PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: January 18, 2023
REVISED: July 24, 2023
ACCEPTED: August 14, 2023
PUBLISHED: September 4, 2023

WIMPs, FIMPs, and Inflaton phenomenology via
reheating, CMB and A N.g

MD Riajul Haque,® Debaprasad Maity’ and Rajesh Mondal®
@ Department of Physics, Indian Institute of Technology Madras,
Chennai 600036, India

b Department of Physics, Indian Institute of Technology Guwahati,
Guwahati, Assam 781039, India

E-mail: riaj.0009@gmail.com, debu@iitg.ac.in, mrajesh@iitg.ac.in

ABSTRACT: In this paper, we extensively analyzed the reheating dynamics after inflation
and looked into its possible implication on dark matter (DM) and inflaton phenomenology.
We studied the reheating through various possible channels of inflaton going into massless
scalars (bosonic reheating) and fermions (fermionic reheating) via non-gravitational and
gravity-mediated decay processes. We further include the finite temperature effect on the
decay process. Along with their precise roles in governing the dynamics, we compared
the relative importance of different temperature-corrected decay channels in the gradual
process of reheating depending on the reheating equation of state (EoS), which is directly
related to inflaton potential. Particularly, the universal gravitational decay of inflaton is
observed to play a very crucial role in the reheating process for a large range of inflaton
decay parameters. For our study, we consider typical a-attractor inflationary models. We
further establish the intriguing connection among those different inflaton decay channels
and the CMB power spectrum that can have profound implications in building up a unified
model of inflation, reheating, and DM. We analyze both fermion and scalar DM with
different physical processes being involved, such as gravitational scattering, thermal bath
scattering, and direct inflaton decay. Gravitational decay can again be observed to play a
crucial role in setting the maximum limit on DM mass, especially in the FIMP scenario,
which has already been observed earlier in the literature [52]. Depending on the coupling
strength, we have analyzed in detail the production of both FIMP and WIMP-like DM
during reheating and their detailed phenomenological implications from the perspective of
various cosmological and laboratory experiments.
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1 Introduction

Reheating is a phenomenon that has been studied quite extensively over the years. It is
the phase that bridges the two paradigms of cosmology, namely, inflation [1-3] and the
standard Big Bang. While inflation sets the uniform initial condition for all the causally
disconnected patches of exponentially large homogeneous space of the size of our present
universe, the subsequent phase fills the spaces with visible hot matters homogeneously
distributed through the process called reheating [4-7]. In the standard scenario, reheating
is the physical process through which the inflaton field decays into the visible matter fields.
The endpoint of the reheating is when the standard radiation-dominated universe begins,
which sets the proper initial conditions for Big Bang nucleosynthesis (BBN). From these
chronological cosmological events, it is obvious that the state of our present universe must
be non-trivially dependent on the process of reheating. Depending on the nature of inflaton
and its decay, reheating dynamics can be effectively described by parameters such as the
equation of state of inflaton (EoS) and its coupling with other fields. Investigation of this
phase is still an ongoing effort since its theoretical inception proposed in [4-7]. Since there is
no way to directly probe this phase with the present experimental techniques, it is important
instead to understand this phase through various possible physical processes and look for
direct /indirect process-dependent observables which can be probed directly/indirectly in
future experiments. Our present study comes with two main objectives: firstly, study the
reheating through various possible decay channels; namely, i) inflaton (¢) decaying into
bosonic radiation through g¢f¢s?, gh¢?s? interaction, ii) inflaton decaying into fermionic
radiation through h"¢ff interaction, iii) inflaton decaying into all fundamental fields
through minimal s-channel graviton exchange interaction, (1/Mp)(huT)" + hWT;‘/l}) 8, 9],
and identify the region of their dominance in the parameter space of bosonic coupling g;



and fermionic coupling h". T is the energy-momentum tensor and h,, is the tensor metric
perturbation. To this end, we would like to point out that in the context of gravity-mediated
decay, the effect of non-minimal Ricci curvature (R) coupling £¢?R has been considered
in the reference [10]. However, the contribution of such a term has been shown to be
negligible for dimensionless coupling ¢ < 1 and hence will be ignored in this paper. On
top of those couplings, we further included the finite temperature effect on the decay
process and compared it with the zero-temperature case for all the cases. Our second
objective is to study the dark matter (DM) production during reheating considering different
physical processes via gravitational scattering, thermal bath scattering, and direct inflaton
decay to DM via g¥¢S?, g¥¢%S? interactions for scalar DM S, and h*¢F F interaction for
fermionic DM F'.

From the phenomenological perspective, DM is assumed to be an integral part of the
visible standard model components in quantum field theoretic framework [11-32]. In this
framework it is just the DM mass and the cross-section which are shown to be sufficient to
explain the current abundance of DM. However, a large number of attempts over the years
to detect [33-37] such particle appeared to go in vain. Therefore, going beyond the existing
framework of both experimental and theoretical approaches to understanding dark matter
may seem to be important [38-41]. Towards this endeavor recent proposal of graviton
mediated DM production [42-51] has been shown to have some promising universal features,
and it cannot be ignored in any DM studies. Interestingly such gravitational production
has been observed to set a limit on the maximum possible value of the DM mass [52, 53].
In the standard DM literature, two distinct DM production mechanisms exist in the early
universe. For the standard WIMP (Weakly Interacting Massive Particle) scenario, the DM
is assumed to be in thermal equilibrium with the radiation bath. During the course of
background evaluation, DM particles became thermally decoupled from the bath (known
as the Freeze-out mechanism), and the present value of abundance is achieved [54-61]. In
the second type, known as FIMP (Feebly Interacting Massive Particle) scenario, the DM is
assumed to remain out of equilibrium with the radiation bath and produced due to decay
of other fields throughout. During the course of background evaluation, the decay channel
ceases to produce DM at some point (known as the Freeze-in mechanism), and the present
value of abundance is achieved [14, 16, 19, 20, 62—66]. In this paper, we will explore those
mechanisms in the context of the early universe with a non-trivial reheating phase. Apart
from understanding the very nature of DM, such studies actually open up the possibilities of
looking for the signature of reheating and, most importantly, the nature of inflaton through
the physics of DM.

Most of the DM phenomenological studies were confined to the early radiation-
dominated universe [54-61]. DM physics during reheating has gained significant interest
only recently [25, 26, 62, 68-77]. Primary motivation of this attempt has two-folds: a) to
construct a unified framework where inflaton is assumed to be an integral part of DM model
building, and b) explore the physics of reheating and its impact on DM physics. Finally,
analyze and constrain the inflaton, reheating and DM parameters through the constraint on
extra relativistic degrees of freedom in terms of AN at the time of Big-Bang Nucleosynthe-
sis (BBN) [78-81], and different DM searches in the astrophysical/cosmological/laboratory



experiments [82-86]. Keeping those two-fold motivations in mind, we study in detail the
parameter space wherein both WIMP and FIMP-type mechanisms can be realized. In this
study, we will further see how universal gravitational DM production during the initial
stage of the reheating phase plays an important role in constraining the DM parameters.
WIMP production during reheating has been considered very recently in [87, 88]. However,
detailed studies taking into account the physics of inflation and the subsequent reheating
processes are still lacking. In this paper, we fill this gap and study in detail its constraints
and significance in the context of present and future experiments.

We organize our paper as follows: in section 2, we will discuss the basic setup for
the perturbative reheating processes for different decay channels and their connection
with the inflationary parameters. As mentioned earlier, we include the effect of finite
temperature corrections in the decay widths for various decay channels. In section 4, we
discuss in detail the reheating dynamics due to two different bosonic decay channels. We
identify the parameter regions with respect to reheating EoS, where reheating can be
successfully achieved depending upon the strength of the different decay channels under
consideration. We further discuss the possible constraints on those inflationary coupling
parameters with respect to the CMB observations. In section 5, we discuss in detail the
fermionic reheating scenario where the reheating occurs due to the inflaton decaying into
fermionic radiation. Similar to the bosonic reheating case, we analyze and constrain the
inflaton-fermion coupling parameter through the perspective of inflationary observable and
CMB constraints. In section 6, We consider various possible scenarios corresponding to
DM production. We elaborately discuss DM production from direct inflaton decay and
thermal radiation separately. In section 7 and 8, we discuss their possible constraints from
the perspective of various theoretical and experimental bounds. Finally, we conclude with
some future directions.

2 Perturbative reheating: general set up

In the first half of our present paper, we will discuss in detail the single-sector reheating,
which has been studied earlier for some special cases [25, 26, 71, 89-91]. However, we
will perform a comprehensive study on this with many significantly new results. In the
second half, we include dark matter production and explore different possible production
mechanisms and their observable possibilities in a unified framework.

After the end of inflation, the inflaton field starts to oscillate with a decaying amplitude.
During this phase, the inflaton field transfers its energy into massless fields termed as
radiation (R) through various decay channels, ¢ — ss/ff and ¢¢ — ss, where we assume
explicit coupling between inflation and daughter fields. In addition, there exists universal
gravitational coupling between inflaton and daughter field through s-channel graviton
(hyu) exchange interaction, (1/M3)h,, T, which has recently been shown to influence
the reheating dynamics [53, 92]. In our present analysis, we shall include such universal
contributions as well. When we talk about gravitational scattering, we mainly consider
the process ¢¢ — h,, — ss/ff. In figure 1, we have shown the Feynman diagram for all
possible interactions between inflation (¢), and radiation (R). We consider inflaton coupled
with scalar (s) and fermion (f) as massless radiation for the case of bosonic and fermionic
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Figure 1. Fynmann diagram for all possible interactions between inflaton (¢) and radiation (R).

reheating, respectively. Compared to the direct decay with free coupling parameters, decay
due to gravitational interaction is universal and hence will always be present. Setting
all the direct inflaton coupling to zero implies purely gravitational scattering, named as
gravitational reheating (GR), which has been studied in detail by two of the present authors
in [53, 92]. Therefore, we consider following general interaction Lagrangian,

Py
Mp

where g¢] is the coupling parameter for the trilinear interaction with mass dimension

Lo = 22 (T + TV) + 97687 + ghd?s® + WO f. (2.1)

unity, g5 is the dimensionless coupling parameter for quartic interaction and A" is the
Yukawa coupling.

2.1 Finite temperature decay widths and Boltzmann equation

The standard assumption of any reheating studies is that radiation is always thermalized
among its constituents throughout the entire process. Hence, inflaton decay products must
encounter a finite temperature thermal bath which will modify the decay width [93-96].
Such finite temperature effect has already been discussed in [97-99] for the special cases
with a matter-dominated reheating phase. Our goal is to generalize those studies for the
arbitrary inflaton equation of state (EoS) wg, which has not been studied earlier. For the
bosonic decay of inflaton, the thermal effect introduces Bose enhancement factor into the
decay width, which makes bosonic reheating efficient compared to the zero temperature one.
On the other hand, for fermionic decay of inflaton, the thermal bath induces an additional
Pauli blocking factor into the decay width, which makes fermionic reheating less efficient
compared to the zero-temperature one. Including the finite temperature effect, we list up
the following decay widths' for various decay/scattering channels as [71, 91, 99-101]

7\2
Tooss = gomdiy(142fp(mg/2T)),  for gios®
)2
Lus = Dovorss = BB+ 2fn(my/T)),  for gp?s®  (22)
7\2 —
Tyir = " my(t)(1 - 2fr(mg/2T)), for WGff
ror = _PeMe g9 T 1 2,
PPp—>ss 10247TM;)1< + fB(m¢/ ))7 [5079] ( 3)
2
m
o PO (1~ 2fp(mg/T)), [50, 91] (2.4)

611 7 4096 Mimy,

n our study, we have not taken the oscillation effect of the zero mode inflaton [71] in the decay width
formula. However, even taking the oscillation effect in the production rate, our illustrated results would be
the same, only there would be a minute modification in the fermionic gravitational dark matter production
(for detailed discussion, see appendix-E).



where fp/p(2) = ﬁ are the equilibrium Bose-Einstein (B)(—) and Fermi-Dirac (F)(+)
distribution function. The last two decay width expressions are the gravity-mediated
inflaton decay to other fields. In these expressions, we ignore the effect of thermal mass
correction due to self-interaction. mgy(t) corresponds to time-dependent inflaton mass
defined as mi(t) = 02V (¢)/0¢? for a generic inflaton potential V(¢). It is obvious from
the expression that when the temperature of the radiation bath is greater than the inflaton
mass, i.e. (Traq > my(t)), the Bose-enhancement or Pauli-blocking is effective. Due to the
Bose enhancement, the decay rate is enhanced for the Bosons, and due to Pauli blocking,
the decay rate is suppressed for the Fermions.

Since the radiation particles are massless, the total decay width for the gravitational
sector is mainly associated with the scalar particles. For fermionic particles, the decay width
for gravitational interaction o mfc, and that is the reason for not taking the contribution
from the fermionic particles in the thermal bath for gravitational production. In addition,
in the case of vector boson production, we need to introduce the mass term to break the
conformal invariance; thus, massless vector boson production is impossible. Therefore, the
total gravitational scattering rate to radiation production will be simply F% \RR = Fff’); .
One important point is to note that we consider only one type of scalar particle in the
radiation bath, and all other particles are assumed to be fermions or vector bosons, so their
gravitational production is unimportant. It has already been established that for inflaton
equation of states wy > 0.65, the gravitational scattering can alone reheat the universe (see,
for instance, reference [92]). In this paper, we will include the explicit inflaton coupling with
radiation and do a comprehensive combined analysis to figure out the complete parameter
space for successful single-sector reheating. The general set of Boltzmann equations for
single sector reheating are [70, 102]

P+ 3H(1+w)py + (Lsp + TG4 pr) (1 + we)py =0, (2.5)
Poys +4H P p = Toyp(1 4 wg)pgy =0 (2.6)
e+ AHPy — T (1 4+ w04)p = . (27)

Where py is the inflaton energy density. pl. /5 corresponds to radiation energy density from
direct inflaton decay to either scalar (s) or fermion (f) via the coupling parameters (g/, h")
respectively. pp, is the radiation energy density produced through universal gravitational
scattering. For solving this set of equations numerically, we define dimensionless comoving
variables ® = p¢,A3(1+w¢) / (m(%nd)‘l, and Ryaq = praa At/ (m;nd)4. Where R,.q is the radiation
produced from either direct decay or gravitational scattering from inflaton. The derivative is
taken with respect to the cosmic time defined through the Friedmann-Lemaitre-Robertson-
Walker (FLRW) metric ds? = —dt? + a(t)?(dx? + dy? + dz?). The normalized scale factor is
defined as A = a/aeng, With aeng as the scale factor at the end of inflation, and the Hubble
expansion parameter H = A/A. At the end of inflation i.e., A = 1, ps = 3V (¢ena)/2 and
the energy densities of all the other components are set to be, pl. If)gr = 0. Hence the
appropriate initial condition for the above set of Boltzmann equations is,

§ V(¢end> i

o(A=1)=3 gyt

Rf(A=1)=Rp(A=1)=Ryp(A=1)=0.  (2.8)



Where (¢end, m;nd) are the values of the inflaton field and its mass at the end of inflation,
which we define later.

2.2 Relating reheating and inflationary parameters through CMB

The connection between inflation and reheating parameters are established through the
initial conditions eq. (2.8). We consider the well known a-attractor E-model [104-106]
inflaton potential,

V(g) = A4 (1 e 4’)2” , (2.9)

where A is the mass-scale fixed by the CMB power spectrum, which is typically of the order
8 x 10'5 GeV, and the parameter (a,n) controls the shape of the potential. Through out
our analysis we have taken o = 1, although our analysis is not much sensitive within the
allowed range of a values from Planck and BICEP /K eck combined results [126, 127]. Using
the slow roll parameters e(¢) = (M2/2)(V(¢)'/V(¢))? and 1(¢) = MZ(V(¢)"/V (¢)), one
obtains physically measurable quantities namely scalar spectral index (ns) and the tensor
to scalar ratio (r) defined at a particular pivot scale k,

ns =1—06€(dr) +2n(dr); v =16€(¢yp). (2.10)

Another important quantities are inflationary e-folding number (Nj) and the Hubble
constant Hj, defined for a particular pivot scale as,

Qend 1 Pend d¢
Ny = / d(lna) = — a9
ay (Ina) My Jg,,  V2e

o [V aMyr A

where A, represents the amplitude of the inflation fluctuation. Throughout our analysis,

(2.11)

we assume the central value of A, ~ 2.1 x 1072 from Planck [107]. Here ¢y and ¢enq are
the values of the inflaton field at the point of horizon crossing for a particular pivot scale
and at the end of the inflation, respectively. ¢enq is obtained from the ending condition of
the inflation €(genq) = 1. The field and the potential value at the end of inflation take the
following form

Vi 2 RV
d)end = 5o MP In < nt Via

1% — A% 2 \™ 2.12
e Aa) Ve =N (Gg) - e

Combining egs. (2.10)—(2.12), one can find the field value ¢ and the mass scale A as,

3 dn + \/16n2 +24an(1 —nk)(1 +n)
9 1/4 n/2
3merAsg 2n(2n + 1) + /4n? + 6a(1 + n)(1 — ny)
A= M, . (2.14)
2 4n(l+n)



After the end of the inflation, inflaton field oscillates around its minima, and the reheating
phase begins. At the minimum of the potential, we expand the inflaton potential (eq. (2.9))
in the limit ¢ < M), as

V(g) = A2, (2.15)
where 5 = ,/2/ 304M£ . The field-dependent mass becomes,
1—1
m% = V" (go) = 2n(2n — 1)A*4? (Viﬁ°)> " (2.16)

Using the envelope approximation at any instant of time, the envelope value of the field
¢o must satisfy V(¢o) ~ py(t) [71]. Under this approximation, the inflaton mass can be
written as

m2(t) = 2n(2n — 1)B2AY" p, (1) 5. (2.17)

¢

Using the virial theorem, one can further calculate the equation of states (EoS) wy as a
function of the power of the inflation potential [71]
n—1
n+1
Through the background dynamics and entropy conservation, we can connect the

wy = (2.18)

inflationary parameters defined above with the reheating parameters. The reheating period
is effectively described by very few parameters viz. reheating temperature (7)), reheating
e-folding number (N,), and the equation of state of inflation wg. In general, the end of
reheating is marked at the point when the condition pg(Aye) = pr(Are) is satisfied. Where
pr is the total radiation density constituted of all massless daughter fields. The reheating
temperature T, can be expressed in terms of the radiation temperature T;,q as

1
30 1
W> :071"/4(Are)7 (2-19)

where ¢,(Tye) is the effective number of relativistic degrees of freedom at the end of

Tre = drad (Are) = (

reheating, and we take g.(7;.) = 100 though out the paper. Combining the above two
equations, we can get the one-to-one correspondence between the coupling constant (g ,h")
and reheating temperature 7)., where ¢ = 1,2 corresponding two different inflaton-Boson
couplings described in the introduction. One can further obtain a constraint relation
between reheating temperature 7T, and the present CMB temperature (7j) by considering
a physical assumption that from the end of reheating to the present time, the co-moving
entropy density of the universe is conserved. This condition leads to [108],

1
43 3 QOTO —N —N.
Tre = H k e, 2.2

(ng*(TTe)) (k) kere (220)

Where k/ag = 0.05 Mpc ! is the CMB pivot scale, the present CMB temperature Ty = 2.725
K and ayp is the present day scale factor. Combining the above eq. (2.20) and (2.19), we

can essentially obtain an indirect connection between the coupling constant (g7 ,h") and the
inflationary spectral index ng, which parameterizes the anisotropies in the CMB fluctuations.
In the next section we moved our discussion to the possible constraints on the perturbative
reheating scenario from the fragmentation of the inflaton that leads to self-resonance.



