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So Chigusa ,'*? Yuichiro Nakai," and Jiaming Zheng4
1Berkeley Center for Theoretical Physics, Department of Physics, University of California,
Berkeley, California 94720, USA
*Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
’KEK Theory Center, IPNS, KEK, Tsukuba, Ibaraki 305-0801, Japan
4Tszmg-Dao Lee Institute and School of Physics and Astronomy, Shanghai Jiao Tong University,
800 Dongchuan Road, Shanghai, 200240 China

® (Received 22 November 2020; accepted 26 July 2021; published 27 August 2021)

Supersymmetric grand unification based on SO(10) is one of the most attractive paradigms in physics
beyond the Standard Model. Inspired by the recent NANOGrav signal, we discuss the implications of
detecting a stochastic gravitational wave background emitted by a network of cosmic strings for the
SO(10) grand unification. Starting from a minimal model with multiple steps of symmetry breaking, we
show that it generally prefers a high intermediate scale above 10'* GeV that is favored by observable
primordial gravitational waves. The observed spectrum can potentially narrow the possible range of the
cosmic string scale and restricts the unified couplings and the unification scale by requiring gauge coupling
unification. As an indirect consequence of the high cosmic string scale, the monopole abundance places
nontrivial constraints on the theory. These are complementary to the proton decay constraints and probe
different facets of supersymmetric SO(10) unification theories.
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I. INTRODUCTION

The structure of the Standard Model (SM) matter sector,
quarks and leptons, and the high-energy behavior of the SM
gauge couplings strongly suggest that the three SM gauge
groups Ggy = SU(3) x SU(2), x U(1), are unified at a
high-energy scale [1]. The smallness of neutrino masses
further indicates the existence of heavy right-handed
neutrinos to realize the seesaw mechanism [2—4], which
is a consequence of the grand unification based on
SO(10) [5,6]. A large hierarchy of scales between the
electroweak symmetry breaking (EWSB) and the grand
unification is naturally stabilized by supersymmetry
(SUSY). Amazingly, in the minimal supersymmetric SM
(MSSM), the precise unification of the three SM gauge
couplings is achieved. Moreover, with appropriate choices
of Higgs representations to break the SO(10), a Z,
subgroup known as the matter parity remains unbroken
at all scales [7-10], while such parity is an ad hoc global
symmetry in the MSSM. The matter parity forbids the rapid
decay of protons and ensures the stability of the lightest
supersymmetric particle which gives a viable candidate of
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the dark matter [11,12]. Therefore, the supersymmetric
SO(10) grand unified theory (GUT) is one of the most
compelling frameworks of physics beyond the SM.
Since the grand unification is realized at a very high
energy scale, its experimental test must be indirect. The
most famous prediction of the GUT is the finite lifetime of
the proton. The current lower limit from the Super-
Kamiokande experiment is 1.6 x 103 years [13] for the
p — n’e™ decay mode and 5.9 x 10°3 years [14] for the
p — KD mode. In the near future, the limit is expected to
be improved to 7.8 x 10°* years (3.2 x 103* years) for the
et (K*7) mode at the Hyper-Kamiokande experiment
[15]. Comparable sensitivities to the p - K*o decay of
6 x 103 years and 1.9 x 10** years are expected at the
DUNE [16] and JUNO [17] experiments, respectively, with
somewhat different time scales. Another hint may come
from topological defects associated with GUT phase
transitions. In particular, a network of cosmic strings
can be produced and the matter parity renders them stable
[18-20]. The cosmic strings form closed loops, shrink and
lose energy via the emission of gravitational waves (GWs)
[21,22]." Interestingly, a stochastic GW background

'Numerical simulations based on Nambu-Goto strings support
this picture [23,24]. In the Abelian Higgs model, however, cosmic
strings lose energy via particle productions, which suppress the
GW production [25,26]. Recent simulations indicate that such
particle productions are important only for very small loops [27].
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produced by cosmic strings stretches across a wide range of
frequencies, and such a GW signal is one of the
main targets in multifrequency GW astronomy and
cosmology.

