Planetary Nebulae: An Eye to the Future
Proceedings IAU Symposium No. 283, 2011 © International Astronomical Union 2012
A. Manchado, L. Stanghellini & D. Schénberner, eds. doi:10.1017/S1743921312010757

Asymptotic giant branch evolution:
Where do we stand?

Paola Marigo

Department of Physics and Astronomy Galileo Galilei, University of Padova,
Vicolo dell’Osservatorio 3, Padova, Italy
email: paola.marigo@unipd.it

Abstract. I provide a synthetic overview of the present status of stellar models for the asymp-
totic giant branch phase, one of the most complex and still uncertain stages of stellar evolution.
In particular I will focus on two aspects that are most relevant in the context of the planetary
nebulae progeny, namely: the chemical composition of the AGB ejecta, and the mass of the bare
CO core left after the ejection of the stellar mantle at the AGB tip. Recent progress, present
uncertainties, and future perspectives to constrain AGB models are briefly discussed.
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1. Introduction

In the framework of the stellar evolution theory, it is convenient to group stars in
different ranges of initial masses depending on their final fate (see Herwig 2005). Stars
with M; < M, develop an electron-degenerate CO core after central He-burning, then
experience the canonical Asymptotic Giant Branch (AGB) phase and eventually leave
CO white dwarfs as dark remnants. Stars with M,, < M; < My, are able to ignite
carbon in mildly-degenerate conditions, leading to the formation of O-Ne-Mg cores. They
will proceed through the so-called super-AGB phase (see the contribution by Garcia-
Berro, this conference) ending as either ONe white dwarfs or electron-capture supernovee,
depending on the core mass. Both critical masses M,, and My,s heavily depend on
uncertain aspects of stellar models (e.g. treatment of convection and overshooting); in
particular present predictions locate M, in the range ~ 6 — 8 M (Siess 2007).

This contribution will mainly focus on the evolutionary features predicted for AGB
stars evolved from progenitors with low and intermediate masses, 0.9 < M; /Mg < My,.
The AGB evolution can be schematically divided into two phases, namely the early-AGB
(E-AGB) and the Thermally-Pulsing AGB (TP-AGB). We refer to Herwig (2005) for a
recent comprehensive review of this phase.

1.1. Mixing episodes prior to the TP-AGB phase

Important changes in the surface chemical composition may take place before the onset
of the TP-AGB phase.

The first dredge-up. As the star ascends the red giant branch (RGB) it expands
while the base of the convective envelope reaches into regions where partial H-burning has
taken place at earlier stages. The first dredge-up determines the increase in the envelope
abundances of 13C, N and a decrease in the 12C content (e.g. Forestini & Charbonnel
1997; Marigo 2001).

Extra-mixing after the first dredge-up. Several spectroscopic observations (Li,
12¢/13C, N, O) in open and globular clusters of the Galaxy and the Magellanic Clouds
provide compelling evidence that non canonical mixing starts as low-mass stars reach
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the bump in the luminosity function of the RGB. While various hypotheses were sug-
gested in the past, thermohaline mixing has been recently identified as the actual mech-
anism able to explain the data (Charbonnel & Lagarde (2010); Stancliffe et al. (2009),
Denissenkov & Pinsonneault (2008); Charbonnel & Zahn (2007)).

The second dredge-up. Following central He-exhaustion the He-burning shell is
established, and the star starts to evolve at increasing luminosity while approaching its
Hayashi line for the second time during its life. During the initial stages, the so-called
early-AGB (E-AGB), the H-shell is extinguished and the inner edge of the convective
envelope moves inward. In stars more massive than 3.5 — 4.0 M, the second dredge-up
takes place, with notable effects both on the surface composition and internal structure of
the star (e.g. Forestini & Charbonnel 1997; Boothroyd & Sackmann 1999). The products
of complete H-burning are brought up to the surface, mainly *He and '*N, while '2C
and 190 are depleted at the surface. At the same time the mass coordinate of the H-
exhausted core is significantly shifted inward, so that final core masses do not exceed
M. ~ 1.0 —1.1Mg, well below the Chandrasekhar limit of 1.4 M.

1.2. The TP-AGB phase

This phase is characterized by the quasi-periodic occurrence of thermal pulses, corre-
sponding to thermal instabilities of the He-burning shell. The surface chemical compo-
sition may be significantly altered by mixing events taking place at thermal pulses, the
third dredge-up, and, in most massive AGB stars (M > 3.5—4.0M) by hot-bottom burn-
ing, i.e. hydrogen-burning in the deepest and hottest layers of the convective envelope
during quiescent stages.

