB unobservable at GW detectors be-
low kHz frequencies due to their infrared (IR) cutoff.

The current bound on the string tension µ [Eq. (5)]
from pulsar timing arrays (Gµ ≲ 10−10 [120–122]), from
LIGO/Virgo/KAGRA (Gµ ≲ 10−7 [127]), and from the
CMB temperature anisotropy (Gµ ≲ 10−7 [128, 129])
are evaded in this case. The signals we will consider ex-
ceed the largest thermal-plasma GWB [19] assuming the
maximal reheating temperature Tmax

reh .

The existence of the IR cutoff is motivated as fol-
lows. A theory leading to cosmic-string formation could
be embedded in a theory with a symmetry group larger
than U(1) and which undergoes symmetry-breaking mul-
tiple times in the early Universe [130–133]. Consider
breaking the symmetry groups with the following pat-
tern G → H → K. When the homotopy group of the fi-
nal vacuum manifold is trivial, i.e., πn(M = G/K) = 1,
there are no topological defects in the full theory. On the
other hand, metastable topological defects can form dur-
ing each phase transition if the homotopy group of each
vacuum manifold (M = G/H or H/K) is non-trivial.

A defect of dimension p is formed when π2−p(M) ̸= 1

where p = 0, 1, 2 is for monopole, cosmic string, and
domain walls, respectively. It has been proven that
the p-dimensional defects must be formed in the phase
transition before the formation of those of (p + 1)-
dimension; see e.g., [27] and appendix A of [134]. How-
ever, the metastable defect of dimension p can be desta-
bilized by the defect of either dimension p ± 1. The
metastable cosmic strings can thus decay via 1) nucle-
ation of monopoles, which are formed in the phase tran-
sition before that of the string network, or 2) collapse by
attaching to domain walls formed after the string net-
work.

We will discuss, in turn, local and global strings—
that result from the breaking of local and global sym-
metry, respectively—and thus explore the UHF-GW sig-
nals from two well-motivated scenarios. (i) The lo-
cal cosmic strings decay by monopole-antimonopole pair
production [27, 131, 135–138]—which could arise from
multiple symmetry breakings in grand unified theories
[113, 130, 132, 133]. (ii) For global strings, which can be
produced in postinflationary axion models, the metasta-
bility is automatically built-in via axion domain walls
and determined by the axion mass [113, 139]. On the
other hand, the high-frequency cutoffs depend on the
symmetry-breaking scale when the network is formed,
on the small-scale structures (kinks and cusps) of cosmic
strings, and on the friction due to string interactions with
the thermal plasma.

We briefly recap the cosmic-string GWB from a stable
network in section 2 and the corresponding ultraviolet
(UV) cutoffs in section 3. Then, section 4 focuses on the
chopped GWB from loops of metastable local strings. In-
terestingly, we find a large GW signal in the UHF regime,
comparable to the BBN bound. In some cases, it ex-
hibits a peak shape as opposed to the usual flat GWB
from cosmic strings. Section 5 suggests ways to infer in-
formation about the underlying microscopic physics of
cosmic strings from GW measurements at UHF-GW ex-
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periments. Section 6 discusses the case of global-string
GWB from heavy axions. Considering the early tempo-
rary matter-domination (MD) era induced by decaying
axions, we explain why detecting GWB from heavy-axion
strings would be extremely challenging. We conclude in
section 7. Appendices contain further details on (i) the
effect from the maximal mode of loop oscillation in ap-
pendix A, (ii) the peaked GWB spectrum in appendix B,
(iii) GWB contributions from local-string segments with
monopoles on their ends in appendix C, and (iv) the
modified causality tail of axion-string GWB by the axion
matter domination era in appendix D.

2. GENERAL PROPERTIES OF GWB FROM
COSMIC STRINGS

We assume the existence of a complex scalar field Φ,
charged under a local or global U(1)-symmetry, with the
potential

V (Φ) = λ(|Φ|2 − η2)2/2. (4)

The scalar self-coupling λ which determines the mass of
Φ can be small in some models where the scalar field is as-
sociated with a flat direction in supersymmetric theories
[140–143]. As we shall see below, the scalar self-coupling
plays an important role as it determines the temperature
when the string network formed and the width of cosmic
strings.

Note that this potential represents only one class of the
field theories that produce cosmic strings. The potential
beyond the quartic type can also lead to cosmic strings as
long as the symmetry-breaking pattern allows them (i.e.,
the first homotopy group of the vacuum manifold is non-
trivial). As an example, the nearly-quadratic potential
m2|Φ|2 [2 log (|Φ|/η)− 1] + m2η2 which is motivated by
theories with gravity-mediated supersymmetry-breaking
[144] (see a review in appendix D.4 of [55]) can support
the cosmic-string formation. With this potential, the for-
mation scale and string’s width are controlled directly to
the scalar’s mass m, which can be much smaller than η.
The U(1)-symmetry is preserved at early times and

gets spontaneously broken once the temperature drops
below Tform ≃ λ1/2η where η is the vacuum expectation
value of the field. This leads to the formation of the
cosmic-string network with the string tension (i.e., energy
per unit length) [27]

µ ≃ η2 ×

{
1 (local),

log
(
λ1/2η/H

)
(global),

(5)

where H is the Universe’s expansion rate. In this
work, we remain agnostic on the string formation mech-
anism (either from thermal effects [27, 92–94] or non-
perturbative dynamics [145–149]) and scan over the ex-
tensive range of string tension µ. After the network for-
mation, the string network keeps producing loops. It
reaches the scaling regime where its energy density tracks

the total energy density of the Universe, ρnet(t) ≃ µ/t2 ≃
Gµρtot(t).
The produced loops decay into particles and GW.

Local-string loops decay dominantly into GW while
global-string loops decay dominantly into Goldstone ra-
diation. The energy-density spectrum of GWB can be
written as a superposition of many loop populations pro-
ducing GW at time t̃ and of many oscillation kth-modes,

ΩGW(fGW) =
1

ρc,0

kmax∑
k=1

2k

fGW
· Γ(k)Gµ2

×
∫ t0

tform

nloop(t̃)

[
a(t̃)

a(t0)

]5
dt̃, (6)

where ρc,0 is the Universe’s energy density today, the GW

emission efficiency per mode is Γ(k) ≃ Γk−4/3/ζ(4/3)
with ζ being the Riemann zeta function and Γ ≃ 50 [28]
being the total efficiency (the number 4/3 is used for
loops with cusps), nloop is the number density of loops,
t̃ is the GW emission time, and t0 is the time today.
Eq. (6) sums the number of modes up to kmax, which can
be treated as infinity; the effect of finite kmax is present
at the high-frequency end of the spectrum, as discussed
in appendix A.
All GWB spectra in this work are calculated numer-

ically by following [30] (see also [150–153]) where nloop

relies on the velocity-dependent one-scale (VOS) model
[101, 154–158]. That is,

nloop(t) = (0.1)
Ceff(ti)

α(α+ ΓGµ+ Γgold)t4i

[
a(ti)

a(t̃)

]3
, (7)

where α ∼ O(0.1) [159] is the initial loop size as a frac-
tion of Hubble horizon H−1, the prefactor (0.1) means
only 10% of loops contributed to GWB [159], Γgold ≃ 0
for local strings and ≃ 65/[2π log(ηt)] for global strings
[110] is the loop-length shrinking rate by emitting Gold-
stone bosons, ti is the loop formation time [which can be
written in terms of t̃ and fGW using Eq. (10)], and Ceff is
the loop production coefficient which is solved from the
VOS equations; see e.g., in [30], section 4 for local strings
and appendix F for global strings. This work uses the in-
put for the VOS equations from Nambu-Goto simulation
[101], although the small λ might change the evolution
of the string network (e.g., loop formation and particle
production).
In the high-frequency regime—corresponding to loop

produced and emitting GW deep inside the radiation-
dominated Universe, the amplitude (6) reads (see deriva-
tion in [30, 55])

h2ΩGW ≃



(local) 1.5 · 10−10G[T (fGW)]

×
[

Gµ
10−11

] 1
2 [ α

0.1

] 1
2
[
50
Γ

] 1
2 ,

(global) 1.6 · 10−11
(

η
1015 GeV

)4
× G[T (fGW)]

[
D(η,fGW)

94.9

]3 [
Ceff (fGW)

2.24

]
,

(8)
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where G(T ) ≡ [g∗(T )/g∗(T0)][g∗s(T0)/g∗s(T )]
4/3 with g∗

(g∗s) the relativistic degrees of freedom in energy (en-
tropy) density (taken from [160]), and T0 the photon
temperature today. The log-correction is

D(η, fGW) = log

[
5.7 · 1018

( η

1015 GeV

)(1 kHz

fGW

)2
]
.

(9)

This work uses the exponent ‘3’ of the log-dependent
term D (similar to [161]), although this is still under
debate as the exponent ‘4’ is found in some simulation
results [162–164]. The final ΩGW in the latter case could
be enhanced from our result due to the log factor by
O(100). Note also that a potentially less efficient GW
emission from a single loop was found in [165], which sug-
gests that ΩGW would be weaker by O(104) compared to
our result.

The GWB from local strings is fGW-independent,
while the global-string GWB is log-suppressed at high
frequencies. We show the GWB spectra from local strings
in Fig. 2, where the IR and UV slopes are explained in
the next sections. It is clear from this figure that large
signals touching the BBN bound can arise, associated
with Gµ approaching 10−5 and thus a scale of U(1) sym-
metry breaking close to 1016 GeV. We do not show the
GWB spectra from global strings. As we shall see below,
the metastability of heavy-axion strings comes with an
early axion-matter-dominated era that dilutes and heav-
ily suppresses the GWB.

