
High-energy neutrinos frommillicharged darkmatter annihilation in the Sun

Asher Berlin 1,2,* and Dan Hooper 1,3,4,†

1Theoretical Physics Division, Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA
2Superconducting Quantum Materials and Systems Center (SQMS),

Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA
3Department of Astronomy and Astrophysics, University of Chicago, Chicago, Illinois 60637, USA
4Kavli Institute for Cosmological Physics, University of Chicago, Chicago, Illinois 60637, USA

(Received 30 July 2024; accepted 13 September 2024; published 17 October 2024)

Millicharged dark matter particles can be efficiently captured by the Sun, where they annihilate into tau
leptons, leading to the production of high-energy neutrinos. In contrast to the Earth, the high temperature of
the Sun suppresses the fraction of millicharged particles that are bound to nuclei, allowing for potentially
high annihilation rates. We recast existing constraints from the IceCube Neutrino Observatory and use this
information to place new limits on the fraction of the dark matter that is millicharged. This analysis
excludes previously unexplored parameter space for masses of mχ ∼ ð5–100Þ GeV, charges of
qχ ∼ 10−3–10−2, and fractional abundances as small as fDM ∼ 10−5.
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I. INTRODUCTION

Although all known particles carry values of electric
charge that are of order unity (or are electrically neutral),
models featuring elementary particles with much smaller
quantities of charge have received a significant amount of
interest in recent years [1–17]. Such millicharged particles
can arise, for example, if an effective charge is generated
through the kinetic mixing of the photon with a new light
dark photon, L ⊃ ðϵ=2ÞFμνF0

μν, where F0
μν is the dark

photon field strength and ϵ is a small dimensionless
parameter. This mixing causes particles, χ�, charged under
this new Uð1Þ0, to acquire an effective electric charge,
qχ ¼ ϵe0=e, where e0 is the Uð1Þ0 gauge coupling and e is
the standard electromagnetic coupling [18].
Within the context of effective field theory, any value of

ϵ ≪ 1 is technically natural. If the Standard Model is
embedded within a grand unified theory, however, this
mixing is generated only through loops of particles that
carry both hypercharge and Uð1Þ0 charge. At the one-loop
level, the expected size of this mixing is given by

ϵ ∼
e0e
16π2

ln

�
M0

M

�
≃ 6 × 10−4 ×

�
e0

e

�
ln

�
M0

M

�
; ð1Þ

whereM0=M is the ratio of the masses in the loop [18–20].
From this perspective, particles with qχ ∼ 10−3 are par-
ticularly well motivated.
In this work, we consider the possibility that a fraction of

the cosmological dark matter density consists of milli-
charged particles. Although observations of the cosmic
microwave background and measurements of the primor-
dial element abundances have been used to place strong
constraints on charged dark matter, these observations
remain consistent with the possibility that a small fraction,
fDM ≲ 10−2, of the dark matter could carry significant
electric charge [21–25]. In particular, a millicharged dark
matter subcomponent could arise as a thermal relic of the
early universe. Assuming standard thermal freeze-out, the
requirement of perturbative unitarity [26] can be used to
place the following lower limit on the fractional abundance
of this component

fDM ≳ 10−10 × ðmχ=GeVÞ2; ð2Þ

where mχ is the mass of the millicharged particle, χ�.
Even for very small fractional abundances, underground

searches for dark matter scattering have been used to place
extremely strong constraints on millicharged subcompo-
nents, testing particles with charges as small as qχ ∼
10−10=f1=2DM [27]. These experiments are almost completely
insensitive to particles with sufficiently large values of qχ ,
however, since such particles scatter many times in the
terrestrial overburden, shedding their kinetic energy and
thermalizing down to room temperature, 300 K ≃ 26 meV,
well below the threshold of typical large-scale experiments.
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As a result, millicharged particles with qχ ≳ 10−4 ×
ðmχ=GeVÞ1=2 reside within a blind spot of existing direct
detection efforts [27].
The efficient scattering of millicharged particles with

astrophysical objects within our Solar System has a drastic
effect on their local distribution and density. For
mχ ≫ 1 GeV, the characteristic thermal velocity of these
particles will be well below the gravitational escape
velocity of the Sun or Earth. As a result, such particles
remain gravitationally bound to these objects after scatter-
ing, accumulating as a dense hydrostatic gas over the age of
the Solar System.
The possible accumulation of dark matter particles

