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What is Primordial Black Holes ?

{PBH formation
BH formed before any astrophysical objects exists

z ≫ 103 z ≲ 30
Star formation{
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How do they form ?

Friedmann’s equation :

Hubble patches are on the edge to collapse into black holes  →
Schwarschild’s equation

⇔ ⟨δρ⟩H

ρ
≳ 0.45

Radiation pressure



PBHs formation during supercooled phase transition 

Guth 1980 "Old inflation idea"

ΔV



T

Supercooled 1stOPT = delayed PT



T

Tc Start vacuum era

Supercooled 1stOPT = delayed PT



T

Tc Start vacuum era

ΔV

Supercooled 1stOPT = delayed PT



T

Tc

Tnuc ≪ Tc Nucleation

Start vacuum era

ΔV

Supercooled 1stOPT = delayed PT



T

Tc

Tnuc ≪ Tc Nucleation

Start vacuum era

ΔV

Supercooled 1stOPT = delayed PT



T

Tc

Tnuc ≪ Tc Nucleation

Start vacuum era

ΔV

⟨ϕ⟩ = f

⟨ϕ⟩ = 0

⟨ϕ⟩ = f

⟨ϕ⟩ = f

Supercooled 1stOPT = delayed PT



T

Tc

Tnuc ≪ Tc Nucleation

Start vacuum era

ΔV

⟨ϕ⟩ = f

⟨ϕ⟩ = 0

⟨ϕ⟩ = f

⟨ϕ⟩ = f

Supercooled 1stOPT = delayed PT



T

Tc

Tnuc ≪ Tc Nucleation

Start vacuum era

ΔV

⟨ϕ⟩ = f

⟨ϕ⟩ = f

⟨ϕ⟩ = f

Supercooled 1stOPT = delayed PT



T

Tc

Tnuc ≪ Tc Nucleation

Start vacuum era

ΔV

⟨ϕ⟩ = f

⟨ϕ⟩ = f

⟨ϕ⟩ = f

Percolation

Supercooled 1stOPT = delayed PT



PBHs from 1stOPT

H−1

PBH

Old vacuum-dominated region (outside bubbles)

New radiation-dominated region (inside bubbles)

a) b)

c) d)

late-bloomer

YG, Volansky 2305:04942



H−1

PBH

Old vacuum-dominated region (outside bubbles)

New radiation-dominated region (inside bubbles)

a) b)

c) d)

late-bloomer

YG, Volansky 2305:04942PBHs from 1stOPT



H−1

PBH

Old vacuum-dominated region (outside bubbles)

New radiation-dominated region (inside bubbles)

a) b)

c) d)

late-bloomer

YG, Volansky 2305:04942PBHs from 1stOPT



H−1

PBH

Old vacuum-dominated region (outside bubbles)

New radiation-dominated region (inside bubbles)

a) b)

c) d)

late-bloomer

YG, Volansky 2305:04942PBHs from 1stOPT



H−1

PBH

Old vacuum-dominated region (outside bubbles)

New radiation-dominated region (inside bubbles)

a) b)

c) d)

late-bloomer

YG, Volansky 2305:04942PBHs from 1stOPT



H−1

PBH

Old vacuum-dominated region (outside bubbles)

New radiation-dominated region (inside bubbles)

a) b)

c) d)

late-bloomer

H−1

PBH

Old vacuum-dominated region (outside bubbles)

New radiation-dominated region (inside bubbles)

a) b)

c) d)

late-bloomer

YG, Volansky 2305:04942PBHs from 1stOPT



H−1

PBH

Old vacuum-dominated region (outside bubbles)

New radiation-dominated region (inside bubbles)

a) b)

c) d)

late-bloomer

H−1

PBH

Old vacuum-dominated region (outside bubbles)

New radiation-dominated region (inside bubbles)

a) b)

c) d)

late-bloomer

YG, Volansky 2305:04942PBHs from 1stOPT



H−1

PBH

Old vacuum-dominated region (outside bubbles)

New radiation-dominated region (inside bubbles)

a) b)

c) d)

late-bloomer

H−1

PBH

Old vacuum-dominated region (outside bubbles)

New radiation-dominated region (inside bubbles)

a) b)

c) d)

late-bloomer

YG, Volansky 2305:04942PBHs from 1stOPT



H−1

PBH

Old vacuum-dominated region (outside bubbles)

New radiation-dominated region (inside bubbles)

a) b)

c) d)

late-bloomer
H−1

PBH

Old vacuum-dominated region (outside bubbles)

New radiation-dominated region (inside bubbles)

a) b)

c) d)

late-bloomer

H−1

PBH

Old vacuum-dominated region (outside bubbles)

New radiation-dominated region (inside bubbles)

a) b)

c) d)

late-bloomer

YG, Volansky 2305:04942PBHs from 1stOPT



H−1

PBH

Old vacuum-dominated region (outside bubbles)

New radiation-dominated region (inside bubbles)

a) b)

c) d)

late-bloomer
H−1

PBH

Old vacuum-dominated region (outside bubbles)

New radiation-dominated region (inside bubbles)

a) b)

c) d)

late-bloomer

H−1

PBH

Old vacuum-dominated region (outside bubbles)

New radiation-dominated region (inside bubbles)

a) b)

c) d)

late-bloomer

H−1

PBH

Old vacuum-dominated region (outside bubbles)

New radiation-dominated region (inside bubbles)

a) b)

c) d)

late-bloomer

YG, Volansky 2305:04942PBHs from 1stOPT



H−1

PBH

Old vacuum-dominated region (outside bubbles)

New radiation-dominated region (inside bubbles)

a) b)

c) d)

late-bloomer

YG, Volansky 2305:04942PBHs from 1stOPT



H−1

PBH

Old vacuum-dominated region (outside bubbles)

New radiation-dominated region (inside bubbles)

a) b)

c) d)

late-bloomer

if

δρ/ρ ≳ 0.45.

