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Primordial black hole reheating
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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
10'® 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
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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 9, (‘%” 2 6.~ 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 pgy being less affected by the dilution
factor a (pgy «x a™>), 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 V() ~ ¢* where the inflaton ¢, behaves
like a radiation field (p o a~*). Such phenomena of PBHs
domination would be even easier to achieve for potentials
V(¢p) ~ ¢" 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
(py) and radiation (pg) energy densities simply follow the
set of Boltzmann equations

pr+4Hpr =Typy(1 +wy), (2)
where w,, is the equation of state for ¢, and is given by [7]

n-—2
= 3
e n+2’ (3)

for a potential of the form V(¢) =AM} (¢p/Mp)". T,
represents the decay or annihilation rate of the inflaton,
which depends on the reheating process considered. H is
the Hubble parameter, and Mp = 1/v/87G ~2.435 x
10'® GeV is the reduced Planck mass. Equations (1) and
(2), together with the Friedmann equation

py+pr = 3H*M3, (4)

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

Ao \ 30V0) a \
@) = s (*22) " s () )

end

and for pg, supposing a coupling of the type y¢¢]_‘ f between
the inflaton and fermions (see Appendix A for details),

2 1
y(f) 1 Pend = a -
g —An
prla) =gt <M“p> <aend>

a \ %3
« K ) - 1} —qTt(6)
Aend
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where a; = gyn?/30 with g; is the number of relativistic
degrees of freedom at temperature 7' (106.75 for the Standard
Model) and

\/3n3(n — I)M;‘,.

T (7)

a, =
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 y,¢ff interaction. The
reheating is assumed to be completed at a scale agy, when
py(aru) = pr(arn) = pru- Indeed, comparing Eqs. (5) and
(6), we see that for a > den, py/pr (a/aend)‘% for

n <7, and p,/pg (a/aend)_zn"T_28 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 = 7. The
condition mentioned above immediately suggests, therefore,
that there exists a value a = agy for which py = pg.
Considering n < 7, this happens for

(aRH> _n_JGrZ N y(z/, <an > (/?,M}‘,)%
Uend 8n M?J Pend

[25°321 _n()% )’35 " a n 4
:> — = —_— 1 /1M 8
PRH = Pend (aend> (871) ( MAI;J ) P (8)

or

_— 43x10%  [a, 5[ v 18] 4 5 ©)
RH 72325 x 10%)% [M%] [107*] [1071]

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

o (43X 1007 [—a,)ww] g |55
RE T 03(2.5 x 10%)7s | M5 10
A \ww -
X <m> (Pena) ™15 (10)
with

<aRH)ZEf;;” % (1) (AM;L)% an
Qend 87 szt’ Pend

In the above expression, Ty is expressed in GeV, and
we took gr = 106.75. We show in Fig. 1 the corresponding
evaluations for p and pg as a function of a/ae,q for n = 4.
We considered two different values of the Yukawa cou-
plings, y, = 10~7 and Vo = 107*, giving rise to reheating

10~} Ly = 1074 vp=10""  yp =107 ]

o _ 6 ¢ 9
10_30 i R Ty = 9:9 x 10° GeV Prp p¢ 1

~ b . 9

A PR PR
G 10740} e

E T:{, Yo =10

< 10-50} Ty =99GeV] ]
10—60 L ]
10-70F n=4 \ ]

1 102 10* 10 108 1010 102 10  10'°

a
Aend
FIG. 1. Evolution of the inflaton density, p,, and the radiation

density pp as function of a/a.,y for different values of the
Yukawa coupling, y; = 1077 and 107%.

temperature Tgy ~ 10 GeV and 107 GeV, respectively,
for' 1 =75x 107", and pepq = 1.45 x 109 GeV*.

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 Egs. (9) and (10).

III. PBH EVOLUTION

A. Mass function

PBHs could have been produced during the early Universe
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 regions whelre‘;—’J Z 0. ~ 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-
tion of primordial black holes would be concentrated, sharply
peaked, or monochromatic around a specific mass. The mass
distribution is then just a delta function,

fPBH(M) = 5(M _Min)- (12)

The initial mass of such PBHs M, is assumed to be a fraction
of the Hubble mass M ; at the time of formation, #;,, [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

'See details in the Appendix for the values of A and pe,q we
used.
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dr 4 (tin) M %’

Mm_yMH =7 3 H3(tin) - nyH(tin)’ (13)
where, y = w*/? is the efficiency of the collapse [50]. Note
that for radiation dominated background, w = 1/3, the value
of y assumes ~0.2, whereas for w =0 the formation
mechanism is more involved. Nonetheless, for all the cases
we considered M;, as a free parameter. Moreover, certain
mechanisms suggest that PBHs may exhibit an extended
mass function, i.e., a distribution of masses (see Refs. [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 a more
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,

M3
3 P
MinzHendpendN _1

vV Pend

where we took p!/% ~10'5 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 Tgy ~ M%/Mpgy. As a con-
sequence, the black hole decays, and its mass varies with
time as [54]

g :Mminﬁ (14)

dMyy — ¢ My
dt My

, (15)

where ¢ = nggy /480, with ggy the number of degrees of
freedom below TBH.2 Solving Eq. (15) one obtains the
evaporation time of the PBH, 7,

M, \3
loy=1s(——] . (16)
10° g

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

1g<M;, S10% g (17)

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

*Notice that in the expression of € we assume the gray-body
factor to be G = 1. Nevertheless, a proper treatment would
consider G ~ 3.8 (see Ref. [55]).

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 j of the total energy falls into
black holes,

_ peu(tin)
= Proi(tin) (18)

where po = py + pg is the total energy density.  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

B < 1074(M;,/10° g)~!/*

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 /3 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

V2 g 17/48
11x 1076 7 geH
p=11x10 <o.z> <108>

Gy \ 16/ My, \-17/24
, 19
% (106.75) 10° g (19)

where g., is the number of degrees of freedom at the
evaporation time f.,. We have applied the above-mentioned
upper limit for # throughout our analysis.

