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We consider warm inflation in the context of holographic cosmology. The weak and the strong
dissipative regime are analyzed in the slow-roll approximation and within what is known as intermediate
inflation. For an appropriate choice of the equation of state, the intermediate inflation is not only an exact
solution in general relativity, but it is also in the holographic setup considered in this paper. Within this
approach several dissipative and physically relevant functions are considered. We constrain our model
using the latest Planck data. We conclude that three of the models analyzed are consistent with Planck data
for some ranges of the model parameters. However, one of them is ruled out by the observations.
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I. INTRODUCTION

The inflationary paradigm was proposed to sort out
several shortcomings of the standard big bang theory [1–6].
In addition, this paradigm reproduces correctly the distri-
bution of the large scale structure [7–11] and the observed
anisotropy of the cosmic microwave background [12–16].
The zoo of the inflationary models is quite wild and many
models are consistent with the current observations.
Therefore, it would be quite interesting to have some
approach that alleviate such a degeneracy [17–21].
Within the inflationary scenario with a slow roll approach,
two roads can be taken. On the one hand, in the cold
inflationary scenario, the inflaton does not interact with its
environment and the reheating of the Universe takes place
at the end of inflation when the scalar field reach the bottom
of the potential and starts oscillating. However, this kind of
approach might face some fine-tuning problems and the
reheating problem itself. Furthermore, the latest Planck
data ruled out many forms of inflaton potentials, including,
for instance, the quadratic and quartic potentials, both well
motivated from a particle physics perspective. On the other
hand, there is the warm inflationary scenario, where the
radiation production occurs gradually as the Universe
inflates through the dissipation of the inflaton field into
a thermal radiation [22,23]. In addition, initial density
fluctuations (the seeds of the large scale structure) is
produced during the warm inflationary era; i.e., the fluc-
tuation of the inflaton field is due to a thermal process
rather than to a quantum one as in cold inflation [24–28].

This thermal process affect deeply the background and the
perturbative results of the inflationary dynamics [29,30].
Furthermore, cold and warm inflation have been well

studied in the framework of an effective approach to
quantum gravity. Indeed, for example in extra-dimensions
models, motivated by superstring theory [31,32] such as
braneworld models where matter is considered to be
confined in a 3-brane while gravity can propagate in the
bulk, have been a natural arena for inflation. In addition,
warm inflation has been analyzed in a modified theory of
gravity, like braneworlds [33–42] and in loop quantum
cosmology [43–47]. We would to remember that the
Randall and Sundrum model [48] is extremely well
motivated and can be used as the main setup of the
AdS=CFT correspondence. We recall that the AdS=CFT
correspondence, conjectured by Maldacena [49], consists
in describing the five-gravitational theory as a conformal
field theory on the 4D boundary space-time. This duality
can be seen as an holographic approach. The effect of the
holographic picture on cold inflation has been analyzed in
[50,51] by a conformal field theory on its four-dimensional
boundary space-time. Previous study of the effect of this
holographic picture on cold inflation scenario might be
found in Refs. [50,51], and its extension by a nonminimal
coupling to the induced gravity by means of the dynamical
system and the modifications of the amplitude of the
primordial perturbation in [52,53]. Recently, we have
studied a nonminimal coupling Higgs inflation in this
context [54].
In this paper, we study warm inflation within an holo-

graphic view point in order to complete our previous study
[51] and to see how well is warm inflation supported within
the holographic picture. In this context, we consider a well-
known form of the scale factor and named as intermediate
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inflation. This kind of model was already studied in general
relativity and in a modified theory of gravity [55–60].
The outline of the paper is as follow. In Sec. II, we

construct the main formulas of warm inflation in the
context of the holographic duality. In Sec. III, we show
how the intermediate inflation occurs according to the
holographic setup. In Sec. IV, we review the main formulas
used in warm inflation at the perturbative level. In Secs. V
and VI we consider the case of the weak and the strong
dissipation regime respectively. In these sections, we
compute the main parameters of these regime in terms
of the holographic parameter and of the perturbation
parameters. We conclude our paper in Sec. VII.

II. HOLOGRAPHIC WARM INFLATION

In the AdS=CFT correspondence, the Friedmann equa-
tion is modified as [50,61]

H2 ¼ 2κρc
3

�
1þ ϵ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

ρ

ρc

r �
; ð2:1Þ

where κ ¼ m̂−2
p ¼ 8πm−2

p and mp is the four-dimensional
Planck mass, ρ is the total energy density, ρc ¼ 3m̂4

p=8c,
and c ¼ m̂6

p=M6 is the conformal anomaly coefficient
which is defined as the ratio between the four-dimensional
Planck mass and the five-dimensional mass M. At the low-
energy limit, ρ ≪ ρc, and for the branch ϵ ¼ −1 the
standard form of the Friedmann equation can be recovered.
In the following only this branch will be considered. In
warm inflation, we will consider that the Universe is filled
with a self-interacting scalar field with energy density ρϕ
and a radiation energy density ργ.
The conservation law of the total energy density ρ ¼

ρϕ þ ργ reads

_ρϕ þ 3Hðρϕ þ pϕÞ þ _ργ þ 4Hργ ¼ 0: ð2:2Þ

The dynamical equations for the energies densities, ρϕ
and ργ , in warm inflation are described, respectively, by [23]

