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Abstract. We investigate the dust composition of detached shells around carbon stars, with a focus to understand the origin of
the cool magnesium-sulfide (MgS) material around warm carbon stars, which has been detected around several of these objects
(Hony et al. 2002). We build a radiative transfer model of a carbon star surrounded by an expanding detached shell of dust. The
shell contains amorphous carbon grains and MgS grains. We find that a small fraction of MgS dust (2% of the dust mass) can
give a significant contribution to the IRAS 28n flux. However, the presence of MgS in the detached shell cannot be inferred
from the IRAS broadband photometry alone but requires infrared spectroscopy.

We apply the model to the detached-shell sources R Scl and U Cam, both exhibiting a cool MgS feature in fB#3S@ec-

tra. We use the shell parameters derived for the molecular shell, using the CO submillimetre maps (Lindgvist et al. 1999;
Scloier & Olofsson 2001). The models, with MgS grains located in the detached shell, explain the MgS grain temperature, as
derived from their ISO spectra, very well. This demonstrates that the MgS grains are located at the distance of the detached
shell, which is a direct indication that these shells originate from a time when the stellar photosphere was already carbon-rich.
In the case of R Scl, the IRAS photometry is simultaneously explained by the single shell model. In the case of U Cam, the
IRAS photometry is under predicted, pointing to a contribution from cooler dust located even farther away from the star than
the molecular shell.

We present a simple diagnostic to constrain the distance of the shell using the profile of the MgS emission feature. The emission
feature shifts to longer wavelength with decreasing grain temperature. One can therefore infer a temperature and a correspond-
ing distance to the star from the observed profile. Such a diagnostic might prove useful for future studies of such systems
with SIRTF or SOFIA.

Key words. stars: AGB and post-AGB — stars: carbon — stars: mass-loss — stars: individual: R Scl & U Cam —
circumstellar matter — infrared: stars

1. Introduction environments (Lattimer et al. 1978; Lodders & Fegley 1999),
. , but are chemically unstable in oxidising, i.e. oxygen-rich, sur-

The so-called “30"um emission feature is commonly deyqndings (Nuth et al. 1985). The feature profile varies con-
tected in the infrared (IR) spectra of carbon-rich (C-richyigeraply from source to source (e.g. Goebel & Moseley 1985;
evolved stars, from low to intermediate mass-loss asyMpyaters et al. 2000; Hrivnak et al. 2000). Hony et al. (2002)
totic giant branch stars (AGB) through infrared carbon stags, e presented a detailed spectral comparison between the
and post-AGB stars to planetary nebulae (e.g. Forrest et glyission expected from MgS grains and the profiles of the
1981; Omont 1993; Yamamura et al. 1998; Hony et al. 200235 ,m emission feature found in the IR spectra of C-rich
The “30” um feature, which exhibits itself as a prominent,,eq stars obtained with the Short Wavelength Spectrograph
broad emission excess in the IR spectrum, extending #8% (q\ys de Graauw et al. 1996) on board the Infrared Space
to ~45 um, is commonly attributed to magnesium-sulfideypseryvatory (1ISO, Kessler et al. 1996). Although there are also
(MgS) dust grains (e.g. Goebel & Moseley 1985; Begemag@Bme profile variations that can be attributed to grain-shape
et al. 1994). MgS grains are expected to form in C-ricyiations, it was demonstrated that the main variations in the
appearance of the “3Qim feature between distinct sources
Send gprint requests toS. Hony, e-mailshony@rssd. esa.int can be understood as a result offeliences in the (average)

* based on observations obtained with ISO, an ESA project with ngS grain temperature. Conversely, one can derive the average
struments funded by ESA member states (especially the PI countr'@s&in temperature from the observed profile. One of the inter-

France, Germany, the Netherlands and UK) with the participation Qf.. T : Uy 1
ISAS and NASA. 8£tlng findings of that study was the discovery of several “hot”,
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Fig. 1. The ISQSWS spectrum of R Scl. An example of an optically -2.00. Ppa®, 20 8 89\ o v v v v Lyt vty sy 1]
bright carbon star that exhibits the “30tn feature attributed to cool -1.5 -1.0 -0.5 0.0 0.5 1.0 15