The evolution of the energy density of the primordial
black hole before its evaporation takes the following form:

peu dMyy
Mgy dt

Peu + 3Hppy = O(t — 1;y)0(tey — 1), (20)

where the O-function is the Heaviside function and ¢, (¢,,)
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 = wp, solving Eq. (15) gives
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2eM3A M, a \3(+w)
M3 =M P (=
BH(a) in + 4”7/(1 + W) |: (ain) :|

23 M5 3(14w)
gMﬁn[l— Ve M; <a>2 ] (21)

1 + WM?g\/pend Aend

where we supposed for the last approximation a > a;,. We
also used Eq. (13) to write

Qin _ <M1n\/pend> (1+w)
ena  \dmyV/3M5

M Pend 31+w
~ -2 n
~ [1.7 x 10 (1 g) 860} . (22)

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

ﬂ |:(1—|—w)M 1/ Pend :|31+n
Uend 2\/_6 M?p

o [a5x 108 (120 (M) foena |75 (23)
L € lg 10%0 '

The effect of the black hole evaporation on the reheating
process will then last from a;,, till a,, . It is also interesting to
note that the dimensionless factor M3,/ M3, \/Pena appearing
in Egs. (21) and (23) is very small, reaching a maximum
value of ~107!2 for M;, = 1 gram, the PBHs mass at the
end of inflation, a.,; this justifies the approximation
Aoy > dgng, Ain- Depending upon the initial abundance of
lighter PBHs, such a long period of decay time with
Qey/Aena > 10'% 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

(@) = g (ATYIMENTT (Gens)?
a =
PBH Pend Mm\/p: a

« [1 —2—*/§€M—§’< a >%(1+WT. (24)

1 + WMiSH\/pend Aend

Note that, in the case of negligible evaporation
(a < a,,), the second term in the third bracket is always
subdominant and we can recover the usual pressureless
dustlike nature of PBH energy density with pgy o a3, and
proportional to the part of the energy density collapsing, /3,
and the efficiency of the collapse, y. Furthermore, for
a = a.,, we recover pgy = 0 as expected. We illustrate in

| |
10720 [ T ]
|

sev| |
_________ | |
|

_ 10-30, p=10"% ]
NS | Try "B = Ty ® = 107 GeV
) |
QU
—40[ N ]
10 :‘ :
| |
}‘ szmBH | === p‘édzmn |
3 prf+BH [—— BH‘
| |
_ | — pBu | [
10 50 _ [— | A i

10 1000 105 107 ' 10° 10"

Aend

FIG.2. Evolution of the energy densities p (blue), py (red) and
pu (green) as function of a/aeyq forn = 4,y, = 1074, f = 107%
(dashed) and 10~* (full). Note the shift in the PBHs lifetime if
they dominate the energy budget of the Universe before decaying.

Fig. 2 the evolution of pgy as a function of a/a.,y for the
same set of parameters as in Fig. 1. To obtain the figure, we
solved numerically the set of Egs. (1) and (20), for two
values of fraction g = (1078, 107*) and M, = 10 g. V(¢)
being quartic, n =4 implies w=w, = % We clearly
observe the pgy o« a=> behavior as expected before the
evaporation, which is almost instantaneous and happens for
Gey/Geng =~ 5 x 10° in the case = 1078, in accordance
with Eq. (23). We also note that pgy is proportional to S 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 apy
when py ~ ppy. Indeed, for the PBHs behaving as dust
before its decay, pgy ~ a3, whereas if the inflaton field
follows py o a7, there exists a point where
p4 = peu- Combining Egs. (5) and (24), one obtains

AapH _ (Mln\/pend> ‘+“(/;ﬂ ;,IT(/)
Qend 47[}’\/’M§>

M; Pend (0.2 ””47)
~ 3w¢ 25
GG e

which gives, for f=10"% M;, =10g, pea~1.5x
10 GeV and wy = 1/3, agp/dena ~ 2 x 10*, values that
we can recover in Fig. 2. However, the domination of PBH
does not occur for any value of . There exists a critical
value, denoted as ﬁcm, 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, agy < dg,, Or
combining Eqgs. (23) with (25),
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2wy, 4wy,
BH € Ty MP Ty
crit — . (26)
(14 wy)2my M,

This corresponds to f=~3 x 107 for a quartic potential
(wy = 1/3), and M, = My, = 1 g. On the other hand, for
B =107 Eq. (25) gives apy/denq =2 % 108 whereas
Aoy =5 X 10°, 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), agy < agry and that
will happen if the inflation-radiation coupling is less than
some specific value ygft, 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 f, there is a possibility of
PBH domination after radiation domination. One important
point is to note that once we fixed y, < y3', foi is
independent of the value of y, and determined from
Eq. (26) however for y, > yf;‘, another critical value of
p for PBH domination is always a function of y, and the
Eq. (26) is not valid anymore.

The domination of PBHs over the inflaton significantly
affects the expansion rate H = +/pgy/3M3%, and then the
PBH lifetime itself. Indeed, the solution of (15) in a PBH
dominated universe becomes

5 3
My (a) ~ M3, — M <a>2’ (27)
Py(apn) \4BH

where we supposed Mpy(agy) =~ M;, and a > agy. We
then obtain the evaporation time

M2 ) (14w)
M(ay)=0 = o= _—pfed (u) . (28)
agu  (2+/3eM3)s \@su

where a.,q/agy is given by (25). If we take M;, = 10 g and
Pend = 1.46 x 109, we find for w=1/3, ae/dena~
3 x 107, corresponding to a little delay in the PBH lifetime
compared to the value 5 x 109 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, pp receiving a new con-
tribution from the decaying PBH. Equation (2) becomes

pr+4Hpr =Typy(1 +wy)

__ PBH dMzy

Q(t - tin)g(tev - t)' (29)

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

Py + Pr + pen = 3H* M} (30)

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 y,,
the PBHs can regulate the reheating process through
entropy injection in such a way that there exists a lower
bound on y, 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

peu dMgy (3 1)

Lypy(14+wy) < —
WPy ! My di

corresponding to a scale factor a = afH

( agH>6w{/} N V7 fu(n— 1)
Gend Tep 8ﬂ(48ﬂ2}/2)m

2w Swp+3
% perzd Ty Min Ty, . (32)
M3 M,

where we combined Egs. (1) and (24); considering
Mgy ~ Mj,. Concerning the notation, a3/ (the scale at
which the PBHs dominates the reheating process) should
not be confused with agy 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 a8 /a.,q = 5 x 10° in the case
n=4 (w=1/3) with (y, =107,=10"") and apH/
eng = 1.7 x 10* for (y4 = 1075, f = 10~*). We summarize
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FIG. 3. Evolution of the normalized energy densities Qy = 3 Mpzx 7 as a function of scale factor for the different combination

of (y4. My, f) with n = 4. In the symbol of dimensionless energy dénsities, the ¢» + BH and ¢ term indicates reheating dynamics with

and without black hole, respectively.

this behavior in Figs. 3 and 4 in the case n =4 and n = 6
respectively, for different values of y, and f fixing Mj, to
10 grams. We recover the values of ad/a.,q for the two
values of # we just computed analytically in Fig. 3 (top-left
and top-right) where the change of slope in py is obvious at
the corresponding values of a = afH.

