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Gravitational waves from metastable cosmic strings in the Pati-Salam model
in light of new pulsar timing array data
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A series of pulsar timing arrays (PTAs) recently observed gravitational waves at the nanohertz
frequencies. Motivated by this remarkable result, we present a novel class of Pati-Salam models that give
rise to a network of metastable cosmic strings, offering a plausible explanation for the observed PTA data.
Additionally, we introduce a hybrid inflationary scenario to eliminate magnetic monopoles that arise during
the subsequent phase transitions from the Pati-Salam symmetry to the Standard Model gauge group. The
resulting scalar spectral index is compatible with Planck data, and the tensor-to-scalar ratio is anticipated to
be extremely small. Moreover, we incorporate a nonthermal leptogenesis to generate the required baryon
asymmetry in our framework. Finally, the gravitational wave spectra generated by the metastable cosmic
strings not only correspond to signals observed in recent PTAs, including NANOGtrav, but are also within

the exploration capacity of both present and future ground- and space-based experiments.
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I. INTRODUCTION

Gravitational waves (GWs) provide a unique window
to probe fundamental physics. Recently, the International
Pulsar Timing Array Collaboration presented convincing
evidence of such isotropic stochastic GWs with frequencies
in the nanohertz range [1-4]. Although this stochastic GW
background can be formed from the culmination of GWs
produced from the inspiraling and merging of the super-
massive black holes in the Universe [5], there is room for a
new physics explanation of such signal. Indeed, as pointed
out in [6,7], the GWs produced from metastable cosmic
strings are compatible [8—14] with the recent results (for
works on GWs, in light of previous pulsar timing array
(PTA) data, arising from cosmic strings, cf. Refs. [15-29]).
Cosmic strings can form in the early Universe during
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the intermediate step(s) in the spontaneous symmetry
breaking of a unifying gauge group to the Standard
Model (SM) [30]. In this work, we investigate the possible
production of metastable cosmic strings during the sponta-
neous symmetry breaking of the Pati-Salam gauge group
[31,32], SU(4)c x SU(2), x SU(2) to the SM. The Pati-
Salam model introduced the attractive idea of the quark-
lepton unification and also incorporated the left-right
symmetry [33-35]. Additionally, the model, automatically
containing the right-handed neutrinos, can explain the
smallness of the neutrino mass via the seesaw mechanism
[36—40] and encompass the leptogenesis mechanism [41]
to account for the matter-antimatter asymmetry of the
Universe. Additionally, the model naturally allows for
neutron-antineutron oscillation [42].

Particularly, we consider the supersymmetric (SUSY)
Pati-Salam model [43-46] where we show that three viable
symmetry-breaking scenarios can lead to metastable cos-
mic string networks capable of explaining the PTA results.
Among these three possibilities, we focus on a particular
model where the Pati-Salam symmetry is first broken to the
left-right symmetry, SU(3)-xSU(2), xSU(2)gxU(1)5_, .
In the next phase transition, breaking of SU(2), — U(1)g
generates superheavy monopoles. In the subsequent break-
ing, i.e., when the last intermediate symmetry breaks down
to that of the SM gauge group, the phase transition
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associated with U(1), x U(1)z_; — U(1), leads to cosmic
string formation. Within this setup, we implement super-
symmetric hybrid inflation at the last intermediate sym-
metry-breaking scale, hence efficiently inflating away
monopoles but not the cosmic strings. If these last two
symmetry-breaking scales almost overlap, metastable cos-
mic string networks are formed through the Schwinger
nucleation. We find that the inflationary scenario incorpo-
rates the scalar spectral index consistent with Planck data,
and the tensor-to-scalar ratio remains tiny. Interestingly, the
new PTA data suggest that both the monopole and string
formation scales must be close to 10'> GeV, which perfectly
coincides with the seesaw scale, as well as providing the
inflation scale and leading to successful nonthermal lepto-
genesis. Several gravitational wave observatories will fully
test the stochastic gravitational wave background generated
by the metastable string network.

The article is structured as follows. In Sec. II, we discuss
the recent PTA data and the production mechanism of
metastable cosmic string networks. In Sec. III, we introduce
a class of Pati-Salam models leading to the formation of
metastable cosmic string networks, and in Sec. IV, we fully
construct one of the viable candidate models. In Sec. V, we
provide the details of the SUSY hybrid inflation and give a
detailed account of nonthermal leptogenesis arising in our
scenario. Finally, we present the results in Sec. VI and
conclude in Sec. VIL

II. METASTABLE COSMIC STRINGS
AND PTA DATA

Cosmic strings are one-dimensional topological defects
that arise when an Abelian symmetry is spontaneously
broken. In this context, we use the Nambu-Goto string
approximation, which assumes that the primary mode of
radiation emission is in the form of GWs [47].

