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Inflaton phenomenology via reheating in light of primordial gravitational
waves and the latest BICEP/Keck data
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We are in the era of precision cosmology which offers us a unique opportunity to investigate beyond
standard model physics. Toward this endeavor, inflaton is assumed to be a perfect new physics candidate. In
this submission, we explore the phenomenological impact of the latest observation of PLANCK and
BICEP/Keck data on the physics of inflation. We particularly study three different models of inflation,
namely a-attractor E, T, and the minimal plateau model. We further consider two different post-inflationary
reheating dynamics driven by inflaton decaying into bosons and fermions. Given the latest data in the
inflationary (n; —r) plane, we derive detailed phenomenological constraints on different inflaton
parameters and the associated physical quantities, such as inflationary e-folding number, N, reheating
temperatures T.. Apart from considering direct observational data, we further incorporate the bounds from
primordial gravitational waves (PGWs) and different theoretical constraints. Rather than in the laboratory,
our results illustrate the potential of present and future cosmological observations to look for new physics in

the sky.
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I. INTRODUCTION

Over the last decade, increasingly precise measurements
of cosmic microwave background (CMB) have led to a
new era of precision cosmology. Inflation is assumed to be
a unique mechanism [1-3] in the early universe, which,
apart from solving the problems of the standard big bang,
has very precise predictions of large-scale inhomogeneous
fluctuations. During the course of subsequent evolution,
those fluctuations are translated into CMB anisotropy
[4-6]. Therefore, accurate measurement of CMB aniso-
tropy would be of fundamental importance for establishing
the early inflationary phase. Two fundamental observables
of interest are the scalar spectral index n, and tensor to
scalar ratio r, which are directly connected to the inflaton,
responsible for the inflation. In the realm of observations,
considering the BICEP/Keck(BK) 15 program [7], the
measurement yielded a constraint on the ryos < 0.07 at
95% CL, where subscript k, = 0.05 Mpc~! is associated
with the pivot scale. However, the latest BICEP/Keck 18
[8] result along with Planck 2018 [6] yields the strongest
constraints in the (ng, r) plane with ry s < 0.036 and scalar
spectral index 0.958 < n, < 0.975 at 95% confidence level
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for r = 0.004. In this submission, we intend to explore the
impact of these latest observations on the three classes of
the plateau-type inflationary model.

In the minimal framework, the standard model Higgs
is assumed to be the best candidate for the inflaton
field. However, Higgs inflation [9] requires nonminimal
gravitational coupling, which later on reformulated as
Higgs-Starobinsky inflation [10,11], generically predicts
very low scalar to tensor ratio r ~ 0.003 along with n; ~
(0.955,0.965) within the observational limit. Further gen-
eralization of such a model into a bigger class was invented
as a-attractor E and T model, which can be obtained from a
spontaneously broken conformal invariant theory [12,13].
Another class of model which are also consistent with
observation is dubbed as minimal inflaton model [14]. The
common feature of all these models is the plateau region in
the large field limit, and that leads to quasi—de Sitter
expansion consistent with observation.

Inflation is not the end of the story, though. Reheating,
the phase when the inflaton field transfers its energy into
the standard model fields yielding the radiation-filled
universe is also of great importance when it comes to
understanding the inflaton’s real nature. Reheating is
generically characterized by reheating temperature 7,
and equation of state wy, which are directly related to
the inflaton (¢)-radiation coupling and its potential V(¢).
To realize reheating, we further investigate in detail the
reheating dynamics by solving the appropriate set of
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Boltzmann equations considering two different decay
channels of inflaton, ¢ — ff (fermionic) and ¢ — bb
(bosonic) [15-17]. Where, these massless scalars or fer-
mionic decay products will be considered as radiation,
and their temperature at the end of reheating represents by
T,.. Lack of direct observation leads to a wide possible
range of these parameters, reheating temperature within
(10" GeV, Tggy = 4 MeV), and equation of state within
(—1/3,1). Where Tggy stands for the temperature when
big-bang nucleosynthesis (BBN) occurs and the light
elements form. While observable (n, r) typically encodes
only the intrinsic nature of inflaton to the leading order,
reheating encodes much more. Inflaton is naturally thought
to be a part of beyond the standard model of particle
physics. Therefore, from the model-building perspective
inflaton field can play an outstanding role in constructing
a unified framework of cosmology and particle physics
[15-25]. Towards this goal recently few studies have
been done considering matter like reheating [26-28].
Our earlier attempts were mostly focused on the inflaton-
dark matter sector. In this paper, we explore phenomeno-
logical constraints on the parameters of inflaton potential
and its couplings and derive the bound on reheating para-
meters in the light of aforesaid combined data of Planck18,
BK18, and BAO, along with primordial gravitational
waves.

Primordial gravitational waves (PGWs) are one of the
profound predictions of inflation [29,30]. Because of weak
coupling, it carries not only the imprints of its own origin
through inflationary observable r but also of the postinfla-
tionary evolution, particularly the reheating phase. The
evolution of PGWs during the reheating phase and CMB
observation is observed to set severe constraints on the
inflation and reheating parameters. Around the CMB pivot
scale the PGW spectrum, Q. is constrained by r < 0.036
with typical dimensionless amplitude Qfy, ~ 10713,
However, PGW of subhorizon scale during reheating
develops a w -dependent spectral tilt Qfy, o 1078k "™,
with n, = 2(1 - 3w¢)/(1 + 3w{/,), which greatly enhan-
ces the magnitude of QF,, for equation wy > 1/3. Such
enhancement will be observed to set a lower limit on the
reheating temperature, which we defined as TSV though
BBN constraint on total GW amplitude Qgwh? < 1.7 x 107°
obtained from dataset Planck-2018 + BICEP2/Keck array
[31]. To put final bounds on the inflaton parameters, we
further take into account perturbative and nonperturbative
limits on the inflaton-radiation coupling.

The paper is organized as follows: In Sec. II, we
have started our discussion by demonstrating the inflation
model. In Sec. III, we discuss in detail the reheating dyna-
mics for two different decay channels. PGWs is known to
be an interesting cosmological observable which can
significantly restrict the possible lower limit of reheating
temperature through BBN constraint. We discuss this in
detail in Sec. IV, and show the impact of such a limit on the

inflaton-radiation coupling. In Secs. V and VI, we illustrate
different theoretical constraints, particularly on the inflaton-
radiation coupling and its potential impact on the inflaton
phenomenological parameter space. In Sec. VII, we discuss
in detail the resulting constraints on parameters of inflaton
and associated inflationary, reheating observable. Finally, we
conclude with some future directions.

II. MODEL OF INFLATION

As pointed out in the Introduction, we explore three
different single-field inflation models and left multifield
models for our future work. The associated potentials are

A1 = e VEM" | E —model,

V(¢) = { A*tanh” (L> , T—model, (2.1)

VéaM,

4_¢"
A PPy

Minimal — model,
One particularly notices that for n = 2, the minimal model
boils down to radion gauge inflation [32]. In the large field
limit, all the potential becomes constant V(¢) ~ A* setting
the scale of inflation, and the typical value it assumes
~(10'5,10'%) GeV. The remaining parameters (n,a, @, )
parametrizing the shape of the potential near their mini-
mum. Here one important point is to note that o is a
dimensionless parameter whereas ¢, is measured in M,
unit. Near the minimum at ¢ ~ 0, all the potential assumes
the form V(¢) ~ ¢". These inflationary model parameters
can be measured through CMB observable associated
with curvature, R power spectrum A% = Ag (k/ko)"~".
The amplitude of the spectrum is measured as Ap =
(2.19 £0.06) x 10~ normalized at the pivot scale
ko = 0.05 Mpc~!. Another CMB observable is the scale-
invariant tensor power spectrum, AZT = A7, with the
upper limit on its amplitude, A7 = rAr <0.036 x Ay.
Therefore, we have two inflationary observables (ny, r),
that are expressed in terms of inflaton field through its slow
roll parameters € and 7 as:

ny =1—6¢(p) + 2n(4).

