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Abstract. In this review I am discussing the current state of simulating the internal evolution of
AGB stars. Recent work on AGB stars include the effect of rotation, magnetic fields and internal
gravity waves, as well as thermohaline mixing induced by the *He +3He pp-chain reaction.
Hydrodynamic simulations of the interior convection of AGB stars are now becoming available,
giving insights to convective boundary mixing, for example for He-shell flash convection. At very
low metallicity convective-reactive events are encountered in AGB stars (as well as in massive
stars), and the necessity of hydrodynamic simulations to address this difficult phase of stellar
evolution is emphasized.
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1. Introduction

Asymptotic Giant Branch (AGB) stars are the premier nuclear production phase of
low- and intermediate mass stars. Their evolution has been extensively studied through
one-dimensional, spherically symmetric stellar evolution simulations and numerous re-
views are available that summarize the results, including, for example, Iben & Renzini
(1983), Lattanzio (1989), Blocker et al. (2000) and more recently Herwig (2005).

An important goal of AGB stellar evolution simulations is to provide the thermody-
namic evolution that allows the detailed determination of nucleosynthesis and
resulting yields, which is for example reviewed by Lattanzio & Boothroyd (1997). A
detailed account of the s process in AGB stars has been provided by Busso et al. (1999).
Yields based on stellar evolution tracks have been published, for example, by Forestini &
Charbonnel (1997) and more recently by the Monash group, culminating in a complete
yield set for a wide range of initial masses and metallicities including the light elements
up to sulfur (Karakas & Lattanzio 2007). Their results and comparison to previous work
reaffirms the two dominant factors in providing accurate yields: mixing and mass loss.

Nucleosynthesis predictions of AGB stellar evolution are confronted with a wide variety
of observables. Among these are isotopic ratios of pre-solar grain, now increasingly from
multiple measurements of single grains (e.g. Barzyk et al. 2006; Marhas et al. 2007).
AGB nucleosynthesis is observable intrinsically in AGB stars (McSaveney et al. 2007,
for a recent example), as well in the post-AGB stars, for example in planetary nebulae
(Sterling & Dinerstein 2008) and the H-deficient post-AGB stars (Werner & Herwig
2006). AGB nucleosynthesis yields are included in galaxy chemical evolution models
(e.g. Travaglio et al. 2001; Recchi 2007) and are now helping to address questions such
as the “missing satellites” problem of cosmological simulations (Fenner et al. 2006).
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In this paper I will cover work that appeared in the last couple of years, as previous
work is reviewed in some detail in the above mentioned and similar references. In Sect. 2
I will discuss the situation of mixing and mass loss in the context of one-dimensional
stellar evolution models. Sect.3 is devoted to simulations in the very low metallicity
regime. In both sections I will highlight which problems can now be addressed using 3D
hydrodynamic simulations of parts of the star, and this topic will be addressed in Sect. 4,
to be followed by some concluding remarks.

2. Progress in 1D AGB evolution models
2.1. Convection

AGB star evolution simulations and the resulting observable predictions are extremely
sensitive to the mixing physics, and in this regard AGB stars are no different than for
example massive stars. And as in other types of stars several physical processes contribute
to the overall mixing.

Foremost of course is convection with fluid velocities, for example in the He-shell flash
convection, of several km/s. Nuclear physics measurements are now providing the data to
analyse s-process branchings that are sensitive to the details of the convective flow in the
He-shell flash convection zone (Reifarth et al. 2004; Mohr et al. 2007; Heil et al. 2008), and
a more realistic treatment of convective flows than possible through the mixing-length
theory is needed to take full advantage of these new measurements.

The role of mixing at convective boundaries has been extensively discussed over the
past years, e.g. Mowlavi (1999), or for a more recent summary Herwig (2005). The bottom
line is that the important third dredge-up can only be obtained in stellar evolution models
with some kind of mixing at the bottom of the convective boundary, and various physical
models and numerical algorithms are employed. Also, of course, the '3C pocket as the
source of neutrons in the s-process depends on some mixing triggered by convection
at the time of the third dredge-up. While it is clear that the source of this convective
boundary mixing must be a hydrodynamic instability the exact nature of this mixing is
still unclear. But in any case, the effect of this instability must be taken into account
during the dredge-up phase of AGB stars of all masses and metallicities (see Sect. 3).

In Fig.1 I show core-mass evolutions for several AGB tracks with certain choices for
the overshoot parameter at the bottom of the pulse-driven convection zone (= He-shell
flash convection zone) fppcz, and the bottom of the envelope concection during the
third dredge-up, fcg. The former parameter is indicated by hydrodynamic He-shell flash
convection simualations (Herwig et al. 2007), while the latter reproduces the observed
s-process strength of intrinsic AGB stars (Lugaro et al. 2003). Stellar evolution models
show that the choices for convective boundary mixing sensitively affect yields, for example
through the thermal pulse strength and the dredge-up efficiency.

