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Outline of the talk

Motivation:
Observational difficulty in the early Universe and introduction to the reheating phase

Conclusions

Goal:
v Discuss the standard background dynamics of reheating: perturbative reheating.

v Possibilities of PBH reheating

v Comparison between monochromatic and the extended mass function.

v Particle production from a single BH and dark matter parameter space from evaporating 
      BHs

v Decoding the early universe through Primary Gravitational waves (PGWs)

v Constraining the reheating phase through scalar induced secondary gravitational waves with
       NANOGrav 15-year data. 

v Quantum correction on Hawking evaporation and its effect on dark matter production
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Our knowledge about the cosmic history of the Universe

Cosmic microwave background 
(CMB)

Provides evidence for an early 
inflationary phase with
v Energy scale             GeV
v Duration                           Sec 

Big-Bang Nucleosynthesis 
(BBN)

Predicts quantities such as light-
element abundances
v Energy scale                  MeV
v Time scale                   Sec

v There is a massive gap in terms of energy (and time) scale between the periods of inflation 
and BBN, which is poorly understood from both theory and observation

Observational challenges in probing the early 
Universe
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Why do we need reheating phase?

q The end point of inflation

v The universe is cold, dark, and 
dominated by the homogeneous 
inflaton field.

q How does the Universe 
transition to a the hot, 
thermalized, radiation-
dominated state after inflation, 
which is required for 
nucleosynthesis.

q Reheating!
q Natural consequence after inflation: fill the empty 

space with matter (generate entropy) 
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Schematic diagram of the evolution of the 
comoving Hubble radius

v We need to understand how the modified expansion history influences 
the prediction for cosmological observables.
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Perturbative Reheating: evolution of density components and 
equation of state parameter

v Evolution of the individual density 
components

v Behavior of effective equation of state parameter 
with normalized scale factor                  

v Assuming potential                     , , averaging over one oscillation we have

                   .
                     .          
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Reheating: Some possible interactions between inflaton and  
radiation (s/f)

Figure: Feynmann diagram for all possible interactions between inflaton (Ф) and radiation 
(s/f) 

where, 

M. R. Haque and D. Maity [Phys.Rev.D 107 (2023) 4, 043531].
Y. Mambrini and K. A. Olive [Phys.Rev.D 103 (2021) 11, 115009].
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PBH formation during reheating : possibilities

q The production of PBHs from inflation usually requires the existence of a short period of ultra-slow-
roll that produces a peak in the primordial power spectrum of scalar curvature perturbations.

q Perturbations that were generated during the late inflationary era can get resonantly amplified and 
collapse into black holes before the Universe is reheated. Depending on the reheating temperature, 
the PBH mass fraction can peak at different masses. 

q Bubble collision during phase transition and in principle that can happen during reheating.
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Energy spectrum 

Left: Energy spectrum of the emitting particles. Right: absorption cross-section in high energy limit

A. Cheek, L. Heurtier, Y. F. Perez-Gonzalez and J. Turner, Phys. Rev. D 105 (2022). 
A. Arbey and J. Auffinger, Eur. Phys. J. C 79, 693 (2019). 
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Primordial Black Hole evaporation

q The rate of change of the BH mass :

q The mass-dependent evaporation function.                : 

                                           ,

q Evaporation function for massless 
   particles 

and total evaporation function 

 Compare the evaporation function with the function 
to the to the geometric optics limit

A. Cheek, L. Heurtier, Y. F. Perez-Gonzalez and J. Turner, Phys. Rev. D 105 (2022). 
A. Arbey and J. Auffinger, Eur. Phys. J. C 79, 693 (2019). 
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Evolution of the PBHs

Dependency on the evolution of the PBHs

B. J. Carr and S. W. Hawking, Mon. Not. Roy. Astron. Soc. 168, 399 (1974) 

1. PBH mass distribution 2. Formation mass

v Collapse efficiency : 

3. Total energy falls into 
BH at the point of 
formation
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Restriction on the PBH parameters

S. W. Hawking, Commun. Math. Phys. 43, 199 (1975)
G. Dom`enech, C. Lin, and M. Sasaki, JCAP 04, 062 (2021)

q Minimum allowed PBH mass bounded by the size of the horizon at the end of inflation

q  Maximum allowed mass can be calculated from the PBH mass variation  with respect to time

q Allowed mass range for ultralight PBHs :

q Restriction on    :  Induced gravitational waves (GWs) sourced by the density fluctuation due to the 
inhomogeneities of the PBH distribution is not in conflict with the BBN constraints on the effective 
number of relativistic species 

β
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Reheating set up (with PBH)

M. R. Haque, E. Kpatcha, D. Maity and Y. Mambrini, Phys.Rev.D 108 (2023) 6, 063523. 

q Boltzmann equations :

q Friedmann equation:

q Mass reduction: 

q Lifetime of the BH :                      ,
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Evolution of the energy densities (with and
without PBH)

M. R. Haque, E. Kpatcha, D. Maity and Y. Mambrini, Phys.Rev.D 108 (2023) 6, 063523.

Without PBH With PBH
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PBH reheating ( PBH domination)

M. R. Haque, E. Kpatcha, D. Maity and Y. Mambrini, Phys.Rev.D 108 (2023) 6, 063523.

q Condition for the PBH domination :

q PBH dominates reheating process

q Reheating temperature :

 
                                                           

Evolution of the normalized energy densities as a 
function of scale factor
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PBH reheating (without PBH domination)

