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We analyze cosmic superstring models in light of NANOGrav 15-year pulsar timing data. A good
fit is found for a string tension Gu ~ 107'? — 107! and a string intercommutation probability

p~ 1073 — 1071,

Extrapolation to higher frequencies assuming standard Big Bang cosmology is

compatible at the 68% CL with the current LIGO/Virgo/KAGRA upper limit on a stochastic
gravitational wave background in the 10 to 100 Hz range. The superstring interpretation of the
NANOGrav data would be robustly testable by future experiments even in modified cosmological

scenarios.
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Introduction: The NANOGrav and other Pulsar
Timing Array (PTA) Collaborations have recently pre-
sented evidence for the Hellings-Downs angular corre-
lation in the common-spectrum process that had been
observed previously by PTAs [I-12]. This discovery
demonstrates that the common-spectrum process is due
to gravitational waves (GWs) in the nHz range. However,
their origin has not been established, and it is important
to know how alternative scenarios can be distinguished.
The default scenario would be astrophysical, specifically
that these GWs are emitted by supermassive black hole
(SMBH) binaries. However, at this stage, it is not pos-
sible to exclude more exotic scenarios involving physics
beyond the Standard Model, such as cosmic strings or a
cosmological phase transition [0].

A cosmic string model was able to fit the NANOGrav
12.5-year data [13] that contained the first reported
evidence for a common spectrum process in the nHz
range [14—16] that was subsequently confirmed by other
PTAs [17-19]. In this paper we revisit cosmic strings in
light of the NANOGrav 15-year data, discussing modi-
fications of the previous model that enable it to accom-
modate the updated NANOGrav data as well as other
experimental constraints. A key prediction of the cosmic
string model is the presence of a stochastic gravitational
wave background (SGWB) that extends over many or-
ders of magnitude in frequency, whereas the extension
of the SMBH binary model to higher frequencies is sub-
ject to larger uncertainties [20]. Our aim in this paper,
therefore, is to explore the robustness of the cosmic string
predictions and whether it can avoid making testable pre-
dictions for higher-frequency GW detectors.

Cosmic (Super) Strings: Cosmic strings are a com-
mon feature of numerous extensions of the Standard
Model [21, 22], usually realised through the spontaneous
breaking of a U(1) symmetry in the early Universe [23].

As discussed in more detail below, the motions and inter-
commutations of a network of cosmic strings generate a
spectrum of GWs extending over many orders of magni-
tude in frequency whose magnitude and shape are deter-
mined by a single parameter, the string tension Gu. This
scenario was analysed in the context of the NANOGrav
12.5-year data [14—16], and provided a very good fit to the
observations. However, it is immediately apparent from
inspection (for example) of Fig. 2 in [14] and Fig. 1 in [1]
the amplitude and spectral slope of the NANOGrav 15-
year data cannot be fitted well by the one-parameter cos-
mic string model proposed previously. The new data in-
dicate that the spectrum is steeper than what the simple
one-parameter cosmic string model can reproduce [6, 10].

Cosmic strings can also arise in superstring theory [24,

], as fundamental strings stretched to cosmological
sizes. In such models the probability that strings in-
tercommute does not have to be unity as in the field-
theory case, and values as low as p = 1073 are well mo-
tivated [26]. Another possible realisation could be pro-
vided by colour flux tubes associated with confinement in
pure Yang-Mills theories, which would share similar phe-
nomenological characteristics [27, 28]. In the simplest
approximation, this means multiplying the loop number
density by p~! which leads to an identical increase in the
GW signal abundance [29, 30]. Although it has been sug-
gested that this treatment is oversimplified [31], improve-
ment of this simple result is still a matter of debate [32]
and we adopt it here, allowing the intercomutation prob-
ability p to be a free parameter.

GW spectrum from cosmic strings: We approxi-
mate the evolution of the string network during the ex-
pansion of the Universe using the velocity-dependent one-
scale (VOS) model [33-37]. In this approach, the network
is characterised by its correlation length L and string ve-
locity . The evolution of these parameters in a given



background is obtained by solving [34, 35]:
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H is the Hubble rate and the parameter ¢ ~ 0.23 de-
scribes the loop chopping efficiency [35].

We assume that the only energy-loss mechanism for the
network is through the emission of GWs from closed loops
that are continuously cut from the long string network
as the long strings collide [38]. To compute the gravita-
tional wave emission we follow recent Nambu-Goto string
simulations [39—44]. These find that the total result is
well approximated by just taking into account the popu-
lation of large loops with initial size I; = ap L (¢;) where
t; is the formation time and ay =~ 0.37, which during
an epoch of radiation domination gives I; =~ at; with
a = 0.1 as expected. Smaller loops cut from the network
have much higher kinetic energy, which redshifts rather
than contributing to the emission. The simulations find
that F ~ 0.1 of the total energy is transferred into large
loops and the GW spectrum, and we assume this factor in
our calculations. There is one final additional reduction
factor f, = /2 that accounts for the energy transferred
into peculiar velocities of loops [32], which also reduces
the total energy contributing to the GW emission.

