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1. Introduction
• Primordial Black Holes (PBHs)


• PBHs has attracted our interest because they could 


Give a significant contribution to dark matter


Account for GW events detected by 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
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• We consider the following two-field models for PBH formation 


Double inflation (preinflation+new inflation)


Axion-like curvaton
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• 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
• When density fluctuations reenter the horizon,  a PBH is 

formed 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


• Present PBH fraction to DM P⇣(k) ⇠ O(10�2)

for PBH formation
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3. Double inflation model
• Potential for new inflation


• Linear term 

amplitude of curvature perturbations

determining initial value


• Quadratic term 

spectrum index  
(shape of power spectrum)


• Curvature perturbation


                                                             PBH formation
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• Curvaton scenario     

Scalar field acquires fluctuations during inflation

When the curvaton decays its fluctuations 
produce curvature perturbations


• Axion-like curvaton ( curvaton= phase of     )

4. Axion-like curvaton model

 decreases during inflation�

after inflationV (✓)

✓ = �/f�⇡ ⇡

�⇢�
⇢�

= 2
�✓

✓
=

HI

⇡✓�



7

P⇣(k)

k

inflation

curvaton

kCMB

blue tilted

kPBH

kf

kd : scale reenter horizon at curvaton decay

k

P⇣(k = aH)

kf kd

kf : scale exiting horizon when � = f

kd

kf ⇠ kd

k = kf � kd

k > kf

k < kf

• Cuvature perturbations  


blue-tilted at  
(before     reaches    )


scale-invariant at  
(after     reaches    )


• Power spectrum of curvature 
perturbations at horizon crossing 
takes maximum for 


• Those fluctuations produce PBHs


• If                produced PBHs have 
a sharp mass function 
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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


• Double inflation model can produce such DM PBHs 
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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


• 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
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=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



6. PBHs for LIGO gravitational wave events
• GW events by LIGO         BH-BH binary with ~ 30 solar masses


• Origin of BHs          PBHs are one of candidates


• Required fraction of PBHs


• However, stringent constraint from   
pulsar timing experiment 


• In PBH scenario 2nd order perturbations 
~                  induce a source term of tensor perturbations
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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

Saito Yokoyama (2009)  
Bugaev Kulimai (2010)
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6.1 Double inflation model
• We need a sharp peak to avoid PTA constraints

• This is possible to choose appropriate sets of parameters
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• Current PTA constraints 
can be (marginally) avoided
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6.2 Axion-like curvaton model

• Axion-like curvaton model can 
produce PBHs with


• PTA constraint is stringent


• However, the model predicts 
large non-gaussianity


• Non-gaussianity (fNL >0) enhance 
PBH formation


              is reduced by factor 4


                decreases by factor 16


PTA constraint is expected to be 
less stringent
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7. Conclusion

• Double inflation model (=preinflation + new inflation) and 
axion-like curvaton model can produce PBHs


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


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


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