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Abstract: Galaxy clusters are one of the largest gravitationally bound structures observed in the Universe. Their main
mass component is dark matter, making up about 80% of their total mass budget. The annihilation of dark matter
particles is expected to give a sizeable very-high energy gamma-ray signal. Recent N-body numerical simulations have
predicted the existence of a large amount of substructures in the form of sub-halos populating the host halo. In the case of
galaxy clusters, substructures may contribute significantly to the overall gamma-ray flux from dark matter annihilation.
The H.E.S.S. array of four identical imaging atmospheric Cherenkov telescopes has observed the Fornax galaxy cluster
for a total of 11 hours of live time. No significant signal is found, both for point-like and extended source analyses.
Assuming several different models of particle dark matter, upper-limits on the dark matter self-annihilation cross-section
(〈σv〉) as a function of the dark matter particle mass are derived. Possible enhancements of the dark matter annihilation
rate, as could be caused by halo substructures or the Sommerfeld effect, are studied. For a dark matter particle mass
of 1 TeV, the exclusion limits reach values of 〈σv〉 ∼ 10−21 cm3s−1, depending on DM model and halo properties.
Substructures contribution improves the limits on 〈σv〉 by more than two orders of magnitude. At masses around 4.5
TeV, the Sommerfeld resonance lowers the limit to level of 10−25 cm3s−1
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1 Introduction

Galaxy Clusters are the largest virialized objects observed
in the Universe. Their main mass component is Dark Mat-
ter (DM), making up about 80% of their total mass bud-
get, with the remainder provided by intracluster gas and
galaxies, at 15% and 5% respectively. The DM distribu-
tion within galaxy clusters appears to be well reproduced
by N-body numerical simulations for gravitational struc-
ture formation [1]. This may be in contrast to smaller sys-
tems like dwarf galaxies. For instance disagreements be-
tween theoretical predictions and observations have been
found in low surface brightness galaxies. The pair annihi-
lation of weakly interacting massive particles (WIMP) con-
stituting the DM halo is predicted to be an important source
of non-thermal cosmic rays, including a significant part as
γ-rays but also yielding a broad multiwavelength spectrum
of emission [2]. Despite the fact that Galaxy clusters are
located at much larger distances than the dwarf spheroidal
galaxies around the Milky Way, the higher masses of clus-
ters make them comparably good targets for indirect detec-
tion of dark matter. While the flux of γ-rays from WIMP
DM annihilation in clusters of galaxies is possibly large
enough to be detected by current γ-ray telescopes [3, 4], so
far no significant VHE γ-ray emission has been observed

in local clusters [5, 6, 7]. Standard astrophysical scenarios
have also been proposed to explain a possible non-thermal
γ-ray emission (see for instance [8]) arising from relativis-
tic cosmic ray collisions inside the intra-cluster medium.
However γ-rays have only been detected from central ra-
dio galaxies(e.g. [9]).
The Fornax, Coma and Virgo galaxy clusters are promising
targets for indirect dark matter searches through γ-rays, as
was shown by [3]. However, the the radio galaxy M87 at
the center of Virgo provides a strong astrophysical signal
[9], showing flux variabilities from day to year timescales
that exclude a DM origin. Since a DM γ-ray signal would
be hard to disentangle from this dominant “standard” as-
trophysical source, Virgo is not a prime target for DM
searches. In the case of Coma, the astrophysical back-
ground arising from pions decays produced by the hadron
interaction with the ambient gas is expected to be higher
than the DM annihilation signal [4]. On the other hand, the
same study [4] ranked Fornax as the most luminous clus-
ter in DM γ-ray emission among a sample of 106 clus-
ters from the HIGFLUCS Catalog. The DM-to-cosmic-
ray γ-ray flux ratio of Fornax was predicted to be of more
than two orders of magnitude in the GeV energy range [4].
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Therefore, Fornax is the preferred galaxy cluster target for
dark matter searches with the H.E.S.S. telescopes.

2 H.E.S.S. observations of Fornax galaxy
cluster

The High Energy Stereoscopic System (H.E.S.S.) con-
sists of four identical imaging atmospheric Cherenkov tele-
scopes. They are located in the Khomas Highland of
Namibia (23◦16′18′′ South, 16◦30′00′′ East) at an altitude
of 1800 m above sea level. The H.E.S.S. array was de-
signed to observe VHE γ-rays through the Cherenkov light
emitted by charged particles in the electromagnetic show-
ers initiated by these γ-rays when in contact with the atmo-
sphere. The total field of view attains ∼5◦. A stereoscopic
reconstruction of the shower geometry is applied to retrieve
the direction and the energy of the primary γ-ray .
Observations of the Fornax cluster were conducted in
Fall 2005 and 2007. The total data passing the standard
H.E.S.S. data-quality selection [10] yields an exposure of
11.3 hrs live time at a mean zenith angle of 21◦. Three dif-
ferent signal integration angles were used, 0.1◦, 0.5◦ and
1◦. No significant excess was found above the background
level in any of the integration regions. An upper limit on
the total number of observed γ-rays,N95%C.L.

