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Abstract. Using a radiative transfer code we have studiegtaphite). Among these stars, OH/IR stars are characterised by
the dust shells of the two OH/IR stars IRAS 17004-411@rge mass loss rates (up t0=* My/yr), a thick dust shell
(OH344.93) and IRAS 17411-3154 (OH357). The ISO-SW&mposed of oxygen-rich dust and OH Maser emission at 1612,
spectra of both sources exhibit deep amorphous silicate absd65, 1667 MHz. These objects are deeply embedded and their
tion bands at 9.8 and 17.8n together with crystalline sili- spectra show the 9,8n silicate band in absorption (e.g. Habing
cate emission bands at 33.6, 40.5 and:4B In both sources [1996). In addition to the amorphous silicates observed in ab-
the 9.8um silicate band shows a shoulder at 1Am®. The sorption, the dust shells of some OH/IR stars also contain a
amorphous silicates are mainly composed of olivine. With tloeystalline silicate component, observed in emission through
adopted set of optical constants, the amount of amorphdhe numerous bands at wavelength20,m (Cami et al. 1998,
pyroxene-type silicates participating in the absorption canr®ylvester et al._ 1999). Most of these bands have been identi-
exceed~ 10% of the amorphous silicate mass. The crystalliffiezd with the magnesium-rich crystalline silicates forsterite and
silicates are identified with enstatite, forsterite and diopsidenstatite (Waters et al. 1996, 1998, Cohen et al. 1999).
They represent- 35% and~ 25% of the amorphous silicate  Part of the dust around OH/IR stars is cold enough to allow
mass for IRAS 17004-4119 and IRAS 17411-3154, respectivelyater ice to freeze onto the grain surfaces. It was first observed at
In these sources, the 11uth feature is attributed to the absorp3.09um (Soifer et al. 1981, Eiroa et al. 1983, Smith et al. 1988)
tion of crystalline forsterite which is also observed in emisand 6.0um (Soifer et al. 1981). Omont et &l. (1990) detected the
sion at 33.6um. Water ice is observed in both objects through4 um band of crystalline water ice in emission. The libration
two bands in the covered wavelength range, in absorption (abde at~ 11-13um has been proposed to explain the shoulder
3.09um) and in emission (at 43m). The presence of water iceobserved at- 11.2um in the 9.8um silicate band (Soifer et al.
and crystalline forsterite bands, observed in emission and @881, Roche & Aitkeh 1984). However Smith & Herman (1990)
sorption, emphasizes the necessity, in such objects, of modellbogtest this identification and proposed that partially annealed
the radiative transfer in order to interpret the overall spectra. Qiarystalline) silicates could be responsible for this feature.
results, compatible with classical silicate formation theories, We presentin this article a study of the dust around the two
may help to put some constraints on dust formation models.OH/IR stars IRAS 17004-4119 (OH344.93) and IRAS 17411-
3154 (OH357). The observations and the data reduction tech-
Key words: stars: late-type — stars: individual: IRAS 17411nique are described in Selct. 2. We have modelled the spectral en-
3154, IRAS 17004-4119 — stars: circumstellar matter — radiatieegy distribution (SED) of the two stars using a radiative transfer
transfer — infrared: stars code described in Sekt. 3. In S&tt. 4, we present our results and
discuss the identification of the observed bands with different
dust components. Finally, we discuss how these identifications
1. Introduction can put some constraints on models of dust formation inSect. 5

Evolved stars represent the main site of dust formation in our ) ]
Galaxy. Depending on their stage of evolution, the stars geObservations and data reduction

oxygen-rich or carbon-rich and the dust formed in the envelopf)ﬁe SWS spectra of IRAS 17004-4119 and IRAS 17411-3154
aroundthese stars is respectively preferentially oxygen-rich (§f{ereafter IRAS 17004 and IRAS 17411) were measured with
icates, oxides, kD) or carbon-rich (PAHs, amorphous carbonye SO Short Wavelength Spectrometer (SWS) (de Graauw
Send offprint requests t&. Demyk (demyk@ias. fr) et al.| 1996) in AQTOl mode, speed 2 (TDT 2890;123 and

* Based on observations with ISO, an ESA project with instruments 601695 respectively). The data were processed using the stan-
funded by ESA Member States (especially the PI countries: Frané@rd SWS Interactive AnegS|§ (1A) p.rocedl_ﬂes (de Graauw et
Germany, the Netherlands and the United Kingdom) and with the pal-.1996) and the calibration files available in November 1999.
ticipation of ISAS and NASA. We started the data reduction from the Standard Processed Data
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corresponding to a constant mass loss rate. Lorenz-Martins &
de Ardijo[1997 adopted a density law with > 2, consistent
with a mass-loss increasing in time, for the two studied objects
and more generally for thick envelopegs.is difficult to con-
strain since increasing its value in the model does not greatly
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107 B ‘ - ‘ ] change the shape of the overall spectra. It does not change the
Q.1 1.0 10.0 100.0 1000.0 .y .
wovelength (microns) composition of the amorphous dust inferred from the model and
10000F A PN ‘ ] only leads to a slight underestimation of the crystalline silicate

