
Detecting axionlike particles with primordial black holes

Kaustubh Agashe,1,* Jae Hyeok Chang ,1,2,† Steven J. Clark,3,4,5,‡ Bhaskar Dutta,6,§ Yuhsin Tsai,7,∥ and Tao Xu 8,9,¶

1Maryland Center for Fundamental Physics, Department of Physics, University of Maryland,
College Park, Maryland 20742, USA

2Department of Physics and Astronomy, Johns Hopkins University, Baltimore, Maryland 21218, USA
3Department of Physics, Brown University, Providence, Rhode Island 02912-1843, USA

4Brown Theoretical Physics Center, Brown University, Providence, Rhode Island 02912-1843, USA
5Hood College, Frederick, Maryland 21701, USA

6Mitchell Institute for Fundamental Physics and Astronomy, Department of Physics and Astronomy,
Texas A&M University, College Station, Texas 77845, USA

7Department of Physics, University of Notre Dame, Indiana 46556, USA
8Department of Physics and Astronomy, University of Oklahoma, Norman, Oklahoma 73019, USA

9Racah Institute of Physics, Hebrew University of Jerusalem, Jerusalem 91904, Israel

(Received 29 March 2023; accepted 23 June 2023; published 14 July 2023)

Future gamma-ray experiments, such as the e-ASTROGAM and AMEGO telescopes, can detect the
Hawking radiation of photons from primordial black holes (PBHs) if they make up a fraction or all of dark
matter. PBHs can analogously also Hawking radiate new particles, which is especially interesting if these
particles are mostly secluded from the Standard Model sector, since they might therefore be less accessible
otherwise. A well-motivated example of this type is axionlike particles (ALPs) with a tiny coupling to
photons. We assume that the ALPs produced by PBHs decay into photons well before reaching the Earth,
so these will augment the photons directly radiated by the PBHs. Remarkably, we find that the peaks in the
energy distributions of ALPs produced from PBHs are different than the corresponding ones for Hawking
radiated photons due to the spin-dependent graybody factor. Therefore, we demonstrate that this process
will in fact distinctively modify the PBHs’ gamma-ray spectrum relative to the Standard Model prediction.
We use monochromatic asteroid-mass PBHs as an example to show that e-ASTROGAM can observe the
PBH-produced ALP gamma-ray signal (for masses up to ∼60 MeV) and further distinguish it from
Hawking radiation without ALPs. By measuring the gamma-ray signals, e-ASTROGAM can thereby probe
yet unexplored parameters in the ALP mass and photon coupling.

DOI: 10.1103/PhysRevD.108.023014

I. INTRODUCTION

Future satellite telescopes, like the proposed
e-ASTROGAM [1] and AMEGO [2] experiments, will
play a vital role in multimessenger astrophysics and cover
the energy gap in the current gamma-ray observations
between order 0.1 to 10 MeV scales. This energy window
includes motivated target signals from beyond the Standard
Model (BSM) physics, such as the gamma-rays produced

fromdarkmatter (DM) annihilation [3–9], from theHawking
radiation of primordial black holes (PBHs) [9–17], or from
the decay of axionlike particles (ALPs) produced in the early
Universe [17]. Ifmore than one type ofBSMphysics exists in
nature, then the new physics objects can also couple to each
other through SM or BSM interactions, or at a minimum via
gravity. A careful measurement of the gamma-ray spectrum
in these experiments may simultaneously identify signals
with more than one BSM origin.
In this work, we investigate the possibility of using the

e-ASTROGAM experiment to identify the Galactic Center
gamma-ray signal from PBHs. The signal is composed of
both direct PBH production of photons and indirect pro-
duction from ALPs Hawking radiated by the PBHs. These
ALPs subsequently decay into photons well before reach-
ing the Earth, producing the indirect secondary signal. In
particular, we study the Hawking radiation of PBHs
with asteroid-scale mass MPBH ∼ 1015−17 g that emit with
Hawking temperatures TH≈ ð1016 g=MPBHÞMeV∼Oð0.1−
10ÞMeV and have a lifetime τ ≈ 105ðMPBH=1016 gÞ3 Gyrs
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comparable to the age of the Universe ifMPBH ≲ 1015 g. We
map out the ALP and PBH parameters for observing the
galactic gamma-ray signal at e-ASTROGAM, and further
discuss the possibility of distinguishing signals from PBH
with and without ALP production.
Before discussing our work, we provide a quick review

