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Primordial Black Hole
General motivation

• Dark Matter

• Binary Black Holes (LIGO/Virgo)

• Supermassive Black Holes, etc.

Production mechanism

• Phase transition (topological defects, soft EoS)

• Enhanced curvature perturbations, etc.

10−16 ≲ M/M⊙ ≲ 10−11

101 ≲ M/M⊙ ≲ 102

104 ≲ M/M⊙ ≲ 105

( )1 M⊙ = 2.0 × 1030 kg

Change of the mass

• Accretion

• Mergers

• Hawking radiation τBH ≈ τUniverse × ( M

1015g )
3
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The PBH scenario & GWs
Several GW sources 

       associated to the PBH-dominating scenario

1. SIGWs associated to PBH formation

2. GWs from Hawking radiation

3. GWs from mergers of binary PBHs

4. SIGWs right after PBH evaporation

1
23

4

MPBH = 104 g, β = 10−7
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Γ ≡ −
d ln MPBH

dt
=

1
3(tevp − t)

PBH evaporation is more sudden

than the standard exp. decay.

MPBH ∝ (tevp − t)1/3
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“Ghosts” in the thermal bath

PBH domination

inflation BBN

time

light
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PBH evaporation 
(reheating)

PBH formation

Pol.t.ergeis.t
mechanism for gravitational wave production 

† †
[Figure from http://www.pxfuel.com/en/free-photo-ebwtw]

http://www.pxfuel.com/en/free-photo-ebwtw
http://www.pxfuel.com/en/free-photo-ebwtw
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Summary

δnPBH

nPBH
∝ a

Sudden transition

due to evaporation

Sound waves 

in thermal bath

Fast oscillation of Φk

The resultant GWs can be so strong that DECIGO/BBO/LISA 
may detect them if the PBH mass function is narrow (~1%).

GWs are induced from the curvature perturbations right after 
the PBH evaporation in the PBH-dominating scenario.

(Resonant) production

of 2nd-order GWs
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Conclusion
is useful to constrain New Physics that 
triggers a sudden reheating transition.

We have derived a qualitatively new independent 
prospective constraint on the formation probability of PBHs.
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Discussion
• Narrow width of PBH mass:


• Narrow parametric resonance?


• Refined criterion for the PBH formation.


• Effects of binary PBH merger?


• Effects of spin width?


• Compatibility with particle cosmology:


• Massive DM is overproduced.  Axion(-like) DM?


• Leptogenesis possible in several ways.



Outline of calculations
We are interested in the strength of the scalar-induced gravitational waves (SIGWs). 

ΩGW(η, k) =
ρGW(η, k)

ρtot(η)
=

1
24 ( k

ℋ(η) ) 𝒫h(η, k)

This is given by an integral of the square of the scalar power spectrum.

𝒫h(η, k) = 4∫
∞

0
dv∫

1+v

|1−v|
du ( (1 + v2 − u2)2 − 4v2

4uv )
2

I2(u, v, k, η, ηevp)𝒫ζ(uk)𝒫ζ(vk)

This encodes the information of time evolution of the scalar perturbations.

Strategy

1. Calculate scalar perturbations in the synchronous gauge, 
in which the PBH decay rate is spatially uniform. 
We utilize the formalism for decaying dark matter.


2. Translate the results into the Newtonian gauge, which is 
conventionally adopted in the SIGW calculation.



Scalar perturbations
ds2 = a2 [−dη2 + (δij + Hij +

1
2

hij) dxidxj] (synchronous gauge)
Perturbation variables

ds2 = a2 [−(1 + 2Φ) dη2 + ((1 − 2Ψ) δij +
1
2

hij) dxidxj] (Newtonian gauge)

Hij = ̂ki
̂kjγ + ( ̂ki

̂kj −
1
3

δij)6ϵwhere

The relation between the gauges: Ψ = ϵ −
(6ϵ + γ)′�

2k2
ℋ



Scalar perturbations

Background equations of motion

3M2
Pℋ2 = a2ρtot

ρ′�m = − (3ℋ −
d ln MPBH

dη ) ρm

ρ′�r = − 4ℋρr −
d ln MPBH

dη
ρm
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hij) dxidxj] (synchronous gauge)
Perturbation variables

ds2 = a2 [−(1 + 2Φ) dη2 + ((1 − 2Ψ) δij +
1
2

hij) dxidxj] (Newtonian gauge)

Hij = ̂ki
̂kjγ + ( ̂ki

̂kj −
1
3

δij)6ϵwhere

The relation between the gauges: Ψ = ϵ −
(6ϵ + γ)′�

2k2
ℋ



Scalar perturbations

Background equations of motion

3M2
Pℋ2 = a2ρtot

ρ′�m = − (3ℋ −
d ln MPBH

dη ) ρm

ρ′�r = − 4ℋρr −
d ln MPBH

dη
ρm

Perturbation equations of motion
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4
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2

a′�
a

γ′� = −
3
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ℋ2 ( ρm

ρtot
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δ ≡ δρ/ρ θ ≡ ∇ ⋅ v (One can take .)θm = 0
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 cf. decaying DM: [Poulin, Serpico, Lesgourgues, 1606.02073]
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Initial conditions
δr = −

2
3

C (kη)2, δm =
3
4

δr, θr = −
1
18

C (k4η3), γ = C (kη)2, ϵ = 2C −
1
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 cf. decaying DM: [Poulin, Serpico, Lesgourgues, 1606.02073]
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x ≡ kη[Bardeen, Bond, Kaiser, Szalay, APJ304, 15 (1986)] [Dodelson, “Modern Cosmology” (2003)]
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Suppression due to

PBH evaporation

Suppression due to 

residual radiation

Φplateau(xeq,1) ≡ Φ(x) |ηeq,1≪η≲ηeq,2
≃

ln[1 + 0.146 xeq,1]

(0.146 xeq,1) [1 + 0.242 xeq,1 + (1.01 xeq,1)
2

+ (0.341 xeq,1)
3

+ (0.418 xeq,1)
4]

−0.25

x ≡ kη[Bardeen, Bond, Kaiser, Szalay, APJ304, 15 (1986)] [Dodelson, “Modern Cosmology” (2003)]
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