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Abstract. Spectrataken with the Short Wavelergth Spectran-

eteron boardof the InfraredSpaceObservatory of dug shels

aroundevolved oxygen-rchstarsrevealthe presenceof several
emissiorfeaturesatwavelengthsbetweer20and45um. These
featureshave arangeof widthsandstrenghs, butareall narrov

comparedo the well-knawvn amorphoussilicate bandsat 9.7

and18 um. The amissia peals are tertatively identified with

crygallineformsof silicatessuchaspyroxenesand divine.The

emissio featuwestend to be more prominert for objectswith

coolerdug shels(T < 300K). Thismay bedueto anintrinsic

changean optical propertes of thedud asit cools, or it maybe
due to anincreasedn the fraction of crystalline silicates com-

paredto amorphouformsasthe mas lossrate increags The
implicaionsfor the phydcs of dud formatonin the oufflows
of cool giantsarebriefly discussed.
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1. Introduction

The late stages of evolution of low and high mass gars are
characgrizedby strong stellar winds in which the conditions
arefavourale for the formation of dust grains. Thesedust grains
efficiently absorktheopticalandUV radationof thecertral stag
and re-emitthis radation at IR wavelergths, thus shifting the
peakof the eney distributionto longerwavelenghs

It is believed that stellar pulsatians incombination with dust
formation play an importart role in driving the masdoss.How-
ever, currentundersanding of the physcal proceses thattake
place in tle extended atmaospheresof Asymptatic Giart Branch
(AGB) garsandin RedSupergiant (RSG)starsis still limited. In
particularthe grainnucleation processs difficult to model from
first principles and existing modek lack observetional data to
constrairmodelparameters.

The Short Wavelengh Spectometr (SWS) onboardof the
InfraredSpaceObsenatay (ISO)is ideally suted to study the
compodgtion of dugy ervelopessurroundingevolved stars For
a descrigion of the instrumert ard its main featueswe refer
to de Graauwet a. (this volume)andto Kessleret al. (this
volume). In this paper we report on first resuts of the SWS
guarantedtime programmen RSG, AGB stars pos-AGB
starsand PlanetaryNekulae (PNe).We concentraten O-rich
ervelopesof representatie casesand show thatthe 12-45um
part of the spectrumisrichin structure. We tertatively identify
these guctureswith crygallineformsof silicatessuchasolivine
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Table 1. Observingog.

Name type AOTO1 speed  Date

W Hya AGB 1 14-0296
NML Cyg RSG 4 09-0196
AFGL4106 P-AGB 2 29-0296
HD179821 P-AGB 2 09-0396
NGC6302 PN 4 19-0296
NGC6543 PN 4 12-1295

andpyroxenes.The dustfeaturesseemto occurpreferentially
in dust shells with alow colour temperatue (~ 300K or less).

A feaureat 11.3um attributedto crygalline olivine has been
observed in the spectra of comes (Hanneret a. 1994;Herter
etal 1987),andin several Vegastars (e.g.Fajardo-Acogaet al
1993;Knaclke & a. 1993).

2. The observations

We seleciedfrom the guaranéedtime observing programmes
representatie casesfwo mass-losingbjects(a RSG and an
AGB dtar), two post-AGB stars and two PNe (Table 1). The
observationswere carried outusng the SWS AOTO1 full scan
observing mode,at speedsl to 4. Table 1 lists the observing
log. The specta were reducedusng standardproceduresThe
datawereinspectedfor cosmic ray hits which wereremoved by
hand.Dark subtracion wasdoneusng a linearfit to the dark
measiremens taken during the observation. The absolute flux
calibration wasobtained using thecalibrationfilesin version 4.1
of the ISO-SWS off-line procesing pipeline. We egimate that
the flux calibratonin the30-45um regionis accurateo 30-50
percent(Schaedt et al 1996).In this paperwe concentate on
the 30-45um part of thescans correpondingto band4 of the
SWS. Thespectaareplottedin Figure1,wherewerebinnedthe
datato areolution o 300(A/AN). Note thatthe intrinsic rese
lution o thespectographis sgnificanty beter than300(seede
Graauwet a. 1996).Dueto the rebinning prodecurehe 30-45
pm spectum of W Hya and NML Cyg donot show the emis-
sionlinesduerotationaltransti onsof H,O reportedby Neufeld
et al (1996)andJugannontet al (1996a).We pogponea full
discussion of the spectato alaterpaperWe show in Figurel
the individual data points as well as a weighted average. The
dotted linein thetopleft panel ofFig. 1showsthe shapeof the
relative spectal reponse aurve usedto divideoutinstrumenal
effects. Althoughthis curve shows gructure nearwavelengths
wherewe find some of the bumpsin the programmestars we
alsofind mary objectsthatare featurelesgsuchasW Hya) us-
ingthesameregpongfuncion;we concludethatthe bumpswe
reportherearereal.

