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1. Introduction
• Primordial Black Holes (PBHs)


• PBHs have attracted much attention because they could 


Give a significant contribution to dark matter ( >1015 g )


Account for GW events detected by LIGO-Virgo recently


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


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


         need to break scale invariance of spectrum of   
         density fluctuations
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• We consider the following two models for PBH formation 

Double inflation (preinflation+new inflation)

　       DM PBHs   and  LIGO PBHs


Non-standard Affleck-Dine mechanism 

   (Formation of high density bubbles)


        LIGO PBHs
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2. PBH formation in radiation dominated universe
• When density fluctuations reenter the horizon,  a PBH is 

formed if its over-density is higher than δc (≈0.4)


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


                                 PBH mass fraction β=ρPBH(M)/ρ
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3. Double inflation model

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


• New inflation ( after preinflation) with e-fold Nnew < 50 
produces large curvature perturbations on small scales
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3. Double inflation model
• Potential for new inflation


• Linear term 

determining initial value 

amplitude of curvature perturbations


                                                         PBH formation


• Quadratic term 

spectrum index  
(shape of power spectrum)                                                            

n = 3, 4, · · · Mp = 1
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Power spectrum and PBH mass function
• Double inflation (chaotic+new) model
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4. Black Hole as Dark Matter
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• PBHs can account for all dark matter of the universe?


• Observational constraints on wide range of PBH mass


• However there is a window around mass~ 1020g 


• Double inflation (e.g.chaotic + new) can produce such DM PBHs 



4. Black Hole as Dark Matter

• PBHs can account for all dark matter of the universe?


• Observational constraints on wide range of PBH mass


• However there is a window around mass~ 1020g 


• Double inflation (e.g.chaotic + new) can produce such DM PBHs 
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5. LIGO-Virgo gravitational wave events and dark matter

• GW events by LIGO         


            BH-BH binaries with ~ 30


• Origin of BHs 


           PBHs are one of candidates


• Required fraction of PBHs


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

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

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

t0 = Qa4(1 − e2
max)

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

We then find that a ≈ 7 × 104 AU
(

f
fc

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

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

• PBHs and large density fluctuations produce UCMHs


• Radial infall of DM produces a steep profile


• Annihilations of DM particles are drastically enhanced


Produce gamma rays


Affect CMB by changing the ionization history


         Stringent constraint on WIMP DM
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5.1 Ultra-Compact Mini Halos (UCMHs)

• Assume thermal relic DM 


• Constraint on PBH abundance and density perturbations
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FIG. 6: Constraints on the allowed amplitude of primordial density (curvature) perturbations P� (PR) at all scales. Here we
give the combined best measurements of the power spectrum on large scales from the CMB, large scale structure, Lyman-↵
observations and other cosmological probes [152, 153, 156]. We also plot upper limits from gamma-ray and reionisation/CMB
searches for UCMHs, and primordial black holes [43]. For ease of reference, we also show the range of possible DM kinetic
decoupling scales for some indicative WIMPs [74]; for a particle model with a kinetic decoupling scale kKD, limits do not apply
at k > kKD. Note that for modes entering the horizon during matter domination, P� (but not PR) should be multiplied by a
further factor of 0.81.

to be n . 1.17. Since large-scale observations actually
put much stronger limits on the spectral index, we have
also considered the case of n = 0.968 ± 0.012, as ob-
tained by WMAP observations, and constrained the al-
lowed additional power below some small scale ks to be at
most a factor of ⇠10–12 (assuming a step-like enhance-
ment in the spectrum). As a third example, we have
obtained quasi-model-independent limits, of the order of
PR . 10�6, on perturbation spectra that can at least
locally be well described by a power law. We would like
to stress, however, that it is intrinsically impossible to
constrain primordial density fluctuations in a completely
model-independent way; one thus has to re-derive such
limits for any particular model of, e.g., inflation which
produces a spectrum that does not fall into one of these
classes. Here, we have provided all the necessary tools to
do so.

