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STRUCTURAL AND CHEMICAL EVOLUTION OF LOW- AND
INTERMEDIATE-MASS STARS

Lionel Siess?!

Abstract. We review the structural and nucleosynthetic evolution of
stars in the mass range 0.8 — 11 M, focusing on the AGB and super-
AGB phases. The effects of transport processes associated with rota-
tion and overshooting are described and their impact on nucleosynthesis
analyzed. We present selected observational properties of AGB stars
and discuss the weaknesses and failures of current stellar modeling.

1 Evolution up to the AGB phase

The evolution of stars is principally determined by their initial mass and, to a
lower extent, by their composition and by the presence or not of mixing processes.
Stars typically less massive than 0.5 Mg are unable to develop temperatures high
enough to ignite helium and terminate their evolution as degenerate He white
dwarf. Stars above that critical mass and below ~ 2 — 2.5 Mg, develop degenerate
cores and ignite helium off-center “explosively” during the so-called He-flash. Such
stars belong to the group of low-mass stars which differ from intermediate-mass
stars (2—2.5Mg S Min; S 6—8Mg) by the fact that the latter ignite He quietly at
the center. Above 10 — 13 My (depending on the metallicity and on the treatment
of convective mixing), the stars evolve through all nuclear burning stages (C, Ne,
O and Si burnings) up to the formation of an iron core : this is the realm of massive
stars. In a narrow mass range between 6—8 Mg and 10—13 Mg, a very specific class
of objects exists, named super-AGB stars, that complete central carbon burning
but do not proceed any further.

The main topic of this chapter is to review the structural and chemical evolution
of stars between ~ 0.5 and 10 — 13 My beyond central H-burning.
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Fig. 1. Evolution of the internal structure of a 2Mg star of solar metallicity. The
successive panels correspond to the main sequence (H-MS), RGB phase characterized by
the appearance of the first dredge-up (1DUP), helium flash and central helium burning
(He-MS), Early AGB and thermally pulsing AGB (TP-AGB) phases. The regions of
nuclear energy production due to H and He burning are also indicated by the dashed
lines. The numbers on the x-axis represent the duration (in yr) of each evolutionary
phase.

1.1 The sub-giant branch

When hydrogen is depleted at the stellar center, the nuclear energy production
drops and the convective core, if present, disappears. The star contracts and
the H-rich material surrounding the core moves inward and eventually ignites
in a thick shell (Fig. 1). Most of the energy from the hydrogen-burning shell
(HBS) is used to push matter away in both directions. This thick shell phase
continues until the core mass reaches ~ 10% of the stellar mass which corresponds
to the Schonberg-Chandrasekhar limit. Beyond this limit, the core undergoes a
strong contraction, the nuclear energy production increases and the HBS narrows.
During this phase, the decrease in the HBS mass is compensated by the increase
in its temperature so the luminosity remains approximately constant. As the
core contracts, the envelope expands and the star crosses the HR diagram almost
horizontally through the Hertzsprung gap (Fig. 2). This transition between central
and peripheral nuclear burning modes occurs on a Kelvin-Helmholtz timescale
(~ 105yt for a 1 Mg).
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1.2 The first dredge-up

The expansion of the star induces the cooling of the external layers. As the
opacity increases near the surface, the transport of energy by radiation becomes
less efficient and convection naturally develops. The convective zone grows in mass
and moves inward during the so-called first dredge-up (1DUP). When the envelope
reaches the layers where hydrogen was nuclearly processed (both during core and
shell H burning), the products of proton burning are dredged-up to the surface.
The 1DUP is responsible for the surface enrichment of “He and *He (produced by
the cycle pp), of 13C and N (by-products of the CN cycle), for the dilution of
the remaining "Li (partially burnt during the earlier pre-main sequence phase) and
for a small decrease of the '2C content. At its maximum extension, the envelope
includes more than 70% of the stellar mass, which represents nearly 90% of the
radius.

At this stage, the evolution of the primordial stars presents some interesting
differences. Formed just after the big bang, these population III stars are charac-
terized by a composition in which the metals and in particular of the CNO elements
are absent. This peculiarity affects the evolution of low- and intermediate-mass
stars. In particular, during the main sequence, stars more massive than ~ 1 Mg
cannot activate the CN cycle because of the absence of the catalytic seeds. As a
consequence they contract until the central temperature reaches 108K and the 3o
reactions ignite while the star is still on the main sequence. Thus, when hydrogen
is exhausted in the core, helium burning reactions smoothly take over the nu-
clear energy production, without notable structural readjustment and the 1DUP
is avoided. For lower mass stars that sustain their nuclear energy production by
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Fig. 3. Profiles of the main chemical species and gradient of mean molecular weight (V)
in the vicinity of the HBS for a 0.85 Mg, star with Z = 0.0005 before (left) and after (right-
hand side) the passage of the bump. The stellar luminosity corresponding to these models
is indicated in each panel. The HBS can be identified by the first (i.e., inner) peak in
the p gradient and the arrow indicates the position of the maximum inward extent of the
convective envelope during the 1IDUP. In the models before and after the bump, the base of
the convective envelope is located at M, = 0.336 and M, = 0.350 M, respectively. These
models corresponds to the standard case without extra-mixing (Palacios et al. 2006). In
order to account for a decrease in the *>C/*3C ratio after the bump, some extra-mixing
must connect the base of the envelope with the *C peak located at M, ~ 0.327 Mg
(right panel). However, the origin of this extra-mixing is not clearly identified.

the pp chains (M < 0.8Mg at Z = 0), the 1DUP is present. However its effect is
weak : a slight increase in the surface abundance of 3He and *He and the dilution
of remaining lithium.

1.3 The “bump” and the ascent of the red giant branch

As the star ascends the giant branch, the deepening of the envelope is slowed down
by the increasing influence of the approaching HBS and eventually it reaches a
maximum depth. When the envelope retreats, it leaves in its wake a chemically
homogeneous zone which composition is different from that of the underlying ra-
diative layers (which were previously affected by nuclear burning). At the mass
coordinate corresponding to the deepest penetration of the envelope, a strong
gradient of chemical composition (Vu) appears (Fig. 3) that prevents mixing to
operate efficiently (see Suzanne Talon in this volume).

When the HBS crosses this “molecular weight barrier”, the nuclear energy
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production is altered by the modification of the chemical composition. The lumi-
nosity of the giant star temporarily decreases due to the abrupt changes in the
mean molecular weight and opacity. This structural readjustment, which only oc-
curs in the lower mass stars that experience the helium flash (M < 2.0 — 2.5Mg
according to the metallicity), makes the stars spend more time in this luminosity
bin and observationally they accumulate in the HR diagram, whence the denomi-
nation of “bump” (Fig. 2). Thereafter, the HBS resumes its outward progression
associated with the core growth and the internal temperature of the helium core
increases. At the surface, the electrons recombine and the opacity, mainly due
to H™, decreases. The external layers become more transparent to radiation, the
luminosity rises, the structure expands and the star climbs the red giant branch.
During this ascent, the HBS narrows and the degeneracy of the slowly contracting
core increases. The properties of the RGB stars are mainly determined by the He
core mass and are practically independent of the envelope mass. As an illustration,
the H-depleted core mass at helium ignition (Iben & Renzini 1984) is given by

Meore ~ 0.476 — 0.221(Y — 0.3) — 0.009(3 + log Z) — 0.023(M — 0.8) ,

where Y is the helium mass fraction, Z the metallicity' and M the stellar mass.
We note the weak dependence of M. on the mass for stars of a given chemical
composition. As a consequence, the evolutionary tracks converge in the HR dia-
gram and the central properties (density and temperature for example) are very
similar among stars of initially different masses. During the RGB evolution, the
mass loss increases substantially. Negligible on the main sequence, it can reach
values as high as 2 5 x 1077 Mg yr~'at the top of the RGB. Finally let us note
that very low-mass stars (M < 0.5Mg) or stars suffering abnormally large mass
loss rate (e.g. because of the presence of a companion) will never ignite helium
and will end their life as helium white dwarfs.

1.4 Mixing on the RGB

At the beginning of the RGB phase, the 1IDUP modifies the surface chemical
composition and brings additional constraints to stellar modeling. Various obser-
vations carried out on stars belonging to the Galaxy and/or to globular clusters
indicate a systematic reduction in the 2C/!3C ratio with luminosity, in agree-
ment with the standard models until the bump. Beyond that point, for a mag-
nitude My < 2, the carbon isotopic ratio abruptly decreases below its predicted
value (< 15 instead of ~ 40) in practically all observed stars, independently of the
environment. Based on a large sample of 108 stars located above the bump, Char-
bonnel & Do Nascimento (1998) showed that nearly 96% of them have a 2C/!3C
value significantly lower than the theoretical one. The same observation holds
for lithium which destruction is enhanced after the bump in almost 100% of the

I1The metallicity Z is defined by Z =1 — X —Y where X and Y are the mass fractions of
hydrogen (}H4-2H) and of helium (3He+He), respectively. The metallicity represents the mass
fraction of metals, i.e. elements of charge > 2.
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cases (Gratton et al. 2000). The nitrogen abundance is more difficult to determine
because of its molecular association in CN but an anti-correlation between carbon
and nitrogen and the constancy of (C+N+O)/Fe (Briley et al. 2004a) are also
observed.

