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Feebly interacting particles with masses with Oð10–100Þ MeV can be copiously produced by
core-collapse supernovae (SNe). In this paper we consider the case of MeV-ish sterile neutrinos
and dark photons mixed with ordinary neutrinos and photons, respectively. Furthermore, both sterile
neutrinos and dark photons may decay into positrons on their route to Earth. Such positrons would
annihilate with electrons in the Galactic medium and contribute to the photon flux in the 511 keV line.
Using the spectrometer on INTEGRAL observation of this line improves the bounds on the mixing
parameters for these particles by several orders of magnitude below what is already excluded by the SN
1987A energy-loss argument.
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I. INTRODUCTION

Core-collapse supernovae (SNe) are powerful cosmic
sources of light weakly interacting particles. Notably,
during a SN explosion, the amazing number Oð1058Þ of
(anti)neutrinos of all flavors are emitted with average
energies E ∼ 15 MeV. These can be used to probe funda-
mental properties of neutrinos, e.g., mixing and nonstand-
ard interactions (see Ref. [1] for a pedagogical introduction
and, e.g., [2,3], for more recent works). More generally,
also new feebly interacting particles (FIPs) [4] can be
abundantly produced in a SN core. For typical core
temperatures T ≃Oð30Þ MeV, particles with masses up

to Oð100Þ MeV can be emitted without being Boltzmann
suppressed. If free streaming, these particles would con-
stitute a novel channel of energy loss, shortening the
duration of the neutrino burst [5,6]. Notably, a variety of
new physics scenarios has been constrained using this
powerful argument in relation to the SN 1987A neutrino
detection [7]. An incomplete list of novel particles include
axions [6–10], scalar bosons [11], sterile neutrinos [12–14],
dark photons [15], lightCP-even scalars [16], dark flavored
particles [17], and unparticles [18] (see [19] for a list of
reviews on this topic and for additional references).
The next detection of a high-statistics SN neutrino burst

from a Galactic event in a large underground detector is
expected to significantly improve the previous bounds
based on the sparse SN 1987A neutrino data (see, e.g.,
[20,21] for the case of axions). Therefore, such an event can
be considered as one of the next frontiers of low-energy
neutrino and FIP astronomy.
Furthermore, aside from the indirect signature imprinted

on the neutrino burst by an exotic energy loss, one can also
search for a direct signature of novel particles emission
from SNe. Notably in the case of ultralight axionlike
particles (ALPs) with ma ≲ 10−11 eV, coupled with pho-
tons, their conversions into gamma rays in the Galactic
magnetic field offer a clear signature. Following this
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idea, dedicated searches for an ALP induced gamma-ray
signal have been performed in relation to SN 1987A (see,
e.g., [22]), in case of future Galactic SN explosions [23], for
extragalactic SNe [24,25], and in relation to the observation
of the diffuse gamma-ray background [26,27].
Heavy ALPs (with ma ∼ 1–10 MeV) coupled with pho-

tons would decay on their path to Earth leading to another
peculiar gamma-ray flux [28,29]. Some of us recently studied
also the case of heavy ALPs coupled with nucleons and
electrons [30]. These ALPs would be efficiently produced in
a SN core via the nucleon-nucleon bremmstrahlung [9].
Then, for masses ma ≳ 1 MeV, they 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 keVannihilation line. Using the SPI (spectrometer on
INTEGRAL) [31–34] observation of this line allows one to
exclude a wide range of the axion-electron coupling.
The goal of our present paper is to extend the 511 keV

photon constraints on ALPs to sterile neutrinos and dark
photons (see, e.g., [4,35–39] for motivations for these
particles and further literature). These FIPs share two
important features: (1) they can be produced via mixing
with Standard Model (SM) particles (the SM neutrino and
the photon, respectively). (2) They have decay channels
with positrons in the final state. While the former is just a
theoretical similarity, the latter is a fundamental aspect of
our analysis and leads to the signal that we focus on: the
positrons are produced as decay products, they are slowed
down and eventually annihilate, sourcing 511 keV photons.
The 511 keV photon bound was considered in the seminal

paper [40] (see also Sec. 12.5.1 of Ref. [1]) for the case of
decaying heavy neutrinos νH, using the early measurements
of the 511 keV gamma-ray flux [41]. For dark photons the
511 keV bound was recently studied in Ref. [42]. In the
present paper we improve on these previous results by using
the limits on the positron injection obtained in [30] that
account for the spatial morphology of the signal. Moreover,
we also consider a broader range of SN models (as in
Ref. [27] for the case of ALPs coupled to photons).
The plan for this paper is as follows. In Sec. II we recall

the signal from positrons produced in SN by a decaying
massive particle. Then in Sec. III and Sec. IV we discuss
the production and decay as well as the resulting new limits
for sterile neutrinos and dark photons, respectively. We
wrap up the discussion in Sec. V. In Appendixes A and B
we discuss the details of the sterile neutrino and dark
photon production, respectively. Finally, in Appendix C we
present in detail the uncertainties affecting our bounds.

II. BOUNDS ON FIPS FROM THE 511 KeV
LINE OBSERVATION

Any FIP X that is sufficiently weakly coupled to SM
fields, once produced in the SN core can escape without
interacting with the stellar medium. In many cases there is a

large portion of the parameter space where this process
allows a very efficient production of such FIPs. The energy-
loss bound from SN 1987A requires that the total lumi-
nosity carried by an exotic species should be [11,43]

Ltot
X ≲ 3 × 1052 erg s−1; ð1Þ

at the beginning of the cooling phase (typically at tpb ≃ 1 s,
where tpb is the postbounce time). Furthermore, for
electromagnetic FIP decays, like the ones we consider
here, a possible improvement of the energy-loss bound was
proposed in Ref. [44] requiring that the energy transfer to
the outer layers from FIP decay products does not lead to
too energetic SN explosions. In case of an efficient energy
transfer one can exclude FIPs with an emissivity ∼2 order
of magnitudes below what probed by the energy-loss limit,
i.e., a luminosity going into an electromagnetic channel

Le:m:
X ≲ 2 × 1050 erg s−1: ð2Þ

However, for particles decaying outside the SN envelope
this latter argument does not apply.
Besides these constraints, an emissivity close to the

luminosity bound in Eq. (2) would lead to an enormous
flux. Its possible detection, and the analysis of observable
signatures associated with it, is subject of a number of
studies (cf. e.g., Refs. [30,40,42]) including the present
one. If the particle under examination is allowed to decay
into electron-positron pairs outside the SN envelope, one
important observational consequence is a contribution to
the 511 keV photon line, measured by the SPI [31–34].
The mechanism proceeds as follows. As schematically
depicted in Fig. 1, the FIPs X under consideration are
allowed to decay into electron-positron pairs outside the
stellar matter, i.e.,

X → nieþ þ Yi: ð3Þ

Here, ni is the number of positrons produced in the ith
process and Yi other species produced in the decays. The
resulting positrons are efficiently slowed down through
elastic Bhabha scatterings with the electrons in the Galaxy
(the blue dots in Fig. 1) and annihilate, almost at rest,
after the formation of positronium bound states [45].
Approximately 25% of them form (singlet) parapositro-
nium states, which eventually decay into two photons with
opposite momentum and total energy almost exactly equal
to 2me.

