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We propose a predictive SO(10) grand unified theory (GUT) framework for cosmic inflation within the
Palatini R? formulation of gravity. In this model, a GUT Higgs field simultaneously drives inflation and
induces intermediate-scale symmetry breaking, thereby linking primordial cosmology, gauge unification,
and formation of topological defects. A subsequent partial inflationary phase of N; ~ 10-17 e-folds
occurring after monopole formation can dilute magnetic monopoles to abundances Y, ~ 1073-10727. The
model predicts cosmic microwave background (CMB) observables in the range 0.955 < n, <0.974,
accommodating the mild tension between the Planck—BICEP (n; ~ 0.965) and Planck+ACT (n, ~0.971)
measurements via the ¢ < M and ¢ > M branches, respectively, where M denotes the renormalization
scale entering the Coleman—Weinberg potential. The predicted tensor-to-scalar ratio, r < 8 x 107, is
consistent with current observational bounds and may be accessible to forthcoming experiments, including
the Simons Observatory and LiteBIRD. Furthermore, correlations among the unification scale My, the
inflationary observables (ng, r), and proton-decay lifetimes reveal a strong complementarity between CMB
measurements and proton-decay searches, with regions of parameter space testable by upcoming
experiments, such as Hyper-Kamiokande and DUNE.
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I. INTRODUCTION

Among the various candidates proposed for the scalar
field responsible for driving cosmic inflation [1-4] in the
early Universe (see, e.g., [5] for a review), the Higgs field of
the Standard Model (SM) stands out as one of the most well
motivated. Its discovery at the Large Hadron Collider [6,7]
establishes it as a fundamental scalar field, making it a
natural candidate for the inflaton.

Since the proposal of Higgs inflation, numerous exten-
sions and variants have been investigated [8]. The original
Higgs inflation model, however, is based on a nonminimal
coupling to gravity of the form &|H|*R, where R is the
Ricci scalar curvature, with &= O(10*) [9-11] with
embeddings in scale-invariant extension of the SM within
general relativity (GR) being quite successful with cosmic
microwave background (CMB) predictions [12].

Remarkably, the inflationary predictions of Higgs infla-
tion closely resemble those of the well-known Starobinsky
model [1], despite their markedly different theoretical
origins. Following the results of the Planck 2013
mission [13], it was shown that both models belong to a
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broader class of theories known as inflationary or cosmo-
logical attractors, more specifically, a-attractors [14—19].
The Hubble scale during inflation is estimated as

1/4 1p1
HNA/ W’

where A is the Higgs self-quartic coupling at the scale of
inflation, and mp is the reduced Planck mass. The scale of
inflation H falls well above the tree-level cutoff of the
theory in vacuum, A ~ mp/E [20-23]. Nevertheless, since
the perturbative cutoff associated with Higgs fluctuations
during inflation can remain well above the inflationary
scale, according to Refs. [24,25], this apparent problem
might not be critical. This clearly illustrates several subtle-
ties associated with the effective field theory (EFT) treat-
ment of Higgs inflation.

The nonrenormalizable nature of gravity in GR fur-
ther complicates the picture, introducing ambiguities in
low-energy observables [26,27]. These become particularly
pivotal during reheating, when transverse electroweak
gauge bosons may be produced nonperturbatively in large
numbers [28-30].

Several proposals have been explored to address these
issues, including raising the cutoff scale in Higgs inflation
scenarios, sometimes up to the Planck scale [31-33].
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Among these possibilities, a particularly natural and well-
motivated approach within the EFT framework is the Higgs,
R? model [34-37]. In this framework, inflation is driven
jointly by the Higgs field and the scalaron, the scalar degree
of freedom associated with the geometric R? term [1], which
provides an ultraviolet (UV) completion of Standard Model
Higgs inflation, as demonstrated in Refs. [35,38].

Within the context of cosmological attractor phenomena,
the Higgs-R?> framework emerges naturally, yielding
remarkably stable predictions for CMB observables that
are fully consistent with current Planck-BICEP measure-
ments [34,39,40]. In various limits, this framework reduces
to either pure Higgs inflation or pure Starobinsky inflation.
Moreover, it has been successfully embedded within string
theory constructions and reconstructions [41-44].

For instance, in the original Higgs inflation model,
the nonminimal coupling required to satisfy CMB observ-
ables, £~ O(10%), can be sufficiently large to induce
unitarity-violating interactions [45—47]. In the metric for-
mulation, the tree-level unitarity cutoff is approximately
A ~ myp, /&, which lies below both the inflationary and high-
energy reheating scales [48], making the scenario less
appealing. However, within the Palatini formulation of
gravity, the cutoff scale is raised to A ~ mp/+/&, ensuring
that it remains above the Hubble scale during inflation,
H ~ mp/&, in both the vacuum and inflationary regimes.
This renders the theory perturbative and reliably predictive
up to higher energy scales.

The purpose of this paper is to investigate the impact of
inflation on intermediate-scale monopoles in scenarios
where the inflaton is a GUT-singlet scalar field (¢) with

a Coleman—Weinberg potential [49] and a nonminimal
coupling to gravity [10,16,50-66]. This setup is further
extended by including the Starobinsky R? term, providing
a UV-complete framework as discussed in Refs. [67-75]. In
such SO(10) GUT frameworks, the formation of topologi-
cal defects like monopoles [76-81] naturally occurs, and
we examine their fate when inflation starts from an
unbroken GUT symmetry with sequential intermediate-
scale breaking. The intermediate symmetry-breaking scales
are determined by the requirement of SM gauge coupling
unification at GUT scales, and we analyze how partial
inflation affects monopole observability using the MACRO
bound [82] and related experimental constraints, establish-
ing a natural complementarity between primordial cosmol-
ogy and particle physics probes.

Our focus is on the interplay between CMB observ-
ables and proton decay limits, which together impose
interlocking constraints on SO(10) models where inflation,
driven by a GUT-singlet with a Coleman—Weinberg poten-
tial, also determines the survival of intermediate-scale
monopoles. This discussion is summarized schematically
in Fig. 1.

The paper is organized as follows. In Sec. II, we
introduce the SO(10) GUT inflation framework, first
presenting Coleman—Weinberg inflation with a nonminimal
coupling and subsequently extending the analysis to the R?
model. This section also discusses the Palatini formulation
and its implications for scalaron dynamics and inflationary
observables. Section III examines symmetry-breaking
patterns and the associated topological defects, focusing
on intermediate-scale monopoles that emerge in two
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Conceptual overview of our unified Palatini SO(10) Higgs-R? inflationary framework. The diagram illustrates how a single

theoretical framework simultaneously connects and provides complementarity predictions for inflationary dynamics, tested by CMB
observations [83-88], GUT symmetry breaking, probed by proton decay experiments such as Super-Kamiokande [89] and the
upcoming DUNE [90-93] and Hyper-Kamiokande [94] experiments, and topological defect formation, constrained by monopole
searches, including the MACRO bounds [95], as well as future probes such as Hyper-Kamiokande [94] and DUNE [93].
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representative breaking chains. We determine the inter-
mediate scales from gauge-coupling unification, evaluate
the effect of (partial) inflation on monopole abundances,
and compare the predictions with current experimental
constraints. In Sec. IV, we discuss our results, highlighting
the phenomenological implications and the framework’s
powerful complementarity. We then summarize our main
outcomes and outline directions for future work in Sec. V.
The Appendix collects the generic slow-roll parameters and
analytic formulas used in the text. In this paper, we adopt
natural units, ¢ = i = kz = 1, and set the reduced Planck
mass, mp, to unity.

II. SO(10) GUT INFLATION

Having established the theoretical advantages of the
Palatini formulation, namely, its ultraviolet (UV) safety and
controlled dynamics in our GUT-extended framework
while avoiding the unitarity violations inherent in the
metric formulation, we now present our detailed computa-
tional framework. In this section, we first outline Coleman—
Weinberg inflation with a nonminimal coupling in the
Palatini formalism and then extend the analysis to include
the R? term, emphasizing its impact on scalaron dynamics
and inflationary observables.

A. Coleman—Weinberg inflation
in nonminimal coupling

In the following analysis, we take ¢ to be a real scalar
field that is a gauge singlet with respect to the SM gauge
factors. In explicit SO(10) constructions, such a singlet
may either be an elementary SO(10) singlet or correspond
to the singlet component of a larger SO(10) multiplet.
Phenomenologically, ¢ serves two key roles:

(1) Itacts as the inflaton, with its vacuum energy driving
accelerated expansion via a Coleman—Weinberg-
type potential.

(i) It couples to the GUT-breaking sector, thereby
governing the (partial) breaking of the unified
symmetry during and after inflation. This coupling
directly impacts the formation and dilution of
topological defects associated with intermediate
symmetry-breaking stages.

The action in the Jordan framework’ is given by [96-99]

5= [ axvma(3rOR =L 09r-vi@)). ()

Here, g denotes the determinant of the metric, and R is the
Ricci scalar constructed from g,,. The function f(¢)
encodes a nonminimal coupling between the real
GUT-singlet scalar field ¢ (the inflaton) and gravity;

lThroughout the paper, “J” refers to the Jordan frame, while
“E” refers to the Einstein frame.

when f(¢) — 1, the scalar field is minimally coupled.
The kinetic term is written in compact notation as
(V¢)?* = ¢0,¢0,¢. The Coleman—Weinberg-type radia-
tive potential is then given by

Vi) = A n(%) 3] + LSS

Here, A is a (Ioop-suppressed) coefficient determined by
the particle content and couplings of the underlying GUT,
while M denotes the renormalization or symmetry-breaking
scale, i.e., the scale around which the logarithm is expanded
and at which the additive constant AM*/4 sets the vacuum
energy.

The nonminimal coupling function is given by

f(@) =1+&¢* - M?). (3)

The dimensionless nonminimal coupling & governs the
strength of the interaction between both ¢ and R, and the
shift by —M? ensures that f(¢) — 1 in the vacuum at
¢ = M. To ensure the physical consistency of the infla-
tionary dynamics, we impose the condition

f(¢) =1+&(¢* —m?) >0, (4)

throughout the evolution of the inflaton field ¢. This
condition is essential in both the Jordan and Einstein
frames, since a vanishing or negative f(¢) would render
the Weyl transformation ill defined and lead to pathological
gravitational interactions, thereby disrupting the inflation-
ary regime. Consequently, in our analysis, we restrict the
nonminimal coupling parameter &, whether positive or
negative, to values that guarantee f(¢) > 0 for all relevant
field values during and after inflation, ensuring a stable and
physically consistent cosmological evolution.

To express the action in the Einstein framework, we
apply a Weyl transformation” [100],

9w — gv = f(¢)gm/ (5)

Consequently, the Einstein-frame Lagrangian simplifies to
the following form:

= [ V(3R 57055 907 -Vel@)). ©

Since the kinetic term is noncanonical, a field redefinition is
required. The canonical scalar field { is then defined as

’A tilde denotes quantities evaluated in the Einstein frame.
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) -y ez
dg) — f(d)  1+&¢*-M)
and the field-space metric can be expressed as

Z(p) =1+ &> - M?). (8)

We consider the Palatini formulation, in which the metric
9w and the affine connection I'”,, are treated as indepen-
dent variables and varied separately. Varying the action
with respect to I, yields

Vi(v=af(#)g™) =0, ©)

and the Einstein frame potential is then given by

Ad*[In(L) — 1 4 am?
Vi) = E’ii éé”j;z _“;;)]5‘

(10)

We present a concise slow-roll analysis of the Einstein-
frame dynamics, with the full definitions of the slow-roll
parameters provided in the Appendix. Working consis-
tently within the Palatini formulation and expanding to
leading order in 1/N,, where N, denotes the number of
e-folds between the horizon exit of the CMB pivot scale
and the end of inflation, we analytically obtain the
following approximate expressions for the inflationary
observables:

8
rzm,
nol— 2
. N
o, 1 - M? 2
N =8 E+ &P

e VM= ¢+ 4¢" In(p/M)

21% 107
where8:4m/¥. (11)

We also provide analytic approximations for the inflaton
field values at horizon crossing (¢,) and at the end of
inflation (¢,). Here, ¢, denotes the value of the field ¢ at
horizon crossing of the CMB pivot scale [(.e., when
Eq. (A9) ~2.1 x 10~ [85]), while ¢, corresponds to the
field value at which slow-roll ends, defined by e(¢,) = 1,
with e given in Eq. (Al). Working to leading order in the
small displacement of ¢ from the symmetry-breaking scale
M, these expressions are obtained by solving the slow-roll
relations and imposing the observed amplitude of the
curvature perturbations.

