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Intro	- dark	matter	-

•暗⿊物質(dark	matter)の存在
ü 様々な「宇宙観測」から⽰唆

(回転曲線、⼤規模構造、CMB)
ü 重⼒相互作⽤(基本的に)

©Planck

from	SDSS
既知の素粒⼦(標準模型)と“弱い”相互作⽤
しかしない未知の素粒⼦か？

？
超対称性粒⼦(LSP)、
QCD	axion,		sterile	neutrino,	
Axion Like	Particles	(超弦理論)	…



Intro	- unknown	particles	as	DM	-

• 素粒⼦実験からの⽰唆 axion - photon	coupling

©Majorovits (MADMAX)

©Snowmass	project	(2013)

©IceCube collabo.

Sterile	neutrino

è未だに確たる証拠はなし



Intro	- BHs	as	DM	-

•他の候補は？
ü 重⼒相互作⽤ ブラックホールは？？

しかし、、
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通常の星起源のブラックホールでは、すべての
暗⿊物質を説明することはできない



Intro	- BHs	as	DM	-

•他の候補は？
ü 重⼒相互作⽤ ブラックホールは？？

しかし、、

標準宇宙論の成功

星形成期

©ESA

暗黒物質優勢期

通常の星起源のブラックホールでは、すべての
暗⿊物質を説明することはできない

初期宇宙でブラックホールができたら？
è原始ブラックホール(Primordial	BH)



Primordial	BHs	(PBHs)

•初期宇宙に形成されたブラックホール
• 幾つかの形成シナリオあり (domain	walls,	cosmic	string,	vacuum	bubbles	…)

Zeldovich and	Novikov (1967)
Hawking	(1971)
Carr	and	Hawking	(1974),	…

輻射優勢期に高密度領域が宇宙膨張から切り離され重⼒崩壊
è BHへ というシナリオに着⽬

è形成されるブラックホールの質量は、
形成時の宇宙のホライズン内の質量程度

see,	e.g.,	Garriga,	Vilenkin,	Zhang;	1512.01819
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(Jeans	scale	=	c_s /H	<	Horizon	scale	c/H	(~	c	t)	)

straints over the full relevant mass range. The code em-
ployed in our calculations is similar to the one used by
Kawasaki et al. [164] in studying the effects of decaying
particles on BBN.

The plan of the paper is as follows. Section II describes
the background equations and defines various quantities
related to PBHs. Section III reviews black hole evaporation
and the effects of quark-gluon emission. Section IV then
discusses the constraints deriving from cosmological nu-
cleosynthesis effects, while Sec. V discusses the ones
associated with the photon background. Section VI com-
bines both constraints in a single !ðMÞ diagram for the
mass range 109–1017 g and then discusses some other
(mainly less stringent) constraints in this mass range.
Section VII summarizes the most important limits in
mass ranges associated with larger nonevaporating PBHs.
Section VIII collects all the constraints together into a
single ‘‘master’’ !ðMÞ diagram and draws some general
conclusions. It should be stressed that Secs. VI and VII
include quite a lot of review of previous work but it is
useful to bring all the results together and we have eluci-
dated earlier work where appropriate. Throughout most of
this paper we assume that the PBHs have a monochromatic
mass function, but allowing even a small range of masses
around 1015 g would have interesting observational con-
sequences, especially for the EGB limits. However, this
discussion is rather technical, so it is relegated to an
Appendix.

II. DEFINITIONS AND DESCRIPTION OF
BACKGROUND COSMOLOGY

In this section, we present some relevant definitions and
background equations. We assume that the standard
!CDM model applies, with the age of the Universe being
t0 ¼ 13:7 Gyr, the Hubble parameter being h ¼ 0:72 and
the time of photon decoupling being tdec ¼ 380 kyr
[165,166]. Throughout the paper we put c ¼ @ ¼ kB ¼
1. The Friedmann equation in the radiation era is

H2 ¼ 8"G

3
# ¼ 4"3G

45
g$T

4; (2.1)

where g$ counts the number of relativistic degrees of
freedom. This can be integrated to give

t % 0:738
!

g$
10:75

"&1=2
!

T

1 MeV

"&2
s; (2.2)

where g$ and T are normalized to their values at the start of
the BBN epoch. Since we are only considering PBHs
which form during the radiation era (the ones generated
before inflation being diluted to negligible density), the
initial PBH mass M is related to the ‘‘standard’’ particle
horizon massMPH (which is not the actual particle horizon
mass in the inflationary case) by

M ¼ $MPH ¼ 4"

3
$#H&3 % 2:03' 105$

!
t

1 s

"
M(:

(2.3)

Here $ is a numerical factor which depends on the details
of gravitational collapse. A simple analytical calculation
suggests that it is around ð1=

ffiffiffi
3

p
Þ3 % 0:2 during the radia-

tion era [4], although the first hydrodynamical calculations
gave a somewhat smaller value [5]. The favored value has
subsequently fluctuated as people have performed more
sophisticated computations but now seems to have returned
to the original one [167]. However, as mentioned earlier,
the effect of critical phenomena could in principle reduce
the value of $, possibly down to 10&4 [168], as could a
reduction in the pressure [44–46]. On the other hand, if the
overdensity from which the PBH forms is ‘‘noncompen-
sated’’ (i.e. not surrounded by a corresponding underden-
sity), subsequent accretion could generate an eventual PBH
mass well above the formation mass, leading to an ‘‘effec-
tive’’ value of $ much larger than 1 [6]. In view of the
uncertainties, we will not specify the value of $ in what
follows.
Throughout this paper we assume that the PBHs have a

monochromatic mass function, in the sense that they all
have the same mass M. This simplifies the analysis con-
siderably and is justified providing we only require limits
on the PBH abundance at particular values ofM. Assuming
adiabatic cosmic expansion after PBH formation, the ratio
of the PBH number density to the entropy density, nPBH=s,
is conserved. Using the relation # ¼ 3sT=4, the fraction of
the Universe’s mass in PBHs at their formation time is then
related to their number density nPBHðtÞ during the radiation
era by

!ðMÞ ) #PBHðtiÞ
#ðtiÞ

¼ MnPBHðtiÞ
#ðtiÞ

¼ 4M

3Ti

nPBHðtÞ
sðtÞ

% 7:98' 10&29$&1=2
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M

M(
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3=2

'
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1 Gpc&3

"
; (2.4)

where the subscript ‘‘i’’ indicates values at the epoch of
PBH formation and we have assumed s ¼ 8:55'
1085 Gpc&3 today. g$i is now normalized to the value of
g$ at around 10

&5 s since it does not increase much before
that in the standard model and that is the period in which
most PBHs are likely to form. The current density parame-
ter for PBHs which have not yet evaporated is given by

"PBH ¼ MnPBHðt0Þ
#c

%
!

!ðMÞ
1:15' 10&8

"!
h

0:72

"&2
$1=2

!
g$i
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"&1=4

'
!
M

M(

"&1=2
; (2.5)
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Abundance	of	PBHs

•形成確率は？どのくらい形成されるか？
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scaling relation [15] and the mass and the angular momentum of the BHs depend on the

two parameter family of the initial data [16]:

M = CM |δ − δc(q)|γM , (1)

J = CJ |δ − δc(q)|γJ q, (2)

δc(q) = δc0 +Kq2, (3)

where γJ = (5/2)γM ≃ 0.8895, the value of which is predicted analytically from the study

of non-spherical perturbations of the critical solution [17]. q denotes the parameter which

characterizes the rotation of the initial data and δc0 and K are constants. Although the

calculations are performed in the asymptotically flat spacetime, we expect that a similar

behavior exists in the collapse of radiation fluids in the expanding universe.

For demonstrative purposes, we limit ourselves to a Gaussian probability distribution

function P (δ) for density fluctuations δ :

P (δ) =
1√
2πσ

exp

(
− δ2

2σ2

)
, (4)

where σ is the root-mean-square fluctuation amplitude and a flat distribution function Q(q)

for q. Then the volume fraction the region collapsing into BHs at a given epoch is given by

β(MH) =

∫ ∞

0

Q(q)dq

∫ ∞

δc(q)

P (δ)dδ ≃ N
∫ ∞

0

dq
σ√

2πδc(q)
exp

(
−δc(q)2

2σ2

)
, (5)

where N is a normalization constant and we have performed the integration with respect

to δ by expanding P (δ) around δ = δc(q). The integral can be performed by expanding the

integrand around q = 0:

β ≃ Nσ2

2δc0
√
2δc0K

exp

(
− δ2c0
2σ2

)
. (6)

Here, we assume δc0/σ ≫ 1. The density parameter of PBHs at a given epoch is then given

by

ΩPBH =
N
MH

∫ ∞

0

dq

∫

δc(q)

M(δ)P (δ)dδ. (7)

Let us introduce a dimensionless specific angular momentum (spin) parameter a = J/M2

which corresponds to the dimensionless Kerr parameter. From Eq. (1) and Eq. (2), a can

be rewritten as

a =
J

M2
=

CJ

C2
M

|δ − δc(q)|γJ−2γM q =
CJ

C2
M

(
M

CM

)1/2

q, (8)

3

⾼密度領域が存在する確率は、初期密度揺らぎの確率分布で決まる

標準的にはガウス分布

あるしきい値を超えた⾼密度領域がBHに。
形成確率は

しきい値 /	分散(典型的な揺らぎの振幅)に指数関数的に依存
しきい値〜 0.5	(ß数値相対論)	

ref.	Shibata,	Sasaki	(1999),	Musco et	al.	(2005),	Nakama et	al.	(2014),	…

有意な形成を考えるには、ある程度⼤きい振幅が必要 cf.	CMB	obs.	è ~	10^-9



PBHs	vs	inflation

•もともとの⾼密度領域は？
ç初期密度揺らぎとしてインフレーション中に⽣成(標準的には)

例； Saito,	Yokoyama,	Nagata;	0804.3470

power spectrum highly peaked on some scales depending on the values of the model param-

eters and PBH formation is more easily realized than concluded in Ref. [13]. We search for

the values of parameters with which appreciable numbers of PBHs are produced under the

observational constrains [15]. We also analyze the effects of non-Gaussianity generated in

this model on the abundance of PBHs.

The organization of this paper is as follows. In section II, we introduce the chaotic

new inflation model and explain the background evolution in this model. In section III, a

mechanism of the enhancement of the perturbation is explained and the power spectrum

in the chaotic new inflation model is given. In section IV, we give an expression of PBH

abundance resulted from a peaked power spectrum. In section V, we estimate non-Gaussian

correction to PBH abundance. In section VI, we calculate the PBH abundance with various

values of parameters and give a relation between mass and PBH abundance. Section VII

contains conclusion of this paper. In this paper, we use curvature perturbation in the

comoving gauge ζ as a degree of freedom of scalar perturbation.

II. CHAOTIC NEW INFLATION MODEL

We consider a single-field inflation model with the Coleman-Weinberg potential [16]

V (ϕ) =
λ

4
ϕ4

(
ln
∣∣∣
ϕ

v

∣∣∣−
1

4

)
+

λ

16
v4. (2)

Historically, this potential was first used to realize new inflation [17], but phase space

consideration has led to the conclusion that chaotic inflation [18] is much more likely to

occur [19]. So we start with a large field value.

