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INTEGRAL observations of the SNR IC443 region
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Abstract

IC433 is a supernova remnant (SNR) interacting with a molecular cloud. The field of IC443 also contains an unidentified gamma-ray
source 3EG J0617 + 2238. Recent observations with XMM-Newton and Chandra have revealed a number of hard X-ray sources in the
field of the extended SNR including a pulsar wind nebula and an enigmatic hard X-ray source in the SNR – molecular cloud interaction
region. We present preliminary results from INTEGRAL observations of IC443. Several sources have been detected by JEM-X, both in
the 3–10 and 10–35 keV band, among which is the PWN. We discuss the relation between the JEM-X sources and the detected XMM/
Chandra X-ray sources.
� 2007 COSPAR. Published by Elsevier Ltd. All rights reserved.

Keywords: Supernova remnants: IC443; Non-thermal X-ray emission
1. The supernova remnant IC443

The supernova remnant IC443 is interacting with a neu-
tral cloud in the NE and a molecular cloud in the SE. Sig-
natures of this interactions are evident in the soft X-ray
band (Troja et al., 2006) and in the hard X-ray band
(Bocchino and Bykov, 2003). A pulsar wind nebula is
located inside the remnant (Olbert et al., 2001; Bocchino
and Bykov, 2001; Gaensler et al., 2006, Src #5 in Fig. 1).
Several compact hard X-ray sources have been identified,
mostly located in the region of interaction with the molec-
ular cloud in the SE (marked as numbers in Fig. 1, Bocch-
ino and Bykov, 2003). The brightest of these sources,
XMMU J061804.3 + 222732, Src #11 in Fig. 1, has been
the subject of additional studies (Bykov et al., 2005), which
however did not discriminate between a fast ejecta frag-
ment and a second pulsar wind nebula (associated with
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the putative overlapping SNR G189.6 + 3.3). We present
here new observations of the enigmatic Src #11.

In particular, we present new INTEGRAL observations
of the area of the sky containing the SNR IC443 and there-
fore the Src #11. The 117 science windows (SCWs) used
(for a total 420 ks elapsed time) are partly from a long pro-
prietary pointing (PI A. Bykov, AO1) and partly from the
Calibration program. We also present here a new XMM-
Newton observation of Src #11 carried out on 30.03.2006
(PI F. Bocchino). The exposure time is 60 ks in the PN
camera, after screening for intervals affected by proton
flares.

We have also used in this work some archive observa-
tions. We present a high-resolution optical-to-NIR image
of Src #11 (Fig. 5). 2MASS-J and 2MASS-K bands emis-
sion of this remnant have been associated with the shock
interacting with the neutral cloud and a molecular cloud,
respectively (Rho et al., 2001), and therefore it is possible
to study the small scale correspondence between X-ray
and optical emission of Src #11.
ed.
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Fig. 1. The hard X-ray emission (1.4–5.0 keV) of the supernova
remnant IC443. This is a mosaic of 4 count-rate images obtained from
archive XMM-Newton observations of the remnant, background
subtracted and vignetting corrected. We have overlaid the location of
the 12 hard X-ray sources detected by Bocchino and Bykov (2003) and
reported also in the following figures (adapted from Troja et al.,
submitted for publication).
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2. JEM-X images

Unfortunately, the IBIS-ISGRI images of the region are
heavily contaminated by ghost sources produced by the
Crab nebula, which lies at �10� distance. For this reason,
we have focused ourselves on images from Joint European
Monitor for X-rays (JEM-X), which operates simulta-
neously with the main gamma-ray instruments. JEM-X
consists of two identical coded-aperture mask telescopes
co-aligned with the other instruments on INTEGRAL .
The photon detection system consists of high-pressure
imaging Microstrip Gas Chambers (MSGC) located at a
distance of 3.4 m from each coded mask. JEM-X is
sensitive in the 6–35 keV band and has a spatial resolution
of �3 0.
Fig. 2. INTEGRAL JEM-X broadband (6–20 keV) images of the region o
significance map. The positions of the EGRET source and of the 12 sources d
indicated.
The off-axis angular constraint used in the selection of
the observations used in this work was 2.0 degrees in order
to avoid the borders of the FOV affected by the poorly
known vignetting effect.

