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Abstract

Context. Efficient particle acceleration can modify the structure of supernova remnants. In this context we present the results of the
combined analysis of the XMM-Newton EPIC archive observations of SN 1006.

Aims. We aim at describing the spatial distribution of the physical and chemical properties of the X-ray emitting plasma at the shock
front. We investigate the contribution of thermal and non-thermal emission to the X-ray spectrum at the rim of the remnant to study
how the acceleration processes affect the X-ray emitting plasma.

Methods. We perform a spatially resolved spectral analysis on a set of regions covering the whole rim of the shell and we exploit the
results of the spectral analysis to produce a count-rate image of the “pure” thermal emission of SN 1006 in the 0.5-0.8 keV energy
band (subtracting the non-thermal contribution). This image significantly differs from the total image in the same band, specially near
the bright limbs.

Results. We find that thermal X-ray emission can be associated with the ejecta and we study the azimuthal variation of their physical
and chemical properties finding anisotropies in temperature and chemical composition. Thanks to our thermal image we trace the
position of the contact discontinuity over the whole shell and we compare it with that expected from 3-D MHD models of SNRs with
unmodified shock.

Conclusions. We conclude that the shock is modified everywhere in the rim and that the aspect angle between the interstellar magnetic

field and the line of sight is significantly lower than 90°.
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1. Introduction

The diffusive Fermi acceleration process in Supernova Remnant
(SNR) shocks can account for the observed spectrum of galactic
cosmic rays at least up to the knee at 3 x 10'> eV and even be-
yond (Berezhko & V6lk 2007, Blandford & Eichler 1987). The
AS CA detection of synchrotron X-ray emission in SN 1006 has
shown that electrons can be accelerated up to very high energy
at the shock front, thus providing a direct proof for the connec-
tion between SNRs and cosmic ray acceleration (Koyama et al.
1995).

The loss of energy “deposited” in the production of rela-
tivistic particles and their non-linear back-reaction on the back-
ground plasma are predicted to strongly affect the structure of
the remnant, by increasing the shock compression ratio well over
the Rankine-Hugoniot limit and decreasing both the post-shock
temperature and the geometric extension of the region between
the main shock front and the contact discontinuity (Berezhko &
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Ellison 1999, Decourchelle et al. 2000, Blasi 2002, and refer-
ences therein). All these effects modify the spectral properties of
the thermal emission. Therefore, both thermal and non-thermal
emission can provide important information on the acceleration
processes and can be useful to verify the expected effects of the
shock modification and to study the open questions still under
debate, for example: what are the factors that influence the frac-
tion of particles injected in the acceleration process? What is
their maximum energy? What is the relationship between the
upstream/downstream magnetic fields and the acceleration pro-
cesses?

To this end SN 1006 is a privileged target. Its rather simple
morphology, the exact knowledge of its age, and its evolution
in a low density uniform medium (because of its high galactic
latitude) makes it an ideal laboratory for these studies. The bilat-
eral morphology of SN 1006 shows two opposed radio and X-ray
bright limbs characterized by non-thermal emission separated by
a region with low surface brightness. The synchrotron limbs re-
veal narrow filaments both in radio and in X-rays with the X-ray
emission presenting more pronounced inhomogeneities in sur-
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face brightness (see, for example, Rothenflug et al. 2004). As
pointed out by Rothenflug et al. (2004), the very low surface
brightness above 2 keV in the interior strongly suggests that the
ambient magnetic field is parallel to the shock velocity in the
bright limbs (polar-cap scenario), in the framework of the quasi-
parallel model for the injection (i. e. the injection efficiency of
the accelerated particles increases with decreasing the obliquity
angle, i, between the magnetic field and the shock velocity).
Rothenflug et al. (2004) studied the azimuthal variations of the
spectral properties of the non-thermal emission over the whole
shell and its radial profile from the center to the north-eastern
bright limb. They found that the roll-off frequency of the syn-
chrotron emission is much larger in the bright non-thermal limbs
than in the center and elsewhere in the rim. These results are
difficult to explain in the polar cap scenario, but are quite un-
expected also in the “equatorial belt” scenario (i. e. the ambient
magnetic field, By, is oriented from South-East to North-West
and the injection efficiency is larger when ¢ ~ 90°), which pre-
dicts variations of a factor ~ 2, that is much less than the ob-
served factor > 10. Recently, Petruk et al. (2008) have shown
that, by assuming a uniform ambient magnetic field in the polar-
cap scenario, SN 1006 should be a centrally filled SNR in radio
to reproduce the observed azimuthal radio profiles and this is
contrary to what is observed. The determination of the geometry
of the magnetic field in SN 1006 and its effects on the accel-
eration process are therefore an open problem and the study of
thermal emission may provide useful indications, since it can be
strongly affected by shock acceleration processes.

The X-ray thermal emission is, in comparison to the non-
thermal, more uniformly distributed over the whole remnant
(Rothenflug et al. 2004). Despite the importance of thermal X-
rays for the study of shock acceleration processes, the physical
origin of the thermal emission is still uncertain and the spatial
distribution of its properties has not been studied yet.

