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Composite topological structures such as superheavy “quasistable strings” (QSS) and “walls bounded by
strings” (WBS) arise in realistic extensions of the Standard Model of high energy physics. We show that the
gravitational radiation emitted in the early universe by these two unstable structures with a dimensionless
string tension Gu ~ 107 is consistent with the NANOGrav evidence of low frequency gravitational
background as well as the recent LIGO-VIRGO constraints, provided the superheavy strings and
monopoles experience a certain amount of inflation. For the case of walls bounded by strings, the
domain walls arise from the spontaneous breaking of a remnant discrete gauge symmetry around the
electroweak scale. The quasistable strings, on the other hand, arise from a two step breaking of a local
gauge symmetry. The monopoles appear from the first breaking and get connected to strings that arise from
the second breaking. Both composite structures decay by emitting gravitational waves over a wide
frequency range. The Bayes factors for QSS and WBS relative to the inspiraling supermassive black hole
binaries are estimated to be about 60 and 30 respectively, which are comparable with that of metastable

strings and cosmic superstrings.
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I. INTRODUCTION

The recently reported evidence of a stochastic gravita-
tional background radiation by the NANOGrav [1,2] and
other pulsar timing array collaborations [3—-5] provides
strong impetus for testing the predictions of particle
physics models containing strings, walls as well as
composite topological structures. For instance, topologi-
cally stable cosmic strings with dimensionless string
tension Gu > 107'° (G is Newton’s gravitational constant
and p is the string tension) appear to be excluded by the
latest NANOGrav data. A number of articles discussing the
NANOGrav data have recently appeared [6-25].

In this paper, we would like to point out that well-known
composite topological structures, known as ‘“quasistable
strings (QSS)” [26] and “walls bounded by strings
(WBS)” [27], which emit [28] background gravitational
radiation, can be consistent with the NANOGrav evidence.
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In both cases, the strings are superheavy with a dimension-
less string tension Gu ~ 107%. In the case of QSS, the
structure consists of superheavy monopoles at the ends of
strings, and it disappears after the gravitational wave
emission by the strings. Note that the monopoles experi-
ence a period of inflation before getting attached to the
strings and reentering the horizon. In contrast to metastable
strings [29], the monopole-antimonopole pair creation on
the string is not effective in the QSS scenario. In WBS, the
domain walls arise from the spontaneous breaking of a
discrete gauge symmetry at the electroweak scale.

Since the strings radiate gravitational waves over a wide
frequency range, if they are superheavy they may not be
compatible with the third run advanced LIGO-VIRGO [30]
results. Indeed, the superheavy strings that form boundaries
of the electroweak scale domain walls or connect the
superheavy monopoles should experience a certain amount
of inflation in order to avoid this conflict. A rough estimate
shows that the strings should experience partial inflation
and reenter the horizon at a cosmic time of order 1070 sec
or later.

We do not intend here to provide details on how these
topological structures may come about, but it is perhaps
worth mentioning specific realistic particle physics models
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where they could be implemented. For an example of how
the QSS structures arise, consider the following breaking of
flipped SU(5) [31]:

SU5) x U(1)y

PO su3)e x SUR), x U1), x U(1)y

" SUG)e x SUQR), x U(1)y. (1)

We have listed the SU(5) x U(1)y representations respon-
sible for the breakings by their appropriate vacuum expect-
ation values. The first breaking yields superheavy
monopoles carrying color, electroweak and U(1), mag-
netic charges. The subsequent breaking of U(1), x U(1)y
to U(1)y, at a somewhat lower scale reveals that the
monopoles are topologically unstable and get connected
to strings, which we call QSS. These monopoles do not
carry unconfined fluxes after the electroweak breaking.

For another example, consider the following breaking of
SO(10) [31]:

50(10) L su(3). x sU(2),

19 SU3)e x SUR), x U(1),y. (2)

U(l)y x U(1),

The first breaking yields the standard SU(5) monopoles
(which presumably will be adequately diluted by inflation)
as well as superheavy monopoles carrying U(1), and
U(1), magnetic charges. The subsequent breaking of
U(1), at a somewhat lower scale reveals that the latter
monopoles are topologically unstable and get connected to
strings (QSS). Note that after the electroweak symmetry
breaking these monopoles do not carry any Coulomb
magnetic flux.