YG, Volansky 2305:04942PBHs from 1stOPT



H−1

PBH

Old vacuum-dominated region (outside bubbles)

New radiation-dominated region (inside bubbles)

a) b)

c) d)

late-bloomer
H−1

PBH

Old vacuum-dominated region (outside bubbles)

New radiation-dominated region (inside bubbles)

a) b)

c) d)

late-bloomer

H−1

PBH

Old vacuum-dominated region (outside bubbles)

New radiation-dominated region (inside bubbles)

a) b)

c) d)

late-bloomer
H−1

PBH

Old vacuum-dominated region (outside bubbles)

New radiation-dominated region (inside bubbles)

a) b)

c) d)

late-bloomer

H−1

PBH

Old vacuum-dominated region (outside bubbles)

New radiation-dominated region (inside bubbles)

a) b)

c) d)

late-bloomer

δρ/ρ ≳ 0.45.

if

then

PBH

YG, Volansky 2305:04942PBHs from 1stOPT



t

x

PBH YG, Volansky 2305:04942



t

x

Hubble patch when δρ/ρ is max tmax

PBH YG, Volansky 2305:04942



t

x

Hubble patch when δρ/ρ is max tmax
Pa

st
 lig

ht
-c

on
e 

of
 a
 H

ub
bl

e 
pa

tc
h 

at
 t m

ax

PBH

tc↑ Nucleation becomes energetically allowed ↑ tc

YG, Volansky 2305:04942



↑ Nucleation starts ↑

↑ Nucleation becomes energetically allowed ↑

t

x

Hubble patch when δρ/ρ is max tmax
Pa

st
 lig

ht
-c

on
e 

of
 a
 H

ub
bl

e 
pa

tc
h 

at
 t m

ax

PBH

tni

tc

No nucleation inside that 4-volume

YG, Volansky 2305:04942



↑ Nucleation starts ↑

↑ Nucleation becomes energetically allowed ↑

t

x

Hubble patch when δρ/ρ is max tmax
Pa

st
 lig

ht
-c

on
e 

of
 a
 H

ub
bl

e 
pa

tc
h 

at
 t m

ax

PBH

tni

tc

No nucleation inside that 4-volume

Co
m

ov
in

g 
ho

riz
on

 r H
(t)

YG, Volansky 2305:04942



↑ Nucleation starts ↑

↑ Nucleation becomes energetically allowed ↑

t

x

Hubble patch when δρ/ρ is max tmax
Pa

st
 lig

ht
-c

on
e 

of
 a
 H

ub
bl

e 
pa

tc
h 

at
 t m

ax

PBH

tni

tc

No nucleation inside that 4-volume

Co
m

ov
in

g 
ho

riz
on

 r H
(t)

Vacuum-dominated : rH(t) ↘

Radiation-dominated : rH(t) ↗
Percolation

YG, Volansky 2305:04942



𝒫coll = exp −∫
tni

tc

dt′￼Γ(t′￼)a(t′￼)3 4π
3 ( 1

a(tmax)H(tmax)
+ ∫

tmax

t′￼

dt̃
a(t̃) )

3

ρR(tmax; tni
) − ρR(tmax; tc)

ρR(tmax; tc)
≃ 0.45 ,

ρV(t; tni
) = ΔV exp −∫

t

tni

dt′￼Γ(t′￼)a(t′￼)3 4
3

π (∫
t

t′￼

dt̃
a(t̃ ) )

3

·a(t)
a(t)

=
ρV(t; tni

) + ρR(t; tni
)

3M2
pl

·ρR(t; tni
) + 4HρR(t; tni

) = − ·ρV(t; tni
)

Friedmann equation :

Vacuum energy :

Radiation energy :

PBH formation threshold :

Collapse probability :
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Γ = Γ0eβt

Tunneling rate :

β−1 ≃ PT duration
≃ bubble size
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4) Most favoured new physics interpretation of  NANOGrav GW signal: 1stOPT and Domain Walls

Can produce solar-mass PBH
YG, 2307.04239, to appear in PRL

Summary

2) IMPORTANT POST-DICTION ABOUT OUR UNIVERSE PAST: 

Might not produce observable PBH

1) Efficient PBH production due to collapse of late-bloomersα ≫ 1, β/H ≲ 7 ⟹

If our universe ever boiled, it could not have boiled during more 
than 14% of its age at that time

YG, Vitagliano, 2306.17841, v2 to appear

https://arxiv.org/abs/2306.17841

