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1. Introduction
• Primordial Black Holes (PBHs) introduced about 50 years ago


• PBHs with MPBH > 1015 g survive  today without evaporating 


Give a significant contribution to dark matter


Account for GW events detected LIGO recently


• PBHs can be formed by gravitational collapse of over-density 
region with Hubble radius in the early universe


• Large density fluctuations δ with O(0.1) are required for PBH 
formation but δ ~ O(10-5 ) on CMB scale


         need to break scale invariance of spectrum of   
         density fluctuations

2

Zeldovich-Novikov (1967)  Hawking (1971)

collapse

⇠ H�1
BH



• We consider double inflation (preinflation+new inflation)


Preinflation (no specific model is required) accounts for 
perturbations on large scales observed by Planck


New inflation ( after preinflation) with e-fold Nnew < 50 
produces large curvature perturbations on small scales


Large curvature perturbations lead to PBH formation 
when they re-enter the horizon after inflation
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2. PBH formation in radiation dominated universe

• After inflation, when density fluctuations reenter the horizon,  
region with  Hubble radius collapses to form a PBH if its over-
density is higher than δc (≈0.3)


• PBH mass (~ Horizon mass)
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• PBH abundance is estimated by Press-Schechter formalism


• PBH mass fraction β=ρPBH(M)/ρ (assuming Gaussian perturbations )


• Present PBH fraction to DM
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3. New Inflation after Preinflation
• Potential for new inflation


   Hubble 


• Linear term 

amplitude of curvature perturbations

determining initial value (next slide)


• Quadratic term 

spectrum index (shape of power spectrum)


• Slow-roll parameters
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• Curvature perturbation 


                                                            PBH formation 


• Initial value for the inflaton     ?


Interaction with the inflaton    of preinflation


       Hubble induced mass term 


Just before new inflation
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• κ > 0


power spectrum 
takes the largest 
value at  


• κ < 0


power spectrum has 
a peak when
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• Perturbation modes that exit around the end of preinflation 
and reenter horizon near the beginning of new inflation


• Curvature perturbations generated at beginning of new 
inflation are affected by Hubble induced mass 


• If the Hubble induced mass is suppressed after preinflation 
the curvature perturbations are relatively enhanced and this 
produces double peaks in PBH mass spectrum for κ < 0


�' during preinflation

decreases due to cH2'2
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fPBH
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Example 1: κ > 0
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• We made full numerical  calculation including 1st order 
perturbations of inflaton fields and metrics


• We adopt chaotic inflation as pre-inflation


• Sharp mass spectrum


����	��	����

1 104 108 1012 1016 1020
10-8

10-6

10-4

0.01

1

k[Mpc-1]

�
ℛ

1016 1021 1026 1031 1036
10-10

10-7

10-4

10-1

MPBH[g]

Ω
PB
H
/Ω
D
M

(�
!

��
��

�

	�� ��
)������

�/������(��
�

��

�xcluded	region�

�����

���!��
����

μ distortion of CMB 

due to Silk damping

Curvature perturbation 

PBH abundance 

sharp peak

v = 10�3  = 0.13 " = 6.6⇥ 10�7 g = 5.6⇥ 10�4 c
pot

= 1 c
kin

= 0

⌦PBH/⌦DM =

Z
d logMfPBH(M) ' 1

courtesy of K. Inomata




����	��	����

1 104 108 1012 1016 1020
10-8

10-6

10-4

0.01

1

k[Mpc-1]

�
ℛ

Example 2: κ < 0
• Broad mass spectrum


• Another sharp peak due to modes that reenter the horizon 
just before new inflation     
( for parameters we take Hubble induced mass suppressed 
after preinflation )
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160 第 9章 LIGOイベントと原始ブラックホール
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図 9.10 複数回ホライズンをまたぐモードで実現した鋭いピークを持つ曲率ゆらぎ (パラメータ
は式 (9.4.39) 参照)。青線が曲率ゆらぎのスペクトルを表している。赤く塗りつぶされた領域は
µ-distortion の観測 (式 (6.3.4)) とビッグバン元素合成への影響 (7 章) から排除された領域を表
している。
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図 9.11 図 9.10の曲率ゆらぎによって生成される原始ブラックホールのスペクトル。青線が原始
ブラックホールのスペクトルを表している。鋭い方のスペクトルのピークは ΩPBH(30M⊙)/Ωc ∼
O(10−4)となっている。色で塗りつぶされた領域は、観測から排除された領域を表している (8.7
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4. Observational Constraints
• Gamma rays emission from evaporating PBHs


