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In this Letter we begin the study of visible dark sector signals coming from binary neutron star mergers.
We focus on dark photons emitted in the 10 ms–1 s after the merger, and show how they can lead to bright
transient γ-ray signals. The signal will be approximately isotropic, and for much of the interesting
parameter space will be close to thermal, with an apparent temperature of ∼100 keV. These features can
distinguish the dark photon signal from the expected short γ-ray bursts produced in neutron star mergers,
which are beamed in a small angle and nonthermal. We calculate the expected signal strength and show that
for dark photon masses in the 1–100 MeV range it can easily lead to total luminosities larger than 1046 ergs
for much of the unconstrained parameter space. This signal can be used to probe a large fraction of the
unconstrained parameter space motivated by freeze-in dark matter scenarios with interactions mediated by
a dark photon in that mass range. We also comment on future improvements when proposed telescopes and
midband gravitational detectors become operational.
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Introduction.—The detection of gravitational waves
(GW) from binary neutron star (BNS) mergers, and the
observation of their electromagnetic counterparts has
inaugurated a new era in multimessenger astronomy
[1–3]. Upcoming observations will shed light on the
physics of neutron stars, the origin of heavy elements,
and models of stellar evolution [4–7]. This new window
into the Universe offers great potential as a probe of physics
beyond the standard model (BSM), and in particular of
scenarios involving very weakly interacting new states.
When two neutron stars merge, a metastable remnant

with nuclear densities and temperatures in the 10 s of MeV
forms, similar to the protoneutron stars formed in core-
collapse supernovae [8–11]. These hot remnants are a
promising source of new weakly coupled particles. It has
already been shown that such events can produce a large
flux of neutrinos [12]. Nonetheless, the low merger rate
implies that if we are interested in seeing at least Oð1Þ
merger per year, their typical distance will be ∼100 Mpc,
making direct observation of the new particles challenging
due to their small flux at large distances and small
couplings. However, if the new particles are unstable
and can decay to visible particles, such as leptons or
photons, they can produce very bright signals making BNS
mergers a powerful probe of new physics.

There have been a number of proposals to search for new
physics affecting the GW signal from binary black holes or
neutron star mergers [13–20], in addition to potential
cooling constraints due to the emission of weakly coupled
BSM particles from the remnant [21,22]. In this Letter, we
initiate the study of dark sector electromagnetic signals in
BNS mergers. For concreteness, we focus exclusively on
dark photons, though this framework is applicable to other
dark sector models. The dark photon is a new massive
vector field that kinetically mixes with the photon, and
through this mixing interacts with charged standard model
matter [23,24]. It corresponds to one of the three renorma-
lizable portals between the standard model (SM) and dark
sectors, which are sectors not charged under the SM gauge
group [25,26]. Dark matter might be part of such a dark
sector, and its interactions with the standard model medi-
ated by the dark photon may account for the observed dark
matter density. The relic abundance can be obtained either
through standard freeze-out, corresponding to scenarios in
which dark matter reaches thermal equilibrium with the
visible sector and requires larger couplings, or through
freeze-in in which the interactions are so weak that dark
matter never reaches thermal equilibrium with the SM
[27,28].
The cross sections suggested by the freeze-out scenario

motivated a large experimental program intended to cover
the parameter space corresponding to the observed relic
density. In contrast, the freeze-in scenario points to tiny
couplings, with the kinetic mixing parameter as small as
10−11, making it more difficult to probe experimentally.
There are a number of recent direct detection proposals
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aimed at probing the freeze-in parameters for very light
dark photons, which take advantage of the cross section
enhancement at low velocities characteristic of interactions
mediated by light particles (e.g., Refs. [29–32]). Probing
the freeze-in scenario for larger dark photon masses, when
there is no significant enhancement of the cross section, is
much more challenging. Most constraints on this scenario
come from searches sensitive to the dark photon directly,
generally using cosmological or astrophysical signals
[33–40]. We will show that dark photons in the mass
range ∼1–100 MeV can be produced copiously in the
remnant of a neutron star merger. Their decays lead to a
transient bright γ-ray signal that can be used to search for
dark photons in much of the remaining viable parameter
space for freeze-in with a mediator in that mass range.
Dark photon production and decay.—We will concen-

trate on dark photon production and assume that any other
new particles are heavy and irrelevant for BNS mergers.
The relevant terms in the Lagrangian are

