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ABSTRACT

The crucial importance of molecular opacities in modelling the evolution of AGB stars at varying surface C/O ratio has been high-
lighted in Marigo (2002). The inadequacy of solar-scaled opacities when applied to models of carbon stars has been shown, and
hence the need for correctly coupling the molecular opacities to the current surface chemical composition of AGB stars. The aim of
the present follow-up study is to investigate the effects of variable molecular opacities on the evolutionary properties of luminous
AGB stars with massive envelopes, i.e. with initial masses from ~3.5 M, to 5-8 M., which are predicted to experience both the
third dredge-up and hot-bottom burning. It is found that if the dredge-up of carbon is efficient enough to lead to an early transition
from C/O < 1 to C/O > 1, then hot-bottom burning may be weakened, extinguished, or even prevented. The physical conditions
for this occurrence are analysed and a few theoretical and observational implications are discussed. Importantly, it is found that the
inclusion of variable molecular opacities could significantly change the current predictions for the chemical yields contributed by
intermediate-mass AGB stars, with M ~ 3.5-4.0 M, that make as much as ~30-50% of all stars expected to undergo hot-bottom

burning.
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1. Introduction

During the Thermally-Pulsating Asymptotic Giant Branch
(TP-AGB) phase, intermediate-mass stars (with initial masses
35 Mo M < My, = 5-8 Mo, depending on metallicity
and model details) experience a particularly rich nucleosynthe-
sis, whose products are brought to the surface via two main
processes, namely: the third dredge-up, and hot-bottom burning
(hereafter HBB).

The former injects into the envelope elements like helium
and other species produced during thermal pulses, essentially
primary carbon and s-process elements (Iben & Renzini 1983;
Busso et al. 1999). The formation of carbon (C-) stars of N type
(with surface C/O > 1 and not belonging to binary systems) is
explained in this way.

The latter process corresponds to nuclear H-burning that ex-
tends from the radiative shell into the deepest and hottest lay-
ers of the convective envelope during the quiescent inter-pulse
periods. The main nuclear reactions at work are those of the
CNO-cycle, so that the surface abundances of helium and nitro-
gen are expected to increase. Heavier nuclei — like some isotopes
of neon, sodium, aluminum, and magnesium — can be produced
from the Ne-Na and Mg-Al cycles, whereas some amount of
fresh lithium can also be synthesised and brought to the surface
via the so-called beryllium transport mechanism (Cameron &
Fowler 1971), which requires suitable conditions involving the
temperature at the base of the convective envelope and the time
scales of nuclei and convective eddies (see Lattanzio & Wood
2003 for an overview of HBB nucleosynthesis).

HBB has been invoked to explain (or to contribute explain-
ing) a number of observations, namely the (almost) lack of
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visible luminous C-stars (Mp, < —6) and the concomitant de-
ficiency of luminous M-stars in the Magellanic Clouds (e.g.
Costa & Frogel 1996); the existence among these stars of ob-
jects (=6 > My, > —7) with marked enhancement of surface
lithium abundance (e.g. Smith et al. 1995); the overabundance
of nitrogen and helium typical of type I Planetary Nebulae and
some AGB stars (e.g. Peimbert & Torres-Peimbert 1983; Smith
& Lambert 1990); the low value of the 12C/ 13C ratio, close to the
nuclear equilibrium value, characterizing the group of luminous
J-type carbon stars (e.g. Lambert et al. 1986); the Na-O and Mg-
Al anti-correlations characterising the stars of galactic globular
clusters in the framework of the primordial scenario (Gratton
etal. 2001); the high isotopic ratios >°Al/?’ Al displayed by some
meteoritic oxide grains of pre-solar origin (Mowlavi & Meynet
2000).

Several evolutionary models of massive AGB stars with
HBB (say with M 2 3.5-4 M., depending on metallicity) have
been calculated in recent years (e.g. Boothroyd & Sackmann
1992; Blocker 1995; Forestini & Charbonnel 1997; Marigo
1998; Frost et al. 1998; Ventura et al. 1999; Karakas & Lattanzio
2003; Herwig 2004; Ventura & D’ Antona 2005a,b). Compared
to earlier studies, these calculations are improved in many as-
pects, like for instance the adoption of larger nuclear networks
including many elemental and isotopic species, a more detailed
description of convective turbulence and mixing, and exten-
sive calculations over wider ranges of initial stellar masses and
metallicities.