1

Below, we provide some general results about this
process closely following [30], to which we address the
interested reader for further details. In the next sections, we

1Annihilation through the (triplet) orthopositronium state,
formed in the 75% of cases, leads to three photons that do not
contribute to the 511 keV photon line.
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will focus on the specific examples of sterile neutrinos and
dark photons.
Considering the contribution of the Galactic population

of SNe II and SNe Ib/c, in complete generality,2 the average
number of positrons produced in FIP decays outside the SN
photosphere is

Npos ¼ npos;X

Z
dE

dN0
X

dE
ðϵIIe−rII=lX þ ϵIe−rI=lXÞ

×

�
1 − exp

�
−
rG
lX

��
; ð4Þ

where the FIP production rate dN0
X=dE depends on the

studied particle and it will be specified later. We indicate
with lX the total FIP decay length, and with

npos;X ¼
X
i

niBRðX → nieþ þ YiÞ; ð5Þ

the average number of positrons produced in a FIP decay.
The quantity rG in Eq. (4) is a typical escape radius from
the Galaxy. In the following we conservatively assume it to
be 1 kpc, in order to stay inside the Galaxy in all directions,
in particular the one perpendicular to the Galactic plane.
Moreover, following [42] we fix

rII ¼ 1014 cm; rI ¼ 2 × 1012 cm ð6Þ

for the envelope radii of type II and Ib/c SNe, while,
according to Ref. [46], we take as average fractions of SNe
of type II and Ib/c

ϵII ¼ 1 − ϵI; ϵI ¼ 0.33: ð7Þ

From Eq. (4), one can predict the main qualitative
features in the behavior of the positrons produced by
FIP decays. Assuming that a FIP X is produced through
a coupling gX;P and decays due to a coupling gX;D, then,
dN0

X=dE ∝ g2X;P and lX ∝ g−2X;D. Therefore, from Eq. (4),
one can easily predict the following limiting regimes:

Npos ∝ g2X;Pg
2
X;D lX ≫ rG; ð8aÞ

Npos ∝ g2X;P rII ≪ lX ≪ rG; ð8bÞ

Npos ∝ g2X;P expð−g2X;DÞ lX ≪ rI; ð8cÞ

For rI < lX < rII the behavior is nontrivial since the
contributions of SNe Ib/c and SNe II are both relevant. In
the case under consideration, we will always find lX < rG.
Therefore, only Eqs. (8b) and (8c) will be relevant in
this work.
For our numerical estimations, we will assume as a

benchmark the SN simulations of Ref. [47], based on the
general relativistic neutrino radiation hydrodynamics
model AGILE-BOLTZTRAN, featuring three-flavor
Boltzmann neutrino transport [48,49] and including a
complete set of weak interactions (see Table I in
Ref. [47]). The SN simulations were launched from the
18 M⊙ progenitor of the stellar evolution calculations of
Ref. [50]. We choose this particular progenitor mass, since
among the models at our disposal it is the one closest to the
average successful SN explosion progenitor mass

hMi ¼
R 50 M⊙
8 M⊙

dMMϕðMÞR 50 M⊙
8 M⊙

dMϕðMÞ
≈ 16 M⊙; ð9Þ

FIG. 1. A schematic representation of the production mechanism of the 511 keV gamma-ray line by X decays in electron-positron
pairs. The eþ and e− trajectories are not straight due to the presence of an inhomogeneous magnetic field. They are also slowed down
due to scattering.

2We remark that the contribution of SNe Ib/c was neglected for
simplicity in Ref. [30].
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where ϕðMÞ ∼M−2.35 is the modified Salpeter-A initial
mass function of Ref. [51]. We note, however, the variance
is quite large and approximately equal to ∼9 M⊙.
Therefore, we generally expect SNe with different progen-
itor masses to contribute. As discussed in Ref. [30] the
typical lifetime of the positrons is of the order of τe ∼
103–106 years and a single SN is expected to contribute to
the signal for a similar amount of time. Accordingly, at any
given time ∼10 − 104 SNe may be active in the signal. In
particular at the lower end of this range fluctuations may
be sizeable. In light of this uncertainty and for simplicity
we consider the whole signal being generated by a single
exemplary progenitor mass. The impact of the chosen
progenitor mass on the derived bounds is then discussed in
more detail in Appendix C, where the 511 keV photon
constraint is reevaluated using two other SN models, with
progenitor mass 8.8 and 25 M⊙, respectively, reported
in Ref. [52].
As discussed in [30], the photon line signal at 511 keV is

dϕ511
γ

dΩ
¼ 2kpsNposΓcc

Z
dss2

ncc½rðs; b; lÞ; zðs; bÞ�
4πs2

; ð10Þ

where dΩ ¼ dldb cos b, with −π ≤ l ≤ π being the longi-
tude and −π=2 ≤ b ≤ π=2 being the latitude in the Galactic
coordinate system ðs; b; lÞ, with s as the distance from the
SN to the Sun. Moreover, kps ¼ 1=4 accounts for the
fraction of positrons annihilating through parapositro-
nium,3 then producing two photons with energy equal to
511 keV [53]. According to Ref. [46], we fix Γcc ¼ 2.30
SNe/century as the Galactic SN rate. Finally, ncc is the SN
volume distribution [54] in the Galactocentric coordinate
system ðr; z; lÞ, with r the galactocentric radius and z the
height above the Galactic plane, connected with the
Galactic coordinate system 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 d⊙ ¼ 8.5 kpc is the solar distance from the
Galactic center. In order to account for the distance traveled
by positrons before being stopped, we smear the SN
distribution over the positron propagation scale λ in the
Galaxy which we fix at λ ¼ 1 kpc, based on typical
injection energies and interstellar medium conditions, see
Refs. [30,55–57] for details of this choice and Appendix C
for a discussion of the impact on the resulting limits. From
there we see that long distance propagation of the positrons
can lead to a noticeable weakening of the limits. This
highlights the importance of improving the measurements

and modeling of this process (see Ref. [58] for first steps in
this direction).
A bound can be placed by requiring that the

flux predicted in Eq. (10) is below the 2σ confidence
maximal value measured by SPI [31–34]. We will use
observations of the 511 keV line from [34] to constrain the
positron flux injected by FIPs produced by Galactic
SNe and decaying outside the SN envelope. Precisely,
given the shape of the photon signal, the most constraining
bin is the one with longitude l ∈ ½28.25°; 31.25°� and
latitude b ∈ ½−10.75°; 10.25°�, as discussed in Ref. [30].
Therefore the condition that we will require in the follow-
ing is

Z
dΩ

dϕ511
γ

dΩ
≲ 8.35 × 10−6 cm−2 s−1; ð13Þ

where the integral is performed over the ðl; bÞ range
indicated above. This condition implies a bound on the
number of positrons injected in the Galaxy4

Npos ≲ 1.4 × 1052: ð14Þ

In the following, we will apply this analysis to the cases of
sterile neutrinos and dark photons.
We remark that, in the present work, we only consider

the contribution to the 511 keV line signal, neglecting the
additional constraining power that may come from the full
computation of the diffuse gamma-ray emission induced
by FIPs in the SPI energy band. This task would require us
to keep track of the full energy dependence of injected
positrons and electrons and perform a dedicated spectral
analysis. As such, this is beyond the scope of the
present work, and we postpone this full treatment to a
future work.