NN o RN e abundances. We adopt 900K for the condensation temperature
R A N ‘ of the silicate dust. The resulting spectra do not strongly depend
on this parameter and the model cannot be used to constrain its
. . value. Therefore the adopted value should not be used to pre-
.7 enstatite /7 v . . .
1ol2] L L L L LN dict the physical structure of the newly formed dust. Crystalline
8 10 20 30 40 50 60 . . . .
wovelength (microns) water ice is incorporated in the model when the temperature
in the outer parts of the envelope drops below 110 K. We have

Fig.1. Mass absorption coefficient for the dust species used In . . L .
the model. Upper panel: amorphous olivine (continuous line), amdlot taken into account interstellar extinction in this study. The

phous pyroxene (dashed line), FeO (dotted line) (from the Jeﬁa\’?mpes around bo_th_ objects are so 9'9”5? tha_t |nter§tellar ex-

Group database, see text) and crystalline water ice (dotted-dasHgtionwill have negligible effets. Arapid estimation, using the

line)(Schmitt et al. 1998), shown over the complete wavelength ran@ermalised extinction curve form Draine & Lee (1984), shows

used in the model. Lower panel: crystalline silicates, forsterite (contithat the spectra are not altered for column densities of interstellar

uous line), enstatite (dashed line), diopside (dotted-dashed line) showatter up to N; = 10?2 cm~—2.

in the 7-7Qum wavelength range, where the vibrational bands arise. The dust species incorporated into the model are amor-
phous olivine (MgFeSi@), “cosmic” pyroxene (Mg 28.1%, Fe

SPD). For both dd 17.3%, Al 1.1%, Ca 2.2%, Si 51.3%), iron oxide (FeO) (we as-
( ) t IO ' _”? 7SOUI‘C€S ;pz)?an4 own scans I\girg f;giisgl? e the optical constants of the Jena Groagedet al. 1994,
separately. The —4am and 2/ .M ranges n Dorschner et al. 1995, Begemann ef al. 1995), crystalline water
exhibit memory effects similar to those described by Sylvesrtg

1000
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t60K hmitt et al. 199 I t tra of -
et al. [1999). This affects the overall flux level of the up a ?ia 60K (Schmitt et al. 1998) and laboratory spectra of crys

ne forsterite (MgSiO,), enstatite (MgSi@) and diopside
down scans but not the observed ;pectral fgatures (at 11.2., 3 MgSiOs) (see Fig:ll;. The laboratory spectra of forsterite,
.40'5 and 4.3¢m) nor the banc?/contmuum ratio. The unc.erta'ntgnstatite and diopside were measured at the IAS with a FT spec-
in the continuum flux level induced by these effects is of tk}?o

; meter (Bruker IFS66V), in the 2—%0n range, at a resolution
order of a few% ¢ 3-10% depending on the wavelength). BE_Eéomparable to the ISO observations. We used the standard pel-

cause we are mostly interested in this study in the emissqt&ri\ technique. Pellets were made using few tenths of a mg of

bands and in the band/continuum ratio, no attempt was m & mi : . :

. ' mineral powder (of submicron size particles) and 300 mg
to correct this problem (see Sylvester ef al. 1999). IRAS 170 f1CsI pressed under a pressure of 10 tons to form the pellet,
has a lower flux level than IRAS 17411 and thus its spectrypy) §

is much less affected by memory effects. The LWS spectr e derive the mass absorption coefficient from the measured
' [ ith the following f la:

of IRAS 17411 was measured using the LWS AOTO1 (TD o smittance spectrdj with the following formula

