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Abstract: We investigate warm inflation in the framework of f(Q) gravity within a Friedmann-Robertson-Walker
spacetime. Unlike cold inflation, where the inflaton evolves in isolation, warm inflation features continuous interac-
tion between the inflaton field and radiation throughout the inflationary epoch, facilitating energy transfer through
dissipative processes and maintaining thermal equilibrium. In our novel approach, we employ f(Q) dark energy as
the driving mechanism for warm inflation, leveraging the geometric degrees of freedom associated with non-metri-
city as dynamical variables. We derive the field equations using slow-roll approximations and analyze two specific
f(Q) models: a power-law form f(Q) = Q+mQ" and logarithmic form f(Q) = mQIn(nQ). Our analysis focuses on
the high-dissipative regime, where thermal fluctuations dominate over quantum fluctuations. We compute key infla-
tionary observables, including the scalar spectral index ng, tensor-to-scalar ratio r, and slow-roll parameters. Our
results demonstrate that f(Q) dark energy successfully drives warm inflation while satisfying essential physical con-
ditions: initial dominance of f(Q) energy density over radiation density, and thermal fluctuations exceeding
quantum fluctuations (7 > H). As inflation progresses, energy transfers from the geometric f(Q) sector to radiation,
eventually bringing both densities to comparable levels near inflation's end. Importantly, our computed values align
well with current observational constraints from Planck and BICEP/Keck: ny = 0.965+0.004 and r < 0.036. This
validates the viability of warm inflation in f(Q) gravity and establishes a unified geometric framework for under-

standing both early universe inflation and late-time cosmic acceleration.
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I. INTRODUCTION

Significant theoretical and observational cosmology
has been conducted in recent years to understand the dy-
namics of the universe. The results of these investiga-
tions are in excellent agreement with the general relativ-
ity-based cosmological model known as the ACDM. Sim-
ultaneously, surveys looking at the cosmic microwave
background (CMB) radiation have revealed important de-
tails about the beginnings and evolution of the universe
[1, 2]. The conventional cosmological model still has sev-
eral unclear concepts, such as the horizon and flatness is-
sues. The concept of cosmological inflation has success-
fully addressed some issues of standard cosmology. Infla-
tion also provides a framework for understanding the
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generation and the evolution of the earliest seeds that
gave rise to the universe's large-scale structure [3—7].
Alan Guth pioneered the concept of inflation [4] in
1981, which Sato [8] later proposed independently. Ac-
cording to this concept, the first-order transition to true
vacuum is used in de Sitter inflation. The universe would
undergo a phase change if it cooled to temperatures 28
orders of magnitude lower than the critical temperature in
its early history. In such scenarios, many issues such as
the flatness and horizon problems would vanish. A peri-
od of exponential development would therefore produce a
massive expansion factor, and when the latent heat is set
free, the universe's entropy would be compounded by a
large factor. In the framework of grand unified models of
fundamental particle interactions, such a situation is en-
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tirely normal. The issue of monopole suppression in these
models is similarly impacted by supercooling. The uni-
verse will thermalize during the reheating phase that fol-
lows inflation as the inflaton breaks down into light
particles. It is possible to establish a connection between
the parameters of inflation and reheating by considering
the cosmic expansion history from the moment the meas-
ured CMB scales escape the Hubble bounds during infla-
tion to the moment they re-enter it later. A comprehens-
ive review of cosmological inflation can be found in [9].
Other notable works can be found in [10—16].

However, Guth and other authors [17—19] who have
since examined this issue have acknowledged that this
scenario in the form proposed in [4] has certain shortcom-
ings. Therefore, this initial idea of inflation has been
modified over the years to address these shortcomings.
The modified version was first proposed by Linde [6] and
then by the authors of [5] in 1982. The concept uses the
second-order transition of vacuum to explain the slow-
roll inflation. Nevertheless, the idea also has drawbacks
because it does not address the issue of spending too
much time in a false vacuum, which can lead to massive
inflation. Linde [20] studied chaotic inflation, which is a
slow-roll inflation using initial disordered scalar fields
[21]. According to this model, sections with substantial
inflation produce an isotropic and homogeneous universe.
Early and newly developed inflation models contend that
the universe has consistently maintained thermal equilib-
rium, while chaotic inflation holds that this thermal equi-
librium was not required. The problems with initial con-
ditions are also resolved by the fact that disordered infla-
tion matches with Planck density.

In the above discussion, we have seen the salient fea-
tures of classical inflation or cold inflation where there is
no role played by radiation. Theoretically, there is anoth-
er form of cosmological inflation known as warm infla-
tion [22-23]. The dissipative effects are absent in cold in-
flation, meaning that the system's total energy is con-
served in a conventional inflaton scalar field that is
rolling down slowly. Meanwhile, warm inflation is a pro-
cess where radiation production takes place during the in-
flationary era and produces particles at relativistic scales.
Because of de-Sitter-type expansion, particle density in
conventional inflation exponentially decreases to zero
following inflation. However, due to coupling with anoth-
er field, the particle number does not become zero in the
case of warm inflation. The equation of conservation of
the homogeneous scalar field contains an additional term
involving a dissipative coefficient I', which maintains ra-
diation production in the models of warm inflation. This
term can be taken to be either a constant, a function de-
pendent on temperature, scalar field, or a combination of
the two. The second law of thermodynamics states that I"
should be constrained as ' >0 to couple with the radi-
ation density. This means that throughout the inflationary

phase, the radiation and inflaton field interact with each

other. The dissipation term given by 6 = is used to

H
measure the importance of warm inﬂati30n (H is the
Hubble parameter). Strong dissipation (6 >> 1) and weak
dissipation (§ << 1) are the two extremes in warm infla-
tion caused by the factor I'. The weak dissipative regime
is still dominated by the Hubble damping term, but the
sluggish evolution of the inflaton field is controlled by
the dissipative coefficient I' in the strong dissipative re-
gime. The warm inflationary mechanism has been
broadly studied in literature under different settings
[24-39].

