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ABSTRACT
Based on our newly developed methods and the XMM–Newton large program of SN1006, we
extract and analyse the spectra from 3596 tessellated regions of this supernova remnant (SNR)
each with 0.3�8 keV counts >104. For the �rst time, we map out multiple physical parameters,
such as the temperature (kT), electron density (ne), ionization parameter (net), ionization age
(tion), metal abundances, as well as the radio-to-X-ray slope (�) and cutoff frequency (�cutoff)
of the synchrotron emission. We construct probability distribution functions of kT and net,
and model them with several Gaussians, in order to characterize the average thermal and
ionization states of such an extended source. We construct equivalent width (EW) maps based
on continuum interpolation with the spectral model of each region. We then compare the EW
maps of O VII, O VIII, O VII K� � � , Ne, Mg, Si XIII, Si XIV, and S lines constructed with
this method to those constructed with linear interpolation. We further extract spectra from
larger regions to con�rm the features revealed by parameter and EW maps, which are often
not directly detectable on X-ray intensity images. For example, O abundance is consistent
with solar across the SNR, except for a low-abundance hole in the centre. This �O hole� has
enhanced O VII K� � � and Fe emissions, indicating recently reverse shocked ejecta, but
also has the highest net, indicating forward shocked interstellar medium (ISM). Therefore, a
multitemperature model is needed to decompose these components. The asymmetric metal
distributions suggest there is either an asymmetric explosion of the supernova or an asymmetric
distribution of the ISM.

Key words: acceleration of particles � shock waves � methods: data analysis � cosmic rays �
ISM: supernova remnants � X-rays: ISM.

1 INTRODUCTION

In young supernova remnants (SNRs), both shocked thermal plasma
emission and non-thermal emission from accelerated particles typi-
cally peak in the 0.5�10 keV X-ray band (e.g. Reynolds 2008; Vink
2012; Slane 2014). The X-ray properties of these emission com-
ponents often show clear spatial variations. Therefore, spatially
resolved X-ray observations of young SNRs play important roles in
our understanding of many scienti�c issues, such as the explosion
mechanisms and progenitors of supernova (SN), the microphysics
involved in particle acceleration and magnetic �eld ampli�cation,

� E-mail: pandataotao@gmail.com

the heating of electrons and ions at the shock, as well as the abun-
dances and the distribution of fresh nucleosynthesis products (see
Vink 2012 for a recent review).

Current facilities (in particular, X-ray CCDs) on board space X-
ray telescopes such as Chandra and XMM–Newton have the ability
to simultaneously record the spatial and spectral information of the
collected photons. They could thus be used for spatially resolved
spectroscopy analysis to study the spatial distribution of X-ray prop-
erties across young SNRs. However, methods commonly used in X-
ray data analysis, such as spectral analysis of individual interesting
regions (e.g. Chen et al. 2008) and equivalent width (EW) map of
strong emission lines (e.g. Hwang, Holt & Petre 2000), usually do
not make full use of the information contained in the X-ray CCD
data. What we want, and are often contained in the X-ray data, are

C� 2015 The Authors
Published by Oxford University Press on behalf of the Royal Astronomical Society

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/453/4/3953/2593704 by IN
A

F P
alerm

o (O
sservatorio A

stronom
ico di P

alerm
o) user on 09 M

arch 2020

mailto:pandataotao@gmail.com


3954 J.-T. Li et al.

the spatial distributions of various physical properties of the thermal
and non-thermal X-ray emission across the SNRs.

