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ARTICLE INFO ABSTRACT

Editor: Stephan Stieberger This research explores the rapid expansion period of the early universe by applying the Chaplygin
gas model, an alternative cosmological framework, to analyze the dynamics of inflationary
processes. This study assesses the compatibility of three widely studied scalar field potentials
with the latest observational constraints derived from the Planck datasets. Our analysis includes
inflationary parameters such as slow-roll parameters, scalar power spectrum Py, scalar spectral
index ng, dissipative ratio R, tensor-to-scalar ratio r and running of the scalar spectral index
%, within the theoretical frameworks of canonical scalar field dynamics and the Chaplygin gas
cosmological model. These parameters help to paint a comprehensive picture of the inflationary
epoch and its impact on the observable Universe. We also address the generalized ratio of the
swampland de-Sitter conjecture through the expression of % for three different potentials. We
analyze inflation driven by a scalar field ¢ with decay rate I'(¢,T) = Cm;—il, where C; is a
dimensionless coupling and a controls dissipation strength. Working in the strong dissipative
regime (R > 1), we systematically investigate the background evolution and perturbation
spectrum, deriving inflationary observables.

1. Introduction

The expanding universe concept originated with Georges Lemaitre in the 1920s through theoretical work on general relativity.
Edwin Hubble later confirmed this expansion observationally in the late 1920s-1930s. Hubble observed that distant galaxies are
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receding from us, with their recessional velocity increasing with distance. This proportionality, formalized as Hubble’s Law, provides
direct evidence for cosmic expansion. This profound implication suggests that the universe was once much smaller and denser, a
state referred to as the Big Bang. These observations establish the Big Bang paradigm as the standard model of cosmic evolution,
from initial conditions to present-day expansion. These observations establish the Big Bang paradigm as the standard model of cosmic
evolution, from initial conditions to present-day expansion. The expansion of the universe has also yielded significant insights into
its nature and composition [1].

Observations of distant super-novae [2], gravitational lensing (GL) [3] and cosmic microwave background (CMB) [4] radiation
have led to the understanding that the universe undergoes accelerated expansion, not merely constant growth. This acceleration
is attributed to a mysterious force called dark energy [5], which appears to counteract the gravitational pull of matter and push
galaxies apart at an increasing rate. However, the expansion of the universe is a fascinating phenomenon that not only reshaped our
understanding of cosmology but also continues to provide valuable insights into the nature, composition, and ultimate destiny of the
cosmos. Inflationary theory suggests that the universe underwent an extremely rapid, exponential expansion in the earliest fractions
of a second following the Big Bang. Inflationary theory was developed to address certain issues with the standard big bang model,
such as the monopole problem [6,7], flatness problem, homogeneity problem [8] and the horizon problem.

The horizon problem emerges from the observed thermal equilibrium between causally disconnected regions of the universe - areas
that, according to standard cosmology, could never have achieved temperature uniformity through conventional thermal processes
[9]. The inflationary paradigm suggests a phase of superluminal spatial growth in the universe’s primordial stages, allowing distant
regions to come into contact and reach thermal equilibrium before inflation ended. This resolves the horizon problem by ensuring
that regions of the universe that were once in causal contact remain in thermal equilibrium. The geometry of the universe (whether
it is flat, open, or closed) is described by the curvature parameter, which observations indicate is very close to flat. Without inflation,
the early universe would need to be fine-tuned to an incredibly precise degree to remain flat over time. Inflation naturally drives the
curvature parameter towards unity, making the universe flat on large scales. This resolves the flatness problem by explaining why
the universe appears to be so close to flatness without requiring fine-tuning [9].

The homogeneity problem concerns the uniformity of the CMB radiation [7]. Large-scale observations reveal remarkable uni-
formity in the universe’s matter distribution and physical properties across all directions. Without inflation, achieving this level of
uniformity would require a mechanism for the early universe to quickly reach thermal equilibrium, which is not readily apparent in
the standard Big Bang model. Inflationary theory provides a solution by exponentially expanding the universe, thereby smoothing
out any irregularities in the density distribution and ensuring uniformity [10]. Grand unified field theories (GUTSs) necessarily imply
the generation of magnetic monopoles during high-energy phase transitions, hypothetical particles with isolated magnetic charges.
If these particles were produced in the early universe as predicted by GUTs, they should be very abundant, which contradicts current
observations. Inflationary theory resolves the monopole problem by predicting that the rapid expansion of the universe would dilute
the density of these monopoles to extremely low levels.

