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Introduction
Why Primordial Black Holes (PBHs)?

3

‣ Non-particle candidate of DM

‣ Candidate of gravitational wave events observed by LIGO.

‣ Constrain other DM models; WIMP by UCMH, axion by super-radiance,…

How do you produce them?

‣ Need Large density perturbations for Gravity > Pressure.

- Collapse of localized configurations: bubble collision, cosmic string, Q-ball,…

- Collapse of primordial density perturbations: inflation, curvaton,…
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Why Primordial Black Holes (PBHs)?
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‣ Non-particle candidate of DM

‣ Candidate of gravitational wave events observed by LIGO.

‣ Constrain other DM models; WIMP by UCMH, axion by super-radiance,…

How do you produce them?

‣ Need Large density perturbations for Gravity > Pressure.

- Collapse of localized configurations: bubble collision, cosmic string, Q-ball,…

- Collapse of primordial density perturbations: inflation, curvaton,…

This Talk!
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Current Constraints
Constraints independent of production mechanisms.
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✤ Constraints from Neutron Star capture are evaded 
for a conservative value of DM inside the globular 
clusters. [See e.g. Kusenko+, 1310.8642; Carr+,1607.06077]

CMB: 1612.05644,1707.04206,…

UFD: 1605.03665, 1704.01668 

EROS/MACHO/OGLE:  0011506, 0607207, 
1106.2925

Kepler: PhysRevLett.111.181302

WD: 1505.04444

Femto: 1204.2056

EGγ: 0912.5297

Hawking radiation

Gravitational lensing

Dynamical

HSC: 1701.02151 

Accretion

Radio/Xray: 1612.00457, 1705.00791

‣ Note: a delta function for PBH spectrum is assumed.

Subaru HSC

Femto
EROS

MACHO
OGLE

Kepler
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γ

W
D

UFD

C
M

B

X-ray/radio

Talk by Y. Inoue

Wave effects??
PRL80 (1998) 1138-1141,0305055;
Talk by M. Takada
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Current Constraints
Constraints independent of production mechanisms.
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✤ Constraints from Neutron Star capture are evaded 
for a conservative value of DM inside the globular 
clusters. [See e.g. Kusenko+, 1310.8642; Carr+,1607.06077]

‣ Note: a delta function for PBH spectrum is assumed.

PBH for LIGO
PBH as DM?

CMB: 1612.05644,1707.04206,…

UFD: 1605.03665, 1704.01668 

EROS/MACHO/OGLE:  0011506, 0607207, 
1106.2925

Kepler: PhysRevLett.111.181302

WD: 1505.04444

Femto: 1204.2056

EGγ: 0912.5297

Hawking radiation

Gravitational lensing

Dynamical

HSC: 1701.02151 

Accretion

Radio/Xray: 1612.00457, 1705.00791
Talk by Y. Inoue
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7

✤ Constraints from Neutron Star capture are evaded 
for a conservative value of DM inside the globular 
clusters. [See e.g. Kusenko+, 1310.8642; Carr+,1607.06077]

‣ Note: a delta function for PBH spectrum is assumed.

PBH for LIGO
PBH as DM?

CMB: 1612.05644,1707.04206,…

UFD: 1605.03665, 1704.01668 

EROS/MACHO/OGLE:  0011506, 0607207, 
1106.2925

Kepler: PhysRevLett.111.181302

WD: 1505.04444

Femto: 1204.2056

EGγ: 0912.5297

Hawking radiation

Gravitational lensing

Dynamical

HSC: 1701.02151 

Accretion

Radio/Xray: 1612.00457, 1705.00791
Talk by Y. Inoue

Monochro: Nakamura+, Sasaki+1603.08338, Kamionkowsky+1709.06576
Extended: Raidal+1707.01480, (Suyama+1709.09007)

Bird+1603.00464; Cluster: Garcia-Bellido+1603.05234

Binary formation @ RD

Binary formation @ current
v.s. Discussion on Fri?
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Current Constraints
Constraints independent of production mechanisms.
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‣ Note: a delta function for PBH spectrum is assumed.
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Current Constraints
Constraints independent of production mechanisms.
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‣ Note: a delta function for PBH spectrum is assumed.
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Current Constraints
Constraints independent of production mechanisms.
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‣ Constraints on extended mass function. [KM+, 1701.02544;
Kuhnel+, 1701.07223;
Carr+, 1705.05567;…]

Large σ 
is 

allowed
Tension w/ radio/X-ray 
LIGO? (Discussion on Fri?)