3 The effect of self-resonance in reheating parameter space

Homogeneous oscillation of the inflation condensate can be unstable, leading to self-resonance.
In figures 2 and 7, we have shown the region in the wy versus coupling parameter space
where self-resonance may be important. It has been pointed out that self-resonance can be
sufficient to reheat the universe (except wy = 0) without any coupling to the other fields
with inflaton [124, 125], however, that strictly depends on the values of a. When a@ < 1/6,
self-resonance is efficient, and the RD universe is established within less than an e-fold of
expansion after inflation end. However, for oo > 1/6, self-resonance is not very efficient, and
it takes many e-folds to give rise to radiation dominated universe. In the reference [125],
the authors provide an estimation for the number of e-folds calculated from the end of
inflation to the beginning of the radiation domination for the a-attractor E-model,

2d5 Ak n+1
ANy, ~ (3.1)

In {%} for n =2,

2t In {‘/@ B2 for > 1 (n#2)

where Ak/k is the fractional width of the resonance band, d is its dimensionless “strength”
and § = 0.126 is a dimensionless number which is independent of n. This bound can be
used as an upper bound on the transition duration between the inflation end and the
radiation-dominated states of the universe.

Self-resonance can significantly modify the dynamics for which a comprehensive analysis
is required. Here, we have shown the region where it can play its role. If the perturbative
reheating is completed with e-folding number < AN,, our analysis will not be affected.
Otherwise, self-resonance will significantly affect the parameter space, which needs to be
taken into account, and we defer this for our future study. Using the bound from eq. (3.1),
in figures 2, 6, 7, and 10 we have shown regions where the self-resonance effect is important.
We have found that self-resonance is effective when 0 < wg < 0.75 for o = 1.

4 Bosonic reheating: dynamics and constraints

4.1 Dynamics: probing different decay channels

During reheating, if the dominant decay channel of the inflaton is through massless Bosons,
we call it bosonic reheating. For our phenomenological purpose, we discuss two different
non-gravitational bosonic channels ¢ — ss and ¢¢ — ss of inflaton along with gravitational
scattering process ¢¢ — h,, — ss. The total radiation component will be composed of
all these thermalized decay products produced from different decay channels. Most of the
studies on this single sector reheating were done at zero temperature, except for a few
very special cases [97, 99]. Therefore, a more realistic consideration would be to take into
account finite temperature correction due to radiation baths. We compare the results with
the zero temperature case in all the figures to quantify such effects. The detailed analytic
calculation for both zero and finite temperature cases and the description of the dynamics
are given in appendix-A.



We solve the Boltzmann equations for the general inflaton equation of state wg and
scan the entire inflaton-scalar coupling (g;) parameter space and figure out one of our most
significant results shown in figure 2. The parameter space (wg, g; ) can be generically divided
into five regions marked in different colors: i) Light-cyan region is where reheating is entirely
controlled by the gravity-mediated decay channel (gravitational reheating), ii) Yellow region
is controlled by mostly inflaton-Boson coupling, iii) Light-red region is where successful
reheating cannot be achieved as reheating temperature T, < Tppy, iv) Pink region where
initial parametric resonance will be the important and v) Light-blue region where the
self-resonance of the inflaton will be important. In our present paper, we ignore both
effects and defer for our future study. The system has two competing effects due to direct
and gravity-mediated inflaton decay. Based on their relative dominance, we observe three
distinct regions of coupling g; where reheating evolution will be different: 1) Case-I: entire
reheating dynamics will be dominated by direct inflaton decay, 2) Case-II: both the decay
processes will partially dominate the reheating dynamics, 3) Case-III: entire reheating
dynamics will be dominated by gravity mediated decay (gravitational reheating [92]). These
three cases immediately suggest the existence of two critical coupling values for every
individual inflaton-scalar radiation coupling g;, which set the phase boundaries among those
three cases in (wg, gf ) plane. If the coupling g; > gcli’ th ~ gl

~;» the reheating evolution will

be according to case-I. Where, %Cli is computed without thermal effect, for it turned to be
same for both with and without thermal effect (see detailed derivation in the appendix-A).
The critical coupling strength 42 is found to be,

i _8 —9—15w 1/2
(9+15w¢)m (9+15w¢)m
8 - 8
3(5+3wy ) (Henam$)? " r 9
128 M2 (1+15wg) 3lwg—1) s or gips”,
(e2) ™ ) ™
3(1—wgy) “\ 30wy
1,th
gf et :

Cct

_s —9—15w 1/2
(9+15w¢)m_(9+15w¢)m

(9w —1)(mgnd)s [ ® ’

64 M2 (1+15wy) [ 9(wy—1) 8 ]

() T () T
(4.1)

below %Cli’ th, the gravitational scattering starts to reveal its

for ghp?s?.

If we lower the couplings g/
presence in the early phase of the reheating process, and the complete takeover happens
if the non-gravitational coupling strength is lower than a new critical coupling which we
denoted as 9> th " Therefore, if coupling strength in between @ th < gr < Gy th " the
reheating evolution will be according to case-II. The expressions of gjf th for different

interaction are calculated as,

3/8
3 ,nend 1/4( endy2 4/3
(14w )H gmg arel/ (mg?)* (Bwy+1) / (Agr)—2—6w¢ for T(ZJSQ
ih 512n(1+15w,) 31+ wg) M2 Hona re 9
@Gt =
¢ 9(1 H3 end 8 1/4 end\4 5 1 4/3 3/8
(1+wg)HY ymg) met/ 4 (mG ) ( Wo— ) (Agr)2—10w¢, for gjp2s?
512m(1+15wg) 9(1+wy) MAHS | re 92 ’

(4.2)



where, A9 is the scale factor defined at reheating end for the gravitational reheating scenario
(see, for this instance, eq. (A.17)).

Finally, as pointed out just above, if g < 5435 th, the reheating evolution will be
according to case-III, which we call gravitational reheating. Detailed analysis on this
possibility have been discussed in [92]. We will now dwell on these three cases and discuss
their thermal histories in detail:

Case-I: coupling strength g; > gcli’ . in this regime, direct decay of inflaton into
radiation controls the entire reheating process. In the left panel of figure 4, we showed
the evolution of the different energy components with the coupling parameter. Since the
radiation bath of temperature T;,q is produced from the decay products of homogeneous
inflaton background, the typical energy of the bath particles will be of the order of inflaton
mass mg. And hence for the condition Tiaq > mg(t), the thermal effect will be dominant.

For any reheating dynamics, there exist two important energy scales of importance, and

max
rad

Given the inflation model under consideration, we have two free parameters namely, the

those are maximum radiation temperature ( ) and the reheating temperature (7}.).

“3” stands for

inflaton equation of state (wy) and the inflaton-Boson coupling (g; ), where
two different bosonic decay channels mentioned earlier. Depending upon the evolution of
(Ttad, mg), and consequently the behavior of thermal effect, we have observed rich reheating
histories. In the following section, we lay bare the detailed discussions on those for different
cases in different temperature regimes.

When T33* > mznd : this is the situation which typically occurs for large value of

inflaton-scalar coupling mostly in the pink region of figure 2. Since the maximum radiation

max

temperature 1. 3

is greater than the inflaton mass mf;)nd defined at the end of inflation,
the thermal effect influences the reheating dynamics significantly. Details of this finite
temperature effect will be further controlled by the parameters (wg, g;) and the time-
dependent inflaton mass mg(t). We will first discuss the situation when Tiaq > mg(t)
throughout the entire period of reheating. However, important to remember that such a
condition does not satisfy though out the entire reheating parameter range, and this can be
observed from figure 2.

It is observed that in this region the ratio Truq/mg(t) varies as AOws=1)/2(A(11ws=3)/2)
for ¢ — ss(¢pp — ss). Such variation of the ratio indicates that there exists a critical value
wg =1 /9 for the decay channel ¢ — ss and wg, = 3/11 for the decay channel ¢¢ — ss,
above which Tjaq > mg(t) condition is always maintained. With this condition, the finite
temperature decay widths can be approximated as,

1" _ 4(9'{)2Trad
¢p—ss — 87Tmi(t) )
_ 2(93)? ps(t)Traa

Fd)d)—>ss - "8« mé(t) )

Ty = (4.3)

and with this the reheating temperatures are estimated for two different decay channels as,

3M2(14wy) Hon —3(1-3uwy)] 3
|:47r6(1p+3w¢)¢km‘3>ndd)2 (9{)214%2 for 9{41582,
fre = OMP(1+w,) H3 —a(a—sug) | 1/3 (4.4)
w _—
[8#6(;w¢1§m§nndd)4(gg)2Are ’ ] for 95¢252-
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Figure 2. We have plotted the Variation of the dimensionless bosonic coupling §i = g7 /mjjnd
(for ¢s? left figure) and g5 (for ¢*s? right figure) as a function of w,. Dashed and solid lines
correspond to without and with the thermal effect being taken into account in the decay process
respectively. The yellow and pink shaded regions indicate the explicitly coupling-dominated region
where the decay channel controls the reheating temperature. The light-cyan region corresponds
to gravitational reheating. The light-red region corresponds to T, < Tppny =~ 10MeV. The light-
gray region corresponds to the no reheating region where inflaton energy density falls faster than
radiation energy density, and successful reheating is not impossible. The pink region corresponds

1/2
to the non-perturbative regime where bounds on coupling. g > (Vln/d2 end / (24Mp¢end))

€

1/4
and g5 > (V. 1/8/qf)end)( 1/2( end) /(v2M, q[)cnd)) are obtained from resonance condition of

end end
Mathieu equation for scalar field [109-111]. The light-blue region corresponds to the self-resonance
domination region.

T < mg(t) (Without thermal effect) | T' > mg(t) (With thermal effect)

Channel | Non-gravitational Gravitational | Non-gravitational | Gravitational
3(1-wy) (1—-3wgy)

¢ — ss A s A1 ATz A1
9(1—wg) 1 (B—5wy) 1

od — 88 A7 s A~ A2 A~

Table 1. The evolution of bath temperature for bosonic reheating.

Where, A, is the normalized scale factor at the end of reheating (detailed derivations
and expressions can be found in appendix-A). To this end we would like to point out an

ad’, which generically

satisfies T/n4* > T,... We observed the existence of a critical value of wfb = (1/3, 3/5) for

interesting fact associated with the maximum radiation temperature

two different bosonic decay channel ¢ — ss and ¢¢ — ss (see, for instance, eqs. (A.23)

max

and (A.24)). If wg < wy, the maximum radiation temperature (7753

) satisfies the usual
condition mentioned above,

max . T, mar __
rad T -

3Mp (1+wg) Hend 2 2 30w 2 3Fow 2
[4we(f+3w¢)(m;nd)2 (Q{) { (173w¢> o= (173104)) ¢ for g1lﬂ¢5 ) (4‘5)

1/3
IM (1+wg) HE 2 2 w,— 2 wy— r
lgwe(5w¢ 1)¢kmendd)4 (92) {(3—5%)5 ¢ 1‘(3—5%)5 o }] for 92¢2S2-
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Where T7>"%* indicates the maximum radiation temperature. Surprising result emerges,
however, for wg > wzs case, for which the evolution of radiation and background conspire
in such a manner that at the end of reheating maximum radiation temperature becomes
equal to the reheating temperature, Tin9* ~ T, (for better visualization, see the left most
plot of figure 4). Such behavior has been observed before considering the phenomenological
expression of the decay rate as a function of temperature [112]. The implication of this
specific case could be interesting to study.

Again, when EoS stays within 0 < wy < wy, due to initial high radiation temperature
thermal correction will have a significant effect. As the reheating progresses, such effect
diminishes with the complete takeover by the zero temperature dynamics at a certain value

of scale factor A., which depends on the inflaton equation of state as follows,

1—31‘)(1) mend _ﬁ 9
() ™ ( rsbrer ) for  gios?,
A, = — 2 (4.6)

mend

P T 3(1—11wy)
3—1lw @ ¢ 2.2
(Amax) ® ((p;»maX/E)l/zl) for g§¢ s,

where Apax and pl ™ are defined in eqgs. (A.26), (A.25). After this crossover happens,
the radiation energy density simply follows egs. (A.10). In the DM studies, we will see
such an intermediate scale will have non-trivial dependence on its abundance. We find the

associated reheating temperature as

1/4 4
6M2(1+wy) Hen _3(1—
MOt et (1y2) 43T for grgs?,
T 8re(5+3wg)mS \
re = M (1+wy) H3 ) 1/4 9(w§71) o (4.7)
(47r5(9pw¢_1)(m£nnd)3 (95) ) Are for ghp“s=,
where 2
47 (54-3wg ) HengmS*d\ 3F9w,
( J; u;f) 'rd:L¢ e for gj¢s?,
A (14wg)(g7)
re nd\3 R (48)
4m(9wg—1)(m9)? 1\ 3Buwg=1) for 1422
3(1+w¢)MgHend(9£)2 Oor go ST

In reheating model building, gravitational contribution to the radiation sector is
universally present along with the non-gravitational one. Therefore, it is natural to expect

that the T723* for a given reheating model can not assume an arbitrarily low value. In fact,

due to universal gravitational contribution, there exists a lower limit on 7724*, which is set
by the gravitation reheating 7,;™** ~ 10M — 10'2 GeV [53, 92]. The small variations are

due to different values of wg. Therefore, the minimum possible value of T724*

rad

. In the following discussion, we now consider the regime where T773* > T5™max

simply turns
out as Tg,mx
but less than m‘;nd.

When T < TR < mf}f‘d: the parameter region (see figure 2) wherein this condition
is satisfied belong to the yellow region. However, for this case, initially T)ng* < mend
and hence there is no thermal effect initially, and the ratio Ti,q/me o A~ (3-2Twg)/8
(A=O=33ws)/8) for ¢ — s5(pp — s5) respectively. Thus, for wy < wg, (defined before), the

finite temperature effect will never be significant. Consequently, the reheating dynamics will

Y
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Figure 3. Variation of maximum radiation temperature 7,73 as function of dimensionless coupling

parameter §i = —%z,g5, for three different inflaton equation of state wy = 0.0(0.23), 0.50,0.99 for
¢
the ¢ — ss (left-most), and ¢¢p — ss (right-most) model.

be the same as that of the zero temperature, and details of such dynamics are described in the
appendix-A (for example, the radiation energy density evolves following eq. (A.10)). However,
if the inflaton equation of state satisfies the condition wg > wg, the finite temperature effect
(Traa > my) is expected to occur at some intermediate radiation temperature T, = Tyaq(Ac)
with the scale factor A. during reheating. We have

1-w end

8
¢ m T 3(T-9wgy) 9
(A ™% (ot for 4765

A = (4.9)

T mgn A=) 2 2
(Apax) >0 <(p:,maX/€)1/4> for ghps®,

where Apax and pl ™ are defined in eqs. (A.13), (A.14). After this crossover happens, the
radiation energy density simply follow the egs. (A.23) and (A.24). In the DM studies, we
will see such an intermediate scale will have non-trivial dependence on its abundance.
For case-I, above two temperature regimes will be possible. To this end let us point
out an another important situation that deserves detailed discussion is a special case when
mad = L™, which indicates that the initial phase of reheating must be dominated by
the graviton mediated inflaton decay. And such situation arises only when non-gravitational
inflaton coupling g; < gcli’ th This condition, therefore, belongs to the other two cases of

coupling ranges mentioned before.

Case-1I: coupling strength in between %czi’ th g < Eﬁcli’th: in this coupling range,
gravitational interaction drives the dynamics of reheating at the beginning. The gravitational
production is nearly instantaneous and happens just at the beginning of reheating. In
fact, this case is true for the entire range of coupling with g} < %Cli’ th, and T§* = THmex
condition always holds. However, since the non-gravitational bosonic coupling is non-zero,
during the reheating process gravitational coupling, non-gravitational coupling, and thermal
effect of the produced radiation undergo interesting interplay among themselves. Let us

illustrate the following two different possibilities of thermal history in this context,
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Figure 4. Evolution of inflaton and radiation energy density as a function of normalized scale
factor A = a/aeng for both ¢ — ss and ¢ — ss with and without thermal effect (solid line for with
thermal effect and dashed line for without thermal effect). Left panel: coupling is in the range of
g; > %Cli’ th Middle panel: coupling is in the range of %jf th/%fi <gr < %Cli’ th Right panel: coupling
is in the range of g < 4~ th /92. For all these cases, we have considered the inflaton equation of
state wy = 0.82.
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e The thermal effect may start dominating the early phase when gravity-mediated decay
controls the reheating. During this phase the ratio behaves Traa/mg(A) oc A3We=L,
Hence, for wy > 1/3, it is clear from this ratio that the thermal effect cannot be ignored.

And we found a particular value of scale factor A9, after which Bose enhancement
starts affecting the dynamics,

mznd m

9 — -

AC [Amax <(pg¢nax/6)1/4> 9 (410)
where, Apax is the scale factor at which Trnq = T333* = T5;™*, and maximum

radiation energy density ( pg’rmax) is obtained from gravitational decay (see, for instance,
the last expression of eq. (A.13) and eq. (A.15)). After this point, the radiation energy
density simply varies as A~%. However, as reheating proceeds towards the end, there
is another crossover from gravitational decay domination to non-gravitational decay
domination, which will happen at the value of scale factor, defined as

—2
2M2(14+we)Hena o\ 3(+3wg) 9
(8w(1+3w1>(m;nd>2<c<w¢>>3 (1) ) For gigs™,

(4(3M§H§nd)2M§ (14+wg) Hena

o\ 30F5wg) 9 9
87 (Bws—1)(mPN)I(Clwy))? (92) > For gy¢”s~,

Agr—mgr =

(4.11)

9(1+wy)H? 1/3 .
where C(wy) = <W“§m5ﬁ/1§> . The reheating temperature assumes the same

form as eq. (4.4). For better visualization of the evolution of different energy com-
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ponents see the middle panel of figure 4. In summary, the reheating dynamics can
be read off as follows: at the beginning gravitational sector dominates the porcess
with radiation temperature varies as Tyaq 0 A~' — as reheating proceeds the thermal
effect starts to play its role but with the same temperature evolution Tiaq oc A~F —
non-gravitational coupling takes over the process, and the radiation temperatures

—5w
vary as Tyaq o< A=t (A_ d)) for the decay process ¢ — ss (¢pp — s5)).

e There may be a situation where the thermal effect will be important only during
non-gravitational production. For this case, reheating proceeds from gravity-mediated
decay to explicit inflaton decay domination, and the transition occurs at the scale

factor,
2
(9+15u}¢) 1+1%w¢ S+3uwg
T Indx 2
Zmax 3(wg—1) for g7 ¢s=,
(s) ™
3(1—wy)
Agr—mgr = ¢ 2 (4.12)
9+15w¢) 1+15w¢ Jwg =1
T Indx 2 2
Zmax 5w~ for ghos”,
9(1-wy)\ T-0wy
8
where pp; ™% and pp™** are defined in egs. (A.14), (A.15). Once reheating process

starts to dominate by the explicit inflation coupling, the scale factor beyond which
the thermal effect starts working is followed by eq. (4.9). Finally, the decay channel
defines the reheating temperature (see, for instance, eq. (4.4)). In summary, dynamics
can be described as follows: reheating proceeds through gravity-mediated decay with
no finite temperature effect (T;aq o< A™!) — non-gravitational decay dominates the
phase with negligible thermal effect with radiation temperature varies as Ty,q

A—5(-wy) (A_g(l_%)) for decay process ¢ — ss (¢p¢p — ss)) — non-gravitational
3w 3—5w
coupling domination with significant thermal effect (Tyaq A3+t (A_T(b) for

¢ — ss (pp — s9)).

Case III: when g7 < ¢2: the bath temperature always falls as A™1, and thermal effect
is observed to play no role throughout. The gravity-mediated decay of inflaton controls
the entire dynamics of reheating, and the scenario is termed as gravitational reheating, ant
that will occur only for wy > 0.65 (see the light-cyan region of figure 2). The reheating
temperature is defined when py = p,, and the condiction gives

4 1
Tgr — 9H€ndmznd(1+w¢) 1/ AgT _ 5127TM2(1—|—15w¢) 3w¢—1 (4 13)
"\ B12er (14 15wy ) (Afe)* ’ 3Henam' (1+wy) ’ '

where A97 is the normalized scale factor at the end of gravitational reheating. In the right
panel of figure 4, we have shown the dynamical behaviour of different energy components,
and in table-1, showing the evolution of the bath temperature with A for non-gravitational
reheating and gravitational reheating.

In the subsequent section, we will focus on the possible constraints on the inflaton
coupling strengths depending on the CMB (ns) and reheating parameter 7.
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Figure 5. Variation of reheating temperature 7. as a function of spectral index ngs for a—attractor
model (o = 1) with wg = (0, 0.200.50, 0.82, 0.99). The plot is on the left side for the bosonic
reheating with ¢ — ss process and on the right side for the process ¢¢ — ss. The solid lines are for
considering the thermal effect, and the dashed lines are for without the thermal effect.