_ρϕ þ 3Hðρϕ þ pϕÞ ¼ −ϒ _ϕ2; ð2:3Þ

_ργ þ 4Hργ ¼ ϒ _ϕ2; ð2:4Þ

where a dot means derivative with respect to the cosmic
time. The positive dissipation factor, ϒ, is responsible for
the reheating the Universe through the decay of the scalar
field ϕ. Several phenomenological expression for the
dissipation term ϒ _ϕ2 are given in the literature [62–68].
Following Refs. [66,67], we consider the general form of

the dissipative coefficient, given by

ϒðϕ; TÞ ¼ Cϕ
Tm

ϕm−1 ; ð2:5Þ

wherem is an integer and Cϕ is associated to the dissipative
microscopic dynamics. Different expressions for the dis-
sipation coefficient, i.e., different choices of values of m,
have been analyzed in [66–68]. In this paper, we will
discuss the following cases

(i) m ¼ −1 which corresponds to the dissipation rate of
the nonsupersymmetric model [63,64].

(ii) m ¼ 0 in which the dissipation coefficient represents
an exponentially decaying propagator in the high
temperature regime. A dissipation coefficient which
depends only on the scalar field was first considered
in warm inflation in [69].

(iii) m ¼ 1 corresponds to the high temperature regime
[29,70–72].

(iv) m ¼ 3 is motivated by a supersymmetric model
[29,67,73], a minimal warm inflation [74–76], a
quantum field theory model of inflation [77], and
through axion inflation [78]. Furthermore, this case
is used in other contexts such as in a hilltop model
[79], in a stochastic approach [80], in a potential
with an inflection point [81] and in runway poten-
tials [82]. By using a sphaleron rate in a non-Abelian
gauge fields [74], a Chern-Simons diffusion rate in a
minimal warm inflation [75] and in the Dirac-Born
infeld [76], the authors show that the dissipative
coefficient in the case m ¼ 3 does not depend on the
inflaton fields as in Eq. (2.5).

The energy density, ρϕ, and the pressure, pϕ, of the
standard scalar field can be written as

ρϕ ¼
_ϕ2

2
þ VðϕÞ; pϕ ¼

_ϕ2

2
− VðϕÞ; ð2:6Þ

where VðϕÞ represents the effective potential.
By introducing the dimensionless dissipation parameter

Q, defined as

Q≡ ϒ
3H

; ð2:7Þ

Eq. (2.3) can be rewritten as

_ρϕ ¼ −3H _ϕ2ð1þQÞ: ð2:8Þ
Wewill consider two dissipative regimes on this paper. The
strong dissipative one characterized by Q ≫ 1 and the
weak dissipative one in which Q ≪ 1.
At the epoch of warm inflation it is safe to assume that

the energy density of the scalar field is the dominant
component of the cosmic fluid (ρϕ ≫ ργ) [23,24,27].
Therefore, the effective Friedmann Eq. (2.1) reduces to

H2 ≈
2κρc
3

�
1 −

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

ρϕ
ρc

r �
;

¼ 2κρc
3

 
1 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

_ϕ2

2
þ VðϕÞ
ρc

s !
; ð2:9Þ
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Furthermore, by combining Eq. (2.8) and the derivative
of Eq. (2.9), one can show that

_ϕ2 ¼ ½ _ϕ2�stdG; ð2:10Þ

where

½ _ϕ2�std ¼ −
2 _H

κð1þQÞ ð2:11Þ

and

G ¼ 1 −
3H2

2κρc
ð2:12Þ

are the kinetic energy density of the scalar field in standard
warm cosmology [83] and the correction term character-
izing the effect of AdS=CFT correspondence, respectively.
We can notice that at the low energy limit, (ρ ≪ ρc), the

correction term reduces to one and the standard expression
of the scalar field is recovered.
We suppose that during warm inflation the radiation

production is quasistable, i.e., _ργ ≪ 4Hργ and _ργ ≪ ϒ _ϕ2

[23,24,27]. The combination of Eqs. (2.4) and (2.10) yields

ργ ¼ ½ργ�stdG; ð2:13Þ

where ½ργ�std is the radiation energy density in standard
warm inflation [83] expressed as

½ργ�std ¼ −
ϒ _H

2κHð1þQÞ : ð2:14Þ

Furthermore, the energy density of radiation is related to
the temperature as [84]

ργ ¼ CγT4; ð2:15Þ

where Cγ ¼ π2g�=30 and g� characterize the number of
relativistic degrees of freedom. Substituting Eq. (2.15) into
Eq. (2.13), the temperature of the thermal bath T can be
written as

T ¼ ½T�stdG1
4; ð2:16Þ

where ½T�std is the temperature in standard warm inflation
[83]

½T�std ¼
�
−

ϒ _H
2κCγHð1þQÞ

�1
4

: ð2:17Þ

Substituting Eq. (2.16) in (2.5), we get that

ϒ4−m
4 ¼ Cϕ

�
1

2κCγ

�m
4

ϕ1−m
�
−

_H
H

�m
4ð1þQÞ−m

4G
m
4 : ð2:18Þ

At low energy limit, (ρ ≪ ρc), the standard expression [83]
of Eq. (2.18) is recovered.
Furthermore, by solving Eq. (2.9) for the scalar density

and using simultaneously Eq. (2.10), we find the effective
potential

VðϕÞ ¼ 3H2

2κ
ð1þGÞ þ

_H
κð1þQÞ

�
1þ 3

2
Q

�
G: ð2:19Þ

At the low energy limit, Eq. (2.19) recovers the expres-
sion of standard warm inflation [83].

