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ABSTRACT

The remnant of the supernova of 1006 AD, the remnant first showing evidence for the presence of X-ray syn-
chrotron emission from shock-accelerated electrons, was observed for �1000 ks with INTEGRAL in order to study
electron acceleration to very high energies. The aim of the observation was to characterize the synchrotron emission
and attempt to detect nonthermal bremsstrahlung using the combination of IBIS and JEM-X spatial and spectral cov-
erage. The source was detected with JEM-X between the 2.4 and 8.4 keV bands and was not detected with either
ISGRI or SPI above 20 keV. The ISGRI upper limit is about a factor of 4 above current model predictions, but con-
firms the presence of steepening in the power law extrapolated from lower energies (<4 keV).

Subject headings: ISM: individual (SN 1006) — radiation mechanisms: nonthermal — supernova remnants —
X-rays: ISM

Online material: color figures

1. INTRODUCTION

Supernova remnants (SNRs) have long been thought to be the
primary site of Galactic cosmic ray acceleration up to the ‘‘knee’’
feature in the integrated cosmic-ray spectrum near 3000 TeV, as
the supernova shocks are one of the few mechanisms that could
provide enough energy to support this population (Dyer et al.
2001). However, many features of the acceleration process, includ-
ing injection physics, efficiency, andmaximum electron and ion en-
ergies, are not yet clear. Hard X-ray observations (above10 keV)
of SNRs may cast light on this poorly understood process.

High-energy electrons in SNRs produce X-rays via twomech-
anisms, nonthermal bremsstrahlung and synchrotron radiation.
Electrons can also produce gamma-rays up to TeVenergies by in-
verse Compton (IC) scattering of any photons present, such as the
cosmicmicrowave background (CMB). In addition, relativistic pro-
tons can produce gamma-rays from the decay of �0 particles from
inelastic ion-ion collisions. All these processes have been exten-
sively modeled for SNRs by various groups (Sturner et al. 1997;
Gaisser et al. 1998; Baring et al. 1999). In hard X-rays, synchro-
tron radiation from the tail of the electron distribution may com-
pete with nonthermal bremsstrahlung from the very lowest energy
accelerated electrons.

SN 1006 has been the prototype laboratory for the study of
electron acceleration to high energies in shocks. X-rays from this
object were first reported by Winkler & Laird (1976). The ear-
lier featureless spectrum (Becker et al. 1980) was modeled as the
loss-steepened extrapolation of the radio synchrotron spectrum
by Reynolds & Chevalier (1981). Later, observations by ASCA

(Koyama et al. 1995) showed that the limbs have featureless
spectra well described by power laws, whereas the interior has a
thermal, line-dominated spectrum. The source was also observed
with the Rossi X-Ray Timing Explorer (RXTE ), and Dyer et al.
(2001) showed that elaborate synchrotron emission models
(Reynolds 1996, 1998) fit the combined RXTE+ASCA spectrum
reasonably well.
Electrons producing keV synchrotron emission could also pro-

duce very high energy photons (in the TeV range) by IC upscat-
tering of CMB photons (Pohl 1996). The TeV flux depends on
the electron distribution, and in conjunction with the synchrotron
flux, a mean magnetic field strength of the remnant can be de-
duced. A detection of the northeast (NE) limb of SN 1006 was
reported in ground-based TeV observations by CANGAROO-I
(Tanimori et al. 1998). It is interesting that only one limb was de-
tected, even though the X-ray spectra of the two limbs are sim-
ilar (Allen et al. 2001; Dyer et al. 2004). To have a discrepancy in
the TeV band, the electron spectra, magnetic field strengths, or
synchrotron and IC emission angle distributions of the two rims
would have to be different (Allen et al. 2001), but in a way that
does not produce significant differences in the X-ray band.
The nature of X-ray emission from SN 1006 above 10 keV is

still uncertain. Below 10 keV, synchrotron emission is the most
plausible explanation. For synchrotron radiation, the quantitative
inferences apply only to the exponential cutoff of the electron
distribution. On the other hand, most of the accelerated electrons
and much of their total energy reside in the lowest energy non-
thermal electrons, whose bremsstrahlung emission could become
dominant above 30 keV. In principle, the International Gamma-
Ray Astrophysics Laboratory (INTEGRAL) can examine the ef-
fects of both the lowest and highest energy nonthermal electrons
by distinguishing the synchrotron and bremsstrahlung emission
with its imaging and spectral capabilities.
Reynolds (1999) modeled bremsstrahlung and synchrotron