In this paper, we will introduce new techniques to conduct spa-
tially resolved spectroscopy analysis. The basic idea is to map out
the spectral parameters in small tessellated regions which individu-
ally contain enough photons for spectral analysis. Such techniques
have initially been developed for optical integral �eld observations
(Cappellari & Copin 2003), and have later been applied to X-ray
observations (Diehl & Statler 2006; Broos et al. 2010), especially
in resolving interesting features in the temperature/metallicity maps
of massive galaxy clusters (e.g. Randall et al. 2008) or interacting
galaxies (e.g. Hodges-Kluck & Reynolds 2012). SNRs typically
have more complicated X-ray spectra which often include ioniza-
tion non-equilibrium thermal plasma (e.g. Vink 2012; Slane 2014)
and/or non-thermal emission with varying spectral shapes (e.g.
Miceli et al. 2014). It is therefore more dif�cult to automatically
decompose different spectral components and model the spectra
extracted from a large number of tessellated regions. Furthermore,
existing spatially resolved spectroscopy analysis of SNRs often
adopt equal-sized (e.g. Lu & Aschenbach 2000; Lopez et al. 2013)
or adaptively binned box-shaped meshes (e.g. Cassam-Chena¤� et al.
2004), which are less ef�cient in resolving �ne structures on phys-
ical parameter maps.

The remnant of the SN AD1006 (SN1006) is one of the few
historical SNRs with human records of its exact birth date (e.g.
Stephenson 2010). It is widely accepted that SN1006 is the remnant
of a Type Ia SN event, based on its high Galactic latitude location
(b = 14.�6, apparently isolated from any star formation regions), the
lack of any visible central compact sources (e.g. Pye et al. 1981;
Jones & Pye 1989; Burleigh et al. 2000), the detection of iron
absorption lines from the ultraviolet (UV) spectra of background
sources (e.g. Fesen et al. 1988; Wu et al. 1993), the metal abundances
inferred from the soft X-ray emission lines (Koyama, Yamaguchi
& Bamba 2008; Uchida, Yamaguchi & Koyama 2013), the lack
of time variation due to the clumpy of the surrounding medium
(Katsuda et al. 2010), and the historical records that it remains
visible for several years (e.g. Stephenson 2010). Proper motion
measurements in optical (e.g. Long, Blair & van den Bergh 1988),
radio (e.g. Moffett, Goss & Reynolds 1993), or X-ray (Winkler
et al. 2014), combined with the shock velocity as inferred from the
measurements of the width and ratio of some optical/UV emission
lines (e.g. Kirshner, Winkler & Chevalier 1987; Laming et al. 1996;
Ghavamian et al. 2002), or the expanding velocity inferred from
the broadening of some UV absorption lines of background sources
(e.g. Wu et al. 1993), place this remnant at a distance of 2.18 –
0.08 kpc (Winkler, Gupta & Long 2003), well consistent with the
distance obtained from H I observations (Dubner et al. 2002). The
apparent radio/X-ray diameter of SN1006 is �30 arcmin, or �19 pc
at this distance.

Similar as other young SNRs, the multiwavelength properties
of SN1006 also show clear spatial variations. First, SN1006 can
be apparently divided into two distinguishable parts. The north-
east (NE) and south-west (SW) lobes are radio (e.g. Reynolds &
Gilmore 1986; Dyer, Cornwell & Maddalena 2009), hard X-ray
(e.g. Koyama et al. 1995; Winkler et al. 2014), and TeV (Acero
et al. 2010) bright, and the axis connecting the bright non-thermal
regions is roughly aligned with the Galactic plane (Gaensler 1998).
They are thought to be dominated by synchrotron emission of rel-
ativistic electrons accelerated at the SNR blast wave (e.g. Koyama
et al. 1995). On the other hand, most of the SNR interior, includ-
ing the north-west (NW) shell, are dominated by thermal emis-
sion characterized by strong emission lines of heavy elements (e.g.

Koyama et al. 2008; Uchida et al. 2013). Secondly, not only the
relative contribution of the two major components, but also the
spectral properties of the non-thermal emission within the NE/SW
lobes and the thermal emission within the SNR interior, show sig-
ni�cant variations. These variations indicate the spatial variation
of particle acceleration conditions (e.g. Rothen�ug et al. 2004;
Cassam-Chena¤� et al. 2008; Miceli et al. 2013, 2014), as well as
the thermal and chemical properties across the entire remnant (e.g.
Uchida et al. 2013; Winkler et al. 2014), which await better charac-
terizations. Thirdly, the multiwavelength properties of SN1006 also
show noticeable spatial variations. In addition to the two promi-
nent non-thermal lobes, the spatial variation of H� (e.g. Winkler
et al. 2003; Raymond et al. 2007; Nikoli·c et al. 2013), infrared (IR;
Winkler et al. 2013), and H I 21-cm line emissions (Dubner et al.
2002; Miceli et al. 2014) on both large (comparable to the size of
the SNR) and small (comparable to the size of some prominent
features) scales further indicates the considerable spatial variation
of the density of the ambient interstellar medium (ISM), although
SN1006 is believed to evolve in a relatively low-density and uniform
environment.