MgS grains. The “30um feature is shaded in grey. At shorter wave- [12)-25]

lengths there are several prominent photospheric, molecular absqfig; 2. |IRAS colour-colour diagram of galactic carbon stars (dia-

tion bands. The emission band at 1@ is attributed to silicon- monds). Stars that exhibit a single temperature SED are shown in

carbide grains. black. Stars with a far-IR excess are grey. We also show the tracks
that the models follow in the diagram. The tracks are for a mass-loss
burst lasting for 200 years. The dust mass-loss rate increases from the

i.e. optically bright, carbon stars that exhibit a cool Mg8ottom to the top curves 210°-2x 10”7 Mo/yr). The time elapsed

profile. In Fig. 1 we show the spectrum of R Scl. R Scl is an exl"ce the burst is indicated in the figure. Théfetience between the

ample of such an optically bright carbon star with a very pro -?Shhed and the full lines is the relative amount _of MgS. At the onset

nent “30” um feature. One of the most likely explanations foﬁ the burst, when the dl_Jst is warmest, the contribution of MgS makes

. . . he tracks dfer substantially.
this phenomenon is the presence of MgS grains far from the
star, whereas there is a lack of MgS grains closer by.

Some optically bright carbon stars are known to possesigows the 6Qum over 25um flux-ratio (expressed as a magni-
a detached shell of gas and dust around them (e.g. Watggfes diference) versus the 26n over 12um flux-ratio based
et al. 1994; Schier & Olofsson 2001). In this paper, we eXpn the IRAS photometry. A star’s position in this diagram is
plore the éect that MgS grains located in such a detacheHus a measure of the shape of its IR spectral energy distribu-
shell will have on the IR spectra and photometry of thespn (SED). The diagram shows that most of the carbon-star
stars. We build a grid of radiative transfer models of a cagEDs are dominated by a single temperature. However, about
bon star surrounded by a detached dust shell which contage third of them show evidence of a second, cooler dust com-
amorphous carbon (a-C) and MgS grains. We compare the sgBnent. This cooler dust component manifests itself through a
thetic spectra from these models with the IRAS photometry gfr-IR excess.
known carbon stars. We further apply the model to two specific The common interpretation is that this excess is due to a
carbon stars: R Scl and U Cam. The detached shells aroggached dust shell located away from the star (e.g. Willems &
these sources are clearly resolved in molecular line emissig jong 1988; Zuckerman 1993). This shell originates from a
(Sctoier & Olofsson 2001) and good quality IS®WVS spectra previous epoch of mass loss, when the mass-loss rate exceede:
are available to compare with the synthetic spectra. This gle present day mass-loss rate by several factors. Although
lows us to address the question on whether the MgS grains gy&re has been some discussion in the literature on whether this
located at the same distance as these molecular shells.  far-|R excess is actually related to the carbon stars (lvezic &
Elitzur 1995; Egan et al. 1996), several of these detached shells
have now been directly detected. These shells have been re-
solved either in the IR (Young et al. 1993; Waters et al. 1994,
Carbon stars are known to loose large amounts of envelope mzammiura et al. 1995, 1996, 1997; Izumiura & Hashimoto 2000)
terial through a dust driven wind. The observational indicatios in molecular lines in the submillimetre domain (Yamamura
that this mass loss may occur in a non-steady fashion are ghal. 1993; Olofsson et al. 1996; Lindgvist et al. 1999;&eh”
portant for the present study. Perhaps the most complete pici&i®lofsson 2001). In a few cases, the optical light scattered by
arises from the IRAS colour-colour diagram (van der Veen e material in these shells has been directly detected (Izumiura
Habing 1988) of C-rich evolved stars (Fig. 2). This diagramt al. 2000; Gonalez Delgado et al. 2001).

1.1. The origin of the dust far from the star
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The origin of these shells, i.e. the cause of the change in The optically visible C-star is represented by a Planck func-
mass-loss rate, is matter for debate. The earliest suggestiontimasof 2500 K. This temperature is representative for the en-
that occurrence of these shell was closely related to the phatemble of optically bright carbon stars with cold MgS grains in
spheric composition of the AGB star. Specifically, it was sughe ISQSWS sample from Hony et al. (2002), where we use
gested that these shells arise as a result of the thermal pulse gfective temperatures as given by Bergeat et al. (2001) The
that increased the number ratio of C-atoms to O-atoms in thueninosity of the star is set to 1000Q,, which corresponds
photosphere of the AGB star from less than unity (O-rich) to a stellar radius of 53R,,. Of course, the whole system can
larger than unity (C-rich) (Willems & de Jong 1988; Chan &imply be scaled to a fierent luminosity for the central star by
Kwok 1988). Later studies showed that these shells may arismling all dimensions with the appropriate value.
due to thermal pulses in general, as long as the star is close to
the tip of the AGB, i.e. with a luminosity close to the critical2 1. Shell parameters
luminosity (e.g. Schoder et al. 1998; Steen & Sctonberner =™ p
2000). Recent numerical simulations of the momentum trans{ge assume a constant expansion velocity, with a typical value
in the dust driven winds of AGB stars show that modulationsf 15 kms?®. The expansion velocity is constant. During the
in the frictional coupling between the gas and the dust can alsgrst that produced the shell, the mass-loss rate was constant.
cause non-steady mass loss and shell formation (Simis etBdfore and after the burst the mass loss was negligible. Due