emission from SN1006. Synchrotron hardX-rays should be con-
centrated in two bright opposing limbs, like the radio emission,
and should dominate the emission below 30 keV. The images and
spectra taken with ASCA (Koyama et al. 1995), Chandra X-Ray
Observatory (Long et al. 2003), and XMM-Newton (Rothenflug
et al. 2004) confirm this below 10 keV. The nonthermal brems-
strahlung, resulting from slightly suprathermal shock-accelerated
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electrons interacting with thermal ions, is likely to be more sym-
metrically distributed, and will dominate at some energy be-
tween 30 and 300 keV. The bremsstrahlung flux will scale with
the product of the thermal gas density nth and the relativistic
electron density ne, rel. The former can be constrained by ob-
servations of thermal X-ray emission, while the latter can be
deduced from radio synchrotron fluxes if the magnetic field is
known.

The TeV spectrum reported from CANGAROO-I (Tanimori
et al. 1998) could be well described by IC upscattered CMB pho-
tons, using a power-law electron spectrum with an exponential
cutoff, as described in Dyer et al. (2001). This fit gave a post-
shock magnetic field of about 10 �G. However, this result is
now called into question by the observations of the High-Energy
Stereoscopic System (H.E.S.S.), which did not detect the source
despite better sensitivity than CANGAROO-I. The TeV up-
per limits from H.E.S.S. are about a factor of 10 below the
CANGAROO-I results9 (Aharonian et al. 2005). These limits
constrain IC upscattering of CMB photons by the same electrons
that produce X-ray synchrotron emission; tighter limits mean
fewer electrons, a higher magnetic field (Aharonian et al. [2005]
place a lower limit of 25 �G on the postshock magnetic field),
and less nonthermal bremsstrahlung. Lowering the possible IC-
CMB flux by a factor of 10 directly lowers the allowable rela-
tivistic electron density by the same factor, and hence lowers the
predicted bremsstrahlung flux by an order of magnitude.

Even if bremsstrahlung is not detected, the detailed shape of
the steepening synchrotron spectrum can provide information
on the physical process causing the cutoff in the electron spectrum.
This is crucial information for understanding the acceleration of
cosmic rays, since if the cutoff is due to radiative losses on elec-
trons, the proton spectrummight extend tomuch higher energies,
perhaps as high as the knee. However, if the finite remnant age
(or size) or some change in diffusive properties of the upstream
medium causes the cutoff, it should also cut the proton spec-
trum off at a similar energy (between 10 and 100 TeV; Dyer et al.
2001), far below the ‘‘knee’’ energy. Detailed models show sub-
tle but potentially distinguishable differences in the shape of the
synchrotron spectrum above 10 keV, with loss-limited spectra
(due to higher magnetic fields) being somewhat harder.

Ourgroup has observed SN1006 for�1000kswith INTEGRAL
(Winkler et al. 2003) in AO-1, with the main aim of detecting
and characterizing synchrotron emission and distinguishing syn-
chrotron and nonthermal bremsstrahlung emission by comparing
the IBIS ISGRI and JEM-X images to the model images. In this
work, we discuss the results of the analysis of the INTEGRAL
data and place limits on the synchrotron and bremsstrahlung
emission from SN 1006.

2. OBSERVATIONS AND ANALYSIS

The INTEGRAL observations took place in two sets. The
�250 ks first set (‘‘set I’’) was conducted early in the mission,
between 2003 January 11 and 20, corresponding to INTEGRAL
revolutions 30 and 32. The �750 ks second set (‘‘set II’’) was
conducted between 2004 January 20 and 30, during revolutions
155–158. These two sets have different observational character-
istics for different instruments, as explained below, and only the
data from set II are used for this paper. We did not use SPI (Spec-
trometer on INTEGRAL; Vedrenne et al. 2003), as ISGRI (see
x 2.2 for more information) places much stricter limits in the hard

X-ray band. Before the general analysis for all instruments,
we filtered out the pointings with high anticoincidence shield
rates, mostly occurring during the entry and exit of the radia-
tion belts.