The macroscopic properties of these cosmic strings are
defined by their energy per unit length, denoted as y.,, and
referred to as the string tension. In our study, we explore
models where the breaking of the Abelian symmetry is
linked to the vacuum expectation value (VEV) of the
multiplets that also give rise to masses to the right-handed
neutrinos (RHNs). Consequently, the tension of the cosmic
strings is determined by the corresponding symmetry-
breaking scale,

ﬂcsNZﬂsz (1)

where the order one coefficient is not shown explicitly (for
details, see Ref. [48]). In the above equation, M refers to the
symmetry-breaking scale (more specifically, the VEV of
the scalar field that breaks the symmetry) that creates the
cosmic string network.

On the contrary, when a simple group is broken down
into a subgroup that includes an Abelian factor, it gives rise
to the creation of monopoles [49,50]. However, to avoid the

problem of overclosing the Universe, inflationary processes
must eliminate these monopoles. Subsequently, in a later
stage, after the remaining Abelian symmetry is broken,
cosmic strings emerge. When the scales of monopoles and
cosmic strings are in close proximity, Schwinger nucleation
occurs, leading to the creation of monopole-antimonopole
pairs [51-53] on the string, causing it to decay. In such a
scenario, at the high frequency regime, the string behaves
like a stable one, whereas at the lower frequency regime, its
behavior deviates form stable strings. When these meta-
stable strings decay depends on the ratio of the monopole
and string formation scales,

a_mlzv[PNS_” E 2 (2)
ke F\M)
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where M’ represents the monopole creation scale, i.e., the
symmetry-breaking scale (more specifically, the VEV of the
scalar field that breaks the symmetry) that is responsible for
the formation of monopoles, and myp ~ 4zM’/g denotes
the mass of the monopole. Moreover, g stands for the
relevant gauge coupling constant.

Cosmic strings lose their energy by gravitational radi-
ation. For the case of stable strings, they keep emitting
gravitational waves until all their energy is transferred to
GWs, and the string network disappears. Although at
early times, metastable strings behave like stable strings,
at late times the network disappears due to monopole-
antimonopole pairs eating the strings, as aforementioned.
More specifically, this decay time is defined as

=12 T,= zﬁe-m. (3)
JT

As can be seen from the above equation, due to the
strong exponential suppression, the metastable cosmic
string network resembles a stable network for a'/2 > 10.

Excitingly, the newly released PTA data [6] can be
explained by GWs originating from metastable cosmic
string networks. The data show a preference for string
tension values in the range of Gy, ~ 1078-107> (where the
Newton’s gravitational constant G = 6.7 x 1073 GeV~2;
hence, Gu,, is a dimensionless quantity) for /a ~ 7.7-8.3,
with strong correlations between these two quantities [6].
Importantly, these results are in full agreement with
constraints obtained from cosmic microwave background
observations. Conversely, stable cosmic strings are not
favored by the recent PTA results.

From the data, it is obtained that the 68% credible region
in the Gu. —+/a parameter plane overlaps with the
third advanced LIGO-Virgo-KAGRA (LVK) bound [6].
However, most of the 95% credible region in the same
parameter plane remains fully consistent with the data,
favoring Gu., <1077 and \/a ~ 8 [6] [for example, from
Eq. (2), with ¢ = 0.7, a ratio M’'/M = 1.117 of the two
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scales corresponds to \/a ~ 8). An interesting point to
note is that Gu. ~ 1077 approximately corresponds to
M ~ 10" GeV, which aligns perfectly with the type-I
seesaw contribution to neutrino mass and also matches
the correct scale for inflation.

III. METASTABLE COSMIC STRINGS FROM
PATI-SALAM MODELS

First, we point out that within the Pati-Salam model, only
three symmetry-breaking chains can give rise to a meta-
stable cosmic string network. To demonstrate this, we first
denote the various gauge groups as follows:

G = SU(4) e x SU(2), X SU(2),
G = SU(4) e x SU(2), x U(1)g.
G321 = SU3) e x SU(2), x SUQ2)g x U(1)p_p.,
G%zu =SU(3)cx SU(2), x U(1)g x U(1)p_y.
=SU(3)xSU2), x U(1)y,
G%] =SU(3)c x U(1)

em*

The breaking chains compatible with providing meta-
stable cosmic strings are, therefore,

Chain I: G Gy =5 G G 4
ain 422@’ 3221@ 3211@:’> SM- ()

Chain II: G4y TL]:; G I G311 =, Gsm-  (5)
@

(@) (@y5)
Chain I Gypp —2™% Gy — G 6
2@y M @ M (6)

For each of these cases, the additional symmetry-breaking
stage, namely, Ggy — Gj3; is not shown explicitly. The
representations (under the Pati-Salam group) of these fields
playing a role in symmetry breaking are ®; = (15,1, 1),
D, =(1,1,3), @3 =(15,1,3), and &, = (4,1,2) [D5 =
(4,1,2)]. Note that G4, — G3,;; can be obtained via the
VEVs of two fields @,(15,1,1) + ®,(1,1,3) or by the
VEV of a single field ®3(15, 1, 3).

