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Abstract. The evolution of a 3 Mg star has been computed from
the T Tauri stage up to the asymptotic giant branch (AGB)
phase using a one-dimensional hydrodynamical stellar evolution
code that includes a self-consistent treatment of the concomitant
nucleosynthesis. In this paper, we concentrate on the mechanisms
of fluorine production that have been encountered during thermal
pulses on the AGB.

When 3C and N from CNO burning are ingested by the
convective zone associated to thermal pulses, neutrons can be
released by °C («,n) %0, and captured by “N (n,p) 4C, as well
as, but to a lesser extent, by 2°Al(n,p)*Mg. The protons liber-
ated in such a way are used to synthesize '°F through the reaction
chain "N («,y) BF (%) 0O (p, ) °N («,y) '°F. This production
path is most efficient when the neutrons from 3C (x,n) '%0 are
mainly used to produce protons [especially through the afore-
mentioned (n,p) reactions], and when 30 (p, o) °N is the main
proton catcher.

No third dredge-up episode is found in our computations.
When it is artificially forced to occur, the °F yield from the first
four thermal pulses that have been computed is large enough
to account for the F overabundances observed in K-, M- and
S-type stars. The observed ([F/O], '*C/'0) correlation is also
well reproduced. The low peak temperature in these early pulses
prevents 0 («,y) ®Ne from destroying *0, so that an envelope
enrichment in %0 is predicted as well, in contrast to observational
evidence. A discussion of that discrepancy is presented. Our
finding also sheds light on the much debated question of the
origin of the solar system fluorine.

Key words: stars: AGB evolution — stars: nucleosynthesis —
¥F production — solar system: composition

1. Introduction

Fluorine in giant stars of spectral types K, M, MS, S, SC, N
and J has been observed recently (Jorissen et al. 1991; Paper II).
These observations provide the first determination of the fluorine
abundance outside the solar system [except for very uncertain
values provided by Aller and Czyzak (1983) in two planetary
nebulae]. They reveal a progressive F enrichment of the envelope
as the C/O ratio increases, reaching [F/O] =~ 1.5 in some N stars.
These observations shed light on the much debated question of
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the nucleosynthetic origin of fluorine, whose only stable isotope
is 1°F. They clearly point towards He-burning as a likely site
for F production, as already emphasized by Goriely et al. (1989)
from parametrized nucleosynthesis studies. Although a detailed
numerical model for the evolution of the galactic F content
remains to be done, the observation of enhanced F in these
asymptotic giant branch (AGB) stars clearly weakens the claim
by Woosley et al. (1990) that the v-process operating in the
Ne shell of Type II supernovae is responsible for the galactic
production of fluorine.

Various possible nuclear paths for producing F in He-burning
environments are discussed briefly in Paper II (see also Goriely
et al. 1989), without reference to any specific AGB stellar model.
This paper presents the first F abundance predictions from the
detailed calculations that have been undertaken for an AGB star
of 3 M, and metallicity Z = 0.03 well before the F observations
reported in Paper II. This explains why there may be some
mismatch between the characteristics of our model star and of
those in which F has been observed (where Z is close to 0.02).
In addition, the nucleosynthesis predictions are limited at this
point to the first 4 pulses experienced by our model star. In
spite of those various shortcomings, we consider that the nuclear
mechanism unravelled here is sufficiently insensitive to Z and
that the F results obtained so far are interesting enough to be
reported before obtaining more complete predictions based on
the further pulses of the same model star and on computations
for other stellar masses and metallicities. Such calculations are
now in progress.

The hydrodynamic evolution code that is used to compute
our model star is briefly described in Sect. 2.1. The results derived
for the first 4 thermal pulses are discussed in Sect. 2.2, where it is
shown that “N (a,y) ®F (%) 8O (p,®) N («,7) F can produce
F in these low temperature thermal pulses (T3 < 2.5 at the base
of the convective shell, where Ts is the temperature in units of
108 K). Section 2.2 also identifies the key quantities governing
the efficiency of the F synthesis through that chain. Section 3
presents parametric calculations which provide a guideline for
extrapolating the present results to other plausible situations,
and in particular to hotter pulses. We show in Sect. 4 that the
simultaneous C and F production in the thermal pulses provides
a good fit to the correlation between the 2C/!%0 ratio and the
fluorine overabundance observed in AGB stars (Paper II), at least
if the third dredge-up is operating.
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2. Fluorine in thermal pulses: the case of a complete 3 M model
star