M. R. Haque, E. Kpatcha, D. Maity and Y. Mambrini, Phys.Rev.D 108 (2023) 6, 063523.

q Condition for the PBH reheating :

q Reheating temperature :

                                                      
Evolution of the normalized energy densities as a 
function of scale factor



17

PBH reheating (Case for the extended mass 
distribution)

A. Cheek, L. Heurtier, Y. F. Perez-Gonzalez, and J. Turner, (2022), arXiv:2212.03878 [hep-ph].

q PBH number density and energy density :

q Conservation of the infinitesimal PBH comoving number density 

q Friedmann Boltzmann equation for different energy components:



18

Extended Vs monochromatic mass distribution

B. J. Carr, Astrophys. J. 201, 1 (1975).
M. R. Haque, E. Kpatcha, D. Maity and Y. Mambrini, Phys.Rev.D 108 (2023) 6, 063523.

q Power-law  mass function : 

Evolution of the energy densities as a function of 
scale factor

Power law mass distribution as a function of 
PBH mass 
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Inflaton reheating  vs PBH reheating

M. R. Haque, E. Kpatcha, D. Maity and Y. Mambrini, Phys.Rev.D 108 (2023) 6, 063523.

Evolution of the reheating temperature as function 
of β

Reheating temperature as a function of initial 
BH mass 
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Particle production from a single BH

Y. Mambrini, Particles in the dark Universe, Springer Ed., ISBN 978-3-030-78139-2 (2021) 

q The emission rate of a particle of species j :

q If the mass of the emitting particles less than the BH temperature at its formation time 

q For mass                     :

q DM relic abundance of the species j today :
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DM parameter space: PBH reheating (PBH 
domination)

M. R. Haque, E. Kpatcha, D. Maity and Y. Mambrini, Phys.Rev.D 109 (2024) 2, 023521.
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DM parameter space: PBH reheating vs Inflaton reheating

M. R. Haque, E. Kpatcha, D. Maity and Y. Mambrini, Phys.Rev.D 109 (2024) 2, 023521.

(Inflaton reheating)

(PBH reheating)

(Inflaton reheating)

(PBH reheating)

Inflaton reheating PBH reheating

Inflaton reheating PBH reheating
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Decoding the phase of reheating through primary 
gravitational waves

v In the domain 𝑘 ≫ 𝑘𝑟𝑒:

v In the domain 𝑘 ≪ 𝑘𝑟𝑒	:

v Index of this spectrum : 

M. R. Haque, D. Maity, T. Pal and L. Sriramkumar, Phys. Rev. D 104, 063513 (2021).
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The possible probing range of different couplings between 
the inflaton and SM particles and PBH parameters 

considering PGWs

S. Maity, M. R. Haque, arXiv 247.18246..

v Inflaton decays into pair of fermion
 

v Inflaton decays into pair of scalar v Inflaton scattering process

Reheating through evaporation of PBHs



25

Formation of primordial black holes (PBHs) during 
post-inflationary era

G. Franciolini, arXiv:2110.06815 [astro-ph.CO]. 

v A schematic representation of the standard PBH
formation scenario. The green line indicates the
comoving scale of perturbations generated during
inflation responsible for the PBH formation, much
smaller than the CMB scales indicated in blue.

v The amplitude of the perturbations on small
scales required to forms PBHs.
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Formation of the PBHs during reheating

T. Harada, C.-M. Yoo, and K. Kohri, Phys. Rev. D 88, 084051 (2013).

v We assume that the inflationary scalar power spectrum with a broken power law is given by

where     and       are the amplitude and spectral index of the power spectrum at the CMB pivot 
scale of             .

v We shall assume that the threshold value of the density contrast for the formation of PBHs 
is given by following analytical expression 

v Fraction of the dark matter contributed from PBH today

perturbations with significant amplitudes re-enter the Hubble radius, the overdense region
collapses almost instantaneously to form the PBHs. The mass of the PBHs thus produced
turns out to be nearly equivalent to the mass within the Hubble radius at the time of re-
entry. When there occurs a phase of reheating, some of the small-scale modes re-enter the
Hubble radius during reheating. Even in such a situation, as the reheating dynamics can be
described by an e↵ective EoS, the mechanism for the formation of the PBHs proves to be
the same. However, apart from the amplitude of the scalar power spectrum, the e�ciency of
the formation of PBHs during reheating depends on the EoS. We shall focus on the collapse
of the overdense regions due to the large scalar perturbations generated during inflation,
which ensures instantaneous collapse. We should mention that the location of the peak in the
inflationary scalar power spectrum determines the time of re-entry of that scale, and thus the
time of PBH formation. Late-forming PBHs correspond to peaks at smaller wave numbers
and thus lead to PBHs of higher masses. PBHs with mass M < 1015 g would have evaporated
by today due to Hawking radiation. In this work, we shall be interested in PBHs with mass
M > 1015 g, which can contribute to the cold dark matter.

