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Abstract: In this study, the scenario of a two-component warm tachyon inflation is considered, where the tachyon
field plays the role of the inflaton by driving the inflation. During inflation, the tachyon scalar field interacts with the
other component of the Universe, which is assumed to be photon gas, i.c., radiation. The interacting term contains a
dissipation coefficient, and the study is modeled based on two different and familiar choices of the coefficient that
were studied in the literature. By employing the latest observational data, the acceptable ranges for the free paramet-
ers of the model are obtained. For any choice within the estimated ranges, there is an acceptable concordance between
the theoretical predictions and observations. Although the model is established based on several assumptions, it is
crucial to verify their validity for the obtained values of the free parameters of the model. It is found that the model is
not self-consistent for all values of the ranges, and for some cases, the assumptions are violated. Therefore, to achieve
both self-consistency and agreement with the data, the parameters of the model must be constrained. Subsequently,
we consider the recently proposed swampland conjecture, which imposes two conditions on the inflationary models.
These criteria rule out some inflationary models; however, warm inflation is among those that successfully satisfy the
swampland criteria. We conduct a precise investigation, which indicates that the proposed warm tachyon inflation
cannot satisfy the swampland criteria for some cases. In fact, for the first case of the dissipation coefficient, in which,
there is dependency only on the scalar field, the model agrees with observational data. However, it is in direct ten-
sion with the swampland criteria. Nevertheless, for the second case, wherein the dissipation coefficient has a depend-
ency on both the scalar field and temperature, the model exhibits acceptable agreement with observational data, and
suitably satisfies the swampland criteria.
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Introduction was introduced by A. Starobinsky, which was based on a
conformal anomaly in quantum gravity [1]. The main
The inflationary scenario is famed as one of the op- goal of the model was to solve the issue of the initial sin-

timal proposals of describing the evolution of the uni-
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verse in the very early era. The first inflation proposal

gularity, and it was built based on the assumption of a
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quasi-de Sitter stage in the very early Universe [2-5].
This model described a graceful exit from the inflation-
ary stage, and in this regard, it can be considered as the
first model of inflation. The model played an important
role in development of the inflation scenario [2-5]. One
year later, an inflationary model was introduced by A.
Guth, which aimed to solve the problems of the hot big-
bang theory [6]. This scenario, known as old inflation,
suffered from the bubble nucleation problem. However,
the idea was simple and elegant, and it had a deep impact
on the subsequent cosmological inflationary models. The
new inflationary scenario [7, 8] suitably solved the prob-
lem of Guth's model, wherein the scalar field stands at the
top of the effective potential and subsequently slowly
rolls down to the bottom. In contrast to the old inflation,
which occurs in false vacuum with ¢ =0, here, the stage
of inflation occurs by slowly rolling the inflaton toward
the minimum of its potential, i.e., ¢ # 0 [2-5]. The main
problem of the new inflation is that the density perturba-
tions generated during inflation are very large and con-
sequently unacceptable. This problem is avoided by us-
ing a small coupling constant of the scalar field.
However, for a small coupling constant, the scalar field is
no longer in the state of thermal equilibrium with other
matter fields [2-5]. Complete modification of the big-
bang theory was presented by the invention of the scen-
ario of Chaotic inflation [9], which could solve the prob-
lems of both old and new inflations. An interesting fea-
ture of this scenario is that inflation could happen even
for a simple potential like V o ¢".

Consequently, numerous inflationary scenarios have
been proposed, including non-canonical inflation [10-19],
tachyon inflation [20-23], DBI inflation [24-29], G-infla-
tion [30-33], and brane inflation [34, 35]. All of these
scenarios have similar assumptions. The scalar field is the
dominant component at the time, and inflation occurs by
slowly rolling the scalar field from the top toward the
minimum of the potential. Notably. applying the idea of
inflation in the Starobinsky model leads to significant
achievements, where the final result is consistent with the
observational data. The model is known as the R?> Starob-
insky-inflation [1]. The process of particle creation and
the heating up of the universe occur at the end of infla-
tion during preheating and reheating stages, where the
scalar field oscillates around the minimum of its poten-
tial with time scales shorter than the Hubble time, and its
energy is drained to other matter fields, for instance, radi-
ation [36].

In 1995, a new concept of inflation was introduced by
A. Berera, known as warm inflation [37]. According to
warm inflation, the scalar field remains the dominant
component of the universe, however, the interaction
between the scalar field and other fields is not ignored.
Owing to this interaction, the energy is transferred from

the scalar field to the radiation. Therefore, a particle pro-
duction mechanism occurs during inflation, and the tem-
perature of the Universe does not suddenly drop. The
Universe remains warm and full of other particles, a scen-
ario in which reheating is no longer required, and the
Universe smoothly enters the radiation era [37-47]. An-
other difference is with regard to the type of cosmologic-
al perturbations. In warm inflation, there are both
quantum and thermal fluctuations, and thermal fluctu-
ations dominate. The thermal fluctuations are proportion-
al to the fluid temperature 7, and quantum fluctuations
are proportional to the Hubble parameter H. Sub-
sequently, the condition of domination of thermal fluctu-
ation leads to the T > H inequality condition.

Numerous studies have investigated different aspects
of the warm inflationary scenario for different models
[37-39, 42-45]. In the present study, we reconsider the
warm inflation, where the tachyon field plays the role of
the inflaton. The main motivations for the present work
are stated in the following lines. The first reason is the re-
cently proposed swampland conjecture. The recent stud-
ies on the effective field theory (EFT) and string theory
lead to two swampland criteria [48, 49]: I) imposing an
upper bound on the field range, i.e., A¢p <A (where A is
of the order of unity), which rises from the consideration
that the effective Lagrangian in the EFT is valid only for
a finite radius; II) placing an upper bound on the gradient
of the potential of the field of any EFT, i.e., |[V'|/V>c¢
(where the most recent studies determine that ¢ can be
even of the order of O(0.1) [50]). The second criterion
implies that the first slow-roll parameter, i.e.,
€s = (V'/V)?, and the tensor-to-scalar ratio, r = 16€5 > 8¢,
must not be small. The requirement of satisfying these
two criteria could rule out some of the inflationary mod-
els; however, a possibility remains for some other mod-
els to survive [50-58]. The k-essence model [59-61] is
one of them, where r = 16c,€;, and the sound speed c
can be smaller than unity [60]. The tachyon model, which
was inspired by the string theory, is known as a subclass
of k-essence model, and could be a suitable choice for
considering the swampland criteria. The other inflation-
ary model which is able to survive the aforementioned
criteria is warm inflationary scenario where the first
slow-roll parameter is obtained as € = ¢;/Q and tensor-to-
scalar ratio is found as r=(H/T) (16€;/(1+Q)*/?) [62-
71]. The parameter Q is known as the dissipative para-
meter which in strong dissipative regime is bigger than
unity, Q> 1. This feature aids the scenario to success-
fully pass the criteria and satisfy them [51-53, 72-77].
The second motivation is related to the importance of the
tachyon field. After the introduction of the tachyon mod-
el in cosmological studies [78-81], the model received
immense attention and found a place in all areas of cos-
mology, including the inflation [20-23, 82, 83].
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The warm inflation, including the tachyon field as the
inflaton, has been studied in [84-93]; however, we will
reconsider the scenario with a different interaction terms
while working with the Hubble parameter instead of the
potential, namely the Hamilton —Jacobi formalism [82,
94-99]. The study of the inflationary models is usually
performed using three methods:

1. Introducing the potential, which is the most com-
monly applied method in inflationary studies.

2. Introducing the Hubble parameter, where, instead
of the potential, the Hubble parameter is introduced as a
function of the scalar field. The method is known as the
Hamilton-Jacobi formalism.

3. Introducing the scale factor as a function of time,
e.g., the intermediate inflation.

The first approach imposes some restrictions on the
form of the potential and evolution of the scalar field.
However, in the second approach, several conditions are
imposed on the evolution of the Hubble parameter. In
general, the Hamilton-Jacobi formalism provides a clear
geometrical interpretation and more convenient analysis.
Some features of the formalism could be addressed as: 1)
More accurate expressions for the slow-roll parameters,
2) neglecting extra assumptions, 3) easy to work with
(detailed explanation about the formalism and its fea-
tures could be found in [95] and references therein).

The main focus of the present work is considering the
consistency of the model with observational data and
qualitatively considering its agreement with the swamp-
land criteria as well. According to [100], the interaction
term in the conservation equations is assumed to include
a dissipation coefficient and a sum of energy density and
pressure of the scalar field. In this regard, the interaction
is different than those the other performed studies on the
topic; the interaction term is H?T'¢? instead of the usual
term T'¢”. Another consequence of the selected interac-
tion term is that we have the same definition for the dis-
sipative parameter Q =I'/3H, independent of the type of
the scalar field.

The dissipation coefficient can be considered as a
function of either the scalar field or the temperature, and
in some cases, this depends on both the scalar field and
the temperature. Here, two different choices are selected
for this coefficient. At first, only dependency on the ta-
chyon field is assumed, and in the second case, the coeffi-
cient is considered as a function of both the tachyon field
and fluid temperature. The main perturbation parameters
are obtained for the model, and in comparison with the
latest observational data, we attempt to determine the free
parameters of the model. In the following step, the self-
consistency of the model is considered. The model is con-
structed based on several assumptions, and we examine

1) here, the signature of the metric is +2.

their validity for the obtained values of the constants of
the model. The self-consistency of the model is an im-
portant point that is not sufficiently addressed in studies
reported to date.

