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Primordial gravitational waves (GWs) carry the imprints of the dynamics of the universe during its
earliest stages. With a variety of GW detectors being proposed to operate over a wide range of frequencies,
there is great expectation that observations of primordial GWs can provide us with an unprecedented
window to the physics operating during inflation and reheating. In this work, we closely examine the effects
of the regime of reheating on the spectrum of primordial GWs observed today. We consider a scenario
wherein the phase of reheating is described by an averaged equation of state (EoS) parameter with an abrupt
transition to radiation domination as well as a scenario wherein there is a gradual change in the effective
EoS parameter to that of radiation due to the perturbative decay of the inflaton. We show that the
perturbative decay of the inflaton leads to oscillations in the spectrum of GWs, which, if observed, can
possibly help us decipher finer aspects of the reheating mechanism. We also examine the effects of a
secondary phase of reheating arising due to a brief epoch driven possibly by an exotic, noncanonical, scalar
field. Interestingly, we find that, for suitable values of the EoS parameter governing the secondary phase
of reheating, the GWs can be of the strength as suggested by the recent NANOGrav observations.

We conclude with a discussion of the wider implications of our analysis.
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I. INTRODUCTION

The inflationary scenario offers the most attractive
mechanism for the generation of the primordial perturba-
tions (for the original discussions, see Refs. [1-4]; for
reviews, see, for example, Refs. [S—14]). The existence of
primordial gravitational waves (GWs) is one of the pro-
found predictions of inflationary dynamics (for the initial
discussions, see, for example, Refs. [15,16]; for recent
reviews on the generation of primary and secondary GWs,
see, for instance, Refs. [17,18]). If the primordial GWs or
their imprints are detected, it will not only prove the
quantum origin of the perturbations, it can also, in
principle, provide us with insights into the fundamental
nature of gravitation. The primordial GWs provide a unique
window to probe the dynamics of our universe during its
very early stages, which seems difficult to observe by any
other known means. However, the extremely weak nature
of the gravitational force makes the detection of GWs rather
challenging. Decades of effort toward detecting GWs have
finally achieved success only in the past few years with the
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observations of GWs from merging binary black
holes and neutron stars by LIGO [19-30]. These observa-
tions have led to a surge of experimental proposals
across the globe to observe GWs over a wide range of
frequencies. The proposed GW observatories include
advanced LIGO (10-10* Hz) [31], ET (1-10* Hz) [32,33],
BBO (1073-10 Hz) [34-36], DECIGO (10~°-1 Hz)
[37-40], eLISA (1075-1 Hz) [41-43], and SKA
(1072 —107% Hz) [44].

Apart from various astrophysical mechanisms that can
generate GWs, as we mentioned, inflation provides an
exclusive mechanism to produce GWs of quantum mechani-
cal origin (for discussions on the generation of primary
and secondary GWs, see, for instance, Refs. [45-58] and
references therein). The tensor perturbations generated
from the quantum vacuum are amplified during inflation,
which subsequently evolve through the various phases of
the universe until they reach the GW detectors today.
Therefore, the spectrum of primordial GWs today is a
convolution of their origin as well as dynamics. On the one
hand, they contain the signatures of the mechanism that
generates them, viz. the specific model that drives inflation
as well as the initial conditions from which the perturba-
tions emerge. On the other, they also carry the imprints of
the dynamics of the subsequent cosmological phases as the
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GWs propagate through them. As is well known, immedi-
ately after inflation, the universe is expected to be reheated
through the decay of the inflaton into radiation, which
eventually leads to the epoch of radiation domination.
In this work, we shall examine the evolution of primordial
GWs with special emphasis on the effects due to the
epoch of reheating. Specifically, our aim is to decode
the mechanism of reheating from the spectrum of GWs
today.

Over the years, major cosmological observations have
considerably improved the theoretical understanding of the
various epochs of our universe [59-61]. However, because
of the lack of direct observational signatures, the phase of
reheating remains poorly understood. The effects of reheat-
ing on the dynamics of GWs have already been examined
in the standard cosmological scenario (see, for instance,
Refs. [62-69]) as well as in certain nonstandard scenarios
(see, for example, Refs. [70-80]). Moreover, the imprints
of specific microscopic physical effects on the spectrum of
GWs—such as decoupling neutrinos [81,82] or the varia-
tion in the number of relativistic degrees of freedom in the
early universe [83-85]—have also been explored. In this
work, we shall study the effects of reheating on the
spectrum of primordial GWs over a wide range of scales
and illustrate the manner in which the spectrum captures
specific aspects of the different phases. We shall consider
two of the simplest reheating mechanisms. We shall first
consider a scenario wherein the reheating phase is
described by an averaged equation of state (EoS) param-
eter, with reheating ending instantaneously [86-88]. We
shall then consider a scenario wherein there is a gradual
change in the EoS parameter from its initial value during
the phase of coherent oscillations to its eventual value
during radiation domination achieved through the pertur-
bative decay of the inflaton [89-93]. We shall explicitly
illustrate the effects of the reheating dynamics on the
spectrum of GWs. It seems worthwhile to highlight here
that the following aspects of the reheating dynamics can, in
principle, be decoded from the spectrum of primordial
GWs: (i) the shape of the inflaton potential near its
minimum, which is responsible for the end of inflation
and the dynamics during reheating; (ii) the decay width of
the inflaton, which governs the entire process of reheating
and therefore determines the reheating temperature; and
(iii) the thermalization timescale over which the EoS
parameter during the period of coherent oscillations of
the inflaton say, wy, is modified to the EoS parameter
corresponding to radiation. Further, it is expected that
determining the inflaton decay width and the thermalization
timescale would not only permit us to arrive at the form of
the coupling between the inflaton and radiation but also
help us understand the nature of the coupling among all the
relativistic degrees of freedom. We shall briefly discuss
these possibilities in this work, and we shall return to
examine the issue in greater detail in a future effort.

Finally, we shall also consider the implications of our
analysis on the recent observations involving the pulsar-
timing data by the North American Nanohertz Observatory
for Gravitational Waves (NANOGrav), which has been
attributed to stochastic GWs [94,95]. A variety of mech-
anisms that can possibly occur in the early universe have
been explored in the literature to explain this interesting
observation [58,58,96-109]. We find that introducing a
secondary phase of reheating—apart from the original,
inflaton driven, primary reheating phase—can account for
the NANOGrav observations. We introduce an exotic,
noncanonical scalar field to drive such a phase and show
that a suitable EoS for the noncanonical field can lead to
primordial GWs of strength as observed by NANOGrav.

This paper is structured as follows. In Sec. II, we shall
briefly sketch the arguments leading to the standard scale-
invariant spectrum of GWs generated in de Sitter inflation.
We shall also discuss the typical inflationary model that we
shall have in mind when we later discuss the effects due to
reheating. Moreover, we shall introduce the dimensionless
density parameter Qgw characterizing the spectrum of
GWs. In Sec. III, we shall discuss the evolution of the
tensor perturbations during the epoch of reheating. We shall
first consider the scenario wherein the epoch of reheating is
described by an averaged EoS parameter associated with
the inflaton. Such a description allows us to arrive at
analytic solutions for the tensor perturbations during the
epoch. We shall also consider the scenario of perturbative
reheating wherein we take into account the continuous
decay of the inflaton into radiation. As it proves to be
involved in constructing analytical solutions for the back-
ground as well as the tensor perturbations in such a case, we
shall resort to numerics. In Sec. IV, we shall briefly discuss
the evolution of the tensor perturbations during the epoch
of radiation domination and arrive at the spectrum of GWs
today by comparing the behavior of the energy density of
GWs in the sub-Hubble domain with that of radiation. In
Secs. Vand VI, we shall evaluate the dimensionless energy
density of GWs today that arise in the two types of
reheating scenarios mentioned above. We shall focus on
the spectrum of primordial GWs over wave numbers (or,
equivalently, frequencies) that correspond to small scales
which reenter the Hubble radius during either the epochs of
reheating or radiation domination. In Sec. VII, we shall
numerically evaluate the inflationary tensor power spec-
trum and discuss the behavior of the spectrum of GWs
today close to the scale that leaves the Hubble radius at the
end of inflation. In Sec. VIII, we shall outline the manner in
which we should be able to decode various information
concerning the epochs of inflation and reheating from the
observations of the anisotropies in the cosmic microwave
background (CMB) and the spectrum of GWs today. In
Sec. IX, we shall evaluate the spectrum of GWs in a
scenario involving late time production of entropy and
discuss the implications for the recent observations by
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NANOGrayv. Last, in Sec. X, we shall conclude with a
summary of the main results.

Before we proceed further, a few clarifications concern-
ing the conventions and notations that we shall adopt are in
order. We shall work with natural units such that2 = ¢ = 1,
and set the reduced Planck mass to be Mp, = (82G)~'/2. We
shall adopt the signature of the metric to be (—, +, +, +).
Note that Latin indices shall represent the spatial coordi-
nates, except for k, which shall be reserved for denoting
the wave number of the tensor perturbations, i.e., GWs.
We shall assume the background to be the spatially
flat Friedmann-Lemaitre-Robertson-Walker (FLRW) line
element described by the scale factor a and the Hubble
parameter H. Also, an overprime shall denote differentiation
with respect to the conformal time 7. We should mention
that the frequency, say, f, is related to the wave number k of
the tensor perturbations through the relation

k k
=—=155%x10%———|H 1
! 27 x <1 Mpc") “ (1)

and, as convenient, we shall refer to the spectrum of GWs in
terms of either wave numbers or frequencies.

II. SPECTRUM OF GWs GENERATED
DURING INFLATION

In this section, we shall briefly recall the equation
governing the tensor perturbations and arrive at the spec-
trum of GWs generated in de Sitter inflation. We shall
also introduce the dimensionless energy density of GWs,
which is the primary observational quantity of interest in
this work.

A. Generation of GWs during inflation

Let h;; denote the tensor perturbations characterizing the
GWs in a FLRW universe. When these tensor perturbations
are taken into account, the line element describing the
spatially flat, FLRW universe can be expressed as [110]

ds? = a*(n){—dn* + [6;; + h;;(n.x)]dx'dx'}.  (2)

Since the tensor perturbations are transverse and traceless,
they satisfy the conditions 0'h;; = 0 and h} = 0. We shall
assume that no anisotropic stresses are present. In such a
case, the first order Einstein’s equations then lead to
the following equation of motion for the tensor perturba-
tions h;;:

a/

On quantization, the tensor perturbations can be
decomposed in terms of the Fourier modes /; as follows
[5-14]:

i) = [ Pk )i

2” 3/2
d’k
akg )hk('ﬂelkx
A= +></ 2” 302
A/Vr /1* )h*( ) —lkx]’ (4)

where the quantity &%, (k (k) represents the polarization tensor,
with the index 4 denotmg the polarization + or x of
the GWs. The polarization tensor obeys the relations
8'el;(k) = k'e};(k) = 0, and we shall work with the
normalization such that £ (k)e/;* (k) = 26* . In the above

decomposition, the operators (&,ﬁ, &,’?) denote the annihi-

lation and creation operators corresponding to the tensor
modes associated with the wave vector k. They obey the

following commutation relations: [a}, &, = [&f,&iﬁ] 0

and [a},a},'] = 6@) (k —K')5*. In the absence of sources
with anisotropic stresses, the Fourier mode /, satisfies the
differential equation

!/
h;g+z%h'k+k2hk =0. (5)

The tensor power spectrum Pr(k) is defined through the
relation

(2n)?
2k3

CAQUAGIDES Pr(k)s®) (k + k). (6)

where the vacuum state |0) is defined as a;|0) = O for all k
and A. On utilizing the above decomposition in terms of the
Fourier modes, we obtain that

Pr(k) —4—|hk

: (7)

and it is often assumed that the spectrum is evaluated on
super-Hubble scales during inflation.

