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ABSTRACT

Context. Low- and intermediate-mass stars lose most of their staikmss at the end of their lives on the asymptotic giant branch
(AGB). Determining gas and dust mass-loss rates (MLRs) pomant in quantifying the contribution of evolved starghe enrich-
ment of the interstellar medium.

Aims. Attempt to, for the first time, spectrally resolve CO thertirag emission in a small sample of AGB stars in the Large Magét
Cloud.

Methods. The Atacama Large Millimeter Array was used to observe 2IRldtars and 4 carbon stars in the LMC in the CO231
line.

Results. We present the first measurement of expansion velocitiegtragalactic carbon stars. All four C-stars are detectadl an
wind expansion velocities and stellar velocities are diyaneasured. Mass-loss rates are derived from modelliagplectral energy
distribution andpitzer/IRS spectrum with the DUSTY code. Gas-to-dust ratios arevelthat make the predicted velocities agree
with the observed ones. The expansion velocities and MLBs@mnpared to a Galactic sample of well-studied relatively MLRs
stars supplemented with “extreme” C-stars that have ptiggemore similar to the LMC targets. Gas MLRs derived froninapse
formula are significantly smaller than derived from the dustdelling, indicating an order of magnitude underestinudtthe esti-
mated CO abundance, time-variable mass loss, or that thet@asities in LMC stars are lower than predicted by the fdaderived
for Galactic objects. This could be related to a strongerstellar radiation field in the LMC.

Conclusions. Although the LMC sample is small and the comparison to Galatars is non-trivial because of uncertainties in
their distances (hence luminosities) it appears that fora@® ghe wind expansion velocities in the LMC are lower thathie solar
neighbourhood, while the MLRs appear similar. This is ineggnent with dynamical dust-driven wind models.

Key words. Stars: AGB and post-AGB — Stars: winds, outflows — Radio lisesrs
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1. Introduction It would be extremely interesting to extend this type of anal
) . o ysis to carbon-rich stars and to larger samples so that aingean

Low- and intermediate-mass stars (LIMS) have initial masse fy| comparison to Galactic objects could be made. The cbllec
~0.8-8M;, depending somewhat on metallicity. They end thejrg area and small beam of the Atacama Large Millimeter Array
lives with an intense mass-loss episode on the asymptatitt gi(AL MA) is required to detect spectrally resolved CO linestie
branch (AGB). In a classical picture (Wood 1979), stellaspu  pCs.
tion and du.st formation drlvg a slow, cool W|nd_. This vv_lndrfro This paper describes the first results of such a programme.
AGB stars is one of the main sources that enrich the intéastelThe target list is presented in the next section. The ALMA ob-
medium (ISM) with gas and dust. servations and results are presented in Section 3. Thesksres

To quantify the level of enrichment and compare it to othetre discussed in Section 4 where they are compared to predic-
sources, like supernovae or dust growth in the ISM, one hastiens of radiatively driven wind theory, and the results foe
determine the mass-loss rate (MLR) in gas and dust of AGBMC are compared to a Galactic sample. The evolutionary sta-
stars. Typically, the dust MLR is determined by modelling thtus of the stars is examined with the aid of AGB stellar madels
spectral energy distribution (SED) and is especially $imesio Conclusions are presented in Section 5.
the infrared photometry. The gas MLR is determined by mod-
elling the rotational-vibrational transitions of carbormmnoxide
(CO). The dust MLR is directly proportional to the (dust) arp 2- Targets

sion velocity of the wind, which is a priori unknown, and cafqr carbon (C) stars and two oxygen-rich AGB stars were
not be determined from the SED fitting. Expansion velociti€g|ected from the sample of about 225 C and 170 M stars
are known for hundreds of AGB stars in the Galaxy, through thg §jied by Groenewegen & Sloan (in prep.; hereafter GS16).
CO thermal line emission (e.g. Kerschbaum & Olofsson 19995 sample constitutes essentially all AGB stars and reesu
Olofsson et al. 2002 for M-stars, Groenewegen et al. 2002 fg s (RSG) in the SMC and LMC observed with the Infrared
C-stars) or OH maser line for O-rich sources (see the dagab Dectrograph (IRS) oBpitzer. GS16 constructed the SED and
by Engels & Brunzel 2015). fitted the SED and IRS spectrum with the radiative transf@) (R
For stars that are beyond a few kpc, determining expansig@fde “More of DUSTY” (MoD, Groenewegen 2012). The fit-
velocities becomes morefficult especially in the CO line. In ting procedure estimates luminosity and (dust) mass-lates r
part this is a sensitivity issue of the receivers and telesspin  |n addition GS16 determined the pulsation periods for many o
part the AGB population that one traces (outside the Galacthe stars based on a (re-)analysis of available multi-epbch
disk for example) may be constituted of stars of lower maas thometry. This included the OGLE, MACHO, EROS photometric
may have an inherently lower MLR and thus fainter line emisurvey datak -band data available in the literature for the red-
sion. der sources, combined witk—band epoch photometry from the
The first indication that the wind expansion velocities 0¥ MC survey (Cioni et al. 2011), and data in the mid-IR from the
AGB stars depend on environment (metallicity) came witBAGE-Var programme (Riebel et al. 2015, mostly the 4%
the detection of C-stars in the Galactic Halo. Groenewegédata), and the W2 filter data from the AllWISE multi-epoch pho
et al. (1997) detected CO (2-1) emission in the source IRA8metry (Wright et al. 2010) and NEO-WISE mission (Mainzer
12560+1656, while Lagadec et al. (2010) detected CO332 etal. 2011, see also Sloan et al. 2016).
emission in that source and five others. The expansion veloci Simple formula@ like Olofsson (2008) indicate that the ex-
ties were lower than that of C-stars in the Galactic diskhwhie pected flux in the low-level transitions of CO is proportitioe~
expansion velocity in IRAS 12560 as low as3 km s™. M*2£27, wherefco is the abundance of CO relative to.H'he