In our analysis, we shall not consider any specific inflationary potential for generating
the scalar power spectrum. Rather, we shall consider an analytical, scalar power spectrum
with a broken power law form. On large scales, we shall assume that the power spectrum is
nearly scale invariant, as is required to fit the CMB data. On small scales, we shall assume
that the power spectrum rises as k4 as it approaches the peak and, beyond the peak, it falls
as kn0 with n0 < 0. We should point out that such power spectra arise in single-field models
of inflation that permit a brief period of ultra slow roll [136]. The complete form of the scalar
power spectrum that we shall work with is given by
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where, in arriving at the final expression, we have assumed that the probability distribu-
tion P (�) is a Gaussian function. During the phase of reheating or the epoch of radiation
domination, the power spectrum, say, P�(k), associated with the density contrast is related to
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post-inflation, for future work. We shall assume that the threshold value of the density
contrast is given by the following analytical expression [160]:

�
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It is important to recognize that di↵erent models for the collapse of PBHs lead to di↵erent
values of �c. In what follows, we shall utilize the above analytical estimate for �c to investigate
the dependence of the number of PBHs formed on the reheating parameters. In due course,
we shall also discuss the e↵ects of the variation of �c.

Let f
PBH

(M) denote the present-day, fractional contribution of PBHs to the density of
cold dark matter, i.e. f

PBH
= ⌦
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/⌦c. Note that the energy density of PBHs ⇢
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varies as a
�3 whereas, during reheating, the energy density of the background behaves as
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�3 (1+wre). Therefore, during reheating, ⇢
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3wre . In contrast, during the
epoch of radiation domination which follows reheating, since total energy density varies as
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�4, we find that ⇢
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/⇢total / a. Thus, one can express f

PBH
(M) corresponding to mode k

as

f
PBH

(k) =
�(k)

0.42

✓
k

kre

◆ 6wre

1+3wre

✓
aeq

are

◆
=

�(M)

0.42

✓
k

kre

◆ 6wre

1+3wre

✓
gs,re

gs,eq

◆1/3
Tre

Teq
, (2.15)

where we have set ⌦eq
c = 0.42. From Eqs. (2.13) and (2.15), we can see that both the mass of

PBHs and their abundance depend on Tre and wre. After some algebra, it can be shown that
the quantity f

PBH
(M) can be expressed as follows:
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In Fig. 1, assuming specific values of the parameters A0 and n0 that describe the
inflationary scalar power spectrum, we have illustrated the behavior of f

PBH
(M) for a range

of values of the parameters kpeak, Tre and wre. In the left panel of the figure, assuming
Tre = 50MeV, we have plotted the quantity f

PBH
(M) for values of kpeak that lie in the range

1012 < kpeak < 1013Mpc�1. In the panel, we have also plotted the quantity for three values of
wre, viz. wre = (1/9, 1/3, 2/3). We find that the corresponding slopes of the peaks of f

PBH
(M)

behave as �1/5, �1/2, and �4/5, as suggested by Eq. (2.16). In the middle panel, assuming
kpeak = 1012Mpc�1, we have illustrated the behavior of f

PBH
(M) for di↵erent values of Tre,

with wre set to 1/9 and 2/3. On combining Eqs. (2.13) and (2.16), we can see that, as Tre

is changed, for wre < 1/3, f
PBH

(M) behaves as M , whereas, for wre > 1/3, it varies as M�1,
a point which is also evident from the middle panel. (Though, we should clarify that there
is a slight deviation from such behavior due to the temperature-dependent coe�cients gre

and gs,re.) In the right panel of the figure, assuming kpeak = 1013Mpc�1 and Tre = 50MeV,
we have plotted f

PBH
(M) for six di↵erent values of wre, ranging from 0.1 to 0.7. It is clear

that the maximum value of f
PBH

(M) is the lowest when wre = 1/3 and it increases as we
move away from wre = 1/3. In the figure, apart from f

PBH
(M) we have calculated, we have

indicated the current observational constraints on the quantity. The constraints that we
have included are from the extragalactic gamma-ray background (EGB) [162, 163], from the
CMB [164, 165], and from the microlensing searches by Subaru (HSC) [166, 167] as well as
Kepler (K) [168]. We should clarify that these constraints have been arrived at assuming
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Formation of the PBHs during reheating

v           is plotted as a function of             .  For the left plot we fix                                       and for 
the middle plot we fix                               . For right panel T𝑟𝑒 = 50 MeV.

S. Maity, N. Bhaumik, M. R. Haque, D. Maity and L. Sriramkumar, arXiv 2403.16963.
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Generation of scalar induced secondary GWs during the 
epoch of reheating

The dimensionless spectral energy density of primary and secondary GWs today  have been plotted 
for a given reheating temperature and different values of the parameter describing the equation of 
state during reheating

S. Maity, N. Bhaumik, M. R. Haque, D. Maity and L. Sriramkumar, arXiv 2403.16963.
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Best-fit values

S. Maity, N. Bhaumik, M. R. Haque, D. Maity and L. Sriramkumar, arXiv 2403.16963.

The best-fit values arrived upon comparison with the NANOGrav 15-year data. 

NANOGrav 15-year data and the stochastic GW background Generation of PBHs and secondary GWs during reheating

Best-fit values

The best-fit values arrived at upon comparison with the NANOGrav 15-year data.
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Constraints on the epoch of reheating

S. Maity, N. Bhaumik, M. R. Haque, D. Maity and L. Sriramkumar, arXiv 2403.16963.

v we have plotted the marginalized posterior distributions of the parameters that have been arrived at 
upon comparing our model with the NANOGrav 15-year data. 
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Constraints on the parameters in the models R3pB (on the left) and R2pB (on the right),
arrived at upon comparison with the NANOGrav 15-year data28.

