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Abstract The current paper reports an investigation of a
warm inflationary scenario in the context of f(7T) gravity
for a spatially flat FLRW universe. In our model, inflation is
driven purely by the torsional sector of f(7') gravity, without
introducing any additional scalar fields. We focus on the high
dissipative regime (R >> 1), reconstruct the Hubble param-
eter as a function of the e-folding number N, and derive
the slow-roll parameters ¢1(/N) and &2(N). The study has
encapsulated the dynamics of inflation and its duration under
strong dissipation. The dissipative coefficient I" is modeled
with a temperature-dependent power-law form, linking the
inflationary dynamics to thermal corrections and the particle
content of the early universe. The analysis has affirmed that
the torsion-induced energy density pr successfully transi-
tions to radiation energy density p,.q, facilitating a grace-
ful exit from inflation. Finally, we have validated our model
by comparing the scalar spectral index and tensor-to-scalar
ratio with Planck 2018 results, demonstrating consistency
within observational bounds. Additionally, it is verified that
the thermal domination condition 7,/ H > 1 and the torsion
dominance condition p7/prqq > 1 are satisfied.
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1 Introduction

The warm inflation (WI) paradigm [1-4] is among the most
appealing of the various ideas that sought to incorporate
coherent inflationary dynamics inside an explicit quantum
field theory realization. Warm inflation investigates how the
vacuum energy that propels inflation must finally be trans-
formed into radiation, which is typically made up of a range
of particle species, so making inflationary dynamics intrinsi-
cally a multi-field problem. The conventional slow-roll infla-
tion model distinguishes between two distinct time periods:
expansion and reheating. First, the cosmos is thought to be
in a super-cooled phase due to inflation’s exponential expan-
sion. The cosmos is then warmed up after that. In such a
scenario, two outcomes occur. First, the inflaton’s quantum
fluctuations are left to produce the necessary density per-
turbations in this frigid world. Second, a temporally local-
ized process that swiftly disperses enough vacuum energy
for warming is needed to overcome the temperature cliff fol-
lowing expansion [2].

The main focus of inflationary dynamics is the growth of
a scalar field, which carries the major energy of the universe
during inflation and interacts with other fields. In the warm
inflation picture, interactions not only modify the scalar field
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effective potential through quantum corrections, but they also
cause fluctuation and dissipation effects. In the standard infla-
tion [5-8] picture, it is implicitly assumed that these interac-
tions have no effect. All three of these effects are undoubtedly
caused by interactions in condensed matter systems ( some
examples are given in [9]). Furthermore, the system as a
whole would attempt to spread the available energy equally,
and the scalar field would desire to dissipate its energy to
other fields from the standpoint of statistical mechanics. In
the end, the question requires a comprehensive dynamical
computation [10].

Inflation causes the universe to expand almost exponen-
tially, which causes all species’ number densities to decrease
and the universe to become supercooled. Upon the termina-
tion of inflation, the universe experiences a phase of reheating
during which the inflaton oscillates and releases its energy
as particles [11]. This scenario is known as “Cold Inflation”.
However, the warm inflation dynamics offer some intriguing
aspects. In warm inflation the coupling of the inflaton with
other fields during and after inflation is taken into account.
As aresult of this interaction energy transfers from the infla-
tion field to the radiation field keeping the universe warm.
Therefore, in warm inflation the reheating mechanism is not
needed. Another difference between warm and cold inflation
is fluctuation. In cold inflation, fluctuations are quantum [ 12—
15] type whereas in warm inflation both thermal fluctuation
(Ty) and quantum fluctuation exists and the dominance of
thermal fluctuations is contingent upon the condition 7, > H
[16-21].

Curvature is not a special way of describing gravity. Tor-
sion can be used as an alternative to Riemannian geometry
for the geometrical description of gravity [22,23]. The gen-
eralization of the concept of teleparallel gravity [24-30] has
drawn interest in recent years. Spin is generally considered
as a source of torsion. Several forms of torsion tensor can be
araised from such a source that gives different modification
to energy—-momentum tensor [31]. Many researcher accept
the idea that torsion might have influenced the dynamics of
the early universe. Importantly, torsion naturally contributes
repulsive terms to energy—momentum tensor allowing sin-
gular free cosmological models [32,33]. Teleparallel gravity
is constructed from a skew-symmetric Weitzenbock connec-
tion whereas general relativity is constructed using a sym-
metric Levi Civita connection. The specific modified theory
of gravity that has grabbed the attention of cosmologists is
f(T) teleparallel gravity [24-30]. Similar to f(R) gravity,
which is based on the formulation where the lagrangian of the
gravitational field equations is a function of the Ricci scalar
R of the underlying geometry, f(7T) gravity. A linear f(T)
is equivalent to GR. Einstein first proposed teleparallel the-
ory to integrate gravity and electromagnetics [34,35]. f(T)
teleparrel gravity is proved to be useful in context of cosmo-
logical and astrophysical applications [36,37]. Particularly,
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various bounce and inflationary scenarios have been studied
in f(T) gravity framework [38—43].