The terms commonly associated with cosmological models that attempt to explain the inflationary epoch are cold and warm
inflation [11]. The cold inflation scenario unfolds through two distinct mechanisms: an initial slow-roll period of accelerated cosmic
expansion, followed by a reheating phase that restores thermal equilibrium [12]. Dissipation, or energy loss, is a crucial aspect of
the system but is often overlooked in cold inflation models. Reheating is essential at the end of inflation to align the inflationary
model with the big bang theory. Inflation, a key concept in cosmology, explores the dynamics of the early universe with significant
dissipative effects [13]. Unlike cold inflation, which ignores dissipative processes, warm inflation incorporates interactions between
the inflation field and other particles. In warm inflation, dissipative effects gradually convert the energy of the inflation field into
radiation, transitioning the universe from accelerated expansion to radiation domination. This transition involves the decay of the
inflation field into radiation particles, which influences the subsequent evolution of the universe. Warm inflation introduces unique
consistency relations, which are crucial for testing theoretical models against observations and enhancing our theoretical framework
for early universe physics [14].

Swampland distance/de Sitter conjectures [15,16] impose nontrivial restrictions on K-essence Lagrangian reconstructions in
effective field theory. These criteria challenge the Einstein’s gravity and the principles of string theory. One conjecture suggests that
the inflation field should be constrained by the Planck mass, specifically A¢ <m s OF alternatively, A¢ < cm s where ¢ depends on the

nature of the field. A further swampland conjecture constrains the scalar potential’s gradient through the inequality |V,V'| > c.ml,
D

where c is an O(1) constant. This condition severely restricts inflationary scenarios—either preventing slow-roll inflation entirely or
limiting it to sub-Planckian field excursions, depending on c¢’s magnitude. The conjecture further connects to cosmological slow-roll
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7 (where Vi, = %), which quantify the field’s dynamical evolution during inflation. Inflation

takes place if < 1 and e < 1.

The Chaplygin gas (CG) model [17], though first proposed in non-cosmological contexts, has gained significant attention in
modern cosmology due to its unique negative pressure behavior. When applied to the Friedmann-Lemaitre-Robertson-Walker (FLRW)
framework in general relativity, CG offers a theoretical lens to analyze the universe’s evolutionary dynamics under the influence of
an exotic fluid. Unlike conventional models, CG distinguishes itself through a dynamically evolving equation of state (EoS), enabling
novel interpretations of cosmic expansion [18,19]. Investigations into modified gravity theories have further expanded its applicability
[20], though persistent limitations in modeling large-scale structure formation and reconciling the cosmological power spectrum
remain unresolved [21]. To address these issues, Bento et al. [22] developed the generalized Chaplygin gas (GCG) model, which has
emerged as a promising candidate for unifying dark energy and dark matter phenomena. Observational studies [23]-[24] increasingly
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support the GCG framework, particularly its capacity to explain cosmic acceleration through a single fluid characterized by an
unconventional EoS [25]. This unification of dark sector components underscores the GCG model’s potential to simplify cosmological
paradigms. The detailed analysis of inflation are also given in the literature [26-42].

In recent years, warm inflation has gained attention as a viable alternative to cold inflation, offering a mechanism where the
inflaton’s energy dissipates into a thermal bath during inflation. Unlike the standard scenario, this process allows a smooth transition
to the radiation-dominated era, potentially avoiding the need for a separate reheating phase. This property also makes warm inflation
promising in light of the swampland conjectures, which challenge the flatness and field range assumptions of traditional slow-roll
models. In this work, we explore warm inflation within the GCG framework, which provides a unified description of dark energy and
dark matter through an exotic fluid with a variable equation of state. We consider three types of scalar field potentials (D-brane for
p=2, p=4 and exponential tail potentials) and examine their dynamics under a generalized dissipative coefficient. Specifically, we

analyze key inflationary parameters by considering the dissipation coefficient I'(¢, T) = C,; ¢€il . Our study explores (i) the primordial

curvature power spectrum Py, (ii) scalar spectral index ng, (iii) dissipation ratio R = %, (iv) tensor-scalar ratio r and (v) the running

dd;'l"'k of the spectral index. Furthermore, we present graphical representations of the relationships between n, —r, n; — R as well as

ng — ddl::‘k. Additionally, we examine the generalized ratio of the swampland de Sitter conjecture through the expression %

The goal is to determine whether these setups yield inflationary observables consistent with Planck 2018 constraints and simultane-
ously satisfy the swampland de Sitter conjectures, thereby providing a theoretically motivated and observationally viable inflationary
model. The structure of this manuscript is as follows: Section 2 includes a concise introduction to the warm inflationary paradigm is
presented, alongside foundational principles of cosmological perturbation theory. We also explore the mathematical formulation of
the GCG model is rigorously developed, emphasizing its EoS and implications for the unification of dark components. The D-Brane
potential for p =2 is analyzed in Section 3, to derive inflationary observables and swampland conjectures supported by graphical
representations of parameter trends. In Section 4, analytical expressions for inflationary parameters and swampland conjectures are
derived within the D-Brane potential for p = 4 framework. A novel potential with exponential tails is proposed and its inflationary
dynamics are explored in Section 5. Finally, Section 6 demonstrates the key findings across all models are synthesized, emphasizing
comparative insights into inflationary mechanisms and swampland criteria.

