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1. Introduction

• Primordial Black Holes (PBHs)


PBHs are produced by gravitational collapse of over-density regions 
with Hubble radius in the early universe


• PBHs are of great interest because they could


Account for seeds of supermassive BHs   


Account for GW events detected by LIGO-Virgo-KAGRA collaboration   
                         


Give a significant contribution to dark matter 


• We focus on PBHs that explain dark matter (DM) of the universe

∼ 104−5 M⊙

∼ 30 − 50 M⊙

∼ 1017 − 1022 g

2

collapse⇠ H
�1 BH
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1. Introduction

• Dark matter window is open for PBHs with a mass


• Large density fluctuations with O(0.1) are required for PBH 
formation but density fluctuations are ~ O(  ) on CMB scales


• Many sophisticated models have been proposed


Ultra-slow-roll


Multi-field inflation


……


• We consider two models


Axion-like curvaton model 
 

PBH formation from Q-balls

10−5
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2. Axion-like curvaton models

• Curvaton is a non-inflaton scalar field that 
generates curvature fluctuations


• Axion-like curvaton ( Type I and Type II )


Phase of a complex scalar field   
with spontaneously broken global U(1)  
plays a role of the curvaton


Evolution of  during inflation leads to 
distinctive scale dependence of 
fluctuations


Type I  large                Type II


After inflation, axion (= phase component) 
starts oscillation  

Φ

Φ

5

during inflationType I

Type II
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2.1 Type II axion-like curvaton model

• Model  

Effective mass of  depends on  


• Radial component = saxion 


• Axion and saxion fluctuations


Saxion finally settles at 


We can neglect  

Φ I

δφ
6
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2.1 Type II axion-like curvaton model

• Axion fluctuations

Phase component (axion) 


At horizon exit 


After horizon exit


• Final axion fluctuation is given by 
misalignment angle fluctuation


Axion fluctuations decreases as 
saxion moves  

7
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2.2 Power spectrum of curvature perturbations

• Power spectrum of axion density fluctuation has a peak at   
          (   is the scale that exits horizon at  )


  : spectrum is blue-tilted due to a decrease of  


  : spectrum is red-tilted due to an increase of  


• Thermal histrory

Axion density relatively increases after reheating of inflaton 

k = k𝗉𝖾𝖺𝗄
k𝗉𝖾𝖺𝗄 t = t𝗉𝖾𝖺𝗄

k < k𝗉𝖾𝖺𝗄 δσk (t < t𝗉𝖾𝖺𝗄)

k > k𝗉𝖾𝖺𝗄 φ0 (t > t𝗉𝖾𝖺𝗄)
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2.2 Power spectrum of curvature perturbations

• Axion decays into radiation and produce curvature perturbations


• Power spectrum

9
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TABLE I. Model parameters for the type II axion-curvaton model.
r dec v/M Pl ! g " i # TR [GeV] M/M Pl

3 0.025 9.5 ! 10! 10 6.25 ! 10! 10 0.00194 8.4 ! 10! 5 1014 1.23 ! 10! 5

0.3 0.025 1.7 ! 10! 9 6.03 ! 10! 10 0.00115 8.4 ! 10! 5 1014 1.23 ! 10! 5

0.3 0.0235 9.0 ! 10! 10 6.10 ! 10! 10 0.00532 8.4 ! 10! 5 1014 1.23 ! 10! 5

FIG. 3. Power spectrum of the curvature perturbations, P! . The blue and red lines represent the results for the parameter sets
with r dec = 3 and r dec = 0 .3, respectively. The curvature perturbations are enhanced for k " 1010 Mpc! 1 due to the evolution
of $0 during inßation. Due to the e ! ective mass of%&in the early stage of inßation, they are suppressed for small k. We do
not show the short modes that reenter the horizon before the curvaton decay.

We show the power spectrum of the curvature perturbations in Fig.3. The blue and red lines represent the results
for the parameter sets with r dec = 3 and r dec = 0 .3, respectively. As mentioned above, we focus on the modes that
reenter the horizon after the curvaton decay, and the power spectra for largerk are not shown.