The properties of envelope convection determines the yields and quantitative evolution
as well. This has been pointed out by Boothroyd & Sackmann (1988) in the context of the
mixing-length theory, and by Mazzitelli et al. (1999) when applying the full-spectrum tur-
bulence theory instead to AGB stars. The synthetic AGB models by Marigo et al. (1996)
considered the mixing-length parameter uncertainty as well. Nevertheless all other con-
temporary AGB stellar evolution models are calculated with a mixing-length parameter
calibrated to reproduce the parameters of the sun although there is no reason that that
mixing-length parameter should be universally applicable to all convection zones in all
phases of stellar evolution. Results by Porter & Woodward (2000) and McSaveney et al.
(2007) hint at a possibly larger mixing length parameter compared to the one that best
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Figure 1. Core mass evolution for initial mass 2Me and Z = 0.01 for three choices of con-
vective parameters. D14: fppcz = 0.008, fcg = 0.128 and ampr = 1.7; D15: same as D14 but
amrLr = 2.5; D18: same as D15 but revised nuclear reaction rate for ”‘N(p, v) (0.64 x NACRE,
Herwig & Austin 2004).

reproduces the solar parameters. Figure 1 shows the core mass evolution for cases with
sun-calibrated mixing-length parameter appr (case D14) and increased envelope convec-
tion efficiency. The effect is significant as deeper third dredge-up (as in the D15 and D18
sequence) implies a larger enrichment in processed material. The calibration of aypr for
AGB stars certainly desereves more attention, for example through well observed giants
in the Magelanic Clouds. Additionally, cypr needs to be determined from convective en-
velope simulations like those by Porter & Woodward (2000), maybe with updated input
physics, or more recently by Freytag & Hofner (2008).

I will discuss the particular difficulties of convective boundaries at very low metalicity
in Sect. 3.

2.2. Other mizing sources

As reviewed in Herwig (2005) there is numerous observational evidence that AGB stars
experience some mixing through the radiative layer between the convective envelope and
the H-burning shell (see Uttenthaler et al. 2007, for a recent example). Recently, two
physical processes have been investigated in this context.

Eggleton et al. (2006) reported a long overlooked, but absolutely necessary source of
mixing, resulting from the reduction of the mean molecular weight through the nuclear
reaction *He(*He, 2p)*He which creates locally some boyuancy leading to mixing. The
authors make quite correctly the point that the mixing from this p-effect is robust and
has to happen. It is not optional and not based on rather uncertain phsyics assumption.
As shown in this conference this g mixing can have observable effects in AGB stars as well
(this vol., Cantiello & Langer 2008), and it remains to be seen if there is still a need for
additional physical processes as a source of mixing between the H-shell and the bottom
of the convection zone, such as magnetic field induced mixing proposed by Busso et al.
(2007), in order to accomodate observations. It is interesting to note that the p-mixing
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may be very efficient at extremely low metallicity as *He is a primordial BBN isotope
and relatively overabundant at extremely low metallicity.

Rotation has been long suspected to play an important role in AGB stars, but this
seems not to be the case, at least according to current simulations of AGB stars includ-
ing the effect of rotation. Accordingly, rotation is not responsible for the formation of
the 13C pockett, and indeed seems to rather prohibit the s process during the interpulse
phase even if a '3C pocket has been assumed to form through some other mixing process
(Herwig et al. 2003). Recently, Suijs et al. (2008) reported that the additional inclusion
of magnetic fields leads to an enhanced angular momentum transport and eventually
reduced AGB core spin rates, bringing simulations to better agreement to asterioseismo-
logically observed white dwarf rotation rates. Whether magnetic fields can also resolve the
difference between rotating model s-process predictions and observations quantitatively
remains to be seen.

In addition to convection, thermohaline p-mixing, rotation and magnetic fields, the
contribution of internal gravity waves (Press 1981) to angular momentum redistribution
and mixing has been investigated. We certainly observe the excitation of these waves
in the vicinity of He-shell flash convection in 2D and 3D compressible hydrodynamic
simulations (see Sect. 4, Herwig et al. 2006). Again, this type of mixing may be related to
the formation of the 13C pocket (Denissenkov & Tout 2003) or to the global redistribution
of angular momentum or chemical species (Talon & Charbonnel 2008).

2.3. Mass loss and opacities

In recent years progress has been also made in the area of mass loss. While it has been
pointed out that the dist-driven wind scenario is in trouble for stars with C/O < 1
(Hofner 2007) progress has been made for the C-stars through more realistic treatment
of radiation in the wind models (Hofner et al. 2003) and by implementing a more realistic
treatment of the pulsations now from full 3D hydrodynamic simulations (Freytag &
Hofner 2008).