Motivated by the form of the second order action
governing the tensor perturbation /;;, the Fourier mode
h; is usually written in terms of the Mukhanov-Sasaki
variable u; as hy = (v/2/Mp)(uy/a). The Mukhanov-
Sasaki variable u, satisfies the differential equation [5—14]

"
u) + <k2 - %) u; = 0. (8)

We shall focus on the simple case of slow roll inflation
and work in the de Sitter approximation wherein the scale
factor is given by a(n) = (1 — Hyn)~!, with H; denoting the
constant Hubble scale during inflation. In such a case,
a'"/a =2H?}/(1 — Hy)?, and the solution to Eq. (8) corre-
sponding to the Bunch-Davies initial condition is given by
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1 iHIa(n)} e
u = 1+ e, 9
(o) = 1 o)
Or, equivalently, we can write that
2 iH 'k ) .
hi(n) = hi(a) = £ ! 13 [1 ! ]e"k/Hle”‘/[Hla(”ﬂ
My 2k Hya(n)

(10)

with a(n) being given by the de Sitter form mentioned above.
Let us assume that inflation ends at the conformal time #;
such that 0 < 5y < Hy', and let a; = a(n;). Under these
conditions, upon using the above solution, the tensor power
spectrum at a; can be obtained to be

2H? k*
= 1+—=), 11
”2M12>1 ( - k%) an

where k; = a¢Hjis the mode that leaves the Hubble radius at
the end of inflation. For k < k¢, the above spectrum reduces
to

Pr(k)

2H?
- 2702
My,

Pr(k) (12)

which is the well-known scale invariant spectrum often
discussed in the context of de Sitter inflation [5-14].
Actually, in slow roll inflation, the tensor power spectrum
will contain a small spectral tilt, which we shall choose to
ignore in our discussion. We should emphasize the point that
the above scale invariant spectrum is valid only for k < k¢
since the de Sitter form for the scale factor would nothold true
close to the end of inflation. Therefore, in our discussion
below, we shall mostly restrict ourselves to wave numbers
suchthatk < 1072k;. In Sec. VII, we shall evaluate the tensor
power spectrum numerically in the inflationary model of
interest to arrive at the present day spectrum of GWs near k;.

B. A typical inflationary model of interest

In order to illustrate the results later, we shall focus on a
specific inflationary model that permits slow roll inflation.
We shall consider the so-called a-attractor model, which
unifies a large number of inflationary potentials (in this
context, see Refs. [111,112]). If ¢ is the canonical scalar
field driving inflation, the model is described by the
potential V(¢) of the form

= fi-en (- ZEV oy

where, as we shall soon discuss, the scale A can be
determined using the constraints from the observations
of the anisotropies in the CMB. It is worth pointing out here
that, for n = 1 and a = 1, the above potential reduces to the

Higgs-Starobinsky model [113,114]. We should also men-
tion that the potential (13) contains a plateau at suitably
large values of the field, which is favored by the CMB
data [59].

Let N, denote the e-fold at which the wave number k
leaves the Hubble radius, when counted from the end of
inflation. For the potential (13), the quantity N, can easily
be determined in the slow roll approximation to be (see, for
instance, Ref. [115])

exp< /3@) _exp< /£ﬂ>
3aMP1 3(1Mp1
2(
_\/§<M—H_M—m>]’ 14)

where ¢, and ¢; denote the values of the field when the
mode with wave number k crosses the Hubble radius and at
the end of inflation, respectively. It is easy to show that ¢
can be expressed in terms of the parameters a and n as

ﬁN\/Q (2_" )
=V () (15)

As we mentioned, the parameter A can be determined by
utilizing the constraints from the CMB. One finds that the
parameter can be expressed in terms of the scalar amplitude
Ag, the scalar spectral index ng, and the tensor-to-scalar
ratio r as follows:

N 3a
K= an

2 1/4
A= My (371' rAS>
2
" 2n(1 +2n) + /4n* + 6a(1 + n)(1 — ng) "z
4n(1l +n)
(16)

Given the best-fit values for the inflationary parameters .Ag
and ng as well as the upper bound on r from Planck [59],
evidently, using the above relation, we can choose a set of
values for the parameters A, @, and n describing the
potential (13) that are compatible with the CMB data.
As we shall see, to evolve the background beyond
inflation, we shall require the value of the energy density
of the scalar field at the end of inflation, say, p;. One finds
that the quantity p; can be expressed in terms of the
corresponding value of the potential, say, Vi, as

==V, 17
Pt 3 f ( )

It is useful to note here that the value of the potential (13) at
the end of inflation is given by
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Vf_V(¢f)_A4< 2n )2". (18)

2n +V3a

We should mention that, hereafter, we shall set the
parameter o to be unity.

C. The dimensionless energy density of GWs

Let us turn now to discuss the observable quantity of our
interest, viz. the dimensionless energy density of GWs. We
shall be interested in evaluating the quantity over the
domain of wave numbers that reenter the Hubble radius
during the epochs of reheating and radiation domination.

The energy density of GWs at any given time, say,
pew(n), is given by (see, for example, Refs. [63,110])

2
MPI

pow(n) =3 (5 03) + 30¥AP) ). (19)

where the expectation values are to be evaluated in the
initial Bunch-Davies vacuum imposed in the sub-Hubble
regime during inflation. The energy density per logarithi-
mic interval, say, pgw (k, ), is defined through the relation

paw(n) = /0oo dInkpgw (k. 7). (20)

Upon using the mode decomposition (4) and the above
expressions for pgw(77), we obtain the quantity pgw (k,77)
to be

Mp K

pow (k. i) = 2 o

(3100P +5 I ). 1)

The corresponding  dimensionless
Qgw (k,7n) is defined as

energy  density

pow(k,n)  paw(k.n)
Q k, ]/] —= g
X (IR TR

. (22)

where p. = 3H>M3, is the critical density at time 7.

The observable quantity of interest is the dimensionless
energy density Qgw (k,77) evaluated foday, which we shall
denote as Qgw(k). We shall often refer to Qgw(k) or,
equivalently, Qgw(f) [recall that f is the frequency
associated with the wave number k; cf. Eq. (1)], as the
spectrum of GWs today. In the following sections, we shall
evolve the tensor perturbations through the epochs of
reheating and radiation domination. As we shall see, at
late times during radiation domination, once all the wave
numbers of interest are well inside the Hubble radius, the
energy density of GWs behave in a manner similar to that
of the energy density of radiation. We shall utilize this
behavior to arrive at the spectrum of GWs today.

III. EVOLUTION OF GWs DURING REHEATING

In order to follow the evolution of the tensor perturba-
tions postinflation, it proves to be convenient to write (in
this context, see, for instance, Ref. [63])

hi(n) = hixi(n), (23)

where ¥ denotes the primordial value evaluated at the end
of inflation and is given by [cf. Eq. (10)]

_ V2 il (1 _ %) eik/teik/k (24)
Mpy /213 ki

The quantity y; is often referred to as the tensor transfer
function, which obeys the same equation of motion as /,,
viz. Eq. (5). Clearly, the strength of the primordial GWs
observed today will not only depend on the amplitude of
the tensor perturbations generated during inflation but also
on their evolution during the subsequent epochs. In this
section, we shall discuss the evolution of the transfer
function y;, during the epoch of reheating. As we mentioned
earlier, we shall consider two types of scenarios for
reheating. We shall first consider the case wherein the
period of reheating is described by the constant EoS
parameter, say, w, often associated with the coherent
oscillations of the scalar field around the minimum of the
inflationary potential. We shall assume that the transition to
radiation domination occurs instantaneously after a certain
duration of time. In such a case, as we shall see, the transfer
function y; can be arrived at analytically. We shall then
consider the scenario of perturbative reheating wherein
there is a gradual transfer of energy from the inflaton to
radiation. It seems difficult to treat such a situation
analytically and, hence, we shall examine the problem
numerically.

To follow the evolution of GWs in the postinflationary
regime, we shall choose to work with the rescaled scale
factor as the independent variable rather than the conformal
time coordinate. If we define A = a/a;, where a; = a(n;)
is the scale factor at the end of inflation, then we find that
the equation governing the transfer function y; is given by

Ere (4, VdH\dpe  (K/k)*
aa> " \A " HdA) dA T (H/H)ATE T

hy = hy(ay)

0, (29)

where we recall that k; = a;H; denotes the wave number
that leaves the Hubble radius at the end of inflation. Our
aim now is to solve the above equation for the transfer
function during the epoch of reheating. As is evident from
the equation, the evolution of GWs is dictated by the
behavior of the Hubble parameter. Therefore, if we can first
determine the behavior of the Hubble parameter during
reheating, we can solve the above equation to understand
the evolution of transfer function y; during the epoch. We
shall also require the initial conditions for the transfer
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function y, and its derivative dy,/dA at the end of inflation,
i.e., when a = a; or, equivalently, when A = 1. Since we
have introduced the transfer function through the relation
(23), clearly,

AA=1)=1 (26)

Also, on using the solution (10) and the expression (24) for
hP, we find that
dyt(A=1 k/ke)?

dA 1 —i(k/ks)

where the final equality is applicable when k < k;. We
shall make use of these initial conditions to determine the
transfer function during the epoch of reheating.

In the following two subsections, we shall discuss the
solutions in the two scenarios involving the instantaneous
and gradual transfer of energy from the inflaton to
radiation.

A. Reheating described by an averaged EoS parameter

Let us first consider the scenario wherein the epoch of
reheating is dominated by the dynamics of the scalar field
as it oscillates at the bottom of an inflationary potential,
such as the a-attractor model (13) we had introduced
earlier. In such a case, the evolution of the scalar field
can be described by an averaged EoS parameter, say, w,
[86—88]. The conservation of energy implies that the energy
density of the inflaton behaves as p « a=30) which, in
turn, implies that the Hubble parameter behaves as
H?> = H}A73(+%), Note that H = H; when A =1, as
required. As a result, during such a phase, Eq. (25)
governing the tensor transfer function reduces to the form

d?y 1 dyg

(k/ke)?
T O I g

xe=0. (28)

The general solution to this differential equation can be
expressed as

k k
RHA)=A"Y|C.J_ A7 D.J A7 ||,
Xk ( ) |: k U/y<]/kf )+ k u/y<ykf >:|

(29)

where J,,(z) denote Bessel functions of order a, while the
quantities v and y are given by

3

UZZ(I—W¢), y =5 (14 3w,). (30)

l\.)|>—‘

The coefficients C; and Dy can be arrived at by using the
conditions (26) and (27) for the transfer function y; and its
derivative dy,/dA at the end of inflation, i.e., when A = 1.

We find that the coefficients C) and D, can be expressed as
follows:

c. 7k 1 ko
C T 2yke (1= i(k/ke) ) ke \ ke
ik k v
- (1 ‘k—) Tum (y?ﬂ (7) (312)
_ 7k 1 k, (K
ke |1 = i(k/ke) ] ke~ ™7 \ ke

(B (D)) o

We shall later make use of these coefficients and the
solution (29) to eventually arrive at the spectrum of GWs
today. It is useful to note here that the quantity dyR/dA is
given by

Dk:

ARk k
=— A" C o | =AY
dA ke kS =(/y)-1 vke

k
b (L] -

VK¢

We should mention here that the duration of the reheat-
ing phase characterized by the number of e-folds N,, and
the reheating temperature 7', can be expressed in terms of
the equation of state parameter w, and the inflationary
parameters as follows (in this context, see, for example,
Refs. [87,88]):

L N, _|_11 i +l]n %
(Bw, = 1) G re 3 43
1/4
+ In ks +In Pr_
aoTO HI

43 1/3 aoHI
T. = —(N.ANwe) T 33b
* (119s,re> < k. © o ( )

where Ty = 2.725 K is the present temperature of the CMB
and H, denotes the current value of the Hubble parameter.
Moreover, note that k. /a, represents the CMB pivot scale,
with a, denoting the scale factor today. We shall assume
that k, /ay ~ 0.05 Mpc~!. We should also point out that N,
denotes the number of e-folds prior to the end of inflation
when the pivot scale k, leaves the Hubble radius.

