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The hot and dense core formed in the collapse of a massive star is a powerful source of hypothetical
feebly-interacting particles such as sterile neutrinos, dark photons, axion-like particles (ALPs), and
others. Radiative decays such as a→ 2γ deposit this energy in the surrounding material if the mean
free path is less than the radius of the progenitor star. For the first time, we use a supernova (SN)
population with particularly low explosion energies as the most sensitive calorimeters to constrain
this possibility. These SNe are observationally identified as low-luminosity events with low ejecta
velocities and low masses of ejected 56Ni. Their low energies limit the energy deposition from particle
decays to less than about 0.1 B, where 1 B (bethe) = 1051 erg. For 1–500 MeV-mass ALPs, this
generic argument excludes ALP-photon couplings Gaγγ in the 10−10–10−8 GeV−1 range.

Introduction.—Collapsed stars are powerful astrophys-
ical factories of neutrinos and, possibly, new feebly inter-
acting particles such as sterile neutrinos, dark photons,
new scalars, axions and axion-like particles (ALPs), and
many others [1, 2]. Unique constraints on their interac-
tion strengths derive from the cooling speed of the proto-
neutron star (PNS) formed in the historical supernova
(SN) 1987A, estimated from the neutrino signal to be
a few seconds. Similar limits, with different systematic
uncertainties, come from neutron-star cooling times.

Despite their feeble interactions, new particles can be-
come visible by radiative decays. The temperature scale
of a SN core is 30 MeV, resulting in an energy scale of
100 MeV for the emitted particles and their decay prod-
ucts. The decay photons from all past SNe contribute
excessively to the cosmic diffuse γ-ray background unless
the energy loss of an average SN in this form is below
0.015–0.03 B, using (0.5–1)×107 Mpc−3 for the comoving
cosmic density of all past core collapses [3–7]. This small
energy loss is to be compared with a typical neutron-star
binding energy of 200–400 B, depending on its mass and
the nuclear equation of state.

Here it was assumed that the mean free path (MFP)
against radiative decay is less than about the Hubble
scale. For yet faster decays, even more restrictive limits
arise from the absence of excess events in the Gamma-
Ray Spectrometer on board the Solar Maximum Mission
satellite that operated at the time of the SN 1987A neu-
trino detection [4, 8–11].

These arguments are moot if the decay is so fast that
most of the electromagnetic energy is dumped within the
progenitor star (radius 3–50× 1012 cm for Type-II SNe)
surrounding the collapsing core. This energy deposition
contributes to the SN explosion energy, often taken to
be 1–2 B, thus providing a “calorimetric” constraint on
radiative decays that can also include the e+e− channel.
This idea was first advanced by Falk and Schramm a

decade before SN 1987A [12], recently rediscovered [13],
and applied to muon-philic bosons [7] and generic e+e−

decays [14]. Moreover, it was speculated that such ef-
fects could power SN explosions [15–17] or gamma-ray
bursts [18, 19].

In this Letter we argue that such scenarios are strongly
constrained because, instead of considering a “typical”
explosion energy to rule such effects in or out, one should
use the lowest-energy well-established cases. For exam-
ple, reconstruction of the explosion energy of SN 1054
that has led to the Crab Nebula and its pulsar suggests
a value 0.1 B or less [20, 21].

Low-energy Supernovae (LESNe).—Other than this
particular case, there is an entire class of core-collapse
SNe (CCSNe) with similar low explosion energies. Ob-
servationally, CCSN energies and luminosities cover wide
ranges. The luminosity during the light-curve plateau
and tail phases of Type II-P events is tightly correlated
with the ejected mass including explosively nucleosynthe-
sized 56Ni and with the explosion energy (see the recent
compilations [22–26]). The radioactive decays of 56Co,
the daughter nucleus of 56Ni, to stable 56Fe heat the ex-
panding SN debris and thus increase the luminosity and
extend the duration of the plateau (e.g., [27, 28]). Of par-
ticular interest for our study is the subgroup of LESNe,
which exhibit 56Ni masses of only several 10−3M�, over
ten times less than the average of most CCSNe [29].
These SNe are also 10–100 times dimmer than normal
CCSNe, and their 2–3 times lower photospheric expan-
sion velocities point to minimal explosion energies around
0.1 B or even less (e.g., [22, 30]).

