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ABSTRACT

We present spectroscopic observations fromSpézer Space Telescopésix carbon-rich
AGB stars in the Sagittarius Dwarf Spheroidal Galaxy (Sgtgnd two foreground Galac-
tic carbon stars. The band strengths of the observgd, Gnd SiC features are very sim-
ilar to those observed in Galactic AGB stars. The metallisitare estimated from an em-
pirical relation between the acetylene optical depth aedstrength of the SiC feature. The
metallicities are higher than those of the LMC, and close ata&ic values. While the high
metallicity could imply an age of around 1 Gyr, for the dust@B stars, the pulsation peri-
ods suggest ages in excess of 2 or 3 Gyr. We fit the spectra abierved stars using the
DUSTY radiative transfer model and determine their dustsfass rates to be in the range
1.0-3.3x10~3Myyr—!. The two Galactic foreground carbon-rich AGB stars are tiedat
the far side of the solar circle, beyond the Galactic Certrge of these two stars show the
strongest SiC feature in our present Local Group sample.
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1 INTRODUCTION star) is then “carbon-rich”; amorphous carbon dominatesdihst,
while (after H;) CO and GH; dominate its gas. The“oxygen-rich”
AGB stars are characterised by silicate dust and moleculgs as
SiO, OH, K, 0. Third dredge-up brings the carbon produced by the
triple-a reactions to the surface, increasing the C/O ratio and over
time can change a star from oxygen-rich to carbon-rich.

The Asymptotic Giant Branch (AGB) phase occurs during the la
stages of the evolution of low- and intermediate-mass .stdris
phase is characterised by intense mass loss and leads toritee f
tion of a circumstellar envelope made of gas and dust. Theanol
ular composition of this envelope is dependent on the C/-abu
dance ratio. The CO molecule is very stable and unreactiva, a

) ; ) The mass loss from AGB stars is one of the main agents for
if C/O > 1, all the oxygen is trapped in CO. The envelope (and

the chemical evolution of galaxies. It expels the produttaiclear
reactions in the core of the star into the interstellar medilihe
mass loss from AGB stars contributes roughly half of all ths g
* E-mail: eric.lagadec@manchester.ac.uk recycled by stars (Maeder 1992), and up to nearly 90% of tlsé du
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(Gehrz 1989). Mass loss from AGB stars is also one of the main
sources of carbon in the universe, together with Wolf-Rayats
and supernovae (Dray et al. 2003).

The mechanisms driving this mass-loss process are not fully
understood. It is thought to be a two-step process: pulsfiom
the star lead to the formation of dust, and then radiatioague ac-
celerates the dust grains to the escape velocity. The gasrisiso
expelled due to friction with the dust grains. The effect aftat-
licity on the mass-loss rates from AGB stars has been disdusts
some length. Some works proposed that mass-loss ratesidiwul
lower in metal-poor environments, as less dust is expectéatin,
so that radiation pressure would be less efficient in driegmass
loss (Bowen & Willson 1991; Zijlstra 2004). This hypothesis
the metallicity effect on mass loss has recently been tastetdy
spectroscopy fronspitzer(e.g. Sloan et al. 2006, 2008; Zijlstra
et al. 2006b; Lagadec et al. 2007; Matsuura et al. 2007; fierea
“SZLM" will refer to all five of these papers). Against earlypec-
tations, the dust mass-loss rates of carbon stars in metalgalax-
ies from the Local Group appear to be similar to the ones nnedsu
in the Galaxy. In contrast, oxygen-rich stars in metal-psoriron-
ments do appear to have lower dust mass-loss rates. Thiestegg
that carbon is important in triggering the superwind (Lagmé
Zijlstra 2008). Theoretical models confirm that the masslates
of carbon stars should not depend on metallicity (Wachteal.et
2008). Mattson et al. (2008) argue that the pulsation enefdiye
star can drive a strong wind at low metallicity, but the dejmrte
on chemistry suggests this is not the dominant effect witténob-
served metallicity range.

The dusty circumstellar envelope surrounding AGB stars ab-
sorbs the light from the central star and re-emits it in the in
frared. Furthermore, spectral signatures of dust and matds@p-
pear in this wavelength range. Spectroscopic observatibAGB
stars in the thermal infrared are therefore vital for thedgtof
the dusty envelopes around these stars. Atmospheric alosorp
prevents ground-based mid-infrared observations outaidavin-
dows around 10 and 20n. The Spitzer Space Telescopé/erner
et al. 2004), with its high sensitivity and mid-infrared vedength
coverage, has proven to be a valuable tool for the study dfydus
envelopes around extragalactic AGB stars.

To study the mass loss from evolved stars at low metallicity,
we are undertaking a Spitzer spectroscopic survey of nuessg
AGB stars in different Local Group galaxies. We have already
presented results for the Magellanic Clouds and Fornax K8ZL
Matsuura et al. 2006; Groenewegen et al. 2007). Here we grese
Spitzerspectra of eight AGB stars in the direction of the Sagit&riu
Dwarf Spheroidal (Sgr dSph) gale@;ﬂ'his study aims at studying
the circumstellar properties of these AGB stars.

