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Abstract In 2004 and 2005, the shell-type supernova rem-
nants RX J1713.7–3946 and RX J0852.0–4622 were ob-
served and detected with the complete H.E.S.S. array,
a system of four Imaging Cherenkov Telescopes located in
Namibia and dedicated to the observations of γ -rays above
100 GeV. The energy spectra of these two sources have been
measured over a wide energy range and revealed an inte-
gral flux above 1 TeV similar to that of the Crab Nebula.
Their morphologies were resolved with high accuracy with
H.E.S.S. and exhibit a striking correlation with the X-ray
images, thereby pioneering a technique of unambiguously
identifying spatially extended γ -ray sources. The results of
the observations will be presented. Similarities and differ-
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ences between these two sources will be pointed out as well
as possible implications.
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1 Introduction

Shell-type supernova remnants (SNR) are widely believed to
be the prime candidates for accelerating cosmic rays up to
1015 eV, but until recently, this statement was only supported
by indirect evidence, namely non-thermal X-ray emission
interpreted as synchrotron radiation from very high energy
electrons from a few objects. A more direct proof is pro-
vided by the detection of very high energy γ -rays, pro-
duced in nucleonic interactions with ambient matter or by
inverse Compton scattering of accelerated electrons off am-
bient photons.

Here, we present recent data on RX J1713.7–3946 and
RX J0852.0–4622 obtained with H.E.S.S. in 2004 and 2005.
With a diameter of 1° and 2° respectively, these two sources
are the first SNRs ever resolved in TeV γ -rays.

2 The H.E.S.S. detector and the analysis technique

H.E.S.S. is an array of four 13 m diameter imaging Che-
renkov telescopes located in the Khomas Highlands in
Namibia, 1800 m above sea level (Hinton 2004). Each tele-
scope has a tesselated mirror with an area of 107 m2 (Bern-
löhr et al. 2003) and is equipped with a camera comprising
960 photomultipliers (Vincent et al. 2003) covering a field
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of view of 5° diameter. Due to the powerful rejection of
hadronic showers provided by stereoscopy, the complete
system (operational since December 2003) can detect point
sources at flux levels of about 1% of the Crab nebula flux
near zenith with a significance of 5 σ in 25 hours of ob-
servation. This high sensitivity, the angular resolution of
a few arc minutes and the large field of view make H.E.S.S.
ideally suited for the study of the γ -ray morphology of ex-
tended sources. During the observations, an array level hard-
ware trigger required each shower to be observed by at least
two telescopes within a coincidence window of 60 ns (Funk
2004). The data were recorded in runs of typical 28 minute
duration in the so-called “wobble mode”, where the source
is offset from the center of the field of view, and were cal-
ibrated as described in detail in Aharonian et al. (2004a).
In a first stage, a standard image cleaning was applied to
shower images to remove the pollution due to the night sky
background. Several independent analysis methods are used
in the H.E.S.S. Collaboration (de Naurois 2005) to cross-
check all results. The results presented in this paper were
obtained both using a 3D-modeling of the light-emitting re-
gion of an electromagnetic air shower, a method referred to
as “the 3D-model analysis” (Lemoine-Goumard et al. 2006),
and the standard H.E.S.S. stereoscopic analysis based on the
Hillas parameters of showers images. For the generation of
the excess skymaps, two different methods of background
subtraction have been applied. The first one is classic and
was applied with the standard analysis method: the back-
ground level is estimated from OFF-source runs, observ-
ing sky regions without any γ -ray sources in the field of
view (Aharonian et al. 2006). All events passing the γ -ray
cuts of the different analysis methods, i.e γ -ray like back-
ground events, are used to estimate the background. The sec-
ond method of background subtraction, called the “Weight-
ing Method” (Lemoine-Goumard and Degrange 2005), is
more recent and was applied with the 3D-Model. In this
method, the signal and the background are estimated simul-
taneously in the same portion of the sky. In each sky bin
(treated independently), the signal and the background are
estimated from those events originating from this bin exclu-
sively; this is done by means of a likelihood fit in which each
event is characterized by a discriminating parameter whose
distribution is fairly different for γ -rays and hadrons. In the
case of the 3D-Model, this discriminating parameter is the
3D-width of the electromagnetic shower.

