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Introduction
Why Primordial Black Holes (PBHs)?
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How do you produce them?

‣ Need Large density perturbations for Gravity > Pressure.

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

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

‣ Non-particle candidate of DM

‣ Candidate of gravitational wave events observed by LIGO

‣ Seeds of SMBHs

‣ Constrain other DM models; WIMP by UCMH, axion by super-radiance,…
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Introduction
Why Primordial Black Holes (PBHs)?

 4

How do you produce them?

‣ Need Large density perturbations for Gravity > Pressure.

This Talk!

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

- Collapse of primordial density perturbations: inflation, curvaton,…
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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
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X-ray/radio

Diffraction: λ > Rs
Geometric optics fails!
Talk by A. Katz
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Constraints independent of production mechanisms.
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‣ Note: a delta function for PBH spectrum is assumed.
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‣ Note: a delta function for PBH spectrum is assumed.

logMM*

σ

d(
PB

H
 F

ra
ct

io
n)

/d
ln

M

f (M ) =
f

maxp
2⇡�

exp


� (ln(M /M⇤))

2

2�2

�
f (M ) = f � (ln(M /M⇤))



Kyohei Mukaida - DESY

���������

-15 -10 -5 0

1

2

3

4

Log10(Mc/M�)

�
with wave effect Log10(fmax)

-3.0
-2.5
-2.0
-1.5
-1.0
-0.5
0

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
Merger rate?
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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 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

Monochro: Nakamura+, Sasaki+1603.08338,  Ali-Haimoud+1709.06576
Extended: Raidal+1707.01480, (Suyama+1709.09007)

Current: Bird+1603.00464; Cluster: Garcia-Bellido+1603.05234
v.s.

‣ PBH as all DM: marginal

‣ PBH for LIGO events: marginal

Merger rate…?
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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 for LIGO

PBH as DM

Assume a specific production mechanism (inflation).

Are there any other ways to probe them?

Implications on inflation models?

Q.

‣ PBH as all DM: marginal

‣ PBH for LIGO events: marginal



Kyohei Mukaida - DESY

Outline of Talk

‣ Introduction

‣Constraints on PBHs from Inflation

‣ Inflation Models

‣Summary
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Constraints on  
PBHs from Inflation
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Formation of PBHs
Need large δρ/ρ for Gravity > Pressure
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‣ PBH mass (M) ⇆ scale of perturbation (k)
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‣ PBH abundance (β) ⇆ amplitude of perturbation (Pζ)
Carr, ‘75
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Formation of PBHs
Need large δρ/ρ for Gravity > Pressure
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‣ PBH abundance (β) ⇆ amplitude of perturbation (Pζ)

PBH production by high-σ tail:
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‣ 1% of DM @ O(10) solarmass → β ~ 10-10 ≪1 ↔ Pζ ~ O(0.01)

✤ Loophole → Large non-Gaussianity

Carr, ‘75



Kyohei Mukaida - DESY

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

 16

�⇢

⇢
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)

β ≪ 1 → PBHs

1 - β ~ 1 → Many over-densities of δρ/ρ ≫10-5
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‣ 1% of DM @ O(10) solarmass → β ~ 10-10 ≪1 ↔ Pζ ~ O(0.01)

✤ Loophole → Large non-Gaussianity

PBH production by high-σ tail:

Carr, ‘75
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Horizon Collapse!Horizon

¶�c ⇠O (0.1)‣ 1% of DM @ O(10) solarmass → β ~ 10-10 ≪1 ↔ Pζ ~ O(0.01)

PBH production by high-σ tail:

Horizon

�⇢
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β ≪ 1 → PBHs

1 - β ~ 1 → Many over-densities of δρ/ρ ≫10-5
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Horizon Collapse!Horizon

¶�c ⇠O (0.1)‣ 1% of DM @ O(10) solarmass → β ~ 10-10 ≪1 ↔ Pζ ~ O(0.01)

PBH production by high-σ tail:

After reentry

Horizon

PBH

�⇢

⇢

β ≪ 1 → PBHs

1 - β ~ 1 → Many over-densities of δρ/ρ ≫10-5
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Horizon Collapse!Horizon