2 TARGET SELECTION

We selected eight AGB candidates in the direction of the Sgrid
based on their near-infrared colours. These stars wergoeotre-
scopically confirmed carbon stars before this study. The odr
the Sgr dSph has a distance modulus estimated to be4@.09
(Mateo et al. 1995) and is located behind the Galactic Butge.
being disrupted by the Galaxy so that its tidal tail surrcutite
Milky Way. It contains several stellar populations. The dioamt

1 This galaxy is also known as the Sagittarius Dwarf ElligtiGalaxy
(SagDEG), but it should not be confused with the Sagittdbwarf Irregu-
lar Galaxy (SagDIG).
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Figure 1. The Mg vs J — K diagram of the observed sample. Crosses
represent the observed Sgr dSph targets and the large thiecfereground
targets. Points represent the stellar population of Sghd&fy is the abso-
lute magnitude and was calculated assuming a distance odstimated

to be 17.02-0.19 (Mateo et al. 1995).

one has a metallicity in the range [Fe/H}8.4 to —0.7 and an
age of 8.&:1.5 Gyr (Bellazzini et al. 2006). A second population
is younger and more metal-rich with [Fe/H}9.25 for the most
metal-rich objects (Zijlstra et al. 2006a). These popalsispan
the range of metallicities observed in the Magellanic Ctoud

The eight selected targets are a subsample of the stars pre-
sented by Lagadec et al. (2008). Tdlle 1 lists some chaistater
of these stars. For convenience, we will use the names peblis
previously. The stars were selected to span a wide range-inK
colour, i.e. a wide range of optical depth due to dust in teei
velopes.

Fig.[ displays the eight observed stars infd vs J — K
diagram. Asterisks represent the observed stars in the Sgin.d
To show that the observed stars are all AGB stars, we ovetfpdot
distribution of Sgr field stars. Lagadec & Zijlstra (2008)pkain
the selection of these field stars. To verify that the obskstars
belong to Sgr dSph, we performed radial velocity measurésnen
these indicate that six out of the eight observed stars bdloSgr
dSph but the remaining two are foreground stars (sed Séc. 3.3

3 OBSERVATIONSAND DATA REDUCTION
3.1 Spitzer observations

The observations were made with the InfraRed Spectrogi& (
Houck et al. 2004), on board tt®pitzer Space Telescop#le used
the Short-Low (SL) and Long-Low (LL) modules to cover the
wavelength range 5-38n. The SL and LL modules are each di-
vided in two spectral segments, together known as SL2, SILP, L
and LL1; a “bonus” order covering the overlap between the two
modules is also available. The data reduction is similah&t tle-
scribed by Zijlstra et al. (2006b). The raw spectra were gseed



through theSpitzemipeline S15. We replaced the bad pixels by val-
ues estimated from neighbouring pixels. The sky was sutietldzy
differencing images aperture by aperture in SL and nod byimod
LL. We used the software tools available in SPICE @pitzelRS
Custom Extractor) to extract the spectra. The flux calibrathade
use of the reference stars HR 6348 (KO Ill) in SL and HR 6348,
HD 166780 (K4 1ll) and HD 173511 (K5 Ill) in LL. The spec-
tra were individually extracted from the individual imag&oth
nods in both apertures were then joined simultaneouslgcelat-
ing the errors in the process by comparing the nods. Therelifte
nods were averaged, using the differences to estimate theser
The different spectral segments were combined using soal&r
tiplication to eliminate the discontinuities due to fluxtitecause
of pointing errors. The different segments were also trimitoere-
move dubious data at their edges. We also retained the d#te in
bonus order where it was valid. These steps resulted in datdn
wavelength calibration accuracy of 0,06 in SL and 0.1%m in

LL.

Fig.[2 presents the spectra of the observed AGB stars, afdere
by their [6.4]-[9.3] colours (see Sec. 5). The moleculardsaand
dust features discussed below identify all eight objectsaabon-
rich stars.

3.2 Near-infrared photometry

Observations in the near-infrared are important to obtailiable
estimate of the luminosity. Due to the variability, thessatvations
are best obtained close to the same epoch as the spectré& Mult
epochJ H K L photometry was obtained at the Australian National
University (ANU) 2.3-m telescope at Siding Spring Obsenwat
(SSO) in Australia. The filters used were centred at A2§.J),
1.6&:m (H), 2.22um (K) and 3.5a%m (L). Groenewegen et al.
(2007) describe the observations. Téble 1 presents theuneehs
JH K L magnitudes at the epoch of tBpitzerobservations.

The multi-epoch observations, taken before 8mtzerob-
servations, were used to study the near-infrared varighifi the
sources. Light curves were obtained by fitting a sine wavéa¢o t
K-band data. Fi]3 displays these light curves.

3.3 Radial velocities

Radial velocities were determined for six of the eight carbtars
using optical spectra obtained with the Dual Beam Specpigr
on the 2.3-m SSO telescope. The spectra have a resolutioA®f 0
Alpixel for four objects and 3.7A/pixel for the remaining two
objects (see Tablé 2). The higher resolution spectra wessser
correlated with the local carbon star X Vel for which a spewtr
at a resolution of O.SX/pier was also obtained. A radial veloc-
ity of —5.4km s~! was adopted for X Vel (determined from high-
resolution echelle spectra which were cross correlatethsigtne
radial velocity standard: Cet with a heliocentric radial velocity of
—25.8kms ). Cross-correlation of the lower-resolution spectra of
the remaining two stars was used to obtain their radial visc
Tabld2 gives the final heliocentric radial velocities angittierrors
(as given by the IRAF task FXCOR).

