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Abstract

In this work, we study warm inflationary scenario based on a deformation of R? gravity. We start con-
sidering R? and assume p = 2(1 + §) with § <« 1 so that we simply obtain warm R? inflation when setting
8 = 0. We then derive the potential in the Einstein frame and consider a dissipation parameter of the form
I' = C1 T with C| being a coupling parameter. We focus only on the strong regime of which the interaction
between inflaton and radiation fluid has been taken into account. We also consider a detailed analysis of
the background dynamics, considering the evolution of the relevant quantities. We compute inflationary
observables and constrain the parameters of our model using latest observational data reported by Planck.
From our analysis, we discover that with proper choices of parameters the derived ng and r are in good
agreement with the Planck 2018 observational constraints. Particularly, we constrain the potential scale Uy
of the models.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

A framework so called cosmic inflation responsible for an early rapid expansion of our Uni-
verse becomes a pillar of modern cosmology. It is successful not only to describe important
issues that plague the standard Big Bang model, e.g. the horizon and flatness problems, but
also provides a dynamical mechanism for generating the primordial energy density perturbations
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seeding for a late time large scale structure. This was well known as “cold inflation” [1-5]. In the
standard picture, the (p)reheating mechanism at the end of inflation is required in order to have
particles/radiation populating the universe. These involve the presence of interactions between
the inflaton with other fields resulting the (partial) decay of the inflaton into ordinary matter and
radiation, see e.g. [6-8].

However, an alternative approach that the (p)reheating is unnecessary was later proposed. The
process can be reliable if one introduces a coupling between inflaton and radiation of which the
energy density of radiation can be maintained almost a constant during inflation. The mentioned
alternative scenario was known as “warm inflation” [9-13]. Such a scenario gained much at-
tention to the community. In other words, it was originally proposed to provide sufficiently hot
thermal bath. In the context of warm inflation, it was found that recent studies in many different
theories were proposed. For instance, the authors of Ref. [14] conducted a possible realization
of warm inflation owing to a inflaton field self-interaction. Additionally, models of minimal and
non-minimal coupling to gravity were investigated in Refs. [15-20]. Recently, warm scenarion
of the Higgs-Starobinsky (HS) model was conducted [21]. The model includes a non-minimally
coupled scenario with quantum-corrected self-interacting potential in the context of warm infla-
tion [22]. An investigation of warm inflationary models in the context of a general scalar-tensor
theory of gravity has been made in Ref. [23].

In this work, we investigate warm inflationary models in the context of a deformation of
R? gravity. We introduce a coupling between inflaton and radiation — a dissipative term. We
demonstrate that the model can complete the radiation dominated Universe at the end of inflation
and confront the predictions with the last Planck satellite data.

The paper is organized as follows: In Section 2, we will take a short recap of the formalism
in the R? theory with p > 2. Here we present detailed derivations of the field equations as well
as the potential in the Einstein frame. All relevant dynamical equations in warm inflation under
the slow-roll approximation are given in Section 3. In Section 4, we consider the deformed R”
scenario and derive the spectral index and the tensor-to-scalar ration of the model. In section 6,
we compare the results in this work with the observational data. Finally, we conclude our findings
in the last section.

2. RP setup

One of the simplest classes of a modification to Einstein gravity is to engineer the Einstein-
Hilbert term in the action. One possibility is a generic function of the Ricci scalar. This class
of theories is well known as the f(R) theories. There were much earlier and pioneer works on
f(R) and other gravity theories, see [27,28]. In this section, we consider the traditionally 4-
dimensional action in f(R) gravity including the matter fields and closely follow setup given in
Refs. [29,30].

