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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 recently detected by LIGO-Virgo


• 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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• It is difficult to realize large density fluctuations in a single-
field inflation


• Sophisticated models are proposed


Multi-stage inflation 


Axion-like curvaton model


・・・・


• PBH formation by Affleck-Dine mechanism


High-baryon bubbles are formed


        LIGO PBHs


Evades constrains from pulsar  
timing and CMB mu-distortion 
which are severe for PBH  
formation from inflation
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2. Conventional PBH formation from inflation

• After inflation, when density fluctuations reenter the horizon,  
region with  Hubble radius collapses to form a PBH if its over-
density is higher than δc (≈0.4)


• PBH mass (~ Horizon mass)
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• PBH abundance is estimated by Press-Schechter formalism 
assuming density fluctuations follow Gaussian statistics


• PBH mass fraction β=ρPBH(M)/ρ


• Present PBH fraction to DM
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• Photon diffusion erases small-scale curvature perturbations

                Silk damping


• Diffusion injects energy of perturbations into background

                 CMB spectral distortion (mu distortion)


• CMB observation (COBE/FIRAS)


Stringent constraint on  
curvature perturbations


• PBH with mass 


                                                is excluded
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3.1 Constraint from CMB spectral distortion
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• Pulsar timing array experiments 
already give a stringent constraint        

3.2 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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3.3. LIGO-Virgo gravitational wave events

• GW events by LIGO         

            BH-BH binaries with ~ 30


• Origin of BHs 

           PBHs are one of candidates


• Required fraction of PBHs
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3.3 Gaussian fluctuations

• In order to account LIGO events PBH mass spectrum has a 
sharp peak around


• PBH with mass > O(100)        cannot be produced


• Highly non-gaussian model evades those constraints


Rare high density regions


small density fluctuation outside  
the regions
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4.1 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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4.1 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:
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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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4.2 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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4.2 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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4.2 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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4.2 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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4.3 Q-ball formation

• In AD mechanism, AD field oscillation generally form Q-balls


non-topological soliton solution in a scalar theory with U(1)


• Q-ball properties depend on SUSY breaking scheme


• Gravity-mediated SUSY breaking scenario


K < 0  Q-balls are formed  
but they are unstable


No effect on HBB bubble formation


• Gauge-mediated SUSY breaking scenario


Q-balls are formed and they are stable


Baryons are confined inside Q-balls
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4.4 PBH formation in gravity-mediated SUSY breaking

• For simplicity we assume ηb =1 inside HBBs


• After QCD phase transition baryon number is carried by 
non-relativistic nucleons


• Density contrast between inside and outside of HBBs


• PBH mass has a lower cutoff


• PBH mass fraction at formation 


• PBH mass distribution 
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4.4 PBH formation in gravity-mediated SUSY breaking

• Predicted mass spectrum can account for LIGO events
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• HBBs with M < Mc contribute to baryon asym.  of the universe 


• baryons are highly inhomogeneous, which spoils success of 
standard BBN


• This can be satisfied by modifying the model
⌘HBBb ⌧ ⌘obsb
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4.5 PBH formation in gauge-mediated SUSY breaking

• Q-balls are formed and they behave like matter


• Density contrast between inside and outside of HBBs


• PBH mass has a lower cutoff


• PBH mass distribution
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4.4 PBH formation in gauge-mediated SUSY breaking
• Predicted mass spectrum can account for LIGO events
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• Q-balls in HBBs with M < Mc contribute to DM


• This scenario can explain both LIGO events and DM 
simultaneously


• Possible to form supermassive PBH 
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5. Conclusion

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


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


• High baryon bubbles also produce Q-ball DM


• Supermassive BH can be produced in this mechanism 

 22