After a loop is cut from the network it shortens as it
loses energy by emitting GWs:

l(t) = OéLL (tl) — FG/.L (t — ti) s (4)

where ¢; is the loop creation time and I" ~ 50 is the total
emission power [30, 42, 45]. To compute the spectrum
we need to sum the emission over time from all the loops
contributing at a given frequency. Starting with the fun-
damental mode we have [32, 30]
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where t; is the formation time of the contributing loops.
This has to be found by solving Eq. (4) and using the fact

tp

that loops with size I(Z, f) = %;((t?) emit at frequency f.
The © function corresponds to the moment when the
network first reaches scaling and begins GW production.
The normalisation function ((q) = >, ¢~ ensures that
the power emitted by all modes sums to I' and we have

q =4/3(5/4) for emission mostly through cusps (kinks).

It is convenient to relate the emission of higher modes
to the fundamental mode by using

Qi () = k71955 (f/k). (7)

Summation of higher frequency modes is crucial for cor-

rect reproduction of the spectrum, particularly in the

case of modified cosmological expansion when the high-

frequency part of the spectrum is not a flat plateau [16—
]. We use a convenient approximation [16]

N

k >~ k
QD= 0+ [ ol ©
k=1 N+1
which with N = 10 is very accurate while remain-

ing computationally feasible. We find that summing up
to k = 10'2 modes is enough to reproduce the high-
frequency slopes in the frequency range of interest.

We focus on the emission by cusps setting ¢ = 4/3.
The simulations [39-44] find a more complicated spec-
trum that is steeper at low k values. However, at large k
values the emission is dominated by cusps with ¢ = 4/3.
For spectra falling at high frequencies it is g that dictates
the slope, but at large frequencies it is the tail of very
high k values that dominates the signal and a pure cusp
spectrum is a good approximation.

Fig. 1 compares the probability density functions of
the NANOGrav 15-year data for the GW energy den-
sity Qaw in different frequency bins, represented as ‘vi-
olins’, with the representative choices of the cosmic su-
perstring model parameters (Gu, p) indicated by the dots
of the same colours in Fig. 2. We see in Fig. 1 that the
cosmic superstring model can give an acceptable fit to
the NANOGrav 15-year data. Fig. 2 displays the 68,
95 and 99% CL regions of the cosmic superstring fit of
the NANOGrav 15-year data in the (Gpu,p) plane with
p > 0.001. The data prefers p < 0.1 at 95% CL and
excludes cosmic strings with p = 1 as the explanation
of the signal by more that 99% CL (see also Fig. 11 of
ref. [6]). Fig. 2 also shows that most of the 68% CL re-
gion is excluded by the non-observation of a SGWB in
the LVK O3 data [19]. The LVK design sensitivity will
not be able to exclude the cosmic superstring fit to the
NANOGrav 15-year data beyond the 95% CL.

Impact of modified cosmological expansion: The
cosmic string network evolves and continues to emit GWs
throughout the evolution of the Universe. During radia-
tion domination a relatively flat plateau is produced at
high frequencies, since the signal redshifts at the same
rate as the background, and there are only small changes
due to the effects of changes in the number of degrees
of freedom. The peak in the spectrum that strings pro-
duce at low frequencies is an effect of the recent matter-
domination period. This sensitivity makes the signal
from cosmic strings a perfect tool to probe the expan-
sion rate in the early Universe [32, 46, 48, 50-56]. We
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FIG. 1. The curves show the SGWB from cosmic superstrings
assuming standard cosmological expansion and the ‘violins’
show the NANOGrav 15-year data. Different curves corre-
spond to choices of (Gu,p) indicated by points indicated with
the same colours in Fig 2.
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FIG. 2. The blue contours correspond to the 68, 95 and

99% CL ranges for the superstring fit of the NANOGrav 15-
year data assuming standard cosmological erpansion. The
coloured dots correspond to the curves with specific values
of the string tension Gu and intercommutation probability p
shown in Figs. 1 and 3. The orange regions show the present
and projected LVK sensitivities to the SGWB generated by
cosmic superstrings.

consider now the possibility that the cosmic string signal
could explain the NANOGrav observations but remain
hidden from other experiments due to non-standard cos-
mological expansion. We focus on two possible modifi-
cations that could diminish the signal, namely an early
period of matter domination [50, 51] and dilution of the
network by a period of inflation [46, 52].