4.2 Inflaton phenomenology: constraining reheating and bosonic decay
parameters

For illustration, we consider five different values of the inflaton equation of state wy =
(0, 0.2, 0.5, 0.82,0.99). For each wy, we have plotted:(i) Tye vs ns, (ii) gj vs ng, (iii) g vs
Tre. We compare the results with and without the thermal effect for all cases.

i) Reheating temperature (T,c) in terms inflationary (CMB) parameter (ng):
from the figure 5 we observe that the evolution of reheating temperature in terms of the
inflationary scalar spectral index (ns) is insensitive to the finite temperature correction
of inflaton decay width. Such behavior of the reheating temperature has already been
reported in [97]. The generic feature is that for wy < 1/3, (see figure 5), T} increases with

increasing ng, and as a consequence the reheating e-folding number N,. decreases with n.

max

This indicates the existence of a maximum scalar spectral index n}

corresponding to
the maximum reheating temperature 7% = 101° GeV and that is called instantaneous
reheating. Similarly, the minimum reheating temperature T, = Tppy ~ 10 MeV [115-117],
corresponds to a minimum allowed spectral index n™™ for a given the inflaton equation of
state wy. On the other hand, for wy > 1/3, one finds the opposite feature: maximum 75
min

2 and vice versa. When the reheating phase is

corresponds to the minimum spectral index n
dominated by purely gravitational interaction, the minimum possible reheating temperature
fixes the maximum possible value of n, for the equation of state wy > 0.65. For example, as
shown in the figure 5, for w, = (0.82,0.99), we obtain T2 ~ (103, 10°) GeV, respectively.
From figure 5, it is clear that thermal feedback to the decay rate does not affect the variation
of reheating temperature with ns. In table 2, we have given the possible bound on the
inflationary parameters such as spectral index ns; and the maximum inflationary e-folding
number N where N is the maximum inflationary e-folding number corresponding to

the maximum reheating temperature 725 ~ 10 GeV.
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¢ — ss P — ss
Parameters | wg = 0.0 | wg = 0.20 | wy = 0.50 | wy = 0.82 | wy =0.99 | wy =0.23 | wy =0.50 | wy =0.82 | wg = 0.99
pmin 0.95520 0.96220 0.96473 0.96455 0.96440 0.96294 0.96473 0.96455 0.96440
nyex 0.96540 0.96505 0.96722 0.96855 0.96809 0.96506 0.96722 0.96855 0.96809
Npax 55.69 55.78 55.71 55.83 56.04 55.78 55.71 55.83 56.04
Table 2. Bosonic reheating: bounds of the inflationary parameters.
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Figure 6. Upper panel: variation of dimensionless coupling parameters with respect to the spectral
index ny for wg = 0.0 (black), 0.20 (orange), 0.50 (green), 0.82 (red), 0.99 (blue). The dashed lines
are for without the thermal feedback effect, and the solid lines are for with the thermal feedback
effect. The purple-shaded region corresponds to the non-perturbative regime. The region below

the green and orange lines corresponds to self-resonance dominated regions for wg = 0.5 and 0.2
respectively. However, for other values of wg = 0.0,0.82,0.99, there is no self-resonance-dominated
region. Lower panel: variation of dimensionless coupling parameters as a function of reheating

temperature T}.. The description of this plot is the same as the upper panel.
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ii) Constraining inflaton couplings with bosonic radiation (g7, g3): one of the
most important findings of our present analysis is illustrated in figure 2. The figure clearly
depicts different regions in the parameter space of (wg,g;), where the effect of different
inflaton decay channels on the reheating process can be understood. At this point, let
us reiterate different regions again: i) the light-cyan region is where reheating is entirely
controlled by the gravity-mediated decay channel (gravitational reheating), ii) the yellow
region is controlled by mostly inflaton-scalar coupling, iii) the light-red region is where
successful reheating cannot be achieved as reheating temperature T,.. < Tppn, and iv)
pink region where initial parametric resonance will be important which we ignored in
this paper. Furthermore, in the right panel of figure 2, there is a light-gray region where
reheating is not possible for the decay process ¢¢ — ss. For this process, if the thermal

effect is subdominant at the beginning (m‘;)nd < T713% limit), the ratio between inflaton and

radiation energy density varies as z—f x A3(1-5ws) (see, for instance, eqs. (A.1) and (A.10)),
and hence if wy < 1/5, the universe will always be inflaton dominated irrespective of
the value of inflaton-scalar coupling g5. In addition to that, if the thermal effect starts
dominating from the beginning (mf;‘d > T4 limit), the ratio varies as % x AB—13wg)
(see, for instance, egs. (A.1) and (A.10)) which implies that if wy < 3/13 ~ 0.23 achieving
radiation domination is not possible. However, for extremely large coupling, parametric

resonance may have some effect.

From figure 2, a generic feature can be observed, and that is related to the monotonic
decrease of g with wg for a fixed reheating temperature 7;... The reason behind this
behavior can be understood as follows: with increasing wg, inflaton energy density dilutes
faster, and hence to achieve the reheating condition pg = pf, one needs to lower the coupling.
Furthermore, mg(t) decays faster with increasing wg, and for both types of bosonic decay
channels (¢ — ss and ¢¢ — ss), the production rate goes as o< 1/mg(t), which will boost
up the production. As a result, to keep reheating temperature fixed, one needs to lower the
value of g; again.

Due to very nature of the bosonic particles the finite temperature correction in the decay
width enhances the particle production rate from the inflaton condensate. As discussed,
this physical fact is imprinted in the reheating dynamics and is further reflected in the
parameter plot shown in figure 6. Finite temperature correction naturally increases the
effective decay width of the inflaton to scalar radiation, and consequently, one needs to
lower the values of the dimensionless coupling parameters g] = j{m%ﬂd and g5 as compared
to their zero temperature case to have successful reheating. This can be observed in figure 6
both with respect to reheating temperature (7}.) (lower two plots) and CMB spectral index

ns (upper two plots).

The maximum limiting value of the coupling parameters will naturally be set by the
maximum possible reheating temperature 7% ~ 10'5 GeV, where all the lines converge
(see figure 6). If the reheating dynamics are controlled directly by the inflaton-radiation
coupling, the minimum possible value of the coupling will be set by the minimum reheating
temperature. However, such a limit on the inflaton coupling is observed to be dependent
on the finite temperature correct, which will be discussed in detail. When the radiation
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temperature Tiaq > me(t), the thermal effect significantly influences the radiation dynamics
and consequently affects on the possible constraints on the coupling parameter as compared
to the zero temperature case. It can be observed that higher the value of wg, more will be the
effect of finite temperature correction on the thermal bath. For wg = 0, the effective mass of
the inflaton mg(~ 10'3) remains constant; as a result, the thermal effect manifests (see left
two plots of figure 6) itself only very near and above the reheating temperature ~ 1013 GeV
(or for ng > 0.9645). On the other hand, for ws > 0, the rate of decrease of effective
inflaton mass mg o 6£V increases with increasing wy such that the condition Tiaq > me (%)
becomes easier to satisfy even at a lower temperature. For example, for wg = 0.2, the
above condition begins to satisfy (see left figure 6) when ng > 0.9639 (T ~ 10%) GeV, and
accordingly, the finite temperature effect (solid line) manifest itself after T,. ~ 10% GeV.
For wg = 0.50,0.82,0.99, the condition Traq > me(t) can be observed to satisfy throughout
the whole range of reheating temperature.

To this end, we would like to elaborate on the finite temperature effect for low reheating
temperatures. The author in the reference [97] claims that the thermal effect will be
insignificant at low reheating temperatures. However, generically such an effect depends
on the evolution of the ratio my/Tiaq. And we found that the finite temperature effect
can be significant at low reheating temperature for the higher equation of state wg =
(0.20, 0.50, 0.82, 0.99) (see solid and dotted lines in figure 6), for which inflaton mass
undergoes non-trivial evolution. As can be seen from the second row of figure 6, for the
higher equation of state finite temperature effect becomes more prominent at lower reheating
temperature mainly because inflaton mass can become significantly smaller during the
course of reheating. Moreover, for higher equation state (w = 0.82,0.99), the gravitational
reheating has been observed to give a lower limit of the reheating temperature (103,106 GeV),
which is again found to be directly corresponding to specific inflationary scalar spectral index
ns. The spectral indices associated with those temperatures are ng = 0.96855 and 0.9681
for w = 0.82 and 0.99, respectively. When n; reaches these values, the coupling parameter
tends towards zero, i.e., gravitational scattering solely controls the reheating dynamics.

5 Fermionic reheating: results and constraints

5.1 Dynamics: probing different decay channels

During reheating, if the dominant decay channel of the inflaton is through massless fermions,
we call it fermionic reheating. For this purpose, we consider inflaton decaying only into
massless Fermion though the standard Yukawa decay channel ¢ — ff along with gravita-
tional scattering process ¢¢ — h,, — ss. Instantaneous thermalization of those different
components are assumed throughout. To study the evolution of the radiation energy
density, we took the finite temperature effect arising due to Pauli blocking (see, for instance,
appendix-B for details calculation). Similar to bosonic reheating, for the fermionic case,
we identified distinct regions in (wg, h) plane depending upon different physical processes
involved in controlling the reheating dynamics (see figure 7). For this case, we have plotted
separately with and without the finite temperature effect and observed the quantitative
change in parameter space due to the finite temperature effect where reheating would
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be successful. The parameter space (wg,h) is again divided into four regions marked
in different colors: i) Light-cyan region is where reheating is entirely controlled by the
gravity-mediated decay channel (gravitational reheating), ii) Yellow region is controlled
by mostly inflaton-Fermion coupling, iii) Light-red region is where successful reheating
cannot be achieved as reheating temperature T, < Tppn, and iv) Pink region signifies
initial parametric resonance domination which we ignored in this paper. As we discussed for
bosonic reheating, based on whether gravitational or non-gravitational sectors dominate the
dynamics, we have a fermionic critical coupling . which sets a boundary for two distinct
scenarios:

1) Case-I: the entire reheating dynamics is dominated by the Yukawa coupling. For
this case, the fermionic coupling parameter is in the range h™ > J#.. The critical coupling
.. is identified by equating the maximum energy densities from non-gravitational and

7, max r, max

gravitational sector py = py"**. One can find the expression for the critical coupling

for fermionic reheating as

s 9+15w 1/2
(9+15w¢)*m B <9+15w¢>*m

3(5 — 9w¢>H§nd i )

128M2(1 + 15wy) [ 3(1+3wg)

(b)) 7

The maximum energy densities for both gravitational and non-gravitational sectors appear

o, = (5.1)

at the initial stage of reheating, and as the radiation bath associated with gravity mediated
process dilutes faster than the non-gravitational one, for h" > J#. reheating dynamics
always have explicit fermionic coupling domination.

2) Case-II_: for this case coupling parameter satisfies h" < . and both sectors partially
dominates the reheating phase. However, when EoS wy lies above 0.65, gravity-mediated
decay controls the reheating phase termed as gravitational reheating. In our succeeding
discussion, we will discuss these two cases in detail:

Case-I: coupling strength A" > J7.: in this coupling regime, non-gravitational decay
of inflaton into fermionic radiation controls the entire reheating process. In order to give
analytical estimation and compare our result with the zero temperature scenario, we consider
two separate regimes of the maximum radiation temperature (see figure 8 for its depiction),
and those are as follows:

When T25% > m(%nd : if the maximum radiation temperature is greater than m%nd, the
coupling parameter associated with this region entirely lies in the pink region of figure 7
(non-perturbative resonance-dominated region). Due to strong inflaton-Fermion coupling,
the gravitational channel is naturally subdominant throughout the reheating, and the
thermal effect is non-negligible from early stage of reheating. However, its effectiveness
through out the reheating process will depend on how T},q/ myg evolves. Since Tiaq > mg at
the initial stage, decay width can be approximated as,

(h")2 mg(t)

[, =t 07
¢ 8 AT

(5.2)
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Figure 7. The description of this plot is the same as figure 2, the main difference is that we
have shown the results in (A", wg) plane for the fermionic decay channel ¢ — ff. On the left
panel, we have plotted for without thermal effect, whereas on the right, the results are for the with
thermal effect. The pink-shaded region corresponds to the non-perturbative regime where bounds

end

Mathieu equation for the fermion field [97, 113, 114].

1/4
on coupling h” > (Vl/ 2 (mznd)?’ / \/§Mpq’)§nd> are obtained from the resonance condition of the

With the aforementioned decay width, one can estimate the behavior of radiation energy

density,
r (A) _ C(w¢) (hr>261/4M123 (mend)QH A77125w¢ -1 e where C(w ) _ 15(1+w¢)
Pl = A5 ¢ / Hend : )= 64n(T—15wy)’
(5.3)

The above equation suggests that the evolution of the radiation component is entirely
different in two different regimes

e wy > T7/15: most of the production occurs at the initial reheating stage, and
temperature decreases with the scale factor as A~'. Since the ratio Tyaq /mg behaves
as A3Ws—1 T 4 always remains greater than mg, and hence the finite temperature
effect will be significant till the end of reheating. The reheating temperature for this
case assumes the following form,

5(1—3w)
T. = C(w¢) (hr)zMI% (mend)QH A5:| e A — C(waﬁ) h261/4M§ (mgsnd)QHend *
re— |~ end<lpe 3 re —
€ ¢ (BM2HZ )%/4
(5.4)

e 0 < wy < T7/15: for this case, the ratio Trag/mg o A166ws=1) induces two different
evolution history with regard to the finite temperature effect. It turns out that when
EoS stays within 0 < wg < 1/5, due to initial high radiation temperature thermal
correction will have a significant effect. As the reheating progresses, such effect
diminishes with the complete takeover by the zero temperature dynamics at a certain
value of scale factor, which depends on the inflaton equation of state as follows,

e (C(wqﬁ) (hr)2M5Hend>2/(3—15w¢)

e (5.5)
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Figure 8. The description of this plot is the same as figure 3, the main difference is that here we
have shown results for the fermionic reheating.

After this intermediate scale factor, the dynamics is governed by the zero temperature
decay channel following the eq. (B.3) (see without thermal effect section of appendix-B
for details calculation) till the end of reheating and eventually equating ps = p}, we
find the associated reheating temperature as,

6M5(1+w¢)m?bndHend e —30+3wy 871’(5—910 )H ﬁ
T, = (W) Are &, A= | o elend 2 :
( 8me(5—9wy) > < 2(1+wg)m )

(5.6)
On the other hand when wy is in between 1/5 < wg < 7/15, the thermal effect will
be non-negligible throughout the entire reheating history, and we have the associated

reheating temperature

€

4
r /5 —3-15w 1oy end )2 T3@T5uy)
T = (W(m;“df}qend) AT: - ¢’ . C(wy)ed (" Mpm&?) Hendl @ ’

(BMHZ,4)%/*

(5.7)

When TgMe* < T2E* < mfbnd : for this case, the coupling parameter mostly lies in the pink

region of figure 7. Similar to the previous case, whole reheating dynamics are governed

by non-gravitational coupling. Since T;,q < mg at the initial stage, the thermal effect is
Tra
o
dominating the dynamics. Thus initially, the radiation component evolves as

minimal. As reheating progresses, depending on the ratio , the thermal effect may state

579w¢

(") (A2 —1). (5.8)

i 6M; (1 + wy)mG Hena
py(A) = 87 (5 — wy) A

The aforementioned equation clearly suggests that the radiation component behaves differ-
ently for wg < 5/9 and wg > 5/9. Let us discuss these two cases,

e wy > 5/9: maximum production happens initially, and the bath temperature falls
as A~!. For this case, Tiaq /meg o A3we—1 and hence finite temperature effect will be
important near the final stage of reheating, and the reheating temperature can be
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Figure 9. Evolution of inflaton and radiation energy density as a function of normalized scale factor
A for ¢ — ff decay channel with and without thermal effect (solid line for with thermal effect and
dashed line for without thermal effect). Left panel: coupling is in the range of h" > .. Right panel:

coupling is in the range of A" < .. We have considered two distinct values of wg = (0.82, 1/3) for
these two cases.

expressed as,

—1
6M2(1 + wy)meP H,, 1/4 87(9w. — 5)H. T—3ug
TT’e - ( p( ¢) ¢ - d (hT)Q A_l ; Are == Tr( w¢ ) end

8me(Iwy — 5) e 2R%(1 + w¢)m$5nd

(5.9)

o 0 < wy <5/9: for this case, Tiad/mg A—3/8(1=5ws) implies two different evolution
histories depending on the value of equation state greater or less than 0.2. For
0 < wy < 0.2, the thermal correction will be subdominant, and the reheating
temperature can be simply read off from eq. (5.6). Whereas for EoS wg > 0.2, the
thermal effect will start to dominate at some intermediate time within the reheating
phase, which we call the crossover point,

—2
6MZ(1 + wy)me H,, =T
c=< p(LF )7 Hend ;1) , (5.10)

8me(5 — Ywy)
and reheating temperature is given by eq. (5.7).

Case-II: coupling strength h” < J#: In this coupling regime, the maximum tem-

perature is always controlled by the gravitational sector T0;3* = T;™**. This condition

generally satisfies within the entire allowed region shown in figure 7 except the parametric
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Channel Non-gravitational Gravitational Non-gravitational Gravitational

T < mg(t) (Without thermal effect) T > mgy(t) (With thermal effect)

¢~ ff

3(+3wg) 3(IF5wg)
T8 T 10

(A7) for wy < 5/9(> 5/9) AL A

(A1) for wy < 1—75(> %) At

Table 3. The temperature evolution for fermionic reheating.

resonance dominated region shaded in pink. Evolution of the different energy densities in

two different regimes A" > 7. and h" < 77, with two distinct values of inflaton equation of

state wy(1/3, 0.82) are shown in figure 9. Depending on the inflaton equation of state, here

also we have the following three different scenarios.

5.2

wg > 0.65: for this case, the gravitational sector governs the entire reheating
phase, and we termed this as gravitational reheating. The parameter space where
this condition is met is shaded in light cyan in both the figures 7. The reheating
temperature can be followed from eq. (A.17), which depends only on the reheating
equation of state.

5/9 < wy < 0.65: this case turned out to be within the light red shaded region in
the (h, wy) plane of figure 7. As the figure suggests, reheating temperature evolved
into below BBN temperature, which does not support the standard cosmological
constraints.

0 < wg < 5/9: in this case, the competition between two sectors of production, along
with the finite temperature effect, leads to two different physically distinguishable
reheating dynamics. In the (wg, h) plane, the condition under consideration lies in
the light yellow region of figure 7. Here we have two different possibilities depending
on how the thermal effect plays its role during the reheating history. As discussed for
the bosonic reheating case

1) The thermal effect starts to influence the reheating dynamics in its early stage
(Traa > mg) during the gravitational decay of inflaton. For this case, the behavior of
the radiation component during non-gravitational sector domination is simply followed
by eq. (5.3), and we have reheating temperature as in eq. (5.7).

2) The thermal effect starts dominance during the later stage of reheating when it is
governed by non-gravitational inflaton decay. The scale factor associated with the
point where the thermal effect starts to influence the dynamics can be the same as
the eq. (5.10), and reheating temperature is given by eq. (5.7).

Inflaton phenomenology: constraining reheating and fermionic decay
parameters

Similar to the bosonic reheating case, to illustrate our results in terms of inflationary

parameter ng and to see how the coupling strength behaves as a function of reheating
temperature, we have taken five different sample values of wg = (0, 0.2, 0.5, 0.82, 0.99) and
compare the results for with and without thermal effect.
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Figure 10. The description of the plot is the same as figure 6, the only difference is that here
we have plotted for fermionic reheating and the self-resonance dominated region is same for both
wg = 0.5 and 0.2 shaded by orange-shaded region.

i) Reheating temperature (Ty.) in terms inflationary (CMB) parameter (ns): the
qualitative relation between reheating temperature and inflationary parameters remains
similar to that of the bosonic case discussed earlier. Therefore, the possible bounds on
inflationary parameters such as spectral index ng, the maximum inflationary e-folding
number N;"** do not depend on the details of the reheating dynamics but only the reheating
temperature. As a result, bounds on the inflationary parameters remain the same as bosonic
reheating (see, for instance, table-2). This can easily be read off from the left plot of figure 5.
In addition, figure 5, further indicates that the thermal feedback on the decay process does
not affect the reheating temperature variation with ng.

