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• most popular scenario: production from enhanced primordial perturbations
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• most popular scenario: production from enhanced primordial perturbations
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There is another inflationary mechanism for PBH production
Garriga, Vilenkin, Zhang (2015) 
Deng, Garriga, Vilenkin (2016) 
Basu, Guth, Vilenkin (1991)

• consider a spectator scalar with spontaneously 
broken -symmetryZ2

ℒ =
(∂ϕ)2

2
−

λ
4

(ϕ2 − v2)2

• it forms domain walls (DW): ϕ = v tanh( μ/2 z) with tension: σ =
2 2μ3

3λ

V(ϕ)

ϕ+v−v

ϕ

z

μ = λv



• spherical domain walls are nucleated during inflation by quantum tunneling 
(which can also be thought as thermal excitation)

TdS ∼ HI

a = eHIt

probability per Hubble time per Hubble volume: p ∼ S2
E exp(−SE)

SE =
2π2σ
H3

I
Euclidean instanton action

• at nucleation, DWs have horizon size, then they are frozen in comoving coordinares

• DW nucleation is a continuous process, lasting over the whole duration of inflation 



• by the end of inflation: population of superhorizon domain walls with broad 
distribution of comoving radii: dN
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• by the end of inflation: population of superhorizon domain walls with broad 
distribution of comoving radii: dN

dVdR
≃ p

dR
R4

can be viewed as highly non-Gaussian density perturbations

• after reheating, DWs re-enter horizon and collapse into black holes

1. "light" domain walls: Mre < Mhorizon MBH ∼ Mre

2. "heavy" domain walls: Mre > Mhorizon MBH ∼ Mhorizon

Mre ∼
4πσ
H2

re
∼ Mhorizon ∼

4πρrad

3H3
re MBH,peak ≃

M4
pl

16πσ
ρrad =

3M2
plH2

8π
independent of anything, but  !σ



• distribution of BH masses: dfPBH

d log MPBH
∝ {

M1/4
PBH , MPBH < MPBH,peak (light)

M−1/2
PBH , MPBH > MPBH,peak (heavy)
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include it back!
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We missed something important: Shape perturbations of the domain walls

• Domain walls are not born exactly spherical.
Their shape is perturbed by quantum fluctuations, which become classical 
and freeze out when the wall is superhorizon

⟨( δRlm

R )
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⟩ =
8π

(l − 1)l(l + 1)(l + 2)
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1
SE

Garriga, Vilenkin (1992)
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• When DW re-enters horizon, the asymmetry 
decreases. High multipoles get strongly 
damped, but quadrupole survives

0.5 1.0 1.5
η

-0.2

0.2

0.4

0.6

0.8

1.0

Δ lm
shape perturbations

l=2

l=3
l=4

Figure 3: Evolution of the shape perturbations for the quadrupole (blue), octupole (orange)fig:perts

and hexadecapole (green). The curves end at the moment of the shell collapse.

Quadrupolar perturbation deforms the shape of the shell into an ellipsoid. Let us discuss

under what conditions such perturbation will prevent the shell from collapsing into a black

hole. Once the shell becomes ultrarelativistic, the di!erence between the physical lengths of

its semi-major axes stays constant because all linear dimensions contracts with the speed of

light. The key quantity the ratio of this di!erence to the shell Schwarzschild radius: if it is

bigger than one the shell will not fit under its Schwarzschild horizon and will not produce a

black hole. Denoting the asymmetry at collapse by ⊋coll and using Eq. (14) we find,

⊋coll →
”2m,phys

RSch,phys
=

”(0)
2m”̂2a(ωcoll)

2GM̂bhεb2R4
0

= ⊋(0)
2m ·

”̂2ω̂coll

2GM̂bhεbR2
0

= ⊋(0)
2m · ”̂2ω̂coll

√
Mcr

M
(26) nocollapse

where ”(0)
2m is initial amplitude of the quadrupolar perturbations and we introduced the

notation

⊋(0)
lm

→
”(0)

lm

R0
, Mcr =

1

(2G)2M̂bhε
. (27) relasym

Note that Mcr is the upper limit on the black hole masses produced by “small” spherical

shells, i.e. such shells whose back-reaction on the metric can be neglected. Indeed, using

Eqs. (4), (14) one can show that for the shell corresponding to Mcr, the total mass or

radiation inside the cosmological horizon at its crossing by the shell is equal to Mcr. Thus,

any heavier shell will start dominating the expansion of the universe even before horizon

crossing. Inserting into (26) the numerical values for ”̂2, ω̂coll, we obtain

⊋coll ↑ 0.3⊋(0)
2m

√
Mcr

M
. (28) nocollapse1

6
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• Shortly after re-entry, the DW becomes 
ultra-relativistic and  remains constantδR



• A domain wall collapses into a pancake, not a point!
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• A domain wall collapses into a pancake, not a point!

