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We explore the possibility of producing the observed matter-antimatter asymmetry of the Universe
uniquely from the evaporation of primordial black holes (PBHs) that are formed in an inflaton-dominated
background. Considering the inflaton ðϕÞ to oscillate in a monomial potential VðϕÞ ∝ ϕn, we show, it is
possible to obtain the desired baryon asymmetry via vanilla leptogenesis from evaporating PBHs of initial
mass ≲10 g. We find that the allowed parameter space is heavily dependent on the shape of the inflaton
potential during reheating (determined by the exponent of the potential n), the energy density of PBHs
(determined by β), and the nature of the coupling between the inflaton and the Standard Model. To
complete the minimal gravitational framework, we also include in our analysis the gravitational
leptogenesis setup through inflaton scattering via exchange of graviton, which opens up an even larger
window for PBH mass, depending on the background equation of state. We finally illustrate that such
gravitational leptogenesis scenarios can be tested with upcoming gravitational wave (GW) detectors,
courtesy of the blue-tilted primordial GW with inflationary origin, thus paving a way to probe a
PBH-induced reheating together with leptogenesis.
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I. INTRODUCTION

Initially proposed by Stephen Hawking and Bernard
Carr, primordial black holes (PBHs) exhibit captivating
cosmic signatures [1,2]. PBHs with masses MBH ≳ 1015 g
remain stable at the present day and can be suitable for dark
matter (DM) candidates (see, for example, Ref. [3] for a
review). On the other side of the spectrum, the black holes
must be much lighter to explore particle production from
evaporating PBHs. Indeed, the formation mass should be
within a range allowing for evaporation before big bang
nucleosynthesis (BBN), corresponding to MBH ≲ 109 g.
Failure to meet this criterion could introduce additional
degrees of freedom, potentially disrupting the successful
prediction of BBN from the accurate measurement of

ΔNeff [4]. Within this mass range, PBHs can undergo
decay and play a central role in producing Standard
Model (SM) particles, DM, and baryon asymmetry.
Various studies that have explored DM production
[5–35], baryon asymmetry [1,5,30,36–51] or cogenesis
[5,13,15,24,25,39,41,43,44,52–55] from PBH evaporation,
have consistently focused on PBH formation during stan-
dard radiation domination, overlooking the evolution of
PBHs in a cosmological background dominated by the
inflaton field.1 However, recently, the authors of [58,59]
studied the aftermath of PBH formation and evaporation
during reheating, in presence of the inflaton field. They
focused mainly on the production of DM relic from
Schwarzschild BH and the effect of PBH decay on the
reheating temperature. From these studies it was estab-
lished that (a) the inflaton decay is more efficient at the
beginning of the reheating process, whereas the evaporation
of PBHs is more efficient at the end of their lifetime, and
(b) PBH evaporation in an inflaton-dominated Universe
can produce the entire observed DM relic abundance and
even dominate the reheating process. Combining these two
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1For the effect of reheating on flavor leptogenesis, see, for
instance, Refs. [56,57].
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natural sources (PBH and inflaton) of radiation and dark
matter reopened a large part of the parameter space, which
was forbidden.
If PBHs can greatly influence the production of particles in

the early Universe still dominated with the inflaton
field, it is natural to ask about the generation of baryon
asymmetry through their evaporation within the epoch of
reheating. Aswe know, an elegant mechanism to produce the
baryon asymmetry of the Universe (BAU) is via leptogenesis
[60,61], where a lepton asymmetry is generated first and
subsequently gets converted into baryon asymmetry via
nonperturbative sphaleron transitions [62]. In standard ther-
mal leptogenesis [63–66], the decaying particles, typically
right-handedneutrinos (RHNs), are produced thermally from
the SM bath. However, the lower bound on the RHNmass in
such scenarios (known as the Davidson-Ibarra bound), leads
to a lower bound on the reheating temperature TRH ≳
1010 GeV [67], leading to the so-called “gravitino problem”
[61,68].A simple alternative to circumvent this, is to consider
nonthermal production ofRHNs [69–74], that can be sourced
by the PBH evaporation.
On the other hand, there also exists an unavoidable

production of RHNs through the gravitational interaction
[75,76]. Indeed, it was shown in [77,78] that the transfer of
energy from the inflaton background field can produce
RHNs via the exchange of a massless graviton and is a valid
source of BAU2 and in another possibility, decay of those
gravitationally produced RHNs may lead to the radiation
dominated universe [82]. Therefore, this coupling being
unavoidable makes it impossible to ignore the production of
RHNs from the scattering of inflaton condensate, mediated
bymassless gravitons. In the present setup, we consider both
contributions, namely, asymmetry from PBH evaporation
and also from the graviton-mediated process, trying to
combine both sources and find inwhich part of the parameter
space one of the source dominates over the other one.
It is also important to note that for inflaton oscillating in

a monomial potential VðϕÞ ∝ ϕn where the equation of
state (EOS) is given by wϕ ¼ ðn − 2Þ=ðnþ 2Þ, the value
wϕ > 1=3 (equivalently, n > 4) plays a crucial role in
probing the reheating scenario with primordial GWs
(PGW),3 that are originated from the tensor fluctuations
during inflation. Such a stiff period in the expansion history
significantly enhances the inflationary GW background,
making the corresponding signal potentially observable at
several GWexperimental facilities [84–103]. In the present
context, the blue-tilted GW spectrum turns out to be well
within the reach of several future GW detectors. More
importantly, the red-tilted spectrum due to intermediate
PBH-domination also turns out to be potentially detectable

in detectors like BBO [104,105] and DECIGO [106,107].
This paves a way to testability of the present scenario, where
any future detection can not only validate the inflationary
paradigm but also hint towards a nontrivial cosmological
history of the Universe prior to the onset of BBN.
The paper is organized as follows. After computing the

BAU generated by PBH decay in the presence of the
inflaton field in Sec. II, we compare it with the asymmetry
produced through gravitational interaction in Sec. III. We
then analyze possible GW signatures of our scenario in
Sec. IV, before concluding.

A. Guide to scale-factor notations

aend: Scale factor at the end of inflation.
ain: Scale factor at PBH formation.
aBH: Scale factor at the onset of PBH domination.
aev: Scale factor at PBH evaporation.
aRH: Scale factor at the end of reheating.

II. LEPTOGENESIS FROM PBH

A. Generalities

Assuming that PBHs have been formed during the
reheating phase, their mass is typically related to the energy
enclosed in the particle horizon. The massMin at formation
time is given by [108]

Min ¼
4

3
πγH−3

in ρϕðainÞ ¼ 4πγM2
PH

−1
in ; ð1Þ

where γ ¼ w3=2
ϕ parametrizes the efficiency of the collapse

to form PBHs and MP ¼ 1=
ffiffiffiffiffiffiffiffiffiffiffiffi
8πGN

p
≃ 2.4 × 1018 GeV is

the reduced Planck mass.4 ρϕðainÞ and Hin are the inflaton
energy density and Hubble parameter, respectively, at the
time of formation corresponding to the scale factor ain.
In addition, the PBH mass evolves as [see Eq. (A1) in
Appendix A]

MBHðtÞ ¼ Minð1 − ΓBHðt − tinÞÞ13; ð2Þ

where

ΓBH ¼ 3ϵ
M4

P

M3
in

; ð3Þ

with tin being the time of the formation and

ϵ ¼ G ×
πg�ðTBHÞ

480
; ð4Þ

2Such gravitational interaction can also reheat the Universe via
gravitational reheating [79–81].

3For other relevant sources of PGW see, for example, the
recent review [83].

4We can always choose a formation mechanism other than the
horizon collapse, where the formation mass will differ. However,
once we fixed the formation mass, the rest of the analysis related
to reheating and leptogenesis via PBH-inflaton interplay remains
as it is.
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where G ¼ 27=4 is the graybody factor [109].5 In the
case of a Schwarzschild BH, which we will consider in the
rest of our analysis, its temperature TBH is related to its
mass via [2]

TBH ¼ M2
P=MBH: ð5Þ

Finally, the PBH mass can not take arbitrary values. It is
bounded from above and below within the window

1 g≲Min ≲ 108 g; ð6Þ

where the lower bound arises from the size of the
horizon at the end of inflation Min ≳H−3

endρend ≈
1 g ð1064 GeV4=ρendÞ1=2, while the upper bound emerges
by requiring PBH evaporation before the onset of BBN:
tev ≃ 1 sec ðMin=108 gÞ3. The time of evaporation tev can
be obtained by solving the PBH mass evolution, Eq. (A1),
which corresponds roughly to the condition MBH ¼ 0 in
Eq. (2), or tev ≃ Γ−1

BH when tin ≪ tev.
The total number of particles emitted during PBH

evaporation depends on its intrinsic properties, such as
the particle’s spin and mass. The production rate for any
species X with internal degrees of freedom gX can be
estimated as [15]

dN i

dt
¼ 27

4

gXξζð3Þ
16π3

M2
P

MBHðtÞ
; ð7Þ

where ξ ¼ ð1; 3=4Þ for bosonic and fermionic fields,
respectively, and gX is the internal degrees of freedom
for the corresponding field. After integration we obtain,

N i ¼
15gXξζð3Þ
g⋆ðT in

BHÞπ4

8>><
>>:

�
Min
MP

�
2
; MX < T in

BH;�
MP
MX

�
2
; MX > T in

BH;
ð8Þ

where MX is the mass of the corresponding species and

T in
BH ¼ M2

P=Min ≃ 1013
�
1 g
Min

�
GeV; ð9Þ

is the PBH temperature at the point of formation.6

Note that if one considers the production of RHNs with
mass MN < T in

BH, PBHs should emit them from the for-
mation time tin, whereas for MN > T in

BH, PBH starts to
emit RHNs when PBH temperature TBH ∼MN . Out-of-
equilibrium production of RHNs is a key ingredient in the

leptogenesis scenario. Indeed, SM can be extended by
taking three right-handed SM singlet massive neutrino Ni
(i ¼ 1, 2, 3) with the interaction Lagrangian,