This paper is organized as follows. In Sec. 2, the dy-
namical perturbation equations of the model are dis-
cussed. Subsequently, in the last part of the section, we
rewrite the equations for the strong dissipative regime. To
compare the model with observational data, two different
choices for the dissipation coefficient are considered in
Sec. 3, and they are investigated separately. For each
case, the free constants of the model are specified using
the observational data, and for each case, we consider the
consistency of the results with the main conditions of the
model. In Sec. 4, the swampland criteria for the model are
discussed. The results of the model are summarized in the
conclusion section.

2 Tachyon model

The Universe is assumed to be filled with a scalar
field driving inflation (referred to as the inflaton) and
photon gas. The geometry of the Universe is described by
a spatially flat FLRW metric. Then, the Friedmann equa-
tion is given as

3H? = py +pr, (1)
where Mﬁ =1/8nG = 1. As mentioned in the introduction,
the inflaton is assumed to be a tachyon fluid, which can
be described by a diagonal energy-momentum-tensor,
T(’;V = diag(—pg, Py, Dos p¢)l) [81]. The energy density and
pressure are given by the following relations, respect-
ively [81]

V()
N
where the dot denotes a derivative with respect to the cos-
mic time #, and V(¢) refers the potential of the tachyon
field. Owing to the interaction between the tachyon field

and radiation, the energy conservation equations are mod-
ified as [100]

Py +3H(pg + py) = =T (pg + py), 3)

Pr+3H(pr+ pr) =T (py + Py)s “4)
where T is the dissipation coefficient, the general form of
which can be a function of both the scalar field and tem-
perature. The radiation part has a well-known equation of
state as p, = p,/3. Using Eq. (2) and Friedmann equation
(1), the interaction term is obtained as

T (py+ py) = 3TH*¢$*

Py = Po=-V(@)\1-¢% ()
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which is different from those interaction terms that have
been introduced in [84, 85, 87, 88, 92]. This difference
leads to the usual definition of the dissipative parameter
as Q=T/3H.

The tachyon field equation of motion is obtained by
substituting Eq. (2) into Eq. (3)

é .V .
1—¢2+3H¢+ v = I, %)
where prime denotes a derivative with respect to the ta-
chyon field ¢.

To obtain an accelerated expansion phase, it is as-
sumed that the tachyon field dominates the photon gas
energy density. Thus, the Friedmann Equation (1) is re-
written as

V(g)
The second Friedmann equation is obtained by taking the
time derivative of Eq. (6) and using Eq. (3)

-3H? .

5 1+ Q)¢ ()
Assuming that the Hubble parameter is a function of the
tachyon field, i.e. H:= H(¢), and because H := H'$, the
time derivative of the field is found as

-2 H

3(1+Q) H?
Another assumption in the scenario of warm inflation is
quasi-stable production of the photon gas, i.e.
Py < 4Hp,,I'¢*, in which by imposing this condition on
Eq. (4), the radiation energy density is obtained as

3
pyzzHrzaT4, 9

H?=py = ©)

H=

¢= ®)

where T is the temperature of the thermal bath, and « is a
well-known Stephen—Boltzman constant.

The first slow-roll parameter is defined as e = —H/H?,
which using Eq. (8) becomes
H 2 H?
— = (10)
H? 3(1+Q) H*
The second slow-roll parameter is e =—&/He, which
after some manipulation, arrives at

SOEE

2 = (Ce0) =200 + g @B . (1)
such that the parameter  and 8 are expressed as follows
4 H” 2 I"H’
n(¢) = B(¢) =

31+Q) H3® 3(1+Q) TH?"
Whereas Hubble parameter is given in terms of the tachy-
on scalar field, one can extract the potential of the model

of Friedmann equation (6) viz.,

_AMRH? 221
V(¢) =3MpH (¢) |1 3 (1+Q)€(¢))’ (12)
where Egs. (8) and (10) have been applied to obtain this

expression.

The amount of the Universe expansion during the in-
flationary times is measured by the number of e-folds, V,
defined as"

H 3 H?

n_n

where the subscript "e" in ¢, denotes the tachyon field at
the end of inflation.

Apart from the evolution of the background paramet-
ers, we must know about the perturbative behaviours of
the parameters at the inflationary period. Cosmological
perturbations are the most important predictions of the in-
flation. These perturbations can generally be divided into
three types as scalar, vector, and tensor perturbations. The
vector type is typically ignored because it depends on the
inverse of the scale factor and will be diluted exponen-
tially during inflation. The primordial seeds of the large
scale structure of the Universe are believed to be the scal-
ar perturbations that are generated during inflation. In the
warm inflationary scenario, there are both quantum and
thermal fluctuations; however, it is assumed that the
thermal fluctuations overcome the quantum fluctuations.
The power-spectrum of these fluctuations for the tachyon
model is given by [84]

P = exp(=2x(¢))

ST T U N
V'1v)

in which 6¢ is the fluctuation in the scalar field, and the

parameter y is defined as

(@)= f

x(f+4HV—

0% , (14)

1 (f)’+9 (T/V +2H)
GH+T/V)\V] 8 Fv+3H)
rw v %4

v/ ~) ) v }d(l). (15)
12HGQH+T/V)] V
For our model, T is equal to 3T'H?, as given by Eq. (5).
The scalar spectral index, defined as P, = PS*(k/k*)"‘_1 , 18
another observational parameter that measures the scale-
dependency of the power-spectrum, where n; =1 indic-
ates that the power-spectrum is scale-invariant. This para-
meter is obtained by taking the log-derivative of the
power-spectrum as

. _ dIn(Py)
07 dlnk

(16)

1) The right hand side should be written as de = Ne— N, in which the subscripts "e" and "*" respectively stand for end of inflation and horizon crossing time.
To solve the horizon and flatness problems it is belived that there should be about 60 — 65 number of e-fold. Then, for the rest of the paper, the N, is put to N, =0 and

N, =65.
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Another type of primordial fluctuations are given by the
tensor paramters, which are also known as the primordial
gravitational waves. Because the fluid has no role in the
tensor perturbations equation, the power-spectrum of
tensor perturbations is obtained in the same manner as the
cold inflationary scenario, i.e., P; = H>/2n* [85, 87, 88,
101, 102]. The tensor perturbations are measured indir-
ectly through the parameter », which is defined as the ra-
tio of the power-spectrums of the tensor perturbation to
the scalar perturbations, r = P,/®;. In contrast to the scal-
ar perturbations, there are no exact data for this paramet-
er, and there is only an upper bound r > 0.064.

2.1 Strong dissipative regime

Depending on the value of the dissipative parameter
0, the study of warm inflation can be divided into two re-
gimes, namely the strong dissipative regime (SDR) and
weak dissipative regime (WDR), which respectively cor-
respond to O > 1 and Q < 1. For the remainder of the
study, the model is considered only for SDR, where the
approximation (1 + Q) =~ Q is used in the equations.

In warm inflation, thermal fluctuations dominate over
quantum fluctuations, and the corresponding fluctuations
in the scalar field are given by 8¢’ ~ kzT /2%, where
kp = \JTH/V [84]. Inserting this value into Eq. (14), the
amplitude of the scalar perturbations in SDR becomes

exp(-2¢(¢) T
Py=— 22— VH, 17
QH'/H)* 27 (47

and the defined parameter y is reduced to

o9 ,  (BH’TY(2H'/H)
X(¢)—f[F+§ @(31‘1 Q_—36H2Q
(2H'/H)
V7 ]d (18)

The scalar spectral index n,, which is related to the
power-spectrum of the scalar perturbation via (16), is ob-
tained in terms of the slow-roll parameters as

13 3 7
ng—1= T e(p) + 3 n(¢)+ Zﬁ(@‘ (19)

Notably, the spectral index is obtained up to the first or-
der of slow-roll parameters.
Using Eq. (17) and the tensor power-spectrum, the
tensor-to-scalar ratio is obtained as
2

TVH

In the following section, two typical examples are con-
sidered for the dissipative coefficient I'. Further, the
Hubble parameter is assumed as a power-law function of
the scalar field, i.e., H(¢) = Hy¢" for the remainder of the
work.

r=

exp(2x(4)) (20)

3 Consistency with observation

To verify the accuracy and consistency of any infla-
tionary models, it is required to compare theoretical pre-
dictions with observations, e.g. [103-105]. In this regard,
the dissipative coefficient I' must be specified, which can
be considered as a function of the scalar field, or in more
general cases, it could be a function of both the scalar
field and fluid temperature. In the following subsections,
we consider both cases.

3.1 Firstcase: I'=Ty¢"

As the first case, the dissipation coefficient is taken as

a power-law function of tachyon field, i.e. T'=Ty¢™,
where I’y and m are constants. From Eq. (8), the time de-
rivative of the tachyon field becomes

. 2n 1

¢= _F_O ¢m+1 : (21)
The first slow-roll parameter e is determined by substitut-
ing the introduced dissipation function into Eq. (10).
Evidently, inflation ends as the slow-roll parameter e
reaches unity; therefore, the scalar field is read as

2n?
Holo
The scalar field at the time of horizon exit is obtained
through the number of e-fold (13) as

¢*m+n+2 — ¢2n+n+2 (1 + (m+n+ 2) N) i (23)
n

(22)

¢m+n+2 —
e

where % indicates the time of horizon crossing. The slow-
roll parameters, at this edge, are obtained as

-1

e*=(l+wN) =N, (24)
n

* = @ €, (25)

B = % €. (26)

Applying these results to Eq. (19), the scalar spectral in-
dex at the time of horizon exit is given by

13 3 n-1 7 m\ -
=242 L gt 27
s (4+2 n +4n) @7)

where the scalar spectral index only depends on the con-
stants n and m. In contrast, by integrating Eq. (18) and
substituting the result into Eq. (17), the power-spectrum
reads as

exp|— 32n+m) @)
1 r, \'* P 8(m+n+2) €
iz 8n2n3/2 \ 3aHy ¢7m+1‘9n—6 (28)

The tensor-to-scalar ratio is easily derived, such that
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32n+m)

8(m+n+2)

1/4
3aH? Tm+27n—6
r=4n’? (—0) 1

0

E(¢)}-

(29)
Subsequently, using Egs. (23) and (24), the power spec-
trum and tensor-to-scalar ratio are obtained at the time of
horizon crossing.