The relative contribution of such LESNe could be
several percent of all CCSNe [29], but it might also
be considerably higher because of faintness-related ob-
servational selection effects and possible misclassifica-
tion of dim, low-energy events [30]. Hydrodynamical
modeling of explosions and observables suggests low-
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mass or moderate-mass red supergiant (RSG) stars as
origins of LESNe of Type II-P [22, 26, 31, 32], possi-
bly including electron capture SNe from the collapse of
super-asymptotic giant-branch stars with oxygen-neon-
magnesium cores instead of iron cores (e.g., [33, 34]).

These observational findings are compatible with pre-
dictions from self-consistent simulations of neutrino-
driven explosions for low-mass Fe-core and O-Ne-Mg-core
progenitors (M <∼ 12M�) [21, 35–44] and corresponding
determination of multi-band light-curve properties [45]
and nebular spectra [46]. Explosions by neutrino heating
occur after only a short phase of shock-wave stagnation,
form low-mass neutron stars (NSs) with baryonic masses
<∼ 1.36M�, and develop explosion energies around 0.1 B.

Therefore, observations of LESNe, in line with state-
of-the-art, self-consistent models, suggest that the ad-
ditional energy deposition by radiative particle decays
should be significantly below about 0.1 B.

Dynamical effects of energy deposition.—Observation-
ally determined ejecta masses of low-luminosity, LESNe
of Type II-P suggest low-mass RSG progenitors with
M ' 9–15M� [22, 26, 31] and radii between R∗ '
5 × 1012 and several 1013 cm. Such values agree with
stellar evolution models (see [21] for a few examples)
and with the direct observation of the RSG progeni-
tor of the low-luminosity SN 2008bk, whose radius was
(3.45 ± 0.24) × 1013 cm at 6 months prior to explosion
[47]. On the other hand, the progenitor of SN 1987A,
the blue supergiant star Sanduleak −69◦202, had only
R∗ = (3± 1)× 1012 cm [48–50].

Let us now consider new particles a that emerge from
the SN core for, say, 3 s and propagate nearly with the
speed of light c. This pulse with length ∆Ra ' c× 3 s ∼
1011 cm and average luminosity Lia = NaEac/(3 s) sweeps
through the star and reaches the surface only some 100 s
later. (Na is the total number of initially created parti-
cles and Ea their average energy.) Particle decays imply
La(R) = Lia exp (−R/λa) at radius R, where in particu-
lar we consider the MFP range RNS < λa < R∗ with a
PNS radius RNS ' 2×106 cm and R∗ ' (3–50)×1012 cm,
bracketing the range discussed earlier.

We consider “radiative” decays a → γγ or e+e− that
quickly thermalize in the medium. For the largest ma of a
few 100 MeV, even a→ µ+µ− or π+π− is kinematically
possible, but then some decay energy is lost in neutrinos.
100 MeV photons are mainly absorbed by pair produc-
tion on nuclei, so the a → γγ and e+e− channels are
essentially equivalent. The mass attenuation coefficient
in hydrogen for Eγ = 100 MeV is around 100 g/cm2 [51],
for ρ = 10−8 g/cm3 near the progenitor surface implying
a MFP of 1010 cm, much smaller than R∗ and ∆Ra.

The detailed dynamical impact of this energy depo-
sition is subtle, because the importance of momentum
transfer and thus the relative contributions of kinetic
and thermal energies are determined by the local ratio
of La(R) and the Eddington luminosity limit for the de-

caying a’s. The latter is the critical La where the momen-
tum force equals the gravitational one and is LEdd(R) =
4πGcM(R)ρ(R)λa ' 0.5 B s−1[M(R)/M�]ρλ13, where
M(R) is the mass enclosed by radius R, ρ(R) the lo-
cal matter density in g cm−3, and λ13 = λa/(1013 cm). If
La(R) ' LEdd(R), particle decays directly accelerate the
medium, whereas if La(R) � LEdd(R) the energy depo-
sition mostly heats the stellar gas. This thermal energy
is converted to kinetic energy of expansion by hydrody-
namic pdV work. In any case and independently of the
detailed processes, however, the entire decay energy is
thus dumped into the progenitor star if λa < R∗.

The gravitational binding energy of all layers outside
the PNS in low-mass progenitors is at most some 0.01 B
(see, e.g., [21]) and orders of magnitudes less in the He
shell and H envelope. Therefore, decay energy deposition
of > 0.1 B can cause powerful ejection of the stellar mate-
rial and will gravitationally unbind most of the progeni-
tor mass, independently of neutrino heating or any other
hypothetical explosion mechanism. Of course, such par-
ticle decay could not explain the explosion of “normal”
CCSNe that have much larger energies.

