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Motivation
The search for PBH-ALP DM co-existence

 Coexistence: The dark matter (DM) can be composed of both Primordial Black
Holes (PBHs) and Axion-Like Particles (ALPs).

 ALP Halo: Around PBHs, ALPs can form halos due to gravitational attraction. It is
denser than the NFW profile, which is formed in MD era.

 Photon Enhancement: The high ALP density can stimulate photon production
from ALP decay.

 Observable Flux: This enhancement produces a detectable photon flux that

reaches Earth, providing a signature for searching for or constraining both PBHs
and ALPs.
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4 Virialized Halo — Spike density profile o ="
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e — Soliton-like Halo o e’
Palomares-Chavez, et al., Phys.Rev.D 112 (2025) 2, 023545
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Aghaie, et al., Phys.Rev.D 109 (2024) 10, 103030
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where r, <17 S A4
Quinlan, et al.,Astrophys.J. 440 (1995), 554-564
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Aghaie, et al., Phys.Rev.D 109 (2024) 10, 103030
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Boltzmann Equation in ALP Halo

 Boltzmann equations for photons:

dn 1677 87T 2 7
_yzzrana 1: t n 7t Clnz 1= ,1na 4

3 3 /
dt Va,maxma m; 3 tesc

* Boltzmann equations for axions:

dna 167[2 ST 2Vaz,maxra 2, na,O — N,
dt

=—I'n {14 n, |- n, -

37 3
Va,maxMg 3 mg tdyn

 Boltzmann equations for sterile axions (E, > E_ ..):
dn, 4n°T,

\)
dt m3 7

* Photon energy range: w
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* Axion energy range: m, < E, < E, ...
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Boltzmann Equation in ALP Halo

 Boltzmann equations for photons:

87l o 2V, max n,
, mg ! 3 losc

* Boltzmann equations for axions:
} 1677 ) 8ﬂ2va,maxl“a , Mo — 1,
| n | n |

3 y
3 m; tdyn

 Boltzmann equations for sterile axions (E, > E_ ..):
2
an, _ arl, nyz * Production of photons — Spontaneous decay / Stimulated decay
dt m?
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Boltzmann Equation in ALP Halo

 Boltzmann equations for photons:

87l |

* Boltzmann equations for axions:
} 1677 ) 87r2va,maxl“a , Mo — 1,
| n, |- n, -

 Boltzmann equations for sterile axions (E, > E_ ..):
2
an, _ arl, nyz * Production of photons — Spontaneous decay / Stimulated decay
dt m?

* Annihilation of photons — Axion outside halo / Axion inside halo
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Boltzmann Equation in ALP Halo

 Boltzmann equations for photons:

87l |

* Boltzmann equations for axions:
. - 16x? ) 87r2va,maxl“a , Mo — 1,
| n, |- n, -

 Boltzmann equations for sterile axions (E, > E_ ..):
2
an, _ arl, nyz * Production of photons — Spontaneous decay / Stimulated decay
dt m?

* Annihilation of photons — Axion outside halo / Axion inside halo

* Escape of photons
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Example Result of Enhancement Case

Normalized Density Evolution
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Example Result of Enhancement Case

Normalized Density Evolution
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Example Result of Enhancement Case

Normalized Density Evolution
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Example Result of Enhancement Case

Normalized Density Evolution
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Example Result of Enhancement Case

Normalized Density Evolution
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Normalized Density Evolution
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Comparison of Terms in the Boltzmann Equation

Example Result of Enhancement Case
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Example Result of Non-Enhancement Case

Normalized Density Evolution
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Normalized Density Evolution

Example Result of Non-Enhancement Case
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Normalized Density Evolution

Example Result of Non-Enhancement Case
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Example Result of Non-Enhancement Case

Normalized Density Evolution
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Example Result of Dynamical Equilibrium
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Intensity Outline o

Observable?