The topological defects arising in these breaking chains
are denoted by m,4 (red monopole), my,,. (blue monopole),
and cs (cosmic string). The breaking of the gauge group
SU4)e = SUQB) e xU(1)g_; [SU2)g — U(1)g] leads
to monopoles that carry both color and B — L (only R)
magnetic charges (charge) [which is referred to as the red
(blue) monopole in Ref. [54] ]. Finally, the last symmetry-
breaking scale before the electroweak breaking, i.e.,
U(l)g xU(1)p_;, = U(1), leads to the formation of
cosmic strings. Following the discussion above, through
the quantum tunneling of the monopole-antimonopole
pairs, strings eventually disappear if the monopole and
cosmic string formation scales almost coincide. Our

primary focus of this work is on these metastable cosmic
string networks that may have formed in the very early
Universe, which emit gravitational waves that may have
been observed in the PTAs.

Since inflation must eliminate the unwanted monopoles,
within the supersymmetric framework, there are different
possibilities for achieving this successfully. The simplest
scenario is the standard hybrid inflation. Since, in this case,
the waterfall happens at the end of the inflation, the
only consistent option is that inflation takes place at the
G311 = Ggy breaking stage. Consequently, the waterfall
leading to cosmic string formation is not inflated away,
however, monopoles are. Another possibility could be
implementing shifted hybrid inflation [45,55], where infla-
tion can occur at an earlier stage. For example, shifted
hybrid inflation in which symmetry breaking G4, = G313
proceeds along an inflationary trajectory can inflate away
heavy monopoles (in principle, the same mechanism can be
applied for the G3y,; = G3yq; or Gy — G3yqp scenario).

IV. MODEL

Although each of the scenarios discussed in the previous
section is worth exploring, we focus on a concrete model in
this work, as detailed in the following. As mentioned in the
Introduction, we work in the supersymmetric framework.

In the Pati-Salam model with gauge symmetry Gy4,,, the
SM fermions belong to the following representation:

F,=(4,2,1),=0;(3,2,1/6) + L;(1,2,-1/2), (7)
Fi = (‘_L l’z)i
=u$(3,1,-2/3) +d$(3,1,1/3)
+e5(1,1,1) +2£(1,1,0). (8)

Note that the fermionic multiplet F; additionally contains
the RHNs v{; hence SM neutrinos naturally get tiny masses
through a type-I seesaw mechanism [36—40]. This same
seesaw scale determines the cosmic string network for-
mation scale, and as aforementioned, the new PTA data
prefer this scale to be of order ~10'5 GeV.

The model we explore consists of the symmetry-breaking
chain given in Eq. (4), i.e.,

My M M Mgw
G G G G G 9
422 U) 3221 E’ 3211 <HE’H> SM W 5. (9)

Here, My refers to the Pati-Salam-breaking scale. From the
discussion of the previous section, one finds that M’ and M
are the monopole creation scale and cosmic string formation
scale, respectively. At M, since B — L symmetry is broken
by two units, RHNs acquire their superheavy masses.
Moreover, inflation, for which we employ the standard
hybrid inflation, is also associated with this latter symmetry-
breaking scale. Formation of a metastable cosmic string
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network showing consistency of recent PTA data requires
M'~M ~10" GeV. As for the Pati-Salam-breaking scale,
we choose 10 < M, < 10'8 GeV.

The above symmetry-breaking chain proceeds through
the following set of Higgs representations:

_ 1 1
h:(1,2,2>H:Hu<17255)+Hd(1?2’_5)’ (10)

H=(4,1,2),
} 2 -1
:C 3,1,__ dC 351’_
i(3.1.5) +ai315)
+e5,(1,1,1) + 15,(1,1,0), (11)
H=(41,2)y,
2\ - 1
= us 3,1,_ dC 3915__
i (3:.5) +(3.13)
+e5(1,1,-1) + 25(1,1,0), (12)

A=(1,1,3)=A(1,1,=1) + Ag(1,1,0) + A (1,1, 1),
(13)

> =(15,1.1),
= %0(1,1,0) + Z,/5(3,1,2/3)
+355(3,1,-2/3) + %4(8,1,0),  (14)

where decomposition of these multiplets under the SM
gauge group are presented.

