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Abstract. We report spectro-imaging observations ofthe briglet al.[T988; 1990 — see Fig. 1 — and Richter et al. 1895a), in the
western ridge of the supernova remnant IC 443 obtained wijihre rotational S(2) transition (Richter et al. 19085b), in other
the ISOCAM circular variable filter (CVF) on board the- simple molecules such as CO and HC(.g., van Dishoeck et
frared Space Observatory (ISOJhis ridge corresponds to aal.l1993 and references therein) and in atomic carbon (Keene et
location where the interaction between the blast wave of thk[1996).

supernova and ambient molecular gas is amongst the strongestin this letter we report mapping results of the pure rotational
The CVF data show that the 5 to 14n spectrum is domi- lines of H, using the ISOCAM CVF over the western ridge of
nated by the pure rotational lines of molecular hydrogen (vI€ 443, a position corresponding to clump G inthe nomenclature
0-0, S(2) to S(8) transitions). At all positions along the ridgef Huang et al[(1986). The observations reveal the details of the
the H, rotational lines are very strong with typical line fluxestructure and the physical conditions of the shocked molecular
of 107*to 1073 ergs ' cm~2sr'. We compare the data togas in IC 443 with a pixel field of view of” and at unprece-

a new time-dependent shock model; the rotational line fluxdented sensitivity (mJy). The observed khe fluxes are well

in 1IC 443 are reproduced within factors of 2 for evolutionarpredicted by a time-dependent shock model recently developed
times between 1,000 and 2,000 years with a shock velocitylmf Chieze et al[{1998) and Flower & Pineau des&si(1999).

~ 30kms~! and a pre-shock density ef 10* cm—3.

Key words: ISM: individual objects: IC 443 — ISM: supernova ) )
remnants — infrared: ISM: lines and bands — shock waves 2. Observations and data reduction

The observations were done in 1998 February with the ISOCAM
CVF (Cesarsky et dl, 1996). A pixel size@jfwas used, yielding
1. Introduction atotal field of view o3’ x 3. Scans of the long-wavelength CVF

_ ) . were obtained: the LW-CVF2 from 13.53 to/8n and then the
The supernovaremnant IC 443 is a prime example of the intergty_ cvE1 from 9 to 5.0m for a total of 115 wavelength steps:

tion ofgsupernova blast wave with an ambient molecular C|OL.J[He resolving power is 40. Each wavelength was observed for
On optical plates, IC 443 appears as an incomplete shell of filgs 5 se.. j e six readouts at 2.1 sec, for a total observing time
ments (Fig. 1) with a total extent of about 20 arcmin, € pc ¢ some 30 minutes

for an adopted distance of 1500 pc. The shock generated by theISOCAM was pointed towards = 06h 13m 41.0s and=

H 3
supernova explosion, that occurrelét13) x 10° years ago, en- 5 33 19 47 (coordinates B1950.0), a position corresponding

countered nearby molecular gas which is mainly found alc"t‘(gthe center of the molecular clump G which is also a peak in
a NW-SE direction across the face of the optical shell. IC 4 e H, emission (Fig. 1).

has been the subject of numerous studies from X-rays, visible, The data reduction includes a new time dependent dark cur-

infrared to radio wavelengths (e.g. Mufson et al. 1986 and ref,; .o rrection (Biviano & Sauvage, in preparation) as well as a

erences therein). Studies of the interaction between the Shﬂ@b\/ correction procedure for the transients (Coulais & Abergel

and the ambient molecular gas were done by observing molgggg) The photometric calibration was done using the cali-

ular hydrogen in the rotational-vibrational transitions (Burtog\ -+ion files applicable to the current release of the ISOCAM
Send offprint requests 1®. Cox (cox@ias.fr) off-line processing software (V7.0); the absolute calibration is

