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What is PBH ?�

Black hole formed by gravitational collapse in very 
early universe �

Primordial Black Hole(PBH)�
		

cf. Black hole formed 
 through supernova�

� � � � �̄

�̄

�c

�

Perturbations of energy density�

Space�

�c � 1

3
Threshold of PBH 
formation�

(Carr 1975)�

PBH is formed by 
self-gravitational collapse�

0

Density Perturbations 
(inflation origin)�

Threshold�

cf. � � O(10�5) (k < 1Mpc�1)

We assume the large perturbations 
originate from quantum 
fluctuation during inflation�
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The timing of PBH formation�
PBH forms when overdensed region enters the Horizon. 

The size of perturbation corresponds 
to PBH mass one to one.�

Image in comoving �
Size of Horizon(1/aH) �

Time�
PBH forms !�At first, the size of perturbation  

is larger than Horizon�
Then, the size of perturbations  
become equal to Horizon�

At this moment�

PBH mass 
≈ Horizon mass at that time �

Density Perturbation 

PBH�

(MPBH = �MH|k=aH)

(γ≈0.2 Carr 1975)�

MPBH(k) � M�

� �

0.2

� �
T

176MeV

��2
�����
k=aH

� M�

� �

0.2

� �
k

3.1 � 105Mpc�1

��2
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PBH-DM ratio and perturbations�

PR � O(0.01)

�(M) �
�

>�c

d��
2��2(M)

e
� �2

2�2(M)

Small value of β(Μ) (∼10-8) is enough to achieve ΩPBH/ΩDM ~O(1).�

�2(M(k)) � O(PR(k)) � O(�2)

cf. PR(k) � O(10�9) (k < 1Mpc�1)

Production rate of PBH with MPBH=M:�

PBH-DM ratio:  

�(M) � O(10�8)

�PBH(M)

�DM
�

�
�(M)

1.84 � 10�8

�� �

0.2

�3/2
�

M

M�

��1/2

PBHs need large perturbations !�
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Inomata et al. arXiv: 1701.02544 �

PBH can still explain DM.�
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BHs LIGO has detected�
LIGO has already detected several GWs.�

GW150914 
 

GW151226 
 

GW170104 
 

LVT151012 

Primary BH Secondary BH�

14.2+8.3
�3.7M� 7.5+2.3

�2.3M�

31.2+8.4
�6.0M� 19.4+5.3

�5.9M�

36.2+5.2
�3.8M� 29.1+3.7

�4.4M�

23+18
�6 M� 13+4

�5M�

B. P. Abbott et al. Phys. Rev. X 6, 041015 
B. P. Abbott et al. Phys. Rev. Lett. 118, 221101�
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BHs LIGO has detected�
LIGO has already detected several GWs.�

GW150914 
 

GW151226 
 

GW170104 
 

LVT151012 

Primary BH Secondary BH�

14.2+8.3
�3.7M� 7.5+2.3

�2.3M�

19.4+5.3
�5.9M�

23+18
�6 M� 13+4
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B. P. Abbott et al. Phys. Rev. X 6, 041015 
B. P. Abbott et al. Phys. Rev. Lett. 118, 221101�

It seems that there are many BHs with M~30M¤.�
Three out of eight are M~30M¤. �
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The origin of 30 Solar mass BHs�
Usual stellar black holes cannot be larger than 20M¤ 
because of mass loss by stellar wind. �

PBH is a good candidate of 30 Solar mass BH ! 

In our research,�
Taking account of the PTA constraints on the GWs from 
second order scalar perturbations, we investigate whether 
PBHs can explain the LIGO events. 

Calculating the merger rate, Sasaki et al.(2016) shows that  
if ΩPBH(30M¤)/ΩDM ~10-4-10-2, PBH can explain LIGO event.�

(Talk by T.Suyama)�

11/21 



Keisuke Inomata� Primordial Black Holes in Inflationary Cosmology�

GWs from second order perturbations�

GWs from merger of BHs (detected by LIGO)�

GWs from second order density perturbations�

Density perturbations �

GWs� In first order, density(scalar) perturbations 
are independent of GWs(tensor).�

In second order, density perturbations can 
be source of GWs �

However�

To produce enough PBHs to explain LIGO events, 
we need large density perturbations�

GWs from second order is constrained by PTA observations.�

Totally different�

(Saito, Yokoyama, Phys.Rev.Lett.102.161101)�
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Equation of motion for GWs�

h�
k

��
+ 2Hh�

k
�
+ k2h�

k = 4S�(k, �)

S�(k, �) � �e�lm(k̂)Slm(k)

=

�
d3k�

(2�)3
e�lm(k̂)k�

lk
�
m

�
2�k�(�)�k�k�(�)

+
4

3(1 + �)

�
�k�(�) +

��
k�(�)

H

� �
�k�k�(�) +

��
k�k�(�)

H

��

ds2 = a2[�(1 � 2�)d�2 + ((1 + 2�)�ij +
hij

2
)dxidxj ]

Source term from second order scalar perturbations 

Metric perturbations:�

E.o.M for GWs:� hi
i = 0, hij

,j = 0

Scalar perturbations� Tensor perturbation�

(Ananda el al. 2007)�
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V (�, �) = Vpre(�) + Vstb(�, �) + Vnew(�)

Vnew(�) =

�
v2 � g

�3

MPl

�2

� �

2
v4 �2

M2
Pl

� �v4 �

MPl

Vstb(�, �) = cpot
Vpre(�)

2M2
Pl

�2

Double Inflation Model�
Inflaton:�

Chaotic inflation�

This term stabilizes φ at origin 
during chaotic inflation  �

(Kawasaki et al 1998) �

Lagrangian:�

Potential:�

�, �

New inflation�

L = �1

2
(1 � ckin

2M2
Pl

�2)�µ��µ� � 1

2
�µ��µ� � V (�, �)
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image of perturbations 
generated by inflation�
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Curvature perturbations and GWs�

This curvature perturbation and GWs are sharp enough to 
avoid both µ-distortion and PTA constraints.�
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PBH-DM ratio�
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PBHs can explain 30M¤BHs detected by LIGO. �
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( If ΩPBH(30M¤)/ΩDM ~10-4-10-2, PBH can explain LIGO event. (Sasaki et al. 2016) )�
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Summary�
What we did�

Result�

Future prospect �

We investigate whether PBHs can explain the LIGO 30M¤ 
events. In particular, we focus on the PTA constraints on the 
GWs from second order scalar perturbations. 

Although the peak needs to be so sharp, PBHs can explain 
the LIGO events. We shows that the double inflation model 
can make sharp peak of curvature perturbations.  

It is possible that future PTA experiments or µ-distortion 
observation detect the signals. 
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