To see how the WBS system appears, consider the
following breaking of the flipped SU(5) model [31]:

SU(S) x U(1)y

P U3)e x SUQR), x U(1)y X Zs

P sU(3)e x SUQ), x U(1)y. (3)

The first breaking produces topologically stable super-
heavy strings but no monopoles. A subsequent breaking of
the gauge Z, symmetry yields the desired composite
structures, namely “walls bounded by strings.”

II. GRAVITATIONAL WAVE BACKGROUND
AND NANOGrav 15 YEAR DATA

The strings start forming loops through inter-commuting
after the horizon reentry of the string network at a time 7.
This network behaves like a network of stable strings

before the horizon reentry of the monopoles at time ¢), for
the QSS, and before the time R. = p/c (o is the wall
tension) for the string-wall network. After t5, = f),, there
will be contribution from the loops formed earlier and the
monopole-antimonopole pairs connected by string seg-
ments (MSM) present within the particle horizon. On
the other hand, WBS structures larger than R, will collapse
and, therefore, only loops of size less than R, formed
before the time 7, = R, contribute to the gravitational
waves after R,.. In both cases, the network disappears after a
time scale ~tg,/I'Gu (I ~10%) [32-34] and the bound
from the cosmic microwave background anisotropy [35,36]
is alleviated.

We follow the prescription in Ref. [26] to compute the
gravitational wave spectra from the QSS, and take into
account that the monopoles do not carry Coulomb magnetic
flux. The gravitational wave background from the WBS
network is computed following Refs. [37,38]. The gravi-
tational wave background from the string loops is the sum
of the contributions from all the normal modes:

Qow(f) =Y Q& (). 4

The contribution from each mode in the case of WBS is
given by [37,38]

(k) L [ a(?) \> FCe(t;) (a(t;)\?
Q — dt —
owlf) mA <am o \a(d
(1 +—2fR'iff((zf,>>) Tk43 ok

Gu> = 0O(tg, — 1),
FG,u—i—a(l 27{;{_)4(4/3) Wy Ol 1)

X

(5)

and a loop formed at time ¢; has length / at a subsequent
time ¢ given by

at; [’ 14
Gu(t—1)= [ (1 . 6
-0 = ["F (o) ©

Here, p.. is the critical energy density at the present time ¢,
a(t) the scale factor of the universe, F ~0.1, T"~50,
a~0.1 in the pure string limit [33,34], and the loop
formation efficiency C. = 5.7 in the radiation dominated
universe [39-45]. For QSS, the contribution from each
normal mode of the loops formed before #, = tM can also
be given by Eq. (5) with the terms involving 5= removed.

The contribution to the gravitational wave background
from the MSM structures of QSS is computed using the
burst method as described in Ref. [26]:

4r? Y dR
Q) =i [T a0
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where H, is the present Hubble parameter and the lower
limit z, of the integral over the redshift z which separates
the infrequent bursts from the stochastic background is

computed from
= dR
/ dz— = f. (8)
0

The length of an MSM structure evolves as
U(z) = 2ty = TGu(t(z) = 1), ©)

with T ~81Iny(zy) and VNr:_MZ (my; is the monopole

mass). The wave form for the gravitational wave burst is
given by [28,46,47]

Gul(z)
r(z)

where § = 2v/2sin®>+/2/x and r is the proper distance.
The number density of the MSM structures is

h(f.2) =7

7 (10)

1+z2\3
i(z) = (2ty,)73 ) 11
ale) = o) (15 ) )
The burst rate can be written as
dR dnr? i(z)
— = —=A(f,7), 12
dz  (142)*H(2) I(z) (f:2) (12)

where A(f,z) is the fraction of the gravitational wave
bursts that are observed (see Ref. [26] for more details).
Figures 1 and 2 respectively show the gravitational wave
background from the QSS and the WBS structures in
the case of superheavy strings with Gu = 107% and
ty =3 x 10? sec, and Gu = 107 with vy, = 10> GeV,
the vacuum expectation value associated with the walls.

