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Abstract. A radiative transfer code is used to model the spet- Introduction

tral energy distributions of 57 mass-losing Asymptotic Giant I . . .
Branch (AGB) stars and red supergiants (RSGs) in the La|J ethe|r fma! stages of evolution, both intermediate-mass and
ore massive stars become very large and assume very low

Magellanic Cloud (LMC) for which ISO spectroscopic and pho—h tospheric temperatures. Either as Asymptotic Giant Branch

tometric data are available. As a result we derive mass-loss raﬁ&- B) stars for initial masses 1M<M < M, or as red super
up -

and bolometric Juminosities. 75 giants (RSGs) fod > M., with M, ~ 8 M, they become

A gap in the luminosity distribution arountl/,,,; = . - .
mag separates AGB stars from RSGs. The luminosity distr uq;table and their m_antles start to pulsate YVIth great amplitude.
is presumably levitates matter out to a distance from the star

tions of optically bright carbon stars, dust-enshrouded Carb\?vﬂere as temperature and aas density are favourable for the
stars and dust-enshrouded M-type stars have only little overl?&) 9 P 9 y

sugaesting that the dust-enshrouded AGB stars are at the \ rr‘mation of dust. Once dust forms in sufficient abundance, ra-
g9 9 . - . L c?la%{ion pressure onthe dustgrains and collisional coupling of the
tip of the AGB and will not evolve significantly in luminosity

: . grains with the gas drives an efficient stellar wind (Wickramas-
bef(I)Drg r?\::jsr::;issﬁgg: t::gf?piﬁf'?:ﬁgé fibm~ 10-7 inghe etal. 1966; Goldreich & Scoville 1976). In this way, AGB
t0 10~ M., yr-L. More luminous and cooler stars are fc)unatars and RSGs lose a significant fraction of their initial mass at

© ' T~ -5 -3 -1
to reach higher mass-loss rates. The highest mass-loss r[’:ﬁ‘teess of up taM/ ~ 10 JFO 107" Mo yr—", and they become
exceed the classical limit set by the momentum of the stel aurrr_oun(_jed by & dus_ty circumstellar envelope (CSE). The stel-
radiation field, /e, by a factor of a few due to multiple ar light is almost entirely absorbed by the dust at wavelengths
3 l < - i i >
scattering of photons in the circumstellar dust envelop)‘ S Lpm, but_re emission by the d_ust)atN 10 sm makes the
Mass-loss rates are lower than the mass consumption rate&RSES very bright infrared (IR) objects. The dust-enshrouded

nuclear burningV,..., for most of the RSGs. Two RSGs have )c{lse of evolution is particularly interesting for its importance

Vo> M hov&lg\clér suogesting that RéGs shed most %}the chemical enrichment of the interstellar medium (ISM)
. nue ef sugg g tha ;tand the formation of stellar remnants.

their stellar mantles in short phases of intense mass loss. Star RAS detected manv IR boint sources in the Larae Magel-

on the thermal pulsing AGB may also experience episodes, of . yIR p 9 9

intensified mass loss, but their quiescent mass-loss rateslg}r[:éc Cloud (LMC) (Schwer.mg & Israel 1990), from amongst
usually already higher thali,.. which a few hundred candidates for CSEs around AGB stars

or RSGs could be selected (Reid et al. 1990; Loup et al. 1997,
hereafter paper ). Association with known optically bright stars

Key words: stars: carbon — stars: circumstellar matter — star(smos“y RSGs) and ground-based near-IR observations have re-

. Ited in the identification of several dozen AGB star or RSG
mass-loss — stars: AGB and post-AGB — galaxies: Magellar% . ) i —
Clouds — infrared: stars counterparts (Reid etal. 1990; Wood et al. 1992; paper |; Zijlstra

et al. 1996, hereafter paper Il; van Loon et al. 1997, hereafter
paper Ill). Follow-up observations have been primarily done to
obtain accurate bolometric luminosities for these stars, which
is possible because the distance to the LMC is known with rel-
Send offprint requests to: Jacco van Loon (jacco@ast.cam.ac.uk) ~ atively high accuracy, and also, in the case of AGB stars, to de-
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termine whether the circumstellar dust and/or the photosphe2i8. Spectral energy distributionsin the models
composition is dominated by an oxygenous or carbonaceocsl
chemistry (van Loon et al. 1998, hereafter paper IV; van Loon .
et al. 1999a). ISO spectroscopic and photometric observati sr,b on SFa.lrS' In Trams .et al. (1999b), and references therein,
. . we classified the chemical types of the dusty CSEs of most

of a selection of 57 AGB stars and RSGs in the LMC were pre: . )
: . . of the stars in our sample. For the stars for which we do not

sented by Trams etal. (1999b), including a thorough Chem'%%{ves ectroscopic information about the stellar photosphere we
classification study. In this paper, the spectral energy distribu- P P P P

tions (SEDs) of the ISO sample are fitted by a radiation trans Foume that the chemical composition of the dust corresponds

model, yielding mass-loss rates and bolometric luminosities.° the carbon or oxygen dominance in the stellar photosphere.

The paper is organised as follows: Sect. 2 describes the in &Jt ::c(’i QAS)Z;?;? Q’r\:g ;Z?/:eensmtrzeﬁ'gnsgee;t r:e?]uobllls;:dd I]ng]g luks
to the model. A number of assumptions have been made oF 9 9 .

. . - . N ﬁ}xtended to 1 m by means of a blackbody of the temperature
various reasons, either because it is a valid approximation, the
ven by Fluks et al. For carbon stars no such data are read-

parameter is not known, or simply for the sake of restricting t: .
parameter space. The aim has been to maximise homogeneiﬁéﬁva"able' Barnbaum et al. (1996) andaro et al. (1994)

modelling our large dataset. Sect. 3 presents the observed S Es?ent spectra of carbon stars at opt|c_al (0.4 toamy) gnd
ngar-IR (1 to 4um) wavelengths, respectively. From their stars

and their best model fits for all stars in our sample. In Sect. ) .
the resulting bolometric luminosities and mass-loss rates e selected AQ Sgr, an N-type carbon star without infrared
discussed in detail. excess or stro_ng stellar pulsation, for use as a template.
The effective temperaturé.s of the stellar photosphere