28S. Maity, N. Bhaumik, Md. R. Haque, D. Maity and L. Sriramkumar, in preparation.
L. Sriramkumar (CSGC, IIT Madras, Chennai, India) Decoding the physics of the early universe through GWs March 19, 2024 36 / 58



31

Spectrum of the secondary GWs and the formation of the
PBHs with the best-fit values

S. Maity, N. Bhaumik, M. R. Haque, D. Maity and L. Sriramkumar, arXiv 2403.16963.

v The dimensionless spectral energy 
density of the secondary GWs today ΩGW
(f ) is plotted for a given reheating 
temperature and the best-fit values of the 
parameters in the different models. 
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29S. Maity, N. Bhaumik, Md. R. Haque, D. Maity and L. Sriramkumar, in preparation.
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Bayesian evidence

S. Maity, N. Bhaumik, M. R. Haque, D. Maity and L. Sriramkumar, arXiv 2403.16963.

v We obtain the marginalized likelihood in support of model Y and utilize it to evaluate the
Bayesian factor against a reference model X.

v When δc = δcan and δc = 1.5 δcan, our comparison with the NANOGrav’s 15-year data finds strong
Bayesian evidence in favor of the scenario wherein PBHs are formed during reheating, resulting
in the generation of secondary GWs rather than the SMBHB model.
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Bayesian evidence

The Bayesian factors BFY,X for the model R2pB that invokes primordial physics as the
source of the stochastic GW background observed by the NANOGrav 15-year data, when
compared to the astrophysical SMBHB model.

Bayesian factors BFY,X that far exceed unity indicate strong evidence for the model Y with
respect to the model X.

Clearly, when �c = �
an
c and �c = 1.5 �

an
c , the NANOGrav 15-year data strongly favors the

model R2pB when compared to the SMBHM model.
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Quantum correction on the evaporation of PBHs

A. Alexandre, G. Dvali, and E. Koutsangelas, arXiv:2402.14069. 
M. R. Haque, S. Maity, D. Maity, and Y. Mambrini, JCAP 07 (2024) 002. 

q During phase-I (standard Hawking evaporation) 

q During phase-II (Memory burden phase)

Figure 1. Evolution of the mass of the PBH as a function of time for di↵erent values of k are plotted
here. In the left plot, we have chosen Min = 1 g, and in the right plot, we have chosen Min = 105 g
and q is set to the value q = 1/2. We have chosen four values of k, where k = 0, 1, 3, and 5 are plotted
in dotted, dot-dashed, dashed, and solid lines, respectively. We have taken the maximum value of time
to be the current age of the universe, t ⇠ 4⇥ 1017 sec. We see the lifetime of a PBH increases with k.

We now consider a special type of correction to the evaporation process proposed in
[50]. Such correction is called the memory burden’s e↵ect, which essentially suggests that the
quantum modes associated with the entropic degrees of freedom of a black hole necessarily
have a strong backreaction e↵ect on its own evaporation process. Therefore, the initial
semiclassical Hawking evaporation will no longer be valid after a certain time scale. For the
purpose of our analysis, we can suppose that the semiclassical regime is valid until the mass
of the PBH reaches a certain value, i.e. MBH = qMin, with 0 < q < 1. The authors of [51, 52]
proposed that the quantum e↵ects begin to be important when MBH = (1/2)Min, or q = 1/2.
However, such value is subjected to the detailed quantum mechanical modeling of a black hole.
To keep our study as general as possible, let tq be the time at the end of the semiclassical
phase. Then, from Eq. (2.3) we obtain

tq =
1� q

3

�0

BH

, (2.7)

where �0

BH
is defined before. In the above equation, with the substitution of q = 0, one shall

recover the full evaporation time, tev. Once the mass of the PBH reaches qMin, at tq, the
quantum memory e↵ect starts dominating. Upon parameterizing the memory burden e↵ect
in the second phase, the evolution of the mass which is given in Eq. (2.2) modifies to3

dMBH

dt
= � ✏

[S(MBH)]
k

M
4

P

M
2

BH

, (2.8)

where S(MBH) is the BH entropy defined in Eq. (2.1). The parameter k characterizes the
e�ciency of the backreaction e↵ect. So far, we do not have any theoretical constraints on the
value of the power k except for its probably being a positive number. For our present purpose,
we would take it to be an integer. We can understand the quantum e↵ect as a slowdown of

3
Note that MBH being almost constant during the evaporation process, S(MBH) ⇠ S(Min), which corre-

sponds to the approximation made in [52], and which we will apply for our numerical analysis.
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where MP = 1/
p
8⇡GN ' 2.4⇥ 1018 GeV is the reduced Planck mass. If we consider that

the evaporation happens by purely Hawking radiation then the rate of change of mass at any
point is [20]

dMBH

dt
= �✏

M
4

P

M
2

BH

, (2.2)

where ✏ = 27

4

⇡g⇤(TBH)

480
, with g⇤(TBH) being the number of degrees of freedom associated with

the PBH temperature. The factor 27/4 accounts for the graybody factor1 [70], and the
negative sign on the right-hand side is since the PBH mass decreases with time due to the
evaporation. We shall note that the accretion e↵ect is negligible here.