2.1. A brief description of the stellar evolution code

Since a full description of the stellar evolution code will be
given elsewhere (Forestini et al. 1991), only its key features will
be mentioned here. The one-dimensional hydrodynamic code,
which includes the acceleration term, is based on a Henyey-type
algorithm. Special care has been applied to the treatment of the
atmospheric layers, where line formation (blanketing) effects and
sphericity have been considered. Opacities for the interior layers
are taken from Huebner et al. (1977) and from Cox & Stewart
(1970) for layers where T < 1.110* K. Convection is described
by the usual mixing length theory, adopting o = 1.75. A mass
loss rate following Reimers’ formula (with # = 1; Reimers 1975)
has been applied from the main sequence.

The nucleosynthesis of the nuclides up to 2Si has been fol-
lowed in a self-consistent way within the evolution code. The
nuclear reaction network is identical to that described in Jorissen
& Arnould (1989). It involves species with 12 < 4 < 28 (where
A is the mass number) linked by all nuclear reactions and f-
decays of relevance. Neutron captures on heavier elements are
taken into account through a neutron sink, in much the same
way as described by Jorissen & Arnould (1989). This allows a
correct evaluation of the neutron balance, and provides a good
estimate for the neutron exposure achieved under the considered
conditions. The rates of a few reactions have been updated with
respect to the sources quoted by Jorissen & Arnould (1989).
The change that could affect our “F yield predictions most
significantly concerns the rate of “N (n,p) “C, which is taken
from Brehm et al. (1988) in most of our computations (see Sect.
3.4). The reaction network is solved as described by Jorissen &
Arnould (1989). Mass-averaged reaction rates are used in convec-
tive regions, since all species (except neutrons, computed from the
local equilibrium assumption) are assumed to be homogeneously
mixed by convection over a timescale shorter than their nuclear
lifetime. An a posteriori check of this assumption reveals, how-
ever, that the nuclear lifetime of species other than neutrons (e.g.
protons or ®F) may sometimes be shorter than, or of the order
of, the convective mixing timescale. In addition, these species are
strongly coupled, and diffusion equations might be necessary in
order to handle these situations properly. This will be done in a
forthcoming version of the evolution code.

The results described in this paper refer to a star of initial
mass 3Mg with X = 0.705 and Z = 0.03, where X and Z
are the mass fractions of hydrogen and of the 4 > 4 elements,
respectively. Its evolution has been followed from the T Tauri
phase to the end of the 4th thermal pulse, corresponding to a
CO core mass of 0.50 M. No third dredge-up has been found.
A detailed discussion of this evolution will be given elsewhere
(Forestini & Arnould 1991). Table 1 provides the basic properties
of the 4th pulse.

2.2. Abundances of YF and of its progenitors during the 4th
thermal pulse

We discuss here in some detail the °F synthesis accompanying
the 4th thermal pulse. Figure 1 presents the structure of the H-
He intershell zone as a function of time around the 4th thermal
pulse. The 3C and °F abundance profiles at several times during
that pulse are displayed in Fig. 2.
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Fig. 1. The structure of the H- and He-burning shells and of the convective
zone developing in the H-He intershell during the 4th thermal pulse,
represented by the black region. That convective zone expands very
rapidly due to the energy liberated by “N («,y) '®F, since "“N was not
significantly burned in the previous pulses. The mass coordinate M,/M
refers to the current stellar mass M = 2.82 M. The solid lines represent
the boundary of the burning shells, corresponding to en,c ~ 1 ergg™'s™,
where ¢, is the nuclear energy production rate per unit mass. Note
that, with this boundary definition, the energy production drop in the
H-burning shell during the thermal pulse is not apparent. The base of
the convective envelope is given by the uppermost (thick) solid line. The
absence of a third dredge-up is clearly apparent. The vertical dashed lines
define the various times referred to in Fig. 2

