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Abstract: Axion-like particles (ALPs) produced via the Primakoff process in the cores of galactic core-collapse su-
pernovae (SNe) could convert into MeV-energy p-rays through interactions with the magnetic field of the Milky
Way. To evaluate the detection prospects for such signals, we perform sensitivity projections for next-generation
MeV telescopes by combining hypothetical instrument responses with realistic background estimates. Our analysis
incorporates detailed simulations of the expected ALP flux from nearby SNe, the energy-dependent conversion prob-
ability in galactic magnetic fields, and the telescope’s angular/energy resolution based on advanced detector designs.
Background components are modeled using data from current MeV missions and extrapolated to future sensitivity
regimes. Our simulations demonstrate that next-generation telescopes with improved effective areas and energy res-
olutions could achieve sensitivity to photon-ALP couplings as low as ggy =~ 1.61 X 10713 GeV~! for ALP masses
mg < 1072 eV in the galactic center. These results indicate that future MeV missions will probe unexplored regions
of the ALP parameter space, with conservative estimates suggesting they could constrain g, values two orders of
magnitude below current astrophysical limits. Such observations would provide the most stringent tests to date for

ALPs as dark matter candidates in the ultra-light mass regime.

Keywords: dark matter, axion-like particles, MeV telescopes, supernova

DOI: 10.1088/1674-1137/add114

I. INTRODUCTION

Axions, as a type of weakly interacting light-mass
particles, are characterized by a light mass and extremely
weak coupling to the Standard Model, emerging as eleg-
ant solutions to the strong-CP problem [1—4]. Axion-like
particles (ALPs), which share similar properties with ax-
ions, naturally arise in string theory and are often con-
sidered in cosmological models addressing dark energy
[5]. Both axions and ALPs have attracted significant in-
terest for their potential role in explaining unsolved mys-
teries in physics, such as the nature of dark matter and
dark energy [3, 6—10].

The Primakoff process is a mechanism by which ax-
ions or ALPs interact with photons in the presence of an
external electric or magnetic field. In this process, a
photon can convert into an axion (or vice versa) as it in-
teracts with a strong electromagnetic field, such as those
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found in stellar environments or galactic magnetic fields
[11]. This interaction is central to many astrophysical and
laboratory searches for axions and ALPs as it provides a
potential pathway for detecting these elusive particles
through their indirect effects on photon behavior. Thus,
the Primakoff process serves as a foundational principle
in the search for weakly interacting particles such as ax-
ions, linking their theoretical properties to observable sig-
nals in high-energy astrophysics and cosmology [4].

The next generation of space-based telescopes is
poised to significantly enhance our ability to detect ALPs
by observing photon-ALP conversions, such as those oc-
curring through the Primakoff effect in high-energy astro-
physical environments [8]. MeV telescopes, such as the
upcoming generation of detectors including e-ASTRO-
GAM [12], AMEGO-X [13], COSI [14], and MeGaT ",
will be uniquely suited for this task. These observatories
will be capable of capturing high-energy photon signals
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from astrophysical sources such as supernovae (SNe),
gamma-ray bursts, and active galactic nuclei, where
strong magnetic fields can facilitate photon-to-ALP con-
versions via the Primakoff process. As these particles
travel through space, they may interact with cosmic mag-
netic fields, leading to the reconversion of ALPs into
photons. This reconversion could produce a distinct sig-
nature, enabling the detection of ALPs by these ad-
vanced telescopes [8, 9]. The ability to detect such con-
versions would provide a promising window into the ex-
istence of ALPs, which are otherwise too weakly interact-
ing to be directly observed in laboratory experiments.
This paper presents a comprehensive analysis of the
potential for detecting ALPs using next-generation space-
based telescopes sensitive to the MeV energy range. Our
approach relies on modeling photon-ALP conversion pro-
cesses in the strong magnetic fields of various astrophys-
ical environments, such as SNe. Section II introduces the
theoretical framework for ALPs and reviews their proper-
ties and the Primakoff process that enables photon-ALP
conversion in SNe. Section III focuses on the observa-
tional capabilities of MeV telescopes, specifically high-
lighting how these advanced instruments can detect
photon-ALP conversions and the expected signatures. Fi-
nally, Section IV discusses the implications of our find-
ings, providing an outlook on how future observations
could aid in constraining the axion parameter space and
potentially reveal the presence of these elusive particles.
The results presented herein aim to set the stage for up-
coming experiments and lay the foundation for a deeper
understanding of dark matter and fundamental physics.