III. INTERMEDIATE INFLATION

In order to illustrate our purpose, we will focus on the
intermediate scenario of inflation [30,55–59] in which an
exact solution can be obtained. Nevertheless, exact sol-
utions can also be found for power law expansion of the
Universe [85] and in the de Sitter inflationary scenario [5].
In the intermediate scenario of inflation, the scale factor
obeys the following expression [30,55–59]

aðtÞ ¼ aI expðAtfÞ; ð3:1Þ

where the two constants f and A satisfy the conditions
0 < f < 1 and 0 < A, respectively. The intermediate infla-
tion model may be derived from an effective theory at low
dimensions of a fundamental string theory. Therefore, the
study of the intermediate inflationary model is motivated
by string/M theory. In this scenario, the cosmic expan-
sion evolves slower than the standard de Sitter model,
aðtÞ ∝ expðHItÞ and faster than power law inflation
ða ∝ tp; p > 1Þ.
The intermediate scenario of inflation is still an exact

solution in our holographic setup. Indeed, an appropriate
choice of the equation of state of the form

ρþ p ¼ γρc

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

ρ

ρc

r ��
1 −

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

ρ

ρc

r ��
λ

; ð3:2Þ

for λ > 1 and γ > 0 reproduces this intermediate paradigm.
For λ ¼ 1 and ρ ≪ ρc, we recover the standard Friedmann
equation and the barotropic equation of state p ¼ ðγ − 1Þρ.
The equation of state (3.2) implies that while the weak
energy conditions [86] are satisfied, the strong energy
condition (ρþ 3p ≥ 0) is violated for a sufficiently small
energy density and for λ > 1. The violation of the strong
energy condition assure that the acceleration of the
Universe takes place.
With the help of Eq. (2.1) and the conservation of the

total energy density
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_ρþ 3Hðρþ pÞ ¼ 0; ð3:3Þ

where ρ ¼ ρϕ þ ργ and p ¼ pϕ þ pγ are the energy density
and the pressure, respectively, a straightforward calculus
leads to the intermediate inflation given by Eq. (3.1).
On the other hand, the dimensionless slow-roll param-

eters are given by

ϵ≡ −
_H
H2

¼ 1 − f
Aftf

; ð3:4Þ

η≡ −
Ḧ

2H _H
¼ 2 − f

2Aftf
: ð3:5Þ

In order to estimate the scale where the perturbations
cross the Hubble radius, we need to define the end of
inflation, i.e., ϵ ¼ 1. According to the behavior of the
potential [see Eq. (2.19)], a description of how inflation

ends in our model requires a deeper analysis which is out of
the scope of this paper. However, to illustrate our purpose,
we have plotted, in Figs. 1 and 2, the potential V and the
first slow roll parameter ϵ for the couple of parameters
(A, f). The weak dissipative regime is illustrated in Fig. 1
for (A ¼ 0.01, f ¼ 0.45), (A ¼ 0.08, f ¼ 0.27), and
(A ¼ 0.1, f ¼ 0.13), and the strong dissipative regime is
illustrated in Fig. 2 for (A ¼ 0.1, f ¼ 0.2), (A ¼ 0.1,
f ¼ 0.12), and (A ¼ 0.1, f ¼ 0.06). We notice from
Fig. 1 that the slow roll parameter is always less than 1
and its violation cannot stop inflation, in the decreasing
branch of the potential, in the cases (A ¼ 0.01, f ¼ 0.45)
and (A ¼ 0.1, f ¼ 0.2) for weak and strong dissipative
regime, respectively. In this case, a modification of the
model by adding a new a parameter ϕend may trigger the
stop of the intermediate inflation [87]. In the case of
(A ¼ 0.1, f ¼ 0.13) and (A ¼ 0.1, f ¼ 0.06), the slow
roll parameter is always higher than 1 and the intermediate
inflation may occur between values of the scalar field where

FIG. 1. Plot of the potential (left curve) and the slow roll parameter (right curve) in the weak dissipative regime for (A ¼ 0.01,
f ¼ 0.45), (A ¼ 0.08, f ¼ 0.27), and (A ¼ 0.1, f ¼ 0.13). The horizontal dashed line (right curve) corresponds to ϵ ¼ 1.

FIG. 2. Plot of the potential (left curve) and the slow roll parameter (right curve) in the strong dissipative regime for (A ¼ 0.1,
f ¼ 0.2), (A ¼ 0.1, f ¼ 0.12), and (A ¼ 0.1, f ¼ 0.06). The horizontal dashed line (right curve) corresponds to ϵ ¼ 1.
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the scalar field reaches the maximum of the potential and
the scalar field value at which ϵ ¼ 1 (first solution) for
weak and strong dissipative regimes, respectively. In the
last case, the intermediate inflation may also occur between
values of the scalar field at which ϵ ¼ 1 (the second
solution) and infinite values of the scalar field.
Furthermore, the number e-folds N is given by

N ¼
Z

tend

tk

Hdt ¼ Aðtfend − tfkÞ; ð3:6Þ

where tk and tend are the cosmic time at the horizon crossing
and at the end of inflation, respectively. By equating