In Fig. 2, we show the count-rate image in the 6–20 keV
band. We have also computed the significance map. The
JEM-X significance is routinely calculated by the standard
INTEGRAL reduction software (‘‘OSA’’) and it is not a
sigma value. A value greater than 12 (corresponding to
dark brown color) is considered a reliable detection
(JEM-X Analysis Manual, sect. 8.7.1; for further info on
this parameter, see Lund et al., 2003; Chernyakova et al.,
2005b,a). In Fig. 3 we show the significance map in two
bands, 6–10 keV and 10–20 keV. We have tentatively iden-
tified the counterparts of Src #5 and Src #11 (marked by
arrows). Considering that the positions of the sources on
the spatially variable background of JEM-X can be uncer-
tain by a few arc min, the selection of possible counterpart
has been made also considering other X-ray properties
beyond the XMM position. For example, in the left panel
of Fig. 3, we suggest that the JEM-X excess is the counter-
part of XMM-Newton Src #5 because Src #8 has an X-ray
flux �10 times below then Src #5 (Bocchino and Bykov,
2003). Moreover, the brighter excess near (6:17:30,
22:35:00.0) in the 6–10 keV image is considered suspicious
because in the 15–25 keV band or with RadiusLimit = 100
(the more conservative limit for the ‘‘good’’ detector area)
is not seen at all, unlike the counterparts of Src #5 and
#11.

In Table 1, we report the measured JEM-X fluxes of the
two excesses associated with the XMM-Newton sources,
while in Fig. 4 we show their broadband spectra. The fluxes
were derived from the images via a cross-calibration with
Crab. The errors can be roughly estimated from the
JEM-X significances assuming significance = 15 for a 3r
detection. In spite of relatively high value of the JEM-X
significance (especially for Src #5), we have chosen to rep-
resent the JEM-X fluxes as upper limits in Fig. 4 since we
adopted a very conservative choice of the background,
f IC443 with pixel size of 1.5 0. (Left) Count rate map; (right) JEM-X
etected in the XMM observation by Bocchino and Bykov (2003) are also



Fig. 3. Same field as Fig. 2, but in two different bands. The images represent JEM-X significance maps in the 6–10 keV and 10–20 keV bands, the linear
scale runs from 14 to 20 JEM-X significance units. Tentative identifications are marked with arrows.

Table 1
Fluxes measured by JEM-X for the two possible counterparts of Src #5 (the pulsar wind nebula) and Src #11, indicated with arrows in Fig. 3

Band (keV) Src #5 (PWN) Src #11

flux (cgs) 10�11 JEM-X Significance flux (cgs) 10�11 JEM-X Significance

3–10 1.1 21.8 0.7 14.0
6–10 0.5 15.0 0.4 10.7
10–20 1.3 17.6 1.1 15.9
10–35 5.7 29.6 2.1 11.5
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which we will improve in a future work. We recall more-
over that the JEM-X significance is not the usual statistical
r (see above). The JEM-X upper limits are consistent with
the extrapolation of the X-ray spectra of the two XMM-
Newton sources (Src #5 and #11), but unfortunately they
are not particularly constraining.

We note that both the XMM sources and their JEM-X
counterparts are outside the 95% localization circle of the
EGRET source 3EG J0617 + 2238. This does not imply
necessarily that the sources are not related. In fact, the
positional accuracy of relatively faint sources in the Galac-
XMM-Newton and JEM-X spectra
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Fig. 4. Broadband spectra of the PWN and Src #11. The JEM-X values
are computed from Table 1 and are considered upper limits. The XMM-
Newton spectrum is the best-fit model to integrated data of the PWN and
Src #11 complex, with errors.
tic plane has been reported by Gehrels et al. (2001) to be of
the order of 1�. In general, therefore, an X-ray with a hard
enough spectrum and sufficient energetics to reach the
EGRET fluxes that lie within half a degree from the nom-
inal EGRET position could be treated as a possible coun-
terpart for the gamma-ray source. For further detail, see
the discussion on the relation between IGR J2018 + 4043
and 3EG J2020 + 4017 in Bykov et al. (2006) and the refer-
ences therein.
3. Optical/infrared counterparts of Src #11?

Bocchino and Bykov (2003) have noticed that, in gener-
al, the hard X-ray sources detected in the SNR IC443 (and
showed as numbers on Fig. 2) tend to group together in a
small region of the sky (�100 arc min2) in the south-east of
the remnant, nearby a bright large-scale patch of IR emis-
sion attributed to the interaction between a radiative shock
and a dense molecular cloud.