However, one standard choice common to all these models
is the use of tables of molecular opacities — for temperatures
lower than ~10000 K — that are strictly valid for solar-scaled
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abundances of elemental species heavier than helium (e.g.
Alexander & Ferguson 1994). Then, for a fixed initial metal-
licity, interpolations are usually performed as a function of tem-
perature, density, and hydrogen content. This implies that any
change in the elemental and molecular concentrations (follow-
ing the convective dredge-up and HBB) does not translate, as it
should, into a change of the molecular opacities adopted to cal-
culate the AGB model atmospheres.

This point of inconsistency has been clearly pointed out by
Marigo (2002; see also Marigo et al. 2003b), who has con-
structed a routine to estimate the molecular opacities for any
chemical composition of AGB envelopes. Typically, the photo-
spheric opacities are dominated by an opacity bump due to H,O
for C/O < 1, while as soon as C/O > 1 this peak disappears and
a prominent opacity bump due to the CN molecules develops.

The routine has been then incorporated into a static envelope
model, which is part of a code developed to calculate the syn-
thetic TP-AGB evolution (see Marigo et al. 1999, and references
therein). By comparing the results of TP-AGB evolutionary cal-
culations obtained with either solar scaled or variable molecular
opacities we find that the surface C/O ratio plays a key role in
determining the evolutionary properties of AGB stars.

In Marigo (2002) most attention was devoted to study the
impact of variable opacities on the evolutionary behaviour of
low-mass stars (with masses up to 2.5 My). One of the major ef-
fects is the sudden and marked cooling of the evolutionary tracks
in the H-R diagram as soon as C/O overcomes unity, that is, at
the transition from the oxygen-rich configuration (C/O < 1) of
M-type stars to that of carbon-rich stars (C/O > 1). The attain-
ment of lower effective temperatures causes, in turn, other im-
portant evolutionary consequences, namely: earlier onset of the
super-wind; shorter duration of the TP-AGB and C-star phases,
redder near-infrared colours, reduced degree of carbon enrich-
ment hence lower chemical yield and C/O ratios in carbon stars.
Most of these predictions allow a better agreement with the ob-
servations of carbon stars. Moreover, the relatively low C/O ra-
tios (<1) exhibited by disk planetary nebulae can be more eas-
ily explained with the aid of TP-AGB models including the third
dredge-up and variable molecular opacities, as shown by Marigo
et al. (2003a).

Following the introduction of the new synthetic TP-AGB
models into a population synthesis code Marigo et al. (2003b)
have shown that the variable molecular opacities are able to
explain the prominent red tail of visible carbon stars seen in
some near-infrared colour-magnitude (e.g. K vs. J — K) dia-
grams, like those provided by the DENIS (Cioni et al. 2000)
and 2MASS surveys (Nikolaev & Weinberg 2000) towards the
Magellanic Clouds.

The present paper pushes forward the analysis started with
Marigo (2002) and Marigo et al. (2003b), by investigating the
possible effects driven by variations of molecular opacities in the
most massive AGB stars (with M 2 3.5 M,,) that experience both
the third dredge-up and hot-bottom burning. In particular it will
be shown that, if during the early stages of the TP-AGB phase
the third dredge-up is able to produce C/O > 1 in the envelope,
then this may prevent, or weaken and eventually extinguish the
nuclear rates associated with HBB.

It follows that the third dredge-up and HBB produce recip-
rocal interference. In fact, one one side it has been predicted
(e.g. Renzini & Voli 1981; Boothroyd & Sackmann 1992) that
HBB can delay or even prevent the formation of high-luminosity
C-stars, by destroying the dredged-up carbon in favour of nitro-
gen. On the other side, the present study shows, for the first time,
that the third dredge-up itself may even block the development
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of HBB. This means that the two competing processes are inti-
mately related in a more complex manner than considered so far.

The structure of the paper is as follows. Section 2 details the
envelope model adopted in the present study. The sensitiveness
of luminous and massive stellar envelopes to increasing surface
C/O ratio is explored in Sect. 3 with the aid of envelope inte-
grations, and then better investigated in Sects. 4 and 5 where
a few synthetic TP-AGB calculations are presented for selected
values of the stellar initial mass and metallicity. In Sect. 6, the
analysis is focused on the impact of variable molecular opacities
in changing the predicted evolutionary properties of a particular
group of stars, i.e. the lithium-rich carbon stars, while Sect. 7
weighs the significance of the new results in the context of the
theory of stellar populations. We give a few cautionary remarks
on possible limits of the present work in Sect. 8, and a summary
is provided in Sect. 9.