We have mentioned that present gravitational lens-
ing data cannot be used to constrain the abundance of
UCMHs – essentially because they are simply not point-
like enough, even in view of their highly dense and con-
centrated cores. Future missions making use of the light-
curve shape in lensing events, however, are likely to probe
or constrain their existence. This would be quite remark-
able as it would allow us to put limits on the power spec-
trum without relying on the WIMP hypothesis for DM.
Most of our formalism is readily extended, or can in fact
be directly applied to, such constraints arising from grav-
itational microlensing.

Finally, we have compiled an extensive list of the most

stringent limits on PR(k) that currently exist in the lit-
erature for the whole range of accessible scales, from the
horizon size today down to scales some 23 orders of mag-
nitude smaller. Direct and indirect observations of the
matter distribution on large scales – in particular galaxy
surveys and CMB observations – constrain the power
spectrum to be PR(k) ⇠ 2 ⇥ 10�9 on scales larger than
about 1Mpc. On sub-Mpc scales, on the other hand, only
upper limits exist. From the non-observation of PBH-
related e↵ects, one can infer PR . 10�2

� 10�1 on all
scales that we consider here. UCMHs are much more
abundant and thus result in considerably stronger con-
straints, PR . 10�6, down to the smallest scale at which
DM is expected to cluster (this depends on the nature of
the DM; for typical WIMPs like neutralino DM, e.g., it
falls into the range k

�

max
⇠ 8⇥ 104 � 3⇥ 107 Mpc�1).

It is worth recalling that the observational evidence
for a simple, nearly Harrison-Zel’dovich spectrum of den-
sity fluctuations is obtained by probing a relatively small
range of rather large scales. The limits we have provided
here will thus be very useful in constraining any model of
e.g. inflation, or phase transitions in the early Universe,
that predicts deviations from the most simple case and
which would result in more power on small scales.
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(Ricotti & Gould 2009). More work on the effects of anni-
hilation in steep density profiles is needed.

3.1. Assumptions and Other Considerations
This annihilation luminosity depends on some simple con-

siderations. We assume that PBHs have not evaporated yet,
which is valid for MPBH ! 10−18 M⊙; and that most of the
dark matter is made of WIMPs and not PBHs, otherwise there
would be too few WIMPs to form a UCMH.
We require that the density profile along aWIMP’s orbit not

evolve significantly. Most importantly, we require that dark
matter accretion after zeq does not increase the mass within
Req. Such accretion would initially increase the UCMH lu-
minosity, but would also shorten the time WIMPs survive
in the UCMH. We also assume that annihilation of WIMPs
with small apocenters does not affect our calculations. As
a limiting case, if WIMPs annihilate into a constant density
core with ρ = ρ(Req), then Lann ≈ 0.42L⊙(MPBH/M⊙)m−1

100;
this weakens our bounds by a factor of ∼ 60, but still im-
plies ΩPBH ≪ 0.1 for mDMc2 " 10 TeV. Furthermore, since
the PBH dominates the mass within Req, adiabatic contraction
should be unimportant.
Perhaps the most important other effects we do not consider

are those of accreted baryonicmaterial, which may cool radia-
tively and collapse efficiently. Adiabatic contraction will not
be important if the PBH dominates the mass within Req. How-
ever, baryonic matter can be optically thick to gamma rays,
reducing the apparent UCMH luminosity. We estimate the op-
tical depth as τ ≈ neσT Req. If the mass of baryons within Req
is fbMDM ≈ fbMPBH, then τ ≈ 0.5 fb(MPBH/M⊙)1/3. Klein-
Nishina effects will reduce this optical depth. Thus for
smaller PBHs (M " 10 M⊙), we can ignore baryonic opac-
ity. Neutrino limits are unaffected by opacity.

