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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


Account for GW events detected by LIGO-Virgo


Account for seeds of supermassive BHs


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


• Such over-density regions may be produced by inflation but 
large density fluctuations δ with O(0.01) are required
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• It is not easy to build such inflation models


• Many sophisticated models are proposed


• We present two models


• PBH formation by Affleck-Dine mechanism 


High-baryon bubbles are formed


        LIGO PBHs or SMBHs


Evades constrains from pulsar  
timing and CMB mu-distortion


• PBH formation from non-topological solitons


Oscillons (or Q-balls) produce large  
density fluctuations
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2.1 PBH formation in Affleck-Dine mechanism
• 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 
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2.1 PBH formation in Affleck-Dine baryogenesis
• AD field is kicked in phase direction due to A-term


• AD mechanism can generate baryon number efficiently


large baryon asymmetry  
ηb ~1 is realized
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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)
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HoscM
n�3
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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.
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2.2 High-baryon bubble formation

• Two unconventional assumptions:


Hubble mass is positive during inflation and becomes 
negative after inflation


Thermal mass overcomes Hubble mass after inflation


• Potential for AD field
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2.2 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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2.2 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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2.2 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


• Fraction of volume which will go to B-vacuum


• Formation rate of HBB with scale k(N)=k* exp(N-N*)
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2.3 PBH formation from high-baryon bubbles

• After QCD phase transition  quarks       non-relativistic nucleons


• Density contrast between inside and outside of HBBs


• When HBBs enter the horizon after Tc 


• PBH mass has a lower cutoff


• PBH mass fraction at formation


• This explains LIGO events 
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• Gaussian density fluctuations produced  
by inflation suffer from stringent constraints


from CMB spectral distortion 
which excludes


from pulsar timing array exp. 
which excludes


• Difficulty to explain LIGO events


• SMB seeds cannot be produced


• HBBs produced Affleck-Dine mechanism evades those 
constraints
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FIG. 4. Existing and expected limits on the small-scale power
spectrum of the curvature perturbation. The constraints from
the induced GWs are the same as those shown in Fig. 3 (� =
0.5). In addition to the constraints derived in this paper,
the constraints from acoustic reheating (AR) [22] (pink, see
also [20] and [21]), CMB spectral distortions [9, 19] (brown),
and CMB/LSS observations [91] (dark green) are also plotted.
The shaded regions are excluded by the current observations,
whereas expected limits from future experiments are shown
by the dashed and dotted lines.
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Note Added

A related paper [92] appeared when we were finaliz-
ing our work. Though their primary focus is PBHs, fig-
ures showing limits on the primordial spectrum including

those from the induced GWs are also shown. They in-
cluded only current and future PTA and LISA and also
did not perform the analysis that we have done in this
paper, calculating the signal-to-noise ratio.

Appendix A: Relation between k and T

In this appendix, we present a derivation of Eq. (7).
The Friedmann equation is given by

3M2
PlH

2 = ⇢. (A1)

For the left-hand side, we will shortly use aH ' 1/⌘,
satisfied during the RD era, and for the right hand side,
we will use ⇢r / gT

4
� . On the other hand, around the

matter-radiation equality, the scale factor is given by [93]

a(⌘) = aeq
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+ 2
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where ⌘⇤ = ⌘eq/(
p
2� 1). Then we find aeqHeq = 2(2�

p
2)/⌘eq. Note also the relations ⇢eq = 2⇢r,eq and ⇢�,eq /

geqT
4
eq. First, from the Friedmann equation,
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which can be rewritten as
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where we have used the entropy conservation relation:
gs,eqa

3
eqT

3
eq = gsa

3
T

3. Then finally we find that the co-
moving wavenumber which reenters the horizon at ⌘, that
is, k⌘ = 1, is related to the temperature at that moment
via

k

keq
= 2(

p
2� 1)

✓
gs,eq
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◆1/3✓
g

geq

◆1/2
T

Teq
. (A5)

Note again that this relation is valid during the RD era.
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2.3 PBH formation from high-baryon bubbles

