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ABSTRACT

Context. Asymptotic Giant Branch (AGB) stars are major contributmrdoth the chemical enrichment of the interstellar medium
and the integrated light of galaxies. Despite its imporgarthe AGB is one of the least understood phases of stelldmtemo. The
main dificulties associated with detailed modelling of the AGB atategl to the mass-loss process and tHelBdge-up fiiciency
Aims. To provide direct measures of mass-loss rates and lumiee$dr a complete sample of AGB stars in the Large Magellanic
Cloud, disentangling the C- and O-rich stellar populations

Methods. Dust radiative transfer models are presented for all 374 A@iBs candidates in one of the fields observed by the new
VISTA survey of the Magellanic Clouds (VMC). Mass-loss mtliminosities and a classification of C- and O-rich staesderived

by fitting the models to the spectral energy distribution P$Bbtained by combining VMC data with existing optical, neand
mid-infrared photometry.

Results. The classification technique is reliable at a level of — atstver75% and significantly better for the reddest dusty stles.
classified none of the stars with a relevant mass-loss raerash, and we can exclude the presence of more than one @usth

star at a~ 94% level. The bolometric luminosity function we obtainedtilly consistent with most of the literature data on the LMC
and with the prediction of theoretical models, with a peakhefC-star distribution atl,, ~ —4.8 mag and no stars brighter than the
classical AGB tip, aMp, = —7.1 mag.

Conclusions. This exploratory study shows that our method provides idianass-loss rates, luminosities and chemical classifi-
cations for all AGB stars. These result8er already important constraints to AGB evolutionary med&lost of our conclusions,
especially for the rarer dust-enshrouded extreme AGB,saaeshowever strongly limited by the relatively small aresared by our
study. Forthcoming VMC observations will easily removestinitation.

Key words. stars: AGB and post-AGB — stars: mass loss — Magellanic Gloud

1. Introduction noring crucial aspects of the AGB evolution. A more success-
L . ful approach is based on synthetic codes, in which the stel-
The AS}’mptgt'c _G|afnt :Brancr:j (AGB) 'Z.the last Sta%?vl()f a4ar evolution is described by means of simplified relatioes d
tive nuc'ear burning for low and intermediate mas8.8-8Mo) rived from complete stellar models, while convective dredg
stars. Although it is a short-lived phase - less than a few MM[) and mass loss are tuned by means of a few adjustable pa-
2010) — AGB stars are major polluters of the 5 atars(Renzini & VAl 1981; Groenewegen & de Jong 1993;
terstellar medium and major contributors to the integrditga IMarigd[2002! Cordier et al. 2007). This approach provides th '
of galaxies|(Renzini & Buzzoni 1986). In spite of its relevan g« qatabase of stellar isochrones suitable for reproduct
the AGB is one of the least understood phases of stellar ev He basic observed properties of AGB stars, and in partitia
tion, and a major source of disagreement between the reﬁult%right red tail of carbon stars (Marigo ef hLLZD%). Destfite
different population synthesis models. This is mainly due o the.5 5 ccess of these models, there are still some paramete
difficulties associated with modelling convective dredge-up a .g., ¥ dredge-up and mass-loa,ﬁeiency) that need a detailed
mass-loss ?ro;]:esses._l bl ¢ \uti K aalibration, as shown by the disagreement between theasser
_ Most of the available sets of evolutionary tracks anf,mper and luminosity function (LF) of C- and O-rich stars in
isochrones cover AGB evolution in a very approximate way, idearby galaxies and model predictiohs (Gullieuszik =t @08

* Based on observations made with VISTA at ESO under program O - 10). A more detailed calibr
179.B-2003. ion of the models requires measures of mass-loss rates and a
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reliable classification of C-rich and O-rich AGB stellar pig- LMC planetary nebulae and Rubele it al. (2011) obtained-a spa
tions in nearby stellar systems. tially resolved Star Formation History of the LMC fields aldy
Direct measures of mass-loss rates in AGB stars are limbserved by the VMC.
ited to samples of a hundred stars in the Magellanic Clouds We aim at extending the direct measure of luminosity and
(van Loon et all 2008; Groenewegen et al. 2009). Estimates osass-loss rate to the whole AGB stellar population in the
ing larger samples of stars are, to date, based on empigeal Magellanic system by modelling the SEDs obtained by collect
lations between mid-infrared (IR) colours and mass-losssraing all available photometry from optical to mid-IR wavegghs.
(Matsuura et al. 2009). Recently, Srinivasan étlal. (206@8du VMC observations are particularly important, because thieo-
mid-IR photometry from the SAGE survey (Meixner el al. 2008pmetric quality and spatial resolution are much highenttfreat
to identify thousands of AGB star candidates in the LMC. Theof 2MASS. This yields a more accurate photometry, in partic-
spectral energy distributions (SED) were fitted with dusef ular for the extremely red dust enshrouded AGB stars, around
photospheric models for O- and C-rich stars. The mass-&iss r the detection limit of 2MASS in the bluest bandsl— 16.5
were then derived from the excess in the fluxes observed in thag andKs ~ 15.0 mag. In addition AGB stars are variables
8 and 24um bands. This was the first step of an ongoing projeand the addition of VMC data —taken at d@fdrent epoch from
aimed at directly measuring mass-loss rates for all theidea e.g. 2MASS— will result in a more robust estimate of the mean
dates using a grid of dust shell models (see Sargentlet al)201uminosity and mass-loss rate of the star. The SED analisis a
To calibrate the ' dredge-up iiciency complete cataloguesprovides a classification of the stellar chemical compositTo
of O- and C-rich AGB stars are needed. The most straightfdest its power to disentangle O- and C-rich AGB stellar papul
ward method to obtain a reliable classification uses a spectiions, we present a critical comparison between our results
scopic classification, but this would be extremely expengiv spectroscopic classifications from the literature.
terms of observing time. The most recent and impresdigate In this paper we present our first results, based on data of the
in this direction is the SAGE-Spec (Woads et al. 2011) spectrLMC region covered by the first VMC observations. The data
scopic survey, which aims at a classification of mid-IR searcand the AGB selection criteria are presented in $éct. 2j@ect
(mainly AGB stars) in the LMC. The project was awarded 224[8 describes our model; the results are presented in Seat. 4; i
hr of Spitzer Space Telescope observations, and providel#+a rSect[$ we summarise our work.
able classification of 197 point sources. This is clearly aani
fraction of the total LMC AGB population, which consists of
some tens of thousands of stérs (Cioni ét al. 2006). A more &-The data

ficient, although in principle less reliable way to achievBa- \yq 564 the v1.0 VMC release, which is described in detail in
sification employs photometric data. fRirent approaches hav ) !

been adopted, mainly involving either optical narrow-bamd -\ System|(E [ 2004) pipeli

near-IR broad-band photometry (e, '1% inelli & D and retrieved from the VISTA Science Archive (Hambly €t al.
Gullieuszik et al. 200 )- 2004). The major issue for AGB stars in VMC photometry is

ation and non-linearity of the detectors for brighjeots.

