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Abstract. Thanks to mid-infrared observations, we providgalaxy. The SuperNova (SN) exploded about 320 years
new clues to the element mixing during a supernova expl@-esen, Becker and Goodrich1988) at a distance of about
sion by probing the mixing between three adjacent layers: tkec (Reed et al.1995). It must have been subluminous and
oxygen burning products layer (sulfur, argon,...), the silicateavely obscured, since it passed unnoticed, except perh
layer and the neon layer. The silicate and neon layers are bbyh Flamsteed in 1680_(Ashworth1980). The progenitor
contaminated by sulfur and argon in a macroscopic way, ihe SN was a massive star (Vink, Kaastra and Bleeke(19
appear segregated, so that the mixing is heterogeneous. Thissen et al.1988, Fabian et al.1980), probably of Wolf-Ra
finding complements the microscopic mixing information deype (Fesen, Becker and Goodrich1988).
duced from presolar grains found in meteorites and implies that, The freshly ejected SN material has been widely observi
at present time, supernovae are probably not the main dust facthe optical range (Baade and Minkowski 1954, Chevali
tory in the Galaxy. The mixing is often interpreted in terms aind Kirshner 1979, van den Bergh and Kamper 1985 and e
hydrodynamical instabilities driven by the outward shock folier papers). The SN material is spatially distributed in Fa
lowing the implosion of the supernova core. Testing whethBtoving Knots (FMKSs) (see Fig. 1) with a typical speed in th
such instabilities can lead to the injection of material from 3000 kms! range, as deduced from their proper motion on t
layer into upper layers without complete mixing, as suggestekly and from the Doppler shift of the lines emitted by the
by the observations presented in this paper, should be possilite optical observations have revealed the presence in th
with the intense lasers which are starting to be used to simulkimts of heavy elements such as oxygen, sulfur, argon, but
astrophysical plasmas. hydrogen or helium lines. Mid-InfraRed (Mid-IR) observation
of the FMKs have only started recently thanks to observatio
Key words: ISM: supernova remnants — infrared: ISM: continwith ISO, the Infrared Space Observatdry (Kessler et al.]199
uum — infrared: ISM: lines and bands these observations have revealed the presence of two additi
key components: neon and silicate dyst (Lagage etall19
IArendt, Dwek and Moseley1999).

In this paper, we present a new set of spectro-imaging obs
vations made with ISOCAM (Cesarsky et al.1996), the cam
Supernovae (SNe) are key objects in the Universe (review oy board of ISO; these observations reveal the spatial distri
and references therein). They are the factorién of the silicate knots and of the neon knots. The comparis
which feed the interstellar medium with many of the heawyf these distributions brings unique information on the degr
elements. These heavy elements are built up, layer by layafmnixing of the various elements which has occurred during t
inside massive stars, stratified according to the atomic nusupernova explosion. Sect. 2 present the data, the data redu
ber (review by ArnettI995 and references therein). Freskdnd the results we obtain. In Sect. 3, we discuss the implicati
ejected supernova material can be directly observed in the Clas-the mixing in SNe.
siopeia A supernova remnant. The Cassiopeia A (Cas A) Su-

perNova Remnant (SNR) is the youngest SNR known in our )
2. Observations and results

1. Introduction

ffpri 1d. Douvi .
(?; :l?v%npg&f?rugf E;gg eéuc\ggnfr) The observations were performed on December 5th 1996

* Based on observations with ISO, an ESA project with instrumeHéOCAM' The pixel f'EI_d of V_'eW_Of_the Instrument was set t
funded by ESA Member States (especially the PI countries: Franfe; COmparable to the diffraction limit of the telescope. The tot
Germany, the Netherlands and the United Kingdom) and with the pfild of view is3’ x 3’ and the field was centered on the norther
ticipation of ISAS and NASA, and on observations obtained at tfgart of the remnant. For each pixel, we have a spectrum fr
Canada-France-Hawaii Telescope. 5 to 16.5 microns that was obtained by rotating the Circul
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Fig. 1. Contour maps of the [Ne I1] line emission (dotted contours) and of the®.5ilicate dust emission (full contours) overplotted onto an
optical image of the Cassiopeia-A supernova remnant. At each contour level the flux is divided by a factor 1.5; (instrumental ghost effects we
taken into account to limit the lower contours of neon). The neon line and silicate emission are deduced from spectra such as those on the r
of the image (see text). The spectra have been obtained with ISOCAM at a spatial resolétion 6f; the ISOCAM pixel corresponding to

the spectrum is represented on the image by green squares. The optical image has been obtained with the SIS instrument at CFHT.

