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The s-process production in massive stars at very low metadgits expected to be negligible
due to the low abundance of the neutron sodftNe, to primary neutron poisons and decreasing
iron seed abundances. However, recent models of massigarsthuding the effects of rotation
show that a strong production éfNe is possible in the helium core, as a consequence of the
primary nitrogen production (observed in halo metal poarsgt Using the PPN post-processing
code, we studied the impact of this prim&ANe on thes process. We find a large production
of selements between strontium and barium, starting with theuarnof primary?’Ne predicted

by stellar models. There are several key reaction rate tainges influencing thes-process
efficiency. Among them!’O(a,y) may play a crucial role strongly influencing tiseprocess
efficiency, or it may play a negligible role, according to thée used in the calculations. We also
report on the development of a new parallel (MPI) post-psstey code (MPPNP) designed to
follow the complete nucleosynthesis in stars on highly lkesbgrids. We present here the first
post-processing run from the ZAMS up to the end of helium mgior a 15M., model.
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1. Introduction

Massive stars are known to produce elements heavier thainotihgroup via rapid neutron
captures during their explosion,process (see for example the contribution by Qian and Kratz e
al. 2007 [1]) and also via slow neutron capturegiocess) during the pre-supernova evolution,
forming the so-called weak component. The wea& process in massive stars with initial solar
like composition is well understooc?®?Ne is the main neutron source and it is produced starting
from the initial CNO isotopes (The et al. 2000 and 20[7[]2,Riteri et al. 1991[[4[]5], Pig-
natari et al. in prep.). The weakprocess, producing mostly elements in the atomic mass range
60 < A <90, starts at the end of helium burning when the temperasunéggh enough to activate
22Ne(a,n)*>Mg. More massive stars reach higher temperatures at thefétetourning and there-
fore burn more?Ne. Consequentlg-process production during central helium burning incesas
with increasing stellar mass. TR&\e left over from helium burning is the main neutron source
during the subsequent carbon shell burning. The carboih spebcess contribution depends on
the history of convective zones after the He-core burning) @m different nuclear uncertainties
(e. g. 2C(a,y)*0). The standard-process production in massive stars depends on the initial
metallicity. At low metallicity, the low iron seed abundandhe low?’Ne content and the increas-
ing strength of primary neutron poisons limits therocess efficiency, permitting only negligible
production ofs elements (e. g. Raiteri et al. 1992 [6]).

2. Weak sprocess at low metallicity in rotating stars

At solar metallicity, the main effect of rotation on tegrocess production is the enlargement
of convective helium core due to additional mixing and tfenes a behaviour like non-rotating
more massive star§|[7]. Thus a 25.Mtar with rotation behaves like non-rotating stars with
masses between 30 and 4Q,MHence thes-process efficiency in He-core burning is enhanced in
rotating stars (Frischknecht et al. in prep.).

At low metallicity, the impact of rotation is more importarindeed, at the start of core He-
burning, carbon and oxygen are mixed upward into hydroggmragions leading to a strong pro-
duction of nitrogen (see Meynet et al. 200p [8] and Hirsct@2{8]). Part of this primary nitrogen
may enter the convective He core and be transformed intoapyifiNe by a-captures. As a con-
sequence, with respect to the non-rotating models?4Ne available in the He-core is strongly
enhanced. According to Hirschi (2008][10]), about 1% in nafde helium core is composed of
22Ne at thes-process activation.

We present in Fig[]1 one-zone post-processing runs up tonith@feHe-burning calculated
with the PPN code (see next Sect.) with an initial metajlioit Z= 10-°. In order to reproduce the
effect of rotational mixing on the helium burning core comattion in the one-zone calculation, we
replaced 1% in mass 6He by??Ne at the start of helium burning. The prima&iNe enhances the
sprocess compared to the non-rotating case, where negligihbunts o§ elements are produced.
The highest nucleosynthesis efficiency is around Sr withireeluction factorsX; /Xini) between
thousand and ten thousand. As can be seen in[Fig. 1, iron aedds general elements lighter
than strontium feed the nucleosynthesis in the mass region between strontium (parium
(Ba). Beyond Ba, theefficiency rapidly falls, depending on the total neutrona@syre. The major
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Figure 1: The overproduction factors after He-burning in the oneezpost-processing calculations. Using
alow’O(a, y) rate (black crosses) leads to a strong increasepmbcess overproduction between Sr and
Ba. Isotopes withX; /Xini below the lower limit are not plotted.

