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ABSTRACT

Aims. We investigate the spatial distribution of the physical eneémical properties of the hot X-ray emitting plasma of tingesnova
remnant IC 443, in order to get important constraints oroitsziation stage, on the progenitor supernova explosioth@age of the
remnant, and its physical association with a close pulsadwebula.

Methods. We present XMM-Newton images of IC 443, median photon energp, silicon and sulfur equivalent width maps, and a
spatially resolved spectral analysis of a set of homogeneeagions.

Results. The hard X-ray thermal emission (1.4-5.0 keV) of IC 443 digpla centrally-peaked morphology, its brightness peaks
being associated with hot (KL keV) X-ray emitting plasma. A ring-shaped structure, eltarized by high values of equivalent
widths and median photon energy, encloses the PWN. Its haay ¥mission is spectrally characterized by a collisiaaalzation
equilibrium model, and strong emission lines of Mg, Si, andeg§uiring oversolar metal abundances. Dynamically, tieation of
the ejecta ring suggests an SNR age 4f000 yr. The presence of overionized plasma in the innéomegf IC 443, addressed in
previous works, is much less evident in our observations.

Key words. X-rays: ISM—ISM: supernova remnants—ISM: individual: I@3—pulsars: individual: CXOU J061705.322127

1. Introduction ula (PWN), lies close to the SNR's southern rim and is pogsibl
associated with the remnant (Gaensler et al. 2006; Bocchino

The Galactic SNR IC 443 (G189:B.0) has an optical and radioBykov 2001; Olbert et al. 2001).

double shell morphology (Leahy 2004; Reich et al. 2003; Brau = On the basis of its X-ray properties, as observe@®mBSAT

& Strom 1986; Duin & van der Laan 1975). Signatures of intC 443 has been classi ed as a mixed morphology (MM) SNR.

teraction with a dense and complex environment are visible M SNR main features were codi ed by Rho & Petre (1998) as

radio (e.g. Snell et al. 2005; Denoyer 1977) and IR wavetengtiollows: 1) the X-ray emission is thermal and centrally pesk
(Neufeld & Yuan 2008; Rho et al. 2001, and references thgreiqyith little or no evidence of a limb-brightened X-ray shél); it

In the northeast the shock front has been decelerated byithe &ises primarily from swept-up interstellar material, rfiam
counter with a H C|0.Ud (RhO et al. 2001; Dickel et al. 1989;ejecta; 3) a at temperature radial pro le, and a constaniner
Denoyer 1978). A giant molecular cloud, mapped by Cornefteasing density toward the remnant center; 4) a physicatas
et al. (1977), is located in the foreground, and is interacti ciation with dense molecular clouds.
with the remnant at several positions along the southern rim XMM-Newtonhigh resolution observations of IC 443, pre-
(as schematically represented in Fig. 9 of Troja et al. 200@knted by Troja et al. (2006), resolved a limb-brighteneali sh
IC 443 is also a source of-rays (Esposito et al. 1996; Sturnefstrycture in the very soft X-ray band (0.3—0.5 keV), and réegmb
& Dermer 1995). Interestingly, in the same region of sky vehery st evidence of Mg, Si and S enhanced abundances. In addi-
OH (1720 MHz) maser emission is detected (Hewitt et al. 200f5n, XMM-Newtonand Chandraobservations of several other
Ho man et al. 2003; Claussen et al. 1997), Albert et al. (200ijM SNRs unveiled very steep X-ray brightness pro les and
discovered a source of very high energyray emission, possi- mylti-component X-ray-emitting plasma with enhanced abun
bly originated by the interactions between cosmic rayslacce gances (Lazendic & Slane 2006; Shelton et al. 2004). More re-
ated in IC 443 and the dense molecular cloud. cent results suggest indeed a non negligible presence @fl met
Very interesting features and a peculiar morphology are dignrichment gradients and stellar ejecta inside at le&806 of
played in the X-ray band (Bykov et al. 2008, 2005; Bocchinall known MM SNRs.
& Bykov 2003; Asaoka & Aschenbach 1994; Wang et al. 1992; Strong Si and S lines in the IC 443 X-ray spectrum were
Petre et al. 1988). The bulk of its X-ray emission is thermakst reported by Petre et al. (1988), and then studied in itleta
fairly described with a two components ionization equilion by Kawasaki et al. (2002). In the latter work the X-ray enussi
model of temperatures0.2—-0.3 keV (hereafter “cold compo-from IC 443 was described by a two temperatures model, with
nent”) and&1.0 keV (hereafter “hot component”; Troja et ala 0.2 keV component in ionization non-equilibrium (NEI) and
2006; Asaoka & Aschenbach 1994; Petre et al. 1988). A sourt® keV component in collisional ionization equilibriumIg&}.
of very hard X-ray emission, identi ed as a pulsar wind nebNarrow Gaussians were used to reproduce the most prominent
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lines. The elements abundances were all below the solae valu
as expected for X-ray emission from the shocked ISM. From the
relative strengths of Si and S lines, Kawasaki et al. (20@2) d
rived an ionization temperature ofL..5 keV, signi cantly above
the 1.0 keV continuum temperature. Those results led toyhe h
pothesis of an overionized thermal plasma.