r=16¢(¢), (2.2)

In any inflation model, the above two CMB observable
parameters are typically mapped to two important infla-
tionary quantities, and those are the inflationary energy or
Hubble parameter H;, and the inflationary e-folding
number N;. Under the slow roll approximation, all are
defined at the pivot scale k = k, as,

H :ﬂ'Mp\/rARN V(¢k)
£ V2 \ M

ro s A 3
~2x1075M, R :
% P [0.036] [2.19 x 10-9]

(2.3)
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d)end |d¢|

Ny = _—.
: [ 2€(¢)Mp

(2.4)

Where, M, =243 x 10'"® GeV is the reduced Planck
mass. From the above expressions, one can obtain the
maximum limit on the inflaton potential in the large field
limit, V() ~ A* - A < 1.4 x 10'® GeV. However, more
general expressions for A are available (for a attractor E
and T-model see, Refs. [15,33] for details) which are
corrected by other inflationary parameters (@, n). Where
(xs eng) represents the inflaton field value at the begin-
ning, which is usually set at the pivot scale and at the end of
inflation respectively. The condition of inflation end is
defined as e(¢p,q) = 1. More general expressions for the
Ny and Hy in terms of inflationary parameters can be
obtained in terms of inflationary parameters (see [15,33] for
details). The tensor-to-scalar ratio r turns out as [see, last
expression of Eq. (2.2)]

2 Pk
16n2 (e\/;/wp _

)
3 1 ) ., E—model,
a

1gn csch2<\/%§/;—k>, T—model.
~ P

For the minimal model, r can be calculated numerically.
Post-inflationary dynamics, which we call reheating, will
be controlled by the energy of the inflaton (pe“d) setting all

the other energy components to be negligible,

end A4 |:¢end:|n

40 % 105 [heng] " A 4
P~ M, | T 5 ’

o [M,]| [58x107M,
(2.6)

which is in unit of GeV* and a; = (\/3a/2,v/6a, ¢,) for
a-attractor E, T and minimal model respectively. This
immediately suggests the maximum value of the Hubble
parameter at the end of reheating Hy o~ wM,\/rAg /2 ~
5x 10'3 GeV. Any perturbation generated during infla-
tion will evolve through the subsequent phases and may
acquire distinct signatures of those phases. We particularly
study the reheating phase, which is directly involved with
inflaton decay.

p p

III. REHEATING DYNAMICS AND CONSTRAINTS

Once inflation ends, the inflaton field coherently oscil-
lates around minimum with the potential V(¢) ~ ¢".
The coherently oscillating inflaton can be mode decom-
posed into, ¢(1) = ¢o(r).P(r), with ¢y(z) representing
the decaying amplitude of the oscillation and P(r) =
>, P,e¥ encoding the oscillation of the inflaton with
the fundamental frequency calculated to be [15],

. LG+

Q:m(l)(t)f:md)(t) 2(?’1— 1)

(3.1)

The new symbol ¢ is introduced for later purposes.
The effective mass of the inflaton is defined as mﬁl =

*V(¢)/0¢?|,,. and we have

, (P —m)A V’o]

m
2
P MM

a |~
LG el BRCES
p en

where m;“d is the inflaton mass defined at the end of the
inflation
end)%'

it = V2L
p

(3.3)

As an example, for n = 6 and setting a; ~ O(1), one can
obtain,

end 14 A % P an }

iyt~ 4510 [1.4 X 1016] [4.1 X 1064} - (34)
measured in GeV. Radiation fields coupled with inflaton
will be produced during this period quantum mechanically,
which is called reheating. Associated with this oscillating
field, we identify the effective inflaton equation state
wy = (n—=2)/(n+2). We assume n > 2. Therefore, dur-
ing reheating, we will focus on the equation of state within
0 <wy < 1. The oscillating average energy density of the
inflaton is defined with respect to ¢ as p, = (1/2) x
(P*+ V() = V(9)| #- In order to solve reheating
dynamics, the Boltzmann equations for the energy density
of radiation (pg) and inflaton (p,) supplemented with the
Hubble equation are,

pr +4Hpr = Typy(1 +wy),

Pyt PR
H?> = , (3.5)
3M;

where, Iy, is the inflaton decay rate. As stated earlier,
inflaton is decaying into radiation, and for our study we
consider radiation to be either massless scalar or fermion.
We chose two phenomenological decay processes governed
by the following interaction Lagrangian,

hpff ¢ — ff

wa {1 36)
gpb* ¢ — bb

with f(b) standing for fermionic(bosonic) particle. 4 is the

dimensionless Yukawa coupling, and ¢ is a dimensionful

bosonic coupling. The associated Feynman diagrams are
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FIG. 1. Feynman diagrams for two different inflaton decay
channel: (i) ¢ — ff, (ii) ¢ — bb.

depicted in Fig. 1. Note that, although our analysis will be
limited to these two scenarios, using the same methodol-
ogy, one can analyze other inflaton-radiation couplings.
Incorporating the inflaton oscillation effect, the effective
inflaton decay rate Iy, associated with these two processes
have been computed [15,17], and can be expressed in terms
of inflaton energy density as

2n(n—1); A &M% py =2 -
r. — 3a <M,,)" gn t (ﬁg) w, - ff (3 7
" 30 (Mp\i Gen (P bb
211(;1—1)( A ) 87M,, (W) " ¢ - s

The ratio of the oscillation induced effective coupling
parameters h.; and g over their respective tree level
values are calculated to be [15]

Gett 2_ n n— . v 2
(7) S LR SICTEE

(55) = 2m-ve Y wime. 69)

In the Table I, we have tabulated the effective coupling
constant with respect to tree label one. It is interesting to
observe that the oscillation with a higher n value effectively
enhances the bosonic production rate but significantly
diminishes the fermionic production rate. For example,
going from n = 2 (matter like) to n = 10 (w, = 0.67) for
inflaton, the tree-level bosonic coupling gets doubled
Geri ~ 29, whereas that of the fermionic coupling reduced
by half Ay~ 0.5h. With all these ingredients, we have

TABLE 1. Numerical values of the Fourier sums in the effective
couplings.

n(wdi) ZD‘PDP ZU3|PD|2 qu“ h]sz
2 (0.0) i % 1 1
4 (1/3) 0.229 0.241 1.42 0.71
10 (0.67) 0.205 0.256 2.13 0.49
20 (0.82) 0.191 0.286 2.92 0.38
400 (0.99) 0.174 0.358 12.5 0.10

solved the coupled Boltzmann equation (3.5) numerically
with the appropriate boundary condition. For analytical
estimation, we also obtain the approximate analytical
solution for different energy density components as

a \ ~3(1+wy)
()"

Aend
d a2 ~3-9y,
Py (Iwy ) my' iy ( a —329 ¢ ( a )—4
47!(5—9W(/,)chd Qend Qend (3 10)
PR = d ) 33w .
Py (14w ) gy a —H; ¢ a )—4
47:(5+3w(/,)m3)"dchd Aend Aend ’

Here, (Hnq, mfbnd) are the Hubble constant, inflaton mass
calculated at the end of the inflation. With this solutions, we
can identify important physical quantities, namely, reheat-
ing temperature T, defined at the end of reheating at
Pp = PR X T%.. At the reheating point, the energy density of
radiation will be

30pcnd 1
T ( 1 ) el (3.11)
3N, ,Dfpnd 3
— 6 x 1015 7=(1+wy) |:41X71064:| , (3.12)

where, ¢ is the effective number of relativistic degrees of
freedom at the end of reheating, and we take ¢i¥ = 100
though out the paper. From the above equation, it is clear
that we have an upper limit on the reheating temperature
Th* ~ 10 GeV, for N, =0, dubbed as instantaneous
reheating, and as expected that does not depend on the w.
As mentioned earlier in the introduction, there exists a
naive lower limit on the temperature 70" = Tppy =
4 MeV [34,35], which can immediately give us the relation
between the maximum reheating e-folding number asso-
ciated with BBN constraint as,

end

Py

!
% ml2sx108| -2 (a3
3(1 +wy) n[ x {4.1 x 1064} } (3.13)

NllilélaX ~
This clearly suggests that the maximum reheating e-folding
number decreases with the equation of state. Now as an
example, for p§'d ~4.1 x 10° GeV*, NEg* simply turns
out as ~56.5/(1 +w,). N ~56.5 for a matter like
inflaton equation of state (w,; = 0) and it reduces to half
Np™ ~28.2 for kination like state (w, = 1).