of the components in our analysis, starting with PBHs. The
PBH has long been considered a plausible candidate for all
or a fraction of cold dark matter [18]. There are many
proposals for producing PBHs in the early Universe, such
as a cosmological scenario that produces an order one
density contrast in the early Universe [19–29], first order
phase transitions [30–43], the dynamics of scalar field
fragmentations [44–47], collapse of cosmic strings [48–51]
or domain walls [52,53], and holographic cosmology
[54–56]. Hawking radiation produces BSM particles with
rates that only depend on particles’ masses and spins
regardless of their coupling to the SM sector. Therefore,
PBHs are a source for producing BSM particles even if
their relic abundance is negligible. Many studies discuss the
PBH production of DM or dark radiation [57–68], ALP
[69–72], or the baryon asymmetry [73–85] before big
bang nucleosynthesis (BBN), i.e., in the relatively early
Universe. Our focus instead will be on the PBH production
of new particles at a low redshift [86–92], so that the
relevant experiments can detect PBH signals both from the
SM and the BSM particles that they produce currently.
Previous analyses from the COMPTEL [93] and

Fermi-LAT [94] experiments set upper bounds on the
direct gamma-ray flux from PBHs. The better sensitivity
of the e-ASTROGAM experiment opens up a new
window for PBH observation between Eγ ≈ 0.1–10 MeV
and flux E2

γdΦ=dEγ ≈ 10−6–10−5 MeVcm−2 s−1, which
corresponds to signals from PBHs with a monochromatic
asteroid-scale mass and energy density fraction fBH
(of the Milky Way DM density) that satisfies 10−6 ≲
fPBHð1016 g=MPBHÞ3 ≲ 10−4 [13].
In this work, we extend the target for the gamma-ray

search of BSM physics from PBHs alone to new particles
produced by the PBHs, focusing on ALPs as an illustration.
Namely, we study the signal in the “ALP case,” which
refers to the PBH scenario that produces ALPs from
Hawking radiation, followed by their prompt decay into
photons, thus modulating the direct photon production by
PBHs. Then, we compare the signal to the “SM case,”
which refers to the PBH scenarios with only SM particles.
Because the observation of the galactic gamma-ray signal
sets a stronger bound on the PBH abundance than the
search of dwarf spheroidal galaxies [13], we focus on the
Milky Way galactic signal for the ALP case.
ALPs are a widely studied subject in particle physics and

cosmology, where the axion field was originally proposed
to solve the strong CP problem in QCD [95,96] and later
realized to be a viable DM candidate [97–100]. The ALP
generalizes the phenomenology of the QCD axion without

a necessary connection to the strong CP problem, but it can
help to address other physics questions such as cosmic
inflation [101–103], hierarchy problems [104–106], or
serve as a benchmark target for DM searches [107–110].
Some earlier experiments and astrophysical and cosmologi-
cal studies have also excluded part of the parameter space for
the axion mass and coupling, see [111–113] for recent
reviews. If the ALP is indeed responsible for one of the
physics puzzles described above, then the existence of PBHs
guarantees ALP production when the process is kinetically
allowed. We consider the ALP scenario with the Lagrangian

Laγγ ⊃
1

2
∂μa∂μa −

1

2
m2

aa2a þ
gaγγ
4

aFμνF̃μν: ð1Þ

The ALP can decay into two photons with the aFμνF̃μν

coupling. Here we assume the diphoton channel dominates
the ALP decay for the mass ma < 100 MeV1 considered
in this work. This assumption is realized in axion models
where the SM leptons do not carry the Peccei-Quinn charge,
such as the well-studied Kim-Shifman-Vainshtein-Zakharov
(KSVZ) model [114,115] where axion couples to SM
through heavy vectorlike quarks [116,117]. In this case,
the ALP decay width in the rest frame is