III. STERILE NEUTRINOS

A. Positron flux

We consider heavy sterile neutrinos with masses
10 MeV≲ms ≲ 200 MeV [37,60], mixed dominantly
with one active neutrino να (α ¼ e, μ, τ) as

να ¼ cos θαsνl þ sin θαsνH;

νs ¼ − sin θαsνl þ cos θαsνH; ð15Þ

where νl and νH are a light and a heavy mass eigenstate,
respectively, and θαs ≪ 1, i.e., νl is mostly active and νH is

3We recall that annihilation through orthopositronium leads to
three photons that do not contribute to the 511 keV photon line.

4As in Ref. [30], this number accounts also for the positrons
annihilating in flight by conservatively assuming that this fraction
is at most 25% in the relevant energy range [59]. We stress that
the present bound on Npos is different from the one quoted in
Ref. [30], i.e., Npos ≲ 1.6 × 1052, since in that work we used
Γcc ¼ 2 SNe/century.
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mostly sterile. We can relate the mixing angle to the unitary
mixing matrix U, where

jUαsj2 ≃
1

4
sin2 2θαs ≃ θ2αs: ð16Þ

Through neutral-current interactions, νH can decay into a
νl and a pair of other light leptons. It can also scatter with
other species in the plasma.
With a little abuse of notation, we shall refer to νH as νs

and to νl as να. In the following we assume sterile neutrinos
as Majorana particles; i.e., we do not distinguish neutrinos
from antineutrinos.
In a recent paper [14] some of us have considered this in

the context of avoiding an excessive energy loss, saturating
the SN 1987A luminosity bound of Eq. (1). For a mixing
between νs and νμ;τ it was found there that the active-sterile
neutrino mixing angle should satisfy sin2 θxs ≲ 5 × 10−7

(with x ¼ μ, τ). The case of mixing with νe is more
complicated since it would affect not only the energy-loss
but also the deleptonization of the SN core [61]. Therefore,
for simplicity, in the following we will consider only the
mixing between νs and νμ;τ.

5 Since mixing with νμ or ντ is
equivalent, for simplicity we will show bounds in terms of
jUτsj2. We note, however, that other constraints that we
show for comparison do depend on the species, cf. e.g.,
Ref. [4] for recent plots.
The sterile neutrino distribution fs in a SN core is

obtained by solving the Boltzmann equation

∂fs
∂t ¼ Icoll; ð17Þ

characterizing all the possible sterile neutrino collisional
interactions. In a hot core n, p, e�, and νe are degenerate
and the blocking factor will render pair annihilation and

inelastic scattering of nondegenerate neutrinos species νμ;τ
the dominant process for νs production in the case of νs-νμ;τ
mixing. In order to characterize these processes, we closely
follow [14]. Details of this calculation are recalled in
Appendix A.
Referring to Eq. (4), the produced sterile energy spec-

trum is given by (see Ref. [14])

dN0
s

dEs
¼

Z
dt

Z
SN

dV
pEs

2π2
dfs
dt

: ð18Þ

After being produced, sterile neutrinos may decay
through the channels listed in Table I. The total decay
length in Eq. (4) is given by

ls ¼
γv
Γtot

; ð19Þ

where Γtot is the sum of the decay widths Γ of all the decay
processes and γ ¼ ð1 − β2Þ−1=2 is the Lorentz factor, with
β ¼ p=Es. The total decay rate Γtot and its dependence on
ms can be directly obtained by summing over the channels
in Table I. In Fig. 2, we show the branching ratios of the
processes in Table I for ms ≲ 200 MeV. We note that the
decay channel into electron-positron pairs has a branching
ratio of ∼10% for masses ms < 135 MeV, while its
contribution becomes suppressed for higher ms when
decays into π0 become dominant.
Plugging Eqs. (18) and (19) into Eq. (4) and determining

the average number of positrons produced from the
branching fractions according to Eq. (5), we obtain
the injected positron flux from a SN. In Fig. 3 we show
the number of positrons that are produced inside the Galaxy
as a function of the mixing parameter jUτsj2 for two νs
masses, ms ¼ 80 MeV (black lines) and ms ¼ 130 MeV
(blue lines), respectively. We show the total number of
positrons as the solid lines. Furthermore, we also indicate
the individual contributions coming from SNe Ib/c (dashed

FIG. 2. Branching ratios of sterile neutrinos decays in the case
of mixing with ντðμÞ, involving the processes in Table I.

TABLE I. Main decay channels up to ms ≲ 200 MeV, for a νs
mixed with ντðμÞ where fπ ¼ 135 MeV, g̃L ¼ − 1

2
þ sin2 θW ,

gR ¼ sin2 θW , and the electron mass is neglected [14,62].

Process Γ=G2
Fm

3
s jUτsj2 Threshold (MeV)

νs → ντγ 9αm2
s=2048π4 0

νs → ντντν̄τ m2
s=384π3 0

νs → ντνeðμÞν̄eðμÞ m2
s=768π3 0

νs → ντeþe− ðg̃2L þ g2RÞm2
s=192π3 1

νs → ντπ
0 f2π=32πð1 −m2

s=m2
πÞ2 135

5Note, however, that the authors of Ref. [40] studied the
mixing between heavy neutrinos and electron neutrinos νe and,
using the early measurements of the 511 keV gamma-ray flux
[41], constrained the heavy-neutrino lifetime, requiring that the
heavy neutrinos had to decay inside the Galaxy, with νH →
νeeþe− as the dominant decay channel.
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lines) and from SNe II (dotted lines). The horizontal red
line represents Npos ¼ 1.4 × 1052, corresponding to the
number of positrons saturating the bound. Referring to
Eq. (8), the νs production rate scales as g2X;P ∼ jUτsj2 and
the decay rate scales as g2X;D ∼ jUτsj2. Since for the
considered mixing and masses lX ≪ rG, only the condi-
tions in Eqs. (8b) and (8c) are realized. For values of the
mixing jUτsj2 ≲ 10−10, the exact threshold depending on
ms, the number of positrons in the Galaxy is suppressed
since the νs production in the SN is low [according to
Eq. (8b), it scales as jUτsj2]. Although all νss decay inside
the Galaxy they are not abundant enough to saturate the
positron bound (red line in the figure).
As the mixing increases, more νs are produced in the SN

core, but a large fraction decays before reaching the
photosphere [see Eq. (8c)]. Since the photosphere radius
rII for type II SNe is two orders of magnitude larger than
the corresponding one rI for type Ib/c, the type II SNe
contribution to the positron flux is dominant for lower
values of the coupling, while for larger couplings their
contribution is exponentially suppressed, whereas the SNe
Ib/c contribution becomes the leading one. In the region,
10−10 ≲ jUτsj2 ≲ 10−8 (somewhat depending on ms), the
contributions of both SN types are relevant: in particular,
the SNe II contribution starts to be suppressed and the SNe
Ib/c one is still increasing.