Recently, the NANOGrav collaboration has reported
the first evidence of a stochastic GW background in pulsar
timing data [28]. Although the signal is not conclusive, it
can be well fitted by GWs from a network of cosmic
strings because they can give a favored flat spectrum of
frequencies in the GW energy density [32-35].> The
energy density spectrum is proportional to (Gu)?> where
G is the Newton’s constant and u is the cosmic-string
tension. The spectrum also depends on the loop size at the
time of formation a. This parameter has not been reliably
estimated so far, but larger loop size a = 0.01-0.1 is
typically favored by recent numerical simulations
[32,48,49]. Conservatively, taking a=3x107*5x 1073,
1x107!, the NANOGrav signal can be fitted with
Gu=1x10"7,5x107°,1x 10719 respectively [33].
The symmetry breaking scale associated with the
formation of cosmic strings is related to the string
tension, v~ 10'® GeV(Gu/1077)!/2, whose precise co-
efficient is given by an O(1) group theory factor. Then, the
NANOGrav signal indicates the symmetry breaking scale
is in the range, 10'* GeV < v < 10'¢ GeV.

The interpretation of the NANOGrav signal with
cosmic strings from a GUT phase transition indicates
the existence of intermediate steps [50-54] in the breaking
of SO(10) » Ggy x M (with M the matter parity)
because the SO(10) breaking also predicts monopoles
that may overclose the universe. In a natural cosmologi-
cally safe scenario, monopoles are only produced during
symmetry breaking at high energy scales and get diluted
away by inflation afterward. The remaining intermediate
gauge group is finally broken to Ggy at a lower scale
v > 10" GeV where cosmic strings emitting GWs are
formed.

In this paper, we study the consequences of such
intermediate scales in a supersymmetric SO(10) theory.
The particles with masses below the unification scale
largely alter the renormalization group (RG) evolution of
the gauge couplings from that in MSSM. Interestingly, it
turns out that the unification of gauge couplings enforces
high intermediate scales that are needed by the cosmic
string interpretation of the NANOGrav result. Thus, the

*The NANOGrav result is apparently in tension with the
previous results by other pulsar timing arrays EPTA [29] and
PPTA [30]. However, it is argued in [28] that this tension is the
result of the improved treatment of the intrinsic pulsar red noise.
A recent solution invoking partially inflated cosmic string during
inflation is given in [31].

Other interpretations of sources to generate GWs to explain
the NANOGrav signal include phase transitions [36-40], pri-
mordial black hole formation [41-46] and dynamics of axionlike
particles [38,47].

observation of cosmic string GW does not only imply the
existence of an intermediate scale but also strongly moti-
vates supersymmetric SO(10) as the unified theory of
gauge interactions.

The remainder of this paper is organized as follows. In
Sec. II, we summarize the models and patterns of gauge
symmetry breaking considered in this paper. In Sec. III, we
show the calculation of the running of gauge coupling
constants and the resulting constraint from the gauge
coupling unification. Section IV and Sec. V are devoted
to the calculation of the proton decay rate and the monopole
density, respectively, with showing the resulting con-
straints. We conclude and give some discussions of our
results in Sec. VI

II. MODELS

SO(10) is a rank 5 simple group and contains an
additional U(1) factor in addition to Ggy; of rank 4. The
minimal choices of Higgs representations to break the U(1)
in a SUSY model are 16 + 16 or 126 + 126. We will
stick to the latter choice as it preserves the matter parity
M = (=1)3B-L) where B and L are baryon and lepton
numbers. Vacuum expectation values (VEVs) of SM
singlets in 126 + 126 leave the SU(5) subgroup unbroken
and more Higgs fields are needed. The minimal Higgs
fields that break SO(10) to GgyxM are then
45 + 54 4+ 126 + 126" and we will focus on this choice
throughout the paper. The two Higgs doublets H,,, H; in
the MSSM are chosen to be bidoublets in 10 for the
simplicity of analysis.

To summarize, we consider SUSY SO(10) models with
the following set of heavy Higgs fields [57],

S =54, A =45, > =126, T =126. (1)
The most general renormalizable superpotential of the

Higgs sector is

2
Wy = %TrSz + 2T + %Tw + ATrA2S

+ msZE + nsE?S + ijsZPS + A ZZA + -, (2)

where we have omitted the terms with 10. We find minima
of the Higgs potential by solving the F- and D-flat
conditions. We express the VEVs of Ggy; singlet fields
in terms of representations under the Pati-Salam
group Gy = SU(4)- x SU(2), x SU(2) to which they
belong:

“The choice of 45+ 54 + 126 + 126 is “minimal” in the
number of components. Another popular choice is 210 + 126 +
126 [55,56] which leads to the “minimal” number of parameters
in the general Lagrangian.
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TABLE L. The summary of patterns of VEVs at local minima of
the potential that lead to a subgroup H of SO(10) (v denotes a
nonzero VEV). Stars in the first column indicate that the
symmetry breaking H — Ggy X M is associated with the for-
mation of cosmic strings. A circle in the first column indicates the
formation of monopoles and cosmic strings at the same time,
which is not of our interest.