Γa ¼
g2aγγm3

a

64π
: ð2Þ

We can then summarize our results of working out the
“interaction” between PBHs and ALPs as follows. Since
PBHs produce ALPs with a nearly thermal energy dis-
tribution Ea, after traveling distance D from the PBH, the
produced ALPs decay into photons with a probability

Pa;decayðEa;DÞ ¼ 1 − exp

�
−DΓa

maffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
a −m2

a

p
�
: ð3Þ

The ALP case, therefore, has a gamma-ray spectrum both
from the direct PBH production and a secondary emission
from the ALP decay. In Fig. 1, we show the photon spec-
trum in the ALP case for MPBH ¼ 1015 g, fPBH ¼ 10−8,
and different ALP masses. In the example, the Hawking
temperature TH ≈ 10 MeV generates a primary gamma-ray
spectrum peaked around 10TH [118]. In general, due to the
spin-0 graybody factor, Eγ < Ea from the ALP decay, and
the suppressed production of ALPs much heavier than the
primary photon peak, the visible ALP peak is always on the
left side of the primary peak. The ALP spectrum has a
different peak location and spectral shape than the photon
spectrum in the SM case, and the double-peak feature of the
spectral shape makes it possible to distinguish between the
signals for the ALP and SM cases. We leave the details of
the spectrum calculation to Sec. II.

1For the PBH masses we consider, ALPs with ma > 100 MeV
have negligible production rates. For ma < 100 MeV < 2mπ,
decay into SM hadrons is kinematically forbidden.
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For claiming the observation of the ALP signal, since we
do not know a priori the PBH mass and abundance, we
need to be able to distinguish the photon spectrum in Fig. 1
from the SM case with arbitrary PBH parameters. We
conduct a less ambitious study in this work by assuming
nonrotating PBH with a monochromatic mass spectrum.
With the expected e-ASTROGAM sensitivity given in [2],
we calculate the region of ma and fPBH for a given MPBH
that allows the e-ASTROGAM to differentiate signals in
the ALP case from the SM case.
Figure 2 summarizes regions of the ALP parameters we

identify that allow 3σ e-ASTROGAM differentiation
between the ALP- and SM-case signals. The lower bounda-
ries of each colored region give the minimum gaγγ for ALPs
produced at the Galactic Center fromPBH to havePa;decay ¼
0.99 decay before reaching the Earth.2 We consider the Ea

distribution from the Hawking radiation in the probability
calculation described in Sec. II. The right boundary of each
colored region indicates themaximumALPmass that can be
produced and generate distinct enough signals between the
two cases.We explain the details of the calculation in Sec. III.
Figure 2 also shows the existing exclusion bounds (light

gray) from various collider, astrophysical, and cosmologi-
cal analyses. To enlarge the allowed ALP parameter space
for the indirect detection signal, we already assume a low
reheating temperature Treh ¼ 5 MeV that weakens the
BBNþ ΔNeff bound [131,133]. Our result shows that
the existing bounds have tightly constrained the ALP
parameter space for producing a distinguishable Galactic
Center gamma-ray signal from the PBH emission, besides
three regions labeled in the plot. Parameters around the so-
called cosmological triangle region at point A can exist
either with the presence of ΔNeff , a nonvanishing neutrino
chemical potential, or a lower reheating temperature
[135,136].3 For PBH mass around 1015 g, the correspond-
ing Hawking temperature is high enough to produce ALPs
with ma ≈ 40–60 MeV. The ALPs in the region around B
permit distinctive enough gamma-ray signals compared
to the SM case. However, the ALPs need to have domi-
nant decay into photons even if the a → eþe− decay is

FIG. 1. An example of the gamma-ray spectrum from Hawking
radiation with the SM case (purple) and the ALP case with ma ¼
60 MeV (blue), ma ¼ 30 MeV (green), ma ¼ 10 MeV (yellow),
and ma ≪ TH (red). The PBH mass is MPBH ¼ 1015 g, corre-
sponding to TH ≈ 10 MeV, and the energy density fraction of
DM is fPBH ¼ 10−8. In this figure, we assume that the ALP decay
length is much shorter than the distance to the sources (PBHs)
and consider its decay to be prompt (instantaneous after creation)
when calculating the ALP-case flux. The region of interest is
chosen to be the Galactic Center with jRj ≤ 5°. Experimental
constraints and future sensitivity are shown in black for COMP-
TEL (solid), Fermi-LAT (solid), and e-ASTROGAM (dashed).