The string network experiences some e-foldings during
inflation and the loop formation starts around 5 ~ 10710 sec.
This alleviates the bound from the advanced LIGO-VIRGO
third run (LV3) [30]. It is worth mentioning that nonstandard
cosmology such as matter domination (MD) in the pre-BBN
era or both inflation and MD can also alleviate the LV3 bound
around the decaHertz region [61-63]. As an example,
consider models with partial inflation of the strings starting
right after their formation and followed by a matter dominated
period of field oscillations which ends by reheating. In this
case, using Ref. [64] we find that the horizon reentry time is
given by

tp ~ Eexp (2Nt 1, (13)
where &, is the correlation length at string formation, N, the

e-foldings experienced by the strings, ¢, the reheat time, and ¢,
the time at which inflation terminates. The gravitational wave

T BBN

FIG. 1. Gravitational wave background from quasi-stable
strings with Gu = 107° and the monopole horizon reentry time
ty = 3 x 10% sec. The evidence for gravitational waves in
NANOGrav is compatible with this scenario. The red violin
plots show the posterior of HD correlated free spectra of PTA
data. The strings experience some e-foldings and reenter the
horizon at tp ~ 10710 sec to satisfy the advanced LIGO-VIRGO
third run (LV-3) bound [30]. The gray region depicts the bound
from big bang nucleosynthesis (BBN) [48]. We also show the
power-law integrated sensitivity curves [49,50] for planned
experiments, namely, HLVK [51], CE [52], ET [53], DECIGO
[54], BBO [55,56], LISA [57,58], and SKA [59,60].

background predicted in other frequencies can be tested
in various proposed experiments including HLVK [51],
CE[52], ET[53], DECIGO [54],BBO [55,56], LISA [57,58],
and SKA [59,60].

We perform a Bayesian analysis of these two models
using the wrapper PTArcade [65] and the NANOGrav
15 year data. We employ the Ceffyl package [66] and take

3 ! . .
'l : : “‘~, !'l
3 ' " h o
Foos : : h A 1
t 4 \\ ;;‘o'l
Gp=10"° S QQ:’
10717} 1r=10"""sec poC <4
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FIG. 2. Gravitational wave background from domain walls
bounded by cosmic strings with Gu = 107° and different choices
for the vacuum expectation value vg4,, associated with the domain
walls. The red violin plots show the posterior of HD correlated
free spectra of PTA data. The NANOGrav evidence is compatible
with this scenario for vy, ~ 10> GeV. The strings experience
some e-foldings of inflation, and reenter the horizon at
tp ~ 10710 sec to satisfy the bound from the third run advanced
LIGO-VIRGO (LV-3) data [30].
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FIG. 3. Corner plot of the posterior distribution of Gu and ty,

for QSS with the 1o (dark) and 20 (light) credible regions. The
diagonal plots are the marginalized 1D distributions with the
vertical lines indicating the 68% and 95% confidence level
intervals.

into account the quadrupolar Hellings-Downs (HD) corre-
lation [67] between the pulsars to obtain the posterior
distributions of the model parameters for the stochastic
gravitational wave background. To estimate the Bayes
factor of the models with respect to the supermassive black
hole binaries (SMBHB), we use the Enterprise code [68,69]
without the HD correction. The Bayes factors are estimated
to be around 60 and 30 for QSS and WBS, respectively,
which are comparable with the Bayes factors for the
metastable strings (~20) and the superstrings (~50) [2].
The posterior distributions of Gu and 7, for QSS are shown
in the triangular plot in Fig. 3. The plots in Fig. 4 depict the
posteriors of the model parameters Gu and vg, of WBS.

Table I presents the 68% and 95% confidence level
intervals of the model parameters for QSS and WBS. We
find that the stochastic gravitational wave background for
QSS and WBS is compatible with the NANOGrav 15 year
data for Gu ~ 107°, and t); ~ 10?> sec and vy, ~ 10*> GeV
respectively.

For completeness, note that the Gu values of interest
in this paper correspond to symmetry breaking scales
~105-10'® GeV. In the example of WBS given in
Eq. (3), the proton decay (p — e*z°) is mediated by
superheavy leptoquark gauge bosons associated with the
symmetry breaking responsible for string formation. The
lifetime is estimated to be larger than the current lower
bound provided by Super-Kamiokande [70] for Gu = 107°.
Proton decay can be observed within the next few years at
Hyper-Kamiokande [71] for Gu <3 x 107,
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FIG. 4. Corner plot of the posterior distribution of Gu and v,
for WBS with the 1o (dark) and 26 (light) credible regions. The
diagonal plots are the marginalized 1D distributions with the
vertical lines indicating the 68% and 95% confidence level
intervals.

