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Overview

1 Ultra low mass PBHs and isocurvature peturbations

2 Induced stochastic gravitational wave background (ISGWB)

3 Summary
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Ultra low mass PBHs
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Adiabatic perturbations from two contributions

1 Poisson Distribution of PBHs

2 Cutoff for scales bellow PBH mean
distance

3 Finite duration of PBH domination
(Non-linearity bound)

PPBH(k, τr ) =
2
3π

(
k

kUV

)3 (
5 + 4

9
k2

k2
m

)−2

kUV = γ−1/3β1/3kf

[Papanikolaou et al (2021),
Domenech et al (2021)]

Pinfl(k , τr ) = As

(
k
kp

)ns−1
θH(km − k)

Φ(k , τr ) = Φinfl(k , τr ) + ΦPBH(k, τr )

P(k , τr ) = Pinfl(k , τr ) + PPBH(k, τr )
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Induced stochastic gravitational wave background (ISGWB)

h′′k(τ) + 2Hh′k(τ) + k2hk(τ) = 4Sk(τ) [Matarrese et al (1998)]

Dependence on kernel I(u,v,x)

ΩGW(η, k) = 1
6

(
k
H
)2 ∫∞

0 dv
∫ 1+v
|1−v | du

(
4v2−(1+v2−u2)2

4uv

)2
I 2(v , u, x)PR(kv)PR(ku)

[ Ananda et al(2006), Baumann et al (2007), Kohri et al (2018) ...]

I (u, v , x , xr ) = IeRD + IeMD + IRD ≃ IRD(u, v , x , xr ) =
∫ x
xr
dx̄ a(x̄)

a(x) f (u, v , x̄ , xr )kG (x̄ , x)

[Inomata et al (2019)][NB, R. K. Jain (2021)] [Domènech et al (2021)]

f (u, v , x̄ , xr ) =
4

9

[
(x̄ − xr/2)∂x̄T (ux̄ , uxr )((x̄ − xr/2)∂x̄T (v x̄ , vxr )

+T (v x̄ , vxr ))+T (ux̄ , uxr )((x̄ − xr/2)∂x̄T (v x̄ , vxr ) + 3T (v x̄ , vxr ))

]
x = ηk xr = ηrk H = aH
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Two resonant peaks of ISGWB
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Detection Probability

Approximate analytical results

Numerical result
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[NB, A Ghoshal; M. Lewicki, JHEP 07, 130 (2022)] Thank You
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Summary of Results

Ultra-low mass PBHs can dominate the universe before BBN and contribute to
isocurvature perturbations.

Such an early PBH dominated universe leads to an uniquely shaped doubly peaked
ISGWB spectrum; one peak from the inflationary adiabatic and another from isocurvature
induced adiabatic scalar modes.

The detection or non-detection of these peaks would act as a probe of such a reheating
history.

The BBN and CMB bounds on the ISGWB constrain the parameter space for PBHs and
also for scenarios, like PBH induced Baryogenesis, dark radiation or dark matter relic
abundance from PBHs.

Thank You
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Testing the PBH induced Baryogenesis
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Work in progress: Initial PBH spin
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Effects of reheating for PBH forming infltionary models

We assume reheating phase with a constant equation of state wreh, and duration Nreh.

Remapping of scales : ke = kno−reheating × e−
1
4
Nreh(1−3wreh)

Nreh =0, wreh =1/3

Nreh =5, wreh =0

Nreh =10, wreh =0

Nreh =10, wreh =1/4
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[NB, R. K. Jain; JCAP 01(2020), 037]
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ISGWB for different reheating histories

Nreh =0, wreh =1/3

Nreh =5, wreh =0

Nreh =10, wreh =0

Nreh =10, wreh =1/4

10-11 10-6 0.1 104

10-26

10-21

10-16

10-11

10-6

fGW (Hz)

Ω
G

W
h

2

IP
T
A

S
K
A

LISA

TAIJI

DECIGO

BBO

ET

CE

aLIGO

aLIGO
(Design)

Nreh =15, wreh =0, kpeak = 7.4 x 1011 Mpc-1

Nreh =15, wreh =0, kpeak = 1.5 x 1015 Mpc-1

10-11 10-6 0.1 104

10-27

10-22

10-17

10-12

10-7

fGW (Hz)

Ω
G

W
h

2

[NB, R. K. Jain; Phys. Rev. D 104, 023531 (2021)]
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Scalar transfer function Tk(η) and Kernel I(u,v,x,xr)

Oscillating terms

I = I (u, v , x , xr )× (x − xr/2)
I = Is sin(x) + Ic cos(x) + 4 other terms

Oscillation avarage

I2 =
1

2

(
I2
s + I2

c

)
Different k regiemes

Is ≃ Iss + Islx4r + other terms

Ic ≃ Ics + Iclx4r + other terms

I = IeRD + IeMD + IRD
Φ(k , τr ) = Φinfl(k , τr ) + ΦPBH(k , τr )
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Isocurvature Perturbation

df ≡
(

3MPBH,f

4πρPBH,f

)1/3
= γ1/3β−1/3Hf

−1

⟨δρPBH(k)δρPBH(k
′)⟩ = 4π

3

(
d
a

)3
ρ2PBH δ(k + k ′)

