Mem. S.A.It. Vol. 84, 109 © SAIt 2013 Memorie della

The s process in massive AGB stars: a new tool to study abundances in globular clusters

Focusing on NGC 6121 (M4)

M. Lugaro^1, V. D’Orazi^{1,2}, S. W. Campbell^1, C. L. Doherty^1, J. C. Lattanzio^1, M. Pignatari^3 and E. Carretta^4

1 Monash Centre for Astrophysics (MoCA), School of Mathematical Sciences, Building 28, Monash University, Clayton, Victoria 3800, Australia e-mail: maria.lugaro@monash.edu 2 Department of Physics and Astronomy, Macquarie University, New South Wales 2109, Australia 3 Department of Physics, Basel University, Klingelbergstrasse 82, CH-4056 Basel, Switzerland 4 INAF Osservatorio Astronomico di Bologna, Via Ranzani 1, 40127 Bologna, Italy

Abstract. With a few exceptions (e.g., Omega Centauri), globular clusters show no evidence of internal variations in the abundances of the elements heavier than Fe such as Y, Sr, Rb, Zr, and Ba. On the other hand they exhibit significant variations in the abundances of the light elements, such as Li, C, N, O, and Na. For example, in the GC M4 variations of O and Na by factors larger than 2 and 3, respectively, are not accompanied by variations in the elements from Y to Pb produced by slow neutron captures (the s process). We present models of the s process in intermediate-mass (IM, >4 M_⊙) asymptotic giant branch (AGB) stars, which have been proposed as possible candidates to explain the observed variations. We show that AGB stellar models with stronger mass loss rates produce lower s-process yields, because of a shorter AGB life time. These models are compatible with the observations of M4. The light elements abundances are also affected by the value of the mixing-length parameter α_{MLT} , where a larger value results in higher temperatures at the base of the convective envelope during hot bottom burning. This solution is opposite of what is required to match direct observations of the s-process abundances in IM-AGB stars in the Galaxy and in the Magellanic Clouds. However, this cannot be used as a strong constraint while serious problems are still present in current model atmospheres of luminous AGB stars.

Key words. Stars: abundances – Stars: AGB and post-AGB – Galaxy: globular clusters

Send offprint requests to: M. Lugaro

1. Introduction

The slow neutron-capture process (s process) is responsible for the production of roughly half of the cosmic abundances of the elements heavier than Fe, such as Y, Zr, Ba, and Pb. Plenty of observational evidence indicates that the s process occurs in asymptotic giant branch (AGB) stars (e.g. Busso et al. 2001, and references therein). In this paper we focus on comparing the s-process abundances observed in the globular cluster (GC) M4 to models of intermediate-mass (IM, > 4 M_⊙) AGB stars, which are candidates to have polluted the material from which subsequent stellar generations formed in GCs (Ventura et al. 2002; Renzini 2008). The AGB s-process predictions and the methodology presented here can potentially be applied to any GC. Overall, the elements heavier than Fe produced by neutron captures can provide important constraints on the nature of the stars that contributed to the gas from which GC multiple populations formed.

M4 represents an excellent example of an archetypal globular cluster: it presents two stellar generations defined by substantial changes only in elements affected by proton captures, with a Na-poor/O-rich first generation (FG) and a Na-rich/O-poor second generation (SG) (see Table 1; Marino et al. 2008; Carretta et al. 2009b,a; Villanova & Geisler 2011). We derived Y abundances for 103 RGB stars in M4 and found no variations with Na and O (D’Orazi et al. 2012). The same result is obtained using Zr, Rb, Ba, and Pb (Ivans et al. 1999; Marino et al. 2008; D’Orazi et al. 2010; Villanova & Geisler 2011) and any observed scatter, particularly for Ba, is probably due to observational uncertainties. Taking into account the constraints coming from the elements heavier than Fe, we address the question if the SG stars could have formed from material expelled by IM-AGB stars.