within stellar bodies has been studied extensively, dating
back to the 1980s [28–33]. It has also long been appreciated
that such particles could give rise to interesting signatures,
arising from their annihilation into Standard Model states.
Examples include the prompt annihilation into neutrinos
[34–38] or long-lived mediators [39,40] in the Sun,
annihilations in the local volume of terrestrial neutrino
detectors [41,42], and annihilations in Earth’s core [43,44].
Signals arising from the annihilation of millicharged

particles gravitationally bound to Earth was studied in
Ref. [41]. However, in this case, an additional complication
arises from the fact that χ− can bind with atomic nuclei, N.
In turn, the resulting Coulomb barrier between ðχ−NÞ and
χþ drastically suppresses the local annihilation rate of
millicharged particles. For qχ ≫ 10−5, the binding energy
of ðχ−NÞ greatly exceeds the temperature of Earth’s core,
exponentially suppressing the rate of terrestrial-based
annihilation signals.
In this paper, we instead focus on the capture and

annihilation of millicharged particles in the Sun, leading
to the production of high-energy neutrinos through χþχ− →
τþτ− followed by the decay of the tau leptons into
neutrinos. In contrast to millicharged particles in the
Earth, the high temperature of the solar interior suppresses
the fraction of these particles that will be bound to nuclei,
making this an ideal environment to produce detectable
fluxes of annihilation products. We recast the results of
existing searches for high-energy neutrinos from the Sun,
as recently performed by the IceCube Collaboration
[45,46]. Using this data, we place new limits on milli-
charged dark matter, excluding previously unexplored
parameter space corresponding to mχ ∼ ð5–100Þ GeV
and qχ ∼ 10−3–10−2 for fractional abundances as small as
fDM ∼ 10−5.
The remainder of this paper is organized as follows. In

Secs. II and III, we discuss the dynamics associated with
the capture and annihilation of millicharged dark matter in
the Sun. Sec. IVaddresses modifications that can arise if χ−

can efficiently form bound states with solar nuclei. This
formalism is applied in Sec. V to derive constraints, using
existing data from the high-energy neutrino telescope,

IceCube. We then compare these limits to other bounds
on millicharged dark matter. In Sec. VI, we summarize our
results and discuss directions for future work.

II. CAPTURE AND ANNIHILATION OF DARK
MATTER IN THE SUN

The total number millicharged particles that are
gravitationally bound to the Sun, Nχ , evolves in time
according to

dNχ

dt
≃ Γcap − N2

χKann; ð3Þ

where the first and second terms on the right-hand side
correspond to the capture and annihilation rates, respec-
tively. Here, we have neglected the effects of millicharged
particle evaporation, since for mχ ≳ 1 GeV their thermal
velocities are smaller than the gravitational escape velocity
near the Sun’s surface, vesc ¼ ð2GM⊙=R⊙Þ1=2 ≃ 2 × 10−3,
whereM⊙ andR⊙ are the solarmass and radius, respectively.
Within the parameter space that we will consider in this

work, nearly every millicharged particle that passes through
the Sun will scatter, become gravitationally bound, and
reach kinetic equilibrium [41,47]. To determine the capture
rate, we therefore simply calculate the rate at which such
particles enter the Sun. The gravitational pull of the Sun
significantly increases the flux of dark matter particles
that reach its surface. The distance of closest approach to
the Sun for a dark matter particle entering the Solar System
with an impact parameter, b, and a velocity, vDM, is
given by

Rmin ¼
GM⊙

v2DM

��
1þ b2v4DM

G2M2
⊙

�
1=2

− 1

�
: ð4Þ

Setting Rmin ≤ R⊙, we find that such particles will pass
through the Sun for all impact parameters less than

b ≤ bmax ¼ R⊙

�
1þ v2esc

v2DM

�
1=2

: ð5Þ

From this, it follows that the effective cross-sectional area
for capture in the Sun will be given by