2. Generalized Chaplygin gas model

The CG [43] is an exotic fluid with unconventional thermodynamic properties, initially formulated by Sergei Chaplygin in the
context of aerodynamics. Its defining feature is a non-linear inverse relationship between pressure p and energy density p, expressed
via the EoS p = —< where C, > 0 is a proportionality constant. Unlike classical ideal gases, CG exhibits a negative pressure that
dominates at high densities, a behavior linked to its capacity to mimic dark energy in cosmological frameworks. The CG dynamically
transitions between matter-like (p ~ 0) and dark energy-like (p ~ —p) phases, enabling it to unify dark matter and dark energy
phenomenology under a single fluid description. This model is originally derived to study lift forces in fluid dynamics, CG has been
reinterpreted in cosmology to address cosmic acceleration, structure formation, and the late-time expansion of the universe. The
EoS’s inherent negative pressure violates the strong energy condition, allowing CG to mediate repulsive gravitational effects while
retaining clustering properties akin to cold dark matter.

The GCG model was originally proposed to unify dark matter and dark energy phenomena in the late-time universe [24]. In
the present study, however, we do not treat the GCG as a physical fluid but rather as a geometric modification to the background
cosmology through its influence on the Friedmann equation. This approach introduces a nonlinear dependence on the scalar field
energy density, effectively modifying the expansion dynamics during the inflationary phase. As a result, the evolution of the Hubble
parameter is slowed, which aids in sustaining the inflationary process. It is worth emphasizing that our formulation does not require
the Chaplygin gas to exist as a thermodynamic component during inflation. Instead, consistent with interpretations found in the
literature, we adopt the GCG as a structural modification to the cosmological background geometry, applicable even in early-universe
scenarios. Meanwhile, the radiation component intrinsic to warm inflation arises independently due to dissipative processes involving
the scalar field. Hence, the radiation bath and inflaton field evolve on a background governed by GCG-modified gravity, without
assuming any physical coupling to the Chaplygin gas. This enhanced model incorporates additional degrees of freedom through a
parameterized equation of state

C
=——1, where O<a <. 2.1
p Pz

Notably:
* When «a = 1, the GCG exactly reduces to the standard CG model.
« For intermediate values (0 < @ < 1), the model exhibits quintessence-like characteristics.

+ As a approaches 0, it demonstrates phantom-like properties.

The corresponding energy density evolution emerges naturally from the conservation equation

C2 ﬁ
p=(C+—— , (2.2)

a3(l+a)
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where a is the scale factor and C, an integration constant. This elegant formulation allows the GCG to smoothly interpolate between
dust-like behavior at early times (¢ < 1) and dark energy dominance at late times (a>> 1). In this context, the term proportional to
a3 as the energy density of matter p,, is achieved.

Building upon Eq. (2.2), we generalize the energy density formulation to incorporate both conventional matter and scalar field
contributions. The complete energy density expression becomes

e L
p=(Crt o) = (€4 o) 2.3)

where the left term represents the original GCG form for matter density p,, while the right term extends this to include the scalar field
energy density p,, = %d) +V (¢). The parameter a maintains its original constraints (0 < a < 1). We interpret the theoretical framework
as a non-covariant modification of gravity, where Eq. (2.3) is not derived from Eq. (2.2). Instead, following the formalism in [17],
Eq. (2.3) independently defines a modified Friedmann equation. To contextualize this, we analyze a spatially flat universe dominated
by two components: (i) A self-interacting inflationary scalar field. (ii) A relativistic radiation fluid. Within this configuration, the
modified Friedmann equation can be expressed as

1 L
H? = 2((C+p," )™ +p,). 24

In this manuscript, we consider M2 = 1.

The modified Friedmann equation (Eq. (2.4)) originates from a non-covariant gravitational modification, yet remarkably preserves
diffeomorphism invariance in (3+1) dimensions [44]. This crucial feature maintains total stress-energy conservation while allowing
for novel cosmological dynamics.

2.1. Warm inflation framework with generalized Chaplygin gas background

Warm inflation presents an attractive alternative to the standard cold inflation scenario by incorporating dissipative effects through
which the inflaton field continuously transfers energy into a thermal radiation bath. This leads to a radiation-dominated environment
that coexists with inflation, eliminating the need for a distinct reheating phase. One of the key features of warm inflation is that
it allows for sustained inflationary dynamics via thermal friction, which slows down the motion of the scalar field even when the
potential is not extremely flat.