Eq. (3.4) to unity, we obtain tend ¼ ð1−fAf Þ
1
f, and Eq. (3.6)

gives us the cosmic time at the horizon crossing

tk _¼IðNÞ ¼
�
1 − fðN þ 1Þ

Af

�1
f

: ð3:7Þ

IV. PERTURBATIONS AND WARM INFLATION

Warm inflation not only affects the background param-
eters but can also modify those at the perturbative level as
the scalar perturbations; though, the tensor perturbations
remain unchanged. The general idea for the perturbations
in warm inflation being of thermal origin were given in
[23–27]. However, the most relevant works with the
modern notation in which the fluctuations in the scalar
field are mainly originated from thermal fluctuation rather
than quantum fluctuations during warm inflation can be
found in [63,88–90].
In order to study the cosmological perturbations, we

consider the scalar perturbations of a Friedmann-Lemaître-
Robertson-Walker background in the longitudinal gauge.
Therefore, the perturbed metric reads

ds2 ¼ −ð1þ 2ΦÞdt2 þ a2ðtÞð1 − 2ΦÞδijdxidxj; ð4:1Þ

where aðtÞ is the scale factor, Φðt; xÞ is the scalar
perturbation. Furthermore, the dissipative coefficient
depends explicitly, in general, on the temperature and on
the inflaton field as given in Eq. (2.5). This dependence
modifies the set of the perturbative equations. In fact, the
amplitude of the scalar perturbation of the inflaton field will
be enhanced by a correction factor. These modifications
appear not only because of the scalar perturbations of the
background metric but also due to the existence of a
dissipative coefficient in the conservation of the energy
momentum tensor through

δϒ ¼ ∂ϒ
∂T δT þ ∂ϒ

∂ϕ δϕ: ð4:2Þ

As we will notice in the next paragraph, this modification
will affect strongly the amplitude of the scalar spectrum.
This treatment has been already studied in literatures, e.g.,
[67,88,89,91,92]. In the next paragraph, we introduce the
amplitude of the scalar perturbation of the inflaton field as
evaluated at the horizon crossing. Like we did previously,
we assume that the perturbations will not be highly affected
by the holographic approach effect. Therefore, we assume
that the amplitude of the scalar perturbation is given by
[82,88,91–93]

PR ¼
�
H2

2π _ϕ

�
2
�
1þ 2nþ 2

ffiffiffi
3

p
πQffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3þ 4πQ
p T

H

�
FðQÞ; ð4:3Þ

where the coefficient n denotes the statistical distribution
for the inflaton field. By assuming that the inflaton is in
thermal equilibrium with the radiation bath, n behaves like
a Bose-Einstein distribution. The function FðQÞ describes
the coupling between the inflaton field and radiation. Its
expression is obtained numerically by resolving the sys-
tems of perturbations equations for warm inflation
[67,72,88,90]. We will specify its numerical fit in the
strong dissipative regime for each value of the dissipative
coefficient. From Eqs. (2.10), (2.11), and (2.16), Eq. (4.3)
can be rewritten as

PR ¼ 1

4π2
H4

�
−

2 _H
κð1þQÞ

�−1

×G−1
�
1þ 2nþ 2

ffiffiffi
3

p
πQffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3þ 4πQ
p T

H

�
FðQÞ; ð4:4Þ

where

T
H

¼
�
−

ϒ _H
2κCγHð1þQÞ

�1
4

H−1G
1
4; ð4:5Þ

and the combination of Eqs. (2.7) and (2.18) give

Q½1þQ� m
4−m ¼ 1

3H
C

4
4−m
ϕ

�
1

2κCγ

� m
4−m

ϕ41−m
4−m

�
−

_H
H

� m
4−m

G
m

4−m;

ð4:6Þ

which can be rewritten in term of the parameters of the
intermediate inflation, Eq. (3.1), as

PR ¼ A4f4

4π2

�
2Afð1 − fÞ
κð1þQÞ

�
−1
IðNÞ3f−2ð1 − SðIðNÞÞ2f−2Þ−1

�
1þ 2nþ 2

ffiffiffi
3

p
πQffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3þ 4πQ
p T

H

�
FðQÞ; ð4:7Þ
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T
H

¼ 1

Af

�
3Afð1 − fÞ

2κCγ

Q
1þQ

�1
4

IðNÞ2−3f4 ð1 − SðIðNÞÞ2f−2Þ14; ð4:8Þ

Q½1þQ� m
4−m ¼ C

4
4−m
ϕ

3Af

�ð1 − fÞ
2κCγ

� m
4−m

ϕ41−m
4−mIðNÞ−fþ2m−4

m−4 ½1 − SðIðNÞÞ2f−2� m
4−m: ð4:9Þ

where the quantities S ¼ 3A2f2=2κρc and IðNÞ are given
by Eq. (3.7).
In the next section, we will examine separately the

weak dissipative regime and the strong one. In the weak
dissipative case, we will approximate the function FðQÞ to
be equal to one while for the strong dissipative regime
we will fix this function according to the values of the
parameters m found in [92,93]