46901615) and was reduced using the LWS off-line processing 72

software (version 7.0). k=== xIn(T)

wherer is the radius of the pellet ang the mass of mineral
3. Modelling in the pellet. The mass absorption coefficients of the crystalline
minerals were extrapolated at wavelength®um and> 70 um
and were set equal to that of amorphous olivine. The amorphous
We have modelled the SED of the two sources with the radiglivine contains iron, which absorbs in the NIR, whereas the
tive transfer code described in Dartois et al. (1998). The modey/stalline silicates do not. However, this does not influence the
assumes a spherical symmetry with the central star being sesulting NIR opacity or the strength of silicate bands.
rounded by a spherical dust shell. The input parameters are the
density law, the effective temperature of the central star, t .
condensation temperature of the dust and the mass of the (?’Ezst Dust modelling
envelope. The inner radius of the dust shell is the radius at whidle have modelled the absorption of iron oxide (FeO) with a con-
the temperature is equal to the condensation temperature ofttheous distribution of ellipsoids (CDE) (see Bohren & Huff-
dust. The outer radius is derived from the envelope mass andn1983). The spectra of crystalline forsterite, enstatite and
the density law. The adopted effective temperature for the stdispside are laboratory spectra. The natural mineral powders
is 1800 K, typical of this kind of objects (e.g. Lorenz-Martins &used to measure the infrared spectra have an intrinsic distribu-
de Araljo[1997). We use a density law n)»—? with 5 = 2, tion of size and shape and the comparison of laboratory spectra

3.1. Radiative transfer modelling
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tion does not modify our results in terms of relative abundances
(of crystalline versus amorphous silicates and pyroxenes versus
olivines). Therefore, in the following, we will present results for

a population of spherical amorphous grains with a MRN size
distribution with g,;,=0.005um and &,,,=0.5um.

3000 spheres
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The observed and modelled spectra are shown i Fig. 3. The
overall shape of the SED of both sources, the emission bands at
long wavelength and the shape of the 28 band are reason-
ably well reproduced by the modelled spectra. However, some
discrepancies between the fits and the observed spectra can be
8 10 sovelengt %gﬂcm) 30 40 seen. In particular the near infrared (NIR) opacity at wavelength
<7 pmis notaccounted for, the far infrared (FIR) flux is too low
Fig. 2. Comparison of the mass absorption coefficient of a MRN digind the emission in the 15—3@n range is overestimated by the
tribution of spheres with grain sizes between 0.01 andshZnd a model. In the following we discuss these differences. We also
continuous distribution of ellipsoids (CDE). The grains are composggsciss the composition of the dust in the shell inferred from
of olivine: MgFeSiQ (data from the Jena Group database, see texty,  gifferent spectral features: the @8 band and the shoulder
at 11.2um, the emission bands at 33.6, 40.5 and:#8and the
water ice bands at 3.09 and AB1. Note that in the following,
with spectra calculated from optical constants shows that thigye percentages are relative to the amorphous silicate mass and
resemble spectra calculated with a CDE distribution. Discrepet to the total (amorphous plus crystalline) silicate mass.
ancies observed between the two may originate from the KBr or
Csl matrix effects, deviation from the CDE distribution and/o 1 Th :
. . . . .1. The NIR opacity
possible agglomeration effect in the pellets (e.g. Henning
Mutschke 2000). Incorporating water ice in the form of grainBhe NIR opacity in the 2—&m wavelength range is not prop-
(spherical or with a CDE distribution) or as a grain mantle (i.erly reproduced by the modelled spectra. There could be several
coated grains) has little effect on the shape of the bands, we thrigins for this, such as scattering effects that are not well ac-
used spherical grains. counted for in the model, missing dust species that absorb or
For the amorphous silicates we have tested spherical grasoatter in this wavelength range, or geometrical effects.
with a MRN size distribution (Mathis et al. 1977), with grain  According to Bedijnl(1987), for a grain size of Quin, scat-
sizes between 0.01 and Q.B, and grains with a CDE dis- tering has no effect on the spectral shape for wavelengths greater
tribution. Using spherical grains or a grain population with #han 2 and 2.&m, for optical depths at 9,/m of 4 and 30 re-
CDE distribution has several effects on the resultant specsfectively ¢o.s,» ~ 10 for both sources). However, this may
because the shape of the silicate bands and their relative intewi-be true for larger grain sizes. Lorenz-Martins & de #joa
sities with respect to the continuum vary (Fiy). 2). In the case #997) achieve a fit the NIR opacity of IRAS 17004 and IRAS
a CDE distribution, the 9.8m band is broadened and shifted. 7411 with 0.7xm and 0.85:m diameter grains, respectively.
from 9.8 to 10.1um. The 17.5:m band is more pronounced andNe obtain the best fits to the spectra with a population of grains
shifted from 17.5 to 1&m. At long wavelengthsX > 20um) with a MRN size distribution from 0.005 to 0;6n (Fig.[3).
the CDE distribution absorbs more than the spheres. It appdaigeasing the grain size actually improves the fits in the NIR
from our results that models using a CDE distribution bettbut does not entirely account for the 2+& wavelength range
fit the FIR range of both spectra. It also better fits the;@8 opacity. Although scattering is incorporated into the model via
band of IRAS 17004 (the observed and modelled spectra #re extinction efficiency, it is not explicitly taken into account
indistinguishable) but is too large for the 9.8 band of IRAS in the radiative transfer calculations. A proper treatment of the
17411 whichis better fitted by spheres ([Eig. 3). Indeed, the costattering could help to explain the discrepancy between the
parison of the 9.8m band of the two sources shows that thisbserved and modelled NIR opacity.
bandis largerin IRAS 17004 than in IRAS 17411. However the Another possibility to acount for the NIR opacity would be
width difference between the bands in the two stars is certaindyadd different dust components (iron oxide, graphite, water
a composition effect since it appears very unlikely that in onee) to the amorphous and crystalline silicates. An admixture of
source the grains are spherical whereas they have a CDE ilim oxide (FeO) and metallic iron, which strongly absorb in the
tribution in the other. The CDE distribution considers that aNIR range, increases the resultant opacity and improves the fit.
shapes are equally probable. As pointed out by Ossenkopf efldde amount of iron that can be added in the model is limited
(1992) a more realistic shape distribution could be one that fay cosmic abundance constraints. Depending on the authors, the
vors the spherical case and rejects extreme shapes like flat disosunt of iron (by atomic number) inthe solid phase is similar to
or needles. Using either spherical grains or a shape distriltive amount of silicon (Savage & Sembach 1996) or is 50% more
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Fig. 3. Best fit to the spectra of the two
OHI/IR stars for a MRN size distribu-
tion with &, = 0.005um and &,q.

