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1. From localization of false vacuum region

From a localization of false vacuum
• K. Sato, M. Sasaki, H. Kodama, K. Maeda, 1981, 

H. Kodama, M. Sasaki, K. Sato, 1982,

With plasma in false vacuum region
• L. J. Hall and S. D. H. Hsu, 1990

M. J. Baker, M. Breitbach, J. Kopp, L. Mittnacht, 2021

During the inflation
• A. Kusenko, M. Sasaki, S. Sugiyama, M. Takada, V. Takhistov, E. Vitagliano, 2020

Semi-bubble collision (bubble collision → false vacuum created → BH)
• M. Khlopov, R. Konoplich, S. Rubin, A. Sakharov, 1998, 1999
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From a localization of false vacuum
• K. Sato, M. Sasaki, H. Kodama, K. Maeda, 1981,

H. Kodama, M. Sasaki, K. Sato, 1982

true

false

false
𝐴 shrinks

→ kinetic energy of domain wall ↑
→ (light) BH forms

→ heavy (∼ 𝐻−3Δ𝑉) BH forms

figures from Sato et. al., 1981
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From a localization of false vacuum
• K. Sato, M. Sasaki, H. Kodama, K. Maeda, 1981, 

H. Kodama, M. Sasaki, K. Sato, 1982,

With plasma in false vacuum region
• L. J. Hall and S. D. H. Hsu, 1990

M. J. Baker, M. Breitbach, J. Kopp, L. Mittnacht, 2021

During inflation
• A. Kusenko, M. Sasaki, S. Sugiyama, M. Takada, V. Takhistov, E. Vitagliano, 2020

Bubble collision → false vacuum created → BH
• M. Khlopov, R. Konoplich, S. Rubin, A. Sakharov, 1998, 1999
→ M. Lewicki, V. Vaskonen, 2019

: Not so consistent with numerical simulations
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From a localization of false vacuum
• K. Sato, M. Sasaki, H. Kodama, K. Maeda, 1981, 

H. Kodama, M. Sasaki, K. Sato, 1982,

With plasma in false vacuum region
• L. J. Hall and S. D. H. Hsu, 1990

M. J. Baker, M. Breitbach, J. Kopp, L. Mittnacht, 2021

During inflation
• A. Kusenko, M. Sasaki, S. Sugiyama, M. Takada, V. Takhistov, E. Vitagliano, 2020

Bubble collision → false vacuum created → BH
• M. Khlopov, R. Konoplich, S. Rubin, A. Sakharov, 1998, 1999
→ M. Lewicki, V. Vaskonen, 2019

: Not so consistent with numerical simulations

(And many other scenarios. I apologize if I missed your work.)
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• S. W. Hawking, I. G. Moss, J. M. Stewart, 1982 
Naïve estimation, flat spacetime (𝑅 ≪ 𝐻−1), 
⇒ collision of a large number of bubbles is required

• I. G. Moss, 1994
𝑅 > 𝐻−1 (GR), infinitesimally thin wall approximation
⇒ a collision of two bubbles cannot produce a black hole

• THJ, T. Okui, 2021
𝑅 > 𝐻−1 (GR), non-negligible thickness of energy density around the wall, 
⇒ a collision of two bubbles can produce a black hole

Main subject of this talk

2. From bubble collisions

BH?



• S. W. Hawking, I. G. Moss, J. M. Stewart, 1982 
Naïve estimation, flat spacetime (𝑅 ≪ 𝐻−1), 
⇒ collision of a large number of bubbles is required

• I. G. Moss, 1994
𝑅 > 𝐻−1 (GR), infinitesimally thin wall approximation
⇒ a collision of two bubbles cannot produce a black hole

• THJ, T. Okui, 2021
𝑅 > 𝐻−1 (GR), non-negligible thickness of energy density around the wall, 
⇒ a collision of two bubbles can produce a black hole

Main subject of this talk

2. From bubble collisions

BH?



