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Introduction
What is “Primordial” BH?

3

• BH formed before any astrophysical objects exist (even in RD era).

• Need large density perturbation for the formation.

Is there any motivation to study them?
• Non-particle candidate of DM

- Behave as cold matter, interact gravitationally, and quasi-stable for M > 1015g.

• Candidate of gravitational wave events observed by LIGO
- Merger of PBHs with O(10) solarmasses may be responsible for the observed events.

• Constrain other DM models
- e.g., constraining WIMP via Ultra Compact Mini Halo, (axion via superradiance, …)

⇢ ⇠M R�3
s ⇠ 1017g/cm3

Å
M
M�

ã�2
Rs ⇠ 3km
Å

M
M�

ã
where

(1g' 5.6⇥1023GeV) ✤ Comparable to that of radiation at T ~ GeV.
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Introduction
Merging of Binary BH observed by LIGO

4

• Masses of BHs: GW150914                             , GW151226

• Estimated event rate: GW150914                         ,  Total

GW150914

(36+5
�4 M�, 29+4

�4 M�) (14.2+8.3
�3.7 M�, 7.5+2.3

�2.3 M�)

2�53Gpc�3yr�1 9�240Gpc�3yr�1

[Ref. https://www.ligo.caltech.edu]



Kyohei Mukaida - Kavli IPMU

Indicated PBH abundance: f = ΩPBH/Ωc ~ O(10-4 - 10-2)
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• Merger rate as a function of PBH fraction estimated in Sasaki et al. 1603.08338

• Possible corrections?
- PBHs should have a continuous mass function, not a delta function.

- Surrounding DM halo (UCMH): Minihalo of DM is accompanied for f < 1.
- Surrounding Baryons: efficient angular momentum transfer of binary by baryon disk(?)

Figure 1: Event rate of mergers of 30 M⊙ − 30 M⊙ PBH binaries as a function of the PBH
fraction in dark matter f = ΩBH/ΩDM. The red line is the case for α = β = 1, which we have
employed throughout the calculations. The blue dotted line is the case for α = 0.4, β = 0.8
suggested in [12]. The event rate estimated by the LIGO-Virgo Collaboration is shown as the
shaded region colored orange. The black solid line at f ≈ 3 × 10−4 is the upper limit on f from
the nondetection of the CMB spectral distortion obtained in [9].

necessarily satisfied and it is possible that PBHs upon formation are clustered. In the latter
case, it is expected that the binary formation becomes more efficient and the merger event rate
is enhanced compared to the present case. Another potentially important effect that we did
not take into account is the dynamical friction acting on the BHs in the binaries caused by the
interaction with dark matter trapped in the gravitational potential of the binaries. If the PBH
fraction f is as small as the value corresponding to the kink in Fig. 1, the mass of the trapped
dark matter becomes comparable to the BH mass at the matter-radiation equality and grows
further in the matter dominated era. Since the time scale of the dynamical friction is much
shorter than the age of the Universe, it may be possible that the binary size quickly changes
by a factor of O(1). Quantifying this effect on the event rate is beyond the scope of this paper
(see [15] for the related discussion). With the coincidence between our estimated event rate and
the observation within the uncertainties mentioned above, we conclude that the event GW150914
could be a PBH binary merger.

Let us briefly mention that it is unlikely that the PBH binary is disrupted by other compact
objects such as other PBHs and stars. The typical major axis of the PBH binary for a given
life time of the binary, which we take to be the age of the Universe t0, is given as a solution of

t0 = Qa4(1 − e2
max)

7/2
since the possible largest eccentricity is the most probabilistically favored.

We then find that a ≈ 7 × 104 AU
(

f
fc

)−28/37
for f ≥ fc and a ≈ 7 × 104 AU for f ≤ fc, where

fc ≈ 7×10−4 is f at the kink in Fig. 1. Since the probability that a given PBH binary is disrupted
by the compact objects becomes smaller for smaller f if f < fc, we now focus on f ≥ fc. The
PBH binary will be disrupted if the velocity gain of the PBH due to the gravitational force by
the incident compact object becomes comparable to the orbital velocity of the binary. Denoting

5
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Introduction
Current observational constraints
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• PBHs for all DM: marginal, maybe excluded/probed soon.