Post-reheating history is also important in order to put
constrain on the inflationary e-folding number. The generic
assumption after the reheating phase is that the comoving
entropy density remains conserved, and such conservation
law starting from reheating end to the present day imposes
an additional relation among the parameters (Ny, N, Ty.)
as follows [36,37],
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43 \ /3 (ayH
T, = (119‘6) (%) e~ WNitNe) (3.14)

where the present CMB temperature is T, = 2.725 K.
Considering H; ~ H.,q [which may not true for higher
values of a(¢,)], expression for N,. can be expressed in
more simplified manner,

AR
Nk—ln |:12X 10 [m] T—re:| _Nre' (315)
Here T, is measured in GeV unit. From the above relation,
if we consider p5'* ~ 4.1 x 10% GeV* and N, ~ 0 (instant
reheating) that immediately sets the maximum probable
reheating temperature 7% ~ 10> GeV and the inflation-
ary e-folding number for the CMB pivot scale as
Ny ~57.8. The most important point of the relation
Eq. (3.14) probably is that for a given model, it offers
an interesting relation between inflaton-radiation coupling
following the relation T, o /Iy with the inflationary
observable n, through the e-folding number Ny, which is
apparent from the Figs. 5-8. For the special case,
wy = 1/3, Ny turns out to be independent of the reheating
temperature 7', (see Fig. 8). For a fixed inflation model N,
solely depends on inflation parameter as follows, [21,37]

[_Iendl/2
Ny =40.26 —In( ———— ).
k n( Hk

(3.16)

The above equation implies that Ny is only sensitive to the
H; and H_,4 value, which is regulated by the potential
parameter a(¢, ). The limiting value of a(¢, ), Heng and Ny
are shown in Table IV.

So far, our discussions are on two main points, the nature
of large-scale inflationary fluctuations imprinted into
(ng,r) and the background reheating dynamics con-
straining the reheating parameters. However, the dynamics
of high-frequency modes, particularly of PGWs, turn out to
offer stronger bound on lower reheating temperatures than
Tgpn. particularly for a stiff equation of state wy > 0.6.

IV. PGWs AND CONSTRAINTS

Because of its naturally weak coupling, GWs prove to be
an outstanding probe to look into the early universe, which
can be as early as inflation and reheating. We wish to probe
the reheating phase particularly and see how PGWs play
out, yielding stronger constraints on the inflaton-radiation
coupling by raising the lower limit of reheating temper-
ature. However, to probe the reheating phase’s typical
frequency range, one requires a wide span of 10'' > f >
1071° Hz, which is way outside the window of the CMB
spectrum. Here, the frequency, f associated with a par-
ticular mode k is related by f = 2x/k. Therefore, along
with the constraints on the large-scale fluctuation by
PLANCK, BICEP/Keck, we consider high-frequency

PGWs to obtain further constraints on the inflaton model.
Interesting to note that a large number of proposed/ongoing
GW detectors are designed within this wide range of
frequencies [38-43], and there is a growing anticipation
that the stochastic GW background may provide us hints
about the physics operating in the early universe, including
reheating. PGWs generated from the quantum vacuum
during inflation evolve through the different phases of the
universe, including the epoch of reheating, until we observe
them today [44—47]. The amplitude and the evolution of the
PGWs spectrum are sensitive to the energy scale of the
inflation and the postinflationary reheating equation of state
wy. For those modes between k. < k < k; which become
sub-Hubble at some time during reheating, the PGW
spectrum at the present time assumes the following form,
(see [45] for detailed calculation)

(2—6w{/,)

. k TT3wy)
Ok 2 ~ Oinf h2‘M x 2
GW GW T

o (4.1)

4
where, u(w,) = (1 + 30)’/’)”3%F2(§ixz

cally an O(1) value. Therefore, the above equation contains
two main components. The scale-invariant part, controlled
by the inflationary energy scale,

), which is typi-

o QpH? Heg )2
Qi =R emd 3551077 () (42)
1277 M2 107°M,

where we used the present radiation abundance Qgh? =
4.16 x 1073, the second part is the scale-dependent one,
which encodes crucial information about reheating. k. is
the mode that enters the horizon at the end of reheating, and
its value naturally depends on T,.. On the other hand, k¢
enters the reheating phase at the beginning and is fixed by
H..q- We can clearly see from Eq. (4.1) that modes entering
during reheating becomes red tilted for wy < 1/3, and blue
tilted for wy > 1/3. Thus, amplitude of the GW energy
Qfwh? is an increasing function of k for w,, > 1/3. In the
next part, we will discuss the calculation part of the BBN
constraints in the context of PGWs.

The effective number of additional relativistic degrees of
freedom quantified by AN at the time of BBN place tighter
constraints on the reheating temperature. High-frequency
GWs can be thought of as an effective relativistic degree of
freedom during reheating. Therefore, if the reheating phase is
long enough to correspond to low reheating temperature,
ki > k,,, the GW energy puts a tighter constraint. The
constraint equation is expressed as,

1 8 /11\%3 [kdk
ANy > ——— | — — QK 2 (k
eff—QRh27<4> lo k GW ()

The combination of the latest Planck 2018 + BAO data
provides AN < 0.284 (within 2-0) [48]. The straightfor-
ward calculation with the above equation yields the following

(4.3)
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FIG. 2. Variation of the dimensionless energy density of PGWs
observed today, viz Q. as a function of frequency over a wide
range for a-attractor E model (a = 1).

bound on the total GW energy density Qgwh> < 1.7 x 1076
and that is depicted by the solid red line in Fig. 2. However, we
wish to translate this bound into the associated reheating
temperature. In the above expression, it is the maximum
k ~ k; which contributes the most to the total GW energy, and
one obtains the following constraint relation,

(2=6wy)

2.1 x 10_””(W¢>(1 + 3W¢) Hend 2 < kf (=)
n’(6w¢ -2) 10—5Mp kre

(4.4)

The relation between the two scales (k;, k) can be further
expressed in terms of reheating temperature as follows:

=2(1+3wy)
k) _ (S S
k_re - 2gre re .