In our model, we consider a spatially flat Friedmann-Robertson-Walker (FRW) universe composed of a canonical scalar field ¢
and a radiation fluid p,. The cosmic expansion is governed by a modified Friedmann equation derived from the GCG model

H2=%<\/C1+V2(¢)+py>, (2.5)

where C, is a positive integration constant and V' (¢) is the scalar potential. During the inflationary phase, the energy density of the
scalar field dominates over radiation (p¢ > py), and equation (2.5) simplifies to

H2~ %\/Cl + V). (2.6)

Compared to the standard Friedmann equation, this GCG-based modification results in a more slowly varying Hubble parameter,
which contributes to extending the inflationary period and facilitates the realization of slow-roll conditions.
The scalar field evolves according to the equation

$+@BH+D)+V,=0, 2.7)

where T is the dissipation coefficient, responsible for converting inflaton energy into radiation. The friction term I'¢p slows the
evolution of the scalar field, providing the physical mechanism for sustaining inflation even with steeper potentials.
We assume a generalized form of the dissipation coefficient:

D(¢.T)=CyT """, (2.8)

where Cy is a positive constant and a determines the strength and form of the dissipation. The temperature of the thermal bath T is
g,

derived self-consistently from the radiation energy density p, = CyT4, where C, = and g, is the number of relativistic degrees
of freedom. Combining with the slow-roll equations, the temperature can be expressed as:

1
2 pa—1\ Z+a
T= 4 _ 2.9)
4C,H
The efficiency of dissipation is quantified by the dimensionless ratio
r

R=—, 2.10

3H ( )

which divides the dynamics into two regimes:
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+ Weak dissipative regime: R < 1
« Strong dissipative regime: R>> 1

In this work, we focus on the strong dissipative regime. In this case, the friction term dominates over Hubble damping, and the
scalar field equation (2.7) reduces under slow-roll conditions to:

3H(1+ Ry~ -V (2.11)

This shows explicitly how a large R (i.e., strong dissipation) suppresses ¢, thus enabling a slow-roll phase even for potentials that
are not exceptionally flat.
To verify the viability of slow-roll inflation, we define the following slow-roll parameters [45]

Vy\2 v, r,v, v,
e=l(22), 2l o0 0 (2.12)
2\V V v %4
For sustained warm inflation, these parameters must satisfy the extended conditions:
e,n,p,o0 <1+ R. (2.13)

In our analysis, we demonstrate analytically and numerically that these conditions are fulfilled for physically motivated parameter
choices, including ¢ =0 and a = —1, and realistic values of Cys K, m, and a. This confirms that slow-roll inflation is dynamically
supported in our framework due to the interplay between the GCG-modified background and the strong dissipative dynamics of
the scalar field. In the next subsection, we present the perturbation theory relevant to warm inflation and derive expressions for
observable quantities such as the scalar spectral index, tensor-to-scalar ratio, and running of the spectral index.

2.2. Cosmological perturbation

In warm inflation models, the presence of a thermalized radiation component with temperature T exceeding the Hubble rate
(T > H) fundamentally alters the nature of primordial fluctuations. Unlike in cold inflation where quantum vacuum fluctuations
dominate, the inflationary perturbations ¢ in this scenario are primarily thermally induced. This thermal origin of fluctuations leads
to a modified expression for the power spectrum of curvature perturbations, which incorporates both the temperature-dependent
effects and the dissipative dynamics characteristic of warm inflation as [46]

1
: H)\ (3H? 50T\2
2 o 2= =t =
PR_<2”>< 7 )(1+R)4< > ) (2.14)

The normalization convention aligns with standard cold inflation in the limit R — 0, where the radiation temperature 7" becomes
comparable to the Hubble parameter H. Meanwhile, the scalar spectral index n,, which quantifies deviations from scale invariance
in primordial fluctuations, is expressed within the leading-order slow-roll formalism as [46]

=14 dlIn Py
BT ik
(17+9R) (1+9R) 3
~]— - p+ 7.
4(1 + R)? 4(1+ R)? 2(1+R)
(2.15)
The scale dependence of the primordial power spectrum is characterized by the running of the scalar spectral index, denoted as ddl:'fk .

This quantity, which measures the variation of the spectral index n, with respect to logarithmic scale k, was first derived in [45] and
plays a crucial role in testing inflationary models against precision observational data. The running parameter provides important
constraints on the dynamics of the inflationary potential and its higher-order derivatives. It is defined as follows

dng 3 2 2 2
= — - 2
n, 1R <6ﬂ 5pn+6fe —6ye +2(° +9¢
— 4,,€>. (2.16)

The second-order slow-roll parameters ¢2 and y, introduced to refine the dynamics of inflationary models under thermal and dissi-
pative effects, are defined as [17]