Momentum and energy deposition is locally quasi in-
stantaneous, because the time scale ∆Ra/c of the a
pulse is much shorter than the local sound travel time
∆Ra/cs(R), where cs(R) is the sound speed. It is cs '
c/30 near the PNS and decreases with R. Therefore, the
sudden input of huge amounts of momentum and ther-
mal energy creates a pressure wave that steepens into an
outgoing shock. This alone will cause a SN-like outburst
or it will strengthen the blast wave powered by the SN
mechanism, which leaves the collapsed stellar core only
later but ultimately will merge with the a-driven ejecta.

The energy injected between the PNS and the progen-
itor surface is

Emantle =

∫
dt

∫ RNS

0

dR

∫ ∞
m′a(R)

dEa
dLa(R,Ea, t)

dRdEa

×
{

exp[−(RNS −R)/λa]− exp[−(R∗ −R)/λa]
}
, (1)

where dLa(R,Ea, t)/dR dEa is the differential change of
La over distance dR and energy dEa at radius R and
energy Ea. In the exponentials we assume radial propa-
gation, causing a geometric error close to the PNS. This
effect matters only if λa ' RNS, where our argument is
only approximate anyway (see below). The lower dEa
integration limit m′a(R) is chosen to exclude gravitation-
ally bound particles, and we account for energy redshift-
ing of the escaping ones, although such corrections are
not shown in Eq. (1) (see Supplemental Material). The
time integration is performed over all available time snap-
shots of our numerical SN model, although the bulk of
the emission lasts only for ∼3 s. The radial integration
extends over the PNS with RNS ' 20 km. The difference
of the exponential functions with energy-dependent MFP
λa(E′a) (redshifted energy E′a) accounts for the cumula-
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tive energy deposition by particle decays between RNS

and R∗, considering that La(R){1− exp[−(R1−R)/λa]}
is the luminosity produced at R that has decayed before
reaching R1.

Reference SN model for particle emission.—To apply
our argument we need to model particle emission from
the SN core. As a reference case it is convenient to use the
Garching group’s muonic model SFHo-18.8 [52, 53] that
we employed earlier to study muon-philic boson emission
[7, 52] (see also [54]). This is the coldest of the Garch-
ing muonic models and has a peak temperature of 30–
40 MeV and final NS mass of 1.351M� (baryonic) and
1.241M� (gravitational), implying a binding energy of
0.110M� = 197 B.

These properties are compatible with predictions by
theoretical models for LESNe [21, 35–44]. Such a small
mass is close to the minimum NS mass expected to be
formed in CCSNe. Therefore, our analysis is on the con-
servative side, because the particle production is weaker
than in more massive and hotter PNSs. Of course, the
stellar progenitor model and collapse and explosion dy-
namics of SFHo-18.8 is not representative for LESNe, but
the core is a good proxy for our needs in that it is compat-
ible with all constraints on the nuclear equation of state
and includes muons, a physically unavoidable feature.

For comparison, we have also considered an 8.8M�
electron-capture SN [37] with a baryonic NS mass of
1.366M� and binding energy of 166 B that used Shen’s
nuclear equation of state and also reaches peak temper-
atures of 30–40 MeV, but does not include muons and
PNS convection. We find rather similar results, which
demonstrates that our particle bounds are robust and to
a large extent not sensitive to many ingredients of the
PNS cooling models. For our argument primarily the
mass of the NS and its peak temperature and average
density are crucial, a fact that will be consolidated by a
simple one-zone model discussed later.

The small allowed amount of particle emission is a
negligible perturbation, in contrast to the traditional SN
cooling argument, so here it is self-consistent to use an
unperturbed reference model. The total particle emission
depends primarily on the temperature reached within the
SN core and for how long it stays hot. Again our main ref-
erence model is conservative because it cools quickly due
to convection (which is numerically implemented with a
mixing-length treatment, as detailed in Refs. [55, 56]).
Another model used in the literature to estimate the to-
tal ALP emission from SN 1987A [57] has an emission
period around 3 times longer (see Ref. [7] for an explicit
comparison).