22

1
S=— d4xJ—_gf(R)+/d4x\/—_g£M(gﬂu,‘lfM), (0

where we have defined x> = 87G = 871/rr112>l = l/M%,l, g is the determinant of the metric g, ,
and the matter field Lagrangian £j; depends on g,, and matter fields W7, and mp and Mp
represent Planck mass and reduced Planck mass, respectively, with Mp; =mp;/ /87 The field
equation can be directly derived by performing variation of the action (1) with respect to g, to
obtain [29,30]
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1
F(R)Ryy(8) = 5 f (R)gyu = Vu Vo F(R) + g OF (R) = kTl )

where F(R) = 3f(R)/dR and the operator O is defined by O = (1/,/—8)9,(~/—g8"" ).
Basically, the energy-momentum tensor of the matter fields is given by a definition Tl%) =
(—=2//—8)8(/—gLm)/8g"’. Here it satisfies the continuity equation such that V“Tﬁf“ =0.
The action (2.1) in f(R) gravity generally corresponds to a non-linear function f in terms of

R. Tt is possible to derive an action in the Einstein frame under the conformal transformation
[31,32]:

g’uv = nguv s 3)

where © is the conformal factor and a tilde commonly represents quantities in the Einstein
frame. The Ricci scalars R and R in the two frames are related via

R=*(R+601InQ2 — 679, 1nQ3, InQ), )
where
- 1 — . 0, InQ
BInQ=——0,(V=28"0,InQ), Q@=L (5)
/& axH
We rewrite the action (1) in the form
/d4x~/_( FR — V) + / d*x /gLy (guv, ¥u)., (6)
where
FR—f
V= —. 7
22 (7N
Using Eq. (4) and the relation \/—g = Q~*,/—g, the action (6) is transformed as
1 ~ -
E_ /d4x\/—g<ﬁFQ’2(R +6011nQ — 639, In 0, In Q) — 274V
K
+/d4x\/ _gLM(g,uVs \IJM)~ (8)

The Einstein frame action as a linear action in R can be directly obtained using 2 = F, and it is
very useful to introduce k¢ = +/3/21n F. Then we have In Q = k¢ /+/6. Because of the Gauss’s
theorem, the integration f d*x/— 200 1n Q vanishes. Therefore, the action in the Einstein frame
reads

1 ~ 1
5 = [ d'xy/=3 (53R~ 58" 3,000 - V@)

+ /d4x\/ —ZLu(F~ ()& Yi), ©))
where the scalar degree of freedom takes a canonical form with a potential
U@)= o5 =] (10)
F2- 2k2F2

Let us consider inflationary dynamics in the Einstein frame for the scenario also known as the
generalized R? model or R? model [33-36]. With f(R) = R + AR?, we find

3
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31 .
¢=\g;1n(1+xp1ep )- (11)

Substituting the above expression into Eq. (10), we obtain

FR — »
U(¢) = 2K2Féf = U0672V2/3K¢<e«/2/3l(¢ _ 1) p—1 ) (12)
where
1 —_— —
Uo= 55 (p—pr/I=ral/i=r). (13)

Note that for p =2 and A = 1/(6M?) the potential (12) recovers the potential for R? inflation:

3M? 2
U@ =S~ (1 _ e*mw) . (14)

Hence the Lagrangian density of the field ¢ is given by Ly = —1/28""9,,¢0,¢ — U(¢) with the
energy-momentum tensor

2 3(V—-8Ly)
/—g sghv
We notice from Eq. (9) that the scalar field ¢ is directly coupled to matter in the Einstein frame.

In order to see this more explicitly, we take the variation of the action (9) with respect to the field
¢ following the usual Euler-Lagrange technique:

0(y/Le)\  (y/FLs) Lw _
a"( E >+ EY) + dp
implying that

- 1
T = - = 8,$0,6 — 3| 58" %D + U (@) as)

0, (16)

1 oL - 1 o
—— "M _0, where f¢=——=0,(vV-23""39) (17)
/ _g a¢ A/ —g
The energy-momentum tensor of matter in the Einstein frame is given by
2 8(v—gLm)
/% gy
Using the standard technique, the derivative of the Lagrangian density Ly = Ly (gu) =
Ly(F~! (¢)8,.v) with respect to ¢ yields

