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The postinflationary reheating phase is usually said to be solely governed by the decay of coherently
oscillating inflatons into radiation. In this submission, we explore a new avenue towards reheating through
the evaporation of primordial black holes (PBHs). After the inflation, if PBHs form, depending on its initial
mass, abundance, and inflaton coupling with the radiation, we found two physically distinct possibilities of
reheating the Universe. In one possibility, the thermal bath is solely obtained from the decay of PBHs while
inflaton plays the role of the dominant energy component in the entire process. In the other possibility, we
found that PBHs dominate the total energy budget of the Universe during the course of evolution, and then
its subsequent evaporation leads to a radiation dominated universe. Furthermore, we analyze the impact of
both monochromatic and extended PBH mass functions and estimate the detailed parameter ranges for
which those distinct reheating histories are realized.
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I. INTRODUCTION

Reheating is believed to be the most important phase of
the early Universe, which successfully connects the super-
cooled end of inflation phase with the standard hot
Universe [1]. Any observable imprints of this phase in
the present Universe would be exciting due to its direct
connection with beyond standard model physics of cos-
mology and particle physics. With the advent of increas-
ingly sophisticated experiments, the reheating phase could
be assumed as a perfect cosmological laboratory operating
within a wide range of energy scales from MeV to
1016 GeV. Over the years, attempts have been made both
from particle phenomenology and cosmology to look for
observables that can carry the interesting imprints of this
phase. However, understanding the reheating mechanism is
believed to be incomplete. The most common scenario
advocates a homogeneous field, the inflaton, transferring its
energy in the form of relativistic particles. This process can

be nonperturbative [2–5] or perturbative [6,7] depending
upon its coupling to the Standard Model (SM).
Therefore, the reheating process is usually considered

model dependent, making it difficult to identify any
observable that can encode the reheating histories.
However, it has been shown recently that the gravitational
interaction between the inflaton and the SM can be
sufficient to reheat the Universe [8–12] without invoking
additional couplings. Such gravitational reheating scenario
usually predicts a low-reheating temperature with a steep
inflaton potential and are tightly constrained by the
excessive production of high-frequency gravitational waves
during big bang nucleosynthesis (BBN) [13–16].
In this paper, we investigate another universal reheating

mechanism where the radiation bath can be produced
through the evaporation of primordial black holes
(PBHs). There are several implications of PBH evapora-
tion; for recent studies, see, Refs. [17–19]. The formation
of PBHs in the early Universe has been the subject of
intensive investigation in recent times. If the amplitude of
the local density fluctuation is strong enough, above a
critical value δc (δρρ ≳ δc ∼ 1), PBHs can be shown to be
produced by gravitational collapse. Several mechanisms for
generating such a high local density fluctuation have been
investigated, considering different physically motivated
scenarios in the literature; quantum fluctuation generated
during inflation through single field [20–24], multifields
[25–28], collapse of cosmic sting loops during the radiation
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dominated Universe [29–33], collapse of domain walls
[34,35], and bubble collision during phase transition [36].
Instead of discussing the mechanism, we investigate the
physical effects of PBHs once they are formed during
reheating. In this paper, we particularly study the effect of
evaporating PBHs on the reheating dynamics and inves-
tigate the possibility of getting a radiation-dominated
Universe purely from PBH’s evaporation.
Indeed, if PBHs form during reheating, they can store a

reasonable fraction of the total energy under the form of
matter. Their density ρBH being less affected by the dilution
factor a (ρBH ∝ a−3), the PBH population can even
dominate the energy budget of the Universe over the
inflaton field. This happens, for instance, in the case of
quartic potential VðϕÞ ∼ ϕ4 where the inflaton ϕ, behaves
like a radiation field (ρϕ ∝ a−4). Such phenomena of PBHs
domination would be even easier to achieve for potentials
VðϕÞ ∼ ϕn with n > 4. Once the PBHs decay, they would
release the amount of energy stored in the form of radiation,
completing the reheating process. Such a possibility is
indicated in one of the first papers on PBH production (see,
for instance, Ref. [27]) by a hybrid inflation model with
two stages of inflation, and they also achieve PBH
domination after inflation ends and later evaporates and
reheat the Universe. A similar analysis in the context of
PBH production by the first-order phase transition is
initially given in Refs. [37,38]. However, the point we
would like to emphasize is that our present study reveals
several important features of PBH reheating which have not
been pointed out before.
As we will show, it is important to note that the PBHs

does not have to dominate over the inflaton density to affect
the reheating. Even if they remain subdominant, the
continuous entropy injection through their decay can
notably change the reheating process, especially for low
inflaton couplings to the particles in the plasma. Indeed, the
temperature of the thermal bath could sensibly increase due
to the fact that PBHs decay can easily generate thermal
particles in much greater amounts than the inflaton decay
itself.
The paper is organized as follows. After reminding the

standard lore of reheating through the inflaton, we study in
Sec. III the evolution of PBHs, from their formation to their
evaporation, in an expanding universe. In Sec. IV we
propose the possibility of completing the reheating through
the decay of monochromatic primordial black holes formed
during reheating. We generalize our analysis to extended
mass distribution in Sec. IV before concluding.

II. STANDARD REHEATING

An important feature of inflationary models is the
possibility of reheating the universe after inflation, leading
to a radiation-dominated epoch. Inflaton reheating refers to
the process by which the energy of the inflaton field, which
powered the inflationary expansion of the Universe, is

transferred to other particles in the Universe. This transfer
of energy occurs at the end of the inflationary period and is
considered to have created the conditions necessary for
the formation of primordial nuclei and structures in the
Universe. The transfer of energy from the inflaton to other
particles is thought to have been accomplished through a
variety of mechanisms, such as the decay of the inflaton
into other particles or the production of particles through
the interaction of the inflaton with other fields [1,2,7,39].
In our study, we assume that the reheating is not

instantaneous, that is, a scenario in which the transfer of
energy from the inflaton field to other particles at the end of
inflation occurs over a longer period of time, rather than
instantaneously. Note that there have been many works
which have taken into account noninstantaneous reheating
scenario, see for example Refs. [7,40–46].
In the standard scenario, the evolution of the inflaton

(ρϕ) and radiation (ρR) energy densities simply follow the
set of Boltzmann equations

ρ̇ϕ þ 3Hð1þ wϕÞρϕ ¼ −Γϕρϕð1þ wϕÞ; ð1Þ

ρ̇R þ 4HρR ¼ Γϕρϕð1þ wϕÞ; ð2Þ

where wϕ is the equation of state for ϕ, and is given by [7]

wϕ ¼ n − 2

nþ 2
; ð3Þ

for a potential of the form VðϕÞ ¼ λM4
Pðϕ=MPÞn. Γϕ

represents the decay or annihilation rate of the inflaton,
which depends on the reheating process considered. H is
the Hubble parameter, and MP ¼ 1=

ffiffiffiffiffiffiffiffiffi
8πG

p
≃ 2.435 ×

1018 GeV is the reduced Planck mass. Equations (1) and
(2), together with the Friedmann equation

ρϕ þ ρR ¼ 3H2M2
P; ð4Þ

allow us to simultaneously solve for ρϕ and ρR [7]. It
follows that the energy density of the inflaton and the
radiation can be expressed in terms of the normalized scale
factor a=aend, aend being the scale factor at the end of
inflation. We obtain

ρϕðaÞ ¼ ρend

�
aend
a

�
3ð1þwϕÞ ¼ ρend

�
a

aend

�
− 6n
nþ2

; ð5Þ

and for ρR, supposing a coupling of the type yϕϕf̄f between
the inflaton and fermions (see Appendix A for details),