As an example, recent applications of the new generation of tools to study mass loss
in C stars suggests that the energy injection of pulsations is of greater importance than
metallicity, and that C-stars at low metallicity should therefore have similar mass loss as
their more metal-rich counterparts (Mattsson et al. 2008).

In order to couple these new mass loss rates to stellar evolution calculations chemistry
dependent molecular opacities need to be included to ensure the right surface parameters,
and examples of such calculations include those by Cristallo et al. (2007) with an emphasis
on metal-poor AGB stars. It seems that the new mass loss simulations together with
a consistent treatment of low-temperature opacities puts a solution of the mass loss
problem, as least for C-stars within reach.

2.4. Nuclear physics

Nuclear reaction rate uncertainties effect both the yields directly as well as indirectly
through the structural evolution. For example, the downward revision of the 14 N (p,v)'*O
reaction (e.g. LUNA Collaboration et al. 2006) leads to a notable increase of the third
dredge-up efficiency (Herwig & Austin 2004; Weiss et al. 2005; Herwig et al. 2006). Other
work has focused on the yield effect of nuclear reaction rate uncertainties, for example
for p-capture rates of the NeNa and MgAl chains during HBB in intermediate-mass AGB
stars (Izzard et al. 2007).

t The ¥C pocket reported by Langer et al. (1999) is too small in mass to account for obser-
vations, as shown by Herwig et al. (2003).
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3. Evolution at very low metallicity

The evolution of AGB stars at very low metallicity has received enourmous attention
over the past years, mostly due of course to the continuing discovery of more interesting
very metal-poor stars (Beers & Christlieb 2005). As many of the C-enhanced stars of
extremely low metallicity (CEMP) are believed to be companions of and polluted by
former AGB stars (e.g. Lucatello et al. 2005; Lugaro et al. 2008; Stancliffe et al. 2007,
see also Pols, this vol.) we are confronted with the investigation of stellar evolution at
very low metal content in stars in general, and in AGB stars especially.

One feature is particularly noteworthy, as it causes serious problems for the traditional
one-dimensional, spherically symmetric stellar evolution approach. At very low metal
content the entropy barrier between He- and H-shell burning layers is reduced and mixing
of H into very hot '>C-rich He-shell burning ash material may trigger violent flash-like
convective-reactive phases. Such events can be found in massive stars (e.g. non-rotating:
Heger & Woosley 2008), and sometimes induced by rotation (Hirschi et al. 2005; Ekstrom
et al. 2008).

In AGB stars two variants of the convective-reactive theme are known. The H-ingestion
flash in low-metallicity AGB stars involves entrainment of H into the He-shell flash con-
vection zone (Fujimoto et al. 2000; Herwig 2003; Iwamoto et al. 2004; Campbell 2007,
and many older references there). The hot dredge-up (Herwig 2004; Goriely & Siess
2004) is encountered if even only a small fraction of the convective boundary mixing
that was introduced to create a H-'2C partial mixing zone for the '3C is also included
at the bottom of the convective envelope during the dredge-up in slightly more massive
(M > 2...3Mg) AGB stars of very low metalicity ([Fe/H] < —2). In both cases the
commonly used mixing-length theory to treat convection and derive a diffusion coefli-
cient for mixing is not applicable as it does not account for injection of nuclear energy
on a hydrodynamic time scale of the convective flow. Woodward et al. (2008) discuss
in some detail this problematic situation, which requires 3-dimensional hydrodynamics
simulations to be properly addressed.

4. 3D hydrodynamic simulations of AGB interiors

Stellar hydrodynamics has overwhelmingly been concerned with the stellar surface
layers, atmospheres and shallow envelopes (e.g. Nordlund 1982; Stein & Nordlund 1998;
Porter & Woodward 2000) because the Mach numbers are larger near the surface, making
explicit, compressible simulations feasible.

But convective boundaries in surface convection zones behave radically different com-
pared to the deep stellar interior. For example, the hydrodynamic simulations of surface
convection in A-type stars and white dwarfs (Freytag et al. 1996) show that coherent
convective systems are accelerated in the unstable zone and then transition into the
neighbouring formally stable layer only to reverse direction after crossing a significant
fraction of a pressure scale height. The situation is very different in the deep interior
of AGB stars. Plane-parallel “box-in-a-star” hydrodynamic simulations of He-shell flash
convection in two and three dimenstions (Herwig et al. 2006) show rather stiff convective
boundaries. While convective systems occupy the entire vertical span of the unstable zone
of approx. 4500km in these simulations the convective bounadries are poorly resolved at
grid size of 20-50km. Nevertheless, careful analysis of simulatons with a resolution of
13.5km showed that overshooting at the bottom of the convection zone is as expected
small (Freytag & Herwig 2008; Herwig et al. 2007), and to first order in agreement
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with stellar evolution constraints from H-deficient post-AGB stars (Werner & Herwig
2006).