= 0.5um (dotted-dashed lines) and a
grain population with a CDE distribu-
tion (dashed lines). For IRAS 17004-
4119: amorphous olivine (MgFeSiQd
20% FeO, crystalline forsterite (15%),
enstatite and diopside (10% each) and
crystalline water ice. For IRAS 17411-
3154: amorphous olivine (MgFeSiQ)
20% FeO, crystalline forsterite (5%), en-
statite and diospide (10% each) and wa-
ter ice. The stars represent the IRAS
measurements.

300

abundant than silicon (Snow & Witt 1996). Then, assuming that
all the silicon in the solid phase is in silicates, one can add an
amount of iron up to 50% of the amorphous olivine (MgFeSiO  **°
concentration if we adopt the Snow & Witt abundances. This is
still not enough to reproduce the strong observed NIR opacityzoo
The water ice opacity falls by 4 orders of magnitude between,,

3 and 1Ium and thus cannot account for the extra NIR opaciti. 150
This is confirmed by the results of the model. The addition 6f
graphite & 20% by mass, relative to the amorphous silicates)m
can fit the NIR opacity (Demyk et al. 2000). However graphite

is not expected to form in oxygen-rich environments and it is
difficult to justify the presence of such a large mass of carbon- *°
rich dust around OH/IR stars. One can argue thatthese starsare| ey o S
at the end of their oxygen-rich phase and are at the transition 8 10 o2 14
toward the carbon-rich phase. Duari et Al. (1999) predict that rovetenatn (micrors)

some carbon-rich molecules can be produced in the envelopigs4. Best fit to the 9.§:m silicate band in IRAS 17004. Continu-
around Mira variable stars. Some of these molecules have beegline: amorphous olivine, crystalline forsterite (15%), enstatite and
observed in the radio range (HCN, CS) and with 1ISO ég:odippside (10% each) and crystalline Wgter ice;dashedline:'amorphous
(Duari et al T999). However, graphite is the end-product of tRQlvine a_nc_i 15% of crystalllne fors_terlte; dotted-dashed line: amor-
dust formation around carbon-rich stars and it is unlikely thQFOUS olivine and crystalline water ice.

it could have been formed even if the objects were transition

objects. feature in the ISO-SWS spectra of several OH/IR stars, includ-
ing IRAS 17411 (AFGL5379), and found that the feature does
not clearly correlate with the water ice bands.

. ) ) . This shoulder is also present in the IRAS-LRS spectra of
An additional absorption feature in the 9.8 silicate band, at i, sources. In their ISO spectra, the feature is clearly present
~ 11.2-11.5:m, is observed in several OH/IR stars (Soifer g}, the up and down scans. In the case of spherical amorphous
al.[1981, Roche & Aitken 1984). In these sources the B9 5ing the silicate band of IRAS 17004 is well-fitted by a grain
feature of water ice is also present and the shoulder of the f)'!)‘pulation containing amorphous olivine with10% of crys-
icate band was identified with the libration mode of water icg,jjine enstatite~ 10% of diopside and- 15% of crystalline
However, Smith & Herman (1990) contest this identificatiopsterite with or without water ice (Fifl 4). The band in IRAS
considering that some sources have a strong water ice bang-a{1 1 is reproduced with amorphous olivine an8% of crys-
3.09um bgt no detectgble libration mode._Furthermore they oBsjiine forsterite~ 10% of crystalline enstatite and 10% of
served this shoulder in OH138.0+7.3 which does not show ¥ nside with or without water (Figl5). The crystalline silicate
absorption at 3.09m. They proposed that the feature could b@omponents allow us to fiimultaneouslyhe 9.8:m band, in-

due to crystalline silicates. Sylvester et AI. {11999) observed tﬁiﬁding the 11.2um feature,and the emission bands at longer