The results read

¢ =M——2 where ¢ = (2.1 x 107 x 2472)1/4,

VMVA
V25 1 207 — 5)

¢e:M<1_T .

(12)

In Fig. 2, we show the r—n, plane for the potential of
Eq. (10) evaluated within the Palatini formulation. This
produces a characteristic correlation between the scalar
spectral index n, and the tensor-to-scalar ratio r, which
depends sensitively on the radiative mass scale® M and the
reheating temperature 7,,. Different colors correspond to
distinct mass scales and reheating temperature choices.
Increasing M at a fixed nonminimal coupling ¢ flattens the
Einstein-frame potential, thereby reducing r from ~0.041
at M = 50mp, down to ~1073 for M = 500mp,. The black
markers on the M = 50mp, trajectory in Fig. 2 denote
discrete ¢ values yielding N, ~ 50 e-folds of slow-roll
inflation. A higher reheating temperature decreases the
postinflationary expansion required to match the CMB
pivot scale, shifting each curve slightly toward lower r at
fixed n,. Overlaid 68% (dotted) and 95% (dashed) con-
fidence contours from Planck+BICEP/Keck + BAO [83],
the Simons Observatory [86], and LiteBIRD/Planck [87]
indicate that, for M > 100mp, and T, = 107 GeV, the
model predictions lie comfortably within the observatio-
nally favored region. This confirms the viability of radi-
atively driven Palatini inflation in reproducing both the
observed ng and the current upper limits on primordial
tensor modes. Selected benchmark values for these numeri-
cal results are presented in Table I and approximated
in Eq. (11).

We also compute the running of the scalar spectral index,
a, = dng/d1n k, and report these values in Table 1. For the
benchmarks shown in the table, we find a small negative
running, @, ~ —(5.8-6.7) x 107*. The running exhibits
only a weak dependence on the radiative mass scale M
and on ¢, tending to decrease slightly in magnitude for
larger M and for larger |&|. Overall, a, remains comfortably
within current and projected observational constraints
[85,88,101,102].

The family of curves in Fig. 2 illustrates how two
physical ingredients, the shape of the Einstein-frame
potential (mainly determined by the radiative mass scale
M) and the postinflationary expansion history (set by the
reheating temperature 7;,), map onto the observable pair
(r, ny). Increasing M at fixed nonminimal coupling flattens
the potential around the inflationary plateau, reducing the
slow-roll parameter ¢ o (V//V)? [see Eq. (Al)] and

*We identify the renormalization group equation scale y with
the symmetry-breaking scale M, as it represents the characteristic
mass scale at which the radiative corrections that shape the
potential are evaluated.
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FIG. 2. Inflationary predictions for the spectral index n, and the tensor-to-scalar ratio r are shown for different values of M (in mp,
units) and varying reheating temperatures (top), while the running of the spectral index @, as a function of n, is shown in the
bottom panel.

TABLE I.  We compute the inflationary parameters for a real singlet scalar field with a nonminimal coupling to
gravity in the Palatini formulation, employing the Coleman—Weinberg potential and assuming a reheating
temperature of T,y, = 107 GeV and an equation-of-state parameter w, = 0.

¢ M/myp Ax 1071 ¢../mpi ¢e/mpi ng r —a, x 1074 N,
—0.001 50 1.12 37.45 48.70 0.962 0.041 6.66 50.6
100 0.41 86.76 98.75 0.965 0.030 6.49 50.4
500 0.06 486.41 499.00 0.966 0.009 6.10 49.8
—0.002 50 1.39 37.81 48.76 0.960 0.022 6.30 50.3
100 0.60 87.25 98.84 0.961 0.015 6.17 50.1
500 0.11 486.89 499.14 0.963 0.004 6.00 49.5
—0.003 50 1.53 38.18 48.81 0.956 0.013 6.06 50.1
100 0.73 87.72 98.91 0.958 0.009 5.99 49.8
500 0.13 487.26 499.23 0.959 0.002 5.92 494
—0.004 50 1.70 38.66 48.85 0.951 0.009 5.86 50.0
100 0.80 88.13 98.96 0.954 0.006 5.85 49.8
500 0.15 487.73 499.28 0.955 0.001 5.84 49.3
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20.002  -0.001

The tensor-to-scalar ratio r is shown for different choices of the parameter M as & varies. Results are presented for both the

metric and Palatini formulations. The red shaded region indicates the parameter space excluded by Planck observational constraints
[85], while the gray dot-dashed line shows the projected constraints from LiteBIRD [87].

thereby strongly suppressing r. Changes in 7', alter the
number of e-folds N, between horizon crossing and the end
of inflation; higher reheating temperatures typically imply
larger N,, producing a further reduction of r and a slight
shift of n, toward unity. Consequently, low-M trajectories
predict comparatively larger (and in some cases observable)
tensor signals, while large-M trajectories reside in a low-r
regime comfortably consistent with current bounds. Hence,
improved upper limits on r will primarily constrain the
lower-M portion of the parameter space.

Figure 3 shows the tensor-to-scalar ratio r as a function
of the nonminimal coupling parameter ¢ for four repre-
sentative mass scales, M = {50,500, 1000, 5000 }mp,.
Solid curves correspond to the Palatini formulation, while
dashed curves represent the metric formulation. As &
approaches zero, all trajectories converge toward the
minimally coupled limit; however, the Palatini predictions
systematically yield lower values of r than their metric
counterparts at small £. Increasing M further suppresses the
tensor modes, reflecting the reduced amplitude of primor-
dial gravitational waves in higher-scale inflationary mod-
els. The distinct separation between Palatini and metric
predictions underscores the significance of the chosen
gravitational framework, with the Palatini formulation
providing a natural mechanism to achieve lower r, in
better agreement with current observational upper limits,
as illustrated in Fig. 2 and Table 1.

These differences arise from the distinct Einstein-frame
dynamics in the metric and Palatini formalisms. The
effective potential and kinetic normalization that enter
the slow-roll parameters differ between the two formula-
tions, making the first slow-roll parameter, ¢ (and hence
r =~ 16¢), generically smaller in the Palatini realization for
the same Jordan-frame input. Increasing the symmetry-

05

breaking scale M further suppresses the tensor amplitude
because it lowers the overall inflationary energy scale (and
the Hubble rate H), producing a smaller gravitational-wave
signal. These features highlight the phenomenological
importance of the gravitational formulation: Palatini imple-
mentations more readily yield values of » compatible with
current upper limits, while also modifying the mapping
between model parameters, n,, reheating history, and
monopole dilution, as discussed in Sec. III.

B. Palatini R? case

Building on the SO(10) setup described above, we
extend the action in Eq. (13) by including the R? term,
consistently working in the Palatini formulation (as
emphasized in Sec. Il A). In our construction, the inflaton
remains the GUT-singlet scalar ¢, whose Coleman—
Weinberg potential V;(¢) is generated by radiative effects
of the GUT field content and whose vacuum expectation
value sets the intermediate symmetry-breaking scale; the
potential is explicitly given in Eq. (2). The R? contribu-
tion is most conveniently handled in the Palatini formu-
lation by introducing an auxiliary scalar y that
parametrizes the scalaron sector. The dimensionless coef-
ficient a controls the strength of this sector and thus the
extent to which the scalaron modifies the effective
gravitational coupling during inflation. Working in the
Palatini formulation keeps the geometric extension min-
imal and algebraically tractable. In this approach, the y
field encodes the R? effects, and it provides a transparent
description of how the scalaron and the nonminimally
coupled inflaton jointly reshape the Einstein-frame poten-
tial and the resulting inflationary dynamics. The resulting
action is then given by

5042-6
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5= [ axvma(y e + o

x4

L ap -Gt w)) (13)

We then perform a Weyl rescaling of the metric to express
the action in the Einstein frame

G = L(#)gu. and Q(p) = &P +ar’.  (14)
The Weyl rescaling transforms the metric to the Einstein
frame, rendering the gravitational term canonical and
thereby simplifying the analysis of inflationary dynamics,

5= [ ¢y ( (VoY —VE<¢,;(>), (15)

2 o

with

Vel =g (Vi#)+52). (6)

The Einstein-frame action includes a modified kinetic
term and potential, with Q? rescaling the fields to yield a
canonical Einstein—Hilbert term. Here, Q?(¢) is defined in
Eq. (14), and the auxiliary field is given by the following
expression:

2 Wi0) P (VP -

(é¢” — a(Ve)?)

The auxiliary field y is obtained by minimizing the action
with respect to y, thereby eliminating it as an independent
degree of freedom. Using the expressions defined in
Egs. (14), (16), and (17) the action can then be written
in the Einstein frame as®

V,(9)

. e 102
SEN/ d%f( 5 Zo(¢) B¢ +4aV,(9)

T 0<<w>4>). (18)

The field-space metric Zp(¢) in the Palatini formalism is
defined as

E¢* +4av(g)
&g '
The field-space metric Zp(¢) arises from the nonminimal

coupling and modifies the kinetic term of the scalar field.
We then introduce the canonical scalar field ¢ as

Zp(¢) = (19)

4Higher—order derivative terms are neglected here, which is a
valid approximation during slow-roll inflation, where the field
variations are small.

d¢ E?
e Y Y R L —
720 N eF T aavy)

Defining the canonical field { normalizes the kinetic term
to its standard form, thereby facilitating the application of
the slow-roll formalism. From the action in Eq. (18), it can
be concluded that the Einstein-frame potential takes the
form

df = (20)

V,(¢)
E¢* +4aV, ()
_ AIn() — i +4E
8¢ +4Aag*In(d) - ] + Aam*

VE(¢> =

(21)

This effective potential, V(¢), drives inflation in the
Einstein frame, incorporating the logarithmic structure of
the Coleman—Weinberg potential. Following the slow-roll
parameter definitions in the Appendix and working con-
sistently within Palatini gravity, we present the leading-
order analytic approximation for the tensor-to-scalar ratio
as follows:

G here G 128
Iy = = , W = =
a+G(1 -7 A% x (161/37)>
) G \!/3
d G=¢l—=5] . 22
an df(128A2> (22)

Equation (22) explicitly demonstrates that the tensor-to-
scalar ratio in Palatini R? inflation is suppressed by the
factor 1/a, while its dependence on the nonminimal
coupling & appears only through subleading terms. This
analytic structure anticipates the numerical results: for
small @, one recovers r~ O(107"), characteristic of
minimally coupled quartic models, whereas increasing
a rapidly drives r toward the universal attractor value
r~8 x 107, independently of & and M. The near inde-
pendence of n, on « follows from the same expression, as
shown in Eq. (25), because the slow-roll parameter € is
suppressed while # remains determined by the shape of the
effective potential. In this way, the analytic formula
captures the qualitative behavior observed in Table II,
highlighting that a is the dominant parameter controlling
the tensor amplitude within this framework.