X s ; brighter than the saturation limit. This is however not egiou

of resolved stellar populations. The immediate drawbadkief gjnce some AGB stars are even brighter, so we had to reject VMC
proximity is the large sky area covered by the MCs. Only reyy, o metry for stars brighter than 10.5 mag in YhendJ bands
cently have some observational campaigns provided cogerfag and 10.0 mag in this band (se 11).

a significant fraction of both the LMC and the SMC, in particu- Additional photometry was obtained by collecting data from

lar: the optical Magellanic Clouds Photometric Survey (MECP ; .

ot P IILO_dgE 2004); the all-sky 2MAt LMC photometric surveys:

) and the MCs |RS|F| (Kato et 07) surveys in the_ Opt|ca|UBV| data from the MCP&_(ZM&MMO4),

(Gordon et all. 2011), BC (Bolatto et all 2007) Spiter surveys,  (Skrutskie et dl. [ 2006), and the extendeg mission  6x

and the AKARJIRC LMC survey {lta et a[. 2008) in the mid-IR.  |ong-exposure release; stars with very poor photometry —
The VISTA Magellanic Cloud survey (VMd, Cionietlal.  quality flag “E” — in any of theJHKs bands were discarded;

22011) is one of the six ESO public survey projects_ mid-IR: IRAC 3.6, 4.5, 5.8, 8.0 and MIPS 24, 70, 160

that are carried out with the new ESO telescope VISTA data from the SAGE catalogue (Meixner etlal._2006); we

(Emerson & Sutherland 2010). It aims at imaging about 180 ysed theSAGELMCcatalogIRAC andSAGEcatalogMIPS24

square degrees in the Magellanic system (LMC, SMC, the catalogues containing both SAGE epochs 1 and 2 separately

Bridge and the Stream) in th€JKs wavebands, reachinga depth  to avoid losing information on variability;

of Ks ~ 205 mag, nearly 5 mag deeper than 2MASS an8  _ mid-IR 9 and 18&:m photometry from the AKARIRC mid-

mag deeper than IRSF. Observations started in November 2009infrared all-sky survey (Ishihara etlal. 2010).
and will take about five years to reach completion. The first im

ages and catalogues were released to the community in 2011The SED of each star was obtained using all photometric
and new data will be released at regular intervals accorttingdata points. When a single magnitude for each photometnid ba
the ESO policy for public surveys. The VMC data will providewas needed, e.g., to plot colour-magnitude diagrams (CIMDSs)
e.g., a detailed history of star formation across the Magéll the data were merged. For mid-IR photometry we used the orig-
system and a measurement of its 3D geometry. The VMCimal SAGE epoch-merged data, while VMC and 2MA$&nd
described in more detail in_Cioni etlal. (2011); a series of p&s were averaged after applying the colour equations to trans-
pers will present the scientific results of the survey. Toedatform J and Ks 2MASS photometry to the VISTA photometric
Miszalski et al. [(2011) presented a multi-wavelength stoély system[(Cioni et al. 2011).
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For our project the use of optical and mid-IR photometry igrovide some evidence that also this object could not be aB AG
fundamental, so we will limit our analysis to the areas of th&tar.
MCs observed by all of the VMC, the MCPS and Spitzer. To
date, there are only two VMC fields in common with the optical
and mid-IR surveys, namely fields@and 83 (Seémal. 3. The model

[2011). The first is centred on the 30 Doradus star-forming g, ineq the SEDs with a combination of photospheric mod-
gion, which is #fected by severe crowding andférential red-

deni bl e o thi t 1o def els, dust models and by solving the radiative transfer equa-
ening problems. SINce In this paper we want 10 deline ofl, "The code used in this paper is based on that presented

methodology and test its reliability, it is clear that datdasned
from observations of field 6 are not a suitable benchmark. W%gd%%ﬁ%?&e ;Jh%d?zigﬁatit\?e l{jrz(?]stm‘rel?m?ptr:STY
consequently base the analysis presented in this papemmda(Groenewegen, in prep.). Another important update is tieenfis

VMC field 8_3, and in particular in the 1.42 dégegion delin- : ey
eated by 750 < (J2000)< 7750 and—66:95 < 5(J2000)< %gﬁagﬁﬁgg tmhﬁjmrel mmnzooa
-6519. '
. . were used.
The targets for our analysis were selected using near- an‘é We adopted only two dierent dust-grain compositions,

mid-IR photometry. We used 2MASS magnitude for selectiog;owin Groenewegen ethl.(2009). A 94% amorphous car-
rather than VMC ones, since some bright AGB stars have g, | g% SIiC mixture was assurr)1ed for C-rich Fs)tars, and

reliable VMC photomet_r Y be_cause_ of saturation. “astronomical silicates” with the absorption dbeients of

The only problem with this choice could be those AGB stafg)|i & Kwok](198€) for O-rich stars. Since we are considering
that are heavily obscured by thick cw_cur_nstellar dustyslisith only broadband photometry, we preferred to apply the result
extremely red colours that are too faint in the near-IR fdede ¢ Groenewegen et Al (2009), based on mid-IR spectroscopy.
tion by 2MASS. We verified this hypothesis and checked thgdiher than introducing the dust composition as a free param
no such sources exist in the current sample. The conditi@ns weakly constrained by the data used in our analysis.