B. 511 keV line bound

Following the strategy outlined in Sec. II, i.e., applying
the constraint of Eq. (14) on the positron emission of SNe,
we can now constrain the sterile neutrino parameter space.
The red region in Fig. 4 shows the 511 keV line bound in
the jUτsj2 vs ms plane, evaluated using as benchmark case

the 18 M⊙ SN model and λ ¼ 1 kpc. In the small mass
limit (ms ≲ 50 MeV), values of the mixing jUτsj2 ≳ 10−10

are excluded. However, we remark that the astrophysical
uncertainties previously discussed may sizeably affect the
bound. Indeed, as further discussed in Appendix C, since
the νs production depends on the SN core temperature,
which increases in function of the SN progenitor mass, the
constraint suffers from an uncertainty of ∼2 orders of
magnitude from the progenitor mass, excluding in the small
mass limit jUτsj2 ≳ 10−9 with the 8.8 M⊙ SN model and
jUτsj2 ≳ 10−11 with the 25 M⊙ SN model. In addition, the
smearing of the 511 keV line implies another ∼1 order of
magnitude uncertainty when varying from a λ ¼ 0 kpc (i.e.,
no smearing) to λ ¼ 10 kpc (i.e., a quite extreme value for
the smearing).
For comparison we show the laboratory bounds from the

beam dump experiment CHARM and from the accelerator
T2K [66] (both in gray) as well as the SN 1987A energy-
loss bound (green area) [14]. We remark that this latter
bound was obtained in Ref. [14] considering that the νs are
free streaming in the SN core. This restricts the applicabil-
ity to mixing parameters jUτsj2 ≲ 10−4. For larger values of
the mixing, the νs would be trapped in the SN core,
contributing to energy transfer. Since, as far as we know,
there are no recent studies of this regime, in our figure we
show the exclusion region up to jUτsj2 ≃ 2.5 × 10−2 (green
hatched in our figure) derived in Ref. [63]. As already
mentioned, the SN 1987A energy-loss bound can be
improved towards lower mixing requiring that the energy
deposition in the SN envelope due to νs decays into
electromagnetic channel does not lead to too energetic
SN explosions [44] [see Eq. (2)], obtaining the limit

FIG. 3. The number of positrons injected in the Galaxy by
decays of νs produced by SNe Ib/c (dashed lines) and SNe II
(dotted lines). The continuous curves show the sum of the two
contributions. The two cases are ms ¼ 80 MeV (black line) and
ms ¼ 130 MeV (blue line). The horizontal red line represents the
bound on the number of positrons Npos ¼ 1.4 × 1052.

FIG. 4. Bounds in the plane ðms; jUτsj2Þ. The bound from the
511 keV gamma-ray line is the red area. The SN 1987A energy-
loss bound is the green (hatched) area in the free-streaming [14]
(trapping [63]) regime. The bound from SN explosion energy
[44] is represented by the green dashed line. Cosmological
bounds from BBN and CMB are shown as the blue area
[64,65]. We also depict the limits from laboratory experiments
CHARM and T2K (gray bands) [66]. We remark that 511 keV
line limits on the jUμsj2 mixing are equivalent.
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jUτsj2 ≲ 3 × 10−8 for ms ≪ 100 MeV and jUτsj2 ≲ 6 ×
10−9 for ms > 135 MeV, when the decay is dominated
by pion production.6 We indicate this bound with a green
dashed line, since in our opinion it should be taken only as
indicative. Further substantiation would require a proper
SN simulation of the effect of energy deposition (see
Ref. [67] for a first study in this direction).
We point out that for ms ≲ 100 MeV the 511 keV signal

allows us to strengthen the SN 1987A energy-loss bound
and the one from energy deposition by several orders of
magnitude, down to jUτsj2 ≃ 10−10. We stress that this
constraint remains significantly more stringent than the
other SN bounds even after the relaxation due to the
astrophysical uncertainties discussed above are taken into
account. The bounds end atms ∼ 135 MeV, since for larger
masses the branching ratio for production of electron-
positron pairs becomes severely suppressed, the decays
being dominated by the pion production (see Fig. 3).
For comparison we show that these small mixing param-

eters can be probed only with cosmological arguments,
evaluating the impact of νs decays on big bang nucleosyn-
thesis (BBN) and on the effective number of neutrino species
Neff measured by the cosmicmicrowave background (CMB)
[64,65] (blue area). However, as shown in Refs. [68,69], in
nonstandard cosmological scenarios with low-reheating
temperature, i.e., TRH ≪ 100 MeV, these bounds can be
easily relieved. Therefore, it is important to have an
independent astrophysical bound in this region which is
not affected by cosmological assumptions.

IV. DARK PHOTONS

A. Positron flux

The dark photon (DP) is a Uð1Þ0 gauge boson kinetically
mixed with the SM photon [70,71]. In this context,
the relevant terms in the Lagrangian containing the DP
are [71,72]

L ¼ 1

2
mA0A0

μA0μ −
1

4
F0
μνF0μν −

ϵ

2
F0
μνFμν; ð20Þ

where A0 is the DP field, ϵ the mixing parameter, Fμν the
electromagnetic field strength tensor, and F0

μν the same for
the DP.
Being massive, DPs have both transverse (T) and

longitudinal (L) degrees of freedom. Their production in
a SN core has been recently calculated in a series of papers
(see, e.g., [15,42,73–75]). In this section we closely follow
the calculation of Ref. [42], whose details are recalled in
Appendix B.

The energy spectrum of the produced DPs is given by

dN0
A0

dE
¼

Z
dt

Z
SN

dV
dN0

A0

dVdEdt
; ð21Þ

where the number of DPs produced per unit volume and
time takes contribution from both the L and T modes

dN0
A0

dVdt
¼ dN0

A0

dVdt

����
L
þ dN0

A0

dVdt

����
T
: ð22Þ

After being produced in the SN core, the DPs can decay
into eþe−7 with a decay length given by

le ¼
γv

ΓA0→eþe−
; ð23Þ

where

ΓA0→eþe− ¼ 1

3
αϵ2mA0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
e

m2
A0

s �
1þ 2m2

e

m2
A0

�
ð24Þ

is the total decay width. Indeed, for DPs with mass below
∼200 MeV this is the only available decay channel.
Therefore, we can use npos;A0 ¼ 1 in Eq. (4).
In Fig. 5 we show the number of produced positrons as a

function of the mixing ϵ for two DP massesmA0 ¼ 15 MeV
(black lines) and mA0 ¼ 40 MeV (blue lines) using the
same style of Fig. 3 for sterile neutrinos. Notably, the
general trend in the figure is similar to what shown in

FIG. 5. The number of positrons injected in the Galaxy by
decays of DPs produced by SNe Ib/c (dashed lines) and SNe II
(dotted lines) formA0 ¼ 15 MeV (black line) andmA0 ¼ 40 MeV
(blue line). The continuous curves show the sum of the two
contributions. The horizontal red line represents the bound on the
number of positrons Npos ¼ 1.4 × 1052.