H K a b o

50(10)

oSU(4) x SU(2) x SU(2) v

*SUB)x SU2) x SUQR)x U(1)

*SU(4) x SU(2) x U(1) v v

SU(5) x ooV v

Gsm X M ooV v v
s=(S(1,1,1)), a=(A(15,1,1)), b={(A(1,1,3)),
=(2(10,1,3)), &= (X(10,1,3)). (3)

Patterns of VEVs which satisfy the minimum condition and
lead to a subgroup H of SO(10) are summarized in Table 1.
Note that the D-flatness sets |o| = |5].

Motivated by the result of NANOGrav, we focus on
symmetry breaking patterns where cosmic strings form at
an intermediate scale M ~ 10'#~16 GeV. As indicated by
stars in the first column of Table I, there are two
possible choices of H whose breaking into Ggy X M is
associated with the cosmic string formation without
accompanying monopoles: Gz = SU(3)- x SU(2), x
SU2)g x U(1)p_ and Ggpy =SU(4) x SU(2), x U(1).
When there is a hierarchy between VEVs of Eq. (3), the
multistep breaking of SO(10) with at least one
intermediate scale is achieved. The simplest possibility
is the breaking with one intermediate scale, i.e.,
SO(10) - H - Ggy X M, where the breaking scale of
H is identified as Mpy. A detailed analysis of this
possibility is given in the Appendix, where we show
that it is difficult to construct a viable model that
survives collider constraints of the SUSY particle search.
Thus, in the following discussion, we focus on models
with two intermediate scales, with the lower scale
identified as My, and show that My > 10' GeV is
compatible with the unification of gauge couplings.
There are only two possible breaking patterns that
lead to surviving cosmic strings, SO(10) — G4 — H —
Gguy XM with H = G3pp; (model A) or H = Gy,
(model B).

The model A is obtained through the hierarchical choice
of VEVs given by [s| > |a| > |o|, while |b| ~ |o]*/|s| <
|o| is ensured from the minimization condition of the
potential. We can define the unification scale My, the Pati-
Salam breaking scale M., and the Gz = Ggy X M
breaking scale My through My ~|s|, M~ |a|, and
My ~ |o], respectively. We summarize the mass spectrum
of all the components of S, A, X, and > Higgs fields in

TABLE II. The mass spectrum of S, A, X, and )y Higgs fields in
the model A. (1, 1), ., denotes charges under the SM gauge
groups Ggy = SU(3) x SU(2), x U(1)y.

States Mass scale

¥(10,3,1), £(10,3,1) Mc

Color triplets and sextets of 2(10, 1, 3), Mc
£(10,1,3)

Color triplets of A(15,1,1) M,

(1,1)g, (1, 1), from £(10,1,3), Mg
£(10,1,3)

A color octet and a singlet of = Max {M_ MZ }
A(15,1,1) M Mx

(1, 1)y, (1,1),, from 2(10,1,3), M, = M%/My
£(10,1,3)

All the other components My

Table II.° Note that some states have masses different from
the scales My ¢ . The mass scale M, is always smaller than
M g, while the order of M| and My, is not fixed in general.
When we perform multiple steps of RGE running, we
assume all particles at an energy scale Q share the same
mass Q. Generally, their masses depend on coupling
constants and the nonuniform spectrum generates a thresh-
old correction [58,59]. We discuss this point in the
Appendix.

The model B is obtained when |s| > |b| > |o| and
la| ~ |6|*/]s| < |o|. However, it turns out that typically
the unification scale is lower in this model than that
in the model A. As a result, the current constraint from
the proton decay rate is more severe and only a tiny region
remains unconstrained. Thus, we will not consider this
possibility and focus on the model A in the following
discussion.

Finally, some comments on the fermion masses are in
order. It is well known that if the MSSM higgs doublets
H, and H, are embedded only in the 10 (or 126), the SM
fermion masses at the GUT scale will be given by m, =
my (or my = —3m,) for all three generations [60], which
is in tension with the measured light fermion masses at
low scales. However, these relations of masses are altered
by loop effects and higher-dimensional operators sup-
pressed by the Planck scale [61-63]. In a renormalizable
setup, the MSSM Higgs doublets can be taken as linear
combinations of doublets in 16 or 126 which renders the
mass relation at the GUT scale arbitrary. However, it is
impossible to mix the two doublets in the minimal
choice of 45 4 54 + 10 + 126 + 126 for the Higgs sector
with a renormalizable superpotential [64]. One economi-
cal solution is to introduce a 120 so that 10 mixes

*Note that there can be mixing among the Higgs doublets in
10, %, and X, and two of them obtain light masses to be MSSM
Higgs doublets. The other Higgs doublets obtain masses of
O(My), which are summarized in the last column of Table II.
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with 126 by the superpotential terms 45.10.120 and
45126.120 [64].° Since there are several approaches
toward the SM fermion spectrum, we assume the
MSSM Higgs doublets lie mostly in 10 for the simplicity
of the RGE analysis, and leave it open to specify the
mechanism of realizing the measured fermion masses.