True vacuum False vacuum



∼
1
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Fluid shell

∼
1

𝛾𝑤𝑚𝜙
≪≪≪≪ 𝐻−1

𝑭𝐩𝐥𝐚𝐬𝐦𝐚 ∝ 𝜸𝒘
𝒏𝚫𝑽

1. If 𝑛 > 0, bubble wall velocity is frozen by Δ𝑉 = 𝐹plamsa.

Δ𝑉 is transferred to fluid energy ⇒ bulk motion is generated

𝜕𝜇 𝑇fluid
𝜇𝜈

+ 𝑇𝜙
𝜇𝜈

= 0 ⇒

2. If 𝑛 → 0 & Δ𝑉 ≫ 𝐹𝑓𝑙𝑢𝑖𝑑, bubble wall runs away.

Δ𝑉 is transferred to scalar profile ⇒ kinetic energy of scalar profile ↑ ⇒ wall width ↓ ⇒ No BH

(thick energy density profile)

𝐿 ∼
1

𝛾𝑤
2 𝑅

e.g. see Espinosa et. al., 1004.4187

(bubble wall works on plasma)

𝐿 ∝ 1/𝑅
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𝐓𝐇𝐉, 𝐓. 𝐎𝐤𝐮𝐢, 𝟐𝟏𝟏𝟎. 𝟎𝟒𝟐𝟕𝟏



𝑛𝑃𝐵𝐻 =
1

𝑅𝑓
3න𝑑𝑡1 𝑒3𝐻𝑡1𝑁 𝑡1 Γ𝑛(𝑡1)

𝑁 𝑡1 = න𝑑𝑉 Γ𝑛 𝑡2 𝑃𝑓(𝑡𝑐)

𝑀𝑃𝐵𝐻 >
4𝜋

3
𝐻−3ΔV

∝ 𝐿/𝑅 1/2

Number density:

Mass:

𝑅 ≳
𝐻−1

𝐿/𝑅
Condition:

(mostly on the threshold 
since 𝑃(𝑡𝑐) decreases quickly as r12 ↑ )

𝐿/𝑅 ≪ 1
in our framework

Preview of our findings
𝐓𝐇𝐉, 𝐓. 𝐎𝐤𝐮𝐢, 𝟐𝟏𝟏𝟎. 𝟎𝟒𝟐𝟕𝟏
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flat spacetime

𝑅

𝐿

de Sitter spacetime
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Large 𝑇𝜇𝜈,

Energy density ≃ energy flux ~ large
Mass density ∼ microscopic scale

Flux is canceled 
⇒ Mass density can be large

𝚫𝛀

𝑀 ∼ 2න𝑑𝑉 𝜇 ∼ 2
ΔΩ

4𝜋
𝐸𝑠ℎ𝑒𝑙𝑙



PBH production from bubble collisions

⇒ 𝑴 ∼ 𝟐
𝚫𝛀

𝟒𝝅
𝑬𝐒𝐡𝐞𝐥𝐥 ΔΩ ≃ 𝜋

𝐿

𝑅

∼ 𝐿𝑅

When 𝑹 ≪ 𝑯−𝟏,

𝑬𝒔𝒉𝒆𝒍𝒍 ≃
𝟒𝝅

𝟑
𝑹𝟑𝜟𝑽 since energy is conserved 𝜕𝜇𝑇

𝜇𝜈 = 0 .

A BH forms if 

1 <
2𝐺𝑀

𝑅𝐿
∼ 𝐻2𝑅2 𝐿/𝑅 : 𝑹 >

𝑯−𝟏

𝑳/𝑹 𝟏/𝟒



𝑬𝐬𝐡𝐞𝐥𝐥(𝑹) for 𝑅 ≳ 𝐻−1

With 8𝜋𝐺 = 1, Vaidya-de Sitter metric:

𝑑𝑠2 = − 1 −
ҧ𝜌 𝑢

3
ҧ𝑟2 𝑑𝑡2 − 2𝑑𝑡𝑑𝑟 + 𝑟2𝑑Ω2

𝑢 = 𝑡 −
1

𝐻
log 1 + 𝑒𝐻𝑡𝐻𝑟 , ҧ𝑟 = 𝑟𝑒𝐻𝑡

𝑑𝑠2 = −𝑑𝑡2 + 𝑒2𝐻𝑡(𝑑𝑟2 + 𝑟2𝑑Ω2) −
Δ𝐻2 𝑢 𝑟2𝑒2𝐻𝑡

1 + 𝐻𝑟𝑒𝐻𝑡 2
𝑑𝑡 − 𝑒𝐻𝑡𝑑𝑟 2

𝑇𝛼𝛽 = 𝐺𝛼𝛽 → 𝜇 = 𝑇𝛼𝛽𝑛
𝛼𝑛𝛽 where 𝑛 ⊥ 𝐻

For 𝐻: 𝑡 = 𝑡𝑐,

𝐸𝑠ℎ𝑒𝑙𝑙 = න
𝑠ℎ𝑒𝑙𝑙

𝑑3𝑥 det 𝑔𝑖𝑗 𝜇

ത𝜌 𝑢 = 0 for 𝑢 > 𝑢1 + 𝜖
Δ𝑉 for  𝑢 < 𝑢1

for 𝑅 ≫ 𝐻−1

for 𝑅 ≪ 𝐻−14𝜋

3
𝑅3Δ𝑉

4𝜋

3
𝑅3Δ𝑉 ×

𝟏

𝟐𝑯𝑹

→

𝐸shell ≃
4𝜋

3
𝑅3Δ𝑉 ×

𝟏

𝟐𝑯𝑹
for 𝑅 ≫ 𝐻−1

(𝑅: outer surface area = 4𝜋𝑅2)
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In FRW(-like) coordinates ?



