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Bounds on Long-lived Dark Matter Mediators from Neutron Stars

Thong T.Q. Nguyen1, 2, ∗ and Tim M.P. Tait3, †

1Institute of Physics, Academia Sinica, Nangang, Taipei 11529, Taiwan
2Sorbonne Université, 4 place Jussieu, F-75005 Paris, France

3Department of Physics and Astronomy, University of California, Irvine, CA 92697-4575 USA

Neutron stars close to the Galactic center are expected to swim in a dense background of dark
matter. For models in which the dark matter has efficient interactions with neutrons, they are
expected to accumulate their own local cloud of dark matter, making them appealing targets for
observations seeking signs of dark matter annihilation. For theories with very light mediators, the
dark matter may annihilate into pairs of mediators which are sufficiently long-lived to escape the
star and decay outside it into neutrinos. We examine the bounds on the parameter space of heavy
(∼ TeV to ∼ PeV) dark matter theories with long-lived mediators decaying into neutrinos based on
observations of high energy neutrino observatories, and make projections for the future. We find
that these observations provide information that is complementary to terrestrial searches, and probe
otherwise inaccessible regimes of dark matter parameter space.

I. INTRODUCTION

The identity of the dark matter, a necessary ingredient
to describe observations of the Universe [1], is a press-
ing question for particle physics which requires physics
beyond the Standard Model (SM). There are a host of
visions for how the SM may be supplemented with new
particles and forces related to dark matter, and a rich
program of experimental searches seeking to elucidate its
nature [2].

One particular construction that has received a lot of
recent attention posits that the dark matter interacts
with the SM fields via a dark force carrier, which could
either interact directly with the SM, or pick up inter-
actions via mixing with the SM gauge or Higgs bosons.
When such particles are reasonably strongly interacting,
such that they decay promptly when produced in terres-
trial experiments, there are strong constraints from e.g.
the Large Hadron Collider. In the regime of smaller cou-
plings to the SM, such particles can be very long-lived,
and can be searched for using techniques to observe ex-
otic long-lived particles [3, 4]. For even smaller couplings,
the lifetime of the new force carriers may be too long for
them to decay on planetary scales [5, 6], and constraints
are typically somewhat weaker. In this regime, produc-
tion of the mediators from distant sources such as dark
matter annihilation in extrasolar objects can provide key
information through indirect searches for dark matter an-
nihilation [7, 8].

Celestial bodies such as neutron stars located in dark
matter-rich regions offer a particularly attractive ob-
servation target [9]. Such objects can naturally sweep
through a richer dark matter environment than is present
in the solar system, if the dark matter has sufficiently
strong scattering with them such that it can lose kinetic
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FIG. 1: Schematic diagram of the DM accumulated
around a celestial body annihilating into long-lived

mediator particles, which escape from the celestial body
and decay into neutrinos.

energy and become gravitationally bound, accumulating
a local cloud of dark matter that is highly over-dense
compared to the ambient density. The fate of this over-
dense cloud of dark matter depends on its microscopic
properties. If it is sufficiently stable or has highly sup-
pressed annihilation reactions, it can be considered an
inert component of the celestial body itself. If it decays
into SM particles or mediators with short lifetimes, it
contributes a new heating process which could impact
the energy budget of the celestial body [10–38]. How-
ever, if it annihilates or decays into dark mediator par-
ticles whose lifetimes are sufficiently long as to allow
them to escape before decaying, but nonetheless decay
before reaching the Earth, it offers a unique opportunity
to probe weakly-coupled dark mediators [39, 40]. With
their expected large Galactic populations in extremely
dark-matter-rich environments, neutron stars could con-
ceivably collectively power a bright DM annihilation sig-
nal.

∼ TeV photons and neutrinos are particularly promis-
ing messengers from dark matter annihilation, because
they are relatively undeflected as they traverse Galactic
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distances and thus can be traced back along the line from
their origin. In this work, we consider the flux of high
energy neutrinos that could be produced by heavy dark
matter particles (assumed for simplicity to be a Dirac
fermion) which annihilates into a pair of spin-1 mediators
which are long-lived, eventually decaying into neutrinos.
Building on the work of Ref. [41], we contrast the pre-
dictions from this simplified model with measurements
of the muon neutrino flux from 103 to 106 GeV from the
Galactic center (GC) by IceCube [42] and ANTARES
[43, 44] to place limits on the spin-independent cross-
section, which controls the rate of accumulation and thus
the density of the dark matter collected by the neutron
star. We further consider the diffuse neutrino flux up to
107 GeV measure by IceCube [45, 46], and find that it
can provide important constraints for higher dark mat-
ter masses, and. consider the reach of future high energy
neutrino observatories such as ARIA [47] to extend this
sensitivity in the future.

