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•  Spherical domain walls or vacuum bubbles spontaneously nucleate 

during inflation. 
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after inflation ends. 
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 Special features: 

•  A scaling distribution of PBH with a very wide spectrum of masses. 

•  BH larger than certain critical mass have inflating universes inside. 

•   For some parameter values, these BH can have significant 
observational effects. 

     First review some relevant features of inflation. 



INFLATION Guth (1981);  Linde (1982) 

ρ

φ

•  During inflation: ρ ≈ const
E = ρV

•  Negative pressure 
            (tension): 

P = − ∂E
∂V

= −ρ

•  Repulsive gravity: 
!!a
a
= −

4πG
3
(ρ +3P)> 0

a(t)∝ exp(Ht) 

H = 8πGρ / 3( )1/2

	  	  	  “Slow	  roll”	  



•  Particle physics models generally include a number of scalar fields. 
    Then the inflaton field rolls in a multifield energy landscape. 

•  As it rolls towards our vacuum, it can tunnel to another vacuum state. 

Our  
vacuum 

Bubble nucleation 



ρi

ρb

Scalar	  Field	  1 

Energy	  	  
Density 

Our	  
Vacuum 

Scalar	  	  
Field	  2 

Bubbles of a lower-energy vacuum 
nucleate and expand during the slow 
roll:            .     ρb < ρi

ρi
ρb

ρb

Coleman & De Luccia (1980)   Bubble nucleation 



R ≈ Hi
−1eHi (t−tn )

Time of nucleation t = tn: 
 
At t > tn :  

   Scale-invariant size distribution: 

dN ~ λ  dR
R4  dV

Hi = 8πGρi / 3( )1/2

Nucleation  
rate  

Coleman & De Luccia (1980)   Bubble nucleation 



R

   What happens to the bubbles when inflation ends? 
 

    1. Exterior view 

Matter 

•  The bubble wall initially expands relativistically 
relative to matter. 

 

•  It is quickly slowed down by particle scattering. 
 

•  An expanding relativistic shell of matter is formed. 

Assume that matter particles  
are reflected from the bubble wall. 

Similar to shocks in supernova explosions. 

•  The bubble collapses to a black hole.  



R

Matter 

Hb = (8πGρb / 3)
1/2

For subcritical bubbles, with 
      
 
an “ordinary” black hole forms. 
 

R < Hb
−1

Mbh ≈
4π
3
ρbR

3

    
 

    2. Interior evolution of the bubble depends on its size. 



R

Matter 

Hb = (8πGρb / 3)
1/2

a(t)∝ exp(Hbt)

R > Hb
−1

For supercritical bubbles, with 
      
 
the interior begins to inflate: 
 

But the universe outside the bubble is expanding much slower. 
 
                                How is this possible? 

    
 

    2. Interior evolution of the bubble depends on its size. 



Inflating 
baby  
universe 

Exterior 
FRW region 

The “wormhole” is seen  
as a black hole by exterior 
observers. 

    Black holes of mass                              have inflating baby universes inside. 
 

M >Mcr ~ ρbHb
−3



•  The baby universes will inflate eternally. 

•  Bubbles of all possible vacua, including ours, 
will be formed. 

•  A multitude of inflating regions 
    connected by wormholes. 

Global structure of spacetime 
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 The big 
 picture       Linde (1988) 

 



•  The wormhole closes in about a light crossing time. 

•  Some matter follows the bubble into the wormhole.         .   
        Need numerical simulation to determine Mbh. 

     (work in progress) 
              

Penrose diagram  

Future 
infinity 

r =∞

r = 0
Light propagates 
at  45o. 

Future 
Infinity   



       BLACK HOLES  
 FROM DOMAIN WALLS 



Domain walls  
Form when a discrete symmetry is broken. 

V

ϕ
−η ηTwo degenerate vacua: ϕ = ±η

ϕ = +ηϕ = −η

	  	  	  Domain	  
wall	  

 

Mass per unit area:               .  
 