Finally, using the above relations into Eq. (4.4), we obtain a
lower limit on the reheating temperature, particularly when
the inflaton equation of state w, > 1/3,

(4.5)

45. 6M4 - w(; end _;Elli:fﬁ))
re > 0.35 ”(¢) (p¢ ) ’

= TGV, (4.6)

Setting the above temperature with BBN energy scale
TGV ~ Tgpn(4) MeV, we can see that the BBN bound of
PGWs only important when w, > 0.60. We symbolize this

new lower limit on reheating temperature from PGW as TGW.
As an example for wy = 0.82 (n = 20) the expression for

TSV can be expressed as
p?ﬁnd %
)

1><106<

Now for Hy = 10" GeV, TSV simply turns out as
5 x 10* GeV, and that will set the lower limit on the reheating

TGV ~ (4.7)

TABLE II. Numerical values of the TSV for a fixed value of
Hepq = 103 GeV.

n(wy) TSV (GeV)
8 (0.60) 1.8 x 1072
10 (0.67) 134

12 (0.71) 3.6 x 102

20 (0.82) 5.0 x 10*

50 (0.92) 1.2 x 10°

100 (0.98) 4.7 x 10°

400 (0.99) 5.7 x 10°

temperature. In Fig. 2, we showed blue tilted behavior for
wy = 0.82, for two different sample reheating temperature
(10*,10%) GeV. For T, = 10° GeV, Q&yh>~107* at
k = k¢, and it clearly violates the BBN constraints discussed
just above. However, for T, ~2.7 x 10* GeV, we see
Qléfv\,h2 marginally satisfies the BBN constraints, and that
is consistent with our above estimation of 7GV.

Fixing the same H,,q, the numerical values of TSV for
different EoS shown in Table II. Since T$VY is a function of
both H.,q and w,, for a fixed value of wy it can restrict
inflationary energy scale, which in turn puts a constraint on
the potential parameter such as a and ¢, for the attractor
and minimal model respectively. Another interesting point
is that this TGV also set bounds on the inflaton coupling to
other fields, which we will discuss in more detail in the
subsequent sections for ¢p — ff/bb decay processes.

V. ONE-LOOP EFFECTIVE POTENTIAL
AND PERTURBATIVE CONSTRAINTS
DURING INFLATION

In the previous section, we discuss about the possible
lower bound on T, though PGWs. Purely from the pertur-
bative reheating point of view, the existence of maximum
T, is typically attributed to the instant reheating process
with N, — 0. In this regard, one should remember that the
upper limit on 7', is directly related to the upper limit on
inflaton-radiation coupling. During inflation, such coupling
can naturally modify the effective inflaton potential through
loop correction, which may modify the aforesaid upper
bound so that inflation is not disturbed. In this section, we
investigate the upper bound of the coupling parameters,
below which the inflationary scenario is not affected by
the inflaton-radiation coupling. We follow Coleman and
Weinberg’s (CW) I-loop radiative correction formalism
to determine the bound. The I-loop corrected inflaton-
potential is given by [49,50]

=Y g ) (") 32,
(5.1)

Vew(d)
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where summation, i runs over the radiation fields (f, b).
(n;, s;) represents the total internal degrees of freedom and
spin. y is the renormalization scale which we have taken ¢.
m; corresponds to inflaton field induced mass. The field-
dependent mass of the fermionic (f) and the bosonic
(b) fields can be written as

() = { h*¢p*  for ¢pff

(5.2)
29¢  for gbb

For the stability of the inflation potential, the coupling
parameter (g, h) should be such that the following inequal-
ity must hold,

Vieee (@) > [Vew ()], (5.3)

where, V.. is the tree level potential defined in Eq. (2.1).
Utilizing the above condition [Eq. (5.3)], one can find the
following analytical expressions for the upper bound of the
coupling parameters are

8iV/27| Ve ()12
PW =LY e (D))

St
h < (_2)1/4\/E|Vtree<¢)|l/4
¢W—1 [_ :;2_”2 |Vtree<¢) ” 14

38

(5.4)

where YW_, is the Lambert function of branch —1 and the
above expressions are only for the E and T models, so V..
is different for different models. For the minimal model,
we could not obtain such an analytical expression. The
Eq. (5.5) seems to suggest a complicated dependence of
the couplings on the inflaton parameters. However, Fig. 3
indicates that the lower limit on the couplings is indeed
insensitive to a or wy, and approximately we, therefore,
estimate,

0.100K-7 _____________ 1

—h
S ootof 9 ]
<
0.001¢
w04
1075 - : . ’ ;
5 10 15 20 25 30
a
FIG. 3. Here we plot the variation of the upper limit of the

coupling parameter [from Eq. (5.5)] as a function a for wy, = 0.0
(solid) and wy = 0.99 (dashed) for a-attractor E model.

6
5
g
S 4
a3 §=0.01
2 —§=01
&2 —g=10
1 — 350
0

M) ¢ Mgl

FIG. 4. Sum of the tree level potential and CW 1 loop corrected
potential, Vo, = Ve + Vew as a function of filed value ¢ for
a-attractor E-model (@ =1, n =2) with two different inter-
actions hgff (left panel) and ggpbb (right panel).

A 1M
8x 10183 |————| |2
g=ox {1.4)(1016] Lp]

M
h<58x1073 L} —2,
1.4 x 10| [ ¢

We have checked numerically that this bound is also the
same for the E, T, and minimal models. We define all
the inflationary observable at the pivot scale with a field
value, ¢y. In Fig. 4, we have shown how a strong coupling
parameter modifies the original potential through CW one
loop radiative correction, and violation of the above
condition Eq. (5.5) always leads to a deviation from the
original potential. Therefore, any coupling violating
Eq. (5.5) will not be allowed. In all the plots, we shaded
it in blue color and mentioned it as not allowed. For
example, the upper bound of the dimensionless bosonic
coupling parameter § = g/m$ assumes O(107") value,
and this bound is nearly model-independent. Corresponding
Te® value appears to be the same as that of the instantaneous
reheating temperature (~10'> GeV). Hence, for bosonic
reheating no-parameters space is ruled out by the radiative
CW correction. On the other hand, for fermionic reheating,
the upper bound on the Yukawa coupling parameter (/)
assumes nearly model-independent value ~107, and that
can be observed from all the Figs. 9-11 (shaded in blue
color). For the sake of brevity, we call these as Coleman-
Weinberg constraints (CWc).

As discussed above, the CWc are about the perturbative
correction to the inflaton potential, particularly during
inflation. This limit should be assumed as the strict upper
limit of the inflaton coupling constant with the radiation.
However, during reheating, the process through which
inflaton decays into radiation may be nonperturbative in
nature. We now turn to discuss another bound on the
coupling parameters coming from the nonperturbative
effect during reheating.

(5.5)

VI. NONPERTURBATIVE CONSTRAINTS
DURING REHEATING

Radiation can be produced resonantly during reheating if
the inflaton-radiation coupling is strong enough. However,
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our present analysis is perturbative. Therefore, it is imper-
ative to identify the nonperturbative constraints (NPc) on
the coupling for which our conclusion may not be strictly
valid. For this, one usually solves the radiation field
equation in the oscillating inflaton background and iden-
tifies the coupling region where broad parametric reso-
nance occurs. The mode equation for the radiation field
assumes a general Hill-type equation as follows,

1 d*X
GEra TR0 6D

where, X is a particular field mode for fermion (f), or
boson (b), and the associated time-dependent frequencies
are [51-55];

G + P (OPP(1) = 40 for @F

for ¢pbb

Ay = K2 2
(Crd +q°(1)P(1)

(6.2)

Given the inflaton-radiation coupling of our interest
Eq. (3.6), the resonance parameter ¢ is identified as

LA for g f
4

q(1) = (6.3)

g;/’;f;g’;z for ¢bb

In the literature, conditions of resonance is usually derived
in Minkowski background [51,54,56], and the resonance
is broadly classified into g > 1 called broad resonance
regime and ¢ <1 called narrow or no resonance regime.
However, in reality, the resonance parameter g depends
nontrivially on time through inflaton oscillation amplitude
¢ (1), and hence naive Minkowski approximation has been
observed to be insufficient. Particularly, with increasing
reheating equation of state, the inflaton amplitude dilutes
very fast, ¢o(t) & thena(a(t)/aenqa) % "+? depending on
different n values. Using decaying inflaton amplitude in
H? =~ V(¢y)/3M?, we get the leading order behavior of post-
inflationary scale factor as
n+2
! ) " (6.4)

4 end

aft) = (

Using above equation and Eq. (6.3) the resonance parameter
q(t) evolves as,

h2¢§n 2 -
(m;nd )dZ (ﬁ) " for ¢ff

a(t) = | 63)
<fn‘€:3§z (&)™ for ¢pbb.