In this paper we will investigate the warm inflationary
scenario in the context of f(7T) teleparallel gravity. The
manuscript is arranged in the following way: in Sect. 2, we
introduce the theoretical background of f(7') gravity and
its relevance. Section 3 elaborates the fundamental mecha-
nisms needed to achieve an inflationary phase. Subsequently,
we analyze the specific realization of inflationary behavior
under f(T) gravity in Sect. 4, that is followed by an in-depth
treatment of high dissipative effects in warm inflation scenar-
ios in Sect. 5. Section 6 evaluates the model’s predictions in
the ng—r parameter space, offering a direct comparison with
observational bounds. The necessary criteria for sustaining
inflation are detailed in Sect. 7. In Sect. 8, we have compared
with existing literature to highlight how the present study
realizes torsion-driven inflation in f(7) gravity without an
inflaton scalar field or reheating phase, leading to a warm
inflationary scenario with coexisting thermal and quantum
fluctuations, and we conclude with a summary and outlook
in Sect. 9.

2 Theoretical backgraoung of f(7') gravity and its
cosmological implications

Recently, a new modified theory of gravity known as the
f(T) theory of gravity-also known as “gravity with torsion”
[28,31,44]-has been presented as an analogy to the f(R)
theory of gravity . It aims to explain the current acceler-
ated expansion without utilizing dark energy. Teleparallelism
employs a vierbein field as a dynamical entity e;(x") (k =
0, 1, 2, 3) that serves as an orthonormal basis for the tan-

gent space at each point x” of the manifold: e;.e; = i,
where ¢y = diag(1, — 1, — 1, — 1). The dual vierbein yields
the metric tensor as gy, = {u e,’ﬁ(x) eL(x). Instead of

using the curvature defined by the Levi—Civita connection to
describe gravity in teleparallel gravity, one might investigate
the model of torsion using the curvature-less Weitzenbock
connection, whose non-null torsion is

Th = ef(avejl — dye) (D

Vi

All of the information on the gravitational field is contained in
this tensor. Its dynamical equations for the vierbein entail the
Einstein equations for the metric, and the TEGR Lagrangian
is constructed using the torsion Eq. (1). The teleparallel
Lagrangian is

T=5,""T",, @)
where

1
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and K ;” is known as contorsion tensor which is given by

1

K", = = (T"*, =T, =T, ") 4)

Promoting teleparallel Lagrangian density as a function of T,
the action reads as

1

_ 4
1= [dxef@) +1y 5)

where e = det (e’j):A/—g. The field equation obtained by
the variation of the action with respect to the vierbein is

1
EKZ ex” T, " = [e_lav(e k) —ef TV v Sy ’w] fr
1
+8 "0, frr + Ze}éf(T) (6)

df a2
where K* = 871G, fr = d—fr frr = #’ SpVH =
ex V'S, "* and T}, is the energy—momentum tensor.

We assume that our universe is homogeneous and isotropic.

Therefore

eL =diag(l,a(t),a(t),a(t)) D

where a(?) is the scale factor. Now combining Eqs. (1)-(4)
we obtain

T = —6H?> ®)
H in Eq. (8) is known as Hubble parameter which is denoted
by H = ?7 The substitution of the vierbein Eq. (7) in Eq. (6)
yields (k= = 0)

12H? fr + f =2Kp 9)
and (k=p = 1) yields

48H’H frr — (12H> + 4H) fr — f =2K?p (10)

In Egs. (9) and (10) p and p represent total energy density
and pressure, and these two equations can be rewritten as
[45,46]

1
@[ZTJCT_JC(T)—T] (11)

T

[-8HT frr + QT —4H) fr — f +4H — T
(12)

PT = "T6zG

where pr and pr are energy and pressure due to torsion
contribution. It may be noted that in the limit of f(7) =
T, one can get pr = 0 as fr = 1, ensuring consistency
with General Relativity at low-energy scales. Furthermore,
an effective torsion equation of state can be derived from the

relation wr = ﬁ—;.

3 Mechanism and key ingredients of the inflationary
dynamics

In physical cosmology, the Friedmann equations are a system
of equations that control cosmic expansion in homogeneous
and isotropic universe models within the general relativity
framework. To formulate the Friedmann equations, we begin
with the Einstein field equations in a spatially flat Friedmann—
Robertson—Walker (FRW) universe. The metric is given by
ds* = dt* —a®(1)(dx* +dy* +dz?), where a(r) is the scale
factor. The two fundamental equations of cosmology i.e., the
Friedmann equations, govern the evolution of the system of
the universe. The Friedmann equations are read as,

1
H>= —— + pi 13
3MP2 (:Orad pzn) ( )
. 1
H=— 5 [(oraa + pin) + (Prad + Pin)] (14)
2Mp

where suffix “rad” indicates the energy density of radiation
and “in” represents the energy density of the inflaton field.
Both the inflaton field and the radiation fluid contribute to the
overall energy density in this framework. The conservation

equation takes the form,

Pin + 3H (pin + pin) = =T (0in + pin) » (15)
Orad +3H (prad + Praa) =T (Pin + pin) (16)

where I' is the dissipation coefficient, and it can be either
constant, dependent on either the temperature (7;44) or the
scalar field, or dependent on both. Slow-roll parameters play
an important role in inflationary dynamics. The first slow-roll
parameter is defined by,

H
fr=—2 (17)
and the next slow-roll parameters are defined by
€n
Entl = 18
n+1 He, (13)

In warm inflation, there is another type of slow-roll parame-
ter, which is defined by

r

The parameter ¥ represents the evolution of the dissipation
coefficient during inflation.