* Based on observations with ISO, an ESA project with instrumerft@nservatively estimated to be on the order of 25%.
funded by ESA Member States (especially the PI countries: France, 1he zodiacal background was subtracted adopting the spec-
Germany, the Netherlands and the United Kingdom) and with the p&itm obtained by Reach et &l. (1996; but note that the published
ticipation of ISAS and NASA. data were reduced again using the same algorithms and calibra-
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Fig. 1. The footprint of ISOCAM (box) depicted against the DSS

image of the IC 443 supernova remnant together with thd+0S(1)
emission (contours) from Burton et dl.(1990). lar gas along the 1.5 kpc line of sight toward IC 443. Although
very faint, the 7.7 and 6.2m dust bands contaminate the S(4)
and S(6) H lines. We have fitted Lorentzians to the dust bands
tion files as applied to the current data) with a scaling factor @oulanger et al. 1998) and removed the resulting mean dust
0.7. band spectrum from each individual CVF spectrum prior to per-
The flux of the H lines was obtained by numerical inteforming the numerical integrations.
gration under the line profile, after subtracting a linear baseline Fig. 3 shows the total emission of the fines between 5
defined by several points at either side of the line profile; the liggd 13.5.m, i.e. the sum of the S(2) to S(7) lines, together
fluxes thus obtained are independent of the assumed zodigggh the integrated line intensity of the S(2) and S(7) transitions
background. We estimate the statistic uncertainty of the numgep panels). The Hemission is found along a ridge of about
ical integration by applying the same integration algorithm tg” x 80" (0.25 pc<0.65 pc) running SW to NE, a structure
regions of the spectrum devoid of any spectral emission; we c@phich is comparable to that seen in CO or HE@an Dishoeck
sistently obtain anrms noise of some 2tCergs ' cm=?sr . et al[ 1993, Tauber et &l. 1994). The higher spatial resolution of
the ISOCAM data clearly reveal a series of knots sitting on a
plateau. The H knots are very bright with peak values of a
few 1072 ergs ' cm=2sr! (Table 1). The eastern side of the
The 5 to 14um spectrum of the molecular clump G in IC 443nolecular ridge, facing the origin of the supernova explosion,
is dominated by the series of the pure=£ 0 — 0) rotational appears sharper than the opposite side where weak emission is
lines of molecular hydrogen from the S(2) to the S(8) trandibund extending westwards.
tions (Fig. 2). In particular, there is no indication of any atomic
f|ne: st.ructure line. At low level mtgnsny, the This seF of dus&l Discussion
emission bands from 6.2 to 11,8n is clearly present, includ-
ing the 12.7um band. Note that the relative strength of the dugttogether there are about 130 pixels that show H
bands is typical of that of the ISM (Boulanger 1998), suggestimgnission with intensities above the &Olevel, i.e. >
that a possible contribution from the [Nigline at 12.8umis 210~* ergs ' cm~2sr! for all the six rotational transitions
negligeable. This dust emission has comparable intensities 08€2) to S(7). This fact allows the construction of as many H
the entire ISOCAM field, i.e. a few MJyst, which is similar excitation diagrams which plot the logarithm of the column den-
to the intensities measured in diffuse regions of the Ophiucsigy, corrected for statistical weight, in the upper level of each
cloud. An image in one of the dust bands, e.g. i, does H, transition vs. the energy of that levél,,. When calculat-
not show any structure correlated with the molecular filameing the column densities, we corrected the observed line fluxes
Using the trend between the band intensity and the UV radfar extinction, using a screen model and the extinction curve
tion field shown by Boulanger {1998), we find that the excitdrom Draine & Lee [[(1984). Peak A corresponds to a position
tion of the dust bands is commensurable with a radiation fiedtudied by Moorhouse et al. (1991) and Richter etlal. (1995a
G ~ 10 x Gg. The dust bands are probably unrelated to thetheir Position 3). Moorhouse et al. derived an extinction of
supernova remnant and more likely mixed with the interstek, 12 ym = 0.6 mag., whereas Richter et al. estimated a some-