V4V r
2 R PP
=209 (222, 2.17
c= (=) v=(52) (217)
The tensor-to-scalar ratio, denoted as r, serves as a fundamental observable in inflationary cosmology and is given as [46]
r=<?>L€5. (2.18)
(1+R)2
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When analyzing warm inflation scenarios with specific scalar potentials and dissipative coefficients, the background evolution can be
effectively described using slow-roll parameters. In this work, we examine how a generalized power-law dependence of the inflation
decay rate on both the scalar field and the thermal bath temperature T—affects inflationary dynamics for power-law plateau potentials.
Our analysis focuses exclusively on the strong dissipation regime, where the condition R > 1 (or equivalently I' > 3 H) holds. For this
regime, we adopt a generalized parametrization of the dissipative coefficient:
Tﬂ
[(@.T)=Cp——. (2.19)
d)a 1
Here, C, represents a dimensionless parameter encoding microscopic dissipative dynamics, while the exponent a characterizes the
decay rate’s scaling behavior. This parametrization allows systematic study of how different dissipative microphysics influence infla-
tionary observables while maintaining analytical tractability. For this choice, the expression of thermal bath becomes

V2¢a—lc—1 ﬁ
T=(=t___¢ )\ (2.20)
4C,H

Next, we will construct inflationary parameters and swampland de-Sitter conjecture for well-known potentials.
3. D-brane (p = 2) model and inflationary parameters

In the D-brane framework, D-branes are extended objects in string theory, where p represents the spatial dimensions the brane
occupies. For p =2, the D,-brane, the brane is a membrane that exists in three-dimensional space. The dynamics of D,-branes are
described by the Dirac-Born-Infeld (DBI) action, which governs their interaction with the background fields, such as the dilaton
and the Ramond-Ramond fields. The potential energy associated with D,-branes typically involves the contributions of tension and
various fluxes threading through the brane. The potential of D-Brane model for p =2 is given as [47]

2
V(¢>=A4<1—(£> > 3.1)

where A is free parameter and m is dimensionless parameter. By combining the Eq. (3.1) with the dissipation relation (Eq. (2.20)),
we derive the temperature of the thermal bath as a function of the inflaton field

| m*¢*~Tm’ 1
T =33 < ) . 32)

2
K4cyc¢,/cl+(1—;2"—¢z)2

Substituting the thermal bath temperature T'(¢) into the general dissipation form I'(¢ T) = C,, ;—: yields

I'=

1 a
a+4
. m4¢a—7m2
3art ?
4 m \?
K€, Co €1+ (1- 25 )

X ¢'71Cy. (3.3)
The dissipative ratio R, takes the following form when we substitute our derived dissipation coefficient

1 \¢4
e
1 m4¢a—7 mg

3at+d
2
m2
K4CVC¢\/C]+<1_W>

m2 2

X @'~ Cym>. (3.4)

For R > 1, the standard slow-roll conditions are modified to {¢,n,f,6} < R.
3.1. Cosmological perturbations

In the strong-dissipation limit where R = % > 1, the scalar perturbation spectrum undergoes significant modification compared
to conventional cold inflation scenarios. The power spectrum amplitude given by Eq. (2.14) transforms to
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1
1 H\(3H2\[/T\? *
P2~ = - -
R_<2”>< L¢ ><H> ke ©5

By substituting all applicable expressions into Eq. (3.5), the equation transforms into

K23 (C1 + (1 - K’Z"—;)2>

3/2

R =

367rm2m2
at5 4 pa—T .2 1
35t 2 m Py pv
2
2
K4C,C, \/C1 +<1——K_gf¢2 >
2
m2
C1+(1——K2¢2>
1 \a\5/4
v
1 4 pa=7,2
3o m” ¢ m;
K4C,C, cl+(1—sz)2)
X
2
m2
c+(1-2)
X¢l—ac m2 (3.6)
[

In the strongly dissipative regime, the scalar spectral index n, acquires additional temperature-dependent terms compared to cold
inflation scenarios. The generalized expression becomes

nS=l—%(3e+3ﬂ—2n). (3.7)

dng
dlnk

One can obtain the expression of n, by substituting Eq. (3.4) into Eq. (3.7). Additionally, the expression of ({?), y, r and can

also be found through straightforward calculations.
3.2. Swampland conjectures

The string theory landscape refers to the vast theoretical space of possible vacuum solutions arising from different compactifica-
tions in string theory, each characterized by distinct physical parameters [48]. This multidimensional parameter space encompasses:

+ Various false vacuum configurations.
« Alternative compactification geometries.
+ Multiple flux stabilization possibilities.