N, =

(33a)

B. The case of perturbative reheating

As a second possibility, we shall consider the perturba-
tive reheating scenario (for recent discussions, see, for
instance, Refs. [91,93]). In such a case, after inflation, the
inflaton energy density, say, p,, gradually decays into the
radiation energy density, say, pr, with the decay process
being governed by the Boltzmann equations. As a result,
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the effective EoS parameter during the reheating phase
becomes time dependent. In our analysis below, for
simplicity, we shall assume that the EoS parameter w,
of the scalar field during the reheating phase remains
constant. Such an assumption is valid as far as the
oscillation timescale of the inflaton is much smaller than
the Hubble timescale. This turns out to be generally true
when the field is oscillating immediately after the end of
inflation, and we should point out that such a behavior has
also been seen in lattice simulations [116—-118]. Hence, for
a wide class of inflationary potentials that behave as
V(¢) x ¢*" near the minimum, the time averaged EoS
parameter of the inflaton can be expressed as w, =
(n—=1)/(n+1) [119]. We should emphasize that this
scenario is different from the one considered in the previous
section wherein the explicit decay of the inflaton field was
not taken into account. Specifically, in the earlier case, the
energy density of the inflaton was supposed to be converted
instantaneously into the energy density of radiation at a
given time, leading to the end of the phase of reheating. In
due course, we shall demonstrate the manner in which the
detailed mechanism of reheating leaves specific imprints on
the spectrum of primordial GWs observed today.

Let us define the following dimensionless variables to
describe the comoving energy densities of the scalar field
and radiation

o(A) =20 30w Ra) =&

mg mg

A%, (34)

where mj, denotes the mass of the inflaton. Also,
let 'y represent the decay rate of the inflaton to radiation.
In such a case, the Boltzmann equations governing the
evolution of the energy densities p, and pr can be
expressed as [91,93,120]

do 3MpI A20

aA AELLIX T : =0, (352)
ny V(®/A%) +(R/A)

dR V3MpI' A3(1=2wy) /2

E-Lj’“”(ww) - =0. (35b)
g V(®@/A¥4)+ (R/A)

Note that the tensor transfer function y; is essentially
governed by the behavior of the Hubble parameter H
[cf. Eq. (25)]. It proves to be difficult to solve the above set
of equations analytically. Therefore, to arrive at the Hubble
parameter during the epoch of reheating, we shall solve the
Boltzmann equations (35) numerically with the following
conditions imposed at the end of inflation:

3

pp(A=1)=p; =2Vy,

: pr(A=1)=0, (36)

where we recall that V; is the value of the inflationary
potential at the end of inflation. We should point out that,

for the inflationary potential (13) of our interest, V; is given
by Eq. (18).

We should also clarify a couple of points in this regard.
In the case of perturbative reheating, the phase of reheating
is assumed to be complete when H = I';. In other words,
we require

1
H*(A,) = YV Pp(Ares 5. Ty) + pr(Are, 15, Ty)] = T3,
Pl

(37)

where A,. = a,./a;, with a,. denoting the scale factor when
reheating has been achieved. In fact, this corresponds to the
point in time when the rate of transfer of the energy from
the inflaton to radiation is the maximum. The associated
reheating temperature can then be determined from the
energy density of radiation pr through the relation

30 1/4
ere = ( > P]L/4(Are’ I’ls, F¢) (38)

2
TGrre

In fact, later, to arrive at the results on the spectrum of GWs
today, along with specific values for the parameters
describing the inflationary potential (that are consistent
with the CMB data), we shall also choose a value of 7.
Having fixed the value of T, we shall make use of
Eq. (33b) to arrive at N, and thereby determine the value
I'; using the condition H(A,.) = T.

With the solutions to the coupled background equa-
tions (35) at hand, we shall proceed to solve the differential
equation (25) for the transfer function y, during reheating.
To illustrate the nature of the solutions, we have plotted the
behavior of the Hubble parameter H and the transfer
function y, in Fig. 1 during the period of perturbative
reheating. We have chosen specific values for the EoS
parameter wy, the reheating temperature T, and wave
number k in plotting the figures. We have considered a
wave number so that the mode reenters the Hubble radius
during the period of reheating. As one would have
expected, while the amplitude of the transfer function is
a constant on super-Hubble scales, it decreases as the
mode reenters the Hubble radius and begins to oscillate
once inside.

IV. EVOLUTION DURING RADIATION
DOMINATION AND THE SPECTRUM
OF GWs TODAY

The Hubble parameter during the radiation dominated
epoch evolves as
Az
At
with H, and A, denoting the Hubble parameter and the
rescaled scale factor at the end of reheating, respectively.

H* = H%e (39)
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The evolution of the Hubble parameter H (in blue, on the left) and the amplitude of the tensor transfer function y; for a given

wave number (in blue, on the right), obtained numerically in the case of the perturbative reheating scenario, have been plotted as a
function of A = a/a; over the domain 1 < A < A, which corresponds to the period of reheating. We have also indicated the lapse in
time in terms of e-folds (counted from the end of inflation) on the top of the two figures. We have assumed that wy, = 0 and have set
T,. = 103 GeV in plotting the quantities. We have chosen the wave number to be k ~2 x 10'> Mpc™!, which corresponds to the
frequency of f =~ 3 x 1073 Hz [cf. Eq. (1)]. The wave number has been chosen so that it reenters the Hubble radius during the epoch of
reheating. The slope of the straight line describing H(A) (on the left) is —3/2, which is consistent with w;, = 0. We find that the slope
changes as A approaches A, indicating the beginning of the transition to the radiation dominated epoch. The vertical line (in red, on the
right) indicates the time when the mode reenters the Hubble radius. As expected, the transfer function proves to be constant on super-
Hubble scales, and it oscillates once the mode is inside the Hubble radius.

During radiation domination, the transfer function is
governed by the equation
2d}( k
AdA

(k/kre)?
A%

dz)( k

dA2
where k., = a,.H, is the mode that reenters the Hubble
radius at the end of the reheating era. The above differential
equation can be immediately solved to arrive at the
following general solution:

X =0, (40)

2R0(4) = % (Bpe-6/hl(4/A0-1) 4 Fei/k(A/A)-1]}
(41)

The coefficients £, and F; need to be determined by
matching this solution and its derivative with the solution
(29) during the epoch of reheating and its derivative at
A = A.. Upon carrying out the matching at the junction
between the eras of reheating and the radiation domination,
we find that the coefficients E; and F; can be expressed as

A . . RH A
E ="r Kl - ’kre)x}?H(Ara ey, L()}

2 k k dA
= %%Eb (42a)
= —l%%ﬂ, (42b)

where we have also introduced the quantities £, and F
which we shall make use of later. At this stage, we should
mention that the quantities yR"(A.) and dyRY(A.)/dA and
hence the coefficients £, and F, will depend on the details
of the reheating mechanism. In particular, they will be
different for two of the types of reheating mechanisms
under consideration.

Since we have set h,=hby,, where hY denotes
the primordial amplitude of the tensor perturbations
[cf. Eq. (21)], the energy density of GWs pgw(k,7) is
given by [cf. Eq. (23)]

M3 K | I K
pow(k,n) = 72—”2|h£|2 §|Z§D (m)|? +§|)(§D(’7)|2 .

(43)

On using the definition (7) of the inflationary tensor
power spectrum Pr(k), this energy density of GWs can be
expressed as

M3, Loroove K rpgpe
pGW(kvn):TazPT(k) §|)(k (n)] +§|)(k m* ).

(44)

Upon substituting the solution (41) in the above expres-
sion, we obtain pgw(k,7) to be
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M3} k> kieAre \ 2
pon () =g 2P0 { (. +17p) |2+ (P |

ko AN2 [ 2ikAN
E F* rere 1 —2l(k/kre)[(A/Are)_l]
tE k< kA ) ( +kreAre>e
kA2 2ikA\ .
E*F re‘ire 1_ Zl(k/kre)KA/ArB)_l] .
+E; k( kA) ( kreAre>e

(45)

We had mentioned earlier that we shall be interested
in the range of wave numbers which reenter the Hubble
radius during the epochs of reheating and radiation
domination. At late times during radiation domination
such that A/A,. > 1, all the modes of our interest would
be well inside the Hubble radius, i.e., kA > 1. In such a
case, we find that the above expression for pgw(k,7)
simplifies to be

M3 k2

WPT(]‘)QEHZ + |Fi]?).

paw(k,n) = (46)

Hence, the corresponding dimensionless parameter
describing the energy density of GWs, viz. Qgw(k,7),
is given by

k2
awlhon) =15 2

keeAze
= 482 H2AY PT(k><|gk|2 + |~7:k|2)’
f

Pr(k)(|E + [Fyl?)
(47)

where we have made use of the expressions (42) relating
the coefficients E; and F to the quantities £, and F.
During radiation domination, H>A* = H2AY.. Also, recall
that k.. = a,.H,.. On using these relations at late times
during radiation domination, we obtain that

Pr(k)
48

Qgw(k.n) = (€ + 1 F4[?). (48)
The task that remains is to explicitly determine the
quantities & and F. In the special case of instantaneous
reheating, A, = 1 and k. = k;. Therefore, on using the

conditions (26) and (27), one can readily show that

I-ilk) 2R/
- 1—i(k/k;) CT T =ik k)

For k < k¢, we find that £, ~ F; ~ 1, which lead to

Ex

(49)

Pr(k) Hi

QGW(k7 ’7) = = ,
24 12n2M%,1

(50)

where, in arriving at the final expression, we have made
use of the scale invariant inflationary tensor power

spectrum (12). In other words, the dimensionless density
parameter Qgw(k,7) is strictly scale invariant over all
wave numbers in the instantaneous reheating scenario.
Evidently, such a behavior can be expected to hold true
even when we have an epoch of reheating with wy = 1/3,
a result we shall encounter in due course.

Note that the energy density of GWs behaves as a~
[cf. Eq. (46)], exactly as the energy density of radiation
does. Such a behavior should not come as a surprise, and it
arises due to the fact that the modes of interest are well
inside the Hubble radius at late times (say, close to the
epoch of radiation-matter equality) during radiation domi-
nation. On utilizing this property, the dimensionless energy
density parameter Qgw (k) today can be expressed in terms
of Qgw(k,n) as follows:

4

gr.e gs, 4/3
Qaw(k)h* = <g—;> <g—0) Qrh*Qew (k. 1)
r, s.eq

Gro \'/3
z(—”) Q2 Qaw (k. 1), (51)

Yreq

where Qp denotes the present day dimensionless energy
density of radiation. We should mention that, while g,
and g, represent the number of relativistic degrees of
freedom at equality and today, respectively, g, ., and g
represent the number of such degrees of freedom that
contribute to the entropy at these epochs. Further, the
Hubble parameter today, as usual, has been expressed
as Hy, = 100h kmsec™! Mpc™'.

The spectrum of primordial GWs in the reheating
scenario with an averaged EoS parameter can be expected
to be different when compared to the one arising in the
perturbative reheating scenario, In the following two
sections, we shall derive the spectrum of primordial
GWs at the present epoch in the two cases.

V. SPECTRUM OF GWs IN REHEATING
DESCRIBED BY AN AVERAGED EoS
PARAMETER

Before we go on to discuss the results, we should
mention that the spectrum of GWs arising in the scenario
wherein the epoch of reheating is described by an averaged
EoS parameter and the transition to radiation domination is
assumed to occur instantaneously at a given time has been
evaluated earlier in the literature (see, for instance,
Refs. [62,65,71]; for a recent discussion, see Ref. [80]).
However, we find that, in the earlier investigations, the
initial conditions that determine the dynamics during
reheating have not always been chosen to be consistent
with the dynamics during inflation. In this work, we shall
consider a specific model of inflation, and we shall show
that model dependent initial conditions play a primary role
in determining the range of frequencies that reenter the
Hubble radius during reheating. Therefore, in this section,
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we shall reanalyze the effect of the averaged EoS parameter
during reheating (with appropriate initial conditions) on the
spectrum of GWs. We shall briefly discuss the derivation of
the spectrum of GWs and arrive at the shape of the
spectrum in the domains k < k. and k > k.. In the next
section, we shall compare the results with those that arise in
the case of perturbative reheating.

