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Abstract. Spectrataken with theShort Wavelength Spectrom-
eteron boardof the InfraredSpaceObservatory of dust shells
aroundevolved oxygen-richstarsrevealthepresenceof several
emissionfeaturesatwavelengthsbetween20and45 � m.These
featureshave arangeof widthsandstrengths, butareall narrow
comparedto thewell-known amorphoussilicate bandsat 9.7
and18 � m. The emission peaks are tentatively identified with
crystallineformsof silicatessuchaspyroxenesand olivine.The
emission featurestend to be more prominent for objectswith
coolerdust shells (T � 300K). Thismay bedueto anintrinsic
changein opticalpropertiesof thedust as it cools, or it maybe
due to an increasein the fraction of crystalline silicatescom-
paredto amorphousformsas themass lossrate increases. The
implicationsfor the physics of dust formation in the outflows
of coolgiantsarebriefly discussed.
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1. Introduction

The late stages of evolution of low and high mass stars are
characterizedby strongstellar winds, in which the conditions
arefavourablefor the formation of dust grains.Thesedust grains
efficientlyabsorbtheopticalandUV radiationof thecentralstar,
and re-emitthis radiation at IR wavelengths, thus shifting the
peakof the energy distribution to longerwavelengths.

It isbelievedthat stellarpulsations incombinationwith dust
formation play an important role in driving themassloss.How-
ever, currentunderstandingof the physical processes that take
place in the extended atmospheresof Asymptotic Giant Branch
(AGB) starsand inRedSupergiant (RSG)starsisstill limited. In
particularthegrainnucleation processisdifficult tomodel from
first principles, and existing models lackobservationaldata to
constrainmodelparameters.

TheShort Wavelength Spectrometer (SWS) onboardof the
InfraredSpaceObservatory (ISO) is ideallysuited to study the
composition of dusty envelopessurroundingevolved stars. For
a description of the instrument and its main featureswe refer
to de Graauwet al. (this volume) and to Kessleret al. (this
volume). In this paper we report on first results of the SWS
guaranteedtime programmeson RSG, AGB stars, post-AGB
starsand PlanetaryNebulae(PNe).We concentrateon O-rich
envelopesof representativecases,andshow thatthe12-45 � m
part of thespectrum is rich in structure. We tentatively identify
these structureswith crystallineformsof silicatessuchasolivine
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Table 1. Observinglog.

Name type AOT01 speed Date
W Hya AGB 1 14-02-96
NML Cyg RSG 4 09-01-96
AFGL4106 P-AGB 2 29-02-96
HD179821 P-AGB 2 09-03-96
NGC6302 PN 4 19-02-96
NGC6543 PN 4 12-12-95

andpyroxenes.Thedustfeaturesseemto occurpreferentially
in dust shells with a low colour temperature( � 300K or less).
A featureat 11.3 � m attributedto crystalline olivine has been
observed in the spectra of comets (Hanneret al. 1994;Herter
et al. 1987),and in several Vegastars (e.g.Fajardo-Acostaet al
1993;Knacke et al. 1993).

2. The observations

We selectedfrom theguaranteedtime observingprogramme6
representative cases,two mass-losingobjects(a RSG andan
AGB star), two post-AGB stars and two PNe (Table 1). The
observationswere carriedout using theSWS AOT01 full scan
observing mode,at speeds1 to 4. Table 1 lists the observing
log.Thespectra were reducedusing standardprocedures. The
datawereinspectedfor cosmic rayhits which wereremoved by
hand.Dark subtraction wasdoneusing a linearfit to the dark
measurements taken during theobservation.Theabsolute flux
calibrationwasobtained usingthecalibrationfilesin version 4.1
of the ISO-SWS off-l ineprocessingpipeline.We estimate that
theflux calibration in the30-45� m region isaccurateto 30-50
percent(Schaeidt et al. 1996).In this paperwe concentrate on
the 30-45 � m partof thescans, correspondingto band4 of the
SWS.ThespectraareplottedinFigure1,wherewerebinnedthe
data to a resolution of 300( � / � � ). Note that the intrinsic reso-
lution of thespectrographis significantly better than300(seede
Graauwet al. 1996).Dueto the rebinningprodecurethe30-45� m spectrum of W Hya and NML Cyg donot show the emis-
sionlinesduerotationaltransitionsof H2O reportedbyNeufeld
et al. (1996)andJustannontet al. (1996a).We postponea full
discussion of the spectra to a laterpaper. We show in Figure1
the individualdata points as well as a weightedaverage. The
dotted line in thetop left panel ofFig. 1showstheshapeof the
relativespectral response curveusedto divideout instrumental
effects. Althoughthis curve shows structurenearwavelengths
wherewe find someof the bumpsin the programmestars, we
alsofind many objectsthatare featureless(suchasW Hya)us-
ingthesameresponsefunction;weconcludethatthebumpswe
reporthereare real.