(ii) Constraining inflaton couplings with fermionic radiation (h"): for the fermionic
reheating, the parameter space in figure 7 illustrates different regions in (wg,h") plane,
where the effect of different inflaton decay channels on the reheating process can be read
off. We have given two plots with and without finite temperature effects for clear depiction.

An interesting distinction can be observed as compared to the scalar reheating case
is that for fermionic reheating inflaton-Fermion coupling A" does not vary monotonically
with respect to wg given a fixed reheating temperature. There exists a critical value of
wy ~ 7/15(5/9) for with (without) thermal effect, below which one requires a higher h" value
for a higher equation state for a fixed reheating temperature. And this can be understood
from the behavior of Fermion production rate oc I';_, 7rpg o (h")*mg(t)py. With increasing
wgy, the effective mass of the inflaton decreases faster with time; hence, to achieve a fixed
reheating temperature, h™ needs to be enhanced. However, this simple physical argument is
no longer tenable after wy > 7/15 (5/9) for with (without) thermal effect. For such cases,
most of the production happens initially, and the radiation energy density simply dilutes
as A%, which is slower than that of the inflaton energy density. In such a situation with
increasing wy and fixed reheating temperature, we need a lower the value of h" to satisfy
the reheating condition py = p.

Due to its intrinsic nature, the finite temperature Fermion bath diminishes its own
production rate from the inflaton condensate. Consequently, for successful reheating one
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Figure 11. Fynmann diagram for dark-matter (DM) production. The solid black circle corresponds
to effective vertex representing 2 — 2 scattering process between the bath particle (R) and DM
(S,F).

needs higher values of the dimensionless coupling parameters A" as compared to the zero
temperature case. This can be clearly observed from figure 10, and such behavior is opposite
to that of the scalar reheating case. The qualitative behavior of the fermionic coupling in
terms of the spectral index and reheating temperature are the same as that of the scalar
reheating case. For example, for wy = 0 the coupling parameter h" with thermal effect
begins to affect only at very high temperatures at around ~ 10'3 GeV, and in terms of
the spectral index, the deviation is visible for ng > 0.9645. On the other hand, since the
effective mass of the inflaton varies as A™3%s (see, for instance, eq. (A.7)), for wy > 0, m(t)
decrease faster with increasing wy and the Tiaq > mg(t) condition becomes easier to fulfill
even at a lower radiation temperature. As a result, for wy = 0.2, the thermal effect starts
dominating even at smaller radiation temperature Tiaq > 108 GeV when ng > 0.9639. The
situation is entirely different though for wg > 5/9. For EoS greater than 5/9, the maximum
radiation production happens initially, and hence thermal effect will be dominant from the
beginning, which indicates maximum radiation temperature T.73* > m%nd. From figure 10,

we can clearly see that for EoS wg = (0.82, 0.99), the deviation between the results for with

and without thermal effect start visible when 77)4* ~ mj,nd.

6 FIMPs and WIMPs during reheating and observational constraints

Discussion on DM will be considered in three parts. In the first part, we discuss the
production of DM exclusively from the inflaton through non-gravitational and gravitational
interaction. We mainly point out the constraints on the inflaton-DM coupling and DM
mass from both theory and observation. Since it is produced solely from the inflton decay,
we call these as FIMP like DM. In the second part, we discuss the production from the
thermal bath assuming an effective radiation to DM annihilation cross-section (ov), added
with the universal gravitational production discussed in the first section. For this case,
we will have both the Freeze-in and Freeze-out production scenarios depending upon the
strength of (ocv). The DM produced due to thermal Freeze-out from the radiation bath will
be generally called WIMPs. On the other hand, DM produced by the decay process from
the radiation bath via the Freeze-in mechanism will be called FIMPs. In the third part, we
discuss about the experimental constraints on various reheating and DM scenarios.

6.1 Constraining light DM through AN,g during BBN

In this short section, we would like to point out the BBN bound on the additional light
degrees of freedom. In our present paper, we use this bound to constrain the DM parameter
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space of both FIMPs and WIMPs scenarios that were relativistic at the time of BBN. If the
DM is relativistic at the time of BBN, it would inevitably modify the background expansion
and may jeopardize the formation of the light elements, which is tightly constrained by the
BBN observation. The total effective number of relativistic degrees of freedom is defined as

Neoff = Ngflfv[ + ANy At the time of BBN, if the active neutrinos are the only relativistic

without any new particle, Ng = Nesflfvl = 3.046 (AN g = 0). BBN observation gives the
bound of AN g < 0.5 at 95% [78-81] confidence level. A general expression of AN g can
be written as [122]

extra radiation energy density(ppm) 43 PDM
ANyg= . : : - =|—=
energy density of single SM neutrino species(p,) / 1, . o 7 Prad ) T=Tp g
(6.1)

We will be discussing two production mechanisms. For FIMP like DM, we intend to

separately discuss its production from the direct inflaton decay and radiation bath. For
inflaton decaying into DM, production freezes during reheating or at the end of reheating,
depending on the decay channels and DM mass. On the other hand, for DM from the thermal
bath, its production rate crucially depends on the radiation production rate. Therefore, in
this case, also freeze-in occurs mostly during or at the end of reheating, depending on DM
mass. Overall, for the freeze-in mechanism, we, therefore, can always express

()OO,
7 Prad / T=Tggxn 7 Prad / T=T,,

If the DM is relativistic after Freeze-in, both radiation (p;aq) and relativistic DM energy

density (ppm) fall as a~—%. The ratio PDM/ Prad, therefore, stays constant between reheating
and BBN. Hence, the above equality eq. (6.2), holds true generically for any FIMP scenario.
For WIMP, on the other hand, the situation becomes very different but simpler. For
such cases, till it freezes out, DM remains in equilibrium with the thermal bath. Therefore,
any relativistic DM being in the thermal bath at the time of BBN always behaves like an
additional degree of freedom. Therefore, AN g naturally transforms into [122, 123]

(6.3)

AN g = =i —
eff = 7Jx 1.14  fermionic DM

4 {0.571 scalar DM
7

Where j, is the DM’s intrinsic number of degrees of freedom, WIMPs mass lighter than
Tppn ~ 10 MeV always behaves like dark radiation at the time of BBN. Hence, Therefore,
all the WIMPs of mass m, < 10 MeV violate the BBN bound of ANg (see eq. (6.3)).

6.2 Freeze-in production of dark matter from inflaton decay and constraints

Similar to massless radiation production, we will now discuss DM production during
reheating, considering various decay channels for both scalar and Fermion DM. As discussed
in the introduction, we considered two categories of production channels: (i) DM production
from inflaton through gravitational scattering and (ii) production through explicit coupling-
dependent decay channel.
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The governing equation for the DM number density (n,) produced from direct inflaton
decay takes the following form

. I'9p
e + 3Hn, = (E:;;; (6.4)

where T'? is the inflaton decay width to DM and (E,)? the average energy of the DM particles.

6.2.1 Freeze-in production via gravitational interaction

Gravitational freeze-in production of DM is universal in nature and hence will always
be present in any inflationary scenario. In this work, we have considered scalar (S) and
Fermion (F) DM (see figure 11 for relevant Feynman diagrams for gravitational scatting
from inflaton). The decay rates associated with the gravitational production are [50, 51]

2 2 2 v v
i (L) 1 for b+ T

m m
e = p¢m§ B (6.5)
f ma v uv
10967 Mg (1 - mz) for R (TR +T37).

Since, DM are feebly coupled with the radiation bath, the thermal correction to the decay
width will be unimportant. Using the above equations in eq. (6.4), we have obtained the
following solutions for the number density,

3H3  3(1+3wg)
5127r(1+3'3)¢)A3 (1 —A 2 > for R (T§" +T}")
ng(A) = . 2 . (6.6)
‘ 3H§nd mg - 20 qu) 1124 124
2048n(1-wg) A° \ mgnd 1-A "> for  hyu (TR +T4").
Therefore, the gravitational contribution to the DM abundance is calculated as®
i 1/1+1,U¢ 1—3w¢
2 3m1H§n 1+w¢ 2 Y
th 512”6(1+3w¢d)Tn0W <3M2CI{2 > Tre fOl" hNV(TS + T¢> )
Qg h2 — P~ “end Lio
x T2wg  1-3wy
2 3m2H§n T+wg Twgy v uv
Q.h 2048We(l—w¢),;1//£Tnow <3Mp2€H3n d) re for  hy, (Th" + T ).
(6.7)

Where the suffix “g” stands for production due to the gravitational scattering process.
Q,h% ~ 5 x 107° is the present value of the radiation abundance. It is clear from the
expression above that gravitational production depends on Hgyq, m‘;“d, and DM mass m,.
Given an inflation model, inflationary parameters such as Heygq, m‘;nd are fixed by CMB
observation. Therefore, wy and DM mass m, are the only free-parameter. Therefore, the
present DM abundance can completely fix the DM mass once a particular inflaton equation
of states wy is assumed. We will later observe that the aforesaid mass will set a maximum

2In the final DM abundance, we also include the gravitational production of DM from the thermal bath.
But for scalar DMs, which are produced from the thermal bath scattering, it has no contribution to the final
DM abundance as it is always subdominant compared to the production from inflaton scattering through
gravitational interaction. However, for the fermionic DM, gravitational production from the radiation bath
can be dominant when reheating temperature Ty > 10*® GeéV (for the details calculation, see ref. [52]).
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possible limit on the DM mass, which we symbolized as mZ™#*, for a large range of coupling
and the inflaton equation of state. To this end, let us reiterate that due to its universal
nature, the gravitational contribution to DM must be added to all the additional production
processes we take up in the following sections.

6.2.2 Freeze-in production via inflaton direct decay

We introduce different inflation coupling to DM. We consider three types of possible
interaction: g¥$S?, g58¢2S2%, h*¢FF (see figure 11 for relevant Feynman diagrams), and
corresponding decay widths are,

x\2 mg =
875%3,(1&) 1-— Zin—?: for g¥pS?
. 1/2
rge— ¢ @l (1o for  g5¢75? (6.8)
. 3/ _
B g (2) (1 = ﬁf) for hTQFF
)
Using the above equation in eq. (6.4), we have obtained the following solution of number
density,
(97)* 3 (143w x 1Q2
AM2H (1+3w¢)(1m;nd)2,43 (AQ( # — 1) for — gf$S
end 3(g% Heng Mp)? _3(1—5w .
na(4) = =5 2(515531)(;;“2))%3 (A ) — 1) for  g§¢°5> (6.9)
(1£}1qu2)2143 (A%(l_w¢) - 1) for h*pFF

Unlike the previous gravitational production case, we now have additional coupling parame-
ters g7, h” in the problem. Therefore, the present DM abundance will provide the constraint
equation between (myg, g /h*) once we fix a particular reheating history by fixing (w4, Tre)
and g} /h".

Depending upon the DM mass, we will have two different expressions for the DM
abundance. If mg; > mg(Are), the DM freezes in before the end of reheating at some
intermediate scale factor A = Are(mm/m¢(ATe))*1/3w¢ for wy # 0, and, if m, < my, the
DM freezes in after the end of reheating. The contribution to the DM abundance for
different direct decay channels are calculated as (m, < mg(Are)),

My Ny (Arc)

Qdcay h2 —
“ 6717?)61—|n0w

0,.h?

—8w
(97)? Ty, & Q2
(IF3wy) a2 e for gyoS
4(173'w¢)

__elgg)® T for ¢g§¢?S? with wg>0.2

:thszx 2(5w¢—12)(1/{{%¢)re 92¢ [
2\/§WTnow Tre e(g®)? S TFwe w :

S (3M§6Hz )T for g50?S? with wy <02

end

51v¢—1

(") for h®¢FF.

(6.10)
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Figure 12. Variation of the inflaton-DM matter coupling against the DM mass for wg = 0.0,0.50
for DM production processes ¢ — SS (left), ¢ — SS (middle) and ¢ — FF (left). The different
colour lines correspond to different reheating temperatures. The yellow-shaded region is ruled out
by BBN bound of ANyg. The gray-shaded region corresponds to the no reheating region where the
radiation domination era is impossible after inflaton domination. The vertical dashed lines (upper

plot) correspond to the kinematically maximum allowed DM mass m;“d.

We introduce a new symbol, .#y = /2n(2n — 1)BA2/"ew/1+w and mgy = //ld,Tf;%/(de’) is

the inflaton mass defined at the end of reheating. Note that for ¢¢ — SS (with wg < 0.2)
DM production channel, most of the DM production happens at the initial phase of the
reheating similar to the gravitational production. On the other hand if m, > mg(Are),
we have

, 13wy 2(1-wy)
(97) Mg 2wg T+wg T 2
(T 8wy) A2 Tre for gy¢S
Mp My 1-5wy 2(17w¢)

_— €(g3) m, | 2Ye TFwg T 4202 i
9 3erToon Tre 2(5%}1)%?) (%¢> Tre for ¢5¢°S% with wy >0.2
w 1

d 2 2
Qdeayp2 — ) p,
2(1-wy)

x\2 w 1Fw . —
() 7 for h*¢FF

(6.11)
Once we obtain products from the direct decay, the total DM abundance can be expressed as

Q. h% = QIR? + Qdeavp? — 0.12. (6.12)
In order to constrain the coupling parameters, we consider the total DM abundance.

6.2.3 Constraining the inflaton-DM couplings (g7, h*) and DM mass (m;)

Figure 12 depicts detailed allowed parameter space for which present DM abundance is
satisfied. Let us emphasize again that while plotting the DM abundance, we take into
account the contribution from both the direct and the universal gravity-mediated decay of
inflation. For the sake of presentation, we have considered two sample values of the inflation
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equation of states wg = (0.0, 0.50) with reheating temperatures range between maximum
and minimum values Ty, = (Tggn, 10,10%,101°,101%) GeV.

In each plot for a fixed (7}, wy) we see the maximum limit on DM mass (m%™**) [52, 53]
which is due to gravitational interaction as mentioned before. However, since DMs are
produced from the inflaton decay, purely kinematic constraints can also set the upper limit
to be m';nd for some specific cases when mJ™** > mf;nd which is observed for wg = 0 (see
figure 12). It is natural to expect that for m, < mZ™** the DM from the decay channel
solely controls the abundance. Upon m, approaching m%™®* value, the gravitational
contribution starts dominating the abundance till m, = mJ™2*.

However, the lower bound on the DM mass will be fixed either from observation or
theory. For example, the lower bound has been observed to be controlled by reheating
temperature and the physical processes of reheating under consideration. In general, for
this scenario lower the DM mass, the larger would be the inflaton-DM coupling to achieve
the correct DM abundance. However, the inflaton-DM coupling should be bounded from
above so that the universe should be radiation dominated from the end of reheating (75.)
to the matter-radiation equality (T¢q ~ 1072 GeV). Hence, there exists an upper limit of
the DM coupling, above which we always get the DM-dominated universe after the inflaton
domination, or in other words one never achieve the radiation-dominated universe. Since
there is a one-to-one correspondence between the DM coupling and the DM mass, a lower
limit of the DM mass corresponds to the upper limit of the DM coupling, and that can be
obtained by equating the DM energy density and the radiation energy density at the time
of matter-radiation equality. The upper limit of coupling are calculated as

1/2 w
. _<9W\ﬁ(1+3w¢)///¢> T for a7os?
Le™ re gi 95
V3M,
1/2  sw,—1
9w(5w¢—1)///§> & )
GBe=|—F=—— Tre * for g5¢°S* with wys>0.2
( V3eM,
127(1=5wg). 23\ g
m(1—bwg i € T2(1fwgy e - .
L S — Tre ° for ¢3¢°S° with wy<0.2
gQ,C ( /3€Mp ) <3M5He2nd> 92 ¢ ¢
1/2 l—w¢
1— " _
h/g: M Trle+ ¢ for hx¢FF
\/gMp.//(b

(6.13)
which does not depend on the details of the reheating history but on the nature of DM,
reheating temperature, and equation of states. The corresponding lower limit on the DM
mass can similarly be calculated as (see figure 12)

3w¢—1

Tre _ w

M min = 4.3 X 10‘107”‘9() =43 x 1070, Ty " (6.14)

However, such theoretical lower bound will be further constrained by the observational BBN
bound on ANyg < 0.50 (yellow shaded region). Using this in eq. (6.3) one readily infers

that the relativistic DM energy density should be less 8% to the over all energy budget at
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the end of reheating. Upon incorporating such observational constraints we arrive at the
following modified expression of lower limit of the DM mass as

3w¢71

1+w¢

M min =~ 10784, Tre (6.15)

To this end, we would like to point out the fact that there exists Lyman—a bound on the
DM mass mLy™an > 5 x 1076 GeV. However, such bound on DM depends non-trivially on
the details of its phase-space distribution and equation of state. Therefore, we defer this
discussion in detail for our future studies.

From our discussion so far, we have obtained two broad conditions on the DM mass,
say my > me(Are) and my; < mgy(Are). When the DM mass satisfies the condition
my < mg(Are), its abundance decrease with increasing reheating temperature, as shown in
eq. (6.10) (see also figure 12). As a result, in order to achieve correct abundance for a fixed
DM mass, the inflaton-DM coupling must be increased for larger reheating temperature with
an exception (see figure 12) for ¢¢ — SS production channel with wg < 1/3. The reason is
that for such a situation, the ¢¢ — SS channel produces DM only during the initial stage
of reheating. On the other hand, when the DM satisfies m, > mg(A), the slope of the
figure changes (see the bottom plot of figure 12), and the co-moving DM freezes in at any
point during reheating due to kinematics reason where m; ~ mg. As a consequence, the
mass dependency of the abundance Q,h? also changes (see eq. (6.11)).

6.3 Freeze-in and Freeze-out production of DM from radiation bath

In this section, we will discuss DM production exclusively from the thermal bath. In
addition, the universal gravitational production of DM will always be present, which can
not be ignored. The associated Boltzmann equations (see, for instance, eq. (2.7)) for the
freeze-in production scenario are

Prow + AH ploy = D1+ w4)pg — 2(ov) (Ea) [(n1)? = (0 .)*] =0, (6.16)
Ay + 3Hnl + (o) |(nh)? — (0] ,,)%] = 0. (6.17)

And for the freeze-out scenario, since the cross-section is strong enough, the gravitationally
produced DM from inflaton and radiation occurs at the initial reheating stage and reaches
thermal equilibrium within a short period. Thus, the Boltzmann equations associated with
DM take the following form

 Tysnss/rrrs Vs/r T
me(t) M}

Ay + 3HnL + (ov) |[(nh)? = (0] )] = 0. (6.18)

s

DM [50]. In the above expression, the fourth and last terms are associated with the DM

Where I'j = F”}f + F%_)RR, vs = 1.9 x 10~ for scalar DM, v = 1.9 x 1073 for fermionic

production through gravitational scattering from inflaton, and radiation bath respectively
(see figure 11 for relevant Feynman diagrams for gravitational scattering from the thermal

bath (R)). (Ey)" = \/m2 + 9712, is the average energy per DM particle produced from the
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thermal bath [70]. (ov) be the thermally averaged cross section times velocity. nj ., be the
equilibrium number density of the DM, which can be expressed as

n’ :‘%/OOVE%_mC%EdE:%<mx)2K <mw> (6.19)
Tl 22 Jn, eFe/Trea 417 212 \Traa *\Traa )’ '
where, T;.q is the temperature of the radiation bath and j, be the internal degrees of
freedom of DM and Ks(x) is the modified Bessel function of the second kind. The
expression of the DM relic abundance in terms of radiation abundance [118, 119] Q,h? =
(maNE(AR)Q-h?) /(€T3 A3 Thow), where Tr be the temperature of the radiation bath at the
very late times Ap, when both the radiation and DM energy density became freezes, and

NI = nl' A3 is the co-moving number density of DM. We constrain the DM parameter
space (my, (ov)) in terms of (wy,Ty.). The population of the DM particles produced from
the thermal bath strongly depends on the scattering cross-section (ov). If the scattering
cross-section is large enough, the produced DM particles reach thermal equilibrium, and
when the bath temperature falls below the DM mass, the number density of DM freezes
out-this mechanism is known as the freeze-out mechanism [54-61]. On the other hand, if
the scattering cross-section is small enough, the DM can never reach thermal equilibrium,
and this mechanism is called the freeze-in mechanism [14, 16, 19, 20, 62, 64-66]. In this
paper, we will discuss both production mechanisms and analyze the parameter space needed
to satisfy the correct relic.