III. SUMMARY

Inspired largely by the apparent evidence of a low
frequency gravitational wave background by the
NANOGrav and other collaborations, our main aim here
is to point how realistic extensions of the Standard Model
of high energy physics can now be tested by this and
hopefully near future discoveries. We have focused on two
distinct composite topological structures, namely, quasi-
stable cosmic strings and walls bounded by strings. The
local strings in both cases are superheavy with Gu ~ 107°
and the two composite structures are unstable and decay
through the emission of gravitational waves. A certain
amount of inflation of the strings is necessary in order that
the gravitational emission is also compatible with the
LIGO-VIRGO constraint on Gy in the 10-100 Hz fre-
quency range. The gravitational wave background from

TABLE I Bayesian credible intervals for the model parameters
of QSS and WBS.

Credible intervals

Model Parameters 68% 95%

QSS logo(Gu) [-6.59, —4.87] [-7.58,—4.38]
logo(ty/ sec) [0.78, 3.36] [0.12, 4.91]

WBS logo(Gu) [-6.65, —5.31] [-7.68, —5.15]

10g10(vaw/GeV)  [1.41, 2.52] [0.53, 2.63]
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the quasi-stable strings with log,o(Gu) = —5.84%)7. and

logo(ty/ sec) = 2.289%%  and walls bounded by strings
with  log,o(Gu) = =5.97°8%, and log,o(vgy/ sec) =
1.96%% can explain the recent evidence in the NANOGrav
15 year data. The Bayes factors for QSS and WBS provide
strong evidence for these scenarios in comparison with the
simplest model for SMBHBSs, and they are comparable with
the other competing models of cosmic strings such as
metastable strings and cosmic superstrings.

ACKNOWLEDGMENTS
We thank Amit Tiwari for a careful reading of the
manuscript. R.M. acknowledges discussions with

Sunando Patra and Nilanjandev Bhaumik. The authors
thank Nilanjandev Bhaumik for a run of the model iles for
QSS on his computer as a cross-check. This work is
supported by the National Research Foundation of Korea
grants by the Korea Government: 2022R1A4A5030362
(R.M.) and the Hellenic Foundation for Research and
Innovation (H. F. R. I.) under the “First Call for H. F. R. L.
Research Projects to support Faculty Members and
Researchers and the procurement of high-cost research
equipment grant” (Project Number: 2251) (G.L. and
Q.S.). R.M. thanks Rick Bernard and the Department
of Physics & Astronomy in the University of Delaware for
providing access to Mathematica.

[1] NANOGrav Collaboration, The NANOGrav 15 yr data set:
Evidence for a gravitational-wave background, Astrophys.
J. Lett. 951, L8 (2023).

[2] NANOGrav Collaboration, The NANOGrav 15 yr data set:
Search for signals from new physics, Astrophys. J. Lett.
951, L11 (2023).

[3] EPTA Collaboration, The second data release from the
European Pulsar Timing Array III. Search for gravitational
wave signals, Astron. Astrophys. 678, A50 (2023).

[4] D.J. Reardon et al., Search for an isotropic gravitational-
wave background with the Parkes Pulsar Timing Array,
Astrophys. J. Lett. 951, L6 (2023).

[51 H. Xu et al., Searching for the nano-Hertz stochastic
gravitational wave background with the Chinese Pulsar
Timing Array data release I, Res. Astron. Astrophys. 23,
075024 (2023).

[6] NANOGrav Collaboration, The NANOGrav 15 yr data set:
Constraints on supermassive black hole binaries from the
gravitational-wave background, Astrophys. J. Lett. 952, .37
(2023).

[7] G. Franciolini, D. Racco, and F. Rompineve, Footprints of
the QCD crossover on cosmological gravitational waves at
Pulsar Timing Arrays, arXiv:2306.17136.

[8] Z.-Q. Shen, G.-W. Yuan, Y.-Y. Wang, and Y.-Z. Wang, Dark
matter spike surrounding supermassive black holes binary
and the nanohertz stochastic gravitational wave background,
arXiv:2306.17143.