• HBBs with M < Mc contribute to baryon asym  of the universe


• inhomogeneous baryons spoil success of standard BBN


• This can be satisfied by considering Q-ball formation
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2.3 PBH formation from high-baryon bubbles

• AD mechanism also produces Q-balls


• If Q-balls are stable they carry produced 
baryon number


• High -baryon bubbles           Q-ball bubbles


Q-balls are non-relativistic 


• PBHs are produced from Q-ball bubbles
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2.3 PBH formation from high-baryon bubbles

• Q-balls in HBBs with M < Mc contribute to DM


• This scenario can explain both LIGO events and DM 
simultaneously
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2.4 Formation of supermassive black holes (SMBHs)

• SMBHs are observed in the center of galaxies


• Seed BHs with mass  already existed at z > 10


• Seed BHs are PBHs?

But stringent constraint from CMB spectral distortion


• AD mechanism can produce such seed BHs

104−5M⊙
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3. PBHs from non-topological solitons

• Oscillon and Q-ball : non-topological solitons in scalar field theory 


• Formed during oscillation of a scalar field in the early universe


• Suppose N solitons in a volume V 


If N follows Poisson statistics
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• After solitons dominated the universe  increases as δρ/ρ a

PBH



3.1 PBH abundance

• Suppose solitons dominate Universe (e.g. scalar field = inflation)


PBH fraction (PBH formation matter dominated era)


• Let us consider fraction of PBHs with the horizon scale  
at oscillon (Q-ball) formation


• The present PBH abundance 
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3.1 PBH abundance

• PBH mass 


• Upper bound of reheating temperature

collapse over-density region

Reheating must take place after collapse 


• Dark matter PBHs with smaller mass
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3.2 PBHs from Oscillons
• Oscillons are non-topological solitons in a real scalar field theory


• Oscilon solution exists if the potential is shallower than quadratic

e.g. potential for pure natural inflation 


• Oscilons are formed when the scalar  
field starts to oscillate
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3.3 Lattice simulation of oscillon

• We estimate the variance            by performing 
lattice simulations
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3.4 Result of lattice simulation

• The energy variance of the horizon scale at the oscillon 
formation time
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3.5 PBH formation from oscillons

• We have estimated energy variance in 2D simulations


• If                    PBHs can be all dark matter of the universe


• If the number of oscillons follows Poisson statistics, 3D 
variance would be smaller


Naive estimation


• PBH abundance


There may be uncertainty in estimation of 3D variance
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3.5 PBH formation from oscillons

• 3D simulation
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7. Conclusion

• Affleck-Dine mechanism produces HBBs which form PBHs 
with > O(10) solar mass


• The model can account for LIGO events or Supermassive 
BHs evading the constraints from CMB spectral distortion 
and pulsar timing


• Lattice simulations suggest that non-topological solitons 
could produce density fluctuations which collapse into 
PBHs
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2.2 PBH formation in matter dominated era

• Density perturbations grow and gravitationally collapse in MD 

PBHs are more easily produced?

Collapse should be spherical to form a PBH 


• Recent analysis 
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• Photon diffusion erases small-scale curvature perturbations

        Silk damping


• Diffusion injects energy of perturbations into background

Planck distribution is re-established at  
by double Compton scattering (                                        )


         CMB spectral distortion (mu distortion) at 


• CMB observation (COBE/FIRAS)


Stringent constraint on  
curvature perturbations


• PBH with mass 


                                                is excluded

3.2 Constraint from CMB spectral distortion
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• Pulsar timing array experiments 
already give a stringent constraint        

3.3 Constraint from pulsar timing

• Large curvature perturbations required for PBH induce tensor 
perturbations (gravitational waves) through 2nd order effect  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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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5.1 Hawking radiation

• Hawing radiation


PBHs with mass > 1015 g survive today

PBHs with mass ~ 1015 g are evaporating today


• extra-galactic gamma rays

PBHs with mass < 1015 g have evaporated by now


• effects on processes in the early universe (BBN, CMB,….)
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