The value of ¢, at the time when the pivot scale crosses
the horizon is related to the model parameters via the
following approximate expression:

pouli- ()

This equation constrains ¢, by requiring that the ampli-
tude of scalar perturbations matches CMB observations,
thereby connecting the model parameters to cosmological
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TABLEIL Inflationary observables for the Coleman—Weinberg potential in the R? Palatini formalism, assuming an equation-of-state

parameter @, = 0.

¢ a M/mp T (GeV)  Ax1075 ¢, /mp ¢p./mp ng r —a, x 107 N
107 6.76 29.82 4775  0.955 0.260 7.65 51.8
50 100 6.03 29.40 4775 0956 0.252 7.36 54.1
S
10 107 6.76 14936 23873  0.954 0.261 7.64 51.8
250 100 6.03 14701 23873  0.956 0.252 7.34 54.1
0.001 107 7.59 30.24 4830 0953  8.02x 10~ 7.71 49.3
S0 1010 6.92 29.93 4828 0954  8.02x 1074 7.41 51.6
10
10 107 7.59 151.18 24150 0953  8.02 x 10+ 771 493
250 100 6.92 149.63 24140 0954  8.02 x 10~ 7.41 51.6
107 1.00 43.05 4929  0.960 0.176 7.58 51.5
50 1010 0.93 42.97 4929  0.961 0.172 7.30 53.8
S
10 107 1.02 21548 24646  0.960 0.178 7.58 51.5
250 100 0.92 214.65 24646  0.962 0.170 7.29 53.8
0.0001 107 1.10 43.22 49.49 0.958 8.0l x 10~* 7.65 49.2
50 1010 1.00 43.07 49.48 0960  8.00x 104 7.36 51.5
10
10 107 1.10 21608 24745 0958  8.01 x 10~ 7.65 492
250 1010 1.00 21533 24742 0960  8.00 x 10~ 7.36 51.5
107 0.11 47.77 4978  0.961 0.160 7.55 51.4
S0 1010 0.10 47.70 4978 0.963 0.153 7.23 53.8
S
10 107 0.11 23873 248.88  0.961 0.160 7.57 51.4
] 250 1010 0.10 238.55  248.88  0.962 0.155 7.23 53.8
10~
107 0.12 47.81 4984 0959  8.00 x 10~* 7.68 492
o 50 1010 0.11 47.76 4984 0961  8.00x 1074 7.37 51.5
10
»50 107 0.12 239.04 24921 0959  8.00 x 10~ 7.68 492
1010 0.11 23881 24920 0961  8.00 x 10~ 7.37 51.5
data [83—88]. The field value ¢, corresponds to the end of (et = MY -4’ In(%)
inflation, marking the onset of the radiation-dominated era, T AMAED — AES
and is given by the following analytical approximation: ; # # ! #
=|=Inl—=)In{l-— | ——=In|—
() (- 4) - em ()
1 Pp*\ ¢
\/ &+ 644083 — & +—Li)(—5 )| . 26
domM{ 1~ (24) 166 2\m*) |, (26)

4/ Aa

Following the discussion in the Appendix, the scalar
spectral index can be written as

(1+3x% —4x* — 8x*In(x)) O,

1-n,=16 , wh =—.
B ¢ (1—x*+4x*In(x))? where s

<

(25)

The number of e-folds can be expressed in the following
form:

which can be approximated5 as

’Here, Li(z) is the dilogarithm function,

Liy(z) = —Azmm,

t

and it is given in series form as

055042-8
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N 1 =
*_4_5 +Z (/)e.

(27)

(3] (-40)-+(8) 36

The number of e-folds, N,, quantifies the total expansion of
the scale factor between the field values ¢, and ¢,. This
quantity is essential for ensuring that inflation persists long
enough to resolve the horizon and flatness problems.
In standard cosmological scenarios, addressing these issues
typically requires 50 < N, < 60, although the precise value
depends on the postinflationary thermal history.

In the standard Coleman—Weinberg inflation framework
considered here, the potential exhibits two distinct infla-
tionary regions determined by the inflaton field value ¢

relative to the symmetry-breaking scale M. For ¢ < M,
the potential features a hilltoplike structure, characteristic
of small-field inflation, where the logarithmic term
In(¢p/M) <0 creates a shallow plateau conducive to
slow-roll dynamics with relatively low field excursions
(see, e.g., ¢./mp ~29.4-43.2 in Table II). This region
yields spectral indices n; ~0.953-0.963 and moderate
tensor-to-scalar ratios r ~ O(107!) for smaller a, transi-
tioning to r =~ 8 x 10~ for large @ = 10'°. Conversely, for
¢ > M, the potential adopts a large-field, chaoticlike
behavior due to In(¢p/M) > 0, leading to significantly
larger field values (¢, /mp; ~ 77.2-9455.8, Table IV) and
a flatter potential that drives n; closer to unity
(ng ~0.967-0.974), aligning with recent Planck+ACT
data [88]. This large-field regime enhances the model’s

10—1.0
LiteBIRD 107290
Planck+ACT
1071 \m 10-3:0
a=107
e T T T TS -4.0
Ny _/'/ T XS . \»\ 10 M
/ / i \
1072 ! i Derot | -
i .| TSN 10750
'\ . ; i
[ I i i
‘-! ‘\‘ / !-I 10760
Lo
i j i ol
1073 |ll ! :.' a=10 : 1070
0950 0.955 0.960 0.965 0.970 0.975 0.980 0.985
g
0.020 ——~ Planck
Planck+ACT
0.015 SPHEREXx
s4
0.010 — a=10°
— a=107
0.005 o
& 0.000 —— a=10%
-0.005
-0.010
-0.015
-0.020 ;
0.970 0.975
0.94 0.95 0.96 0.97 0.98 0.99
s

FIG. 4. Predictions for the inflationary observables of the Coleman—Weinberg potential in the R? Palatini formalism are shown for the
¢ > M case, over a range of values of the nonminimal coupling parameter ¢ and for different choices of the R? parameter a. We fixed

M = 50mp; and w, = 1/3. The blue star corresponds to the points shown in Figs. 8—11.
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consistency with observations while maintaining the R2-
driven suppression of r, as illustrated in Fig. 4, highlighting
the critical role of the field branch in shaping inflationary
predictions within our SO(10) GUT framework.

Although the inflaton field ¢ can take super-Planckian
values in the ¢p > M branch, as seen in Tables IV and VIII,
the model’s validity is preserved. The canonical Einstein-
frame field { undergoes mildly super-Planckian excursions
using Eq. (4) and Eq. (7) which is explicitly shown in
Eq. (20) yielding

1 «
AL ~ 751n (%) ~ 10mpy, (28)

comparable to those in large-field models like chaotic
inflation, where Ag¢ ~ 5-15mp; is standard. Moreover,
the Coleman—Weinberg potential, being a one-loop
effective potential, remains perturbative since the loop
expansion parameter A In(¢p/M) ~10712-10""* < 1, with
A~10"5-10"" and In(¢/M) ~3-4 from the bench-
marks. Additionally, the Palatini R> formulation ele-
vates the perturbative unitarity cutoff above the
inflationary Hubble scale H ~ 10'3 GeV [35,38] as shown
in Tables VI, VII, and VIII, ensuring reliability without
undue sensitivity to UV physics.

In the postinflationary era, reheating proceeds through
the perturbative decay of the inflaton ¢, which, as a GUT
singlet scalar, couples primarily to the symmetry-breaking
multiplet Yg via the portal term —lwig?Y3, as we
elaborate with more details in the next section, specifically
around Eq. (32). This interaction enables the dominant two-
body decay channel ¢p - T¢Yg, provided the kinematic
condition my > 2my is satisfied, where the inflaton mass
near its minimum ¢ = M is m, = V3AM from the quad-
ratic approximation of the Coleman—Weinberg potential,
and my, & wsM/+/2xg from the induced mass term, where
xg is a dimensionless coupling that control the self-

interaction of the symmetry-breaking GUT multiplet scalar
Tg. The decay width for this channel is [103-105]

. wtM?
= 32zmy’

(29)

assuming negligible phase-space suppression. Subsequent
rapid decays of Y to SM particles (via its gauge inter-
actions within the SO(10) multiplet) thermalize the
Universe. The reheating temperature can then be estimated
as [103-105]

8OT2m2,\ 1/4
Treh ~ <2¢> ’ (30)
7Gx

where ¢, ~ 106.75 accounts for relativistic degrees of
freedom. Substituting the model parameters, with

wg ~107* (consistent with A ~1071%-10""° from the
benchmarks and D = 210) and M ~ 50-250myp,, yields
T,en ~ 107-10'" GeV, aligning with the values adopted
in our analysis to ensure compatibility with big bang
nucleosynthesis and to avoid overproduction of gravitinos
in supersymmetric extensions. This range also minimizes
washout effects on any baryon asymmetry generated at
intermediate scales, while higher T, would enhance
monopole dilution but potentially conflict with unification
constraints.

The numerical results in Table II confirm that the tensor-
to-scalar ratio r is highly sensitive to the Starobinsky
parameter a, as indicated in Eq. (22). For @ = 10°, r assumes
relatively large values, 0.15 < r < 0.26, depending on the
nonminimal coupling &, whereas for & = 10'°, it is strongly
suppressed to r ~ 8 x 107#, essentially independent of other
parameters. The nonminimal coupling parameter £ affects r
only moderately and induces minor variations in the spectral
index ng, which remains in the range 0.953 < n, < 0.963.
Similarly, the running of the spectral index, a;, exhibits mild
dependence on the model parameters, taking values in the
range —7.71 x 107* < a, < =7.23 x 107, with the largest
magnitudes occurring for lower reheating temperatures and
smaller @. The mass scale M primarily rescales the field
values ¢, and ¢, without significantly affecting the infla-
tionary observables, consistent with the analytic discussion
below Eq. (22). Reheating temperature 7', introduces only
subleading corrections, altering N, by a few units. Overall,
these results demonstrate that the suppression of r is
dominated by a, while n; remains consistent with current
CMB constraints [83,85-87], and «, likewise aligns with
observational measurements [85,88,101,102] across the
explored parameter space.

Table III reveals a set of clear and consistent behaviors
that extend and refine the conclusions drawn for the w, = 0
case. Here, o, denotes the equation-of-state parameter
during the reheating epoch,

: (31)

W, =

ASHAS

which characterizes how the dominant energy component
redshifts between the end of inflation and full thermal-
ization. Physically, different values of @, correspond to
different reheating dynamics: w, = 0 describes a matterlike
epoch (coherent oscillations of the inflaton), w, = 1/3
corresponds to radiation-dominated reheating (instantane-
ous or highly efficient thermalization), and larger values of
o, represent stiffer fluids or nonstandard postinflationary
dynamics.

The equation-of-state parameter @, plays a crucial role in
inflationary predictions, as it determines the number of
e-folds N, between the horizon exit of the CMB pivot scale
and the end of inflation. In particular, N, receives a
correction that depends on both @, and the ratio of the
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TABLE IIL

Inflationary observables for the Coleman—Weinberg potential in the R? Palatini formalism. We fixed

the equation-of-state parameter at @, = % and impose the condition ¢ < M.

