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Abstract: The Sculptor and Carina Dwarf spheroidal galaxies were observed with the H.E.S.S. Cherenkov telescope array
between January 2008 and December 2009. The data sets consist of a total of 11.8 and 14.8 hours of high quality data,
respectively. No gamma-ray signal was detected at the nominal positions of these galaxies above 220 GeV and 320 GeV,
respectively. Upper limits on the gamma-ray fluxes at 95% C.L. assuming two forms for the spectral energy distribution
are obtained at the level of 10−13 to 10−12 cm−2s−1 in the TeV range for power law and dark matter annihilation spectral
energy distributions. Constraints on dark matter particle velocity weighted annihilation cross section for both Sculptor
and Carina dwarf galaxies range from 〈σv〉 ∼ 10−21 cm3s−1 down to 〈σv〉 ∼ 10−22 cm3s−1 depending on the dark
matter halo model halo modelling. Possible enhancements of the gamma-ray flux are studied: the Sommerfeld effect,
which is found to exclude some dark matter particle masses, the internal Bremsstrahlung and clumps in the dark matter
halo distributions.
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1 Introduction

Over the past decades, compelling evidences have been ac-
cumulated suggesting a sizeable non-baryonic dark matter
(DM) component in the total cosmological energy density
of the Universe. The present estimate of the cold DM den-
sity is ΩCDMh2 � 0.111 ± 0.006 where the scaled Hubble
parameter is h � 0.70 [1]. However, the intrinsic nature of
the DM particle remains unknown. Scenarios beyond the
Standard Model of particle physics predict plausible WIMP
(weakly interacting massive particle) candidates to account
for the Cold Dark Matter. Among these are the minimal
supersymmetric extension of the Standard Model (MSSM)
or universal extra dimension (UED) theories. The annihi-
lation of WIMPs in galactic halos may produce gamma-ray
signals detectable with Cherenkov telescopes (for a review,
see [3]). Generally, their annihilations will lead to a con-
tinuum of gamma rays with a energy cut-off at the WIMP
mass, from the hadronization and decay of the cascading
annihilation products.
The dwarf spheroidal galaxies (dSphs) of the Local Group
are the most common satellites of the Milky Way and as-
sumed to be gravitationally bound dominantly by Dark
Matter (DM). Although the predicted very high energy
(VHE, E ≥ 100 GeV) gamma-ray flux from DM annihila-

tion from dwarf galaxies is small compared to the expected
DM annihilation gamma-ray flux from denser regions of
DM such as the Galactic Center, these galaxies are promis-
ing targets for searches for gamma rays from DM annihila-
tion since they are environments with a favorably reduced
low astrophysical gamma-ray background. The galaxies
themselves are expected to contain little or no astrophysical
gamma-ray sources since no recent star formation activity
gives rise to VHE gamma rays (supernova remnants, pulsar
wind nebula, etc.) and little gas acting as target material for
cosmic rays has been measured.

2 Search for VHE gamma rays from dwarf
spheroidal galaxies by H.E.S.S.

2.1 The H.E.S.S. instrument

The H.E.S.S. (High Energy Stereoscopic System) exper-
iment is an array of four identical imaging atmospher-
ic Cherenkov telescopes, observing VHE gamma rays.
H.E.S.S. is located in the Khomas Highland of Namib-
ia (23◦16′18′′ South, 16◦30′00′′ East) at an altitude of
1800 m above sea level. Each telescope has an optical
reflector consisting of 382 round facets of 60 cm diam-
eter each, yielding a total mirror area of 107 m2. The
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Cherenkov light, emitted by charged particles in the elec-
tromagnetic showers initiated by primary gamma rays, is
focused on cameras equipped with 960 photomultiplier
tubes, each one subtending a field-of-view of 0.16◦. The
large field-of-view (∼5◦) permits survey coverage in a s-
ingle pointing. The direction and the energy of the prima-
ry gamma rays are reconstructed by the stereoscopic tech-
nique.