is only known for a few optically bright stars in our sample
2. Input for the model fitting where spectral subclasses could be determined, ranging from
M1 (Tegr = 3810K) to M10 (ITeg = 2500 K). For the oxygen-
rich stars without this information we adopty = 2890K,
To model the dusty CSE we have used a radiative transfer caderesponding to a spectral type M8 11l (Fluks et al. 1994). Al-
(de Koter et al., in preparation). It calculates the emergent SEi»ugh cooler than the optically bright stars, this spectral type
from a star surrounded by a spherically symmetric dusty CSEmore appropriate for the oxygen-rich stars with higher mass-
Input parameters include the SED of the underlying star, opibss rates (see paper 1V). For the carbon star (AQ Sgr) we adopt
cal properties of the dust, and parameters describing the CBE = 2804 K, as measured by means of Lunar occultation tech-
geometry. These are discussed below, after a brief descriptiiques (lazaro et al. 1994). Stellar pulsation, a common feature
of the observed SEDs. of mass-losing AGB stars and RSGs, results in an extended at-
mosphere, and the photospheric spectra for pulsating stars are
likely to be affected by this (Bowen 1988; Feast 1996). We ig-
nore not only these possible deviations from the input spectra
The model is fitted to photometric and spectroscopic data in tiat we use, but also the variability ®f; during the pulsation
IR. These data consist of ISO measurements, supplementedymle. Finally, differences in metallicity may affect the spectral
near-IR photometry gathered at the South African Astronomglassification and its relation to effective temperature. Though
cal Observatory (SAAO) within the framework of a monitoringmportant, it is a poorly explored subject.
campaign to obtain pulsation periods for the stars in the ISO
sample (Whitelock et al. 1999, in preparation). The variabili .
; : . L . . 2.4. Dust properties
information resulting from the monitoring project will be use
for correlation with the results from the model fits. The ISOhe spectral coverage and resolution of the data do not en-
data comprise broadband photometry at 12, 25 ang®0us- able the exact composition and properties of the dust to be de-
ing the ISOCAM and ISOPHOT instruments, and spectroscormined. Amorphous olivine and carbon from the Jena group
between 2.5 and 12m using ISOPHOT and between 7 and 14Jager etal. 1998; Preibisch et al. 1993) are used for oxygen-and
#m using ISOCAM. The data are described and presentedcarbon-rich dust, respectively. Crystalline carbon in the form of
detail by Trams et al. (1999b). graphite (SiC), taken from Laor & Draine (1993) is only added

Interstellar extinction will be ignored, because the SED willthen the SiC emission feature-at11.3 um is observed. The

only be studied at wavelengths beyongth where interstellar opacities of these three dust species are plotted in Fig. 1. Re-
extinction is expected to be insignificant compared to the extin@aining discrepancies between the best model fit and the obser-
tion by the CSE. However, there are indications that along sowetions will be discussed later, and possible explanations include
lines of sight through the LMC this may not be true (paper llIfifferent (mixtures of) dust species. For instance in oxygen-rich
Furthermore, the distance to the stars is assumed to be 50 lgpwironments pyroxenes may contribute, as well as FeO, and in
Although there is reason to believe that the distance to the LMGme highly evolved CSEs crystalline silicates may be present
may be somewhat larger than this (Feast 1998), most dista(aters et al. 1999).
estimates cluster around a value of 50 kpc (Walker 1999).

Sr sample of stars consist of (oxygen-rich) M-type stars and

2.1. Theradiative transfer code

2.2. Observed spectral energy distributions
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Sgr— T T T T T T T T T T T T T 1 Taple 1. Model parameters for M-type stars with ISO spectra, using
= N 1 amorphous olivine from Jena. For a given sy, (in R), Rin (in
L J  R.), andm.a (at awavelength = 1 um) are adjusted to fit the model
NE L 1 tothe observations, yieldingy/ (in 10~% M, yr~1). Model fits derived
o r ] for multiple epochs are labelled in the last column.
B 3: ] .
w | {1 Star Teg R, Rin Trad M Ep.
<2 C 3 HV12070 3309 600 11.2 0.021 0.5
N 3y  HV2446 3434 540 13.3 0.054 1.5
1E [—— = amorphous olivine 1 Hvsss 3574 1300 155 0.041 5
[ | — — = amorphous carbon 1 HVo9%6 3574 950 16.5 0.16 13
i = graphite 1 IRAS04545-7000 2890 850 12.0 7.1 280
ob————— L) |RAS05003-6712 2890 560 9.5 1.7 29
log)\ [rem] IRAS05298-6957 2890 400 13.0 14 230 A
2890 800 12.0 7.5 230 B

Fig. 1. Opacities for the dust species used: amorphous olivine (soli§aS05329-6708 2890 600 12.0 7.7 180

Jager et al. 1998), amorphous carbon (dashed; Preibisch et al. 1983505402-6956 2890 850 11.5 5.1 180 A
and graphite (dotted; Laor & Draine 1993). 2800 550 120 7.6 180 B
IRAS05558-7000 2890 750 9.8 21 50 A
. . 2890 480 10.5 3.0 50 B
The spherical dust grains are assumed all to have the SafRs7 30.6 2890 700 8.0 035 7
radiusa = 0.1 zm, and the optical properties of the grains arg,oq ge4 3126 2100 16.0 12 2800

calculated assuming Mie theory.

2.5. Geometry of the circumstellar envelope sources in the LMC are detectable with current instrumentation

. \Wood etal. 1986, 1992; paper V). AvaluewQf, = 10kms™*
The dusty CSE has two boundary conditions. The outer bour§ often adopted for stars in the LMC. Howevey,,, depends

ary is set by insisting that the outer radius of the CSE is at o : 4
10* stellar radii. This is a rather arbitrary choice, but corre! the stellar luminosity. approximately ase;, o VL (Jura

sponds roughly to the typical extensions of CSEs. An order1?84; Habing et al. 1994; see Amdt et al. 1997 for a more

) . LT . - etailed approximation). In our modelling we calibrate this
magnitude difference in this ratio does not significantly affect . . : .
g g y J%;Img relation by demanding a star with = 30,000 L

the calculated SED. The inner boundary is set by requiring t? a N 1

temperature at the inner radiug;,, of the dusty CSE to be } bol = —6.47 mag) 10 haveve, = 10kms™ (van Loon
Taust = 1000 K. This corresponds to the typical temperature a]ﬁggg)_ Another compllc_:atl_on IS the fact that dust grains do not
which dust condenses, although it should be realised that t s ape the stellar gravitation field at a constant velocity. When
depends on the chemis’try ust forms in the proximity of the star, matter in the stellar out-