2.1. The JEM-X Analysis

The Joint European X-ray Monitor (JEM-X) consists of two
identical high-pressure imaging microstrip gas chambers, and
makes observations simultaneously with the main instruments
on INTEGRAL, albeit with a narrower, fully coded field of view
of 4N8. The energy band is 3–35 keV, and the angular resolution
is 3A35 (Lund et al. 2003). Because a problemwith eroding anodes,
the high voltage in the JEM-X detectors was lowered, and a new
background rejection criterion was implemented after the launch.
One of the detector pair is being kept in a safe state, and during
our observations only JEM-X 2 was operational.

Set I was conducted before the new background rejection
criteria were implemented in JEM-X, and therefore was not in-
cluded in this analysis. We note that although the total exposure
for set II is�750 ks, the effective exposure time of the central ob-
ject is approximately 250 ks, due to the vignetting of the JEM-X
instrument during the 25 point dither. We have obtained JEM-X
images in 4 energy bands using the JEM-X Midisky offline soft-
ware package available from the DNSC (Lund et al. 2004). These
energy bands10 are 2.4–4.2, 4.2–8.4, 8.4–14, and 14–35 keV.
The images from each pointing are then mosaicked using the
Mosaic Weight program (Chenevez et al. 2004).

The fluxes and the significance values shown in Table 1 are
derived using the innerASCA contours enclosing the NE and SW
limbs to define two shape templates. The NE template is con-
structed with 23 pixels inside the inner ASCA contour seen as the
upper left limb in Figure 1. The SW template is also constructed
similarly, using the 19 pixels inside the lower right inner ASCA
contour. The count excesses in the JEM-Xmosaic images are then
determined inside these two regions. The relevant noise figures
are derived by defining a number of nonoverlapping regions with
the reference templates within a 60 ; 60 pixel field (9000 ; 9000)
centered onSN1006. 114NE templates, each containing 23 pixels,

9 Recent measurements by CANGAROO-III has also claimed null result on
SN 1006 (Tanimori et al. 2005).

10 The low energy threshold is variable over different parts of the JEM-X
detector.

TABLE 1

JEM-X Summary

Energy Band

(keV)

Flux

(10�4 photons

cm�2 s�1)

Statistical

Significance

Model Fluxa

(10�4 photons

cm�2 s�1)

NE Limb

2.4–4.2b ......... 10 � 4 2.6 14

4.2–8.4 ........... 11 � 2 5.0 5.9

8.4–14 ............ 3.3 � 1.9 1.7 1.4

SW Limb

2.4–4.2 ........... 15 � 4 4.0 13

4.2–8.4 ........... 3.6 � 2.3 1.6 4.8

8.4–14 ............ <5.7 3c . . .

a Flux from extrapolated model fit to the ASCA spectrum (0.8–9 keV;
Dyer et al. 2004).

b The actual low energy threshold is variable over different parts of the
JEM-X detector.

c 3 � upper limit.
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can be arranged within the 60 ; 60 field. For the SW template
the corresponding numbers are 112 regions, each with 19 pixels.
The statistical properties of the excess counts in these two sets of
regions are used to derive rms noise of the background for re-
gions of the two shapes. The signal-to-noise ratio derived in this

way will obey normal statistics, because the region templates are
defined independently of the JEM-X data. The fluxes are derived
by comparing the excesses in the SN 1006 mosaics with corre-
sponding excesses in mosaic images of the Crab Nebula obtained
with the same INTEGRAL dither pattern, and correcting for the
difference in the effective observation time.

2.2. The ISGRI Analysis

One of the two main instruments on INTEGRAL, IBIS (Imager
on Board the INTEGRAL Satellite; Ubertini et al. 2003), con-
sists of two cameras. The INTEGRAL Soft Gamma-Ray Imager
(ISGRI) is the low-energy camera of the IBIS telescope (Lebrun
et al. 2003). It has a large sensitive area of 2621 cm2 made up of
16,384 CdTe pixels. The angular resolution is �130 (Gros et al.
2003), and the fully coded field of view is 9�. The energy range is
20 keV to 10 MeV. The older background maps for set I ob-
servations resulted in much noisier images compared to set II
images, and therefore we limit the analysis to the data from set II.
We used OSAversion 4.2 (Goldwurm et al. 2003) standard pro-
grams to obtain images in the 20–40 and 40–100 keV bands.
Since the ISGRI systempoint-spread function is�130, SN 1006

