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Why you should attend this workshop 
◎Objectives
To take this opportunity to promote international mutual understanding, build cooperative 
relationships, and lead to future constructive and cutting-edge international joint research. 

◎It should be a good enough reason, but you may have additional reasons, e.g., …
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◎Remnants of primordial non-linear inhomogeneity  

Primordial Black Hole

◎BHs not produced by late time stellar collapse

◎Reliable formation scenario: 
Collapse of rarely dense regions generated by quantum fluctuation during inflation
It’s rare, but has a finite probability!!

◎If you accept inflation, you should be able to accept the PBH formation 

➢ BHs “exist” in our universe
➢ BHs behave as dark matter in a cosmological scale
➢ Reliable scenario of PBH formation

◎PBH is an appealing candidate for dark matter and BH binaries 
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PBH formation 
◎Comoving scale of an inhomogeneity ~ 1/k

◎GR simulation starting from a super-horizon non-linear initial data 

ln(length)

inflation early 
MD

RD MD

a/k
simulation

collapse

super horizon→horizon entry→collapse

ln(a)

◎We assume the linear equation of state p=wρ with w=1/3 and 1/5
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Super-horizon scale metric
◎Leading order metric with gradient expansion

◎The next-leading order perturbations 

Ψ(xk)  fixes everything
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Initial condition
18

◎Initial curvature perturbation   

ζ～gravitational potential on (x,y) plane    Δζ～energy density on (x,y) plane    

tidal torque ⇒ angular momentum transfer ⇒ spinning PBH
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Parameter setting

Too large to be statistically expected
⇒Too much idealized for spin generation

The most probable values

◎Initial curvature perturbation   

◎With reference to the peak theory   



Chulmoon YooEREP2024

Numerical domain
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About the numerical code

◎Basically follows the SACRA（桜）code by Fortran

- Fluid evolution code has been implemented

◎Originally provided by Hirotada Okawa (for E-eqs and real scalar field w/ periodic BC)

◎COSMOS（秋桜）code by C++ [CY, Hirotada Okawa, Ken-ichi Nakao(1306.1389), 
Hirotada Okawa, Helvi Witek, Vitor Cardoso(1401.1548)]

[Tetsuro Yamamoto, Masaru Shibata, Keisuke Taniguchi(arXiv:0806.4007)]

[CY, Tomohiro Harada,Hirotada Okawa(arXiv:2004.01042)]

- Inhomogeneous (scale-up) coordinate system has been implemented
[CY, Taishi Ikeda,Hirotada Okawa(arXiv:1811.00762)]

- Recently, a mesh refinement procedure has been implemented

- 1+1 code for spherical systems has been developed based on COSMOS
[CY, Harada, Hirano, Okawa, Sasaki(arXiv:2112.12335)]

◎Independently developed by CY and Hirotada Okawa 

◎In the CY side, it is mainly dedicated to PBH formation as follows
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Summary of resolution difference

◎New simulation with mesh refinement

・Scale-up reference coordinates xi related to the Cartesian coord. Xi  by 

 

◎Resolution in the previous simulation

・Resolution at the center (Δx=L/100)  

・ 

 ・Two additional layers for the mesh refinement  

2004.01042 CY, Tomohiro Harada, Hirotada Okawa
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Thresholds

bounceback
bounceback

collapse
collapse
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Effective spin parameter
◎w=p/ρ=1/3, amplitude μ=0.92 case
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Softer equation of state
◎p/ρ=w=1/5, amplitude μ=0.73 case   
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Effective spin parameter
◎Kerr black hole case   

Area 
A

equatorial 
circumference

d

meridional
circumference

l

◎Effective dimensionless spin   

◎Asphericity parameters   
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Effective spin parameter
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Non-sphericity

oblate

prolate

Kerr w/ a=0.1
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Spin of PBH is very small
for the equation of states p=wρ with w>1/5

Thank you for your attention

◎Caveats
● Results only for a specific initial profile
● The case in which the amplitude is very close to the critical value
● etc.   


