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We can confirm the existence of the early 
matter-dominated epoch by precisely-observing
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4

a=a(t):  scale factor

We have strong motivation
to study an early Matter 
Dominated (eMD) epoch
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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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N=60

N=0
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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

Effectively a single field inflation



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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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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Pulsar timing
for 2nd GW

µ-distortion
of CMB

T=TR
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Pulsar timing
for 2nd GW

µ-sistortion of
CMB

T=TR
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eMD RD

early Matter Domination (eMD)

Radiation Domination (RD)

� = �/p

dumped oscillation      
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~ ��f2(u,v,x,xR)

transfer function

k-mode of gravitational potential �k(t)

primordial value ����k(t=tinitial)
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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

Remarks: 
� Amplitude should be less than unity
� The transition occurs in a finite time
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Hellings-Downs curve
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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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( )

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



��
!��
���
���
!���
����
���

��
���������
�
���	�
�����
������#�����������������
!

	 ��
����������
�
�
���� ������������

2022/1/13 Kaz Kohri (KEK)

Yuichiro Nakai, Motoo Suzuki, Fuminobu Takahashi, Masaki Yamada, 
arXiv:2009.09754 [astro-ph.CO]



�
������
��� ����� �	�
����
Kawasaki, Kohri, and Sugiyama, 1998; 2000

Ichikawa, Kawasaki, F. Takahashi, 2002
T.Hasegawa Hiroshima,, Kohri, Hansen, Tram, Hannestad, JCAP 12 (2019) 012



��������
��������	��
	������������
�

��
�
��
Harada, Yoo, KK, Nakao (2017)



�������

#� ���	�����	�������
�	�
��������������������������������
���!#"��	�� �����	��
���������������������
�	�
�
�����
������������
�������	������ ������
��	���������
�����������������������	����

$� ����	���������������������������	������� &�% 

%� ������������������
�������	������������ !�# 

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

�

�
�

�

�
�

freezeout

� 1
7

  
Yp �

� 4 He

�B

�
4× mN × n4 He

mN × (nn + np )
�

2(nn / np )freezeout

(nn / np )freezeout +1
� 0.25
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4 He

n

  
n 4 He

= n
n

/2
np
p
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Y
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~ 1

4
+ 0.01�N

�
+ 0.01ln(�

10
/ 6) + 0.1

�
n
� 880sec
880sec
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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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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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� ��tot < 0



����	��� �
���������


� ����������
�����


� ������������	����
  

P (�
i
��

j
) = sin2 2�

ij
sin2

L�m
ij
2

4E

�

�

�
�

�




	
	

  

P (�
i
��

j
) = 1 � exp ��

sin2 2�
ij
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ij
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ij
2

4E
dt

d logn
e
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�m
ij
2 = m

j
2 �m

i
2

L :  distance
E:  energy
�

ij
:  mixing angle

  

n
e

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

F
n

e
E
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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
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 
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Oyama, Kohri, Hazumi (2015)

|�Nnu| < 0.05
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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

fraction to CDM (ffraction)
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Takashi Nakamura et al, arXiv:1607.00897 [astro-ph.HE] 

  
1 / z ~ a(t )
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Carr, Kohri, Sendouda, J.Yokoyama (2009)(2020)
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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)



���	���������
	���
���
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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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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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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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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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Harada, Yoo, KK, Nakao, Jhingan (2016)
Polnarev and Khlopov (1982)
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Zel’dovich Approximation
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Harada, Yoo, KK, and Nakao (2017)

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