2001). These results have been obtained for a C-rich gas &fthe expansion, the dimensions of the shell are related to the
dust composition and it is at present not clear whether the sagige since termination of the burst as:

mechanism applies to O-rich environments.
Rin = Ry +vexp* t andRout = Rn + Vexp * At, (1)

1.2. The composition of the material in the shell whereR, is the radius of the staR;, andRo are the inner and

Closely related to the question of the origin of these detach@gter edges of the dust shell after titat is the duration of the
shells is the question of their composition. The molecular ahé#gh mass loss. We calculate synthetic spectra for times after
dust composition in the shells is a tracer of the chemical agtgction €) from 300 to 10000 year. Far< 300 year the opti-
physical conditions, in particular the/@ number ratio, in Cal depth through the dust shell is very large and these systems
the atmosphere of the star at the time the shell was formudll look essentially like high mass-loss carbon stars, instead of
There are various indirect evidences that these shells are C-ri¢@fached-shell sources. For 10000 year the MgS grains are
Bujarrabal & Cernicharo (1994) find that the molecular line rd00 cold to have any detectable signature in the resulting SED.
tios for the various molecules are indicative of a C-rich cher¥/e varyAt between 200 to 1500 year. The corresponding val-
istry. From modelling of the SED, one also tends to find that tiy€s for the shell thickness @10'°~7 x 10*°cm) bracket the
opacities of C-rich dust agree better with the observed far-fRickness of the detached shells derived indeh& Olofsson
excesses than O-rich dust (e.g. Bagnulo et al. 1997). Howe(#¢01)
these models are not conclusive and models with O-rich dust The gas density in the shell follows fromg.{R) =
can also be fitted to the SEDs. The possibility of detectif/(47Rvexp), Wherepgas is the gas density as a function of
MgsS grains in these shells is a tantalising one, since this givagius R) andM is the mass-loss rate. The dust density.4)
us adirect handle on the prevailing/O ratio at the time the is important for the radiative transfer calculations. This value
matter was ejected. This is due to the fact that the “@67 is the ratio of the gas density to the gas-to-dust mass ra-
feature, attributed to MgS grains, is only found in C-rich erlo (¥), which implies that the models are determined by the
vironments and has, until now, not been detected in O-riglist mass-loss raté/ust = M/'¥). We calculate model spec-
environments. tra for the dust mass-loss rate in the range 207°-2 x
The paper is organised as follows. In Sect. 2 we present &’ Meo/yr. This translates to a total mass loss-rate in the
description of the model. The results of the model are presentagge 5x 107'-107* Mo/yr, using a typical value o’ = 250.
and Compared to IRAS observations in Sect. 3. We app|y th‘@W@VQr, it is not Clear, whether such a standard value is
model to R Sculptoris and U Camelopardalis in Sect. 4. Bo#ways applicable (see also Sect. 4).
these sources have a “30fh feature in their ISCBWS spectra
and the dejcached gas §hel|s hgve been spatially resolved with Dust parameters
molecular line observations. This allows us to test whether the
molecules and dust are co-spatial. Finally, in Sect. 5, we suife use a-C and MgS as the composition of the dust. The op-
marise our findings and discuss future prospects. tical properties of a-C are taken from Preibisch et al. (1993).
We use an a-C grain-size distribution according ri(a) «
- a3 with 0.01 um < a < 1.0 um, wheren(a) is the num-
2. Model description ber density of grains with radiua. For the MgS grains we
Our model consist of a single spherical dust shell surroundingse the same optical properties used to fit the observations of
carbon star with a low current day mass-loss rate. The radiattbe C-rich post-AGB star HD 56126 (Hony et al. 2003). These
of the star is partially absorbed by the dust grains in the shedtoperties are based on the calculated absorption cross-sections
The absorbed light heats the dust grains, which subsequeitlthe IR, using the optical constants as published by Begemann
emit light at IR wavelengths. et al. (1994) We calculate the IR absorption cross-sections for
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Fig. 3. Synthetic SEDs from the expanding dust shell containing amorphous carbon and MgS grains. In each panel, the curves from tc
bottom represent the system 300, 600, 900, 1200, 1500, 2000, 3000, 5000 and 10 000 year after ejection of the shell. The top panels she
effect of varying the percentage of MgS grains. In the bottom six panels, the mass-loss rate increases from top to bottom and the durati
the burst increases from left to right. Also indicated are the wavelength regions that contribute tbettenidiRAS broadband filters. The
MgS grains are the cause of the “3@h feature, the broad extra emission band betweZ®hand~45 um.
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a continuous distribution of ellipsoids shape-distribution. Thike fraction of MgS grains and the duration of the burst. We
distribution results in a resonance which agrees best with thleo indicate which part of the SED contributes to the various
observed feature (e.g. Begemann et al. 1994; Szczerba etRAS photometric filters. There are a few general points that
1999; Hony et al. 2002). Unfortunately, the optical propertiesmerge from the analysis.
of MgS have not been measured below k. We assume a
constant absorption cross-section belowm of r x 104 ym? 1. The “30” um feature is detectable even when present at
for a grain radius of 0.0km. We further assume a linear de- @ concentration of only 2 percent. This is especially true
crease in the absorption cross-section to 0 from Ltmand 0~ shortly after the ejection, when the MgS grains are rela-
between 2 and 10m. The cross-section assumed here is identi- tively warm and the spectra clearly exhibit the characteris-
cal to the one used to model HD 56126. The location of the dust tiC onset at-26,um.
around that star is well determined from extensive IR imaging MgS contributes considerably to the IRAS 2% flux dur-
studies (e.g. Dayal et al. 1998; Jura et al. 2000; Kwok et al. ing the first 2000 year when it is warm enough to emit
2002) as the dust shell is clearly resolved. The assumed absorpWithin the IRAS 25um bandpass.
tion cross-section be'owllrn y|e|ds a MgS grain temperature, 3. The shell becomes qU|Ck|y 0pt|Ca”y thin for the radiation
at the location of the dust shell of HD 56126, which agrees well ©Of the central star and therefore the emission of MgS scales
with its SWS spectrum (Hony et al. 2003). with the amount of MgS in the shell.