The Type la Supernovae data [40] clearly show that
the universe is undergoing a second phase of accelerated
expansion following the early inflation. The recent cos-
mic acceleration is attributed to the presence of a negat-
ive pressure component popularly known as dark energy
(DE) [41]. In an alternative formulation, we modify the
standard Einstein-Hilbert action producing the alternat-
ive theories of gravity [42]. Two fundamental formula-
tions of gravity are found in the literature: the teleparallel
(R=0, 7#0) and curvature (R # 0, 7 =0) formulations,
where 7 is the scalar torsion and R is the scalar curvature.
Nevertheless, the non-metricity O disappears in both of
these formulations. The geometric representation of a
vector's length variation in parallel transport is given by
0. However, there exists a special type of non-metricity
that admits fixed-length vectors. The mathematical
foundations and physical implications of this special type
of nonmetricity were explored in [43—46]. In a third com-
parable formalism of general relativity, it was previously
believed that the elementary geometrical variable re-
sponsible for all types of gravitational interplay was a
non-vanishing non-metricity Q. This theory has been
named Symmetric Teleparallel gravity (STG) [47]. In this
case, the Einstein pseudotensor represents the density of
the energy-momentum tensor (EMT). It should be noted
that when we geometrically represent this tensor, it ulti-
mately becomes a real tensor. After much investigation,
STG was expanded to f(Q) gravity [48], which is also re-
ferred to as non-metric gravity and coincident general re-
lativity. The cosmological implications of f(Q) gravity
and its empirical limitations were studied in [49-50]. In
the past couple of decades, the STG framework has un-
dergone a number of modifications [S1—55]. By consider-
ing the non-minimal (NM) connection between the non-
metricity Q and matter Lagrangian L,,, the authors of [55]
proposed extending the periphery of f(Q) gravity. The
NM connection between the geometry and matter sectors
is expected to result in the non-preservation of the EMT
and the addition of an extra force to the geodesic equa-
tion of motion. In [56], the authors developed the f(Q,T)
model, which is another generalization of the STG. For
example, see an extended study on inflation in f(R),
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f(T), and f(Q) gravities [57]. In this case, the gravity
Lagrangian is simply an arbitrary function of Q and the
trace T of the EMT. The field equations were established,
and the cosmic growth of the model was investigated.
The choice of f(Q) gravity as the theoretical frame-
work for warm inflation is motivated by several compel-
ling theoretical and phenomenological considerations that
go beyond its role as an alternative to General Relativity.
First, the non-metricity scalar Q naturally provides a geo-
metric origin for the inflaton field, eliminating the need to
introduce an ad hoc scalar field from particle physics.
This geometric inflaton emerges directly from the space-
time structure itself, offering a more fundamental ap-
proach to early universe dynamics. From a thermodynam-
ical perspective, f(Q) gravity exhibits unique properties
that are particularly well-suited for warm inflation scen-
arios. The non-metricity tensor Q,,, = V,g,, captures in-
formation about the failure of the metric to be preserved
under parallel transport, which can be interpreted as en-
coding microscopic degrees of freedom that naturally
couple to thermal fluctuations. This geometric interpreta-
tion provides a physical basis for the dissipative interac-
tions between the gravitational sector and radiation that
are essential for warm inflation. It should be noted here
that this is meaningful only within certain interpretation-
al frameworks. Non-metricity does measure failure of
metric preservation under parallel transport, but interpret-
ing it as microscopic degrees of freedom coupled to
thermal fluctuations is model-dependent and emergent,
not a generic consequence of differential geometry. The
idea that non-metricity encodes microscopic degrees of
freedom comes from emergent gravity and spacetime
thermodynamics, not from geometry alone. When the
spacetime has microstructure, metric non-preservation re-
flects statistical fluctuations, which mirrors Brownian
motion and hydrodynamics. In entropic gravity, non-met-
ricity contributes to entropy production, modifies local
Clausius relations, and encodes irreversible processes.
This is explicit in non-equilibrium spacetime thermody-
namics. Non-metricity naturally leads to non-conserva-
tion of length (dissipation), affine heat fluxes, and en-
tropy generation. This matches with non-equilibrium
thermodynamics and bulk viscosity-like terms. Hence,
non-metricity is often interpreted as a dissipative geomet-
ric sector that brings in the thermal interpretation. In this
connection, it is recommended that the reader consult
some relevant literature [48, 58—64]. Moreover, f(Q)
gravity offers distinct advantages in addressing the funda-
mental challenges of inflationary cosmology. Unlike scal-
ar field models, where the potential must be carefully
fine-tuned to achieve slow-roll conditions, f(Q) modific-
ations can naturally produce the required flat effective
potential through the functional form f(Q) itself. The
flexibility in choosing f(Q) allows for a broader class of
inflationary dynamics while maintaining theoretical con-

sistency. The energy-momentum non-conservation inher-
ent in f(Q) gravity, expressed through the modified con-
tinuity equation V, 7 # 0, provides a natural mechanism
for energy transfer between the geometric sector and mat-
ter fields. This is particularly relevant for warm inflation,
where continuous energy dissipation from the inflaton to
radiation is required throughout the inflationary epoch. In
contrast to scalar field theories, where such dissipation
must be imposed through additional coupling terms, f(Q)
gravity incorporates this energy exchange as a funda-
mental feature of the modified gravitational dynamics.
Furthermore, recent studies have shown that f(Q) theor-
ies can naturally accommodate both early-time inflation
and late-time cosmic acceleration within a unified frame-
work [50]. This dual capability suggests that f(Q) grav-
ity may provide a more economical description of cos-
mic evolution, potentially resolving the coincidence prob-
lem that plagues multi-component dark sector models.
The non-metricity approach also offers advantages in
terms of observational predictions. The additional de-
grees of freedom in f(Q) gravity can lead to distinctive
signatures in the cosmic microwave background, particu-
larly in the tensor-to-scalar ratio and spectral indices, that
differ from both standard inflation and other modified
gravity scenarios. These signatures provide testable pre-
dictions that can distinguish f(Q) warm inflation from al-
ternative models. Additionally, f(Q) gravity maintains
the general covariance of General Relativity while avoid-
ing some of the pathologies associated with higher-deriv-
ative theories, such as f(R) gravity. The second-order
field equations ensure the absence of Ostrogradsky in-
stabilities, making f(Q) gravity a theoretically robust
framework for cosmological applications. The realm of
truth of the statement is constrained, and it requires some
important qualifications. The second-order nature of the
field equations in f(Q) gravity guarantees the absence of
Ostrogradsky instabilities associated with higher derivat-
ives, making it a structurally robust framework. However,
this is only true in the strict Ostrogradsky sense. The
second-order field equations do not guarantee full stabil-
ity [65-66]. f(Q) generically propagates one extra scalar
mode, analogous to the scalar in f(R) but without higher
derivatives. This scalar can suffer from ghost, gradient,
and tachyonic instabilities. These are not Ostrogradsky
ghosts but are still physical instabilities. Thus, the full
theoretical viability requires additional stability condi-
tions on the propagating scalar mode and cosmological
perturbations. With proper choices of f(Q), the theory is
robust and competitive for cosmology.