Fig.[4 presents a histogram of the radial velocities of carbo
stars in the direction of Sgr dSph from Ibata et al. (1997)r€h
are obviously two groups of stars: those with heliocentadial
velocities of 100< Vheiio(km/s) < 190 which belong to the Sgr
dSph; and those withuw;,(km/s) < 50 which belong to the Milky
Way Galaxy. Two stars in our sample, Sgr02 and Sgr 22, clearly
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Figure 4. Top panel: Radial velocity distribution of stars in the difen of
the Sgr dSph galaxy (from Ibata et al. 1997). Bottom paneliatavelocity
distribution of six of our targets. Two of these stars, Sga@d Sgr 22, are
clearly foreground members of the Galaxy.

Table 2. Heliocentric radial velocities for six of the observed &gyas
measured from observations at SSO.

Target Resolution  wavelength range oMo Verror
Alpixel A km/s  km/s
Sgr02 0.48 8100-8900 —22.8 1.1
Sgr03 3.7 6800-9200 128.1 111
Sgr09 0.48 8100-8900 1449 1.6
Sgri5 3.7 6800-9200 136.4 12.2
Sgr22 0.48 8100-8900 -73.1 21
Sgr29 0.48 8100-8900 106.3 2.5

belong to the Milky Way Galaxy, while the other stars are merab
of the Sgr dSph. The properties of the two foreground stags ar
discussed in Sec. 9.3

We used other distance estimates to ascertain the Sgr dSph
membership of the two stars without radial velocity measets
(see Sed.]7).

4 DESCRIPTION OF THE SPECTRA

The IRS spectra of the eight observed stars (Eig. 2) show both
dust and molecular emission. All the observed stars areonarb
rich and have spectra typical of AGB stars. The spectra cftails
clearly show absorption features fromM; at 7.5 and 13.Zm
(Fig.[8). SiC dust produces the 116 feature detected in all the
spectra. Some of them (Sgr02, Sgr03, Sgr07 and Sgr18) show a
broad emission feature around 2@ attributed to MgS (Hony et
al., 2002). This feature might also be present in Sgr09 am@&g

A drop is observed for all stars at the blue edge of the spdtim

due to several molecules, most notably &d CO (Zijlstra et al.
2006b).

Sgr 22 displays a very strong SiC emission feature, stronger
than any carbon-rich AGB star of which we are aware, inclgdin
the Galactic sample observed by tinfrared Space Observatory
and described by Sloan et al. (2006) or the Local Group gedaxi
observed bysSpitzer(see upper panel of Figl 8).

A weak feature attributed to the stretching vibration of & ca
bonyl group (X-CO) has been observed in some LMC AGB stars
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Figure 2. Spitzer/IRS spectra of the eight observed carbon starerendy dust temperature. The main dust and gas featuresbatket on the spectrum of
Sgr 02. The dashed lines represent the SED fits obtained WIBITLY (Sec[B)
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Figure 3. Light curves of the eight observed carbon stars. These waeened using a sinusoidal fit to tH€-band magnitudes. The vertical lines show the
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Table 1. Observed Sgr dSph targets: adopted names, coordinateésntoy and distancel, H, K and L are taken from near-simultaneous measurements
at SSO. The periods were obtained by sine-fit toAhdand observations. The distance was estimated using ttiedéescribed in Sel 7.

Adopted name  2MASS name IRAS name RA Dec J H K L P phase D
(J2000) mag mag mag mag d kpc

Sgr02 18414350-3307166 183843310 18414350 —330716.6 11.095 9.421 8.043 6.501 301 0.65 17.1
Sgr03 18443095-3037098 184133040 184430.96 —303709.8 13.360 11.436 9.879 8.047 446 0.36 31.6
Sgr07 18465160-2845489 184362849 184651.60 —284548.9 15464 13.121 10.944 8320 512 0.06 34.1
Sgr09 18514105-3003377 185141.05 —300337.7 11.753 10.263 9.124 7913 370 0.40 30.3
Sgri5 18584385-2956551 185553001 185843.85 —295655.1 12.862 10.921 9.394 7.496 417 1.00 28.0
Sgri8 19043562-3112564 190133117 190435.62 —311256.4 15535 12.753 10.734 8.171 485 0.42 35.1
Sgr22 191039873228373 190743233 191039.87 —322837.3 11.315 9.454 7.959 6.196 370 0.02 16.0
Sgr29 19485065-3058317 194850.65 —305831.9 12909 11.014 9.522 7.838 339 1.00 315

(Zijlstra et al. 2006b) at 5,8n. This feature is present in the spec-
tra of Sgr09 and Sgr 18, and possibly also in Sgr 02, Sgr 03 Bgr
and Sgr15.

5 COLOURSAND BAND STRENGTHS

To determine colours of the observed stars, we applied tivalbed
“Manchester System” (Sloan et al. 2006; Zijlstra et al. 2)06is-
ing four narrow bands selected to represent the continuutiffeit-
ent wavelengths. Using this method, we derive two colouijistza
et al. (2006b) showed that the [6-4[9.3] colour is a good esti-
mate of the dust optical depth, while the [16-521.5] colour pro-
vides an estimate of the dust temperature. The {§9]3] colour
shows a linear relation with the measured mass-loss ratee{G
newegen et al. 2007; Matsuura et al. 2007; Sloan et al. 20@8)e
lists the blackbody temperature derived from this [16[2]L.5]
colour. To test that our choice of continuum colours is reabte,
we plotted [16.5}[21.5] vs. [6.4]-[9.3] (Fig[®). For five of the
observed stars, the continua are consistent. But three (8gr 02,
Sgr03 and Sgr22) are outliers. Sgr02, Sgr03 are partigulad
at [16.5}-[21.5].

