
Supernova bounds on axionlike particles coupled
with nucleons and electrons

Francesca Calore ,1,* Pierluca Carenza ,2,3,† Maurizio Giannotti ,4,‡ Joerg Jaeckel,5,§

Giuseppe Lucente ,2,3,∥ and Alessandro Mirizzi 2,3,¶
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We investigate the potential of type II supernovae (SNe) to constrain axionlike particles (ALPs) coupled
simultaneously to nucleons and electrons. ALPs coupled to nucleons can be efficiently produced in the SN
core via nucleon-nucleon bremsstrahlung and, for a wide range of parameters, leave the SN unhindered,
producing a large ALP flux. For masses exceeding 1 MeV, these ALPs would decay into electron-positron
pairs, generating a positron flux. In the case of Galactic SNe, the annihilation of the created positrons with
the electrons present in the Galaxy would contribute to the 511 keV annihilation line. Using the
spectrometer on integral observation of this line allows us to exclude a wide range of the axion-electron
coupling, 10−19 ≲ gae ≲ 10−11, for gap ∼ 10−9. Additionally, ALPs from extra-galactic SNe decaying into
electron-positron pairs would yield a contribution to the cosmic x-ray background. In this case, we
constrain the ALP-electron coupling down to gae ∼ 10−20.
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I. INTRODUCTION

Featuring large densities and core temperatures
T ∼Oð30Þ MeV, type II supernovae (SNe) allow for the
prolific production of ALPs with masses up to 100 MeV
[1]. In this paper we complement our previous study [2] of
SNe constraints on combinations of the ALP-nucleon and
ALP-photon couplings by deriving limits on ALPs coupled
to both nucleons and electrons.
There are two types of arguments typically used to

constrain ALPs from SNe. The first strategy is based on an
indirect signature, due to the impact of the ALP emission
on the SN neutrino signal: an overly efficient ALP
production during the early stage of the SN evolution
would significantly shorten the duration of the SN neutrino
burst [3]. The time distribution of the few neutrinos

observed from SN 1987A thus allows to exclude sizable
exotic energy losses.
In the case of QCD axions or generic ALPs coupled with

nucleons, the most efficient emission process in a SN core
is nucleon-nucleon bremsstrahlung [3,4]. In this case, the
neutrino signal argument provides the stringent bound
gaN ≲ 10−9 [3–6]1 on the ALP-nucleon coupling.2

ALPs can be produced in the SN core also through
couplings to other fields. If coupled to photons, ALPs can
be created through the Primakoff process, i.e., the con-
version of thermal photons in the electric field of protons.
However, this mechanism is not very efficient and the
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1It has been recently pointed out [7] that if the SN core
contains a significant fraction of thermal pions the previous
bound may be strengthened by a factor ∼2. However, since the
impact of pions on the ALP emissivity is still the object of current
investigations, we will not use this argument here. We will also
only consider the mass region where the effects of the ALP mass
on the flux are quite small, ma ≲ 30 MeV. For larger masses an
improved calculation for the bremsstrahlung to massive ALPs
would be needed (for an estimate using phase space arguments
see [8]).

2For general arguments we will typically refer to the ALP
nucleon coupling gaN without precisely specifying whether it is
the proton or the neutron coupling (or even a combination).
However, for the discussion of the limits we will be more concrete
and specify that our numbers are obtained with a given value of
gap and gan ¼ 0.
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constraint derived from the neutrino signal is considerably
less stringent than the upper boundderived from the evolution
of low mass stars [9–11]. An exception is the case of ALPs
with masses ≳100 keV [12], since such heavy particles
cannot be efficiently produced in low temperature stars.
The ALP coupling to electrons may also lead to a

production of ALPs in the SN core, mostly through electron
bremsstrahlung or, for ma ≳ 10 MeV, electron-positron
annihilation eþe− → a, leading to a bound on the ALP-
electron coupling 4 × 10−10 < gae < 5 × 10−8 for ma <
300 MeV [13].
The second strategy to constrain the ALP couplings

from SNe, which is the one we will employ in this work,
relies instead on the search for direct signatures of the SN
ALP flux. A well studied example is that of light ALPs
(ma ≲ 10−10 eV) coupled to photons, produced in the SN
core through the Primakoff process and converted into
gamma rays in the magnetic field of the MilkyWay [14,15].
This mechanism predicts a well-defined and in principle
observable gamma-ray signal. The nonobservation of such
a signal in the gamma-ray spectrometer on the solar
maximum mission (SMM) in coincidence with the obser-
vation of the neutrinos emitted from SN 1987A allows to
set a strong bound on ALPs coupling to photons [14,15].
The most recent analysis finds gaγ < 5.3 × 10−12 GeV−1

for ma < 4 × 10−10 eV [16].
Heavy ALPs, with mass ma ∼Oð0.1–100Þ MeV and

coupled to photons, would produce a gamma-ray signal
through the decay a → γγ, rather than conversion [17,18].
In this case, the nonobservation of a gamma-ray signal in
coincidence with the SN 1987A implies the bound gaγ ≲
10−11 GeV−1 at ma ∼ 10 MeV [18]. Intriguing opportuni-
ties to sharpen these bounds are offered by the detection of
an ALP burst in future (extra)galactic SN explosions
[19,20] or from the analysis of the diffuse ALP flux from
all past type II SNe in the Universe [2,21].
From a phenomenological point of view, it is interesting

to consider ALPs simultaneously coupled to several
Standard Model (SM) fields. In fact, generically axion
and ALP models feature more than one nonvanishing
coupling [22,23].
Combinations of (gaγ − gae) have been studied in the

case of the Sun [24–26] and globular cluster stars [10,11].
As we will show, SNe are also sensitive tools to probe
different combinations of couplings of ALPs with SM
particles. Our recent investigation, in Ref. [2], considered
ALPs simultaneously coupled to photons and nucleons
(see also [17]). In this case, the nucleon coupling would
be responsible for the ALP production through nuclear
bremsstrahlung, a mechanism considerably more efficient
than the Primakoff process. Assuming a nucleon coupling
roughly equal to the bound from SN 1987A, the limit on the
ALP-photon coupling for ultralight ALPs would be pushed
down to gaγ < 6 × 10−13 GeV−1, while in the massive case
it was found to be gaγ ≲ 10−19 GeV−1 at ma ∼ 20 MeV.