In this dynamical scenario, we propose resonance condition
as follows: Resonant particle production is strongly related to
the violation of adiabaticity condition, and that occurs when
the background crosses zero during oscillation. To have
significant resonant production within a certain period, one
needs to satisfy two essential conditions. The first one is to
have the oscillatory background, executing few oscillations
within the period of interest. The second condition is that
within that period, the resonance g-parameter should remain
greater than unity. Combining these aforesaid conditions,
we state that for broad resonance to take place while the
resonance parameter g evolves from its initial value to unity,
it must complete at least one oscillation. Having this
dynamical condition of broad resonance, we derive the
lower bound of the inflaton-radiation couplings for general
background EoS.

To compute the number of oscillations required for
g-parameter to change from its large initial value g;, at
the end of inflation to unity, we measure the dimensionless
time-period of the oscillating inflaton as T = 2zm$/Q,,
where Q) is the background oscillation frequency calculated
atgy = M, [see Egs. (3.1) and (3.2)]. On the basis of these,
the number of oscillations N, becomes,

(51
e
I —Tenq o T "

N.. = = 6.6
o = TT@ T L ((N/—mﬂd)"_l) (6.6)

end
my

where

Tend _ I’l(fl - 1)(" + 2)MpQO
T Zn\/gnmfﬁ“dqﬁend

Therefore, the minimum criterion that has to be met to
achieve efficient resonance is N, > 1. This yields the lower
bound of coupling strength for two decay channels as

mend
¢
h > 1+
¢end |:
end)2
(m¢ ) [1
¢end

2r \/§n¢endm35nd :| %
V= 1) (n+2)M, 2
2r \/§n¢endm?¢nd :| %

g>
n(n—1)(n+2)M,Q,

The first term on the right-hand side of the above expressions
is the one that comes from the standard analysis in
Minkowski space. The new bracketed correction term
originates from our dynamical definition. Considering the
attractor model, the typical upper limit on the dimensionless
coupling parameter g, 7 ~ (1074, 1073) with the allowed
range of w, = (0, 1). To this end, we would like to stress
that unlike CWc discussed before, NPc only suggests that
above this coupling, the reheating dynamics will be modified
by the nonperturbative effect.
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VII. RESULTS AND DISCUSSIONS

So far, we have analyzed different sources of constraints
from observation and theory and their possible direct and
indirect impacts on inflation. We considered three plateau

types
minim

of inflation models, namely a-attractor E, T, and
al models, and two possible reheating scenarios

depending on the inflaton-radiation coupling. Before we
embark on discussing the results, let us summarize the main

inputs

®

(i)

we are considering:

The combined observation data of the latest
PLANCK 2018 and BICEP/Keck put stringent
constraints on inflationary large-scale observable,
namely, scalar spectral index n; and tensor to scalar
ratio r. Such constraints directly impact the possible
range of inflationary parameters, such as effective
mass, the potential height (A), and the potential’s
nature at the end of the inflation.

Subsequent reheating causes inflaton to decay
into radiation through different decay channels are
under consideration. Nontrivial reheating dynamics

(iif)

supplemented with the post-reheating entropy
conservation relates different observable and the
reheating parameters though Eq. (3.14), and that
immediately gives us additional constraints on
the inflaton model through the maximum
(T, ~ 10 GeV) and minimum (7, ~ 4 MeV) re-
heating temperature in the (n,, r) plane. The bound on
reheating temperature will lead to bound on the
inflaton-radiation couplings (h, § = g/ mj})“d).

PLANCK, BICEP/Keck usually measures large-
scale inflationary fluctuations. Interestingly the
small-scale inflationary tensor fluctuations (PGWs)
have been observed to play an interesting role in
further constraining the possible range of reheating
temperature. If the reheating period is prolonged,
and reheating equation of state wy > 1/3, the high-
frequency gravitational waves acquire blue tilted
spectrum Qy, ~ k"¢, where n,, is the index of the
spectrum and that may lead to larger lower bound on
reheating temperature 7SV > Tppy. Such lower

0.06 " ; " 0.06 . .
0 N Planck TT, TE, EE Planck TT, TE, EE
— - a=0. - a=
0,050 | _ a1 N\ lowEwlensing+BKI8+BAO | gos[ |97 low E +lensing + BK18 + BAO |
— a=77 E -model _ a; 8:3 E - model
0.04F | =- a=101 wy =0.99 004l | —- ac104 wy=0.82
— a=114 — a=127
] — - a=16.0 8 - - a=175
S003F | o ligy Soosf |~
0.02} T 0.02f — T
----- T —
0.01f ===~ Tean 0.01} ===~ Tean
0.00 . ! 0.00 ! p !
0.95 0.98 0.95 0.96 0.97 0.98
ns
0.06 T 0.06 T " .
Planck TT, TE, EE HRN Planck TT, TE, EE
-~ a=04 cE —- a=04 N )
0.05} | _ 4-10 low E + lensing + BKI8 +BAO {  0.05[ | __ . AN low £ +lensing + BK18 + BAO
— =90 E -model — 4=60 ! E -model
0.04f | -~ a=108 wy =067 0.04f [--a=130| & wo =0.0
— a=14.0 —- =275
'e} 0
o —=-a=195 o
5 0.031 5 0.031
< <
0.02¢ —_ Tremax 0.02+ —_— Tremax ]
“““ T === Teen
001 [ I TBBN 001 [
0-00 1 1 1 1 000 1 -~ 1 1
0.95 0.96 0.97 0.98 0.95 0.97 0.98

ns

FIG. 5. Prediction of a-attractor E-model for different (a, wy) projected on the recent PLANCK + BICEP/Keck constrained on
(ng, r) plane Ref. [57]. Deep orange and light orange shaded regions correspond to 1o region at 68% CL and 20 region at 95% CL,
respectively. Reheating temperature varies from Tggy — T, showing in solid and dashed black lines. Another important temperature

scale, TSV, is shown in a dot-dashed black line.
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TABLE III. Limiting values of (N, H.,q, @): attractor model.
E-model
lo + PGWs 20 +PGWs
Wy Onax HMR (GeV) Ny Qax H™ (GeV) Ny
0.99 10.2 2.6 x 1012 64.7,55.6 16.0 1.6 x 10'2 65.4,55.1
0.82 10.4 3.5 x 1012 64.5,55.6 17.5 2.1 x 1012 65.1,55.1
0.67 10.6 4.4 x 102 64.2,55.7 19.5 3.1 x 10'2 64.8,55.1
T-model
lo+ PGWs 20+ PGWs
Wy Onax HMR (GeV) Ny Qnax H™1 (GeV) Ny
0.99 10.2 2.9 x 1012 64.7,55.7 16.0 1.9 x 10'2 65.3,55.1
0.82 10.2 3.0 x 10'2 64.6,55.6 16.0 2.0 x 1012 65.2,55.1
0.67 10.2 3.3 x 1012 64.5,55.6 16.5 2.3 x 102 65.1,55.1

bounds naturally lead to tighter bounds on the
inflaton-radiation couplings.

(iv) In the perturbative framework, instantaneous reheat-
ing gives a natural upper bound on the inflaton-
radiation coupling. However, generically such
coupling modifies the inflaton potential at the loop
level during inflation [CW constraints (CWc)]. The
loop-corrected inflaton potential should not disturb
the inflation (see Fig. 4), which may modify the
maximum reheating temperature and, consequently,
the inflaton-radiation coupling parameter. We con-
sider those bound throughout our analysis.