4. COSMIC GAMMA-RAY BACKGROUND CONSTRAINTS
Annihilation of dark matter can produce gamma rays

with significant power near mDMc2. Gamma rays below ∼
100 GeV contribute directly to the extragalactic background.
Gamma rays with energy! 100 GeV for z! 1 cascade down
in energy by pair production and Inverse Compton processes
with ambient photons, contributing to the background at lower
energies.
The gamma-ray emissivity of the Universe at energies

above 100 MeV is limited by EGRET observations to Qmax =
8 × 10−35 erg s−1 cm−3 (Coppi & Aharonian 1997). The
number density of PBHs is then limited to be nPBH "
Qmax/(LannBr(γ)), where Br(γ) is the branching fraction into
gamma rays. If dark matter annihilates into charged parti-
cles, there must be internal bremsstrahlung, with branching
ratio Br(γ)≈ α≈ 0.01, which we take as a minimum branch-
ing fraction. This number density is converted into a limit on
ΩPBH by multiplying by the mass of the PBH and dividing
by the critical density, ρc = 9.20 h70× 10−30 g cm−3, so that
ΩPBH " QmaxMPBH/(ρcLannBr(γ)):

ΩPBH " 1.9× 10−5 m100
(

Br(γ)
0.01

)−1

. (9)

The upper limits on ΩPBH are essentially independent of PBH
mass: the number of PBHs for a given ΩPBH scales as M−1

PBH,
but the luminosity of each scales asMPBH.

5. MILKYWAY GAMMA-RAY CONSTRAINTS

FIG. 1.— Upper bounds on the abundances of PBHs as a function of WIMP
mass. Bounds on annihilation into gamma rays (black; Br(γ) = 1) and elec-
trons (grey; Br(γ) = 0.01) are shown, as well as neutrinos (Br(ν) = 1) (blue).
Cosmic background limits are solid and Galactic limits are dashed. Gamma-
rays are the easiest final state to detect, while neutrinos are the hardest, and
other Standard Model final states would give intermediate limits.

Stronger constraints can be obtained by taking advantage of
the higher-than-average number density of PBHs in the Milky
Way. PBHs in the Milky Way are close enough that annihi-
lation gamma rays are not attenuated; such gamma rays do
not have to compete with the entire gamma-ray background
above 100 MeV, but only with that near mDMc2.
Suppose the density of PBHs, nPBH(s⃗), tracks the dark

matter density. Then the integrated gamma-ray inten-
sity on a line of sight out of the Milky Way is I =
1
4πLann⟨nPBH⟩Br(γ)

∫

δ(s⃗)ds, where δ is the dark matter over-
density over the average cosmic dark matter density and
⟨nPBH⟩ is the average PBH density in the Universe. Then the
abundance of PBHs is limited by

ΩPBH "
4πIobsMPBH

LannBr(γ)ρc
∫

δ(s⃗)ds
. (10)

To find the background Iobs the UCMH radiation competes
with, we use the Fermi-measured extragalactic background
spectrum (Abdo et al. 2010) for E ≤ 100 GeV. For annihila-
tion into gamma rays or internal bremsstrahlung from charged
particles, most of the power is within one log bin in energy of
mDMc2 (Bell & Jacques 2009). We therefore find Iobs by inte-
grating the gamma-ray background as such.
We use an NFW density profile for the distribution of

UCMHs in the Milky Way, δ(r) = δs(r/rs)−1(1+ r/rs)−2, with
δs ≈ 45000 and rs = 27 kpc (Stoehr et al. 2003). The line of
sight integral is not sensitive to the distribution of UCMHs in
the inner Galaxy. The integral is more like that for dark matter
decay than diffuse annihilation, since the intensity is linearly
proportional to nPBH(r). We consider a sightline aimed di-
rectly away from the Galactic Center, where the uncertainty
in the profile should have the least effect and the signal is
smallest, for a conservative result.
The dependence of ΩPBH with WIMP mass is shown in

Figure 1 for various final states. The Galactic gamma-ray
bounds in Figure 1 (solid) include the cosmic background



5.2 LIGO-Virgo GW events and dark matter

• If PBHs account for LIGO GW events, dark matter cannot 
be WIMPs


• Other dark matter candidates?