Using XMM-Newtonobservations of the SNR IC 443, we
have already presented a detailed analysis of the soft Xaeay
mal emission, mainly originated from the shocked ISM (see
Troja et al. 2006). Unlike Kawasaki et al. (2002) our spdctra
results gave a soft X-ray component (KI.2—0.3 keV) near the
equilibrium condition ( 10*? cm 2s) in most of the analyzed
regions. The hot component (&I.0 keV) was in full equilib-
rium and showed a high metallicity.

The present work focuses on the properties of the hot X-ra)
thermal component, and is aimed at 1) addressing the highl met
abundance plasma inside the remnant and its ionizatior;s2ag
checking whether the abundance pattern of the hot X-ray-emit
ting plasma is consistent with a core-collapse SN as progeni
as already hinted by the presence of the PWN.

The paper is organized as follows: observations are destrib R. A. (J2000)
in x2; results from imaging and spectral analysis are present
in x3. In x4 we discuss their implications for the remnant ion-
ization stage X4.1), the SN progenitorx4.2), and the age of Fig. 1. X-ray count rate image of IC 443 in the 1.4-5.0 keV energy
IC 443 4.3). A summary of our conclusions is presentegin band. Units are cts $bin 1. The image was adaptively smoothed using
Throughout the paper, the quoted uncertainties are at thie 90min=5and ma=20" the bin size is 8 Contour levels correspond

con dence level (Lampton et al. 1976), unless otherwistesta 0 0.4, 1.0, 2.7, and 5.8.0 ? cts s *arcmin 2. Black crosses mark the
position of the 12 hard X-ray point sources identi ed by Bbotmo &

Bykov (2003). The dashed line traces the symmetry axis oftnay
emission in the hard band; the black arrow indicates thetipatdirec-
tion of motion of the PWN, according to Gaensler et al. (2006)

22d30m 45m

Dec (J2000)

15m

6h19m  6h18m  6h17m  6h16m

5E-05 0.00015 0.00025 0.00035 0.00045

2. Observations and Data Reduction

We analyzed four pointingsXMM-Newton observations of
IC 443, performed during the QRV phase on 2000 September
25-28 and previously described in Troja et al. (2006) and . .
Bocchino &pBykov 2/2003)_ We added Ja more Secent) anr&ported t_he position of the 12 hard X-ray point sourcesalete
very deepXMM-Newtonobservation, taken on 2006 March 3pr Bocchino & Bykov (2003). )
(ObsID 0301960101, P.I. F. Bocchino), and centered on the 1he hard band morphology does not resemble IC 443 emis-
southeastern side of the remnant at R.A.(J2606)18m04s, Sion in other bands (optical, radio, IR and soft X-ray) anitie
Dec(J20003+22 27°33%(see also Bykov et al. 2008). plane of the image, it appears inner concetrated with respec
Our work is focused on the analysis of EPIC MOS data. We usk¢ cold X-ray emitting plasma.
the Science Analysis System software (SAS,version 7.@)dta The hard X-ray thermal emission is dominated by an elon-
processing angspeo.11.3 (Arnaud 1996) for spectral analysisgated axis-symmetric structure, having its surface brighs
Data were screened to remove spurious events and tiRfaK in the northeastern (NE) quadrant. The symmetry axis,
intervals with heavy proton aring. After the particle back traced by the dashed line in Fig. 1, does not match with the ple
ground removal, the total exposures for the MOS camerd@n wind nebula (PWN) direction of motion (-13® through
(MOS1+MOS2) were 170 ks and 140 ks for the 2000 and E, Gaensler et al. 2006), as indicated by the arrow in Fig. 1.
2006 data sets, respectively. It is worth noting that the X-ray surface brightness is highe
In order to estimate the Galactic background we used a sefof 0.012 ctss'arcmin ?) in the subshell A (following the
blank sky observations performed as part of the GalactingPlahaming convention of Braun & Strom 1986; see also Fig. 5
Survey (GPS, P.l. Parmar). We veri ed that, in the energycba®f Troja et al. 2006), which is associated with the presence
(0.3-5.0 keV) selected for the analysis, our results arsensi- Of the neutral cloud in the NE, while it appears strongly re-
tive to the background subtraction (either GPS or high Gialacduced ( <0.012 ctss*arcmin?) in the western part (sub-
latitude blank elds). We refer to our previous paper (Trejal. shell B), where the blast wave is expanding in a more rare ed
2006) for more details about the observations and the data @ 0.25 cm?) and homogeneous medium.
duction techniques we used.

3.2. Median Energy Map

3. Results XMM-Newtongreat sensitivity and collecting area enabled us to
create a high resolution image of the median photon enéggy

in the 1.4-5.0 keV band. In the selected energy range theamedi
Fig. 1 shows the composite image of IC 443 in the hard 1.énergy is mostly in uenced by the parameters of the hot X-ray
5.0 keV energy band, where the contribution of the cold X-rajomponent, being unacted by spectral variations of the colder
emitting plasma is negligible (see Troja et al. 2006). Thagm one. For a plasma in ionization equilibrium and with solaurab

is background subtracted, exposure and vignetting cadetfe dances (model MEKAL irxspeg we veri ed that theEsg dis-