[9] L. Zu, C. Zhang, Y.-Y. Li, Y.-C. Gu, Y.-L. S. Tsai, and Y.-Z.
Fan, Mirror QCD phase transition as the origin of the
nanohertz stochastic gravitational-wave background, arXiv:
2306.16769.

[10] G. Lambiase, L. Mastrototaro, and L. Visinelli, Astro-
physical neutrino oscillations after Pulsar Timing Array
analyses, arXiv:2306.16977.

[11] C. Han, K.-P. Xie, J.M. Yang, and M. Zhang, Self-
interacting dark matter implied by nano-Hertz gravitational
waves, arXiv:2306.16966.

[12] S.-Y. Guo, M. Khlopov, X. Liu, L. Wu, Y. Wu, and B. Zhu,
Footprints of axion-like particle in Pulsar Timing Array data
and JWST observations, arXiv:2306.17022.

[13] Z. Wang, L. Lei, H. Jiao, L. Feng, and Y.-Z. Fan, The
nanohertz stochastic gravitational-wave background from
cosmic string loops and the abundant high redshift massive
galaxies, arXiv:2306.17150.

[14] J. Ellis, M. Lewicki, C. Lin, and V. Vaskonen, Cosmic
superstrings revisited in light of NANOGrav 15-year data,
arXiv:2306.17147.

[15] S. Vagnozzi, Inflationary interpretation of the stochastic
gravitational wave background signal detected by pulsar timing
array experiments, J. High Energy Astrophys. 39, 81 (2023).

[16] K. Fujikura, S. Girmohanta, Y. Nakai, and M. Suzuki,
NANOGerav signal from a dark conformal phase transition,
Phys. Lett. B 846, 138203 (2023).

[17] N. Kitajima, J. Lee, K. Murai, F. Takahashi, and W. Yin,
Gravitational waves from domain wall collapse, and appli-
cation to nanohertz signals with QCD-coupled axions,
arXiv:2306.17146.

[18] Y.-Y. Li, C. Zhang, Z. Wang, M.-Y. Cui, Y.-L. S. Tsai, Q.
Yuan et al., Primordial magnetic field as a common solution
of nanohertz gravitational waves and Hubble tension,
arXiv:2306.17124.

[19] G. Franciolini, A. Iovino Junior, V. Vaskonen, and H.
Veermae, The recent gravitational wave observation by
Pulsar Timing Arrays and primordial black holes: The
importance of non-Gaussianities, arXiv:2306.17149.

[20] E. Megias, G. Nardini, and M. Quiros, Pulsar Timing Array
stochastic background from light Kaluza-Klein resonances,
arXiv:2306.17071.

[21] J. Ellis, M. Fairbairn, G. Hiitsi, J. Raidal, J. Urrutia, V.
Vaskonen et al., Gravitational waves from SMBH binaries
in light of the NANOGrav 15-year data, arXiv:2306.17021.

[22] Y. Bai, T.-K. Chen, and M. Korwar, QCD-collapsed domain
walls: QCD phase transition and gravitational wave
spectroscopy, arXiv:2306.17160.

095041-5


https://doi.org/10.3847/2041-8213/acdac6
https://doi.org/10.3847/2041-8213/acdac6
https://doi.org/10.3847/2041-8213/acdc91
https://doi.org/10.3847/2041-8213/acdc91
https://doi.org/10.1051/0004-6361/202346844
https://doi.org/10.3847/2041-8213/acdd02
https://doi.org/10.1088/1674-4527/acdfa5
https://doi.org/10.1088/1674-4527/acdfa5
https://doi.org/10.3847/2041-8213/ace18b
https://doi.org/10.3847/2041-8213/ace18b
https://arXiv.org/abs/2306.17136
https://arXiv.org/abs/2306.17143
https://arXiv.org/abs/2306.16769
https://arXiv.org/abs/2306.16769
https://arXiv.org/abs/2306.16977
https://arXiv.org/abs/2306.16966
https://arXiv.org/abs/2306.17022
https://arXiv.org/abs/2306.17150
https://arXiv.org/abs/2306.17147
https://doi.org/10.1016/j.jheap.2023.07.001
https://doi.org/10.1016/j.physletb.2023.138203
https://arXiv.org/abs/2306.17146
https://arXiv.org/abs/2306.17124
https://arXiv.org/abs/2306.17149
https://arXiv.org/abs/2306.17071
https://arXiv.org/abs/2306.17021
https://arXiv.org/abs/2306.17160

LAZARIDES, MAIJI, and SHAFI

PHYS. REV. D 108, 095041 (2023)

[23] J. Yang, N. Xie, and F. P. Huang, Implication of nano-Hertz
stochastic gravitational wave background on ultralight axion
particles, arXiv:2306.17113.

