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ABSTRACT

Aims. After the first dredge-up, low-mass Red Giant Branch (RGBisséxperience an extra-mixing episode that stronfigcts the chemical
abundances on their surface. This mixing occurs at the bumthe luminosity function. In this Letter we describe thiakency of the
extra-mixing in RGB stars found in very metal-poor globutarsters (GC).

Methods. The VLT/ISAAC spectra of twenty stars located between the bump aadtof the RGB in four GCs with metallicities between
[Fe/H]=-1.2 and -2.5 dex were collected. The carbon isotopic ratiotheir surface were derived from the second overtane-2) bands of
the CO molecule at 2i@n with the spectral synthesis method.

Results. It is found that the carbon isotopic ratios of very metal4p&& stars always reach the equilibrium value of the CNO cwgfiieost
immediately above the bump in the luminosity function. Naliidnal mixing episode at brighter luminosities and noiaons with the
clusters’ metallicity were detected. The extra-mixingherefore found to be veryfiecient in metal-poor low-mass RGB stars, in very good
agreement with theoretical expectations.
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S 1. Introduction fact, in most of the field and globular cluster (GC) low-mass

— . . evolved stars, the observed conversiot3@ to *C and'“N
@ During their ascent of the Red Giant Branch (RGB), low-maggeaily exceeds the levels expected from standard stetir m
stars undergo mixing processes that bring freshly syrseéti g5 More recently, Shetronf (2003) deriv@@/:3C ratios in
nuclides to their surface. In standard stellar evolutiogotiy low-metallicity GC RGB stars ([F&] > -1.2) and found very
-(Iben,[196#), chemical changes in the surface are only ¢ageq,, values, almost reaching the near-equilibrium valuehef t
L() to be caused by convective dilution during the first dredge-g:n o cycle £2C/13C~ 3.5). This very clear evidence requires a
Q\l (1DUP) occurring at the base_of the RGB: the convective en\&s., canonical mixing (nameektra-mixing) between the shell
OO lope deepens and enters regions already processed by the g8f the bottom of the convective envelope (see for instance
C;')tra! H-burning phase, thereby altermg the surface a_bmeta_n CharbonneS, and Wei06). Most of the observations
HThlslzpr(itszess leads to a decrease in the carbon isotopic d@sporting this evolutionary scenario indicate that extiaing
tio (*C/C) from the main sequence valuedQ in the solar peqing at the RGB luminosity-function bump. This bump ap-
S case) to post 1DUP values around 20-25 (Charbopne] 2003,85rs when the narrow burning H-shell reaches the sharp-chem
s Denissenkov & H_erW|4). In addition, the carbon abufyg| giscontinuity in the H-distribution profile caused Hyet
o] dance drops, while the nitrogen one increases. Oxygen by, penetration of the convective envelope. A drop in tle st
c a:: hea\ger elen:je_nt abuhndanc?js, gowever_, W‘;]Uld re;mam Y¥ luminosity then occurs, revealed by a bump in the RGB lu-
changed. According to the standard scenario, the surfate aly,ngsity distribution. This bump, predicted by Ibdn (1oaay

dances after the 1DUP remain unaltered, as the convectiygected by King et al[ (19B5), occurs at brighter lumiriesit
envelope slowly withdraws outward in mass during the fingl, more metal-poor GCs.

stages of the RGB evolution.

This canonical picture is, however, challenged by an in- As already proposed by Charbonr{el (1994, 1995), observa-
creasing amount of observational data demonstratingnits litions strongly suggest that prior to the bump, the mean molec
ited validity; see, for instance, Brown & Wallerstgin 1p8fia ular weight gradient created during the 1DUP acts as a bar-
more recently, Smith et a@oo and Gratton ef al. P000). tier to any mixing below the convective envelope. After the