ρRðaÞ ¼
y2ϕ
8π

λ
1
nαn

�
ρend
M4

P

�
1−1

n
�

a
aend

�
−4

×

��
a

aend

�
27−nnþ2

− 1

�
¼ αTT4; ð6Þ
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where αT ¼ gTπ2=30 with gT is the number of relativistic
degrees of freedom at temperatureT (106.75 for the Standard
Model) and

αn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3n3ðn − 1Þ

p
7 − n

M4
P: ð7Þ

As we pointed out earlier, there are multiple possibilities for
the reheating processes, from decay to bosonic states,
scattering, or gravitational production. Deferring the detailed
study for our future work, in this paper we consider inflaton
decaying into Fermions through yϕϕf̄f interaction. The
reheating is assumed to be completed at a scale aRH, when
ρϕðaRHÞ ¼ ρRðaRHÞ ¼ ρRH. Indeed, comparing Eqs. (5) and

(6), we see that for a ≫ aend, ρϕ=ρR ∝ ða=aendÞ− 6
nþ2 for

n < 7, and ρϕ=ρR ∝ ða=aendÞ−2n−8
nþ2 for n > 7, both of them

decreasing with the scale factor a. This condition can also be
seen to be true for the special case where n ¼ 7. The
conditionmentioned above immediately suggests, therefore,
that there exists a value a ¼ aRH for which ρϕ ¼ ρR.
Considering n < 7, this happens for

�
aRH
aend

�
− 6
nþ2 ¼ y2ϕ

8π

�
αn
M4

P

��
λM4

P

ρend

�1
n

⇒ ρRH ¼ ρend

�
aRH
aend

�
− 6n
nþ2 ¼

�
y2ϕ
8π

�n� αn
M4

P

�
n
λM4

P ð8Þ

or

Tn<7
RH ≃

4.3 × 1015

2.3ð2.5 × 109Þn4
�
αn
M4

P

�n
4

�
yϕ
10−4

�n
2

�
λ

10−11

�1
4

: ð9Þ

A similar analysis for n > 7 gives the following expression
for the reheating temperature and scale factor at the end of the
reheating

Tn>7
RH ≃

ð4.3 × 1015Þ 3
n−4

2.3ð2.5 × 109Þ 3n
4n−16

�
−αn
M4

P

� 3n
4n−16

�
yϕ
10−4

� 3n
2n−8

×

�
λ

10−11

� 3
4n−16ðρendÞ n−7

4n−16 ð10Þ

with

�
aRH
aend

�2ð4−nÞ
nþ2 ¼ y2ϕ

8π

�
−αn
M4

P

��
λM4

P

ρend

�1
n

: ð11Þ

In the above expression, TRH is expressed in GeV, and
we took gT ¼ 106.75. We show in Fig. 1 the corresponding
evaluations for ρϕ and ρR as a function of a=aend for n ¼ 4.
We considered two different values of the Yukawa cou-
plings, yϕ ¼ 10−7 and yϕ ¼ 10−4, giving rise to reheating

temperature TRH ≃ 10 GeV and 107 GeV, respectively,
for1 λ ¼ 5 × 10−11, and ρend ¼ 1.45 × 1063 GeV4.
The presence of PBHs is expected to affect significantly

the vanilla scenario discussed above, adding a new matter
component in the primordial plasma. As we will see, there
even exists the possibility that the PBHs and its decay
products may either dominate the inflaton energy density or
the primordial plasma. The reheating is then completed
through their decay. As a consequence, the reheating
temperature can be drastically different from the one
obtained in Eqs. (9) and (10).

III. PBH EVOLUTION

A. Mass function

PBHs could have been produced during the earlyUniverse
due to various mechanisms. The common point for all of
them is the collapse of a spatial region with large primordial
energy-density fluctuations due to gravitational pull. One
possibility is that PBHs formed in a relatively short period of
time in regionswhere δρ

ρ ≳ δc ∼ 1. This could have happened,
for example, during a phase transition, where the properties
of matter changed rapidly, leading to the collapse of large
regions into black holes. In this scenario, the mass distribu-
tionof primordial black holeswouldbe concentrated, sharply
peaked, or monochromatic around a specific mass. Themass
distribution is then just a delta function,

fPBHðMÞ ¼ δðM −MinÞ: ð12Þ

The initialmass of such PBHsMin is assumed to be a fraction
of the Hubble massMH at the time of formation, tin [47–49].
In fact, the PBHs are supposed to be formed almost
instantaneously. The initial mass is then naturally of the
order of the energy embedded in the horizon at the formation
time, and can be written

FIG. 1. Evolution of the inflaton density, ρϕ, and the radiation
density ρR as function of a=aend for different values of the
Yukawa coupling, yϕ ¼ 10−7 and 10−4.

1See details in the Appendix for the values of λ and ρend we
used.
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Min ¼ γMH ¼ γ
4π

3

ρðtinÞ
H3ðtinÞ

¼ 4πγ
M2

P

HðtinÞ
; ð13Þ

where, γ ¼ w3=2 is the efficiency of the collapse [50]. Note
that for radiation dominated background,w ¼ 1=3, the value
of γ assumes ∼0.2, whereas for w ¼ 0 the formation
mechanism is more involved. Nonetheless, for all the cases
we considered Min as a free parameter. Moreover, certain
mechanisms suggest that PBHs may exhibit an extended
mass function, i.e., a distribution ofmasses (seeRefs. [51,52]
and references therein). The existence of an extended mass
distribution is attributed to the formation of PBHs from
density perturbations of varying scales. Specifically, smaller
perturbations would have given rise to smaller black holes,
while larger perturbations would have led to the formation of
larger black holes. There exists also the possibility for amore
complex spectrum which we will analyze in the following
section.
Note also that the initial PBH mass is bounded by the

size of the horizon at the end of inflation,

Min ≳H−3
endρend ∼

M3
Pffiffiffiffiffiffiffiffi

ρend
p ≃ 1 g ¼ Mmin; ð14Þ

where we took ρ1=4end ∼ 1015 GeV. We will also consider
black holes decaying before BBN to avoid perturbations
due to entropy injection from evaporating PBHs. Indeed, in
a seminal paper [53], Stephen Hawking opened the
possibility for black holes to evaporate into a radiation
corresponding to temperature TBH ∼M2

P=MBH. As a con-
sequence, the black hole decays, and its mass varies with
time as [54]

dMBH

dt
¼ −ϵ

M4
P

M2
BH

; ð15Þ

where ϵ ¼ πgBH=480, with gBH the number of degrees of
freedom below TBH.

2 Solving Eq. (15) one obtains the
evaporation time of the PBH, tev,

tev ≃ 1 s

�
Min

108 g

�
3

: ð16Þ

The typical time of BBN is of order one second and we
will restrict our analysis within the following mass range of
PBHs,

1 g≲Min ≲ 108 g: ð17Þ

One important point is to note that, in principle, PBH can
also evaporate into dark matter (DM). In our analysis, as a

first step we concentrate only on the production of SM
particles due to evaporation, leaving the DM phenomenol-
ogy for future work.