Both these modifications are implemented by modify-
ing the Hubble rate in Eq. (2) and the resulting expan-
sion in Eq. (5). We model an early period of matter
domination by assuming standard expansion from today
back to the moment when the matter domination period
ended, and replace the radiation energy density with a
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FIG. 3. Eztrapolations to higher frequencies of the SGWB
calculated in the cosmic superstring fits to NANOGrav data
assuming standard cosmological expansion (solid lines) and
including the longest possible period of early matter dom-
ination ending at T = 5 MeV just before BBN (dashed
lines). The sensitivities of present and projected experiments
are indicated, including LIGO/Virgo/KAGRA (LVK) [50-
61], ET [62, 03], AION [6/], AEDGE [65], LISA [66-68],
the Nancy Roman telescope (ROMAN) [69] and SKA [70].

matter energy density that redshifts as a=3. We assume
a long period of matter domination and note that the
details of the matter-radiation transition do not affect
the signal significantly as long as it is fast. The main
constraint is that the transition back to radiation has to
finish before Big Bang Nucleosynthesis (BBN) at a tem-
perature of roughly Tggn = 5 MeV [57], which we use as
our benchmark. Fig. 3 shows the impact of this longest
possible period of early matter domination on the cos-
mic string GW spectra through the divergences between
the dashed lines and the solid lines obtained for the same
string parameters in the case of standard expansion. The
modification due to matter domination would enable all
the spectra indicated by dots in Fig. 2 to avoid detection
in upcoming runs of LVK and would allow many of the
superstring parameter choices currently constrained by
the most recent LVK data from their run O3. However,
all the spectra modified by matter domination remain
within reach of the other indicated future experiments
(ET, AION-km, AEDGE and LISA), even though the
shapes of the spectra change. [58]

We turn next turn to consider the impact of an epoch
of inflation. Although standard radiation domination of
the Universe must be restored before BBN also in this
case, the results are very different from the case of mat-
ter domination. This is because the string network is
first diluted by inflation and subsequently its abundance
increases after reheating as diluted strings redshift slower
than radiation so that scaling is reached much later. The
frequency at which the spectrum is modified corresponds
to the time when strings resume to scaling and not the



end of the inflationary period [16, 52]. The upper and
lower panels of Fig. 4 show the impact of diluting the net-
work by inflation for the strongest and weakest spectrum
among those indicated by dots in Fig 2. As could be ex-
pected, we see that longer periods of inflation result in a
longer time before the strings resume scaling. Hence the
modification of the spectrum continues to lower frequen-
cies for a larger number of e-folds of inflation. In both
cases, we see it is possible to push the modification down
to PTA frequencies and the cut-off on e-folds comes when
the modification worsens the fit to NANOGrav data be-
yond 99% CL. In both our examples we see this occurs
before the spectra are diminished enough to avoid detec-
tion in any of the future experiments and only the reach
of LVK can be impacted.

Figure 4 shows benchmarks for both the reheating tem-
perature, Tyen, and the number of e-fold, N.. Provided
that the inflationary period lasted more than several e-
folds all the pre-existing loop population and GWs are
redshifted away and the final spectrum is produced only
after the strings go back into scaling [71]. Thus, for each
of our benchmarks, a larger number of e-folds compen-
sated by a higher reheating temperature allowing the net-
work more time to replenish its abundance would produce
the same result. In all cases, the indicated inflationary
periods affecting the strings are shorter than the primor-
dial inflation producing the CMB, and strings diluted by
primordial inflation would not grow back sufficiently to
produce any observable spectra. However, all our results
could be reproduced by primordial inflation if the strings
were produced a few e-folds after inflation began [106].
On the other hand, if the strings were produced after
primordial inflation our results could also be realised by
a shorter intermediate period of thermal inflation and,
in that case, there could be an additional signal at fre-
quencies corresponding to T if that period ended in
first-order phase transition [71].

Conclusions: We have reanalysed the recent
NANOGrav 15-year data in the context of cosmic strings
and superstrings. Cosmic strings are inconsistent with
the data, but cosmic super strings are consistent if their
intercommutation probability p < 0.1. Our main aim
was to study the robustness of the detection prospects of
other GW experiments operating at higher frequencies in
the context of a possible modification of the expansion
rate in the early Universe that would affect the SGWB
signal. We find that either an early period of matter
domination or some dilution of strings by inflation would
preserve some of the points best fitting the NANOGrav
data from exclusion by the current and prospective LVK
data sets. However, neither of these modifications of
standard cosmological expansion can hide the SGWB sig-
nal from any of the other planned experiments includ-
ing ET, AION-km, AEDGE and LISA. Thus, if cosmic
superstrings remain a viable source for explaining the
NANOGrav and future PTA data these other upcoming
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FIG. 4. The impacts of a period of inflation on SGWB signals
in Fig 3. Dashed lines show the modification of the spectra by
thermal inflation reheating to Tren = 103 GeV with N. indi-
cating how long the inflation lasted. The upper panel shows
the impact on the strongest signal in Fig 3, shown there in
green. Short periods of inflation up to 20 e-folds have little
impact on the fit. However, 21 (22) e-folds are excluded by
NANOGrav at the 95% and 99% CLs, respectively. The lower
panel shows the impact on the weakest signal in Fig 3, shown
there in red. Without any modification, this point was already
disfavoured at the 99% CL. Even the shortest period of infla-
tion, corresponding to 19 e-folds, modifies the SGWB signal
at low frequencies, reducing the CL to an unacceptable level.

experiments will certainly be able to check this possibility
despite these possible modifications of the early expan-
sion of the Universe.