(v) We further identify the nonperturbative constraints
(NPc) on the inflaton-radiation coupling by employ-
ing broad parametric resonance condition taking into
account the dynamical nature of resonance param-
eter ¢(t) [see Eq. (6.3)]. In the final results, we will
take into account those as well.

PLANCK + BICEP/Keck + BBN + PGWs + CWc +

NPc constraints on inflation: First, we display our results in
(ng — r) plane and compare it with the latest observa-
tional data (see Figs. 5-8) for the different inflationary
models with five reheating equation of states wy =
(0,1/3,0.67,0.82,0.99). In those plots, the color code
for 1o (deep orange) and 20 (light orange) regions are given
by the combined data of Planck and BICEP/Keck. We use
the same color code in subsequent plots to estimate the
model parameters’ 1o and 2¢ bounds. To make our
representation clear, in Figs. 5-8, we did not include
CW-perturbative and nonperturbative constraints but incor-
porated them in all the subsequent plots. Lower limits on
the T, are set by either Tggy or TSV depending on the
model and wy. The T™ value differs depending on the
decay channel for both perturbative and nonperturbative
considerations. For example, if we ignore both CW-
perturbative bound and nonperturbative effect, for ¢ —
ff reheating instantaneous reheating sets the maximum

reheating temperature 72 ~ 105 GeV. Otherwise, it gets
modified. However, ignoring the nonperturbative effect,
CW-perturbative bound does not give additional constraint
for bosonic reheating, and for that instantaneous reheating
(N, = 0) sets the value of 7M™ ~ 10'5 GeV. It can be
further observed that for stiff EoS wy > 1/3, T min et the
maximum bound on the inflaton potential parameters a, ¢,
and for w, < 1/3, it is Tg™ which sets the bound.

As an example, wy, = 0, the upper limit of the potential
parameters a, ¢, are (13.0, 9.0, 5.3) (16 bound) and (27.5,
15.0, 9.4) (26 bound) for attractor E, T, and minimal
model respectively (see Table IV). For higher EoS
wy = (0.67,0.82,0.99), the restriction of a(¢,) are given
in Tables III and V.

Once the maximum values of (a,¢,) are fixed, the
associated prediction of inflationary energy scale and the e-
folding number Ny can be computed. For the attractor
models with stiff inflaton equation of state wy, > 1/3, the
predicted value of (H™? ~ 102 GeV, N ~ 65) (both E
and T-model) turned out to be nearly independent of w,, and
the minimum possible e-folding number correspond to
instantaneous reheating N ~ 55 which is also indepen-
dent of wy. On the other hand, for the minimal plateau

model, however, H™ varies within the range (10'! —
10°) GeV (1o bound) and (10'' — 10°)} GeV (26 bound)
for wy varying from 0.67 — 0.99. For the same range of
Wes NY* value varies from 66 — 77. On the other hand if,
wy =0, HIn ~ 10" GeV, and N"™ ~ 56 irrespective of
the models under consideration. We summarize all the
bounds of inflationary parameters in Tables I1I-V.

In the above, we discussed mainly the constraints on
inflation parameters and associated prediction. However,
for a complete understanding of the nature of inflation, we
now consider the impact of the above constraints on the
reheating history, which can directly constrain the inflaton-
radiation coupling parameters (%, §). Along with those, we
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TABLE IV. Limiting values of (Ny, H.yg, @, @..).

For wy, = 0.0
lo 20
Model a, ¢, (max) Hg‘qig (GeV) a, ¢, (max) Hg}lig (GeV) Ny
E 13.0 1.1x 10" 56.2,41.8 27.5 1.1 x 10" 56.4,41.5
T 9.0 8.6 x 10'2 56.4,41.5 15 8.7 x 102 56.6,41.5
Minimal 53 1.0 x 1013 56.1,41.5 9.4 9.5 x 102 56.5,41.5
For w, = 1/3
lo 20
Model a, ¢, (max) Hgt‘lig (GeV) a, ¢, (max) Hg}lig (GeV) Ny
E 10.8 7.6 x 1012 56.7,55.3 18.9 6.7 x 102 56.9,54.9
T 9.0 5.7 x 10'2 56.8,55.4 12.5 5.1 x 10'2 57.0,54.9
Minimal 9.9 4.0 x 10'? 57,55.6 11.7 4% 1012 57.0,54.2

include all the theoretical bounds obtained from both CWc¢
and NPc discussed before. Let us briefly describe the color
codes we used in our subsequent plots: (1) Deep green
region is for T\, < Tgpn, (2) Light green region is asso-
ciated with BBN constraints from PGWs, T, < TGV,
(3) Gray region depicts N, < 0, (4) Blue region termed
as the CWc regime which indicates the restriction from CWc,
(5) Magenta regime is associated with NPc, (6) Deep orange
region indicates allowed coupling parameter space satisfying
1o bound of latest (n, — r) data, and (7) Light orange region
indicates allowed coupling parameter space satisfying 2o
bound of latest (n, — r) data.

A. a-attractor E & T models and constraints

Constraints on the entire parameter space for attractor
models can be summarized from Figs. 5, 6, 8, 9, 10 and
Tables III, IV, VI, and VII. As stated earlier, we have
discussed reheating scenarios described by two types of
decay channels ¢ — ff and ¢ — bb. As argued before,
the upper limit of the inflaton-radiation coupling should
always be constrained by the fact that its quantum effect
will not disturb the inflationary dynamics. If the bosonic
channel dominates reheating, one loop-effective potential
sets the upper bound on coupling g~ O(107!) and that
fixes the Ta®* value close to that of instantaneous reheating
10'> GeV. On the other hand, for the fermionic channel,
such perturbative correction sets the upper bound on the

coupling i, ~ O(107*) and that leads to an upper limit
on the reheating temperature, which depends on w,. For
instance, if w, = 0, Ti** ~ 10'! GeV for both the attractor
models (see, for instance, the fourth plot of Figs. 9 and 10).
For stiff inflaton EoS wy, > 1/3, Ti™ turns out to be nearly
independent of a with the following values Tp* =
(109,107, 10%,10") GeV for w,;=(0.33,0.67,0.82,0.99)
respectively.

Unlike the upper limit, the lower limit on the inflaton-
radiation coupling arises indirectly from the lower bound of
the reheating temperature. If wy > 0.60, TG" always set
the lowest reheating temperature, and the value of TGV ~
(107',10°,10°) GeV for EoS w, = (0.67,0.82,0.99)
respectively. Corresponding limiting values of couplings
are tabulated in Tables VI and VII. When there is no
restriction from PGWs (w, < 1/3), we expect TN ~ Tpen
but that may not be true once we incorporate the PLACNK
+BICEP/Keck constraints. For two sample value, w, = 0
and w, = 1/3, all numerical estimation of T as well as
Timin/ Pmin shown in Tables VI and VII.