L ⊃
1

2
m0A0

μA0μ −
1

4
F0
μνF0μν −

ϵ

2
F0
μνFμν; ð1Þ

where A0μ is the dark photon, m0 its mass, Fμν the photon
field strength, and ϵ the kinetic mixing.
The production of dark photons in the protoneutron star

is dominated by nucleon-nucleon bremsstrahlung, as in the
supernova case. The flux of dark photons can be calculated
following Ref. [37],

dN
dVdt

¼
Z

dωω2v
2π2

e−ω=TðΓabs;L þ 2Γabs;TÞ; ð2Þ

where ω is the frequency of the dark photon, v its velocity,
T the local temperature, and Γabs;TðLÞ the absorption width
for the transverse (longitudinal) dark photon modes.
Integrating this over the production volume gives the total
number of dark photons produced. The absorption width
can be computed using the soft-radiation approximation, as
discussed in Ref. [41]. Ignoring Pauli blocking [which is at
most an Oð1Þ effect], we find

Γabs;X ¼ 32αnnnpϵ2m04

3πω3½ðm02 − ReΠXÞ2 þ ImΠ2
X�
�
πT
mN

�
3=2

× hσð2Þnp ðTÞi ×
�
1; X ¼ T

ðm0=ωÞ2; X ¼ L
; ð3Þ

where X ¼ TðLÞ refers to the transverse (longitudinal)
polarization of the dark photon, mN is the nucleon mass,
nnðpÞ is the neutron (proton) density, ΠX is the in medium
polarization tensor of the photon (see Supplemental

Material [42] for their explicit form), and hσð2Þnp i is the
weighted proton neutron scattering cross section taken
from Ref. [41]. From Eq. (2), we calculate the dark photon
luminosity

dE
dVdt

¼
Z

dωω3v
2π2

e−ω=TðΓabs;L þ 2Γabs;TÞ: ð4Þ

Based on BNS merger simulations in Refs. [9–11,45],
we assume a simplified, spherically symmetric descri-
ption of the merger remnant, with a constant temperature,
density, and electron fraction: T ¼ 30 MeV, ρ ¼ 4×
1014 g cm−3, and Ye ¼ 0.1 in the region 5–10 km from
the center of the remnant. We consider only the dark
photons produced in this hot region and ignore contribu-
tions from other colder regions. In Fig. 1, we show the
luminosity of dark photons as a function of mass and how it
varies with the remnant’s temperature.
The time evolution of the remnant depends on the mass

of the original neutron stars and the equation of state of
nuclear matter. Different initial conditions can produce a
variety of different remnants that persist for 1–1000 ms
before collapsing to a black hole [8–11,45]. Light remnants
might not collapse at all, instead forming a heavier neutron
star [46]. Nonetheless, cooling will decrease their temper-
ature from T ∼ 30 MeV within a few seconds [21,47]. To
illustrate this range of possibilities, we present results
assuming two different scenarios for dark photon emis-
sions: emissions lasting 10 ms after the merger and
emissions lasting 1 s after the merger. Note that most
analyses of GW170817 conclude that the remnant must
have lasted for at least 10 ms [48–51]. For simplicity, we
ignore gravitational redshift, which depends strongly on the
density distribution in the central region of the merger (we
estimate its impact in the Supplemental Material [42]).
After production, the dark photons decay to electron-

positron pairs, forming an expanding plasma shell. The
dark photon decay width at rest is
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FIG. 1. Luminosity of dark photons with ϵ ¼ 10−10, produced
in BNS mergers using the simplified profile. We use T ¼
30 MeV (blue curve) for calculations in this Letter. The dashed
and dotted lines show luminosity for other values of temperature.
The enhancement near 10 MeV comes from resonant mixing
between the dark photon and the photon.
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Γ ¼ 1

3
αϵ2m0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
e

m02

r �
1þ 2m2

e

m02

�
; ð5Þ

where me is the electron mass. The initial Lorentz factor of
the expanding shell is approximately the average Lorentz
factor of the dark photon flux,