Acknowledgments — The work of J.E. was supported
by the United Kingdom STFC Grants ST/T000759/1
and ST/T00679X/1. The work of M.L. was supported
by the Polish National Agency for Academic Exchange
within the Polish Returns Programme under agree-
ment PPN/PPO/2020/1/00013/U /00001 and the Polish
National Science Centre grant 2018/31/D/ST2/02048.
The work of C.L. was supported by the grants
2018/30/Q/ST9/00795 and 2021/42/E/ST9/00260 from
the National Science Centre (Poland). The work of V.V.
was partially supported by the European Union’s Horizon



Europe research and innovation program under the Marie
Sktodowska-Curie grant agreement No. 101065736.

john.ellis@Qcern.ch

marek.lewicki@fuw.edu.pl

chunshan.lin@uj.edu.pl
ville.vaskonen@pd.infn.it

1] G. Agazie et al. (NANOGrav
The NANOGrav 15-year Data Set: Evidence for
a  Gravitational-Wave  Background  10.3847/2041-
8213 /acdac6 (2023), arXiv:2306.16213 [astro-ph.HE].

[2] J. Antoniadis et al. (European Pulsar Timing Array Col-
laboration), The second data release from the European
Pulsar Timing Array III. Search for gravitational wave
signals, (2023), arXiv:2306.16214 [astro-ph.HE].

[3] D. J. Reardon et al. (Parkes Pulsar Timing Array
Collaboration), Search for an isotropic gravitational-
wave background with the Parkes Pulsar Timing Ar-
ray 10.3847/2041-8213/acdd02 (2023), arXiv:2306.16215
[astro-ph.HE].

[4] H. Xu et al. (Chinese Pulsar Timing Array Collabora-
tion), Searching for the nano-Hertz stochastic gravita-
tional wave background with the Chinese Pulsar Timing
Array Data Release I 10.1088/1674-4527 /acdfa5 (2023),
arXiv:2306.16216 [astro-ph.HE].

[5] G. Agazie et al. (NANOGrav Collaboration), The
NANOGrav 15-year Data Set: Observations and Tim-
ing of 68 Millisecond Pulsars 10.3847/2041-8213/acda9a
(2023), arXiv:2306.16217 [astro-ph.HE].

[6] A. Afzal et al. (NANOGrav Collaboration), The
NANOGrav 15-year Data Set: Search for Signals
from New Physics 10.3847/2041-8213/acdc91 (2023),
arXiv:2306.16219 [astro-ph.HE].

[7] G. Agazie et al. (NANOGrav Collaboration), The
NANOGrav 15-year Data Set: Constraints on Supermas-
sive Black Hole Binaries from the Gravitational Wave
Background, (2023), arXiv:2306.16220 [astro-ph.HE].

[8] J. Antoniadis et al. (European Pulsar Timing Array Col-
laboration), The second data release from the European
Pulsar Timing Array I. The dataset and timing analysis
10.1051,/0004-6361/202346841 (2023), arXiv:2306.16224
[astro-ph.HE].

[9] J. Antoniadis et al. (European Pulsar Timing Array Col-
laboration), The second data release from the European
Pulsar Timing Array IV. Search for continuous gravi-
tational wave signals, (2023), arXiv:2306.16226 [astro-
ph.HE].

[10] J. Antoniadis et al. (European Pulsar Timing Array
Collaboration), The second data release from the Euro-
pean Pulsar Timing Array: V. Implications for massive
black holes, dark matter and the early Universe, (2023),
arXiv:2306.16227 [astro-ph.CO].

[11] D. J. Reardon et al. (Parkes Pulsar Timing Array

Collaboration), The gravitational-wave background null

hypothesis: Characterizing noise in millisecond pul-

sar arrival times with the Parkes Pulsar Timing Ar-
ray 10.3847/2041-8213/acdd03 (2023), arXiv:2306.16229

[astro-ph.HE].

A. Zic et al. (Parkes Pulsar Timing Array Collaboration),

The Parkes Pulsar Timing Array Third Data Release,

W A =+ K

Collaboration),

[12

(2023), arXiv:2306.16230 [astro-ph.HE].

[13] Z. Arzoumanian et al. (NANOGrav Collaboration), The
NANOGrav 12.5-year Data Set: Search For An Isotropic
Stochastic Gravitational-Wave Background,  (2020),
arXiv:2009.04496 [astro-ph.HE].

[14] J. Ellis and M. Lewicki, Cosmic String Interpretation of
NANOGrav Pulsar Timing Data, Phys. Rev. Lett. 126,
041304 (2021), arXiv:2009.06555 [astro-ph.CO].

[15] S. Blasi, V. Brdar, and K. Schmitz, Has NANOGrav
found first evidence for cosmic strings?, Phys. Rev. Lett.
126, 041305 (2021), arXiv:2009.06607 [astro-ph.CO].

[16] J. J. Blanco-Pillado, K. D. Olum, and J. M. Wachter,
Comparison of cosmic string and superstring models to
NANOGrav 12.5-year results, Phys. Rev. D 103, 103512
(2021), arXiv:2102.08194 [astro-ph.CO].

[17] B. Goncharov et al., On the Evidence for a Common-
spectrum Process in the Search for the Nanohertz
Gravitational-wave Background with the Parkes Pul-
sar Timing Array, Astrophys. J. Lett. 917, 1.19 (2021),
arXiv:2107.12112 [astro-ph.HE].