¶�c ⇠O (0.1)‣ 1% of DM @ O(10) solarmass → β ~ 10-10 ≪1 ↔ Pζ ~ O(0.01)

PBH production by high-σ tail:

After reentry

Horizon

{ { Many
over-densities
failed to form PBHs

PBH

�⇢

⇢

β ≪ 1 → PBHs

1 - β ~ 1 → Many over-densities of δρ/ρ ≫10-5
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Horizon Collapse!Horizon

¶�c ⇠O (0.1)‣ 1% of DM @ O(10) solarmass → β ~ 10-10 ≪1 ↔ Pζ ~ O(0.01)

PBH production by high-σ tail:

After reentry

Horizon

{ { We can probe them
‣ via radiation

➡ CMB/BBN

‣ via Gravitational Wave

‣ via CDM
➡ DM halo (UCMH)
depends on DM models/profiles

Many
over-densities
failed to form PBHs

PBH

�⇢

⇢

β ≪ 1 → PBHs

1 - β ~ 1 → Many over-densities of δρ/ρ ≫10-5
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Horizon Collapse!Horizon

¶�c ⇠O (0.1)‣ 1% of DM @ O(10) solarmass → β ~ 10-10 ≪1 ↔ Pζ ~ O(0.01)

PBH production by high-σ tail:

After reentry

Horizon

{ { We can probe them
‣ via radiation

➡ CMB/BBN

‣ via Gravitational Wave

‣ via CDM
➡ DM halo (UCMH)

Many
over-densities
failed to form PBHs

PBH

�⇢

⇢

β ≪ 1 → PBHs

1 - β ~ 1 → Many over-densities of δρ/ρ ≫10-5

depends on DM models/profiles
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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
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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.

‣ neutron-to-proton ratio

Spectral distortion/BBN

Nakama+1403.5407

Jeong+1403.3697; Inomata+1605.04646
Nakama+1405.5999

Black-Body μ-distortion y-distortion



Kyohei Mukaida - DESY  27

104Mpc�1105Mpc�1 10Mpc�1 1Mpc�1

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

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

Black-Body μ-distortion y-distortion
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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

Black-Body μ-distortion y-distortion
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Horizon Collapse!Horizon

¶�c ⇠O (0.1)‣ 1% of DM @ O(10) solarmass → β ~ 10-10 ≪1 ↔ Pζ ~ O(0.01)

PBH production by high-σ tail:

After reentry

Horizon

{ { We can probe them
‣ via radiation

➡ CMB/BBN

‣ via Gravitational Wave

‣ via CDM
➡ DM halo (UCMH)

Many
over-densities
failed to form PBHs

PBH

�⇢

⇢

β ≪ 1 → PBHs

1 - β ~ 1 → Many over-densities of δρ/ρ ≫10-5

depends on DM models/profiles
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Induced GWs
Large density perturbation as a source of GWs

 30

‣ 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 )
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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

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

Horizon

{ { PBH

�⇢

⇢

Talk by J.R. Espinosa
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‣ Tensor perturbation obeys…
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Saito, Yokoyama,’09; Bugaev, Klimai,’10

Talk by J.R. Espinosa
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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
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‣ GW has a corresponding peak at the same k.

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)

 34
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Formation of 
PBH for LIGO

(almost) scale invariant
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Spectral 
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Assume Gaussian Pζ
Constraints on Pζ ↔ abundance of PBHs
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BBN
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PBH for LIGO

PBH as DM

KM+1611.06130
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Enhanced non-Gaussianity
We can enhance the tail while the width is fixed.
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�

�c
PBH 
formation � (M ) =

Z
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d�
e�

�2

2�2 (M )

p
2⇡�2(M )

⇠�(M )e�
�2

c
2�2 (M )

# of 
over-densities

‣ spectral dist/BBN
‣ Gravitational Wave
‣ UCMH

‣ Can enhance the PBH formation for a fixed # of over-densities.
➡ Constraints from such over-densities become weaker.

failed to form PBHs

0.1 0.5 1 5 10 50 100 500
5

10

15

20

fNL

ζth/σ

↓PTA

SMBH

0.1 0.5 1 5 10 50 100 500
10-11

5×10-11
10-10

5×10-10
10-9

5×10-9

fNL

Ωgw

Figure 2: Top: The dependence of the ratio ζth/σ on fNL of Eq. (22). Bottom: The dependence of induced
GWs on fNL.