FðQÞ ∼ 1þ 4.981Q1.946 þ 0.127Q4.330; ð4:10Þ

FðQÞ ∼ 1þ 0.335Q1.364 þ 0.0185Q2.315; ð4:11Þ

FðQÞ ∼ 1þ 0.4Q0.77

ð1þ 0.15Q1.09Þ2 ; ð4:12Þ

FðQÞ ∼ 1; ð4:13Þ

for m ¼ 3, m ¼ 1, m ¼ −1 and m ¼ 0, respectively. We
can notice, from Eqs. (4.10)–(4.13), that in the strong
dissipative regime, the scalar perturbations of the inflaton
field will be enhanced for the casem ≠ 0 as compared with
the weak dissipative regime.
To complete the set of parameters required to constrain

our model by the observational data, we introduce the
amplitude of the tensor perturbation, PT . As mentioned
above, while the amplitude of the scalar perturbation in
warm inflation is given by Eq. (4.3), the amplitude of the
tensor perturbation remain unchanged and is given by [93]

PT ¼ 2κ

�
H
π

�
2

; ð4:14Þ

and from Eq. (4.3), we can express the tensor-to-scalar
ratio, r ¼ PT=PR, in terms of the number of e-folds N as

r ¼ 8κ

A2f2

�
2Afð1 − fÞ
κð1þQÞ

�
IðNÞ−fð1 − SðIðNÞÞ2f−2Þ

�
1þ 2nþ 2

ffiffiffi
3

p
πQffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3þ 4πQ
p T

H

�−1
FðQÞ−1: ð4:15Þ

V. WEAK DISSIPATIVE REGIME

Considering that the system evolves according to the
weak dissipative regime (ϒ ≪ 3H). Performing the inte-
gration of Eq. (2.10), the evolution of the scalar field is
given by

ϕt − ϕ0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8Að1 − fÞ

κf

s
t
f
2HA;f;cðtÞ;

¼ ½ϕt�stdHA;f;cðtÞ; ð5:1Þ

where the integration constant, ϕ0, will be set to zero in the
rest of the paper and HA;f;cðtÞ, a correction term as com-
pared to standard warm inflation [83], can be expressed as

HA;f;cðtÞ ¼ 2F1

�
−
1

2
;

f
4ðf − 1Þ ;

5f − 4

4ðf − 1Þ ; St
2ðf−1Þ

�
;

ð5:2Þ

where 2F1ða; b; c;dÞ is the hypergeometric function

and S ¼ 3A2f2

2κρc
.

From Eqs. (3.1) and (2.18), as Q ¼ ϒ=3H ≪ 1, the
dissipation coefficient ϒ can be rewritten in terms of the
scalar field as

ϒ ¼ C
4

4−m
ϕ

�
1 − f
2κCγ

� m
4−m

ϕ
4ð1−mÞ
4−m t−

m
4−mð1 − St2f−2Þ m

4−m: ð5:3Þ

The evolution of the scalar field and of the dissipation
coefficient are given, respectively, at the horizon crossing
tk, by

ϕtk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8Að1 − fÞ

κf

s
ðIðNÞÞf2HA;f;cðNÞ ð5:4Þ

and

ϒ ¼ C
4

4−m
ϕ

�
1 − f
2κCγ

� m
4−m

ϕ
4ð1−mÞ
4−m
tk ðIðNÞÞ− m

4−m

× ð1 − SðIðNÞÞ2f−2Þ m
4−m: ð5:5Þ

If we compare the scalar field and the dissipation
coefficient of our model at the horizon crossing with that
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obtained in the case of standard warm inflation [83] we
find, respectively,

ϕtk ¼ ½ϕtk �stdHA;f;cðNÞ; ð5:6Þ
and

ϒ ¼ ½ϒ�std½ϒ�c; ð5:7Þ
with

½ϒ�std ¼ C
4

4−m
ϕ

�
1 − f
2κCγ

� m
4−m

ϕ
4ð1−mÞ
4−m
std ðIðNÞÞ− m

4−m ð5:8Þ

and

½ϒ�c ¼ ðHA;f;cðNÞÞ4ð1−mÞ
4−m ð1 − SðIðNÞÞ2f−2Þ m

4−m: ð5:9Þ
Here HA;f;cðNÞ and ½ϒ�c represent corrections term to the
scalar field and to the dissipation coefficient in the weak
dissipation regime, respectively. We can show that the

correction term HA;f;cðNÞ does not deviate too much from
1; i.e., the variation of the scalar field is not strongly
affected by the AdS=CFT correspondence.
The dissipation term introduced previously in Eq. (2.5)

describes the thermal radiation bath and its evolution versus
the conformal anomaly coefficient tell us about the effect of
AdS=CFT correspondence on the thermal process. From
Fig. 3, we notice that the effect of the AdS=CFT corre-
spondence is more significative and increases with the
conformal anomaly coefficient for c ≥ 107. This effect
increases the thermal process. However, we can see from
Eq. (5.5) that for specific values of A and f there must be a
limiting value SðIðNÞÞ ¼ 1 beyond which the dissipation
coefficient no longer makes sense.
To incorporate the observed parameters in warm infla-

tion at the perturbative level, we rewrite the amplitude of
the scalar perturbation Eqs. (4.7)–(4.9) and the tensor-to-
scalar ratio Eq. (4.15) in the weak dissipative regime [(i.e.,
FðQÞ ≃ 1] as follows:

PR ¼ A4f4

4π2

�
2Afð1 − fÞ

κ

�
−1
IðNÞ3f−2ð1 − SðIðNÞÞ2f−2Þ−1

�
1þ 2nþ 2πQ

T
H

�
; ð5:10Þ

FIG. 3. Evolution of the correction term ½ϒ�Wc versus the conformal anomaly coefficient c in the weak dissipative regime for f ¼ 0.125
and for three different values of the parameter A, for the case m ¼ 0 (upper left panel), m ¼ 1 (upper right panel), m ¼ −1 (lower left
panel), and m ¼ 3 (lower right panel). We have used κ ¼ 1, N ¼ 60, and Cγ ¼ 70.
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T
H