The radiation transfer calculation requires the local dens{tIOW is being accelerated. The velocity,, as measured by OH

of dUSt, pau, at a distance from the center of the star to be|§/not reache(_j instantaneously.. However, dust condensation is
specified. The continuity equation for a stationary outflow ofrélOt Cor_n.p lete instantaneously either, and the two effects tend to
single fluid prescribes cancel_. in the dusty CSE the produgtr)ve,(r), which ap-
pears in Eq. (1), does not dependrofe.g. Groenewegen et al.
i 1998).
Pdust = W @) The radial optical depth,.q is the optical depth along the
line-of-sight towards the star, and determines the amount of
with total (gas+dust) mass-loss ratg gas-to-dust (mass) ratioextinction and the temperature structure throughout the dusty
1, and expansion velocity.,,. The parameter that we deriveCSE. The maximal tangential optical depth, is the optical
from fitting the model to the observationslis. This means that depth along the line-of-sight parallel to the line-of-sight towards
the gas-to-dustratio is assumed to be known. Avalyeef500 the star, at a minimal distande,, to the star, and measures the
is adopted here, believed to be representative of the modera@éljount of emission from the dusty CSE. It is assumed here
low LMC metallicity. Little is known about the dependence ofhat paust o 72, i.e. M is constant in time. For this simple
¢ on the chemical composition of the stellar atmosphere, tBgometry, withR;, < Ry, the radial and tangential optical
effective temperature and the density in the wind at the locdepths are related as
tion of dust condensation. Model calculations for carbon-rich
chemistry suggest that decreases with increasing amount oftan/Trad =
condensible material and increases with increa%ing(Arndt When presenting the results of the mode! fits, the values,of

etal. 1997). 3 o fta wavelength = 1 4m are listed.
Expansion velocities may be measured from the twin peaks

of OH maser profiles, but only a few of the brightest maser

(2)
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Table 2.Model parameters for M-type stars without ISO spectra, usifi@gble 4. Model parameters for carbon stars without ISO spectra (as-
amorphous olivine from Jena. For a given sfay, (in Rg), Rin (i suming type C5 witil.g = 2804 K), using amorphous carbon from
R,), andr.q (at a wavelength = 1 um) are adjusted to fit the model Jena. For a given staR, (in Rg), Rin (in R.), andr.q (at a wave-

to the observations, yieldiny/ (in 107% Mg yr=1). lengthA = 1 pm) are adjusted to fit the model to the observations.
Star Tet R. R Twaa M Star R. R Taa M
HV12501 3810 840 19.7 0.034 3 GRV0519-6700 320 8.5 0.016 <0.01
HV2360 3736 870 19.2 0.083 7 IRAS04286-6937 430 104 6.4 5
HV5870 3434 820 13.6 0.10 5 IRAS04539-6821 490 10.7 10 10
HV916 3666 1050 17.5 0.060 6 IRAS04557-6753 410 10.8 11 8
IRAS04407-7000 2890 1150 89 1.1 50 IRAS05009-6616 570 104 6.7 8
IRAS04498-6842 2890 770 89 1.0 26 IRAS05113-6739 520 10.8 10 11
IRAS04509-6922 2500 950 6.0 0.83 17 IRAS05295-7121 410 106 8.1 6
IRAS04516-6902 2667 1200 7.0 0.93 33 IRAS05300-6651 480 10.8 12 11
IRAS04530-6916 2890 1400 125 95 840 IRAS05360-6648 430 108 11 9
IRAS05294-7104 2890 800 99 21 64 IRAS05506-7053 480 11.0 17 16

SHV0522023-701242 3666 160 16.7 0.001 <0.01 SHV0454030-675031 190 9.2 0.76 0.15
SHV0524565-694559 3434 190 13.1 0.034 0.2  SHV0502469-692418 290 8.5 0.018 <0.01
SHV0530323-702216 3309 280 11.3 0.053 0.4  SHV0521056-690415 680 8.9 0.44 0.6
WOH SG374 3309 730 13.0 0.59 23 SHV0522118-702517 300 9.6 1.7 0.7
SHV052600%701142 360 95 15 0.8
V0535442-702433 320 8.8 0.23 0.1
M45 350 104 6.0 3.5

Table 3.Model parameters for carbon stars with ISO spectra (assumﬁ
type C5 withT.g = 2804 K), using amorphous carbon from Jena ana—

crystalline carbon (SiC) from Laor & Draine (1993). For a given sta| RM72 460 10.3 56 5
R, (in Rp), Rin (in R.), the mass fraction (in%) of dust containedTRN|88 490 100 31 3
into SiC, andn..q (at a wavelengthh = 1 um) are adjusted to fit the wBP14 330 93 10 0.5
model to the observations, yieldidg (in 10~% M yr~'). Model fits
derived for multiple epochs are labelled in the last column. Table 5. Model parameters for the silicate carbon star
IRAS04496-6958, assuming spectral type C5 withs = 2804 K,
Star R. Rw SIC 7waa M Ep. and using amorphous carbon and olivine from Jena and crystalline
HV2379 330 95 0 14 06 A carbon (SiC) from_Lao_r & Draine (1993)_R* (|_n R@_), Rin (|r_1_
270 96 0 17 06 B R,), ’[heT mass fraction (in%) of dust contained into Sl_C and ollv_lne,
masbaGL 0 dbs D T4 B et G Anneen | vt o
IRAS05112-6755 580 10.8 0 11 14 fits derived for multiple epochls are labelled in the IG;st coILJmn
IRAS05128-6455 600 10.3 0 50 6
IRAS051906-6748 520 11.0 0 17 19 - — :
IRAS05289-6617 290 12.6 20 67 41 A Model R, R SIC olvine 7aq M Ep.
220 13.3 20 84 41 B Sil.+carbon 760 10.0 10 60 24 12 A
IRAS05348-7024 650 11.1 50 12 26 A 680 10.1 10 60 26 12 B
500 11.3 50 92 26 B Carbon 820 9.9 0 0 30 56 A
IRAS05568-6753 450 12.2 0 56 55 730 10.1 0 0 33 56 B

SHV0500193-681706 340 10.0 0 22 19 A

500 9.8 0 32 19 B
SHV0500233-682914 480 9.7 20 15 16 scaled as described in Sect. 2.5, usinfjom the final fit of the
model to the observations. The resulting valuesfaand M/
— as opposed td;,,., — are rather insensitive to the exact
value of T,g, which for many of our stars is not known from
The strategy to obtain the best fit of the model to the obsen@pservations.
tions involves iterations of model calculations where input pa-
rameters are being adjusted according to the following (rough) -
guidelines: (i) adjusR, to reproducel; (i) adjust M to fit the g\? Results of model fitting
25 pum flux density; (i) adjustRi ., to fit the extinction in The results of the model fits are listed in Tables 1 to 5, and
the near-IR. The aim is to readh,s; = 1000K at R;,,, where the model SEDs are presented together with the observational
Taust refers to the hottest component in the case of a mixtudata in Figs. 2 to 6. The stars are discussed in separate sec-
of dust species. If a spectrum around i is available, then tions according to the chemistry and the availability of 1ISO
the strength of the silicate (or SiC) feature and the level of tkpectroscopy. The peculiar carbon star IRAS0448%68 is de-
stellar and/or dust continuum are additional criteria to be mestribed in a section of its own. When more than one epoch of
Firstvex, = 10km s~! is used, but afterwards.,, andM are datawas available, both epochs were fitted with the requirement

2.6. Fitting strategy
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Fig. 2. Model fits (solid lines, Table 1) and observational data (solid circles for epoch A and open squares for epoch B) for M-type stars with
ISO spectra.

