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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 fyr = 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 h2Ωgw(1/yr) of order 10−9.

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 2σ 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 h2Ωgw(1/yr) ∼ 10−9 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)B−L 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)B−L
and the Standard Model gauge group is embedded into
the GUT group SO(10). If the U(1)B−L 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]1

Γd =
µ

2π
exp (−πκ) , κ = m

2

µ
, (1)

where m ∼ vGUT is the monopole mass and µ ∼ v2B−L is
the string tension. Here vGUT and vB−L are the scales of
SO(10) and U(1)B−L 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 κ and therefore on the monopole mass [22].
With the new NANOGrav data [7], κ and hence the scale
of grand unification vGUT can now be determined.

1 Due to their large mass, these monopoles can only be created
prior to the final 60 e-folds of cosmic inflation or on the cosmic
strings. In both cases, there are no remnant magnetic monopoles
in our present Universe.
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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]

Ωgw(f) =
∂ρgw(f)
ρc∂ ln f

= 8πf(Gµ)2

3H2
0

∞
∑
n=1

Cn(f)Pn , (2)

where ρgw denotes the GW energy density, ρc is the crit-
ical energy density of the universe, Gµ denotes the di-
mensionless string tension with the gravitational con-
stant G = 6.7 ⋅ 10−39 GeV−2, H0 = 100hkm/s/Mpc is
today’s Hubble parameter, Pn ≃ 50/ζ[4/3]n−4/3 is the
power spectrum of GWs emitted by the nth harmonic
of a cosmic string loop2, and Cn(f) indicates the num-
ber of loops emitting GWs that are observed at a given
frequency f ,

Cn(f) =
2n

f2
∫

zmax

zmin

dz
N (` (z) , t (z))
H (z) (1 + z)6

, (3)

which is a function of the number density of cosmic string
loops N (`, t), with ` = 2n/((1 + z)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 Blanco-Pillado–Olum–
Shlaer (BOS) model [29] and fix the cosmic string loop
size to α = `/H = 0.1 at formation. This roughly corre-
sponds to the peak in the distribution of α values found
in [29]. The peak itself has a width of less than an or-
der of magnitude, which translates into an uncertainty
in the GW signal of less than half an order of magni-
tude [20]. We also note that the assumption of fixed α
is relaxed in [16], which scans over a larger range of α
values.3 For loops generated and decaying during the
radiation-dominated era, this yields in particular [20, 29]

Nr(`, t) =
0.18

t3/2(` + ΓGµt)5/2
, (4)

where Γ ≃ 50 parametrizes the cosmic string decay rate
into GWs, ˙̀ = −ΓGµ. 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

2 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 ζ function and the power of n in Pn.

3 Because the expression in Eq. (4) is only valid for α = 0.1, the
analysis in [16] employs the analytical velocity-dependent one-
scale (VOS) model [30–32] instead of the BOS model.

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 until their
decay at zmin when the decay rate of a string loop with
average length equals the Hubble rate [26],4

zmin = (
70

H0
)
1/2
(Γ Γd Gµ)1/4 . (5)

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
cosmic strings leads to a fall-off ∝ f3/2 of this spectrum
at small frequencies f < f∗ with [22]

f∗ ≃ 4.4 × 10−8 Hz
e−πκ/4

e−16π
(10−7

Gµ
)
1/2

, (6)

see Fig. 2 for some examples of GW spectra for different
values of the two dimensionless model parameters Gµ
and κ.

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
[33]). Our final results prove rather insensitive to both
these refinements. Approximating N ≃ Nr, we can ex-
tract the n-dependence of CnPn analytically if ` is much
smaller or larger than ΓGµt. As discussed in Ref. [22],
this distinction corresponds to the f3/2 slope and the
plateau regime. For the former, we find CnPn ∝ n−17/3,

such that the resummation yields Ωgw = ζ(17/3)Ω(1)gw ≃
1.02 Ω

(1)
gw , with Ω

(1)
gw denoting the result for n = 1. For the

plateau value, we instead obtain a factor ζ(4/3) ≃ 3.6,
which implies an O(1) correction.