It is known that DE is equivalent to modified gravity.
We know that the best candidate to drive the early-time
cosmic inflation is a scalar field. However, it has been
shown in the literature that different DE models, such as
holographic DE (HDE) and Chaplygin gas, can act as
suitable replacements for a scalar field in an inflationary
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scenario. As we know that DE is equivalent to a modific-
ation to the standard gravity in explaining late-time accel-
eration, it makes sense to explore the inflationary dynam-
ics of the universe in modified gravity. Motivated by this,
we attempt to investigate warm inflation in f(Q) gravity.
Although some studies have explored cosmological infla-
tion in the framework of f(Q) gravity, there have been
very few attempts to study a warm inflationary mechan-
ism in the background of f(Q) gravity. Two notable
works in this direction can be found in [67—68]. In [67],
the authors studied a warm inflationary scenario triggered
by entropies of some recent DE models within f(Q) grav-
ity. To accomplish this task, they introduced the Tsallis,
Renyi, and Barrow HDE entropies into the standard
Friedmann equations. Our plan is different compared to
that work in the sense that we will not include any DE
model in our work. Because DE is considered to be equi-
valent to modified gravity, we will use the DE compon-
ent arising from the f(Q) gravity as the driving compon-
ent of the warm inflation. Thus, the entire scheme of our
work is different from that in [67]. Moreover, our analys-
is will help us to understand the effectiveness of the dark
component coming purely from f(Q) gravity in driving
warm inflation. In [68], the authors studied the perturba-
tion spectra of warm inflation in f(Q,T) gravity, which is
a further modification of f(Q) gravity. This work used a
different gravity theory than our plan. We admit that
f(Q,T) gravity is just a derivative theory of the f(Q) the-
ory and shares the same origin. Thus, they may have
some like properties, but eventually, f(Q,T) gravity will
vary from f(Q) because of the contribution from the mat-
ter component. Moreover, in [68], the authors studied the
perturbation spectra of warm inflation, whereas our plan
does not include any perturbation spectra analysis. Our
work is limited to cosmological inflationary parameters
and aims to study the effectiveness of pure f(Q) dark en-
ergy in driving the warm inflation. Thus, in this sense,
our work is quite different and original. The remainder of
this article is arranged as follows: In Section II, we dis-
cuss warm inflationary mechanism in f(Q) gravity. In
Section I1I, we explore how f(Q) DE can drive warm in-
flation. In Section IV, we discuss the results obtained in
the study, and finally the paper ends with a conclusion in
Section V.

II. OVERVIEW OF WARM INFLATION
IN f(Q) GRAVITY

We will start with the following action of the f(Q)
gravity:

1
S = / {—ﬁf@wm v=gd'x, (1

where £, is the matter Lagrangian, f(Q) is an arbitrary

function of the non-metricity scalar O, and g is the de-
terminant of the metric tensor g,,. The non-metricity scal-
ar is defined as

1 1 1 1 ~
Q=10 Q" + 50, 0 + 10,050, 0° (@)
where
0.=0,, (3)
0" = o, @)

and the non-metricity tensor can be given by

Qayv = V(tgyv- (5)

If we take f(Q) = Q, then we get the Symmetric Tele-
parallel Equivalent of General Relativity (STEGR). Now,
from equations (1), (2), (3), (4), (5), the field equations
are generated as

2 1 1 ~
_— — - app ~oHB @ __ N
Ve Vswfo - 5L+ 180~ 07

@ g O]} + o - 1

8

1 1 ~
- @70+ 18(Q - 0] Qup
+%5¢f=K2T5, (6)

%)
where fo = l Here, the deformation tensor is given by

90
« 1 @ @
Lyv = EQ#V - qu’ (7)

and the matter energy-momentum tensor is

T Z_L@_ (8)

Ty s

We consider a spatially flat, homogeneous, and iso-
tropic universe modeled by the Friedmann-Lemaitre-
Robertson-Walker (FLRW) metric:

ds? = —d +d*(@) (dx2 +dy* + dzz) ) )

where a(r) is the cosmological scale factor that accounts
for the expansion of the universe. Two modified Fried-
mann equations of f(Q) gravity that serve as the primary
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dynamical equations are given by

1
H* = 7 (pr+po) (10)
and
- 1
H——TW(PQJFPQJFPHFPJ, (11)
a
where H= 2 is the Hubble rate of expansion and
1
M, = ~ 1 is the reduced plank mass. Moreover,

the subscfipts r and Q represent the contributions from ra-
diation and modified gravity, respectively. The energy
density and pressure contributions of f(Q) gravity are re-
spectively given by

po =M, (3H2(1 +2fo) - g) (12)
and

po=-M <2H(l+fQ)—f+3H2(1+2fQ+8fQQH))
(13)

2

where f= f(Q), fo=7-, and foo = a0 Moreover, H

is the time derivative of the Hubble parameter.

The identification of f(Q) DE with the inflaton field
represents a paradigm shift from traditional scalar field
inflation models and requires careful physical justifica-
tion. In our approach, the geometric f(Q) sector plays the
dual role of both the source of inflationary dynamics and
the entity that drives the current cosmic acceleration,
providing a unified description of the universe's two ac-
celerated expansion phases. The physical basis for this
identification rests on several key observations. First, the
effective energy density and pressure of the f(Q) sector,
given by equations (12) and (13), naturally exhibit the
negative pressure behavior (py < 0) required for acceler-
ated expansion. The time evolution of these quantities is
governed by the modified Friedmann equations, which
incorporate the geometric degrees of freedom associated
with non-metricity as dynamical variables. Crucially, the
f(Q) energy density p, behaves as an effective perfect
fluid with an equation of state that can vary dynamically
depending on the functional form of f(Q) and the cosmo-
logical epoch. During inflation, the choice of appropriate
f(Q) functions can ensure that wy = po/po = —1, mimick-
ing the behavior of a slow-roll scalar field. This is
achieved through the slow-roll conditions expressed in
terms of the non-metricity scalar rather than a traditional

potential. The advantage of this geometric approach be-
comes evident when considering the origin of the in-
flaton's energy. In scalar field models, one must postu-
late the existence of a fundamental scalar field with a
carefully crafted potential V(¢) to achieve inflation. In
contrast, f(Q) gravity derives the inflationary energy dir-
ectly from the geometric structure of spacetime itself. The
function f(Q) modifies the gravitational dynamics in a
way that the geometric sector naturally acquires the en-
ergy-momentum characteristics necessary for inflation.
From a field-theoretic perspective, the f(Q) approach can
be understood as an effective field theory where the non-
metricity degrees of freedom are promoted to dynamical
variables. The action principle with f(Q) terms generates
field equations that are mathematically equivalent to hav-
ing an additional stress-energy tensor 7 ¢ with the com-
ponents

