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Abstract. In this article, we examine the effects of anisotropy on a model of canonical
warm inflation with the power-law potential. The results of this model are compared
to Planck satellite observational data. Using a conventional local scalar field in the
Bianchi type I metric, the slow-roll conditions and the suitable regions, where the free
parameters of the model show a good agreement with Planck results, are investigated
in detail. Following the usual calculations for warm inflationary approaches, the early
universe in two different dissipative regimes, namely the weak dissipative and the strong
dissipative ones, is investigated. In this regard, the slow-roll parameters and their
observational indices in both regimes are obtained and finally, it is shown that this
model is in good agreement with observations.
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1 Introduction

The cosmic inflationary scenario provides a desirable mechanism for describing the large-
scale structures of the Universe [1-7]. We have studied different models of inflation in
the sources [8,9]. And among all those models, we found that there is a general division
called cold inflation and warm inflation. More details are in [10-21]. The main condition
for generating warm inflation is that T > H), where T refers to the flow temperature
which indicates thermal fluctuations and H means the Hubble parameter which includes
quantum fluctuations [12-15,22-26]. We know that quantum and thermal fluctuations play
an important role in the formation of initial cosmic density fluctuations and large-scale
structures [13-18,27]. In 1983, the theory of chaotic inflation was introduced following
Linde’s studies in which the power-law potentials were introduced, and today we see that
the power-law potentials due to simplicity and compliance with observations and solve the
problem of graceful exit from the horizon are considered in new models [28]. Two structures
are commonly used in the calculation of slow-roll parameters in inflation models: One is the
structure in which the parameters are expressed in terms of the potential of the scalar field,
and this is the structure that we have discussed in this article and [29]. In the other structure,
parameters the structure in which the parameters are expressed in terms of the Hubble
parameter and is called the Hamilton Jacobi form. So far, many models in the framework
of gravity theories [30], and observational results related to CMB and the formation of
large-scale structures measured by advanced instruments have been able to provide us with
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useful information [18-31]. Among them is the existence of statistical anisotropy in the
CMB spectrum, which has raised doubts about the existence of anisotropies [50-53] in the
inflation period. What has been said so far is the theoretical and observational reasons for
the importance of addressing the issue of inflation, and especially the issue of anisotropy in a
period of evolution universe, but it is not yet clear what kind of gravity existed in the period
of inflation. Therefore, in this study, we decided to investigate the existence of anisotropy
in a model of cosmic warm inflation in the Bianchi type I framework.

It should be noted that the Bianchi model is an extension of the standard FLRW flat
model and is the simplest model in the world that depicts an anisotropic but homogeneous
flat space [39,40] (C:\ Users \ ali \ Downloads \ REF67) Compared to the world FLRW,
which has the same scale factor for its spatial directions. In the Bianchi world, the scale
factor can change in different independent directions. For the sake of the importance of
the subject and the fact that the study of anisotropic inflation world has better advantages
than the isotropic world, the present study has addressed this issue. Our motivation in
the investigation of this work by following our previous work is to know what power-law
potential is valid in the presence of an anisotropic metric to satisfy the inflation. Accordingly,
we compare our model calculations with the latest observational data from the observations
of the Wilkinson and Planck microwave anisotropy probe satellite, including the amplitude
of scalar spectrum perturbations and the scalar and tensor spectral indices. In the second
part of this article, we have stated the theoretical framework of anisotropic warm inflation.
In the third section, we examine the effects of anisotropy in the weak dissipative regime and
identify the best areas for the appropriate parameters. In the fourth section, we examine
the anisotropic effects on the strong dissipative regime, and similarly to the third section,
we obtain the areas where the parameters can best match with the observations. Finally, in
the fifth section, we have summarized the results of our final reviews and comments.

2 General Framework

The BI metric is expressed as follows [39]
ds® = dt? — A% (t) da® — B2 (t) dy® — C? (t) d=?,
B(t)=C(), (1)
ds? = dt* — A% (t) da® — B2 (t) (dy® + d2?).

