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Abstract: Axion-like particles (ALPs) coupled to nucleons can be efficiently produced in
the interior of protoneutron stars (PNS) during supernova (SN) explosions. If these ALPs
are also coupled to photons they can convert into gamma rays in the Galactic magnetic
field. This SN-induced gamma-ray burst can be observable by gamma-ray telescopes like
Fermi-LAT if the SN is in the field of view of the detector. We show that the observable
gamma-ray spectrum is sensitive to the production processes in the SN core. In particular, if
the nucleon-nucleon bremsstrahlung is the dominant axion production channel, one expects a
thermal spectrum with average energy Ea ≃ 50 MeV. In this case the gamma-ray spectrum
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observation allows for the reconstruction of the PNS temperature. In case of a sizable pion
abundance in the SN core, one expects a second spectral component peaked at Ea ≃ 200 MeV
due to axion pionic processes. We demonstrate that, through a dedicated LAT analysis, we
can detect the presence of this pionic contribution, showing that the detection of the spectral
shape of the gamma-ray signal represents a unique probe of the pion abundance in the PNS.

Keywords: axions, gamma ray detectors, supernovas
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1 Introduction

Core-collapse supernovae (SNe) are unique astrophysical laboratories for weakly-interacting
particles such as axions and axion-like particles (ALPs) (see ref. [1] for a recent review).
Because of the extreme conditions of temperature and density expected in the inner regions of
the protoneutron star (PNS), ALPs could be copiously produced exploiting their coupling to
nucleons gaN , with N = n, p for neutrons and protons respectively [2, 3]. Indirect constraints
on this flux can be obtained from the impact of the ALP emissivity on the duration of the SN
neutrino burst. Notably, the SN 1987A observation allows one to constrain gaN ≲ 10−9 [3].
In case ALPs are also coupled to photons, the SN ALP flux can convert into gamma rays
in the Galactic magnetic field [4], opening the possibility for a direct detection of a SN
ALP-induced gamma-ray burst in gamma-ray telescopes [5, 6]. In this regard, at the time
of SN 1987A explosion the non-observation of gamma rays in the Solar Maximum Mission
Satellite [4] allows one to exclude values of the ALP-photon coupling gaγ ≳ 10−15 GeV−1

for ALP masses ma < 10−10 eV [7].
In this work, we explore the physics potential of a possible detection, in a gamma-ray

telescope like the Fermi Large Area Telescope (Fermi-LAT), of an ALP flux produced by a

– 1 –
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Galactic SN via the ALP-nucleon coupling and converting into gamma rays in the Milky-Way
magnetic field thanks to the ALP-photon coupling gaγ [5, 6, 8]. We will show how the
detection of a gamma-ray burst can provide valuable information to probe the core of a
SN, complementary to the ones obtained by SN neutrino observations in large underground
detectors (see, e.g. ref. [9] for a review). In particular, the detection of the neutrino burst
from the next nearby SN will help the entire community to shed light over the SN explosion
mechanism. However, since neutrinos are emitted from the edge of the PNS, they will be not
sensitive to the main conditions characterizing the interior of the SN core, where neutrinos
are trapped. On the other hand, ALPs (or other FIPs) can be copiously produced in these
regions, and, for the values of the ALP couplings considered in this work, they can freely
escape the inner PNS. As a consequence, the detection of an axion burst could provide us
with unique information about the inner SN core.

In this context, in recent years the characterization of ALP production in nuclear processes
has revealed to be more complex than originally thought in some of the pioneering works of
the ’80s and ’90s [10–15]. At first, the dominant ALP production channel in a hot and dense
nuclear medium was considered to be nucleon-nucleon (NN) bremsstrahlung [10–14, 16]. In
this case one would expect a thermal energy spectrum for SN ALPs, with average energy
Ea ∼ 50 MeV. We will show that, in this case, the detection of the SN ALP-induced gamma-
ray signal would allow one to reconstruct the average temperature of the SN core and its
time evolution in the first seconds after the core bounce (see refs. [17, 18] for recent works
using ALPs to probe the solar magnetic field and temperature profiles). Remarkably, ALPs
can probe a complementary region with respect to neutrinos, whose emission occurs from
a thin layer around the neutrino-sphere at Rν ≃ 30 km [9].

The ALP production only through NN bremsstrahlung was questioned after the seminal
contribution in ref. [19], which re-estimated the abundance of negatively charged pions in
the SN core beyond the ideal gas approximation. The behavior of pionic matter inside the
hot and dense PNS is currently an extremely relevant topic, still under investigation (see
ref. [20] for recent developments). In particular, the role of pions inside SN simulations has
been overlooked for a long time, since they are expected not to give a significant contribution
to the explosion mechanism. Nevertheless, in ref. [19] the authors proposed that strong
interactions in the PNS can enhance the fraction of negatively charged pions. The presence
of a large fraction of negative pions (1 to 3 % of the nucleon fraction) induces a competitive
ALP production mechanism from the Compton scattering of pions on nucleons [15, 21] (πN

hereafter), which in several conditions is expected to dominate [21]. In this case one would
expect a second spectral component to peak at higher energies, i.e. Ea ∼ 200 MeV due to
ALP pionic processes. As we shall discuss, the Fermi-LAT observation of the gamma-ray
flux may help to reveal the relative importance of the bremsstrahlung and pionic processes
in the SN environment. Thus, the detection of the peak associated with pion conversions
can discriminate whether or not pions are present inside the SN core. Conversely, the
pion fraction in the SN core is expected to have little impact on the observable neutrino
signal. Therefore, the SN axion signal would represent a unique opportunity to answer
the question related to the pion abundance in the PNS, since there is no other messenger
sensitive to this feature.

– 2 –
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Our work is structured as follows. In section 2, we revisit the ALP production in a SN
nuclear medium due to NN and πN processes, we provide simple fitting expressions for the
ALP energy spectra, and we show relations between the PNS temperature and the average
energy of the ALP spectrum. In section 3 we characterize the ALP-photon conversions in
the Milky-Way magnetic field. In section 4 we present our analysis of the gamma-ray energy
spectrum observable in Fermi-LAT. In section 5 we discuss the reconstruction of the fitting
parameters in Fermi-LAT. In particular, we show how it is possible to infer information on
the pion abundance in the SN core and to reconstruct the time evolution of the average core
temperature. Finally, in section 6 we summarize our results and we conclude. The main
text is followed by appendix A, in which we report all the fitting parameters and fitting
formulae employed for the ALP spectrum.