These observations tell us important things : (1) RGB stars experience non-
standard mixing processes that alter the surface composition, (2) these processes
are independent of the environment and metallicity, and (3) they take place at
a very specific time of the evolution: at the bump. The mechanism allowing for
the transport of the chemicals from the nuclear site of production to the envelope
(Fig. 3) remains unknown. Different approaches using either parametric diffusion
coefficients (Denissenkov & Weiss 1996; Denissenkov et al. 1998; Weiss et al. 2000)
or different recipes for rotational mixing (Sweigart & Mengel 1979; Charbonnel
1995; Denissenkov & Tout 2000, 2003; Denissenkov & VandenBerg 2003) have
been investigated and were somehow able to reproduce the observations. However
all these studies were using more or less justified assumptions and initial condi-
tions. A more consistent modeling considering the full treatment of rotational
mixing from the main sequence to the top of the RGB showed that, in its present
formulation, this mechanism is not able to reproduce the chemical anomalies ob-
served at the bump in globular clusters (Palacios et al. 2006). The main reason is
attributed to the fact that, by the time the HBS reaches the chemical discontinu-
ity, angular momentum has been transported and the gradient of angular velocity
significantly eroded. The shear being reduced, the diffusion process is largely in-
hibited and mixing is prevented. With the help of 3D hydrodynamical simulations
of red giant stars Eggleton et al. (2006) identified a new mechanism that could
be responsible for the development of extra-mixing at the bump. These authors
showed that the 3He(*He,2p)*He reaction that operates at the base of the receding
envelope of low-mass RGB stars produces locally an inversion of the mean molec-
ular weight. Indeed, this reaction produces more particles than initially present.
This pu—inversion generates hydrodynamical instabilities named thermohaline mix-
ing and also referred to as salt finger instability. Based on this idea, Charbonnel
& Zahn (2007) showed that stellar models accounting for this type of extra-mixing
can explain the abrupt modification of the chemical abundances at the bump, thus
reconciling theory and observation.

The similarities in the behaviors of observed abundances between field and
globular clusters stars is however limited to Li, C and N. Indeed, although abun-
dances of iron and heavy elements are relatively uniform within stars of a globular
cluster?, strong abundance variations of light nuclei are observed from star to star.
Contrary to field stars, giants in globular clusters are characterized by a series
of correlations/anti-correlations implying oxygen, sodium, magnesium and alu-
minium. In particular systematic anti-correlations between carbon and nitrogen,
oxygen and sodium (Sneden 1999; Ramirez & Cohen 2002) and more occasionally
between magnesium and aluminium (Gratton et al. 2001; Sneden et al. 2004) are

2w Cen represents a notable exception by many other aspects (total mass, spatial distribution
of stars and chemical composition).
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observed. Let us note that in this latter case, the interpretation is not easy be-
cause of the difficulty to determine the exact magnesium isotopic composition. A
rich literature discusses these chemical anomalies and we refer the reader to the
reviews by Ivans et al. (2001), Ramirez & Cohen (2002) or Decressin (2007) and
to the contribution of Corinne Charbonnel in this volume for further information.

With the advent of 8 meters telescopes, it was finally possible to probe the
base of the RGB and the turn-off ® in various globular clusters (Gratton et al.
2001; Thévenin et al. 2001; Briley et al. 2004b). These observations reveal that
the carbon/nitrogen (Briley et al. 2004a; Da Costa et al. 2004) and sodium /oxygen
(Carretta et al. 2004) anti-correlations are already present on the main sequence.
This result unambiguously attests of their primordial origin and of the necessity
to account for a previous stellar population which contaminated the matter from
which the stars of the cluster we observe now were formed.

1.5 Helium burning
1.5.1 He ignition

In low-mass stars (M < 2 — 2.5Mg), electron degeneracy becomes important (at
the center the degeneracy parameter n ~ 2 — 3). This causes a drop in the opacity
(due to heat conduction) and allows the core to radiate away its energy more
readily. At the same time, the maximum temperature moves off-center as plasma-
neutrinos? carry away some of the internal energy from the densest (central) part
of the star. In these degenerate conditions, the pressure is weakly dependent on

3The turn-off corresponds to the location in the HR diagram where the evolutionary track
turns back to cooler effective temperatures. This point marks the end of core H-burning.

4In dense environments at temperature T > 108K, electrons interact with other electrons to
emit neutrinos and anti-neutrinos, instead of photons.

Fig. 4. Helium flash in a popula-
tion III (Z = 0) star of 1 Mg. The
upper panel shows the evolution of
% ] the nuclear luminosity and the bot-
i E é % % é tom panel the internal structure.
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the temperature and the thermal and mechanical structures are almost decoupled.
When He burning is initiated (above Tiax ~ 108K), the increase in temperature
is not followed by an expansion of the structure which would produce a cooling.
On the contrary, the layers heat up, which contributes to further increase the
nuclear energy production (gnuc(3c) oc T4°) and the system runs away. During
this thermonuclear helium shell flash, a strong temperature gradient develops and
a convective zone forms. The released energy® is used to lift the core degeneracy
and to expand the structure. The dilatation extinguishes the HBS and eventually
the instability shuts down. At the end of the He-flash, the peak temperature
has moved inward by ~ 0.03Mg (Mengel & Sweigart 1981; Siess et al. 2002)
and the convective envelope has slightly withdrawn (Fig. 4). Thereafter a series
of secondary flashes gradually lift the core degeneracy and allow the maximum
temperature to reach the center. The first flash is by far the strongest one because
of the higher core degeneracy at this time. As the flashes become weaker, their
mass extent decreases and the time interval between successive instabilities also
increases (Despain 1981).

The hydrodynamic nature of the helium flash is still a matter of debate (e.g.
Deupree 1996) and the mixing processes associated with the development of the
convective instability deserve additional studies. It is worth noticing that before He
burning reaches the center, shells made essentially of carbon and oxygen (produced
in the previous He flashes) surround the He-rich core. In these circumstances, the
mean molecular weight gradient decreases in the direction of gravity and the layers
become secularly unstable. These conditions are characteristics of the so-called
thermohaline convection or salt finger instability seen before at the bump.

In stars more massive than 2 — 2.5 Mg, the core temperature is higher, and so
degeneracy and neutrino energy losses are much weaker. The maximum tempera-
ture thus remains at the center and helium ignites “quietly” under non-degenerate
conditions. Thereafter, in both low- and intermediate-mass stars, He burning
proceeds in a convective core.

1.5.2 Nucleosynthesis

When the central helium abundance drops below Y < 0.1, the 2C(a, 7)*¢O reac-
tion becomes faster than the 3a reactions and carbon starts to be destroyed to the
benefit of oxygen. At the end of He burning, the mass fraction of carbon in the
center (which depends on the metallicity and stellar mass) ranges between 0.1 -
0.4, the remainder consisting mainly of oxygen (Straniero et al. 2003). The central
C/O ratio depends sensitively on the still highly uncertain 2C(«,~)1¢0 rate and
also on the treatment of convection which influences both the burning lifetime and
the amount a fuel available (Imbriani et al. 2001). From a nucleosynthetic point
of view, besides converting He into '2C and 60O, core helium burning contributes
to the destruction of the by-products of the H burning. Successive a-captures will
transform 4N into 80 and #2Ne. At sufficiently high temperatures (7' 2 3 x 108K)

5The nuclear luminosity associated with He burning can reach 10'! Lg,.
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which are only found in massive stars (M 2 15Mg), the 22Ne(a,n)**Mg reaction
releases a very great deal of neutrons which will participate to the production of
heavy elements through the so called s-process (see §2.3.3). In convective regions
such as the He-core of massive stars or the thermal pulses in AGB stars, efficient
mixing keeps bringing the abundant iron seed nuclei at the base of the convective
zone where the neutrons are released. As a result iron group nuclei capture most of
the neutrons to the detriment of heavier elements. The weak irradiation of heavy
elements generally prevents the nucleosynthesis of atoms beyond A ~ 90.

2 The AGB phase

Near the end of central He burning, the core starts to contract to compensate
for the decrease in nuclear energy production. As for the 1DUP, the surface lay-
ers expand and the convective envelope deepens. With the exhaustion of fuel,
convection disappears at the center and He burning proceeds in a shell surround-
ing the newly formed CO core. The activation of shell burning releases enough
energy to temporarily halt and reverse the inward advance of the convective en-
velope (Fig. 1). In more massive stars, the expansion produces the quenching of
the hydrogen-burning shell (HBS). The extinction of H burning then allows the
penetration of the convective envelope through the formally active HBS down to
the upper layers of the HeBS. Note that in massive stars the 2DUP does not have
the ability to decrease the mass of the H-depleted core. The star thus develops a
massive core (larger than the Chandrasekhar mass) that inevitably collapses. Sim-
ilarly to the first dredge-up, the products of H burning (*He, 4N et *C mainly)
are brought to the surface and for the most massive stars, He enhancement can
also be substantial.

During the subsequent early-AGB phase, the core contracts and becomes more
degenerate as the neutrino loss rate increases. The burning shells narrow and get
closer to each other while the nuclear energy production is progressively transferred
from the HeBS to the HBS.

2.1 Structure and evolution of AGB stars

The AGB (Asymptotic Giant Branch) phase represents the ultimate nuclearly
active evolutionary stage of low- and intermediate-mass (M < 9Mg)®. It ends
with the ejection of the envelope during the “super-wind” phase (Vassiliadis &
Wood 1993) that leads to the formation of a planetary nebula. During the post-
AGB evolution, the newly formed white dwarf radiates away its internal energy
and becomes cooler and more degenerate.

The structure of an AGB star is composed of a degenerated and inert core of
0.5 £ Mwp/Mg S 1, essentially made of carbon and oxygen. The precise C/O
ratio depends on He burning conditions and typically ranges between 0.10 — 0.40.