3. Discussion

Thesix programmestarsdiscussed in thisLetter areall oxygen-
rich,asevidencedfromtheoccurenceof OHmaseremission,or
from themolecularbandsseenin theopticalornear-IR. Also in
several objects(W Hya,NML Cyg, AFGL 4106,HD 179821)

Fig. 1. SWS30-45 � m spectraof theprogrammestars(Table 1). Flux
is in Jy

the9.7 � m silicateband(notshown here)is seeneitherin emis-
sionor absorption,pointingto an O-richchemistry in theshell.
Theprogrammestarsshow aremarkablyrichspectrumbetween
30and45 � m,with severalbumpswith avarietyin strengthand
shape.Also, in severalobjectswefindaplateaubetween31and
36-37 � m. W Hya however shows analmostfeaturelessspec-
trum (apartfrom the water lines). Table 2 gives a summaryof
thebumpswith theirwavelengthandline over continuumratio.
In Fig. 1wehaveindicatedtheposition of thestrongest features
with tick marksin theupperpanels.

The bumpsarestrongest in the post-AGB stars andPNe,
while they areweakin NML Cygand virtually absent in W Hya.
This suggests thattheappearanceof thebumpsis somehow re-
latedto thecolour temperatureof thedustshell, thebumpsbeing
absent in ’warm’ dust shells, while they areprominentin dust
shellswith colourtemperaturelessthanabout300K. Inspection
of thespectraof other starsobservedwith SWSshowsasimilar
trend.In mass-losingRSG or AGB starsthecolourtemperature
of the dust is a measure of the masslossrateof the star, while
in post-AGB starsand PNe it is a measure of the time which
haspassed sincethestar left the AGB. This suggestsa relation
betweentheoccurenceof thebumpseitherwith grainformation
conditions (high masslossversus low massloss)or with age
andtemperature(post-AGB andPNe;seealsobelow).
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Table 2. wavelength and possible identification of features

Name 	 FWHM I p /I c flux W/m2 ident� m � m � 10
 14

W Hya 31.7 � 0.1 0.9 1.06 9.0 u
NML Cyg 30.5 � 0.1 0.6 1.02 20 u

32.95 � 0.01 0.83 1.06 71 f?
33.75 � 0.01 0.59 1.05 35 o
40.40 � 0.03 1.2 1.05 37 cp
43.19 � 0.04 0.61 1.026 7 i

AFGL4106 30.52� 0.03 0.8 1.04 18 u
32.83 � 0.01 0.4 1.06 23 f?
33.50 � 0.03 1.0 1.06 16 o
36.51 � 0.02 0.4 1.04 6 u
40.1 � 0.1 1.6 1.07 27 cp
43.0 � 0.2 1.4 1.04 13 i

HD179821 30.59 � 0.01 0.28 1.028 2 u
32.82 � 0.01 0.4 1� 082 5 f?
33.49 � 0.01 1.0 1� 082 12 o
31.7-37.1 � 0.3 23 plateau1

40.39 � 0.01 0.8 1.06 7 cp
43.1 � 0.1 1.24 1.08 15 i

NGC6302 30.52� 0.04 0.35 1.06 8 u
32.80 � 0.02 0.5 1.152 60 f?
33.70 � 0.01 0.95 1.212 19 o
31.7-37.2 � 0.2 72 plateau1