For all the observed stars, we measured the strength of the

main features (Fid.J2). The continuum underlying each feaisi

6 CIRCUMSTELLAR PROPERTIES
6.1 Gas

As mentioned in Se€] 4, the main gas absorption featureswase

in our spectra at 7/om and 13.Zm are due to gH.. We have
shown (SZLM, Matsuura et al. 2006) that in metal-poor enviro
ments, the @H, absorption becomes stronger. This can be ex-
plained by the fact that at low metallicity, the initial oxgrg abun-
dance is smaller than for Galactic stars, and the dredgé-egrioon
during the AGB leads to higher C/O ratios.

Fig.[d shows the equivalent width of these features as a func-
tion of the [6.4}-[9.3] colour for the current sample in comparison
to the stars from other Local Group galaxies. The plot reldte
strength of the molecular band to the optical depth (or duesgan
loss rates) of the envelopes of the observed stars. ThHe €quiv-
alent widths of the Sgr dSph sample are in the lower rangeeof th
observed strengths. They are similar to or a little highantthe
values found in Galactic stars of similar [6-4P.3], but are gener-
ally weaker than found in the SMC, LMC and Fornax.

6.2 Dust

As mentioned in Sed]4, the main dust features observed in the
spectra are due to SiC and MgS. The featureless continuwesari
primarily from emission from amorphous carbon emissiow. [
shows the strength of the SiC and MgS features as a functitheof
[6.4]—[9.3] colour.

The properties of the SiC feature have been extensively stud
ied previously (e.g. Speck et al. 2005, Leisenring et al820Da-

defined using small wavelength ranges on the blue and red side gadec et al. (2007) have shown that the relationship betireen
of the feature. The continuum is then defined using a straight strength of the SiC feature and the optical depth of the epeel
line between the blue and red continuum values. Becauseethe r varies according to the metallicity of the host galaxy, gsarsam-
edge of the MgS feature (Sdd. 4) is outside of the IRS spectral ple of stars in the SMC, LMC and the Galaxy. Hig. 8 illustrates

range, we used a blackbody with the temperature derived fihem
[16.5]—[21.5] to extrapolate the continuum under this dust feature
After the definition of the continuum we determined the sjtbs

of the features in two different ways. For the dust featungssim-

ply measured the ratio between the integrated feature fldxtam
continuum (F/C). For the gas features, seen in absorptienmea-
sured the equivalent widths. We also measured the centrad-wa
length of the SiC feature defined as the wavelength at whieh th
flux on the blue side of the feature equals the flux on the reg sid
Table[3 lists the measured strengths and central wavelenfthe
observed features.

trend of increasing SiC feature strength for the Galacticssivhen
[6.4]—[9.3] <0.5 and a gradual decrease for redder stars. Such a
trend is observed for carbon stars in the LMC, but the inflexio
occurs for redder colours, aroundl. Very few SMC and Fornax
stars with [6.4}-[9.3] > 1 have been observed, but such stars in
metal-poor galaxies appear to follow the same trend as LM€ st
and have much weaker SiC features at a given optical depth. On
SMC star, GM 780, is an outlier with a very strong SiC emission
feature. The stars from the Sgr dSph are located at simikitipas

as the Galactic ones, but with a SiC feature slightly weakant
those of Galactic stars with the same [6.4]-[9.3] colourSAss not
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Table 3. Colours measured using four narrow carbon stars continuamddy strength of the molecular and dust features, in tefregh®r the equivalent
width in microns, or the integrated flux-to-continuum rafi@C (Sect[b). The last column gives the continuum (blaottyl temperature, derived from the

[16.5]—[21.5] colour listed in TablE]1

target  [6.4}-[9.3] [16.5]-[21.5] EW (7.5um) EW(13.7um)  F/C(SiC) Ae (SIC) FIC (MgS) T(
(mag) (mag) L) (2m) (2m) (K)
Sgro2  0.375:0.012 0.27G:0.010  0.148 0.002  0.035: 0.005 0.26%0.005 1127 0.03 0.639£0.012 515+ 16.
Sgro3  0.555-0.004 0.292£0.009 0.11% 0.005 0.020+ 0.008 0.226 0.007 11.070.05 0.401 0.012 480+ 12.
Sgro7  0.757:0.004 0.187:0.015 0.078 0.005 0.036:0.002 0.15%0.004 11.17-0.04 0.180+0.018 716+ 48.
Sgro9  0.319-0.016 0.093:0.018 0.237 0.009 0.064- 0.011 0.278 0.008 11.14+0.04 0.050+ 0.026 1385+ 225.
Sgri5 0.532-0.006 0.152:£0.014 0.06%0.004 0.018: 0.005 0.2220.005 11.1H0.03 0.172£0.018 864+ 66.
Sgri8 0.82H-0.002 0.188:0.013 0.068 0.004 0.034: 0.003 0.158 0.003 11.18-0.03 0.234+ 0.015 710+ 41.
Sgr22  0.636£0.005 0.082:0.016 0.0930.002 0.023: 0.002 0.41@-0.006 11.20£0.02 0.055+ 0.020 1457+ 225.
Sgr29  0.362:0.010 0.105:0.017 0.13% 0.004 0.044- 0.010 0.18%0.008 11.22+0.06 0.00L+ 0.021 1230+ 166.

produced in AGB stars, this slight difference appears tacate
that the Si abundance in the observed Sgr dSph stars is betiee
Si abundance of Fornax/SMC/LMC and the Galaxy.