that the mass-loss rate remains the same. The approach takexpe and strength of the 10n silicate feature are well repro-
here is not entirely correct, as the stars are all Long Period Vatisced by the model. The only serious flaw in the fit for these stars
ables requiring dynamical models (Hron et al. 1998). is the discrepancy between the observed and predictegeh60
flux density. This is seen in all fits, without exception, including
carbon stars. The data do not reveal any trend with luminosity,
mass-loss rate or IR colour, nor with the time that a dust par-
The input spectral types and model fit parameters for the Mele spends in the dust shell= 10*R, /Ve,, or the density
type stars for which we have I1SO spectroscopic data are listgtthe inner radius of the dust shell= M/47TR-2nvexp- There

3.1. M-type stars with SO spectra

1

in Table 1, and the model fits are plotted together with the phare three possible explanations: (i) the measured:80flux

tometric and spectroscopic data in Fig. 2. densities may have been over-estimated (Trams et al. 1999b);
Examples of good fits are IRAS05328708 and SP77 (ji) a contribution of largeq > 1 um) and/or cool ' < 200 K)

30-6, for which both the general shape of the SED and tlgains would enhance the emission at far-IR wavelengths, in
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HV12501
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|

HV916

IRAS04516-6902

IRAS04509-6922

TRAS04498-6842

IRAS04407-7000

log F [erg s°! cm=? um-!]

SHV0524565—-694559

SHV0522023-701242
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T
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SHV0530323-702216

0.5 1 1.5 0.5 1 1.5

Fig. 3. Model fits (solid lines, Table 2) and observational data for M-type stars without ISO spectra.

which case a trend of increasifgpserved / Finodel [60 pm] for A third discrepancy seen for some, but not all, stars is an
largert or p is expected. This cannot be confirmed with themission deficiency in the model fit in the wavelength interval
current dataset, but the quality of the @n data is not high between~ 4 and 8um, i.e. for HY996 and IRAS055587000.
enough to rule it out either; (iii) a shallower slope of the SED &this is known from the literature to be a common problem in
far-IR wavelengths may be obtained by increasing the compliting models to oxygen-rich CSEs, and it is investigated in
term of the optical constants, thereby increasing the emissibetail for the post-AGB star AFGL4106 by Molster etal. (1999).
in the far-IR over the extinction at shorter wavelengths. Possible explanations include small, hot grains, or a different
Often the silicate feature produced by the model using amahemical composition of the dust.
phous olivine is too strong compared to that observed, i.e. for The two stars for which we had most difficulties in reaching
HV996 and IRAS054026956. For HV12070 this may be duean acceptable fit are IRAS05298957 and WOH G64. The
to the fact that it is an MS-type star, i.e. a star with a carbon-tecemmon problem is reproducing the observed weak extinction
oxygen ratio smaller than but close to 1, and hence the dust nrayhe near-IR and the silicate feature compared to the strong
be of a rather peculiar chemical composition. The observed sitiid- and far-IR emission. One possible explanation is that of
cate emission sometimes peaks at a longer wavelength than dodisk-like shape of the CSE, in which case the disks of these
the model, which may be caused by our assumption of spheristrs are viewed under a large inclination angle causing little
grain shape: a continuous distribution of ellipsoids would yiekektinction in the line-of-sight towards the stars. Perhaps we see
somewhat broader emission features at a wavelength that bare the progenitors of the disk-like and bipolar morphologies
be a few 0.1um longer. Perhaps the silicate dust in the LMC isommon for planetary nebulae and post-RSGs. Alternatively,
different from silicate dust that is formed at solar metallicity. their dusty CSEs may be clumpy (see e.g. the recent spatially
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Fig. 4. Model fits (solid lines, Table 3) and observational data (solid circles for epoch A and open squares for epoch B) for carbon stars with
ISO spectra.

resolved observations of IRC+10216 by Weigelt et al. 1998 aB@. Carbon starswith 1SO spectra

AFGL 4106 by van Loon et al. 1999b). The model fit parameters for the carbon stars for which we have

ISO spectroscopic data are listed in Table 3, and the model fits
3.2. M-type stars without 1SO spectra are plotted together with the photometric and spectroscopic data

: , in Fig. 4.
The input spectral types and model fit parameters for the -
type stars for which we do not have ISO spectroscopic data areThe general shape of the SED can be reproduced by the

listed in Table 2, and the model fits are plotted together with t ol<(jel rgth_er \{veltlr,] but in IS evetLa! ct:asesl, tt)hcta obsr,grveg fgectra
photometric data in Fig. 3. ack emission in the wavelength interval betweerb an

In general, good fits of the model to the observed SERN- This may be attributed to the a}bsorption by carbonaceous
are obtained, disregarding the 6am flux densities. This is molecules (Hron et al. 1998). The discrepancy between the ISO

likely connected to the fact that there is no information abo pectrum and the photon_‘netnc data of IRASOS%B&SS. may
related to a problem in the background subtraction of the

the strength of the silicate feature or the emission between 4
OT-S spectrum.

8 um. IRAS045306-6916 may well be an example of a star lik . . . .
H yw xamp ! The strength of the silicon carbide (SiC) feature in the spec-

WOH G64, for which we argued that the CSE may be disk-like. !
The only M-type star that has an SED consistent with rJ"E)um of IRAS05348-7024 could be well reproduced by a mix-

mass loss is SHV052202301242 (the ISOPHOT measure-tsu_rc(:a _(I)_L_equal I((qjqant:nes of arrp or:phouts I<|:_arb((j)n ?nd E[:ry?til“ne
ment at 25um for this star is consistent with no detection) I%. Tis would imply a very high crystailine dust content. The

indicating that we are able to detect mass-loss rates in exces§'8%fr"’1ct'onS are sensitive to the optical constants used —which

afewx10~5 My yr-! may be metallicity dependent — and to possible differences in
© ' the geometrical distributions of the dust species. Such flaws in
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Fig. 5. Model fits (solid lines, Table 4) and observational data (solid circles for epoch A and open squares for epoch B) for carbon stars without
ISO spectra. The 12 and 2&m flux densities of IRAS055067053 are IRAS data (Trams et al. 1999b).

our modelling might also explain the problem in reproducingrror, the 12 and 25:m flux densities being consistent with
the SiC feature in the very obscured object IRAS0528617. no detection whilst even without an IR excess this star should
have been detected easily. Adopting the IRAS photometry the
SED may be (poorly) fitted using amorphous carbon instead of
silicates. Hence we have reclassified this star as a carbon star,
The modelfit parameters for the carbon stars for which we do moiperseding the result obtained by Trams et al. (1999b).

have 1SO spectroscopic data are listed in Table 4, and the modelAll SEDs can be fit satisfactorily, disregarding the 60
fits are plotted together with the photometric data in Fig. 5. Then flux densities. The ISOPHOT measurement at;@b of
ISOPHOT photometry of IRAS055667053 may have been inIRAS05295-7121, which is at a very faint level indeed, bears

3.4. Carbon stars without 1SO spectra
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Here we fit the SED of this silicate carbon star with a dust
mixture of amorphous carbon, olivine and SiC, and also using
pure amorphous carbon dust. The model fit parameters for the
carbon star IRAS044966958 are listed in Table 5, and the
model fits are plotted together with the photometric and spec-
troscopic data in Fig. 6.

