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Axion(-like) particles and the Primakoff effect

2Christopher Eckner, ceckner@ung.si

Axions and axion-like particles (ALPs) may contribute (at least a fraction) to the dark matter 
content of the universe.

Origin/motivation:

spontaneously broken global -symmetry at energy scale  
   —> axion: chiral -symmetry of QCD

   —> ALPs: anything goes

Result: pseudo Nambu-Goldstone boson  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[Peccei, Quinn77; Weinberg 78; Wilczek 78; Arias et al. 12]
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in SN is significant, because of the e�cient axion NN
bremsstrahlung process, the large axion mass hampers
the conversions into photons in the Galactic magnetic
field. In contrast, in what follows we want to consider
generic ALPs with mass and couplings completely unre-
lated. In this case, there exist significant regions in the
parameter space where we can have a large ALP produc-
tion and sizable photon conversions. This then provides
a gamma-ray signal which can be constrained by the dif-
fuse gamma-ray background measured by Fermi-LAT.

For heavier ALPs an alternative is to consider decays
into photons [16, 23]. Indeed, in [23] COMPTEL mea-
surements [24] have already been used to obtain limits
from this signature of the Di↵use SN ALP Background
(DSNALPB). Below we will return to this, allowing for
larger nucleon couplings and also including newer mea-
surements by Fermi-LAT.

Let us briefly outline our plan for the next sections.
In Sec. II we present the SN ALP flux for di↵erent
ALP models and calculate the di↵use SN ALP flux. In
Sec. III we characterize the ALP-photon conversions in
the Galactic magnetic field and we present our bounds
from the di↵use gamma-ray flux measured by Fermi-
LAT. In Sec. IV we consider the constraints coming from
the di↵use gamma-ray flux from the decay of heavy ALPs
produced in SNe. In Sec. V we comment on the perspec-
tive for improvements in sensitivity through next gener-
ation gamma-ray experiments in the MeV energy range.
Finally, Sec. VI provides a summary of our results and
conclusions.

II. SN ALP FLUXES

A. ALP emission from SNe

In the minimal scenario, ALPs have only a two-photon
coupling, described by the Lagrangian [25]
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This interaction allows for ALP production in a stellar
medium primarily through the Primako↵ process [26], in
which thermal photons are converted into ALPs in the
electrostatic field of ions, electrons and protons. In order
to calculate the ALP production rate (per volume) in
a SN core via Primako↵ process we closely follow [15],
finding
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Here, E is the photon energy, T the temperature and
⇠
2 = 

2
/4T 2 with  the inverse Debye screening length,

describing the finite range of the electric field surrounding

C [MeV�1] E0 [MeV] � g
ref
ax

� ! a 1.37⇥ 1051 122.3 2.3 10�11 GeV�1

NN ! a 9.08⇥ 1055 103.2 2.2 10�9

⌫̄e 7.8⇥ 1055 9.41 1.6 N/A

TABLE I. Fitting parameters for the SN ALP spectrum from
the Primako↵ process and NN bremsstrahlung. For compar-
ison we also show the parameters corresponding to the ⌫̄e

spectrum.

charged particles in the plasma. In order to get the total
ALP production rate per unit energy one has to integrate
Eq. (2) over the SN volume. As a reference, we con-
sider an SN model with an 18 M� progenitor, simulated
in spherical symmetry with the AGILE-BOLTZTRAN
code [27, 28]. We note that the e↵ect of the progenitor
mass in the ALP flux is rather mild. Indeed, in [15] some
of us have checked that di↵erences between di↵erent stel-
lar models, e.g. in terms of peak temperatures and other
nuclear matter properties relevant for the ALP produc-
tion, are actually only of the order of a few percent.
Assuming ma ⌧ T , we find that the time integrated

ALP spectrum is given, with excellent precision, by the
analytical expression
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where the values of the parameters C, E0, and � and the
relevant reference couplings grefax for the di↵erent channels
x are given in Table I. The spectrum described in Eq. (3)
is a typical quasi-thermal spectrum, with mean energy E0

and index � (in particular, � = 2 would correspond to a
perfectly thermal spectrum of ultrarelativistic particles).
If ALPs couple also with nucleons, the ALP NN

bremsstrahlung process

N1 +N2 �! N3 +N4 + a , (4)

provides another e�cient production channel [4]. In
Eq. (4), Ni are nucleons (protons or neutrons) and a

is the ALP field. The process (4) is induced by the
ALP-nucleon interaction described by the following La-
grangian term [29],

LaN =
X

i=p,n

gai

2mN
N i�µ�5Ni@

µ
a, (5)

with gai the ALP-nucleon couplings. This process has
been recently reevaluated in [12], including corrections
beyond the one-pion-exchange (OPE) approximation. In
this case, assuming ALPs coupled only to protons, one
finds the bound gap . 1.2 ⇥ 10�9, required to avoid an
excessive SN cooling that would have shortened the du-
ration observed SN 1987A neutrino burst.
Once again, the time-integrated spectrum is well rep-

resented by Eq. (3), with fitting parameters given in Ta-
ble I. Indeed neutrino emission can also be described by

minimal scenario:

gaγ = α
2π

1
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Figure 1.3: Diagram of the Primakoff effect.

approximately the same age and they differ only in their initial mass. Since the

more massive a star is, the faster it evolves, a globular cluster gives the possibility

to study a broad sample of stellar evolution stages and to estimate how long each

phase lasts. In particular, if axions are produced inside a star and escape, they

provide an additional cooling channel, besides the photon and neutrino ones. If

there are more efficient energy release channels, the nuclear fuel consumption has

to be faster, and thus the ageing quicker. Counting the stars in each evolution

stage inside a globular cluster permits us to study how fast the fuel consumption

is and therefore to put bounds on the production of axions in stellar cores. The

best constraints come from the stars which have reached the helium burning phase,

which are called horizontal branch (HB) stars because of the position they occupy

in the Hertzsprung-Russel diagram. The non-standard energy loss prolongs the

red giant (RG) phase and shortens the HB one [46]. Counting the RG and the HB

stars in globular clusters and comparing the two numbers it is possible to evaluate

the axion production rate in stars, and to obtain the two HB Stars bounds in

figure 1.2. In particular, if the axion is directly coupled to the electron, i.e. Ce is

O(1), it has a significant production channel more which is reflected in the broader

exclusion bound. HB stars have a typical core temperature of T ∼ 108 K ∼ 10 keV.

The thermal distribution of photons, averaged over the large volume of the star,

still includes many γs that are energetic enough to efficiently produce axions if

their mass is not ma ! 300 keV, which is where the HB bounds stop.

Also supernova explosions (SN) are used to put limits on axions. Stars with

6–8 M! mass or more reach the ultimate phase of the processing of nuclear fuel,

creating an iron nucleus. Iron has the largest binding energy per nucleon and

therefore cannot be efficiently burnt inside a star. It does not contribute to produce
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Using stellar astrophysics to probe ALPs

Feeble is good!

energy 
loss

coupling
Feeble

Light particles,  , can be efficiently 
thermally produced in stellar core

m ≲ T

Free 
streaming

Trapping

neutrions, 
axions, …

photons, 
electrons, …

SIP
FIP

[figure credit: M. Giannotti, @FIPs '20]

✦ Light particles, , are efficiently thermally produced in the core of stellar objects.

✦ Almost free-streaming in stellar environment.

    → new channel of stellar energy losses (they cool too faster) 
    → effects are observationally accessible    

m ≲ T

Tangible example:

Hints from observations of White  
Dwarf cooling (period change rate too 
high) [Isern, Hernanz, Garcıa-Berro (1992), Córsico, 
      Althaus, Miller Bertolami, Kepler (2019), and many other works]

Axions/ALPs may explain this  
discrepancy. 

Let us assume ALPs are only feebly coupled to photons.
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Massive stars ( ) burn their fuel until reaching an onion-like interior with a degenerate 
iron core in their centres.

> 8 M⊙

Fusing nuclei heavier than iron requires energy, thus gravity wins over the radiation pressure 
from the core; a rapid collapse occurs.

high densities: 
1014 g/cm3

high temperatures: 
∼ 30 MeV

Large magnetic fields: 
∼ 1015 G
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Figure 21. Axion-photon conversion probabilities, pag, for the JF12 model (top), and the eight model variations derived in this
paper (gagg = 5 ⇥ 10�12 GeV�1, Ea & 1 TeV and ma . 10�8 eV).