• PBHs for LIGO events: seems to be viable.
✤ 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 events
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FIG. 1. Black thick line: ⌦PBH(M ) for parameters given in Eq. (14)
is shown. We require the total abundance be equal to the ob-
served DM density, ⌦PBH,tot = ⌦c . The solid lines with shades
represent relevant observational constraints on the current PBH
mass spectrum [class (a)]: extra-galactic gamma-ray (EG�) [25],
femtolensing (Femto) [26], existence of white dwarfs in our lo-
cal galaxy (WD) [32], Subaru HSC microlensing (HSC) [1], Ke-
pler milli/microlensing (Kepler) [27], EROS/MACHO microlens-
ing (EROS/MACHO) [28], dynamical heating of ultra-faint dwarf
galaxies (UFD) [31], and X-ray/radio constraints [50]. The solid
line without shade illustrates the observational constraints on
the past PBH mass spectrum [class (b)]: accretion constraints
by CMB [36–38]. Here we do not show the pulsar timing array
constraints [43–45] on gravitational waves via second order ef-
fects [39–42] because they are indirect and depend on the con-
crete shape of the scalar power spectrum. Nevertheless, it is no-
ticeable that their constraints are so strong that PBHs with M ⇠
0.75�M�–75�M� are excluded (See for instance Fig. 1 in [15]), if
they are generated via superhorizon fluctuations. See [15, 46, 47]
for details. The conservative bound of the new HSC microlensing
constraint is shown by the thick blue line with the deep shade,
and the dotted one utilizes an extrapolation from the HST PHAT
star catalogs in the disk region [1].

substantial amount of GWs as second order effects [39–42].
This is because the energy-momentum tensor of scalar
perturbations acts as the source term in the equation of
motion for GWs. Since GWs are produced when the scalar
perturbations reenter the horizon, the momentum scale of
GWs is necessarily related to the PBH mass, Eq. (2). Also,
the amount of GWs is roughly proportional to the square
of the scalar perturbation, which may be conveniently es-
timated as⌦GW ⇠⇥10�9(P⇣/0.01)2. The current pulsar tim-
ing array experiments [43–45]put severe constraints on k ⇠
106 Mpc�1 corresponding to M ⇠ 0.75�M�–75�M�. If one
would like to interpret the LIGO events as PBH-mergers,
these constraints play important roles [15, 46, 47].

IV. PBH AS ALL DM

As one can infer from Fig. 1, there are very limited ranges
of the PBH mass in which PBHs can be a dominant com-

FIG. 2. Constraints on parameters (M⇤,�, fPBH) of the extended
mass function given in Eq. (13). Here we have adopted all the con-
straints shown in Fig. 1. The region consistent with the full DM,
fPBH = 1, is inside the dashed line near M⇤ ' 1020 g with�Æ 1.

ponent of DM. The first viable region may lie between
the white dwarf and HSC constraints around ⇠ 1020 g.1

The next possibility would be between the MACHO/EROS
and the dynamical heating constraints around 1034�35 g [7],
since the CMB constraints can be much weaker as claimed
recently [36–38]. This region is recently revisited because
there is a possibility to explain the LIGO gravitational
events simultaneously [8, 35, 48]. However, in Ref. [49], it
is argued that PBHs as all DM in this region is disfavored
if one uses the constraint from the dynamical heating of
ultra-faint dwarf galaxies.6 Ref. [50] also claims that PBHs
cannot constitute all the DM for M ⇠ O (10)M� by using
a new accretion constraint on PBHs at the galactic cen-
ter via the radio and X-ray.7 In addition, for PBHs gener-
ated via superhorizon fluctuations, the pulsar timing ar-
ray experiments [43–45] set severe constraints on gravita-
tional waves via the second order effects [39–42] for M ⇠
0.75�M�–75�M� as mentioned previously. If the formation
of PBHs is well approximated by the Gaussian statistics,
the power spectrum of curvature perturbation should be
sharp enough to avoid the constraints at O (10)M� [15, 47].
Inflation models with enhanced non-Gaussianity at small
scales may evade this constraint since the same amount of
PBHs can be produced by a smaller amplitude of the cur-
vature perturbation than the Gaussian one [46]. We will re-
turn to these issues elsewhere [51].

Fig. ?? shows observational constraints shown in Fig. 1
on parameters of the following form of the extended mass
function adopted in Ref. [49]:

d
dM

⌦PBH(M )
⌦c

=N exp

�(log M � log M⇤)2
2�2

�
, (13)

6 Ref. [7] varies the parameters of constraints from the dynamical heating
of Eridanus II.

7 Note that this constraint depends on the profile of PBH DM. For the
Burkert profile, we can evade it as discussed in Ref. [50].