The broadband GWB spectrum is the result of the
superposition of GW generated by many populations of
loops produced at different temperatures. Each emits
GW at frequency f emit

GW ≃ 2k/l [94, 166] where k is the
mode number of loop oscillation and the loop’s size is

l(t, ti) = αti − (ΓGµ+ Γgold)(t− ti). (10)

For the loop population created at temperature T , the
GWB is sourced maximally at frequency today, fGW =
f emit
GW (temit, ti(T ))[a(temit)/a0]. As shown in [30, 55] (see
also [150–153]), the GWB today’s frequency and Uni-
verse’s temperature relation can be written respectively
for local and global strings as

fGW(T ) ≃


(local) 2 kHz

[
T

106 GeV

] [
10−11

Gµ

] 1
2
[

g∗(T )
g∗(T0)

] 1
4

,

(global) 1.1 kHz
[

T
108 GeV

] [ g∗(T )
106.75

] 1
4

.

(11)

Note that the above frequency depends on Gµ for local
strings because the GW is sourced maximally around the
time [30, 151]

t̃ ≃ α/(2ΓGµ)ti. (12)

In contrast, global strings quickly emit GW after loop
production t̃ ∼ ti.
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FIG. 2. Local-string GWBs in the UHF range featuring dif-
ferent cutoffs. The solid lines show the stable-string GWB
with the formation cutoff (13). The dashed, dotted, and
dot-dashed lines correspond to the cutoffs from cusp (17),
kink (18), and friction (22), respectively, assuming the stable-
string network. The four rectangular purple regions denote
hypothetical sensitivities of four fictional UHF-GW experi-
ments; see Eq. (39). The “thermal plasma” gray region is the
GWB predicted in [17–19], assuming the maximal reheating
temperature Tmax

reh ≃ 6 × 1015 GeV [17–19], while the upper
“bbn-gw” gray region is excluded by the BBN bound (3).

Eq. (11) indicates that the GW contribution at higher
frequencies comes from smaller loops produced at higher
energy scales where microscopic properties play a more
prominent role. Ultimately, the GW emission, which re-
lies on the collective motion of the smaller loops, is more
suppressed [167, 168]. We now recap the different types
of UV cutoffs in the next section; see also [169] for a
review.

3. HIGH-FREQUENCY CUTOFFS OF
COSMIC-STRING GWB

A string-loop population contributes maximally to the
GWB at the frequency in Eq. (11). It generates the
UV tail with a slope of ΩGW ∝ f−1

GW for a single proper
loop-oscillation mode, both local and global strings; see
[30, 46, 151, 170]. By summing over large harmonics, the
UV slope changes from −1 to −1/3 in the case of loops
with cusps; see derivation, e.g., in [30, 171]. We show in
appendix A and Fig. 11 that the precise calculation in-
volving the k-dependent cutoff (due to the string’s width)
leads to a slight modification in the slope above the UV
cutoff and does not change the position of the cutoff (for
Gµ ≲ 10−4). However, this is computationally expen-
sive; therefore, in all figures, we apply that the spectra

fall as f
−1/3
GW beyond the UV cutoffs, which we will now

discuss.
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3.1. Formation cut-off

The most conservative UV cutoff comes from the
energy scale of the string-network formation. Using
Eq. (11) with Tform ≃ λ1/2 η ≃ λ1/2 mPl

√
Gµ where

mPl =
√
1/G is the Planck mass, we obtain the forma-

tion cutoff for local strings,

f form
GW ≃


(local) 182 GHz

√
λ
[
g∗(Tform)
106.75

] 1
4

,

(global) 11 GHz
√
λ
[

η
1015 GeV

] [ g∗(Tform)
106.75

] 1
4

.

(13)

We set λ = 1, except for section 5. For local strings,
the formation cutoff does not depend on the string ten-
sion, as a higher GW frequency at production from an
earlier network formation is compensated by the longer
loop lifetime t̃. For global strings, the formation cutoff is
proportional to the symmetry-breaking scale η, reflecting
the fast decay of string loops.

We will treat η as a free parameter in this work. Its pre-
cise range depends on the cosmic-string formation mech-
anisms. For example, the U(1) symmetry can be restored
by quantum fluctuations during inflation, leading to
cosmic-string formation at the end of inflation [172–174].
This can happen for η < Hinf/(2π) ≲ 9.7 × 1012 GeV
where the last inequality uses the current CMB bound
[62]. There are other well-motivated mechanisms which
generate postinflationary cosmic strings with η ≫ Hinf

(cf. also appendix H of [164]): (i) non-perturbative ef-
fects during preheating [145–149], (ii) thermal effects due
to the interaction of the complex scalar field Φ with the
thermal plasma which allows for Tform ≃ λ1/2η < Treh

where the reheating temperature can be as large as
Treh ≲ 6× 1015 GeV [62], and (iii) the large and positive
Hubble-dependent mass induced by the coupling with the
inflaton field2.

3.2. Small-scale structures: kinks and cusps

The loops produced early are smaller and poorly ap-
proximated by the linelike description. Especially near
small-scale structures such as cusps and kinks, they can
dominantly decay via radiating non-perturbatively mas-
sive particles instead of emitting GW [167, 168, 175–177].
Global string loops decay shortly after their formation
such that a kink-collision or a cusp does not have time
to develop. We, therefore, would not expect a cutoff on
the global-string GWB spectrum from the cusp or kink,
although this needs to be confirmed with numerical field-
theory simulations. In this subsection, the formulae for
cusp/kink cutoffs apply to local strings only.

2 The inflaton χ could trap |Φ| → 0 during inflation via the effec-
tive mass term arising from the coupling L ⊃ |Φ|2χ2.

The massive radiation is more efficient than the GW
emission (PGW = ΓGµ) when the loop length is smaller
than lm = βmµ−1/2/(ΓGµ)

m
where m = 1, 2 for kink-

and cusp-dominated loops, respectively [169]. The fac-
tor βm depends on the detailed small-scale structure of
the string loop and typically grows with the number
of kinks and cusps or the self-coupling λ. The over-
lapping cusp segment of length

√
wl with the string

width w ≃ m−1
Φ ≃ (λ1/2η)−1 annihilates into particles

[167, 168, 175]. The emission power per oscillation pe-

riod l/2 is Pc ∼ Ncµ
√
wl/l ≃ Ncλ

−1/4µ3/4/l1/2 with
Nc is the number of cusps which is typically two in
each oscillation [178]. The energy emission from kinks is
Pk ≃ Nkkµw/l ≃ Nkkλ

−1/2µ1/2/l with Nkk is the num-
ber of kink-kink oscillation, which in some models can be
as large as Nkk ∼ O(103−106) [179–181]. Thus, we have

βc ≃ Ncλ
−1/4, and βk ≃ Nkkλ

−1/2. (14)

The loops formed with a size αti smaller than lm, or
equivalently, formed above temperature

Tcusp ≃ 0.59 PeV

√
1

βc

(
Gµ

10−11

) 5
4
[
106.75

g∗(T )

] 1
4

, (15)

Tkink ≃ 26.2 EeV

√
1

βk

(
Gµ

10−11

) 3
4
[
106.75

g∗(T )

] 1
4

, (16)

decay into massive particles with mass of order η and
should not contribute to the GWB [169]. We assume
these subsequently decay into Standard Model particles
and do not lead to additional constraints. Using Eq. (11)
(where factor 2 is replaced by 45 not to include the later-
time network evolution [30]), the GWB spectrum has a
high-frequency cutoff due to either kinks or cusps at [30]

f cusp
GW ≃ 62.3 kHz

√
1

βc

(
Gµ

10−11

)3/4

, (17)

fkink
GW ≃ 2.79 GHz

√
1

βk

(
Gµ

10−11

)1/4

. (18)

Using Eqs. (8), (17) and (18) and varying Gµ, the GW
amplitude at the cutoffs are

h2Ωkink
GW ≃ 7.35× 10−12 βk

(
fkink
GW

1 GHz

)2

, (19)

h2Ωcusp
GW ≃ 3.69× 10−10 β

1
3
c

(
f cusp
GW

1 MHz

) 2
3

. (20)

3.3. Thermal friction

Cosmic strings can experience a frictional force on top
of the Hubble expansion if they interact with other par-
ticles of the thermal plasma. This friction affects the
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long-string evolution and also the oscillation of loops.
The length scale for the efficient thermal friction is given
by lfric ∼ µ/(σρth) ≡ µ/(βfricT

3), where the scattering
cross-section per unit length σ ≡ βfric/T with βfric de-
pending on the nature of interactions [27, 182], and the
energy density of thermal plasma ρth ∼ T 4. For ex-
ample, the Aharonov-Bohm interaction induces friction
with βfric ∼ 1 [27, 182, 183]. Thermal friction is efficient
at high T until 2H ≳ l−1

fric when the temperature drops
below

Tfric ≃ 4.19 EeV β−1
fric

(
Gµ

10−11

)[
g∗(T )

106.75

] 1
2

. (21)

For local strings, this is associated with the frequency
[using Eq. (11)]

f fric
GW ≃ 0.45 GHz β−1

fric

(
Gµ

10−11

) 1
2
[
g∗(T )

106.75

] 3
4

, (22)

and the GW amplitude (8), when varying Gµ,

h2Ωfric
GW ≃ 1.26× 10−10 βfric

(
f fric
GW

1 GHz

)
. (23)

The friction cutoff would carry information about the
scalar field couplings to particles in the plasma. We will
not discuss it for global strings since, as we will see, the
UHF GWB from global axionic strings is not observable.
In general, the GWB from cosmic strings is observable
only at large string scales η (corresponding to the axion
decay constant fa), which is severely constrained for the
light axion [153, 164, 184, 185]. For very heavy axions,
we will show that a matter-domination era is induced,
which suppresses the GWB further; see section 6.

