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The axionlike particle (ALP) and primordial black hole (PBH) are two representative dark matter (DM)
candidates as light bosonic DM and macroscopic objects, respectively. In this work, we investigate the
gamma-ray production mechanisms induced by PBH evaporation and ALP-photon coupling g,,,. The
detection of gamma rays is also explored in future satellite telescopes, including AMEGO, e-ASTROGAM,
and MAST. We first propose the evaporation-conversion scenario in which light ALPs are emitted by PBHs
and are converted into photons in the presence of magnetic field in the Universe. The second scenario
assumes ALPs as a dominant DM component in the Milky Way and considers the relativistic electron
production from PBH evaporation. The emitted electrons scatter off nonrelativistic ALP in DM halo and
produce gamma rays through the ALP-photon coupling. Using the Fisher forecasting method, we calculate
the gamma-ray energy spectra from these two scenarios and derive projected sensitivity for the fraction of
DM composed of PBHs fpgy and ALP-photon coupling g,,,.
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I. INTRODUCTION

A wealth of astrophysical observations has established
robust evidence supporting the existence of dark matter
(DM). However, both the nature and fundamental properties
of DM still lack a complete understanding. In recent years,
significant effort has been devoted to the theoretical
hypotheses of DM candidates beyond the weakly interacting
massive particle (WIMP) and their detection methods in
experiments. In general, DM can arise through many
distinct mechanisms in theory and requires rather different
experimental strategies and facilities. The range of DM
mass may span from sub-micro-eV to TeV scale and even
beyond (see a recent review [1]). The axionlike particle
(ALP) and primordial black hole (PBH) are two represen-
tative DM candidates as light/ultralight bosonic DM and
massive macroscopic objects, respectively.

The ALP as a CP-odd pseudo-Nambu-Goldstone
boson is the result of the spontaneous breaking of a global
U(1) symmetry [2-5] (see a recent review for QCD axion
in Ref. [6]). The ALP mass (m,) and its associated
symmetry breaking scale (commonly denoted as the decay
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constant f,) need not be fundamentally related [7-20]. It
can play as cold DM through the misalignment mechanism
[21-23] and the typical mass of ALP making up DM is
around micro-eV [24] or even down to ~10722 eV [25-27].
PBHs may form through gravitational collapse of local
density perturbations in the early Universe and potentially
serve as macroscopic DM candidates [28-32] (see Ref. [33]
for a recent review). The famous discovery by S. Hawking
tells that PBHs would thermally radiate elementary par-
ticles with masses less than the effective temperature
[34,35]. The elementary particles emitted from PBHs such
as gamma rays, neutrinos, and electrons in the evaporation
process suffer from a variety of cosmological constraints
[36-52]. Interestingly, the mechanism and phenomenology
of new particles beyond the Standard Model (SM) from the
Hawking radiation were also studied in very recent works
[53-62]. The emitted particles can acquire energies peaked
around a few hundred MeV from the evaporation of PBHs
with the asteroid-scale mass Mpgy = 10'° g. The sub-
sequent daughter particles then gain enough kinetic ener-
gies to reach the satellite telescopes or terrestrial detectors
on Earth.

We once proposed the scenario of light ALP emittance
from the Hawking radiation of PBH with asteroid mass
scale (referred as “PBH ALP”) and the relevant detection in
terrestrial detectors [57]. Later, Refs. [58,59] studied the
detection of gamma rays from the decay of ALP produced
by PBH evaporation. In this work, we suggest alternative
gamma-ray production mechanisms from light PBH ALP
and explore the detection in future satellite telescopes. The
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light ALP can be coupled to photons through an extremely
weak coupling
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where F,, is the SM electromagnetic field strength, and F uw
is its Hodge dual. As a consequence of this ALP-photon
coupling, photon-ALP oscillations can happen in the
presence of an external magnetic field [63]. After being
emitted by PBHs, ALPs propagate through cosmic magnetic
fields and can convert into photons that would be probed by
gamma-ray satellite experiments. This scenario is particu-
larly sensitive to ALPs with much smaller masses. On the
other hand, we also consider the scenario of ALP being
dominant component of the Milky Way DM halo and the
electron production from PBH evaporation. The energetic
electrons scatter off nonrelativistic ALP in DM halo and
emit gamma rays through the ALP-photon coupling in an
inverse Primakoff process [64,65].

The resulting gamma-ray signals from both scenarios
could be detectable by the proposed AMEGO [66,67],
e-ASTROGAM [68,69], and MAST [70] experiments with
specific spectral windows. AMEGO covers the energy
range of 150 keV-5 MeV, while e-ASTROGAM and
MAST extend to higher energies spanning 100 MeV to
3 GeV. AMEGO has the largest effective area in the low-
energy range, making it ideal for MeV-scale observations. In
contrast, e-ASTROGAM provides an effective area of
O(10%) cm?, while MAST achieves a significantly larger
effective area of O(10°) cm?. We will show the prospect of
probing ALP-photon coupling g,,, and the bound on the
fraction of DM composed of PBHs fppy in these three
experiments. The calculation of PBH radiation into elemen-
tary particles is based on quantum mechanism in curved
spacetime. The evolution of quantum vacuum states near the
black hole horizon to asymptotic states at infinity produces a
net thermal particle flux, characterized by an emission rate
following Hawking’s prediction [29,30,33,34,36,71]. The
PBH-sourced ALP flux itself is thus independent of the
ALP coupling constant; only the subsequent conversion to
photons or scattering process depends on this coupling. We
expect the bounds on g,,, and fpgy can be improved from
satellite experiments, compared with the current cosmic
constraints.