3.1. X-ray Images
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tribution represents a powerful tracer of temperatureatimms, Table 1.Energy bands selected for the equivalent width images.
especially for kT 1 keV.
Fig. 2 shows the median energy map of the X-ray emitting ~ Elements Lines Low continuum  High continuum

plasma in the 1.4-5.0 keV band. For a comparison, we overlaid _ (eV) (eV) (eV)
the brightest hard X-ray emission contours of Fig. 1. Thetevhi  Si...... 1790-2060 1630-1690 2180-2320
dashed line guides the eye to identify a ring-shaped strectu _S----... 2360-2680 2180-2320 3350-3520

which will be discussed i®R3.3.
The median photon energy image clearly shows a north-to-

south elongated structure, spatially corresponding tdotight- sisting of two bremsstrahlung components for the continuum

est emission features in the hard energy band (contourgi}i : )
The region of high median energ¥4{&1.9 keV) along the i(rlgtr?jiﬁz\g;ri\gslgn%.lkeV) plus Gaussian features reproduc

southeast edge can be partially attributed to the emisditmeo We ex L g .
; X plored the spatial distribution of the hard X-ray lines
PWN and of the other point sources (Bocchino & Bykov 2003), - icion by constructing equivalent width (EW) imageseift

but it appears to have a much larger extent, suggestive of-an - :
tended hard emission. The nature of the hard X-ray sourc&1S S\?vinags eptogerg%loggtggfth(;flfséetllglr ?885_6} gzgkm gtn;sl |2050|§§s

J0618.6-2227 (also marked in Fig. 2) has been extensively ifs,cco 0 chena” et al. 2004 Miceli et al. 2006

vesti_gated (Bykqv et al. 2008, 2005?.300"”?‘0 & Bykov 2000 We selected an e.nergy,band for ez;\ch erg{ission line, com-
and interpreted in the framework of interaction of a molacul bining the He and Ly emission of each element (e.g Si'XIII
CI.OUd with a fas; moving SN ejecta .ffagr'.‘e“t- The study of t SiXIV) in a single image to improve the statistic. We @hos
di use hard emission revealed in Fig. 2 is beyond the scope, energy band that optimizes the signal to noistN)Sa-

this work, however we note that it may have a similar physic : g :
origin, probably arising from the interaction of the SNRwthe ih:ﬁ;‘?g'glg ;%gz)r best- t phenomenological model (Cassa

structured cloud (van Dishoeck et al. 1993; Burton et al 099 X-ray emission in the line energy band needs to be cor-

rected for the underlying continuum emission. The corogcti

is made pixel by pixel because the continuum may be spatially
distributed in a dierent way from the line emission. In order
to account for the continuum contamination, we selected two
continuum bands located on either side of the line energg.ban
Their width was chosen to optimize thé\Sratio, according to
the recipe of Cassam-Chena” et al. (2004).

This method was successfully applied to silicon and sulfur
lines. We excluded the H-like Mg line at 1.47 keV since the un-
derlying continuum emission cannot be correctly estimaited
this particular case, the low energy continuum bantl.{ keV)
is dominated by the soft spectral component and stidced

PWN by the strong absorbing column gradients, due to the foregto
molecular cloud.

Line and continuum band passes, selected for each spectral
line of interest, are listed in Tab. 1.

Once an image in each energy band was generated, we esti-
mated the continuum emission in the line band (see e.g. @assa
Chena’ et al. 2004). In each pixel we computed the undeglyin
continuum as a linear combination of the source emissiod-in a

6h19m  6h18m  6h17m  6h16m jacent continuum bands:

R. A. (J2000) -

e — . le=" cle+ @ ) cle (1)

1650 1700 1750 1800 1850 1900 . . .

_ _ _ wherel, is the resultant continuum image, ahd are the
Fig. 2. Median photon energy map in the hard band (1.4-5.0 keVackground subtracted images in the high and low continuum
Units are eV. Hard X-ray emission contours, corresponding. and - hands, respectively. The normalization cagents, ., were de-

5.8 10 * ctssarcmin *, are overlaid. Noisy (8I<3) regions inside tarmined by the ratio of the model predicted counts and the

tzhO%{n?th'hiegmgi?hi%Vmgtehsiglfzg?oeirwgr&?zzksi% dTQ:mbifI;f‘csl‘essource measured counts in the continuum bands, as in Cassam-
guide the eye to notice a ring-shaped structure, which i€reaident in Che_na_l et aI._ (2.004)' The_welghtlng factorwas tuned so to
minimize statistical uctuations.

the EW maps shown in Fig. 3. The location of some sourcesiagrt ¢ . L.
responsible for the high median energy in the SE region,dicited Narrow band images were created with a bin size 6P&0

with green arrows. provide at least 10 counts even in the fainter SNR regions.

In order to generate EW images, the image in the line band
was background and continuum subtracted and then divided by
the estimated continuum imadg Since this operation ampli-

ed statistical uctuations, we previously applied an adiap
smoothing with 36° 120°and a signal to noise ratio equal
IC 443 X-ray emission is primarily thermal and its spectrianm ito 5. We nally set the EW to zero in those pixels with a very
dominated by prominent atomic emission lines. Its globaksp low estimated continuum<6% than the maximum value, see
trum can be described with a phenomenological model, cong. Park et al. 2003b).

45m

Dec (J2000)
22d30m
o O

15m

3.3. Equivalent Width Images
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Cts st keV?

RING

Dec (J2000)
22d30m  45m

15m

Energy [keV]

Fig. 4. A comparison of the three X-ray spectra at high energieaylgie
showing brightest lines in the “ring” region respect witte texternal

6h19m 6h18m 6h17m 6h16m (“out”) and the internal (“in”) regions.