The rightmost part of the profiles of Fig. 2 corresponds to
the abundances in the outer convective envelope, where F keeps
its primordial abundance because it has not been affected by the
first dredge-up, in contrast to *C. Just below (M,/M ~ 0.19) lies
the H-burning shell, where F is completely destroyed. The region
between the vertical dashed lines contains the ashes of the 3rd
thermal pulse. Fluorine does not have a constant abundance in
that region for a reason that will be explained below. Of special
interest here is the fact that the ashes of pulse 3 engulfed in
pulse 4 have been enriched in '®0 through N («,y) ¥F (8+)#0
operating in pulse 3 from the ashes of the H-burning shell. In
these rather low temperature pulses (Table 1), the lifetime of 80
against a-capture is about the same as the He-burning timescale.
Consequently, a large fraction of the matter engulfed in pulse 4
is 1%0-rich. This property of low temperature thermal pulses, first
pointed out by Thielemann & Arnould (1979), has important
consequences for the fluorine production. The F concentration
during the 4th pulse is a superposition of °F inherited from the
previous pulses, as well as of newly produced °F, following a
scenario to be described now.

When the convective tongue associated with the thermal pulse
reaches the H-burning ashes, '3C is engulfed in the convective
shell, and neutrons are liberated by *C (&, n) '%0. A fraction of
these neutrons are captured by “N copiously produced during
the previous CNO burning, and engulfed at the same time as
B3C. Protons are thus liberated by “N (n,p)'“C. More surpris-
ingly, a non-negligible amount of protons are also released by
2A12 (n, p) Mg ! As discussed in detail by Forestini et al. (1991),
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Table 1. Basic parameters for the 4th thermal pulse at the time of maximum He-burning shell luminosity: ¢ is the time (in yr) since
the zero age main sequence, T, is the base temperature (in 10® K), p, is the corresponding base density (in 10° gem™3), T, and p,
are the temperature and density at the top of the convective shell, M is the current stellar mass (in Mg), Mo is the mass of the CO
core (mass inside the layer with X (*He) = 0.50, expressed in M), At,, and At,, are the total pulse duration and pulse duration after
maximum temperature, respectively (expressed in yr), and AM,, is the maximum extension of the pulse (in Mo).
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Fig.2. Mass fractions of '*C (upper panel) and '°F (lower panel) as
a function of the mass coordinate M,/M (where M = 2.82Mg is the
current stellar mass), for several times (identified in Fig. 1) during the 4th
thermal pulse. The mass extent of the 4th pulse at maximum is indicated
by the solid vertical lines, while the maximum extent of the 3rd pulse is
represented by the dashed vertical lines. Solid curves correspond to the
situation during the interpulse between pulses 3 and 4. Dashed curves
correspond to times ty, t, and t3 (see Fig. 1) in order of decreasing length
of the dashed tracks

2A12 is indeed present at the level X (*°Alg) ~ 21075 in the con-
vective tongue of the pulse. These protons are then captured by
180, which is the main proton catcher due to its large abundance
left over from the previous pulse (see above), and N is formed
through 'O (p,a) "N. A small fraction of N is also made by
4N (n,y) ®N. The F synthesis then follows from N («,y) “F.
Note that some N is engulfed in pulse 4 along with *C and
N. Its corresponding mass fraction is Xo(!°N) = 2.5107°, where
X, designates the mass fraction after dilution in the mass AM,
of material involved in pulse 4 at its maximum extent (Table 1).
The presence of that initial *N results from the fact that pulse

cold to allow its complete conversion into '°F before the start of
pulse 4. A partial conversion of N into F is realized, however,
and explains the bump observed in the pre-pulse °F abundance
profile shown in Fig. 2.

In fact, pulse 4 is our first calculated pulse that is hot enough
for destroying N significantly (by a factor of ~ 10). However,
it is still too cold for allowing the destruction of the produced
F by F («,p) ?Ne. As a result, a '°F plateau is built up at the
level X(*°F) ~ 8.4107° in the wake of pulse 4.