We herein study SN1006 with our newly developed spatially
resolved spectroscopy analysis method. We have obtained high-
quality X-ray data of SN1006 through our XMM–Newton Large
Program (LP) and some archival observations. The high sensitivity
and large �eld of view (FOV) of XMM–Newton help us to col-
lect enough photons over the entire remnant, thus make SN1006
the best candidate to test how the spatially resolved spectroscopy
analysis with our new techniques could improve our understanding
of young SNRs. The paper is organized as follows. In Section 2,
we brie�y introduce our XMM–Newton LP and also the archival
data used in this project. Basic data calibration is also detailed in
this section. In Section 3, we describe our new methods developed
to conduct spatially resolved spectroscopy analysis. The parameter
maps and other products of this analysis are presented and fur-
ther discussed in Section 4. We summarize the main results and
conclusions in Section 5. More discussions on the thermal and non-
thermal emissions of this remnant will be presented in companion
papers.

2 OBSERVATIONS AND DATA CALIBRATION

2.1 XMM–Newton LP and archival data

In this work, we analyse the data obtained from the XMM–Newton
LP of SN1006 (PI: A. Decourchelle, �700 ks of total exposure
time). These observations were all performed with the �Medium�
�lter by using the full-frame (FF) mode for the MOS (metal oxide
semiconductor) cameras and the extended full-frame (EFF) mode
for the PN cameras. We also select archival XMM–Newton EPIC
(the European Photon Imaging Camera) observations with pointing
positions within 30 arcmin from the centre of SN1006. Only obser-
vations with at least one of the EPIC cameras operating in either
FF or EFF mode are considered. All these observations are also
carried out with the �Medium� �lter. Information of all the selected
observations is summarized in Table 1. Some analysis of these LP
data have already been published in Miceli et al. (2012, 2013, 2014)
and Broersen et al. (2013).

2.2 Data calibration

We reduce the data based on XMM–Newton Science Analysis Soft-
ware (SAS) v12.0.1. For each observation listed in Table 1, the
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Table 1. XMM–Newton observations of SN1006 used in this work.

ObsID Start date Noise CCD tliv, M1 tliv, M2 tliv, PN teff, M1 teff, M2 teff, PN

0077340101 2001-08-10 � 64 862 64 910 55 980 30 716 31 148 20 896
0077340201 2001-08-10 � 57 180 57 213 44 280 24 678 24 491 18 969
0111090101 2000-08-20 � 74 25 7430 2954 7325 7430 2954
0111090301 2000-08-17 � 5009 5062 899 1678 1679 0
0111090601 2001-08-08 � 15 770 15 776 10 387 7560 7957 4337
0143980201 2003-08-14 � 30 077 30 089 23 184 16 896 16 904 11 915
0202590101 2004-02-10 � 42 796 42 886 35 155 29 421 31 563 19 733
0306660101 2005-08-21 4 of MOS-1, 5 of MOS-2 33 424 33 446 25 526 9546 10 528 6582
0555630101 2008-08-22 5 of MOS-2 44 851 44 884 34 437 44 551 44 781 26 517
0555630201 2008-08-04 4 of MOS-1 107 848 107 885 84 401 94 477 95 999 52 548
0555630301 2009-02-19 � 119 926 119 861 93 164 89 856 91 656 59 983
0555630401 2009-01-28 4 of MOS-1 102 974 103 016 81 374 75 749 81 992 41 791
0555630501 2008-07-31 5 of MOS-2 125 449 125 430 100 663 85 498 96 372 51 187
0555631001 2008-08-28 5 of MOS-2 64 641 64 665 50 191 60 775 61 571 44 400
0653860101 2010-08-28 4 and 5 of MOS-1 124 863 124 952 101 182 104 396 105 661 77 326
Total � � 947 095 947 505 743 777 683 122 709 731 439 140