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
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Outline

Introduction 

Formation of PBHs (by cosmic inflation) 

Induced gravitational waves and pulsar timing array

7
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Formation of PBHs
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Formation of PBHs
Mechanisms to generate large density

9

• Collapse of localized configuration

• Collapse of “large” primordial density perturbations

- Collision of Bubbles: Bubble formation rate should be tuned to obtain a prolonged duration of PT.

- Cosmic Strings: string may get into a configuration within Schwarzschild-radius with a small probability.

- Collapse of Domain-Wall network (?): ongoing with TTY and MK.

- Inflation as an origin of primordial density perturbations

�� ⇠ H

2⇡
�

- Vacuum fluctuation - Time fluctuation

�t ⇠ ��
�̇

- Density perturbation

�⇢ ⇠⇢H�t
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๏ Standard deviation ~ Curvature perturbation:

Formation of PBHs

10

PBH formation by large primordial density perturbations
• Need large perturbations for Gravity force > Pressure

�⇢

⇢
Horizon Collapse!Horizon

• PBH mass v.s. scale (k-1) of large perturbation:

M = �⇢
4⇡H �3

3
'M�
⇣ �

0.2

⌘⇣ g⇤
3.36

⌘� 1
6
Å

k/(2⇡)
3⇥10�9 Hz

ã�2

• Abundance is determined by       (assump. Gaussian distribution)P⇣
- Probability of the PBH formation: � (M ) =

Z

�c

d�
e�

�2

2�2 (M )

p
2⇡�2(M )

⇠�(M )e�
�2

c
2�2 (M )

�2(M )⇠P⇣(k )

For LIGO events, large                         at P⇣(k )⇠ 10�2 f ⌘ k/2⇡⇠ 10�9 Hz

¶�c ⇠O (0.1)
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Formation of PBHs
Inflation as the origin of PBHs

11

- Double inflation: pre-inflation for large scales and 
second-inflation for small scales.

• Fluctuation of slow-rolling inflaton

• Fluctuation of other fields than inflaton

- Parametric resonance: gauge preheating,…
- Curvaton:  Axion curvaton,…

- Running mass inflation: flatten the potential at small 
scales.

- …

- …

P⇣
10�2

10�9

k
1Mpc�1

Formation of PBH

CMB 
spectral 

distortion

106 Mpc�1 ⇠ 10�9 Hz

CMB 
+ 

LSS

• Crucial constraints on curvature perturbations at this scale.

• How to enhance curvature perturbation at small scales ?
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Formation of PBHs
Inflation as the origin of PBHs
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- Double inflation: pre-inflation for large scales and 
second-inflation for small scales.

• Fluctuation of slow-rolling inflaton

• Fluctuation of other fields than inflaton

- Parametric resonance: gauge preheating,…
- Curvaton:  Axion curvaton

- Running Mass inflation: flatten the potential at small 
scales.

- …
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- Running mass
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• How to enhance curvature perturbation at small scales ? → Flatten your potential!
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Formation of PBHs
Inflation as the origin of PBHs
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- Double inflation: pre-inflation for large scales and 
second-inflation for small scales.

• Fluctuation of slow-rolling inflaton

• Fluctuation of other fields than inflaton

- Parametric resonance: gauge preheating,…
- Curvaton:  Axion curvaton

- Running Mass inflation: flatten the potential at small 
scales.

- …

- …
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Formation of PBHs
Inflation as the origin of PBHs
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- Double inflation: pre-inflation for large scales and 
second-inflation for small scales.

• Fluctuation of slow-rolling inflaton

• Fluctuation of other fields than inflaton

- Parametric resonance: gauge preheating,…
- Curvaton:  Axion curvaton

- Running Mass inflation: flatten the potential at small 
scales.
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- CMB spectral distortion at small scales: mu-distortion,…
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Formation of PBHs
Inflation as the origin of PBHs

15

- Double inflation: pre-inflation for large scales and 
second-inflation for small scales.