The scenario for the synthesis of F sketched above involves
several factors that dictate its production level. In absence of F
destruction, the 4th post-pulse '°F is a superposition of three con-
tributions: the initial '°F with a mass fraction Xo(°F) = 2.3107°
(Xo being defined above), the partial destruction of the initial "°N,
which leads to X;5("’F) = 19 (Xo(*N) — X(“N)) /15 ~ 271077,
and the production due to the '3C neutrons, which corresponds
to X3(F) = X(F) - Xo(“F) - X15(F) ~ 3.310°, where the
subscripts 13 and 15 refer to the fact that the corresponding °F
mass fractions relate to the initial *C or N amounts!. From
this derived X;3(*°F) value, one can evaluate the efficiency of the
13C transformation into °F through

13 Xi:(F)
19 [Xo(PC) - x("O)]

fiz = 1)

! One has to remark that X,('*C) = 51077 is higher than the
value Xo(**C) = 410~ that would be obtained just by consid-
ering the ashes of the pre-pulse H-burning shell. In our model,
pulse 4 indeed ingests some additional 3C making up a bump
in the 1*C profile centered on the outer edge of pulse 3, as is
clearly visible in Fig.2 (solid line; the short-dashed line shows the
corresponding bump after pulse 4). This results from the overlap
of the tails of the proton (from the H shell) and 2C (from pulse
3) profiles at the time of maximum extent of pulse 3. In fact,
the outer edge of that pulse comes very close to the H-burning
shell. During the subsequent rezoning procedure adopted in the
numerical code, more shells are introduced in that zone. When
applying the usual interpolation scheme (i.e. logarithmic interpo-
lation weighted by the shell masses) to derive the abundances on
the new mesh points, non-zero proton and ?C abundances are
obtained in some of the newly defined layers, leading eventually to
the aforementioned *C production. This production is of course
a numerical artifact that possibly overestimates the extra amount
that would be obtained from a proper diffusion algorithm. From
our discussion of the dependence of the °F production on the
amount of *C engulfed in a pulse, it is thus concluded that the
neglect of this extra >C would reduce X;3(*°F) by a factor of ~
5107°/4107° ~ 1.25, so that the total X (*°F)-at the end of pulse
4 would amount to ~ 7.6 1075 instead of ~ 8.4 107,
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For pulse 4, fi3 ~ 0.49. The approximate 51% loss of efficiency in
the °F production through the chain C (o, '%O)n (“N,“C)p
(0, @) N (a,7) °F relates to the capture of neutrons by species
heavier than N, and in particular by *°Fe and its progeny?. One
might think that the proton capture by N (p,«) 1>C instead of
B0 (p,a) N could impede the '°F production as well. In fact, the
fraction of the protons produced by “N (n,p) “C that is hold up
in the production of 2C through N (p,a) 1?C is negligible in our
model. This results from the fact that %0 is initially abundant,
and captures most of the liberated protons. Finally, N («,y) ¥F
is not a serious branching to “N (n, p) 1“C, because the “N life-
time 7, (**N) against a-captures is longer than the 7, (**C) lifetime.
In other words, the *C (a,!%0)n (1N, “C)p sequence can oper-
ate efficiently before the opening of the N (x,y) ®F branching.
In such conditions, the latter reaction cannot drastically lower
f13. The same holds true for 0 (a,y) ?Ne.

3. Fluorine in thermal pulses: a qualitative generalization
of the detailed model

We now want to attempt extending the results of the complete
model described in Sect. 2 to other pulse situations that might be
encountered either during the further evolution of the considered
3 My, model star, or in different model stars. It is also of interest
to perform a sensitivity analysis of the predicted F yield to
some key physical quantitites, and in particular to still uncertain
nuclear reaction rates. We are currently involved in the lengthy
computation of other pulse models than those reported in Sect.
2. Before their completion, the only possible way to tackle the
above mentioned questions lies in a parametrized nucleosynthetic
approach that is hoped to mimic, at least qualitatively, the nuclear
activity of a pulse that would be derived from complete calcula-
tions. More specifically, and guided by the discussion presented in
" Sect. 2, we will examine four distinct cases in order to evaluate the
influence of (i) temperature, (ii) Xo(*C), (iii) Xo(**N) and/or
Xo(**0), and (iv) the current uncertainties in the “N (n,p)C
rate, and the impact of the newly measured '>C (n,y) *C cross
section.