In this model, inflation can occur twice [20]. First, chaotic inflation occurs. After chaotic

inflation, inflaton oscillates between the two minima of the potential. If the parameter v is

appropriately chosen, the inflaton moves slowly in the neighborhood of the origin after the

oscillation and new inflation occurs. For example, the number of e-folds of new inflationay

expansion, Nnew, with |Ḣ| < H2 is larger than 10 for v = 1.103MG − 1.132MG, and it

satisfies Nnew >∼ 60 for v = 1.114MG − 1.122MG. According to the number of oscillation

cycles, the parameters where new inflation occurs are distributed at certain intervals. In the

above example, ϕ settles to the positive potential minimum ϕ = v if v ≥ 1.119MG and to

the negative potential minimum ϕ = −v if v ≤ 1.118MG without oscillation. New inflation

3

numerical

slow-roll approximation
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FIG. 3: Power spectrum of curvature perturbation (solid line). This spectrum is calculated under

the parameters (λ, v) = (5.4 × 10−14, 0.355139MG). We show also a power spectrum estimated

by using the formula (9), which is used for a slow-roll inflation model (dashed line).

In Fig. 3, it is observed that the power spectrum deviates from the one estimated by

using the slow-roll formula (9) and the enhancement of the perturbation has occurred. The

power spectrum has a peak with amplitude ∼ 6.2× 10−3 and results in formation of a large

number of PBHs with mass corresponding to the scale of the peak. The scale of the peak

corresponds to the scale which crossed the horizon near the end of chaotic inflation. The

non-constant mode for the scales which crossed the horizon earlier is a decaying mode during

slow-roll inflation, and becomes exponentially small as a−2. Therefore, even if it turns to

a growing mode temporarily after the first inflation, only the modes which left the horizon

in the late stage of the first inflation are enhanced to a visible level. The scale and the

amplitude of the peak vary with the parameter v. For increasing number of the oscillation

cycles of inflaton, a larger amplitude is obtained. We investigate the abundance of PBHs

resulted from the peaked spectrum in the following sections.

7

インフレーションポテンシャル

あるスケールで⾮常に⼤きな振幅の揺らぎを⽣成するモデルもある
⼤スケール

初期密度揺らぎのパワースペクトル

⼩スケール

first chaotic phase

oscillation

second new inflationary phase

è PBH探査はインフレーションモデル構築にとっても重要



PBHs	as	DM

• 様々な質量を持ったBHが形成される可能性あり

軽いPBH	è Hawking	radiationにより、宇宙時間内に蒸発
è現在の宇宙でDMとして残っていない

BHの寿命;	

形成時期；

è に着⽬し、その観測的制限を考える

軽いPBHに関しても蒸発により⽣じた粒⼦の
-ビッグバン元素合成への影響
-宇宙マイクロ背景輻射の温度揺らぎパワースペクトルへの影響
- extragalactic	background	photonへの影響 からの観測的制限あり

see,	e.g.,	Carr et	al.;	0912.5297



Constraints	on	PBH-DM

•基本的に重⼒相互作⽤を通じて

• 重⼒レンズ効果

• Disruption	of	astrophysical	objects

• Photons	from	gas	accretion	onto	PBHs

𝛼 

𝛽 𝜃 

Source plane Lens plane 

Observer 

BH 

𝐷𝐿𝑆 𝐷𝐿 
𝐷𝑆 

Figure 8: Trajectory of light ray bent by the lens object (BH). ↵ is the deflection angle.

There are thus two lensed images at r1 and r2. Lensing e↵ect becomes significant when r0 . RE

and typical angular separation of the two images is

� ⇠ RE
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=

r
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1� x

x
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✓
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◆1/2✓ DS
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r

1� x

x
, (44)

where we have introduced the parametrization as DL = DSx (0 < x < 1).

3.1.1 Microlensing

Gravitational microlensing refers to the gravitational lensing event in which the angular separa-
tion of the images lensed by a compact object is so small that the individual images cannot be
resolved by observations [106]. For instance, the angular separation given by Eq. (44) is much
smaller than the angular resolution of the existing (or past) microlensing experiments such as
the MACHO Project and EROS collaboration which is about 0.6 as. In the gravitational mi-
crolensing event, what can be observed is only the superposition of two images which is brighter
than the original source. The magnification factor A, normalized to unity in the absence of the
microlensing, is given by

A =
u2 + 2

u
p
u2 + 4

, u =
r0
RE

. (45)

At r0 = RE , A = 1.34. When the lens object is moving relative to the line of sight connecting
the source and the observer, u becomes time-dependent and the magnification varies in time.
Assuming a constant tangential velocity vBH, we can write u as

u2 =
v2t2 + b2

R2
E

=
v2t2

R2
E

+ u2min, (46)
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Figure 9: Magnification curves for four di↵erent values of umin = (0.1, 0.3, 0.5, 1) as a function
of tme. The dimensionless time ⌧ = vt/RE is used.

where b is the impact parameter of the source in the lens plane and the origin of t is chosen so that
the source image in the lens plane becomes the closest to the lens object at t = 0. Magnification
curves for various values of umin are given in Fig. 9. As we can see, the magnification is maximum
at t = 0 and symmetric about it. The time scale for the rise and fall-o↵ of the magnification is
given by

T =
RE

v
=

p
4GMBHDSx(1� x)

v
⇡ 2 yr

p
x(1� x)

✓
MBH

10 M�

◆1/2✓ DS

100 kpc

◆1/2✓ v

200 km/s

◆�1

.

(47)
We find that the time scale is longer for larger lens mass and larger distance to the source.

A useful quantity which is used in the context of the microlensing is the optical depth ⌧
[107,108]. This quantity measures how likely a background source is micro-lensed by the compact
objects with magnification factor greater than 1.34 #14. In other words, the optical depth, when
it is much smaller than unity, is the probability that the light from the source passes inside the
circle defined by the Einstein radius on the lens plane. Assuming that all the lens objects have
the same mass, the optical depth can be written as

⌧ =

Z DS

0
dr nBH(r)⇡R

2
E(r) = 4⇡G

Z DS

0
dDL ⇢BH(DL)

DL(DS �DL)

DS
, (48)

where ⇢BH = MBHnBH is the energy density of PBHs. Interestingly, the last expression of the
optical depth shows that it does not depend explicitly on the mass of PBHs. What determines
the optical depth is how much PBHs constitute the entire dark matter.

In 1986, Paczyński pointed out that it would be possible to test the hypothesis that some
fraction of dark matter is in the form of compact object by monitoring a few million stars in the
Magellanic Clouds [109]. Light from any star in MC passes through the dark halo encompassing
the Milky Way Galaxy before it reaches the observer on the Earth. If the dark halo entirely (or

#14The actual threshold for A for the detection of the microlensing event depends on the detection methods in
individual experiments. The value A = 1.34 is just for convenience.
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ü microlensing	<->	e.g.,	MACHO	project	
ü femtolensing (wave	effect;	interference	of	two	images)	<->	GRB	obs.	
ü millilensing (two	images	with	milliarcsecond sep.)	<->	astrometry	by,	e.g.,	VLBI	..

see	Sasaki,	Suyama,	Tanaka,	SY;	1801.12224	(references	therein)	

ü White	Dwarfs;	星の内部でheating
ü Neutron	Stars;	PBHがNSにcapture
ü Wide	binaries,	globular	clusters,	galactic	center,	ultra-faint	dwarf	galaxies, …

ü CMB,	X-ray,	radio	observations



Summary	of	constraints
task if fHalo ' 0.01. Based on the idea explained above that the additional dark matter fluctu-
ations sourced by the PBHs increase the minihalos in high redshift, fHalo was computed in the
presence of PBHs and was found to become much larger than that in the conventional ⇤CDM
case. Hence, in this scenario, the required value of f⇤ is reduced to very modest one, which is
the main point in [188] that PBHs can explain the CIB fluctuations.
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Figure 11: Upper limit on fPBH = ⌦PBH/⌦DM for various PBH mass (assuming monochro-
matic mass function). Blue curves represent lensing constraints by EROS [114], OGLE [117],
Kepler [120], HSC [121] and Caustic [123] (see 3.1.1). Black curves represent constraints by the
millilensing [130] (3.1.2) and the femtolensing [136] (3.1.3). Orange curves represent dynamical
constraints obtained by requiring that existent compact objects such as white dwarfs (WDs) [139]
(3.2.1) and neutron stars (NSs) [140] (3.2.2) as well as the wide binaries (WBs) [149] (3.2.3) are
not disrupted by PBHs. Green curves represent constraints by the dynamical friction (DF) on
PBHs [150] (3.2.6), the ultra-faint dwarfs (UFDs) [151], and Eridanus II [151] (3.2.5). Red curves
represent constraints by the accretion onto the PBHs such as CMB for the case of the spherical
accretion [164] and the case of the accretion disk [169] with two opposite situations where the
sound speed of the baryonic matter is greater (labeled by CMB) or smaller (labeld by CMB-II)
than the relative baryon-dark matter velocity (3.3.1), radio, and X-rays [171,178] (3.3.2).

3.5 Indirect constraints

So far, we have considered the cosmological and astrophysical e↵ects caused by the PBHs and
discussed how the PBH abundance can be constrained by them. Those constraints are direct
in the sense that all the e↵ects are directly triggered by the PBHs. A nice point of the direct
constraints is that they do not resort to the formation mechanism of PBHs. Any model predicting
the PBH formation must satisfy the direct constraints in order for it to be considered as a
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重力波観測のインパクトは？？



PBHs	vs	GW	experiments

• PBH	abundanceに対する観測的制限

重⼒波観測の寄与として、主に２パターンが考えられる

①PBH連星のmergerからの重⼒波

②PBH形成に必要な初期密度揺らぎが作る背景重⼒波
(過去のDECIGOワークショップで横⼭さんが既に紹介。。)
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•理論的には

L139

The Astrophysical Journal, 487:L139–L142, 1997 October 1
q 1997. The American Astronomical Society. All rights reserved. Printed in U.S.A.

