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Indirect detection experiments typically measure the flux of annihilating dark matter (DM) par-
ticles propagating freely through galactic halos. We consider a new scenario where celestial bodies
“focus” DM annihilation events, increasing the efficiency of halo annihilation. In this setup, DM
is first captured by celestial bodies, such as neutron stars or brown dwarfs, and then annihilates
within them. If DM annihilates to sufficiently long-lived particles, they can escape and subsequently
decay into detectable radiation. This produces a distinctive annihilation morphology, which scales
as the product of the DM and celestial body densities, rather than as DM density squared. We
show that this signal can dominate over the halo annihilation rate in γ-ray observations in both the
Milky Way Galactic center and globular clusters. We use Fermi and H.E.S.S. data to constrain the
DM-nucleon scattering cross section, setting powerful new limits down to ∼ 10−39 cm2 for sub-GeV
DM using brown dwarfs, which is up to nine orders of magnitude stronger than existing limits. We
demonstrate that neutron stars can set limits for TeV-scale DM down to about 10−47 cm2.

I. INTRODUCTION

Celestial bodies provide versatile environments to dis-
cover new physics. Peppered throughout the Galaxy,
their large abundances can be used to collectively power
a bright dark matter (DM) annihilation signal.

Previous studies have examined DM particles that
scatter in celestial bodies and become gravitationally
bound. The trapped DM can heat the objects that cap-
ture it, with contributions from both the DM kinetic en-
ergy and the absorption of DM annihilation products by
the capturing body. The latter, dominant source of heat-
ing relies on the DM annihilation products either inter-
acting or decaying within the celestial body. For neutron
stars (NS), this DM heating signal has been studied in
e.g. Refs. [1–23]. DM heating using the full Brown Dwarf
(BD) population was considered recently in Ref. [24].
NSs and BDs are both efficient accumulators of DM, due
to being relatively dense, and in the case of BDs, very
large.

A complementary approach arises when DM annihi-
lates to long-lived mediators. In this scenario, the medi-
ator can escape the celestial body and decay to observ-
able final states. Long-lived particles appear naturally
in many well-motivated extensions of the SM [25–30],
with an extensive search program [31–33]. Dark sectors
with long-lived mediators have previously been consid-
ered in local searches of the Sun [29, 34–53], Earth [41],
and white dwarfs [54].

We consider, for the first time, DM annihilation to
long-lived particles in NSs and BDs, which are advan-
tageous systems due to their superior and complemen-
tary scattering cross-section sensitivity. This allows us
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to consider a new type of annihilation signal: one “fo-
cused” by the population of celestial bodies. DM is first
efficiently captured in dense NSs or BDs. As the DM den-
sity increases, DM annihilation inside the object becomes
efficient. The DM annihilation proceeds through a long-
lived particle which escapes the celestial body and sub-
sequently decays, producing a flux detectable at Earth.

Our signal exploits the fact that celestial bodies exist
in large quantities in the inner Galaxy [55–57], as well
as other DM-dense environments such as globular clus-
ters [58–60]. Notably, while DM annihilation in the halo
scales as the DM density squared, the celestial-body fo-
cused annihilation rate scales as a single power in DM
number density (assuming equilibration between the an-
nihilation and capture rates in a given object) multiplied
by the celestial-body number density. This distinctive
scaling can potentially disentangle the origin of an ob-
served DM annihilation signal. Moreover, because the
DM density within the celestial body can become ex-
tremely high, our scenario potentially provides a more
sensitive probe than halo annihilation, especially for large
DM masses or suppressed annihilation cross sections,
such as p−wave annihilation [61, 62].

In this paper, we investigate the relative strength of
celestial-body-focused annihilation compared to DM an-
nihilation in the Milky Way halo. We compare our re-
sults with existing γ-ray data, and produce new limits on
DM annihilation to long-lived particles. We identify two
environments where a NS-focused or BD-focused annihi-
lation signal can dominate over halo annihilation. These
are the Galactic center, which is extremely DM dense,
and globular clusters, which can have not only large DM
densities, but also low DM velocity dispersions, allowing
more DM to be captured by the celestial body.

This paper is organized as follows. In Section II, we
review DM capture and annihilation in celestial bodies,
and detail the long-lived mediator model. We then dis-
cuss the Milky Way Galactic center signal in Section III,
and the resulting constraints in Section IV. We discuss
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the globular cluster signal in Section V. We discuss the
implications of our results in Section VI.

II. SETUP

A. Dark Matter Capture in Celestial Bodies

As in the case of standard halo annihilation, the
strength of the NS- and BD-focused signal depends on
the DM density in the object’s environment. However,
for BD/NS-focused annihilation, the DM density directly
determines the rate of DM capture onto celestial bodies,
an interaction that is only linearly (rather than quadrat-
ically) dependent on the DM density. Here, we use a
generalized Navarro-Frenk-White (NFW) density profile,
which is defined as a function of galactic radius r, [63]

ρχ(r) =
ρ0

(r/rs)γ(1 + (r/rs))3−γ
, (1)

where rs is the scale radius, ρ0 is normalized to the local
DM density value, and γ is the index that determines the
inner slope of the DM profile.

DM from the Galactic halo can fall onto a ce-
lestial object, encountering the surface after being
sped up to approximately the object’s escape velocity,
vesc =

√
2GNM/R, where GN is the gravitational con-

stant, M is the mass of the object, and R is the object’s
radius. As the DM particle transits through the object,
it can scatter with the stellar material and lose energy.
Once the kinetic energy of the DM is less than the grav-
itational potential, the DM particle is captured. DM
capture can occur via single or multiple scatters with the
stellar constituents [42, 64–66].

The largest possible rate of capture is obtained by as-
suming that all DM that passes through the effective area
of the BD/NS is captured. This “maximum capture rate”
(sometimes also referred to as “geometric capture rate”)
is given by [67]

Cmax = πR2nχ(r)v0

(
1 +

3

2

v2esc
v(r)2

)
ξ(vp, v(r)), (2)

where v̄ is the DM velocity dispersion, nχ(r) is the
DM number density profile, related to Eq. 1 via
nχ(r) = ρ(r)/mχ, v0 =

√
8/(3π)v, and ξ(vp, v(r)) takes

into account the motion of the compact object with re-
spect to the DM halo (this is ∼ 1 for our scenarios, and
we neglect it in what follows).

In practice, a BD/NS is not perfectly efficient at cap-
turing DM: some DM particles impinging on the star will
not scatter, and others will have sufficient energy after
scattering that they are not captured. The capture rate
therefore depends on both the DM scattering cross sec-
tion off the constituents of the celestial body and the
kinematics of these scatters. A treatment that accounts
for both single and multiple scatters in DM capture was
developed in Ref. [64].

The probability for a given DM particle to undergo N
scatters is

pN (τ) = 2

∫ 1

0

dy
ye−yτ (yτ)N

N !
, (3)

where τ is the optical depth,

τ =
3

2

σ

σsat
. (4)

Here σ is the DM-nucleon scattering cross-section, σsat is
the saturation cross section of DM capture onto nucleons,
and is given by σsat = πR2/Nn where Nn is the number
of nucleons.

The total capture rate in this formalism for a single
celestial body is then given by

C =

∞∑
N=1

CN , (5)

where CN , defined below, is the capture rate associated
with particles that scatter N times. In practice, this sum
can be truncated at a maximum finite N � τ , because
scattering more than τ times is exponentially suppressed.
The rate for a particle to impinge on the body, scatter N
times, and lose enough energy in the process to become
trapped in the star is given by1

CN =
πR2pN (τ)

(1− 2GNM/R)

√
6nχ

3
√
πv̄
× (6)(

(2v̄2 + 3v2esc)− (2v̄2 + 3v2N ) exp

(
−3(v2N − v2esc)

2v̄2

))
,

where the term vN = vesc(1 − β+/2)−N/2 with β+ =
4mχmn/(mχ +mn)2 takes into account energy lost by
DM in each scattering event. For sufficiently large N ,
v2N − v2esc becomes much larger than v̄2 and CN in Eq. 6
rapidly approaches pN ×Cmax (neglecting the ξ factor in
Eq. 2). In other words, particles that undergo N scatters
are efficiently captured. As τ increases above this min-
imum number of scatters required for efficient capture,
the capture rate C in Eq. 5 asymptotes to the maximum
capture rate given by Eq. 2.

We note that DM capture will be truncated for suffi-
ciently light DM masses, because DM can rapidly evap-
orate out from the system. Evaporation occurs if the
core of the system has both sufficiently high temperatures
(which impart kinetic energy to the DM), and sufficiently
low gravitational potential. From Ref. [24], we expect an
evaporation mass of around a few MeV for BDs. For NSs,
we estimate that the DM evaporation mass is ∼ 300 eV
for old NSs which have cooler cores [68], up to ∼ MeV
for very young NSs. As we will (arbitrarily) consider

1 For NSs, blue-shifted incoming DM velocities are included by
replacing vesc →

√
2χ, where χ = 1−

√
1− 2GNM/R.
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DM masses above 10 MeV, the evaporation mass will be
lighter than our range of interest.