Hydrodynamica| wind models for C stars by Wachter et alp.eSt estimate fOf the MLR in making the Iine-ﬂux predictionS.
(2008) predict that expansion velocities in the LMC are gutle cOmes from modelling the dust (GS16), but then an uncertain
about 2.2+ 0.2 times lower than for solar metallicities, whiledust-to-gas ratio (DTG) must be assumed. Given all these un-
dust-to-gas ratios are slightly larger (by a factor~df.3), and Certainties anq the sensitivity of ALMA it was evident thalyp
mass-loss rates are relatively unchanged. the sources with the largest MLR estimates could potentisd|

Since maser emission is stronger than thermal emission, 3¢€cted.

tempts have been made to detect OH emission in the Small andTable[] lists the final sample. As an indication of theﬁr red-
Large Magellanic Clouds (MCs). Wood et al. (1992) report ss, the 2 OHR stars have the 4th and 6th largest estimated

the detection in 6 AGB and RSG stars observed in the LMC a HCSt optical depthkogtge 170 Mzstzérs SéUdieg in GSle,;vhHae th
no detection in the SMC. Marshall et al. (2004) added a few dé- -stars are ranked between 2nd and 17th among 225 C-stars.

he dust optical depth, luminosity and pulsation propertjee-
fiod, (semi-)amplitude and in which filter) are taken from186S
(see also Sloan et al. 2016). All objects are large-amsituaati-
Jbles (LPVs).

tections in the LMC. The current state-of-the-art is préseiy
Goldman et al. (2016), adding new detections and re-amalys
previous data, resulting in accurate expansion veloditied 3
OH/IR stars in the LMC. They suggest that the expansion vel
ity is proportional to metallicity and luminosity, asL%4.

Recently, Matsuura et al. (2016) detected CO line emig: Observations and analysis
sion in the bright LMC RSGs WOH G64 (one line) and IRAS )
05280-6910 (& 6-5 to 15-14). The data were obtained using thEh® sources were observed with ALMA at Band 6 on 2015
Herschel PACS and SPIRE instruments. The spectral resolutidgnuary 18, 19, and April 9 using 34, 41, and 35 12m anten-
is insufficient to resolve the lines, but, taking the wind expansidiS: 'espectively. The observations have four spectralavis;

velocity from an OH measurement, they modelled the CO [iff€ window with a width of 93 MHz and 3840 channels to
emission in IRAS 05280 and derived a MLR. cover the CO(2-1) transition, and three 2 GHz windows with

! and supported by detailed RT calculations carried out irptega-
Send offprint requests to: Martin Groenewegen ration of the ALMA proposals.
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Fig.1. CO (2-1) profiles of the 2 OHR (top, in blue) and 4 carbon stars. The solid line is a fit ®dhata using Equation 1. The fit
to IRAS 05298 is not significant, see Table 2.

128 channels each for the continuum. The line spectral windo  After calibration, continuum images were produced us-
was centered on 230.303 GHz, and the continuum windows wéng natural weighting. Where needed, continuum subtractio
centered on 212.791, 214.789, and 227.782 GHz. Becausevats performed and the CO(2-1) line was imaged averaging
Hanning smoothing, theffective velocity resolution in the line to 1 km s spectral resolution. Both for continuum and the
spectral window was- 0.64 km s1. The observations coveredline images, the typical beam size is71 x 1.2”, at a posi-

a baseline range of 15— 350 m providing a maximum recov- tion angle of~80°. The typical rms noise in the continuum im-
erable scale of 10.5”. The total observing time was 3.9 hrs ofages is~45uJy beam! and that in the line maps ranges from
which 2.1 hrs were spread equally over the six sources. 3.1-4.1 mJy beam!.

The maximum baseline (and thus the size of the beam) was

We calibrated the data using the CASA 4.2.2 pipelin€hosen to match the expected CO photodissociation radaesiba
Manual calibration with CASA 4.5.2 yielded consistent reon the formula of Mamon et al. (1988) so that the emission re-
sults. Ganymede and Callisto were used as flux calibratogén remains unresolved.
and the quasars J1164449, J07561231, J05194546, and
J0538-4405 were used for bandpass calibration depending on Line profiles were extracted from an area typically twice the
the date of observation. The quasar J06A%16 was used for beam-size and converted to a temperature scale within CASA.
complex-gain calibration at all observing dates. Figure[1 shows the observed line profiles. All 4 C stars are de-
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Table 1. LMC targets and some properties.

