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Abstract High dissipative regime of warm pseudoscalar
inflation model (Kamali in Phys Rev D 100:043520,
arXiv:1901.01897 [gr-qc], 2019) with an approximately con-
stant value of dissipation parameter Q is studied. Interme-
diate solution of the scale-factor related to the accelerated
expansion of the Universe which is rolled out by observa-
tional data in the context of standard (cold) model of infla-
tion is used. There is a region of free parameters phase-
space of the model which is interestingly compatible with
recent observational data. It is discussed that the model is
also compatible with the swampland criteria in a broad range
of parameters phase-space and TCC in a limited area of
parameters.

1 Introduction:

The inflation model is extensively studied as a standard
paradigm of early time cosmology [2—-7]. Outstanding con-
cerns of the Hot Big Bang model, e.g. horizon, flatness, and
monopole, are resolved in this context. A brilliant achieve-
ment of this model is presented in the context of perturbation
theory. The (scalar) field theory responsible for background
accelerated expansion provides a mechanism to explain the
seeds of large-scale structure (LSS) formation in terms of
quantum fluctuations of the field around the homogeneous
and isotropic background [8—12]. The standard model of
inflation is proposed by a single scalar field theory with a
nearly flat potential which is followed by a reheating epoch
[13-17]. The idea of early time accelerated expansion, in
term of the effective field theories that seem to be in the
string-landscape, is doubted in the literature [18-21]. It was
speculated that the effective field theory related to standard
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single field inflation is not in the landscape of string the-
ory as a preferred scenario for quantum gravity [19,22]. On
the other hand, the energy scale and duration of the standard
inflation are constrained by Trans-Planckian censorship con-
jecture TCC [23] which made the highest limitation on the
tensor-to-scalar ratio far from the accuracy of cosmologi-
cal experiments. This conjecture is a cosmological extension
of cosmic censorship conjecture by Penrose [24,25]. There
are attempts in the literature to find the ways that probably
resolve these theoretical constraints [26—45]. Warm inflation
as an alternative for the standard (cold) inflation is intro-
duced as a more than one field model of inflation [46]. There
is an interaction between the inflaton field as quanta of the
scalar field and light (radiation) fields during the slow-roll
epoch which smoothly connects the inflation era to radiation
dominated era. It has been discussed that some scenarios of
high dissipative warm inflation are in the landscape of string
theory and compatible with observational data [29]. Inter-
mediate model of inflation [47-49] is rolled out by obser-
vational data in the context of cold inflation but agrees with
latest data in the context of warm inflation in some cases
[50-56]. In this work, we will study a model of warm infla-
tion which introduces the standard Chern-Simons interac-
tion between pseudoscalar field as inflaton and SU(2) gauge
fields as radiation part [1], by using an intermediate solution
of Universe accelerated expansion [47—49]. It was discussed
that the dissipation parameter of warm pseudoscalar infla-
tion (WPSI) is approximately constant [1]. We have found
a region of free parameters phase space of the intermediate
WPSI compatible with observational data as well as quantum
gravity (swampland and TCC). We can simply find a region
of parameters for the model out of swampland. There is a
limited region of the parameters compatible with TCC and
observation.
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2 Intermediate warm inflation

The intermediate form of the scale factor [47—49]:
a(t) = agexp(Ath) (1)

was introduced as a cosmological solution of an expand-
ing Universe where the expansion is faster than power-low
inflation (a(f) = apt*) and slower than standard de Sitter
expansion with the scale factor a(t) = apexp(Ht) (H is
Hubble constant). This form of the scale factor is useful in
studying the models of inflation [50-56]. Generally, to study
and parameterize a model of inflation, we have to use a spe-
cial form of the potential with some constant parameters that
are supposed to be constrained by observational data. On
the other hand, there is another nearly equivalent way where
the form of scale factor, with some constant parameters, is
used, and its phase space of free parameters is constrained by
observational data [47-49]. In this note, we study our model
by using the scale factor (1) which has two free parameters
(f, A). In the warm scenario of inflation where the particle
production is important during the slow-roll epoch, there are
some modifications in the evolution of the inflaton, back-
ground, and perturbation parts, in a thermal bath with tem-
perature 7. At the background level we can simply split the
continuity equation into two parts with a phenomenological
form of interaction:

P +3H(py + Py) = —T*
py +3H(p, + P,) = ¢ )

The first part provides a modified form of the inflaton evolu-
tion:

e L4V 3
¢+ (+Q)¢+%— 3

where Q = 3LH is introduced as a new dissipation coefficient
beyond the Universe expansion dissipation H. Q is an extra
parameter in the context of warm inflation that is supposed
to be constrained by observation data as well as quantum
gravity. Therefore our model has a three-dimensional phase
space of free parameters (f, A, Q) which will be studied
in the next section. In a high dissipative regime, QO > 1,
dissipation term has an important role in the evolution of
the inflaton in the background and linear perturbation parts
which can be compared with observational data. Dissipa-
tion parameter Q is approximately constant in the context of
WPSI [1], where the interaction term between axion inflaton
field and SU(2) gauge-field (as a radiation part) is presented
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by standard Chern-Simons term:!
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Using interaction term (4), we can derive the dissipation
parameter Q = % (where 1 relates to the gauge fields)
for warm inflation which is approximately constant [1]. In the
linear perturbation part the modification by interacting term
(4) introduces a new version of the scalar power-spectrum:

a2 = YA+ 0) <l+2n+ 230 T)