The first conclusion that can be made from Eqgs. (28)
and (29) is that the constant » must be positive, other-
wise there will be an imaginary value for the parameters
P, and r, which is unphysical.

Hence, to constrain the free parameters of the model,
the results at the time of horizon crossing must be ex-
amined with data. At this time, the scalar spectral index
depends on both parameters n and m. The situation is dif-
ferent for the tensor-to-scalar ratio, where besides n» and
m, the other two constants I'y and Hy also appear in the
definition of r(r=r,). Based on Planck data, an exact
value for the amplitude of the scalar perturbations exists,
and there are also several statements regarding the en-
ergy scale of inflation. Thus, from the energy scale of in-
flation, Eq. (12), the constant Hy is determined as”

m+n+2

_ _n_ _ V*/3)2m+2)
Hy=V* T2, 1% vz /3)2me)

(30)

T
(2n2 N) m+2
where V* is the energy scale of inflation. Substituting the
obtained Hj in the amplitude of the scalar perturbations,
I'y is extracted as

4(m+2)

P*\ 8m+18n—4
[y = (35) ) (31)

where the parameter D is defined as

[ 3(2n +m) ]
Xpl-—————

8m+n+2) N

Tm+19n-6

(ZnZN) 4(m+n+2)
From Egs. (30) and (31), both perturbation parameters n;
and r depend only on n and m. Utilizing the Planck r—n,
diagram, a set of points is obtained for » and m, where
any (n,m) point in the set result of the model is in good
consistency with observation. Fig. 1 illustrates this set of
points, where the dark blue color determines the (n,m)
points for which our model is in agreement with 68% CL
of Planck r—n, diagram, whereas the light blue color is
related to 95% CL.

The formulation is not complete. To build the model,
we made two main assumptions, and we aim to determ-
ine whether the assumptions remain valid for all (n,m)
points in Fig. 1. Subsequently, it is important to verify

1 1
T 8m2ni2 (3a‘7*)1/4

1.0

0.8 ]

0.6

0.41

0.2

0.0— ‘
-2.0 -1.5 -1.0 -0.5

m

Fig. 1. (color online) Parametric plot of (n,m).

1.0

0.8

0.6 i

0.4 8

0.2+ i

0.0

-2.0 -1.5 -1.0 -0.5
m

Fig. 2.
each point of this area, the model perfectly meets the obser-

(color online) Parametric plot of (n,m), where for

vational data, and main assumptions of the model are prop-
erly satisfied.

these assumptions for the whole duration of inflation. In
the first postulation, that is in the warm inflationary scen-
ario, the thermal fluctuations must dominate over the
quantum fluctuations, described by the condition 7 > H.
The second assumption is that the model is restricted to
the SDR, where the dissipative parameter is larger than
unity, i.e., Q > 1. Therefore, we are interested only in the
values of (n,m) that satisfactorily pass the conditions and
simultaneously put the model in agreement with data.
These values are depicted in Fig. 2.

Although at the first step, a larger range for the para-
meters # and m can be found, the range is tightened by
imposing the model conditions. The final result shows
that only for a small range of the parameter (n,m), the
model comes to an agreement with the data and simultan-
eously satisfies the aforementioned conditions.

The behavior of 7/H and the dissipative parameter O
are depicted in Figs. 3 and 4 for different values of » and
m. With passing time and approaching the end of the in-

1) During the inflation, the slow-roll € is smaller than unity and also the dissipative parameter Q is large because we are standing in SDR. Then, the second term in

Eq. (12) could be ignored with a good approximation.
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flation, both of these parameters exhibit an increasing
trend.

Table 1 lists the numerical results for the main per-
turbation parameters, 7/H and the dissipative parameter
Q for different values of n and m, presented in Fig. 2.

The last three rows of the table represent the choices
of n and m in the canonical cases. Fig. 2 shows that these
values are out of the range; therefore, the results are not
consistent with observational data. Table 1 represents the
numerical result, where the scalar spectral index is found
to be larger than unity, and the tensor-to-scalar ratio is

4.0 ; ; ; ; ; ; .
very large, and confirms our first conclusion.
— n=0.5271; m=-1.551; (T/H)x10 . . . . .

35 ] It is crucial for any inflationary model to verify

— — n=0.4741; m=-1.528; (T/H)x10 H . . ;
: whether the inflation ends at all. In this regard, the evolu-

s0b-—" - n=0.4247; m=-1.502; (T/H)x10 I . . . .

: tion of the slow-roll parameter € is considered. Fig. 5
-------- n=0.3753; m=—1.479; (T/H)x10 x .

T ,5f A portrays the behavior of € versus the number of e-fold for

= different values of n and m. The plot states that € in-

2.0} ] creases with time and approaches the end of inflation.

Eventually, it arrives at one, stating that inflation ends,

1.51% ] and the Universe exits from the accelerated expansion

1 0 1 1 1 1 1 1 1 phase'

~o 10 20 30 40 50 60 70
N 1.0f 1
Fig. 3. (color online) Behavior of 7/H during inflation for n=0.5271, m=-1.551
different values of n and m selected from Fig. 2. The plots 08 =----- n=0.5271, m=-1.551 1
indicate that both conditions 7/H>1 and Q>1 are per- [ ==-=- - n=0.5271, m=-1.551
fectly satisfied. . 06r ... n=0.5271, m=-1.551 ]
5 : : : : : : 0.41 ]
— n=0.5271; m=-1.551; (Q)x10? 02
) n=0.4741; m=-1.528; (Q)x10? . “r ]
----- - n=0.4247; m=-1.502; (Q)x102 0.0l ]
3 e n=0.3753; m=-1.479; (Q)x10? ;] 0 10 20 30 40 50 60 70
1
(¢} ) ! N
’5 Fig. 5. (color online) Behavior of slow-roll parameter e
1 A versus number of e-fold for different values of n and v se-
lected from Fig. 2.
0 C 1 1 1 1 1 1 1 ]
0 10 20 30 40 50 60 70 3.2 Second case: I' := F(¢, T)
Fig. 4. (col line) Bohavi N ¢ 0 during inflation for dif. In this section, we consider a more general case,
1g. 4. color online chavior o uring inflation for dif- .. . . . .
irem values of n and m selected from Fii 2. The plots in- where the dissipation coefficient is a function of both the
dicate that both conditions 7/H >1 and Q> 1 are perfectly tachyon field and the temperature. A common choice is
satisfied. [101, 106, 107]
Table 1. Numerical results of case.

n m Px e I'o Hy ng p T/H 0
0.5765 ~1.582 105.91 0.9120 1.06x 10° 6.86x 107 0.9765 1.27x1078 14.51 21.91
0.5271 ~1.551 89.43 0.6551 9.96 x 102 8.42x 107 0.9732 543%107° 13.87 34.70
0.4741 -1.528 105.14 0.6093 8.14x 10? 8.81x107* 0.9689 1.10x107° 15.65 27.61
0.4247 -1.502 90.33 0.4193 7.62x 10 1.05x1073 0.9650 4.53x10710 15.04 41.05
0.3753 -1.479 81.04 0.2891 6.99 x 10 1.22x1073 0.9607 1.70x 10710 14.73 54.94
0.3295 —1.448 52.73 0.1506 7.46 % 10? 1.54x1073 0.9572 1.64x 10710 12.22 140.2

1 2 52.07 16.36 1.60x 1072 1.06x 107 1.0207 4.23%107 10.00 2631

2 1 60.90 21.97 4.77x 107! 3.26x 107 1.0298 6.75%10'3 9.15 799.4

2 0 381.86 112.87 4.37x107! 1.12x 1077 1.0305 9.82x 10'6 20.82 8.88
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(32)

The temperature of the fluid could be found in terms of
the tachyon field from the following relation

3.
pr=al*= 2 TH ¢, (33)

where the time derivative of the field is obtained from Eq.
(8). Using the definition of the dissipation coefficient, the
temperature is expressed in terms of the field as

Tm+4 — % @ m+n—3' (34)

aFO

Inserting this result in the definition of ', Eq. (32), the
parameter is read in terms of the scalar field as

r=Ty¢°, (35)

where

_m_
3n? Ho)m+4 b_nm—6m+4

To=Ty | —
0 0(0/ Ty m+4

The scalar field at the end of inflation is derived from the
relation € = 1, which indicates the end of acceleration ex-
pansion phase. Subsequently, following the same process
as the previous case, the scalar field at the time of hori-
zon crossing is achieved, such that

b+n+2

¢£+n+2 :¢167+n+2 (l + N) = ¢§+n+2N,

¢£+n+2 :_ZLZ. (36)
ToHo
Substituting the above relation in the definition of the
slow-roll parameters, one could compute these paramet-
ers at the horizon crossing time in terms of the number of
e-fold as

e=N", (37)
-1
r=""—¢, (38)
n
B = be (39)
n

Inserting the above parameters in Eq. (19), the scalar
spectral index is obtained

13 3n-1 70\ .
—1==4+= Z 2V N 4
ng (4+2 - +4n N7, (40)

which states that the parameter depends on the constants
n and m. The power-spectrum of the scalar perturbation
and tensor-to-ratio have the same form as obtained in
Egs. (28) and (29), where Ty and m are replaced by T
and b, respectively.