1 = po = 122 |31 +2f)- 2 (14)
T = po=-M {211(1 +fo)— @
+3H*(1+2fo+8f0H)] - (15)

This effective stress-energy tensor arises purely from
the geometric modification and does not require the intro-
duction of additional matter fields. The evolution equa-
tions for pp and p, emerge naturally from the modified
Einstein equations, providing a self-consistent descrip-
tion of the inflationary dynamics.

Inflation is not a standalone component of the model;
rather, it interacts with other fields in any particle phys-
ics perception of the inflationary backdrop. As a result of
these interactions, a tiny percentage of the inflation vacu-
um energy may be converted into other forms of energy,
which could cause the inflation energy to dissipate into
different degrees of freedom. The two-stage warm infla-
tion mechanism involves dissipation, leading to particle
production. We can model the contribution of those re-
lativistic particles as radiation when they thermalize
quickly enough (for example, in less than a Hubble time)
in an expanding universe. The energy density for radi-
ation can be given by

71'2

pr= T, (16)

where g, is the effective number of light degrees of free-
dom, and T isthe thermal bath's temperature. The in-
flaton field ¢ responsible for inflation can be given by the
following equation:

éd+(BH+D)p+V,=0. (17)
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I" is the dissipative coefficient, which could be either con-
stant, depend on the scalar field or temperature, or de-
pend on both scalar field ¢ and temperature 7.

The dissipative coefficient I' in equation (17) repres-
ents the crucial link between the geometric f(Q) inflaton
and thermal radiation bath. Unlike phenomenological ap-
proaches that treat I as an arbitrary function, a complete
theory requires understanding its microscopic origin from
fundamental particle physics interactions.

In the context of f(Q) gravity, the non-metricity
tensor Q,,, can be decomposed into its irreducible com-
ponents, including vectorial, tensorial, and scalar parts.
These geometric degrees of freedom couple to matter
fields through the non-minimal coupling terms that natur-
ally arise in f(Q) theories. The effective action can be
written as

1
Sar= [ dxVE |5 @+ Lo L] (1)

where L;,, represents the interaction Lagrangian between
the geometric f(Q) sector and matter fields. The interac-
tion Lagrangian can be parametrized as

A h
Line = ~ Qo J™ — §Q¢2 T Q'?¢* + higher order terms,
' (19)

where J* is the non-metricity current, ¢ represents light
scalar fields (such as Standard Model fields), and 4, g,
and 4 are coupling constants that depend on the specific
particle content and symmetries of the theory.

Following the approach developed for warm inflation
in supersymmetric theories [69], we can derive the dissip-
ative coefficient from first principles. The key insight is
that the f(Q) geometric fluctuations decay into light de-
grees of freedom through the interaction terms in L.

Consider a simple model where the f(Q) sector
couples to N, light fermion fields through

QI/Z B
Lin = —gr—— Vi, (20)
f Mp

where g, is a dimensionless coupling constant and M,, is
the Planck mass. Using thermal field theory techniques,
the one-loop contribution to the dissipative coefficient is

2 3 o0 2 3
ngfT / ) e~ ngfT
r = d = . 21

T nem )y Y e-1p T 2 @0

For coupling to bosonic fields (such as gauge bosons
or scalars), the calculation yields

Tpos =

gnT [ T,

SM2 {1+ 12M,2,f (Q)} ; (22)
where N, is the number of bosonic degrees of freedom,
and g, is the corresponding coupling.

The total dissipative coefficient combines contribu-
tions from all light degrees of freedom:

Fiotal = 't +Thos + Iﬁgauge + Fhigher7|00p~ (23)

In the high-temperature regime (7 > Mgw, where
Mgy 1is the electroweak scale), all Standard Model de-
grees of freedom contribute, giving approximately

Csmg’T?
I =M (24)
p
where Cgv ~ 106.75 accounts for the Standard Model de-
grees of freedom, and g%; is an effective coupling that de-
pends on the specific f(Q) model.

Here, we consider that inflation is driven by f(Q)
modification to standard gravity. The inflation energy
density will therefore be given by equation (12). The
equation for the evolution of the inflation energy density
po 1s given by equation (17):

Po+3H(pg+ po) = —T'(pg + po). (25)

Therefore, to maintain energy conservation, the radi-
ation fluid p, must gain the energy lost by the inflation
field, with the right hand side of equation (25) serving as
the source term. Thus, we have

p)'+3H(pr+pr):r(pQ+pQ)~ (26)

The dissipative character essential for warm inflation
is incorporated through the coupling between the f(Q)
sector and radiation, as expressed in equation (25). This
coupling represents the energy transfer from the geomet-
ric degrees of freedom to the thermal radiation bath.
Physically, this can be interpreted as the decay of non-
metricity fluctuations into relativistic particles, similar to
how inflaton fluctuations decay in traditional warm infla-
tion models. An important advantage of the f(Q) ap-
proach is that it naturally avoids the #-problem that
plagues many scalar field inflation models. The slow-roll
parameters in f(Q) inflation are determined by the deriv-
atives of the function f(Q) rather than by the fine-tuning
of a scalar potential. This provides greater flexibility in
constructing viable inflationary models without requiring
extreme fine-tuning of parameters. Furthermore, the f(Q)

055103-6



Warm inflation in /' (Q) gravity

Chin. Phys. C 50, 055103 (2026)

DE approach offers a natural explanation for the ob-
served similarity between the vacuum energy scales of
early inflation (~ 10'® GeV) and late-time DE (~ 107 V)
when viewed through the lens of the running of the func-
tion f(Q) with the cosmic evolution. Different regimes of
the non-metricity scalar O can correspond to different
cosmological epochs, providing a unified framework for
understanding both phases of cosmic acceleration. The
mathematical consistency of treating f(Q) DE as the in-
flaton is ensured by the second-order nature of the field
equations in f(Q) gravity, which avoids the ghost in-
stabilities that can arise in higher-derivative theories. The
dynamics are well-defined and lead to physically reason-
able predictions for observational quantities, such as the
scalar and tensor power spectra.