[18] S. Chen et al., Common-red-signal analysis with 24-yr
high-precision timing of the European Pulsar Timing Ar-
ray: inferences in the stochastic gravitational-wave back-
ground search, Mon. Not. Roy. Astron. Soc. 508, 4970
(2021), arXiv:2110.13184 [astro-ph.HE].

[19] J. Antoniadis et al. (International Pulsar Timing Array
Collaboration), The International Pulsar Timing Array
second data release: Search for an isotropic gravitational
wave background, Mon. Not. Roy. Astron. Soc. 510, 4873
(2022), arXiv:2201.03980 [astro-ph.HE].

[20] J. Ellis, M. Fairbairn, G. Hiitsi, M. Raidal, J. Ur-
rutia, V. Vaskonen, and H. Veermie, Prospects for
Future Binary Black Hole GW Studies in Light
of PTA Measurements 10.1051/0004-6361/202346268
(2023), arXiv:2301.13854 [astro-ph.CO].

[21] R. Jeannerot, J. Rocher, and M. Sakellariadou, How
generic is cosmic string formation in SUSY GUTSs, Phys.
Rev. D 68, 103514 (2003), arXiv:hep-ph/0308134.

[22] S. F. King, S. Pascoli, J. Turner, and Y.-L. Zhou, Grav-
itational waves and proton decay: complementary win-
dows into GUTs, (2020), arXiv:2005.13549 [hep-ph].

[23] H. B. Nielsen and P. Olesen, Vortex Line Models for Dual
Strings, Nucl. Phys. B61, 45 (1973), [,302(1973)].

[24] G. Dvali and A. Vilenkin, Formation and evolution of cos-
mic D strings, JCAP 0403, 010, arXiv:hep-th/0312007
[hep-th].

[25] E. J. Copeland, R. C. Myers, and J. Polchinski, Cosmic
F and D strings, JHEP 06, 013, arXiv:hep-th/0312067
[hep-th].

[26] M. G. Jackson, N. T. Jones, and J. Polchinski, Collisions
of cosmic F and D-strings, JHEP 10, 013, arXiv:hep-
th/0405229 [hep-th].

[27] M. Yamada and K. Yonekura, Cosmic F- and D-strings
from pure Yang—Mills theory, Phys. Lett. B 838, 137724
(2023), arXiv:2204.13125 [hep-th].

[28] M. Yamada and K. Yonekura, Cosmic strings from pure
Yang-Mills theory, Phys. Rev. D 106, 123515 (2022),
arXiv:2204.13123 [hep-th].

[29] M. Sakellariadou, A Note on the evolution of cosmic
string/superstring networks, JCAP 04, 003, arXiv:hep-
th/0410234.

[30] J. J. Blanco-Pillado, K. D. Olum, and X. Siemens, New
limits on cosmic strings from gravitational wave obser-
vation, Phys. Lett. B778, 392 (2018), arXiv:1709.02434


mailto:john.ellis@cern.ch
mailto:marek.lewicki@fuw.edu.pl
mailto:chunshan.lin@uj.edu.pl
mailto:ville.vaskonen@pd.infn.it
https://doi.org/10.3847/2041-8213/acdac6
https://doi.org/10.3847/2041-8213/acdac6
https://arxiv.org/abs/2306.16213
https://arxiv.org/abs/2306.16214
https://doi.org/10.3847/2041-8213/acdd02
https://arxiv.org/abs/2306.16215
https://arxiv.org/abs/2306.16215
https://doi.org/10.1088/1674-4527/acdfa5
https://arxiv.org/abs/2306.16216
https://doi.org/10.3847/2041-8213/acda9a
https://arxiv.org/abs/2306.16217
https://doi.org/10.3847/2041-8213/acdc91
https://arxiv.org/abs/2306.16219
https://arxiv.org/abs/2306.16220
https://doi.org/10.1051/0004-6361/202346841
https://arxiv.org/abs/2306.16224
https://arxiv.org/abs/2306.16224
https://arxiv.org/abs/2306.16226
https://arxiv.org/abs/2306.16226
https://arxiv.org/abs/2306.16227
https://doi.org/10.3847/2041-8213/acdd03
https://arxiv.org/abs/2306.16229
https://arxiv.org/abs/2306.16229
https://arxiv.org/abs/2306.16230
https://arxiv.org/abs/2009.04496
https://doi.org/10.1103/PhysRevLett.126.041304
https://doi.org/10.1103/PhysRevLett.126.041304
https://arxiv.org/abs/2009.06555
https://doi.org/10.1103/PhysRevLett.126.041305
https://doi.org/10.1103/PhysRevLett.126.041305
https://arxiv.org/abs/2009.06607
https://doi.org/10.1103/PhysRevD.103.103512
https://doi.org/10.1103/PhysRevD.103.103512
https://arxiv.org/abs/2102.08194
https://doi.org/10.3847/2041-8213/ac17f4
https://arxiv.org/abs/2107.12112
https://doi.org/10.1093/mnras/stab2833
https://doi.org/10.1093/mnras/stab2833
https://arxiv.org/abs/2110.13184
https://doi.org/10.1093/mnras/stab3418
https://doi.org/10.1093/mnras/stab3418
https://arxiv.org/abs/2201.03980
https://doi.org/10.1051/0004-6361/202346268
https://arxiv.org/abs/2301.13854
https://doi.org/10.1103/PhysRevD.68.103514
https://doi.org/10.1103/PhysRevD.68.103514
https://arxiv.org/abs/hep-ph/0308134
https://arxiv.org/abs/2005.13549
https://doi.org/10.1016/0550-3213(73)90350-7
https://doi.org/10.1088/1475-7516/2004/03/010
https://arxiv.org/abs/hep-th/0312007
https://arxiv.org/abs/hep-th/0312007
https://doi.org/10.1088/1126-6708/2004/06/013
https://arxiv.org/abs/hep-th/0312067
https://arxiv.org/abs/hep-th/0312067
https://doi.org/10.1088/1126-6708/2005/10/013
https://arxiv.org/abs/hep-th/0405229
https://arxiv.org/abs/hep-th/0405229
https://doi.org/10.1016/j.physletb.2023.137724
https://doi.org/10.1016/j.physletb.2023.137724
https://arxiv.org/abs/2204.13125
https://doi.org/10.1103/PhysRevD.106.123515
https://arxiv.org/abs/2204.13123
https://doi.org/10.1088/1475-7516/2005/04/003
https://arxiv.org/abs/hep-th/0410234
https://arxiv.org/abs/hep-th/0410234
https://doi.org/10.1016/j.physletb.2018.01.050
https://arxiv.org/abs/1709.02434

