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Abstract. The chemical evolution of asymptotic giant branch (AGB) stars depends greatly
on the input physics (e.g., mass loss recipe, convective model). Variations in the hot bottom
burning (HBB) strength, third dredge-up (TDU) efficiency and AGB evolutionary timescale
are among the main consequences of adopting different input physics. The ATON evolu-
tionary code stands apart from others in that it uses the Blocker mass loss prescription and
the Full Spectrum of Turbulence (FST) convective model. We have developed an s-process
module for ATON by extending the element network from 30 to 320 elements, which uses
the physical inputs (such as temperature or density) calculated by ATON. Here we present
the first preliminary results of s-process nucleosynthesis for ATON AGB models with differ-
ent progenitor masses. These preliminary results are compared with predictions from other
AGB nucleosynthesis models that use different input physics. We also outline our future
tasks to improve the current s-process ATON simulations.
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1. Introduction

In the world of computer simulations assump-
tions and simplifications can have a great im-
pact on the results. Asymptotic giant branch
(AGB) evolutionary models are not an excep-
tion to this. The simulated hot bottom burn-
ing (HBB) strength, third dredge-up (TDU) ef-
ficiency and AGB evolutionary timescale are
some of the physical processes that can be
strongly affected by the input physics such
as the mass loss prescription and the adopted

model for convection (Mazzitelli et al.J[1999;
Karakas & Lattanziol2014)). These differences
in the simulated behaviour of physical mecha-
nisms have, in turn, an effect on the modelled
AGB chemical abundance yields, which can be
observed. It is therefore of interest to perform
numerical experiments in order to understand
more about the nature of these stars.

Among the different AGB evolutionary
codes used in the literature (e.g., ATON:
Ventura et al.[2008; MONASH: [Karakas/[2010;
FRANEC: Straniero et al.|[1997; (Cristallo et
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al. 2009; EVOL.: Blockerl[1995; Herwig|2000)
ATON stands appart in that it uses as standard
a combination of the Blocker mass loss pre-
scription and the Full Spectrum of Turbulence
(FST) convective model. However, ATON has
so far lacked the capability of performing the
nucleosynthesis due to slow neutron captures
(the s-process), limiting the chemical informa-
tion to just 30 species. To enable a richer output
to study the dependence of the s-process nucle-
osynthesis on different input physics, we built
an ATON module for s-process nucleosynthe-
sis including 320 nuclear species up to Pb and
Bi (Yagiie et al., in preparation). The network
is the same as that of Lugaro et al| (2012}
2014) and includes neutron capture rates and
B-disintegrations, which are essential for the s-
process simulations.

2. S-process module design

For this s-process module we have opted for a
post-processing approach where we use ATON
models physical output (temperature and den-
sity) and employ the same convective criterion
to perform the chemical mixing and burning.

2.1. Chemical mixing

There are two mixing effects in our post-
processing code which change the chemical
distribution. One is convective mixing, which
is performed instantaneously (as opposed to
diffusively). The other is overshooting, which
is also performed non-diffusively, but keeping
an abundance profile (akin to a partial mix-
ing zone). A detailed explanation of the over-
shooting mechanism implemented in ATON
(in which we have based the implementation
in our post-processing code) can be found in
Ventura et al.| (1998)).

From these two mixing processes, the over-
shooting one might be the least consistent
with ATON. The different implementations in
ATON and in the post-processing (s-process)
code might give us a slightly inconsistent
physics for our chemical profiles in the nu-
cleosynthesis step. However, we do not expect
this to be determinant for the evolution of the
s-process species.
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2.2. Chemical burning

The numerical problem arising from s-process
simulations is characterized by a large (~300)
system of first-order non-linear stiff ordinary
differential equations (ODEs). This stiffness
(exemplified by Fig.[I) forces us to turn our at-
tention to implicit or semi-implicit methods. In
Longland et al.| (2014) we found a comparison
of three of such schemes, out of which we have
found that the Bader-Deuflhard method had the
best performance for our selection of parame-
ters (Bader & Deuflhard|[1983)).

Forward Euler

L0 L0
20{|— h=25
— h=15
15— h=05
— h=01

Fig. 1. Example of the stiff ODE y” = -y. The dark
blue line represents the analytical solution to the
equation. The other lines represent numerical solu-
tions using Forward Euler’s method with different
step sizes (h). Notice that for h > 2 the numerical
solution is unstable.