SBinary stars are of course excluded from this statement.
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This compact core (of < 10°km in diameter) is surrounded by a thin helium-
burning shell (0.005 < Mpeps/Mg < 0.1) which is the siege of recurring insta-
bilities : the thermal pulses. This layer is surmounted by a radiative zone, the
intershell, made of the ashes of H burning and too cold for He burning. Above the
intershell, hydrogen is burnt in a thin layer of 3 x 1075 < Mygps/Mg < 2 x 1073,
Note that a thin radiative layer is generally present that separates the HBS from
the convective envelope. In case of Hot Bottom Burning, this buffer layer disap-
pears and the surface luminosity is strongly modified (see 2.3.2). Finally a large
convective envelope representing more than 99% of the radius surrounds this nu-
clearly active core. The envelope suffers important mass loss whose rate increases
along the asymptotic branch to reach values as high as 107% M, yr~! during the
final super-wind phase. The surface layers of this extended convective zone are
also subject to hydrodynamical instabilities that make them pulsate (MIRA vari-
ables). Outside the star, at larger distances, dust and grains form in an extended
circumstellar envelope.

AGB stars represent a unique site for nucleosynthesis where the products of
hydrogen burning are injected into the high temperature region of helium burning.
This particular alchemy takes place during the thermal pulses that I describe in
the following section.
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2.1.1 The thermal pulses

AGB stars are characterized by the development of recurrent instabilities in the
helium-burning shell. Schwarzschild & Harm (1965) were the first ones to discover
and theoretically explain this phenomenon. They showed that 3 conditions are
necessary for a burning shell to become unstable: the layer must be geometrically
thin, the thermonuclear reaction rates must exhibit a strong temperature depen-
dence and, finally, the opacity of the matter must be high. To understand this
mechanism, imagine that some nuclear energy (e.g. associated with the ignition
of the 3a reactions) is suddenly released in a small region of the star, thin in
radius (the He burning shell). The temperature increase associated with this en-
ergy deposition naturally induces the expansion of the burning layer but, given its
thinness this swelling does not cause a noticeable displacement of the layers sur-
rounding it. The mechanical structure of star thus remains practically unchanged,
except obviously in an extremely localized area where the relative variation of the
shell thickness is very large. Hydrostatic equilibrium is barely disturbed by these
negligible changes in radius and the region of energy production becomes unsta-
ble because the temperature increase is not compensated by a rise in pressure.
Furthermore, if in this shell the opacity is high and the nuclear reaction rates are
strongly dependent on temperature, the energy cannot be evacuated efficiently
and accumulates. In AGB stars, these conditions are met in the HeBS and give
rise to the development of the thermal pulses.

The evolution of the star during the AGB phase is characterized by the al-
ternate activation of H and He shell burning (Fig. 6). During the thermal pulses
(which last at most a few hundred years), energy is almost entirely provided by He
burning, whereas during the interpulse (which can last several tens of thousands of
years), hydrogen burning, ensures more than 90% of the energy demand (mainly
through the CNO cycle). Because of this alternate burning mode, the helium and
hydrogen layers separate and the intershell grows in mass during the interpulse.
The pressure and temperature in the HeBS increase due to core contraction and
the 3a reactions eventually re-ignites. The temperature gradient changes abruptly
and a convection zone appears: the thermal pulse. This instability grows quickly
and engulfs the region previously occupied by the HBS. As a piston, the thermal
pulse pushes the layers of the star to larger (and cooler) radii, which produces the
lifting of the base of the envelope and the quenching of the HBS. Deprived of an
important energy source, the star contracts (Fig. 6). In a few hundred years, the
pulse reaches it maximum extension. The radiative zone separating the nuclear re-
gion from the envelope is now thin enough so that the excess of energy released by
the instability can efficiently flow to the nearby envelope where it is evacuated to
the surface by convection. After ~ 180 yr in our example, the instability dies out
and the bottom of the convective envelope moves inward, releasing the potential
energy stored during the pulse.

During a thermal pulse 10° L, to ~ 109 L can be released, the value depending

on the metallicity, stellar mass and evolutionary status of the star. In general,
the strength of the instability, as measured by the nuclear luminosity associated
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Fig. 6. Evolution during a pulse-interpulse cycle of the nuclear luminosities associated
with hydrogen (Lu) and helium (L., lower panel) burning, of the radius (R) and of
the internal structure of the star in Lagrangian (M.) and eulerian coordinates (top).
The model is a 3Mg of solar metallicity in which mixing due to overshooting (with
fover = 0.016 as defined by Eq. 2.2) was included. The convective zones are hatched
and the dashed lines delineate the regions of nuclear energy production associated with
helium and hydrogen burning, respectively. A third dredge-up episode is present after
the extinction of pulse. The duration of each phase (pulse-3DUP-interpulse) is indicated
in the x-coordinate.

with He burning (Lye), increases with core mass and with decreasing metallicity.
The duration of the pulses varies slightly according to the stellar parameters and
typically amounts to a few hundred years. The mass of the pulse is small, between
10~* and 1072 M, and the maximum temperature at its base can reach 3.5x 108K.
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2.1.2 The third dredge-up

With the decay of the thermal pulse, the convective envelope moves back to its
initial position and in some cases” it penetrates into the layers that were previously
occupied by the pulse. During the so-called third dredge-up (3DUP thereafter), the
products of the pulse nucleosynthesis are brought to the surface by the convective
motions. The 3DUP is not a phenomenon easy to initiate in stars for different
reasons : the envelope, mainly made up of hydrogen and of helium must cross an
important barrier of molecular weight to penetrate in the carbon and oxygen-rich
layers of the pulse. Moreover, the 3DUP is a process which costs energy to the
star because convection must provide additional work against gravity to lift the
heavy elements of the pulse (C and O) into the envelope (made principally of H
and He).

The literature on the modeling of the AGB stars reveals that the characteristics
of the 3DUP (their time of first appearance and their depth for example) notably
vary from one simulation to another and depend on many factors that include the
algorithm for the definition of the convective boundaries (Lattanzio 1989; Frost &
Lattanzio 1996), the choice of the mixing length parameter in the convective zone
(Boothroyd & Sackmann 1988b), the assumptions concerning the treatment of the
entropy of mixing (Wood 1981), the spatial and temporal resolutions (Straniero
et al. 1997), numerical aspects related to the resolution of the stellar structure
equations (Pols & Tout 2001; Stancliffe 2006) or the presence of mixing processes
at the base of the convective envelope (Herwig et al. 1997; Mowlavi 1999; Siess
et al. 2003). These works illustrate the difficulties of this modeling which remains
essentially very sensitive to the treatment (numerical and/or physical) of the con-
vective borders.

The presence of mixing at the base of the convective zone reveals very efficient
— if not mandatory — to the establishment of the 3DUP (Mowlavi 1999). By
considerably lowering the molecular weight gradients between the envelope and
the core, the mixing processes strongly facilitate the penetration of convection
in the inner regions. The physical origin of mixing is still unclear but transport
mechanisms associated with overshooting, stellar rotation or gravity waves are the
most popular. The description of the first two processes will be given in the next
sections.

Strong pulses, characterized by a high helium luminosity, tend to favor the
occurrence of the 3DUP. The explanation is due to the fact that when more en-
ergy is released, the luminosity of the intershell is higher, and according to the
Schwarzschild criterion®, if L increases, Vyaq (x L) also increases and can become

"This depends on metallicity, pulse strength, core mass, numeric, ... see §2.4.

8The Schwarzschild criterion states that a shell is convective if Vyagq > Vaq where V.4 is the
adiabatic gradient and V,,q the radiative gradient whose expression is given by
dinT . 3 kLP
dlnP|.nq 16macG M,T4

Vrad =

T,P, L,k and M, representing the temperature, pressure, luminosity, opacity and the mass
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larger than V,q4, turning the shell convective. Another condition favorable for the
deepening of the envelope is that the HBS be extinct to avoid any temperature
inversions at the base of the envelope.

To characterize the 3DUP, the literature usually refers to the parameter A
defined as
_ AMpuyp

A AMy

(2.1)
where AMpuyp represents the mass dredged-up by the convective envelope (mass
comprised between the top of pulse and the base of the envelope at its deepest
extent during the 3DUP) and AMy the core mass increase due to HBS during the
preceding interpulse period. With this definition A = 0 means absence of 3DUP
and A\ = 1 means absence of core mass increase. This parameter is fundamen-
tal because it determines the efficiency of envelope pollution by the products of
the pulse nucleosynthesis, which in turn affects the yields. Recent calculations
(Karakas et al. 2002) indicate that the value of this parameter saturates quickly
after 5 — 10 pulses. These simulations also provide general trends, namely that for
a given mass, A increases when the metallicity decreases and, for a given metallic-
ity, A increases with the stellar mass (Wood 1981; Boothroyd & Sackmann 1988b).
Moreover it appears that below a critical envelope mass (MY < 0.2Mg), the
3DUP ceases (Wood 1981; Straniero et al. 1997). The duration of the interpulse
phase is a decreasing function of the core mass (e.g. Boothroyd & Sackmann 1988a;
Wagenhuber & Groenewegen 1998) and varies typically between 500 and 107 yr.
From a practical point of view, the modeling of the interpulse phase represents
more than 90% of the computing time of a full pulse-interpulse cycle.

At the end of the 3DUP, the HeBS is extinguished and when the HBS re-ignites
the envelope retreats. The star enters the interpulse phase, during which the mass
of the intershell grows by the accumulation of the nuclear ashes coming from the
HBS. The envelope follows the advance of the HBS and, in the HR diagram, the
star climbs the Asymptotic Giant Branch as its radius and luminosity increase.

