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The spontaneous breaking of SOð10Þ via flipped SUð5Þ to the Standard Model yields a novel scenario in
which the superheavy topologically stable grand unified theory (GUT) monopole carrying a single unit (2π=e)
of Dirac magnetic charge emerges from the merger of a confined but topologically distinct monopole-
antimonopole pair that are pulled together by a string. The SOð10Þ breaking via the subgroup SUð4Þc×
SUð2ÞL × SUð2ÞR, following a similar reasoning, produces a topologically stable monopole that carries two
units (4π=e) of Dirac charge. We explore the cosmological consequences of this scenario by assuming that the
monopoles and strings experience a limited number of inflationary e-foldings, before reentering the horizon
and ultimately forming a network of quasistable strings bounded by monopole-antimonopole pairs. We
identify regions of the parameter space that yield an observable number density of the GUTmonopole from the
collapse of the appropriate string segments. The gravitational waves emitted by these quasistable cosmic
strings lie in the Hz to kHz range, which can be tested in a number of proposed and ongoing experiments.

DOI: 10.1103/nz1z-xszk

Introduction. Dirac, nearly a century ago, postulated the
existence of magnetic monopoles in order to explain electric
charge quantization [1]. Spontaneously broken gauge theo-
ries with quantized electric charge predict the existence of
topologically stable magnetic monopoles [2,3]. In the frame-
work of grand unified theories such as SUð5Þ [4] and SO(10)
[5,6], the minimal monopole is superheavy and carries a
single unit (2π=e) of Dirac magnetic charge, as well as some
color magnetic charge, which is screened [7–9]. Unified
theories based on a gauge symmetry such as SUð4Þc ×
SUð2ÞL × SUð2ÞR [10] predict the existence of a magnetic
monopole that carries two units (4π=e) of Dirac charge as
well as color magnetic charge [11,12]. The mass of this
monopole can vary over a wide range, as discussed recently
[13,14]. For a discussion on how topologically stable
monopoles can arise from the decay of a metastable string
network, see Ref. [13]. A discussion of how a superheavy
monopole may survive primordial inflation can be found in
Ref. [15]. For recent studies on metastable and supercon-
ducting strings in SOð10Þ and E6, see Refs. [16–19]. High

frequency gravitational waves radiated from composite
topological structures such as “walls bounded by strings”
[20] along with an observable flux of grand unified theory
(GUT) monopoles, have been discussed in Ref. [21]. For
other related studies see Refs. [22–30]. For a discussion of
the primordial monopole problem, see Refs. [31,32].
In Ref. [33] it was shown that in SOð10Þ, the GUT

monopole can arise from the merger of an unrelated
monopole-antimonopole pair, which get connected by a
string carrying suitable magnetic flux. Our investigation is
inspired by this observation and we propose to explore its
consequences taking into account the inflationary scenario.
We assume that the primordial monopoles experience a
limited number of e-foldings and subsequently reenter the
horizon. Quantum tunneling of monopole-antimonopole
pairs on the strings is exponentially suppressed, but the
strings, referred to as quasistable strings, eventually dis-
appear because they end up connecting monopole-anti-
monopole pairs [34,35]. A subset of these structures yields
the topologically stable GUT monopoles. The quasistable
strings also emit gravitational waves in the Hz to kHz
range. We identify regions of the parameter space that yield
an observable number density of the GUT monopole as
well gravitational waves that can be measured in a variety
of experiments.
The detection of very high frequency gravitational waves

(kHz to GHz) from quasistable strings with an observable
number density of topologically stable magnetic monopoles,
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as discussed here, can provide a unique probe of SOð10Þ
symmetry breaking, namely via flipped SUð5Þ or SUð4Þc ×
SUð2ÞL × SUð2ÞR subgroups. A wide variety of detector
concepts (see Ref. [36] and the references therein) aim to
probe such a very high frequency regime of the gravitational
wave spectrum. However, the proposed detector sensitivities
still remain weaker [36] than the integrated bound inferred
from big bang nucleosynthesis (BBN) and the CMBdata [37–
41].A stronger sensitivity of resonant electromagnetic cavities
has been proposed in Refs. [42,43].