(�300 diameter) appears as an extended object to the imager.
Estimation of the flux of such sources with a coded-mask instru-
ment is complicated, since the mask patterns used in gamma-ray
astronomy are optimized for point sources. One needs to use sim-
ulations to obtain the effect of the extended nature of the source
on the image and the measured flux. Such simulations have been
conducted for ISGRI for different extended source geometries,
including SN 1006 (Renaud et al. 2006). For SN 1006 Renaud
et al. (2006) used an input image of the expected synchrotron
emission map in the 20–40 keV band based on the simulations
described in Reynolds (1999). The principle of the ISGRI sim-
ulations is as follows. For each pointlike source constituting the
extended one, the corresponding shadowgram (the image of the
mask pattern illuminated and projected onto ISGRI) is calcu-
lated. The final expected shadowgram of SN 1006 is obtained by
summing all these contributions. Then, the standard deconvo-
lution (see Goldwurm et al. 2003 for details) in OSA is applied
to obtain the reconstructed image. With this technique, Renaud
et al. (2006) obtained a reduction factor of 0.7, i.e., ISGRI would
detect 70% of the true flux at each limb.

3. RESULTS

3.1. JEM-X Results

The source is detected at the limbs in 2.4–4.2 and 4.2–8.4 keV
bands (see Fig. 1 and Table 1). This is the first time that the
structure of an individual extended source has been imaged with
INTEGRAL. It appears that the SW limb (the limb on the right in
the images) is stronger in the 2.4–4.2 keV band at about the 1 �
level, but the trend is reversed at higher energies. At 4.2–8.4 keV
the NE limb is stronger, a result with higher significance. An
excess at the position of the NE limb is present in the 8.4–14 keV
band (1.7 �), but no excess is seen in the SW limb. We note that
the XMM-Newton data also point to an asymmetry in flux com-
ing from the NE and SW limbs, such that the NE limb gets rela-
tively stronger as energy increases (Rothenflug et al. 2004). A
similar trend is seen in ASCA data (Dyer et al. 2004), but the dif-
ferences are small in the ASCA band (below 8 keV). The small
excess of the SWover NE limbs in the 2.4–4.2 keV band that we
see is not supported by ASCA or XMM-Newton observations in
that energy range.
Figure 2 shows our combined JEM-X fluxes for both limbs,

compared with previous spatially integrated pre-ASCA flux

Fig. 1.—JEM-X reconstructed images of SN 1006 in three energy bands:
2.4–4.2 keV (top), 4.2–8.4 (middle) keV, and 8.4–14 keV (bottom). The ASCA
contours are overlaid. The detection significances, fluxes, and upper limit fluxes
are shown in Table 1. [See the electronic edition of the Journal for a color
version of this figure.]
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measurements (see Reynolds 1996; Hamilton et al. 1986 for ref-
erences). The integrated fluxes have been converted to flux den-
sities, assuming a photon index � of 3.0 (Allen et al. 2001). Also
shown are a pair of model curves for the escape model that pro-
vided a good fit to ASCA and RXTE data in Dyer et al. (2004).
The parameters of the best fit are a roll-off frequency of �roll ¼
3:0 ; 1017 Hz and an electron energy index of 2.2 (implying a
radio spectral index � ¼ 0:6 or radio photon index � � � þ 1 ¼
1:6). These parameters imply an e-folding energy of the expo-
nential cutoff (due to escape) of 32(B2 /10 �G)�1=2 TeV,whereB2

is the postshock field. The curves in Figure 2 correspond to�1 �
errors on �roll , (2:8 3:1) ; 1017 Hz. The dashed line indicates the
bremsstrahlung prediction for an upstream density of 0.2 cm�3

and B2 ¼ 10 �G.

