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o0 ABSTRACT
8 Aims. We present new results of our ongoing chemical study of casbars in Local Group galaxies to test the critical depeocderfis-process
o~ nucleosynthesis on the stellar metallicity.
Methods. We performed a full chemical analysis of two carbon starsifbin the Carina dSph galaxy.
5= Results. The luminosities, atmosphere parameters and chemicalasitign of ALW-C6 and ALW-C7 are compatible with these staging in
che TP-AGB phase undergoing third dredge-up episodegyuadththeir extrinsic nature cannot be definitively excludedr chemical analysis
<E shows that the metallicity of both stars agree with the ay@maetallicity previously derived for this galaxy. Thesarstalso present strong
s-element enhancements. These enhancements and the depreckss indexes [IBe], [hgFe] and [hds] are compatible with theoretical
s-process nucleosynthesis predictions in low mass AGB starthe basis that th&C(a,n)*®0 is the main source of neutrons. Furthermore,
! the analysis reveals a large carbon enhancemeflt {C7 and 5, respectively), much larger than the values tygidalind in galactic AGB
] carbon stars. This is also in agreement with the theorepieadiction that AGB carbon stars are formed more easilyutjincthird dredge-up
episodes as the initial stellar metallicity drops. Howetleeoretical low-mass AGB models apparently fail to sirmnéously fit the observed

g s-element and carbon enhancements. On the other hand, Zind fo be less enhanced in ALW-C7 compared to the other elisrbefonging
. — to the sames-peak. Although the abundance errors are large, the facirthiais star the abundance of Ti seems also to be lower trasetbf
() others metals, may indicate the existence of some depligtiomlust-grains in its photosphere.
| — .
Conclusions.
)
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O
O _ _
O) 1. Introduction ular cluster came from the discovery of several carbon stars

. . ) L ) by Cannon et al. (1981) and Mould et al. (1982). More re-
Due to their peculiar star formation histories, which tmn%ently, Smecker-Hane et al. (1996) by studying its colour-
late into complex stellar metallicity distributions, thatallite magnitude diagram (CMD) with deep photometry, found three
O galaxies of the Milky Way @er a unique possibility to observe, | _yefined, distinct main sequence turfiszorresponding to
O intrinsic metal poor AGB stars: i.e., AGB stars that owe “he(i;lges of about 2, 3-6 and 11-13 Gyr, respectively. Intergistin
_1 chemical peculiarities ton situ nucleosynthesis and mixingthey note that the three main sequences connect with a ynique

(C__G Processes. Furlth_ernlwore,”blfcause_the dlstqkr;lces ?jf thbae Starrow red giant branch and conclude that regardless of the
systems are relatively well known, itis possible to der\@en ,q  carina stars are metal-poor with mean metallicityHFe

accurate stellar luminosities, a critical parameter feottetical _3 g5, 920, Monelli et al. (2003), Rizzi et al. (2003) and

comparisons. Koch et al. (2006) reach the same conclusion. However, these

In this sense, the dwarf spheroidal (dSph) satellite galapgg; quthors, from low resolution spectra of 437 Carina gian
Carina is particularly interesting among the dSphs in theallo gtars around the Ca Il infrared triplet, found a much broader

Group because of its unusual, episodic star formation higsread in the metallicity distribution around the aboveueal
tory. First indications that Carina was not purely an oldbglo (FWHM~ 0.92), while the full range of metallicities is found

- < i . i
Send offprit requests0: C. Abia: cabia@ugres oransy In Carinn 4o Sa6mS 1o forh a ram red ghant branch
* Based on observations collected with the YUT2 telescope 4 P 9