2.2 Observations of Sculptor and Carina dwarf
spheroidal galaxies

The H.E.S.S. (High Energy Stereoscopic System) array of
Cherenkov telescopes has already observed dSphs and the
collaboration has published results on the Sagittarius (S-
gr) dSph (distance ∼ 24 kpc [4]) and the overdensity Can-
is Major (CMa) (distance ∼ 8 kpc [4]). In January 2008
H.E.S.S. launched observation campaigns on the Sculp-
tor (α2000 = 01h02m19s·2, δ2000 = −33◦ 33′ 00′′· 0, dis-
tance ∼ 79 kpc, [4]) and Carina (α2000 = 06h41m36s·0,
δ2000 = −50◦ 58′ 12′′· 0, distance ∼ 101 kpc, [4]) dSphs.
Because they are located at large distances from the Sun,
the flux attenuation due to the distance is much important
in Sculptor and Carina dSphs, which are among the most
luminous dSphs satellites of the Milky Way. Nevertheless,
this same large distance guarantees less tidal disruption by
the Milky Way, leading to less uncertainties for the DM
content of the distant galaxies than the one of the nearby
galaxies. The Sculptor dSph was discovered in 1938, and
was the first example of this type of galaxy in the vicini-
ty of the Milky Way. The Carina dSph was discovered in
1977. The best estimates of the orbits of the two dSph-
s show that Carina is likely to be more tidally disrupted
than Sculptor, leading to higher uncertainties for the DM
content of the Carina dSph than of the Sculptor. The data
used for the analysis were taken at average zenith angles of
∼14◦ and∼34◦ for the Sculptor and Carina dSphs, respec-
tively [8]. The total data set amounts to a live time of 11.8
h for Sculptor and 14.8 h for Carina of live time after the
quality selection. Since no significant gamma-ray excess
was found above the estimated backgrounds at the nominal
positions of Sculptor and Carina dSphs, 95% confidence
level (C.L.) upper limits on the total observed numbers of
gamma rays were derived.

3 Exclusion limits for Dark Matter annihila-
tions

The gamma-ray flux from the annihilations of DM particles
of mass mDM in a DM halo is given by a particle physics
term times an astrophysics term:

dΦγ(ΔΩ, Eγ)

dEγ
=

1

8π

〈σv〉
m2

DM

dNγ

dEγ︸ ︷︷ ︸
Particle Physics

× J̄(ΔΩ)ΔΩ︸ ︷︷ ︸
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, (1)

where the astrophysical factor J is defined as

J(ΔΩ) =
1

ΔΩ

∫

ΔΩ

dΩ
∫

los

ρ2[r(s)]ds . (2)

In Eq. ( 2) the squared density of DM (ρ2) is integrat-
ed along the line of sight (los) and over the solid angle
ΔΩ. The solid angle is fixed to match the angular resolu-
tion of the telescope for a point-like source search. For the
H.E.S.S. experiment ΔΩ = 10−5 sr. The particle physics
term contains the DM particle mass, mDM, the velocity-
weighted annihilation cross section, 〈σv〉, and the differen-
tial gamma-ray spectrum from all final states weighted by
their corresponding branching ratios, dNγ/dEγ .
In order to calculate the exclusion limits on the DM annihi-
lation cross section, one needs to model the density distri-
bution of DM in the observed target that will be used in the
calculation of the astrophysical factor J . Two hypotheses
for spherical DM halo profiles are used for Sagittarius, Ca-
nis Major, Sculptor and Carina: a cored profile [9, 10], and
the Navarro, Frenk, and White (NFW) profile [11]. The
95% C.L. upper limit on the velocity-weighted annihila-
tion cross section as function of the DM particle mass for a
given halo profile is given by

〈σv〉95%C.L.
min =

8π

J(ΔΩ)ΔΩ
× m2

DM N95%C.L.
γ, tot

Tobs

∫mDM

0
Aeff(Eγ)

dNγ

dEγ
(Eγ) dEγ

,

(3)
where the parametrization of dNγ /dEγ is taken from [12]
for neutralino self-annihilation, and calculated from [2] for
Kaluza-Klein B̃(1) self-annihilation. Aeff(Eγ) and Tobs

are the effective area of the detector as function of the gam-
ma ray energy and the observation live time, respectively.
The exclusion curves for the neutralino case are plotted for
the Sculptor and Carina dSphs in Figure 2 for several DM
halo profiles parametrizations. The Fermi-LAT exclusion
limit for Sculptor is also plotted [13] for a NFW profile
and a neutralino self-annihilation spectrum in pure bb final
state. The H.E.S.S. exclusion limits are also calculated us-
ing the NFW profile from Fermi-LAT [13]. The exclusion
curves for the Kaluza-Klein DM particle B̃(1) hypercharge
boson self-annihilation case can be found in [8] for Sculp-
tor and Carina.

4 Enhancement effects of the gamma-ray
flux

Three cases that can modify their exclusion limits are con-
sidered: two particle physics effects, namely the Sommer-
feld enhancement and the Internal Bremsstrahlung (IB)
from the DM annihilation, and an astrophysical effect due
to the mass distribution of dark-matter substructures.

4.1 The Sommerfeld enhancement

Here two new assumptions are made for the Sculptor’s and
Carina’s DM halo compositions. The first assumption is
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Figure 1: Upper limit at 95% C.L. of 〈σv〉 as function of
the DM particle mass for several NFW halo profiles and the
pseudo-isothermal (cored) DM halo profiles for Sculptor,
see [8] for more details. The Fermi-LAT limits [13] for a
NFW profile are also plotted as well as the H.E.S.S. limits
for this NFW profile (pink dashed line).
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Figure 2: Upper limit at 95% C.L. of 〈σv〉 as function of the
DM particle mass for a NFW halo profile and the pseudo-
isothermal (cored) DM halo profile of Carina, see [8] for
more details.