Given these results, we find it useful to investigate also
combinations of the ALP-nucleon coupling gaN with the
ALP-electron coupling gae.

3 In this work, we consider ALP
massesma ≳ 1 MeV, to allow the ALP decay into electron-
positron pairs. If the coupling with electrons is sufficiently
small, ALPs would leave the SN envelope and decay on
their route to Earth. The positrons produced in these decays
are expected to efficiently lose energy, slow down, and
annihilate almost at rest with the Galactic electron density,
leading to a characteristic 511 keV annihilation line signal.
This line has been well measured by spectrometer on
INTEGRAL (SPI) [27–30].4 In the following, we will
constrain the ALP-electron and ALP-nucleon coupling
using observations of the 511 keV line flux, and exploiting
its spatial characterization.
Following a phenomenological approach, we mostly

consider ALPs that are coupled dominantly to electrons
and nuclei with a negligible coupling to photons (see [32]
for “photophobic” scenarios). However, as we will briefly
discuss in Sec. II, our considerations are valid even for
photon couplings of a size expected for typical pseudo-
Goldstone bosons.
The plan of our work is the following: in Sec. II we recall

the ALP flux from nucleon-nucleon bremsstrahlung and
discuss the decay rate into electron-positron pairs formassive
ALPs. Using the decay of ALPs into electron-positron pairs,
in Sec. III we derive our bounds on the ALP couplings. In
particular, in Sec. III Awe consider Galactic SNe and derive
the bound from the 511 keV signal, while in Sec. III B we
explore the case of ALP decay from extra-galactic SNe, with
the positrons annihilating outside the Galaxy. In this last
case, the resulting photon flux, properly redshifted, contrib-
utes to the cosmic x-ray diffuse background, allowing us to
place an additional bound. In Sec. IV, we comment on our
results and conclude. Finally, in theAppendixwe discuss the
possible uncertainties affecting our results.

II. ALPs FROM SUPERNOVAE:
PRODUCTION AND DECAYS

A. ALP production in a SN core

The ALP interactions with the SM fields are expressed
by the following Lagrangian terms [22]:

Lint ¼
X

ψ¼e;p;n

gaψ
2mψ

ðψ̄γμγ5ψÞ∂μa −
1

4
gaγFμνF̃μνa; ð1Þ

where gaψ are the effective (dimensionless) ALP couplings
with fermions with mass mψ , and gaγ is the photon-ALP
coupling constant (with dimension of an inverse energy).

3See Ref. [17] for some early comments in this direction.
4An additional measurement of the 511 keV line has been

recently performed by the Compton Spectrometer and Imager
(COSI) experiment [31]. Since the results are comparable with
those of SPI, we will not make use of them in the following.
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In the following, we assume the coupling to photons to
be small enough to guarantee a much more efficient ALP
decay into electron-positron pairs than into photons
(cf. Sec. II B). With this assumption, the ALP production
rate in the SN proceeds mostly through bremsstrahlung,
ψ þ ψ → ψ þ ψ þ a, where ψ is any of the fermions in
Eq. (1). However, in the range of parameters we are
exploring in this work, the contribution of the electron
bremsstrahlung to the SN ALP production can be ignored
and the nuclear bremsstrahlung remains the only significant
production mechanism. A recent evaluation of the ALP flux
generated by the nucleon bremsstrahlung process can be
found in Refs. [2,6], to which we refer the interested reader
for further details. For the purpose of our work here, it is
sufficient to point out that, in the case of ma ≪ T, the
integrated ALP spectrum is given, to excellent precision, by
the analytical expression [2]

dNp
a

dE
¼ C

�
gap
grefap

�
2
�
E
E0

�
β

exp

�
−
ðβ þ 1ÞE

E0

�
; ð2Þ

where C ¼ 9.08 × 1055 MeV−1, E0 ¼ 103.2 MeV, and
β ¼ 2.2 for the reference couplings grefap ¼ 10−9 and
gan ¼ 0. These values are obtained from a SN model with
an 18 M⊙ progenitor, simulated in spherical symmetry
with the AGILE-BOLTZTRAN code [33,34]. This is a reason-
able approximation for the ALP spectrum for masses
ma ≲ 30 MeV, including accurate nuclear physics and
many-body effects [6]. In what follows, we will assume
this SN as representative of all type II SN models. A
discussion of the uncertainty introduced by this assumption
is presented in the Appendix, where we evaluate this bound
assuming a 11.2 M⊙ and a 25 M⊙ SN as the representative
model. A more in-depth discussion of this, including the
mass distribution of SNe, is foreseen for future work [35].
To ensure that a putative photon signal is not absorbed by

the SNmedium, we require that ALPs decay outside the SN
envelope, which we take to have a size resc ¼ 1014 cm [36].
This requires gae ≲ 10−11–10−12, somewhat depending on
the ALP mass [see also Eq. (3) below].