The coefficients A, B, and C' are functions of . A is the scale factor in the z-axis direction,
and B is scale factor in the y-axis and z-axis directions. For more information on the Bianchi
metric, see reference [39,40]. Planck’s data show CMB anisotropy, which is an extension of
the standard FLRW flat model, as it may be the reason why the world is not completely
isotropic, and is anisotropic but homogeneous. A world that represents a flat space.

Below are some field equations related to BI metrices [41,42]

1
Hio = g(H1+2H2), (2)
A(t) B(t) A
1 A(t)7 2 3 B(t)a ) 1 >\ 25 (3)
1
3Hyp® — 0% = m(ﬂ@ +pr), (4)
. 1
3Hot* +2H, oy +02= ——5P(9). (5)
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The Hubble and shear parameter equations are expressed as follows [39,40]

Huo=3 (\2) Hy, (6)
, (A-1)°H3
o= (7)

It should be noted that in the equations given above, A is a constant value and indicates the
degree of deviation from isotropy along the z-axis. If the value of A = 1, we get the same
flat FLRW spacetime with signature 2.

As we know, the energy density and pressure of the scalar field and the density of the
radiation field are defined as follows [29]

1.
po=5 4V (9), ®)
P¢=%¢2—V (4), 9)
72
przﬁg*T‘l: c T (10)

Here, T is fluid temperature, c is the Stefan Boltzmann constant, and the value of ¢ =
70. Meanwhile, the equation of the anisotropic warm inflation field is expressed as follows
[12-15,29] B _

¢+Hz (A+2) (14+R) 9+ V=0, (11)
where Rzﬁ is dissipation function and I'(T,#)=aT"¢'~" is called the dissipation

coefficient. The dissipative coefficient can be a function of time, a function of the scalar
field, or a function of both [27,28].
In this case, the conservation equations of ps and P, are described by the following equations

ot (A+2) Hy (py+ Py) = —T¢?, (12)
pﬁ% (A+2) Hop,=T¢>. (13)

Applying the slow-Roll conditions, equations (11) and (13) are approximated as

o 3T¢?
pr=a T e A (14)
Hy (\+2) (14+R) ¢+V 4= 0. (15)

The necessary condition for warm inflation to occur is that, its slow-roll parameters are
defined as follows

M (V4 a2 (Vo
6*7 (V) ) n= Mp Vv ) (16)
e <1+R, n<1+R. (17)

Another important parameter that needs to be accounted in warm inflation is the number
of e-folds that play an effective role in solving the horizon problem and is expressed by

L\ H
N= —/ s Hz (18)
Pend P
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To estimate the best free parameters in any inflation model, it’s required to get the amplitude
of scalar and tensor perturbations, tensor-to-scalar spectrum ratio, the scalar spectral index
and running parameter, supported the definition of anisotropic warm inflation, hence, its
equations are defined as follows

_ 25 Hi o 25+ 2)2H225 )

P g ) 3602 v (19)
2
P (20)
r= %, (21)
e ddl?nis’ (22)
as:ddlzsk' 23)
From [43] we obtained
Q@ngcsk, dlcrllk: o~ —diN. (24)

In the following, we will inspect the effects of anisotropy during a model of warm inflation
with the power-law potential in two strong and weak dissipative regimes, and observe within
the weak dissipation regime the dominant parameter is that the Hubble parameter, while
within the strong dissipation regime the dissipation coefficient is that the dominant param-
eter. We have an interest to find out the best fit for the free parameters in our proposed
model.