40.46 � 0.05 1.10 1.15 31 cp
41.54 � 0.02 0.34 1.045 3.5 u
43.1 � 0.1 1.51 1.10 30 i

NGC6543 31.4-37.5 � 0.3 22 plateau1

33.38 � 0.03 1.6 1.122 11 o
43.34 � 0.04 1.22 1.08 3.0 i

notes to table2: o = crystallineolivine; cp = clino-pyroxene; f =
forsterite; i = crystalline ice; u = unidentified. 1 plateauis
unidentified;2 I p /(I c + plateau)

Thewidth andshapeof the bumps, which areall resolved
at a resolution of 300,suggest that they aredueto vibrational
or bendingmodesin solid statematerial (grains). Wehavetried
to identify the carriersof the bumpsby comparing published
laboratoryspectraof O-richgrainmaterial(silicates,oxides)to
theobserved spectra.It is clear from these(preliminary)com-
parisons that we aredealing with a mixture of materials,i.e.
no single componentthat we areaware of canfit the observed
spectra. This may not besurprising sincethe relative strength
of some bumps seemsto correlate while othersdo not, also
pointing to a mixtureof carriers.

Themost promisingcandidatesfor thecarriersof thebumps
arecrystalline silicates,such as Olivine and Pyroxenes,with
variousmixtures ofFe andMg (e.g.Jägeret al. 1994;Koike et
al. 1993).Wehaveindicatedpossibleidentificationsin Table 2.
Amorphousmaterialsdonotshow prominent structurebeyond
20 � m (e.g.Jägeret al. 1994).Wepointouthowever thatthe10� m spectrum of NML Cyg has ashape which fits amorphous
sili cates, whichsuggeststhatat least in thatobjectthereisasig-

Fig. 2. Laboratory spectra of crystalline silicates, taken from Koike
et al. (1993). Solid line: forsterite; Dotted line: olivine; Dashedline:
clino-pyroxene.

nificant amountof amorphousmaterial present. This mayalso
bethe case for the other objects (see e.g. Guertler et al. 1996).
Weconcludethatthedust shellsof ourprogrammestarsconsist
of amixtureof amorphousandcrystallinesilicates. Crystalline
olivine shows peaksat 11.3and 23.8-25.9� m in addition to a
peakat33.8 � m (Koike et al 1993).A 23.5 � m peakis seenin
AFGL 4106,HD 179821,NGC6543,NGC6302and possibly
in NML Cyg, but notin W Hya,whichiscloseto thatexpected
for olivine.Thespectraof severalobjects show structurearound
11.3 � m, i.e. whereemission from crystalline silicates isex-
pected. However this maybe instrumental and not intrinsic. In
Figure2, we show the extinction curves for several materials
thatweremeasuredin the labby Koike et al. (1993).

We alsoconsidered the possibility that the bumps aredue
to metaloxides, suchasAl2O3, and Fe-Mg oxides. Evidence
for the occurenceof oxidesin oxygen-rich dust envelopesis
growing.TheLRSspectraof someMira variableswith abroad
peakbetween12 and13 � m wereinterpretedby Vardyaet al.
(1986)asdueto grains containing aluminum oxide. Interest-
ingly, theoccurenceof the12-13� m peaksseemsto berelated
to theshapeof theoptical lightcurve,suggestingarelation be-
tweenthe physical conditionsin the dust-forming region and
the kind of dust thatcondensates(Onakaet al. 1989)¿From a
re-classification of IRAS LRSspectraGoebelet al. (1989)find
a classof objectswith bumpsat 11+, 13.1and 19 � m, which
they interpretasdueto metal oxides. Henninget al. (1995)pub-
lish new opticalconstantsfor Mg-Feoxidesandfind thatthese
materialsshow structurein the15-24 � m wavelength region.It
ispossiblethatmetaloxidescontributeto thebumpseenat23.5� m. However, wearenotawareof laboratorymeasurementsof
oxidesthat show structurebetween30and45 � m. Wepointout
that the list of spectralfeaturespresentedin this Letter is pre-
liminaryandcertainly not completefor wavelengthsshortward
of 30 � m. For example, NML Cyg shows a bumpnear20 � m
which could bedueto oxides.
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A third possibility for the origin of the bumps are (crys-
talline) ices.Emission from ice in the 40-70 � m spectrumof
the ’Frosty Leo’ andother cooloxygen-rich envelopes wasre-
portedby Omontetal. (1990).Laboratoryspectraof crystalline
H2O icesshow anarrow emissionat44 � m (Bertieet al. 1969)
aswell as abroaderfeatureat 62 � m.Indeedoneof thefeatures
we find peaksnear43 � m (Table 2). We have tentatively iden-
tified the43 � m bump with crystallineice.Confirmation of this
identification may comefrom LWS spectra which thenshould
show the62 � m feature.