R. A. (J2000)

. . . . . . . . . | EW contours on the images, corresponding to 450, 550 and 650

250 300 350 400 450 500 550 600 650 eV. The two images look very similar. The contours of high Si

EW match well with the bright S EW features. In particular, we

did not nd any strong evidence of elemental strati cati@oth

the EW maps show similar features to the median energy map:

- an elongated bright structure in the NE quadrant and a eircul

1 ring around the PWN region. A rather similar arc-like featur

----'N has been observed in the Si EW map of the SNR N49 (Park et al.

2003a) and interpreted as the boundary of hot plasma, tedhea

C by the reverse shock. The Si arc in N49 is not around the dentra

compact object but, as in the case of IC 443, it is located thear
0 site of interaction with a molecular cloud complex, stréwegt-
ing the hypothesis of an intense reverse shock, propadadicig
into the remnant.

RING The great advantage of EW images is that they are not signif-
icantly a ected by emission measure variations. However they
do also depend on the plasma temperature and ionizatiotrage.
order to disentangle multiple ects, we proceeded with direct
spatially resolved spectral analysis, using the mediamgohen-
ergy and the EW images as guiding criteria of region selactio

Dec (J2000)
22d30m  45m

15m

3.4. Spectral Analysis

6h19m 6h18m 6h17m 6h16m Our aim was to con rm the bright X-ray features visible in F&)
R. A. (12000) and Fig. 3, and give a quantitative characterization of thgéc-

\ | tra. We extracted three EPIC MOS spectra, selected as epres
tative on the basis of the median energy map and the EW images.
We selected homogeneous regions, marked in Fig. 3, characte
Fig.3. Equivalent width images of Sitgp pane) and S lines ized by small uctuations€<5%) in the median photon energy
(bottom paneél Units are eV. Noisy regions were masked, as describeahd in the line EWs. Two of them, named “in” and “out”, have
in the text. The thin white line mark the FOV. Contour levetsre- low median energies, low EWs values, and lie inside and deitsi
sponds to 450, 550, 650 eV in the Si EW image. We also overtad tthe ring structure, respectively. The third region, nameag”

three regions (named IN, RING, and OUT) selected for speatraly-  and belonging to the ring structure, is particularly brighth in
sis. The dashed boxes overlaid on the S EW map show the “Nanith” the median energy and in the EW images.

Center” regions, the same of Kawasaki et al. (2002), anduised on Source and background events list were corrected for vi-

x3.4.1. gnetting e ects with the taslevigweight of the SAS package,
and then spectra were extracted. We used the relevant sn-axi
ancillary response le and response matrices generatddthgé
Si and S EW images are presented in Fig. 3, revealing 8AS taskrmfgen. Spectra were grouped to a minimum of 25
intriguing circular feature, 1 radius, in the southern part ofcounts per bin and the? statistics was used. Fig. 4 show the
the SNR. For a morphological comparison we superimposedtBiee spectra at high energies, where strikingedénces in the

200 300 400 500 600
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Table 2. Spectral parameters of the three analysed regions.
— E
T f Parameters IN RING ouT
L A Eso (keV) ........... 1.70 1.78 1.65
- O E
P : SIEW (V) ......... 310 550 290
7)) L
5 Sl SEW (V) .......... 280 690 130
SE
F Cold component
Np (10%cm?) ... .. [0.61] [0.58] [0.50]
N KTs(KeV) ........... 0.4#09% 043 0.02 0.329%
° 2 (102cm 3s) ...... 1.79% 18005 259
b OO ovvviiiinnn. 0.781°  0.689%%, 0.30 0.10
. NeNe ............. 0.91%3, 0.81%12  0.35%L
T f MgIMg ... 0.45%9% 0.35 0.05 0.350.05
2 qf SUSI i 0.266%  0.50°%12 <0.15
» CF FOFE ©ovovevirinn 010 020003 0.220.05
8 31 EMs(10° cm 3)... .. 4.1 5.7 8.7
O E
F Hot component
KTh (keV) .. ... ... 1.357, 1.450% 0.86 0.05
o Mg/Mg ............ 2.63, 5.0, [1]
°° SIS i 1103 2407  0.67%%
~ :
SIS 0705  2.3% 0.22°012
FeFe .............. <0.13 <0.03 <0.23
. TE EM: (10°° cm 3)..... 1.1 0.4 0.4
3 of 2/dof ... 420824 497343 412302
b Tk
L ar
O Q¢
o E
F Spectra and best- t models are shown in Fig. 5. Table 2 re-
ports the spectral properties (median photon enekgy® and
N S EWSs), and the best- t spectral parameters for each region.
o O i
o 3.4.1. Overionization

Taking advantage of the larg¢gMM-Newtone ective area at
high energies, we checked the overionization claim made by
Fig. 5. EPIC MOS spectra of IC 443, selected as representative of th@wasaki et al. (2002, 2005). For this purpose, we extragted

hot X-ray plasma properties, and their best- t models aaiell Panels spectra from the “North” and “Center” regions (see Fig. 2 of
a, b, and c correspond to regions “in”, “ring”, and “out” ingFi3, re- Kawasaki et al. 2002), and performed the same comparison be-
spectively. The lower panel in each plot shows the residinafa the tween the ionization and the electron continuum tempeeatur
best- t model. We selected the 2.2-5.0 keV energy range and we modeled
the spectrum with a thermal component (model VMEKAL in
xspeg, xing the S abundance to zero. Three narrow gaussians

properties of the hot X-ray emitting plasma are clearlyhlesi
: ; - : iy (centered at 2.46, 2.62 and 2.88 keV) were used to model the
Prominent Mg, Si, and S lines characterize the "ring” speutr ulfur line emission. The intensity line ratio of the H-likad

whilst line emission is much fainter in the other two region o i X > Do s
9 iie—llke ions (&vi/Sxv) is a function of the S ionization temper-

Fig. 4 nicely con rms that the identi ed features corres . . : =0 .
digerent ph);/sical conditions of the emitting plasma. e aturle,zr(j)(e)rll\)/ed using the APED line emissivity database {mi
gtal. .

