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ABSTRACT

Aims. We want to probe the physics of fast collision-less shocks in supernova remnants. We are interested in the non-equilibration of
temperatures and particle acceleration. Specifically, we aim to measure the oxygen temperature with regards to the electron tempera-
ture. In addition, we search for synchrotron emission in the northwestern thermal rim.
Methods. This study is part of a dedicated deep observational project of SN 1006 using XMM-Newton, which provides us with the
currently best resolution spectra of the bright northwestern oxygen knot. We aim to use the reflection grating spectrometer to measure
the thermal broadening of the O  line triplet by convolving the emission profile of the remnant with the response matrix.
Results. The line broadening was measured as σe = 2.4 ± 0.3 eV, corresponding to an oxygen temperature of 275+72

−63 keV. From the
EPIC spectra we obtain an electron temperature of 1.35±0.10 keV. The difference in temperature between the species provides further
evidence of non-equilibration of temperatures in a shock. In addition, we find evidence of a bow shock that emits X-ray synchrotron
radiation, which is at odds with the general idea that because of the magnetic field orientation only in the NE and SW region, X-ray
synchrotron radiation should be emitted. We find an unusual Hα and X-ray synchrotron geometry, in that the Hα emission peaks
downstream of the synchrotron emission. This may be an indication of a peculiar Hα shock in which the density is lower and the
neutral fraction is higher than in other supernova remnants, resulting in a peak in Hα emission further downstream of the shock.

Key words. ISM: abundances – ISM: supernova remnants – X-rays: ISM

1. Introduction

Supernova remnants (SNRs) have the highest velocity, collision-
less shocks that can be studied in the Galaxy. These shocks are
of interest for the physical processes that are connected to them,
including non-equilibrium effects and cosmic-ray acceleration
(see e.g. Vink 2012). The advent of high-resolution X-ray obser-
vatories, such as XMM-Newton and Chandra, gives us a plethora
of high-quality data that allow these studies to be conducted.

The remnant of the historical supernova 1006 A.D.
(SN 1006, Fig. 1) is one of the youngest galactic SNRs in terms
of its evolution. Due to its high latitude (+14.6), and its long
historical lightcurve, it is thought to be a type Ia SNR. Located
at a distance d = 2.2 kpc (Winkler et al. 2003), which will be
adopted throughout this paper, it is expanding in a low-density
local medium (≈0.15 cm−1 in the northern region, ≈0.05 cm−3

elsewhere, e.g. Acero et al. 2007; Raymond et al. 2007; Miceli
et al. 2012). Because of the low surrounding unterstellar medium
(ISM) density, SN 1006 is in an early evolutionary state and so
an ideal remnant for studying non-equilibrium effects of the tem-
perature and ionisation state of the plasma. The remnant has a
particular morphology, in the sense that X-ray synchrotron ra-
diation seems to be emitted only in the northeastern and south-
western part of the remnant, with very little synchrotron emis-
sion along the line of sight toward the centre. The most viable
explanation is that these synchrotron limbs are polar caps of the
remnant, and the axis of the ambient magnetic field lies SW–NE
(Rothenflug et al. 2004; Völk et al. 2003; Berezhko et al. 2009;
Bocchino et al. 2011). Such a magnetic field parallel to the shock

Fig. 1. Smoothed image of SN 1006 in the 500–599 eV band. The bright
knot in the northwest is clearly visible. The extraction region of the RGS
spectrum of the 2008 observation is shown.

makes injection and thus acceleration of particles more efficient,
creating a higher density of accelerated particles at the poles
(Ellison et al. 1995). In addition, the γ-ray emission shows the
same morphology (Acero et al. 2010).
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This study is part of a large observing project on SN 1006
(PI: Decourchelle), which consists of seven XMM-Newton point-
ings that, coupled with archival data, bring the total observing
time to ≈900 ks. Here we focus on the bright emission knot in
the northwestern part of SN 1006. This interesting region of the
remnant has been studied before in detail by Long et al. (2003)
with Chandra. The knot itself has been studied in more detail by
Vink et al. (2003), who used the Reflection Grating Spectrometer
(RGS, den Herder et al. 2001) to determine the ion temperature
based on the thermal broadening of the O  line triplet. Since
we now have a factor four more observation time, we are able
to study the knot in much more detail and with higher precision.
Since the knot is also observed with different roll angles we have
better control of systematic effects.