3. Results
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Fig. 3. The distribution of the emission of the S(2) to S(7) lhes towards Clump G in IC 443 (upper left panel). The next top panels show
the emission in the S(2) and S(7) Hnes. Contours are drawn at the 10%, 20%, etc. level. The corresponding peak strengths aré 8.1 10
7.910* and 2.2 102 ergs ! cm~2sr! from left to right. The middle panels show the ISOCAM CVF spectra towards the three emission
peaks A, B, and C. The lower panels present the excitation diagrams after correcting for an extindtion gin = 0.6 mag. Note that the
spectra correspond to one pixel whereas the excitation diagrams have been built¥rer pixel box car smoothed data. Each excitation
diagram has been fitted with a two-component model involving ‘warm’ (dashed line) and ‘hot’ (dotted dinEjédfull lines represent the sum

of both H, components — see text and Table 1 for details.

what higher value{ 1mag.). We adopted the former valueAlthough the evidence for a ‘warm’ component is very strong,
(see dereddening factors in Table 1). The middle and bottdhe ISOCAM data only poorly constrain its properties because
panels in Fig. 3 present the CVF spectra and the correspondifighe lack of measurement of the S(1) and S(@)tdnsitions.
excitation diagrams of the three emission peaks labeled A, Byrthermore, the uncertainty in the extinction correction (espe-
C. The statistical weights used in Fig. 3 include a factor of 3 fafally for the S(3) line whose position coincides with the peak of
the silicate 9.7um band) introduces an additional uncertainty in
The excitation diagrams for Peaks A, B, and C show thatlae temperature determination. Using different extinction laws
single excitation temperature does not reproduce théirtés and adopting values for# ;,m between 0.5 and 1 mag., we
observed in IC 443 and that emission from gas with a randerive typical uncertainties af 100 and+ 250 K for the warm
of temperatures is required. The results of a simple LTE twand the hot components, respectively.

ortho-H, and 1 for para-Hl.

component H model are shown in Fig. 3: a ‘warm’ 4HHcom-

ISO spectroscopy of regions where shocks dominate the ex-

ponent with an excitation temperaturef500 K and typical citation has revealed that the shocked gas has a range of temper-
column densities in betwean?° and10?! cm—2,anda‘hot'H, atures from a few 100K to several 1000 K: Cepheus A (Wright

component withl'e, ~ 1200 K andNy, a few10!? cm~2 (Ta-

et al.[1996), Orion (Rosenthal etfal. 1999) and bipolar outflows

ble 1). The parameters of the ‘warm’ component are determin@hbrit et al. 1999). The Hlines cannot be explained by a sin-
almost entirely by the intensities of the S(2) and S(3) lines agte shock model and combinations of J- and/or C-type shocks
the *hot’ component dominates the ftansitions S(4) to S(7). with different velocities and pre-shock densities have been in-
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Table 1.Line fluxes and derived parameters from the model fits — see text

H. Transition S2) S(3) SM@) S(b) S S(7) Model fit

Wavelength [um] 1228 9.66 8.02 691 6.11 551 Warm Component Hot Component
Dereddening factor  1.16 1.42 1.13 1.07 1.08 1.09 T Y T Nm,

Peak identification ~ Observed line fluk]~* ergs ' cm=2sr ] [Kl [10%cm 2] [K] [10%°cm™?]

A 37 143 77 176 44 8.3 657 2.2 1288 0.22

B 51 119 53 189 51 103 330 19.7 1172 0.48

C 2.4 84 45 124 33 6.2 446 2.6 1115 0.37

' 10%44x adopting the extinction curve of Draine & Lée (1984) akgi> ym = 0.6 mag.

two C-shocks with a set of 3 free parameters and relatively high
pre-shock densities for the high velocity component.

Recently, Chéze et al[{1998) pointed out that the intensities
N N\ 1 of the ro-vibrational H lines are sensitive to the temporal evo-
o . o | lution of a shock wave. In many astrophysical situations, shock

B ] waves are unlikely to have reached steady-state which occurs

at approximately 19yr. At times scales of a few £gr, the
shocked gas may show both C- and J-type characteristics: within
the C-shock, a J-type shock is established heating a small frac-
tion of the gas to high temperatures (Flower & Pineau destBor
1999). In the case of IC 443, the typical size of the molecular
clump Gis< 20”,i.e.< 2 x 10'7 cm, but some of the molecu-
lar clumps have typical sizes of about a few arcsecs (Richter et
al.[19954). For a shock velocity @6-30 kms—!, the crossing
time of the shock wave is thus 25004000 yr indicating that
the shock wave in clump G is not in steady-state.