No enhancement,
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Intensity Outline o

Enhancement,

Observable!
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Summary

* Verified Mechanism: Using the Boltzmann Equation, we confirmed that ALP halos
surrounding PBHs lead to significant photon enhancement.

e Future Work:

« PBH and ALP Phase Space: Identifying the PBH-ALP parameter space where
photon production is enhanced.

* Observational Signature: Predicting detectable radio signals from PBH halos
and deriving constraints on PBHs and ALPs.
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PBH constraints

M/M Carr, et al., Rept.Prog.Phys. 84 (2021) 11, 116902
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Boltzmann Equation momentum distribution. ver.

 ALP energy distribution:

2
pr) 1 32 _fara
e 2m0000  where E

S E

d N

Qa3 N (v

€SC) m, o) max?

JalEgy 1) =

Tm2o?

O where E,>E_ :Truncated Gaussian distribution

King, Astron.d. 71 (1966), 64
Eroshenko, Astron.Lett. 42 (2016) 6, 347-356

 ALP energy range:
2GM m
‘T}a‘svescz\/ PBH = E <E _ a

, a a,max
)
\/ 1 Vésc

 Photon energy range:

ymm < a) < a);/ max where wy,max/y,min
2\/ 1 — V2
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Boltzmann Equation momentum distribution. ver.

* Boltzmann equation for a photon with momentum w:

dfi(w) mJI [ mI [ 3
I BLEN (1 @) HAE - ) = | dof@f @) - )
t D7 JE (@) D7 o 27

Production of photons Loss of photons
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Boltzmann Equation momentum distribution. ver.

* Boltzmann equation for a photon with momentum w:

df(w) mI [~ mI [ 3
T3 j dE,f(E)(1 + f(w) + f(E, — ®)) — > J do"fi(@)f)(@") — — f(o)
t D7 JE () D" Jm—o 2r

Production of photons Loss of photons

Stimulated decay

épontaneous decay Back-reaction  Photon escape
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Boltzmann Equation momentum distribution. ver.

 Boltzmann eg

lon for a photon with momentum w:

df/‘l(w) mara mar // // 3
= dE, fa(Ea)(l + fi(w) + f,(E, — a))) - — " f(0)f(@0") — o fi(w)
Q) Q) rr

Range of ALP energy to produce photon with momentum w

Range of photon momentum to produce ALP by annihilating with a photon @
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Boltzmann Equation momentum distribution. ver.

* Boltzmann equation for a photon with momentum w:

@) _ mda (7 mL, [ 3
d - 2 J dEafa(Ea)<1 + (@) + f(E, — 60)) - J do"f,(0)f(@") — —f,(w)
[ 0y E. (@) 0, " —a )
» Number density: n(r) = Z 3 [ ST, @), n(r) = Pu(7)
A== (27) m,

Assumption:Constant on time
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Results of Enhancement/Non-Enhancement (md ver.)

dn}, mJI", , 1 mJ, . y 3
— = do | dE,f(E)(1Hfi(w) +f(E, — w))! > dw do"f,(o)f,(0") -
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Results of Enhancement/Non- Enhancement (md ver.)

— = do 4E, £, (E) (1}t (@) + £(E, - )|
dt T 0 P SRGAISARAAN——

min
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Results of Enhancement/Non Enhancement (md ver)
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Results of Enhancement/Non-Enhancement (md ver.)
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Axion Density Profile vs Radius
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Normalized Terms
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Axion Density Profile vs Radius
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Normalized Terms

Example Result of Non-Enhancement Case

Differential Terms in the Boltzmann Equation
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 Photon number density:

dn, dN, dzN},
—(E 1) =n H——i (E,t) ~n HE E,t
dt( » 1) = npgH(?) ~ (E, 1) ~ npgH(?) ydtdEy( )
Logarithmic binning approximation AE ~ E
* Intensity:
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Intensity
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Axion Star in ALP Halo around PBH
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