After integrating Eq. (2.2) from the time of the formation of PBH, tin to the time t, we
find the PBH mass at t is given by

MBH(t) = Min

⇥
1� �0

BH
(t� tin)

⇤1/3
, (2.3)

where Min is the initial mass of the PBH, which is related to the horizon size at the time of
formation,

Min =
4

3
⇡�⇢inH

�3

in
= 4⇡�M2

P /Hin , (2.4)

where we assume the formation of PBHs in a radiation-dominated universe, so H
2

in
=

⇢R(ain)/(3M2

P ), and ⇢R(ain) is the background radiation energy density and can be connected
with the formation temperature Tin, ⇢R(ain) = ↵T

4

in
with ↵ = ⇡

2
g⇤/30. Here, g⇤ is the

relativistic degrees of freedom associated with the thermal bath, which we assume g⇤ = 106.75.
In Eq. (2.4), � represents the e�ciency factor for collapse, which defines what fraction of
the total mass inside the Hubble radius collapses to form PBHs. For standard radiation
domination, � ⇠ 0.2 [1]. The time of the PBH formation can be related to the formation
mass of the PBH as tin = Min/(8⇡�M2

P ), where we have considered a radiation-dominated
Universe, H(t) = 1/(2t). The quantity �0

BH
= 3✏M4

P /M
3

in
is the decay width associated with

the evaporation of PBH. Note that the evolution of the PBH mass described by Eq. (2.3)
is really abrupt, hence Stephen Hawking’s own description of it as an ‘explosion’. The
mass of the PBH MBH(t) remains almost constant MBH ⇠ Min during the whole process of
evaporation, and then the PBH rapidly decays at t = tev.

We find the lifetime, tev of the PBH by solving MBH(tev) = 0 in Eq. (2.3)

tev =
1

�0

BH

=
M

3

in

3✏M4

P

' 2.4⇥ 10�28

✓
Min

1 g

◆
3

s , (2.5)

where we supposed tev � tin. During radiation domination, the Hubble parameter is related
to the radiation temperature as H =

p
↵
3

T 2

MP
. One can then connect time and temperature

during the radiation era as

t =
1

2

r
3

↵

MP

T 2
. (2.6)

From Eq. (2.5), we recover that PBHs of mass & 1015 grams should not have decayed yet,
whereas PBHs of mass below . 109 grams should have decayed before the BBN epoch, or
equivalently, before 1 second2.

1
For instance, a more thorough formulation for the greybody factor can be found in Refs. [34, 68, 69].

2
Note that all the above conclusions are under the assumption that the PBHs radiate particles in a

self-similar semiclassical process until their end of life.

– 3 –

Figure 1. Evolution of the mass of the PBH as a function of time for di↵erent values of k are plotted
here. In the left plot, we have chosen Min = 1 g, and in the right plot, we have chosen Min = 105 g
and q is set to the value q = 1/2. We have chosen four values of k, where k = 0, 1, 3, and 5 are plotted
in dotted, dot-dashed, dashed, and solid lines, respectively. We have taken the maximum value of time
to be the current age of the universe, t ⇠ 4⇥ 1017 sec. We see the lifetime of a PBH increases with k.

We now consider a special type of correction to the evaporation process proposed in
[50]. Such correction is called the memory burden’s e↵ect, which essentially suggests that the
quantum modes associated with the entropic degrees of freedom of a black hole necessarily
have a strong backreaction e↵ect on its own evaporation process. Therefore, the initial
semiclassical Hawking evaporation will no longer be valid after a certain time scale. For the
purpose of our analysis, we can suppose that the semiclassical regime is valid until the mass
of the PBH reaches a certain value, i.e. MBH = qMin, with 0 < q < 1. The authors of [51, 52]
proposed that the quantum e↵ects begin to be important when MBH = (1/2)Min, or q = 1/2.
However, such value is subjected to the detailed quantum mechanical modeling of a black hole.
To keep our study as general as possible, let tq be the time at the end of the semiclassical
phase. Then, from Eq. (2.3) we obtain

tq =
1� q

3

�0

BH

, (2.7)

where �0

BH
is defined before. In the above equation, with the substitution of q = 0, one shall

recover the full evaporation time, tev. Once the mass of the PBH reaches qMin, at tq, the
quantum memory e↵ect starts dominating. Upon parameterizing the memory burden e↵ect
in the second phase, the evolution of the mass which is given in Eq. (2.2) modifies to3

dMBH

dt
= � ✏

[S(MBH)]
k

M
4

P

M
2

BH

, (2.8)

where S(MBH) is the BH entropy defined in Eq. (2.1). The parameter k characterizes the
e�ciency of the backreaction e↵ect. So far, we do not have any theoretical constraints on the
value of the power k except for its probably being a positive number. For our present purpose,
we would take it to be an integer. We can understand the quantum e↵ect as a slowdown of

3
Note that MBH being almost constant during the evaporation process, S(MBH) ⇠ S(Min), which corre-

sponds to the approximation made in [52], and which we will apply for our numerical analysis.
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could be fundamental particles produced through the evaporation process. Such inclusion and
its implicit dependence on the enhanced BHs lifetime are, therefore, expected to alter the
existing constraints [42, 48] on particle DM and PBH parameter space significantly, which is
the subject of our study.

At this point, we shall mention that there are several potential mechanisms through which
PBHs can form. The mechanism includes the collapse of the enhanced density perturbations
that originated during inflation [15, 19, 53–57], bubble collisions [58], collapse of domain
walls [59, 60], collapse of cosmic strings [61, 62], electroweak phase transition [63], first-order
phase transitions [64, 65], and formation of other topological defects [66, 67]. In this work, we
will not focus on the details of how the PBHs are formed. Rather, our discussion spans around
the evolution, especially the evaporation of the PBHs and the e↵ects of memory burden on
the process.