In their study of the emission knot, Vink et al. (2003) found
TOxygen = 530 ± 150 keV, while the electron temperature Te was
measured at 1.5±0.2 keV. A temperature as high as 530 keV sug-
gests that the gas has been shocked with a velocity in excess of
≈5000 km s−1, provided that all the shock energy goes into heat-
ing the plasma. The result of Vink et al. (2003) has confirmed
earlier results in the optical (Ghavamian et al. 2002) and UV
(Raymond et al. 1995), namely that particle species in shocks
are heated proportionally to their mass; i.e., their temperatures
are not equilibrated:

kTi =
2(γ − 1)
(γ + 1)2 miv

2
s =

3
16

miv
2
s , (1)

where k is Boltzmann’s constant, Ti the temperature of the
species, γ the equation of state of the plasma (5/3 for non-
relativistic matter), vs the shock velocity, and mi the species
mass. In addition, the result shows that the equilibration of tem-
peratures behind the shock front in SNRs is a slow process.

In addition to the ejecta knot, we report on the X-ray emis-
sion upstream of the knot that shows evidence of X-ray syn-
chrotron radiation.

2. Data analysis

For studying the NW knot we use the three pointings done in
2001, 2008, and 2009, with OBSID’s 0077340101, 0555630501,
and 055530401 respectively. Both the EPIC (MOS and pn) and
the reflection grating spectrometer (RGS) were used for this
study.

The RGS1 and 2 data were scanned for soft-proton flaring
using CCD Nr. 9 of the detector, which is closest to the optical
axis of the mirror and thus most sensitive to flaring. The total,
reduced observation time of the RGS data amounts to 220 ks.
For the knot spectrum, we extracted only the part of the CCDs
where the knot emission is present, based on an image in the
500–600 eV band.

The large extent of SNR 1006 creates difficulties in the data
analysis in two ways. Firstly, the background is normally de-
termined by taking an extraction region from the edges of the
CCDs. This is impossible for SN 1006, because the edges of
the CCD also contain emission from the remnant. Since the
source is much brighter than the cosmic background, we take
a flaring-corrected blank-sky observation (OBSID 0500630101,
74.2 ks observation time) from a similar orbit to account for the
background.

The second problem is that the RGS is a slitless spectrome-
ter. As a result, the lines get smeared out due to the large angular
extent of the source. The source diameter of 30′ results in a line
broadening of ≈4 Å. This emission is in addition to the bright
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Fig. 2. EPIC MOS and EPIC PN (×10) spectrum of the knot in SNR
1006. For clarity we only show the spectra of the 0555630401 obser-
vation. The dotted line shows the model without the higher order O 
lines (see Sect. 3).

emission of the knot, which has an extent of 0.45′. We used an
updated version of the code used in Vink et al. (2003) to cor-
rect for the source extent. This code convolves the response ma-
trix with the emission profile of the remnant in the direction of
the RGS dispersion axis, taking the vignetting and off-axis effi-
ciency of the instrument into account. The emission profile was
obtained using a EPIC mosaic. While doing the data analysis, we
noticed that the off-axis emission was not symmetric between
the observations, which have a roll angle difference of 180◦. We
corrected for this based on the RGS vignetting calibrations doc-
umented in the tn-cal-98_002 calibration document1.

For the data analysis, we used the SPEX spectral fitting code
(Kaastra et al. 1996).

