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We interpret the recent NANOGrav results in terms of a stochastic gravitational wave background
from metastable cosmic strings. The observed amplitude of a stochastic signal can be translated
into a range for the cosmic string tension and the mass of magnetic monopoles arising in theories
of grand unification. In a sizable part of the parameter space, this interpretation predicts a large
stochastic gravitational wave signal in the frequency band of ground-based interferometers, which
can be probed in the very near future. We confront these results with predictions from successful
inflation, leptogenesis and dark matter from the spontaneous breaking of a gauged B—L symmetry.

Introduction

The direct observation of gravitational waves (GWs)
generated by merging black holes [1-3] has led to an in-
creasing interest in further explorations of the GW spec-
trum. Astrophysical sources can lead to a stochastic
gravitational background (SGWB) over a wide range of
frequencies, and the ultimate hope is the detection of a
SGWB of cosmological origin. So far, transient merger
events have been observed at frequencies around 100 Hz.
Moreover, stringent upper bounds on a SGWB have
been obtained by pulsar timing array (PTA) experiments
which are sensitive to frequencies around fy,, = 1/yr.
Over the past years the European Timing Array (EPTA)
[4], the Parkes Pulsar Timing Array (PPTA) [5] and
the North American Nanohertz Observatory for Grav-
itational Waves (NANOGrav) [6] have reached upper
bounds on the amplitude h%Qgy (1/yr) of order 1077.

Searching for an isotropic SGWB, the NANOGrav Col-
laboration has recently reported strong evidence of a
stochastic process in their lowest frequency bins, which
can be modeled as a power-law with common amplitude
and slope across all pulsars [7]. The amplitude of the
signal is of the order of the previously obtained upper
bounds. The current data is not conclusive with re-
spect to a quadrupolar spatial correlation and therefore
the discovery of a SGWB cannot be claimed. Neverthe-
less, the result of the analysis is very intriguing, and the
NANOGrav Collaboration finds that the signal is consis-
tent, within 20 of a Bayesian analysis, with a SGWB from
supermassive black hole binaries, the expected dominant
astrophysical source at frequencies around 1/yr [8, 9].

There are also cosmological interpretations of the
NANOGrav results. Examples are the formation of pri-
mordial black holes from high-amplitude curvature per-
turbations during inflation [10, 11] or dark sector phase
transitions [12]. Another prominent possibility is cosmic
strings formed in a U(1) symmetry-breaking phase tran-
sition in the early universe [13, 14]. Indeed, it has been
demonstrated that GWs from a network of stable strings
with an amplitude h?Qgy (1/yr) ~ 107 can account for
the NANOGrav stochastic background [15, 16]. This sig-

nal is too small to be observed by Virgo [17], LIGO [18]
and KAGRA [19] but will be probed by LISA [20] and
other planned GW observatories.

In this Letter we study a further possibility, metastable
cosmic strings. Recently, it has been shown that GWs
emitted from a metastable cosmic string network can
probe the seesaw mechanism of neutrino physics and
high-scale leptogenesis [21] as well as the energy scale
of grand unification [22, 23]. Such metastable cosmic
strings arise when connecting hybrid inflation, high-scale
leptogenesis and dark matter with gravitational waves
through U(1)p_r, breaking in a cosmological phase tran-
sition [24, 25]. Here B-L denotes the difference of baryon
number and lepton number, and the product of U(1)p_p,
and the Standard Model gauge group is embedded into
the GUT group SO(10). If the U(1)p-1 cosmic strings
are not protected by an additional unbroken discrete
symmetry, this embedding leads to the existence of mag-
netic monopoles, allowing the cosmic strings to decay
via the Schwinger production of monopole-antimonopole
pairs with a rate per string unit length of [26-28]
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where m ~ vgur is the monopole mass and u ~ v%_; is
the string tension. Here vyt and vp_j, are the scales of
SO(10) and U(1)p-1, symmetry breaking, respectively.

At frequencies around 100 Hz the model of [24] predicts
a GW amplitude close to the present upper bound found
by the LIGO/Virgo collaboration, and upper bounds on
a SGWB by PTA experiments lead to an upper bound
on the ratio x and therefore on the monopole mass [22].
With the new NANOGrav data [7], x and hence the scale
of grand unification vgyur can now be determined.