Talk by Y. Inoue
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Current Constraints
Constraints independent of production mechanisms.
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✤ Constraints from Neutron Star capture are evaded 
for a conservative value of DM inside the globular 
clusters. [See e.g. Kusenko+, 1310.8642; Carr+,1607.06077]

‣ PBH as all DM: marginal, but still viable.

‣ PBH for LIGO events: marginal, but still viable.

PBH for LIGO

PBH as DM

CMB: 1612.05644,1707.04206,…

UFD: 1605.03665, 1704.01668 

EROS/MACHO/OGLE:  0011506, 0607207, 
1106.2925

Kepler: PhysRevLett.111.181302

WD: 1505.04444

Femto: 1204.2056

EGγ: 0912.5297

Hawking radiation

Gravitational lensing

Dynamical

HSC: 1701.02151 

Accretion

Radio/Xray: 1612.00457, 1705.00791
Talk by Y. Inoue
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Current Constraints
Constraints independent of production mechanisms.
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✤ Constraints from Neutron Star capture are evaded 
for a conservative value of DM inside the globular 
clusters. [See e.g. Kusenko+, 1310.8642; Carr+,1607.06077]

‣ PBH as all DM: marginal, but still viable.

‣ PBH for LIGO events: marginal, but still viable.

PBH for LIGO

PBH as DM

CMB: 1612.05644,1707.04206,…

UFD: 1605.03665, 1704.01668 

EROS/MACHO/OGLE:  0011506, 0607207, 
1106.2925

Kepler: PhysRevLett.111.181302

WD: 1505.04444

Femto: 1204.2056

EGγ: 0912.5297

Hawking radiation

Gravitational lensing

Dynamical

HSC: 1701.02151 

Accretion

Radio/Xray: 1612.00457, 1705.00791
Talk by Y. Inoue

Talk by V. Takhistov

Talk by J.Garcia-Bellido
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Current Constraints
Constraints independent of production mechanisms.
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✤ Constraints from Neutron Star capture are evaded 
for a conservative value of DM inside the globular 
clusters. [See e.g. Kusenko+, 1310.8642; Carr+,1607.06077]

CMB: 1612.05644 (1612.06811, 1612.07264)

UFD: 1605.03665

EROS/MACHO: 0607207

Kepler: PhysRevLett.111.181302

WD: 1505.04444

Femto: 1204.2056

EGγ: 0912.5297

Hawking radiation

Gravitational lensing

Dynamical

HSC: 1701.02151 

Accretion

Radio/Xray: 1612.00457

‣ PBH as all DM: marginal, but still viable.

‣ PBH for LIGO events: marginal, but still viable.

PBH for LIGO

PBH as DM

Assume a specific production mechanism (inflation).

Are there any other ways to probe them?

Can we construct concrete inflation models?

Q.
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Outline of Talk

‣ Introduction

‣Constraints on PBHs from Inflation

‣Double inflation: PBHs for LIGO or DM

‣Summary

14
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Outline of Talk

‣ Introduction

‣Constraints on PBHs from Inflation

‣Double inflation: PBHs for LIGO or DM

‣Summary

15
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Constraints on  
PBHs from Inflation

2.
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Formation of PBHs
Need large δρ/ρ for Gravity > Pressure
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Horizon Collapse!Horizon

‣ PBH mass (M) ⇆ scale of perturbation (k)
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‣ PBH abundance (β) ⇆ amplitude of perturbation (Pζ)
[Carr, ‘75]

✤ Enhanced non-Gaussianity → same amount of PBHs w/ smaller/larger Pζ 

¶�c ⇠ 0.4

Talk by T. Harada
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Formation of PBHs
Need large δρ/ρ for Gravity > Pressure
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Horizon Collapse!Horizon