2. Envelope integrations

The calculations presented in this paper are based on numerical
integrations of a static envelope model, which is also a key in-
gredient of the synthetic TP-AGB model already developed by
Marigo et al. (1996, 1998, 1999).

Envelope integrations are carried out from the photosphere
down to mass-coordinate of the H-exhausted core. The unknown
functions r, P,, T,, L, across the envelope are obtained by solv-
ing the stellar structure equations, once four boundary conditions
are specified. Two conditions derive from the integration of the
photospheric equations for 7 and P down to the bottom of the
photosphere (Kippenhahn et al. 1967). The remaining two con-
ditions involve the radius and the local energy flux at the mass
coordinate of the He-core (see Marigo et al. 1998; Marigo 1998
for details).

Given the mass of the core, and the mass and chemical com-
position of the envelope, this procedure allows us to single out
the main envelope parameters, namely the luminosity L and the
effective temperature 7.

Our model accounts for nuclear energy sources possibly op-
erating in the deepest envelope layers. The common prescription
of envelope models L, = const. = L is therefore replaced with
the equation of energy balance dL,/0M, = €. (with usual mean-
ing of the quantities). In this way we can consistently follow
hot-bottom burning in the more massive AGB stars, with respect
to both the CNO-cycle nucleosynthesis and the related over-
luminosity effect that makes these models more luminous than
predicted by the core mass-luminosity relation for the same M,
(see Marigo et al. 1998; Marigo 1998, for a detailed discussion).

The basic physical inputs employed in our envelope model
are as follows: Nuclear reaction rates for the p-p chains and
CNO-bicycle are taken from the compilation by Caughlan &
Fowler (1988), the screening factors are given by Graboske et al.
(1973). The adopted mixing-length parameter is @ = 1.68.

We use the gas opacities calculated by Iglesias & Rogers
(1996) (OPAL) at high temperatures (7" > 10* K). At lower
temperatures (7 < 10* K) we adopt the opacity routine devel-
oped by Marigo (2002) choosing between two alternatives for
the adopted chemical composition:

— a solar-scaled mixture of elemental species at any metallic-
ity, as in Alexander & Ferguson (1994) opacity tables (here-
after kfx);

— the current mixture of chemical elements as results from
the nucleosynthesis and mixing events occurring during the
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TP-AGB evolution of the model under consideration (here-
after kyar).

3. Sensitiveness of extended AGB envelopes
to the C/O ratio

We will now investigate the effects produced by an efficient
dredge-up of carbon on the envelope structure of massive and lu-
minous AGB models, that are also predicted to experience HBB.

To this aim, Fig. 1 shows the results of some test calculations,
carried out with envelope integrations with either kg O &y, (see
Sect. 2). We assume a core mass M, = 0.98 Mg, a total stellar
mass M = 4.5 M, and an initial chemical composition of the
envelope [Z; = 0.004,Y; = 0.24], with Z;, ¥, Xi = 1 - Y, - Z
being the abundances (in mass fraction) of metals, helium and
hydrogen, respectively.

Initially, the elemental abundances of all species heavier than
helium are assumed to be solar-scaled according to compilation
of solar abundances by Grevesse & Noels (1993). It follows that
the starting C/O ratio in the envelope is ~0.48. Then, envelope
integrations are performed at varying C/O ratio, which increases
from below to above unity by adding carbon (>C) while keep-
ing oxygen fixed to its solar-scaled abundance. In all models dis-
cussed in the paper the C/O ratio is calculated

C_ X20)/12 + X(13C)/13
0  X(1°0)/16 + X(170)/17 + X(180)/18

ey

where the symbol X denotes the elemental abundances of the C
and O isotopes (mass fractions). The excess of carbon over its
solar-scaled value, AC = X(2C) — X('2C),, is compensated by
reducing the hydrogen abundance by the same amount, that is
X = X; — AC, which also implies that Y = Y;.

Figure 1 displays the behaviour of relevant quantities — i.e.
temperature at the base of the convective envelope T, effective
temperature T, and stellar luminosity L — as a function of C/O.

While in the kg« case the variables show a smooth and regular
trend over the whole C/O range, a marked slope change is seen at
the transition from C/O < 1 to C/O > 1 in the «y,; curves. Second,
with the ksx assumption, the variations of Tyee, Tef, and L are
globally smaller, and they may even proceed in the opposite di-
rection to the ky, case, as for the the surface luminosity. These
differences can be explained as follows.