Variable Filter of ISOCAM,; the spectral resolution obtainedt 7.5 and 11.axm. These two maps are both overplotted on
this way is around 40. The data reduction was performed wilh optical image obtained with the SIS instrument mounted on
cIAf, using a full spectroscopic data set of an off-position fielthe Canada France Hawaii telescope on August 1998; a filter
to subtract the zodiacal contribution. The result consists in 108dntered at 6758 and with a band-pass of 780 was used:;
spectra. Some of them are shown on Fig. 1. They feature btk pixel field of view was 0.15 arcsec and the integration time
continuum emission and line emission. The continuum emissiaas 300 s. Note that several optical knots are often presentin a
rises slowly from 8 to 1&xm; in some spectra, a bump is presergingle ISOCAM pixel.
around 9.3:m. Neon, which is barely detected in the visible (Fesen1990),
The lines are identified as [Ar 11] (7,0m), [Ar 111] (9.0 um), gives prominent lines in the Mid-IR: the [Ne II] line at 12:&n
[S V] (10.5um), [Ne 1] (12.8uxm) and [Ne 1ll] (15.5um). and the [Ne lll] line at 15..xm (see spectrum 1 of Fig.1).
The argon and sulfur lines where also observed with ISOPH®Iid-IR searches of neon are more advantageous than op-
(Tuffs et al.1997), but not the neon lines, which are out of thizal studies, because of their insensitivity to the relatively
ISOPHOT-S wavelength range. The neon emission map is dligh interstellar extinction toward Cas A (typically, A5, see
tained by the difference between the peak flux in the [Ne IHurford and Fesen1996) and of the lower temperature needed
line and the underlying continuum. The evidence for the pres- excite IR lines compared to optical lines. The neon map is
ence of dust is provided by the continuum radiation underlyimpmpared with the silicate dust map on Fig. 1. Spectrum 1is typ-
the line emission; the silicate dust is well characterized by itsal of neon knots. Spectrum 2 is typical of silicate knots (the
feature around 9.8m, (see spectrum 2 of Fig. 1). The silicatesilicate feature at 9.3m is underlined by the dotted curve).
emission map is obtained at 9:m by subtracting from the de- Spectrum 2 is slightly contamined by neon, certainly due to the
tected emission, the emission from a blackbody fitting the daiong neon emission just nearby. The bump around this small

1 . L neon feature could be attributed to,8l; (Kaike et al.199b,
ClIA is a joint development by the ESA astrophysics division ango73sa and Hisoto1997).

the ISOCAM consortium led by the ISOCAM PI, C.J. Cesarsky, Di-
rection des sciences de la néaé, C.E.A., France.
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An anticorrelation between the presence of neon and tBeDiscussion
presence of silicate in many knots is evident. The regions wh%e

o . Qfder to explain these observations, we have to recall how
both neon andsilicate are observedinthe IR spectraare Confus}%ments are structured inside a supermnova. The elements ar
regions where several bright optical knots lie along the line §ated in a stratified wav accordin tF()) their blurnin stage. Ne
sight probed by an ISOCAM pixeb{’ x 6"). y 9 g stage.

The Mid-IR radiation can also be used to probe the presensci:ltiacf"‘te making elements anc_j oxygen buming produ_cts S, A_r.
of argon, through the [Ar Il] and [Ar ll1] lines at respectively 7.0€ N different layers (see Fig. 2). The hatched region on Fig

and 9.0 microns, and of sulfur, through the [S IV] line at 105 what we call the "silicate” region; this is where sufficien

. . . - amounts of oxygen, magnesium and silicon are present at
microns. The lines associated with these two elements show u Yo 9 P

in almost all the IR spectra, but, given that several knots lie in ’Eercnaeutslr;ﬁ,iéotr:?srrp pgrg::iﬂ(?a(tl\g%v??zmi/: c?en dsig::j%yr%ﬁes??o
ISOCAM pixel, additional arguments are needed before clai I tion model (ngpasa Haseaawa and Npomot 199{) Furt
ing that knots emitting Neon in the IR also contain sulfur and ) . : g - . 9 . '
: more the observation of a 22n feature in Cassiopeia A was at-
argon. The first argument comes from the IR data themselve