L N B R R B R A

IRAS 17004-4119

4.2. The 11.22m feature
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Fig. 5. Best fit to the 9.8&:m silicate band in IRAS 17411. Continu- ’ ' wavelength <mic§0"5> ’ ’

ous Ii_ne: amorphous olivine, cry;talline fo_rsterite (5%)_, enstatite a'&gg. 6. Water ice bands in the NIR wavelength range. The estimated
d|pp$|de (10% each) anq crystalllng water ice; dahsedllme: amorph%ﬁtinuum has been subtracted for each source. Absorption caused by
olivine and 5% of crystalline forsterite; dotted-dashed line: amorphoy§erical grains of amorphous and crystalline water ice are shown. The
olivine and crystalline water ice. optical constants are from Schmitt et &l. (1998).

agreement with the column density of 1:4P0'8 cm~2 derived
wavelengths (see e.g. Fig. 9). In both sources, adding waterligeSylvester et al[(1999) for IRAS 17411.
in quantities such that it fits the 48n band does not change the
10um silicate band because the libration mode of water icer4
not detectable. Models with only amorphous olivine and crys-
talline forsterite reproduce the observed shoulder but the baetause amorphous silicate bands are broad and structureless it
is too narrow and the addition of crystalline pyroxenes (enstatigedifficult to study the chemical composition of these silicates.
and diopside) is necessary to account for the width of the bafid. compare the dust features between different astronomical
objects, some authors derived the optical constants of the dust
from the spectra of specific objects (e.g. the “astronomical sil-
icate” from Draine & Lee[(1984), David & &gouré (1995),
In optically thick oxygen-rich environments around OH/IROssenkopf et al! (1992)). However these optical constants are
stars, water ice is expected to freeze onto the surface of tieially notinterpreted in terms of a given composition. The goal
newly formed refractory grains (see Sylvester et al. 1999). Théthe work presented here is to study the structure of the dust
spectra of both sources show an emission band atd@&hich around these two evolved stars and also to put some constraints
is attributed to the emission of crystalline pyroxene-type refragn the chemical composition of the crystalline and amorphous
tory grains and to crystalline water ice emission. In the modetiyst. Thus, in the model, we decided to use laboratory data on
the strength of this band is very sensitive to the amount of watkrst analogues of known composition and structure.
ice and allows us to constrain it better than the other water ice In both sources, the 9;8n band is well-fitted by amor-
bands. Although the 2—3m spectral region is very noisy, bothphous olivine-type silicates. This is also the case for the dust
sources also show an absorption band at ar@9identified with around evolved stars (OH/IR stars, Mira stars...) and in the ISM
water ice absoption. At om the spectra of both objects show aiiDorschner et al._1988). However around protostars, the sili-
inflection but its identification is less clear and the band coutdite band peaks at slightly shorter wavelengths g than
be due to absorption from water ice as well as gaseous waseound evolved stars and the dust is identified with pyroxene-
The 3.09:m and 6um bands can be tentatively fitted by crystype silicates @ger et all_ 1994, Dorschner etal. 1995, Demyk
talline water ice rather than amorphous water ice (sed Fig. &).al.[1999) or with a mixture of olivine and pyroxene (Malfait
From the saturated 3.08n band we can derive a lower limit toet al.[1999). We have thus searched for amorphous pyroxenes
the water ice abundance and an upper limit from thenthand. in the spectra of these two stars. Elg. 7 Bhd 8 present the effect
We find a column density for the water ice of 9-3B0'” cm~2  of incorporating different amounts of amorphous pyroxene, in
and 7-3%10'" cm~2 respectively for IRAS 17004 and IRASaddition to the olivine, on the 9,8m band of IRAS17004 and
17411 (with the absorption cross-section of pure water ice frdRAS 17411 respectively. The Si-O stretching mode in pyrox-
Gerakines et al. 1995). The wide range we find can partly baes peaks at shorter wavelengths than in olivine and clearly
explained by the noisy spectra in the® region and becausedoes not fit the spectrum. No good fit to the Ar8 band can
the upper limit is certainly overestimated due to the presencebef achieved with more than 10% of amorphous pyroxene (by
gaseous water around/®. However these estimations are iass, relative to the total amorphous silicate mass).