FIG. 2. The ALP parameter space that can be probed by
PBHs. The PBH parameters are chosen as MPBH ¼ 1015 g,
fPBH ¼ 10−8 (red); MPBH ¼ 1016 g, fPBH ¼ 10−5 (blue);
MPBH ¼ 1017 g, fPBH ¼ 10−2 (green). Existing bounds (gray)
are taken from [119–134].

2Pa;decay ¼ 0.99 was taken as an estimate for the maximum
sensitivity as it approximates a near complete ALP decay. This
corresponds to where the later used gamma-ray analysis can be
conducted irrespective of gaγγ and should be viewed as a
conservative estimate for the region. A more careful analysis
would be able to slightly extend the region but is beyond the
scope of this work.

3Reference [137] shows that the measurement of the explosion
energy of SN1987A is in severe tension to ALP around the
cosmological triangle unless the star cooling process is signifi-
cantly different from the standard picture.
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kinematically allowed. As mentioned above, the dominant
photon decay can be achieved in models like the KSVZ
scenario where the SM leptons do not carry the Peccei-
Quinn charge. The allowed parameter space in theC region
remains open for the ALP-case signal if the SM particles
get populated only starting from a low temperature
≈5 MeV. A higher reheating temperature of the SM sector
can thermally produce relativistic ALPs and therefore
generate ΔNeff that violates the BBN constraint.4 For the
following study, we assume the ALP with a given ma has a
value of gaγγ that is outside of the excluded (gray) region
but inside the colored (green, blue, red) region (making the
signal observable) and will not specify the coupling again.
The format of the paper is as follows. In Sec. II, we

review the calculation of gamma-ray and ALP production
from Hawking radiation. We calculate the galactic gamma-
ray signal from the ALP case by including the proper
J-factor integral. In Sec. III, we conduct a likelihood
analysis for distinguishing the ALP-case signal from the
SM-case signal. We conclude in Sec. IV.

II. HAWKING RADIATION FROM
PRIMORDIAL BLACK HOLES

A black hole is expected to emit particles constantly near
its event horizon, and this phenomenon is called Hawking
radiation [138]. In this section, we review particle spectra
of Hawking radiation, mostly following [13]. Particles
directly produced from black holes are called primary
particles, while particles from the result of interactions of
primary particles are called secondary particles. The number
of produced primary particle i per unit time per unit energy
from a black hole with mass M is given by [138–140]

∂Ni;primary

∂Ei∂t
¼ gi

2π

ΓiðEi;M;miÞ
eEi=TH � 1

; ð4Þ

where mi and gi are the mass and the degree of freedom of
particle i, Γi is the graybody factor, TH ¼ 1=ð8πGMÞ is the
Hawking temperature, and the plus and minus signs corre-
spond to whether the produced particle is a fermion or a
boson, respectively. The spin-dependant graybody factor
approaches the geometrical optics limit Γi ¼ 27G2M2E2

i for
high energies.We use BLACKHAWK package [141,142] to get
the graybody factorΓi of nonrotating PBHs. The particle rest
mass cuts the evaporation spectrum toEi ≥ mi. Note that the
graybody factor used in BLACKHAWK assumes massless

particle production, but this should have a minimal effect
on our result except for ma ≫ TH.
We are interested in the photon spectrum of Hawking

radiation, which includes the primary spectrum and the
secondary spectrum from decay and final state radiation
(FSR) of primary particles:

∂Nγ;tot

∂Eγ∂t
¼ ∂Nγ;primary

∂Eγ∂t
þ

X
i¼π0;a

Z
dEi2

∂Ni;primary

∂Ei∂t

dNi;decay

dEγ

þ
X

i¼e�;μ�;π�

Z
dEi

∂Ni;primary

∂Ei∂t
dNi;FSR

dEγ
ð5Þ

with

dNi;decay

dEγ
¼ ΘðEγ − E−

i ÞΘðEþ
i − EγÞ

Eþ
i − E−

i
ð6Þ

E�
i ¼ 1

2

�
Ei �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
i −m2

i

q �
ð7Þ

dNi;FSR

dEγ
¼ α

πQi
Pi→iγðxÞ

�
log

�
1 − x
μ2i

�
− 1

�
ð8Þ

Pi→iγðxÞ ¼
8<
:

2ð1−xÞ
x ; i ¼ π�

1þð1−xÞ2
x ; i ¼ μ�; e�

; ð9Þ

where x ¼ 2Eγ=Qi, μi ¼ mi=Qi, and Qi ¼ 2Ei. Note we
ignore the three-body decay from μ� and π�. These
processes are safe to be ignored because they are much
heavier than the energy range in which we are interested.
The graybody factor for scalar particles has a peak at a

smaller energy compared to vectors; the ALP-case spec-
trum has a “double peak” feature as shown in Fig. 1, and
this is distinguishable from the SM-case spectrum.
The photon flux near the Earth is

dΦγ

dEγ
¼ J̄D

ΔΩ
4π

Z
dM

fPBHðMÞ
M

∂Nγ;tot

∂Eγ∂t
: ð10Þ

JD is the so-called J factor for decay, which is given by

J̄D ¼ 1

ΔΩ

Z
ΔΩ

dΩ
Z
LOS

dlρDM: ð11Þ

To get the J factor, we assume the DM distribution in
the Milky Way halo follows a Navarro-Frenk-White
profile [143]

ρDMðrÞ ¼
ρs

r
rs
ð1þ r

rs
Þ2 Θðr200 − rÞ: ð12Þ

We use rs ¼ 11 kpc, ρs ¼ 0.838 GeV=cm3, r200 ¼ 193 kpc,
and r⊙ ¼ 8.122 kpc [144]. For our region of interest of

4Even with a late reheating into the SM particles, PBH
production can still happen from, e.g., the gravitational collapse
of a large primordial curvature perturbation. Before the reheating
process, the SM-neutral reheaton that later decays into SM
particles can inherit the curvature perturbation, making some
Hubble patches collapse into black holes right after the horizon
reentry.
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jRj < 5° from the Galactic Center, the J factor is J̄D ¼
1.597 × 1026 MeVcm−2 sr−1 and the angular size is ΔΩ ¼
2.39 × 10−2 sr.
In this study, we assume the PBH mass distribution is

monochromatic, which can be produced from, for example,
the collapse of Q balls [145] or first-order phase transition
[146]. Taking fPBHðMÞ ¼ fPBHδðM −MPBHÞ, Eq. (10)
simplifies to

dΦγ

dEγ
¼ J̄D

ΔΩ
4π

fPBH
MPBH

∂Nγ;tot

∂Eγ∂t
; ð13Þ

In order for ALPs to change the photon spectrum near
the earth, they must decay before reaching the Earth. The
decay probability of ALPs while propagating to the Earth
from the Galactic Center with a monochromatic PBH mass
is given by

hPa;decayi≡Φa;dec

Φa;tot
; ð14Þ

where

Φa;tot ¼
Z
ΔΩ

dΩ
4π

Z
LOS

dl
Z

dEa
fPBHρDM
MPBH

∂Na;primary

∂Ea∂t
¼ J̄D

ΔΩ
4π

fPBH
MPBH

Z
dEa

∂Na;primary

∂Ea∂t
;

Φa;dec ¼
Z
ΔΩ

dΩ
4π

Z
LOS

dl
Z

dEa
fPBHρDM
MPBH

∂Na;primary

∂Ea∂t
Pa;decayðEa;lÞ; ð15Þ

and Pa;decay is given by Eq. (3). We require a hPa;decayi
larger than 99% to get the lower boundaries of the color
curves in Fig. 2. For most of the parameter regions shown
in Fig. 2, we can assume the ALP decay is prompt as gaγγ is
at least one order of magnitude larger than the lower
boundaries. Since the ALP decay width is proportional to
the square of the coupling Γa ∝ g2aγγ , even the decay length
of ALPs in region C is much smaller than the distance
between the Earth and Galactic Center.