Indeed, even with the poor spectral resolution of ISOCAM Oisr_ﬁ)uted to Mg protosilicates (Arendt, Dwek and Moseley199

servations, it has been possible to measure the Doppler shii’?g{tj the.9.3¢m feature of our spe_ctra (see spectrum 2 of Fig.
Is well fitted with very small grains (less than 0.1 microns)

the lines emitted from the knots with the highest radial veIocfli-¥ roxene
ties (Lagage et al.1999). For these knots, all the lines have ®hen a straightforward way to interpret the fact that the ne

same Doppler shift, indicating a common knot origin of neon, =~ .- . : . . .
o and silicate layers remain spatially anticorrelated in the eject

argon and sulfur. Another way to find if neon, sulfur and argan . -
o consider that there has only been weak mixing between th

originate from the same knots is to search for oxygen, sulft|ur rs during the supernova explosion. In contrast, sulfur a

and argon lines in optical spectra. Indeed in supernovae the nearc¥On have been extensively mixed. The mixina of the sulfur a
layeris associated to the oxygen layer (see Fig. 2) and the opt%rzgon laver with the ox er): laver Was alreadg revealed b
[O I]line has excitation conditions intermediate between thosﬁeg Y Y9 y y y

of the IR [Ne Il and [Ne Ill] lines (same critical density as thecg?rll O@fgg’:ﬂgﬁ:gf mg;:nkgn:;gr;?g?r; ?reo%)(tseur};\r/eént:jmsg
[Ne Il] line and ionization potential intermediate between thosg P Y9

: . en(Chevalier and Kirshnerl
of the [Ne Il] and [Ne Il] lines). For this purpose we performer§UIfur knots are free from oxyg 97

- P . : o Jvan den Bergh and Kamper1985). The key new result from t
follow-up spectro-imaging observations of the Mid-IR kno‘I?/I' -IR observations is that the neon and silicate layers are

in the optical at the Canada-France-Hawaii Telescope. Most ot .. . . o
. . sentially unmixed, i.e. the mixing is heterogeneous.
the FMK optical spectra feature oxygen, sulfur and argon lin€s; o
The data also suggest that the mixing is mostly macrosco

in agreement with previous studies (Hurford and Feseri1996 eed silicon is located in the same layer as sulfur and ar
Chevalier and Kirshner1979). Thus we can conclude that ar ﬁlq - . yer a 9
%’ s silicon is also expected to be spread into the neon la

and sulfur are indeed present in most of the neon knots. N . o . L
b ft e silicon mixing were microscopic, silicates could be pro

also that given that the [Ar 1] line and the [Ne II] line haveCI ced all-over the maanesium laver. which encompasses
very similar excitation conditions, we can exclude the presencLé 9 yer, P

of neon in the silicate knots which emit in the [Ar 1] line but" €N layer (see Fig. 2).; t_h_en the ant|correlat|on_of F|g. 1 wou
notin the [Ne I1] line. not hold. Another possibility would be that the mixing is indee

.microscopic, but that for some reasons, the silicate productio

Finally, spectrum 3 of Fig. 1 originates in a region which ISuenched inthe neon layer. In any case the conclusion is that
not associated with fast moving knots, but which neverthelesglF . yer. inany .
icate production from SN is limited to the thin layer show

bright in the IR (and also in X-ray and radio). No line emissioR IFig. 2. As a consequence, the silicate dust production is fi

is present in the spectrum, and the continuum emission is wel . . -

. . . tfimes lower than in the case of condensation of all the silic
fited by Draine and Lee silicatel (Draine and Lee1984) af andensable elements. Silicates are known to be presentin |
temperature of 105K (see dashed line in spectrum 3 of Fig. %}j ' P

I

Draine and Lee graphites do not fit this spectrum. The emiss ?gilt:l:z(I)%tizz:lrt]ti(ne'r:z:?ill;rsrgﬁcrjclzlérg% tiljetst:(sairltiec:[esgusidg?n
is probably due to circumstellar or interstellar dust heated by 2 ) ->up

supernova blast wave. Such a continuum emission is presen %ﬁfzta or stellar wind material from giant and supergiant st

. C ave been invoked. Core collapse SNe could be the main silic
over the supernova remnant and is probably at the origin of the

continuum dust emission underlying the line emission in ne ovider in (;a;ito;cf?ggﬂlﬁﬁ:ggﬁaenssstéol\TeOIth'gg:\%g:?szt?
knots. In spectrum 3, no room is left to synchrotron radiatioIs incom Ieté as,discussed here inghe casé of Cas A. then
down to the sensitivity limit of our observatiorzs10~3 Jansky pete, '