The minimum rigidity requirement improves consid-
erably if the arrival directions are corrected for their ex-
pected deflection in the GMF. The limit on the precision
with which we infer the source position arises from
the difference between the models, and not the overall
magnitude of the deflection. As can be seen from the
right panel of Fig. 20, the required minimum rigidity is
lower when the deflections are corrected for. This is be-

cause the differences of predicted deflections within the
model ensemble are smaller than the deflections them-
selves. With corrections, the rigidity quantile at which
half of the sky can be observed at qmax = 20� or bet-
ter, decreases to R

corr
50 = 11 EV giving a much greater

observational reach. Note that this discussion is indica-
tive only, since the minimal rigidity requirement may

[M. Unger & G. Farrar, arXiv:2311.12120]

Fermi LAT

5
Credit: ESA
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SN 1987A neutrino signal

Gamma-ray counts towards SN 1987A
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1Figure 1. Photon counts data from SMM/GRS (blue dots and error bars) for two energy bands
from ref. [28, Fig. 1]. We also show the best-fitting background-only model (red lines and error
bands), obtained from the data before the arrival of the first neutrino at t‹ (grey dashed vertical
line). Two strongly disfavoured (⁄P ƒ �‰2 = 25) ALP benchmark models are shown for illustrative
purposes: ma = 1 MeV, ga“ = 2.26 ◊ 10≠11 GeV≠1 (dashed black line) and ma = 10≠10 eV, ga“ =
6.55 ◊ 10≠12 GeV≠1 (blue line).

The authors of ref. [28] decide against using the data from the second data-taking
interval due to concerns about the background model. While we think that it would still
have been interesting to analyse it, we were unfortunately unable to obtain additional data
despite a number of enquiries. Only GRS data associated with solar flares appears to
have been designated for long-term storage.1 This is also unfortunate in light of the slight
discrepancies between the digitised data sets (up to 5% shifts), which we discuss together
with our digitisation procedure in appendix A.

In figure 1 we show the data for two of the available energy bands, which we digitised
from the literature (see appendix A for details). We do not include data from the 4.1–6.4 MeV
band since it has a negligible e�ect on our results due to its narrow range. To a lesser extend
this is also true for the 10–25 MeV band, as illustrated by the benchmark models in figure 1.

The GRS e�ective area. The GRS was facing the Sun during the neutrino burst, meaning
that gamma rays from SN1987A had to penetrate the walls of the spacecraft in order to reach
the detectors. This reduced the e�ective detector area Ae�,j for all energy bands [28]. Still,
observations of the 847 keV 56Co line [50] demonstrate that the GRS was technically capable
of detecting a gamma-ray burst at MeV energies.

Estimating the e�ective area is nonetheless one of the major sources of uncertainties in
limits derived from the GRS data set. Monte Carlo (MC) simulations have been performed
to estimate the e�ective area of the detector [51, Fig. 1(A)] (see also ref. [52, Fig. 1]).
These MC simulations agree within 20–30% [51] with the Earth’s gamma-ray albedo flux
measurements [53]. While this gives an estimate of the uncertainty of Ae�,j under “normal”
operating conditions, the di�erence in viewing angle during SN1987A may introduce additional
uncertainties (see also the discussion in ref. [32, §4.2.4]).

1
The SMM data archive is available at https://umbra.nascom.nasa.gov/smm/.
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line). Two strongly disfavoured (⁄P ƒ �‰2 = 25) ALP benchmark models are shown for illustrative
purposes: ma = 1 MeV, ga“ = 2.26 ◊ 10≠11 GeV≠1 (dashed black line) and ma = 10≠10 eV, ga“ =
6.55 ◊ 10≠12 GeV≠1 (blue line).

The authors of ref. [28] decide against using the data from the second data-taking
interval due to concerns about the background model. While we think that it would still
have been interesting to analyse it, we were unfortunately unable to obtain additional data
despite a number of enquiries. Only GRS data associated with solar flares appears to
have been designated for long-term storage.1 This is also unfortunate in light of the slight
discrepancies between the digitised data sets (up to 5% shifts), which we discuss together
with our digitisation procedure in appendix A.

In figure 1 we show the data for two of the available energy bands, which we digitised
from the literature (see appendix A for details). We do not include data from the 4.1–6.4 MeV
band since it has a negligible e�ect on our results due to its narrow range. To a lesser extend
this is also true for the 10–25 MeV band, as illustrated by the benchmark models in figure 1.

The GRS e�ective area. The GRS was facing the Sun during the neutrino burst, meaning
that gamma rays from SN1987A had to penetrate the walls of the spacecraft in order to reach
the detectors. This reduced the e�ective detector area Ae�,j for all energy bands [28]. Still,
observations of the 847 keV 56Co line [50] demonstrate that the GRS was technically capable
of detecting a gamma-ray burst at MeV energies.

Estimating the e�ective area is nonetheless one of the major sources of uncertainties in
limits derived from the GRS data set. Monte Carlo (MC) simulations have been performed
to estimate the e�ective area of the detector [51, Fig. 1(A)] (see also ref. [52, Fig. 1]).
These MC simulations agree within 20–30% [51] with the Earth’s gamma-ray albedo flux
measurements [53]. While this gives an estimate of the uncertainty of Ae�,j under “normal”
operating conditions, the di�erence in viewing angle during SN1987A may introduce additional
uncertainties (see also the discussion in ref. [32, §4.2.4]).
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– 3 –

0

20

40

60

[10, 25] MeV

27200 27250 27300 27350 27400 27450 27500 27550
Time after 00:00:00 UTC [s]

0

20

40

60
[25, 100] MeV First ‹ arrives SMM/GRS data

Background-only fit

ALP decay benchmark

ALP conversion benchmark

Ph
ot

on
co

un
ts

/
2.

04
8s

1Figure 1. Photon counts data from SMM/GRS (blue dots and error bars) for two energy bands
from ref. [28, Fig. 1]. We also show the best-fitting background-only model (red lines and error
bands), obtained from the data before the arrival of the first neutrino at t‹ (grey dashed vertical
line). Two strongly disfavoured (⁄P ƒ �‰2 = 25) ALP benchmark models are shown for illustrative
purposes: ma = 1 MeV, ga“ = 2.26 ◊ 10≠11 GeV≠1 (dashed black line) and ma = 10≠10 eV, ga“ =
6.55 ◊ 10≠12 GeV≠1 (blue line).

The authors of ref. [28] decide against using the data from the second data-taking
interval due to concerns about the background model. While we think that it would still
have been interesting to analyse it, we were unfortunately unable to obtain additional data
despite a number of enquiries. Only GRS data associated with solar flares appears to
have been designated for long-term storage.1 This is also unfortunate in light of the slight
discrepancies between the digitised data sets (up to 5% shifts), which we discuss together
with our digitisation procedure in appendix A.

In figure 1 we show the data for two of the available energy bands, which we digitised
from the literature (see appendix A for details). We do not include data from the 4.1–6.4 MeV
band since it has a negligible e�ect on our results due to its narrow range. To a lesser extend
this is also true for the 10–25 MeV band, as illustrated by the benchmark models in figure 1.

The GRS e�ective area. The GRS was facing the Sun during the neutrino burst, meaning
that gamma rays from SN1987A had to penetrate the walls of the spacecraft in order to reach
the detectors. This reduced the e�ective detector area Ae�,j for all energy bands [28]. Still,
observations of the 847 keV 56Co line [50] demonstrate that the GRS was technically capable
of detecting a gamma-ray burst at MeV energies.

Estimating the e�ective area is nonetheless one of the major sources of uncertainties in
limits derived from the GRS data set. Monte Carlo (MC) simulations have been performed
to estimate the e�ective area of the detector [51, Fig. 1(A)] (see also ref. [52, Fig. 1]).
These MC simulations agree within 20–30% [51] with the Earth’s gamma-ray albedo flux
measurements [53]. While this gives an estimate of the uncertainty of Ae�,j under “normal”
operating conditions, the di�erence in viewing angle during SN1987A may introduce additional
uncertainties (see also the discussion in ref. [32, §4.2.4]).

1
The SMM data archive is available at https://umbra.nascom.nasa.gov/smm/.
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[S. Hoof & L. Schulz, JCAP 03 (2023) 054]

SMM/GRS data

γ(?)
ν

A supernova in the Large Magellanic Cloud (50 kpc 
distance) exploded in 1987.

Neutrino data and non-observation of gamma rays 
still used to set competitive constraints on exotic 
new degrees of freedom! [A. Payez et al., JCAP 02 (2015) 006], [S. Hoof 
& L. Schulz, JCAP 03 (2023) 054], [E. Müller, CE et al., JCAP 07 (2023) 056], [A. Lella et al., 
PRD 109 (2024) 2, 023001], etc.[credit: Georg Raffelt]
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1Figure 1. Photon counts data from SMM/GRS (blue dots and error bars) for two energy bands
from ref. [28, Fig. 1]. We also show the best-fitting background-only model (red lines and error
bands), obtained from the data before the arrival of the first neutrino at t‹ (grey dashed vertical
line). Two strongly disfavoured (⁄P ƒ �‰2 = 25) ALP benchmark models are shown for illustrative
purposes: ma = 1 MeV, ga“ = 2.26 ◊ 10≠11 GeV≠1 (dashed black line) and ma = 10≠10 eV, ga“ =
6.55 ◊ 10≠12 GeV≠1 (blue line).

The authors of ref. [28] decide against using the data from the second data-taking
interval due to concerns about the background model. While we think that it would still
have been interesting to analyse it, we were unfortunately unable to obtain additional data
despite a number of enquiries. Only GRS data associated with solar flares appears to
have been designated for long-term storage.1 This is also unfortunate in light of the slight
discrepancies between the digitised data sets (up to 5% shifts), which we discuss together
with our digitisation procedure in appendix A.