In inflationary cosmology, an explicit exponential term
can, to a certain extent, indicate the evolution of the patch of
the inflated universe. By definition Hubble rate of expansion
can be expressed as H = ;—’ whose solution obviously reads
as a(t) = ap '[tfnitial H (1) dn Generally, the time integral of
the Hubble rate is called the number of e-fold and is defined
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by

Tend
N = H(n)dn (20)

tinitial

4 Inflationary dynamics in the f(7') gravity framework

We know that the f(T) gravity framework is a modifica-
tion of teleparallel gravity and offers an alternative way to
explain the universe’s accelerated expansion without invok-
ing dark energy [47,48]. Unlike f(R) gravity, f(T') theories
retain second-order field equations, making the analysis of
cosmic dynamics more tractable [37]. Exploration of infla-
tion within the f(7) framework is useful because it gives
the scope for novel inflationary scenarios. In such scenar-
ios, the torsion, rather than curvature, is responsible for the
early universe’s expansion. Such models can lead to distinc-
tive observational signatures, including modified tensor-to-
scalar ratios and non-standard consistency relations [49,50].
Therefore, understanding inflation in the f(7) framework
broadens the landscape of viable cosmological theories and
provides testable predictions for upcoming observations. In
f(T) gravity energy density is given by

1
pr = m[ZTfT — f(T)=T] 2

We consider inflation in the framework of f(7T) gravity.
Therefore p;;, = pr and Eq. (13) takes the form (consid-
ering M, = 1)

1
H? = 3(P1 + Praa) (22)

During warm inflation radiation is quasi stable i.e p,4q <<
H prqq. Now, quasi-stable production of heat is applied to Eq.
(16) and the equation reads as

4Hpraa = T'(pr + p1) (23)
-2 (2 )& (24)
Prad = 2\1+Rr

where R is termed as dissipative parameter and defined as
R = % The dissipative coefficient I regulates the inflaton
field’s damped evolution. There exist two kinds of scenarios
depending upon R. R > 1 corresponds to a strong dissipative
process, R < 1 corresponds to a weak dissipative process and
R < 1 goes back to ordinary inflation case. p, 44 is the energy
density due to torsion. Therefore H should be negative to
become p,,4 positive. Substituting Eq. (24) in Eq. (15) we
obtain p7 as

3/ R .
=3H*+>(——H 25
PT +2(1—|—R ) (25)

We choose a particular form of f(T') to derive pr and the cho-
senmodelis f(T) =aT +p T2. Before proceeding further,
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let us elaborate the rationale behind such a choice of f(T)
model. It may be noted that the choice of the functional form
f(T) = aT + BT? chosen here is motivated by its simplicity
and ability to capture leading-order deviations from telepar-
allel equivalent of general relativity (TEGR), which corre-
sponds to the linear term o 7. The quadratic correction term
BT? introduces modifications relevant at high-energy scales,
such as those encountered in the early universe, and has been
widely studied in the context of inflationary cosmology. This
form allows analytical tractability while retaining rich phe-
nomenology to model early-universe acceleration. In support
of the chosen form f(T) = oT + T2, we refer to studies of
[51,52] where asymptotic solutions of a homogeneous and
isotropic universe governed by a quadratic form of f(7)
gravity have been derived. These works demonstrate that
higher-order torsion terms can naturally lead to a late-time
accelerated expansion in the Friedmann—Robertson—Walker
(FRW) framework, with the scalar torsion 7" evolving as a
function of cosmic time ¢. In an extensive review, Cai et al.
[37] thoroughly discussed quadratic forms of f(7) in an
elaborate manner. Now with the chosen form of f(7') Eq.
(25) reduces to

or =3(1 —a)H? + w(—G)”H”‘ (26)
Substituting Eq. (27) in Eq. (25) time derivative of Hubble
parameter is obtained as

P [(A _3)H? + BH2"] 27)
3\1+R
where A = 3(1 — ) and B = 2= (—6)". The first slow
roll parameter ¢ is derived using Eq. (27) which takes the
form
2 (1+R
o =—% (%) [(A—3)+ BH" 2] (28)

Now using the relation &, = ;—]ﬂ we obtain the second slow-
roll parameter as

[”TR (B(zn - 2)H2n—3[.']> - % ((A 3+ BHZn—Z)]
H[(A-3)+BH>™2]

&y =

(29)

The connection between the energy density of the radi-
ation and the universal temperature (7 )is provided by the
hydrodynamic description of the radiation [53]

Prad = Cx Tf (30)

where Ci is the Stephen—Boltzman constant and is defined
2
by Cyx = ”35*. gx 1s the number of degrees of freedom of

the radiation field [54]. Combining Eqs. (22) and (30) the
temperature can be written as
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T4 = —[(3—A)H2—BH2”] 31)
Cs

The dissipation coefficient I" can be considered as a con-
stant; however, in a broader perspective, it can be considered
as a function of temperature. Therefore, a power law form of
temperature is considered i.e

r=er" (32)

where © is constant. Combining Eqs. (31) and (32) y is
derived as a function of Hubble parameter

m

|:1 2 2nj|4
L=0|(B=AH~BH") (33)