ALP production and decay.—Our general argument
pertains to any new mechanism for energy transfer from
the inner SN core to the progenitor star, but as a specific
example we study ALPs, pseudoscalar bosons that inter-
act exclusively through a two-photon channel given by
Laγγ = GaγγaE ·B, where Gaγγ is a coupling constant of

dimension (energy)−1. (Henceforth we use natural units
with h̄ = c = 1.) One key process is Primakoff pro-
duction on charged particles γ+Ze→ Ze+ a by photon
exchange [58–61] with a cross section σP = 1

2Z
2αG2

aγγfP,
where fP ' 1 depends on the screening scale, the plasma
frequency, and the ALP mass. For the conditions of a
SN core, the energy emission rate per unit volume is

QP ' n̂
2αG2

aγγ

3π2

(
m2
a + 3maT + 3T 2

)
T 2e−ma/T , (2)

where n̂ ' (1 − Yn)nB is the effective charged-particle
density, Yn the neutron number per baryon, and nB the
baryon density (see Supplemental Material for details).

For ma
>∼ T this rate quickly drops with increasing

mass, whereas photon coalescence γ + γ → a becomes
important [61]. The corresponding energy-loss rate is

Qγγ→a =
G2
aγγT

3m4
a

128π3
F (ma/T ) . (3)

Previously this rate was calculated with Maxwell-Boltz-
mann (MB) statistics [60, 61]. In this case FMB(µ) =
µ2K2(µ), where K2(µ) is a modified Bessel function of
the second kind. For small arguments it is 2/µ2, for large
arguments e−µ

√
π/2µ. We have also derived the full ex-

pression for Bose-Einstein statistics (see Supplemental
Material), providing a somewhat larger Qγγ→a. Coales-
cence becomes more important than Primakoff for ma

>∼
70 MeV and reaches a maximum near ma ' 200 MeV.

ALPs decay by the reverse process a → γγ with the
rate Γa→γγ = G2

aγγm
3
a/64π. Including a Lorentz factor

for the decay rate and a velocity factor to convert the
lifetime into a MFP against decay, we find

λa→2γ =
64π

G2
aγγ

√
E2
a −m2

a

m4
a

' 4.0× 1013 cm

G2
9

E100

m4
10

, (4)

where G9 = Gaγγ/10−9 GeV−1, E100 = Ea/100 MeV
and m10 = ma/10 MeV and the second equation refers
to the relativistic case Ea � ma.

ALP constraints.—Implementing ALP production in
our reference model, we find the luminosity evolution
shown in Fig. 1, where ma = 55 MeV was chosen such
that Primakoff emission and photon coalescence are com-
parable. For smaller ma, Primakoff dominates, for larger
ma it is coalescence. As the temperature profile evolves
from initially highest T in the hot accretion mantle of
the PNS to a T -maximum in its high-density core seconds
later (see, e.g., [62]), the relative importance of Primakoff
emission and photon coalescence changes with time. Pri-
makoff emission, which increases with T and nB = ρ/mB

(mB is the nucleon mass), peaks only around 1 s, long af-
ter core bounce, because it becomes fully effective only
when the PNS has heated up in its high-density core.
A similar behaviour is expected for any process that de-
pends both on T and ρ. Photon coalescence shows a
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different evolution in that it peaks much earlier, because
it depends only on T and therefore this process is already
effective in the hot PNS mantle shortly after bounce.

All luminosities are understood for a distant observer,
i.e., we implement redshift corrections for particles emit-
ted deeply in the PNS gravitational potential and, for
larger ma, we discard those that are gravitationally
trapped (for details, see Supplemental Material).

We finally compute the time-integrated energy depo-
sition Emantle (Eq. 1) and show in Fig. 2 our refer-
ence limit for Emantle < 0.1 B and a progenitor with
R∗ = 5 × 1013 cm (red-shaded). The dotted line uses
a smaller star (R∗ = 3× 1012 cm), whereas the thin solid
line in addition relaxes the constraint to Emantle < 1 B,
although this weaker case is only shown for illustration.

The lower parts of the curves for small masses obey
Gaγγ ∝ m−1a . For these parameters, λa→2γ is large,
so the exponentials in Eq. (1) can be expanded and
Emantle ∝ G2

aγγ × R∗G
2
aγγm

4
a. The first factor comes

from ALP production, the second one from decay.

The upper parts of the curves instead correspond to
λa→2γ ' RNS, but should not be taken as rigorous re-
sults. Here ALPs dominate energy transfer within the
PNS and probably also deposit too much energy out-
side, but this “trapping regime” requires a more detailed
study to make the contours precise. Nevertheless, for
MFPs larger than RNS and smaller than a few times this
radius, the energy deposition is huge and therefore ex-
cluded by LESNe despite our approximations.