M

£ a . Ax 10715 . /mp ¢, /mp ng r —a, x 107* N
" 490 2863 4775 0959 0239 6.36 58.3
10° 250 4.90 14315 23873 0959 0239 6.36 58.3
0.001 50 5.75 2021 4823 0957  0.000802 6.40 55.6
100 250 5.75 14604 24116 0957  0.000802 6.40 55.6
.50 0.79 4268 4929 0964 0159 6.36 58.0
10° 250 0.79 21338 24646 0964  0.159 6.36 58.0
0.0001 50 0.87 4284 4947 0963 0.000800 6.41 55.6
100 250 0.87 21419 24736 0963  0.000800 6.41 55.6
50 0.09 4763 4978 0965  0.145 6.29 57.9
5 10° 250 0.09 238.17 24888 0965  0.145 6.29 57.9

10-

o0 50 0.10 4766 4983 0964  0.000800 6.34 55.6
250 0.10 23838 249.18 0964  0.000800 6.34 55.6

energy density at the end of inflation to that at the end of
reheating. A convenient parametrization is

1-3w Pend
N,=Ny+-——"_In(E¢),
0 12(1 +a)r> (preh)

where N, denotes the number of e-folds for instantaneous
reheating, p.,q 1S the energy density at the end of inflation,
and p, is the energy density at the end of reheating.
Equivalently, the correction can be expressed as

AN & — =39y <p e“d).
]2(1 + wr) Preh

This implies the following:
(1) o, < 1/3, the correction AN decreases N, relative
to instantaneous reheating;
w, = 1/3, the leading dependence on the reheat
temperature cancels; and

(iii) w, > 1/3, the correction increases N,.
Since the inflationary observables n, and r are functions of
N,, different reheating histories, characterized by w, and
T\en, shift the predicted values in the (ny, r) plane.

Numerically, instantaneous reheating increases the
required number of e-folds, yielding N, ~55.6-58.3
across the scanned parameter space. This shift is accom-
panied by a small but systematic movement of the spectral
index toward unity: n, increases by a few 1072 relative to
the w, = 0 entries, taking values in the range 0.957-0.965.
The running of the spectral index, a,, remains consistently
small and negative across all parameter combinations,
clustered between approximately —6.41 x 107* and
—6.29 x 107*, indicating a mild scale dependence of the

(ii)

tilt. The running shows little sensitivity to M, but increases
slightly (by about 0.04—0.05) when « is increased from 10°
to 10'° and decreases slightly as ¢ is reduced from 1073
to 107>,

The tensor-to-scalar ratio follows the same hierarchy
discussed previously: for the moderate Starobinsky coef-
ficient a = 10°, r lies in the O(10~") range (e.g., r ~0.24
for & = 1073), whereas for the large value a = 10'?, the
tensor amplitude essentially collapses to the attractor value
re~8x 1074, becoming insensitive to both & and M.
The mass scale M primarily rescales the field values ¢,
and ¢, (see the columns for M = 50mp; and M = 250mp;)
and has a negligible direct impact on the observables
(ng, r).

Instantaneous reheating (w, = 1/3) reduces the post-
inflationary redshift required to connect horizon exit to the
present, thereby increasing N, for fixed model parameters.
In slow-roll single-field inflation, a larger N, typically
shifts the pivot exit point ¢, slightly up the plateau of the
effective potential (or equivalently to a region that yields a
slightly smaller tilt), producing the observed increase in
and the mild reduction of r for moderate-a models.
Working in the ¢ < M branch changes the sign and
magnitude of the logarithmic term in the Coleman—
Weinberg potential, slightly modifying the mapping
between (£,A) and ¢,. However, because the Einstein-
frame potential retains its plateaulike shape over the
considered parameter range, the slow-roll parameters
remain in the same qualitative regime, and the dominant
driver of r continues to be a. In short, reheating shifts
the location of horizon exit (and thus n, and N,), and the
¢ < M branch modifies the numerical value of ¢, (and the
small multiplicative correction in the analytic formula).
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TABLE IV.

Inflationary observables for the Coleman—Weinberg potential in the R? Palatini formalism. We fix the

equation-of-state parameter at @, = 1/3 and impose the condition ¢ > M.

£ a % Ax 1071 . /mp b,/ mp ng r —a; x 1074 N
: 50 64.57 1887.84 71.85 0.974 0.070 4.67 57.3
10 250 64.57 9455.75 359.24 0.974 0.070 4.67 57.3
0.1 0 50 69.18 1739.71 62.45 0.972 0.0008 4.71 55.5
10 250 64.57 9455.75 313.28 0.974 0.0008 4.71 57.3
. 50 2.45 177.01 56.95 0.972 0.076 5.27 57.4
10 250 2.34 883.52 284.76 0.972 0.077 5.27 57.4
0.01 0 50 2.51 173.04 54.55 0.971 0.0008 5.32 55.5
10 250 2.34 883.52 273.01 0.972 0.0008 5.32 57.4
50 0.13 77.69 52.22 0.968 0.101 5.76 57.6
0.001 10° 250 0.13 389.08 261.11 0.968 0.100 5.75 57.6
. 1010 50 0.14 77.19 51.56 0.967 0.0008 5.83 55.6
250 0.13 388.75 257.89 0.968 0.0008 5.79 57.6

However, but none of these effects overcome the strong a
dependence of the tensor amplitude.

Table IV and the corresponding Fig. 4 show that, for
instantaneous reheating and inflaton evolution along the
¢ > M branch, the model predicts a larger spectral index
than in the ¢ < M or w, = 0 cases, with n; shifted into the
region favored by recent Planck+ACT data [88]. The
required number of e-folds remains N, ~ 55.5-57.6 across
the explored parameter range, but the pivot exit point ¢,
occurs at substantially larger values, often by orders of
magnitude, than on the ¢ < M branch. The tensor-to-scalar
ratio retains the hierarchical behavior discussed previously.
The running of the spectral index, a,, remains consistently
negative, ranging approximately from —4.7 x 10™* to
—5.8x 107*, with a mild increase in magnitude as &
decreases, reflecting the steeper curvature of the potential
for smaller nonminimal couplings. The dependence on « is
weak, as the running is primarily governed by the slow-roll
parameters evaluated at horizon exit.

Two effects combine to shift n, toward the higher values
preferred by Planck+ACT observations [88] in this branch.
First, instantaneous reheating (w, = 1/3) reduces the post-
inflationary redshifting needed to match the pivot scale,
effectively increasing N, relative to delayed reheating; in
slow-roll, plateaulike potentials, a larger N, generally
drives the spectral index closer to unity. Second, the
¢ > M branch alters the sign and magnitude of the
Coleman—Weinberg logarithm (so that In(¢/M) > 0), flat-
tening the Einstein-frame potential near the pivot for the
parameter range we explore. Together, these effects shift
the horizon-exit point to a flatter region of the potential,
producing the observed increase in n, while leaving the
leading behavior of r dominated by a.

This same flattening also affects the running, a,, making
it slightly less negative than in steeper regions of the

potential. Nevertheless, a, remains within the observational
bounds from Planck [85], Planck+ACT [88], and future
experiments such as CMB-S4 [102] and SPHEREx [101],
as illustrated in the lower panel of Fig. 4. For a comparison

0.98
0.97
L ——
= 0.96 a=10°
— a=107
— a=10°
0.951| =101
68% CL Planck
0.94 68% CL Planck + ACT
10°% 105 10 103 102
0.98
097{ ____——
= 0.96 a-10°
— a=10"
— a=10°
0.951| =101
68% CL Planck
0.94 68% CL Planck + ACT
1073 1072 1071
FIG. 5. ny as a function of £ is shown for the two considered

cases in the R? framework: ¢p < M (top) and ¢ > M (bottom).
The shaded regions correspond to the viable observational
constraints from Planck [85] and Planck+ACT [88].
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FIG. 6. Breaking patterns of SO(10) and their associated scalar multiplets.

between the two cases, ¢ < M and ¢ > M, we present the
predicted scalar spectral index ng as a function of the
nonminimal coupling ¢ in Fig. 5. Notably, the ¢ > M
scenario remains consistent with the latest Planck+ACT
constraints [88] over a broader range of &, yielding spectral
values that lie within the observationally allowed region. In
contrast, the ¢p < M case falls below the Planck+ACT
bounds and aligns only with the Planck-allowed
region [85].

III. SYMMETRY BREAKING
AND TOPOLOGICAL DEFECTS

We now turn to the symmetry-breaking structure of our
SO(10) construction and the topological defects that can
arise as the unified symmetry is reduced to the Standard
Model. Building on the SO(10) framework with nonminimal
Coleman—Weinberg inflation introduced in Sec. II, which
extends the analysis in [106] that such models can produce
observable intermediate-mass monopoles (~10'* GeV) con-
sistent with CMB constraints, this section examines two
representative breaking chains (summarized in Fig. 6). We
identify the scalar multiplets responsible for each step and
analyze when and how monopoles are produced and
subsequently diluted by inflation. Starting from the unified
group SO(10), a typical first breaking proceeds to the Pati—
Salam subgroup SU(4). x SU(2), x SU(2)g; different
choices of GUT Higgs representations then reduce the
symmetry further either to the SM gauge group or to an
intermediate left—right symmetric group SU(3) - xSU(2), x
SUQ2)gxU(1)p_y-

In our inflationary scenario, the timing of each symmetry-
breaking step is controlled by the inflaton—Higgs portal and
by the inflaton trajectory described in Sec. II. Consequently,

the multiplet indicated on a given arrow both specifies the
topological charge of the defect that would be produced at
that step and identifies the field whose dynamics, through the
couplings wg, x ¢ and the radiative scale M introduced below,
and determines the degree to which any produced defect
population is diluted by subsequent inflation. We now
consider the following breaking patterns of SO(10) and
the corresponding scalar multiplets.

While alternative breaking paths, such as via the SU(5)
subgroup using the adjoint 45 or the 210 representation, are
possible within SO(10), we focus on the Pati-Salam
intermediate group SU(4). x SU(2), x SU(2), for sev-
eral compelling reasons. First, proton decay in Pati—Salam
models is typically mediated by Higgs scalars rather than
gauge bosons, leading to suppressed rates compared with
the gauge-mediated decays in SU(5), which often conflict
with experimental limits from Super-Kamiokande. Second,
the Pati—Salam pathway preserves the rank-5 structure of
SO(10) until the B-L breaking stage, enabling staged
symmetry breaking with tunable intermediate scales that
align well with gauge coupling unification and allow the
formation of topological monopoles at energies accessible
to partial inflationary dilution, as explored in this work.
SU(5) breaking, a single-step rank reduction to 4, tends to
produce GUT-scale monopoles that require full inflationary
dilution to avoid overabundance, limiting phenomenologi-
cal richness for relic observables. These features make the
Pati—Salam scenario particularly advantageous for embed-
ding inflation within SO(10), as it enhances compatibility
with neutrino data, proton lifetime bounds, and cosmo-
logical constraints while offering greater flexibility in
addressing the hierarchy problem and matter-antimatter
asymmetry [78,79].
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The term in the potential that governs the interaction
between the inflaton ¢ and the scalar Y, which is
responsible for gauge symmetry breaking,” is

1 x
Vi Xs) = = m P Ts+ TS (32)

Here, the parameters wg and xg are dimensionless
couplings that control, respectively, the GUT singlet
Higgs—inflaton (¢) “portal” and the self-interaction of
the symmetry-breaking GUT multiplet scalar Y. In par-
ticular, wg governs the strength of the quadratic mixing
between ¢ and Y, rendering the effective mass of the Y
field dependent on ¢. Through this portal, the evolution of
¢ during inflation triggers the spontaneous breaking of the
GUT symmetry. Phenomenologically, larger wg (or smaller
xg) leads to earlier or stronger symmetry breaking as ¢
evolves, thereby affecting the formation, typical mass scale,
and subsequent dilution of monopoles during inflation.