¶�c ⇠O (0.1)

‣ PBH mass (M) ⇆ scale of perturbation (k)

M = �⇢
4⇡H �3

3
'M�
⇣ �

0.2

⌘⇣ g⇤
3.36

⌘� 1
6
Å

k/(2⇡)
3⇥10�9 Hz

ã�2

‣ PBH abundance (β) ⇆ amplitude of perturbation (Pζ)
[Carr, ‘75]

✤ Enhanced non-Gaussianity → same amount of PBHs w/ smaller/larger Pζ 

Typical probability we need
‣ 1% of DM @ O(10) solarmass: β ~ 10-10.
β ≪ 1 → PBHs

➡ independent of how they produced.
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Current Constraints
Constraints independent of production mechanisms.
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✤ Constraints from Neutron Star capture are evaded 
for a conservative value of DM inside the globular 
clusters. [See e.g. Kusenko+, 1310.8642; Carr+,1607.06077]

CMB: 1612.05644,1707.04206,…

UFD: 1605.03665, 1704.01668 

EROS/MACHO/OGLE:  0011506, 0607207, 
1106.2925

Kepler: PhysRevLett.111.181302

WD: 1505.04444

Femto: 1204.2056

EGγ: 0912.5297

Hawking radiation

Gravitational lensing

Dynamical

HSC: 1701.02151 

Accretion

Radio/Xray: 1612.00457, 1705.00791

‣ Note: a delta function for PBH spectrum is assumed.

Subaru HSC

Femto
EROS

MACHO
OGLE

Kepler

EG
γ

W
D

UFD

C
M

B

X-ray/radio

Talk by Y. Inoue

Wave effects??
PRL80 (1998) 1138-1141,0305055;
Talk by M. Takada
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Need large δρ/ρ for Gravity > Pressure
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✤ Enhanced non-Gaussianity → same amount of PBHs w/ smaller/larger Pζ 

Typical probability we need
‣ 1% of DM @ O(10) solarmass: β ~ 10-10, Pζ ~ O(0.01)
β ≪ 1 → PBHs

➡ independent of how they produced.



Kyohei Mukaida - DESY

Formation of PBHs
Need large δρ/ρ for Gravity > Pressure

21

�⇢

⇢
Horizon Collapse!Horizon

¶�c ⇠O (0.1)

‣ PBH mass (M) ⇆ scale of perturbation (k)

M = �⇢
4⇡H �3

3
'M�
⇣ �

0.2

⌘⇣ g⇤
3.36

⌘� 1
6
Å

k/(2⇡)
3⇥10�9 Hz

ã�2

‣ PBH abundance (β) ⇆ amplitude of perturbation (Pζ)

� (M ) =
Z

�c

d�
e�

�2

2�2 (M )

p
2⇡�2(M )

⇠�(M )e�
�2

c
2�2 (M ) ; �2(M )⇠ P⇣(k )

[Carr, ‘75]

✤ Enhanced non-Gaussianity → same amount of PBHs w/ smaller/larger Pζ 

Typical probability we need

β ≪ 1 → PBHs 1- β → plenty of over-densities

➡Use them!➡ independent of how they produced.

‣ 1% of DM @ O(10) solarmass: β ~ 10-10, Pζ ~ O(0.01)
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Black-Body μ-distortion
‣ Energy/#-changing ‣ Energy-changing ‣ Thomson scat.

y-distortion

e +�$ e +2�

e +X $ e +X +�
e +�$ e +� e +�$ e +�

Elastic Compton

Energy injection from large small-scale perturbs.

Horizon Horizon

Over-
density

After reentry Now

Are their effects erased? Or not.
‣ via radiation

‣ via CDM

➡CMB/BBN

➡ UCMH; depends 
on DM models

Probes of small-scale perturb.

‣ via GW

PBH

‣ How do they affect? → Depends on components and era.



Kyohei Mukaida - DESY

?
23

Black-Body μ-distortion
‣ Energy/#-changing ‣ Energy-changing ‣ Thomson scat.

y-distortion

e +�$ e +2�

e +X $ e +X +�
e +�$ e +� e +�$ e +�

Elastic Compton

Energy injection from large small-scale perturbs.

