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The Fermi-LATobservations of SN 2023ixf, a type II supernova in the nearby Pinwheel Galaxy, Messier
101 (M101), presents us with an excellent opportunity to constrain MeV-scale axionlike particles (ALPs).
By examining the photon decay signature from heavy ALPs that could be produced in the explosion, the
existing constraints on the ALP-photon coupling can be improved, under optimistic assumptions, by up to a
factor of ∼2 for masses ma ≲ 3 MeV. Under very conservative assumptions, we find a bound that is
slightly weaker than the existing ones forma ≲ 0.5 MeV. The exact reach of these searches depends mostly
on properties of the SN progenitor. This study demonstrates the relevance of core-collapse supernovae, also
beyond the Magellanic Clouds, as probes of fundamental physics.
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I. INTRODUCTION

The explosion of core-collapse supernova (SN) 2023ixf
in the nearby galaxy M101 has been followed over the
entire electromagnetic spectrum by the astronomical com-
munity: at radio wavelengths [1–3], infrared [4–7], optical
[7–16], and x-rays [17–20] (see also Ref. [21]). No prompt
neutrinos were observed by neither Super-Kamiokande nor
IceCube [22,23], as expected given the distance to M101,
RSN ¼ 6.85� 0.15 Mpc [24]. The earliest optical obser-
vations of the explosion are from May 18th, between 19∶30
and 20∶30 UT [25], leaving an uncertainty of about one
hour on the onset of the electromagnetic signal following
the core-collapse. After some unsuccessful searches for
the progenitor of this SN [26,27], recent studies using
Hubble Space Telescope images found a candidate pro-
genitor of ∼ð11� 2ÞM⊙ [28–30] with a radius of R� ¼
ð410� 10ÞR⊙ [31], where M⊙ and R⊙ are respectively the
solar mass and radius. All this information is composing a
coherent description of this event, roughly in agreement
with theoretical expectations.
The close proximity and high luminosity of SN 2023ixf

makes it an exceptional case study for investigating the later

phases of massive stars, the physics behind SN explosions,
and the enrichment of the surrounding circumstellar envi-
ronment. Additionally, core-collapse SN explosions hold
significant importance in the realm of particle physics due to
their potential to probe exotic particles [32]. Of particular
interest are MeV-scale axionlike particles (ALPs), which
have gained considerable attention for their potential influ-
ence on various phenomena. Besides their widely discussed
impact on SNe [33–35], such ALPs have also been exten-
sively studied for their effects on big bang nucleosynthesis
and the cosmic microwave background [36–39], and on the
evolution of low-mass stars [33,40–42], among other areas.
Furthermore, the MeV mass range can be explored through
collider and beam-dump experiments [43–46].
Being among the closest core-collapse supernovae in

many years, SN 2023ixf is a promising candidate as a
natural factory of ALPs. However, at a distance ∼100 times
larger than SN 1987A, the lack of detection of the
associated neutrino burst prevents us from reconstructing
the energy emitted by the SN and applying a cooling
argument [47]. In addition, since the exact time of the
collapse of the stellar core is not known, this source cannot
be used as probe of light ALPs. Searches for light ALPs
emitted by a SN and converting into gamma rays in the
Galactic magnetic field [48–53] require a precise timing to
observe the hypothetical ALP-induced signal in coinci-
dence with the SN neutrino burst.
Instead, here we use SN 2023ixf to probe heavy ALPs,

thermally produced in the SN core and decaying into
photons [52,54–56] (see also Ref. [57] for another recent
study of ALP constraints from extragalactic sources, in this
case the neutron star merger GW170817). For that case, the
ALP-induced signal is expected to arrive at Earth with a
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significant time delay and persist, nearly constant in time,
for days or even weeks. This scenario can be explored by
the Fermi Large Area Telescope (LAT), that observed in
direction of M101 for several days before and after the
detection of the optical signal [58]. In Fig. 1 we report the
gamma-ray observations in terms of reconstructed photon
flux as function of the observation time. The beginning of
the optical signal is marked by a vertical dotted line. In
particular, the observations allow us to set constraints on
MeV-scale ALPs, improving the existing SN 1987A bound
on the ALP-photon coupling [55] by up to a factor ∼2 for
masses ma ≲ 3 MeV. We estimate that this constraint can
be weakened up to a factor of 3 with pessimistic assump-
tions about the uncertain stellar properties. In this
conservative scenario, our findings corroborate the ALP
constraints from low mass stars [33,42,59] and the diffuse
gamma-ray flux from SN-ALP decays [35].
In Sec. II we briefly discuss the ALP production