In figure 1 we show the data for two of the available energy bands, which we digitised
from the literature (see appendix A for details). We do not include data from the 4.1–6.4 MeV
band since it has a negligible e�ect on our results due to its narrow range. To a lesser extend
this is also true for the 10–25 MeV band, as illustrated by the benchmark models in figure 1.

The GRS e�ective area. The GRS was facing the Sun during the neutrino burst, meaning
that gamma rays from SN1987A had to penetrate the walls of the spacecraft in order to reach
the detectors. This reduced the e�ective detector area Ae�,j for all energy bands [28]. Still,
observations of the 847 keV 56Co line [50] demonstrate that the GRS was technically capable
of detecting a gamma-ray burst at MeV energies.

Estimating the e�ective area is nonetheless one of the major sources of uncertainties in
limits derived from the GRS data set. Monte Carlo (MC) simulations have been performed
to estimate the e�ective area of the detector [51, Fig. 1(A)] (see also ref. [52, Fig. 1]).
These MC simulations agree within 20–30% [51] with the Earth’s gamma-ray albedo flux
measurements [53]. While this gives an estimate of the uncertainty of Ae�,j under “normal”
operating conditions, the di�erence in viewing angle during SN1987A may introduce additional
uncertainties (see also the discussion in ref. [32, §4.2.4]).

1
The SMM data archive is available at https://umbra.nascom.nasa.gov/smm/.
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ABSTRACT
While the high-z frontier of star formation rate (SFR) studies has advanced rapidly, direct measurements

beyond z ∼ 4 remain difficult, as shown by significant disagreements among different results. Gamma-ray
bursts, owing to their brightness and association with massive stars, offer hope of clarifying this situation,
provided that the GRB rate can be properly related to the SFR. The Swift GRB data reveal an increasing
evolution in the GRB rate relative to the SFR at intermediate z; taking this into account, we use the highest-
z GRB data to make a new determination of the SFR at z = 4 − 7. Our results exceed the lowest direct
SFR measurements, and imply that no steep drop exists in the SFR up to at least z ∼ 6.5. We discuss the
implications of our result for cosmic reionization, the efficiency of the universe in producing stellar-mass black
holes, and “GRB feedback” in star-forming hosts.
Subject headings: gamma-rays: bursts — galaxies: evolution — stars: formation

1. INTRODUCTION

The history of star formation in the universe is of intense
interest to many in astrophysics, and it is natural to pursue
pushing the boundary of observations to as early of times
as possible. Our understanding of this history is increas-
ing, with a consistent picture now emerging up to redshift
z ∼ 4, as summarized in Fig. 1. The cosmic star for-
mation rate (SFR) measurements from the compilation of
Hopkins & Beacom (2006) are shown, along with new high-z
measurements based on observations of color-selected Lyman
Break Galaxies (LBG) (Bouwens et al. 2008; Mannucci et al.
2007; Verma et al. 2007) and Lyα Emitters (LAE) (Ota et al.
2008). Much current interest is on this high-z frontier, where
the primeval stars that may be responsible for reionizing the
universe reside. Due to the difficulties of making and in-
terpreting these measurements, different results disagree by
more than their quoted uncertainties.

Instead of inferring the formation rate of massive stars
from their observed populations, one may directly mea-
sure the SFR from their death rate, since their lives are
short. While it is not yet possible to detect ordinary core-
collapse supernovae at high z, long-duration gamma-ray
bursts, which have been shown to be associated with a spe-
cial class of core-collapse supernovae (Stanek et al. 2003;
Hjorth et al. 2003), have been detected to z = 6.3. The
brightness of GRBs across a broad range of wavelengths
makes them promising probes of the star formation his-
tory (SFH) (see, e.g., the early works of Totani 1997;
Wijers et al. 1998; Lamb & Reichart 2000; Blain & Natarajan
2000; Porciani & Madau 2001; Bromm & Loeb 2002). In the
last few years, Swift5 (Gehrels et al. 2004) has spearheaded
the detection of GRBs over an unprecedentedly-wide redshift

1 Dept. of Physics, The Ohio State University, 191 W. Woodruff Ave.,
Columbus, OH 43210

2 Center for Cosmology and Astro-Particle Physics, The Ohio State Uni-
versity, 191 W. Woodruff Ave., Columbus, OH 43210

3 Dept. of Astronomy, The Ohio State University, 140 W. 18th Ave.,
Columbus, OH 43210

4 School of Physics, The University of Sydney, NSW 2006, Australia
5 See http://swift.gsfc.nasa.gov/docs/swift/archive/grb table.
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FIG. 1.— The cosmic star formation history. The compiled SFR data (light
circles) and fit (dotted line) of Hopkins & Beacom (2006) are shown, as well
as newer high-z data (the LAE points only sample Lyα Emitters). The results
of this work, as inferred using bright Swift gamma-ray bursts, are shown with
dark diamonds. The solid line is our new high-z fit given by Eq. 5.

range, including many bursts at z ! 4. Surprisingly, ex-
amination of the Swift data reveals that GRB observations
are not tracing the SFH directly, instead implying some kind
of additional evolution (Daigne et al. 2006; Le & Dermer
2007; Yüksel & Kistler 2007; Salvaterra & Chincarini 2007;
Guetta & Piran 2007; Kistler et al. 2008; Salvaterra et al.
2008).

GRBs can still reveal the overall amount of star formation,
provided that we know how the GRB rate couples to the SFR.
In this study, we use the portion of the SFH that is sufficiently
well-determined to probe the range beyond z # 4. We do this
by relating the many bursts observed in z # 1−4 to the corre-
sponding SFR measurements, and by taking into account the
possibility of additional evolution of the GRB rate relative to
the SFR. This calibration eliminates the need for prior knowl-
edge of the absolute conversion factor between the SFR and
the GRB rate and allows us to properly relate the GRB counts
at z # 4 − 7 to the SFR in that range. Additionally, we make

[H. Yuksel et al., ApJL 683 (2008) L5-L8]

Supernovae are not that rare on larger scales; their rates scales with the star-formation 
rate in the universe.

Observables: 
    → The diffuse axion-like particle background ( ), 
    → individual events: SN 2023ixf ( ). 

ma ∼ 𝒪(10−9 eV)
ma ∼ 𝒪(MeV)

mailto:christopher.eckner@ung.si
https://doi.org/10.1086/591449
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Figure 21. Axion-photon conversion probabilities, pag, for the JF12 model (top), and the eight model variations derived in this
paper (gagg = 5 ⇥ 10�12 GeV�1, Ea & 1 TeV and ma . 10�8 eV).

The minimum rigidity requirement improves consid-
erably if the arrival directions are corrected for their ex-
pected deflection in the GMF. The limit on the precision
with which we infer the source position arises from
the difference between the models, and not the overall
magnitude of the deflection. As can be seen from the
right panel of Fig. 20, the required minimum rigidity is
lower when the deflections are corrected for. This is be-

cause the differences of predicted deflections within the
model ensemble are smaller than the deflections them-
selves. With corrections, the rigidity quantile at which
half of the sky can be observed at qmax = 20� or bet-
ter, decreases to R

corr
50 = 11 EV giving a much greater

observational reach. Note that this discussion is indica-
tive only, since the minimal rigidity requirement may

Cumulative cosmological SN flux
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FIG. 15. 95% CL upper limits (red band) on the ALP-photon coupling constant ga� assuming a coupling exclusively to photons
and the ‘Jansson12c’ [92] model of the Milky Way’s GMF. The displayed band reflects the uncertainty on the DSNALPB gamma-
ray spectrum caused by the unknown ratio of failed to successful CCSNe within the mass range of SN progenitors considered in
this analysis (see Sec. III B) while keeping all other properties as in the benchmark scenario. Our results are complemented by
independent astrophysical and helioscope bounds on the ALP-photon coupling strength from CAST [93], Chandra observations
of NGC 1275 [94] as well as the non-observation of a gamma-ray burst following SN 1987A [10].

FIG. 16. As in Fig. 15. However, here we focus on the variation with respect to the magnetic field model. We confront the
upper limits derived with di↵erent characterisations of the Milky Way’s magnetic field; ‘Jansson12c’ [92] (green) and ‘Pshirkov’
[96] (purple). For comparison, the theoretical uncertainty due to the fraction of failed and successful CC SNe is shown as a
light red band.
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TABLE III. Fitting parameters for DSNALPB fluxes for
ga� = 10�11 GeV�1 and and ma ⌧ 10�11 eV for di↵erent
fractions of failed SNe ffail�CC, taking a Salpeter IMF and
and a fiducial model for the RSF parameters in Table III.
The case “max flux” corresponds to Salpeter IMF, and upper
model parameters for RSF in Table III, while the case “min
flux” corresponds to BG IMF and lower model parameters for
RSF in Table III.

ffail-CC C [⇥10�7 MeV�1cm�2s�1] E0 [MeV] �

10% max flux 144 43.8 1.50

10% 88.9 43.5 1.41

20% 62.9 39.9 1.49

30% 46.5 39.3 1.47

40% 35.8 40.2 1.41

40% min flux 15.7 42.3 1.32

magnetic field (GMF). To calculate the conversion prob-
ability we follow the same procedure used in Paper I and
Refs. [71]).