neutron poisons art0, 2°Mg and??Ne, where'®O is the strongest neutron absorber. Whether
or not 80 is an efficient poison depends on the ratid @(a, y) to 1’O(a,n). According to the
study of Descouvemont (199B]11]), the, y) channel should be orders of magnitude weaker than
the (a,n) channel, in which case the neutrons captured®yare recycled by’O(a,n). On the
other hand, using the rates of Caughlan and Fowler (1p89,[12)(a, y) is about a factor ten
slower thart’O(a,n) and a significant fraction of neutrons captured'®® are not re-emitted. In
this case®0 is the strongest neutron poison. In Hi. 1, we show the itapoe of thé"’O(a, y)
rate by comparing the isotopic distributions obtained gisive rate of Caughlan and Fowler (1988
[LZ]) (red triangles) and using this same rate divided byc#fal 000 to reproduce ther, y)/(a,n)
ratio suggested by Descouvemont (193 [11]) (black crysJd=e differents-process production
between the two calculations demonstrates the importahtreed’O(a, y) to ’O(a, n) ratio for
the s process at low metallicity. This was also suggested by RaygtHashimoto (2004 []L3]) in
standards-process calculations in massive stars at low metalli¢itgwever, because of the large
primary 2’Ne production in rotating stars, in the present calculatite impact of thé’O(a, y)

to 1’O(a, n) ratio on thes-process efficiency is much stronger than in Rayet and Haxthig2000
[L3]). A better knowledge of these two rates at He-burnimggerature is highly desirable in order
to obtain more reliables-process calculations at very low metallicity. The stromgduction ofs
elements between Sr and Ba is in agreement with Pignatalri @098 [1#]), where thé’O(a, y)
rate of Descouvemont 199B]11] is used and where the amoymirofiry 2?Ne is in agreement
with Hirschi 2008 [Ip]. The boostesiprocess due to primaid*N production may provide a new
s-process component with important implications for nusigthesis at low metallicity. Massive
rotating stars may therefore contribute considerable asoof isotopic abundances between Sr
and Ba to the Galactic chemical evolution at halo metaldisitwhich could provide a possibility
to explain the high Sr enrichment and the high Sr/Ba ratie @ignatari et al. 200§ [[L4] for more
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details). In order to make a quantitative and more precaterstent about the importance of this
process occurring in rotating low-metallicity stars, hat investigations are needed.

3. Multi-zone parallel (MPI) post-processing code, M PPNP

Although only a few isotopes are crucial for the energy gatien in massive stars, many
more are important for the nucleosynthesis, for examplesterchine how muck process is made
in massive stars. Since it is not necessary to follow maniiede species within a stellar evolution
calculation, we developed a post-processing networkeddlPN, that allows us to follow the
complete nucleosynthesis taking place in massive staatsdtenables testing of the importance of
various reaction rates and especially the use of the sanoé setlear reactions in different stellar
environments. The MPPNP variant uses MPI and is therefo@hifaster than a serial code. Using
MPPNP, we have post-processed a full stellar evolution tafdes M, at Z= 0.01 calculated with
the Geneva codég [[L5] from the ZAMS up to the end of helium mgniith a 400-isotope network
up to Ag. The overabundance pattern at the end of the coreutterly phase is shown in Fi] 2.
As expected, the weadprocess production in a M. star is modest, with overproduction factors
up to 10 fors-only isotopes between iron and strontium. This is due tddwecentral temperature
reached at the end of the core He-burning phase ind5Star (compared to more massive stars)
with a marginal activation of thé’Ne(a,n)?>Mg during He-burning. We are currently testing
MPPNP in the advanced stages and we plan to calculate theuitlbosynthesis for a large range
of masses and metallicities. The MPPNP code will also be talp®st-process AGB models (see
contribution by Pignatari) and another variant of PPN,eshlTPPNP will follow trajectories of
multi-dimensional simulations of supernova explosion eonvective-reactive events in stars (see
contribution by Herwig).

15M,, Z=10E-2, end of He burning
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Figure 2: Overproduction factors in the convective core at the end eddrning. Isotopes witb; /Xini
below the lower limit are not plotted.
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