Fig.[d shows the strength of the MgS feature as a function of
the dust temperature. As already observed for AGB starshierot
Local Group galaxies (Sloan et al. 2006, Zijlstra et al. 2)06-
gadec et al. 2007), this feature tends to appear mostly iretkhe
velopes of stars with cool dust. In general, the formatiatess of
MgS begins around 600 K and is complete around 300 K.

7 DISTANCE ESTIMATES

To check whether the observed stars are members of Sgr d&ph, w
estimated their distances using two methods. The distan&gt
dSph being well established, our sample allows us to tefsrdift
distance estimation methods.

The first one uses the infrared colours of the observed stars,
following the method described by Sloan et al. (2008). Theayeh
shown, from a sample of carbon stars in the Magellanic Clouds
that:

Mg = —9.18 4+ 0.395(J — K) (1)

and
Mo 3um = Z ai([6.4] _ [93])L -

whereao = —8.81, a1 = —6.56 andas = 2.74. Using these
relations and the infrared colours of the observed carbans,sive
can obtain two estimates of their distances.

The second method makes use of the period-luminosity rela-
tion for carbon Miras as described by Feast et al. (2006):

Mo = —2.54 x logP + 2.06 (3)

We converted all of the photometry to the SAAO system and
dereddened the near-infrared data as described by Lagadéc e
(2008). The reddening was estimated using the extinctiopsma
by Schlegel et al. (1998). For the observed starg~B.1 and
Ak ~0.04. Using standard conversion factors, we estimated that
A6.m<0.01 and that the reddening was lower than a percent at
longer wavelengths. We thus did not deredden our spectrahdve
derived the bolometric magnitudes using the equation ftorbet-
ric correction derived by Whitelock et al. (2006):

BCx +0.972 +2.9292 x (J — K) — 1.1144 x (J — K)?

Table 4. Distances estimated from the infrared colours and the gerio
luminosity relation.

target  Drr (kpe) Dpr(kpe)
Sgro2 17.1 12.9
Sgro3 316 33.2
Sgro7 34.1 41.4
Sgro9 30.3 25.2
Sgris 28.0 25.8
Sgris 35.1 32.7
Sgr22 16.0 12.9
Sgr29 315 25.1

+0.1595 x (J — K)® —9.5689103(J — K)*  (4)

Table[4 displays the mean values of the estimated distance
for each star using the dereddened infrared colours ancetfiedp
luminosity relation. This confirms that the stars Sgr07 agd18
belong to Sgr dSph.

Mateo et al. (1995) derived a distance for the central region
of Sgr dSph of 25.352.06 kpc. A comparison of our two distance
estimates indicates that the best agreement with the destarSgr
dSph is obtained with the period-luminosity relation. Usthe in-
frared colours gives distances to the observed stars signify
higher than the well-determined distance to the galaxy. dise
tance estimated using the period-luminosity relation gikesults
in perfect agreement for Sgr09, Sgr15 and Sgr29. For the thre
other stars, this method gives larger distances. Vartgbiiill have
some effect on the derived distances, but given that twoeoftttee
stars with large apparent distances are significantly redde— K
than any of the others it would seem quite possible that theya:
dergoing obscuration events of the type described by Witkedt
al. (2006) for Galactic Miras and which are also seen in atleae
of the AGB stars in Fornax (Whitelock et al. 2009). Photoiaetr
monitoring over long time scales of these stars would be et éal
confirm that hypothesis, as stars with such behaviours slaoia-v
tions over periods of a few years.

8 DUST MASS-LOSSRATES

Lagadec et al. (2008) measured the dust mass-loss ratessifiis
presented in this work. These dust mass-loss ratés,§, mea-
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Table 5. Dust mass-loss rates for the observed stars and parambtaiseal from our DUSTY models\/.,, and Mdusty are the dust mass-loss rates (in

Myr—1) from Lagadec et al. 2008 and our DUSTY models, respectively

Target  Luminosity MpusTy Tepr Tin  SIC/AMC 7 (0.55um) M. Vexp
(Lo) (10 3MpyrY)  (K) (K (10~ 8Mpyr=1)  km/s
Sgro2 11469 2.59 2800 1200 0.1 4.67 0.86 28
Sgro3 4529 1.29 2800 1200 0.1 9.56 0.84 18
Sgro7 4483 2.52 2800 1000 0.08 9.64 0.97 14
Sgro9 6652 1.02 2800 1200 0.1 2.22 0.27 27
Sgri5 8632 2.73 2800 1200 0.1 7.00 0.93 23
Sgri8 5056 3.39 2800 1000 0.08 13.1 2.60 13
Sgr22 13321 3.78 2800 1200 0.2 7.11 1.30 26
Sgr29 9152 2.04 2800 1500 0.1 5.89 0.96 35

sured from near and mid-infrared colours are presented liteTa

B.