We can even recover the change in the slope of pp
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

. M
pr+4Hpr = €PBHM—§,

mn

(33)

where we supposed M = M;, during the whole reheating

process. The solution of Eq. (33) for a > aB! is then
given by
aBH\ 33w
@) =nlal) () (34)

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 = w,, if the inflaton dominates, while w = 0 if
the PBHs dominate). We finally obtain, when the inflaton
dominates, the energy budget

o a7,

(35)

BH

3(14+wy
( W/>’ pR

3
poxa” o s,

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

@ BH
PR « a, PR & a3, (36)
Py Py
and forn =6
@ BH
PR ai, PR« af. (37)
Pe P
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FIG. 4. The description of this plot is same as Fig. 3. Here we have plotted for n = 6.

This is exactly what we observe in Figs. 3 and 4 (top-left). For
larger values of 3, the PBH population can dominate over the
inflaton density, and we should consider w = 0 in Eq. (34),
which gives

BH
Pr_

(38)

3
x az,
PBH

independently on n of course, which is also what is observed
in Figs. 3 and 4 (top-right).

Interestingly if one increases the value of y, 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 ¢~ Fqgl with a universe
dominated by radiation. However, in a second phase, as
pr « a~* whereas pgy x a3, 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
vy = 0.1. We clearly distinguish the four phases (inflaton-
radiation-PBH-radiation), where the inflaton decay for
a/aeng = 100, in accordance with Eq. (8). Increasing y,

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 y, the
proportion f and mass M;, for which the PBHs population

104F — . p—
l 2R (s, My) {fev yp =107
351 M;=10g, p1=10"12
1 BH e My=20g pp=3x10"°
PR (B, My)
109}
23
« 10
<
1017F
1011
105k
102 10* 10° 108 100 10'2 10
a
Aend

FIG. 5. Evolution of the density of radiation pBF (orange and
red)generated by different populations of PBHs (f;, M;,) in
comparison with the radiation produced by the inflaton decay,
/)ﬁ in blue for V(¢) o« ¢*. We observe that increasing  or M,
allowed for PBH reheating domination.
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Yukawa coupling associated with the BBN temperature and the value of y,, (Tgpn) =

begins to dominate the reheating process. We illustrate the
possibilities on Fig. 5 where we plotted the evolution of
radiation density p&H generated by a population of PBH (5;,
M;, = M;) in comparison with the radiation produced by
the inflaton decay, p‘,ﬁ, in the case of a quartic potential with
Vo = 10~7. Looking carefully at the figure, we understand
that, whereas the original set of parameter (5, = 107'2,
M, = 10 g) is not sufficient for pB to dominate before the
end of the solely inflaton driven reheating process at ary,
increasing  up to 8, = 3 x 107 or the PBHs mass M,, to
M, =20 g is sufficient to increase the energy transferred
(larger p) or delay the PBH decay (larger M;,) such that

pBH = % at apyy. These are the threshold values for a PBH

2 2wy
ﬁ”>7 > ﬁ -, yi % g
et M‘}, 8z) \M
l—w 9w¢—5
Pend \ 6y
X A ( ) (41)
My
with
543w,
5 + 3w4, V3e :

2v/3¢

2w¢ 2
/By [

I+ wy,

]w"’. (42)

reheating.

We can then compute analytically the corresponding
p(M;,) for each y, where the domination of PBHs over the
inflaton in the reheating process occurs. Considering that
the Universe is still dominated by the inflaton,” we should
consider that the radiation produced from the PBH decay at
ary 1s larger than the radiation produced by the inflaton at
ary- While pBH follows Eq. (34) from agy till a.,, after the
PBH decay, p&" redshifts as a=*. The condition for a PBH-
driven reheating should then be written

a 4
PR (aey) (%;) > PRH> (39)
with pry given by Eq. (8). We obtain for n < 7
Owy—2 2-2w,,
ﬂ”<7 > ﬁ ﬁ g % '*“V{
cr1t ys Min
6w -2
gl e
/12u¢+3 (;4)3 3 r/" (40)

and for n > 7, we have

*We checked that this is always the case.

We note that for a quartic potential (n = 4, w, = 1/3),
the value of f§ is independent of the Yukawa coupling y,
and is # > 1077, whereas forn = 6 (wy =1 /2), the critical

value of f follows f y%;. We illustrate our result in Fig. 6
where we plotted the minimal value of y,, necessary for the
inflaton to dominate the reheating process for a given £ in
the case of PBH mass of M;, = 10 g. The value of y,(f)
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 5, 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 M.

We also remark in Eq. (40) that the larger is the value of

M,,, the smaller is be the value of ﬂcm 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 /3, does not
need to be so large then. Note that, for n =6 and
Vo = 1073, giving a reheating temperature of the order
of ~1 GeV, already for  as small as ~10~'2, the PBH
population dominates the reheating process. This important
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FIG.7. Reheating temperature as a function of initial BH mass M, for two different values of n = (4, 6). In the left panel (n = 4), the

reheating temperature is independent of /5, and reheating through BH evaporation is only possible when g > f

BH

it» which is shown in the

upper panel of Fig. In the right panel, results are for n = 6 with different values of # = (1076, 10719, 10714 2.1 x 10~!°). Points in the

shaded (pink) region are excluded by BBN bounds, Eq. (19).

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 (5, Mj,) of PBHs population for a given y,. 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 pBH at agy, when the PBHs evaporate. We obtain

ev

BH ey \*
PrRE = Pp (Gey) X < )
A4rH

6—6w(/)

3(wg+1) M 3+3wy
T P 1-3w, T =T
~ 5 M} A (43)
mn
From this, one can find
30wy H1) N
— ¢ (l—wd))
54(1—3w¢) MP ) 3+3w¢
~ - b oo, -4
TRH—MPl T i pre, (44)
ar4 in

where we have taken into account the redshift regime pp
a™* after the PBH evaporation.

