RevMexAA (Serie de Conferencias), 26, 45–46 (2006)

EVIDENCE FOR ROTATION-INDUCED MIXING IN EVOLVED INTERMEDIATE MASS STARS

R. Smiljanic,^1 B. Barbuy,^1 J. R. De Medeiros,^2 and A. Maeder^3

RESUMEN Muchos resultados observacionales parecen indicar procesos de mezclado más eficientes en estrellas de masas intermedias (5-20 M_⊙) que los esperados de los métodos estándar. Por lo general se piensa que estos procesos son producidos por la rotación estelar. De nuestro análisis reciente de 19 estrellas de masas intermedias evolucionadas se ha encontrado que éstas presentan diferentes eficiencias de mezclado interno. La comparación de estos resultados y de otros de la bibliografía , con modelos evolutivos estelares rotacionales y no rotacionales nos ha permitido encontrar, por vez primera, una importante correlación entre masa estelar y [N/C]; es decir, la clase de correlación que se espera sea producida por mezclado inducido por rotación.

ABSTRACT

Many observational results seem to indicate more efficient mixing processes in intermediate mass stars (5- 20 M_⊙) than the expected by the standard models. These processes are usually thought to be caused by stellar rotation. Our recent analysis of 19 evolved intermediate mass stars has found them to display different efficiencies of internal mixing. The comparison of these results, and others from the literature, with rotating and non-rotating stellar evolutionary models led us to find, for the first time, an important correlation between stellar mass and the [N/C] ratio; the kind of correlation expected to be produced by a rotation-induced mixing.

Key Words: STARS: EVOLUTION — STARS: ROTATION — STARS: SUPERGIANTS

1. INTRODUCTION

Intermediate mass stars burn hydrogen during the main sequence (MS) via the CNO cycle, converting almost all central C^{12} into N^{14}. When the star evolves to the red giant branch (RGB) it suffers the first dredge-up, a deep convective layer that brings nuclear processed material to the surface. The photospheric abundances of C and N are then altered (C is reduced and N is increased). Although the theoretical models predict the first dredge-up to be the first important mixing event, observational evidence seems to point towards a more complex scenario.

There is evidence of He and N overabundances in O and B stars and also for boron depletion in main sequence B stars. A-type supergiants of the Galaxy and of the SMC also show evidence for mixing before the first dredge-up. F type supergiants have been found with abundances higher than expected, which indicates a more efficient mixing, but also with non-modified and slightly modified abundances (see references in Smiljanic et al. 2006). These observations suggest both a mixing process during the MS and a more efficient mixing than the expected solely

1Universidade de São Paulo, Brazil.

2Universidade Federal do Rio Grande do Norte, Brazil. 3Geneva Observatory, Switzerland.

due to the first dredge-up on the RGB. Neither are expected from the standard non-rotating models.

The inclusion of rotation in the models seems to be able to reproduce these behaviors, at least qualitatively. Effects induced by rotation, such as meridional circulation (Maeder & Zahn 1998) and shear turbulence (Maeder 1997; Mathis & Zahn 2004) act in transporting and mixing the chemical elements. Thus, the required additional mixing appears naturally when rotation is taken into account. Even a mixing event during the MS should happen if the star rotates fast enough.

2. DISCUSSION We have determined atmospheric parameters, masses, and CNO abundances for a sample of 19 evolved intermediate mass stars (see details in Smiljanic et al. 2006). The spectra were obtained with the FEROS spectrograph at the ESO 1.52m telescope at La Silla (Chile). They have a resolving power of R=48,000 and S/N higher than 200.

We found signs of internal mixing in fifteen stars, with a mean [N/C] ratio of +0.95 dex. Only five of them have abundances in agreement with the nonrotating models by Meynet & Maeder (2000) ([N/C] = +0.72 dex). One star is less mixed than that but in marginal agreement with the non-rotating models by Schaller et al. (1992) ([N/C] = +0.60 dex). 45

46 SMILJANIC ET AL.

Fig. 1. HR diagram showing our sample together with the stars from Luck & Lambert (1985) and Barbuy et al. (1996), overplotted on tracks from Schaller et al. (1992). The circles are proportional to the [N/C] ratio in the following order (from smaller to larger): [N/C] < +0.52, +0.52 < [N/C] < +0.92, +0.92 < [N/C] < +1.44 and [N/C] > 1.44.

The mixing in the other sample stars was more efficient. The rotating models by Meynet & Maeder (2000) show a better, but not pefect, agreement with the observed abundances. Comparing our results and the ones from Luck & Lambert (1985) and Barbuy et al. (1996) with the predictions, we found some stars more massive than 8M_⊙ to be more mixed than expected for the rotating models. We also found 5M_⊙ stars as mixed as that expected for 12M_⊙ stars.

Figure 1 shows the distribution of the stars along the HR diagram, divided according to their abundances. The different groups of stars overlap because of the blue loops. In figure 1 we clearly identify a group of fully mixed 5M_⊙ stars in a region where blue loops are not expected. It is not clear whether this is due to incorrect masses, to an underestimated extent of the loops or observational errors.

The [N/C] values depend on many factors such as stellar mass, initial vsini and evolutionary state. In order to disentangle these effects, [N/C] vs. mass was plotted for the stars divided in intervals of temperature. A correlation is seen in the interval between log T_{eff} = 3.61 and 3.70, the red supergiants, for stars with vsini > 6 km s^{−1} (Fig 2), indicating a large increase in [N/C] with increasing mass.

Fig. 2. Plot of [N/C] vs. stellar mass in the interval between log T_{eff} = 3.61 and log T_{eff} = 3.70 where a clear correlation can be seen. Only the stars with vsini > 6 km s^{−1} are plotted.

This is the first time that such a relation is obtained and it may represent a new and important constraint for the evolutionary models that account for rotation. However, we have still to keep in mind that it is defined by only a few points and that there seems to be a large scatter. The scatter, however, is probably due to the fact that a large number of stars will reach the RGB with vsini > 6 km s^{−1}. Further work in extending the sample and confirming the correlation and the scatter is still needed.

The authors acknowledge support from the brazilian agencies CAPES, CNPq, FAPESP and FAPERN.

REFERENCES

Barbuy, B., De Medeiros, J. R., & Maeder, A. 1996, A&A, 305, 911 Luck, R. E., & Lambert, D. L. 1985, ApJ, 298, 782 Maeder, A. 1997, A&A, 321, 134 Maeder, A., & Zahn, J. P. 1998, A&A, 334, 1000 Mathis, S., & Zahn, J. P. 2004, A&A, 425, 229 Meynet, G., & Maeder, A. 2000, A&A, 361, 101 Schaller, G., Schaerer, D., Meynet, G., & Maeder, M.

1992, A&AS, 96, 269 Smiljanic, R., Barbuy, B., De Medeiros, J. R., & Maeder, A. 2006, A&A, in press