This paper is organized as follows. In Sec. II, we
overview the mechanism of PBH evaporation and show
the flux of emitted ALP or electron from Hawking radiation
in galactic and extragalactic regions. The signal event rates
in the gamma-ray experiments are then calculated in
Sec. III. We discuss two scenarios: the ALP conversion
under magnetic field and the scattering of electron with
axion DM halo. We then show the prospective detection
results of PBH and ALP-photon coupling in Sec. IV. Our
conclusions are drawn in Sec. V.

II. PBH EVAPORATION IN GALACTIC
AND EXTRAGALACTIC REGIONS

PBHs emit particles through Hawking radiation a quan-
tum mechanical process characterized by a thermal emis-
sion spectrum with temperature Tppy [35,72-75]

hc?
SHGMPBH ’

(2)

kB TPBH =

where kg is the Boltzmann constant, G is the Newtonian
constant of gravitation, and Mpgy denotes the PBH mass.
All particle species with masses below this temperature
threshold can be radiated via the PBH evaporation mecha-
nism. These primary particles may subsequently undergo a
decay process and generate secondary particle flux. The
general PBH emission rate can be expressed as [72,76,77]

&’N g T(E,Mpgy,a*)
dEdt 2rx eE/Tean — (_I)Zs ’

(3)

where E is the emitted particle energy, I" is the so-called
“graybody” factor describing the probability of elementary
particles escaping the PBH gravitational well, a* is the
PBH spin, g and s denote the degree of freedom and spin of
emitted particle, respectively. We adopt a monochromatic
mass distribution for PBHs. In this work, considering only
primary (direct) Hawking emission, we employ the public
code BlackHawk_v2.1 [78,79] to generate the above number
density of emitted particle.

The particle flux emitted from PBH can be divided into
the contributions of the PBHs in galactic halo and the
extragalactic PBHs

D dDyy
dEdQ  dEdQ

dzq)exgal
dEAQ

(4)

where @, and @, correspond to the flux from galactic
(gal) PBHs and extragalactic (exgal) PBHs, respectively,
and Q is the solid angle. The evaporation spectrum from
PBHs within the Milky Way is given by

dz(bg;ﬂ: fPBH d*N d‘Q'S
dEAQ ~ 4aMpgy dEdt Jror AQ

/0 ™ dsplr(s. L)) (5)

where fppy denotes the fraction of DM composed of PBHs,
and AQ is the integral to solid angle within the region of
interest (ROI). We implement the Navarro-Frenk-White
(NFW) DM profile [80]

o) =po( )" ()T i =1 (6)

o 1+r/r

where pg = 0.4 GeV/cm® is the local DM density [81],
ro = 8.5 kpe is the distance between the Sun and the
Galactic Center [82], and r, = 20 kpc is the radius of the
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The spectrum of ALPs with m, = 1072 eV (left) and electrons (right) from PBH evaporation, assuming Mpgy = 2 x 10! ¢

and fpgy = 1072, Both galactic (solid lines) and extragalactic (dashed lines) PBH contributions are included with a* = 0 (black) or

a* = 0.9999 (red).

galactic diffusion disk. The flux of PBHs within the
Milky Way requires integrating this DM density distribu-
tion along the line-of-sight distance s and over the
galactic coordinates (/,b) within the ROIL Here, the
galactocentric distance r becomes a function of s, /, and
b: r= (r3 +s*—2srgcoslcosh)'/?2. The differential
solid angle element is dQ; = dldb cos b. The maximum
line-of-sight distance s,,,, is determined by

Smax = F'o COSbcosl + \/”%m —r3(1 —cos’bcos?l), (7)

with the DM halo radius r,,, = 200 kpc [42]. Note that
what we calculate here is the differential flux per unit solid
angle, which is essentially an angular average of a line-of-
sight integral, rather than a volume integration. The
integration variable s denotes the path length along a fixed
direction (/, b), and the integral physically represents the
accumulation of the source density (in this case, the
PBH emitted particle flux) along that direction. For extra-
galactic PBHs at cosmological distance, we must account
for redshift effects and modify the particle emission
spectrum as

dzq)exgal _ /pBHPDM / © dz d°N (8)

dEdQ  4nMpgy J.—o H(z) dEdt

bl
E-E,

where the average DM density of the Universe at the
present epoch is taken as ppy = 2.35 x 10730 g/cm?,
which is determined by Planck 2018 results [83]. E, =

V/(E? = m?)(1 + z(1))> + m?> denotes the energy at the
source that is related to the energy E in the observer’s

frame by the redshift z(¢) for a massive particle. H(z) =
Ho/Qp 4+ Q,,(1 +2)> + Q,(1 + z)* is the Hubble expan-
sion rate at the redshift z in which Q,,Q,,, and Q, are
current dark-energy, matter and radiation densities of the
Universe, respectively. Figure 1 shows the spectrum of
ALPs with m, = 107'? eV (left) and electrons (right) from
PBH evaporation, assuming Mpgy =2 x 10'® g and
fpea = 1072. Both galactic (solid lines) and extragalactic
(dashed lines) PBH contributions are included with a* = 0
(black) or a* =0.9999 (red, limited by the package
BlackHawk_v2.1). The flux of ALP with a small mass extends
to much lower energy region, compared with that of
electron. A larger PBH spin parameter a* enhances the
emission spectrum beyond ~100 MeV.