In the second case, f 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 a.,, and all the
entropy generated by their decay are transferred to the
thermal bath. This happens for

FBH == H = PRH — 3M%Féﬂ, (45)

. M3
or, with I'gg = €

—_P
3
Min

o (46)

which gives

(47)

32\t Mp\3
=) (5E)
ar in

This is another important result of our paper. We illustrate
itin Fig. 7 where we show the reheating temperature 7y as a
function of M, in the case n = 4 (left) and n = 6 (right) after
solving numerically the set of Boltzmann equations. In the
scenario of f > fBIl, PBH reheating happens after PBH
domination, and the dependence on f and w,, disappears as
we can see from Eq. (47). Here, we need a minimum value
agy given by Eq. (25) to reach the regime of PBH domination

and follow the dependency Try x M i_n% 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 wj-dependent behavior in Try(M;,) given by

Eq. (44), Ty ochn(l_wd’)/wwrl). (For example, for

wy = 1/2, Try an/ 2) Tt should be noted that in this
scenario, there is a threshold value for f3, 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 M;, = MM ~ 2 x 108 g [see Eq (B5) of
Appendix B]. For w, = 1/2, this value turns out to be
2.1 x 1071,
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FIG. 8. Evolution of the reheating temperature Ty as function of f for different values of y, with M;, = 10, 10*,107 g (from top-

down) and n = 4 and 6 (left column and right column). The solid red circle indicates the critical f =

BH defined in Eq. (26). Vertical

crit

red-dashed lines on the left of the solid red circle indicate f = ﬁﬁit, whereas those on the right indicate critical # 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).

Finally, we summarize all our analyses in Fig. 8 where we
plotted the reheating temperatures obtained as a function of
for different values of Mj, and y, in the cases of n = 4 and
n = 6. To facilitate our discussion further, we identify a
critical coupling, yf;‘, 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
yf,f‘ can be considered as the coupling needed for the inflaton
to reheat as efficiently as a PBHs population of mass M,,, and
is given by
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3 W M 3(1— vd,)

€ |+w¢) P\ l+w¢)
, (48

an) < A ) <M1n> ( )

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

1 _ »¢ 1

M4z et 3€2M 6\ s76my

cst P Traw, 4
Yo ln>7 = VS”(—_ 2

6
n Min

S—gw(/l,
Pend \ 712wy
x <A;%> ’. (49)

For example, n = 4 (6) and M;, = 10 g, one can deduce
Yy =7x10"* (8 x107%), while for M;, = 10* g, the
critical coupling reduces to 3.8 x 107% (1.2 x 107).
Associated with those two mass values, reheating temper-
atures are deduced from Eq. (47), gy = (4.2 x 108, 1.3 x
10*) GeV for M;, = (10, 10*) g respectively. It is interest-
ing that those temperatures are independent of all infla-
tionary parameters such as (n,y,) as expected. These
features are recovered from full numerical analysis and
clearly depicted in Fig. 8, where y, = "5‘ corresponds to

constant reheating temperature Try = Tf{IEI 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 y, < yf],ft and n > 4, we observe in the right
panels of Fig. 8 three distinct regions along £ with two
constant temperature plateaus and one with constant slope.

For smaller f < ﬁ i in the first plateau region, reheating is
solely inflaton driven with a constant reheating temperature

for a fixed coupling Vo respecting Eq. (9). In the inter-

mediate regime of ﬁcm < p < BB the radiation contribu-
tion from PBH evaporation takes over the inflaton

radiation, and hence the reheating temperature varies with
3+3w¢

a constant slope Tgy o« 70 = %% for wy =1 as
expected from Eq. (44). Such a slope is observed in the
green line for all three PBHs initial mass values, black line
for M, = (10,10%) g, and magenta line for M;, = 10 g
shown in the right panel of Fig. 8.

Finally, for a large value of > Bl the PBHs itself
dominates over the inflaton, and subsequent decay leads to
reheating temperature hitting the Ty = T} attractor line
respecting Eq. (47). The reheating temperatures are
deduced to be Try =~ (4.2 x 108,1.3 x 10*,0.4) GeV for
M;, = (10, 10% 107) g respectively, which can be recov-
ered from the plots.

However, for a given y, < y?f‘, n=4 (w,=1/3)
deserves special attention, because the intermediate regime

Bl < B < pBH does not exist. The reason behind this is

that for n = 4, both inflaton and radiation energy densities

dilute in a similar manner (x a~*), and that leads to no PBH
reheating for those PBHs evaporating during inflaton
domination. The feature is similar to the case y, > ygft
discussed below; the only difference is that for y, > y;ft,
before PBH domination the universe always remains
radiation dominated.

Once, y, > y;f‘, Fig. 8 shows two plateau regions of
reheating temperature with an abrupt fall at a new f critical
value depicted again by the vertical red-dashed lines placed
at the right side of the B red circle. The first plateau
indicates the fact that due to strong inflaton coupling, below
this new critical f# value reheating is governed solely by
inflaton without any significant effect from PBHs, leading
to f-independent T'ry, followed by Eq. (9). However, once
one assumes the new critical value of S, or higher, the
universe undergoes from inflaton — radiation — PBH, and
then after the PBH evaporation leads to (3, y, )-independent
reheating temperature hitting the Try = TRy 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 S
parameter coming from BBN [59],

—17/24
> . (50)

w3/? M,
1.1 x 10~ in
p<llx <oz> <m4g

As an example, for M;, = 10 g to satisfy this constraint
must be < 10*. 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
Sfreua(M, t) 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, ¢; is
given by

CM:*, for My, <

0, otherwise.

Mi < Mmax

feu(M;, t;) = { B (51)
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The coefficient C is the overall normalization factor, and
(M in» M nax) Tepresents 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 M ,,, = M;,, where
M, is given in Eq. (13), and treat M ;, as a free parameter.
The parameter o depends on the equation of state at
formation, P = wp, and is given by [72]

24+ 4w
= . 52

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 ¢ can be
written respectively as

nn(f) = / * Fogn (M. 1)dM. (53)

peu(t) = /OooMfPBH(Mv t)dM. (54)

The mass spectra fpgy(M, 1) at time ¢ can be related to
Sreu(M;, t;). Indeed, upon establishing an initial spectrum
freu(M;, t;) at time #;, 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 [M;, M; + dM;] remains
constant until the time when they completely evaporate,
resulting in a drop of the number density to zero. One can
then express fppy(M, 1) as follows:

@ fppu(M. 1)dM = @}, frpu (M. 1;)dM ;. (55)