This form of I" presented above in (33), indicates that I is
influenced by two different powers of the Hubble parameter
H. Firstly, a standard quadratic dependence (H 2y and sec-
ondly, a higher-order term (H>"), accompanied by constants
A, B, and the exponent n. If we have a further insight into
the expression, we observe that the expression (3 — A)H>
may correspond to standard Friedmann-like evolution, while
the BH?" is a correction that introduces nonlinearity, that
might be possibly associated with modifications to general
relativity, higher-order curvature corrections, or exotic matter
effects. We can further infer that the presence of two different
scalings with H allows I" to be enriched with a better dynam-
ical behavior, especially at different epochs of the universe.
This is because of the fact that, depending on whether H is
large (early universe) or small (late universe), the scalings
would change accordingly. If n > 1, the H*" term would
be large and hence it would dominate at early times, and if
n < 1, it would become significant for the late times. Thus,
Eq. (33) suggests that I" plays a crucial role in describing
deviations from simple cosmological evolution, possibly tied
to particle production, modified gravity, or dynamical dark
energy scenarios.

5 Inflationary dynamics in high dissipative regime

For warm inflationary models in the high dissipative regime,
the dissipation coefficient satisfies I' > 3H. This leads to
significant interest for warm inflationary models as a signif-
icant alternative to standard cold inflation scenarios [2,55].

In this regime, the inflaton field interacts strongly with other
fields, continuously converting part of its energy into a ther-
mal radiation bath during inflation. This mechanism alle-
viates the need for extremely flat potentials, as the friction
induced by dissipation effectively slows the inflaton’s motion
even for steeper potentials [56]. In addition to this, during pri-
mordial density perturbations, the thermal fluctuations dom-
inate over quantum fluctuations and this leads to distinct
predictions for the scalar power spectrum and a naturally
suppressed tensor-to-scalar ratio [54]. According to [57],
the presence of a sustained thermal bath throughout infla-
tion facilitates a smooth transition to the radiation-dominated
era, potentially avoiding the complexities associated with the
reheating process . Apart from the phenomenological advan-
tages, high dissipative inflation paves avenues to the embed-
ding of inflation within the frameworks of realistic particle
physics in which the strong interactions and thermal effects
are naturally present [58]. Overall, considering the inflation-
ary dynamics in the high dissipative regime enriches the infla-
tionary models and offers novel observational signatures that,
in the future, can be tested with future cosmological data.
In this article, we use the high dissipative region for our
warm inflation. As we know, whenI" >> 3H i.e R >> 1,
the effect of warm inflation would be dominant enough to
give a smooth transition into the “graceful exit”. Therefore
in the rest of our work, we will take R >> 1. Imposing this
condition first slow-roll parameter is obtained as (from Eq.

(30))
_ 2 2n—2
£l _—5[(A—3)+BH ] (34)

Also, in order for inflation to end soon enough so that it does
not affect the baryogenesis process, we have tight constraints
on the e-folding numbers. So, as a consequence, we have
written H as a function of the e-folding number. Using Eqgs.
(27) and (20) the Hubble parameter is obtained as

ew_lgﬁ
HN)=["—r——% 35
(N) ( 24 —3) ) B

In the previous section, we have seen that the slow roll param-
eters €1, €2, and ¥ are functions of the Hubble parameter. We
have obtained the Hubble parameter as a function of the e-
folding number (in Eq. (35)). Therefore, the parameters in
terms of e-folding number N are obtained as

@ Springer
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4e4N(—l+n)(—1+2(x) (_1 + 20[)

e1(N) = 24N (—1+n)(=1+20) | ((_6)n _ (_3)n21+nn) B (36)
4(—1 +n) (—(=6)" + (=3)"2'*"n) (=1 + 2a)8
e2(N) = 4N((,1+ - ) (37)
—2e n)(=14+2a) 4 (—6)" (=1 +2n)p
1 2n
(=3 +2A) P20 (—3 +A+BP=T (Pﬁ) n> N
P(N) = — (38)
3 (=14 Bed 3 2ANC 1) (—3 + A+ BPia (PT) )
_4 —l4n 4(=14n) (—14+20) (= 1420) _ A,
where P = | =£+¢ 3_( HQZX)N( il we find &1 (N) — 2(ﬁl+n),(—oi+2a) = =2(=1+42w)..
3+ On the other hand, the denominator of &, (NV) gets an expo-

The set of intricate equations presented, namely &1 (),
&2(N), and ¥ (N), are evidently functions dependent on the
parameter N, with additional parameters such as «, 8, A,
B, and n that are controlling their behavior. Equation (36)
for £1(N) exhibits an exponential dependence on N through
terms involving e*V in the numerator of the respective equa-
tion, suggesting rapid growth or decay depending on the
sign of the exponent that may result from the behaviour
of (—1 4+ n)(—1 + 2«). The polynomial factors (—1 + n)
and (—1 4 2w) indicate symmetry breaking or critical points
when n = 1 or « = 1/2, which could be pertaining to
phase transitions or bifurcations in physical or dynamical
systems [59,60]. Similarly, e, (N) in Eq. (37) exhibits a bal-
ance between exponential terms and algebraic corrections
using B, indicating regimes where the exponential domi-
nates versus where B-corrections become significant. Let
us now have a look into the form of ¥ () in Eq. (38). We
observe that it is involving powers of P and is described by
an exponential relation. Referring to [61,62], we can say that
_B+e—%(—3+2A)N(7I+n)