[astro-ph.CO].

[31] A. Avgoustidis and E. Shellard, Effect of reconnec-
tion probability on cosmic (super)string network density,
Phys. Rev. D 73, 041301 (2006), arXiv:astro-ph/0512582.

[32] P. Auclair et al., Probing the gravitational wave back-
ground from cosmic strings with LISA, JCAP 2004, 034,
arXiv:1909.00819 [astro-ph.CO)].

[33] C.J. A. P. Martins and E. P. S. Shellard, String evolution
with friction, Phys. Rev. D53, 575 (1996), arXiv:hep-
ph/9507335 [hep-ph].

[34] C. J. A. P. Martins and E. P. S. Shellard, Quanti-
tative string evolution, Phys. Rev. D54, 2535 (1996),
arXiv:hep-ph/9602271 [hep-ph].

[35] C. J. A. P. Martins and E. P. S. Shellard, Extending
the velocity dependent one scale string evolution model,
Phys. Rev. D65, 043514 (2002), arXiv:hep-ph/0003298
[hep-ph].

[36] P. P. Avelino and L. Sousa, Scaling laws for weakly
interacting cosmic (super)string and p-brane networks,
Phys. Rev. D85, 083525 (2012), arXiv:1202.6298 [astro-
ph.COJ.

[37] L. Sousa and P. P. Avelino, Stochastic Gravitational
Wave Background generated by Cosmic String Net-
works:  Velocity-Dependent One-Scale model versus
Scale-Invariant Evolution, Phys. Rev. D88, 023516
(2013), arXiv:1304.2445 [astro-ph.CO].

[38] T. Vachaspati and A. Vilenkin, Gravitational Radiation
from Cosmic Strings, Phys. Rev. D31, 3052 (1985).

[39] J. J. Blanco-Pillado, K. D. Olum, and B. Shlaer,
Large parallel cosmic string simulations: New results
on loop production, Phys. Rev. D 83, 083514 (2011),
arXiv:1101.5173 [astro-ph.CO].

[40] J. J. Blanco-Pillado, K. D. Olum, and B. Shlaer, The
number of cosmic string loops, Phys. Rev. D89, 023512
(2014), arXiv:1309.6637 [astro-ph.CO].

[41] J. J. Blanco-Pillado, K. D. Olum, and B. Shlaer, Cos-
mic string loop shapes, Phys. Rev. D92, 063528 (2015),
arXiv:1508.02693 [astro-ph.CO].

[42] J. J. Blanco-Pillado and K. D. Olum, Stochastic gravi-
tational wave background from smoothed cosmic string
loops, Phys. Rev. D96, 104046 (2017), arXiv:1709.02693
[astro-ph.CO].

[43] J. J. Blanco-Pillado, K. D. Olum, and J. M. Wachter,
Energy-conservation constraints on cosmic string loop
production and distribution functions, Phys. Rev. D 100,
123526 (2019), arXiv:1907.09373 [astro-ph.CO].

[44] J. J. Blanco-Pillado and K. D. Olum, Direct determina-
tion of cosmic string loop density from simulations, Phys.
Rev. D 101, 103018 (2020), arXiv:1912.10017 [astro-
ph.COJ.

[45] C. J. Burden, Gravitational Radiation From a Particular
Class of Cosmic Strings, Phys. Lett. B 164, 277 (1985).