Notes. The third column summarizes the identi�cation number of MOS CCD(s) with low-energy noise. tliv, M1, tliv, M2, and tliv, PN are the dead-time corrected
on time (LIVETIME) for EPIC MOS-1, MOS-2, and PN, respectively. teff, M1, teff, M2, and teff, PN are the effective exposure times of EPIC MOS-1, MOS-2,
and PN after background �are removal. The last row is the total exposure time of individual cameras of all the data used in this work. All the exposure times
are in unit of second.

observation data �les for each of the EPIC instruments (MOS-1,
MOS-2, and PN) are reprocessed using the SAS tasks emchain and
epproc. We identify and tag the low-energy noise in the MOS CCDs
in anomalous states, i.e. with an elevated event rates between 0 and
1 keV, using the SAS task emtaglenoise, following the algorithm de-
scribed in Kuntz & Snowden (2008). All events in all CCDs tagged
as noisy are then �ltered out. CCDs in anomalous states with this
low-energy noise are also summarized in Table 1. Each data set
is further screened for periods of soft proton �aring through the
creation of full-�eld (but remove brightest point-like sources which
may be time variable) light curves in broad-band (0.3�12 keV for
MOS and 0.3�14 keV for PN). Good time interval selections are
made by setting a threshold with 3� clipping for each instrument.
The resulting effective exposure times for each instrument after this
background �are �ltering are listed in Table 1. The total effective
exposure times of all the observations for MOS-1, MOS-2, and PN
are 683, 710, and 439 ks, respectively. Out-of-Time (OoT) events
have a non-negligible impact on the PN data and are also repro-
cessed with the SAS task epchain and �ltered in an identical way to
the primary PN data sets. This OoT events are further subtracted in
the following imaging and spectral analyses.

The instrument (telescope+detector) response is not �at, i.e. the
effective area at a given energy depends on the position in the focal
plane. This vignetting effect is extremely important for the analysis
of inhomogeneous extended source such as SN1006. We apply the
SAS task evigweight to both the OoT and the primary events lists,
weighting each EPIC events with inverse effective area over one
exposure, so that the derived event list is equivalent to what one
would get for a �at instrument. This allows the use of single on-axis
ancillary response �les (ARF) for each instrument, and does not
require further effective area corrections in the following imaging
and spectral analyses.

The source event maps and the instrument exposure maps
from each observation and each camera are constructed in
several bands. In order to correct for the OoT events in PN
observations, we also construct OoT images and scale them to the
expected OoT event fraction (6.3 per cent in FF and 2.2 per cent
in EFF modes, respectively, according to XMM–Newton Users
Handbook: http://xmm.esac.esa.int/external/xmm_user_support/

documentation/uhb/index.html). These OoT images are then
subtracted from the raw PN images. A subtraction of the instru-
mental background is applied to images from all instruments
by making use of the EPIC �lter wheel closed (FWC) data
obtained from the XMM–Newton background analysis website
(http://xmm2.esac.esa.int/external/xmm_sw_cal/background/�lter
_closed/index.shtml). These FWC data are reprocessed and
renormalized to match the 10�12/12�14 keV (for MOS/PN) counts
number of the source images before subtraction.

The source, exposure, and background maps from different obser-
vations are then combined together using the SAS task emosaic. All
the images are binned to a pixel size of 3.2 arcsec, slightly smaller
than the FWHM (full width at half-maximum) of the XMM–Newton
mirror on-axis point spread function (PSF; �6 arcsec). Therefore,
we do not lose resolution in constructing images. The background-
subtracted event map is further adaptively smoothed with the SAS

task asmooth to a desired signal-to-noise ratio of 5. The expo-
sure map is smoothed according to the same template as the event
map. We then produce �nal background-subtracted and exposure-
corrected �ux images with these smoothed images (e.g. Fig. 1).