B. ALP decays into electron-positron pairs

ALPs in the mass range, 1 MeV < ma ≲ 100 MeV can
decay only into photons and electron-positron pairs. The
partial decay lengths are given by (see Refs. [18,37])

le ¼
γv

Γa→eþe−
¼ Ea

ma

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − m2

a

E2
a

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

e
m2

a

q 8π

g2aema

≃ 1.6 × 10−5 kpc

�
Ea

100 MeV

��
10 MeV

ma

�
2
�
10−13

gae

�
2

;

ð3Þ

and

lγ ¼
γv

Γa→γγ
¼ Ea

ma

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

m2
a

E2
a

s
64π

g2aγm3
a

≃ 1.3 kpc

�
Ea

100 MeV

��
10 MeV

ma

�
4
�
10−13 GeV−1

gaγ

�
2

:

ð4Þ

The total ALP decay length is l−1tot ¼ l−1e þ l−1γ . In the
present analysis, we focus mostly on the case in which the
contribution of lγ to the decay length is negligible. For this
to be a reasonable assumption, the branching ratio into
electrons must be dominant, i.e.,

BRða → γγÞ
BRða → eþe−Þ ¼

le
lγ

¼ ∼10−5
�

ma

10 MeV

�
2
�
10−13

gae

�
2
�

gaγ
10−13 GeV−1

�
2

≪ 1:

ð5Þ

For a typical pseudo-Goldstone where one universal
decay constant f sets all relevant couplings we expect the
relations

gae ∼
me

f
∼ 10−13

�
1010 GeV

f

�

gaγ ∼
α

4πf
∼ 10−13 GeV−1

�
1010 GeV

f

�

gaN ∼Oð1Þ ×mN

f
∼ 10−10

�
1010 GeV

f

�
; ð6Þ

where in the last line theOð1Þ constant depends on whether
the underlying couplings are to quarks or gluons and
whether we are dealing with a proton or a neutron (see,
e.g., [22,38,39] for values in the specific case of QCD
axions).
From the relation for the electron and the photon

coupling we can see that for masses ma ≲ 100 MeV the
requirement that the decay occurs dominantly into elec-
trons, Eq. (5), is naturally fulfilled in the case of a universal
decay constant. A similar parametric relation can be
obtained by considering only an electron coupling that
then generates a photon coupling via a loop diagram, cf. the
expressions in [32,40].
In what follows, we will also set constraints on electron

couplings that are considerably suppressed compared to
the nucleon couplings. While our approach is agnostic
about the origin of the couplings, let us mention that such
couplings could occur, for example, in a photophobic
scenario [32] where, in addition, the electron coupling is
loop suppressed. In the case of suppressed electron cou-
plings, we then have to check that the loop generated
photon coupling from the nucleon coupling is not too large,
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and the decay into electrons is still dominant. Naively
applying the loop expressions5 from [32,40], this is of the
order

gaγ ∼
α

6π

m2
a

m3
N
gaN

∼ 4 × 10−18 GeV−1
�

ma

10 MeV

�
2
�

gaN
10−10

�
: ð7Þ

For a wide range of masses and electron couplings, this
is compatible with a dominant decay into electrons accord-
ing to Eq. (5). However, for the smallest values of gae
and higher masses ma, some tuning may be required to
eliminate this coupling.

III. POSITRON BOUNDS

As discussed above, we are interested in ALPs that decay
dominantly into electron-positron pairs, outside the SN
envelope. The generated positrons are then trapped by the
Oð1Þ μG Galactic magnetic field, and lose their energy
efficiently through Bhabha eþe− scatterings, before anni-
hilating (almost at rest) into two photons, each with an
energy of ∼511 keV. Strictly speaking, a magnetic field
traps charged particles only in the direction perpendicular
to the magnetic field. Nevertheless, for typical conditions
of the interstellar medium, positrons with energies
≲100 MeV are expected to travel not more than ∼1 kpc
[41–43]. In the following we will take a distance of 1 kpc as
our baseline propagation length.
Depending on the free electron density in our Galaxy and

the ionization conditions of the interstellar medium, the
positron annihilation time is expected to range between
τe ∈ ½103–106� years [44,45]. We neglect the so-called in-
flight annihilation channel of high-energy positrons, unless
otherwise stated [46]. While this could, in principle, reduce
the fraction of positrons being stopped and contributing to
the 511 keV line, the signal reduction is not expected to
exceed 25%. On the other hand photons produced by the in-
flight annihilation would contribute to the diffuse MeV-
GeV emission and, therefore, offer another possible mean
to set constraints on our model.
The SPI gamma-ray spectrometer on the INTEGRAL

satellite provides measurements of the Galactic 511 keV
x-ray line flux [27–30]. We will use observations from [30]
to constrain the positron flux injected by ALPs produced by
Galactic SNe and decaying outside the SN envelope. This
allows us to obtain a bound on gae and gaN . Additionally,
we will use measurements of the cosmic x-ray background
(CXB) by the High Energy Astronomy Observatory
(HEAO) [47] and the Solar Maximum Mission (SMM)

[48] to constrain a diffuse flux generated by all the past
extra-galactic SNe.

