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Anomalous 511 keV gamma ray from GC

[Image is derived from COMPTEL and a spectrum is measured from SPI/INTEGRAL]

In the early 1970's, the 511 keV emission was first detected from GC by balloon-borne
instruments 
At low energy case (non-relativistic positron), photons are produced by 
annihilation, and each with equal to the rest energy of  or  ( )
PBH might be a source of positrons in Galaxy (By the Hawking radiation)
: positrons produced from PBH propagate and annihilate within Galaxy and
subsequently it can contribute to  -ray in Galaxy Center

e−e+

e− e+ 511keV

511 keV γ

[Johnson, W. N., F. R. Harnden, and R. C. Haymes-Astrophysical Journal, vol. 172, p.L1]
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Primordial Black Hole (PBH)
Produced cosmologically e.g. during inflation

The one of well-known candidates for dark matter
It can be evaporated through Hawking radiation
Factory of both SM and BSM particles

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 )

3

Emission rates of  particlei

Thermal Properties

Hawking temperature of PBH

: the graybody factorΓ(T ,M )PBH

For the massless particles

τ =PBH M
ℏc4

5120πG2
PBH
3

Don N. Page
Phys. Rev. D 13, 198 (1976)

Alexandre Arbey, Jérémy Auffinger 
Eur. Phys. J. C 81 (2021) 10, 910

i.e. T ∼⊙ 6 × 10 K−8

: It can be calculated By BlackHawk

TPBH ∼
M =10 gPBH

15

10 K11

=
dEdt
d N2 i

2π
gi

e − (−1)E/k TB PBH 2si

Γ (E,M )i PBH

3

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.13.198
https://epjc.epj.org/articles/epjc/abs/2021/10/10052_2021_Article_9702/10052_2021_Article_9702.html


Primordial Black Hole (PBH)
Hawking temperature of PBH

k T =B PBH 8πGMPBH

ℏc3
∼ 10.6 MeV(

MPBH

10 g15 )

i.e. T ∼⊙ 6 × 10 K−8TPBH ∼M =10 gPBH
15

10 K11

E ≈s=0 2.81T , E =PBH s=1/2 4.02T , E =PBH s=1 5.77TPBH

the peaks in the flux per particle mode

i.e. ,M =PBH 10 g17

T ∼PBH 100 keV
E ∼e 400 keV

E ∼γ 577 keV

Hawking temperature peak energy of emitted particles

[D. N. Page-Phys. Rev. D 14, 3260 (1976)]
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Primordial Black Hole (PBH)
Emission rates of  particlei

=
dEdt
d N2 i

2π
gi

e − (−1)E/k TB PBH 2si

Γ (E,M )i PBH : the graybody factorΓ(T ,M )PBH

By BlackHawk v2.1

Continuous spectrum
Emitted particle spectrum: primary + secondary

[Characterization of particle emitted from a single PBH]

The heavier PBH,
the lower energy of peak position of particles

heavier

511keV- For photon
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Primordial Black Hole (PBH)
The lifetime of PBH

τ ∼PBH 13.8 × 10 yr9 (
5 × 10 g14
MPBH )

3
i.e. for the massless particles

τ =PBH M
ℏc4

5120πG2
PBH
3

Don N. Page
Phys. Rev. D 13, 198 (1976)

5 × 10 g14

Disappeared!

The age of the universe
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.13.198


2. The photons derived from PBHs contribute

sufficient amount at 511 keV 

small amount in the continuum spectrum

to not violate the observational data constraints.  