bump, the gradient of molecular weight above the H-burning
* Based on observations collected with the VISRAC instrument  Shell is much lower, allowing the extra-mixing to act. Nohgt
at Paranal Observatory, ESO (Chile) - Programme 75.D-0228A  extra-mixing scenario is well admitted, but its exact phgki
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nature and #iciency are still objects of debate (see, for intion time from 3.5 to 300 sec, depending on the star magni-
stance, Palacios et 06). Furthermore, the extraagied- tude. The total exposure times (without overheads) ranged b
ficiency at very low metal content is still poorly known, aftés tween one minute for the brightest stars at the tip of M4 and
metallicity dependence. We therefore present here cadmn INGC 6397, down to one hour for the faintest targets above the
topic ratios of RGB stars in GC ten times metal-poorer (dowump of M30 and M15.
to [FeH] ~ -2.5) than presented in Shetr0003). They were To remove the lines of the Earth’s atmosphere, several tel-
derived from low-resolution spectra around the second-ovérric standards were observed at the same airmass and with th
tone bands of the CO molecule at 203. The selection of the same instrumental configuration as the science targets, soo
targets, the observations, and their reduction are predent before or after them. The selected standards were feagsrele
Sect. 2. Sect. 3 is devoted to the derivation of i@*>C ratios hot OB spectral type stars. The spectra were reduced with the
and, we discuss the extra-mixinffieiency in such metal-poor ISAAC pipeline dfered by ESO, and standard IRAF proce-
stars in Sect. 4. dures were used for spectra extraction. Each target spectru
was then divided by the spectrum of its corresponding tiellur
standard. In practice, several telluric spectra were tirieak-
der to remove the telluric lines as fully as possible. Fipall
We selected three GCs with [fF§ ratios about ten times lower the observed spectra were normalised as proposed by Shetron
than in previous works : NGC 6397, M30 (NGC 7099), an). We first compute a synthetic spectrum with pararaeter
M15 (NGC 7078) with [FgH]=-2.1, -2.3, and -2.45 dex, re-and chemical abundances (see Sect. 3) as close as possible to
spectively. For the purpose of a comparison with Shetrotle observed one. Then, the residual of the division of the ob
), we also selected M4 (NGC 6121 with [He=- served spectrum by the synthetic one is fitted by a low-order
1.2 dex). For all these clusters (see Table 1), we adopted #ipdine, which is then used to normalise the observed spactru
metallicity scale of Kraft & IvansS). The observd- This procedure was performed iteratively until the best-syn
magnitudes of the M15 and M4 bumps were taken from Cltleetic spectrum was found.
& Lee ([200p; Ferraro et ] 20p0 and Valenti et [al. 3004 re-
port a _consstent_value for MlS).‘ For M30 and NG.C 639?{ Determination of the carbon isotopic ratios
we estimated theiKs-bump magnitude from the relation de-
rived by Valenti et al. 4), from the photometric systenihe carbon isotopic ratios were derived with the spectral sy
transformation of Carpenter (2001), and from distance riodthesis method. Theoretical spectra were computed with the
and extinctions in the Harris catalogye (11996, see nexiosectturbospectrum code (Alvarez & Pldz_1998, and further im-
for more details). This relation was checked for a very gogovements by Plez). Model atmospheres were interpolated
agreement with the observé&d-bump magnitudes of M15 andin a grid of new-generation MARCS models (Gustafsson et
M4. The adopte&s-magnitudes of the GC bump are reportedl. 200?,[2006). These models are in LTE, spherical geom-
in Table 1. Typical uncertainties faf-bump magnitudes areetry and with an enhancement of theelements typical of
+0.1mag. (Valenti et a4). Taking into account errors @uch low-metallic environmentsdafFe] = +0.4). The CNO
distance moduli and extinctions, the total error for theceal abundances of the Sun revised by Asplund et[al. (2005) were
lated Ks-bump magnitudes is of the order of 0.15mag. It iadopted, and Solar abundances of other chemical species are
around 0.1mag. for the observed ones (Cho & [Lee002). from Grevesse & Sauval (1998). The adopted line list con-
Target selection was based on the photometry by Rosenbsrgs in atomic lines from the VALD database (Kupka et al.,
et al. (2000a) for M4 and NGC 6397, Rosenberg e} al.(2004)9%) and in CO lines, including its fiiérent isotopes, from
for M15, and Momany et al.[(20p4) for M30. The colour{Goorvitch & Chackeriar], 19p4). Other molecular lines were
magnitude diagrams of each GC were used to select starsftnind to be invisible in the studied domain at such low migtall
cated between the bump (or slightly less luminous) up toithe tties. Finally, synthetic spectra were broadened by cartian
of the RGB. The observed stars are listed in Table 1 with théth a Gaussian to match the observed line widths. This line
naming convention of their corresponding photometry. Sontist was checked by fitting the high-resolution IR spectrum o
fainter targets of the sample were finally not included irs thArcturus (Hinkle et al.| 1995) with stellar parameters abara
work due to an unclear identification of their CO bands. Wéances from Peterson et dl. (1p93). We fodf@/*3C = 6+1
also checked the radial velocity of each target, derivethfite for the Arcturus spectrum degraded to our adopted ISAAC res-
collected spectra, in order to confirm their GC membership. olution, in very good agreement with previous determinaio
The observations were collected during the nights Jubublished since Gfiin (1974).
25-27, 2005, with the ISAAC instrument on the VIANTU For each target star, théfective temperature was derived
(ESO, Chile). We used a slit width of 1”7, leading to a spedrom the { — K) and @ — K) colour indices and the Alonso
tral resolution of about 3000 over the domain 2.275-2r89 scale 1999, 2001), using the transformation equatiorveezat
Objects were observed at two positions along the slit to kemahe diferent photometric systems from Carpenter (2001) and
the sky contribution (nodding technique). In most of theesas Bessel & Brett (1988). The IR magnitudes are from the 2MASS
the slit orientation was chosen in order to observe two abjecatalogue by Skrutskie et aO6). We estimated the extin
simultaneously. Their position on the slit and the nodgitigr tion in K from the GC foreground reddening reported by Harris
parameters were defined to avoid spectra overlap. The nun@, revised in 2003) and from the relations given in Cliirde
of nodding cycles varied from 3 to 5 and the detector integretal. ). For M4, dierential reddening was estimated from