A. Flux from Galactic supernovae

The SPI gamma-ray spectrometer measurements con-
strain the Galactic center positron annihilation rate to
be smaller than a few ×1043 s−1 [1,49]. Since electron-
positron annihilation seems to be in equilibrium, this can
also be taken as a bound on the positron production rate.
Assuming a Galactic SN rate of two events per century,
in Ref. [36] it was estimated that the previous bound would
be saturated if a single SN emits more than 1053 positrons.
This result was then used, in the same work, to obtain
constraints on dark photons emitted from SNe and
decaying into electron-positron pairs. This argument is,
however, somewhat oversimplified since it does not take
into account the specific distribution of the positrons in the
Galaxy, assuming instead that it has the same morphology
of the detected 511 keV line. As wewill see, this is not fully
realistic.
In our work, we adopt a more detailed approach,

exploiting the longitude and latitude distributions of the
511 keV gamma-ray flux provided by an analysis of SPI
data [30], and comparing it with the expected 511 keV line
signal produced by positrons from ALP decays, as traced
by the probability distribution of type II SNe.
The time integrated flux of ALPs, produced in the SN

core and escaping from the SN envelope is given by�
dNp

a

dE

�
esc

¼ dNp
a

dE
× exp

�
−
resc
le

�
; ð8Þ

where the ALP production rate, dNp
a =dE, is given by

Eq. (2). For simplicity we assume that all SNe are well
represented by our model and neglect the subleading
contribution of type Ib/c SNe to the SN rate. Then, the
injected positron flux from a SN explosion is given by

Npos ¼
Z

dE

�
dNp

a

dE

�
esc

�
1 − exp

�
−
rG
le

��
; ð9Þ

where the term in square brackets guarantees that the ALPs
decay within our Galaxy. To be conservative, we use a very
small value for the radius, rG ¼ 1 kpc, which ensures that
we stay inside the Galaxy in all directions (including, in
particular, the direction perpendicular to the plane).
In Fig. 1, we show the number of positrons that are

produced inside the Galaxy (black solid line). As a
reference, the horizontal line indicates the maximal posi-
tron number (Npos ¼ 1053) used in Ref. [36].
For a vanishing ALP-photon coupling and a small gae,

the positron production is suppressed since most ALPs
escape the Galaxy before decaying. As gae increases, ALPs
decay inside the Galaxy, reaching the maximum positron
production when all the ALPs decay in the Galaxy, for

5In principle some care might be necessary to take the bound
state nature of the nucleons into account.
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gae ≳ 10−16. This plateau extends for some orders of
magnitude in gae, depending on the ALP mass (e.g., up
to gae ≃ 10−12 for ma ¼ 30 MeV). For larger gae, ALPs
decay inside the SN envelope, and the created positrons
annihilate in an environment where it is not clear whether
they can escape and contribute to an observable signal.
At this point let us comment on the effects of a non-

vanishing coupling gaγ . Its effect is demonstrated in the
nonsolid lines of Fig. 1. In order to take into account the
impact of decays into photons on the positron flux we
multiply Eq. (9) by the branching ratio

BRða → eþe−Þ
BRða → γγÞ þ BRða → eþe−Þ : ð10Þ

The effect of the photon coupling in reducing the branching
ratio is particularly important for small gae, where the
escape-related suppression factor is linear in l−1tot .
In Fig. 2, we show the number of positrons produced,

Npos, as a function of the ALP mass ma, for three different
values of gae and keeping gaγ ¼ 0. As a benchmark value
we use ma ¼ 30 MeV. For gae ¼ 10−12 (solid curve) the
positron number monotonically decreases while increasing
the ALP mass. The behavior is due to the fact that, for such
large ALP-electron couplings, a large portion of ALPs
decay before leaving the SN and thus do not contribute to
the positron flux. This fraction clearly increases at higher
masses since in this case the decay length is reduced, as
evident from Eq. (3). For gae ¼ 10−15 (dashed curve), the
positron number is rather insensitive to the ALP mass.
This case corresponds to a regime in which all ALPs
decay outside the SN and inside the Galaxy, giving the
maximum contribution to Npos. Finally, for gae ¼ 10−18,
Npos increases as a function of the ALP mass. Indeed, for
such a small value of the ALP-electron coupling, a

reduction in the decay length would enhance the ALPs
probability of decaying inside the Galaxy.
Let us now consider the distribution of the generated

photons and compare it to the data. In addition to the
location of the SNe producing the ALPs there are two
factors that determine the morphology of the 511 keV
signal. First, depending on their decay length ALPs may
travel a considerable distance before decaying. To be
conservative we only count positrons from ALP decays
within 1 kpc such that we are safely within the galaxy.
Second, the positrons produced from the ALP decays may
travel some distance before being stopped and annihilated.
As long as the SN ALPs decay in the Galaxy, the 511 keV
photons are expected to be generated not farther than 1 kpc
[41–43] from the ALP decay region. We estimate the
influence of both effects by performing a smearing of the
signal on a 1 kpc scale as described below. In the Appendix
we show the variation of the bound related to a different
choice of the smearing scale.
Let us also briefly comment on the time structure of the

signal. Most positrons with energies ≲100 MeV slow
down before undergoing an almost at rest annihilation
(allowing for a 511 keV line signal). This takes a time of the
order of τe ∼ 103–106 years depending on the environmen-
tal density of electrons. We expect that the timescale until
annihilation varies between the individual positrons, direc-
tion and energy of emission etc. by factors of at least Oð1Þ.
In consequence a SN would contribute to the 511 keV scale
for a time of the order of ∼103–106 years. This is much
longer than the typical time interval between galactic
SNe ∼ 50 years. Hence, at any given time we receive
signals from a sizable number of past SNe. This allows
us to average over the Galactic distribution to get an
estimate of the flux distribution.
The probability distribution of type II SNe in the

Galaxy is expected to follow the regions of high star
formation, particularly the spiral arms. For this reason, it is
peaked slightly off the Galactic center. However the exact
distribution is still subject to some uncertainties [50,51].