We vary the relative proportion of MgS to a-C from 24- The 12um excess disappears withi750 year.
to 10 percent by mass. A smaller fraction of MgS will not pro-5- As expected, the IR excess increases with larger shell mass
duce a significant “30iim feature. A larger fraction of MgSis ~ @nd is more pronounced for a short fierce burst than for a
unlikely to be present because the amount of MgS grains is Prolonged ejection at a lower mass-loss rate, even for the
limited by the abundance of Mg and S atoms. For a solar com- S&me amount of total material shed.
position gas, the maximum mass contained ind8gairs rel-
ative to the mass of the C-atoms is 20 percent. However, notall  The IRAS colour-colour diagram

available Mg, S and C atoms are necessarily be condensed into
dust grains. In Fig. 2 we compare the tracks as predicted from our model

with the IRAS colours of known galactic carbon stars. The di-
o agram is constructed in the following way. We cross-correlate
2.3. Dust radiative transfer code the positions of the sources in the General Catalog of Galactic

We use the proprietary dust radiative transfer code MODUS.CI\'?lrborl Stars (Alksn|s etal. 2001) with the sources W"“'?" 30
This code solves the monochromatic radiative transfer eqI _thg IRAS point source ca_ltalogue (Joint IRA.S Science
tion, from UV/optical to millimetre wavelength, in spherical orking Group 1988). This yields 3417 assoc_latlons. From
geometry subject to the constraint of radiative equilibrium, ugw__ese sources we only use _those with a relative flux uncer-
ing a Feautrier type solution method (Feautrier 1964; Mihal%\ nty Iess_ than 50 percent in the IR.AS. 12, 25 and;60
1978). This yields the temperature of the dust grains. The co g In Fig. 2, the maximum uncertainties are 0'55 and 0.6
allows to have several flierent dust components of variou?nd the average uncgrtamﬂes are 0.11 and 0.15 in-[22]
grain sizes and shapes. We refer to Bouwman et al. (2086')d [25F(60], respecfuvely.

and Bouwman (2001) for a description of techniques used in The tracks_explaln the general features of the ob_served
MODUST. MODUST yields both the model SED and intensit§9|our'C°|°ur (_j|agram well. The colour_s O.f the systems imme-
maps. From the obtained model spectra and intensity mapglﬁtgly after ejection of the shell are similar to the_colours of_
is straightforward to simulate observations. For example, i€ Infrared carbon stars, because of the large optical depth in
simulate the synthetic SWS spectra by overlaying the apg?? sh_eII. The expansion of the shell causes .th.e _optlcal depth
tures as a function of SWS subband, as listed in de GraagA/ap'dly decrease and the L excess to diminish as Fhe