Horizon Horizon

Over-
density

Now

Are their effects erased? Or not.
‣ via radiation

‣ via CDM

➡CMB/BBN

➡ UCMH; depends 
on DM models

‣ via GW

Probes of small-scale perturb.

After reentry

PBH

‣ How do they affect? → Depends on components and era.
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Enhanced Curvature Perturb.
Constraints on the Power spectrum (Pζ)

24

P⇣

10�9

k

CMB 
+ 

LSS

(almost) scale invariant

1Mpc�1
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Enhanced Curvature Perturb.
Constraints on the Power spectrum (Pζ)
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P⇣
10�2

10�9

k

CMB 
+ 

LSS

Formation of 
PBH

(almost) scale invariant

M
1Mpc�1 106Mpc�1

10M�1013M�
⇡

⇡
10�17M�

1015Mpc�1
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Enhanced Curvature Perturb.
Constraints on the Power spectrum (Pζ)
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P⇣
10�2

10�9

k

CMB 
+ 

LSS

Formation of 
PBH

(almost) scale invariant

M
1Mpc�1 106Mpc�1

10M�1013M�
⇡

⇡

Spectral 
distortion/

BBN

Induced 
GWs

10�17M�

1015Mpc�1
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Black-Body μ-distortion
‣ Energy/#-changing ‣ Energy-changing ‣ Thomson scat.

y-distortion

e +�$ e +2�

e +X $ e +X +�
e +�$ e +� e +�$ e +�

Elastic Compton

Energy injection from large small-scale perturbs.

Horizon Horizon

Over-
density

Now

Are their effects erased? Or not.
‣ via radiation

‣ via CDM

➡CMB/BBN

➡ UCMH; depends 
on DM models

‣ via GW

Spectral distortion/BBN

After reentry

PBH

‣ How do they affect? → Depends on components and era.
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104Mpc�1 10Mpc�1 1Mpc�1

Black-Body μ-distortion
‣ Energy/#-changing ‣ Energy-changing ‣ Thomson scat.

y-distortion

e +�$ e +2�

e +X $ e +X +�
e +�$ e +� e +�$ e +�

Elastic Compton

Energy injection from large small-scale perturbs.

Spectral distortion/BBN

‣ How are they dissipated among background? → Depends on Era.
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104Mpc�1 10Mpc�1 1Mpc�1

Black-Body μ-distortion
‣ Energy/#-changing ‣ Energy-changing ‣ Thomson scat.

y-distortion

e +�$ e +2�

e +X $ e +X +�
e +�$ e +� e +�$ e +�

(Elastic Compton)

Spectral distortion/BBN

105Mpc�1
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104Mpc�1105Mpc�1 10Mpc�1 1Mpc�1

‣ Energy/#-changing

‣ Baryon-to-photon ratio
‣ Energy-changing

‣ Chemical potential of # 
→ spectral distortion

‣ Compton y-distortion 
‣ Thomson scat.

y-distortionBlack-Body μ-distortion

‣ neutron-to-proton ratio

Spectral distortion/BBN

Nakama+1403.5407

Jeong+1403.3697; Inomata+1605.04646
Nakama+1405.5999
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104Mpc�1105Mpc�1 10Mpc�1 1Mpc�1

‣ Energy/#-changing ‣ Energy-changing ‣ Thomson scat.

y-distortionBlack-Body μ-distortion

Spectral distortion/BBN

‣ Baryon-to-photon ratio ‣ Chemical potential of # 
→ spectral distortion‣ neutron-to-proton ratio

‣ Compton y-distortion 
Nakama+1403.5407

Jeong+1403.3697; Inomata+1605.04646
Nakama+1405.5999
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y-distortionBlack-Body μ-distortion

μ-����������

���

������ �����������
(�����)

��� ������ ��� ���� ���� ����

��-�

��-�

�����

�����

�[���-�]

�
ζ

✴ Free from uncertain accretion physics 
contrary to direct constraints on PBHs.

Spectral distortion/BBN
‣ Energy/#-changing ‣ Energy-changing ‣ Thomson scat.