Complementing this landscape is the conceptual “swampland” - the set of effective field theories that, while internally consistent,
cannot be ultraviolet-completed within string theory. To systematically distinguish between landscape-compatible theories and those
relegated to the swampland, two fundamental conjectures have emerged:

+ Swampland Distance Conjecture:

Proposes that traversing large distances in field space necessarily introduces an infinite tower of exponentially light states. In the
context of effective field theory (EFT), the range traversed by the scalar fields within the field space is subject to an upper bound
as

where C; is some constant of order of unity.
« Swampland de Sitter Conjecture:

Suggests that stable de Sitter vacua may be inconsistent with quantum gravity, implying stringent constraints on positive cosmo-
logical constants. The scalar field potentials of any EFT should obey one of the following conditions [49-51]
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Fig. 1. Plot of r (ratio between tensor to scalar) against n scalar spectral index) for D-Brane (p =2) model.

AV| G
_ >,
Vv "M,
or
min(ViVjV) Cs
I <2
14 - Mp’

Here, C, and Cj are dimensionless constants with values near 1. The operator V denotes the field-space gradient, while min(V,;V;V’)
represents the smallest eigenvalue of the Hessian matrix V,;V;V/, evaluated in an orthonormal basis. In warm inflation, this conjecture
adopts a modified form to account for

TV _( 6 ,10-a m?
W—(“ﬁ S\ g

( (a— 7)m4¢”’8m12]
X

6 pa-10,2( 1 _ _m
2m° P mp<1 pers

: )
2
x®C,C, (C1 + (1 - K;n_¢Z> )3/2

X (2a+Hmom)~
If the ratio satisfies the condition % < 1, one can achieve the swampland conjectures [52].
3.3. Graphical part

This section analyzes the relationships between key inflationary observables and swampland criteria by plotting them against the
ng. The proposed inflationary framework is tested against modern astrophysical constraints, primarily leveraging measurements of
cosmic microwave background (CMB) temperature anisotropies. Predictions of the model are evaluated on the n; — r plane, which
features observational constraints derived from CMB data. Recent high-precision results from the Planck satellite experiments [53,54]
provide stringent bounds on these parameters. To assess consistency with observations, we systematically investigate:

+ The ratio between tensor to scalar r versus n;.

+ The dissipation ratio R versus n,.
dng
dink

» The thermal-to-adiabatic ratio

+ The running

of the spectral index versus n,.
VT

T77 Versus ng.

+ Behavior of r against n:
For R>> 1, we numerically evaluate the expression of r as a function of the scalar spectral index n; using the theoretical framework
established in Egs. (2.18) and (3.7). Fig. 1 presents these cosmological predictions for three representative values of the dissipation
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Fig. 2. Plot of R= % against n, for D-Brane (p =2) model with a =0.
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Fig. 3. Plot of R= % against n for D-Brane (p =2) model with a = 1.

parameter x = 160, 200, 240, while maintaining fixed values for other key parameters: C = 70, M b= 1 (in natural unit),
C, =107%, m =15, a = 500 and C, =8.5. Our analysis reveals a consistent decreasing trend in r across the observationally
relevant range of n,, with all computed trajectories satisfying the latest Planck collaboration constraints of n; = 0.9649 + 0.0042
and r < 0.066 at 95% confidence level [53,54]. The results demonstrate particular sensitivity to the dissipation parameter k, with
variations of +20% producing distinct but observationally viable curves. This systematic behavior confirms the robustness of the
GCG framework within current observational bounds, suggesting that strong dissipative effects preferentially suppress tensor
modes relative to scalar perturbations. The successful agreement with Planck data across our parameter choices indicates that
the model requires no fine-tuning to remain consistent with measurements of the CMB.

Behavior of R against n,: Figs. 2 and 3 illustrate the relationship between the dissipative ratio R = L and the scalar spectral
index ng, derived from Egs. (2.18) and (3.4), under two distinct scenarios: Fig. 2 (a = 0) and Fig. 3 (a = 1). For Fig. 2, the
generalized dissipative coefficient I'(¢,T) = C¢¢€—jl, simplifies to I = C;,¢ when a = 0. Substituting this, the dissipative ratio

becomes R = % The analysis employs three values of the parameter x = 250, 300, 350, with fixed constants C, =70, Cy = 8.5

a =500, m=15and M » = 1. In Fig. 3, the system is analyzed under the assumption of a strong dissipative regime with a = 1.
Here, x retains the same values (250, 300, 350), while parameters C, =70, Cy = 0.439 a =500, m =15 and M, =1 are held
constant. The trajectories of n, span n, € [0.94, 0.99] across R € [0, 15]. By enforcing the critical warm inflation condition % >1,
the analysis identifies the parameter space where the strong dissipative regime dominates.