• Gravitational lensing


• Dynamical constraints ( Heating by PBH collisions)


• CMB ( accretion of gas during recombination )
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Recent updates — CMB constraint
• Stringent constraint for PBHs with mass larger than 1033 g


• Reexamined by Ali-Hamimoud-Kamionkowski and others (2016)


• Accounting for Compton cooling by CMB and ionization cooling

much smaller radiative efficiency 

smaller accretion rate 
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FIG. 13. Approximate CMB-anisotropy constraints on the fraction of dark matter made of PBHs derived in this work (thick
black curves). The no-feedback case assumes that the radiation from the PBH does not ionize the local gas, which eventually
gets collisionally ionized, leading to a lower temperature near the Schwarzschild radius. The strong-feedback case assumes that
the local gas is entirely ionized due to the PBH radiation; this leads to two e↵ects: on the one hand, a higher ionized fraction
increases Compton drag and cooling, reducing the accretion rate and luminosity, on the other hand, the absence of collisional
ionizations lead to an increase of the temperature; this latter e↵ect is dominant for M  104 M�, leading to an overall larger
luminosity hence stronger bound. For comparison, we also show the CMB bound previously derived by ROM (thin dashed
curve), as well as various dynamical constraints: micro-lensing constraints from the EROS [15] (purple curve) and MACHO
[14] (blue curve) collaborations, limits from Galactic wide binaries [17], and ultra-faint dwarf galaxies [51] (in all cases we show
the most conservative limits provided in the referenced papers).

generalizing Shapiro’s classic calculation for spherical ac-
cretion around a black hole [25]. We account for Comp-
ton drag and cooling as well as ionization cooling once
the background gas is neutral. At fixed accretion rate,
the e�ciency we derive is at least a factor of ten and up to
three orders of magnitude lower than what is assumed in
ROM for spherically-accreting PBHs. The second largest
di↵erence is in the accretion rate itself. ROM compute
the accretion rate for an isothermal equation of state, as-
suming that Compton cooling by CMB photons is always
very e�cient. In fact, for su�ciently low redshift and low
PBH masses Compton cooling is negligle and the gas is
adiabatically heated. In this case the higher gas temper-
ature, and hence pressure, imply an accretion rate that
is lower by a factor of ⇠ 10. Since the PBH luminosity is
quadratic in the accretion rate, this translates to a factor
of ⇠ 100 reduction in the e↵ect of PBHs on CMB observ-
ables. A third di↵erence is the relative velocity between
PBHs and baryons, which ROM significantly underesti-
mates around z ⇠ 103, leading to an over-estimate of the
accretion rate.

There are considerable theoretical uncertainties in the
calculation of the accretion rate and luminosity of PBHs,
as we have illustrated by considering two limiting cases
for the radiative feedback on the local ionization frac-
tion, leading to largely di↵erent results. Let us recall the
most critical uncertainties here. First, we have only con-
sidered spherical accretion. Extrapolating the measured

primordial power spectrum to the very small scale corre-
sponding to the Bondi radius, ROM estimated the angu-
lar momentum of the accreted gas; they argued that the
accretion is indeed spherical for PBHs less massive than
⇠ 103 � 104 M�. However, there is no direct measure-
ments of the ultra-small-scale power spectrum, and all
bets are open for a Universe containing PBHs. If small-
scale fluctuations are larger (for instance due to non-
linear clustering of PBHs), an accretion disk could form,
with a significantly enhanced luminosity with respect to
spherical accretion. On the other hand, non-spherical
accretion could conceivably also lead to complex three-
dimensional flows near the black hole giving rise to a
turbulent pressure that lowers the accretion rate and ra-
diative output. Secondly, we have accounted for the mo-
tion of PBHs with an approximate and very uncertain
rescaling of the accretion rate. Given that dark-matter-
baryon relative velocities are typically supersonic, we ex-
pect shocks and a much more complex accretion flow in
general. Thirdly, we have assumed a steady-state flow,
but have not established whether such a flow is stable,
even for a static black hole. Last but not least, if PBHs
only make a fraction of the dark matter, an assumption
must be made about the rest of it, the simplest one be-
ing that it is made of weakly interacting massive particles
(WIMPs). If so, these WIMPs ought to be accreted by
PBHs, whose mass may grow significantly after matter-
radiation equality [52], and as a consequence increase the