2.2 Rotating AGB stars

Rotation affects stellar structure in two ways. First it generates centrifugal forces
which alter the mechanical and thermal balance of the star and on the other hand
it is a source of mixing which modifies the stellar chemical composition. The
centrifugal forces contribute to support the structure by decreasing the effective
gravity but as far as AGB stars are concerned, their effects on the evolution are
weak (Siess et al. 2003). Rotating AGB stars have a slightly cooler HBS leading
to longer interpulse periods and since the core mass at the next pulse is larger, the
strength of the He shell flash is also slightly increased.

But the main effect comes from the incorporation of rotational mixing which is
able to trigger the 3DUP contrarily to the non-rotating model where it is absent.

contained inside radius r, respectively.
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By favoring the development of 3DUP episodes, rotation significantly modifies
the envelope chemical composition, the mass loss rate and thus, its subsequent
evolution. Rotational mixing proceeds as follows : at the end of central He burning,
angular momentum is stored in the contracting core. Later, during the AGB
phase, the thermal pulses are able to reach this reservoir and allow the extraction
and redistribution of angular momentum (AM) in the intershell region (Fig. 7).
When the instability deactivates, a fast rotating zone is left in place of the pulse
which is subject to rapid structural readjustments. In the contracting layers, the
rotational velocity increases and where expansion occurs, it slows down. On a
timescale of a few years, which does not allow for AM transport (Fig. 7), shear
develops below the envelope and generates the turbulence that drives the mixing.
By eroding the chemical composition discontinuity, rotational mixing allows the
deepening of the envelope and the development of efficient 3DUP. It is important
to note that shear is maximum at the base of the convective envelope because the
slowly rotating envelope” penetrates in the accelerated region of the pulse. During
the subsequent interpulse phase, the transport of angular momentum lowers the
gradients of angular velocity but a shear layer persists in a thin shell of < 107* M,
at the location where the convective envelope reached its deepest extent, precisely
where the s-process is expected to take place.

The evolution during the 13 first pulses of a 3Mg, Z = Z star is shown in
Fig. 7. At first sight, we note that the spatial extension of the mixing zone (colored
area) strongly decreases during the course of the evolution. At the beginning of
the AGB phase, rotational mixing extends over the area located between the core
and the envelope whereas during later pulses, it is confined to a more restricted
fraction of this zone. This decreasing efficiency of rotational mixing is mainly a
consequence of core growth (Siess et al. 2003). Indeed, as the mass of the future
white dwarf increases, the base of the pulse moves away from the central angular
momentum reservoir. By dredging up smaller amounts of momentum, the pulse
generates a weaker differential rotation and thus less mixing. This explains the
reduction in strength and duration of the transport process along the AGB phase.

In conclusion, in AGB stars the mechanical effects of rotation are secondary in
comparison with the modifications induced by rotational mixing.

2.3 Nucleosynthesis

A particularly complex and rich nuclear activity is taking place in the thermal
pulses. The occurrence of 3DUP episodes allows the products of this nucleosyn-
thesis to reach the stellar surface where they are observed. In this section, the
nucleosynthesis of the pulse, envelope and that of the s-process will be reviewed
successively.

9The envelope rotation rate is slow because its momentum of inertia is much larger than that
of the core.
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Fig. 7. Evolution of the internal
structure of a rotating 3Mg AGB
star of Z = Zg. The range of col-
ors indicates the amplitude of the
coefficient of diffusion. Lighter col-
ors indicate larger differential rota-
tion and thus more efficient mix-
ing. The upper figure shows the

evolution during the 13 first pulses.
On this figure the thermal pulses

8 8 8

I
8 4.4130%10

I
4.4120x10

time/yr

8 8

4.4100x10% 4.4110x10 4.4140x10° 4.4150x10

W77772727277 /7% ‘ cannot be resolved but their occur-
i /// 4 rence can be traced from the lift-
; : |||| ‘ %ﬂ ing of the convective envelope and

. ‘"‘ ||| by the increasing mixing (light col-

0.764

ored zones). The lower panel con-
centrates on the 29" pulse and sub-
sequent 3DUP (From Siess et al.

e > e

vective envelope represented by the

M./Mo

0.760 —

0.758 —

0.756 —

Q 100 200 300
time — 441884160.0 [yr] upper shaded area.

2.3.1 Pulse nucleosynthesis

Helium burning provides the energetics of the pulse and leads to the production
of 12C and of O by way of the 3a and '2C(«, ) reactions, respectively. The
ashes of H burning (as a result of CNO cycling mainly) are made up of 4N, 13C
and 15N, and are ingested in the convective pulse. The remaining!® 3C is quickly
burnt by ¥C(a,n)!%0, releasing neutrons which are absorbed by the abundant 4N
and by the iron peak elements. '“N is mainly destroyed by a-capture reactions
YN (a, v)'®O(a, v)?2Ne which lead to the production of 0 and ?2Ne. The other
main nitrogen isotope, '°N is principally destroyed by ®N(a,v)'°F. At higher
temperatures (T > 2.8 x 108K), fluorine is destroyed by °F(a,p)??Ne. Finally,
if the temperature at the base of the pulse reaches 3.2 x 108K, the reactions
22Ne(a,n)?°Mg and 22Ne(a,~)?Mg are activated, leading to the production of
the magnesium isotopes and to the release of a large number of neutrons that will
participate to the convective s-process.

2.3.2 Hot Bottom Burning

In massive and/or low metallicity AGB stars, the temperature at the bottom of the
convective envelope (Teny) is sufficiently high that hydrogen burning is activated

10Most of the 13C burns radiatively in the intershell during the interpulse phase, see §2.3.4.
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at its base : this phenomenon is called Hot Bottom Burning (HBB thereafter).
When T.nv 2 3 x 10°K, HBB enables the production of “Li by the Cameron &
Fowler (1971) mechanism. In this process, “Be is produced at the base of the
envelope by the pp cycle (more precisely by *He(a,v)"Be) and transported by
convection in the cooler external shells of the star before it is destroyed by elec-
tron captures to form “Li. By coupling the evolution of the nuclear species (the
nucleosynthesis equations) with the diffusion equations, a 7Li profile establishes in
the envelope. For some time the star appears as a lithium rich giant. However,
when the reservoir of 3He is exhausted the production of Li stops and it is sub-
sequently destroyed by proton-capture reactions. So, although the production of
lithium can be important in AGB stars, this Li-rich!! phase remains transitory
and generally of short duration. The contribution of AGB stars to the galactic "Li
production is very dependent on the mass loss rate during this phase but anyhow
it remains negligible (see Travaglio et al. 2001, for a fuller discussion).

When the temperature at the base of the envelope reaches Tony = 5 % 107K, the
operation of the CNO cycle converts '2C into '3C and N mainly. This results in
a significant reduction of 12C/160 and 12C/13C ratios. But HBB does more than
just burn '2C: it also allows the NeNa and MgAl chains to come into play. The
activation of these H-burning reactions requires higher temperatures (Tuny < 6 X
107K) which are met in the most massive and most metal-poor AGB stars. Proton-
captures on the products of the pulse nucleosynthesis (?2Ne, 2>26Mg) contribute
to the production of 23Na, 26Al and 27Al. Finally, HBB destroys efficiently °F by
9F (p,a)'0O which closes the CNOF cycle.

At solar metallicity, HBB develops in stars more massive than M >4 — 5 Mg
but in primordial stars, this limit is lowered to M ~ 2Mg (Siess et al. 2002).
Finally, let us note that in some stars (primordial massive AGB stars or super-
AGB stars), the temperature at the base of the envelope exceeds 10°K. Under
these conditions, 2*Na and 2*Mg are burnt to the benefit of the heavier Mg and
Al isotopes. A summary of this rich nucleosynthesis is presented in Fig. 8.

2.3.3 Introducing the s-process

S-elements are heavy atoms located on the valley of stability beyond the iron peak
elements in the periodic chart of nuclei. Their nucleosynthesis results from the
succession of slow neutron captures (s for slow) followed by ST-decays, starting
from the iron peak elements and up to bismuth 209 (Fig. 9). Beyond 2°°Bi, the
following chain of reactions 2°9Bi(n,7)2!Bi(57)2°Po(y, )?°Pb closes the cycles
and puts an end to the s-process. Heavier elements such as uranium require more
intense neutron flows and are synthesized by the r-process (r for rapid, see Mar-
cel Arnould in this volume). The most popular, and well-known as the classical
s-process model, is based on the original canonical model of Burbidge et al. (1957)
and was first successfully developed by Clayton et al. (1961). The canonical model
assumes that some stellar material composed of iron nuclei only is subject to a

1Tn some stars, the lithium abundance (7Li) = log % + 12 > 5.
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Fig. 8. Summary of the various nucleosynthesis sites and chemical species implied during
AGB evolution (figure designed by M. Forestini).

constant neutron irradiation characterized by the fact that the neutron density
is low enough for the g-decays of unstable nuclei to be faster than the neutron
captures. Rapidly, it turned out that the solar system s-abundances could not be
explained as originating from a single neutron exposure'?. The solar s-element
composition was therefore assumed to be the result of a superposition of differ-
ent distributions of neutron exposures. The solar s-abundance distribution clearly
indicates that the stronger the neutron irradiation, the less probable it becomes.
In particular, Clayton et al. (1961) showed that an exponential or power-law neu-
tron exposure distribution could efficiently do the work. This model has been
very successful in reproducing the solar system s-abundance distribution by con-
sidering the superposition of three exponential distributions: the weak component
essentially responsible for the production of the 70 < A < 90 s-nuclei, the main
component for the 90 < A < 204 isotopes and the strong component for the Pb
and Bi elements (e.g. Kappeler et al. 1989).