Finally, for λa→2γ
>∼ R∗ the ALPs decay outside of

the progenitor and contribute to the diffuse cosmic γ-ray
background [3]. Extending the recipe described in Ref. [7]
to larger ALP masses we find the gray-shaded exclusion
range shown in Fig. 2. We also indicate the constraint
from the absence of excess γ-ray counts in conjunction
with the SN 1987A neutrino signal [11] (solid green), the
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FIG. 1. Luminosity evolution of our reference SN model for
neutrinos (red), ALPs by Primakoff emission (blue) and by
photon coalescence (black). The ALP mass ma = 55 MeV
was chosen to make Primakoff and coalescence roughly equal.
Gaγγ = 10−8 GeV−1 was chosen to match Lν at 1 s post
bounce, corresponding to the SN 1987A cooling argument.
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FIG. 2. ALP parameters ruled out by radiative energy de-
position < 0.1 B and progenitor radius R∗ = 5 × 1013 cm
(red-shaded region). The thin blue line uses a one-zone PNS
description instead of the Garching reference model (see text
for details). The dotted line uses a smaller progenitor with
R∗ = 3 × 1012 cm, whereas the thin solid line in addition re-
laxes the constraint to 1 B energy deposition. We also show
the indicated constraints from beam dump experiments [63],
the extragalactic γ-ray background, γ-ray observations of
SN 1987A, and the SN 1987A neutrino signal [7]. Here the
double arrows point towards the excluded regions.

bounds from beam dump experiments [63] (purple con-
tour), and the free streaming limit of the neutrino cooling
argument for SN1987A [7] (solid blue).

One-zone SN core.—For a quick estimate of the ex-
cluded parameters of more general cases beyond ALPs,
one can use a schematic one-zone model of the SN core.
In analogy to a simple method to estimate SN 1987A
cooling limits [2], we propose to use T = 30 MeV and
nuclear density ρ = 3 × 1014 g cm−3, corresponding to a
baryon density of 0.181 fm−3. A baryonic NS mass of
1.35M� implies a volume of 9000 km3 and a core radius
of 12.9 km. Assuming a proton abundance for Primakoff
emission of Yp = 0.15, a cooling duration of 3 s, and
R∗ = 5×1013 cm we find the thin-blue exclusion contour
in Fig. 2. While our parameters were somewhat cali-
brated to achieve good agreement, the main features of
this plot follow from overall properties of the SN core.

Discussion and outlook.—We have argued that the low
explosion energies observed in certain low-luminosity CC-
SNe constrain the total energy deposition in the progen-
itor star by radiative particle decays to less than about
0.1 B. Specifically for ALPs, an otherwise allowed range
of ma and Gaγγ is ruled out (see Fig. 2).

Instead of using a time sequence of numerical PNS
models, the main results also follow from a schematic
one-zone PNS representation that may be useful for a
first exploration of more general cases beyond ALPs.

We have not assumed that the usual neutrino-driven
mechanism powers CCSNe, although neutrino heating
exterior to the PNS is unavoidable. In 9–10M� pro-
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genitors, energy transfer of >∼ 0.1 B by particle decays
alone could drive SN-like mass ejection with sufficient
energies. If neutrino heating does not trigger the explo-
sion, ongoing accretion and the growing PNS mass imply
higher T , enhanced particle emission, and thus boosted
radiative decay energy deposition in the overlying star,
making our argument more conservative.

The very restrictive limits from LESNe suggest that
such effects cannot play a major role for the much larger
explosion energies of “normal” CCSNe, a conclusion pre-
viously reached in Ref. [13] and in contrast to those of
Refs. [15–17]. Our new bounds also strongly constrain
the role of particle decays in gamma-ray bursts [18, 19].
Moreover, some explosions must fail to produce the ob-
served population of stellar-mass black holes, and radia-
tive particle decays should not change this picture.

For decay MFPs <∼ 1011 cm, our constraint becomes
yet more restrictive, if extreme LESNe, such as the
hydrogen-deficient SN 2008ha with ejecta kinetic energy
of only 0.01–0.05 B [30], are confirmed as CCSN events
of stripped-envelope progenitors.

While our arguments are only based on low explosion
energies, referring to energy conservation, yet more sen-
sitive observables could be the very low luminosities of
LESNe as well as their light-curve shape and spectral line
velocities. Momentum and energy deposition by parti-
cle decays in the outer stellar layers far ahead of the
slower SN shock might lead to an unusual structure of
the early light curve and an anomalous evolution of the
photospheric velocities. The subsequent shock collision
with decay-driven preceding ejecta could also cause pecu-
liar brightness variations. However, predicting the radia-
tion emission for comparison to observations requires hy-
drodynamic modeling of the energy deposition and mass
ejection, including radiative transfer, which is a task that
must be left for future work.