3. Results

3.1. Overall spectra

We extracted a MOS and pn spectrum (Fig. 2) from the knot
for the three different epochs. The spectrum is dominated by
emission lines of the lower mass elements such as O / and
Ne /, although there is a significant contribution from Li-
and He-like Mg and Si. Because of the low surrounding density,
the ionisation age of SN 1006 is one of the lowest measured in
the Galactic supernova remnants. We used C-statistic to fit the
data, which for a progressively higher number of counts asymp-
totically approaches the χ2 value (Cash 1979). The best-fit model
to the EPIC spectrum of the knot is a single non-equilibrium ion-
isation (NEI) model and a basic absorption model. The best-fit
NH we find is comparable to the values found by Dubner et al.
(2002).

Because the knot is assumed to be an ejecta knot, it is not
expected that more than one temperature NEI component is
present. The best fit parameters are listed in Table 1. The ion-
isation age of 3.1 × 109 cm−3 s and temperature of 1.35 keV are
compatible with the values found by Vink et al. (2003).

The RGS spectra of the oxygen knot are shown in Figs. 3
and 4. The difference in the spectra due to the 180◦ difference

1 Available at http://www.sron.nl/divisions/hea/xmm/
internal/docu-ments/rgs-sron-tn-cal-98_002.pdf
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Table 1. Best fit parameters for the NEI model.

Parameter EPIC

NH (1020 cm−2) 4.16 ± 0.77
nenhV (1054 cm−3) 2.40 ± 0.18
net (109 cm−3 s) 3.10 ± 0.07
kT (keV) 1.35 ± 0.10
C 0.29 ± 0.08
N 0.57 ± 0.06
O 0.69 ± 0.04
Ne 0.12 ± 0.01
Mg 0.45 ± 0.05
Si 4.75 ± 0.37

cstat/d.o.f. 1603/842

Notes. Best fit parameters for the EPIC data. The MOS and pn data
of the three observations of the knot were fitted simultaneously. The
Anders & Grevesse (1989) solar abundances were used and the errors
denote a 1σ uncertainty. Unlisted abundances were fixed at solar.

in roll-angle is clearly visible. The excess emission that results
from the extent of the remnant shows on different sides of the
O  line triplet. The same is true for the emission around the
other O lines at 19 and 18.6 Å. As in the EPIC spectra, O is
clearly the dominant element in terms of emission in the RGS
spectra. No other elements have such prominent emission lines,
although there is some Ne  present at 13.6 Å and there are hints
of emission lines in the higher wavelength part of the spectrum,
above 23 Å. Although the correction described in Sect. 2 works
well for the emission lines, there may still be continuum emis-
sion from the synchrotron bright part of the remnant that cannot
be disentangled with our method. This results in a systematically
higher continuum emission in the RGS spectrum, which in turn
results in the lower abundances found by fitting the RGS data.
We therefore list only the values found by fitting the EPIC data.
The ionisation age and electron temperature found are consistent
with the MOS data.

In previous studies of the spectrum of SN 1006, excess emis-
sion (see Fig. 2) has been found in the 0.73–0.8 keV energy
range (e.g. Yamaguchi et al. 2008; Miceli et al. 2009). It has been
interpreted as both Fe emission and as higher order O  transi-
tions missing in the plasma code. At 0.739 keV a recombination
edge of O  can also be found. However, since the remnant is in
an ionising state, significant recombination is not to be expected.

Of the listed possibilities, the Fe explanation seems the least
plausible. Especially in the ejecta knot, the ionisation age is so
low that Fe has not been ionised enough to emit significantly
in the X-ray part of the spectrum (i.e. its ionisation state is be-
low Fe ). In addition, An Fe  emission line at this energy
would surely be accompanied by other Fe  emission lines
(Gillaspy et al. 2011), for which we do not find any evidence.