GWs from metastable cosmic strings

We briefly review the calculation of the stochastic grav-
itational wave background arising from metastable cos-
mic strings [22]. The present-day GW spectrum can be



expressed as [20]

Opew(f) _ 8TF(GH)* &
ong T B

n=1

Qgw(f) =

where pgw denotes the GW energy density, p. is the crit-
ical energy density of the universe, Gu denotes the di-
mensionless string tension with the gravitational con-
stant G = 6.7-107%° GeV™2, Hy = 100 hkm/s/Mpc is
today’s Hubble parameter, P, =~ 50/¢[4/3]n %3 is the
power spectrum of GWs emitted by the n'" harmonic
of a cosmic string loop!, and C,,(f) indicates the num-
ber of loops emitting GWs that are observed at a given
frequency f,

2n [ Fmax
Cn(f) = Pﬂmin dz
which is a function of the number density of cosmic string
loops N'(¢,t), with £ =2n/((1+ 2)f), selecting the loops
that contribute to the spectrum at frequency f today.
Modeling the evolution and GW emission of a cosmic
string network is a challenging task, resulting in several
competing models for the loop number density in the
literature (see [20] for an overview). For concreteness,
we will base our analysis on the BOS model [29] and fix
the cosmic string loop size to o = ¢/H = 0.1 at formation,
as found in the largest and most recent simulations [20].?
For loops generated and decaying during the radiation-
dominated era, this in particular yields [20, 29]
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where I' ~ 50 parametrizes the cosmic string decay rate
into GWs, £ = -I'Gu. This yields the dominant contri-
bution to the GW spectrum in most of the parameter
range of interest, but in our numerical computation of
the spectrum we also include the loops created and/or
decaying in the matter dominated era. The integration
range in Eq. (3) accounts for the lifetime of the cosmic
string network, from the formation at zmax ~ Trn /(2.7 K)
until their decay at zy,in when the decay rate of a string
loop with average length equals the Hubble rate [26],
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For cosmic string loops formed and emitting GWs in the
radiation dominated era, this results in an approximately
scale invariant GW spectrum. The finite lifetime of the

1 Here we focus on cusps as the main source of GW emission, kinks
and kink-kink collisions yield a different O(1) factor in both the
argument of the ¢ function and the power of n in P,.

2 For an interpretation of the NANOGrav results for smaller values
of the parameter o, see [16].

cosmic strings leads to a fall-off o< f3/2 of this spectrum
at small frequencies f < f, with [22]
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see Fig. 2 for some examples of GW spectra for different
values of the two dimensionless model parameters G
and k.

For the numerical evaluation of Eq. (2), we refine the
analysis of Ref. [22] by resumming the first 20,000 modes
and taking into account the changes in the number of
effective degrees of freedom in the thermal bath (see also
[30]). Our final results prove rather insensitive to both
these refinements. Approximating N =~ N, we can ex-
tract the n-dependence of C, P,, analytically if ¢ is much
smaller or larger than I'Gut. As discussed in Ref. [22],
this distinction corresponds to the f3/2 slope and the
plateau regime. For the former, we find C), P, oc n=17/3,
such that the resummation yields Qg = ((17/3) ng) ~

1.02 Qg,v)7 with ng) denoting the result for n = 1. For the
plateau value, we instead obtain a factor ((4/3) ~ 3.6,
which implies an O(1) correction.

For the evolution of the degrees of freedom we use the
results of [31] for the SM degrees of freedom and moreover
include supersymmetric degrees of freedom at a threshold
value of 2 TeV. This does not impact the predictions in
the NANOGrav frequency range.

Explaining the NANOGrav results

We now proceed to comparing the GW signal predicted
by metastable cosmic strings to the recent NANOGrav
results [7], which constrain the amplitude and slope of a
stochastic process. Expressing the dimensionless charac-
teristic strain as h, = A(f/fyr)® with the reference fre-
quency fyr = 32 nHz, the amplitude of the SGWB is
obtained as
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To compare with the results of Ref. [7], we determine
the spectral index n; by fitting a power law to our nu-
merically determined spectrum Qgwh?(f) from Eq. (2)
in the range of maximal sensitivity of NANOGrav, i.e.
f =2.4..12 nHz (this corresponds to the first 5 bins of
the NANOGrav data set). The amplitude QY is the
amplitude of this power law at the reference frequency

In Fig. 1, we compare these predictions from
metastable cosmic strings (mesh of solid and dotted
curves) with the constraints on the amplitude and tilt
from [7] (orange shaded region). We vary Gu from the
lowest value capable of explaining the NANOGrav results
at 2 sigma, G ~ 10710 to the largest value compatible
with the constraints from LIGO/Virgo [32], Gu ~ 107°.
Note that the CMB constraint Gu < 1.3 x 1077 [33] only
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FIG. 1: Gravitational wave signals from metastable cosmic
strings compared to the NANOGrav observations for different
values of the string tension G and the hierarchy between the
GUT and U(1) breaking scale x. The solid coloured lines
indicate fixed values of Gu = 107%°,..,107%, the dotted lines
indicate contours of /& = 7.8,7.9,...9. The orange region with
the solid (dashed) contours show the 68% and 95% regions
reported by NANOGrav when performing a fit to the first 5
frequency bins (performing a fit with a broken power law).

applies to cosmic strings with a life-time longer than
CMB decoupling, corresponding to v/k 2 8.6 (indicated
by gray points in the upper left corner). For each value of
Gu, we consider the range \/x = 7.8..9.0; smaller values
lead to an unobservably small spectrum at nHz frequen-
cies, while all values \/x 2 9 quickly converge towards the
result for stable cosmic strings, see [15, 16]. Contours of
constant Gy (k) are indicated by solid (dotted) lines in
Fig. 1.