L ⊃ −
1

2

X
i

MNi
Nc

i Ni − yijNNiH̃†Lj þ H:c:; ð10Þ

where SM left-handed leptons doublets are identified as Li

and H̃ ¼ iσ2H� where H represents the SM Higgs doublet.
σi are the Pauli spin matrices. We detail the Yukawa
coupling parametrization in the Appendix B. We assume
the Majorana masses MNi

to be hierarchical MN1
≪ MN2;3

.
Moreover, for the decay of heavier RHNsN2;3, we consider
lepton-number-violating interactions of N1 rapid enough
to wash out the lepton-number asymmetry originated by
the other two. Therefore, only the CP-violating asymmetry
from the decay of N1 survives and is relevant for
leptogenesis.7

Once right-handed neutrinos are produced from the
evaporating PBHs, they can decay later and produce
lepton asymmetry, which can be converted into the baryon
asymmetry through the Standard Model electroweak spha-
leron process. At the origin of the asymmetry generation,
right-handed neutrino decay rapidly into left-handed lepton
L and Higgs doublets H, N → LþH, and N → Lþ H̃
and if CP is violated, the lepton asymmetry is then given by

YL ¼ nL
s

¼ κΔL
nN1

s
; ð11Þ

where s ¼ 2π2

45
g�ðTÞT3 represents entropy energy density

with radiation temperature T, and the CP asymmetry
generated from N1 decay is given by [61]

κΔL ≡ ΓN1→liH − ΓN1→liH̄

ΓN1→liH þ ΓN1→liH̄

≃
1

8π

1

ðy†NyNÞ11
X
j¼2;3

Imðy†NyNÞ21j × F
�M2

Nj

M2
N1

�
; ð12Þ

with

F ðxÞ≡ ffiffiffi
x

p �
1

1 − x
þ 1 − ð1þ xÞ log

�
1þ x
x

��
: ð13Þ

This can be further simplified to [77,111]

5A more comprehensive expression for greybody factor can be
found, for example, in Refs. [23,29,110].

6For the mass scale we consider in the work, g⋆ ¼ 106.75, TBH
being much larger than the electroweak scale, all the SM degrees
of freedom should be taken into account.

7The effects due to N2;3 can be neglected as long as
max½TRH; Tev� < MN2;3

, which we consider in the present analy-
sis. In the opposite case, L-violating interactions of N1 does not
wash out any lepton asymmetry generated at temperatures T ≫
MN1

via decays of N2;3. In such scenarios, the lepton asymmetry
generated in N2;3 decays survives the N1 leptogenesis phase.
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jκΔLj ≃
3δeff
16π

MN1
mνi

v2
≃ 10−6δeff

�
MN1

1010

��
mνi

0.05 eV

�
; ð14Þ

where i ¼ 2, 3 for normal hierarchy and δeff is the effective
CP-violating phase (see Appendix C for details)

δeff ¼
1

ðyNÞ213
Imðy†NyNÞ213
ðy†NyNÞ11

; ð15Þ

whereas v ¼ 174 GeV is the Higgs vacuum expectation
value. Note that a similar CP-asymmetry parameter can be
obtained for the invertedhierarchywith i ¼ 1, 2.We consider
mν3 to be the heaviest active neutrino mass. The produced
lepton asymmetry is eventually converted to baryon asym-
metry via electroweak sphaleron processes, leading to
baryon number yield at the point of evaporation [37,39,43],

YBðaevÞ ¼
nB
s

				
aev

¼ N N1
κΔLasph

nBHðaevÞ
sðaevÞ

; ð16Þ

where asph ¼ 28
79
and nBHðaevÞ is the PBH number density at

the end of the evaporation process when the scale factor
is aev.

B. Leptogenesis during PBH reheating

In the PBH reheating scenario, the decay of PBHs is
sufficient to reheat the Universe [58]. If we assume no
further entropy production after PBH evaporation, the
asymmetry is conserved and is given by Y0

B ¼ YBðaevÞ.
However, depending on the initial population density, PBH
reheating can be accomplished in two ways. If we define

β ¼ ρBH
ρtot

				
in
; ð17Þ

as the ratio between PBH energy density and the back-
ground energy density at the point of formation, it was
shown in [58,59] that in the presence of inflaton field ϕ, for
β larger than some critical value βc given by

βc ¼
�

ϵ

2πγð1þ wϕÞ
� 2wϕ

1þwϕ

�
MP

Min

� 4wϕ
1þwϕ

≃ ð7.6 × 10−6Þ
4wϕ
1þwϕ

�
1 g
Min

� 4wϕ
1þwϕ ; ð18Þ

where wϕ ¼ ðn − 2Þ=ðnþ 2Þ is the equation of state of
an inflaton oscillating in a potential VðϕÞ ∝ ϕn (see
Appendix D for details), PBH energy density dominates
over that of inflaton before the evaporation process is
complete. From Eq. (18), we find, βc ≃ 7.6 × 10−6ð1 g

Min
Þ for

n ¼ 4, and βc ≃ 9.3 × 10−8ð1 g
Min

Þ43 for n ¼ 6. We show in
Fig. 1 the variation of βc withMin for different choices of n.

On the other hand, if β < βc, even if the reheating is
mainly generated by the PBHs, the entire PBH evanescence
takes place in an inflaton-dominated background. Indeed,
reheating can still be achieved through evaporating PBHs if
the inflaton coupling is small enough and less than some
critical value ycϕ (see Appendix D). Additionally, it is also
required that the inflaton energy density redshifts faster
than the radiation energy density, i.e., wϕ > 1=3 (or n > 4).
This distinction between a PBH evaporation during (or not)
the inflaton domination era is crucial for the dilution of
the different densities, and therefore for the baryonic
asymmetry YBðaevÞ.

1. Scenario-I: β > βc
Solving the Boltzmann equation, we find for the evo-

lution of inflaton density [112,113],

ρϕ ¼ ρend

�
aend
a

�
3ð1þwϕÞ ¼ ρend

�
aend
a

� 6n
nþ2

; ð19Þ

whereas

ρBH ¼ nBHMBH ∝ a−3: ð20Þ

This means that for n > 2 and sufficiently long-lived PBH,
the PBH can dominate the energy budget of the Universe at
a time tBH corresponding to the scale factor aBH, before
they evaporate. Since PBHs are formed during inflaton
domination while they evaporate during PBH domination,
from Eq. (2), the PBH mass evolves as

M3
BH ≃M3

in −
2

ffiffiffi
3

p
ϵM5

Pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρϕðaBHÞ

p �
a

aBH

�
3=2

; ð21Þ

where we assume aev ≫ aBH for which MBHðaBHÞ ≃Min.
We then obtain the scale factor associated with the

FIG. 1. βc as a function of Min for different choices of n,
following Eq. (18), where the shaded regions are discarded from
CMB bound on the inflationary Hubble scale (in gray) and BBN
bound (in red).
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evaporation time [58]

aev
aBH

¼ M2
inρ

1
3

end

ð2 ffiffiffi
3

p
ϵM5

PÞ
2
3

�
aend
aBH

�ð1þwÞ
; ð22Þ

imposing the condition MðaevÞ ¼ 0, where aBH corre-
sponds to the onset of PBH domination [58]

aBH
aend

¼
�
MinHend

4πγM2
P

� 2
3ð1þwϕÞβ

− 1
3wϕ : ð23Þ

Wewill be exploiting these relations in Sec. III and Sec. IV.
For β > βc evaporation is completed during PBH domi-

nation; hence, reheating and evaporation points are iden-
tical, i.e., TðaevÞ≡ TRH. Since PBH domination behaves
like a dustlike equation of state ðwBH ¼ 0Þ, the Hubble
parameter at the time of evaporation reads,

HðaevÞ ¼
2

3tev
¼ 2ΓBH

3
: ð24Þ

Utilizing this expression, one can find the reheating
temperature,

ρRH
3M2

P
¼ H2ðaevÞ ⇒ TRH ¼

�
12ϵ2

αT

�1
4

MP

�
MP

Min

�3
2

; ð25Þ

where αT ¼ π2

30
gRH, and gRH ¼ 106.75 is the degrees of

freedom associated with the thermal bath at TRH.
To determine the RHN yield at the point of evaporation,

one needs to compute BH number density at aev, which
reads,

nBHðaevÞ ≃
ρBHðaevÞ

Min
¼ ρRH

Min
¼ 12ϵ2M10

P

M7
in

: ð26Þ

Equation (26), together with Eq. (25) provides

nBHðaevÞ
T3ðaevÞ

¼ ð12ϵ2α3TÞ
1
4

�
MP

Min

�5
2

≃ 4 × 10−12
�
1 g
Min

�5
2

: ð27Þ

One can then compute the final baryon asymmetry utilizing
Eq. (16)

YBðT0Þ ≃ 8.7 × 10−11δeff

�
mν;max

0.05 eV

�

×

8>><
>>:

�
MN1

3.7×1011 GeV

�
×
�
1 g
Min

�1
2; MN1

< T in
BH�

3×1014 GeV
MN1

�
×
�
1 g
Min

�5
2; MN1

> T in
BH;

ð28Þ

where gj ¼ 2 for Majorana-like RHNs is considered. The
interesting point is that, for a given PBH mass, considering
δeff ≲Oð1Þ, two regions are allowed for MN1

.

