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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.HallandS. D. H. Hsu, 1990

M. J. Baker, M. Breitbach, J. Kopp, L. Mittnacht, 2021
2105.07481

During the inflation

* A. Kusenko, M. Sasaki, S. Sugiyama, M. Takada, V. Takhistov, E. Vitagliano, 2020
2001.09160

Semi-bubble collision (bubble collision — false vacuum created — BH)

M. Khlopov, R. Konoplich, S. Rubin, A. Sakharov, 1998, 1999
hep-ph/9912422
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(And many other scenarios. | apologize if | missed your work.)



2. From bubble collisions

S. W. Hawking, |. G. Moss, J. M. Stewart, 1982
Naive estimation, flat spacetime (R << H™1),
= collision of a large number of bubbles is required

l. G. Moss, 1994
R > H™! (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
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= collision of a large number of bubbles is required

e =

l. G. Moss, 1994
R > H™! (GR), infinitesimally thin wall approximation
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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
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Fluid shell

1
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| ]/qu',

1.1fn > 0, bubble wall velocity is frozen by AV = Fpjamsa-
AV is transferred to fluid energy = bulk motion is generated
(bubble wall works on plasma)

(thick energy density profile)
uv
0y (Thg + T4 ) =0 *<:>+{:!* L~—R

hyb d

e e.g. see Esplnosa et. al., 1004.4187
2.1fn - 0 & AV > Frpyiq, bubble waII runs away.
AV is transferred to scalar profile = kinetic energy of scalar profile T = wall width | = No BH
Lx1/R
y 4
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Preview of our findings THJ, T. Okui, 2110. 04271

H™ L/R « 1
/L/R in our framework

|

N(ty) = j AV T (62) Py (£0) T

Condition: R =

« (L/R)Y/?

1 0B
Number density: | ppy = R3 dty e>" 1N (), ()
f

(mostly on the threshold

T
. g3
Mass: Mppy > 3 H™>AV since P(t.) decreases quicklyasry, T)




Condition for PBH formation



PBH production from bubble collisions
TH]J, T.OKkui, 2110.04271
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PBH production from bubble collisions
TH]J, T.OKkui, 2110.04271

Ty = AV Iuv
de Sitter spacetime I I
\ L/ \ /
— Flux is canceled —

= Mass densitv can be large

AQ
M~ ZJqu ~ 2% Eqpen
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flat spacetime
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Energy density =~ energy flux ~ large
Mass density ~ microscopic scale




PBH production from bubble collisions

/'
M ZA'Q E AQ L
- = ~ L4— ~ T—
A7 Shell TH
~\
When R <« H 1,
Espenn = 4?HR?’AV since energy is conserved (OHT”V = O).
A BH forms if
1< il H?R*\/L/R : R > H
VRL T (L/R)Y4



Eshell (R) forR=H ! (R: outer surface area = 4wR?)
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PBH production from bubble collisions

/'
M ~ 2 — E AQ L
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~\
WhenR <K H™1
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PBH production from bubble collisions

/'
M~ 2 Af E AQ L
= M ~ A7 Shell =Th
.
A BH forms if X
2GM 4 1 H~
1<——~HR./L/R R > ——
VRL / (L/R)/?

£ 7B
MPBH >?H AV



Condition:

Mass:

Summary
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Mpgy > —H3AV
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in our framework

(mostly on the threshold
since P(t,) decreases quicklyasry, T)



Summary
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1. Another bubble nucleated in the band
For a bubble nucleated at ¢4, 2. Collision point should be in the FV

expected # of PBH formation is Pho

N(ty) = [ dV, T, (t2) Pr(tc) <

0.4f

Pe(t.) = prob. that a point remains in FV at ¢,
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Summary

H—l
Condition: R = L/R <1
VvL/R in our framework
N(E) = [ @V Ta(e)Pr(e) ——
1 3t
Number density: | ppy = R3 dty e 1N () (t1)
f
4 (mostly on the threshold
. -3
Mass: Mppy > 3 H™ AV since prob. of having large R decreases quicklyas R T)
L/R

We can calculate Ypgy = Mpgynpgy/s if we know 4 I, (1)
AV



Example: T, (t) = H*efH(-t) & L/R = 1073

Mppn/g
, 1010 1015 1020 1025 1030
]_O T T i ~ T T ‘ T T T l
Lensing

ﬁ’BH

| L/R=10"3

10—20 10—15

* R > 30 H 1 for PBH formation
* t, doesn’t change the result

e (BH)™!:duration of PT
e T, ~ (AV)Y/*: reheating temp.

or

critical temp.
or

some characteristic scale
* Exponential I[,(t): no eternal

inflation

P¢(t) = prob. that a point remains in FV at t,.

L

0.8}
0.6}

0.4f

— p=6
5=8
B=10

— p=12

— B=14

0.5

1.0

tn

1' H(t—t,)




Thank you for your attention!!



Next steps

Small § (=long duration of PT)? Estimation from a concrete particle physics model?
L/R = constinR >» 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 2 - (2GM).

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

2m - (2GM (V)

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




Definition of mass M (V)

For a given spacelike hypersurface H and V c H

M) = j d3x [det(gyj) (1 —Ta®).

where u = Taﬁn“nﬁ, Jj& = T“ﬂnﬂ + un®andn® L H.

: well-motivated from Schoen-Yau theorem, 1983

Theorem (Schoen and Yau, 1983)

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

on which u —/J,J* = A > 0, forsome A > 0. If R(V) > n\/%, where R(V) is a

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

R(V) ~ the radius of the largest torus that can be embedded in V



Ehen(R) (R: outer surface area = 4mR?)

With 8nG = 1, Vaidya-de Sitter metric: _
p(u) =0 foru>u; +e€

o(u
ds? = — <1 -~ ,0(3 )f2> dt? — 2dtdr + r?dQ? AV for u <uy

u==t-— %log(l + ef''Hr) , 7 = reflt

AHZ (1) r2e2Ht
(1 + Hreflt)2

ds? = —dt? + e?Ht(dr? + r2dQ?) — (dt — efltdr)?

forR < H™1
Tap=Goag — H= Taﬁn“nﬁ wheren 1L H

Esneu =f d>x /detgij u
shell

forR > H™ 1
ForH:t = t,,

41T
— R3AV
N 3
An R3AV X !
3 2HR

4 1
‘ Eshell ad ?nRBAV X ﬁ forR > H™1




When R; # R,

2w - 2GM

AQ)
M) ~ ZE Esnen(R2)

U —JaJ®
=~ (g + ) = U1 +J2)aUr +12)%
= (U + p) — g <1 +]1ﬂ.2]2>

1

= 20,

2TR{L 2R{R,L
Q= 1L1 ’ c(vy) = 2 1L
R,(R; + R,) R{ +R,

-1

JL/R

RZ > f(1,2)




Backup slides for detailed analysis
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