GRAVITATIONAL WAVES FROM COALESCING BLACK HOLE MACHO BINARIES
Takashi Nakamura

Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto 606, Japan
Misao Sasaki and Takahiro Tanaka

Department of Earth and Space Science, Osaka University, Toyonaka 560, Japan
and

Kip S. Thorne

Theoretical Astrophysics, California Institute of Technology, Pasadena, CA 91125
Received 1997 April 11; accepted 1997 July 23; published 1997 September 2

ABSTRACT
If MACHOs are black holes of mass ª0.5 M,, they must have been formed in the early universe when the

temperature was ª1 GeV. We estimate that in this case in our Galaxy’s halo out to ª 50 kpc there exist ª5#
black hole binaries the coalescence times of which are comparable to the age of the universe, so that the810

coalescence rate will be ª events yr21 per galaxy. This suggests that we can expect a few events per225# 10
year within 15 Mpc. The gravitational waves from such coalescing black hole MACHOs can be detected by the
first generation of interferometers in the LIGOZVIRGOZTAMAZGEO network. Therefore, the existence of black
hole MACHOs can be tested within the next 5 yr by gravitational waves.
Subject headings: black hole physics— dark matter— gravitation— gravitational lensing—Galaxy: halo

1. INTRODUCTION

The analysis of the first 2.1 yr of photometry of 8.5 million
stars in the Large Magellanic Cloud (LMC) by the MACHO
collaboration (Alcock et al. 1996) suggests that 0.62 of the10.3

20.2
halo consists of MACHOs of mass 0.5 M, in the standard10.3

20.2
spherical flat rotation halo model. The preliminary analysis of
4 yr of data suggests the existence of at least four additional
microlensing events with tdur ª 90 days in the direction of the
LMC (Pratt 1997). The estimated masses of these MACHOs
are just the mass of red dwarfs. However, the contribution of
the halo red dwarfs to MACHO events should be small since
the observed density of halo red dwarfs is too low (Bahcall et
al. 1994: Graff & Freese 1996a, 1996b). As for white dwarf
MACHOs, the mass fraction of white dwarfs in the halo should
be less than 10% since, assuming the Salpeter initial mass
function (IMF), the bright progenitors of more white dwarfs
than this would be in conflict with the number counts of distant
galaxies (Charlot & Silk 1995). If the IMF has a sharp peak
around 2 M,, then the fraction could be 50% or so (Adams
& Laughlin 1996), sufficient to explain the MACHO obser-
vations. The existence of such a population of halo white
dwarfs may or may not be consistent with the observed lu-
minosity function (Gould 1997; Lidman 1997; Freese 1997).
In any case, future observations of high-velocity white dwarfs
in our solar neighborhood (Lidman 1997) will prove whether
white dwarf MACHOs can exist or not.
If the number of high-velocity white dwarfs turns out to be

large enough to explain the MACHOs, then stellar formation
theory should explain why the IMF is sharply peaked at ª2
M,. If it is not, there arises a real possibility that MACHOs
are absolutely new objects such as black holes of mass ª0.5
M, which could only be formed in the early universe, or boson
stars with the mass of the boson ª10210 eV. Of course, it is
still possible that an overdense clump of MACHOs exists to-
ward the LMC (Nakamura, Kan-ya, & Nishi 1996), MACHOs
are brown dwarfs in the rotating halo (Spiro 1997), or
MACHOs are stars in the thick disk (Turner 1997).
In this Letter we consider the case of black hole MACHOs

(BHMACHOs). In this case, there must be a huge number (at

least ª ) of black holes in the halo, and it is natural to114# 10
expect that some of them are binaries. In § 2 we estimate the
fraction of all BHMACHOs that are in binariesf (a, e)da de
with semimajor axis a in range da and eccentricity e in de. We
then use this distribution to estimate two observable event rates.
First (at the end of § 2), the rate of microlensing events we
should expect toward the LMC that is due to binaries with
separation * cm; our result is in accord with the ob-142# 10
servation of one such event thus far (Bennett et al. 1996).
Second (§ 3), the rate of coalescence of BHMACHO binaries
out to 15 Mpc distance. The gravitational waves from such
coalescences should be detectable by the first interferometers
in the LIGOZVIRGOZTAMAZGEO network (Barish 1997; Bril-
let 1996; Tsubono 1996; Hough 1996), and our estimated event
rate is a few events per year. In § 4 we discuss some impli-
cations of our estimates.

2. FORMATION OF SOLAR MASS BLACK HOLE MACHO BINARIES

Since it is impossible to make a black hole of mass ª0.5
M, as a product of stellar evolution, we must consider the
formation of solar mass black holes in the very early universe
(Yokoyama 1997; Jedamzik 1997). Our viewpoint here, how-
ever, is not to study detailed formation mechanisms but to
estimate the binary distribution that results.
The density parameter of BHMACHOs, QBHM, must be com-

parable to Qb (or QCDM) to explain the number of observed
MACHO events. For simplicity, we assume that BHMACHOs
dominate the matter energy density, i.e., Q 5 QBHM, although
it is possible to consider other dark matter components in ad-
dition to BHMACHOs. To determine the mean separation of
the BHMACHOs, it is convenient to consider it at the time of
matter-radiation equality, t 5 teq. At this time, the energy den-
sities of radiation and BHMACHOs are approximately equal
and are given by g cm23, where h is215 2 4r 5 1.4# 10 (Qh )eq
the Hubble parameter in units of 100 km s21 Mpc21. Corre-
spondingly, the mean separation of BHMACHOs with mass
MBH at this time is given by

星起源では説明できない軽いBH



First	event	of	GW

•そしてLIGO/VIRGO	first	event

Abbott	et	al.	(LIGO	Scientific	Collab.	And	Virgo	Collab.),	PRL	116,	061102(2016)
and	arXiv:1606.04856
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FIG. 8. The cumulative (right to left) distribution of observed trig-
gers in the GstLAL analysis as a function of the log likelihood. The
best fit signal + noise distribution, and the contributions from signal
and noise are also shown. The shaded regions show 1s uncertain-
ties. The observations are in good agreement with the model. At
low likelihood, the distribution matches the noise model, while at
high likelihood it follows the signal model. Three triggers are clearly
identified as being more likely to be signal than noise. GW150914
stands somewhat above the expected distribution, as it is an unusu-
ally significant event – only 6% of the astrophysical distribution of
sources appearing in our search with a false rate of less than one per
century will be more significant than GW150914.

than was achieved in [42], due to the longer duration of data
containing a larger number of detected signals.

To do so, we consider two classes of triggers: those whose
origin is astrophysical and those whose origin is terrestrial.
Terrestrial triggers are the result of either instrumental or en-
vironmental effects in the detector, and their distribution is
calculated from the search background estimated by the anal-
yses (as shown in Fig. 3). The distribution of astrophysical
events is determined by performing large-scale simulations of
signals drawn from astrophysical populations and added to the
data set. We then use our observations to fit for the number of
triggers of terrestrial and astrophysical origin, as discussed in
detail in Appendix C. Figure 8 shows the inferred distributions
of signal and noise triggers, as well as the combined distribu-
tion. The observations are in good agreement with the model.

It is clear from the figure that three triggers are more likely
to be signal (i.e. astrophysical) than noise (terrestrial). We
evaluate this probability and find that, for GW150914 and
GW151226, the probability of astrophysical origin is unity
to within one part in 106. Meanwhile for LVT151012, it is
calculated to be 0.87 and 0.86, for the PyCBC and GstLAL
analyses respectively.

Given uncertainty in the formation channels of the various

Mass distribution R/(Gpc�3yr�1)

PyCBC GstLAL Combined
Event based

GW150914 3.2+8.3
�2.7 3.6+9.1

�3.0 3.4+8.6
�2.8

LVT151012 9.2+30.3
�8.5 9.2+31.4

�8.5 9.4+30.4
�8.7

GW151226 35+92
�29 37+94

�31 37+92
�31

All 53+100
�40 56+105

�42 55+99
�41

Astrophysical
Flat in log mass 31+43

�21 30+43
�21 30+43

�21
Power Law (�2.35) 100+136

�69 95+138
�67 99+138

�70

TABLE II. Rates of BBH mergers based on populations with masses
matching the observed events, and astrophysically motivated mass
distributions. Rates inferred from the PyCBC and GstLAL analyses
independently as well as combined rates are shown. The table shows
median values with 90% credible intervals.

BBH events, we calculate the inferred rates using a variety of
source population parametrizations. For a given population,
the rate is calculated as R = L/hV T i where L is the number
of triggers of astrophysical origin and hV T i is the population-
averaged sensitive space-time volume of the search. We use
two canonical distributions for BBH masses:

i a distribution uniform over the logarithm of component
masses, p(m1,m2) µ m1

�1m2
�1 and

ii assuming a power-law distribution in the primary mass,
p(m1) µ m�2.35

1 with a uniform distribution on the sec-
ond mass.

We require 5M�  m2  m1 and m1 +m2  100M�. The first
distribution probably overestimates the fraction of high-mass
black holes and therefore overestimates hV T i resulting in an
underestimate the true rate while the second probably over-
estimates the fraction of low-mass black holes and therefore
underestimating hV T i and overestimating the true rate. The
inferred rates for these two populations are shown in Table II
and the rate distributions are plotted in Figure 10.

In addition, we calculate rates based upon the inferred prop-
erties of the three significant events observed in the data:
GW150914, GW151226 and LVT151012 [140]. Since these
classes are distinct, the total event rate is the sum of the indi-
vidual rates: R ⌘ RGW150914 + RLVT151012 + RGW151226. Note
that the total rate estimate is dominated by GW151226, as it
is the least massive of the three likely signals and is therefore
observable over the smallest space-time volume. The results
for these population assumptions also are shown in Table II,
and in Figure 9. The inferred overall rate is shown in Fig. 10.
As expected, the population-based rate estimates bracket the
one obtained by using the masses of the observed black hole
binaries.

The inferred rates of BBH mergers are consistent with the
results obtained in [42, 141] following the observation of
GW150914. The median values of the rates have decreased
by approximately a factor of two, as we now have three likely

event	rate

星起源としてはいくらか重いBH



Brief	review	of	PBH	binary	formation

Figure 12: A schematic picture of the formation of PBH binaries in the radiation dominated
epoch.

x/(1 + zdec). The angular momentum J of the binary is estimated by multiplying the exerted
torque from the nearest PBH by the free-fall time and is given by

J ' tffGM2
PBH(1 + zdec)

x2

y3
, (135)

where y is the comoving distance to the nearest PBH and a factor of O(1) has been ignored.
Assuming the Keplarian motion after forming the binary, the angular momentum is related to
the eccentricity e of the orbit as J2 = Gµ2Ma(1� e2), where µ and M is the reduced mass and
total mass. We can convert these equations in terms of x and y as

a =
⇢c,0⌦DM

(1 + zeq)MPBH
x4, e =

s

1�
✓
x

y

◆6

. (136)

Because of the random distribution of PBHs, the probability that comoving distances are in the
intervals (x, x+ dx) and (y, y + dy) is given by

dP =
4⇡x2dx

n�1
PBH

4⇡y2dy

n�1
PBH

exp

 
� 4⇡y3

3n�1
PBH

!
⇥(y � x). (137)

Instead of dealing with this probability distribution, the simplified one as

dP =
4⇡x2dx

n�1
PBH

4⇡y2dy

n�1
PBH

⇥(y � x)⇥(ymax � y), ymax =

✓
4⇡

3
nPBH

◆�1/3

, (138)

55

PBHの(comoving)	number	densityを固定 (平均間隔も固定)
ç PBHの質量とそのDM	fraction	(M,	f)を固定すれば決まる

è空間にばらまくè宇宙膨張に従う
è近接したBHが宇宙膨張から切り離されて、bound	systemを形成
è周囲のBHsから潮汐⼒を受け、binary	motionに。
è重⼒波放出により軌道半径を縮めていく Nakamura	et	al.	(1997),

Ioka et	al.	(1998),
Sasaki	et	al.	(2016)

Event rate of mergers of PBH binaries.—In this section,
we estimate the event rate of PBH binary mergers. We
adopt the formation mechanism proposed in Ref. [8] and
basically follow the same calculation procedure described
in it. A refined analysis taking into account various effects
neglected in Ref. [8] shows that those effects can change
the event rate estimation at most by ∼50% [12]. Given the
large uncertainties in the event rate estimated by the LIGO-
Virgo Collaboration as well as in the upper limit on the
abundance of PBHs from the nondetection of the CMB
spectral distortion, those corrections are not important and
we adopt the simple method given in Ref. [8]. Our analysis
differs from that in Ref. [8] in two aspects: the PBH mass is
30M⊙, and the PBH fraction in dark matter is a free
parameter. For simplicity, we assume all the PBHs have the
same mass. If necessary, our analysis can be straightfor-
wardly generalized to a realistic situation in which the PBH
mass function is not monochromatic.
Let f be the fraction of PBHs in dark matter, i.e.,

ΩBH ¼ fΩDM. Then, the physical mean separation x̄ of
BHs at matter-radiation equality at the redshift z ¼ zeq is
given by

x̄ ¼
!