mechanisms in SN 2023ixf and we anticipate that the
most important one in this case is Primakoff conversion of
thermal photons into ALPs in the electrostatic field of ions.
In Sec. III we summarize how to compute the ALP-induced
gamma-ray flux in coincidence with SN 2023ixf, pointing
the interested reader to Ref. [55] for more details. The
photon background, against which the ALP-related signal
has to be compared, is discussed in Sec. IV. This discussion
paves the way to set the SN 2023ixf constraint on massive
ALPs, as explained in Sec. V. Our results and their
consequences are summarized in Sec. VI.

II. ALP PRODUCTION IN SUPERNOVAE

The ALP-photon interaction is characterized by the
Lagrangian term [60]

Laγ ¼ −
1

4
gaγFμνF̃μνa; ð1Þ

with gaγ the ALP-photon coupling, Fμν the electromagnetic
field strength tensor, F̃μν its dual and a the ALP field. This
interaction causes the production of ALPs in the hot and
dense plasma in a SN core through Primakoff conversion
and photon coalescence [61,62]. The Primakoff process,
the conversion of a photon into an ALP in the electrostatic
field of ions in the plasma, leads to the following matrix
element, summed over polarizations, for the conversion
process

jMj2 ¼ g2aγðZeÞ28m2
Ze

1 − cos2ϕ
k
pa
þ pa

k þ 2 cos ϕ
; ð2Þ

where Ze is the charge of the target ion, mZe is its mass,
pa is the momentum of the ALP and ωa its energy, k is
the momentum of the converted photon, ϕ is the angle
between these momenta, and energy conservation requires

ωa ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
a þm2

a

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 þ ω2

pl

q
, where ωpl is the plasma

frequency, since we neglect the recoil of the target ion (or
equivalently, sendmZe → ∞). The resulting spectral rate of
change of the ALP number density is [33,62,63]

d2na
dtpb dωa

¼
�Y

i

Z
d3p⃗i

ð2πÞ32Ei
fiðEiÞ

� Z
d3p⃗0

Ze

ð2πÞ32E0
Ze
½1� fZeðE0

ZeÞ�ð2πÞ4δð4Þ
�X

i

Pi − P0
Ze − P0

a

� jp⃗0
aj

4π2
jMj2

¼ g2aγ
Tκ2s
32π3

kpa

eωa=T − 1

�½ðkþ paÞ2 þ κ2s �½ðk − paÞ2 þ κ2s �
4kpaκ

2
s

ln

�ðkþ paÞ2 þ κ2s
ðk − paÞ2 þ κ2s

�

−
ðk2 − p2

aÞ2
4kpaκ

2
s

ln

�ðkþ paÞ2
ðk − paÞ2

�
− 1

�
; ð3Þ

where, in the first line, p⃗i, Ei, Pi are the three-momentum,
energy, and four-momentumof the particles in the initial state
(a photon and an ion) and the correspondingquantities for the
final state particles (an ALP and an ion) are denoted by a
prime, fi;Ze are the distribution functions of the respective
particles, tpb is the time after the SN core bouncemeasured in
the local SN frame, T is the temperature of the plasma, and
κ2s ¼ e2neffp =T is the screening scale for a degenerate nucleon
gas [48,63]. This process mainly takes place in the electric
field of protons since electrons are strongly degenerate [48].
More massive ALPs, with ma ≥ 2ωpl ∼Oð25 MeVÞ, can
also be efficiently produced by the inverse decay or photon
coalescence γγ → a [33,61–63]. This process becomes
competitive with the Primakoff production only for very

massive ALPs, ma ≳ 70 MeV. In the following we will be
interested only in lighter ALPs and can hence neglect this
process.
The ALP spectrum dNa