6The produced neutral pions subsequently decay into 2γ with a
mean decay time τ ∼ 8 × 10−17s.

7We mention that DPs can decay also into three photons
through an electron loop, but this decay channel is relevant only
for mA0 < 2me [76].
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Fig. 3. Referring to Eq. (8), the DP production rate scales as
g2X;P ∼ ϵ2 and the decay rate scales as g2X;D ∼ ϵ2. For values
of the mixing ϵ ≪ 10−12 (depending onmA0 ), the number of
positrons in the Galaxy is suppressed. Indeed, the DP
production in the SN scales as ϵ2 [see Eq. (8b)]. Increasing
the mixing parameter, a large fraction of DPs decay before
reaching the photosphere leading to an exponential sup-
pression of the signal for ϵ≳ 10−10 [see Eq. (8c)]. In an
intermediate range for 10−12 ≲ ϵ≲ 10−11, there is a change
in the slope of the curve where both the contributions from
SN Ib/c and II are relevant.

B. 511 keV line bound

To obtain a bound on the DP parameter space we can
now follow the same steps discussed in the previous section
for sterile neutrinos. Indeed, in the case of DPs the same
basic argument has already been employed by De Rocco
et al. in Ref. [42]. Before presenting our bound, we briefly
note the main differences and improvements in our
analysis.
The argument used in Ref. [42] is that the SPI mea-

surements constrain the Galactic center positron annihila-
tion rate to be smaller than a few ×1043 s−1 [1,77]. Since
electron-positron annihilation seems to be in equilibrium,
one can also take the previous as a bound on the positron
production rate. Assuming a Galactic SN rate of two events
per century, in Ref. [42] it was estimated that the previous
bound would be saturated if a single SN emits more than
1053 positrons. However, this argument is somewhat over-
simplified 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 we discussed in Sec. II, exploiting the
longitude and latitude distributions of the 511 keV gamma-
ray flux provided by an analysis of SPI data [34], and
comparing it with the expected 511 keV line signal
produced by positrons from FIP decays, as traced by the
core-collapse probability distribution, one gets a stringent
requirement for the number of emitted positrons, i.e., a
factor ∼7 smaller [see Eq. (14)].
Our bound from the 511 keV line is the red region shown

in Fig. 6 in the ϵ vs mA0 plane. We find only a small
improvement in the upper bound (ϵ ∼ 10−9) with respect to
the constraint in Ref. [42], since in that region of the
parameter space the number of positrons is exponentially
suppressed as ϵ increases [see Eq. (8c)], therefore a
reduction in the maximum number of produced positrons,
being Oð1Þ, has a relatively little impact on the bound. On
the other hand, our improved constraining strategy has a
stronger impact on the lower bound. In particular, as further
discussed in Appendix B, in the small mass limit
(mA0 ≲ 5 MeV), where the DP abundance is dominated
by resonant Lmodes production, the bound scales as∼m−1

A0 .
Then, we exclude ϵ≳ 6.6 × 10−13 for mA0 ¼ 5 MeV,

strengthening the lower bound in Ref. [42] by more than
a factor of 2, due to the more stringent limit on the positron
injection per SN. For 5 MeV≲mA0 ≲ 15 MeV, the dom-
inant contribution to theDP production is from theTmodes
resonantly producedwhen theDPmass is of the order of the
plasma frequencyωpl,mA0 ≈ ωpl, the 511 keV bound scales
as ∼m−2

A0 and excludes ϵ≳ 1.2 × 10−13 at mA0 ≈ 15 MeV.
Since in the SN coreωpl ≲ 15 MeV, for larger masses there
is no resonant production, therefore the bound worsens.
As observed in Fig. 5 and commented on before, for ϵ≳
10−11 the contribution of SNe II becomes subleading,
producing a change in the slope of the positron spectrum,
reflected in the trend of the bound at mA0 ∼ 50 MeV. Our
more refined constraining strategy, which implies a more
stringent upper limit on the number of injected positrons
per SN, allows us to enlarge the excluded region of
Ref. [42], probing DP masses up to mA0 ≈ 80 MeV. Also
in this case, the bound is affected by astrophysical
uncertainties, as discussed in Appendix C. In the small
mass limit (mA0 ≲ 15 MeV) the constraint is almost inde-
pendent of the SN progenitor mass, since ALPs are
resonantly produced, with a weak dependence on the
details of the production process and the SN model. For
heavier dark photons there is no more resonant production
and the bound strengthens as the SN progenitor mass
increases, since the flux of dark photons produced off
resonance is larger due to a higher temperature, con-
straining masses up to mA0 ∼ 50 MeV for the 8.8 M⊙ SN
model and mA0 ∼ 110 MeV for the 25 M⊙ SN model. In
addition, the lower bound suffers roughly an order of
magnitude uncertainty from the smearing of the 511 keV
signal, just as in the sterile-neutrino case, so that we can
exclude masses up to∼95 MeV assuming no smearing and
only mA0 ≲ 40 MeV for λ ¼ 10 kpc smearing scale.

FIG. 6. Bounds on the DP parameter space. The red region is
the bound from 511 keV gamma-ray line. In addition, we show
bounds from SN 1987A [15,42,44] in green (the bound of
Ref. [44] is shown as a dashed line), cosmology [76,78,79] in
blue, and laboratory experiments [80–83] in gray, taken from
Ref. [4].
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In Fig. 6 we compare our new bound from the 511 keV
line with other existing bounds on the DP parameter space
in the ϵ vs mA0 plane. Notably, these bounds are from the
energy loss of SN 1987A [15,42] (green regions), cosmol-
ogy [76,78,79] (blue regions), and laboratory experiments
[80–83] (gray regions).
We emphasize that astrophysics and cosmology allow

one to probe mixing parameters much smaller than those
accessible in direct laboratory experiments: the strongest
experimental bound is from SLAC Beam Dump E137 [81],
excluding ϵ≳ 10−8. The energy-loss bound from SN
1987A [15] excludes ϵ≳Oð10−9Þ for mA0 ≳ 1 MeV and
down to ϵ≳ 5 × 10−11 for masses mA0 ≈ 15 MeV. The
511 keV bound improves the SN 1987A energy-loss bound
by almost three orders of magnitude. For masses 1 MeV≲
mA0 ≲ 7 MeV and mixing ϵ ∼Oð10−9Þ there is a small
region for mA0 < 10 MeV which seems to be excluded
neither by SN energy-loss argument nor by the 511 keV
bound. However, this small region would be constrained by
the requirement that decays occurring inside the SN
envelope would not lead to excessive explosion energy
[44] (dashed dark green line), which allows one to exclude
ϵ≳ 2 × 10−10 for mA0 ≳ 1 MeV.8