• Fluctuation of slow-rolling inflaton

• Fluctuation of other fields than inflaton

- Parametric resonance: gauge preheating,…
- Curvaton:  Axion curvaton

- Running Mass inflation: flatten the potential at small 
scales.
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- Induced GWs via second order effects: constrained by pulsar timing array (PTA).
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Induced GWs 
and  

Pulsar Timing Array
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Induced GWs
Large scalar perturbations act as source terms of GWs

17

• Equation of motion for tensor perturbation

h 00i j +2H h 0i j �r2hi j =�4T̂i j ;k l Sk l
projection to transverse-traceless part

Horizon

�⇢

⇢
⇠ ⇣⇠ hi j / 2 ⇠ ⇣2

⌦GW(k )h 2 ⇠ 10�9

✓P⇣(k )
10�2

◆2

⌦
GW,tot

=
Z

d log k ⌦
GW

(k )where

Production of GW by second order effects

[Saito, Yokoyama; Bugaev, Klimai]

Si j ⌘ 4 @i @ j +2@i @ j � 4
3(1+w )

@i

Å
 0
H + 
ã
@ j

Å
 0
H + 
ã

Source term:  ⇠ ⇣where
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Large scalar perturbations act as source terms of GWs
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• Equation of motion for tensor perturbation

h 00i j +2H h 0i j �r2hi j =�4T̂i j ;k l Sk l
projection to transverse-traceless part

Si j ⌘ 4 @i @ j +2@i @ j � 4
3(1+w )
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Å
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H + 
ã
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Horizon
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⌦
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=
Z

d log k ⌦
GW

(k )where

Production of GW by second order effects

[Saito, Yokoyama; Bugaev, Klimai]

Induced GWs

Formation of PBH

 ⇠ ⇣where
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Large scalar perturbations act as source terms of GWs
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• Equation of motion for tensor perturbation

h 00i j +2H h 0i j �r2hi j =�4T̂i j ;k l Sk l
projection to transverse-traceless part

Horizon

Production of GW by second order effects
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⌦
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=
Z

d log k ⌦
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(k )where

[Saito, Yokoyama; Bugaev, Klimai]

Induced GWs

Formation of PBH

Si j ⌘ 4 @i @ j +2@i @ j � 4
3(1+w )
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Å
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H + 
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Å
 0
H + 
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Source term:  ⇠ ⇣where
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Large scalar perturbations act as source terms of GWs

20
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• GW-spectrum has a peak at the same k!

Constraints on induced GWs

[K.Inomata, M.Kawasaki, KM, Y.Tada, T.T.Yanagida; 1611.06130]
See also Orlofsky, Pierce,  Wells; 1612.05279, Nakama, Silk, Kamionkowsky; 1612.06264
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Corresponding peak !
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Large scalar perturbations act as source terms of GWs

21

• Spectrum should be so steep.

- An example: Double Inflation
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• GW-spectrum has a peak at the same k!

CMB 
μ-distortion

PTA

P⇣/
®

k

x · · · k < kpeak

k

�y · · · k > kpeak

- Current constraints

x ¶ 1.5, y ¶ 2

(cf.) Slow Roll condition

y =�(ns �1)
'�2⌘< 2

❖ ε≪|η| @ single small field inflation

Constraints on induced GWs

[K.Inomata, M.Kawasaki, KM, Y.Tada, T.T.Yanagida; 1611.06130]
See also Orlofsky, Pierce,  Wells; 1612.05279, Nakama, Silk, Kamionkowsky; 1612.06264

Formation of PBH Corresponding peak !
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Conclusions  
and 

 Discussion
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Inflation can produce PBHs whose mergers account for the 
LIGO GW events. 

But, need large density perturbations @ f ~ 10-9 Hz. 

Small scale CMB distortions and induced GWs can probe 
such large density perturbations.

Summary

23

[K.Inomata, M.Kawasaki, KM, Y.Tada, T.T.Yanagida; 1611.06130]

Enhanced Non-Gaussianity at small scales could generate 
PBHs with a smaller Pζ, and thus may evade these constraints.

[Nakama, Silk, Kamionkowsky; 1612.06264]
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Backup
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Current and Future constraints summary of GWs
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Constraints on induced GWs
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Constraints on PBH abundance
Constraints on  inflationary PBHs

26

• If one specifies the production mechanism, there may be another way to probe PBHs.