2 ALP production in the PNS nuclear medium

2.1 Production processes

The ALP production in the nuclear medium of the PNS is due to NN bremsstrahlung
N + N → N + N + a and πN pionic Compton-like processes π + N → a + N [2, 3, 10, 11, 13–
16, 21, 22]. The state-of-the-art calculation for the bremsstrahlung emission rate has been
obtained in ref. [16] and accounts for corrections beyond the usual one-pion exchange (OPE)
approximation, namely a non-vanishing mass for the exchanged pion [23], the contribution
from the two-pion exchange [24], effective in-medium nucleon masses and multiple nucleon
scatterings [25, 26]. On the other hand, since the fraction of pions in the SN core was
believed to be small, the contribution due to pionic processes has been overlooked for many
years. Nevertheless, in ref. [19] the authors argued that strong interactions can enhance
the density of negatively charged pions. Thus, the emission rate via pion conversions was
re-estimated in ref. [21], realizing that it may be comparable and even dominant with respect
to bremsstrahlung. Furthermore, the pion conversion emission rate computed in ref. [2] took
into account also the contribution due to the contact interaction term [27] and the ∆(1232)
resonance [28], which could even enhance the ALP emissivity. However, a self-consistent
treatment of pionic matter in the PNS interior is not available yet, and, in SN models
characterized by particularly high densities, pions may undergo Bose-Einstein condensation.
Therefore, depending on our purpose, in the following we will consider both cases with and
without the pion conversion contribution to ALP emissivities. In this work we will focus on
ALPs in the free-streaming regime gaN ≲ 10−8. In this regime, absorption effects by means of
inverse nuclear processes can be neglected and ALPs can freely escape the PNS volume [3].

2.2 SN models

In this work we adopt as reference to calculate the SN ALP fluxes the 1D spherical symmetric
GARCHING group’s SN model SFHo-s18.8 provided in ref. [29] and based on the neutrino-
hydrodynamics code PROMETHEUS-VERTEX [30]. The simulation employs the SFHo Equation
of State (EoS) [31, 32] and is launched from a stellar progenitor with mass 18.8 M⊙ [33],
leading to neutron star (NS) with baryonic mass 1.35 M⊙.
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We highlight that we have accounted for the presence of pions in the SN core by following
the procedure illustrated in ref. [34], including the pion-nucleon interaction as described in
ref. [19]. Indeed, due to strong interactions pions are in chemical equilibrium in the SN
core. Hence, their abundances can be calculated from the corresponding local thermal and
chemical equilibrium conditions for a gas of massive and relativistic bosons. This implies
that pions have a chemical potential µπ± = ∓µ̂, where µ̂ = µn − µp is the difference between
the neutron and the proton chemical potential, and µπ0 = 0 [34]. Therefore, due to the
Boltzmann suppression factor, the abundance of negative pions Yπ− ∝ exp(µ̂/T ) in the
SN core is enhanced, compared to π0 and π+, when µ̂ ≃ mπ ≃ 139 MeV [21, 34]. For
µ̂ > mπ a Bose-Einstein condensate of pions is favored, but its formation at SN densities
is under debate [35]. Since our reference model does not include pions, we compute the
pion abundance and chemical potential used in the calculation of the ALP emissivity (see
refs. [2, 3, 21] for more details) by imposing µπ− = µ̂, where µ̂ is provided by the SN model.
This post-processing addition of pions is justified as long as the impact of pionic matter on
the PNS properties is not larger than the impact of muons. Nevertheless, since the density in
the inner PNS increases during the cooling phase, it is possible to observe the formation of a
Bose-Einstein condensate of pions when µ̂ > mπ. In particular, our benchmark SN model
shows remarkable effects due to pion condensation starting from post-bounce times tpb ≳ 3 s.
Since the emission of ALPs from a pionic condensate has not been investigated yet, we adopt
in the following the most conservative approach, by setting pion-conversion processes to zero
in all the regions in which we observe pion condensation.

To test the validity of the results reported in the following sections on different SN
simulations [see, e.g., section 5.3], it is convenient to introduce two other different models. The
first one, labeled in literature as SFHo-s20, is characterized by the same EoS as SFHo-s18.8, but
it is launched from a 20 M⊙ progenitor and leads to PNS baryonic mass MNS ≃ 1.95 M⊙ [36].
The second one, labeled as LS220-s20, employs the LS220 EoS [37], characterized by a
different behavior in the cooling phase with respect to SFHo-type simulations due to a
different convective activity connected to the nuclear symmetry energy [38]. As for SFHo-
s20, this model originates from a 20 M⊙ progenitor and produces a NS with baryonic
mass MNS ≃ 1.93 M⊙ [36]. Models characterized by high PNS masses, such as SFHo-
s20 and LS220-s20, are typically characterized by values of temperatures and densities
significantly higher than what observed for low PNS-mass models, such as SFHo-s18.8.
Therefore, for SFHo-s20 and LS220-s20, the treatment for pionic matter described before
may lead to the formation of a pionic condensate in the inner core since the very beginning
of the SN cooling phase, at post-bounce times tpb ≳ 1 s. For this reason, we opted for
neglecting ALP production via pionic processes for the high PNS-mass SN models considered
in this work.

2.3 SN ALP spectra

By evaluating the ALP spectra per unit time and unit volume d3Na/dV dEadt [2] over the
hydro-profiles associated to the SFHo-s18.8 model, we have obtained figure 1. In particular,
this figure refers to a single snapshot of our benchmark SN model at post-bounce time tpb = 1 s.
As we can deduce from the lower panel of figure 1, ALP production is efficient in the region

– 4 –
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Figure 1. ALP production density (normalized at its peak value) for our benchmark SN model at
tpb = 1 s, displayed as a function of the PNS radius and of the energy of the produced ALP. Lower
panel: Energy-integrated ALP production density (normalized at its peak value) as a function of the
production radius. Left panel: Volume-integrated ALP production spectrum (normalized at its peak
value). Upper panel: Temperature profile of the SFHo-s18.8 model.

6 − 10 km, which is located around the temperature peak at R ≃ 8 km. Remarkably, if pions
are present in the SN core, the emission spectrum of free-streaming ALPs is characterized
by a bimodal shape, since NN bremsstrahlung and pionic processes are efficient [2, 3, 21]
in different energy ranges. Indeed, the left panel of figure 1 shows that bremsstrahlung and
pion conversion spectra peak at Ea ∼ 50 MeV and Ea ∼ 200 MeV, respectively. Notice that
pionic production is maximum in the hottest regions of the core, since it is very sensitive
to the SN temperature (see eq. (5) of ref. [2]). On the other hand, bremsstrahlung is more
efficient at slightly smaller radii, where the nuclear density is higher. These results confirm
what suggested before, i.e. that the features of the ALP emission spectra encode many of
the properties of the internal regions of the PNS, where ALPs are produced.

2.4 Fitting expressions for ALP spectra

The complete expression for the ALP emission spectra by means of NN bremsstrahlung and
πN pionic Compton-like processes is reported in ref. [2]. However, since these expressions
require complex numerical integration procedures, in order to calculate the gamma-ray induced
signal it is useful to introduce some simple analytical fitting formulae. In analogy to ref. [2],

– 5 –
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the numerical fits will be obtained by assuming as a benchmark the ALP-neutron coupling
gan = 0, inspired by the Kim-Shifman-Vainshtein-Zakharov (KSVZ) axion model [39].