UHF-GW experiments with sensitivity a few orders
of magnitude below the BBN-GW bound would probe
the nature of field theory at high energy scales. For ex-
ample, as illustrated in Fig. 2, an experiment operat-
ing at 0.1 GHz with Ωsensh

2 ∼ 10−8 (or characteristic
strain hc ∼ 10−30) would be able to probe the cusp
cutoff of GWB from grand-unified-theory strings with
Gµ ∼ [10−6, 10−7] or η ∼ [4 · 1015, 1.2 · 1016] GeV. Cos-
mic strings associated with such high values of Gµ can
be compatible with constraints from sub-kHz GW exper-
iments if they are metastable [27, 131, 136–138, 186–189].
In the next section, we discuss metastable local strings,
and in Section 6, we discuss metastable global strings.

4. METASTABLE LOCAL-STRING GWB: IR
CUTOFF FROM MONOPOLES

We consider the local symmetry-breaking pattern giv-
ing metastable cosmic strings that are destabilized by
monopoles. We will remain agnostic about the UV com-
pletions; for examples of such theories and their GWB
production, see [188, 189]. As discussed in the introduc-
tion, the formation of monopoles at energy scale mM has

to happen at the phase transition before the string for-
mation at scale Tform. A period of inflation at scale Einf

between monopole and string formations is required to di-
lute the monopoles away3. So, the cosmic strings can pro-
duce the GWB long before the nucleation of monopoles
induces the breaking of the string network and its decay
at temperature Tbrk. Therefore, the sequence of events
follows the order of energy scales

mM > Einf > Tform > Tbrk. (24)

4.1. Metastability cutoff

The metastability of the string network is induced
by the nucleation of a monopole-antimonopole pair on
strings via quantum tunneling with the rate per unit
length [136–138]

Γd =
µ

2π
e−πκ with

√
κ ≡ mM

η
. (25)

The ratio κ is model-dependent; see for example [189,
190]. The expression for Γd that will be used in this work
assumes infinitesimally small monopoles and strings. It
was recently found that the finite size of the defects leads
to aO(1)-correction of κ which highly depends on the UV
completion of the theory [191] (based on the unwinding
string ansatz [192]). Besides, more corrections could arise
for κ ∼ O(1) when the strings and monopoles have com-
parable sizes. Their dynamics need to be studied via
numerical simulation and are beyond the scope of this
work.
In this paper, we treat κ as a free parameter. The

breakage of strings happens when Γdℓ(tbrk) = H(tbrk).
Using ℓ(tbrk) ≃ tbrk and H ∼ 1/t, we have

tbrk ≃ Γ
− 1

2

d , (26)

or equivalently in the radiation era (H = T 2

MPl

√
π2

90 g∗

where MPl = (8πG)−1/2 is the reduced Planck mass),

Tbrk ≃ 1.74 TeV

[
Gµ

10−11

] 1
4
[
106.75

g∗(T )

] 1
4

e−
π
4 (κ−36), (27)

Monopoles have two effects: (i) terminating loop pro-
duction after tbrk and (ii) suppressing the number den-
sity of the existing loops. The modified number density
of loops is [188, 189]

nbrk
loop = nstable

loop Θ(tbrk − ti)E(l, t), (28)

where nstable
loop is the loop number density of the stable

network in Eq. (7), ti is the time of loop production, and

3 Without inflation, the formation of cosmic strings can solve the
monopole problem, but the cosmic strings will be short-lived and
do not strongly source the GWB [134].
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the exponential suppression of the loop number density—
as they break into monopoles over time—is [138, 188, 189]

E(l, t) = e−Γd[l(t)(t−tbrk)+
1
2ΓGµ(t−tbrk)

2]. (29)

The GWB from these decaying loops is calculated from
Eq. (6) using the loop number density nbrk

loop and is shown

in Figs. 1, 2, 3, 4, and 10 (including Fig. 12).
From Eq. (29), one derives that the suppression of loop

number density takes effect at the time

tsup ≃
√
2/(ΓdΓGµ). (30)

One might mistakenly associate the IR cutoff to the time
tbrk. In fact, the first population of loops that expe-
riences number-density suppression and hence the sup-
pressed GWB are loops contributing to GWB maximally
at time tsup. These loops are produced at the time
ti = 2ΓGµtsup/α, using t̃ = tsup and Eq. (12). We arrive
at the temperature,

Ti,sup ≃ 4.9× 104 GeV

[
106.75

g∗(Tsup)

] 1
4

e−
π
4 (κ−36), (31)

Using Eq. (11) with Ti,sup, the IR cutoff on the
metastable-string GWB is at the frequency

fmeta
GW ≃ 0.23 MHz

(
10−11

Gµ

) 1
2

e−
π
4 (κ−36), (32)

where we multiply by the factor of 103 to match the spec-
tra obtained numerically. This accounts for non-linear
t-dependence of E and the higher-mode summation such
that the cutoff is defined where the amplitude drops by
∼50% from the stable-string prediction. For this rea-
son, our Eq. (32) is different from Eq. (33) of [188] by
O(102). The GWB spectrum changes from a flat shape
for fGW ≳ fmeta

GW to ΩGW ∝ f2
GW for fGW ≲ fmeta

GW [188].
When varying Gµ, the amplitude at the metastability
cutoff follows

h2Ωmeta
GW ≃ 1.33× 10−11

(
1 MHz

fmeta
GW

)
e−

π
4 (κ−36). (33)

At frequency lower than the IR cutoff fmeta
GW , there is

another characteristic scale corresponding to the GWB
contribution from the last loop population formed at Tbrk

in Eq. (27); this is at frequency

fbrk
GW ≃ 25 mHz

(
Gµ

10−11

) 1
4

e−
π
4 (κ−36), (34)

where we use Eqs. (11) and (27) and multiply by a
factor of 0.01 to account for the effect of loop evolution
and the higher-mode summation, such that it fits well the
numerical result. Below fbrk

GW, the GWB spectrum is not
generated by loops and is dominated by the causality tail

(ΩGW ∝ f3
GW). Overall, the spectral shape of GWB from

metastable local strings follows the asymptotic behavior

ΩGW(fGW) ∝


f3
GW for fGW ≪ fbrk

GW,

f2
GW for fbrk

GW ≪ fGW ≪ fmeta
GW ,

1 for fmeta
GW ≪ fGW ≪ fUV

GW,

f
−1/3
GW for fUV

GW ≪ fGW.

(35)

In addition to the condition on the rate Γdl > H,
the monopole nucleation must be allowed energetically,
i.e., the string with length l and energy µl can con-
vert into monopole pair of energy 2mM if l > lbrkmin =

2mM/µ = (2/mPl)
√
κ/Gµ, where mPl = G−1/2 is the

Planck mass. A loop formed at Hubble scale H(t) with
size αt ≃ αH−1 supports the monopole-pair creation if
αt > lbrkmin or equivalently if a loop is formed below tem-
perature

Tpair ≃ 8.5× 1015 GeV

√
α

0.1

([
106.75

g∗(T )

] [
Gµ

10−6

] [
36

κ

]) 1
2

,

(36)

where the radiation domination is assumed. The
metastability cutoff saturates at fGW(Tpair) if Tpair <
Ti,sup in Eq. (31) or equivalently when

Gµ ≲ 9.5× 10−25
( α

0.1

)2 ( κ

16

)
e−π(κ−16). (37)

The lower bound on the string length lbrkmin allowing for
monopole-pair creation does not affect the parameter
space of the metastable string considered in this paper.
So far, we only consider the GWB produced from loops

in the metastable local-string network. In addition, the
string segments with monopoles on both ends—produced
after time tbrk—can also lead to GWBs [138, 188]. We
provide a detailed discussion regarding the GWB from
segments in appendix C and show the comparison be-
tween GWBs from loops and GWBs from the two types
of segments in Fig. 13. See also Fig. (5) of [188]. Us-
ing the simple assumption that the GW-emission from
segments is the same as from loops (Γseg = Γ = 50),
the segments’s GWB can dominate the IR tail and the
flat plateau of loops’ contribution for Gµ ≳ 10−9 and
Gµ ≳ 6×10−5, respectively. If the IR tail of GWB is de-
tected, this additional GWB could make the inferred en-
ergy scale η overestimated by a factor ofO(10). Similarly,
the effect on the metastability cut-off makes the inferred
κ misidentified by a factor of ∼ 3− 6 for Gµ ≃ 10−5. As
discussed in appendix C, these results of segments’ GWB
have to be taken with care because of several uncertain-
ties. The GW emission frequency from segments could
be different from that of loops and lead to the frequency
shift of the spectrum. The realistic Γseg, which can be
different from Γ = 50, modulates the GWB amplitude;
see Fig. 13-right. Therefore, this work neglects the GWB
from segments and only discusses the conservative detec-
tion’s prospects and bounds derived from the GWB of
loops of metastable local strings.
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FIG. 3. GWB spectra from metastable cosmic strings with the tension Gµ and the metastability parameter κ given by the
three benchmark values in Fig. 5. The solid lines assume the GWB with the formation cutoff indicated by the vertical dashed
gray line, while the dashed lines assume the GWB with cusp cutoffs. The IR tails of the spectra exhibit the transition from
f2
GW to f3

GW in the low-frequency direction; see Eq. (34). The top gray region denotes the BBN bound in Eq. (38). The bottom
gray region is the thermal plasma GWB. The purple rectangles denote hypothetical GW experiments operating at the UHF
range [defined by Eq. (39)], while other colored regions are the power-law integrated sensitivity curves of current and future
GW observatories, taken from [30].
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dashed orange lines assume the cutoff from formation instead of the cusp. The spectrum exhibits a flat plateau shape when
fmeta
GW < fGW < fcusp

GW . For fmeta
GW > fcusp

GW , the spectrum has a peak shape with the suppressed amplitude depending on the
ratio fmeta

GW /fcusp
GW [see Eq. (40)].