For simplicity, we take Yg to be a canonically normal-
ized real scalar field transforming in a D-dimensional
representation of the gauge group, which we choose as
D = 210 for the SO(10) case. We forbid bare mass terms in
our framework by imposing scale invariance on both the
gauge-singlet and gauge-charged fields. Excluding such
terms allows us to control the number of e-folds occurring
during a given symmetry-breaking event. Consequently,
the potential in Eq. (32) induces a vacuum expectation
value (VEV) for Y given by

(Ts) = j—}?M (33)

This implies that the timing of symmetry breaking is
controlled by the evolution of ¢, as well as by any
additional mass or thermal contributions omitted above.
In Eq. (33), we take xg = 0.25 to ensure that the Y
potential remains stabilized at large field values. The
magnitude of xg determines the steepness of the T
potential and, consequently, the VEV that develops once
symmetry breaking occurs. When the inflaton settles at its
minimum, M, the coefficient

- w‘;D
1672

(34)

in Eq. (2) [107] is dominated by the coupling of the
scalar field responsible for GUT symmetry breaking.
Accordingly, the unification scale M is determined by

6C0ncretely, T denotes the component(s) of that multiplet
that acquire a vacuum expectation value (VEV) and thereby
reduce SO(10) to the intermediate subgroups shown in Fig. 6.
Different choices of S determine the residual symmetry, and
consequently the topological charge and mass spectrum of the
associated defects.

the resulting VEV of T, leading to the relation [78]

AM4 1/4 AM4 1/4

g D

This succinctly explains how the GUT-breaking scale is
determined by the interplay of the symmetry-breaking
potential with the overall mass and normalization factors.
Physically, this sets the masses of the heavy GUT gauge
bosons and directly influences the production of monop-
oles, their typical mass, and whether cosmological
processes, such as inflationary dilution, make them observ-
able today.

During inflation, the scalar field T ¢ acquires an effective
mass given by

mgff = 2(1”_29452 - GTST%-I>7 (36)

and it encodes the two competing effects that control the
immediate stability of the GUT-breaking multiplet T
during inflation. The term proportional to w3¢?* arises
from the inflaton—portal coupling and therefore tracks the
instantaneous value of the inflaton ¢. The sign and
magnitude of m2; determine the local behavior of Tg: in
the usual convention, a negative m2; signals a tachyonic
instability that drives T g away from the symmetric origin,
triggering spontaneous breaking of the gauge symmetry,
whereas a positive m2; keeps Y stabilized near zero.

Two dynamical regimes are especially significant for
cosmology. If [mg| > H, then Yy is heavy and adiabati-
cally follows its instantaneous minimum, suppressing
defect formation; whereas if |mq| < H, the field is light
and accumulates large superhorizon fluctuations, increas-
ing the likelihood of domain formation and topological
defects via the Kibble mechanism. Consequently, the
competition encoded in Eq. (36) determines whether
monopoles associated with the chosen SO(10) breaking
chain are produced and whether they are subsequently
diluted by inflationary expansion.

In Eq. (36), Ty 1is the Hawking temperature,
Ty = H/2x, and we take oy, ~ 1. The Hubble parameter
can then be computed through the following expression:

(37)

In the slow-roll approximation (kinetic energy < V), this
relation follows from the Friedmann equation and provides
the instantaneous expansion rate, which is directly con-
trolled by the potential energy. Physically, H sets the
Hubble radius H~' (the causal horizon and the freeze-
out condition k = aH), determines the Hawking temper-
ature defined above, and establishes the timescale for
classical evolution and the dilution of relics.
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The Ginzburg criterion is given by [108]
@AV > Ty, (38)
where the correlation length can be given by
© = min (H™', m_}). (39)

The above criterion implies that the energy contained
within a single correlation volume, @AV, must exceed
the typical Hawking temperature 7y for classical ordering
to proceed. If this condition is satisfied, the GUT Higgs Y
can settle into its broken vacuum and produce monopoles.
During inflation, one can take ® ~ H -1 [109]. Moreover,
AV is defined as the difference between the potential
evaluated at T = 0 and at the vacuum expectation value
(Ys), which is given by

4

m
AV = —cft 40
16}{5 ( )

Using Egs. (36), (38)—(40), the symmetry-breaking scale
can be expressed as

My~ (X5) = /(4 2xs “Ts)\/}gqﬁzgi' (41)

Here, the subscript I denotes the corresponding intermedi-
ate-scale values. The comoving number density, or the so-
called monopole yield, after reheating, is given by

Hjexp (=3N))()?

Yy =~ , 42
" . #2)

2z, 73 ; ;
where s =5 g. T, and we proceed with the choice

T,.n = 107 GeV, as variations in the reheating temperature
affect the results only mildly. Furthermore, N; is obtained
from Eq. (A15) by replacing ¢, with ¢;. The reheating time
iSt, ~ qul, where I, is the decay width of ¢, and it is given

by [110,111]
=\ [ e, (43)
2n°g, Treh

and the cosmic time at the end of inflation can be

estimated as
L [#3H(g) ()2
T—/ v <d¢> de. (44)

e

To connect the intermediate symmetry-breaking scale M,
with observable inflationary parameters, such as the tensor-
to-scalar ratio r, we leverage the dynamics of the inflaton
field and the Hubble parameter during inflation.

The intermediate symmetry-breaking scale M, at which
topological defects like monopoles may form, is approx-
imately given by [109]

H M
M (45)
where the subscript “,” denotes quantities evaluated when
the pivot scale exits the horizon. Here, H(¢) is the Hubble
parameter given by Eq. (37), and ¢, is the inflaton field
value determined by imposing A% ~2.1 x 107 [112], as
discussed in detail in the Appendix. This expression arises
as an approximation of the more complete relation
in Eq. (41).

Grand unified theories based on SU(5) [113], SO(10)
[114], or E(6) [115] predict the existence of topologically
stable magnetic monopoles whose masses are typically an
order of magnitude above the unification scale [116—-119].
The inflationary scenario considered here completely
dilutes these GUT monopoles. In SO(10) and E(6) models,
topologically stable monopoles arise during the sponta-
neous breaking of an intermediate symmetry whenever the
second homotopy group 7,(M) of the vacuum manifold
M is nontrivial.

The MACRO experiment [95] places an upper limit on
the monopole flux of 2.8 x 1071 cm™2 s~! sr~! for monop-
ole masses m,; ~ 10'* GeV. This flux limit corresponds to
an upper bound on the comoving monopole number density
(the yield) of Y}; = ny;/s ~ 10727 [120], where n,, denotes
the monopole number density and s the entropy density.
For observability, we adopt a conservative lower thresh-
old Y;; ~ 1073, corresponding to a monopole flux of
1072 cm™2s~ ! sr!, and the results shown in this section
are computed accordingly. Future experiments, notably
Hyper-Kamiokande [94] and DUNE [93], will signifi-
cantly extend the search for nonrelativistic magnetic
monopoles. By recasting their sensitivity to monopole-
catalyzed nucleon decay, these detectors can probe
monopole fluxes down to 2.3 x 1072 cm™2s~!sr™! and
1.1x10722cm~2s~'sr™!, respectively, thereby exploring a
substantial portion of the theoretically interesting parameter
space below the MACRO limit.

Additionally, Figs. 9—11 present unification solution’ in
the form of plots showing the grand unification scale as a
function of the intermediate symmetry-breaking scale for
two different breaking chains, which are depicted in Fig. 6,
with the parameter R varying in the range [1/2,2]. This
parameter represents the ratio R = gz /g; of the SU(2), to
SU(2), gauge couplings at the intermediate symmetry-

"Our analysis employs the following methodologies: two-loop
p-coefficients are computed following Refs. [106,121]; matching
conditions are obtained from Refs. [122,123]; and the derived
unification solutions are constrained by electroweak observables,
guided by Refs. [124,125].
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breaking scale, accounting for threshold corrections and
possible D-parity breaking effects [125]. The figure con-
sists of two main panels. The upper panel displays results
for both the metric and Palatini formulations of gravity,
assuming a reheating equation-of-state parameter o, = 0.
The lower panel focuses on the Palatini formalism aug-
mented with an R? term, corresponding to the instant
reheating branch where the inflaton field ¢ evolves beyond
its minimum value M (¢ > M). Additionally, in the bottom
panel, we incorporate Eq. (35) to illustrate the correspond-
ing tensor-to-scalar ratio® r values as a function of M Us
providing a direct link to inflationary observables.

This integration shows that r exhibits a mild, nearly
monotonic decrease with decreasing My, ranging from
approximately 8 x 10™* athigher M, ~10'7 GeV to slightly
lower values around 7.95x 107 at M;~10'°GeV. For
instance, the highlighted point marked by a blue star in
the bottom panels in Figs. 9-11 corresponds to
My ~ 8.7 x 10" GeV, r ~ 8 x 107*. This value of r is well
below the current upper limits from CMB observations and
aligns well with the further tightened future observations,
such as LiteBIRD [87] and SO [86]. This behavior reflects
the underlying dynamics, where a lower unification scale
leads to a compressed inflationary energy density and
adjusted inflaton field values to maintain CMB normaliza-
tion, thereby suppressing tensor modes through the slow-roll
parameter € =~ r/16. Concurrently, the associated M ~
8.7 x 105 GeV implies proton lifetimes in SO(10) models
on the order of 103~10% years, based on the approximate
relation in Eq. (35), which falls within the projected
sensitivity of next-generation proton decay searches like
Hyper-Kamiokande [94].

This framework thus establishes a compelling comple-
mentarity between CMB observables and proton decay
searches: a detection or a stringent limit on r at the 1073
level from future CMB experiments would constrain infla-
tionary parameters tied to My, while simultaneous
advances in proton decay experiments could independently
probe the same GUT scale, offering a multimessenger test
of the underlying SO(10) unification and inflationary
paradigm presented in this work.

Notably, for a = 1010, we present results anchored to
M = 50mp as the benchmark, since variations up to
M = 250mp; induce only mild shifts in the curves due
to the dominant R? curvature term, which stabilizes the
potential against changes in the mass parameter, as seen in
Table VIIL

*In Sec. II, we present the complete inflationary computations
for two choices of w, and various reheat temperature scenarios. In
the following analysis, we proceed with the case of ¢ > M, as
this regime lies within the sensitivity of current cosmological
observations—including the recent Planck+ACT constraints
[88]—and is accessible to forthcoming experiments [86,87].

Furthermore, the plots in this section incorporate key
experimental constraints to delineate viable parameter
space. Horizontal lines indicate the current exclusion limit
on My from Super-Kamiokande [89] (red) proton decay
searches, which provides the constraint 7(p — e*7°%) >
2.4 x 10* years, and hence implies that the unification
scale My = 10'>7 GeV. However, the future Hyper-
Kamiokande experiment [94] (orange) is projected to be
sensitive to unification scales up to M, = 10° GeV,
probing proton lifetimes in the 7(p — e*z%) channel up
to 10 years at the 36 confidence level. We additionally
show constraints by DUNE (black) [90-93] which
probe 7(p — K*0) > 10°* years.

The overlaid shaded bands for a = 10° (magenta,
N ~11-17 e-folds) and a = 10'" (yellow, N ~ 10-17
e-folds) delineate the viable intermediate scales in which
the monopole flux after production satisfies the MACRO
[95] bound and the observability threshold, via partial
dilution during the inflationary e-folds following symmetry
breaking at M. Physically, larger o enhances the quadratic
curvature contribution, flattening the potential and yielding
lower, more stable M across r, with extended e-fold
dilution windows that favor monopole detectability in
future experiments. In contrast, smaller « allows higher
My and produces peaked behavior due to Coleman—
Weinberg dominance before transitioning to R? flattening.
Altogether, this analysis connects GUT phenomenology
with CMB anisotropies and potentially testable bounds on
the tensor-to-scalar ratio r [126—129], thereby linking high-
scale symmetry breaking to early-Universe reheating and
monopole cosmology.