 

σ ~η3

Tension  =   σ
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Form when a discrete symmetry is broken. 

V

ϕ
−η ηTwo degenerate vacua: ϕ = ±η

 

Mass per unit area:               .  
 
 

σ ~η3ϕ = +ηϕ = −η

	  	  	  Domain	  
wall	  

Tension  =   σ

Wall gravity is repulsive 
A.V. (1983) 
Ipser & Sikivie (1984)   

Spherical walls of radius               inflate:                                                             R

Rσ = (2πGσ )
−1

R(τ )∝ exp(τ / Rσ )

R > Rσ



Basu, Guth & A.V. (1991)   

   Scale-invariant size distribution: dN ~ λ  dR
R4  dV

Spherical domain walls of initial radius                           spontaneously 
nucleate during inflation.  

Nucleation rate: 
 

1 Spherical domain wall in dust cosmology

R(tn) = H�1

i

H� = t�1

� ⌘ 2⇡G�
R > t�
R(⌧) / eH�

⌧

f
M

1
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QFT
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ij
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Consider a spherical domain wall embedded in a spatially flat matter dominated universe. Two di↵erent
time-scales are relevant to the dynamics of such a wall. One is the cosmological scale t ⇠ H�1, and the
other is the acceleration time-scale due to the repulsive gravitational field of the domain wall t� ⇠ (G�)�1.
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RH < Rσ

After inflation 
Subcritical walls come within the horizon having radius                . 
 
They collapse to BH of mass                            .   Mbh ~ 4πRH

2σ



RH < Rσ

After inflation 
Subcritical walls come within the horizon having radius                . 
 
They collapse to BH of mass                            .   Mbh ~ 4πRH

2σ

A supercritical wall reaches radius              before horizon crossing. 
 
It inflates in a baby universe.                            .   

R > Rσ

Expanding	  ball	  	  
of	  ma/er	  

Schwarzschild	  
sphere	  

Infla:ng	  
domain	  wall	  

Transition between the two regimes is at 

Mbh =Mcr ~1/G
2σ



Figure 5: These embedding diagrams show how a wormhole develops with time outside the wall.

The flat-looking region at the top and the bottom area represent the interior and exterior regions

respectively. The ring that encircles the cap is where the wall is located. The distance from the cap

center along a longitude line is the proper radius
´
Bdr, while the radius of a latitude circle is the

area radius R. The throat will be pinched off when the black hole singularity is encountered. These

diagrams are not shown with the same scale. The radius of the ring should grow exponentially.

(M (in)
BHf and M

(out)
BHf ) that are not identical because more fluid falls in from outside due to the

initial wall thickness. In a radiation-dominated universe, there’s also mass accretion as that

in sub-critical cases. As we’ll see, for dust background M
(in)
BHf ⇡ M

(out)
BHf , while for radiation

M
(out)
BHf ⇡ 2M

(in)
BHf .

A. Spacetime Structure

Applying adaptive mesh refinement, we are able to evolve the thin wall. However, as more

and more grid points are assigned to the wall, the code becomes computationally expensive.

Fortunately, since the wall grows exponentially away from both the interior and the exterior

regions, it can be removed when it gets almost detached and is only connected to theses

regions via two almost empty layers, where the energy density of either the scalar field or

the fluid is negligible compared to the FRW density (Fig. 6). Since we are more interested

in the black holes formed outside the wall, we may also remove the interior region and the

inner layer.

Now let’s take a look at the evolution of a constant time hypersurface near the wormhole.

We illustrate this with the help of Fig. 7, which shows how the expansions evolve, and

Fig. 8, which shows the spacetime outside the wall. These two graphs are obtained from a

simulation of a super-critical wall in radiation background with ri = 6.
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BH mass grows by a factor ~ 2 
due to accretion. 