To calculate the total expected capture rate from the
full celestial body population in a given system (e.g. the
Galactic center or globular clusters), we also need to take
into account the number density of the object in the re-
gion of interest, nBD/NS. In this scenario, the total DM
capture rate by a population of BDs/NSs, CBD/NS,tot,
can be written as

CBD/NS,tot = 4π

∫ r2

r1

r2 nBD/NS C dr, (7)

where C is the capture rate by a single BD or NS, nBD/NS

is the BD or NS number density, and r is the radial dis-
tance from the center of the system. This total capture
rate of the full population of celestial bodies will be com-
puted in Sec. III, IV and V. In the following subsection,
we compare cross sections for DM capture in a single
celestial body.

B. Comparing Different Celestial Targets

To determine which type of celestial body will dom-
inate the results for a given mass or cross-section sen-
sitivity range, we compare choices of different objects.
The optimal target can be chosen based on the system’s
core temperatures (lower core temperatures provide less
kinetic energy for DM to escape, potentially providing
more sensitivity to lower DM masses), and the system’s
density (which increases the probability of DM capture
for small DM/nucleon cross sections).

Figure 1 shows the approximate cross sections at which
capture becomes efficient for different celestial bodies at
our local position. For definiteness, we plot contours cor-
responding to 99% efficient capture (i.e. C = 0.99Cmax).
We emphasize, however, that significant capture rates
can also be achieved for lower cross sections. For exam-
ple, scattering cross sections an order of magnitude below
this line still yield capture rates of ∼50% the maximum
capture rate. For the “Brown Dwarfs (BDs)” and “Sun”
sensitivities, we calculate an approximate sensitivity by
assuming that BDs and the Sun are composed of 100%
hydrogen. The lower end of each DM mass sensitivity
curve is truncated by evaporation of DM out of the sys-
tems, which significantly curtails the annihilation signal.
For the NS rates, we note that nuclear effects are not
taken into account for this approximation (see Ref. [69]
for discussion of how this may weaken rates for DM in-
teraction choices).

Note that the cross sections in Fig. 1 apply to both
spin-dependent and spin-independent interactions, as
there is no coherent enhancement considered for these
objects (although BDs and the Sun contain some he-
lium, this is sub-dominant and has been neglected). In
the case that only spin-dependent scattering with neu-
trons is applicable, the only sensitivity would arise from
neutron stars (the other systems predominately contain
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FIG. 1. Comparison of the approximate cross sections pro-
ducing efficient capture (at 99% of maximum capture rate) at
the local position for the Sun, Brown Dwarfs, and Neutron
Stars, as a function of DM mass. Cross sections above these
values produce comparable DM annihilation rates. We show
a benchmark Brown Dwarf with radius that of Jupiter, and
mass 0.0378M�. The neutron star benchmark has a radius
of 10 km and mass 1.4M�.

hydrogen, and therefore only protons), and visa versa for
spin-dependent proton scattering only.

It is important to note that while Fig. 1 shows the
cross sections corresponding to 99% efficient capture in
the given object, the maximum capture rates themselves
also differ between these types of objects. That is, larger
radii generally lead to more DM passing through the ob-
ject, so large objects can efficiently capture DM. On the
other hand, this will also depend on the DM velocity in
the system, which when slow can be advantageous as the
effective capture radius grows in size. The translation
between maximum capture rate, and the cross section
it corresponds to, depends on the density of the object.
As NSs are the most dense, they lead to the greatest
reach in scattering cross section; weaker interactions are
more likely to occur in a denser material. This means
that while NSs have a superior reach in cross section,
they do not necessarily provide the largest capture rate,
and therefore do not necessarily provide the largest an-
nihilation rate when scattering/annihilation equilibrium
is reached. The relative sizes of capture rates will be
compared for the Milky Way environment in Sec. III.

At masses below a few GeV, the Sun no longer pro-
vides any sensitivity to compact-body focused annihila-
tion, due to the efficient evaporation of any captured DM
particle. However, NSs and BDs continue to provide sig-
nificant sensitivities. While the neutron star cross section
is smaller, if DM has sufficiently large scattering cross
sections, BDs may actually provide the dominant signal,
as they have (i) higher number densities in the Galaxy,
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and (ii) larger DM capture rates due to their larger radii.
For lower DM cross sections, NSs potentially provide the
only sensitivity. For DM masses above 4 GeV (where
solar DM evaporation does not largely occur) with suffi-
ciently large scattering cross sections, the long-lived par-
ticles from solar gamma rays may also be present, de-
pending on the scattering cross section. In that case,
very strong limits have already been set [45, 47]. We
again stress that the cross sections shown do not corre-
spond to the maximum possible cross-section sensitivity;
they instead correspond to scattering cross sections which
will approximately provide the largest possible signal for
the given object. Therefore, cross sections smaller than
those shown can still be probed, given sufficient telescope
sensitivity to the smaller signals that would be produced
from the lower cross sections.

C. Dark Matter Annihilation in Celestial Bodies

Once a DM particle becomes trapped in a BD or NS,
it has two possible fates. In the case that DM annihila-
tion is forbidden (for example, in the well-studied case of
asymmetric DM) the DM density will build-up near the
core, potentially leading to eventual black hole formation
and collapse. On the other hand, in cases where DM can
self-annihilate, there is an interplay between the capture
and annihilation in the NS or BD. DM annihilation can
deplete the incoming DM density, such that the number
of DM particles inside the object N(t) evolves over time,
governed by [42]

dN(t)

dt
= Ctot − CAN(t)2 (8)

where Ctot is the total capture rate given in Eq. 5 and
CA = 〈σAv〉/V is the thermally averaged annihilation
cross section over the effective volume in which the an-
nihilation takes place. Eq. 8 has the well known solution

N(t) =

√
Ctot

CA
tanh

t

teq
, (9)

where teq = 1/
√
CACtot is the timescale over which

the equilibrium between capture and annihilation of DM
within the object is reached. Under the equilibrium con-
dition, the annihilation rate (Γann) is simply:

Γann =
Γcap

2
=
Ctot

2
, (10)

where the factor of 2 comes from the fact that in each
annihilation event, 2 DM particles are involved. We note
from Eqs. 6 and 10 that if equilibrium between capture
and annihilation is reached, the annihilation rate is pro-
portional to the local DM density i.e. Γann ∝ nχ. The
rate will also be proportional to the number density of
neutron stars in that region, so the total annihilation rate
via BD or NS capture is Γann ∝ nχnBD/NS.

D. Dark Matter Annihilation to Long-Lived
Mediators

If DM is captured by, and subsequently annihilates
within, celestial objects, several outcomes are possible
depending on the annihilation products. If DM annihi-
lates promptly into SM final states, they will be absorbed
in the material of the celestial body in which they were
created, heating it [2–24]. However, models of hidden-
sector DM provide another possibility whereby DM an-
nihilates into SM-neutral meta-stable particles. These
“mediators” ultimately decay to SM particles, but can
be long-lived due to weak coupling and/or approximate
symmetries. In some models, they may also be produced
with a substantial Lorentz boost η. These features allow
the mediator to escape the celestial object and then de-
cay in vacuum. The products of these mediator decays
are then observable through searches closely related to
the standard indirect detection searches for halo annihi-
lation.

In order to calculate the sensitivities for possible sig-
nals, we assume that the mediator φ has a sufficiently
long lifetime ζ or a sufficiently large boost factor η ≈
mχ/mφ such that the decay length L exceeds the radius
of the object R, as

L = ηβζ ' ηcζ > R. (11)

The differential energy flux (henceforth referred to simply
as “energy flux”) at Earth from long-lived particles in
celestial bodies is given by [45]

E2 dΦ

dE
=

Γann

4πD2
×E2 dN

dE
× BR(X→ SM)× Psurv, (12)

where D is the distance to Earth, BR(X→ SM) is the
branching ratio of the mediator to a given SM final state.
The probability of the signal surviving to reach the de-
tector near Earth, Psurv, provided the decay products
escape the object is [45]

Psurv = e−R/ηcζ − e−D/ηcζ , (13)

where R is the object’s radius. In order to estimate the
sensitivities for signals in our analysis, we further assume
that the decay of the mediator does not significantly alter
the morphology of the annihilation signal (compared to
direct annihilation into standard-model particles). This
can be accomplished in two ways, either: (1) the medi-
ator decays reasonably close to the source, (2) the mass
splitting between the DM particle mass and mediator
mass is much larger than the mass splitting between the
mediator mass and the mass of the standard model par-
ticles it decays into (i.e., it is very boosted). However, as
long as the decay impact parameter is short compared to
the (Galaxy-scale) distances over which the BD/NS and
DM density profiles are varying, this will not significantly
impact the results.

We also assume that the mediator escapes the object
without attenuation. This assumption is generally rea-
sonable when the mediator particle is long-lived due to
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its weak coupling with SM particles – which tend to also
suppress scattering cross sections. For example, assum-
ing that the same coupling g′ controls both decays and
scatters of the mediator off protons, the expected in-
verse path-length for decays (in the celestial body’s rest
frame) scales as Γdecay ∼ g′2mφ/η, where η is a boost fac-
tor. Meanwhile, the expected rate for scattering scales as
Γscatter ∼ g′2αµ2/s2n ∼ g′2αn/(ηmφ)2, where α is a SM
coupling constant . 1/10, n the number density of SM
matter, and µ is the DM-proton reduced mass. There-
fore, even within dense compact objects such as NSs with
n ∼ (100 MeV)3, decays are the dominant means of at-
tenuation so long as

Γscatter

Γdecay
' αn

ηm3
φ

' α

η

(
100 MeV

mφ

)3

. (14)

For mediators heavier than 1 MeV and/or produced with
appreciable boost, this is typically < 1. Attenuation by
scattering is even less relevant in BDs, due to their much
lower densities.