γ , was calcu-
lated at 95% confidence level (C.L.).

3 Dark Matter in the Fornax cluster and
NGC 1399

3.1 Dark Matter content

The energy-differential γ-ray flux from dark matter annihi-
lations is given by the following equation:

dΦγ(ΔΩ, Eγ)

dEγ
=

1

8π

〈σv〉
m2

DM

dNγ

dEγ
× J(ΔΩ)ΔΩ , (1)

where 〈σv〉 is the velocity-weighted annihilation cross-
section, mDM the mass of the DM particle and dNγ/dEγ

the photon spectrum per annihilation. The factor

J(ΔΩ) =
1

ΔΩ

∫

ΔΩ

dΩ

∫

l.o.s.
dl × ρ2[r(l)] (2)

reflects the dark matter density distribution inside of the
observed target. The annihilation luminosity scales with
the squared dark matter density ρ2. This luminosity is inte-
grated along the line of sight (l.o.s.) and within an angular
regionΔΩ, whose optimal value depends on the dark mat-
ter profile of the target and the angular resolution of the
instrument.
Numerical simulations of structure formation in theΛCDM
framework predict cuspy dark matter halos in galaxies and
clusters of galaxies. A prominent parametrization of such
halos is the “Navarro-Frenk-White” (NFW) profile [1],

characterizing halos by their scale radius rs and a charac-
teristic density ρs = 4 ρ(rs). The DM density profile is
given by:

ρNFW(r) =
ρs(

r
rs

)(
1 + r

rs

)2 . (3)

Observations of late-type galaxies have shown centrally
cored DM halos, which can be parametrized by the “Burk-
ert profile” [11]:

ρB(r) =
ρ0r

3
c

(r + rc)(r2 + r2c )
, (4)

where the value of the DM density approaches a constant
value ρ0 inside the core radius rc .
Schuberth et al. (2010) [12] have used the globular cluster
(GC) population around the central galaxy NGC 1399 as
dynamical tracers to constraint the DM halo profile. The
resulting GC velocity dispersion can be well fitted by a
NFW dark halo profile, but a Burkert halo provides a rea-
sonable fit as well. The best fit parameters are listed in
Table 6 of [12] for different sets of mass tracer samples.
Using these dark matter halo parameters, values of J were
derived for different angular integration radii. The point-
spread-function of H.E.S.S. corresponds to an integration
angle of ∼ 0.1◦, and most often the smallest possible an-
gle is used in the search for dark matter signals in order to
suppress background events. However, since a sizable con-
tribution to the γ-ray flux may also arise from dark matter
subhalos located at larger radii, integration angles of 0.5◦
and 1.0◦ were also considered.

3.2 Dark substructure

Two recent cosmological N-body simulations, Aquar-
ius [13] and Via Lactea [14], have suggested the presence
of dark matter substructures in the form of self-bound over-
densities within the main galactic halo. A quantification
of the substructure flux contribution to the total γ-ray flux
was computed from the Aquarius simulation by [3]. The
substructure enhancement over the smooth halo of a host
galaxy contribution along the line of sight (l.o.s.) is de-
fined as Bsub(ΔΩ) = 1 + Lsub(ΔΩ)/Lsm(ΔΩ), where
Lsm/sub(ΔΩ) denotes the annihilation luminosity of the
smooth host halo or the additional contribution from sub-
structures, respectively. The former is defined by:

Lsm/sub(ΔΩ) =

∫

ΔΩ

dΩ

∫

l.o.s.
dl × ρ2sm/sub[r(l)] . (5)

The NFW profile of the preferred mass model of Fornax
a10 [12] is taken as the density distribution of the smooth
halo ρsm. In order to perform the l.o.s. integration over the
subhalo contribution, an effective substructure density ρ̃sub
is parametrized after [13] and [3] as:

ρ̃2sub(r) =
A(r) 0.8C Lsm(Rvir)

4πr2Rvir

(
r

Rvir

)−B(r)

, (6)
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where
A(r) = 0.8− 0.252 ln(r/Rvir) (7)

and
B(r) = 1.315− 0.8(r/Rvir)

−0.315 . (8)
Lsm(Rvir) is the smooth halo luminosity within the virial
radius Rvir. The normalization is given by C =
(Mmin/Mlim)

0.226, where Mmin = 105M� is the min-
imum substructure mass resolved in the simulation and
Mlim is the intrinsic limiting mass of substructures, or free
streaming mass. Two values for this quantity are used
Mlim = 10−6M� andMlim = 5× 10−3M� [3].

3.3 Exclusion limits on dark matter annihilation

Limits on the dark matter annihilation cross-section can be
derived according to the following formula:

〈σv〉95%C.L.
min =

8π

J ×ΔΩ
× m2

DM N95%C.L.
γ, tot

Tob

∫mDM

0
Aeff(Eγ)

dNγ

dEγ
(Eγ) dEγ

.