—3+24
non-zero powers of n implies the existence of scaling rules
or self-similar structures. The complicated dependence on
N through P indicates that ©#(N) may result in cumula-
tive or integrated effects over the evolution of N, consistent
with behaviors observed in systems exhibiting intermediate
asymptotics, as indicated in [63]. Overall, these expressions
seem to arise from a system where exponential dynamics
are modulated by nonlinear interactions, possibly hinting at
applications in cosmology [64], phase transitions [65], or
nonlinear field theories [66]. To have a further insight into
the behaviour of the above-mentioned parameters in terms
of e-folding number N, let us have an asymptotic analysis. If
we consider N to be moderately large, the exponential term
in P keeps decaying, assuming (=3 + 2A)(—1 +n) > 0.
Thus, P — ﬁ = 3_%. If we look into the behavior
of £1(N) we find that as N increases, the dominant terms
in the numerator and denominator of €1 () are proportional
to e*V, allowing lower-order terms to be neglected. Hence,

the existence of P = increased to
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nential increase with N, while the numerator remains finite.
Consequently, &2(N) — 0. The behavior of ¢ (N) depends
on the asymptotic form of P and the exponentially growing
terms. Provided the dominant exponential contributions in
the numerator and denominator cancel appropriately, ¥ (N)
approaches a finite limit determined by the parameters A,
B, n, and m. Otherwise, ¥ (N) may diverge. Hence, we can
conclude the following limiting cases for N tending to be
significantly large.

g1 (N) = 2(—1 4+ 2w);
&(N) — 0;
¥ (N) — finite or divergent depending on parameters

Table 1 demonstrates the numerical behavior of the first
slow-roll parameter ¢; as a function of N. We have taken
fixed values of « = 1.22,n = — 1, and B = — 7.5 for the
Table. It is observed that £| decreases rapidly as N increases,
exhibiting an exponential suppression. It is apparent that dur-
ing horizon crossing ¢ is very very less than one. Moreover
at N = 0 i.e at the end of inflation &1 &~ 1 which ensures the
end of inflation.

The specific values of model parameters such as f =
—11/3 and n = 2 were chosen for pictorial presentation
in Fig. 1. The purpose behind the choices of these values
were to check the predictions for the model under study for
its consistency in terms of the scalar spectral index (n;) and
tensor-to-scalar ratio (r) with respect to the latest observa-
tional constraints. The pictorial presentation in Fig. 1 makes
itapparent that the trajectory of the n; —r curve for increasing
e-folding number N lies inside the observationally accept-
able region and hence it comes out that the model that we
are discussing can get hold of the early universe inflation-
ary phase. In Table 1 we have mentioned values for the first
slow-roll parameter €| pertaining to different e-folding num-
bers N, where we have a set of fixed parameters, namely,
a=122,n=—1,and g = —7.5. The purpose of demon-
strating this table is to view the behavior of €] in the context
of our model for the dynamics of inflation and the graceful
exit. Table 1 shows that €] gradually decays as the e-folding
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Table 1 The table shows numerical values of ¢; for different e-folding numbers
N 0 10 20 30 40 50 60 70
o 1.22 1.22 1.22 1.22 1.22 1.22 1.22 1.22
n —1 —1 -1 -1 -1 — 1 —1 —1
—-175 —-175 —-175 —-175 -175 —-175 —-175 —-175

e 10017 143x 107 133 x 10710 12410750 115x 10720 1.07 x 10730 1.004 x 10739 9.36 x 103!
Fig. 1 Scalar SpeCtI‘al index T [ T T T 7 [ T T T 7T [ T T 17 [ T T T 7 [ T T 17 [ T T T 7 [ T T 17 [ T
(ng) versus tensor-to-scalar ratio r
(r) for our torsion-driven warm 2.8x10710 -
inflationary model in f(T) L
gravity. The trajectory, for |
increasing e-folding number N
(50 i
(green), 55 (blue), 65 (red))), is 2.6x10710 -
plotted with fixed parameters L
B=—11/3,n=2,Cyx =10, |
® =0.5 andm = — 1. This
figure visually confirms that the i
model presented here has 2.4x10710 -
viability for inflationary +
dynamics b L

22x10710 -

2. x 10—10 -
1.8x10710 |-
b b e e e e e b e e e e e e b e e e e b

0.9665 0.9670 0.9675 0.9680 0.9685 0.9690 0.9695 0.9700

number N increases. This behaviour makes it apparent that
the slow-roll conditions (€] < 1, €3 <« 1) (for N # 0) are
satisfied during the inflationary epoch. The graceful exit from
inflation is important for warm inflationary scenario. Let us
now comment on the possibility of end of inflation as can be
visualized in Table 1. At N = 0, which corresponds to the
end of the inflationary period, €; ~ 1.0017. The condition
€1 ~ 1 (or €; > 1). We observe this to be violation of the
slow-roll condition. This implies that the inflationary phase is
terminated. From this, we can interpret that in Table 1, there
is an indication of a transition to a radiation-dominated era.