imposed are: The observed SED is fitted using a minimisation technique

. . to find the best-fitting values for the luminosity and optidapth
—J = Ks > ~0075x Ks + 1.85, the relation defined by .. 4t 0 55,m of thegdusty shell under the atgsumptirt))r?‘car’fié
(Cioni et al. [2006) to minimise contamination by foregroungensity profile. The minimisation is based on redugédy?),
Milky Way and LMC red supergiant stellar populations. which was calculated by taking into account the photometric
— K brighter than 12.0 mag, which corresponds to the tip @fyors. The mass-loss raké was computed using the relation

the RGB (TRGB) 0). This condition was apg¢ Groenewegen et Al (19 l icallvkthi
plied only to stars with] — K5 < 1.5 mag, since redder starsoh roeneiveger . 98), applied to a geometricallgkthi

I, since we assumed an outer to inner radius ratio 6f 10
cannot be RGB stars, and extremely red dust enshrou:iéo_eﬂeﬂegmmog).
AGB stars can be fainter than tkg-band TRGB. ’ '

— IRAC 4.5 um magnitude brighter than 12.0 mag. This con- M¥Q,/a
dition was set to avoid sources with faint mid-IR emissios, = 5.405x 10° Ve (1)
which cannot be AGB stars, but may be rather artifacts in Fd R Vexp pd

the 2MASS catalogue. .
whereM is in My yr1, Vey is the shell expansion velocity in
These criteria define a sample of 372 candidate AGB stars. W s%, R, is the stellar radius in solar radii is the inner dust
note that only 15 of them haven AKARI photometry and radius in stellar radiiQ, is the absorption cdgcient,a is the
only 4 are detected in the 18n AKARI band. None are presentdust grain radius in cm is the dust-to-gas mass ratio, gng
in the AKARI/FIS All-Sky Survey Bright Source Catalogueis the grain density in g cni. The values of),/a andR, were
Finally, only one of the selected sources was detected in thletained from the dust and stellar models, respectivelyigwh
MIPS 160um band and three at 70m. All of these objects is an output of the dust radiative code. We adoptggl= 10 km
turned out to have SEDs that are incompatible with AGB stags! and¥ = 0.005. These are standard values for AGB stars in
(see next section). our Galaxy, which may not apply to the most metal-poor stars i
The selection criteria defined above could in principle exhe LMC (see, e.gl, van Loon et al. 2008).
clude the most extremely red AGB stars, like those discov- The sample of stars was divided into a “Red” and a “Blue”
ered byl Gruendl et all (2008) using mid-IR photometry angroup, using as a discriminant the conditida Ks > 1.5 mag.
spectroscopy. Their SEDs peak in the mid-IR at wavelengtiite number of stars in the red and blue groups is 97 and 274,
> 10um and they are extremely faint in bluer wave-bandsespectively. The first group consists of the so-called addthe
Some of the stars in_Gruendl ef al. (2008) sample have IRAGcation in the CMD where most of the mass-losing C-stars are
4.5 ym magnitudes fainter than 12.0 mag, and they could i@und. With this choice, in the “Red” group there are mosthy |
likely fainter than the VMC detection limit. For this reasame effective temperature dusty stars, whose SEDs are dominated by
added an additional selection criterion, based on mid-IB-phdust emission. In this case the choice of the atmospheriemod
tometry, to include extremely red stars in our sample. Usilhg is therefore not critical. On the other hand, bluer starsexre
the stars classified as candidate AGB starm Chected to have highéfes and lower mass-loss rates and their
(2009), we defined the following selection rules5§-[8.0] > 1 SEDs are determined largely by the stellar photosphererath
and [80] < 8.5+ 0.25x ([4.5] - [8.0]), which correspond to the than the dust envelope, making the choice of photospherieino
box displayed in the lower-right panel of FIg. 1. This criber more critical. For the stars in this group we used a wider &mp
adds two objects to our sample. Anticipating the resultsulih  ature range. Since the bluest stars are expected to havéovery
be presented in the next sections, we can safely excludéhatto negligible mass-loss rates, for all temperatures weidersd
bluest of the two objects is an AGB star. The classification tfie possibility of having dust-free models, fixing the mhiss
second one is quite unclear, but in the Appendix of this pajger rate at zero. Only for the two lowest temperatures we left the
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|
0 ) 4 8 0 ) 4 8
[4.5]-[8.0] [4.5]-[8.0]

Fig. 1: Near- gpper panelsand mid-IR (ower panely CMDs for stars in the VMC field 8. Stars classified as O-ri¢hpper left
panel, blue dotsand C-rich(upper right panel, red dotsare shown as solid symbols. The five non-AGB sources areagisgl
as diamonds. In the upper panels we plotted curves of canstdmmetric magnitudesMyo between-6.0 and—4.0, with steps
of 0.5 mag) derived using thi€s-band bolometric correction from Kerschbaum etlal. (20lDjhe lower-left panel all AGB stars
are shown as bigger points, while in the lower-right pangbbr (green) points show all stars not classified as AGB chatels
using the near-IR criteria. The small grey crosses and opeles show all the sources in the LMC classified as AGB stars a
EROs, respectively, by Gruendl & Chu (2009). The filled @gsctepresent the two additional stars selected purely obais of
the mid-IR photometry using the area delineated by the $iokd

mass-loss rate as a free parameter. These considerataht®le and 11 O-rich (two with four dferentT. plus three dust-free)
the definition of the adopted grid of atmospheric models,-suitmodels; for the “Blue” group we have 12 (three with foufteli-
marised in Tabl&]l. For the dusty models, we considered faamtT.) C-rich and 12 O-rich models. For all stars we adopted a
different values for the condensation temperature of the ddg&tance of 50 kpc (e.d., Schagfer 2008), an extinddipa: 0.25
grains [ = 800, 900, 1000, and 1200 K). In conclusion, fomag (Schlegel et 8l. 1998), and the Cardelli et al. (1989hext
both groups we ran a set of 24 models; for the “Red” group wmn law.

have 13 C-rich (two with four dierentT. plus five dust-free)
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Table 1: The model grid. For each group (“Blue” and “Red”Table 2: Parameters of best-fitting models for all sourcesiin

and chemical composition, we list the temperatures addpted database. Only the first entries are shown here as an example.

models with the mass-loss rate set at zero (“0”) or as a free @de full table is available at the CDS. The fourth column is

rameter (“F"). the optical depth at.B5 um. For stars without a dusty enve-
lope, the logarithm of the mass-loss rate (5th column), eatos
—99.999. The 7th column indicates the C- and O-rich classifica-

Ter [K] Blue Red tion. Sources flagged “B” indicate stars with bad fits while “U
C-rich | O-rich | C-rich | O-rich stands for uncertain classification and “S” for secure diass

2600 0 F F tion.