As in the first case, the energy scale of the inflation is
utilized to determine the constant Hy, which arrives to the
following expression

nm+2n—2m+6
—4(m-3)

—n(m+4) * (41)

o2 ( K2 )m% 4(m=3)
3n2

(V*/3)

—=n_ B
Hy=V*rps, v*

Applying the above relation in the power-spectrum of the
scalar perturbation, and computing the power-spectrum
for t=1,,the other constant of the model can be spe-

cified, such that
P: 1/g
Io= (3) , (42)

where the defined constants are expressed as

m
P
(3i)4(m+4) 7 exp —3(2n+b)~
e a 8b+n+2)N
= 8m2m32(3a) /4 _ ﬁ q°’
2 N(—)
T\ 32
_ Tb+19n—-6
1= 2brn+2)’
= 2gm+2)—1
T om+4
_4q+1  nf

m+4 m-3
Inserting Egs. (41) and (42) into the tensor-to-scalar ratio
yields

_m_\p
~( @ \m+4 8m—2p(m+2)+36
2n2N(_) ] T Am+d
. 4n3/2(3a)1/4 ( 352 HO (m+4)

3n? ﬁ ex —3@n+b) F% ’
(7) 8b+n+2)N 0
(43)
in which the parameter p is defined as
_ Tb+27Tn-6
P=4bsn+2)

From Egs. (41) and (42), the tensor-to-scalar perturba-
tion (43) depends on the constants n and m. In contrast,
the scalar spectral index (40) depends only on these two
constants. Using the Planck r—n, diagram, the valid val-
ues of n and m are elucidated, for which the model pre-
diction about the scalar spectral index and tensor-to-scal-
ar ratio perfectly meet the observational data. These val-
ues are plotted in Fig. 6.

The following step is to examine whether these val-
ues of (n,m) are consistent with the assumptions, i.e.
T/H>1 and Q> 1, that were used for building the mod-
el. The fluid temperature is given in Eq. (34), and the dis-
sipative parameter for the case is read as

Q_

Ty (3n* Hy med 1
=3 (o 1) “

2Q2n+3m=2) *

a r()
QS m+4
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1.2 . . .

11¢ ]
1.0¢ ]
0.9F ]
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0.6 E
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0.4 - ‘ :

Fig. 6. (color online) Parametric plot of (n,m).

Inserting ¢, and using Eqs. (41) and (42), both temperat-
ure and the dissipative parameter are expressed in terms
of the constants » and m. Further investigation indicates
that the obtained range of (n,m), that has been plotted in
Fig. 6, can perfectly satisfy both conditions. To gain a
better insight, Figs. 7 and 8 display the behavior of T/H
and Q, respectively, for different choices of n and m. The
figures clearly display that T/H increases with passing
time and approaches the end of inflation, while the dissip-
ative parameter Q exhibits completely different behavior,
in that it initiates from high values and subsequently de-
creases. However, the most important point is that during
the inflation, these parameters are always significantly
larger than one, and the conditions 7/H > 1 and Q > 1 are
perfectly satisfied.

To gain a numerical insight on the result, the perturb-
ation parameters of the model, as well as the temperature
and dissipative parameters are presented in Table 2,
where they are found out for different values of n and m.

The typical values of n and m that we encounter in the
canonical cases are listed in the last two rows of Table 2.
Based on Fig. 6, these points are beyond our range of in-

6 — . . . . . .
— n=0.6925; m=3.5; (T/H)x10°

— — n=0.7785; m=4.0; (T/H)x10*

a4 -=--- - n=0.8645; m=4.5; (T/H)x10*

-------- n=0.9368; m=5.0; (T/H)x10*

T 3f ]
[
2+
1F ]
0 10 20 30 40 50 60 70
N
Fig. 7. (color online) Behavior of T/H during inflation for

different values of n and m selected from Fig. 6. The plots
indicate that both conditions 7/H >1 and Q> 1 are per-
fectly satisfied.

oo — n=0.6925; m=3.5; (Q)x10%
5 N memme- n=0.7785; m=4.0; (Q)x10%*]
S, mee- - n=0.8645; m=4.5; (Q)x10%
af RN n=0.9368; m=5.0; (Q)x10%%]
\~\
s
o 3t 1

—
G .
-
- ~—
S ———
~_
—_—
L) —
. -~
.....

—_

-

S .
----- N

0 10 20 30 40 50 60 70
N
(color online) Behavior of Q during inflation for dif-

Fig. 8.
ferent values of n and m selected from Fig. 6. The plots in-
dicate that both conditions 7/H > 1 and Q> 1 are perfectly

satisfied.

1.0 n=0.6925, m=3.5 ]

----- n=0.7785, m=4.0
08 _._. - n=0.8645, m=4.5 ]
06l - n=0.9368, m=5.0 ]
w

041 E
0.2 ]
0.0 C 1 1 1 1 1 1 1 1

0 10 20 30 40 50 60 70

Fig. 9.
respect to number of e-fold for different values of n and m
selected from Fig. 6.

(color online) Behavior of slow-roll parameter e with

terest, and the results are expected to be inconsistent with
observation. Table 2 lists the numerical results and indic-
ates that although the predicted » agrees with the data, the
result for the scalar spectral index is larger than unity and
clearly in tension with data. Consequently, these values
of n and m are not suitable for the presented model.

To verify the smooth exit of inflation, the evolution of
the first slow-roll parameter € is investigated and plotted
in Fig. 9. € increases by approaching the end of inflation,
and eventually reaches the value of one. Therefore, infla-
tion ends at this time, and the universe exits the inflation-
ary stage.

4 Discussing swampland criteria

One of the best candidates to describe quantum grav-
ity may be string theory, which provides a landscape con-
taining consistent low-energy EFTs that can formulate a
quantum theory. However, all other low-energy EFTs ex-
ist a bigger region known as a swampland. The EFTs that

095101-9



Chinese Physics C  Vol. 44, No. 9 (2020) 095101

Table 2. Numerical results of case.

n m Px Pe o Hy ng ” T/H 0
0.6547 323 3.74%x1075 1.72x1078 1.06x 10'° 3.26x 1073 0.9703 0.0161 319.35 1.04x 10?3
0.7175 3.66 5.13x107° 1.47x1078 2.10x10'8 5.69% 1073 0.9662 0.0046 2019.82 6.50x 10?3
0.7889 4.02 2.06x107° 5.23%107° 2.12x 107 0.0279 0.9675 0.0005 3782.75 1.27x10%
0.8374 435 1.55%107° 3.06x107° 3.02x 100 0.0667 0.9665 0.0002 9406.08 1.39x 10%
0.9202 4.89 4.86x1077 7.48x 10710 220x 10 0.5883 0.9678 0.0003 10646.8 5.99x 1022
0.9630 5.25 3.38x 1077 3.99x 10710 9.89x 10'2 1.5566 0.9673 0.0011 12190 3.31x 102

2 1 6.55 1.93 2.04x 10" 2.12x1078 1.0305 6.00x 1072 396.85 7.26x10°

1 -1 3.98 1.43 3.71x 10 2.34x 1077 1.0217 8.69x 10713 658.79 3.32x 10

live on swampland contradict the string theory. Building
a model based on the consistent EFT, which lives on the
landscape, requires a mechanism to separate the consist-
ent and inconsistent EFTs. These efforts resulted in sever-
al conjectures, where the swampland criteria represent the
most recent proposal. The swampland criteria have been
introduced in [48], and they were subsequently refined in
[49]. In brief, they are listed as follows:

e C1: Distance conjecture: it is an upper bound that
confines the scalar field excursion in the field space as

Ap <8 ~O0(). (45)

e (C2: de Sitter conjecture: it imposes a lower bound
on the gradient of the potential, stating that slope of a
positive potential, V > 0, of the scalar field should satisfy
the following bound

[Vl
— >c~0(), (46)
Vv
and the refined version of this conjecture is given by
V. V.
l_v¢| >c~0(), or % > ~-0(). (47)

This is given in Planck units, where M, = 1. The ex-
act value of the constant ¢ depends on the detail of the
compaction, which states that it could be larger than V2.
However, further investigation shows that it could be
smaller than unity, even of order O(0.1), and the import-
ant criterium is that it must be positive [50].

Inflation is believed to occur at the energy level be-
low the Planck energy scales, where it can be described
by low-energy EFT [51-53]. Therefore, it is in our in-
terest to build the inflationary model in the framework of
a consistent low-energy EFT that stands in the landscape.
In this regard, despite having an agreement with the ob-
servational data, which have been investigated previ-
ously, the inflationary model should also satisfy two
swampland criteria. In the previous sections, the warm in-
flationary scenario was considered in SDR, where the ta-
chyon field had the role of the inflaton. In the previous
sections, the constants of the model were determined in
comparison with the observational data. Here, we determ-

ine whether the obtained results put the model in consist-
ency with the swampland criteria.

In the first case, where the dissipation coefficient is
picked out as a power-law function of the scalar field, a
narrow range is obtained for the constants » and m, for
whose values the model is in agreement with observation-
al data. However, for these values of n and m, the differ-
ence of the scalar field at the times of horizon crossing
and end of inflation is of order Q(10) or sometimes even
larger, i.e., Q(10%), which is evident from Table 1. There-
fore, it is concluded that although the model is in good
consistency with observational data, it does not satisfy the
first swampland criterion. The result is different for the
second case of the dissipation coefficient, where the para-
meter T is a function of both the scalar field and the tem-
perature. The determined values of # and m state that the
scalar field values at the end of inflation and also at the
beginning of the horizon crossing time are smaller than
unity, and Table 2 shows this conclusion, which in turn
indicates that the field excursion during inflation is smal-
ler than unity. Therefore, the first swampland criterion is
satisfied for the second case of the presented model.