Because of the smaller opacity of olivine, the mixture re-
quires lower luminosities and higher mass-loss rates in order
to fit the observed SED than in the case of pure carbon only.
The shape of the SED around 10n is partly reproduced us-
ing the mixture, featuring emission from olivine &t 10 and
18 um, and from SiC at- 11.5 um. The oxygen-rich dust com-
ponent is likely to be in a stationary disk configuration rather
than evenly distributed in the spherically symmetric, outflow-
ing CSE (Trams et al. 1999a). This may be the cause for the
very high estimate of the olivine fraction of 60%, which dis-
agrees with the observed IR colours that are entirely dominated
by carbon-rich dust. Hence we adopt instead the luminosity and
mass-loss rate derived when using pure carbon. The model fit
using pure carbon would imply strong molecular absorption in

Fig. 7.Bolometric correction®&3Cx relative to the K-band magnitudes,the 5 to 9 um region and around 14m (see also Hron et al.
versus(K — L) colours. The relation is virtually identical for carbon1998).
and M-type stars, and is well represented by the function given in Eq.

(3) (dotted line).

4. Discussion

4.1. Luminosities

a large uncertainty and is within the errorbars consistent with

the model fit.

Luminosities derived from the model fits are listed for M-type

Two stars. GRV05196700 and SHV0502469692418 @and carbon stars in Tables 6 and 7, respectively, together with

have SEDs consistent with no mass loss: like for oxygen-riéf — L) colours and bolometric correctior$Ci relative to
CSEs, mass-loss rates in excess of a fel0—* M, yr—! are the K-band magnitudes. In Fig. 7 these bolometric corrections

detectable in our data.

3.5. IRAS04496—-6958

are plotted against thgd — L) colours. The carbon stars define
a rather tight relation of the form

BCx =3 — (K — L)*/12 (3)

The 1SO data of this star have been discussed extensivelyatid for 0 < (K — L) < 4 mag. Bolometric magnitudes can
Trams et al. (1999a), where the authors argue for the presebeeestimated for obscured stars in this colour interval with an

of a minor fraction of silicate dust in the CSE.

accuracy of a fewx(0.1 mag. If the scatter in the data is due to
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Table 6. Bolometric magnituded/.1, absolute K-band magnitudesTable 7. Bolometric magnituded/,.;, absolute K-band magnitudes
Mz, (K — L) colours and bolometric correctio®C'k relative toMx  Mx, (K — L) colours, and bolometric correctiof®'k relative toMk
of the M-type stars. The distance to the LMC is assumed 50 kpc, of the carbon stars. The distance to the LMC is assuihed50 kpc,

and the bolometric magnitude of the SMfy,o1,c = —4.72. and the bolometric magnitude of the SMfy,.1,c = —4.72.
Star Mol Mx (K—-L) BCk Star Mol Mx (K-L) BCxk
HV12070 —6.75 —9.75 0.47 3.00 GRV0519-6700 —4.68 —7.82 3.14
HV12501 -8.09 -10.74 0.45 2.65 HV2379 —-4.73 —-7.09 1.70 2.36
HV2360 —-8.09 -10.74 0.55 2.65 —-4.29 —-6.59 2.30
HV2446 —6.69 —9.75 0.53 3.06 IRAS04286-6937 —-530 -7.24 2.15 1.96
HV5870 -7.60 -10.39 0.50 2.79 IRAS04374-6831 -554 —-7.09 2.55 1.55
HV888 —-8.77 —-11.60 0.43 2.83 IRAS04496-6958 —6.70 —-9.54 1.35 2.84
HV916 —8.42 -—-11.24 0.45 2.82 —6.45 —-9.04 1.60 2.59
HV996 —-8.09 -10.91 0.75 2.82 IRAS04539-6821 —-559 -6.69 3.00 1.00
IRAS044077000 —-7.52 -10.31 0.88 2.79 IRAS04557-6753 -5.20 -6.04 2.85 0.84
IRAS04498-6842 —6.65 —9.79 1.00 3.14 IRAS05009-6616 -592 -7.79 2.25 1.87
IRAS04509-6922 —-6.42 -9.34 1.05 2.92 IRAS05112-6755 -596 -6.54 3.22 0.58
IRAS04516-6902 —7.22 -10.25 1.01 3.03 IRAS05113-6739 —-5.72 —6.63 2.96 0.91
IRAS04530-6916 —7.93 —8.76 2.13 0.83 IRAS05128-6455 —6.03 —-7.94 2.00 1.91
IRAS04545-7000 —6.85 —9.09 2.25 2.24 IRAS05190-6748 -5.72 -5.39 3.40 —0.33
IRAS05003-6712 —-5.95 —-9.04 1.30 3.09 IRAS05289-6617 —4.45
IRAS05294-7104 —6.72 —9.59 1.30 2.87 —-3.84
IRAS05298-6957 -5.21 —6.89 3.00 1.68 IRAS05295-7121 -5.20 -6.74 2.40 1.54
—6.72 —7.39 2.60 0.67 IRAS05300-6651 —-554 —-6.29 3.10 0.75
IRAS05329-6708 —6.09 —8.09 2.15 2.00 IRAS05348-7024 —6.20 —-6.89 2.90 0.69
IRAS05402-6956 —-5.90 —7.89 2.60 1.99 -5.63 —-5.79 3.40 0.16
—6.85 —8.99 2.25 2.14 IRAS05360-6648 -5.31 -6.19 2.80 0.88
IRAS05558-7000 —6.58 —9.59 1.30 3.01 IRAS05506-7053 —-5.54 —-4.89 3.30 1.35
—5.61 —8.46 1.83 2.85 IRAS05568-6753 -5.40
SHV0522023-701242 —4.33 —7.09 2.76 SHV04540306-675031 —3.53 —-6.64 3.11
SHV0524565-694559 —4.42 —7.74 3.32 SHV0500193-681706 —-4.79 —7.79 1.20 3.00
SHV0530323-702216 —5.10 —-8.14 3.04 -563 -824 1.25 2.61
SP77 30-6 —6.45 —9.49 0.65 3.04 SHV0500233-682914 —-5.54 —8.39 1.55 2.85
WOH G64 -9.19 -11.51 1.66 2.32 SHV0502469-692418 —-4.46 —7.68 0.51 3.22
WOH SG374 —7.17 —-9.85 0.95 2.68 SHV0521056-690415 —-6.30 —9.26 0.83 2.96
SHV0522118-702517 —4.52 —7.49 1.30 2.97
SHV052600%701142 —-4.92 —-8.04 1.30 3.12
SHV0535442-702433 —-4.67 —7.84 0.35 3.17
TRMA45 —4.86 —6.94 2.05 2.08
limited accuracies of the photometry and/or model fitting, therRm72 —-5.45 -7.53 2.36 2.08
luminosities can be estimated with help of the mean relationsHigM88 -559 -8.25 1.69 2.66
to an accuray of perhaps only 0.1 mag. M-type stars obey WBP14 —-4.73 —-7.94 1.05 3.21