II. ALP PRODUCTION MECHANISMS IN SNe

In an SN core, ALPs can be generated primarily
through the Primakoff process [11]. In this process,
thermal photons are converted into ALPs as they interact
with the electrostatic fields of charged particles, such as
ions, electrons, and protons present in the dense stellar
plasma [7]. To calculate the rate of ALP production via
the Primakoff process within an SN core, we closely fol-
low the approach outlined in Ref. [15]. The differential
ALP production rate per unit volume and photon energy
is given by

din, 8o 8eqE K szz) ( E? ) }
= 1+ In{ 1+ -1 1
dE ~ 87(eET 1) e )" > (D

where E is the photon energy, T is the temperature of the
SN core, and g.r is the effective coupling constant that
depends on the plasma environment. The parameter g,,
denotes the axion-photon coupling constant, which char-
acterizes the interaction strength between the axion field
a and electromagnetic field via the term g,,aE-B with
dimensions of inverse energy. Here, &% = «*/4T?, with «

being the inverse Debye screening length, accounting for
the finite range of the electrostatic field surrounding
charged particles within the plasma.

To determine the total ALP production rate, we can
integrate this expression over the photon energy across
the relevant energy spectrum within the SN environment.
This integration yields the overall ALP production per
unit volume, providing an estimate of the ALP flux gen-
erated in a typical SN explosion. The calculated ALP flux
is essential for understanding the potential observational
signatures of ALPs in high-energy astrophysical contexts
and has implications for dark matter research [7].

An optimal fit for the total production rate is provided
by the expression widely used in SN neutrino studies [15,
16]:

= (i) (£) e (w0 g)
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shown in Fig. 1. In this expression, C is a normalization
constant, and the parameter E, corresponds to the aver-
age energy, (E,)=E,. We use C=5.32x10°"MeV',
Ey =94 MeV, and B=2.12 for the curve integrated over
the explosion time of 10 swhen the progenitor mass is ap-
proximately 10 M, as described in Ref. [8].

From this, the gamma-ray flux observed on Earth can
be calculated as

Ny _ 1 dn,
dE ~ 4nd? dE "

3)

where d is the distance of the SN, and P,, is the ALP-
photon conversion probability. Given the ALP mass m,,
combined with the conversion probability obtained
through the magnetic field model, we can constrain g,,
using the flux of SN explosions observed on Earth [17].
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Fig. 1.
for a nearly massless ALP with g, = 10710 GeV~!, integrated
over an explosion time of 10s.

(color online) ALP production rate per unit energy
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For ultralight ALPs with masses m, <107 eV, the
strongest existing constraint on g,, is derived from the
absence of observed gamma rays from SN 1987A [15], a
core-collapse SN that exploded in the Large Magellanic
Cloud at a distance of approximately 50 kpc.

Building upon the constraints from SN 1987A, recent
research [18] has expanded our understanding of axion
properties, particularly focusing on both ultralight and
massive axions. Ultralight axions, with masses of approx-
imately 107° eV, are of significant interest owing to their
potential role as dark matter candidates. Their interac-
tions with photons can lead to observable effects in stel-
lar environments, such as enhanced cooling rates in white
dwarfs and red giants. These phenomena provide strin-
gent constraints on the axion-photon coupling strength
[15, 8, 10]. The gamma-ray spectrum from ALP conver-
sions offers a distinctive probe into the pion content of a
protoneutron star (PNS) [19]. A spectral peak of approx-
imately 200 MeV, resulting from axion-pion interactions,
would indicate a significant pion abundance in the PNS
core — information not accessible through neutrino ob-
servations alone.

In contrast, massive axions, with masses in the keV to
MeV range, can be produced in high-temperature astro-
physical settings such as SN cores. For axion masses
m, > 50 MeV, the dominant production mechanism in SN
shifts from nucleon-nucleon bremsstrahlung to photon
coalescence, also known as the inverse decay process
[20]. In this process, two photons within the dense and
hot SN core can annihilate to produce an axion [21, 22].
This mechanism becomes particularly significant for
heavier axions, as the production rate via photon coales-
cence can surpass that of the Primakoff process by orders
of magnitude in this mass range, and can be applied to
muonphilic bosons [23] and generic e*e” decays [24]. If
these axions decay into photons, they could generate de-
tectable gamma-ray signals. The detection or non-dectec-
tion of such such signals from events such as SN 1987A
provides constraints on the properties of massive axions
[25-29].