For the evolution of the degrees of freedom we use the
results of [34] 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

4 In the U(1)B−L model [22, 24], the formation time of the cosmic
string network coincides with the reheating epoch after inflation,
i.e. zmax ≃ Trh/(2.7 K), with Trh denoting the reheating tem-
perature. In the viable parameter space of [22], the latter takes
values of 108 < Trh < 1010 GeV, determined by the decay of B−L
Higgs fields and right-handed neutrinos. For such high reheating
temperatures, the details of the reheating process and the string
formation only impact the GW spectrum at very high frequencies
beyond the range discussed here [20].
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F I G. 1:  G r a vi t a ti o n al  w a v e si g n al s f r o m  m e t a s t a bl e c o s mi c
s t ri n g s c o m p a r e d t o t h e  N A N O G r a v o b s e r v a ti o n s f o r di ff e r e nt
v al u e s of t h e s t ri n g t e n si o n G µ a n d t h e hi e r a r c h y b e t w e e n t h e
G U T a n d  U ( 1 ) b r e a ki n g s c al e κ .  T h e s oli d c ol o u r e d li n e s
i n di c a t e fi x e d v al u e s of G µ = 1 0 − 1 0 , .., 1 0 − 6 , t h e d o t t e d li n e s
i n di c a t e c o nt o u r s of

√
κ = 7 .8 , 7 .9 , ...9.  T h e o r a n g e r e gi o n  wi t h

t h e s oli d ( d a s h e d ) c o nt o u r s s h o w t h e 6 8 % a n d 9 5 % r e gi o n s
r e p o r t e d b y  N A N O G r a v  w h e n p e rf o r mi n g a fi t t o t h e fi r s t 5
f r e q u e n c y bi n s ( p e rf o r mi n g a fi t  wi t h a b r o k e n p o w e r l a w ).

st o c h a sti c p r o c e s s.  E x p r e s si n g t h e di m e n si o nl e s s c h ar a c-
t eri sti c st r ai n a s h c = A ( f f y r ) α wi t h t h e r ef e r e n c e f r e-
q u e n c y f y r = 3 2 n H z, t h e a m plit u d e of t h e S G W B i s
o bt ai n e d a s

Ω g w ( f ) =
2 π 2 f 2

y r A 2

3 H 2
0

f

f y r

2 α + 2

≡ Ω y r
g w

f

f y r

n t

. ( 7)

T hi s all o w s u s t o di r e ctl y t r a n sl at e t h e o n e a n d t w o si g m a
c o n fi d e n c e i nt er v al s gi v e n i n [ 7 ] i nt o t h e  Ωy rg w − n t pl a n e, a s
d e pi ct e d b y t h e or a n g e s h a d e d r e gi o n i n  Fi g. 1 .  T o c o m-
p ut e t h e t h e or y p r e di cti o n f or a gi v e n p ar a m et er p oi nt,
w e e v al u at e  Ω g w ( f ) at t h e fi v e f r e q u e n ci e s c or r e s p o n di n g
t o t h e fi v e f r e q u e n c y bi n s u s e d i n t h e a n al y si s of [ 7 ], a n d
t h e n e xt r a ct t h e p ar a m et er s  Ω y r

g w a n d n t b y p e rf o r mi n g a
l e a st s q u ar e s p o w er-l a w fit.  T hi s p r o c e d u r e e n s u r e s t h at
b ot h t h e or y a n d e x p eri m e nt al d at a ar e e v al u at e d i n t h e
s a m e f r e q u e n c y r a n g e, f = 2 .4 ..1 2 n H z,  w hi c h li e s s o m e-
w h at b el o w t h e r ef er e n c e f r e q u e n c y f y r = 3 2 n H z.  T hi s
r at h er si m pl e p r o c e d u r e i s s u ffi ci e nt f or o u r p u r p o s e, si n c e
t h e p r e di ct e d s p e ct r al s h a p e c a n b e r e a s o n a bl y  w ell a p-
p r o xi m at e d b y a p o w er l a w i n t hi s f r e q u e n c y r a n g e, a s
c a n b e s e e n f r o m  Fi g. 2 .