2800 F F

3000 |0 F F

2288 8 8 ,E E id RA (J2000) DEC (J2000)7os5 logM/Mg L/Lo class flag

2000 | 0 0 1 05:02:00.86 -65:23:12.3 0.000 -99.999 3263 O U
2 05:02:01.65 -66:16:00.2 0.000 -99.999 4847 O U
3 05:02:02.88 -66:46:51.6 0.137 -7.462 5645 C S
4 05:02:07.10 -66:56:03.1 0.019 -8.596 5402 O S
5 05:02:09.01 -66:18:57.2 0.340 -7.069 5544 C S

The model that yields the minimuf was taken as best-
fitting solution. Figurd R shows — as an example — the data
and the best-fitting models for three stars. The complete lis
of figures with the SEDs and the best-fitting models for all
stars are available as online material, while ffevalues are
listed in Table 6. The parameters of best-fit models are pre- - 8
sented in Tabl€]2. All stars with g2 higher than 300 have 14 |-
been flagged aB (“Bad fits”). Most (e.g., the reddest star in 5
Fig.[2) are extremely red stars, i.e. high-amplitude loeggnl ¢
variables. The highy? value can then be understood consider=
ing that our data are obtained from observations carriedabut 5
different epochs. Seven sources however have SEDs incomp&{i- 16 |
ble with AGB stars and they were therefore excluded from oug
analysis. Four (IDs 73, 130, and 133 and 165 in Table 2) are

classified as candidate young stellar objects (Y Lo o N N
2011; Gruendl & Chu 2009), one (ID 43) is a Seyfert galaxy at - PR 2 1
z = 0.064 (Véron-Cetty & Véron 2010), one (ID 14) is a post- —18 4 2®@>[ —>> T x === .5 €

AGB star [ﬂo_o&is_e_t_é.l ZQI].].) The last Object (|D 75), is the Lo b v b v v o b o b bwaa o |
source J050343.02-664456.7 in Gruend| & Chu (2009) which is —0.5 0 0.5 1 1.5 2
generically classified as an Extremely Red Object (ERO)s Thi log A [m]

is one of the two objects not detected by VMC which were in-
cluded in our sample using the mid-IR selection criteriae T

e : . r]: 2: Photometric data pointgigen circleyand the fitted SEDs
. . = Ig
classification of this source is doubtful. Gruendl etlal.ag0ar ines) for three AGB stars: a blue O-rich star K, = 1.2 mag,

gued itis an AGB star, butin the Appendix we show that its ne (tl
IR emission is unlikely to match the SED expected for an AGq? 6? azdmt;/vgo Ig ;l%\)stars.]( Ks = 1.5 mag, id 202; and
<~

star. We suggest that it may be a transition object, whidtthef
AGB phase~ 100 years ago, and entered post-AGB phase. Thus
we excluded this star from our sample. The final sample of ob-
jects with SED compatible with AGB stars is therefore 367e Thmetric band. The variations of the distributions’ spreaais be
photometry for all of them is given in Table 6, available aran  explained considering that AGB stars are variable sourgiis,
material. amplitudes that are higher for redder stars and in the bjotgrad
The photospheric model of the best-fitting solution givesal bands. At the bluest wavelengti®&ndV), the variation ampli-
a useful indication for classification of the stellar atmosge as tude is maximum, as is the photometric error, since all stars
C- or O-rich. To estimate the confidence level of this classifespecially those in the red sample — are faint (many red atars
cation, we calculated the relativefidirence between the tw¢  not detected in th® band). On the other side of the spectrum,
values of the two best-fitting solutions obtained consite®- due to the limited sensitivity of the Spitzer Space Telesciop
and C-rich models separately. A smalifdrence indicates thatthe reddest bands, most of the bluest stars are at the detecti
the solutions obtained with C- and O-rich models are equally limit (only 45 out of the total of 274 blue stars are detectethie
ceptable; if the dference is large, the solution with the lowesMIPS 24um band). The distribution of the residuals indicates a
x? gives a noticeably better description of the data, and i& thgood quality of the fit for the stars in the blue sample, consid
case the classification has a higher confidence level. Adi@es ering the photometric errors and the intrinsic variabiifyAGB
tests, a value ofy? = Ay?/x? = 1 was adopted as discriminantstars. The residual distributions are in general broadestérs
Stars withsy? < 1 were flagged asncertain Two tests as to in the red sample; this is not surprising, since these arsttrs
the reliability of our classification — based on spectrogcdpta with the highest amplitude variability, where thffexts of the
from the literature— are provided in Selci.]4.1. circumstellar dust are more significant. The scatter in tharn
To check for any systematidfect in our modelling, Figs. IR regime is similar in the red and in the blue samples, shgwin
and4 show the dierences between the observed magnituddsat the dust model — which mostlyfacts the SEDs of the red
and those calculated from the best-fitting model in eachghostars — is satisfactory. Figuré 4 shows that there are sysiem
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Table 3: Results of the comparison with the classification

0.4 Fg AF « 1 by Groenewegen et al. (2009) and Groenewegen (in prep.).

0.2 B4 JE 93 4 Numbers in parentheses refer only to stars with robustielass
C it | i c ] fication (see text).
T T I T T - ]

04 viE [3:6]
r 69 93

0.2 E # J1F | ] Blue Red

04 B =15 - H; C (@) C (o)

T E (= [4.5] A total 46 72 113 29
0.2 F ®JE % (38) (449  (93) (22
z é—o—o#w—\—o—&—o—éf....::.:lr:::'::::f correct  93%  72%  97%  76%

0.4 | s [5.6] (95%) (82%) (100%) (73%)

0.2 F 87 i 83 7
E H4E 1111 I 11 | I:

0.4 F qF Y |[£'3 (')]' 3 Table 4: Classification of AGB stars in the VMC3field.

02 F =S 77 3

04; ;; HIHHIHIE Blue Red All

E 1F [24.0] E C @] cC O ¢cC )