γ0 ¼
hωi
m0 ; ð6Þ

where hωi is the average dark photon energy. In the merger
frame, the dark photon decay length is

d ¼ γ0v
Γ

: ð7Þ

The width of the plasma shell immediately after the
decay is

δ ¼ 1

γ0Γ
; δ0 ¼ 1

Γ
ð8Þ

in the star frame and plasma frame respectively.
The photon signal depends on the evolution of this

plasma. For simplicity, we focus on parameters such that
the dark photons decay least 1000 km from the center of the
merger, where ambient baryon density and magnetic fields
can be safely neglected. (Magnetic fields do not directly
affect the dark photons, but would lead to nontrivial
dynamics for the electron-positron plasma formed after
the decay.) When calculating the number of leptons that
results from dark photon decays, we only include the
fraction coming from decays at least 1000 km away from
the merger. Dark photons in most of the viable parameter
space have long enough decay lengths that this requirement
does not cause a significant change in sensitivity.
γ-ray signal.—We are interested in the photon signal

arising from the electrons and positrons produced by dark
photon decays. With our simplified approximation for the
remnant, the signal will be isotropic (Realistic remnants
will not be spherically symmetric, but for observes at large
distances the signal would still be isotropic.), peaked
between 100 keV and 10 s of MeV, and visible within
about a second of the merger. The isotropic nature of the
signal, its duration, and its spectral information can be used
to distinguish it from the short γ-ray burst expected to be
produced from relativistic jets after the remnant collapses to
a black hole [3,52].
We track the dynamics of the plasma starting from a

radius equal to the decay length of the dark photon in the
star frame, given by Eq. (7). We describe the plasma using
quantities defined in the coexpanding frame, in which the
lepton momenta distribution is isotropic and which is
initially related to the merger frame by a Lorentz factor
given by Eq. (6). In this frame, the initial temperature is
directly related to the dark photon mass, T ≈m0=6, since in

that frame each electron and positron generated by the dark
photon has approximatelym0=2 energy, with a small spread
related to the dark photon boost distribution. The initial
number density is given by

ne ≈
Ntotγ0
4πd3

; ð9Þ

where we take

Ntot ¼
dN
dVdt

× Vemittemitðe−1000 km=d − e−1Þ ð10Þ

as the number of dark photons which decay between
1000 km and one decay length from the merger remnant.
Vemit and temit are the volume and time over which dark
photons are emitted, respectively. As in the standard fireball
model [52,53], when the plasma energy is dominated by
relativistic particles, the density evolves as ρ ∝ r−4, where r
is the distance of the plasma shell from the remnant (in the
remnant’s rest frame), the Lorentz factor of the shell
increases as γ ∝ r, and the width in the merger frame,
which also determines the duration of the signal, remains
constant. If expansion is the only process which changes
the total number density then the total number of particles is
conserved, the total number density scales as n ∝ r−3, and
the temperature goes as T ∝ r−1.
The electron-positron densities in the plasma can be

large enough for pair annihilation, eþe− → γγ, to be very
efficient. In this case, the pair creation and annihilation
processes quickly lead the number densities of electrons
and photons to be related by detailed balance,

ne
nγ

¼ neqe
neqγ

: ð11Þ

The rhs of Eq. (11) refers to the equilibrium number
densities for leptons and photons. In this regime, the photon
mean free path will be short, and the plasma is optically
thick. An observable signal emerges once the lepton
number density becomes low enough for the plasma to
become optically thin, allowing photons to escape. Photon
bremsstrahlung from electron and positron scattering can
also play an important role in the dynamics of the plasma.
While pair creation or annihilation preserves the total
number of particles, bremsstrahlung increases the total
number of particles and consequently the total number
density. Energy conservation implies that the temperature
decreases as the number density goes up; thus, bremsstrah-
lung can lower the peak energy of the photon signal.
To determine if pair annihilation and bremsstrahlung are

important effects, we compare their rates in the plasma
frame to the number density dilution rate coming from the
expansion,
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Γexp ¼ −3γ=r: ð12Þ

The rate for pair annihilation is given by [54]