In the case of classical cold inflation, there are slow-
roll estimates, which are typically defined as the slow-roll
parameters. The first slow-roll parameter is defined as

H dinH
€ = = —

- — 27
H? dN @)

where dN = Hdr. Now, using a generalized relation, the

next slow-roll parameters are defined as
€

He,

(28)

€nr1 = —

Furthermore, there exists an alternative form of the
slow-roll parameter in the case of warm inflation, de-
noted by

B=—. 29

This parameter characterizes how the dissipation
coefficient changed for inflation. The Hubble rate of ex-
pansion can be found in terms of the scalar field value,
and vice versa, using the slow-roll approximation. Ac-
cording to the Hubble parameter, the total logarithmic ex-
pansion, or the number of "e-folds," can be given with re-
spect to the scalar field value during inflation. Now, we
can define the number of e-foldings N between two pos-
sible cosmological times ¢, and f,, where #; is the time of
horizon crossing and #, corresponds to the end of infla-
tion:

15)
N= / Hdt. (30)
1

The parameter N measures the expansion of the uni-
verse during inflation. This relationship could be used to
differentiate a parameter's value from its initial value at
inflation to its final value.

When there are sufficient particles during the infla-
tionary age, warm inflation occurs. At a temperature 7,
we will suppose that there are sufficient particle interac-
tions to generate a thermal radiation gas. Both thermal
and quantum fluctuations are present in the warm infla-
tion scenario, with the thermal fluctuations prevailing as
long as T is higher than H [70—73]. The scalar perturba-
tions amplitude [74—75] is determined by

H? 24376 T
P,=——— | 1420 + ——— | G(5). 31
A SNZM%( BE \/mH> () (31

The radiation bath's presence generates the statistical
distribution of the inflaton, which is denoted by

H
npg = (CT"" - 1) , known as the Bose-Einstein distribu-

tion, and T, is the inflaton fluctuation. The function G(6)
is given by

G(6) = 1+0.0185 631 +0.335 5%, (32)

where G(6) is the growth of inflation fluctuations brought
on by the coupling to radiation and can be determined nu-
merically [69, 74]. In an inflationary setting, two com-
monly utilized parameters are the tensor-to-scalar ratio (»)
and scalar spectral index (n,). The scalar spectral index
can be defined by

din(P,)

33
dlnk ’ (33)

ng=1+

where k=aH or Ink=N+InH. Scalar spectral index
measures the scale dependence ("tilt") of scalar perturba-
tions. When 6 — 0 and 7 — 0, the spectral index [76—77]
for supercooled inflation becomes n; = 1 —6€+27. From
the observational data, the measure of the spectral index
is obtained as n; =0.9649 +0.0042 [78], which is in the
proximity of 1.

On super-Hubble scales, tensor modes are locked in
both during and after inflation. Thus, the first vacuum
fluctuations on sub-Hubble scales are associated with the
late-time power spectrum for tensor modes at Hubble de-
parture during inflation. The amplitude of tensor perturb-
ation [74-75] is expressed as

2H?

t= Tm (34)

Using this perturbation parameter, the tensor-to-scal-
ar ratio r is defined by

r=—'. 35)
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This parameter compares the amplitude of tensor
modes to scalar modes. Using the most significant obser-
vations, the tensor-to-scalar ratio » and spectral index n,
of the primordial scalar curvature perturbations can also
be written in terms of the slow-roll parameters as
r=16¢,n,=1-4¢, - 26 or r=16e,n,=1—-6€+2n,
where € = ¢ and n = ¢ — ;. The parameter still lacks pre-
cise data, and the most recent observational data only
suggest an upper limit on r ofr < 0.064 [78]. From the re-
cent Planck 2018 and BICEP/Keck experiments, we see
that tighter observational constraints have been imposed
on the inflationary parameters. These observations im-
posed the following constraints on the parameters:
ng = 0.965 +0.004, r < 0.036.

III. f(Q) DARK ENERGY FOR WARM
INFLATION

In this section, we use the contribution from f(Q)
gravity as the source of warm inflation. The value and
nature of the inflationary parameters depend entirely on
the inflationary potential, so the form of the potential de-
termines stability. Here, we consider that the inflationary
potential is supplied by the f(Q) modified gravity field. It
is widely seen in the literature that the exotic DE models
can act as the driver of warm inflation [16, 32]. It is
known that, physically, DE is equivalent to modified
gravity; thus, there is good motivation to use the contri-
bution from a modified gravity like f(Q) gravity as the
source of warm inflation. The inflation energy density
will be the same as the energy contribution of f(Q) grav-
ity. Using (12) in the Friedmann equation (10), we get

H? = 3;4[2) {Mi <3H2 (1+2fp) —@) +p,} . (36)

The quasi-stable nature of radiation production dur-
ing the inflationary era, i.e., p, << 4Hp,, is given by

4Hp, = T(pg + po). (37)

Using (37) in the 2nd Friedmann equation (11), we
get the radiation energy density as

_3Mf, ¥

38
2 1+6 7 (%)

pr=

where warm inflation's significance is typically measured

r
by 6= 30 When equation (38) is substituted into the

Friedmann equation (36), the Hubble parameter's time de-
rivative is obtained as

1+6
%HZ. (39)

H=-2 {%—2@

The radiation energy density can be rewritten in terms
of the function of Q and the Hubble parameter as

p, = 3M> {% - 2fQ} H. (40)

If we consider thermalization, the energy density of
the radiation field could be expressed as follows:

p,=C,T*, (41)
where C, ~ 70 is the Stephen-Boltzmann constant [79].