2. Target selection and observations
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Cudworth & ReedO) but, in thefective temperature de-Table 1. Target properties and derived carbon isotopic ratios.
termination of its members, we favoured the estimate ddriv@he adopted metallicities (in dex) of each GC are in the Kraft
from the @ — K) colour, as it is lessféected by the redden-& Ivans scale [2003). See text for references\arKs, and
ing. The surface gravity was calculated from the estimated da(?”mp-magnitudes and discussion of their errors.
fective temperatures, distance moduli (Harris catalogaedl
isochrones from Pietrinferni et a[. (2404). Finally, weestted
the micro-turbulent velocity from the empirical relatioorf Globular Cluster Star V. (KeKM™)  2CAC
metal-poor giant stars derived by Pilachowski et[al. (.996) Name  [FgH] K™

Then, the carbon isotopic ratio of the target stars was de-
rived following a procedure very close to the one adopted by

Shetrone [(2093). The metal abundance of each star was as- M4 12100 131%4 1121‘55 1258 3
sumed to be the same as the one of its parent cluster (in the 213 12:9 0:7 %
Kraft & lvans §cale3; see Table 1), and the oxygen abun- 456 135 0.1 {73
dance was adjusted from theenhancement of these GCs. We 148 134 0.0 &
then varied the carbon abundance to matcH6©(4-2) band 53 135 01 6>
at 2.35m. The'2C/*3C ratio was finally determined by fitting 152 13.7 0.4  >10
the 13CO(2-0) band at 2.348n. We recall that the observed
continuum was corrected when necessary with the new syn-
thetic spectra (see Sect. 2) until a stable solution wasgetli NGC6397  -21 9.7 1114 99 3.4 ﬂ4
We found that these two CO bands give the most reliable so- 224 10.7 2.2 5
lution. It was indeed impossible to remove the telluric et 110 115 12 %
ination accurately enough around the oth#O band avail- 429 115 1.2 A
able at 2.3zm. Finally, the adopted procedure was found to 183 118 0.7 >3
be insensitive to uncertainties in the stellar parameténse
both'2CO and*3CO features vary with them in a similar way. w30 23 122 7917 121 3.4 *
Furthermore, because th&CO band are not saturated in these 3998 121 33 5
very-low metallicity atmospheres, the uncertainty on theroz: 7640 12.6 2.4 7
turbulent velocity was found not toffect the results. Thus, 3711 13.0 1.9 7%
once thé”?CO band is fitted by assuming a given carbon abun- 7927 132 1.7 s
dance (and other stellar parameters and chemical aburgjance
only the'?C/*C ratio can be varied to fit th€CO feature.