Composition of the amorphous silicates

4.3. Water ice
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300

1 while diopside (CaMgSiOg) explains the 40.am band. The
~-—--.17-=.7 crystalline silicates that give the best fit to the spectra-at&%
e "~ forsterite,~ 10% enstatite ane 10% diospide for IRAS 17004
and~ 5% forsterite,~ 10% enstatite and- 10% diospide for
IRAS 17411. With these quantities of crystalline minerals, both
the 9.8um band and the emission bands are well fitted. The
band/continuum ratio is well reproduced for the three bands at
33.6, 40.5 and 438m but the modelled spectra do not correctly
reproduce the observed underlying continuum at wavelengths
greater than 2pm. In the modelled spectra, the dust emits too
much in the 20-3@m region, whereas at longer wavelength
it absorbs too much. Thus the dust temperature calculated in
| v Iras 17004—4119 1 the model seems too high. This may be due to spatial distri-
L o=\ . .~ . 7 hution effects not taken into account in the model. Part of the
8 " ovelength (microns) “ dust may be colder due to the presence of a detached dust shell
or of a disk. Such complex structure has been observed in the
Fig. 7. Amount ofamor_phous pyroxene presen_tinthe dL_JstsheII arou@ﬁveloppe around IRC+10216 (Mauron & Hugdins 1999).
IF;AS 17004 for spherical gra'nr?f O;ﬂml._ Relatllvg ?(;Jat?n(tjyl_of a;mgrz- oF We have searched, in the spectra, for other types of silicates
phous pyroxene \_’ersus amorpnous olvine: . -0 (dotted TIN€). ©.2Tskadicted to form around these stars such as spinel (M3Al
(dashed line), 0.1:0.9 (dotted-dashed line), 0:1 (continuous line). and melilite (CaAl,SiO;). Crystalline melilite has three strong
2500 —— —— —— —— ‘ vibrational bands at- 10, 23.9 and 36.2m which are not ob-
served in the spectra. The maximum amount of melilite that
could be present in both sources is constrained by the low abun-
dance of melilite, about 2% (determined by the abundance of Ca
relative to Si) rather than by the presence of the bands in the spec-
tra since they are not detectable if 2% of melilite is incorporated
into the model. Amorphous melilite and, more generally, amor-
phous aluminosilicates cannot be present around these stars for
the same reasons as the amorphous pyroxenes (the stretching
mode peaks at too short a wavelength and cannot reproduce the
observed 9.8m band). Spherical grains of spinel have been
proposed to explain the 18n feature observed in emission in
the spectra of some O-rich AGB stars and possibly another band
L L at 16.8um (Posch et al. 1999). Spherical grains of spinel have
8 10 ovetength (microns) " two strong vibrational bands at 12.95 and 16m. These bands
are not present in the spectra of the two sources and less than
Fig. 8. Amount of amor_phous pyroxene presen_t inthe dL_JstsheII aroupdooy of spherical grains of spinel could be hidden in the spec-
IRAS 17411 for spherical grain of Odm. Relative quantity of amor- v 1 \ye adopt a CDE distribution instead of spherical grains,
phous pyroxene versus amorphous Ol.'v'ne: L:0 (dOt.ted I'ne.)’ 0-2:% two bands broaden and up to 5—7% of spinel could be present
(dashed line), 0.1:0.9 (dotted-dashed line), 0:1 (continuous line). in both sources. However, according to Posch e al,{1999), a
CDE distribution does not reproduce the two observed bands.
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4.5. Composition of the crystalline silicates

" . . : .5 Discussion
The composition of the crystalline silicates is constrained

by their numerous vibrational bands observed in emissionAafprecise knowledge of the composition and structure of the
long wavelengths. Forsterite (M8iO,) is responsible for the dust around evolved stars will place some constraints on its
33.6um band. The peak positions of the olivine bands are sdnfrmation and on the physical environment in the shell. Ac-
sitive to the Mg/Fe ratio (Koike et &l. 1993). This dependena®rding to the thermodynamic condensation sequence at equi-
allows us to constrain the amount of iron contained in the cryifbrium, two branches exist (Tablé 1, Tielens et al. 1998). The
talline olivine. In both sources we find that the crystalline olivinirst condensation products are aluminium oxide,(@4) or

is magnesium rich with no more than 10% of iron. This resuitanium oxide (TiQ) which provide the seeds for further con-

is in agreement with previous works (e.g. Molster ef'al.1999ensation processes. The first branch describes the condensa-
Several possible explanations for this are discussed by Tielensat of forsterite (MgSiO,), probably on the AIO; or TiO,

al. (1998) and Nuth et al. (2000). Crystalline pyroxenes explagnains, followed by the formation, through gas-solid reactions,
the bands at 40.5 and 481. Enstatite (MgSi@) participates of enstatite (MgSi@) and eventually fayalite (E&iO;,). In the

in the 43um band together with crystalline water ice (ffih. 9%econd branch, aluminium oxide reacts with the gas to form