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

. a’ [~ dM

peu + 3Hpgy =5 [ d_fPBH(Mh t;)dM;,  (56)
a’ Jm t

where dM /drt describes the rate of change of PBH mass M

due to evaporation, and the lower bound M ensures that at
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FIG.9. Evolution of the energy densities p (blue), pp (red) and
ppn (green) as function of a/ae, for n=4,y,= 1074,
B =107, for the monochromatic limit M;, ~ 10* g (dashed),
and extended distribution, Mj, € [10?, 10*] g (full). The reheating
temperatures in both cases are very close to each other.

time ¢ only the nonevaporated PBHs with mass M; > M(t)
contribute to their energy density. Using Eq. (21), M (a) can
be estimated as

() = 2V3e \'P (M3 \V3 [ a i) (57)
I+ W¢ V Pend Aend '

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

3
%in

. o dM
PR +4HPR:F¢.0¢(1+W{/))_ / WfPBH(Mivti)dMi-

(58)

In sum the evolving system can be described by Egs. (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 Egs. (56) and (58)
must be evaluated at every time ¢, which requires a different
approach. Thus, regarding the methodology, we utilized a
modified version of the package FRISBHEE [72,75-77]," 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 PBHs mass spectra, as exemplified in Fig. 9,
forn=4,y, = 107%, and p = 10*. This plot corresponds
to the monochromatic limit with mass M, ~ 10* g, and for
the extended distribution with M;, € [10, 10*] g. Note that
typically, the reheating through PBHs, after a regime of PBH

*https://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
M .« corresponding to the monochromatic mass M;,, 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/a.,q in about 10° 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 M,
defined in Eq. (57), reaches M, 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 M;, = M,,, was considered,
then the reheating temperature can be very affected depend-
ing on the width of the mass function, since the larger
masses than M;, 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 M;, and y,. In
fact this situation arises when the formation of PBHs
happens after the point where the standard reheating is
achieved, such that M;, > MR where MRH is

m °

387\ /Mb\4
M;, > M&H :471'7/\/%(_7;)2( P) Mp. (59)
y(/) ay

The case of n=4 and y, =2, corresponding to
MRH =16 g, is illustrated by the lower-right plot of
Fig. 3 where M;, ~ 10 g. For example, for n =6, y, =
0.5 (0.1), would lead to MRH ~31 g (4.8 x 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,
y¢¢f f, whereas PBHs are assumed to be formed during the
process of reheating parametrizing by their formation mass
(M;,) and initial abundance (f). 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
V(p) < ¢", we analyzed the impact of the parameters
(B, Mi,, y,) on the process of reheating in their respective
regime. We show that the phenomenology of such scenar-
i0s 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 y, is lower than some critical value

y;f‘ given by Eq. (48) in the limit of > /}Z’m

values, the radiation bath happened to be controlled by the

evaporation of PBHs with its final temperature following the
vy 3,

: T3y pTaw—a )
power-law relation Try o M, p'>"=*. This power law

forany n > 4

appears for a specific range of # within g7, < < pBH.
However, if the abundance assumes higher than B! and
n > 2, due to the slower rate of dilution of PBHs « a3 at

certain times agy, PBH dominates over the inflaton and leads

to a universal reheating temperature Ty Min‘% irrespec-
tive of (wy, f8) values. Interestingly, such a scenario behaves
like an attractor in the (Try, ) 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 « a3 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 f§ for
different values of y, and M;,.

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 PBH mass, 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 a-attractor model, that permits a
slow-roll inflation. The potential V(¢) has the following
form:

V(g) = A4l — 75", (A1)

where a; = %

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

The cosmic microwave background

a n d)n
V¢:A4<—> P = A2
@) Mp Mt (A2)
where 1 = (MAP)“a{’. Using the constraints from the CMB, the

parameter A can be expressed in terms of the CMB observ-
ables such as Ay, ng, and r as (see, for instance, Ref. [81])

3nPrAg\*
a2

8 [nz + 14/ +3a2 +n)(1 —ny)
n(2+n)

| @

where Az ~2.19 x 10~ represents the amplitude of the
inflaton fluctuation measured from Planck [82]. From the
condition on the end of the inflation,

1 (v 2
ev(d)end) = <V (¢)‘¢¢ ) =1,

“2M3 \V(9)

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

MP n
=L ——=11).
Pend ) (\/ga >

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

M} n n
V(pena) = @ (m) .

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
€, ~ | at the inflation end)

(A4)

(AS)
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3AM%, < n

3 n
~=V = . A6
Pend 2 (¢end) 2(1‘1‘ n+ m) ( )

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 f# parameter and the specific evolutionary trajectory that
led to PBH domination. During this period, the Hubble
parameter behaves as H = 2/3t. At the point of evapora-
tion, the temperature reaches the aforementioned reheating
temperature,

40 M> 1/4
Tru=Te = <_ 7P)t2> 5
ev

(B1)
7* g.(Tru

where f., is the time scale associated with the evaporation
point. The evaporation time scale 7., can be estimated from
the PBH mass evolution which takes the following form:

1

T M5 3
M:Mm[l—L*( BH)—P(t—tm)} .

(B2)
160 M3

Thus, the lifetime of the PBH is given by

160 M
fey = bin ~ ey = mMi; . (B3)

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

T MO 1/4
TRH ~ <Q*( BH) P) . (B4)

640M®

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 Mj*
can be calculated equating 7., (Try) with BBN energy
scale Tgpny ~ 5 MeV

T 1 MS 1
M = (9*( BH)>6( i >3~2x 108 g.
640 T2an

(BS)

[1] D. V. Nanopoulos, K. A. Olive, and M. Srednicki, Phys.
Lett. 127B, 30 (1983).
[2] A.D. Dolgov and A.D. Linde, Phys. Lett. 116B, 329
(1982).
[3] L. Kofman, A. Linde, and A. Starobinsky, Phys. Rev. D 56,
3258 (1997).
[4] M. A. G. Garcia, K. Kaneta, Y. Mambrini, K. A. Olive, and
S. Verner, J. Cosmol. Astropart. Phys. 03 (2022) 016.
[5] O. Lebedev, Y. Mambrini, and J.-H. Yoon, J. Cosmol.
Astropart. Phys. 08 (2023) 009.
[6] M.R. Haque, D. Maity, and P. Saha, Phys. Rev. D 102,
083534 (2020).
[7] M. A. G. Garcia, K. Kaneta, Y. Mambrini, and K. A. Olive,
J. Cosmol. Astropart. Phys. 04 (2021) 012.
[8] Y. Mambrini and K. A. Olive, Phys. Rev. D 103, 115009
(2021).
[9] M.R. Haque and D. Maity, Phys. Rev. D 107, 043531
(2023).
[10] S. Clery, Y. Mambrini, K. A. Olive, and S. Verner, Phys.
Rev. D 105, 075005 (2022).
[11] S. Clery, Y. Mambrini, K. A. Olive, A. Shkerin, and S.
Verner, Phys. Rev. D 105, 095042 (2022).
[12] M.R. Haque, D. Maity, and R. Mondal, J. High Energy
Phys. 09 (2023) 012.
[13] M. R. Haque, D. Maity, T. Paul, and L. Sriramkumar, Phys.
Rev. D 104, 063513 (2021).