(Paranal Observatory, ESO, Chile) using the UVES (progrim despite the considerable spread in metallicity and ageadt f
74.D-0539) instrument. the metallicity distribution found by Koch et al. (2006) ean
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not be explained by a simple closed-box model of chemicged. In the present paper, we report the chemical anal§sis o
evolution. More sophisticated models, characterised byemdwo carbon stars belonging to a more (on average) metal-poor
than one episode of star formation and intense galacticsvirehvironment: the Carina dwarf Spheroidal galaxy. The aim of
(Lanfranchi et al. 2006), are required to explain the obsgrvthese works is to observationally test the predicted atfitie-
metallicity distribution in this satellite galaxy. pendence on the stellar metallicity (mass) of $q@ocess nu-
AGB stars are believed to be the main producerssof cleosynthesis in AGB stars (and of their carbon enrichment)
elements in the Universe, at least for the nuclei belonginge  Also, by studying thentrinsic index abundance ratio [His] in
main and strong-components (A 88). There is accumulat- AGB stars of diferent metallicity, it is possible to better con-
ing observational evidence that indicates that'fi@{e, n)160  straint the total neutron flux in theprocess: thé3C eficiency.
reaction, acting in low mass AGB stars (M 3 M,), is the The paper is structured as follows: Section 2 presents the
main neutron source in theprocess. It only requires 10° K selected stars and the observations. The chemical anaysis
to be activated, a temperature usually attained at the tag ladescribed in Section 3. In Section 4 we discuss the abundance
of the He-rich inter-shell during the interpulse periodsliao pattern found in the framework of treprocess nucleosynthe-
et al. 1998; Goriely & Siess 2001; Herwig 2005). Howevesis models in AGB stars and, finally, we draw some conclusions
the physical mechanism able to produce enctighin the He in Section 5.
inter-shell is not yet known (see Goriely & Siess 2004; Siess
Goriely & Langer 2004; Busso, Calandra & Nucci 2006), S§ carbon-rich stars in Carina and observations
that it is usually assumed that a small amount of hydrogen is i
jected from the convective envelope into the inter-shejlae  Following the chemical study of carbon stars in the SMC and
at the time of the third dredge-up (TDU). At hydrogen-shelhe Sagittarius dSph (Paper 1), the Carina dSph galaxy was
reignition, due to proton captures 8fC, a3C-pocket forms found to be another interesting target in terms of carbon sta
within the inter-shell (Straniero et al. 1995). THE produced population and the brightness of such stars. Carina isddcat
in this way is fully consumed by-captures during the inter- at a distance of about 95 kpc (Mighgll 2006) andfsts an
pulse phase, thus allowing a neutron exposure suitable foingerstellar extinctiorAg = 0.271™9 (NASA/IPAC database,
substantiak-process. Then, the freshly synthesiseslements Schlegel et alf 1998). As mentioned above, the metallicity o
are engulfed by the convective shell generated by the next thits stellar component ranges fronDQo —3.0 with a mean of
mal pulse (TP). Nevertheless, theoretical models (e.gs®as [Fe/H]~ —1.8 (Koch et al[2006; see also Helmi et[al. 2006).
al. 1999; Gallino et al. 2006) show that th@rocessis far from  Few carbon stars are still known in Carina (only nine) and
being a unique process. For a given initial mass and depgndiye selected for this work two of its brightest members (ALW-
on the dficiency of thel3C-pocket, decreasing the metallicityC6 & ALW-C7) from Azzopardi et al.[(1986, we adopt their
starting from a solar composition, tleprocess fluency pro- naming convention). Before the present study, these tws sta
gressively feeds the firstpeak elements Sr, Y, Zr (light-s, orwere already spectroscopically confirmed to be carbonbych
Is) then the second s-peak at Ba, La, Ce, Pr, Nd, Sm (heavy-igden-Bell et al. [1983). The photometric properties oML
or hs) and eventually the thirgtpeak at the termination pointC6 and ALW-C7 are reported in Talle 1. The JHK-magnitudes
of the s-process (Pb). The-element abundance patterns foundre from the Two Micron All Sky Survey (Skrutskie et al.
in the galactic extrinsic (externally polluted) and insiio (in- 1997). We also report in this table our estimates of theiobol
ternally polluted) O- and C-rich stars in a wide range of rhetametric luminosity using the calibration of Alksnis et 41968),
licity agree with this prediction (Busso et al. 2001; Aokiaét assuming that this can be safely applied to metal-poor carbo
2002; Abia et al. 2002; Van Eck et al. 2003; Van Winckel 2008{ars. The bolometric magnitudes derived are compatittte wi
Beers & Christlieb 2005). However, despite this broad agre@ose expected for low mass TP-AGB stars undergoing TDU
ment between theory and observations, $aglement abun- (Straniero et al. 2003), even if large uncertainties in tbig e
dance patterns also show that a wide spread inflicency of mated My values are considered.
the 13C-pocket must exist: around one or two orders of magni- The selected carbon stars were observed in service mode
tude with respect to the standard (ST) case, which correispowith the UVES spectrograph attached to the second VLT unit.
to the amount of3C needed for a 1.5 MAGB star with half These spectra were collected in December 2004 with the same
solar metallicity to produce the mamprocess element abun-configuration as in Paper 1 (standard settiDgsroic2, CD#2
dances in the Sun (see Gallino et al. 1998, for details). centred at 4370 A an@D#4 centred at 8 600 A,1slit width

The present study is an extension of the work of de Laverfgresponding to a resolving power of about 40000). The
et al. [200B) (Paper 1, hereafter), where one AGB carb8K Masses of the observations were always smaller than 1.2
star in the Small Magellanic Cloud (SMC) (BMB-B 30, withand the mean seeing wa®.8” and~0.6" for ALW—QB and
metallicity [M/H]= —1.0%) and two in the Sagittarius dwarfALW-C7, respectively (see also Table 1). The available spec

Spheroidal galaxy (Sag dSph) (IGI95-C1 and 1G195-C3 wifffal domains are from-4200 to~5000 A and from~6700
[M/H]= —0.8 and—0.5, respectively) were chemically analt0 ~9 000 A. However, we point out that below4 750 A, the

spectra quality was found to be rather poofiNS20-30) due
1 Here we use the standard notation for the chemical abundaf@eth® faintness of these stars in the blue. The spectra were
ratio of any element X, [}H] = log (X/H),— log(X/H),, where log reduced with the UVES Data Reduction Standard pipeline.
(H)= 12 is the abundance of hydrogen by number. In this scale th&en, for each star and spectral range, they were averaged
abundance of any element is noted). and corrected to the local standard of rest. By measuring the
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Table 1. Carbon stars observation log and photometric prop#ies.