In Fig. 2, we show in green the allowed region of the
parameter space (Min, MN1

) that can satisfy the observed
baryon asymmetry for β > βc. The slope of the two
boundaries (in blue) is dictated by Eq. (28) setting
δeff ¼1. We recognize the limitMN1

∝M1=2
in forMN1

<T in
BH,

while for MN1
> T in

BH, MN1
∝ M−5=2

in . Within the green
shaded region, surrounded by the two boundaries, depend-
ing on the choice of δeff , it is possible to achieve the
observed baryon asymmetry for a given MN1

. The lower
bound on PBH mass obtained from the gray-shaded region
is set by the maximum energy scale of inflation, which is
constrained by the CMB observation. It is important to note
here that the allowed region also satisfies the hierarchy
MN1

> TðaevÞ≡ TRH, validating nonthermal leptogenesis.
Otherwise, for MN1

< TðaevÞ, the RHNs produced from
PBH evaporation are in the thermal bath, and washout
processes can not be neglected [39]. Thus, our first result is
that for β > βc, the right baryon asymmetry is achievable
for 1012≲MN1

≲ 1015 GeV and PBH mass Min≲Oð10Þ g.
Heavier PBH masses do not have a sufficient number
density to produce RHN in the right amount to fit with the
measured YBðT0Þ as it is clear from Eq. (28).

2. Scenario-II: β < βc
For β < βc, PBHs are formed and evaporate during

inflaton domination. In contrast to the previous case, PBHs
never dominate the entire energy component of the
Universe. Indeed, if the inflaton-matter coupling strength
is less than some critical value ycϕ given in the Appendix,
see Eq. (D13), and the inflaton equation of state mimics that
of a stiff fluid, wϕ > 1=3, there is a possibility for the PBHs
to be responsible of the reheating even if not dominating the

FIG. 2. Viable parameter space in the ½MN1
;Min� plane, con-

sidering β > βc. For each Min corresponding TRHðTevÞ is
mentioned along the top axis. The gray shaded region is
disallowed from CMB bound on the scale of inflation for
n ¼ 6 [cf. Eq. (1)].
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energy budget [58]. Another way of looking at things is to
note that for a given Yuwaka coupling yϕ, there always
exists a threshold value of β, namely, βBH, above which
PBH evaporation governs reheating temperature (see
Appendix D for details). One can find the expression for
βBH for an inflaton potential VðϕÞ ¼ λM4

Pð ϕ
MP

Þn as [58]

βBH ¼
�
yϕαn
8π

�2ð3wϕ−1Þ
3ð1−wϕÞ

�
48π2

λ

� 1−3wϕ
3ð1þwϕÞ

×

�
ϵγ−3wϕ

2πð1þ wϕÞ
� 2

3ð1þwϕÞ
�
MP

Min

�2ð1−wϕÞ
ð1þwϕÞ ; ð29Þ

where ᾱn ¼ 2ð1þwϕÞ
ð5−9wϕÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6ð1þwϕÞð1þ3wϕÞ

ð1−wϕÞ2

r
. The above equation is

true for n < 7, whereas for n > 7, we have

βBH ¼ −
y2ϕαn
8π

ð48π2Þ
1−3wϕ
3ð1þwϕÞλ

1−wϕ
2ð1þwϕÞ

�
ϵγ−3wϕ

2πð1þ wϕÞ
� 2

3ð1þwϕÞ

×

�
MP

Min

�2ð1−wϕÞ
1þwϕ

�
ρend
M4

P

� 9wϕ−5
6ð1þwϕÞ: ð30Þ

In this case, considering that after evaporation, all the PBH
energy density is converted into the radiation energy
density, ρBHðaevÞ ≃ ρRðaevÞ ¼ αTT4

ev, we obtain

nBHðaevÞ
T3
ev

≃
�
α3TρBHðaevÞ

M4
in

�1
4

: ð31Þ

Since the PBHs behave like matter,

ρBHðaevÞ ¼ βρϕðainÞ
�
ain
aev

�
3

¼ 48π2γ2β
M6

P

M2
in

�
ain
aev

�
3

; ð32Þ

where we used from Eq. (1)

ρϕðainÞ ¼ 48π2γ2
M6

P

M2
in

: ð33Þ

Considering that PBHs formed and evaporate during
inflaton domination, we obtain

�
ain
aev

�
3

¼
�
Hev

Hin

� 2
1þwϕ ¼

�
ϵ

2ð1þ wϕÞπγ
M2

P

M2
in

� 2
1þwϕ

; ð34Þ

where we used Hin given by Eq. (1) and the Hubble
parameter at evaporation,

Hev ¼ HðaevÞ ¼
2

3ð1þ wϕÞ
1

tev
¼ 2

3ð1þ wϕÞ
ΓBH: ð35Þ

Combining Eqs. (32) and (34), we can compute the PBH
energy density at evaporation time,

ρBHðaevÞ ¼ 48π2β

�
γwϕ × ϵ

2πð1þwϕÞ
� 2

1þwϕM4
P

�
MP

Min

�6þ2wϕ
1þwϕ : ð36Þ

Substituting the above expression into Eq. (31), we find

nBHðaevÞ
T3
ev

¼ ð48π2βα3TÞ
1
4μ

�
MP

Min

� 5þ3wϕ
2ð1þwϕÞ; ð37Þ

where μ ¼ ð γwϕϵ
2πð1þwϕÞÞ

1
2ð1þwϕÞ. Finally, using Eq. (16), we

obtain

YBðT0Þ ≃ 8.7 × 10−11δeff

�
mν;max

0.05 eV

�
μβ

1
4

×

8>><
>>:

�
MN1

6.5×108 GeV

�
×
�
MP
Min

� 1−wϕ
2ð1þwϕÞ; MN1

< T in
BH

7 × 1018
�
6.5×108 GeV

MN1

�
×
�
MP
Min

� 5þ3wϕ
2ð1þwϕÞ; MN1

> T in
BH;

ð38Þ
One important point is to note that, in contrast with the
previous case, here, final asymmetry strictly depends on
the β value as well as the background equation of the
state where PBHs are formed and evaporated. Whereas,
for β > βc case, baryon asymmetry only depends on the
formation mass Min, and does not depend on the equation
of state of the background.
The viable parameter space corresponding to β < βc is

shown in Fig. 3, where, as before, the maximally allowed
region satisfying the observed baryon asymmetry is shown
in the ðMin;MN1

Þ plane for β ¼ 10−10 and different values
of n (left), and for n ¼ 6 and different values of β (right).
As in Fig. 2, the green shaded region represents the
parameter space where the right baryonic asymmetry can
be obtained by tuning δeff accordingly. As expected, as the
density of PBH is lower than the previous case (β < βc), it
is more difficult to generate a reasonable asymmetry YB.
This results in a more restricted parameter space. In the
left panel, we see, a smaller equation of state (smaller n)
restricts even more the parameter space for a given
β ¼ 10−10. Note that the slopes of the boundaries
(δeff ¼ 1) follow Eq. (38), where, for n ¼ 6, MN1

∝M1=6
in

when MN1
< T in

BH and MN1
∝ M−13=6

in for MN1
> T in

BH.

For n ¼ 8, we find MN1
∝ M1=8

in for MN1
< T in

BH, and

MN1
∝ M−17=8

in in the other case. This comes from the
fact that the inflaton field redshifted faster for a stiffer
background (larger n). Consequently, the relative density
increment of PBHs is larger, which makes it easier to
generate correct baryon asymmetry. As a result, in order to
obtain the right baryon asymmetry in a stiffer background,
the RHN is required to be lighter forMN1

< T in
BH, while for

MN1
> T in

BH, heavier RHN is needed since for a fixed Min

we see
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Y0
B ∝

nBH
T3

				
ev
×
MN1

mν;max

v2

8>><
>>:

�
Min
MP

�
2
; MN1

< T in
BH�

MP
MN1

�
2
; MN1

< T in
BH:

ð39Þ

On the other hand, as expected and clear from Eq. (38),
larger values of β enlarge the possibility of obtaining
the right YB. In the right panel of Fig. 3, we show the
allowed parameter space with two different values of
β ¼ f5 × 10−9; 10−10g, for a fixed n ¼ 6. The PBH yields
at aev increases monotonically with β, see Eq. (37), hence,
for a fixed Min, a larger β results in comparatively larger
viable parameter space.
At this stage of our study, a preliminary conclusion

would be that the necessary PBHs mass, which allows
for a viable baryogenesis through their decay while still
ensuring the reheating, is Min ≲ 10 g. Heavier PBHs are
not sufficiently dense to generate the observed YB asym-
metry. When the background is dominated by the inflaton
field, the parameter space is even reduced due to a dilution
affecting the PBH. We can now see how the para-
meter space can evolve if the reheating is led by the
inflaton decay.

C. Leptogenesis during inflaton reheating

We now analyze the scenario where the direct decay of
inflaton takes the leading role in completing the reheating.
We consider a minimal reheating process through the
Yukawa interaction yϕϕf̄f between the inflaton and the
SM-like fermion fields.8 For β < βc, one can obtain a
critical value of the Yukawa coupling strength ycϕ, such that
for yϕ > ycϕ the reheating is always determined by the

inflaton decay (see Appendix D for details). In this case,
the parameter space will be even reduced, compared to the
previous situations, due to the dilution effect between
the evaporation end (when PBH decays) and the end of
reheating (when the inflaton decays).
Indeed, if reheating occurs after PBH evaporation, then

due to entropy injection between aev < a < aRH, the final
asymmetry reads,

YBðT0Þ ¼ YBðTRHÞ ¼ N N1
ϵΔLasph

nBHðaevÞ
sðaRHÞ

�
aev
aRH

�
3

:

ð40Þ

Connecting the scale factor from the point of evaporation to
the end of reheating, one can find

aev
aRH

¼
�
tev
tRH

� 2
3ð1þwϕÞ ¼

�
3ð1þ wϕÞ

2

HRH

ΓBH

� 2
3ð1þwϕÞ

¼
�ð1þ wϕÞ

2
ffiffiffi
3

p
ffiffiffiffiffi
αT

p
T2
RH

MP

M3
in

ϵM4
P

� 2
3ð1þwϕÞ

; ð41Þ

where HRH denotes the Hubble parameter at the end of
reheating. Thus, the RHN number density at the end of
reheating reads,

nNðaRHÞ
T3
RH

¼ C

8>><
>>:

�
MP
TRH

�3wϕ−1
1þwϕ

�
Min
MP

�1−wϕ
1þwϕ ; MN1

< T in
BH

M2
P

M2
N1

�
MP
TRH

�3wϕ−1
1þwϕ

�
MP
Min

�1þ3wϕ
1þwϕ ; MN1

> T in
BH

ð42Þ

where C ¼ μ̃
540gjζð3Þβ
g�ðTBHÞπ2 , with μ̃ ¼

� ffiffiffiffi
αT

p
γwϕ

4
ffiffi
3

p
π

� 2
1þwϕ . The final

baryon asymmetry thus reads,

FIG. 3. Left: Allowed parameter space for β ¼ 10−10 < βc, considering two different background equation of states, shown via
different shades. Right: Same as left, but for a fixed n ¼ 6, considering two different β values. In both plots, the gray shaded region is
disallowed from CMB constraint on the scale of inflation [cf. Eq. (1)].