9

β=10 -8

7

FIG. 2. Upper limits on f = ρPBH/ρDM for quadratic non-Gaussianity with fNL = ∞, 10, 0 from top to bottom. The FIRAS,
PIXIE, HYPERPIXIE and SINGLE curves are as for Fig. 1.

FIG. 3. Upper limits on f = ρPBH/ρDM for cubic non-Gaussianity with gNL = ∞, 1000, 0 from top to bottom and the same
values of gNL. The FIRAS, PIXIE, HYPERPIXIE and SINGLE curves are as for Fig. 1.

III. DISCUSSION

Although we have focused mainly on the µ distortions associated with PBH formation, we should also comment
briefly on the y distortions, which can be calculated using Eq. (9b) in Ref. [70] and assuming y < 1.5× 10−5 [62]. It
is clear from Fig. 4, which shows the µ and y limits for FIRAS with different values of p, that there is a transition
at around 109M⊙ above which the y constraint dominates. This scale is independent of the value of p and can be
understood from the qualitative discussion at the start of Sec. II. The y curves are interesting, even if one does not
expect PBHs larger than 109M⊙ in practice. Note that including other sources of y distortion would merely strengthen
the PBH limits. Indeed, HYPERPIXIE will be looking for the y signal from astrophysical sources at the level of 10−6

to 10−8, and such a signal will be obscured if the y from Silk damping exceeds this. The total constraint for given
p comes from the combination of the µ and y limits. The value of f at the intersect gives a local maximum in the
constraint, but there are extended minima on either side of this, with the µ limit being somewhat weaker than the y
limit. The value of f at the maximum decreases as p increases. For p > 2, the constraints would be even tighter than
in the Gaussian case.
At the present epoch we require SMBHs with mass 108 − 109M⊙ in galactic nuclei, and the Magorrian scaling

implies fSMBH ∼ 10−4 [75]. If there were no accretion, the PBH scenario would be excluded by the above analysis
unless p were as low as 0.5 or fNL and gNL as high as 5000. However, the values of M and f indicated in Figs. 1-4
correspond to the formation epoch of the PBHs, and the production of SMBHs in galactic nuclei probably requires a
very large accretion factor. For example, for Eddington-limited growth, the initial seed mass could be a smaller by
a factor of 105 − 106, corresponding to an initial f of 10−9 − 10−10. If the final mass is much larger than the initial
mass, one expects f ∝ M , so the value of (f ,M) in Figs. 1-4 evolves along a straight line. More generally, since the
µ limit is only important above 105M⊙, one could circumvent it altogether, provided the mass increases by a factor

⌦
P

B
H
/⌦

D
M

M /M�

⌦
G

W

fNL

Nakama+1612.06264, 1710.06945
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Outline of Talk

‣ Introduction

‣Constraints on PBHs from Inflation

‣ Inflation Models

‣Summary
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Inflation Models

3.
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How to enhance Pζ ?

 39
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Pattison+ 1707.00537, Biagetti+ 1804.07124➡ Quantum diffusion, non-Ganssianity?

- Single-field slow-roll inflation for PBH DM (M > 1015 g) is ruled out!
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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 PBH DM (M > 1015 g) is ruled out! Motohashi+1706.06784

Pattison+ 1707.00537, Biagetti+ 1804.07124➡ Quantum diffusion, non-Ganssianity?
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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.

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

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

2nd 
inflation

Motohashi+1706.06784

Slow-roll is strongly violated
�NCMB ⇠ 7

Pattison+ 1707.00537, Biagetti+ 1804.07124➡ Quantum diffusion, non-Ganssianity?