Star Instrument Date Obs. Exp. time (min) V J H K Mo
Carina ALW-C6 UVES 2004-12/3/4 120 16.4 13.7 128 123 -4.7
Carina ALW-C7 UVES 2004-12-04 120 165 142 132 127 -43

wavelengths of several strong atomic features, we estinastars were collected at a veryfidirent epoch to the other in-

a radial velocity of 224.4 and 224:0.5 knys for ALW-C6 frared indexes. The final adopted values (Table 2) were ob-

and ALW-C7, respectively (our velocity resolution is abdut tained through an iterative process by comparing the observ

kmy/s). These values perfectly agree with the systemic velasptical spectra with theoretical ones. The first guessessiodd

ity of Carina dSph quoted by Mateo (1998) and Majewski étom the calibrations by Bergeat et al. (2001) were coolanth

al. (2005). Finally, all the spectra were normalised to teal those finally adopted in Table 2. The iterative process aiso i

continuum by fitting a polynomial connecting the higher flugluded the @O ratio (or the abundanceftBrences(C)—e(O),

points in the spectral regions studied. We note that, in the b hereafter C-O) and the metallicity adopted in the model atmo

part of its spectrum, the uncertainty in the continuum lmeat sphere. These are the main atmosphere parameters that deter

might reach~ 5% in ALW-C6 because of the rather loiNs mine the global shape of the synthetic spectrum (gravity has

ratio achieved for this star here (see Paper 1 for more detnil only a minor dfect). Note that AGB stars are typically vari-

the normalisation procedure). We also point out that the-spable and since the UVES spectra and the infrared photometry

trum of ALW-C7 shows a weak Hine in emission. were not collected at the same epoch, the specifizvdlue that
provides the best fit to the optical spectra mafjetifrom the
photometric estimates. The only meaningful way of desogbi

3. The Carina carbon stars and their chemical the observations of variable stars would be to ascribe ohe pu

properties sating model atmosphere to the star, and explain therdnt

i ) i observations as flerent phases of this model. This is, how-

Chem_lcal analysis of the Carlna carbon stars was perfor r, beyond the scope of this paper (see Gautschy-Loitll et a

following the procedure described in Paper 1. Briefly, LTBq0,. | ederer et al. 2006, for recent advances in pulsdtiona

spectral synthesis of specific spectral regions in the apti?nodel atmospheres). As in Paper 1, we estimate that ghe T
were performed in order to derive the chemical abundance%?ﬂccertainty is around 250 K

the CNO elements, the carbon isotopic ratio &&lements and _ _
the mean metallicity [IyH], this latter being obtained from the The gravity was set at_log:g 0.0 for the two stars. This
mean value derived from lines of Ca, Ti, V. Mn, Fe and nValue agrees with that estimated using the classical faenul
According to Shetrone et al. (2003), there is no evidence G#ating gravity to &ective temperature and luminosity, adopt-
any a-enhancement pattern in Carina, although the giant stig @ stellar mass of 2 M The error in gravity, due mam]y )
analysed by these authors exhibit a large dispersion inthetO the uncertainty in the mass and somewhat to _Iumlnosny_ is,
element content, which they interpreted as an indicatioa O]however, as large aEO.S_dex although this un_certalnty ha_s mi-
bursting star formation history. Therefore, the Ca and Tirab " dfects on the chemical abundances derived. The microtur-
dances derived were also used as metallicity indicatons(hd?U€nce parameter initially adopted was 2.2 knys (Lambert
ever, see section 4 for ALW-C7). Table 2 shows the metaflicift - 1986), although beyond 6700 A, larger values were used
of the model atmospheres used. The adopted solar abundal(l%'edskm_ls) to fit the SVO”Q (probably sat_urated) moleculgr C'_\I
for C, N and O in the models are 8.41, 7.80 and 8.67 (Aspluﬁad G lines present in this spectral region. The uncertainty in
et al. 2005a). this parameter, independent of the spectral region stuied