¼ 1

A:f

�
3Afð1 − fÞ

2κCγ
Q

�1
4

IðNÞ2−3f4 ð1 − SðIðNÞÞ2f−2Þ14; ð5:11Þ

Q ¼ C
4

4−m
ϕ

3Af

�ð1 − fÞ
2κCγ

� m
4−m

ϕ41−m
4−mIðNÞ−fþ2m−4

m−4 ½1 − SðIðNÞÞ2f−2� m
4−m; ð5:12Þ

r ¼ 8κ

A2f2

�
2Afð1 − fÞ

κ

�
IðNÞ−fð1 − SðIðNÞÞ2f−2Þ

�
1þ 2nþ 2πQ

T
H

�
−1
; ð5:13Þ

where at the crossing horizon time, the inflaton field is given by Eqs. (5.1) and (6.2). Furthermore, by combining Eqs. (5.11)
and (5.12), the above equations read

PR ¼ A4f4

4π2

�
2Afð1 − fÞ

κ

�
−1
IðNÞ3f−2ð1 − SðIðNÞÞ2f−2Þ−1

�
1þ 2nþ 2πQ

T
H

�
; ð5:14Þ

(b)(a)

n

FIG. 4. The plots show the variation of the dissipative parameter Q (a) and the variation of the tensor-to-scalar ratio r (b) versus the
spectral index ns for different values of the e-fold number, the conformal anomaly coefficient c ¼ 107 and the parameterm ¼ −1. These
plots are obtained for the following choice of parameters Cϕ ¼ 10−25, 0.1 < A < 2, and f ¼ 0.125.

(a) (b)

FIG. 5. The plots show the variation of the dissipative parameter Q (a) and the variation of the tensor-to-scalar ratio r (b) versus the
spectral index ns for different values of the e-fold number, the conformal anomaly coefficient c ¼ 107 and the parameter m ¼ 3. These
plots are obtained for the following choice of parameters Cϕ ¼ 5.7 × 107, 0.1 < A < 0.5, and f ¼ 0.5.
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T
H

¼ 1

Af

�
Cϕð1 − fÞ

2κCγ

� 1
4−m

IðNÞ−fþm−3
m−4½1 − SðIðNÞÞ2f−2� 1

4−mϕ
1−m
4−m; ð5:15Þ

Q ¼ Cϕ

3Af

�
Cϕð1 − fÞ

2κCγ

� m
4−m

ϕ41−m
4−mIðNÞ−fþ2m−4

m−4 ½1 − SðIðNÞÞ2f−2� m
4−m; ð5:16Þ

r ¼ 8κ

A2f2

�
2Afð1 − fÞ

κ

�
IðNÞ−fð1 − SðIðNÞÞ2f−2Þ

�
1þ 2nþ 2πQ

T
H

�
−1
; ð5:17Þ

and the scalar spectral index ns ¼ 1 − d lnðPRÞ
dN can be written as

ns − 1 ¼ −ð3f − 2Þ d ln IðNÞ
dN

þ d lnð1 − SðIðNÞÞ2f−2Þ
dN

−
d ln ð1þ 2nþ 2πQ T

HÞ
dN

;

¼ −ð3f − 2Þ IðNÞ−f
Af

þ 2ð1 − fÞSIðNÞf−2
Afð1 − SðIðNÞÞ2f−2Þ þ n4; ð5:18Þ

where we have used Eq. (3.7) and we have defined n4 as

n4 ¼ −
d ln ð1þ 2nþ 2πQ T

HÞ
dN

: ð5:19Þ

The term n4 is obtained numerically. The numerical
analysis is done for different values of the number of
e-folds and the conformal anomaly coefficient is set to be
c ¼ 107. We have also assumed the warm condition
ðTH > 1Þ, the weak dissipation case (Q ≪ 1) and we have
constrained the spectral index in the observational range
0.9 < ns < 1.
The results show that the dissipative coefficients ϒ1 ¼

CϕT and ϒ0 ¼ Cϕϕ are not supported by Planck data [14]
for any set of values of Cϕ, A, and f. However, for a
convenient choice of those parameters, namely Cϕ, A, and
f, the dissipative coefficients ϒ−1 ¼ Cϕϕ

2=T and ϒ3 ¼
CϕT3=ϕ2 are well supported by data. Indeed,

(i) For m ¼ −1, we plot the dissipative parameter Q
and the tensor-to-scalar ratio r as parametric func-
tions of ns for the following range of parameters
Cϕ ¼ 10−25, 0.1 < A < 2, and f ¼ 0.125. The para-
metric plot is shown in Fig. 4.

(ii) For m ¼ 3, we plot the dissipative parameter Q and
the tensor-to-scalar ratio r as parametric functions

of ns for the following range of parameters Cϕ ¼
5.7 × 107, 0.1 < A < 0.5, and f ¼ 0.5. The para-
metric plot is shown in Fig. 5.