[24] A. Ghoshal and A. Strumia, Probing the dark matter density
with gravitational waves from super-massive binary black
holes, arXiv:2306.17158.

[25] H. Deng, B. Bécsy, X. Siemens, N.J. Cornish, and D.R.
Madison, Searching for gravitational wave burst in PTA data
with piecewise linear functions, arXiv:2306.17130.

[26] G. Lazarides, R. Maji, and Q. Shafi, Gravitational waves
from quasi-stable strings, J. Cosmol. Astropart. Phys. 08
(2022) 042.

[27] T. W. B. Kibble, G. Lazarides, and Q. Shafi, Walls bounded
by strings, Phys. Rev. D 26, 435 (1982).

[28] X. Martin and A. Vilenkin, Gravitational wave background
from hybrid topological defects, Phys. Rev. Lett. 77, 2879
(1996).

[29] J. Preskill and A. Vilenkin, Decay of metastable topological
defects, Phys. Rev. D 47, 2324 (1993).

[30] LIGO Scientific, Virgo, and KAGRA Collaborations,
Constraints on cosmic strings using data from the third
Advanced LIGO-Virgo observing run, Phys. Rev. Lett. 126,
241102 (2021).

[31] G. Lazarides, Q. Shafi, and A. Tiwari, Composite topo-
logical structures in SO(10), J. High Energy Phys. 05 (2023)
119.

[32] A. Vilenkin and A.E. Everett, Cosmic strings and domain
walls in models with Goldstone and pseudo-Goldstone
bosons, Phys. Rev. Lett. 48, 1867 (1982).

[33] T. Vachaspati and A. Vilenkin, Gravitational radiation from
cosmic strings, Phys. Rev. D 31, 3052 (1985).

[34] A. Vilenkin and E. P. S. Shellard, Cosmic Strings and Other
Topological — Defects (Cambridge University Press,
Cambridge, England, 2000).

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

[36] T. Charnock, A. Avgoustidis, E. J. Copeland, and A. Moss,
CMB constraints on cosmic strings and superstrings,
Phys. Rev. D 93, 123503 (2016).

[37] D. 1. Dunsky, A. Ghoshal, H. Murayama, Y. Sakakihara, and
G. White, GUTs, hybrid topological defects, and gravita-
tional waves, Phys. Rev. D 106, 075030 (2022).

[38] R. Maji, W.-1. Park, and Q. Shafi, Gravitational waves from
walls bounded by strings in SO(10) model of pseudo-
Goldstone dark matter, Phys. Lett. B 845, 138127
(2023).

[39] V. Vanchurin, K. D. Olum, and A. Vilenkin, Scaling of
cosmic string loops, Phys. Rev. D 74, 063527 (2006).

[40] C. Ringeval, M. Sakellariadou, and F. Bouchet, Cosmo-
logical evolution of cosmic string loops, J. Cosmol.
Astropart. Phys. 02 (2007) 023.

[41] K. D. Olum and V. Vanchurin, Cosmic string loops in the
expanding Universe, Phys. Rev. D 75, 063521 (2007).

[42] S. Olmez, V. Mandic, and X. Siemens, Gravitational-wave
stochastic background from kinks and cusps on cosmic
strings, Phys. Rev. D 81, 104028 (2010).

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

[44] J.J. Blanco-Pillado and K.D. Olum, Stochastic gravita-
tional wave background from smoothed cosmic string loops,
Phys. Rev. D 96, 104046 (2017).

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

[46] X. Martin and A. Vilenkin, Gravitational radiation from
monopoles connected by strings, Phys. Rev. D 55, 6054
(1997).