The third dredge-up. During the third dredge-up the base of the convective enve-
lope reaches across the extinct H-shell and penetrates into the inter-shell region where
the He-flash nucleosynthesis has taken place. The net consequence is the enrichment in
the surface abundances of He, primary '>C and 90, 'YF, 22Ne, 2°Mg, and s-process ele-
ments (Iben & Truran 1978; Cristallo et al. 2009). At the same time, the third dredge-up
causes a reduction of the core mass, the entity of which is traditionally quantified via
the efficiency parameter, A = AMq,ea/AM,, given by the ratio between the dredged-up
mass and the core mass increment over the previous quiescent inter-pulse period. Despite
being a key quantity, the efficiency A and its dependence on stellar mass and metallicity
are presently affected by large uncertainties, due to our still poor physical description of
convection and mixing.

Figure 1 displays how predictions for A have changed over the years: while in the
past very weak dredge-up characterizes low-mass AGB models, a fact designated by
Iben (1981) as the “carbon star mystery” (see also Iben & Truran 1978), present models
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predict larger A, as required to reproduce observations of C stars in the Magellanic
Clouds (Marigo et al. 1999; Marigo & Girardi 2007). We also note that results may differ
considerably from author to author, which reflects the critical dependence of the third
dredge-up on technical and numerical details (see Frost & Lattanzio (1996), Mowlavi
(1999) for thorough analyses).

While X\ values for low-mass stars are still quite heterogeneous, there is a general
agreement among authors in predicting A ~ 1 for more massive AGB stars, with M; >
3—4Mg (Karakas et al. 2002; Herwig 2004; Ventura & D’Antona 2005; Weiss & Ferguson
2009). A typical example is shown in Fig. 2. This implies a small increase, o even the
nearly invariance of the core mass during the TP-AGB phase, so that the remnant mass
would practically coincide with the core mass after the 2"¢ dredge-up.

In any case the definitive assessment of the third dredge-up requires a more realistic
description of convection; in this respect it is worth mentioning the valuable work by
Herwig et al. (2006), who presented the first hydrodynamic multi-dimensional simula-
tions of He-shell flash convection.

Hot-bottom burning. This process is expected to affect crucially the evolution
of all AGB stars with large core masses, M, > 0.8 M, and sufficiently massive en-
velopes, Meny, = M — M. > 2Mg. The minimum mass for the occurrence of HBB
is a function of metallicity Z, so that lower Z favors the onset of HBB at lower stel-
lar masses (Ventura & D’Antona 2005). HBB produces two main evolutionary effects,
namely i) it makes the stars brighter than expected by the classical M, — L relation
(Blocker & Schonberner 1991), and ii) it enriches the surface chemical composition with
nuclei synthesized by the C-N-O, Ne-Na, and Mg-Al cycles (Forestini & Charbonnel
1997). More recently HBB nucleosynthesis has gained much interest since metal-poor
massive (super-)AGB stars are considered among the most likely candidates to ex-
plain the chemical patterns of stars in globular clusters (e.g. the O-Na anti-correlation;
Carretta et al. 2005).

Figure 3 shows the pre-flash quiescent luminosity as a function of the core mass for a few
full stellar TP-AGB models of different mass and metallicity (Karakas et al. 2002). The
most massive stars are characterized by the HBB over-luminosity, i.e. a steep luminosity
increase above the M, — L relation, which is eventually recovered as soon as the envelope
mass is drastically reduced by stellar winds. Note that the M; = 6 Z = 0.0001 model is
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Figure 3. Luminosity as a
function of the core mass along
the TP-AGB. Sequences marked
by triangles refer to the pre-flash
luminosity maximum of TP-AGB
stars with various initial masses,
according  to  Karakas et al.
(2002) full evolutionary calcula-
tions. Solid lines are fit M, — L
relations from Paczynski (1970)
and Boothroyd & Sackmann
(1988).
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expected to overcome the classical Paczynski limitt, which in fact cannot be considered
a physical limit anymore. HBB and third dredge-up interrelate with each other in a
complex fashion: on one side HBB delays or even prevents the formation of massive C
stars by converting the dredged-up carbon into nitrogen, on the other side the structural
cooling caused by the enhanced C-rich opacity may weaken or even extinguish HBB
(Marigo 2007; Ventura & Marigo 2009, 2010).