4.2. Large GWB in the UHF regime

Three benchmark GWB spectra of metastable strings
are shown in Fig. 3, in units of the energy-density frac-
tion ΩGWh2 as well as of the characteristic strain of GW
hc. We can see that the IR tails of these spectra follow
the scaling f2

GW and f3
GW, with the turning-point (34),

as discussed above. These benchmark cases evade the
current or planned GW experiments, as shown in Fig. 5.
However, the entire parameter space above the kilohertz
can be populated by the GWB from metastable strings.

The only upper bound on the GW amplitude comes
from the BBN bound in Eq. (3). Using that the GWB
shape is a flat plateau with the UV formation cutoff f form

GW

and the IR metastability cutoff fmeta
GW , the “bbn-gw” be-

comes

h2ΩGW <
5.6× 10−6∆Neff

log

[
f form
GW

max(fBBN
GW ,fmeta

GW )

] , (38)

where fBBN
GW is the GW frequency at BBN scale [using

TBBN ≃ MeV in Eq. (11)]. For illustrative purposes, we
show the BBN bound of h2ΩGW(fmeta

GW ) in gray regions
in our figures. A UHF GW experiment with sensitivity
a few orders of magnitude below the BBN bound would
yield information about cosmic strings and monopoles in
the early Universe.
To demonstrate the discovery potential of UHF-GW
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GW and the GW is suppressed according to Eq. (40) [see also Fig. 4]. Below the

gray dotted line (Tbrk > Tcusp), all loops produced before the network decay release energy via particle production and thus do
not generate GW signal. An earlier version of this plot appeared in [187]; we extended it by displaying the gained reach from
UHF detectors.

experiments, we assume some hypothetical experiments
operating in the UHF regime with sensitivity and central
frequency{

Ωsens
GWh2, fsens

}
within

[
fsens
2

,
3fsens

2

]
, (39)

which are shown as purple rectangles in the GWB
spectra plots and purple lines in the parameter space
plot of Fig. 5. We assume four benchmark sensitivi-
ties curves with

{
Ωsens

GWh2, fsens
}
= (i) {10−10, 10 kHz},

(ii) {10−10, 0.1 GHz}, (iii) {10−10, 10 GHz}, and (iv)
{10−12, 10 kHz}.

4.3. Peak-shape GWB

The large GWB spectra allowed by metastability can
exhibit an interesting “peak” shape when including the
UV cutoffs of section 3. This happens if the IR cut-
off from the metastability is lower than the UV cutoffs,
i.e., fmeta

GW ≤ fUV
GW. This section focuses on the cusp cut-

off (17), while this result can be easily extended to other
UV cutoffs.

By imposing the cusp cutoff, the GWB from metasta-

bility gets suppressed into the ΩGW ∝ f
−1/3
GW scaling for

fGW > f cusp
GW . The GW spectrum peaks at the frequency

f cusp
GW and has the approximated amplitude

Ωpeak
GW ≃ Ωstable

GW

(
f cusp
GW /fmeta

GW

)2
, (40)

assuming f cusp
GW > fbrk

GW (i.e., the IR tail retains the
ΩGW ∝ f2

GW scaling), otherwise one needs to account
for the causality tail, discussed around Eq. (34). Using
Eqs. (17) and (32), we have the suppression factor as
(f cusp

GW /fmeta
GW )2 ∝ (Gµ)5/2 exp(πκ/2). For a fixed κ, the

peak-shape GWB is present for

Gµ ≲ 2.8× 10−11 β2/5
c e−

π
5 (κ−36) (suppressed). (41)

Furthermore, all loops decay into particles rather than
GW if Tcusp < Tbrk, i.e.,

Gµ ≲ 2.1× 10−14
√

βce
−π

4 (κ−36) (no GWB), (42)

where we use Eqs. (15) and (27). Fig. 4 shows examples
of peak GWB spectra calculated numerically for a fixed
Gµ, a similar plot with a fixed metastability parameter
κ is shown in Fig. 12 of appendix B. In Fig. 5, we indi-
cate below the gray dashed line the region of parameter
space where, due to the cusp cutoff, the GWB spectra
are peak-shaped (fmeta

GW > f cusp
GW ), while below the dotted

line, there is no GWB, corresponding to (Tbrk > Tcusp).
As shown in Figs. 3 and 5, the GWB from metastable

local strings can have a large amplitude in the UHF
regime, saturating the BBN bound when the metasta-
bility parameter κ is small enough. For example, the op-
timal benchmark point “×” has Gµ ≃ 10−5, corresponds
to the GUT symmetry-breaking scale η ∼ 1016 GeV,
while the string formation scale is close to the monopole’s
scale. Detecting any UV cutoff on the GWB spectrum
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spectra are those of the stable-string network with the forma-
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will yield information about the nature of cosmic strings:
the underlying field theory and its interactions. We
will now investigate the possibility of reconstructing the
scalar potential from the detectable UV cutoffs—using
the UHF-GW experiments.

5. RECONSTRUCTING THE SCALAR
POTENTIAL OF COSMIC STRINGS

Given the discussion of the previous section, it is clear
that the position of the UV cutoff depends on the param-
eters of the microscopic theory. Fig. 6 show the locations
of the UV cutoffs when varying Gµ from cusps, kinks,
friction, and formation [Eqs. (13), (19), (20), and (23)]
in the {fGW,ΩGWh2} plane. For each cutoff, we also
show how the coefficients βk, βc, and βfric change the po-
sitions of the cutoffs. The GWBs from stable strings are
in yellow lines as references. For kink and cusp cutoffs, we
vary βc and βk to values larger than 1 as they grow with
a larger number of kinks and cusps and with smaller self-
coupling λ, as shown in Eq. (14). We vary βfric, which is
proportional to the interaction cross-section, from 10−3

to 103.
By locating the cutoff, it is conceivable to infer from

these measurements [using Eq. (14)], the values of param-
eters, such as the quartic coupling λ of the scalar field as
well as the vacuum expectation value η which gives the
scale of U(1) symmetry breaking.

The possible strategy to pindown the cutoff’s position
is to measure the GW spectrum at two different frequen-
cies. If one detector can observe the flat part while the
other observes the UV slope, we can deduce Gµ (or η)
and β (once Gµ is known), respectively. Fig. 7 shows
the regions of the η, λ, βfric parameter spaces that can be
probed by the hypothetical UHF-GW experiments oper-

ating with Ωsens
GW = 10−10 and fsens

GW = (i) 10 kHz, (ii)
0.1 GHz, and (iii) 10 GHz. The gray dashed contours
correspond to the characteristic strain hsensc of the de-
tected signal. As an example, let us assume that the
detector (i) sees a flat GWB with hc = 10−26; that is
η ≃ 4 × 1015 GeV. Moreover, if the detector (iii) ob-
serves GWB with hc = 10−32.5, we can infer that the
cosmic strings have cuspy loops and the underlying scalar
potential has η = 1015 GeV with λ ≃ 10−8. From this
particular observation, we would conclude the absence of
a kink or a friction cutoff.

6. METASTABLE GLOBAL-STRING GWB:
HEAVY AXIONS

We now move to the case where the U(1) symmetry is
global; we can then identify the symmetry breaking scale
η to the axion decay constant fa. When it breaks sponta-
neously after inflation at energy scale fa (so-called “post-
inflationary” axion scenario), the network of global cos-
mic strings also forms loops and generates a GWB. The
main difference with the local case is that the angular
mode of the complex scalar field Φ associated with cos-
mic strings, the axion, is a Nambu-Golstone boson [193–
196]. It receives mass ma from axion shift-symmetry
breaking dynamics and generates domain walls (DWs)
[92, 93, 113]. After formation, DWs attach to cosmic
strings and make them collapse entirely when H ∼ ma

[113, 139] or equivalently at temperature

Tdec ≃ 9× 108 GeV

[
106.75

g∗(Tdec)

] 1
4 ( ma

GeV

) 1
2

, (43)

if the domain-wall number is unity4.
The metastability of the cosmic-string network is

therefore built-in automatically and can be included in
the GWB calculation by introducing the cutoff in the
loop number density after time tdec ≡ t(Tdec)

ndec
loop = nstable

loop Θ(tdec − ti), (44)

where ti is the time when loops are produced, and nstable
loop

is the loop number density of the stable network from the
VOS model, calculated as in [30]. Note that Eq. (44) is
similar to the case of local strings in Eq. (28), except the
factor E which suppresses loop density over time. The
global-string loops decay quickly into GW and goldstone
particles, such that the GW is determined by the number
density of loops at the time of production ti.
With no loop production below Tdec, the GWB gets

cut into the causality tail (ΩGW ∝ f3
GW) at frequency

4 For the domain-wall number greater than unity, the string-wall
system is stable, and the dominant GWB comes from domain
walls [197–200]. We will not consider such a scenario in this
work.
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FIG. 7. Colored region in each plot shows the detectable local-string GWB spectrum, including cusp (left-column), kink (middle-
column), and friction (right-column) cutoffs. The detectable region splits into three parts depending on the feature of the GWB

spectrum: the plateau (flat slope ΩGW ∝ f0
GW), the cutoff (where the slope changes), and the UV slope (ΩGW ∝ f

−1/3
GW ). We

assume the hypothetical UHF experiments operating at Ωsens
GW = 10−10 with central frequencies: (i) 10 kHz, (ii) 0.1 GHz, and

(iii) 10 GHz. The yellow region shows where these UV cutoffs are higher than the formation cutoff. The gray contours are the
characteristic strain hc that would be detected in such experiments.

lower than

fRD
GW(Tdec) ≃ 9.4 kHz

( α

0.1

)( ma

GeV

) 1
2

, (45)

using Tdec in Eq. (11) where the superscript “rd” re-
minds us that it assumes the radiation-dominated Uni-
verse at high energies as in the standard cosmological
model. This is not always the case for the heavy axion,
where the frequency can be further shifted by the ax-
ion matter-domination era; see below. The asymptotic
behavior of the spectral shape is thus

ΩGW(fGW) ∝

{
f3
GW for fGW ≪ fdec

GW,

D3 for fGW ≫ fdec
GW,

(46)

where D is the log-dependent factor defined in Eq. (9).
That is, the GWB from metastable global strings ex-
hibits a peak-shape spectrum, with peak frequency fRD

GW

and peak amplitude ΩRD,peak
GW estimated by Eq. (8). In

this work, we determine the peak amplitude from the
numerically generated GWB.