dωa
is the volume and time-integral of

the Primakoff production rate in Eq. (3) over a SN model

dNa

dωa
ðωaÞ ¼ 4π

Z
dtpb

Z
dr r2l−1ðr; tpbÞ

×
d2na

dtpb dωloc
a

ðr; tpb;ωloc
a Þ; ð4Þ

where the ALP energy for an observer far away from the
SN is redshifted compared to the local energy with which it
is produced in the SN core ωloc

a ¼ l−1ðr; tpbÞωa; here,
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lðr; tpbÞ is the lapse function which incorporates gravita-
tional corrections on the ALP spectrum. The integration of
Eq. (4) was performed in Ref. [64] for different SN
progenitor masses M, obtaining an analytical fit for the
ALP spectrum and its uncertainties

dNa

dωa
¼C

�
gaγ

10−12GeV−1

�
2
�
ωa

ω0

�
β

exp

�
−
ðβþ1Þωa

ω0

�
; ð5Þ

where

CðMÞ
1048 MeV−1 ¼ ð1.73� 0.172Þ M

M⊙
− 9.74� 2.92;

ω0ðMÞ
MeV

¼ ð1.77� 0.156Þ M
M⊙

þ 59.3� 2.65;

βðMÞ ¼ ð−0.0254� 0.00587Þ M
M⊙

þ 2.94� 0.0997:

ð6Þ

The expression above describes a quasithermal spectrum,
with index β (in particular, β ¼ 2 corresponds to a perfectly
thermal spectrum of ultrarelativistic particles) and ω0 the
average energy of an ultrarelativistic ALP. The assumed
linear ansatz for the parameters in Eq. (6) as function of
the SN progenitor mass does not have any particular
physical motivation. Due to the scarcity of points used
to derive these relations, the linear behavior was chosen in
Ref. [64] only for simplicity. Therefore, by using Eqs. (5)
and (6) we can derive the predicted ALP emission spectrum
and associated uncertainties for SN 2023ixf, assuming a
11� 2M⊙ progenitor star.

III. THE GAMMA-RAY FLUENCE
FROM DECAYING ALPS

A large amount of ALPs produced in the SN core
escape from the star because of their weak interactions
with ordinary matter. When traveling outside of the stellar
photosphere, ALPs decay producing gamma rays, possibly
reaching our detectors. The number of such photons that
would be observable per unit area is the fluence Fγ . Any
given ALP with energy ωa decays at a random distance L to
the SN, with an exponentially distributed probability with
decay length la, and at a random angle α between its
trajectory and that of the photon reaching earth, the
probability distribution of which can be determined by a
Lorentz boost applied to the isotropic rest-frame decay
angle distribution [65]. Thus, we can write the fluence as a
differential with respect to these three quantities that
uniquely determine the ALP-photon trajectory [55]

d3Fγ

dωa dcα dL
¼ 1

4π R2
SN

dNa

dωa

ω2
a − p2

a

ðωa − cαpaÞ2
e−L=laðωaÞ

laðωaÞ
× Θconsðωa; cα; LÞ; ð7Þ

where cα ≡ cosðαÞ, the ALP emission spectrum dNa
dωa

is
discussed in Sec. II, and Θcons. implements geometrical and
observational constraints that have to be fulfilled for the
photon to be observable, see Ref. [55] for details. As we
showed there, the ALP-centered variables ðωa; cα; LÞ can
be uniquely mapped onto directly observable quantities:
the energy ωγ of the produced photon, its time delay t
compared to the first neutrino,1 and the cosine of the
observation angle cθ. Using this mapping, we get an
alternative expression for the differential fluence [55]

d3Fγ

dωγ dtdcθ
¼ 2

τa

jcθj
ðt=RSNþ1−cθÞ2

dNa
dωa

ðωaðωγ; t;cθÞÞ
4πR2

SN

×
ma

paðωγ; t;cθÞ
exp

�
−
RSN

τa

2ωγ

ma

�
t

RSN
þ1−cθ

��

×Θconsðωγ; t;cθÞ; ð8Þ

where the lifetime of the ALP is τa ¼ 64π
g2aγm3

a
. Geometric

constraints and the requirement that ALPs decay outside
the SN photosphere, i.e., at a distance larger than R� (see
Table I) from the production point, restrict the integration
domain for the variables ðωγ; t; cθÞ as dictated by [55]