We modeled the spectra over the 0.5-5.0 keV e . .

ergy band with a NEI plus a CIE thermal component The absorptlonzcolurrzm densme;s wer? held xed to the
(VPSHOCK+VMEKAL in xspej; as in Troja et al. (2006). values of 0.6010° cm * for the “North” spectrum and
MOS1 and MOS2 spectra were simultaneously tted, Ieavig%68 107 em * for the “Center” spectrum, as derived from the
the normalization between the two instruments as a freaipard +/Eso calibration plot (Fig. 10 in Troja et@glzl. 2006). We also
eter. We included a 5% systematic error term accountingier lested the absorption column value of 0.24 *cm *, used by
uncertainties in the calibratiénThe absorbing columniNwas <awasaki et al. (2002), but it does notect the nal result as
estimated by using the median photon energy in the soft bafgPected at these high energies.

(cf. Troja et al. 2006, Fig. 6), and held xed at the derivedrea Fig. 6 shows the 68%, 90%, and 99%contours in the pa-
rameters spaceX¥i/Sxv— kT.. The CIE is represented by the

1 The current EPIC MOS status of calibration is reported &ashed line, tracing the condition &JkT,. In the “North” re-
http//xmm.vilspa.esa.édocgddocumentECAL-TN-0018.pdf gion we found evidence of an underionized plasma, in stamk co

Energy (keV)
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< shocked ISM emission, and a hot metal enriched component
0.6 : i1 4§ have been resolved. For instance, Mavromatakis et al. {2004
] "\ scribed W63 thermal emission with a two temperatures plasma
0.5 3 11 3'_~_< (kT, 0.2keV and kE 0.6 keV), showing overabundant Mg, Si
> : "~ @ and Fe in a bright bar-like region near the geometric certer o
é 04EF 12 % the SNR. Lazendic & Slane (2006) resolved a two temperatures
ey : =% thermalplasmaintheinnerregions of CTB 1, a prototypickl M
=S 03 3 i11 g— SNR, and they showed that the hard component (k8 keV)
ot © requires an oversolar Mg abundance.
@ E - '; Kawasaki et al. (2002, 2005) addressed the issue of ove-
0.2~ 'gl-o_g rionization in the hot plasma of MM SNRs, nding that in
E S 2 objects (namely IC 443 and W49B), out of a sample of 6,
0.1t ! L L L 30.9'°Z  some ions are indeed overionized. Such ionization statbeof t
1.0 1.1 1.2 1.3 1.4 15 =2 plasma has many important implications, since it woulddati

Electron Temperature kT (keV) rapidly cooling plasma due, for instance, to thermal cotidac
€ A thermally conductive model has been invoked to explain the
Fig. 6. Con dence level 2contours (68%, 90%, 99%) of the line ra—Centra”y peaked morphology O.f MM .SNRS (Cox et .al' 199.9;
tio (Sxvi/Sxv) and electron temperature (§Tor the “North” and the Snelton et al. 1999), and overionization would provide &nic

“Center” region. On the right Y-axis is reported the ionizattempera- CONSsistency check. L -
ture kT,. The dashed line indicates the CIE state. We investigated whether overionization conditions are-con

sistent with ouilXMM-Newtordata, performing our check in the
same regions of 1C443 analyzed by Kawasaki et al. (2002). In
trast with the ndings of Kawasaki et al. (2002); in the “Cerit the “North” region, we obtained that overionization is nohe
region the derived ionization temperature is slightly leigthan sistent with the results for the S ions. In the “Center” regio
the the electron temperature,though consistent with itea0% overionization is still possible, though not required a& 80%
con dence level. Therefore, a detailed analysis of thezation con dence level, for the same ions. We point out that thisorg
state does not directly support the presence of an oveddniis characterized by a wide spread of EWs in both the Si and the
plasma in the “North” region, and shows only a marginal {1 S maps (EW/<EW> 40%), therefore the analyzed spectrum
evidence of overionization in the innermost “Center” regio  originates from chemically inhomogeneous regions. A chafck
the ionization state would require more uniform conditidfer
) ) instance, Miceli et al. (2006) found that in the central aofrthe
4. Discussion SNR WA49B there is no compelling evidence of overionization.
Unfortunately, our attempt to analyze smaller but more homo
geneous regions was acted by the low statistics, and did not
Spatially-resolved spectral analysis con rms that thectires, signi catively constrain the spectral parameters.
revealed by the median photon energy and the EW maps (see
x3.2 andx3.3, respectively), are associated with a high tempera- . :
ture, high metallicity X-ray emitting plasma. #2. Constraints on the SN progenitor
Our results, listed in Tab. 2, show that the cold plasma e presented ix 3.2-3.3 high resolution maps of some proper-
characterized by a temperature of 0.3-0.4 keV, a high itioiza ties of the hot plasma (median photon energy, and EWs of Si and
timescale¥10™ cm 3s), and solar or undersolar abundances, &slines). We further investigated and quanti ed the projesrof
expected if the emission arises from the shocked ISM. The hhe X-ray emitting plasma through a spatially-resolvedctad
plasma is fully equilibrated. It has lower metal abundamcéise analysis x 3.4). Those results allowed us to infer the spatial dis-
“in” and “out” regions, in good agreement with previous mdjs tribution of the stellar ejecta, and to estimate their alzunoes
for the hot component (Kawasaki et al. 2002; Petre et al. 198Battern and masses in the ring structure, which are straregcl
The temperaturepland the abundances of Mg, Si, and S in thi the nature of the SN progenitor (e.g. Rakowski et al. 2006;
“ring” region are much higher, more similar to regions 2,8da Miceli et al. 2006; Park et al. 2004), and the age of the remnan
9 analyzed in Troja et al. (2006). As shown in Fig. 2 and Fig. 3seex 4.3).
in the NE the hottest plasma appears concentrated in the-inne
most regions, whilst in the south it display a ring-shapeatiap
distribution. Our spectral results fairly agrees with thisture, Table 3.Relative abundances in the ring region/$X/[X/Si]
detecting a high temperature and a substantial metalkengnt