The derived carbon isotopic ratios are given in Table 1. M15 245 129 1222 1é23;8 236'5 ﬁl
The corresponding errors are completely dominated by &) th 665 135 53 zé

signal-to-noise ratio of the observed stellar and tellspectra, -
(i) the removal of the telluric absorptions, and (iii) thern
malisation of the observed spectrum (these last two pois b

ing the dominant source of error). The error bars reported in = | . ) .

Table 1 have been estimated by varying t@/13C ratio, tak- !umlnosny is much fainter, since the 2MASS photometrioerr
ing all these uncertainties into account and, in particutee 1S @00UAKs ~ 0.04 mag.

continuum location around tHECO and!3CO bands. For low It can be seen that the carbon isotopic ratios are always
12C/13C values, errors are found to be much smaller due to tf@ind to be very low and close to or equal to the theoretical

greater strength of tHéCO band. For highé?C/23C, this band equilibrium value (within error bars), even immediatelyoab
can be very weak, leading to much larger error bars. the bump. In the case of NGC 6397 and M15, the/**C

ratio is indeed found to always be smaller than 5 for a wide
range of luminosities on the upper RGB, starting just abbee t
bump. For M30, slightly higher values (around 6 in average) a
found, but they are still compatible with the CNO equilibriu
Figure 1 presents our derived carbon isotopic ratios with realue and the extra-mixing scenario. We therefore do netadet
spect to the evolutionary status of the targets above the &ny variation with metallicity: the extra-mixing appeasoshe
minosity function bump. Comparing the stelldg-magnitude very dficient whatever the value of [Ad] is, leading to a large
with the Ks-magnitude of the bump as in Fig. 1 has the adlecrease in the carbon isotopic ratio down to the equilibriu
vantage of avoiding uncertainties in distance moduli aterin value. Unfortunately, we were unable to derive carbon gicto
stellar absorptions. Moreover, for the case of M4, this procratios of stars fainter than the bump for these very metal-po
dure diminishes any uncertainties due tfetitial reddening. GCs in order to precisely define where the extra-mixing start
Errors in Ks — KE“mp) are therefore dominated by the uncerand what its exact duration is. This would require much large
tainty onKE"™ and are close ta0.15 mag in the worst casesSNR spectra with higher spectral resolution. Finally, énisra
(see Sect. 2). Of course, for a given cluster, the unceytaimt group of three M4 stars close to the bump but with rather low
the relative positions of its members with respect to the ppurnarbon isotopic ratios. These stars have therefore alreguly-

4. Extra-mixing efficiency in very metal-poor stars
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Fig. 1. Evolution of the carbon isotopic ratio with respect to thellat Ks-magnitude above the bump in the RGB luminosity
function of each globular cluster. The adoptegdbump magnitudes are reported in Table 1. The maximum err¢Ko— Kfump)

is shown in the upper right corner and, for a given clusterhcertainty on the relative stellar luminosities withped to their
bump is+0.04 mag. (see text for more details). The reported metafl{git dex) of each GC is from Kraft & Ivan03). For
two stars (one in M4 and one in NGC 6397), we have only beentalulerive upper limits for their carbon isotopic ratios. $ae
limits are represented by a symbol located at the lower etidedf error bar.

rienced the extra-mixing episode, suggesting that the Mdygbu carbon isotopic ratio. Nevertheless, the same star isthbligh
could be slightly fainter (by about 0.1 mag.). fainter than Shetrone’s M4 bump estimate. This disagreémen