12The neutron exposure is given by 7 = f Ny (t")vr dt’ ;where N,, is the neutron density, vy the
thermal velocity of neutrons. It is measured in mbar—!. At solar metallicity, a typical s-process
nucleosynthesis occurring in an intermediate-mass AGB star is characterised by 7 ~ 0.6 — 1
mbar~1.
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Fig. 9. Schematic s-process path. "?Se represents a branching point in the s-process path.
If the neutron flux is low, the formation of "?Br and 8%8*Kr is favored. On the other hand,
for larger neutron fluxes, the path will take the other branch and the synthesis of 3°Se,
81Br will be favored. Neutron-rich elements that cannot be made by the s-process, such
as 32Se, are referred to as r-elements and proton-rich species, such as "®Kr, as p-elements
(see Marcel Arnould in this volume for details on these nucleosynthetic processes).

2.3.4 The s-process in AGB stars

The production of the heavy s-elements (mass number A 2 90) is ensured by two
main neutron sources : the 22Ne(a,n)?*Mg and 3C(a,n)*®0O reactions. The first
one requires relatively high temperatures (7' 2 3 x 108K) which can only be found
at the base of hot pulses, i.e. in massive and/or low metallicity stars (typically
for M 2 3Mg). From an observational point of view, this neutron source is not
the most privileged one because it should produce a strong correlation between
the overabundances of 2?Mg and s-elements, which is not observed (e.g. Smith &
Lambert 1986a; McWilliam & Lambert 1988). Note however that the constraints
on 2°Mg mainly come from observations of low-mass AGB stars which, in any case,
cannot activate the ?2Ne(a,n) neutron source. Besides, s-elements are present
in stars of low-luminosity, i.e., in low-mass AGB stars (M < 2.0 Mg) where the
temperature at the base of the pulse is certainly lower than the 3.2x 108 K required
for the activation of this reaction (Frogel et al. 1990). Finally if this neutron source
was efficiently working in AGB stars, it would affect the branching points at 8°Kr,
8TRb and ?°Zr, which is not confirmed observationally (Lugaro et al. 2003).

The second source, associated with ¥C(a,n)!0, is activated at lower tem-
peratures (7' 2 9 x 107K) and has the favour of the theoreticians. However the
formation of a substantial amount of 13C (the famous '3 C pocket) necessary for
the neutron production remains a major theoretical problem. Indeed, the mass of
13C contained in the HBS and injected into the pulse is insufficient to account for
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the production of s-elements. Iben & Renzini (1982) were the first to suggest that
13C nuclei could be produced at the time of the 3DUP by the diffusion of protons
from the envelope in the underlying radiative layers enriched in carbon by the
passage by the pulse. In this context, *C is synthesized by 2C(p,y)3N(3+)13C
and its subsequent radiative burning during the interpulse leads to the synthesis
of s-elements (Fig. 10). However, the mechanism at the origin of proton mix-
ing at the time of the 3DUP is not clearly identified: the various scenarios call
upon overshooting (Herwig et al. 1999; Goriely & Mowlavi 2000), rotation (Langer
et al. 1999; Herwig et al. 2003; Siess et al. 2004) or gravity waves (Denissenkov &
Tout 2003). Parametric models, assuming an arbitrary '3C profile in the intershell
(Gallino et al. 1998; Busso et al. 2001) can account for the observed distributions
of s-elements provided the mass of the pocket varies by more than three orders
of magnitude. Although these studies do not provide any insight on the physical
process responsible for the formation of the *C pocket, they give information on
the required '>C mass necessary to reproduce the observations. As pointed out by
Lugaro et al. (2003), the abundance of 13C formed after proton injection depends
linearly on the intershell carbon mass fraction which has been built up during the
previous thermal pulse. Since the carbon abundance depends on the amount of
extra-mixing present at the base of the He shell flash it turns out that the details
of the s-process depend on the type of mixing operating not only at the base of
the envelope but also at the bottom of the convective pulse !

M r ~ ‘«’:& -
» _ convective ) r )
< envelope ~ J
) .
3DUP
L)
proton
injection

14
N layer

e
2oy )13N([3)130 Bcp,y)“N
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Fig. 10. The injection of protons at the base of the envelope during the 3DUP by
some unidentified mixing process leads to the formation of a *N-rich layer just below
the envelope that surmounts the *3C pocket. This latter element is subsequently burnt
radiatively during the interpulse and the released neutrons participate to the s-process
nucleosynthesis. The s-elements are then engulfed in the pulse and brought to the surface
of the star during the subsequent 3DUP.
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Overshooting In the framework of the mixing length theory (MLT), the deter-
mination of the convective borders is based on local considerations — the Schwarzschild
or the Ledoux criterion — and does not account for the inertia of the globules. In
the MLT, the fluid elements have a non-zero velocity at the radiative boundary
and their deceleration beyond the formal convective border represents an addi-
tional source of mixing referred to as overshooting. Hydrodynamic simulations of
convection in A-type stars (Freytag et al. 1996) showed that mixing at the base
of the convective envelope (of a main sequence star) could be treated by a dif-
fusive process with an exponentially decreasing diffusion coefficient. The general
expression is given by

(r env,bot —1)
env,bot

Dover(r < I.env,bot) _ Dceélg\;bot X e fover xHp (2.2)

where "% and HE™:*°" are the radius and pressure scale height at the bottom
of the convective envelope and foyer is a free parameter characterizing the extent
of the partial mixing zone. This simple and easy implementable parametrization
of overshooting has motivated new studies mainly in the context of AGB stars
(Herwig et al. 1997, 1999).

The impact of overshooting on the s-process nucleosynthesis has been analyzed
in detail by Goriely & Mowlavi (2000). The authors have shown that the produc-
tion of '3C depends on the proton-to-carbon ratio (Xp/X12¢, where X represents
the mass fraction of the element) in the partial mixing (PM) zone. In the top
part of the mixed region where the proton abundance is high (X,/Xi2c 2 1072),
the CN-cycle reaches equilibrium and leads to a large production of *N. Below
this nitrogen-rich layer, where 1072 < X,/ X12c < 1072, 13C is mainly produced.
Finally, deeper in the star the scarcity of the protons avoids significant modifica-
tion of the abundances. Schematically the proton mixing zone consists of a 4N
layer sitting on top of the 13C pocket where the neutrons are released (Fig. 10).
In the partial mixing model, the s-process abundance distribution appears to be
essentially a function of the stellar metallicity, as shown in Fig. 11. But the surface
enrichment depends on the depth of the 3DUP, on the extent of the thermal pulse
and on the envelope mass, and thus varies with stellar mass. In this scenario,
all AGB stars, irrespective of their mass and metallicity, synthesize nuclei with
90 < A £ 140 in an almost solar distribution. In contrast, only low-metallicity
stars (Z < 0.001) are expected to produce the heavier s-elements (140 < A < 204)
efficiently.

The production of s-elements was also studied in primordial stars where the
initial abundances are given by the Big Bang nucleosynthesis (Goriely & Siess
2001; Siess & Goriely 2002, 2003). In the absence of iron seeds, the neutrons
are initially absorbed by the CNO and neon atoms that were synthesized by the
star!3. After the bottleneck associated with the reaction 33S(n,a)3°Si is passed,
the neutron irradiation proceeds, producing elements of increasing mass number.

13 These elements are said to be primary because their production depends only on the initial
amounts of H and He which are almost independent of metallicity.
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Fig. 11. Abundance distribution of s-only nuclei after partial proton mixing at the end
of one interpulse phase as a function of metallicity. Abundances are normalized to the
solar abundance of **Tc (from Goriely & Mowlavi 2000).

With decreasing metallicity, the number of iron seed nuclei becomes smaller and
in proportion more neutrons are made available for the other heavier elements
synthesized during this process. The distribution of the s-nuclei is thus charac-
terized by a large overabundance of 2°*Pb and 2"Bi, a feature observed in very
metal-poor giants (e.g. Van Eck et al. 2001).

The overshoot model cannot however account for the relatively modest abun-
dances in lead and bismuth observed in some metal-poor stars (Aoki et al. 2000,
2002; Van Eck et al. 2003). Aoki et al. (2003) found that more than 70% of their
sample of 33 carbon-rich metal-poor stars with [Fe/H] < —2.5 have enhanced s-
element abundances. These observations also indicate that, for a given metallicity,
there is a strong dispersion of lead abundance, by more than 3 orders of magni-
tude, and that in more than 60% of the observed stars, these determinations are in
disagreement with the theoretical predictions. This apparent incompatibility can
however be circumvented if the diffusion of protons takes place during hot dredge-
up where the temperature at the base of the envelope is high, i.e. when HBB
operates efficiently. In this situation, the timescale for proton burning (~ 1 yr
for Topy ~ 8 % 107K) becomes comparable with the diffusion timescale and the
coupling of the diffusion and nucleosynthesis equations is necessary. In these con-
ditions, protons are burnt in fly as they diffuse below the envelope and the '3C

A A

14The standard notation means [A/B] = log A log mA)

nB) |~ | n(B)

represent abundances per volume of species A and B in the star (x) compared to the solar value
(®), respectively.

:| , where n(A) and n(B)
©
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Fig. 12. Average temperature at the base of the convective envelope at the time of the
3DUP for a large set of AGB models with masses equal to M =1,2,3,4,5,6 Mg and for
metallicities Z = 0.02, 0.008 and 0.0001. Tg represents the temperature in unit of 108K
In the high temperature region Ts & 0.7 the s-process is not efficient because protons
are burned during their transport and the **C and '*N layers mix (from Goriely & Siess
2004).

and N profiles that form during the process diffuse as well. Self-consistent simu-
lations (Goriely & Siess 2004) indicate that the '3C pocket ends up being entirely
engulfed in the N rich layer. The consequences are catastrophic for the s-process
since the majority of the released neutrons are preferentially captured by N in-
stead of being absorbed by the heavy nuclei. The result is the quasi absence of
s-elements production.