Since NN bremsstrahlung is a quasi-thermal process (see ref. [3]), it is possible to employ
a Gamma-distribution function [4] to interpolate the behavior of the volume-integrated
emission rate for our benchmark SN model(

d2Na

dEa dt

)
NN

= ANN

(
gap

5 × 10−10

)2
(

Ea

E0
NN

)βNN

exp
[
−(βNN + 1) Ea

E0
NN

]
, (2.1)

where Ea is the red-shifted ALP energy observed at large distances from the SN core, and
ANN , E0

NN and βNN are free fitting parameters. The expression in eq. (2.1) describes a quasi-
thermal spectrum with average energy E0

NN and spectral shape parameter βNN (βNN = 2
describes a perfectly thermal spectrum of ultra-relativistic particles).

On the other hand, pion conversions are non-thermal processes. Indeed, the energy
carried by the incoming pion is completely transferred to the emitted ALP since nucleons
in the initial and final states are non-relativistic [2]. Nevertheless, assuming pions to be in
thermal equilibrium in the core, the pion total energy can be estimated as Eπ ∼ mπ +3T ∼ Ea.
The local emission rate for this process shows a lower cutoff in coincidence with the pion mass
mπ. However, energies measured at large distance from the emission site suffer from red-shift
effects induced by the strong gravitational potential around the SN core. Then, the observed
lower cutoff energy is given by ωc ≃ α mπ, where α is the lapse factor taking into account
gravitational effects. Since α is in general not constant in the SN volume and at different
post-bounce instants, we will leave ωc as a free fitting parameter. Thus, we effectively model
the ALP spectrum for pion conversions through a Gamma-distribution function shifted by an
amount of energy equal to ωc. Consequently, the fitting formula for the spectrum associated
with pionic Compton-like processes can be written as(

d2Na

dEa dt

)
πN

= AπN

(
gap

5 × 10−10

)2
(

Ea − ωc

E0
πN

)βπN

exp
[
−(βπN + 1) Ea − ωc

E0
πN

]
, (2.2)

with AπN , E0
πN , βπN and ωc free fitting parameters. In our analysis, we have considered SN

profiles referred to the first 8 seconds after the core bounce tpb ∈ [1, 8] s at time steps of 1 s.
The fitting parameters in this time interval for our benchmark SN model SFHo-s18.8 and
for the other SN models SFHo-s20 and LS220-s20 are reported in appendix A. Remarkably,
the time behavior of the parameters {E0

NN , βNN , ANN } and {E0
πN , βπN , AπN } can be fitted

through analytic expressions of the form ∼ t−α e−d t [see appendix A for details]. Figure 2
displays the trend of the fitting parameters for our benchmark SN model SFHo-s18.8 with the
corresponding 2-σ bands. The monotonic decrease in the E0

NN and E0
πN parameters, related

to the average energy associated to the considered process, follows the drop in temperature
characterizing the SN cooling phase. We also point out that for tpb ≲ 2 s we find βNN ≃ 1.5,
confirming that ALPs produced via NN bremsstrahlung follow a quasi-thermal distribution.

As the SN temperature drops, pions in the core are subject to condensation effects. In
particular, Bose-Einstein condensation starts to become relevant in the whole PNS core
at tpb ≳ 3 s. By setting pion conversion rates to zero in the regions affected by bosonic
condensation, ALP production from pionic processes can occur just from the outer layers of the

– 6 –
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Figure 2. Time behavior of the fitting parameters for the SFHo-s18.8 model in the time interval
tpb ∈ [1, 8] s. The red line displays the analytical fits for the considered parameters, whose explicit
expressions are reported in appendix A. The red shadowed regions display 2-σ uncertainty bands for
the fit.
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Figure 3. ALP spectrum produced by nuclear processes together with their analytical fits at tpb = 1 s
(left panels) and tpb = 3 s (right panels). All the curves are normalized at their peak value. In
particular, the dashed red line refers to the numerical integration over the SN profile, while the solid
black line depicts the line shape obtained through the fitting expressions in eq. (2.1) and eq. (2.2).
The upper panels show the values of the residuals in the energy range considered.

core where the temperature is lower, leading to a strong suppression of this production channel.
This effect can clearly be observed from the behavior of the pion conversion normalization
constant AπN , shown in the lower-right panel of figure 2. Figure 3 displays two examples of
fits performed at two different instants. The goodness of the employed fitting formulae is
highlighted by the values of the residuals, shown in the upper panels of figure 3. In particular,
the discrepancy between the numerical fluxes and the fitted ones is never larger than 20%.
Moreover, it is possible to appreciate that the drop in temperature and the rise of condensation
effects lead to significant suppression of the pion conversion contribution at tpb ≳ 3 s.

2.5 One-zone model

The shape of the ALP emission spectra is strictly dependent on the temperature of the
inner regions of the PNS at R ≲ 10 km, where nuclear processes take place. This is due
to the fact that only in these regions nuclear densities and temperatures are high enough
to induce efficient ALP production. On the other hand, neutrinos contributing to the SN
cooling are emitted from a last-scattering surface, usually called neutrino-sphere [13]. In
particular, during the cooling phase at tpb > 1 s the neutrino-sphere is typically located
at Rν ∼ 30 km [40]. Therefore, if the analysis of the SN neutrino spectra can provide
information about the temperature of the outer regions of the PNS, ALPs could be exploited
as thermometers of the inner core. In order to establish how the fitting parameters depend
on the temperature of the core, we have fitted through eq. (2.1) and eq. (2.2) the spectra
obtained from an exemplary SN toy-model, in which the temperature is assumed to be
constant for R ≤ 13 km and null elsewhere. In the same way, the mass density and the
electron fraction are set to ρ = 3 × 1014 g cm−3 and Ye = 0.3 in this region, while they are
assumed to be null in the outer regions. Notice that the value of the radius of this one-zone

– 8 –
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model is chosen to have a PNS of mass MNS ≃ 1.4 M⊙, which is a typical value for the
compact object at the center of an exploding SN [13]. All the other SN parameters are
obtained as outputs of the EoS employed to describe the nuclear medium. In particular, we
use as a benchmark the SFHo EoS. Then, by varying the temperature of the one-zone SN
model in the range T ∈ [10, 55] MeV, we have determined the fitting parameters for each
temperature. In particular, in analogy to the neutrino quasi-thermal spectra, we expect
the fitting parameter E0

NN to show a linear dependency on the average temperature in the
production region [41, 42]. As shown in figure 4, in the temperature range of interest, the
correlation between E0

NN and T can be expressed as

E0
NN

MeV = 15.4 + 2.2 T

MeV . (2.3)

As we will see in the following section, ALPs convert in the magnetc field of the Galaxy
leading to an observable gamma-ray burst whose spectral and temporal behaviors do encode
information also on E0