E. Dark Matter Annihilation in the Halo

Particle DM models relevant for BD/NS-focused an-
nihilation can also, in general, produce the more stan-
dard signal of DM particles annihilating in the halo which
hosts the BD/NS population. To facilitate future com-
parisons of the two signals, we briefly review the standard
halo annihilation rate and highlight important contrasts
with the BD/NS-focused annihilation rate.

In particular, the standard halo annhilation rate scales
quadratically with DM density (∝ n2χ), while BD/NS an-
nihilation rate scales linearly with nχ as seen in Eqs. 7
and 10. Therefore the expected signals from BD/NS fo-
cused annihilation will be different from the standard
halo annihilation signals. The annihilation rate in the
halo scales as

Γhalo ∝
〈σAv〉n2χ

2
, (15)

which highlights the characteristic scaling that is propor-
tional to the thermally-averaged annihilation cross sec-
tion and the square of the number density of DM parti-
cles. The quadratic dependence of the halo annihilation
rate on the DM density implies that the brightest an-
nihilation targets typically correlate with peaks in the
DM density, such as the Milky Way Galactic center, the
centers of dwarf galaxies, and of distant galaxy clusters.

In general, the annihilation cross section can be ex-
panded in velocity (v) as

〈σAv〉 ∝ v`, (16)

where the leading rate is found when ` = 0, i.e. an
s−wave contribution is present. The next leading term
in velocity is the p−wave contribution (with ` = 2).

From the Boltzmann velocity distribution, 〈v〉 ∼
√
T

so that

〈σAv〉 ∝ x−n (17)

where x = mχ/T and n = p/2. Using this expansion, the
WIMP relic density can be estimated as [70]

Ωh2 = 0.0845 (n+ 1)xn+1
f

√
100

g?

(
10−10GeV−2

〈σv〉0

)
, (18)

where xf is the freeze-out time and g? is the number of
degrees of freedom at freeze-out. Given the present day
DM density, and assuming an s-wave dominant annihila-
tion rate, we obtain a thermal annihilation cross section
of 〈σannv〉s−wave ∼ 2.2× 10−26 cm3s−1 [71].

Importantly, we note that for a p-wave dominated an-
nihilation rate, the annihilation cross section today will
be velocity suppressed 〈σv〉p−wave ∝ v2. This means that
the expected cross section for typical DM velocities of
∼200 km/s today will be about 10−5 times smaller than
expected for s-wave annihilation. Noting that cutting-
edge experiments are only beginning to probe the fluxes
expected from s-wave annihilation processes, we stress
that p-wave rates are typically unobservable in the halo.

By contrast, for celestial body focused annihilation,
DM annihilation typically occurs deep within the fo-
cusing object, when myriad captures have produced a
sharply peaked DM density. In this case, DM can anni-
hilate efficiently even when the annihilation cross section
is extremely low. Smaller DM cross sections simply cor-
respond to a longer equilibration timescale, rather than
a smaller DM signal.

To summarize, halo-based annihilation is quadratically
dependent on the DM density, and linearly dependent on
the DM annihilation rate. Celestial-body focused annihi-
lation that has reached equilibrium is linearly dependent
on the DM density has a flux that depends on the scat-
tering rate rather than the DM annihilation rate. These
differences provide two stark observable signatures that
can differentiate halo and celestial-body focused annihi-
lation.

III. MILKY WAY GALACTIC CENTER SIGNAL

We first investigate the detectability of our BD/NS-
focused annihilation signal in the Milky Way’s Galactic
center, where the luminosity of the signal is expected to
be high due to the large population of NSs and BDs in
the inner parsecs of the galaxy. In this section we intro-
duce specific models for the (i) DM velocity distribution,
(ii) NS number density, and (iii) BD number density in
the inner galaxy. These, together with the DM density
(modeled as a generalized NFW profile as in Eq. 1, de-
termine the GC BD/NS-focused annihilation fluxes for a
given capture rate. We will then compare the resulting
BD/NS-focused annihilation fluxes to both halo annihi-
lation fluxes and telescope sensitivities in this complex
region.



6

A. Modeling Milky Way Velocity Components

In addition to the DM density, the DM velocity disper-
sion strongly affects the rate at which DM particles in the
vicinity of a NS fall into its potential well and intersect
the NS surface. We calculate the DM velocity disper-
sion using models for the mass distribution and velocity
profile of the Milky Way following Ref. [72]. This model
assumes five components for the total mass M(r): the
central Black Hole (BH) with mass MBH = 4× 106 M�,
an exponential disk (ρdisk), an inner and outer spheroidal
bulge (ρinner and ρouter) and a DM generalized NFW
halo as per Eq. 1 (ρDM ). Our DM density profile is nor-
malized to the local DM density of 0.42 GeV/cm3, and
the inner slope is taken to be either γ = 1.0 or γ = 1.5,
and the scale radius is chosen as rs = 12 kpc (these val-
ues are our DM density profile choices, not adapted from
Ref. [72]). The steeper choice for the inner profile slope
can be motivated by expectations from adiabatic con-
traction in the inner Galaxy [73, 74].

These components are combined to provide a model
for the total mass,

M(r) = MBH

+ 4π

∫ r

0

(ρouter + ρinner + ρdisk + ρDM)dr . (19)

From this mass distribution, it is straightforward to cal-
culate the galactic rotation velocity, as per Ref. [72].
However, it is important to note that the models for ve-
locities towards the inner Galaxy are not robust. Indeed,
recent work finds significantly lower Galactic velocities in
the inner ∼ 3 kpc [75]. Such lower velocities would sub-
stantially boost our expected DM capture rates, as the
lower velocities allow the DM to be more easily captured
via gravitational focusing. However, to be conservative,
we do not consider these lower velocities. We note that
the circular orbital velocities vc of Ref. [72], are related

to the velocity dispersion vd by vd =
√

3/2vc.

B. Neutron Star Population in the Galactic Center

We now investigate the properties of the NSs that are
relevant for our GC signal. There is strong evidence for
a population of NSs near the Milky Way GC. In par-
ticular, observations of hundreds of O/B stars currently
located in the central parsec indicate a high rate of in
situ NS/BH formation in this region [76, 77]. Indeed,
it is expected that a dense system of compact objects
reside in the GC region, and the expected population
has been estimated in the literature [55, 56, 78, 79]2.

2 For arguments to the contrary, we note that the observation of
radio pulsars near the galactic center has proven unexpectedly
difficult, leading some to conclude that there is a “missing pulsar

The number densities of black holes and neutron stars
in the Galactic Center region have been previously ob-
tained with numerical simulations of nuclear star cluster
dynamics [56]. These studies utilize the Fokker-Planck
equation to numerically evolve the radial distribution of
stars and compact objects over time, taking into account
two-body relaxation.

In Ref. [56], two types of nuclear cluster models were
described. One is the ‘Fiducial × 10’ model where it is
assumed that compact objects which are injected near
the present disk of massive stars at ∼ 0.3 pc will diffuse
outwards via two-body scattering. The formation rates
of NS and BH in this model are respectively taken to be
ṄNS = 4 × 10−5 yr−1 and ṄBH = 2 × 10−5 yr−1 corre-
sponding to the present day formation rates of massive
stars. This model also takes into account ‘Primordial’
NS’s of masses 1.5 M� which are deposited impulsively
at t = 0. The other model is labeled the ‘Fiducial’ model,
and utilizes very conservative star formation rates (SFR)

of ṄNS = 4×10−6 yr−1 and ṄBH = 2×10−6 yr−1, which
are approximately an order of magnitude lower than the
present day star formation rate. The order of magni-
tude smaller formation rates for the ‘Fiducial’ model in
Ref. [56] were motivated by the results of Ref. [82] where
it was found that that the SFR 1− 5 Gyr ago was 1− 2
orders of magnitude smaller than the present day rate.
However, Ref. [82] only took into account low-mass stars
(. 2 M�), and their results do not directly constrain the
rate of NS/BH formation within the star-forming discs
if the top-heavy disc IMF is truncated below a few so-
lar masses (for a more detailed discussion see Ref. [56]).
Therefore, given the observational uncertainties, both the
‘Fiducial’ and ‘Fiducial × 10’ models outlined in Ref. [56]
are potentially equally good candidates for representing
a generic NS distribution in the nuclear star cluster.

The NS number density for the ‘Fiducial × 10’ model
at 10 Gyr is roughly a factor of 3 − 4 times higher than
that of the ‘Fiducial’ model (see Fig. 2 in Ref. [56]). In
this work, we use the ‘Fiducial × 10’ model to demon-
strate our idea, while noting that the signals with the
‘Fiducial’ model will be roughly a factor of 3−4 smaller.
For simplification, we assume all NSs have a mass of 1.5
M�. We also note that other studies focused on modeling
the compact object distribution in the nuclear star clus-
ters [55, 83] are in rough agreement with the NS number
density estimates of Ref. [56].

For a radial distribution for NSs, we extract the NS
radial number density distribution of the ‘Fiducial × 10’
model shown in Fig. 2 of [56]. This provides a NS

problem” which may indicate an unexpected absence of pulsars
near the Galactic center [80]. However, Ref. [81] argues that this
is merely an observational effect, and the pulsar density near the
Galactic center is still likely to be large.
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number density,

nNS = 5.98× 103
(

r

1pc

)−1.7
pc−3; 0.1 pc < r < 2 pc,

= 2.08× 104
(

r

1pc

)−3.5
pc−3; r > 2 pc.