= — 5
K 24m2M2e, ©)

which will be used in our study. In warm inflation there is
non-negligible radiation energy density which is subdomi-
nant during slow-roll inflation. The first Friedmann equation
is modified as:
5 1

H” = m(%-ﬁ-py) (6)
where the evolution of p, = C,, T*is presented by the second
equation of (2). Near the horizon crossing point, the evolu-
tion of the universe is inflaton dominated p, < pg which
is the condition that we consider to obtain the background
parameters of the model at the first step and the perturbation
partin the second step. Using Egs. (1), (2) and (6) we present
the evolution of the scalar field during the cosmic expansion

[50,60—64]:

: 2M2H 8M2A(1 — f) ¢
2__“7p _ P L

¢ = 70 =0+, 7o @)

where ¢ is the constant of integration that can be neglected
without loos the generality. Cosmic time of the model is sim-
ply presented as a function of the scalar field (7)

1
fo 72
t=|———"——] o7 (8)
(SMgA(l—f))

which is an important equation in our discussion. Using Egs.
(6) and (8), we can find the potential in term of the scalar field:

2(/=D

fo U )
8M2A(1 — f)} ¢ 7 ©)

V(@) =9M, f2A? [

! 'We note that there are developments in this context where the gauge
fields are not just SU(2) and dissipation parameter is proportional to 73
[57-59]. We have also checked this form of dissipation using interme-
diate scale factor (1) but the spectral index is out of the preferred region
of CMB observation (ng — 1 = —%)) for all possible values
of parameter 0 < f < 1.
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where H = fAt/~! (1). The slow-roll parameters are
defined as (Egs. (1) and (8) have been used):

H  8M;(1-f) 1

HT 0 @
O SMX-pe-
" THE 120 9 (4

which have to be smaller than one during the slow-roll epoch.
Number of e-folding is another important parameter that will
be used in perturbation analysis:

_ ! _ fo 22
N—/;l Hdl—m((bz 1)

where ¢ < ¢ (Eq. (1) has been used.). Now we are ready
to introduce the perturbation parameters which are used to
compare the model with the results of observation. Scalar
power spectrum which can be computed by data analysis of
the CMB at pivot scale is presented for our model in high
dissipative regime:

Y

33f-2)
af 33f-2)
¢ .

1
B 3303 [3M]2,}4

3M; (fA)i[ £0
2C,

(1— pi L24Aa0 =)
(12)

We have used Egs. (5, 9, 10) and the definition of thermal
bath temperature [63]:

M2YH i
T=\"3¢cn (1
yHQ

Tensor perturbation power-spectrum is not modified in the
context of warm inflation model. Using Eqgs. (11, 12) and the
standard form of tensor power spectrum:

2H?
Ar = nz—M},’ (14)
we can find the tensor-to-scalar ratio of our model:
3 i _f+2

16(1 — f)* 2C, [f(N—l)%—l} as (15)
r = K

33705 \3MfA fA
On the other hands, the spectral index n; is presented by

dIn A 32-3
1= dMAR _ ( ) (16)
dlnk 4[f(N — 1)+ 1]

which leads to Harrison—Zeldovich spectrum with f = %
and red tilted cases where f < % These are two perturbation
parameters (15, 16) which are used to compare the inflation
model with the results of observation [65]. We will compare
them with the CMB data in next section.

3 Constraints from quantum gravity, comparison with
observation

In this section, we present a region of free parameters phase
space of the model which is compatible with observational
data as well as quantum gravity. It was speculated that a scalar
field theory that is used to study the early time accelerated
expansion of the Universe is in the landscape if:

A

29 (17)
p

and

V/ V//

2 4 L8 (18)

v M, % M,

otherwise, it is in the swampland of string theory. ¢; is a con-
stant of order one. The first inequality is distance conjecture
and the second one is de Sitter conjecture [18-20,22,23]. It
was discussed in the literature that the high dissipative regime
of warm inflation is in the landscape because of the modi-
fication of slow-roll parameters and tensor-to-scalar ratio in
the context of warm inflation [28,29,31]. The main point is
finding a region of free parameters phase space where the
model is in landscape (generally high dissipative regime of
warm inflation models) and compatible with observation data
which is the main goal of this section. Another important con-
jecture is the Trans-Planckian censorship conjecture (TCC)
[23] which forbids the horizon crossing of the sub-Planckian
perturbation modes during the accelerated expansion. It con-
strains the energy scale of inflation and tensor-to-scalar ratio
[66]:

Vi <109Gev
r <1030

19)
(20)

We have found a limited region of the model parameters
in which the model is compatible with limitations (19, 20).
In Fig. 1, we have shown lo and 20 confidence level of
r —ng parameters which were borrowed from Planck results.
There are two points in these plots that are presented by
our theoretical results for the number of e-folds N = 60 and
N = 50 which are in 1o confidence level of the r —n, Planck
observational data. Therefore, our theoretical results agree
with the observational data as well as swampland conjecture.