The upper He-shell flash convection boundary is not important in normal thermal
pulses, but in those AGB stars of very low metallicity and on the post-AGB where the
H-ingestion flashes take place, the upper boundary is of utmost importance as it is here
that the H-entrainment will take place. Woodward et al. (2008) reported preliminary
simulations zooming in with a grid of up to 1024® on the 100km above and below the
top convective boundary. These simulations show a significant entrainment of H into
the C-rich intershell. It is the competition of mixing accross the bounadry and larger-
scale convective transport that will determine the inhomogeneities of the fuel-mix, and
eventually determine the properties of the H-burning front. For example, larger horizontal
inhomogeneities of mixed-down H will lead to a more patchy energy generation and a
broader H-burning front, which may in the end be permeable for mixing of the resulting
13C to the bottom of the He-shell flash convection zone. Here the lifetime of '3C against o
capture, and thereby neutron release, is only seconds. By definition spherically-symmetric
simulations can not account for any of these horizontal inhomogeneities, which makes
them unsuitable for predictive simulations of the convective-reactive phases of evolution
in stars, including the hot dredge-up discussed in Sect. 3.

5. Conclusions

In this review I have discussed some aspects of AGB stellar evolution that are currently
been worked on. Significant progress has been made in better understanding the effect
of the various physical processes that may be responsible for mixing. In some areas we
are now (or very soon) getting better agreement with observations, for example in mod-
els including rotation and additional angular momentum transport. However, predicted
white dwarf rotation rates are still typically higher by an order of magnitude compared
to observed rotation rates, even including the effect of magnetic fields. Then, on the
underlying physics there is in some areas no consesus yet, as demonstrated recently by
the debate over the Tayler-Pitts-Spruit dynamo supposed to provide substantial mixing
and angular momentum transport (Zahn et al. 2007). Furthermore, the effect of some
processes discussed maybe virtually indistinguishable in observations. Internal gravity
waves and magnetic fields may have similar consquences, making it maybe at this time
difficult to validate. However, the recent trajectory of progress clearly indicates that at
least in the area of convection we should be able to finally resolve issues surrouding the
mechanism and efficiency of overshooting in the next couple of years. This, together with
progress in mass loss, molecular opacitiy and the thermohaline y-mixing will already pro-
vide for a significantly improved new standard model of AGB stars which should emerge
in the near future.
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Discussion
F. KupPkaA:

(1) Considering that the physical conditions for which the f-parameter model was
derived for and the He-shell flash scenario, with all these new and different processes
going on in that case — why do you still use the f-parameter model, since its physical
basis for that scenario is certainly even less well founded than MLT? It cannot be more
than just a mathematical fit formula.

(2) As you have shown with one of your movies, if one does global simulations for
this problem, on has to account for large and complex inhomogeneities in the physical
conditions at a given radius. It would help to have a table to compare the scales of the
box-in-a-star simulations to the global ones. To tie the two types of simulations together
to eventually derive predictive models is quite some work — which you may have already
studied?
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F. HErRwIG:

(1) Freytag et al. (1996) showed, based on their simulations, that (i) the overshoot-
ing fluid flows lead to diffusive spreading of hot particle ensembles and (ii) that the
corresponding diffusion coefficients decrease exponentially with the distance from the
convective boundary. They determined the exponential delay parameter “f” for A type
and white dwarf convection from their simulations as f = 0.25 and 1.0, respectively.
Already from their paper you can see that although both conventional zones show a sim-
ilar qualitative exponential overshoot behavior, which are quantitatively represented by
different f. It is therefore not at all surprising that once we put this mathematical expres-
sion for the overshoot behavior into a stellar evolution code we have get again different
f-values at different convective boundaries. In some cases we can not even be certain
that the physics of convective boundary mixing is the same as in Freytag’s simulation. In
the deep interior we might rather encounter turbulent entrainment (see Casey Meakin’s
talk). In that case the f-parameter model still gives you a convenient tool to estimate the
effect of convective boundary mixing in 1D-stellar evolution. As a time and depth depen-
dent overshooting implementation it allows us for example to study convective boundary
mixing for the formation of the '*C-pocket on the hot dredge-up situation in massive,
low-Z AGB stars. So, I think it is quite a useful concept. So why do I still use the simple
f-parameter model for He-shell flash convection? The first step to either determine f or
improve the mixing model was to start doing the He-shell flash convection simulations. I
think we still have to do more work on those. But Bernd Freytag has done a preliminary
determination of f-values at the top and bottom of the convective shell, and I showed the
results. Interestingly, the f-value we found for the bottom of the He-shell flash convection
zone does not obviously violate observables. But we have to check this more carefully.

(2) Yes, I should have explained the geometric setup of the box-in-a-star simulations.
The information is fully given in Herwig et al. (2006).
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