C. Brown Dwarf Population in the Galactic Center

A huge number of BDs are expected to be present in
the Milky Way. In Ref. [84], it was estimated that the
Milky Way may contain as many as 25−100 billion BDs.
To obtain the radial distribution of BDs, we use the BD
distribution function outlined in Refs. [85, 86]. In this
treatment, the Kroupa Initial Mass function (IMF) [85] is
extended to include sub-stellar BD masses. The BD IMF
is described by a broken power law of the form dNBD

dm ∝
m−α, where NBD and m are the BD number and mass
respectively, and α = 0.3 [85]. The BD number density
in the mass range 0.01− 0.07 M� is given by [85, 86]

nBD = 7.5× 104r−1.5pc pc−3, (20)

where rpc is the radius of the containment volume in par-
secs. Unlike many NSs and BHs, BDs are not born with
natal kicks. 3-Body interactions in the dense Galactic
center might eject some BDs from the center, but that
number is expected to be small.

Note that for our BD calculations, we take the aver-
age mass MBD = 0.0378 M� to be representative of the
population mass between 0.01− 0.07 M�, with the mass
distribution given by the Kroupa IMF discussed above.
We have checked that the error introduced in the total
capture rate by using the average mass compared to using
the full mass distribution (∝ m−0.3) is less than 10%.

D. Celestial-Body Focused vs. Standard Halo
Annihilation

We first calculate the DM capture rate from a sin-
gle NS or BD located at a distance r from the Galactic
Center. To do this, we use the multi-scatter formalism
outlined in Sec. II A, taking the DM density and Galactic
velocity dispersion as defined in the previous subsection.

Figure 2 shows the NS and BD capture rates as a func-
tion of radius r, assuming a maximum capture rate for
DM particles. These capture rates correspond to a single
BD/NS that accumulates DM particles with any scat-
tering cross section that is larger than the cross sections
shown in Fig. 1. We see that BDs have a much larger
maximum capture rate than NSs. This is because the
maximum capture rate is determined by the total DM
flux that passes through the object; the effective capture
radius is larger for BDs, because their radius that is about
1,000 times larger than NSs. The wiggles in the plot are
due to the interplay between the DM density and halo
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FIG. 2. Maximum DM mass capture rates for a single neutron
star or brown dwarf as a function of radius (r) from the Galac-
tic center. Results are shown for NSs with RNS = 10 km and
MNS = 1.4 M�, and BDs with MBD = 0.0378 M� and RBD
= RJ (where RJ is the radius of Jupiter). We show varied
results for generalized NFW DM profiles, with γ = 1.0, 1.5.

velocity. For demonstration, we show two cases of the
NFW slope, γ = 1.0 (standard NFW) and γ = 1.5 (gen-
eralized NFW, with a steep slope). The smaller NFW
slope decreases the DM density in the GC region (where
the BDs/NSs are present in largest numbers), which leads
to a lower total capture rate.

To calculate the total capture rate from the GC popu-
lation of NSs, Ctot,NS, we use Eq. 7, and the number den-
sity of neutron stars nNS from Eq. 20. We integrate over
a volume between r = 0.1 pc to r = 100 pc. The cutoff
radius of r = 0.1 pc is chosen because the DM cusp-like
profile might break down at lower radii. The outer radii
of 100 pc is chosen because outside of this region, NS/BD
number density is too low to substantially change our re-
sults. Because NSs can receive substantial natal kicks
due to asymmetries in the supernova explosion mecha-
nism, only about 60% of the NS that are born near the
Galactic center are expected to be retained within our
volume [56]. Note that if the NSs in the nuclear clusters
receive even stronger natal kicks such that ∼ 90 % of all
NSs are ejected out [87], the signals will correspondingly
decrease. For the NFW density slope γ = 1.5, we obtain
a total DM capture rate by all the NSs in the GC region
of CNS,GC = Γcap,NS ∼ 6 × 1036 GeV/s. For γ = 1.0,
we obtain a total DM capture rate onto NSs of Γcap,NS

∼ 1035 GeV/s.

To calculate the total capture rate from the GC popu-
lation of BDs, we follow the same integration procedure
as NSs (but note that BDs do not receive natal kicks
capable of ejecting them from the GC). We find that
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FIG. 3. NS-focused annihilation and BD-focused annihilation (solid) vs. halo annihilation in the Milky Way Galactic center,
for s−wave and p−wave DM rates (dashed) for varying DM mass. This plot assumes the maximum capture rates for BD/NS.
Two panels for different NFW slope γ = 1.0 and 1.5 are shown.

the total capture rate from the GC population of BDs is
Γcap,BD ∼ 7 × 1040 GeV/s for γ = 1.5. For γ = 1.0, the
BD capture rate is Γcap,BD ∼ 3 × 1039 GeV/s.

For a celestial object in equilibrium, the total annihila-
tion rate from all NSs or BDs corresponds to half the to-
tal capture rates (because self-annihilation removes two
DM particles), as shown in Eq. 10. If this entire flux
escapes the celestial body through annihilation into the
long-lived mediator and then decays, the total annihi-
lation rate within 100 pc from BDs will be Γann,BD =
3.5 × 1040 GeV/s for γ = 1.5 and ∼ 1.6 × 1039 GeV/s
for γ = 1.0. For NSs, the total annihilation rate will be
Γann,NS = 3 × 1036 GeV/s for γ = 1.5 and ∼ 5 × 1034

GeV/s for γ = 1.0.

Figure 3 demonstrates the relative strength of the NS-
focused and BD-focused annihilation, compared to halo
annihilation, as a function of DM mass for both p- and
s-wave DM for γ = 1.0 and 1.5. The total halo annihi-
lation rate is calculated by integrating the annihilation
rate along the line of sight over the whole angular range
of the sky. For NS-focused annihilation, when mχ . 103

GeV, halo annihilation dominates for both s− and p−
wave DM. When mχ & 103 GeV, NS-focused annihila-
tion becomes dominant over the p−wave halo annihila-
tion rate. For BD-focused annihilation, when mχ > 0.1
GeV the signal is larger than p−wave annihilation. For
mχ . 3000 GeV, halo annihilation dominates for s−wave
halo signal for BDs. For mχ & 3000 GeV, BD-focused
annihilation is dominant to both s− and p− wave signals.
This result holds for both γ = 1.0 and 1.5.

In the heavy DM case, celestial- body-focused annihila-
tion enhancement is particularly pronounced for both NS

and BDs, as their linear dependence on the DM number
density means that their flux is constant with DM mass,
while the halo rate becomes suppressed.

IV. DARK MATTER PARAMETER SPACE

To translate these observations into constraints on the
DM parameter space, we now calculate the capture rates
and corresponding cross section limits that can be con-
strained via current γ-ray observations.

A. Gamma-Ray Telescope Sensitivity

To set scattering cross section limits, we use the fluxes
already measured by Fermi and H.E.S.S. at the Galactic
center [88]. We use Fermi data for all observations cor-
responding to DM masses less than O(100) GeV. This is
appropriate because the Fermi -LAT has produced sen-
sitive measurements across the entire sky. At higher
masses, however, our results require separate instrumen-
tation. For the Sun, we utilize the solar limits derived in
Ref. [47] using the HAWC telescope, because atmospheric
Cherenkov telescopes (like H.E.S.S. and VERITAS) are
not designed to work when pointed at the Sun. For GC
limits at TeV energies we utilize H.E.S.S. data, because
HAWC and VERITAS lie in the northern hemisphere,
and have poor exposures of the Galactic center region.

We set limits by simply requiring that the normaliza-
tion of the DM flux does not exceed 100% of the mea-
sured gamma-ray flux. This is done by determining the



9

10 2 1 100 104 106

DM Mass [GeV]
10 10

10 9

10 8

10 7

10 6

10 5

10 4
M

ax
im

um
 E

2 d
/d

E
 [G

eV
 c

m
2  s

1 ]

NS, = 1.5

NS, = 1.0

BD, = 1.0

BD, = 1.5

Fermi

H.E.S.S.

FIG. 4. Maximum E2 dΦ/dE values (at Eγ ≈ mχ) for the
Galactic center population of Brown Dwarfs or Neutron Stars,
for DM densities described by NFW profiles with indices of
1.0 or 1.5, as labelled. The Galactic center gamma-ray fluxes
measured by Fermi and H.E.S.S. are shown for comparison,
where Eγ ≈ mχ is assumed (see text for details).

smallest scattering cross section for which the energy flux
found in Eq. 12 (and using Eqs. 7 and 10) exceeds the
measured flux in any energy bin. This is a very conser-
vative approach.

The photon energy spectrum from DM annihilation,
and hence the observational constraints we consider, de-
pend on the final states into which DM annihilates. We
focus below on modes χχ → φφ, φ → 2 γ, where the
mediator φ escapes the system of interest, as per Eq. 11,
before it decays. This process is expected to dominate
over production of only one mediator, due to phase space
suppression. The mediator mass and its precise lifetime
have little effect on the signal, so long as the mediator
lifetime is . parsec-scale. We will later comment briefly
on other decay modes.