Γannih ≈
πneα2

m2
e

�
1þ 2ðT=meÞ2

1þ log ð 2T
meeγE

þ 1.3Þ
�−1

; ð13Þ

where γE is the Euler-Mascheroni constant. The photon
production rate from eþe− (or e−e−) bremsstrahlung in a
relativistic gas (T ≫ m2

eÞ is [55]

Γbrem ≈
2neα3 logðeγEm2

e=T2Þ
9m2

e
½12 logðeγEm2

e=T2Þ

− 84þ 48 logðeγEme=TÞ�; ð14Þ

where we imposed an infrared cutoff on the photon energy
ωγ > m2

e=T, corresponding to photons that can exchange
OðTÞ of energy in a single scattering and thus quickly
thermalize. For T ≲ 1 MeV, we switch to the nonrelativ-
istic rate (for the dominant eþe− case) [56]

Γbrem ≈
64

3
ffiffiffi
π

p neα3ffiffiffiffiffiffiffiffiffi
Tm3

e

p ; ð15Þ

where we imposed an infrared cutoff ωγ > T, again
corresponding to photons that can exchange OðTÞ energy
in a single scattering. If the annihilation and bremsstrah-
lung rates are both greater than the expansion rate at the
beginning of the plasma evolution, right after most dark
photons have decayed, then the plasma thermalizes quickly.
Since nγ ≪ T3, these processes increase the total number

density and decrease the temperature before any significant
expansion until T ≤ me, at which point both annihilation
and bremsstrahlung rates decay exponentially due to the
loss of leptons. Dark photons with masses above ∼10 MeV
have another mechanism for thermalizing rapidly. Even if
the pair annihilation rate is initially slower than the
expansion, the energy loss rate from bremsstrahlung [55]

d log ρe
dt

����
brem

¼ −
8neα3

m2
e

�
Log

�
2T

eγEme

�
þ 5

4

�
ð16Þ

can be faster than that due to expansion

d log ρe
dt

����
exp

¼ −
4γ

r
; ð17Þ

where ρe ¼ 3Tne is the energy density of the shell in the
shell frame immediately after the dark photons’ decay. This
energy loss decreases the plasma temperature (with insig-
nificant change to the lepton number density), increasing
the pair annihilation rate sufficiently to make it faster than
the expansion. Afterward, the fireball evolves as if both pair
annihilation and bremsstrahlung were already efficient
when the plasma first formed.
The resulting photon spectrum in the observer frame is

approximately thermal, with an apparent temperature given
by γ�T�, where γ� and T� are respectively the plasma’s
Lorentz factor and temperature when it becomes optically
thin for photons. The photon interaction rate drops expo-
nentially once the plasma temperature is below me because
the electron density becomes Boltzmann suppressed, lead-
ing to T� ∼me=10 with only a mild logarithmic sensitivity
to the initial conditions of the plasma shell. In the

FIG. 2. The left (right) plot shows the conditions produced when the merger emits dark photons for 10 ms (1 s). The red region marks
where the dark photons form a fireball which produces a thermal spectrum; below it dark photons generate a dimmer nonthermal signal.
The dark gray region shows where the dark photon decay length is less than 1000 km (close enough to the merger remnant that baryons
could affect the signal). The purple line shows the minimum ϵ needed to produce a signal visible to Fermi GBM for a merger 100 Mpc
away (∼2 × 1046 ergs), and the blue line shows parameters for a 1044 erg signal. The light gray regions marked SN Cooling and SN
Emission show the parameter space already ruled out by astrophysical observations [37,39]. The light blue regions labeled Neff and
BBN mark space excluded by cosmological observations [35,57–59]. For potential additional complementary constraints, see also
Refs. [39,60,61].
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thermalized scenario, the temperature drops before the
plasma expands significantly, and thus γ� ¼ γ0 ≲ 10, and
effectively all of the energy radiated in dark photons gets
converted into photons with energies in the 10–1000 keV
range. The photon signal duration is set by a light crossing
time of the plasma shell, about 0.1–100 s depending on the
dark photon parameters. The luminosity of the signal can
be estimated by dividing the total energy output by the
width of the plasma shell as shown in Eq. (8).
The parameter space region in which this thermal