As stated earlier, 7T generally can be obtained by
CWc [Eq. (5.5)]; however, that may restrict from NPc
[Eq. (6.7)] depending upon the model under considera-
tion. As an example, for bosonic reheating (¢ — bb
process) considering NPc the dimensionless coupling
must be 107 < § < 1073, with the allowed range of

TABLE V. Limiting values of (Ny, Hepg, ¢.) for minimal model.

lo + TR™ 10 + BBN + PGWs 20 + BBN + PGWs
W ¢y"  Hgw (GeV) Ny ¢u™ Hpe (GeV) N Pr Hegd (GeV) N
0.99 132.0 2.4 % 102 74.5,57.4 168.0 4.0x10° 74.5,57.4 179.0 8.6 x 10% 76.7,51.0
0.82 12.0 1.4 x 10"2 67.5,56.8 31.5 5.8 x 1010 67.5,56.8 34.0 5.2 x 100 67.7,52.6
0.67 5.5 5.1 x 10'2 66.2,55.6 20.2 1.9 x 101! 66.2,55.6 22.0 1.4 x 10! 66.4,53.3
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FIG. 6. Prediction of a-attractor T-model for different (a, w,). Detailed descriptions are the same as illustrated in Fig. 5.
TABLE VI. Bounds on (7, g, h) from PGWs + BBN + CWc + NPc with recent BICEP/Keck data for a-attractor E-model.
(I) Fermionic reheating (¢ — ff)
l6 + BBN + PGWs + CWc¢ 16 + BBN + PGWs + CWc¢ + NPc 26 + BBN + PGWs + CWc¢ 206 + BBN 4+ PGWs + CWc¢ + NPc
wy T (GeV) h T, (GeV) h T, (GeV) h T, (GeV) h
0.99 10',10° 3 x10™4,10°° 1012, 10° 1073,10°¢ 101,7 x10* 3x10™4,7x 1077 10'2,7 x 10* 1073,8 x 1077
0.82 10, 10° 3x 104,107 108, 10° 7 x107%,107° 10°,7 x 102 3x 107,107 108,7 x 10% 7x1075,107°
0.67 107,03 3x107*,5x107  5x10°0.3 6x107,5x 1077 107,0.1 5x10™,4x107  5x10%0.1 6x107,4 x 1077
113 10°,0.004 3x1074,107° 10°,0.004 6x1075,107° 10, 0.004 3x 107,107 10°,0.004 6x 107,107
0.0 10", 10 5x 10741074 10,10 6x 107310714 10'!,0.004 5x 10741077 10'°,0.004 6x 107,107
(II) Bosonic reheating (¢p — bb)
16 + BBN + PGWs + CWc¢ 16 + BBN + PGWs + CWc¢ + NPc 20 + BBN + PGWs + CWc¢ 26 + BBN + PGWs + CWc¢ + NPc
Wy T (GeV) g T (GeV) g T (GeV) g T (GeV) g
0.99 105,10° 102,102 10'4,10° 103,102 10%,7 x 10* 1072,107% 10,7 x 10* 1073,107%
0.82 10%5,103 03,1073 103,103 7x107°,1073 10,7 x 102 0.3,3x 1074 103,7 x 107 7x1075,3x 107
0.67 103,0.3 0.4,107%° 4x102,0.3 6 x107,107% 10,0.1 0.5,3x1072  4x10'%,0.1 6x107,3x107%
173 10'3,0.004 0.5,107%7 10',0.004 6 x 107,107 10',0.004 0.5.107% 10',0.004 6x 107,107
0.0 10,10 0.5,10714 10,10 6x 107,107 10'°,0.004 0.5,107"7 10'°,0.004 6x 107,107
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TABLE VII. Bounds on (T, g, h) for a-attractor T-model.

(I) Fermionic reheating (¢ — ff)

1o + BBN + PGWs + CWc l6 + BBN + PGWs 4+ CWc + NPc 26 + BBN + PGWs + CWc 26 + BBN + PGWs + CWc + NPc
wy T (GeV) h T, (GeV) h T, (GeV) h T, (GeV) h

0.99 10',10° 3x1074,107° 10'2,10° 1073,107° 10,7 x10* 3x107*,7x1077  10'2,7 x 10* 1073,8 x 1077
0.82  10%10° 3x 107,107 108,103 7 x1074,107° 10°,7 x 102 3x 107,107 108,7 x 10% 7 x107,107°
0.67 107,03 3x107%,5x1077 5x10°,0.3 6x1075,5 x 1077 107,0.1 5x107%,4x 1077 5x10°,0.1 6x107,4 x 1077
13 10°,0.004 3x1074,107° 10°,0.004 6x 107,107 10°,0.004 3% 1074,107° 10°,0.004 6x107,107°
0.0 10", 10° 5% 1074,10710 109, 10° 6x107°,10710 10',0.6 5% 1074,1071 10'°,0.6 6x1075,10715

(II) Bosonic reheating (¢ — bb)

lo + BBN + PGWs + CWc lo + BBN + PGWs + CWc + NPc 26 + BBN + PGWs + CWc 26 + BBN + PGWs + CWc + NPc
Wy Ty (GeV) g Ty (GeV) g Ty (GeV) 7 Ty (GeV) g
099 105,10° 1072, 107! 10", 10° 107,107 10%,10° 0.02,107% 10", 10° 10,1072
0.82 10'%,10° 0.3.107% 2% 108,10° 5x107°,1072 10,4 x 10> 0.3,3x107* 1013, 4 x 107 7% 107,107
0.67 1015,0.1 04,107 4x102,0.1 6x1075,107% 10'5,0.05 0.5.107% 4% 10'2,0.05 6x1075,107%
13 10',0.004 05,1077 101, 0.004 6x107%,107 10'%,0.004 05.107% 101, 0.004 6% 107,107
0.0 10'%,10° 05,1071 10°,10° 6x107%,1071° 10,06 052x1075  4x10,06 6x107%,1071
0.100 , : . : 0.100 : : ,
Planck TT, TE, EE Planck TT, TE, EE
0.050[| ~~ #=132 low E + lensing + BK18 + BAO | 0.050F low E + lensing + BK18 + BAO ]
- - ¢.=155 Minimal model Minimal model
¢.=158 wyg =0.99 wy =0.82
—- ¢.=168 1 ]
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e e ]
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5 Minimal model — ¢.=26 \ o Minimal model
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FIG. 7. Prediction of minimal model for different values of (¢,,w,). Detailed descriptions are the same as illustrated in Fig. 5.
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FIG. 8. Tllustrations of the restriction on the different inflationary models from recent BICEP/Keck data for a specific value of

wy = (0,1), and for ¢ — ff we have more or less same
range, (107 < h < 107?). As an example for wy = 0, all

reheating temperature above T,. > 10' GeV lies in the
nonperturbative regime. This nonperturbative bound is

sensitive to both (a,w,); for better visualization, see,

Figs. 9 and 10 and details numerical values given in

Tables VI and VII.

For a complete understanding of the reheating parameter
space, finally, in Fig. 12, we plotted the parametric
dependence of inflaton-radiation coupling with respect
to reheating equation of state. The left two column plots
are for E and T-models corresponding to o = 10.
Interestingly, if one confines within the 1o region of
PLANCK, for T-model inflaton-radiation couplings are
tightly bounded. As an example, for w, =0.82, one
obtains 1077 >h>107%, and 1073 > § > 10722

B. Minimal model and constraints

Detailed phenomenological constraints of the minimal
inflation can be observed from Figs. 7, 8, and 11, and are
summarized in Tables IV, V, and VIII. CWc sets the upper
limit on inflaton-radiation coupling as ma ~ O(107!) and
Max ~ O(107%). These available bounds on couplings
thereafter set restrict 7% ~ 105 GeV for bosonic reheat-
ing, which is close to instantaneous reheating. However, for
inflaton-fermion coupling, Te** is noticeably sensitive to
the inflaton parameter (¢, w,) value and detailed numeri-
cal values are provided Table VIII and Fig. 11.