et al. (1996), on the intensity maps. IRAS broadband flux st be_comes _cooler. Therefore, the source moves rap|dly to
are simulated by convolving the spectra with the IRAS banHﬁle left in the diagram. The stars spend by fqr the longest time
passes (Beichman et al. 1988). We solve the transfer equatiBHsthe vertical track, at [12J25] ~ _1.‘2.’ yvh|le the .60” m -

at 36 wavelengths, on a logarithmically spaced wavelengﬁfﬁcess dug to the cool dl_Jst ;Iowly.d|m|n|shes_. This explains
grid, from 0.2 to 100Qum. This is stficient for correctly in- € clustering of the stars in this region of the diagram. The ef-

tegrating over the wavelength, when performing the radiatN(/_%Ct of the “30"um feature due to MgS grains can only be no-

equilibrium calculation. These wavelengths also cover the ed within 2000 years after ejection. However, the influence

tire SED. In addition, we calculate the synthetic mid-IR spe! M3S on the colours is not unique, because thiec of the

trum from 2 to 45:m, with linear wavelength steps of Qun, MESEra'nS in tlhe CO|0UV'CO|?UV dlagram ((j:an be mln;!ck.ed It_>y
to compare with the observed SWS spectra. a higher mass-loss rate or a longer burst duration. This implies

that, due to the presence of MgS grains in these shells, and thus
of the “30” um feature, the mass in the shell may be overesti-
mated, when determined from the IRAS photometry alone.

We note that there are several carbon stars in the
In Fig. 3, we show a subset of the SEDs that result from olRAS database with 6Qum excesses larger than the ones
model. We show the mairflects of varying the mass-loss rateshown in Fig. 2. We have not attempted to reproduce these

3. Results
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IRAS colours with our model. It is likely that there is a size- 200§ AR 30
able contamination of the far-IR fluxes among the carbon stars, : %Q)

as has been argued by Ivezic & Elitzur (1995). Specifically, 100 ® ]
we point out that the largest IRAS excesses are found for the : R~ Tugs 28
sources with low 12um fluxes, i.e. sources far away with a of L L ]
much larger chance for confusion or cirrus contamination. The 1000 10000
carbon stars with IRAS colour [25]60] > O are almost ex- shell distance [R.]
clusively found among sources with, < 5 Jy (see Fig. 4).

In this paper, we are only concerned with the sources that h&i& 6- MgS temperature and the centroid position of the “30f

[25]-[60] < 0.5 and clearly have a detached shell associatiggture as a function of distance to the star. The diamonds show the
. e . . MgS temperature at the inner edges of the detached dust shell. The

with them. In order to obtain 6@m excesses in the range . " o
uares represent the centroid position of the ‘@@ emission fea-

. . . S
[25]-[60] = 1 or even hlgﬁher (see_Flg: 4), we have to mcre_'aﬁ%re versus the typical distance of the shell, which is defined as the
the total dust mass to 10 Mo, which in turn yields an esti- inner radius plus one quarter of the shell thickness. The grey dashed

mated mass-loss rate an order of magnitude higher than thggeshows a simple analytic representation of the relation between the
derived for the best studied cases. It is not clear whether #igtance and the centroid position (see Eq. (2)).

same detached-shell model can be invoked to explain such
extreme excesses.

¢

] ] ] derived from the spectra and is also a better diagnostic of the
3.2. MgS as a temperature/distance diagnostic temperature than the peak position. For the distance of the shell

Because the shell becomes rapidly optically thin, we can gité¢ t@ke a “typical” distance, defined as the inner radius plus
an approximate temperature of the MgS grains as a functior e guarter of the shell_ thickness. Thl_s is to account for thg fact
shell radius and féective temperature of the star. Théeets that the dust on the inside of the shell is hotter and thus brighter
of the expansion of the shell are shown in Fig. 6. We shd\ﬂ_a” on the outside. The points shown in Fig. 6 are for shell
two curves. The diamonds show the dependence of temperaflligkness between 250 and 2080, which corresponds to a
on distance. The squares show how this temperature trans|Q§t duration from 200 to 1500 years. An approximate power-
into a shifting of the “30"um feature (see also Fig. 3). ThdaW expression (valid for 3& Ac o < 36um) is given by:
shift is expressed in the centroid position of the MgS feature,

i.e. the wavelength which divides the feature in equal energne Ac.30 18 T, \?

halves, see also Fig. 5. This quantity is in general more easifg, ~ (21#m) (2500 K) ’

)
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Table 1. Shell parameters of R Scl and U Cam. and ours. With the inner and outer edge of the shell fixed, we
have only two free parameters: the dust mass-loss rate and the
Gas shefl Dust shell mass fraction of MgS. We vary these parameters and compare

the results with the IRAS and ISO observations. The strength
of the IR continuum excess is set by the amount of amorphous

