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Figure 1. Summary of the main Bayesian and optimal-statistic analyses presented in this paper, which establish multiple lines
of evidence for the presence of Hellings–Downs correlations in the 15-year NANOGrav data set. Throughout we refer to the
68.3%, 95.4%, and 99.7% regions of distributions as 1/2/3� regions, even in two dimensions. (a): Bayesian “free-spectrum”
analysis, showing posteriors (gray violins) of independent variance parameters for a Hellings–Downs-correlated stochastic process
at frequencies i/T , with T the total data set time span. The blue represents the posterior median and 1/2� posterior bandsa

for a power-law model; the dashed black line corresponds to a � = 13/3 (SMBHB-like) power-law, plotted with the median
posterior amplitude. See §3 for more details. (b): Posterior probability distribution of GWB amplitude and spectral exponent
in a HD power-law model, showing 1/2/3� credible regions. The value �GWB = 13/3 (dashed black line) is included in the 99%
credible region. The amplitude is referenced to fref = 1yr�1 (blue) and 0.1 yr�1 (orange). The dashed blue and orange curves
in the log

10
AGWB subpanel shows its marginal posterior density for a � = 13/3 model, with fref = 1yr�1 and fref = 0.1 yr�1,

respectively. See §3 for more details. (c): Angular-separation–binned inter-pulsar correlations, measured from 2,211 distinct
pairings in our 67-pulsar array using the frequentist optimal statistic, assuming maximum-a-posteriori pulsar noise parameters
and � = 13/3 common-process amplitude from a Bayesian inference analysis. The bin widths are chosen so that each includes
approximately the same number of pulsar pairs, and central bin locations avoid zeros of the Hellings–Downs curve. This binned
reconstruction accounts for correlations between pulsar pairs (Romano et al. 2021; Allen & Romano 2022). The dashed black
line shows the Hellings–Downs correlation pattern, and the binned points are normalized by the amplitude of the � = 13/3
common process to be on the same scale. Note that we do not employ binning of inter-pulsar correlations in our detection
statistics; this panel serves as a visual consistency check only. See §4 for more frequentist results. (d): Bayesian reconstruction
of normalized inter-pulsar correlations, modeled as a cubic spline within a variable-exponent power-law model. The violins plot
the marginal posterior densities (plus median and 68% credible values) of the correlations at the knots. The knot positions are
fixed, and are chosen on the basis of features of the Hellings–Downs curve (also shown as a dashed black line for reference): they
include the maximum and minimum angular separations, the two zero crossings of the Hellings–Downs curve, and the position
of minimum correlation. See §3 for more details.

A&A proofs: manuscript no. eptadr2_gwb_25psr

Fig. 5: Binned overlap reduction function. Blue is for DR2full while orange is for DR2new. The left panel shows violins of the
posterior of the correlation coe�cients averaged at ten bins of angular separations with 30 pulsar pairs each. The black line is the
HD curve based on theoretical expectation of a GWB signal. The grey histogram is the arbitrarily normalised distribution of the
number of pulsar pairs at di↵erent angular separations. The right panel is the corresponding 2D posterior for the amplitude and
spectral index of the common correlated signal, showing 1/2/3 � contours.

Fig. 6: Constraints on the overlap reduction function from the
optimal statistic. Blue and orange points indicate the results for
DR2full and DR2new respectively. The correlation coe�cients
for each pair of pulsars are weighted and averaged following the
description in Allen & Romano (2022) and grouped in the same
way as those in Figure 5 for comparison. The HD correlation is
plotted as a black line for reference.

4.3. Significance tests

To quantitatively estimate the significance of the hypothesis that
a GWB signal with HD correlation is present in the data, the null
hypothesis distribution need to be constructed. Many repetitions
of an experiment need to be performed in order to define a strict
p-value. This is, unfortunately, not possible for PTAs. Thus, we
can only attempt to find a good proxy to estimate the true statis-
tical p-value for the null hypothesis. In the following, we refer
to the estimated value from our proxy methods as p-values for
simplicity. The respective distributions can be constructed in two
di↵erent ways, by introducing random phase shifts in the Fourier
basis of the common red noise process (Taylor et al. 2017) or
by moving the positions of the pulsars in the sky via a random
scramble (Cornish & Sampson 2016). The aim of both methods

is to e↵ectively destroy the distinctive cross-pulsar correlations,
unique to the GWB signal, while retaining the individual pulsar
noise characteristics. One should emphasise that both methods
should be robust against any mismodelled features in the data
set, therefore they, in general, provide more conservative esti-
mates of the significance in comparison to the possibly oversim-
plified noise simulation bootstrapping.

The distributions of BFs under the null hypothesis (PSRN +
CURN) were constructed for DR2full and DR2new using about
200 and 2000 phase shifts, respectively and are displayed in the
upper panel of Figure 7. The DR2full measured BF from Ta-
ble 5 lies within the 2� range of the null hypothesis distribu-
tion with a p-value of 0.04. The p-value for the BF derived with
the DR2new data set reaches a statistically interesting value of
0.0005, which corresponds to the 3� level of significance (’ev-
idence’). The analysis was performed using both ENTERPRISE
and FORTYTWO and shows consistent results between the two
software packages. This significance test was repeated for the
OS S/N values for the HD correlation and results are shown in
the bottom panel of Figure 7. For DR2full a p-value of 0.07
is found. None of the 10000 realisations produced a S/N that is
comparable to what has been found in DR2new. Therefore, only
an upper limit can be set for the p-value < 0.0001, which corre-
sponds to a significance of > 3.5�.

Figure 8 shows the null distribution obtained with sky scram-
bles in the OS analysis in the top panel. A matching threshold of
0.2 for any two sky scrambles was imposed to produce about
5000 samples. A large di↵erence particularly in the high S/N
tail of the density functions can be found between DR2full and
DR2new. The p-value for DR2full of 0.08 is comparable to that
obtained with the phase shifts. This could indicate that in the low
S/N regime, both methods produce reliable null distributions. In
the high S/N regime, however, with DR2new the sky scramble
p-value of 0.004 is not consistent with the phase shift method.

The bottom panel of Figure 8 compares p-values from sim-
ulations, theoretical computation and the two methods. A null
distribution was generated using a set of realistic simulations re-
sembling the statistical properties of the real DR2new data set
and with the injected CURN only. The noise parameters as well
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Figure 7. Measured spatial correlations as a function of the angular separation angle, ⇣. The width of each violin as a
function of � is proportional to the inferred probability density, p(�). Binned correlations are shown assuming a common-noise
distribution of log

10
ACRN

13/3 = �14.69 ± 0.05 (green, filled) and with amplitude fixed at the median (black, hollow). The dashed
black line is the Hellings–Downs ORF. The gray histogram shows the number of pulsar pairs in each angular bin.

Figure 8. False-alarm probability calculations from 104

quasi-independent randomized pulsar sky distributions (sky
scrambles). As with Figure 7, the green (filled) histogram
corresponds to the measurements assuming log

10
ACRN

13/3 =
�14.69± 0.05 and the black (hollow) histogram assumes the
median amplitude. The measured likelihood ratios �LHD

CRN

from the data under the two assumptions about the ampli-
tude are marked by dashed lines and correspond to a one-
sided false-alarm probability of p . 0.014.

In this scenario we need to convincingly explain (1) why
three of our pulsars o↵er negative likelihood support for

the existence of the GWB, (2) why the current detected
amplitude is higher than previous upper bounds, and (3)
why the apparent amplitude of the GWB in our data is
measured to be increasing with time.

There are several reasons why individual pulsars may
not exhibit the signature of the GWB at the same ampli-
tude. This includes interaction between the GWB signal
and intrinsic pulsar timing noise (although the probabil-
ity of this decreases as data spans increase), misspecifi-
cation of the intrinsic noise parameters in the modeling,
errors in the pulsar timing model, or natural variance in
the SMBHB source distribution and anisotropy.