It should be clear from the expression (48) that we shall
require the quantities £, and F to arrive at the spectrum of
GWs. Using Egs. (42), we can express &, and F as

ik dyRH(A

gk = (1 - ]i_>)(l]§H(Are) +Are%7 (523)
ik dyRH(A

Fo= (1 a + A =) (s

Also, recall that the transfer function at the end of the
epoch of reheating yRH(A,.) is given by Eq. (29), with the
coefficients C, and D, being described by Eqgs. (31).
During radiation domination, we have H’A* = HZA%.
Since ky = a;H; and k.. = a,.H,, we find that we can
write A, = (k;/k.)'/7. As a result, the Bessel functions in
the expression (29) for yRM(A,) depend on the ratio
(k/ky). Note that, in contrast, the coefficients C, and
D, depend only on the ratio k/k;. As we mentioned earlier,
we have been interested in arriving at the spectrum over
wave numbers such that k < 1072k;. For small z, the Bessel
function J,(z) behaves as (see, for instance, Ref. [121])

. 1 Z\¢
| ~y— =
imJo(2) = g <2> ’

where I'(z) denotes the Gamma function. Clearly, in such a
limit, the Bessel functions involving the largest negative
value for the index a can be expected to dominate. Since
0 <wy <1, the quantities v and y are always positive
[cf. Eq. (30)]. Hence, in the limit k < k¢, we find that it is
the term involving D, in Eq. (29) that will dominate. For
the above reasons, the quantity ¥R (A, ) can be approxi-
mated as follows:

(53)

k

lejH (Are) = Ar_e”DkJu/y (T) , (54)
y e
with the coefficient D, being given by
p 7 k \vr
Dy~———csc|— || =— . 55
T (/) < v ) <27kf> 9)

Let us first arrive at the shape of the spectrum in the
domain k < k. In such a domain, we can use the form
(53) for the Bessel function J,,,[k/(yk,.)] that appears in

the expression (54) above for yRH(A). On doing so and

utilizing the identity I'(z)['(1 — z) = z/ sin(xz) [121], we
find that, in the domain k < k., the quantity yRH(A)
reduces to unity. Under the same conditions, we find that
the quantity dyRY(A,.)/dA vanishes. Therefore, it should
be evident from the expressions (52) that, in the limit
k < ko, & ~ F ~ 1. In other words, the spectrum of GWs
today is scale invariant over this domain, and its present day
amplitude is given by

gro \'3 Pr(k)
Qew (k)h? ~ : Qp h?
o () (g) N
H2
~Qph? ——L . (56)
12712M12>1

In arriving at the final expression, we have assumed that
9r0 =~ greq and have made use of the tensor power
spectrum (12) arising in de Sitter inflation. We should
mention that this result is the same as in the case of
instantaneous reheating. This result should come as a
surprise since these large scale modes are on super-
Hubble scales during the epoch of reheating and hence
are not influenced by it.

Let us now turn to the domain k > k... Since the limit
k < k¢ continues to be valid, the term involving D, in
Eq. (29) remains the dominant term. Therefore, ¥R (A,,) is
again described by Eq. (54), with D, given by Eq. (55).
However, the argument of the Bessel function in Eq. (54) is
now large. For large z, the Bessel function J,,(z) behaves as
(see, for instance, Ref. [121])

li;r}]a(z) ~ \/;%cos [z — ma — (7/4)]. (57)

Therefore, in the domain k > k., we find that the quantity
ZRH(AL) and its derivative dyRM(A,)/dA behave as

v k —(v/r)-(1/2)
AT

)(lk{H(Arc) = __F(l

k /7
-, 58
X COS <2ykm , 4> (58a)
A S0 A) 2 () ) (k)

©odA = v) \2rkie
k V7 4

- b

X sin (2}/]% , 4), (58b)

with v and y being given by Eq. (30). On substituting these
expressions in Eqs. (52), we obtain the corresponding &
and F to be
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2i ko O\ —w/n)+(1/2)
SaFrio-Lrl1+2) (=
VT v) \2rke
k v 71')
xexpi|l—————= 39)
<27kre y 4 (

so that

492 v k Y\ now
e =1aP =T (14) (5) " @

2ykre
where we have defined ngy to be

2 2(1 = 3w,
po = 122 20 =3wy)

= 61
y 1+ 3wy (61)

If we substitute these results in the expression (51), we
obtain the spectrum of GWs today in the domain k > k,
to be

9ro 173 PT(k)
Q 2 (22 Qp h?
vl = (22) Vg Prt

H?  4y? v k O\ "ew
o . Hi 2 LAY L
NP, r(1+)<2k> .

noMp T /4 VKre

(62)

€l

In other words, for wave numbers such that k > k., the
spectrum of GWs today has the index ngw. Notably, the
index vanishes when w, = 1/3. Also, while the spectrum
is blue for w, > 1/3, it is red for wy < 1/3. Moreover, in
the extreme cases wherein Wg vanishes or is unity, we have
ngw = —2 and ngw = 1, respectively.

On utilizing the expression (29) for the transfer
function during reheating and the expressions (42) to
determine the quantities £, and F, we can arrive at the
complete spectrum of GWs by substituting the expres-
sions in Eq. (48). In Fig. 2, we have plotted the spectrum
of GWs today that arise in the case of the a-attractor
model (13) for a set of values of the EoS parameter wy. In
plotting the spectra, we have chosen the other parameters
in such a fashion that the reheating temperature is
T.. = 3 GeV in all the cases. The figure clearly illustrates
the qualitative features we discussed above: (i) the
spectrum is strictly scale invariant for k < k., and
(i1) the spectrum has the index ngw for k > k.. We have
plotted the spectra for wy = (0,1/3,1/2,2/3), which
correspond to the values n = (1,2,3,5) for the index
in the potential (13). We should mention that these
cases lead to the indices ngw = (=2,0,2/5,2/3), as
expected. In the figure, we have also included the
sensitivity curves of the some of the current and forth-
coming GW observatories (for a discussion on the
sensitivity curves, see Ref. [122] and the associated
web page). Interestingly, we find that, for a set of

T T T T : pz T T
-7 L S ETLAO  BBN ]
10 T Isa | SR TR
= l/ “ w 6&0 /o 13
S ,’oq, I/Q‘zb =5 we~
NghoGrav ~ / ﬂ
/;g _ n=3, Wo=
10—17 ]
o n=2, ws=1/3
=
[}
(@]
—27[ ]
10 a-attractor model
a=1, T, =36eV 75
%
N
-37
1077, . . . L
10" 1076 107! 10* 10°
f(Hz)

FIG. 2. The behavior of the dimensionless energy density of
primordial GWs observed today, viz. Qgw(f), has been plotted
over a wide range of frequencies. The spectrum has been obtained
analytically, and it corresponds to the case wherein the post-
inflationary phase is described by the EoS parameter w, and
reheating is expected to occur instantaneously at a given time.
We have considered the scenario wherein the inflationary
potential is described by the a-attractor model (13). We have
illustrated the spectra for the cases wherein n = (1,2,3,5) (in
black, brown, green, and magenta), which correspond to
w, = (0,1/3,1/2,2/3). We should mention that we have chosen
the parameters such that 7, = 3 GeV in all the cases. In the
figure, we have also included the sensitivity curves of the
different ongoing and forthcoming GW observatories (in varied
colors, on top). Note that, as expected, the spectrum is strictly
scale invariant for frequencies such that f < f.. = k./(27).
However, for larger frequencies such that f > f., while the
spectrum has a red tilt for w, < 1/3, it has a blue tilt for
wy > 1/3. Interestingly, we find that, for a suitably large value of
wy, the spectrum of GWs already intersect the sensitivity curves
of some of the observatories over a certain range of frequencies.
Moreover, we find that, for a high value of W the spectra cross

the BBN bound of Qgwh? < 1076 at suitably large frequencies.

inflationary and reheating parameters, the spectra already
intersect the sensitivity curves. Moreover, we find
that the Big-Bang Nucleosynthesis (BBN) bound, viz.
Qaw(ke)h*> <107 (in this context, see, for instance,
Ref. [123] and the reviews [17,18]), can be violated
for wy > 1/3, which leads to constraints on the EoS
parameter w, for a given k; and vice versa. As we have
emphasized, Fig. 2 depicts the interesting dependence of
the value of k; on the inflationary model parameter n due
to different initial conditions at the beginning of reheat-
ing. This interdependence of k; and the EoS parameter w,
can be translated into the constraints on the reheating
temperature T, and scalar spectral index ng through the
aforementioned BBN bound. For instance, in the figure,
the spectrum corresponding to w,, = 2/3 clearly crosses
the BBN bound at large frequencies. These clearly
suggest that observations of the spectrum of GWs today
can lead to interesting constraints on the primordial
physics.
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FIG. 3. The behavior of the dimensionless energy density of primordial GWs today, viz. Qgw (f), has been plotted over a small (in

black, on the left) as well as a wide range of frequencies (in red, green, brown, and black, on the right). We have considered the scenario
wherein the inflationary potential is described by the a-attractor model (13) with n = 1, which corresponds to w, = 0. We have plotted
the spectrum of GWs for the following values of the reheating temperature T,.: 10’ GeV (in red, on the right), 10° GeV (in black on the
left and green on the right), 2 TeV and 2 GeV (in brown and black on the right). Note that we have also illustrated the behavior of the
effective EoS parameter w.y (in blue, in the figure on the left) as a function of the frequency f, which has been determined using
the relation f = aH/(2x). In other words, wg;(f) (marked on the y axis on the right-hand side of the figure on the left) represents the
effective EoS parameter at the instant when the mode with the frequency f reenters the Hubble radius. We have also indicated the
frequencies associated with the wave numbers k. and k; (as vertical red and green lines, on the left). Moreover, we have demarcated
the regime (in pink) wherein the transition from we; = 0 to wee = 1/3 occurs. We should point out that the spectrum of GWs exhibit
oscillations in the region of the transition. Further, we have included the sensitivity curves of different ongoing and forthcoming GW

observatories (in the figure on the right).

VI. SPECTRUM OF GWs IN THE CASE OF
PERTURBATIVE REHEATING

In the perturbative reheating scenario, the inflaton
continuously transfers its energy to radiation after the
end of the inflationary epoch. As a result, the effective
EoS parameter during the reheating era, say, w,g, becomes
time dependent. It can be expressed as

3w
Wetf = M’ (63)
3(py + pr)
where we recall that the evolution of the energy densities of
the inflaton and radiation, viz. p, and pg, are governed by
the Boltzmann equations (35), while w, is the EoS
parameter describing the inflaton. Such a time dependence
of the effective EoS parameter has been explicitly dem-
onstrated earlier (see, for example, Refs. [91,93]). It has
been illustrated that, while immediately after the termina-
tion of inflation, weg is approximately equal to wy, and
after a certain time, the effective EoS parameter smoothly
transits from wy, to 1 /3, which indicates the onset of the
epoch of radiation domination. We should emphasize again
here that such a reheating scenario is different from the case
considered in the previous section where the inflaton
energy density is assumed to be converted instantaneously
into radiation after a certain period of time. Specifically, in
the previous reheating scenario, wegy remains equal to wy,
during the whole of the reheating era and, at a particular
time, wei sharply changes to 1/3. These differences in the

dynamics of the reheating scenarios should be reflected in
the spectrum of GWs today. The corresponding features in
the GW spectrum can, in principle, help us probe the
microscopic mechanisms operating during the era of
reheating.

We shall now proceed to compute the spectrum of GWs
at the present time, i.e., Qgw(k) or, equivalently, Qgw(f),
in the case of the perturbative reheating scenario. As we had
discussed, we shall analyze this case numerically. With the
solution to the Hubble parameter H(A) at hand, we proceed
to solve for the transfer function y;(A) during the epoch of
reheating, as we had outlined in Sec. III. The numerical
solutions are determined using the initial conditions (26)
and (27). With the solutions at hand, we arrive at the
spectrum of GWs at the current epoch for different sets of
reheating temperature and the EoS parameter w,, describing
the inflaton. The results we have obtained are illustrated in
Figs. 3 and 4 for the cases of wy, < 1/3 and w, > 1/3,
respectively. Let us now highlight a few points concerning
the results plotted in the two figures.