(10) at 6 microns in an ISOCAM pixel. This limitis compa'[iblecOllapse S.Ne can no longer be the domlnan_t source qf silica
with the expected IR synchrotron emission (about half a mJy { present; but they could have played adominantrole in the p

X ). No evidence for dust formation intype la SNe h

as extrapolated from the radio synchrotron emission betwe L found so far and no information on the mixina of silicat
1.4 Ghz and 4.8 Ghz detected in the region of the ISOCAP)F un ! ' IXing of sil
elements in those SNe exist. In the absence of this evidence,

ixel of spectrum 3 (Anderson et al.1991). . . . )
P P ) consider that giant and supergiant stars are likely to be the m
silicate providers.
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i Fig. 2. Layers of elements inside a supernova
L without mixing; (adapted from Woosley et
all Weaver (1995) for a 25 M supernova pro-

genitor; results are similar for a 15 Msu-
pernova progenitor). The hatched region is the
Interior Mass “silicate” region (see the text).

The origin of the mixing is still an open question. Sevthat the mixing originated at the bottom of the oxygen layer, but
eral studies have been made in the framework of the obsertfds remains to be proven by self consistent numerical models
tions of SN 1987A[(Arnett et al.1989 and references thereiiidp}lowing up all phases from pre-supernova to now, taking into
the supernova whose explosion in the Large Magellanic Cloadcount radiative cooling which can lead to clumps.
was detected 13 years ago, and of SN 1993J (Spyromilig1994, In complement to advances in numerical simulations, lab-
Wang and Hu1994); the issue is how to mix the inner regionsatory experiments are needed. Such experiments are starting
where the nickel and cobalt have been synthetized by oxygenbe possible thanks to the use of intense lasers, which can
explosive burning (see Fig. 2) with the upper layers of hydrgenerate plasmas mimicking various astrophysical conditions
gen and helium. Hydrodynamic instabilities (of the Rayleigi{Remington et al.1999). Laboratory experiments simulating hy-
Taylor and Richtmyer-Meshkov type) are usually considered dodynamic instabilities at the H/He interface have already been
playing a key role. Presupernova models show that the densionducted (Kane et al.1997, Drake et al.1998). Experiments re-
profile of the presupernova features steep density gradientprtducing the conditions at the oxygen/oxygen-burning product
the interface of composition changes, especially at the intérterface should be performed. The possibility of heterogeneous
faces hydrogen/helium and helium/oxygen; these gradients ari&ing could be tested.
regions where shock induced Richtmyer-Meshkov instabilities, Another issue which should be investigated is the degree
followed by Rayleigh-Taylor instabilities, can develop duringf microscopic mixing versus macroscopic mixing. Heteroge-
the SN explosion. Models based on instabilities at these intaeous microscopic mixing in supernovae is a key requirement
faces meet with difficulties to reproduce quantitatively the daita order to explain the isotopic anomalies observed in some
(Arnett1995). It is also hard to imagine how instabilities at thgresolar grains found in meteorités (Travaglio et al.1999). For
H/He or the He/O interface could be responsible for the hetxample, the presence of silicon carbide witBi implies that
erogeneous mixing presented here, especially if, as gener&figi, produced in an inner shell of a SN, has to be injected up to
claimed, the Cas A progenitor has already shed all of its hydthe outer layer of carbon and then microscopically mixed with
gen and all or most of its helium before the SN exploded. Preshe carbon. The mixing has to be heterogeneous in the sense that
pernova models feature another, weaker, density gradient atttieeoxygen layer should not be mixed with the carbon layer; oth-
bottom of the oxygen layer (for example Nomoto et al.1997). Brwise, the carbon would be locked into CO molecules and no
addition, convection at work in this region during the presuperarbon dust particle could be made. Rayleigh-Taylor instabili-
nova phase can generate density perturbations which could siesimostly lead to macroscopic mixing, but some microscopic
the instabilities[(Bazan and Arnett1998). Thus it seems liketyixing could occur at the interface of macroscopically mixed




T. Douvion et al.: Element mixing in the Cassiopeia A supernova L1

regions. In that context, Mid-IR observations presented here &esen, R.A., Becker, R.H. and Goodrich, R.W., 1988, ApJ 329, L89
complementary to meteorite studies. Hurford, A.P., Fesen, R.A., 1996, ApJ 469, 246
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