2. Nucleosynthesis and models of IM-AGB stars

The occurrence of proton captures at the base of their convective envelope (hot bottom burning, HBB, see e.g. Ventura & D’Antona 2005) makes IM-AGB stars good candidates to have polluted the the gas from which the SG in M4 formed. During HBB the temperature at the base of the envelope can reach above 100

MK and proton captures are activated within the CNO, NeNa, and MgAl cycles, potentially producing N, Na, and Al and destroying C, O, and Mg. Li can be produced via the Cameron-Fowler mechanism (Cameron & Fowler 1971). In these stars the^{22}Ne(α,n)^{25}Mg neutron source is also efficiently activated at the base of the convective zones triggered by the recurrent episodes of shell He burning (thermal pulses, TPs) when the temperature reaches above 300 MK. The free neutrons drive the production of s-process elements and the mixing episodes that may follow each TP (the third dredge-up, TDU) carry these newly synthesised elements into the convective envelope. The envelope is eroded via strong stellar winds, which inject IM-AGB material in the surrounding interstellar medium from which SG stars can form.

We computed IM-AGB models of initial mass 5 M_⊙ and 6 M_⊙ and the initial composition observed in the FG stars of M4. We explored the impact of three main stellar model uncertainties: (i) the mixing length parameter α_{MLT} , (ii) the mass-loss rate, and (iii) the nuclear reactions that produce and destroy Na. For α_{MLT} we used 1.75, set by reproducing a model of the Sun, and 2.2, which results in more efficient HBB, similar to the models that use a full spectrum of turbulence description of convection (Ventura & D’Antona 2005), and is closer to the value required by observations of IM-AGB stars (McSaveney et al. 2007). The higher α_{MLT} mainly results in a higher temperature at the base of the convective envelope and a slightly shortened stellar lifetime.

For the mass-loss rate, we used the empirical rate based on observations of AGB stars in the Galaxy and in the Magellanic Clouds recommended by Vassiliadis & Wood (1993) (hereafter VW93) and the theoretical rate based on dynamical calculations of the atmospheres of Mira-like stars proposed by Blöcker (1995) (hereafter B95) with the free parameter η=0.02 as used, e.g., by (Ventura et al. 2011). The latter results in a faster mass loss and a shortened stellar lifetime: the 6 M_⊙ model experienced 32 TPs when computed with α_{MLT} =2.2 and the B95 mass-loss rate,

Table 1. Comparison between the observations and three selected 6 M_⊙ models.

Elements showing variations observed α_{MLT} =1.75 α_{MLT} =2.2 α_{MLT} =2.2 variation & VW93 & B95 & B95 & Na rates ΔHe +0.04 +0.09 +0.09 Δ[O/Fe] −0.35^a, −0.43^b, −0.60^c −0.50 −0.50 Δ[Na/Fe] +0.58^a, +0.46^b, +0.86^c +0.2 +0.15 +0.3 Δ[Al/Fe] +0.4^{a,d} +0.45 +0.25

Elements showing no variations

A(Li) −2.3 −0.7 [C+N+O/Fe] +0.7 +0.3 [Mg/Fe] +0.2 +0.05 [Y/Fe] +1. +0.1 [Rb/Fe] +1. +0.2 [Ba/Fe] +0.5 0.

aMarino et al. (2008).^bVillanova & Geisler (2011).^cCarretta et al. (2009a).^dNo variations according to Villanova & Geisler (2011).

with respect to 76 TPs when computed with α_{MLT} =1.75 and the VW93 mass-loss rate.

For the nuclear reactions that produce and destroy Na we tested the “high”^{22}Ne(p,γ)^{23}Na and the “low”^{23}Na(p,α)^{24}Mg values recommended by Iliadis et al. (2010). The main effect is to enhance the production of Na. These choices are rather conservative because they represent 1σ deviations in the probability distributions computed by Iliadis et al. (2010). Furthermore, these distributions are based on the available experimental data, which may change as future experiments provide more accurate and detailed information at the low energies corresponding to those of stellar interiors.

The main nucleosynthetic results are that in the models computed with the B95 massloss rate and α_{MLT} =2.2 a larger fraction of the whole stellar lifetime is Li-rich and the surface abundances of O and Na are depleted more quickly by HBB than in the models computed with VW93 mass-loss rate and α_{MLT} =1.75. Most importantly, the surface abundances of the elements affected by the occurrence of the TDU is lower in the B95 models, since there are fewer TDU episodes. These abundances include the sum of C+N+O and the s-process elements, in particular those belonging to the first s-process peak associated with the magic number of neutrons N=50, i.e., Sr, Y, Zr, and Rb. These elements reach final surface abundances [X/Fe] > 1 dex, in the models computed with the VW93 mass-loss rate, while they stay below [X/Fe] < 0.5 in the models computed with the B95 mass-loss rate.