Identifier IRAS name RA DEC Tq Lum. Period (Semi-)Amplitude (Filter)
(deg) (deg) (k)  (days) (mag)
OH/IR stars
IRAS 05298 052986957 82.35260 -69.92047 25.8 37700 1265 0.98)(
IRAS 04545 045457000 73.54188 -69.93283 29.5 24900 1254 0.88)(
carbon-rich stars
IRAS 05506 055067053 87.48550 -70.88658 24.5 17800 1026 0.6%)(
IRAS 05125 051257035 78.00321 -70.54000 43.8 15500 1115 0.64)(
ERO 0529379 053057251 82.40786 -72.83136 172. 5400 1076 0.49 (WISE W2)
ERO 0518117 051877033 79.54878 -70.50750 79.2 9300 1107 0.45 (IRAC Ch2)

Notes. Dust optical depthrgy, at 0.5um, luminosity and variability information (from GS16).

tected, and one of the two QIR stars. The line profiles were Table 3. DUSTY modelling of the LMC carbon stars.
fitted with a “Shell” profile as defined in the CLABSILDAS

software packagé Identifier Lum. MLRousty Vexaousty fga  MLRscared
5 (Le)  (Moyrh) (kms™ (Moyr™)

P(V) = (1 +aH (V - V*) ) (1) TRASO5506 17700 2.810° 19.3 133 1.&10°
AV (1 + H/3) AV ’ IRAS 05125 15500 2.410°° 19.4 541 4.0<10°

ERO 0529379 5600 2910° 175 504 4.5¢10°

whereV, is the stellar velocity (in km 3, throughout the pa- ERO 0518117 9500 4.810° 75 142 3.6x10°

per the LSR frame is used} is the integrated intensity (in K
km s1), AV the full-width at zero intensity (in km3, and the Notes. Columns 3 and 4 give the gas MLR and gas expansion velocity
expansion velocity a,, is taken as half that value), ari the for a gas-to-dust ratio of 200. Column 5 gives the gas-td-tati that
horn-to-center parameter. This parameter describes tpesf Makes the observed expansion velocity equal to the obsenedand
the profile, and is-1 for a parabolic profile, 0 for a flat-toppedthe last column lists the gas MLR for that gas-to-dust ratio.

one, and> 0 for a double-peaked profilél was fixed to-1 in

the fitting. For IRAS 05506, the star with the best determined . , .
profile, we also fitted a profile allowing this parameter toyvar MoD (Groenewegen 2012) was modified to fit photometric

as well and founcH = -1.02 + 0.02. A parabolic profile in- and spectroscopic data when running DUSTY in “density type

dicates optically thick, unresolved emission. Table ligte = > mode. The fitted parameters are luminosity, dust optical
depth, and dust temperature at the inner radius. This is ane p

results. For the 2 OHR stars the stellar and expansion veloc ;
ity were fixed to the values determined from OH observatio ameter I_ess than t_he version used b_y GS16 ‘\‘Nhere_ the slope of
the density law £ r=P) could also be fitted. In “density type

(Goldman et al. 2016) because of the poor signal-to-noise ra.,, de the densi . > h inal veloaity i
in the spectra. The results for IRAS 05298 are not significal { mode the density varies asr™ once the terminal velocity Is

_ L reached.
(Tpea= 0.016:+ 0.009K), and & upper limits are reported. Table[3 presents the results. Appendix A shows the fitted

models. The luminosities agree well with the values deteeahi
4. Discussion by GS16 (as repeated in column 6 in Tab.1). The next column
ists the MLR and expansion velocity for a gas-to-dust rafio
00, scaled to the actual luminosity and grain density usé¢ite
fitting. One can then compare this predicted expansion itgloc
to the observed value and determine the gas-to-dust raio th

the CO line strength in terms of the (gas) MLR is deferredlun{f]a.‘kesghem quual (repo(;ted |n|cc6>l. ?I_)hand th?n zcale tZ%MLR
the J= 3-2 data are in hand. Goldman et al. discuss the 13 known '3 this value (reportt_e n col. ). The results do not025 pe
OH/IR stars in the LMC (there are still none known in the SMCYP0 strongly on the luminositygq ~ VL and Mscated ~ L%,

and compare the expansion velocities to Galactic countescpa | N€ Statistical fitting error in the luminosity is about 10,
P P P which one should add the uncertainty in the distarice- (d?).

The DUSTY manual states that the MLR calculated in the “den-
4.1. Predictions by dust-driven wind theory sity type= 3” mode has an inherent uncertainty-e80%. The
implications are further discussed below.