FIG. 2. Number of positrons as a function of the ALP mass for
gaγ ¼ 0 and different values of the ALP-electron coupling.

FIG. 1. Number of positrons produced inside a radius of
rG ¼ 1 kpc, per SN as function of gae for different values
of g10aγ ≡ gaγ=10−10 GeV−1, and a fixed gap ¼ 10−9 and
ma ¼ 30 MeV. The red line indicates a sizable positron pro-
duction, Npos ¼ 1053 [36].
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Here, we refer to the model presented in Ref. [50] for our
quantitative analysis. We have verified that the more recent
model presented in Ref. [51] yields essentially identical
results.
The probability distribution of Galactic SNe is best

represented in the Galactocentric coordinate system,
ðr; z; lÞ, with the origin in the Galaxy center, the x-axis
directed toward the Sun, r the radial coordinate in the
Galactic plane, and z the height, measured from the
Galactic plane. The connection with the more com-
mon Galactic coordinate system can be made through
the relations

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2 cos2 bþ d2⊙ − 2d⊙s cos l cos b

q
; ð11Þ

z ¼ s sin b; ð12Þ

where −π ≤ l ≤ π is the Galactic longitude, −π=2 ≤ b ≤
π=2 is the Galactic latitude, d⊙ ¼ 8.5 kpc is the solar
distance from the Galactic center and s is the distance from
the SN to the Sun.
The properly normalized SN volume distribution in the

Galactocentric coordinate system is given by [50]

ncc ¼ σccðrÞRccðzÞ kpc−3; ð13Þ

where σccðrÞ is the normalized Galactic surface density of
type II events,

σccðrÞ ¼
rζe−r=u

2πu2þζ Γð2þ ζÞ ; ð14Þ

with Γ the Euler gamma function. The vertical distribution
is approximated as a superposition of two Gaussian
distributions with different scale height for the thin and
thick disk,

RccðzÞ ¼ 1.874

�
0.79 exp

�
−
�

z
0.212 kpc

�
2
�

þ 0.21 exp

�
−
�

z
0.636 kpc

Þ2
��

: ð15Þ

Following Ref. [50], in these expressions we take as
benchmark values ζ ¼ 4 and u ¼ 1.25 kpc.
Then, the number of SNe exploded in a given infini-

tesimal element of volume per unit time is given by

Γccncc s2ds dΩ; ð16Þ

where dΩ ¼ db cos bdl, and normalized such thatR
dΩdss2ncc ¼ 1. We fix the Galactic SN explosion rate

to Γcc ¼ 2 SNe/century [52].
In our Galaxy, the emission of the 511 keV line proceeds

mostly through the formation of positronium. Indeed, the

positronium fraction is found to be ∼1 for positrons
annihilating at rest in typical conditions of the Milky Way
interstellar medium [53]. Two photons of 511 keV energies
originate from the (singlet) parapositronium state, leading to
the specific line signal. The angular distribution in the
Galactic sky map of the 511 keV line photon signal produced
by positron-electron annihilation through parapositronium
formation is then given by6

dϕ511
γ

dΩ
¼ 2kpsNposΓcc

Z
dss2

ncc½rðs; b; lÞ�
4πs2

; ð17Þ

where kps ¼ 1=4 accounts for the fraction of positrons
annihilating through parapositronium,7 then producing two
photons with energy equal to 511 keV [54].
In first approximation, the photon flux produced by ALP

decays follows the Galactic SN distribution. The sky map
of the expected SN probability distribution and the result-
ing photon flux are shown in Fig. 3 (upper panel). Under
these conditions, we expect the positron distribution to be
peaked at zero latitude, b ¼ 0, and at longitude l ≃�30°,
with a dip at l ¼ 0.
However, as discussed above, the distribution is smeared

out to some degree by the combined effect of a significant
decay length as well as by the distance traveled by the
positrons before being stopped. By considering a longer
ALP decay length for smaller values of the ALP mass or
smaller couplings gae and a distance ∼1 kpc covered by
positrons before annihilating, we expect the produced
photon distribution to be smeared. We conservatively take
this effect into account in two ways. First, we use for the
radius rG in Eq. (9) the smallest extend of the Galaxy, i.e.,
the vertical direction, rG ¼ 1 kpc. Second, in order to
account for the more diffuse emission, we smear the SN
distribution over a scale λ, replacing σccðrÞ and RccðzÞ in
Eq. (13) respectively with

σ0ccðrÞ ¼ A
Z

∞

0

dsσccðsÞe−js−rj=λ;

R0
ccðzÞ ¼ B

Z
∞

−∞
dsRccðsÞe−js−zj=λ; ð18Þ

where the normalization constants A and B are obtained by
imposing 2π

R
∞
0 drrσ0ccðrÞ ¼ 1 and

R
dΩdss2σ0ccR0

cc ¼ 1.
The sky map including this smearing is shown in Fig. 3
(lower panel).
The expected 511 keV photon flux from ALP decays

should be compared with the 511 keV flux measurement

6Unless explicitly mentioned, here and in the following we
neglect the small fraction of positrons (≲25%) that annihilate in
flight and do not contribute to the signal. This has only a
relatively small effect on the resulting limits.