The missing O  transitions seem to be the most probable
explanation to solve the excess. Higher order K-shell transitions
(He-ε, He-ζ and up) are indeed missing in the current version
of SPEX. Fitting the spectrum with a preliminary version of
SPEX in which the new lines are included significantly improved
the fit. As opposed to the Gaussians added by Yamaguchi et al.
(2008), the ratio between the lines, i.e. He-ζ/He-ε, in a plasma
of this temperature and ionisation age, may be as high as 0.75.
The ionisation age and kT of the spectral fit do not change sig-
nificantly between the older and the newer versions. As the new
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Fig. 3. RGS spectrum of the 2008 observation fit by a single NEI model.
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Fig. 4. RGS spectrum of the 2009 observation fit by a single NEI model.

version of SPEX is still preliminary, we list in Table 1 the pa-
rameters obtained by fitting with the current public version of
SPEX.

Ejecta knots are expected to have large overabundances of
elements. Looking at the abundances, the expected ejecta prod-
ucts Si and Ca are found to have higher than solar abundances.
The other elements, most notably Fe have abundances below or
at solar values. Both the MOS (at 4.4σ) and the RGS (at >10σ)
data show statistical evidence for the presence of N. The pres-
ence of this element can be related to interaction with ISM, as it
is not created in type Ia SNe.

3.2. Ion temperature

Figure 5 shows a close-up of the O  line triplet for the 2008
and 2009 observations. The triplet was fit with three Gaussians
and the best fit continuum from the complete dataset fit. This
gives a best fit doppler broadening of σO  = 2.4 ± 0.3 eV for
the 2008 and 2009 observations combined, which corresponds
to a kTO  = 275+72

−63 keV2. This is substantially larger than the
measured electron temperature of 1.2 keV. The line broadening

2 Obtained with the formulaσO /E0 =
√

(kT/mc2), with E0 = 574 eV
and m = mOxygen u 16 mp.
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Fig. 5. Zoom of the O  line triplets of the 2008 and 2009 observations.
The model fitted to the data is identical. The apparent difference in line
ratios and model is due to the 180◦ difference in roll-angles between
the two observations. The positions of the resonance (21.6 Å), the inter-
combination (21.8 Å), and the forbidden line (22.1 Å) are indicated in
the figure.

was significant at a >7σ level. The new value of kTO  = 275+72
−63

is lower than the value reported by Vink et al. (2003), but the
measurements are consistent at the 1.5σ level. Our new mea-
surement is more reliable, not only because the statistics have
improved, but also because the observations were taken with dif-
ferent roll angles, which reduces the systematic errors. As we
experimented with different extractions, and different model as-
sumptions (a NEI model, or a model in which line emission was
modelled with Gaussians in which both intensity ratios and line
widths were not fixed), we were able to estimate that the system-
atic error is ±45 keV.

3.3. Bowshock

Figure 6 shows from softer to harder X-ray bands and H-α emis-
sion the region of the ejecta knot. The O  and H-α bands
clearly show a bow-shock like protrusion in the shock front, affil-
iated with the ejecta knot. The 1680–2000 eV band supports the
picture, formed by the abundances, of an almost pure Si ejecta
knot overtaking the shock front. An interesting feature is present
upstream of the Hα filament: an isolated patch of hard X-ray
emission that is not visible in the O band. A MOS spectrum of
the contour region that lies exactly on the bright spot upstream

2501 - 6500 eV

500 - 599 eV 1680-2000 eV

Hα

Fig. 6. Emission knot plus the hard X-ray region in front of it seen
in the O  (500–599 eV), Si - (1680–2000 eV), continuum
(2501−6500 eV), and Hα wavebands. The 1680–2000 eV band con-
tours are plotted in all regions for comparison. The ring-like structure
in the H−α image is caused by the removal of a foreground source.

of the knot in the 1680–2000 eV band is shown in Fig. 7. The
spectrum shows O - and some Ne  emission, but there is
an absence of emission lines from higher mass elements, which
suggests that the hard X-ray component upstream of the knot is
non-thermal emission.