In the remainder of this paper we will focus mainly on the ou
flow velocities from the carbon stars. For the IR stars the
expansion velocities are better determined from the OH lpeofi
(Goldman et al. 2016), and for all 6 sources a detailed aisadfs

The DUSTY code can be run in “density type3” mode, i.e.
the mode where the hydrodynamical equations of dust and gas
are solved and the gas expansion velocity and gas MLR are p4€2. A Galactic comparison sample

dicted (lvezi¢ & Elitzur 1995, 2010). The velocities and KL B the dust-dri ind th dicts that the esi
) 025 05 ecause the dust-driven wind theory predicts that the esipan
given by DUSTY scale as(10%)°%*((rga/200)fpa/3)) ~ and velocity depends on the gas-to-dust ratio, it is of intet@sbm-

(L/104)°'75((rgd/ZOO)(od/?:))o's, respectively, wher is the lu- Pare expansion velocities, luminosities and MLRs of the LMC

minosity in solar unitstgq the gas-to-dust ratio, ang the spe- targEets to Qalacti(l: C-stars. for hundreds of Galactic AGB
cific density of the dust grains in g cih xpansion velocities exist for hundreds of Galactic

stars, but reasonable estimates of distances (and thusdaimi
2 httpsywww.iram.fyIRAMFR/GILDAS/doghtml/class- ties), and, especially, MLR estimates derived from dedaited-
html/node38.html| elling are much rarer. The Galactic sample of “ordinary”t@rs
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Table 2. Results of the COJ2-1 observations.

Identifier v, Vexp A Toeak rms gasvP
(kms™) (kms™ (Kkms™) (K) (K) (Moyr™h
OH/IR stars
IRAS 05298 286 10.8 < 0.36 < 0.027 0.028 <2.8x10°®
IRAS 04545 256 7.7 0.53+0.09 0.053:0.009 0.026 3.%10°¢

carbon-rich stars
IRAS 05506 251.6: 0.3 23.63+0.42 8.94+0.19 0.284-0.006 0.027 3.%10°
IRAS 05125 207.%+ 0.3 11.77+0.15 2.85+0.12 0.183+0.007 0.024 1.x10°
ERO 0529379 232.#0.3 11.04+0.41 2.61+0.09 0.178:0.007 0.019 8.%10°¢
ERO 0518117 164.¢0.3 8.87+0.52 3.01+0.15 0.257+0.013 0.033 9.x10°

Notes. @ Stellar velocity and expansion velocity for the @R stars from Goldman et al. (2016), and fixed in the fitting.
® Gas MLR based on Ef] 2, see text for assumed parameters.

is taken from Ramstedt & Olofsson (2014) and Danilovich et axpansion velocity and MLR for a gas-to-dust ratio of 20@, th

(2015), who both derive MLR estimates from multi-transitb gas-to-dustratio required to obtain the observed velpamitg the

CO data and detailed RT modelling. MLR for that gas-to-dust ratio. The models fitted to SEDs and
Both samples contain 19 C-stars, of which two are in corspectra are shown in AppendiX B.

mon, V384 Per and R Lep. Distances are taken from the lit-

erature and based on a variety of methods that include rkvise o )

Hipparcos parallax data, or the period-luminositl() relation 4-3- A préeliminary synthesis

from Groenewegen & Whitelock (1996) for MifasThe model

is fitted to ground-based CG-1-0, 2-1, 3-2, and 6-5 data, while

Danilovich et al. (2015) additionally udderschel/HIFI J= 5-4

and 9-8 data (and more transitions for selected sourcesh. B

studies model the SEDs with DUSTY to provide the dust opticE

depth and dust temperature profile that enters in the caicota LRV S
. . ersus lod-. The luminosities for the LMC stars are de-
of the CO line transfer, and both studies use the Monte Carlo Aved from the SED fitting (and an assumed distance), while fo

code developed by Schbier_& Olofsson (2001). ..__the “extreme” C stars they are derived from tRk relation by
These two papers provide a sizeable sample of unifor

delled AGB th bablv th v d roenewegen & Whitelock (1996). For 3 of the 4 LMC stars
moaetie stars with probably the most accurately detgfe luminosity derived from the modelling is consistenthvihis

mined MLRs currently available in the literature, butthengtes | _raation. For periods between 1026 and 1150 daysPthe

contain only one source as _red as the LMC targets. . relation predicts luminosities between 15 800 and 17 3Q0rL

. Therefore we also considered th80 sources classified asqqq4 agreement with the luminosities of IRAS 05506 and 05125
extreme carbon stars” (Volk et al. 1992, “group V sogrpeghe scatter in the observ@. relation is 0.26 mag, and thus the
from Groenewegen et al. 1992). These sources have been idgfitinosity of ERO 0518117 is consistent with tRE relation at
fied based on IRAS photometry and the shape of the IRAS Liygs 2 |evel. ERO 0529379 is underluminous (see below).

spectrum. Later, Speck et al. (2009) studied 10 of them (one . .
new) using superiotfSO/SWS spectra. Many of these source The Galactic extreme carbon stars do indeed extend the more

» ' . ) . cal sample to longer periods and higher luminositiegdar
Bg\g;gg silicon carbide feature in absorption, as seen iD EIg)xpansion velocities and larger MLRs, and they better mieh

Distances are a challenge for Galactic sources. Therefere properties of the four LMC stars. The gas-to-dust ratio reed

have selected onlv the seven extreme carbon stars with kn'obtain the observed expansion velocity for the Galactioeene
pulsation periods y ¥Ntars shows two deviating values (67 and 477), but the five

. er stars show remarkably consistent values betweenridb6 a
Table[4 lists the sample of extreme carbon stars. AFGL SOgg1 Y

. . - . 4, with i f191.

is the only star in common with the comparison sample from , With & median of 19 T .