B. PBH energy density

We consider that a fraction β of the total energy falls into
black holes,

β ¼ ρBHðtinÞ
ρtotðtinÞ

; ð18Þ

where ρtot ¼ ρϕ þ ρR is the total energy density. β can be
restricted by imposing constraints from the induced gravi-
tational waves (GWs), generated at second order in
perturbation theory, sourced by the density fluctuation
due to the inhomogeneities of the PBH distribution before
it evaporates. The produced GW energy density either can
overtake the background energy density or severely impact
the big bang nucleosynthesis processes [56–59]. For
instance, in Ref. [58], an upper limit on the value of

β < 10−4ðMin=109 gÞ−1=4

has been derived which avoids the backreaction problem.
However, a stronger upper limit derived in Ref. [59] asserts
that the dominant contribution to GWs arises from the
sudden evaporation of PBHs in the PBH dominated regime.
Specifically, this upper bound on β is obtained by demand-
ing that the amount of generated GWs is not in conflict with
the BBN constraints on the effective number of relativistic
species and is expressed as

β < 1.1 × 10−6
�

γ

0.2

�
−1=2

�
gBH
108

�
17=48

×

�
gev

106.75

�
1=16

�
Min

104 g

�
−17=24

; ð19Þ

where gev is the number of degrees of freedom at the
evaporation time tev. We have applied the above-mentioned
upper limit for β throughout our analysis.
The evolution of the energy density of the primordial

black hole before its evaporation takes the following form:

ρ̇BH þ 3HρBH ¼ ρBH
MBH

dMBH

dt
θðt − tinÞθðtev − tÞ; ð20Þ

where the θ-function is the Heaviside function and tin (tev)
is the time associated with the formation (evaporation)
point. The PBH energy density is obtained by solving
Eq. (20) while respecting (15). In a universe whose
expansion is dominated by a fluid with an equation of
state P ¼ wρ, solving Eq. (15) gives

2Notice that in the expression of ϵ we assume the gray-body
factor to be G ¼ 1. Nevertheless, a proper treatment would
consider G ≈ 3.8 (see Ref. [55]).
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M3
BHðaÞ ¼ M3

in þ
2ϵM2

PMin

4πγð1þ wÞ
�
1 −

�
a
ain

�3
2
ð1þwÞ�

≃M3
in

�
1 −

2
ffiffiffi
3

p
ϵ

1þ w
M5

P

M3
in

ffiffiffiffiffiffiffiffi
ρend

p
�

a
aend

�3
2
ð1þwÞ�

; ð21Þ

where we supposed for the last approximation a ≫ ain. We
also used Eq. (13) to write

ain
aend

¼
�
Min

ffiffiffiffiffiffiffiffi
ρend

p
4πγ

ffiffiffi
3

p
M3

P

� 2
3ð1þwÞ

≃
�
1.7 × 10−2

�
Min

1 g

� ffiffiffiffiffiffiffiffiffi
ρend
1060

r � 2
3ð1þwÞ

; ð22Þ

with the units being in GeV when not specified. Notice that
the evaporation time, or scale factor aev can also be
deduced from Eq. (21). Asking for MðaevÞ ¼ 0, we have

aev
aend

¼
�ð1þ wÞ
2

ffiffiffi
3

p
ϵ

M3
in

ffiffiffiffiffiffiffiffi
ρend

p
M5

P

� 2
3ð1þwÞ

≃
�
4.5 × 108

�
1þ w
ϵ

��
Min

1 g

�
3

ffiffiffiffiffiffiffiffiffi
ρend
1060

r � 2
3ð1þwÞ

: ð23Þ

The effect of the black hole evaporation on the reheating
process will then last from ain till aev. It is also interesting to
note that the dimensionless factorM5

P=M
3
in

ffiffiffiffiffiffiffiffi
ρend

p
appearing

in Eqs. (21) and (23) is very small, reaching a maximum
value of ∼10−12 for Min ¼ 1 gram, the PBHs mass at the
end of inflation, aend; this justifies the approximation
aev ≫ aend; ain. Depending upon the initial abundance of
lighter PBHs, such a long period of decay time with
aev=aend > 1012 can give rise to different physically distinct
reheating scenarios such as PBHs dominating the Universe
before their complete evaporation, or PBHs evaporating
unilaterally completing the reheating processes. In the
subsequent sections, we will discuss various scenarios in
detail.
Implementing Eq. (21) in (20) and using Eq. (13), we

finally obtain

ρBHðaÞ ¼ βρend

�
4π

ffiffiffi
3

p
γM3

P

Min
ffiffiffiffiffiffiffiffi
ρend

p
� 2w

ð1þwÞ
�
aend
a

�
3

×

�
1 −

2
ffiffiffi
3

p
ϵ

1þ w
M5

P

M3
in

ffiffiffiffiffiffiffiffi
ρend

p
�

a
aend

�3
2
ð1þwÞ�1

3

: ð24Þ

Note that, in the case of negligible evaporation
(a ≪ aev), the second term in the third bracket is always
subdominant and we can recover the usual pressureless
dustlike nature of PBH energy density with ρBH ∝ a−3, and
proportional to the part of the energy density collapsing, β,
and the efficiency of the collapse, γ. Furthermore, for
a ¼ aev, we recover ρBH ¼ 0 as expected. We illustrate in

Fig. 2 the evolution of ρBH as a function of a=aend for the
same set of parameters as in Fig. 1. To obtain the figure, we
solved numerically the set of Eqs. (1) and (20), for two
values of fraction β ¼ ð10−8; 10−4Þ and Min ¼ 10 g. VðϕÞ
being quartic, n ¼ 4 implies w ¼ wϕ ¼ 1

3
. We clearly

observe the ρBH ∝ a−3 behavior as expected before the
evaporation, which is almost instantaneous and happens for
aev=aend ≃ 5 × 106 in the case β ¼ 10−8, in accordance
with Eq. (23). We also note that ρBH is proportional to β as
expected from Eq. (24).

C. PBH domination

It can also be interesting to wonder if PBH can dominate
the energy budget of the Universe before the end of the
reheating process. One then needs to compute the time aBH
when ρϕ ∼ ρBH. Indeed, for the PBHs behaving as dust
before its decay, ρBH ∼ a−3, whereas if the inflaton field
follows ρϕ ∝ a−3ð1þwϕÞ, there exists a point where
ρϕ ¼ ρBH. Combining Eqs. (5) and (24), one obtains

aBH
aend

¼
�
Min

ffiffiffiffiffiffiffiffi
ρend

p
4πγ

ffiffiffi
3

p
M3

P

� 2
3ð1þwϕÞβ

− 1
3wϕ

≃ β
− 1
3wϕ

��
Min

112 g

� ffiffiffiffiffiffiffiffiffi
ρend
1060

r �
0.2
γ

�� 2
3ð1þwϕÞ ð25Þ

which gives, for β ¼ 10−4, Min ¼ 10 g, ρend ∼ 1.5 ×
1063 GeV and wϕ ¼ 1=3, aBH=aend ∼ 2 × 104, values that
we can recover in Fig. 2. However, the domination of PBH
does not occur for any value of β. There exists a critical
value, denoted as βBHcrit , above which PBHs dominate over
the background energy density; in this scenario, the back-
ground is governed by inflaton. Indeed, this should happen
before its total evaporation, in other words, aBH < aev, or
combining Eqs. (23) with (25),

FIG. 2. Evolution of the energy densities ρϕ (blue), ρR (red) and
ρBH (green) as function of a=aend for n ¼ 4, yϕ ¼ 10−4, β ¼ 10−8

(dashed) and 10−4 (full). Note the shift in the PBHs lifetime if
they dominate the energy budget of the Universe before decaying.