O¢ —Ug+

(M
T =—

(18)

aL 8Ly 0gh? 1 8Ly (0F(p)g™ Fg ~
M 8Ly 0g"" m (0F(9)g )=— =z Lo jongun

= = 19
¢ gV 0¢ F(¢) 6gnv ¢ 2F M (19)
In f(R) gravity, we have —F 4/2F =X = —1/+/6. It then follows that
oL ~
M _ ek XT, (20)
d¢
with T = 8uv THv (M) — —om + Sf’M in which we have assumed perfect fluids in the Einstein

frame. Substituting Eq. (20) into Eq. (16), we obtain the field equation in the Einstein frame:
B¢ — Uy +«XT =0, (1)
showing that the field ¢ is directly coupled to matter.

4
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3. Slow-roll dynamics in warm inflation

It is worth mentioning that we will directly couple the fermions in the Einstein frame La-
grangian (9). In the following, we assume the model present in Ref. [26] for the interactions.
Considering the Einstein frame action with the flat FLRW line element, the action (9) leads to
the Friedmann equation for warm inflation taking the form

, 1 (1.,
H :W<E¢ +U(¢>+pR), (22)
p

with ¢ = d¢/dt and p, being the energy density of the radiation fluid with the equation of state
given by w, = 1/3. As of the standard fashion, the dynamics of the scalar field (¢) with the
dissipative term (I") in the context of warm inflation scenario is also governed by the Klein-
Gordon equation. It is described via

$+3HP+U () =-T¢, (23)
where U’ (¢) = dU(¢)/d¢. The above relation is equivalent to the evolution equation for the
inflaton energy density pg given by

P +3H (pg + pp) = —T'(py + py) , 24

with pressure py = $%/2 — U(¢), and Py + Dy = $?. Energy conservation then implies that the
energy lost of the inflaton field must transfer to some other fluid component p,. Here the RHS
of Eq. (24) acts as the source term. Hence we have

po +3H (py + pa) =T (pg + pg) . (25)
In case of radiation, we have p, = pg and
Or +4Hpr =Té>. (26)
1/4

A condition for warm inflation requires pg * > H in which the dissipation potentially affects both
the background inflaton dynamics, and the primordial spectrum of the field fluctuations. To have
the accelerated expansion, the motion of the inflaton field has to be overdamped during warm
inflation. Following Refs. [24,48], we consider the general form of the dissipative coefficient,
given by
Tm

T
where m is an integer and C,, is associated to the dissipative microscopic dynamics. Different
choices of m have been studied in Refs. [24,48,49]. Namely, (1) m = 1: this case corresponds
to the high temperature regime, see Refs. [12,15,26]; (2) m = 3: this model is motivated by a
supersymmetric scenario [12,48,50], and is found in a minimal warm inflation [51-53]. Instead
of the Hubble term, this can be achieved due to the present of the extra friction term, I'. In
slow-roll regime, the equations of motion reduce then to:

r=Cy 27

3H(1+ Q) = ~Uy, (28)
4pr ~30¢°, (29)
where we have introduced the dissipative ratio Q =I'/(3H) and Q is not necessarily constant.

Concretely, the ratio Q may increase or decrease during inflation since the coefficient I' may

5
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depend on ¢ and T'. The flatness of the potential U (¢) in warm inflation is measured in terms of
the slow roll parameters which are defined in Ref. [41] given by

My (U\? U U'r
p 2 2
= — e , :M -, :M . 30
T <U> =My P P(UF) (30)

Notice that the last term disappears in standard cold inflation. In warm inflationary model, we
define the slow roll parameters as follows:

__°f __1

Inflationary phase of the universe in warm inflation takes place when the slow-roll parameters
satisfy the following conditions [41-43]:

eH €19

e<L1+0, n<1+0, BL1+0, (32)

where the condition on B ensures that the variation of I' with respect to ¢ is slow enough.
Compared to the cold scenario, the power spectrum of warm inflation gets modified and it is
given in Refs. [38-42,44-46] and it takes the form:

2
B sz Ty 24/37 Ok
Pr k) = (27T¢;k> (1 +2ny + (Fk) m) G(Qx), (33)

where the subscript “k” signifies the time when the mode of cosmological perturbations with
wavenumber “k” leaves the horizon during inflation and n =1/ (exp H/T — 1) is the Bose-
Einstein distribution function. Additionally, the function G(Qx) encodes the coupling between
the inflaton and the radiation in the heat bath leading to a growing mode in the fluctuations of the
inflaton field. It is originally proposed in Ref. [38] and its consequent implications can be found
in Refs. [40,54].