(9)
The spectrum dNγ/dEγ depends on the assumed anni-
hilation final states of the DM model. The parametriza-
tion of dNγ /dEγ is taken from [15] for neutralino self-
annihilation. Aeff(Eγ) and Tob are the effective area of
the detector as function of the gamma ray energy and the
observation live time, respectively. The exclusion limits
as a function of the DM particle mass mDM for differ-
ent DM halo profile models are depicted in Figure 1 for
neutralinos annihilating to W/Z . The Fermi-LAT exclu-
sion limit for Fornax is also plotted [7] for a NFW profile
and a neutralino self-annihilation spectrum in bb final state.
The H.E.S.S. exclusion limits are also calculated using the
NFW profile from Fermi-LAT [7].

3.4 Radiative correction: Internal
bremsstrahlung

In the annihilation of dark matter particles to charged fi-
nal states, internal bremsstrahlung (IB) processes can con-
tribute significantly to the high-energy end of the γ-ray
spectrum [16, 17]. The total spectrum will be then the sum
this effect to the continuous spectrum of secondary γ-rays
from pion decay. The magnitude of the IB contribution
depends on the intrinsic properties of the dark matter par-
ticle. Bringmann et al. [17] provide an approximation that
is valid for wino-like neutralinos. This parametrization is
used in the calculation of the 95% C.L. upper limit on the
velocity-weighted annihilation cross-section as a function
of the DM particle mass, presented in Figure 3. The in-
ternal bremsstrahlung affects the exclusion limits mostly in
the low mass DM particle regime, where its contribution to
the total number of γ-rays above Emin is largest.

3.5 Sommerfeld enhancement

The self-annihilation cross-section of dark matter particles
can be enhanced with respect to its value 〈σv〉0 during ther-
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Figure 1: Upper limit at 95%C.L. on the velocity-weighted
annihilation cross-section as a function of the DM parti-
cle mass, considering neutralinos annihilating toWW/ZZ
pairs. The limits are given for θmax = 0.1◦. Solid lines
show NFW halo profiles, dashed lines show Burkert pro-
files for the different mass models a10, a6 and b1 (see Table
6 of [12] for more details). The Fermi-LAT upper limits [7]
for a NFW profile are also plotted as well as the H.E.S.S.
limits for this NFW profile.

mal freeze-out by the Sommerfeld effect(see for instance
[18]). This is a velocity-dependent effect: if the relative
velocity of two annihilating particles is sufficiently low,
the effective annihilation cross-section can be boosted by
multiple exchange of the force carrier bosons. This can be
parametrized by a boost factor S, as defined by:

〈σv〉eff = S × 〈σv〉0 . (10)

where the value of S depends on the DM particle mass,
relative velocity between the particles, the exchange boson
mass and coupling. In [19] they consider the case of a Som-
merfeld enhancement due to the weak force which can arise
if the dark matter particle is a wino-like neutralino. The
value of this enhancement was numerically calculated as
done in [19] and then used to improve the 95% C.L. upper
limit on the velocity-weighted annihilation cross section,
〈σv〉 /S as a function of the DM particle mass.

3.6 Enhancement from dark matter substruc-
tures

The effect of DM substructures inside the opening angle of
0.1◦ and 1.0◦ are presented in Figure 2. The enhancements
to the 95% C.L. upper limits on 〈σv〉 are estimated using
the two limiting masses of substructures Mlim. The joint
enhancement due to the Sommerfeld effect added to the IB
and the substructures contribution is plotted in Figure 3. In
the most optimistic model, with the largest enhancement by
substructures, the upper limit on 〈σv〉 reaches the level of
10−25 cm3s−1 due to the Sommerfeld effect.
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4 Conclusions

The H.E.S.S. collaboration has observed the Fornax galaxy
cluster and searched for DM annihilation signals. No sig-
nificant gamma-ray excess was found at the nominal tar-
get position. Assuming several different models of particle
dark matter and using published models of the dark halo,
exclusion limits on the DM self-annihilation cross-section
as a function of the DM particle mass were derived.
Compared to observations of dwarf spheroidal galaxies
(see for instance [20]) or globular clusters (see for in-
stance [21], these limits reach roughly the same order of
magnitude. The limits on the annihilation cross-section de-
rived in this work do not reach the values predicted for ther-
mal relic dark matter. Nevertheless, they smoothly join and
extend the exclusions calculated from Fermi-LAT observa-
tions of galaxy clusters to higher DM particle masses.
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Figure 2: Upper limit at 95% C.L. on 〈σv〉 as function
of the DM particle mass. The limits are given for θmax =
0.1◦ (dashed lines) and θmax = 1.0◦ (solid lines). The
NFW halo model a10 is used (see Table 6 of [12] for more
details). In addition, the effect of halo substructures on the
cross-section limits is plotted. The “medium boost” (MED)
with Mlim = 5 × 10−3 M� (blue lines) and the “high
boost” withMlim = 10−6 M� (red lines) are considered.
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