If the initial luminosity rise of a next SN in our own
galaxy is observed, a brightness increase already around
100 s after the measurement of the ∼10 s long neutrino
burst of this SN would be a spectacular indication for
energy deposition by particle decays in the outer stel-
lar layers. Conversely, the absence of this effect would
provide new, more sensitive, constraints.
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S1

Supplemental Material
Low-Energy Supernovae Severely Constrain Radiative Particle Decays

In this Supplemental Material, we provide details about the ALP emission processes as well as a description of
how to apply redshift corrections to radiation and massive particles that escape the gravitational potential inside
proto-neutron stars.

A. Primakoff Process

Based on the interaction Laγγ = GaγγaE ·B, the dif-
ferential cross section for γ+Ze→ Ze+a, averaged over
photon polarizations, is [59]

dσP
dΩ

=
Z2αG2

aγγ

8π

|k× p|2

q4

q2

q2 + k2s
, (S1)

where k is the photon momentum, p the ALP one, q =
p−k the momentum transfer, and ks the screening scale
in the medium. The target Ze is taken to be at rest and
static (no recoil).

A precise evaluation in a SN core is difficult because
electrons are relativistic and degenerate, however imply-
ing that their contribution both as scattering targets and
for screening is small. We follow our earlier discussion [7]
and neglect electrons, so for screening we use the Debye-
Hückel scale of the quasi-static ions

k2s =
4παn̂

T
where n̂ =

∑
j

Z2
j nj ≡ Ŷ nB , (S2)

which defines the effective charge Ŷ per baryon. While
in a SN core, the charged particles are typically protons,
in some regions small nuclear clusters dominate instead.
Following our earlier discussion [7], we use Ŷ = 1 − Yn
for estimating the Primakoff production and absorption
rate in a given SN model.

Photons in the medium suffer nontrivial dispersion
that is dominated by the relativistic electron plasma fre-
quency ω2

p = (4α/3π)(µ2
e+π2T 2/3), where µe is the elec-

tron chemical potential. For typical SN conditions this
is ωp ' 10 MeV, to be compared with T ' 30 MeV and
a typical photon energy ω ' 3T ' 100 MeV. Therefore,
we approximate photons as massless particles. Otherwise
we should also include a wave-function renormalization
factor in Eq. (S1) that was approximated as 1.

With |k × p|2 = k2p2 sin2 θ (scattering angle θ) and
q2 = p2 + k2− 2pk cos θ, the angular integral in Eq. (S1)
can be performed explicitly and yields [60]

σP =
Z2αG2

aγγ

2
fP, (S3)

where

fP =

[
(k + p)2 + k2s

][
(k − p)2 + k2s

]
16k2s kp

log
(k + p)2 + k2s
(k − p)2 + k2s

− (k2 − p2)2

16k2s kp
log

(k + p)2

(k − p)2
− 1

4
. (S4)

In the limit of massless ALPs and photons where p =
k = ω this is

fP =
1

4

[(
1 +

k2s
4ω2

)
log

(
1 +

4ω2

k2s

)
− 1

]
. (S5)

The cross section depends only logarithmically on the
screening scale. In a SN core, ks <∼ T and ω ' 3T .
Taking ks/ω = 1/4 we find fP = 0.810 and a proper
thermal average 〈fP〉 varies between about 0.5 and 1 in
the crucial SN regions (see Fig. 4 of Ref. [7]).

In the opposite limit of a large ALP mass so that p�
ω, one finds

fP =
2ω2

3(ω2 + k2s )
v2 +O(v4), (S6)

where v = p/ω =
√

1−m2
a/ω

2 is the ALP velocity.
Therefore, ALP production near threshold is suppressed
by a factor v2.

If the ALP mass is the dominant scale for cutting off
the Coulomb divergence, i.e., for ma

>∼ 30 MeV, we may
set ks = 0 and find

fP =
1 + v2

4v
log

1 + v

1− v
− 1

2
=

2

3
v2 +O(v4). (S7)

Assuming ma = 30 MeV and ω = 100 MeV we find v =
0.954 and fP = 1.38.