[14] B. Barman, S. Cléry, R. T. Co, Y. Mambrini, and K. A.
Olive, J. High Energy Phys. 12 (2022) 072.

[15] A. Chakraborty, M. R. Haque, D. Maity, and R. Mondal,
Phys. Rev. D 108, 023515 (2023).

[16] B. Barman, A. Ghoshal, B. Grzadkowski, and A. Socha, J.
High Energy Phys. 07 (2023) 231.

[17] G. Domenech, V. Takhistov, and M. Sasaki, Phys. Lett. B
823, 136722 (2021).

[18] P. Sandick, B. S. Es Haghi, and K. Sinha, Phys. Rev. D 104,
083523 (2021).

[19] G. Domenech and M. Sasaki, Classical Quantum Gravity
40, 177001 (2023).

[20] B.J. Carr and J.E. Lidsey, Phys. Rev. D 48, 543
(1993).

[21] P. Ivanov, P. Naselsky, and I. Novikov, Phys. Rev. D 50,
7173 (1994).

[22] J. Yokoyama, Phys. Rev. D 58, 083510 (1998).

[23] R. Saito, J. Yokoyama, and R. Nagata, J. Cosmol. Astropart.
Phys. 06 (2008) 024.

[24] J. Garcia-Bellido and E. Ruiz Morales, Phys. Dark Universe
18, 47 (2017).

[25] J. Yokoyama, Astron. Astrophys. 318, 673 (1997),
https://articles.adsabs.harvard.edu/cgi-bin/nph-iarticle_query?
1997A%26A...318..673Y &defaultprint=YES &filetype=.pdf.

[26] L. Randall, M. Soljacic, and A. H. Guth, Nucl. Phys. B472,
377 (1996).

063523-16


https://doi.org/10.1016/0370-2693(83)91624-6
https://doi.org/10.1016/0370-2693(83)91624-6
https://doi.org/10.1016/0370-2693(82)90292-1
https://doi.org/10.1016/0370-2693(82)90292-1
https://doi.org/10.1103/PhysRevD.56.3258
https://doi.org/10.1103/PhysRevD.56.3258
https://doi.org/10.1088/1475-7516/2022/03/016
https://doi.org/10.1088/1475-7516/2023/08/009
https://doi.org/10.1088/1475-7516/2023/08/009
https://doi.org/10.1103/PhysRevD.102.083534
https://doi.org/10.1103/PhysRevD.102.083534
https://doi.org/10.1088/1475-7516/2021/04/012
https://doi.org/10.1103/PhysRevD.103.115009
https://doi.org/10.1103/PhysRevD.103.115009
https://doi.org/10.1103/PhysRevD.107.043531
https://doi.org/10.1103/PhysRevD.107.043531
https://doi.org/10.1103/PhysRevD.105.075005
https://doi.org/10.1103/PhysRevD.105.075005
https://doi.org/10.1103/PhysRevD.105.095042
https://doi.org/10.1007/JHEP09(2023)012
https://doi.org/10.1007/JHEP09(2023)012
https://doi.org/10.1103/PhysRevD.104.063513
https://doi.org/10.1103/PhysRevD.104.063513
https://doi.org/10.1007/JHEP12(2022)072
https://doi.org/10.1103/PhysRevD.108.023515
https://doi.org/10.1007/JHEP07(2023)231
https://doi.org/10.1007/JHEP07(2023)231
https://doi.org/10.1016/j.physletb.2021.136722
https://doi.org/10.1016/j.physletb.2021.136722
https://doi.org/10.1103/PhysRevD.104.083523
https://doi.org/10.1103/PhysRevD.104.083523
https://doi.org/10.1088/1361-6382/ace493
https://doi.org/10.1088/1361-6382/ace493
https://doi.org/10.1103/PhysRevD.48.543
https://doi.org/10.1103/PhysRevD.48.543
https://doi.org/10.1103/PhysRevD.50.7173
https://doi.org/10.1103/PhysRevD.50.7173
https://doi.org/10.1103/PhysRevD.58.083510
https://doi.org/10.1088/1475-7516/2008/06/024
https://doi.org/10.1088/1475-7516/2008/06/024
https://doi.org/10.1016/j.dark.2017.09.007
https://doi.org/10.1016/j.dark.2017.09.007
https://articles.adsabs.harvard.edu/cgi-bin/nph-iarticle_query?1997A%26A...318..673Y&defaultprint=YES&filetype=.pdf
https://articles.adsabs.harvard.edu/cgi-bin/nph-iarticle_query?1997A%26A...318..673Y&defaultprint=YES&filetype=.pdf
https://articles.adsabs.harvard.edu/cgi-bin/nph-iarticle_query?1997A%26A...318..673Y&defaultprint=YES&filetype=.pdf
https://articles.adsabs.harvard.edu/cgi-bin/nph-iarticle_query?1997A%26A...318..673Y&defaultprint=YES&filetype=.pdf
https://articles.adsabs.harvard.edu/cgi-bin/nph-iarticle_query?1997A%26A...318..673Y&defaultprint=YES&filetype=.pdf
https://articles.adsabs.harvard.edu/cgi-bin/nph-iarticle_query?1997A%26A...318..673Y&defaultprint=YES&filetype=.pdf
https://articles.adsabs.harvard.edu/cgi-bin/nph-iarticle_query?1997A%26A...318..673Y&defaultprint=YES&filetype=.pdf
https://articles.adsabs.harvard.edu/cgi-bin/nph-iarticle_query?1997A%26A...318..673Y&defaultprint=YES&filetype=.pdf
https://articles.adsabs.harvard.edu/cgi-bin/nph-iarticle_query?1997A%26A...318..673Y&defaultprint=YES&filetype=.pdf
https://articles.adsabs.harvard.edu/cgi-bin/nph-iarticle_query?1997A%26A...318..673Y&defaultprint=YES&filetype=.pdf
https://articles.adsabs.harvard.edu/cgi-bin/nph-iarticle_query?1997A%26A...318..673Y&defaultprint=YES&filetype=.pdf
https://doi.org/10.1016/0550-3213(96)00174-5
https://doi.org/10.1016/0550-3213(96)00174-5

PRIMORDIAL BLACK HOLE REHEATING

PHYS. REV. D 108, 063523 (2023)

[27] J. Garcia-Bellido, A. D. Linde, and D. Wands, Phys. Rev. D
54, 6040 (1996).

