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• B / L  violation. 
• C and CP violation. 
• Departure from equilibrium.

How to generate?

Sakharov conditions:
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• B / L  violation. 
• C and CP violation. 
• Departure from equilibrium.

How to generate?

Decay of right handed neutrinos

MNi
Nc

i Ni − yij
N Ni H̃ † Lj

Around T~ MN

Sakharov conditions: Baryogenesis through 
leptogenesis:

ϵΔL ≠ 0

Sphalerons

ηB
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1. How to test?
2. Non-thermal ?

MN ≳ 109 GeV
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Gravity-only ? ⟹ PBH?

Reheating 
dynamics, 
gravitational 
waves……..



• PBH-induced reheating and leptogenesis. 

• Graviton mediated leptogenesis. 

• Imprints on primordial gravitational waves. 

• Summary & Outlook.

Outline of the talk
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Collapse of cosmic 
string loops

PBH mass at formation :

Black hole temperature :

 Initial PBH fraction :
Hawking evaporation :

Collapse of large 
inhomogeneities

Bubble collisions etc e
tc..

.

mass enclosed in horizon
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The tale of Primordial Black Holes…

PBH evanescence :
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Ultralight PBHs  109 g≲

May dominate before evaporating
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Particles produced from PBH: Baryon asymmetry:

YB(T0) =
nB

s Tev

= 𝒩N1
ϵΔL asph

nBH(Tev)
s(Tev)

(Talk by Dan)

CP asymmetry
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PBH formation & evaporation during the reheating era ?

V(ϕ) ∝ ϕn

w(ϕ) =
n − 2
n + 2

Min =
4
3

π γ H−3
in ρϕ(ain)

Inflaton energy density
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PBH domination: β > βc ≃ (7.6 × 10−6)
4wϕ

1 + wϕ ( 1 g
Min )

4wϕ
1 + wϕ

depends on the inflaton 
background

Suruj, Institute for Basic Science, S. Korea NEHOP 20248



23

PBH domination: β > βc ≃ (7.6 × 10−6)
4wϕ

1 + wϕ ( 1 g
Min )

4wϕ
1 + wϕ

depends on the inflaton 
background

Reheating from PBH?

Case 1: β > βc

ρϕ = ρend ( aend

a )
6n

n + 2

PBH can dominate for n > 2

TRH = Tev

ρR

ρBH

ρϕ
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n = 6 , yϕ = 10-10, β = 10-5, min = 1 g
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Leptogenesis, Case I
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Case 2: β < βc

PBH can reheat if: 
 a) Inflaton coupling is small enough, 
 b) .wϕ > 1/3

ρR

ρBH

ρϕ
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TRH ≃ (48π2)1/4 β
3 (1 + wϕ)
4(3 wϕ − 1) ( ϵ

2 (1 + wϕ) π γ3 wϕ )
2

4(1 − 3 wϕ)

( MP

Min )
6 (1 − wϕ)

4(1 − 3 wϕ)

MP .
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β = 10-10

n = 6
n = 8

TBH =M
N1

in
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β < βc , n = 6

β = 5×10-9

β = 10-10

TBH =M
N1
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Leptogenesis, Case II
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Graviton mediated scattering?

�

�

Ni

Ni

Tµ⌫
Ni

MP

Tµ⌫
�

MP
hµ⌫

−g ℒint = −
1

MP
hμν (Tμν

SM + Tμν
ϕ + Tμν

X )
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Graviton mediated scattering?

�

�

Ni

Ni

Tµ⌫
Ni

MP

Tµ⌫
�

MP
hµ⌫

−g ℒint = −
1

MP
hμν (Tμν

SM + Tμν
ϕ + Tμν

X )

dnNi

dt
+ 3 H nNi

= Rϕn

Ni

ρ2
ϕ

4πM4
P

M2
Ni

m2
ϕProduction of  :N1
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Graviton mediated scattering?

�

�

Ni

Ni

Tµ⌫
Ni

MP

Tµ⌫
�

MP
hµ⌫

−g ℒint = −
1

MP
hμν (Tμν

SM + Tμν
ϕ + Tμν

X )

dnNi

dt
+ 3 H nNi

= Rϕn

Ni

nN1
(aRH)

β<βc

∝
M2

N1
3 (n + 2) ρ

1
2 + 2

n
RH

24 π n(n − 1)λ 2
n M1+ 8

n
P

( ρend

ρRH )
1
n

ρ2
ϕ

4πM4
P

M2
Ni

m2
ϕProduction of  :N1

Gets diluted because of PBH domination
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Case I:

Case II:



β = 10-10

β = 5×10-9
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n = 6
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mϕ = MN1

n = 6

n = 8
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Opens up larger PBH mass window for Case 2  
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Sourced by tensor perturbations

For single-field slow roll inflation models: nT = − r/8 ≃ 0 ⟹

Transfer function

Constrained from CMB

Primordial Gravitational waves from Inflation

(too faint and scale-invariant...)
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Sourced by tensor perturbations

For single-field slow roll inflation models: nT = − r/8 ≃ 0 ⟹

Transfer function

Constrained from CMB

Primordial Gravitational waves from Inflation

(too faint and scale-invariant...)
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The Cosmic History
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Case I Case II



ΔNeff boundsLIGO-VIRGO
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Gravitational wave spectrum

Case I Case II



Constraints from ΔNeff

GW : Extra relativistic degree of freedom:

ρrad = ργ + ρν + ρGW = = 1 +
7
8 ( Tν

Tγ )
4

Neff ργ

BBN

wϕ = 3 /5

wϕ = 3 /4

wϕ = 9 /11

1 1000 106 109
10-20

10-18

10-16

10-14

Min/g

β

C
M
B
ex
cl
ud
ed

ΔNeff = Neff − NSM
eff =

8
7 ( 11

4 )
4
3

( ρGW(T )
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1 + 3 wϕ
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7
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β ≥ (
Ω(0)

GW,radh2μ
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× ( 1
μ4 αT
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M4
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3 wϕ − 1
3 (1 + wϕ)

Lower bound on :β
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• PBH are enough to reheat  the Universe. 

• Gravity-only leptogenesis: from ultralight PBH & graviton 

mediated scatterings.  

• Primordial GW from inflation modified and detectable across 

several bands of frequencies. 

• Probable by   future experiments. 

• Details of reheating dynamics, other GW sources, connection 

with formation mechanisms….. ? 

ΔNeff

41

Summary  
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Summary & Outlook



 THANK YOU    

Somewhere in Edinburgh….

QUESTIONS?



BACK UP
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PBH:
c1 = [Γ ( 5

2 )]
2
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