7Annihilation through orthopositronium leads to three photons
that do not contribute to the 511 keV line signal.
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from SPI. The 511 keV photon flux Φγ distributions in
latitude b and in longitude l, as derived in Ref. [30], are
shown in Figs. 4 and 5 respectively, where we overlay the
ALP-induced signal for ma ¼ 30 MeV and two represen-
tative values of the coupling, gae ¼ 3 × 10−12 and gae ¼
1.5 × 10−18. To demonstrate the impact of the smearing, we
blurred the signal over a scale λ ¼ minðle; 1 kpcÞ following
the recipe in Eq. (18), ignoring the possible positron
propagation before their annihilation. As expected, the
photon flux produced by ALP decay is peaked at b ¼ 0.
For larger electron couplings, the shape of the ALP signal
becomes closer to the observed photon flux in the latitude
direction (Fig. 4). However, as shown in Fig. 5, the
longitudinal distribution of the photons from ALPs is very
different from the 511 keV signal observed by the SPI.
Indeed, as discussed above, there is a dip at l ¼ 0 where the
observed signal is strongly peaked. Moreover, the two peaks
at l ≃�30° are clearly visible.

In order to get a conservative bound on the ALP
parameter space for our analysis we consider the longitude
and latitude profiles from Ref. [30]. Given the uncertainties
in our calculation, we use a very simple procedure to set our
limit: the bound on ALPs is set by the first bin where the
predicted signal exceeds the data at 2σ. In our case, the
most constraining bin comes from the longitudinal distri-
bution at l ∈ ½28.25°; 31.25°� because the predicted photon
distribution is almost flat in this direction.
In Fig. 6, we plot the bound (red region) on the ALP-

electron coupling gae as a function of the ALP-nucleon
coupling gap in the range below the SN 1987A energy-loss
bound. In order to be conservative, our fiducial exclusion
region (the shaded red region) is obtained smearing the
ALP-induced photon signal over a scale λ ¼ 1 kpc, taking
into account both the ALP propagation before their decay
and the positron one before annihilation. For comparison,
the red dashed line represents a more optimistic bound,

FIG. 3. Sky map in the region b ∈ ½−10°; 10°� and l ∈ ½−180°; 180°�, of the photon flux in Eq. (17) (upper panel), evaluated for
gae ¼ 3 × 10−12, gap ¼ 10−9 and ma ¼ 30 MeV. In the lower panel we include a smearing at a scale of 1 kpc for gae ¼ 1.5 × 10−18,
gap ¼ 10−9 and ma ¼ 30 MeV. This simulates the effects of a non-negligible decay length of the ALP and the distance traveled by the
positron before annihilating (see text for details).
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where we assume that ALPs decay and positrons annihilate
in the immediate vicinity of where they are produced. The
boundaries of the excluded band gLae ≲ gae ≲ gHae are given
by the following arguments. For gae ≳ gHae, ALPs would
decay inside the SN envelope. Analogously, for gae ≲ gLae,
ALPs would escape our Galaxy before decaying into pairs.
In both cases, such ALP decays could not contribute to the
511 keV signal. We see that for gap ∼ 10−9, the range
10−19 ≲ gae ≲ 10−12 is excluded.
For smaller values of gap, the upper boundary of the

exclusion plot is rather flat, while the lower boundary is
reduced becoming gae ≳ 10−17 for gap ∼ 10−11. This differ-
ent behavior is due to the fact that along the upper boundary

the positron flux would exceed the 511 keV signal
independently of the exact value of gap in the chosen
range, as long as the ALPs decay outside the SN envelope.
The latter condition fixes the upper value of gae.
Conversely, along the lower boundary, since gae is much
smaller, a sizable value of gap is required in order to get an
observable signal.
Reducing the value of gap, we reach a point at which

ALPs are not abundant enough to produce a detectable
signal even though they decay entirely into positrons. This
threshold is represented in Fig. 6 by the vertical left end of
the exclusion region.
We note that for gae ≳ 10−12 the ALP decay length is

comparable with the SN photosphere radius, le ∼ resc.
As discussed in Ref. [36], in this situation ALPs might
create a fireball, i.e., a layer of hot electron-positron
plasma due to the ALP decays just outside the photo-
sphere (located at resc), which absorbs the positrons
produced in the ALP decay. However, the total number
of positrons escaping the SN is only an order-1 factor
smaller than the initial number produced at resc.
Therefore, the formation of a fireball has a small effect
on the positron flux and thus our bound is mostly
unaffected by this phenomenon.
As shown in Fig. 7, the shape of the exclusion region is

rather independent of the ALP mass. The dominant effect
of the mass is that the bound is shifted towards larger
couplings as the mass decreases. This is due to the
dependence of the ALP decay length on the mass.
We finally note that our bound, based on the angular

structure of the ALP-induced signal, might be translated into
the requirement that a single SN should emit no more than
∼1052 positrons, a value 1 order of magnitude more stringent
than the estimate of Ref. [36]. More precisely, without

FIG. 4. Comparison of the photon flux produced by ALPs for
gap ¼ 10−9, ma ¼ 30 MeV and two different values of gae with
the one measured by SPI [30] as a function of the Galactic latitude
and integrated over the region −5.25° < l < 3.75°. Note that we
neglect a possible propagation of the positrons. For gae ¼ 3 ×
10−12 the smearing is done over λ ¼ le ≪ 1 kpc and has a
negligible impact, while for gae ¼ 1.5 × 10−18 we smeared the
signal over 1 kpc, washing out the central peak.