[46] Y. Cui, M. Lewicki, and D. E. Morrissey, Gravitational
Wave Bursts as Harbingers of Cosmic Strings Diluted by
Inflation, (2019), arXiv:1912.08832 [hep-ph].

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

[48] Y. Gouttenoire, G. Servant, and P. Simakachorn, Beyond
the Standard Models with Cosmic Strings, JCAP 07,
032, arXiv:1912.02569 [hep-ph].

[49] R. Abbott et al. (KAGRA, Virgo and LIGO Sci-
entific Collaborations), Upper limits on the isotropic

gravitational-wave background from Advanced LIGO
and Advanced Virgo’s third observing run, Phys. Rev.
D 104, 022004 (2021), arXiv:2101.12130 [gr-qc].

[50] Y. Cui, M. Lewicki, D. E. Morrissey, and J. D.
Wells, Cosmic Archaeology with Gravitational Waves
from Cosmic Strings, Phys. Rev. D97, 123505 (2018),
arXiv:1711.03104 [hep-ph].

[51] Y. Cui, M. Lewicki, D. E. Morrissey, and J. D. Wells,
Probing the pre-BBN universe with gravitational waves
from cosmic strings, JHEP 01, 081, arXiv:1808.08968
[hep-ph].

[62] G.S. F. Guedes, P. P. Avelino, and L. Sousa, Signature of
inflation in the stochastic gravitational wave background
generated by cosmic string networks, Phys. Rev. D98,
123505 (2018), arXiv:1809.10802 [astro-ph.CO].

[63] N. Ramberg and L. Visinelli, Probing the Early Universe
with Axion Physics and Gravitational Waves, Phys. Rev.
D 99, 123513 (2019), arXiv:1904.05707 [astro-ph.CO].

[54] Y. Gouttenoire, G. Servant, and P. Simakachorn, BSM
with Cosmic Strings: Heavy, up to EeV mass, Unstable
Particles, (2019), arXiv:1912.03245 [hep-ph].

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

[56] Y. Gouttenoire, G. Servant, and P. Simakachorn, Kina-
tion cosmology from scalar fields and gravitational-wave
signatures, (2021), arXiv:2111.01150 [hep-ph].

[57] R. Allahverdi et al., The First Three Seconds: a Review
of Possible Expansion Histories of the Early Universe
10.21105/astro.2006.16182  (2020), arXiv:2006.16182
[astro-ph.CO].

[58] We note that a shorter period of matter domination end-
ing at a higher temperature would induce smaller mod-
ifications of the spectra that appear only at higher fre-
quencies.

[59] J. Aasi et al. (LIGO Scientific), Advanced LIGO, Class.
Quant. Grav. 32, 074001 (2015), arXiv:1411.4547 [gr-qc].

[60] B. P. Abbott et al. (Virgo, LIGO Scientific), GW150914:
Implications for the stochastic gravitational wave back-
ground from binary black holes, Phys. Rev. Lett. 116,
131102 (2016), arXiv:1602.03847 [gr-qc].

[61] B. Abbott et al. (LIGO Scientific, Virgo), Search for
the isotropic stochastic background using data from Ad-
vanced LIGO’s second observing run, Phys. Rev. D 100,
061101 (2019), arXiv:1903.02886 [gr-qc].

[62] M. Punturo et al., The Einstein Telescope: A third-
generation gravitational wave observatory, Proceedings,
14th Workshop on Gravitational wave data analysis
(GWDAW-14): Rome, Italy, January 26-29, 2010, Class.
Quant. Grav. 27, 194002 (2010).

[63] S. Hild et al., Sensitivity Studies for Third-Generation
Gravitational Wave Observatories, Class. Quant. Grav.
28, 094013 (2011), arXiv:1012.0908 [gr-qc].

[64] L. Badurina et al. (AION Collaboration), AION: An
Atom Interferometer Observatory and Network, JCAP
05, 011, arXiv:1911.11755 [astro-ph.CO].

[65] Y. A. El-Neaj et al. (AEDGE Collaboration), AEDGE:
Atomic Experiment for Dark Matter and Gravity Ex-
ploration in Space, EPJ Quant. Technol. 7, 6 (2020),
arXiv:1908.00802 [gr-qc].

[66] N. Bartolo et al., Science with the space-based interfer-
ometer LISA. IV: Probing inflation with gravitational
waves, JCAP 1612 (12), 026, arXiv:1610.06481 [astro-
ph.CO]J.