Ṁ
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Figure 21. The green solid curve shows the 95% C.L. upper bound if we
use the number counts of source stars extrapolated from the HST PHAT data
(see text for the details), compared to our fiducial result using the HSC peaks
(blue curve). The respective dashed curves are the results when taking into
account the e↵ects of finite source size on the event rate of microlensing (see
Fig. 22), assuming a solar radius for stars in M31. The e↵ects weaken the
upper bound in the small mass range.

tured by PBHs. However, observation of globular clusters
show no strong evidence of significant dark matter content, so
the upper bound is currently under debate. Given the disputed
nature of these bounds, our results also provide the tightest
constraints on mass scales MPBH = [10�13, 10�9]M�. This
shows the tremendous capability of high-cadence HSC obser-
vations of M31 in order to constrain the PBH abundance.

6. DISCUSSION
Although our results for the upper bounds in Fig. 20 are

promising, we employed several assumptions. In this section,
we discuss the impacts of our assumptions.

The most significant uncertainty in our bounds comes from
the number counts of source stars in M31, which is a result of
blending of stars in the HSC data due to overcrowding, espe-
cially in the disk regions of M31. We stress that we have used
extremely conservative assumption of treating the observed
number of HSC peaks as our default estimate. As discussed
around Fig. 19, we can estimate the number counts of source
stars in the disk regions by extrapolating the HST star counts
to HSC peaks at the overlapping magnitude. In this case we
have a total of about 8.7 ⇥ 107 stars, instead of 6.4 ⇥ 106 for
the HSC peak counts, which gains us a factor of 14. However,
the gain in number is mainly at low intrinsic fluxes, where the
e�ciency for microlensing detection drops precipitously. The
green solid curve in Fig. 21 shows the upper bound based on
using the HST-extrapolated counts of source stars. Here we
have treated the one remaining candidate as a real event. The
use of the HST-extrapolated counts leads to about factor of 10
tighter bound on the abundance of PBHs.

Another uncertainty in our analysis is the e↵ect of finite
source size. As can be found by comparing Eqs. (3) and

Figure 22. The event rate of PBH microlensing for a single star in M31 when
taking into account the e↵ect of finite source size. Given the fact that the HSC
data (down to r ' 26 mag) is su�ciently deep to reach main-sequence stars in
M31, rather than red-giant branch stars, we assume a solar radius for source
star size. The finite source size e↵ect lowers the event rate compared to Fig. 3.
The lower panel shows the relative contribution of PBHs in the MW or M31
halo region to the event rate for PBHs with MPBh = 10�8 M�. The upper thin
solid curve is the result for a point source, the same as in the right panel of
Fig. 3. The microlensing events in M31 are mainly from nearby PBHs to
a source star at distance within a few tens of kpc (see Fig. 1), so the finite
source size e↵ect is more significant for such PBHs due to their relatively
small Einstein radii.

(4), the angular size of the source star can be greater than
the Einstein radius if PBHs are close to M31 or if PBHs
are in the small mass range such of MPBH <⇠ 10�10M� (as-
suming solar radius for the star), all of which result in a
smaller Einstein radius. Compared to the distance modulus
for M31 is µ ' 24.4 mag, our HSC depth is deep enough
(r ' 26 mag) to reach main sequence stars whose absolute
magnitudes Mr ' 1.5 mag. According to Figures 23 and 24
in Dalcanton et al. (2012), most such faint stars at r ⇠ 25–
26 mag would be either main sequence stars (probably A or
F-type stars) or subgiant stars. In either case such stars have
radii similar to the sun within a factor of 2 or so 12(North et al.
2007). The shallower data such as the work by de Jong et al.
(2006) probes the microlensing events only for much brighter
stars such as red giant branch (RGB) stars. RGB stars have
much greater radius than that of main sequence stars, where
the finite source size e↵ect is more significant. Here we em-
ploy a solar radius (R� ' 6.96 ⇥ 1010 cm) for all source stars
for simplicity, assuming that the upper bound is mainly from
the microlensing for main sequence stars, rather than for RGB
stars (Dalcanton et al. 2012). We followed Witt & Mao (1994)
to re-estimate the event rates of PBHs microlensing taking

