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We can confirm the existence of the early 
matter-dominated epoch  by observing



Why PBHs?
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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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Takashi Nakamura et al, arXiv:1607.00897 [astro-ph.HE] 

  
1 / z ~ a(t )

a(t
0
)

~ t /10Gyr( )2/3



Carr, Kohri, Sendouda, J.Yokoyama (2009)(2020)
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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/ρFor analytical derivations, see Harada, Yoo, KK  (2013)
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Carr, Kohri, Sendouda, J.Yokoyama (2009)(2020)
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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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mN × (nn + np )
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  �N
�
= N

�
� 3

  
� =

n
B

n
�

= �
10
× 10�10 :  baryon to photon ratio

  � n
:  neutron life time
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�e has  
stronger 
interactions 
with plasma 
through W�

DECOUPLING: 
3 MeV for �µ and ��
2 MeV for �eee
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Kawasaki, Kohri, and Sugiyama, 1998; 2000

Only photons can be heated by e+e- annihilation at T = 0.511 MeV

e+ + e- � �+�
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Kawasaki, Kohri, and Sugiyama, 1998; 2000

.................. Fermi-Dirac

- - - - �µ /��
�e

.................. Fermi-Dirac

- - - - �µ /��
�e
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L :  distance
E:  energy
�

ij
:  mixing angle

  

n
e

:   electron #density
dt :   time derivative  a = 2 2G

F
n

e
E



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



������
	�	

	����	 ���� ��

	�	��	
�����	�	���������	��	



������������
�������
��
����

���

���	����������
�����



���

�	������� �����
�� ������ ����
����
T. Hasegawa, Hiroshima, Kohri, Hansen, Tram, Hannestad, JCAP 12 (2019) 012

N� <  3

See Planck 2018
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Radiative decay Hadronic decay

��, e���’s �qq, gluon��’s

  

n + � + � p + � 0

p + � � � n + � 0 n/p 

T.Hasegawa Hiroshima,, Kohri, Hansen, Tram, Hannestad, JCAP 12 (2019) 012 
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B

n
�

= �
10
× 10�10 :  baryon to photon ratio

  TR
> 1.8 MeV (95% C.L.)

T.Hasegawa Hiroshima,, Kohri, Hansen, Tram, Hannestad, JCAP 12 (2019) 012 
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  TR
> 4 - 5 MeV (95% C.L.)

T.Hasegawa Hiroshima,, Kohri, Hansen, Tram, Hannestad, JCAP 12 (2019) 012 
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  TR

> 1.8 MeV (95% C.L.)

  TR
> 4 - 5 MeV (95% C.L.)

�Nnu <~ -2

�Nnu <~ -0.3

T.Hasegawa Hiroshima,, Kohri, Hansen, Tram, Hannestad, JCAP 12 (2019) 012 

See also the CMB bound, TR > 4.7 MeV, P.F. de Salas, M. Lattanzi, 
G. Mangano, G. Miele, S. Pastor, O. Pisanti, arXiv:1511.00672

See also the talk by Gordan Krnjaic for a positive �N�
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Oyama, Kohri, Hazumi (2015)

|�Nnu| < 0.05
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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 
for nonspherical V 2nd order effects
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Harada, Yoo, KK, Nakao (2017)



�������
�	������
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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 Log
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[� ]

 �inhom
~ 3.6979� 3/2
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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



��������
��������	��
	�����������

�
���
�
��



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

��
�����������




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


Naoki Seto, Jun’ichi Yokoyamam, arXiv:gr-qc/0305096
Kazunori Nakayama, Shun Saito, Yudai Suwa, Jun'ichi Yokoyama, 

arXiv:0804.1827 [astro-ph]

���
����	

� ���
��� � �

��� ���



�

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

Inomata, Kohri, Nakama, Terada, JCAP10(2019)071, arXiv:1904.12878 [astro-ph.CO] 

~ ��f2(u,v,x,xR)
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This is big!

~ ��f2(u,v,x,xR)

Inomata, Kohri, Nakama, Terada, Phys. Rev. D 100, 043532 (2019), 
arXiv:1904.12879

eMD
RD

Amplitude should be less than unity
The transition occurs in a finite time
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Guillem Domènech, Chunshan Lin, Misao Sasaki, arXiv:2012.08151 [gr-qc]
Guillem Domènech, Volodymyr Takhistov, Misao Sasaki, arXiv:2105.06816 [astro-

ph.CO]
Extension from Theodoros Papanikolaou, Vincent Vennin, David Langlois, 

arXiv:2010.11573 [astro-ph.CO] 

Keisuke Inomata, Masahiro Kawasaki, Kyohei Mukaida, Takahiro Terada, Tsutomu T.
Yanagida, arXiv:2003.10455 [astro-ph.CO]

Graham White, Lauren Pearce, Daniel Vagie, Alex Kusenko, 
arXiv:2105.11655 [hep-ph]

���������Takahiro Terada
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��������formation of halos, evaporation of

halos, and turbulence after reheating
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See also Karsten Jedamzik (LPTA), Martin Lemoine (IAP), Jerome Martin (IAP), 
arXiv:1002.3278 [astro-ph.CO]
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Ioannis Dalianis, Chris Kouvaris, arXiv:2012.09255 [astro-ph.CO]



PBHs produced in RD or MD are clustering?

Matsubara, Terada, Kohri, S. Yokoyama, 1909.06048
See also, Suyama and S. Yokoyama (2019)

Tada and S.Yokoyama (2015)
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We can confirm the existence of the early 
matter-dominated epoch  by observing