NN . The reconstruction of E0
NN from gamma-ray data can therefore

provide an immediate estimation of the PNS temperature. Nevertheless, the energies observed
at large distance from the production point suffer from the gravitational red-shift, encoded
in the lapse factor 0 < α < 1. Therefore, in this procedure the observed energy has to be
multiplied by a factor 1/α to recover the local energy. Thus, by reverting eq. (2.3), the
temperature can be estimated as

T

MeV ≃ −6.93 + 0.45
α

(
E0

NN

MeV

)
obs

. (2.4)

We highlight that the lapse factor α is in general not constant in the inner PNS, where
gravitational effects are relevant, and a complete general relativistic treatment is necessary.
However, the lapse function does not vary significantly in regions where ALP production
is efficient at R ∼ 5 − 10 km, thus for this estimation it is possible to assume the average
value assumed by α in these regions. In particular, we will use the value α ≈ 0.78 for the
SFHo-s18.8 model and α ≈ 0.67 for the SFHo-s20 and LS220-s20 models. The difference in
the values assumed is due to the different PNS masses characterizing these models. Since
the latter models lead to higher PNS masses (see section 2.2), gravitational effects are more
relevant and, thus, α is smaller. We highlight that, since the value of α depends on the PNS
mass, the determination of this parameter represents an additional source of uncertainty for
our analysis. However, a rough estimation of the mass of the PNS associated with a future
Galactic SN can be recovered by looking at the neutrino signal, as explained in ref. [43].

3 ALP conversions in Galactic magnetic fields

Once produced in the interior of the PNS, ultra-light ALPs (with ma ≲ 0.1 neV) may convert
into photons thanks to gaγ , while propagating into Galactic magnetic fields. Thus, given the
ALP-photon conversion probability Paγ(E), the induced photon spectrum can be obtained as

d2ϕγ

dE dt
= 1

4πd2
d2Na

dE dt
Paγ(E) , (3.1)

where we adopt d = 10 kpc as fiducial distance for a future Galactic SN event.
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Figure 4. Values of E0
NN for the fitting spectra obtained from our schematic one-zone SN model at dif-

ferent temperatures. The red solid line depicts the linear fit in the temperature range T ∈ [10, 55] MeV.

In principle, Galactic magnetic fields show a complex structure, so that the ALP propa-
gation in the Milky Way requires in principle a truly 3-dimensional treatment (see, e.g., [44]).
In the following we will consider the case of energy independent conversion probabilities,
which is recovered for ALP masses [6]

ma ≪ 0.36 neV
(

E

100 MeV

)1/2 ( L

10 kpc

)−1/2
. (3.2)

In this case the ALP conversion probability can be well approximated by (see ref. [6], e.g.,
for further discussion)

Paγ ≃ (∆aγL)2 , (3.3)

where
∆aγ ≃ 1.5 × 10−6

(
gaγ

10−15 GeV−1

)(
BT

10−6 G

)
kpc−1 , (3.4)

where BT is the average value of the transverse component of the magnetic field along
the line of sight. In our analysis we assume a SN exploding at 10 kpc from Earth in
the direction of (ℓ, b) = (199.79◦, −8.96◦), the same as in ref. [6]. This direction in the
sky coincides to the location of Betelgeuse, a Red Supergiant among the most promising
Galactic SN candidates [45]. Following the discussion in ref. [6], we employ the Jansonn
and Farrar model [46] with the updated parameters of ref. [47] (JFnew) as benchmark for
the Galactic magnetic field. For this model, BT = 0.58 µG and we can parameterize the
conversion probability as

Paγ = 10−10 ×
(

gaγ

10−15 GeV−1

)2
P0 , (3.5)
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where P0 = 0.785. Since we are assuming an energy-independent conversion probability, the
behavior of the photon flux follows the shape of the ALP emission spectrum. In this case, a
different model for the Galactic magnetic field would affect only the value of P0 in eq. (3.5)
(e.g., for the Pshirkov model [48] BT = 0.24 µG and P0 = 0.128 [6]). This would imply a
different normalization for the photon flux arriving at Earth, without affecting its shape and
its average energy. Therefore, in our analysis we take into account only the JFnew model.

The value of the conversion probability could depend also on the location of the SN event
in the sky. In this regard, we refer the reader to figure 7 of ref. [49], which describes how the
photon flux induced by ALP conversion varies by taking into account different directions.
This quantity can be considered barely constant for sources along the Galactic disk and
outside of the Galactic center, where many Galactic red supergiants are located [50]. Thus,
the reference direction assumed in this work provides a reliable estimation of the photon
flux expected for such Galactic SN candidates.

The photon flux observed by the Fermi-LAT experiment is additionally altered by
instrumental effects. In particular, it suffers from smearing effects due to the finite energy
resolution of the detector. Thus, the observed gamma-ray flux reads:

d2ϕγ,obs
dEγ dt

=
∫ +∞

−∞
η(E, Eγ) d2ϕγ

dE dt
(E) dE , (3.6)

where, we approximate the detector energy resolution as

η(E, Eγ) = e−(E−Eγ)/2 σ2

√
2πσ2

(3.7)

and σ = 0.2 Eγ [6]. We stress that the previous two equations are meant to convey an intuitive
idea of how instrumental effects alter the spectrum of observed photons. However, our analysis
will be based on full simulations of Fermi-LAT observation, as described in section 4.

Figure 5 displays four snapshots of the predicted photon signal observed by the Fermi-
LAT experiment at four different times after the core bounce. Notice that the photon flux
is normalized at its maximum value, in order to make it independent on the SN distance
and on the ALP-nucleon coupling gaN and the ALP-photon coupling gaγ . We consider only
the energy range E ≳ 60 MeV, in which the Fermi-LAT effective area is large enough to
permit the detection of the signal [6]. Indeed, as we will see in the next section, in a full
simulation of the observed events through the Fermi-LAT instrument response convolution,
the effective area plays a crucial role in shaping (and altering) the peak of the NN component
at low energies. We highlight that for tpb ≲ 2 s, when pion conversion is still efficient,
smearing effects do not cancel an eventual bump associated to pionic processes. Thus, the
Fermi-LAT energy resolution is good enough to discriminate if pion conversion is a viable
ALP production channel in the SN core.

4 Fermi-LAT gamma-ray signal analysis

We want to go beyond the considerations above that invoked effective treatments of the
Fermi-LAT response functions. Our goal is to simulate the ALP-induced gamma-ray spectra
and reconstruct their parameters in a Fermi-LAT data analysis chain following the procedure
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Figure 5. Normalized gamma-ray spectra smeared by the Fermi-LAT energy resolution in eq. (3.7).
ALP emission is set on our benchmark SN model SFHo-s18.8. In particular, the four panels refer to
different 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 + πN), while the dashed line is the spectrum induced
by bremsstrahlung alone (NN).

explained in ref. [6]. The framework developed therein allows us to generate the prompt
gamma-ray burst due to ALP production in a core-collapse event. We slightly adapt the
methodology to our needs for the study of NN and πN ALP interactions in a SN core. In what
follows, we list the main ideas and the modifications of the analysis approach fully described
in ref. [6]. We point the interested reader to the latter publication for the omitted details.