Within the SUSY context, a flat direction to obtain
inflation naturally takes place in the R-symmetric scenario.
A gauge singlet superfield S = (1,1, 1) plays the role of
the inflaton (the scalar component of it), which carries
a full U(1), charge (whereas, H, H,X, A carry zero R
charge). Hence, the last intermediate scale symmetry
breaking as well as inflation take place via the following
superpotential:

Wlnﬂation o KS(HH_MZ)’ (15)

and the first two stages of symmetry breaking proceed
through terms,

Wps_breaking O K'S' (2% — mg) + «"S"(A* —m3),  (16)

where §’, §” are also gauge singlets and carry full R charge.
In principle, terms involving S, §’, $” (each carrying full R
charge) all can mix and allow additional terms, which, for
simplicity, are not considered in this work.

In the first breaking, the (true) Goldstones are (3,1,
2/3) + (3,1,-2/3); in the second breaking, Goldstones
are (1,1,1)+ (1,1,=1); in the third breaking, the

Goldstones are (1,1,0) + (1,1,0). Therefore, due to R
symmetry, the would-be Goldstones will be

(8,1,0) C X, (17)
(3.1,1/3) + (3.1,-1/3) C H.H. (18)
(3.1.-2/3) + (3.1,2/3) C H,H. %, (19)
(1,1,=1)+ (1,1,1) C H.H.Z, A. (20)

To give masses to a set of submultiplets, we introduce

1 — (s 1
D6:(6,1,1>H:D3(3,1,—§>+D3<3,1,§>, (21)

which carries full R charge (two units) and allow the
following interactions:

Woix D HHDg + HHDj. (22)

Because of the above interactions, they give masses to
(3,1,-1/3)+ (3,1,1/3) C H,H of order (H) = (H) ~
10" GeV. A similar mechanism for the rest of the
would-be Goldstones cannot be implemented.

Therefore, the rest of the would-be Goldstones will acquire
only SUSY-breaking masses (due to (S) ~ Mgygy). We also
point out that extra Goldstones may result if no mixing terms
are there between two multiplets carrying submultiplets
with the same quantum numbers, namely, (3,1,-2/3) +
(3,1,2/3) and (1,1, —-1) + (1, 1, 1). The following mixing
terms can be written down that can also provide SUSY scale
masses to these would-be Goldstones:

S

Wais > HH(E + 4) . (23)

In summary, in the model under consideration, super-
multiplets that reside at the SUSY scale are

2x{(3,1,2/3) + (3,1,-2/3)}
+2x {(1,1, 1)+ (1, 1,=1)}+ 1 x {(8,1,0)}. (24)

The presence of these additional light states spoils the
successful gauge coupling unification of the minimal
supersymmetric Standard Model (MSSM). Since gauge
couplings are not necessarily unified in the Pati-Salam
setup, one still has to worry about the perturbativity of the
couplings at higher scales, which we discuss below.
Since the intermediate scales M’ and M are expected to
be very high (M’ ~ M ~ 105 GeV), they can be somewhat
close to the My scale. Therefore, for the running of the
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gauge couplings, it is a good approximation to consider a
single step symmetry breaking at the high scale,

Msusy

G2 MSSM 2% gM. (25)

The well-known f coefficients [56,57] for the renormali-
zation group equations (RGEs) are [58] (ay, as.a3)gy =
(41/10,-19/6,—7) and (ay, a,, a3)yssm = (33/5,1,-3).
Moreover, for our scenario with the aforementioned addi-
tional states, we get (a;,a,,az) = (61/5,1,2)vssMrextra-
We run the corresponding RGEs from the low scale to the
My scale. By considering one-loop RGE analysis, we find
that, at My = 10'® GeV, the gauge couplings take the
values (g] » 92, 93) = (408, 068, 197) for MSUSY =3 TeV
and (91,92,93) = (233,067, 159) for MSUSY =10 TeV.
On the other hand, if we set My = 10'® GeV, perturba-
tivity of the couplings requires Mgygy = 5000 TeV.
Therefore, in this setup, to ensure perturbativity it is safer
to consider Mqygy > 5000 TeV (obtained from the crude
estimation mentioned above).

Before closing this section, we write down the Yukawa
part of the Lagrangian, which takes the following form:

Wy > yFFh + yXNﬁHH, (26)

where A denotes a cutoff scale such that A > M. The last
term in the above superpotential provides Majorana
mass for the RHNs when the last stage of the symmetry
takes place.