6.3.1 Freeze-in from radiation bath: bosonic and fermionic reheating

For the freeze-in from the thermal bath, the DMs will never be in thermal equilibrium,

r

and hence DM number density generically satisfies nj < ng ... Dynamical equation

eq. (6.17) then transformed into simplified form in terms of co-moving DM number density
NI =nl A3 as, ,
T

CU\Z;EA) = %<O’U> (n;ﬁq)Q. (6.20)
The above equation suggests that the production rate is simply proportional to the square
of the equilibrium DM number density. In the m, < T},q limit, it behaves as Trgd. Thus
freeze-in production from radiation bath naturally follows the way radiation temperature
evolves up to the point m,; ~ Ty.q. The production for the masses m, > Ty.q will
naturally be Boltzmann suppressed. As we have extensively discussed, the evolution of the
bath temperature is conditioned non-trivially not only by the production process and its
constituents, but also by the bath temperature itself. Therefore, details of the reheating
history is expected to have interesting impact on DM evolution and its final abundance.
Throughout our analysis, we will provide a detailed analysis of DM phenomenology and its
dependence on the reheating history for different physical situations discussed before.

&: Freeze-in from the bosonic radiation bath

Earlier, we discussed different possible bosonic reheating histories. In this section, we
will quote our findings of the DM abundances for those different reheating histories. The
detailed calculations are shown in the appendix-C. As discussed for the bosonic reheating
case, depending on the range of inflaton-scalar coupling, we have three different cases,
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Case-I: coupling strength g; > gcli’ . in this regime, direct decay of inflaton into
radiation controls the entire reheating process, and as discussed we have the two broadly
classified thermal histories,

When T729% > m‘;nd: for this case, the direct inflaton decay channel controls the re-

heating dynamics and the thermal effect is effective throughout the reheating period for
we > w, so the temperature evolves according to eq. (A.23), (A.24). With this reheating
background, we now find the DM abundance for two different mass ranges. When m, < T},
the present-day DM abundance can be obtained as,

oo for gjps?
6 M, {ov)j2
Q.h% = Q,h? b z M Tre for ghp?s? with wy > 3/11
* ' (35)3/27T4Tnow 1wy =3 3(11wy—3) ? ¢ /
ﬁ’iﬁ; (TTTEX> 57w for gh¢?s® with w, < 3/11.

(6.21)
When the DM mass is lower than the reheating temperature, kinematically, DM production
is expected to continue even after reheating until the point when m, ~ T,,q. However, it
is important to note that freeze-in production of DM from the radiation bath typically
follows the evolution of the bath itself. In most cases, the comoving radiation energy density
freezes at the end of reheating. Therefore, for analytical calculation, it is safe to take DM
production up to the end of reheating even for m, < T,.. On the other hand, there are
some situations where radiation production happens initially, which is visible in most of the
scenarios where wy < 3/11 for ¢¢ — ss reheating process. For such case, DM production
similarly happens instantaneously at the end of inflation, and its number density turned
out to be independent of mass but depends on the maximum radiation temperature T;"aagl.
The resulting expression for the abundance is given in the last expression of eq. (6.21).
Therefore, for this particular reheating, since maximum production happens initially, the
above expression of the abundance will remain the same even for m, > T,.. However, this
should not be true in general.
Generically if one considers the mass m, > T,., the DM is naturally expected to be
produced during reheating until m, ~ T}.4, and the abundance for different decay channels
are obtained as

3(1+7wgy)
. zTre Tre 1-3w 2
02— e OMptoni2 | B (Te) T for gigs
’ " (36)3 24 Ty N i
T, =3 (ﬁ) v for gh¢?s® with w, > 3/11

(6.22)
At this point, we would like to elaborate the exceptional case for wg > wfb, for which
the reheating temperature equals the maximum radiation temperature (see, for instance,
eq. (A.23)). If the EoS satisfies wy > wfz) and my > T, the DM production remains always
suppressed and the dominating contribution comes from the initial stage of reheating. On
the other hand, for wy < wfb where maximum radiation temperature appears at the initial
phase of reheating and for m, > T,. DM production occurs till the point m, ~ T}aq-
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As discussed earlier, when wgy < wg, we found an intermediate temperature scale T,
(at the point A, defined in eq. (4.6)) above which bath temperature dynamics is controlled
by the thermally corrected decay width. Hence, for m, > T,., since the freeze-in occurs
during the reheating epoch itself, two different possibilities arise. If m, > T, > T}, the DM
will freeze in during the early phase of reheating, where the evolution of bath temperature
is controlled by thermally corrected production rate, and the abundance will take the
following form,

3(14Twy) 2(3+5w)
%) 2loowe)
. mqe Ty T 1-3w Ty 1—w r 2
QB2 = QB2 6 M (ov)5* Tt7w, (WZ) ¢ (%) ¢ for gips”. 6.93
T (332 o 311w, —3) (6.23)
now My Tre Tre 3—bwgy for Td)Q 2
3—1Twy \ Tmax or gop°s

Whereas for T, > m, > T;., the DM will freeze in during the later part of the reheating
phase when finite temperature effect is diminished, and the abundance assumes different

form as,
2(3+5w )
. zTre Tre 1-w 2
Qi = p2 12Mplov)® ) a5 (=) for gigs”. 6.24
2V =R e s A 211wy —3) (6.24)
B2 oy | oty (T ST-wg) g, 2.2
3— 11wy \ Tomax or g59°s
And if m, < T}, the DM abundance at the present time can be written as
MagTre f T 2
9 or gjos
o) h2 -0 }ﬁ% 4oy ! 2(11w,—3) (6 25)
$ o " (36)3/27T4THOW mrTre Tre 3(1*?;&;5) f 'S 2 2 ’
3— 11wy (ngx) or gho*s

When T < TR§* < mznd : for this case, direct inflaton decay channel controls the

entire reheating dynamics. Similar to the discussion above for m, < T}, the abundance
can be written as

mgTre
3+dwgy

for g7¢s® with wg < Wy

9 maTre
12My(0v); 7wy 3(11wg—3)

(36)3/27['4Tnow myTre (TTE )W
3—11w¢ max

rad

for g7¢s® with wg > Wy,
Q,h* = Q,h*

for gi¢?s® with wy < W

mgTre
1wy —3

for gi¢?s® with Wy > W,

(6.26)
However, for m, > T, freeze-in will naturally occur during reheating, and for w < w; the
abundance can be found to be the same as eq. (6.24). On the other hand for w > w§ the
abundance will be same as eq. (6.22) for m, < T, and for m, > T, is

2(3+5w¢) 3(1+7w¢)

) maTre ( Te I—w Tre | 1-3wy r .92
On2 — QR 12M,(ov)j 34wy (m;> T for gi¢s
xiv T ot W 2(34+5w,) 3(11w,—3)
now mg Ty Te 1—w Ty 3—5w¢ r 2 2
TTwy—3 (m; (Tf> for g597s®

(6.27)
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Case-II: coupling strength in between gfi’ th < g; < gcli’ th,  as discussed earlier, for
this coupling range, the gravitational interaction drives the dynamics of reheating at the
initial stage. Therefore, the maximum temperature is always controlled by the gravitational
sector T,;™** = T8, In this coupling range, a cross-over temperature scale T (at the
point Agr_ngr-see eq. (4.12)) exists across which gravitational decay dominated to non-
gravitational decay-dominated reheating occurs. When m, < 7)., the DM will be produced
up to the end of reheating (except for g5p?s? with w, < 3/11), and hence the maximum
production occurs at the end of reheating, and the abundance follows egs. (6.21), (6.25).
However, if Ts > m, > T}, and freeze-in occurs during the decay channel-dominated phase,
and the final abundance follows the same form as expressed in eqs. (6.22), and (6.24) with
T. being replaced by Ts;. However, if m, > Ts > T,. and freeze-in happens during the

universal gravitational decay-dominated phase, and we have

3(1+7wy)

] 31—wy) Ty T—3wy f r. 9 . c
2 o 6M,{ov)j? myT,. [Thx 2 T, or gigs® with wg>wg
th :th 324 3(11wy—3)
(3€)3/ 24 T 0w 1—wy Ts T 3By 9 ,
7 for gh¢s* with wg>wg,
(6.28)
and
" ) 2(3+5wy)
Wy . 1—w .
) ) 6Mp<0'1)>j2 myTre Trrggx 2 (T;Z: ¢ for g{qi)sQ with w¢<w;
Q.h*=Q.h 321 2(11wy —3)
(3€)32m4 T 0w 1—wy T T =y .
7 for g5ps® with wy <w.

(6.29)

Case III: when g; < %Czi: for this case the gravity-mediated decay of inflaton controls
the entire dynamics of reheating (termed as gravitational reheating). This particular phase
is realized for wy > 0.65 (see the light-cyan region of figure 2). Similar to the previous case,
Ty = T will always holds. Since gravitational radiation production happens only at
the beginning of reheating, most of the DM production is also expected to happen at the
initial phase of the reheating, and the abundance for such a case is calculated to be,

-2
6Mp<O'U>] My Tre (Tre/Trad )3(w¢71)/2 . (630)

O,h? = Q,.h?
(36)3/27T4Tn0w (1 —wy) max

&: Freeze-in from the Fermionic radiation bath

Details of the fermionic reheating has been discussed. In this section, we will quote
our findings of the DM abundances for those different reheating histories. The detailed
calculations are shown in the appendix-C. The distinct behaviour of fermionic reheating, as
opposed to bosonic one, mainly arises for the higher value of inflation equation of state, say
wy > 7/15(5/9) for with (without) thermal effect. In addition to that, if wy > 7/15(5/9),
most of the fermionic radiation production occurs during the initial stage of reheating due
to its specific behaviour of production rate from the inflaton. Similar to the bosonic one,
for fermionic reheating depending on the range of inflaton-Fermion coupling we have two
different possibilities,
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Case-I: coupling strength, h"” > JZ.: as discussed before, for this coupling regime,
non-gravitational decay of inflaton into radiation controls the entire reheating process. In
the following subsection consider different temperature regimes

When T3¢ > m‘;nd: for this case, the thermal correction in the decay rate will be
dominant from the beginning. Depending upon the equation of state we have two different
possibilities of evolution of the radiation component: (i) 1 > wg > 7/15, the radiation
production mainly takes place at the initial stage, (ii) 0 < wy < 7/15, radiation production

happens throughout the reheating phase (see, for instance, eq. (5.3)).

e 1>w, > 7/15: as just pointed out, radiation production occurs at the initial stage
and hence the comoving radiation density becomes constant early. Following the
radiation evolution, the DMs are also produced at the beginning of reheating. As a

result the abundance (see, eq. (6.31)), naturally be controlled by the T,23*, as follows
) 3(w¢71)
6Mp(ov)j T, 2
Q. h? = Q. h? L z Tre | e : 6.31
= O (L — g T \ T (031

e 0 < wy < 7/15: for this range of EoS, the ratio T;aq/mg varies as A~16(1-56) which
indicates that the thermal effect is dominant throughout the entire reheating phase
when 7/15 > wg > 1/5. However, for 0 < wy < 1/5, there exists an intermediate
temperature scale T, with the scale factor A, (see eq. (5)) above which the thermal
effects drops down drastically. Let us discuss two possible scenarios in this context:

1. Dominant finite temperature effect during entire reheating period for FoS 1/5 <
wy < 7/15 : We found two different sub-possibilities depending on EoS.

a) When EoS is in the range of 9/25 < wg < 7/15, comoving DM freezes at the
initial stage of reheating, and due to that, there is an explicit maximum temperature
dependence in the DM abundance. Henceforth, for both m, > T,. and m, < T, we
have the same DM abundance expression, and that is,

9—25w
30Mp,(ov)i2  myTre Tre \ 0%
(3€)3/ 274 T 0w (25wp — 9) (Tmax> ’

rad

Q.h% = Q,.h?

(6.32)

b) When EoS lies between 1/5 < wy < 9/25, the expression for DM abundance will be
different for m, < T, (comoving DM freezes at the end of reheating) and m, > T}
(comoving DM freezes at any intermediate point during reheating where m, ~ Tyaq).
For m, < T,., DM abundance is found to be,

9 30Mp<ov>j£ Mg Tye

Q% =Q.h , .
(B2 Ton 9 — 25w, (6:33)
and for m, > T, we have,
SOM(o0) 2 maThe (Toe\ TH02
Qth _ thQ p\OU)]z Mglre (re) I+5wg . 34
(3€)3/ 24 Tow 9 — 25wy \ gy (6.34)
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2. Finite temperature effect will not be dominant during the entire reheating period
for EoS 0 < wy < 1/5: as already discussed earlier, for this range of EoS, there exits
an intermediate temperature scale T, across which thermal effect drops down (see
discussion around eq. (5.5)). Therefore, for m, > T}.. (comoving DM freezes in during
reheating), we have two different possibilities:

i) When m, > T, > T, the DM freezes in before thermal to non-thermal domination
crossover, and we get

(9-25wy) 2(3—Twgy)
5 30My(ov)i2  myTre (TC) Ty, <Tre> =
(3€)3/ 24 Ty 9 — 25wy T.

zy

O.h? =Q.h

(6.35)

ii) When T,.. < m, < T, the comoving DM freezes after thermal to non-thermal
domination crossover, and abundance assumes,
) 2(3=Twg)
9 4Mp<av>j§ myTre (Tre> T+3w,,
)

O.h% =Q.h
(3€)3/2m4 Thow 3 — Twg \ My

(6.36)

when m, < T, the Comoving DM freezes at the end of reheating, and the abundance
can be expressed as

4M,y{ov)j2  myTre
(3€)3/ 24 Ty 3 — Twy

Q.h% = Q.h? (6.37)

Ty <TRgs < mznd: in this case, as described earlier in detail (see, for instance,
section-5) there is no thermal effect at the beginning of reheating. Depending on the

reheating background, there are two different possibilities (see, for instance, eq. (5.8)):

e 1> wy > 5/9: the bath temperature always falls as A1 since the radiation
component is frozen at the beginning of reheating. For the freeze-in mechanism
from the thermal bath, it is expected that the DM component follows the radiation
and freezes at the beginning, irrespective of its mass. Thus the expression for the
abundance will be exactly the same as defined earlier in eq. (6.31).

e 0 <wy < 5/9: in this scenario, the thermal effect is subdominant at the beginning,
but there is a chance of the thermal effect being dominant at any intermediate scale
where 11,9 ~ T.. However, depending upon the way the finite temperature effect made
its presence on the DM evolution, the EoS range is divided into three sub-ranges,

1. Sub-dominant finite temperature effect during the reheating for EoS 0 < wg < 1/5:
if the thermal correction is not applicable throughout reheating, then the abundance
follows the eq. (6.37) for m, < T}, and eq. (6.36) for my, > T..

2. Dominant finite temperature effect at intermediate temperature T for 1/5 < wg <
3/7: here we have two different cases depending on different EoS regimes:

i) In the presence of the thermal effect when EoS lies within 9/25 < wg < 3/7, most
of the DM production occurs before the intermediate temperature scale T.. Hence,
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for any value of m, < T, the DM always freezes-in its production near around the
T., and DM abundance assumes the form,

9 79+25w¢
AMy(ov)jz  mgTre (TC> THsw,

(3€)3/ 24 Tyow 3 — Twy T..

Q.h? = Q,.h°
TT‘C

(6.38)

Whereas, for the same EoS range when m, > T, > T, the comoving DM will freeze
in during the initial phase when the thermal effect would be subdominant, and the
abundance takes the following form

2(3—Twy 925w,
2M@WW%7%ﬂe<ﬂ>Hm¢G%>M%

(36)3/2m4 Tow 3 — Twg \my T,

QO.h% =Q,h

(6.39)

ii) For the range of EoS 1/5 < wy < 9/25, the DM production continues up to the
end of reheating, and for m, < T}, the abundance follows the eq. (6.33). Whereas,
when m, > T,., the DM production continue up to m, ~ T..q. Therefore, for
T. > my > Tre, the DM abundance will follow the eq. (6.34) and for m, > T, > T,
eq. (6.39) will be the abundance expression.

3. For EoS3/7 < wg < 5/9: for this case, it is observed that the comoving DM freezes
immediately after the reheating begins irrespective of DM mass, and the abundance
of the DM takes the following form,
2(3—Twg)
AM,{ov)j2  myTe ( Tre )“3%
(3€)3/2m4 T o Twy — 3 \ T0ax

rad

O,h? = Q,.h?

(6.40)

Case-1I: coupling strength, h" < J#: as discussed before, for this coupling regime,
gravitational decay of inflaton into radiation controls the entire reheating process. Therefore,
= Tym™ will always be the case. Depending on the different EoS, there are the

following possibilities,

e 1> wg > 0.65: since for this case h" < JZ. and wy > 0.65, the gravitational sector is
the governing reheating dynamics, termed as gravitational reheating. In gravitational
reheating following the radiation component, the DM component will also freeze just
at the beginning of reheating, irrespective of its mass, and the abundance will be of
the same form as expressed in eq. (6.30).

e 0 <wy < 0.65: for this case, purely gravitational production will not be sufficient
to reheat the universe. Hence, to have successful reheating, one needs to have
non-gravitational production during the later stage of reheating, and the reheating
temperature is defined by non-gravitational fermionic coupling. We found three
interesting cases, which are as follows:

1. Reheating temperature T, < Tpn for EoS, 5/9 < wy < 0.65: it is observed that
if the EoS lies in this range, both gravitational and non-gravitational production
happen very early in reheating phase. Due to subsequent expansion, the reheating
temperature turns out to be always < Trpn (see the red shaded region of figure 7).
However, from the figure 7 it is clear that for EoS between 0 < wy < 5/9, we have
non-trivial dynamics
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2. Dominant finite temperature effect at intermediate temperature Ts for EoS, 1/5 <
wy < 5/9: in the range of EoS, the finite temperature effect start to dominate at
some intermediate temperature scale Ty during reheating. Now, if m, < T}, the DMs
are expected to freeze after the end of reheating, and consequently, its abundance is
calculated to be the same as given in eq. (6.33). If T > my > T, the DMs freeze
in during the later phase of reheating when non-gravitational decay dominates, and
the abundance assumes the form of eq. (6.34). Finally, if m, > Ty > T,., the DM
will freeze during the initial part of the reheating phase when gravity-mediated decay
controls the reheating, and for such case, the abundance has been calculated as

3(wy—1) 9—25w

2M,(ov)j2 T, T [T\ Thowg,
2 _ 2 p T S re
Qah™ =k (3€)3/274(1 — wg) Thow Malre | Fmas < T, ) - (641)

rad
3.For EoS 0 < wg < 1/5: when m, < T}, the DM abundance is the same expression
as eq. (6.37) and when Ty < m, < T, the abundance is same as defined in eq. (6.36).

Again, if m, > Ts, the DM will freeze in during the initial gravitational channel
domination sector; in such a case, the DM abundance follows the below equation

3(wy—1) 2(3—Twy)

2M,(ov)j2 T, 2 [T\ THEwg,
2 _ 2 p T S re
Qah™ = fh (3€)3/274(1 — %)memxTre Tmax <T> - (6.42)

rad

6.3.2 Freeze-out from the bosonic and fermionic radiation bath

For freeze in mechanism, the interaction cross-section (ov) is so small that DM can never
reach thermal equilibrium. However, if (ov) is large enough, the DM can strongly interact
with the SM bath and be in thermal equilibrium. The background expansion eventually
helps the DM freeze out from the bath at a certain temperature Tr. Conventionally these
DMs are called WIMP. The freeze-out temperature T is defined as,

(o) eq(Ty) = H(TY). (6.43)

During reheating, inflaton decays into radiation; hence, entropy is not conserved. Due to
this physical situation, one can find two distinct situations:

Freeze out after reheating: if the mass of the DM m, < T, it will freeze out after
reheating, i.e., during the radiation-dominated era. Moreover, after the freeze out, the

co-moving number density N = n” A® will be much larger than the comoving equilibrium

number density Ny ... Thus after freeze-out happens, one can neglect N ., in comparison
with N7 and from the eq. (6.17), one can find®
dN (ov) 2 2
=— AJA NI)~. 6.44
dA H(Are)( / 7‘6) ( x) ( )

3Near the DM thermal freezes-out temperature, the non-thermal gravitational production can become
dominant as compared to thermal one. This is usually interpreted as the re-annihilation phase [67]. We thank
the anonymous referee for pointing out this important fact. In our analysis, we ignored this effect. However,
it is to be noted that if freeze-out occurs after reheating, such an effect turns out to be subdominant. The
reason for this is that during radiation domination, the inflation energy density is negligible compared to
the radiation energy density implying lw_’fnw < (ov)(nh cq)° at Ty. On the other hand, for Ty > Ty,
such an effect can become important, particudiarly for the higher DM mass range which we discussed in the
appendix-F.

