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Introduction
PBH generated in the very early universe is the one of candidates

for dark matter.

It releases the particles through evaporation.

Through this predicted �ux, we estimate the sensitivity to the

primordial black hole abundance of experiments.

Measurement of the photons in the range of 

(currently COMPTEL, e-ASTROGAM in future) are providing the

most stringent upper limit on PBH abundance.

Photon travels in straight line, transparent after CMB, and there

are many observable devices in a wide energy range.

It is a topic that is being actively studied.

We �gured out how to produce this photon �ux more e�ective.
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Introduction

Areas that covered by future detections are colored with a bit transparency,

while areas that are not are we already have.

 parameter space(g −aγγ m )a

3



A bird-eye view

t

PBH

life time

)

(

Emit ALPs

PBH → a
PBH ALPs

life time

(
Decay to 2 photons

a→ γγ
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Hawking Radiation from PBHs
Hawking radiation is an approximately thermal particle emission with temperature

k T =B PBH 8πGMPBH

ℏc3 ∼ 10.6 MeV(
MPBH

10 g15 )

the lifetime of PBH

τ ∼PBH 13.8 × 10 yr9 (
5 × 10 g14
MPBH )
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Emission rates of  particlei

=
dEdt

d N2 i

2π
gi

e + 1(E+m )/k Ti B PBH

Γ(T ,M )PBH

An uncharged, non-rotating Schwarzschild PBH

the temperature of PBH

: the graybody

factor

Γ(T ,M )PBH

For the massless particles,

τ =PBH M
ℏc4

5120πG2
PBH
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ALP decays to a photon pair

L =int − aF
4

gaγγ
μνF
~μν

Γ =aγγ 64π
g maγγ
2

a
3

a

γ

γ
τ ≡a
′ γτ =a =

Γaγγ

γ

g maγγ
2

a
4

64πEa

The ALP decay rate

The lifetime of ALP observed at lab frameg ∼aγγ 2πfa

α

  ALP (Axion-Like Particle)  :

1. SOLELY interact with 2 photons

2. mass and coupling are INDEPENDENT

∙
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Extragalactic Contribution

 From detections, the fraction of PBH is a very small.∙

We considered only the extragalactic contribution

  we focused on extragalactic contribution to accumulate a su�cient amount of signal⇒

 Sensitivity in e-ASTROGAM is better for extragalactic contribution∙

Experimental Astronomy 44 (2017) 25-82
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 : The energy of the ALP emitted by the evaporation of PBH at time 

 : The redshift energy of  observed at time 

 : The boosted energy of decay photon from ALP at time 

 : The energy of photon observed from Earth at , which is redshifted energy of 

E (t )a a ta

(t )E
~
a aγγ E (t )a a taγγ

E (t )γ
′

aγγ taγγ

Eγ0 t0 Eγ
′

E (t )a a
redshift

(t ) E (t )(E~a aγγ
boost

decay γ
′

aγγ ) redshift
Eγ0

 : redshifted energyE
~

 : Boosted energyE′

ta taγγ  t0

a a→ γγ γ

Calculation Set Up
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Redshift Effect

Redshift e�ect for particles propagating in an expanding universe

  =
n(t )2

n(t )1 =
V (t )1

V (t )2
(1 + z(t ))2 3

(1 + z(t ))1 3

⇒ n(t ) =1 n(t )(
1 + z(t )2

1 + z(t )1 )
3

2

p∣ =t1 p∣
1 + z(t )2

1 + z(t )1
t2

,  V (t) ∝ (1 + z(t))−3 p∣ ∝t (1 + z(t))

  =
p∣t2

p∣t1
(1 + z(t ))2

(1 + z(t ))1 ⇒

E∣ =t1 E∣
1 + z(t )2

1 + z(t )1
t2

E∣ =t1 =m + p∣2
1 + z(t )2

1 + z(t )1
t2 m + (E∣ −m )2

1 + z(t )2

1 + z(t )1
t2
2 2

: for massless particles

: for massive particles
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Calculation Steps

STEP 1 The number density of ALPs with time

∙ ( , t ;T ) =
dT

dna
E
~
a aγγ (E ,T ) ×

dT

dna
a P (t −surv aγγ T )