Figure 8: Depicted under simulation coordinates, this graph shows the radiation energy density

distribution outside the wall. The wall is located at r ⇠ 6. The energy density has been rescaled so

that ⇢FRW = 1. Two apparent horizons and the cosmological horizon are shown with black dots.

Five constant time slices respectively correspond to five different stages discussed in text.

where the outer white hole and cosmological horizons arise, and the slice begins to cross a

normal region outside the throat. (4) Then the intersection of ⇥out and ⇥in reaches zero

(purple), which corresponds to a bifurcating marginal surface, and the white hole begins to

turn into a black hole. (5) The slice then leaves the WH region and two apparent horizons

appear with ⇥out = 0 (⇥in < 0) and ⇥in = 0 (⇥out < 0) respectively (brown).

As in the sub-critical case, we can excise the BH region to avoid simulation breakdown.

Now we need to cut at two apparent horizons instead of one (Fig. 9). However, we are

still able to evolve this region for a while to see how the singularity arises. After apparent

horizons appear, the area radius of the throat begins to decrease and approach zero (Fig. 10

and 11). Correspondingly, fluid energy density at the throat starts to increase and a spike

is formed that eventually goes to infinity (Fig. 11).
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Domain wall 

Deng, Garriga & A.V. (2016)   

Numerical simulation of supercritical collapse 

Horizon crossing 

2GMbh ≈RH / 2

Radius of the affected 
region at horizon crossing 



Mass distribution of black holes 

Upper bound on f(M) 

f (M ) = M 2

ρDM

dn
dM

Fraction of dark matter mass  
in black holes of mass ~ M : 

MeqMcr

M-1/2M1/4

logM/M⊙

logf(M)

Meq ~10
17M .	    – mass within the 

    horizon at teq.  

Mcr ~1/G
2σ

Upper bound on f(M) 

Meq Mcr

M1ê4

M1ê2

logMêM
ü

logfHML
ts > teq

FIG. 8: Mass distribution function for t� > teq.

are still given by Eqs. (89) and (91), respectively. For t� < R < teq, let us assume for the

moment that the bound (87) is saturated. Then, using R ⇠ GM in Eq. (88), we obtain the

mass distribution

f(M) ⇠ B�

✓
Meq

M

◆1/2

, (96)

where B ⇠ 10, as before. This distribution applies for Mcr < M < Meq. With the same

assumption, for walls with R > teq we find

f(M) ⇠ B�. (97)

The resulting mass distribution function is plotted in Fig. 9, with the parts depending on

the assumed saturation of the mass bound shown by dashed lines.

The assumption that the bound (87) is saturated for M > Mcr appears to be a reasonable

guess. We know that it is indeed saturated in a matter-dominated universe, and it yields

a mass distribution that joins smoothly with the distribution we found for M < Mcr. A

reliable calculation of f(M) in this case should await numerical simulations of supercritical

domain walls in a radiation-dominated universe. For the time being, the distribution we

found here provides an upper bound for the black hole mass function.
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Effect of quantum fluctuations on subcritical walls 
Garriga & A.V. (1992)   

δR
R
~ B−1/2 B <100  –  tunneling action  

δR ≈ const during the wall collapse.  
€ 

~

BH forms only if δR < 2GM M >
Mcr

B

€ 

~

€ 

~

B = 2π
2σ

Hi
3

Quantum fluctuations have little effect on supercritical walls.  

 Widrow (1989)   



Mass distribution of black holes 

Upper bound on f(M) 

MeqMcr

M-1/2M1/4

logM/M⊙

logf(M)

A	  discovery	  of	  black	  holes	  with	  the	  predicted	  mass	  distribu:on	  	  	  
would	  provide	  evidence	  for	  infla:on	  –	  and	  for	  baby	  universes.	  

•  The spectrum has a universal 
shape with a cutoff at ~ Mcr . 

 

•  Normalization depends only 
on the wall nucleation rate. 