On one hand, the steady brightening of the model with kg is
essentially due to a cycling effect in which more and more car-
bon is progressively made available to enter the CN cycle at the
base of the convective envelope, thus increasing the efficiency
of nuclear reactions. Despite the modest decrease of T, which
would tend to lower the nuclear rates, this carbon cycling effect
dominates in determining the behaviour of L. In the outermost
atmospheric layers the effect of the increased carbon abundance
on the temperature stratification becomes almost negligible so
that Tg remains practically constant.

On the other hand, the inflection points at C/O ~ 1 that are
present in all the three curves with «y,r are caused by the sud-
den change of the dominant opacity sources at low tempera-
tures (T < 6000 K), reflecting, in turn, the abrupt alteration of
the molecular concentrations (see Marigo 2002). In fact, the de-
velopment of the large CN opacity bump for C/O > 1 causes
a marked decrease of both T and Tyc. In this case, the cool-
ing effect of the envelope base prevails over the injection of new
carbon into the CN cycle, so that the efficiency of nuclear en-
ergy generation (ecno o 719729) becomes lower with consequent
decrease of the surface luminosity.
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Fig. 1. From top to bottom: predicted behaviour of the temperature at the
base of the convective envelope, effective temperature, and luminosity
at varying surface C/O ratio. Carbon abundance (by number) increases
in steps of 0.05, while that of oxygen is kept constant. The curves are the
results of envelope integrations, assuming a total stellar mass of 4.5 Mo,
a core mass of 0.98 Mo, an initial metallicity Z = 0.004, and adopting
either Ky OF Kyar. See text for more explanation.

In summary, from these simple test calculations we already
derive the indication that molecular opacities — coupled to the
actual chemical abundances in the envelope — could signifi-
cantly influence the structure and nucleosynthesis of massive
AGB stars by affecting the efficiency of HBB. These prelimi-
nary results indicate how the structure of a stationary envelope
reacts to changes in its chemical abundances, hence in molecular
opacities, while all other parameters (e.g. core mass, total stellar
mass) are kept fixed. The next step is to analyse the impact on
the evolutionary properties of massive AGB stars, which is done
in the next section.

4. TP-AGB evolutionary calculations

We have calculated the TP-AGB evolution of stellar models
experiencing both the third dredge-up and HBB. Calculations
are performed with the aid of the synthetic TP-AGB model as
recently revised by Marigo & Girardi (2007, and references
therein), to whom we refer for all details (see also Sect. 2).

The initial conditions at the first thermal pulse — i.e. total
mass, core mass, luminosity, surface chemical composition —
are taken from Girardi et al. (2000). The third dredge-up is
parametrized in terms of three quantities, namely: the minimum
core mass required for the occurrence of convective dredge-up,
M*C“i“; the dredge-up efficiency, 4; and the chemical composition
of the dredged-up material.

In practice, following the indications from full AGB calcu-
lations (Karakas et al. 2002), in all models considered here the
third dredge-up is assumed i) have occurred since the first ther-
mal pulse; and ii) to be quite efficient, typically with 1 =
0.9—-1.0. The adopted inter-shell abundances depend on the core
mass growth as described in Marigo & Girardi (2007), reach-
ing standard maximum values [X(He) ~ 0.73, X(>C) ~ 0.25,
X('°0) ~ 0.02].

As already mentioned in Sect. 2, HBB is followed in de-
tail with the aid of a complete envelope model, including the
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Fig. 2. From top to bottom: temporal evolution of luminosity, effective temperature, temperature at the base of the convective envelope, surface C/O,
12C/13C, and N/O ratios during the TP-AGB phase of a (M; = 3.5, Z = 0.004). Calculations are carried out from the first thermal pulse up to the
ejection of the whole envelope according to the Vassiliadis & Wood (1993) formalism for mass loss.

most important reactions rates of the CNO bi-cycle. The over-
luminosity effect due to HBB and the consequent breakdown
of the core mass-luminosity relation are taken into account.
Mass loss is described with the formalism by Vassiliadis &
Wood (1993), under the assumption that variable AGB stars are
fundamental-mode pulsators and applying the delay in the onset
of the super-wind for M 2 2.5 M, (their Eq. (5)).

Let us first consider the case of a (3.5 My, Z = 0.004) model.
Figure 2 displays the evolution of characteristic quantities — i.e.
luminosity, effective temperature, temperature at the base of the
convective envelope, and a few surface element ratios — from the
first thermal pulse up to the termination of the TP-AGB phase,
marked by the complete ejection of the envelope. The results are
shown for both opacity prescriptions, kg« (left panel) and &y,
(right panel).