The paper is organized as follows. In section 2, we discuss the evolution of PBH mass
when the memory e↵ect is active after a certain fraction of the initial mass of the PBH
remains due to Hawking evaporation. In section 3, we analyze the e↵ects of the memory
burden on the DM that is produced due to the evaporation of PBHs. We shall distinguish
two di↵erent scenarios in this context. In section 3.2, we consider the mass range of PBHs
that evaporates before BBN completely, whereas in section 3.3, we look at the case where the
initial phase of evaporation happens before BBN while the PBHs are stable till present day.
We then conclude in section 4.

Before we begin, let us list out the main notations that we will be using throughout our
analysis:

Notations about scale factor and time

ain, tin : Scale factor and time at the PBH formation

aq, tq : Scale factor and time at the onset of memory burden

aBH, tBH : Scale factor and time at PBH domination

aev, tev : Scale factor and time at the PBH evaporation

aBBN, tBBN : Scale factor and time at BBN

2 Mass evolution of PBHs due to evaporation an the e↵ects of memory

burden

As a first step, we need to study the evaporation process of the black hole in detail, taking
into account the memory burden e↵ects (for a detailed discussion see Refs. [50–52]). After
the formation, PBH energy density ⇢BH = nBHMBH is mostly governed by two quantities:
the PBH number density, nBH which decreases as the universe expands as nBH ⇠ a

�3 (a
be the scale factor), and the mass of PBHs MBH, which changes due to the mechanisms of
evaporation and accretion. We shall first present a brief summary of the evaporation process
in the semiclassical approximation before considering the quantum e↵ect. The Hawking
temperature, TBH and entropy, S associated with a PBH with mass MBH are given by

TBH =
M

2

P

MBH

, S =
1

2

✓
MBH

MP

◆
2

=
1

2

✓
MP

TBH

◆
2

, (2.1)
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Figure 2. Di↵erent limits on the formation mass as a function of k are plotted here. The red line
represents the Min above which the half-life of PBH will be after BBN. The region above the blue
line represents Min for the stable PBHs today. The region below the magenta line represents Min for
the PBHs that evaporated before BBN. The black line corresponds to the minimum allowed value of
the formation mass, Min calculated from the maximum allowed value of the inflationary energy scale
Hinf ⇠ 5⇥ 1013 GeV, set by the upper bound of the tensor-to scalar ratio r < 0.036 from CMB data
[71]. The orange and the green shaded regions are the constraints from the Extragalactic � rays and
CMB anisotropies, respectively, on sable PBHs where PBHs cannot be total dark matter relic observed
today, which indicates f

PBH
< 1, f

PBH
being the ratio between the PBH and the dark matter energy

density calculated today (see the text for details). For the restriction from Extragalactic � rays and
CMB anisotropies, we use Ref. [52].

the decay due to an excess of entropy, produced by its evaporation, surrounding the PBH.
After integrating Eq. (2.8) we obtain

MBH = qMin

h
1� �k

BH
(t� tq)

i 1

3+2k
, with �k

BH
= 2k(3 + 2k) ✏MP

✓
MP

qMin

◆
3+2k

. (2.9)

From Eq. (2.9), we obtain that the second phase of evaporation will occur for a time
⇠ 1/�k

BH
. Hence, the total evaporation time is given by t

k
ev = tq + 1/�k

BH
' 1/�k

BH
. It is

straightforward to see that for k = 0 and q = 1, tkev will be equal to as given in Eq. (2.5).
Also for k > 0, we have t

k
ev � tev (for a detailed discussion see Ref. [51]) and we obtain

t
k
ev ' q

3+2k

2k(3 + 2k)

✓
Min

4.3⇥ 10�6 g

◆
3+2k

5.7⇥ 10�44 s , (2.10)

which gives, for instance, for k = 1 and q = 1/2

t
k=1

ev ' 1.2⇥ 10�19

✓
Min

1 g

◆
5

s ' 4⇥ 1017
✓

Min

2⇥ 107 g

◆
5

s . (2.11)

We then conclude that even in the minimal k = 1 case, a PBH of only 2 ⇥ 107 grams can
survive until the present time and contribute to the DM relic abundance. To illustrate our
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Figure 1. Evolution of the mass of the PBH as a function of time for di↵erent values of k are plotted
here. In the left plot, we have chosen Min = 1 g, and in the right plot, we have chosen Min = 105 g
and q is set to the value q = 1/2. We have chosen four values of k, where k = 0, 1, 3, and 5 are plotted
in dotted, dot-dashed, dashed, and solid lines, respectively. We have taken the maximum value of time
to be the current age of the universe, t ⇠ 4⇥ 1017 sec. We see the lifetime of a PBH increases with k.