From Eq. (45), we find that the GWB from global ax-
ionic strings with axion massma ≳ 1 GeV will not appear
in GW experiments (fGW ≳ 9 kHz) and could in prin-
ciple be a well-motivated target for UHF-GW detectors.
However, the decay of the string network produces heavy
axions, which behave as non-relativistic matter and lead
to an axion matter-domination (MD) era. We will discuss
first the axion-MD era from the string-network decay and
later the shifted and suppressed5 GWB.

6.1. Heavy axion matter-domination era

The string-wall network at Tdec having energy density
ρnet(Tdec) ≃ µ(Tdec)/t

2
dec ≃ Gµ(Tdec)ρtot(Tdec) decays

into non-relativistic axions (each of energy ∼ H ∼ ma

5 The axion MD also leads to the modified causality tail [201–
203], although this feature’s signal is even more suppressed. For
completeness, we discuss it in appendix D where its estimated
position in the GWB spectrum is shown in Fig. 14.
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[204–207]). Its energy density ρa(Tdec) ≃ ρnet(Tdec)
starts to redshift as ρa ∝ a−3 and dominates the thermal
plasma energy density at temperature

Tdom ≃ TdecGµ(Tdec)

[
g∗(Tdec)g∗s(Tdom)

g∗(Tdom)g∗s(Tdec)

]
, (47)

leading to the axion MD era.
The axion MD era lasts until the axions decay, e.g.,

via L ⊃ −gθF F̃/4 into SM photons which happens when
the corresponding decay rate—Γaγ = m3

ag
2/(64π) [208]

with gaγ = 1.92αem/(2πfa)—is comparable to the Hub-
ble rate. I.e., Γaγ ≃ Hend. Using that 3M2

PlH
2
end =

π2

30 g∗(Taγ)T
4
aγ , we obtain the temperature of the thermal

plasma right after axions’ decay as

Taγ ≃ 4.2 MeV

[
106.75

g∗(Taγ)

] 1
4 ( ma

TeV

) 3
2

[
1012 GeV

fa

]
.

(48)

The axion MD exists if Tdom > Taγ with the inverse
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FIG. 8. Parameter space of the heavy axion below the solid
black line gives rise to the axion MD era with duration
aend/adom [marked by the dashed black line], which decays
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gray region.) The axions are produced from string-network
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duration, defined by

B ≡ adom
aend

=

[(
3
√
10

64π2

)
m3

ag
2
aγMPl

g
1/2
∗ (Tdom)T 2

dom

] 2
3

≤ 1, (49)

which depends on the axion parameters as B ∝ m
4/3
a f−4

a

[using Eqs. (43), (47)], up to the log-factor. Fig. 8 shows
the heavy-axion parameter space {fa,ma} giving rise to
the axion MD era that ends before BBN.

6.2. Strongly suppressed GW spectrum

The GWB from axion strings is produced until the
string-network decay. The subsequent axion MD era di-
lutes both the amplitudes and frequencies of GWB be-
cause the Universe undergoes a longer expansion. To
derive the modified GWB, let us consider the GW
signals produced at temperature Temit and frequency
f emit
GW . The frequency of the GW signal today is fGW =
f emit
GW (aemit/a0); thus, we can relate the GW frequency in
the presence of the axion MD to the one assuming the
standard cosmological scenario fRD

GW in Eq. (45) as

fGW = fRD
GW

[
G(Tend)

G(Tdom)

] 1
4

B 1
4 . (50)

The energy density of GW signal redshifts as radiation
ΩGW = (ρemit

GW /ρtot,0)(aemit/a0)
4. So, the presence of the

axion MD era dilutes the GW signal by

ΩGW(fGW) = ΩRD
GW[fRD

GW(fGW)]
G(Tend)

G(Tdom)
B. (51)

The GWB spectrum at frequencies higher than the IR
cutoff gets diluted as a whole and retains its shape. How-
ever, below the cutoff, the causality tail of the GWB can
also get modified at the frequencies corresponding to the
horizon scale during the axion MD era, i.e., the scal-
ing changes from ΩGW ∝ f3

GW during radiation era to
ΩGW ∝ fGW during the matter era [201, 202]. We find
that the modified causality tail due to the axion MD era
appears at extremely low amplitude, e.g., the change of
slope at low fGw and small hc in the ∗ spectrum in Fig. 9-
top-right. See more details about the modified causality
tail in appendix D and Fig. 14.
Fig. 9-top shows the GWB spectra from the heavy-

axion strings, corresponding to the benchmark points in
Fig. 9-bottom and accounting already for the dilution
from the axion-MD era. The gray dotted lines in Fig. 9-
top estimate the peak position of GW spectrum of a con-

stant fa [Ωpeak
GW ∝ (fpeak

GW )8/5 and hpeak
c ∝ (fpeak

GW )−1/5] de-

riving from Eq. (49) [B ∝ m
4/3
a ], Eq. (45) [fRD

GW ∝ m
1/2
a ],

and Eq. (50). From Fig. 9-bottom, we see that the be-
havior of GW amplitude when there is no axion [i.e.,
ΩGW ∝ f4

a with a mild dependence on ma in Eq. (8)]
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FIG. 9. Top panel: GWB spectra in the energy-density fraction ΩGWh2 (left) and in the characteristic strain hc (right)
corresponding to the benchmark {ma, fa} values in Fig. 9-bottom. The black dotted lines show the peak position of GWB
spectrum for a constant fa while varying ma within the range where ma is allowed by Taγ above BBN and Tdec < Tmax

reh ; see

the bottom panel. The scaling of these lines follow Ωpeak
GW ∝ (fpeak

GW )8/5 and hpeak
c ∝ (fpeak

GW )−1/5 [see main text for derivation].
Bottom panel: Contours of the peak amplitude (left) and peak frequency (right) of the GW spectra, i.e., at fGW(Tdec). The
GW from heavy-axion strings cannot generate an observable GW signal even for large fa due to the heavy dilution from the
axion matter-dominated era. (⋆, ∗ for ma = 5 · 1013 GeV, +,× for ma = 108 GeV)

changes to fa-insensitive due to the axion MD era. Be-
cause the dilution factor B ∝ f−4

a (Tdom ∝ µ ∝ f2
a )

cancels the f4
a -dependence of ΩRD

GW.

Limiting the string-decay temperature to the maxi-
mum reheating temperature (orange dotted line in Fig. 9-
bottom), the benchmark ‘⋆’ with {ma, fa} = {5 ·
1013 GeV, 4·1015 GeV} gives the largest signal ΩGWh2 ≃
10−14. Nonetheless, it is below the thermal plasma GWB
(with Tmax

reh ≃ 6.6 × 1015 GeV). On the other hand, the
signal with maximum characteristic strain hc ≃ 10−31 is
given by the axion mass of ma ≃ 108 GeV and fa ≃ 1018

GeV. The associated benchmark spectrum is denoted ‘×’
and has the peak frequency ≳ kHz. In any case, the axion
MD era suppresses the GWB from heavy-axion strings
and renders its observability challenging.

7. CONCLUSION

The strongest current constraint on UHF GW comes
from the Neff bound (3). Future missions such as CMB
stage-4 will strengthen this bound. To get further in-
sight on primordial GW would require experiments able
to measure part of the spectral shape that encodes infor-
mation on ultra high energy processes. We have shown
that that there is a compelling science case for UHF-GW
experiments operating with sensitivity slightly below the
BBN bound. Grand Unification physics in the context
of two-step symmetry-breaking events in the 1014 − 1017

GeV energy range could lead to large signals close to the
BBN bound. The maximal signals that can be expected
from respectively local and global strings are plotted in
the summary figure 10, which can be compared to Fig. 1
that displays other potential primordial sources of GWs
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FIG. 10. Maximal GWBs expected from cosmic strings (local in blue, global in red/orange) that can arise at ultra-high
frequencies without leading to any observable signal in the frequency range of existing or planned interferometers. The spectra
from global axionic strings can be large and detectable at lower frequencies for light axions [30, 152, 153, 164, 185, 204, 209, 210].
However, when requiring a signal that arises only beyond the kHz, this fixes the axion mass to be above the GeV scale to avoid
constraints from late decays after BBN. Such heavy axions induce an early temporary matter-domination era that suppresses
the GWB.

at ultra high-frequencies.
This paper found that the GWB from global axionic

strings is limited by the early-matter era induced by
heavy axions. Local cosmic strings on the other hand
appear to be the most promising targets. From the GW
amplitude, one can infer the scale of symmetry breaking,
while the measurement of the UV cutoff of the GWB
could provide microscopic information on the scalar-field
couplings. Lastly, for such cosmic strings formed at high
energy scales, the GWB from string-monopole segments
(see appendix C) could provide an additional contribu-
tion to that of metastable local-string loops, discussed in
the main text. Although segments’ GWB gives rise to
additional smoking-gun signatures that can be searched
for in the future, the GWB calculations are subjected to
some theoretical uncertainties that would require further
investigation.
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Appendix A: Effect of higher-mode summation