Source d R Roue Ro Row M Maust M3S  carbon in the shell, which scales linearly with the dust mass-
[pcl [ [10%*°cm] [Mo/yr] % - -

loss rate. The fraction of MgS influences the strength of the

RSc 360 1326 7 14 %10° 8x10° 4 resultant “30"um feature. The best agreement with the obser-

Ucan? 500 7 9 556.6 %10° 16x10€ 4 vations is found with 4 percent of MgS and a dust mass-loss

rate of only 8x 10° My/year. This best fit is shown in Fig. 7.
“Taken from Schiér & Olofsson (2001). We derive a total dust mass in the shell, 02 X 10° M.
bThe dust parameters for U Cam only concern the dust located The gas mass as determined by &eh'& Olofsson (2001)
inside the SWS aperture (see text for details). is 5.4 x 1073 My, which yields for the gas-to-dust mass ratio:

¥ = 450. The model parameters are given in Table 1.
whereRghel is the typical distance of the shell. Note that, in \ne show a sketch of the model, with the dimensions of

physical terms, the shape of the emission feature is a weighigd rejevant SWS apertures and the IRAS beam-sizes over-
sum of Planck functions, depending on the MgS grain tempgiq in Fig. 8. The IRAS measurements sample the complete
atures, convolved with the wavelength dependent MgS absofigiached shell, whereas the SWS spectrograph detects only
tion cross-section. Therefore, the simple power-law expression,,ction of the shell. The fierent regions probed by the
and the constants in the first term of Eq. (2) lack a direct phygrious instruments give rise toffirences in the flux levels

ical interpretation. .With optical photometry of the .central Stafneasured by these instruments. The IRAS measurements sam-
both T, andRshei (in arcsec) can be determined independepfe the complete shell and should therefore yield much higher
of distance, as the angular size of the sRyr i arcsec) is set fiyy |evel than SWS does. This is indeed as observed (see
by T, and the photometry alone. How practical Eq. (2) Wilkig 7). A smaller diference in the flux level, due to the size

be in reality remains to be demonstrated, because it is knoyiiihe s\ws apertures, is also observed in the SWS data below
that there are also somefidirences in the shape of “3@m 27.5um and above 28m.

feature between sources that are not caused by temperature bu.[.he model is able to explain the strenath of the Mas res-

are more likely due to the grain-shape distribution (Hony et al, o P 9 . Y

2002). Such a dierence can shift.s by up to 2.5:m: a fac- onhance within the SWS aperture accurately. It simultaneously
): . c:30 DY UP fO £.M. . explains the much stronger excess in the IRAS beam. The pres-

tor 4 in shell radius!Because the main deviation in the profile

is a 26um excess, the tendency will be to find a lower valu%nCe of the MgS excess was already suspected by Bagnulo

. . et al. (1998) who found that the IRAS 28n photometry was
Of Ac;30 and therefore derive a too small shell radius. higher than expected on the basis of the flux level of their

Cooled Grating Spectrograph (CGS3) spectrum which goes out
4. Application to sources with ISO/SWS spectra to 23.5um. These authors speculate that the high IRA&25

: . lux level might be due to a strong emission feature, at wave-
In the previous section we have shown that the presence of ng

: o gths longer tham:24 um, i.e. the “30”"um feature. When
in the detached shells can have a significaffieat on the.we convolve the synthetic SED with the IRAS filter profile, the

IRAS 25um photometry. However, the presence 0f MgS grafsas 25um flux is indeed nicely reproduced by our model.

in the shell cannot be inferred from the IRAS photometry alone. ,
The excellent agreement, between the simple detached-

In this section we focus on those warm carbon stars that show
a“30" um feature in their SWS spectrum. shell model and the 1IS@nd IRAS data, demonstrates that the

“30” um feature arises from the location of the detached shell.
We conclude, that MgS grains are present in the detached shell
4.1. Application to R Sculptoris of R Scl. We would like to emphasise that we do not attempted
We first apply the model to R Scl. This star is among the betg)tfurther optimise the obtained model by varying the inner or
studied optically bright carbon stars with a far-IR excess. puter gdge of the dust shell. We have to make a rather crude as-
detached shell has been resolved in molecular lines emiss ption for the absorptn_an I_evel of the MgS grains belquni
ct. 2.2). Therefore, this simple model does not warrant such

(Olofsson et al. 1996) and scattered light from the detach ; -
shells is detected (Goalgz Delgado et al. 2001). Furthermore® detailed fitting procedure. However, the correspondence be-