PBH :   PBHs with                   cannot be DM 


 1020 g PBH can be DM 


Axion : no UCMH constraint


Q ball : no UCMH constraint 


because it is heavy and rare


• Double inflation can account for both LIGO and DM PBHs


• Affleck-Dine mechanism can account for LIGO PBHs and 
Q-ball DM
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5.3 PBHs formation in double inflation

• LIGO PBHs can be produced in the double inflation model


• However, stringent constraint from pulsar timing experiment 


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


• mu-distortion constraint 

                         

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

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

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

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

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

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

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

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

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

• Curvature perturbation spectrum can have two peaks

Large (small) k peak from       produced during new (pre-) inflation 
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5.4 PBH formation in Affleck-Dine baryogenesis
• Affleck-Dine mechanism


Flat directions in scalar potential of MSSM


• One of flat directions = AD field φ


• During inflation φ has a large value if cH <0


• After inflation, when               φ starts to oscillate 


• AD field is kicked in phase direction due to A-term

17

3 (q̃, ˜̀, H)

Hubble induced 
mass term

SUSY breaking 
mass term

Non-renormalizable 
term ( n≥1 )

m� ' H

V (�)

�

V (�)

�

Baryon number 
generation

AD baryogenesis

V (�) = (m2
�
+ cHH

2)|�|2 + �
2 |�|2(n�1)

M
2(n�3)
p

+A
�
n

M
(n�3)
p

+ h.c.

A-term

-1×1011 -5×1010 0 5×1010 1×1011

-4×1010

-2×1010

0

2×1010

4×1010

6×1010

8×1010

Re[ϕ]

Im
[ϕ
]

Figure 4.1: An example of AD dynamics in the gravity mediation case.

where b denotes baryon charge of the AD field. Using the equation of motion for
� given as

�̈+ 3H�̇+ V 0(�) = 0, (4.25)

we obtain the following equation for nB.

ṅB + 3HnB = 2b Im[�V 0(�)]. (4.26)

After the onset of the oscillation tosc, � damps as � / a�3/2 / t�1, hence the
baryon number is almost fixed at tosc. Integrating Eq. (4.26) to tosc, we obtain the
following baryon number density:

nB ' nB(tosc) ' a�3

osc

Z
tosc

2ba3Im[�V 0]dt (4.27)

⇠ 2b

HoscM
n�3
⇤

m3/2|�osc|n sin[arg(ag + n✓osc)] (4.28)

⇠ bm3/2�
2

osc
sin[arg(ag + n✓osc)] (4.29)

⇠ bm3/2(HoscM
n�3

⇤
)2/(n�2) sin[arg(ag + n✓osc)], (4.30)

where we used Eq. (4.23) and that the rotation is driven by the A-term proportional
to m3/2. Thus, the baryon asymmetry is given as follows.

⌘B ⌘ nB

s
=

3TRH

4

nB(TRH)

⇢RH

=
3TRH

4

nB

⇢inf

����
osc

⇠
m3/2TRHM

2(n�3)/(n�2)

⇤

4H(2n�6)/(n�2)

osc M2

pl

, (4.31)
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High-baryon bubble formation

• During inflation

cH > 0 (positive Hubble mass)

Flat potential cH << 1


• Quantum fluctuations of AD field

Gaussian distribution
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High-baryon bubble formation

• During inflation

cH > 0 (positive Hubble mass)

Flat potential cH << 1


• Quantum fluctuations of AD field

Gaussian distribution


• After inflation

cH < 0 (negative Hubble mass)

Thermal effect due to inflaton 
decay

       multi-vacua 
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High-baryon bubble formation

• Regions with             go to A-vacuum

no baryon generation


• Regions with             go to B-vacuum 

baryon generation takes place 

(same way as the standard AD )

Efficient AD baryogenesis

      Formation of high-baryon bubble


• Oscillation of AD field forms Q-balls

Here we assume Q-balls are stable

Q-balls behave like matter
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LIGO PBHs and dark matter

• Cosmic temperature Tc when 

HBBs reenter the horizon after Tc           PBHs

HBBs reenter the horizon before Tc  hardly form PBHs 

due to un-sphericity          Q-balls in HBBs can be dark matter

PBH mass function has a cut off Mc =(horizon mass at Tc )


• Model can account for both LIGO PBHs and DM 
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� ⇠ 1

for Tc ' 200 MeV

• Constraints from mu-distortion 
and pulsar timing are avoided 
because           is small


• Supermassive BHs are also 
produced

h�2i

PBH mass function



6. Conclusion

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


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


• High baryon bubbles produced in Affleck-Dine 
mechanism form PBHs which account for LIGO events


• High baryon bubbles also produce Q-ball DM
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