The second criterion has received more attention in
previous studies, as it seems to be in direct tension with
one of the fundamental assumptions of the standard infla-
tionary scenario. The standard inflationary scenario is
typically explained by means of the slow-roll parameters.
The slow-roll parameter e is defined as e=~V’?/2V?,
which must be smaller than unity to achieve an acceler-
ated expansion phase. In contrast, based on the second
swampland criterion, it must be larger than a constant c,
which is of order of unity; however, ¢ ~ 0.1 could also be
employed. Assuming the latent value, the slow-roll para-
meter € is obtained as € = 0.005 (for the best case), which
is sufficiently small to yield a desire accelerated expan-
sion phase. However, this problem is encountered upon
examination of the tensor-to-scalar ratio » with data.
Based on the standard inflation model, the parameter is
given by r = 16¢, which for the aforementioned value of €
is acquired at approximately r = 0.08, which is in tension
with observational data. The problem might be solved for
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the generalized model of inflation, such as k-essence and
multi-field inflation. In the k-essence model of inflation,
the tensor-to-scalar ratio is modified as r = 16cze, where
¢ 18 the sound speed that could be on the order of 0.1
[50]. Furthermore, warm inflation, particularly when the
model is considered in SDR, could suit the swampland
criteria. In warm inflation, the first-slow-roll parameter is
generalized as € =¢,/Q, where ¢, is the same slow-roll
parameter that we have in cold inflation, i.e.,
€y = V'?/2V?, and Q is the dissipative parameter, which is
significantly larger than unity in SDR. The second
swampland criterion implies that €; = Qe > ¢?/2. Here,
we employed the tachyon field as the inflaton, where the
first slow-roll inflation is given by Eq. (10) in terms of
the Hubble parameter. The potential of the field is related
to the Hubble parameter through the relation V(¢) = 3H>
V1-2€/30. As the first slow-roll parameter e is small,
also due to the fact that we are working in SDR, the last
term can be ignored, such that we obtain, to a good ap-
proximation, V(¢)=3H?. Therefore, the gradient of the
potential is given by V’/V =2H’/H, and by applying Eq.
(10), the second criterion is read as
VB
Vv H
According to the second swampland criterion, the
gradient of the potential must be larger than the constant
c that is on the order of unity. From Table 1, which lists
the values of the parameters of the model for the first case
of the dissipation parameter, implies that it is unlikely to
arrive at consistency between the model and the criterion.
To gain a better understanding, Fig. 10 displays the gradi-
ent of the potential with respect to the number of e-fold N
from the beginning of inflation to the end. It clearly indic-
ates that the potential gradient increases by approaching
the end of inflation; however, it never reaches one.
The situation is different for the second case, which is
mostly because of the high value of the dissipative para-
meter Q for the case. The potential gradient of the field

= (60H%)"”. (48)

0.20 — T T T T T T
—— n=0.5271; m=-1.551
oqsl - n=0.4741; m=-1.528 1
----- = n=0.4247; m=-1.502
> orob T n=0.3753; m=-1.479
S 0.10 | ]
q
0.05 .
0.00 [ 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70
N
Fig. 10.  (color online) Behavior of AV/V with respect to

number of e-fold during the inflation.

60 — T T T
— n=0.6925; m=3.5
50f ===~ n=0.7785; m=4.0 .
----- - n=0.8645; m=4.5 o
-------- n=0.9368; m=5.0 ——
—~ 40}
<
e
§ 30f
>
g 20F
10
0 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70
N
Fig. 11.  (color online) Behavior of AV/V with respect to

number of e-fold during inflation.

for this case is depicted in Fig. 11, where it is clearly real-
ized that AV/V is larger than one during the whole infla-
tion duration, and the second swampland criterion is sat-
isfied.

In brief, the first choice of the dissipation coefficient
for the tachyon scalar field is in excellent agreement with
observational data; however, it satisfies none of the
swampland criteria. In contrast, the second choice of the
dissipation coefficient yields our desired result; it is in
agreement with observational data and simultaneously
satisfies the swampland criteria.

5 Conclusion

The scenario of the two-component warm inflation,
including the tachyon field as the inflaton and photon gas,
was considered. The Universe is assumed to be filled
with the scalar field and radiation interacting with each
other, and energy is transferred from the scalar field to ra-
diation. The interaction term includes a dissipation coeffi-
cient as well as the sum of the energy density and the
pressure of the inflaton, which yields the familiar
term,['¢? for the case of the standard model of scalar field.
This type of interaction is different for each model;
however, it approaches the same dissipative parameter,
Q0 =T/3H, regardless of the type of the scalar field mod-
el.

The warm inflation scenario is typically considered in
two different regimes, namely the weak and strong dissip-
ative regimes that correspond to Q <1 and Q> 1, re-
spectively. This study was restricted to the strong dissip-
ative regime. Employing this assumption, the main dy-
namical and perturbation parameters were derived for the
model. To examine the validity of the model, two differ-
ent choices of the dissipation coefficient were studied.
The dissipation coefficient is a function of the scalar field
or temperature, or in some cases, both. In this study, two
choices were taken into account for I'. In the first case, it
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was as a function of the tachyon field, and in the second
case, a more general case was considered, i.e., a function
of both the tachyon field and temperature.

Both cases were investigated in detail, and the free
parameters of the model were determined using the ob-
servational data. By calculating the slow-roll parameters
at the horizon crossing, the scalar spectral index was ob-
tained in terms of the constants » and m. Subsequently,
using the energy scale of inflation and the amplitude of
the scalar perturbations, the other constants, Hy and Iy,
were determined. These results indicate that at the hori-
zon crossing, the tensor-to-scalar ratio only depends on n
and m. Comparing the theoretical results with the Planck
r—ny diagram, we found a set of (rn,m) points, for which
the model could perfectly meet the data. However, to ob-
tain ultimately consistent results, the validity of the first
assumptions of the model must also be investigated. The
thermal fluctuation are assumed to dominate the quantum
fluctuations, i.e., T/H > 1, and it was also supposed that
inflation occurs in SDR, i.e., Q > 1. Therefore, in addi-
tion to considering the consistency of the model with the
data, the self-consistency of the model was also ad-
dressed. We attempted to verify whether the obtained set
of (n,m) points could guarantee the conditions. Examin-
ing these conditions for the first case demonstrated that
they are violated for some of the points within the set.
Only few points could guarantee the assumptions of the
model and simultaneously ensure that the model is in
agreement with the data. The situation, however, is better
for the second case, where for all obtained (n,m) points,
the conditions are fulfilled, and moreover the results
about the scalar spectral index and tensor-to-scalar ratio

are in good agreement with the data.

The final part of the work was devoted to the recently
proposed swampland conjectures. Arguably, any infla-
tionary model must be in consistency with these conjenc-
tures, although they are not completely approved to date.
There are two conditions that place an upper bound on
the distance of the scalar field, and the second condition
imposes a lower bound on the gradient of the potential of
the scalar field. The criteria could rule out some of the in-
flationary models; however, there is a strong belief that
the warm inflation is capable of satisfying the criteria;
mostly because of the presence of the dissipative para-
meter Q that occurs large in SDR. However, to obtain a
precise conclusion, the model must be examined quantit-
atively. In this regard, both cases of the dissipation coeffi-
cient were examined, which determined that the first case
could not satisfy even one of the criteria. In contrast, for
the second case, where the dissipation coefficient is a
function of both the scalar field and the temperature, the
model satisfies both swampland criteria.

HS thanks A. Starobinsky for constructive discus-
sions on inflation during the Helmholtz International
Summer School 2019 in Russia. He is grateful to G. Ellis,
A. Weltman, and UCT for arranging his short visit, and
for enlightening discussions about cosmological fluctu-
ations and perturbations at both large and local scales.
He also thanks T. Harko and H. Firouzjahi for construct-
ive discussions about inflation and perturbations. His
special thanks go to his wife E. Avirdi for her patience
during our stay in South Africa.