Monopoles connected by strings in SO(10) symmetry
breakings. The SOð10Þ breaking via flipped SUð5Þ that
we consider is as follows:

SOð10Þ → SUð5Þ × Uð1ÞX
→ SUð3Þc × SUð2ÞL ×Uð1ÞZ × Uð1ÞX
→ SUð3Þc × SUð2ÞL ×Uð1ÞY: ð1Þ

We normalize the Uð1Þ generators, following Ref. [44],
such that they have the minimal integer charges compatible
with a period of 2π. For example, we use the decom-
positions

SOð10Þ→ SUð5Þ×Uð1ÞX∶ 16¼ 10ð−1Þ þ 5̄ð3Þ þ 1ð−5Þ;
SUð5Þ→ SUð3Þc × SUð2ÞL ×Uð1ÞY∶
10¼ ð3;2Þð1Þ þ ð3̄;1Þð−4Þ þ ð1;1Þð6Þ;
5̄¼ ð3̄;1Þð2Þ þ ð1;2Þð−3Þ: ð2Þ
The first breaking produces “green” monopoles that carry
Uð1ÞX and SUð5Þ fluxes. The second breaking produces
“pink” monopoles carrying Uð1ÞZ as well as SUð2ÞL and
SUð3Þc fluxes. A minimally charged “green” monopole
carries the flux associated with − XþZ

5
, and a “pink”

monopole has fluxes associated with Z
6
þ 1

2
T3
L þ 1

3
T8
c.

Here T8
c ¼ diagð1; 1;−2Þ is a diagonal generator of

SUð3Þc, and T3
L ¼ diagð1;−1Þ is the diagonal generator

of SUð2ÞL. Following the last breaking of Eq. (1), the
unbroken and broken generators are given by [18,33]

Y ¼ −
Z þ 6X

5
; Ỹ ¼ −4Z þ X

5
: ð3Þ

Note that the Z5 subgroups of Uð1ÞY and Uð1ÞỸ
coincide. The breaking Uð1ÞX × Uð1ÞZ → Uð1ÞY produces
a Uð1ÞỸZ5 flux tube that connects a pink and a green
monopole, as shown in Fig. 1, as well as monopoles to their
respective antimonopoles. Also note that Y þ Ỹ ¼ −ðX þ
ZÞ and Z=6 ¼ −ðY þ 6ỸÞ=30. The merger of the green and
pink monopoles produces the topologically stable monop-
ole. The broken generator orthogonal to the electric charge
generator Q ¼ Y=6þ T3

L=2 is given by [18]

B ¼ T3
L=2 − Y=10: ð4Þ

After electroweak symmetry breaking there are unconfined
fluxes since −Y=30þ T3

L=2 ¼ Q=4þ 3B=4 as shown in
Fig. 2. The GUT monopole after electroweak symmetry
breaking carries a single unit ð2π=eÞ of Dirac magnetic
charge.
For completeness, following Ref. [12], we briefly

summarize here the appearance of a topologically stable
monopole carrying two units of Dirac magnetic charge
from the following SOð10Þ breaking:

SOð10Þ → SUð4Þc × SUð2ÞL × SUð2ÞR
→ SUð3Þc × SUð2ÞL ×Uð1ÞB−L ×Uð1ÞR
→ SUð3Þc × SUð2ÞL ×Uð1ÞY: ð5Þ

FIG. 1. Merger of Uð1ÞX and Uð1ÞZ monopoles before the
electroweak symmetry breaking.

FIG. 2. Emergence of SOð10Þ GUT monopole with magnetic
charge 2π=e from the merger of a Uð1ÞX monopole and a Uð1ÞZ
antimonopole following the electroweak symmetry breaking.
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The second breaking produces a “blue” monopole carrying
T3
R flux, and a “red” monopole with flux associated with

Xc ¼ ðB − LÞ þ 2
3
T8
c. During the third breaking a flux tube

associated with a 2π=3 rotation around the broken gen-
erator ðB − LÞ − 2T3

R, orthogonal to Y, connects these two
monopoles as shown in Fig. 3. Of course, the monopoles
can also merge with their respective antimonopoles.
We discuss the simplest symmetry breaking patterns that

produce the composite topological structures, namely
monopole-antimonopoles connected by strings. The mergers
of topologically distinct monopole-antimonopole pairs for
the breaking patterns via flipped SUð5Þ and SUð4Þc ×
SUð2ÞL × SUð2ÞR produce topologically stable magnetic
monopoles carrying a single unit and two units of Dirac
magnetic charge, respectively. As given in the examples, the
symmetry breaking pattern in Eq. (1) is realized as the
component (1, 0) and then (24, 0) in a 45 dimensional Higgs
acquires nonzero vacuum expectation values (VEVs). On
the other hand, the VEVs (1, 1, 1) followed by (15, 1, 3)
from a 210 representation can realize the symmetry breaking
pattern in Eq. (5). In both cases, a VEV for the neutrinolike
component in the 16 dimensional scalar breaks the diagonal
generator orthogonal to the Standard Model (SM) hyper-
charge Y. It is worth mentioning here that introducing a 126
dimensional scalar in place of 16 leaves a Z2 lying in the
center of Spin(10) unbroken and leads to the formation of
topologically stable cosmic strings [45]. For recent studies
on the dependence of the intermediate symmetry breaking
scale on the choice of scalar representations, masses of
scalar states, and their phenomenological implications, see
Refs. [46–50]. Note that the prediction of topological
structures is independent of the supersymmetric or non-
supersymmetric version of the GUTs. The unification
scenarios may rely on the choice of Higgs representations
(e.g., 45, 210, etc.), but this does not qualitatively alter the

cosmological imprints such as gravitational waves and flux
of monopoles discussed in the next section.