III. GAMMA-RAY SIGNALS FROM PBH
EVAPORATION AND ALP-PHOTON
INTERACTION

When PBHs serve as source of ALPs, the produced
ALPs propagating through the galaxies can be efficiently
converted into photons via astrophysical magnetic fields
[84]. These gamma rays, upon reaching the solar system,
may be detected by space-based telescope experiments.
This gamma-ray production mechanism is termed the
“evaporation-conversion process” in this work. Alter-
natively, if ALPs constitute the local DM halo, PBH
electrons may undergo scattering with the ALPs during
their propagation through the Milky Way and also produce
gamma-ray signal via the ALP-photon coupling g, [65].
This mechanism is hereafter referred to as “evaporation-
scattering process.”
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In this section, we will discuss these two processes in
details and show the corresponding gamma-ray signal
spectra.

A. Oscillation of PBH emitted ALP under magnetic field

During propagation, the ALPs interact with ambient
magnetic fields via the ALP-photon interaction term in
Eq. (1). Under the resonant condition, this coupling induces
coherent ALP-photon oscillations, thereby converting ALPs
into detectable photons. A commonly used expression for
the ALP-photon conversion probability is given by [84—86]

2 Sinz(AoscR/2>

Py, = (Aa R) ’
! ! (AoscR/z)2

©)

where R is the distance traveled by the ALP, and A . is the
oscillation wave number caused by the ALP-photon inter-

V(80— Ay 4482,
Since the ALPs considered here are ultralight with masses
much smaller than eV, they satisfy the extremely relativistic

approximation condition E, > m,. In this case, the three
wave numbers A,, A,,, A, can be defined as

action, which is defined as A, =

ay»

B o}
A, =——2 A, =Q“L, A, =__0

y ="y W="0g (10)

where @y, is the effective plasma frequency of photons and
is related to the free electrons density in medium

with @y = \/4ran,/m, ~4 x 107" eVy/n,/cm™.

However, the actual magnetic field environments in the
Universe are not homogeneous, but instead exhibit far more
complex structures. The magnetic field in the Milky Way is
known to have a complex, multiscale structure [87,88]
while in galaxy clusters, observations clearly demonstrate
that the field exhibits turbulent behavior [89-91]. Given
these complexities, the simplified oscillation probability
described in Eq. (9) fails to accurately capture the true
ALP-photon conversion probability in such realistic astro-
physical environments. Therefore, we will subsequently
employ a rigorous propagation matrix method to separately
calculate the conversion probabilities of PBH ALPs tra-
versing galaxy clusters and the Milky Way.

For a monochromatic photon or ALP beam propagates
along the x5 axis' within a cold plasma, the propagation can
be described in terms of a Schrodinger-like equation [84]

'Regarding the ALP-photon conversion issue, the x; axis is
aligned with the photon propagation direction, while x|, x, axes
form the transverse plane perpendicular to the propagation
direction.

J Al(x3)
(id+E+M A | =0, ()
X3
a(xs)

where A;(x3) and A,(x3) denote the photon amplitudes
with polarization along the x; and x; axis, respectively,
while a(x;) is the ALP field strength. M is referred to
“ALP-photon mixing matrix” containing the information
about ALP-photon interaction.

In galaxy clusters, the magnetic field is not uniform but
consists of multiple coherent regions, each with a randomly
oriented direction. This implies that the magnetic field
exhibits a distinct turbulent structure, where the field
direction shows strong randomness across different loca-
tions. According to Ref. [92], the turbulent magnetic field
within galaxy clusters can be modeled as multiple coherent
domains with fixed strength but random orientations. In
each domain, the magnetic field strength is approximately
constant, and the direction remains unchanged. However,
when transiting to an adjacent domain, the field direction
abruptly changes in a random manner. Since the magnetic
field orientations are entirely random, the mixing matrix M
is a general three-dimensional matrix

Axx Axy Aay sin Vi
M, = Ay, Ay, Ay cosyy |, (12)
Ay siny A, cosyy A,

where the subscript k distinguishes different coherent
domains, while v represents the random magnetic field
orientation within each domain. The matrix elements are
givenby A, = Asiny + A | cos?yy, Ay, = Ay cos? yy +
A sinfyy, Ay = A, = (A —A,)siny; cosyy, where
A=Ay +7/20gep and A, = A +2A0ggp are two
wave numbers. For the considered energy window of
O(1-100) MeV in our case, the vacuum polarization
effect Agep can be neglected. Consequently, we have
Ay =A; =A, and the matrix element can be further
simplified to A, = A, = Ay, A, =A,, =0. In this
work, we adopt characteristic parameters to model the
cluster environment. Specifically, we assume a cluster
radius of R =1 Mpc and a turbulent magnetic field
coherence length of /. = 10 kpc [93]. They result in k =
R/I. =100 domains along the propagation path. Past
studies indicate that the magnetic field strength in galaxy
clusters follows the radial profile of the thermal electron
distribution n,(r), which can be expressed as [94]