The Spitzerspectra, together with simultaneous near-infrared
photometric measurements give us an opportunity to bettetein
the dust emission from these stars. We modeled the specta\e
distributions (SEDs), defined by theH K L flux and theSpitzer
spectra, using the radiative transfer code DUSTY (lvezilgzur
1997). Our primary objective is to fit the dust continuum idento
estimate the optical depths and the mass-loss rates. DUSIV¥ss
the 1-D problem of radiation transport in a dusty environmEgor
all our models, we assume that the irradiation comes fromirat po
source (the central star) at the centre of s spherical dusslape.
The circumstellar envelope is filled with material from aiedidely
driven wind. All the stars are carbon-rich and display Si@rnis-
sion. We thus assumed that the dust composition of the gmeelo
is a mixture of amorphous carbon and SiC. Optical propefties
these dust grains are taken the work of Hanner (1988) anduFiégo
(1988) for amorphous carbon and SiC, respectively. Thanggizie
distribution is assumed to be a typical MRN distributiontiwa
grain sizea varying from 0.0005 to 0.2&@m distributed according
to a power law with nf)cca =2 with ¢g=3.5 (Mathis et al. 1977). The
outer radius of the dust shell was set td tibnes the inner radius;
this parameter has a negligible effect on our models.

To model the emission from the central star, we used a hy-
drostatic model including molecular opacities (Loidl et 2001,
Groenewegen et al. 2007). We used those hydrostatic moslals a
illuminating source only, we did not attempt to model the ecol-
lar absorption features. The C/O ratio is assumed to be tthéo
hydrostatic models, which is a typical value for GalacticB\&ars.
This ratio is not well known in the observed stars: the C/@rat
AGB stars appears to be higher in metal-poor environmeatsith
the Galaxy (Matsuura et al. 2002, 2005). But varying the Gitidr
mainly affects the depth of the molecular features (such@sad
C2H3). The radiative transfer model fits the dust emission, ard th
C/O ratio has little effect on the model. We also performechao
model calculations assuming that the central star emitshéesch-
body, but these did not provide satisfactory fit to the neénared
data, due to the absence of molecular absorption. The fraenga
ters of the models are the dust temperature at the inners;attiie
mass ratio of SiC to amorphous carbon dust and the central sta
effective temperature, k. As one output, DUSTY provides an es-
timate of the terminal outflow velocity and the mass-lose fat a
luminosity of 1¢ L. As the luminosity can be determined by scal-
ing the emerging spectrum, we can then recalibrate the foass-

rates accordingly, assuming a distance of 25 kpc for thetars in
SgrdSph, and 17.1 and 16.0 kpc for Sgr02 and Sgr 22 respgctive

DUSTY gives total (gas+dust) mass-loss rates assuming-a gas
to-dust ratio of 200, but the dust is the dominant constramthe
fitting to the SED. Therefore, we have divided the resultirapsi
loss rates by the gas-to-dust ratio and report only the dasism
loss rate in Tablg]5. This assumes that the gas and dust éxpans
velocities are the same. Note that we had to make a number of
assumptions in our models. For example, we assume thatvke en
lope and the dust grains are spherical. This cannot be tleigas
reality, so our fits cannot be perfect. However, the modediseze
our primary aim, estimating the dust mass-loss rates. Tvedses
are of the same order of magnitude as those derived by Lagadec
al. (2008). The values found by Lagadec et al. (2008) arerglipe
a factor of two or three smaller than the present ones.

For all the stars, the best fit is obtained with;=2800K. The
best model for most of the stars was obtained using a temperait
the inner radius of 1200 K and a mixture of 10% of SiC and 90% of
amorphous carbon. For two stars, we needgd T000 K to model
the red part of the SED, and for another one we used T500 K.
The very strong SiC feature observed in the spectrum of Sgg 22
very well fitted using 20% of SiC. Sgr07 and Sgr 18 have weaker
SiC features, which can be fitted using a SiC mass fractiodof 8

We confirm the general correlation found by Groenewegen
et al. (2007) and Matsuura et al. (2007) between the mass-los
rates and the [6.4][9.3] (FiglZ0). But the stars we observed in
the Galaxy and in Sgr dSph are on average offset towards highe
mass-loss rates for the same colour, by about a factor of The.
two stars in Fornax show a (smaller) offset in the same daect
All of these mass-loss rates of these stars were estimaisddur
DUSTY models, while the ones in the Magellanic Cloud starssawe
estimated using another radiative transfer model (Groegew et
al., 2007). The models by Groenewegen et al. (2007) were asmde
suming a constant expansion velocity of 10 knt svhile DUSTY
calculates an expansion velocity for each model. Theseileaéx
velocities are generally a factor of 2-3 higher than the @sssimed
by Groenewegen et al., suggesting that the difference is#ass
rates arise from different assumptions made by the modsiser
than an intrinsic differences between the stars. The duss+iuss
rates determined by Lagadec et al. (2008) for the Sgr dSph sta
nicely follow the relation with [6.4}[9.3] colour found in previ-
ous work.
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Figure 5. Spitzer spectra around 13/h of the observed stars, showing
the GyH2 absorption. The two grey bands represent the continuumtosed
measure the band strengths.

9 DISCUSSION

9.1 Estimating metallicities

The survey of carbon-rich AGB stars in the Local Group has
yielded SpitzerIRS spectra of a large sample of stars in galaxies
covering a range of metallicities.