In order to examine those questions, one-zone parametrized
nucleosynthesis calculations have been performed. In a situation
referred to in the following as the standard case, the pulse He-
burning is supposed to take place at constant temperature Ty =
1.8 and density p = 1500 gcm™. Those conditions are typical of
the base of pulse 4 described in Sect. 2. The initial “He, 12C, 3C,
1N, PN, 0, 0 and °F mass fractions are adopted equal to
their respective values of X, derived from the detailed models, X,
being defined in Sect. 2. This procedure implies that the whole 1*C
and N supplies to the pulse are made available instantaneously
at the beginning of the pulse. This of course contrasts with the
situation obtained in the detailed calculations, where those key
species are ingested by the pulse in a progressive way. Various
numerical tests have been performed which demonstrate that this
approximate treatment does not lead to unacceptable predictions
regarding the °F yield in conditions that are close to the ones of

2 The neutron capture by 2C is not expected to play a signifi-

cant role in the *°F synthesis efficiency, as it helps replenishing '*C
(Jorissen & Arnould 1989). This remains true even if the value
of 16.8ub measured recently by Nagai et al. (1991) is adopted for
the ?C(n,y) 3C cross section (see Sect. 3.4).

interest in this work®. For the species that are not affected by H-
or He-burning, we adopt the solar values (Anders & Grevesse
1989) scaled by the factor 0.030/0.0189 in order to deal with
Z = 0.03 objects.

Figure 3(a) shows the time evolution of the abundances of
several nuclides in the parametrized standard case defined above.
The two successive phases that characterize the '°F synthesis
in the complete models of Sect. 2 are clearly apparent in Fig.
3. First, the neutrons liberated by *C(x,n) %O are responsi-
ble for an increase of the ’N abundance above its initial value
through N (n,*C)p ('*0,a) N. Thereafter, °N is largely con-
verted into F through >N («,7) °F .The calculations have been
stopped after a time-lapse that is of the order of the duration
of pulse 4. At that point, °F has had no time to be destroyed
by PF (a,p) ?Ne. Figure 3(a) shows that the predictions of the
standard case compare quite nicely with those of the detailed
model for *0 and F, while the parametrized calculations un-
derproduce °C, “N and *N. This results from the fact that the
temperature selected in the standard case (Tg = 1.8) is close
to the bottom temperature of pulse 4, and thus overestimates
the typical average temperature of that pulse. The efficiency f1;
[Eq.(1)] derived for the standard case is f13 ~ 0.29. In view of the
many approximations involved in this parametrized calculation,
the discrepancy between this value of fi3 and f13 = 0.49 obtained
from the complete model has not to be taken too seriously.

3.1. Influence of the pulse temperature

In order to examine the influence of the pulse temperature on the
F yield, several parametrized calculations have been conducted
for pulse temperatures 1.8 < Tz < 2.9 in excess of the one
characterizing the standard case, all the other conditions being
standard. The result obtained for Ty = 2.3 is presented in Fig.
3(b).

It appears that the maximum "°F mass fraction is essentially
the same for all considered temperatures. This is expected as 1*C
and N are found to be completely destroyed at all considered
temperatures, and as fi3 [Eq.(1)] is mainly fixed by a balance
between temperature-independent neutron capture rates (Sect.
2.2). Of course, the °F lifetime ,(!°F) against a-captures becomes
shorter with increasing temperature, and could decrease below
the typical pulse duration. In such conditions, a significant '°F
destruction could result in rather hot thermal pulses (if they
indeed exist).

3.2. Influence of the initial *C supply

In the scenario presented in Sect. 2, the '°F yields depend on the
13C supply to the pulses. This quantity is in fact at the center of
a warm debate, as it has many far-reaching implications for the
nucleosynthesis (of trans-iron nuclei, especially) accompanying
3 The sudden exposure of the whole *C supply to the high
pulse temperature could lead to artificially high neutron den-
sities. For the F synthesis under consideration, the only dis-
turbing implication of such a situation would be the possi-
ble activation of the ®F(n,a) >N and “F(n,p)'®O branch-
ings over the F(B7)®O one. These branchings could con-
tribute to the F synthesis through F (n,a) "N («,y) °F and
BF (n,p) O (p,®) "N (a,y) F (Goriely et al. 1989). Those
chains are never activated in the realistic or parametrized sit-
uations considered in this paper.
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Fig. 3. Time evolution of the mass fractions of several nuclides predicted
by a one-zone parametrized model; (a) standard case. The correspond-
ing conditions are defined in the main text. The initial abundances are
Xo(*He) = 0.69, Xo(12C) = 0.17, and Xo(1%0) = 0.031; the other values
can be read on the figure; (b) same as (a), but for a constant temperature
Tg = 2.3; (c) same as (a), but for an increase of Xo(!3C) by a factor 20.
The vertical dashed line indicates the termination of pulse 4 (Sect. 2).
The black dots along that line provide the abundances at that moment
of (going upward) 1N and '3C (both at about the same position), 1°F,
N and 180, as derived from the complete evolution calculation