A string loop of length l oscillates with frequency [27]
ωk = 4πk/l with a mode number k and allows emission
of energy Ek = ωk. The emission of energy from a loop
should not change the string’s state by emitting energy
larger than the mass of the scalar field, i.e., Ek < η
or l > 4πk/η. That is, only a loop larger than 4πk/η
supports the oscillation of mode k. Using that the loop
length at formation is l ≃ αt, we obtain that a mode k
oscillation is allowed on a loop below the temperature

Tk ≃ 8.3× 1014 GeV

(
Gµ

10−11

) 1
4
(
1

k

) 1
2

. (A1)

Fig. 11 compares the GWB spectra including the Ek <
η condition, i.e., we consider only loop produced after
ti > t[min(Tk, Tform)], to the simple formation cutoff,
i.e., ti > t(Tform). Fig. 11-top shows the GWB spectra
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FIG. 11. Top panel: The solid lines show GWB spectrum
from each k-mode of loop oscillations, taking into account
the limit on maximum emission energy; see Eq. (A1). We
compare this to the GWB spectra (dashed lines), assuming
only the formation cutoff. Bottom panel: the total GW spec-
tra, summing up to the first million modes.

from each mode k: Ω
(k)
GW = k−4/3Ω

(1)
GW(f/k) with Ω

(1)
GW

is the first-mode spectrum. For larger k, we see a more
significant deviation between the spectra, including the
effect of Tk in Eq. (A1), and those cut by the formation
cutoff. In Fig. 11-bottom, we sum the spectra from k = 1
up to k = 106. The Tk effect changes the UV slope of
the spectrum at frequencies higher than the formation
cutoff. It makes the slope of the UV tail steeper to the
asymptotic slope of ΩGW ∝ f−1

GW. The reason is that, at
higher frequencies, the contributions from large k-modes
are more suppressed, and the first mode is responsible
for the visible UV tail.

Appendix B: Peaked GWB

Complementary to Fig. 4 which shows the combined
effects of the metastability and the cusp cutoffs for a
given Gµ, Fig. 12 fixes the metastability parameter κ
and varies Gµ instead. We see that the GWB spectra of
Gµ in Eq. (41)—corresponding to the GWB below where
the two red lines cross—exhibit peak-shape feature.
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FIG. 12. Local-string GWB spectra varying Gµ in blue with
the metastability (κ = 30) and cusp cutoffs (in red). The
spectrum exhibits a flat plateau shape when fmeta

GW < fGW <
fcusp
GW . For fmeta

GW > fcusp
GW , the spectrum becomes a peak shape

with the suppressed amplitude [see Eq. (40)].

Appendix C: GWB contribution from segments

In addition to the GWB from loops discussed in the
main text, the metastable local-string segments attached
to monopoles on their ends also produce GWB [138, 211];
see the recent thorough study in [188]. The string-
monopole segments can be formed after time tbrk in
Eq. (26) via two processes: (i) segments from loops and
(ii) segments from the breaking of long strings.
Similar to the GWB from loops in Eq. (6), the calcu-

lation for segments needs the GW emission power from
a segment and the number density of segments. The for-
mer is addressed in [211], while the latter is derived from
the conservation of loops’ number density and the string
network’s energy density at time tbrk [138, 188].
A number density of segments produced from loops is

[188],

nloop
seg ≃ σ log

(
E−1

)
nbrk
loop, (C1)

where σ ≃ 5 is the numerical factor corresponding to con-
sidering many generations of segments, E is the suppres-
sion factor in Eq. (29), and nbrk

loop is the number density

of decaying loops in Eq. (28).
For long-string segments in radiation era, the number

density reads [188],

nlong
seg ≃ Γ2

d

ξ2
(t+ tbrk)

2

√
t3tbrk

Eseg(l, t), (C2)

where ξ is the long-string correlation length in unit of
cosmic time (in radiation era, ξ ≈ 0.27 [30]), and the
suppression factor

Eseg(l, t) = e−Γd[l(t)(t+tbrk)+
1
2ΓsegGµ(t−tbrk)(t+3tbrk)],

(C3)

with Γseg being the total GW emission power from string-
monopole segments which we will now discussed.
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Metastable local-string GWB (loops + segments)
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FIG. 13. The GWB from metastable local strings consists of three contributions: (i) loops (solid lines) discussed in section 4,
(ii) segments from loops (dot-dashed lines), and (iii) segments from long strings (dashed lines). Assuming Γseg = Γ = 50, the
left plot shows the spectra of the same benchmark scenarios as in Fig. (3), where we plot again the loops’ GWB for comparison.
The right plot illustrates the effect of Γseg on the GWB from segments for the benchmark scenario “cross”.

As shown in [211], the GW emission power from the

string-monopole segment is Γ
(k)
seg = 4/k where k runs from

1 to kmax. The maximum mode is kmax ∼ γ2
0 where γ0 is

the Lorentz factor of the monopoles at the string’s end.
Assuming the monopoles get their kinetic energy from
the string’s energy,

γ2
0 ∼ µ2l2

m2
∼


µt2brk

κ ∼ exp(πκ)
κ (long-seg.),

µt2i,sup

κ ∼ exp(πκ)
κ Gµ (loop-seg.),

(C4)

where we consider the string-monopole segment at the
time tbrk (i.e., l ∼ tbrk for long string’s segment and
l ∼ ti,sup ≃ 2ΓGµtsup/α for loop’s segment) and use
Eqs. (26) and (30). The total power of GW emission
from the segment is,

Γseg =

kmax∑
k=1

Γ(k)
seg ∼ 4 ln kmax (C5)

∼

{
4πκ (long-seg.),

4[πκ+ log(Gµ)] (loop-seg.),

where the last step approximates the discrete sum with
integral. Nonetheless, many works use that the total
emission power of segments is similar to the emission
from a loop, Γseg ≃ Γ ≃ 50, although we see from
Eq. (C5) that Γseg ∼ O(10− 103) for κ ∼ O(1− 100).

The GWB from loop segments is derived by replacing
the loop number density and GW emission power Γ(k) in

Eq. (6) with Eq. (C1) and Γ
(k)
seg, respectively. For long-

string segments, we instead use Eq. (C2) for the number
density. Note that Eq. (6) can be used for segments as
long as the GW frequency emitted by a segment is re-
lated to its length in the same way as for a loop, i.e.,
f emit
GW = 2k/l. However, as shown in [138], f emit

GW relates

to the speed v0 and acceleration a of monopoles, i.e.,
femit = ka/(2γ0v0) ≃ k(γ0 − 1)/(γ0v0l) (assuming the
length when the monopoles are at rest l = 2(γ0 − 1)/a
[138]). One can expect the frequency shift of the segment-
GWB spectra relative to results we will now show. For
accurate spectra, one might need numerical simulations
of string-monopole segments to find the GW emission
power, similar to what is done for loops [28].

Fig. 13 shows the GWBs from metastable local strings,
which decay via monopole-pair nucleation, and include
all three contributions from: loops, segments from loops,
and segments from long strings. See also Fig. 5 of [188]
for other values of Gµ and κ. This figure extends Fig. 3,
which shows only the GWB from loops. For simplicity
(as in [188]), the left plot fixes Γseg = Γ = 50 for both
types of segments; that is, kmax ≃ 2.7 × 105. The long-
string segment’s contribution becomes large for large Gµ
and gives a significant correction to the GWB, while the
loop segment’s contribution remains smaller than that of
loops. If the IR tail, the metastability cutoff, or the flat
plateau is observed, this correction from segments can
introduce the uncertainty in reconstructing parameters
{Gµ, κ}.
We observe that, for Gµ ≳ 10−9, the long-string seg-

ment’s contribution dominates the IR tail; see benchmark
“+”. For Gµ ≃ 10−5, it is ∼ 10 times larger than the
IR tail of loop contribution by O(10). Using Eq. (8),
this leads to the uncertainty in Gµ of order O(102) or
equivalently in energy scale η of order O(10). Moreover,
the flat plateau is dominated by the long-string segments
when Gµ ≳ 6 × 10−5; see benchmark “⋆”. We also see
that the metastability cut-off moves to lower frequency
by ∼ O(10− 102) for the largest Gµ ∼ 10−5 − 10−4 con-
sidered in this work. Identifying the cutoff using Eq. (32),
the segment contribution could lead to misidentifying κ
by a factor of ∼ 3− 6 smaller.
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Finally, we emphasize that the segments’ contributions
should be taken with care when confronting real data
analysis. As shown on the right panel of Fig. 13, the
amplitude of the long-string segments’ GWB depends on
Γseg that is subjected to theoretical uncertainties. More-
over, the flat plateau of the long-string segments6 extends
up to the UV cutoff, which depends on kmax (or Γseg).

Appendix D: Modified causality tail of heavy-axion
string GWB

Another effect of the axion MD era on the GWB
from global strings is to modify the causality tail from
the ΩGW ∝ f3

GW scaling which assumes the radiation-
domination era into the ΩGW ∝ fGW during the matter
era [201–203]. The modification happens at the frequen-
cies corresponding to the horizon scale during the axion
MD era, i.e., fH

GW = H[a(H)/a0] with Hdom > H >
Hend. We have

fHend

GW ≃ 18 nHz

[
g∗(Tend)

106.75

] 1
2
[

106.75

g∗s(Tend)

] 1
3
[

Tend

1 GeV

]
,

(D1)

and

fHdom

GW ≃ fHend

GW B− 1
2 . (D2)

Fig. 14 shows the GW amplitudes of the modified causal-
ity tail at frequencies fHend

GW and fHdom

GW . Although they
fall in the sub-kHz range, the amplitude is too small to
be detected by any current or future GW experiments.
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FIG. 14. In the axion parameter space, the contour lines show
amplitudes and frequencies of the modified causality tail of
the axion-string GWB due to the axion MD era.
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A. Iovino, M. Lewicki et al., What is the source of the
PTA GW signal?, 2308.08546.

