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Introduction

PBH: BH formed in the early universe

 ・Remnant of primordial inhomogeneity (Primordial scalar perturbation)
 ・Candidate for DM
 ・Candidate for supermassive BH
 ・Source for GW (Binary, 2nd order GW)
 
How PBHs form?
 
 ・(typically) formed in the RD era
 ・Formed from e.g. collapse of density fluctuation 

(Needless to say …)

Inflation RD MD

Hubble 
Horizon

Fluctuation PBH (?)
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Introduction

Q. What characterize formed PBH?　　What is observable ?

A. Mass & Angular momentum 
     　Theory: No-hair theorem
    　 Obs. : GW from BBH

Our interest: Estimate spin of a single PBH

In RD era: spin is small                                            

    
 Fluctuation with high peak         near-spherical collapse
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Introduction

Q. What characterize formed PBH?　　What is observable ?

A. Mass & Angular momentum 
     　Theory: No-hair theorem
    　 Obs. : GW from BBH

Our interest: Estimate spin of a single PBH

In RD era: spin is small                                            

    
 Fluctuation with high peak         near-spherical collapse

How about other scenarios?
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In this work, we discuss PBH spin in MD era



Introduction

PBH formation in MD era

MD era: no pressure gradient               
     
　　   ・fluctuation with small amp. may collapse      can be highly non-spherical
         

          ・ other mechanisms e.g.                                               of fluctuation may impede collpase
               
 　　　     
Rotation could be important for PBH formation (even before it forms! )           
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This work: focus on spin effect of fluid on PBH formation

[Khlopov and Pornalev 1980, 
 Harada Yoo, Kohri, Nakao, and Jhingan 2016]

[Harada, Yoo, Kohri, and Nakao 2017]
[Harada, Kohri, Sasaki, Terada, and Yoo 2022]



Introduction

Aim: 
　・Discuss spin effect in overdense region on PBH formation
　・Evaluate spin of resulting PBH

Strategy:
    Compute angular momentum inside closed region based on perturbative method
 
    
      Spin is too large              Do not collapse, No PBH!

      Spin is not so large         PBH forms

   We may investigate PBH formation threshold & typical spin of PBH

Around density peakGenerated by perturbation

Collapse (?)

Overdensity PBH 
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Assumptions

Strategy:
    Compute angular momentum inside closed region

Assumptions:
・Matter: dust fluid         Newtonian approximation  
・Background : Einstein de Sitter
・Apply the Zel’dovich approx.

 
・Focus on linear order effects in perturbation             on spin
・Gravitational potential            : random Gaussian field
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Discuss in Lagrange coord.
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Spin in a closed region

   : collapsing region (overdense region:            )       ellipsoid aroud density peak<latexit sha1_base64="kKU5685Ho4j/nYgx+QE6AExjneY="></latexit>
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Spin in a closed region

   : collapsing region (overdense region)     ellipsoid

Spin inside    : 

                

              non-spherical     & misallignment of    and

<latexit sha1_base64="kKU5685Ho4j/nYgx+QE6AExjneY="></latexit>

⌃ <latexit sha1_base64="C6GKg+e5v9gyiIwH5f/SLmQN7ac="></latexit>⇠
<latexit sha1_base64="kKU5685Ho4j/nYgx+QE6AExjneY="></latexit>

⌃
<latexit sha1_base64="UHijVsEmIdw5Dk0SJNfTwM8DycU="></latexit>

~S :=

Z

⌃
d3(a~x)⇢(a~x⇥ ~v)

<latexit sha1_base64="iHTkr91DJEA+SQINm5usToRPF5Y="></latexit>

Ai ⇠
@2�

@qi@qj

<latexit sha1_base64="C6GKg+e5v9gyiIwH5f/SLmQN7ac="></latexit>⇠ <latexit sha1_base64="K9wip0vVykgELk/DUw2rfJtpMUY="></latexit>

([A2
2 �A2

3]v23, [A
2
3 �A2

1]v13, [A
2
1 �A2

2]v12)
Linear order effect

: “curvature” of 
<latexit sha1_base64="kEZ/ajMbm2SANErvB530umSEork="></latexit>

�

<latexit sha1_base64="V9F5Lkj/EQA4OAtzJpi3PeXnE88="></latexit>

vkl ⇠
@2 

@ql@qk
: “curvature” of 

<latexit sha1_base64="/f6QYIIPHRUHfc6sQbSn3S9HiZ4="></latexit>

 

<latexit sha1_base64="zD1heBWKTl0ffom6QXr+USnegQk="></latexit>

Si 6= 0 )
<latexit sha1_base64="zDsH/FJNJD9M2RBJpzkCglntRk4="></latexit>

⌃
<latexit sha1_base64="PI4ln/6gy5a0vL2KBVR26AuZirE="></latexit>

 
<latexit sha1_base64="QV+RT2WBwMhIN7hT/wtsqE7NFz4="></latexit>

� (tidal torque)
<latexit sha1_base64="FTxMAjWneVLpfeJIuvMf7b1EUMk="></latexit>

 