The metallicity of extragalactic AGB stars is normally take
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Figure6.[16.5]—[21.5] vs. [6.4}-[9.3] colour diagram. Asterisks and open
circles represent the stars we observed. The solid line #dad fquares
represent a series BUSTYmodels, as described by Zijlstra et al. (2006a).
The optical depth at/m is indicated for each model

as that of the underlying dominant stellar population ofghkxy.
Individual metallicities of carbon stars are especiallfficlilt to
determine. Generally, stellar metallicities are detesdifrom the
strengths of fine-structure lines from heavy elements iicapor
near-infrared spectra. The continua of AGB stars are vepemn
tain, due to the presence of multiple, overlapping moledodends
in their envelopes, e.g. CO and CN. To model this continuum, a
hydrostatic stellar atmosphere model is required, with@umsur-
face gravity, C/O abundance ratio, and effective tempegatuch
models have been made to determine the metallicity of Looali®
AGB stars, but are very time-consuming, and have been apiie
only a small number of stars (de Laverny et al. 2006).

The SiC feature is expected to depend on metallicity, thimoug
the Si abundance. It may be possible to use the strengthsdietn
ture in ourSpitzerspectra to estimate the metallicity of the stars
in our sample. Simultaneously, theld, abundance depends on
the amount of free carbon, [(@0)/O] (Lagadec & Zijlstra 2008),
which is expected to increase (on average) with decreasetglm
licity (e.g. Matsuura et al. 2005). Thus tiSpitzerspectra provide
two means of determining metallicity.

Fig.[13 shows the equivalent width of theld, 7.5um feature
versus the SiC flux-over-continuum ratio, for all the LocabGp
carbon stars we observed. A clear separation is seen betiveen
stars from different galaxies, i.e. different metallie#i The Galac-
tic stars, which are expected to be the most metal-rich, tasre
largest SiC/C ratio for a given4EBl, 7.5um equivalent width. The
LMC stars are spread out between the SMC and Galactic staes. T
diagram shows a good (average) separation between thaegalax
in order of expected metallicity. Stars from each individyaaxy
show a significant spread, which may be due to a spread in-metal
licity within a galaxy, or due to an evolutionary spread, las $tars
will show an increasing carbon dredge-up over time. ButHerftill
carbon-star population, this diagram appears to providetaliic-
ity indicator.

We can apply this diagram to the stars observed in this paper.
The two galactic foreground stars fall within the genergiydation
of Galactic stars, with one star (Sgr 22) showing an unugutrdih
SiC/C ratio which can be interpreted as arising from a higkaine
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Figure 7. The equivalent width of the §H, features at 13/m (upper

panel) and 7.6m (lower panel) as a function of [6.4]9.3] colour. The

plot combines stars from the present sample and stars fremopis Lo-

cal Group observations: open triangles represent thertu®gr dSph sam-
ple, filled squares the SMC stars from Sloan et al. (2006) aaghtlec et
al. (2007) samples, open circles the ISO Galactic samplaeeatefy Sloan
et al. (2006), filled circles the LMC sample of Zijlstra et 2006b) and
Leisenring et al. (2008), and triangles stars from the Matet al. (2007)
Fornax sample.

licity. Surprisingly, the stars in the Sgr dSph are foundigesn the
Galactic and LMC stars, with an indicated metallicity higtigan

that of the LMC, although still sub-solar. Based on this diag, the
observed Sgr dSph carbon stars are the most metal-richgtapul
after the Galactic stars.

9.2 Metal-rich carbon starsin the Sgr dSph

The dominant giant branch population in the Sgr dSph is bedi¢o
have a metallicity ([Fe/H]}—0.55 or less (Whitelock et al. 1996,
Dudziak et al. 2000, Carraro et al. 2007) which is lower theat t
of the LMC. The observed high metallicity implied for the tus
carbon stars in our Sgr dSph sample is therefore unexpected.
Evidence for a more metal-rich stellar population in the Sgr

dSph was first detected by Bonifacio et al. (2004), who, based
spectroscopy of ten giants, found the dominant populatidmate
[Fe/H]= —0.25, much higher than what is found from typical
AGB stars. Zijlstra et al. (2006a) and Kniazev et al. (200&)ve
that one of the four planetary nebulae in the galaxy has theesa
high metallicity, confirming the existence of this poputatieven if

it does not dominate. Chou et al. (2007) find a median meitgllic
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Figure 9. Strength of the MgS feature as a function of dust temperature
estimated from the [16.5][21.5] colour. Literature data as in Hig).7

in the core of the Sgr dSph of [Fe/H] —0.4, similar to the LMC
and again a little higher than typical AGB stars.

The dusty carbon stars studied in this paper appear to be com-
paratively metal-rich. It is therefore natural to suggésit tthey
could be an AGB counterpart of the population whose age hes be
estimated at 1 Gyr (Bonifacio et al. 2004), the formation tick
may have been triggered by the passage of the dwarf galaoyghr
the Galactic disc. However, their pulsation periods, whighge
from 310 to 512 days, imply considerably older ages. For gtam
there are three carbon Miras which have periods around 4@ da
(Nishida et al. 2000) in Magellanic Cloud Clusters whichdages
about 1.6 Gyr (Mucciarelli et al. 2007a,b; Glatt et al. 2Q@&hilst
van Loon et al. (2003) suggest that the cluster KMHK 1603 cwhi
contains a carbon-rich Mira with a period of 680 days, hasyend
0.9-1.0 Gyr. The kinematics of Galactic carbon-rich MirBedst et
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Figure 10. Dust mass-loss rates as a function of the [6[4] 3] colour. The
comparison data are described in Eig. 7

al. 2006) is also consistent with increasing periods goiity de-
creasing age. The periods of the Sgr dSph Miras would therefo
imply ages of 2 to 3 Gyr, or perhaps a little greater. More wisrk
required to reconcile these observations.