Contrary to the ejecta knot, a single NEI model is not suf-
ficient to account for the emission in the bow shock. Our best
fit model contains a power-law component, with a spectral in-
dex Γ = 2.34 ± 0.06, at a cstat/d.o.f. = 141/131. A power
law fit is preferable over a hot NEI component with a signif-
icance of >5σ. The NEI model has kT = 0.80+0.59

−0.28 keV and
net = 1.5+0.7

−0.3×109 cm−3. The abundances were fixed at solar. The
temperature and ionisation age of the NEI component are lower
than those found in the bright emission knot, and are somewhat
similar to the ISM spectral component found by Miceli et al.
(2012). The spectrum shown in Fig. 7 has a similar background
region as the spectrum of the ejecta bullet. To check whether
the lower energy emission lines in the bow-shock spectrum are
due to scattered light, however, we also considered a background
spectrum taken from a region located at the same distance from
the bullet as the bow shock. Indeed the lines disappeared in this
case, while the power law remained. Since Fig. 1 clearly shows
diffuse O emission around the ejecta knot, but also upstream
the northwestern Hα shock front in general, it remains unclear
whether the thermal emission in the spectrum can be fully at-
tributed to scattered light, or if part of the emission is indeed due
to some low temperature plasma component. For the estimates
of the non-thermal flux the details of the background subtrac-
tion do not make much difference, since the fit to the power-law
component was identical in both background cases. In the next
section we take a more detailed look at the implications of the
presence of the non-thermal emission in a bow shock upstream
of the ejecta bullet.

4. Discussion

We performed a detailed spectral analysis of both the EPIC and
RGS data of the bright northwestern knot in SN 1006. We found
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Fig. 7. Total added MOS spectrum of the hard X-ray region in front of
the knot. The best fit model to the spectrum includes a power-law and
an NEI component The power-law contribution is shown as a dotted
line.

statistical evidence of ISM interaction due to the presence of
N emission. We find that the excess found around 0.73 keV is
very likely caused by missing emission lines in the NEI codes.
We measured the line broadening at the northwestern bright
emission knot of SN 1006 and did a detailed spectral analysis
of both the knot and the hard patch of X-ray emission in front of
it. The line broadening was measured at σO  = 2.46 ± 0.3 eV,
which corresponds to an ion temperature of 275+72

−63 keV. The
electron temperature was measured to be 1.35 ± 0.1 keV, con-
firming that temperatures between species with different mass
are not equalised. Our results are consistent with the previous
temperature measurement of Vink et al. (2003).

If Eq. (1) holds (i.e. Tp = TO /16), then Te/Tp = 0.07± 0.01.
This is similar to the value found by Ghavamian et al. (2002):
Te/Tp < 0.07. However, it should be mentioned that our X-ray
measurement concerns the plasma located more downstream
from the shock front than the optical measurement, and a dif-
ferent region of the northern shock front. The timescale where
proton and oxygen equilibration starts to kick in is at a shock
age of ≈1010 cm−3 s, while our measured ionisation age is
3.1 × 109 cm−3 s (e.g. Vink 2012). Electrons are, however, ex-
pected to have risen in temperature quite significantly at such a
shock age, from Coulomb interactions alone. From the tempera-
ture and using Eq. (1), we can calculate the velocity at which the
plasma in the knot has been shocked, vs = 3000 km s−1. Since
it is an ejecta knot, this velocity represents the reverse shock ve-
locity in the frame of the ejecta knot.

We can calculate the density of the ejecta knot from the
EPIC emission measure, assuming that the knot is shaped as
an ellipsoid. Using the already adopted distance of 2.2 kpc and
dimensions of the knot of (4.3 × 1017) × (4.3 × 1017) × (1.1 ×
1018) cm3, we obtain a volume of ≈1.0× 1054 cm3. An emission
measure of nenHV = 3.0(±0.2) × 1054 cm−3 gives a density, us-
ing ne= nH/1.2, of nH u 2 cm−3. This is high compared to the
density of the surrounding medium, which is around 0.1 cm−3.
An ejecta knot needs a density enhancement of ≈100 times with
respect to the normal ejecta density at the same radius in order to
survive the instabilities caused by its interaction with the reverse
shock (Wang & Chevalier 2001). Magnetic field pressure, how-
ever, limits the formation of instabilities, decreasing the density
contrast needed for an ejecta knot to reach the forward shock
(Orlando et al. 2012).