0.2 F JF % . Total 113 161 93 0 206 161

E ] @ certain classification 54 93 78 0 132 93
~05 0O 05 ~05 0 05 uncertain classification 58 67 10 O 68 67
bad fit 1 1 5 0 6 1

mOgOBSERVED - I”ﬂClgMODEL

Fig. 4: Same as Fif] 3, but for stars with- Ks > 1.5 mag.

is located in VMC field 83. The photometric data were there-

offsets in the reddest magnitudes. Models are always too fain{¢"® taken from Groenewegen et al. For homogeneity with our
the IRAC 8um and too bright in the MIPS 24m bands (see analysis, only data in optical, 2MASS and Spitzer photoietr

also Fig[2). This flect is negligible for stars in the blue samPands were considered. We applied to the final catalogue®f 26
ple (Fig.3). The geometry of the dust shell, as well as the si tars our fitting procedure and compared our classificati¢m w
and chemical composition of dust grains, influence the tetai'at derived by Groenewegen et al. (2009, in prep.). Theteesu

of the dust emission, andfiirent combinations of these param@'® Summarised in Tall[é 3. The reliability of our classifarats
eters could in principle produce SEDs withfierent slopes at confirmed to be extremely high for C-stars. In this case we ob-

the red end. The systemati@igets in our models are howevertained a 95% confidence level for classification of Blue @ric
not completely surprising, since a simildfext can be seen alsoSt&rS: Which is slightly higher than the value obtained fiten
in [Groenewegen et A 09). They used a similar SED fittirR]€Vious test based on the Kontizas étlal. (2001) resultsithy

technique, but with the addition of Spitzer spectra, givig- consistent with it considering the low number of stars indhm-

damental information on the dust emission features. Thajdco PI€S used for the two tests. For O-rich stars the confidenvet le

therefore obtain much more information about the dust mcopéS around 75%, similar as for red stars.

ties. In this paper we assumed the dust properties thatgeavi As an additional test, we considered the seven objects in the
the best description of the dust emission. SAGE-Spec sample (Woods et al. 2011) located in the region
used for our study. Although this number is extremely sntiadi,

spectroscopic SAGE-Spec classification is in perfect agesg

4. Results with our results. One of them is one of the YSOs and another
— o one is the post-AGB star already discussed. Three sourees ar

4.1. Reliability of the classification red supergiants rightly excluded by the colour selectiomal

To test the reliability of our QO-rich classification, we con- two sources are classified as C-AGB stars bOtm% etal.

ducted two diferent tests. First, we considered the cat42011)and by us.
logue of C-stars in the LMC spectroscopically classified by
Kontizas et al.[(2001). We found 87 stars in common with th
sample and all are relatively blué ¢ Ks < 2 mag). Our proce-
dure correctly classified as C-stars 87% of these. If we ebecluThe results of our classification of the 367 AGB stars in VMC
the 20 stars with uncertain classification, this fractiocréases field 8.3 are summarised in Tablé 4 and in the two upper pan-
to 96%. All 54 stars with { — Ks > 1.5 mag) were correctly els of Fig.[1. The location of C-and O-rich stars in the CMD
classified, while the success rate for the 33 blder Ks < 1.5 agrees with predictions of AGB stellar models (e.g., see Fig
mag) stars is 67%, or 84% excluding the 14 stars with uncertén [Marigo et al.[ 2008): O-rich stars with no —or small- dusty
classification. envelopes are located on a nearly vertical blue plume, v@ile
Second, we considered the stars in the catalogue righ stars populate the reddest part of the CMmet a
[Groenewegen et al. (2009), complemented with other LMC and
SMC AGB stars with Spitzer IRS mid-IR spectra (Groenewegemy dedicated publication, 3 spectra are discussed acheinal.
in prepl]). The catalogue consists in 260 stars, and none of th&809); 40159 (PI: Kemper, the SAGE-SPEC program described i
[Kemper et al[ 2010); 40650 (PI: Looney, see Gruendllet al&p00
1 Compared td_Groenewegen et dl. (2009), AGB and RSG st&8167 (PI: Clayton, no publication); 50240 (PI: Sloan, théCSSPEC
from the following IRS programs were added: 30788 (Pl: Sghaiprogram, seé Sloan et al. 2010).

€ 2. c- and O- rich stellar populations
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Fig. 3: Histograms of magnitude residuals for the data invalte-bands, for O-richiéft pane) and C-rich (ight pane) stars with
J - Ks < 1.5 mag. The histograms are normalised to the total numbeads detected in each wave-band, labelled in each plot.

(2008) this is ascribed to the codky caused by changes in T T
molecular opacities as the third dredge-up events incriese *
photospheric O ratio.

The most remarkable fact is that all red stars are found to
be C-stars. We cannot exclude, in principle, that some ahthe
could be misclassified O-rich. The results of our tests prtese
in Sect[4.1 showed that the probability of an incorrectsitas
fication is around 25%. The presence of more than one O-rich
dust-enshrouded star can therefore be excluded-&@426 con-
fidence level.

A very small number — if any — of red O-rich stars was «
expected a priori since dust-enshrouded O-rich stars aee ran
low mass O-rich AGB stars do not reach high-mass rate (
105M, yr~1). On the other hand, the most massive O-rich AGB
stars are intrinsically rare objects, because of the shpeeo
stellar initial mass function, which is dominated by lowsea
stars in a power-law fashion. Dusty O-rich stars are theeefo
expected to be found preferentially in regions with a higr-st
formation rate at recent epochs (L Gyr). The VMC 83 field,
used for this preliminary study, is located in the outer oegiof N T T R
the LMC, where the recent star-formation rate is not paldidy 1 2 3 4 5
high (Rubele et al. 2011).