This growth factor G(Qy) is dependent on the form of I and is obtained numerically. As
given in Refs. [16,39], we see that for I" < T':

G(QW)tinear = 1 +0.018507315 4-0.3350, %% (34)

In this work, we consider a linear form of G(Qy) with Q > 1. Clearly, for small Q,i.e., Q <1,
the growth factor does not enhance the power spectrum. It is called the weak dissipation regime.
However, for large Q, i.e., Q >> 1, the growth factor significantly enhances the power spectrum.
The latter is called the strong dissipation regime. The primordial tensor fluctuations of the metric
give rise to a tensor power spectrum. It is the same form as that of cold inflation given in Ref. [13]
as

Pr(k) = ;—6(%)2 (35)

The ratio of the tensor to the scalar power spectrum is expressed in terms of a parameter r as

. Pr (k)
Pr(k)

(36)
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4. Warm deformed R? scenario

In the present analysis, we will consider warm inflation in the strong regime that the inflaton
perturbations are non-trivially affected by the fluctuations of the thermal bath, and the amplitude
of the spectrum may get a correction, generically called the “growing mode”, depending on the
value of the dissipative ratio. This was originally conducted by Graham and Moss [38]. Since the
solutions when p = 2 are well known, hence we rewrite the potential by substituting p/(p—1) =
2(1 — §) with § <« 1. Therefore, we can use perturbation theory in the small parameter §. The

resulting potential (12) takes the form
U (§) = Upe V39 (emm B 1>2(1—5) |

where

2(6—1)
26 —1

From Eq. (30), we cam compute the slow-roll parameters to obtain

J3e

4| se ™ —1

~2 425+ O(?).

1
U():ﬁ(p—l)pp/(l_p)kl/(l_p) with p=
K

2

V3o
f=— @) | 1-e T |,

3leMr —1

/3¢ V30

de Mp | 5| 28e M —3 | —1]+38 3
38e Mr
n= 2 “m@ | 1l-—F]:
V30 V3¢
3le™ —1 er —2

41 2eMr —3 e Mr —1
p= L =gy [ 1 -8
V3o

15{e™ —1

where we have defined slow-roll parameters for p =2 as

V30 3

4le™ —2 4| 2e M —3
4
2¢) = ———— M) =————L ()=
3leMr —1 3leMr —1 151e ™ —1

(37)

(38)

(39)

(40)

(41)

(42)
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We find Q for the strong limit:
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Mp
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Upe
N J2C (

J3o

=357 =02(¢) |1 —8e ™ 43)
2/20 (30
Uge Mp |eMp 1|2
M3
where
Uple Mp -1
_Y6¢
Upe Mp M,Z;
J2Cy ac
02(p) = . (44)

33/5

2
/3o
Upe Mr e

2
MP

V30 )
My _q

Our strategic analysis here is that we first solve the system for § = 0, and then use perturbation

theory in the small parameter § and search for a solution to this condition of the type

Pend = Pong + P15 (45)
For § =0, we consider
4
&2 = )
@) % (46)
V3¢
3leMr —1
Uole Mp <1
&
Goe M 3
J2¢, “c
029) = 355 L @7
Upe Mp | e Mp 1

7
M

When inflation ends, one finds from Eq. (32) using a condition gepg & Qeng With § = 0:

8
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\/_¢end
Uple Mr -1
fd’end
M2

Upe Mp _—
P
4 20 ( ac )

27 733/5
f¢end 3 2\/7¢gn_dO ( [¢end ) ’
e —1

(48)