A unique prediction of grand unified theories is gauge-
mediated proton decay. However, partial unified theories,
such as gauge theories based on Pati-Salam models, are free
from gauge-mediated proton decay.

V. DETAILS OF INFLATION AND BARYON
ASYMMETRY

Minimal supersymmetric u-hybrid inflation employs a
canonical Kihler potential and a unique renormalizable
superpotential W which respects a U(1)R symmetry as [59]

W = kS(HH — M?) + ASh?, (27)

where k and 4 are dimensionless real parameters. The scalar
part of the gauge singlet chiral superfield S serves as the
inflaton. The parameter M, which has mass dimensions,
represents the nonzero VEV of chiral superfields H and H.

The superpotential W and superfield S possess two units
of R charges, while the remaining superfields are assigned
zero R charges. Consequently, in the supersymmetric limit,
the VEV of the scalar component of superfield S is zero.
However, due to gravity-mediated supersymmetry break-
ing, the scalar component of S acquires a nonzero VEV
proportional to ms3,, as pointed out in [59].

The last term in the superpotential, ASh?, effectively
accounts for the y term, where y ~ (1/k)ms,. This solution
to the MSSM u problem is described in [59]. The minimal
canonical Kéahler potential is given by

K. =|S|*+|H* + [H]? + ||*. (28)

Considering the effects of well-established radiative cor-
rections [60], supergravity (SUGRA) corrections [61], and
the soft supersymmetry-breaking terms [62], the infla-
tionary potential, which arises along the D-flat direction
with |H|=|H|=0 and h =0, can be approximately
expressed as follows:

M > 4yt g2 22

VM |1+ — | =+-—5F —F
. {—'_(mp 2—’_871'2 (x)+4”2 )

] e

where x = [S|/M, y = \/yx, and My is the soft mass of
the singlet. The parameter y is defined as y = A/, and mp
stands for the reduced Planck mass. The radiative correc-
tions are described by the function

1 (x*=1) x4+ 1
F(x):Z{(x“—l—l)ln = —|—2x21nxz_1
2M2 2
+2In~ sz —3}, (30)

and the coefficient of the soft SUSY-breaking linear term is
defined as

a="2|A—2|cos (arg S + arg |A —2]|). (31)

Both the linear term (a) and the mass-squared (M%) soft
SUSY-breaking terms in Eq. (29) are obtained in a gravity-
mediated SUSY-breaking scheme. It Is important to note
that we will focus only on the real component of S, denoted
as o = |S|/ V2, where both the superfield and its scalar
component are denoted by S.'

At the end of the inflation epoch, the vacuum energy is
converted into the energies of coherent oscillations of
the inflaton S and the scalar field 0 = (6H + 5?) / \/i,
which subsequently decay, giving rise to radiation in the
Universe. The p-term coupling ASh? in Eq. (27) leads to the
inflaton’s decay mostly into Higgsinos, with a decay width
given by [64]

o Minf» (32)

"The imaginary component of S is neglected here, which has
been studied in [63].
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where m;,; = /2k*M?* + M7% represents the inflaton mass.
The alternative decay channel for the inflaton is the decay
to the right-handed neutrino through a dimension-five
operator f;;HHN{N$/M*, which is another potential
process. Heavy Majorana masses for the right-handed
neutrinos are provided by the following term:

v,y ().

ij L] M* (33)

Also, Dirac neutrino masses on the order of the electroweak
scale are obtained from the tree-level superpotential term
YiiN{L;H, — m,, l.jNNC. Thus, the neutrino sector is

W D my, NiNS + M,e NENS. (34)

l/Dzj

The small neutrino masses supported by neutrino oscil-
lation experiments are obtained by integrating out the
heavy right-handed neutrinos and read as

my, = Zyymyy,,, R (35)

The neutrino mass matrix m,, ~can be diagonalized by a
ap

unitary matrix U,,; as My, = Um-Uﬂ,-r%,, , where n%DDI_ isa

diagonal mass matrix m, = diag(m,/l,myz,m ) and M;

represents the eigenvalue of mass matrix M,.. Then the
L/

decay width for the inflaton decay into RH neutrinos is

given by
Mg (My'\? 4M%v 12
I, = — 1- . 36
? 87 <M> ( miznf ( )

The reheat temperature T is estimated to be [65]

90

g,

v I'mp,

F - Fl + Fz, (37)

where g, takes the value 228.75 for MSSM. The lepton
asymmetry is generated through right-handed neutrino
decays. The lepton number density to the entropy density
in the limit Tp < M| = My < myye/2 < M, 5 is defined as

ny 3 F2 TR
2 <?> Te e, (38)

s Ming

where €., is the CP asymmetry factor and is generated
from the out of equilibrium decay of lightest right-handed
neutrino and is given by