In the PPTA-DR3 data set, the pulsars most
discrepant with the inferred common noise are
PSRs J1744�1134, J1603�7202, and J1713+0747. Two
of these (PSRs J1744�1134 and J1713+0747) are ob-
served by all of the constituent member PTAs of the
IPTA, and hence it is key to determine whether they
show positive or negative support for the GWB in
other data sets, and to explain any discrepancies. Pre-
vious analyses have revealed similar e↵ects, including
PSR J1713+0747, which exhibited low dropout factors
in the previous NANOGrav GWB search analysis (Ar-
zoumanian et al. 2020). This may be attributed in part
to imperfect modeling of the known timing events ob-
served in this pulsar (Lam et al. 2018). PSR J1603�7202
is observed as part of the MeerKAT PTA (Miles et al.

CPTA DR1, Searching for nHz stochastic GW background 9

Fig. 4: The measured correlation coefficients (y-axis) as a function of the pulsar-pair separation angle (x-

axis). Red dots denote the measured correlation coefficients between all pulsar-pairs without the auto-

correlation. The blue curves with error bars represent the binned average red dots, which only serve to

aid the visual inspection. The error bars are the standard error of binned average value estimated using

the binned red dots. The solid red curves depict the theoretical HD curve. The top row three panels show

simulations without the GWB signal injection, where the data was simulated to match exactly the times and

frequencies of the real CPTA DR1. Each panel from left to right corresponds to f = 1/T, 1.5/T , and 2/T ,

respectively.

as demonstrated by numerical simulations of Zic et al. (2022) and the toy model in Appendix A. One

needs to be cautious about the application and interpretation of the Bayes factors for the current problem of

measuring or detecting the statistical variance of stochastic signals with spatial correlations.

5 DISCUSSION AND CONCLUSION

In this paper, we show that the inferred GWB characteristic amplitude is log Ac = �14.4+1.0
�2.8 for a spectral

index in the range ↵ 2 [�1.8, 1.5], and log Ac = �14.7+0.9
�1.9 if fixing ↵ = �2/3. The measured GWB

amplitude agrees with theoretical expectation (Sesana 2013; McWilliams et al. 2014). However, because of
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Figure 1. Summary of the main Bayesian and optimal-statistic analyses presented in this paper, which establish multiple lines
of evidence for the presence of Hellings–Downs correlations in the 15-year NANOGrav data set. Throughout we refer to the
68.3%, 95.4%, and 99.7% regions of distributions as 1/2/3� regions, even in two dimensions. (a): Bayesian “free-spectrum”
analysis, showing posteriors (gray violins) of independent variance parameters for a Hellings–Downs-correlated stochastic process
at frequencies i/T , with T the total data set time span. The blue represents the posterior median and 1/2� posterior bandsa

for a power-law model; the dashed black line corresponds to a � = 13/3 (SMBHB-like) power-law, plotted with the median
posterior amplitude. See §3 for more details. (b): Posterior probability distribution of GWB amplitude and spectral exponent
in a HD power-law model, showing 1/2/3� credible regions. The value �GWB = 13/3 (dashed black line) is included in the 99%
credible region. The amplitude is referenced to fref = 1yr�1 (blue) and 0.1 yr�1 (orange). The dashed blue and orange curves
in the log

10
AGWB subpanel shows its marginal posterior density for a � = 13/3 model, with fref = 1yr�1 and fref = 0.1 yr�1,

respectively. See §3 for more details. (c): Angular-separation–binned inter-pulsar correlations, measured from 2,211 distinct
pairings in our 67-pulsar array using the frequentist optimal statistic, assuming maximum-a-posteriori pulsar noise parameters
and � = 13/3 common-process amplitude from a Bayesian inference analysis. The bin widths are chosen so that each includes
approximately the same number of pulsar pairs, and central bin locations avoid zeros of the Hellings–Downs curve. This binned
reconstruction accounts for correlations between pulsar pairs (Romano et al. 2021; Allen & Romano 2022). The dashed black
line shows the Hellings–Downs correlation pattern, and the binned points are normalized by the amplitude of the � = 13/3
common process to be on the same scale. Note that we do not employ binning of inter-pulsar correlations in our detection
statistics; this panel serves as a visual consistency check only. See §4 for more frequentist results. (d): Bayesian reconstruction
of normalized inter-pulsar correlations, modeled as a cubic spline within a variable-exponent power-law model. The violins plot
the marginal posterior densities (plus median and 68% credible values) of the correlations at the knots. The knot positions are
fixed, and are chosen on the basis of features of the Hellings–Downs curve (also shown as a dashed black line for reference): they
include the maximum and minimum angular separations, the two zero crossings of the Hellings–Downs curve, and the position
of minimum correlation. See §3 for more details.
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Fig. 5: Binned overlap reduction function. Blue is for DR2full while orange is for DR2new. The left panel shows violins of the
posterior of the correlation coe�cients averaged at ten bins of angular separations with 30 pulsar pairs each. The black line is the
HD curve based on theoretical expectation of a GWB signal. The grey histogram is the arbitrarily normalised distribution of the
number of pulsar pairs at di↵erent angular separations. The right panel is the corresponding 2D posterior for the amplitude and
spectral index of the common correlated signal, showing 1/2/3 � contours.

Fig. 6: Constraints on the overlap reduction function from the
optimal statistic. Blue and orange points indicate the results for
DR2full and DR2new respectively. The correlation coe�cients
for each pair of pulsars are weighted and averaged following the
description in Allen & Romano (2022) and grouped in the same
way as those in Figure 5 for comparison. The HD correlation is
plotted as a black line for reference.

4.3. Significance tests

To quantitatively estimate the significance of the hypothesis that
a GWB signal with HD correlation is present in the data, the null
hypothesis distribution need to be constructed. Many repetitions
of an experiment need to be performed in order to define a strict
p-value. This is, unfortunately, not possible for PTAs. Thus, we
can only attempt to find a good proxy to estimate the true statis-
tical p-value for the null hypothesis. In the following, we refer
to the estimated value from our proxy methods as p-values for
simplicity. The respective distributions can be constructed in two
di↵erent ways, by introducing random phase shifts in the Fourier
basis of the common red noise process (Taylor et al. 2017) or
by moving the positions of the pulsars in the sky via a random
scramble (Cornish & Sampson 2016). The aim of both methods

is to e↵ectively destroy the distinctive cross-pulsar correlations,
unique to the GWB signal, while retaining the individual pulsar
noise characteristics. One should emphasise that both methods
should be robust against any mismodelled features in the data
set, therefore they, in general, provide more conservative esti-
mates of the significance in comparison to the possibly oversim-
plified noise simulation bootstrapping.

The distributions of BFs under the null hypothesis (PSRN +
CURN) were constructed for DR2full and DR2new using about
200 and 2000 phase shifts, respectively and are displayed in the
upper panel of Figure 7. The DR2full measured BF from Ta-
ble 5 lies within the 2� range of the null hypothesis distribu-
tion with a p-value of 0.04. The p-value for the BF derived with
the DR2new data set reaches a statistically interesting value of
0.0005, which corresponds to the 3� level of significance (’ev-
idence’). The analysis was performed using both ENTERPRISE
and FORTYTWO and shows consistent results between the two
software packages. This significance test was repeated for the
OS S/N values for the HD correlation and results are shown in
the bottom panel of Figure 7. For DR2full a p-value of 0.07
is found. None of the 10000 realisations produced a S/N that is
comparable to what has been found in DR2new. Therefore, only
an upper limit can be set for the p-value < 0.0001, which corre-
sponds to a significance of > 3.5�.