As it is well known (see [50] for the seminal paper dis-
cussing this in detail), in a homogeneous magnetic field,
ALPs can convert into photons with a polarization paral-
lel to the magnetic field. For massless ALPs, in vacuum
and at su�ciently weak coupling the conversion proba-
bility after a length d is,

Pa!� =

✓
ga�BT

2

◆2

d
2 (12)

⇠ 0.015
⇣

ga�

10�11 GeV

⌘2
✓

BT

10�6 G

◆ ✓
d

kpc

◆2

.

Here, BT is the magnetic field strength transverse to the
propagation direction of the ALP. In the Galaxy we ex-
pect fields of the order of µG, see [72] for a comprehensive
review. For the chosen value of the coupling we can there-
fore expect appreciable conversion inside the Galaxy.

However, there are additional e↵ects that have to be
taken into account to achieve a realistic description inside
the Galaxy. In the Galaxy neither the strength nor the
the direction of the magnetic field is constant. There-
fore, one has to integrate the build up of the photon
amplitude for both possible polarization directions along
the line of propagation through the Galaxy. We solve
the relevant equations numerically. To do so we need
the Galactic magnetic field model as an input. As our
baseline model we take the Jansson-Farrar model ([73])
with the updated parameters given in Tab. C.2 of [74]
(“Jansson12c” ordered fields)6. To quantify the uncer-

6 We comment that as pointed out in Ref. [75] the Jansson and
Farrar model exhibits regions in which the magnetic divergence
constraint is violated. Prescriptions have been proposed to mit-
igate this problem in [75]. This issue would deserve a dedicated
investigation in relation to ALP-photon conversions.
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FIG. 7. All-sky map in Galactic coordinates of the photon flux

from the DSNALPB, d2�
dEd⌦ , integrated from 50 MeV to 200

MeV (corresponding energy range of the low-energy Fermi-
LAT data set used in the following analysis, see Sec. IVA)
with respect to the benchmark scenario defined in Sec. V. The
assumed coupling ga� = 3.76⇥10�11GeV�1 (for ma ⌧ 10�11

eV) represents the 95% CL upper bound derived later in this
analysis for the benchmark DSNALPB scenario (cf. Sec. V).

tainty due to the magnetic field, we also compare to the
the Pshirkov model [76]. This second model features a
larger magnetic field in the Galactic plane and a weaker
o↵-plane component, and, to the best of our knowledge,
it is not excluded yet by Faraday rotation data.
The propagation is further complicated by changes in

the wavelength of the photon and the ALP. These arise
from the mass of the ALP, the plasma mass of the photon
arising from the non-vanishing electron density, as well
as, indeed, the coupling between the ALP and the photon
inside the magnetic field. The ALP mass and the pho-
ton coupling are explicit parameters of the ALP model,
i.e. the parameters we want to constrain. The plasma
mass is directly related to the electron density which we
take as an astrophysical input. For the electron density,
we use the model described in [77] (for both magnetic
field configurations). In general the e↵ect of the photon
and plasma mass on the probability is energy dependent
and fully included in our analysis. We note however,
that for ma . 10�11 eV and ga� . 10�11 GeV and ener-
gies E & 50MeV the mass e↵ects become negligible and
the probability is energy independent.
In Fig. 7 we show an example of the all-sky DSNALP

gamma-ray flux, resulting from the numerical implemen-
tation of the procedure outlined above. For the a ! �

conversion probability in the Milky Way, we started from
a pure ALPs beam at the outside boundary of the Galaxy,
for the Jansson and Farrar magnetic field model derived
in [73] and with parameters updated according to [74].
Besides giving an idea of the magnitude of fluxes at play
from ALPs, this map represents the spatial distribution
of the signal7 as it is used, for the first time in this work,

7 Due to the energy independence of the conversion in the energy

ALP signal

[F. Calore, CE et al., PRD 105 (2022) 6]

No detection: How much space is their 
to accommodate an additional signal?

Constraints stronger than CAST (solar axion bounds) and can be improved with future gamma-
ray measurements (MeV mission).
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What about individual extragalactic SN events?

A recent type II supernova was optically detected in the Pinwheel galaxy (M 101, distance ~ 7 Mpc) on 
the 18th of May 2023 with a progenitor mass from 9 to 22 .M⊙

[credit: Paul Jacklin, BBC]

→ Large scientific and publication attention, e.g. [C. D. Kilpatrick et al., ApJL 952 (2023) 1], [L. A. Sgro et al., Res. Notes AAS 7 (2023), 

141] 
→ As individual event too faint to detect signal of light ALPs, but MeV-scale ALPs are accessible via  
     ALP decay!

mailto:christopher.eckner@ung.si
https://doi.org/10.1088/1475-7516/2015/02/006
https://doi.org/10.1088/1475-7516/2023/03/054
https://doi.org/10.1088/1475-7516/2023/03/054
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ALPs from a relativistic plasma

Through their interaction with photons ALPs are produced by

Primakoff process Photon coalescence
Eike Müller, Fysikdagarna 2023 6 / 19

ALP production: 
(environmental 
properties via  
numerical simulation 
results of 11  
progenitor)

M⊙

Primakoff process inverse decay/ 
photon coalescence

JCAP07(2023)056

the ALP and photon momentum respectively, T is the temperature of the plasma, Êpl is
the plasma frequency, and Ÿs the screening scale for a degenerate nucleon gas [16, 24]. The
photon and ALP energy are identical since we can neglect the recoil of the heavy proton.
The Primako� process mainly takes place in the electric field of protons since electrons are
strongly degenerate [24].

It is well known [16, 28] that in a SN core ALPs with masses ma Ø 2Êpl ≥ O(25 MeV)
can also be e�ciently produced by the inverse decay ““ æ a, often called photon coalescence.
However, in the analysis of the gamma-ray bound on the photon coupling of ALPs [4, 17–
19, 29], this production process has been omitted so far. In fact, most of the cited works
use the same ALP spectrum that was found in ref. [24] where photon coalescence was not
included since only ultralight ALPs were studied. Here, we improve on the previous literature
by also taking this process into account. The spectral production rate for photon coalescence
including a non-zero e�ective photon mass and quantum statistics was derived in ref. [30]:

d2nPC
a

dtpb dÊa
=

g2
a“m4

a

128fi3

A

1 ≠
4Ê2

pl

m2
a

B ⁄ Êmax

Êmin

dÊ“

Ë1
eÊ“/T

≠ 1
2 1

e(Êa≠Ê“)/T
≠ 1

2È≠1

, (2.2)

with the minimal and maximal photon energy

Êmin,max = 1
2

Q

caÊa û pa

ı̂ıÙ1 ≠
4Ê2

pl

m2
a

R

db . (2.3)

The ALP spectrum dNa
dÊa

is the volume and time-integral of the total spectral production
rate (i.e. the sum of Primako� and photon coalescence contributions in eqs. (2.1) and (2.2)).
The quantities in eqs. (2.1) and (2.2) that depend on radial distance to the SN center, r, and
time after the core bounce, tpb, are the temperature T (r, tpb), the screening scale ŸS(r, tpb)
and the plasma frequency Êpl(r, tpb). Following the procedure in ref. [30], we take their
tabulated values at di�erent radii and times from the one-dimensional, numerical SN model
described in ref. [31].1 For practicality, we cut the radial integral o� at Rmax = 24 km since
the contribution from high radii and therefore small temperatures and densities is negligible,
and we cut the time integral o� at tmin

pb
= 0.5 s since our SN profiles are not smooth before

that time. Furthermore, it was recently shown in ref. [19] that the production of ALPs is well
approximated as instantaneous, i.e. that the dependence of the resulting gamma-ray signal
on the delay-time t can be neglected (if this were not the case, we should not integrate over
tpb and use the time-dependent ALP spectrum [19]). With that we find the following ALP
spectrum:

dNa

dÊa
(Êa) = 4fi

⁄
dtpb dr r2 ¸≠1(r, tpb) d2na

dtpb dÊloc
a

(r, tpb, ¸≠1(r, tpb) Êa) , (2.4)

where, from here on, Êa is the energy of the ALP in the frame of an observer far away from
the SN,2 which is red-shifted compared to the local energy with which it is produced in the

1
We use the reference model of ref. [31] that does not include any additional cooling or energy transfer

by ALPs since we are considering such small couplings here that their e�ect on the explosion dynamics is

negligible.
2
Such an observer far away from the SN will in fact never measure a spectrum as shown in eq. (2.4) in a

finite time interval since all ALPs have slightly di�erent velocities and hence the burst of ALPs will disperse.

This e�ect is taken into account when we calculate the observable photon spectrum below.