All the brightest stars in the blue vertical plumekat < 10 K
mag are classified as O-rich, as expetted Marigolet al. {200 _?g. 5: Bolometric correction as a function of near-IR caoldd-

That region of the CMD is in fact populated by the massive O: h stars are shown dslue open squareand C-rich stars as

rich AGB stars in the hot bottom burning phase. However no X )
that we cannot exclude that some of them could in principle ed red circles Crossesare data for C-stars in the LMC and

. : C from|Groenewegen etlal. (2009). The open black circles
core He-burning red supergiants. show the relation for Galactic C-stars from Bergeat et #1032,

the lines are taken from Kerschbaum €t al. (2010); the curved
4.3. Bolometric magnitudes line is for C-stars, while the two straight lines define thgioa
of O-rich stars.
The bolometric correctioBCx = Mpo — Mk, obtained from the
total luminosity and th&s-band magnitude (corrected for ex-
tinction and distance modulus) is shown in Kify. 5 as a functio
of J — K colour. To extend our data points to redder colour§2009). Our data are fully consistent with other literatdega

we included also LMC and SMC data from Groenewegenlet éBergeat et al. 2002; Kerschbaum et al. 2010). The only {poss
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Fig. 6: Bolometric luminosity function of AGB stars. Tlidled Fig. 7: Mass-loss rates as a function of IR colours. Symbwas a

histogramand thedashed lineshow the LF obtained from C- the same as in Figl 5. The grey open histogram shows the colour

rich and O-rich stars, respectively. The inner panel showsF  distribution of dust-free AGB stars; the red histogram s dis-

for dust-free dotted and dusty golid) AGB C-stars. The solid tribution of C-stars alone. The solid line is the best fit toGx

curve is a Gaussian fit to the histogram of dusty stars. stars, including the Groenewegen €t al. (2009) data. Theedas
line in the upper panel is the relation.of Matsuura et al. 00

ble) exception could be represented by the extremely reté«s-s
atJ — Ks 2 2.5 mag. For these stars tB&s obtained from both

our data and those MML%MQOQ) are locaed Qstent with the expectations of theoretical models (seg, e
mag below the Kerschbaum ef 10) relation. Note howeygysenewegen & de Johg 1993). Some of the faintest AGB stars

that this relation is not well defined at-Kg > _2.5 mag, since the (|assified as C-rich could actually be misclassified O-rieinss
sample of Kerschbaum etlal. (2010) contains only few redstagjnce our classification procedure is less precise for faimnt
which exhibit a significant scatter and lie — on average —Welg, e stars, but in any case, our result seems to indicateréise p
the best-fitting relation. We can therefore conclude theabilo-  ¢nce of a non negligible population of AGB stars fainter than
metric magnitudes obtained from the SED fits are in agreemeht TRGB characterised by very low — if any — mass-loss rates.
with literature data at a level of — at worst — few tenths of magis is in agreement with the prediction of recent evoluign
nitude. _ _ _ _models, in contrast with the paucity of faint C stars in spec-

The bolometric LF function obtained for all AGB stars inygscopic surve 4 (Kontizas et Al. 2001; Gullieuszik 62a08;
our sample is shown in Fi@l 6. The cut at the faint end, aroufghiqo et 3l 8). We will reserve a more detailed disassi
Mpoi = —3.7 mag, is the consequence of the selection cut fgf thjs jssue for a future paper, presenting a comparisoruof o
stars fainter than the TRGB. The overall LF peaki¥lg = 4.5 gata with the predictions of theoretical evolutionary mede

mag and drops at magnitudes brighter tidg, ~ —5.0 mag. Recentl —
\ - yl Srinivasan etlal. (2011) presented a C-star LF, re
There are very few stars brighter thidy, = —6.0 and none vising their earlier work|(Srinivasan etlal. 2009). The gahe

above the classical limit for AGB starblpo = —7.1 h o . ) - 2
. e " ape and the position of the peak in the revised LF is in good
[1971), corresponding to a Chandrasekhar-limit core-mass §greement With our result.

fore core He ignition. The most massive AGB stars, unders
going “hot bottom burning”, may have a luminosity brighter
than the classical AGB limit (see, e.g., Groenewegen 2 4.4. Mass-loss rates
\Garcia-Hernandez etlal. 2009), but their number is exgettt
be extremely small. Figure[T shows mass-loss rates as a function of IR colouss. Th
The LF of C-rich stars shows a bimodality, which can bdata points lie on a well defined sequence, fully compatibille w
understood by considering separately the LFs for stars evhamta published in_Groenewegen €t al. (2009), showing that ou
best-fitting solution is dust-free and and stars with dusty efitting technique, based only on photometric observatipns;
velopes. Dust-free stars show a decreasing LF, truncated Miges reliable mass-loss rates. Also in this case, the niain |
the selection cut. Dusty C-stars are typically brighter -akhs tation of our results is due to the poor statistics for thedesd
ready noted by van Loon etlal. (1999) — and their LF is well delusty stars. We have no O-rich stars with noticeable mass-lo
scribed by a Gaussian function centred/at, = —4.84 mag and The number of dusty C-stars is still very small, but the segee
with o = 0.40 mag. The peak of the LF is in perfect agreesf the few data points redder thah- Ks ~ 2 mag exhibits a
ment with other observations of LMC C-stars and fully corremarkably low dispersion. From a least-squares fit to dl,da
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including those of Groenewegen et al. (2009), we obtained th

following relation for C-stars:

T TTT1
L 11118

-15.42 10-#

for 1.0 < J — K¢ < 5.0 mag; and

-1278
([3.6] - [8.0]) + 2.49

logM = 2.63 ()

for 0.0 < [3.6] — [8.0] < 4.5 mag. For the bluest stars in our—
sample the mass-loss rates are extremely low, at the deiectE 1077
limit of our method. AtJ — K¢ ~ 1.0 mag, the best-fitting model K
was dust-free for most stars; for the others, the mass-aiss r
are less than- 107"My yr~1. A conservative approach would
suggest that the measured values for the bluest stars neust th
fore be considered upper limits. The blue applicabilityilgyof 10-9
Egs. [2) and[(3) were based on this consideration and on the
colour distributions for dust-free stars in F[d. 7. On thbest

hand, the definition of the red limit is somewhat arbitraryi an 10-10 ul ool Lol Lol Lol

it was set by the colour of the reddest stars in our sample. 10-9 10-8 10-7 10786 103

The upper panel of Fid.] 7 compares our results with the rela- M M. /yr]
tion of %éfgﬂﬁfé et al./ (2009), obtained using all measufes o o/

Groenewegen et l. (2009). Thefférence for stars bluer thanFig.8: Cumulative distribution of the mass-loss rates for O