MBH

ρBHðzeqÞ

"
1=3

¼ 1

ð1þ zeqÞf1=3

!
8πG
3H2

0

MBH

ΩDM

"
1=3

: ð1Þ

Let us consider two neighboring BHs separated by a
physical distance x at matter-radiation equality. The pair
decouples from the expansion of the Universe and becomes
gravitationally bound when the average energy density of
the BHs over the volume R3, where R is the separation of
two BHs, exceeds the background cosmic energy density ρ,
that is, when

MBHR−3 > ρðzÞ: ð2Þ

Using R ¼ ½ð1þ zeqÞ=ð1þ zÞ&x, the redshift at which the
decoupling occurs is given by

1þ zdec
1þ zeq

¼ f
!
x̄
x

"
3

− 1 > 0: ð3Þ

This shows that only a pair having x < f1=3x̄ can form a
binary. From now on, we require this condition on x. If
there are only two BHs on top of the unperturbed
Friedmann-Lemaitre-Robertson-Walker Universe, after
being decoupled from the background expansion, they
move closer together and finally collide without forming a
binary. In a realistic situation, other BHs are also present
and the third BH closest to the BH pair affects the infall
motion of the BHs in the pair by giving them the a tidal
force. As a result, the head-on collision does not happen
and the BHs in the pair form a binary typically having a
large eccentricity. The major and minor axes of the binary
at the formation time are given by (denoted by a and b,
respectively)

a ¼ α
f
x4

x̄3
; b ¼ β

!
x
y

"
3

a; ð4Þ

where y is the physical distance to the third BH at z ¼ zeq
and α and β are numerical factors of Oð1Þ. A detailed
investigation of the dynamics of the binary formation
suggests α ¼ 0.4, β ¼ 0.8 [12]. In the following analysis,
we take α ¼ β ¼ 1 for simplicity. In Fig. 1 showing our
estimated merger event rate, the event rate in the case
α ¼ 0.4, β ¼ 0.8 is also plotted, which demonstrates that
the difference between the two is not significant compared
to the uncertainty of the event rate provided by the LIGO-
Virgo Collaboration.
The eccentricity of the binary at the formation time is

given by

e ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 −
!
x
y

"
6

s

: ð5Þ

By definition, y > x must be satisfied. In addition to this,
we also have the condition y < x̄, which yields an upper
bound on e as

emax ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − f3=2
!
a
x̄

"
3=2

s

: ð6Þ

We assume a uniform probability distribution both for x
and y in three-dimensional space [13]. Thus, the probability
dP that the would-be binary BHs have a separation in
ðx; xþ dxÞ and that the distance to the perturber BH is in
ðy; yþ dyÞ is given by

dP ¼ 9

x̄6
x2y2dxdy: ð7Þ

We can convert this probability distribution function into
the one for a and e by using the mapping formulas (4) and
(5). The result is given by

dP ¼ 3

4
f3=2x̄−3=2a1=2eð1 − e2Þ−3=2da de: ð8Þ

Once the BHs form a binary, they gradually shrink by
gravitational radiation and eventually merge. The coales-
cence time is given by [14,15]

t ¼ Qa4ð1 − e2Þ7=2; Q ¼ 3

170
ðGMBHÞ−3: ð9Þ

Using this equation, we can convert the probability dis-
tribution above into the one defined in the t'e plane as

dP ¼ 3

16

!
t
T

"
3=8

eð1 − e2Þ−ð45=16Þ dt
t
de;

T ≡ x̄4Q
f4

: ð10Þ
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There was a mistake in computing the merger rate for α ¼ 0.4, β ¼ 0.8. Consequently, the dotted (blue) curve in Fig. 1 in
the original Letter is incorrect. The corrected version of Fig. 1 is shown below. The main conclusion of the Letter remains
unchanged. We thank Dr. Ryan Magee for bringing this to our attention.

FIG. 1. The dotted (blue) curve is corrected.
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result	from	
LIGO/VIRGO	collaboration

fractionにして、だいたい0.1%から1%でconsistent

暗⿊物質の全質量に対するPBHの割合
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M/M� R90% [Gpc�3 yr�1]

10 330

20 77

40 15

100 2

200 5

300 20

TABLE I. Estimated 90% upper limits on the merger rate of
equal-mass binary black holes from the LIGO O1 run. The
limits for M/M� = 10, 20 and 40 are inferred from Refs. [75,
76], and those for M/M� = 100, 200 and 300 are taken from
Ref. [74] for non-spinning black holes.

V. POTENTIAL LIMITS FROM EXISTING
LIGO OBSERVATIONS

We now estimate upper limits on the volumetric
merger rate of binary black holes set by LIGO O1, and
how such limits would translate on the PBH abundance
provided the merger rate is that computed in Section II.

In Ref. [74], the LIGO collaboration provides 90% up-
per limits to the merger rate of intermediate-mass black
holes, with individual masses up to 300 M�. These limits
depend on the spins of the black holes, in particular on
their projection along the orbital angular momentum: in
the case of 100� 100 M� binary, the upper bound varies
by a factor ⇠ 4 between the nearly aligned and nearly
anti-aligned cases. Since Ref. [74] does not provide up-
per limits for non-zero spins for M/M� = 200 and 300,
we shall use their zero-spin bounds for all cases, keeping
in mind that they are only accurate up to a factor of a
few.

For M = 10, 20, 40 M�, we estimate the 90 % upper
limit on the merger rate from R

90%

= � ln(0.1)/hV T i
[74], where hV T i is the average space-time volume to
which the LIGO search is sensitive, and is obtained from
integrating Fig. 7 of Ref. [75]. We anticipate that LIGO
also strongly constrains masses M  10 M�, and defer
this detailed analysis to the LIGO collaboration, updat-
ing that carried out in Ref. [40] with the S2 run. We
summarize our estimated limits in Table I.

We show these limits in Fig. 6, alongside the PBH bi-
nary merger rate if they make all of the dark matter, and
if PBH binaries are not significantly perturbed between
formation and merger. We see that the latter largely

exceeds the estimated upper limits, by 3 to 4 orders of
magnitude, depending on the mass. This indicates that
LIGO could rule out PBHs as the dominant dark mat-
ter component, and set stringent upper limits to their
abundance.

To estimate these potential limits, we solve for the
maximum PBH fraction for which the merger rate is be-
low the LIGO upper limits. Note, that the merger rate is
not linear in f , nor a simple power law through all range
of f , so these limits must be computed numerically. We
show the result in Fig. 7, alongside other existing bounds
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FIG. 6. Merger rate of PBH binaries if they make up all of
the dark matter, and provided PBH binaries are not signifi-
cantly perturbed between formation and merger (solid line).
Superimposed are the upper limits from LIGO given in Table
I and described in the main text.

micro-lensing wide binaries
ultra-faint dwarfs

potential limits  
from LIGO O1 run
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FIG. 7. Potential upper bounds on the fraction of dark matter
in PBHs as a function of their mass, derived in this paper (red
arrows), and assuming a narrow PBH mass function. These
bounds need to be confirmed by numerical simulations. For
comparison we also show the microlensing limits from the
EROS [21] (purple) and MACHO [20] (blue) collaborations
(see Ref. [77] for caveats and Ref. [32] for a discussion of
uncertainties), limits from wide Galactic binaries [22], ultra-
faint dwarf galaxies [25], and CMB anisotropies [24].

in that mass range. We see that LIGO O1 may limit
PBHs to be no more than a percent of the dark mat-
ter for M ⇠ 10 � 300 M�. If confirmed with numerical
computations, these would become the strongest existing
bounds in that mass range.

VI. DISCUSSION AND CONCLUSIONS

NSTT [39] pointed out long ago that PBHs would
form binaries in the early Universe, as a consequence of
the chance proximity of PBH pairs, and estimated their
merger rate at the present time. Following the first de-
tection of a binary-black-hole merger [5], Sasaki et al. [9]

Ali-Haimoud,	Kovetz,	Kamionkowski;	1709.06576
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FIG. 3. Constraints on the fraction of dark matter com-
posed of primordial black holes for monochromatic distribu-
tions (f = ⌦PBH/⌦DM). Shown in black are the results for
the nine mass bins considered in this search. For this model
of primordial black hole formation, LIGO finds constraints
tighter than those of the MACHO collaboration [50] for all
mass bins considered and tighter than the EROS collabora-
tion [51] for mi 2 (0.7, 1.0)M�. The curves shown in this
figure are digitizations of the original results from [50–53].
We use the Planck “TT,TE,EE+lowP+lensing+ext” cosmol-
ogy [54].

ponents below 1 M�. No viable gravitational wave can-
didates were found. Therefore, we were able to constrain
the binary merger rate for monochromatic mass functions
spanning from 0.2 – 1.0 M�. Using a well-studied model
from the literature [27, 43, 44], we constrained the abun-
dance of primordial black holes as a fraction of the total
dark matter for each of our nine monochromatic mass
functions considered.

This work was only the first step in constraints by
LIGO on new physics involving sub-solar mass ultra-
compact objects. The constraints presented in Fig. 2
(and consequently those that arise from the model of bi-
nary formation we consider shown in Fig. 3) may not
apply if the ultracompact binary components have non-
negligible spin since the waveforms used for signal recov-
ery were generated only for non-spinning binaries. Fu-
ture work may either quantify the extent to which the
present search could detect spinning components, or ex-
pand the template bank to include systems with spin.
Third, we should consider more general distributions of
primordial black hole masses; extended mass functions
allow for the possibility of unequal mass binaries, and
the e↵ect of this imbalance on the predicted merger rate

has not been quantified. We also stress that our present
results do not rule out an extended mass function that
peaks below 0.2 M� and extends all the way to LIGO’s
currently detected systems at or above 30 M�. Each
model would have to be explicitly checked by producing
an expected binary merger rate density that could be in-
tegrated against Advanced LIGO and Advanced Virgo
search results.

The first two areas of future work are computational
challenges. Lowering the minimum mass and including
spin e↵ects in the waveform models could easily increase
the computational cost of searching for sub-solar mass ul-
tracompact objects by an order of magnitude each, which
would be beyond the capabilities of present LIGO data
grid resources.

Advanced LIGO and Advanced Virgo have not reached
their final design sensitivities. The distance to which
Advanced LIGO will be sensitive to the mergers of ultra-
compact binaries in this mass range should increase by a
factor of three over the next several years [55]. Further-
more, at least a factor of ten more data will be available
than what was analyzed in this work. These two facts
combined imply that the merger rate constraint should
improve by ' 2 orders of magnitude in the coming years.
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In	future	…

• PBH	binary	merger	に関して将来観測への期待
観測された連星BH(O(10	M_sun))は、
PBHなのか星起源BHなのか？

è統計的な議論

ü event	rateの質量関数 --

ü 合体前のBHのスピン分布 -- PBHのスピンはほぼゼロ

ü 合体前の軌道離⼼率分布 -- PBH	binaryの離⼼率は1に近い

ü merger	history -- 星形成期以前の⾼⾚⽅偏移宇宙(z>30)からの
BH	mergerからの重⼒波を捉えられれば..