Here we investigate if this correlation between X-ray
and IR also holds at very small spatial scales, around Src
#11, which is the brightest hard X-ray source after the
PWN. Fig. 5 shows the archive optical and infrared images
of the environment of Src #11, as well the position of the
X-ray peak identified by Bykov et al. (2005). In the figure,
it is clear that possible counterparts include a handful of
point sources in the contours and the diffuse emission
region visible in the 2MASS-Ks band. The latter is partic-
ularly meaningful, since the emission in this band is
thought to originate mostly from shocked molecular



Fig. 5. 1 0 · 1 0 field centered on the position of XMM-Newton Src 11. From top-left to bottom right: archive POSS-II images in the blue, red and IR
bands. 2MASS archive images with J, H and Ks filters. EPIC 3–8 keV contours of Fig. 6. The positions of the two Chandra X-ray clumps (Src #11a and
#11b) discussed by Bykov et al. (2005) are marked with squares, whose size reflects the actual extension of the sources on the Chandra image. Src #12 is
outside the field of view. (For interpretation of colours mentioned in the figure legend the reader is referred to the web version of this article.)

Fig. 6. PN + MOS composite images in 2 different bands of Src #11 reveal a puzzling morphology, with a bridge connecting the main source to a dim
source in the west. We have labeled the source names used in the text in the left panel, while we have overlaid the contour levels in the 3–8 keV image (the
same contours have been used in Fig. 5).
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hydrogen (H2 v = 1 � 0 S(l) line at 2.1 mm, Burton et al.,
1988, 1990; Rho et al., 2001).

4. A deeper look in the X-ray morphology of Src #11

The new XMM-Newton observation of Src #11 has
revealed an unexpected morphology. In the PN + MOS
composite images in 2 different bands shown in Fig. 6,
the source is apparently immersed in a large region of dif-
fuse emission. A bright bridge extends between Src #11 and
the faint source at the right (labeled ‘‘New src’’). The
bridge and the new source at its right had not been detected
in the Chandra observation reported by Bykov et al.
(2005), which, instead, has resolved the core of Src #11 into
two clumps (Src #11a and #11b shown in Fig. 5), �800

apart.
The full spatial and spectral analysis of the new XMM-

Newton data will be reported in a forthcoming paper. In
summary, the spectra of the source, the diffuse emission
in which it is immersed and the bridge seems to be predom-
inantly non-thermal. In particular, the fit parameters of a
region which included all the features around Src #11 are
NH = 8± 1 · 1021 cm�2, c = 1.7 ± 0.1. The fit gives a good
description of the data, especially above 2 keV (Fig. 7). At
lower energies there is a residual contamination from SNR
thermal plasma. The spectral index is suspiciously similar



Fig. 7. PN + MOS spectrum of Src #11 (including the bridge and the new
source in Fig. 6). The spectrum is fitted with a non-thermal powerlaw
(best-fit is also reported).
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to that from a background AGN, and we can not yet firmly
rule out any of the origins, though it seems unlikely that all
the feature observed by Chandra and XMM-Newton in
such a small region are AGNs.

5. Discussion and conclusions

A collection of INTEGRAL observation of the region
of IC443 has revealed possible counterparts in the hard
X-band for the pulsar wind nebula and for the enigmatic
source XMMU J061804.3 + 222732 (Src #11), located in
a region where interaction between the remnant and a
dense molecular cloud is occurring. However, the nature
of the Src #11 remains puzzling. We have detected a bridge
of extended emission extending toward the faint new
source (see Fig. 6), but the nature of the bridge is unknown.

No obvious optical-NIR counterpart is visible on
archive observations (Fig. 5). However, the source is locat-
ed on the inner side of a bright 2MASS-Ks filament which
is associated with the shocked molecular cloud, and a small
2MASS-Ks filament located next to the X-ray peak of Src
#11 may suggest that Src #11 originates in a dense environ-
ment where the interaction between SNR shock and the
molecular cloud takes place. One promising interpretation
is a fast moving ejecta fragment, whose emission has been
modeled by Bykov (2003), and which has been also dis-
cussed for IC443 by Bocchino and Bykov (2003) and
Bykov et al. (2005). Deep X-ray observations would be
very informative to determine the nature of the source,
because it may lead to detection of faint X-ray lines emis-
sion predicted by the ejecta fragment model.
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