Comparing equations (40) and (41), the temperature
of the thermal bath can be expressed as

T- {Wﬁ (22 o) H2r. 42)

¢ \ o

Using equation (39) in the definition of ¢ in equa-
tion (27), the first slow roll parameter can be expressed in
the form of a function of O as

1+6
5

61=2{@—2fg}

43
0 (43)

Using (39), (40), (29), and (27), the 2 slow roll para-
meter can be expressed as

_ A Jet20f00 )}_ o
amea1-0(fL20 )| e @

As warm inflation develops, dissipative effects play a
significant role. These effects arise from the scalar field
decaying into a thermal bath due to friction. In the set-
ting of supersymmetry, the dissipative coefficient I' has
been evaluated from the fundamentals in [24, 80].
However, as demonstrated in [81], there are alternative
methods of constructing warm inflation that do not rely
on supersymmetry. Although the co-efficient may be seen
as constant, it can also be viewed more broadly as a func-
tion of temperature 7. The power law form of the temper-
ature can be considered as

r=c;7. (45)

Substituting equation (42) into the above equation, we
get
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e '
=Cr { C,p (7—2@) Hz} ) (46)

Using equations (29) and (39), the parameter f can be
expressed as

146 HT
5=—z(f(QQ)—2fQ) ; = (47)

In warm inflation, the slow-roll condition [79] can be
indicated by € << 1+6, ¢, <<1+d, B<<1+6. For the
power-law temperature dependence used in equation (45),
the microscopic derivation provides

1 (one —loop fermion dominated),
3 (one —loop boson dominated),
1-3 (mixed contributions),

>3 (higher —loop or non — perturbative effects).
(43)

A. Warm inflation in high dissipative regime

In this section, we will assume that inflation takes
place in a high dissipative regime (HDR), i.e., § >> 1.
Here, we will explore two toy models of f(Q) gravity as
special cases to demonstrate the warm inflationary set-
ting developed in the previous section for 6 >> 1.

By applying this condition to equation (43), the first
slow-roll parameter can be written as

€] 2—%:2(%—2](@). (49)

When the generalized expression gives the slow-roll
parameters, the second slow-roll parameter can be fur-
nished as

ezz—izel {1—Q<2JC§];2_Q;C(QQQ)>] (50)

After applying the condition of HDR, we get the
Hubble parameter's time derivative, which can be rewrit-
ten as

H:—Z(%—ZfQ)HZ. (51)

1. Toy model-1

For our analysis, we take into account a functional
form [82] of f(Q) that consists of a linear term and non-

linear term of the non-metricity scalar O, which is known
as the power-law model. We present the model below:

f(Q)=Q0+mQ", (52)

where m and n are constants. The linear term Q repres-
ents the classical Einstein-Hilbert action in the teleparal-
lel formulation, while the mQ" term encodes quantum
corrections. The power-law form naturally explains the
hierarchy between early inflation and late-time accelera-
tion. During inflation, when Q ~ H? ~ (10" GeV)?, the Q"
term dominates for n > 1, driving inflation. In the current
epoch, when Q ~ H; ~ (1073 eV)?, the linear term domin-
ates, leading to the observed small cosmological constant.
The coupling strength between the f(Q) sector and
Standard Model fields depends on the specific functional
form of f(Q). For the power-law model (52),

» _ lminta=1)

2(1-2)
eff ~ M}Z}(n—2) H : (53)

This provides a direct connection between the phe-
nomenological parameters m and » in the f(Q) function
and the underlying particle physics coupling. The dissip-
ative coefficient becomes

-1
|mln(n—1) e, (54)

where Cr is a numerical factor depending on the particle
content. Substituting equations (52) and (30) into equa-
tion (51), we obtain the Hubble parameter with respect to
the e-folding number N as

e4(n— HN

m(1 =2n)6(-DeHn-DN 4 ¢’

H* " D(N) = (55)

where ¢; is a constant. Because both the slow-roll para-
meters depend on the function of Q expressed as a
Hubble parameter, both parameters are written in terms of
the e-folding number as

2C1
aiv) = _m(l —2n)6nletn=DN 4 ¢, (56)

and

4m(1 = 2m)(1 = n)6" etV

€2(N) == m(l _ 2n)6n—le4(n—l)N +c

(57

The warm inflation parameter £ can be written in
terms of the number of e-folds as
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_ m(1=2n)(n—- 16"V — ¢
B = 2T Y 4 ¢y
For the HDR, the dissipative parameter § >> 1. Thus,
we have G(6) ~ 0.00185 6>3!15 [32]. The scalar spectral in-
dex is obtained in terms of slow-roll parameters as

(58)

ny=1+1.815¢ — e +3.81585. (59)

Using equations (35), the tensor-to-scalar ratio is giv-
en by

T -1
r=16¢ (50.00185 52-815> ) (60)

2. Toy model-2

We consider the second toy model as

f(Q) =mQ In(nQ), (61)

where m and n are constants. This functional form has
deep connections to holographic principles and the
AdS/CFT correspondence. In holographic cosmology, the
bulk f(Q) gravity theory is dual to a conformal field the-
ory (CFT) living on the boundary. The logarithmic terms
arise from the conformal anomaly of the boundary CFT.
The logarithmic form also emerges from information-the-
oretic considerations. The holographic principle suggests
that the information content of a cosmological region is
encoded on its boundary. The entanglement entropy
between different regions scales logarithmically with the
correlation length, leading to gravitational actions with
logarithmic dependence on curvature invariants. For the
logarithmic model (61), the effective coupling is

2 ~|m|

gar ~ 5 In(1O) + 17°. (62)

)4

The microscopic derivation imposes several con-
straints:

1. Unitarity bounds: The couplings must satisfy
geft S 4 to maintain perturbative unitarity.

2. Thermal equilibrium: The interaction rate must
exceed the Hubble rate: I'/H > 1 for efficient thermaliza-
tion.

3. Back-reaction bounds: The energy density in pro-
duced particles must not exceed the f(Q) energy density
during inflation.

4. Reheating consistency: The model must smoothly
connect to the radiation-dominated era with the correct
thermal history.

These constraints provide upper and lower bounds on
the model parameters m, n, and y, making the theory pre-
dictive and testable.