Unlike attractor models, the lower bound on 7, for this
model has nontrivial dependence on the potential parameter
¢.. For a given equation of state, one observes that there
exists a critical value of ¢, above which value lower bound
decreases from TGV to Tggy. For instance in the first

TABLE VIII. Bounds on (7T, g, k) for minimal model.
(I) Fermionic reheating (¢ — ff)
1o + BBN + PGWs + CWc lo + BBN + PGWs + CWc + NPc 26 + BBN + PGWs + CWc 26 + BBN + PGWs + CWc + NPc
W, T, (GeV) h T, (GeV) h T, (GeV) h T, (GeV) h
0.99  10°,0.004 7x107*,10710 10%,0.004 3x1075,10710 10°,0.004  7x1075,10710 103, 0.004 3% 107,10710
0.82  10°,0.004 3x1074,107° 10°,0.004 2x107%,107° 10°,0.004 3x1074,107° 10°,0.004 2x107%,107°
0.67  10%,0.004 3x1074,107° 20,0.004 2x107°,107° 10°,0.004 3x1074,107° 10*,0.004 2x107,107°
1/3 10%,0.004 3 x107*,107° 10%,0.004 6x107°,107° 10°,0.004 3% 104,107 103, 0.004 6x1075,107°
0.0 10,0004 4x107,10717 10'9,0.004 4% 107%,107"7 10'1,0.004 4 x 107410717 10'9,0.004 4% 107%,107"7
(II) Bosonic reheating (¢p — bb)
1o + BBN + PGWs + CWc lo + BBN + PGWs 4+ CWc + NPc 26 + BBN + PGWs + CWc¢ 26 + BBN + PGWs + CWc + NPc
Wo Tre (GeV) g T (GeV) g Tr (GeV) g T (GeV) g
0.99 10',0.004 1073, 1073 10'2,0.004 4x1075,10732 102,0.004 2 x10%,107*2 10'2,0.004 4x107,10732
0.82 10'3,0.004 30,1073! 10'2,0.004 2x1073,1073! 10'3,0.004 10%,1073! 10'2,0.004 2x1073,1073!
0.67 10'3,0.004 0.1, 1073 10'2,0.004 2x1073,1073! 10'%,0.004 0.1, 1073 10'2,0.004 2% 1073,1073!
173 10'3,0.004 0.5,107%7 10'1,0.004 6x107%,107%7 10'%,0.004 0.5,107%7 10'!,0.004 6x1073,1077
0.0 10'5,0.004 0.5.107"7 10'9,0.004 4x107°,107"7 10",0.004 0.5,107"7 10'°,0.004 4x107%,107"7
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plot of Fig. 11, one clearly see that for ¢, > 155,
Tmin ~ 10* GeV drops to Tggy. This essentially suggests
that as on increase ¢,., the lower possible inflation-fermion
coupling decreases from /i, ~107° to 10710 In
Table VIII, we provide maximum and minimum values
of coupling parameters and reheating temperature for
different EoS w, = (0, 1/3,0.67,0.82,0.99). For specific
model parameters, bounds on the reheating parameters will
always be within the bounds provided in Table VIIIL

If one considers the nonperturbative bound, the upper
limit on the coupling parameter is further modified (see
Fig. 11). Additionally, it depicts the fact that compared
to the bosonic coupling § nonperturbative bounds on the
fermionic coupling % is much more sensitive to ¢, when
wy > 1/3. Finally, in Fig. 12, the right column figures
depict the parametric variation of inflaton-radiation
coupling with respect to the wy, for the minimal model

with ¢, = 10. Interestingly, the minimal model is non-
viable for the lower equation of state dictated by
PLANCK together with BICEP/Keck data, which cor-
responds to white regions. This can also be observed
from Fig. 11. As an example, 26 (n, — r) bound ruled
out ¢, = 9.4, whereas if we consider 1o bound ruled
out ¢, = 5.5.

VIII. CONCLUSIONS

In this paper, we have analyzed in detail the phenom-
enological implications of the latest PLANCK 2018 and
BICEP/Keck data on the physics of inflaton. We analyzed
three different plateau inflation models along with two
different reheating scenarios. We particularly discussed two
different channels of inflaton decaying into fermions
through ¢ — ff and bosons through ¢ — bb. Along with
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FIG. 9. The impact of PLANCK 2018 + BICEP/Keck + PGW + BBN + CWc + NPc on T, and dimensionless inflaton-radiation
coupling (%, §) with respect to & for a-attractor E-model. We take w,, = (0,0.67,0.82,0.99). Deep orange shaded regions correspond to
1o and light orange shaded regions correspond to 2¢ bound imported from (n, — r) plane. The deep and light green region indicates
T, < Tppy and T, < TSV, respectively. Blue and magenta-shaded regions depict CWc and NPc. Gray-shaded region implies no

reheating.
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1o and light orange shaded regions correspond to 26 bound imported from (n, — r) plane. The deep and light green regions indicate

W
TSV,

T'l-e < TBBN and T‘re <
reheating.

the observations, we further employ bound from PGWs and
both perturbative and nonperturbative constraints on the
inflaton-radiation coupling.

At the first step, considering the allowed range of
reheating temperature (Tggn (7S ), 1015 GeV), we project
our result in the (ng; — r) plane to fix the upper limit on
the potential parameter a(¢,) at 16 and 26 CL. Once we
fixed a(¢,) for five different sets of inflaton equation of
state. w,, = (0,1/3,0.67,0.82,0.99), that in turn fixes
inflationary parameters such as the range of N, and
H.,q. The limiting values of inflationary parameters for
different models are shown in Tables III-V.

In the second step, considering those bounds on infla-
tionary parameters, we analyze the restriction on the
reheating parameters such as T, and couplings /, . The
upper bound on inflaton-radiation coupling s, g~ 0.1, is
derived from the 7% ~ 10" GeV value corresponding to

respectively. Blue and magenta-shaded regions depict CWc and NPc. Gray-shaded region implies no

instantaneous reheating though a simple relation
T, /T, However, once CWc and NPc are employed,
the upper bound of coupling significantly drifted from the
aforementioned value. The detailed quantitative values of
different bounds arising from the theory constraints are
displayed in Tables VI-VIII for three different plateau type
inflationary model attractor E, T, and minimal model
respectively. The lower bound on reheating temperature
is conventionally fixed by Tggy (deep green shaded region
in all the plots). However, if we incorporate PLANCK +
BICEP/Keck + PGWs constraints, such a possibility is no
longer generic. If w, < 1/3, in most of the parameter
region for the E and T model, Tgpy lies outside the 1o
region (see fourth column of Figs. 9 and 10). However, for
those models PGWs bound on 70" = 7GW is large by
several decade above T'ggy for wy, > 0.6. As an example for
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FIG. 11.

The impact of PLANCK 2018 + BICEP/Keck + PGW + BBN + CWc¢ + NPc on T, and dimensionless inflaton-radiation

coupling (h, §) with respect to ¢, for the minimal model. We take w,, = (0,0.67,0.82,0.99). Deep orange shaded regions correspond to
1o, and the light orange shaded regions correspond to 26 bound imported from (n; — r) plane. The deep and light green regions indicate
T, < Tgpn and T,, < TSV, respectively. Blue and magenta-shaded regions depict CWc and NPc. Gray-shaded region implies no

reheating.

wy =099, Tmr=TgW ~10° GeV. For the minimal
model, however, the lower bound on reheating temperature
is noticeably dependent on ¢, specifically for the higher
equation of state.

Apart from direct and indirect observational bounds, we
further utilized the theoretical bounds coming from CWc
and NPc. CWec strictly restricts the maximum allowed value
of (h,g), above which inflation will be jeopardized.
However, if we assume the fact that reheating process
itself is perturbative in nature, it is NPc that plays a wider
role in setting the upper limit on both the reheating

temperature and inflaton-radiation couplings for all the
models under consideration. If nature chooses the coupling
to be within the nonperturbative regime, some of the
present conclusions may be affected, which we defer for
our future study.

To the end, we wish to note that future experiments such
as CMB-S4 [58] and LiteBIRD [59] will be able to put
stronger bound in (ng,r) plane which will certainly
improve our understanding the precise nature of beyond
standard model physics such as inflaton (see, for instance,
the recent works [27,28]).
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