To generate our gamma-ray energy spectra, we use
Pythia [89]. We create an effective resonance with en-
ergy 2mχ, by colliding two back-to-back neutral beams.
This resonance is then decayed into two mediators, which
decay to SM particles. These SM particles can radiate
further particles, decay themselves, or shower. All such
possibilities are taken into account, and we use the fully
decayed spectra in vacuum.

Figure 4 shows the relative sizes of the E2 dΦ/dE flux
(as defined in Eq. 12) values for direct decay to gamma
rays, for BDs and NSs in DM NFW profiles with indices
of 1.0 and 1.5. The energy spectrum for direct decay into
gamma rays, E2dN/dE, is peaked near the DM mass,
putting a large amount of gamma rays into a particular
energy bin. Note that this does not depend on the me-

diator mass, provided it is sufficiently light compared to
the DM mass (usually by at least a factor of a few, see
e.g. Refs [45, 90]). We have shown the maximum flux
value of the whole spectrum; as this is what will generally
set the limit relative to the measured telescope flux. For
comparison, we show the fluxes measured in the Galac-
tic center by Fermi and H.E.S.S., where we have taken
for demonstration purposes Eγ ≈ mχ just for this plot,
which is a valid approximation given the sharp box spec-
trum expected for direct decay to gamma rays. We see
that BD fluxes are higher than that measured by Fermi
and H.E.S.S., which leads to strong constraints. On the
other hand, for NSs, only the γ = 1.5 NS flux clearly ex-
ceeds H.E.S.S. data; as such we will only show how this
translates into cross-section sensitivity for NSs for this
index choice.

B. Cross Section Limits

Figure 5 shows our cross section constraints for me-
diator decay to gamma rays, via χχ → φφ, φ → 2 γ.
We show for comparison, limits obtained for long-lived
mediators in the Sun from Refs. [45, 47], as well as di-
rect detection limits [91, 92]. Our analysis, based on
existing telescope data, can outperform both solar and
direct detection limits. The BD limits can outperform
existing limits in the same sub-GeV mass range by more
than nine orders of magnitude. The reasons for such new
powerful bounds are (i) direct detection sensitivities are
greatly weakened, because lighter recoils fall below the
detection threshold, and (ii) BDs have cooler cores and
do not evaporate DM with masses above a few MeV, pro-
viding new sensitivity to light DM (the Sun on the other
hand, has truncated limits around 4 GeV). BDs also can
outperform spin-dependent indirect detection, although
in this region our bounds overlap with solar constraints.
Neutron stars outperform SD direct detection by ∼ 4−8
orders of magnitude, in the ∼ 200− 105 DM mass range.
In this mass range, NSs even can potentially outperform
the Sun, by ∼ 1− 2 orders of magnitude. Note that our
limits do not depend on the mediator mass, only than
that it is at least a factor of few lighter than the DM mass
(as this leads to the same gamma-ray spectral shape at
high energies).

We emphasize that these bounds can be weakened in
some scenarios. For example, if the DM density profile
near the galactic center is shallower, for example in the
case of a cored profile, the bounds would substantially
weaken. To show a range of cuspy profiles, we show re-
sults for BDs with both γ = 1.0 and γ = 1.5. For NSs,
we only show γ = 1.5. This is because the maximum
gamma-ray flux produced by NSs is only just detectable
over the H.E.S.S. background flux. We emphasize again,
however, that we have taken a very conservative approach
in setting our limits. As such, it is possible that in a less
conservative analysis, the NS signal could potentially be
probed across a range of DM masses even with a pro-
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file index of γ = 1.0 (note that comparing with Fig. 4,
γ = 1.0 can just be detected, but only for a very narrow
DM mass range). On the other hand, we also note that
recent work has argued that the maximum capture rates
for NSs can be smaller due to nuclear effects [69], for vary-
ing Lorentz interactions. As such, we only show the NS
limit range with a dashed line – in full model-dependent
contexts, the limits will likely be contained somewhere
within this range. Note that these limits do not include
electroweak corrections, which can be important for DM
masses above about a TeV. While this can decrease the
peak of the gamma-ray spectra, we do not expect this to
be a large effect for our masses, see e.g. Ref [93].

There are several ways to construct models that can
change the relative strength of these limits. In particu-
lar, we have assumed that the mediator has a sufficiently
long lifetime and/or boost that it escapes the celestial
body in question. However, each of these systems shown
have differing radii, and as such, if the mediator lifetime
or boost were shorter, the Sun, BD or NS limits may
disappear, in that order. Furthermore, much longer life-
times may be probed by the GC populations of BDs/NSs
compared to the Sun – a decay length that is much longer
than an A.U. suppresses the flux from the Sun, and de-
pending on mediator boost, can also enlarge the angular
region that the signal appears to emanate from. In this
sense, the BD/NS limits are the most general; they apply
to a wider range of decay lengths.

While we have only shown mediator decay to gamma
rays χχ→ φφ→ 4γ in Fig. 5, other final states can also

be probed. For electron final states, there is some ad-
ditional sensitivity at lower DM masses with BDs than
can be probed with the Sun, however this is only a few
GeV improvement, as the electron gamma-ray spectrum
is very soft, it peaks outside Fermi ’s energy range for any
lower DM masses. For b-quarks or τ leptons, there is no
additional sensitivity with BDs using Fermi compared
to current constraints from the Sun. The main reason
why b-quarks or τ spectral types do not gain new sub-
GeV sensitivity is that their softer spectral shapes peak
outside Fermi ’s sensitivity. As such, upcoming MeV tele-
scopes such as AMEGO and e-ASTROGAM could pro-
vide strong limits for these additional final states. Note,
however, that generically, the direct decay to photons will
provide the strongest constraints.

It also is possible to probe final states other than φ→
2 SM with BDs/NSs. For example, constraints could also
be set on φ → 3γ processes (motivated by light vectors)
and or φ→ φ′+γ (e.g. a long-lived dipole-type transition
between two massive dark sector states). However due to
their spectral shape, we expect these will likely produce
weaker constraints.

Lastly, we comment on our expectation that the cross
sections shown in Fig. 5 will lead to equilibrium being
reached. Most stars in the Galactic center nuclear star
cluster are expected to be very old, potentially older
than ∼ 5 Gyr [56]. Therefore, to check the equilibration
timescale, we calculate the minimum scattering cross sec-
tion for all NS within 100 pc that allows teq to be less
than O(1 Gyr). Conservatively, we consider the effective
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annihilation volume V to be the volume of the celestial
body BD/NS. For NS, and for both s− and p− wave DM,
teq will be smaller than 1 Gyr for scattering cross sections
of O(10−50 cm2) and higher, which is much lower than
the sensitivity for NS as shown in Fig. 5. For BDs, the
volume within which annihilation takes place is larger,
because BDs have larger radii than NSs. As such, teq
for BDs is generically longer. For s−wave DM, equilib-
rium can be reached within O(10 Gyr) if the scattering
cross section is greater than O(10−40 cm2) for all DM
masses up to ∼ 10 TeV for γ = 1.5 and up to ∼ 1 TeV
for γ = 1.0. For p-wave, DM masses up to 10 GeV can
reach equilibrium for scattering cross sections of 10−39

cm2 and higher (for both γ = 1.0, 1.5) that lies around
our sensitivity limits for BDs (Fig.5), while 104 GeV can
equilibrate with p−wave only for cross sections higher
than 10−35 cm2. However, we emphasize again that we
have very conservatively assumed that the annihilation
volume of the DM is equal to the volume of the celes-
tial body. These equilibration timescales will be much
faster if the DM thermalizes within the celestial body.
If DM is thermalized within the NS/BD, it will settle
down in a small thermal volume inside the star [94–96].
Therefore, if thermalization of DM is achieved within the
lifetime of the celestial body, the effective annihilation
volume can be much smaller in which case, equilibration
between capture and annihilation can be achieved for a
larger mass range of p−wave DM. A more detailed inves-
tigation of the thermalization of DM within the NS/BD
and its consequences for our scenario is left for a future
study.

C. Galactic Center Excess

Our results are particularly interesting in light of ob-
servations of a γ-ray excess of unknown origin emanating
from the Galactic center, the “Galactic Center Excess”.
The origin of this excess is not yet known [97–106]. We
note that the BD-focused annihilation signal could po-
tentially explain the GCE, as the 100 GeV DM signal is
within the normalization of the GCE (and the annihila-
tion of 100 GeV DM can produce the correct gamma-ray
spectrum).

Such a signal would be particularly interesting as it
provides a density scaling that does not follow annihilat-
ing DM, but instead follows the DM density multiplied
by the local BD number density. While the morphology
of the galactic center excess is not definitively known,
some recent work claims that it may be consistent with
the morphology of the stellar bulge [104] (though see e.g.
Ref. [106]), a result which has been used to conclude that
astrophysics, rather than DM, powers the excess. Our
setup, on the other hand, could potentially explain such
a morphology with a DM origin.

For this combination of mass and cross section param-
eters, our results would also predict a bright γ-ray signal
from the Sun, which is not observed [45, 47]. However,

these constraints can be broadly evaded, depending on
the particle decay lengths. For example, the solar limits
can be decreased if the mediator has a decay length that
is shorter, and is therefore extinguished in the Sun (which
is larger) but escapes the BD. More generally, the solar
limits can be evaded with a decay length that is much
longer than an AU, as this suppresses the flux from the
Sun and depending on mediator boost can also enlarge
the signal’s angular region. In any case, it is also impor-
tant to note that the direct detection limits overlap with
the favored GCE parameter space (and are stronger by
about an order of magnitude), so this GCE explanation
would only be valid for classes of models with slightly
suppressed DD rates, and non-suppressed annihilation
rates.