Figure 8 shows the null distribution obtained with sky scram-
bles in the OS analysis in the top panel. A matching threshold of
0.2 for any two sky scrambles was imposed to produce about
5000 samples. A large di↵erence particularly in the high S/N
tail of the density functions can be found between DR2full and
DR2new. The p-value for DR2full of 0.08 is comparable to that
obtained with the phase shifts. This could indicate that in the low
S/N regime, both methods produce reliable null distributions. In
the high S/N regime, however, with DR2new the sky scramble
p-value of 0.004 is not consistent with the phase shift method.

The bottom panel of Figure 8 compares p-values from sim-
ulations, theoretical computation and the two methods. A null
distribution was generated using a set of realistic simulations re-
sembling the statistical properties of the real DR2new data set
and with the injected CURN only. The noise parameters as well
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Figure 7. Measured spatial correlations as a function of the angular separation angle, ⇣. The width of each violin as a
function of � is proportional to the inferred probability density, p(�). Binned correlations are shown assuming a common-noise
distribution of log

10
ACRN

13/3 = �14.69 ± 0.05 (green, filled) and with amplitude fixed at the median (black, hollow). The dashed
black line is the Hellings–Downs ORF. The gray histogram shows the number of pulsar pairs in each angular bin.

Figure 8. False-alarm probability calculations from 104

quasi-independent randomized pulsar sky distributions (sky
scrambles). As with Figure 7, the green (filled) histogram
corresponds to the measurements assuming log

10
ACRN

13/3 =
�14.69± 0.05 and the black (hollow) histogram assumes the
median amplitude. The measured likelihood ratios �LHD

CRN

from the data under the two assumptions about the ampli-
tude are marked by dashed lines and correspond to a one-
sided false-alarm probability of p . 0.014.

In this scenario we need to convincingly explain (1) why
three of our pulsars o↵er negative likelihood support for

the existence of the GWB, (2) why the current detected
amplitude is higher than previous upper bounds, and (3)
why the apparent amplitude of the GWB in our data is
measured to be increasing with time.

There are several reasons why individual pulsars may
not exhibit the signature of the GWB at the same ampli-
tude. This includes interaction between the GWB signal
and intrinsic pulsar timing noise (although the probabil-
ity of this decreases as data spans increase), misspecifi-
cation of the intrinsic noise parameters in the modeling,
errors in the pulsar timing model, or natural variance in
the SMBHB source distribution and anisotropy.

In the PPTA-DR3 data set, the pulsars most
discrepant with the inferred common noise are
PSRs J1744�1134, J1603�7202, and J1713+0747. Two
of these (PSRs J1744�1134 and J1713+0747) are ob-
served by all of the constituent member PTAs of the
IPTA, and hence it is key to determine whether they
show positive or negative support for the GWB in
other data sets, and to explain any discrepancies. Pre-
vious analyses have revealed similar e↵ects, including
PSR J1713+0747, which exhibited low dropout factors
in the previous NANOGrav GWB search analysis (Ar-
zoumanian et al. 2020). This may be attributed in part
to imperfect modeling of the known timing events ob-
served in this pulsar (Lam et al. 2018). PSR J1603�7202
is observed as part of the MeerKAT PTA (Miles et al.

CPTA DR1, Searching for nHz stochastic GW background 9

Fig. 4: The measured correlation coefficients (y-axis) as a function of the pulsar-pair separation angle (x-

axis). Red dots denote the measured correlation coefficients between all pulsar-pairs without the auto-

correlation. The blue curves with error bars represent the binned average red dots, which only serve to

aid the visual inspection. The error bars are the standard error of binned average value estimated using

the binned red dots. The solid red curves depict the theoretical HD curve. The top row three panels show

simulations without the GWB signal injection, where the data was simulated to match exactly the times and

frequencies of the real CPTA DR1. Each panel from left to right corresponds to f = 1/T, 1.5/T , and 2/T ,

respectively.

as demonstrated by numerical simulations of Zic et al. (2022) and the toy model in Appendix A. One

needs to be cautious about the application and interpretation of the Bayes factors for the current problem of

measuring or detecting the statistical variance of stochastic signals with spatial correlations.

5 DISCUSSION AND CONCLUSION

In this paper, we show that the inferred GWB characteristic amplitude is log Ac = �14.4+1.0
�2.8 for a spectral

index in the range ↵ 2 [�1.8, 1.5], and log Ac = �14.7+0.9
�1.9 if fixing ↵ = �2/3. The measured GWB

amplitude agrees with theoretical expectation (Sesana 2013; McWilliams et al. 2014). However, because of
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68 pulsars, 16 yrs, 3~4σ 25 pulsars, 25 yrs, ~3σ

32 pulsars, 18 yrs, ~2σ 57 pulsars, 3.5 yrs, ~4.6σ
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Figure 2. Bayes factors for the model comparisons between the new-physics interpretations of the signal considered in this
work and the interpretation in terms of SMBHBs alone. Blue points are for the new physics alone, and red points are for the
new physics in combination with the SMBHB signal. We also plot the error bars of all Bayes factors, which we obtain following
the bootstrapping method outlined in Section 3.2. In most cases, however, these error bars are small and not visible.

The first factor is the Savage–Dickey density ratio
and can hence be identified as the Bayes factor B =
P (D|H)/P (D|H0), where H0 is the model that results
from model H when omitting the signal contribution
controlled by the parameter ✓. The K ratio can thus be
written as the product of the global Bayes factor and
the local posterior-to-prior ratio for the parameter ✓,

K(✓) = B P (✓|D, H)

P (✓|H)
. (12)

Once B is known, it is straightforward to evaluate
Eq. (12) and determine the K-ratio bound on ✓. Eq. (12)
is useful for numerically evaluating K, as it automati-
cally encodes the height of the plateau in the marginal-
ized posterior, P (✓0|D, H) = P (✓|H)/B, which we would
otherwise have to obtain from a fit to our MCMC data.
However, we stress that K is defined as a likelihood
ratio, which renders it immune to prior e↵ects (prior
choice, range, etc.; Azzalini 1996). For more than one
parameter dimension, we proceed analogously and de-
rive bounds based on the criterion K(⇥) > 1/10.

All Bayesian inference analyses discussed in this work
were implemented into ENTERPRISE via a newly devel-
oped wrapper that we call PTArcade (Mitridate et al.
2023a,b). This wrapper is intended to allow easy im-
plementation of new-physics searches in PTA data. We
make this wrapper publicly available at https://doi.org/
10.5281/zenodo.7876429. Similarly, all MCMC chains
analyzed in this work can be downloaded at https:
//zenodo.org/record/8010909.

4. GWB SIGNAL FROM SMBHBs

Most galaxies are expected to host a supermassive
black hole (SMBH) at their center (Kormendy & Ho
2013; Akiyama et al. 2019). During the hierarchical
merging of galaxies taking place in the course of struc-
ture formation (White & Rees 1978), these black holes
are expected to sink to the center of the merger rem-
nants, eventually forming binary systems (Begelman
et al. 1980). The gravitational radiation emitted by this
population of inspiraling SMBHBs forms a GWB in the
PTA band (Rajagopal & Romani 1995; Ja↵e & Backer
2003; Wyithe & Loeb 2003) and is a natural candidate
for the source of the signal observed in our data.