1. PBHs emit particles in the energy distribution
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For photon

m =PBH 8 × 10 g14



PBH
Channels

EARTH
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Photons from PBH

possible channels

Assumption on PBH

Monochromatic mass distribution
Schwarzschild PBH
Isotropically distributed

1. PBH  (primary+secondary) -rays  γ
Hawking radiation

Hawking pair
annihilation

2. PBH                              -rayse+ γ
radiation



PBH
Channels

EARTH
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Photons from PBH

possible channels

Assumption on PBH

Monochromatic mass distribution
Schwarzschild PBH
Isotropically distributed

1. PBH  (primary+secondary) -rays  γ
Hawking radiation

Hawking pair
annihilation

2. PBH                              -rayse+ γ
radiation



Galactic Contribution on Photon from PBH

=
dEγ

dFγ
k dkdΩ∫

kmax
2

φ,θ 4πk2
1

MPBH

f ρ (x[k,φ])PBH NFW

dE dtγ 0

d N2 γ
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GC

EARTH

PBH

φ

k

x

r⊙

Differential photon flux from PBHs following NFW profile 

Assumption on PBH

Monochromatic mass distribution
Schwarzschild PBH
Isotropically distributed

For an evaporating PBH,
the number of photons with
an energy and at the time

x[k,φ] = k + r − 2kr cosφ2
⊙
2

⊙

k =max +r − r sin φh
2

⊙
2 2 r cosφ⊙

1. PBH                          -rayγ
Hawking radiation



Galactic Contribution on Photon from PBH

=
dEγ

dFγ
k dkdΩ∫

kmax
2

φ,θ 4πk2
1

MPBH

f ρ (x[k,φ])PBH NFW

dE dtγ 0

d N2 γ
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GC

EARTH

PBH

φ

k

x

R⊙

Differential photon flux from PBHs following NFW profile 

Assumption on PBH

Monochromatic mass distribution
Schwarzschild PBH
Isotropically distributed

: PBH number density

=
MPBH

f ρPBH NFW
nPBH

: For an evaporating PBH, the number of photons with an energy and at the time
dE dtγ 0

d N2 γ

x[k,φ] = k + r − 2kr cosφ2
⊙
2

⊙

k =max +r − r sin φh
2

⊙
2 2 r cosφ⊙

1. PBH                          -rayγ
Hawking radiation



Galactic Contribution on Photon from PBH

=
dEγ

dFγ
k dkdΩ∫

kmax
2

φ,θ 4πk2
1

MPBH

f ρ (x[k,φ])PBH NFW

dE dtγ 0

d N2 γ
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GC

EARTH

PBH

φ

k

x

R⊙

Differential photon flux from PBHs following NFW profile 

Assumption on PBH

Monochromatic mass distribution
Schwarzschild PBH
Isotropically distributed

isotropically emitted photon flux with an energy at the
time from PBHs at a point in the Milky way galaxy

: For an evaporating PBH, the number of photons with an energy and at the time

 

: PBH number density

dE dtγ 0

d N2 γ

=
MPBH

f ρPBH DM
nPBH

x[k,φ] = k + r − 2kr cosφ2
⊙
2

⊙

k =max +r − r sin φh
2

⊙
2 2 r cosφ⊙

1. PBH                          -rayγ
Hawking radiation



Galactic Contribution on Photon from PBH

=
dEγ

dFγ
k dkdΩ∫

kmax
2

φ,θ 4πk2
1

MPBH

f ρ (x[k,φ])PBH NFW

dE dtγ 0

d N2 γ
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GC

EARTH

PBH

φ

k

x

R⊙

Differential photon flux from PBHs following NFW profile 

Assumption on PBH

Monochromatic mass distribution
Schwarzschild PBH
Isotropically distributed

Spectral photon flux emitted from PBH

in the dark halo of the Milky Way

: For an evaporating PBH, the number of photons with an energy and at the time

 

: PBH number density

dE dtγ 0

d N2 γ

=
MPBH

f ρPBH DM
nPBH

x[k,φ] = k + r − 2kr cosφ2
⊙
2

⊙

k =max +r − r sin φh
2

⊙
2 2 r cosφ⊙

1. PBH                          -rayγ
Hawking radiation



Galactic Contribution on Photon from PBH

=
dEγ

dFγ
k dkdΩ∫

kmax
2

φ,θ 4πk2
1

MPBH

f ρ (x[k,φ])PBH NFW

dE dtγ 0

d N2 γ
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GC

EARTH

PBH

φ

k

x

R⊙

Differential photon flux from PBHs following NFW profile 

Assumption on PBH

Monochromatic mass distribution
Schwarzschild PBH
Isotropically distributed

1. PBH                          -rayγ
Hawking radiation

: For an evaporating PBH, the number of photons with an energy and at the time

 

: PBH number density

dE dtγ 0

d N2 γ

=
MPBH

f ρPBH DM
nPBH



This photon spectrum affects both of 511 keV and the background diffuse -ray signalγ

[ -coordinates](k,φ, θ) [ -coordinates](k, b , l)′

I b , b =γ
l ( 1 2) db sin b dk n x dE

4π
1 ∫

−b2
π

2

−b2
π

1
′ ′ ∫

0

kmax

PBH ( )∫
E1

E2

dE dtγ 0

d N2 γ
I l , l =γ
b ( 1 2) dl dk n x dE

4π
cos b ∫

l1

l2 ∫
0

kmax

PBH ( )∫
E1

E2

dE dtγ 0

d N2 γ

Galactic Contribution on Photon from PBH
1. PBH                          -rayγ

Hawking radiation
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Hawking pair

annihilation
2. PBH                            -rayse+ γ

radiation

 pair
annihilation
e e− +

positron
positronium
formation

para-
positronium

ortho-
positronium

511 keV

diffuse signal

f ∼p 0.967

f4
3

p

f4
1

p

in-flight

annihilation

diffuse
signal
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The total annihilation flux

F =Ann F +511 F +oPs FIA

This process can affect both 511 keV and diffuse -ray signalγ

Galactic Contribution on Photon from PBH

[Siegert T, Boehm C, Calore F, et al- ]Mon.Not.Roy.Astron.Soc. 511 (2022) 1, 914-924

