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Abstract. Thermohaline mixing has recently been proposed to occuwvimhass red giants, with
large consequence for the chemical yields of low mass e snavestigate the role of thermohaline
mixing during the evolution of stars between LMnd 3M,, in comparison to other mixing
processes acting in these stars. We use a stellar evoluiaia which includes rotational mixing
and internal magnetic fields. We confirm that thermohalindmgihas the potential to destroy most
of the3He which is produced earlier on the main sequence duringetthgiant stage, in stars below
1.5Mg. We find this process to continue during core helium burnimdjlzeyond. We find rotational
and magnetic mixing to be negligible compared to the themtioé mixing in the relevant layers,
even if the interaction of thermohaline motions with th&etiential rotation may be essential to
establish the time scale of thermohaline mixing in red giant
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INTRODUCTION

Thermohaline mixing is usually not considered as an importaxing process in single
stars, since the ashes of thermonuclear fusion consisesawfdr nuclei than its fuel, and
stars usually burn from the inside out. The condition fortmehaline mixing, however,

is that the mean molecular weight)(decreases inward. Recently Charbonnel & Zahn
(2007, Cz07) identified thermohaline mixing as an importanting process which
significantly modifies the surface composition of red giaadter the first dredge-up.
The work by CZ07 was triggered by the paper of Eggleton e28l06, EDL06), who
found a mean molecular weight)(inversion — i.e.(g:gg’;,) <0 — below the red giant
convective envelope in a 1D-stellar evolution calculation

EDLO6 found au-inversion in their 1 M, stellar evolution model, occurring after the
so-called luminosity bump on the red giant branch, whichrizdpced after the first
dredge-up, when the hydrogen-burning shell source ertersitemically homogeneous
part of the envelope. The-inversion is produced by the reactidHe(®He,2pfHe (as
predicted by Ulrich(1972)). It does not show up earliercsirthe magnitude of the
u-inversion is small, and negligible if compared to a stabily u-stratification.

The mixing process below the convective envelope in modd®womass stars turns
out to be essential for the prediction of the chemical yidldHe (EDLO6); this process
is also essential to understand the surface abundances giamets, in particular the
12¢/13C ratio, the’Li and the carbon and nitrogen abundances (CZ07). We imasti
the evolution of solar metallicity stars between 4 &hd 3 M, from the ZAMS up to the
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thermally-pulsing AGB stage, based on models computeahdtine last years. We show
for which initial mass range, and during which evolutionphase thermohaline mixing
occurs, and with which consequences. Besides thermohalkieg, our models include

convection, rotation-induced mixing, and internal magni¢lds, and we compare the
significance of these processes in relation to the thernm@halixing.

METHOD

We compute evolutionary models of 1.0, 1.5, 2.0 an@\g, with solar metallicity
(2=0.02). We use a hydrodynamic stellar evolution code whidhuttes the ffect of
rotation and magnetic fields (elg. Heger etlal., 2000; Yoorefder| 2005). Mixing of
chemical species is treated as #&uBive process. The condition for the occurrance of
thermohaline mixing is

gvﬂsv—vadso 1)

l.e. the instability operates in regions that are stablensg@onvection (according to
the Ledoux criterion) and where an inversion in the mean oubde weight is present.
Numerically, we treat thermohaline mixing through &uaion scheme (Braun, 1997,
Wellstein et al.. 2001). The correspondindgfdsion codicient is based on the work of
Stern (1960), Ulrich (1972), and Kippenhahn etlal. (1980gads
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whereK = 4acT3/(3kp), ¢ = (dInp/dInu)pT, 6 = —(@Inp/dInT)p,, V, =dInu/dInP,
Vad = (0InT/dInP)y, andV = dInT/dInP. The quantityay, is a dficiency parame-
ter for the thermohaline mixing. The value of this parameligpends on the geometry
of the fingers arising from the instability and is still a neatof debatel (Ulrich, 1972;

Kippenhahn et all, 1980; Charbonnel & Zahn, 2007). We uséue\a a, correspond-
ing to the prescription of Kippenhahn et al. (1980).

(2)

RGB AND BEYOND

The surface composition of low mass stars is substantidlignged during the
first dredge-up: lithium and carbon abundances as well agdhgon isotopic ratio
decline®He and nitrogen abundances increase. After the first draggbe hydrogen-
burning shell is advancing while the convective envelopeeets; the shell source then
enters the chemically homogeneous part of the envelopeOERhd CZ07 have shown
how in this situation an inversion in the molecular weightisated by the reaction
SHe(He,2p¥He in the outer wing of the hydrogen-burning shell in modé€l4.6 and
0.9 M. This inversion is responsible for thermohaline mixing evelop.

We compute stellar models of 1.0, 1.5, 2.0 and 3.9 With solar metallicity includ-
ing the dfects of rotation and magnetic fields. We confirm the presefiea emversion
in the mean molecular weight, in the outer wing of the H-bagnshell, after the lumi-
nosity bump on the red giant branch. According to inequdlythis inversion gives
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FIGURE 1. Left panel: evolution of the internal structure of aQlM, star from the onset of thermoha-
line mixing to the AGB phase. Green hatched regions indicatwection, yellow filled regions represent
semiconvection and red cross hatched regions indicatetteline mixing, as displayed in the legend.
Blue shading shows regions of nuclear energy generaRoght panel: same as left panel, but for a
2.0Mg, star.

rise to thermohaline mixing in the radiativefber layer, the radiative region between the
H-burning shell and the convective envelope.