R Scl has the strongest “3@m feature of the optically bright ]Eween the m?del ;ar;;j observatloesl[;q)eualllyl\zhosse pTOb.'”g d'f'
carbon stars observed with SWS. erent spatial scaleslemonstrates that the MgS emission arises

For the parameters of the dust shell (see Table 1), we ta(r&m roughly the same location as the molecular gas emission.

the inner and outer edge of the shell of the detached gas shell as

listed by Scloier & Olofsson (2001, their Table 6). These paz o Application to U Camelopardalis

rameters are derived from mapping observations of the molec-

ular CO emission, in which the shell is clearly resolved. Wé/e also apply the model to U Cam. Compared to R Scl,
use the same distance to the star as these authors do, to ftd#-object has a much thinner CO shell (Table 1). Lindqvist
itate a direct comparison of the parameters, which they derifal. (1999) measured an inner radius & % 106 cm with a



988 S. Hony and J. Bouwman: MgS in detached shells around carbon stars

u BAT _ 3] Fig.7.The detached-shell model compared
L A ] to the observations of R Scl in black. The
r A b optical photometry is shown in triangles
r /\\/\qo 7 (Johnson et al. 1966). Between 2 andub
10000k A \ | we show the SWS spectrum (Hony et al.
OOE \_ o 1 2002): between 45 and 20@n we show
C ‘\_nf"‘- ]  the LWS spectrum. The diamonds represent
i \\ 1 the IRAS measurements and the submil-
LA 1 limetre points from Bagnulo et al. (1998).
The dashed gray line is the model SED, tak-
10.00' 200f T T T ] - ing identical parameters for the dust shell
E ] as derived for the CO shell by Saiet &
= C U\‘ 1 Olofsson (2001). The full gray line shows
2 L 150} 4 the model spectrum after correction for
w H 4 the limited size of the apertures of the
[ SWS spectrograph. The dotted line repre-
1.00 100 ] 3  sents the photospheric continuum. We also
n J  show the synthetic IRAS fluxes as de-
- » Py, 4 rived from the model SED. The 25 and
i S0t " \'k\v\; 7 60 um IRAS fluxes are in excellent agree-
i [ 1 ment. The predicted flux level at longer
0.10 0l ) ) ) | wavelengths is slightly too low. The model
o 10 20 30 40 o 1 explains the observations very well. In the
u R Scl SWS/LWS model 1 inset, we show the fit to the “3Qim fea-
i A photometry aperture corrected ? ture on a linear scale. We also show the
| o IRAS/ICMT model IRAS fluxes | IRAS/LRS spectrum, which starts to devi-
stellar continuum ate from the SWS spectrum at the wave-
0010l 1 Ll 1 Lol 1 Lol |ength, where the model prediCtS afdr-
1 10 100 1000 ence, due to the fierent beam-size of IRAS
Wavelength [um] and SWS.
7 N thickness of only 11 x 10*cm at a distance of 500 pc. This
/I;AS 60 AN corresponds to an outer radius df &nd the shell fits entirely
e N within the largest SWS aperture. With those values for the in-
/ IRAS 12,25 AN ner and outer radius of the shell the model cannot explain the
! e - S~ N \ IRAS and the ISO measurements simultaneously (Fig. 9). We
// st S find that the low IR flux levels, as measured by JS@/S, place
' SWS 29-45 \ a stringent constraint on the amount of dust located at the posi-
! SWS12-275 - ‘l tion of the CO shell. However, the IRAS fluxes clearly indicate
" % ] that there is more dust present in the system. This dust is prob-
\ /’ ably located even farther away from the star. As can be seen
N / in Fig. 9, all the IRAS fluxes as well as the 8pf flux are
. A, e , under-predicted by the shell model. When we increase the shell
\ S~ _ -7 // dust mass, in order to agree with the IRAS 25 ang60flux
AN y levels, the longer wavelength fluxes are still very much under
NN L7 predicted by the relatively warm dust in the model. This indi-
S .7 cates that the system contains cooler dust, which is probably lo-
h -7 cated farther away. The latter conclusion is in qualitative agree-

Fig. 8. The angular dimensions of the circumstellar shell of R sénent with the fact that the interferometric measurements of
compared with the regions probed by ISW/S and IRAS. The black Lindgvistetal. (1999) retrieved about half of the total CO emis-
rectangles indicate the dimensions of the two most relevant SWS aygion, measured with single dish observations (Neri et al. 1998).
tures. The dashed circles give an indication of the regions correspofihis is due to a more extended component of CO emission.
ing to IRAS 12, 25 and 6Qm point source measurements. The circle The situation in the case of U Cam is clearly more com-

for the IRAS 100um filter lies outside the figure. The shell eXtend?)Iex than for R Scl. The observations can not be explained by
from 13’ to 26, which corresponds tox10'6—-14x 10'5cm at a dis- 2 sinale d ) i} .
single dust shell. The far-IR fluxes levels are dominated by

tance of 360 pc. The complete shell is probed by the IRAS measur .
ments. The SWS instrument detects only a part of the shell radiati .St located outside the detected CO shell. However, we stress