We now consider a special type of correction to the evaporation process proposed in
[50]. Such correction is called the memory burden’s e↵ect, which essentially suggests that the
quantum modes associated with the entropic degrees of freedom of a black hole necessarily
have a strong backreaction e↵ect on its own evaporation process. Therefore, the initial
semiclassical Hawking evaporation will no longer be valid after a certain time scale. For the
purpose of our analysis, we can suppose that the semiclassical regime is valid until the mass
of the PBH reaches a certain value, i.e. MBH = qMin, with 0 < q < 1. The authors of [51, 52]
proposed that the quantum e↵ects begin to be important when MBH = (1/2)Min, or q = 1/2.
However, such value is subjected to the detailed quantum mechanical modeling of a black hole.
To keep our study as general as possible, let tq be the time at the end of the semiclassical
phase. Then, from Eq. (2.3) we obtain

tq =
1� q

3

�0

BH

, (2.7)

where �0

BH
is defined before. In the above equation, with the substitution of q = 0, one shall

recover the full evaporation time, tev. Once the mass of the PBH reaches qMin, at tq, the
quantum memory e↵ect starts dominating. Upon parameterizing the memory burden e↵ect
in the second phase, the evolution of the mass which is given in Eq. (2.2) modifies to3

dMBH

dt
= � ✏

[S(MBH)]
k

M
4

P

M
2

BH

, (2.8)

where S(MBH) is the BH entropy defined in Eq. (2.1). The parameter k characterizes the
e�ciency of the backreaction e↵ect. So far, we do not have any theoretical constraints on the
value of the power k except for its probably being a positive number. For our present purpose,
we would take it to be an integer. We can understand the quantum e↵ect as a slowdown of

3
Note that MBH being almost constant during the evaporation process, S(MBH) ⇠ S(Min), which corre-

sponds to the approximation made in [52], and which we will apply for our numerical analysis.
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Limits on the ultralight PBHs

M. R. Haque, S. Maity, D. Maity, and Y. Mambrini, JCAP 07 (2024) 002. 
V. Thoss, A. Burkert, and K. Kohri, arXiv:2402.17823. 

v Different limits on the formation mass
as a function of k are plotted here.
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Modified DM parameter space for evaporating PBHs 
in the PBH dominance scenario

M. R. Haque, S. Maity, D. Maity, and Y. Mambrini, JCAP 07 (2024) 002. 

The value of the dark matter mass is plotted here as a function of the formation mass of PBHs for the 
case where the evaporation happens during PBH domination.

Figure 4. The value of the dark matter mass is plotted here as a function of the formation mass of
PBHs for the case where the evaporation happens during PBH domination, i.e., � > �c. The black
lines represent the minimum mass possible for PBHs calculated considering the maximum energy scale
of inflation. The shaded regions correspond to dark matter overproduction, ⌦j h

2
> 0.12. The vertical

dashed lines represent the maximum Min values allowed to be consistent with the BBN bound. Left

panel: We have chosen q = 1/2 and plotted for three di↵erent values of k = 0, 1, and 2, shown in
blue, green, and magenta, respectively. Right panel: We have chosen k = 0 and plotted for three
di↵erent values of q = 0.1, 0.5, and 0.9, illustrated in blue, green, and magenta, respectively.
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Since PBH decay happens in a matter-dominated universe, H(tev) = 2/(3 tev).
From Eq. (3.19), using ⇢BH(aev) = ⇢R(aev) ' nBH(aev)⇥qMin, we have the PBH number

density at the evaporation point

nBH(aev) =
4

3
M

3

P (3 + 2k)222k✏2
✓

MP

qMin

◆
7+4k

. (3.21)

Combining Eq. (3.18) with Eqs. (3.20) and (3.21), writing nj = nBH ⇥ Nj , we obtain for
mj < T

in

BH
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2
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⇠ gj
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. (3.22)

Doing the same exercise for mj > T
in

BH
, Eq. (3.11) gives

⌦jh
2

0.12
= 1.64⇥ 1043 ⇠ gj

⇣
2k(3 + 2k)

⌘
1/2

✓
MP

qMin

◆ 2k+5

2 GeV

mj
. (3.23)

We show in Fig. 4 the exclusion parameter due to an overabundance of dark matter
in the shaded regions, for di↵erent values of k and q = 1/2 (on the left) or k = 1 and
di↵erent values of q (on the right). We easily recognize the two allowed regions, for light
masses, corresponding to mj . T

in

BH
, Eq. (3.22), and for large mass, when the time of allowed

decay (when TBH reaches mj) is su�ciently short to avoid the overproduction of dark matter,
Eq. (3.23). The allowed region widens for larger values of k. This is easily understandable by
the fact that the memory burden e↵ect extends the lifetime of PBH, diluting them further
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Figure 4. The value of the dark matter mass is plotted here as a function of the formation mass of
PBHs for the case where the evaporation happens during PBH domination, i.e., � > �c. The black
lines represent the minimum mass possible for PBHs calculated considering the maximum energy scale
of inflation. The shaded regions correspond to dark matter overproduction, ⌦j h

2
> 0.12. The vertical

dashed lines represent the maximum Min values allowed to be consistent with the BBN bound. Left

panel: We have chosen q = 1/2 and plotted for three di↵erent values of k = 0, 1, and 2, shown in
blue, green, and magenta, respectively. Right panel: We have chosen k = 0 and plotted for three
di↵erent values of q = 0.1, 0.5, and 0.9, illustrated in blue, green, and magenta, respectively.
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Since PBH decay happens in a matter-dominated universe, H(tev) = 2/(3 tev).
From Eq. (3.19), using ⇢BH(aev) = ⇢R(aev) ' nBH(aev)⇥qMin, we have the PBH number
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in the shaded regions, for di↵erent values of k and q = 1/2 (on the left) or k = 1 and
di↵erent values of q (on the right). We easily recognize the two allowed regions, for light
masses, corresponding to mj . T
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, Eq. (3.22), and for large mass, when the time of allowed

decay (when TBH reaches mj) is su�ciently short to avoid the overproduction of dark matter,
Eq. (3.23). The allowed region widens for larger values of k. This is easily understandable by
the fact that the memory burden e↵ect extends the lifetime of PBH, diluting them further
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v The critical values of β corresponding to the total dark matter density are plotted in brown as a
function of PBH mass when the dark matter is emitted from the evaporation of PBHs before BBN.
The black dashed lines correspond to the critical β when the stable PBHs contribute to the total dark
matter energy density.