8It is worth noting that such an interaction can lead to fermion
preheating [114], for which the production of particles is
resonantly suppressed, a consequence of Fermi-Dirac statistics.

LEPTOGENESIS, PRIMORDIAL GRAVITATIONAL WAVES, AND … PHYS. REV. D 110, 043528 (2024)

043528-7



YBðT0Þ ≃ 8.7 × 10−11δeff

�
mν;max

0.05 eV

��
MP

TRH

�3wϕ−1
1þwϕ

μ̃β

×

8>><
>>:

�
MN1

9.5×107 GeV

�
×
�
Min
MP

�1−wϕ
1þwϕ ; MN1

< T in
BH

6.2 × 1013
�
1015 GeV

MN1

�
×
�
MP
Min

�1þ3wϕ
1þwϕ ; MN1

> T in
BH:

ð43Þ

Note that, in the present framework, we are always
interested in the case where PBHs are formed during the
reheating, implying ain < aRH. They can evaporate before
ðaev < aRHÞ or after ðaev > aRHÞ the end of reheating, it
was shown in Refs. [58,59], that both cases lead to the same
result. This can be understood from the following argu-
ment. At the present epoch, the number density of any
particle j, produced via PBH evaporation is given by

njða0Þ ¼ njðaevÞ
�
aev
a0

�
3

¼ nBHðaevÞN j

�
aev
a0

�
3

;

where njðaevÞ and nBHðaevÞ are the particle and PBH
number density at the point of evaporation. This can be
further written as

njða0Þ ¼ nBHðainÞN j

�
ain
a0

�
3

¼ nBHðainÞN j

�
ain
aRH

�
3
�
aRH
a0

�
3

: ð44Þ

If the dilution is dominated by the same field (in this case,
the inflaton) between ain and aRH, the relic abundance does
not depend on the epoch of evaporation. Thus, irrespective
of aev < aRH or aev > aRH, the final result shall remain
unaffected.

We show in Fig. 4 the effect of inflaton reheating on the
parameter space producing right baryon asymmetry in the
ðMin;MN1

Þ plane for fixed choices of β and yϕ, for n ¼ 6

(left) and n ¼ 8 (right). As expected, larger values of yϕ
constrains even more the allowed parameter space. Indeed,
a stronger coupling results in higher TRH due to the earlier
decay of the inflaton, when it stores a larger amount of
energy. This earlier decay tends to dilute even further the
baryon asymmetry generated by the PBH decay. As a
result, the right abundance is obtained with heavier
RHNs for MN1

< T in
BH, and the opposite for MN1

> T in
BH.

Increasing n dilutes slightly more the inflaton before its
decay, lowering TRH and reopening very little parameter
space, as one can see in the right panel of Fig. 4 for n ¼ 8. It
is interesting to note that since for yϕ < ycϕ, PBH decay
dominates over inflaton decay, hence all such couplings can
effectively treated to be zero. This happens, for example,

FIG. 4. Left: Parameter space showing observed baryon asymmetry for a fixed value of n ¼ 6, and three different choices of the
Yukawa coupling yϕ, shown via different shades. Right: Same as left, but for n ¼ 8. In both plots, the gray-shaded region is disallowed
from CMB constraint on the scale of inflation [cf. Eq. (1)]. For coupling strengths less than the critical value ycϕ [cf. Eq. (D13)], below
which PBH evaporation leads the reheating, behaves similarly as yϕ ¼ 0.

FIG. 5. Parameter space for right baryon asymmetry for a fixed
BH mass Min ¼ 1 g and n ¼ 6, considering different choices of
yϕ, as shown via different shades. The red dashed line represents
the threshold values of β, βBH [cf. Eq. (29)] above which
evaporating PBHs always dominate the reheating process.
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with yϕ ¼ 10−5 for n ¼ 6 and β ¼ 10−10 as mentioned in
the left panel of Fig. 4.
In Fig. 5, we show the viable parameter space for

different choices of yϕ while fixing Min ¼ 1 g and
n ¼ 6. To the left of each vertical red dashed line, the
Universe is reheated via inflaton. To the right we see,
MN1

∝ β−1 for MN1
< T in

BH and MN1
∝ β for MN1

> T in
BH,

following Eq. (43). Once β > βc, the abundance depends
only on the PBH lifetime and becomes independent of β. In
conclusion, we showed that if one wants to reconcile a
viable baryonic asymmetry generated by PBH decay, the
mass spectrum should lie in a regionMBH ≲ 10 g, whatever
the reheating process. However, another minimal gravita-
tional source of baryonic asymmetry exists, which is
through the exchange of a graviton.

III. MINIMAL GRAVITATIONAL LEPTOGENESIS
IN THE PRESENCE OF PBH

Another gravitationally sourced asymmetry involves the
scattering of the inflaton during reheating, that leads to the
production of the heavy RHNs through the exchange of a
graviton, depicted in Fig. 6. This was studied in [77,78] and
is considered as a minimal, unavoidable source of lepto-
genesis. In this section, we will not suppose any coupling
between the inflaton and the SM, except for the gravita-
tional one (yϕ ¼ 0).
Gravitational production can be achieved by considering

the following interaction Lagrangian:

ffiffiffiffiffiffi
−g

p
Lint ¼ −

1

MP
hμνðTμν

SM þ Tμν
ϕ þ Tμν

X Þ; ð45Þ

where X is a particle that does not belong to the SM,
which is a spin 1=2 Majorana fermion in the present
context. The gravitational field can be realized by expand-
ing the metric around Minkowski space-time ημν as

gμν ≃ ημν þ 2hμν
MP

, where hμν represents the canonically nor-
malized quanta of the graviton. The graviton propagator for
momentum p is

ΠμνρσðpÞ ¼ ηρνησμ þ ηρμησν − ηρσημν

2p2
: ð46Þ

The form of the stress-energy tensor Tμν
i depends on the

spin of the field and for Majorana spin-1=2 fermions χ,
takes the form,

Tμν
1=2 ¼

i
8
½χ̄γμ∂ν↔χ þ χ̄γν∂μ

↔
χ� − gμν

�
i
4
χ̄γα∂α

↔
χ −

mχ

2
χcχ

�
;

ð47Þ

whereas for a generic scalar S,

Tμν
0 ¼ ∂

μS∂νS − gμν
�
1

2
∂
αS∂αS − VðSÞ

�
: ð48Þ

As before, the heavy RHNs undergo CP-violating decay to
produce the lepton asymmetry. Since we are considering
nonthermal leptogenesis, hence we only take inflaton
scatterings into account.9

For the production of N1 through the scattering of the
inflaton condensate, we consider the time-dependent oscil-
lations of a classical inflaton field ϕðtÞ. The oscillating
inflaton field with a time-dependent amplitude can be
parametrized as

ϕðtÞ ¼ ϕ0ðtÞ ·QðtÞ ¼ ϕ0ðtÞ
X∞
ν¼−∞

Qne−iνωt; ð49Þ

where ϕ0ðtÞ is the time-dependent amplitude that includes
the effects of redshift and QðtÞ ¼ P∞

ν¼−∞Qne−iνωt

describes the periodicity of the oscillation of the inflaton
field. The evolution of RHNs number densities nNi

is
governed by the Boltzmann equation,

dnNi

dt
þ 3HnNi

¼ Rϕn

Ni
; ð50Þ

where Rϕn

Ni
is the production rate of RHNs that we will

mention in a moment. Defining the comoving number
density as YNi

¼ nNi
a3, we can re-cast the Boltzmann

equation as

dYT
Ni

da
¼ a2

H
Rϕn

Ni
: ð51Þ

The energy density of inflaton and radiation, on the other
hand, evolves as

dρϕ
dt

þ 3Hð1þ wϕÞρϕ ¼ −ð1þ wϕÞΓϕρϕ;

dρR
dt

þ 4HρR ¼ þð1þ wϕÞΓϕρϕ; ð52Þ

FIG. 6. Production of RHNs Ni mediated by gravity during
reheating, where Tμν represents corresponding energy-momen-
tum tensor.