We used the same atomic and molecular line lists am]e order of£0.5 knys. Synthetic spectra were broadened with

model atmospheres for cool carbon-rich stars (assuming)2 A Gaussian function to m_atch tht_a instrumental profile and wit
as in Paper 1 (see this paper for details). The atomic lite 1i& macroturbulence velocity ranging from 4 to 7/em
in the spectral ranges of interest were once again extersed u To perform the chemical analysis of the UVES spectra we
ing the recent atomic line data base DREAMNd corrected followed the same procedure as in Paper 1. The large carbon
by comparison with a high resolution spectrum of Arcturu§hhancement of these stars (see Table 2) complicated their
However, comparison between theoretical and the obseng&@mical analysis. The spectral region between 4750-4950 A
spectra of ALW-C6 and ALW-C7 revealed that our atomic arfypically used to derive metallic abundances in Paper 1 and i
molecular lists (especially the latter) are still far froraithg Other AGB carbon stars with higher metallicity, appears/ver
complete (see figures below). crowded by molecular lines (mainly CH and)dn ALW-C6

A first guess of the féective temperatures was estimate@nd ALW-C7. These molecular features dominate the global
from the calibrations of the (H-k)and (J-K), colour indexes absorptionin this spectral region, while in galactic (- 0),
by Bergeat et al.l). We avoided the (VsKjs. Tor cal- less carbon-enhanced/@- 1 — 2) AGB carbon stars, atomic

ibration because the-magnitudes of these probable variablines are the main contributors (e.g. Abia et al. 2002). This
is probably a metallicity £ect that gives stronger,Gand CH

2 httpy/w3.umh.ac.b@strgdream.shtml. bands at lower metallicity for a giveryQ ratio (or C-O). This
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Table 2. Main atmospheric parameters of the Carina carbon
stars. See text for details.

Star  Tw(K) [M/H] C/O €(C)-€(0) *2C/3C

ALW-C6 3400 -2.00 5-8 7.8 > 125
ALW-C7 3200 -2.00 4-6 7.2 > 250

is partly due to less carbon being locked up in CN, CS etc, thaken a given element is represented by a few lines, as it is
favouring the formation of €and CH. This can be seen in Figour case, can be found in Abia et al. (2001, 2002) and will
1 that shows a theoretical fit in this region for the star ALW-C not be repeated here. These errors range #6r@ dex for Ba

Itis particularly interesting to compare this figure witlykie 2 to +0.5 dex for Ce and Li. We estimate a typical uncertainty
of Paper 1: ALW-C7 shows very broad spectral features, maimythe mean metallicity ([IYH]) of £0.30 dex. Errors for the

of them not reproduced by our synthetic spectrum at all. Vééemental ratios with respect to the metallicity (fX) range
believe that most of these features are molecular linesmgissbetween 0.3-0.4 dex, since some of the uncertainties cantel
from our line list. Note also that many spectral features duehen deriving this ratio. For the same reason, the errorén th
to s-elements are present; some are very strong, revealing eldundance ratio between elements/{{}} is somewhat lower,
dence of a large-elements enhancement. Unfortunately, many0.3 dex. These numbers do not include possible systematic
of these strong spectral features are blends of seg@laiment errors such as N-LTEfgects or an uncertainty larger than 5%
lines with uncertain oscillator strengths that precludsrthse in the continuum location, as might be the case in the spactru
as abundance indicators. A similar situation occurs witkatne of ALW-C6.

lic lines: only a few of them were used because of their weak-

ness due to the metal deficiency of the Carina 3t&figure 2 4. Results and discussion

shows a theoretical fit to ALW-C6 in another spectral region. ) _
Similarly to what was found in Paper 1 and in other stud2ble 3 shows the metal abundances derived in ALW-C6 and

ies of carbon stars (e.g. Uttenthaler et al. 2006), the deriVALVW-C7. Other than the species shown in this table, botsstar

C/O ratio slightly decreases with the wavelength of the andlf€Senta significant number of absorptions due in part &-int
ysed spectral region. This is because belo®900A, lines €Stng species like Cr, Ru, Gd and W. Many spectral blends
seem to be more pronounced in the theoretical spectra tif&f reproduced better with synthetic spectra assuming some
in the observed one. However, we found that th@edence r-element enhancement. This is a very relevant point which
between the corresponding@ ratios derived never exceedd"€'its confirmation using spectra with much higher spectral
a factor of~ 1.5. The reason for this discrepancy is still unf€Solution and a more complete (accurate) molecular Iste li
known. Another source of uncertainty in the derivation af thHowever, due to the severe blending and uncertain osgillato
C/O ratio is the fact that synthetic spectra computed with 6rengths, we discarded these features as abundancetamglica
abundances fiering by a large factor cannot be distinguished? the present study. _ _ _

which allows a range of (© ratios (or the dference C-O) to We now present the main chemical properties of the anal-
give good fits to the observed spectra (see the detailedrepla/S€d Stars: o o ,

tion in Paper 1). Unfortunately, we cannot derive the akisolu These stars are not Li-rich; th_elr denved Li gbundances are
0 abundance independently of the available spectra. Td;rer,efs'm'lar to the average value derived in galactic AGB carbon