Quasistable string and high frequency gravitational waves.
The confined monopoles experience partial e-foldings dur-
ing inflation and reenter the horizon at a time tM. After
horizon reentry there will be subhorizon monopoles con-
nected by strings carrying unconfined fluxes. Therefore, they
decay dominantly by radiating the massless gauge bosons
and generate topologically stable magnetic monopoles.
The comoving number density of these monopoles can be
estimated as [21]

YM ≃
1

VhsðtMÞ
≃ 10−65

g�ðtMÞ3=4
g�sðtMÞ

�
sec
tM

�
3=2

; ð6Þ

where Vh ¼ ð2tMÞ3 is the particle horizon volume during
radiation domination. The upper bound on the flux of
superheavy monopoles from the MACRO experiment [51]
can be recast as YM ≲ 10−26 for monopole velocity
vM ∼ 10−3, which gives tM ≳ 10−26 sec. using Eq. (6).
Before the horizon reentry of the monopoles, the strings

form a network of “stable” strings that we call a quasistable
string. The string network experiences friction domination
until time tF ∼ tPl=ðGμÞ2 [52,53], where tPl is the Planck
time. If the horizon reentry time tM of themonopoles ismuch
later than the timescale of friction domination, the string
network can enter the scaling regime at time ts, which is
typically two orders of magnitude higher than tF [54–57].
The loops, formed after the domination of particle emission
era tp ∼

tPl
Γ2ðGμÞ5=2 [58–60], can radiate gravitational waves.

The present day (t0) frequency of the gravitational waves
in a normal mode k, radiated at time t̃ from a loop formed at
time ti with an initial size αti, is expressed as

f ¼ aðt̃Þ
aðt0Þ

2k
αti − ΓGμðt̃ − tiÞ

; k∈Zþ; ð7Þ

where aðtÞ denotes the scale factor, Γ ≃ 50, and α ≃ 0.1 for
a string network in the scaling regime [61,62]. The
gravitational wave background is given by

ΩGWðfÞ ¼
X∞
k¼1

ΩðkÞ
GWðfÞ; ð8Þ

with

ΩðkÞ
GWðfÞ¼

1

ρc;0

Z
t0

tF

d t̃

�
aðt̃Þ
aðt0Þ

�
5 FCeffðtiÞ
ðΓGμþαÞαt4i

�
aðtiÞ
aðt̃Þ

�
3

×
Γk−n

ζðnÞGμ
2
2k
f
ΘðtM− tiÞΘðti−max½ts; tp�Þ: ð9Þ

Here n ¼ 4=3 assuming the gravitational wave emission is
dominated by the bursts from the cusp [63], ρc;0 denotes the

FIG. 3. Emergence of monopole of charge 4π=e from the
merger of confined Uð1ÞR and Uð1ÞB−L monopoles following the
electroweak symmetry breaking.
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critical energy density of the universe at present, F ≃ 0.1,
and Ceff ¼ 5.7 in the radiation dominated era [64–70].
At this stage, it is worth mentioning that the right-handed

neutrinos achieve a Majorana mass mR ∼Oðv2s=ΛÞ (Λ
represents the UV cutoff scale) from the dimension five
operators CW16F16

†
H16

†
H16F (CW represents the Wilson

coefficient), since the SM singlet in 16H acquires a VEV vs
[47,71]. For Λ ∼ 1017 GeV and CW ∼ 1, we have vs ≳
1015 GeV in order to obtain the heaviest right-handed
neutrino mass mR ≳ 1012 GeV. The associated string has a
dimensionless tension Gμ ≃ 1

8
ðvs=mPlÞ2 ≳ 10−8, where mPl

is the reduced Planck mass.
In Fig. 4 we display the gravitational wave background for

Gμ ¼ 10−8–10−5 with the monopoles horizon reentry time
tM ¼ 10−25–10−19 sec, which can give rise to a comoving
monopole number density YM ∼ 10−27 − 10−37. The gravi-
tational waves from GUT scale strings with Gμ ∼ 10−6 can
be observed in the proposed experiments such as the Einstein
Telescope (ET) [72] and Cosmic Explorer (CE) [73] for
tM ≳ 10−20 sec, along with a comoving monopole number
density YM ≲ 10−36. The gravitational wave background
with the monopole horizon reentry time tM > 10−15 sec
is ruled out by the third observing run data of LIGO and
VIRGO [74].
The stochastic gravitational wave background from

quasistable strings contributes to the effective number of
relativistic degrees of freedom before BBN. The constraint
on the gravitational wave spectra from BBN and CMB
[37,81,82] can be expressed as [83],