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

2nd 
inflation

Slow-roll is strongly violated

Multi-fields dynamics
‣ Gauge preheating, Curvaton,… Enhanced non-Gaussianity 

can be obtained.

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

1st inflaton
oscillation

�NCMB ⇠ 7

Motohashi+1706.06784

➡ Quantum diffusion, non-Ganssianity?

Domcke+1704.03464
Higgs: Espinosa+ 1710.11196,
Axion-like: KM+ 1711.08956
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Pattison+ 1707.00537, Biagetti+ 1804.07124

- Single-field slow-roll inflation for PBH DM (M > 1015 g) is ruled out!
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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
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Slow-roll must be violated for PBHs with M > 1015 g.
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can be obtained.
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- Single-field slow-roll inflation for PBH DM (M > 1015 g) is ruled out!
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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

KM+1611.06130, 1701.02544



Kyohei Mukaida - DESY

Double Inflation
PBHs for LIGO or DM from Double Inflation

 48

‣ 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
KM+1611.06130, 1701.02544
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‣ Blue-tilted spectrum of “axion” from “saxion” dynamics
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FIG. 1. A schematic diagram showing the mechanism for a blue-tilted spectrum in the axion-like curvaton model. Fluctuation
of curvaton σ, corresponding to the angular direction, is indicated by red thick arrows. During inflation, the radial field ϕ rolls
down the potential given in Eq. (6) from a large value to ϕmin ≃ f . We can see from this figure that the motion of ϕ makes δσ
larger and larger (see Eq. (18)). Also, note that smaller-scale perturbations exit the horizon at a later time during inflation.
As a result, smaller-scale perturbations come to obtain larger amplitude.
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FIG. 2. Green solid line: the curvature perturbation spectrum induced by the curvaton at the horizon reentering of each
mode, Pζ,curv(k, η = k−1), for parameters given in Eq. (85). In this line, non-Gaussianity is taken into account following
the procedure given in Sec. IVB. Blue solid line: the same as the green solid line with the amplitude changed so that the
same abundance of PBHs is realized when we assume the Gaussian distribution (see also the discussion given below Eq.(84)).
Black dotted line: the same as the blue solid line with kdec replaced by 5 × 106 Mpc−1. Brown solid line: the curvature
perturbation spectrum induced by the inflaton. Red shaded regions: the constraints from the CMB µ-distortion [14, 15]
and BBN [16] (see also [17, 18]).

The curvature perturbation spectrum at the horizon reentering of each mode, Pζ,curv(k, η = k−1), is shown in Fig. 2
for parameters given in Eq. (85). Note that PBH production rate is determined by the amplitude of the perturbations
at the horizon reentering and therefore Pζ,curv(k, η = k−1) dominantly determines the PBH abundance of each mass.
In general, the shape of the spectrum becomes a plateau like the black dotted line in Fig. 2 because the spectrum is
flat for the region between k∗ and kdec ≡ η−1

dec. As will be mentioned in Sec V, for a realistic scenario to reproduce
the LIGO events, the flat region is required to be much narrower like the blue solid line in Fig. 2 in order to avoid
the constraints from the CMB µ-distortion, BBN, and the pulsar timing array (PTA) experiments (see also Fig. 5).
Moreover, as will be mentioned in Sec IVB and Sec V, Pζ is suppressed for the fixed abundance of PBH if we take
account of non-Gaussianity. Then, the green solid line is physically realized.
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FIG. 5. Blue solid line: the GW spectrum for parameters given in Eq. (85). Red shaded region: the constraints from the
PTA experiments with EPTA [70], PPTA [71], and NANOGrav [72]. Green dashed line: the constraints from the future
SKA experiments [73, 74]. Black dotted line: the GW spectrum for parameters given in Eq. (85) with the amplitude changed
so that the same β is realized when we assume fNL = 0. In other words, the amplitude of the black dotted line is larger than
that of the blue solid line by the factor of Q−1.