Θcons:ðωγ; t; cθÞ

¼ Θ
�
cθ −

�
1 −

t
RSN

�
ma

2ωγ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2RSN

t
þ 1

r
− 1

���

× ΘðLðωγ; t; cθÞ − R⋆Þ; ð9Þ

where L is the distance the ALP traveled before its decay,
see Eqs. (3.15) in [55] for the unique value Lðωγ; t; cθÞ for
any observed photon.
Using Eq. (8), we can express the expected ALP-induced

gamma ray flux as

ϕγ ¼
Z

dωγ

Z
dcθ

d3Fγ

dωγdtdcθ
; ð10Þ

where the energy integration extends above the detector
threshold and the angle integration covers the region
satisfying the constraint in Eq. (9). To asses the uncertainty
on this flux, we calculate it for an optimistic and a
conservative choice of all relevant parameters as summa-
rized in Table I.

1We will extensively discuss the method of analysis in the case
that there is no neutrino observation and this time delay cannot be
determined.
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IV. GAMMA-RAY UPPER LIMITS ON SN 2023IXF

We analyze Fermi-LAT data to assess the expected
average background events b̂ in the region around the
SN explosion in a data-driven way. We select Pass 8 photon
events from the 4th of August 2008 15∶43∶36 UTC to the
13th of June 2023 10∶07∶14 UTC (we denote this time
interval as Tfull) of energies between 30 MeV and 1 TeV
within a cone of radius of 15° centered on the position of
SN 2023ixf: ðl; bÞ ¼ ð101.9°; 59.8°Þ. The end of the
chosen time period corresponds to roughly 26 days after
the onset of the optical light from SN 2023ixf
(T0 ¼ 2023-05-18 19∶30∶00 UTC [10–16]). To reduce
the contamination of our dataset by misclassified charged
cosmic-ray events, detector glitches or terrestrial gamma-
ray emission, we allow for photons with zenith angle <80°
to reduce the impact of photons associated with the Earth’s
limb and employ the quality cuts (DATA_QUAL>0 &&
LAT_CONFIG==1 && ABS(ROCK_ANGLE)<52). We
choose the SOURCE_V3 event class since we require the
gamma-ray signal from ALP decays to last more than
Oð100Þ s making it a diffuse signal rather than a tran-
sient one.
It is well known that the onset of the optical light curve

from a SN is not coincident with the time of core collapse.
The optical signal is typically delayed. For example, for
the well-known SN 1987A this delay was two to three
hours [66]. However, this is the only observed event and
there might be a large variability in this delay time. At the
moment there are no methods to estimate the delay between
core-collapse and optical signal for a type II SN that
are more accurate than several hours to a few days.
Refs. [49,67] use a fit of the optical signal to estimate
the explosion time for a large sample of SNe, and find delay
times typically around 5 days and up to 16 days. Therefore
we conservatively assume that the bounce can happen at
any point in the month before the optical signal. This
interval will reasonably include the actual collapse event
and we look for an ALP signature in this time range. Given
this uncertainty on the explosion time, a full analysis
should include an averaging over all possible explosion
times for any given set of ALP parameters. These determine
the time evolution of the signal and it should be compared
to the background during the time interval after the
explosion at which the signal-to-noise ratio is maximal.
However, sin this procedure would be numerically costly,
and as discussed below, we do not expect a large impact on
the bound, we use an alternative simplified procedure here.
We define two fiducial time intervals in which one could
expect potential gamma-ray emission from SN 2023ixf: (I)
30 days before and (II) 7 days2 after the first optical signal