4.1. Presence of hot metal-rich plasma in IC 443

in correspondence to the “ring” region. The measured overab Ratio IC443 20M* 25M * 30M * PDD€ DDTe
dant Mg, Si and S are suggestive of SN ejecta emission. Mg/Si... 2137 016 045 1.79 0.0017 0.025
IC 443 is a middle-aged remnant, thus the presence of ejecgsi. . . .. 1.004 1.28 0.96 0.24 1.5 1.4

at its evolutive stage is not expected. Models predict tlgaeat FOSi
part of the ejecta thermalized with the surrounding medium;

being no longer visible. HoweveKMM-Newtonand Chandra 2 \yogjey g Weaver (1995) Pulsating delayed detonation (PDDe)

high-resolution observations show a gr(_)Wing number of .rteidd and delayed detonation (DDTe) models from Badenes et 3j20
aged remnants (L0* yr) where metal rich ejecta are still de-

tectable and signi cantly contribute to the X-ray emissias in

DEML71 (Hughes et al. 2003), N49B (Park et al. 2003a), and Tab. 3 reports the best t metal abundances of the “ring” re-
0103-72.6 (Park et al. 2003b). Moreover, there are sevasgx gion relative to Si (col. 1), the abundances ratios expefded
among MM SNRs in which a soft component, associated wittore-collapse SNe with derent progenitor masses (col. 2-4;

<0.018 0.88 0.13 0.15 0.89 0.91
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Woosley & Weaver 1995), and for Type la SNe according to z'o,‘s‘zc‘) u‘ni‘fo‘m; n;e‘dil;n‘] T T T
di erent de agration models (col. 5-6; Rakowski et al. 2006; [ n=0 uniform ejecta blastwave shock
Badenes et al. 2003). Bearing in mind the uncertainty in tke p L l
dictions of nucleosynthesis yields, our comparison is dime 15F subshell B Radius -

discriminating between Type la and Type Il SN explosionsy An F
further inference, for example on the mass of the progenitors |
would be highly dependent on the adopted model. x

The very low Fe abundance can not meaningfully constraif 1°
the progenitor explosion, and it can be explained if the inmst
ejecta layers have not been shocked yet. The high Mg abuadanc
allowed us to disfavor a Type la SN, which primarily produces osF-""" /72~ T ; -
Fe-group elements and a negligible fraction of lighter seta i j reverse shock |
Type Il SN has been previously suggested as the remnant pro- | : |
genitor, only on the basis of its location in a star-formiagion A L ‘E L L
and the putative association with a PWN (Gaensler et al. 2006 ¢ 1 2 =
Bocchino & Bykov 2001; Olbert et al. 2001). Our results funth Utcn
support and strengthen a core-collapse origin for IC 443.

In order to estimate the total mass of the ejecta, we &ig. 7. Shock positions for blast-wave (thin solid line) and reedtsick
sumed that the ejecta are con ned within a shell of radiumlid line) shocks in remnants of uniform ejecta and evgyman uni-
Rej 4.5 pc, and width r 1 pc, for a total emission volume form medium (Truelove & McKee 1999). A comparison with the ob
Venen 7.7 10°7 cmB. Hence the hot plasma lIs the entire VO|_served yalues for IC 443 1(.r11 pc for the subshell B, ang r4.5 pc
ume Viner ( lling factor f,=1). The above assumption might no{Or thetr_lngl of hot gasélilrgcmg thfequgrward and reverse sfiocation,
be valid for the Mg ejecta, since it is based on the EW maps srPective y) gives a ageo yr
Siand S line complexes. Such high-Z elements are thouglg to b
synthesized by explosive O- or Si-burning in the core of a-mas . . . . .
sive star, whilé lighter metals mostly reside in the outgeta. If OUr @nalysis, which can be considered meaningful constram
the stellar strati cation persists after the explosiorresaollapse e jecta masses in the hot shell.
nucleosynthesis models predict the Mg ejecta to be preferen
tially located outsid(_e the Si shell (cf. Fig. 1 of Thiel_e_ma&tral. _4.3. Age of IC 443
1996), thus occupying a larger volume. The possibility ok-mi
ing or overturning of the ejecta layers (Willingale et al02) We examined the case of a SNR expanding in an uniform ambi-
Hwang et al. 2000) add further uncertainty. Therefore thie esent medium $=0) and with an uniform ejecta distribution<0).
mated mass of Mg should be taken with care. Similar results are found when considering a power law aject