From the comparison between the two models we notice that
significant differences appear as soon as the surface C/O ratio
exceeds unity as a consequence of the third dredge-up.

We recover the same photospheric cooling effect found
for lower mass AGB models (say, with M < 3.5 M) that

undergo the transition to the C-star domain, as fully discussed
by Marigo (2002) and Marigo et al. (2003). In fact, a sudden
jump to lower T is seen to occur in the ky, model at C/O 2 1,
while a smooth temporal behaviour of T.g still characterises the
evolution with «gx. The attainment of lower T by the ky,r model
yields longer pulsation periods, hence favouring an earlier onset
of the super-wind regime of mass loss. As a consequence, the
duration of the TP-AGB phase turns out to be reduced by almost
a factor of 2.

In addition to this, the introduction of variable molecular
opacities is expected to impact significantly also on the nucle-
osynthesis associated with HBB. This is the combined result of
enhanced mass-loss rates and somewhat lower temperatures at
the base of the convective envelope (see Sect. 3). Both factors
concur to weaken the efficiency of nuclear reactions.

The following aspects should be noticed for the evolution of
the C/O ratio. As we see in Fig. 2 the x5z model first becomes
carbon-rich (C/O > 1) because of the third dredge-up, and later
it is converted back to oxygen-rich (C/O < 1) by the CN-cycle
operating in the inner layers of the convective envelope. This
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configuration continues until the end of the AGB phase. On the
contrary, in the ky, case, once the surface carbon abundance
exceeds that of oxygen, the C/O ratio keeps on increasing so
that at the termination of the TP-AGB phase the model is still
carbon-rich.

The fact that in the «,, model HBB is effectively extin-
guished soon after the transition to the C-star domain is clearly
indicated by the behaviour of other surface abundances dis-
played in the bottom panels of Fig. 2. The '>C/!3C ratio, for in-
stance, is prevented from attaining nuclear equilibrium (~3—4),
which is instead reached and maintained for a long period by
the kix model. More remarkably, the N/O ratio remains practi-
cally constant over the entire TP-AGB evolution with kv, im-
plying that the CN cycle has never reached the necessary ther-
modynamic conditions (i.e. temperature and density) to convert
carbon into nitrogen. Some nitrogen production is, instead, pre-
dicted for the model with kg, as shown by the rising part of the
N/O curve.

Thus, we expect that the efficiency of HBB may be reduced
significantly if, during the early stages of its TP-AGB evolution,
a massive AGB star experiences efficient carbon dredge-up so as
to become a carbon star. Then, the enhanced molecular opacities
associated with a carbon-rich chemical composition affect the
temperature stratification of the layers above the core. A cool-
ing effect takes place both at base of the convective envelope,
i.e. lowering T, and at the atmosphere, i.e. lowering Teg. The
way the two factors concur to weaken, and possibly to extinguish
HBB, is different. The decrease of Ty, has a direct effect on
the nuclear reaction rates of HBB, while the decrease of T af-
fects the HBB efficiency by altering the evolutionary path of the
TP-AGB model. In fact, a lower effective temperature favours
the attainment of larger mass-loss rates, hence an earlier extinc-
tion of HBB due to the reduction of the envelope mass by stellar
winds.

The prevailing effect between the two depends on several pa-
rameters, such as mass loss and its dependence on T.g, dredge-
up efficiency, stellar initial mass and metallicity. In Sect. 5 we
will discuss examples of various choices of the stellar mass and
metallicity.

5. Dependence on mass and metallicity

The interference of the third dredge-up against the efficiency of
HBB develops to a different extent depending on several fac-
tors, such as initial stellar mass, dredge-up characteristics (effi-
ciency A and chemical composition of the inter-shell), mass loss
prescription, and metallicity.

In this study we explore the sensitiveness of the results
on initial stellar mass and metallicity. A few cases are pre-
sented in Fig. 3 that shows the time evolution of the surface
chemical ratios C/O, 12C/ 3, and N/O, adopting both ks« and
Kvyar prescriptions.

The three ratios give information on the strength of HBB
and its competition with the third dredge-up, the behaviour of
C/O showing directly whether a star should appear either as
an M-type or as a C-type giant, where the trends of '>C/'3C and
N/O measure the efficiency of HBB to activate the first nuclear
reactions of the CN cycle (via the conversion of '2C to 13C), and
subsequently to produce primary N at the expense of the newly
dredged-up C.