ρGW
ρc

¼
Z

fhigh

flow

ΩGWðfÞd ln f ≲ Ωγ;0
7

8

�
4

11

�
4=3

ΔNeff ; ð10Þ

where the present day relic energy fraction in photons,
Ωγ;0h2 ≃ 2.5 × 10−5, and ΔNeff ≲ 0.22 is the combined
upper bound from BBN and CMB data [37–41]. The lower
limit on the frequency flow is dictated by the gravitational
radiation before BBN, whereas fhigh is the highest frequency
of the spectrum that could be taken as infinity without loss of
the generality. Assuming a scale invariant spectrum ΩGW ¼
Ω0 for flow ≤ f ≤ fhigh, we can express the BBN bound

as Ω0h2 ≲ 5.6 × 10−6ΔNeff= logðfhighflow
Þ.

For completeness,wehave depicted thegravitationalwave
spectra for Gμ ¼ 10−8; 10−7, and 10−6 with the monopoles
horizon reentry time tM ¼ 10−16, 10−10, 10−4, and 102 sec
in Fig. 5. We have adopted YM ≳ 10−36 as a threshold for
observability. For tM > 10−20 sec monopoles will be
heavily diluted to be observed.
It is worth mentioning at this point that the quasistable

strings can explain the evidence of a gravitational wave
background in the recent NANOGrav 15 year data [87,88]
for Gμ∈ ½2 × 10−8; 7 × 10−6� and tM ∈ ½2 × 101; 1 × 105�
sec (95% Bayesian credible intervals) [48,89]. The gravi-
tational waves for Gμ ¼ ½10−8; 10−7� can be detected in all
the proposed experiments depending on the horizon reentry
time of the monopoles. The constraint from the third
observing run data from LIGO and VIRGO experiments
for Gμ > 10−7 can be alleviated if the strings experience a
certain number of e-foldings during inflation for high tM

FIG. 4. Gravitational wave background from the quasistable
string network for Gμ ¼ 10−8–10−5 with a varying monopole
horizon reentry time tM ¼ 10−25–10−19 sec, which can give rise
to a comoving monopole number density YM ∼ 10−27 − 10−37.
We have depicted the power-law integrated sensitivity curves
[75,76] for planned experiments near the Hz to kHz frequency
region, namely, HLVK [77], ET [72], CE [73], DECIGO [78],
and BBO [79,80]. The gray shaded region shows the bound for a
scale-invariant gravitational wave spectrum for fhigh=flow ¼ 107

arising from the bound on ΔNeff in the BBN and CMB data.

FIG. 5. Gravitational wave background from the quasistable
string network for Gμ ¼ 10−8, 10−7, and 10−6 with a varying
monopole horizon reentry time tM ¼ 10−16, 10−10, 10−4, and
102 sec. We also display the power-law integrated sensitivity
curves [75,76] for proposed experiments, namely, HLVK [77],
ET [72], CE [73], DECIGO [78], BBO [79,80], LISA [84,85],
and SKA [86]. The gray shaded region shows the bound for a
scale-invariant gravitational wave spectrum for fhigh=flow ¼ 107

arising from the bound on ΔNeff in the BBN and CMB data. The
red violin plots represent the Bayesian free-spectral periodogram
from the NANOGrav 15 year data [87,88].
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values. For example, Gμ ¼ 10−6 and tM ¼ 102.5 sec can
explain the NANOGrav data and satisfy the LV3 bound for
ts ¼ 10−10 sec, as shown in Ref. [48].

Conclusions.We have explored a novel symmetry breaking
pattern of SOð10Þ via its subgroup flipped SUð5Þ, which
yields the topologically stable GUT monopole with a
minimal Dirac charge of 2π=e arising from the merger
of a monopole with an unrelated antimonopole. The
breaking of SOð10Þ via the subgroup SUð4Þc × SUð2ÞL ×
SUð2ÞR produces, on the other hand, an intermediate to
superheavy scale monopole with a Dirac magnetic charge
of 4π=e, also from the merger of a topologically distinct
pair of monopoles. In both cases, the strings responsible for
these mergers form a quasistable string network and emit
gravitational waves over a wide range of frequencies with a
scale-invariant spectrum up to GHz frequencies. We
explore the parameter space that simultaneously yields

observable gravitational waves and primordial magnetic
monopoles. We also find that the IR tail of the gravitational
waves emitted by the superheavy quasistable cosmic strings
can lie in the Hz to kHz range, which can be tested in a
number of proposed experiments such as the Einstein
Telescope and Cosmic Explorer. In the case with heavily
diluted primordial monopoles, the predicted gravitational
wave spectrum can explain the recently reported evidence
by the pulsar timing array experiments for a gravitational
wave background in the nHz frequency range.
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