observations [68, 69]. These conditions are satisfied by the parameters given in Eq. (86). From Eq. (86), we can see
that Pζ ∼ 10−2 is needed in order for a relevant abundance of PBHs to be produced. For such large fluctuations, Hinf

and f are expected to be comparable because of Eq. (25), which is the case in Eq. (85). We also make a remark about
parameters different from Eq. (85). As far as a spectrum similar to Fig. 4 is generated, smaller Hinf corresponds
to larger TR because of Eqs. (9) and (25). Then, too small Hinf is impossible because the energy scale during the
inflation should be larger than that at the reheating, which leads to Hinf ! 1011 GeV. Also, so large Hinf is not
preferable because it leads to large ϕ(kp), which is expected not to exceed the Planck scale so much. At the same
time, there is a constraint from the Planck observation [13]: Hinf < 5× 10−5MP .

The parameter θ given in Eq. (85) is taken carefully. Although we approximate the curvaton potential as quadratic,
it is actually cosine type. Then, θ + δθ < π must be satisfied at least when δθ is the fluctuation of the misalignment

angle corresponding to the threshould δc. Since
〈
δ2cg
〉
≃ 16

81 Pζ ≃ 16
81

(
rD

4+3rD
2δθ
θ

)2
, the condition becomes θ + δθ ≃

(
1 + 9

4
4+3rD
2rD

δc
)
θ < π. In the case of rD = 0.35, it reads θ < 0.42.

B. GWs and PTA Experiments

We need to consider primordial GWs for the consistency of the model. The frequency of GWs and the mass of
PBHs are related through Eq. (40). In the frequency region associated with ∼ M⊙, there are constraints on GWs
from the observation of the pulsar timing array (PTA) [70–74]. Thus, we calculated the GW spectrum induced by
the second-order effect and compare it with the PTA constraints.

Following the procedure shown in Sec. IVB, we find that β(Mmin) = 1.1 × 10−10 given in Eq. (86) is reproduced
when the variance of the Gaussian part of ζ takes the value of

〈
ζ2g
〉
= Pζg,curv = 4.7 × 10−3. Then, from Eqs. (83)

and (84), the suppression factor is Q = 6.9× 10−2.
Using Eqs. (A28), (A33) and the factor Q, we calculate the GW spectrum for parameters given in Eq. (85) as

shown in Fig. 5. From this figure, we can see that the GW spectrum is marginally consistent with the constraints
from the PTA experiments. Due to the uncertainty discussed in Sec. III, the spectrum could avoid the constraints
more safely for a larger value of

〈
δ2cg(k

−1)
〉
/Pζ,curv(k, η = k−1). For comparison, we also show the GW spectrum in

the case where we do not take account of non-Gaussianity but the same β is realized with a black dotted line. We
can also see that the non-Gaussianity plays an important role for the GW spectrum to avoid the constraints.

Now, we will give a physical interpretation of the shape of the GW spectrum. Basically, the GWs are dominantly
produced at the horizon reentry of the perturbations [27, 28]. Then, the GW spectrum is likely to trace the curvature
perturbation spectrum at the horizon reentry of each mode. This statement agrees with Fig. 2 and Fig. 5 for scales
k " kdec = 5.2 × 105 Mpc−1. However, a more explanation is needed for scales k ! kdec. Actually, in the curvaton
model, a significant amount of GWs are also produced soon after the curvaton decays. Furthermore, for large k

‣ non-Gaussianity cannot be so large…
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FIG. 5. Blue solid line: the GW spectrum for parameters given in Eq. (85). Red shaded region: the constraints from the
PTA experiments with EPTA [70], PPTA [71], and NANOGrav [72]. Green dashed line: the constraints from the future
SKA experiments [73, 74]. Black dotted line: the GW spectrum for parameters given in Eq. (85) with the amplitude changed
so that the same β is realized when we assume fNL = 0. In other words, the amplitude of the black dotted line is larger than
that of the blue solid line by the factor of Q−1.