Our paper is organized as follow. In Sec. II, we gave
a brief review of the simplified model for dark matter
under consideration. In Sec. III, we review dark matter
capture and annihilation in celestial bodies, and derive
experimental upper limits on the spin-independent cross
section. Finally, in Sec. IV, we conclude with a summary
of our main results and discuss possible future directions
of our work.

II. DARK MATTER SIMPLIFIED MODEL

We consider a specific simplified model for the Dirac
fermion dark matter χ which is a singlet under the SM
gauge interactions, but interacting with a mediator cor-
responding to a U(1)X gauge symmetry. The dark gauge
boson Xµ picks up interactions with the SM via kinetic
mixing:

L ⊃− 1

4
XµνX

µν − ϵ

2
XµνB

µν

− 1

2
m2

XXµX
µ + χ̄(i /DU(1)X −mχ)χ,

(1)

where ϵ parametrizes the kinetic mixing between Xµ and
SM hypercharge interaction. In general the SM fermions
(and Higgs) transform under U(1)X as well, and their in-
teractions arise as a mixture of contributions from kinetic
mixing, mass mixing, and direct couplings [48–50].

We consider DM above the unitarity limit, which typi-
cally requires a non-thermal production mechanism. We
are interested in the limit in which X is long-lived and
decays primarily into neutrinos. This naturally occurs
in the limit where mX is less than 2me, for which de-
cays into other SM fermions are kinematically forbidden,
and is further enhanced when the kinetic mixing approx-
imately balances the direct couplings, such that the X
coupling to electrons is suppressed compared to its cou-
pling to neutrinos, which suppresses the one loop decay of

X into three photons and allows the decay into neutrinos
to dominate.
Scattering between the dark matter and nucleons is

mediated byX exchange, as shown in Fig. 2. Generically,
there are contributions from both vector and axial inter-
actions. When the interactions with the SM are dom-
inated by kinetic mixing, the axial current arises from
mixing with the Z boson, which is highly suppressed for
mX ≪ MZ , as is generically the case when theX boson is
long-lived enough to escape from a celestial body. Conse-
quently, the spin-independent (SI) interaction dominates
the scattering with nuclei.

III. ACCUMULATION AND ANNIHILATION

The cloud of dark matter surrounding a celestial body
today (for our purposes, neutron stars in the Galactic
Bulge) represents a balance between accumulation of the
dark matter from the environment, driven by the rate at
which it scatters with and becomes gravitationally bound
to the celestial body, and annihilation among the bound
particles themselves. We begin by reviewing some basic
properties of neutron stars.
Neutron stars (NSs) are dense stellar objects composed

almost entirely of degenerate neutrons, with masses rang-
ing from 1-1.5 M⊙, and radii RNS ≃ 10 km. The large
gravitational field at the surface results in escape veloc-
ity vesc ≃ 2 × 105 km/s, and leads to significant blue-
shifting of dark matter falling into the gravitational well
of χ ≡ 1−

√
1− 2GNM/R and vesc ≃

√
2χ. We approx-

imate the entire NS population as having mass 1.5 M⊙
and distributed in the bulge with a radial number density
extrapolated from the ‘Fiducial × 10’ model of Ref. [51]:

nNS(r) =

 5.98× 103
(

r
1pc

)−1.7

pc−3 (0.1pc < r < 2pc)

2.08× 104
(

r
1pc

)−3.5

pc−3 (r > 2pc),

(2)

An interesting quantity characterizing a given celestial
body is the saturation cross section, which is defined as

σsat ≡ πR2/Nn, (3)

where Nn is the total number of nucleons inside the ce-
lestial body. For neutron stars, this is σNS

sat ∼ 10−45 cm2.

A. Dark Matter Capture

As the celestial body moves through the dark matter
halo, individual particles transit through it and can can
scatter with its material and lose kinetic energy. After
N -scatters, if its velocity falls below the escape velocity,
it will be captured.
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χ χ

u/d u/d

X

γ/Z

χ χ

u/d u/d

X

FIG. 2: Non-relativistic scattering between fermionic
dark matter with quarks in nucleons (proton and

neutron). Dark vector propagator either interacts with
quarks directly or through mixing with photon and Z

boson.