2. Molecular opacities

Another fundamental issue for evolutionary AGB models is related to the adopted
low-temperature opacities (7' < 10000 K). Until recently a common practice in most
published TP-AGB evolutionary calculations is to use opacity tables that are strictly
valid for scaled-solar abundances (e.g. Alexander & Ferguson 1994), hence totally inade-
quate to produce realistic models for C stars. As already demonstrated by Marigo (2002);
Marigo et al. (2003); Marigo & Girardi (2007), the adoption of proper molecular opaci-
ties, consistently coupled with the surface composition, brings a radical improvement in
the treatment of carbon-star evolutionary models, leading to solve several long-lasting
discrepancies between theory and observations. For instance, the red tail drawn by field
carbon stars in near-infrared colour-colour diagrams of the Magellanic Clouds (2MASS
survey; see Marigo et al. (2003)) is reproduced, as well as the low C/O and Tug values
typically found in Galactic AGB C-type stars.

Figure 4 displays the sharp dichotomy in the molecular chemistry when the C/O
ratio passes from below to above unity (left panels), which has a dramatic effect on the
evolution of the effective temperatures of AGB stars (right panel).

Molecular opacities for variable chemical mixtures have become available only recently
(Lederer & Aringer 2009; Helling & Lucas 2009; Marigo & Aringer 2009). The £ASOPUS
toolf by Marigo & Aringer (2009) allows the computation in real time of opacities for
any set of elemental abundances. Recent full AGB calculations with C-rich opacities are

1 Traditionally the Paczynski limit corresponds to the maximum luminosity that an AGB
star complying with the M. — L relation may reach when its core mass has grown up to the
Chandrasekhar limit, M. ~ 1.4 Mg

I An interactive web-interface is available at http://stev.oapd.inaf.it/aesopus.

https://doi.org/10.1017/51743921312010757 Published online by Cambridge University Press


https://doi.org/10.1017/S1743921312010757

AGB evolution 91

~ BE -
& o
N —10 %o _ _
E =0 M=2.0 M, Z=0.015 co,
=) C T T
S 15 42 + E 1.8
C s . i 1.6
C — 1.4
—20 P38 [ / i
C S Z 1.2
_5 = 3.6 _ 1
— C o
3 C 34 . 0.8
L _0k 32 - - 0.6
>~ —10 0.4
E = 3 1 1 1 | 1 1 0'2
3 _15E 365 36 355 35 345 34 335 '
S log(T )
F O

c/0

Figure 4. Left panel: molecular concentrations predicted with the ASOPUS tool
(Marigo & Aringer 2009) as a function of the C/O ratio, assuming a gas mixture with
log(T) = 3.3, log(p) = —11.1, Zier = 0.02. The increase of C/O follows that of C, while the O
abundance is kept unchanged. The molecules are divided into two groups, namely: O-bearing
molecules (top-left panel) and C-bearing molecules (bottom-left panel). Note the sharp change
in molecular concentrations at C/O = 1. Right panel: Predicted TP-AGB evolutionary track for
a star experiencing the third dredge-up. Molecular opacities are calculated on-the-fly with the
ESOPUS (Marigo et al., in preparation).

presented by Cristallo et al. (2007); Weiss & Ferguson (2009); Ventura & Marigo (2009,
2010); Kamath et al. (2011).

3. Chemical yields

Several sets of chemical yields from low- and intermediate-mass stars, covering wide
ranges of initial stellar masses and metallicities, are nowadays available (Karakas 2010;
Cristallo et al. 2009; Ventura & D’Antona 2009; Stancliffe & Jeffery 2007; Izzard et al.
2004; Marigo 2001; Forestini & Charbonnel 1997). While there is a general agreement on
qualitative trends, significant quantitative differences do exist among the sets of chemical
yields to different model prescriptions, in particular for mass loss, convection, and over-
shooting. In addition to the classical light elements (He, C, N, O, Ne) the enrichment in
s-process elements, recently detected in some PNe, poses a critical challenge to models
of AGB stars (see Karakas contribution, this conference).

4. The initial - final mass relation

The initial-final mass relation (IFMR) links the mass of a star on the main sequence,
M;, with the remnant mass, My, of the white dwarf (WD) left at the end of its evolution,
It is the result of the complex interplay among different processes, such as dredge-up
events and mass loss, and their dependence on stellar mass and metallicity. Even if it is
impossible to disentangle the individual role of each factor involved, fig. 5 attempts to
summarize a few general trends that can be extracted from AGB evolutionary models.