3 RX J1713.7–3946

3.1 H.E.S.S. results

RX J1713.7–3946, a shell-type SNR located in the Galac-
tic Plane, was discovered in the ROSAT all-sky survey in

Fig. 1 Gamma-ray excess map of RX J1713.7–3946 using the whole
2004 data set, obtained with the standard analysis method. The image
is smoothed with a Gaussian of 2 arcmin standard deviation, the linear
colour scale is in units of excess counts. The black lines are the con-
tours of the X-ray data from ASCA in the 1–3 keV energy band. In the
lower left hand corner a simulated point source is shown as it would
appear in this data set

1996 (Pfeffermann and Aschenbach 1996). In X-rays, the
shell has a slightly elliptical shape with a maximum extent
of 70′, but remarkably the X-ray spectrum is completely
dominated by a non-thermal continuum with no detectable
line emission. Recent CO measurements (Moriguchi et al.
2005) suggest that the supernova blast wave is expanding on
the Western side into dense molecular clouds which makes
this source an ideal site for the production of very high en-
ergy γ -rays by inelastic interactions of high energy protons
with matter. In 2003, with a partial H.E.S.S. setup, observa-
tions of the SNR RX J1713.7–3946 were performed yield-
ing the first ever resolved TeV γ -ray image of an astronom-
ical object (Aharonian et al. 2004b). The image shown in
Fig. 1, obtained with the standard analysis method from the
2004 data set (corresponding to 33 hours live time), con-
firms the previous measurement. The shell of the remnant
is resolved and the correlation between X-rays and TeV is
higher than 70%. The energy spectrum (Fig. 2) extends over
more than two orders of magnitude, from 190 GeV up to
40 TeV, with a photon index of 2.26 ± 0.02stat ± 0.15syst

obtained from a fit of a power law hypothesis to the data.
Above 10 TeV, an indication of deviation can be noticed,
but more data would be needed to draw some strong conclu-
sions about the shape of the spectrum at high energy. The
extension of the γ -ray spectrum to energies beyond 40 TeV
implies an efficient acceleration of charged particles to en-
ergies of 100 TeV. The large data set has also allowed for
a spatially resolved spectral study. No significant variation
in the γ -ray spectral shape over the SNR region is found
which is a remarkable difference with the results obtained by
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Fig. 2 Differential γ -ray energy spectrum of RX J1713.7–3946, for
the whole SNR, obtained with the standard analysis method. The best
fit of a power law with energy dependent photon index is plotted as
black line. For comparison the H.E.S.S. 2003 data points are also
shown (blue open circles). The spectrum ranges from 190 GeV to
40 TeV. Error bars are the 1 sigma statistical errors

using the X-ray data of the XMM-Newton satellite (Cassam-
Chenaï et al. 2004). Indeed, Cassam-Chenaï et al. observed
that the X-ray spectrum is steeper in the presumed shock
front in the West, where the blast wave probably impacts
the molecular clouds, than in the South-East where the front
propagates into a low density medium.

3.2 Possible emission processes

One of the key issues in the interpretation of the signal ob-
served with H.E.S.S. is the identification of the primary par-
ticle population responsible for the production of the γ -rays.
As seen above, there is a striking correlation between the
ASCA X-ray and the H.E.S.S. γ -ray data. At first sight this
supports the idea that X-rays and γ -rays are produced by the
same particle population, namely electrons. But, on the other
hand, it is really difficult to explain why the spectral shape in
X-rays changes significantly in distinct regions of the rem-
nant but not in γ -rays, if they stem from the same parti-
cle population. In order to show that an electronic scenario
is able to reproduce the multi-wavelength data (from radio
to γ -rays) with plausible input parameters, a simple one-
zone model is used. It is assumed that the primary particles
spectrum follows a power law with an exponential cut-off.
The energy distribution of the electrons is then calculated
taking into account energy losses due to Inverse Compton
and synchrotron emission, Bremsstrahlung as well as losses
due to Bohm diffusion. However, this scenario presented in
Fig. 3 hardly reproduces the radio, X-ray and γ -ray data si-
multaneously. First, the magnetic field required to explain