In our 1M, model, thermohaline mixing developes at the luminosity puand trans-
ports chemical species in the radiative layer between thatding shell and the convec-
tive envelope. This results in a change of the stellar sarédtindances. The left panel of
Fig.[2 shows the evolution GHe surface abundance and of the ratio 1213 at surface as
a function of time, confirming the result of EDL06 and CZ07nmady that thermohaline
mixing is dficiently depleting®He and lowering the ratio 1213 on the giant branch.

While CZ07 and EDLO7 investigate thermohaline mixing onlyidg the RGB phase,
we followed the evolution of our models until the TP-AGB pbakfact au-inversion
is always created if a H-burning shell is active in a chenhydabmogeneous layer; this
happens not only during the RGB phase, but also during thetdBA&B phases. The
size of theu-inversion is depending on the local amount®sfe, that comes from the
incomplete PP chain, as well as from the chemically homoges&ayer.

After core He-flash, helium is burned in the core, while a HAmg shell is still active
below the convective envelope. We found that during thissplthermohaline mixing is
present and can spread through the whole radiatitfeblayer in our 1M, model (left
panel in Fig[). In this model the surface abundances chatsgeduring this phase
because the H-burning shell and the envelope are conndttisds shown in Fid.12, left
panel, where surface abundances change also after thedsitgipeak corresponding
to the He-flash. We stress that using the prescription_of &mumahn et al. (1980) for
thermohaline mixing allows our model to reach this phaséavit completely burning
the3He; models of CZ07 almost completely depl@kte in the envelope already during
the RGB phase because of their highdfiudiion codficient. In this case thermohaline
mixing would be much lessfigcient, during the subsequent evolutionary phases, due to
the lower abundance éHe.

The subsequent evolutionary phase of a low mass star igedfas Asymptotic
Giant Branch (AGB), and is characterized by the presencevoflurning shells and
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FIGURE 2. Left panel: evolution of the surface abundance of f#€/13C ratio (dotted red line) and
3He (dashed green line), and of the luminosity (solid blue)lifom the onset of thermohaline mixing
up to the AGB phase for a.@Mg star.Right panel: diffusion codicients in the region between the H
burning shell and the convective envelope for tt@M, model during the RGB phase#1.267x 10'°
years). The black, continuous line shows convective andrtbkaline mixing difusion codicients, the
green, dashed line is the sum of thédsion codficients due to rotational instabilities while the blue,
dot-dashed line shows the magnitude of magneftasion codicient.

a degenerate core. The star burns H in a shell and the ashes girbcess feed a
underlying He shell. During the most luminous part of the AtBB He shell periodically
experiences thermal pulses (TPs); in stars more massinetka these thermal pulses
are associated with a deep penetration of the convectivelae, the so-called third
dredge-up (3DUP). We find thermohaline mixing to be presésu a the TP-AGB
phase. Depending on the mass of the model tifieision process is able to connect
the H-burning shell with the convective envelope during Wiele interpulse phase.
In a 1M, model thermohaline mixing connects the H-burning shellh® ¢onvective
envelope (Fig.13), confirming that this mixing process is engficient at lower masses.

ROTATION AND MAGNETIC FIELDS

In our models we found that in the relevant layers thermaoleatixing has generally
higher dtfusion codicients than rotational instabilities and magnetiffudiion. The
right panel of Fig[R clearly shows that rotational and maignmixing are negligible
compared to the thermohaline mixing in ou® My model. The only rotational insta-
bility acting on a shorter timescale is the dynamical shestability, visible in the right
panel of Fig[ 2 as a spike present at the lower boundary ofdheective envelope. This
instability works on the dynamical timescale in regions star where a high degree of
differential rotation is present; it sets in if the energy that lsa gained from the shear
flow becomes comparable to the work which has to be done agahm®otential for
an adiabatic turn-over of a mass element (“eddy”) (Hege®g8)l9However, if present,
this instability acts only in a very small region (in mass i@boate) at the bottom of the
convective envelope. As a result thermohaline mixing i stitting the timescale for
the difusion of chemical species from the convective envelopeddiydrogen-burning
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FIGURE 3. Evolution of the region between the H burning shell source e convective envelope
during a thermal pulse in aQM, star. Green hatched regions indicate convection and resetdaegions
indicate thermohaline mixing. Blue shading shows regidmaiclear energy generation.

shell.
We will discuss qualitatively the interaction of thermahal motions with magneto-
rotational instabilities in a forthcoming paper (Cantiedt al.) 2007).

DISCUSSION

We comfirm the results of EDLO6 and CLO7: thermohaline mixim¢gpw mass giants
is capable of destroying large quantities®éfe, as well as decreasing the ratio 1213.
Thermohaline mixing indeed starts when the hydrogen bgrshell source moves into
the chemically homogeneous layers established by the fedpe-up. Our models show
further that thermohaline mixing remains important duigoge helium burning, and can
still be relevant during the AGB phase — including the tetgrplulsing AGB stage.
This results in important changes in the surface abundaoicésv mass stars. The
quantitative discussion is complicated by the fact thatrttdaline mixing is strongly
dependent on the mass of the star and on thei@ency of thermohaline mixing, which
is still a matter of debate.

Moreover, our calculations show that in the relevant laytaesmohaline mixing
has generally a higher filusion codicient than rotational instabilities and magnetic
diffusion.

We will discuss qualitatively the interaction of thermahal mixing with magneto-
rotational instabilities in a forthcoming paper, where wik also explore the fect of us-
ing different prescriptions for thermohaline mixingfdsion codicient (Cantiello et al.,
2007).
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