PRIMORDIAL BLACK HOLE REHEATING PHYS. REV. D 108, 063523 (2023)

063523-5



βBHcrit ¼
�

ϵ

ð1þ wϕÞ2πγ
� 2wϕ

1þwϕ

�
MP

Min

� 4wϕ
1þwϕ : ð26Þ

This corresponds to β ≃ 3 × 10−6 for a quartic potential
(wϕ ¼ 1=3), andMin ¼ Mmin ¼ 1 g. On the other hand, for
β ¼ 10−8 Eq. (25) gives aBH=aend ≃ 2 × 108 whereas
aev ≃ 5 × 106, so there is no PBH domination, which is
also what we observe in Fig. 2. In this case, the PBH
population would never constitute the main component of
the Universe. Note that to get this particular scenario (PBH
domination after inflation domination), aBH < aRH and that
will happen if the inflation-radiation coupling is less than
some specific value ycstϕ , which we defined later in Eq. (48)
for n < 7 and Eq. (49) for n > 7. Otherwise, there will
always be radiation domination after inflaton domination,
and above some critical value of β, there is a possibility of
PBH domination after radiation domination. One important
point is to note that once we fixed yϕ < ycstϕ , βBHcrit is
independent of the value of yϕ and determined from
Eq. (26) however for yϕ > ycstϕ , another critical value of
β for PBH domination is always a function of yϕ and the
Eq. (26) is not valid anymore.
The domination of PBHs over the inflaton significantly

affects the expansion rate H ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρBH=3M2

P

p
, and then the

PBH lifetime itself. Indeed, the solution of (15) in a PBH
dominated universe becomes

M3
BHðaÞ ≃M3

in −
2

ffiffiffi
3

p
ϵM5

Pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρϕðaBHÞ

p �
a

aBH

�3
2

; ð27Þ

where we supposed MBHðaBHÞ ≃Min and a ≫ aBH. We
then obtain the evaporation time

MðaevÞ¼ 0 ⇒
aev
aBH

¼ M2
inρ

1
3

end

ð2 ffiffiffi
3

p
ϵM5

PÞ
2
3

�
aend
aBH

�ð1þwÞ
; ð28Þ

where aend=aBH is given by (25). If we takeMin ¼ 10 g and
ρend ¼ 1.46 × 1063, we find for w ¼ 1=3, aev=aend∼
3 × 107, corresponding to a little delay in the PBH lifetime
compared to the value 5 × 106 that we obtained solving (24)
where the inflaton was dominating the evolution of the
Universe. We also clearly see this shifting effect in the decay
in Fig. 2. Note that it is not strictly speaking the lifetime
which is changing, but the corresponding scale factor due to a
modification in the rate of expansion between an inflaton-
dominated universe and PBH domination.
The PBHs evaporation produces SM particles which

populate the thermal bath. The evolution of the radiation
energy density is then affected, ρR receiving a new con-
tribution from the decaying PBH. Equation (2) becomes

ρ̇R þ 4HρR ¼ Γϕρϕð1þ wϕÞ

−
ρBH
MBH

dMBH

dt
θðt − tinÞθðtev − tÞ: ð29Þ

The dynamics of the system are determined by simulta-
neously solving Eqs. (1), (20), and (29), together with the
Friedmann equation

ρϕ þ ρR þ ρBH ¼ 3H2M2
P: ð30Þ

Different scenarios are expected depending on which
component of the energy density dominates the Universe at
subsequent epochs after the formation of PBHs. For
instance, for small values of the Yukawa coupling yϕ,
the PBHs can regulate the reheating process through
entropy injection in such a way that there exists a lower
bound on yϕ over which the inflaton decays before the PBH
population. Therefore, the Universe enters into PBH
dominated phase which can drastically modify the reheat-
ing history. In the following section, we will study all the
possible scenarios in detail step by step.

IV. PBH REHEATING

A. Generalities

Once the PBHs are produced, they can dominate the
reheating process if

Γϕρϕð1þ wϕÞ < −
ρBH
MBH

dMBH

dt
; ð31Þ

corresponding to a scale factor a ¼ aBHR

�
aBHR
aend

�
6wϕ ≳ y2ϕ

ϵβ

λ
1−wϕ
2þ2wϕ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nðn − 1Þp

8πð48π2γ2Þ 1
3þ3wϕ

×

�
ρend
M4

P

� 2wϕ
1þwϕ

�
Min

MP

�5wϕþ3

1þwϕ : ð32Þ

where we combined Eqs. (1) and (24); considering
MBH ∼Min. Concerning the notation, aBHR (the scale at
which the PBHs dominates the reheating process) should
not be confused with aBH from (25) which is the scale when
the PBH population dominates the energy density of the
Universe. The PBHs can indeed lead the reheating process
even if they do not dominate over the inflaton density. Such
PBHs dominating and reheating naturally predicts higher
reheating temperature due to extra entropy injection, see
Figs. 3 and 4, compared to the vanilla reheating scenario, as
we will describe later.
From Eq. (32) we can deduce that the reheating process is

driven by the PBH when aBHR =aend ¼ 5 × 105 in the case
n ¼ 4 (w ¼ 1=3) with ðyϕ ¼ 10−5; β ¼ 10−7Þ and aBHR =
aend ¼ 1.7 × 104 for ðyϕ ¼ 10−5; β ¼ 10−4Þ.We summarize
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this behavior in Figs. 3 and 4 in the case n ¼ 4 and n ¼ 6
respectively, for different values of yϕ and β fixing Min to
10 grams. We recover the values of aBHR =aend for the two
values of β we just computed analytically in Fig. 3 (top-left
and top-right) where the change of slope in ρR is obvious at
the corresponding values of a ¼ aBHR .
We can even recover the change in the slope of ρR

between the phase when the radiation is generated by the
inflaton and the phase when it is driven by the decay of
PBHs. Indeed, if PBHs become the source of radiation,
Eq. (29) can be simplified by

ρ̇R þ 4HρR ¼ ϵρBH
M4

P

M3
in

; ð33Þ

where we supposed M ¼ Min during the whole reheating
process. The solution of Eq. (33) for a ≫ aBHR is then
given by

ρBHR ðaÞ ≃ ρRðaBHR Þ
�
aBHR
a

�3
2
−3
2
w

; ð34Þ

where the upper index BH indicates the source of the
radiation from the black hole and w is the equation of state
parameter of the field driving the expansion during the
reheating (w ¼ wϕ if the inflaton dominates, while w ¼ 0 if
the PBHs dominate). We finally obtain, when the inflaton
dominates, the energy budget

ρϕ ∝ a−3ð1þwϕÞ; ρϕR ∝ a−
3
2
ð1þ3wϕÞ; ρBHR ∝ a−

3
2
ð1−wϕÞ:

ð35Þ

If the background is inflaton dominated, then the above
equations give for n ¼ 4,

ρϕR
ρϕ

∝ a;
ρBHR
ρϕ

∝ a3; ð36Þ

and for n ¼ 6

ρϕR
ρϕ

∝ a
3
4;

ρBHR
ρϕ

∝ a
15
4 : ð37Þ

FIG. 3. Evolution of the normalized energy densities ΩX ¼ ρX
3M2

pH2 as a function of scale factor for the different combination
of ðyϕ;Min; βÞ with n ¼ 4. In the symbol of dimensionless energy densities, the ϕþ BH and ϕ term indicates reheating dynamics with
and without black hole, respectively.
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This is exactlywhatweobserve in Figs. 3 and4 (top-left). For
larger values of β, the PBH population can dominate over the
inflaton density, and we should consider w ¼ 0 in Eq. (34),
which gives

ρBHR
ρBH

∝ a
3
2; ð38Þ

independently on n of course, which is alsowhat is observed
in Figs. 3 and 4 (top-right).
Interestingly if one increases the value of yϕ sufficiently,

there also exists the possibility that the inflaton decays
before the PBHs population. In this case, the first phase of
the reheating is dominated by the inflaton decay process.
This phase is achieved at a time t ≃ Γ−1

ϕ with a universe
dominated by radiation. However, in a second phase, as
ρR ∝ a−4 whereas ρBH ∝ a−3, at a given time the PBH
energy density will surpass the radiation density, driving
the expansion rate. Finally, they will release their entropy
through their decay in a third phase with all the radiation
being then generated by the PBH. We illustrate this
possibility in the lower-left panels of Figs. 3 and 4, for
yϕ ¼ 0.1. We clearly distinguish the four phases (inflaton-
radiation-PBH-radiation), where the inflaton decay for
a=aend ≃ 100, in accordance with Eq. (8). Increasing yϕ

further only reduces the inflaton domination region as one
can see in Fig. 3 (bottom-right).