3 Investigation of Effects Anisotropy in Weak Dissipa-
tive Regime
In this case, we try to test our model on a weak dissipative regime for R < 1 and potential

V (9)=Vp®*. In slow-roll approximation, the Friedman equations and the temperature
equation will be as follows

H22=W23 V(9), (25)
Hy (A +2) ¢4V =0, (26)
bk _n =~ 3 1\ T
T 7=<i) ' <a M’%Ii ((213;\3)2 Yo ) : (27)
The first parameter of the slow-roll is acquired as
— kQM]f . (28)
292

As we know, inflation ends when, e = 1 and from that, the measured field is at the end of

inﬂal iOIl as fOHOWS k
¢ end— . 2 E
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The field function at the moment of crossing the horizon is also obtained by using [18] as
follows

\/(—% M2 N)( 142 V424N bend®
b= . (30)

2k+5k A2k A2
k(142X)

In the following, we obtain the perturbation parameters and compare them with the values
obtained from the observations. The amplitude of the scalar spectrum perturbations and
the scalar and tensor spectral, tensor to scalar ratio, and running, are equations that are
defined as [22,29)].

From (19), In weak dissipative regime with 0¢2%%(A+2)H2T, we have

Ps =

k
2

14+k—6n Jz(;‘)v k(k(2+>‘)74M% N(1+2>‘))>
0

25 x 24f<tk411$"w(2+ *>2M1%+%75 (k(k(2+k)*§i\f§ N(1+2>\))> 2(5—2n) (k(sz;:
(k(1 4 2X))2
(31)
A+2)3
aln, b, N) = —2AF2T
M2k2(1+2))3 /ig
14+k—6n | k—2 4—n
( PM, T T T (p2ka)? )
14+k—6n —k \/k(k(2+/\)74M2N(1+2/\)
1 a6tk—lan 2, 4/k(k(2+N)—4MZIN(1+2X)), 5-2n 272 Vi( P
25(3) 7T 2 MR (2 ) R ¢ R
(32)
M?(—14 — 1+2
no(n, by N) = 14 —p CLATR (Z54m) £60) (1 423) (33)
(—4+n)B(k (\+2) —4 M2N (1 +2)))
4 M3 (—14+k (=54n) +6n) (1 + 21)°
s () — M L (5m) o) (120" 5
(—44n) (k (24X) =4 MLN (1+2)))
2,k> M2 6k M. N(1+2)) 5
2 Vo (2N (5t ) (35)
t— 1 )
9 M3 72(1+2))
. . lg+k746n
- 14 —6n —2 n—
2Wk2%(1+2x) Mp2zr"*4) —2+k(\/k (k(2+/\);1+1;1?,N(1+2/\))) (n—14) (k (k+12<<]2vj/\2)N*)
r(n,k, N) = = P
2%‘/0(\/k(k(2+/\)—42i4)\p N (1+2)\)>
225 72y arzn

(36)
Now, we specify the constraints on the parameters using the values obtained from the
observations. Using of the allowed values that achieved for the pair of parameters (n, k), at
our previous work, [29], we can plot the r — ny diagram as follows.
The best value for the parameters are acquired while the maximum fit is obtained on the
observation diagram.
Here, in Figure 1, two diagrams above show a good match between Planck 2013 observa-
tions for free parameters guesstimated and The chart below shows the compliance of Planck
2018 observational data.
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Figure 1: (Color online) The r — n, diagram shows prediction of the model in the weak
regime for free parametes. In the left panel a =70, n =3, k =4, Vo = 2.7x 10712, a = 107,
A=1, M, =1, and N, = 65. In the right panel « = 70, n = 3, k = 4, Vo = 2.7 x 1072,
a=10", A\ =5, M, =1, and N, = 65 in comparison to the observational data by Planck
2013, 2015. The likelihood of Planck 2013 is indicated with gray contours, Planck 2015
TT+lowP with red contours and Planck 2015 TT, TE, EE+ lowP with blue contours. in
both figures, the thick black lines refer to the predictions of theatrical results in which small
and large circles are the values of ng at the numbers of e-folds N = 55, N = 65, respectively.
In the below panel « = 70, k =4, n =3, Vj = 2.7 x 10712, M,=1a= 10, A =1, and
N, = 65. The results of Planck 2018 are indicated by dark and light blue colors referring to
68% and 95% confidence levels, respectively. In both figures, the thick black lines refer to
the predictions of theoretical results in which small and large circles are the values of ns at
the numbers of e-folds N = 55 and N = 65, respectively.