III. GAUGE COUPLING UNIFICATION

Let us now consider the RG evolution of the gauge
couplings from the unification scale My to the weak scale
M, experiencing SO(10) = Gy — Gz — Gy X M.
We assume the mass scale of supersymmetric particles
M is smaller than M,. Then, the evolution of the three SM
gauge couplings a; = g7 /4 (i = 1,2,3) is governed by the
SM and MSSM beta functions up to Mg and M,,
respectively, while light states from GUT Higgses contrib-
ute to the running from M, to My. At the Gy, breaking
scale Mg, the gauge couplings of SU(2); and U(1)z_,;,
denoted as ayp and ap_g, res‘})ectively, are matched to that
of the SM hypercharge with

3 2
s0r(Mr) + 502 (Mg) = a7 (M), (4)
and a,p and ap_; run further up to the G4y, breaking scale
M . The matching condition at M is

ay(Mc) = a3(Mc) = ap_ (M¢), (5)

where a, denotes the SU(4). gauge coupling. Finally, a4,
o, and a,k Tun to My and unify into a unique value a;;. At
the one-loop level, the relationship between the gauge
coupling constants a; at M, and ay is described by

2 2 M M M
T TS 4 P 2 4 p
a;(Mz)  ay M, Ms My
M M M
e oM oM g
Ml MR MC

for M| < My, while the role of M; and My should be

interchanged if M| > Mp. The coefficients !

i
marized in Table III. In particular, b,(-3’4'5) are written in a

compact form within M, < Q < M with thresholds at M
and My represented by step functions ¢; and 0. We solve
these three equations in terms of the three parameters
My ¢ g and obtain a set of solutions as functions of Mg and
ay. In our numerical analysis, we use the two-loop RG
equations [65,66] below My while including only the one-
loop contributions from the light states.

are sum-

®In addition, there are four additional scalar doublets in the 120
chiral multiplet that can be part of the MSSM Higgs doublets.
"The convention for the charge of U(1)g_, is

qB-L = %(B - L).

TABLE III. The coefficients of the RG equations of the gauge
coupling constants for each energy range in the model A. Note
that 0, =0O(Q — M) and 6, = ©(Q — M) with ® being the
Heaviside step function.

Energy range bgk) b(zk) b;k) (k)
M; < Q< Mg 41/10 -19/6 =7 (nH
M, <Q<Mg 57/5-12/504 1 -34+360; (3).4).,05)

Mc < O < My 191/5 41 34 (6)

Figure 1 shows contours of the intermediate scale My as
a function of Mg and ay. The results in the left and the
middle panels are obtained with universal soft masses,
while the result in the right panel is obtained for a
split spectrum with gaugino masses fixed at O(1) TeV
with other superpartners of SM particles at M. In the
middle panel, we take account of typical sizes of GUT-scale
threshold corrections (see Appendix for the details).
The colored contours correspond to the choices My =
4 x 10" GeV (red), 10" GeV (green), and 4 x 105 GeV
(blue), while the solid and dotted lines correspond to
tanf = 2 and 50, respectively. The dependence on tan /3
comes from the two-loop contribution to RG equations
from Yukawa couplings. Note that in a concrete model,
tanf is constrained by the fermion mass spectrum.
Nevertheless, it has little impact on RG running and we
will use tan # = 2 as a representative value. The lower gray
region is excluded by either M- < My or My < M. In the
former case, monopoles are produced alongside cosmic
strings. In the latter case, unification cannot be achieved.
All the viable parameter space in the figure leads to the
unification scale My of O(10'%) GeV or above.

In passing, we note that in addition to the intermediate
scale states listed in Table II, the (15, 2, 2) multiplet in 126
can also lie at the scale M if they obtain a vev that breaks
the electroweak symmetry. This can be the case if 126
mixes with 10 by an additional 120 for the SM fermion
masses [64]. Fortunately, this only slightly changes
our result of symmetry breaking scales since its contribu-
tion to the SU(4). and SU(2), p beta functions satisfy
by = by; = byp. This effect is overwhelmed by uncertain-
ties we further discuss in the remaining of this paper.