12 http://cas.sdss.org/dr4/en/proj/advanced/hr/radius1.
asp

Recent updates — Microlensing

• Using Subaru Hyper-Suprime-Cam (HSC)


• Sources are stars in M31( Andromeda galaxy ~ 770kpc)


• Microlensing due to PBHs in M31 and our galaxy


• No secure event


• Stringent constraint on PBHs with 

mass between 1020 g and 1028 g
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Tighest upper bound on the abundance of primordial black holes 3

tens of minutes, which needs to be well sampled by our HSC
observation. It should also be noted that, since we can safely
assume that the relative velocity stays constant during the Ein-
stein radius crossing, the light curve should have a symmetric
shape around the peak, which we will use to eliminate fake
candidates.

2.2. Microlensing event rate
Here we estimate expected event rates of the PBH mi-

crolensing, if PBHs consist some fraction of DM in the MW
and M31 halo regions.

We first need to model the spatial distribution of DM (there-
fore PBHs) between M31 and us (the Earth). Here we simply
assume that the DM distribution in each halo region of MW or
M31 follows an Navarro-Frenk-White profile (1997; hereafter
NFW) model:

⇢NFW(r) =
⇢c

(r/rs)(1 + r/rs)2 , (7)

where r is the radius from the MW center or the M31 center,
rs is the scale radius and ⇢c is the central density parameter.
In this paper we adopt the halo model in Klypin et al. (2002):
Mvir = 1012M

�

, ⇢c = 4.88 ⇥ 106 M
�

/kpc3, and rs = 21.5 kpc
for MW, taken from Table 2 in the paper, while Mvir = 1.6 ⇥
1012M

�

, ⇢c = 4.96 ⇥ 106 M
�

/kpc3, and rs = 25 kpc for M31,
taken from Table 3. Thus we assume a slightly larger DM
content for the M31 halo than the MW halo. These NFW
profiles were shown to reproduce the observed rotation curves
for MW and M31, respectively. There might be an extra DM
contribution in the intervening space between MW and M31,
e.g. DM in a filamentary structure bridging MW and M31,
but we here do not consider such an unknown contribution.

Consider a PBH at distance d (kpc) form the Earth and in
the angular direction to M31, which is in the direction (l, b) =
(121.2�,�21.6�) in the Galactic coordinate system. Assuming
that the Earth is placed at distance R

�

= 8.5 kpc form the
MW center, we can express the separation to the PBH from
the MW center, rMW�PBH, in terms of the distance from the
Earth, d, as

rMW�PBH(d) =
q

R2
�

� 2R
�

d cos(l) cos(b) + d2. (8)

Similarly, if we ignore the angular extent of M31 on the sky
(which is about 1.5 degree in diameter for our study), the dis-
tance between the PBH and the M31 center, rM31�PBH, is given
by

rM31�PBH(d) ' ds � d, (9)

where we approximated the distance to the M31 center by the
distance to a source star in M31, DM31 ' ds, and we assume
throughout this paper ds = 770 kpc.

By using Eqs. (7)-(9), we can compute the DM density, con-
tributed from both the MW and M31 halos, as a function of
the distance to PBH, d.

Assuming that a mass fraction of PBHs to the DM content is
given by ⌦PBH/⌦DM, we can compute the optical depth ⌧ for
the microlensing of PBHs with mass MPBH for a single star in
M31. The optical depth is defined from the cross section for
microlensing where a source star is inside the Einstein radius
of a foreground PBH on the sky or equivalently the magnifi-
cation of source flux is greater than that at the Einstein radius,
A � 1.34 (Paczynski 1986):

⌧ =
⌦PBH

⌦DM

Z ds

0
dd
⇢DM(d)
MPBH

⇡RE(d,MPBH)2. (10)
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Figure 1. Upper: The optical depth of PBH microlensing e↵ect on a single
star in M31 as a function of the distance to PBH, d, which can be obtained by
integrating the integrand in Eq. (10) over d = [0, d], rather than d = [0, ds].
We assumed that all DM is composed of PBHs with mass 10�7 M

�

(' 2 ⇥
1026 g), and assumed NFW parameters to model the DM distribution in each
of MW and M31 halo regions, where we determined the NFW parameters
so as to reproduce their rotation curves (see text for details). Lower: Similar
plot, but the contribution of PBHs at d to the optical depth to ds. Note that
d in the x-axis is in linear scale. The area under this curve up to d gives the
optical depth to d in the upper plot.