I n  Fi g. 1 ,  w e c o m p ar e t h e s e p r e di cti o n s f r o m
m et a st a bl e c o s mi c st ri n g s ( m e s h of s oli d a n d d ott e d
c u r v e s)  wit h t h e c o n st r ai nt s o n t h e a m plit u d e a n d tilt
f r o m [7 ] ( or a n g e s h a d e d r e gi o n).  We v ar y G µ f r o m t h e
l o w e st v al u e c a p a bl e of e x pl ai ni n g t h e  N A N O G r a v r e s ult s
at 2 si g m a, G µ ≃ 1 0 − 1 0 , t o t h e l a r g e st v al u e c o m p ati bl e
wit h t h e c o n st r ai nt s f r o m  LI G O / Vi r g o [ 3 5 ], G µ ≃ 1 0 − 6 .
T h e  C M B c o n st r ai nt G µ < 1 .3 × 1 0 − 7 [3 6 ] o nl y a p pli e s
t o c o s mi c st ri n g s  wit h a lif e-ti m e e x c e e di n g  C M B d e-
c o u pli n g, c or r e s p o n di n g t o

√
κ ≳ 8 .6 (i n di c at e d b y gr a y

S K A LI S A LI G O  E T

1 0 - 8 1 0 - 4 1 0 0 1 0 4

1 0 - 1 3

1 0 - 1 1

1 0 - 9

1 0 - 7

f [H z ]

Ω
g

w
h

2

F I G. 2:  G r a vi t a ti o n al  w a v e s p e c t r a f r o m  m e t a s t a bl e c o s mi c
s t ri n g s e x pl ai ni n g t h e  N A N O G r a v e x c e s s ( a t 2 σ C L ).  T h e
c ol o r e d bl u e ( g r e e n ) r e gi o n a c c o u nt s f o r s u c c e s sf ul i n fl a ti o n,
b a r y o g e n e si s a n d d a r k  m a t t e r [ 2 2 , 2 4 ] f o r t h e  m a xi m al ( mi n-
i m al ) all o w e d v al u e of G µ wi t h

√
κ = 8 .0 ..8 .1 ( 8. 1.. 8. 3 ), c o r-

r e s p o n di n g t o t h e ⋆ ( ◆ )  m a r k e r s i n  Fi g. 1 .  F o r r ef e r e n c e, t h e
d a s h e d r e d li n e s h o w s t h e s p e c t r u m f o r s t a bl e c o s mi c s t ri n g s
f o r t h e b e s t- fi t v al u e G µ = 1 0 − 1 0 [1 5 , 1 6 ], t hi s c u r v e i s d e-
g e n e r a t e  wi t h t h e c o r r e s p o n di n g c u r v e  wi t h

√
κ = 9.  T h e

(li g ht e r ) g r a y- s h a d e d a r e a s i n di c a t e t h e s e n si ti vi ti e s of t h e
( pl a n n e d ) e x p e ri m e nt s S K A [ 3 7 ],  LI S A [3 8 ],  LI G O / Vi r g o [3 5 ]
a n d  E T [ 3 9 ].  T h e o r a n g e b a n d i n di c a t e s t h e f r e q u e n c y r a n g e
of  N A N O G r a v.

p oi nt s i n t h e u p p er l eft c or n er).  F or e a c h v al u e of G µ ,
w e c o n si d er t h e r a n g e

√
κ = 7 .8 ..9 .0; s m all e r v al u e s l e a d

t o a n u n o b s er v a bl y s m all s p e ct r u m at n H z f r e q u e n ci e s,
w hil e all v al u e s

√
κ ≳ 9 q ui c kl y c o n v er g e t o w ar d s t h e r e-

s ult f or st a bl e c o s mi c st ri n g s, s e e [ 1 5 , 1 6 ].  C o nt o u r s of
c o n st a nt G µ (κ ) ar e i n di c at e d b y s oli d ( d ott e d) li n e s i n
Fi g. 1 .