[3.6]-[8.0]= 2 mag is mainly due to the small number of starf0 L :
: . . pen squargsand C-rich filled dot9 AGB stars. The horizon-
in this colour range in the Groenewegen et al. (2009) samp &t line shows the average mass-loss rates of the extegiahse

The relation of Matsuura etlal. (2009) is therefore weaklg-co ;
: " . VRO of the LMC obtained by Matsuura etal. (2009), rescaled to the
strained for the bluest stars. In addition, their relat®derived area encompassed by our analysis.

using the colours obtained from the best-fitting SEDs, ratien
the observed counterparts, as in our case. Tifierdnce is there-

fore related to the systematidfsets already discussed in Sectl@ble 5: Distribution of mass-losing O- and C-rich starseTh
B. We conclude that our relation is more reliable when mass-1 Second column shows the star counts of Matsuural et al. [(2009)

rates are estimated from observed photometry. for C-stars in the external region of the LMC rescaled to tieaa
encompassed by our analysis. The last two columns are the sta
counts and total mass-loss rates obtained from this study.

10-8
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a
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5. Discussion and Conclusion

In this paper we used the first data from the ESO public survey C-rich
VMC to obtain optical to mid-IR SEDs for a sample of 367 AGB M range Nvos N Mror
stars candidates. Our selection criteria were defined tomse M, yrt 10°M, yrt
the selection bias. Sources with colours as blue as the R@B an <1x10° 9.1 102 15
fainter thanKs = 12.0 mag —which roughly corresponds to the 1x10°<M<3x10° 8.1 6 1.1
tip of the RGB in the LMC- were excluded since this region of 3x10°<M<6x10° 4.4 3 1.3
the CMD is dominated by the RGB and itis nearly impossibleto  6x10°<M <1x10° 18 0 0
disentangle RGB and AGB stellar populations from photoimetr 1x10°<M<3x10° 1.8 2 25
data. 3x10°<M<6x10° 05 0 0
Luminosities and mass-loss rates were obtained by fittiag th >6x10° 02 0 0
SEDs with a dust radiative transfer model. Mass-loss ratze w Total: 6.4
obtained assuming a constant expansion velocity and degstg O-rich
ratio with values similar to Galactic AGB stars.
The cumulative distribution of mass-loss rates for O- and M range Nwos N Mror
C-rich stars is shown in Fid]8. The total mass-loss rate in <1x10 otk - 65 8'82

the 1.42 de§ area encompassed by our analysis i4 %
10° M yr~t. This value is lower than that expected from the
average mass-loss rate for the external regions of the LMC
found byl Matsuura et all (2009), which islix 1074 Mg yr=t —
scaled to a 1.42 décarea. We note however that the ERO 0b2009). Sincé Matsuura etldl. (2009) considered only Gs@
ject discussed in the Appendix was excluded from our arslysiich stars are not taken into account in Tdble 5. The startsoun
IMatsuura et &l (2009) considered it to be an AGB and estithatare in good agreement, and the only significant discrepaey i
forit M = 6.4 x 10° M, yr-1. This object alone could explain lated to stars with low mass-loss rates. This is due to tleeteh
the diference between the integrated mass-loss rates. criteria adopted by Matsuura et al. (2009), biased towaeds r
Table[ shows the star counts and the integrated mass-lssss. The 102 stars witll < 107 M, yr~! contribute to~ 24%
rates for stars in dierent mass-loss ranges, together with the staf the total mass-loss rate, and the two stars with highesmas
counts for the external region of the LMC frdgMa—I_sm,ma;ét dloss rates contribute up to 38 % of the total. The fact thairttee
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grated mass-loss rate is strongly dominated by the mostragtr Gruendl, R. A., Chu, Y.-H., Seale, J. P., et al. 2008, ApJ, 638
stars, prevents us from drawing any conclusion on the dver@tllieuszik, M., Held, E. V., Rizzi, L., et al. 2008, MNRAS88, 1185
mass-loss rate in the LMC from the relatively small number (ﬁ“St""fSSO”' B., Edvardsson, B., Eriksson, K., et al. 2088486, 951

. le. The hiah | f1h | . ambly, N. C., Mann, R. G., Bond, |., et al. 2004, in eds, PrB®IE,
stars in our sample. e highest values of the mass-lossirate Vol. 5493, Optimizing Scientific Return for Astronomy thighuInformation

the LMC can be as high as 104 M, yr’l (e.g.,ml. Technologies, Bellingham, ed. P. J. Quinn & A. Bridger, 423
[2008). To reach a more robust estimate we therefore need to ldeld, E. V., Gullieuszik, M., Rizzi, L., et al. 2010, MNRAS04, 1475
tend our analysis to a much larger area. The 65 mass-losing'®in. M. J., Lewis, J., Hodgkin, S., et al. 2004, in eds, Pr&PIE, Vol.

. . _ 7 -1 5493, Optimizing Scientific Return for Astronomy throughfdmation
rich stars have an integrated mass-loss ratesf 20~ Mg yr—-, Technologies, Bellingham, ed. P. J. Quinn & A. Bridger, 411

which is negligible compared to the C-stars. Neverthel@$sis |shinara, D., Onaka, T., Kataza, H., et al. 2010, A&A, 514, A1
not true in general, since extreme O-rich AGB stars can hawg V., Onaka, T., Kato, D., et al. 2008, PASJ, 60, 435
mass-loss rates as high as the integrated value of our samysigc, Z., Nenkova, M., & Elitzur, M. 1999, arXiv:astrdy9910475
d)La.D_LQQD_eI_dLZQ_OFD_;_G_LO_QD_eMLeg_&D_dt al 2009)_ ato, D., Nagashima, C., Nagaygma, T., et al. 2007, PASHEED,
TR . . Kemper, F., Woods, P. M., Antoniou, V., et al. 2010, PASP,, BB3
The main limitations of the results reported in this paper aierschbaum, F., Lebzelter, T., & Mekul, L. 2010, ASA, 524, A8
related to the relatively small number of dust-enshroud&BA Kontizas, E., Dapergolas, A., Morgan, D. H., & Kontizas, 002, A&A, 369,
stars in our sample. The main aim of our work was to explore 932 o
the confidence level of the mass-loss rates and bolometige mblagadecv E., Verhoelst, T, Mékaria, D., et al. 2011, MNRA426