S = δρPBH
ρPBH

− 3
4
δρr
ρr

= δρPBH
ρPBH

+ 3
4
δρPBH

ρr
≈ δρPBH

ρPBH
for ρr ≫ ρPBH

PS(k) =
2

3π

(
k

kUV

)3

ΦeMD(k ; a ≫ aeq) = S


1

5
k ≪ keq

3

4

(
keq
k

)2

k ≫ keq
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Analytical form of ISGWB for inflationary adiabatic perturbation

ΩGW (τ0, k)

A2
s cg Ωr ,0

≃


3× 10−7x3r x

5
max 150x

−5/3
max ≲ xr ≪ 1

6.6× 10−7xrx
5
max 1 ≪ xr ≲ x

5/6
max

3× 10−7x7r x
5/6
max ≲ xr ≲ 2

1+
√
3
xmax

C(k) 2
1+

√
3
≤ xr

xmax
≤ 2√

3

, (1)

where

C(k) = 0.00638× 2−2ns−13 3ns x7r s0

(
xr

xmax

)2ns−2

×(
−s20 2F1(

3

2
,−ns ;

5

2
;
s20
3
) + 4 2F1(

1

2
, 1− ns ;

3

2
;
s20
3
)− 3 2F1(

1

2
,−ns ;

3

2
;
s20
3
)

)
. (2)
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Analytical form for isocurvature induced adiabatic contribution to ISGWB

ΩGW (τ0, k) = cg Ωr ,0 J
∫ s0

−s0

27 3
√
3
(
s2 − 1

)2
(9− 3s2)5/3

ds (3)

= cg Ωr ,0 J 2

5
s0

3
(
14− 3s20

)(
1− s20

3

)2/3 − 37 2F1

(
1

2
,
2

3
;
3

2
;
s20
3

) , (4)

where,

J =
k3k8m

(
k
kr

)2/3
1327104 3

√
2
√
3πk5r k

6
UV

.

and

s0 =

1 k
kUV

≤ 2
1+

√
3

2kUV
k −

√
3 2

1+
√
3
≤ k

kUV
≤ 2√

3

. (5)
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Inflationary adiabatic and isocurvature-induced adiabatic perturbation

ΦeISO
eMD(k ; a ≫ aeq) ≈


1

5
k ≪ keq

3

4

(
keq
k

)2

k ≫ keq

,

ΦeCVT
eMD (k ≫ keq; a ≫ aeq) ≈

135

16

(
keq
k

)4
(
ln 4− 7

2
+ γE + ln

(√
2

3

k

keq

))

[KODAMA, SASAKI (1987). International Journal of Modern Physics A, 02(02), 491–560.]
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Induced Stochastic Gravitational Wave Background (ISGWB)

h′′k(τ) + 2Hh′k(τ) + k2hk(τ) = 4Sk(τ)

S s
k =

∫
d3q

(2π)3/2
esij(k)qiqj

[
2ΦqΦk−q +

4

3(1 + w)
(H−1Φ′

q +Φq)(H−1Φ′
k−q +Φk−q)

]

ΩGW(τ, k) =
1

6

(
k

H

)2 ∫ ∞

0
dv

∫ 1+v

|1−v |
du

(
4v2 − (1 + v2 − u2)2

4uv

)2

×I 2RD(v , u, x)PR(kv)PR(ku)

IRD(u, v , x) =
∫ x
0 dx̄ a(x̄)

a(x) f (u, v , x̄)kG (x̄ , x)
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Transfer function in RD in presence of eMD

T ′′
k (η) + 4HT ′

k (η) +
k2

3
Tk(η) = 0

T (x , xr ) =
3
√
3
[
A(xr ) j1

(
x−xr/2√

3

)
+ B(xr ) y1

(
x−xr/2√

3

)]
x − xr/2

A(xr ) = xr
2
√
3
sin
(

xr
2
√
3

)
− 1

36(x
2
r − 36) cos

(
xr

2
√
3

)

B(xr ) = − 1
36 (x

2
r − 36) sin

(
xr

2
√
3

)
− xr

2
√
3
cos
(

xr
2
√
3

)
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k= kmax x 10-2

k= kmax x 10-4
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x = ηk xr = ηrk
a(η)
a(ηr )

= 2 η
ηr

− 1 H = aH = 1
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Tk(ηr ) = 1 T ′
k (ηr ) = 0
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Background expansion

aeMD(τ) =
af (τ + τm)

2

4τf τm
, aRD(τ) =

af (τr + τm)(2τ − τr + τm)

4τf τm
≃ a(τr )

(
2
τ

τr
− 1

)
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SM Radiation
PBH

kr ≈ 2.1× 1011
(
MPBH

104g

)−3/2

Mpc−1

km ≈ 3.4× 1017
(
MPBH

104g

)−5/6

β
2/3
f Mpc−1

kf ≈ 3.4× 1017
(
MPBH

104g

)−5/6

β
−1/3
f Mpc−1
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Two Peaks of ISGWB
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[Inomata et al (2019)]
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