Substituting equations (61) and (30) into equation
(51), we obtain the Hubble parameter in terms of e-fold-
ing number N as

3 AmN

H(N) = e\/_%. (63)

Because both the slow-roll parameters depend on a
function of O and Q can be expressed as a Hubble para-
meter, both parameters are written in terms of the e-fold-
ing number N as

€(N) = —dmc,e*™, (64)

&(N) =2m. (65)

The warm inflation parameter f can be written in
terms of the number of e-folds as

B=-ym (2c|e4’”N + 1) . (66)

For the high dissipative parameter,
G(6) ~ 0.00185 6**!5 [32]. The scalar spectral index and
tensor-to-scalar ratio for this model can be found just like
with the previous model using equations (59) and (60),
respectively.

IV. RESULTS

The outcome of the study should be correlated with
observational data to confirm its validity, or the observa-
tional data could be employed to restrain the model's free
constants. We have expressed the inflation parameters e,
&, 1, B, and n, in terms of the e-folding number N in the
preceding section. For a warm inflationary scenario, the
slow roll parameters should obey the conditions || << 1,
le| << 1, and |B] << 1. In Figs. 1 and 2, we have plotted
the tensor-to-scalar ratio » and scalar spectral index n;
against the e-folding number N for model-1. We see that
in the region 0 < N < 60, both the parameters stay under
the value 1, satisfying the condition for warm inflation.
The upper limit of » is r < 0.064, based on the most re-
cent observational data. We see that this condition is sat-
isfied in our work for model-1. The plot indicates that »
falls within the acceptable range for our model. Accord-
ing to the most recent observational data, n, falls between
0.9642 and 0.0042. The scalar spectral index n, of our
model approximately lies within the range (on the slightly
higher side) indicated above. In all the plots, we have
considered the evolution in terms of the number of e-
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Fig. 1. (color online) Tensor-to-scalar ratio » with respect to

the e-folding number N for different values of the model para-

meter n for model-1. Other parameters are given by
m=45,cl1=1,c, =0.25.
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— = m20.0050 |
----- - m=0.0055 |

m=0.0060

Fig. 4.

10

20

(color online) Scalar spectral index n; for model-2
against N for different values of m. Other parameters are
cl =0.37,m =0.006,y = -0.27.

1.00 ————
0.99
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Fig. 2.

(color online) Plot of the scaler spectral index n;

against N for different values of model parameter n for model-
1. Other parameters are given by ¢l =1,m=4.5,y =1.

0.006
0.005
0.004

~ 0.003

0.002
0.001

0.000

Fig. 3.

(color online) Tensor-to-scalar ratio » against N for
different values of parameter m for model-2. Other paramet-
ers are considered as ¢ =-0.87, n=0.5, C; = 0.67.

folds from higher to lower N, with N =0 indicating the
end of inflation. In Figs. 3 and 4, similar plots have been
generated for model-2. In Fig. 3, we see that r reaches a
maximum value and then decays, tending toward O.
However, in the entire range of N, the tensor-to-scalar ra-
tio remains in the range r < 0.064, which is observation-

v II T T T T T
e Y = N=50
0.020 L -
i N=55
b
i — — N=60
0015 | g
1
il
1
= 0010f H | g
b
!
0.005 " | g
o\
‘\
0.000 e
1 1 1 1 1 1
0950 0955  0.960 0965 0970 0975  0.980
ng
Fig. S.

(color online) Tensor-to-scalar ratio » with respect to
the scalar spectral index n, for different values of N for mod-
el-1. The other parameters are m = 0.75;c1 = 1; = 0.99;

0010

'n=1.007 |
7 n=1.008 |
0.008 [ n=1.009

0.006 [
0.004 [

0.002 -

0.000

L Il L L L L L L L L Il
0.955 0.960

0.950

Fig. 6. (color online) » vs n, for different values of the con-

stant n for model-1. Other parameters are m=0.75,cl =1,
y=0.99.

ally acceptable. Moreover, in Fig. 4, we see that the scal-
ar-spectral index lies in the acceptable range.

In Figs. 5 and 6, r is plotted against n, for different
values of e-folding number N and model parameter #, re-
spectively, for model-1. In both plots, we see that as » de-
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cays, n, almost remains stagnant. As r tends to 0, the tra-
jectories nearly coincide, showing reduced dependence
on the e-folding number and model parameter n. Here, it
is important to note that both » and n, remain in the ac-
ceptable range for warm inflation. Here, the values of n;
and r correspond to the values at the time of horizon
crossing. In Table 1, we provide some numerical values
of 7 and n, for different values of N and n. It can be ob-
served that by increasing the number of e-folds, n, in-
creases and » decreases for a given value of constant .
Moreover, as n increases for a given value of N, n, in-
creases and » decreases. In Figs. 7 and 8, r is plotted
against n, for different values of the e-folding number N
and model parameter m, respectively, for model-2. In
Fig. 7, we see that » and n, are positively correlated, i.e.,
they increase and decrease simultaneously with one an-
other. Moreover, for greater values of N, we get greater
values of both » and n,. In Fig. 8 it is seen that as n, in-
creases, there is a corresponding decrease in the value of
r. This shows a negative correlation between the two
parameters. From Table 2, it is evident that for a given
value of constant m, r and n, both increase as the number

Table 1.
tensor-to-scalar ratio for different values of N for model-1.

Numerical values of the scalar spectral index and

The other parameters are taken as ¢; = 1, m=0.75, y = 0.99.

N n ng r

50 1.007 0.933124 3.99534%x 1078
50 1.008 0.950502 2.79336x 10710
50 1.009 0.962798 1.09198 x 10713
55 1.007 0.945514 2.6241x 1078

55 1.008 0.960255 8.18258 x 10716
55 1.009 0.970656 5.80923 x 10720
60 1.007 0.955174 2.28734x 10714
60 1.008 0.967833 2.40434% 10720
60 1.009 0.976722 1.97966 x 1023

0.040 —

0.035

= 0.030;
0025 4 N=50 1
— — N=55

‘ ‘ ‘ ‘ ‘ mTm Neeo
0960 0965 0970 0975 0980 0985  0.990

ns

0.020

Fig. 7. (color online) Tensor-to-scalar ratio » with respect to
the scalar spectral index n; for different values of N for mod-
el-2. Other parameters are ¢, = —0.37;n =0.023;y = 0.87;

of e-folds increases. Conversely, for a given value of N, r
increases and n; decreases as m increases.