The capture rate after scattering N times is given by
[40]:

CN (τ) =
πR2 pN (τ)

(1− 2GNM/R)

√
6nχ

3πv̄
(4)

×
[
(2v̄2 + 3v2esc)− (2v̄2 + 3v2N ) exp

(
− 3(v2N − v2esc)

2v̄2

)]
,

where R is the radius of the celestial body, v̄ is the disper-
sion in the DM velocity distribution and nχ is the local
DM density. vN is the typical DM velocity after scatter-
ing N times, taking into account the average energy lost
in each scattering:

vN = vesc

(
1− β+

2

)−N/2

, (5)

where β+ = 4mχmn/(mχ+mn)
2, and pN (τ) is the Pois-

son distribution for a given DM particle to undergo N
scatters:

pN (τ) = 2

1∫
0

dy
ye−yτ (yτ)N

N !
, (6)

which can be approximated in the limit of extreme single-
scattering (τ ≤ 1) and multiple scattering (τ ≫ 1) [52].
The optical depth is defined as:

τ =
3

2

σχn

σsat
. (7)

The total capture rate for an individual celestial object
is:

C =

∞∑
N=1

CN , (8)

which in practice can be truncated at some large N . Fig-
ure 3 shows the rate of dark matter mass captured by a
neutron star with R = 10 km and M = 1.5M⊙ as a func-
tion of the optical depth τ , for a particular choice of dark
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FIG. 3: The DM mass capture rate mχ × C as a
function of the optical depth τ for a neutron star with
R = 10 km and M = 1.5M⊙ and a dark matter model
with mχ = 1 TeV, ρχ = 0.42 GeV/cm3, and v̄ = 220

km/s. The blue dashed line indicates mχCmax.

matter with mχ = 1 TeV, and halo described locally by
ρχ = 0.42 GeV/cm3, and v̄ = 220 km/s.
For large scattering cross sections, it approaches the

maximum (“geometric” [53]) capture rate CN → pN (τ)×
Cmax:

Cmax = πR2nχ(r)v0

(
1 +

3

2

v2esc
v̄(r)2

)
ξ(vp, v̄(r)), (9)

where v0 =
√
8/3πv̄ and ξ(vp, v̄(r)) ∼ 1 takes into ac-

count the relative motion between the body and the DM
halo.
The total capture rate in all of the objects within a

spherical slice between radii r1 and r2 is

Ctotal = 4π

r2∫
r1

r2n⋆(r)Cdr, (10)

where n⋆(r) is the number density of the neutron stars
[cf. Eqs. (2)]. Choosing r1 = 0.1 pc avoids poor modeling
of the DM halo at the Galactic center, and r2 = 100 pc
reflects the fact that the populations of interest fall off
rapidly away from the center.

B. Modeling the Galactic Center

The velocity dispersion of the dark matter at the lo-
cation of each celestial object, v̄, determines how much
energy it must lose on the average through scattering in
order to be captured, and thus plays an important role
in the rate at which it accumulates dark matter. At a
give radius r from the Galactic center, the velocity dis-
persion is related to the circular velocity at that radius
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Mass Component Total mass (M⊙) Scale radius (kpc) Center density (M⊙ pc−3)
Black hole 4× 106 — —

Inner bulge (core) 5× 107 0.0038 3.6× 104

Main Bulge 8.4× 109 0.12 1.9× 102

Disk 4.4× 1010 3.0 15
Dark halo 5× 1010 h = 12.0 ρ = 0.011

TABLE I: Parameters for exponential sphere model of the Galactic bulge, from [54].

by v̄ =
√
3/2vc, where vc depends on the total mass

enclosed by a sphere of radius r:

vc =

√
GNM(r)

r
. (11)

The mass enclosed M(r) can be modeled based on dis-
tinct components [54]: the supermassive black hole Sag
A*, an inner bulge, the main bulge, an exponential disk
component, and the DM halo itself. Each component is
described by the parameters shown in Table I, obtained
from fits to stellar kinematics. The total mass is:

M(r) = MBH (12)

+ 4π

∫ r

0

r2(ρouter + ρinner + ρdisk + ρDM)dr.