spectrum occurs is shown in Fig. 2 for two different
assumptions about the duration of the remnant. It also
shows two curves which mark the total energy emitted in
dark photons. One curve shows where the signal would be
detectable at the Fermi γ-ray burst monitor (GBM),
assuming all of the energy gets converted to photons in
the sensitivity range of the instrument (100–2000 keV) and
a merger distance of 100 Mpc. The other curve shows the
region where the total energy emitted in dark photons is
1044 ergs as a potential target for future detectors. If the
“fireball” forms, the dark photon energy would get con-
verted to the GBM range because the initial boost γ0 is
Oð1Þ for all relevant masses. This shows that one could
probe most of the remaining parameter space above
ϵ ≈ 10−11, motivated by freeze-in dark matter scenarios,
for m0 ≈ 1–100 MeV by searching for γ-ray signals which
coincide with a neutron star merger.
Discussion and future prospects.—The LIGO=Virgo

collaboration is currently sensitive to neutron star mergers
within ∼100 Mpc of Earth [62]. The first BNS merger
detection, GW170817, was about half this distance, unusu-
ally close given the estimated rate for BNS mergers. There
was an associated γ-ray signal observed shortly after by
Fermi-GBM and Integral [63], which has largely confirmed
the expectation that BNS mergers are responsible for short
γ-ray bursts (SGRB). Making a discovery of dark photons
using the γ-ray signal discussed in this Letter would require
distinguishing the dark photon signal from usual SGRBs.
This can, in principle, be done using the fact that SGRBs
are expected to be highly beamed since they are produced
by a relativistic jet, leading to large variations of the
observed luminosity from mergers at similar distances.
However, potential off-axis γ-ray emission is still not fully
understood, and might be an important background for our
proposal [64–66]. Even if there is a significant background
from off-axis emission, one can use information about the
spectrum, signal arrival time, and duration as important
features to distinguish our signal from SGRBs (in the
Supplemental Material [42] we show how timing can be
used to put constraints on the dark photon model).
The LIGO/Virgo collaboration will be sensitive to

neutron star mergers as far as ∼200 Mpc when it reaches
design sensitivity in the near future [67], at which point it
will detect multiple mergers per year. Having large merger
statistics, and utilizing realistic remnant profiles from

simulations, would allow one to probe the parameter space
in Fig. 2 above the purple line and within the fireball region
assuming better understanding of the backgrounds from
SGRBs. This would cover a large portion of the remaining
parameter space motivated by dark matter freeze-in, ϵ≳
10−11 [28].
There are two challenges to probing the parameter space

in which a fireball never forms. One is modeling the
multiple processes that produce photons from a dilute
electron-positron plasma. We leave the required detailed
analysis of this nonthermal emission to future work, but we
expect that for part of the parameter space, the main signal
will be in ∼10 MeV photons, for which we currently do not
have very good coverage. There are a number of proposals
such as e-ASTROGRAM [68], AMEGO [69], and
MeVCube [70] that target the low MeV range which
would significantly increase our reach to dark photons
from BNS. The other challenge is that, for smaller
couplings, the lepton density after decay is smaller, and
only a reduced fraction of the energy gets converted to
photons, making the signal dimmer. One promising direc-
tion to compensate for the low photon luminosity is to use
detectors with better angular resolution, which decreases
the background to the signal. Future proposed GW mid-
band detectors such as AMIGO [71], MAGIS [72], AION
[73], and ELGAR [74] should be able to detect BNSmerger
events in advance and with better localization, allowing
future x-ray and γ-ray telescopes with narrower fields of
view to observe the merger.
We have shown that neutron star mergers can be used to

search for unstable dark sector particles. We demonstrated
this by studying the γ-ray signatures that arise from dark
photon decays, and showed that this can probe a large
portion of unconstrained parameter space, including much
of the remaining parameter space motivated by dark matter
freeze-in. Utilizing the full potential of BNS as probes of
dark sectors requires a better understanding of the remnant
dynamics and further investigation of how to distinguish
the signal arising from dark sectors from that expected from
SGRBs associated with BNS mergers.
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