FIG. 5. As in Fig. 4 but as a function of the Galactic longitude
and integrated over the region −10.75° < b < 10.25°. Note that
the central dip is in agreement with Fig. 3. Due to the already
much broader distribution of the SNe in this direction the
smearing over 1 kpc for the smaller value of gae is less
pronounced.

FIG. 6. Bounds on gae vs gap from the diffuse Galactic SNe (red
band) and from extra-galactic SNe (blue band) for ma ¼ 30 MeV.
The dashed red line illustrates the effect of smearing by assuming
the extreme case where the photon signal follows exactly the
distribution of SNe, i.e., it neglects the distance traveled by ALPs
and positrons. Values gap ≳ 10−9 are excluded by the energy loss
argument [3–6].
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smearing a SN cannot emit more than Npos ≲ 8 × 1051,
while with the smearing we find Npos ≲ 1.6 × 1052.8

In addition to the combined flux from the Galactic SNe,
one may also look for a 511 keV signal from young local
SNe and SN remnants, in order to derive constraints on
positron emission from different sources [55]. Among
the sources observed by SPI, the only one corresponding
to a Galactic type II SN explosion (SNIIb) is the SN
remnant Cassiopea A, at a distance d ¼ 3.4 kpc [56],
which exploded about tCAS ¼ 400 years ago [57]. How-
ever, since the explosion time of this source is much smaller
than the typical positron annihilation time in the Galaxy,9 it
is uncertain whether we receive a sizable contribution to the
511 keV signal from ALP emission.

B. Extra-galactic supernovae

We now consider the case of extra-galactic SNe, produc-
ing ALPs that decay into positrons outside our Galaxy. In
the extra-galactic medium, where charged particles are
trapped by B ∼Oð1Þ nG, the produced relativistic positrons
would slow down and annihilate at rest on a timescale
comparable or faster than the Hubble expansion time [58]
(τe ≲ 1010 yrs), giving two photons, each with energyme, as
in the previous case. However, such photons are redshifted
and thus do not contribute to the 511 keV line. Rather, they
contribute to the cosmic x-ray background (CXB), measured
by different experiments, e.g., the High Energy Astronomy
Observatory (HEAO) [47] and the Solar Maximum Mission
(SMM) [48] (a recent data compilation can be found in
Ref. [59]). This case is useful to extend the previous
constraints to smaller values of gae. The cumulative energy

flux of escaping ALPs from past type II SNe, and decaying
into electron-positron pairs in the redshift interval between
½zd∶zd − dzd� is given by (see, e.g., Refs. [2,21])

�
dϕaðEaÞ
dEa

�
dec

¼
Z

∞

zd

dzð1þ zÞ dNaðEað1þ zÞÞ
dEa

RSNðzÞ
				 dtdz

				
× ½e−ðz−zdÞ=H0le − e−ðz−zdþdzdÞ=H0le �; ð19Þ

where z is the redshift. RSNðzÞ is the SN explosion rate,
taken from [60], with a total normalization for the type II rate
Rcc ¼ 1.25 × 10−4yr−1 Mpc−3. Furthermore, jdt=dzj−1 ¼
H0ð1þ zÞ½ΩΛ þ ΩMð1þ zÞ3�1=2 with the cosmological
parameters H0 ¼ 67.4 km s−1 Mpc−1, ΩM ¼ 0.315, ΩΛ ¼
0.685 [61]. Most of the contribution to the ALP flux comes
from z ∼ 1–2.
Expanding the previous expression for small dzd one

finds the differential flux of decayed ALPs,

�
d2ϕaðEaÞ
dEadzd

�
dec

¼
Z

∞

zd

ð1þ zÞ dNaðEað1þ zÞÞ
dEa

× ½RSNðzÞ� exp
�
−
z − zd
H0le

�
1

H0le

�				 dtdz
				dz

�
: ð20Þ

Since the major contribution to the ALP flux comes from
z≲ 2, the photons produced by the annihilation of the
positrons, originated from ALP decays, are not absorbed
[62] and, due to the redshift, reach us with an energy

Eγ ¼
me

1þ zd
: ð21Þ

The produced photon flux is then given by

dϕγ

dEγ
¼ 2kps

dϕa

dzd

dzd
dEγ

¼ 2kps
me

E2
γ

Z
∞

ma

dEa

�
d2ϕaðEaÞ
dEadzd

�
dec

: ð22Þ

In Fig. 8, we compare our result for the photon flux
produced by ALP decays from extra-galactic SNe (assum-
ing ma ¼ 30 MeV, gap ¼ 10−9, gae ¼ 7 × 10−21) to the
CXB flux measured by HEAO-1 [47] and SMM [48]. In
order to get a bound on gae vs gap, we require that the
produced photon flux from ALP decays does not exceed
the measured CXB by more than 2σ. We show the
exclusion areas also in Fig. 6, for ma ¼ 30 MeV (blue
region), and in Fig. 7, where we compare three values of the
ALP mass ma ¼ 3, 10, 30 MeV (light blue regions).

FIG. 7. Bounds on gae vs gap from the diffuse Galactic SNe
(reddish bands) and from extra-galactic SNe (bluish bands) for
three representative values of the ALP massma ¼ 3, 10, 30 MeV.

8In these numbers we have accounted for the positrons
annihilating in flight by conservatively assuming that this fraction
is at most 25% in the relevant energy range.