6 Analysis of inflationary dynamics through the ny — r
plot

We note that in order for our model to be phenomenologically
sound, we need to find some measurable quantities that we

ng

could tally against the observations. We note that the ampli-
tude of scalar perturbation (P;), scalar spectral index (ny),
and scalar-to-tensor ratio () are good indications for these.

We first note that for warm inflation, the physical param-
eters are temperature-dependent, so the scalar perturbations
are also temperature-dependent. We note that in the article
[67] Taylor and Berera have explicitly calculated all the phe-
nomenological parameters, such as mentioned above, from
the first principle. They first take the metric perturbation in the
isocurvature gauge and then also explicitly show the tensor
perturbations. In order to include the effect of temperature,
they have used the fact for radiation in the blackbody, the
energy density is proportional to T,4, and during the graceful
exit, that is when the inflation is ending, and the universe
is entering a radiation-dominated era one would expect the
equality of scalar field and radiation. Under such conditions,
it is possible to show that the amplitude of the scalar pertur-
bation acquires a Bose-Einstein-like distribution due to the

@ Springer
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T T T

Fig. 2 Plot of T,./H versus T
e-folding number N for different

values of the model parameter 3.70 -
B. The parameters for this plot F
are fixed as: « = 0.5008, n = 2, r
Cy =70,and m = — 1. This r
figure illustrates that T, > H. 369 B

This provides insights into the
inflationary dynamics under the .
chosen parameter set ~ | T

3.68

3.67

T

T T T [ T T T T [ T T T T [ T T T T [ T T T T [ T T T T T

photon’s presence in the radiation bath. Similar to that, other
quantities follow. They have also shown that for polynomial
and exponential potential, the results are in very good agree-
ment with the currently observed anisotropy in the CMB. As
a consequence, we can see that P;* can be given as [68,69]

P* LA PR 2V3nR T, G(R) (39)
| — n —————————————— —
7 BnM2e BET /AtanR H

where G(R) is given by [70,71]

G(R) = 1 +0.0185R*3'5 4.0.335R 364 40)

Note that the Bose-Einstein distribution (n g g ) comes because
of a radiation bath during inflation. The Bose-Einstein distri-

bution ngg is given by ﬁ Here T}, is inflaton fluc-

H

elin —1

tuation. Moreover there is no requirement that 7;,, should be
equal to radiation temperature [71].

We note that the spectral index formula in terms of wave
number (k) is given by

_dIn(P)

d In(k) @1

ng —

Finally, it has been shown that in the same isocurvature

gauge, one can use the tensor perturbation formula to calcu-

late the tensor-to-scalar ratio
P

=L 42
r= e 42)

where P/ denotes the amplitude of the tensor perturbation,

whichis defined by P = ngfjpz [68,69]. With correct obser-
vation, we have a very sharp bound on the or spectral index
(ny ) from PLANCK data. Observational evidence indicates

that the scalar spectral index should lie within the range 0.96

@ Springer

to 0.9684, and the upper limit of the parameter, the tensor-
to-scalar ratio, is 7 < 0.064 [70] Now computing Egs. (39),
(40), (41), (42) the spectral index(n,) and tensor-to-scalar
ratio is obtained as [71]

ng — 1 =1.815¢; + 3.8150 — &, (43)
and

T 2815\
r = 16g ﬁnﬁo.omsze ~ (44)

InFig. 1, we have plotted the spectral index (n;) versus the
tensor-to-scalar ratio (r) for different values of the e-folding
number N. It is evident from the plot that the model predic-
tions are in good agreement with the latest observational con-
straints. The trajectory of the curve for increasing N moves
within the allowed region of the ny—r plane, suggesting that
the underlying inflationary dynamics are consistent with cur-
rent cosmological observations such as those reported by
Planck and BICEP/Keck experiments. This favorable behav-
ior highlights the viability of the model in describing the
early universe inflationary phase.

7 Condition for satisfying inflationary behavior

The key idea of warm inflation is that the inflation is not
isolated. The inflaton field continuously interacts with other
fields and dissipates energy. In warm inflation, there are two
fundamental conditions. One is whether thermal fluctuation
is greater than quantum fluctuation, i.e, 7, > H, and the
other is whether energy is transferred from the inflaton field
to the radiation field.