Summary

𝑛𝑃𝐵𝐻 =
1

𝑅𝑓
3න𝑑𝑡1 𝑒3𝐻𝑡1𝑁 𝑡1 Γ𝑛(𝑡1)

𝑁 𝑡1 = න𝑑𝑉 Γ𝑛 𝑡2 𝑃𝑓(𝑡𝑐)

𝑀𝑃𝐵𝐻 >
4𝜋

3
𝐻−3ΔV

∝ 𝐿/𝑅 1/2

Number density:

Mass:

Condition:

(mostly on the threshold 
since prob. of having large 𝑅 decreases quickly as R ↑ )

𝐿/𝑅 ≪ 1
in our framework

𝑅 ≳
𝐻−1

𝐿/𝑅



Summary

𝑛𝑃𝐵𝐻 =
1

𝑅𝑓
3න𝑑𝑡1 𝑒3𝐻𝑡1𝑁 𝑡1 𝚪𝒏(𝒕𝟏)

𝑁 𝑡1 = න𝑑𝑉 Γ𝑛 𝑡2 𝑃𝑓(𝑡𝑐)

𝑀𝑃𝐵𝐻 >
4𝜋

3
𝐻−3𝚫𝐕

∝ 𝐿/𝑅 1/2

We can calculate 𝒀𝑷𝑩𝑯 = 𝑴𝑷𝑩𝑯𝒏𝑷𝑩𝑯/𝒔 if we know
𝑳/𝑹
𝚪𝒏(𝒕)
𝚫𝑽

Number density:

Mass:

Condition:

(mostly on the threshold 
since prob. of having large 𝑅 decreases quickly as R ↑ )

𝐿/𝑅 ≪ 1
in our framework

𝑅 ≳
𝐻−1

𝑳/𝑹



Example:   𝚪𝒏 𝒕 = 𝑯𝟒𝒆𝜷𝑯 𝒕−𝒕𝒏 &  𝐋/𝑹 = 𝟏𝟎−𝟑

• 𝑹 > 𝟑𝟎 𝑯−𝟏 for PBH formation
• 𝑡𝑛 doesn’t change the result
• (𝛽𝐻)−1: duration of PT
• 𝑇∗ ∼ Δ𝑉 1/4 : reheating temp.

or              

critical temp.
or              

some characteristic scale
• Exponential Γ𝑛 𝑡 : no eternal 

inflation

𝑃𝑓 𝑡 = prob. that a point remains in FV at 𝑡𝑐

log10 𝐿/𝑅

𝐻
−
3
𝑛
𝑃
𝐵
𝐻

𝐿/𝑅 = 10−3



Thank you for your attention!!



Next steps

• Small 𝛽 (=long duration of PT)? Estimation from a concrete particle physics model?

• 𝐿/𝑅 = const in 𝑅 ≫ 𝐻−1?

• With help of non-relativistic outcome from the collision?

• Numerical relativity?



Backup slides for those who don’t like hand-waving arguments



Hoop conjecture

original
A BH forms if and only if a mass 𝑀 gets compacted in a region whose largest 
circumference is less than 2𝜋 ⋅ (2𝐺𝑀).

refined
A BH forms if and only if there exist a hypersurface 𝐻 and its subset 𝑉 that satisfies

1 <
2𝜋 ⋅ 2𝐺𝑀 𝑉

𝐶 𝑉
,

where 𝑀(𝑉) is the mass inside 𝑉 and 𝐶(𝑉) is the largest circumference of 𝑉.



For a given spacelike hypersurface 𝐻 and 𝑉 ⊂ 𝐻

𝑀 𝑉 = න
𝑉

𝑑3𝑥 det 𝑔𝑖𝑗 𝜇 − 𝐽𝛼𝐽
𝛼 ,

wher𝑒 𝜇 = 𝑇𝛼𝛽𝑛
𝛼𝑛𝛽, 𝐽𝛼 = 𝑇𝛼𝛽𝑛𝛽 + 𝜇 𝑛𝛼 and 𝑛𝛼 ⊥ 𝐻.