: The number density of ALPs with  at  emitted from PBH at E
~
a taγγ T

∣P (Δt) =surv e
−

τ (E)a
′
Δt

The number density of ALPs with energy  at time E
~
a taγγ

: The emitted number density of ALPs with  at Ea ta

∙ (E , t )
dT

dna
a a

n ( , t ) =a E
~
a aγγ dT ×∫

(t )a min

taγγ (
1 + z(T )
1 + z(t )aγγ )

3

( , t ;T )
dT

dna
E
~
a aγγ
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dtaγγ

d
n ( , t )a E

~
a aγγ

= n (t ) {(1 + z(t )) } dT E × ePBH 0 ∂taγγ

∂
aγγ

3 ∫
(t )a min

taγγ

a
dEdT

d N2 a

∣
∣∣
∣∣

E=Ea

−
τ (E )a
′

a

t −Taγγ

STEP 2 The change of number density with respect to time

During the ALPs emission period, 

By using the logarithmic energy bin :

T = [ t , t ]( a)min aγγ

ΔE ≃ E

+ n (t )(1 +PBH 0 z(t )) dT {E }×aγγ
3 ∫

(t )a min

taγγ

∂taγγ

∂
a
dEdT

d N2 a

∣∣
∣∣
∣

E=Ea

e
−

τ (E )a
′ a

t −Taγγ

(E ,T ) ≃
dT

dna
a n (T ) ⋅PBH Ea

dEdT

d N2 a

∣
∣∣
∣∣

E=Ea

Calculation Steps

Change of   by redshiftnPBH

+ n (t )(1 +PBH 0 z(t )) ⋅aγγ
3 E
~
a dEdtaγγ

d N2 a

∣
∣∣
∣∣

E=E
~
a

+ n (t )(1 +PBH 0 z(t )) dT E ×aγγ
3 ∫

(t )a min

taγγ

a
dEdT

d N2 a

∣∣
∣∣
∣

E=Ea

{e }
∂taγγ

∂ −
τ (E )a
′ a

t −Taγγ
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STEP 2 The change of number density with respect to time

Calculation Steps

During the ALPs emission period, 

By using the logarithmic energy bin :

T = [ t , t ]( a)min aγγ

ΔE ≃ E

+ n (t )(1 +PBH 0 z(t )) ⋅aγγ
3 E
~
a dEdtaγγ

d N2 a

∣
∣∣
∣∣

E=E
~
a

+ n (t )(1 +PBH 0 z(t )) dT {E }×aγγ
3 ∫

(t )a min

taγγ

∂taγγ

∂
a
dEdT

d N2 a

∣∣
∣∣
∣

E=Ea

e
−

τ (E )a
′ a

t −Taγγ

(E ,T ) ≃
dT

dna
a n (T ) ⋅PBH Ea

dEdT

d N2 a

∣
∣∣
∣∣

E=Ea

ALPs emission at taγγ

+ n (t )(1 +PBH 0 z(t )) dT E ×aγγ
3 ∫

(t )a min

taγγ

a
dEdT

d N2 a

∣∣
∣∣
∣

E=Ea

{e }
∂taγγ

∂ −
τ (E )a
′ a

t −Taγγ

dtaγγ

d
n ( , t )a E

~
a aγγ

= n (t ) {(1 + z(t )) } dT E × ePBH 0 ∂taγγ

∂
aγγ

3 ∫
(t )a min

taγγ

a
dEdT

d N2 a

∣
∣∣
∣∣

E=Ea

−
τ (E )a
′

a

t −Taγγ
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STEP 2 The change of number density with respect to time

Calculation Steps

During the ALPs emission period, 

By using the logarithmic energy bin :