Here the mass density field of DM is given by the sum
of NFW profiles for the MW and M31 halos: ⇢DM(d) =
⇢NFW,MW(d) + ⇢NFW,M31(d).

Fig. 1 shows the optical depth of PBH microlensing for a
single star in M31. Here we assumed that all DM in the halo
regions of MW and M31 is composed of PBHs with a single
mass scale of 10�8M

�

; ⌦PBH/⌦DM = 1. The figure shows that
the PBHs in each of MW and M31 halos give a roughly equal
contribution to the optical depth to an M31 star. Although
there is an uncertainty in the DM density in the inner region
of MW or M31 (at radii <

⇠

10 kpc) due to poorly-understood
baryonic e↵ects, the contribution is not large.

Next we estimate the rate for microlensing events that have
a given timescale of its light curve. Here we consider only the
motion of a lensing PBH for simplicity; in other words, we
ignore motions of source stars. First we model the velocity
distribution of DM in the halo regions. We simply assume an
isotropic velocity distribution for DM particles (e.g. Jungman
et al. 1996):

f (v)d3
v =

1
⇡3/2Vhalo(r)3 exp

"
�

|v|

2

Vhalo(r)2

#
d3

v (11)

where Vhalo(r) is the velocity dispersion at radius r from the
MW or M31 center. For Vhalo(r), we assume that it is given as

Vhalo(r) =

r
GMNFW(< r)

r
, (12)

optical depth for MPBH=2x1026 g



Current observational Constraints 

• New microlensing constraint almost closed DM PBH window 


• Only mass region~ 1020g remains
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Constraints on extended mass function

• Observational constraints are obtained assuming all PBHs 
have the same mass


• How we apply the constraints to the predicted extended 
mass function?


• For the simplest case the constraint is independent of M


expected (lensing) event number 


Maximum allowed  event number 


Nmax is obtained for 


Expected event number = 
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Constraints on extended mass function

• For the next simplest case


expected event number


• For general case


event number 


• For a given fc(M) 
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5. Black Hole as Dark Matter
• PBHs can account for all dark matter of the universe?


• Observational constraints on wide range of PBH mass


• In particular the new microlensing constraint


             only mass region~ 1020g remains


• We apply the method of constraining  on extended mass 
function of PBHs
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Constraints on extended mass function
• We require 


• Mass function


Account for all DM 


Observational constraints


• Sharp PBH mass function 

can account for all DM
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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 microlensing
(EROS/MACHO) [28], and dynamical heating of ultra-faint dwarf
galaxies (UFD) [31]. 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 effects [39–42] because they are indirect and de-
pend on the concrete shape of the scalar power spectrum. Nev-
ertheless, it is noticeable that their constraints are so strong that
PBHs with M ⇠ 0.75�M�–75�M� are excluded, if they are gen-
erated 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].

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].

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-
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

���� ���� ���� ����
�

�

�

�

�* [�]

σ

FIG. 2. Constraints on parameters of the extended mass function
given in Eq. (13). Orange dotted region is excluded by WD [32].
Blue dotted region is excluded by HSC [1].

the CMB constraints can be much weaker as claimed re-
cently [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 con-
stitute all the DM for M ⇠ O (10)M� by using a new accre-
tion constraint on PBHs at the galactic center via the radio
and X-ray.7 In addition, for PBHs generated via superhori-
zon fluctuations, the pulsar timing array experiments [43–
45] set severe constraints on gravitational waves via the sec-
ond order effects [39–42] for M ⇠ 0.75�M�–75�M� as men-
tioned previously. If the formation of PBHs is well approxi-
mated by the Gaussian statistics, the power spectrum of cur-
vature perturbation should be sharp enough to avoid the
constraints at O (10)M� [15, 47]. Inflation models with en-
hanced non-Gaussianity at small scales may evade this con-
straint since the same amount of PBHs can be produced
by a smaller amplitude of the curvature perturbation than
the Gaussian one [46]. We will return to these issues else-
where [51].

In the following, we focus on the former region for PBHs
as all DM. Fig. 2 shows constraints on parameters of the
following form of the extended mass function adopted in
Ref. [49]:

⌦PBH(M )
⌦c

/M exp
�(log M � log M ⇤)2

2�2

�
, (13)

whose normalization is determined so that the total frac-
tion becomes 1.8 One can see that the PBH mass spectrum

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].