176 K. Demyk et al.: Structure and composition of the silicate dust around OH/IR stars

‘RAé 17004—4119 ‘ _ /\ 2 Table 1. Silicate thermodynamic condensation sequence for a gas of
500 £ P SN 3 . . r .
E = solar composition. From Tielens et al. (1998). Temperatures refer to
_400E 4 the first appearance of a mineral at a pressure of {ft) and 10" '°
? 00 j j atm (right). Species in italic are detected in the spectra.
200 & forsterite diopside E l} 1760-1300 K
100? cryZ?(]S\ﬁ?ntéteHi)é Corundum
‘ Al;03
¢ 1625-1400K
sooE E Melilite
S zoooé E CaAl,SiO;
é EJ forsterite diopside \; \L 1440-1050K \L 1450-1100K
Tooo b= eretotite 4 Forsterite DiopsideCaMgSiOs
E crystalline H,0 3§ MQQS|O4 Splnel MgAIQO4
s ‘ ‘ ‘ E I 1350-1040K 4 1360-1000K
0 20 avelength (micrans) “© Enstatite Anorthite
MgSiOs CaAl;SizOg
Fig. 9. Best fits to the crystalline silicate emission bands. The dust ! 1100-950 K

composition is amorphous olivine, iron oxide, crystalline water iceF-ayaIite
crystalline enstatite, forsterite and diopside. See text for the relatiggy sjo,
abundance of each dust component in the two sources.

| Direct condensation from the gas phase
J Gas-solid reaction

sold reaction
melilite (CayAl,SiOy) and finally diopside (CaMggDg) and ++ SOhd-solid reaction