3. Discussion

Thesix programmestarsdiscussed in this Letter areall oxygen-
rich,asevidencedromtheoccurencef OHmasremisson,or
from themoleculabandsseerin theopticalor nearlR. Alsoin
several objecs (W Hya, NML Cyg, AFGL 4106,HD 179821)
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Fig. 1. SWS 30-45 um specta of the programmestars (Table 1). Flux
isin Jy

the 9.7 um silicate band(notshown here)is seereitherin emis-
sionorabrption, pointingto an O-richchemétry in theshell.
Theprogrammestarsshow aremarkablyich spectrunbetween
30and45 pm, with several bumpswith avarietyin strergth and
shapeAlso, in several objectsvefindaplateaubetweer8land
36-37um. W Hya however shows analmostfeaturelesspec-
trum (apartfrom the water lineg. Table 2 gives a summaryof
thebumpswith theirwavelengthand line over continuunratio.
In Fig. 1 wehaveindicatedhepostion of thestrongesfeatures
with tick marksin theupperpanels

The bumpsare stronges in the po4-AGB stars and PNe,
while they areweakin NML Cygand virtually absertin W Hya.
This auggessthattheappearancef the bumpsis ssmehav re-
latedto the colour temperatue of thedustshell, thebumpsbeing
abentin 'warm’ dug shels, while they areprominentin dug
shellswith colourtemperaturéessthanabout300K. Inspection
of the spectraof other starsobsened with SWS showsasimilar
trend.In mas-losing RSG or AGB starsthecolourtemperatire
of the dust is a measue of the masdossrateof the star, while
in post-AGB starsard PNe it is a measue of the time which
haspassed sincethe star left the AGB. This suggessarelation
betweenthe occurernceof the bumpseitherwith grainformation
conditions (high masslossversts low massloss)or with age
andtemperaturépost-AGB and PNe;seeaso below).
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Table 2. wavelength and possbleidentficaion o feaures

Name A FWHM I,/ flux W/m? ident
pm pm x107
W Hya 31.7+01 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 2
33.75+0.01 0.59 1.05 35 )
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 2
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 0.4 108 5 f?
33.49+0.01 1.0 108 12 o)
317-37.1+ 0.3 23 pateau’
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 05 1.15 60 f?
33.70+£0.01  0.95 1.24 19 o)
317-37.2+0.2 72 pateau’
40.46+ 0.05 1.10 1.15 31 cp
4154+ 0.02 0.34 1.045 35 u
43.1+0.1 1.51 1.10 30 i
NGC6543 314-37.5+ 0.3 22 pateau’
33.38+£0.03 1.6 1.12 11 o)
43.34+0.04 1.22 1.08 3.0 i

notes to table 2: 0 = crystdline olivine; cp = clino-pyroxene; f =
forsteite; i = crystdlineice u = unidentified. * plateauis
unidentfied;? I,,/(l. + plateau)

Thewidth andshapeof the bumps which areall relved
atareolution o 300, sugges that they aredueto vibraional
orbendngmodesn solid state material (grains). We havetried
to idenify the carriersof the bumpsby comparng published
laboratoryspectraof O-rich grainmaterial(silicates oxides)to
the obsered spectra.lt is clearfrom these(preliminary)com-
parisons that we are dealing with a mixture of materials,i.e.
no single mmponenthat we areaware of canfit the observed
spectra. This may not be surprising sincetherelative strengh
of some bumps seemsto correlate while othersdo not, also
pointing to a mixtureof carriers

Themost promisingcanddatesfor the carriersof thebumps
are crystalline silicates, such as Olivine arnd Pyroxeres,with
variousmixtures ofFe andMg (e.g.Jageret al 1994;Koike &
al. 1993).We haveindicaiedposibleidentficaionsin Table 2.
Amorphougmatrials do not shaw prominent gructure beyond
20 um (e.g.Jageret al 1994).We point outhowever thatthe 10
pm spectum of NML Cyg has ashape vhich fits amorphous
sli cakes whichsuggessthatat leas in thatobjectthereisasig-
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Fig. 2. Laboratory spedra of crystdline silicates, taken from Koike
et al (1993) Solid line: forsterite; Dotted line: olivine; Dashedine:
clino-pyroxene.

nificant anountof amorphousnatrial preent This mayalso

bethe ca® for the other object (see eg. Guerier et al. 1996).
We concludethatthe dug shelsof ourprogrammestarscongst

of amixture of amorphousindcrystalline silicates Crystalline
olivine shows peaksat 11.3and 23.8-25.9um in addition to a
peakat33.8um (Koike & al 1993).A 23.5um peakis seenin

AFGL 4106,HD 179821 NGC6543,NGC6302and posibly

inNML Cyg, bu notin W Hya,whichiscloseto thatexpeced
for olivine.Thespectaof several object show structurearound
11.3 um, i.e. where emissia from crystalline silicates isex-

pected However this maybe instrumertal and na intrinsic. In

Figure2, we show the extinction curves for several materials
thatwere measiredin the labby Koike ¢ al. (1993).