Fig. 4 shows the predictions of the time-dependent shock
E(v.J)/k (10” K) model for an observation along the direction of the shock

Fig. 4. The excitation diagram for Peak A (filled circles) compareBrOp.agatlor.]' The mOde.l results are given for four evolut|on-

to the predictions of the time-dependent shock model ofzhiet ary times with the following parameters: pre-shock gas dgnsﬂy

al. (1998) with a pre-shock density d6* cm 2, a shock velocity of DH = 10*cm—?, shock velocityvs = 30 kms_l’_ magnetic

30 km s~ and four evolutionary times. The long-dashed curve labelldtgld strengthB = 100 G and ortho-to-para ratio of 3. The

(KN96) presents the predictions of a model with two C-shocks frofflling factor in this model is equal to 1. A smaller filling factor

Kaufman & Neufeld[(1996) — see text. could be compensated by a larger line of sight path across the
shocked H gas for a non face-on shock. The post-shock densi-
ties are10°-10° cm—3 comparable with the values derived by

. o Dishoeck et al[{1993). Th t bet th del
voked to account for the observed line fluxes. Similar conclg?m Ishoeck et all { ) € agreement bewveen Ihe mode

sions have been reached for IC 443, Based on an analysi (g{jictions and the observations is best for earlier epochs when
the [O1] 63 xm fine structure line and near-infrared Hnes, he C-shock intermediate times, i£2000 yr. At earlier epochs

. ; .~ when the J-shock dominates, the low excitatiorliHes are too
Burton et al.[(1990) concluded that the infrared line em|SS|on\R}1 Lo .
- . k. A f hen th
IC 443 can only be modeled as a slow (10k20s 1), partially Cea nd after 5000yr, excitationHines are too when the

dissociating J shock where the oxygen chemistry is suppress((eg hock steady-state is reached, the higher excitatiolines

e th ling is dominated b o d not by kD ove 10 K) are much too weak. In between, the intensities
I.e. the cooling is dominated by [@emission and not by of the H, rotational lines are predicted within factors of 2 and

cooling — see also Richter et &l. (1995a. 1995b). Far-infrar . g . , -
spectroscopy obtained with ISO on IC 443 confirms these cthd—e coexistence of the ‘hot’ and ‘warm'tomponents is wel

clusions and will be discussed in a forthcoming paper @xplained within a single model. Models with other parame-
) ; . ) g Paper. ters (e.g.ng = 3 x 103em =3, vy = 35kms~1!) provide less
Following the interpretation of Wright et al. (1996) for the . ' . . .
hocked H in Cepheus A, the Hi in IC 443 be fit good fits. The best fits are obtained for early evolutionary times
ts)yc;ccgmbing;isolr?of teVSOiZuzh(;ckz fr(l)rrlr?fhlg models%i?(aﬁf%aw 1000-2000years) and densities-0fl0" i~ with shock
- o i 1o S0 " . i
& Neufeld (1996). A good match to the data towards PeakAV locitiesv, = 30—40 kms . Higher shock velocities will pre

. e . . . ct too large intensities for the high-excitation khes.
obtained combining a first shock with a pre-shock density 0 .
; . The agreement between these time-dependent model pre-
10%* cm—3, a velocity of20kms~—! and a covering facto® of 9 b P

0.85 with a second shock df em-?, 35kms~! and & of dictions and the data of IC 443 is very encouraging in view of

0.008 (see Fig. 4). Such a steady-state model requires at lés%?e of the simplistic underlying assumptions. In particular, the

N(v.J)/g()) (em ™
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assumed geometry (plane parallel) is oversimplified and ddesferences
not describe the molecular filament which is seen edge-on a@d

ists of Il ol Clearl th Rulanger F., 1998, In: Yun J.L., Liseau R. (eds.) Star Formation with
consists or numerous small clumps. Clearly a more thoroug ISO. ASP Conference Series, vol. 132, p. 15

study should be done to explore the entire parameter space ofigianger F., Boissel P., Cesarsky D., Ryter C., 1098, A&A 339, 194
model and compare the predictions with additional data avadgrton M.G., Geballe T.R., Brand P.W.J.L., Webster A.S., 1988, MN-
able on IC 443. RAS 231, 617