9As the slow down requires many interactions, we think that
the number of slowed down positrons does not simply follow an
exponential decay law in their “lifetime.” Instead we expect it to
be more peaked around the lifetime.
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In this case, the upper limit is obtained by requiring that
the decayed photons are in the x-ray band accessible to the
instruments used for detection, while the lower limit is given
by the requirement that ALPs decay before reaching our
Galaxy. At gap ¼ 10−9, the lower bound is 1 order of magni-
tude more stringent than the bound from Galactic SNe for
the corresponding ALP mass. In particular, values gae ≳
10−20 are excluded for gap ¼ 10−9 and ma ¼ 30 MeV. The
trend of gae vs gap is similar to what was observed in the
Galactic case. However, we can lower the value of gap
only by less than 1 order of magnitude before the bound
disappears.
We remark that our bounds from the CXB are

conservative in the sense that we do not attempt any
modeling and subtraction of the guaranteed astrophysical
contributions from extra-galactic objects. Indeed, models
from active galactic nuclei quite successfully explain
the whole CXB up to at least 200 keV [63], while at
higher energies—which are the ones most relevant for our
bound—their contribution remains more uncertain.

IV. DISCUSSION AND CONCLUSIONS

In this paper we have investigated the physics potential
of Galactic and extra-galactic type II SNe to constrain
ALPs coupled with nucleons and electrons.
In such a situation, ALPs are produced in the SN core via

nucleon-nucleon bremsstrahlung. Their decay then produ-
ces electron-positron pairs. The positrons are stopped by
interactions with matter and then annihilate with electrons
to produce 511 keV photons. For Galactic SNe this
produces a 511 keV gamma-ray line. Using observations
of the spectrometer on INTEGRAL (SPI) [30], we obtain
stringent constraints for the electron-ALP coupling, exclud-
ing the range 10−19 ≲ gae ≲ 10−12 for gap ∼ 10−9. ALPs
from extra-galactic SNe are stopped (on significantly
longer length/timescales) by the extra-galactic medium.
In this case, the redshift has to be taken into account leading

to a somewhat broader signal. Nevertheless, data from the
observation of the cosmic x-ray background [59] improve
the previous constraint down to gae ∼ 10−20. Further
improvement could result from observations of the future
eASTROGAM [64] and AMEGO [65]. In particular
additional measurements away from the Galactic Center
region would be helpful. Also, improvements in the under-
standing and detailed modeling of the positron propagation
and slow-down would strengthen the confidence in the
results, but potentially also allow to tighten the limits via a
better modeling of the morphology. To our knowledge, the
discussed range of couplings is currently unexplored.
Moreover, as briefly discussed in Sec. II, the constrained
range of couplings is easily motivated in simple models
where the ALPs are pseudo-Goldstone bosons.
Beyond our result on ALPs, we also note that we obtain

an improved result on the maximum number of positrons
that may be emitted by an SN outside its envelope
Npos ≲ 1052, which takes into account the SN distribution
inside the Galaxy. This result could also be applied to
update limits on other particles such as dark photons [36].
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APPENDIX: QUANTIFYING THE
UNCERTAINTIES OF THE MODEL

In this Appendix we discuss the role of the two major
sources of uncertainties encountered in this work: the
dependence of the ALP flux from the SN progenitor and
the choice of the smearing scale λ in Eq. (9).
The first is quantified by considering two other different

SN models, with 25 M⊙ and 11.2 M⊙ progenitor masses.
We observe that the SN temperature grows as the progen-
itor mass increases, therefore at fixed value of gap the
produced ALP flux is larger and the typical energy is higher
for heavier progenitors. In addition, we checked that the
assumption of massless ALPs for ma ≲ 30 MeV is still
valid for the lighter progenitor. For the 25 M⊙ model, the
best-fit parameters of the ALP flux in Eq. (2) are
C ¼ 1.1 × 1056 MeV−1, E0 ¼ 126.8 MeV and β ¼ 2.03
for the reference couplings grefap ¼ 10−9 and gan ¼ 0. On
the other hand, the ALP flux for the 11.2 M⊙ model is

FIG. 8. Photon flux from CXB measured by HEAO-1 [47] and
SMM [48] with 2σ error bars, compared with the x-ray flux from
ALP decays from extra-galactic SNe for ma ¼ 30 MeV,
gap ¼ 10−9, gae ¼ 7 × 10−21 (solid curve).
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fitted by C ¼ 2.81 × 1055 MeV−1, E0 ¼ 79.5 MeV and
β ¼ 2.5 for the same reference couplings as before. The
11.2 M⊙ progenitor is a motivated representative SNmodel
because the SN population is larger at lower masses [35]. In
Fig. 9 we show the Galactic bound evaluated for the three
different representative SN progenitors. As expected, the
exclusion region becomes smaller as the progenitor mass
decreases, due to the reduction of the produced ALP flux.
The uncertainty related to the smearing scale λ is addressed
by calculating the bound for two additional values of this
scale, namely 5 and 10 kpc. In Fig. 10 we compare the case
without smearing (dot-dashed black curve), our fiducial
bound with λ ¼ 1 kpc (the shaded red area in the solid red

line) and the other two cases with λ ¼ 5 kpc (dashed dark
red line) and λ ¼ 10 kpc (dotted light red line). The bound
is weakened as the smearing scale increases. Indeed, for
larger values of λ the signal becomes more featureless and
the equivalent number of produced positrons from each SN
tends to increase. More precisely, accounting for the
positrons annihilating in flight as discussed in Sec. III,
for λ ¼ 5 kpc we obtain Npos ≲ 8.7 × 1052 and for λ ¼
10 kpc we obtain Npos ≲ 2.6 × 1053. Clearly, a more
accurate description of the positron propagation in the
Galaxy would reduce the uncertainties in our analysis.
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