T = [ t , t ]( a)min aγγ

ΔE ≃ E

+ n (t )(1 +PBH 0 z(t )) ⋅aγγ
3 E
~
a dEdtaγγ

d N2 a

∣
∣∣
∣∣

E=E
~
a

+ n (t )(1 +PBH 0 z(t )) dT {E }×aγγ
3 ∫

(t )a min

taγγ

∂taγγ

∂
a
dEdT

d N2 a

∣∣
∣∣
∣

E=Ea

e
−

τ (E )a
′ a

t −Taγγ

(E ,T ) ≃
dT

dna
a n (T ) ⋅PBH Ea

dEdT

d N2 a

∣
∣∣
∣∣

E=Ea

+ n (t )(1 +PBH 0 z(t )) dT E ×aγγ
3 ∫

(t )a min

taγγ

a
dEdT

d N2 a

∣∣
∣∣
∣

E=Ea

{e }
∂taγγ

∂ −
τ (E )a
′ a

t −Taγγ

Change in the number of ALPs

emitted from one PBH by redshift

dtaγγ

d
n ( , t )a E

~
a aγγ

= n (t ) {(1 + z(t )) } dT E × ePBH 0 ∂taγγ

∂
aγγ

3 ∫
(t )a min

taγγ

a
dEdT

d N2 a

∣
∣∣
∣∣

E=Ea

−
τ (E )a
′

a

t −Taγγ
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STEP 2 The change of number density with respect to time

Calculation Steps

During the ALPs emission period, 

By using the logarithmic energy bin :

T = [ t , t ]( a)min aγγ

ΔE ≃ E

+ n (t )(1 +PBH 0 z(t )) ⋅aγγ
3 E
~
a dEdtaγγ

d N2 a

∣
∣∣
∣∣

E=E
~
a

+ n (t )(1 +PBH 0 z(t )) dT {E }×aγγ
3 ∫

(t )a min

taγγ

∂taγγ

∂
a
dEdT

d N2 a

∣∣
∣∣
∣

E=Ea

e
−

τ (E )a
′ a

t −Taγγ

(E ,T ) ≃
dT

dna
a n (T ) ⋅PBH Ea

dEdT

d N2 a

∣
∣∣
∣∣

E=Ea

+ n (t )(1 +PBH 0 z(t )) dT E ×aγγ
3 ∫

(t )a min

taγγ

a
dEdT

d N2 a

∣∣
∣∣
∣

E=Ea

{e }
∂taγγ

∂ −
τ (E )a
′ a

t −Taγγ

( , t ) ≡
dtaγγ

dna
dec

E
~
a aγγ

Decay ALPs = Photon Production

dtaγγ

d
n ( , t )a E

~
a aγγ

= n (t ) {(1 + z(t )) } dT E × ePBH 0 ∂taγγ

∂
aγγ

3 ∫
(t )a min

taγγ

a
dEdT

d N2 a

∣
∣∣
∣∣

E=Ea

−
τ (E )a
′

a

t −Taγγ
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Boost Effect

E =γ
′ E (γ ±γ

∗ )γ − 12 : photon energy in the rest frame of the ALPE =γ
∗

2
E
~
a

Rest Frame

Laboratory Frame

E
~
a

E
=

γ′

E
(γ
+

γ∗

)
γ
−
1

2

E =γ
′ E (γ −γ

∗ )γ − 12

E =γ
′ Eγ

∗

monochromatic

energy

Lorentz transformation

Energy has upper and

lower bounds

15

: the Lorentz factorγ =
ma

Ea
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STEP 3 Boosted photon number density after decay

→E
~
a E ⟹γ

′ →
dt

dn ( )a
dec E

~
a

dt

dnγ

E
~
a

1
dt

dna

E
~
a

Eγ
′

1
dt

dnγ

Eγ
′E

~
a
k E
~
a
k+1

16

log =10E
~
a,mid
k log + log

2
1 ( 10E

~
a
k+1

10E
~
a
k)

γ =k

ma

E
~
a,mid
k

Eγ
min Eγ

maxEγ
∗

E =γ
∗

2
ma

: Rest energy of ALP

E =γ
min E γ −γ

∗ ( k γ − 1( k)2 )
E =γ
max E γ +γ

∗ ( k γ − 1( k)2 )
Eγ
∗

Ea,mid
k

Phys.Rev. D88 (2013) 5, 057701

Calculation Steps



STEP 3 Boosted photon number density after decay

log =10E
~
a,mid
k log + log

2
1 ( 10E

~
a
k+1

10E
~
a
k)

γ =k

ma

E
~
a,mid
k

E =γ
∗

2
ma

: Rest energy

E =γ
min E γ −γ

∗ ( k γ − 1( k)2 )
E =γ
max E γ +γ

∗ ( k γ − 1( k)2 )
Eγ
∗

Ea,mid
k

Phys.Rev. D88 (2013) 5, 057701
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Original Spectrum