We alsoconsidered tle possilility that the bumps are due
to metaloxides, suchasAl,O3, and Fe-Mg oxides Evidence
for the occurenceof oxidesin oxygen-rch dug envelopesis
growing. The LRSspectraof same Mira variableswith abroad
peakbetweenl2 and13 um wereinterpretedy Vardyaet al.
(1986)asdueto grains contining aluminum oxide. Interes-
ingly, the occurenceof the12-13um peaksseemdo berelated
to the shapeof the opticallightcurve, suggesingarelation be-
tweenthe physcal conditionsin the dud-forming region and
the kind o dug thatcondenates(Onakaet al. 1989)¢ Foma
re-clasdficaion o IRAS LRS spectra Goebelet al (1989)find
a dassof objectswith bumpsat 11+, 13.1and 19um, which
they interpretas dueto metl oxides Henninget al (1995)pub-
lish new optical congantsfor Mg-Fe oxidesand find thatthes
materialsshow structurein the 15-24 ym wavelengh region. It
ispossiblethatmetaloxidescontributeto the bumpseenat23.5
pm. However, we arenotawareof laboratorymeasurementsf
oxidesthat s1ow structure betveen30and45 pm. We point out
thatthelist of spectralfeaturegpresentedn this Letter is pre-
liminary and certaifly not completefor wavelergths shortward
of 30 um. For exampk, NML Cyg shows a bumpnear20 um
which could be dueto oxides



L364

A third possibility for the origin of the bumps are (crys
talline) ices. Emissim from ice in the 40-70 pm spectrumof
the 'Frogty Leo’ andother cool oxygen-rch ervelopes vasre-
portedby Omontetal. (1990).Laboratoryspectraof crygalline
H,O icesshow anarrov emissionat44 ym (Bertie et al 1969)
aswell as abroadeffeatureat 62 um. Indeedoneof thefeatires
we find peaksnear43 um (Table 2). We have tentatively iden-
tified the 43 um bump with crygallineice.Confirmation of this
idenificaion may comefrom LWS spectawhich thenshould
show the 62 um feature.

If theidentification of the bumpswith crygalline materialis
correct, the correlation with dust temperature seemsuzzling.
It is believed that slicates condens in dudy outflows with
amorphoustructure,as eidencedy the ubiquitousbroadand
smoothappearancef the 9.7 and 18 ym silicae bumps(e.g.
Bedijn 1987).Conversion of this materialto crystalline forms
requiregegructuringof thelatticewhich canbe doneby heat-
ingthegrains However, heatng o dug grainsis notexpeced
to occurin the pos-AGB pha® andindeedis not observed.
Rather, cooling of thedud shel asit expandss obsened. Itis
importart to realisehoweverthatdust in post-AGB starsrepre-
sentsafinal burstof very high massloss(10°to 10~4 Mg /yr)
andso thecondtionsin thedud formingregionduringthisvery
high mas lossphag mayhave beensimilar to that eenin the
reddes AGB stars or RSG we observenow. IndeedNML Cyg,
the reddes mas-losing objectin our sample, shows the bumps
in emisgon. Thereforeit is possible thatthe condtionsin the
dust forming regionsof AGB starsanrd RSGswith extrememass
lossratesand highwind dersitiesallow the formation of crys-
tallinesilicates.Thiscould occur if the grains staywarmin this
high-dengty region for arelatively longperiod of time, i.e.do
notcool rapidly afterformaion.

It is also possible that the intrinsic propertes of the dug
grainscharge with temperatue. Thereis ome evidencefrom
modelfitting of cool oxygen-richdug shellsthatthe grength
of the 18 um berding mode of SiO increasewith decreasig
temperatire (Bedijn 1987; Justtanont et al 1996b).Note that
the obsened ratio of the 18to 9.7 um sili cake feauresdepends
on the temperature of the dust shell aswell ason the optical
congants(see eg.Ossnkopfetal 1992) Itisnotclearhowever
how imporeant this effectis for the 30-45um features.

It is interestiny to pant out that bumps $milar to the ones
repored herehave dso beenfoundin cooldug shels surround-
ing LBV’s (Lamerset a., this volume)andin youngHerbig
Ae/Be stars (Waelkens et al., this volume). All theseobjects
arebelieved to be oxygen-rch.Prior to ISO, structurein the 30
pm spectaof O-rich starswas to ourknowlegde,notrepored.
However the 23.5um featirewasprevioudy foundin specta
of cometHalley (Herteret al. 1987) and wasidentified with
crydalline olivine.

Thedug featiresrepored in this papercanbeaddedo the
growinglist of structuresfoundin spectaof oxygen-rchstars
Goebelet al (1994)report onthediscoveryof 7.15um emissimn
in O-rich shells,and they alsolist featuresat 10, 13.1, 18nd
19.7um. Thesdeaturesireattributedto metaloxideslt is clear
that thesenew observationsforce us to revise the picture of a

L.B.FM. Waters et al: Miner ogy of oxygen¥ich dustshels

standardmix of silicates ("asronomicakilicates, e.g.Draine&

Lee1984).Thefull wavelength coverageof the SWSandLWS
spectrographallow usto make amuchmoredetailednventory
of the composition of dust shells in evolved stars,i.e.to perform
minerabgy of theseobjeck.
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