III. TYPE I AXION-CURVATON MODEL

Next, we review the type I axion-curvaton model [9Ð11, 13, 15, 17]. We mainly follow Refs. [11, 13] while we follow
the e! ects of non-instantaneous decay of the curvaton and higher-order non-Gaussianity of the curvature perturbations
are discussed in Ref. [15]. In this scenario, we consider a complex scalar Þeld" is decoupled with the inßaton I , and
the Lagrangian is given by

L (I) =
1
2

! µ I ! µ I + ! µ " ! µ " ! ! VI (I ) ! V (I)
! (" ) , (18)

where V (I )
! is the potential for " . The type I setup is realized with another scalar Þeld in the framework of super-

symmetry [8, 54]. While |" | takes a nonzero value at the potential minimum,V (I)
! can be approximated for |" | " v

by

V (I )
! (" ) = cH 2|" |2 , (19)

where c is a dimensionless coupling constant. We deÞne the VEV of" by |" | = v/
#

2 again. In addition, we assume
V! given in Eq. (10) as in the type II model.
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2.3 PBH formation

• Curvaton models induce Non-Gaussianity


Local-type non-Gassuanity


Curavton model


• PBH formation is determined by density perturbations  and 
their variance  coarse-grained over horizon scale  


They are calculated from          and 


• Using Press-Schechter formalism, PBH formation rate is given by


Threshold for PBH formation 

δ(R)
σ2(R) R = (aH)−1

δth = 0.53

10
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2.3 PBH formation

• PBH mass


• PBH fraction of DM

11
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2.4 Scalar-induced gravitational waves

• Scalar and tensor perturbations do not couple in the linear order 
but they do in the second order


• GWs are produced by the 2nd order effect of scalar perturbations 
    = scalar induced GWs


• Axion-like curvaton model for DM PBHs predicts GWs


Predicted GWs can be  
detected by future GW  
experiments

12
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3. PBHs from non-topological solitons

• Q-balls and Osillons : non-topological solitons in scalar field theory


Q-balls have global U(1) charges Q


Formed during oscillation of a scalar field in the early universe


Suppose N solitons in a volume V  N follows Poisson statistics


• If solitons dominate the universe and its number in the Horizon 
volume is small (  ) 


            Density fluctuations are large enough to produce PBHs

⇒

∼ 104

13
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3.1 Q-ball with charge distribution

• Produced Q-balls have a charge distribution ( in a volume V)


• Q-ball mass


• Q-ball energy


• Average Q-ball energy


• Variance of energy fluctuation 

14
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3.1 Q-ball with charge distribution

• Average Q-ball distribution


• Average Q-ball density


• Variance of density fluctuations


• Variance of Q-ball density perturbations in a volume V

15
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3.2 Q-ball formation

• Q-balls are produced in the Affleck-Dine mechanism that uses 
one of flat directions ( = AD field  ) in MSSM 


• AD field has a baryon or lepton number 


AD field has a large field value during inflation


After inflation AD field starts oscillation at 


AD field is kicked into phase direction and generates baryon 
number ( = AD baryogenesis) 


• AD field oscillation has spatial instabilities  
if the potential is flatter than quadratic one 


• AD field fragments into spherical lumps ( Q-balls ) 

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

whereb denotes baryon charge of the AD Þeld. Using the equation of motion for
! given as

¬! + 3H ú! + V !(! ) = 0 , (4.25)

we obtain the following equation fornB .

únB + 3Hn B = 2b Im[! V !(! )]. (4.26)

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

nB " nB (tosc) " a" 3
osc

! tosc

2ba3Im[! V !]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.
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3.2 Q-ball formation

• Q-ball properties depend on SUSY breaking scenario


• We consider gauge-mediated SUSY breaking models

Potential

Q-ball mass 


• Lattice simulation


• Q-ball charge distribution


• Q-ball density perturbation 
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3.3 PBH formation

• We assume Q-balls dominate the universe at formation


• PBH formation rate in Q-ball (=matter) dominated universe


PBH mass 


• Since   


• Perturbations at superhorizon scale grow after horizon crossing


• Q-balls decay and the universe becomes RD with temperature 

σQ ∝ 1/ V ∝ M−1/2

T𝖽𝖾𝖼
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3.3 PBH formation

• The present PBH fraction


• PBH fraction has a peak at 
horizon mass at Q-ball 
formation determined by  


• PBH abundance is 
determined by    


• This scenario can produce 
PBHs with mass 
that account for all dark 
matter 

meff

σ5
Q,HTdec

∼ 10−14M⊙
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4. Conclusion

• PBHs are a good candidate for dark matter of the universe


• We considered the axion-like curvaton model and Q-ball model 
for PBH formation


• Axion-like curvaton model can produce PBHs that account for 
dark matter, and also produce GWs that can be detected by 
future experiments


• Q-balls induce the density perturbations coming from Poisson 
fluctuations of Q-ball number density.


• Q-ball density perturbation can be large enough to produce 
PBHs that account for dark matter 
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