Because there exist a lot of soft X-ray knots in SN1006, which
may be misidenti�ed as point sources in usual source detection
tools, we conduct point-source detection only in the hard X-ray
band (2�8 keV). We create a constant PSF map of 10 arcsec for the
mosaicked images, which is good enough for a simple detection and
removal of them for the study of diffuse emission. We then adopt
this PSF map to a standard wave detection tool wavdetect. We �nally
inspect the detected point-like sources visually to remove obvious
false detections. The point sources are only removed in extracting
the background spectra (Appendix). There are many faint point-like
sources projected inside the SNR. The X-ray emission of most of
these sources peak at hard X-ray so do not contribute signi�cantly
at �2 keV which we most concern in this paper. Therefore, we do
not remove these point sources from the source spectra. We caution
that some peculiar features on the parameter maps shown in the
following sections may be caused by foreground or background
point sources instead of the emission from the SNR itself. This
contamination is in general not signi�cant, but could be important
when the truly diffuse emission is faint (e.g. close to the two point
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Figure 1. Broad-band tricolour images (Red: 0.3�1 keV; Green: 1�2 keV; Blue: 2�8 keV) of the entire FOV of the XMM–Newton observations of SN1006.
The white solid contour shows the region to extract spectra for the whole remnant and to do spatially resolved spectroscopy analysis. The white dashed annulus
show the region to extract the sky background spectra, and is divided into four quadrants to study the possible azimuthal variation of the sky background
(Appendix A). To clarify, removed point-like sources are not shown.

sources at RA, Dec � 15h04m20s, � 42�02� outside the southeast
rim of the SNR; Fig. 2).

3 SPATIALLY RESOLVED SPECTROSCOPY

3.1 Mapping the spectral parameters: general procedure

X-ray observations typically provide us with multidimensional data,
i.e. by recording the (x,y) position on the focal plane, the arrival time,
and the energy of the photons. This multidimensional data allows
us to study the spatial distribution of many physical parameters, in
addition to simply constructing broad- or narrow-band intensity im-
ages. Spatially resolved spectroscopy represent such techniques to
map out the physical parameters of X-ray bright extended sources.
Different from previous studies which often extract spectra from
several interesting regions of an extended source, we herein in-
troduce a new method to directly map out the spectral analysis
parameters in many tessellated regions. Similar techniques have
been discussed in several literatures. For example, Randall et al.
(2008) used two different methods (the oversampling of the image
at each pixel or the tessellated mesh) to map out the temperature
distribution around the Virgo cluster galaxy M86.

3.1.1 Creating tessellated meshes

We adopt a new algorithm in order to construct tessellated meshes
adaptively. We �rst �nd the brightest unbinned pixel in the original
point-source-removed broad-band (0.3�8 keV) counts image and
put this pixel into a new mesh. If the pixels already included in the

mesh contain total (MOS-1+MOS-2+PN) counts number above
our threshold of 104 counts, we create one polygon region contain-
ing all the pixels in the mesh. If the pixels contain less counts, we
then add the brightest pixel surrounding the previous added pixel to
the mesh and compare the total counts to the threshold again. This
process is repeated until the mesh contains more counts than the
threshold or no surrounding pixel is unbinned. Isolated pixels be-
tween different meshes are leaving unbinned during the creation of
the meshes. These unbinned pixels are �nally individually merged
into the neighbouring meshes with the smallest average distance to
them. This algorithm creates tessellated polygon regions each has
at least a counts number of the input threshold, while each pixel
only belongs to one single region (the meshes). An example of the
created meshes (3596 tessellated regions), as will be adopted in the
following analysis, is shown in Fig. 2. The smallest meshes have
typical diameter of 4 pixel, or �13 arcsec, larger than the FWHM
of the PSF. Therefore, the tail of the PSF should have little effect
on the spectral analysis.

3.1.2 Extracting spectra of individual regions

We extract spectra of MOS-1, MOS-2, and PN from each of the
polygon regions of each observations containing positive counts
numbers. We then weight these spectra as well as the corresponding
background and response �les and stack them together for MOS-1,
MOS-2, and PN, respectively. Typically, the spectrum of each in-
strument from a single region contains several thousand net counts,
enough for the purpose of roughly characterizing the soft X-ray
spectral energy distribution. To save computer time and space, we
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