(the “ON” time bin, for each scenario respectively). Thus,
we infer the average gamma-ray background toward the
position of SN 2023ixf for the fundamental time interval of
Δt ¼ 30ð7Þ days. We show the full light curve from the
direction of SN 2023ixf for the total period in Fig. 1. Time
interval (I) constrains gamma-ray signals arriving before
the optical observations of the SN. This choice is made
such that we can probe ALPs produced in a core collapse
that happens up to a month before T0, even if the induced
signal is shorter than this period. On the other hand, interval
(II) constrains signals that last until after the onset of the
optical light curve. Since the core collapse happens most
likely only days, at most, before T0, a typical expected
signal would extend from the end of (I) into (II), and hence
can be constrained in both time intervals.
In order to estimate the average background, we adopt

the data-driven approach outlined in [55]. We split the
selected LAT data collected in the period Tfull in temporal
bins of size Δt using the Fermi Science Tool’s routine
gtbin and compute the associated exposure ε using
gtexposure and the spectrum of the expected ALP-
induced gamma-ray emission. Given the photon counts Ni
and the respective exposure εi for all OFF bins i (in the time
range Tfull) not encompassing the SN signal, we estimate
the expected background according to b̂ ¼ αN̄, where N̄ ¼P

i Ni and α ¼ ðPi εi=εONÞ−1 based on the assumption of
Poisson-distributed photon counts. Here, εON refers to the
exposure of the LAT during the Δt interval containing the
SN explosion scaling b̂ with the LAT conditions in the ON
bin. There is no significant excess above the background
during either of the time intervals (I) or (II), in agreement
with a visual inspection of Fig. 1. Hence, we can only
exclude the existence of ALPs that would lead to such an
excess.
We set bounds on any type of additional gamma-ray

signal s in the ON region via a log-likelihood ratio test
statistic based on the Poisson likelihood function

LðNONjs; b̂Þ ¼
ðsþ b̂ÞNON

ðNONÞ!
e−ðsþb̂Þ; ð11Þ

where NON denotes the observed number of gamma-ray
events in the respective ON scenario. Demanding that
s ≥ 0, we set 95% confidence level upper limits on the
admissible number of additional signal photons ŝ when the
log-likelihood ratio

λðsÞ ¼ −2½ln LðNONjs; b̂Þ − ln LðNONjs ¼ 0; b̂Þ�; ð12Þ

attains a value of 2.71 as λðsÞ depends on one free
parameter (s, or equivalently gaγ for fixed mass ma) and
thus follows a half-χ2-distribution with one degree of
freedom [68]. Following this prescription, we obtain for
time window (I) ŝ ¼ 45.2 events for an exposure of ε ¼
1.13 × 109 cm2 s yielding an upper limit on the average

2As can be seen in Fig. 1, there is a gap in the selected data past
∼1 week after T0. This region of vanishing exposure lasts for
roughly 2 weeks, and hence we chose to restrict interval (II) to the
week for which data are available.
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flux of Δϕγ ≡ ŝ=ε ¼ 3.98 × 10−8 cm−2 s−1, while in time
window (II) we have ŝ ¼ 14.9 events for an exposure of
ε ¼ 1.64 × 108 cm2 s yielding Δϕγ ¼ 9.10 × 10−8 cm2 s.
Since the resulting average flux limit is lower for interval (I)
this is shown as the optimistic case in Table I, while interval
(II) is used for the conservative estimate. We remark that
the upper limits are set on the average flux of the signal.
Therefore, the on-set time of the signal only plays a very
minor role by determining the background that the signal

should be compared to, which we estimate here for the two
scenarios (I) and (II), and which we find to differ only by a
factor ∼2. Hence, the impact on the bound on gaγ will be
marginal.

V. CONSTRAINT FROM SN 2023IXF

In this work, we have estimated the expected ALP
induced gamma-ray signal from SN 2023ixf, Eq. (10),
and compared it with observational data from Fermi-LAT.
We have found no signal above background in such data,
and this allows to set stringent bounds on the ALP
parameters. As discussed in Sec. IV, in order to be
conservative, we allow for a large variability in the onset
of the ALP-induced signal, due to the uncertain time of core
collapse in SN 2023ixf. Depending on the starting time and
duration of the ALP-induced gamma-ray signal, it might
happen that it falls in a period in which the detector was not
pointing to the source. For instance, in Fig. 1 we notice a
time window in the week before T0, characterized by a
vanishing photon count for almost three days. The example
signal shown as dashed red line in Fig. 1 falls almost
completely into this region and can thus not be constraint
by our analysis. Because of this limitation, we only
constrain gamma-ray fluxes that do not fall below 90%
of their maximum for three days after their onset. Longer