On the other hand, our determinations for M4 stars c&Ruld be explained by the uncertainties in the M4 distance
be compared to the work of Shetrorfe (3003). First of alnodulus, which is needed to calculate the absolute magnitud
it can be seen that the carbon isotopic ratios in both stu¢lues that he uses. Finally, Shetrone proposes that a desall
ies are very similar. In addition, we observed two of theline with increasing luminosity (from just above the bump u
M4 RGB stars studied by Shetrone: the star M4#304 (namiéfhe tip) was present in his data, suggesting a continuge mi
M4#4511 by Shetrone) and the star M4#456 (identified §9- The rathersmall_stgtlstlcs per individual GC,togemmh.
M4#4507 by him). For the first one, we measifie/13c=4', the reported uncertainties 6fC/*3C, do not allow us to confi-
which is in very good agreement within the error bardently explore the existence of this trend.
with Shetrone’s'?C/*3C=5"3 determination. In contrary, we  Our conclusions can also be discussed with respect to the
derived 2C/3C=7+3 for M4#456, whereas Shetrone foundesults of Gratton et al[ (2000) who derivEé€/**C~ 62 up to
12C/*3C>15. We checked this discrepancy carefully and a2 in nine field upper-RGB stars with metallicity lower than -
fairly confident of ourt?C/*3C determination since (i) the SNR2 dex. Although some of their estimates agree with oursrsthe
of our spectrum appears to be better than Shetrone’s (seesiism to be higher than the CNO cycle equilibrium value. This
Fig. 1) and (ii) M4#456 is slightly more luminous than theliscrepancy could result from the uncertainty on the pedas
bump, so that it should have already experienced the extcation of the onset of the extra-mixing episode (i.e. the ppum
mixing episode as confirmed by our rather low estimate of itsr GC stars) for field stars. Indeed, the maximum inward pene
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tration of the convective envelope occurs at higher lunitiess  Alonso, A., Arribas, S., Martnez-Roger, C, 1999 A&A, 376390
for higher stellar masses or lower metallicity. In the Gatt Asplund, M., Grevesse, N., Sauval, A.J., et al. 2005, A&AL 4393
et al. sample with stars with fierent masses and metallici-Alvarez, R. & Plez, B. 1998, A&A, 330, 1109

ties, this penetration therefore occurs dfetient luminosities. Bessel, M.S., Brett, J.M., 1988, PASP 100, 1134

Thus, these RGB stars with slightly higher carbon isotogic rBrown. J.A., Wallerstein, G. 1989, AJ, 98, 1643

tios could still be experiencing their extra-mixing episdih a gardelll, J'A"Md?gg? 2'(31"22"?2“51' J.S., 1989, ApJ, 324

GC, they would be found at or just above the bump). arpenter, J.M., , AJ 121, 285

. . . ! arretta, E., Gratton, R.G., Lucatello, S., et al., 2005 AM33, 597
Finally, it has to be pointed out that Carretta et Ooéharbonnel, C. 1994, ASA, 282, 811

were the first to report determinations of the carbon is@toREharbonnel, C. 1995, ApJ, 453, L41 A&A, 336, 915

ratio in GC subgiant stars. They surprisingly found ratioer | charbonnel, C., Brown, J.A., Wallerstein, G. 1998, A&A, 3324
12C/*3C ratios (mean value around 8) for these not very evolvetharbonnel, C., 2003, i&NO in the Universe, ASP Conf. Ser. 304,
stars that have still not experienced the 1DUP. They corvinc p.303, Charbonnel-Schaerer (Eds.)

ingly interpret their results by invoking the pollution dig Cho, D.-H., Lee, S.-G., 2002, AJ, 124, 977

analysed stars by previously evolved intermediate-masB AGudworth, K.M., Rees, R., 1990, AJ, 99, 1491

stars. If confirmed, this would reject the commonly admittegenissenkov, P.A., Herwig, F. 2004, ApJ, 612, 1081

assumption that, before the bump, the carbon isotopicsratio Penissenkov, P.A., VandenBerg, D.A. 2003, ApJ, 539, 509

GC stars are still high. In consequence, the extra-mixinglao Ferrfzrg,zF.R., Montedfo, P., Origlia, L., Fusi Pecci, F. 2000, AJ, 119,
not need to be adiicient as proposed by theoretical scenario

&oorvitch, D. & Chackerian, C. 1994, ApJS, 91, 483.