Fig. 3 Broadband SED of RX J1713.7–3946 in the case of a leptonic
process. The ATCA radio data and ASCA X-ray data for the whole
SNR are indicated along with the H.E.S.S. measurement obtained with
the 3D-Model. Note that the radio flux was determined by Lazendic
et al. (2004) for the North-Western part of the remnant and was scaled
up by a factor 2 here to account for the whole SNR. The energy distrib-
ution of the primary particles follows a power law with a spectral index
of 2.0 with an exponential cut-off at 80 TeV. Three different values of
magnetic field are used: 6 µG, 8 µG and 10 µG. The red lines corre-
spond to electrons, and blue lines to protons. The following processes
were taken into account: synchrotron radiation of primary electrons
(red straight line) and of secondary electrons (blue dotted line), IC
scattering (red dotted line), bremsstrahlung (red dotted-dashed line)
and proton–proton interaction (blue straight line)

both the X-ray and the γ -ray flux is extremely low (∼8 µG)
and is difficult to reconcile with the paradigm of the diffu-
sive shock acceleration of cosmic rays at supernova shock
waves which predicts strong field amplifications in the re-
gion of the shock. Then, one notes that such a model does
not provide a reasonable description of the H.E.S.S. data, as
the Inverse Compton peak appears too narrow to reproduce
the flat TeV emission.1 Assuming alternatively that nuclear
cosmic-ray particles, accelerated at the SNR shock, domi-
nantly produce VHE γ -rays, a reasonable match to the data
is readily achieved as can be seen in Fig. 4. The best fit is
obtained by using a magnetic field of 35 µG, an energy in-
jected into protons of 1050 erg and a density of 1.5 cm−3.
This high density is disfavoured by the limit implied by the
absence of thermal X-rays, unless the explosion occurred in-
side a bubble created by the stellar wind of the massive star.
Furthermore, one should note that if the shock is strongly
modified by the accelerated particles, the shock heating is
substantially reduced and the XMM-Newton data would be
compatible with higher densities.

1It should be noted however that a recent work by Porter et al. (2006)
shows that an additional contribution of optical and infra-red pho-
tons to inverse-Compton emission can broaden the γ -ray spectrum and
could reproduce the multi-wavelength data on RX J1713.7–3946 by
still using a low magnetic field.
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Fig. 4 Broadband SED of RX J1713.7–3946 in the case of a hadronic
process. The ATCA radio data and ASCA X-ray data for the whole
SNR are indicated along with the H.E.S.S. measurement obtained with
the 3D-Model. Note that the radio flux was determined by Lazendic
et al. (2004) for the North-Western part of the remnant and was scaled
up by a factor 2 here to account for the whole SNR. The energy distri-
bution of the primary particles follows a power law of index 2.0 with
an exponential cut-off at 120 TeV. The magnetic field is 35 µG while
the density of the medium is 1.5 cm−3. The red lines correspond to
the electrons, and blue lines to the protons. The following processes
were taken into account: synchrotron radiation of primary electrons
(red straight line) and of secondary electrons (blue dotted line), IC
scattering (red dotted line), bremsstrahlung (red dotted-dashed line)
and proton–proton interaction (blue straight line)

4 RX J0852.0–4622 (Vela Junior)

4.1 H.E.S.S. results

RX J0852.0–4622 is a second shell-type SNR discovered in
the ROSAT all-sky survey whose X-ray emission is mostly
non-thermal (Aschenbach 1998). Indeed, up to now no ther-
mal X-rays were detected from this source, which could im-
ply a limit on the density of the material in the remnant
n0 < 2.9 × 10−2(D/1 kpc)−1/2f −1/2 cm−3, where f is the
filling factor of a sphere taken as the emitting volume in the
region chosen (Slane et al. 2001). The X-ray non-thermal
spectrum of the whole remnant in the 2–10 keV energy band
is well described by a power law with a spectral index of
2.7 ± 0.2 and a flux FX = 13.8 × 10−11 erg cm−2 s−1 (Hi-
raga et al. 2006). In the TeV range, the announcement of
a signal from the North-Western part of the remnant by
CANGAROO was rapidly followed by the publication of
a complete γ -ray map by H.E.S.S. obtained from a short pe-
riod of observation (3.2 hours) (Aharonian et al. 2005). The
study of this source is really complex due to several points:
its extension (2° diameter), its location at the South-Eastern
corner of the Vela remnant and the uncertainty on its dis-
tance and age. Indeed, RX J0852.0–4622 could be as close
as Vela (∼250 pc) and possibly in interaction with Vela, or
as far as the Vela Molecular Ridge (∼1 kpc).

