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Neutron-rich material ejected from neutron star–neutron star (NS–NS) and neutron star–black
hole (NS–BH) binary mergers is heated by nuclear processes to temperatures of a few hundred keV,
resulting in a population of electron-positron pairs. Some of the positrons escape from the outer
layers of the ejecta. We show that the population of low-energy positrons produced by NS-NS and
NS-BH mergers in the Milky Way can account for the observed 511-keV line from the Galactic
center (GC). Moreover, we suggest how positrons and the associated 511-keV emission can be used
as tracers of recent mergers. Recent discovery of 511 keV emission from ultra-faint dwarf galaxy
Reticulum II, consistent with a rare NS-NS merger event, provides a smoking-gun signature of our
proposal.

Recent joint multi-messenger observation of a binary
merger event has confirmed that neutron star mergers
are a source of both gravitational as well as electromag-
netic radiation [1]. The ejected dense neutron-rich mate-
rial provides a favorable setting for r-process nucleosyn-
thesis, possibly producing heavy elements such as Gold
and Uranium [2–4], and powers electromagnetic tran-
sients known as kilonovae [5, 6]. There is no doubt that
NS–NS mergers and NS–BH mergers take place in the
Milky Way galaxy as well. In this Letter we show that
positron production accompanying such mergers can ex-
plain the observed 511-keV line from the Galactic center
and also serve, along with associated radiation, as a novel
tracer of neutron star binary merger events.

The 511-keV line has been consistently observed for
several decades [7, 8] from the Galactic central region,
with precise measurements performed by the SPI spec-
trometer aboard the INTEGRAL satellite [9, 10]. The
detected flux of the line in the Galactic bulge component
is (0.96 ± 0.07) × 10−3 photons cm−2 s−1 [11]. The sig-
nal is consistent with electron-positron annihilation via
positronium bound state formation, occurring at a rate of
Γ(e+e− → γγ) ∼ 1050 yr−1. The origin of the positrons
remains unknown (for a review see [12]). Among the
possible sources of the positrons are accretion outflows
from the GC super-massive black hole Sagittarius (Sgr)
A∗ [13], pulsar winds [14], X-ray binary/micro-quasar
jets [15, 16], gamma-ray bursts [17] and radioactive emis-
sions due to nucleosynthesis in massive stars, supernovae,
novae and hypernovae [12, 18–20]. More exotic propos-
als, such as WIMP particle dark matter annihilations [21]
and de-excitations [22, 23] as well as r-process nucle-
osynthesis emission due to neutron star disruptions by
primordial black holes [24] have also been put forward.

The dark matter annihilation scenario is already under
pressure from cosmological observations [25, 26].

The source of positrons responsible for the 511-keV
line must generate ∼ 1050 positrons per year. Further-
more, the positron energies must not exceed 3 MeV if
the positrons are to cool and form positronium rather
than annihilate in flight [27]. We will show that NS-NS
and NS-BH mergers are capable of producing the requi-
site numbers of cold positrons. The expanding ejecta is
heated by β-decays and fission to temperatures of a few
hundred keV, at which some population of positrons ex-
ists in thermal equilibrium. Some of the positrons will
escape from the outer layers of ejecta and produce the
observed 511-keV emission line.

As a starting point, we consider the results from state-
of-the-art numerical relativity simulations of binary NS
mergers, which we have performed by employing the
WhiskyTHC code [28–30]. The simulations tracked the ex-
pansion of the ejecta cloud in the first few milliseconds af-
ter the merger and recorded the specific time-dependence
of the temperature T , electron fraction Ye, as well as den-
sity ρ profiles. As a representative example, we consider a
binary composed of two 1.35 M� NSs simulated with the
microphysical SFHo equation of state [31]. The effects of
weak interactions as well as neutrinos are included using
the M0 scheme [32]. A detailed account of the simula-
tions is presented in Ref. [33]. The resulting profiles at
t = 10 ms after the merger are displayed in Fig. 1. The
associated 1-D profiles along the direction orthogonal to
the orbital plane are shown in Fig. 2. During the very
early stages of the material ejection any inhomogeneities
and small-scale structures are rapidly eliminated and the
torus-shaped ejecta expand homologously soon after the
merger [34], centered around a compact remnant. Fea-
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FIG. 1: Density (left), temperature (center) and electron fraction (right) profiles of the ejected material at t = 10 ms
after merger.
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FIG. 2: 1-D profile slices of density (red), temperature
(blue) and electron fraction (black) of the ejected
material at t = 10 ms after merger.

tures associated with the expanding shock near the outer
ejecta surface layers can be readily observed. Long term
simulations of the average quantities in the dynamical
ejecta, including the effects of nuclear process heating,
have been studied in Ref. [35]. Nucleosynthesis with sim-
ilar characteristics is also expected from NS-BH mergers
[36] and in what follows we do not distinguish between
NS-NS and NS-BH positron production.