https://arxiv.org/abs/1709.02434
https://doi.org/10.1103/PhysRevD.73.041301
https://arxiv.org/abs/astro-ph/0512582
https://doi.org/10.1088/1475-7516/2020/04/034
https://arxiv.org/abs/1909.00819
https://doi.org/10.1103/PhysRevD.53.575
https://arxiv.org/abs/hep-ph/9507335
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.65.043514
https://arxiv.org/abs/hep-ph/0003298
https://arxiv.org/abs/hep-ph/0003298
https://doi.org/10.1103/PhysRevD.85.083525
https://arxiv.org/abs/1202.6298
https://arxiv.org/abs/1202.6298
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.31.3052
https://doi.org/10.1103/PhysRevD.83.083514
https://arxiv.org/abs/1101.5173
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/10.1103/PhysRevD.92.063528
https://arxiv.org/abs/1508.02693
https://doi.org/10.1103/PhysRevD.96.104046
https://arxiv.org/abs/1709.02693
https://arxiv.org/abs/1709.02693
https://doi.org/10.1103/PhysRevD.100.123526
https://doi.org/10.1103/PhysRevD.100.123526
https://arxiv.org/abs/1907.09373
https://doi.org/10.1103/PhysRevD.101.103018
https://doi.org/10.1103/PhysRevD.101.103018
https://arxiv.org/abs/1912.10017
https://arxiv.org/abs/1912.10017
https://doi.org/10.1016/0370-2693(85)90326-0
https://arxiv.org/abs/1912.08832
https://doi.org/10.1103/PhysRevResearch.2.043321
https://arxiv.org/abs/2004.02889
https://doi.org/10.1088/1475-7516/2020/07/032
https://doi.org/10.1088/1475-7516/2020/07/032
https://arxiv.org/abs/1912.02569
https://doi.org/10.1103/PhysRevD.104.022004
https://doi.org/10.1103/PhysRevD.104.022004
https://arxiv.org/abs/2101.12130
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://arxiv.org/abs/1808.08968
https://doi.org/10.1103/PhysRevD.98.123505
https://doi.org/10.1103/PhysRevD.98.123505
https://arxiv.org/abs/1809.10802
https://doi.org/10.1103/PhysRevD.99.123513
https://doi.org/10.1103/PhysRevD.99.123513
https://arxiv.org/abs/1904.05707
https://arxiv.org/abs/1912.03245
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://arxiv.org/abs/2111.01150
https://doi.org/10.21105/astro.2006.16182
https://arxiv.org/abs/2006.16182
https://arxiv.org/abs/2006.16182
https://doi.org/10.1088/0264-9381/32/7/074001
https://doi.org/10.1088/0264-9381/32/7/074001
https://arxiv.org/abs/1411.4547
https://doi.org/10.1103/PhysRevLett.116.131102
https://doi.org/10.1103/PhysRevLett.116.131102
https://arxiv.org/abs/1602.03847
https://doi.org/10.1103/PhysRevD.100.061101
https://doi.org/10.1103/PhysRevD.100.061101
https://arxiv.org/abs/1903.02886
https://doi.org/10.1088/0264-9381/27/19/194002
https://doi.org/10.1088/0264-9381/27/19/194002
https://doi.org/10.1088/0264-9381/28/9/094013
https://doi.org/10.1088/0264-9381/28/9/094013
https://arxiv.org/abs/1012.0908
https://doi.org/10.1088/1475-7516/2020/05/011
https://doi.org/10.1088/1475-7516/2020/05/011
https://arxiv.org/abs/1911.11755
https://doi.org/10.1140/epjqt/s40507-020-0080-0
https://arxiv.org/abs/1908.00802
https://doi.org/10.1088/1475-7516/2016/12/026
https://arxiv.org/abs/1610.06481
https://arxiv.org/abs/1610.06481

[67] C. Caprini, D. G. Figueroa, R. Flauger, G. Nardini,
M. Peloso, M. Pieroni, A. Ricciardone, and G. Tasinato,
Reconstructing the spectral shape of a stochastic grav-
itational wave background with LISA, JCAP 11, 017,
arXiv:1906.09244 [astro-ph.CO].

[68] P. Auclair et al. (LISA Cosmology Working Group), Cos-
mology with the Laser Interferometer Space Antenna,
(2022), arXiv:2204.05434 [astro-ph.CO].

[69] Y. Wang, K. Pardo, T.-C. Chang, and O. Doré, Con-
straining the stochastic gravitational wave background
with photometric surveys, Phys. Rev. D 106, 084006

(2022), arXiv:2205.07962 [gr-qc].

[70] G. Janssen et al., Gravitational wave astronomy with
the SKA, Proceedings, Advancing Astrophysics with the
Square Kilometre Array (AASKA14): Giardini Nazos,
Italy, June 9-13, 2014, PoS AASKA14, 037 (2015),
arXiv:1501.00127 [astro-ph.IM].

[71] F. Ferrer, A. Ghoshal, and M. Lewicki, Imprints of a Su-
percooled Universe in the Gravitational Wave Spectrum
from a Cosmic String network, (2023), arXiv:2304.02636
[astro-ph.CO].


https://doi.org/10.1088/1475-7516/2019/11/017
https://arxiv.org/abs/1906.09244
https://arxiv.org/abs/2204.05434
https://doi.org/10.1103/PhysRevD.106.084006
https://doi.org/10.1103/PhysRevD.106.084006
https://arxiv.org/abs/2205.07962
https://arxiv.org/abs/1501.00127
https://arxiv.org/abs/2304.02636
https://arxiv.org/abs/2304.02636

	Cosmic Superstrings Revisited in Light of NANOGrav 15-Year Data
	Abstract
	 Acknowledgments
	 References