Acap ¼ πb2max ¼ πR2
⊙

�
1þ v2esc

v2DM

�
: ð6Þ

This leads to a capture rate of

Γcap ≃ ðfDMρDM=mχÞvDMAcap; ð7Þ

where ρDM ≃ 0.4 GeV=cm3 is the local dark matter density.
To account for the spread in dark matter velocities, we
average the quantity vDMAcap in Eq. (7) over the velocity
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distribution of the Standard Halo Model, consisting
of a boosted-Maxwellian (with v0 ¼ 220 km=s and v⊙ ¼
240 km=s) truncated at the Galactic escape velocity, vGalesc ¼
550 km=s. We find that this can be approximated by simply
using Eqs. (6) and (7) with a representative value
of vDM ≃ 9 × 10−4.
For a charge-symmetric population of millicharged

particles, the quantity Kann appearing in Eq. (3) is given by

Kann ¼
1

2N2
χ

Z
V⊙

n2χhσvidV ≃
hσvi
2V⊙

×
hn2χi
hnχi2

; ð8Þ

where the integral in the first equality is performed over the
volume of the Sun, V⊙, nχ ≡ nχþ þ nχ− is the number
density of millicharged particles, and hσvi is the thermally
averaged χþχ− annihilation cross section. In the second
equality of this expression, we have approximated hσvi as
independent of temperature, and the brackets for hnχi and
hn2χi denote an average over the solar volume.
The propagation of charged particles in the Solar System

can be impacted by the turbulent solar wind and its
embedded magnetic field, the effects of which are collec-
tively known as solar modulation [48–52]. Solar modula-
tion significantly suppresses the intensity of the cosmic ray
spectrum at the location of Earth for kinetic energies below
∼Ekin ≲ jQjΦ, where Q is the charge of the cosmic ray and
Φ ∼ ð0.2–1Þ GeV [51,53].
Analogously, it is possible that solar modulation could

suppress the flux of millicharged dark matter particles that
reaches the inner Solar System. We expect these effects to
be significant if mχðv2DM þ v2escÞ=2≲ qχΦ, or equivalently,

mχ ≲ 100 GeV ×

�
qχ
10−3

��
Φ

0.2 GeV

�
: ð9Þ

This condition will be satisfied in much of the parameter
space that we are interested in, potentially reducing the
sensitivity of any solar or terrestrial-based searches for such
particles.
In the above discussion of solar modulation, we have

explicitly assumed that the millicharged particles couple to
electromagnetic fields in the same way as ordinary charged
particles. If these interactions are instead mediated by a
kinetically mixed dark photon, A0, their range will be
limited to ∼m−1

A0 , where mA0 is the mass of the dark photon.
In this work, we will focus on charges, qχ ¼ ϵe0=e≳ 10−4,
corresponding to kinetic mixing parameters of ϵ≳ 10−5=e0.
For light dark photons (mA0 ≲MeV), such values of ϵ are
highly constrained unless mA0 ≲ 10−14 eV ∼ ð104 kmÞ−1
[54–59], corresponding to distances larger than an Earth
radius. Hence, within the viable region of parameter space,
χ� efficiently couples to terrestrial magnetic fields. On the
other hand, since the coherence length of the solar magnetic
field is of the same order as the solar radius [60], the

effects of solar modulation will be suppressed if mA0 ≫
R−1
⊙ ∼ 10−16 eV. Throughout the remainder of this work,

we will implicitly assume that this is the case, allowing us
to provide a meaningful comparison between the signals
discussed here and other local searches for millicharged
dark matter (all of which are subject to the effects of
solar modulation). Alternatively, solar modulation may be
implicitly incorporated into our analysis by rescaling
the incoming millicharged particle flux, and thereby the
definition of fDM.
To evaluate the annihilation rate in Eq. (8), we will need

the radial density profile of millicharged particles in the
Sun, nχ . From the condition of hydrostatic equilibrium, the
Euler equation implies that

mχnχg⊙ ¼ ∇Pχ ; ð10Þ

where g⊙ is the solar gravitational field and Pχ is the
pressure of the millicharged particles. Treating these
particles as an ideal gas, the pressure is given by
Pχ ≃ Tnχ , where T is the temperature of the Sun. In the
spherically symmetric limit, Eq. (10) can be written as