Finally, the NS-focused annihilation signal cannot be
responsible for the Galactic Center GeV gamma-ray Ex-
cess or the overlapping anti-proton excess [107–110]. This
is simply because the flux produced by NSs is low, and
both the GCE and anti-proton excess have substantially
larger rates.

V. SIGNALS IN GLOBULAR CLUSTERS

Globular clusters are very dense stellar systems. They
have the typical mass of dwarf galaxies, but their size
is a O(10) factor smaller. They can be found in the
halo or bulge regions of galaxies. Neutron stars can
exist in the center of globular clusters, while BDs may
be mostly expelled into the halo [111–113] because of
mass-segregation. As such, in this section we study the
prospects of ‘NS-focused’ annihilation in globular clus-
ters. We will focus on the globular cluster Tucanae 47
(also called “Tuc 47”), as it is relatively close by, massive
(and so contains a high number of NSs), and is expected
to be DM dense. While we expect the globular cluster
signal to be weaker than that from the Galactic center,
it may provide a corroborating signal in case a detec-
tion is first made in the Galactic center. We also expect
that new clusters will be found, which may improve the
sensitivities compared to Tuc 47 observations.

A. Dark Matter in Globular Clusters

In order to study the DM capture from NS in glob-
ular clusters, we first need to calculate the DM density
in globular clusters. Although it is currently impossi-
ble to do this with any great accuracy, developments in
observation and simulated evolution of globular clusters
embedded in Galactic halos can provide an estimate of
the DM content. Some time ago, in Ref. [114], it was sug-
gested that globular clusters might be formed in subhalos
of DM before falling into Galactic halos. Observations of
O(1) mass-to-light ratios and tidal stripping from stars
from some globular clusters suggest that a significant DM
component cannot reside with the observed stellar distri-
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bution [115]. These observations set an upper limit on
the DM content of globular clusters.

Simulations have suggested how the above observations
can be reconciled with a scenario of globular cluster for-
mation via tidal stripping. Ref. [116] suggested a sce-
nario where continuous mass-loss occurs via tidal strip-
ping once a subhalo falls into a larger halo. In this pro-
cess, the orbit of the subhalo decays down towards the
centre of the larger halo. The tidal stripping of DM from
old globular clusters has been studied with N -body sim-
ulations [117–121]. These results render support for the
scenario of globular cluster formation within DM subha-
los that are tidally stripped by the host galaxy. In this
manner, it also explains how these globular clusters grow
with baryon-dominated cores.

DM in the core of such globular clusters might have
survived tidal stripping until the present time. This as-
sumption is supported by the results of Ref. [117], where
it is seen that the presence of the stellar core makes the
subhalos more resilient to tidal stripping. For NFW ha-
los, the innermost DM density is not modified by the
external tidal field. Motivated by these results, DM sig-
nals from globular clusters have been studied in several
works [3, 7, 65, 122–125].

B. Mass and Velocity Distributions for Tucanae 47

Here, we utilize the well-studied globular cluster Tuc 47
as a template globular cluster for our calculations, noting
that future observations may find stronger constraints for
alternative systems. The baryonic properties of Tuc 47
are well studied. It has a baryonic mass of ∼ 106M�, a
core radius of rc = 0.5 pc, a tidal radius rt = 70 pc and
a half-light radius, rh = 3.7 pc [126].

For the mass of the DM halo in Tuc 47 cluster, we can
use the relation between the current baryonic mass of the
globular cluster, and the mass of the initial DM subhalo,
MGC = 0.0038MDM,0 [121]. This imples that the initial
mass of the DM subhalo of Tuc 47 is ∼ 2× 108M�.

To estimate the DM density in Tuc 47, we follow a
similar approach to Refs. [3, 7, 123]. The original DM
halo of Tuc 47 can be modeled using an NFW profile, as
per Eq. 1. Further inclusion of baryonic feedback leads
to an adiabatic contraction of the DM halo [127, 128].
However, the DM cusp created by the adiabatic contrac-
tion can be shallowed by the heating of DM due to col-
lision with stars [129], creating a core of constant den-
sity [3, 7, 123, 129]. The size of this core can be esti-
mated as the radius at which the two-body relaxation
timescale becomes greater than the age of the cluster.
In Tuc 47, this radius is about ∼ 4 pc [126]. Follow-
ing Refs. [3, 7, 123], we fix the DM density in the inner
parsecs (within ∼ 4 pc) of Tuc 47 to be ρDM = 103

GeV/cm3.
If Tuc 47 hosts a central IMBH [130], there may be

a spike in the DM density in the central regions of the
globular cluster [131]. This effect is most pronounced

for radii less than 0.01 pc. However, according to recent
simulations, most NS will be present only beyond ∼ 0.1
pc for [60], so even using models with a pronounced DM
spike in the inner regions will not change the NS-focused
rates significantly.

We assume a velocity dispersion of 10 km/s [126]. This
is consistent with the fact that globular clusters in general
have low stellar velocity dispersions of v ∼ 10− 20 km/s
[132].

C. Neutron Stars in Globular Clusters

Globular clusters are known to be efficient at produc-
ing millisecond pulsars (MSPs). Multiple surveys have
found 157 pulsars in 30 globular clusters, including 38 in
Terzan 5 and 25 in Tuc 47 (see e.g. Refs. [133, 134]).
Although globular clusters make up only about 0.05% of
stars in the Milky Way, collectively, globular clusters con-
tain more than one third of known MSPs in our Galaxy
[135]. Globular clusters also contain many low-mass X-
ray binaries (LMXBs) with NS accretors [136].

The large number of MSPs and LMXBs suggest that
a typical Galactic globular cluster on average contains
at least a few 100 NSs. The high numbers of NSs seen
in globular clusters is in tension with the fact that NSs
may be born with large natal kicks [137] when the for-
mation occurs from core-collapse supernovae (CCSNe).
However, the discovery of the high-mass X-ray binaries
with long orbital periods and low eccentricities [58] sug-
gests that some NSs must be born with very small natal
kicks. More recent studies have suggested that electron-
capture supernovae (ECSNe) can solve the retention of
NS problem by producing many NSs with small kicks
[59, 138]. These studies showed that a large number of
NSs could be retained in globular clusters by formation
through ECSNes [59, 138, 139]. Simulations [59, 60, 140]
indicate that O(100) NSs could be retained in a typical
globular cluster with mass ∼ 105 M�.

We note that for a massive cluster like Tuc-47, the
number of NSs that could be retained within the cluster
is debated. The range in the number of NSs that could
be retained within a Tuc-47 like cluster cited in literature
lies between ∼ 300− 4000 [59, 60, 141, 142]. We assume
that there are ∼ 103 NSs retained in Tuc-47 motivated by
recent numerical simulations that takes into account EC-
SNe formation of NSs with small natal kicks in a Tuc-47
like cluster (model 26 of [60]). However, while interpret-
ing our results, this uncertainty in NS numbers should
be kept in mind.

D. Neutron-Star Focused vs. Standard Halo
Annihilation

We now calculate our NS-focused signal for Tuc 47. We
integrate over the inner 4 pc of Tuc 47 using an assumed
constant DM density of 103 GeV/cm3, and ∼ 103 NSs.
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FIG. 6. NS-focused annihilation vs. halo annihilation signals
in globular cluster Tuc 47, for s−wave and p−wave DM, for
varied DM masses.

The 4 pc integration boundary is chosen because we as-
sume that most of the NSs are confined within this region
of Tuc-47, roughly consistent with the results of Ref. [60].
Similar to the total NS numbers, the NS radial number
distributions in the central regions of globular clusters is
not well known and is a topic of active research. We em-
phasize that for this globular cluster signal, we are taking
a number of well-motivated estimates (rather than defini-
tively known quantities), to simply demonstrate how the
population of NSs in globular clusters may provide NS-
focused annihilation signals. Figure 6 shows the relative
strength of the NS-focused annihilation rate for Tuc 47,
compared to s- and p-wave halo annihilation within the
integration volume. We see that the NS-focused annihila-
tion can be orders of magnitude higher than the p−wave
standard halo annihilation signal. In the globular cluster
case, p−wave annihilations are even more suppressed due
to the especially low velocity dispersions in these systems.
In fact, if the DM is sufficiently massive, greater than
105 GeV, then the ‘NS-focused’ signal can even dominate
over the standard s−wave annihilation signal within the
integration volume.

Fermi has seen bright γ-ray emission from Tuc 47 [143].
This emission generally has been attributed to millisec-
ond pulsar emission, though there is some debate whether
DM can contribute to it [131, 144, 145]. The ‘NS-focused’
signal described in Fig. 6 is too low to explain this emis-
sion from Tuc 47. In general, we note that the ‘NS-
focused’ signal from Tuc 47 is below the reach of present
Fermi -LAT sensitivity [146]. In the future, a more opti-
mal signal from a different globular cluster may be found.