The shape and normalization of this GWB depend
on the properties of the SMBHB population and on its
dynamical evolution (Enoki & Nagashima 2007; Sesana
et al. 2008; Kocsis & Sesana 2011; Kelley et al. 2017).
As discussed in NG15smbh, the normalization is pri-
marily controlled by the typical masses and abundance
of SMBHBs, while the shape of the spectrum is de-
termined by subparsec-scale binary evolution, which is
currently unconstrained by observations. For a popula-
tion of binaries whose orbital evolution is driven purely
by GW emission, the resulting timing residual PSD is
a power law with a spectral index (defined below in
Eq. (13)) of ��BHB = �13/3 (Phinney 2001), produced
by the increasing rate of inspiral and decreasing num-
ber of binaries emitting over each frequency interval.
However, as GW emission alone is typically insu�cient
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Figure 2. Bayes factors for the model comparisons between the new-physics interpretations of the signal considered in this
work and the interpretation in terms of SMBHBs alone. Blue points are for the new physics alone, and red points are for the
new physics in combination with the SMBHB signal. We also plot the error bars of all Bayes factors, which we obtain following
the bootstrapping method outlined in Section 3.2. In most cases, however, these error bars are small and not visible.

The first factor is the Savage–Dickey density ratio
and can hence be identified as the Bayes factor B =
P (D|H)/P (D|H0), where H0 is the model that results
from model H when omitting the signal contribution
controlled by the parameter ✓. The K ratio can thus be
written as the product of the global Bayes factor and
the local posterior-to-prior ratio for the parameter ✓,

K(✓) = B P (✓|D, H)

P (✓|H)
. (12)

Once B is known, it is straightforward to evaluate
Eq. (12) and determine the K-ratio bound on ✓. Eq. (12)
is useful for numerically evaluating K, as it automati-
cally encodes the height of the plateau in the marginal-
ized posterior, P (✓0|D, H) = P (✓|H)/B, which we would
otherwise have to obtain from a fit to our MCMC data.
However, we stress that K is defined as a likelihood
ratio, which renders it immune to prior e↵ects (prior
choice, range, etc.; Azzalini 1996). For more than one
parameter dimension, we proceed analogously and de-
rive bounds based on the criterion K(⇥) > 1/10.

All Bayesian inference analyses discussed in this work
were implemented into ENTERPRISE via a newly devel-
oped wrapper that we call PTArcade (Mitridate et al.
2023a,b). This wrapper is intended to allow easy im-
plementation of new-physics searches in PTA data. We
make this wrapper publicly available at https://doi.org/
10.5281/zenodo.7876429. Similarly, all MCMC chains
analyzed in this work can be downloaded at https:
//zenodo.org/record/8010909.

4. GWB SIGNAL FROM SMBHBs

Most galaxies are expected to host a supermassive
black hole (SMBH) at their center (Kormendy & Ho
2013; Akiyama et al. 2019). During the hierarchical
merging of galaxies taking place in the course of struc-
ture formation (White & Rees 1978), these black holes
are expected to sink to the center of the merger rem-
nants, eventually forming binary systems (Begelman
et al. 1980). The gravitational radiation emitted by this
population of inspiraling SMBHBs forms a GWB in the
PTA band (Rajagopal & Romani 1995; Ja↵e & Backer
2003; Wyithe & Loeb 2003) and is a natural candidate
for the source of the signal observed in our data.

The shape and normalization of this GWB depend
on the properties of the SMBHB population and on its
dynamical evolution (Enoki & Nagashima 2007; Sesana
et al. 2008; Kocsis & Sesana 2011; Kelley et al. 2017).
As discussed in NG15smbh, the normalization is pri-
marily controlled by the typical masses and abundance
of SMBHBs, while the shape of the spectrum is de-
termined by subparsec-scale binary evolution, which is
currently unconstrained by observations. For a popula-
tion of binaries whose orbital evolution is driven purely
by GW emission, the resulting timing residual PSD is
a power law with a spectral index (defined below in
Eq. (13)) of ��BHB = �13/3 (Phinney 2001), produced
by the increasing rate of inspiral and decreasing num-
ber of binaries emitting over each frequency interval.
However, as GW emission alone is typically insu�cient
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Figure 1. The Abelian Higgs potential in the complex plane [ℜ (Φ) ,ℑ (Φ)]. The
non-trivial phase mapping from the internal space to the physical space (right) leads
to the formation of a cosmic string. The old vacuum |Φ| = 0 becomes trapped inside
the new one |Φ| = ηv.

transition. As pointed by Kibble, this is at most the horizon size dh ∝ t although one

expects it to be much smaller [3, 58, 59, 60, 61]. As a result, there exists closed paths in
space along which θ varies from 0 to 2π (or a multiple of 2π). Such phase configurations

necessarily encompass a point at which |Φ| = 0 (see Fig. 1): the old vacuum has been

trapped into a non-trivial configuration of the new vacuum, and this prevents its decay.

Such a structure is invariant by translations along the third spatial dimension and is

string shaped.

Solitonic solutions of the field equations describing a static straight Abelian string
can easily be computed under the Nielsen–Olesen ansatz. The transverse profile of the

Higgs and gauge field are assumed to be [62]

Φ = ηvH(ϱ)einθ, Bµ =
Q(ϱ)− n

g
δµθ, (4)

where (r, θ) stands for a polar coordinate system aligned along the string. The

dimensionless radial coordinate has been defined by ϱ = mhr where mh =
√
ληv is

the mass of the Higgs boson. The integer n is the “winding number” and gives the

number of times the Higgs winds the potential for one rotation around the string. From

Eq. (2), the dimensionless equations of motion read
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Cosmic string:
2-dimensional topological defect associated with U(1) symmetry breaking
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non-trivial phase mapping from the internal space to the physical space (right) leads
to the formation of a cosmic string. The old vacuum |Φ| = 0 becomes trapped inside
the new one |Φ| = ηv.

transition. As pointed by Kibble, this is at most the horizon size dh ∝ t although one

expects it to be much smaller [3, 58, 59, 60, 61]. As a result, there exists closed paths in
space along which θ varies from 0 to 2π (or a multiple of 2π). Such phase configurations

necessarily encompass a point at which |Φ| = 0 (see Fig. 1): the old vacuum has been

trapped into a non-trivial configuration of the new vacuum, and this prevents its decay.

Such a structure is invariant by translations along the third spatial dimension and is

string shaped.

Solitonic solutions of the field equations describing a static straight Abelian string
can easily be computed under the Nielsen–Olesen ansatz. The transverse profile of the

Higgs and gauge field are assumed to be [62]

Φ = ηvH(ϱ)einθ, Bµ =
Q(ϱ)− n

g
δµθ, (4)

where (r, θ) stands for a polar coordinate system aligned along the string. The

dimensionless radial coordinate has been defined by ϱ = mhr where mh =
√
ληv is

the mass of the Higgs boson. The integer n is the “winding number” and gives the

number of times the Higgs winds the potential for one rotation around the string. From

Eq. (2), the dimensionless equations of motion read
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2

II. TERRESTRIAL AND COSMIC

SIGNATURES OF GUTS

SO(10) is the minimal simple GUT which o↵ers the
possibility of cosmic string generation. Its breaking to
the SM gauge group can proceed along one of the break-
ing chains shown in Fig. 1, with the additional option of
removing intermediate steps. We use the following ab-
breviations for the symmetries at an intermediate scale:

G51 = SU(5) ⇥ U(1)X , Gflip
51 = SU(5)flip ⇥ U(1)flip ,

G3221 = SU(3)C ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)B�L ,

G3211 = SU(3)C ⇥ SU(2)L ⇥ U(1)R ⇥ U(1)B�L ,

G0
3211 = SU(3)C ⇥ SU(2)L ⇥ U(1)Y ⇥ U(1)X ,

G421 = SU(4)C ⇥ SU(2)L ⇥ U(1)Y ,

G422 = SU(4)C ⇥ SU(2)L ⇥ SU(2)R . (1)

Note that G3211 and G0
3211 are equivalent [22]. All pos-

sible SO(10) cases can be classified into four types de-
noted as (a), (b), (c) and (d) in Fig. 1. Types (a), (b)
and (c) are models broken via standard SU(5) ⇥ U(1),
flipped SU(5)⇥U(1)[23–26] and Pati-Salam G422 [27] re-
spectively. Cases with standard SU(5) [2] as the lowest
intermediate symmetry, are classified as type (d). The
scales of proton decay ⇤pd and cosmic strings ⇤cs are
important testable parameters discussed in the following.