Of course, the back and front side of the spherical shell do contriblfi@t there is MgS presentin the CO shell. The JS®@'S instru-
to the SWS flux. ment, which only probes the inner regions, detects a (380"

feature. The temperature of the MgS, as derived from the
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[ T TT II A IA T T T TT II T T T T TT II T T T T T TTT I_
- U Cam SWS 8
L . photometry A 4
A L IRAS/JICMT o
\ model
100.0 /i stellar continuum E
- by ]
L \‘\i .
L A i
™
L Lo i
10.0 =
o T T T T T T (o4 ]
- F Y ]
= C I ]
2 r A b
Tig i i 1 ]
1.0 L b‘\ ] —
i I \\u ] 1 Fig.9. The single detached-shell model ap-
*”“,“J‘A;Mmﬂ 1 i plied to U Cam. Symbols are the same as
r v in Fig. 7. We use the inner and outer ra-
01k \/\I"\ﬂ ] dius and the gas mass of the CO shell and
R T i, i, L] 3 a 4% MgsS fraction. The model that fits
- 10 20 30 40 o ] the SWS observations best does not repro-
i duce the IRAS flux levels. Clearly, the sin-
T T T S N gle dust shell model is not applicable and the
1 10 100 1000

IRAS excess is predominantly due to more

Wavelength [um] extended emission than the CO shell.

centroid position of the “30um feature in the ISO obser-bolometric magnitude given by Bergeat et al. (2002), using:
vation, yields a distance for the dust shell 065 10 cm )
(?.3’ at a distance of 500 pc). Thig distance is identical to the = =My, - 2.5 logy, [(E) ] + Moo — Mbolo
size of the detached CO shell. Using the gas mass of the shell d
of 1.4 x 103 M, as given by Scbier & Olofsson (2001) and a R\ /T.\2/10
dust mass of 2 x 107% M, from the best fitting model for the = Mpoio — 51009 ((—*) (T—*) (H)] =
ISO/SWS data, we find a gas-to-dust mass rati¥ef 580. Ff‘s ©

We would like to point out that, in the two cases thatwg, 1 2_ ((Mbol,o - mbol,*)) Ro T2 (3)
study here, the derived gas-to-dust mass ratio in the shell IS 5 10AU °°

relatively high (45.0 for R Scl and 580 for U Cam). These num-herembol and My, are the apparent and absolute bolomet-
bers are much higher than the values between 200 and 'g’magnitude aneR, arcsecis the angular radius of the star.

which are commonly used for mode_llmg carbon-rich AGB an?lhe measured values of the apparent bolometric magnitude and
POSt-AGB stars (e.g. _Jura 1986’ Me|_xner etal. 1997). Howevﬁjie centroid position of the MgS feature together with Eq. (2)
the nL_meers we denve_ arein relatively good agreement WERd (3) yields the angular radius of the shell. The sources and
the high valueg of Scdler &. Olofs“son (200,,1)' One ShOUIdthe estimated radii are listed in Table 2. These sources all have
cIearIy_ be cautious in applying a “standard” value, when d Juch weaker “30’um features than the feature observed in the
termining the total shell masses for such systems based on S spectrum of R Scl, with a correspondingly lower signal-
IR excess alone. to-noise ratio. At the same time, the estimated stellar contin-
uum underlying the “30:m feature becomes more influential
on the derived feature profile. Based on this, we estimate an
uncertainty indcso of 21 um and in the derived shell radii of
There are a few more warm and optically bright carbon stasisleast a factor 2.

that exhibit a cool MgS feature in their SWS spectra. We do
not model these stars here, mostly because of the lack of Sgit'ConcIusions and future prospects
able molecular data to compare with. However, we do give a

crude estimate of their shell radii. We calculate the angular Mfth the models that we have presented, we now have a
dius of the star times thdfective temperature squared from théool to systematically investigate the influence of MgS on the

4.3. Other warm carbon stars with the “30” um feature
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Table 2. Estimated detached-shell radRsfe) of warm carbon stars This research has made use of NASAs Astrophysics Data System
exhibiting a cool MgS feature in their SWS spectra, based on the relBibliographic Services. This research has made use of the VizieR
tion in Eq. (2) between the “3Qum feature centroid position and thecatalogue access tool, CDS, Strasbourg, France.

size of the shell.
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