Figure 2 illustrates that during horizon crossing, thermal
fluctuation dominates quantum fluctuations i.e the condition
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Fig. 3 Plot of pr/praaq versus LA B L I
e-folding number N for L J
different values of the model r 1
parameter 8. The parameters for 1.020 L ]
this plot are fixed as: o = 0.494, 3 R
n = —1.001. This figure L ]
illustrates that pr/prqq > 1. 1.019 B
This provides insights into the i ]
inflationary dynamics under the - L ]
chosen parameter set Ql & r 1
1.018 4
1.017 - B
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el b e b e e e e e e e b b oy 1
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T./H > 1 is verified. Let us have some further insight into
the Fig. 2. Following [72-74] we can say that this condition
L~ 1 resembles a critical indicator for the fact that the
perturbation spectrum is not purely of quantum origin, as
in standard cold inflation, but is instead thermally sourced.
The dominance of thermal over quantum fluctuations implies
the presence of a radiation bath with sufficient temperature
to influence the dynamics of the inflaton or the background
scalar field driving the evolution [2]. In scenarios such as
warm inflation [2], this condition leads to a modified scalar
power spectrum of the form [54,56]

T\" ,
Pr(k) « <;;> H~,

where p is model-dependent and reflects the dissipative
strength of the thermal bath. The consequence of 7,,/H > 1
is not limited to amplitude modifications but may also impact
the spectral index, non-Gaussianities, and the tensor-to-
scalar ratio, leading to observationally distinguishable fea-
tures [54]. Moreover, in pre-inflationary or bounce scenarios
where thermal relics persist, such a condition can suggest a
departure from vacuum initial conditions, affecting the inter-
pretation of CMB constraints on primordial perturbations
[75]. Therefore, in view of the studies mentioned above, we
can say that the verification of 7,/ H > 1 athorizon crossing,
as shown in Fig. 2, supports the thermal origin hypothesis
for perturbations in the early Universe and demands a re-
evaluation of the standard quantum-dominated perturbation
theory.

Figure 3 illustrates that during horizon crossing, energy
contribution due to torsion is greater than energy contri-
bution due to radiation i.e the condition p7/p0rqq > 1 is
verified. Moreover it is apparent that with the decrease of
e-folding number, the ratio is decreasing i.e there remain
an energy transformation from pr to pr.q. This behavior

emphasizes on the significant role of spacetime torsion in
the early scenario of the universe. In particular, in models
inspired by Einstein—Cartan theory and extensions of GR,
where torsion naturally arises from intrinsic spin or non-
Riemannian geometries [76,77], the above-mentioned sig-
nificance is important. Moreover, this figure further implies
that as the e-folding number decreases, the ratio pr /0,44 cor-
respondingly decreases. This suggests a dynamical transfer
of energy from the torsion sector to the radiation sector:

d < oT )
—_— <0,
dN \ prad

where N = Ina is the number of e-folds. Such a pattern
implies that torsion that is dominant at the time of horizon
crossing, gradually becomes less dominant as radiation is
regenerated or amplified. It may be noted that this pertains
to approaching the later stages of inflation or the onset of
reheating. Furthermore, this transition is potentially through
particle creation or torsion-induced reheating mechanisms
[78,79]. Following [80,81], we can comment that this energy
transformation could be indications for entropy generation,
and reheating efficiency.

(45)

8 Comparative comments with scalar field-driven
inflationary models

In the present study, we inve elaborated how inflation is being
realized purely from the torsional sector of f(7T) gravity.
This automatically, eliminated the requirement for an inflaton
scalar field. Existing literatures show that inflationary mod-
els come from a scalar field that drives expansion. In the cur-
rent work, the torsion-induced energy density pr naturally
generates the scope for an inflationary phase through mod-
ified teleparallel gravity. The evolution equations involve a
temperature-dependent dissipation coefficient. Thisleads to a

@ Springer
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transition from inflation to a radiation-dominated epoch. This
mechanism allows the universe to have accelerated expansion
without introduction of a separate reheating phase, and this is
making inflation a consequence of the geometric properties
of spacetime in f(7) gravity in the current study.

The work presented in the current study is in contrast
with the scalar field-driven warm inflation models, which
naturally depend on an inflaton scalar field for cosmolog-
ical expansion [2,56,82]. Furthermore, this torsion-driven
model eliminates the necessity for a distinct reheating phase,
a characteristic feature of warm inflation, where continuous
energy dissipation from the driving mechanism to the radi-
ation bath maintains a warm universe throughout inflation
[83,84]. This mechanism differs from cold inflation, where
the universe must be thermalized through a separate post-
inflation reheating process [85,86]. In terms of the origin of
cosmological perturbations, this model suggests that thermal
and quantum fluctuations coexist [87]. The observed pertur-
bation spectrum is thermally sourced, with thermal fluctua-
tions predominating during the inflationary epoch when the
condition 7, > H (temperature greater than the Hubble rate)
is met [54,88]. This is in complete contrast to cold infla-
tionary models in which primordial perturbations are seeded
solely by quantum fluctuations [73,89].

9 Concluding remarks

Inflation causes the universe to expand almost exponentially,
which causes all species densities to decrease and the uni-
verse to become supercooled. In cold inflation, the inflation
field slowly rolls down, and at the end of inflation, it goes
into a reheating era where it decays into radiation and matter.
In contrast, during warm inflation there exist a continuous
reaction between radiation and the inflation field, causing
an energy transfer between the inflaton and radiation field.
Therefore the reheating mechanism is not further needed in
warm inflation.

We would also like to note that here the inflation (or the
early de-Sitter type solutions) have been generated from the
f(T) gravity, so we have not used any additional scalar fields
to drive the inflation, so after the inflation ends the p7 would
transfer the energy to p,4q and reach the radiation dominated
phase. In this article, we have explored the warm inflationary
scenario for the FLRW Universe in the background of f(T)
gravity. The warm inflationary scenario is generally consid-
ered for the weak and strong dissipative regime. Our work is
restricted to a high dissipative regime ie R >> 1. Imposing
this condition we have reconstructed the Hubble parameter
in terms of the e-folding number N. Consequently, the slow
roll parameters are obtained in terms of the e-folding number
N.