40 —



Integrating from freeze-out point (A = Ay) to the present time (A = Ay), we get
H(Are) 4 4o 2 1
x( 0) (0'1)> f4ire /73€Mp <O”U>

Np is identified as the present day comoving number density leading to Q,h% x 1/{cv).

(ma/Tr) (0 /To)  (6.45)

Hence, the abundance decreases with increasing (ov).

Freeze out during reheating: alternatively, DM freeze-out could occur during reheating
3(14+w)

if my > Tye. During reheating H = H(A¢)(A/Aq)” 2, after utilizing this in eq. (6.17)%

dﬁ N ‘H(ﬁ{if)) AL (A/Aye) 5 (N7)? (6.46)

Freeze-out occurs during reheating at some intermediate scale factor Ay < A;.. Therefore,
integrating the above equation for the number density from Ay to A, the comoving number
density at the end of reheating is

_3(1 — wy)

T _ 3 —3(1—we)/2
N7 (Are) 2(ov) H(Are)Ar, (Are/Af) (6.47)

Therefore, the current abundance can be written as,

3(1—w¢)

A 2 V3(1 —wy) Q
0 2_912(”@( f> . Qi = 0) b 4
oh h Tre Are 7 2\/EMp <UU> Thow (6 8)

We will evaluate the abundance for the aforementioned two cases for different reheating

models discussed earlier in detail.

Freeze out temperature: the freeze-out temperature Ty in general can be computed
from eq. (6.43) by assuming H(T) o TJ’f as,

T}2e™me/Ts = C(Tre, Te) T} (6.49)
The general solution of the above equation is expressed in terms of Lambert function W_;(q)

of branch —1 with argument g,

2m 1 2m 2
T, =— z ith = ———JC2%-3, 6.50
Ik —3Walg 1T Tak—3 (6.50)

We further assume the approximate (ov) being independent of temperature in the above
expression and throughout our paper. If freeze-out happens after the reheating, one will
simply have K = Ky = W@F/ my)3/?, and k = 2. Consequently, the DM parameter
space (mgvs{ov)) turns out to be the same for all reheating temperatures and inflaton
equations of states. However, if freeze-out happens during reheating, the expression of
(K, k) will differ. Tt is observed that generically we can express K(Tye, Tt/s) = KoThT,),,
where (p,v) will assume different values for different reheating history and that will be our

subject of our subsequent discussion.

4To find out the analytical expressions of the DM abundance, here we neglect the re-annihilation of DM.
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Figure 13. The evolution of the co-moving number density of the DM (WIMP) as a func-
tion of the normalized scale factor A for bosonic reheating (¢ — ss) for three different cases-
I(left),II(middle),ITI(right).

&: Freeze-out from the bosonic radiation bath
Case-I: coupling strength g; > %Cli’ . similar to the freeze-in case, let us discuss two
different regimes.

When T:23* > m‘;nd : if the inflaton equation of state wg > wg, the abundance due to

freeze-out can be calculated as,

3(1—wy)
me ) (Le) 299 for  grgs?, and v=0,u=2—k k= 3(1+ws)
Q.h? = Qtp? (Tre) (Tf )3(1%) 919 K 1-3w,
(Zﬁrz) (%) T for  gh¢?s?, and v=0,u=2—k,k= 73351_252)
(6.51)

where T is the freeze-out temperature which we already defined in eq. (6.50).

However, if wg < wg, as has already been discussed for the bosonic reheating, there
exists an intermediate temperature scale T, at which the ratio Tiaq/me goes less than
unity, and the thermal effect becomes subdominant at the later part of the reheating phase.
Therefore, if Ty > T.., DM freezes out during early reheating phase and the abundance is
calculated to be

O h% =
m T, 4 T, %:ﬁi) 2 4(1+we) —2(143wy) 3(14w)
atp? (TTL) (Tf) (ﬁ) for  gigs® and v= ==~k p=—= k= 15,
4 30-wy)
(#) (%) ()77 for gaost and = —h =S k= LEe
(6.52)

However, if T, > T}, the freeze-out occurs during the later phase of reheating, and the
abundance assumes a different form as

O.h2=Qtp? (ﬁﬁ)(Lf for gTés® and VZO,MZQ—k,k:M

T 1-wy
4/3 (6.53)
7 ) (7 50752 — 0, =2k, k= AHwe)
(Tm> (Tf) for g¢i¢*s® and v=0,up=2—-k,k= —_—

Ty <TRi* < m‘;nd : for this case, if the inflaton equation of state wgy < fwg), the effective

mass of inflaton remains to be greater than the radiation temperature, and the finite
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temperature effect will be subdominant throughout. The DM abundance for such case will
be same as eq. (6.53), and the evolution of the comoving number density is depicted in
figure 13. Whereas for wy > wg, a new temperature scale T, emerges as before. If DM
mass happens to satisfy the condition m, < T,, DM freezes out with radiation temperature
T < T, and the abundance assumes the same form as expressed in eq. (6.51). On the
other hand if m, > T, freeze-out occurs during the initial non-thermal phase, and DM
abundance becomes,

Q.h? =
Tl (1w) (149w,)
my T, T—3wgy r. 92 _ 3(1+we) _ —(149%wy _ 4(14w)
Q2 (T) (Tf) ( ) s for, gigs®,  v=S=0 k=0, k= A0y,
/3 e )
T, 3=Bwg r 2 9 _ 30 +4wy) _ 3-13w _ 4(14w)
( )(T) ) for g30°s%,  v=FT0 k= 550, R = stmwy)
(6.54)

Case-II: coupling strength in between gczi’ th <g < %1; th,

This reheating history
is described in the bosonic reheating section. The gravity-mediated decay channel controls
the initial reheating dynamic up to 7' = T, and then the non-gravitational decay channel
controls the reheating dynamics. As a result, initially, DM production is driven by the
gravity-mediated decay channel (up to T'= T) and then driven by the non-gravitational
decay channel (see middle figure 13). For wy > wg, if the DM freezes out during the late
non-gravitational decay channel domination phase, i.e., Ty < T}, then the DM abundance
follows the eq. (6.51), and if the DM is frozen out during gravity mediated reheating phase

Ty > T, the DM has following abundance,

Q. h? =
3(1—wy) 3(1—wy)

M T, 2 T..\ T-3we r .9 _ 3(14we) —(1+9wy) 3(1+w)
12 (Tm) (Tﬁ) (T) for, gi¢s®, v= 1—3wg k=== 3we k=
Q'h 3(1—wy) 3(1—wgy)

(1) (1) 7 (5) 5 o s oo S e s
(6.55)
Again for wy < wg, if the DM is frozen out during the late decay channel domination
phase, the abundance has the eq. (6.53), and if the DM is frozen out during the initial
gravity-mediated reheating phase, the DM abundance has the following equation

O,h%=

QTp2 (?rt) (

3(1—wy)
2

=

4
. , 4(1+ —2(1+3 3(1+
) for, g¢7¢s?, v= 7(17;‘;4’) —k,p gfw;”"b),k:— ( 5 w)

(

4/3 - 4(1+wy) 2(1—5wy) 3(1+w
(Ts ) for g50?5%, v= 3(14112)_]{:““: 3(1*111;) k= : 2 :
(6.56)

=

5

T,
Ty

3(17w¢)
T 2
Ty

Case-111: for this reheating scenario, the gravitational sector is the governing reheating
dynamics termed as gravitational reheating (GR). The evolution of co-moving number
density is shown in the left plot in figure 13. The DM abundance is

3(1—wy)

Quh? = QU2 (my /Toe) (Tre/Ty) =, and v =0, =2—k k= %(1 +wg)  (6.57)
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Figure 14. (ov) vs m, for both freeze-in and freeze-out with five different reheating temperature

Tre =

(TN, 10,10°,10%°,10% GeV for w, = 0.0. The left plot is for scalar DM, and the right plot

fermionic DM. The solid (dashed) lines for freeze-in (freeze-out). The Small filled circle denotes
the freeze-in and freeze-out coincidence point. The yellow-shaded region is ruled out by the ANgyg
bound at BBN, and purple shaded region is ruled by the unitarity bound.

&: Freeze-out from the Fermionic radiation bath

we > 5/9: for wy > 5/9, the bath temperature always behaves as Tyaq = Tre(Are/A),
and using this equation into eq. (6.48), the abundance is,

3(1—w¢)

3
Q.h% = QW2 (my /Tye)(Tre/Ty) 2, and v=0,p=2-kk=_(1+wy) (6.58)

0 < wy < 5/9: for this range of equation of state, we discuss three different
possibilities as follows:

max
rad

Case-I: coupling strength h™ > J7;: > mznd: depending upon the evolu-
tion of radiation, we will have different behavior of the DM abundance in terms of
reheating temperature. For 7/15 < w, < 5/9 the radiation temperature behaves A~

and abundance follows the eq. (6.58). On the other hand if 1/5 < wy < 7/15, radiation

3(1+5w,)
temperature behaves Tyaq = Tre(A/Are)” 10 . , and using this in eq. (6.48), we get
5(17w¢)
Quh? = QTR (my [ Tye) (Tre/Ty) 7% and v =0, =2k, k = 5(1 +wy)/1 + 5w,

(6.59)
Finally, if the 0 < wy < 1/5 similar to scalar reheating case, the intermediate
temperature scale T, leads to two different possibilities. If m, > T,, DM freezes out
during the early reheating phase, and we have,

5(1-wg) 4(1—wy)
Q,h2 = Qf p? (mw> Te ) e <Tv"e) Ty
Tre) \Ty T (6.60)
2wy — 1 5(1 5(1
and p=2We—1) 50+ wy) o S+ wy)
1+3w¢ 1+5w¢ 1+5w¢
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where On the other hand, if m, < T., DM freezes out during the late reheating phase
when the finite temperature effect is subdominant, and we have

4(1—w¢>)

Tre ') 'T3vo 4(1 + wy)
QthZQThQ(mm> Lre dv=0p=2—kk=-"Y" (561
T. T and v=0,u k, 1+ 3w, (6.61)

rad
the beginning. In fact, for lower EoS, namely 0 < wy < 1/5, such finite temperature

T <TRg™ < mg“d: for this case, finite temperature correction is subdominant at

effect will be subdominant throughout the reheating, and hence the abundance turned
out to be same as eq. (6.61). On the other hand, for wg > 1/5, the finite temperature
effect will become dominant after an intermediate temperature scale T, and if the
DM freeze-out temperature satisfies Ty < T¢, the abundance obeys the eq. (6.59).
Conversely, if the DM freezes out during the early non-thermal phase with Ty > T,
one will have

40 -wg) 5(1—wgy)
Oh2 = QfR2 (m) T e <T7“e> +owg
Lh? =
Tre) \Ty T (6.62)
4(1 —-3+5 4(1
and yzi( —|—w¢)_ , Mzi—i_ w¢’ :7( + We
1+3w¢ 1—|—5w¢ 1+3w¢

ii) Coupling strength h" < J#.: for this case, initially, the reheating phase is
governed by the gravity-mediated decay channel up to a point Ag,_ g, and the later
part of the phase is dominated by direct inflaton decay. If the freeze-out happens
during the later phase, the abundance will be the same as eq. (6.59) for wg > 1/5
and eq. (6.60) for wy < 1/5. If freeze-out occurs at the early phase of reheating, the
abundance assumes,

Q.h%=
3(1—wgy) 5(1—wgy)
TS 2 Tre |\ 1Hovs _ 5(1+wy) _ =3+4bwy 7. 3(14w)
Qfp2 M (Tf) T, for wy>1/5, v= 5w, ~FH= 1550, F="3
— 3(1—wy) 4(1—wy)
re .\~ 2 (T1.) TFwe _ 4(4wg) _ 242wy 4, 3(14w)
(Tf) (TS) for IU¢><1/57 V_ilfwgb k. u= 143w, k= 5
(6.63)

7 DM Parameter space, ((ov), m,) for FIMPS and WIMPS from

radiation bath

In this section, we will discuss in detail the parameter region where DM production

mechanisms are at play for different reheating histories. For the sake of completeness and

understanding the DM parameter space, we consider three different EoS (w4 = 0.0, 0.20,0.50)
with five different reheating temperature (Tgpx, 10,105, 10, 10') GeV which includes both
minimum and maximum reheating temperature. An important point we want to infer is that

in the final contribution to DM abundance, we ignore any possible contribution from the

non-gravitational inflaton-DM coupling but include the universal gravitational production
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Figure 15. (ov) vs m, for both freeze-in (solid lines) and freeze-out (dashed lines) with five different
reheating temperature 7, = BBN, 10,10°,10'%,10'° GeV for wy = 0.20. The left plot is for scalar
DM, and the right plot fermionic DM. The small filled circle is the freeze-in and freeze-out meet
point. The yellow-shaded region is ruled out by the AN g bound at BBN, and purple shaded region
is ruled by the unitarity bound.

from both inflaton and radiation scattering. And as we pointed out before, such universal
production has been observed to set a maximum limit on the DM mass mg ™ (< mznd of
course) specifically for the freeze-in production. Interestingly for a given wgy, we found a
universal feature of lowest possible DM mass within m™® ~ 150 — 300eV (see eq. (D.3))
irrespective of its nature and the reheating histories for which freeze-in and freeze-out
mechanism coincides during the radiation-dominated era. Below this mass scale, all the
DM has under abundance today. However, the critical cross-section (ov)qy (for analytical
expressions, see appendix-D) at which this coincidence occurs depends on the reheating
temperature, which is represented by filled black circles in figures 14-16. Moreover, another
critical cross-section exists for higher DM mass (m**) where the freeze-in and freeze-out
mechanism coincides during reheating. Unlike the lower DM mass bound, m;'** has been
found to have non-trivial dependence on the reheating temperature but also depends on the
EOS wy, reheating background. All these features are clearly observed in figures 14, 15, 16.
In some reheating temperatures, there is no meet point of freeze-in and freeze-out; it is
due to the gravitational DM, which gives the overabundance for the freeze-in mechanism
where we expect the meet point occurs. When m}'** < mg%™** condition is satisfied, then
the abundance condition 2,h? = 0.12 gives rise to a closed contour in (mg, (ov)) plane

),
where the smooth transition happens from freeze-in to freeze-out or vice versa. For example,

due to aforementioned two critical cross-sections for two different masses (m2™"
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Figure 16. Here we have plotted the (ov) as a function of dark matter mass m, for wy = 0.50 for
five different reheating temperature T,, = BBN,10,10°%,10'°,10%% GeV. The plot is on the left side
for scalar dark matter and the right side for fermionic dark matter. The solid lines for the freeze-in
mechanism and the dotted lines for the freeze-out mechanism. The yellow-shaded region is ruled out
by the AN bound at BBN, and purple shaded region is ruled by the unitarity bound.

see figure 14 where we have found close contours for T,. = (1072,10,105) GeV and in
figure 15 for Ty, = (1072,10) GeV with bosonic reheating (for fermionic reheating we only
have closed contour for T, = 10GeV). On the other hand, if m‘;)nd > mpt* > mdmax,

the critical cross-section disappears for higher mass values; for such cases, the maximum

allowed DM mass is turned out to be m%™?* (m2#) for freeze-in (freeze-out) mechanism.

Again, when m>®* > mznd (it happens for higher reheating temperatures), one can find
the freeze-in and freeze-out meet point, but the close contour is not formed. To this end,
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we would also like to point out that DM annihilation is dominant but under-abundant
in the region outside the closed contours, whereas shaded regions are under-abundant for
open contours. The minimum and the maximum DM masses up to which DM can give
present abundance are 10~ and 7 x 10'6 GeV, respectively. But, further, some parameter
space is ruled out by the AN,g at BBN (yellow shaded region) and by unitarity bound
of (ov) < 8m/m?2 [70, 120, 121]. When WIMP DM has a mass scale in the order of Trpy
or below, it violates the ANz bound at BBN. Again for WIMP DM, freeze-out happens
during RD (m, < T)) if the mass scale lies above 10° GeV, it violates the unitarity bound
of (o), which is shown by the light purple color region. Using two bounds, for the freeze-in
mechanism, the maximum and the minimum allowed scalar (fermionic) DM masses are
1077(1077) GeV, 4 x 10'6(10'%) GeV respectively.

When m, < T, we obtained some generic behavior of the DM abundance specifically
for freeze-in production. Moreover, in the freeze-in production mechanism, if DM freezes
during the radiation-dominated era, (cv) behaves as o< 1/m, (see egs. (6.21), (6.25), (6.26)).
On the other hand, when m, < T, for the freeze-out scenario, even though we do not have
such simple relation, it turned out that (ov) generically increases slowly with increasing m..

8 WIMPs, experimental bounds and constraints on reheating

In this section, we would like to discuss our results from the perspective of some indirect
experimental constraints with their future projected sensitivity limit on the DM cross-section
and its mass plane. BBN constraints on the effective number of relativistic degrees of
freedom ANeg put direct constraints on the possible lower limit on the DM mass. In
all the (ov) Vs m, plots, the yellow shaded regions depict the forbidden region coming
from BBN bound. For WIMP-like DM, the condition of the AN, at BBN sets the
approximate lowest possible DM mass m, ~ Tggy. In addition, for 2 — 2 scattering
processes, the unitarity constraints further provide a bound on the maximum possible mass
my ~ 10° GeV for thermally produced DMs which freeze out, particularly during the RD
era (T, > m,). However, if freeze-out occurs during reheating era (T, < m;), DM mass
can be large, which is observed from the pink dotted curve of the third and fourth plot
of figure 17. Therefore, reheating dynamics plays a significant role in setting the possible
values of maximum DM mass, and it depends non-trivially on the inflationary parameter
such as inflaton equation of state. In figure 17, we have shown where our WIMP DM
parameter space lies with the available sensitivity curve for indirect experiments within
the mass range (0.01 — 10°%) GeV such as (i) PLANCK CMB measurement [82] labeled
as CMB shown in the light yellow region in the mass range of 0.1 to 10 GeV. (ii) Alpha
magnetic spectrometer (AMS)-02 experiment [83, 84] provided cosmic ray positron (e')
and antiproton (p) data with unprecedented precision in the mass range 5 — 103 GeV. (iii)
Combined bounds (labeled as Combined) from Fermi-LAT, HAWC, HESS, MAGIC, and
VERITAS experiment [85] provided a upper limit on the DM annihilation cross-section in
the case of two annihilation channels bb (purple dashed) and 7+7~ (red dashed). (iv) CTA
experiment [86] is a ground-based gamma-ray detector that could be capable of searching
the WIMP DM at the TeV scale with large sensitivity. The brown (orange) dashed line
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Figure 17. {(ov) Vs m, for WIMP with experimental bound and future sensitivity for three different
EOS wg = 0.0(green), 0.20(magenta), 0.50(cyan). The upper plot for the bosonic reheating (¢ — ss)
and the left plot for the fermionic reheating ¢ — ff. The left (right) plot for the scalar (fermionic)
DM. The solid (dot-dashed) lines for T,. = Tppn(10) GeV and the small filled circle corresponding
to the freeze-in and freeze-out meet point.

shows its expected sensitivity for WIMP annihilation to bb (W+TW ™). In the near future,
CTA might be able to probe a significant portion of TeV scale WIMP DM that freeze-out
during either RD or reheating era.