– 3 –
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Primako� Photon coalescence

ma = 1 MeV

(× 7·1049)

ma = 100 MeV

(× 2·1047)

50 100 150 200 250
0.0
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0.4

0.6

0.8
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Figure 1. Primako� (red) and photon coalescence (blue) spectra of ALPs with ma = 1 MeV and
ga“ = 10≠11 GeV≠1 (solid), and ma = 100 MeV and ga“ = 4 · 10≠13 GeV≠1 (dashed) produced in our
SN model. The two choices of parameters correspond to case 1 and case 2 discussed in section 5.3.
Note that we show the spectrum as a function of momentum for ease of presentation, even though it
is a di�erential with respect to the energy.

SN core Êloc
a = ¸≠1(r, tpb) Êa; here, ¸(r, tpb) is called the lapse function, which we also take

from the numerical SN model in ref. [31]. Note that the spectral production rates in eqs. (2.1)
and (2.2) are written as derivatives and functions of local energies, but we have suppressed
the superscript “loc” for notational simplicity.

In figure 1 we show the Primako� and photon coalescence spectra in red and blue,
respectively, for light, ma = 1MeV (solid lines), and heavy, ma = 100MeV (dashed lines),
ALPs. The e�ect of the gravitational red-shift can clearly be seen for the heavier ALPs:
the spectrum does not go to zero for pa æ 0 because ALPs that are produced with a
low local momentum are trapped in the SN and do not escape, while the momenta of the
slowest ALPs that do escape are then red-shifted towards pa æ 0 for a distant observer. It
also becomes clear from figure 1 that for heavy ALPs photon coalescence is the dominant
production process in a SN plasma, with a production spectrum about a factor of 100 larger
than that of the Primako� e�ect for ma = 100 MeV. The total number of ALPs produced by
photon coalescence is equal to that of ALPs produced by the Primako� e�ect for a mass of
ma = 70MeV, and is larger for all heavier masses. As we will show in section 4, this not only
slightly strengthens the bound whenever photon coalescence is kinematically possible but
especially also extends the bound to higher masses. It is therefore important for an accurate
bound on the ALP parameter space to include the photon coalescence contribution to the
ALP production spectrum.

3 The gamma-ray fluence from decaying SN ALPs

The temperatures and densities reached in the plasma of a SN explosion are high enough
to produce astrophysically relevant amounts of weakly coupled ALPs with masses up to

– 4 –

We accounted for photon coalescence was ignored in previous studies since it only becomes relevant 
above the MeV scale! 

 [E. Müller, CE et al., JCAP 07 (2023) 056]
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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

CONSTRAINING MEV-SCALE AXIONLIKE PARTICLES WITH … PHYS. REV. D 109, 023018 (2024)

023018-5

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].

RAVENSBURG, CARENZA, ECKNER, and GOOBAR PHYS. REV. D 109, 023018 (2024)

023018-6

estimated background

light ALP ~0.01 - 1 MeV

heavy ALP > 10 MeV

The Fermi-LAT data towards SN 
2023ixf around the optical onset.

SN 2023ixf can probe  
unexplored parts of MeV-
scale ALPs via ALP 
decay (within 
uncertainties: progenitor 
mass, distance and 
volume of the SN).

[E. Müller, CE et al., PRD 109 (2024) 2]
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Prospects for future Galactic SNe
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Photon coalescence was previously not accounted for when probing the parameter 
space of MeV-scale ALPs? Impact on constraints from ALP decay: 

    → SN 1987A  
    → A future Galactic supernova (same distance as SN 1987A)   

JCAP07(2023)056

Figure 3. Relevant constraints on the ALP-photon coupling. Here, we have calculated the solid red
exclusion regions from gamma-ray decays of ALPs produced in SN 1987A and measured by SMM.
Note that the red regions are shown without a boundary, the darker red shade is the 2‡ constraint
that is slightly larger than the bright red 3‡ constraint — see the main text for more details. We have
furthermore derived the red dashed contour, which shows an estimate of the sensitivity of Fermi-LAT
in the event of a future SN (see section 5.1 for details). The black dashed line is the SN 1987A
bound found in ref. [19]. The other, semi-transparent regions are constraints from the energy ALPs
could deposit in low-energy SNe (orange) and the di�use gamma-ray flux due to decays of ALPs
produced in all past SNe (yellow), both from ref. [10]; anomalous cooling during the SN explosion
leading to a shorter neutrino burst following SN 1987A (brown) [16]; changes in the evolution of
horizontal branch stars (purple) [6, 8, 35]; the non-observation of X-rays after the multi-messenger
observation GW170817 of a neutron star merger [36]; the irreducible cosmic ALP density from freeze-
in production (blue) [37]; as well as from the dissociation of light elements during BBN (green) [3].
Note that the BBN bound is the most conservative one presented in ref. [3]. Depending on the details
of the cosmology of the early universe (especially the value of the reheating temperature, here assumed
to be 10MeV), much stronger bounds can be derived, potentially excluding most of the parameter
range considered here. The two black points mark the ALP parameters of case 1 & 2 discussed in
section 5.

The condition �Ê“(pa) > 0 can be translated into a lower bound on pa, which does not have
a simple analytical form, but can be e�ciently evaluated numerically.

We present the resulting bound on the ALP-parameter space in figure 3. In the red
region, too many gamma rays would be produced in conflict with the SMM measurements,
where the lighter red corresponds to an exclusion at the 3 sigma level, as done in ref. [18],
while the darker red region is excluded at the 2 sigma level. The other, semi-transparent
regions are excluded due to constraints found in the literature, see the caption of figure 3.
We find a very good agreement of our bound with the 3 sigma bound of ref. [19], shown
as black dashed line, for ALP masses around or below 50 MeV. In that reference, only the
Primako� contribution to the ALP spectrum dNa

dÊa
is taken into account and the spectrum is

not calculated directly from a SN model as we do here, but it was rather inferred from the

– 12 –

Sensitivity of 
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Figure 3. Relevant constraints on the ALP-photon coupling. Here, we have calculated the solid red
exclusion regions from gamma-ray decays of ALPs produced in SN 1987A and measured by SMM.
Note that the red regions are shown without a boundary, the darker red shade is the 2‡ constraint
that is slightly larger than the bright red 3‡ constraint — see the main text for more details. We have
furthermore derived the red dashed contour, which shows an estimate of the sensitivity of Fermi-LAT
in the event of a future SN (see section 5.1 for details). The black dashed line is the SN 1987A
bound found in ref. [19]. The other, semi-transparent regions are constraints from the energy ALPs
could deposit in low-energy SNe (orange) and the di�use gamma-ray flux due to decays of ALPs
produced in all past SNe (yellow), both from ref. [10]; anomalous cooling during the SN explosion
leading to a shorter neutrino burst following SN 1987A (brown) [16]; changes in the evolution of
horizontal branch stars (purple) [6, 8, 35]; the non-observation of X-rays after the multi-messenger
observation GW170817 of a neutron star merger [36]; the irreducible cosmic ALP density from freeze-
in production (blue) [37]; as well as from the dissociation of light elements during BBN (green) [3].
Note that the BBN bound is the most conservative one presented in ref. [3]. Depending on the details
of the cosmology of the early universe (especially the value of the reheating temperature, here assumed
to be 10MeV), much stronger bounds can be derived, potentially excluding most of the parameter
range considered here. The two black points mark the ALP parameters of case 1 & 2 discussed in
section 5.

The condition �Ê“(pa) > 0 can be translated into a lower bound on pa, which does not have
a simple analytical form, but can be e�ciently evaluated numerically.

We present the resulting bound on the ALP-parameter space in figure 3. In the red
region, too many gamma rays would be produced in conflict with the SMM measurements,
where the lighter red corresponds to an exclusion at the 3 sigma level, as done in ref. [18],
while the darker red region is excluded at the 2 sigma level. The other, semi-transparent
regions are excluded due to constraints found in the literature, see the caption of figure 3.
We find a very good agreement of our bound with the 3 sigma bound of ref. [19], shown
as black dashed line, for ALP masses around or below 50 MeV. In that reference, only the
Primako� contribution to the ALP spectrum dNa

dÊa
is taken into account and the spectrum is

not calculated directly from a SN model as we do here, but it was rather inferred from the
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Case 1: ma = 1 MeV, ga� = 1 � 10�11 GeV�1

Case 2: ma = 100 MeV, ga� = 4 � 10�13 GeV�1

Figure 4. (Left) Simulated mock-observations of time-integrated gamma-ray spectra of a future SN
induced by ALP decays. The spectra reflect the number of detected photons over a total observation
time of tobs = 105 s in the energy range from 25 to 600MeV binned into 20 logarithmically spaced
bins. We consider two di�erent scenarios: (case 1 ) ga“ = 1 ◊ 10≠11 GeV≠1, ma = 1MeV (orange
data points); (case 2 ) ga“ = 4 ◊ 10≠13 GeV≠1, ma = 100 MeV (blue data points). (Right) Simulated
light curves of the same ALP-induced gamma-ray signals integrated over the energy range from 25 to
600 MeV. The analytic expectations for the light curves of both cases are shown as solid lines adhering
to the color style of the left figure. The opaque data points reflect our benchmark case with SN onset
time of tSN = 511847067.0 MET while the transparent points exemplify a situation where the first
seconds of the SN are detected by the Fermi-LAT (tSN = 51185103.0 MET). We plot the light curves
as observed gamma-ray flux, i.e. detected counts per temporal bin divided by the associated exposure.