Analysis setup. The target SN event takes place at 10 kpc distance from Earth in the
direction of (ℓ, b) = (199.79◦, −8.96◦). The expected ALP-induced gamma-ray signal, either
originating in NN bremsstrahlung or Compton-like πN processes, is simulated for 8 seconds
with the Fermi Science Tools.1 Due to the transient nature of the event, we perform all
simulations for the P8R3_TRANSIENT020_V3 event class and FRONT+BACK type events while
setting the explosion time to TON = 510, 160, 000 MET, a representative ON-time of the
LAT. The simulation is performed for energies between 60 to 600 MeV with an additional
cut on the zenith angle < 80◦ of the reconstructed events.

Gamma-ray model preparation. Both the instrument response functions of Fermi LAT
and all quality cuts on the reconstructed events have a significant impact on the spectral profile
of the gamma-ray burst. It is crucial to know how the theoretically-expected signature would
look like in reality through the “lens” of an actual experiment. To enable a determination of
the SN core temperature, it is also essential to study the time-dependent gamma-ray spectrum

1https://fermi.gsfc.nasa.gov/ssc/data/analysis/software/.
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of the transient event. This requires a detailed simulation of the theoretical model introduced
in section 2. For this purpose, we process the time-dependent parametric fit formula for NN

bremsstrahlung events in eq. (2.1) with the Fermi Science Tools using a 35 × 35 grid for
the parameters βNN ∈ [0.5, 2.5] and E0

NN ∈ [50, 200] MeV. We set the normalization of the
spectrum to ANN = 100 × ÃNN and generate 30 realizations of these grids for an observation
time of 1 s to eventually derive an average Fermi-LAT model µNN . The average spectrum is
split into 20 logarithmically spaced energy bins between 60 and 600 MeV. This leaves us with
a model incorporating the data selection cuts and, in particular, the energy dispersion of
the LAT. Since the ALP fit formula is valid in good approximation for each time step after
the core collapse, we can fit any observation at any time with our model and reconstruct
the parameters. As the model reflects the average expectations, we simply need to linearly
re-scale the normalization to fit any observed spectrum.

In full analogy, we prepare a Fermi-LAT model µπN (t) of pionic processes based on
eq. (2.2). This depends on a fourth parameter ωc and therefore needs to be prepared per time
interval. To simplify the simulation work, we fix ωc and its time-dependence to the respective
prediction from the numerical SN simulation with model SFHo-s18.8. Consequently, we
simulate the formula on a grid of E0

πN ∈ [100, 400] MeV and βπN ∈ [0.2, 4] for time intervals
of 1 s with AπN = 100 × ÃπN .

Parameter reconstruction. We use a Poisson likelihood function per energy bin

L(µ| n) =
NE∏
i=1

µni
i

(ni)!
e−µi (4.1)

as the statistical model for our parameter inference with MultiNest [51], where NE is the
number of energy bins. We use 1000 live points and an evidence tolerance of 0.2 following the
recommendations of the developers for parameter estimation tasks. The target observation
n is produced with the exact time-dependence of the parameters for each contribution,
respectively, given in appendix A. To simulate the target data, we choose a combination of
ALP couplings in the reach of Fermi-LAT and compatible with currently existing bounds
from astrophysical observations, i.e. gaγ = 3 × 10−15 GeV−1 and gap = 5 × 10−10. Following
the procedure described in section III.B of ref. [6], we compute the Fermi-LAT sensitivity for
the Galactic SN case under examination. The result is shown as a red region in figure 6 in
the plane gaγ vs gap considering an ALP mass ma = 10−10 eV. We also report the leading
astrophysical constraints on gap [3] (hatched black region) and gaγ [52] (hatched blue). In
particular, the LAT sensitivity scales as ∝ g2

ap × g2
aγ . For gap = 5 × 10−10 Fermi-LAT is

sensitive to ALP-photon couplings gaγ ≳ 0.97 × 10−16 GeV−1 in presence of pions in the SN
core (left panel) and to gaγ ≳ 1.52 × 10−16 GeV−1 in absence of pions in the SN core (right
panel). We remark that the value of the mass does not affect the reported sensitivity as long
as ma ≪ 10−9 eV (see eq. (3.2)). Analogously, bounds on gap are not sensitive to the small
value of the mass, while constraints on gaγ slightly change with the mass in this range.
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Figure 6. Fermi-LAT sensitivity (red) in the plane gaγ vs gap for the Galactic SN event under
consideration. The physics case considering the presence of pions in the SN core is shown in the left
panel, while the right panel refers to the scenario in absence of pions. For each scenario, we report in
hatched black limits on gap from SN 1987A cooling [3] and in hatched blue constraints from NuSTAR
observations of the M82 galaxy [52].

5 Results

5.1 Presence of pions in the SN core

As explained in section 1, the observation of an enhancement in ALP emission in the range
of energies characterizing pionic Compton-like processes would represent striking evidence
supporting the scenario discussed in ref. [19].

Figure 7 depicts the simulated behavior of the signal in the Fermi-LAT experiment
related to an ALP burst from a future Galactic SN at distance d = 10 kpc. The snapshot
considered in the left panel refers to the first second time-bin after the core-bounce. The
contribution due to NN bremsstrahlung is peaked at energies E ∼ 90 MeV, just above
the Fermi-LAT energy threshold. Indeed, the Fermi-LAT experiment is characterized by a
dramatic reduction in the effective area for the detection in the energy range E ≲ 80 MeV.
This results in a significant suppression of the bremsstrahlung emission spectrum with respect
to the spectral shape depicted in figure 3. On the other hand, the pion conversion peak
is well resolved in the energy range in which it is efficient E ∼ 150 − 200 MeV. Thus, the
presence of a relevant πN component can be pointed out by observing a significant number
of detected photon events in the range of energies E ≳ 200 MeV, where the contribution from
bremsstrahlung is expected to be null. Therefore, this feature can provide striking evidence for
the presence of a non-negligible pion population inside the PNS. In the right panel of figure 7,
we also show the evolution of the burst’s spectrum in the time interval tpb ∈ [2, 3] s. In this
phase of the gamma-ray burst, the additional contribution due to pion conversion ceases
to be significant and the emission is dominated by the bremsstrahlung component. Hence,
already after a few seconds, employing only the bremsstrahlung contribution is an excellent
description of the physical process. Since the bremsstrahlung contribution is suppressed at
energies below 100 MeV by the LAT’s effective area, we do not see the double-peak shape
of the ALP spectrum shown in figure 1 translated into gamma rays, and yet this “observed”
spectrum carries information about both production mechanisms.
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Since the presence of gamma rays above 200 MeV in the first second of the burst is a good
indicator of the presence of pionic processes in the SN core, we can quantify the preferred
physical nature of the emission given the two fit formulae. Our Bayesian framework allows
for model comparison based on the so-called Bayes factor. It is defined by virtue of the
Bayesian evidence ln HX of hypothesis/model X and the corresponding evidence ln HY of an
alternative hypothesis/model Y . The Bayes factor then reads BXY = exp (ln HX − ln HY ).
A positive Bayes factor means that model X is preferred over model Y to a certain degree
by the dataset under scrutiny. In contrast to the frequentist point of view, there is no
absolute significance of the preference associated with a certain Bayes factor; it is rather an
empirical classification. We refer to the degree of evidence from table 1 of ref. [53] based
on the logarithmic Bayes factor to interpret the numerical results.