References
1 A. A. Starobinsky, Physics Letters B, 91: 99-102 (1980)
2 A.D. Linde, Phys. Rept., 333: 575-591 (2000)

3 A. D. Linde, Contemp. Concepts Phys., 5:
arXiv:hep-th/0503203

4  A.D. Linde, New Astron. Rev., 49: 35-41 (2005)

5 A. D. Linde, Phys. Scripta T, 117: 40-48 (2005), arXiv:hep-
th/0402051

6 A. H. Guth, Phys. Rev. D, 23: 347-356 (1981) [Adv. Ser.
Astrophys. Cosmol., 3: 139 (1987)]

7  A. Albrecht and P. J. Steinhardt, Physical Review Letters, 48:
1220 (1982)

8 A.D. Linde, Physics Letters B, 108: 389-393 (1982)

9 A.D. Linde, Physics Letters B, 129: 177-181 (1983)

10 G. Barenboim and W. H. Kinney, JCAP, 0703: 014 (2007),
arXiv:astro-ph/0701343

11 P. Franche, R. Gwyn, B. Underwood et al., Phys. Rev. D, 82:
063528 (2010), arXiv:1002.2639

12 S. Unnikrishnan, V. Sahni, and A. Toporensky, JCAP, 1208:
018 (2012), arXiv:1205.0786

13 R. Gwyn, M. Rummel, and A. Westphal, JCAP, 1312: 010
(2013), arXiv:1212.4135

14 K. Rezazadeh, K. Karami, and P. Karimi, JCAP, 1509: 053
(2015), arXiv:1411.7302

15 CéS. spedes and A. C. Davis, JCAP, 1511: 014 (2015),

1-362 (1990),

arXiv:1506.01244

16 N. K. Stein and W. H. Kinney, JCAP, 1704: 006 (2017),
arXiv:1609.08959

17  T. Pinhero and S. Pal, 2017 (Preprint 1703.07165)

18 Z. Teimoori and K. Karami, Nucl. Phys. B, 921: 25-38 (2017),
arXiv:1705.10637

19  A. Mohammadi, K. Saaidi, and H. Sheikhahmadi, Phys. Rev. D,
100: 083520 (2019), arXiv:1803.01715

20 M. Fairbairn and M. H. G. Tytgat, Phys. Lett. B, 546: 1-7
(2002), arXiv:hep-th/0204070

21  S. Mukohyama, Phys. Rev. D, 66: 024009 (2002), arXiv:hep-

th/0204084

22 A. Feinstein, Phys. Rev. D, 66: 063511 (2002), arXiv:hep-
th/0204140

23 T. Padmanabhan, Phys. Rev. D, 66: 021301 (2002), arXiv:hep-
th/0204150

24 M. Spalinski, JCAP, 0705: 017 (2007), arXiv:hep-th/0702196

25 D. Bessada, W. H. Kinney, and K. Tzirakis, JCAP, 0909: 031
(2009), arXiv:0907.1311

26 J. M. Weller, C. van de Bruck, and D. F. Mota, JCAP, 1206: 002
(2012), arXiv:1111.0237

27  N. Nazavari, A. Mohammadi, Z. Ossoulian et al., Phys. Rev. D,
93: 123504 (2016), arXiv:1708.03676

28 R. Amani, K. Rezazadeh, A. Abdolmaleki et al., Astrophys. J.,
853: 188 (2018), arXiv:1802.06075

29 T. Golanbari, A. Mohammadi, and K. Saaidi, Phys. Dark Univ.,

095101-12


http://dx.doi.org/10.1016/0370-2693(80)90670-X
https://arxiv.org/abs/0503203
http://dx.doi.org/10.1016/j.newar.2005.01.002
https://arxiv.org/abs/0402051
https://arxiv.org/abs/0402051
http://dx.doi.org/10.1103/PhysRevLett.48.1220
http://dx.doi.org/10.1016/0370-2693(82)91219-9
http://dx.doi.org/10.1016/0370-2693(83)90837-7
https://arxiv.org/abs/0701343
https://arxiv.org/abs/1002.2639
https://arxiv.org/abs/1205.0786
https://arxiv.org/abs/1212.4135
https://arxiv.org/abs/1411.7302
https://arxiv.org/abs/1506.01244
https://arxiv.org/abs/1609.08959
https://arxiv.org/abs/1705.10637
https://arxiv.org/abs/1803.01715
https://arxiv.org/abs/0204070
https://arxiv.org/abs/0204084
https://arxiv.org/abs/0204084
https://arxiv.org/abs/0204140
https://arxiv.org/abs/0204140
https://arxiv.org/abs/0204150
https://arxiv.org/abs/0204150
https://arxiv.org/abs/0702196
https://arxiv.org/abs/0907.1311
https://arxiv.org/abs/1111.0237
https://arxiv.org/abs/1708.03676
http://dx.doi.org/10.3847/1538-4357/aaa40c
https://arxiv.org/abs/1802.06075
http://dx.doi.org/10.1016/j.dark.2019.100456
http://dx.doi.org/10.1016/0370-2693(80)90670-X
https://arxiv.org/abs/0503203
http://dx.doi.org/10.1016/j.newar.2005.01.002
https://arxiv.org/abs/0402051
https://arxiv.org/abs/0402051
http://dx.doi.org/10.1103/PhysRevLett.48.1220
http://dx.doi.org/10.1016/0370-2693(82)91219-9
http://dx.doi.org/10.1016/0370-2693(83)90837-7
https://arxiv.org/abs/0701343
https://arxiv.org/abs/1002.2639
https://arxiv.org/abs/1205.0786
https://arxiv.org/abs/1212.4135
https://arxiv.org/abs/1411.7302
https://arxiv.org/abs/1506.01244
https://arxiv.org/abs/1609.08959
https://arxiv.org/abs/1705.10637
https://arxiv.org/abs/1803.01715
https://arxiv.org/abs/0204070
https://arxiv.org/abs/0204084
https://arxiv.org/abs/0204084
https://arxiv.org/abs/0204140
https://arxiv.org/abs/0204140
https://arxiv.org/abs/0204150
https://arxiv.org/abs/0204150
https://arxiv.org/abs/0702196
https://arxiv.org/abs/0907.1311
https://arxiv.org/abs/1111.0237
https://arxiv.org/abs/1708.03676
http://dx.doi.org/10.3847/1538-4357/aaa40c
https://arxiv.org/abs/1802.06075
http://dx.doi.org/10.1016/j.dark.2019.100456

Chinese Physics C  Vol. 44, No. 9 (2020) 095101

30

31

32

33

34

35

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56
57

58

59

60

61

62

63

64

65

66

67
68

27: 100456 (2020), arXiv:1808.07246

K. I. Maeda and K. Yamamoto, Journal of Cosmology and
Astroparticle Physics, 2013: 018 (2013)

A. A. Abolhasani, R. Emami, and H. Firouzjahi, Journal of
Cosmology and Astroparticle Physics, 2014: 016 (2014)

S. Alexander, D. Jyoti, A. Kosowsky et al., Journal of
Cosmology and Astroparticle Physics, 2015: 005 (2015)

M. Tirandari and K. Saaidi, Nuclear Physics B, 925: 403-414
(2017)

R. Maartens, D. Wands, B. A. Bassett ef al., Physical Review D,
62: 041301 (2000)

T. Golanbari, A. Mohammadi, and K. Saaidi, Physical Review
D, 89: 103529 (2014)

L. Kofman, A. D. Linde, and A. A. Starobinsky, Phys. Rev.
Lett., 73: 3195-3198 (1994), arXiv:hep-th/9405187

A. Berera, Physical Review Letters, 75: 3218 (1995)

A. Berera, Nuclear Physics B, 585: 666-714 (2000)

A. Taylor and A. Berera, Physical Review D, 62: 083517 (2000)
I. Dymnikova and M. Khlopov, Mod. Phys. Lett. A, 15: 2305-
2314 (2000), arXiv:astro-ph/0102094

I. Dymnikova and M. Khlopov, Eur. Phys. J. C, 20: 139-146
(2001)

L. M. Hall, I. G. Moss, and A. Berera, Physical Review D, 69:
083525 (2004)

M. Bastero-Gil and A. Berera, Phys. Rev. D, 71: 063515 (2005),
arXiv:hep-ph/0411144

K. Sayar, A. Mohammadi, L. Akhtari et al., Phys. Rev. D, 95:
023501 (2017), arXiv:1708.01714

L. Akhtari, A. Mohammadi, K. Sayar ef al., Astropart. Phys., 90:
28-36 (2017), arXiv:1710.05793

H. Sheikhahmadi, A. Mohammadi, A. Aghamohammadi ef al.,
Eur. Phys. J. C, 79: 1038 (2019), arXiv:1907.10966

T. Harko and H. Sheikhahmadi, Phys. Dark Univ., 28: 100521
(2020), arXiv:2003.02257

G. Obied, H. Ooguri, H. L. Spodyneiko et al., 2018 (Preprint
1806.08362)

H. Ooguri, E. Palti, G. Shiu et al., Phys. Lett. B, 788: 180-184
(2019), arXiv:1810.05506

A. Kehagias and A. Riotto, Fortsch. Phys., 66: 1800052 (2018),
arXiv:1807.05445

S. Das, Phys. Rev. D, 99: 083510 (2019), arXiv:1809.03962

S. Das, Phys. Rev. D, 99: 063514 (2019), arXiv:1810.05038

S. Das, G. Goswami, and C. Krishnan, 2019 (Preprint
1911.00323)

W. H. Kinney,
arXiv:1811.11698
H. Matsui and F. Takahashi, Phys. Rev. D, 99: 023533 (2019),
arXiv:1807.11938

C. M. Lin, Phys. Rev. D, 99: 023519 (2019), arXiv:1810.11992
K. Dimopoulos, Phys. Rev. D, 98: 123516 (2018),
arXiv:1810.03438