1

nχðrÞ
dnχðrÞ
dr

þ 1

TðrÞ
dTðrÞ
dr

þmχg⊙ðrÞ
TðrÞ ≃ 0: ð11Þ

For a given value of mχ , we solve Eq. (11) numerically,
incorporating the solar density and temperature profiles
from the standard solar model [61]. These solutions are
presented in Fig. 1. In the left panel, we show the
normalized density profile, nχðrÞ=hnχi, for several choices
ofmχ . Formχ ≲ 1 GeV, gravitationally bound millicharged
particles are distributed approximately uniformly through-
out the solar interior. For heavier particles, larger pressure
and density gradients are required to offset the gravitational
attraction, leading to a profile that is much more highly
concentrated near the solar core. This behavior is also
reflected in the right panel of Fig. 1, in which we show the
normalized annihilation rate, hn2χi=hnχi2, as appears in the
last factor of Eq. (8). For mχ ≪ 1 GeV, the uniform
density profile of millicharged particles implies that
hn2χi=hnχi2 ≃ 1. For larger masses, the concentration of
millicharged particles near the solar core enhances the
likelihood of annihilation, such that hn2χi=hnχi2 ≫ 1.
We are now in a position to calculate the capture and

annihilation rates of millicharged particles in the Sun.
Solving Eq. (3) with the initial condition Nχ ¼ 0 at
t ¼ 0, the value of Nχ today is given by

Nχ ≃
Γcap

Kann
tanh ð ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ΓcapKann

p
t⊙Þ

≃

(
Γcapt⊙ ðt⊙ ≪ τÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Γcap=Kann

p ðt⊙ ≫ τÞ; ð12Þ
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where t⊙ ≃ 4.5 Gyr is the age of the Sun and τ≡
ðΓcapKannÞ−1=2. From Eqs. (12) and (3), the annihilation
rate grows as N2

χKann ∼ Γ2
capKannt2 until t ∼ τ, after which

equilibrium is reached between the rates of capture and
annihilation, N2

χKann ≃ Γcap.

III. MILLICHARGED DARK MATTER
ANNIHILATION

Millicharged particles can annihilate directly into pairs
of charged Standard Model fermions through the exchange
of an intermediate photon, χþχ− → γ� → fþf−. In the non-
relativistic limit, the cross section for this processes is
approximately given by

hσviχþχ−→fþf− ≃
πα2q2χ
m2

χ

X
f

nfq2f; ð13Þ

where the sum is over all fermions with massmf ≪ mχ and
charge qf, and nf is the number of colors of the fermion.
Annihilations to electroweak bosons and neutrinos are also
possible, but depend on the details of the full theory. For
instance, if these interactions are generated by a kinetically
mixed dark photon, χ� will be millicharged under Standard
Model hypercharge, such that it develops a small coupling
to both the photon and the Z boson. Hence, for
mχ ≳ 102 GeV, annihilations to pairs of W bosons and
neutrinos are unsuppressed, further contributing to the
signals discussed here. Since such processes are model-
dependent, we have not included their contributions in our
final estimate.

In models that include a dark photon, A0, the dark matter
can also annihilate to a pair of such particles. The cross
section for this process is given by

hσviχþχ−→A0A0 ≃
πα02

m2
χ
; ð14Þ

where mA0 is the mass of the dark photon and α0 ¼ e02=4π.
If α0 is sufficiently large, annihilations to dark photons
could dominate over those to Standard Model final states,
resulting in a suppression of the neutrino flux from the Sun
as calculated in this study. In our analysis, we neglect this
process, which is equivalent to taking α0 ≪ α.

IV. BOUND STATES

Negative-millicharged particles, χ−, can efficiently bind
to nuclei, N, in the Sun, with a characteristic binding
energy that is given by EχN ≃ ðqχZαÞ2μχN=2, where Z is the
atomic number of the nucleus and μχN is the reduced mass
of the system. Hence, for mχ ≳ μχN ∼ 10 GeV and qχ ≳
ðme=μχNÞ1=2 ∼ 10−2, millicharged particles will be much
more tightly bound to nuclei than electrons are.
Furthermore, for Z ∼ 10 and similar values of the coupling
qχ , EχN will exceed the temperature in the solar core,
T ∼ 1 keV, in which case the formation of ðχ−NÞ bound
states will be energetically favored.
Since ðχ−NÞ has a net positive charge of QχN ¼

Z − qχ ≃ Z, its formation suppresses the rate at which
millicharged particles annihilate. In particular, such anni-
hilations require that a ðχ−NÞ and χþ overcome the