FIG. 1. Photon flux measured by Fermi-LAT in the direction of SN 2023ixf following the selection criteria detailed in the main text
and binned into intervals of 6 hours (black dots and error bars) for the time interval from one month before the onset of the optical signal
from SN 2023ixf up to one week after. The error bars reflect the statistical uncertainty of the photon flux; the latter we obtained by
dividing the number of counts by the LAT exposure for each 6h interval, respectively. The horizontal blue line indicates the average
background level b̂ derived from the full Fermi-LAT dataset of more than 14 years of observations. Time intervals (I) and (II) as
described in the text are marked by horizontal gray lines. As red lines we show the background plus two potential signals induced by
ALPs with gaγ ¼ 2.2 × 10−10 GeV−1, ma ¼ 0.03 MeV (solid), or gaγ ¼ 1.0 × 10−11 GeV−1, ma ¼ 8.09 MeV (dashed), respectively.
Note that the on-set time of any potential ALP signal is approximately equal to the unknown core-collapse time; here, we chose two
different on-set times for illustration purposes. The dotted vertical line shows T0, the onset of the optical light from SN 2023ixf, and
date-labels denote 19∶30∶00 UTC of the respective day.

TABLE I. Summary of the various parameters used to estimate
the ALP-induced gamma-ray flux from SN 2023ixf. We show the
range of variability that we consider to calculate the optimistic
(column “opt.”) and conservative (column “cons.”) constraints.
The references for these values can be found in the text.

Parameter opt. cons. Unit

Distance RSN 6.70 7.00 Mpc
Mass M 13 9 M⊙
Radius R� 400 420 R⊙
Spectral normalization C 17.9 1.36 1048 MeV−1

Average energy ω0 87.0 71.2 MeV
Spectral index β 2.43 2.86 1
Observed flux 1.57 1.47 10−5 cm−2 s−1

Flux upper limit Δϕγ 3.98 9.10 10−8 cm−2 s−1
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lasting signals will, at least partially, fall into a time interval
of average exposure and background flux. The other signal
shown as solid red line in Fig. 1 is an example for this,
which can clearly be excluded when compared to the
measured data points and their statistical errors. In addition,
we also mention a low exposure region more than four
weeks before the explosion, characterized by large error
bars on the flux.
Therefore, we can set a constraint on the ALP parameter

space by requiring that

hϕγðgaγ; maÞiΔt < Δϕγ ≡ ŝ
ε
; ð13Þ

i.e. that the average ALP-induced photon flux in the energy
range 30 MeV to 1 TeV during the time interval Δt is
smaller than the upper limit on the flux Δϕγ. The latter is
defined as the additional number of signal photons ŝ
allowed at the 95% confidence level, as derived in the
previous section, divided by the exposure ε during the time
interval Δt. As discussed above and summarized in Table I,
we derive our bounds in an optimistic and a conservative
case, with different parameter values determining the
ALP-induced gamma-ray flux, as well as different flux
upper limits corresponding to time intervals (I) and (II),

respectively. Note that the intervals (I) and (II) are only
examples that determine a background and an observation
duration, and it is not necessary for the signal to actually
have occurred during these exact periods. As can be seen
from Eq. (13), we compare an average flux with the data.
When exactly this average flux would have been observed
only determines which data to compare to and could
determine a more appropriate averaging window Δt as
the signal might be somewhat shorter than our fiducial time
intervals. None of these effects are expected to be very
important numerically. The result is shown in Fig. 2, where
the excluded parameter region is shown as an opaque red
region for the conservative case and as a transparent pink
region for the optimistic case. Note that in the excluded
parameter region fireball formation as discussed in [69]
does not occur. The conservative case falls in a region
excluded by other stellar arguments, confirming the
existing constraints. In the optimistic case, the resulting
bound is stronger than that from the same nonobservation
of an ALP-induced gamma-ray signal following SN
1987A. This is a remarkable result because SN 1987A
exploded more than 100 times closer to Earth compared to
SN 2023ixf, and hence the expected flux was a factor of
∼104 higher. We note that the largest difference between
optimistic and conservative case is the ALP spectrum,
while the upper limit on the gamma-ray flux is only a factor