A. Proton Decay in SO(10). As quarks and leptons
are arranged in common multiplets in GUTs, heavy new
states which mediate baryon-number-violating (BNV) in-
teractions are introduced. At low energy scales, these
heavy states are integrated out and this induces higher-
dimensional BNV operators which lead to proton decay.

In the main body of the text, we will focus on non-
supersymmetric contributions, while discussions on ad-
ditional sources provided by supersymmetric extensions
will be discussed in the Supplemental Material. In sum-
mary, SUSY with R-parity has similar phenomenologi-
cal/cosmological consequences, see Fig. 1, with the addi-
tion of the K+⌫̄ proton decay channel.

At low energy, the most important operators which re-
spect GSM are the dimension-six ones arising from gauge
contributions,
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where ↵, � denote SU(2)L indices and ⇤1, ⇤2 are the UV-
complete scales of the GUT symmetry [4–8]. For types
(a) and (d), ⇤1 and ⇤2 correspond to the SU(5) and
SO(10) breaking scales, respectively, and thus ⇤1 < ⇤2.
While for type (b), ⇤2 < ⇤1 and ⇤1 = ⇤2 for type (c).
In general, the lower of these two scales will mediate the
dominant proton decay channel and we indicate it as ⇤pd.

These operators induce a series of proton decay chan-
nels. The most stringently constrained is p ! ⇡0e+ as
determined by Super-Kamiokande, ⌧⇡0e+ > 1.6 ⇥ 1034

years (90% C.L., 100% branching ratio assumed) [12].
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FIG. 1. The breaking chains of SO(10) to GSM are shown
along with their terrestrial and cosmological signatures where
Gx represents either G3221 or G421. Defects with only cos-
mic strings (including cosmic string generated from preserved
discrete symmetries) are denoted as blue solid arrows. Those
including unwanted topological defects (monopoles or domain
walls) are indicated by red dotted arrows. The instability of
embedded strings is not considered. Removing an intermedi-
ate symmetry may change the type of unwanted topological
defect but will not eliminate them. The highest possible scale
of inflation, which removes unwanted defects, is assumed in
this diagram.

This bound translates to the lower limits of ⇤1 > 6.7 ⇥
1015 GeV and ⇤2 > 3.9 ⇥ 1015 GeV, respectively, us-
ing ⌧⇡0e+ ' 8 ⇥ 1034 years ⇥ (⇤1/1016 GeV)4 [28] or
7⇥1035 years⇥(⇤2/1016 GeV)4 [29], respectively. Hyper-
Kamiokande o↵ers at least an order of magnitude im-
provement [14] which will further push the lower bound
of ⇤1 above 1016 GeV.
B. Gravitational Waves From Cosmic Strings.

The cosmological consequence of SSB from the GUT to
the SM gauge group is the formation of topological de-
fects. These defects generically arise from the breaking
of a group, G, to its subgroup, H, such that a mani-
fold of equivalent vacua, M ' G/H, exists. Monopoles
form when the manifold M contains non-contractible
two-dimensional spheres, cosmic strings when it contains
non-contractible loops and domain walls when M is dis-
connected. Di↵erent GUT breaking chains result in dif-
ferent combinations of topological defects forming at var-
ious scales; these have been comprehensively categorised
in [16] where it was shown that the vast majority of GUT
breaking chains produce cosmic strings. In Fig. 1, we
summarise all possible symmetry breaking chains and as-
sociated defects as derived in Ref. [16]. We note that
embedded strings can be generated if a Z2 symmetry is
preserved [30]; however, we do not distinguish them from
topological strings and both scenarios are indicated by
the blue lines of Fig. 1.

Cosmic strings are a source of GWs as they actively

’21 King+

Cosmic string:
2-dimensional topological defect associated with U(1) symmetry breaking
Generated in the early Universe through phase transition, such as GUT breaking, 
to form a network of infinite string and loops.
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Figure 1. The Abelian Higgs potential in the complex plane [ℜ (Φ) ,ℑ (Φ)]. The
non-trivial phase mapping from the internal space to the physical space (right) leads
to the formation of a cosmic string. The old vacuum |Φ| = 0 becomes trapped inside
the new one |Φ| = ηv.

transition. As pointed by Kibble, this is at most the horizon size dh ∝ t although one

expects it to be much smaller [3, 58, 59, 60, 61]. As a result, there exists closed paths in
space along which θ varies from 0 to 2π (or a multiple of 2π). Such phase configurations

necessarily encompass a point at which |Φ| = 0 (see Fig. 1): the old vacuum has been

trapped into a non-trivial configuration of the new vacuum, and this prevents its decay.

Such a structure is invariant by translations along the third spatial dimension and is

string shaped.

Solitonic solutions of the field equations describing a static straight Abelian string
can easily be computed under the Nielsen–Olesen ansatz. The transverse profile of the

Higgs and gauge field are assumed to be [62]

Φ = ηvH(ϱ)einθ, Bµ =
Q(ϱ)− n

g
δµθ, (4)

where (r, θ) stands for a polar coordinate system aligned along the string. The

dimensionless radial coordinate has been defined by ϱ = mhr where mh =
√
ληv is

the mass of the Higgs boson. The integer n is the “winding number” and gives the

number of times the Higgs winds the potential for one rotation around the string. From

Eq. (2), the dimensionless equations of motion read
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II. TERRESTRIAL AND COSMIC

SIGNATURES OF GUTS

SO(10) is the minimal simple GUT which o↵ers the
possibility of cosmic string generation. Its breaking to
the SM gauge group can proceed along one of the break-
ing chains shown in Fig. 1, with the additional option of
removing intermediate steps. We use the following ab-
breviations for the symmetries at an intermediate scale:

G51 = SU(5) ⇥ U(1)X , Gflip
51 = SU(5)flip ⇥ U(1)flip ,

G3221 = SU(3)C ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)B�L ,

G3211 = SU(3)C ⇥ SU(2)L ⇥ U(1)R ⇥ U(1)B�L ,

G0
3211 = SU(3)C ⇥ SU(2)L ⇥ U(1)Y ⇥ U(1)X ,

G421 = SU(4)C ⇥ SU(2)L ⇥ U(1)Y ,

G422 = SU(4)C ⇥ SU(2)L ⇥ SU(2)R . (1)

Note that G3211 and G0
3211 are equivalent [22]. All pos-

sible SO(10) cases can be classified into four types de-
noted as (a), (b), (c) and (d) in Fig. 1. Types (a), (b)
and (c) are models broken via standard SU(5) ⇥ U(1),
flipped SU(5)⇥U(1)[23–26] and Pati-Salam G422 [27] re-
spectively. Cases with standard SU(5) [2] as the lowest
intermediate symmetry, are classified as type (d). The
scales of proton decay ⇤pd and cosmic strings ⇤cs are
important testable parameters discussed in the following.

A. Proton Decay in SO(10). As quarks and leptons
are arranged in common multiplets in GUTs, heavy new
states which mediate baryon-number-violating (BNV) in-
teractions are introduced. At low energy scales, these
heavy states are integrated out and this induces higher-
dimensional BNV operators which lead to proton decay.

In the main body of the text, we will focus on non-
supersymmetric contributions, while discussions on ad-
ditional sources provided by supersymmetric extensions
will be discussed in the Supplemental Material. In sum-
mary, SUSY with R-parity has similar phenomenologi-
cal/cosmological consequences, see Fig. 1, with the addi-
tion of the K+⌫̄ proton decay channel.