Dependence on the 3" dredge-up. The more efficient the 3¢ dredge-up, the lower is the
effective increase of the core mass during the TP-AGB phase. In the extreme case A ~ 1,
the final mass would correspond the core mass at the onset of the TP-AGB phase. The
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Figure 5. Dependence of the predicted IFMR on basic parameters, namely: efficiency of
the third dredge-up (top left-hand side panel), the assumed mass-loss rates (top right-hand
side panel), and metallicity (left bottom panel: Marigo & Girardi (2007); right bottom panel:
Karakas et al. (2002)). The shaded areas correspond to the semi-empirical IFMR from recent
compilations (Ferrario et al. 2005; Catalan et al. 2008; Salaris et al. 2009).

semi-empirical IFMR seems to support a modest increase of the core mass during the TP-
AGB. In fact, current AGB models predict values of the core mass at the first thermal
pulse which are already inside the observed width AM; of the semi-empirical IFMR
(Karakas et al. 2002; Marigo & Girardi 2007). Moreover, by assuming no dredge-up we
expect that intermediate-mass stars would be able to reach the Chandrasekhar limit and
thus explode as SN I; /5, while the semi-empirical IFMR indicates that at M; ~5—7Mg
the white dwarf masses are around 1 Mg, in any case far from the limiting mass for C
deflagration.

Dependence on mass loss. The larger the mass-loss rates, the shorter is the duration
of the TP-AGB phase, hence the lower is the mass of the remnant. First of all, we note
that simply extending to the AGB phase the classical Reimers law, commonly used (with
a parameter ) ~ 0.3 — 0.4) for stars on the RGB, would again make intermediate-mass
stars proceed through the SN I/, channel (provided that the third dredge-up A < 1).
Synthetic AGB models (Groenewegen & de Jong 1993) have proved that n ~ 5 would
be required on the AGB in order to match both the observed IMFR and carbon star
luminosity functions on the Magellanic Clouds. However, over the years, it has become
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clear that the Reimers law is not suitable to describe the efficiency of mass loss on the
AGB, as this formula does not account for the observed steep increase of the mass-
loss rate at increasing luminosity, as shown by studies of mass-losing pulsating AGB
stars (Vassiliadis & Wood 1993). Many other formalisms/recipes for AGB mass loss have
been proposed, either semi-empirical (van Loon et al. 2005; Groenewegen et al. 1998;
Vassiliadis & Wood 1993), or derived from hydrodynamic dust-driven pulsation-assisted
wind models (Mattsson et al. 2010; Wachter et al. 2008, 2002; Arndt et al. 1997; Bloecker
1995; Bowen & Willson 1991; Bedijn 1988).

Dependence on metallicity. A quite robust result of stellar evolution is that stars enter
the TP-AGB phase with core masses that are larger at decreasing metallicity Z, as a
result of the previous central He-burning phase. How the subsequent TP-AGB evolution
shapes the IFMR as a function of Z is the result of the overall dependence on metallicity
of all processes involved (e.g. mass loss efficiency, depth of 3'¢ dredge-up, HBB over-
luminosity), which is still not robustly determined. As an example we show in Fig. 5
(bottom panles) two sets of predicted IFMRs for several metallicities, taken from the
calculations by Marigo & Girardi (2007) (left panel), and Karakas et al. (2002) (right
panel). We see that while in the former set the dependence on Z is not monotonic over
the whole range of stellar masses, in the latter more massive white dwarfs are always
expected at decreasing Z. This difference is likely due to differences in the description
of mass loss in molecular opacities of C stars, coupled to the current surface C/O in
Marigo & Girardi (2007), frozen to a scaled-solar mixture in Karakas et al. (2002).

5. The need of population synthesis models to calibrate the AGB

While significant improvements of AGB modelling have been achieved in the recent
years (detailed calculations covering larger Z and M ranges; molecular chemistry and
opacities, extended nuclear networks, extra-mixing, rotation, etc.), we are still facing
large uncertainties mainly due to the currently deficient descriptions of convection and
mass loss.

In this context a fundamental help can be provided by population synthesis mod-
els including AGB stars (Marigo et al. 2008). By a close comparison with many dif-
ferent observables (AGB star counts in clusters and galaxies, multi-band photometry
and pulsation-period distributions of AGB variables, chemical abundances in PNe, dust
mineralogy of enshrouded AGB stars, etc.) it would be possible to characterize the key
processes of the AGB phase (third dredge-up, HBB, mass loss) by constraining the pa-
rameters that measure their efficiency as a function of stellar mass and metallicity. In this
way AGB lifetimes and chemical yields, hence the actual role of AGB stars in galaxies
could be eventually assessed.
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