‣ Baryon-to-photon ratio ‣ Chemical potential of # 
→ spectral distortion‣ neutron-to-proton ratio

‣ Compton y-distortion 
Nakama+1403.5407

Jeong+1403.3697; Inomata+1605.04646
Nakama+1405.5999
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Black-Body μ-distortion
‣ Energy/#-changing ‣ Energy-changing ‣ Thomson scat.

y-distortion

e +�$ e +2�

e +X $ e +X +�
e +�$ e +� e +�$ e +�

Elastic Compton

Energy injection from large small-scale perturbs.

Horizon Horizon

Over-
density

Now

Are their effects erased? Or not.
‣ via radiation

‣ via CDM

➡CMB/BBN

➡ UCMH; depends 
on DM models

Formation of PBHs

‣ via GW

After reentry

‣ How do they affect? → Depends on components and era.



Kyohei Mukaida - DESY

Induced GWs
Large density perturbation as a source of GWs

34

‣ Tensor perturbation obeys…

h 00i j +2H h 0i j �r2hi j =�4T̂i j ;k l Sk l

Si j ⌘ 4 @i @ j +2@i @ j � 4
3(1+w )

@i

Å
 0
H + 
ã
@ j

Å
 0
H + 
ã

Depends on the density perturb., Ψ~ζ

Production of GW by second order effects

hi j / 2 ⇠ ⇣2

⌦GW(k )h 2 ⇠ 10�9

✓P⇣(k )
10�2

◆2

⌦
GW,tot

=
Z

d log k ⌦
GW

(k )where

Formation of PBH

[Saito, Yokoyama,’09; Bugaev, Klimai,’10]

Over-
density
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‣ Tensor perturbation obeys…

h 00i j +2H h 0i j �r2hi j =�4T̂i j ;k l Sk l

Si j ⌘ 4 @i @ j +2@i @ j � 4
3(1+w )

@i

Å
 0
H + 
ã
@ j

Å
 0
H + 
ã

Depends on the density perturb., Ψ~ζ

Production of GW by second order effects

hi j / 2 ⇠ ⇣2

⌦GW(k )h 2 ⇠ 10�9

✓P⇣(k )
10�2

◆2

⌦
GW,tot

=
Z

d log k ⌦
GW

(k )where

Formation of PBH

[Saito, Yokoyama,’09; Bugaev, Klimai,’10]

Over-
density
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Induced GWs
Large density perturbation as a source of GWs
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‣ Tensor perturbation obeys…

h 00i j +2H h 0i j �r2hi j =�4T̂i j ;k l Sk l

Si j ⌘ 4 @i @ j +2@i @ j � 4
3(1+w )

@i

Å
 0
H + 
ã
@ j

Å
 0
H + 
ã

Depends on the density perturb., Ψ~ζ

Production of GW by second order effects

hi j / 2 ⇠ ⇣2

⌦GW(k )h 2 ⇠ 10�9

✓P⇣(k )
10�2

◆2

⌦
GW,tot

=
Z

d log k ⌦
GW

(k )where

Formation of PBH

[Saito, Yokoyama,’09; Bugaev, Klimai,’10]

Over-
density
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Induced GWs
Large density perturbation as a source of GWs
‣ Current and future observations of GWs

10�10 10�5 1 105

10�15

10�10
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Space-based

D
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Ground-based

Neff 
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Future
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‣ GW has a corresponding peak at the same k.

P⇣
10�2

10�9

k
1Mpc�1

Spectral 
distortion/

BBN

106 Mpc�1 ⇠ 10�9 Hz

CMB 
+ 

LSS

Formation of 
PBH for LIGO

k
106 Mpc�1 ⇠ 10�9 Hz

⌦GWh 2 Pulsar Timing 
Array (PTA)

Corresponding 
peak

10�9

Large density perturbation as a source of GWs

Induced GWs

⌦GW(k )h 2 ⇠ 10�9

✓P⇣(k )
10�2

◆2
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Enhanced Curvature Perturb.
Constraints on the Power spectrum (Pζ)

39

P⇣
10�2

10�9

k

CMB 
+ 

LSS

Formation of 
PBH for LIGO

(almost) scale invariant

M
1Mpc�1 106Mpc�1

10M�1013M�

⇡
⇡

Spectral 
distortion/

BBN

PTA
‣ Steepness of the spectrum

P⇣/
®

k

x · · · k < kpeak

k

�y · · · k > kpeak

x ¶ 1.5, y ¶ 2

Current constraints

[K.Inomata, M.Kawasaki, KM, Y.Tada, T.T.Yanagida]

10�17M�

1015Mpc�1

No enhanced non-Gaussianity.
Nakama+1612.06264, 1710.06945
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‣ PBH as all DM: marginal, but still viable.