W. H. Kinney, S. Vagnozzi, and L. Visinelli, Class. Quant.
Grav., 36: 117001 (2019), arXiv:1808.06424

C. Armendariz-Picon, T. Damour, and V. F. Mukhanov, Phys.
Lett. B, 458: 209-218 (1999), arXiv:hep-th/9904075

J. Garriga and V. F. Mukhanov, Phys. Lett. B, 458: 219-225
(1999), arXiv:hep-th/9904176

A. Mohammadi, T. Golanbari, and K. Saaidi, Physics of the
Dark Universe, 28: 100505 (2020)

A. Berera, Nucl. Phys. B, 585: 666-714 (2000), arXiv:hep-
ph/9904409

A. Berera, 2004 AHEP2003/069[PoSAHEP2003, 069(2003)]
(Preprint hep-ph/0401139)

M. Bastero-Gil and A. Berera, Int. J. Mod. Phys. A, 24: 2207-
2240 (2009), arXiv:0902.0521

S. Bartrum, M. Bastero-Gil, A. Berera ef al., Phys. Lett. B, 732:
116-121 (2014), arXiv:1307.5868

M. Bastero-Gil, A. Berera, R. O. Ramos et al., Phys. Rev. Lett.,
117: 151301 (2016), arXiv:1604.08838

L. Visinelli, JCAP, 1109: 013 (2011), arXiv:1107.3523

M. Bastero-Gil, A. Berera, R. Cerezo et al., JCAP, 1211: 042

Phys. Rev. Lett, 122: 081302 (2019),

69

70
71

72

73
74

75

76

77

78

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101
102

103

104

105
106

107

095101-13

(2012), arXiv:1209.0712

M. Bastero-Gil, A. Berera, N. Mahajan et al., Phys. Rev. D, 87:
087302 (2013), arXiv:1302.2995

L. Visinelli, JCAP, 1501: 005 (2015), arXiv:1410.1187

M. Bastero-Gil, A. Berera, R. Hernandez-Jiménez et al., Phys.
Rev. D, 98: 083502 (2018), arXiv:1805.07186

M. Motaharfar, V. Kamali, and R. O. Ramos, Phys. Rev. D, 99:
063513 (2019), arXiv:1810.02816

S. Das, Phys. Dark Univ., 27: 100432 (2020), arXiv:1910.02147
V. Kamali, M. Motaharfar, and R. O. Ramos, Phys. Rev. D, 101:
023535 (2020), arXiv:1910.06796

A. Berera and J. R. Calder6n, Phys. Rev. D, 100: 123530
(2019), arXiv:1910.10516

G. Dall ’Agata, S. Gonzalez-Martin, A. Papageorgiou et al.,
2019 (Preprint 1912.09950)

R. Brandenberger, V. Kamali, and R. O. Ramos, 2020 (Preprint
2002.04925)

A. Sen, JHEP, 04: 048 (2002), arXiv:hep-th/0203211

A. Sen, JHEP, 07: 065 (2002), arXiv:hep-th/0203265

A. Sen, Mod. Phys. Lett. A, 17: 1797-1804 (2002), arXiv:hep-
th/0204143

G. W. Gibbons, Phys. Lett. B, 537: 1-4 (2002), arXiv:hep-
th/0204008

A. Aghamohammadi, A. Mohammadi, T. Golanbari ef al., Phys.
Rev. D, 90: 084028 (2014), arXiv:1502.07578

A. Mohammadi, K. Saaidi, and T. Golanbari, Phys. Rev. D, 97:
083006 (2018), arXiv:1801.03487

R. Herrera, S. del Campo, and C. Campuzano, JCAP, 0610: 009
(2006), arXiv:astro-ph/0610339

S. del Campo, R. Herrera, and J. Saavedra, Eur. Phys. J. C, 59:
913-916 (2009), arXiv:0812.1081

A. Deshamukhya and S. Panda, Int. J. Mod. Phys. D, 18: 2093-
2106 (2009), arXiv:0901.0471

X. M. Zhang and J. Y. Zhu, JCAP, 1402: 005 (2014),
arXiv:1311.5327

A. Cid, Phys. Lett. B, 743: 127-133 (2015), arXiv:1503.00714
N. Bilic and G. B. Tupper, 2013 (Preprint 1302.0955)

M. Setare and V. Kamali, Phys. Lett. B, 736: 86-92 (2014),
arXiv:1407.2604

V. Kamali and M. R. Setare, Adv. High Energy Phys., 2016:
9682398 (2016), arXiv:1508.05479

V. Kamali, S. Basilakos, and A. Mehrabi, Eur. Phys. J. C, 76:
525 (2016), arXiv:1604.05434

M. Motaharfar and H. R. Sepangi, Eur. Phys. J. C, 76: 646
(2016), arXiv:1604.00453

D. S. Salopek and J. M. Stewart, Class. Quant. Grav., 9: 1943-
1968 (1992)

A. R. Liddle, P. Parsons, and J. D. Barrow, Phys. Rev. D, 50:
7222-7232 (1994), arXiv:astro-ph/9408015

W. H. Kinney, Phys. Rev. D, 56: 2002-2009 (1997), arXiv:hep-
ph/9702427

Z.K. Guo, Y. S. Piao, R. G. Cai et al., Phys. Rev. D, 68: 043508
(2003), arXiv:hep-ph/0304236