[47] L. Leblond, B. Shlaer, and X. Siemens, Gravitational waves
from broken cosmic strings: The bursts and the beads, Phys.
Rev. D 79, 123519 (2009).

[48] G. Mangano and P. D. Serpico, A robust upper limit on N
from BBN, circa 2011, Phys. Lett. B 701, 296 (2011).

[49] E. Thrane and J. D. Romano, Sensitivity curves for searches
for gravitational-wave backgrounds, Phys. Rev. D 88,
124032 (2013).

[50] K. Schmitz, New sensitivity curves for gravitational-wave
signals from cosmological phase transitions, J. High Energy
Phys. 01 (2021) 097.

[51] KAGRA, LIGO Scientific, and Virgo Collaborations, Pros-
pects for observing and localizing gravitational-wave tran-
sients with Advanced LIGO, Advanced Virgo and KAGRA,
Living Rev. Relativity 21, 3 (2018).

[52] T. Regimbau, M. Evans, N. Christensen, E. Katsavounidis,
B. Sathyaprakash, and S. Vitale, Digging deeper: Observing
primordial gravitational waves below the binary black hole
produced stochastic background, Phys. Rev. Lett. 118,
151105 (2017).

[53] G. Mentasti and M. Peloso, ET sensitivity to the anisotropic
stochastic gravitational wave background, J. Cosmol.
Astropart. Phys. 03 (2021) 080.

[54] S. Sato et al., The status of DECIGO, J. Phys. Conf. Ser.
840, 012010 (2017).

[55] J. Crowder and N.J. Cornish, Beyond LISA: Exploring
future gravitational wave missions, Phys. Rev. D 72, 083005
(2005).

[56] V. Corbin and N.J. Cornish, Detecting the cosmic gravi-
tational wave background with the big bang observer,
Classical Quantum Gravity 23, 2435 (2006).

[57] N. Bartolo et al., Science with the space-based interfero-
meter LISA. IV: Probing inflation with gravitational waves,
J. Cosmol. Astropart. Phys. 12 (2016) 026.

[58] P. Amaro-Seoane et al., Laser interferometer space antenna,
arXiv:1702.00786.

[59] P.E. Dewdney, P.J. Hall, R.T. Schilizzi, and T.J.L. W.
Lazio, The square kilometre array, Proc. IEEE 97, 1482
(2009).

[60] G. Janssen et al., Gravitational wave astronomy with the
SKA, Proc. Sci. AASKA14 (2015) 037.

[61] R. Maji and W.-I. Park, Supersymmetric U(1)gz_; flat
direction and NANOGrav 15 year data, arXiv:2308.11439.

[62] G. Lazarides, R. Maji, A. Moursy, and Q. Shafi, Inflation,
superheavy metastable strings and gravitational waves in
non-supersymmetric flipped SU(5), arXiv:2308.07094.

[63] G. Lazarides and C. Pallis, Probing the supersymmetry-
mass scale with F-term hybrid inflation, arXiv:2309.04848.

[64] G. Lazarides, R. Maji, and Q. Shafi, Cosmic strings,
inflation, and gravity waves, Phys. Rev. D 104, 095004
(2021).