Let us first broadly understand the spectra in Fig. 3
wherein we have plotted the results for wy = 0. In the
figure, we have illustrated the dimensionless energy density
of GWs today as a function of the frequency f. We have
considered the case wherein the inflationary potential is
described by the a-attractor model (13) and have plotted the
results for n = 1 (which corresponds to w;, = 0) and a set
of values of T,.. We have also included the behavior of the
effective EoS parameter wgs, which we have plotted as a

063513-12



DECODING THE PHASES OF EARLY AND LATE TIME ... PHYS. REV. D 104, 063513 (2021)

T T T T T I T T 3 T T
a - attractor model 7
-7 =y macrs/. e\ & BBN
- a=1,n=3, T, =10° 107"+ e LET\ 1
10 12 | ,n=3, Tre GeV 05 r\/l,mo(ilmv L1sa \\; p <
p Il \\\ ‘\ 7 l’A
11 R o
3 - r -
1 0—15 L ;, 10 k. \\ I,’ ’IQ
I\ W SKAr .,/ DECIGO/§
< < « N y - / —36eV
[ s < ' | / Tee N
3 043 Fowp ¥ = T
-18 r o 210 b
c 107" a T
_y006eY
Y Y Tee®
” 113 10-19 v V ]
107"
Radiation dominated Reheating o a-attractor model
phase Kre eheating phase ke 2 a=1,n=3, wy=05
10—24 : L L N . N 2 10 r ) ) ‘ ‘ ‘ 1
10 0.01 10 10 10 1079 10°° 0.1 1000.0 107

f(Hz) f(Hz)

FIG. 4. The spectra of GWs today have been illustrated in the same manner as in the last figure. But, in contrast to the previous figure
wherein we had considered the case Wy = 0 [or, equivalently, n = 1 in the potential (13)], we have set wy = 0.5 (i.e., n = 3) in arriving
at the plots above. Note that, as in the case of wy = 0, the spectrum is scale invariant over frequencies corresponding t0 k < k.
However, the spectrum has a strong blue tilt at higher frequencies. Importantly, for some values of the reheating temperature, the spectra
intersect the sensitivity curves of the various GW observatories which immediately translate to constraints on the parameters wy and T,
that characterize the epoch of reheating. In the figure, we have also included the BBN constraint (as the horizontal black line, on the

right), which corresponds to Qgwh? < 107,

function of frequency using the relation f = aH/(2z). The
plot indicates the evolution of the parameter w.y; as the
modes with different frequencies f reenter the Hubble
radius (in this context, also see the earlier efforts [91,93]).
Note that larger wave numbers or, equivalently, larger
frequencies reenter the Hubble radius earlier than the
smaller ones. The plot clearly highlights the transition
from the inflaton dominated universe to the epoch of
radiation domination, achieved through the mechanism
of perturbative reheating. The transition is clearly reflected
in the behavior of the effective EoS parameter which
changes smoothly from wey = 0 at early times (i.e., at
large frequencies) to we = 1/3 at late times (i.e., at small
frequencies). In the figure, we have indicated the frequen-
cies associated with the wave numbers k; and k., and
have also marked the domain of the transition to highlight
these points.

Let us now point out a few more aspects of the results
presented in Fig. 3. In the figure, we have also plotted the
spectrum of GWs for a few different values of the reheating
temperature. Further, we have included the sensitivity
curves of different current and forthcoming GW observa-
tories. Note that the plots suggest that the spectra of GWs
remain scale invariant over wave numbers k < k., which
reenter the Hubble radius during the radiation dominated
epoch. This result should not come as surprise. As we have
pointed our earlier, these modes are on super-Hubble scales
during the period of reheating and hence are unaffected by
the process. Therefore, they carry the scale invariant nature
of the spectrum of GWs generated during inflation.
However, modes with wave numbers k,. < k < k; reenter
the Hubble radius during the epoch of reheating, and hence
they carry the signatures of the mechanism of reheating.
For the value of wy, = 0 we have worked with in Fig. 3, we

find that the spectrum exhibits a strong red tilt for k > k.
In fact, we find that the red tilt occurs over this range of
wave numbers whenever w, < 1/3. Moreover, for lower
values of the reheating temperature, the red tilt begins to
occur at smaller wave numbers. Such a behavior can be
attributed to the fact that, when the reheating temperature is
lower, the epoch of reheating lasts longer. Since reheating is
delayed, the mode with wave number k. reenters the
Hubble radius at a later time or, equivalently, leaves the
Hubble radius during inflation at an earlier time thereby
suggesting that it will have a smaller wave number. We
should mention here that these features in the spectrum of
GWs are similar to the behavior in the simpler reheating
scenario we had discussed in the last section.
Interestingly, we find that the perturbative reheating
scenario leaves telltale imprints on the spectrum of GWs
which can possibly help us decipher finer details of the
mechanism of reheating. We find that the spectrum exhibits
a burst of oscillations near k.. It should be clear from Fig. 3
that the oscillations occur over modes which leave the
Hubble radius during the period of the transition when we
changes from its initial value of w; to the final value of 1/3.
Recall that, in the perturbative reheating scenario, the
reheating temperature is identified as the temperature
associated with the energy density of radiation at the
instance when H(A,) =I'y. Consequently, it is at this
point of time that the change in the effective EoS parameter
with respect to the scale factor is the maximum. This aspect
is reflected in the peak that arises in the spectrum of GWs
exactly at the wave number k,, which reenters the Hubble
radius when H(A,) =T,. We should also mention that
these features in the spectrum of GWSs spectrum are not
limited only to the case of wy, = 0 and T',, = 10 GeV, but
also arise for all possible sets of values of (w, < 1/3,T).
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In order to highlight this point, in Fig. 3, we have illustrated
the spectrum Qgw(f) for different values of reheating
temperature 7,.. However, note that the frequency around
which the spectrum begins to exhibit a red tilt increases as
the reheating temperature increases. This is expected for the
reason we discussed above, viz. that the period of reheating
is shorter for a higher reheating temperature as a result of
which the wave number k. of the mode which reenters at
the end of reheating turns out to be larger. Last, we should
mention that, for w,, < 1/3, the spectrum of GWs is indeed
compatible with the BBN constraints.

To illustrate the dependence of the spectrum of GWs on
Wy, in Fig. 4 we have plotted the spectrum for w, = 1/2
[i.e., for n = 3 in the potential (13)] and a set of values of
the reheating temperature, just as in Fig. 3. Clearly, the
spectrum of GWs is scale invariant over frequencies
corresponding to k < k... But, in contrast to the w, =0
case, the spectrum has a strong blue tilt at higher frequen-
cies. Also, as expected, the higher the reheating temper-
ature, the larger is k., for reasons we have discussed earlier.
Moreover, we find that the spectrum exhibits a burst of
oscillation around k., exactly as in the wj, =0 case.
Further, the maximum of the oscillation occurs at the
instance when k. reenters the Hubble radius and the width
of the oscillation coincides with the period of transition
from weg = wy = 0.5 to wer = 1/3. Finally, we should
mention that the spectra exhibit a blue tilt for k > k,
whenever wy, > 1/3.

The above arguments clearly indicate that the details of
the epoch of reheating significantly affects the spectrum of
GWs. Therefore, the characteristic features of Qgw (f) can
considerably aid us in garnering an adequate amount of
information regarding the reheating phase. Upon compar-
ing Figs. 2 and 3 (or 4), it is clear that the perturbative
reheating mechanism, wherein the transfer of energy from
the inflaton to radiation occurs smoothly, leads to oscil-
lations in the spectrum of GWs in contrast to the simpler
model wherein the transition to radiation domination
occurs instantaneously. We believe that such quantitative
differences can provide us with stronger constraints on the
mechanism of reheating. Specifically,

(i) The presence of the oscillating feature in the
spectrum of GWs, in particular, the width of the
oscillation can provide us information concerning
the timescale over which w.; makes the transition
from wy, to 1/3.

(ii) As we have discussed above, the peak of the
oscillation occurs at k = k.. Thus, identifying the
location of the peak of the oscillation in the spectrum
can help us determine the Hubble scale at the end of
reheating or, equivalently, the decay rate 'y of
the inflaton to radiation. In other words, the obser-
vation of the peak can indicate the strength of the
coupling between the inflaton and radiation in a
given decay channel.

VII. SPECTRUM OF GWs NEAR THE END
OF INFLATION

Until now, while discussing the tensor power spectrum
generated during inflation, for simplicity, we had assumed
that inflation was of the de Sitter form. This had led to a
scale invariant power spectrum for scales such that k < k¢
[cf. Eq. (12)], where k; denotes the wave number that
leaves the Hubble radius at the end of inflation. However,
potentials such as the a-attractor model (13) of our interest
actually lead to slow roll inflation and, as we had
mentioned earlier, in such cases, there will arise a small
tensor spectral tilt. Moreover, even the slow roll approxi-
mation will cease to be valid towards the end of inflation.
Therefore, to understand the nature of the inflationary
tensor power spectrum close to the wave number k¢, the
easiest method seems to evaluate the spectrum numerically.

There exists a standard procedure to evaluate the
spectrum of perturbations generated during inflation (in
this context, see, for instance, Ref. [124]). The modes are
typically evolved from the Bunch-Davies initial conditions
when they are well inside the Hubble radius and the spectra
are evaluated in the super-Hubble domain when the
amplitude of the perturbations have frozen. Such an
approach works well for the large scale modes. But, since
we are interested in the tensor power spectrum over small
scales, in particular, with wave numbers close to k¢, these
modes would not be able to spend an adequate amount of
time in the super-Hubble regime. Hence, in these situations,
the best approach would be to evaluate the spectrum at the
end of inflation. In Fig. 5, we have plotted the inflationary
tensor power spectrum computed numerically in the
a-attractor model of our interest. Actually, in the figure,
we have also plotted the spectra of GWs today Qgw (f) for
a few sets of values of the EoS parameter w,, and a specific
value of the reheating temperature. Having computed the
inflationary spectra numerically, we have used the analyti-
cal forms for the tensor transfer function postinflation to
arrive at the Qgw(f). Note that the inflationary spectral
shape begins to change for wave numbers close to k;. In
fact, we find that the inflationary tensor power spectrum
Pr(k) behaves as k> for wave numbers close to and beyond
k¢. This is not surprising and occurs due to the fact that
these modes either have hardly left or remain inside the
Hubble radius at the end of inflation. Therefore, the modes
are essentially of the Minkowskian form leading to the k>
behavior of the power spectrum. From the structure of
energy density of GWs [cf. Eq. (21)], it is easy to establish
that the corresponding Qg (k) would behave as k* over
this domain of wave numbers. It is easy to see from Fig. 5
that Qgw(f) indeed behaves as expected around and
beyond k;. Further, from the figure, we can see that k;
is crucially dependent on the structure of the inflationary
potential. For reheating dynamics described by an effective
EoS parameter wy, we can write k¢ in terms of the potential
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The inflationary tensor power spectrum arising in the a-attractor model of interest (on the left) as well as the corresponding

spectrum of GWs today (on the right) have been plotted for frequencies close to the wave number k;. The inflationary spectra have been
computed numerically, and we have made use of the analytical solutions for the tensor transfer function y; during the postinflationary
epochs to arrive at the spectrum of GWs today. We have plotted the spectrum of GWs today, viz. Qgw (f), for a few different values of
the reheating EoS parameter w,, and a specific reheating temperature. We find that, while the inflationary power spectrum begins to
behave as k> near kg, the corresponding spectra of GWs today behave as k*.

parameter n, the reheating parameters (7. N,.), and the
inflationary parameter N, as follows:

H \% 1/2
kf :afo :k*—feN* :k* % €
H, 2Hi My,

2 1/2 2
1 (P e 2T N+ B0/ (1)),
{790 H My, ’

where we have been careful to distinguish between the
value of H; ~H; and Hy, i.e., the Hubble parameters
evaluated at the moment when the pivot scale &, crosses the
Hubble radius and at the end of the inflation, respectively.

(64)

VIII. CMB, SPECTRUM OF GWs, AND THE
MICROSCOPIC REHEATING PARAMETERS

As is well known, the observations of the anisotropies in
the CMB by missions such as Planck can be explained in a
simple and successful manner by invoking an early phase
of inflation [5-14]). Nevertheless, the characterization of
the inflaton is far from complete because of the lack of
adequate observational constraints, particularly over scales
smaller than the CMB scales. The spectrum of GWs is
possibly the only probe which can provide us direct access
to the physics operating during the epochs of inflation and
reheating. In this section, we shall discuss the manner in
which we can extract the properties of the inflaton by
combining the observations of the CMB and GWs.