PTA
CMB 

μ-distortion

• Inflationary PBHs → Small scale distortions of CMB and Induced GWs

✤ Assume almost Gaussian

PBH for LIGO events
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FIG. 1. Black thick line: ⌦PBH(M ) for parameters given in Eq. (14)
is shown. We require the total abundance be equal to the ob-
served DM density, ⌦PBH,tot = ⌦c . The solid lines with shades
represent relevant observational constraints on the current PBH
mass spectrum [class (a)]: extra-galactic gamma-ray (EG�) [25],
femtolensing (Femto) [26], existence of white dwarfs in our lo-
cal galaxy (WD) [32], Subaru HSC microlensing (HSC) [1], Ke-
pler milli/microlensing (Kepler) [27], EROS/MACHO microlens-
ing (EROS/MACHO) [28], dynamical heating of ultra-faint dwarf
galaxies (UFD) [31], and X-ray/radio constraints [50]. The solid
line without shade illustrates the observational constraints on
the past PBH mass spectrum [class (b)]: accretion constraints
by CMB [36–38]. Here we do not show the pulsar timing array
constraints [43–45] on gravitational waves via second order ef-
fects [39–42] because they are indirect and depend on the con-
crete shape of the scalar power spectrum. Nevertheless, it is no-
ticeable that their constraints are so strong that PBHs with M ⇠
0.75�M�–75�M� are excluded (See for instance Fig. 1 in [15]), if
they are generated via superhorizon fluctuations. See [15, 46, 47]
for details. The conservative bound of the new HSC microlensing
constraint is shown by the thick blue line with the deep shade,
and the dotted one utilizes an extrapolation from the HST PHAT
star catalogs in the disk region [1].

substantial amount of GWs as second order effects [39–42].
This is because the energy-momentum tensor of scalar
perturbations acts as the source term in the equation of
motion for GWs. Since GWs are produced when the scalar
perturbations reenter the horizon, the momentum scale of
GWs is necessarily related to the PBH mass, Eq. (2). Also,
the amount of GWs is roughly proportional to the square
of the scalar perturbation, which may be conveniently es-
timated as⌦GW ⇠⇥10�9(P⇣/0.01)2. The current pulsar tim-
ing array experiments [43–45]put severe constraints on k ⇠
106 Mpc�1 corresponding to M ⇠ 0.75�M�–75�M�. If one
would like to interpret the LIGO events as PBH-mergers,
these constraints play important roles [15, 46, 47].

IV. PBH AS ALL DM

As one can infer from Fig. 1, there are very limited ranges
of the PBH mass in which PBHs can be a dominant com-

FIG. 2. Constraints on parameters (M⇤,�, fPBH) of the extended
mass function given in Eq. (13). Here we have adopted all the con-
straints shown in Fig. 1. The region consistent with the full DM,
fPBH = 1, is inside the dashed line near M⇤ ' 1020 g with�Æ 1.

ponent of DM. The first viable region may lie between
the white dwarf and HSC constraints around ⇠ 1020 g.1

The next possibility would be between the MACHO/EROS
and the dynamical heating constraints around 1034�35 g [7],
since the CMB constraints can be much weaker as claimed
recently [36–38]. This region is recently revisited because
there is a possibility to explain the LIGO gravitational
events simultaneously [8, 35, 48]. However, in Ref. [49], it
is argued that PBHs as all DM in this region is disfavored
if one uses the constraint from the dynamical heating of
ultra-faint dwarf galaxies.6 Ref. [50] also claims that PBHs
cannot constitute all the DM for M ⇠ O (10)M� by using
a new accretion constraint on PBHs at the galactic cen-
ter via the radio and X-ray.7 In addition, for PBHs gener-
ated via superhorizon fluctuations, the pulsar timing ar-
ray experiments [43–45] set severe constraints on gravita-
tional waves via the second order effects [39–42] for M ⇠
0.75�M�–75�M� as mentioned previously. If the formation
of PBHs is well approximated by the Gaussian statistics,
the power spectrum of curvature perturbation should be
sharp enough to avoid the constraints at O (10)M� [15, 47].
Inflation models with enhanced non-Gaussianity at small
scales may evade this constraint since the same amount of
PBHs can be produced by a smaller amplitude of the cur-
vature perturbation than the Gaussian one [46]. We will re-
turn to these issues elsewhere [51].

Fig. ?? shows observational constraints shown in Fig. 1
on parameters of the following form of the extended mass
function adopted in Ref. [49]:

d
dM

⌦PBH(M )
⌦c

=N exp

�(log M � log M⇤)2
2�2

�
, (13)

6 Ref. [7] varies the parameters of constraints from the dynamical heating
of Eridanus II.

7 Note that this constraint depends on the profile of PBH DM. For the
Burkert profile, we can evade it as discussed in Ref. [50].