[28] S. Pi, Y.-l. Zhang, Q.-G. Huang, and M. Sasaki, J. Cosmol.
Astropart. Phys. 05 (2018) 042.

[29] J. H. MacGibbon and B. R. Webber, Phys. Rev. D 41, 3052
(1990).

[30] A.C. Jenkins and M. Sakellariadou, arXiv:2006.16249.

[31] T. Helfer, J. C. Aurrekoetxea, and E. A. Lim, Phys. Rev. D
99, 104028 (2019).

[32] T. Matsuda, J. High Energy Phys. 04 (2006) 017.

[33] M. Lake, S. Thomas, and J. Ward, J. High Energy Phys. 12
(2009) 033.

[34] S.G. Rubin, M. Y. Khlopov, and A.S. Sakharov, Grav.
Cosmol. 6, 51 (2000).

[35] S.G. Rubin, A.S. Sakharov, and M. Y. Khlopov, J. Exp.
Theor. Phys. 92, 921 (2001).

[36] H. Kodama, M. Sasaki, and K. Sato, Prog. Theor. Phys. 68,
1979 (1982).

[37] M. Izawa and K. Sato, Prog. Theor. Phys. 68, 1574 (1982).

[38] M. Izawa and K. Sato, Prog. Theor. Phys. 72, 768 (1984).

[39] L. F. Abbott, E. Farhi, and M. B. Wise, Phys. Lett. 117B, 29
(1982).

[40] G.F. Giudice, E. W. Kolb, and A. Riotto, Phys. Rev. D 64,
023508 (2001).

[41] M. A. G. Garcia, Y. Mambrini, K. A. Olive, and M. Peloso,
Phys. Rev. D 96, 103510 (2017).

[42] E. Dudas, Y. Mambrini, and K. Olive, Phys. Rev. Lett. 119,
051801 (2017).

[43] S.-L. Chen and Z. Kang, J. Cosmol. Astropart. Phys. 05
(2018) 036.

[44] M. A. G. Garcia, K. Kaneta, Y. Mambrini, and K. A. Olive,
Phys. Rev. D 101, 123507 (2020).

[45] N. Bernal, J. Cosmol. Astropart. Phys. 10 (2020) 006.

[46] R.T. Co, E. Gonzalez, and K. Harigaya, J. Cosmol.
Astropart. Phys. 11 (2020) 038.

[47] T. Harada, C.-M. Yoo, and K. Kohri, Phys. Rev. D 88,
084051 (2013); 89, 029903(E) (2014).

[48] M. Sasaki, T. Suyama, T. Tanaka, and S. Yokoyama,
Classical Quantum Gravity 35, 063001 (2018).

[49] P. Villanueva-Domingo, O. Mena, and S. Palomares-Ruiz,
Front. Astron. Space Sci. 8, 87 (2021).

[50] B.J. Carr and S. W. Hawking, Mon. Not. R. Astron. Soc.
168, 399 (1974).

[51] B. Carr and F. Kuhnel, Annu. Rev. Nucl. Part. Sci. 70, 355
(2020).

[52] B. Carr and F. Kuhnel, SciPost Phys. Lect. Notes 48, 1
(2022).

[53] S. W. Hawking, Nature (London) 248, 30 (1974).

[54] S. W. Hawking, Commun. Math. Phys. 43, 199 (1975); 46,
206(E) (1976).

[55] I. Masina, Eur. Phys. J. Plus 135, 552 (2020).

[56] K. Inomata, M. Kawasaki, K. Mukaida, T. Terada, and T. T.
Yanagida, Phys. Rev. D 101, 123533 (2020).

[57] D. Hooper, G. Krnjaic, J. March-Russell, S. D. McDermott,
and R. Petrossian-Byrne, arXiv:2004.00618.

[58] T. Papanikolaou, V. Vennin, and D. Langlois, J. Cosmol.
Astropart. Phys. 03 (2021) 053.

[59] G. Domenech, C. Lin, and M. Sasaki, J. Cosmol. Astropart.
Phys. 04 (2021) 062; 11 (2021) EO1.

[60] B. Carr, M. Raidal, T. Tenkanen, V. Vaskonen, and H.
Veermie, Phys. Rev. D 96, 023514 (2017).

[61] B.J. Carr, Astrophys. J. 201, 1 (1975).

[62] A. Dolgov and J. Silk, Phys. Rev. D 47, 4244 (1993).

[63] A.M. Green, Phys. Rev. D 94, 063530 (2016).

[64] A.D. Dolgov, M. Kawasaki, and N. Kevlishvili, Nucl. Phys.
B807, 229 (2009).

[65] B.J. Carr, K. Kohri, Y. Sendouda, and J. Yokoyama, Phys.
Rev. D 94, 044029 (2016).

[66] 1. Musco and J. C. Miller, Classical Quantum Gravity 30,
145009 (2013).

[67] J. C. Niemeyer and K. Jedamzik, Phys. Rev. D 59, 124013
(1999).

[68] J. Yokoyama, Phys. Rev. D 58, 107502 (1998).

[69] J. Martin, T. Papanikolaou, and V. Vennin, J. Cosmol.
Astropart. Phys. 01 (2020) 024.

[70] J. Martin, T. Papanikolaou, L. Pinol, and V. Vennin, J.
Cosmol. Astropart. Phys. 05 (2020) 003.

[71] P. Auclair and V. Vennin, J. Cosmol. Astropart. Phys. 02
(2021) 038.

[72] A. Cheek, L. Heurtier, Y. F. Perez-Gonzalez, and J. Turner,
Phys. Rev. D 108, 015005 (2023).

[73] 1. Dalianis and G. P. Kodaxis, Galaxies 10, 31 (2022).