If theidentification of thebumpswith crystallinematerialis
correct,the correlation with dust temperature seemspuzzling.
It is believed that silicates condense in dusty outflows with
amorphousstructure,as evidencedby theubiquitousbroadand
smoothappearanceof the 9.7 and18 � m sili cate bumps(e.g.
Bedijn 1987).Conversion of this materialto crystalline forms
requiresrestructuringof thelatticewhichcanbedoneby heat-
ing thegrains. However, heating of dust grains is notexpected
to occur in the post-AGB phase and indeedis not observed.
Rather, cooling of thedust shell asit expandsis observed. It is
important to realisehoweverthatdust in post-AGB starsrepre-
sentsafinal burstof veryhigh massloss(10� 5 to 10� 4 M � /yr)
andso theconditionsin thedust formingregionduringthisvery
highmass lossphase mayhave beensimilar to that seenin the
reddest AGB starsor RSG weobservenow. Indeed,NML Cyg,
the reddest mass-losingobjectin oursample, showsthebumps
in emission. Thereforeit is possible that theconditionsin the
dust formingregionsof AGB starsandRSGswith extrememass
lossratesand highwind densitiesallow the formation of crys-
tallinesilicates.Thiscould occur if thegrains staywarm in this
high-density region for a relatively longperiod of time, i.e.do
notcool rapidly after formation.

It is also possible that the intrinsic properties of the dust
grainschange with temperature.Thereis some evidencefrom
modelfitting of cool oxygen-richdust shells that the strength
of the 18 � m bending mode of SiO increaseswith decreasing
temperature (Bedijn 1987;Justtanont et al. 1996b).Note that
theobserved ratioof the18to 9.7 � m sili cate featuresdepends
on the temperature of the dust shell aswell ason the optical
constants(see e.g.Ossenkopfet al. 1992).It isnotclearhowever
how important thiseffect is for the30-45 � m features.

It is interesting to point out that bumps similar to the ones
reported herehave also beenfoundin cooldust shells surround-
ing LBV’s (Lamerset al., this volume)and in youngHerbig
Ae/Be stars (Waelkens et al., this volume). All theseobjects
arebelieved to beoxygen-rich.Prior to ISO, structurein the30� m spectraof O-richstarswas, to ourknowlegde,notreported.
However the23.5 � m featurewaspreviously foundin spectra
of cometHalley (Herteret al. 1987)andwas identifiedwith
crystallineolivine.

Thedust featuresreported in thispapercanbeaddedto the
growinglist of structuresfoundin spectraof oxygen-richstars.
Goebelet al. (1994)report onthediscoveryof 7.15� memission
in O-rich shells,and they alsolist featuresat 10, 13.1, 18and
19.7� m.Thesefeaturesareattributedtometaloxides.It isclear
that thesenew observationsforceus to revise thepictureof a

standardmix of silicates (’astronomicalsilicates’, e.g.Draine&
Lee1984).Thefull wavelength coverageof theSWSandLWS
spectrographsallow usto make amuchmoredetailedinventory
of the composition of dust shells in evolvedstars,i.e.to perform
mineralogyof theseobjects.
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