ü PBH連星合体からの背景重⼒波 --

Chiba,	SY;	1704.06573

Kocsis,	Suyama,	Tanaka,	SY;	1709.09007

Nakamura	et	al.;	1607.00897

Ioka et	al.;astro-ph/9809395

Figure 12: A schematic picture of the formation of PBH binaries in the radiation dominated
epoch.

x/(1 + zdec). The angular momentum J of the binary is estimated by multiplying the exerted
torque from the nearest PBH by the free-fall time and is given by

J ' tffGM2
PBH(1 + zdec)

x2

y3
, (135)

where y is the comoving distance to the nearest PBH and a factor of O(1) has been ignored.
Assuming the Keplarian motion after forming the binary, the angular momentum is related to
the eccentricity e of the orbit as J2 = Gµ2Ma(1� e2), where µ and M is the reduced mass and
total mass. We can convert these equations in terms of x and y as

a =
⇢c,0⌦DM

(1 + zeq)MPBH
x4, e =

s

1�
✓
x

y

◆6

. (136)

Because of the random distribution of PBHs, the probability that comoving distances are in the
intervals (x, x+ dx) and (y, y + dy) is given by

dP =
4⇡x2dx

n�1
PBH

4⇡y2dy

n�1
PBH

exp

 
� 4⇡y3

3n�1
PBH

!
⇥(y � x). (137)

Instead of dealing with this probability distribution, the simplified one as

dP =
4⇡x2dx

n�1
PBH

4⇡y2dy

n�1
PBH

⇥(y � x)⇥(ymax � y), ymax =

✓
4⇡

3
nPBH

◆�1/3

, (138)
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In	future	…
ü event	rateの質量関数

ü 合体前のBHのスピン分布
ü 合体前の軌道離⼼率分布

ü merger	history

ü PBH連星合体からの背景重⼒波

è低周波観測で議論可能？èDECIGO??
Nishizawa et	al.;	1606.09295

Nakamura	et	al.;	1607.00897
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Fig. 10 The event rates for Pop III (standard), Pop I and II (OLD), and PBBH merger as

a function of z. These rates are derived by differentiating the cumulative event rate in Fig. 5

with respect to ln z. Note here that the detectability may change by the mass distribution

of each model.

globular cluster (GC) M15. This suggests the possibility of the formation of BBHs in the

GC. A BH of mass ∼ 30M⊙ is much larger than the typical mass of the constituent stars,

∼ 1M⊙, so that it will sink down to the center of the GC or star cluster due to dynamical

friction. Then BBHs can be formed in the central high density region of GCs. Since the

escape velocity from GCs is 10 km s−1 or so, the kick velocity in the formation process of

BHs or the kick when BBHs are formed by three-body interaction is high enough for BBHs

to escape from GCs. Rodriguez, Chatterjee, and Rasio [67] performed such a simulation to

show that the event rate is at most ∼ 1/7 of Pop I and II origin BBHs. If we take their result

as it is, the dynamical formation of binaries in GCs gives only a minor contribution of Pop

II origin of BBHs.

From only the chirp mass, total mass and spin angular momentum, it will be difficult to

distinguish the origin of GW150914-like BBHs. This is because the number of parameters

that can be determined by the distribution function of the GW data is much smaller than

that of the unknown model parameters and the distribution functions assumed in each model.

However, the redshift distribution of GW events varies robustly among the models. Namely,

the maximum possible redshift is ∼ 6, 10, and > 30 for Pop I/II, Pop III, and PBBH models,

respectively (see Fig. 10). In Fig. 10, we show the event rates for each model. These event

rates are derived by differentiating the cumulative event rate in Fig. 5 with respect to ln z.

To observe the maximum redshift as a smoking gun to identify the origin of GW150914-like

events, the construction of Pre-DECIGO seems to be the unique possibility.

Pre-DECIGO can observe NS–NS and NS–BH mergers. However no detection of GWs

from the merger of these systems has been done, though many simulations exist. For the

same distance of the source, the SNR for NS–NS and NS–BH (30M⊙) are 0.08 and 0.25

times smaller than for 30M⊙–30M⊙ BBHs. We will here postpone discussing what we can

do using Pre-DECIGO about these sources until the first observations of GWs from these

15/17

è B(pre?)-DECIGOでどうか？

Kocsis,	Suyama,	Tanaka,	SY;	1709.09007
è 100	~	1000	events	程度で Δα	~	O(0.1)??	
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FIG. 4: Gravitational-wave energy density for the primordial
BBH model is shown as a function of frequency for several
values of the black hole mass, assuming the Ludlow et al.
concentration model [28] and the Watson et al. model of the
halo mass function [31]. Also shown is the projected final
sensitivity of advanced detectors, denoted O5, as well as the
fiducial stellar model and its Poisson error band [34].

density spectrum. Figure 5 shows the integrand of Eq. 9,
i.e. the energy density as a function of redshift for three
frequencies: 10 Hz, 60 Hz, and 160 Hz. It is evident that
most of the signal at the three frequencies (and hence in
the sensitive frequency band of terrestrial gravitational-
wave detectors) comes from redshifts smaller than ∼ 3.
Hence, lack of information about the concentration and
halo mass function at high redshifts does not have a sig-
nificant impact on the BBH stochastic background spec-
trum in the frequency band of terrestrial detectors and
on our conclusions. Furthermore, as the signal is dom-
inated by the smallest halos, which cannot form stars,
baryonic effects are unlikely to change our results.
Detectability and Distinguishing Between the

Stellar and Primordial Models: Having computed
the amplitude and the spectral shape of the primordial
BBH stochastic background, we now investigate whether
this background could be detected by future gravitational
wave detectors and whether it could be distinguished
from other expected stochastic backgrounds. We con-
sider two detector pairs with one year of exposure: two
Advanced LIGO detectors at their final sensitivity [1, 2]
and two co-located detectors at the Einstein Telescope
ET-D sensitivity [48, 49]. We use the detection statistic
defined by [50], following past searches for the stochas-
tic gravitational-wave background [51, 52], for which the
signal to noise ratio is defined as:

SNR =
3H2

0

10π2

√
2T

[
∫ ∞

0
df

γ2(f)Ω2
GW(f)

f6P1(f)P1(f)

]1/2

, (10)

where H0 is the present value of the Hubble parameter,
T is the observation time (set to 1 year in our case), γ(f)
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FIG. 5: Gravitational-wave energy density for the primordial
BBH model is shown as a function of redshift for three selected
frequencies: 10 Hz, 60 Hz, and 160 Hz. For all curves we
assume the Ludlow et al. concentration model [28] and the
Watson et al. model of the halo mass function [31]. The
majority of the signal is generated at redshifts below ∼ 3,
implying that the uncertainties in the concentration and halo
mass function models at high redshifts have a small impact
on the gravitational wave energy density spectrum.

is the overlap reduction function for the chosen detector
pair, arising from the different locations and orientations
of the detectors [50], and P1(f) and P2(f) are the strain
power spectral densities of the two detectors.
Inserting the primordial BBH spectrum for ΩGW(f),

assuming the Watson et al. halo mass function [31], the
Ludlow concentration model [28], and λ = 1 (i.e. that
all of dark matter is in the form of black holes) yields
SNR < 2 for the Advanced LIGO final detector sensitiv-
ity. Hence, the primordial BBH stochastic background
cannot be measured by Advanced LIGO detectors. How-
ever, a pair of co-located Einstein Telescope detectors
would have sufficient sensitivity to measure the primor-
dial BBH background with SNR > 2 even if the fraction
of dark matter in the form of black holes is as low as
λ ≈ 0.2.
Although the primordial BBH background should be

strong enough to be measurable by the Einstein Tele-
scope, distinguishing it from other types of stochastic
background will be challenging. As shown in Figures
3 and 4, both primordial and stellar BBH spectra have
the same frequency dependence f2/3 in the sensitive fre-
quency band of the Einstein Telescope. While there is
currently a large uncertainty in the stellar BBH merger
rate, and hence in the amplitude of the corresponding
stochastic background, even the lower end of the allowed
range for the merger rate yields the stochastic back-
ground spectrum that is louder than the primordial one
(see [34]). Hence, in order to detect the primordial com-
ponent, the stellar component will have to be subtracted
from the overall measurement, which would require a

4
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Figure 23: Gravitational waveforms from BH-BH binaries with equal masses (30 M�) with the
circular orbit and the eccentric one (e = 0.5) when the orbital period is 2 s. Waveforms are
normalized appropriately.

as velocities are higher. This figure demonstrates that it is in principle possible to know the
eccentricity of the binary from measurement of the time dependence of the waveform.

While the individual binary formation scenarios predict (in principle) the distribution of the
eccentricity at the binary formation time, GW observations do not measure the initial eccentrici-
ties, but those in the inspiral phase corresponding to the frequency band which the detectors are
sensitive to. This fact is important since the eccentricity changes as the binary shrinks by the
GW emission. According to Peters [242], the orbital eccentricity changes due to the gravitational
radiation reaction as

de

dt
= �304

15
e
G3m1m2(m1 +m2)

a4(1� e2)5/2

✓
1 +

121

304
e2
◆
. (178)

Clearly, de/dt  0 for any e. Thus, the eccentric orbit always circularizes by the GW emission.
Generally speaking, binaries born with larger separation have smaller eccentricities in the

final inspiral phase than those with initially shorter separation since the formers have more time
to circularize the orbit. For the stellar-mass BH binaries, frequency band around 100 Hz to
which ground-based detectors such as LIGO are the most sensitive to corresponds to the last
several revolutions before the merger. BH binaries from the isolated field binaries and those
dynamically formed in the globular clusters are expected to have negligible eccentricities in the
LIGO band [280,281]. On the other hand, BH binaries formed in the vicinity of the supermassive
BHs in galactic nuclei are mostly highly eccentric (e ' 1) even at the LIGO band [282].

In [243], the eccentricity distribution of PBH binaries that are formed in the low redshift
Universe in the LIGO frequency band was investigated. A point is that since those binaries are
formed with high eccentricity and have much shorter lifetime than the Hubble time, fraction of
them retain some eccentricity even when they enter the LIGO frequency band. According to
the analysis in [243], O(1) merger events with non-zero eccentricity are expected to be detected
by a few years observation by LIGO and O(10) events by ten years observation by the Einstein
Telescope. On the other hand, the eccentricity distribution for the LIGO band for the PBH
binaries formed in the radiation dominated era is expected to have a strong spike at e = 0 since
their lifetime is about the Hubble time.
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The formation of a significant number of black holes (PBHs) is realized if and only if primordial density

fluctuations have a large amplitude, which means that tensor perturbations generated from these scalar

perturbations as a second-order effect are also large and comparable to the observational data. We show

that pulsar timing data essentially rule out PBHs with 102–104M!, which were previously considered as a
candidate of intermediate-mass black holes, and that PBHs with a mass range of 1020 to 1026 g, which
serves as a candidate of dark matter, may be probed by future space-based laser interferometers and

atomic interferometers.

DOI: 10.1103/PhysRevLett.102.161101 PACS numbers: 04.30.Db, 04.70."s, 98.70.Vc, 98.80."k

Primordial black holes (PBHs) are produced when den-
sity fluctuations with large amplitudes enter the horizon in
the radiation dominated stage of the early Universe with
their typical mass given by the horizon mass at that epoch
[1,2]. PBHs with a mass smaller than 1015 g would have
been evaporated away by now due to Hawking radiation
[3]. The abundance of these light holes has been con-
strained by big-bang nucleosynthesis [4], gamma-ray
background [5], etc.