Table V and the subsequent tables list the number of
e-folds required to achieve the monopole yields Y}, and
Y;,, together with the corresponding values of the inflaton
field, the Hubble parameter, and the symmetry-breaking
scale for representative choices of ¢ and M that yield
successful inflation.

The results in Table V and in the unification plots (Figs. 9
and 10, top panels) indicate that, for a reheating equation-
of-state w, = 0, there exists a narrow but physically
interesting window of intermediate scales M;, where
monopoles are only partially diluted by inflation. Within
this window, they can simultaneously satisfy gauge cou-
pling unification and proton-decay constraints. The vertical
shaded bands in the unification plots denote the ranges of
M, corresponding to the targeted monopole yields (cyan for
the metric choice, blue for the Palatini choice); these bands
overlap nontrivially with the green unification region and,
importantly, lie above the Super-Kamiokande [89] exclu-
sion limit and, in some cases, within the projected Hyper-
Kamiokande [94] sensitivity. This overlap demonstrates
that, for physically motivated choices of the nonminimal
coupling & and the model mass parameter M, the scenario
naturally produces intermediate-scale monopoles that are
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TABLE V.

Intermediate symmetry breaking occurs at the scale M;, producing monopoles with a yield

Yy = ny/s that can saturate the MACRO bound, Y}; ~ 10727 (parameters with subscript “+”), and an adopted
threshold for observability, Y3, = 1073 (parameters with subscript “—"). Inflation is driven by a real GUT-singlet
scalar with a Coleman—Weinberg potential and a nonminimal coupling to gravity, for different values of & and M.
The corresponding values of the inflaton field ¢, the Hubble parameter H, and the number of e-folds experienced by
the monopoles are indicated. The reheating temperature is set to T\, = 107 GeV.

£ mﬂm ¢dy/mp ¢p_/mp H, (108 GeV) H_ (10" GeV) M, (10" GeV) M,_ (10" GeV) N, N_
—0.001 50 4359 42.13 3.77 4.18 5.64 6.47 109 17.1
100 9347 91.94 3.48 3.76 4.84 5.33 10.8 17.1
500 493.46 491.86 2.17 2.23 2.87 2.95 10.7 16.9
—0.002 50 43.66 42.25 3.04 3.27 4.54 5.04 10.8 17.0
100 93.56  92.07 2.69 2.82 3.74 3.99 10.8 16.9
500 493.56 491.99 1.49 1.51 1.97 2.00 10.6 16.7
—0.003 50 4373 4236 2.50 2.64 3.73 4.06 10.7 16.9
100  93.64 92.18 2.18 2.26 3.03 3.19 10.7 16.9
500 493.64 492.11 1.13 1.14 1.49 1.51 10.5 16.6
—0.004 50 43.80 4246 2.17 2.26 3.23 3.47 10.7 16.9
100 93.71 92.29 1.81 1.85 251 2.62 10.6 16.8
500 493.71 492.22 0.92 0.93 1.22 1.23 10.5 16.6

neither completely diluted by inflation nor in conflict with
current proton-decay limits.

Upon closer inspection, Table V reveals two systematic
trends that determine the fate of monopoles. First, at fixed &
and increasing M (rows with M /mp; = 50 — 100 — 500),
the Hubble scale during the relevant stage of inflation H,,
the inferred symmetry-breaking scale M;, and the number
of e-foldings experienced by the monopoles N all decrease.
This behavior aligns with the scaling implicit in the
breaking-scale estimate, Eq. (41). Larger M shifts the
inflaton field values ¢; to larger absolute values while
lowering the inflationary energy density (and hence H ) for
the same CMB normalization; the net effect is a reduction
in both M; and N. Physically, this means that larger model
mass parameters delay the intermediate transition (leading
to a lower M;) and thus decrease the inflationary dilution of
monopoles.

Second, at fixed M and increasing |£| (columns from
& =—-0.001 to ¢ = —0.004), the Hubble parameter, M, and
N likewise decrease. A stronger nonminimal coupling
flattens the effective Einstein-frame potential, lowering
the inflationary energy scale, which reduces the correlation
length and the effective symmetry-breaking scale computed
via Eq. (41). Consequently, monopoles formed at the
intermediate transition experience fewer e-foldings. This
explains why larger |£| entries in Table V approach the
lower boundary of the partial-inflation window; for suffi-
ciently large || and M, the scenario may exit the partially
inflated regime entirely, potentially overproducing monop-
oles or requiring additional adjustments to the model.

The existence of a narrow ‘“partial-inflation” window
has significant physical implications. It indicates that

early-Universe dynamics can leave a remnant population
of intermediate—scale monopoles that encode information
about both the GUT symmetry-breaking sector and the
inflationary history. An observable monopole flux would
thus serve as a two-fold probe: it would pinpoint a specific
range of intermediate breaking scales M; [and hence
particular SO(10) representations and VEVs responsible
for the breaking] while simultaneously constraining the
effective energy scale during the relevant epoch and the
amount of postformation inflationary dilution. Conversely,
current and projected proton-decay bounds, combined with
unification requirements, carve out a limited viable param-
eter space; nonobservation in forthcoming experiments
would meaningfully restrict allowed combinations of the
nonminimal coupling, the model mass scale, and the
Higgs—inflaton portal parameters that control the instability
of the GUT multiplet Y.

Figure 7 illustrates the unification scale My, as a function
of the tensor-to-scalar ratio r in the Palatini formulation of
gravity, computed for various choices of the model mass
parameter M = {50, 100, 500} mp; and reheat temperatures
Tyen = {107,10'°} GeV, assuming a Coleman—Weinberg
inflaton potential with nonminimal coupling to gravity. For
fixed T, increasing M shifts the curves upward, yielding
higher M, values across the r range, as larger M enhances
the overall mass normalization in the potential and VEV,
thereby elevating the GUT-breaking scale while maintain-
ing consistency with slow-roll parameters. Conversely, at
fixed M, higher T, lowers M very modestly, originating
from the altered postinflationary expansion history that
affects the e-fold number N, between horizon exit and
reheating, requiring a compensatory adjustment in ¢, that
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FIG. 7. My vs r for the Palatini case with different choices of M (in mp, units).

diminishes the portal-induced VEV. The horizontal dashed
lines mark experimental constraints: both the Super-
Kamiokande [89] and Hyper-Kamiokande [94] exclusion
limits from proton decay searches. Additionally, the vertical
dot-dashed lines represent the cosmological constraints on
the tensor-to-scalar ratio r, translated into an effective My,
bound via inflationary correlations, indicating that the
viable parameter space lies within these constraints.
Overall, the figure shows a broad compatibility range for
r, where M, stays within the observational limits for all
considered M and T, with larger M favoring higher
unification scales that could be tested by future experi-
ments, thereby connecting GUT physics to observable
CMB anisotropies.

Table VI summarizes the numerical outcomes when a
Starobinsky-type R? term is included in the Palatini
formulation (parameterized by a). As in the Coleman—
Weinberg-only case, the Palatini R? model admits a narrow
but phenomenologically interesting window of e-foldings
for which monopoles are only partially inflated. Across the
entries in Table VI, the number of e-foldings experienced
by monopoles that reproduce the MACRO-consistent

benchmark (Y;,) lies close to N, ~10-11, while the
adopted observability threshold (Y},) corresponds to
N_~16-17.

The new control parameter o has a clear quantitative
effect on both the inflationary scale and the inferred
intermediate symmetry-breaking scale M;. For the rela-
tively small choice a = 10°, the table shows Hubble rates
in the range H ~ O(5) x 103 GeV and inferred M; up to
~10'" GeV (e.g., M, ~7.05x 103 GeV for & = 0.001,
M = 250). In contrast, for the much larger value a = 10'°,
the Hubble rate is reduced to a nearly constant value H ~
0.69 x 10'* GeV across the entries, and the corresponding
M values collapse to the ~10'3 GeV scale (e.g., M;, ~
1.12 x 10"% GeV for & =0.001, M = 250). Physically,
increasing « in the Palatini setup suppresses the effective
inflationary energy scale in the Einstein-frame dynamics,
and this reduction translates into smaller symmetry-
breaking scales, as computed via Eq. (41).

The dependence on the nonminimal coupling £ and on
the mass parameter M is qualitatively similar to the
Coleman—Weinberg-only case, but exhibits Palatini-
specific modulations. At fixed a, increasing M tends to

1017

My/GeV

1016

— a=10°(¢>M)

— a=107 (¢>M)

— a=10°(¢>M)
a=101 (¢>M)

—-= 68% Planck
68% LiteBIRD
Hyper-K

—-:= Super-K

—-= DUNE

1073
r

FIG. 8.
in Figs. 4, 9-11.

\\\\\\W\X&\W&m

M, as a function of r in the Palatini R? case. We fix M = 50mp, and @, = 1/3. The blue star corresponds to the points shown
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TABLE VI. Same as Table V, but now for the Palatini R? case. T, = 107 GeV.
£ a Mg /mp p_/mp H_ (10" GeV) H_ (10" GeV) M, (10" GeV) M, (10" GeV) N. N_
. 50 3995 37.60 431 5.74 7.03 9.95 10.8 17.2
10 250  199.75  188.00 432 5.76 7.05 9.97 108 17.2
0.001 o 50 4026 3793 0.69 0.70 1.12 1.20 103 16.5
10 250 20131  189.70 0.69 0.70 1.12 1.20 10.3 164
. 50 4669 4588 451 5.73 6.29 8.13 109 172
10° 250 23346 22943 4.62 5.87 6.45 8.33 109 172
0.0001 o 50 4681 46.00 0.69 0.70 0.70 0.99 10.3 165
10 250 234.02  230.02 0.69 0.70 0.97 0.99 10.3 164
;50 4894 43.68 4.53 5.68 5.55 7.61 109 172
. 10° 250 24470 24339 4.53 5.69 6.03 7.61 109 172

10~

o0 S0 4898 4872 0.69 0.70 0.92 0.93 10.3 165
250 244.88  243.57 0.69 0.70 0.92 0.93 10.3 165

shift the inflaton field values ¢; and can slightly raise both
H, and M, (for example, for a = 10°,&=0.001, the
entries with M = 50 — 250 show H , increasing modestly
from ~4.31 to ~4.32 x 10'* GeV and M, from ~7.03 to
~7.05 x 103 GeV). However, for very large a (e.g., 10'0),
this sensitivity to M is almost entirely erased: both H; and
M, become nearly independent of M, remaining essentially
constant within numerical precision. The nonminimal
coupling & produces only modest shifts in H; and M.
Two numerical features stand out in Table VI:

(1) For a = 10°, the largest variations in H and M,
occur with changes in M and &; typical M;, values
range from a few x10'3 GeV up to approximately
10" GeV.

(2) For a = 10", the inflationary scale is reduced to
H ~0.69 x 10"® GeV, and the inferred M, values

cluster tightly around ~0.7-1.12 x 103 GeV. In
this case, the monopole-producing transition occurs
at slightly lower intermediate scales, yielding
N, ~10.3 and N_ ~16.5, still within the partial-
inflation window but with a systematically smaller
spread in M.

Taken together, these patterns demonstrate that a serves
as an effective control parameter: small-to-moderate values
of a sustain a high inflationary energy scale, allowing larger
intermediate symmetry-breaking scales M; and greater
sensitivity to the model parameters, whereas very large o
suppresses the inflationary energy and compresses the
viable range of M.

Table VII presents the same diagnostics as Table VI, but
for a radiationlike reheating equation of state, w, = 1/3,
with the inflaton evolving along the ¢ < M branch.
The results are illustrated in Figs. 9 and 10 (bottom panels).