thermal pulses. Here, we limit ourselves to a brief discussion of
the impact of the adopted X,(*3C) value on the F yield.

The typical result presented in Fig. 3(c) is derived for the
standard conditions, except for an increase by a factor of 20 of
the initial 1*C supply. It appears that, other things being equal,
f13 is essentially the same as in the standard case . In other words,
the plateau °F mass fraction increases with X, (*3C).

3.3. Influence of the initial “*N, "N, 80 and * Al supplies

As already emphasized in Sect. 2.2, N (n,p) “C and %Al (n,p)

Mg are the main providers of the protons that are necessary
to synthesize °F through O (p,a) N («,y) “F. In otherwise
standard conditions, numerical tests performed in the framework
of our parametrized model indicate that the amount of newly
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produced “F during a pulse would be reduced by ~ 30 % or
~ 5 % by setting Xo(!*N) = 0 or Xo(*Al) = 0. In absence
of any initial N and Al, the pulse F could merely result
from the transformation of the initially available >N. These tests
emphasize the potential importance of %Al in the synthesis of
F in thermal pulses, particularly in rather “N-poor ones.

As far as N and 80 are concerned, they can influence
the level of produced °F both through their absolute and rela-
tive amounts. As already discussed in Sect. 2.2, the role of the
’N/®0 abundance ratio relates directly to the possible hold-
up of available protons by "N through N (p,a)!2C, which
reduces accordingly the efficiency of the °F producing branch
80 (p, &) "N (a,y) °F. This reduction is obviously most drastic
if

B0 <gv[®0 (p,a) "N >
BN <ov[ PN (p,a) 2C]>

< 1. @

In typical pulse conditions (1.5 < Ty < 3), the ratio of the %0 to
5N p-capture rates that appear in Eq. (2) ranges from ~ 0.4 to
6, so that the above condition translates into '*0/"N < 0.2 — 2.

This analysis is fully confirmed by numerical tests performed
in the framework of our one-zone parametrized model. In par-
ticular, the efficiency fi;3 [Eq. (1)] keeps its standard value of
~ 0.3 if Xo(®*N) = 0, all other conditions being standard. If
both Xo(**N) and Xo('*0) are set equal to zero, the resulting
efficiency fi3 ~ 0.19 is slightly lower than the standard value
f13 =~ 0.29. Such a limited reduction results from the fact that
180/5N reaches a value that, while being slightly lower than in
the standard case, remains larger than the critical value provided
by Eq. (2) during most part of the pulse. The situation is essen-
tially the same when X,(*30) = 0, X,(!*N) retaining its standard
value. This is due to the fact that 80 rapidly builds up to high
enough levels through “N (a,y) ¥F (8+)'%0.

It has to be noted that this discussion remains essentially
valid up to the highest temperatures (T3 = 3) considered in this
work.

3.4. Influence of the 2C (n,y)3C and “N (n,p) “C rates

The 2C(n,7) *C cross section used in the complete calculations
(Sect. 2), as well as in the parametrized cases reported up to now,
is the value ~ 3ub derived from the 1/v extrapolation to 30 keV
of the thermal neutron capture cross section.

After completion of the calculations reported in this work, a
much higher 30 keV experimental value of 16.8 4-2.1 ub has been
published (Nagai et al. 1991). A numerical test performed in the
framework of our parametric standard case indicates that this
new 2C(n,y) 1*C cross section value does not affect the level of
BF production. This results from the fact that '>C has not to be
considered as a regular neutron poison. The neutron absorption
by '2C indeed replenishes the neutron source '>C («,n) %0, as
already discussed in detail by Jorissen & Arnould (1989).