095041-6


https://arXiv.org/abs/2306.17113
https://arXiv.org/abs/2306.17158
https://arXiv.org/abs/2306.17130
https://doi.org/10.1088/1475-7516/2022/08/042
https://doi.org/10.1088/1475-7516/2022/08/042
https://doi.org/10.1103/PhysRevD.26.435
https://doi.org/10.1103/PhysRevLett.77.2879
https://doi.org/10.1103/PhysRevLett.77.2879
https://doi.org/10.1103/PhysRevD.47.2324
https://doi.org/10.1103/PhysRevLett.126.241102
https://doi.org/10.1103/PhysRevLett.126.241102
https://doi.org/10.1007/JHEP05(2023)119
https://doi.org/10.1007/JHEP05(2023)119
https://doi.org/10.1103/PhysRevLett.48.1867
https://doi.org/10.1103/PhysRevD.31.3052
https://doi.org/10.1051/0004-6361/201321621
https://doi.org/10.1103/PhysRevD.93.123503
https://doi.org/10.1103/PhysRevD.106.075030
https://doi.org/10.1016/j.physletb.2023.138127
https://doi.org/10.1016/j.physletb.2023.138127
https://doi.org/10.1103/PhysRevD.74.063527
https://doi.org/10.1088/1475-7516/2007/02/023
https://doi.org/10.1088/1475-7516/2007/02/023
https://doi.org/10.1103/PhysRevD.75.063521
https://doi.org/10.1103/PhysRevD.81.104028
https://doi.org/10.1103/PhysRevD.89.023512
https://doi.org/10.1103/PhysRevD.89.023512
https://doi.org/10.1103/PhysRevD.96.104046
https://doi.org/10.1007/JHEP01(2019)081
https://doi.org/10.1103/PhysRevD.55.6054
https://doi.org/10.1103/PhysRevD.55.6054
https://doi.org/10.1103/PhysRevD.79.123519
https://doi.org/10.1103/PhysRevD.79.123519
https://doi.org/10.1016/j.physletb.2011.05.075
https://doi.org/10.1103/PhysRevD.88.124032
https://doi.org/10.1103/PhysRevD.88.124032
https://doi.org/10.1007/JHEP01(2021)097
https://doi.org/10.1007/JHEP01(2021)097
https://doi.org/10.1007/s41114-018-0012-9
https://doi.org/10.1103/PhysRevLett.118.151105
https://doi.org/10.1103/PhysRevLett.118.151105
https://doi.org/10.1088/1475-7516/2021/03/080
https://doi.org/10.1088/1475-7516/2021/03/080
https://doi.org/10.1088/1742-6596/840/1/012010
https://doi.org/10.1088/1742-6596/840/1/012010
https://doi.org/10.1103/PhysRevD.72.083005
https://doi.org/10.1103/PhysRevD.72.083005
https://doi.org/10.1088/0264-9381/23/7/014
https://doi.org/10.1088/1475-7516/2016/12/026
https://arXiv.org/abs/1702.00786
https://doi.org/10.1109/JPROC.2009.2021005
https://doi.org/10.1109/JPROC.2009.2021005
https://doi.org/10.22323/1.215.0037
https://arXiv.org/abs/2308.11439
https://arXiv.org/abs/2308.07094
https://arXiv.org/abs/2309.04848
https://doi.org/10.1103/PhysRevD.104.095004
https://doi.org/10.1103/PhysRevD.104.095004

SUPERHEAVY QUASISTABLE STRINGS AND WALLS BOUNDED ...

PHYS. REV. D 108, 095041 (2023)

[65] A. Mitridate, D. Wright, R. von Eckardstein, T. Schroder, J.
Nay, K. Olum e al., PTArcade, arXiv:2306.16377.

[66] W.G. Lamb, S.R. Taylor, and R. van Haasteren, The need
for speed: Rapid refitting techniques for Bayesian spectral
characterization of the gravitational wave background using
PTAs, arXiv:2303.15442.

[67] R. W. Hellings and G.S. Downs, Upper limits on the
isotropic gravitational radiation background from pulsar
timing analysis, Astrophys. J. Lett. 265, L39 (1983).

[68] J. A. Ellis, M. Vallisneri, S.R. Taylor, and P.T. Baker,
Enterprise: Enhanced numerical toolbox enabling a robust

pulsar inference suite, Zenodo, 10.5281/zenodo.4059815
(2020).

[69] S.R. Taylor, P. T. Baker, J. S. Hazboun, J. Simon, and S.J.
Vigeland, Enterprise extensions (2021).

[70] Super-Kamiokande Collaboration, Search for proton decay
via p—et7’ and p — ptz’ with an enlarged fiducial
volume in Super-Kamiokande I-IV, Phys. Rev. D 102,
112011 (2020).

[71] Hyper-Kamiokande Collaboration, Hyper-Kamiokande, in
Proceedings of Prospects in Neutrino Physics (Nu-
Phys2018), London, United Kingdom, arXiv:1904.10206.

095041-7


https://arXiv.org/abs/2306.16377
https://arXiv.org/abs/2303.15442
https://doi.org/10.1086/183954
https://doi.org/10.5281/zenodo.4059815
https://doi.org/10.5281/zenodo.4059815
https://doi.org/10.1103/PhysRevD.102.112011
https://doi.org/10.1103/PhysRevD.102.112011
https://arXiv.org/abs/1904.10206