3 -1 Upe  Mr

P

Apparently, the above equation can be analytically solved to obtain exact solutions. To this end,
we can solve Eq. (48) to obtain a value of the inflaton field at the end of inflation to yield

31 29C, U,
§=0 rvo
~ SsMpl <7) 49
Pend 5 g Mplo 32C, M} @)

2
where a large field approximation has been implemented by assuming e\/;¢e“d/ Mr 41~
e\/gd)end/ M P

for ¢1:

. Substituting a solution (49) into Eq. (45) and then applying to Eq. (48), we find

1 C, U
~ Y 3Mm, 8§ L2 50
$1=3 V3u, CiM3 0

Therefore, the solution reads

¢end ¢end + ¢ l5 =

31 2°C, Uy 1, s/54 C,Up
“M,1 (— Z25/83M, § 5. 51
288 3201M;>+5 V3My Cim? oD

Taking 8 = 0, we simply obtain the results of R>-type warm inflation, see Ref. [21]. Moreover,
the inflaton field at the Hubble horizon crossing in the strong regime, ¢y, can be determined
using the perturbation trick. For the number of e-folding, we see that

Pini

1 [ ou
N=m/7d¢’
p¢end
D)

& Uo\/%[ Mp
BT AT
(1 +8e Mr )
1624/53%/3 \/%

We search for the solution of the type:
SN =N+ 8. (53)

Consider Eq. (52) using § = 0, we find for ¢;SV:0:

Pini

(52)

®end

9
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31 252433C, N3U,
§=0 r 0
= M,lo (—————————————). 54
O \[23 PO\ Ss ci oY
Substituting Eq. (54) into Eq. (53), and applying back to Eq. (52), we then solve to obtain
$N = oy + ¢
31 252433C, N3Uj
= [t o (ZEECAN Uy
23 5 cim
4/6M, [NSUOC, ( N e

414
5(5 52/3_24%> ciM4

As done above, we therefore can re-write the slow-roll parameters in terms of the number of
e-foldings, N, by using large field approximation in the strong Q limit and then we find

3 4454 3/ NSUQC, 3 N3UyC,
125V5Ct M, 3 Gus~ 250 (9 523N3UNC, —252/§ch;4,< T >2/3)
~ - , (56
’ 432N>UoC; 5 2/3 o NSUGC, 0
2/34 g4 [ N2UoCr ) 2/3 2/3 _ N>UyC,
55/CM( 10p>/ 205(55 9*/CM4)

A~ — - :
18N3UoC, 23 NSUGC,
9(5 5% — 24 J G

B~ — —~ -~ . (58)

9N5U()Cr N3UpC,
9 552/3—243/TI&2

Moreover, we can write Q for the strong limit in terms of N as

/U
52/3C5M6 / Ug y OC . (NSUOC ) 13/15
M 1Cr

N5U02Cr
N3UyC, 3 s/ N3UoC,
3<C4A(/)14)8/15_1052/35 C4A()44>
17%p 17%p
N3UyCy _ 2/3 .
15Uy <24 3 —c;‘Mjg 552/ )

It is noticed that for a large field approximation the results given above do depend on a small
number, 8, as expected. When setting § = 0, we have the results of warm scenario for R>-type
inflation, see for instance Ref. [21] for Higgs-Starobinky inflation. Since the energy density dur-
ing inflation is predominated by its potential of the inflaton field. Therefore we can write the
Einstein equation as

+

- 25) 5. (55)

(57)

On =~

U

8C18M> | Yo 5 0
M2

(59)

10
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230 f Pk 2(1-8
gt U B ( My — 1) - (60)
3 M2 3 M7
Using the above relation, we can write Eq. (28) for our model as
. Uy My M2 30
¢~ — ~ (e Mr +9). 61)

3H(I+0Q) ~ 3/a(Q+1)

Then combining these two quantities, we end up with to the first order of 4:

HE __4/m0+1 /ﬂ i (1+e/;fka) 62)

27 ¢k M,

On substituting Eq. (61) in the energy density of radiation given in Eq. (26), we obtain the
temperature of the thermal bath as