From Egs. (10, 15, 16), It is obvious that the large values
of the dissipation parameter Q are useful. A limited region
of constant f (JT < f< %) is used to satisfy the observation
as well as swampland constraints (see Fig. 1). On the other
hand in Fig. 2, we have used larger (limited) values of Q
to find the results compatible with observation, Swampland,
and TCC. It seems one needs extremely huge values of Q
to find the model compatible with TCC. It means a lot of
energy transfers to the gauge sector during inflation. In some
cases, we can claim the model is compatible with TCC and
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N=50, f=0.37, Q=100, A=1
N=60, f=0.35, Q=100, A=1
B Planck TT, TE, EE+lowP

0.955 0.960 0.965 0.970 0.975
Ns

N=50, f=0.37, Q=1000, A=1000
N=60, f=0.35, Q=1000, A=1000
B Planck TT, TE, EE+lowP

1.50 4

1.25 4

L« 1.00 A1

0.75 4

0.50

0.25 4

0.955 0.960 0.965 0.970 0.975
Ns

Fig. 1 In these two pictures, we compare the theoretical results of our
model with Planck observational data

observation but not a physical model. Generally, it is hard to
find a physical model compatible with TCC in the context of
intermediate warm inflation.

InFig. 3, we show three distinguished area of free parame-
ters (Q, f) where A = 13 and N = 60. The area between the
f axis and red trajectory is rolled out by observation as well
as quantum gravity. The colorful area between red and black-
dashed trajectories is a free parameters phase space area that
the model is compatible with observation but in the swamp-
land. For the colorful area of free parameters phase space,
upper than black-dashed line, our model is compatible with
observation and in the landscape. In Fig. 4 we changed the
other free parameter A. The model is in landscape and com-
patible with the observational data for the volume between
two colorful surfaces where Q > 100 [29].

InFig. 5, the area between black-dashed trajectory and red
one introduces a free parameters phase space of the model
whichis in the landscape and compatible with observation but
not matched with TCC condition (20). The model with free
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Fig. 2 Extremely Large values of the Q parameter are used to find the
model compatible with observation, swampland, and TCC

n_s=0.9649+0.0042, r=0.056, N=60,A=13
f=68% (0.3143..0.3553), ~95% (0.2970..0.3798)

2519

log (Q(£))

025 030 035 040 045

f
I— Q(f) —— Q=100 B 68% confidence interval Il 95% confidence intervall

Fig. 3 Inthis figure, we fixed the number of e-folding and free param-
eter A = 13. The colorful area between two red and black-dashed
trajectories is compatible with just observation. The area upper than the
black-dashed line is compatible with swampland and observation but
not TCC

parameters upper than red line trajectory is in the landscape,
compatible with observation and TCC condition (20). In Fig.
6, the volume between two colorful surfaces presents aregion
of the model parameters in the landscape which is compatible
with observation and TCC.

4 Conclusion

In this paper, we studied the intermediate solution of cosmic
expansion in the context of warm pseudoscalar inflation. We
have shown that the model is compatible with observational
data for a region of the free parameters phase space. We also
studied the constraints of quantum gravity on our model. It
was shown that the model is compatible with swampland
criteria and observation for a broad region of free parame-
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N=60, £=95% confidence interval (0.2970..0.3798)
r<0.056, green for £=0.2970 & red for £=0.3798

Q(4,r)

Fig. 4 Inthis figure, we show that the model is compatible with obser-
vation (the volume between two colorful surfaces) where A is large
enough even with the smaller values of dissipative parameter Q. Two
free parameters A and Q have the same effects on the tensor-to-scalar
ratio in this case

n_s=0.9649+0.0042, N=50, r=10"-30
f=68% (0.3433..0.3840), f=95% (0.3259..0.4079)

log,(Q( 1))

[

T T
025 030 035 040 045

f
|_ Q(f) —— Q=100 I 68% confidence interval I 95% confidence imerva1|

Fig. 5 There are two important regions in this plot. The first is between
black-dashed and red lines where the model is in landscape and com-
patible with observation but not matched with TCC bound (20). The
second region is upper than the red line which is also compatible with
TCC, observation, and out of swampland

ters phase space. Our model is also compatible with TCC
and observation for a limited region of free parameters phase
space. Our analysis can be extended for the standard models
of warm inflation [67,68]. The important point is that we need
a high dissipative regime of warm inflation which is compati-
ble with observation [29]. It would be our future works to find
this regime for the standard warm inflation models [67,68].
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N=60 , £=95% confidence interval (0.2970..0.3798)
r<107-30,green for £=0.2970 & red for £=0.3798

15 x 10M—

Fig. 6 There is a volume between two colorful surfaces which shows
the model in the landscape, compatible with observation and TCC
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