4.1. X-ray synchrotron emission

The hard X-ray emission found ahead of the knot is interest-
ing in its own right. The morphology resembles a bow shock,
suggesting it may be caused by the ejecta knot, although a
line-of-sight explanation is also possible. The parameters of the
NEI model favour shocked ISM plasma as its origin. For the
power-law component, a different origin than synchrotron emis-
sion is not probable. Both inverse Compton and non-thermal
Bremsstrahlung are not significantly present at the concerned
energies (see e.g. Fig. 8 in Acero et al. 2010), even if their con-
tribution there is underestimated by two orders of magnitude.

We can estimate the magnetic field strength at the bow shock
by assuming that the width of the synchrotron patch is equal to
the advection length of synchrotron-emitting electrons (Eq. (62)
in Vink 2012):

B u 26
(

ladv

1.0 × 1018 cm

)−2/3

η1/3
(
χ4 −

1
4

)−1/3

µG, (2)

where χ4 is the shock compression in units of 4 and η the devi-
ation from Bohm diffusion, which is of the order of 1. With our
observations, we can obtain an upper limit to the width of the
synchrotron emitting region at ≈10.8′′, which corresponds to an
ladv = 0.37 × 1018 cm. Taking a shock compression ratio of 4,
we obtain a lower limit to the magnetic field of ≈50 µG. This
is consistent with the magnetic field strengths measured in other
parts of the remnant (Acero et al. 2010).

Another interesting feature is, as mentioned in Sect. 3.3, that
the X-ray synchrotron emission is found ahead of the Hα emis-
sion. The Hα emission is usually found in a narrow (≈1015 cm)
region behind the shock front, while X-ray synchrotron emission
starts behind the shock, but is much broader (1017−1018 cm).
That the geometry is different near the knot could be coinciden-
tal, i.e. due to a line of sight effect. In that case the X-ray syn-
chrotron emission is not causally connected to the knot and the
Hα filament. It is unlikely that the Hα emission and the knot are
not causally connected, for the Hα filament shows a clear pro-
trusion where the knot penetrates the shock front. Nevertheless,
that the only clear X-ray synchrotron filament not connected to
the bright rims is just ahead of the ejecta knot, makes it worth-
while to investigate whether they could be causally connected
and what then the origin could be for the peculiar geometry, with
the X-ray synchrotron emission lying ahead of the Hα filament.

A causal connection between X-ray synchrotron emission
and the ejecta knot (i.e. the synchrotron emission is caused by
a bow shock) may provide an explanation for why only in this
region outside the bright synchrotron limbs we see evidence
for X-ray synchrotron emission. It is likely that near the knot
the shock velocity is higher than in the immediate surround-
ings (≈2900 km s−1, Ghavamian et al. 2002). Given the de-
pendence of X-ray synchrotron emission on the shock velocity
(hνmax ∝ V2

S , e.g. Zirakashvili & Aharonian 2007; Vink 2012),
the higher shock velocity may have resulted in a higher syn-
chrotron cut-off frequency, hence, X-ray synchrotron emission.
In addition, the interaction of the knot with its surroundings may
have enhanced the local magnetic field. For example, hydrody-
namical simulations indicate that the magnetic field strength may
be amplified upstream of an ejecta knot (Orlando et al. 2012). On
the other hand, the magnetic field estimate provide above indi-
cates that the magnetic field is not significantly different from
the bright synchrotron rims, although the magnetic field may be
smaller elsewhere along the northwestern rim.