In order to illustrate our result, we choose wg = (0.0,0.20,0.50) with the background of
both bosonic (upper plot) and fermionic reheating (lower plot). The solid and dot-dashed
lines are for T,.. = Tppn, 10 GeV, respectively. The black solid lines correspond to those
DMs which freeze out during the RD era and for which one requires (ov) ~ O(107?) GeV~2
to get correct present-day DM relic. Moreover, most of the parts of this black line are
ruled out by the experimental bound (except CTA since it is a future experiment) as it
lies inside the regime of the sensitivity curves. For bosonic reheating, if wg = 0.5, for both
Tye = Tppn and T, = 10 GeV, the WIMPs follow the black line (see, for instance, first and
the second plot of figure 17) to achieve the correct relic. For lower EOS, wy = 0.0,0.20 with
low reheating temperature, WIMP-like DM freezes out during reheating, and one requires
the lower value of (ov) to obtain present-day DM relic. Therefore, the DM parameter space
for freeze-out during reheating is still very much allowed. Thus in order to detect those
DMs in the near future, we need to increase the sensitivity of the experiments.
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9 Conclusions and Outlook

In this paper, we performed a detailed analysis of the physics of reheating after the end of
inflation. The physics after the end of inflation is expected to play a significant role in every
aspect of the late time universe. Apart from the well-established correspondence between
the physics of CMB and the early inflationary era, the intriguing effects of reheating on
our present universe can not be avoided. Unlike inflation, broadly reheating is similar
to the usual phases of the standard big-bang model, except for the fact that it occurs
right after the end of inflation. Therefore, experimentally it is challenging to look for its
direct signatures. Further, it is generically argued that decoding any physics information is
challenging because of non-linear thermalization processes during this phase. Over the years,
however, endeavor toward understanding this phase has gained significant interest due to
its rich new physics contents. Reheating is the phase that naturally encodes the physics
of inflaton itself. The way inflaton decays into different fundamental fields is expected to
be imprinted into different cosmological observables such as CMB anisotropy, DM, and
gravitational waves in terms of new physics. Therefore, reheating could be an interesting
playground for phenomenological studies of DM and inflation in a unified framework that
has not been studied extensively in the literature, and this is the main objective of our
present paper. We have addressed two main topics:

Inflaton phenomenology: in the first part, we have studied in detail the dynamics of
reheating separately through inflaton decaying into scalar field (bosonic reheating) and
decaying into fermions (fermionic reheating). Apart from the direct decay term, we further
include two important effects, namely, the universal gravity-mediated decay of inflaton, and
the finite temperature correction on different decay channels. The effects of gravitational
decay have already been analyzed before [92]. It has been shown that purely gravitational
reheating sets a lower bound on the reheating temperature when the inflaton equation
of state satisfies wg > 0.65. Such a lower limit on the reheating temperature further
sets constraints on the inflaton direct coupling parameter below which gravity-mediated
decay will be the dominant channel for reheating process (see the cyan shaded region in
figure 2, 7). The cyan zone of these plots is the important outcome of our present analysis.
There is an equation of state-dependent critical values of the coupling constant below which
reheating dynamics become completely independent of direct inflaton coupling. Combining
this gravitational decay with the finite temperature correction in the direct decay, we
observe intriguing interplay among those different physical effects during reheating. The
thermal effect is expected to influence the dynamics when radiation temperature satisfies
the condition Ty,q > mg(t). Depending on the strength of the inflaton-radiation coupling,
we observed several interesting reheating histories which have not been reported earlier.
Let us outline the main interesting outcomes in the following discussion

& We particularly observed a new reheating history for which reheating temperature
(T}e) and maximum radiation temperature (7753*) coincide when the equation of state
wg > (1/3,3/5) for two different bosonic decay channels ¢ — ss and ¢¢p — ss (see, figure 4
for depiction) respectively.
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& Another interesting observation in the case of fermionic reheating is that when EoS
lies above 5/9(7/15), maximum radiation production takes place at the initial stage of
reheating. In this respect, therefore, fermionic reheating turns out to be qualitatively similar
to gravitational reheating. The bosonic reheating through ¢¢ — ss decay process deserves
special mention with regard to the fact that, if wy < 3/13(1/5) with (without) thermal
effect, successful reheating can not be achieved (see the grey shaded region of figure 2).

# The phenomenological constraints on the inflaton coupling are shown in figure 2 for
bosonic reheating and in figure 7 for fermionic reheating. The plots depict an interesting
connection between the inflaton coupling parameters (g} ,h") and inflationary parameter n
(power of the inflaton potential at its minimum), which is translated into effective EoS wg
through the relation (n —2)/(n + 2) during reheating. Contrary to the earlier claim [97], we
observe that the thermal effect appeared to be most significant at low reheating temperatures
for non-zero inflaton equation state, wy = (0.20, 0.50, 0.82, 0.99) (see solid and dotted lines
in figure 6, 10), for which inflaton mass undergoes non-trivial evolution.

® Thermal correction in the production rate significantly modifies the production rate
(enhances for bosonic channels and diminishes for fermionic channel), which is imprinted in
the radiation temperature evolution. Better visualization of how the thermal correction
affects the evolution of the radiation temperature with respect to scale factor is shown in
tables-1, 3.

& For higher equation state (w = 0.82,0.99), the gravitational reheating has been
observed to give a lower limit on the reheating temperature (103,10°) GeV, which is
associated with the fixed scalar spectral index ns; = 0.9685 and 0.9681, respectively. When
ns reaches these values, the coupling parameter tends towards zero, i.e., gravitational
scattering solely controls the reheating dynamics.

DM phenomenology: in the second half of the paper, we have extensively analyzed DM
phenomenology in the context of production during reheating. We have discussed all known
DM production mechanisms, namely: (i) gravitational production from both the inflaton
and radiation scattering, (ii) production from direct inflaton decay through various decay
channels, (iii) production from the thermal bath through effective average cross-section
times velocity (ov) in both freeze-in and freeze-out mechanism with assuming (ov) as
a free parameter. The universal gravitational production of DM is always incorporated
throughout our analysis. In the following, we summarize some of the main results and
important outcomes of our analysis:

& When DMs are produced from direct decay of inflaton (see figure 12), the final
abundance appears to depend only on the coupling strength, DM mass (m,), and reheating
temperature (T;.). We call this FIMP-like dark matter. For a fixed inflation EoS and
reheating temperature, the minimum DM mass is fixed by the ANyg bound at BBN, and
the maximum allowed DM mass is fixed by either gravitational decay or the inflaton mass.

# For the production of DM from the thermal bath, we have considered both freeze-in
(FIMP) and freeze-out (WIMP) mechanisms. Since the DM is produced from the thermal
bath, the DM production strictly depends on the evolution of the bath temperature. Due
to the thermal effect, the bath temperature evolves differently during reheating, and the
thermal effect directly influences DM production and its final abundance.
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& In the context of both bosonic and fermionic reheating, we have discussed the DM
production (both FIMP and WIMP) and derived the analytical expressions of the DM
abundance. In section-7, we have shown in detail the DM parameter space ((cv) Vs. my) for
both FIMP and WIMP production mechanisms. Interestingly, the lowest possible DM mass
for both the mechanisms assumes a universal theoretical value m, ~ 1077 GeV, which is
independent of T}, wys and the nature of DM. However, constraints from different physical
considerations such as lyman-«, AN.g bounds may not satisfy this universal bound. For
WIMPs, the minimum allowed value of DM mass is Tggn due to restriction from the ANqg.
Depending on the reheating parameters such as reheating temperature, inflation EOS wg,
and the background reheating dynamics, a maximum allowed DM mass also exists. In most
of the scenarios, the maximum allowed mass is given by a particular mass scale where there
is a transition happening from freeze-in to Freeze-out mechanism or vice versa (see, for
instance, black circle of figures 14-16).

# For the DM production from the radiation bath, if one incorporates the unitarity
bound, the DM mass lies above 10° GeV is ruled out in most of the cases. However,
for both fermionic and bosonic reheating, we still have some parameter space even for
mg > 10° GeV (see, for instance, the third and fourth plot of figure 17), which are consistent
with the unitarity bound and satisfies the correct relic. The reason behind this is that if
freeze-out happens during reheating (m, > T;.), the freeze-out temperature shifts towards
the maximum radiation temperature with the increasing mass, and we need to lower the
cross-section to meet the correct relic. Such lowering of the cross-section with higher DM
mass (m, > 10° GeV), therefore, naturally evades the aforementioned unitarity bound.

® Important distinction of fermionic decay width from that of the bosonic one is
its proportional behavior in terms of inflaton mass, which dilutes faster with increasing
wy. Due to this, one finds a critical wg ~ 7/15 considering the thermal effect from the
beginning of reheating, below which the inflaton decay process occurs throughout and above
which it occurs at the beginning of the reheating. These two different reheating histories
have had their distinct effects on the DM production, which is reflected on (ov) Vs my,
parameter plane (see, for instance, third and forth plot of figures 15, and fifth and sixth
plots of 16). This phenomenon can also be explained from the egs. (6.58)—(6.61). For
wy = 0.5 > 7/15, a fixed value of T, < m, and Tt ~ my, the relic abundance behaves as
Qh? o mglc/4/<av> (see eq. (6.58)), which implies that with increasing mg, (ov) increases
(see, for instance, fifth and sixth plots of figure 16). However, for wg = 0 < 7/15, for a fixed
Ty if freeze-out happens during reheating one has following relation m, oc (ov) ™3 (see, for
instance, eq. (6.61)). This clearly suggests that with increasing DM mass above reheating
energy scale, (ov) decreases (see, for instance, figure 14).

& The oscillating inflaton condensate may be fragmented due to self-resonance (see, for
instance, refs. [124, 125]), which is expected to cause reheating dynamics non-trivial. It is
observed that such an effect is not significant for n = 1 (wg = 0). However, for higher n,
self-resonance effects turned out to be important and may lead to radiation dominated (RD)
universe depending on both o and n values. When a < 1/6, self-resonance is efficient, and
the RD universe is established within less than an e-fold of expansion after inflation end.
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Whereas for a > 1/6 and n > 2, the self-resonance effect increasingly becomes inefficient,
and the inflaton condensate remains intact for a long time without any other decay channel.
It is in this parlance our present study is important. In our study, we considered o = 1 and
further checked that the final results, namely the estimates of reheating temperature for
different inflaton couplings and the whole DM parameters space, are not much sensitive with
the increase of o within the limit set by recent Planck and BICEP /keck data [126, 127].
For higher « values, even though the self-resonance effect would be inefficient (as pointed
out in [124, 125]), it may have a non-trivial effect on the reheating parameter space.

Another important way forward of our present work would be to construct particle
physics-motivated UV complete models that can be directly probed through laboratory
and cosmological experiments. One may further study the gravitational wave dynamics
in this context and explore the potential signature of reheating through the present-day
gravitational wave spectrum. Finally, the analysis of cosmological perturbation will be
interesting to work on, which will be a good probe of early universe physics. We defer all
these topics for our future work.
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A Bosonic reheating: analytical studies

A.1 Without thermal effect

During reheating, the exponential decay term associated with the evolution of the inflaton
energy density is always sub-dominant compared to the dilution due to the expansion. Thus,
we can safely approximate the solution of eq. (2.5) as

Py = p(ez)ndAfg(l‘i’wda)ef(FS+F¢q>4>RR)(t7tend) ~ pzndA*3(1+w¢) (A1)

where p(%nd and tenq be the inflaton energy density and time at the inflation end. The
evolution equation of radiation energy density can be written as (see, for instance, eq. (2.6))

da

d(phAY) =T pg (1 4+ wy) A* Vi

(A.2)
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In the limit of T1aq < mg(t), finite temperature correction to the decay width [71] can be
safely ignored (see, eq. (2.2))

)2
Tpvss = gl for gios?
T, = (A.3)

)2
F(Z)d)ﬁss =~ (gir)mgdzg) for g£¢232'

Where m(t) be the time-dependent inflaton mass which is defined as md)( ) = V" (¢o(t)).
Since reheating happens near the minimum of the potential, we can expand the inflaton
potential (eq. (2.9)) in the limit ¢ < M, as

V() A1 (A1)
where 8 = 3a M . The field-dependent mass becomes,
1—1
=V (g) = 202 - At (L) (A5)

Using the envelope approximation at any instant of time, the envelope value of the field ¢g
must satisfy V(¢o) =~ pe(t). Under this approximation, the inflaton mass at the inflation
end is given by

1
end T
nd\2 402 [ Po
(mg'“)” ~2n(2n — 1)A"S ( Al ) . (A.6)
After utilizing eqgs. (A.5), (A.6) and (A.1), one can find the evolution of the inflaton mass as
AR
en p t " en —obw
mi(t) = (mg d)2 < (ind ) ~ (mg d)2g~06ws | (A.7)
Py
Inserting the above equation in eq. (A.3), we can re-write decay width in terms of the scale
factor as (52 pnd
(91)% 3 92)°P5"  _3(1-2
Tyoss = A, Loooss = 714 (1—2wg) A8
o= 87ngnd o9 8m(m e]“d) (A.8)

Upon substitution of the above decay width (eq. (A.8)) in eq. (A.2), we have the evolution
of the energy density associated with the bosonic non-gravitational channel as

O et (12 4 30400) 44 for gigs?
d(pgA4) = 9M?2 17?_2 3 (A,Q)
Bl 2;’;)) @l (g5)?AzBveVdA - for ghe’s?,

where, Hopg = \/ P end / 3M;. 2. Since during reheating, the background dynamics is mainly

governed by the 1nﬂaton field, we approximate H =~ \/pg/3M2 = Hena(a/Gena)™ (3+3wg)/2.
which is used to determine the above equation. After straightforward integration of eq. (A.9),

we obtain,
6M2(14we)Hena (97)2 5+3wy ,
8:((5+3w¢:)me:d(il4) (A * 1) for gios*,
pL(A) = N L (gp)? (e . (A.10)
T (9w, 1)( %}ﬁ‘é) 24 (A 2 —1) for ghp“s”.
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We will follow the similar procedure to find the expression of gravitational radiation
energy density, and the production width associated with the gravitational sector can be
expressed as

3MyHZ ym3

—3—6
10247 M} AT (A1)

Isp—srrR =

Combining egs. (2.7) and (A.11), we have the following solution for the radiation energy
density associated with the gravitational sector

Pyr(A) =

9(1 + wy)H3 ;merd 1415w
( ¢) end QI) < d)) i (A,12)

1- A
5127(1 + 15w, Al ’

The total energy density of the radiation bath is simply sum of the contribution from both
gravitational and non-gravitational sector pi(A) = p5(A) + py,(A) and the corresponding

radiation temperature Tyaq = (30pf,:/ (7T2g*))1/ . Where gx is the total relativistic degrees
of freedom associated with the thermal bath. Now let us find the maximum radiation energy
density for both gravitational and non-gravitational sectors separately.

At the beginning of the reheating, the individual components of radiation (both non-
gravitational and gravitational) set to be pi(A = 1) = py.(A = 1) = 0. Within a very short
time, during the initial stage of reheating, both the components attain a maximum value

d T
when Zsfr = 0, which is associated with a specific value of the scale factor

5+3
|77 for gios?,

}1‘9w¢ for ghp?s?, (A.13)

2
{9+15w¢] TFisug
8

for gravitational reheating .

That, in turn, fixes the maximum value of the radiation component as

3(wg—1) 8

6M2(1+wy)Hena 2 8 3wy 8 T 53wy 2.2
r, max 87r§1j;r‘d(5+3w¢) (91) (3(1—w¢)) v (3(1—%)) P| for gao7sT
Ps = 9(wy—1) _8

OMA(1+wg)H2 1(95)% | (9(1—wg)\ T=9uwy 9(1—wy) \ T=0wy, 2 92

47r(1;)w¢—1)(mz>“g)3%44 [( 8 ) ¢ _< 8 ) ¢ for g3¢°s%,

(A.14)
3 end __8 _ ot 1bwg

pnnmxzz9(1+—u@)fkmﬂn¢ (9-+15w¢) 1+ww¢__<9—+15w¢> T (A15)
gr 5127(1 + 15wy) 8 8

Since the gravitational scattering process is a kind of irreducible background, which will be
present regardless of the coupling-dependent decay channel. However, a critical coupling

exists 41

-, above which the non-gravitational decay channel always controls the reheating

dynamics. The maximum gravitational production happens initially, and the temperature
associated with it falls off faster than the non-gravitational one. Thus, the critical coupling
Gois

defined from the condition ply™** = p:™@*. Since in the gravitational sector domination, the

above which value the non-gravitational sector dominates throughout reheating, is
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maximum radiation temperature comes out to be 10" — 10'? GeV, which is less than the
inflaton mass my(Amax); thermal effect not in working situation. Therefore the expression
for critical coupling for with and without thermal effect be the same %Cli’ th — gL (see,
for instance, eq. (4.1)). In the limit of g, > ¥}

", the maximum radiation temperature is
followed by eq. (A.14), whereas, for g.; < ¥} gravitational sector determines the maximum
radiation temperature (see, eq. (A.15)).

If the bosonic coupling strength is less than %L, the gravitational sector can not reheat

cL)
the universe before BBN energy scale for the equation of state wy < 0.65. Therefore
those (g}, wy) parameter space are forbidden from BBN constraints (see, for instance, light
red region of figure 2). However, for w, > 0.65, the gravitational sector can successfully
reheat the universe and sets the lower bound of reheating temperature that is defined in

eq. (A.17). There exists another critical coupling parameter gfi, indicating below which
only the gravitational sector defines the reheating temperature (see, for instance, light cyan

region of figure 2). We have the expression of 42 as follows

r 53wy 1 1/2
3(5+3wy) (Henam*)? 512w M2 (14+15wg) | 2Gve 1 ro9
( 128M3(1+15w¢) 3Hendm;nd(1+w¢) fOI' g1 QZSS and ’U)¢ 2 065,
2 — L
gCi - r 1-ow, 71/2
(9wg—1)(mG)* 5127 M} (14+15w,) | 2Gwe 1) r 2 9
< 64M;‘(1+15w¢) 3Hendmz)nd(1+w¢) for 92¢ s* and Wy > 0.65.

(A.16)
and when the gravitational sector controls the reheating temperature, the reheating tem-
perature can be expressed as

1
o OH3 (1 + wy) 1/4 o 5120 M2(1 + 15wy) | 7o )
e 512em(1 + 15wy) (Afe ) ’ re 8 Hepam (1 + wy) ; :

where AY7 is the normalized scale factor at the end of gravitational reheating. When the
coupling parameter g > %2, the decay channel controls the reheating temperature and
that can be defined as

1/4 3
6M2(1+'LU¢)H d 2 —*(1—11](;/)) 2
(8#61()5+3w )m:lld( I) Are® for g{qﬁs )
Tre = .
re

_ A.18)
1/4  9(wg—1) (
OM2(1+wy)HS

(47%(5?11(%_1;};22%5;%3 (95)2) Are 8 for g;¢282 s

where

2
47 (54-3wy) HengmPd Y\ 3+9w,
o for gjps?,

)
Are = ( (1+w¢)(g{)2

2
47r(9w¢—1)(m;“d)3 3(Bw,—1)
for ad?s? .
<3<1+w¢>M5Hend<gg>2 or gy¢°s

(A.19)

A.2 With thermal effect

If the radiation temperature is much smaller than the inflaton mass scale, we can safely use
the zero-temperature decay width. But, for the cases where radiation temperature is much
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higher than the inflaton mass scale, the thermal effect becomes very efficient. In the limit
Trad > mg(t), the inflaton decay rate for different decay channels can be expressed as

_(91)% AT
8mmg(t) me(t)’

(95)P(t) 2Traa
87 (mey(t))3 me(t)

F¢—>ss =

(A.20)

F¢¢—>ss =

When the bosonic non-gravitational channel dominates over the gravitational one, we can

1 L
approximate radiation temperature as Tyaq = (%) e (p—;) * where € = g—; 9x(Traq)- And

under this consideration utilizing eq. (A.7), one can find the decay width as
490 (phA)a)
87T61/4(m(ebnd)2 Al—6wy

T T 1/4
b 2Ag? (A
pPp—rss 87’(‘61/4 (m(c;)nd)4 A3—9we

Pqﬁ%ss =
(A.21)

Further Combining eq. (A.2) and eq. (A.21), we have

14+9w
m A= (pr(A)A%)HaA, .
.22
53wy —1)
P (n(a)Ah " aa.