Ramstedt & Olofsson (2014). All stars are LPVs. The longestp . For the LMC stars the situation is less obvious. Two stars re-
riod is similar to the three LMC targets, and the periods edver qwlrg a valute (I:Ioggltglﬁsawhne (tjhe Oth?r tvv? zfggth 520.
tween~700 and 1060 days. The CO-based expansion velocitigQ i mz;n eh al. ( " ) |r} a m(:FRIaP vaxel 0 V\II en L.15|hrlg a
in column 5 are from Groenewegen et al. (2002). Luminositi gniiar technique to analyze OlR stars A larger value mig
have been determined using tRE relation of Groenewegen & P& €xpected as the metallicity is lower in the LMC, but Cstar
Whitelock (1996), as for many stars in the local C-star s@mpl dredge-up carbon from the interior in a way that is relayiviet

. itive of the initial metallicity and so the productidrGarich
The SED and mid-IR spectra30/SWS orIRASLRS) are Sensi . ;
fitted using the modified MoD code using the “density type dust may be larger with respect to the gas content in MC stars

3" mode, as for the LMC targets. For the assumed luminosi an in the Galaxy which would point &, values lower than

the best-fitting distance (col. 6) is determined. The reingin <200

4 columns have identical meanings as for the LMC targets: the 'Ne expansion velocities of the LMC C-stars are lower than
most of the Galactic stars with comparable properties. &hge

3 Only two of these 36 (and none of the 7 “extreme” C-stars dised 1N Galactic C-star expansion velocities is larger thanesented
below) have a parallax in the Gaia Data Release 1 (Lindegran. e Py the Danilovich et al. and Ramstedt & Olofsson samples. The

2016), with values that are consistent within the errorfiwie adopted Sample of Groenewegen et al. (2002) contains expansiog-velo
distances in the literature. ities for 309 C-stars, and 8 (er 3%) have velocities below 8.5

Figure[2 compares the LMC targets to the Galactic sample of
“standard” and “extreme” C-stars. The panels show the expan
sion velocity against lo@ (for the local sample, only Miras were
lected in this case, as the Galactic extreme C-stars &nd th
C targets are LPVs), expansion velocity againstllognd
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Table 4. Galactic extreme carbon stars.

Identifier Other name  Period Amp. (Fil.) Ref. &y Lum. d MLRpusTY ~ VexppusTy Igd MLR scaled
(days)  (mag) (kms) (Lo) (kpc) (10°Moyr™) (kms™) (10°Mo yr )
AFGL 190 011446658 1060 1.2l) 1 18.0 16 400 3.30 5.7 105 67 3.3
AFGL 341 022935748 815 0.9) 1 14.2 12500 2.81 2.6 14.2 199 2.6
IRAS 03448-4432 AFGL 5102 729 0.7K) 2 13.3 11100 2.31 1.4 20.6 477 2.2
AFGL 865 060120726 696  0.9K) 3 16.6 10600 1.72 1.5 17.9 234 1.6
IRAS 08074-3615 V688 Pup 832  0.H) 4 21.7 12700 2.95 2.0 19.2 156 1.7
AFGL 2494 195944047 783 1.0L) 5 20.5 12000 1.50 1.4 20.0 191 1.3
AFGL 3068 231661655 696  0.9K) 3 15.1 10600 1.05 3.9 13.9 168 3.6

Notes. References for the pulsation periods and semi-amplitudeg Groenewegen et al. (1998), based dvand data from R.R. Joyce (priv.
comm. 1996), (2) Kerschbaum et al. (2006), (3) Le Bertre 2)9@4) Whitelock et al. (2006), (5) Jones et al. (1990).
The output from MoD for the gas MLR and expansion velocityleeéth (ryq/200f with powerp = 0.5 and-0.5, respectively.