III. EXPERIMENTS AND LIKELIHOOD ANALYSIS

In order to place constraints on individual models, we
use the likelihood analysis outlined in [118]. In this
analysis, an assumption is made about a “true” model that
produces an observational gamma-ray signal. A test model
is also chosen for comparison. The likelihood that the
test model will replicate the gamma-ray signal produced
by the true model follows Poisson statistics and is
expressed as

L ¼ exp

�X
i

ni ln σi − σi − ln ni!

�
; ð16Þ

where ni is the photon count of the true model (including
any additional background signals) and σi is the expected
photon count from the test model (including background)
in the ith energy bin. In this work, all results assume an
observation time of 108 s. For comparison of different
models, we utilize the test statistic

TS ¼ −2 ln
�

L
Ltrue

�
¼ Σ2; ð17Þ

where Σ is the observational significance [147–150] and
Ltrue is the likelihood of the true model. Here, we are
assuming that the joint analysis of the gamma-ray energy
bins follows a χ2 distribution, and unless otherwise stated,
we take Σ ¼ 3, which corresponds to a 99% discovery
significance. In order to reduce complexity and statistical
fluctuations in the likelihood determination, we also take
the true signal as its statistical mean.
In creating the true and test signals as well as the

expected background, we use the 5° Navarro-Frenk-
White Galactic Center as the source for the observational
signal (see Sec. II) and use estimations of the
e-ASTROGAM detector sensitivities and specifications
as well as the forecasted astrophysical background
[1,118]. Please refer to Ref. [118] for more details about
the detector sensitivity and foreground used.

A. Signal detection and distinguishability
between SM and ALP

In order to determine whether a particular model is
observable (distinguishable from the astrophysical back-
ground), we perform the analysis described above using the
background (no PBHs present) as the “true” model. The
parameter space of the test model is then scanned over in
order to determine the parameter values such that the
likelihood differs by a specified significance.5 These results
correspond to the PBH discovery bounds in Fig. 4 and will
be discussed later. If the population of PBH is above the
corresponding line, then the PBH will be bright enough that
they are distinguishable from the background. Note that for

5During the scan, we assume that the likelihood always
decreases with increasing fPBH.
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a particular MPBH and ma, the ALP-case bound is always
equal to or stronger than the SM-case bound. This is due to
the PBHs producing the same SM particles; however, with
the introduction of ALPs, there is an additional degree of
freedom which results in a brighter, thus easier to observe,
signal. Also note that for heavier PBHs or heavier ALPs,
the ALP-case asymptotes to the SM case while the other
mass is held fixed. This is due to the ALP degree of
freedom becoming exponentially suppressed when the
Hawking temperature is much lower than ma.
In addition to determining the point at which a given

signal is observable, it is also convenient to discuss the
parameter space where the ALP case is distinguishable
from the SM case. To illustrate this, Fig. 3 shows 3σ
contours from e-ASTROGAM constraining the PBH
parameter space using Galactic Center data assuming that
the underlying “true” model is the ALP case with ma ¼
10−1 MeV, MPBH ¼ 1016 g, and with various f ¼ fPBH;true.
The y axis corresponds to the ratio between the test PBH
fraction, fPBH;test, and fPBH;true.

6 As fPBH;true increases, the

signal-to-noise ratio also increases, thus strengthening the
observability of the signal and the constraining capabilities
of an experiment. In Fig. 3, the “⋆” indicates the location of
the “true” model. The two panels correspond to con-
straining the observation with the same model (left: ALP
case) and a different model (right: SM case). The contours
indicate the region of parameter space inside which can
replicate the observational signal at the desired confidence.
If the signal is too insufficient, only upper bounds can be
placed. This is observed in the figure by the unclosed
contours. As fPBH;true increases, the signal increases and
eventually lower bounds can be placed, as indicated by the
closing of the contours. With further increases to fPBH;true,
the contours shrink. If the test model matches the true
model, then the contours continuously shrink and even-
tually become infinitesimally small as the parameters of the
true model are precisely determined (left). However, if the
test model does not match, then the contours will eventually
collapse [no contours exist for − log10ðfPBH;trueÞ ≤ 5.40]
and no model parameter values will be able to replicate the
signal (right). Note that these contours do not refer to those
for constraining a particular PBH signal over the back-
ground, but rather the capability to confine PBH parameters
given a particular observation. In order for a model to be
distinguishable from another, the parameter space of one of
the models must completely disappear. We utilize this
behavior by assuming that there is a PBH signal (the chosen
underlying model is the ALP case) and scan over models