As we have already mentioned, the spectrum of GWs
carries signatures which reflect some details of the mecha-
nism of reheating. Recall that the primary aspect of the
reheating phase is the time evolution of the EoS parameter
from the initial value of w,, associated with the inflaton to
the final value of 1/3 corresponding to radiation. The phase
can be generically divided into three stages based on the

underlying physical processes that operate. In what follows,
we shall discuss these stages and the corresponding
imprints on Qgw(f).

To facilitate the discussion, let us introduce the spectral
index ngw = dInQgw/dIn k associated with the spectrum
of GWs. Interestingly, we find that all the three stages leave
distinct imprints on the spectral index ngw, and we have
illustrated the behavior of ngw(f) for the a-attractor
model (13) in Fig. 6. Note that the first and longest stage
is when H < Ty, i.e., when the inflaton is decaying v
ery slowly and hence the background dynamics is domi-
nated by the EoS parameter w, governing the inflaton.
The spectral index ngw associated with modes which
reenter the Hubble radius during the stage is given by
ngw = 2(3w,; —1)/(3w, + 1). In Fig. 6, we have indi-
cated the ngyw(f) associated with w; = 0 and 1/2. In the
subsequent stage, as the Hubble parameter approaches I'y,
the decay of the inflaton becomes increasingly efficient,
and the effective EoS parameter begins to change rapidly.
The corresponding effects are reflected in the variation of
ngw over modes which reenter the Hubble radius during
the transition, as highlighted in Fig. 6. However, this
intermediate stage is the shortest among the three stages,
and it ends when H,, = I'y, i.e., when the rate of decay of
the inflaton to radiation is at its maximum. The most
important of the three stages is the final stage of thermal-
ization which is characterized by the timescale Aty,. It is the
timescale over which the decay products of the inflaton
thermalize among themselves. In fact, it is this mechanism
that determines the actual initial temperature of the radi-
ation dominated phase contrary to the conventional defi-
nition of reheating temperature T, defined when H = T'.
The thermalization process and the associated timescale
Aty, would crucially depend upon the nature of all the
decay products of the inflaton as well as the detailed
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FIG. 6. Left: The variation of the index ngyw associated with the spectrum of primordial GWs observed today in the case of the
perturbative reheating scenario has been plotted as a function of frequency f for two different values of the inflaton EoS parameter
wy = (0,1/2) (as solid and dashed lines) for the a-attractor potential (13). We have fixed the value of the reheating temperature to be
T,. = 10° GeV in arriving at the plot. In the figure (on the left), we have also explicitly highlighted the behavior of ngy for modes that
reenter the Hubble radius during the following regimes: (i) reheating phase dominated by the inflaton (as solid and dashed lines, in
magenta), (ii) the period of rapid transition of the EoS parameter from wy to 1/3 (as solid and dashed lines in blue), and (iii) the radiation
dominated epoch (in green). We have also demarcated the domain in frequency associated with the thermalization timescales in the
figure (as shaded regions in dark and light blue). These quantities have been denoted as AfL and Af3, for wy = 0and 1/2, respectively.
Right: We have illustrated the variation of the frequency f,. = k../(27) as a function of the scalar spectral index ng for three different
values of n = (1, 3, 5) (in blue, black, and pink) for the a-attractor model. We have also indicated the 1-¢ and 2-¢ confidence regions (as
light and dark bands in red) associated with the constraint on scalar spectral index ng from Planck [59].

dynamics of the decay process. These details will deter- radius during the epoch of radiation domination.
mine the manner in which the EoS parameter changes Because of this reason, over these ranges of modes,
during this stage, and its variation will be imprinted in the the spectrum of GWs at late times retains the same
behavior of ngw(f) as we have illustrated in Fig. 6. Note shape as the spectrum of tensor perturbations gen-
that there arises a frequency range, say, Afy,, associated erated during inflation. Therefore, using Eq. (56),
with the timescale Aty, and the variation of the spectral the scale invariant amplitude of the spectrum of
index ngy over this domain can provide us with clues to the GWs can be utilized to estimate the approximate
physics operating during the stage. energy scale near the end of inflation. In the limit of
Therefore, from the CMB observations and the spectrum high reheating temperature, we have

of GWs, we can, in principle, extract the following essential

information regarding the nature of the inflaton and the O 2 ~ O 2 H}
) : . : . awh? ~ Qg (66)
underlying physical process taking place during reheating. 67> M3,

(i) Effective inflaton EoS parameter wy: The nature of
inflaton potential near its minimum or, equivalently, and, as a result,
the effective EoS parameter w,, associated with the
decay of the inflaton can be determined from the 67> M3, Qawh*\ '/?
spectral index of GWs through the relation H = (W) ’ (67)

W — 1 (2 + nGW) (65) which, in turn, allows us to express the energy
P 3\2- new/ density at the end of inflation as follows:

(ii) Inflaton decay width T ,: Once we have arrived at the . 18722 M3 Qawh? 68
EoS parameter describing the inflaton, the effective Pr= Qph? (68)
inflaton decay constant I';, can be determined from
the CMB and the spectrum of GWs in the following From the observed spectrum, we can, in principle,
fashion. As we have already mentioned, for modes determine wave numbers k.. and k¢, which are the
with wave numbers k < k., the amplitude of the wave numbers that reenter at the end of the epoch of
tensor perturbations will remain approximately con- reheating and leave the Hubble radius at the end of
stant from the time the modes leave the Hubble inflation, respectively. In Fig. 6, we have illustrated
radius during inflation till they reenter the Hubble the dependence of k. on the scalar spectral ng for
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different values of the parameter n of the a-attractor
model. In a manner similar to the existence of a
maximum possible reheating temperature, we notice
that there arises a maximum possible value for the
frequency associated with the wave number k.. We
find that, generically, 1 ~ 107 Hz, irrespective of
the values of the other parameters involved. It would
be interesting to study further implications of this
point. Nonetheless, the aforementioned wave num-
bers satisfy the following relations:

ki =atHy~acHy, ke =aeH= Areafr¢' (69)

Considering perturbative reheating, one can obtain
an approximate analytical expression for the nor-
malized scale factor A, at the end of the reheating to
be (in this context, see Ref. [93])

A — 4,Df(1+W¢>2 ~1/(1=3wy) ﬂ_”zgr,re
o \G'B(5-3w,)? T30

43 \1/3 HI
() e

The primary assumption in arriving at the above
expressions is that the energy scale does not change
significantly throughout the entire period of infla-
tion. With all the above expressions at hand, we find
that the inflaton decay constant I'; can be written in
terms of the observable quantities as

r, = kreHI _ E 677'-2M]2>19Gwh2 1/2
P Ake ke Qph?

727[2M§]QGW}12(1 + W¢)2 1/(]_3(‘)4')

Qrh*G*B(5 — 3w4,)2 '

(71)

One can then immediately obtain the following
analytic expression for the reheating temperature:

s _ G _ (43 \'kH,
o Are B 11gre k*HO

727 M Qe (14 wy) "\ V=)
QrI*G (5 — 3wy)? 0

(72)

So far, we have expressed the inflation decay
constant and the reheating temperature in terms of
the observables associated with the CMB and the
spectrum of GWs today. To understand the exact
nature of the coupling, the subsequent thermaliza-
tion processes right after reheating (i.e., when
I'y = H,,) becomes important. Therefore, let us
now compute the thermalization timescale.

063513-17

(iii) Thermalization timescale Aty,: Thermalization is an

important nonequilibrium phenomenon that is
ubiquitous in nature. At the end of the phase of
reheating, when the rate at which the inflaton decays
into radiation has attained a maximum, the sub-
sequent thermalization phase leads to the epoch of
radiation domination. In this process, thermalization
timescale Aty is an important observable which
crucially depends on the nature of the initial state as
well as the interactions among the internal degrees
of freedom. Also, it is the initial state that encodes
the information about the coupling between the
inflaton and the other fields to which the energy
is being transferred. Hence, if we can arrive at Aty,
from the spectrum of GWs, valuable information
regarding the fundamental nature of the coupling
parameters between the inflation and other fields at
very high energies can, in principle, be extracted.
The thermalization timescale is defined as

Atth = Ity — Tres (73)

where f,. is the time corresponding to the end of
reheating and ¢, denotes the time at the end of the
thermalization process, which leads to the beginning
of the actual radiation dominated epoch. In order to
obtain an approximate analytic expression, during
this regime, we shall assume that the scale factor
behaves as a o 2/3("%)_ This can be justified since
we can express the effective EoS parameter during
the thermalization phase using the following pertur-
bative expansion:

1 1y
w = /hdl|:WR+(W¢—WR)p_¢+
Ith — Ire PR

trC
1 1
ﬁg"’ <W¢ —§>x + O(xz),

T
x= / s (74)

tth - tre te PR

where wg = 1/3 is the EoS parameter describing
radiation. Note that during the thermalization phase
Py < pr and, hence, x < 1. This particular fact
enables us to obtain the leading order expression for
the thermalization timescale in terms of the observ-
able quantities that we discussed. On utilizing the
above form for the EoS parameter, we find that
the leading order behavior of the scale factor at
I’y = H,. can be written as

£\ 2/[3(1+wg)] 2 - t
i <_> [1—“%—@111 <_> +}
[1 3(1+WR) tl

(75)
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where t; is a constant we have introduced for
purposes of normalization. Upon using the relations
ke = arHye, kyy = anHy,, and H,, =Ty, we can
express the reheating time ., and the thermalization
time #y, in terms of the wave numbers k. and kg, as

1/(pr—1)
tw=<ﬁﬁ ) 4 o),

Pr
k. O\ 1/(pr—1) _
%Z(j) L o). (76)
Pr
|
Aty ~ Pr R

Pr

In the above expressions, an important point one
should remember is that the values of the wave
numbers k. and kg, are, in general, dependent on
the decay width of the inflaton. Therefore, the
overall thermalization timescale is a nontrivial
function of T'y.

The thermalization timescale crucially depends
on the initial number density of the decayed particles
compared with the thermalized ones. The initial
number density at the instant when I'y, = H,, can be
approximately estimated to be n; ~ My H%/m, =
M35 /my, and, in arriving at this expression, it has
been assumed that the momentum of the decay
products is as large as the mass my, of the inflaton
[125,126]. If we consider the particles to have
thermalized at the reheating temperature 7, then
the number density can again be approximately
determined to be ny, ~ T3, ~ I“Z,/ ZME,{Z. Hence, the
ratio of the particle number densities ng, and n; turns
out to be

My (ﬁ%“Y@ (79)

ni \/TyMp  \MpkeH,

This is one of the crucial parameters in the
context of the thermalizing plasma that dictates
the kind of physical processes that occur during
thermalization [125-129]. At this stage, we are
unable to extract the inflaton mass my from the
observations in a model independent manner.
However, given the mass of the inflaton, along

ko \ 1/(pr=1) k. 1/ (pr=1) _ kr'el/(‘”“_l>
kin _ (K ph/el (2 ) 4 o), in terms of I,
p Ty

k 1/(pr—1) k 1/(pr—-1) _ Gkr_pR/(pR_l>
[(m) Co- <m> ' ]PﬁR/(pR & <e> + O(x), in terms of 7.
Pr

We can also express I'y, in terms of normalized time
t 1 as

pr/(pr—1)
Ty~ (?) kY o), (77)
1

where we have introduced the quantity
pr = 2/[3(1 + wg)]. Utilizing all the above equa-
tions, we finally obtain the final expression for
the thermalization timescale to the leading order
in x to be

(78)

HI Tre

with the CMB observations, Eq. (79) will have two

generic possibilities, viz.

(1) n; <nyg: The particle number density is
smaller than the thermalized ones, which
means that, at the end of reheating, the uni-
verse is underoccupied. For example, if
one considers marginal inflaton-scalar (£) cou-
pling such as @&, inflaton-Fermion (y)
Yukawa coupling fS¢ypy, the inflaton decay
width behaves as I’ ~ﬁ2m¢, which implies
that I’li/i’lth ~ \/m < 1.