25

km s1, while 15% have velocities above 25 kmt sThe median F ‘ ‘ .
value of the expansion velocity of the stars with luminesiti f B . ]
above 5400 L (the lowest of the LMC stars) is 17.6 km's ST B ]
while that for the 4 LMC C-stars is 11.4 knt's Although the i &2 o "
LMC sample is small, and the selection of, and the comparison i
to, a suitable galactic sample is non-trivial, it seems istest
with the finding for the Galactic halo C-stars that the expams
velocities are smaller at lower metallicity. Hydrodynaadiwind , ]
models by Wachter et al. (2008) support this trend. o [ ]
The MLRs of the four stars turn out to be very similar and : ]
in agreement with the MLRs found for the Galactic extreme C- ol ! ‘ ! ‘ ‘
stars. When plotted against luminosity there is one obviis R6
lier, ERO 0529379. Its luminosity is low in an absolute sebsé Log P
also low for its pulsation period which is similar to IRAS (8L — ‘ ‘ ‘ ]
and IRAS 05506 which do have similar high luminosities. It is f 8 . ]
the only target with SiC in absorption (see Figuide A), so ésyv
large MLR is not in question. One possibility is that the mod-
elling assumption of spherical symmetry is not valid. Thiglm
be the case, but the width of the CO profile favours the assump-
tion of expansion in a stellar outflow. Keplerian discs arewn
in only two objects, the Red Rectangle (Bujarrabal et al.3300 , ]
and AC Her (Bujarrabal et al. 2015), both post-AGB objects. oL ° ]
Other objects may also have discs (Bujarrabal et al. 2018) bu i ]
objects with discs are observationally characterised lyyona ‘ ‘ ‘ ‘
line profiles, with a width of 5 km s in most cases (although 3.4 3.8 38 4 4.2
theoretically the line profile may not necessarily be narasvit Log L
depends on the inclination angle, see Homan et al. 2015). Y ‘ ‘ ‘ ‘ ‘ ‘
Sloan et al. (2016) showed that in the LMC, the pulsation I " LN "
amplitude of the carbon stars increases as they grow religer,
it peaks before they have reached their reddest colors. Jipy
gested that the stars beyond that peak may have evolVed o
the AGB. Two of the carbon stars in our sample are beyond that
peak. Even if their long periods and the outflow velocity ofER
0529379 imply that they could not have evolved far from the
AGB, the low luminosity of ERO 0529379 suggests that it may I
have a non-spherical geometry, which could be anotheraadic i o
tion of post-AGB evolution. ol
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. . . Fig.2. Plotted are the 4 C-stars (filled red squares) in the LMC,
This source is peculiar in several ways. It was selected as Do the Galactic C-stars from Ramstedt & Olofsson (2014) and
ing among the reddest sources known in the LMC (Gruendl 8L yjjovich et al. (2015) (open squares), and the Galactieme
al. 2008). It is one of five sources in the GS16 sample with @ giar5 (filled black squares). The stars in overlap in ticallo

essentially featureless IRS spectrum, consistent withrphous sample are connected (R Lep, Bg~ 2.64,logL ~ 3.75, and
carbon dust without a trace of silicon carbide. Such a fesgss \,3g, Per, log? ~ 2.72,logL ~ 3.92), as well as the two inde-

IRS spectrum is seen in R CrB stars (Kraemer et al. 2005) : for AEGL | 284 logl ~ 4
the periodic light curve of ERO 0518117 makes it unlikelytth ndent estimates for AFGL 3068 (1Bg- 2.84,log 03).

itisa R CrB star.

4.4. ERO 0518117
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The CO observations now show that this object has the The changes in the surface chemical composition due to the
smallest expansion velocity of the 4 stars (but this may ae sthird dredge-up and HBB are linked to the envelope and atmo-
tistically insignificant), and has a radial velocity of 16dls®. spheric structures through the on-the-fly computation deio
This is very atypical for the LMC for which Olsen et al. (2011ular chemistry and opacities with tl&SOPUS code (Marigo &
give a mean radial velocity of 263 knm'swith a dispersion of Aringer 2009). This is important for a consistent prediatiaf
26 km s, but coincides with the velocity of the SMC for whichthe efective temperatures during the the TP-AGB phase. The
Dobbie et al. (2014) find a mean radial velocity of 150 krh s stages with @<1 are marked in blue and with/O>1 in red.
and a dispersion of 26 knTs The star is located at about 4The 1.8, 3.0 and 3.2 Mmodels experience the third dredge-up,
degrees from the LMC center and at its location the rotation while the 4.4 and 5.6 M models experience the third dredge-up
the LMC disk is such (van der Marel et al. (2002), Olsen et adind HBB. The observed points for the 2 @RI stars and the 4
2011) that the line-of-sight velocity is about 220 kmt.sThis C-stars are marked by the blue circles, and the red diamonds,
reduces the dierence with the mean SMC velocity, but it is rerespectively.
mains large.

It is unclear how to interpret these properties. Olsen et al.
(2011) present evidence that the LMC has accreted stargfrem
SMC, but this seems unlikely for this particular object. keal
stars of this redness are not present among SMC stars in
GS16 sample, and specific searches for very dusty post-m ; .
sequence gbjects in Ft)he MCs using far-infra)lidaditaz:]/epdata IS followed until they reach the stage of lowest possilifee

(Meixner et al. 2013) have not turned up any such AGB stars {jf¢ temperature (dictated by current mass and surface chem
the SM@ (Jones et al. 2015). ical composition), beyond which they invert the trend mov-

ing towards higher temperatures and approaching the pG&-A
stages. Regarding the C-stars, their long periods are qieedi
4.5. Evolutionary considerations to be reached during the last thermal pulses when intense mas
loss is stripping the envelope, the total mass is reducedr{(do
Ventura etal. (2016) investigated the nature of the mostwiesl to 1 — 2 M), and the Hayashi evolutionary track for convec-
C-rich AGB sources in the MCs. They combined the ATON angle stars shifts towards lowefffective temperatures, yielding
MONASH stellar evolution codes with a dust formation pretarger radii hence longer periods. The initial masses oftioe
scription, and they concluded that the reddest C-rich ®surgyenitors should be in the approximate range 2 My, which
have initial mass 2.5-3 Min the LMC (with Z = 0.008) and agrees with Ventura et al. (2016), and, more generally, thi¢h
~ 15 Mg in the SMC (withZ = 0.004). The diference between typical mass range for the formation of C stars in the LMC, as
the galaxies is due to theftérence in star formation histories.indicated by their observed C-star luminosity function (e
They predict that the LMC sources have [3465] colours of & Girardi et al. 2007). The present TP-AGB models predict the
3.4, luminosities in the range 8 000 - 10 009, IMLRs of order C-stars will eventually become C-O white dwarfs with masses
15x10° M yr%, and have SiC in absorption. of 0.59— 0.79 M.
These parameters are close to the two ERO sources which
have [3.6-4.5] colours of 2.5-2.7, and ERO 0529379 which has . . o )
SiC in absorption. The éierence in MLRs is a factor of 3, but The 2 bright OHIR stars are interpreted as initially massive