Boosted Spectrum

Calculation Steps



The expected di�erential photon �ux with respect to energy

=
dEγ0

dFγ0

Eγ0

nγ0

=
dEγ0

dFγ0 n dt (1 +PBH(t )0 ∫
(t )aγγ min

min(τ ,t )PBH 0

aγγ z(t )) (E , t )aγγ
dEdtaγγ

d N2 γ
γ
′

aγγ
∣∣
∣∣
∣

E=Eγ
′

The expected photon spectral �ux

STEP 4

The Spectral Photon Flux

n =PBH(t )0 MPBH

f ρPBH DM
: The average energy density of dark matter in the present Universe

 : The fraction of PBH

ρ =DM 2.35 × 10 g cm−30 −3

f =PBH Ω /ΩPBH DM

in the natural units

n (E , t ) =γ0 γ0 0 dt (1 +∫
(t )aγγ min

min(τ ,t )PBH 0

aγγ z(t )) ×aγγ
−3 (E , t )

dtaγγ

dnγ
γ
′

aγγ

E ∣ =γ
′

t (1 + z(t))Eγ0

Calculation Steps
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The Spectral Photon Flux

 

 

The black line : Direct photon (EG) from PBH

The green line over the Direct photon:

the concave region

m =PBH 1 × 10 g16

gaγγ = [10 , 10 , 10 , 10 , 10 ] GeV−11 −15 −17 −18 −19 −1

Comparision of examples

1.0 MeV 10 MeV

Lower Higher
Peak Energy

(PBH → a→ γγ)

D. Flux

(PBH → a→ γγ)
Higher Lower

ma

There is a region where the

generated photon in our model

exceed the direct photon.
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e-ASTROGAM Sensitivity

Experimental Astronomy 44 (2017) 25-82

e-ASTROGAM open the window of  rangeMeV

One-two orders of magnitude improvement in sensitivity comparing

to COMPEL experiment

The exceed area seen earlier exists on the scale by MeV
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e-ASTROGAM Sensitivity
e-ASTROGAM sensitivity

 

10 7.5 - 15 2.6e-6

30 15 - 40 4.3e-7

50 40 - 60 1.4e-7

70 60 - 80 7.2e-8

100 80 - 150 3.9e-8

300 150 - 400 6.9e-9

500 400 - 600 3.3e-9

700 600 - 800 3.2e-9

1000 800 - 2000 3.1e-9

3000 2000 - 4000 2.8e-9

E

(MeV)

ΔE

(MeV)

Extragal.

Sensitivity 

(
)

3σ
ph cm s−2 −1

Gamma rays in the  rangeMeV −GeV

Experimental Astronomy 44 (2017) 25-82
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red area: Di�erence between direct photon �ux

and (direct + ALPs decay production) photon �ux

e-ASTROGAM sensitivity

PBH )→ (γ  + a(→ γ)

PBH →  γ

f ≤PBH C(m )PBH f ≤PBH C (m ,m , g )′
PBH a aγγ

PBH )→ (γ  + a(→ γ)PBH →  γ
VS

If  e�ectively

 Enhanced!

C <′ C

⇒



: PBH fraction by Direct photon

: PBH fraction by our model

: Minimum value of 

: A reference point of 

Contour

: 5%, 10%, and 15%

improvement over f_PBH from

direct photon

X-rays

: From other experiment

(axion decay),  independent

on 

fPBH;γ

fPBH

■
fPBH

⧫
fPBH

fPBH

(%)
fPBH;γ

ΔfPBH

Δf =PBH f −PBH;γ fPBH; tot

Δf /f =PBH PBH;γ f − f /f( PBH;γ PBH; tot) PBH;γ

Result
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Summary

PBH is a good source for emitting both SM / BSM particles through hawking

radiation.

For numerical calculations, the emission rate of particles containing a complex

graybody factor was calculated using the program BlackHawk.

Considering the redshift and boost e�ects of particles �ying across the

expanding universe, we formulate the amount of photon �ux observed from the

Earth.

The process (PBH ) can signi�cantly increase the amount of photon

�ux some parameter space.

Through the sensitivity of e-ASTROGAM, which is 1-2 orders of magnitude

better than the previous observation, Our model imposes the stringent

constraint of  in the  parameter space.

→ a→ γγ

fPBH (g −aγγ m )a
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