Bcluster(r> = Bgluster(ne<r)/n(e))”’

no(r) = ng(1+r/ree) ™2, (13)
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FIG. 2. Left: Probability of ALP conversion into photon P5&
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within the galaxy clusters. ALP mass is chosen as m, = 1072 eV

(blue), 107" eV (orange), 107'° eV (green), or 10~ eV (red), and ALP-photon coupling is fixed as g,,, = 107> GeV~'. Right:
Probability of ALP conversion in the Milky Way P%ﬂy, calculated for a fixed propagation path from the Galactic Center to the Solar
System, with the g,,, and m, taking the same values as in the galaxy cluster case. We highlight the smoothed curves obtained through
Gaussian filtering with solid lines and dark colors, which are then used for our numerical calculations.

where 7 typically ranges between 0.5 and 1. In our analysis,
we adopt 7 =0.5, # =2/3, and for the most massive
clusters, the central magnetic field and electron number
density can reach up to BY ., = 10 pG, n? = 1072 cm™>
with the typical core radius r.,. = 100 kpc [95]. Since the
magnetic B(r) depends on radius, we determine the
magnetic field value of each domain by performing an
average over the radial integral.

Given that the ALPs originate from PBH Hawking
radiation, their momenta are assumed to be isotropically
distributed and their spin is zero. Therefore, the initial
density matrix is taken as p, = diag(0,0,1). The final
photon state consists of two linearly polarized pure
states, corresponding to pgna = P11 + P2 = diag(1,0,0) +
diag(0,1,0). As a result, the conversion probability is
given by

1
P = Tr(pna T Wis - w10 T (Wi - oow1)),

T(Wpsoeos ) = HTk = HeiMkl"- (14)
k=1 k=1

To fully describe the impact of the turbulent magnetic field,
we model the angle y as a uniformly distributed random
variable in the interval [0,27x), independently sampled in
each domain. Assuming that PBHs are located at the center
of a galaxy cluster, a total of 1000 Monte Carlo realizations
are performed, each involving a full-domain propagation
with a randomly generated set of angles {y}<i<i0o- The
median of the resulting conversion probabilities is then
adopted as the final statistical result.

In the left panel of Fig. 2, by fixing the coupling g,,, =
1072 GeV~! and considering four choices of ALP mass
m, = 10712 eV, 107" eV, 1071% eV, 107 eV, we show
the resultant conversion probability for different ALP
energies within the galaxy clusters (dashed lines). One
can see that the conversion probability exhibits an oscil-
latory behavior within a certain region. With increasing
energy, the conversion probability becomes stable. To
minimize the instability in numerical calculation caused
by the oscillation in probability, we smooth the results by
Gaussian filtering as shown by the solid lines and use the
smoothed probability for our analysis in the following.

The probability of ALP-photon conversion in the
Milky Way requires careful consideration of the Galactic
magnetic field structure. We adopt the “JF12 model” [88]
from the two most commonly used galactic magnetic field
models (the other being the Pshikov model from Ref. [87]).
The JF12 model’s regular field comprises disk, halo, and
X-field components. Here we implement two simplifica-
tions as follows. First, by treating the Milky Way as a two-
dimensional disk (z = 0), we naturally exclude the halo and
X-field components and reduce the magnetic field to purely

planar configurations along the ¢ and # directions, corre-
sponding to the molecular ring and spiral arm components
of the disk field, respectively. Second, since galactic PBH
distributions inherit their profiles from DM models that
predict strong central concentration, we accordingly con-
sider a single propagation path extending from the Galactic
Center to the Solar System, with a characteristic length of
8.2 kpc [96].
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Along this propagation path, the magnetic field strength
falls off as 1/r. We therefore employ a cell-like approach
by dividing the path into eight segments corresponding to
the number of spiral arms. Within each domain, both the
field strength and orientation are treated as approximately
uniform. This allows us to simplify the calculation by
rotating the angle y to zero. This rotation makes ALPs only
couple to the photon polarization state along the x,
direction, while leaving the x;-polarized photon state
completely decoupled. The propagation matrix M con-
sequently simplifies to

A, 0 0
Mo=| 0 & 4, | (15)
0 A, A,

We then follow Ref. [88] to calculate the averaged magnetic
field within each domain, adopting a mean thermal electron
density of n, = 1072 cm™ in the Milky Way [97,98].
Following the method employed for galaxy clusters, the
conversion probability within the Milky Way Pia_l)y has been
calculated and presented in the right panel of Fig. 2. In
addition, to minimize the instability caused by the oscil-
lation in probability, we also smooth the results by Gaussian
filtering.

