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https://www.youtube.com/watch?v=1agm33iEAuo
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M. Sasaki, T. Suyama, T. Tanaka and S. Yokoyama (2016).

A 3-body effect is important for the BBH formations
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R. Abbott, et al, LSC P&P Committee, arXiv:2010.14527 [gr-qc]



Carr, Kohri, Sendouda, J.Yokoyama (2009)(2020)
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Takashi Nakamura et al, arXiv:1607.00897 [astro-ph.HE] 

  
1 / z ~ a(t )

a(t
0
)

~ t /10Gyr( )2/3
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Horizon  size = H-1 = (k/a)-1

A fluctuation with  the wave number k

  � > �
c

~ p / � ~ c
s
2 = w = 1 / 3

Black Hole

 

A closed universe immediately
collapsing into a BH

Harada,Yoo and KK (2013)

Zel’dovich and Novikov (1967), Hawking (1971), Carr (1975)
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For Peak Statistics, 
e.g., see Yoo, Harada, KK et al (2018)(2020)

σ ∼ δρ/ρ
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Carr, Kohri, Sendouda, J.Yokoyama (2009)(2020)



����	�
 ��������
� �������������
� �
��� ���������
���"� �����!�� �����!���!

� ���
���


� �
����� �
��
�
���


� 	
�
�����
� �� ������� �
����

� ��
������������

   
M

PBH
~ �(H

form
�1 )3 ~ M

pl
2 t

from
~

M
pl
3

T 2
form

~ 1015 g
T

form

3× 108GeV

�

�
�
�

�

	
�
�

�2

~ 30M
�

T
form

40MeV

�

�
�
�

�

	
�
�

�2

   
T

PBH
~

M
pl
2

M
PBH

~ 0.1MeV
M

PBH

1015 g

�

�
�
�

�

�
�
�

�1

~ 3× 10�11K
M

PBH

30M
�

�

�
�
�

�

�
�
�

�1

   
�

PBH
~

M3
PBH

M
pl
4

~ 4 × 1017 sec
M

PBH

1015 g

�

�
�
�

�

�
�
�

3

~ 3× 1068yrs
M

PBH

30M
�

�

�
�
�

�

�
�
�

3

   
k = aH ~ 105Mpc�1 M

PBH

104M
�

�

�
�
�

�

�
�
�

�1/2

~ 105Mpc�1 T
form

MeV

�

�
�
�

�

�
�
�

+1

   
f

fraction
�
�

PBH

�
CDM

~ �
10�18

�

�
�

�

�



M
PBH

1015 g

�

�
�
�

�

�





�1/2

~ �
10�8

�

�
�

�

�



M
PBH

30M
�

�

�
�
�

�

�





�1/2

~ 108 M
PBH

30M
�

�

�
�
�

�

�





�1/2

P
�

exp � 1
18P

�

	

�





�

�
�
�



�	����	���
���� 
�������
� �
 ��
� ���	�
��� ��	�������
��
�����	����	

� �	��
�
��	�	�����
�����
��	��
����	�������
���
� ��
�	�������� �����������	�����

�����	
�
	��

����������������

Pressure
gravity

  (w � p / � ~ 1 / 3)
  (w � p / � ~ 1 / 3)

See, T.Chiba and S.Yokoyama, 2017
De Luca et al, 2019

Minxi He and Suyama, 2019
Harada, Yoo, Kohri, Koga and Monobe, 2020
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R. Abbott, et al, LSC P&P Committee, arXiv:2010.14527 [gr-qc]
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α(t)

ρ∝α-3

ρ∝α-4

ρ∝α-3

ρ

ρ=const.<(10    GeV)

ρ=(2meV)

Inflation eMD
RD

MD DE
T=T
>MeV
RH

16              4

CMB,  LSSBBN

Baryo.
CDM

oscillation
of inflaton

T=1 eV t=7Gyrs t=13.8Gyrsρ<(10     GeV)16         4

4

a=a(t):  scale factor
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Harada, Yoo, KK, Nakao, Jhingan (2016)
Polnarev and Khlopov (1982)
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Zel’dovich Approximation
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Harada, Yoo, KK, nad Nakao (2017)

1st order effects 2nd order effects
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Harada, Yoo, KK, Nakao (2017)
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Harada, Yoo, KK, Nakao (2017)

More highly-spinning halos cannot collapse into  PBHs, which means 
that the PBHs produced tend to have high spins in MD  
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Harada, Yoo, KK, Nakao (2017)
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T.Kokubu, K.Kyutoku, K.Kohri, T.Harada, arXiv:1810.03490

Singularity should be enclosed by (apparent) horizon

σ ∼ δρ/ρ
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Kawasaki,Sugiyama,Yanagida (1998)

Kohri, Lyth and Melchiorri (2007)

Kawasaki, Kitanijima, Yanagida (2012)
Kohri, Lin, Matsuda (2012)

Green and Malik (1999)
Taruya (1998)

Lyth, Malik, Sasaki, Zabarra (2006)
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ξ(2) ≡ m4
pl
V ′V ′′′

V 2

σ(3) ≡ m6
pl
(V ′)2 V ′′′

V 3

As ≡ Pζ |∗ ∼ V

m4
plε

∣∣∣∣∣
∗

∼ (δT/T )2

ns − 1 = dPζ/d ln k = 2η − 6ε

αs = dns/d ln k = −24ε2 + 16εη − ξ(2)

βs = dαs/d ln k = 192ε3 + 192ε2η − 32εη2 + (−24ε+ 2η)ξ(2) + 2σ(2)
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KK and T.Terada, 2018

Alabidi, Kohri, Sendouda, Sasaki, 2013
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wave number k = p x a

Planck (2015)

at 68% C.L.