MN
€.p = E Im[(y,y," . (39)
cp 8 yvyu n 5 1247% lz Mi

Assuming a normal hierarchical pattern of light neutrino
masses, the CP asymmetry factor €., becomes

3 [‘41\]}’)’[113

p = g5 Oetf
P8 Wz TV

€ (40)

where m,, is the mass of the heaviest light neutrino, v, =
(H,) is the VEV of the up-type electroweak Higgs
interaction, and J.¢ is the CP-violating phase. A successful
baryogenesis is usually achieved through the sphaleron
process where an initial lepton asymmetry 7; /s is partially
converted into the baryon asymmetry as ng/s ~ 0.35n; /s
[66]. From the experimental value of the baryon-to-photon
ratio ng ~ (6.1 +0.4) x 107! [67], the required lepton
asymmetry is found to be

|ng/s| ~ (2.67 —3.02) x 10719, (41)

In the numerical estimates discussed below, we take m,, =

0.05 eV and v, = 174 GeV, while assuming large tanf.
The nonthermal production of lepton asymmetry n; /s is
given by the following expression:

nL< ~10 F2 TR MN l’i’ll,3
"L <35 1010( 22 (42
s ~0% <r)<mmf 10°Gev ) \00sev ) (42

with M| > Tp. To ensure inflationary predictions are in
line with leptogenesis, we employ Eq. (42) for our
numerical analysis.

VI. NUMERICAL RESULTS

The prediction for the various inflationary parameters are
calculated using the standard slow-roll parameters,

1 mp\2 (V"2 L mp\2 (V"
““d\wm)\v) "T72\wm)\v)
1 (mp\*/V'V"
2 P
=—|— . 43

#= () () 2
In the above, the prime denotes the derivative with respect
to x. Moreover, the scalar spectral index 7, the tensor-to-

scalar ratio r, and the running of the scalar spectral index
a, = dng/d1In k in the slow-roll approximation are given by

ng~142n—6e, rel6e,  ay~16en—24e>—2£%, (44)

with n, = 0.9665 4 0.0038 [68] in the A cold dark matter
model. The amplitude of the scalar power spectrum is

given by
1 X
A =iy () 9
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The relationship between the symmetry-breaking scale (M) and the coupling strength (k) is depicted. The reheat temperature

(Tg) is bounded between a maximum of 10'® GeV and a minimum of 2.3 x 10% GeV and a fine-tuning bound of 0.001% is applied. An
avocado colored vertical bar represents the variation of the dimensionless string tension Gy, from 1076 to 10~!'!. The inside mesh shows

the variation of soft mass M§ in (a) and that of m3/, in (b).

which at the pivot scale ky = 0.05 Mpc~! is given by
A, (ko) = 2.137 x 107, as measured by Planck 2018 [68].
The number of e-folds Ny is given by

M\ [x [V
Ny=2{— — |dx,
=) [ ()
where x, = x(kg) and x, are the field values at the pivot
scale k, and at the end of inflation, respectively. The value
of x, is determined by the breakdown of the slow-roll
approximation. Finally, the number of e-folds N, can be

written in terms of the reheat temperature [69] (assuming a
standard thermal history),

1 Tk 2 VKM
No=53+-In|—® | 20| V2 | (47
0=22F3 n[109 GeV} *3 nLolS GeV] (47)

(46)

In our numerical analysis, we have seven independent
key parameters: k, M, ams,, M%, Xo> X,, and M. These
parameters are subject to five essential constraints:

(i) the amplitude of the scalar power spectrum, denoted
as A, (ky), with a specific value of 2.137 x 10~ [as
given in Eq (45)];
the scalar spectral index, represented by n,, which
holds a fixed value of 0.9665 [68];
the end of inflation, determined by the waterfall
mechanism, with the condition that x, = 1;
the number of e-folds, denoted as N in Eq. (46); is
defined in terms of T by Eq. (47);
the observed value of the baryon asymmetry, which
translates a bound on lepton asymmetry expressed
as n; /s, which takes the specific value of 3 x 1071°
[as given in Eq. (42)].

These constraints are really important and play a crucial
role for figuring out different possibilities in the model’s
predictions. When we take these constraints into account,

(i1)
(iif)
(iv)

(v)

we end up with two independent parameters that we can
vary freely. We choose these parameters to be ams,, and

M % By fixing one of these parameters, we can then explore
the variations of the other.