Finally, we have tested the influence of using the “N (n, p) *C
rate proposed by Koehler & O’Brien (1989). Their value is twice
larger than the rate of Brehm et al. (1988) used in our compu-
tations, and leads to an increase of the °F amount by roughly
a factor of 2 in our standard case. This results of course from
the fact that twice as many protons emerge from “N (n,p) 1“C,
so that twice as much 80 can be transformed into '°F through
B0 (p, ) N («,79) °F, other conditions being equal.
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4. Comparison of the computed F yield with the
observations

The comparison of the intershell fluorine abundances from our
model computations (Sect. 2.2) with the observed ones presented
in Paper II is not possible in a fully self-consistent way, since
no mixing of the matter from the intershell zone into the outer
convective envelope (third dredge-up) is predicted by our calcu-
lations (see Fig. 1). Our modelled star thus remains of type M
with a constant surface C/O ratio since the first dredge-up. This
is in fact the case for many of the calculations that have followed
the original suggestion by Iben (1975) that the spectroscopic se-
quence M - MS - S - SC - N could be accounted for by an
increase of the surface C/O ratio due to the third dredge-up (see
the review by Lattanzio 1989). Nevertheless, a confrontation of
our results with the observations can be attempted by assuming
various depths for the dredge-up.

Figure 4 shows the modification of the surface '2C, N, 0
and °F abundances as an increasing amount of matter from the
intershell zone is mixed with the envelope just after the 4th pulse.
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Fig.4. Modification of the envelope abundances of 12C, “N, 80 and
9F resulting from the mixing of various amounts of intershell matter
after the 4th pulse. The plateau in the '2C, 130 and '°F curves for very
small dredged-up masses correspond to the dredge-up of matter from the
H-burning shell that is devoid in these species

Given the mass extension of this pulse (~ 31072 M), a realistic
mass of dredged-up matter after one pulse is probably a few
1073 Mg .If each in a series of pulses could be followed by a
dredge-up, the total mass contaminating the envelope might be
as large as a few 1072 M. If, in addition, the intershell '°F abun-
dance after the 4th pulse could be considered as representative
of the intershell composition after later pulses*, Fig. 4 might be
used to evaluate the effect of multiple dredge-ups as well, typical
dredged-up masses being of the order of ~ 1072 My, in such a
case. Large “F overabundances with respect to the solar system
value are then obtained. Figure 5 presents ['°F/!°0] vs. 12C/%0

4 Following the discussion of Sect.2.2, this might not be such

a bad approximation, at least as long as 'O (x,y)?Ne and
YF («,p) ®Ne do not operate.
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Fig. 5. Comparison between the predicted ([!°F/160],12C/'%0) relation
(solid line, deduced from Fig. 4) and the observations of Paper II. For the
sake of comparison with our theoretical results, the data points have been
normalized to the solar system fluorine abundance (log Nr = 4.48 in the
log Ny = 12 scale; Anders & Grevesse 1989) instead of being normalized
to the mean value of the K and M stars, as in Paper II (log Nr = 4.69)

deduced from Fig. 4, and provides the basis for a comparison
with the observations.

The curve deduced from our model computations goes nicely
through the points corresponding to M and S stars. This good
agreement is not really a surprise, since it is shown in Paper II
(Sect. 3.2) that the observed F overabundances in S stars require a
F mass fraction of ~ 10~* in the dredged-up matter, as obtained
in our detailed computations.

At this point, it should be recalled that our theoretical pre-
dictions suffer from several uncertainties, which are nevertheless
not expected to alter the general agreement obtained above. The
impact on the °F yield of the *C that is possibly of numerical
origin (see footnote 1) is easy to evaluate. It increases the F
yield by a factor ~ 1.1, according to the discussion of Sect. 2.2.
The effect of the assumption that protons are homogeneously
mixed accross the convective zone whereas their nuclear life-
time is shorter than the convective mixing timescale (Sect. 2.1)
is more difficult to assess. Another important uncertainty arises
from the still debated “N (n,p)*C cross section (Brehm et al.
1988; Koehler & O’Brien 1989), as discussed in Sect. 3.4. Finally,
also note that our model computations correspond to a star with
Z = 0.03, or [Fe/H] = 0.21, while the observed S stars have
—0.2 < [Fe/H] < 0.0.