In order to speed up the algorithm we do
not update the jacobian at each substep and
we take advantage of its sparsity. We also al-
low the code to reach a number of substeps be-
fore reducing the base timestep higher than in
Longland-etal (2014) (from 50 to 4114, which
in our tests appeared to be the optimum value
for these simulations). This change means that
our code performs fewer expensive jacobian
inversions per timestep at the cost of perform-
ing more backwards substitutions, as well as
allowing us to work with larger timesteps.

Finally, we successfully tested our inte-
gration code against the results produced by
MONASH models which use the same nuclear
network.
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Table 1. S-process AGB nucleosynthesis results and comparison with [van Raai et al.| (2012)*

Ratio 3M, 4M, 5M,  4My* 5My* 6 M, *
[Rb/Fe] 0.06 0.03 001 0.01(0.03) 0.05(0.33) 0.21(0.73)
[Zr/Fe] 0.06 003 0.02 0.01(0.03) 0.01(0.16) 0.07 (0.46)
[Rb/Zr] 0.00 0.00 -0.01 0.00(0.00) 0.03(0.17) 0.14(0.27)
[FRb/PRb] 002 -0.01 0.00 0.01(0.02) 0.07(0.37) 0.25(0.61)

“The columns marked with asterisks correspond to thelvan Raai et al.|(2012) data where we are showing the
values predicted without the presence of a '3C pocket. The values in parenthesis (in better agreement with
observations, see Table 2} [Zamora et al|2014)) are those predicted for the same simulation after a synthetic

AGB extension.

3. ATON s-process preliminary
results

We performed eightteen s-process simulations
for 3, 4 and 5 Mg, stellar models at solar metal-
licity with ~10 mesh points in the '*C pocket,
which is a thin region in the He-rich intershell
where partial mixing leads to the formation of
the neutron source nuclei '*C, a mass loss pa-
rameter of 0.1 and overshooting parameters of
0.0, 0.2, 0.4, 0.6, 0.8 and 1.2. Curiously, we
found our preliminary simulations to show lit-
tle dependence on the overshooting parameter
and the results presented here are those ob-
tained with an overshooting parameter of 1.2
(which we recognize it may be unrealistically
high).

Our preliminary results for the Rb and
Zr abundances in the three different simula-
tions of 3, 4 and 5 My AGBs are shown
in Table [l where we compare also with the
MONASH models from|van Raai et al.| (2012).
The MONASH models use the [Vassiliadis &
Wood (1993)) recipe for mass loss and the stan-
dard mixing length theory (MLT) for convec-
tion (see also [Karakas|[2010| for more details).
We have chosen Rb and Zr due to two main
reasons: first, they are key species for the s-
process site (e.g., |Abia et al. 2001 |Garcia-
Hernandez et al.l[2006) and thus of the pro-
genitor mass of AGB stars (**Ne is expected
to be the dominant neutron source in the more
massive AGB stars; say > 3-4 Mg); second,
they can be measured from spectroscopic ob-
servations of AGB stars with different progen-
itor masses (e.g., |IAbia et al.|[2001; |Garcia-
Hernandez et al.l[2006] 2007). From Table [I]

we can see that, although slightly present, the
Rb and Zr abundances in our models are lower
(by ~0.2 - 0.3 dex in the most massive mod-
els) than those from [van Raai et al. (2012);
our Rb and Zr abundances are near the lower
end of the abundance ranges given by these
authors, which depend on the size of the '*C
pocket and the inclusion of synthetic extended
AGB evolution. Also, our Rb and Zr predic-
tions are much lower (up to ~0.5 - 1.0 dex in
Rb for the most Rb-rich stars and ~0.1 - 0.3
dex in Zr) than the most actual Rb and Zr abun-
dances measured in solar metallicity massive
AGB stars of our Galaxy (Zamora et al.[2014)
and shown in Table[2]

4. Discussion

Our preliminary ATON s-process nucleosyn-
thesis results show very little s-process element
enhacements at the stellar surface. A schematic
view of the last models for the 3 Mg (left
panel) and the 5 Mg, (right panel) simulations
are shown in Fig.[2l The lack of s-process over-
abundances may simply be due to inefficient
TDU in our models although other effects may
also be at play such as e.g., a non appropriate
spatial sampling in the intershell region (see
below).