Figure 9 plots T/H against the number of e-folds N
for different values of the constant ¢; for model-1. From
the figure, it is evident that the requirement 7/H > 1 is
maintained throughout the inflationary period. This
shows that temperature dominates over the Hubble ex-
pansion parameter, indicating a warm inflationary scen-
ario. The corresponding T/H vs N plot for model-2 is
shown in Fig. 10. Here, different trajectories are gener-
ated for different values of the parameter n. We also see
that the trajectories remain at the level T/H > 1, indicat-

m=0.023

— — m=0.024 A

----- - m=0.025 -

0.10 - ~

Ns
Fig. 8.
scalar spectral index n, for different values of m for model-2.
Other parameters are ¢; = —0.87,n = 0.5,y = 0.99.

(color online) The tensor-to-scalar ratio » against the

Table 2.
tensor-to-scalar ratio for different values of N and the model

Numerical values of the scalar spectral index and

parameter m for model-2. The other constants are taken as
¢y =-0.004,Cr =0.67,n=0.5,y =0.57.

N m ns r

50 0.005 0.979758 0.00337578
50 0.008 0.968444 0.00640455
50 0.011 0.95869 0.0102024
55 0.005 0.979825 0.00370985
55 0.008 0.968763 0.00709363
55 0.011 0.959824 0.0114458
60 0.005 0.979898 0.00404623
60 0.008 0.969138 0.00780808
60 0.011 0.961238 0.0127727
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Fig. 9. (color online) Plot of 7/H against N for different val-

ues of the ¢; for model-1. Other

m=202,n=-500.

parameters are

n=5
= = = = n=20

— n=50

Fig. 10.  (color online) Plot of 7/H against N for different
values of the constant n for model-2. Other parameters are
c1=0.17,n=50,c, =7.

ing a warm inflationary phase. Moreover, for higher val-
ues of n, we get a greater dominance of T over H, show-
ing intensified warm inflation.

The ratio of energy density of f(Q) gravity p, to radi-
ation energy density p, is plotted against N in Figs. 11
and 12 for model-1 and model-2, respectively. In both
cases, it is seen that the ratio was high at the beginning of
the inflation, but it dropped toward the end (N — 0), and
the various trajectories approached one another. Initially,
the value of the ratio was significantly higher than 1, in-
dicating that p, was the primary driver of inflation. p,
became more significant as the inflation continued and
approached the end. The ratio decreased as the inflation
came to an end, indicating that the two densities became
comparable to each other.

V. DISCUSSION AND CONCLUSION

Similar to the classical cold inflation, warm inflation
also presents a framework for exploring the dynamics of
the early universe. To address the drawbacks of the con-
ventional cosmological model, the inflationary paradigm
was presented. The matter field progressively rolls to its

0 10 20 30 40 50 60

Fig. 11.  (color online) Ratio of densities po/p, against N for
different values of n for model-1. Other parameters are
cl=1,m=45.

0 T
m=-0.024 !

palpr

0 10 20 30 40 50 60

Fig. 12. (color online) Plot of density ratio pg/p, against N
for different values of m for model-2. Other parameters are
¢ =200,m =-0.030.

flat potential in cold inflation as it does not interact with
radiation. In contrast, in the warm inflationary scenario,
energy is transferred from the inflaton to the radiation
field during slow-roll as a result of interactions between
the inflaton and other fields. When inflation stops, the in-
flaton completely decays into radiation, preventing the
universe from going into a very cold phase. Con-
sequently, a distinct reheating phase is not required as the
universe transitions into a radiation-dominated phase.

In line with the conventional big bang model, warm
inflation has emerged as a substitute theory for cold infla-
tion. Concurrently, alternative theories of gravity have
been created to address the drawbacks of General Re-
lativity. In this work, we investigated warm inflation in
the background of f(Q) gravity considering a flat FRW
spacetime. We have studied the inflationary scenario
mainly in the strong dissipative regime (6 >> 1). The dis-
sipation term in warm inflation is determined by account-
ing for the interactions between scalar and other fields.
The field equations of f(Q) gravity have been used, and
we have reconstructed the Hubble parameter as a func-
tion of the e-folding number N. Slow roll parameters sig-
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nificantly influence warm inflation; thus, the consistency
of the slow-roll approximation depends on a set of slow-
roll parameters. Two different f(Q) toy-models were
considered to validate our investigation. We demon-
strated that these slow-roll parameters will meet the
heated inflationary conditions for both the models con-
sidered. Plots were generated for the slow-roll paramet-
ers, and there was good agreement with the observational
data. The values obtained show that our model is aligned
with the Starobinsky-like inflationary model and is per-
fectly consistent with the Planck and BICEP/Keck data.
Two conditions are taken into consideration in a
warm inflationary scenario: i) the density contribution
from modified gravity predominates over radiation dens-
ity and ii) thermal fluctuation prevails over quantum fluc-
tuation, i.e., T > H. We have thoroughly confirmed these
two prerequisites in this work. We have confirmed that
the quantum fluctuation is subordinated to thermal fluctu-
ation in both the toy-models of f(Q) gravity. Further-
more, the high value of f(Q) energy density at inflation
was found to have reduced as the universe evolved, due

to energy being transferred to radiation. In the inflation-

ary regime, it was finally observed that Po 5> 1, con-

firming that the f(Q) energy density is thepcrlriving force
behind the inflation and can be compared to a scalar field.
However, as inflation slows down, the two densities
gradually coincide with one another. It should be noted
that in this work, we have considered the evolution in
terms of the number of e-folds from higher to lower N,
with N = 0 indicating the end of inflation.

Stability refers to whether small deviations in the
background dynamics (field value, slow-roll parameters,
initial conditions) lead to converging (stable) or diver-
ging (unstable) evolution of inflationary observables like
ng and 7. Thus, it is important to study the stability of the
inflationary observables to gain greater insights into the
system. This can be done by a dynamical system ap-
proach or by studying the features of the shape of the po-
tential. As this requires a fully dedicated work, it will fea-
ture in one of our future projects. Examining our warm
inflation model with f(Q) dark energy in light of the
Swampland conjectures might be an intriguing area for
further research. Many inflationary models have faced
serious difficulties as a result of these conjectures, which
offer standards for effective field theories that can be reli-
ably included in quantum gravity. Because of its unique
dynamics and lower need for slow-roll, warm inflation
has shown promise in resolving some of the issues, espe-
cially in relation to the de Sitter conjecture. Moreover,
constraining model parameters in the light of observation-
al data is an important project to be considered for future
work.
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