Fig. 5 Excess skymap of RX J0852.0–4622 smoothed with a Gaussian
of 0.06° standard deviation, obtained with the 3D-Model. The white
lines are the contours of the X-ray data from the ROSAT All Sky Sur-
vey for energies higher than 1.3 keV (smoothed with a Gaussian of
0.06° standard deviation to enable direct comparison of the two im-
ages)

Figure 5 presents the γ -ray image of RX J0852.0–4622
obtained with the 3D-Model from a long observation in
2005 (corresponding to 20 hours live time). The morphology
appearing from this skymap reveals a very thin shell of 1°
radius and thickness smaller than 0.22°. Another interesting
feature is the remarkably circular shape of this shell, even if
the Southern part shows a more diffuse emission. Keeping
all events inside a radius of 1° radius around the center of
the remnant, the cumulative significance is about 19σ and
the cumulative excess is ∼5200 events. The overall γ -ray
morphology seems to be similar to the one seen in the X-ray
band, especially in the Northern part of the remnant where a
brightening is seen in both wavebands. The correlation co-
efficient between the γ -ray counts and the X-ray counts in
bins of 0.2°×0.2° is found to be equal to 0.60 and comprised
between 0.54 and 0.67 at 95% confidence level. The differ-
ential energy spectrum (Fig. 6) extends from 300 GeV up to
20 TeV. The spectral parameters were obtained from a max-
imum likelihood fit of a power law hypothesis dN/dE =
N0(E/1 TeV)−� to the data, resulting in an integral flux
above 1 TeV of (15.2 ± 0.7stat ± 3.20syst)× 10−12 cm−2 s−1

and a spectral index of 2.24 ± 0.04stat ± 0.15syst. As in the
case of RX J1713.7–3946, an indication of curvature at high
energy can be noticed. No spatially resolved spectral analy-
sis could be done for this source due to the limited statistics
in each region, but the overall radial profiles were compared
in two distinct energy bands showing that the morphology
does not change significantly with energy. Therefore, one
does not expect a significant variation of the spectral shape
across the remnant.
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Fig. 6 Differential energy spectrum of RX J0852.0–4622, for the
whole region of the SNR. The shaded area gives the 1σ confidence
region for the spectral shape under the assumption of a power law. The
spectrum ranges from 300 GeV to 20 TeV

4.2 Emission processes

As in the case of RX J1713.7–3946, one of the key issues
is the interpretation of the γ -ray signal in terms of an elec-
tronic or a hadronic scenario. Despite the large uncertainty
on the distance and age of the remnant, the multi-wavelength
data already give some strong constraints. In a leptonic sce-
nario, where γ -rays are produced by Inverse Compton scat-
tering of high energy electrons off ambient photons, the ratio
of the X-ray flux and the γ -ray flux determines the mag-
netic field to be close to 7 µG. This value is completely in-
dependent of the distance and only assumes a filling factor
(fraction of the Inverse Compton emitting electrons contain-
ing the magnetic field responsible for the synchrotron emis-
sion) of 1; this low magnetic field seems hardly compati-
ble with the amplification suggested by the thin filaments
resolved by Chandra (Bamba et al. 2005). In the nearby
case (∼200 pc), the limit on the width of the shell �R ob-
tained by the morphological analysis of the H.E.S.S. data is
�R < 0.7 pc, which leads to an escape time by diffusion
and by convection lower than both the age of the remnant
and the synchrotron cooling time for energies higher than
∼10 TeV. Therefore, one would expect to see a variation of
the width of the shell with the energy, which is not observed
by H.E.S.S. and disfavours the electronic scenario at this dis-
tance. In a hadronic scenario, in which we assume that the
measured differential γ -ray spectrum φ(E) is entirely due to
proton–proton interactions, one can estimate the total energy
in accelerated protons in the range 10–100 TeV required to
produce the γ -ray luminosity observed by H.E.S.S.:

Lγ (1 − 10 TeV) = 4πD2
∫ 10 TeV

1 TeV
Eφ(E)dE

= 2.6 × 1032
(

D

200 pc

)2

erg s−1

In this energy range, the characteristic cooling time of pro-
tons through the π0 production channel is approximately in-
dependent of the energy and can be estimated to be: τγ =
4.4 × 1015( n