Heavier PBHs, on the other hand, can play some astro-
physical roles today. For example, they may serve as an
origin of the intermediate-mass black holes (IMBHs),
which are considered to be the observed ultraluminous
x-ray sources, if their mass and abundance lie in the range
MPBH # 102M!–10

4M! and !PBHh
2 # 10"5–10"2, re-

spectively [6]. PBHs with mass MPBH # 1020–1026 g
(10"13M!–10

"7M!) [2,7] and the abundance !PBHh
2 ¼

0:1 [8] can provide an astrophysical origin of dark matter
(DM) which satisfies the constraint imposed by gravita-
tional lensing experiments [9,10].

The formation of the relevant number of PBHs on a
specific mass scale is realized if the power spectrum of
primordial density fluctuations has a peak with amplitude
10"2–10"1 on the corresponding scales (see [11,12] for
inflation models to realize such spectra). In such a situation
the second-order effects are expected to play an important
role. For example, they generate non-Gaussianity in the
statistical distribution of density fluctuation, and the
amount of PBH production could be modified [13]. Such
an effect was recently investigated in single-field inflation
models, but it turned out that the non-Gaussian effect is
negligibly small [14], justifying previous analysis assum-
ing Gaussianity [15].

Second-order effects also generate tensor fluctuations to
produce stochastic background of gravitational waves
(GWs) from scalar-tensor mode coupling [16,17]. Their
amplitude may well exceed the first-order tensor perturba-
tion generated by quantum effect during inflation [18] in

the current setup since the amplitude of density fluctua-
tions required for a substantial density of PBHs is so large.
Furthermore, the amplitude is expected to exceed that of
GWs generated during the PBH collapses since smaller
amplitude of density fluctuations suffices to produce the
second-order GWs with a relevant amplitude, compared to
those necessary for the formation of PBHs.
In this Letter, we show the GWs induced by scalar

fluctuations as a second-order effect [16,17] are a useful
probe to investigate the abundance of the PBHs. We cal-
culate the spectrum of these second-order GWs in the case
that scalar fluctuations have a sufficiently large peak to
realize the formation of appreciable numbers of PBHs. As
a natural consequence, we find that the spectrum of GWs
has a peak on a scale approximately equal to the scale of
the peak of the scalar fluctuations. We can therefore obtain
information on the abundance of PBHs with the horizon
mass when the scale of the peak entered the Hubble radius
by observing GWs with the frequency corresponding to the
same comoving scale, namely, 10"9–10"8 Hz for the
IMBHs produced primordially and 10"3–1 Hz for the
dark-matter PBHs. Fortunately, the former band is probed
by the pulsar timing observations [19,20] while the latter
band can be observed in the future by space-based laser
interferometers [21–23] as well as atomic gravitational-
wave interferometric sensors (AGISs) [24] for the dark-
matter PBHs.
We write the perturbed metric as

ds2 ¼ að!Þ2½"e2"d!2 þ e"2#ð"ij þ hijÞdxidxj); (1)

including both scalar perturbations, " and #, and tensor
perturbation, hij, which satisfies @ih

i
j ¼ hii ¼ 0 with hij *

"ikhkj. We assume the lowest-order tensor perturbations
are negligible and incorporate only those generated by the
scalar mode as a second-order effect. The relevant part of
the second-order Einstein equation therefore reads
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Primordial black holes (PBHs) are produced when den-
sity fluctuations with large amplitudes enter the horizon in
the radiation dominated stage of the early Universe with
their typical mass given by the horizon mass at that epoch
[1,2]. PBHs with a mass smaller than 1015 g would have
been evaporated away by now due to Hawking radiation
[3]. The abundance of these light holes has been con-
strained by big-bang nucleosynthesis [4], gamma-ray
background [5], etc.

Heavier PBHs, on the other hand, can play some astro-
physical roles today. For example, they may serve as an
origin of the intermediate-mass black holes (IMBHs),
which are considered to be the observed ultraluminous
x-ray sources, if their mass and abundance lie in the range
MPBH # 102M!–10

4M! and !PBHh
2 # 10"5–10"2, re-

spectively [6]. PBHs with mass MPBH # 1020–1026 g
(10"13M!–10

"7M!) [2,7] and the abundance !PBHh
2 ¼

0:1 [8] can provide an astrophysical origin of dark matter
(DM) which satisfies the constraint imposed by gravita-
tional lensing experiments [9,10].

The formation of the relevant number of PBHs on a
specific mass scale is realized if the power spectrum of
primordial density fluctuations has a peak with amplitude
10"2–10"1 on the corresponding scales (see [11,12] for
inflation models to realize such spectra). In such a situation
the second-order effects are expected to play an important
role. For example, they generate non-Gaussianity in the
statistical distribution of density fluctuation, and the
amount of PBH production could be modified [13]. Such
an effect was recently investigated in single-field inflation
models, but it turned out that the non-Gaussian effect is
negligibly small [14], justifying previous analysis assum-
ing Gaussianity [15].

Second-order effects also generate tensor fluctuations to
produce stochastic background of gravitational waves
(GWs) from scalar-tensor mode coupling [16,17]. Their
amplitude may well exceed the first-order tensor perturba-
tion generated by quantum effect during inflation [18] in

the current setup since the amplitude of density fluctua-
tions required for a substantial density of PBHs is so large.
Furthermore, the amplitude is expected to exceed that of
GWs generated during the PBH collapses since smaller
amplitude of density fluctuations suffices to produce the
second-order GWs with a relevant amplitude, compared to
those necessary for the formation of PBHs.
In this Letter, we show the GWs induced by scalar

fluctuations as a second-order effect [16,17] are a useful
probe to investigate the abundance of the PBHs. We cal-
culate the spectrum of these second-order GWs in the case
that scalar fluctuations have a sufficiently large peak to
realize the formation of appreciable numbers of PBHs. As
a natural consequence, we find that the spectrum of GWs
has a peak on a scale approximately equal to the scale of
the peak of the scalar fluctuations. We can therefore obtain
information on the abundance of PBHs with the horizon
mass when the scale of the peak entered the Hubble radius
by observing GWs with the frequency corresponding to the
same comoving scale, namely, 10"9–10"8 Hz for the
IMBHs produced primordially and 10"3–1 Hz for the
dark-matter PBHs. Fortunately, the former band is probed
by the pulsar timing observations [19,20] while the latter
band can be observed in the future by space-based laser
interferometers [21–23] as well as atomic gravitational-
wave interferometric sensors (AGISs) [24] for the dark-
matter PBHs.
We write the perturbed metric as

ds2 ¼ að!Þ2½"e2"d!2 þ e"2#ð"ij þ hijÞdxidxj); (1)

including both scalar perturbations, " and #, and tensor
perturbation, hij, which satisfies @ih

i
j ¼ hii ¼ 0 with hij *

"ikhkj. We assume the lowest-order tensor perturbations
are negligible and incorporate only those generated by the
scalar mode as a second-order effect. The relevant part of
the second-order Einstein equation therefore reads
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There are two errors in the original Letter. One is the sign of the second term in the source term in Eq. (3). It
should read

Srs ¼ !2!@r@s!þ 4

3ð1þ wÞ @
rð!þH!1!0Þ@sð!þH!1!0Þ: (1)

Because of this correction, the resultant spectrum of the induced gravitational waves (GWs) is modified and
the peak amplitude becomes smaller by a factor of &0:3. The other is the correspondence between the PBH mass and
the peak frequency of the GWs, Eq. (15). Because of a misplacement of a factor of 2!, it is corrected as

fGW ¼ 4' 10!10 Hz
!
MPBH

1036 g

"!1=2
!
g(p
10:75

"!1=12
: (2)

We show corrected figures below (see Fig. 1). While the GW amplitudes are reduced, they are still large enough to be
observed by the pulsar timing observations, the future space-based interferometers, and AGISs. Because of the modifi-
cation (2), the current data of the pulsar timing cannot rule out PBHs with their mass corresponding to the intermediate
mass black holes. However, they could be probed by future long-term observations of pulsar timing. To detect the GWs
associated with IMBH-PBHs, we need to observe pulsars for a period T ’ 35 yrðMPBH=10

2M)Þ1=2. Since the GW
spectrum extends up to f ¼

ffiffiffi
3

p
fGW, twenty-year observations could detect the GWs corresponding to IMBH-PBHs

with masses MPBH & 102M). The future space-based interferometers still cover the entire mass range of PBHs which are
allowed to be dark matter.

We thank T. Suyama for helpful comments.
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FIG. 1 (color online). Left: Energy density of scalar-induced GWs associated with PBH formation together with the current pulsar
constraint (thick solid line segment) and sensitivity of various GW detectors (convex curves). The energy density is plotted for the
parameters ð"PBHh

2;MPBHÞ ¼ ð10!5; 102M)Þ (left) and ð10!1; 1020 gÞ (right). Right: New constraints on the mass spectrum of PBHs
imposed by scalar-generated GWs. The dotted line represents the mass range to be constrained by future GW detectors.
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fluctuations have a large amplitude, which means that tensor perturbations generated from these scalar

perturbations as a second-order effect are also large and comparable to the observational data. We show

that pulsar timing data essentially rule out PBHs with 102–104M!, which were previously considered as a
candidate of intermediate-mass black holes, and that PBHs with a mass range of 1020 to 1026 g, which
serves as a candidate of dark matter, may be probed by future space-based laser interferometers and
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Primordial black holes (PBHs) are produced when den-
sity fluctuations with large amplitudes enter the horizon in
the radiation dominated stage of the early Universe with
their typical mass given by the horizon mass at that epoch
[1,2]. PBHs with a mass smaller than 1015 g would have
been evaporated away by now due to Hawking radiation
[3]. The abundance of these light holes has been con-
strained by big-bang nucleosynthesis [4], gamma-ray
background [5], etc.

Heavier PBHs, on the other hand, can play some astro-
physical roles today. For example, they may serve as an
origin of the intermediate-mass black holes (IMBHs),
which are considered to be the observed ultraluminous
x-ray sources, if their mass and abundance lie in the range
MPBH # 102M!–10

4M! and !PBHh
2 # 10"5–10"2, re-

spectively [6]. PBHs with mass MPBH # 1020–1026 g
(10"13M!–10

"7M!) [2,7] and the abundance !PBHh
2 ¼

0:1 [8] can provide an astrophysical origin of dark matter
(DM) which satisfies the constraint imposed by gravita-
tional lensing experiments [9,10].

The formation of the relevant number of PBHs on a
specific mass scale is realized if the power spectrum of
primordial density fluctuations has a peak with amplitude
10"2–10"1 on the corresponding scales (see [11,12] for
inflation models to realize such spectra). In such a situation
the second-order effects are expected to play an important
role. For example, they generate non-Gaussianity in the
statistical distribution of density fluctuation, and the
amount of PBH production could be modified [13]. Such
an effect was recently investigated in single-field inflation
models, but it turned out that the non-Gaussian effect is
negligibly small [14], justifying previous analysis assum-
ing Gaussianity [15].

