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Gravitational waves from PBH reheating 13 channels

Two routes: scalar-induced GWs (h → !
2
, two seeds below) + direct emission (PBH binaries, Hawking).

”GW(k) =
k2

12 H2
8

∫ →

0

dv
∫

1+v

|1↑v|
du K(u, v)

[
I2

!
P!(uk) P!(vk) + I2

S PS(uk) PS(vk)

]

K(u, v) =

[
4v2→(1+v2→u2

)
2

4uv

]
2

; kernels I2

X set by the era; the two uncorrelated seeds add:

Adiabatic — ! from inflation, CMB-normalised AR ↑ 2.1 ↓ 10
↑9

Isocurvature — S ↑ ωPBH, PBH Poisson noise PS =
2

3ω (k/kPBH)
3

RD2 eMD RD1 form.

time

!

S

direct

from PBHs

6 7 4 2 1

irr.= 0

8 5 3

12 11 13 10 9

↭ PBH formation (1) ↭ Irreducible (2,6) / Universal (3) ↭ eMD (4,5) ↭ Poltergeist (7,8)

↭ PBH mergers (9–12: early/late, 2/3-body) ↭ Hawking radiation (13)
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Gravitational waves from PBH reheating 13 channels

Two routes: scalar-induced GWs (h → !
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ℋx

δc

PRESS − SCHECHTER

δH ( ℋx) = ⟨δ ( ℋx)⟩H−1
(smoothed density contrast)

δH ( ℋx) > δc
counts volume fraction

δ H
(ℋx )

ℋx

δc

PEAKS

PBH PBH

δ H
(ℋx )

δH > δc
−δH = 0

−2δH > 0

local maxima

Press–Schechter: volume fraction with ω > ωc
∣∣ Peak theory: local maxima with ω > ωc (extra factor → (ω/ε)3)

Both feed the same collapse law – critical (Choptuik) scaling fixes the mass:

M(ω) = K MH (ω → ωc)ωM (K ↑ 4, εM ↑ 0.36) =↓ M ↔ 0 as ω ↔ ω+
c .

Mass fraction (per ln M); the ωD leaves a Jacobian – count powers
of M: dε

d ln M =
∫ →

ωc

dω
M

MH

P(ω) ωD

[
ln M

M(ω)

]

= M
MH︸︷︷︸
↑ M

∣∣∣ dω
d ln M

∣∣∣
︸ ︷︷ ︸

↑ M1/ωM

P(ω)︸ ︷︷ ︸
↓ P(ωc )

IR (M →0, so ω →ωc): P →P(ωc) const ↑ only kinematic powers
survive:

dϑ/d ln M ↗ M 1+1/ωM = M3.78

same Gaussian core, di!erent prefactor:

PPS ↗ e→ε2/2ϑ2
, Ppk ↗

( ε
ϑ

)3e→ε2/2ϑ2

every width !, PS (solid) & peak (dashed) ↑ same
M3.78 IR line; UV cuto! is model-dependent.

Universal: the IR slope is pure Choptuik kinematics; P(ωc) sets only the amplitude, not the exponent.
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The Poltergeist GW signal — mono. PBH reheating: master formula & kernel
1 Master formula — scalar source ! at 2nd order → induced tensor h

h→→

ω + 2H h→

ω + k2hω = Sω, Sab = 4
[
ωa! ωb! + 2

3(1+ε)
ωa

(
! + !

→

H

)
ωb

(
! + !

→

H

)]
Green

↑↑↑↑↓ hω =
∫ x

0

dx̄
k2 Gh(x , x̄) Sω

”GW(k, ε) = k2

12 H2
Ph, Ph = 8

∫
↑

0

dv
∫

1+v

|1↓v |

du
[

4v2
↓(1+v2

↓u2
)

2

4uv

]2

︸ ︷︷ ︸
K(u, v)

I2

!
(x , u, v) P!(uk) P!(vk)

I! =

∫ x

0

dx̄ Gh f!; x → kω = k/H, u = q/k, v = |k ↑ q|/k; seed P! = (
2

3
)
2
AR(k/kCMB)

ns →1
.

2 Sub-horizon limit k/H = kε ↔ x ↗ 1 (k ↗ keva) → Poltergeist kernel
mono.: all PBHs evaporate together ↓ ”↔↗; the frozen plateau crashes by S!, the radiation fluid rings, and

the velocity term !
↑
!

↑
dominates the source Sω.

!q(ε̄) ↘ S!(q) T (eMD)

!
(q) sin

[
csq(ε̄ + ϑeva

2
)
]
, cs = 1

↔
3
; Gh ↘ sin[k(ε ↑ ε̄)]; I(RD2)

!
≃

c2

s uv
32x̄ x4

eva S!(uk)S!(vk) T (eMD)

!
(uk)T (eMD)

!
(vk) Iosc

”(RD2)

GW [!]= 1
864

(
k

keva

)8
∫

↑

0

dv
∫

1+v

|1↓v |

du
[
4v2

↑(1+v2
↑u2)2

]2
I2

osc S
2

!
S

2

!
(T (eMD)

!
)2(T (eMD)

!
)2

P!P!

resonance (acoustic ↘ tensor phase-lock) at u + v = c→1
s =

≃
3: I2

osc

k↓keva
↑↑↑↑↑↑↔

εcs
32

keva

k ϑ(c→1

s ↑u↑v).



The Poltergeist signal — monochromatic limit

! frozen on a plateau through eMD, then crashes by S! at the

sharp, simultaneous evaporation (ωosc →ωeva).

Resulting resonant SIGW vs next-gen reach (MPBH =10
4
g,

εf =0.6↑10
→6

).

Mechanism: monochromatic → all PBHs evaporate at once →
near-instant matter↑radiation transition → the frozen sub-horizon

! resonantly drives the restored radiation fluid into GWs.

!(RD2)

GW
→

(
k/keva

)8

S! ↑
(↓

12/kωeva

)1/3 →k→1/3

Mild k→1/3 suppression → the (k/keva)
8

enhancement survives → the loud, standard Poltergeist (peaks near

keq; UV-cut kNL/kPBH). Realistic extended (Choptuik) mass function: S! ↓k→4/3 → orders-of-magnitude

weaker.

Inomata, Kawasaki, Mukaida, Terada & Yanagida (2020).