FIG. 3. The 3σ contours from the Galactic Center constraining the PBH parameter space, assuming that the underlying “true”model is
the ALP case withma ¼ 10−1 MeV,MPBH ¼ 1016 g, and various fPBH;true. The “test”models are (left) the ALP case and (right) the SM
case. The “⋆” indicates the location of the true model. With increasing fPBH;true, the contours shrink. When the test model matches the
true model (as is the case in the left panel), the contours become infinitesimally small, while for a mismatched model (right), they
eventually disappear with sufficient data such that no contour may be drawn. We define the values of fPBH;true where the contour
disappears in the right panel as “identification of ALP” line in Fig. 4. The values of fPBH;true for contours are shown in each plot.

6The ratio was chosen for display purposes so that the true
model is a fixed point in the figure rather than drifting. This has
the additional benefit that no constraining curves intersect, but the
disadvantage is that the upper boundaries (when there is
insufficient signal to make any observation) become separate
lines instead of a single result representing an upper bound on the
parameter space.
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where PBH only produce the SM case. In the scan, we
search for the value of fPBH;true where the SM-case
parameter space completely disappears. This is equivalent
to searching for the parameter values where the likelihood
of the best fit model is equal to the significance criteria.7

We are therefore able to define the fPBH for a givenMPBH
and ma where the ALP case is discernable from the SM
case. This value of fPBH is the black hole fraction needed
for the allowable SM-case PBH parameter space to
completely disappear at a given confidence interval. This
discernability threshold is shown in Fig. 4 for variousMPBH
(left) and ma (right) with the other parameter fixed.
In the MPBH plane of Fig. 4, all parameter values above

the solid curves correspond to the region where a ALP-case
signal can be distinguished from the SM case. Also
included are the corresponding lower limits for fPBH in
order to distinguish a PBH signal from the background for
the ALP case (long dash) and the SM case (short dash). As
expected, the ALP-case vs. SM-case distinguishability line
is always higher than the ALP-case identification line as it
must first be observable before more information can be

extracted. In addition, the ALP-case identification line is
always beneath the SM-case identification line. This is
because it is a brighter signal as mentioned previously.
Other features of note are that the ALP-case and the
SM-case identification lines merge for large MPBH; this
is because the ALPs become exponentially suppressed as
the Hawking temperature drops below their mass. This
transition is also one of the causes for the distinguishability
lines rapidly losing sensitivity as the ALP-case and the
SM-case signals become nearly identical. The other cause
is related to the experimental sensitivity as signal either
leaves the detector’s range (such as with high PBH masses)
or enters regions of low sensitivity (the convergence of
discovery lines near 5 × 1015 g are a result of the extra ALP
decay photons residing in a region of low detector
sensitivity). Also included are current PBH bounds for
the SM case from [13,151], and see [9–11,152–158] for
other constraints in the asteroid-mass window.8

In the ma plane of Fig. 4, each line style corresponds to
the same result as in the fPBH panel. Both the ALP-case vs.
SM-case distinguishability curves (solid) and the ALP-case
PBH background discovery curves (long dash) are flat for
small ma as they are essentially massless when compared
with their energies. For large masses, the reverse is true and
they are both nonrelativistic and exponentially suppressed

FIG. 4. PBH differentiability bounds in the fPBH vs MPBH (left) and fPBH vs ma (right) planes. Various curves correspond to the
capability to distinguish a PBH signal with the SM case (short dash) and the ALP case (long dash) from the background. Also included
are the ALP-case vs. SM-case distinguishability (solid) and past experimental constraints (left: shaded gray and right: dot-dashed). In the
ma plane, the shaded region highlights the region that can distinguish an ALP-case signal from an SM-case signal with the far right edge
corresponding to the maximum ma allowed.