we take the O abundance as a free parameter scaled with$jds (Denn et al. 1991; Abia et al. 1993). ALW-C6 and ALW-
metallicity. Due to this, in Table 2 we give a range of valC7 are the most metal-poor C-rich stars ever chemically-anal

ues for the @O ratio and the average abundancfedence ysed in any external galaxy. The dgrived meta_lliciti_es (@
¢(C)—€(O). This ambiguity in the O ratio, however, does not29r€€ Wlth the average value preV|ou§Iy obtained in théastel
affect thel2C/13C ratio derived fromi2CN and3CN features POPulations of Carina dSph (see Section 1). .
in the~ 8000 A range. The best fits to tAF%CN lines inthisre-  On the other hand, we found some enrichment of Ti in
gion give 125 and 250 for the carbon isotopic ratio in oursstaf-YW-C6 ([Ti/M]= +0.3) with respect to the other metallic-
(see Table 2). Nevertheless, since theoretical spectracen 'Y indicators and, in contrast, some deficiency in ALW-C7
with an isotopic ratio a factor 2 lower (higher) do not dif- ([Ti/M]= -0.4). This appz_irenlt dispersion in the Ti abundance
fer significantly, we consider these ratios only as loweitsm 2Mong the stars of Carina is also found by Shetrone et al.
Furthermore, theoretical fits of tH8C12C band (probably sat- (2003) in several RGB stars. These authors found glira-

urated) at- 4730 A in both stars lead to isotopic ratios slightiji© Pelow solar in their star named Car 3. Car 3 also shows un-
larger than those quoted in Table 2. dersolar [Mg,Si,CAe] ratios. Shetrone et al. interpreted this

A full discussion about the sources of error in the absolufi.xe'element deficiency in terms of the star formation history

abundances and element ratios due to uncertainties in _then?i%Carlna dSph. In our case, and due to the small number of

mosphere parameters, continuum location and random errgr ,'n,es used, and to the large abundance e-rrors, we cannot
efinitely conclude that ALW-C6 or ALW-C7 ia-enhanced
3 Note the small number of metallic lines detected in Fig. 1amc Or depleted, respectively. Note for instance that the Can-abu

pared to the Fig. 2 in Paper 1. dances derived in both stars are compatible withyi@a 0.0.
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Fig. 1. Synthetic fit to the spectrum of ALW-C7 in the region around 14825A. Black dots represent the observed spectrum.
Lines are synthetic spectra: only molecules and metals (dhsed line), and including s-elements (continuous line) using the
mean values for the abundances shown in Table 4. Some spedt(probably molecular) features, not reproduced by the
synthetic spectrum, as well as some atomic lines, are marked
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Chemical analysis of carbon stars in the Local Group:

ing the extrinsic or intrinsic nature of these two carbonssta
The evidence of a young stellar population in Carin@(Gyr,

see Section 1) is compatible with the presence there of stars
currently in the AGB phase.

Independently of their extrinsic or intrinsic nature, the
element enhancements found in both stars can be directly com
pared with theoreticas-process nucleosynthesis calculations
(see Figure 3). Indeed, in the extrinsic case, observatians
be interpreted from models just introducing a proper dilti
factor to simulate the mixingféect of the AGB winds with the
convective envelope of the observed star. This dilutionofac
would afect by the same amount all the element abundances.
In consequence, the abundance ratios between two elements
will not be dfected by this dilution. The averageelement en-
hancement in ALW-C6 and ALW-C7 (8] in Table 4) is sim-
ilar to that found in galactic metal-poor ([fFt]< —1.5) carbon
stars (e.g. Aoki et al. 2002; Lucatello et al. 2003; Barbuy et
al. 2005 or references in Beers & Christlieb 2005). Note that
the overwhelming majority of these galactic stars are lyinar
(extrinsic, Lucatello et al. 2005), where the more massbra-c
panion, while on the AGB, transferred part of its C-rich and
s-rich material to the star now observed. At the metallicity o
our stars, a greater enrichment of the heawlements com-
pared to the light elements is expected. This is because the
number of neutrons captured per seed nucléiFe] increases
with decreasing metallicity and treeprocess overcomes the Is
peak favouring the formation afelements of the second peak
(Ba, La, Ce etc). This is what we observe in the carbon stars of
Carina (see Tables 3 and 4), [ls$> 0. Moreover, at the metal-