[74] K.R. Dienes, L. Heurtier, F. Huang, D. Kim, T. M. P. Tait,
and B. Thomas, arXiv:2212.01369.

[75] A. Cheek, L. Heurtier, Y. F. Perez-Gonzalez, and J. Turner,
Phys. Rev. D 105, 015022 (2022).

[76] A. Cheek, L. Heurtier, Y. F. Perez-Gonzalez, and J. Turner,
Phys. Rev. D 105, 015023 (2022).

[77] A. Cheek, L. Heurtier, Y. F. Perez-Gonzalez, and J. Turner,
Phys. Rev. D 106, 103012 (2022).

[78] J. Ellis, M. A. G. Garcia, D. V. Nanopoulos, K. A. Olive,
and M. Peloso, J. Cosmol. Astropart. Phys. 03 (2016) 008.

[79] M.R. Haque, E. Kpatcha, D. Maity, and Y. Mambrini,
arXiv:2309.06505.

[80] H. Eberl, 1. D. Gialamas, and V. C. Spanos, Phys. Rev. D
103, 075025 (2021).

[81] M. Drewes, J. U. Kang, and U.R. Mun, J. High Energy
Phys. 11 (2017) 072.

[82] Y. Akrami et al. (Planck Collaboration), Astron. Astrophys.
641, A10 (2020).

063523-17


https://doi.org/10.1103/PhysRevD.54.6040
https://doi.org/10.1103/PhysRevD.54.6040
https://doi.org/10.1088/1475-7516/2018/05/042
https://doi.org/10.1088/1475-7516/2018/05/042
https://doi.org/10.1103/PhysRevD.41.3052
https://doi.org/10.1103/PhysRevD.41.3052
https://arXiv.org/abs/2006.16249
https://doi.org/10.1103/PhysRevD.99.104028
https://doi.org/10.1103/PhysRevD.99.104028
https://doi.org/10.1088/1126-6708/2006/04/017
https://doi.org/10.1088/1126-6708/2009/12/033
https://doi.org/10.1088/1126-6708/2009/12/033
https://doi.org/10.1134/1.1385631
https://doi.org/10.1134/1.1385631
https://doi.org/10.1143/PTP.68.1979
https://doi.org/10.1143/PTP.68.1979
https://doi.org/10.1143/PTP.68.1574
https://doi.org/10.1143/PTP.72.768
https://doi.org/10.1016/0370-2693(82)90867-X
https://doi.org/10.1016/0370-2693(82)90867-X
https://doi.org/10.1103/PhysRevD.64.023508
https://doi.org/10.1103/PhysRevD.64.023508
https://doi.org/10.1103/PhysRevD.96.103510
https://doi.org/10.1103/PhysRevLett.119.051801
https://doi.org/10.1103/PhysRevLett.119.051801
https://doi.org/10.1088/1475-7516/2018/05/036
https://doi.org/10.1088/1475-7516/2018/05/036
https://doi.org/10.1103/PhysRevD.101.123507
https://doi.org/10.1088/1475-7516/2020/10/006
https://doi.org/10.1088/1475-7516/2020/11/038
https://doi.org/10.1088/1475-7516/2020/11/038
https://doi.org/10.1103/PhysRevD.88.084051
https://doi.org/10.1103/PhysRevD.88.084051
https://doi.org/10.1103/PhysRevD.89.029903
https://doi.org/10.1088/1361-6382/aaa7b4
https://doi.org/10.3389/fspas.2021.681084
https://doi.org/10.1093/mnras/168.2.399
https://doi.org/10.1093/mnras/168.2.399
https://doi.org/10.1146/annurev-nucl-050520-125911
https://doi.org/10.1146/annurev-nucl-050520-125911
https://doi.org/10.21468/SciPostPhysLectNotes.48
https://doi.org/10.21468/SciPostPhysLectNotes.48
https://doi.org/10.1038/248030a0
https://doi.org/10.1007/BF02345020
https://doi.org/10.1007/BF01608497
https://doi.org/10.1007/BF01608497
https://doi.org/10.1140/epjp/s13360-020-00564-9
https://doi.org/10.1103/PhysRevD.101.123533
https://arXiv.org/abs/2004.00618
https://doi.org/10.1088/1475-7516/2021/03/053
https://doi.org/10.1088/1475-7516/2021/03/053
https://doi.org/10.1088/1475-7516/2021/04/062
https://doi.org/10.1088/1475-7516/2021/04/062
https://doi.org/10.1088/1475-7516/2021/11/E01
https://doi.org/10.1103/PhysRevD.96.023514
https://doi.org/10.1086/153853
https://doi.org/10.1103/PhysRevD.47.4244
https://doi.org/10.1103/PhysRevD.94.063530
https://doi.org/10.1016/j.nuclphysb.2008.08.029
https://doi.org/10.1016/j.nuclphysb.2008.08.029
https://doi.org/10.1103/PhysRevD.94.044029
https://doi.org/10.1103/PhysRevD.94.044029
https://doi.org/10.1088/0264-9381/30/14/145009
https://doi.org/10.1088/0264-9381/30/14/145009
https://doi.org/10.1103/PhysRevD.59.124013
https://doi.org/10.1103/PhysRevD.59.124013
https://doi.org/10.1103/PhysRevD.58.107502
https://doi.org/10.1088/1475-7516/2020/01/024
https://doi.org/10.1088/1475-7516/2020/01/024
https://doi.org/10.1088/1475-7516/2020/05/003
https://doi.org/10.1088/1475-7516/2020/05/003
https://doi.org/10.1088/1475-7516/2021/02/038
https://doi.org/10.1088/1475-7516/2021/02/038
https://doi.org/10.1103/PhysRevD.108.015005
https://doi.org/10.3390/galaxies10010031
https://arXiv.org/abs/2212.01369
https://doi.org/10.1103/PhysRevD.105.015022
https://doi.org/10.1103/PhysRevD.105.015023
https://doi.org/10.1103/PhysRevD.106.103012
https://doi.org/10.1088/1475-7516/2016/03/008
https://arXiv.org/abs/2309.06505
https://doi.org/10.1103/PhysRevD.103.075025
https://doi.org/10.1103/PhysRevD.103.075025
https://doi.org/10.1007/JHEP11(2017)072
https://doi.org/10.1007/JHEP11(2017)072
https://doi.org/10.1051/0004-6361/201833887
https://doi.org/10.1051/0004-6361/201833887