approximately the same relation betwdef'x and(K — L) as
carbon stars do, although the scatter in the M-type stars seems
larger and they appear to haBx smaller by~ 0.19 + 0.09 Carbon stars result from the dredge-up of carbon during
mag for(K — L) < 1 mag. thermal pulses. The fact that the dust-enshrouded carbon stars
The bolometric luminosity distributions of the carbon andre more luminous than the optically bright carbon stars suggests
M-type stars are plotted in Fig. 8. The distributions resembileat (i) mass-loss rates increase during the thermal-pulsing AGB
those presented in van Loon et al. (1999a). Only stars w{fiP-AGB) rendering carbon stars optically invisible before they
M > 1077 Mo yr—! are plotted, together with the opticallyleave the AGB and/or (ii) carbon stars with more massive cores
bright carbon stars in the LMC from Costa & Frogel (1996%pend a larger fraction of their TP-AGB lifetime being obscured
Optically bright carbon stars, dust-enshrouded carbon stars, &g@ massive CSE than carbon stars with less massive cores. If (i)
dust-enshrouded M-type AGB stars and RSGs occupy distiietrue then dust-enshrouded carbon stars are closer to the tip of
luminosity ranges with little overlap: optically bright carborthe AGB than are their optically visible counterparts, in which
stars populate the AGB mostly betweéf,,, = —4 and—5 case their luminosity distribution (Fig. 8) will be representative
mag, whilst most dust-enshrouded carbon stars have luminasgithe progenitors of Planetary Nebulae. This is also valid for the
ties betweenlf,,,, = —5 and—6 mag. M-type AGB stars are M-type AGB stars that do not seem to evolve much in luminosity
mainly found betweei/,,,, = —6 and—7 mag, and (M-type) once they have become dust-enshrouded: if their luminosities
RSGs peak arounti/;,,; = —8 mag. would still increase by more than a factor of two then many
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Fig. 9. Mass-loss rates versus bolometric luminosities for carbon and
Fig. 8. Bolometric luminosity distribution of carbon and M-type stard/-type stars. The distribution of stars suggests a maximum limit to
with M > 10~7 Mg yr— !, compared to the optically bright carbonM which is proportional td. (short-dashed line) and higher than the
stars in the LMC (divided by 20) from Costa & Frogel (1996). Thélassical limitMeassic = L(vexpc) ™' oc L™ (long-dashed line).
luminosity distribution of dust-enshrouded carbon stars peaks at aTipe rates at which mass is burned by the CNO (AGB stars) and 3
minosity higher than optically bright carbon stars, but lower than du§RSGs) cycles are also proportionalliq(dotted lines).

enshrouded M-type stars. RSGs and AGB stars are separated by a gap

in the luminosity distribution around/,,; ~ —7.5 mag. . . .
N the JUminostty bel g luminous thanM,,; = —6 mag are not entirely absent in the

LMC means that HBB cannot be effective during the entire du-
more dust-enshrouded M-type AGB stars would be expectedion of the TP-AGB. HBB may shut off near the very end of
with M, < —6 mag. the TP-AGB when mass loss has reduced the mass of the mantle

Among the dust-enshrouded AGB stars, the luminosity dit below a critical value needed to maintain the high pressure
tribution of M-type stars peaks atf,,; ~ —6.5 mag which is and temperature required for HBB to occur (Boothroyd & Sack-
significantly more luminous than the peak of the carbon stavann 1992). Dredge-up of carbon by another thermal pulse may
luminosity distribution atMy,, ~ —5.7 mag. If, as suggestedthen cause the photospheric carbon-to-oxygen ratio to exceed
above, luminosities of dust-enshrouded AGB stars can be dhity (Frost et al. 1998; Marigo et al. 1998). With 3 out of 13
rectly translated into progenitor masses then the division ddist-enshrouded AGB stars betwed,; = —6 and—7 mag
Mo ~ —6.0 mag between the dust-enshrouded M-type amging carbon stars, this means that massive AGB stars (typically
carbon star luminosity distributions translates to a Zero Agezanvs ~ 5 M) experience about four to five thermal pulses
Main Sequence (ZAMS) mass 8 4;, ~ 4 Mg (Wood 1998). during the dust-enshrouded phase. AGB stars Wig vis ~ 5
Stars withMzams < Maiy, become carbon stars on the TPM, have interpulse periods ef 1 x 10* yr (Vassiliadis & Wood
AGB. Our sample of dust-enshrouded carbon stars contair@93), yielding lifetimes for these dust-enshrouded AGB stars
stars as faint adf,, ~ —4 mag, implying a lower limit to of ~ 5 x 10*yr.
the progenitor mass of carbon stars between 1 and, Z\Wbod
l§998). This lower mass limit should be regard_ed as tentatl\ae_?_ Mass-loss rates

ecause the way our sample was selected will result in fain
dust-enshrouded stars being under-represented. It is in gto@rig. 9 the mass-loss rates are plotted versus the bolometric
agreement, though, with the 1.5Mower limit to carbon star magnitudes for the stars in our sample. Before discussing the
formation as estimated by Groenewegen & de Jong (1993). implications for the mass loss in the AGB and RSG phases, two

Stars withMzams > Mgy Stay oxygen rich on the TP- possible selection effects need to be addressed.