In recent observational data, the amplitude of scalar perturbations across the horizon is
as Py = 2.174+ 0.1 x 1077, and the tensor to scalar ratios r < 0.11 at 68% [43-47] has been
shown. Using the equations (33) and (34), we plot the diagram of the running parameter
% —ng and compare it with observations. Figure 2, the plot indicates the prediction of this
model, it is clear that lie inside the joint 68% CI region of Planck 2015 TT, TE, EE+lowP
data, ([47,48]), and so could satisfy the compatibility with observations.
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Figure 2: (Color online) In this figure, the thick black line depicts the predictions of our
model in which small and large circles are the values of ns at the numbers of e-folds N = 55
and N = 65, respectively. To plot this shape we use the free parameters n = 3, k = 4,
Vo =27 x1071, X\ =5, M, =1, Ne= 65, and o = 70. In this figure the gray contours
indicates the likelihood of Planck 2013, Planck 2015 TT+lowP showed with red contours
and the blue contours considered for Planck 2015 TT, TE, EE +lowP.

We know in warm inflation model, the thermal fluctuations overcome the quantum fluc-
tuations. this is an important feature of the warm inflationary model since the fluid temper-
ature is bigger than the Hubble parameter, i.e. T > H. To receive a healthy warm inflation,
this condition should be justified during the cosmological evolution. Figure 3 expresses the
behavior of the ratio of the temperature to the Hubble parameter during such era.
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Figure 3: (Color online) the plot shows the ratio of the temperature to the Hubble parameter
during the inflationary period of the model in the weak dissipative regime. The inflation
scalar field, ¢ for different values of (n, k) and the parameter a. As one can see from the plots
during inflation, the temperature is larger than the Hubble parameter, and the condition
T > H is satisfied properly. To draw these figures, we fixed the value of Vj = 2.7 x 1073
(blue line: n =3, k =4, a = 107, A = 1, and red dashed lines: n =3, k = 4, a = 107, and
A=5)
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In the following, we examine our model in a strong dissipative regime with the same
amount of potential.

4 Investigation of Effects Anisotropy in strong Dissipa-
tive Regime

Considering V (@) = V, ®* the same as the previous section, we extend our calculations for

strong dissipation regimes, for R > 1. '

Using Hy = m V(®), HHA+2)R¢+V,y, =0,and R = ﬁ the temperature

of the radiation is gained as

1
1 2.3\ 1+n
_s_3k ., T 1 20+1)k V2
()T (BT

- \4 a (A +2)

kM
2¢>2

—3-3k4n n
aMpp~ n(V ¢ T )
Vook
(A +2) /i

At the end of inflation, we know in the strong regime, € >~ R. In this case, the scalar field is

(A+2) \/ (2,\+1) E2Mp _((n(ﬂ;%kﬂ)ﬂl_n_i)) >

7"

The slow-roll parameter is € = . Hence,

R=

(38)

¢end: (39)

And also the field based on the number of e-fold we get

2n(—3—%+n)

K2Mpy ™ (24 A) ok T
n (—3_3k_ ., e n \/7
QR N 4 20~ k2nt Tt (T2%)

a

¢ =

(40)
From P, = 245; 6®? in [49], we know from (40) and 6®% ~ E£L Kp = \/T(2£2H), the
scalar power spectrum is obtained as

2n

3k
SN Y Uil i u\ f
25 a2 7 (242)? 5 (i)Y 2 aTn - N (7
Ps={ 2kMp N+2 - 7|2k Mp N+2 X