Ignoring degeneracy effects for the charged targets, the
energy-loss rate per unit volume of the SN medium is

Qa =

∫
2d3k

(2π)3
ω

eω/T − 1
n̂σP

= n̂ αG2
aγγ

π2T 4

30
〈fP〉, (S8)

where the first factor of 2 counts two photon polarizations
and the lower limit of the photon energy integral is ma.
The thermally averaged screening factor 〈fP〉 depends
on ks, ma, and T . For ma � T we may use fP = 2v2/3
and find

〈fP〉 = 20
m2
a + 3maT + 3T 2

π4T 2
e−ma/T . (S9)

For ma = 0 this expression is 0.616, whereas for ks =
30 MeV the full expression for ma = 0 yields 0.734.
Therefore, throughout our SN model, Eq. (S9) is a rea-
sonable approximation (within a few 10%) for all ma, not
just asymptotically for large masses.

For our reference SN model, we show in Fig. S1 the
time-integrated ALP energy emission as a function of
ma, based on the full expression. For ma

>∼ 30 MeV
the emission begins being suppressed by ma.
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FIG. S1. Time-integrated energy released in ALPs by our
reference SN model for Gaγγ = 10−8 GeV−1 by Primakoff
emission (blue curve) and γγ coalescence (black curve). The
horizontal red line is the total energy emitted in neutrinos.

B. Photon Coalescence

To calculate the energy-loss rate from photon coales-
cence 2γ → a we ignore photon dispersion effects and
begin with the reverse process of ALP decay. In vacuum
it has the well-known rate Γa→2γ = G2

aγγm
3
a/64π, in the

laboratory frame to be supplemented with the Lorentz
factor ma/ω with ω the ALP energy. In the thermal SN
environment, the ALP absorption rate finally is

ΓA =
G2
aγγm

4
a

64π ω
fB, (S10)

where fB accounts for Bose-Einstein stimulation of the
final-state photons.

A decay photon with energy ωi, i = 1 or 2, is stim-
ulated with 1 + (eωi/T − 1)−1 = (1 − e−ωi/T )−1, so the
overall stimulation factor is (1−e−ω1/T )−1(1−e−ω2/T )−1.
The two photon energies add up to ω1 + ω2 = ω. Each
of the decay photons is uniformly distributed on the in-
terval (ω − p)/2 ≤ ωi ≤ (ω + p)/2, where the interval
has length p. Averaging the stimulation factor over this
energy range we find

fB =
1

p

∫ (ω+p)/2

(ω−p)/2

dω1

(1− e−ω1/T )(1− e−(ω−ω1)/T )

=
1

1− e−ω/T
2T

p
log

[
e

ω+p
4T − e−

ω+p
4T

e
ω−p
4T − e−ω−p

4T

]
. (S11)

In the limit T → 0 this expression approaches fB = 1
and we are back to the vacuum decay rate. In the limit
of vanishing momentum (axions at rest with ω = ma) the
expression expands as fB = (1− e−ma/2T )−2. Indeed, in
this limit each photon has energy ma/2 and is stimulated
by (1−e−ma/2T )−1, so the total stimulation is the square
of this factor.

By detailed balance, the spontaneous emission rate for
an ALP of energy ω is ΓE = ΓA e

−ω/T for a fixed mo-
mentum mode. Therefore, the energy emission rate per

unit volume is the phase-space integral

Qa =

∫
d3p

(2π)3
ω e−ω/TΓA =

G2
aγγT

3m4
a

128π3
F (ma/T ),

(S12)
where

F (µ) =

∫ ∞
µ

dxx
√
x2 − µ2 e−xfB. (S13)

Here x = ω/T and µ = ma/T .

Using Maxwell-Boltzmann (MB) statistics, where fB =
1, this result agrees with Ref. [60] and with what was used
in Ref. [61]. In this case the integral can be evaluated
explicitly and we find

F (µ)
∣∣
MB

= µ2K2(µ), (S14)

where K2(µ) is a modified Bessel function of the second
kind, in Mathematica notation BesselK[2,µ]. For
small arguments it is 2/µ2, for large ones e−µ

√
π/2µ.

Using instead our full expression Eq. (S11), we finally
obtain

F (µ) =

∫ ∞
µ

dx
2x

ex − 1
log

[
e

x+y
4 − e−

x+y
4

e
x−y
4 − e− x−y

4

]
, (S15)

where x = ω/T and y = p/T =
√
x2 − µ2. For ma � T ,

equivalent to µ � 1, both the full and MB expressions
are asymptotically F (µ)→ e−µ

√
πµ3/2.

In Fig. S2 we show Qa ∝ µ4F (µ)/128, i.e., the energy-
loss rate in arbitrary units, for both Bose-Einstein and
Maxwell-Boltzmann photon statistics. While the curves
look fairly similar, for ma

<∼ 5T their ratio deviates sig-
nificantly from 1. We also see that the maximum of Qa
appears near ma = 5T . For T = 30 MeV this would
be around ma = 150 MeV. So the photon coalescence
process is most efficient at rather large masses compared
with the temperature. The same conclusion derives from
Fig. S1 where we show the time-integrated energy-loss
rate for our reference SN model.