We describe the DM density profile as a generalized NFW
density profile [55]:

ρχ(r) =
ρ0

(r/rs)γ(1 + (r/rs))3−γ
, (13)

where rs = 12 kpc is the scale radius, and ρ0 =
0.42 GeV/cm

3
is the local DM density. We vary the in-

ner slope index γ = 1.0−1.5, as is motivated by expecta-
tions based on adiabatic contraction in the inner Galaxy
in [56, 57]. As a cross-check, we compare our results
to recent analyses of GC mass density profile in [58, 59]
and find good agreement with the derived velocity dis-
persions.

C. Annihilation to Long-lived Mediators

As the cloud of DM accumulates around a celestial
body, its constituents begin to annihilate. The evolu-
tion of their number N(t) over time is governed by the
equation [14]:

dN(t)

dt
= Ctotal − CAN(t)2, (14)

where

CA = ⟨σAv⟩ /Veff, (15)

is the annihilation rate, written in terms of the average
annihilation cross section and the effective volume Veff,

approximated as the volume of the celestial object: Veff =
4πR3/3. The solution of Eq. (14) takes the form:

N(t) =

√
Ctotal

CA
tanh

t

teq
, (16)

where

teq = 1/
√

CACtot (17)

is the timescale to attain equilibrium between DM cap-
ture and annihilation. The annihilation rate for non-self-
conjugate DM at time t is [40]:

Γann(t) =
N(t)2

4Veff
⟨σAv⟩ . (18)

We neglect the impact of DM evaporation, concentra-
tion diffusion, and thermal diffusion (for discussion, see
Ref. [60]).
For t ≫ teq, the number of DM particles becomes ap-

proximately time-independent, and its density inside the
object reaches equilibrium. As discussed in Refs. [26, 31],
the thermalization of DM is very rapid, even for tiny dark
matter-nucleon scattering cross sections. Furthermore,
neutron stars in the Galactic Center are expected to be
very old ( ≳ 5 Gyr [51]), such that the DM would reach
equilibrium on a timescale much shorter than the age of
a neutron star, and the annihilation rate simplifies to:

Γann → Γcap

2
=

Ctotal

2
. (19)

In Figure 4, we compare the equilibrium timescales
for neutron stars at different positions in the GC with
different DM masses. Assuming a thermal averaged an-
nihilation cross section of ⟨σχχv⟩ ≈ 3.3 × 10−26 cm3/s,
we observe that most of the parameter phase space in
our considered DM mass range leads to the celestial ob-
jects reaching the equilibrium time scale. For small cross
sections below 10−49 cm2, the equilibrium breaks down
for very large mass dark matter (∼ EeV). However, as
shown in Figure 6 the DM reaches equilibrium at all of
the relevent parameter space.
We consider the case in which the dark matter annihi-

lates into a pair of mediators which are sufficiently weakly
interacting with ordinary matter so as to be capable of
escaping from the effective volume of the celestial body,
after which they decay into high energy neutrinos (see
Figure 1). Dark matter bound to the celestial body is
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FIG. 4: Equilibrium timescales of Neutron Stars with R = 10 km, M = 1.5M⊙ for different dark matter masses and
at different positions in Galactic Center, as a function of DM-nucleon cross section. The thermal averaged

annihilation cross section ⟨σχχv⟩ ≈ 3.3× 10−26 cm3/s is assumed. Bigger annihilation rates will lead to smaller
equilibrium timescales, according to Equation 17. (Left) NFW density profile: γ = 1.0. (Right) Moore density

profile: γ = 1.5.

expected to annihilate with small relative velocity, result-
ing in the Lorentz boost factor of the produced mediators
being approximately:

η ≃ mχ/mϕ, (20)

where mϕ is the mediator mass.
The differential energy flux (Φ) of the neutrinos arriv-

ing to a detector on the Earth is given by [61]:

E2 dΦ

dE
=

Γann

4πD2
× E2 dN

dE
× BR(X → νν̄)× Psurv, (21)

where D is the average distance between the celestial
object and the detector, and the BR(X → νν̄) is the
branching ratio for the mediator into neutrinos.

For annihilation into a pair of mediators followed by
2-body mediator decay into neutrinos1, their energy spec-
trum is a box distribution [64]:

dNν

dEν
=

4

mχ
Θ(Eν)Θ (mχ − E) , (22)

where Θ(x) is the Heaviside step function. Psurv repre-
sents the probability that a mediator with lifetime τX
decays outside of the celestial object and before reaching
the detector located at a distance D away:

Psurv = e−R/ηcτX − e−D/ηcτX . (23)

1 More complex DM models [62, 63] require more complex model-
ing of the neutrino energy spectrum.
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FIG. 5: Maximally optimistic values of differential flux
of muon neutrinos from Galactic Center neutron stars.
The IceCube 7-year upper limit is shown in red, the
ANTARES limit in blue, and the measured IceCube

diffuse flux in green. Future projected upper limits from
ARIA are indicated in dark blue.