@ Springer

In Sect. 4, we first discussed that the dissipative coefficient
I" regulates the damped evolution of the inflaton field during
warm inflation. Depending on the ratio R = I'/3H, distinct
scenarios arise as follows: R > 1 implies a strong dissipative
regime; R < 1 implies a weak dissipative regime, and R < 1
implies that the dynamics approach the standard cold infla-
tion scenario. The radiation energy density p,,4, sourced by
torsion effects, increases if H < 0, implying that a negative
H is necessary for prqq > 0. Substituting the explicit form of
&1 (as derived earlier) and applying the chain rule, we obtain
an expression for ¢; that captures the contribution from both
the evolution of the Hubble parameter and the dissipative
effects encoded in R [2,37,54,57,90-93]. While the dissipa-
tion coefficient I' can be treated as a constant, it is often more
realistic to consider it as a temperature-dependent quantity.
We adopted a commonly used assumption is a power-law
dependence of the form I' = ®7™ with ® as a constant and
m as a model-dependent exponent. Substituting the temper-
ature expression into this form, the dissipation coefficient is
obtained in terms of the Hubble parameter. In Eq. (33), the
coefficients A and B arise from the specific form of the f(T')
gravity model, with A = 3(1 — &) and B = £&=D (—6)".

The factor Cy, = ”325 * is the radiation constant determined by
the effective number of relativistic degrees of freedom, g..
This formulation effectively connects the dissipative dynam-
ics of warm inflation to the underlying modified gravity and
particle content of the early universe.

In Sect. 5, in our analysis, we focus on the high dissipa-
tive regime of warm inflation, where the dissipation coef-
ficient I' dominates over the Hubble friction term. Specif-
ically, we consider the condition I' > 3H, which implies
that the dissipation ratio R = I'/3H satisfies R > 1. This
assumption ensures that the warm inflationary effects are sig-
nificant enough to allow a smooth transition into the reheat-
ing phase, commonly referred to as the “graceful exit” from
inflation. Under the high dissipative condition, the first slow-
roll parameter simplifies significantly. Imposing R > 1, we
obtain the slow-roll parameters. To study the evolution of
inflation with respect to the number of e-folds N, we express
the slow-roll parameters €1 and &, as functions of N. These
parameters provide crucial information about the inflation-
ary dynamics and the duration of the inflationary phase. The
expression of €1 (N), in which «, §, and n are model param-
eters, the exponential dependence on N reflects the sensi-
tivity of €1 to the number of e-folds in the high dissipa-
tive regime.The second slow-roll parameter e, (V) provides
insights into the variation of the first slow-roll parameter with
respect to the number of e-folds N. It plays a vital role in
determining the running of the scalar spectral index and the
dynamics of inflation [94]. For the model under consider-
ation, g>(N) takes the form, which reflects the combined
influence of the number of e-folds N, the model parame-
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ters n, «, and the f(T) gravity correction parameter 8. The
exponential function’s existence in the denominator exhibits
how inflation is time-dependent as it increases. Significant
effects from the improved torsion-based gravity model are
present in the numerator. The rate at which inflation slows
down is generally determined by the form of &> (), which
also affects important observational quantities like the scalar
spectral index and its variation. This study has its inspiration
from [37,54,90,92,95-98]. Moreover, we have shown that
the first slow roll parameter ¢ is nearly equalto 1 at N =0
which confirms the end of inflation (Table 1).

In Sect. 6, we compare the theoretical inflationary model
with observational data to measure the accuracy and con-
sistency of the model. To validate our model with observa-
tional data, the scalar spectral index and tensor-to-scalar ratio
are calculated, and it is apparent from Fig. 1 that our model
comes with a good agreement with Planck data [71]. At the
final stage (in Sect. 7), we verify the fundamental condition
for inflationi.e T, /H > 1 and p7 > prqq. In Fig. 2 we have
shown the behavior of T,/H and the condition 7,,/H > 1
is satisfied. This condition guarantees that the thermal fluc-
tuations dominate over the quantum fluctuations. Also we
have plotted the behavior of p7/prqq in Fig. 3. This figure
illustrates that the ratio is high at the beginning of inflation.
However, it slows down as it approaches the inflation. This
is consistent with the radiation dominated epoch at high red-
shifts with gradual decay to dark energy dominance at lower
redshifts, and hence it supports the evolution of the universe
through the various epochs.

As future study, we propose to explore warm inflation
under the purview of more generalized models including
f(T,B) or f(T,7T) gravity incorporation with modified
gravity frameworks and holographic principle [99]. Further-
more, inclusion of quantum corrections or non-equilibrium
thermodynamic effects can help us further in studying dissi-
pation. A comparative study with scalar field—driven warm
inflation models such as that in [57], where dissipation arises
from inflaton couplings to a thermal bath, could further dis-
tinguish the geometric origin of inflation proposed in this
paper from field-theoretic mechanisms. This could open up
new avenues for detecting observational signatures unique to
torsion-based cosmologies.
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