For inflation models
with a big  running,
see Kohri, Lin Lyth
(2008)
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N=60

N=0

Allahverdi,  Kusenko,  Mazumdar (06)

Ending by a water-fall mechanism

�

+

German, Ross, Sarkar (01)
KK, Lin and Lyth (07)

W = C
φρ

Mp−3
pl

, λ ∼ Cm3/2/Mpl in SUGRA



βs =
d3Pζ

d(ln k)3
= 192ε3 + 192ε2η − 32εη2 + (−24ε+ 2η)ξ(2) + 2σ(3)
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KK, Lin and Lyth (07)

Pζ ∼ V

m4
plε

ε ≡ 1
2

(
mpl

V ′

V

)2
→ 0 for φ ↓

Could be large!
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Carr, Kohri, Sendouda and Yokoyama (2010)

CTA (TeV) will give better
bounds at 1015 g

SMILE (MeV) will give 
better bounds at 1017 g
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Nolan Smyth, Stefano Profumo, Samuel English, Tesla Jeltema, Kevin McKinnon, 

Puragra Guhathakurta, arXiv:1910.01285 [astro-ph.CO]
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2622 microlensing in Galactic bulge by 
OGLE
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Poulin, Serpico, Calore, Clesse, KK (2017)



���������	
� �	�
���
�����������
��
��

�� ����
��
��		����������
������
��
����
�

��� �
��	�������������
��		������������������

���� �����	�������������
��		������������������

��� �����������������
��		����������
�������

�� ���

� Radiative Cooling

� Advective cooling (entropy going into BH) gives  
RIAF (optically thin) or Slim Disk (optically-thick)

� Convective cooling

� Neutrino Cooling

Viscous heating process Various cooling processe

Kohri, Mineshige, 2002
Kohri, Narayan, Piran, 2005
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Poulin, Serpico, Calore, Clesse, Kohri (2017)
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Poulin, Serpico, Calore, Clesse, Kohri (2017)

multipole � multipole �

TT
 c

or
rr

el
at

io
n

CT
T �

EE
 p

ol
ar

iz
at

io
n 

co
rr

el
at

io
n 

CE
E � 

disk
spherical
standard

standard
spherical
disk



���������
���	�������

�������������
��
����������
����������

PBH

z ~30 -- 100

Poulin, Serpico, Inman, Kohri (2020)

O(10)kpc

CDM Halo

� � r -2.25 

Accretion onto CDM + PBH 
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Poulin, Serpico, Inman, Kohri (2020)

LIGO
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Khatri (2013)
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Jeong,Kamionkowksi, Chluba and Pradler (2014)
Nakama, Suyama, Yokoyama (2014)

Inomata, Tada, Kawasaki (2016)
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Kohri, Nakama, Suyama (2014)

Inomata, Kawasaki, Mukaida, Tada, Yanagida (2017)

PIXIE-like future satelllite



Carr, Kohri, Sendouda, J.Yokoyama (2009)(2020)
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KK and T.Terada, 2018

Pulsar timing
for 2nd GW

µ-distortion
of CMB

T=TR
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KK and T.Terada, 2018

Pulsar timing
for 2nd GW

µ-sistortion of
CMB

T=TR
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Inomata, Kohri, Nakama, Terada, 2019 

This is big!

See also, S. Kuroyanagi’s talk in 2015~ ��f2(u,v,x,xR)



PBHs are clustering?
Matsubara, Terada, Kohri, S. Yokoyama, 1909.06048

See also, Suyama and S. Yokoyama (2019)
Tada and S.Yokoyama (2015)See also Suyama’s talk
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Kohri and Matsui (2017)
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H & O(0.1)

φ2
max/T

2
H ≈ O(10)



�������� ��

�	�
���������
�
	��������
�������
����������������
���
��������
��

���
�������	���
�������	����	���������
�

���

���������� ���������
����������������������� ����������� ��������������
����������������������	�������
���

	
��� ������
��
������
����
��������
� ����
���
������
�������� ���� �



����������
� '($*% �
��	���
�%��������
�
��
�����������������
����
�������
���
����
�%�
���

�
��������

�
�

��
�
 ��	������������

	
��� ������
��
������
����
��������
� ����
���
������
�������� ���� �

# +�)�& (!�+�*�& "
"�+�*�& #



�
�	����
�
������������ �������

�� �����
���	��

�� ���
����	�����

2020/11/30 Kaz Kohri (KEK)
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2020/11/30 Kaz Kohri (KEK)

K. Kohri and T. Terada, arXiv:arXiv:2009.11853
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Relevant when P
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K. N. Ananda, C. Clarkson, and D. Wands, 2006
D.Baumann, P.J.Steinhardt, K.Takahashi and K.Ichiki,2007

R.Saito and J.Yokoyama, 2008
KK and T.Terada, 2018

R.-G. Cai, S. Pi, and M. Sasaki, 2019
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MPBH ∼ O(1)M$

(
k

107Mpc−1

)−2

∼ O(1)M$

(
5× 10−9Hz

f

)2

GWs at nHz PBHs ofO(1) M�
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kink

cusp
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( )

fb ∼ 0.7× 10−9Hz

(
h

0.7

)(
Γ

50

)−1 ( Gµ

0.7× 10−10

)−1

ΩGW ∼ 10−10

(
Gµ

10−8

)1/2

∝ f3/2
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Summary
� Binary PBHs are good candidates for LIGO/Virgo events

� We can probe high-energy physics, the early Universe, and 
gravity with PBHs

� The NANOGrav 12.5yr data can be fitted by secondary GWs 
induced by large curvature perturbation, which could have 
produced PBHs with O(1) M� simultaneously

� We will be able to distinguish a model of PBH formations 
from others by future observations such as 
LIGO/Virgo/KAGRA or  DECIGO/BBO and so on.