D. Bounds from Cosmic Neutrinos

High energy neutrino observatories measuring the neu-
trino flux measure or place limits on E2dΦ/dEν , and thus
(assuming equilibrium) on the rate at which dark matter
is accumulated on neutron stars, controlled by the mi-
crophysics of the dark matter scattering. In particular,
IceCube [42], and ANTARES [43] have upper limits on
the muon neutrino flux from the direction of the Galactic
Center (defined by −40◦ < l < 40◦ and −3◦ < b < 3◦

in Galactic coordinates), and IceCube [65] has measured
the all-sky diffuse high energy muon neutrino flux from
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FIG. 6: Upper limits on the spin-independent cross section of dark matter scattering with neutrons, in the scenario
in which accumulated dark matter annihilates into mediators which escape the neutron star and subsequently decay

into neutrinos, for dark matter profiles described by γ = 1.0 and γ = 1.5. The limits are derived from IceCube
observations of the Galactic center (red) and the diffuse neutrino flux (green). Projected limits from ARIA are

shown in dark blue. Existing direct detection limits are indicated by the dark shaded region.

TeV up to PeV energies. In the future, the proposed
ARIA experiment is expected to be able to measure neu-
trinos up to 1011 GeV [47, 66]. We assume that the
mediator decays democratically into all three flavors of
active neutrino. Given the large distances involved from
production to the detector, we further assume that neu-
trino flavor oscillations wash out such that the signal in-
cident on the Earth is well-described by a flavor ratio of
1 : 1 : 1. Under the maximally optimistic assumption
that the capture rate is large enough to saturate at Cmax

and Psurv = 1, we show the largest possible signal for dif-
ferent choices of the dark matter inner slope profile γ are
shown in Figure 5, with the flux limits and measurements
overlaid for context. For an NFW profile (γ = 1), one
could expect to see features from dark matter producing
neutrinos for a narrow range of dark matter masses. For
steeper profiles, the impact of dark matter annihilations
becomes pronounced.

Moving away from the maximally optimistic scenario,
we derive limits on the cross section for spin-independent
scattering of dark matter with neutrons, as a function of
the dark matter mass and in the limit in whichmX ≪ mχ

and for mediator lifetimes R ≪ ηcτX ≪ D. We make
the conservative assumption that the entire neutrino flux
arises from the dark matter signal, ignoring contribu-
tions e.g. from supernovae [67, 68]. Realistic modeling
of backgrounds could reduce the potential contribution
from dark matter annihilation, and lead to stronger lim-
its. We compare with the IceCube observations of the

Galactic center (which are strongest for mχ ≲ 106 GeV)
and measurements/limits of the diffuse flux (which are
important for 106 GeV ≲ mχ ≲ 107 GeV) and with pro-
jected flux limits from ARIA, which provide key informa-
tion for dark matter masses ≳ 107 GeV. In Figure 6, we
show the resulting limits and projected limits (for dark
matter profiles with γ = 1, 1.5), together with existing
limits from terrestrial dark matter searches [69, 70], for
comparison. These results make it clear that existing
high energy neutrino observatories provide unique infor-
mation about theories of dark matter with light long-
lived mediators decaying into neutrinos, and that future
proposals such as ARIA can dramatically extend this in-
formation to probe new regimes of dark matter parameter
space.

IV. CONCLUSIONS

In this paper, we have examined the prospects to use
neutrinos produced by the decay of long-lived mediators,
themselves produced by the annihilation of the cloud of
dark matter that is expected to accumulate around neu-
tron stars in the Galaxy. These types of theories are noto-
riously difficult to probe with terrestrial searches, and our
results (summarized in Figure 6) highlight the important
contributions of existing high energy neutrino observa-
tories, and the potential for future projects [71] such as
ARIANNA, ARIA, IceCube-Gen2 [72, 73], KM3Net [74],
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ANITA-IV [75], PUEO [76], RNO-G [77], and Auger [78]
to probe otherwise inaccessible territory of dark matter
model-space.
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G. S. Stinson, and A. Knebe, Mon. Not. Roy. Astron.
Soc. 441, 2986 (2014), arXiv:1404.5959 [astro-ph.CO].
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