72V3 k2M3 72 (Vo+2VpA) a a

n

NN -1
F—nj\ Y on i V0(2kM}2, N+2*y<3Tl)y) 2 Senjyv F\ "
(a(2+X) <2kM123 N +27Y (( ) )) X —— X (7 (2kM% N+ 27V ( ) ) )

Mp (14 2)) a

(41)

Wherey:W,j:kzMP@JFA),/(HM,andff%mt

3\ 7 Mpk2Vy? i 3% 4
5:(4) Lt , x:<4—k5—2n+4+2>.
a (A+2) /@ n
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The scalar spectral index get

ns(n, k, N) = 1+

a

24
—8+7n+4k(14n) K2MpF ~™ (247) /(J{g)\) a+n
3 x2 i+n k M% (=10 + 8n+3k(14+n))

24 4(k+2n+kn)
9n+44k(14n) E2Mp— —7 (240),) —20 i+n 20 K2ZMpy =1 (24 \/ ) itn

(a4n) |2 AFn kM2 N( R S 42 T+n P CHVY sy

a a

(42)
and running get

a(n,k, N) =

48
—8(—1+k+2n+kn) k2MpT —n (24) /urigx) I+n
3 x2 a+n k2 M2 (=10 + 8n + 3k(1 + 7))

a

4(k+2n+kn)\ 2’

24
9n+4k(1+n) E2ZMp™y —1 (242),) 0 | AF7 20 KZMp —7 (247) Vo Itn
(@tn) |2 aFn kM2 N V aFen 4o T V T+2n)

a a

(43)
The tensor power spectrum is
- —4(—6+k+2n+kn) %
—4(=6+kt2ntkn) KZMp (2427 "7 )/ 70 Hn
2 Vo(240)2(2 k M3 N + 2 Itn ( Ll i a+2»n) )
Py (n, k, N) = ol s a (44)
1.
The tensor to scalar ratio is acquired as
9 G h —2n
(16 K2Vo (Vo+2Vo\) d€ (v (@)') )
r(n,k,N)= , (45)

. k
25 V3 a2M§ Y[ (@ (24A) (ydh)" dl“’\/@

where

4 (—64+k+2n+kn)

44n ’
k2 (240) Mpy ~ " s
i (1+2X) ’
a
d= (2 k M} N+27"i"),
—26 + 6n+4n%+k(19 + 4n)
G: I
4(44n)
_ —6—3k+2n

4(4+n)
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Figure 4: (Color online) this is » — ng diagram above shows prediction of our theorical
results in the left panel, in strong regime for free parameters a = 70, k = %, n = %,
Vo = 2.98 x 10713, M,=1,a=5x 1078, A =4 %1075, and N, = 65 in comparison to the
observational data risen by Planck 2013, 2015. The likelihood of Planck 2013 is indicated
with gray contours, Planck TT-+lawP with red contours, and Planck TT, TE, EE+4lawP
with blue contours. In the right panel, in strong regime for free parameters a = 70, k = %7
n = %, Vo = 2.98 x 10713, M,=1,a=5x 1078, A =4 x 107°, and N, = 65 in coparison
to the observational data risen by Planck 2013, 2015. In both figures, the thick black lines
refer to the predictions of theorical results in which small and large cricles are the value
on ng at the numbers of e—foldes N = 55 and N = 65 respectively. In the below panel
a=170,k=4n=3V =27x10" M, =1,a= 10", A =1, and N, = 65. The
results of Planck 2018 are indicated by dark and light blue colors referring to 68% and 95%
confidence levels, respectively. In both figures, the thick black lines refer to the predictions
of theoretical results in which small and large circles are the values of ns at the numbers of
e—foldes N = 55 and N = 65, respectively.

Now, we evaluate our model based on the results of the observations and apply some
constraint to gain the parameters that create the best fit.
Using of the allowed values that achieved for the pair of parameters (n, k), at our previous
work [29], we can re-plot the r — ng diagram as follows.