Nevertheless, in the case of ALW-C7, the possible Ti demietilicity of our stars, it is predicted that the secampeak also will
might have another interesting explanation (see below).
Our analysis also indicates that ALW-C7 is moderately dgeint of thes-path at?°®Pb. Very high [PlfFe] ratios are there-

ficient in Mn, [Mr/M]= —0.3. Shetrone et al. (2003) found &fore expected (e.g. Gallino et al. 2006; Cristallo 2006)sT$

similar Mn deficiency in all their Carina RGB stars. In galact what is observed in very metal poselement enriched galac-
clusters anfbr field stars with similar metallicity to ALW-C7, tic stars (all extrinsic) (e.g. Van Eck et al. 2003; Ivans let a
Mn seems to be deficient relative to Fe by a similar amoup005 and references therein). Unfortunately, the avasl&

(e.g. Sobeck et al. 2006). On the other hand, thg¢N¥matio
derived in ALW-C6 is consistent with the figure observed ithey are too faint.

galactic metal-poor stars (see Mishenina et al. 2000; Sito

al. 2006) with the same metal deficiency.
Another relevant issue is the extrinsic or intrinsic natoire with a proper choice of th€C pocket and initial stellar mass.

be overcome by the-process fluency, feeding the termination

lines at~ 4000 A cannot be detected in C-rich AGB stars since

The derived [IgM], [hs/M] and [hgls] ratios in our stars
might be reproduced theoretically (within the uncertagli

the carbon stars analysed. The available photometric @sleln fact, the diferent choices of these parameters allow a large
and the derived luminosities and stellar parameters (salega spread of thess-process indexes at any metallicity, covering
1 and 2) suggest that these stars are on the AGB phasembre than two orders of magnitude (this spread is smaller for
fact, normal (spectral type N) carbon rich AGB stars are cortire [hgls] ratio). The observations in galactic AGB (extrinsic
monly placed in the colour diagram (J-H) vs. (H-K) in the reand intrinsic) and post-AGB stars seems to confirm this sprea
gion (H-K)> 0.4 and (J-H} 0.8 (Knapp et al. 2001). The in- In our case, thes-element abundance ratios for ALW-C6 in
frared colours of ALW-C6 and ALW-CY7 fulfil this requirement.Table 4 can be accounted for (considering the uncertajnties
Unfortunately, the detection of Tc lines/and the study of the with aZ ~ 10~* AGB star model with a mass lower than 2.0
[Nb/zr] ratio in our stars, two powerful nucleosynthesis indiM, and a'3C pocket choice within a factor of 3 above and
cators of an intrinsic nature, were not possible. Brdement below around the ST case (see Section 1 and Gallino et al.
Nb is the product of the radiogenic decay®Zr (1, = 1.5 2006). In the case of ALW-C7, the stellar mass model should be
Myr), which is strongly fed by the-process. For intrinsic AGB lower than 1.5 M, but although the derived [i§l] and [hgM]
stars a [ZMNb]~ 1 is expected, whereas for an extrinsic AGBindexes can be reproduced within similar choices for'fi@
[Zr/Nb]~ 0.0 (e.g. Ivans et al. 2005). On the other hand, toocket, the observed [fs] index is too high compared to the
our knowledge, there are no studies on the possible luntinogheoretical predictions. This can be clearly seen in Figyre
variations of these stars, a common characteristic of #rs stwhere the continuous line corresponds to the predictiothier

on the AGB. Therefore, a final answer cannot be given rega®F (standard)*C-pocket choice and dashed lines limit the area
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Itis interesting to note that Zr lines are weaker in the spec-
20 L L L B B tra of ALW-C6 and ALW-C7 compared to the same Zr lines
in the stars analysed in Paper 1. We checked that tfierdi
F N 1.5 Mg | ence in intensity cannot only be explained by &eatence in
L 7 J the metallicity of the staPs The stars here and in Paper 1
have similar T and gravity values. A possible explanation
for this difference would be to admit some Zr depletion into
dust grains formed in the circumstellar envelope aroundehe

stars (in ALW-C7 in particular). In C-rich circumstellar en

{ r 1 velopes (@QO> 1), a refractory element such as Zr condenses

a . 1 into ZrC for any pressure, at a temperature about 500 K higher

— | | than Y does in YG (see e.g. Lodders & Fegley 1995; Lodders
ol i & Amari 2005). According to these authors, the temperature

condensation sequence for trace elements (such as Zr) js TaC
1 WC, NbC, ZrC, HfC, TiC and then, Y£at much lower tem-
1 perature than the former molecules. Other refracteglement
. such as Ba, La and Ce condense at much lower temperatures.
Therefore, an important depletion of these heavy-s elesrient
the gas phase is not expected. Theoretical calculations sho
that the condensation temperature increases with tQer@-
[M/H] tio and with increasing element abundances: i.e. ZrC wilifo
more easily in the circumstellar envelope of a carbon-riGiBA
Fig. 3. The derived [hgls] ratios vs. [M/H]in ALW-C6 and  star, the larger the /O ratio and the greater the Zr enhance-
ALW-C7 (triangles) compared with theoretical s-process ment. Ti has a condensation temperature only50 K lower
nucleosynthesis predictions in a 1.5 M TP-AGB star for than Zr independent of the actualratio and partial pres-
different choices of the'3C-pocket. Squares are the C-stars sure. Thus, the moderate Ti deficiency found in ALW-C7 (see
belonging to the SMC and the Sagittarius dSph studied in Table 3 and the discussion above) might be another inditatio
Paper 1. Solid circles are the galactic AGB C-stars from of some photospheric depletion in this star. This might aixpl
Abia et al. (2002). See text for details. why some depletion is observed at least in ALW-C7 (with a
large QO ratio) and not in less carbon enhanced stars such as