: The flux in the 511 keV due to

direct and para-positronium

annihilation

: 3 photon decay flux of ortho-

positronium

: The flux of s annihilating in flight

F511

FoPs

FIA

e+

: energetic positrons

: non-relatvisitic positrons

[John F. Beacom and Hasan Yüksel-PhysRevLett.97.071102]

P

https://doi.org/10.1093/mnras/stac008


511 keV -ray signalγ

Galactic Contribution on Photon from PBH

=
dEe+

dFe+
dl db sin b dk n

4π
1 ∫ ∫ ′ ′ ∫

0

kmax

PBH
dE dte+ 0

d N2 e+

The spectrum of positrons from PBH

Hawking pair

annihilation
2. PBH                            -rayse+ γ

radiation

511 keV flux from non-relativistic positrons

F =511 dE dE [2δ(E −∫ γ ∫ e+
dEe+

dFe+

γ 511keV)]

n =PBH MPBH

f ρ x k,l,bPBH NFW( [ ′])

 pair
annihilation
e e− +

positronium
formation

para-
positronium

511 keV

f ∼p 0.967

f4
1

p

positron
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 m =PBH 8 × 10 g14



: energetic positrons

: non-relatvisitic positrons

Diffuse -ray signalγ

Galactic Contribution on Photon from PBH
Hawking pair

annihilation
2. PBH                            -rayse+ γ

radiation

 The ratio of the total flux of

IA to 511 keV gamma rays

=
F511

FIA
2(1−3f/4)P
2(1−P)

: The survival probability of positronsP

 The ratio of the flux of

oPs to 511 keV gamma rays

=
F511

FoPs
8−6fp
9fp

: The positronium fractionfp

 The ratio of the total flux of

IA to 511 keV gamma rays

: The survival probability of positronsP
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positronium
formation

ortho-
positronium

diffuse signal

f ∼p 0.967

f4
3

p

in-flight

annihilation

diffuse
signal

positron



Diffuse -ray signalγ

Galactic Contribution on Photon from PBH
Hawking pair

annihilation
2. PBH                            -rayse+ γ

radiation

[The flux for Inflight Annihilating positrons]

For the mono-energetic injection energy, the best fit of
positron injection energy is  MeV.
"  cut method"  
But, in our study we have the continuous energy spectrum of
positrons from PBH.

here, we additionally use "weighted energy distribution"

3
3 MeV

=
dk

dFIA =⟨(
dk

dF
~
IA)⟩

E0

dE / dE(∫
me

E
e+
max

0
dE dt0 0

d N2

dk

dF
~
IA) (∫

me

E
e+
max

0
dE dt0 0

d N2 )

=
dk

dF
~
IA

P
1 − 3f /4p

F511

P

nH ∫
G(k)

E0

E →E0 2
1
dk

dσ

∣dE/dx∣
dE

where

k = , G(k) =
me

Eγ max , k , P =( 2k−1
2k −2k+12 ) PE →m0 e

The total IA spectrum for distributive injection of se+

m =PBH 1.5 × 10  g17
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−23.1 <∘ l < 23.1∘

−6.5 <∘ b < 6.5∘



1. PBH -rays
2. PBH  -rays

 
3. PBH -rays
4. PBH -rays

→ γ

→ e →+ γ

→ a → γ

→ a/γ  →′ e →+ γ

Photons from PBH

possible channels

Assumption on PBH

Monochromatic mass distribution
Schwarzschild PBH
Isotropically distributed

BSM

PBH

EARTH

Channels

20

Improved way

SM mode



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

radiation.

Assuming that Primordial Black Holes (PBH) form part of the dark matter

composition, the particles that are radiated from them and the ensuing decay or

annihilation processes could potentially account for the peculiar 511 keV -ray

detected at the center of the Milky Way.

Using the Spectrometer on INTEGRAL (SPI) observation data for gamma rays at

the Galactic Center - particularly for the 511 keV emissions as well as for the

background diffuse gamma rays - it is possible to establish a limit on the

abundance of Primordial Black Holes (PBHs).

γ

further

Considering Beyond Standard Model (BSM) particles
: Incorporating their influence, BSM particles will amplify the intensity of -rays,
resulting in giving a stronger bound of PBHs abundance and furthermore
properties of BSM.

γ
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Back-Up
m =PBH 8 × 10 g14 m =PBH 1 × 10 g15

m =PBH 2 × 10 g15 m =PBH 1.5 × 10 g17
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step 1: The number density of BSMs from PBH calculated by Blackhawk

4. PBH
evaporation

a/γ′
decay

Boost
e±

pair

annihilation
511 keV γ-ray

Back-Up
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step 2: ALP or DP decays to e+

PBH
evaporation

a/γ′
decay

Boost
e±

pair

annihilation
511 keV γ-ray

Back-Up
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