To check the efficiency of the TDU in these
models, we can calculate the abundances if
the intershell values were completely homog-
enized with the envelope. For example, in the
3 M, case, a “totally” homogenized intershell
would give us surface abundances of [Rb/Fe]
~ 0.5 and [Zr/Fe] ~ 0.6 dex, while in the 5
Mg case they go down to ~0.1 and ~0.2 dex,



240

A. Yagiie et al.: S-process nucleosynthesis in AGB models with FST

Table 2. Observed abundances of Rb and Zr in massive Galactic AGB stars“

IRAS name  05098-6422  06300+6058  18429-1721  19059-2219
[Rb/Fe] 0.0+04 0.5+0.7 1.0+04 0.8+0.7
[Zr/Fe] <03+03 <0.1+03 <03+03 <03+03
[Rb/Zr] -03+0.7 04+1.0 0.7+0.7 05+1.0

“Rb and Zr abundances from [Zamora et al.| (2014) where they have used more realistic dynamical atmo-
sphere models for AGB stars than in previous studies (Garcia-Hernandez et al.|2006, 2007, 2009).
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Fig. 2. The last model for our 3 My (left panel) and 5 M, (right panel) simulations is shown. In these
models can be appreciated that, although there has been a moderate Rb enrichment in the intershell, it had
almost no impact in the convective envelope abundance. The enriched region size and the envelope size of
these models allow us to calculate the approximate abundances in the surface should we mix completely

the intershell into the convective envelope (see text).

respectively. This means that although we are
producing some abundances of the s-process
elements in the intershell, they are not being
efficiently transported to the stellar surface.

In the comparison with the jvan Raai et
al.| (2012) predictions we also have to keep in
mind that the minimum progenitor mass for the
activation of HBB (~5 My) in their models is
higher than ours; ATON reaches higher tem-
peratures at the bottom of the convective en-
velope, predicting the activation of HBB for a
lower progenitor mass of ~3.5 Mg. Thus, our
3, 4 and 5 My models may find a jvan Raai et
al.| (2012)) counterpart in their 4, 5 and 6 Mg
models, respectively.

A solution to reach higher Rb and Zr over-
abundances at the stellar surface (in better
agreement with the observations; see Table
[2) might be to use a more efficient TDU
(which would imply a change in ATON mod-

els) or a stronger overshooting in our simula-
tions (which would imply a bigger '*C pocket).
On the other hand, we could also extend the
AGB lifetime by changing the mass loss pre-
scription, allowing for more thermal pulses
and dredge-up episodes to occur. However, the
slight dependence of our s-process nucleosyn-
thesis results with the overshooting parameter
and with the stellar mass (the activation of the
13C and ?*Ne neutron sources) suggests that a
numerical problem such as the intershell spa-
tial resolution may be affecting our preliminary
simulations. We have used a low-resolution for
the intershell region (~10 mesh points for the
13C pocket) that is likely affecting the chemi-
cal evolution of the models. As we can see in
Fig. B] (where a ~40 mesh points '*C pocket
is shown), the '3C pocket and the '*N max-
imum form in close proximity to each other
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Fig. 3. These two panels represent two different evolutionary points (spanning four thousand years) of
the '3C pocket region in a high spatial resolution 4 M, AGB simulation. At the beginning (left panel) the
neutron density increases due to the *C(a, n)'°0 reaction [Karakas & Lattanzid 2014). This, in turn, affects
the s-process abundances, here represented by 8’Rb (right panel). The proximity of the '*C pocket to the
14N rich zone is the reason why it is important to have enough spatial resolution in this region (see text for

more details).

2003; |Cristallo_et alll2009). Considering the
fact that the '*N is a neutron poison (Karakas &
Lattanzioll2014)), the neutron density will only
grow in the gap between these two maxima
(Fig. B). This means that if the '*C is poorly
sampled this gap could disappear completely,
inhibiting the neutron density peak, which is
fundamental for the s-process nucleosynthesis.
We conclude that in our models we need a
much higher spatial resolution in the intershell
region (i.e., near and in the '3C pocket region).
Indeed, on-going simulations using higher in-
tershell spatial resolutions predict much higher
levels of Rb and Zr at the stellar surface, even
for much lower (and more realistic) overshoot-
ing parameters (Yagiie et al., in preparation).

5. Summary and future work

We have performed several s-process nu-
cleosynthesis preliminary simulations for the
ATON evolutionary code in the range of the
massive (3-5 My) HBB AGBs at solar metal-
licity. We have then compared these prelimi-
nar predictions with the most recent Rb and Zr
abundances determination in massive Galactic
AGB stars as well as with other AGB nu-
cleosynthesis models. Our preliminary models
give somewhat inconsistent results (e.g., non

dependence with the overshooting strength and
progenitor mass) and do not match the obser-
vations and current models predictions for Rb
and Zr. We explored possible causes for this
mismatch and we identify the low intershell
spatial resolution used as the most likely rea-
son. In the near future, we plan to use much
higher spatial resolutions, different mass loss
prescriptions and TDU efficiencies. We will
also extend these simulations to the whole
AGB mass range (1-8 M) and other metallic-
1ties.
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