S-process nucleosynthesis in AGB stars thus reveals very sensitive to the ther-
modynamic conditions at the base of the convective envelope and to the (unknown)
depth/efficiency of the mixing characterized by the overshoot parameter foyer. A
systematic analysis of the average temperature at the base of the convective enve-
lope at the time of the 3DUP provides a qualitative estimate of the metallicity and
mass dependence of the efficiency of overshoot s-process in AGB stars (Fig. 12).
In the low-temperature region (Tpn, < 4 x 107K), the s-process is particularly effi-
cient while in hotter stars where Ty, = 7 x 107K its action is very limited because
protons are partially destroyed during their transport resulting in the mixing of
the 13C and "N layers. In the transition zone between these two regimes, the ef-
ficiency of the s-process is intermediate and could account for the observed spread
in s-process abundances in low-metallicity AGB stars (Fig. 15). Figure 12 also
shows that the efficiency of the s-process decreases as the stellar mass increases
and the metallicity decreases.

Rotational mixing By nature, mixing associated with overshooting and gravity
waves is directly connected to the spatial localization of the convective border.
Within this framework, the formation of a pocket of 13C results from the injection
of protons into the carbon rich zone left by the pulse at the time of the 3DUP. Later
on, when the envelope retreats, the chemical evolution of the layers affected by
partial mixing only results from the action of the nuclear burning. When rotational
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mixing operates, the situation is different because a relatively efficient mixing is
maintained during the interpulse in the region where protons were initially injected
(see §2.2).

At the time of the 3DUP, the strong differential rotation present at the base of
the convective envelope leads to the injection of protons in the underlying carbon
rich layers. After ~ 800 years, the '3C pocket forms just below the N rich shell,
as in the overshooting model. However the persistence of shear in the partial
mixing layer during the interpulse allows for the transport of nitrogen into the '3C
buffer where the s-process takes place. Subsequently *N absorbs a large fraction
of neutrons, which inhibits the production of the s-elements. The resulting s-
abundances are extremely low (Siess et al. 2003, 2004; Herwig et al. 2003) and this
failure to synthesise heavy elements represent a major flaw to the rotational mixing
scenario. In addition the mass of the '3C pocket obtained in these simulations
($ 1075 Mg) is still a factor of 10 smaller than what is required to reproduce the
observations.

The s-process nucleosynthesis in rotating AGB stars is very dependent on the
value of the diffusion coefficient and on the duration over which this mixing is
efficiently operating in the shear layer during the interpulse (Siess et al. 2004).
Reduced mixing coefficients (by one or two orders of magnitude) and/or shorter
periods of efficient mixing during the interpulse can save the s-process nucleosyn-
thesis. A possible solution to this problem could stem from the neglected effects
of the magnetic field. Indeed, in AGB stars shear is maximum at the base of the
convective envelope, precisely where we expect the generation of magnetic fields
by a dynamo process. In a more consistent picture including the magnetic fields,
it is reasonable to think that the differential rotation will be reduced, which will
decrease the diffusion coefficient during the interpulse and thus reinforce the effi-
ciency of the s-process. Recent studies including magnetic fields in stellar evolution
calculations of massive stars attest of a noticeable deceleration of the central layers
and the forcing of solid rotation in the core (Heger et al. 2003; Maeder & Meynet
2004).

2.4 Some observational constraints and theoretical problems

In this section, we limit our discussion to the intrinsic AGB stars, i.e. stars which
are not part of a binary system, and we concentrate on spectroscopic observations
of carbon, s-elements, fluorine, and lithium. Observationally, different classes of
AGB stars can be identified, depending on their surface composition. Most of
the AGB stars are of spectral class M, characteristic of giant stars in general,
being deficient in '2C (i.e. oxygen rich) and enriched in ¥N. S stars present
overabundances of s-elements in their envelope such as Sr, Zr, Ba or Nd and the MS
class is to be considered as intermediate between the S and M categories. Carbon-
rich stars are characterized by a ratio C/O> 1 and, by opposition, oxygen-rich
stars are those in which the observed C/O< 1. Here again, type SC represents
an intermediate case between the S and C types. Finally, let us mention the
existence of J stars which have a very low *C/!2C< 15 and a higher C/O ratio
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than M stars. Single stars are believe to evolve along the M-MS-S-SC-C sequence
as a consequence of 3DUP, sharing a common relation of increasing s-process
enhancement with increasing 12C (Fig. 13) even if each group shows considerable
scatter.

The 3DUP is the mechanism by which the elements synthesized in the thermal
pulse can reach the stellar surface. Many observations attest of this phenomenon
and the most obvious signature is the existence of carbon-rich stars. This spec-
tral feature is naturally explained by the envelope enrichment with the '2C pro-
duced in pulse. Observations of carbon stars show that their luminosity function'®
varies significantly with metallicity (Mould & Aaronson 1986) and that the car-
bon overabundance is present in low-luminosity red giants, i.e. relatively young
and low-mass AGB stars. This early carbon enrichment is a problem that stellar
evolution calculations is facing for more that three decades, referred to as the “car-
bon stars mystery” (Iben 1981). The failure of current models to develop 3DUP
episodes sufficiently early during the AGB evolution emphasizes our poor knowl-
edge of the transport processes in stellar interiors. Simulations including diffusive
overshooting at the base of the convective envelope (Blocker et al. 2000) leads to
a better agreement between modeling and observations, implicitly indicating the
necessity to account for an additional source of mixing. An alternative approach
to tackle this problem is to use synthetic AGB models. These computations aim
at reproducing evolutionary features of AGB stars using a simplified description of
stellar evolution which does not require the full and time consuming computations
of their structural evolution. The description and recipes are derived from full

15The luminosity function represents the distribution (i.e., the number) of stars of various
spectral types (or color) according to their brightness or luminosity.
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Fig. 13. Surface CNO abundances (left) and relationship between s-elements overabun-
dances and '2C for the different types of AGB stars (from Smith & Lambert 1986b).
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evolutionary models or based on empirical relations (for details, see Groenewegen
& Marigo 2003; Izzard et al. 2006). The power of these synthetic models lies on
their speed and on their ability to explore the parameter space. For instance,
one can modify the mass loss rate prescription, the nuclear reaction rates or the
characteristics of the dredge-up and guess what would be the evolution and nu-
cleosynthesis during the AGB phase. Using this indirect method, Marigo et al.
(1999) was able to constrain the AGB parameters and reproduce the carbon star
luminosity function of the Magellanic clouds (Fig. 14). These models show that
for the SMC (LMC) the temperature at the base of the convective envelope at the
time of the first thermal pulse must be of the order of 2.5 x 10°K (independently
of the metallicity of these companion galaxies) and that the dredge up parameters
A = 0.50 (0.65). The result for A is consistent with the theoretical expectation
that the third dredge-up is more efficient at lower metallicities. Recent stellar
models by Stancliffe et al. (2005) were able to reproduce the LMC distribution
and their results agreed with the predictions of Marigo et al. (1999) concerning
the envelope temperature, showing the good accuracy of these synthetic models.
However, Stancliffe et al. (2005) could not reproduce at the same time the SMC
carbon star luminosity function.

The detection by Merrill (1952) of the presence of technetium provided the
first irrefutable proof that AGB stars are the site of the nucleosynthesis of s-
elements. Indeed, Tc has unstable isotopes only'® with half-lives shorter that the
duration of the AGB phase, so its presence clearly indicates that it was produced
in situ. Thereafter, other s-elements were detected and a distinction was made
between the light ones (Is for light s) including strontium (Sr), zirconium (Zr) and

16 Technetium presents 3 long-lived isotopes, 97 Tc (half-life T2 = 2.6 X 10%yr), 98 Tc (T1)2 =
1.5 x 105yr) and %9Tc (71,9 = 2.1 x 10%yr)
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yttrium (y) and the heavy ones (hs for heavy s) like barium (Ba), lanthanum (La),
neodymium (Nd) or samarium (Sm). Observations indicate a strong correlation
between the abundances of carbon and s-elements (Busso et al. 1992; Lambert
et al. 1995), clearly establishing that the s-process nucleosynthesis occurs in C-
rich regions (see Sect. 2.3.3). In the recent years, much attention has been paid
to the observation of very metal-poor stars (Van Eck et al. 2001; Aoki et al. 2001,
2002; Van Eck et al. 2003) which has led to the discovery of the so-called lead
stars'”. From a theoretical point of view, the detection of Pb was a great success
of nucleosynthesis calculations. However, as mentioned before, a growing number
of data do not conform to these predictions (Fig. 15). The problem may be related
to the higher temperature found at the base of the envelope of metal-poor stars
(Fig. 12).

In order to reproduce quantitatively the observed abundances of s-process ele-
ments at the surface of AGB stars, the mass of the proton mixing zone must be at
least of 1074 — 1073 My, (Straniero et al. 1995; Herwig 2000; Goriely & Mowlavi
2000). Such a large extent is hardly achieved by current stellar models and requires
very high values of the overshooting parameter, typically fover =~ 0.128 (Lugaro
et al. 2003). Alternatively, the gravity wave scenario seems to provide the natural
conditions for the formation of a massive 13C pocket (Denissenkov & Tout 2003).
The radiative nucleosynthesis of s-elements during the interpulse also faces the
problem of reproducing consistently the spread in s-abundances present among
stars of similar mass and metallicity (Busso et al. 2001). This requires that the
mass of the '3C pocket changes from star to star. May be rotation plays a role
but the problem remains open.