Behavior of ddl'::k and ng:
Recent analysis by the Planck 2018 collaboration has precisely measured the scale dependence of the scalar spectral index n,,
revealing a slightly negative running that is statistically consistent with zero. Our investigation explores this running through
three distinct scenarios characterized by different values of the parameter a =0, 1,1, as illustrated in caption of Figs. 4-6. In
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Fig. 4. Plot of running l%k of the scalar spectral index against n, (scalar spectral index) for D-Brane (p =2) model with a =0.
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Fig. 5. Plot of running % of the scalar spectral index against n, (scalar spectral index) for D-Brane (p =2) model with a = 1.
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Fig. 6. Plot of running A1 of the scalar spectral index against n, (scalar spectral index) for D-Brane (p = 2) model with a = —1.

dlnk

Fig. 4 (a =0), we examine the scale dependence :1% across three dissipation parameter values x = 130, 150, 250, while holding

other parameters fixed C, =70 M, =1 a =0.5 m=13 and Cj = 5. The results demonstrate excellent agreement with Planck’s
dng

reported range = —0.0126fgjgg§§ within the observational window n; = 0.9649 +0.0042, confirming the physical consistency
of this configuration [53,54].

Fig. 5 (a = 1) presents an interesting contrast when analyzed under identical parameter choices. Here, the model generates
positive running values i ;r'fk > 0, which are observationally disfavored and suggest potential limitations of this particular pa-
rameterization. However, the scenario recovers physical consistency in Fig. 6 (a = —1), where the predicted running again falls

10
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Fig. 7. Plot of 7‘{—;: versus n, for exponential tails potential with a = 0.

within Planck’s constraints, demonstrating the model’s viability for certain parameter combinations [53,54]. These systematic
comparisons reveal that the model’s consistency with observational data depends sensitively on both the dissipation mechanism
(through «) and the specific form of the thermal coupling (through a). The successful agreement for a =0 and a = —1 cases,
contrasted with the unphysical a = 1 results, provides valuable insights into the parameter space where the GCG framework
remains compatible with precision CMB measurements while maintaining its distinctive thermal characteristics.

Behavior of % versus n,: Fig. 7 examines the relationship between the dimensionless parameter ?—Tl, derived from the

V/
!
de Sitter conjecture and the scalar spectral index ng, evaluated for three distinct values of x. For k =9, 17, the ratio V—T,

consistently remains below unity (< 1), satisfying the criteria of the swampland conjectures and confirming their validity under
these conditions.

4. D-brane (p =4) model

The D,-brane (p = 4) extends through five spatial dimensions. The potential for D,-branes also follows the DBI formalism, but the
energy landscape becomes more complex due to the increased number of dimensions, leading to richer topological and gauge field
structures. Both cases involve non-linear potentials that are sensitive to the geometry of the compactified extra dimensions and play
a critical role in scenarios such as brane inflation, where the shape of the potential helps govern the dynamics of the early universe’s
evolution. Potential of this brane form is defined as follows [7]

m\*
V=1-(— .
(-(5))
1
By applying the same analytical methodology to this potential, we derived the expression of R, ng, r, P2 and % and discussed
their physical importance through plots in the upcoming section.

4.1. Graphical part

+ Behavior of r versus #,: In the case of D-Brane (p = 4) model, we present graphs illustrating the tensor-to-scalar ratio r and the
scalar spectral index n, in Fig. 8. We plot the trajectories for x =450, C, = 100, C; = 1074, @ = 6x 10° and m = 90. Analysis of
the plotted results reveals that the scalar spectral index n; = 0.9649 +0.0042, consistent with the Planck collaboration’s measured
range, constrains the tensor-to-scalar ratio to r < 0.066 (68% confidence level). This agreement validates the consistency of our
theoretical framework with the latest observational constraints, as shown in [53,54].

Behavior of R versus n: The graph in Fig. 9 depicts the relationship between the scalar spectral index n, and the dissipative
ratio R for different values of x. Fig. 9 analyzes the parameter space of the scalar spectral index n, within the 68% confidence
interval 0.94 < ny $0.99, derived from observational constraints. Across this range, the dissipative ratio R consistently aligns
with the theoretical requirements of the model, confirming its compatibility with the defined observational bounds.

dng

Behavior of o versus n;: Our numerical analysis reveals key features of the spectral index running in strong dissipative
regimes (R >> 1), as illustrated in Figs. 10-12. These results explore three distinct thermal coupling scenarios (a € {0,+1}) across
multiple dissipation scales (k). Fig. 10 (a = 0) demonstrates remarkable consistency with observational constraints, showing

ng €[0.92,0.98] and ddl'r'fk € (—0.0002,0.0004). The tight clustering of running values near zero strongly supports the model’s

11
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Fig. 8. Plot of r versus n  for D-Brane (p = 4) model.
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versus n, for D-Brane (p =4) model with a =0.
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€ [0.0000, 0.0006]. While positive, this

minimal running remains observationally permissible. Fig. 12 (a = —1) shows particularly compelling agreement with Planck
data [53,54], as lim,, _¢ 965 = ﬁ ~ 0. This asymptotic behavior matches precision CMB measurements.
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5. Potential with exponential tails model
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Exponential potentials are characterized by inherent power-law dynamics, making them particularly advantageous for cosmolog-
ical modeling due to their mathematically tractable form. This property enables closed-form solutions and reduces computational
complexity in inflationary studies [47]. Their functional simplicity streamlines the analysis of inflationary evolution and its observa-
tional signatures. Motivated by these benefits, we adopt a single-field exponential potential of the form [43]

V=A4<1 —e_Kq¢>.