The gamma rays from ALP conversion then yield the
following energy spectrum:

P,  dPD .
g gal gal
- P - 9 a
dEdQ ~ agaq * Pe=rlma: 9ar)
2<Dexgal exgal
dEdQ X Pa_’}’ (ma’ gayy)7 (16)

A schematic illustration of conversion from PBH ALPs in cosmic background magnetic fields.

where the superscripts “gal” and “exgal” of P,_,, represent
different regions in the Universe. In Fig. 3, we show the
schematic illustration of conversion from PBH ALPs in
cosmic background magnetic fields. We categorize extra-
galactic regions into the extragalactic background light
(EBL) and galaxy clusters. For the Milky Way and these
extragalactic regions, the relevant background parameters
are summarized in individual boxes. In this case, we
consider only two photon production modes: (1) conversion
of PBH ALPs to photons within the Milky Way’s magnetic
field and (2) conversion of extragalactic PBH ALPs in
galaxy cluster magnetic fields. Due to the weak magnetic
field strength of the EBL B ~nG [99,100], we omit the
contribution of PBH particles to the photon signal when
passing through this region in subsequent calculations.
For this analysis, we focus exclusively on gamma-ray
signals within a specific angular region centered on the
Milky Way’s Galactic Center, defined in galactic coordi-
nates as |/| < 5° and |b| < 5°. Figure 4 displays the differ-
ential gamma-ray flux produced by PBH emitted ALPs after
propagating through the galactic (solid lines) or extraga-
lactic (dashed lines) background magnetic fields. In the left
panel of Fig. 4, we plot d2d>sig /dEdQ for a PBH mass

Mpgy =2 x 10" g and a fraction fpgy = 1072, values
permitted by extragalactic gamma-ray constraints [36].
Here, we examine two PBH spin scenarios: a* = 0 (black)
and a* = 0.9999 (red), while fixing g,,, = 1072 GeV~".
The energy windows are also shown for AMEGO
(150 keV-5 MeV, light blue) and e-ASROGAM/MAST
(100 MeV-3 GeV, light purple). One can see that the energy
spectrum peaks at £~ 1 MeV, mainly falling within the
AMEGO energy window. For the same PBH mass, a larger
spin shifts the emission to higher energies, reaching several
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FIG. 4. Differential gamma-ray flux from PBH emitted ALPs after propagating through the galactic (solid lines) or extragalactic
(dashed lines) background magnetic fields, with Mpgy = 2 x 10'° g and fpgy = 1072 (left) or Mpgy = 2 x 10* g and fpgy =
1.41 x 1078 (right). Two cases of PBH spin with a* = 0 (black) and a* = 0.9999 (red) are considered, and Jayy 18 fixed to be
10712 GeV~!. The energy windows are also shown for AMEGO (150 keV—5 MeV, light blue) and e-ASROGAM/MAST (100 MeV—
3 GeV, light purple). The total PBH gamma-ray backgrounds are also shown by gray curves.

tens of MeV or even beyond. This is a consequence of
angular momentum-enhanced Hawking evaporation. In
contrast, spinless PBHs emit predominantly at lower ener-
gies, yet their signal flux exceeds that of maximally
spinning PBHs (a* = 0.9999) by an order of magnitude.
In the right panel of Fig. 4, we present the signal flux for
Mpgy =2 x 10" g and fpgy = 1.41 x 1078, Compared
with the case in the left panel, the flux peak shifts to higher
energies with decreasing PBH mass. Consequently, the
e-ASTROGAM and MAST experiments with their higher-
energy windows are better suited to detect such signals from
lower-mass PBHs.

In addition to the gamma rays produced through the
evaporation-conversion process, there exist other back-
grounds in the Universe. For the extragalactic photon
background (EGB), current gamma-ray experiments such
as Fermi-LAT [101], COMPTEL [102], and INTEGRAL
[103] have provided a complete energy spectrum in the
range of keV-TeV. The background flux of extragalactic
gamma ray can be given as

d2®bkg

exgal

dEdQ
> p°ke

exgal

dEdQ

__exgal
_ exgal( E ) a
- bkg ’
150 ke V<E<5 MeV 1 MeV

exgal E o
= Avke | 100 Mev
100 MeV<E<3 GeV

<o [-(2))

(17)

where the power-law model for the low-energy region
has Ag’gﬂ =0.004135 MeV-'em2s7!sr! and a8 =
2.8956 [104]. The power-law model with exponential
cutoff for the high-energy region comes from the Fermi-
LAT collaboration [101]: Ag’ﬁiﬁl =1.48x107"MeV™!
cm2s tsr g™ =231, and E. =362 GeV. For the
galactic gamma-ray background, a fitted model [105] is
adopted in the low-energy region. In the high-energy
region, we fit the pion-decay data from Ref. [105], which
dominates in this region. They are given as follows:

2 & Pkg
d-d sal

dEdQ

= gal ( E ) —as!
150 keV<E<5 MeV bke\ 1 MeV
E },ga]
<o |-(2)" |
= gal ( E ) —o&!
100 MeV<E<3 GeV bke\ 100 MeV

()]
X exp |— E— s

with the best-fit values Aﬁi‘ilg =0.013 MeV-tem=2s lsrl,
at = 1.8, E, =20 MeV, and y&! =2 for low-energy
region, and Aﬁilg =0.00538 MeV-!em2s s !, o2 =
3.32, E,=45708 MeV, and y® = —0.343 for high-
energy region.

bkg
dzcbgal

dEdQ

(18)
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In addition, PBHs can emit both ALPs and photons via
Hawking evaporation. Reference [40] explicitly addresses
the detectability of gamma rays from PBH evaporation. For
the energy region we consider, the PBH photon flux can be
more significant than the observed astrophysical gamma-
ray background, and thus, it plays as the other major
background in our case. We again use BlackHawk to generate
the number density of photons from PBH evaporation and
show the total fluxes of PBH gamma-ray background using
gray curves in Fig. 4.