Fluorine constitutes a good tracer of the complex nucleosynthesis taking place

17 As defined by [Pb/hs|X 1, hs being any of Ba, La or Ce.
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in the pulse (see § 2.3). Statistically relevant abundance determinations of fluorine
are still limited to nearby solar metallicity stars (Jorissen et al. 1992) but with
the advent of instruments it is now possible to determine °F in the LMC and
w Centauri (Cunha et al. 2003) and in M4 (Smith et al. 2005). The sample of
Jorissen et al. (1992) shows a strong correlation between fluorine on one hand
and s-elements on the other hand. Current models reproduce these correlations
(Mowlavi et al. 1996), but do not manage to account for the overabundance factors.
In particular, the fluorine enhancement in the models is too small compared to
that of carbon (Fig. 16). Including overshooting at the base of the convective
envelope produces a larger F enrichment leading to a better — but still not
satisfactory — agreement with the observations. As a conclusion, the overshoot
model reproduces quite well the correlation between fluorine and s-elements, but
the fluorine and carbon enrichment, although correlated, quantitatively disagree
with the data. This is still a major theoretical problem.

The discovery of Li-rich giants (Smith & Lambert 1990; Abia et al. 1991; Abia
& Isern 1996; Smith et al. 1995) gave further credibility to the idea that HBB was
actually occurring in massive AGB stars (Sackmann & Boothroyd 1992). However
the efficiency of HBB is strongly dependent on the adopted treatment of convection
(Sackmann & Boothroyd 1991; Ventura & D’Antona 2005). In particular, any
modification to the treatment of heat transport in the convective regions (e.g. by
changing the MLT parameter « or by using a different formalism for convection)
modifies the temperature at the base of the envelope. The surface luminosity is
directly affected (Fig. 17) and incidentally the mass loss rate and thus the duration
of the AGB phase, the number of pulses and in the end the nucleosynthesis and the
yields. As shown by Ventura & D’Antona (2005) in their study of a 5 Mg model,
the theoretical surface abundances of CNO, ?3Na and 2*Mg can be significantly
altered.

As a conclusion, from a theoretical point of view, the biggest problem that
AGB modeling is facing is the treatment of mixing and in particular of convec-
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tion. It is to be hoped that in the near future 3D hydrodynamical simulations
(Dearborn et al. 2006; Eggleton et al. 2006; Herwig et al. 2006) will provide 1D
stellar evolution code with a better description of the input physics.

3 Super-AGB stars

Massive stars evolve through all nuclear burning stages up to the formation of an
iron core and then explode as core collapse supernovae (SNII, Ib or Ic). On the
other hand, low- and intermediate-mass stars stop their nuclear evolution after He
burning and end their life as degenerate CO white dwarfs after the expulsion of the
envelope and the formation of a planetary nebula. Between these two regimes lie
the super-AGB stars that ignite carbon but do not reach the minimum temperature
for neon burning. They form oxygen-neon (ONe) core, that becomes degenerate
and, similarly to AGB stars, they enter a thermally pulsing phase where the HeBS
becomes recurrently unstable. Being more massive and composed of a ONe rather
than a CO core, they are called super-AGB stars (hereafter SAGB stars).

In this section, we review their main evolutionary features, then describe their
nucleosynthesis before addressing the question of their fate.

3.1 Carbon burning phase

The evolution of “massive AGB” stars prior to carbon ignition is very similar to
that of lower mass stars. During the main sequence, the CNO cycle operates in a
convective core and at H exhaustion, the 1DUP takes place. It leads to the same
surface chemical modification as in intermediate-mass stars and, except for being
more luminous, SAGB stars are chemically indistinguishable from standard RGB
stars.
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At the end of helium burning, the increase in the central density boosts the
neutrino emission and the temperature maximum (T,ax) moves outward. At the
same time, gravitational energy flows from the contracting interior and the peak
temperature increases. Eventually Ti,ax reaches ~ 7 x 108K and carbon ignites
off-center. In lower mass stars the situation is different because the temperature
increase is stopped by the re-activation of the HBS which decouples the evolution
of the core from that of the envelope. Indeed, the energy produced by the HBS
balances the radiative losses from the surface, isolating the interior that stops
contracting and heating. As illustrated in Fig. 18, in SAGB stars, the maximum
temperature crosses the carbon ignition line defined in the p — T plane by €, =
ect+c. Above that line, the nuclear energy production rate associated with C4+C
reactions exceeds the neutrino energy loss rate, and so carbon burning is possible
(i.e. exothermic).

Carbon burning proceeds in two steps characterized by the development of
a strong flash followed by the propagation of a deflagration front to the center
(Fig. 19). At the carbon ignition point, the thermodynamical conditions are similar
to those encountered in the core of low-mass stars prior to the He flash : the plasma
is partially degenerate (7 ~ 2 — 3) and when energy is deposited (this time by the
12C4+12C reactions) the temperature increases but the structure does not react.
Therefore heat accumulates, the temperature gradient increases and a convective
flash develops. The luminosity associated with the flash can be as large as 107 L,
and the duration of the instability typically ranges between a few hundred to a
few thousand years (for details, see Siess 2006). The released energy is mainly
absorbed to lift the degeneracy and subsequently converted into mechanical work.
The large expansion that ensues produces a cooling of the stellar core as shown by
the decrease in T, and p. in Fig. 18 and quenches the nuclear energy production.
Thereafter contraction resumes and the maximum temperature moves inward in
layers where the degeneracy has been lifted and where fuel is abundant. At carbon
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Fig. 19. Evolution of the internal structure of a 9.5 Mg, Z = Z» model during central
carbon burning. The lower and top panels are Kippenhahn diagrams in the eulerian and
lagrangian representation, respectively. In the lower panel, the solid lines are iso-mass
contours and illustrate the substantial expansion of the structure during the carbon flash
and flame ignition. The mid-panel describes the evolution of the energetics in terms of
the neutrino L,, hydrogen Ly, helium Ly and carbon Lc burning luminosities. The
surface luminosity L remains almost unaffected by the nuclear burning operating in the
core and during the flame propagation Lo ~ L.

re-ignition, a second convective zone develops but the conditions are now different:
first the degeneracy is lower (n = 1 compared to 2-3) and second, the convective
zone develops in a region that was previously the site of carbon burning. It results
that less fuel is available to power the instability and the peak carbon luminosity is
significantly smaller'®. Expansion is considerably reduced and is unable to quench
nuclear burning. After a structural readjustment following the development of
convection, a steady state is reached where all the energy produced by C-burning
is instantaneously removed by the neutrinos. This can be seen in Fig. 19 by the
almost perfect balance between L, and Lc. Under this balanced-power condition,
carbon burning proceeds as a laminar deflagration (Timmes et al. 1994). A closer

I8For carbon burning, the nuclear energy production is proportional to the square of the 12C
abundance.
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look at the energetics indicates that most of the nuclear energy is produced in a
thin (a few km width) radiative region located just below the convective flame.
There, the luminosity profile is negative indicating that energy flows toward the
center (Fig. 20). This zone is referred to as the precursor flame and it is where
carbon is nuclearly processed. As burning proceeds, the peak temperature moves
inward (where the fuel is abundant) and the ashes of C-burning are engulfed in
the convective flame. It should also be mentioned that in this steady C-burning
phase, the stellar surface “does not feel” what is happening in its deep interior.
After 10* — 10°yr (depending on the initial stellar mass and metallicity) the flame
reaches the center, convection disappears and C-burning proceeds in a shell. As
can be seen from Fig. 19, this shell can occasionally meet some unburnt carbon
pockets which leads to the formation of secondary C-burning convective zones.

3.2 Carbon nucleosynthesis and core composition

At carbon ignition, the core is mainly composed of 10 (~ 63 — 73%), 12C (~
34 — 24%) with some remaining ??>Ne (< 2%) produced earlier during core He
burning. Carbon burning involves 2C(*2C,a)?*°Ne and 2C(12C,p)?3Na reactions
mainly, followed in third place by *O(a,~)?°Ne. These reactions transform the
CO core into a ONe mixture and supply protons and a-particles for a richer
nucleosynthesis.

In the carbon-burning zone, the a-particles that are not captured by 16O re-
act with 22Ne and produce, via the (a,n) and (a,p) channels, the heavy 2>26Mg
isotopes plus some neutrons. These neutrons are then captured by the abundant
160 and to a lower extent by 2°Ne, 23Na and 2°Mg, leading the production of 17O,
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2INe, 24Mg and 2Mg. The protons mainly released by 12C(12C,p)**Na contribute
to the production of 2°Ne and 2Mg by (p,a) and (p,y) reactions on 23Na, and to
the synthesis of 27Al by (p,7) reactions on 26Mg. After the passage of the flame,
the ashes are essentially made of 150 (~ 55 — 60%), 2°Ne (~ 28 — 32%), 2*Na
(~5.5%), 2*Mg (~ 3.3%) and Mg (~ 1.5%).