FIG. 2. ALP parameter space gaγ −ma with existing constraints. The constraint calculated in this work is the red exclusion region,
including the optimistic (pink) and conservative (red) choice of parameters. The other shown constraints are: the cooling criterion
applied to SN 1987A (SN 1987A (ν)) [63], the SN 1987A bound for decaying ALPs [55,69], the upper limit on energy deposition by
ALP-decays in the plasma of the progenitor star of SNe with a particularly low explosion energy (low-energy SNe) and the diffuse
gamma-ray flux from the diffuse SNALP background (diffuse γ-flux) [35], the constraint form the duration of the helium-burning phase
(HB stars) [33,42,59], the constraint from x-rays observations following GW170817 (GW170817) [56], a bound on spectral distortions
of the CMB (SD) [39], and the irreducible cosmic ALP background from freeze-in production (axion freeze-in) [72]. We also show the
most conservative bound from the dissociation of light elements during BBN (BBN) [38].
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of 2 different. Thus, also with the conservative flux limit,
but optimistic assumptions about the ALP spectrum, the
resulting bound would be stronger than the previous one
from SN 1987A.3

We do not constrain ALP parameters above the black
dashed line in Fig. 2, as argued in Sec. V, since the signal
would be varying on timescales shorter than three days.
However, in principle, a constraint can be derived for these
ALP models as well, if additional assumptions about the
time of core collapse are made. Then, the onset of the
gamma-ray signal would be known, and in case there is an
overlap between a nonzero exposure of Fermi-LAT and the
signal, the underlying ALP parameters might be excluded.
Similarly, even the bound below the black dashed line
could be modified if the core collapse time was known and
the time-dependence of the signal could be taken into
account. In this case, Eq. (13) could be applied only in the
time period during which the signal has its peak. This
would slightly strengthen the bound if the signal peak is
either shorter or much longer than the 30 or 7 days
considered here—provided that the flux upper limit is
comparable to those assumed in our cases (I) or (II).
However, we expect a relatively small improvement of
our optimistic and conservative bounds once the core-
collapse time of SN 2023ixf is known because the
variations of the measured photon count and its error are
not very large (outside of the zero-exposure regions, see
Fig. 1), the signal peaks are not much shorter than our
conservative Δt ¼ 7 days for the relevant ALP parameters,
and because the bound on the ALP-photon coupling scales
as gaγ ∼ ϕ1=4

γ . Nevertheless, it would be an interesting
extension of this work to take the time-dependence of
the signal into account, especially because it might extend
the bound to larger masses and couplings.

VI. CONCLUSIONS

This analysis shows the importance of an accurate char-
acterization of astrophysical signatures of ALPs and, more
generally, exotic particles. It is well-known that a future
Galactic SNwill be a revolutionary opportunity to deepen our
knowledge of fundamental physics. However, as we demon-
strated here, and in line with similar conclusions for light
ALPs [51], also themore frequentextragalacticSNecanprobe
unexplored parameter regions of heavy ALPs. The limited
information on the SN core collapse time reflects in large
uncertainties in searches for light ALPs because their sig-
natures are expected in a coincidence of just a few seconds
after the core-collapse. This feature makes these studies very
sensitive to the timing information.Bycontrast,massiveALPs
give rise to a signal persistent in time, more similar to a steady
source. As argued in this work, this allows us to be much less
sensitive to the uncertainty on the time of the collapse of the
core. Hence, core-collapse SNe in near-by galaxies are
promising laboratories for new physics. We expect this study
to be the first of many searching for the characteristic signal
induced by the decay of exotic particles from this and other
extragalactic SNe. They present an excellent opportunity to
study fundamental physics using naturally occurring astro-
physical phenomena that should be exploited.
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