Based on the ALP energy distribution implied by these
results it is straightforward to compute the average of the
ALP velocity β and energy (or rather Lorentz factor) γ =
ω/ma. The quantity βγ is also of interest for the average
mean free path. We show these averages in the bottom
panel of Fig. S2. Even though in the range of interest
ma � T , the average velocity of the emitted ALPs is
not very small and intermediate between relativistic and
nonrelativistic.

Based on the analytic Maxwell-Boltzmann case, that
is exact for large µ, we find the large-µ results 〈β〉 =√

8/πµ, 〈γ〉 = 1 + 3/2µ, and 〈βγ〉 =
√

8/πµ, shown as
dashed lines.
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FIG. S2. Top: Energy-loss rate Qa (in arbitrary units) from
photon coalescence, using Bose-Einstein statistics for the pho-
tons (blue) or Maxwell-Boltzmann (orange). Bottom: Aver-
age ALP velocity β, energy γ = ω/ma, and βγ. The dashed
lines are the large-mass expansions (see text).

C. Relativistic corrections and gravitational redshift

As already explained in Ref. [7], the Garching SN
model [52] includes general-relativistic effects in an ap-
proximate manner (see [64]), which for us means that the
spatial coordinates should be interpreted as in flat space
and the time coordinate is the one of a distant observer.
Nevertheless, once an ALP is emitted, it will suffer a
gravitational redshift before reaching infinity. This effect
is encoded in the “gravitational lapse” factor listed at
every radius of the simulation output, which means that
the energy of the particle at infinity is E∞ = Eloc×lapse.
We stress that this rescaling applies to both massless and
massive particles. In a gravitational background with
given spacetime metric, this redshift effect can be de-
rived from the equations for the free motion of a test
particle along geodesics, specifically from the temporal
component of the Euler-Lagrange equations. For exam-

ple, working in geometrized units with c = G = 1, in
a Schwarzschild geometry exterior to a gravitating mass
M , one finds lapse = [1 − 2M/r]1/2, as discussed, for
example, in Section 12.4 of [65]. However, the situation
in the interior of the gravitating object is more compli-
cated and the tabulated lapse factor includes contribu-
tions from the pressure and energy of the stellar medium
and of neutrinos besides the leading mass term. For a
detailed description of the formalism to treat general rel-
ativistic effects in the Garching models, we point the
reader to the original references [64, 66].

Apart from the particle energy, also the rate of emis-
sion requires a redshift correction because of the distinc-
tion between local time and observer time, which causes
a time-stretching of the luminosity measured outside of
the strong gravitational field. Therefore, when comput-
ing the contributions from local emission to the lumi-
nosity arriving at large distances, one needs to include
a total factor (lapse)2. Moreover, the physical proper-
ties of the star are given in the comoving frame of the
emitting medium. This causes also a Doppler shift ef-
fect ∝ (1 + 2vr), where vr is the radial velocity (positive
or negative) of the medium, which, however, is always
very small in the PNS, |vr| � 1. Summing up, the total
(energy integrated) luminosity of ALPs produced in the
PNS and observed at infinity (i.e., very far away from the
source as shown in Fig. 1) reads

L∞ =

∫ RNS

0

dR 4πR2Qa · (lapse)2(1 + 2vr) , (S16)

where Qa denotes the energy emission rate of particles a
as measured in the local frames of the PNS matter. Here,
we assume a flat space (consistent with the outputs from
the pseudo-Newtonian hydrodynamic models used; [64]),
steady-state emission of the particles (i.e., slow changes
of the particle production with time), and a hydrostatic
PNS structure (|vr| � cs). Moreover, because of the very
slow evolution of the cooling PNS, changes of the PNS
properties on time-of-flight timescales are ignored (saving
interpolation of simulation outputs in time).

This recipe is valid for both massive and massless par-
ticles, however massive particles need extra care. In fact,
locally produced particles must have a kinetic energy that
can overcome the gravitational potential in order to es-
cape to infinity. Therefore the local energy of emission
needs to satisfy Elocal > ma/lapse, where ma is the ALP
rest mass. In the aforementioned Schwarzschild case this
would reduce to the familiar condition Eloc > m′a =
ma/

√
1− 2M/R ' ma+Mma/R, where in the last step

we assumed gravity to be weak.
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