OI. BACKGROUND AND SENSITIVITY
CALCULATIONS

Recently, several next-generation MeV detector
projects, such as e-ASTROGAM [12], AMEGO [30],
COSI [14], and MeGaT, have demonstrated significant
improvements in sensitivity compared with current MeV
instruments. Instead of using specific instrument re-
sponse data, we assume that future MeV instruments will
have an effective area of 100 cm? and a point spread func-
tion of 2°. These assumptions are consistent with the
design and preliminary simulation outcomes for both
semiconductor detectors, such as ¢-ASTROGAM, and
gas detectors, such as MeGaT.

We selected four candidates as potential study ob-
jects for SN explosions as selected by a Fermi-LAT study
[8]. The first is Betelgeuse, also known as Alpha Orionis,
which is a prominent red supergiant star located in the
constellation Orion. It is one of the brightest stars visible
in the night sky and is easily recognizable as the top left
"shoulder" of the Orion constellation. Betelgeuse is not-
able for its immense size, with a diameter estimated to be
over 700 times that of the Sun, making it a stellar giant in
the late stages of its life cycle. Owing to its advanced
evolutionary state, Betelgeuse is expected to end its life
in a dramatic SN explosion, an event that would be vis-
ible from Earth even during the daytime. The star’s vari-
ability in brightness, which has intrigued astronomers for
centuries, results from complex processes within its outer
layers. The study of Betelgeuse offers valuable insights
into the life and death of massive stars [31—32]. Because
of its proximity and potential for an SN explosion, we
consider this target an excellent sample for estimating the
constraints that next-generation MeV detectors can place
on axion particles.

We also considered M31, the Andromeda Galaxy,
which is the closest spiral galaxy to the Milky Way and
one of the most studied galaxies owing to its proximity
and similarity in structure. Located approximately 778
kpc away, M31 offers a valuable opportunity to study
stellar evolution, galactic dynamics, and potential SN
events. Historically, SNe in M31 have been rare, but its
massive stellar population suggests the potential for fu-
ture core-collapse or Type Ia SNe. Observations and re-
search on M31 aid in refining models of stellar death and
the distribution of such explosive events in spiral galax-
ies [33]. To clarify the detector's sensitivity and compare
it with that reported in related work, we also calculated
cases at the galactic center (GC) and SN 1987A positions.
Their basic information is shown in Table 1.

To estimate the sensitivity of the instrument to the ex-
plosion, we must calculate the background gamma-ray in-
tensity in the region of interest [34]. The diffuse emis-
sions below 10 MeV near the GC were recently reana-
lyzed by Ref. [35] using INTEGRAL/SPI observations.
To estimate the background at different sky positions, we
extrapolated these results, assuming that the spatial distri-
bution in the MeV band follows the energy-dependent
template predicted by GALPROP models [36]. For emis-
sions above 50 MeV, we used the Fermi-LAT interstellar

Table 1. Basic information for Betelgeuse, M31, SN 1987A,
and GC.
Betelgeuse M31 SN 1987A GC
R.AJ/(C) 88.79 10.63 83.87 266.42
Dec./(°) 7.41 41.30 -69.27 -28.99
Distance /kpc 0.197 778 51.4 8.5
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emission model (gll_iem v07.fits) [37] based on the first
nine years of data, integrating the flux within a specific
region of interest. The two background values were
smoothly connected by interpolation between 10 MeV
and 50 MeV. The results for these regions are shown in
Fig. 2.

We selected the energy range of 1-100 MeV for in-
tegration to cover the most prominent part of the ALP
spectrum, as shown in Fig. 1 and selected an exposure
time of 10s as the most intense phase of an SN explo-
sion [15]. First, we estimated the background counts. This
is achieved by integrating the background flux over the
exposure time and the effective area of the observation
instrument. Through calculations, we find that, although
the background in the GC is slightly higher than those in
other regions, the background counts are all less than 1.
Using the method outlined in [38], we can estimate the
95% confidence interval of the SN signal by setting the
background counts to 1, equal to the smallest integer
greater than the background signal, as a conservative es-
timate. Using this method, we obtain a 95% confidence
upper limit of 4.14 counts, representing the capability of
our MeV detector in detecting SN explosion signals. We
observed that this result closely agrees with the Fermi-Lat
results [8].