At low energy, the most important operators which re-
spect GSM are the dimension-six ones arising from gauge
contributions,
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where ↵, � denote SU(2)L indices and ⇤1, ⇤2 are the UV-
complete scales of the GUT symmetry [4–8]. For types
(a) and (d), ⇤1 and ⇤2 correspond to the SU(5) and
SO(10) breaking scales, respectively, and thus ⇤1 < ⇤2.
While for type (b), ⇤2 < ⇤1 and ⇤1 = ⇤2 for type (c).
In general, the lower of these two scales will mediate the
dominant proton decay channel and we indicate it as ⇤pd.

These operators induce a series of proton decay chan-
nels. The most stringently constrained is p ! ⇡0e+ as
determined by Super-Kamiokande, ⌧⇡0e+ > 1.6 ⇥ 1034

years (90% C.L., 100% branching ratio assumed) [12].
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FIG. 1. The breaking chains of SO(10) to GSM are shown
along with their terrestrial and cosmological signatures where
Gx represents either G3221 or G421. Defects with only cos-
mic strings (including cosmic string generated from preserved
discrete symmetries) are denoted as blue solid arrows. Those
including unwanted topological defects (monopoles or domain
walls) are indicated by red dotted arrows. The instability of
embedded strings is not considered. Removing an intermedi-
ate symmetry may change the type of unwanted topological
defect but will not eliminate them. The highest possible scale
of inflation, which removes unwanted defects, is assumed in
this diagram.

This bound translates to the lower limits of ⇤1 > 6.7 ⇥
1015 GeV and ⇤2 > 3.9 ⇥ 1015 GeV, respectively, us-
ing ⌧⇡0e+ ' 8 ⇥ 1034 years ⇥ (⇤1/1016 GeV)4 [28] or
7⇥1035 years⇥(⇤2/1016 GeV)4 [29], respectively. Hyper-
Kamiokande o↵ers at least an order of magnitude im-
provement [14] which will further push the lower bound
of ⇤1 above 1016 GeV.
B. Gravitational Waves From Cosmic Strings.

The cosmological consequence of SSB from the GUT to
the SM gauge group is the formation of topological de-
fects. These defects generically arise from the breaking
of a group, G, to its subgroup, H, such that a mani-
fold of equivalent vacua, M ' G/H, exists. Monopoles
form when the manifold M contains non-contractible
two-dimensional spheres, cosmic strings when it contains
non-contractible loops and domain walls when M is dis-
connected. Di↵erent GUT breaking chains result in dif-
ferent combinations of topological defects forming at var-
ious scales; these have been comprehensively categorised
in [16] where it was shown that the vast majority of GUT
breaking chains produce cosmic strings. In Fig. 1, we
summarise all possible symmetry breaking chains and as-
sociated defects as derived in Ref. [16]. We note that
embedded strings can be generated if a Z2 symmetry is
preserved [30]; however, we do not distinguish them from
topological strings and both scenarios are indicated by
the blue lines of Fig. 1.

Cosmic strings are a source of GWs as they actively

Network enters the “scaling regime” 

’21 King+

Figure 3. Snapshot of the cosmic string network during the transition era when the conformal horizon
occupies 60% of the fixed comoving volume (100lc)3. For this work, the stress tensor includes only the
contribution of the long strings, defined as being longer than the horizon size. They are represented
in white in the picture. Loops in scaling are represented in red whereas freshly formed loops coming
from the fragmentation of larger structures are represented in yellow. The blue “fog” is made of tiny
older loops. There are about two million strings in this picture, they are all numerically evolved till
the end of the run.

the relaxation time of the network towards scaling is small and, for η̄eq, to put a slightly
larger dynamical range of the simulation onto the transition to matter era. In figure 4,
we have represented the energy density of super-horizon strings ρ∞d2h/U as a function of the
conformal time. Long string scaling is reached when this quantity remains stationary. As can
be seen in these plots, there is a transient period at the beginning of the runs (leftmost side)
during which the energy density rapidly grows. Then, it slows downs and relaxes towards
a stationary value for the radiation and matter era. For the transition era, after the initial
fast growth, another long relaxation takes place during which the energy density slowly drifts
from radiation-like values towards the matter era attractor.

– 10 –

’22 da Cunha+

The physical model parameter is only string tension, 
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GWs from cosmic strings:
If the underlying U(1) symmetry is a gauge symmetry,  
loops in the string networks, continuously produced, shrink by emitting GWs. 

credit: Daniel Dominquez

’81 VIlenkin, ’84 Hogan&Rees, ’85 Vachaspati&Vilenkin
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GWs from cosmic strings:
If the underlying U(1) symmetry is a gauge symmetry,  
loops in the string networks, continuously produced, shrink by emitting GWs. 

credit: Daniel Dominquez

Predicts a broadband SGWB spectrum,  
earlier loops produces high-frequency GWs today

’81 VIlenkin, ’84 Hogan&Rees, ’85 Vachaspati&Vilenkin
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Figure 20. Same as Fig. 19 but for the cosmic-string models considered in this work. See Appendix B for details.

individual GW spectra are in conflict with the experimental data. It is, however, well possible that some fraction of
the underlying distribution of individual GW spectra is not ruled out and is perfectly consistent with all experimental
constraints. This is, e.g., true for the GW spectra from cosmic superstrings. The median GW spectrum of the super
model violates the LVK bound (see Fig. 4). However, at the level of the model parameter space, this merely means
that some parameter regions are experimentally ruled out, while other regions remain viable (see Fig. 11). Another
example is the median GWB spectrum of the igw model, which appears to violate the Ne↵ bound if it is extended to
high frequencies beyond the NANOGrav band (see Fig. 4). However, the igw model as a whole is not ruled out, as
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Figure 20. Same as Fig. 19 but for the cosmic-string models considered in this work. See Appendix B for details.

individual GW spectra are in conflict with the experimental data. It is, however, well possible that some fraction of
the underlying distribution of individual GW spectra is not ruled out and is perfectly consistent with all experimental
constraints. This is, e.g., true for the GW spectra from cosmic superstrings. The median GW spectrum of the super
model violates the LVK bound (see Fig. 4). However, at the level of the model parameter space, this merely means
that some parameter regions are experimentally ruled out, while other regions remain viable (see Fig. 11). Another
example is the median GWB spectrum of the igw model, which appears to violate the Ne↵ bound if it is extended to
high frequencies beyond the NANOGrav band (see Fig. 4). However, the igw model as a whole is not ruled out, as
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Explaining PTA measurements? 

The spectral index of the GW spectrum from stable cosmic string  
is too law to fit all the data.
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Figure 20. Same as Fig. 19 but for the cosmic-string models considered in this work. See Appendix B for details.

individual GW spectra are in conflict with the experimental data. It is, however, well possible that some fraction of
the underlying distribution of individual GW spectra is not ruled out and is perfectly consistent with all experimental
constraints. This is, e.g., true for the GW spectra from cosmic superstrings. The median GW spectrum of the super
model violates the LVK bound (see Fig. 4). However, at the level of the model parameter space, this merely means
that some parameter regions are experimentally ruled out, while other regions remain viable (see Fig. 11). Another
example is the median GWB spectrum of the igw model, which appears to violate the Ne↵ bound if it is extended to
high frequencies beyond the NANOGrav band (see Fig. 4). However, the igw model as a whole is not ruled out, as
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Figure 20. Same as Fig. 19 but for the cosmic-string models considered in this work. See Appendix B for details.

individual GW spectra are in conflict with the experimental data. It is, however, well possible that some fraction of
the underlying distribution of individual GW spectra is not ruled out and is perfectly consistent with all experimental
constraints. This is, e.g., true for the GW spectra from cosmic superstrings. The median GW spectrum of the super
model violates the LVK bound (see Fig. 4). However, at the level of the model parameter space, this merely means
that some parameter regions are experimentally ruled out, while other regions remain viable (see Fig. 11). Another
example is the median GWB spectrum of the igw model, which appears to violate the Ne↵ bound if it is extended to
high frequencies beyond the NANOGrav band (see Fig. 4). However, the igw model as a whole is not ruled out, as
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If we can reduce the contribution at low-frequency GW,  
we may explain the PTA measurements by cosmic strings. 
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Metastable cosmic strings! 
If we can reduce the contribution at low-frequency GW,  
we may explain the PTA measurements by cosmic strings. 