Furthermore, as discussed in Refs. [42,73], if a large
number of DPs decay just outside the photosphere, they can
create a fireball, i.e., an optically thick plasma of electrons,
positrons, and photons, which absorbs the positrons pro-
duced in the DP decay. Therefore, the 511 keV bound is
less trustable in the region where the fireball forms (namely
for mA0 ≲ 20 MeV and ϵ≳ a few ×10−11), since we expect
that a large fraction of positrons annihilate before being
injected in the Galaxy. However, this region can be partially
excluded imposing that the diffuse extragalactic flux of
gamma rays that would be generated by these fireballs must
be lower than the one measured by the Solar Maximum
Mission [84] and the High Energy Astronomy Observatory
[85] (see Ref. [42] for more details). In addition, part of this
region is already excluded by the SN explosion energy
argument.
The 511 keV bound applies to a region of the DP

parameter space with masses 1 MeV≲mA0 ≲ 80 MeV.
Larger masses, up to mA0 ≈ 160 MeV, can be probed
through the nonobservation of a gamma-ray flux in
coincidence with SN 1987A [42] [the green band labeled
as “γ rays (SN 1987A)”]. On the other hand, masses mA0 ≲
1 MeV (the blue region labeled as “late decays”) are
excluded by assuming that thermally produced DPs con-
tribute to dark matter and the photon flux from their decays

on cosmological timescales does not exceed the measured
intergalactic diffuse photon background [76].
The only known way to exclude mixing parameters

below the 511 keV line bound is through cosmology.
Indeed, lower values of the mixing can be excluded
(ϵ≳ 10−14) by evaluating the DP impact on BBN, imposing
that the light elements abundance must be not in contrast
with the observed one [78]. However, as in the case of
sterile neutrinos, these latter bounds can be evaded in the
presence of nonstandard cosmological histories.

V. DISCUSSION AND CONCLUSIONS

In this paper we have investigated the physics potential
of Galactic SNe to constrain MeV-ish FIPs decaying into
electron-positron pairs. In particular, we focused on sterile
neutrinos and DPs, produced in a SN core via mixing with
ordinary neutrinos and photons, respectively. For suitable
masses and mixings, these particles escape from the SN and
decay into positrons that eventually annihilate with elec-
trons. Using observations of the resulting 511 keV photons
by the SPI [34], we obtain stringent constraints for the
mixing parameters. Compared to earlier studies [40,42] our
main improvements lie in a more careful consideration of
the signal spatial morphology (cf. Ref. [30]), taking into
account positron propagation [30], as well as including
information from recent SN simulations with different
progenitor masses (see Refs. [47,52]). In the case of sterile
neutrinos mixing with νμ;τ, forms ≲ 100 MeV the 511 keV
signal allows one to strengthen the limit compared to the
energy-loss bound by four orders of magnitude, down to
jUτsj2 ≃ 10−10. In the case of DPs, one excludes mixing
down to ϵ ∼ 10−13 for mA0 ∼ 15 MeV. These low values of
the mixing parameters are in a region not accessible by
current and planned laboratory experiments [4]. Only
cosmological arguments can be competitive with the SN
bounds on 511 keV line. However, every astrophysical or
cosmological argument has its own systematic uncertainties
and its own recognized or unrecognized loopholes.
Therefore, to constrain FIPs it is certainly important to
use as many different approaches as possible.
Furthermore, in Ref. [44] it was proposed that for

decaying FIPs one can improve the energy-loss bound
requiring that the energy transfer from the decay products
do not lead to excessively energetic SN explosions [44].
This argument would constrain the FIP luminosity going
into electromagnetic channel to be two orders of magnitude
lower than what derived by the energy-loss bound. The
511 keV bound on DPs provides an additional confirmation
in the overlap region, but more importantly it also allows us
to exclude couplings that are about two orders of magnitude
smaller. We expect this result to be general, since in order to
have a contribution to the 511 keV line, one should
consider FIP decays outside the SN envelope, i.e., smaller
couplings with respect to the ones needed to transfer energy
inside the SN.

8The apparent improvement at the upper boundary compared
to Ref. [15] is a consequence of us choosing to show the most
“robust” limit from [15] as the shaded green area. Taken by itself
the tightened energy loss constraint from [44] [cf. also Eq. (2)]
yields a significant improvement only on the lower boundary of
the excluded region.
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One of the main uncertainties in our limits
results from the propagation of the produced positrons
(cf. Appendix C). The timescale of the slow-down before
annihilation is affected by uncertainties of up to three
orders of magnitude. This leads to a corresponding varia-
tion in the number of SNe contributing to the signal. At the
lower end, this number could be quite small, leading to
potentially large fluctuations in the signal both from
variations in the number of SNe but also in the distribution
of their progenitor masses. Furthermore, the distance
traveled by the positrons and therefore the length scale
on which the signal is smeared compared to the original SN
distribution is not well known. This too can have sizable
impact on the strength of the constraints. Future theoretical
and observational studies shedding light on the positron
propagation would therefore be of great value.
While in our work we focused only on two specific

cases of FIPs, the same strategy can be applied to every
MeV-ish particle produced in a SN core and decaying into
electron-positron pairs. In general, the takeaway message is
that for MeV-ish FIPs coupled with electrons, the SN bound
from energy loss can be significantly improved by different
orders of magnitudes exploiting the morphology of
511 keV photon signal, reaching a region probed only
by cosmological arguments.
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APPENDIX A: STERILE NEUTRINO
PRODUCTION

The equation governing the sterile neutrinos production
is the Boltzmann equation

∂fs
∂t ¼ Icoll; ðA1Þ

where fs is the sterile neutrino distribution and Icoll is the
integral over all possible collision processes that create
sterile neutrinos. It is possible to write the Icoll as

Icoll ¼
1

2Es

Z
d3p2

ð2πÞ3
d3p3

ð2πÞ3
d3p4

ð2πÞ3 jMj2s2→34Fðfs; f2; f3; f4Þ

× δ4ðps þ p2 − p3 − p4Þ; ðA2Þ
where jMj2s2→34 is the sum of the squared amplitudes for
collisional processes relevant for the νs production. In a hot
core n, p, e�, and νe are degenerate, and the blocking factor
will render pair annihilation and inelastic scattering of
nondegenerate neutrinos species νμ;τ as the dominant
process for νs production in the case of νs − νμ;τ mixing.
The relevant matrix elements are reported in Table 2
of Ref. [14].
Then