Applied to the combined spectrum shown in figure 7, a fit with only the bremsstrahlung
component yields a (log-)Bayesian evidence of ln HNN = 5529 while a fit with a model
accounting for both components yields a value of ln HNN+πN = 5535. Thus, we obtain a
Bayes factor of ln B = −6 implying that there is a strong evidence for the combined model
being a better fit to the data.

Therefore, we have demonstrated that, in the presence of πN and for sufficient gaN

couplings, a Bayesian analysis can detect the evidence for this additional contribution on
top of the NN one. In particular, the pion conversion contribution can be identified by the
sizable abundance of photon events above 200 MeV within the first second(s) of the burst.

For the sake of completeness, we point out that a detectable gamma-ray burst at energies
Ea ≳ 200 MeV might be produced also in case of heavy ALPs with masses ma ≳ 100 MeV
thermally produced in the SN core and decaying in photon pairs along their path from
the exploding SN to the Earth [8, 54–56]. Nevertheless, the two scenarios could be easily
disentangled. In particular, ALPs with masses ma ∼ 200 MeV decay in photons over time
scales of tens of minutes for the values of the couplings considered in this work. In this time
window, heavy ALPs propagate much slower than the ultralight pseudoscalars considered in
this work. Therefore, the ALP burst in this “heavy-ALP scenario” would be characterized by
a huge time delay with respect to the observation of the SN neutrino burst. Conversely, in the
“light-ALP scenario” the detection of SN neutrinos and SN ALPs would occur simultaneously.
Finally, we highlight that the heavy-ALP scenario is disfavored with respect to the light-ALP
one, since the region of the parameter space (ma, gaγ , gap) ∼ (200 MeV, 10−15 GeV−1, 10−10)
is robustly excluded by observations of the diffuse SN ALP background (see figure 4 of ref. [2]).

5.2 Reconstruction of ALP spectra fitting parameters

As explained in section 5.3, reconstructing the PNS temperature and its temporal evolution
is tied to the possibility to reconstruct the spectral parameters of the gamma-ray burst, and,
most notably, E0

NN . In this section, we attempt the reconstruction of the parameters of the
ALP spectrum from the analysis of Fermi-LAT data. In our Bayesian formalism, outlined in
section 4, we can indeed also infer the full posteriors of all fitted parameters. Our particular
interest is focused on the reconstruction of the mean energy E0

NN .
The full model of the gamma-ray burst is characterized by six spectral parameters

associated with the bremsstrahlung and pionic contribution to the ALP production. In
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Figure 7. Fermi-LAT spectra of the ALP-induced gamma-ray burst from a core-collapse SN in the time
slices tpb ∈ [0, 1] s (left) and tpb ∈ [2, 3] s (right) after the bounce. We fixed gaγ = 3 × 10−15 GeV−1

and gap = 5 × 10−10 to compute the average expectation for the number of gamma-ray photons
associated with the bremsstrahlung (blue) and pion conversion (red) components. The sum of both
contributions is shown in purple. The simulation conditions follow the details provided in section 4.

figure 8 we show a representative example of the parameter inference results for the SFHo-
s18.8 model. Here we consider the gamma-ray burst spectrum obtained from the first
second after the core bounce. We display the two-dimensional and one-dimensional marginal
posterior distributions for all six parameters. The red lines and dots indicate the true, injected
values of the ALP signal while the green counterparts denote the mean reconstructed values.
Despite the evidence for the pion conversion component we reported in the previous section,
large degeneracies remain between the model’s parameters. Even worse, the posterior of
E0

NN exhibits a bi-modal structure. An explanation for this behavior may be the apparent
similarity of both spectral components (the one from bremsstrahlung and the one from
pion conversion) after passing the theoretical models through the Fermi Science Tools and
applying data selection cuts to the generated photon events (see the left panel of figure 7).
In fact, E0

πN exhibits a similar bi-modal shape indicating that both components can be
interchanged. Therefore, it does not seem feasible to achieve a satisfactory reconstruction
of E0

NN in the presence of a strong pion conversion component, at least in the first second
after the onset of the burst.

As shown earlier, the pion component diminishes fairly quickly after the onset of the
burst. After three seconds, the bremsstrahlung component dominates. We continue to track
the reconstructed value of E0

NN up to five seconds after the core bounce. The results of
the inferred values and uncertainties are shown as purple data points in figure 9. Already
after two seconds, the pionic component sufficiently decreases in intensity to better constrain
E0

NN . The bi-modal shape of the posterior distribution vanishes. At even later times, we are
left with a pure bremsstrahlung component rendering the parameter reconstruction more
reliable as implied by the reduced size of the error bars. Therefore, while the reconstruction
of E0

NN is technically challenging in the presence of a strong pionic component, it becomes
feasible after the decay of this contribution.

Finally, as an alternative scenario, we examine a gamma-ray burst simulation considering
only the bremsstrahlung contribution that we fit with the respective three-parameter model.
Figure 10 serves as an example of the parameter inference results; again for up to one second
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Figure 8. Best-fitting values and posterior distributions of the reconstructed ALP spectral parameters
ANN , E0

NN and βNN , AπN , E0
πN and βπN from the ALP-induced gamma-ray spectrum observed within

the first second after the core bounce. The burst receives contributions from bremsstrahlung and pion
conversion processes computed employing our benchmark model SFHo-s18.8. We assume a light ALP
ma ≪ 0.1 neV, gaγ = 3 × 10−15 GeV−1 and gap = 5 × 10−10. 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. (4.1). 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.
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Figure 9. Time evolution of E0
NN as reconstructed from a simulation of the SFHo-s18.8 SN model

for up to five seconds after the core bounce. The injected values of the underlying model are marked
with a black cross. We distinguish the two cases of a gamma-ray burst comprised of the summed
emission of bremsstrahlung and pion conversion processes (purple) as well as only bremsstrahlung.
The vertical error bars indicate the 16% and 84% quantiles of the inferred posterior distribution of
E0

NN while the central value is the mean of the respective posterior.

after the core bounce. As in a previous study of the LAT capability to study ALPs in
Galactic SN explosions [6], we find that the spectral index βNN of the spectrum is rather
unconstrained. The main reason for the difficulties in the inference of βNN is the poor energy
resolution of the LAT at O(100) MeV.