Second-order effects also generate tensor fluctuations to
produce stochastic background of gravitational waves
(GWs) from scalar-tensor mode coupling [16,17]. Their
amplitude may well exceed the first-order tensor perturba-
tion generated by quantum effect during inflation [18] in

the current setup since the amplitude of density fluctua-
tions required for a substantial density of PBHs is so large.
Furthermore, the amplitude is expected to exceed that of
GWs generated during the PBH collapses since smaller
amplitude of density fluctuations suffices to produce the
second-order GWs with a relevant amplitude, compared to
those necessary for the formation of PBHs.
In this Letter, we show the GWs induced by scalar

fluctuations as a second-order effect [16,17] are a useful
probe to investigate the abundance of the PBHs. We cal-
culate the spectrum of these second-order GWs in the case
that scalar fluctuations have a sufficiently large peak to
realize the formation of appreciable numbers of PBHs. As
a natural consequence, we find that the spectrum of GWs
has a peak on a scale approximately equal to the scale of
the peak of the scalar fluctuations. We can therefore obtain
information on the abundance of PBHs with the horizon
mass when the scale of the peak entered the Hubble radius
by observing GWs with the frequency corresponding to the
same comoving scale, namely, 10"9–10"8 Hz for the
IMBHs produced primordially and 10"3–1 Hz for the
dark-matter PBHs. Fortunately, the former band is probed
by the pulsar timing observations [19,20] while the latter
band can be observed in the future by space-based laser
interferometers [21–23] as well as atomic gravitational-
wave interferometric sensors (AGISs) [24] for the dark-
matter PBHs.
We write the perturbed metric as

ds2 ¼ að!Þ2½"e2"d!2 þ e"2#ð"ij þ hijÞdxidxj); (1)

including both scalar perturbations, " and #, and tensor
perturbation, hij, which satisfies @ih

i
j ¼ hii ¼ 0 with hij *

"ikhkj. We assume the lowest-order tensor perturbations
are negligible and incorporate only those generated by the
scalar mode as a second-order effect. The relevant part of
the second-order Einstein equation therefore reads
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0
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Perturbed	metric;

tensor	(重⼒波)

Scalar	(çè密度揺らぎ)

conformal	Hubble

;equation	of	stateスカラー揺らぎの⼆次がsourceに！
特に輻射優勢宇宙では、⽣成される重⼒波の振動数はPBH形成時のホラインズンス
ケールと対応。ホライズンスケールはPBH	massと対応。
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There are two errors in the original Letter. One is the sign of the second term in the source term in Eq. (3). It
should read

Srs ¼ !2!@r@s!þ 4

3ð1þ wÞ @
rð!þH!1!0Þ@sð!þH!1!0Þ: (1)

Because of this correction, the resultant spectrum of the induced gravitational waves (GWs) is modified and
the peak amplitude becomes smaller by a factor of &0:3. The other is the correspondence between the PBH mass and
the peak frequency of the GWs, Eq. (15). Because of a misplacement of a factor of 2!, it is corrected as

fGW ¼ 4' 10!10 Hz
!
MPBH

1036 g

"!1=2
!
g(p
10:75

"!1=12
: (2)

We show corrected figures below (see Fig. 1). While the GW amplitudes are reduced, they are still large enough to be
observed by the pulsar timing observations, the future space-based interferometers, and AGISs. Because of the modifi-
cation (2), the current data of the pulsar timing cannot rule out PBHs with their mass corresponding to the intermediate
mass black holes. However, they could be probed by future long-term observations of pulsar timing. To detect the GWs
associated with IMBH-PBHs, we need to observe pulsars for a period T ’ 35 yrðMPBH=10

2M)Þ1=2. Since the GW
spectrum extends up to f ¼

ffiffiffi
3

p
fGW, twenty-year observations could detect the GWs corresponding to IMBH-PBHs

with masses MPBH & 102M). The future space-based interferometers still cover the entire mass range of PBHs which are
allowed to be dark matter.

We thank T. Suyama for helpful comments.
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FIG. 1 (color online). Left: Energy density of scalar-induced GWs associated with PBH formation together with the current pulsar
constraint (thick solid line segment) and sensitivity of various GW detectors (convex curves). The energy density is plotted for the
parameters ð"PBHh

2;MPBHÞ ¼ ð10!5; 102M)Þ (left) and ð10!1; 1020 gÞ (right). Right: New constraints on the mass spectrum of PBHs
imposed by scalar-generated GWs. The dotted line represents the mass range to be constrained by future GW detectors.
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should read
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Because of this correction, the resultant spectrum of the induced gravitational waves (GWs) is modified and
the peak amplitude becomes smaller by a factor of &0:3. The other is the correspondence between the PBH mass and
the peak frequency of the GWs, Eq. (15). Because of a misplacement of a factor of 2!, it is corrected as
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We show corrected figures below (see Fig. 1). While the GW amplitudes are reduced, they are still large enough to be
observed by the pulsar timing observations, the future space-based interferometers, and AGISs. Because of the modifi-
cation (2), the current data of the pulsar timing cannot rule out PBHs with their mass corresponding to the intermediate
mass black holes. However, they could be probed by future long-term observations of pulsar timing. To detect the GWs
associated with IMBH-PBHs, we need to observe pulsars for a period T ’ 35 yrðMPBH=10

2M)Þ1=2. Since the GW
spectrum extends up to f ¼

ffiffiffi
3

p
fGW, twenty-year observations could detect the GWs corresponding to IMBH-PBHs

with masses MPBH & 102M). The future space-based interferometers still cover the entire mass range of PBHs which are
allowed to be dark matter.

We thank T. Suyama for helpful comments.
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FIG. 1 (color online). Left: Energy density of scalar-induced GWs associated with PBH formation together with the current pulsar
constraint (thick solid line segment) and sensitivity of various GW detectors (convex curves). The energy density is plotted for the
parameters ð"PBHh

2;MPBHÞ ¼ ð10!5; 102M)Þ (left) and ð10!1; 1020 gÞ (right). Right: New constraints on the mass spectrum of PBHs
imposed by scalar-generated GWs. The dotted line represents the mass range to be constrained by future GW detectors.
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f	=	0.1	

Saito	and	Yokoyama	(2009)

PTAからの制限

task if fHalo ' 0.01. Based on the idea explained above that the additional dark matter fluctu-
ations sourced by the PBHs increase the minihalos in high redshift, fHalo was computed in the
presence of PBHs and was found to become much larger than that in the conventional ⇤CDM
case. Hence, in this scenario, the required value of f⇤ is reduced to very modest one, which is
the main point in [188] that PBHs can explain the CIB fluctuations.
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Figure 11: Upper limit on fPBH = ⌦PBH/⌦DM for various PBH mass (assuming monochro-
matic mass function). Blue curves represent lensing constraints by EROS [114], OGLE [117],
Kepler [120], HSC [121] and Caustic [123] (see 3.1.1). Black curves represent constraints by the
millilensing [130] (3.1.2) and the femtolensing [136] (3.1.3). Orange curves represent dynamical
constraints obtained by requiring that existent compact objects such as white dwarfs (WDs) [139]
(3.2.1) and neutron stars (NSs) [140] (3.2.2) as well as the wide binaries (WBs) [149] (3.2.3) are
not disrupted by PBHs. Green curves represent constraints by the dynamical friction (DF) on
PBHs [150] (3.2.6), the ultra-faint dwarfs (UFDs) [151], and Eridanus II [151] (3.2.5). Red curves
represent constraints by the accretion onto the PBHs such as CMB for the case of the spherical
accretion [164] and the case of the accretion disk [169] with two opposite situations where the
sound speed of the baryonic matter is greater (labeled by CMB) or smaller (labeld by CMB-II)
than the relative baryon-dark matter velocity (3.3.1), radio, and X-rays [171,178] (3.3.2).

3.5 Indirect constraints

So far, we have considered the cosmological and astrophysical e↵ects caused by the PBHs and
discussed how the PBH abundance can be constrained by them. Those constraints are direct
in the sense that all the e↵ects are directly triggered by the PBHs. A nice point of the direct
constraints is that they do not resort to the formation mechanism of PBHs. Any model predicting
the PBH formation must satisfy the direct constraints in order for it to be considered as a

42

See,	also	Inomata	et	al.	;1611.06130

PTAからの制限

LIGO	event	をPBHで説明する際に強⼒な制限
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FIG. 1 (color online). Left: Energy density of scalar-induced GWs associated with PBH formation together with the current pulsar
constraint (thick solid line segment) and sensitivity of various GW detectors (convex curves). The energy density is plotted for the
parameters ð"PBHh

2;MPBHÞ ¼ ð10!5; 102M)Þ (left) and ð10!1; 1020 gÞ (right). Right: New constraints on the mass spectrum of PBHs
imposed by scalar-generated GWs. The dotted line represents the mass range to be constrained by future GW detectors.
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PTAからの制限

task if fHalo ' 0.01. Based on the idea explained above that the additional dark matter fluctu-
ations sourced by the PBHs increase the minihalos in high redshift, fHalo was computed in the
presence of PBHs and was found to become much larger than that in the conventional ⇤CDM
case. Hence, in this scenario, the required value of f⇤ is reduced to very modest one, which is
the main point in [188] that PBHs can explain the CIB fluctuations.
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Figure 11: Upper limit on fPBH = ⌦PBH/⌦DM for various PBH mass (assuming monochro-
matic mass function). Blue curves represent lensing constraints by EROS [114], OGLE [117],
Kepler [120], HSC [121] and Caustic [123] (see 3.1.1). Black curves represent constraints by the
millilensing [130] (3.1.2) and the femtolensing [136] (3.1.3). Orange curves represent dynamical
constraints obtained by requiring that existent compact objects such as white dwarfs (WDs) [139]
(3.2.1) and neutron stars (NSs) [140] (3.2.2) as well as the wide binaries (WBs) [149] (3.2.3) are
not disrupted by PBHs. Green curves represent constraints by the dynamical friction (DF) on
PBHs [150] (3.2.6), the ultra-faint dwarfs (UFDs) [151], and Eridanus II [151] (3.2.5). Red curves
represent constraints by the accretion onto the PBHs such as CMB for the case of the spherical
accretion [164] and the case of the accretion disk [169] with two opposite situations where the
sound speed of the baryonic matter is greater (labeled by CMB) or smaller (labeld by CMB-II)
than the relative baryon-dark matter velocity (3.3.1), radio, and X-rays [171,178] (3.3.2).

3.5 Indirect constraints

So far, we have considered the cosmological and astrophysical e↵ects caused by the PBHs and
discussed how the PBH abundance can be constrained by them. Those constraints are direct
in the sense that all the e↵ects are directly triggered by the PBHs. A nice point of the direct
constraints is that they do not resort to the formation mechanism of PBHs. Any model predicting
the PBH formation must satisfy the direct constraints in order for it to be considered as a
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More	..

•観測された背景重⼒波
lインフレーション中の量⼦揺らぎ起源なのか？

l⼆次のスカラー揺らぎ起源なのか？

è背景重⼒波の統計的性質？

ガウス分布なのか、⾮ガウス性があるのか？
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Non-Gaussian	SGWB

•⾮ガウス性è⾼次相関にあらわれる

On the one hand, this prediction for the null-channel, together with the relation (3.46) pro-
vides a non-trivial consistency check of the underlying assumptions of our analysis, such as
statistical isotropy and non-gaussian instrument noise. On the other hand, these relations pre-
dict that for any given frequency interval, (cross-)correlating different interferometer channels
only allows us to extract a single measurement of the bispectrum, a serious obstacle in mea-
suring its different helicity contributions. However, with mild assumptions on the frequency
dependence of the bispectrum, the different frequency dependences of the RRRR = RLLL and
RRRL = RLLR response functions (see Fig. 4) can be used to measure the chirality structure
by comparing measurements in different frequency intervals.

4 The optimal signal-to-noise ratio

In this section we construct a frequency-dependent estimator of the stochastic gravitational
wave bispectrum. Our procedure extends the arguments developed in [7] to estimate the
optimal signal-to-noise ratio in the gravitational wave power spectrum to the case of a signal
three-point function. In most of this section we assume for generality that all the correlators
hAAAi, hAAEi, hAEEi and hEEEi can be nonvanishing and independent from each other;
only at the end of Section 4.2 we specialize to the case of an equilateral LISA configuration,
where only the correlators hEEEi = �hAAEi are nonvanishing.