B. Inflaton reheating versus PBH reheating

One can then compute, for each value of yϕ the
proportion β and mass Min for which the PBHs population

FIG. 4. The description of this plot is same as Fig. 3. Here we have plotted for n ¼ 6.

FIG. 5. Evolution of the density of radiation ρBHR (orange and
red)generated by different populations of PBHs (βi;Min) in
comparison with the radiation produced by the inflaton decay,
ρϕR in blue for VðϕÞ ∝ ϕ4. We observe that increasing β or Min
allowed for PBH reheating domination.
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begins to dominate the reheating process. We illustrate the
possibilities on Fig. 5 where we plotted the evolution of
radiation density ρBHR generated by a population of PBH (βi,
Min ¼ Mi) in comparison with the radiation produced by
the inflaton decay, ρϕR, in the case of a quartic potential with
yϕ ¼ 10−7. Looking carefully at the figure, we understand
that, whereas the original set of parameter (β1 ¼ 10−12,
M1 ¼ 10 g) is not sufficient for ρBHR to dominate before the
end of the solely inflaton driven reheating process at aRH,
increasing β up to β2 ¼ 3 × 10−6 or the PBHs mass Min to
M2 ¼ 20 g is sufficient to increase the energy transferred
(larger β) or delay the PBH decay (larger Min) such that
ρBHR ¼ ρϕR at aRH. These are the threshold values for a PBH
reheating.
We can then compute analytically the corresponding

βðMinÞ for each yϕ where the domination of PBHs over the
inflaton in the reheating process occurs. Considering that
the Universe is still dominated by the inflaton,3 we should
consider that the radiation produced from the PBH decay at
aRH is larger than the radiation produced by the inflaton at
aRH. While ρBHR follows Eq. (34) from aBH till aev, after the
PBH decay, ρBHR redshifts as a−4. The condition for a PBH-
driven reheating should then be written

ρBHR ðaevÞ
�
aev
aRH

�
4

> ρRH; ð39Þ

with ρRH given by Eq. (8). We obtain for n < 7

βn<7 ≳ βϕcrit ¼ δ ×

�
y2ϕ
8π

�6wϕ−2
3−3wϕ

�
MP

Min

�2−2wϕ
1þwϕ

× λ
3wϕ−1
3wϕþ3

�
αn
M4

P

�6wϕ−2
3−3wϕ ; ð40Þ

and for n > 7, we have

βn>7 ≳ βϕcrit ¼ δ ×

�
−αn
M4

p

��
y2ϕ
8π

��
MP

Min

�2−2wϕ
1þwϕ

× λ
1−wϕ
2wϕþ2

�
ρend
M4

P

�9wϕ−5
6þ6wϕ ð41Þ

with

δ ¼ 5þ 3wϕ

2
ffiffiffi
3

p
ϵ

ð4π
ffiffiffi
3

p
γÞ

−2wϕ
1þwϕ

�
2

ffiffiffi
3

p
ϵ

1þ wϕ

�5þ3wϕ
3þ3wϕ

: ð42Þ

We note that for a quartic potential (n ¼ 4, wϕ ¼ 1=3),
the value of β is independent of the Yukawa coupling yϕ
and is β ≳ 10−7, whereas for n ¼ 6 (wϕ ¼ 1=2), the critical

value of β follows β ∝ y
4
3

ϕ. We illustrate our result in Fig. 6
where we plotted the minimal value of yϕ necessary for the
inflaton to dominate the reheating process for a given β in
the case of PBH mass of Min ¼ 10 g. The value of yϕðβÞ
below which the PBH reheating has to be taken into
account to settle a coherent thermal history of the early
Universe is one of the main results of our work. In other
words, for any given value of β, one needs to check if the
reheating process driven by the inflaton is not perturbed by
the presence, and decay of the PBHs population of
mass Min.
We also remark in Eq. (40) that the larger is the value of

Min, the smaller is be the value of βϕcrit necessary to realize
the PBH reheating. Indeed, from our discussion of Fig. 5
we understood that heavier PBHs have a tendency to decay
later, injecting their (larger) entropy at a time when the
inflaton is more diluted, facilitating in this way the
domination of the PBH reheating over the inflaton reheat-
ing. Their density of population, proportional to β, does not
need to be so large then. Note that, for n ¼ 6 and
yϕ ¼ 10−5, giving a reheating temperature of the order
of ∼1 GeV, already for β as small as ∼10−12, the PBH
population dominates the reheating process. This important

FIG. 6. Critical Yukawa coupling yϕ as function of β for different Min (10 g, 104 g, and 107 g, from left to right) and for n ¼ 4

(dashed) and n ¼ 6 (dot-dashed), corresponding to wϕ ¼ 1
3
and 1

2
respectively. Points in the shadow regions are subject to PBH reheating.

Points in the extreme right (pink) region are excluded by an excess of gravitational wave, see Eq. (50). The red circle indicates the
Yukawa coupling associated with the BBN temperature and the value of yϕðTBBNÞ ¼ ð1.8 × 10−9; 7 × 10−7Þ for n ¼ ð4; 6Þ, respectively.

3We checked that this is always the case.
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result should affect considerably, for instance, gravitational
reheating [9–11], which we defer for future study.

C. PBH reheating temperature

We have now all the tools in hand to compute the
corresponding reheating temperature in the different pos-
sible regimes (β;Min) of PBHs population for a given yϕ. In
one case PBHs, without being the dominant energy
component, may populate the thermal bath through their
decay, the reheating temperature is then given by the value
of ρBHR at aRH, when the PBHs evaporate. We obtain

ρRH ¼ ρBHR ðaevÞ ×
�
aev
aRH

�
4

≃ δ
3ðwϕþ1Þ
1−3wϕ M4

P

�
MP

Min

�6−6wϕ
1−3wϕ

β
3þ3wϕ
3wϕ−1: ð43Þ

From this, one can find

TRH ≃MP

"
δ

3ðwϕþ1Þ
4ð1−3wϕÞ

αT
1
4

#�
MP

Min

� 3ð1−wϕÞ
2ð1−3wϕÞβ

3þ3wϕ
12wϕ−4; ð44Þ

where we have taken into account the redshift regime ρR ∝
a−4 after the PBH evaporation.
In the second case, β crossing certain threshold value

given by Eq. (26), permits the PBH to dominate the
Universe’s energy budget over the inflaton field. Finally,
reheating ends with PBHs decay again at aev, and all the
entropy generated by their decay are transferred to the
thermal bath. This happens for

ΓBH ¼ H ⇒ ρRH ¼ 3M2
PΓ2

BH; ð45Þ

or, with ΓBH ¼ ϵ
M4

P
M3

in

ρRH ¼ 3ϵ2
M10

P

M6
in

; ð46Þ

which gives

TRH ¼ MP

�
3ϵ2

αT

�1
4

�
MP

Min

�3
2

: ð47Þ

This is another important result of our paper. We illustrate
it in Fig. 7wherewe show the reheating temperatureTRH as a
function ofMin in the casen ¼ 4 (left) andn ¼ 6 (right) after
solving numerically the set of Boltzmann equations. In the
scenario of β > βBHcrit , PBH reheating happens after PBH
domination, and the dependence on β and wϕ disappears as
we can see from Eq. (47). Here, we need a minimum value
aBH givenbyEq. (25) to reach the regime ofPBHdomination

and follow the dependency TRH ∝ M
−3
2

in which is effectively
what we observe in both the left and right panel of Fig. 7.
However, if PBHs evaporate during inflation domination, we
have a wϕ-dependent behavior in TRHðMinÞ given by

Eq. (44), TRH ∝ M
3ð1−wϕÞ=2ð3wϕ−1Þ
in . (For example, for

wϕ ¼ 1=2, TRH ∝ M3=2
in .) It should be noted that in this

scenario, there is a threshold value for β, below which the
PBH reheating scenario cannot achieve a reheating temper-
ature higher than the energy scale of BBN, which is about
5 MeV. This threshold value can be calculated from Eq. (26)
upon plugging Min ¼ Mmax

in ∼ 2 × 108 g [see Eq (B5) of
Appendix B]. For wϕ ¼ 1=2, this value turns out to be
2.1 × 10−19.