‣ PBH for LIGO events: marginal, but still viable!

μ-dist.
BBNPTA

Constraints on PBHs from inflation (*misleading)

PBH for LIGO

PBH as DM

✤ Constraints from Neutron Star capture are evaded 
for a conservative value of DM inside the globular 
clusters. [See e.g. Kusenko+, 1310.8642; Carr+,1607.06077]

CMB: 1612.05644,1707.04206,…

UFD: 1605.03665, 1704.01668 

EROS/MACHO/OGLE:  0011506, 0607207, 
1106.2925

Kepler: PhysRevLett.111.181302

WD: 1505.04444

Femto: 1204.2056

EGγ: 0912.5297

Hawking radiation

Gravitational lensing

Dynamical

HSC: 1701.02151 

Accretion

Radio/Xray: 1612.00457, 1705.00791
Talk by Y. Inoue

No enhanced non-Gaussianity.
Nakama+1612.06264, 1710.06945
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Outline of Talk

‣ Introduction

‣Constraints on PBHs from Inflation

‣Double inflation: PBHs for LIGO or DM

‣Summary
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Double Inflation: 
PBHs for LIGO or DM
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How to enhance Pζ ?
Constraints on the Power spectrum (Pζ)
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Flatten your potential
‣ Single-field inflation for the total e-folds of N = 50-60
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Slow-roll must be violated for PBHs with M > 1015 g.

‣ Single-field inflation for the total e-folds of N = 50-60
- Single-field slow-roll inflation for stable PBHs (M > 1015 g) is ruled out!

Spectral 
distortion/

BBN

Marginal slow roll violation → broad spectrum.

[Motohashi+1706.06784]
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Flatten your potential
‣ Single-field inflation for the total e-folds of N = 50-60

- Total e-folds (N=50-60) = 1st inflation + 2nd inflation +…

‣ Multiple single-field inflations for the total e-folds of N = 50-60

Slow-roll must be violated for PBHs with M > 1015 g.

- Single-field slow-roll inflation for stable PBHs (M > 1015 g) is ruled out!

Marginal slow roll violation → broad spectrum.

[Motohashi+1706.06784]
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Flatten your potential

P⇣
10�2

10�9

k

CMB 
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LSS

Formation of 
PBH

1Mpc�1 106Mpc�1 ⇡

Induced 
GWs

1015Mpc�1

COBE 
normalization

‣ Single-field inflation for the total e-folds of N = 50-60

- Total e-folds (N=50-60) = 1st inflation + 2nd inflation

‣ Multiple single-field inflations for the total e-folds of N = 50-60

Time
1st 
inflation

Oscillation 2nd 
inflation

Slow-roll must be violated for PBHs with M > 1015 g.

Spectral 
distortion/

BBN

- Single-field slow-roll inflation for stable PBHs (M > 1015 g) is ruled out!

Marginal slow roll violation → broad spectrum.

[Motohashi+1706.06784]
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Flatten your potential
‣ Single-field inflation for the total e-folds of N = 50-60

Slow-roll must be violated for PBHs with M > 1015 g.

- Single-field slow-roll inflation for stable PBHs (M > 1015 g) is ruled out!

- Total e-folds (N=50-60) = 1st inflation + 2nd inflation

‣ Multiple single-field inflations for the total e-folds of N = 50-60

Time
1st 
inflation

Oscillation 2nd 
inflation

Slow-roll is strongly violated!

(cf.) Inflation landscape(?): many different vacua, inflations may take place @ each vacuum.

Marginal slow roll violation → broad spectrum.