8 Note that, in Ref. [49], the PBH fraction over linear mass interval dM ,

excluded by HSC

excluded 

by WD

Z
fPBH d logM = 1



Black Hole as Dark Matter
• PBHs can account for all dark matter of the universe?


• Observational constraints on wide range of PBH mass


• In particular the new microlensing constraint

              only mass region~ 1020g remains


• Double inflation model can produce such DM PBHs 
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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], and dynamical heating of ultra-faint
dwarf galaxies (UFD) [31]. The solid line without shade illus-
trates the observational constraints on the past PBH mass spec-
trum [class (b)]: accretion constraints by CMB [36–38]. Here we
do not show the pulsar timing array constraints [43–45] on grav-
itational waves via second order effects [39–42] because they are
indirect and depend on the concrete shape of the scalar power
spectrum. Nevertheless, it is noticeable that their constraints are
so strong that PBHs with M ⇠ 0.75�M�–75�M� are excluded, 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].

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].

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-
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

FIG. 2. Scatter plot to show constraints on parameters of the ex-
tended mass function given in Eq. (13). Orange dots are excluded
by WD [32]. Blue dots are excluded by HSC [1].

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].

In the following, we focus on the former region for PBHs
as all DM. Fig. 2 shows constraints on parameters of the fol-
lowing form of the extended mass function:

d
dM

⌦PBH(M )
⌦c

=N exp

�(log M � log M⇤)2
2�2

�
, (13)

where N is determined so that the integration of Eq. (13)
becomes 1. One can see that the PBH mass spectrum

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].

v = 10�3 c
pot

= 1

 = 0.13
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FIG. 9. The posterior density on the rate of GW150914-like BBH,
LVT151012-like BBH, and GW151226-like BBH mergers. The
event based rate is the sum of these. The median and 90% credi-
ble levels are given in Table II.
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FIG. 10. The posterior density on the rate of BBH mergers. The
curves represent the posterior assuming that BBH masses are dis-
tributed flat in log(m1)-log(m2) (Flat), match the properties of the
observed events (Event Based), or are distributed as a power law in
m1 (Power Law). The posterior median rates and symmetric 90%
symmetric credible intervals are given in Table II.

signals (rather than two) in three times as much data. Further-

FIG. 11. The posterior distribution for a in Eq. (7) using the in-
ferred masses for our three most significant triggers, GW150914,
LVT151012, and GW151226. The vertical line indicates the value of
a = 2.35 that corresponds to the power law mass distribution used to
infer the rate of BBH coalescence. This value is fully consistent with
the posterior, which allows a broad range of possible values with a
median and 90% credible interval of a = 2.5+1.5

�1.6.

more, due to the observation of an additional highly signifi-
cant signal GW151226, the uncertainty in rates has reduced.
In particular, the 90% range of allowed rates has been updated
to 9–240Gpc�3 yr�1, where the lower limit comes from the
flat in log mass population and the upper limit from the power
law population distribution.

With three significant triggers, GW150914, LVT151012,
and GW151226, all of astrophysical origin to high probabil-
ity, we can begin to constrain the mass distribution of coa-
lescing BBHs. Here we present a simple, parametrized fit to
the mass distribution using these triggers; a non-parametric
method that can fit general mass distributions will be pre-
sented in future work. Our methodology is described more
fully in Appendix D.

We assume that the distribution of black hole masses in co-
alescing binaries follows

p(m1) µ m�a

1 , (7)

with Mmin  m2  m1 and m1 +m2  100M�, and a uniform
distribution on the secondary mass between Mmin = 5M� and
m1. With a = 2.35, this mass distribution is the power law
distribution used in our rate estimation. Our choice of Mmin
is driven by a desire to incorporate nearly all the posterior
samples from GW151226 and because there is some evidence
from electromagnetic observations for a minimum black hole
(BH) mass near 5M� [82, 141] (but see [84]).