7In this scan, it was assumed that the likelihood was single
peaked in both MPBH and fPBH. As observed in Fig. 3, this may
not be the case; however, tests indicate that it would usually only
lead to minor fluctuations in the final result. The oscillating
behavior observed in the low signal-to-noise regions of Fig. 3
ultimately produces these islands as the parameter space is
squeezed as it is constrained. This wavelike behavior appears
to be a result of the photon energy binning and can be reduced by
increased experimental resolution to allow for finer bins.

8While these bounds will change with the introduction of the
ALP, the alteration is expected not to be larger than a factor of 2
(corresponding to the massless case) due to the ALPs simply
adding an additional degree of freedom.
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as the Hawking temperature drops below their mass. This
leads to another flat region for the identification from
background curve as it plateaus and becomes identical to
the SM-case identification curve (short dash). On the other
hand, the ALP-case vs SM-case distinguishability curve
rapidly increases due to the lack of distinguishing features.
In addition, current SM-case PBH constraints are also
plotted (dot dashed), above which SM-case PBHs have
already been constrained. The shaded regions correspond to
the allowed parameter space for distinguishing the ALP
case from the SM case, and the rightmost edge is the high
ma bound of the regions shown in Fig. 1.

IV. CONCLUSIONS AND OUTLOOK

PBHs are a plausible candidate for a fraction or all of the
observed DM density. They are also a unique source for
producing BSM particles, even if the new particles have a
tiny coupling to the SM sector. In this work, we discuss the
possibility of observing Galactic Center gamma-ray signals
both from direct PBH radiation and from the decay of ALPs
produced by PBHs. Under the assumption of monochro-
matic PBH mass, we show that with MPBH ¼ 1015−17 g,
and ma ≲ 60 MeV, e-ASTROGAM has a chance to
observe both types of gamma-ray signals and distinguish
the total signal from PBHs with arbitrary choices of the
MPBH and abundance fPBH. Our findings show that future
detectors such as the e-ASTROGAM and AMEGO experi-
ments can explore both PBH and axion physics, even for
ALPs that satisfies all existing constraints and have no
ambient presence in the Universe today. One can also
consider the use of the extragalactic gamma-ray back-
ground when performing this analysis. Before considering
differences in the PBH distribution and the astrophysical
background, this has the potential of increasing the cover-
age of smaller gaγγ by up to three orders of magnitude due
to increasing the allowable ALP decay length to be the
horizon size. We leave this for future work.
To make a stronger statement in distinguishing the ALP-

case signal from the SM case, we need to perform the
analysis with a more generalized PBH mass function. In
this case, a nontrivial mass function may produce the
“double peak” feature as in the ALP-case signal (see
Fig. 1), making it difficult to confirm the existence of
the ALP decay. However, mimicking the ALP signal with
an extended PBH mass function may not be trivial. Since
the ALP decay mainly contributes to the softer gamma-ray
spectrum as in Fig. 1, it requires a large density of massive
PBHs to fully reproduce the lower energy tail of the ALP
signal. In Fig. 5, we show an example of mimicking the
ALP-case signal with MPBH ¼ 1015 g and massless ALPs
by an extended PBH mass function in the SM case. When
trying to reproduce the original gamma-ray spectrum down
to Eγ ¼ 6 MeV, the plateau of the mass spectrum (red) in
the higher PBH mass makes the fPBH about 200 times

larger than in the ALP case. It can also be hard to realize the
exotic feature of the mass spectrum that has a dip right next
to the original PBH mass within the context of a cosmo-
logical model.
Even if the mass function in the SM case mimics the

ALP-case signal and satisfies the DM bound, we may use
the gravitational wave (GW) signal to distinguish the ALP
signal from the SM radiation. If the PBHs are produced by
large primordial curvature perturbations, these will differ
between the ALP case and the SM case which give rise
to the same gamma-ray signal, since the corresponding PBH
spectra are different. As studied inRef. [118], large curvature
perturbations that are associated with the production of the
PBHs with the visible gamma-ray signal at e-ASTROGAM
will source GW signals well above the sensitivity of future
detectors. Combining the above two facts, theGWsignals for
the two cases will then be different, even though the gamma-
ray signal is the same (the latter by design). In other words,
there is a chance to distinguish the two scenarios by
correlating the gamma-ray and GW signals. We leave these
studies for future directions.
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