Our model fails to reproduce the observed heavy element
overabundances as well as the %0/!30 ratio, though it is unlikely
that these failures are related to the above mentioned uncertain-
ties. The absence of s-process episode during the AGB evolution
is a widespread difficulty among current AGB models (at least for
metallicities Z = 0.005), as reviewed by Arnould (1991). On the
other hand, our models predict a decrease of the %0/'%0 ratio
with respect to the solar system value’, as apparent from Fig. 4.
This prediction, due basically to the low temperature encountered
in our thermal pulses, is not confirmed by the observations, which
> The first dredge-up is predicted to increase '%0/'%0 by only ~
30% in our 3 Mg model star, in agreement with the observations
(Harris & Lambert 1984a,b). This result is obtained with the use
of the revised "0 proton capture rates of Landré et al. (1989).
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show instead ratios in excess of the solar system value (Smith &
Lambert 1990). This observed behavior is not well understood,
however. It might be imagined that the contamination of the
stellar envelope with a large enough quantity of material from
pulses that are hot enough for allowing the destruction of %0
by a-captures could provide a satisfactory explanation. However,
this scenario might raise other difficulties, either by leading to
a too large surface carbon abundance if 2C(a,y) %0 is slow
enough in pulse conditions, or by being responsible for an ele-
mental oxygen overabundance otherwise. Such an overabundance
is not observed. In addition, it appears likely that “F, even if
produced during a rather hot thermal pulse, will have time to be
significantly destroyed by the end of the pulse (Sect. 3.1). In such
conditions, a succession of hot thermal pulses might make diffi-
cult the interpretation of the observed fluorine overabundances.

In conclusion, there seems to be no way to reconcile the
present model predictions with the high %0/!%0 ratios that are
observed. This has forced Smith & Lambert (1990) to suggest
that those anomalous ratios might just be a signature of the
composition at stellar birth, at least for stars with metallicities
lower than solar.

5. Summary

Detailed models for a Z = 0.03 3M,, star including a self-
consistent treatment of the associated nucleosynthesis reveal that
fluorine can be produced through “N («,y) '*F (%) 180 (p, ) N
(«,y) ¥F during the thermal pulses that develop during the AGB
phase. The protons come from “N (n,p) “C, and, to a lesser ex-
tent, from Al (n, p) Mg, the necessary neutrons being released
by 3C(«,n)'®O. This chain operates at the onset of a thermal
pulse when the 3C- and “N-rich ashes of the H-burning shell
are ingested by the convective shell. Obviously, its efficiency is
maximum when the released neutrons are essentially used up
to produce protons through (n,p) reactions, and when those
protons are captured by '80. Our detailed pulse computations
complemented with parametrized one-zone models indicate that
these conditions can be met in a large variety of plausible pulse
situations. Some F can also be synthesized directly from the
5N ingested at the onset of a pulse through N («,7) °F. Our
complete models indicate that °F in the intershell zone saturates
at the level X(*°F) ~ 10~ after just a few pulses, and that the
pulses are always too cold to allow a significant '°F destruction
through “F (a, p) 2Ne.

If this F- and C-rich matter can be dredged-up into the en-
velope, it is possible to account for the observed ([F/O], ?C/'%0)
correlation in K, M and S stars (Jorissen et al. 1991). This third
dredge-up episode is not predicted self-consistently by our com-
putations, and has to be introduced artificially. In addition, the
most F-rich S- and N-stars require larger F production levels
than those found here, which might call for a primary 3C supply.
This is also required in order to explain the observed s-process
enrichments.

Besides the lack of s-processing and dredge-ups, which is
a common failure of current AGB models, our model predicts
lower surface '%0/'®0 ratios than solar, while observations call
for higher values. The puzzle raised by these data remains a
challenge for future model calculations and observations.
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Although an AGB model in quantitative agreement with all
observed abundance constraints still remains to be constructed,
our computations provide the first quantitative and self-consistent
scenario for the production of fluorine in highly evolved red giant
stars. These objects are also likely to be key contributors to the
galactic, and consequently solar, fluorine. This question has to
be examined further through the modeling of AGB stars with
different masses and metallicities, and through detailed models
for the chemical evolution of the Galaxy.
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