[Motohashi+1706.06784]
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Flatten your potential

- Total e-folds (N=50-60) = 1st inflation + 2nd inflation

‣ Multiple single-field inflations for the total e-folds of N = 50-60

‣ Single-field inflation for the total e-folds of N = 50-60

Time
1st 
inflation

Oscillation 2nd 
inflation

Slow-roll is strongly violated!

(cf.) Inflation landscape(?): many different vacua, inflations may take place @ each vacuum.

Use other fields
‣ Axion-like Inflation, Curvaton,… Enhanced non-Gaussianity 

can be obtained.

Slow-roll must be violated for PBHs with M > 1015 g.

- Single-field slow-roll inflation for stable PBHs (M > 1015 g) is ruled out!

Marginal slow roll violation → broad spectrum.

[Motohashi+1706.06784]
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Flatten your potential

- Total e-folds (N=50-60) = 1st inflation + 2nd inflation

‣ Multiple single-field inflations for the total e-folds of N = 50-60

‣ Single-field inflation for the total e-folds of N = 50-60

Time
1st 
inflation

Oscillation 2nd 
inflation

Slow-roll is strongly violated!

(cf.) Inflation landscape(?): many different vacua, inflations may take place @ each vacuum.

Enhanced non-Gaussianity 
can be obtained.

Use other fields

Slow-roll must be violated for PBHs with M > 1015 g.

‣ Axion-like Inflation, Curvaton,…

- Single-field slow-roll inflation for stable PBHs (M > 1015 g) is ruled out!

Marginal slow roll violation → broad spectrum.

[Motohashi+1706.06784]
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‣ Total e-folds (N=50-60) = 1st-inflation + 2nd inflation
- SUGRA: discrete R symmetry breaking model.

Ψ: 1st-inflaton; X: stabilizer; Φ: R-breaking field, 2nd-inflaton

8

Ψ X Φ v 2 c
R charge 0 2 2

n+1 2 - 2
n+1 2

TABLE II. The R -charge assignments are shown.

that the frequency corresponding to the ! (10−13)M⊙ PBHs
is covered by (e)LISA and DECIGO and the energy density
of GWs induced by the second order perturbations is large
enough to be detected by the two experiments. Since the
induced GWs depend on the power spectrum of the cur-
vature perturbations, (e)LISA and DECIGO could possibly
determine the sharpness of the PBH mass spectrum. In the
future, the two experiments can test the DM scenario with
! (10−13)M⊙ PBHs, and if the scenario turns out to be true,
they can also help us understand the inflation model which
produces the PBHs by observing the GW spectrum shape.
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Appendix A: Double Inflation in Supergravity

Here we provide an explicit realization of the Lagrangian
given in Eqs. (15), (16), (17), and (18) in the supergravity
framework. The model is the same as the one presented in
App. C of [74].

In the pre-inflation sector, we have two chiral super-
fields; one is used for the inflation Ψ, and the other is a so-
called stabilizer X . We require that the system respects a
shift symmetry ofΨ $→Ψ+i A with A being a real parameter,
which is softly broken by a holomorphic spurious parame-
ter m . As shown in Ref. [90], the stabilizer prevents us from
rolling down to unwanted Anti–de Sitter vacua while main-
taining the R symmetry not to be broken by a large field
value of Ψ during inflation. In the hilltop inflation sector,
we have one chiral superfield Φ. To achieve a sufficiently
flat potential required for the hilltop inflation, we assume
that the underlying R symmetry is spontaneously broken
down to !2nR by a condensation v 2≪ 1. When Φ develops
a VEV after the hilltop inflation, this discrete R symmetry
is broken into !2R . Furthermore, we assume that the re-
maining !2R is completely broken by a tiny constant term
c in the super potential. This explicit breaking term is re-
quired to solve the domain wall problem associated with
!2nR →!2R , since the e -folds of the hilltop inflation is less
than that of the CMB [91]. Interestingly, this term generates

a linear potential for the hilltop inflation, which opens up a
possibility to enhance the curvature perturbation twice as
discussed in the main text.