AGB. Thisis expected if Hot Bottom Burning (HBB: Iben 1981;  First, faint stars with high mass-loss rates may have escaped
Iben & Renzini 1983; Wood et al. 1983) is effective: in suffiselection due to the difficulty to detect their faint, obscured near-
ciently massive stars the pressure and temperature at the bottRmounterpart. Indeed, the two carbon stars IRASO528%1 7

of the convective mantle are high enough for carbon to be pwith M, = —4.15 mag andM = 4.1 x 1075 Mg yr—!
cessed into (mainly) nitrogen, thus preventing the formation ahd IRAS05568 6753 with M, = —5.40 mag andM =

a carbon star. The fact that dust-enshrouded carbon stars niofe< 10~°> M, yr—* were only included because in both cases
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the IRAS point source had been erroneously identified with an ! [ o T Lt

M-type field star. The K-band magnitude of their real near-IR L Q. e
counterparts is expected to be fainter tén- 19 mag, which 1°¢ 7r| e i
is beyond any of the near-IR searches done so far. Hence more - *
such heavily obscured, bolometrically faint stars are expected © [~ @ ) >;<o AR
to exist (see also paper Il and Loup et al. 1999). From the lu- I o Xx x *
minosity distributions (Fig. 8) these are expected to be carbon | % X w .
stars. A similarly obscured object (S13) was found in the Small - '
Magellanic Cloud by Groenewegen & Blommaert (1998). -1 Sxx gy @
Second, stars with small IR excesses have been largely ex- [ S g
cluded from our sample. This may have resulted inthe absence |  .°* .-~ ° il
of stars with) < 10~7 Mg, yr—! aroundM,,; ~ —4 mag to L e , i
stars withA7 < 1076 Mg yr~! aroundMy,q; ~ —9 mag. It 2 . -
would be interesting to investigate whether this region in the Foie?
M versusM,, diagram is in fact devoid of stars. Gail & Sedl- i

\
N\
\

Mstars (LMC)

mayr (1987) suggested that dynamical considerations exclude | | Cstars (LMC)
dust-driven winds with\/ < few x107% Mo yr—! (atL ~ few 3 Cstars (Croenewegen et al.)
x10% L), which is reproduced in recent model calculations by e C stars (Ivezi¢ & Elitzur) .
Schider et al. (1999). The values faf that we find for faint e i ‘2 ‘ g —
stars of L ~ few x10% L are more than an order of magni- (K-1)

tude lower than the lower limit predicted by Gail & Sedimayr

(1987). These stars provide direct evidence for the existencéf 10- Flux-weighted optical depthr versus(K — L) colour. The

a wind-driving mechanism other than purely radiation preSSLﬁ%rrelatlon for M-type stars in the LMC (open circles) is approximated
on dust by the dotted line, whereas the correlation for carbon stars in the LMC
o ) | t to be higher for th (solid circles) is approximated by the dashed line. Also plotted are
N average mass-loss rates appgar 0 be higher for ?ﬁ'actic carbon stars, with- values from Groenewegen et al. (1998)
type stars than for the carbon stars in our sample, but th's(éﬁ)sses) and Ivezig Elitzur (1995) (stars).
a result of the higher luminosities of the M-type stars in our

sample rather than the different chemistry per se (Fig. 9). The

data suggest a maximum limit to the mass-loss rate, outlined@ttant for(K — L) >4 mag. The fact that the two LMC carbon
a (short-dashed) line G/ o L. There does not seem to be atars withry > 1 had not been identified in the near-IR is con-
distinction between the luminosity dependence of the maximwitent with their expecteds — L) > 4 mag on the basis of Fig.
M for AGB stars — be it carbon or M-type — and RSGs, despite. The galactic carbon stars from Groenewegen etal. (1998) are
their different masses and internal structure. The maximiim plotted for comparison (crosses). These are real flux-weighted
is higher than the classical single-scattering litit.sic = optical depths, i.e. they were not calculated from the mass-loss
L(vexpe) ™' oc LO7° (Jura 1984) by a factor 2 at L = 10°  rate, luminosity and expansion velocity. The flux-weighted op-
Lo upto afactor~ 10atL =5 x 10° L. This is expected to tical depths of the galactic carbon stars from I¢eiElitzur
happen when multiple scattering of photons in the dusty C£995) are plotted too (stars). For both galactic samples we use
becomes important (Gail & Sedlmayr 1986). The six M-typghe (K — L) colours of the model fits from Groenewegen et
stars closest to th&/ limit are indeed also the stars with theal., after transformation onto the SAAO system (Carter 1990).
largest optical depth at/dm among the M-type stars, averaginghe Ivezt & Elitzur values ofrw are in better, but not exact,
Trad(1 pm)= 9 & 2. The same is true for the two carbon starggreement with the carbon stars in the LMC. The reason for the
near the) limit, IRAS05289-6617 and IRAS055686753, discrepancy between the galactic carbon stars and the carbon
that have the largest optical depth among the carbon stars, vi#s in the LMC, and between the work of Groenewegen et al.
Trad(1 pm)= 76 and 56, respectively. and Iveze & Elitzur is likely to be related to the different optical
The factor M /M..ssic can be identified with the flux- properties assumed for the dust by the various authors.
weighted optical depthy (cf. Ivezic & Elitzur 1995; Groe-  To appreciate the importance of the mass-loss rate for the
newegen et al. 1998, and references therein). In Fig. 10 @lution of a star)/ should be compared with the rate atwhich
values ofrp = M/ Meassic for the M-type stars (open circles)mass is consumed by nuclear burnifi,.., and which deter-
and carbon stars (solid circles) in our ISO sample in the LMfaines the evolutionary timescale in the absence of severe mass
are plotted against theifd — L) colours. Not surprisingly, these|oss. In AGB stars the energy is mainly produced by the CNO
two quantities are well correlated and can be reasonably wgftle in the H-burning shell, releasing 6.1 x 10'8ergg™!,
approximated by ~ 0.4 x (K — L)? for the M-type stars whilst in RSGs the & cycle in the He-burning core is respon-
(dotted line) andr ~ 0.02 x (K — L)? for the carbon stars sible for the stellar luminosity, releasing 5.9 x 1017 erg g
(dashed line). From Fig. 10 it can be seen that multiple scattgippenhahn & Weigert 1990). The lines 8f,,,. are propor-
ing already becomes important(Z, 1) for M-type stars with tional to L (dotted in Fig. 9). All AGB stars in our sample
(K — L)z 1.5 mag, whereas for carbon stars it only becomes ingith measurable mid-IR emission from circumstellar dust have

% X ® O
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M > M., and hence their AGB evolution will be terminated ‘ ‘ ‘ ‘

by the loss of the stellar mantle before the core can grow sig-10 IRAS04509-6922 O
nificantly. Indeed, the extreme AGB stars with > 1 have
lifetimes of only of the order ofl.0* yr, which is comparable o
to the interpulse timescale (Vassiliadis & Wood 1993). Most
RSGs (M}, < —7.5 mag), however, experiendd ~ M.
This means that they cannot lose a large fraction of their stellar 7
mantles before presumably ending as supernovae. WOH G64 | suvosavsza-_r02216

with Mo = —9.19 mag andM = 2.8 x 1073 Mgyr—tand O 6 ©  HVI2070 OQ WOH SG374
probably also IRAS045306916 with My,,; = —7.93 mag and % 5L .