observations [68, 69]. These conditions are satisfied by the parameters given in Eq. (86). From Eq. (86), we can see
that Pζ ∼ 10−2 is needed in order for a relevant abundance of PBHs to be produced. For such large fluctuations, Hinf

and f are expected to be comparable because of Eq. (25), which is the case in Eq. (85). We also make a remark about
parameters different from Eq. (85). As far as a spectrum similar to Fig. 4 is generated, smaller Hinf corresponds
to larger TR because of Eqs. (9) and (25). Then, too small Hinf is impossible because the energy scale during the
inflation should be larger than that at the reheating, which leads to Hinf ! 1011 GeV. Also, so large Hinf is not
preferable because it leads to large ϕ(kp), which is expected not to exceed the Planck scale so much. At the same
time, there is a constraint from the Planck observation [13]: Hinf < 5× 10−5MP .

The parameter θ given in Eq. (85) is taken carefully. Although we approximate the curvaton potential as quadratic,
it is actually cosine type. Then, θ + δθ < π must be satisfied at least when δθ is the fluctuation of the misalignment

angle corresponding to the threshould δc. Since
〈
δ2cg
〉
≃ 16

81 Pζ ≃ 16
81

(
rD

4+3rD
2δθ
θ

)2
, the condition becomes θ + δθ ≃

(
1 + 9

4
4+3rD
2rD

δc
)
θ < π. In the case of rD = 0.35, it reads θ < 0.42.

B. GWs and PTA Experiments

We need to consider primordial GWs for the consistency of the model. The frequency of GWs and the mass of
PBHs are related through Eq. (40). In the frequency region associated with ∼ M⊙, there are constraints on GWs
from the observation of the pulsar timing array (PTA) [70–74]. Thus, we calculated the GW spectrum induced by
the second-order effect and compare it with the PTA constraints.

Following the procedure shown in Sec. IVB, we find that β(Mmin) = 1.1 × 10−10 given in Eq. (86) is reproduced
when the variance of the Gaussian part of ζ takes the value of

〈
ζ2g
〉
= Pζg,curv = 4.7 × 10−3. Then, from Eqs. (83)

and (84), the suppression factor is Q = 6.9× 10−2.
Using Eqs. (A28), (A33) and the factor Q, we calculate the GW spectrum for parameters given in Eq. (85) as

shown in Fig. 5. From this figure, we can see that the GW spectrum is marginally consistent with the constraints
from the PTA experiments. Due to the uncertainty discussed in Sec. III, the spectrum could avoid the constraints
more safely for a larger value of

〈
δ2cg(k

−1)
〉
/Pζ,curv(k, η = k−1). For comparison, we also show the GW spectrum in

the case where we do not take account of non-Gaussianity but the same β is realized with a black dotted line. We
can also see that the non-Gaussianity plays an important role for the GW spectrum to avoid the constraints.

Now, we will give a physical interpretation of the shape of the GW spectrum. Basically, the GWs are dominantly
produced at the horizon reentry of the perturbations [27, 28]. Then, the GW spectrum is likely to trace the curvature
perturbation spectrum at the horizon reentry of each mode. This statement agrees with Fig. 2 and Fig. 5 for scales
k " kdec = 5.2 × 105 Mpc−1. However, a more explanation is needed for scales k ! kdec. Actually, in the curvaton
model, a significant amount of GWs are also produced soon after the curvaton decays. Furthermore, for large k

‣ non-Gaussianity cannot be so large…
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FIG. 4. Black solid line: the PBH mass spectrum for parameters given in Eq. (85). Red shaded regions: observationally
excluded regions for a monochromatic mass function.a Observational targets are as follows. EGγ: the extragalactic gamma-ray
produced through Hawking radiation of PBHs [52]. Femto: the femtolensing of gamma-ray burst [53]. WD : the survival of the
white dwarf named RX J0648.0-4418 [54]. Subaru HSC, Kepler, EROS/MACHO/OGLE : the microlensing of stars due to PBHs
with Subaru HSC [55], Kepler satellite [56] and EROS/MACHO/OGLE [57–59]. (a,b): the variations of CMB spectrum caused
by the radiation which originates from the gas accretion onto PBHs [60, 61]. (c,d): the radio and X-ray from accretion [62, 63].
(e,f): the dinamical heating of dwarf galaxies [64] and ultra-faint dwarf galaxies [65]. (g): the distribution of wide binaries [66].
The constraint from Subaru HSC would be weaker than that shown here for MPBH ! 10−10M⊙ due to the wave effect [55].
Besides the constraints shown here, the BH-BH merger rate currently estimated by LIGO indicates that ΩPBH/Ωc ! 10−1.5 for
MPBH ∼ 30M⊙ [67].
a The constraints for extended mass functions are discussed in [8, 46–51].