this could be due to ierences in the calculation of the absorp~GB stars in their final stages. The stars are well descrilyedtb
tion codficients of the grains. rich TP-AGB models with initial masses betwee# 4 5.6 M.

Eor IRAS 05298 this is consistent with the initial mass eaten
f ~4 My based on its membership of a cluster (van Loon et
I. 2001). The OKR stars should have experienced HBB in the
previous stages, passing through overluminous stageabmile

: : the core-mass luminosity relation, as shown by the typiedt b

code. Pulsation periods for the fundamental mode are el oo A .
with the theoretical period-mass-radius relation giverejya- shaped Ium|_nos¢y tracks in Figué 3. We expect _that_ HBB is
tion (5) of Wood (1990). Mass loss on the AGB is included iff!/rently extinguished after most of the envelope is egette
COLIBRI using the formalism described by Marigo et al. (2013 tella}r winds, and the ac.tual massesak0 — 2.6 Mo. Models
updated as by Rosenfield et al. (2014, 2016), where the d t‘?dICt that _the stars will soon (in a few 10 000 yr) become
driven regime follows an exponential increase as a funaion -Stars again dL.’e to a few final third dredge-up events (Fro_st
stellar mass and radius. The results are similar to those (%_al. 1998, Marigo et al. 1998, van Loon et al. 1999), and fi-

: : - - o . Nally produce white dwarfs with masses 095— 1.05 M. For
g%%%gvzt{]gg]se) semi-empirical recipe introduced by Vaadis these specific models the final C-star stages take placetladter

stars have reached the minimuffieetive temperature and start

The third dredge-up is one of the most uncertain process
Lo ; warm towards th -AGB phase. The ex ran f
all TP-AGB models, so we opt to treat it with a parametric fortg] arm towards the post-AGB phase. The exact appearance o

) , : . Such late transition to the C-star domain critically depeod

malism. Its dficiency is assumed following the results of fuIl[She dficiency of the third dredge-up
stellar AGB calculations of Karakas et al. (2002), with setbs ‘
guent modifications as in Marigo & Girardi (2007). In the mod-
els that experience hot-bottom burning (HBB), the thircogye While an overall good agreement between models and ob-
up is reduced compared to Karakas’ original computations.  servations on the P-L diagram is found, in a follow-up work we
will perform a more detailed analysis to address variougoth

4 For the object BMB-B 75 the far-IR emission is believed to e @spects and their interplay (e.g. dust formation, radattigns-
ciated with a galaxy in the line-of-sight which would expiétis redness fer across the dusty envelopes, expansion velociti@isjency
in the mid-infrared. of the third dredge-up, HBB, and mass loss).

The TP-AGB models can explain the location of the ob-
served stars in the P-L diagram. The sizable excursionseof th
igks both in luminosity and pulsation period are driven by
e occurrence of thermal pulses. In all models the evaiutio

Figure[3 shows the evolution of the fundamental-mode p
riod and luminosity during the TP-AGB phase for a few initiaf
masses with metallicit? = 0.006 based on the evolutionar
models of Marigo et al. (2013) calculated with tA6LIBRI
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These values systematically fall below those based on con-
sistent modelling of the dust. For the @R stars the discrep-
ancy is a factor> 20, for the C-stars it is a factor of 4 5
- (with the exception of IRAS 05506 where the CO-based MLR
-4 is larger than that based on the dust modelling). In deriving
4 Eq.2, Ramstedt & Olofsson did assume typical values of galac

gd Pd
the dust grain radius, in their models. A systematitedence of
-1 this parameter between the solar neighbourhood and LMC will
4 likely have an &ect on this relation.
n If Eq.[2 is applicable and the dust-based MLRs are correct
| then the CO abundances must be substantially lower (by an or-
der of magntiude) than assumed, Anmdhe observed CO inten-
sities are lower by a factor 6f7 for the C-stars and 30 for the
OH/IR stars than expected based on Eqg. 2. The dust emission
and the CO 3 2-1 emission trace fferent radii in the envelope,
7 soone possible explanation for thisfdrence between dust and
-4 CO based mass-loss rate is that it varies in time, a suggestio
4 first made by Heske et al. (1990) in connection with Galactic
3 L Ll L | OH/IR stars. Another possibility is that the interstellar etatin
100 1000 field (ISRF) is stronger in the LMC. Paradis et al. (2009) men-
P [days] tion that, assuming the same spectral shape for the ISRF as in
. ) ) the solar neighborhood, the ISRF in théfdse LMC medium
Fig.3. Evolution of the fundamental-mode period and lumiis ~ 5 times stronger. The strength of then|Qine relative to
nosity during the TP-AGB based on the evolutionary models g0 in LMC star-forming regions is much larger than in Milky
Marigo et al. (2013) computed with thHe0LIBRI code. Initial \Way ones, also pointing to a stronger radiation field (Is&ael
masses (ifVlp) are labelled, and the metallicity & = 0.006. Maloney 2009). Recent work by McDonald et al. (2015) and
The stages with ©<1 are marked in blue and with/G>1 in  Zhukovska et al. (2015) have demonstrated the importarteof
red. The observed points for the 2 @R stars and 4 C-stars arestrength of the ISRF on the expected CO emission in clusters.
marked by the blue circles, and the red diamonds, respéctive That the largest dierence between CO-based and dust-based
MLR is observed for the IRAS 05298, which is known to be
in a cluster, is consistent with this. The influence of the FSR
4.6. Gas MLRs and a full line radiative transfer modeling is deferred Lithte