IV. PROTON DECAY

As is often the case for SUSY GUT models, the proton
lifetime imposes severe constraints on the model parameter
space. The proton decay can be induced by the dimension-5
operators from the colored Higgs exchange [67-69].
Contrary to SUSY SU(5) models, the existence of several
colored Higgs multiplets in the present model leads to
various decay branches such as p — K%+ as well as the
popular p — K™ mode [70,71]. However, since the current
constraints on such unusual decay modes are generally
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FIG. 1. Contour plot of M as a function of Mg and ay . Left panel: universal soft masses without threshold correction. Middle panel:
universal soft masses with typical threshold corrections at the GUT-scale. Right panel: split SUSY spectrum with masses of gauginos
fixed at O(1) TeV and without threshold corrections. The red, green, and blue lines correspond to My = 4 x 10'* GeV, 10'° GeV,
4 x 10" GeV, respectively, with tan 8 = 2 (solid) and 50 (dotted). The lower gray region is excluded for either M < My (abundant
monopole) or My < M (unachievable unification). The upper gray and the left blue regions are excluded by the current lower bound on
the proton partial lifetime z,_, 0.+ and 7,,_, k-, respectively. The regions to the left of vertical lines are excluded by 7,_ x+5 depending on
the choice of tan f = 1, 3, 5, 10, 30, 50 from left to right. The dot-dashed line represents the future sensitivity on z,,_, 0.+ at the Hyper

Kamiokande. The region below the dashed line leads to excessive abundance of intermediate scale monopoles. The region below the

orange band is excluded by catalyzed nucleon decays inside compact stars by GUT monopoles.

weaker than that on the p — K7 mode, we focus on the
latter. The proton lifetime is roughly given by [72]

Mg \!/ M 2
35 a4 S H
Tkt~ 107 T8 XSinT2p <105 GeV) (1016 C:eV> '

()

In the following estimation, we will simply approximate the
colored Higgs mass My~ Mx.

The dimension-5 proton decay rate is model dependent
and Eq. (7) should be regarded as a rough estimate with
large theoretical uncertainty. First, the size of the coupling
between a colored Higgs and SM fermions is determined by
the Yukawa coupling at the GUT scale, which is a source of
the tan dependence. However, values of Yukawa cou-
plings highly depend on the structure of the Yukawa sector
in terms of SO(10) superfields, while we use typical values
of Yukawa couplings obtained by running the MSSM RG
equations in the estimation. Secondly, the intermediate
scales alter the running of Wilson coefficients from those in
SUSY SU(5) models [72] with which we perform our
calculation. However, this effect is not significant due to the
proximity between My and My, and is overwhelmed
by the uncertainty in the mass spectrum of sfermions.
Furthermore, Eq. (7) depends on the squared masses M%,(
of the colored Higgses in 10. After setting the doublets
to the weak scale, My is a linear function of the vev
s ~O(My) and the dimensionless coupling of the super-
potential 10.10.54. If the dimensionless couplings are taken
to be O(1), the color triplet mass My, can also vary by an

O(1) factor. As a whole, the above estimation of the proton
decay rate induced by the colored Higgses is expected to
bear uncertainty of O(1 ~ 10) in each direction and can be
worse for extremely small or large couplings in the
superpotential.

Another important contribution to proton decay comes
from dimension-6 operators induced by the heavy gauge
boson exchange [73,74]. Relevant gauge bosons are those
that transform under Ggy as (3,2)s;, and (3,2)_j.
Compared with SUSY SU(5) models, the number of gauge
bosons that contribute to the proton decay doubles, and the
proton decay width to the most important decay mode,
p — n%e*, increases. The proton lifetime is given by [75]

0.04\2 My 4
Tyt ~ 5 X 103 yrs x < a > <1016 GeV) . (8)

where we simply assumed that all the relevant dimension-6
operators are mediated by a gauge boson with mass My for
a model-independent analysis. Note that the proton lifetime
is highly sensitive to the gauge boson mass as can be seen
from the fourth-power dependence in Eq. (8), and thus the
model dependent analysis of the GUT spectrum will be
needed for a more precise estimation, which is however out
of the scope of this paper. In the evaluation, we have used
the RGE factor of Wilson coefficients valid for the MSSM
running up to My [76], which can be slightly modified due
to the difference of RGEs above M.

In Fig. 1, we show the current lower limit on the
proton lifetime from the Super-Kamiokande experiment,
Tpmkip > 5.9 x 10% yrs [14], with black vertical lines.