T h e c y a n s h a d e d b a n d i n  Fi g. 1 i n di c at e s t h e p r e di c-
ti o n f r o m B − L b r e a ki n g i n t h e e arl y  U ni v er s e [ 2 2 , 2 4 ].
R e m ar k a bl y t h e p r e di ct e d  G W si g n al at n H z f r e q u e n ci e s
i s c o m p ati bl e  wit h t h e  N A N O G r a v r e s ult s at 2 si g m a.

It i s i nt ri g ui n g t h at t h e v al u e s of t h e c o s mi c st ri n g
t e n si o n G µ f o u n d i n t h e c o nt e xt of  m et a st a bl e c o s mi c
st ri n g s c a n b e si g ni fi c a ntl y l ar g er t h a n t h e v al u e s f o u n d
f or st a bl e c o s mi c st ri n g s [1 5 , 1 6 ], i m pl yi n g t h e p o s si bilit y
of o b s er vi n g t hi s si g n al  wit h t h e e xi sti n g gr o u n d- b a s e d
d et e ct or s  Vi r g o,  LI G O a n d  K A G R A.  T h e r e a s o n f or t hi s
i s t w of ol d.  Fi r stl y, t h e fi nit e lif eti m e of t h e c o s mi c st ri n g s
l e a d s t o a s u p p r e s si o n of t h e l o w-f r e q u e n c y s p e ct r u m, i m-
pl yi n g a bl u e tilt of t h e  G W s p e ct r u m b et w e e n t h e r a n g e
of  P T A s a n d t h e f r e q u e n c y b a n d of gr o u n d- b a s e d i nt er-
f er o m et er s. I n p arti c ul ar, t h e p r o d u cti o n of  G W s aft er
m att er-r a di ati o n e q u alit y i s s u p p r e s s e d,  w hi c h f or st a-
bl e c o s mi c st ri n g s l e a d s t o a  mil d e n h a n c e m e nt at l o w
f r e q u e n ci e s, s e e e. g. t h e d a s h e d r e d c u r v e i n  Fi g. 2 . S e c-
o n dl y, t h e  N A N O G r a v d at a e x hi bit a si z a bl e c or r el ati o n
b et w e e n t h e a m plit u d e a n d tilt of t h e s p e ct r u m, all o wi n g
f or l ar g er a m plit u d e s f or p o siti v e v al u e s of n t .



4

Discussion

In the model of cosmological U(1)B−L breaking [22,
24], successful inflation, leptogenesis and dark matter
restrict the allowed values of Gµ to a narrow band
around Gµ ∼ 3 × 10−7, 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

√
κ ≃ 8, excluding stable cosmic strings.

More precisely, the predictions of [22, 24] are consistent
with the recent NANOGrav results in the range from
Gµ = 1.0 × 10−7, with

√
κ = 8.1..8.3, to Gµ = 5.6 × 10−7,

with
√
κ = 8.0 . . . 8.1. The corresponding values of

B−L breaking scales and monopoles masses are vB−L =
3.0 × 1015 GeV, with m = (3.3 . . . 3.4) × 1016 GeV and
vB−L = 5.8× 1015 GeV, with m = (7.8 . . . 7.9)× 1016 GeV,
respectively. The precise connection between GUT sym-
metry breaking, inflation and U(1)B−L is a challenging
theoretical question.5

A second important outcome of our analysis are the
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 Gµ that is predicted by
the considered U(1)B−L model [24]. The prediction of
this model will be probed by Advanced LIGO [35].6 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, 40]. One
may also consider relaxing some of the model-building
assumptions within the model of cosmological U(1)B−L
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.

5 Determining the O(1) factors between the ratio of monopole
mass and string tension (parametrized by

√

κ) and the ratio of
the underlying scales vGUT/vB−L 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.

6 On the contrary, interpreting the NANOGrav signal as originat-
ing from stable cosmic strings forces Gµ to values too low to be
observed by current ground-based GW interferometers [15].
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