Given the mock observations, we fit the signals using the simplified spectrum in eq. (5.9),
in order to have an analytical expression for the flux.9 This is done analogous to the mock
observations with the Fermi Science Tools, where we use a linear interpolation of the spectra
generated at the simulated parameter grid nodes as the final signal model S. For our fitting
model, we assume B = 0 and Êmin

a = Ê“ , i.e. a time-independent signal, due to the essentially
flat light curves in figure 4 for our benchmark case. This leaves us with three parameters (A,
Ê0

a, –) determining the resulting gamma-ray spectrum. In table 1 we list the prior ranges
for these parameters, which we employ to simulate model data for our analysis. In practice,
we prepare a regular grid of parameter combinations following the stated prior ranges. Each
of these combinations uniquely determines a gamma-ray spectrum for which we simulate 30
di�erent Poisson realizations in order to derive a mean expectation for our ALP-induced
gamma-ray model.

Note that the second ALP parameter scenario (ma = 100 MeV) is outside of the range
of validity of the simplified formula for the flux in eq. (5.9) and of our assumption that the
flux is time-independent. Hence, we expect a lower goodness-of-fit and potentially values for
the spectral parameters that are incompatible with the form of the SN ALP spectra. We
will use this case to demonstrate in section 5.3.2 that in the event of an observation, one can
at least decide whether the ALP mass is above or below ≥ 10 MeV, even though only the
product g2

a“ma ≥


(1 + –)–A is determined directly by the fit.

Spectral parameter inference. Our goal is to infer information about the nature of the
ALPs that can cause the observed gamma-ray emission from a future nearby SN. To this end,
we fit our model in eq. (5.9) using the simulated spectra to the mock observations. Thereby
we reconstruct the parameters of the initial model, which are related to the fundamental

9
In principle, one could also use the numerical expression in eq. (5.6) to fit the observation. However, this

is computationally costly and will not lead to a significantly di�erent result in most of the parameter space

to which Fermi-LATis sensitive for ma . 10 MeV since eq. (5.9) is a good approximation here.
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Signal shape depends on the ALP mass,

can we infer the mass if a positive signal  
occurs? 
 
   — Case 1:  MeV

   — Case 2:  MeV
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Figure 6. Best-fitting values and posterior distributions of the reconstructed ALP spectral parameters
A, Ê0

a and – for an ALP-induced gamma-ray signal of a future SN characterized by ma = 1 MeV,
ga“ = 10≠11 GeV≠1 (case 1 ). We overlay the marginal two-dimensional posterior distributions with
the best-fitting parameter values using the analytic formula in eq. (5.9) (before the simulation with the
Fermi Science Tools) while the green values are denoting the parameter values maximizing eq. (5.12).
The marginal one-dimensional posterior distributions for each parameter show the 16%, 50% (median)
and 84% quantiles as black dashed lines, whose numerical values are also stated in the title of each
marginal posterior.

and the values of the parameters – and Ê0
a that the ALP-mass is below 10MeV, as we will

discuss for case 2. Thus, while it would not be possible to infer ga“ and ma directly from the
hypothetical gamma-ray flux observation considered here, one could constrain the mass to
roughly two orders of magnitude and the photon coupling to within one order of magnitude.

Case 2. When confronted with a signal from a SN explosion, the mass of the ALP po-
tentially causing this signal is, of course, unknown. Consequently, it is not clear a priori
if the signal model in eq. (5.9) is a good description of the flux. As discussed above, the
light curves of the signals (right panel of figure 4) do not discriminate between the two cases
(light or heavy ALPs) since no time dependence is observed. The time-integrated spectra
(left panel of figure 4) also show a very similar energy dependence in the two cases. However,
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Figure 9. Same as figure 6 displaying the inferred parameters for an ALP-induced gamma-ray signal
from a future SN characterized by ma = 100MeV, ga“ = 4◊ 10≠13 GeV≠1 (case 2 ). We employed the
model in eq. (5.9).

priate spectrum for massive ALPs produced in a SN and developing a new, e�cient method
to calculate the expected gamma-ray signal.

We extended the constraint from a gamma-ray burst caused by the decay of ALPs
produced in SN 1987A to ma ≥ 280 MeV by including the previously neglected photon
coalescence process, which dominates ALP production for ma & 70 MeV. Furthermore,
we introduced a new form of the di�erential gamma-ray fluence with eq. (3.17). With this
observer variable approach we proved the widely used small-angle approximation, that makes
the expression for the fluence significantly simpler at early observation times — and not only
for short ALP decay lengths as previously assumed. We derived a rigorous limit on the
observation time after which the small-angle approximation is not valid anymore. In such a
situation, our work provides a reliable way to calculate not only the total fluence of gamma
rays but also its time-dependent spectral properties. We apply this latter method to simulate
the signal that would be observed by Fermi-LAT from a future nearby SN explosion. The
sensitivity, energy range and sky coverage of this detector would allow to probe ALP-photon
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Case 1  
true value  
best-fit vale

Case 2

And reconstructing their properties: light ALPs,
ma = 1 MeV

The real values (red) are in good agreement with the measurement

(green)

23

fit function:

Heavy MeV-
scale  
ALPs do not 
follow the 
assumed  
signal shape! 
Indication 
pointing 
towards 


 MeV.ma > 10

 [E. Müller, CE et al., JCAP 07 (2023) 056]
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What can we learn from a close Galactic supernova (~10 kpc) with a progenitor resembling 
Betelgeuse (~11 ) regarding ALPs with , i.e. Primakoff production?M⊙ ma ∼ 𝒪(1 neV)5

FIG. 4. Left panels: conversion probability Pa� as a function of the ALP energy E. Right panels: Observable photon spectra
at the detector. The ALP parameters are ga� = 10�12 GeV�1 and ma = 0.1 neV (upper panel), ma = 1 neV (middle panel) or
ma = 10 neV (lower panel). We consider the cases of perfect energy resolution (� = 0, black solid lines) and Gaussian energy
resolution with �(E�) = 0.2E� (dashed red lines).

obtained from a numerical integration of the equations of
motion with the analytical expression in Eq. (5), assum-
ing a uniform magnetic field, obtained averaging the real
one over the line of sight (compare with Eq. (A23) in
Ref. [39]), i.e.

hBT i
2 =

1

L2

2

4
�����

Z L

0

dz Bx(z)

�����

2

+

�����

Z L

0

dz By(z)

�����

2
3

5 ,

(11)
assuming ALPs propagating along z over a distance L,
while Bx and By are taken from the di↵erent magnetic
field models. This approximation is useful to analyze how
the signal is a↵ected by the ALPs mass. In Fig. 3 we
show the conversion probability Pa� as a function of the
ALP mass ma evaluated by the approximate expression

in Eq. (5) (red line) and compared with the exact re-
sult (black line), for ga� = 10�12 GeV�1, E = 100 MeV
and L = 10 kpc. In the approximate formula we use
hBT i = 0.58 µG for “JFnew” (upper panel), leading to
Pa� = 7.8 ⇥ 10�5 in the low-mass limit, ma . 0.36 neV
[see Eq. (10)], indicated with the vertical dashed line,
and hBT i = 0.24 µG for “Psh” (lower panel), resulting
in Pa� = 1.3⇥10�5 in the same limit. Forma . 0.36 neV,
the approximate and exact results are in agreement since
the ALP oscillation length losc = 2⇡/�osc ⇡ 3.5⇥103 kpc
for the chosen input values is much larger than the di-
mension of the Galaxy. Thus, the conversion probabil-
ity mainly depends on hBT i. For larger masses, the os-
cillation length becomes smaller (e.g., losc ⇠ 1 kpc at
ma = 3 neV), making the oscillations sensitive to the
detailed structures of the B-field. In this latter case, the
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FIG. 7. Best-fitting values and posterior distributions of the reconstructed time-integrated ALP spectral parameters Cobs, ✏0
and ↵ for an ALP-induced gamma-ray burst of a future SN of an 11.2 M� stellar progenitor characterized by ma = 0.1 neV,
ga� = 1.5 ⇥ 10�12 GeV�1. We overlay the marginal two-dimensional posterior distributions with the parameter values used
to simulate the mock signal in red, while the green values denote the parameter values maximizing Eq. (18). The marginal
one-dimensional posterior distributions for each parameter show the 16%, 50% (median) and 84% quantiles as dashed black
lines, whose numerical values are also stated in the title of each marginal posterior.

the critical mass discussed in Sec. IID, the observation of
an ALP-induced gamma-ray signal in combination with
other constraints would allow one to infer an ALP mass
0.01 neV . ma . O(0.1) neV.