(i1) n; > ny: The particle number density is
larger than the thermalized ones; i.e., at
the end of reheating, the universe is over-
occupied. For example, if one considers any
Planck suppressed operator containing a
coupling between the inflaton and the reheat-
ing field, the decay width behaves as
Ty ~mj /Mg, which implies that n;/ng~

(iv) Determination of microscopic interactions: From
our discussion above for the two cases, it is clear
that if we can determine the value of ny, /n; from the
combined observations of the CMB and GWs, the
fundamental nature of the inflaton-reheating field
coupling such as “f” can be extracted. Further-
more, interestingly, it has been pointed out that,
depending on the aforementioned two conditions
for the initial, nonthermal states generated by the
end of reheating, the behavior of the thermalization
timescale in terms of the microscopic variables will
be very different and will behave as (in this context,

see Ref. [125])
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A { a‘zm;}/ 2Tt_hS/ 2, for underoccupied initial states such thatn; < ng,, (80)
Iih ~

a Tyt for the overoccupied initial state such thatn; > ny,,
where a denotes the gauge interaction strength among the decayed particles, and Ty, is the final thermalization
temperature. Hence, it is extremely important to recognize that, once we know the inflaton mass m, and the final
thermalization temperature 7', [the latter can be computed once the reheating dynamics is fixed, by using Egs. (79)
and (80)], the gauge interaction strength can, in principle, be computed in terms of the observable quantities through

the relations

B ko \ 1/ (pr=1) ko \ /(=712 _ et kr—el/(pR—U -1/2 mEA K
Tthl/2 |:<_th> _ <a> } pRP /2(p )]( > ’ for H, > Ajplkmf,

PR

myp\12[ (ke 1/(pr—1) k,,\ !/ (pr=1)]-1/2 e/ [=2(pe1)] kr—el/(pR—l) -1/2 Ak
£ i} — (== PR _— , for Hp < 4——.
T, Pr PR F¢ prkre

We expect to carry out a detailed study on these
important issues in a future publication. Having
examined the effects of the epoch of reheating on the
spectrum of GWs today, let us now turn to discuss
the effects that arise due to a secondary phase of
reheating. As we shall see, such a phase can have an
important implication for the recent observational
results reported by NANOGrav [94,95].

IX. SPECTRUM OF GWs WITH LATE TIME
ENTROPY PRODUCTION AND IMPLICATIONS
FOR THE RECENT NANOGrav OBSERVATIONS

In Secs. Vand VI, while arriving at the spectrum of GWs
Qgw (f) today, we had assumed that the perturbations were
generated during inflation and had evolved through the
epochs of reheating and radiation domination. In such a
scenario, the entropy of the universe is conserved from the
end of reheating until today. In fact, we had earlier utilized
the conservation of entropy to relate the temperature 7, at
the end of reheating to the temperature 7, today. Recall
that, for simplicity, we had assumed that the spectrum of
tensor perturbations generated during inflation was strictly
scale invariant [cf. Eq. (12)]. We had also found that, for
wave numbers k < k., the evolution of the tensor pertur-
bations through the standard epochs of reheating and
radiation domination does not alter the shape of the
spectrum of GWs observed today, i.e., Qgw(f) remains
scale invariant for f < f,. = k/(27).

Over the past decade or so, there has been an interest in
examining scenarios wherein there arises a short, secondary
phase of reheating some time after the original phase of
reheating, which immediately follows the inflationary
epoch (see, for example, Ref. [130]). It has been shown
that such a modified scenario can also be consistent with

Lo (81)

the various observations [71,131,132]. A secondary phase
of entropy production can occur due to the decay of an
additional scalar field (which we shall denote as o) that can
be present, such as the noncanonical scalar fields often
considered in high energy physics or the moduli fields
encountered in string theory.' In this section, we shall
discuss the effects of such a secondary phase of reheating
(which occurs apart from the primary phase of reheating
considered earlier) on the spectrum of GWs observed
today. As we shall see, the secondary phase of entropy
production leads to unique imprints on the spectrum of
GWs which has interesting implications for the recent
observations by NANOGrav [94,95].

Let us first calculate the reheating temperature associated
with the secondary phase of reheating. We can expect the
entropy to be conserved during the radiation dominated
epoch sandwiched between the two phases of reheating. On
following the chronology of evolution mentioned above
and, upon demanding the conservation of entropy, we can
arrive at the relation between the temperature 7', at the end
of the first phase of reheating and the temperature at the
beginning of the second phase of reheating, say, T,. We
find that they can be related as follows:

gs,rea?eT?e = gs,aRaiRTgR’ (82)

where (g e, gs.or) and (a, a,g) denote the relativistic
degrees of contributing to the entropy and the scale factor at
the end of the primary reheating phase and at the start of the
second phase of reheating (or, equivalently, at the end of the

"It is for this reason that the secondary phase is sometimes
referred to as the moduli dominated epoch. The scalar field could
have emerged from an extradimensional modulus field or due to
some higher curvature effects [133,134].
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first epoch of radiation domination), respectively. Using the
above relation, we can express the original reheating
temperature 7T, in terms of the temperature 7,z at the
beginning of the secondary phase of reheating as

1/3
T = (28) 117, (83)
gs,re

where Ng]% = In(a,g/a,) denotes the duration of first
epoch of radiation domination in terms of the number of
e-folds. Similarly, we can relate the temperature at the end
of the secondary phase of reheating, say, T,, to the
temperature 7y today by demanding the conservation of
entropy after the onset of the second epoch of radiation
domination. On doing so, we obtain that

43 1/3 [Z%)
T, = — T 84
’ (1195,) (%) o (84)

where g,, and a, represent the degrees of freedom
contributing to the entropy and the scale factor at the
end of the secondary phase of reheating. If a., denotes the
scale factor at the epoch of matter-radiation equality, then
the above expression for 7, can be written as

43 \1/3 2
T, = 90 ) N, (85)
1194 deq

The factor a/a., can be expressed in terms of the quantity
ay/ a; through the relation

Yo _ (@) NN N i+ Nt Vi) (86)
ay

aeq
where a; denotes the scale factor when the mode with the
wave number k crosses the Hubble radius during inflation,
while N, represents the number of e-folds from the time
corresponding to a;, to the end of inflation. Moreover, recall
that N, denotes the duration of the first phase of reheating.

It should be evident that the quantities Ny, and N'o)
represent the duration (in terms of e-folds) of the secondary
phase of (say, moduli dominated) reheating and the second
epoch of radiation domination, respectively. With k set to
be the pivot scale k., on substituting the above expression
for ay/aeq in Eq. (85), we obtain that

1/3
T - <1 143 ) / (Cl(;(_%)e_[NX+N,e+Ng[),+NS,e]TO’ (87)
Ys.o *

which is the temperature at the end of the secondary phase
of reheating.
Note that the above expression for T, can be inverted to

write N 1({% as

N 43 1/3 aoHI —[N AN +N ] TO
RD — * re sell — ). 88
= (i) (10 r,) ™

This relation, along with Eq. (83), immediately leads to the
following expression for the original reheating temperature
T,. in terms of the parameters associated with the late time
entropy production:

43 1/3 aoHI
T. = F-1/3a=(NoANe) T 89
* <1lgs,re> (k* © - (89)

In this relation, the factor F represents the ratio of the
entropy at the end and at the beginning of the secondary
phase of reheating, and it is given by

s(T,)

% (90)
F= ., 90
s( aR)az37R

where s(7) denotes the entropy at the temperature 7'. If we
now assume that the secondary phase of reheating is
described by the EoS parameter w,, then we can arrive
at the following useful relations between the Hubble
parameter and the temperature at the end and at the
beginning of the secondary phase of reheating:

lea
- (1
72 oR

¥ 3(1we)/(1=3w,) (g o\ 1/(1=3w,)
T,= (_11/3) JroR Tor.  (91)
}/2F 9ro

where the quantities y; and y, are defined as

1/4 1/3
n= (&> ; Y2 = (g“e> . (92)
9r.oR Ys.o

Clearly, the factor F controls the extent of entropy
produced at late times. And, in the absence of such entropy
production, the factor F reduces to unity. Also, in such a
case, the expression (89) for the reheating temperature 7',
reduces to the earlier expression (33b), as required.

Let us now turn to discuss the spectrum of GWs that
arises in such a modified scenario. As we mentioned above,
for simplicity, we shall assume that the secondary phase of
reheating is described by the EoS parameter w,,. In order to
arrive at Qgw(k) in the new scenario, we shall follow the
calculations described in Sec. V wherein we have evaluated
the spectrum analytically. To highlight all the relevant
scales involved and also to aid our discussion below, in
Fig. 7, we have illustrated the evolution of the comoving
Hubble radius in the modified scenario. Specifically, in the
figure, we have indicated the new scales k,p and k, which
are the wave numbers that reenter the Hubble radius at the
start and at the end of the secondary phase of reheating.

Ho‘Rv

>S(I+w,,)/2
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FIG.7. A schematic diagram illustrating the evolution of the comoving Hubble radius (aH)~" plotted (in green) against the number of
e-folds N = In a. In the diagram, we have also delineated the various epochs that are relevant for our discussion. In the above plot, we
have assumed that the EoS parameter w,, describing the primary reheating phase is less than 1/3. However, we have assumed that the
EoS parameter, say, w,, associated with a string modulus or a noncanonical scalar field driving the secondary phase of reheating is
greater than 1/3. In the figure, apart from the wave numbers k,, k., and k; we had encountered earlier (indicated as red, brown, and
yellow, dashed lines), we have indicated the scales k,p and k, (as dashed lines in purple and black) which correspond to wave numbers
that reenter the Hubble radius at the beginning and at the end of the second phase of reheating, respectively.

Before we go on to illustrate the results, let us try to
understand the shape of Qgw (k) that we can expect in the
modified scenario involving late time production of
entropy.

®

(i)

For wave numbers k < k,: As we mentioned above,
k, represents the wave number of the mode that
reenters the Hubble radius at the onset of the second
epoch of radiation domination or, equivalently, at the
end of the secondary phase of reheating. Therefore,
the range of wave numbers k < k, (but with wave
numbers larger than those corresponding to the
CMB scales) reenter the Hubble radius during the
second epoch of radiation domination. Since they
are on super-Hubble scales prior to their reentry,
they are not influenced by the background dynamics
during the earlier epochs. Hence, the spectrum of
GWs for this range of modes can be expected to be
scale invariant, which implies that the corresponding
spectral index ngw vanishes identically.

For wave numbers k, < k < kyp: Recall that, k,p
denotes the wave number that reenters the Hubble
radius at the beginning of the secondary phase of
reheating. As in the case of modes that reenter the
primary phase of reheating, we can expect the
spectrum of GWs over this range of wave numbers
to exhibit a spectral tilt which depends on the EoS
parameter w,. We find that, over this range of wave
numbers, Qgw (k) behaves as

(iif)

@iv)

063513-21

QGW(k) ~ k2(3w,,—1)/(3w,,+1)' (93)

Consequently, the spectral index of the primordial
GWs over this range of wave numbers turns out to be
ngw = 2(3w, —1)/(Bw, + 1). In others words,
over the domain k, < k < k,z, the spectrum has a
blue tilt for w, > 1/3 and a red tilt for w, < 1/3.
For wave numbers k,p < k < k,: These ranges of
wave numbers reenter the Hubble radius during the
first epoch of radiation domination. Hence, we can
expect the spectrum of GWs to be scale invariant
over this range. It is important to recognize that the
amplitude of the spectrum Qgw (k) over this range
will be greater or lesser than the amplitude over k <
k, (i.e., over wave numbers that reenter the Hubble
radius during the second epoch of radiation domi-
nation) depending on whether the EoS parameter w,
(characterizing the second phase of reheating) is
greater than or less than 1/3.