VI. SUMMARY AND CONCLUSIONS

Indirect DM searches have typically focused on either
the effects of DM-DM interactions (e.g., annihilation) or
DM-SM interactions (e.g., DM scattering off compact ob-
jects). In this work, we have demonstrated new detection
possibilities which combine these interactions, and allow
celestial body populations to “focus” DM-DM interac-
tions and significantly enhance their rate.

The signals from such processes have several new phe-
nomenological features. The signal (i) distinctively scales
linearly with DM density, rather than with the squared
DM density like standard halo annihilation, and (ii) can
dominate over standard halo annihilation in some situ-
ations, especially when the annihilation rate is velocity
suppressed. This is particularly valuable in the case of
suppressed halo annihilation (e.g. p-wave annihilation),
which would otherwise be undetectable. This signal re-
quires that DM annihilates to a sufficiently long-lived
mediator, in order to allow products to escape the ce-
lestial object and be detectable with indirect detection
experiments.

We surveyed the potential celestial object targets for
this signal, and identified neutron stars and brown dwarfs
as ideal targets. Neutron stars can be a particularly in-
teresting laboratory, due to their extreme densities and
gravitational wells. A standard scenario considered in the
literature is DM that scatters and is captured by neutron
stars, and subsequently either heats the neutron star or
collapses the entire system into a black hole. In con-
trast, for the first time, we have considered the indirect
detection signals that arise from neutron stars. Simi-
larly, brown dwarfs are quite dense, and produce larger
γ-ray fluxes (compared to neutron stars) for relatively-
large DM scattering cross sections, due to their large radii
and larger number density in our Galaxy. For the first
time, we considered DM annihilation to long-lived parti-
cles within brown dwarfs.

We studied this focusing signal in two different envi-
ronments; the Galactic center, and in the globular cluster
Tuc 47. For the Galactic center, we found that for NSs,
the focused rate can exceed the p-wave rate for masses
mχ > 103 GeV. For brown dwarfs, we found the focused
rate can exceed the p-wave suppressed flux from halo
annihilation for mχ > 0.1 GeV and even s-wave annihi-
lation for mχ & 103 GeV .

We pointed out that brown-dwarf-focused annihilation
may also explain the Galactic Center Gamma-Ray Ex-
cess, and can do so with a morphology partially scaling
with the stellar matter, providing a DM interpretation of
the excess using typically non-DM morphologies.

When studying globular cluster Tuc 47, we pointed out
that while the Galactic center signal could be stronger,
the globular cluster signal could be used as a corroborat-
ing check in the case a signal is first seen in the Galactic
center. We also pointed out that, importantly, new glob-
ular clusters may be found, and even better sensitivities
will be possible using this framework for more optimal
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clusters.
For the first time, we have set limits on DM annihi-

lation to long-lived particles in brown dwarfs and neu-
tron stars, and the resulting DM scattering cross sec-
tions. In different parts of parameter space, we out-
perform both existing solar limits, and direct detection
experiments. Using Fermi ’s measured Galactic center
gamma-ray fluxes, brown dwarfs provide the strongest
new limits, with an improvement in the sub-GeV mass
range up to nine orders of magnitude. This is due to
comparably poor direct detection sensitivity in the sub-
GeV mass regime, and the cooler cores of brown dwarfs
which allow DM to not evaporate, unlike the Sun. We
showed that depending on model assumptions, neutron
stars can potentially outperform spin-dependent direct
detection by ∼ 4 − 8 magnitude, in the TeV DM-mass

range. In this mass range, neutron stars can potentially
even outperform the Sun, by ∼ 1−2 orders of magnitude.
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berg, R. Lenzen, Y. Clénet, F. Lacombe, D. Rouan,
A. Renzini, and L. E. Tacconi-Garman, ApJ 594, 812
(2003), arXiv:astro-ph/0305423 [astro-ph].

[77] Y. Levin and A. M. Beloborodov, ApJ 590, L33 (2003),
arXiv:astro-ph/0303436 [astro-ph].

[78] C. Hopman and T. Alexander, Astrophys. J. Lett. 645,
L133 (2006), arXiv:astro-ph/0603324.

[79] D. Merritt, Astrophys. J. 718, 739 (2010),
arXiv:0909.1318 [astro-ph.GA].

[80] J. Dexter and R. M. O’Leary, Astrophys. J. Lett. 783,
L7 (2014), arXiv:1310.7022 [astro-ph.GA].

[81] J. Chennamangalam and D. R. Lorimer, Mon. Not. Roy.
Astron. Soc. 440, 86 (2014), arXiv:1311.4846 [astro-
ph.HE].

[82] O. Pfuhl, T. K. Fritz, M. Zilka, H. Maness, F. Eisen-
hauer, R. Genzel, S. Gillessen, T. Ott, K. Dodds-Eden,
and A. Sternberg, ApJ 741, 108 (2011), arXiv:1110.1633
[astro-ph.GA].

[83] D. Aharon and H. B. Perets, apjl 830, L1 (2016),
arXiv:1609.01715 [astro-ph.GA].

[84] K. Mui, R. Schdel, A. Scholz, V. C. Geers, R. Jayaward-
hana, J. Ascenso, and L. A. Cieza, Monthly Notices of
the Royal Astronomical Society 471, 36993712 (2017).

[85] P. Kroupa, C. Weidner, J. Pflamm-Altenburg, I. Thies,
J. Dabringhausen, M. Marks, and T. Maschberger,
“The Stellar and Sub-Stellar Initial Mass Function of
Simple and Composite Populations,” in Planets, Stars
and Stellar Systems. Volume 5: Galactic Structure and
Stellar Populations, Vol. 5, edited by T. D. Oswalt and
G. Gilmore (2013) p. 115.

[86] P. Amaro-Seoane, Phys. Rev. D 99, 123025 (2019),
arXiv:1903.10871 [astro-ph.GA].

[87] T. Panamarev, A. Just, R. Spurzem, P. Berczik,
L. Wang, and M. Arca Sedda, Mon. Not. Roy. Astron.
Soc. 484, 3279 (2019), arXiv:1805.02153 [astro-ph.GA].

[88] D. Malyshev, M. Chernyakova, A. Neronov, and
R. Walter, Astron. Astrophys. 582, A11 (2015),
arXiv:1503.05120 [astro-ph.HE].

[89] T. Sjostrand, S. Mrenna, and P. Z. Skands, Comput.
Phys. Commun. 178, 852 (2008), arXiv:0710.3820 [hep-
ph].