FIG. 7. Reheating temperature as a function of initial BH massMin for two different values of n ¼ ð4; 6Þ. In the left panel (n ¼ 4), the
reheating temperature is independent of β, and reheating through BH evaporation is only possible when β > βBHcrit , which is shown in the
upper panel of Fig. In the right panel, results are for n ¼ 6 with different values of β ¼ ð10−6; 10−10; 10−14; 2.1 × 10−19Þ. Points in the
shaded (pink) region are excluded by BBN bounds, Eq. (19).
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Finally, we summarize all our analyses in Fig. 8 where we
plotted the reheating temperatures obtained as a function of β
for different values of Min and yϕ in the cases of n ¼ 4 and
n ¼ 6. To facilitate our discussion further, we identify a
critical coupling, ycstϕ , defined by equating radiation energy

density at the end of PBH domination [Eq. (46)], with that at
the end of standard inflaton domination, [Eq. (8)]. This value
ycstϕ can be considered as the coupling needed for the inflaton
to reheat as efficiently as a PBHs population ofmassMin, and
is given by

FIG. 8. Evolution of the reheating temperature TRH as function of β for different values of yϕ with Min ¼ 10; 104; 107 g (from top-
down) and n ¼ 4 and 6 (left column and right column). The solid red circle indicates the critical β ¼ βBHcrit defined in Eq. (26). Vertical
red-dashed lines on the left of the solid red circle indicate β ¼ βϕcrit, whereas those on the right indicate critical β values at which the
universe undergoes a transition from inflaton → radiation → PBHs domination. The extreme right light-pink shaded regions are
excluded by an excess of gravitational wave, Eq. (50), whereas dark-pink shaded lower regions are excluded by BBN bounds, Eq. (19).
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ycstϕ jn<7 ¼
ffiffiffiffiffiffi
8π

p �
M4

P

αn

�1
2

�
3ϵ2

λ

� 1−wϕ
4ð1þwϕÞ

�
MP

Min

�3ð1−wϕÞ
2ð1þwϕÞ; ð48Þ

The above expression is deduced for n < 7. On the other
hand, the critical Yukawa coupling for n > 7 would be

ycstϕ jn>7 ¼
ffiffiffiffiffiffi
8π

p �
M4

P

−αn

�1
2

λ
wϕ−1
4þ4wϕ

�
3ϵ2M6

P

M6
in

�3wϕ−1
6þ6wϕ

×

�
ρend
M4

P

� 5−9wϕ
12þ12wϕ : ð49Þ

For example, n ¼ 4 (6) andMin ¼ 10 g, one can deduce
ycstϕ ¼ 7 × 10−4 (8 × 10−3), while for Min ¼ 104 g, the
critical coupling reduces to 3.8 × 10−6 (1.2 × 10−4).
Associated with those two mass values, reheating temper-
atures are deduced from Eq. (47), Tcst

RH ¼ ð4.2 × 108; 1.3 ×
104Þ GeV for Min ¼ ð10; 104Þ g respectively. It is interest-
ing that those temperatures are independent of all infla-
tionary parameters such as ðn; yϕÞ as expected. These
features are recovered from full numerical analysis and
clearly depicted in Fig. 8, where yϕ ¼ ycstϕ corresponds to
constant reheating temperature TRH ¼ Tcst

RH line along
which all the different curves meet behaving like an
attractor which erases all the microscopic information
about the inflaton. The significance of such behavior could
be interesting to look into.
For a given yϕ ≤ ycstϕ and n > 4, we observe in the right

panels of Fig. 8 three distinct regions along β with two
constant temperature plateaus and one with constant slope.
For smaller β < βϕcrit in the first plateau region, reheating is
solely inflaton driven with a constant reheating temperature
for a fixed coupling yϕ respecting Eq. (9). In the inter-

mediate regime of βϕcrit < β < βBHcrit , the radiation contribu-
tion from PBH evaporation takes over the inflaton
radiation, and hence the reheating temperature varies with

a constant slope TRH ∝ β
3þ3wϕ
12wϕ−4 ¼ β9=4 for wϕ ¼ 1

2
, as

expected from Eq. (44). Such a slope is observed in the
green line for all three PBHs initial mass values, black line
for Min ¼ ð10; 104Þ g, and magenta line for Min ¼ 10 g
shown in the right panel of Fig. 8.
Finally, for a large value of β > βBHcrit , the PBHs itself

dominates over the inflaton, and subsequent decay leads to
reheating temperature hitting the TRH ¼ Tcst

RH attractor line
respecting Eq. (47). The reheating temperatures are
deduced to be TRH ≃ ð4.2 × 108; 1.3 × 104; 0.4Þ GeV for
Min ¼ ð10; 104; 107Þ g respectively, which can be recov-
ered from the plots.
However, for a given yϕ ≤ ycstϕ , n ¼ 4 (wϕ ¼ 1=3)

deserves special attention, because the intermediate regime
βϕcrit < β < βBHcrit does not exist. The reason behind this is
that for n ¼ 4, both inflaton and radiation energy densities

dilute in a similar manner (∝ a−4), and that leads to no PBH
reheating for those PBHs evaporating during inflaton
domination. The feature is similar to the case yϕ > ycstϕ

discussed below; the only difference is that for yϕ > ycstϕ ,
before PBH domination the universe always remains
radiation dominated.
Once, yϕ > ycstϕ , Fig. 8 shows two plateau regions of

reheating temperature with an abrupt fall at a new β critical
value depicted again by the vertical red-dashed lines placed
at the right side of the βBHcrit red circle. The first plateau
indicates the fact that due to strong inflaton coupling, below
this new critical β value reheating is governed solely by
inflaton without any significant effect from PBHs, leading
to β-independent TRH, followed by Eq. (9). However, once
one assumes the new critical value of β, or higher, the
universe undergoes from inflaton → radiation→ PBH, and
then after the PBH evaporation leads to ðβ; yϕÞ-independent
reheating temperature hitting the TRH ¼ Tcst

RH attractor line.
Finally, it was recently observed that Hawking evapo-

ration during PBH domination leads to a small-scale
cosmological fluctuation that, in turn, provides an induced
stochastic gravitational wave background. This GW back-
ground could provide a stronger constraint on the β
parameter coming from BBN [59],

β < 1.1 × 10−6
�
w3=2

0.2

�−1
2

�
Min

104 g

�
−17=24

: ð50Þ

As an example, for Min ¼ 10 g to satisfy this constraint β
must be< 104. We added these constraints in Figs. 6 and 8.