Fðfs;f2;f3;f4Þ
¼ f3f4ð1−fsÞð1−f2Þ−fsf2ð1−f3Þð1−f4Þ ðA3Þ

is the usual phase space factor, including Pauli blocking.
Once produced, most sterile neutrinos escape freely from

the SN core. Thus we assume fs ¼ 0 in solving the
collisional integral. Moreover νμ and ντ are in thermal
equilibrium in the SN core and we can describe their
distribution using a Fermi-Dirac distribution:

fνμ;τ ¼
1

eE=T þ 1
: ðA4Þ

APPENDIX B: DARK PHOTON PRODUCTION

The number of dark photons produced per unit volume
and time in a SN is given by [15,42,86–89] (we essentially
follow Ref. [42])

dN0
A0

dVdt
¼ dN0

A0

dVdt

����
L
þ dN0

A0

dVdt

����
T

¼
Z

dEE2v
2π2

e−E=TðΓ0
abs;L þ 2Γ0

abs;TÞ; ðB1Þ
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where v is the velocity, Γ0
abs;L=T is the absorptive width

of the dark photon for the longitudinal and transverse
modes and we denoted the separate contribution of longi-
tudinal (L) and transverse modes (T).
The dominant absorption process in the SN core is

inverse bremsstrahlung (ibr), thus the absorptive widths are
given by

Γ0
ibr;L=T ¼ 32

3π

αðϵmÞ2L=Tnnnp
E3

�
πT
mN

�
3=2

× hσð2Þnp ðTÞi
�
m2

A0

E2

�
L
; ðB2Þ

where nn and np are the neutron and the proton number

density, mN ¼ 938 MeV, hσð2Þnp ðTÞi the averaged neutron-
proton dipole scattering cross section from Ref. [90],
ðϵmÞ2L=T the in-medium mixing angle, and the final term
is denoted with a subscript L to indicate that it is included
only for the longitudinal mode. In medium the mixing
parameter ϵ is modified by plasma effects, therefore

ðϵmÞ2L=T ¼ ϵ

ð1 − ReΠL=T=m2
A0 Þ2 þ ðImΠL=T=m2

A0 Þ2 ; ðB3Þ

with Π the photon polarization tensor. The real part of the
polarization tensor for the two modes is given by

ReΠL ¼ 3ω2
p

v2
ð1 − v2Þ

�
1

2v
ln

�
1þ v
1 − v

�
− 1

�
;

ReΠT ¼ 3ω2
p

2v2
ð1 − v2Þ

�
1 −

1 − v2

2v
ln

�
1þ v
1 − v

��
; ðB4Þ

with v ¼ k=E and ωp as the plasma frequency, which in the
degenerate SN plasma is given by

ω2
p ¼ 4παEMneffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m2
e þ ð3π2neÞ2=3

p ; ðB5Þ

where ne is the electron number density.
Since in the SN core photons are in thermal equilibrium,

the imaginary part of the polarization tensor becomes

ImΠL=T ¼ −Eð1 − e−E=TÞΓabs;L=T; ðB6Þ

where Γabs;L=T is the absorptive width of SM photons

Γibr;L=T ¼ 32

3π

αnnnp
E3

�
πT
mN

�
3=2

hσ2npðTÞi
�
m2

A0

E2

�
L
: ðB7Þ

Thus Γ0
ibr;L=T ¼ ðϵmÞ2L=TΓibr;L=T.

The energy spectrum of the produced dark photons is
given by

dN0
A0

dE
¼

Z
dt

Z
SN

dV
dN0

A0

dVdEdt
; ðB8Þ

where the time integral is extended over 10 s. Integrating
Eq. (B8) over the energy, we obtain the number of produced
dark photonsNP

A0 . From Eq. (B4), when ImΠL=T ≪ ReΠL=T
(condition satisfied throughout the SN core) and
ReΠL=T ¼ mA0 , there is a resonance in ϵm. As further
discussed in Refs. [15,87], when on resonance the number
of longitudinal modes NP

A0;L scales as m2
A0ϵ2, while the

number of transverse modes NP
A0;T scales as m4

A0ϵ2, without
depending on the details of the production process.
In Fig. 7 we show the contribution of longitudinal NP

A0;L
(black lines) and transverse modes NP

A0;T (red lines) to the
dark photon production for different SN models, namely
with progenitor masses 18 M⊙ (solid), 25 M⊙ (dashed),
and 8.8 M⊙ (dotted). The longitudinal contribution is
dominant for lower masses mA0 ≲ 5 MeV, while for larger
masses the transverse modes are dominant. In particular,
the peak in the dark photon production at mA0 ≈ 15 MeV is
related to the resonant production of the transverse modes
formA0 ≈ ωp. Its location is therefore determined by the fact
that in the SN core ωp ≲ 15 MeV in the first 10 s after
the SN explosion, when dark photons are produced. Indeed,
the peak is shifted towards slightly larger masses as the
progenitor mass increases, since the plasma frequency in
the SN core becomes larger. For larger masses
mA0 ≳ 15 MeV, DPs can be produced only off resonance.

APPENDIX C: UNCERTAINTIES

In this Appendix we investigate the uncertainties affect-
ing the bounds obtained in this work. As discussed in
Ref. [30] in the case of ALPs, one of the major sources of
uncertainties is the dependence of the FIP flux on the SN
model. As already mentioned in the main text, the number
of SNe contributing to the signal at the present time may be
quite modest and the composition of progenitor masses in

FIG. 7. Contribution of longitudinal (L, black) and transverse
(T, red) modes to DP production in the three SN models used.
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the signal may therefore fluctuate. To estimate the impact
of this we consider look at the change in the bound
choosing, besides the 18 M⊙ case, two other SN models,
with progenitor mass 8.8 and 25 M⊙ respectively, reported
in Ref. [52].
In addition, the bound is strongly affected by the choice

of the smearing scale λ to take into account the FIP decay
length and the positron propagation. Indeed, the produced
511 keV photon flux can be smeared out due to a non-
negligible FIP decay length lX and the distance travelled by
the positrons before being stopped. In order to take into
account this effect, first we fixed in Eq. (4) the Galactic
radius rG ¼ 1 kpc, being the smallest extent of the Galaxy,
i.e., the vertical direction. Second, in order to account for
the more diffuse emission, we smeared the SN distribution
over a scale λ to take into account the FIP decay length
and the positron propagation in the Galaxy. As further
discussed in Refs. [30,54], the SN volume distribution is
given by

ncc ¼ σccðrÞRccðzÞ; ðC1Þ

where σccðrÞ ∝ rζe−r=u, with ζ ¼ 4 and u ¼ 1.25 kpc [54],
is the Galactic surface density of core-collapse events,
normalized as 2π

R∞
0 drrσccðrÞ ¼ 1, while RccðzÞ ∝

0.79e−ðz=212 pcÞ2 þ 0.21e−ðz=636 pcÞ2 is the vertical distribu-
tion, approximated as a superposition of two Gaussian

distributions with different scale height for the thin and
thick disk, normalized such that

R
dΩdss2ncc ¼ 1. The

smearing of the SN distribution over the scale λ is
implemented by using the smeared distributions

σ0ccðrÞ ¼ A
Z

∞

0

dsσccðsÞe−js−rj=λ;