The cyan shaded band in Fig. 1 indicates the predic-
tion from B-L breaking in the early Universe [22, 24].
Remarkably the predicted GW signal at nHz frequencies
is compatible with the NANOGrav results at 2 sigma.

It is intriguing that the values of the cosmic string ten-
sion G found in the context of metastable cosmic strings
can be significantly larger than the values found for stable
cosmic strings [15, 16], implying the possibility of observ-
ing this signal with the existing ground-based detectors
Virgo, LIGO and KAGRA. The reason for this is twofold.
Firstly, the finite lifetime of the cosmic strings leads to
a suppression of the low-frequency spectrum, implying
a blue tilt of the GW spectrum between the PTA and
the frequency band of ground-based interferometers. In
particular, the production of GWs after matter-radiation
equality is suppressed, which for stable cosmic strings
leads to an enhancement at low frequencies, see e.g. the
dotted red curve in Fig. 2. Secondly, the NANOGrav
data exhibit a sizable correlation between the amplitude
and tilt of the spectrum, allowing for larger amplitudes
for positive values of n;.
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FIG. 2: Gravitational wave spectra from metastable cosmic
strings explaining the NANOGrav excess (at 20 CL). The
colored blue (green) region accounts for successful inflation,
baryogenesis and dark matter [22, 24] for the maximal (min-
imal) allowed value of Gu with /x = 8.0..8.1 (8.1..8.3), cor-
responding to the = () markers in Fig. 1. For reference, the
dotted red line shows the spectrum for stable cosmic strings
for the best-fit value Gy = 107'% [15, 16]; the dashed red line
shows the corresponding curve for the /x = 9, the largest
value considered here. The (lighter) gray-shaded areas indi-
cate the sensitivities of the (planned) experiments SKA [34],
LISA [35], LIGO/Virgo [32] and ET [36]. The orange band
indicates the frequency range of NANOGrav.

Discussion

In the model of cosmological U(1)p_j, breaking [22,
24], successful inflation, leptogenesis and dark matter
restrict the allowed values of Gp to a narrow band
around G ~ 3 x 1077, depicted by the cyan region in
Fig. 1. Interpreting the NANOGrav results as originat-
ing from a metastable cosmic string network determines
the ratio between the GUT and the B—L breaking scales
to lie around /x = 8, excluding stable cosmic strings.
More precisely, the predictions of [22, 24] are consistent
with the recent NANOGrav results in the range from
Gu=10x10"7, with \/& = 8.1..8.3, to G = 5.6 x 1077,
with /s = 8.0...8.1. The corresponding values of
B-L breaking scales and monopoles masses are vp_j, =
3.0 x 10" GeV, with m = (3.3...3.4) x 10'° GeV and
vp_r =5.8x 10" GeV, with m = (7.8...7.9) x 10'6 GeV,
respectively. The precise connection between GUT sym-
metry breaking, inflation and U(1)p_r is a challenging
theoretical question.?

A second important outcome of our analysis are the

3 Determining the O(1) factors between the ratio of monopole
mass and string tension (parametrized by \/k) and the ratio of
the underlying scales vquT/vp-r requires a careful and consis-
tent treatment of both types of topological defects under consid-
eration of the gauge coupling and the symmetry breaking poten-
tials.



expectations for ground-based GW interferometers. In
Fig. 2 the GW spectrum is shown for the upper and the
lower boundary of the range in Gu that is predicted by
the considered U(1)p-r model [24]. The prediction of
this model will be probed by Advanced LIGO [32].* The
observation of a SGWB with PTA experiments as well as
with LIGO would give stunning support for grand uni-
fied theories, with important implications for inflation,
baryogenesis and dark matter [22].

An improved determination of the tilt of the spectrum
at PTA frequencies together with upcoming results on
SGWBs at LIGO frequencies will soon rule out or fur-
ther support the model presented here. This encourages
further refinements of the analysis, e.g. going beyond the
instantaneous decay approximation for the cosmic string
network and taking into account the dynamics of cosmic
string decay induced by monopole formation, which may
lead to an additional GW contribution [26, 37]. One
may also consider relaxing some of the model-building
assumptions within the model of cosmological U(1)p_r,
breaking [24]. However, the core of the model — inflation
ending in a GUT-scale phase transition in combination
with leptogenesis and dark matter in a supersymmetric
extension of the SM — is intrinsically tied to the GW
signals discussed here.
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