3.2. ISGRI Results

We obtained ISGRI images in different energy bands using
OSA version 4.2. SN 1006 was not detected in any band. The
20–40 keV sigma image is shown in Figure 3. The 3 � upper
limit (sensitivity limit) for a point source for �750 ks observing
time is �9 ; 10�5 photons cm�2 s�1. If synchrotron radiation
dominates in the 20–40 keV band, the emission would be con-
centrated in two limbs. The extended nature of the source causes
a reduction factor of 0.7 in flux (see x 2.2). Therefore, the 3 � up-
per limit for a synchrotron-dominated source is 1:3 ; 10�4 photons
cm�2 s�1 at each limb. For synchrotron-dominated emission, the
expected total flux in the 20–40 keV band (based on the models
shown in Fig. 2) is (2:9 3:6) ; 10�5 photons cm�2 s�1 for the en-
tire remnant, or roughly half this at each limb. The bremsstrah-
lung emission from themodel shown in Figure 2, using the lower
limit 25 �G downstream magnetic field from H.E.S.S. TeVob-
servations, is predicted to be about 2 ; 10�8 photons cm�2 s�1,
far below ISGRI’s sensitivity. In fact in this case, since the emis-
sion would be coming from a larger area, the upper limit set by
our observations is even higher. The predicted crossover energy
at which bremsstrahlung and synchrotron emission become com-
parable is in the vicinity of 200 keV.

Long et al. (2003) reported that a power-law photon index of
2.30 fit the Chandra data well between 0.5 and 5 keV for the
emission at the limbs. An extrapolation of this fit from 5 keV to
the ISGRI range is also shown in Figure 2 with a dot-dashed line.
Our ISGRI upper limit is about a factor of 2 below the extrap-
olation of this power law to 28 keV.

4. DISCUSSION

Coded-mask imaging is a complex process, and optimal tech-
niques are still being developed to clean noisy images, for both
JEM-X and ISGRI. Our results confirm and extend results ob-
tained with ASCA, Chandra, and XMM-Newton, and show that
relatively small increases in sensitivity may allow ISGRI to de-
tect predicted synchrotron radiation for some models.

The prospect of detecting bremsstrahlung X-rays or gamma-
rays from SN 1006 has become considerably more remote with
the combination of lower estimates for the ambient density and
the much higher magnetic field that would be required to ex-
plain the lack of IC from CMB photons in the H.E.S.S. obser-
vations. However, it is quite possible that a somewhat longer
INTEGRAL observation scheduled for Cycle 3 will have suf-
ficient sensitivity to detect synchrotron emission in the 18–
40 keV band. A model that can describe the observations of
Figure 2 but with a strong enough magnetic field to satisfy
the H.E.S.S. constraints (downstream B > 25 �G) is somewhat
harder than the spectra shown in Figure 2, and predicts a flux in
the 18–40 keV band of 0:3 ; 10�4 photons cm�2 s�1. Somemod-
els predict considerably lower fluxes in the 18–40 keV band,
so ISGRI detection would not only extend and confirm the pres-
ence of hard synchrotron X-rays but could provide useful model
discrimination.

We have obtained the first observations with JEM-X of
an extended source, between 2.4 and 14 keV. The fluxes we de-
rive are consistent with those of earlier imaging observations
where they overlap, and support the identification of the con-
tinuum emission of SN 1006 as synchrotron radiation from
an electron distribution that is slowly dropping off. Our ISGRI
3 � upper limit is about a factor of 4 higher than the predic-
tion of the model that best fits the soft X-ray continuum. With
ISGRI, we confirm at higher energies than have been previously

Fig. 2.—Integrated hard X-ray spectrum of SN 1006. The heavy bars show
the energy bins over which our JEM-X fluxes are integrated. The integrated
fluxes were converted to spectral fluxes assuming a power-law index of 3.0 and
plotted at the median energy of each bin. The errors in the bin energies are insig-
nificant (much smaller than the line widths). The upper limit bar is from ISGRI.
Open circles are pre-ASCA (see text) observations, and the two solid lines are the
�1 � model fits to ASCA and RXTE data, extrapolated to the higher energies
(Dyer et al. 2001). The dot-dashed line is the extrapolation from the Chandra
spectral fit (Long et al. 2003). The dashed line is the bremsstrahlung prediction
of the model described in text.

Fig. 3.—ISGRI � image around SN 1006 in 20–40 keV band. SN 1006 is not
detected. A nearby source ( possibly VV 780, 11.6 � detection; Kalemci et al.
2005) is also shown for comparison. The ASCA contours are overlaid to show
the expected position of SN 1006. The feature at the center of SN 1006 is not
significant and is possibly due to inaccurate background map. [See the elec-
tronic edition of the Journal for a color version of this figure.]
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reported that the X-ray spectrum of SN 1006 must be steepening.
A somewhat longer observation and more developed data analy-
sis techniques should allow the detection of SN 1006 in the 18–
40 keV bandwith ISGRI and above 8.4 keVwith JEM-X and can
provide important modeling constraints.
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