mj [GeV]

10
6

10
9

10
12

100 105 108

10-21

10-19

10-17

10-15

10-13

10-11

Min/g

β
k=0

C
M

B

BB
N

mj [GeV]

10
6

10
9

10
12

100 105 108

10-20

10-16

10-12

Min/g

β

k=1, q=
1

2

C
M

B

BB
N

mj [GeV]

10
6

10
9

10
12

100 105 108

10-21

10-18

10-15

Min/g

β

k=2, q=
1

2

C
M

B

BB
N

mj [GeV]

10
9

10
12

100 105 108

10-23

10-21

10-19

10-17

Min/g

β

k=3, q=
1

2

C
M

B

BB
N



37

Dark matter from the stable PBHs with Hawking 
evaporation (phase-I) before BBN 

M. R. Haque, S. Maity, D. Maity, and Y. Mambrini, JCAP 07 (2024) 002. 

Dark matter mass as a function of the PBH mass taking into account the contribution from both the 
evaporation product and the stable PBHs. 

Figure 6. The critical values of � corresponding to the total dark matter density are plotted in brown
as a function of PBH mass when the dark matter is emitted from the evaporation of PBHs before BBN.
We have chosen three di↵erent values of dark matter mass, where mj = 106 GeV, 109 GeV, and 1012

GeV are plotted in solid, dashed, and dotted lines, respectively. The black dashed lines correspond to the
critical � when the stable PBHs contribute to the total dark matter energy density. The black-shaded
region is excluded from the minimum PBH mass possible, corresponding to the highest energy scale of
inflation. The red-shaded region indicates the PBH masses whose phase-I of evaporation ends after
BBN. The blue regions correspond to the masses for which PBHs evaporate after BBN. The green and
orange shaded regions are constraints coming from CMB and extragalactic �-rays where f

PBH
< 1.

Note that the quantity on the left side is also described as f
PBH

= ⌦PBH h
2
/0.12, which is

the fraction of total dark matter that comes from stable PBHs today. Finally, the total dark
matter relic would be the sum of the contribution from evaporation in phase-I, Eq. (3.33) and
from the sable PBHs which acts as dark matter, (3.37), which gives
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q +Nj
mj
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�
, (3.38)

which is the key equation of our paper. It summarizes the amount of dark components due to
stable PBH and its dark products. We expect domination of the dark products for small Min,
whereas PBH relics dominates for larger Min.

Indeed, to summarize, we show for comparison in Fig. 6 the parameter space allowed
by the relic abundance constraint in the plane (Min, �), in three cases : without taking into
account the burden e↵ect (k = 0), and with burden e↵ect for k = 1, 2 and 3 for q = 1/2 and
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where gq is the e↵ective number of degrees of freedom for the entropy at the end of phase-I,
which we assume has the same value4 as gev. The ratio nj(aq)/T 3(aq) is given by5
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nBH(ain)
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, (3.31)

where Tin is the radiation temperature at the point of formation, and we supposed the Universe
is radiation-dominated during the semiclassical phase (� < �c). Following Eq. (2.4) we have
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Now, upon substitution of Eqs. (3.31) and (3.32) into (3.30), the final expression for DM relic
from evaporation
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Where the total number of particles emitted per PBHs from phase-I, are given by Eqs. (3.6)
and (3.9)
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We then need to consider the contribution from stable PBHs. Their relic abundance can
be written as
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. (3.35)

Connecting the end of phase-I with the formation point, one can find the ratio

⇢BH(aq)

T 3(aq)
=

q ⇢BH(ain)

T 3(ain)
= q � ↵Tin , (3.36)

where we assumed that the relativistic degrees of freedom associated with radiation at the
point of formation and at the end of the semiclassical phase are the same. Finally, combining
Eq. (3.32) with Eq. (3.36), and substituting into Eq. (3.35), we obtain the density of stable
PBHs to be
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4
Generalization for any gq is straightforward.

5
We supposed here � < �c as when stable PBHs contribute to the entire dark matter, PBH domination

starts roughly at the standard radiation-matter equality.
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Conclusions

q  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. If PBHs dominate the 
background dynamics (β > βc), the reheating process becomes insensitive to the inflaton and the PBH 
fraction β. Therefore, it is the PBH mass Min that solely controls the DM abundance as well as the 
reheating temperature TRH. 

q We discuss in detail the reheating and DM parameter space in the background of the reheating phase 
dynamically obtained from two chief systems in the early Universe: the inflaton ϕ and the primordial black 
holes. The DM is assumed to be produced purely gravitationally from the PBH decay, not interacting with 
the thermal bath and the inflaton. 

q The observations by the PTAs and their possible implications for the stochastic GW background offer a 
wonderful opportunity to understand the physics operating over a wider range of scales in the early 
universe. 

q We compute the relic abundance of dark matter in the presence of Primordial Black Holes (PBHs) beyond
the semiclassical approximation, which is assumed to suppress the black hole evaporation rate by the
inverse power of its own entropy. We, include the possibility of populating the dark sector by the decay of
PBHs to those fundamental particles, adding the contribution to stable PBH whose lifetime is extended due
to the quantum corrections.
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