To constrain g,, in the parameter space, we follow the
method mentioned in [15]. We assume the JF12 galactic
magnetic field model [39] to calculate the P,, inthe In-
terstellar Magnetic Medium, which is a relatively conser-
vative magnetic field model for ALP conversion. As re-
vealed in the Fermi-LAT study [8], the impact of these
parameters on sensitivity estimation is not significant.
Therefore, we select a progenitor mass of 10 M, to calcu-
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Fig. 2.  (color online) Background flux in the SN1987A,

Betelgeuse, and M31 regions with a radius of 2 degrees; the
background of 1-10 MeV is extrapolated from Ref. [35], and
that of 50-100 MeV is from the Fermi-LAT study [37]. The
dashed line represents the function we use to calculate the
background by interpolating these data.

late the sensitivity as a widely accepted model [40]. We
numerically solve for g,, by varying the value of m, in
the parameter space and determine the position of the
turning point in the parameter space by identifying the
mass range corresponding to a stable g,, value using the
technique described in [17]. We observe that the con-
straints of the ALP parameter gradually weaken as the
mass increases. Through calculations, we find that for
masses m, < 107 eV, the sensitivity of the MeV detector
to g,, in the GC region can reach 1.61x 107> GeV™', and
the sensitivity in the Betelgeuse region is approximately
1.26x 10713 GeV™".

To account for error bars, we consider the following
components. Because we do not employ the on-off meth-
od, we only account for Poisson fluctuations in the back-
ground. For the impact of different galactic magnetic
field models, we reference results from previous studies
on core-collapse SNe in the galaxy [9] and adopt an aver-
age error range based on their findings.

In addition to the previously proposed model extend-
ing up to 100 MeV, we consider an alternative scenario in
which the detector's effective area is assumed to be non-
vanishing only up to 30 MeV as m, values below 30
MeV correspond to the main production channel for the
Primakoff process [18]. This lower energy limit is more
representative of the capabilities of current and near-fu-
ture detectors, which are generally expected to operate ef-
fectively within this energy range. In this model, the in-
strument's performance is assumed to significantly de-
crease beyond 30 MeV, reflecting the expected limita-
tions in sensitivity at higher energies. By incorporating
this more conservative energy threshold, we can better as-
sess the potential performance of detectors optimized for
lower-energy observations, providing a broader compar-
ison for experiments targeting energies up to 30 MeV.
Because the effective area and energy range is not as
large as that of Fermi-LAT, the expected results in the
GC in this case will not be as strong as the Fermi-LAT
results.

Figure 3presents our results; although the effective
area is small, we still derive a stronger sensitivity as it
covers the vast majority of the ALP spectrum. Addition-
ally, we present the result in which the instrument's en-
ergy range extends only up to 30 MeV of the GC for
comparison. Because the MeV detector is still in the con-
ceptual phase, our estimates of background intensity for
sensitivity predictions are based on simplified assump-
tions rather than rigorous data simulations or the “On-
Off” method used by Fermi-LAT. This may partially ex-
plain the weaker constraints that we obtain for M31 ow-
ing to its greater distance. However, we believe that, with
future observational data and the application of more ad-
vanced techniques, the sensitivity will improve further,
and the current estimates should be considered conservat-
ive. Nevertheless, our results sufficiently demonstrate the
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Fig. 3.
ALP parameters from an SN explosion. The gray area repres-
ents the results from SN 1987A [15], dashed lines show the
Fermi-LAT results [8, 9], and solid lines of the same color in-

(color online) Our best results of expected limits on

dicate the MeV detector results. The shaded area shows the er-
ror range of the results at the GC (with a solid line), and the
dot-dashed line represents the case for an instrument with a
maximum energy limit of 30 MeV.

potential of next-generation MeV detectors in ALP re-
search.