The temperature in the ejecta is always T . 1 MeV.
Hence, the resulting positrons are not highly relativis-
tic: (γ − 1) ' (3T/me), where γ is the Lorentz factor.
Units of c = 1 are assumed throughout. The number
density of positrons at a particular temperature follows
a Boltzmann distribution:

n(T ) = 2
(meT

2π3

)3/2
e−me/T . (1)

Produced positrons can be confined by magnetic

fields [37], but the confinement cannot be perfect, espe-
cially in the presence of random magnetic fields. Hence,
a fraction of particles will escape. While the details re-
lated to magnetic field confinement are difficult to ana-
lyze without involved simulations, similar studies of the
ejecta emission from supernovae (SN) have shown that
O(10)% of all positrons are expected to escape [12].

The ability of positrons to penetrate the outer layers of
ejecta from radii above r is described by “optical depth”

τe(r) =
∫ ∞

r

dsρ(s)ke , (2)

where ρ is the density and ke is the effective electron
opacity parameter. For positrons with energy Ee ∼
O(1) MeV, the average energy loss is given by the Bethe-
Bloch formula as 〈dEe/dx〉 ' 1 MeV cm2/g, resulting
in ke ' 1 cm2/g. Positron emission can occur from re-
gions that are “optically thin”, i.e. where τe . 1. Since
the outer layer density in the initial evolution stages of
the ejecta is ρ ∼ 104 g/cm3 (see Fig. 2), the ejecta is
fully opaque to positrons at this time. From analytic
models of kilonova [6, 38], the density time-dependence
approximately follows ρ ∼ t−3 scaling. Hence, at later
times, when the density significantly decreases due to adi-
abatic expansion, some outer ejecta layers become opti-
cally thin to positrons. However, since the required den-
sity drop is & 5 orders of magnitude, the accompanying
drop in temperature by more than an order of magni-
tude (see e.g. [35]) would render the late-time positron
emission ineffective, in light of Eq. (1).

Based on physical arguments (e.g. [39]), it is gener-
ically expected that a thin, low-density, “atmospheric”
layer of material exists on the outskirts of the ejecta. In
fact, it can be analytically proven [40] that a gas flow (i.e.
ejecta) cannot have a shock discontinuity at the interface
with vacuum and a rarefaction wave is present instead,
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implying that such an atmospheric layer with a decreas-
ing density is always there. Hence, while the ejecta as re-
solved within initial merger simulations is optically thick
to positrons, by continuity, there is some rarefied layer in
the outer “atmosphere” beyond which the optical depth
is less than one. This can be further understood in anal-
ogy with a photo-sphere of a star or a neutrino-sphere of
a cooling proto-neutron star. This positron-sphere is the
layer that determines the flux and the mean energy of
emitted positrons. We model the atmosphere as a layer
with an exponentially decreasing density, well below the
resolution of initial merger simulations (i.e. ρ � 104

g/cm3). Taking the outermost radius resolved in merger
simulations as rs, the thin atmospheric layer at r > rs

can be described as [41]

ρa(r) = ρse
−(r−rs)/h , (3)

where ρs = 6.3×103 g/cm3, rs = 1540 km have been cho-
sen as the density and radius of the outermost layer from
the initial merger simulations at t = 20 ms (see Fig. 2),
with h ' 0.056 km denoting the density normalization
parameter as in [41]. Hence, at any given time there ex-
ists an outer layer where the density is low enough to
allow for positron emission in the optically thin regime.
Schematic representation of the atmospheric layer can be
found in Supplemental Material [42]. Solving for τe = 1,
the radius above which the ejecta is optically thin during
the time interval te after the merger is given by

rt = rs + h log
[
hkeρs

]
+ vete , (4)

where ve ' 0.8 is the thermal positron velocity.
Following [24], we now estimate the contribution to the

511-keV emission line from NS-NS and NS-BH mergers.
The emission surface of the positrons during the time
interval te after the merger is given by

S = 4πr2
t . (5)

We note that the resulting S is not very sensitive to the
choice of value for the density normalization parameter
h. For temperature we assume T ' 0.1 MeV ' 1.2 ×
109 K, following the initial merger simulations. Hence,
the number of positrons emitted during te ∼ 1 s is

Np = n(T )Svete ' 5× 1058 , (6)

Here we have considered the positron emission time in-
terval of 20 ms . te . 1 s and the range of the corre-
sponding emission radius as 103 km . rt . 105 km. The
lower values match the initial merger simulations, while
the upper values correspond to the time interval during
which the temperature has remained approximately con-
stant throughout the emission. As the ejecta expands,
it can be shown (see Supplemental Material [42]) that
adiabatic and radiative cooling cause the temperature

to decrease linearly with time. With a starting time of
t0 ∼ O(1) ms, for te ∼ O(1) s the cooling is significant.
However, this neglects nuclear heating. When the full
network of nuclear processes is taken into account, long-
term ejecta evolution simulations demonstrate that the
additional heating raises the average ejecta temperature
for a few seconds [35]. Hence, the assumption of approx-
imately constant temperature during the time interval te
is justified.