/30

5o (3Q9P\A 1 (QUge W 1/41 /;:k 2 63
k‘(4cr> A\ Gy ) e/ ©3)

with C, = 72g,/30 where g, is the number of relativistic degrees of freedom during warm
inflation. Regarding Ref. [19], we can take g, =~ 200. Then we can combine the above result
with H from Eq. (60) to obtain the factor 7'/ H to yield

1/4
230 i
T V&) Upe” Mr i
T V3 QUoe | a-e s, (64)
Hj 473/4 [ Ug. G @+
T e
14

Since the dissipation parameter is defined as Q = ﬁ for model of warm inflation, we consider
I' = C1T. After substituting this form of I we obtain T = % We equate this with Eq. (64) to

obtain

k3 flo Al (V3c2s 20U +72n3/2Q2U0 1/2—12713/4Q Uo ’
M, & Y o +172 M3 M) )

(65)

where

1
A= ——F——, (66)
C2 52 30Uy
Cr(Q+1)?
and we have assumed a large field approximation to write Eq. (65). For the dissipation—dominated
regime, the dissipation rate, I, is much greater than the expansion rate, i.e., Q >> 1. In this case,
the evolution of the inflaton field during this phase can be approximately obtained. This allows

us to write the energy density of the radiation field as

2 2\/?¢k \/?»k
(U_¢> =Y [ 1oase | (67)

127 Qk

PR (k) = 20z

11
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Substituting results given in Eq. (65) in Eqgs. (64) and (62), we can express Pr (k) in terms of
variables Qy, C, and Cj. Also, from its definition in Eq. (31), the slow roll parameter can be
written as

¢ 1 4 Vo
&g = ~ 5 1 —28e Mr , (68)
(I+0 (40 Ner

3le Mr —1

\/g Pk

n 1 8—43B5+1)e Mr
nH = > 7 (69)
I+ Q1) (14 Q1) N
3le M —1

From Eq. (60), we can write

2 —
(i) — 8_’Tﬂe—2MK¢(e¢2/_3k¢ _ 1)2(1 » ) (70)
M, 3 My

Using Eq. (70), the tensor power spectrum for this model is evaluated as

16 128 UO {ﬂ Vo | 2(1-8)
~ p — .
(MP1> ( )

Pr(k) = = M4 M

(71)
T
Note here that we can use Eq. (65) and can express Pr (k) in terms of model parameters.

5. Background dynamics

In this section, a detailed analysis of the background dynamics, considering the evolution of
the radiation energy density, pg, and the quantities that are important for warm inflation, e.g.,
¢/Mp, Q,T/H,and so on, would be interesting to be examined. We start in this section studying
how the dissipation parameter, Q, evolves with the number of efolds, N.

13 53¢, MZ\/ES Uoclcr
an = 18N U (NSUOCV) e
4c [ Yo ° UO N3UoC, 8/15 2/3 5| N3UyCr
648 N*C \/; clc, <63( s ) —105%3 9 s )
3CiM2 (%&?)2/3 <24\3/% -5 52/3> 2
M M}
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5 Uo
8C18M2 Ug 168N*UyC, 10 52/31\/4U0c,4
M3 C1Cr C4M4 N UOCr)7/15 C4M4(N5U0Cr) 75
1Mp

cimp
15U0< 245 Ncslj&cf —552/3)
U
2/3 5116 Uo5 NSUOC; 13/15
ssPciMy [ clc,

6NOUZC,
For the inflaton field, we have

d¢/M, _ 127/5/68N* Uy C,

dN Angd 3 NS UOC 2 N3UyC
r /3 _ 3 0Cr
CiMp CIM 55 24 CiMp'

4\/251\1400(:, (9ﬁ* N UoC, —25)

(72)

civp*

+ . 373 -
Angod [ N2UoCr 2/3 3 N UOCr
CiMp (C?Mp4) (55 /3 —243 Iyt )