3. Comparison with M4

In Table 1 we present a comparison between the observations, in terms of variations between the SG and FG stars, and three selected 6 M_⊙ models, in terms of the difference between the final integrated yields, i.e., the abundances ejected over the whole life of the star, and the initial composition. Overall, the model computed with the B95 mass-loss rate better reproduce the observations mostly due to the much reduced predicted variations in the elements heavier than Fe, as well as to the production of Li during the AGB phase.

4. Comparison with direct observational constraints

Garcia-Hernandez et al. (2006); García- Hernández et al. (2009) observed [Rb/Fe] up to 2.5 and 5. dex in IM-AGB stars belonging to the Galaxy and to the Magellanic Clouds, respectively, with [Zr/Fe] <0.5 dex (Garcia-Hernandez et al. 2007). These data represent the first observational evidence of the operation of the^{22}Ne(α,n)^{25}Mg neutron surce in IM-AGB stars, but they cannot be quantitatively matched by standard IM-AGB models (van Raai et al. 2012). Models where the stellar lifetime is extended by lowering the mass-loss rate can present a better match (Karakas et al. 2012, 2013). This solution is opposite of what we have shown is required to match the abundance pattern in M4, where a shorter stellar lifetime is needed instead. However, serious problems are still present in current model atmospheres of luminous AGB stars: the atmospheres are dynamic, pulsating, and should be modelled in 3D, while the used models are in 1D. Also the current models do not include the presence of a circumstellar dust envelope and dust formation (García- Hernández et al. 2009). Furthermore, direct observations of IM-AGB stars are available only for the Galaxy, and Magellanic Clouds, i.e., at metallicities typically higher than GCs. In any case the question remains of what could be the physical mechanism driving a possible stronger mass loss in IM-AGB stars in GCs than what is observed in the Galaxy and in the Magellanic Clouds (Vassiliadis & Wood 1993). Dust formation and/or binary interaction may be candidate mechanisms to be investigated. More AGB s-process models need to be computed, also to investigate the evolution of GCs showing multiple populations with s-process variations, such as M22 and Omega Centauri.

Acknowledgements. ML is a Monash fellow and ARC Future fellow. MP thanks support from Ambizione grant of the SNSF (Switzerland), and from Core project Eurogenesis (MASCHE).

References

Blöcker, T. 1995, A&A, 297, 727 Busso, M., et al. ApJ, 557, 802 Cameron, A. G. W. & Fowler, W. A. 1971, ApJ, 164, 111 Carretta, E., Bragaglia, A., Gratton, R., & Lucatello, S. 2009a, A&A, 505, 139 Carretta, E., et al. 2009b, A&A, 505, 117 D’Orazi, V., et al. 2012, MNRAS, in preparation D’Orazi, V., et al. 2010, ApJ, 719, L213 Garcia-Hernandez, D. A., et al. 2006, Science, 314, 1751 Garcia-Hernandez, D. A., et al. 2007, A&A, 462, 711 García-Hernández, D. A., et al. 2009, ApJ, 705, L31 Iliadis, C., Longland, R., Champagne, A. E., & Coc, A. 2010, Nuclear Physics A, 841, 323 Ivans, I. I., et al. 1999, AJ, 118, 1273 Karakas, A. I., García-Hernández, D. A., & Lugaro, M. 2012, ApJ, 751, 8 Karakas, A. I., García-Hernández, D. A., & Lugaro, M. 2013, these proceedings Marino, A. F., et al. 2008, A&A, 490, 625 McSaveney, J. A., et al. 2007, MNRAS, in press Renzini, A. 2008, MNRAS, 391, 354 van Raai, M. A., et al. 2012, A&A, 540, A44 Vassiliadis, E. & Wood, P. R. 1993, ApJ, 413, 641 Ventura, P., Carini, R., & D’Antona, F. 2011, MNRAS, 415, 3865 Ventura, P. & D’Antona, F. 2005, A&A, 431, 279 Ventura, P., D’Antona, F., & Mazzitelli, I.

2002, A&A, 393, 215 Villanova, S. & Geisler, D. 2011, A&A, 535, A31