) ) . those of Paper 1 apak in their galactic counterparts (Abia et
allowed by theoretical models for thefidirent pocket choices 4 2002). This result is preliminary and requires furthed a

(in the figure from ST125 to S&2; see Gallino et al. 2006). c4refy| studies using much higher spectral resolution.dn p
ThIS.IS due to the low light enhanc.ement.found in this Starticular, a typical depletion pattern showing lower aburwzn
relative to the heavigenhancement, in particular the Zr abung,; elements with higher condensation temperature shoeld b
dance (see Table 5). If we exclude a severe error in the abgj;ng. Also, quantitative calculations of the expected &pld-
dance analysis, this figure has no easy explanation. AG®@rdjjo, factor and how it may vary with the/O ratio and average
to the standard theqretlcal calculations of the main COMPRetallicity are required before arriving at any conclusion

nent of thes-process in low mass AGB stars, the enhancement Finally, to our knowledge, the,O ratios derived in ALW-

ShOUId b.e similar for Y and Zr, i.e. [Zng]~[Y/Fe] (actually, C6 and ALW-C7 are the largest values ever found in a C-rich
slightly higher for Zr), whatever the choice of the stellaasa AGB star assuming that both stars are intrinsic. Dominguez

13 Y
quel,_ C _pocket etc. However, we have _found that th et al. (2004) discovered another (probably) AGB star (D461)
ratio significantly exceeds the [A1] one in both starysee belonging to the Draco dSph galaxy, with some carbon en-

Table 3). The dierences are larger than the expected error i - ement © ~ 3. D461 is also a very metal-poor star
the [X/M] ratios (~ 0.3 dex), in particular for ALW-C7. We ([Fe/H]~ —2.0). GO ratios larger than unity are expected in

think that this diference cannot be ascribed to incorrgét the envelopes of low mass AGB stars as a consequence of the

values of the Zr and Y lines, as we have used the same i ing of 12C from the He inter-shell trhough the TDU. Due
as in our previous analyses of carbon stars (Abia et al. 2002; e lower O content in the envelopes of metal-poor stars

Paper 1), where a good agreement was fognd between Zr ah8 because thefficiency of TDUs increases as metallicity
Y enhancements. Note also that the dispersion around the m IaOps the lower the metallicity of the star, the larg©Ga-
abundances for both elements (see Table 3) is relativeljl.smﬁo thE;lt is expected in the envelope. Th@atios found in
Thus, except assuming an incorrect derivation of the madel ur stars agree with this prediction. Solar metallicityagaic
mosphere parameters, or molecular blends, tifierdince may AGB carbon stars typically show sr.naller ratiog 05 1 - 2

be real. (Lambert et al. 1986; Abia et al. 2002). Observational en@e

4 1n many C-rich metal-poor galactic stars the opposite isiéhu that AGB stars in metal deficient environments show greater
i.e. [Y/Felc<[Zr/Fe] (see Bisterzo et al. 2006 and references therein)
Nevertheless, this fierence seems to be a spectroscopic problen? Compare Zr lines in Figures 1 (ALW-C7) and 2 (IGI95-C1) irsthi
rather than a nucleosynthetic one. work and Paper 1, respectively.
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Table 3.Summary of the abundances derived in the programriee parametrisation of the mass loss rate history, the mixin
stars. N, indicates the number of lines utilised for a specifiletails and its ficiency, etc (Chiffi et al. 2001; Cristallo et
element when more than one line is used (we then give thle 2006). These factors have a critical influence on themccu
mean abundance together with its dispersionyMgls the rence of the TDU episodes, theiffieiency as well as on the
abundance ratio with respect to the mean metallicity ddrivduration of the AGB phase. As a consequence, they determine
[M/H] (see text) and is only quoted for elements witk 80. the level of carbon and-element enrichment in the envelope
The [eJM] ratios are calculated with respect to the solar phat a given TP and TDU episod. This means that eventually it
tospheric abundances according to Asplund et al. (2005b). should be possible to reconcile observations and model pre-
dictions with a proper choice of these two uncertain parame-

ALW-C6 ALW-C7 ters. A detailed discussion of this topic will be presentisg-e

Element N loge [el/M] N log e [el/M]  where (Dominguez et al. 2008, in preparation). Note, on the

Li 0.00 -0.50 other hand, that many of the very metal-poor dwarfs and giant

Ca 4.60 4.30 in the halo and field of the galaxy show large carbon and

o 2 3.50:0.10 2 266015 element enhancements ([¢f€]> 1; see e.g. Aoki et al. 2007).

v 2 2.30:0.20 2.10 The majority of these stars are extrinsic, i.e. they havested

Mn 2 3.7¢:0.10 2 3.1a&020 . . . .