The presence of X-ray synchrotron emission at this location
is unexpected given the overall evidence that suggests a polar cap
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geometry for synchrotron emission, with the polar caps being the
two bright X-ray synchrotron emitting region. The general idea
is that the magnetic field is parallel to the shock normal for these
caps, causing more particles to be injected into the accelera-
tion process. However, this model still applies to the emission of
X-ray synchrotron radiation from the specific spot in the north-
ern region. The reason is that the X-ray emission and also the ra-
dio emission from this region are relatively weak, implying that
the number density of relativistic electrons is low. X-ray syn-
chrotron emission itself, however, informs us that the particles
can be accelerated to 10–100 TeV energies. For this to happen
the shock velocity needs to be high enough (Vs & 3000 km s−1

Aharonian & Atoyan 1999; Vink 2012). Radio expansion mea-
surements indicate that the northeastern region and southwestern
region have lower expansion velocities (Moffett et al. 2004), so a
possible explanation for the lack of X-ray synchrotron emission
from the northeastern and southwestern regions is a generally
low velocity, limiting the maximum electron energy. A possible
exception would then be the shock region coinciding with the
knot. The overall radio and X-ray synchrotron morphology of
SN 1006 is more determined by the efficiency of acceleration,
i.e. the number density of relativistic electrons, in agreement
with the polar cap model (Rothenflug et al. 2004; Bocchino et al.
2011).

A possible causal connection between the ejecta knot and
the X-ray synchrotron emission, raises the question of why the
Hα emission is then emitted so far downstream of the shock.
Here we speculate on what could cause the peculiar observed
X-ray/Hα geometry. There are several factors that determine the
width of an Hα filament (e.g. van Adelsberg et al. 2008), which
are shock velocity, neutral fraction, and the pre-shock density.
The width of the filament becomes larger when the velocity vs
or neutral fraction fn increase and/or when the pre-shock den-
sity n0 decreases. For example, with vs = 4000 km s−1, fn = 0.9,
and n0 = 0.01 cm−3, the distance between the shock front and
Hα filament z u 5 × 1017 cm. This is comparable to the distance
between the filament and the outer edge of the synchrotron emis-
sion d u 8 × 1017 cm (taking an expansion rate of the Hα fila-
ment of 0.′′3/year into account). The brightest Hα region could
then correspond to the increased density associated with the con-
tact discontinuity between the knot and the shocked ISM. This
explanation does, however, require a high neutral fraction cou-
pled with a low density, while the neutral fraction as measured
by Ghavamian et al. (2002) equals 0.1, and n0 estimates in the
northern region lie around 0.15–0.25 cm−3. On the other hand,
these estimates are based on a conventional explanation for the
Hα emission, and apply to other regions in the northwestern part
of SN 1006. More detailed modelling is necessary to see whether
extended Hα emission, owing to a high neutral fraction, is a vi-
able model for the Hα emission associated with the shock, or
whether the unexpected geometry of Hα and X-ray synchrotron
can be attributed to an accidental superposition of two separate
features.

5. Conclusions

We have presented here our analysis and interpretation of a
deep XMM-Newton observation of the northwestern region
of SN 1006, focussed on a bright ejecta knot. The analysis
concerned both imaging spectroscopy with the EPIC instrument,

and high-resolution spectra of the RGS instrument. We sum-
marise here the main results of our analysis.

– The line broadening of the O  ions was measured at
2.46 ± 0.3 keV, which corresponds to a kT = 275+72

−63 keV.
The electron temperature was measured at 1.35 ± 0.10 keV.
Our results therefore confirm that the temperatures between
species of different mass are not equilibrated.

– We find a bow-shock of X-ray synchrotron emission up-
stream of the ejecta knot. X-ray synchrotron emission at this
location is unexpected and at odds with the general polar
cap model for X-ray synchrotron emission (Rothenflug et al.
2004).

– The shock near the ejecta knot has a peculiar geometry, in
that the X-ray synchrotron emission is located upstream of a
bright Hα filament.

– This geometry can either be explained by a line-of-sight ef-
fect, where the knot and the synchrotron emission are not
causally connected, or more speculatively, by Hα emission
from a region with a high interstellar medium neutral frac-
tion and a low density.