3268 N*U,C, (9% Y N2UeCr )

cimpt 5

5 5 6N
Ci‘Mp“ 3 l\é?lli/(l);r (5 52/3 _ 94 3 N2UoCr UOCr> 2 \/—
5 U N>UyC i
T/H ~ 7B+C‘l<<— 5M2U0<27IN5 ( C41\044r)
892w [14 "y M

+

(73)

and

where

o]
I

2
s23c3ms | Uy oot NSUOC TP ensuze
M3 C]Cr C4M4 + 0~
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Yo
N5UyC U, N3U,C

c= (557 -24=20) |5 mS [ =2 =t ) S v entuge,
cimd MZN CiCr \ Cim

(75)

For the energy density of radiation, we find

4/5
2/3 UOV% 32 NS N3UyC B 404 [ NSUGC, \ 4/5
P : b . 5 ;
20 5°38C, [ 9V/5N3UHC, <—°> —25C{ M} (—0) /

Ccim4 cim4
d,OR o 17%p 17%p
dN 2/3 2
4714 N3UyC, 2/3 N3UyC,
9w CEMAN <—Ci‘M‘p‘ ) (5 52/3 — 243 yes )
4/5 4/5
Uo |8 ! Uo [ % / X /15
175 5°3¢, | - 125 5°3cimy | =L <Nciff&§r>
4
+ woe Vo5 11527 NSU,
34567 N (4—"4>
17%p
4/5
to M—% 3/2 75 N3UyC, 21 4104 [ N UC e
2/3 P 0Cr _ 0Cr
5553 | =& 95N UoCr< ciai ) 25c1M,,< Gins )
+ 5
187 N6U, (5 52/3 —24 3 —chUA(};?)
Uo | Yo 43 2/15
0\ M2 Y5NOU2C? 5 4
52/35 Mp 6 0Cr 455N4UnC. [ N2UoCr _ 100N*UpC,
CiCr C4M4<M>13/15 +4535 0Cr —C‘I‘M;‘; —5 VU
1A ot v
187 N5Uj <5 52/3 —24 4 —NCSi‘UAZ,E)
(76)

We display the background dynamics by considering the evolution of the radiation energy
density, O, T/H, T/M, and ¢/M, in Fig. 1. We illustrate the evolution of the different
dynamical quantities in the deformed R? model, obtained numerically for an example with
C, =70, C;=0.3,5=0.02,and Uy =10""" M.

6. Confrontation with Planck 2018 data

In this section, the inflation potentials can be constrained using the COBE normalization con-
dition [25]. This can be used to fix the parameters of the models in the present analysis. From
Planck 2018 data, the inflaton potential must be normalized by the slow-roll parameter, ¢ and
satisfied the following relation at the horizon crossing ¢ = ¢ in order to produce the observed
amplitude of the cosmological density perturbation (Ay):

14



A. Payaka, W. Amaek and P. Channuie Nuclear Physics B 986 (2023) 116052

23 1 10}
30t
[¢]8
25k 9
T =
= 20f x of
(<] s
15¢ s
1.0f i
0.5F ) ) ) -] 6k, . ) ) -
40 50 60 70 80 40 50 60 70 80
N N
38 _' T T T T T T T T 3
1.4}
36}
34k ] Yo 12
< 32} | & 19
S 30f S 08t
28} | & 08
26EL 1 04}
24 " . i E 0.2f ; . ; o
40 50 ) 70 80 40 50 60 70 80
N N

Fig. 1. We display the dynamical evolution in warm inflation with a potential given in Eq. (37). The behavior of the
dissipation parameter Q (purple line), the ratio 7/H (red line), temperature of the Universe T (in units of Mp), the
homogeneous inflaton field ¢ (in units of M), the energy density in ¢ is shown as a function of the number of efolds
N Wligh tge dissipation coefficient I' = C;T. To generate this plot, we take C; = 0.3, C, =70, 6 = 0.02 and Uy =
1075 M.