For the case where the electrons are primarily frofléd distribution f=2). We took our estimate of the pre-shock density
(ne=1.2ny), we derived a hot component gas density ofi the eastern regions (subshell By, 9.25 cm 3, and the mass
ny=(0.62 0.10) cm? in our “ring” region, which intercepts of the hot plasma calculated i#.2. For typical SN energies
a line of sight of 2 pc. By assuming the same line of sight 10°'erg), the length scale and the time scale of the Truelove
for the inner and outer regions, we estimated a density &McKee (1999) solution ar®;, 8 pc andten 2.3 10 yrs,
ny=(0.60 0.10) cm?3, andny=(0.96 0.16) cm3, respectively. respectively.

We extrapolated the density derived in the “ring” region to Fig. 7 show the predictions of Truelove & McKee (1999)
the whole shell of ejecta, thus estimating the total massobf compared with the observed parameters of IC 443: a forward
metal-rich plasma, M; 4M . We calculated a lower limit on shock radius of 11 pc (shell B radius) and a reverse shock ra-
the mass of ejecta Mas Mp=Mi,y Az (Mz=My) (e.g. dius of 4.5 pc (ring radius), correspond to an evolutive age o
Lazendic et al. 2005), where M is the total mass of the hot 4000 yr, much younger than some previous estimates. Ircparti
X-ray-emitting plasma, A is the measured abundance for thelar, Chevalier (1999) derived an age of 20% yr by assuming
elementZ, and (My=Myy) is the standard solar mass fracthat the remnant has been evolving in a very dense environmen
tion (6.4 10 “ for Mg, 7.0 10 * for Si, and 3.6 10 * for ( 15 cm ®)since its early stages. Our resultis instead more sim-
S; Anders & Grevesse 1989). We obtainedid&0.013M , ilar to the age estimated by Petre et al. (1988), who consier
Msi&0.007 M , Ms&0.003 M . an exponential density distribution for the circumstediaviron-

An upper limit on My was derived by the assumption ofment. The analysis of the soft X-ray emission from IC 443, and
“pure” Z-ejecta, i.e. stellar fragments in which all the electhe derived density pro le (cf. Troja et al. 2006, Fig. 7) gegt
trons are provided by the ionized spede ne Kznz. This that the blast wave propagated in a much lower density medium
is a crude approximation of the ejecta mass, but not unreahd only recently has encountered a sharp density gradiéne i
istic as this kind of objects have already been observed N (subshell A), impacting onto a neutral hydrogen cloudqRh
other SNRs, as the Si-rich knots in Cas A (Laming & Hwangt al. 2001; Denoyer 1978).

2003). We considered the contribution from both the iondrat As derived inx4.2, the remnant likely originated from the
states of Si and S (=12.5, Ks=14.5), but only the highest collapse of a massive star. Hence, during the progeniter lif
ionization state of Mg (fig=11), as results from the best t time strong stellar winds could have blown away the surrénmd
model (see Fig. 5, middle panel). We obtainedyM0.55M , molecular clouds, forming a low density cavity, where theate
Msgi. 0.30M , Ms. 0.15M . nant is now evolving. Braun & Strom (1986) rst argued that

It is worth noting that according to Woosley & Weavethe multiple shell morphology of IC 443 might be the result of
(1995) the predicted masses of Mg, Si and S ejecta lie in thech pre-SN interaction, and that the blast wave is impgctin
ranges between 0.01-0.4M.02-0.4M, and 0.01-0.2M, re- on the pre-existing wind-bubble walls. A detailed kineroati
spectively. These values well agree with the ranges defieed study of the optical laments in IC 443, carried out by Meatur

1

~4000 yr
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et al. (1990), gave further support to the scenario propbyed subsonic expansion stage, but not in the high supersorge sta
Braun & Strom (1986). The authors detected high velocity feévan der Swaluw et al. 2004). This is consistent with an age of
tures along their slit Pos. 9, at the edge between subsheaiA dew thousand years, and in rough agreement with the mildly su
B, which can be easily explained if the emitting materiak, agersonic Mach value found by Gaensler et al. (2006).
celerated by the passage of the shock, is seen edge-on.-The reThe orientation of the cometary tail and the position of the
sultant geometry of the optical laments is fully consistevith PWN cannot be straightforwardly explained. This mismatch i
an SNR evolving within pre-existing interconnected caatfcf. still an open issue, but it does not precludes the associbte
Meaburn et al. 1990, Fig. 5). tween the PWN, the ring and the SNR (see also Gaensler et al.
Since the medium surrounding massive stars is consideraBg06). For instance, a similar apparentet between the stellar
modi ed by pre-SN winds (e.g. Chu et al. 2003; Dwarkadaemnant, the forward, and the reverse shock geometric rsente
2005), we veri ed whether our estimate of the age of IC44Bas been already observed in Cas A (Gotthelf et al. 2001). A
signi cantly depends on the assumption of a uniform ambiepbssibility is that strong reverse shocks, originated leyittier-
medium. For this purpose, we modeled the evolution of a SNRaition with the surrounding clouds, skewed the orientatidhe
an isothermal medium with a power-law density pro lé r 2, nebula. An asymmetric SN explosion or the presence of strong
by performing a numerical hydrodynamic simulation. We usegknsity gradients across the remnaneoa valid explanation
the FLASH code (Fryxell 2000) and we set up a sphericaltp the observed csets (Gotthelf et al. 2001; Reed et al. 1995).
symmetric explosion of 3 M of ejecta with a total energy of Another possible explanation is that the SN ejecta have 8een
10° erg. The initial velocity pro le of the ejecta increases-lin celerated by the southern ridge of molecular material, asd,
early with their distance from the center, and their dermityle  a consequence, the geometric center of the ring appeatsdhif
decreases exponentially (in agreement with Wang & Chavalieward the north direction.
2002). In this case =My=4 V) 176 10*gcm !, where
My is the mass-loss rate of the wind angl is its speed, and
both are assumed to be constant. The location of the forwé&rdConclusions