M = 8.4 x 107* Mg yr—! may be the only RSGs in our sam-* SHV0524565-694559

IRAS04516-6902

87

WOH G64

HV2446 O O HV5870

ple that have\/>> M,,... At such high mass-loss rates these tw& 4 |- HV996 O O HVB88
stars have lifetimes of only 2 x 10% yr.
The empty area in thé\(i,.;,M) diagram between the two | stvoszz023 701242 HYV916 Q
RSGs WOH G64 and IRAS0453®916 withlog M = —2.6 ol ivzsso ()
and—3.1, respectively, and the six RSGs with about two orders
of magnitude lower mass-loss rates is hard to explain interms of 1 — nvizso1 ()
selection effects and may therefore be a real gap in\fheis- ‘ ‘ ‘ ‘ ‘ ‘
tribution of RSGs. From these numbers we estimate that RSGs 3 —4 -5 -6 -7 -8 -9 -10
spend about 25% of their RSG lifetime in the intense mass-loss M, .,

hase afi/ ~ 10~3 M, yr—! and 75% in a moderate mass-loss. . N
P oY 0 IS-Ig. 11.Spectral subclasses versus bolometric luminosities for the M-

phase af\/ ~ 1075 Mg, yr—!. A similar gap of about an order ; ; .
f itude im/ b tin thil distributi f AGB type stars with known spectral type. The size of the symbol increases
ormagnitude Nl may be presentin IStribution 6 with larger M. Stars of later spectral type (cooléks) and higher

stars, although for stars fainter thaf,,; ~ —6 mag this is hard luminosity have largen7.
to prove due to the selection effects mentioned before. If true,
however, this means for the AGB stars that mes8(1%) of the

time on the TP-AGB is spent in relative quiescence, at high but . ) ,
not extraordinarily high\Z, with only short phases of intensel€mperature dependenceldf cooler stars, i.e. stars with larger
mass loss (see also Vassiliadis & Wood 1993). Such a “burgt#bclasses, experience largéithan warmer stars. Because the
may be episodic, or it may be the final shedding of the Stéqj_mmosny, effective tempe_ratu_re_ and surface gravity are inter-
lar mantle before the star leaves the AGB. According to recdffated (via the stellar radius) it is not yet clear to what extent
evolutionary calculations by Sdbder et al. (1998, 1999), which the dependence dif on L andT. reflects a dependence bf
take into account the characteristics of dust-induced mass-188408 9-
from pulsating AGB stars, the duration of the high mass-loss
phases strongly depends on the initial stellar mass.

The two brightest carbon stars in the sample, IRAS04496°- Summary

6958 with My, = —6.6 and SHV0521056690415 with \We derived mass-loss rates and luminosities for a sample of
My = —6.3 mag have mass-loss rates that are signitust-enshrouded oxygen- and carbon-rich AGB stars as well as
cantly lower than the mass-loss rates of most of the oxygegfew optically bright AGB stars and red supergiants, all of which
rich AGB stars at these high luminosities. We speculate th@dve been observed with ISO, using a radiation transfer code to
these stars may exhibit lower mass-loss rates following a (fiodel the spectral energy distributions at IR wavelengths.
nal) thermal pulse (Schder et al. 1998, 1999) that converted  The luminosity distribution of dust-enshrouded carbon stars
them from oxygen-rich AGB stars into carbon stars after HBBeaks atMyp, ~ —5.7 mag, which is in between the peak
could not be maintained anymore because the stellar manfieshe luminosity distribution of optically bright carbon stars
had been strongly diminished by mass loss on the TP-AGB,,, ~ —4.8 mag) and the peak of the luminosity distribution
This strengthens the explanation of the silicate dust arougfldust-enshrouded M-type AGB stard/{,; ~ —6.5 mag).
IRAS04496-6958 being due to a final thermal pulse, as sugve interpret this as follows: stars with masses-o to 4 M,
gested by Trams et al. (1999a). become dust-enshrouded carbon stars on the thermal pulsing
The process of dust formation is extremely sensitive to thgsB, whereas more massive AGB stars remain oxygen-richas a
temperature (Arndt et al. 1997), and (episodes of) increasedult of Hot Bottom Burning. Optically bright carbon stars may
mass-loss rates may therefore be related to Idikgrof the still evolve in luminosity before becoming dust-enshrouded, or
stars. The spectral subclasses of the M-type stars in our samp§ may be associated with generally less massive stars (1 to 2
for which the spectral type is known are plotted versus theyf.) than the stars that become dust-enshrouded carbon stars.
bolometric magnitudes (Fig. 11), with the size of the symbgihe existence of a few luminous carbon stars may be explained

increasing with larged/. The strong luminosity dependenceyy HBB switching off near the very tip of the AGB and the
of M is very prominent. However, there also seems to bepgcurrence of a final thermal pulse thereafter.
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Mass-loss rates of both AGB stars and RSGs are foundHmn J., Loidl R., Hbfner S., et al., 1998, A&A 335, L69
increase with increasing luminosity and decreasing effectileen I., 1981, ApJ 246, 278
temperature, and are typically ~ 10~6t010~% Mg yr—'on Ibenl, Renzini A., 1983, ARA&A 21,271
the TP-AGB and\/ ~ 10~°t010~3 M, yr—! for RSGs. Mass- |vezi¢ Z., Elitzur M., 1995, ApJ 445, 415

loss rates in some cases exceed the limit set by the rate at wHtdg" C-» Molster .J., Dorschner J., etal., 1998, A&A 339, 904
ia M., 1984, ApJ 282, 200

thaes Z\r/]?j"gltjlset [f h(r)rfggnrgg:‘nsei:tl:;nsg:ge?ii trar:z:‘/ei;ﬁd g\z;oer%]%penhahn R., Weigert A., 1990, Stellar Structure and Evolution.
9 y 9 9, p 9 Springer, Berlin, p166

for ml_JItipIe scattering to be effective in driving tr_]e outflovvj_aor A., Draine B.T., 1993, ApJ 402, 441

Such intense mass loss only happens during distinct (Possipi¢aro ., Hammersley P.L., Clegg R.E.S., et al., 1994, MNRAS 269
recurrent) phases in the evolution of AGB stars and RSGs that 365

last typically 20 to 25% of the dust-enshrouded lifetime. It isoup C., Zijlstra A.A., Waters L.B.F.M., Groenewegen M.A.T., 1997,

only during these episodes of intensified mass loss that the massA&AS 125, 419 (paper I)

loss rate of RSGs exceeds the mass-consumption rate dukotgp C., Josselin E., Cioni M.-R., et al., 1999, in: Asymptotic Giant
nuclear burning, whereas the mass-loss rate of dust-enshroudedranch Stars, eds. C. Waelkens, T. Lebertre, &bile. ASP Conf.

AGB stars always exceeds the mass-consumption rate due toSer- P61 o
nuclear burning. Marigo P., Bressan A., Chiosi C., 1998, A&A 331, 564

Molster F.J., Waters L.B.F.M., Trams N.R., et al., 1999, A&A in press
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