We displayed our numerical calculations in Fig. 1, which
illustrates how the parameters change across the x — M
plane. During our analysis, we kept the scalar spectral
index at the central value allowed by Planck, which is
n, = 0.9655 [68]. To make sure the SUGRA expansion
does not go out of control, we required S, < m,, in our
parametric space. Further, we restrict M <2 x 10'® and
Tr<10'°GeV to avoid the gravitino problem [70,71]. By
applying these constraints, we obtained a slice in the k — M
plane, outlining the parameter space for inflationary pre-
dictions. We kept the plan fixed and depicted the variations
of different parameters within this plane. The color-coded
avocado bar illustrates how the cosmic string tension
parameter varies accordingly. Note that, although the recent
PTA data prefer M ~ 10'> GeV, in presenting our results,
we try to be as general as possible and vary this scale in the
range 10" <M <10'® GeV. The explored parameter
space yields a reheating temperature within the range of
(105-10°) GeV.> We further restrict our numerical results
by imposing the following conditions:

Mint > 2MN’ MN > IOTR, (48)
which ensures successful reheating with nonthermal
leptogenesis. The boundary curves in Fig. 1 represent

’In our model, the reheating temperature lies within the range
of (10°-~10%) GeV. The constraints on the reheating temperature
Tk and gravitino mass ms,, arising from the big bang can be
readily met within the parameter space discussed here, for both
scenarios, namely, gravitino as the stable and unstable particle.
For more details, see [24].
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FIG. 2. The relationship between the symmetry-breaking scale (M) and the coupling strength (x) is depicted. The reheating
temperature (T'g) is bounded between a maximum of 10'° GeV and a minimum of 2.3 x 10°® GeV and a fine-tuning bound of 0.001% is
applied. An avocado colored vertical bar represents the variation of the dimensionless string tension Gy, from 1076 to 10~!!. The inside
mesh shows the variation of tensor-to-scalar ratio r in (a) and the reheating temperature 7' in (b).

M =2x10' GeV, Ty = 10'° GeV, FT = 0.001%, and
Gue, = 10711 constraints. In Fig. 1(a), we explore the
variation of amjy;, across a range of M? values, spanning
from 2 x 10" to —2 x 10'7 GeV?. Similarly, Fig. 1(b)
demonstrates the variation of M% while keeping mj3 ), fixed
within the interval of 0-730 TeV (0-155 GeV) for the cases
where a is 1 or —1.

In order to achieve a red-tilted scalar spectral index
consistent with Planck 2018 data, at least one of the
two parameters, M3 or am; /2, 1s expected to be negative
[72,73]. The scalar spectral index, in the limit x, ~ 1, can
be approximated in the following way:

g1+ (%)2 (2 (:47;)2 + 38K—;F”(x0)). (49)

In the above expression, when the M% term is dominant,

we obtain
Mg 2 ~ (1 _ ns) M\?
() =5 G
Hence, the consistent pattern of the curves in Fig. 1(a)
across most of the upper region, displaying M o x~'/?
behavior, can be readily comprehended when considering
constant values of M%. Conversely, the M o k behavior
observed near the curve where Mg ~ 0 can be attributed to
the predominant radiative term within Eq. (49).
Regarding the behavior of the corresponding curves in
Fig. 1(b) with constant values of am3,, > 0, a competition
arises among the soft SUSY-breaking terms in e(x)
to meet the constraint imposed by A, in Eq. (45). This
observation, combined with Eq. (49), leads to the emer-
gence of a M « k~'/3 behavior. This behavior aligns with
the curves exhibited in the upper region of Fig. 1(b).

(50)

In scenarios where M3 >0, as we depart from the
Mg ~ 0O curve in Fig. 1(a), the radiative corrections compete
with the M% term in Eq. (49). Consequently, we discern that
the parameter M varies in proportion to k2, as clearly
observed in the lower region of Fig. 1(a).

Now, focusing on the corresponding region displayed
in Fig. 1(b) and holding constant values of ams;, > 0, in
order to satisfy the constraint on the amplitude of the scalar
power spectrum A, as delineated in Eq. (45), the contri-
butions from both soft SUSY breaking and radiative
corrections become comparable within the expression for
€(xp). This behavior is characterized by M o k= for the
curves featured in the lower part of Fig. 1(b).