One can wonder why a relatively small galaxy would show
the most metal-rich stellar population in the Local Grougafhe
two main spirals (e.g. Zijlstra et al. 2006a). In general dwearf
spheroidals show a much steeper age-metallicity relatian tdo
dwarf irregulars of the same luminosity. Dwarf spheroidaie
found around large galaxies while the dwarf irregulars aggem
isolated systems, showing the effect of environment orcerment
history. It is also of interest that of the satellites of thdkyl Way,
only the Sgr dSph has reached such high metallicity. Forotiver-
wise a very similar system, contains carbon stars with marain
poor characteristics (Matsuura et al. 2007). As the Sgr dS(ite
nearest of the satellites (Fornax is around 130 kpc awag gffiects
of the Galaxy seem important.

There are two possible explanations for the very high nietall
ities. First, the stripping of the interstellar gas by a pgssthrough
the Milky Way may have allowed fast chemical evolution thgbu
stellar mass loss and supernovae. Second, the system nmegdmv
tured gas from the Milky Way. The second option may have some
support from the fact that the high metallicity is the saméhas of
the Galactic disk at the orbital distance of the Sgr dSph.

9.3 Two foreground carbon stars

As discussed in Selc. 3.3, two stars in our sample, Sgr 02 argPSg
belong to the Milky Way Galaxy while the other stars are mersbe
of the Sgr dSph. These stars have been selected throughJtheir
and K colours and were not spectroscopically confirmed carbon
stars before these observations. Tmtzerspectra clearly show
that these stars are carbon-rich AGB stars. Their distamesti-
mated to be 17.1 kpc and 16.0 kpc for Sgr02 and Sgr 22, respec-
tively, from their infrared colours (see S&¢. 7). Sgr 22 Wigp the
strongest SiC feature among all the stars from our presecalLo
Group sample (including the Galaxy). The other foregroutad, s
Sgr02, has a weaker SiC feature than Sgr22, but{Fig. 8 iredicat
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that its SiC feature strength is similar to the ones obseimwete
Galaxy rather than in more metal-poor galaxies.

The two Galactic stars are on line of sight to the Sgr dSph,
and they are located on the far side of the Galaxy, close tedlze
circle. There are very few carbon stars known in the innea@al
carbon star distribution begins around the solar circle ettdnds
outwards (Le Bertre et al. 2001). The two stars are therddosted
around the inner edge of the carbon star distribution andldHme
similar to carbon stars in the Solar neighbourhood. Howeteir
height above the Galactic plane is 3.6 and 4.9 kpc respéctiMais
is well beyond what is expected from the disc stars. Thereis n
clear explanation, and it would be very interesting to dightihe
metallicity of other halo carbon stars, some of which aresmeo
be Mira variables (e.g. Totten et al. 2000; Mauron 2008). Aiga
metallicity suggests the stars escaped from the disc. \Eh¢tie
escape process was triggered by the Sgr dSph passage isanot cl

10 CONCLUSIONS

We have presented3pitzerspectroscopic survey of six carbon-rich
AGB stars in Sgr dSph and two serendipitously discovered&al
tic carbon stars. We used the low-resolution short-low and4low
mode of the IRS spectrometer to obtain mid-infrared spexita
ering the range 5-38n. These observations enabled us to study
dust and gas features from the circumstellar envelopesdriese
stars. We observed molecular absorption bands dught @t 7.5
and 13.7:m. A weak absorption feature at 14:8, due to HCN, is
observed in two stars. A weak absorption feature at® &8lue to

a carbonyl group (X-CO) is observed around two stars and tmigh
be present in the spectra of three others. The continuum tifeal
observed stars is due to emission from amorphous carboichwhi
does not display any spectral features. All the stars shol #3-
ture at 11.3m. A broad dust emission emission due to MgS is also
observed for six of the stars around.30.

Radial velocity measurements show that two of our sample
are actually carbon stars. The remaining six stars in oumpkam
are members, as confirmed with radial velocities, infrareldur-
magnitude relations, and/or period-luminosity relatidbse of the
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two Galactic carbon stars displays the strongest SiC featuer
observed. Both Galactic stars are certainly carbon staegtdd at
the far side of the solar circle, but they have unexpectealigd
distances from the Galactic plane.

We fitted the SEDs of all the observed spectra using the radia-

tive transfer code DUSTY. The estimated dust mass-loss et
found to be in the range 1.0-330 % Mgyr—1.

The observed strengths of,B. and SiC are very similar to
the ones observed for Galactic carbon stars. Strongét. Gnd
weaker SiC feature were expected in this metal-poor dwdaixga
We have shown that the strength of these features dependeon t
metallicity and that the observed stars have metallicitiese to
Galactic values. This result is unexpected, as the usuasunea
ments of the metallicity ([Fe/H]) of the Sgr dSph range frei.4

to —0.7. The enhanced metallicity of the observed carbon stars

indicates that the interstellar medium in the Sgr dSph ha& be
strongly enriched.
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