The cumulative Galactic merger rate of NS-NS and
NS-BH binaries, as inferred from Advanced LIGO’s first
observation run, is around few×100 Myr−1 [43]. We note
that the merger rate is highly uncertain and a better un-
derstanding of the rates in the bulge and in the disk could
allow one to use the signal morphology to gain further
insights into the origin of 511-keV emission. We conser-
vatively take the merger rate to be RMW ' (10−2− 102)
Myr−1 [44, 45]. The resulting average positron emission
rate is then

Γ = NpRMW ' 5× 1050−54 yr−1 . (7)

We note that the value of Γ is subject to various astro-
physical uncertainties, such as the binary merger rate,
geometry of the outflows, magnetic fields in the ejecta,
etc.

The expected morphology of the 511 keV signal in the
Galactic bulge, disk and halo regions can be heuristically
understood as follows. The total distance that positrons
with energy Ee ∼ O(1) MeV will propagate through dif-
fusion within the interstellar medium from their birth
sites, including collisional as well as collisionless plasma
transport regimes, is rd ∼ O(100) pc [46]. The bulge
component associated with the 511 keV excess extends
up to ∼ 1.5 kpc. Since the binary merger timescales
of 1/RMW ' 2 × 104 yrs are far below the diffusion
timescales of τd ' 107−8 yrs [17], the bulge can be fully
populated by the positrons as desired. The 511-keV line
has also been observed from the Galactic disk [11], which
indicates that the origin could be related to the stellar
population. This favors a binary merger origin over some
alternatives, such as those involving dark matter annihi-
lation or decay. While nucleosynthesis from type-Ia su-
pernovae has been also suggested as a source of consider-
able 511 keV signal [12], it is challenging for this proposal
to address the observed disk signal contribution due to
the Galactic Center-oriented distribution of type-Ia su-
pernovae. On the other hand, binary mergers are ex-
pected to have a sizable O(20)% non-bulge component
due to binary kicks [47], which in our scenario results in
a non-negligible signal contribution from the disk, as ob-
served. In the halo, away from the disk, the gas density
and the magnetic fields are small and the positrons be-
come de-localized before annihilating. Since the positron
energy losses depend sensitively on the gas density and
the structure of the magnetic fields [17], we do not expect
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a sizable signal coming from that region. We further note
that we do not expect a significant signal contribution
from globular clusters. While globular clusters contain
a large stellar density, NS kicks ensure that NS-binary
merger rate in globular clusters, which is highly uncer-
tain, is small and contributes only at the < O(1)% level
to the overall Galactic NS-binary merger rate [48].

Positrons and the associated 511 keV radiation can
serve as novel tracers of recent binary neutron star merg-
ers. In particular, positrons can provide direct detec-
tion of a merger event within the local binary population.
Further, positrons born in hot outflows, with plasma tem-
peratures & 107 K, may not annihilate until the plasma
has cooled and could be advected to distances up to few
kpc [46, 49]. Neutron star mergers are expected to be
abundant not only in the Galactic center, but also in
globular clusters. Since the two nearest globular clus-
ters are located 2.2 kpc (NGC 6121/M4) kpc and 2.4
kpc (NGC 6397) away, they serve as potential candidate
sites for merger positron detection. The positron popu-
lation in a certain Galactic region can also be indicative
of the associated binary merger history.

Analogously, gamma-rays associated with positron an-
nihilations allow for an indirect detection of a neutron
star merger event. In particular, 1 out of 102−103 SN-
remnant-like objects could in fact be a binary NS merger
remnant, according to current estimates for SN and NS
merger rates [45, 50–52]. Since the associated positron
luminosity from the merger is several orders above that
of SN, we predict that observation of a bright emission
hot-spot in the 511 keV radiation spectrum will allow
discrimination between the merger and SN remnants.

A spectroscopic survey [53] of ultra-faint dwarf galaxies
(UFDs) suggests that r-process nucleosynthesis is a rare
event, a conclusion consistent with binary neutron star
mergers as the origin of this material. Out of 10 studied
UFDs, only Reticulum II showed r-process enhancement.
While UFDs have shallow gravitational potential and re-
tainment of NS binaries might appear difficult due to na-
tal kicks, recent analyses suggest that a significant binary
fraction will not escape from the host galaxy [54]. Tan-
talizingly, in INTEGRAL gamma-ray observations [10],
Reticulum II was also the only dwarf galaxy to show
a significant 511 keV photon flux. This concordance of
the nucleosynthesis and gamma-ray observations is natu-
rally expected in the context of binary merger origin for
positrons, as suggested here.

We have demonstrated that the Galactic positron pro-
duction from binary mergers is consistent in energet-
ics, as well as in rate, with the observed 511-keV GC
emission line. Positron production can be used as a
tracer of merger activity in combination with other multi-
messenger signals. Recent discovery of 511 keV emission
from dwarf galaxies provides a smoking gun for our pro-
posal.
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