The choice of the initial masses is determined by the require-
ment that, in the kgx case, the models actually make an early
transition to the C-star domain, which is the necessary condi-
tion to investigate a possible opacity effect in the corresponding
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Kvar calculations. In practice, this means considering models ex-
periencing a moderate HBB, that is, with initial masses in the
lowest part of the typical mass interval for its occurrence, i.e.
M; = 3.5 My—4.0 M, depending on metallicity.

From Fig. 3 we see that the discussion made in Sect. 4 on
the (M; = 3.5, Z = 0.004) model applies also to the (M; =
4.0, Z =0.019) and (M; = 4.0, Z = 0.008) models: the adoption
of variable molecular opacities leads to an effective extinction of
HBB shortly after C/O > 1.

The case of the (M; = 3.5, Z = 0.001) model (bottom panel)
is different, with the lowest metallicity considered here. The dif-
ferences of the results between kg, and kv, are minor and both
models experience efficient HBB despite the fact that they be-
come carbon-rich during the initial stages of their TP-AGB evo-
lution. This can be understood by considering that at decreasing
metallicity molecular concentrations decrease because of i) the
lower abundances of the atoms involved; and ii) the strong tem-
perature dependence of molecular formation on temperature. In
extremely metal-poor atmospheres the temperatures may be so
high that the molecules cannot even be assembled. As a con-
sequence, the use of variable molecular opacities should not
significantly affect the yields of the lowest metallicity massive
AGB models (Z < 0.001).

6. The evolution of lithium-rich carbon stars

As shown in the previous sections, the opacity effect driven by
the third dredge-up is expected to be important for AGB stars
that both are carbon rich and experience HBB. Interestingly,
there is one group of observed objects that could meet these con-
ditions, namely the luminous lithium-rich carbon stars. Among
the most luminous carbon stars detected in the Magellanic
Clouds a few possess a significant enhancement of lithium abun-
dance in the magnitude range —5.5 * My, R —6.5 (e.g. Smith &
Lambert 1989, 1990).

These stars are currently explained considering the com-
bined effect of the the third dredge-up for the surface enrich-
ment of carbon, and the Cameron & Fowler (1971) mechanism,
operating under HBB conditions, for the synthesis and tempo-
rary survival of lithium at the photosphere. Ventura et al. (1999)
address this question with the aid of full AGB evolutionary mod-
els (with initial masses 3.3 < M/M; < 4.0). They show that
the chemical peculiarities of the high-luminosity lithium-rich
C-stars can be reproduced only under strict structural condi-
tions for the occurrence of HBB. Specifically, the temperature
at the base of the convective envelope should vary within a nar-
row range, that is 4 X 107 < Tpee S 6.5 X 107. The lower limit
is the minimum temperature required to activate the Cameron
& Fowler mechanism for lithium production; the upper limit
corresponds to the maximum temperature to preserve carbon
against efficient destruction by the CNO-cycle. This temperature
requirement would be fulfilled by AGB stars with initial masses
and luminosities within small ranges. Because of the predicted
narrow luminosity domain these stars might be also used as in-
dependent distance-indicators, as suggested by Ventura et al.
(1999).

In the light of the analysis just developed we can envis-
age that the introduction of variable molecular opacities (not in-
cluded in the Ventura et al. (1999) calculations) may alter some
of their findings. It is beyond the scope of the present paper to
perform a detailed analysis of all these issues, however our test
calculations show that the impact of variable molecular opac-
ities may be important for models of lithium- and carbon-rich
stars and future detailed models should include this physics.
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Fig. 3. Predicted temporal evolution of surface elemental ratios (by number) during the whole TP-AGB evolution of a few selected models with
varying initial stellar mass and metallicity, as indicated. Results are displayed for both choices of molecular opacities, xzx and «y,,. Both the

third dredge-up and HBB are at work in these models.

Figure 4 helps to illustrate this point. The evolution of Ty
is shown as a function of time during the TP-AGB phase of the
same intermediate-mass models discussed in the previous sec-
tions, assuming either kgx Or ky,r. Following Ventura et al. (1999)
the strict temperature conditions for the formation of lithium-
rich carbon stars define the hatched rectangular region.

A systematic difference affects the results obtained with vari-
able molecular opacities. While in models with «gx the C-rich
and Li-rich phase is characterised by a steady increase of T
which keeps on for some time even after the subsequent con-
version to an oxygen-rich configuration, in models with &, the
same phase always intercept the maximum of T, after which
an abrupt drop is expected as a consequence of the onset of the
super-wind.