In Fig. 2, in the k — M plane, the left panel depicts the
variation of the tensor-to-scalar ratio r, while the right panel
illustrates the variation of the reheating temperature T'.
The predicted range of the tensor-to-scalar ratio is tiny and
lies in the range r ~ 5 x 10711-5 x 1072, see Fig. 2(a). The
various curves with constant values of r show M o k~!/2
behavior, as can be deduced from Eq. (45),

2 KEM*

~N——— 51
377:2AS (k0> m4P ( )

r

Similarly, in Fig. 2(b), the curves with fixed values of
reheat temperature in the range of T €[2 x 105-10'] GeV
follow M ok~ behavior obtained from Eq. (37). For the
scalar spectral index n, fixed at Planck’s central value
(0.9655), we obtain the following ranges of remaining
parameters:

1.3x 1077 <k <2.1 x 1074,
(1.3 x 10" <M <2.0x 10') GeV,
107" < Gueg <8 x 1076,
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FIG. 3. Gravitational wave signal from metastable cosmic

strings explaining the recent PTA result [6] [in particular, the
one with (Gu, a'/?) = (1077, 8), see text for details]. For meta-
stable cosmic string networks, we demonstrate the GW signals
for two different values of the decay parameters, namely,
al/? = 8 (solid lines) and a'/2 =7 (dashed lines). Moreover,
the GW spectrum is presented for three different values of the
string tension: Gu = 1077 (blue), G =10% (red), and Gu=107°
(green). For comparison, the GW spectrum from a stable cosmic
string network is depicted with dash-dotted lines. The current
LVK [75,76] bound (O3) on cosmic string networks is depicted.
Future sensitivities of various upcoming experiments, such as
LISA [77], SKA [78], THEIA [79] (see also [80,81]), ET [82],
CE [83], BBO [84], and DECIGO [85], are also illustrated.

All the solutions obtained in our analysis satisfy the
leptogenesis constraint, as depicted in Eq. (42).
Furthermore, as mentioned before, the gauge-breaking
scale, denoted by M, is related to the cosmic string tension
parameters u... The vertical avocado bar in the plot
indicates the range of the string tension parameter G,
which for making the plots, is varied in the range
~107°-10~"". However the cosmic microwave back-
ground (CMB) constraint Gu. < 1.3 x 1077 on cosmic
string tension limits M to be less than or equal to
1.8 x 10'5. Within this M range, « falls in the range of
8.9 x 107°2.1 x 10™* as depicted in Figs. 1 and 2. This
favored parameter space aligns with stochastic gravitational
wave backgrounds, contingent on the selection of M
and adjustment of \/a. As pointed out in Sec. II, the third
advanced LVK bound rules out regions of the parameter
space for Gu, > 1077 [6], whereas the recent PTA data
strongly suggest Guc ~ 1077 for \/a close to 8 [6]. This
LVK bound is slightly stronger than the constraints arising
from CMB, which leads to Gu, < 1.3 x 1077 [68,74].
Intriguingly, the entire region of the parameter space shown
in all these plots above, with Gu, < 10~/ in a broad
spectrum of frequencies, will be fully probed by several
gravitational wave observatories. This is explicitly
depicted in Fig. 3 for an example parameter point with

(Gugs, a'/?) = (1077, 8), which explains the recent PTA
data. In Fig. 3, the GW spectrum is shown for three
different values of the string tension: Gu = 10~ (blue),
Gu = 1078 (red), and Gu = 10 (green). Moreover, for
metastable cosmic string networks, we demonstrate the
GW signals for two different values of the decay param-
eters, namely, a'/? = 8 (solid lines) and a'/?> = 7 (dashed
lines). The GW spectrum from a stable cosmic string
network is illustrated with dash-dotted lines for compari-
son. For making this plot, we followed the procedure
explained in Ref. [20].

Note that, using the PTAs, it may also be possible to
detect stochastic GW background to the ultralow fre-
quency, in particular, for f ~107'2-10° Hz [86]. The
analysis performed in [86] using the current PTA data
shows sensitivity for Qgwh? = 1078, which is not of our
interest.

VII. CONCLUSIONS

In conclusion, we have investigated promising pathways
for model building that connect the Pati-Salam model to
the Standard Model, uncovering noteworthy cosmological
implications along the way. The breaking pattern G4, to
G131y through Gsyy; produces monopoles. To circumvent
the issue of monopoles, we adopted the standard SUSY
hybrid inflation at G3,;; scale, ensuring compatibility with
matter-antimatter asymmetry obtained through leptogene-
sis. Our model not only produces a scalar tilt that aligns
with the Planck 2018 constraints but also exhibits small
tensor modes beyond the scope of upcoming CMB experi-
ments. The breaking of Gs,;; at the end of inflation leads to
the cosmic strings, which eventually disappear due to the
quantum tunneling of the monopole-antimonopole pairs,
confirming the formation of a metastable cosmic string
network. The stochastic gravitational wave background
produced by this network of metastable strings is compat-
ible with the gravitational waves observed recently by
pulsar timing array experiments, including NANOGrav,
CPTA, EPTA, InPTA, and PPTA. Furthermore, this gravi-
tational wave spectrum remains within the detection
capabilities of both existing and future ground- and
space-based experiments.
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