Acknowledgements. S.B. is supported financially by NWO, the Netherlands
Organisation for Scientific Research. The results presented are based on obser-
vations obtained with XMM-Newton, an ESA science mission with instruments
and contributions directly funded by ESA Member States and the USA (NASA).
A.D. and G.M. acknowledge the CNES for financial support. F.B. and M.M.
acknowledge partial support from the ASI-INAF agreement No. I/009/10/0.

References
Acero, F., Ballet, J., & Decourchelle, A. 2007, A&A, 475, 883
Acero, F., Aharonian, F., Akhperjanian, A. G., et al. 2010, A&A, 516, A62
Aharonian, F. A., & Atoyan, A. M. 1999, A&A, 351, 330
Anders, E., & Grevesse, N. 1989, Geochim. Cosmochim. Acta, 53, 197
Berezhko, E. G., Ksenofontov, L. T., & Völk, H. J. 2009, A&A, 505, 169
Bocchino, F., Orlando, S., Miceli, M., & Petruk, O. 2011, A&A, 531, A129
Cash, W. 1979, ApJ, 228, 939
den Herder, J. W., Brinkman, A. C., Kahn, S. M., et al. 2001, A&A, 365, L7
Dubner, G. M., Giacani, E. B., Goss, W. M., Green, A. J., & Nyman, L.-Å. 2002,

A&A, 387, 1047
Ellison, D. C., Baring, M. G., & Jones, F. C. 1995, ApJ, 453, 873
Ghavamian, P., Winkler, P. F., Raymond, J. C., & Long, K. S. 2002, ApJ, 572,

888
Gillaspy, J. D., Lin, T., Tedesco, L., et al. 2011, ApJ, 728, 132
Kaastra, J. S., Mewe, R., & Nieuwenhuijzen, H. 1996, in UV and X-ray

Spectroscopy of Astrophysical and Laboratory Plasmas, eds. K. Yamashita,
& T. Watanabe, 411

Long, K. S., Reynolds, S. P., Raymond, J. C., et al. 2003, ApJ, 586, 1162
Miceli, M., Bocchino, F., Iakubovskyi, D., et al. 2009, A&A, 501, 239
Miceli, M., Bocchino, F., Decourchelle, A., et al. 2012, A&A, 546, A66
Moffett, D., Caldwell, C., Reynoso, E., & Hughes, J. 2004, in Young Neutron

Stars and Their Environments, eds. F. Camilo, & B. M. Gaensler, IAU Symp.,
218, 69

Orlando, S., Bocchino, F., Miceli, M., Petruk, O., & Pumo, M. L. 2012, ApJ,
749, 156

Raymond, J. C., Blair, W. P., & Long, K. S. 1995, ApJ, 454, L31
Raymond, J. C., Korreck, K. E., Sedlacek, Q. C., et al. 2007, ApJ, 659, 1257
Rothenflug, R., Ballet, J., Dubner, G., et al. 2004, A&A, 425, 121
van Adelsberg, M., Heng, K., McCray, R., & Raymond, J. C. 2008, ApJ, 689,

1089
Vink, J. 2012, A&ARv, 20, 49
Vink, J., Laming, J. M., Gu, M. F., Rasmussen, A., & Kaastra, J. S. 2003, ApJ,

587, L31
Völk, H. J., Berezhko, E. G., & Ksenofontov, L. T. 2003, A&A, 409, 563
Wang, C.-Y., & Chevalier, R. A. 2001, ApJ, 549, 1119
Winkler, P. F., Gupta, G., & Long, K. S. 2003, ApJ, 585, 324
Yamaguchi, H., Koyama, K., Katsuda, S., et al. 2008, PASJ, 60, 141
Zirakashvili, V. N., & Aharonian, F. 2007, A&A, 465, 695

A9, page 6 of 6


	Introduction
	Data analysis
	Results
	Overall spectra
	Ion temperature
	Bowshock

	Discussion
	X-ray synchrotron emission

	Conclusions
	References