V. THE CASE FOR EXTENDED-MASS
DISTRIBUTION

The extended mass function (EMF) of PBHs is intri-
cately tied to the underlying mechanism that governs their
formation, and are contingent on the power spectrum of
primordial density perturbations and the equation of state of
the universe at the time of their formation (see Ref. [60]).
Consequently, distinct shapes of the mass function
fPBHðM; tÞ emerge; power-law [61], log-normal [62–64],
critical collapse [65–68], or metric preheating [69–71],
among others.
In this work, we consider the class of PBHs with a

power-law shape mass function. This type of mass function
corresponds to the scenario where the PBHs form from
scale-invariant fluctuations; that is, with constant amplitude
at the horizon epoch. This happens when the universe is
dominated by a perfect fluid with the constant equation of
state. The concerned mass function at the initial time, ti is
given by

fPBHðMi; tiÞ ¼
�
CM−α

i ; for Mmin ≤ Mi ≤ Mmax

0; otherwise:
ð51Þ
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The coefficient C is the overall normalization factor, and
(Mmin;Mmax) represents the minimum and the maximum
PBH masses, respectively. They depend on the domain of
frequency over which the scale-invariant fluctuations are
formed. Subsequently, we assume that the distribution
extends to lower masses, hence we set Mmax ¼ Min, where
Min is given in Eq. (13), and treatMmin as a free parameter.
The parameter α depends on the equation of state at
formation, P ¼ wρ, and is given by [72]

α ¼ 2þ 4w
1þ w

: ð52Þ

Concerning the evolution of energy densities, recall that
like in the monochromatic case, our analysis pertains to a
dynamical system that consists of an oscillating inflaton
field, whose evolution is described by Eq. (1), and
evaporating PBHs. Thus, before the complete evaporation
the PBHs, the two sources of the background radiation are
the inflaton and the PBHs. Note however that PBHs leaving
behind remnant masses is a possibility, as argued in
Ref. [73].
The comprehensive treatment of the PBH mass and spin

distributions, as well as their cosmological evolution, can
be found in Refs. [72,74], where the relevant evolution
equations have been derived. Nonetheless, for consistency,
we summarize the main equations used in the current work.
The number and energy density of PBHs, at time t can be
written respectively as

nBHðtÞ ¼
Z

∞

0

fPBHðM; tÞdM; ð53Þ

ρBHðtÞ ¼
Z

∞

0

MfPBHðM; tÞdM: ð54Þ

The mass spectra fPBHðM; tÞ at time t can be related to
fPBHðMi; tiÞ. Indeed, upon establishing an initial spectrum
fPBHðMi; tiÞ at time ti, the distribution undergoes changes
due to both cosmic expansion and evaporation. Nonetheless,
the comoving number density of PBHs with initial masses
within an infinitesimal range of [Mi;Mi þ dMi] remains
constant until the time when they completely evaporate,
resulting in a drop of the number density to zero. One can
then express fPBHðM; tÞ as follows:

a3fPBHðM; tÞdM ¼ a3infPBHðMi; tiÞdMi: ð55Þ

It follows from Eq. (54), that the Friedmann-Boltzmann
equation for ρBHðtÞ is given by

ρ̇BH þ 3HρBH ¼ a3in
a3

Z
∞

M̃

dM
dt

fPBHðMi; tiÞdMi; ð56Þ

where dM=dt describes the rate of change of PBH mass M
due to evaporation, and the lower bound M̃ ensures that at

time t only the nonevaporated PBHs with massMi > M̃ðtÞ
contribute to their energy density. Using Eq. (21), M̃ðaÞ can
be estimated as

M̃ðaÞ ¼
�

2
ffiffiffi
3

p
ϵ

1þ wϕ

�1=3� M5
Pffiffiffiffiffiffiffiffi

ρend
p

�
1=3� a

aend

�1
2
ð1þwϕÞ

: ð57Þ

Hence, it is then straightforward to derive the evolution of
the radiation as

ρ̇Rþ4HρR¼Γϕρϕð1þwϕÞ−
a3in
a3

Z
∞

M̃

dM
dt

fPBHðMi;tiÞdMi:

ð58Þ

In sum the evolving system can be described by Eqs. (1),
(56), and (58), together with Eq. (30). Solving this set of
equations is subtle compared with the monochromatic case.
The integrals in the right-hand sides of Eqs. (56) and (58)
must be evaluated at every time t, which requires a different
approach. Thus, regarding the methodology, we utilized a
modified version of the package FRISBHEE [72,75–77],4 to
include inflaton to the evolving system. Further details on
the numerical approach used to solve these equations can
be found in [72].
With regards to the findings pertaining to the EMF case, a

comparable reheating temperature is obtained as that of
monochromatic PBHsmass spectra, as exemplified in Fig. 9,
for n ¼ 4; yϕ ¼ 10−4, and β ¼ 10−4. This plot corresponds
to the monochromatic limit with mass Min ≈ 104 g, and for
the extended distribution with Min ∈ ½102; 104� g. Note that
typically, the reheating through PBHs, after a regime of PBH

FIG. 9. Evolution of the energy densities ρϕ (blue), ρR (red) and
ρBH (green) as function of a=aend for n ¼ 4; yϕ ¼ 10−4;
β ¼ 10−4, for the monochromatic limit Min ≈ 104 g (dashed),
and extended distribution,Min ∈ ½102; 104� g (full). The reheating
temperatures in both cases are very close to each other.

4https://github.com/yfperezg/frisbhee.
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domination, happens when they completely evaporate.
Hence, in our case, since we have chosen the mass function
that extends to lower values, with the maximal initial mass
Mmax corresponding to the monochromatic mass Min, we
expect the complete evaporation of PBHs in both cases is
achieved at the same epoch.
Nevertheless, it is worth pointing out that the reheating

occurs slightly earlier in the case of EMF as can be seen in
Fig. 9, for a=aend in about 109 to the evaporation point. As
soon as the lighter population of PBHs starts to evaporate
and inject energy in the radiation, the total energy density
of the radiation bath in the EMF case (solid red) would start
becoming larger as compared to the monochromatic one
(dashed red). Eventually, the former (EMF case) would
lead to the reheating point that happens shortly before M̃,
defined in Eq. (57), reaches Mmax, where, in turn, the
reheating in the monochromatic case occurs.
Also, it is worth commenting that if the EMF extending

to larger masses such that Min ¼ Mmin, was considered,
then the reheating temperature can be very affected depend-
ing on the width of the mass function, since the larger
masses than Min would have a longer lifetime compared to
the monochromatic scenario.
We want to comment also that although in our study we

focused on situation where the PBHs are formed during the
inflaton domination phase, the alternative situations in
which they form during radiation domination era is another
possibility depending on when they form Min and yϕ. In
fact this situation arises when the formation of PBHs
happens after the point where the standard reheating is
achieved, such that Min > MRH

in , where MRH
in is

Min > MRH
in ¼ 4πγ

ffiffiffi
3

λ

r �
8π

y2ϕ

�n
2

�
M4

P

αn

�n
2

MP: ð59Þ

The case of n ¼ 4 and yϕ ¼ 2, corresponding to
MRH

in ¼ 1.6 g, is illustrated by the lower-right plot of
Fig. 3 where Min ≃ 10 g. For example, for n ¼ 6, yϕ ¼
0.5 (0.1), would lead to MRH

in ≃ 31 g (4.8 × 105 g).

VI. CONCLUSION

The proposal of forming PBHs in early Universe
cosmology has been the subject of intense investigations
over the last decade. Most of the PBH studies so far are
mainly either concentrated on the possible formation
mechanism along with their late-time effects, which the
cosmological observation can constrain. In this paper, we
explore the effect of PBHs in a mass range on which
detailed exploration is still lacking, and furthermore, direct
detection is less effective. In this paper, we particularly
concentrate on the reheating phase after the inflation and
propose a new mechanism of reheating, taking into con-
sideration the effect of PBHs.