FIG. 1. Left panel: the density profile of millicharged particles gravitationally bound to the Sun, normalized to the volume-averaged
density, hnχi, for several values of the particle’s mass. For mχ ≲ 1 GeV, such particles are approximately uniformly distributed
throughout the solar interior. For larger masses, the density profile is much more highly concentrated near the solar core. Right panel: the
normalized annihilation rate, hn2χi=hnχi2, as found in Eq. (8). For mχ ≪ 1 GeV, the uniform density profile of millicharged particles
implies that hn2χi=hnχi2 ≃ 1. For larger masses, the concentration of millicharged particles near the solar core enhances the likelihood of
annihilation.
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repulsive Coulomb barrier, which is comparable to the
binding energy, QχNqχα=rχN ≃ EχN , where rχN ≃
ðqχZαμχNÞ−1 is the size of the bound state. As a result,
if EχN ≳ T, then ðχ−NÞ and χþ will not possess sufficient
kinetic energy to overcome their electrical repulsion.1

As the rates for the formation and disruption of ðχ−NÞ
bound states in the Sun are both very rapid [41], chemical
equilibrium will be reached and maintained between the
bound, ðχ−NÞ, and unbound, χ−, populations. From the
condition of chemical equilibrium, μχ− þ μN ¼ μðχ−NÞ, we
can use the Maxwell-Boltzmann distributions of these
species to relate the number density of ðχ−NÞ bound states
to the number densities of free nuclei and millicharged
particles:

nχ−nN
nðχ−NÞ

¼
�
μχNT

2π

�
3=2

e−EχN=T: ð15Þ

Since annihilations between χþ and ðχ−NÞ are exponen-
tially suppressed by their repulsive Coulomb barrier, we
incorporate the effect of bound state formation by rescaling
the χþχ− annihilation cross section by hσvi → RBShσvi,
where

RBS ≡ nχ− þ e−EχN=Tnðχ−NÞ
nχ− þ nðχ−NÞ

: ð16Þ

Using Eq. (15), this becomes

RBS ¼
FN þ 1

FN þ eEχN=T
; ð17Þ

where

FN ≡
�
μχNT

2π

�
3=2 1

nN
: ð18Þ

From this calculation, we see that bound state formation
exponentially suppresses the annihilation rate when
EχN ≳ T lnFN . We incorporate this into our analysis by
considering interactions with thorium (Th) nuclei, the
highest-Z element measured in the Sun, which constitutes
∼2 × 10−10 of the mass density in the photosphere [62]. We
take this to be representative of the entire solar volume,
with nN ≃ 7 × 1011 cm−3 independent of radius. We use
this in Eq. (17) along with T ¼ 1 keV, which yields
lnFN ∼ 50 for mχ ≳ 1 GeV.

V. CONSTRAINTS FROM ICECUBE

The IceCube Neutrino Observatory consists of several
thousand optical modules distributed throughout a cubic
kilometer of Antarctic ice. In the energy range of interest,
this instrument is primarily sensitive to muon tracks which
result from the charged-current interactions of muon
neutrinos in or near the detector’s instrumented volume.
Dark matter annihilating in the Sun could produce a
potentially detectable flux of energetic neutrinos, allowing
IceCube to place constraints on the particle nature of dark
matter.
The IceCube Collaboration has placed stringent limits on

the flux of high-energy neutrinos that reaches us from the
direction of the Sun [45,46,63–66]. In this study, we recast
the limits presented in Refs. [45,46], which constrain the
following quantity:

Γann ≡ 1

2
N2

χKSM
ann ¼

1

4

Z
V⊙

n2χhσviSMdV; ð19Þ

where KSM
ann is defined analogously to Eq. (8), but in terms

of the cross section for annihilations to a particular
Standard Model final state, hσviSM. In this study, we focus
on the case of τþτ− final states, as these lead to strong
bounds and do not depend on the complete model details of
the theory (see the discussion in Sec. III).
Before proceeding, it is worthwhile to use the above

results to estimate the signal rate in Eq. (19). This is
simplest in the large coupling regime, in which case the
capture and annihilation rate have reached steady state. In
this case, Eqs. (6), (7), and (12) can be used to evaluate this
quantity