An estimate of the gas MLR can be made using the formula §° ¥ 3-2 lines have been measured by ALMA.
Ramstedt & Olofsson (2008),

1 tic sources for the free parametes (@) (3) (O‘Oai”m), with ag

log(L/Ly)

M= s (AHZDZ)aJ vgg(p fgo o) 5. Summary and conclusions
The first results are presented of a programme that that aims t
with, for the J 2-1 transition,s; = (1.3+ 0.7)- 10 My yr~!, accurately determine gas and dust MLRs in AGB stars in the
a; = 0.82,b; = 0.46,c; = 0.59. The distanceD, is set to 50 kpc, MCs. The keys to success are detection and modelling of CO
and the averaged beam siggis 1.43'. The integrated intensity, thermal emission lines. In this paper we present obsemnatid
A, is taken from TablE]2. the CO & 2-1 line of 2 OHIR and 4 carbon stars in the LMC.
The only parameter to fix ico, the CO abundance relativeThe OHIR stars are weaker than anticipated in this line, and
to Hp. TheCOLIBRI code introduced in the previous section alsonly one OHIR is marginally detected.
predicts the abundances of various elements as a funtioreef e ~ The detection of all 4 C-stars in the C@ 2-1 line allowed
olutionary timescale. For a star of initial mass 2.4,M/hat we us to determine the expansion velocities and compare them to
believe is the mass of the extreme red C-stés, is roughly a sample of Galactic C-stars, including “extreme” C-stéuet t
constant at 4- 10~* from the thermal pulse where the star turneave similar large MLRs as the LMC targets. Determining the
into a C star until the end of the AGB evolution. This value bagas MLR directly and through RT modelling is deferred until
sically depends only on the assumed intial oxygen abundanc¢he CO & 3-2 data are in hand, and in this paper the MLR is de-
the models. For massive intermediate-mass stars the tiole-evtermined from fitting the SED an8pitzer/IRS spectrum using
tion of the CO abundance is much more complex due to HBBe DUSTY code in the mode where the hydrodynamical equa-
(which converts carbon into nitrogen), which is a functidn dions of dust and gas are solved and the expansion veloaity an
time on the AGB (traced in the models by the pulsation perigghs MLR are predicted.
as an observable proxy of time), details of the modelling BBt These first results support the conclusions previously de-
and initial mass. For a star of 4.4\Vitypical of the mass of the rived from CO observations of metal-poor C-stars in the Gada
2 OH/IR stars, at a pulsation period of about 1300 ddys,is Halo: at lower metallicity the expansion velocity in C stéss
about 20 - 1074, but is uncertain by at least a factor of 2. Themaller, and the MLR similar, to a comparable star at solar
CO-based MLRs are listed in the last column of Tdb. 2. Theseetallicity. It must be stressed, however, that our sangseniall
MLRs are compared to the dust-based MLRs in the last colurand finding a suitable sample of comparison stars in the @alax
of Table[3 for the C-stars, and to the dust-based MLRs froimchallenging. Therefore, this conclusion awaits testity im-
Goldman et al. (2016) for IRAS 05298.48 10°° My yr~!) and proved samples both within the Galaxy and in the Magellanic
IRAS 04545 (71-10° My yr ). Clouds.
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Appendix A: DUSTY fits to the LMC C-stars

Figure[A shows the fits to the SED and IRS spectra of the 4 G-sthen run-
ning DUSTY in “density mode- 3" mode. The top panel shows the photometry
and IRS spectrum in a loglog plot together with the model. The bottom panel
shows the IRS spectrum and the model (the blue line). The hiwdealed to
the observation based on the average flux in the-8.6 m region. The small
vertical lines near the bottom of the plot indicate wavetanggions excluded
from the fitting.
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Appendix B: DUSTY fits to the Galactic extreme

C-stars

Figure[B.1 shows the fits to the SED alRAFLRS or|SO/SWS spectra of the

seven Galactic extreme C-stars when running DUSTY in “dgrgpe = 3”

mode.
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Fig.B.1. Fits to the SED and mid-IR spectrum of Galactic “ex-
treme” C-stars.
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Fig.B.1. Fits to the SED and mid-IR spectrum of Galactic “extreme”t@rs continued.
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