As a consequence, we expect significant changes in the pre-
dicted properties of these stars, such as the duration, the lumi-
nosity range, and the maximum Li production of this chemically-
peculiar phase. Important differences should occur with respect

to the chemical yields from these stars. In fact the group of mod-
els with kv, 1s expected to enrich the ISM with newly synthe-
sised carbon and lithium, while the models with kg, should eject
primary nitrogen and lithium. A quantitative prediction of the
yields from these stars cannot be given at this stage and it is
postponed to a future work.

7. Weighing the impact of the new results

As discussed in Sect. 5, the introduction of variable molec-
ular opacities may affect AGB models experiencing both the
third dredge-up and HBB, within a relatively narrow range of
initial stellar masses, roughly from 3.0 up to 4.0 M, depending
on metallicity and model assumptions.

To assess the significance of the new results we will exploit
a few basic relations from the theory of stellar populations (e.g.
Tinsley 1980). In a composite stellar population like a galaxy,
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Fig. 4. Temperature, Ty, at the base of the convective envelope as
a function of time during the TP-AGB evolution of stellar models with
initial mass and metallicity as indicated. For simplicity only the qui-
escent pre-flash stages are considered in the construction of the plot.
Results are shown for both kg, (left panels) and kv, (right panels)
prescriptions. Thick lines correspond to C/O > 1 at the surface. The
hatched strip is defined by the temperature conditions required to pro-
duce lithium-rich carbon stars according to Ventura et al. (1999). See
text for more explanation.

the expected number of TP-AGB stars with initial masses in the
interval [m, m + dm] is expressed by

N(m)dm oc p(m) Y[TG — t(m)] trp-ace(m) dm )

where ¢(m) is the initial mass function (IMF), ¢[Tg — t(m)] is
the star formation rate (SFR) evaluated at the time of stellar
birth (T is the galaxy age and #(m) is the present stellar age),
and rrp_age(m) is the TP-AGB lifetime of a star with initial
mass m.

Let us now consider the typical mass range for the occur-
rence of HBB, say from m = Mmm to m = My,. The lower
limit corresponds to the minimum stellar mass necessary to get
Thee high enough to activate nuclear H-burning in the deep-
est layers of the convective envelope, i.e. 1 x 107 K for the
p-p chains or =2 x 107 K for the CNO cycle. Present stellar mod-
els (Romano et al. 2001) indicate that the production of lithium
from AGB stars via the beryllium-transport mechanism requires
MHBB ~ 3.0-3.5 M, as the metallicity increases in the range
Z 20.001-0.02.

The upper limit M\, is the maximum initial mass for a star to
develop an electron-degenerate C-O core, and its predicted value
is sensitive to metallicity and model details, e.g. the treatment
of convective boundaries. In most cases M, is expected to lie
within 5 and 8 M.

Relative to the mass range [M1D5, My, we investigate the
expected fraction of AGB stars for which the present study could
significantly alter the existing model predictions, i.e. in terms of
evolutionary properties and chemical yields.

To address this it is useful to calculate the cumulative distri-
bution function

[t Nm) dm
F(M)=Pm<M)=—""

MHBB

min

(3)
N(m)dm
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Fig. 5. Cumulative distribution function defined by Eq. (2), yielding the
probability of having an AGB star with initial mass 3.3 My, < m < M.
The distribution is normalised to the total number of AGB stars with
masses in the range [Mm]n , M1, where M, is set equal to 5, 6, and
8 M, in the three plotted curves.

where N(m)dm is given by Eq. (2). This gives the probability
that an AGB star has a progenitor with an initial mass m < M,
with m varying within the range [Mﬁfle, Myp].

For simplicity, a first estimate is obtained assuming con-
stant metallicity, constant SFR, t1p_agp independent of the stel-
lar mass, and adopting the Salpeter IMF (¢(m) o« m~2>3). The
results are shown in Fig. 5 for three choices of M, and setting
MHBB = 3.3 M. We see that in all cases F(3.3 My) = 0 and
F (Mup) = 1 by construction.

We get F(4) = 0.33,0.42,0.53 for My, = 8,6,5 M respec-
tively, meaning that AGB stars with initial masses in the inter-
val [3.3,4.0] M correspond to a sizable fraction of the whole
massive range. These are lower limits to the true values since
larger fractions are expected when taking the mass-dependence
of ttp_agg into account, as the TP-AGB lifetime should decrease
with increasing stellar mass (e.g. Vassiliadis & Wood 1993).

These simple calculations indicate that the impact of the vari-
able molecular opacities should apply to a large fraction of more
massive AGB models. For our particular class of models, with
My, = 5 Mg, more than half of the stars experiencing HBB
should be affected by the results of the present study.