In the model, the S(2) to S(7) lines account for about 70Burton M.G., Hollenbach D.J., Haas M.R., Erickson E.F., 1990, ApJ
of the luminosity in all the H lines. At peak A, the measured 355, 197
S(2) to S(7) flux is~ 4.6 x 1072 ergs ' ecm™2(~ 0.4 Lg) CabritS., Bontemps S., Lagage P.O,, et al., 1999, In: Cox P., Kessler
and, according to the model, the, Hines alone would thus  M.F. (eds.) The Universe as seen by ISO. ESA proc., in press
carry ~ 0.6Lg. Towards clump G, the S(3) and S(2) knes Ce_siarsky (o A_bergel A., Agrse P., etal., 1996, A&A 315, L32
account for almost the entire IRAS Jan-band emission. The Ch'eéez‘]"P" Pineau des Bts G., Flower D.R., 1998, MNRAS 295,

A . > )

mean value of these lines in that band is By sr" COM- o i A - Apergel A., 1999, In: Cox P., Kessler M.F. (eds.) The
parable to the IRAS peak value, i.eM3ysr—* (e.g., Oliva

o Universe as seen by ISO. ESA proc., in press
et al.[1999). Similarly, the IRAS 25um-band could also be pzine B.T. Lee H.M.. 1984 ApJ 285, 89

due to H line emission. The model predictions (Fig.4) fokjower D.R., Pineau des Fets G., 1999, MNRAS, in press

the S(0) and S(1) line fluxes (at an evolutionary time of 20QQuang Y.-L., Dickman R.L., Snell R.L., 1986, ApJ 302, L63

years) are 1.207° and 7.710~% ergs ' cm~2sr !, respec- Kaufman M.J., Neufeld D.A., 1996, ApJ 456, 611

tively. Taking into account the 20% transmission at 17.030f Keene J., Phillips T.G., van Dishoeck E.F., 1996, In: Latter W.B., et al.
the IRAS 25 um band, the strong S(1) line would thus con- (eds.) CO: Twenty-Five Years of Millimeter-Wave Spectroscopy.
tribute ~ 4 MJysr~! at 25um, which is comparable to the AU Symp. 170, Kluwer, p. 382

measured 2%m IRAS flux at Peak A{ 4.5MJysr—!, e.g. Moorhouse A., Brand P.W.J.L., Geballe T.R., Burton M.G., 1991, MN-

; . RAS 253, 662
Oliva et al/ 1999). These results strongly suggest that the exci- ’ .
tation of the gas in IC 443 is entirely collisional. Mufson S.L., McCollough M.L., Dickel, et al., 1986, AJ 92, 1349

. . . liva E., Lutz D., Dapratz S., Moorwood A.F.M., 1999, A&A 341,
Finally, Oliva et al. [1999) found towards the optlcaP L75 P

filaments of IC 443, which trace the Iow' density atomic gageach W.T., Abergel A., Boulanger F. et al., 1996, A&A 315, L381
that most of the 12 and 2bm IRAS fluxes is accounted for by Richter M.J., Graham J.R., Wright G.S., 1995a, ApJ 454, 277
ionized line emission (mainly [Ne] and [Fer]). Our results Richter M.J., Graham J.R., Wright G.S., Kelly D.M., Lacy J.H., 1995b,
show that this conclusion cannot be generalised towards the ApJ 449, L83

molecular hydrogen ring (Fig. 1) where the dense molecular assenthal D., Bertoldi F., Dapratz S., Timmermann R., 1999, In: Cox
essentially cools via the Hines in the near- and mid-infrared ~ P., Kessler M.F. (eds.) The Universe as seen by ISO. ESA proc., in

and via the [Q] emission line in the far-infrared. press
Tauber J.A., Snell R.L., Dickman R.L., Ziurys L.M., 1994, ApJ 421,
570
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