In contrast to the full burst model above, however, the normalization ANN and mean
energy E0

NN exhibit a much better reconstruction quality. The time evolution of the latter
and its good reconstruction from the data are shown as blue data points in figure 9. As
anticipated, after three seconds, the inference results of both scenarios are almost identical
due to the absence of a pionic contribution. Ultimately, LAT observations of such gamma-ray
bursts suffice to constrain E0

NN well enough to estimate the SN core temperature, which
we perform in the following section.

5.3 Reconstruction of the SN temperature

The estimation of the temperature in the PNS can be performed following the strategy
described in section 2.5. For this purpose, we will consider exclusively the energy spectra
associated with the NN bremsstrahlung simulated signal only, since we have seen that the
reconstruction of parameters in the presence of the pion contribution will not be optimal
(and yet possible). Moreover, as discussed in previous sections, the behavior of pions in the
SN core is still debated and they may undergo Bose-Einstein condensation in SN simulations
predicting high densities in the PNS. Therefore, the study of the pion conversion spectra
would not allow for a temperature determination which is truly independent of the other
hydrodynamic properties.

Starting from the values of E0
NN inferred through the Fermi-LAT analysis illustrated

in section 5.2 and by employing eq. (2.4), one can directly reconstruct the value for the
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Figure 10. Same as figure 8 assuming a gamma-ray burst fueled only by bremsstrahlung processes.

SN temperature in the region relevant for ALP production at R ∼ 5 − 10 km, where the
peak in temperature is located. We highlight that the procedure illustrated in section 2.5
is completely unrelated to the realistic SN model considered, since it assumes a simplistic
one-zone model where the only free parameter is the temperature. In figure 11 we show
the values of the reconstructed temperature Trec of our reference SN model SFHo-s18.8 at
tpb = 1 − 5 s with their corresponding uncertainty bars. The red markers display the values
of the average temperature in the ALP production region ⟨T ⟩, defined as

⟨T ⟩ =
∫ Rc

0 T (r) d2Na
dV dt dR∫ Rc

0
d2Na
dV dt dR

, (5.1)

where Rc = 15 km and d2Na/dV dt is the ALP production density. Thus, from this definition,
it is clear that ⟨T ⟩ can be employed as an estimator of the average SN temperature in the
region R ∼ 5 − 10 km. We observe that the values of the temperatures reconstructed from
the Fermi-LAT results are always 1-σ compatible with the corresponding values of ⟨T ⟩.
Therefore, these results suggest that, in case of an observation of the ALP burst from the
future Galactic SN, the reconstruction of the E0

NN parameter would immediately provide
a good estimation of the SN temperature in the inner core.

To test the validity of our methodology for temperature reconstruction, we have applied
the same procedure illustrated before over the other two different SN models considered in
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Figure 11. Values of the temperatures reconstructed by employing the procedure illustrated in
section 5.3 (black markers), together with the average temperatures in the regions of ALP production
computed as in eq. (5.1) (red markers). The values of the temperature have been obtained by removing
the systematics due to the temporal fit used within the Fermi Science Tools. In particular, the two
panels refer to the first 5 snapshots of our reference SN model SFHo-s18.8.

this work. The left panel of figure 12 displays the results for the SFHo-s20 model. As we
can appreciate, this model is characterized by higher values of the average PNS temperature,
since it leads to a higher PNS mass concerning SFHo-s18.8. Nevertheless, also in this case we
can reconstruct the temperature with very high precision, with discrepancies never larger
than 1-σ in the first 5 s. In the same way, the results obtained for the LS220-s20 SN model
are shown in the right panel of figure 12. Comparing the outcomes for the SFHo-s20 and
LS220-s20 models gives some insights into how this procedure works by keeping fixed the
final PNS mass and changing just the EoS employed in the simulation. We notice that
the reconstructed values of the temperature for LS220 EoS show a larger discrepancy than
observed for SFHo EoS, especially in the first instants after the core bounce. In particular, it
seems that the temperature tends to be underestimated. This difference could be related to
the behavior of the cooling lightcurves for LS220 EoS which typically appear to be different
with respect to the SFHo EoS [57] which is employed as benchmark in our temperature
reconstruction procedure in section 2.5. In this regard we highlight that, as further discussed
in refs. [57, 58], DD2, SFHx and SFHo EoS lead to a rather similar time evolution for the
SN conditions and neutrino lightcurves, slightly different from LS220. This feature may
introduce an additional systematic uncertainty in the analysis. Although these slightly larger
deviations, our procedure provides temperature values barely 1-σ compatible (and always
2-σ compatible) with the real temperature observed from the simulation.

Furthermore, it is interesting to observe that the trend of the black points in figure 11
and figure 12 reproduces the peculiar behavior of each EoS during the cooling phase. In
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Figure 12. Values of the reconstructed temperature (black markers) for the SFHo-s20 and LS220-s20
SN models and for the first 5 time snapshots considered. Red markers depict the average temperature
in the ALP production region.

particular, it is possible to appreciate how, in the first 5 s after the core bounce, the PNS
in the LS220-s20 model cools faster than for the SFHo-s20 model. Therefore, these results
suggest that the observation of an ALP burst from the next Galactic SN could also provide
some insights about the EoS characterizing the SN core.

6 Conclusions

In this work, we have characterized the physics case for ultralight ALPs coupled to both
nucleons and photons, and emitted by a PNS during a core-collapse SN event. In particular,
we have considered ALP emitted via NN bremsstrahlung, together with a second contribution
from pionic Compton-like scattering off nucleons. We have analyzed the phenomenological
implications of such an emission model and how this signal can be revealed by a temporal
and spectral analysis of Fermi-LAT gamma-ray data.

We have shown that, despite the existing SN bounds on the combination of gap and
gaγ , in the case of a Galactic SN exploding in the field of view of Fermi LAT we expect an
observable ALP-induced gamma-ray burst, encoding information about the underlying ALP
emission mechanism. Values of gap ≲ 5 × 10−10 and gaγ ≲ 10−15 GeV−1, not accessible in
other laboratory or astrophysical experiments, are in the reach of this type of search.

