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Outline of the talk

_| Motivation :

oﬁser‘va’rional difficulty in the early Universe and introduction to the reheating
phase

Goal:

Discuss the standard background dynamics of reheating: Inflaton reheating
Discuss the background dynamics of reheating with PBHs

Possibilities of PBH reheating

Comparison between monochromatic and the extended mass function
Particle production from a single BH

DM matter production from PBH evaporation

Conclusion




Observational challenges in probing the
early Universe

Our knowledge about the cosmic history of the Universe

Cosmic microwave background Big-Bang Nucleosynthesis
(CMB) (BBN)

Provides evidence for an early Predicts quantities such as

inflationary phase with light-element abundances
< Energy scale ~ 10'6 GeV < Energy scale Eggn ~ 1 MeV

< Duration Ati,r > 10736 Sec < Time scale tsen ~ 1 Sec

“» 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




Why do we need reheating phase?

O The end point of inflation

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

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

O Natural consequence after inflation: fill the
empty space with matter (generate
entropy)

O Reheating!




Schematic diagram of the evolution of the
comoving Hubble radius

\ L (l/a H)

O
3,./?6’
%

“+ We need to understand how the modified expansion history
influences the prediction for cosmological observables.




Reheating phase with different inflaton
uation of state
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Reheating: Possible interaction between inflaton and
radiation (s/f)

¢ s/f

Figure: Fynmann diagram for all possible interactions between inflaton (®) and
radiation (R)
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Perturbative Reheating set ug

3wy Py + PR
3 (py+ Pr)

[ Standard Boltzmann equation for two components: Infaton + Radiation

O The effective equation of state is time-dependent | wesr =

Pot3H (1+wy) potTops(l+wy) =0 |pr+4Hp —Tops(l+ws) =0

QA Initial conditions: pe(A=1)= 3 (¢) ; pr(A=1)=0

5 erd

Q Reheating temperature is identified at the point of | H(t,.) = I}

. , 1/4
0 Reheating temperature : | _ e _ (ﬁ ;(ZT)) (T, Ave, Y14

d From entropy conservation: | 7, - ( 43 ) (anTn) Hyo-Nh =N

g e K

[ Connecting the above equations, one can estimate reheating parameters for a
given initial condition.

D. Maity and P. Saha Phys. Rev. D 98, 103525
Md R. Haque, D. Maity, and P. Saha Phys. Rev. D 102, 083534




Perturbative Reheating: evolution of density
components and EoS parameter
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PBH formation during reheating : possibilities

A 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.

O 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.

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




Primordial Black Hole evaporation
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€ = 209 (Ton)w Compare the evaporation function with the

4. 480 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)




PBH evolution

Dependency on the evolution of the PBHs

1. PBH mass distribution § 2. Formation mass 3. Total energy falls
into BH at the point of

feeu(M) = 0(M — Min) = dmy - | formation

Ptot = P¢ + PR

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



Restriction on the PBH parameters

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

. M3
My, 2 H® pena ~ —2= ~ 1g = Mypin

in ~ e S
en

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

Mz = ﬂf{‘% ) | ; 1 M;, ’
ev = 1 5 108 2

at M2,

Q Allowed mass range for ultralight PBHs : |12 S Min < 10°g

[ Restriction on g : Induced gravitational waves (6Ws) 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
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S. W. Hawking, Commun. Math. Phys. 43, 199 (1975)
G. Dom’ enech, C. Lin, and M. Sasaki, JCAP 04, 062 (2021)




Reheating set up (with PBH)

Q Boltzmann equations :

pp +3H(1 +wy)py = —Typy (1 +wy)

pBH dMphH
Mpy  dt

peH dMgpg
Mpy  dt

pPr+4Hpr = Lppe(l+wy)— 0(t—tin) O(tev—1)

PBH + 3H pru = Q(t — fin) H(tev — t)

Q Friedmann equation: Py + pr+peu = 3H*Mp

dMgn M}

O Mass reduction: e _EM§H

) | [ = M,;, (1 — gt —tin)):

M}
Q Lifetime of the BH: Ieu = 3EM+_3

M. Riajul Haque, E. Kpatcha, D. Maity and Y. Mambrini, [arXiv:2305.10518 [hep-ph]]




Evolution of the energy densities (with and
without PBH)
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PBH reheating ( PBH domination)
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O PBH dominates reheating process
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O Reheating temperature :
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PBH reheating (without PBH domination)

Q Condition for the PBH reheating :
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PBH reheating (Case for the extended mass
distribution)

d PBH number density and energy density :

nen(t) = [ foon(M,0dM,
0

peH(t) / M fpu(M,t)dM
0

[ Conservation of the infinitesimal PBH comoving number density

a’(t)dnsu = a® fepu(M, t)dM = a3 fepu(M;, t;)dM,

A Friedmann Boltzmann equation for different energy components:

o @ [ dM
peu +3Hppn = —5 | ——feeu(M;, t;)dM;
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A. Cheek, L. Heurtier, Y. F. Perez-Gonzalez, and J. Turner, (2022), arXiv:2212.03878 [hep-ph]




Extended Vs monochromatic mass distribution

O Power-law mass function :|fesu(M;,t;) = .
0, otherwise .
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Evolution of the energy densities as a
function of scale factor

Power law mass distribution as a
function of PBH mass

B. J. Carr, Astrophys. J. 201, 1 (1975)
A. Cheek, L. Heurtier, Y. F. Perez-Gonzalez, and J. Turner, (2022), arXiv:2212.03878 [hep-ph]




Inflaton reheating Vs PBH reheating
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Particle production from a single BH

0 The emission rate of a particle of species:

. Mgnu
Rs = Ar M2

O If the mass of the emitting particles less than the BH temperature at its

formation time t .
e [0, T (o
J . dt gt MZ

J 2 =

J

: . toy - : 2
Q For mass m; > Ty ¢ | ymi>Teu _ / dN; _ 15giC(3) Mp Lo (101“(}91?)

g, dt g m m;

O DM relic abundance of the species j today :

ﬂ'h2 — 1.6 x 108 go Nj‘ X HEH(GEV) ey
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Y. Mambrini, Particles in the dark Universe, Springer Ed., ISBN 978-3-030-78139-2 (2021)




DM parameter space: PBH reheating (PBH
domination)
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DM parameter space: PBH reheating Vs Inflaton
reheating
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DM parameter space: PBH reheating Vs
Inflaton reheating
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Conclusion

O We have started our discussion with a brief description of the standard inflaton
reheating.

[ 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 ¢ 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.

d If PBHs dominate the background dynamics (B > pc), the reheating process becomes
insensitive to the inflaton and the PBH fraction p. Therefore, it is the PBH mass Min
that solely controls the DM abundance as well as the reheating temperature TrH.

0 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.
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