9This can be further ensured by noting that the thermalization
rate Γth ≃ y2NT=ð8πÞ remains below the Hubble rate during
reheating at T ¼ M1. One can thus safely ignore the washout
effects.
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where the production rate of radiation is given by
[77,79,81]

ð1þ wϕÞΓϕρϕ ¼ Rϕn

H ≃
Nhρ

2
ϕ

16πM4
P

X∞
ν¼1

2νωjPn
2νj2

¼ αnM5
P

�
ρϕ
M4

P

�5n−2
2n

; ð53Þ

where Nh ¼ 4 is the number of internal degrees of freedom
for one complex Higgs doublet, and we have neglected the
Higgs boson mass. Here

P∞
ν¼1 2νωjPn

2νj2 parametrizes
the periodicity of oscillation of the inflaton potential.
The values of αn are computed following [77,78], and
are given in Table I. Note that, to avoid conflict with the
BBN that requires the reheating temperature TRH≳ 1MeV,
one needs to consider10 wϕ ≳ 0.65 [77,80] or n≳ 9.
However, it was shown in [79] that the gravitational wave
constraints exclude a reheating with TRH ≳ 2 MeV with
minimal gravitational coupling. It is then interesting to
know if gravitational leptogenesis is possible in the
minimal case (pure exchange of a graviton) in the presence
of PBH as the source of reheating. Both productions (from
inflaton and from PBHs) being gravitational, they can be
considered unavoidable sources of baryonic asymmetry in
the early Universe. This should open a new window on the
parameter space analyzed in the previous section.
The production rate for N1 from inflaton scattering

mediated by gravity is given by [79]

Rϕn

N1
¼ ρ2ϕ

4πM4
P

M2
Ni

m2
ϕ

Σn
Ni
; ð54Þ

where

Σn
Ni

¼
Xþ∞

ν¼1

jPn
2νj2

m2
ϕ

E2
2n

�
1 −

4M2
N1

E2
2ν

�3=2

; ð55Þ

accounts for the sum over the Fourier modes of the inflaton
potential, and Eν ¼ νω is the energy of the nth inflaton
oscillation mode. The full expression for the inflaton mass
mϕ can be found in Appendix D.
Since we are only concerned about N1 production, the

comoving number density ofN1 during the postinflationary
era is given by

dYϕn

N1

da
¼ a2end

ffiffiffi
3

p
M2

N1
MP

4πnðn − 1Þλ2
n

�
ρend
M4

P

�nþ4
2n
�

a
aend

�
−nþ8
nþ2

Σn
N1
; ð56Þ

where we have considered the fact that the Hubble
expansion has the dominant contribution from inflaton

energy density during reheating. Integrating Eq. (56)
between aend and a leads to RHN number density as

nϕ
n

N1
ðaÞ ≃M2

N1
MP

ffiffiffi
3

p ðnþ 2Þ
24πnðn − 1Þλ2

n

�
ρend
M4

P

�nþ4
2n
�

a
aend

�
−3
Σn
N1
; ð57Þ

for a ≫ aend.
For β < βc, as the inflaton energy density dominates for

aend ≪ a < aRH, we then obtain

nϕ
n

N1
ðaRHÞjβ<βc ≃

M2
N1

ffiffiffi
3

p ðnþ 2Þρ1
2
þ2

n
RH

24πnðn − 1Þλ2
nM

1þ8
n

P

�
ρend
ρRH

�1
n

Σn
N1
: ð58Þ

On the other hand, for β > βc, there is an intermediate
PBH-dominated phase before evaporation (reheating) that
leads to

nϕ
n

N1
ðaRHÞjβ>βc ≃

M2
N1
MPðnþ 2Þ481

n

8πnðn − 1Þλ2
nβ

�
ρend
M4

P

�1
n

×

�
MP

Min

�2þ5n
n

ϵ2ðπγÞ−1þ2
nΣn

N1
: ð59Þ

Note that for PBH domination, the number density has
explicit β dependence, which is expected since β con-
trols the PBH-dominated phase. The final asymmetry
in the case of minimal gravitational leptogenesis thus
becomes

YBðT0Þ
8.7 × 10−11

≃ δeff

�
mν;max

0.05 eV

�
MN1

1.1 × 108 GeV

nϕ
n

N1
ðaRHÞ
T3
RH

;

ð60Þ

where for β < βc,

nϕ
n

N1
ðaRHÞ
T3
RH

¼ α
nþ2
2n
T

ffiffiffi
3

p ðnþ 2Þ
24πnðn− 1Þλ2

n

�
MN1

MP

�
2
�
TRH

MP

�4−n
n
�
ρend
M4

P

�1
n

Σn
N1
:

ð61Þ

To compute TRH appearing in Eq. (61), one needs to
compute the density of energy when the radiation pro-
duced by the PBH decay at aev dominates over the

TABLE I. Relevant coefficients αn for the gravitational lepto-
genesis [cf. Eq. (53)].

n αn

6 0.000193
8 0.000528
10 0.000966
12 0.00144

10This requirement of having large wϕ can be relaxed with
nonminimal gravitational couplings as discussed in [77,78,81].
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inflaton density. In other words, we need to solve
ρRH ¼ ρBHðaevÞð aevaRH

Þ4 ¼ ρϕðainÞð ainaRH
Þ3ð1þwϕÞ. We obtain

TRH ∝ β
3ð1þwϕÞ
3wϕ−1

�
MP

Min

� 3ð1−wϕÞ
2ð1−3wϕÞ: ð62Þ

The details of the calculation is reported in Appendix. D
[cf. Eq. (D12)]. Note that Eqs. (60) and (61) are also true
for reheating happening entirely from inflaton, where a
particular coupling yϕ between the inflaton and the SM
particles determines the reheating temperature [cf. Eq. (D8)].
For β > βc, we find

nϕ
n

N1
ðaRHÞ
T3
RH

¼ 48
1
nϵ

1
2α

3
4

Tðnþ 2Þ
16

ffiffiffi
2

p
× 3

3
4πnðn − 1Þλ2

nβ

�
ρend
M4

P

�1
n

×
�
MN1

MP

�
2
�
MP

Min

�nþ4
2n ðπγÞ−1þ2

nΣn
N1
: ð63Þ

Note that, for β < βc, the PBH reheating scenario is only
valid for n > 4, as in this case, a faster dilution of the
inflaton energy density is required compared to radiation
to achieve successful reheating. This is also reflected
in Eq. (D12).
In Fig. 7, on top of leptogenesis from PBH evaporation

(in green), we show the contribution from minimal gravi-
tational leptogenesis in blue for different values of β < βc
(left) and different value of n (right). This plot includes the
dominant gravitational sources of baryonic asymmetry in a
universe populated by an inflaton field and PBHs. For
β > βc, we find that inflaton gravitational production starts

contributing on top of PBH evaporation for very light
PBHs, which are in tension with the CMB bound. This can
be understood from the fact that as lighter PBHs decay
earlier, they cause less entropy dilution to the asymmetry
compared to heavier PBHs that have longer lifetime.
Therefore, for β > βc, gravitational leptogenesis is impor-
tant when the PBH mass is typically ≲1 g. We, therefore
refrain from showing the resulting parameter space for
β > βc in Fig. 7.
For β < βc, we see thatminimal gravitational leptogenesis

from inflaton scattering is more important for lighter
PBHs. Combining Eqs. (60) and (62), we can write

Y0
B ∝ M3

N ×M
−3
n

in , which corresponds to MN ∝ M−3=8
in M3

N
for n ¼ 8, which is what we effectively observe in the figure.
This comes from the fact that when inflaton dominates the
energy budget of theUniverse, the reheating temperature due

to PBH evaporation evolves asM
3

n−4
in , which one can see from

Eq. (62). Following Eq. (61), a lighter Min implies lower
reheating temperature, leading to larger yields. For the
dependence on β, we note that Y0

B ∝ M−3=n
in β−3=4, using

Eq. (61), together with Eq. (62). Therefore, for a given β,
gravity-mediated leptogenesis becomes significant for
lighter PBHs when β < βc. While the inflaton generates a
sufficient amount of asymmetry, the PBH ensures a viable
reheating if yϕ < ycϕ. In every case, the RHN mass is
restricted to lie in the range 5 × 1011 GeV≲MN1

≲
1014 GeVwhen taking into account both (PBH and inflaton)
contributions. Notably, gravitational leptogenesis is kine-
matically viable only when mϕ > MN1

, as denoted by the
gray dashed line in the left panel.

(a) (b)

FIG. 7. Inside the blue shaded region, the observed baryon asymmetry is obtained when only gravitational contribution from inflaton
scattering is taken into account. In the left panel, we choose n ¼ 6 while considering two representative values of β. In the right panel,
we choose β ¼ 10−10 < βc with two different values of n ¼ f6; 8g. In all cases, the green-shaded region corresponds to the viable
parameter space for contribution from PBH evaporation alone, the gray-shaded region is forbidden from CMB bound on the scale of
inflation [cf. Eq. (1)], and we ensure reheating from PBH evaporation. The gray dashed line in the left panel indicatesmϕ ¼ MN1

, which
is the kinematical limit for gravitational leptogenesis.
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IV. PRIMORDIAL GRAVITATIONAL WAVE
FROM INFLATION

Gravitational waves are transverse (∂ihij ¼ 0) and
traceless (hii ¼ 0) metric perturbations ds2 ¼ a2ðtÞðdt2 −
ðδij þ hijÞdxidxjÞ. Their energy density spectrum (at sub-
horizon scales) is defined as [92,115–117]

ΩGWðt;kÞ≡ 1

ρcrit

dρGWðt;kÞ
d lnk

¼ k2

12a2ðtÞH2ðtÞΔ
2
hðt;kÞ; ð64Þ

where Δ2
hðt; kÞ is the tensor power spectrum at arbitrary

times, defined by

hhijðt;xÞhijðt;xÞi≡
Z

dk
k
Δ2

hðt; kÞ; ð65Þ

with h…i denoting an average over a statistical ensemble.
One can factorize the tensor power spectrum as [92]

Δ2
hðt; kÞ≡ Thðt; kÞΔ2

h;infðkÞ; ð66Þ

with Thðt; kÞ being the transfer function

Thðt; kÞ ¼
1

2

�
ahc
a

�
2

; ð67Þ

where the factor of 1=2 appears due to the average over
the tensor fluctuations. Here “hc” indicates the epoch of
horizon reentry (crossing) of a particular mode, and
Δ2

h;infðkÞ represents the primordial tensor power spectrum
from inflation [92,115],