Note that this result is only obtained under optimal
observational conditions. This means that, at the time of
an SN explosion, our detector must be perfectly pointed
at the relevant region to achieve the maximum sensitivity.
A feasible approach is to use neutrino observations to
predict the SN occurrence, increasing the likelihood of
detecting an SN explosion and obtaining timing informa-
tion of y-photons.

IV. DISCUSSION AND CONCLUSION

In this study, we analyzed the potential of next-gener-
ation MeV detectors to constrain ALP parameters, focus-
ing on regions with potential SN activity. We have de-
tailed the selection of energy ranges and outlined the
methodology for estimating background gamma-ray flux
and calculating sensitivity through numerical solutions.
Our approach included integrating the effective area and
exposure time to derive the background count rate and es-
tablishing detection thresholds for g,, by analyzing the
ALP-photon conversion probabilities. According to our
findings, when an SN explosion within the Milky Way is
observed, future MeV detectors will be able to place
stronger constraints on ALP dark matter. Because the
MeV detector can cover the vast majority of the ALP
spectrum, such observations offer stronger constraints
and can improve our existing particle theories by analyz-
ing the finer details of the spectrum.

Because SN explosion events are rare in the universe,
i.e., only 2—3 times per century in the galaxy as [41-43]
indicates, increasing the effective area of the MeV tele-
scope may not significantly increase the probability of

observing this event while more background counts are
introduced. As mentioned at the end of the last section, a
possible approach is using neutrino observations as a har-
binger of an SN explosion. Neutrinos can provide an
early warning of impending events as products of the
early stages of an SN explosion. This early signal would
provide us a crucial early warning. During a SN explo-
sion, neutrinos are emitted in a brief and intense burst
over approximately 10 s as the stellar core collapses.
These neutrinos escape the dense core almost instantly
owing to their weak interaction with matter, reaching
Earth before the associated light signals. The light from
the explosion emerges when the sub-lightspeed shock-
wave, traveling at approximately 50% of the speed of
light, energizes and illuminates the outer stellar envelope.
This delay, ranging from minutes to hours, provides a
temporal window in which neutrinos act as the first de-
tectable messengers.

Existing studies indicate that a galactic SN can in-
deed be located using its neutrino signal [44—47], with
the most effective method being neutrino-electron scatter-
ing in a water Cherenkov detector. Detectors such as Su-
per-Kamiokande (SK) and Sudbury Neutrino Observat-
ory (SNO) can perform this measurement independently.
Based on these results, under normal circumstances, neut-
rino detectors can constrain the sky area of an SN burst to
within several degrees. Considering the low spatial dens-
ity of potential SN candidates in the sky [48] and ac-
counting for the instrument's field of view we considered
(2°), this sparse distribution enables us to precisely target
known candidate regions or directly observe these areas
while effectively minimizing interference from other can-
didates. We conclude that the possibility of observing a
SN explosion remains high.

A recent joint study by the KamLAND and SK exper-
iments [49] developed a pre-SN alert system that can de-
tect neutrino signals from a 15 M, star within 510 pc,
with a false alarm rate of less than once per century. For
stars such as Betelgeuse, this system can provide early
warnings up to 12 h before an SN event. These findings
highlight the critical role of neutrino detectors in provid-
ing early alerts for SN explosions, offering valuable in-
sights into the dynamics of such celestial phenomena.

Several neutrino detectors are already operational or
planned for imminent deployment. Existing facilities such
as SK [50] and IceCube [51] have demonstrated their
ability to detect neutrinos from various astrophysical
sources, including SNe. Upcoming detectors such as Hy-
per-Kamiokande [52], Jiangmen Underground Neutrino
Observatory (JUNO) [53], and Deep Underground Neut-
rino Experiment (DUNE) [54] promise even greater sens-
itivity and broader coverage. Additionally, approxim-
ately 10* neutrino events can be detected by SK from an
SN explosion event at 10 kpc [55]. These advanced de-
tectors will enhance our ability to capture neutrinos from
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the pre-SN phase and can also be used as the time inform-
ation of the event to provide a benchmark for data analys-
is, contributing to a deeper understanding of the mechan-
isms leading to SN explosions.

To conclude, our results provide useful insights into

the design and potential of future MeV missions for in-
vestigating ALP properties. If we are "fortunate" enough
to observe an SN explosion in the future, MeV detectors
will undoubtedly provide strong constraints on ALP dark
matter.
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