Definition of mass 𝑴(𝑽)

: well-motivated from Schoen-Yau theorem, 1983

Suppose 𝐻 is any spacelike hypersurface in spacetime, and 𝑉 is a bounded region in 𝐻

on which 𝜇 − 𝐽𝛼𝐽
𝛼 ≥ Λ > 0, for some Λ > 0. If 𝑅 𝑉 > 𝜋

3

2Λ
, where 𝑅(𝑉) is a 

suitably defined measure of the radius of 𝑉, then 𝑉 contains an apparent horizon.

Theorem (Schoen and Yau, 1983)

𝑅 𝑉 ∼ the radius of the largest torus that can be embedded in 𝑉



𝑬𝐬𝐡𝐞𝐥𝐥(𝑹)

With 8𝜋𝐺 = 1, Vaidya-de Sitter metric:

𝑑𝑠2 = − 1 −
ҧ𝜌 𝑢

3
ҧ𝑟2 𝑑𝑡2 − 2𝑑𝑡𝑑𝑟 + 𝑟2𝑑Ω2

𝑢 = 𝑡 −
1

𝐻
log 1 + 𝑒𝐻𝑡𝐻𝑟 , ҧ𝑟 = 𝑟𝑒𝐻𝑡

𝑑𝑠2 = −𝑑𝑡2 + 𝑒2𝐻𝑡(𝑑𝑟2 + 𝑟2𝑑Ω2) −
Δ𝐻2 𝑢 𝑟2𝑒2𝐻𝑡

1 + 𝐻𝑟𝑒𝐻𝑡 2 𝑑𝑡 − 𝑒𝐻𝑡𝑑𝑟 2

𝑇𝛼𝛽 = 𝐺𝛼𝛽 → 𝜇 = 𝑇𝛼𝛽𝑛
𝛼𝑛𝛽 where 𝑛 ⊥ 𝐻

For 𝐻: 𝑡 = 𝑡𝑐,

𝐸𝑠ℎ𝑒𝑙𝑙 = න
𝑠ℎ𝑒𝑙𝑙

𝑑3𝑥 det 𝑔𝑖𝑗 𝜇

ҧ𝜌 𝑢 = 0 for 𝑢 > 𝑢1 + 𝜖
Δ𝑉 for  𝑢 < 𝑢1

for 𝑅 ≫ 𝐻−1

for 𝑅 ≪ 𝐻−1

4𝜋

3
𝑅3Δ𝑉

4𝜋

3
𝑅3Δ𝑉 ×

𝟏

𝟐𝑯𝑹

→

𝐸shell ≃
4𝜋

3
𝑅3Δ𝑉 ×

𝟏

𝟐𝑯𝑹
for 𝑅 ≫ 𝐻−1

(𝑅: outer surface area = 4𝜋𝑅2)



When 𝑹𝟏 ≠ 𝑹𝟐

ΔΩ =
2𝜋𝑅1𝐿1

𝑅2 𝑅1 + 𝑅2
, 𝐶 𝑉1 = 2𝜋

2𝑅1𝑅2𝐿1
𝑅1 + 𝑅2

𝑀 𝑉1 ∼ 2
ΔΩ

4𝜋
𝐸𝑠ℎ𝑒𝑙𝑙 𝑅2

𝚫𝛀

𝜇 − 𝐽𝛼𝐽
𝛼

≃ 𝜇1 + 𝜇2 − 𝐽1 + 𝐽2 𝛼 𝐽1 + 𝐽2
𝛼

≃ 𝜇1 + 𝜇2 − 𝜇1 1 +
𝐽1 ⋅ 𝐽2

𝜇1
2

≃ 2𝜇2

1 <
2𝜋 ⋅ 2𝐺𝑀

𝐶(𝑉1)
⇒ 𝑅2 > 𝑓 1,2

𝐻−1

𝐿/𝑅



Backup slides for detailed analysis



Example:   𝚪𝒏 𝒕 = 𝑯𝟒𝒆𝜷𝑯 𝒕−𝒕𝒏 &  𝐋/𝑹 = 𝟏𝟎−𝟑

log10 𝐿/𝑅



Example:   𝚪𝒏 𝒕 = 𝑯𝟒𝒆𝜷𝑯 𝒕−𝒕𝒏 &  𝐋/𝑹 = 𝟏𝟎−𝟑