Fe ) 550 material from a companion (now a white dwarf) when it was

Ni 2 4.40:0.02 5 4.20.005 on the AGB phase. In those stars where the oxygen abundance

7n 3.00 +0.10 . has been determined, the correspondif@ @tio range from

Rb - <1.00 <+03 hear1toalmost 100 (e.g. Sivarini et al. 2006), indeed sstgge

Sr - <1.90 <+0.9 ing that QO ratios much larger than those derived in our stars

Y 2 190:000 +14 3 0.8&005 +0.5 eventually can be reached in the envelopes of AGB %tars

Zr 3 196010 +1.0 3 0.9@010 +0.2

Ba 2.50 +2.0 2.10 +1.8

La 2 0.9@&0.00 +15 3 0.9@015 +1.7 5. Summary

Ce <1.80 <+19 2 1.8&005 +21 . . . .

Nd 4 175025 +20 5 1708010 421 Inthispaperwe have presented a detailed chemical analysis

sm 3 1.086003 +1.7 4 118000 +20 two carbon stars belonging to the Carina dSph using high res-

Hf <120 <420 <060 < +1.6 Olution optical spectra. Their observational propertied de-

rived chemical abundances suggest that both stars arentiurre

Table 4. Metallicity and s-process indexes derived in Carinqa"n the AGB phase undergoing TDU and TP episodes. Despite

N . . o the large uncertainties in the analysis, their derivedaine
C-stars. Abundance upper limits in Table 4 were disregairded.” .~ ) . -
. . icity is compatible with the average metallicity of the le
computing these abundance indexes.

main component of Carina derived by previous studies. It fac
Star IMH] [s/M] [Is/M] [hs/M] [hs/Is] their low metqllic_ity ([Fel—_|]~ —2.0) does not ease their abun-
ALW-C6  —17 +160 1120 +180 +0.60 dance analysis since their speqtra are completely domilhn_g{te
ALW-C7 -19 +150 4035 +190 +155 molecular (C-bearing) absorptions. Nevertheless, théysisa
of molecular bands reveals that ALW-C6 and ALW-C7 have
large carbon enhancementg@S 4), which makes these stars

the most C-rich AGB stars ever observed. Both stars also show

carbon enhancements has also been found in the Magellggige s-element enhancements, which are in agreement with
Clouds (Matsura et al. 2002). Nevertheless, the actuabearl,eoreticals-process nucleosynthesis predictions in low-mass
enhancements arefficult to reconcile with low mass metal'metal-poor AGB models on the basis that #€(e, n)160 re-

poor AGB models. The problem is thaj@ ratios as high as atjon s the main source of neutrons. However, there dfte sti
those derived in ALW-C6 and ALW-C7 are easily obtained iigiculties to simultaneously explain the lar§c/13C ratio,
theoretical models after a few TDU episodes (_actually one @fe carbon abundance and therocess enhancements found
two TDUs). For such a low number of TDU episodes, the ef; the framework of the current theoretical TP-AGB models.
richment of the envelope is-elements is however moderate,

[s/Fel< +0.5. In fact, a significant number of TDU episodesqnowiedgements. This publication makes use of data products from
are needed to obtain tleeelement abundance ratios observefle Two Micron All Sky Survey, which is a joint project of the
in our stars. For instance, in the 2,MZ= 10~* AGB model of ~ University of Massachusetts and the Infrared Processidg\aalysis
Cristallo (2006), which may resemble the stars analysee, heZentefCalifornia Institute of Technology, funded by the National
more than 6 TDU mixing events are required. However, aftef@ronautics and Space Administration and the National rigeie
TDU episodes, the O ratio in the envelope in such model igroundation. We would like to thank B. Plez for his help witle th
~ 40 and the'2C/13C > 500, values that largely exceed thosgolecular line lists. Part of this work was supported by tiper8sh
derived in ALW-C6 and ALW-C7. In brief, the-element and grant AYA2005-08013-C03-03 from the MEC. P. de Laverny ac-
'2C enhancement observed in the Carina stars dfiewlt t0 6 note that it is dificult to estimate the original /O ratio in the
reconcile simultaneously by current low mass metal-pooBAGransferred material from these observations due to thaawak dilu-
models. Note, nevertheless, that model predictions arg v@bn factor with the envelope of the secondary and possilyecduc-
much dependent on the opacity treatment in the envelope,tion during the AGB phase (Herwig 2004).
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