We notice from the plots of Figs. 4 and 5, that we are,
indeed, in the weak dissipative regime. From the plots of
the same Fig. 4, i.e., m ¼ −1 and m ¼ 3 in the dissipative
coefficient, we notice that the tensor-to-scalar ratio lies in
the 1σ contour of Planck data for N ¼ 55 and N ¼ 60. This
means that the weak dissipative regime in warm inflation in
the holographic context under consideration may reproduce
the observational data for the choice of parameters con-
sidered above.

VI. STRONG DISSIPATIVE REGIME ϒ ≫ 3H

In this section, we analyze the strong dissipative regime,
(Q ≫ 1), by considering exact solutions for the cases m ¼
3 and m ≠ 3. When integrating Eq. (2.10) by using
Eq. (3.1), the evolution of the scalar field is given by

ϕt − ϕ0 ¼

8>><
>>:

h
ð3−mÞGmðtÞ

2Km

i 2
3−m; for m ≠ 3

exp
h
GmðtÞ
Km

i
; for m ¼ 3

; ð6:1Þ

with

GmðtÞ ¼ Hs
A;f;c;mðtÞt

ð8−mÞfþ2ðm−2Þ
8 ; ð6:2Þ

Hs
A;f;c;mðtÞ ¼ 2F1

�
m − 4

8
;
ð8 −mÞf þ 2ðm − 2Þ

16ðf − 1Þ ; 1þ ð8 −mÞf þ 2ðm − 2Þ
16ðf − 1Þ ; St2ðf−1Þ

�
; ð6:3Þ

Km ¼
�ð8 −mÞf þ 2ðm − 2Þ

8

��
4AfCγ

Cϕ

�
−1
2

�
3Afð1 − fÞ

2κCγ

�m−4
8

; ð6:4Þ
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where ϕ0 is an integration constant that will be set to ϕ0 ¼
0 in the rest of the paper, Hs

A;f;c;mðtÞ, is a correction term to

standard warm inflation, and S ¼ 3A2f2

2κρc
.

Since Q ¼ ϒ=3H ≫ 1 and using Eqs. (2.18) and (3.1),
the dissipation coefficient ϒ can be rewritten in terms of the
scalar field as

ϒ ¼ Cϕ

�
−3Afðf − 1Þ

2κCγ

�m
4

t
m
4
ðf−2Þϕ1−mð1 − St2ðf−1ÞÞm4 : ð6:5Þ

If we compare the amplitude of the scalar inflaton field
Eq. (6.1) and the dissipation coefficient Eq. (6.5) at the
horizon crossing and for m ≠ 3 with that obtained in the
case of standard warm inflation (see Ref. [83]), then we
find, respectively, that

ϕtk ¼ ½ϕtk �stdðHs
A;f;c;mðNÞÞ 2

3−m ð6:6Þ
and

ϒ ¼ ½ϒ�std½ϒ�sc; ð6:7Þ
with

½ϒ�sc ¼ ðHs
A;f;c;mðNÞÞ2ð1−mÞ

ð3−mÞð1 − St2f−2k Þm4 ; ð6:8Þ

is the correction term of the dissipation coefficient in the
strong dissipation regime.
Figure 6 shows the plot of T=H versus the spectral index

in the weak dissipation regime for m ¼ −1 [Fig. 6(a)] and
m ¼ 3 [Fig. 6(b)]. Figures 6(a) and 6(b) are obtained for the
same choice of parameters as in Figs. 5(a) and 5(b),
respectively. These figures show clearly that the results
obtained in Fig. 5 satisfy the warm condition.
Figure 7 shows the evolution of the correction term

½ϒ�sc versus the conformal anomaly coefficient c for
three values of the parameter m and for a fixed value of
the parameter f ¼ 0.25 and for three values of the
parameter A. We notice that the AdS=CFT correspon-
dence has no significant effect and the thermal process
is described by standard warm inflation for c < 107 for
the three chosen values of m parameters. Furthermore,
while for m ¼ 0 and m ¼ 1 the thermal process
decreases, it increases strongly for m ¼ −1 with the
increasing values of the conformal anomaly coefficient
c > 107 for the range of f and A considered. However
this range of the conformal anomaly may change by
changing the value of f and A.
Furthermore, in the strong dissipative regime, 1 ≪ Q,

Eqs. (4.7)–(4.9) and (4.15) take the following forms:

PR ¼
ffiffiffiffiffiffi
3π

p
A2f2κ

8π2ð1 − fÞ
�
3Afð1 − fÞ

2κCγ

�1
4

IðNÞ3ð3f−2Þ4 ð1 − SðIðNÞÞ2f−2Þ−3
4Q

3
2FðQÞ; ð6:9Þ

T
H

¼ 1

Af

�
3Afð1 − fÞ

2κCγ

�1
4

IðNÞ2−3f4 ð1 − SðIðNÞÞ2f−2Þ14; ð6:10Þ

Q ¼ Cϕ½3Af� 4
4−m

�ð1 − fÞ
2κCγ

�m
4

IðNÞfðm−4Þ
4

þm−2
2 ½1 − SðIðNÞÞ2f−2�m4ϕ1−m; ð6:11Þ

r ¼ 16ð1 − fÞffiffiffiffiffiffi
3π

p
�
3Afð1 − fÞ

2κCγ

�
−1
4

IðNÞ−ðfþ2Þ
4

;ð1 − SðIðNÞÞ2f−2Þ34Q−3
2FðQÞ−1: ð6:12Þ

(b)

N=50

(a)