[124] C. Caprini, D. G. Figueroa, R. Flauger, G. Nardini,
M. Peloso, M. Pieroni et al., Reconstructing the spectral
shape of a stochastic gravitational wave background
with LISA, JCAP 11 (2019) 017 [1906.09244].

[125] A. Dimitriou, D. G. Figueroa and B. Zaldivar, Fast
Likelihood-free Reconstruction of Gravitational Wave
Backgrounds, 2309.08430.

[126] J. Alvey, U. Bhardwaj, V. Domcke, M. Pieroni and
C. Weniger, Simulation-based inference for stochastic

https://doi.org/10.1103/PhysRevD.108.L061303
https://doi.org/10.1103/PhysRevD.108.L061303
https://arxiv.org/abs/2304.10579
https://doi.org/10.1088/1361-6382/acd517
https://doi.org/10.1088/1361-6382/acd517
https://arxiv.org/abs/2301.08163
https://arxiv.org/abs/2305.01832
https://doi.org/10.1140/epjc/s10052-020-7735-y
https://arxiv.org/abs/1903.04843
https://doi.org/10.1140/epjc/s10052-020-8092-6
https://doi.org/10.1140/epjc/s10052-020-8092-6
https://arxiv.org/abs/2004.04646
https://doi.org/10.1140/epjc/s10052-023-11876-2
https://doi.org/10.1140/epjc/s10052-023-11876-2
https://arxiv.org/abs/2212.04094
https://arxiv.org/abs/2309.02992
https://doi.org/10.1088/0305-4470/9/8/029
https://doi.org/10.1016/0370-1573(80)90091-5
https://doi.org/10.1088/0034-4885/58/5/001
https://arxiv.org/abs/hep-ph/9411342
https://doi.org/10.1016/0550-3213(85)90596-6
https://doi.org/10.1103/PhysRevLett.54.1868
https://doi.org/10.1103/PhysRevLett.60.257
https://doi.org/10.1103/PhysRevLett.60.257
https://doi.org/10.1103/PhysRevLett.63.2776
https://doi.org/10.1103/PhysRevD.40.973
https://doi.org/10.1103/PhysRevLett.64.119
https://doi.org/10.1103/PhysRevLett.64.119
https://doi.org/10.1103/PhysRevD.65.043514
https://arxiv.org/abs/hep-ph/0003298
https://doi.org/10.1088/1475-7516/2007/02/023
https://doi.org/10.1088/1475-7516/2007/02/023
https://arxiv.org/abs/astro-ph/0511646
https://doi.org/10.1103/PhysRevD.74.063527
https://arxiv.org/abs/gr-qc/0511159
https://doi.org/10.1103/PhysRevD.73.043515
https://arxiv.org/abs/astro-ph/0511792
https://doi.org/10.1103/PhysRevD.75.063521
https://doi.org/10.1103/PhysRevD.75.063521
https://arxiv.org/abs/astro-ph/0610419
https://doi.org/10.1103/PhysRevD.83.083514
https://arxiv.org/abs/1101.5173
https://doi.org/10.1103/PhysRevLett.110.101302
https://doi.org/10.1103/PhysRevLett.110.101302
https://arxiv.org/abs/1212.5458
https://doi.org/10.1103/PhysRevD.93.043534
https://doi.org/10.1103/PhysRevD.93.043534
https://arxiv.org/abs/1602.01322
https://doi.org/10.1103/PhysRevD.31.3052
https://doi.org/10.1103/PhysRevD.35.1138
https://doi.org/10.1103/PhysRevD.35.1138
https://doi.org/10.1016/0370-2693(87)90648-4
https://doi.org/10.1016/0550-3213(90)90140-9
https://doi.org/10.1103/PhysRevLett.48.1867
https://doi.org/10.1103/PhysRevLett.48.1867
https://doi.org/10.22323/1.215.0037
https://arxiv.org/abs/1501.00127
https://doi.org/10.1093/mnras/stv1538
https://doi.org/10.1093/mnras/stv1538
https://arxiv.org/abs/1504.03692
https://doi.org/10.1093/mnras/stw483
https://arxiv.org/abs/1602.08511
https://doi.org/10.3847/1538-4357/aabd3b
https://doi.org/10.3847/1538-4357/aabd3b
https://arxiv.org/abs/1801.02617
https://doi.org/10.1017/pasa.2019.42
https://doi.org/10.1017/pasa.2019.42
https://arxiv.org/abs/1810.02680
https://arxiv.org/abs/2306.12234
https://arxiv.org/abs/2306.16227
https://doi.org/10.3847/2041-8213/acdc91
https://arxiv.org/abs/2306.16219
https://arxiv.org/abs/2307.02399
https://arxiv.org/abs/2308.08546
https://doi.org/10.1088/1475-7516/2019/11/017
https://arxiv.org/abs/1906.09244
https://arxiv.org/abs/2309.08430


22

gravitational wave background data analysis,
2309.07954.

[127] LIGO Scientific, Virgo, KAGRA collaboration,
Constraints on Cosmic Strings Using Data from the
Third Advanced LIGO–Virgo Observing Run, Phys.
Rev. Lett. 126 (2021) 241102 [2101.12248].

[128] Planck collaboration, Planck 2013 results. XXV.
Searches for cosmic strings and other topological
defects, Astron. Astrophys. 571 (2014) A25
[1303.5085].

[129] L. Hergt, A. Amara, R. Brandenberger, T. Kacprzak
and A. Refregier, Searching for Cosmic Strings in
CMB Anisotropy Maps using Wavelets and Curvelets,
JCAP 06 (2017) 004 [1608.00004].

[130] G. Lazarides, Q. Shafi and T. F. Walsh, Cosmic
Strings and Domains in Unified Theories, Nucl. Phys.
B 195 (1982) 157.

[131] A. Vilenkin, COSMOLOGICAL EVOLUTION OF
MONOPOLES CONNECTED BY STRINGS, Nucl.
Phys. B 196 (1982) 240.

[132] T. W. B. Kibble, G. Lazarides and Q. Shafi, Strings in
SO(10), Phys. Lett. B 113 (1982) 237.

[133] A. Vilenkin, Cosmic Strings and Domain Walls, Phys.
Rept. 121 (1985) 263.

[134] D. I. Dunsky, A. Ghoshal, H. Murayama,
Y. Sakakihara and G. White, GUTs, hybrid topological
defects, and gravitational waves, Phys. Rev. D 106
(2022) 075030 [2111.08750].

[135] E. J. Copeland, D. Haws, T. W. B. Kibble, D. Mitchell
and N. Turok, Monopoles Connected by Strings and the
Monopole Problem, Nucl. Phys. B 298 (1988) 445.

[136] J. Preskill and A. Vilenkin, Decay of metastable
topological defects, Phys. Rev. D 47 (1993) 2324
[hep-ph/9209210].

[137] A. Monin and M. B. Voloshin, The Spontaneous
breaking of a metastable string, Phys. Rev. D 78
(2008) 065048 [0808.1693].

[138] L. Leblond, B. Shlaer and X. Siemens, Gravitational
Waves from Broken Cosmic Strings: The Bursts and
the Beads, Phys. Rev. D 79 (2009) 123519 [0903.4686].

[139] T. Hiramatsu, M. Kawasaki, K. Saikawa and
T. Sekiguchi, Production of dark matter axions from
collapse of string-wall systems, Phys. Rev. D 85 (2012)
105020 [1202.5851].

[140] G. Lazarides, C. Panagiotakopoulos and Q. Shafi,
Baryogenesis and the Gravitino Problem in Superstring
Models, Phys. Rev. Lett. 56 (1986) 557.

[141] W. B. Perkins and A.-C. Davis, Cosmic strings in low
mass Higgs cosmology, Phys. Lett. B 428 (1998) 254
[hep-ph/9803303].

[142] N. Okada and Q. Shafi, Observable Gravity Waves
From U(1) B − L Higgs and Coleman-Weinberg
Inflation, 1311.0921.

[143] J. Ellis, M. Fairbairn, A. E. Romano and O. Zapata,
Simple no-scale model of modulus fixing and inflation,
Phys. Rev. D 98 (2018) 103514 [1802.05713].

[144] P. Moxhay and K. Yamamoto, Peccei-Quinn Symmetry
Breaking by Radiative Corrections in Supergravity,
Phys. Lett. B 151 (1985) 363.

[145] L. Kofman, A. D. Linde and A. A. Starobinsky,
Nonthermal phase transitions after inflation, Phys.
Rev. Lett. 76 (1996) 1011 [hep-th/9510119].

[146] I. I. Tkachev, Phase transitions at preheating, Phys.
Lett. B 376 (1996) 35 [hep-th/9510146].

[147] S. Kasuya and M. Kawasaki, Can topological defects be
formed during preheating?, Phys. Rev. D 56 (1997)
7597 [hep-ph/9703354].

[148] S. Kasuya and M. Kawasaki, Topological defects
formation after inflation on lattice simulation, Phys.
Rev. D 58 (1998) 083516 [hep-ph/9804429].

[149] I. Tkachev, S. Khlebnikov, L. Kofman and A. D.
Linde, Cosmic strings from preheating, Phys. Lett. B
440 (1998) 262 [hep-ph/9805209].

[150] Y. Cui, M. Lewicki, D. E. Morrissey and J. D. Wells,
Cosmic Archaeology with Gravitational Waves from
Cosmic Strings, Phys. Rev. D 97 (2018) 123505
[1711.03104].

[151] Y. Cui, M. Lewicki, D. E. Morrissey and J. D. Wells,
Probing the pre-BBN universe with gravitational waves
from cosmic strings, JHEP 01 (2019) 081
[1808.08968].