8. Cautionary remarks

The results of this study depend on the assumed law of mass loss
and its sensitiveness to changes in T.g. In our exploratory calcu-
lations we have adopted the formalism by Vassiliadis & Wood
(1993) according to which, before the onset of the super-wind,
the mass-loss rate scales exponentially with the pulsation period
and P « Te‘fg‘gg. This dependence on T.g derives from the un-
derlying period-mass-radius for the fundamental mode (Wood
1990). This latter relation is based on pulsation models for vari-
able AGB stars with oxygen-rich envelope compositions.

Due to the present lack of pulsation models suitably con-
structed for C-stars, we have employed the same period-mass-
radius relation for TP-AGB models regardless of the actual
C/O ratio. As already mentioned, this implies that as soon as the
third dredge-up makes C/O > 1, P is predicted to increase be-
cause of the decrease in T.¢ caused by the enhanced molecular
opacities.

The physical soundness of this assumption can be verified
only with the aid of pulsation models for C-rich compositions,
using adequate kv, opacities. Preliminary calculations indicate
that passing from C/O < 1 to C/O ~ 2.5-3, the pulsation period
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almost doubles (Peter R. Wood, private communication). A de-
tailed and quantitative investigation of this issue is left to a future
analysis.

Another source of uncertainty is related to the inability of our
TP-AGB models, based on integrations of static envelopes, to ac-
count for the possible feedback between the third dredge-up and
HBB as shown by Stancliffe et al. (2004). In brief, deep dredge-
up episodes would increase Ty compared to models with shal-
lower dredge-up, an effect that goes in the opposite direction
to that due to the variable molecular opacities discussed in this
work. In this context detailed AGB models with variable opaci-
ties are needed to fully investigate the reciprocal feed-back be-
tween the third dredge-up and HBB.

9. Summary and conclusions

This study has shown that hot-bottom burning may be weak-
ened, quenched or even prevented as a consequence of the
third dredge-up in intermediate-mass AGB stars.

The effect of the third dredge-up against HBB is ascribed
to the response of the outer layers (i.e. convective envelope and
atmosphere) to the drastic change in the molecular opacities at
the transition from C/O < 1 to C/O > 1. Essentially two factors
contribute, namely:

— The sudden decrease of T which accelerates the attainment
of larger mass-loss rates, hence the reduction of the envelope
mass;

— The decrease of the temperature at the base of the convective
envelope, which weakens the nuclear reaction rates of the
CNO-cycle.

These circumstances are expected to take place only un-
der specific conditions, namely i) in the early stages of the
TP-AGB phase, the third dredge-up is able to convert the
AGB star into a carbon star before hot-bottom burning be-
comes strong enough to efficiently destroy the newly dredged-
up carbon in favour of nitrogen; and ii) the metallicity is high
enough to allow molecules to form in sufficient concentrations
in the atmosphere.

Our calculations indicate that such conditions are likely met
in AGB models within a relatively small range of stellar masses,
i.e. M = 3.0-4.0 M, and for metallicities Z 2 0.001, while they
should not apply to more massive models where any early tran-
sition to the C-rich domain is prevented by HBB itself, and to
more metal poor models in which molecules do not play an im-
portant role.

Despite the narrowness of the involved mass range, it has
been shown that the new results should affect a sizable fraction,
say 230-50%, of the whole group of massive AGB stars that
could undergo HBB.

The impact of such an effect, so far neglected by full
AGB models, may be large, so as to likely modify the current
predictions (e.g. nucleosynthesis, mass range, lifetimes, chemi-
cal yields) for the most massive carbon stars that are predicted
to populate the bright wing of the carbon star luminosity func-
tion. These luminous carbon stars are expected to exhibit the
fingerprints of the HBB nucleosynthesis and they could explain
the existence of particular groups of observed objects, such as
the lithium-rich carbon stars (Smith et al. 1995), and possibly
those among the J-type carbon stars that are found to be brighter
than N-type stars (Morgan et al. 2003). Moreover, the new
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results could affect the predicted chemical abundances of plan-
etary nebulae (PN) produced by intermediate-mass progenitors,
i.e. by reducing the mass range of those that are usually asso-
ciated with type I PNe (with measured over-abundances of He
and N).

Therefore, in order to perform a reliable comparison be-
tween models and observations and to evaluate the role of these
stars in the chemical enrichment of the interstellar medium,
new AGB evolutionary calculations, including variable molec-
ular opacities, are needed.
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