to assume that the DM particle annihilates into a pair of
W bosons, which is the case when the neutralino is a pure
wino. The second assumption is to assume that the DM
mean velocity dispersion inside the halo is the same as for
the stars (the mean velocity dispersion of the stars is σV ∼
10.0 km/s for Sculptor and σV ∼ 7.5 km/s for Carina [8]).
In this class of objects, the relative velocity between the D-
M particles may be sufficiently low so that the Sommerfeld
effect can substantially boost the annihilation cross sec-
tion [14], since it is particulary effective in the very low-
velocity regime. This non-relativistic effect arises when
two DM particles interact in an attractive potential. The
actual velocity-weighted annihilation cross section of the
neutralino can then be enhanced by a factor S defined as

〈σv〉 = S 〈σv〉0 , (4)

where the value of S depends on the DM particle mass,
relative velocity between the particles, the exchange bo-
son mass and coupling. A wino would interact with the at-
tractive potential created by the Z gauge boson through the
weak force before annihilation occurs, which would give
rise to an enhancement. The value of this enhancement was
numerically calculated as done in [14] and then used to im-
prove the 95% C.L. upper limit on the velocity-weighted
annihilation cross section, 〈σv〉 /S as a function of the DM
particle mass.

4.2 Internal Bremsstrahlung

In some specific regions of the MSSM parameter space,
the electromagnetic radiative correction to the main an-
nihilation channels into charged particles can give a sig-
nificant enhancement to the expected gamma-ray flux in
the observed environment due to internal Bremsstrahlung
(IB) [15, 16]. For instance, in the stau co-annihilation re-
gion of the minimal supergravity (mSUGRA) models the
wino annihilation spectrum would receive a considerable
contribution from the internal Bremsstrahlung.
This contribution to the annihilation spectrum was comput-
ed using the parametrization of [16] for all the wino mass-
es in the H.E.S.S. energy range. The enhancement effect
on the 95% C.L. upper limit on the velocity-weighted an-
nihilation cross section is shown in Figure 3. The join-
t enhancement due to the Sommerfeld effect and IB is also
plotted. The predicted 〈σv〉0 for a pure wino as well as the
typical annihilation cross section for a thermally produced
DM (〈σv〉0 ∼ 10−26 cm3s−1 [17]) are also plotted. Some
specific wino masses can be excluded at the level of 〈σv〉0
∼ 10−26 cm3s−1. The effect of the IB is only significant in
the exclusion limits for the low mass DM particle regime.

4.3 Enhancement from dark-matter substruc-
tures

Astrophysical effects may also modify the exclusion limit-
s. Numerical simulations of galactic halos predict a popu-
lation of substructures that could contribute to the overall
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Figure 3: Upper limit at 95% C.L. on 〈σv〉 /S as function
of the DM particle mass enhanced by the Sommerfeld ef-
fect and the internal Bremsstrahlung (see text for more de-
tails) for a NFW profile of Sculptor. The predicted 〈σv〉0
for a pure wino (solid black line) as well as the typical cross
section for a thermally produced DM (dashed red area) are
also plotted.

astrophysical factor in Eq. ( 2). Using the procedures giv-
en in [18], the contribution to the astrophysical factor by
the DM substructures population was estimated for Sculp-
tor and Carina. An enhancement of the astrophysical factor
is found to be of a few percent, which is too small to sig-
nificantly affect the exclusion limits presented.

5 Conclusions

The H.E.S.S. collaboration has observed several dwarf
spheroidal galaxies and searched for DM annihilation sig-
nals. Because of its location in the southern hemisphere,
H.E.S.S. observations are complementary to others Imag-
ing Atmospheric Cherenkov Technique telescopes allow-
ing a full coverage of the Milky Way dwarf spheroidal
galaxies. The first round of observation in 2006 encom-
passed the nearby dwarf galaxies Sagittarius and Canis Ma-
jor. Subsequently in 2008 a second round of observation-
s was made on Sculptor and Carina dSph. No significant
gamma-ray excess was found at the nominal target position
of these galaxies.
Constraints have been obtained for the velocity weighted
annihilation cross section 〈σv〉 as a function of the mass
for neutralino and KK DM particles. H.E.S.S. limits are
comparable to the limits reported by MAGIC [19] and
VERITAS [20], but weaker than those obtained by Fermi-
LAT [13] in the GeV mass range. Nevertheless, they are
complementary to the Fermi-LAT limits in the TeV range.

Finally assuming a resonance effect in the Sommerfeld en-
hancement, some specific wino masses can be excluded,
and the first experimental constraints have been obtained
on the Sommerfeld effect using H.E.S.S. data and DM an-
nihilation spectra. Dark matter searches will continue and
searches with H.E.S.S. 2 will start in 2012. The phase 2
will consist of a new large 28 m diameter telescope located
at the center of the existing array. With the availability of
the large central telescope H.E.S.S. 2, the analysis energy
threshold will be lowered down to less than 50 GeV and
will allow to explore a lower DM masse range.
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