http://dx.doi.org/10.1103/PhysRevD.93.115036
http://dx.doi.org/10.1103/PhysRevD.93.115036
http://arxiv.org/abs/1602.01465
http://dx.doi.org/10.1103/PhysRevD.95.075001
http://arxiv.org/abs/1612.03110
http://arxiv.org/abs/1612.03110
http://dx.doi.org/10.1103/PhysRevD.95.123016
http://dx.doi.org/10.1103/PhysRevD.95.123016
http://arxiv.org/abs/1703.04629
http://dx.doi.org/ 10.1103/PhysRevD.96.063010
http://dx.doi.org/ 10.1103/PhysRevD.96.063010
http://arxiv.org/abs/1703.08087
http://arxiv.org/abs/1703.08087
http://dx.doi.org/ 10.1103/PhysRevD.98.123012
http://dx.doi.org/ 10.1103/PhysRevD.98.123012
http://arxiv.org/abs/1808.05624
http://dx.doi.org/ 10.1103/PhysRevD.98.123011
http://dx.doi.org/ 10.1103/PhysRevD.98.123011
http://arxiv.org/abs/1808.05620
http://arxiv.org/abs/1903.06349
http://dx.doi.org/10.1088/1475-7516/2019/11/011
http://dx.doi.org/10.1088/1475-7516/2019/11/011
http://arxiv.org/abs/1903.11363
http://dx.doi.org/ 10.1103/PhysRevD.101.022002
http://arxiv.org/abs/1912.09373
http://dx.doi.org/ 10.22323/1.358.0544
http://dx.doi.org/ 10.1103/PhysRevD.102.022003
http://dx.doi.org/ 10.1103/PhysRevD.102.022003
http://arxiv.org/abs/2006.04114
http://arxiv.org/abs/2006.04114
http://dx.doi.org/10.1103/PhysRevD.98.063002
http://dx.doi.org/10.1103/PhysRevD.98.063002
http://arxiv.org/abs/1807.03318
http://dx.doi.org/10.1086/506193
http://dx.doi.org/10.1086/506193
http://arxiv.org/abs/astro-ph/0603280
http://dx.doi.org/10.1093/mnras/sty1262
http://arxiv.org/abs/1804.01543
http://dx.doi.org/10.5303/JKAS.2018.51.5.165
http://dx.doi.org/10.5303/JKAS.2018.51.5.165
http://dx.doi.org/10.1086/340494
http://dx.doi.org/10.1086/340494
http://arxiv.org/abs/astro-ph/0106141
http://dx.doi.org/ 10.1111/j.1365-2966.2008.13064.x
http://dx.doi.org/ 10.1111/j.1365-2966.2008.13064.x
http://dx.doi.org/ 10.3847/1538-4357/ab1b21
http://arxiv.org/abs/1902.05963
http://dx.doi.org/10.1142/9789813233348_0005
http://dx.doi.org/10.1142/9789813233348_0005
http://dx.doi.org/10.1142/9789813233348_0005
http://arxiv.org/abs/1710.05137
http://arxiv.org/abs/2006.00513
http://arxiv.org/abs/2006.00513
http://dx.doi.org/10.1086/177173
http://dx.doi.org/10.1086/177173
http://arxiv.org/abs/astro-ph/9508025
http://dx.doi.org/10.1103/PhysRevD.96.063002
http://dx.doi.org/10.1103/PhysRevD.96.063002
http://arxiv.org/abs/1703.04043
http://dx.doi.org/10.1088/1475-7516/2019/08/018
http://dx.doi.org/10.1088/1475-7516/2019/08/018
http://arxiv.org/abs/1906.04204
http://dx.doi.org/10.1103/PhysRevD.102.048301
http://dx.doi.org/10.1103/PhysRevD.102.048301
http://arxiv.org/abs/2005.05946
http://dx.doi.org/10.1088/1475-7516/2017/05/007
http://arxiv.org/abs/1702.02768
http://arxiv.org/abs/2010.13257
http://arxiv.org/abs/2012.08918
http://arxiv.org/abs/2012.08918
http://dx.doi.org/10.1103/PhysRevD.86.023506
http://dx.doi.org/10.1103/PhysRevD.86.023506
http://arxiv.org/abs/1204.3622
http://dx.doi.org/10.1093/pasj/65.6.118
http://arxiv.org/abs/1307.8241
http://arxiv.org/abs/1108.5736
http://arxiv.org/abs/1108.5736
http://dx.doi.org/ 10.1093/mnras/stu729
http://dx.doi.org/ 10.1093/mnras/stu729
http://arxiv.org/abs/1404.5959
http://dx.doi.org/10.1051/0004-6361/201526040
http://dx.doi.org/10.1051/0004-6361/201526040
http://dx.doi.org/10.1086/377127
http://dx.doi.org/10.1086/377127
http://arxiv.org/abs/astro-ph/0305423
http://dx.doi.org/10.1086/376675
http://arxiv.org/abs/astro-ph/0303436
http://dx.doi.org/10.1086/506273
http://dx.doi.org/10.1086/506273
http://arxiv.org/abs/astro-ph/0603324
http://dx.doi.org/10.1088/0004-637X/718/2/739
http://arxiv.org/abs/0909.1318
http://dx.doi.org/10.1088/2041-8205/783/1/L7
http://dx.doi.org/10.1088/2041-8205/783/1/L7
http://arxiv.org/abs/1310.7022
http://dx.doi.org/10.1093/mnrasl/slu025
http://dx.doi.org/10.1093/mnrasl/slu025
http://arxiv.org/abs/1311.4846
http://arxiv.org/abs/1311.4846
http://dx.doi.org/ 10.1088/0004-637X/741/2/108
http://arxiv.org/abs/1110.1633
http://arxiv.org/abs/1110.1633
http://dx.doi.org/10.3847/2041-8205/830/1/L1
http://arxiv.org/abs/1609.01715
http://dx.doi.org/ 10.1093/mnras/stx1906
http://dx.doi.org/ 10.1093/mnras/stx1906
http://dx.doi.org/ 10.1007/978-94-007-5612-0_4
http://dx.doi.org/ 10.1007/978-94-007-5612-0_4
http://dx.doi.org/ 10.1007/978-94-007-5612-0_4
http://dx.doi.org/10.1103/PhysRevD.99.123025
http://arxiv.org/abs/1903.10871
http://dx.doi.org/ 10.1093/mnras/stz208
http://dx.doi.org/ 10.1093/mnras/stz208
http://arxiv.org/abs/1805.02153
http://dx.doi.org/10.1051/0004-6361/201526120
http://arxiv.org/abs/1503.05120
http://dx.doi.org/10.1016/j.cpc.2008.01.036
http://dx.doi.org/10.1016/j.cpc.2008.01.036
http://arxiv.org/abs/0710.3820
http://arxiv.org/abs/0710.3820


16

[90] A. Ibarra, S. Lopez Gehler, and M. Pato, JCAP 07,
043 (2012), arXiv:1205.0007 [hep-ph].

[91] P. Di Gangi (XENON), Nuovo Cim. C 42, 76 (2019).
[92] E. Aprile et al. (XENON), Phys. Rev. Lett. 122, 141301

(2019), arXiv:1902.03234 [astro-ph.CO].
[93] R. K. Leane, T. R. Slatyer, J. F. Beacom, and K. C.

Ng, Phys. Rev. D 98, 023016 (2018), arXiv:1805.10305
[hep-ph].

[94] C. Kouvaris and P. Tinyakov, Phys. Rev. D83, 083512
(2011), arXiv:1012.2039 [astro-ph.HE].

[95] B. Bertoni, A. E. Nelson, and S. Reddy, Phys. Rev. D
88, 123505 (2013), arXiv:1309.1721 [hep-ph].

[96] S. D. McDermott, H.-B. Yu, and K. M. Zurek, Phys.
Rev. D85, 023519 (2012), arXiv:1103.5472 [hep-ph].

[97] L. Goodenough and D. Hooper, (2009),
arXiv:0910.2998 [hep-ph].

[98] T. Daylan, D. P. Finkbeiner, D. Hooper, T. Linden,
S. K. N. Portillo, N. L. Rodd, and T. R. Slatyer, Phys.
Dark Univ. 12, 1 (2016), arXiv:1402.6703 [astro-ph.HE].

[99] R. K. Leane and T. R. Slatyer, Phys. Rev. Lett. 123,
241101 (2019), arXiv:1904.08430 [astro-ph.HE].

[100] Y.-M. Zhong, S. D. McDermott, I. Cholis, and P. J. Fox,
Phys. Rev. Lett. 124, 231103 (2020), arXiv:1911.12369
[astro-ph.HE].

[101] R. K. Leane and T. R. Slatyer, Phys. Rev. Lett. 125,
121105 (2020), arXiv:2002.12370 [astro-ph.HE].

[102] R. K. Leane and T. R. Slatyer, Phys. Rev. D 102,
063019 (2020), arXiv:2002.12371 [astro-ph.HE].

[103] M. Buschmann, N. L. Rodd, B. R. Safdi, L. J. Chang,
S. Mishra-Sharma, M. Lisanti, and O. Macias, Phys.
Rev. D 102, 023023 (2020), arXiv:2002.12373 [astro-
ph.HE].

[104] K. N. Abazajian, S. Horiuchi, M. Kaplinghat, R. E. Kee-
ley, and O. Macias, Phys. Rev. D 102, 043012 (2020),
arXiv:2003.10416 [hep-ph].

[105] F. List, N. L. Rodd, G. F. Lewis, and I. Bhat, (2020),
arXiv:2006.12504 [astro-ph.HE].

[106] M. Di Mauro, (2021), arXiv:2101.04694 [astro-ph.HE].
[107] A. Cuoco, J. Heisig, M. Korsmeier, and M. Krmer,

JCAP 10, 053 (2017), arXiv:1704.08258 [astro-ph.HE].
[108] I. Cholis, T. Linden, and D. Hooper, Phys. Rev. D 99,

103026 (2019), arXiv:1903.02549 [astro-ph.HE].
[109] A. Cuoco, J. Heisig, L. Klamt, M. Korsmeier,

and M. Krmer, Phys. Rev. D 99, 103014 (2019),
arXiv:1903.01472 [astro-ph.HE].

[110] D. Hooper, R. K. Leane, Y.-D. Tsai, S. Wegsman, and
S. J. Witte, (2019), arXiv:1912.08821 [hep-ph].

[111] K. Griest and M. Kamionkowski, Phys. Rev. Lett. 64,
615 (1990).

[112] I. Caiazzo, A. Burgasser, J. M. Rees, F. Allard,
A. Dieball, J. Heyl, H. Richer, I. Baraffe, and
C. Knigge, BAAS 51, 521 (2019), arXiv:1903.06769
[astro-ph.SR].

[113] A. Dieball, L. R. Bedin, C. Knigge, M. Geffert, R. M.
Rich, A. Dotter, H. Richer, and D. Zurek, MNRAS
486, 2254 (2019), arXiv:1904.02999 [astro-ph.SR].

[114] P. J. E. Peebles, Apj 277, 470 (1984).
[115] B. Moore, The Astrophysical Journal 461 (1996),

10.1086/309998.
[116] L. Gao, S. D. M. White, A. Jenkins, F. Stoehr, and

V. Springel, Monthly Notices of the Royal Astronomical
Society 355, 819834 (2004).

[117] S. Mashchenko and A. Sills, The Astrophysical Journal
619, 258269 (2005).

[118] B. Moore, J. Diemand, P. Madau, M. Zemp, and
J. Stadel, Monthly Notices of the Royal Astronomical
Society 368, 563570 (2006).

[119] P. Creasey, L. V. Sales, E. W. Peng, and O. Sameie,
Mon. Not. Roy. Astron. Soc. 482, 219 (2019),
arXiv:1806.11118 [astro-ph.GA].

[120] T. R. Saitoh, J. Koda, T. Okamoto, K. Wada, and
A. Habe, The Astrophysical Journal 640, 2230 (2006).

[121] B. Griffen, M. Drinkwater, P. Thomas, J. Helly, and
K. Pimbblet, Mon. Not. Roy. Astron. Soc. 405, 375
(2010), arXiv:0910.0310 [astro-ph.GA].

[122] G. Zaharijas, Phys. Rev. D 78, 027301 (2008),
arXiv:0712.4181 [astro-ph].

[123] P. Amaro-Seoane, J. Casanellas, R. Schödel, E. David-
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