R0
ccðzÞ ¼ B

Z
∞

−∞
dsRccðsÞe−js−zj=λ: ðC2Þ

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

R∞
0 drrσ0ccðrÞ ¼ 1 and

R
dΩdss2σ0ccRcc

0 ¼ 1.
As shown in Secs. III A and IVA, for the cases

considered in this work lX ≪ rG, therefore the smearing
scale is connected to the positron propagation length. The
propagation conditions of low-energy positrons are poorly
known and little constrained by soft gamma rays. Recently,
Ref. [58] attempted to measure the positron propagation
length in the context of interpreting the 511 keV line signal
with old stellar distributions in the Galactic bulge, estimat-
ing it to be a few hundreds pc. Given the uncertainties at
play, we study the effect of varying parametrically λ. For
this reason, in order to evaluate its impact on the 511 keV
bound, we reevaluated the constraint for different values
of λ, ranging from λ ¼ 0 kpc (i.e., no smearing) to a
more conservative λ ¼ 10 kpc, choosing as benchmark
value λ ¼ 1 kpc, based on injection positron energies 50–
100 MeV and typical interstellar medium conditions (see,
e.g., Ref. [55]). For larger values of λ, the photon signal
becomes more featureless and, as shown in Table II, the
equivalent bound on the number of produced positrons from
each SN tends to increase, passing from Npos ≲ 6.8 × 1051

for λ¼ 0 kpc toNpos≲2.2×1053 for λ ¼ 10 kpc. Therefore,
the exclusion region becomes smaller as the smearing scale
increases (cf. the right panels of Figs. 8 and 9).
Finally, another source of uncertainty is the error

on the Galactic core-collapse SN rate Γcc ¼ 2.30� 0.48
SNe/century, given by the sum of SNe II ΓII ¼ 1.54� 0.32
SNe/century and SNe Ib/c ΓI ¼ 0.76� 0.16 SNe/century.
In order to evaluate its possible impact, the bound
was evaluated varying the fraction of SNe Ib/c from

FIG. 8. Dependence of the 511 keV line bound for νs on the SN progenitor mass (left panel) and on the smearing parameter λ (right
panel).

TABLE II. Bound on the number of positrons Npos produced
from each SN for different values of the smearing scale λ and the
fraction of SNe Ib/c ϵI .

λ (kpc) ϵI Npos

0 0.33 6.8 × 1051

0.5 0.33 9.7 × 1051

1 0.33 1.4 × 1052

5 0.33 7.6 × 1052

10 0.33 2.2 × 1053

1 0.24 1.3 × 1052

1 0.43 1.5 × 1052
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ϵI ¼ 0.6=2.46 ≈ 0.24, corresponding to Npos ≲ 1.3 × 1052,
to ϵI ¼ 0.92=2.14 ≈ 0.43, i.e., Npos ≲ 1.5 × 1052, as shown
in Table II.

1. Sterile neutrinos

In the left panel of Fig. 8 we show the effects of the three
SN progenitor masses considered on the νs bound. We
observe that the lower part of the excluded region is
significantly dependent on the progenitor mass. Indeed,
the bound strengthens by two orders of magnitudes passing
from 8.8 to 25 M⊙ progenitors. Indeed, the SN core
temperature increases in function of the SN progenitor
mass, leading to a larger νs production. Moreover, for small
mixing parameters all νss decay outside the SN envelope
[see Eq. (8b)]. These two circumstances would allow us to
exclude a larger region of the parameter space. Conversely,
the upper part of the bound is less affected, being the
photon flux exponentially suppressed, as shown in Eq. (8c).
Finally, for 25 M⊙ model and ms ≲ 20 MeV, the bound

is reduced with different behavior respect to 8.8 and 25 M⊙
models. This effect results from constraining small jUτsj2
values for which ls > rG, causing a reduction in the
electron-positron flux due to the decay of the sterile
neutrinos outside the Galaxy. In the right panel of
Fig. 8, we show the dependence of the bound on the
variability of the smearing scale λ. In particular, we
compare our fiducial bound with λ ¼ 1 kpc (solid red line)
with bounds obtained with different smearing scales. As in
the case of the progenitor mass, only the lower bound is
significantly affected: the bound strengthens by two order
of magnitudes passing from λ ¼ 0 to λ ¼ 10 kpc.
Finally, we comment that the uncertainty on the Galactic

SN rate has small effects on the bound. Indeed, if ϵI is
reduced (increased) the lower bound is strengthened
(relaxed) by a factor ∼7%, due to the variation in Npos

shown in Table II.

2. Dark photons

In the left panel of Fig. 9 we show the impact on the SN
progenitor mass on the DP bound. Remarkably, in the small

mass limit (mA0 ≲ ωpl;max ≈ 15 MeV, where ωpl;max is the
larger value of the plasma frequency in the SN core) the
bounded region is rather insensitive of the progenitor
mass. Indeed, as discussed in Appendix B, for these values
of the mass, a resonant production is possible and the
bound scales as ∼m−1

A0 when the L modes are dominant
(mA0 ≲ 5 MeV) and as ∼m−2

A0 when the T modes are
dominant (5 MeV≲mA0 ≲ ωpl;max), with a weak depend-
ence on the details of the production process and the SN
model. On the other hand, for larger masses mA0 ≳ ωpl;max,
the bound is significantly affected by the progenitor mass.
In particular, the bump in the lower limit (placed at
mA0 ≈ ωpl;max) is shifted towards lower values of the mass
as the progenitor mass decreases, since the plasma fre-
quency becomes smaller in the SN core (ωpl;max ≈ 11 MeV
in the 8.8 M⊙ SN model), while we can probe heavier DPs
as the progenitor mass increases, since the flux of dark
photons produced off resonance is larger due to a larger
temperature.
In the right panel of Fig. 9 we compare our fiducial

bound with λ ¼ 1 kpc (the shaded red area in the solid red
line) with bounds obtained with different smearing scales.
It is apparent that the shape of the bound is independent
of the smearing scale, but as λ increases, a smaller area of
the DP parameter space can be excluded. Indeed, in the
extreme case in which we completely neglect the positron
propagation (i.e., λ ¼ 0 kpc), DP masses up to ∼95 MeV
can be excluded, while for λ ¼ 10 kpc onlymA0 ≲ 40 MeV
can be constrained, due to the less stringent bound on Npos

as λ increases.
Finally, we comment that the error on the Galactic

SN rate has a really small impact on the bound. Indeed,
the only effect is that if ϵI ¼ 0.24 (ϵI ¼ 0.43), the
lower bound is strengthened (relaxed) by a factor
∼3.5%, due to the different value of Npos, while the
upper limit is even less modified since the number of
positrons is exponentially suppressed. This uncertainty
has also small impact on the largest mass that can be
probed, mA0 ≈ 75 MeV for ϵI ¼ 0.24 and mA0 ≈ 85 MeV
for ϵI ¼ 0.43.

FIG. 9. Dependence of the 511 keV line bound for DPs on the SN progenitor mass (left panel) and on the smearing parameter λ (right
panel).
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