N=60

FIG. 6. The value of T=H versus the spectral index ns for the conformal anomaly coefficient c ¼ 107 for the m ¼ −1, Cϕ ¼ 10−25

curve (a) and for the m ¼ 3, Cϕ ¼ 5.7 × 107 curve (b).
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We notice here that T
H in Eq. (6.10) is independent of the

parameters Q, m, and Cϕ. We notice also that according to
the function FðQÞ, which characterizes the coupling
between the inflaton field and radiation, Eqs. (4.10)–
(4.12), and Eqs. (6.9) and (6.11) that a strong effect is
observed on the amplitude of the scalar perturbation in

the strong dissipative regime particularly in the case of
m ≠ 0.
As in the weak dissipation case, a numerical approach to

calculate the scalar spectral index ns ¼ 1 − d lnðPRÞ
dN is

mandatory. To this aim, we set the value of the conformal
anomaly coefficient to c ¼ 107, we consider as well the

(a) (b)

FIG. 8. The plots show the variation of the dissipative parameter Q (a) and the variation of the tensor-to-scalar ratio r (b) versus the
spectral index ns for different values of the e-fold number, the conformal anomaly coefficient c ¼ 107 and the parameter m ¼ 1. These
plots are obtained for the following choice of parameters Cϕ ¼ 1010, 0.1 < A < 6, and f ¼ 0.0625.

FIG. 7. Evolution of the correction term ½ϒ�sc versus the conformal anomaly coefficient c for f ¼ 0.125 and for different values of the
parameter A for the casesm ¼ 0 (upper left panel),m ¼ 1 (upper right panel), andm ¼ −1 (lower panel), we have used, κ ¼ 1, N ¼ 60,
and Cγ ¼ 70.
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warm condition ðTH > 1Þ and the strong dissipation
case (Q ≫ 1).
The results show that, for any range of parameters Cϕ, A,

and f, the dissipative coefficientϒ1 andϒ0 are excluded by
observational data. We plot the dissipative parameters and
the tensor-to-scalar ratio (Q and r) as parametric functions
of the spectral index ns. For the dissipative parameter Q,
Fig. 8, the range of parameters considered are Cϕ ¼ 1010,
0.1 < A < 6, and f ¼ 0.0625. While for the dissipative
parameterQ, Fig. 9, the range of parameters considered are
Cϕ ¼ 1.5 × 105, 0.1 < A < 4, and f ¼ 0.25. We notice
from the plots of Figs. 8 and 9, that we are, indeed, in the
strong dissipative regime. For the plots of the same Figs. 8
and 9, i.e., m ¼ 1 and m ¼ 3 in the dissipative coefficient,
we notice that the tensor-to-scalar ratio and the spectral
index values agrees with the 1σ contour of Plank data for a
large values of N e-folds. In Fig. 10 we show the evolution

of T=H versus the spectral index in the strong regime for
c ¼ 107, 0.1 < A < 6, and f ¼ 0.25. The curve confirms
that the result obtained in the strong dissipation regime
satisfy the conditions of warm inflation. This means that the
strong dissipative regime of warm inflation in the holo-
graphic context under consideration is in agreement with
the observational data for the choice of parameters men-
tioned above.

VII. CONCLUSIONS

In this work, we have studied warm inflation with a
scalar field in the context of the AdS=CFT correspondence
and with a general form for the dissipative coefficient.
We have considered that the scale factor evolve with
time during intermediate inflation as aðtÞ ¼ aI exp Atf,
(0 < f < 1). In this context, we have provided the
basic equation in the weak and the strong dissipation
regime and we have shown that these equations are
equal to the standard one times some corrections term
which at the low energy limit tends to one. We have
discussed our model in the frame of warm inflation
condition (T=H > 1) by determining the consistent range
of Cϕ parameter of the dissipative coefficent, A and f
parameters of the intermediate inflation (see Figs. 4, 5, 8,
and 9).
We have examined our theoretical prediction by

plotting the evolution of different inflationary para-
meters versus observational data. In both dissipative
regimes, while our model is well supported by Planck
data for the dissipative coefficient ϒ3, it is not the case
for the dissipative coefficient ϒ0. However, while the
dissipative coefficient ϒ−1 is well supported by Planck
data in the weak dissipative regime, the dissipative
coefficient ϒ1 is well supported in the strong dissipative
regime.

FIG. 10. The strong dissipation regime value of T=H versus the
spectral index for the conformal anomaly coefficient c ¼ 107,
0.1 < A < 6, and f ¼ 0.25.

(a) (b)

FIG. 9. The plots show the variation of the dissipative parameter Q (a) and the variation of the tensor-to-scalar ratio r (b) versus the
spectral index ns for different values of the e-fold number, the conformal anomaly coefficient c ¼ 107 and the parameter m ¼ 3. These
plots are obtained for the following choice of parameters Cϕ ¼ 1.5 × 105, 0.1 < A < 4, and f ¼ 0.25.
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We have shown that for a suitable interval of Cϕ

parameters of the dissipative coefficient and for A and f
parameters of the intermediate inflation our predicted
inflationary parameters are consistent with the 1σ con-
fidence level contours derived from Planck data.
Finally, we conclude that scalar warm inflation in the

context of holographic cosmology for the cases m ¼ −1,
m ¼ 1 and m ¼ 3 may describe the inflationary era and
predicts the appropriate inflationary parameters with
respect to the observational data within a slow roll approxi-
mation for the weak, strong, and both regime, respectively.
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