We developed a Bayesian analysis framework of the simulated ALP-induced gamma-ray
signal (fully convolving with the instrument response function), demonstrating that we can
claim evidence for the pion contribution on top of the NN one. On the other hand, the
parameter reconstruction of the NN + πN model is limited by the persistence of large
degenerancies due to the poor energy resolution and effective area at low energy, depleting
the sensitivity to the NN peak, at least in the first second after the burst’s onset. At later
times, we demonstrated that the parameter reconstruction becomes more reliable. Therefore,
while the reconstruction of E0

NN is technically challenging in the presence of a strong pionic
component, it becomes feasible after the decay of this contribution, i.e. starting from two
seconds after the core bounce.
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In absence of pion contribution, instead, the Fermi-LAT performance is sufficient to
achieve a satisfactory reconstruction of the spectral fitting parameters already within the
first second after the onset. In particular, we showed how the inference of the average
energy parameter E0

NN is key to providing information on the average PNS temperature. In
the future, these limitations can be overcome by gamma-ray instruments covering sub-GeV
energies (at least down to a few MeV) up to 100 MeV. With a field-of-view comparable
to the LAT, instruments like e.g. GRAMS [59], AMEGO-X [60], e-ASTROGAM [61] will
provide larger effective areas, a better energy resolution and improved sensitivity at energies
relevant for the discrimination between the bremsstrahlung and pion conversion. Therefore,
they can play a pivotal role in the detection and characterization of a future core-collapse
SN in the Galaxy after the end of the Fermi-LAT operational period. Finally, the use of
CubeSats (like the funded COSI [62]) can significantly increase the sky coverage, at the
expenses of flux sensitivity though.

We recall that, since ALPs are produced in the inner core of a PNS, their detection
will allow us to probe stellar regions where neutrinos are no viable messengers, as they are
emitted at larger radii. Therefore, a multi-messenger SN detection exploiting both ALPs and
neutrinos can provide us with unique access to the fundamental processes and conditions
regulating SN physics.
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A SN model fitting parameters

In this appendix we show the values of the fitting parameters employed to compute the ALP
production spectra for the different SN models we used, computed for gap = 5 × 10−10 and
gan = 0 in the time interval tpb ∈ [1, 8] s.

A.1 SFHo-s18.8

In table 1 we provide the values of the fitting parameters employed in eq. (2.1) and eq. (2.2) for
our benchmark SN model SFHo-s18.8, described in section 2. To extract the time-dependence
of the ALP spectrum, the parameters in table 1 can be well interpolated by means of the
following functional forms

E0
NN = Ẽ0

NN t0.755
s e−0.413 ts ,

βNN = β̃NN t0.0410
s e−0.0542 ts ,

ANN = ÃNN t1.865
s e−1.345 ts ,

(A.1)

E0
πN = Ẽ0

πN t0.304
s e−0.542 ts ,

βπN = β̃πN t−0.503
s e−0.019 ts ,

AπN = ÃπN t5.975
s e−4.944 ts ,

ωπN = ω̃πN (1 + 1.537 t0.050
s ) ,

(A.2)

where ts = tpb/1 s. In particular, for NN bremsstrahlung Ẽ0
NN = 102.10 MeV, β̃NN = 1.53,

ÃNN = 1.75 × 1055 MeV−1 s−1, while for pion conversion Ẽ0
πN = 218.59 MeV, β̃πN = 1.27,

ÃπN = 3.88 × 1056 MeV−1 s−1 and ω̃c = 40.07 MeV.

A.2 SFHo-s20

In table 2 we provide the values of the fitting parameters employed in eq. (2.1) for th SN
model SFHo-s20, described in section 5.3. The time dependence for fitting parameters for
this SN model can be extracted as

E0
NN = Ẽ0

NN t0.368
s e−0.192 ts ,

βNN = β̃NN t0.0531
s e−0.0420 ts ,

ANN = ÃNN t1.22
s e−0.768 ts ,

(A.3)

where Ẽ0
NN = 101.29 MeV, β̃NN = 1.53, ÃNN = 4.13 × 1055 MeV−1 s−1.

A.3 LS220-s20

In table 3 we provide the values of the fitting parameters in eq. (2.1) for the SN model
LS220-s20, employed in section 5.3. Analogously to the previous cases, the analytic formulas
interpolating the time-behavior of the fitting parameters are

E0
NN = Ẽ0

NN t−0.089
s e−0.068 ts ,

βNN = β̃NN t0.073
s e−0.037 ts ,

ANN = ÃNN t0.596
s e−0.693 ts ,

(A.4)

in which Ẽ0
NN = 83.55 MeV, β̃NN = 1.55, ÃNN = 4.46 × 1055 MeV−1 s−1.
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tpb [s] E0
NN [MeV] βNN ANN [MeV−1 s−1]

1 70.19 1.44 4.56 × 1054

2 70.39 1.42 4.31 × 1054

3 56.91 1.36 2.41 × 1054

4 58.36 1.31 1.10 × 1054

5 47.41 1.24 3.95 × 1053

6 35.02 1.17 1.04 × 1053

7 23.98 1.12 2.20 × 1052

8 16.10 1.10 4.01 × 1051

tpb [s] E0
πN [MeV] βπN AπN [MeV−1 s−1] ωc [MeV]

1 126.43 1.20 2.77 × 1054 103.27
2 94.47 1.03 1.24 × 1054 98.87
3 56.14 0.54 9.78 × 1052 107.00
4 37.20 0.65 2.20 × 1052 107.06
5 25.02 0.47 3.63 × 1051 108.59
6 15.62 0.40 2.53 × 1050 108.04
7 9.18 0.37 3.10 × 1048 108.33
8 5.64 0.37 6.64 × 1045 108.37

Table 1. Fitting parameters for NN bremsstrahlung and pion conversion emission spectra in eq. (2.1)
and eq. (2.2). These values refer to our benchmark SN model SFHo-s18.8. The time interval considered
is tpb ∈ [1, 8] s with time steps of 1 s. For the considered case, we have set the ALP-proton coupling
to gap = 5 × 10−10.

tpb [s] E0
NN [MeV] βNN ANN [MeV−1 s−1]

1 86.42 1.46 1.93 × 1055

2 85.28 1.45 2.03 × 1055

3 82.22 1.43 1.58 × 1055

4 78.10 1.39 1.06 × 1055

5 72.56 1.35 6.53 × 1054

6 65.74 1.31 3.59 × 1054

7 57.54 1.26 1.74 × 1054

8 48.14 1.22 7.22 × 1053

Table 2. Fitting parameters for NN bremsstrahlung spectrum in eq. (2.1). These values refer to
the SFHo-s20 SN model. The considered time interval is tpb ∈ [1, 8] s with time steps of 1 s. For the
considered case, we have set the ALP-proton coupling to gap = 5 × 10−10.
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tpb [s] E0
NN [MeV] βNN ANN [MeV−1 s−1]

1 77.46 1.5 2.22 × 1055

2 69.52 1.51 1.71 × 1055

3 62.60 1.51 1.07 × 1055

4 55.89 1.49 5.97 × 1054

5 50.39 1.47 3.45 × 1054

6 46.43 1.42 2.21 × 1054

7 43.34 1.39 1.47 × 1054

8 40.37 1.35 9.64 × 1053

Table 3. Fitting parameters for NN bremsstrahlung spectrum in eq. (2.1). These values refer to
the LS220-s20 SN model. The considered time interval is tpb ∈ [1, 8] s with time steps of 1 s. For the
considered case, we have set the ALP-proton coupling to gap = 5 × 10−10.
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