035031-5
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The lines correspond to tanf = 1, 3, 5, 10, 30 and 50 from
left to right. The region to the left of each line with smaller
My is excluded for each tanf. Therefore, the left blue
region, whose right boundary corresponds to tanff = 1, is
excluded for all tanf > 1. The upper gray region is the
parameter space that is excluded by the current limit of
Tponler > 1.6 X 103+ yrs [13], while the dot-dashed line
represents the prospect of Hyper Kamiokande [15] as an
example of the future experiments. Note that the GUT scale
is generally large in the middle panel of Fig. 1. As a result,

the constraint from p — 7% is absent in this panel.

V. MONOPOLE DENSITY

In a series of phase transitions, SO(10) - G4y —
G101 = Ggu X M, we assume that inflation occurs before
the G355 = Ggy X M phase transition and the reheating
temperature 7' is above the critical temperature of this phase
transition so that cosmic strings that emit GW are populated
in the Universe. On the other hand, the breaking of G4, —
G3y,; generates intermediate scale monopoles with mass
m,, ~Mc/a, [77,78]. To avoid the overclosure of the
Universe, we require T < M so that the Gy,, symmetry
is not restored during the reheating and monopoles are not
generated by the Kibble mechanism [18]. However, when
Tk is not much lower than M, monopoles may still be
produced through annihilation of particles in the thermal
bath with a suppressed rate [79,80]. For m,,/Tx < 20, the
monopole is thermalized and its relic density overcloses the
Universe. For m,,/Tx = 20, the monopole is produced in
out-of-equilibrium with a final density,

3 2my,
”_mz3x103<%> e (9)

ny R

where n, is the photon number density. Such monopole
density is constrained in several ways. The dark matter
cannot be solely made of monopoles because the local
monopole density would be in severe contradiction with the
null result of monopole searches such as MACRO [81]. We
can then require Q,, < Q,,, where Q,, and Q,, are the
monopole and dark matter densities normalized by the
critical density of the Universe. This sets m,,/Ty = 40
for ~1 GeV. Another equally strong constraint comes solely
from the direct search of monopoles by MACRO. The
intermediate scale monopoles can be accelerated by the
galactic magnetic field [82,83] to a high velocity of order

10734/10' GeV/m,,. Thus, they are not bounded to

galaxies and we assume them to be uniformly distributed
in the Universe, with a flux near the Earth,

F,~37x10""7 cm™2s7! x o/ 1y Vm ,
3x107%7 ) \300kms™!

(10)

where v,, is the relative velocity between the monopole and
the Earth. The MACRO monopole search puts a constraint
on the flux, F,, < 1.8 x 1071 cm™2s~!, which again sets
thelimitm,, /Ty = 40. Assuming the critical temperature 7T,
of the G3yy; = Ggy X M phase transition is around the
symmetry breaking scale, Ty 2 T, ~ My, is required for the
production of cosmic strings. We thus find a constraint on
the hierarchy between the two intermediate scales,
Mq/Tr Z Mc/My 2 40a,. This constraint is shown in
Fig. 1 with dashed lines; the regions below the dashed lines
are constrained.

The constraints above are trivial for GUT monopoles
since their density is more exponentially suppressed.
However, GUT monogoles catalyze baryon number viola-
tion processes [84,85]" in compact stars and increase their
luminosity. Various stringent bounds have been obtained in
the literature [83]. The observation of old white dwarfs
constrains  F,, <1078 ~ 1072 cm™2s7! [86,87]. The
measured x-ray fluxes of old nearby pulsars constrain F’,, <
10722 ~ 10728 cm—2 57! [88-92]. We note that the bounds
are subjected to large astrophysical uncertainties. In par-
ticular, the quoted stronger or weaker end of the upper
bound correspond to whether or not the monopoles
captured in the progenitor star can be kept in the compact
star. To apply these bounds, we note that the mass of the
GUT monopole is typically M,, ~My/ay ~ 107 GeV.
Such heavy monopoles cannot be efficiently accelerated
by the galactic magnetic field and are gravitationally
bounded to galaxies with enhanced density. We approxi-
mate the local monopole flux as,

(local)
F;nzp;M F,. (11)
DM

where we have roughly estimated the local mono-

pole enhancement as pl()li,clal) /ppm ~ 10°, with p]()lii"‘l) ~

0.3 GeV/cm? the local dark matter halo density, ppy =~
1.2 x 107 GeV/cm?® the average dark matter density in the
Universe, and F,, the flux if the GUT monopole were
uniformly distributed throughout the Universe. The upper
bounds on the parameter space set by F/, <1078 ~
10722 cm™2s~! are shown in Fig. 1 with orange bands
that rule out the regions below them. In most cases, the
bound from the GUT monopole is weaker than that from
the intermediate scale monopole. The exception only
occurs when Mg~ 10* GeV with threshold effects
included for the RG evolution.