2δR

If  , no black hole formsδR > Rsch

The wall sloshes around and annihilates into radiation

δRl=2 ∼
0.3

SE
⋅

1
Hre

Rsch =
2M
M2

pl

MPBH,cr = MPBH,peak ⋅
0.1
SE

≃ 2.5 × 10−3MPBH,peak

∼ 40
The light PBHs are cut away; the dynamics of heavy domain walls is not modified



• probability to have small shape asymmetry to form a BH

P(δRl=2 < Rsch) ∝ Rsch/δRl=2,rms ∝ (MPBH/MPBH,cr)1/2for a single quadrupole mode:

for all five quadrupole modes: PPBH ∝ (MPBH/MPBH,cr)5/2
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1 Spherical domain wall in dust cosmology

R = 2GMS R = 0 R = 2GM, T ! 1 R = 2GM, T ! �1 ⇢ = �2GM ⇢ = const. r = 0 r = r0 ⇢ =
⇢0 t = 0 t = ti

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.

For R ⌧ t�, the repulsive field can be ignored. In this case, for t ⌧ R ⌧ t�, the domain wall is
conformally stretched by cosmological expansion. Eventually, when the wall falls within the horizon, it
quickly shrinks under its tension and forms a black hole of radius RS = 2GM ⇠ t2/t� ⌧ t.

Here, we will be primarily interested in the opposite limit, where R � t�. In this case, the wall repels
the matter around it while its size grows faster than the ambient expansion rate. As we shall see, this
leads to the formation of a wormhole. The dust which was originally in the interior of the wall goes into
a baby universe, and in the ambient FRW universe we are left with a black hole remnant cysted in a
spherical region of of vacuum.

Before we consider the e↵ect of the domain wall, let us first discuss the matching of Schwarzschild
and a dust cosmology.

1.1 Matching Schwarzschild to a dust cosmology

Consider the Schwarzschild metric
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where an integration constant has been absorbed by a shift in the origin of the ⇢ coordinate. The
expression for T as a function of ⌧ and ⇢ can be found from (3) as:
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with R given in (5). A second integration constant has been absorbed by a shift in the T coordinate.
Since the metric (2) is synchronous, the lines of constant spatial coordinate are geodesics, and ⌧ is the
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1 Spherical domain wall in dust cosmology

R = 2GMS R = 0 R = 2GMbh, T ! 1 R = 2GMbh, T ! �1 ⇢ = �2GM ⇢ = const. r = 0 r = r0 ⇢ =
⇢0 t = 0 t = ti H�1 = 2GMbh

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.

For R ⌧ t�, the repulsive field can be ignored. In this case, for t ⌧ R ⌧ t�, the domain wall is
conformally stretched by cosmological expansion. Eventually, when the wall falls within the horizon, it
quickly shrinks under its tension and forms a black hole of radius RS = 2GM ⇠ t2/t� ⌧ t.

Here, we will be primarily interested in the opposite limit, where R � t�. In this case, the wall repels
the matter around it while its size grows faster than the ambient expansion rate. As we shall see, this
leads to the formation of a wormhole. The dust which was originally in the interior of the wall goes into
a baby universe, and in the ambient FRW universe we are left with a black hole remnant cysted in a
spherical region of of vacuum.

Before we consider the e↵ect of the domain wall, let us first discuss the matching of Schwarzschild
and a dust cosmology.
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where an integration constant has been absorbed by a shift in the origin of the ⇢ coordinate. The
expression for T as a function of ⌧ and ⇢ can be found from (3) as:

±T = 4GM

0

@1

3

✓
R

2GM

◆3/2

+

s
R

2GM
� tanh�1

s
R

2GM

1

A � ⇢, (6)

with R given in (5). A second integration constant has been absorbed by a shift in the T coordinate.
Since the metric (2) is synchronous, the lines of constant spatial coordinate are geodesics, and ⌧ is the

FIG. 6: A large domain wall causing the birth of a baby universe.

and

Ṙ
2 =

2GMbh

R
+

✓
R

t�

◆2

� 1. (66)

The double sign ± in (65) refers to the embedding of the domain wall as seen from the

interior and exterior Schwarzshild solutions respectively. The embedding is di↵erent, since

there has to be a jump in the extrinsic curvature of the worldsheet as we go from one side

of the wall to the other. Comparing (65) and (66) with (60) and (61) with C± = 1 and

M
± = Mbh, we see that, for R > t�, the wall moves faster than the dust particle at the edge

of the expanding interior ball of matter. As seen from the outside, the wall moves in the

direction opposite to the exterior FRW Hubble flow. Consequently, the wall never runs into

matter and its motion is well described by (66) thereafter.

For R > t� Eq. (66) has no turning points and the radius continues to expand forever.

The expansion reaches exponential behaviour R / e
⌧/t� after the time when the first term

in the right hand side of (66) can be neglected and the second one becomes dominant. Here

⌧ is the proper time on the worldsheet. This expansion is of course much faster than that

of the Hubble flow, and takes place in the baby universe (see Figs. 6 and 7) . Loosely

speaking, a wormhole in the extended Schwarzschild solution forms and closes on a time-
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figure from Garriga, Vilenkin, Zhang, arXiv:1512.01819 

each heavy black hole 
contains a baby universe



Conclusions:

• The scenario with PBH production by relic domain walls has been included

• It produces a broad spectrum of PBH from  to , without 
fine-tuning of inflationary potential

10−16M⊙ 104M⊙

•  PBHs can constitute all of DM10−16M⊙ ÷ 10−11M⊙

•  PBHs can be seeds for supermassive black holes104M⊙

• The shape of the spectrum is the smoking gun of the scenario

• The norm of the spectrum is directly related to inflationary physics