C. ALP parameter reconstruction for ma & mc
a

As discussed in Sec. II, the reconstruction of the ALP-
photon coupling in the massive case is less straightfor-
ward since the result depends on the unknown ALP mass.

7

D. Observable gamma-ray spectrum

The gamma-ray flux in units of MeV�1 cm�2 that
reaches the Earth is given by

d��

dE
=

1

4⇡L2

dNa

dE
Pa�(E) . (12)

The shape of the observed photon spectrum is deter-
mined by the finite detector energy resolution, producing
the following smearing

d��,obs

dE�
=

Z
+1

�1
⌘(E,E�)

d��

dE
(E)dE , (13)

where E is the true photon energy, E� is the detected
one, and ⌘(E,E�) is the detector dispersion matrix.

To illustrate this point, in Fig. 4 we show the observ-
able gamma-ray signal induced by SN ALPs (right pan-
els). The ALP parameters are ga� = 10�12 GeV�1 and
ma = 0.1 neV (upper panel), ma = 1 neV (middle panel)
or ma = 10 neV (lower panel). We consider the cases of
perfect energy resolution (� = 0, black solid line) and
Gaussian energy resolution with �(E�) = 0.2E� (dashed
red line). The latter is a good approximation for the LAT
energy resolution for energies larger than 60 MeV, thus
we assume a threshold for observation Eth = 60 MeV.
The SN is assumed to be at a distance of L = 10 kpc, in
the same direction, (`, b) = (199.79�,�8.96�), specified
above, and the magnetic field model is “JFnew”. In the
left panels of Fig. 4, we display the relevant conversions
probabilities Pa� as a function of the ALP energy E.

As shown in the upper left panel of Fig. 4, for
ma = 0.1 neV the conversion probability is constant, and
thus the e↵ect of the finite energy resolution does not
a↵ect the observed gamma-ray signal, which keeps the
same shape of the original ALP spectrum (see Fig. 1).
Instead, for the other two cases, Pa� is energy depen-
dent. This would imprint peculiar wiggles in the photon
spectrum, which are, however, washed out by the finite
energy resolution of the detector (dashed red line in right
panels), especially in thema = 10 neV case (lower panel).
Depending on the resolution function, there may be an
intermediate case, e.g. for ma = 1 neV (middle panel),
in which also after the energy smearing caused by the
finite resolution there is some peculiar energy-dependent
modulation of the spectrum. However, this is expected
to happen only in a very narrow range of ALP masses.
The discussion above suggests that there are three dif-
ferent ALP mass ranges with peculiar properties of the
expected signal. In absence of wiggles, the observed pho-
ton flux in MeV�1 cm�2 integrated over the SN explosion
time can be very well described by the function

d��,obs

dE�
= Cobs

✓
E�

✏0

◆↵

exp

✓
�
(↵+ 1)E�

✏0

◆
, (14)

which resembles the form of the ALP spectrum in Eq. (3),
but with di↵erent parameters, depending on the consid-
ered ALP mass range.

1. ma ⌧ m
c
a. Energy-independent conversions. The

gamma-ray spectrum has the same shape of the ini-
tial ALP spectrum as in Eq. (3). Thus, comparing
it with the original ALP spectrum in Eq. (3), the
spectral index is ↵ ' � and the average energy of
the observed photon spectrum is ✏0 = hE�i ' E0.

2. ma � m
c
a. Averaged conversions with

Pa� ⇠ 2�2
a�/�

2
a. The wiggles in the gamma-ray

spectrum induced by ALP conversion are so dense
that they are completely smoothed out by the ef-
fect of the detector. In this case, Pa� / E

2
� . Thus,

the photon spectrum acquires an additional depen-
dence on the energy. Explicitly, we find ↵ = � + 2
and ✏0 = hE�i '

�+3

�+1
E0.

3. ma ⇡ m
c
a. Intermediate regime. This is a narrow

range where the signal wiggles are not completely
washed out by the detector resolution, so we do not
expect a smooth functional form in this case and
the fit in Eq. (14) does not apply.

In Fig. 5 we show the results of fitting the three
observed spectra from Fig. 4 with Eq. (14). The
ma = 0.1 neV (upper left panel) is representative of case
1 in which Pa� is energy independent, therefore the best-
fit parameters ↵ = 2.0 and ✏0 = 73.2 MeV are close to the
average energy E0 and spectral index � of the primary
ALP flux. From the plot of the residual it is apparent
that the fit worsens in the high-energy tail of the spec-
trum, at E� & 150 MeV, where the discrepancy between
the observed flux and the fitted expression is more than
20%.
The case of ma = 1 neV (upper right panel) cor-

responds to case 3. Here, due to the energy thresh-
old of the detector, the peak of the energy spectrum
is not visible and we can see only the tails. Thus,
the fit in Eq. (14) does not work and we can try to
fit the observed spectrum with an exponential function
d��,obs/dE� / exp(�k1 E�), with k1 fitting parameter.
In this case, the fitting function presents deviations and
a remaining energy-dependent modulation of the order
of 20% due to remnant of the oscillatory behavior of the
probability after the smearing due to the resolution.
Finally, the plot with ma = 10 neV (lower panel) cor-

responds to case 2. We see that in the energy range
E� 2 [60; 200] MeV the deviations of the fitting function
with respect to the numerical spectrum are less than 10%,
smaller than the ultralight case due to the larger average
energy of the observed photon spectrum.
We see that the values of the fitting parameters ↵ = 3.7

and ✏0 = 116.9 MeV are significantly larger than the
ones expected from the original ALP spectrum of Eq. (3).
This feature can be used as a way to distinguish case
3 from case 1. Specifically, a value of ↵ ⇠ 2 indicates
ma ⌧ m

c
a, while a larger value, ↵ ⇠ 4, can be considered

as evidence of ma � m
c
a.

predicted function form:

 neV 
true value  
best-fit vale

ma = 0.1

Spectrum is mass-dependent: Below a threshold, no 
distortions due to surrounding photon plasma frequency. 
Fit allows us to derive  — connected to SN temperature.ϵ0

energy resolution

 [F. Calore, CE et al., arXiv:2306.03925]
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FIG. 6. Comparison of the projected 95% confidence level Fermi-LAT sensitivity to ga� (displayed in red) for an ALP-induced
gamma-ray burst from a CC SN with the benchmark characteristics shown in the box and detailed in Sec. III A, alongside the
current astrophysical constraints [13, 48–51], shown in gray (see Ref. [47] and references therein for more details). The black
star shows the benchmark ALP parameters (ma, ga�) = (0.1 neV, 1.5 ⇥ 10�12 GeV�1), discussed in Sec. IVB. The dashed
blue line and the light blue band represent the reconstructed coupling and the 1� error interval, respectively. The light gray
region delimited by the dashed line is the axion star explosion limit, obtained assuming ALP dark matter [52].

TABLE I. Reconstructed ALP-photon coupling with associated error bars (third column, see text for detailed derivation) for
di↵erent values of the input ALP-photon coupling (first column), leading to di↵erent values of Cobs (second column).

input ga�(⇥10�12 GeV�1) Cobs(MeV�1 cm�2) rec. ga�(⇥10�12 GeV�1)

1.00 0.042± 0.007 0.90+0.76
�0.25

1.50 0.221± 0.026 1.37+1.12
�0.36

2.00 0.727± 0.083 1.84+1.50
�0.48

2.50 1.718± 0.186 2.30+1.87
�0.60

3.00 3.758± 0.384 2.78+2.25
�0.72

(first column), corresponding to a given Cobs (second col-
umn). The large uncertainty on the magnetic field leads
to a ⇠ 2 factor uncertainty on the reconstructed ALP-
photon coupling. For clarity, this table can be compared
with Tab. II, noticing that the mean value of ga� corre-
sponds to the “JFnew” model, which is the most realis-
tic one, and the asymmetric 1� error bars are given by
the lowest coupling reconstructed with the “JF” model
and the highest one obtained with the “Psh” model. In
Fig. 6 we show the reconstructed ALP-photon coupling

(the dashed blue line) with the 1� band error associ-
ated with the uncertainty on the modeling of the Galac-
tic magnetic field for the benchmark case ma = 0.1 neV
and ga� = 1.5 ⇥ 10�12 GeV�1. In case of such an ob-
servation, the coupling would be reconstructed within a
factor two due to the uncertainties on the Galactic mag-
netic field. On the other hand, a measurement would
not reveal any information on the ALP mass. How-
ever, for the considered coupling, the strong astrophysi-
cal bounds robustly exclude ma . 10�11 eV. Thus, given

 [F. Calore, CE et al., arXiv:2306.03925]

reconstruction potential from chosen signal 

Can we extract more information by adding couplings to further Standard Model particles?
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Axion production in SNe

Ø Pion Conversions
[Carenza & al., Phys.Rev.Lett. 126 (2021),
Choi & al., JHEP 02 (2022) 143,
Ho & al., Phys. Rev. D 107 (2023)] 

Alessandro Lella Axions++ 2023 Annecy, 27/09/2023

ALPs nuclear interactions
Ø Axions and ALPs could interact with all the Standard model particles.