spinel (MgALOy,). Solid-solid reactions may eventually lead to
the formation of anorthite (CaABi,Og) from diopside. This which will strongly depend on the physical conditions and the
scenario is based on thermodynamic considerations only, &mktics of the condensation zone. ISO revealed that crystalline
its effective completion will depend on the physical conditiorsilicates are present in the dust shells of some evolved stars.
in the condensation zone and on the kinetic timescale of the ddsimi et al. [[1998) and Sylvester et al. (1999) noticed that the
envelope compared to the reactions timescale. crystalline bands are observed in the spectra of stars with high
Our results do not contradict this scheme. We do not semss-loss rates, whereas low mass-loss rate stars do not exhibit
evidence for the presence of pure,®k grains. On the other these bands. However this does not necessarily mean that low-
hand we identify diopside in the dust shell. Thus, some of tineass stars do not produce crystalline silicates since radiative
Al,O3 may have been the nucleation seeds for the silicate grairensfer models show that a degree of crystallinity (mass frac-
while the remaining AIO; has followed the second branch ofion of the crystalline silicates with respect to the total mass of
the LTE condensation sequence to form diopside. No eviderthe silicates) of 10% or 20% will be undectable in ISO spectra
is found for the presence of spinel, melilite or anorthite. Thusf stars with a mass-loss rate up to, respectively, -7 and 2
if this scenario is right, within the evolutionary time scale of the 107 M, /yr (Kemper et al. 2000). Assuming that most of the
dust envelope, the gas-solid reactions leading to the formatgilicate grains are produced in the amorphous state (Rietmei-
of diopside efficiently convert melilite into diopside, but nojer et al. 1999), they must crystallise in the stellar envelopes.
into spinel, whereas solid-solid reactions cannot convert it inBogawa & Kozaséa (1999) show that silicates condensed onto
anorthite. The detection of enstatite shows that the first branchfd§ O3 grains completely crystallise for stars with mass-loss
the condensation sequence, the most important one in termsabés> 3 x 10~° M/yr. However other scenarios have to be
abundances, takes place, at least until the formation of enstafibeind if low mass-loss rate stars are also found to contain crys-
The crystalline silicates in both sources are magnesium-rich aatline silicates.
crystalline fayalite is not detected in the spectra. However, it is In both sources, the ratio of the amorphous to the crystalline
difficult to say if the sequence stopped before or after the formamponent is different for the olivines and for the pyroxenes.
tion of fayalite because amorphous fayalite, which is difficult tAbout 10% of the total amount of olivine is crystalline, in the
detect, could be presentin the sources. The condensation mofiets of forsterite. For the pyroxenes, if we assume that amor-
predict that for a gas of solar composition the enstatite/forstentBous pyroxenes represent at most 10% of the amorphous sil-
ratio is~ 4. In both sources this ratio is 0.1, much smaller icates, then almost all the pyroxenes (65-100%, of the total
than 4, indicating either that the gas does not have a solar cgyroxene) are crystalline, in the form of enstatite and diop-
position and/or that the sequence stopped before the formatste. Assuming that the silicates are produced in the amorphous
of fayalite. state this indicates that the pyroxenes are more efficiently crys-
Thus, qualitatively at least, the composition of the dusdllised than the olivines. Brucato et &l.(1999) show that the
species identified in both sources is in agreement with the clapectra of annealed amorphous pyroxene exhibit the bands of
sical thermodynamic condensation sequence. However, thesestalline enstatite. They derived the activation energy of the
theories do not predict the structure of the newly formed dumtorphous to crystalline transition for pyroxene to be 47,500 K.
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On the other hand, Lenzuni et al. (1995) derived the activatiagrates must form at a temperature higher thah200 K. Thus,
energy for the amorphous to crystalline transition for Mg-SiQhe temperature at which the silicates are formed appears to be
H, smokes to be 41,000 K (from the experimental data of Nuthe key parameter that could discriminate between these differ-
& Donn[1982). Annealing of such smokes results in crystallirent theories. Also, a precise knowledge of the activation energies
forsterite and periclase (MgO) (Nuth & Dohn 1982), thereforef minerals, determined in a homogeneous way would be very
we can consider that this activation energy is characteristictaflpful.
olivine. According to TablEl1, forsterite and enstatite are formed
at similar temperatures. The enstatite grains thus experienceghe ;. - jusion
same temperatures as forsterite. Thus, adopting an activation
energy of 47,500 and 41,000K for, respectively, pyroxene ahtie large wavelength coverage of the ISO data, combined with
olivine, the olivines will crystallise faster than the pyroxenes, e modelling of the radiative transfer in the objects, have al-
contradiction with our results. lowed us to determine quantitatively the composition and struc-
Our results could be explained if the enstatite grains resitige of the dust around the two OH/IR stars IRAS 17004-4119
at higher temperatures for longer than the forsterite grains. TK#H344.93) and IRAS 17411-3154 (OH357). The dust around
could be the case if we consider the following scenario. Onti#ese two stars is mainly composed of amorphous and crys-
the forsterite grains have been formed, most of them escdpine silicates. The amorphous silicates are mostly composed
rapidly from the condensation region. These grains thus sefyolivine-type silicates. No more than 10% of amorphous py-
amorphous and do not transform into enstatite because the teépwene could be presentin both sources. The crystalline silicates
perature is too low. The remaining grains stay in the region which emit at long wavelength are forsterite (3316 band),
high temperature. Then these grains will crystallise, part of thegnstatite (4&m band) and diopside (40:6n band). They rep-
to form the observed component of crystalline forsterite whiresent~ 35% and~ 25% of the amorphous silicate mass, re-
the other part of the grains will react with the gas phase to fogpectively, for IRAS 17004-4119 and IRAS 17411-3154. Some
the enstatite grains before they crystallise. However, a physiexides may be present in the dust shell: FeO improves the fit to
mechanism responsible for this behaviour and a detailed m#iae spectra in the NIR and AD3 could be present as the cores
elling of the dust condensation and of the dust envelope kinetifghe silicate grains. Both stars exhibit a shoulder at Linan
are needed to verify such an hypothesis. It may also not be #pe 9.8:m band due to the absorption of crystalline forsterite,
propriate to compare the activation energies derived by Lenzuiich is also observed in emission at 3ar6. Crystalline water
et al. {1995) and Brucato et al. (1999) because the amorphisigs observed in absorption at 3,08 and in emission at 43m
materials used are not produced with the same technique. Tha#got sufficiently abundant to explain this shoulder.
the structure of the starting materials could be different and The derived chemical composition of the dust is compatible
this could change the time needed to reach the crystallisatigfith simple condensation models at thermodynamic equilib-
It would be interesting to measure the activation energy of thegm. The analysis of the dust structure shows that enly0%
amorphous to crystalline transition for amorhous olivine pr@f the olivines are crystalline whereas almost all of the pyrox-
duced in the same way as the amorphous pyroxenes in Bruczies are crystalline{65-100%). The physical structure of the
et al.(1999). dust may reflect the dynamical timescales in the envelopes, from
However, the hypothesis that the dust is produced in tHee formation of the dust to its ejection from the condensation
amorphous state may not be right and if we adopt Tielens {1998)e. Such results may be used to constrain kinematic model
model, one may be able to explain our results. This scenario fof-the grain nucleation and condensation in the envelopes of
lows the first branch of the condensation sequence. It is bas¥@lved stars.
on two physical considerations: the first is that the silicates are . ) .
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