and reverse shock fronts obtained in the simulation SuQ@SWe analyzed the hard (1.4-5.0 keV) X-ray emission of the su-

slightly younger age (3000 yr). Our basic assumption, i. e. tha ; ,
thg ra)(;i)ffll segarat%n(betweyer)w the forward and tr?e revemszkshPcrnova remnant IC 443, as obs_erved by a set of pubhc_: a_rchlve
XMM-Newton observations. Unlike the soft X-ray emission,

is the result of the SNR evolutive stage, does not hold if dre f hich t directlv the int " ith th ditaud
ward shock in the NW has been strongly decelerated in the)ca\)(“_’r Ic racels Irectly he 'Q eaac lon'with the surrr]oun fmuds I
walls. Modi cations of the shock velocity, due to the intetian roja et al. 2006), the nard X-ray emission has a centrally-
of the blast wave with the con ning walls, led to systemallica peaked morphology, reminiscent OT the subclass of m|xed_, mor
epBoIogy SNRs. The presence of aring-shaped feature, which e

underestimate the SNR age. In that case, the inferred vdlu . . .
4000 yr only provides a |OV\(;:]eI’ limit. However, in such a scémar C|rcl_es the PWN, h"’.‘s been revealed in the equivalent widfisma
. ’ of Siand S lines (Fig. 3).

a close correlation between the two radii, as shown in Fids 7, . : .
not expected, as the forward shock radius would mainly dépen,_ 2 SPatially-resolved spectral analysis conrms that this
on the properties of the cavity wall. We therefore conclue t structure is associated to hot metal rich plasma, whose-abun

) s - dances are consistent with a core-collapse SN origin, btit no
;szgqe%rtgh;rllogge%zhﬁ X-ray emitting plasma in IC 443 rOl:MStlwith an exploding white dwarf. We argue that the ring indésat

the location of an ejecta layer heated by the reverse shock, a
that the reverse shock has partially hit the PWN. Dynamjcall
4.3.1. Implications for the PWN the location of the ejecta ring suggests an age4D00 yr for

IC 443, an order of magnitude lower than some previous es-
timates, based on expansion in a very dense environment. A

. ounger age is indeed more consistent with an SNR expansion
been presented by Gaensier et al. (2006). They 'nferred:kbl%\/ithir?Wing-blown bubble shells, surrounded by dense cpix)ud

body temperature KT 100 eV for the NS, and argued that th )
properties of the thermal radiation from the NS are consiste%izerrsetdsgggl-%}gdetbgl ?rz%%%;& Strom (1986), and recently con

Wi:.h tr|1e Cr|1_evalier (19f9|2) agekof 3?’0|002>6rg'2 By USiﬂg tmr;eo We detect only marginal evidence of plasma overionization
retical cooling curve of Kaminker et al. ( ), we chec in the NE part of the remnant. The bright hard 1.4-5.0 keV X-ra

our new estimate of the SNR age and the temperatures ralffission in the NE region of IC 443 also show high temperature
measured by Gaensler et al. (2006) are still consistent tvéth and high metal abund%nces, as shown in Troja e?al. (20p08)=.- Mo

cooling of a 1.35-1.45 MNS with a 1p proton super uid core. : : , : :
Thus, the present knowledge of NS cooling curves does nd(ﬁtalled results from this region will be reported in a fetwork.

allow us to put tighter constraints on the NS age, that would
strengthen the association between the remnant and the P
The NS temperature of Gaensler et al. (2006) and a putatWe\z%HmOWIGdgmems

<10*yr are in agreement with observational results from oth&Ye thank the anonymous referee for’hir insightful comments
young NSs: PSR J1119-61271(.6 kyr) RX J0822-43 (3.7 on this paper. We also thank J. Raymond and R. Chevalier for
kyr) 1E 1207-52, and PSR J1357-6429 (kyr; Zavlin 2007b,a; useful discussions about the optical and the X-ray emissfon
Kaminker et al. 2002). IC 443, and Richard Owen for his kind help.

The location of the ring of hot metal-rich plasma in our FB and MM acknowledge nancial contribution from
Fig. 2 and Fig. 4, just around the PWN, is an additional argthe contract ASI-INAF 20305. The software used in this
ment in support of the physical connection between the PWibrk was in part developed by the DOE-supported ASC
and IC 443. On the plane of the image (see e.qg. Fig. 2) only thdiance Center for Astrophysical Thermonuclear Flashes a
south side of the PWN seems to be in contact with the revetbe University of Chicago. This work makes use of results
shock, suggesting that the PWN may be in the reverse shockpooduced by the PI2S2 Project managed by the Consorzio

A detailed study of the morphological and spectral properti
of the PWN, and its central neutron star (NS; J062221) has
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