12(g7)2 M2 (14+wg) He
871'61/4(m§;'d)2
18(gg)M;,1(1+w¢)He3ndA
87r61/4(m25nd)4

d(ps(A)A*) =

Straightforward integration of the above equation, radiation energy density takes the
following form

3M5(1+w¢)Hend

T(A)_ - ( 1”)2 (AW 1) e f 7‘¢ 2 (A 23)
Pl = _47T61/4(1+3w¢)(m§5“d)2A3 9 - or gips”, .

- 4/3
3(—1+5wgy)
T(A) = ond (AT = 1 for g5o®s®.  (A.24
ps( ) 87T€1/4(5w¢71)(m25nd)4143(gQ) ( 2 >] or 92¢ S ( )

These aforementioned equations represent the modified expression of the bosonic radiation
energy density when the thermal effect is functional (Tiaq > mg(t)). The maximum value
of this radiation component associated with the scale factor Apax at which the dpl,/dA = 0.
We have the maximum radiation energy density

) Bwy—1 _2 4/3
3MZ(1+wg)Hena 9 2 30wy, 9 30wy 2
p r _ r
4nel/4(1+3w¢)(7n;nd)2(91) T—3w, T—3w, for — g7¢s,
r,max .,__
Ps - . . Swg—3 y 4/3
IM: (1+wge)H, 4 2 2 Bwg—1 2 Bwg—1 9 9
P en T _ r
[8#61/4(5w¢1)(m2“d)4 <g2) 35wy 3—bwg for 92¢ s

(A.25)
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and the scale factor Apax associated with the maximum radiation energy density can be
expressed as

2
2\ 3043ug) for glos?,
Amax = (1_3w¢) 2 gl¢ (A26)

2 3(bwgy—1) ra2 .2
(3_5w¢) for ghp~s”.

Now let us define reheating temperature in this context. For the coupling g7 ¢s?, we have

Tre -

1/3
3M;3(1+w¢')Hend (91)2 A—%(1—3w¢)
47T€(1—|—3w¢) (m:;nd)g re ) re

4
4m(143wg) (mg)? (Hend)”2 e
(1+we)(97)*(5)V/* \ My '

(A.27)
Whereas for the coupling g5¢?s?

re —

13 Eeae
9M§(1—|—w¢)H§nd (95)2 w 4 877(276)1/4(5w¢—1) (mend)4 3(13w,—3) |
8me(5wy—1)(mg )4 ’ 9(1+w¢)M5/2H§’I{§ ¢

(A.28)

B Fermionic reheating: analytical studies

B.1 Without thermal effect
In the absence of thermal effect, the decay width for ¢ — ff can be written as [71]

(h")?

F¢—>ff: 87

hr 2 en —ow
mg(t) ~ (87r)m¢ d g 3wy, (B.1)

To derive the above equation, we utilized eq. (A.7). Upon substitution of the above decay
width in eq. (2.6), the evolution equation for the radiation energy density arising from the
fermionic non-gravitational coupling can be expressed as

3My (1 4 wg)m Heng

r 4\ ™2 43 (1-3wy)
d (pj(4) A*) = - (h)2A2(1=3ws) g4 (B.2)
After integrating the above equation, we have
6M2(1 + wy)mPd Hepg 5—9ug
r P @ en \2
= h")“(A —1). B.3

Similarly, we can find p,, the energy density associated with the gravitational sector
(see, for instance, eq. (A.12)). We can follow the Bosonic reheating section in appendix-A
for detailed derivation. The total energy density of the radiation bath is simply sum of
the radiation components originated from both gravitational and non-gravitational sector,

Prot(A) = p(A) + pyr(A)

- _6Mp2(1+w¢)m‘;ndHend
Prot(A) = 877(5—9w¢)A4

2, BT 9(1+W¢)(1+’Y)H§’ndm§)nd 1415w,

AT 1-4
A = ) = 15w, A7 c )
(B.4)

/4 After the end of the inflation, the energy

and the radiation temperature Tiaq = (pfoi/€)
budget associated with the thermal bath begins to increase from zero initial value and attain
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a maximum value when dp’ . /dA = 0, then starts to fall off. We obtain the maximum
radiation energy density corresponding to both gravitational and non-gravitational sector as

, , —3(143wy _s
6M° (14+wy)mG' Hena 2 8 5—0w, 8 5—ow, T
( w1 ) l(3+9w¢) _(3+9w¢> ] for n"off,
T, max __
pf/gr B 9(1+w )H3 mend 9 _HI% 9 _ﬁ#
5Tom (T Sa T ( +185“’¢) ¢ - (%) *| for gravitational scattering.
(B.5)
And the scale factor correlated with these maximum energy densities turns out as
8 2/5—-9 r
(3705777 for Woff,
Amax = 9+15w, | TFT5wy o . (B.6)
[T} ¢ for gravitational scattering

Since the gravitational scattering process is always present, there exists a critical value of

coupling below which the gravitational sector always defines maximum radiation temperature

. = P, one can find the expression for the critical coupling for

T3 Equating p;’m
fermionic reheating as

8 9415w 1/2
(%)‘ﬁ _ (%)—m
o 3(b— 9w¢)H62nd
He= 128M2(1 + 15wy)  3(1+3wy) s we # 5/9.
p ¢ <$> 5 Owg <$> 5=0u,
3(143wgy) 3(1+3wy)
(B.7)
1

/4
Therefore, in the limit of A" > 2, T/23* can be approximated as T19* ~ (p; max / e) ,

T gr

Another interesting fact is that the behavior of the radiation component associated
with the non-gravitational sector is different for wy < 5/9 and wg > 5/9 (see, for instance,
eq. (5.3)). For w, > 5/9, the radiation component decays as A~* as the gravitational sector.
Thus, if your Yukawa coupling strength A" < J#. and w, > 0.65, then reheating dynamics is
governed by the gravitational sector, which is termed as gravitational reheating. Moreover,
the reheating temperature is followed by eq. (A.17). Otherwise, in all (h", wg) parameter
space reheating end is defined via explicit coupling. In such cases, T, and A,. is defined as:

when wg < 5/9

1/4
whereas for h" < ., T3> ~ (PT7 max / 6) .

2
([ 6M2(1twg)mS Hong (i 1/41473(1;3%. A (3TO=9w) Hona 0\ T
e 8me(5—9wg) " T 201+ wg)mend ’

(B.8)
and when wy > 5/9

—1

— 6M5(1 + w(b)m(‘;ndHend (hr)Q v Al oA — 877(9w¢ — 5)Heng T-3wy
e 8me(9wy — 5) e T 2002 (1 4 we)mgd '

(B.9)
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B.2 With thermal effect

Here we are mainly focused on the situation where T,,q > mg and the analysis for Ti,q < my
will be the same as without thermal effect. In the limit, Traq > mgy, the thermal effect
significantly impacts the reheating dynamics due to the explicit temperature dependence
on the decay rate. The expression for decay rate in this limit can be written as (see, for
instance, eq. (2.2))

(R mg(t)  (h)? (mg)?

I, = ~
o= ff 87 AT.ad 81  AT.aqg

A6 (B.10)

Inserting the above decay rate in eq. (2.6), one can find the evolution of the radiation energy
density for fermionic coupling as

wa) (B2l /A D2 715w, 4/5
pja) = Sl enay2g (4= . e
C(wy) = #%. The aforementioned equation clearly suggests that the radiation

energy density behaves differently depending on the inflaton equation state, whether it
is greater than or less than 7/15. If the coupling strength A" > S, fermionic coupling
always defines reheating temperature and eventually equating p, = p’, we find reheating
temperature as

2
6M2 14w mendH N 1/4 —3(1+3wy) 87(5—9 H T 3wy
e B e I e s

8me(5—9wy) " 2(14wg)med
(B.12)
The above equation is valid when wy < 7/15. However, for wg > 7/15 we have
2172 1/5 B2/ 4 g2 (mend)2 BT 5(1_43%)
T C(w¢) (h ) MP (mend)QH A-5 A — C(wdﬁ)( ) € p(mqb ) end
re 6 o3 end/1pe ) re (3M3Heznd)5/4
(B.13)

Moreover, in the limit of h™ > J#., the maximum radiation energy density is also defined by
the non-gravitational sector, which can be expressed as

35wy s
pp = lC(%) (h")2 A MR (M) Heng (AmaX2 —A;éx)] : (B.14)

10 2/7—15w¢ r
where, Apax = (3+15w¢> . On the other hand, when h" < JZ and wg > 0.65, the
gravitational sector drives the reheating dynamics and the reheating temperature to be the

same as eq. (A.17).

C Analytical expressions of co-moving number density for FIMP which
are produced from thermal bath

For freeze in production of DM from the thermal bath, the DM can never reach thermal

T

equilibrium i.e. nj < ng ., hence the co-moving number density Ny = n’ A3 follow the
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following simple equation,
NI(A) A2 .
df4 = ﬁ(UW(nxq)Z- (C.1)

For this case, the DM production continue to happen untill the radiation temperature

equals the DM mass Ty,q ~ m,. Therefore, in order to solve the above equation, DM can
be safely assumed to be relativistic, and in the limit m, < T;.q, the equilibrium number

density becomes,
3T

rad (C.2)

r
I7eq -

m
The Hubble parameter can also be written as

A > — 5 (1+wy)

H(A4) = H(A) (5

(C.3)

where H(A;.) = \\/fgﬁ: hubble parameter at the end of reheating. So, combining above

three equations, one can gate

7+3w¢

Nj(A)  (ov)jadZ, (AN "z 6
dA  mH(A) (Am) Traa (C4)

C.1 Bosonic reheating
C.1.1 Without thermal effect

From eq. (A.10), the bath temperature can be written as

o) (C.5)
Tre(A/Are)— 5 for gig?s?

73(17w¢)
{m(A/Are) S for gjgs?

Using above equation in eq. (C.4), one can find the below solution of N (A) at arbitrary
point A < A,

1 A 4 A 1 2
; 5wy - for gios
_ 4\/§Mp <0—'U>J:%T,,fle A3 (3+5w¢) ATE) Amax 1

3 €7T4 re 3(11w¢—3) 3(11w¢—3)
Ve (11 . -3 [(A ) ' - (AA ) ) for g5p*s?
w¢ ) re max
(C.6)
The above equation shows that most of the production of DM happens at the beginning of

[ 3(3+5w ) 3(3+5wg)

Nz (A)

b

reheating for ¢¢ — ss reheating process for wg < 3/11.

C.1.2 With thermal effect
From eq. (A.23), the bath temperature can be written as

—(1—3w¢)
T.e(A/A) =2 for g¢f¢s?
Trad: 6( / 8)7(37511145) gl¢ (C?)
To(A/A) " 22 for gje?s?
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Utilising above equation in eq. (C.4), we have obtained following solution of NJ(A) at
arbitrary point A < A,

3(1+7w¢) 3(1+7w¢)

1 A 2 _ A 2 r 2
r 2V3My (o) 2Ty, 4 | (7w (Are) Amax for gids
Nx(A): 3\E7T4 Are 3(11wy—3) 3(1lwg=3)
1 A 2 _ A 2 for T¢282
(TTwy—3) (Af-e) (Amax) 92

(C.8)
Like earlier, most of the production of DM happens at the beginning of reheating for
¢¢ — ss reheating process for wy < 3/11

C.2 Fermionic reheating
C.2.1 Without thermal effect

o For wg > 5/9: the bath temperature can be written as
Traq = T're(A/Are)_l (CQ)

Upon substituting the above equation in eq. (C.4) along with eq. (C.3), the co-moving
number density at any point A during reheating takes the following form

24 A —5+3w
NI(A) = ﬁMp(UUthreAfe / (A/Ar) "7 " dA
ver Amax (C.10)
= 2VINAOOTre A3, (e ) 102

3/emd

The co-moving number density is constant from the beginning of reheating.
o For wg < 5/9: the bath temperature can be written as
Traa = Tre(A/Aye)~51H300) (C.11)

Upon substituting the above equation in eq. (C.4) along with eq. (C.3), the co-moving
number density at any point A during reheating takes the following form

24 A 5—21w
_ \/gMp<O-U>ja:Tre A2 (A/Are) i 4 dA
\/ET[-4 e max

_ AVBM (o) i Ty, A3
3VeE(3 — Twg)md ="

Nz (4)
(C.12)

3(3771174)) 3(37711)45)

(A/A)7 T~ (e Are)

When wg > 3/7, the DM production happens instantaneously just at the end of
inflation, as a result, the co-moving number density is constant.

C.3 With thermal effect

When wg > 7/15, the same situation will be happen as we discuss for without thermal
effect for wy > 5/9. Now for wg < 7/15, the bath temperature is

Trad = TTC(A/Are)il%(lJﬁgwd)) (013)
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Upon substituting the above equation in eq. (C.4) along with eq. (C.3), the co-moving
number density at any point A during reheating takes the following form

24 A 1775w,
= \/gMZiﬁvihTreA?ﬂe/ (A/Are) ™3 ¢dA
67T max

— 10\/§Mp<0'1)>ng;16A3
3VE(9 — 25wg)mt "¢
When wy > 9/25, the DM production happens instantaneously just at the end of inflation.

N (A)

(C.14)

3(9—-25wy) 3(9—25w)

[(A/Are)lo — (Amax/Are)” 10

As a result, the co-moving number density is constant.

D Analytical expressions of minimum critical mass where both Freeze-in
and Freeze-out mechanism coincides

When the DM mass m, is smaller than T;., the DM abundance follows simple relation
Q.:h? o mg{ov) for the freeze-in scenario for a fixed T,.. Therefore, the cross-section
becomes inversely proportional to the DM mass. This suggests the existence of a critical
(ov) and the associated mass for which the DM equilibrates with the thermal bath and
freeze out happens. At that critical (ov)cit, DM number density must equate with the
equilibrium number density at the end of reheating. Corresponding to these critical (ov)eit,
there exists a minimum critical mass m, min Which satisfies present-day abundance. Below
this mass, no mass will be available, which can give the correct abundance. Equating the
solution of the DM number density n; with the equilibrium number density ny ., at the
end of reheating A, one can find following expressions of (0v)qit without thermal effect

3";?:4’ for g7 ¢s?
HlTU:jS — for gi¢*s® with wy > wg
iy
3—1lwy ( Ty, \ 30-wy) ra2.2 c
o) B2 T (Tmax) o for gyp°s® with wy < wj D)
OVU)crit = 777 s — :
4M,j, M (%) 2 for RTff with wg > 5/9
] 2(Twy—3) -
Tug—3 (TT T¥3ug for hT¢ff with 3/7<ws < 5/9
3}2% for hoff with wg < 3/7
and with thermal effect
72(1;:”"’) for g7 ¢s?
2(11wy—3 :
% o for ghp?s® with wy > wg,
S
2(3—11 —w .
(ov) V3er® e (TQSX) el for ghg?s? with wy < w§
OU)crit = : 3wy 1) _
AMpje 2<1T—;:¢> (TTT) 2 for RTff with wy >7/15
(25w, —9) ~
22ws=9) ((Tpe ) TR fop pr with  9/25 < wy, < 7/15
TT‘@ TII]&X d)
20_Tug) for hToff with wg <9/25

(D.2)
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Above this critical (ov)crit, the DM can produce only from the freeze-out mechanism. Using
the above critical (ov)qi in the DM abundance expressions, one can find the following
expression of minimum critical mass

Quh? en’Thow 2 x 1077(GeV)
Mg min = o~
PR e Jo

(D.3)

The minimum mass is independent of background reheating dynamics, i.e., reheating
temperature and inflation equation of states.

E Modified inflaton decay width incorporating inflation oscillation

After inflation ends, the inflaton field ¢ starts to oscillate around the minima of its potential
with decreasing amplitude. The character of the oscillations strongly depends on the shape
of the potential V(¢) in the vicinity of the minimum. The solution of the inflation field
¢(t) can be written as ¢(t) = ¢o(t).P(t) [51], where P(t) is a quasi-periodic, fast-oscillating
function and ¢¢(t) is the envelope function which is a slowly time-varying function. After
taking care of the zero mode inflaton oscillations, the expression of the decay width for
the non-gravitational couplings would be the same; the only difference is that now our
mentioned coupling parameters g; and h" behave as an effective coupling and can be related
with the actual coupling parameter g; ,., and hy. as [71, 91] (see, for instance, eq. (2.2))

(612 = (5 020+ 2) (20— 17 S kP42
k=1
()2 = (95 et ?20(20 1 2)(20 — )P4 > KP2P (£.1)

k=1

(07 = (he)? 20+ 2)(@n — DS kP[P

k=1
T3+ )
TV -1 F(L)

2n

w ="y x mg(t)

In the case of gravitational interactions, the oscillation effect slightly modifies the production
rate; however, all of our predictions quantitatively remain the same. The following relation
can follow the modified decay rate [53, 91]

g Polw S, pani?
Do = 50t 1 wgyad (L + 27 (me/T)) 3 KIPE (£.2)
2 o
gr _ p¢(t)mf B 1 oo
Ui sfr = 27r(H%)M\@(l 2ﬁv(m¢/:r))k§::1 P (E.3)

Where w is the frequency of inflation oscillations and Py, is the Fourier coefficients in the
expansion of P(t). In table-4, we have provided the Fourier summations for different values
of n.
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n(wg) Y kIPL? XRIPIP O SEPE TEPEP X P

1 (0.0) i 3 i 3 7

2 (1/3) 0.229 0.125 0.241 0.141 0.030

3 (0.50) 0.218 0.124 0.244 0.146 0.024
10 (0.82)  0.191 0.114 0.286 0.149 0.007
200 (0.99)  0.174  0.100 0358 0.140 0.0001

Table 4. Numerical values of the Fourier summations for different values of n.
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Figure 18. The description of this plot is the same as figure 14. Here we have shown the DM
parameter space with considering the DM re-annihilation.

F The re-annihilation of DM and its effects on DM parameter space

Near the freeze-out temperature, the thermal production of DM receives Boltzmann suppres-
sion, and during this time the gravitational scattering may become the dominant channel
for the DM production. For such case following conditions must satisfy

Lygss/rr(t)pe(t)

me(t)
In our analysis, we ignored such an effect, and it is also important to note that such an
effect is not important when the DMs freeze out during the RD era. However, when the DM

> (o0) (1] ¢q(1))*. (F.1)
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freeze-out takes place during reheating, the DM re-annihilation turns out to be important
within a very narrow DM mass range (10! — mj)nd) GeV, and its evolution till the Freeze-out
point governed by,

d(a’n?)

3T iy P (t
it ()7 Cleezmpell) (F.2)

! me(t)

From the equation, it is clear that DM re-annihilation to thermal bath plays a crucial

= —a’(ov)(n

role along with gravitational production. Such re-annihilation is therefore, expected to be
important for higher reheating temperatures and large DM masses. The final DM abundance
clearly becomes ,h? I'¢p—aa/(ov). Gravitational production rate of DM increases with
DM mass. Therefore, with increasing DM mass, the cross-section has to increase to maintain
the correct abundance, which is indeed observed in figure 18 for wy = 0, for which the
inflaton mass mg is constant. It turns out that most of the parameter regions we found
are above the unitarity bound shown in figure 18. For wy = 0, we observed the effect of
re-annihilation for T}, = 10'° GeV. For this temperature, the corresponding DM mass range
where this effect modifies the cross-section turns out to be within (8 x 10'2 — m‘j;nd) GeV for
scalar DM and (1.5 x 1013 — m‘;“d) GeV for fermionic DM.

For the equation of state other than zero, the situation becomes different due to time-
varying inflaton mass. For higher DM mass possibility may arise that its gravitational
production becomes kinematically suppressed due to decreasing inflaton mass. For such
cases, the re-annihilation stops, and standard DM freeze-out occurs, which we discussed in
detail. As an example for wg = 0.20, we indeed see such an effect which we have shown in
figure 18. One particularly notices the curve associated with T}, = 10° in the inset. The
raising part of the curve corresponds to the re-annihilation phase for the mass range within
(6 x 101°,9 x 10*) GeV for scalar DM and (3 x 10,4 x 10'2) GeV for fermionic DM. For
higher mass values, kinematic suppression comes into play, and the cross-section needs to
be reduced, as discussed before. For T}, = 10'°, we found that the re-annihilation is not
prominent due to the kinetic suppression effect.
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