Δ2
h;infðkÞ ≃

2

π2

�
Hend

MP

�
2
�
k
kp

�
nt
; ð68Þ

with nt a spectral tilt, kp a pivot scale of the order the
Hubble rate at the time of CMB decoupling, and Hend the
Hubble rate when the mode kp exited the Hubble radius
during inflation. Since we assume de Sitter-like inflation,
the Hubble parameter is the same throughout inflation,
and the spectral tilt turns out as nt ≃ 0. Note that such an
assumption works fine with any slow-roll model of
inflation, such as the α− attractor model of inflation. To
determine the energy scale at the end of the inflation, we
assume the α− attractor model of inflation as a sample
model [for the form of the potential, see Eq. (D4) in
Appendix D]. Most of the slow-roll model of inflation
(including the one we are considering) behaves as ϕ2n at the
minima, and the average inflaton equation of state can
be written as wϕ ¼ ðn − 1Þ=ðnþ 1Þ. More specifically, the
value of wϕ only depends on the behavior of the infla-
tionary potential at the minima, which is related to the
postinflationary behavior of the potential. Hence, it can not
capture any details of the inflationary model on large
scales. Let us assume for a moment that, immediately after
inflation, the Universe became radiation-dominated. The
resulting GWenergy density spectrum at the present epoch
would then be scale-invariant for the frequency range
corresponding to the modes crossing the Hubble radius
during RD. However, if prior to RD, there is a nonstandard
phase, say reheating, the resulting present-day GW energy
density spectrum consists of two parts; a tilted branch,
corresponding to the modes that crossed the horizon during
reheating, and a scale-invariant branch corresponding to the
modes that crossed the horizon during RD. The spectral tilt

FIG. 8. Schematic diagram showing the evolution of the comoving horizon scale 1=aH from inflation till today with respect to the
scale factor. In the left panel, we consider β < βc, while in the right β > βc. Here “RD”, “MD”, and “DE” stand respectively for standard
radiation domination, late matter domination, and dark energy. In the right panel “EMD” in parenthesis stands for early matter
domination, corresponding to the PBH domination epoch. We also denote momenta corresponding to different epochs via the gray
dashed horizontal lines.
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of the PGW spectrum takes the form nGW ¼ 6wϕ−2
1þ3wϕ

[118,119] that predicts a red-tilted spectrum for an EOS
wϕ < 1=3, blue-tilted for wϕ > 1=3 and a scale-invariant
spectrum for wϕ ¼ 1=3.
In our present analysis, depending on β value, we have

two different scenarios as depicted in Fig. 8:
(i) For β < βc, the Universe does not go through any

PBH domination,

Inflation → Reheating → Radiation domination;

(ii) For β > βc, on the other hand, we have

Inflation → Inflaton domination

→ PBH domination → Radiation domination:

In case when there is no PBH domination (i.e., the first case
listed above), the GW spectral energy density11 at the
present epoch can be represented in a piecewise function of
frequency (momenta k) as follows:

Ωð0Þ
GW ≃ Ωð0Þ

GW;rad

8<
:

1 k < kRH

ζ
π

�
k

kRH

�6wϕ−2
1þ3wϕ kRH < k < kmax;

ð69Þ

where Ωð0Þ
GW;radh

2 ¼ ΩRh2H2
end

12π2M2
P
and

ζ ¼ ð1þ 3wϕÞ
4

1þ3wϕΓ2

�
5þ 3wϕ

2þ 6wϕ

�
: ð70Þ

ΩRh2 ¼ 4.16 × 10−5 is the present-day radiation abun-
dance considering both photons and neutrinos. Using the
entropy conservation between the end of reheating to the
present day, we have the mode that reenters the Hubble
radius at the end of reheating,

kRH ≡ aRHHRH ¼
�

43

11gRH

�1
3

ffiffiffiffiffi
αT
3

r
T0

MP
TRH; ð71Þ

where T0 is the present CMB temperature 2.725. Thus, kRH
is simply a function of TRH, which can be written as

kRH ∼ 1.6 Hz

�
TRH

107 GeV

��
gRH

106.75

�1
6

: ð72Þ

Since here we are interested in the scenario of PBH
reheating without PBH domination, TRH is a function of
PBH parameters such as formation mass Min and mass
fraction β and takes, as we saw, the following form
[cf. Eq. (D12)].

TRH ∼ μβ
3ð1þwϕÞ
4ð3wϕ−1Þ

�
MP

Min

� 3ð1−wϕÞ
2ð1−3wϕÞMP; ð73Þ

where

μ ¼
�
48π2

αT

�1
4

�
ϵ

2ð1þ wϕÞπγ3wϕ

� 1
2ð1−3wϕÞ: ð74Þ

On the other hand, the mode reentering right at the end of
inflation is designated as kmax, where

kmax ¼ amaxHend ≃ k⋆eN⋆ ; ð75Þ

where ⋆ quantities are measured at the CMB pivot scale
k⋆ ≃ 0.05 Mpc−1 and N� represents the inflationary
e-folding number calculated from the end of the inflation
to the horizon exit of the CMB pivot scale. Under the
assumption that the comoving entropy density is conserved
from the end of the reheating to the present day, the
expression for N� takes the following form:

N� ¼ ln

�
2.5 × 1039

�
Hend

1013 GeV

�
GeV
TRH

�
− NRH: ð76Þ

In the first case, where PBH formed and evaporates in an
inflaton-dominated background and is responsible for
reheating, one can estimate

NRH ≃
1

3ð1þ wϕÞ
ln

�
Hend

1013 GeV

�
1.5 × 1012 GeV

TRH

�
4
�
:

ð77Þ

On the other hand, if there is an intermediate epoch of
PBH domination before the reheating ends (i.e., the second
case), the GW spectrum shows a red-tilted behavior (∝ k−2)
for all GW momenta modes that reenter the horizon during
the period kBH < k < kRH. The final GW spectral energy
density at the present epoch then takes the form

Ωð0Þ
GW ≃Ωð0Þ

GW;rad

8>>>>><
>>>>>:

1 k < kRH

c1
�

k
kRH

�
−2

kBH < k < kRH

c2
�

k
kBH

�6wϕ−2
1þ3wϕ kBH < k < kmax;

ð78Þ

where c1 ¼ ½Γð5
2
Þ�2=π, c2¼ðcζ=πÞÞðkRH=kBHÞ2, and kBH ¼

kmaxðaBH=aendÞ−ð1þ3wϕÞ=2.

11GWs at second order can be sourced by the density
fluctuation due to the inhomogeneities in the PBH distribution,
which puts a constraint on β, requiring subdominant contribution
from GW energy density [120–123]. In our case, we are mainly
interested in the scenario with no PBH domination, β < βc,
where such induced GWs spectrum is subdominant. Even for
β > βc, we chose β value close to βc, where such induced
gravitational waves can be neglected.
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In Fig. 9, we show the spectrum of primordial GW
as a function of the frequency, along with the current and
future sensitivities of various GW experiments, like, LIGO
[124–129], LISA [130,131], CE [132,133], ET [134,135],
BBO [104,105], DECIGO [107,136–139], μ-ARES [140],
and THEIA [141],12 that search for signals in the low
frequency (kHz) regions. We also project sensitivity from
proposed high frequency GW experiments, e.g., resonant
cavities [142,143] that typically look for GW signals in
GHz–MHz frequency regime.
In the left panel of Fig. 9 we show GW spectrum

corresponding to different choices of β, for a fixed MN1

with a given Min ¼ 2 g and wϕ ¼ 0.6. Note that, for these
choices of the RHN masses one can satisfy the observed
baryon asymmetry by exploiting the Casas-Ibarra paramet-
rization. The noteworthy feature here is the scale-invariant
spectrum, followed by a blue-tilted branch in case of β < βc.
This, as explained before, is because of the presence of stiff
equation of state during reheating, when PBH domination is
absent. For β > βc, we see the effect of intermediate PBH-
domination (black-dashed curve) that gives rise to red-tilted
spectrum. In the right panel, we see similar behavior of the
GW spectrum, but now with different choices of TRH, for
Min ¼ 103 g and wϕ ¼ 0.6. In both panel the horizontal
lines, alongwith the shaded regionmarked as “ΔNeff bound"
collectively shows present and future bounds from ΔNeff
from different experiments which we are going to explain in
the very next section.

A. Constraints from ΔNeff

Any extra radiation component, in addition to those of
the SM, can be expressed in terms of the ΔNeff . This can be
done by computing the total radiation energy density in the
late Universe as

ρrad ¼ ργ þ ρν þ ρGW

¼
�
1þ 7

8

�
Tν

Tγ

�
4

Neff

�
ργ; ð79Þ

where ργ , ρν, and ρGW correspond to the photon, SM
neutrino, and GW energy densities, respectively, with
Tν=Tγ ¼ ð4=11Þ1=3. Within the SM, taking the noninstan-
taneous neutrino decoupling into account, one findsNSM

eff ¼
3.044 [144–152], while the presence of GW results in a
modification,

ΔNeff ¼ Neff − NSM
eff ¼ 8

7

�
11

4

�4
3

�
ρGWðTÞ
ργðTÞ

�
: ð80Þ

The above relation can be utilized to put a constraint on the
GW energy density redshifted to today via [88,92,153]

Z
kmax

kBBN

dk
k
Ωð0Þ

GWh
2ðkÞ ≤ 7

8

�
4

11

�
4=3

Ωγh2ΔNeff ; ð81Þ

where Ωγh2 ≃ 2.47 × 10−5 is the relic density of the
photon today.
The ΔNeff constraints on the GW spectral energy

density become relevant when the PBHs evaporate in an
inflaton-dominated background. Therefore, for a back-
ground equation of state wϕ > 1=3, the blue tilted nature
of the spectrum becomes apparent with maximum momenta
kmax for the mode that reenters the horizon right at the end
of the inflation. In this case Eq. (81) takes the form,

Z
kmax

kBBN

dk
k
Ωð0Þ

GWh
2ðkÞ ≃Ωð0Þ

GW;radh
2μ

�
kmax

kRH

�6wϕ−2
1þ3wϕ ; ð82Þ

where μ ¼ ζð1þ3wϕÞ
2πð3wϕ−1Þ. Assuming a wϕ dominated phase

between inflation and radiation domination (no PBH

FIG. 9. Left: Spectrum of primordial GW as a function of the frequency f shown via the black curves, for different choices of β and
MN1

that satisfy the observed baryon asymmetry. We fix Min ¼ 2 g and wϕ ¼ 0.6. Right: Same as left, but for Min ¼ 103 g and
wϕ ¼ 0.6. In both plots, we also show projections from present and future GW experiments, together with the existing and projected
ΔNeff bounds (labeled as “ΔNeff bounds”).