For wave numbers k., < k < k;: These correspond
to wave numbers that reenter the Hubble radius
during the first phase of reheating and, as we have
discussed before, the spectrum of GWs over this
range of wave numbers is expected to behave as

QGW<k> ~ k2Bwy=1)/Bwy+1) (94)
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FIG. 8. The spectrum of GWs observed today Qgyw (f) has been plotted in the modified scenario with late time production of entropy.
We have illustrated the results for the cases wherein ng is fixed and the quantity F is varied (on the left) as well as for the cases wherein F
is fixed and ng is varied (on the right). We have set w, = 0 and T,z = 1 GeV in arriving at the above plots. Also, we have considered the
extreme values for w, to demonstrate the maximum levels of impact that the generation of entropy at late times can have on the spectrum
of GWs. Interestingly, we find that for a set of values of the parameters associated with the secondary phase of reheating, the spectrum
Qsw can have amplitudes as suggested by the recent observations by NANOGrav [94,95].

In other words, the corresponding spectral index is
given by ngw = 2(3w,, — 1)/(3w, + 1), which has
a blue or red tilt depending on whether w,, is greater
than or less than 1/3.

The behavior we have highlighted above can be clearly
seen in Fig. 8 wherein we have plotted the quantity Qgw (f)
in scenarios involving the second phase of reheating. In
arriving at the plots in the figure, we have set the inflaton
EoS parameter to be w, =0 and have assumed that
T,z = 1 GeV. Note that, for a given inflaton EoS param-
eter wy, we have two parameters, viz. ng and F, which
control the global shape of the spectrum of GWs. We have
plotted the spectrum for different values of F' with a fixed
value of ng as well as for different values of ng with a fixed
F. In order to highlight the effects due to the additional
generation of entropy, we have plotted the results for the
limiting values of zero and unity for the EoS parameter w,,
governing the second phase of reheating. We should point
out that, if a canonical scalar field also dominates the
secondary phase of reheating, then for V(5) o 6> we have
w, = (n—1)/(n + 1) so that the above mentioned limiting
values can be achieved for n = 1 and n — oo, respectively.
One can also consider a more exotic, noncanonical,
scalar field with a Lagrangian density of the form
L ~ (0o)* — 6*", where u is a rational number, to drive
the second phase of reheating. In such a case, it can be
shown that the EoS parameter is given by (in this context,
see, for example, Ref. [135])

n—u

Wy =——"""7,
n2u—1)+pu

(95)

with the expression reducing to the canonical result
for u =1, as required. Such a model can lead to the
extreme values of w, =0 (for n =u) and w,~1 for

[n=~pu/(1 —p)] that we have considered, without unnatu-
rally large values for a dimensionless number, as it occurs
in the canonical case. It seems worthwhile to explore
such models in some detail as they could have interesting
phenomenological implications.

We find that the effects on Qgw(f) over the range f <
fre due to the late time creation of entropy have important
implications for the recent observations by the NANOGrav
mission. Recall that recent observations by the NANOGrav
mission suggest a stochastic GW background with
an amplitude of Qgwh* ~ 107" around the frequency of
1078 Hz [94,95]. Clearly, the frequency lies in the domain
f < fr. In the absence of a second phase of reheating,
evidently, the amplitude of Qg in the nano-Hertz range of
frequencies is rather small, much below the sensitivity of
the NANOGrav mission, as we had seen in Secs. Vand VL
However, as we have discussed, the late time decay of an
additional scalar field such as the moduli field leads to a
spectrum with a blue tilt for w, > 1/3 over the frequency
range f, < f < f.r, Where f, and f,x are the frequencies
associated with the wave numbers &, and k. Therefore, in
such a modified scenario, it is possible to construct
situations that result in Qgyw of the strength indicated by
NANOGrav, albeit with rather large values for w, and
relatively low values of the reheating temperature of
10 < T,. < 10° GeV, as illustrated in Fig. 8. To motivate
high values for the EoS parameter, as we mentioned, it
seems interesting to consider a noncanonical model of a
scalar field that leads to an EoS parameter as in Eq. (95).
We should clarify that, to avoid pathological behavior, in
the model, we can consider parameters lying within the
domains n > 0 and ¢ > 0. In such a case, one can obtain
that w, ~ 1 for u in the range 0 < u < 1. Moreover, note
that, in the modified scenario with late time entropy
production, to be compatible with the NANOGrav results,
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FIG. 9. The constraints from NANOGrav on the parameters Acp and ycp have been utilized to illustrate the corresponding constraints
on the EoS parameter w, describing the secondary phase of reheating and the reheating temperature 7', associated with the primary
phase. In the figures, we have included the 1-¢ and 2-o¢ contours (in black) arrived at by the NANOGrav analysis based on the five-
frequency power-law fit [94]. We have projected the results into the ycp — Acp plane for the following two possibilities: (i) a scenario
wherein T is fixed and the parameter w,, is varied (on the left), and (ii) a scenario wherein w,, is fixed and T is varied (on the right).
Note that we have assumed that wy, = 0 and T, = 0.1 GeV in arriving at the above plots.

the reheating temperature 7', has to be less than 10° GeV,
which implies a low decay width for the inflaton. Further,
from Fig. 8, it can easily be seen that the modified scenario
can be strongly constrained by many of the forthcoming
GW observatories such as SKA, BBO, LISA, and
DECIGO.

In the pulsar-timing data considered by NANOGrav, the
spectrum of the characteristic strain %.(f) induced by the
GWs is assumed to be a power law of the form [94,95]

(3=7cp)/2
hc<f>=ACP(i> o

yr

(96)

where Acp refers to the amplitude at the reference
frequency f,, =1 yr! =3.17 x 107® Hz, and ycp is the
timing-residual cross-power spectral density. The dimen-
sionless energy density of GWs today Qgw (f) is related to
characteristic strain & (f) induced by the GWs through the
relation (in this context, see the recent review [136])

2 2 2
Qw(f) = S 1)

(97)
Upon utilizing the form (96) for the characteristic strain, the
energy density of GWs today can be expressed in terms of
the amplitude Acp and the index ycp as follows:

5—rcp

As we have discussed above, in the scenario with late time
entropy production, it is the power associated with the
modes that reenter the Hubble radius during the secondary
phase of reheating that are consistent with the NANOGrav

2]1.2 2
Qaw (f) = >
3H%

(98)

results (cf. Fig. 8). Over this domain of wave numbers,
since the index of the spectrum of GWs is given by
ngw = 23w, —1)/(3w, + 1), where w, is the EoS
parameter describing the secondary phase of reheating,
clearly, we can set ycp =5 — ngw. We can utilize the
constraints from the NANOGRav results on the parameters
Acp and ycp to arrive at the corresponding constraints on,
say, the EoS parameter w, and the reheating temperature
T, associated with the primary phase. We have illustrated
these constraints in Fig. 9. We have illustrated the con-
straints for the two possibilities, viz. with the reheating
temperature 7. associated with the primary phase fixed
and the EoS parameter w, describing the secondary phase
of reheating varied as well as with w,, fixed and T, varied.
These constraints suggest that only low reheating temper-
atures (say, 7. < 10 GeV) and very high values of the EoS
parameter w, (with w, ~1) are compatible with the
NANOGrav data.

X. CONCLUSIONS

In this work, we have attempted to understand the effects
of reheating on the spectrum of primordial GWs observed
today. As a specific example, we had considered the so-
called a-attractor model of inflation and had evolved the
tensor perturbations from the end of inflation through the
epochs of reheating and radiation domination to eventually
arrive at the spectrum of GWs today. Moreover, we had
considered two different scenarios to achieve reheating. In
the first scenario, the epoch is described by a constant EoS
parameter wy, and the transition to radiation domination is
expected to occur instantaneously [87]. Such a simpler
modeling of the reheating mechanism had allowed us to
study the evolution of the GWs analytically. In the second
and more realistic scenario of perturbative reheating
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wherein the evolution of the energy densities are governed
by the Boltzmann equations, the inflaton decays gradually
and the transition to the epoch of radiation domination
occurs smoothly. The effective EoS parameter in such a
scenario changes continuously from its initial value of
Wegp = Wy to the final value of weg = 1/3. As it proves to
be difficult to obtain analytical solutions in the perturbative
reheating scenario, we had examined the problems at hand
numerically.

Note that we are interested in the spectrum of GW's today
over scales that are considerably smaller than the CMB
scales. These scales reenter the Hubble radius either during
the phase of reheating or during the epoch of radiation
domination. In both the models of reheating we have
considered, the spectrum of GWs today Qgw/(f) is scale
invariant over wave numbers that reenter the Hubble radius
during the epoch of radiation domination (i.e., for k < k).
The scale invariant amplitude over this domain can help
us extract the inflationary energy scale in terms of the
present radiation abundance since H7 /M3, ~ 67°Qgw/Qr
[cf. Eq. (66)]. The spectrum of GWs today has a tilt over
wave numbers k. < k < k; which reenter the Hubble
radius during the phase of reheating. The spectral tilt
ngw = 2(3wy —1)/(3w, + 1) is red or blue depending
on whether w, < 1/3 or wy > 1/3. Clearly, the observa-
tion of the tilt will allow us to determine the reheating
parameters such as the EoS parameter w,, and the reheating
temperature 7,.. These will allow us to determine the
behavior of the inflaton near the minimum of the potential.
Moreover, the constraint on the reheating parameters, in
turn, can help us constrain the inflationary parameters such
as the scalar spectral index ng. Further, in the realistic
perturbative reheating scenario, there arises an important
feature in the spectrum of GWs around wave numbers that
reenter the Hubble radius toward the end of the phase of
reheating. The spectrum exhibits distinct oscillations near
the frequency f,, and we find that the width of the
oscillation reflects the time scale over which the EoS
parameter changes from the inflaton dominated value of
wy to that of 1/3 in the radiation dominated epoch
(cf. Figs. 3 and 4). In fact, the peak of the oscillation
occurs at f,., which can be associated with the end of
perturbative reheating (i.e., when H = F¢). We find that, at
this instant, the rate of change of the effective EoS
parameter exhibits a maximum. This can help us further
in determining the inflaton decay rate I, in terms of the
observed quantities, as expressed in Eq. (71). The end of
reheating is to be followed by the most important stage of
thermalization. From the width of the oscillation in the
spectrum, one can extract information about thermalization
timescale Aty, [cf. Eq. (78)] as well as the nature of the
thermalization process depending upon an overoccupied or
underoccupied initial state set by the end of reheating

[cf. Eq. (80)]. It turns out that the ratio of the thermalized
particle density to the initial decaying particle density
(i.e., ng/n;) depends on the inflaton mass, the inflationary
energy scale, and the wave numbers k,. and k;. Therefore,
given the inflaton mass, the spectrum of primordial GWs at
the present epoch can be utilized to determine the ratio
ng/n;, which is one of the important parameters describing
the thermalizing plasma. Once the value of ngy/n; is
extracted, the strength of the gauge interaction, say, a,
among the reheating decay products can be obtained
[cf. Eq. (81)]. We should mention that the oscillatory
feature in the spectrum of GWs is encountered for all
possible values of wy and T\.. We find that the range of
frequencies around which the oscillations arise shifts
toward higher frequencies as the reheating temperature
increases. This can be attributed to the fact that, for a higher
value of T, the duration of reheating proves to be shorter
and, as a result, the wave number k. that reenters at the end
of reheating becomes larger.

Apart from the effects due to the standard phase of
reheating, we had also considered the signatures on the
spectrum of GWs due to a secondary phase of reheating.
Such a secondary phase can arise due to the decay of
additional scalar fields such as the moduli fields, which can
lead to the production of entropy at late times. The moduli
dominated phase, which can be described by a constant
EoS parameter w,, (as the primary phase of reheating), leads
to a tilt in the spectrum over the range of wave numbers that
reenter the Hubble radius during the epoch. Remarkably,
we have shown that, for w, > 1/3 and certain values of the
reheating temperature, the production of entropy at late
times can lead to Qgw (k) that correspond to the strengths
of the stochastic GW background suggested by the recent
NANOGrav observations [94,95]. We should clarify that
such a possibility cannot arise in the conventional reheating
scenario wherein the entropy remains conserved from
the end of reheating until the present epoch. In fact, the
assumption of the secondary phase of reheating and the
NANOGrav observations indicate a low reheating temper-
ature of T,, < 10° GeV. We are currently examining differ-
ent models to understand the wider implications of such
interesting possibilities.
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