If the G355 = Ggy X M phase transition is of the strong
first-order and experiences a supercooling phase, produced
monopoles are diluted and the monopole density is sup-
pressed. In this case, the constraint discussed above is

¥The intermediate scale monopoles from the breaking of G4,y
do not catalyze these processes.
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irrelevant. The abundance of cosmic strings produced at
such a first order phase transition may be different from that
of a second-order transition. However, it hardly affects the
GW generation because it has been known that a network
of cosmic strings reaches a scaling solution [93].

VI. DISCUSSIONS

For a given mass spectrum of supersymmetric particles,
precise gauge coupling unification relates the intermediate
scale My of cosmic strings to the SO(10) breaking scale
My or the size of the unified gauge coupling «;;. In Fig. 1,
we compare the two extreme cases of the universal soft
masses Mg (left panel) and the split SUSY spectrum with
gaugino masses fixed at O(1) TeV while the other super-
symmetric particles have a universal mass M g (right panel).
Since we do not expect large modifications to these results
when we take account of the detailed spectrum beyond the
universal mass, these results demonstrate the spectrum
dependence of the gauge unification conditions. It is worth
noting that the GUT-scale threshold corrections can play
important roles. As discussed in Appendix B, the size of the
corrections highly depends on the precise mass spectrum of
the GUT-scale particles. For a demonstration purpose, we
pick up two reference points and compare results in the left
and middle panels of Fig. 1.

The high cosmic string scale My > 10'* GeV inferred
by the NANOGrav signal is a generic feature of the SUSY
SO(10) model as we demonstrate in Fig. 1. The left panel
of Fig. 1, which corresponds to the universal soft masses,
shows that the current constraint on the proton lifetime and
also the monopole overproduction constraint require super-
symmetric particles at a low-energy scale under the con-
dition of the precise gauge coupling unification without the
GUT-=scale threshold corrections. There is a tiny allowed
parameter region with Mg = O(10) TeV and My =
O(10'%) GeV which is consistent with the NANOGrav
data. However, this region with tan f# < 3 is in tension with
the observed SM Higgs mass [94]. As suggested in the
middle panel, the GUT-scale threshold corrections can
change this conclusion completely. The GUT scale My
tends to be higher, which renders the p — 7" decay
unobservable unless a;; = O(1). There is a vast parameter
region unconstrained by current and future proton decay
experiments. In this case, the GW observation together with
a better understanding of cosmic string formation serves as
the only means to narrow down the scale My and thus the
SO(10) breaking scale My and the size of the unified gauge
coupling a;; through the requirement of gauge coupling
unification. For the case of split SUSY without threshold
correction, the right panel of Fig. 1 also shows a large
allowed region with Mg = 10 TeV, which can be consistent
with the SM Higgs mass while explaining the stochastic
GW signal. The search for the proton decay at the Hyper-
Kamiokande will explore a large fraction of the allowed
parameter space, and the decay will be observed when

My = O(10'*) GeV, which is favored by the recent
numerical simulation of cosmic strings to explain the
NANOGrav data [32], with a moderate choice of Mj.
Because of the high cosmic string scale, the monopole
abundance also places nontrivial constraints for the low ay,
region, even if its initial density is diluted by inflation. This
complements the proton decay constraints at the high ay,
region. In conclusion, the GW observation gives us a way to
probe the supersymmetric grand unification. To extract the
intermediate scale Mp from the GW signal precisely, it is
essential to reduce the uncertainty for the initial loop size «
in the cosmic string spectrum.
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APPENDIX A: ONE INTERMEDIATE SCALE

The simplest possibility of the multistep SO(10)
breaking is the case with one intermediate scale,
SO(10) > H - Ggyy x M. We focus on models with
H = G3y; or G4, where cosmic strings are formed at
the intermediate scale My as shown in Table I.