1 cm−3 )−1. Thus:

Wp(10 − 100 TeV)

≈ Lγ × τγ

≈ 1.1 × 1048
(

D

200 pc

)2(
n

1 cm−3

)−1

erg

Assuming that the proton spectrum continues down to E ≈
1 GeV with the same spectral slope as that of the photon
spectrum, the total energy injected into protons is estimated
to be:

W tot
p ≈ 1049

(
D

200 pc

)2(
n

1 cm−3

)−1

erg

Therefore, for densities compatible with the absence of ther-
mal X-rays, the only way to explain the entire γ -ray flux by
proton-proton interactions in a homogeneous medium is to
assume that RX J0852.0–4622 is a nearby supernova rem-
nant (D < 600 pc). Indeed, for larger distances and a typical
energy of the supernova explosion of 1051 erg, the accel-
eration efficiency would be excessive. Nevertheless, a dis-
tance of 1 kpc should also be considered if one assume
that RX J0852.0–4622 is the result of a core collapse su-
pernova which exploded inside a bubble created by the wind
of a massive progenitor star (Berezhko and Völk 2006). Ac-
cording to stellar wind theory, the size of the bubble evolves
according to the formula: R = 45(

n0
1 cm−3 )−0.2 pc. For a den-

sity of 1 cm−3, the radius of this bubble would be equal
to 45 pc. In the case of a close supernova remnant, its size
would be significantly lower than the size of the bubble and
the hypothesis of a homogeneous medium would be satis-
factory. In the opposite, for larger distances (D ∼ 1 kpc), the
presence of the Vela Molecular Ridge can produce a sudden
increase of the density leading to a smaller bubble (15.6 pc
for a density of 200 cm−3), which would make the proton-
proton interactions efficient at the outer shock.

5 Summary

We have firmly established that the shell-type supernova
remnants RX J1713.7–3946 and RX J0852.0–4622 are TeV
emitters and for the first time we have resolved their mor-
phologies in the γ -ray range. For both sources, the shell
observed with H.E.S.S. is highly correlated with the emis-
sion observed in X-rays. Their overall γ -ray energy spec-
trum extends over two orders of magnitude, providing the
direct proof that particles of ∼100 TeV are accelerated at
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the shock. It is remarkable to note that these spectra are ex-
tremely similar although the morphology of the two super-
nova remnants are very different with a much thicker shell
in the case of RX J1713.7–3946.

The question of the nature of the particles producing the
γ -ray signal observed by H.E.S.S. was also addressed. In
the case of RX J1713.7–3946, the proton scenario seems
favoured because of the shape of the γ -ray spectrum, and
the absence of significant variation of the γ -ray spectral in-
dex across the remnant. Nevertheless, this scenario would
require either a density of ∼1.5 cm−3 (disfavoured by the
absence of thermal X-rays) or a “bubble scenario” in which
the explosion of the supernova occurred inside a bubble cre-
ated by the massive progenitor. In the case of RX J0852.0–
4622, whose distance and age are still rather uncertain, the
H.E.S.S. data already give some constraints. In the case
of a close remnant, the results of the morphological study
combined with our spectral modeling highly disfavour the
leptonic scenario which is unable to reproduce the thin
shell observed by H.E.S.S. and the thin filaments resolved
by Chandra. In the case of a medium distance, the explo-
sion energy needed to explain the γ -ray flux observed by
H.E.S.S., taking into account the limit on the density im-
plied by the absence of thermal X-rays, would highly dis-
favour the hadronic process. At larger distances, both the
leptonic and the hadronic scenario are possible, at the ex-
pense, for the leptonic process, of a low magnetic field of
≈7 µG. Such a small magnetic field exceeds typical inter-
stellar values only slightly and is difficult to reconcile with
the theory of magnetic field amplification at the region of
the shock.

Finally, it appears clearly from Figs. 3 and 4, that the
flux expected for lower energy γ -rays (E < 200 GeV) for
the leptonic process (synchrotron + IC scattering) or for
the hadronic process (proton–proton interactions) are signif-
icantly different. The results which should hopefully be ob-
tained by GLAST or H.E.S.S. II will therefore have a great
interest for the domain.
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