The charge assignments of the R symmetry are summa-
rized in Tab. II. We also require (another) !2 symmetry for
simplicity; Ψ $→ −Ψ, X $→ −X , and Φ $→ Φ. Let us recall
here that the shift symmetry, Ψ $→ Ψ + i A, is broken softly
by a holomorphic spurious parameter m . The super- and
Kähler-potentials consistent with these requirements may
be written as follows:

W =m X Ψ − g
n +1

Φn+1+ v 2Φ+ c , (A1)

K =
1
2

!
Ψ +Ψ†
"2
+ |X |2+ |Φ|2

+
κ

4
|Φ|4+ c ′pot |X |2 |Φ|2+

c ′kin

2
|Φ|2
!
Ψ +Ψ†
"2
+ · · · , (A2)

where we assume m ≫ v 2. We have dropped terms which
are not relevant for our purpose. For instance, the ellipses
include a term that strongly stabilizes X at the origin dur-
ing the pre-inflation; e.g., −cX |X |4 with cX " 1. Note that,
strictly speaking, the pre-inflation governed by these po-
tentials does not satisfy the current observation. However,
in our paper, we are only interested in how the small-scale
perturbations are generated during the hilltop inflation af-
ter the pre-inflation. From this viewpoint, the above La-
grangian may be regarded as an approximate one that is
valid after the onset of the Ψ-oscillation.9

Now we are in a position to write down the Lagrangian
relevant for the hilltop inflation. We rewrite the scalar com-
ponents as follows: Ψ = (η+ iχ )/

)
2 andℜΦ=ϕ/)2. Dur-

ing the chaotic inflation χ " 1, other scalar fields, η, Φ,
and X , are stabilized near the origin through the Hubble
induced mass terms. After the end of the pre-inflation, the
hilltop inflation eventually starts when the Hubble induced
mass term becomes small enough, whileη and X keep sta-
bilized by m 2|X |2 and m 2η2. Hence, setting X ≃ η ≃ 0, we
may write down the relevant terms for the discussion of the
hilltop inflation. The potential is given by

V ≃v 4−2
)

2c v 2ϕ− κ
2

v 4ϕ2− g

2
n
2 −1

v 2ϕn +
g 2

2n
ϕ2n

+
#

1+
cpot

2
ϕ2
$m 2χ2

2
, (A3)

where cpot ≡ (1− c ′pot)/2. The relevant kinetic terms are

-kin ⊃−
1
2

#
1+
κ

2
ϕ2
$
∂µϕ∂

µϕ− 1
2

#
1− ckin

2
ϕ2
$
∂µχ∂

µχ ,

(A4)

where ckin ≡−c ′kin.

9 One may modify the potential of the pre-inflation at the large field value
regime to accommodate the observational constraints. See [92, 93] for
instance.

[Kawasaki+1606.07631, Inomata+1611.06130]
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‣ PBHs for LIGO → SKA and future CMB observation.

‣ PBHs for DM → eLISA and LISA.

‣ Total e-folds (N=50-60) = 1st-inflation + 2nd inflation

Sharp Broad
Sharp Broad
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‣ PBHs for LIGO → SKA and future CMB observation.

‣ PBHs for DM → eLISA and LISA.

‣ Total e-folds (N=50-60) = 1st-inflation + 2nd inflation

μ-dist.
BBN

PTA

Sharp Broad
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Summary
Inflation for PBHs needs LARGE Pζ(k) ~ 10-2.

Many over-densities are generated per one PBH:

64

‣ CMB spectral distortion @ 104–1 Mpc-1; BBN @ 105-104 Mpc-1

‣ Induced GWs: PTA @ ~106 Mpc-1; eLISA @ 1011-1013Mpc-1

‣ UCMHs…depends on models and DM profile.

PBHs for LIGO → need a sharp peak@ k~10-2 Mpc-1

PBHs for DM → could be broad (wave eff. on HSC).

Double inflation (SUGRA) can explain both at once!

Enhance the non-Gaussianity → multi-field?
Nakama+1612.06264, 1710.06945

Inomata, Kawasaki, KM, Yanagida; in prep.

Inomata, Kawasaki, KM, Tada, Yanagida; 1611.06130