. . . arigo, P. 2002, A&A, 387, 507
nitude measures derived from photometric SEDs constrited arigo. P., Girardi, L., Bressan, A., et al. 2008, AGA, 4833

combining VMC data with optical MCPS, near-IR 2MASS an@iatsuura, M., Barlow, M. J., Zijistra, A. A., et al. 2009, MM, 396, 918
mid-IR Spitzer data, with a view to applying our method to th&leixner, M., Gordon, K. D., Indebetouw, R., et al. 2006, A3212268
complete sample of AGB stars that will be observed by VM®iszalski, B., Napiwotzki, R., Cioni, M.-R. L., et al. 201A&A, 531, A157

; ; [ Paczynski, B. 1971, Acta Astron., 21, 417
in the Magellanlc system. We demonstrated the rellabllﬁﬂyle Renzini, A. & Buzzoni, A. 1986, in Astrophysics and SpaceeBce Library,

measures and classification of the O- and C-rich AGB stellarq) 122, spectral Evolution of Galaxies, ed. C. Chiosi & Aeriini, 195
populations. A more complete picture about the mass-10Ss Fenzini, A. & Voli, M. 1981, A&A, 94, 175

turn and the process of enrichment of the ISM will be obtaindtlibele et al. 2011, A&A, submitted

from forthcoming VMC observations. VMC is scheduled to re@argem' B. A., Srinivasan, S., & Meixner, M. 2011, ApJ, 728,

; - chaefer, B. E. 2008, AJ, 135, 112
ularly carry out observations which, at the end of the 5 yaar s Schlegel, D. J.. Finkbeiner, D. P., & Davis, M. 1998, ApJ, 5626

vey, will provide photometry for two orders of magnitude mor skrutskie, M. F., Cutri, R. M., Stiening, R., et al. 2006, A31, 1163
AGB stars. Our results are nevertheless important, beaawse Sloan, G. C., Kraemer, K. E., & Bernard-Salas, J. 2010, inléBial of the
database already contains afstiently large number of stars American Astronomical Society, Vol. 42, American Astrorioat Society

; _ - ; Meeting Abstracts #215, 459,02
with colours up toJ — Ks = 2 mag, which represent the bulkg - "' ™Veiner M. Leitherer, C., et al. 2009, 237, 4810

of the AGB population. Srinivasan, S., Sargent, B. A., & Meixner, M. 2011, AGA, 5354+
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Fig. A.2: Photometric data points and standard AGB SED model
for the Extremely Red Objects J050343.02-6644d&rhonds
and solid ling. In the upper panel they are compared with data
and SED standard model for J055026.08-6956(8ifc(es and
dotted ling. The lower panel show the post-AGB model with a
detached dusty she(tiotted ling. The arrows show the photo-
metric detection limits.

Arc Seconds
o

The photometric data points and the best-fitting model of
J050343.02-664456.7 obtained using the standard proeeddur
scribed in Secf.]3 are presented in [Eig.JA.2. The model sobsta

Are Seconds tially underestimates the flux in the bluest part of the SERhe

Ks and in the IRAC 3.6:m bands. The predictdds magnitude
Fig.A.1: 30’ x 30” J (upper panél and K (lower pane) is ~ 9 mag fainter than the observed one. We tested our model
VMC images centred on the Extremely Red Object J050343.6#s0 on the other EROs identified by Gruendl & Chu (2009) —all
664456. located outside the_8 VMC tile and hence not included in our

sample—and found that in most cases our AGB models could de-

scribe quite well the observed SED. As an example, in[Eigl A.2
mass-loss rate of all stars in our sample. In the following wee show the photometric data and our best-fitting SED model fo
present some indications that J050343.02—664456.7 mayenot)055026.08695603.1, an EROs with a SED similar to the one of
anormal AGB star. J050343.02-664456.7. In this case the model SED seems+o gen

J050343.02-664456.7 is not present in the VMC catalogeeally better reproduce the observed data. We are therkfdre
because it is detected only in tkg-band. Itis in fact completely to consider the possibility that J050343.02-664456.7 c:dng
invisible in theJ band as well as in the bluafband, as shown something dierent from an AGB star.
in Fig.[AJl. The vmcSource catalogue is built with sources de The SED of J050343.02-664456.7 could be explained as-
tected in the three VMC band@lﬂbﬂ) and theeefasuming that this is a post-AGB star with a detached shell. In
J050343.02-664456.7 is not included. TKe magnitude was this case the flux in the near-IR would be due to the contidlouti
obtained from the vmcDetection table, i.e. the catalogue cof the central star. In our case this contribution is extrigritav,
responding to individual observations. Its valuekis = 1875 and produces only a flatter SED in the near-IR, rather thao-a se

mag. ondary peak in the near-IR (see, €.g., Lagadec|et al! 20hig. T
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implies that the central star stopped losing mass —i.edi¢éithe
AGB phase- very recently (see, elg., van der Veenlet al! 1989)

To explore the post-AGB hypothesis, we used our models
setting the condensation temperature of the dust graindras a
parameter. The resulting best-fitting model is shown in ot
panel of Fig[A.2 as a dotted line. It is compatible with the up
per limit for optical and near-IR magnitudes corresponding
the MCPS and VMC detection limit and it shows a much bet-
ter agreement with the observed SED than the standard AGB
model. In the best-fitting model the condensation tempegatu
is Tc = 330 K, corresponding to an inner radius of the dusty
shell of ~ 5 x 10*R, or ~ 3.5 x 10'® km. This value is ex-
tremely small, just 10 times bigger than the inner radiushef t
dusty shell obtained for the standard model. This implied th
the mass-loss production in J050343.02-664456.7 has ddopp
to zero extremely recently —of the order-of100 years ago as-
suming a shell expansion velocity of 10 kit s

To conclude, we showed that the observed SED of
J050343.02-664456.7 is not fully compatible with a staddar
model for AGB stars, showing a flux excess at wavelengths
shorter than~ 4 um. We proposed that this source could be-
long to the —rare— class of objects in transition from the AGB
the planetary nebula stage. Further evidence supportingitea
could be found in the fact that some of the SEDs of the 13 EROs
identified by Gruend! & Chu (2009) show hints of a secondary
peak at near-IR wavelengths. We hence point out that it may be
not so straightforward to classify all EROs as AGB carborssta
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