Ø In ChPT interaction verteces with baryons and mesons [Ho & al., Phys.Rev.D 107 (2023) ]

Alessandro Lella Axions++ 2023 Annecy, 27/09/2023

ALPs nuclear interactions
Ø Axions and ALPs could interact with all the Standard model particles.

Ø In ChPT interaction verteces with baryons and mesons [Ho & al., Phys.Rev.D 107 (2023) ]

Alessandro Lella Axions++ 2023 Annecy, 27/09/2023

ALPs nuclear interactions
Ø Axions and ALPs could interact with all the Standard model particles.

Ø In ChPT interaction verteces with baryons and mesons [Ho & al., Phys.Rev.D 107 (2023) ]

Alessandro Lella Axions++ 2023 Annecy, 27/09/2023

Introduction ALP couplings to mesons and hadrons introduces a rich phenomenology:
Axion production in SNe

Ø Nucleon-Nucleon bremsstrahlung 
[Carenza & al., JCAP 10 (2019) 10,
Raffelt & Seckel, Phys. Rev. D 52 (1995),
Hempel, Phys. Rev. C 91 (2015),
Ericson and Mathiot, Phys. Lett. B 219 (1989)] 

Alessandro Lella Axions++ 2023 Annecy, 27/09/2023

ALP production in SN cores:

Nucleon-nucleon  
bremsstrahlung

Pion conversion: Pion conversion was  
typically neglected in the 
past. 
 
Now understood that it 
can even dominate the  
ALP production!

 [B. Fore & S. Reddy, PRC 101, 035809 (2020)]
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ALP emission spectra

10%&' ≲ $() ≲ 10%*
free-streaming regime

!" → $"

"" → $""

Alessandro Lella Axions++ 2023 Annecy, 27/09/2023
Figure 3. Normalized �-spectra smeared by the Fermi-LAT resolution in Eq. (2.9). ALP emision is
set on our benchmark SN model SFHo-s18.8. In particular, the four panels refer to di↵erent snapshots
of the signal at the first 4 seconds after the core bounce. Moreover, the solid line depicts the spectrum
in presence of pions (NN + N⇡), while the dashed line is the spectrum induced by bremsstrahlung
alone (NN).

3 Fermi-LAT simulation and reconstruction of the signal

*******FERMI-LAT SIMULATION*********

3.1 Simulation framework

3.2 Signal reconstruction

4 Presence of pions in the SN core

The behaviour of pionic matter inside the hot and dense PNS is currently a hot topic still
under investigation (see Ref. [13] for a recent developments). The role of pions inside SN
simulations has been overlooked for a long time, since they are expected to not give a sig-
nificant contribution to the explosion mechanism. Moreover, if their nuclear interactions are
not taken into account, they are expected to form a Bose condensate in the nuclear medium
of the SN core [33]. Thus, first estimates suggested that the population of thermal pions was
too small to play a relevant role in the ALP production [4]. Nevertheless, in Ref. [20] the
authors proposed that strong interactions in the PNS can enhance the fraction of thermal
negatively charged pions. As discussed in Ref. [8], in this case ALP production via pion
conversions cannot be neglected anymore, giving rise to the bimodal spectrum discussed in
Sec. ??. Consequently, the observation of a peak associated to pionic production in the ALP
emission would represent a clear evidence supporting the scenario discussed in Ref. [20].
Fig. ?? displays ?? snapshots of the Fermi-LAT observations at the first ?? seconds after the
core bounce. In particular, the ?? line and the ?? line show the ALP-induced signal with

– 7 –

preliminary

time-integrated ALP spectrum time-dependent ALP spectrum

Both processes contribute at different energies and introduce a time-dependence due to 
the evolution of the SN core (pion density).

Questions to answer: 
→ Is the Fermi-LAT energy resolution good enough to observe a two-peak spectrum? 
→ Can we re-construct the mean temperature of the spectrum? Tied to equation of state of  
     SN core.

 [A. Lella et al., PRD 109, 023001 (2024)]

 [A. Lella, CE et al., in prep.]
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Outlook 

✦ Lacking a Galactic SN, extragalactic SNe are capable of probing parts of the ALP parameter 
space.


✦ Observing the prompt gamma-ray emission from a future Galactic SN, allows us to study the 
properties of ALPs and learn about their nature.


✦ SN ALPs not only carry information about their own nature but also about the internal physics 
of the stellar progenitors.


What may be possible in the future?

9

Gamma-ray astrophysics 
DeAngelis+ Voyage 2050 ‘21

Closing the MeV gap greatly enhances the access to ALP supernova phenomenology!

[DeAngelis+ Voyage 2050 ’21] 
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isotropic component of high-energy gamma rays, which
might fall within the time envelope of the observed neu-
trino signal. This component is expected to be much less
luminous than the ALP-induced signal and distinguish-
able from the prompt signal. However, for GRBs occur-
ring in our Galaxy, one cannot conclusively assert that
they are free from contamination by an isotropic compo-
nent of high-energy gamma rays during its prompt emis-
sion phase. Currently, there is still debate on this topic
and a better comprehension of GRBs is needed. There-
fore, here we assume that the ALP-induced signal is not
contaminated by any standard physics background and
it would be a hint of new physics.

Our work follows this structure. In Sec. II, we char-
acterize the initial SN ALP flux, the ALP-photon con-
version in the Galactic magnetic field and the observable
gamma-ray flux. In Sec. III, we assess the capability of
Fermi -LAT to reconstruct the ALP parameters after the
observation of a gamma-ray signal from a Galactic SN
explosion. The results of this analysis are discussed in
Sec. IV. Finally, in Sec. V we summarize and conclude.

II. ALP-INDUCED SUPERNOVA GAMMA-RAY
BURST

A. Core-collapse supernova ALP production

ALPs are expected to be abundantly produced in CC
SNe. In a minimal model we consider only their in-
teraction with photons characterized by the Lagrangian
term [18]

La� = �
1

4
ga�Fµ⌫ F̃

µ⌫
a = ga� E · B a , (1)

with ga� the ALP-photon coupling, Fµ⌫ the electromag-
netic field strength tensor, F̃µ⌫ its dual, a the ALP field,
and E, B the electric and magnetic field, respectively.
This interaction leads to the ALP production rate per
volume in the SN core via Primako↵ process [3]

dṅa

dE
=

g
2
a�⇠

2
T

3
E

2
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eE/T � 1

�
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1 +
⇠
2
T

2

E2

◆
ln

✓
1 +

E
2

⇠2T 2

◆
� 1

�
.

(2)

Here, E is the photon energy measured by a local ob-
server at the emission radius, T the temperature and
⇠
2 = 

2
/4T 2 with  the inverse Debye screening length,

describing the finite range of the electric field surrounding
charged particles in the plasma. The total ALP produc-
tion rate per unit energy is obtained integrating Eq. (2)
over the SN volume.

In the limit ma ⌧ T , the ALP spectrum is reproduced
with excellent precision by the analytical expression [3,

FIG. 1. Time-integrated SN ALP spectrum for
ga� = 10�12 GeV�1 and C = 7.09⇥ 1048 MeV�1,
E0 = 75.70 MeV and � = 2.80 [15].

15]

dNa

dE
= C

✓
ga�

10�12 GeV�1

◆2 ✓
E

E0

◆�

exp

✓
�
(� + 1)E

E0

◆
,

(3)
where the values of the parameters C, E0, and � are re-
lated to the SN model. The expression above describes a
quasi-thermal spectrum, with average energy hEi = E0

and index � (in particular, � = 2 corresponds to a per-
fectly thermal spectrum of ultrarelativistic particles).
Following Ref. [15], it is possible to extract the depen-

dence of the spectral coe�cients C, E0, and � on the SN
progenitor mass for successful CC SNe,

C(M)

1048 MeV�1
= (1.73 ± 0.172)

M

M�
� 9.74 ± 2.92 ,

E0(M)

MeV
= (1.77 ± 0.156)

M

M�
+ 59.3 ± 2.65 ,

�(M) = (�0.0254 ± 0.00587)
M

M�
+ 2.94 ± 0.0997 .

(4)

For our numerical analysis, we will refer to a SN model
with an 11.2 M� progenitor mass obtained using a
1D spherically symmetric and general relativistic hy-
drodynamics model, based on the AGILE BOLTZTRAN

code [19, 20]. In this case, an example of the time-
integrated spectrum is shown in Fig. 1, with values of
the spectral coe�cients taken from Table I in Ref. [15].
Here, we are interested in studying the ALP detectabil-

ity prospects, focusing on very weakly interacting ALPs,
with ga� . 10�11 GeV�1. In this regime, ALPs have a
very long mean free path even in the very dense SN core,
and can escape freely. Yet, even such a tiny ALP-photon
coupling may trigger a significant ALP conversion into
photons in the Galactic magnetic field, as we will show
in the next Section.
In principle, another possible ALP production mecha-

nism in a SN would be the conversion of thermal photons
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