The  hierarchical VEVs, |s|~|a| ~ My > |o|~
Mg > |b| ~M, = M%/My, lead to the breaking pattern
of SO(10) = Gz — Ggy X M. The mass spectrum of
this model is obtained by taking the limit of M- — My in
Table II. As in the case of two intermediate scales, the
gauge couplings of SU(2), and U(1)g_, are matched to
that of the SM hypercharge at My, through Eq. (4). All the
gauge couplings of Gy, run further to the unification scale
My and unify into a unique value a;. Consequently, we
obtain the one-loop level relationship between the gauge
coupling constants a; at M, and ay as

2 2 M M
7 :_”+[b§”1n—5+b§2)1n—2
a;(Mz) ay My Mg
M M
+ b5 4 pP1n —X} : (A1)
M, Mp

where bgl) and bgz) are given in Table III, while b\ =

i

(57/5,1,-3) and b") = (9.1,-3). We solve the three
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equations (Al) in terms of the three parameters My, My,
and ay;, and obtain a set of solutions as a function of M. It
is found that the correct hierarchy M, < Mg < My < My
requires Mg < 1 TeV, which is already excluded by col-
lider searches. GUT threshold corrections do not change
our conclusion.

The breaking pattern of SO(10) = Gyy; = Gy X M is
|b| ~ My > |o|~
Mg > |a| ~ M,. In this setup, there are light degrees of
freedom described as (6, 1) /3 and (1, 1) . under Ggy, all
of which have masses of O(M,), in addition to the to-be
Nambu-Goldstone bosons with masses of O(My). At the
intermediate scale Mg, the matching between the gauge
coupling constants is given by

ay(Mg) = az(Mg), (A2)

2 3
505 (M) +5aig(Mp) = ai (Mp).

5 (A3)

where a;z denotes the U(1), gauge coupling. The RG
evolution of the gauge couplings is again governed by

Eq. (Al), though in this case bga) = (97/5,1,2) and
b\" = (81/5,1,0). Again we found that the hierarchy
M; < Mg < Mp < My requires Mg < 1 TeV, which is
already excluded.

APPENDIX B: THRESHOLD CORRECTIONS

We here estimate threshold corrections to the couplings
at the GUT scale My from the spectrum of S, A, ¥, and . If
we ignore 10, the theory is defined by the terms in Eq. (2).
Applying the vacuum conditions, the mass parameters mg,
my, and my can be traded with the VEVs s, a, and o. The
remaining free parameters are the couplings 4, Ag, 5y, 7s,
and #5,. The threshold corrections can then be parametrized
by these dimensionless couplings and the VEVs. The one-
loop contribution to the running coupling o;'(Q) at Q >
My from all chiral superfields with the same Ggy; repre-
sentation R is 27Aa;'(Q) = Y_; bR InT. bf = I is the

|
Adyz = {

where we have defined & =rgijsds. In the middle
panel of Fig. 1, we define the gauge coupling at the
GUT scale as

a (M) = ay, (B6)

a,»(MX):aU<1+Z—ZA/1”) (i=2.3), (B7)

~9.0-3(4Ini—5Inn, +2In&),
—9.0 + 1n§—§(4ln/1 —5Inn, +21n&3),

Dynkin index of the representation R. Since these super-
fields have the same SM quantum number and mix with
each other, their mass terms are generally described by a
nondiagonal mass matrix M(R) after intermediate sym-
metry breakings, as given in the Appendix of [64].
Neglecting Nambu-Goldstone bosons,” the contribution
can be evaluated as

2rAa;'(Q) = bF1n (B1)

M(R)|
Qn—k

where 7 is the dimension of the mass matrix M(R), k is the
number of zero eigenvalues that correspond to the Nambu-
Goldstone bosons, and a;(M(R)) is the coefficient of the x*
term of the characteristic polynomial |Det(M(R) — x1)]|.
For comparison, the 1-loop stepwise contribution to the

running coupling is 2zA¢a; ' (Q) = >_; bFIn Qf, where
Q;€{M; .My, Mg, Mc, My} is the mass scale of the

particle  j. The  threshold  correction 4; =
27> g (Aai 1 (Q) — Aga;1(Q)) is then,
A=Y bRIn )) (B2)
Z ﬁeNGQJ

with NG stands for Nambu-Goldstone bosons. For gauge
coupling unification, it is more convenient to calculate

Given the mass matrices in [64], the calculation AZ;; is
straightforward with Eq. (B2). For our model A, identifying

My =s,M¢c = a, Mp = o, and in the limit of s > a > o,
we obtain

2
Adip =74 ~3(16Ind~Slnn, —2In).  (B4)

and

for 6?/a > a*/s,
(B5)
for 6%/a < a*/s,

|

with Al;, = =7.5and Al;3 = —9.0, which are typical values
obtained when all the dimensionless couplings are equal to
unity.

The symmetry breaking scale is defined as the mass of gauge
bosons so Nambu-Goldstone bosons do not contribute to the
threshold correction.
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