Several studies have shown that thermal X-rays in SN 1006
cannot be uniquely associated with solar-abundance shocked
plasma (e. g. Dyer et al. 2004). X-ray emitting ejecta have been
observed in the north-western and south-eastern rims of the rem-
nant (Acero et al. 2007) and even Fe K lines emission has been
recently detected in the interior of the shell, where iron over-
abundance has been revealed (Yamaguchi et al. 2008). The pres-
ence of significant X-ray emission from the shocked interstellar
medium (ISM) and the value of its temperature are indeed still
controversial. Acero et al. (2007) modelled the X-ray emission
of their spectral regions with one non-thermal component plus
two thermal components (ejecta for the soft emission and ISM
for the hard emission). However, they found that the shocked
ISM component (with kTgy ~ 1.5—2 keV) is almost not needed
from a statistical point of view, since the quality of the fits does
not change by associating the thermal emission only with the
ejecta. Yamaguchi et al. (2008), instead, used three thermal com-
ponents to model the SUZAKU thermal emission of very large
regions of SN 1006, by associating the soft component with the
shocked ISM (kT gy ~ 0.5 keV), and the hot components with
the ejecta. Nevertheless they cannot exclude that the O line com-
plexes, dominating the soft component, originate in the ejecta.

A first approach to study the shock modification effects
through the X-ray thermal emission was pursued by Cassam-
Chenai et al. (2008) (hereafter C08). They focussed on the south-
eastern quadrant of the shell and they assumed the emission
in the 0.5 — 0.8 keV band to be completely associated with
the ejecta. They measured the ratio, rgw/cp, of radii between
the blast wave shock front (BW) and the contact discontinuity

rewicp ~ 1.0 near the non-thermal limbs. The azimuthal trend
of rgwycp seems to be in agreement with the polar cap scenario,
although the values of rzw;cp are too low and not consistent with
that model.

Since a spatially resolved study of the thermal emission at
the rim of SN 1006 has not been performed yet, here we present
the analysis of archive XMM-Newton observations of SN 1006.
We focus on the rim of the remnant to study the azimuthal vari-
ations of thermal and non-thermal X-ray emission immediately
behind the main shock front. We aim at obtaining detailed infor-
mation on the nature of the thermal emission and to study its link
with the shock acceleration processes. We also use a Chandra
archive observation of the north-eastern limb of SN 1006 taking
advantage of its larger spatial resolution to test our conclusions.
The paper is organized as follows: the data and the data anal-
ysis procedure are described in Sect. 2, in Sect. 3 we present
the X-ray results in terms of spatially resolved spectral analysis
and image analysis. Our results are discussed in Sect. 4 and our
conclusions are summarized in Sect. 5.

2. Data processing

We consider all the XMM-Newton EPIC archive observations
of SN 1006 available, but we do not present here the observation
0111090601 since it is strongly affected by proton flares and its
cleaned exposure time is quite low (S 1 ks). All the observations
that we analyze were performed with the Medium filter by using
the Full Frame Mode for the MOS cameras (Turner et al. 2001)
and the Extended Full Frame Mode for the pn camera (Striider
et al. 2001). The relevant information about the XMM-Newton
observations presented here are summarized in Table 1. We pro-
cess the data by using the Science Analysis System (SAS V7.1).
Light curves, images, and spectra, were created by selecting
events with PATTERN<12 for the MOS cameras, PATTERN<4
for the pn camera, and FLAG=0 for both. To reduce the contam-
ination by soft proton flares, we have screened the original event
files using the sigma-clipping algorithm suggested by Snowden
& Kuntz (2007). The screened exposure times are given in Table
1.

We produce the images of the whole remnant by superpos-
ing (we use the EMOSAIC task) the MOS1, MOS2, and pn
images of the pointings shown in Table 1. We have taken into
account the differences between MOS and pn effective areas
and the mosaiced images are MOS-equivalent. All the images
are background-subtracted, vignetting-corrected, and adaptively
smoothed (with the task AS MOOTH). The exposure and vi-
gnetting corrections were performed by dividing the count im-
ages by the corresponding superposed exposure maps (obtained
with the task EEXPMAP).

Spectral analysis was performed in the energy band 0.5 — 5
keV using XSPEC. To check the validity and the robustness of
our result we decide to adopt two different procedures for the
spectral extraction and for the background subtraction.

1. We use the event files generated with SAS. We generate the
Ancillary Response Files with the SAS ARFGEN task, and we
use the EVIGWEIGHT task (Arnaud et al. 2001) to correct
vignetting effects. The contribution of the background is de-
rived from the high statistics background event files discussed by
Carter & Read (2007). We subtract the background contribution
from the same region positions on the CCD (i. e. in the detector
coordinates), in order to take into account the inhomogeneous
response of the instruments across the field of view. For each of
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