[152] C.-F. Chang and Y. Cui, Stochastic Gravitational
Wave Background from Global Cosmic Strings, Phys.
Dark Univ. 29 (2020) 100604 [1910.04781].

[153] C.-F. Chang and Y. Cui, Gravitational waves from
global cosmic strings and cosmic archaeology, JHEP
03 (2022) 114 [2106.09746].

[154] C. J. A. P. Martins and E. P. S. Shellard, String
evolution with friction, Phys. Rev. D 53 (1996) 575
[hep-ph/9507335].

[155] C. J. A. P. Martins and E. P. S. Shellard, Quantitative
string evolution, Phys. Rev. D 54 (1996) 2535
[hep-ph/9602271].

[156] L. Sousa and P. P. Avelino, Stochastic Gravitational
Wave Background generated by Cosmic String
Networks: Velocity-Dependent One-Scale model versus
Scale-Invariant Evolution, Phys. Rev. D 88 (2013)
023516 [1304.2445].

[157] L. Sousa and P. P. Avelino, Stochastic gravitational
wave background generated by cosmic string networks:
The small-loop regime, Phys. Rev. D 89 (2014) 083503
[1403.2621].

[158] J. R. C. C. C. Correia and C. J. A. P. Martins,
Extending and Calibrating the Velocity dependent
One-Scale model for Cosmic Strings with One
Thousand Field Theory Simulations, Phys. Rev. D 100
(2019) 103517 [1911.03163].

[159] J. J. Blanco-Pillado, K. D. Olum and B. Shlaer, The
number of cosmic string loops, Phys. Rev. D 89 (2014)
023512 [1309.6637].

[160] K. Saikawa and S. Shirai, Primordial gravitational
waves, precisely: The role of thermodynamics in the
Standard Model, JCAP 05 (2018) 035 [1803.01038].

[161] M. Hindmarsh, J. Lizarraga, A. Lopez-Eiguren and
J. Urrestilla, Approach to scaling in axion string
networks, Phys. Rev. D 103 (2021) 103534
[2102.07723].

[162] M. Gorghetto, E. Hardy and G. Villadoro, Axions
from Strings: the Attractive Solution, JHEP 07 (2018)
151 [1806.04677].

[163] M. Gorghetto, E. Hardy and G. Villadoro, More
axions from strings, SciPost Phys. 10 (2021) 050
[2007.04990].

[164] M. Gorghetto, E. Hardy and H. Nicolaescu, Observing
invisible axions with gravitational waves, JCAP 06
(2021) 034 [2101.11007].

[165] J. Baeza-Ballesteros, E. J. Copeland, D. G. Figueroa
and J. Lizarraga, Gravitational Wave Emission from a

https://arxiv.org/abs/2309.07954
https://doi.org/10.1103/PhysRevLett.126.241102
https://doi.org/10.1103/PhysRevLett.126.241102
https://arxiv.org/abs/2101.12248
https://doi.org/10.1051/0004-6361/201321621
https://arxiv.org/abs/1303.5085
https://doi.org/10.1088/1475-7516/2017/06/004
https://arxiv.org/abs/1608.00004
https://doi.org/10.1016/0550-3213(82)90052-9
https://doi.org/10.1016/0550-3213(82)90052-9
https://doi.org/10.1016/0550-3213(82)90037-2
https://doi.org/10.1016/0550-3213(82)90037-2
https://doi.org/10.1016/0370-2693(82)90829-2
https://doi.org/10.1016/0370-1573(85)90033-X
https://doi.org/10.1016/0370-1573(85)90033-X
https://doi.org/10.1103/PhysRevD.106.075030
https://doi.org/10.1103/PhysRevD.106.075030
https://arxiv.org/abs/2111.08750
https://doi.org/10.1016/0550-3213(88)90350-1
https://doi.org/10.1103/PhysRevD.47.2324
https://arxiv.org/abs/hep-ph/9209210
https://doi.org/10.1103/PhysRevD.78.065048
https://doi.org/10.1103/PhysRevD.78.065048
https://arxiv.org/abs/0808.1693
https://doi.org/10.1103/PhysRevD.79.123519
https://arxiv.org/abs/0903.4686
https://doi.org/10.1103/PhysRevD.85.105020
https://doi.org/10.1103/PhysRevD.85.105020
https://arxiv.org/abs/1202.5851
https://doi.org/10.1103/PhysRevLett.56.557
https://doi.org/10.1016/S0370-2693(98)00416-X
https://arxiv.org/abs/hep-ph/9803303
https://arxiv.org/abs/1311.0921
https://doi.org/10.1103/PhysRevD.98.103514
https://arxiv.org/abs/1802.05713
https://doi.org/10.1016/0370-2693(85)91655-7
https://doi.org/10.1103/PhysRevLett.76.1011
https://doi.org/10.1103/PhysRevLett.76.1011
https://arxiv.org/abs/hep-th/9510119
https://doi.org/10.1016/0370-2693(96)00297-3
https://doi.org/10.1016/0370-2693(96)00297-3
https://arxiv.org/abs/hep-th/9510146
https://doi.org/10.1103/PhysRevD.56.7597
https://doi.org/10.1103/PhysRevD.56.7597
https://arxiv.org/abs/hep-ph/9703354
https://doi.org/10.1103/PhysRevD.58.083516
https://doi.org/10.1103/PhysRevD.58.083516
https://arxiv.org/abs/hep-ph/9804429
https://doi.org/10.1016/S0370-2693(98)01094-6
https://doi.org/10.1016/S0370-2693(98)01094-6
https://arxiv.org/abs/hep-ph/9805209
https://doi.org/10.1103/PhysRevD.97.123505
https://arxiv.org/abs/1711.03104
https://doi.org/10.1007/JHEP01(2019)081
https://arxiv.org/abs/1808.08968
https://doi.org/10.1016/j.dark.2020.100604
https://doi.org/10.1016/j.dark.2020.100604
https://arxiv.org/abs/1910.04781
https://doi.org/10.1007/JHEP03(2022)114
https://doi.org/10.1007/JHEP03(2022)114
https://arxiv.org/abs/2106.09746
https://doi.org/10.1103/PhysRevD.53.R575
https://arxiv.org/abs/hep-ph/9507335
https://doi.org/10.1103/PhysRevD.54.2535
https://arxiv.org/abs/hep-ph/9602271
https://doi.org/10.1103/PhysRevD.88.023516
https://doi.org/10.1103/PhysRevD.88.023516
https://arxiv.org/abs/1304.2445
https://doi.org/10.1103/PhysRevD.89.083503
https://arxiv.org/abs/1403.2621
https://doi.org/10.1103/PhysRevD.100.103517
https://doi.org/10.1103/PhysRevD.100.103517
https://arxiv.org/abs/1911.03163
https://doi.org/10.1103/PhysRevD.89.023512
https://doi.org/10.1103/PhysRevD.89.023512
https://arxiv.org/abs/1309.6637
https://doi.org/10.1088/1475-7516/2018/05/035
https://arxiv.org/abs/1803.01038
https://doi.org/10.1103/PhysRevD.103.103534
https://arxiv.org/abs/2102.07723
https://doi.org/10.1007/JHEP07(2018)151
https://doi.org/10.1007/JHEP07(2018)151
https://arxiv.org/abs/1806.04677
https://doi.org/10.21468/SciPostPhys.10.2.050
https://arxiv.org/abs/2007.04990
https://doi.org/10.1088/1475-7516/2021/06/034
https://doi.org/10.1088/1475-7516/2021/06/034
https://arxiv.org/abs/2101.11007


23

Cosmic String Loop, I: Global Case, 2308.08456.
[166] T. W. B. Kibble and N. Turok, Selfintersection of

Cosmic Strings, Phys. Lett. B 116 (1982) 141.
[167] R. H. Brandenberger, On the Decay of Cosmic String

Loops, Nucl. Phys. B 293 (1987) 812.
[168] J. J. Blanco-Pillado and K. D. Olum, Form of cosmic

string cusps, Phys. Rev. D 59 (1999) 063508
[gr-qc/9810005].

[169] P. Auclair, D. A. Steer and T. Vachaspati, Particle
emission and gravitational radiation from cosmic
strings: observational constraints, Phys. Rev. D 101
(2020) 083511 [1911.12066].

[170] A. Ghoshal, Y. Gouttenoire, L. Heurtier and
P. Simakachorn, Primordial black hole archaeology with
gravitational waves from cosmic strings, JHEP 08
(2023) 196 [2304.04793].

[171] S. Blasi, V. Brdar and K. Schmitz, Fingerprint of
low-scale leptogenesis in the primordial
gravitational-wave spectrum, Phys. Rev. Res. 2 (2020)
043321 [2004.02889].

[172] T. S. Bunch and P. C. W. Davies, Quantum Field
Theory in de Sitter Space: Renormalization by Point
Splitting, Proc. Roy. Soc. Lond. A 360 (1978) 117.

[173] A. D. Linde, INFLATION CAN BREAK
SYMMETRY IN SUSY, Phys. Lett. B 131 (1983) 330.

[174] A. A. Starobinsky and J. Yokoyama, Equilibrium state
of a selfinteracting scalar field in the De Sitter
background, Phys. Rev. D 50 (1994) 6357
[astro-ph/9407016].

[175] K. D. Olum and J. J. Blanco-Pillado, Field theory
simulation of Abelian Higgs cosmic string cusps, Phys.
Rev. D 60 (1999) 023503 [gr-qc/9812040].

[176] D. Matsunami, L. Pogosian, A. Saurabh and
T. Vachaspati, Decay of Cosmic String Loops Due to
Particle Radiation, Phys. Rev. Lett. 122 (2019) 201301
[1903.05102].

[177] J. J. Blanco-Pillado, D. Jiménez-Aguilar, J. Lizarraga,
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