12Here we have used the sensitivity curves derived in
Ref. [141].
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domination), the ratio between kmax and kRH can be
expressed as

kmax

kRH
¼

�
ρend
αT

� 1þ3wϕ
6ð1þwϕÞT

−2
3

ð1þ3wϕÞ
ð1þwϕÞ

RH : ð83Þ

Upon substitution of the above equation into Eq. (82) and
utilizingEq. (81), one can find the restriction on the reheating
temperature,

TRH ≥
� Ωð0Þ

GW;radh
2μ

5.61 × 10−6ΔNeff

� 3ð1þwϕÞ
4ð3wϕ−1Þ

×

�
ρend
αT

�1
4

; ð84Þ

where ρend is the energy density of the inflaton at the end of
the inflation, ρend ¼ 3M2

PH
2
end. Sincewe are interested in the

PBH reheating scenario (no PBH domination), the above
restriction on the reheating temperature, in turn, puts bounds
on the PBH parameter [cf. Eq. (73)] via

β ≥
� Ωð0Þ

GW;radh
2μ

5.61 × 10−6ΔNeff

��
MP

Min

�2ð1−wϕÞ
1þwϕ

�
1

μ4αT

ρend
M4

P

� 3wϕ−1
3ð1þwϕÞ:

ð85Þ

Note that the above restriction is only important when
TRH > TBBN¼ 4 MeV [154–156], otherwise, BBN pro-
vides a stronger bound than ΔNeff . In Table II, we tabulate
present and future bounds on ΔNeff from different experi-
ments as mentioned. These bounds are projected in Fig. 9,
from where we see that lower reheating temperatures are
typically in conflict with these bounds, as seen from the right
panel of Fig. 9. The ΔNeff bound on the translated into a
bound on PBH mass and β-value following Eq. (85). This is
shown in Fig. 10, where we use the present bound on ΔNeff
from Planck [4]. We see the available parameter space is
more tightly constrained for heavier PBH in the case of a
stiffer fluid (i.e., a larger equation of state). As one can see
fromEq. (85), the bound becomes independent of PBHmass
aswϕ → 1, i.e., pure kination. Note that theΔNeff bound for
the contribution from the PGWs is only important when
wϕ > 0.60 (n > 8) [102]. Thus, our presented results are safe
from such restrictions.

V. CONCLUSIONS

The observed baryon asymmetry of the Universe can be
produced via leptogenesis, which requires extending the
Standard Model (SM) particle content with the addition of
RHNs, singlet under the SM gauge symmetry. Gravitation
should produce a minimal unavoidable amount of RHN
fields. Once gravitationally produced, these RHNs can then
undergo CP-violating decay to produce the lepton and
subsequently, the baryon asymmetry.
Pure gravitational production can take place in twoways:

(i) from evaporation of PBHs and (ii) scattering of the
inflaton (or bath particles), mediated by a massless graviton
field. The latter production occurs during reheating when
the inflaton field ϕ oscillates around the minima of a
monomial potential VðϕÞ ∝ ϕn, transferring its energy to
the thermal bath. In the presence of PBHs, however, the
reheating dynamics is controlled not only by the steepness
of the potential n and the nature of the inflaton-SM
coupling, but also by the PBH mass and the fractional
abundance of PBHs. Moreover, for n > 4 (or equivalently,
a general equation of state wϕ > 1=3), the primordial
gravitational waves produced from the tensor perturbations
during inflation, are hugely blue-tilted. Such a boosted GW
energy density on one hand falls within the sensitivity
range of GW detectors, while on the other hand, may also
be in tension with excessive production of energy density
around BBN.
In the present work, we first compute the amount of

baryonic asymmetry Y0
B at the present epoch, generated

through the gravitational production of RHN. Depending
on the relative amount of energy β, the PBHs can lead the
reheating process and produce an amount of RHN suffi-
cient to satisfy the constraint on Y0

B. However, this is
possible only for very light PBH≲ 10 g, as one can see in
Fig. 2. If PBHs do not dominate the energy budget of the
Universe at the time of reheating, the situation worsens due
to an excessive entropy dilution, as it is clear from Fig. 5,

TABLE II. Present and future constraints on ΔNeff from
different experiments.

ΔNeff Experiments

0.17 Planck legacy data (combining BAO) [4]
0.14 BBN+CMB combined [157]
0.06 CMB-S4 [158]
0.027 CMB-HD [159]
0.013 COrE [160], Euclid [161]
0.06 PICO [162]

FIG. 10. Constraint from ΔNeff in β −Min plane for different
choices of the background equation of states wϕ. All shaded
regions are excluded (see text for details).
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plotted for smaller values of β. For a complete picture, one
has also included the other gravitational source of RHNs,
i.e., the inflation scattering through graviton exchange.
In this scenario, a new region of the parameter space opens
up with larger PBH masses, as one can see from Fig. 7. In
any case, the allowed mass range for the RHN remains
5 × 1011 GeV≲MN1

≲ 5 × 1014 GeV. Too-light RHNs do
not generate a sufficient amount of asymmetry, while too-
heavy RHNs are not sufficiently produced by inflaton
scattering or from PBH evanescence.
It is then possible to find signatures of different reheat-

ing, as well as gravitational production scenarios (inflaton
or PBH sourced) through GWobservations. We exploit the
blue-tilted nature of primordial GW in probing the scale
of nonthermal gravitational leptogenesis during reheating.
The reheating via inflaton is controlled by the Yukawa
coupling between the inflaton and a pair of SM-like
fermions, viz., yϕϕff. PBHs, however, are assumed to
be formed during the epoch of reheating and are para-
metrized by their formation massMin and initial abundance
β. Depending on the values of fyϕ;Min; β; ng, PBHs can
potentially impact the reheating process and populate the
thermal bath. In Fig. 9, we delineate the parameter space
that agrees with the observed baryon asymmetry, consid-
ering RHN production takes place during reheating both
from PBH evaporation and from the scattering of inflaton
condensate (mediated by graviton).
For a stiff equation of state for the background ϕ (large

n), we observe that the spectrum of primordial GW lies well
within reach of future GW detectors [cf. Fig. 9], both in the
low frequency (kHz) and in the high-frequency (GHz)
regime, satisfying bounds from ΔNeff , as one can see from
Figs. 9 and 10. Interestingly, the red-tilted GW spectrum
that exists because of the intermediate PBH domination (for
β > βc), also turns out to be within the reach of futuristic
GW detectors. The present scenario therefore provides a
window to test modified cosmological background prior to
BBN, induced by inflaton and PBH dynamics, together
with purely gravitational leptogenesis through primordial
GW spectrum.
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APPENDIX A: THE BOLZMANN EQUATIONS
FOR PBH-INFLATON-RADIATION SYSTEM

In order to track the evolution of radiation (ρR), PBH
(ρBH), and inflaton (ρϕ) energy densities, together with
number density of right-handed neutrinos (nN), the asym-
metry B − L and the Hubble parameter H, we solve the
following set of Boltzmann equations numerically:

dρϕ
da

þ 3ð1þ wϕÞ
ρϕ
a

¼ −
Γϕ

H
ð1þ wϕÞ

ρϕ
a
;

dρR
da

þ 4
ρR
a

¼ −
ρBH
MBH

dMBH

da
þ Γϕρϕð1þ wϕÞ

aH
;

dρBH
da

þ 3
ρBH
a

¼ ρBH
MBH

dMBH

da
;

dnBHN1

da
þ 3

nBHN1

a
¼ −nBHN1

ΓBH
N1

þ ΓBH→N1

ρBH
MBH

1

aH
;

dnB−L
da

þ 3
nB−L
a

¼ κΔL
aH

½ðnTN1
− neqN1

ÞΓT
N1

þ nBHN1
ΓBH
N1

�;
dMBH

da
¼ −ϵ

M4
P

M2
BH

1

aH
;

H2 ¼ ρϕ þ ρR þ ρBH
3M2

P
: ðA1Þ

Here the ‘T’ and ‘BH’ stands for thermal and PBH (non-
thermal) contributions, respectively. We define ΓBH

N as the
decay width corrected by an average time dilation factor,

ΓBH
N ¼



MN

EN

�
BH

ΓN ≈
K1ðMN=TBHÞ
K2ðMN=TBHÞ

ΓN; ðA2Þ

where K1;2½…� are the modified Bessel functions of second
kind and the thermal average is obtained assuming that the
Hawking spectrum has a Maxwell-Boltzmann form, while

ΓN ¼ MN

8π
y†NyN ðA3Þ

is the total decay RHN decay width, with yN being para-
metrized following Eq. (B4). Here ΓBH→N1

is the nonthermal
production term for RHNs (originating from PBH evapora-
tion) and can be written as

ΓBH→N1
¼

Z
d2N
dpdt

dp

≈
27TBH

32π2
½−zBHLi2ð−e−zBHÞ − Li3ð−e−zBHÞ�; ðA4Þ

where Lis½…� are polylogarithm functions of order s;
assuming the graybody factor equal to the geometric optics
limit, such analytical expression is obtained. In Fig. 11 we
show the evolution of energy densities and the B − L
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asymmetry as a function of the scale factor for two bench-
mark values of yϕ and β such that in one case (top-left panel)
inflaton dominates the reheating process, while in the other
(top-right panel) it is dominated by the PBH.