<latexit sha1_base64="wnO3E4x8K5oUkTlA7qyvt1eAD6Y="></latexit>

⌃

<latexit sha1_base64="sNx6+MMuPm59m/jvNj6YLWVhWDA="></latexit>

� ⇠ � 
<latexit sha1_base64="FTxMAjWneVLpfeJIuvMf7b1EUMk="></latexit>

 
<latexit sha1_base64="guxBnfV0Yoowln57vc72Pz8/JPw="></latexit>

�

Products of curvature of     and 
<latexit sha1_base64="PI4ln/6gy5a0vL2KBVR26AuZirE="></latexit>

 
<latexit sha1_base64="CfKkzKaJhL6rUMRdEyTXy4kyqTo="></latexit>

~S
<latexit sha1_base64="C6GKg+e5v9gyiIwH5f/SLmQN7ac="></latexit>⇠ <latexit sha1_base64="kEZ/ajMbm2SANErvB530umSEork="></latexit>

�

<latexit sha1_base64="dpRsbZNMCJjxwz+umjorbL7wpkY="></latexit>

M : mass inside
<latexit sha1_base64="kKU5685Ho4j/nYgx+QE6AExjneY="></latexit>

⌃ Non-dimensional spin
<latexit sha1_base64="VGjPzBFzqDt4KaP2ckw4wnZbHPc="></latexit>

a⇤i =
Si

M2

<latexit sha1_base64="cfSQ3qkWmohOYmKSbq23y2k7KMs="></latexit>

⌃

<latexit sha1_base64="C6GKg+e5v9gyiIwH5f/SLmQN7ac="></latexit>⇠ <latexit sha1_base64="dsliYfC945Sktg4rzIg/z4BWrMs="></latexit>

⌃

<latexit sha1_base64="HcxOluBBna8g1OLB6a41X9kZ+lE="></latexit>a1

<latexit sha1_base64="8vu3y8mT1RrgPNbgy1WMzchBREg="></latexit>a2

depends on
<latexit sha1_base64="f7KxRsCkqwnr1fmUfqKjCY/kkVI="></latexit>

�, �ij , vij



Peak theory and RMS of spin

We want to know RMS of spin
     Statistics of fluctuation

　　: Gaussian               are Gaussian at linear order
Peak theory: theory for statistics of peaks of Gaussian variables

Average of     over shapes 
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RMS of spin with fixed amp.

evaluate at turn-around time      : fluctuation turn to collapse ~ maximum expansion in dust universe
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Result: spin of overdensity

RMS of spin at turn-around time

・Smaller                      gives larger spin
　Smaller initial fluctuation grows larger
                     until turn-around (collapse)

・　　　  : narrowness of power spectrum
   Wider power spectrum gives larger spin
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RMS of spin at turn-around time

Decreases with amplitude

For small    , we have
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RMS of spin at turn-around time

Decreases with amplitude

For small    , we have
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Result

What we’ve discussed: Rapid rotation of fluid impede PBH formation
         Q: How significant this on PBH abundance?
        
Comparison with effect of anisotropy

・Anisotropy and PBH collapse
　 Fluctuation with large anisotropy can’t collapse

      Condition for collapse: Hoop conjecture

    In terms of fluctuation,
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Result: spin vs anisotropy

[Harada Yoo, Kohri, Nakao, and Jhingan 2016]

[Thorne 1972]



PBH abundance with spin & non-spherical effect
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Condition for collapse
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Result: spin vs anisotropy

[Harada Yoo, Kohri, Nakao, and Jhingan 2016]



PBH abundance with spin & non-spherical effect

・Large variance of fluctuation

      Effect of ellipticity is significant

・Small variance of fluctuation

     Effect of spin is significant
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Result: spin vs anisotropy



PBH abundance with spin & non-spherical effect

・Large variance of fluctuation

      Effect of ellipticity is significant

・Small variance of fluctuation

     Effect of spin is significant
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　　　:number density of peak with                            Probability distribution for PBH spin

  ・Peaks at                  
  ・Larger peak for smaller 

<latexit sha1_base64="qPoM5prHUtVCCInP/2tyE8IN2wc="></latexit>

ā⇤ = ā⇤(⌫)
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ā⇤ = ā⇤(⌫)

<latexit sha1_base64="tj1ts1cvljT7jE05lvfThI3VP08="></latexit>

P (ā⇤)
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Summary

・We have estimated the PBH spin in MD era 
            perturbatively, using peak theory

・For small amplitude of fluctuation, we have
                       Threshold for amplitude (Spin prevents gravitational collapse)

・Suppress PBH abundance for small variance of fluctuation

・         peaks at
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Thank you for attention!!
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