3.3 The second dredge-up

The second dredge-up is an important event in the evolution of SAGB stars, not
only because it modifies their surface composition, but also because it can poten-
tially hamper the formation of a supernova by reducing the size of the H depleted
core below the Chandrasekhar mass. Depending on the initial stellar mass, the
second dredge-up (2DUP) can take place before, during or after carbon burning
(for details see Garcia-Berro et al. 1997; Siess 2006) or not at all as in massive
stars. The occurrence of this deep mixing event is mostly related to evolutionary
timescales. Lower mass stars evolve more slowly and the envelope penetration can
take place before carbon ignites. Massive stars on the contrary avoid the 2DUP
and evolve through all nuclear burning stages. An interesting evolutionary fea-
ture taking place in the upper mass range of the SAGB stars is the occurrence of
the so-called dredge-out phenomenon (Iben et al. 1997; Siess & Pumo 2006). In
this process (Fig. 21), a convective zone develops in the HeBS, grows in mass and
merges with the envelope. The main consequences of this phenomenon are (1) a
strong surface enrichment in '?C and *He and (2) the reduction of the H-depleted
core below the Chandrasekhar mass.
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3.4 Thermally pulsing super-AGB phase

At the end of carbon burning, the contracting ONe core cools and becomes de-
generate as a result of neutrino emission. The structure of the star is then similar
to that of a standard AGB star : a nuclearly inert central core, surrounded by
active He and H burning shells enshrouded in an extended convective envelope.
There are however two fundamental differences with respect to AGB stars : first,
the burning shells surround a much more massive core made of oxygen and neon
rather than carbon and oxygen and second, the envelop mass is also significantly
larger in super-AGB stars. These differences will strongly influence the fate of the
star.

As for AGB stars, the He-burning shell is episodically unstable leading to the
development of thermal pulses. Because of a larger core and envelope mass, the
interpulse period is very short (a few hundred years for 9 Mg compared to 2 10%yr
for “standard” AGB stars). This implies that the SAGB stars will suffer a great
number of thermal pulses, maybe as large as a few thousands. The pulse intensity
— as measured by the He luminosity Ly.— is much weaker in SAGB stars and the
pulse duration is also considerably shorter than in AGB stars. The main reason for
this behavior comes from the fact that, the structure being hotter, the contribution
of the radiative pressure to the total pressure is larger. Since P,.q o< T, a small
temperature increase will induce a large over-pressure which will force the structure
to readjust quickly. In these circumstances, less energy can accumulate and the
instability is therefore less violent. Due to the stronger gravitational pull, the
mass of the convective pulse is very small (at most a few 10~% M, which is one or
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two orders of magnitude smaller than in AGB stars) and the temperature at its
base is very high (Tpuise = 3.2 X 108K) allowing for an efficient release of neutrons
by the 22Ne(a,n) reactions. Very high temperatures can also be achieved at the
base of the convective envelope (up to Teny = 1.5 x 108K) which leads to a very
efficient HBB and substantial modification of the envelope composition. Figure 22
illustrates and compares some of the properties of the SAGB vs AGB stars.

3.5 Nucleosynthesis

The nucleosynthesis inside the pulse remains essentially the same as in AGB stars.
The most noticeable difference comes from the faster rate of the 2?Ne(a,n) reac-
tions which leads to an increased production of 2?Mg. The hotter environment
also favors the destruction of fluorine by F(a,p)??Ne and 9F(n,y). The released
neutrons also participate to the s-process nucleosynthesis and to the enhancement
of the 17O abundance.

But the most noticeable chemical signature of SAGB stars results from the
action of HBB (Fig. 23). Proton burning at the base of the convective envelope
leads to a decrease in >C and '3C to the benefit of N, bringing the 12C/!3C
and C/N ratios to their equilibrium values of ~ 4 and ~ 1072, respectively. The
activation of the ON-cycle contributes to oxygen depletion increasing the C/O
ratio, but maintaining the star oxygen-rich. At 1.2 x 108K, the neon isotopes
(?°Ne and ?2Ne mainly) and 23Na cannot survive and the NeNa-chain does not
cycle anymore; instead a strong leakage to the MgAl-chain takes place. In these
conditions, 2*Mg is also burnt to the benefit of the heavier magnesium isotopes
(2>26Mg), 27Al and more spectacularly of the radio-active 26A1'®. Any leakage
out of the MgAl chain via 27Al(p,y)?8Si is extremely weak (Arnould et al. 1999)
so the abundance of elements with A > 27 remains almost unchanged.

As a consequence of HBB, super AGB stars are expected to be strong producers
of N, 25:26Mg and 26:27Al. The chemical effects of the 3DUP episodes on the
surface composition remain relatively small. Indeed, the pulse mass (at most
10~*Mg,) is almost six orders of magnitude smaller than the envelope mass (~
10 Mg ), making the 3DUP very inefficient in polluting the surface. In comparison,
the dilution factor in an AGB star is of the order of 1073 ! So it is safe to say that
the presence of the 3DUP episodes in SAGB stars will not affect substantially the
surface composition. The burning of the envelope by HBB will mainly determine
the yields.

3.6 The initial mass range and fate of SAGB stars

The initial mass of SAGB stars ranges between a lower limit, usually referred to
as Myp, and an upper limit defined as My,,s. Stars less massive than M, do
not ignite carbon and evolve through the thermally pulsing AGB phase where
they synthesize many important elements, such as C, N and the heavy s-elements,

19Note that the half life of 26Al, 7.2 x 10%yr, is longer than the entire SAGB phase.
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ending their lives as planetary nebulae and CO white dwarfs. Stars more massive
than My,,s ignite carbon centrally and avoid the AGB phase. These “massive
stars” will end their lives as core collapse Supernovae. The values of M, and Mpas
depend on the initial chemical composition and on the amount of mixing at the
edge of the convective cores (Siess 2007). As illustrated in Fig. 24, these transition
masses decrease with Z and reach a minimum around Z ~ 10~%. The reason
for this behavior comes from the fact that at lower metallicities, because of the
reduced envelope opacity and higher luminosity, stars develop more massive cores
in order to provide the energy necessary to power the surface luminosity. They
thus behave as more massive stars and are able to ignite carbon at a lower initial
mass, explaining why My, and My,.s decrease with Z (Fig. 24). Below Z ~ 1074,
Myp and M. start to increase again because of the stronger contribution of the
pp-chain to the overall energy production in these metal-poor stars (Tornambe &
Chieffi 1986). Finally it is important to note that these limiting masses are very
sensitive to additional mixing. For example, computations including a moderate
overshooting at the edge of the convective core will lower My, and M, by almost

As the star evolves on the TP-SAGB, the core grows as a result of shell burning
and may reach the critical mass of 1.37Mg (Nomoto 1984) corresponding to the
Chandrasekhar limit, which marks the beginning of core collapse. When this
limit is reached, the density in the core is high enough so that the electron Fermi
energy becomes larger than the threshold energy for electron capture reactions.
In these circumstances, electron capture reactions start on 2*Mg and proceed up
to the abundant 2°Ne (Ritossa et al. 1999). The resulting decrease in electron
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1 not ignite carbon and leave a CO
€ Sup white dwarf. Between My, and
ol FERES SRR i M, the remnant is a ONe white
] dwarf. Inside the shaded area,
I NeO white dwarfs 1 depending on the adopted values
8l - for the core growth and mass loss

Initial stellar mass (M)

rates, the SAGB star can evolve to-
[ 1 ward electron capture supernovae.
7+ -+ Stars with mass larger than Mpas

CO white dwarfs behave as massive stars and end

bl i i vt v wnnd theidr life as iron core collapse SN
10-% 104 0.001 0.01 0.1 . .
Initial metallicity (Z) (for more details, see Siess 2007).

number density (Y.) has important consequences : (1) it reduces the electron
pressure so core contraction is accelerated?® (2) the Chandrasekhar mass (which
is proportional to Y;?) decreases so core collapse is additionally facilitated and (3)
the heating by ~-ray emission from the electron capture reactions can ignite neon
and oxygen burning (Miyaji et al. 1980; Nomoto 1987). In this last and poorly
studied stage of the evolution, convection can develop in the region of electron
captures leading to the activation of the URCA process (Ritossa et al. 1999).

At the end of the collapse, a neutron star will form. This scenario, referred
to as electron-capture core collapse supernova (EC-SN), is supposed to be at the
origin of the formation of low-mass neutrons stars, and is a possible site for the
“r-process” nucleosynthesis when the shock wave, generated when the collapsing
layers bounce on the newly formed neutron star, crosses the neon rich layers and
activates the 2?Ne neutron source.

The minimum mass for a star to follow the EC-SN scenario is referred to as
M, and is critically dependent on the mass loss (Mwind) and core growth (Mcore)
rates (Siess 2007; Poelarends et al. 2007). If the mass loss is large enough, the
envelop is lost before the core mass reaches 1.37M¢, and the evolutionary endpoint
is a ONe white dwarf. On the contrary the EC-SN explosion is inevitable. These
two quantities (Mwind and Mcore) are unfortunately badly constrained. The case
of SAGB is particularly ambiguous since no specific mass loss rate prescription is
available, the realistic value ranging between the usual AGB and massive star rates.
For a typical SAGB star of ~ 10° Ly, ~ 1200 R, and with T.g ~ 3000 K, using
different mass loss rates prescriptions gives 1.5 x 10”4 Mgyr—! with Vassiliadis

20The situation is even worse because as the density increases the electron Fermi energy also
increases so that the electron capture reaction rates become even larger.
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& Wood (1993), 8.5 x 1073 Mgyr—! with Bloecker (1995) or 5.3 x 1076 Mgyr~!
with the de Jager et al. (1988) rate for massive stars. Concerning the core growth
rate, this value is also subject to large uncertainties mainly associated with the
amplitude of the 3DUP. For instance, if the dredge-up is very efficient, A (Eq. 2.1)
is close to one and the core mass does not increase from pulse to pulse. These
uncertainties affect the determination of M), which value ranges in the shaded area
of Fig. 24.

These results show that the mass range for EC-SN is extremely small, ranging
between 10.6 and 11 Mg at solar metallicity so only a small fraction of SAGB
stars will follow this evolutionary path. It should also be emphasized that at
lower metallicity, these SN explosions were much more numerous since they were
produced by lower mass stars. And as a conclusion, given the properties of the
IMF, we may expect that the progenitors of a large fraction of type II SN be SAGB
stars.
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