On the other hand, our derived carbon isotopic ratios f@f. o1 R G. Sneden C. Carretta. E. et al. 2000 A&A 359

low-mass very metal poor RGB stars are in very good agregrevesse, N. & Sauval, A.J. 1998, Space Science Reviews685,
ment with extra-mixing estimates. For instance, Charbbnn&ifin, R., 1974, MNRAS, 167, 645

(1995; see also Denissenkov & Vandenbprg P003) proposastafsson, B., Edvardsson, B., Eriksson, K., et al. 206 &£onf.
that rotation induced extra-mixing leads to a decrease of Ser. Vol. 288, (I.Hubeny, D.Mihalas, K.Werner eds.), p. 331
12¢/13C down to 3.5 for stars with 0.8 Mand Z10 (i.e. Gustafsson, B., Edvardsson, B., Eriksson, K., Jorgentef.,
close to the properties of our targets). In such low-meiafli Nordlund, A, Plez B., 2006, in preparation

stars, the mean molecular barrier, which inhibits the extrdaris, W.E., 1996, AJ, 112, 1487

mixing, would be much lower. That already leads to a very loffi"kle: K., Wallace, L., Livingston, W., 1995, PASP, 107 A2

12~/13 T - . : n, 1.Jr. 1964, ApJ, 140 1631
C/*°C ratio just above the bump luminosity as observed in Ol'gfzn, L3, 1968, Nature 220, 143

yvork. However, although the agreement appears very convipe 'C.R., Da Costa, G.S., Demarque, P. 1985, ApJ, 299, 674
ing, these models are based on a parametric approach. RP. Ivans. LI.. 2003. PASP. 115 143

physically realistic simulations of rotating low-massrsthave ypka, F., Piskunov, N.E., Ryabchikova, T.A., et al. 199RAS,
been performed recently by Palacios et006) and shawth 138 119

self-consistent models, where the rotational transpareated Momany, Y., Bedin, L. R., Cassisi, S., et al. 2004, A&A, 42056
within the stellar evolution code, lead to chemical vada Palacios, A., Charbonnel, C., Talon, S. et al., 2006, A&A3,4%1
that are too small at the stellar surface. Open questioms-thePeterson, R.C., Dalle Ore, C.M., Kurucz, R.L., 1993, Ap#, 833
fore still remain in the modelling of rotating, evolved lawass Pietrinferni A., Cassisi S., Salaris M. and Castelli F.,208pJ, 612,

stars to reproduce the evolution of the observed chemica-ab 168
dances on their surface. Pilachowski, C.A., Sneden, C., Kraft, R.P., 1996, AJ, 1889

In summary, we therefore confirm that the extra—mixingoslezgegg' A., Piotto, G., Saviane, I, Aparicio, A., 2Q00&AS,

scenario is ficient in any stellar system: field stars (Gratto . - . , . D

ot aI.,), low (Shetr0n03), and very-low (this Workﬂosir:ge;gs,lA., Aparicio, A.; Saviane, |.; Piotto, G., 200B&AS,

metallicity GC. Stars brighter than the RGB Iuminosit)ghetron'e] M.D., 2003, ApJ, 585, L45

function bump already show the signatures of that mixingkrutskie, M.F., Cutri, R.M., Stiening, R., 2006, AJ, 13163

Furthermore, within the uncertainties, the extra-mixiffi-e smith, V.V., Suntzé, N.B., 1989, AJ, 97.1699

ciency is found to be independent of the clusters metal cdnteSmith, V.V., Hinkle, K.H., Cunha, K. et al. 2002, AJ, 124, 324
Valenti, E., Ferraro, F.R., Origlia, L., 2004, MNRAS, 35453
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