K. Saaidi, A. Mohammadi, and T. Golanbari, Adv. High Energy
Phys., 2015: 926807 (2015), arXiv:1708.03675

H. Sheikhahmadi, E. N. Saridakis, A. Aghamohammadi et al.,
JCAP, 1610: 021 (2016), arXiv:1603.03883

M. Bastero-Gil, A. Berera, and R. O. Ramos, JCAP, 1107: 030
(2011), arXiv:1106.0701

Y. Zhang, JCAP, 0903: 023 (2009), arXiv:0903.0685

S. Del Campo, R. Herrera, and D. Pavon, Physical Review D,
75: 083518 (2007)

P. A. R. Ade et al., Astron. Astrophys. A, 571: 22 (2014),
arXiv:1303.5082

P. A. R. Ade et al., Astron. Astrophys. A, 594: 20 (2016),
arXiv:1502.02114

Y. Akrami et al., (Planck) 2019 (Preprint 1905.05697)

M. Bastero-Gil, A. Berera, R. O. Ramos et al., JCAP, 1410: 053
(2014), arXiv:1404.4976

G. Panotopoulos and N. Videla, Eur. Phys. J. C, 75: 525 (2015),
arXiv:1510.06981


https://arxiv.org/abs/1808.07246
http://dx.doi.org/10.1016/j.nuclphysb.2017.10.017
http://dx.doi.org/10.1103/PhysRevD.62.041301
http://dx.doi.org/10.1103/PhysRevD.89.103529
http://dx.doi.org/10.1103/PhysRevD.89.103529
http://dx.doi.org/10.1103/PhysRevLett.73.3195
http://dx.doi.org/10.1103/PhysRevLett.73.3195
https://arxiv.org/abs/9405187
http://dx.doi.org/10.1103/PhysRevLett.75.3218
http://dx.doi.org/10.1016/S0550-3213(00)00411-9
http://dx.doi.org/10.1103/PhysRevD.62.083517
http://dx.doi.org/10.1142/S0217732300002966
https://arxiv.org/abs/0102094
http://dx.doi.org/10.1007/s100520100625
http://dx.doi.org/10.1103/PhysRevD.69.083525
https://arxiv.org/abs/0411144
https://arxiv.org/abs/1708.01714
http://dx.doi.org/10.1016/j.astropartphys.2017.02.002
https://arxiv.org/abs/1710.05793
https://arxiv.org/abs/1907.10966
http://dx.doi.org/10.1016/j.dark.2020.100521
https://arxiv.org/abs/2003.02257
https://arxiv.org/abs/1810.05506
http://dx.doi.org/10.1002/prop.201800052
https://arxiv.org/abs/1807.05445
https://arxiv.org/abs/1809.03962
https://arxiv.org/abs/1810.05038
http://dx.doi.org/10.1103/PhysRevLett.122.081302
https://arxiv.org/abs/1811.11698
https://arxiv.org/abs/1807.11938
https://arxiv.org/abs/1810.11992
https://arxiv.org/abs/1810.03438
http://dx.doi.org/10.1088/1361-6382/ab1d87
http://dx.doi.org/10.1088/1361-6382/ab1d87
https://arxiv.org/abs/1808.06424
https://arxiv.org/abs/9904075
https://arxiv.org/abs/9904176
https://arxiv.org/abs/9904409
https://arxiv.org/abs/9904409
https://arxiv.org/abs/0902.0521
https://arxiv.org/abs/1307.5868
http://dx.doi.org/10.1103/PhysRevLett.117.151301
https://arxiv.org/abs/1604.08838
https://arxiv.org/abs/1107.3523
https://arxiv.org/abs/1209.0712
https://arxiv.org/abs/1302.2995
https://arxiv.org/abs/1410.1187
https://arxiv.org/abs/1805.07186
http://dx.doi.org/10.1103/PhysRevD.99.063513
https://arxiv.org/abs/1810.02816
http://dx.doi.org/10.1016/j.dark.2019.100432
https://arxiv.org/abs/1910.02147
http://dx.doi.org/10.1103/PhysRevD.101.023535
https://arxiv.org/abs/1910.06796
http://dx.doi.org/10.1103/PhysRevD.100.123530
https://arxiv.org/abs/1910.10516
https://arxiv.org/abs/0203211
https://arxiv.org/abs/0203265
https://arxiv.org/abs/0204143
https://arxiv.org/abs/0204143
https://arxiv.org/abs/0204008
https://arxiv.org/abs/0204008
https://arxiv.org/abs/1502.07578
https://arxiv.org/abs/1801.03487
https://arxiv.org/abs/0610339
https://arxiv.org/abs/0812.1081
https://arxiv.org/abs/0901.0471
https://arxiv.org/abs/1311.5327
https://arxiv.org/abs/1503.00714
http://dx.doi.org/10.1016/j.physletb.2014.07.008
https://arxiv.org/abs/1407.2604
https://arxiv.org/abs/1508.05479
https://arxiv.org/abs/1604.05434
http://dx.doi.org/10.1140/epjc/s10052-016-4474-1
https://arxiv.org/abs/1604.00453
http://dx.doi.org/10.1088/0264-9381/9/8/015
https://arxiv.org/abs/9408015
https://arxiv.org/abs/9702427
https://arxiv.org/abs/9702427
https://arxiv.org/abs/0304236
https://arxiv.org/abs/1708.03675
https://arxiv.org/abs/1603.03883
https://arxiv.org/abs/1106.0701
https://arxiv.org/abs/0903.0685
http://dx.doi.org/10.1103/PhysRevD.75.083518
http://dx.doi.org/10.1051/0004-6361/201321569
https://arxiv.org/abs/1303.5082
http://dx.doi.org/10.1051/0004-6361/201525898
https://arxiv.org/abs/1502.02114
https://arxiv.org/abs/1404.4976
https://arxiv.org/abs/1510.06981
https://arxiv.org/abs/1808.07246
http://dx.doi.org/10.1016/j.nuclphysb.2017.10.017
http://dx.doi.org/10.1103/PhysRevD.62.041301
http://dx.doi.org/10.1103/PhysRevD.89.103529
http://dx.doi.org/10.1103/PhysRevD.89.103529
http://dx.doi.org/10.1103/PhysRevLett.73.3195
http://dx.doi.org/10.1103/PhysRevLett.73.3195
https://arxiv.org/abs/9405187
http://dx.doi.org/10.1103/PhysRevLett.75.3218
http://dx.doi.org/10.1016/S0550-3213(00)00411-9
http://dx.doi.org/10.1103/PhysRevD.62.083517
http://dx.doi.org/10.1142/S0217732300002966
https://arxiv.org/abs/0102094
http://dx.doi.org/10.1007/s100520100625
http://dx.doi.org/10.1103/PhysRevD.69.083525
https://arxiv.org/abs/0411144
https://arxiv.org/abs/1708.01714
http://dx.doi.org/10.1016/j.astropartphys.2017.02.002
https://arxiv.org/abs/1710.05793
https://arxiv.org/abs/1907.10966
http://dx.doi.org/10.1016/j.dark.2020.100521
https://arxiv.org/abs/2003.02257
https://arxiv.org/abs/1810.05506
http://dx.doi.org/10.1002/prop.201800052
https://arxiv.org/abs/1807.05445
https://arxiv.org/abs/1809.03962
https://arxiv.org/abs/1810.05038
http://dx.doi.org/10.1103/PhysRevLett.122.081302
https://arxiv.org/abs/1811.11698
https://arxiv.org/abs/1807.11938
https://arxiv.org/abs/1810.11992
https://arxiv.org/abs/1810.03438
http://dx.doi.org/10.1088/1361-6382/ab1d87
http://dx.doi.org/10.1088/1361-6382/ab1d87
https://arxiv.org/abs/1808.06424
https://arxiv.org/abs/9904075
https://arxiv.org/abs/9904176
https://arxiv.org/abs/9904409
https://arxiv.org/abs/9904409
https://arxiv.org/abs/0902.0521
https://arxiv.org/abs/1307.5868
http://dx.doi.org/10.1103/PhysRevLett.117.151301
https://arxiv.org/abs/1604.08838
https://arxiv.org/abs/1107.3523
https://arxiv.org/abs/1808.07246
http://dx.doi.org/10.1016/j.nuclphysb.2017.10.017
http://dx.doi.org/10.1103/PhysRevD.62.041301
http://dx.doi.org/10.1103/PhysRevD.89.103529
http://dx.doi.org/10.1103/PhysRevD.89.103529
http://dx.doi.org/10.1103/PhysRevLett.73.3195
http://dx.doi.org/10.1103/PhysRevLett.73.3195
https://arxiv.org/abs/9405187
http://dx.doi.org/10.1103/PhysRevLett.75.3218
http://dx.doi.org/10.1016/S0550-3213(00)00411-9
http://dx.doi.org/10.1103/PhysRevD.62.083517
http://dx.doi.org/10.1142/S0217732300002966
https://arxiv.org/abs/0102094
http://dx.doi.org/10.1007/s100520100625
http://dx.doi.org/10.1103/PhysRevD.69.083525
https://arxiv.org/abs/0411144
https://arxiv.org/abs/1708.01714
http://dx.doi.org/10.1016/j.astropartphys.2017.02.002
https://arxiv.org/abs/1710.05793
https://arxiv.org/abs/1907.10966
http://dx.doi.org/10.1016/j.dark.2020.100521
https://arxiv.org/abs/2003.02257
https://arxiv.org/abs/1810.05506
http://dx.doi.org/10.1002/prop.201800052
https://arxiv.org/abs/1807.05445
https://arxiv.org/abs/1809.03962
https://arxiv.org/abs/1810.05038
http://dx.doi.org/10.1103/PhysRevLett.122.081302
https://arxiv.org/abs/1811.11698
https://arxiv.org/abs/1807.11938
https://arxiv.org/abs/1810.11992
https://arxiv.org/abs/1810.03438
http://dx.doi.org/10.1088/1361-6382/ab1d87
http://dx.doi.org/10.1088/1361-6382/ab1d87
https://arxiv.org/abs/1808.06424
https://arxiv.org/abs/9904075
https://arxiv.org/abs/9904176
https://arxiv.org/abs/9904409
https://arxiv.org/abs/9904409
https://arxiv.org/abs/0902.0521
https://arxiv.org/abs/1307.5868
http://dx.doi.org/10.1103/PhysRevLett.117.151301
https://arxiv.org/abs/1604.08838
https://arxiv.org/abs/1107.3523
https://arxiv.org/abs/1209.0712
https://arxiv.org/abs/1302.2995
https://arxiv.org/abs/1410.1187
https://arxiv.org/abs/1805.07186
http://dx.doi.org/10.1103/PhysRevD.99.063513
https://arxiv.org/abs/1810.02816
http://dx.doi.org/10.1016/j.dark.2019.100432
https://arxiv.org/abs/1910.02147
http://dx.doi.org/10.1103/PhysRevD.101.023535
https://arxiv.org/abs/1910.06796
http://dx.doi.org/10.1103/PhysRevD.100.123530
https://arxiv.org/abs/1910.10516
https://arxiv.org/abs/0203211
https://arxiv.org/abs/0203265
https://arxiv.org/abs/0204143
https://arxiv.org/abs/0204143
https://arxiv.org/abs/0204008
https://arxiv.org/abs/0204008
https://arxiv.org/abs/1502.07578
https://arxiv.org/abs/1801.03487
https://arxiv.org/abs/0610339
https://arxiv.org/abs/0812.1081
https://arxiv.org/abs/0901.0471
https://arxiv.org/abs/1311.5327
https://arxiv.org/abs/1503.00714
http://dx.doi.org/10.1016/j.physletb.2014.07.008
https://arxiv.org/abs/1407.2604
https://arxiv.org/abs/1508.05479
https://arxiv.org/abs/1604.05434
http://dx.doi.org/10.1140/epjc/s10052-016-4474-1
https://arxiv.org/abs/1604.00453
http://dx.doi.org/10.1088/0264-9381/9/8/015
https://arxiv.org/abs/9408015
https://arxiv.org/abs/9702427
https://arxiv.org/abs/9702427
https://arxiv.org/abs/0304236
https://arxiv.org/abs/1708.03675
https://arxiv.org/abs/1603.03883
https://arxiv.org/abs/1106.0701
https://arxiv.org/abs/0903.0685
http://dx.doi.org/10.1103/PhysRevD.75.083518
http://dx.doi.org/10.1051/0004-6361/201321569
https://arxiv.org/abs/1303.5082
http://dx.doi.org/10.1051/0004-6361/201525898
https://arxiv.org/abs/1502.02114
https://arxiv.org/abs/1404.4976
https://arxiv.org/abs/1510.06981
https://arxiv.org/abs/1209.0712
https://arxiv.org/abs/1302.2995
https://arxiv.org/abs/1410.1187
https://arxiv.org/abs/1805.07186
http://dx.doi.org/10.1103/PhysRevD.99.063513
https://arxiv.org/abs/1810.02816
http://dx.doi.org/10.1016/j.dark.2019.100432
https://arxiv.org/abs/1910.02147
http://dx.doi.org/10.1103/PhysRevD.101.023535
https://arxiv.org/abs/1910.06796
http://dx.doi.org/10.1103/PhysRevD.100.123530
https://arxiv.org/abs/1910.10516
https://arxiv.org/abs/0203211
https://arxiv.org/abs/0203265
https://arxiv.org/abs/0204143
https://arxiv.org/abs/0204143
https://arxiv.org/abs/0204008
https://arxiv.org/abs/0204008
https://arxiv.org/abs/1502.07578
https://arxiv.org/abs/1801.03487
https://arxiv.org/abs/0610339
https://arxiv.org/abs/0812.1081
https://arxiv.org/abs/0901.0471
https://arxiv.org/abs/1311.5327
https://arxiv.org/abs/1503.00714
http://dx.doi.org/10.1016/j.physletb.2014.07.008
https://arxiv.org/abs/1407.2604
https://arxiv.org/abs/1508.05479
https://arxiv.org/abs/1604.05434
http://dx.doi.org/10.1140/epjc/s10052-016-4474-1
https://arxiv.org/abs/1604.00453
http://dx.doi.org/10.1088/0264-9381/9/8/015
https://arxiv.org/abs/9408015
https://arxiv.org/abs/9702427
https://arxiv.org/abs/9702427
https://arxiv.org/abs/0304236
https://arxiv.org/abs/1708.03675
https://arxiv.org/abs/1603.03883
https://arxiv.org/abs/1106.0701
https://arxiv.org/abs/0903.0685
http://dx.doi.org/10.1103/PhysRevD.75.083518
http://dx.doi.org/10.1051/0004-6361/201321569
https://arxiv.org/abs/1303.5082
http://dx.doi.org/10.1051/0004-6361/201525898
https://arxiv.org/abs/1502.02114
https://arxiv.org/abs/1404.4976
https://arxiv.org/abs/1510.06981