APPENDIX B: CASAS-IBARRA
PARAMETERIZATION

As the neutral component of the SM Higgs doublet
acquires a vacuum expectation value leading to the sponta-
neous breaking of the SM gauge symmetry, neutrinos in the
SM obtain a Dirac mass that can be written as

mD ¼ yNffiffiffi
2

p v: ðB1Þ

The Dirac mass mD together with the RHN bare mass MN ,
can explain the nonzero light neutrino masses with the
help of Type-I seesaw [163–165]. Here, the light-neutrino
masses can be expressed as

mν ≃mT
DM

−1mD: ðB2Þ

The mass eigenvalues and mixing are then obtained by
diagonalizing the light-neutrino mass matrix as

mν ¼ U�md
νU†; ðB3Þ

with md
ν ¼ diagfmν1 ; mν2 ; mν3g, consisting of the mass

eigenvalues and U being the Pontecorvo-Maki-
Nakagawa-Sakata matrix [166].13 In order to obtain a
complex structure of the Yukawa coupling which is
essential from the perspective of leptogenesis, we use
the well-known Casas-Ibarra (CI) parametrization [167].
Using this one can write the Yukawa coupling yN as

yN ¼
ffiffiffi
2

p

v

ffiffiffiffiffi
M

p
R

ffiffiffiffiffiffi
md

ν

q
U†; ðB4Þ

where R is a complex orthogonal matrix RTR ¼ I, which
we choose as

(a) (b)

(c) (d)

FIG. 11. (a), (b) Evolution of radiation (red), inflaton (blue), and PBH (black) energy densities with the scale factor, obtained by
numerically solving Eq. (A1). (c), (d) Evolution of nB−L=s as a function of the scale factor. The final asymmetry satisfies the observed
value Y0

B ≃ 8.7 × 10−11. All relevant parameters are mentioned in the plot legend.

13The charged lepton mass matrix is considered to be diagonal.
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R ¼
�
0 cos z sin z

0 − sin z cos z

�
; ðB5Þ

where z ¼ aþ ib is a complex angle. The digonal light
neutrino mass matrix md

ν is calculable using the best-fit
values obtained from the latest neutrino oscillation data
[166]. The elements of Yukawa coupling matrix yN for a
specific value of z, can be obtained for different choices of
the heavy neutrino masses.

APPENDIX C: EXPRESSION FOR THE CP
ASYMMETRY

The CP asymmetry generated from N1 decay is given
by [61]

κΔL ≡ ΓN1→liH − ΓN1→liH̄

ΓN1→liH þ ΓN1→liH̄

≃
1

8π

1

ðy†NyNÞ11

×
X
j¼2;3

Imðy†NyNÞ21j × F
�
M2

j

M2
1

�
; ðC1Þ

where

F ðxÞ≡ ffiffiffi
x

p �
1

1 − x
þ 1 − ð1þ xÞ log

�
1þ x
x

��
: ðC2Þ

For x ≫ 1;F ≃ −3=ð2 ffiffiffi
x

p Þ, and Eq. (C1) becomes

κΔL ≃ −
3

16π

1

ðy†NyNÞ11
×

�
Imðy†NyNÞ212

mN1

mN2

þ Imðy†NyNÞ213
mN1

mN3

�
: ðC3Þ

If we assume Imðy†NyNÞ213 ≫ Imðy†NyNÞ212 andmN1
≪mN2;3

,
then

κΔL ≃ −
3δeff
16π

jðyNÞ13j2mN1

mN3

; ðC4Þ

while the effective CP-violating phase is given by

δeff ¼
1

ðyNÞ213
Imðy†NyNÞ213
ðy†NyNÞ11

: ðC5Þ

In order to simultaneously generate the active neutrino
mass, one has to impose the seesaw relation

mν3 ¼
jðyNÞ13j2v2

mN3

; ðC6Þ

that leads to

κΔL ≃ −
3δeff
16π

mN1
mν3

v2
: ðC7Þ

Instead, if Imðy†NyNÞ213 ≪ Imðy†NyNÞ212, the CP-asymmetry
parameter becomes

κΔL ≃ −
3δeff
16π

mN1
mν2

v2
: ðC8Þ

In general, one can then write

κΔL ≃ −
3δeff
16π

mN1
mνi

v2
; ðC9Þ

where i ¼ 2, 3 for normal hierarchy. In a similar fashion,
the CP-asymmetry parameter can be obtained for the
inverted hierarchy with i ¼ 1, 2.

APPENDIX D: DETAILS OF THE REHEATING
DYNAMICS

Considering the inflaton-SM interaction of the form
yϕϕf̄f, where f are the SM-like fermions, we have the
radiation energy density as

ρDRðaÞ ¼
y2ϕ
8π

λ
1−wϕ

2ð1þwϕÞα̃nM4
P

�
ρend
M4

P

�3
2
− 1
1þwϕ

�
a

aend

�
−4

×

��
a

aend

�5−9wϕ
2

− 1

�
; ðD1Þ

and

α̃n ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3n3ðn − 1Þ

p
7 − n

M4
P; ðD2Þ

where aend is the scale factor associated with the end of
inflation and λ can be expressed in terms of the amplitude
of the CMB power spectrum As as

λ ≃
18π2As

6n=2N2
e
; ðD3Þ

for the α-attractor potential [168,169] of the form

VðϕÞ ¼ λM4
P

�
tanh

�
ϕffiffiffiffiffiffi

6α
p

MP

��
n

≃ λM4
P ×

(
1; ϕ ≫ MP;�

ϕffiffiffiffi
6α

p
MP

�
n
; ϕ ≪ MP:

ðD4Þ

Here Ne is the number of e-folds measured from the
end of inflation to the time when the pivot scale k⋆ ≃
0.05 Mpc−1 exits the horizon. In our analysis, we consider
logð1010AsÞ ¼ 0.04 [170] and set Ne ¼ 55.
One can find the effective mass of the inflaton which is

defined as the second derivative of the inflaton potential as
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m2
ϕðtÞ ¼ V 00ðϕ0ðtÞÞ ¼ nðn − 1ÞλM2

P

�
ϕ0ðtÞ
MP

�
n−2

: ðD5Þ

Assuming that the oscillation’s time scale is small com-
pared to the decay and redshift time scales, ϕ0ðtÞ captures
the impact of both decay and redshift. The inflaton energy
density ρϕ ¼ hðϕ̇2=2Þ þ VðϕÞi ∼ Vðϕ0Þ can be approxi-
mated by hϕ̇2i ≃ hϕV 0ðϕÞi, that is obtained by averaging
the single oscillation. With that assumption, the expression
for inflaton mass is obtained as

m2
ϕðtÞ ¼ nðn − 1Þλ2

nM2
P

�
ρϕ
M4

P

�n−2
n

: ðD6Þ

Defining the end of reheating (onset of radiation domi-
nation) as ρϕðaRHÞ ¼ ρRðaRHÞ ¼ ρRH one finds

aRH
aend

¼

8>>><
>>>:

�
y2ϕ
8π α̃n

�
λM4

P
ρend

� 1−wϕ
2ð1þwϕÞ

� 2
3ðwϕ−1Þ

; n < 7

�
−

y2ϕ
8π α̃n

�
λM4

P
ρend

� 1−wϕ
2ð1þwϕÞ

� 1
1−3wϕ

; n > 7;

ðD7Þ

that leads to

ρDRH ¼

8>>><
>>>:

�
y2ϕ
8π α̃n

�2ð1þwϕÞ
1−wϕ M; n < 7

�
y2ϕ
8π α̃n

�3ð1þwϕÞ
3wϕ−1 M

3ð1−wϕÞ
2ð3wϕ−1Þρ

5−9wϕ
2ð1−3wϕÞ
end ; n > 7;

ðD8Þ

where M ¼ λM4
P. Now, the radiation energy density at the

end of PBH-driven reheating reads

ρRH ¼ ρRðaevÞ
�
aev
aRH

�
4

≃ ρBHðaevÞ
�
aev
aRH

�
4

; ðD9Þ

while the inflaton energy density reads

ρϕðaRHÞ ¼ ρϕðainÞ
�
ain
aRH

�
3ð1þwϕÞ

: ðD10Þ

Upon substitution of Eq. (32) into Eq. (D9) and comparing
with (D10), one can find

�
aev
aRH

�
4

¼ β
4

3wϕ−1

�
ain
aev

� 12wϕ
1−3wϕ : ðD11Þ

Utilizing the above equation, ρRH can be written as

ρRH ¼ 48π2β
3ð1þwϕÞ
3wϕ−1

�
ϵ

2ð1þ wϕÞπγ3wϕ

� 2
1−3wϕ

�
MP

Min

�6ð1−wϕÞ
1−3wϕ M4

P:

ðD12Þ

Imposing the condition that for yϕ ¼ ycϕ one should have
ρRH ¼ ρDRH, we find

ycϕ ¼

8>>><
>>>:

ffiffiffiffi
8π
α̃n

q
× β

3ð1−wϕÞ
4ð3wϕ−1Þ ×A; n < 7

ffiffiffiffiffiffiffiffiffiffi
− 8πβ

α̃n

q
×
�
ρend
M4

P

� 5−9wϕ
12ð1þwϕÞ × B; n > 7;

ðD13Þ

where A ¼ ð48π2λ Þ
1−wϕ

4ð1þwϕÞE
1−wϕ

2ð1−3wϕÞð1þwϕÞr
3
2

ð1−wϕÞ2
ð1−3wϕÞð1þwϕÞ and B ¼

ð48π2Þ
3wϕ−1
6ð1þwϕÞλ

wϕ−1
4ð1þwϕÞE

− 1
3ð1þwϕÞr

1−wϕ
1þwϕ , with E ¼ ϵγ−3wϕ

2πð1þwϕÞ, r ¼

MP=Min and α̃n ¼ 2ð1þwϕÞ
5−9wϕ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6ð1þwϕÞð1þ3wϕÞ

ð1−wϕÞ2

r
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