TABLE VII. Same as Table V, but now for the Palatini R* case. We fixed @, = 1/3 and ¢ < M.
13 a %ﬂ do/mp p_/mp  H, (10" GeV) H_ (10" GeV) M, (10"3 GeV) M,_ (10"* GeV) N, N_
, 50 3996 376l 3.66 4.88 5.97 8.46 108 17.2
100 250 199.78  188.03 3.67 4.88 5.98 8.46 108 172
0.001 o 50 4022 3790 0.69 0.70 1.12 1.20 104 165
10 250 201.10 189.49 0.69 0.69 1.12 1.20 104 165
, S0 4669 4589 4.00 5.09 5.59 7.23 108 172
107 250 23346 22943 4.11 5.22 5.73 7.40 109 172
0.0001 L S0 4679 4599 0.69 0.70 0.96 0.99 104 165
107 250 23397 22095 0.69 0.70 0.96 0.99 104 165
. S0 4894 48.68 4.10 5.15 5.46 6.89 109 172
. 107 250 24470 243.39 4.10 5.15 5.46 6.89 109 172

10~

o S0 4897 4871 0.69 0.70 0.92 0.93 104 16.6
250 244.86 243.56 0.69 0.70 0.92 0.93 104 165
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The key observations for this scenario can be summarized
as follows:

(i) Consistency of the partial-inflation window: The
characteristic e-fold ranges remain consistently
N, ~10-11 and N_ ~ 16-17 across various param-
eter choices in our model, i.e., the MACRO-con-
sistent and adopted-observability benchmarks are
essentially unchanged compared to the w, =0
results in Table VI.

(i) Small quantitative shifts. For moderate a (e.g.,
a = 10°), the Hubble rates H and the inferred
intermediate scales M, are slightly reduced relative
to the w, = 0O case, producing negligible changes in
N. The exponential sensitivity of the monopole yield
remains largely controlled by N, which continues to
lie within the same O(10) window.

(iii) Large-a regime insensitive. For very large a (e.g.,
a = 10'%), both H and M, remain tightly clustered
and essentially independent of M and &, so the
change in the reheating equation of state has
minimal numerical impact.

(iv) Physical origin of the shifts. The modest reductions
in H and M; for w, = 1/3 arise from the altered
relation between the reheating time, the inflationary
dilution factor, and the mapping between CMB
normalization and the inflaton value ¢; at the
monopole-forming epoch. Since N is only slightly
affected, the exponential suppression of the monop-
ole yield remains governed by the same approximate
N window.

In short, adopting @, = 1/3 in the ¢p < M branch does not
alter the existence of the partial-inflation window. It
induces only small, parameter-dependent shifts in H and
M, most noticeable for moderate «, while leaving the main
phenomenological conclusion unchanged: a nonempty
region of parameter space persists where partially inflated

monopoles remain compatible with both gauge coupling
unification and proton-decay constraints.

Turning to the unification plots, the green polygon repre-
senting the allowed (M, M ;) solutions intersects the vertical
shaded bands (which denote the monopole-producing inter-
mediate scales) in regions where the unification scale M,
safely exceeds the limits set by Super-Kamiokande [89] and
Hyper-Kamiokande [94]. This is an important phenomeno-
logical result: the same intermediate-scale physics that
produces partially inflated monopoles in our Coleman—
Weinberg plus nonminimal framework can also be linked
to unification scenarios that are testable in next-generation
proton decay experiments. In particular, the plots show
that, for the adopted ranges of R and particle content, the
viable M; values for observable monopoles cluster around
103-10'* GeV (corresponding to the cyan and blue bands in
Figs. 9 and 10). This region coincides with the range, where
the monopole e-fold number lies within the O(10) window
required for partial inflation (cf. Table V).

We now consider the regime ¢ > M. Table VIII and the
corresponding unification plot for the M;; breaking
(Fig. 11) summarize the key results in this domain and
illustrate how allowing the inflaton to traverse beyond M
shifts the monopole-producing scale.

The main observation is that the inferred intermediate
scale M; is driven significantly lower than in the ¢p < M
case, sometimes down to O(10'? GeV) for certain param-
eter choices. This follows directly from the breaking-scale
estimate in Eq. (41): in the ¢ > M regime, the larger ¢;
suppresses M; for otherwise comparable H; and M, and
very large ¢ entries in Table VIII make this behavior
explicit.

Despite the lower M, the characteristic partial-inflation
e-fold numbers remain essentially unchanged: N, ~ 10-11
(MACRO consistent) and N_ ~ 16-17 (adopted observ-
ability threshold). Thus, the mapping from monopole yield

TABLE VIII. Same as Table V, but now for the Palatini R> case. We fixed w, = 1/3 and ¢ > M.
13 a % di/mp p_/mp  H (10" GeV) H_ (10" GeV) M, (103 GeV) M,_ (10'3 GeV) N, N_
50 275770  402.82 4.31 4.83 1.02 0.78 109 17.2
10° 250 137775 2013.42 4.30 4.83 1.02 0.78 109 17.2
0.1 0 50  260.69  382.96 0.69 0.70 0.17 0.12 104 16.5
10 250 1305.62 1919.19 0.69 0.70 0.17 0.12 104 16.6
: 50 91.29 104.38 4.16 4.81 2.97 3.00 109 17.2
107 250 456.64  521.95 4.18 4.82 2.98 3.01 109 172
0.01 0 50 89.59 102.60 0.69 0.70 0.50 0.44 104 16.5
107 250 44828  513.07 0.69 0.70 0.50 0.44 104 16.6
: 50 61.33 64.36 4.14 4.98 4.40 5.04 109 17.2
0.001 100 250 306.70  321.80 4.11 4.94 4.37 5.00 109 17.2
. 1010 50 60.94 63.95 0.69 0.70 0.74 0.71 104 165
250  304.74  319.82 0.69 0.70 0.74 0.71 104 16.6
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FIG.9. Unification solutions for the breaking chain SO(10) My SU4)e x SU(2), x SU(2) M SU3)c x SU(2), x U(1)y. The ver-
tical shaded regions indicate the range of the intermediate scale M associated with monopoles for the different cases shown. The bottom
panel corresponds to the ¢ > M branch. The blue star corresponds to (M;;/GeV, r) ~ (8.7 x 10'%,8 x 107), and consistent with the
ones shown in Figs. 4, 8, 10, and 11. The horizontal shaded region, e.g., for DUNE, refers to the ruled-out values.

to the required N window is robust against moving into the
¢ > M regime.

The dependence on a, &, and M is qualitatively similar to
the ¢p < M case. Moderate or small a (e.g., 10°) yields a
larger spread in H; and M; with parameter variation,
whereas very large a (e.g., 10'°) compresses H; and M,
to nearly constant values. Varying & or M produces only
modest adjustments in N in this regime.

From a phenomenological perspective, the lower M;
bands still intersect the green unification region in parts of
parameter space. Consequently, the ¢ > M case opens a
window for monopole production at lower intermediate
scales that remain compatible with gauge coupling

unification and proton-decay bounds. Practically, the
¢ > M regime provides a simple mechanism to shift
monopole-producing transitions to lower energies (via
the 1/¢, factor) without substantially altering the required
e-fold numbers for partial inflation.

Importantly, Fig. 11 displays the M;; unification sol-
utions: in the ¢ > M, w, = 1/3 Palatini runs, the down-
ward shift of the monopole-producing scale not only moves
the M; band into overlap with the unification polygon
(as seen in earlier M; plots, e.g., Figs. 9 and 10, bottom
panels), but also positions the M;; band itself within
the observationally relevant region, as shown in Fig. 11
(bottom panel).
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FIG. 10. Unification solutions (plot of M; vs M;) for the breaking chain SO(lO)Aﬁ{SU(4)C><SU(2)LXSU(Z)RAii

SUB)exSU2), x SUR2)g x U(1)p_;. Yy SU3)cx SU(2), x U(1)y. The vertical shaded regions indicate the range of the
intermediate scale M; associated with monopoles for the different cases shown. The bottom panel corresponds to the ¢ > M branch.
The blue star corresponds to (M /GeV, r) ~ (8.7 x 10'%,8 x 10™*), consistent with the ones shown in Figs. 4, 8, 9, and 11.
The horizontal shaded region for DUNE refers to the ruled-out values.

Physically, this implies that the same mechanism which
lowers M, in the ¢p > M regime also shifts the subsequent
breaking scale M;; into a parameter-space window that is
simultaneously compatible with gauge coupling unification
and close to the Hyper—Kamiokande sensitivity. In short,
for ¢p > M, we obtain a novel twofold phenomenological
opportunity: observable monopole-producing transitions
for the M; case and for the M;; case, as shown in
Fig. 11, a reach that the other scenarios did not achieve.

Figure 8 depicts the unification scale M versus the
tensor-to-scalar ratio r in the Palatini R? framework, with a

fixed model mass parameter M = 50myp, and reheating
equation-of-state parameter w, = 1/3, showcasing curves
for various Starobinsky coupling strengths a = 10,
107,10°,10'° for the ¢ > M inflaton field branch.
Experimental bounds are overlaid as horizontal lines for
the Super-Kamiokande [89], future Hyper-Kamiokande
observations [94], probes by DUNE [90-93]. However,
the vertical lines provide the cosmological constraints by
LiteBIRD and Planck [85,87], highlighting that small-a
scenarios access high M, values compatible with current
limits but potentially ruled out by tighter CMB constraints
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FIG. 11. Unification solutions (plot of My vs M;) for the breaking chain SO(lO)Aﬁ{SU(4)CxSU(2)LxSU(Z)Rﬁ

MII
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intermediate scale M ; associated with monopoles for the different cases shown. The bottom panel corresponds to the ¢ > M branch.
The blue star corresponds to (M /GeV,r) ~ (8.7 x 1013,8 x 107*), consistent with the ones shown in Figs. 4, 8, 9, and 10.
The horizontal shaded region for DUNE indicates the ruled-out values.

on r, whereas large-a cases are within the CMB region that
can be even testable by future experiments [86,87]. This
plot underscores the a-dependent tuning of the inflationary
scale that shapes GUT phenomenology, enabling partial
monopole dilution in the N ~10-17 e-fold window for
intermediate M; scales linked to My, with the ¢p > M
branch enabling access to lower unification scales that
enhance overlap with unification polygons and next-gen-
eration observability (cf. Figs. 9-11), thus providing a
mechanism to probe intertwined high-scale symmetry
breaking and early-Universe dynamics. Notably, reaching

low My with viable r values is only possible when
incorporating the R? term; in both the metric and
Palatini formulations, without it, as shown in Fig. 7, this
could not be achieved.

An additional remark on the role of M; is useful because
this second intermediate scale governs the subsequent
breaking,

SUB)exSUR2), xSUR2)gxU(1)p_,

M SU(3) e x SU(2), x U(1),,
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and therefore sets the mass scale and formation epoch of
any defects produced at that stage. M; is important for two
reasons relevant to monopole phenomenology. First, if the
M, transition produces one-dimensional defects (cosmic
strings), monopoles formed earlier at M; can become
attached to those strings; monopole—antimonopole pairs
connected by strings experience a strong string tension that
drives rapid annihilation or confinement, greatly reducing
the surviving monopole flux compared to the case with no
subsequent string-forming transition. Second, even in
the absence of strings, the value of M, affects the
renormalization-group running and thus the allowed uni-
fication polygon in the (M;, M) plane; shifting M,
indirectly changes which M; bands overlap with the
unification region and the proton-decay sensitivity lines.
In short, M;; serves both as a direct dynamical handle on
postmonopole evolution (annihilation or confinement)
and as an indirect organizer of the parameter-space inter-
sections that determine whether partially inflated monop-
oles remain phenomenologically viable and potentially
observable.