U(pn)

e(én)
Taking the potential Eq. (37) and the first slow-roll parameter ¢ given in Eq. (41), and substituting
¢n given in Eq. (55), we approximately find that

12x1074CyP M4 7.2 x1075C{ M
~ 5

B Yo " NJ/C;

r

~ (0.0276 M,)* . 7

(78)

As of the primordial power spectrum for all the models written in terms of Q, A, and C1, we
can demonstrate how the power spectrum does depend on the scale. The spectral index of the
primordial power spectrum is defined as

_dinPr(k) dInPgr(k)dQdN
~dn(k/k,)  dQ  dN dx

ng — (79)

k=k,

where x = 1In(x/x,) and k, corresponds to the pivot scale. From a definition of N, it is rather

straightforward to show that [19]
dN 1

d_x_ 1—81—1'

(80)

Now we compute r and ng using Eq. (36) and Eq. (79) for a linear form of the growing mode
function G(Q) given in Eq. (34). Note that r and n; are approximately given in Refs. [16,39,40].
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Fig. 2. We compare the theoretical predictions of (r, ng) in the strong limit Q >> 1 for R” model. We consider a linear
form of the growing mode function G(Q ). For the plots, we have used Ug =~ 10-10 M?,, C; =0.30,6 =0.02 and
C; =170 (orange line), and C, = 120 (purple line). We consider theoretical predictions of (r, ny) for different values of
N with Planck’ 18 results for TT, TE, EE, +lowE+lensing+BK15+BAO.

We show the predictions of deformed R? gravity in Fig. 2 where we have used two values
of C, =70, 120. We have also found that if dissipation is already strong at horizon crossing,
QO > 1, the spectrum becomes more blue-tilted. This is due to the coupling between inflaton and
radiation fluctuations. This behavior was noticed so far in Refs. [16,26].

7. Conclusion

In this work, we have investigated warm inflationary model in the context of a deformation
of R? gravity which is coupled to radiation through a dissipation term. We start considering
R? setup and assume p = 2(1 4 §) with § < 1 so that we can simply use the perturbation
method. Particularly, our results covered simple warm R? inflation when setting § = 0. We have
demonstrated detailed derivations of the potentials in the Einstein frame, and derived relevant
parameters in the warm R? inflation using the slow-roll approximation. Concretely, we have
particularly considered a dissipation parameter of the form I' = C; T with C; being a coupling
parameter and have focused only on the strong regime of which the interaction between inflaton
and radiation fluid has been taken into account.

In this work, we have also taken into account a detailed analysis of the background dynamics,
considering the evolution of the radiation energy density, pg, and the quantities that are important
for warm inflation, e.g., Q, T/H, T/M, and ¢ /M. To confront the results with the data, we
have computed inflationary observables and have constrained the parameters of our model using
current Planck 2018 data. We have compared the theoretical predictions of (r, ny) in the strong
limit for the model with Planck’ 18 results. With proper choices of parameters, we have demon-
strated that the predictions are in good agreement with Planck 2018 data [37]. Additionally, the
potential scale Uy of the models were constrained using the COBE normalization condition. It
is worth noting that our scenario on warn deformed R? inflation may be possibly linked to the
marginally deformed Starobinsky model [47] dictating the trace-log quantum corrections. How-

16



A. Payaka, W. Amaek and P. Channuie Nuclear Physics B 986 (2023) 116052

ever, the deformation can be tested by current and future experimental results and constitutes a
sensible generalization of the original (warm) Starobinsky scenario.

We should stress here that other forms of dissipation coefficient considered in the literature
might also be relevant to be considered. For example, a dissipation coefficient with a cubic de-
pendence on the temperature given by I' = Cy T3 /¢* was studied in Refs. [12,48,50-53], while
the high temperature regime with I' o« T was found in Refs. [12,15,26,43]. Additionally, for the
case in which a dissipation coefficient depends only on the scalar field with I" oc ¢! was first
considered in warm inflation in Ref. [55]. However, based on the present analysis, analytical
solutions of deformed R? gravity can not be obtained for those of the dissipation forms. This
requires the numerical computations. We will leave them for future investigation.
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