•  The critical mass: 

10 kg <Mcr <1015M

For 
 
we have 

100 GeV <η <1016GeV

.	  

•  A similar picture for nucleating bubbles. 
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 Irrelevant 

•  The BH are (almost) non-
rotating at formation. 



Observational bounds 
1-Gamma-ray background from BH evaporation with                          

€ 

~

Mbh ~10
15g

.	  2-CMB spectral distortions by radiation emitted by gas accretion onto BH with                           :   Mbh >10
3M

3-Overdensity bound :   f (M )<1

Garriga	  &	  Zhang	  (2017)	  

Supermassive black hole seeds: Mbh >10
3M

4	  -‐	  At	  least	  one	  seed	  per	  galaxy.	  

.	  

Inomata	  et	  al.	  (2017)	  
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1	  

2	  

Parameter	  
space	  

4	  

FIG. 10: Observational constraints on the distribution of black holes produced by domain walls.

Red and purple regions mark the parameter values excluded, respectively, by small black hole

evaporation and by gas accretion onto large black holes. The green region indicates the parameter

values allowing the formation of superheavy black hole seeds.The solid straight line marks the

parameter values where f(Mcr) = 1, so the parameter space below this line is excluded by Eq. (100).

⇠,

� ⇠ ⇠2e�2⇡2⇠ (101)

(see Eqs. (76), (77), (79)). The parameter space {⇠, Hi/Mpl} is shown in Fig. 10, with red

and purple regions indicating parameter values excluded by the constraints (98) and (99),

respectively. We show only the range ⇠ >⇠ 1, where the semiclassical tunneling calculation

is justified. Also, for ⇠ � 1 the nucleation rate � is too small to be interesting, so we only

show the values ⇠ ⇠ few.

The dotted lines in the figure indicate the values Mcr ⇠ 1015 g ⌘ Mevap and Mcr ⇠

103M� ⌘ Maccr. These lines, which mark the transitions between the subcritical and super-

critical regimes in the excluded red and purple regions, are nearly vertical. This is because

⇠ ⇠ 1 in the entire range shown in the figure, and therefore Mcr ⇠ ⇠�1(Mpl/Hi)3Mpl depends

32

Mcr = 103 M⊙ Mcr = 1024 g Mcr = 1015 g
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Observational bounds 
1-Gamma-ray background from BH evaporation with                          

€ 

~

Mbh ~10
15g

.	  2-CMB spectral distortions by radiation emitted by gas accretion onto BH with                           :   Mbh >10
3M

3-Overdensity bound :   f (M )<1

Garriga	  &	  Zhang	  (2017)	  

Inomata	  et	  al.	  (2017)	  
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FIG. 10: Observational constraints on the distribution of black holes produced by domain walls.

Red and purple regions mark the parameter values excluded, respectively, by small black hole

evaporation and by gas accretion onto large black holes. The green region indicates the parameter

values allowing the formation of superheavy black hole seeds.The solid straight line marks the

parameter values where f(Mcr) = 1, so the parameter space below this line is excluded by Eq. (100).

⇠,

� ⇠ ⇠2e�2⇡2⇠ (101)

(see Eqs. (76), (77), (79)). The parameter space {⇠, Hi/Mpl} is shown in Fig. 10, with red

and purple regions indicating parameter values excluded by the constraints (98) and (99),

respectively. We show only the range ⇠ >⇠ 1, where the semiclassical tunneling calculation

is justified. Also, for ⇠ � 1 the nucleation rate � is too small to be interesting, so we only

show the values ⇠ ⇠ few.

The dotted lines in the figure indicate the values Mcr ⇠ 1015 g ⌘ Mevap and Mcr ⇠

103M� ⌘ Maccr. These lines, which mark the transitions between the subcritical and super-

critical regimes in the excluded red and purple regions, are nearly vertical. This is because

⇠ ⇠ 1 in the entire range shown in the figure, and therefore Mcr ⇠ ⇠�1(Mpl/Hi)3Mpl depends
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FIG. 10: Observational constraints on the distribution of black holes produced by domain walls.