B. Scattering of PBH emitted electron
with ALP DM halo

Next, we consider the scattering between PBH
emitted electrons and ALPs in the Galactic DM halo. In
this scenario, DM comprises two components: PBHs
and ALPs with their fractional abundances obeying
fpu + fa = 1. Here, the ALP DM acts as a stationary
target in the laboratory frame, while PBH electrons with a
certain energy scatter off the DM halo. After neglecting the
energy losses of PBH electrons during propagation within
and beyond the Milky Way, the scattering process produces
a real photon in final states through the exchange of a
virtual photon in the ¢ channel”

e +a—e +y, (19)
where we assume photophilic ALP with only g,,, coupling.

The gamma-ray energy spectrum is given after integrating
over all possible incident PBH electron energies E, [64,65]

LD, f dQ
| —Ja S dsplr(s, 1, b
dEdQ|;_p — m, Am g plr(s. 1))
B4, do
dE,—£—"%(E,E,). 20
/ capar (BB (20)

Since this evaporation-scattering process requires integrat-
ing the PBH emission spectrum over the entire energy
range of E,, the energy spectra for a* = 0 and a* = 0.9999
are nearly identical. Thus, in the following discussion, we
assume PBHs to be spinless (a* = 0). For a fixed incoming
electron energy, the minimum and maximum gamma-ray
energy can be given by kinematic condition [64]

Emin/max o mé + zmaEe

’ C2E, 4+ 2m, £ 2/E2 —m2

(21)

2Charged particle such as proton can also generate a gamma
ray through the same scattering process [65]. In this work, we
focus exclusively on the scattering of the relativistic electron off
DM halo.

which yields EM'™ = m, /2 and EF* ~ E, at high energies.
The minimum E, as a function of E, can be obtained by
inversely solving the above kinematic condition

EMN = [-2E7m, + 3E,m} — m}

+ E, cos O(4EZm2 — AE,m} + m} — 2E2m?  (22)

+ 8E,m,m2 — 4mim?2 + 2E2m? cos 260)'/?]

/[2(E? = 2E,m, + m2 — EZcos*0)], (23)

where the scattering angle € = x ensures that the minimal
energy of the incoming electron is sufficient to cause this
process. We set the maximum E, to achieve 99.99%
integration efficiency for the electron emission flux, e.g.,
E™™ =200 (20) MeV for Mpgy = 1 x 1015(2 x 10'%) g.
For Mpgy = 1 x 101 g as illustration, the left panel of
Fig. 5 shows the minimum E, as a function of m, with E,
being equal to the energy boundaries of AMEGO (red
lines) or e-ASTROGAM/MAST (blue lines). As a result,
we find the certain detectable range of ALP mass for each
experiment.

The right panel of Fig. 5 illustrates the gamma-ray
spectrum dZQSig/dEdQ with two selected PBH masses
Mpgy = 1 x 10 g (red) and 2 x 10'¢ g (black). The
corresponding values of PBH fraction are allowed by
extragalactic gamma-ray constraints: fpgy = 4.22 x 1077
and fpgy = 0.01, respectively. In addition, we also con-
sider three ALP masses m, = 1 keV (solid line), 0.1 MeV
(dashed line), and 10 MeV (dotted line). One can see that
the minimum photon energy EI'™ shifts to lower values as
the ALP mass decreases, as required by the kinematic
condition in Eq. (21). Meanwhile, since the spectrum
Eq. (20) is inversely proportional to m,, lighter ALPs
are expected to emit more photons under identical con-
ditions. In addition, lighter PBH generates a more energetic
gamma ray and yields a wider energy range.

IV. PROSPECTIVE DETECTION OF PBH
AND ALP-PHOTON COUPLING

Given the energy spectra of the gamma-ray signal and
background, we employ the Fisher forecasting method
[106] to numerically evaluate the detection prospects for
PBHs and light ALPs. Relative to the maximum likelihood
ratio (MLR) method, Fisher forecasting provides the
advantage of requiring fewer parameters and enabling
simpler model. The core principle of this approach
involves using the Fisher information matrix (computed
from the first and second derivatives of the signal spectrum
function) to quantify the sensitivity of observed data to
selected parameters. This method demonstrates excellent
local approximation properties. Mathematically, the Fisher
information matrix is an n-dimensional symmetric pos-
itive-definite matrix, defined as the second derivative of
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Left: The minimum E, as a function of m, with E, being equal to the energy boundaries of AMEGO (red lines) or e-

ASTROGAM/MAST (blue lines). We choose Mpgy = 1 x 101 g for illustration. Right: Gamma-ray spectrum d’®g,/dEdQ from

sig

PBH electron scattering off ALP DM with two selected PBH masses Mpgy = 1 x 10" g (red) and 2 x 10'® g (black), and three ALP
masses m, = 1 keV (solid line), 0.1 MeV (dashed line), and 10 MeV (dotted line). The total PBH gamma-ray backgrounds are also

shown by gray curves.