IV. DISCUSSION

In this work, we have presented a comprehensive, UV-
complete framework for cosmological inflation within an
SO(10) grand unified theory. By unifying cosmic inflation
with the GUT Higgs sector and augmenting the gravita-
tional action with a R? term, we have constructed a viable
cosmological scenario in which the dynamics of the early
Universe, particle physics grand unification, and the
production of topological defects are intrinsically corre-
lated. This addresses several key challenges in modern
cosmology. The inclusion of the R? term provides a natural
UV completion, raising the effective cutoff scale, while the
inflaton is given a well-defined microphysical origin as a
gauge singlet within the SO(10) Higgs sector. This con-
struction directly links the inflationary energy scale to the
grand-unification scale.

Regarding the naturalness of the parameters, the large
values of a~ 10°-10' are consistent with the standard
Starobinsky inflation framework, where a~ m3/(3M?)
and the scalaron mass M, ~ 103 GeV is set by the
requirement to match the observed CMB scalar perturba-
tion amplitude A% ~ 2.1 x 107 [85]. This large a arises
naturally from the hierarchy between the Planck scale and
the inflationary Hubble scale, ensuring a light scalaron that
dominates the dynamics and suppresses the tensor-to-scalar
ratio r to observable levels without fine-tuning. For the
parameter M 2 50mp,, although super-Planckian, it repre-
sents the renormalization scale in the Coleman—Weinberg
potential, where the physical GUT scale remains sub-
Planckian, M, ~ (AM*)!/* ~10'® GeV, with the loop-
suppressed coefficient A ~10714-10~15 determined by
the small Higgs—inflaton portal coupling wg ~ 10~ and

the dimensionality D = 210 of the SO(10) representation.
In the SO(10) GUT context, M is the vacuum expectation
value of a gauge singlet scalar and such super-Planckian
VEVs are accommodated in effective theories with UV
completions such as the Palatini R? term, which raises the
perturbative cutoff above the inflationary scale and stabil-
izes the dynamics against quantum gravity effects, as
discussed in Refs. [35,38].

A major outcome of this work is establishing a quanti-
tative connection between cosmological observables (n;, r)
and the parameters of the GUT symmetry-breaking chain
(M, M ;). The slow-rolling inflaton ¢ triggers spontaneous
symmetry breaking, dictating both the formation epoch and
the subsequent inflationary dilution of topological monop-
oles. We identify a precise partial-inflation window in
which monopoles are sufficiently diluted to avoid over-
closure yet remain potentially observable. The Palatini
formulation has important phenomenological conse-
quences, altering the mapping from the Jordan to the
Einstein frame. This leads to systematically lower predic-
tions for the tensor-to-scalar ratio r, and critically, produces
a direct, predictive correlation between the grand unifica-
tion scale My and r (shown in the bottom panels of
Figs. 9—11). Consequently, observational constraints on r
from the CMB can directly inform the allowed parameter
space for GUT-scale physics.

Our work extends previous studies on Coleman—
Weinberg inflation in the Palatini formulation, such as
Refs. [67,71], by embedding the mechanism within an
SO(10) GUT, thereby linking primordial cosmology to
GUT-scale particle physics. In [67], linear inflation
emerges naturally from a nonminimally coupled
Coleman—Weinberg potential with a dynamically generated
Planck scale, and the Palatini formulation yields distinct e-
fold predictions compared to the metric case, potentially
discriminable for nonminimal couplings & > 1 through
future CMB sensitivity on the tensor-to-scalar ratio r.
Building on this, [71] incorporates an R? term in
Palatini gravity to suppress r and restore compatibility
with Planck data, predicting an attractor behavior for large
a ~ 10'9 where r approaches O(1073) while maintaining
viable n,. Our framework improves upon these by iden-
tifying the inflaton as a GUT-singlet scalar that not only
drives inflation but also induces intermediate-scale sym-
metry breaking, leading to topological monopole formation
and partial dilution through N; ~ 10-17 e-folds. This
differs from prior works, which primarily focused on
inflationary observables and reheating without GUT
embedding. We establish a novel correlation between r
and the unification scale My, enabling complementarity
between CMB probes and proton decay experiments.
Unlike similar analyses emphasizing stand-alone cosmo-
logical predictions, our unified setup enhances testability
by allowing cross-validation across cosmology and particle
physics, while preserving the R>-driven attractor for r
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and incorporating monopole abundances as additional
observables.

This establishes a profound complementarity between
CMB observables and proton decay searches. At the
benchmark M = 8.7 x 10!> GeV, the model yields
r~8x 107*. This M corresponds to proton lifetimes
accessible to future probes such as Hyper-Kamiokande.
Thus, independent cosmological and particle physics
probes can cross-validate the model: a CMB detection of
r would pinpoint M, for targeted proton decay searches,
while proton decay observations would predict specific r
values testable against CMB data, thereby enhancing the
framework’s falsifiability. Furthermore, this benchmark is
shown in both Figs. 4 and 8. It not only yields the
characteristic tensor ratio r~ 8 x 107 and corresponds
to testable proton lifetimes, but also lies within the region
where intermediate-scale monopoles are sufficiently
diluted to potentially observable abundances, as can be
seen from Figs. 9-11. This triple consistency, across CMB
observables, proton decay limits, and monopole phenom-
enology, demonstrates the robust predictive power of our
unified framework.

Future work will extend this framework to explore other
cosmological relics, such as cosmic strings, and to compute
the characteristic gravitational wave spectra generated
during associated phase transitions.

V. CONCLUSION

In this paper, we present a UV-complete framework for
cosmological inflation within an SO(10) GUT, using
Palatini gravity with an R? term. The inflaton originates
as a gauge singlet from the GUT Higgs sector, linking
inflationary energy to the grand unification scale.

A key result is the correlation between cosmological
observables (ng,r) and GUT symmetry-breaking (M,
M;). The slow-rolling inflaton enables a partial-inflation
window (N; ~ 10-17 e-folds), diluting topological monop-
oles to avoid overclosure while keeping them potentially
observable. The main results, are as follows:

(i) Dominant R? control: For large a (~10'°), r reaches

a universal attractor r~8 x 107%, detectable by
upcoming CMB experiments [83,86,87].

(i) Predictive CMB observables: Scalar spectral index
0.955 < n, £0.974 (Fig. 5), aligning with current
data [85,88].

(iii) Observable monopole window: Relic monopole
abundance Y}; ~ 1072’ (MACRO bound) to Y3, ~
1073 (potentially observable) for N;~10-17 e-folds
postformation [Eq. (42), Tables V-VIII].

(iv) Complementarity via proton decay: Intermediate
scales M; ~ 10'*-10'* GeV (Tables. V-VIII), from
unification and partial inflation, yield M above
Super-Kamiokande limits [89] and testable by
Hyper-Kamiokande [94].

Our model addresses the tension between Planck-
BICEP (n, ~0.955-0.965) [83,85] and Planck+ACT
(ny ~0.967-0.974) [88] via ¢ < M and ¢ > M branches
of the Coleman—Weinberg potential, maintaining r~
8 x 10~* within bounds.

The framework establishes a falsifiable complementarity
among CMB observations, monopole searches, and proton
decay experiments (Fig. 1). For the benchmark value
My = 8.7 x 1015 GeV, the predicted tensor-to-scalar ratio
r~8x 107 lies within the reach of forthcoming CMB
experiments such as the Simons Observatory and
LiteBIRD, while the corresponding proton lifetime for p —
e* 7Y falls within the sensitivity of Hyper-Kamiokande, up
to 10% years [94]. To clearly illustrate this complemen-
tarity, we highlight this representative benchmark point,
marked by a blue star, in the inflationary predictions shown
in Fig. 4, correlate it with the unification scale in Fig. 8, and
consistently emphasize this benchmark across the unifica-
tion-related plots in Figs. 9, 11.

This complementarity enables cross-validation: CMB
detection of r pinpoints M for proton decay searches.
Nonobservation pushes My, thresholds, potentially exclud-
ing model regions. Positive detection fixes M, predicts r,
and allows consistency tests against CMB data.
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APPENDIX: SLOW-ROLL PARAMETERS

In this appendix, we provide a general discussion of the
slow-roll approximation parameters used in the various
scenarios examined throughout this paper. Inflationary
predictions can be derived using these slow-roll parameters
as follows [130]:

i (Ve
2 \v)’

Here, the subscript { denotes derivatives with respect to the
canonical scalar field . In the slow-roll approximation,
the inflationary observables, the scalar spectral index ng,
the tensor-to-scalar ratio r, and the running of the spectral
index aj, are given by the following expressions:

V \"43%
2 & 2 _ 4 YV
1= mp, v K= =mp V: o

(A1)

ng = 1 - 664’ + 21’]4’, (A2)

r = 16¢;, (A3)
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a == 16€.n; — 24¢; — 2k, (A4)
where the slow-roll parameters are defined as
AL | S

AN/ e S
ng=1-6e+2y r=16e, a,=16en—24e>—2k>%.
(A5)

The number of e-folds N, in the slow-roll approximation is

given by
g* d
N* = / C ’
& /2e(0)

where the subscript “,” denotes the quantities when the
pivot scale exits the horizon, and {, is the value of the
inflaton at which inflation ends. The end of inflation can be
computed from the condition

(A6)

() =1 (A7)

Furthermore, the amplitude of the curvature perturbations
can be calculated using the relation

oo LV

=———, A8
R 242 € (A8)
where V, and ez are evaluated at horizon exit,
A% = 7‘/’1‘2@ : (A9)
247%¢({)

The best-fit value for the pivot scale k, = 0.05 Mpc~! is

A% ~2.1x107°, (A10)
as obtained from the Planck measurements [112].

However, obtaining an analytical expression for an
inflationary potential originally defined as V,(¢) when
expressed in terms of the canonical field V;({) is not
always straightforward, or even possible, depending on the
specific form of the potential. In such cases, one can instead
perform a numerical analysis of the model’s predictions
directly in terms of the original scalar field ¢, rather than
transforming to the canonical field {. Consequently, the
slow-roll parameters must be expressed in terms of ¢; these
parameters take the form [131]

1 V(/, 2 V(/){/,
%‘5(7)’ =y (A1)

AL
K¢772 s
%

where the derivatives are taken with respect to ¢b. The slow-
roll parameters can then be expressed in terms of Z(¢) as
follows:

Je
€ = Zey, n=2Zn, +sgn(V')Z' 3"’
6()
K2 = Z(ch?,j + 3sgn(V')Z'ny1 /?/ + Z"€4,>. (A12)

Furthermore, the number of e-folds N, and the amplitude
of the curvature perturbations A% can be given in terms of
¢ in the following forms:

N, = /f*%d(p, (A13)
Sy AW
vosanv) [* oS
Ap = 2\;% \/‘;‘Z//' . (A16)

To calculate the numerical values of inflationary observ-
ables, such as the spectral index 7, and the tensor-to-scalar
ratio r, the number of e-folds N, corresponding to the pivot
scale is also required. Assuming a standard thermal history
after inflation, N, for the pivot scale k, = 0.05 Mpc~! can
be expressed as [132]

L p. 1 Pe
N,~6l54+-In—Ffr—-————In—r
*3 nm‘f,1 314+ w,) mp

1 1\ pr
Y (NS | P,
Here, p, = (3/2)V(¢,) is the energy density at the end of
inflation, p, is the energy density at the end of reheating,
and p, = V(¢,) is the energy density when the scale
corresponding to k, exits the horizon. The parameter w,

denotes the equation of state during reheating.
The energy densities p, and p, can be expressed as

(A17)

2
77 4

Pr= Eg*Treh’ (AIS)
3n?A%r

where g, = 106.75 is the effective number of relativistic
degrees of freedom, and T, denotes the reheat temperature.
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