It is realized if cosmic strings are torn apart by the monopole-antimonopole 
pair production. 

•

Metastable Cosmic String

• Cosmic string can be metastable if there is another symmetry breaking 
that breaks down to    ,              , and    

•

• The decay rate per unit length is characterized by                                 , and     
is determined by the hierarchy between two symmetry breaking scales. 

In some approximation, it is expressed as                 .

A. Monin and M. B. Voloshin, arXiv: 0808.1693; arXiv: 0902.0407 

’82 Vilenkin, ’92 Preskil&Vilenkin, ’20, ’21, ’23 Buchmüller+ 

#Note that GUT often predicts such pair-creation like Schwinger effect. 

Decay rate per unit length:
<latexit sha1_base64="IA3B9MDVXoPhdh1kmc9UAcm1Cls="></latexit>

� =
µ

2⇡
exp[�⇡]

’92 Preskil&Vilenkin; see also ’24 Chitose+

<latexit sha1_base64="WF3xyinEqPvI8q7LEMA9a0S46SE="></latexit>
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Metastable cosmic strings NANOGrav 15-year New-Physics Signals 51
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Figure 20. Same as Fig. 19 but for the cosmic-string models considered in this work. See Appendix B for details.

individual GW spectra are in conflict with the experimental data. It is, however, well possible that some fraction of
the underlying distribution of individual GW spectra is not ruled out and is perfectly consistent with all experimental
constraints. This is, e.g., true for the GW spectra from cosmic superstrings. The median GW spectrum of the super
model violates the LVK bound (see Fig. 4). However, at the level of the model parameter space, this merely means
that some parameter regions are experimentally ruled out, while other regions remain viable (see Fig. 11). Another
example is the median GWB spectrum of the igw model, which appears to violate the Ne↵ bound if it is extended to
high frequencies beyond the NANOGrav band (see Fig. 4). However, the igw model as a whole is not ruled out, as
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Figure 20. Same as Fig. 19 but for the cosmic-string models considered in this work. See Appendix B for details.

individual GW spectra are in conflict with the experimental data. It is, however, well possible that some fraction of
the underlying distribution of individual GW spectra is not ruled out and is perfectly consistent with all experimental
constraints. This is, e.g., true for the GW spectra from cosmic superstrings. The median GW spectrum of the super
model violates the LVK bound (see Fig. 4). However, at the level of the model parameter space, this merely means
that some parameter regions are experimentally ruled out, while other regions remain viable (see Fig. 11). Another
example is the median GWB spectrum of the igw model, which appears to violate the Ne↵ bound if it is extended to
high frequencies beyond the NANOGrav band (see Fig. 4). However, the igw model as a whole is not ruled out, as
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Figure 20. Same as Fig. 19 but for the cosmic-string models considered in this work. See Appendix B for details.

individual GW spectra are in conflict with the experimental data. It is, however, well possible that some fraction of
the underlying distribution of individual GW spectra is not ruled out and is perfectly consistent with all experimental
constraints. This is, e.g., true for the GW spectra from cosmic superstrings. The median GW spectrum of the super
model violates the LVK bound (see Fig. 4). However, at the level of the model parameter space, this merely means
that some parameter regions are experimentally ruled out, while other regions remain viable (see Fig. 11). Another
example is the median GWB spectrum of the igw model, which appears to violate the Ne↵ bound if it is extended to
high frequencies beyond the NANOGrav band (see Fig. 4). However, the igw model as a whole is not ruled out, as
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Figure 20. Same as Fig. 19 but for the cosmic-string models considered in this work. See Appendix B for details.

individual GW spectra are in conflict with the experimental data. It is, however, well possible that some fraction of
the underlying distribution of individual GW spectra is not ruled out and is perfectly consistent with all experimental
constraints. This is, e.g., true for the GW spectra from cosmic superstrings. The median GW spectrum of the super
model violates the LVK bound (see Fig. 4). However, at the level of the model parameter space, this merely means
that some parameter regions are experimentally ruled out, while other regions remain viable (see Fig. 11). Another
example is the median GWB spectrum of the igw model, which appears to violate the Ne↵ bound if it is extended to
high frequencies beyond the NANOGrav band (see Fig. 4). However, the igw model as a whole is not ruled out, as
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Figure 20. Same as Fig. 19 but for the cosmic-string models considered in this work. See Appendix B for details.

individual GW spectra are in conflict with the experimental data. It is, however, well possible that some fraction of
the underlying distribution of individual GW spectra is not ruled out and is perfectly consistent with all experimental
constraints. This is, e.g., true for the GW spectra from cosmic superstrings. The median GW spectrum of the super
model violates the LVK bound (see Fig. 4). However, at the level of the model parameter space, this merely means
that some parameter regions are experimentally ruled out, while other regions remain viable (see Fig. 11). Another
example is the median GWB spectrum of the igw model, which appears to violate the Ne↵ bound if it is extended to
high frequencies beyond the NANOGrav band (see Fig. 4). However, the igw model as a whole is not ruled out, as
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Figure 20. Same as Fig. 19 but for the cosmic-string models considered in this work. See Appendix B for details.

individual GW spectra are in conflict with the experimental data. It is, however, well possible that some fraction of
the underlying distribution of individual GW spectra is not ruled out and is perfectly consistent with all experimental
constraints. This is, e.g., true for the GW spectra from cosmic superstrings. The median GW spectrum of the super
model violates the LVK bound (see Fig. 4). However, at the level of the model parameter space, this merely means
that some parameter regions are experimentally ruled out, while other regions remain viable (see Fig. 11). Another
example is the median GWB spectrum of the igw model, which appears to violate the Ne↵ bound if it is extended to
high frequencies beyond the NANOGrav band (see Fig. 4). However, the igw model as a whole is not ruled out, as
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Problems in metastable cosmic strings in explaining PTA measurements
- Larger string tension                is favored, but it conflicts with non-observation  
  of SGWB at LVK
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- Monopole producing SSB scale is close to the string forming SSB scale 
  -> If the monopoles are also produced just before string formation,  
     string network would not be formed, but monopoles are annihilated by strings. 
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Delayed scaling scenario resolves these two issues. 
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produced and sufficiently diluted, and long strings are then formed. 
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Delayed scaling scenario resolves these two issues. 

If the phase transitions take place during inflation, monopoles are first  
produced and sufficiently diluted, and long strings are then formed. 
Long strings are also diluted to superhorizon scales until the end of inflation.  
After inflation at relatively later time, they enter subhorizon scales,  
to form the string network. 