the log-likelihood function In£(6|D) with respect to

-

n-dimensional parameter vector € given data set D. The
eigenvalues of the Fisher information matrix quantify the
sensitivity of parameter estimation along orthogonal direc-
tions in parameter space. Reference [105] presents a
generalized signal-to-noise ratio (SNR) formulation of
the Fisher matrix

Ernax
Emin ROI

where 6 = 1 denotes that all parameters in 6 are set to 1 in
the function ¢(E, Q), ¢(E, Q) = d*®/dEdQ represents the
combined contribution of both signal and background
fluxes with ¢ = ¢sig + ¢bkg7 and g(E) = TobsAeff(E)
denotes the instrumental exposure for gamma-ray detection,
combining observation time 7., with energy-dependent
effective area A.¢(E). The background flux includes both
the observed astrophysical gamma-ray background and the
gamma-ray background from PBH evaporation. In this
work, we uniformly set the observation time to one year
and consider the effective areas of three detectors AMEGO
[67], e-ASTROGAM [68], and MAST [70].

The Fisher information matrix is used to calculate the

0;¢(E,Q)0;¢(E, Q)
H(E.Q|0 =1)

(24)

reachable limits on a specific set of parameters 6. In
practice, nuisance parameters such as background param-
eters are typically profiled out to derive the “profiled Fisher
information matrix.” For instance, to project constraints

onto the fpgy and Mppy parameter space, our model
incorporates two types of parameters for a fixed Mppy:
fpeu as the only parameter of interest (Pol), and the
nuisance parameters Ag’]i‘fc,al, acxedl] A‘g'i]g, atl, E,, and y&
for AMEGO (or A,gjilg, a, E_, and y# for e-ASTROGAM
and MAST). Since the extragalactic background is at least 1
order of magnitude smaller than the galactic background in
the high-energy region, we neglect extragalactic compo-
nents in the Fisher forecasting for e-ASTROGAM and
MAST. The Fisher matrix is partitioned into a block form as

follows:
I, IF
7= (3 ).
Ic Ip

where the Fisher matrix element 7, = 7, quantifies the
sensitivity of the signal to variations in the PBH fraction
fpeu» and the remaining components, Z¢, Z%, and Zp, are
relevant for background parameters. Using the Schur
complement lemma, one can define the profiled Fisher
information matrix as Z, = Z, —ZLZ3'Zc. Thus, Z,
preserves the statistical information of the ROI while
eliminating covariance interference introduced by nuisance
parameters. The inverse of each diagonal element of 7,
gives the upper limit for the corresponding parameter [105]

07" = fpn = Z(P)\/ jﬁ,lllv

(25)

(26)
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FIG. 6. Left: Projected 95% CL upper limits on the PBH DM

10—8.
10-100 CAST
S
= 4012k
)]
a* Jfen  Mppu
10714} 0 0055 3x10'g — AMEGO
0.9999 7.7x107° 5x10"°g — e~ASTROGAM
0.9999 7.7x107° 5x101%g — MAST
10—16 s s s ' s
1072 10" 107 107 1078 1077 1076
mg[eV]

fraction fppy for the evaporation-conversion scenario from three

experiments, with fixed ALP-photon coupling at g,,, = 5 X 10713 GeV~!, ALP mass at m, = 1072 eV and a* = 0 (solid lines) or
a* = 0.9999 (dashed lines). The shaded regions are excluded by astrophysical observations [36]. Right: Projected 95% CL upper limits
on ALP-photon coupling g,,, from three experiments, with a* = 0 or 0.9999 and illustrative Mpgy and fpgy. The shaded regions show
parameter space excluded by CAST and astrophysical observations [110].

where Z(p) is the cumulative distribution function. We
consider the upper limit of fppy at the 95% confidence level
(CL) with Z(0.05) = 1.645.

A. Prospects from PBH ALP-photon oscillation

Based on current null results from gamma-ray obser-
vations, the left panel of Fig. 6 displays the projected
95% CL upper limits on the PBH DM fraction fpgy for the
evaporation-conversion scenario. We fix the ALP-photon
coupling at g,,, =5x 107"* GeV~! and the ALP mass
at m, = 107'2 eV allowed by ALP constraints. Solid
lines represent limits for spinless PBHs (a* = 0), while
dashed lines correspond to maximally rotating PBHs
(a* =0.9999). For comparison, we also include other
Sfpeu constraints from extragalactic gamma rays (EGy-
rays) and the evaporated PBH background in the early
Universe (CMB) [36].% Since heavier PBHs emit predomi-
nantly in low-energy regions, AMEGO with lower detect-
able energy window can be sensitive to a larger PBH
mass range Mpgy = 5 X 101% g (Mpgy = 2 x 106 g) with
viable parameter space for a* =0 (a* =0.9999). The
e-ASTROGAM and MAST experiments with their
extended high-energy coverage can probe much lighter
PBHs whose corresponding parameter space has signifi-
cantly been ruled out by existing constraints.