4.1 The signal in frequency space

Since our goal is to generate a frequency-dependent estimator, our first task is to compute
the three-point function of the signal in frequency space, defined as (for a return flight along
the first arm)

s̃12 (f) ⌘
Z

dt e�2⇡ift s12 (t)

= L

Z

d3k e�2⇡i~k·~x1
X

�

G�

⇣

k̂, l̂12
⌘

Z

dt e�2⇡ift h�
⇣

t� L, ~k
⌘

T
⇣

kL, k̂ · l̂12
⌘

+ ñ12 (f) ,

(4.1)

where ñ12 (f) denotes the corresponding noise in frequency space. Defining

⌃̃O(f) = s̃O (f)� ñO (f) , (4.2)

where now O denotes a LISA channel, we obtain the following three-point function

h⌃̃O1(f1) ⌃̃O2(f2) ⌃̃O3(f3)i = L3

Z

 

3
Y

i=1

dti e
�2⇡i fiti d3ki

X cOi ji

2
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⇣

~ki
⌘

eaibi,�i

⇣

k̂i
⌘

!

⇥ hh�1(t1 � L, ~k1)h�2(t2 � L, ~k2)h�3(t3 � L, ~k3)i , (4.3)

the calculation of which requires the knowledge of the time correlator for the gravitational
waves at unequal times. The expression for the latter quantity is given in Appendix D.
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Figure 1. Labeling of the LISA arms used in this work, cf. eq. (3.12).

(see Figure 1), the three measurements (3.11) acquire the form
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Ûa
3 Û b
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2 Û b

2

i

.

(3.14)

From these, the standard LISA output channels A, E and T are constructed as [18]

⌃1 ⌘ ⌃A =
1

3
(2�X � �Y � �Z) ,

⌃2 ⌘ ⌃E =
1p
3
(�Z � �Y ) ,
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We write these through the compact expression
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where O = {A,E, T} labels the detector channel and the matrix c is given by

c =
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3
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3
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3

1
3
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C

A

. (3.17)

We now have the tools to study the two-point and three-point correlation functions for
the signal, and analyze how they depend on the statistical properties of the SGWB, namely
its power spectrum and bispectrum as described in Section 2. We derive the quadratic and
cubic interferometer response functions, and discuss how the interferometer measurements
allow to probe properties of the primordial tensor non-Gaussianity.
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+ ñ12 (f) ,

(4.1)
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How	about	with	DECIGO?

The Primordial Black Hole Dark Matter - LISA Serendipity
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The last few years have witnessed a renewed interest in the possibility that primordial black holes
(PBHs) constitute the dark matter of the universe. Current observational constraints leave only a
few PBH mass ranges for this possibility. One of them is around 10�12M�. If these PBHs are due to
enhanced scalar perturbations produced during inflation, their formation is inevitably accompanied
by the generation of fully non-Gaussian gravitational waves (GWs) with frequency peaked in the
mHz range, precisely at the maximum sensitivity of the LISA mission. We show that, if these
primordial black holes are the dark matter, LISA will be able to detect not only the GW power
spectrum, but also the non-Gaussian three-point GW correlator, thus allowing this scenario to be
thoroughly tested.

Introduction. The existence and the nature of dark
matter remains one of the main puzzles in physics [1].
The recent detection of GWs generated by the merging
of two ⇠ 30M� black holes [2] has renewed the interest
in the possibility that all (or a significant part of) the
dark matter of the universe is in the form of PBHs (see
Refs. [3–5] for recent review literature).
A standard way to generate PBHs in the early uni-

verse is to enhance at small scales (small compared to
the CMB ones) the power of the comoving curvature
perturbation ⇣ during inflation [6–8] (see Ref. [9] in
the case in which Standard Model Higgs perturbations
are used). Such large perturbations are subsequently
transferred to radiation through the reheating process
after inflation, giving rise to PBHs upon horizon re-
entry if they are large enough. A region collapses to a
PBH if the density contrast (during the radiation era)
�(~x) = (4/9a2H2)r2⇣(~x) is larger than a critical value
�c, which is a function of the shape of the power spec-
trum [10].
We define the comoving curvature perturbation power

spectrum as

⌦
⇣(~k1)⇣(~k2)

↵0
=

2⇡2

k31
P⇣(k1), (1)

where we have adopted the standard prime notation indi-
cating we do not explicitly write down the (2⇡)3 times the
Dirac delta of momentum conservation. It is convenient
to define the variance of �(~x) as

�2
�(M) =

ˆ 1

0
d ln kW 2(k,RH)P�(k), (2)

where we have made use of a (gaussian) window function
W (k,RH) to smooth out �(~x) on the comoving horizon
length RH ⇠ 1/aH and P�(k) = (4k2/9a2H2)2P⇣(k).
The mass fraction �M of the universe which ends up into

PBHs at the time of formation is (for the non-Gaussian
extension see Ref. [11])

�M =

ˆ 1

�c

d�p
2⇡ ��

e��2/2�2
� ' ��

�c

p
2⇡

e��2
c/2�

2
� . (3)

It corresponds to a present fraction of dark matter
⇢DMfPBH(M) ⌘ d ⇢PBH/d lnM in form of PBHs of masses
M

fPBH (M) '
✓

�M

7 · 10�9

◆⇣ �

0.2

⌘1/2
✓
106.75

g⇤

◆1/4 ✓
M�
M

◆1/2

.

(4)
Here � < 1 accounts for the e�ciency of the collapse
and g⇤ is the number of e↵ective relativistic degrees of
freedom. We will assume � ' 0.2 [12].

The key point is that, if there are large comoving cur-
vature perturbations generated during the last stages of
inflation, they inevitably act as a (second-order) source
[13–16] of primordial GWs at horizon re-entry [17, 19].
By employing entropy conservation, we can relate the
mass M of a PBH to the peak frequency of the GWs
(not far from the peak frequency of the corresponding
curvature perturbation) which collapses to form a PBH

M ' 50 �

✓
10�9 Hz

f

◆2

M�. (5)

The expression (5) shows that the mass corresponding to
the frequency where the Laser Interferometer Space An-
tenna (LISA) project [20] has the maximum sensitivity,
fLISA ' 3.4 mHz, is M ' 10�12M�.

The serendipity is that around this mass current obser-
vational constraints on the PBH abundances are basically
absent [21], thus allowing fPBH (M) ' 1, see Fig. 1. In-
deed, the Subaru HSC microlensing measurements [22]
must be cut around 10�11M� since below this mass the
geometric optics approximation is no longer valid [21, 23]:
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DECIGOでも可能か？



Summary	&	discussion

•原始ブラックーホール(PBH)

•重⼒波観測とPBH

•さらなるPBHの検証とDECIGO

ü 暗⿊物質の候補
ü インフレーションモデルのプローブ

ü LIGO/VIRGO	collaboration,	PTA	è O(1-10)	M-sun	PBHの存在量に対して制限
ü DECIGO	è暗⿊物質の候補として許されている質量範囲に対して強⼒

ü O(1-10)	M_sun BH	binaries	のスピンや離⼼率分布？
ü 背景重⼒波の⾮ガウス性を検証できるか？



PBHs	vs	inflation

•もともとの⾼密度領域は？
ç初期密度揺らぎとしてインフレーション中に⽣成(標準的には)

例； Saito,	Yokoyama,	Nagata;	0804.3470

power spectrum highly peaked on some scales depending on the values of the model param-

eters and PBH formation is more easily realized than concluded in Ref. [13]. We search for

the values of parameters with which appreciable numbers of PBHs are produced under the

observational constrains [15]. We also analyze the effects of non-Gaussianity generated in

this model on the abundance of PBHs.

The organization of this paper is as follows. In section II, we introduce the chaotic

new inflation model and explain the background evolution in this model. In section III, a

mechanism of the enhancement of the perturbation is explained and the power spectrum

in the chaotic new inflation model is given. In section IV, we give an expression of PBH

abundance resulted from a peaked power spectrum. In section V, we estimate non-Gaussian

correction to PBH abundance. In section VI, we calculate the PBH abundance with various

values of parameters and give a relation between mass and PBH abundance. Section VII

contains conclusion of this paper. In this paper, we use curvature perturbation in the

comoving gauge ζ as a degree of freedom of scalar perturbation.

II. CHAOTIC NEW INFLATION MODEL

We consider a single-field inflation model with the Coleman-Weinberg potential [16]

V (ϕ) =
λ

4
ϕ4

(
ln
∣∣∣
ϕ

v

∣∣∣−
1

4

)
+

λ

16
v4. (2)

Historically, this potential was first used to realize new inflation [17], but phase space

consideration has led to the conclusion that chaotic inflation [18] is much more likely to

occur [19]. So we start with a large field value.

In this model, inflation can occur twice [20]. First, chaotic inflation occurs. After chaotic

inflation, inflaton oscillates between the two minima of the potential. If the parameter v is

appropriately chosen, the inflaton moves slowly in the neighborhood of the origin after the

oscillation and new inflation occurs. For example, the number of e-folds of new inflationay

expansion, Nnew, with |Ḣ| < H2 is larger than 10 for v = 1.103MG − 1.132MG, and it

satisfies Nnew >∼ 60 for v = 1.114MG − 1.122MG. According to the number of oscillation

cycles, the parameters where new inflation occurs are distributed at certain intervals. In the

above example, ϕ settles to the positive potential minimum ϕ = v if v ≥ 1.119MG and to

the negative potential minimum ϕ = −v if v ≤ 1.118MG without oscillation. New inflation

3

numerical

slow-roll approximation

175 180 185 190 195 200 205 210

-2

-4

-6

-8

-10

-12

-14

log(k/a )i
k 
P 
/2
π

3
ζ

2

FIG. 3: Power spectrum of curvature perturbation (solid line). This spectrum is calculated under

the parameters (λ, v) = (5.4 × 10−14, 0.355139MG). We show also a power spectrum estimated

by using the formula (9), which is used for a slow-roll inflation model (dashed line).

In Fig. 3, it is observed that the power spectrum deviates from the one estimated by

using the slow-roll formula (9) and the enhancement of the perturbation has occurred. The

power spectrum has a peak with amplitude ∼ 6.2× 10−3 and results in formation of a large

number of PBHs with mass corresponding to the scale of the peak. The scale of the peak

corresponds to the scale which crossed the horizon near the end of chaotic inflation. The

non-constant mode for the scales which crossed the horizon earlier is a decaying mode during

slow-roll inflation, and becomes exponentially small as a−2. Therefore, even if it turns to

a growing mode temporarily after the first inflation, only the modes which left the horizon

in the late stage of the first inflation are enhanced to a visible level. The scale and the

amplitude of the peak vary with the parameter v. For increasing number of the oscillation

cycles of inflaton, a larger amplitude is obtained. We investigate the abundance of PBHs

resulted from the peaked spectrum in the following sections.

7

インフレーションポテンシャル

あるスケールで⾮常に⼤きな振幅の揺らぎを⽣成するモデルもある
⼤スケール

初期密度揺らぎのパワースペクトル

⼩スケール

first chaotic phase

oscillation

second new inflationary phase

è PBH探査はインフレーションモデル構築にとっても重要
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• Broad	spectrum

Inomata	et	al.	(2017) Di	and	Gong	(2017)