3

velocity v evolves with the evolution equation,

dv

dt
= (1− v2)

(
k̃

L
− 2Hv

)
, (2)

with k̃ = (2
√
2/π)((1− 8v6)/(1+ 8v6)) being the momentum parameter that represents the acceleration effect due to

the curvature of the strings [18].
Although the velocity-dependent one scale model, characterized by eqs. (1) and (2), is intended to describe evolution

of the string network formed by the conventional Kibble mechanism, these equations also reproduce the initial evolution
of string segments before entering the scaling regime correctly, that is v tends to 0 when L ≫ H−1 and L evolves
in proportion to the scale factor, if we take an appropriate “initial” time with a large initial correlation length
Lini ≫ H−1

ini . Note that the CMB anisotropies induced by cosmic strings are insensitive to their behaviors in the
earlier epoch, and we do not have to follow their evolution from the end of inflation. It is not clear if the one-scale
model, where we assume that the typical curvature of the infinite strings and their mean separation are equal, holds
just after inflation, but we expect it gives a good approximation since the Hubble parameter during inflation is the
unique parameter to determine the string configuration when they are formed. The validity of this model, especially
in the intermediate regime, should nevertheless be investigated through numerical simulations with appropriate initial
conditions, which is beyond the scope of the present paper, and we use (1) and (2) throughout.
Figure 1 shows the typical evolution of the correlation length relative to the Hubble length H−1 with a different

(relatively large) initial correlation length. Hereafter we set z = 2.3 × 107 as initial time. The initial velocity is
set to v = 0 except for the bottom line, which represents the standard, always-scaling case with initial velocity
v = 0.65. While we chose such initial velocities, we also confirmed that the evolution of the correlation length is
almost independent of the initial velocity, since the velocity decreases vanishingly and it loses its initial information
quickly. As mentioned above, when L is larger than the horizon scale, it simply evolves in proportion to a. In terms of
the redshift z, L/H−1 is proportional to z in the radiation dominated era (z ≫ zeq) and z1/2 in the matter dominated
era (z ≪ zeq), where zeq ≈ 3400 is the redshift at the matter-radiation equality. We can also see that it takes a few
orders of redshift for the system to enter the scaling solution completely, which will be important for the observational
signatures. Since this result shows the general feature of the evolution of the correlation length on super horizon scales,
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FIG. 1: The evolution of the correlation length relative to the Hubble length. Compared to the dashed black line which is
proportional to aH, we can easily see that the correlation length evolves proportional to the scale factor on superhorizon scales.

it strongly suggests that even if the correlation length is much larger than the Hubble length just after inflation, the
system gradually approaches the scaling solution and at a relatively late epoch, say z = 103 or later, starts to evolve
in accordance with the scaling rule depending on the epoch of the phase transition during inflation. Note that if the
phase transition takes place when the present horizon scale exited the horizon during inflation, the correlation length
would become the horizon scale again today, since its initial correlation length can be estimated by the horizon scale
at that time. Therefore, cosmic strings formed several e-folds after the current Hubble scale went out of the horizon
during inflation would enter the scaling regime after the recombination3. To evaluate the onset time of scaling, we

3 In principle, the initial correlation length can be calculated from the model parameters, see, e.g., Ref. [9], but it needs specifying the
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Representative SGWB spectrum

However, CSs with larger tension are severely constrained by the constraints from the LVK
measurements (Eq. (2.9)). In the delayed scaling scenario, as we have seen, the latter can
be avoided, but it is non-trivial if the upper bound of the string tension is unchanged in this
case, since the decay of the GW spectrum at high frequency is relatively mild, f�1/3.

Figure 3 shows the GW spectra with various choices of the parameters, Gµ = 10
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spectra reach the PTA measurements while at a higher frequency f ⇠ 10 Hz they merely
satisfy the LVK constraints. Numerically we have the spectral break at kmaxfsc due to the
artificially chosen kmax = 10

4, but as has been discussed in the above, we identify that the
f
�1/3 decay continues to much higher frequencies. While the spectral shapes are the same

at the PTA and LVK frequency ranges in these parameter sets, the spectral features at the
intermediate frequencies are different, which are accessible by future observations at such as
LISA, Taiji, and TianQin at mHz frequency ranges or DECIGO or BBO at 1 Hz frequency
ranges. The spectral break from the plateau to f

1/3 decay can be probed by them, which
can be the smoking gun of this scenario and even determine the parameters of two symmetry
breaking scales as well as the dilution during inflation.

Figure 3. The GW spectra from the metastable CSs in the delayed scaling that are suitable to explain
the PTA measurements by merely satisfying the LVK constraints are shown. The string tension,
string decay parameter , and the redshift at the onset of the scaling is chosen as (Gµ,
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results up to kmaxfsc, while dotted curves are those from kmaxfsc. Dashed lines are the extrapolation
of the f

�/13 decay at f > kmaxfsc, which should be physical. Shaded areas indicate the data and
sensitivity of the current and future experiments such as NANOGrav 15 year data (NG15) [15],
EPTA [16], SKA [89], LISA [5], Taiji [6], TianQin [8], DECIGO [90], BBO [91], LVK [50] with their
updates (HLV, A+), Cosmic Explorer (CE) [92], and Einstein Telescope (ET) [93]. In drawing the
sensitivity regions, we used the pubic code available at Ref. [94].

We find that the low energy cutoff, flc, comes at the frequency larger than that for the
PTA measurements, 10�8 Hz, when Gµ & 10

�4, as has also been pointed out in Ref. [19].
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be avoided, but it is non-trivial if the upper bound of the string tension is unchanged in this
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EPTA [16], SKA [89], LISA [5], Taiji [6], TianQin [8], DECIGO [90], BBO [91], LVK [50] with their
updates (HLV, A+), Cosmic Explorer (CE) [92], and Einstein Telescope (ET) [93]. In drawing the
sensitivity regions, we used the pubic code available at Ref. [94].

We find that the low energy cutoff, flc, comes at the frequency larger than that for the
PTA measurements, 10�8 Hz, when Gµ & 10

�4, as has also been pointed out in Ref. [19].
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Some technical issues

However, CSs with larger tension are severely constrained by the constraints from the LVK
measurements (Eq. (2.9)). In the delayed scaling scenario, as we have seen, the latter can
be avoided, but it is non-trivial if the upper bound of the string tension is unchanged in this
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Gµ > 10�5
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Summary

- Pulsar Timing Arrays might have discovered the stochastic GWBs,  
  which can be a smoking gun of new physics in the early Universe, if ever. 
- One of the most interesting possibilities is cosmic strings.  
- If cosmic strings are metastable, PTA measurements can be explained well.  
- The problems of too close monopole producing symmetry breaking scenario 
  as well as non-detection of SGTB at LVK can be resolved by adopting  
  the delayed scaling scenario, where the they are formed during inflation.  
- Good target for LISA, Taiji, TianQin, DECIGO and BBO!
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Appendix
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• The energy density of GW per unit logarithm  frequency interval  

• The power spectrum is   

Gravitational Wave Spectrum

• Coefficient                is given by 

Infinity?

Redshift when string network 
reach a scaling regime

T. Vachaspati and A. Vilenkin ‘85; J. J. Blanco-Pillado and K. D. Olum ‘17 
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• The number density of string loops created during radiation dominated but survival 
the matter dominated is

• The number density of string loops after     but before      ,

• The number density of string loops before    , 

MCS network model see also ArXiv: 2107.04578

String Network Model for Metastable Cosmic String
’82 Vilenkin, ’92 Preskil&Vilenkin, ’20, ’21, ’23 Buchmüller+ 

• In our study, we will choose Blanco-Pillado-Olum-Shlaer (BOS) model. 

• Decay rate will determine time when almost all the long string experience 
monopole-antimonopole creation 

String Network Model for Metastable Cosmic String

• Metastable cosmic string is characterized by decay rate per unit length.   

• Since         is exponientally suppressed, radiation-dominated is empolyed.
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• , 
• ,
• ,
• ,
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Gravitational Wave Spectrum
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• At physical time , the loop length
should be longer than wavelength
of GW it emits and both of them
are larger than string width

• The loop length is 

• The string width is                           .  

• The maximum value of
harmoinc mode number is
given by

Restriction for High Frequency Tail