Next, utilizing the known EGy-rays constraint on fpgy,
we reverse the Fisher forecasting procedure for fppy-Mppy
to obtain the reachable limits on ALP-photon coupling g,,,,
for specific PBH masses and allowed fppy values. The right
panel of Fig. 6 shows the 95% CL upper limits on g,
versus m, from three experiments for fixed PBH masses
and a* =0 or 0.9999. We choose two illustrative mass

There exist other constraints from Hawking radiation effect
on the intergalactic medium temperature evolution [107-109].

benchmarks: Mpgy =3 x 101° ¢ for AMEGO, and
Mpgy = 5 x 10 g for e-ASTROGAM and MAST. The
maximal values of allowed fpgy are also taken. Our analysis
demonstrates that AMEGO can probe ALP-photon cou-
pling down to g,,, ~1x 107" GeV~! for Mpgy = 3 x
10' g and m, < 107'° eV, improving upon current astro-
physical constraints by 1 order of magnitude. The limit
becomes weak significantly for m, > 107! eV due to rapid
decline of conversion probability within the integral
region. MAST with larger effective area achieves more
stringent limits than e-ASTROGAM, providing comple-
mentary coverage to AMEGO’s results in the ALP mass
range m, > 10710 eV.

B. Prospects from scattering of PBH electron
off ALP DM

Due to the extremely small scattering cross section in the
evaporation-scattering scenario, this channel produces sig-
nificantly weaker constraints on fppy compared to the
evaporation-conversion process. We therefore focus on the
projected sensitivity for g,,, and compare our results with
constraints derived from cosmic-ray electrons scattering off
ALP DM in Refs. [64,65].

In Fig. 7, given four PBH mass benchmarks with a* = 0
as electron source, we present the projected limits on g,,,
for AMEGO as illustration. The results demonstrate that if
PBHs as light as 1 x 10'* g can survive to the present day,
the constraint they impose around m, ~ 107 GeV~! is
essentially comparable in magnitude to the strongest limits
obtained from cosmic-ray scattering at CTA [65].
Furthermore, it turns out that heavier PBHs with Mpgy 2
10'6 g provide complementary sensitivity reach of Gayy for
m, 2 107* GeV. However, due to the constraint on fpgy
value, the projected coverage of parameter space has already
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FIG. 7. Projected limits on g,, from AMEGO for the evapo-

ration-scattering scenario. We selected four PBHs with different
masses and a* = 0 as electron sources, with their corresponding
parameter constraints represented by solid lines: 1 x 10 g
(black), 1 x 10" g (pink), 2 x 10'® g (blue), and 5 x 10'¢ g
(green). The constraints on g,,, obtained by cosmic-ray scattering
in Fermi, CTA and e-ASTROGAM [64,65] are also presented
(dashed lines). The shaded regions show parameter space
excluded by astrophysical observations and the collider experi-
ment [110].

been excluded by other astrophysical constraint and collider
bounds.

V. CONCLUSION

The ALP and PBH are two representative DM candidates
as light bosonic DM and macroscopic objects, respectively.
In this work, we systematically study the gamma-ray
production mechanisms through PBH evaporation and
ALP-photon coupling g,,,. Furthermore, we evaluate the
detection prospects for these signals in next-generation
satellite telescopes, including AMEGO, e-ASTROGAM,
and MAST.

We first propose the evaporation-conversion scenario in
which light ALPs are emitted by PBHs and are converted
into photons in the presence of magnetic field in the
Universe. The second scenario assumes ALPs as dominant
DM component in the Milky Way and considers the
electron production from PBH evaporation. The emitted
electrons scatter off nonrelativistic ALP in DM halo and
produce gamma rays through the ALP-photon coupling.
Applying the Fisher forecasting method, we calculate the

gamma-ray energy spectra for these two scenarios and
derive projected sensitivity for PBH fraction fppy and
ALP-photon coupling g,,,. Our main results are summa-
rized as follows:
(i) In the evaporation-conversion scenario, AMEGO’s
enhanced low-energy sensitivity enables probing of
an extended PBH mass range (Mpgy =5 x 101 g
for a* = 0 and Mpgy = 2 x 10'° g for a* = 0.9999),
covering parameter space still viable under current
extragalactic gamma-ray constraints. With their ex-
tended high-energy sensitivity, the e-ASTROGAM
and MAST experiments can explore much lighter
PBHs whose corresponding parameter space has
significantly been ruled out by existing constraints.

(il) AMEGO can also probe ALP-photon coupling down
t0 gupy ~1x 10713 GeV™! for m, < 107'° eV and
heavier PBHs. MAST provides complementary cov-
erage to AMEGO’s results in the ALP mass
range m, > 10710 eV.

(iii) In the evaporation-scattering scenario, the small
scattering cross section yields significantly weak
constraints on fpgy. Compared with cosmic-ray
electron scattering, heavier PBHs with Mpgy =
10'® g provide complementary sensitivity reach of
Gayy for m, 2 10~* GeV. However, the projected
coverage of parameter space has already been
excluded by other astrophysical constraints or the
collider bound.

Note added. This work is purely theoretical, and no
experimental data has been collected. All numerical results
from calculations are presented in the plots in this article.
They can be reproduced using the information provided in
the manuscript.
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