Red and purple regions mark the parameter values excluded, respectively, by small black hole

evaporation and by gas accretion onto large black holes. The green region indicates the parameter

values allowing the formation of superheavy black hole seeds.The solid straight line marks the

parameter values where f(Mcr) = 1, so the parameter space below this line is excluded by Eq. (100).

⇠,

� ⇠ ⇠2e�2⇡2⇠ (101)

(see Eqs. (76), (77), (79)). The parameter space {⇠, Hi/Mpl} is shown in Fig. 10, with red

and purple regions indicating parameter values excluded by the constraints (98) and (99),

respectively. We show only the range ⇠ >⇠ 1, where the semiclassical tunneling calculation

is justified. Also, for ⇠ � 1 the nucleation rate � is too small to be interesting, so we only

show the values ⇠ ⇠ few.

The dotted lines in the figure indicate the values Mcr ⇠ 1015 g ⌘ Mevap and Mcr ⇠

103M� ⌘ Maccr. These lines, which mark the transitions between the subcritical and super-

critical regimes in the excluded red and purple regions, are nearly vertical. This is because

⇠ ⇠ 1 in the entire range shown in the figure, and therefore Mcr ⇠ ⇠�1(Mpl/Hi)3Mpl depends
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Mcr	  ~	  1020	  g	  
Accounts for DM and SMBH with 
seeds of  ~ 103 Msolar . 
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FIG. 10: Observational constraints on the distribution of black holes produced by domain walls.

Red and purple regions mark the parameter values excluded, respectively, by small black hole

evaporation and by gas accretion onto large black holes. The green region indicates the parameter

values allowing the formation of superheavy black hole seeds.The solid straight line marks the

parameter values where f(Mcr) = 1, so the parameter space below this line is excluded by Eq. (100).

⇠,

� ⇠ ⇠2e�2⇡2⇠ (101)

(see Eqs. (76), (77), (79)). The parameter space {⇠, Hi/Mpl} is shown in Fig. 10, with red

and purple regions indicating parameter values excluded by the constraints (98) and (99),

respectively. We show only the range ⇠ >⇠ 1, where the semiclassical tunneling calculation

is justified. Also, for ⇠ � 1 the nucleation rate � is too small to be interesting, so we only

show the values ⇠ ⇠ few.

The dotted lines in the figure indicate the values Mcr ⇠ 1015 g ⌘ Mevap and Mcr ⇠

103M� ⌘ Maccr. These lines, which mark the transitions between the subcritical and super-

critical regimes in the excluded red and purple regions, are nearly vertical. This is because

⇠ ⇠ 1 in the entire range shown in the figure, and therefore Mcr ⇠ ⇠�1(Mpl/Hi)3Mpl depends
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Ligo	  

.	  Mcr ~ 30M

Accounts for LIGO and SMBH 
with seeds of 106 Msolar. 

Merger rate observed by LIGO requires 
                for Mbh ~ 30M .	  f ~10−3

 Sasaki et al (2016)   



Spherical domain walls and vacuum bubbles may nucleate during 
inflation, leading to the formation of primordial black holes with a universal 
power-law spectrum of masses. 
 
These black holes have inflating baby universes inside 
 
A discovery of black holes with the predicted distribution of masses  
would provide evidence for inflation – and for the existence of baby 
universes. 
 
They might act dark matter and as seeds for supermassive BH. 
 
They may have formed the binaries LIGO is currently observing. If so, 
they may also cause marginally detectable spectral distortions in the 
CMB, and seed SMBH. 
 

Summary 





•  The baby universes will inflate eternally. 

•  Bubbles of all possible vacua, including ours, 
will be formed. 

•  A multitude of inflating regions 
    connected by wormholes. 

Global structure of spacetime 
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 The big 
 picture       Linde (1988) 

 