V. RESULT

In this section, we show that there is a set of parameters of the axion-like curvaton model which reproduces the
merger event rate estimated by the LIGO-Virgo collaboration, 12–213Gpc−3yr−1 [2].

A. Mass Spectrum for the LIGO events

We take the model parameters as

κ = 1.0× 10−2, mσ = 5.5× 103 GeV, f = 1.9× 1013 GeV, nσ = 2.5,

θ = 0.3, ϕ(kp) = 2.44× 1018 GeV, Hinf = 3.7× 1013 GeV, ΓI = 3.8× 102 GeV, (85)

where kp = 0.05Mpc−1 is the pivot scale. The mass spectrum of PBHs is calculated through Eq. (49) and shown in
Fig. 4. The height is normalized by the abundance of cold dark matter. The spectrum has a peak at ∼ 30M⊙ with
the height of 10−3. It was shown that the merger event rate estimated by the LIGO-Virgo collaboration is reproduced
if ΩPBH/Ωc is in the order of 10−3 [6]. Then, the set of parameters given in Eq. (85) reproduces the LIGO events.

We will give some explanation for the shape of the spectrum in Fig. 4. The steep damping at the right side of the
peak is due to the blue-tilted region of the generated curvature perturbation. The cutoff of the left side of the peak
is the minimum mass of PBH Mmin. Since PBHs are formed dominantly after the curvaton decays, Mmin = M(kdec)
(see Eq.(40)).

For further understandings of the scenario, we will give some remarks. With the help of the argument given in
Sec. II and Sec. III, we can relate the parameters given in Eq. (85) to other quantities such as

kc = 6.8Mpc−1, k∗ = 3.2× 105 Mpc−1, kdec = 5.2× 105 Mpc−1, M∗ = 8.0× 1034 g, Mmin = 3.0× 1034 g,

Tdec = 45MeV, TR = 1.6× 1010 GeV, rD = 0.35, fNL = 4.17, g∗(tdec) = 10.75, g∗(tR) = 106.75,

Pζ,curv(k∗)|fNL=0 = 2.01× 10−2,
〈
δ2cg(Mmin)

〉
= 3.97× 10−3, β(Mmin) = 1.1× 10−10. (86)

There are cosmological conditions to be satisfied for the consistency of the model. First, as already mentioned in
Eq. (15), kc should be larger than 1Mpc−1 so that the inflaton dominates over the curvaton on scales larger than
1Mpc. Next, Tdec should be higher than O(1)MeV in order for the abundance of 4He to be consistent with the
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Many over-densities are generated per one PBH:
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‣ 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.

Almost Gaussian

Large non-Gaussianity → currently safe, model building?

➡ PBHs for DM @ ~1020 g → eLISA/LISA; @ O(10) solarmass → marginal… PTA and spectral distortion.
➡ PBHs for LIGO → same as PBHs for DM @ O(10) solarmass KM+1611.06130, 1701.02544

e.g., Domcke+1704.03464, Espinosa+ 1710.11196, KM+ 1711.08956



Kyohei Mukaida - DESY

Backup



Kyohei Mukaida - DESY

Double Inflation
PBHs for LIGO or DM from Double Inflation

 55

Lkin =�
1
2
@µ�@

µ� � 1
2
@µ'@

µ'

+
ckin

4

�
@µ�@

µ�
�
'2+ · · · .

'

V (',� ) =V
pre

(� )

�2

p
2c v 2'� 

2

v 4'2+
Å

v 2� g

2

3

2

'3

ã
2

+
1

2

c
pot

V
pre

(� )'2

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