Γann ≃ 5 × 1029 Hz × fDM

�hσviSM
hσvi

��
GeV
mχ

�
: ð20Þ

Note that Γann is independent of qχ , provided that the
annihilations are dominated by Standard Model final states.
As an example, for the annihilations of mχ ¼ 100 GeV
millicharged particles to τþτ−, the search in Ref. [46]
places an upper limit of Γann ≲ 4 × 1021 Hz. Using the fact
that hσviτþτ− ∼ 10−1 × hσvi, Eq. (20) then implies that
IceCube is sensitive to fractional abundances as small
as fDM ∼ few × 10−5.
This is confirmed in Fig. 2, which presents our limits in

the qχ −mχ plane for various representative choices of the
fractional abundance, fDM. Also shown are previous
constraints from accelerator searches [67–70], direct detec-
tion experiments [27], the rocket-based XQC experiment
[71,72], and the balloon-based RRS experiment [27,73].
For these latter two searches, we have extrapolated to
higher masses and rescaled to smaller fractional abundan-
ces. We note that terrestrial dark matter searches cannot be
simply extended to regions of parameter space in which
millicharged particles strongly couple to Earth’s magnetic

1For sufficiently large α0, the attractive dark Coulomb potential
can overcome this repulsion. However, since this also suppresses
the fraction of annihilations to Standard Model states (as
discussed in Sec. III), we will ignore this possibility.
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field. In particular, we refrain from showing these limits
when the gyroradius of χ� is smaller than 10−1R⊕, where
R⊕ ≃ 6400 km is the radius of Earth, since the millicharged
particles will be significantly deflected before reaching
terrestrial-based detectors in this case [27]. We find that
IceCube is sensitive to millicharged dark matter for masses
in the range of 5 GeV–10 TeV for fractional abundances as
small as fDM ∼ 3 × 10−5. This allows us to constrain
unexplored parameter space for mχ ≲ 102 GeV and
qχ ≳ 10−3, for which the couplings are too large to be
probed by terrestrial-based experiments.
For sufficiently large couplings, the formation of ðχ−NÞ

bound states suppresses the annihilation signals discussed
here. This dictates the top of the regions probed by IceCube

shown in Fig. 2. As discussed in Sec. IV, these limits are
conservative, since we have incorporated thorium, the
highest-Z element measured in the photosphere, and have
taken its photospheric density to be representative of its
overall solar abundance. In contrast, the highest-Z element
for which we have an accurate understanding of its radial
profile is oxygen, since it is actively produced in the Sun.
The dashed lines shown in Fig. 2 represent the largest
couplings that would be excluded by IceCube if only bound
states with oxygen nuclei had been included in our analysis.
Although not shown in Fig. 2, other bounds on milli-

charged dark matter subcomponents include those derived
from ion traps [15] (which are subject to the effect of
Earth’s magnetic field, as discussed above), spectral

FIG. 2. In shaded red, regions of the millicharged dark matter parameter space that is excluded by our analysis, based on data from the
IceCube Neutrino Observatory [45,46], and for several choices of the fractional abundance, fDM. The dashed red lines denote the largest
couplings that would have been excluded by our analysis if we had considered bound states with oxygen nuclei, rather than thorium (see
Sec. IV). Also shown in gray are previous constraints from accelerator searches [67–70], direct detection experiments [27], XQC
[71,72], and RRS [27,73]. For RRS and XQC, we have extrapolated previous results to higher masses and rescaled to smaller fractional
abundances; we have refrained from showing these limits when the gyroradius of millicharged dark matter in Earth’s magnetic field is
smaller than one tenth of an Earth radius.
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distortions of the CMB [74] (which apply solely to models
involving dark photons for parameter space that is com-
plementary to that considered here), and white dwarf/
neutron stars [75,76] (which are most relevant for masses
larger than those considered in this work).

VI. SUMMARY AND CONCLUSIONS

In this study, we have calculated the capture and
annihilation rates of millicharged particles in the Sun,
assuming that these particles make up a subdominant
fraction of the total dark matter abundance. We have
taken into account the effects of solar modulation, and
the formation of ðχ−NÞ bound states in the solar envi-
ronment. From this annihilation rate and the resulting
high-energy neutrino flux, we use previously published
results from the IceCube Collaboration to constrain this
class of models. We find that the IceCube data rules out
significant regions of previously unexplored parameter

space, featuring mχ ∼ ð5–100Þ GeV, qχ ∼ 10−3–10−2, and
fractional abundances as small as fDM ∼ 3 × 10−5.
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