We use a hierarchical analysis [141–144] to infer a from
the properties of the three significant events — GW150914,
GW151226 and LVT151012 — where all three are treated
equally and we properly incorporate parameter-estimation un-
certainty on the masses of each system. Our inferred posterior
on a is shown in Fig. 11. The value a = 2.35, corresponding
to the power law mass distribution used above to infer rates
lies near the peak of the posterior, and the median and broad
90% credible interval is

a = 2.5+1.5
�1.6 . (8)

6. PBHs for LIGO gravitational wave events
• First detection of GW event by LIGO-Virgo collaboration


which comes from BH-BH binary


• Origin of BHs?

            PBHs are one of candidates


• Double inflation can produce such PBHs


• Event rate of BH-mergers is estimated as


• Required fraction of PBHs


 (now consistent with CMB const.)


• However, stringent constraint

from  pulsar timing experiments
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M1 = 36+5
�4M� M2 = 29+4

�4M�
Abbott et al (2016)

R = 9� 240 Gpc�3yr�1

⌦PBH/⌦c ⇠ 10�3 � 10�2

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

Sasaki et al (2016)



Production of gravitational waves

• PBHs form from large curvature perturbations


• 2nd order perturbations ~                  induce a 
source term of tensor perturbations
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h00
~k
+ 2Hh0

~k
+ k2h~k = S(~k, t)

• Pulsar timing array experiments 
already give a stringent 
constraint on PBHs with 

⌦GWh2 ⇠ 10�8(P⇣/10
�2)2

O(⇣~k ⇣~k�~k0)

Saito Yokoyama (2009)  Bugaev Kulimai (2010)
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図 9.2 パルサータイミングアレイからの重力波制限のまとめ 1。赤く塗りつぶされた領域は現在
の観測で排除された領域を表している。現在のパルサータイミングアレイの制限として、EPTA

からの制限 [72]、PPTAからの制限 [73]、NANOGravからの制限 [74]を表している。将来のパ
ルサータイミングアレイの制限としては、SKAからの制限 [75]を表している。

サー観測からの制限 [72]、Parks Pulsar Timing Array (PPTA) の 11 年間にわたるパルサー観測
からの制限 [73]、North Americal Nanohertz Observatory for Gravitational Waves (NANOGrav)

の 9年間にわたるパルサー観測からの制限 [74]を図中に表している。将来の制限としては、Square

Kilometer Array (SKA) で 10年間観測した時の制限を表している [75]。
ここで、式 (8.4.3) より M ∼ 30M⊙ の原始ブラックホールを作るようなゆらぎのスケールは

k ∼ 105Mpc−1 であり、そのゆらぎが生成する重力波は式 (9.1.52)より Ω(k, η0)h2 ∼ 10−9 である
ことを思い出そう。すると、図 9.3から、M ≃ 30M⊙ の原始ブラックホールを作るような密度ゆら
ぎからの重力波はパルサータイミングアレイの制限にかかる可能性があることがわかる。この図か
ら、パルサータイミングアレイからの制限を逃れるには小スケール側で鋭く減衰するような曲率ゆら
ぎのピークでなくてはならないことがわかる。

9.3 具体的なインフレーション模型
前節で、M ≃ 30M⊙ の原始ブラックホールを作るような密度ゆらぎからの重力波はパルサータイ

ミングアレイの制限にかかる可能性があることを指摘したが、より具体的な議論をするために、以下
ではインフレーション模型を仮定して議論を進めることにする。
本論文では、具体的なインフレーション模型として、インフラトンが 2つあり、ラージフィールド

インフレーション (プレインフレーション)を初めに起こしてから、ニューインフレーションを起こ
すというダブルインフレーション模型を考える [76]。具体的には以下のインフラトン (φ,ϕ) のポテ

Inomata M-Thesis  (2017) 
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Double inflation model
• We need a sharp peak to avoid PTA constraints

• This is possible to choose appropriate sets of parameters


Small Hubble induced mass after pre-inflation leads to 

a very sharp peak
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Hubble induced mass becomes small after pre-inflation
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• Current PTA constraints can be (marginally) avoided 


• Notice that there is uncertainty in 
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• Future PTA experiment such as SKA will probe GWs

as small as ⌦GWh2 ⇠ 10�15
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6. Conclusion

• PBHs can be formed in double inflation (=preinflation + 
new inflation)


• By appropriate choice of model parameters the model 
can produce PBHs with various masses and abundances 


• Although observational constraints are stringent, this 
model can produce PBHs that account for all DM of the 
universe


• The model also can produce PBHs for LIGO events and 
(marginally) evade constraints from PTA experiments on 
gravitational waves
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