As a case study, we consider the following main
ingredients in our analysis. We consider the production
of thermal baths from two production channels; inflation
decay and PBH evaporation. Inflaton is creating the thermal
bath through a Yukawa-type coupling with the Fermions,
yϕϕf̄f, whereas PBHs are assumed to be formed during the
process of reheating parametrizing by their formation mass
(Min) and initial abundance (β). Those PBHs can also
evaporate and populate the thermal bath. Depending upon
the value of those parameters, PBHs can potentially impact
the reheating process.
Considering a generic inflaton potential of the form

VðϕÞ ∝ ϕn, we analyzed the impact of the parameters
(β;Min; yϕ) on the process of reheating in their respective
regime. We show that the phenomenology of such scenar-
ios is extremely rich, and depending on the values of those
parameters, PBH can either dominate the reheating process
or even change the expansion rate. We mostly focused on
the impact of monochromatic PBH mass function. The
inclusion of extended mass function did not produce any
new features except minor quantitative changes in the
physical quantities, such as reheating temperature.
We discovered two distinct classes of reheating processes

in addition to the conventional one driven purely by inflaton.
If the inflaton coupling yϕ is lower than some critical value
ycstϕ given by Eq. (48) in the limit of β ≥ βϕcrit for any n ≥ 4

values, the radiation bath happened to be controlled by the
evaporation of PBHs with its final temperature following the

power-law relation TRH ∝ M
−

3ð1−wϕÞ
2ð1−3wϕÞ

in β
3þ3wϕ
12wϕ−4. This power law

appears for a specific range of β within βϕcrit ≤ β < βBHcrit .
However, if the abundance assumes higher than βBHcrit and
n > 2, due to the slower rate of dilution of PBHs ∝ a−3 at
certain timesaBH, PBHdominates over the inflaton and leads
to a universal reheating temperature TBH ∝ Min

−3
2 irrespec-

tive of ðwϕ; βÞ values. Interestingly, such a scenario behaves
like an attractor in the ðTRH; βÞ plane, which erases all the
initial information about inflaton and PBHs abundance.
From the observational perspective, it would be interesting
to look into such reheating scenario in greater detail.
Consequently, the reheating temperature can change

drastically in the presence of PBHs. The real reason is
that, whereas the inflaton dilutes faster than ∝ a−3 for
n > 2, the density of PBH still follows a dustlike evolution.
Moreover, the radiation generated by the PBHs is also
much less redshifted than the radiation produced by
inflaton decay, opening the possibility of reheating driven
by PBH even if their density does not dominate over the
inflaton. Our results are summarized in Fig. 8 where the
reheating temperature in the presence of the primordial
black hole is explicitly shown as a function of β for
different values of yϕ and Min.
Note that in our analysis we considered only the

production of SM particles from evaporation. In any
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beyond standard model framework, apart from SM particles
nature may contain other fundamental particles such as DM
[55] or gravitinos in the supergravity model [78]. Since
PBHs are universal objects in any theory of gravity, one can
suppose that they emit those beyond SM particles, and for
such a case, it is important to look into their observable
effects. Particularly, depending on the DM mass, its
observed abundance may put further constraints on the
PBH reheating scenario [79]. Moreover, gravitinos may be
overproduced [78,80] depending on the PBHmass, and that
may further constrain the PBH reheating scenarios in the
supergravity model. We leave these outstanding issues for
future investigations.
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APPENDIX A: THE INFLATIONARY
PARAMETERS

An important feature of inflationary models is the
possibility of reheating the Universe after the inflation,
leading a radiation dominated epoch. Inflation reheating
refers to the process by which the energy of the inflaton
field, which powered the inflationary expansion of the
Universe, is transferred to other particles in the Universe.
This transfer of energy occurs at the end of the inflationary
period and is considered to have created the conditions
necessary for the formation of structure in the Universe.
The transfer of energy from the inflaton to other particles is
thought to have been accomplished through a variety of
mechanisms, such as the decay of the inflaton into other
particles or the production of particles through the inter-
action of the inflaton with other fields [1,2,7,39].

In the following study we assume that the reheating is
not instantaneous, that is, a scenario in which the transfer of
energy from the inflaton field to other particles at the end of
inflation occurs over a longer period of time, rather than
instantaneously. Note that there has been many works
which have taken into account noninstantaneous reheating
scenario (see for example Refs. [7,40–46]).
We start our discussion by considering a specific infla-

tionary model, the so-called α-attractor model, that permits a
slow-roll inflation. The potential VðϕÞ has the following
form:

VðϕÞ ¼ Λ4½1 − e−α1
ϕ

MP �n; ðA1Þ

where α1 ¼
ffiffiffiffi
2
3α

q
. The cosmic microwave background

(CMB) power spectrum naturally fixes the mass scale Λ.
Further, throughout our analysis, we consider α ¼ 1. If we
expand the above potential around minima, it can be
expressed in a power law form as

VðϕÞ ¼ Λ4

�
α1
MP

�
n
ϕn ¼ λ

ϕn

Mn−4
P

; ðA2Þ

where λ ¼ ð Λ
MP

Þ4αn1 . Using the constraints from the CMB, the
parameter Λ can be expressed in terms of the CMB observ-
ables such as AR, ns, and r as (see, for instance, Ref. [81])

λ ¼ αn1

�
3π2rAR

2

�
4

×

�
n2 þ nþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2 þ 3αð2þ nÞð1 − nsÞ

p
nð2þ nÞ

�n
ðA3Þ

where AR ∼ 2.19 × 10−9 represents the amplitude of the
inflaton fluctuation measured from Planck [82]. From the
condition on the end of the inflation,

ϵvðϕendÞ ¼
1

2M2
P

�
V 0ðϕÞ
VðϕÞ

����
ϕ¼ϕend

�
2

¼ 1;

the field value at the end of the inflation can be written as

ϕend ¼
MP

α1
ln

�
nffiffiffiffiffiffi
3α

p þ 1

�
: ðA4Þ

Upon substitution of the above Eq. (A4) into Eq. (A2), the
expression of the potential at the end of inflation takes the
following form:

VðϕendÞ ¼
λM4

P

α41

�
n

nþ ffiffiffiffiffiffi
3α

p
�

n
: ðA5Þ

Finally, the inflaton energy density at the end of inflation,
which provides the initial condition for the subsequent
reheating dynamics, turns out as (using the condition
ϵv ∼ 1 at the inflation end)
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ρend ∼
3

2
VðϕendÞ ¼

3λM4
P

2α41

�
n

nþ ffiffiffiffiffiffi
3α

p
�

n
: ðA6Þ

APPENDIX B: REHEATING TEMPERATURE:
EVAPORATION DURING PBH DOMINATION

Upon the Universe reaching PBH domination, the
reheating temperature is solely determined by the mass
of the PBH at formation, and hence, is independent of both
the β parameter and the specific evolutionary trajectory that
led to PBH domination. During this period, the Hubble
parameter behaves as H ¼ 2=3t. At the point of evapora-
tion, the temperature reaches the aforementioned reheating
temperature,

TRH ¼ Tev ¼
�
40

π2
M2

P

g�ðTRHÞt2ev

�
1=4

; ðB1Þ

where tev is the time scale associated with the evaporation
point. The evaporation time scale tev can be estimated from
the PBH mass evolution which takes the following form:

M ¼ Min

�
1 −

πg�ðTBHÞ
160

M4
P

M3
in

ðt − tinÞ
�1

3

: ðB2Þ

Thus, the lifetime of the PBH is given by

tev − tin ∼ tev ¼
160

πg�ðTBHÞ
M3

in

M4
P
: ðB3Þ

Plugging Eq. (B3) into Eq. (B1) gives

TRH ∼
�
g�ðTBHÞM10

P

640M6
in

�
1=4

: ðB4Þ

As we already mentioned, the expression of Eq. (B4)
clearly indicates that once PBH domination is achieved, the
reheating temperature depends only on the initial mass at
formation.
The maximum allowed formation mass of PBHs Mmax

in
can be calculated equating TevðTRHÞ with BBN energy
scale TBBN ∼ 5 MeV

Mmax
in ¼

�
g�ðTBHÞ
640

�1
6

�
M5

P

T2
BBN

�1
3

∼ 2 × 108 g: ðB5Þ
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