The best parameters for this diagram are those create the desired match. In Figure
5, we guesstimated some constraint over the parameters of our model compared to the
observations. Therefore, in both regimes, for the potentials of the power-law in the context
of anisotropic warm inflation, the suitable agreement with the observations is sighted.
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Figure 5: (Color online) this is flﬁ\; —ng diagram which explains the running of the parameter

ng. In this figure, the thick black line despicts the predictions of our model in which small
and large circles are the values of ng at the numbers of e-folds N = 55 and N = 65,
respectively. To plot this shape we use the free parameters n = é, k= %, Vo =2.98x10713,
A=14x10"9, M, =1, N, = 65, and a = 70. In this figure the gray contours indicates the
likelihood of Planck 2013, Planck 2015 TT+lowP showed with red contours and the blue
conturs considered for Planck 2015 TT, TE, EE +lowP.

The same as the previous section, the diagram T'/H versus is plotted, i.e. T > H.

15000
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10000

Figure 6: (Color online) the plot shows the ratio of the temperature to the Hubble parameter
during the inflationary period of the model in the strong dissipative regime. The inflation
scalar field, ¢ for different values of (n, k) and the parameter a. As one can see from the plots
during inflation, the temperature is larger than the Hubble parameter, and the condition
T > H is satisfied properly. To draw these figures, we fixed the value of Vj = 2.98 x 10713
(blue line: n = 1.9, k = 1.7, a = 1078, A=4x107%, and red dashed lines: n = 1.9, k = 1.7,
a=10"8 A\=4x1079).

5 Conclusions

Following the research on our article entitled ” Constraints on warm power-law inflation in
light of Planck results” [29], we saw that for (n = 2, k = 6) with V0 = 2.7x 1072 in the weak
dissipation regime, we have the most agreement with Planck’s observational data in 2013
and 2015. In the strong dissipation regime in the isotropic warm inflation model for (n =1,
k = 4) with V0 =5 x 1072°. We obtained the most agreement with Planck’s observations.
In this work, we have studied the effects of anisotropy [51-53] on warm inflation in the
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framework of the Bianchi type I metric and examine the model for the power-law potential
in two models of the weak and strong dissipative regime, and the different parameters of
slow-roll and power spectrum of scalar and tensor perturbations, scalar and tensor spectral
indices, their running and tensor-to-scalar ratio were been gained. Using of the allowed
values of the pair (n, k) in the reference [29] and plotting the r—ng diagram and its running, it
has been estimated the best regions compatible with the observations for the free parameters.

In the weak dissipation regime the pair (n = 3, k = 4) for r — ns diagram with A = 1,5,
it has been seen the best fit with the observations that shown it in Figures 1 and 2. These
figures have illustrated that our results are consistent with Planck’s observations. The same
argumentation is true for the strong dissipative regime in the presence of the parameters
(n= %7 k= %) with, Vo = 2.98 x 10713 and A = 4 x 1075, For this regime, due to presence
of the parameter, the chance in the selection of free parameters (n, k) is less than the weak
case. We will continue this study in the future by examining viscosity.

The new consequences of the anisotropic scenario against the isotropic setup is shown
in Figure 1, that is left panel related to A = 1, to be the isotropic and right panel A = 5
is anisotropic setup. We also compared the results obtained from the calculations with the
license plate data in 2018 and by plotting the r — ns diagram, we examined the degree
of agreement with the observational data in both weak and strong regimes, and of course
showed that these results are similar to the calculation sample for the strong dissipation
regime. It does not have Planck for 2013 and 2015 data.

In the weak dissipation regime the pair(n = 3, k = 4) for r — n, diagram with A = 1, has
been seen the best fit with the observations that shown it in Figure 1. But for the strong
dissipative regime we did not see a good match, which we showed in the below Figure 4.
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