Within this scalar field configuration, the analysis extends to scenarios where the dissipative ratio significantly exceeds unity R > 1
and finds the same previous inflationary parameters.

5.1. Graphical part

+ Behavior of r Vs n: Fig. 13 illustrates the parametric relationship between the tensor-to-scalar ratio (r) and the scalar spectral
index n,, analyzed across incremental variations in the parameter k. The trajectories align with Planck 2018 constraints [53,
54], demonstrating theoretical consistency with observational bounds. Notably, all calculated values of r remain below the
observational upper limit of r < 0.066 for scalar spectral indices within the observationally allowed range, further validating the

model’s compatibility with current cosmological datasets.

Behavior of R versus n,:

Fig. 14 presents a systematic investigation of how the dissipative ratio R varies with the scalar
spectral index n, across different values of the dissipation parameter x. Our analysis focuses on the observationally constrained
range 0.94 S ng $0.99, corresponding to the 68% confidence limits from precision CMB measurements. The results demonstrate
that the range of R satisfying observational data sets.
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 Behavior of

ddl::’k versus n,: Figs. 15-17 analyze the correlation between ddl:fk and n, for three distinct values of parameter
a. For a =0 (Fig. 15), the scalar spectral index spans 0.94 < n, < 1.00, while the running ddl’r'l*'k occupies a narrow range of

—0.00015 < support consistency with modern observational constraints. For

dng
1

" < (. The marginally negative values of Tk

d
dlnk —
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Fig. 16. Plot of % versus n, for exponential tails potential with a = 1.
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dny dng <
dlnk ThE S 0. These results

corroborating the Planck collaboration’s bounds on inflationary dynamics [53,54].

a =1 (Fig. 16), the running spans —0.00015 <
dng

dink’

< 0.00007, while a = —1 (Fig. 17) yields —0.0005 <

exhibit slight negative deviations in

! !

;5, versus n: Fig. 18 analyzes the correlation between the dimensionless parameter %, central to the de Sitter
!

conjecture, and the scalar spectral index n,, evaluated for three distinct values of k. The analysis confirms that V—T, < 1 across

all tested scenarios, thereby supporting the theoretical bounds imposed by the swampland conjectures. This inequality aligns

+ Behavior of
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with the conjectures’ requirement for viable low-energy effective theories to avoid de Sitter-like vacua, further reinforcing the
consistency of our framework with quantum gravity constraints.

6. Concluding remarks

In this study, we explore the dynamics of power-law plateau inflation within the warm inflation framework, drawing theoretical

inspiration from GCG models. We employ a generalized dissipative coefficient, I'(¢,T) = C q;jl . For underlying framework, we

K¢
p=4) and V = A*(1 — e7¥9®) (Potential with Exponential Tails model), each representing unique dissipative dynamics examined
in prior literature. Our analysis centers on (R > 1), where thermal fluctuations dominate over quantum effects. We utilize slow-roll
parameters to derive both the background evolution equations and perturbative observables, enabling a comprehensive examination of
the interplay between dissipation, potential structure, and observational signatures. This approach allows us to systematically evaluate
the consistency of these models with theoretical constraints and observational data, particularly in the context of the swampland
conjectures and Planck collaboration bounds.

Our comprehensive calculations of key inflationary observables—including the scalar power spectrum Py, spectral index ng,
its running ddl%’ dissipative ratio R and the thermal stability parameter %—demonstrate remarkable consistency with current
observational constraints. For every potential we examined, the results align precisely with Planck’s latest measurements: the tensor-
to-scalar ratio remains below r < 0.066, the spectral index falls within n; =0.9661 + 0.0040 and the running of the spectral index is

an _ _0.006 + 0.013 [53,54]. Of particular significance is our finding that the ratio ;/—VV which tests the swamp-

consistent with - 2

land conjectures, consistently takes values between 0 and 1 across all cases. This bounded range provides strong evidence that our
model satisfies both string-theoretic consistency conditions and thermodynamic stability requirements during inflation. The robust
agreement between our theoretical predictions and observational data, combined with the natural fulfillment of swampland criteria,
suggests that warm inflation scenarios with strong dissipation effects may offer a compelling framework that bridges high-energy

physics and cosmological phenomenology.

2 4
consider three plateau-type potentials: V' = A* (1 - <ﬂ> ) (D-Brane model for p=2), V = A* <1 - (%) > (D-Brane model for
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