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Abstract. Neutron-capture processes made most of the abundances of heavy
elements in the Solar System, however they cannot produce a number of rare
proton-rich stable isotopes (p–nuclei) lying on the left side of the valley of sta-
bility. The γ–process, i.e., a chain of photodisintegrations starting on heavy
nuclei, is recognized and generally accepted as a feasible process for the syn-
thesis of p–nuclei in core collapse supernovae (CCSNe). However this scenario
still leaves some puzzling discrepancies between theory and observations. We
aim to explore in more detail the γ–process production from massive stars, us-
ing different sets of CCSNe models and the latest nuclear reaction rates. Here
we show our preliminary analysis, by identifying the γ–process sites and focus-
ing on progenitors of CCSNe that experience a C–O shell merger just before the
collapse of the Fe core.

1 Introduction

The existence of 35 stable p–rich isotopes of elements above Fe1 shows that not all the heavy
nuclides are made by the slow [1] and rapid [2] neutron capture processes, and alternative pro-
cesses must exist. These neutron-deficient nuclei have been thought to be produced through
a chain of photodisintegrations on heavy isotopes, historically known as p– or γ–process
[3–6]. This process is still widely accepted today as a main candidate for the origin of most
of the p-rich heavy isotopes. It is activated in O/Ne rich layers of massive stars during core
collapse supernova (CCSN) explosions on pre-existing local and heavier nuclides.

Although the γ–process nucleosynthesis in CCSNe has been explored for many decades,
there are still some fundamental problems with it. The main two historical limitations of
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Figure 1. Abundance distribution before (dashed) and after (solid) the CCSN explosion in a 20 M⊙ at
Z=0.02 [14]. The p–nuclei 84Sr, 130Ba and 184Os are taken as representative for the γ–process nucle-
osynthesis.

the γ–process in massive stars are that (1) the average p–process yields result in an under-
production by about a factor of three relative to the amount required to explain the Solar
System distribution [7, 8]; and (2) 92,94Mo and 96,98Ru are systematically under-produced by
more than an order of magnitude compared to the other p–process species [9]. To overcome
these problems, the γ–process from thermonuclear supernovae (SNIa), from the explosion
of white dwarfs [10], has been proposed as an additional astrophysical source [8]. How-
ever, large uncertainties are affecting also this alternative γ–process astrophysical source,
for example how many SNIa are generated from the Chandrasekhar mass progenitors (see
discussion in [11]). Recently, [12] suggested that the efficiency of the γ–process could be en-
hanced in fast rotating massive stars at sub-solar metallicity, due to an increased production
of s–process seeds. However, the frequency of such spinstars in the latest stellar generations
is still unclear. Therefore, it becomes of paramount importance to explore in more detail
possible solutions that could solve the problems of the γ–process production from massive
stars, in particular for Mo-Ru region.

Our new project is a collaboration with scientists at the Institute for nuclear research
(ATOMKI) in Debrecen and with an international research team of nuclear astrophysics ex-
perts, with the aim of studying in detail the γ–process nucleosynthesis in CCSNe. The main
goals of this project are the analysis of γ–process yields in existing sets of CCSN models, the
update of the nuclear reaction rates for the γ–process nucleosynthesis, and finally the pro-
duction of γ–process stellar yields in new sets of CCSNe, using the NuGrid nucleosynthesis
codes [13].

2 The γ–process nucleosynthesis in our CCSN models

In the preliminary analysis presented here we consider massive star explosions for progen-
itor with an initial mass of 15, 20, and 25 M⊙ [14–17]. The typical production site for the
γ–process nucleosynthesis shown in Figure 1 corresponds to the O/Ne–rich layers that the
shock wave crosses after the CCSN explosion. This region of the star reaches a peak temper-
ature between 2.5 and 3.3 × 109 K, which is the characteristic value at which photodisinte-
grations can efficiently convert the heavy material into neutron deficient nuclides. A useful
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Figure 2. Normalized p–nuclide overproduction factors of the total ejected yields for the model showed
in Figure 1. The orange symbols represent the p–nuclei that may have an additional explosive contri-
bution, while the green symbols represent the p–nuclei that have also s–, r–process or neutrino-capture
contributions.

parameter to evaluate the efficiency of the γ–process nucleosynthesis is the normalized p–
nuclide overproduction factor Fi/F0 (Figure 2), where the overproduction factor Fi represents
the production of the ith p–nuclide with respect to solar, while F0 is the average overpro-
duction factor for all the γ–process isotopes. The average overproduction factor F0 is often
compared to the overproduction factor of 16O, one of the main products of CCSNe. It should
be noted that not all the p–nuclei have a γ–process only origin. In fact, the lighter nuclei
may have an additional contribution from other explosive nucleosynthetic components, e.g.,
α-process [18] or neutrino winds [19]. Some other p–nuclei may also have a s–, r–process
and neutrino-capture contribution [9, 20]. Therefore, F0 must be considered carefully: it
could be enhanced by an isotope having also an additional component, or it could be reduced
if some nucleosynthesis components are missing.

On top of the γ–process in the O/Ne–rich layers, massive stars may experience the inges-
tion of some C in the O convective shell in the latest stages of their evolution [14, 15, 21, 22].
This leads to the formation of an extended mixed convective zone in which the C shell ma-
terial is brought to O burning temperature triggering an efficient γ–process nucleosynthesis
(Figure 3). In this case, a large fraction of the CCSN yields of γ–process isotopes is dom-
inated by the production in this convective C–O shell before the explosion, and their abun-
dance might increase by orders of magnitude as compared to standard massive star models.
Therefore, the C–O shell mergers may provide an additional production site for the γ–process
nucleosynthesis in massive stars, leaving different fingerprints on the overproduction factors
that will need to be studied in detail (Figure 4).

3 Conclusions and outlook

Although much progress has been made in the framework of the computation of stellar mod-
els and nucleosynthesis, the interpretation of the p–nuclei abundance pattern in the Solar
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Figure 3. Abundance distribution before (dashed) and after (solid) the CCSN explosion in a 15 M⊙ at
Z=0.02 [14]. In this particular case, the star experiences a C–O shell merger just before the explosion
and the γ–process nuclei abundances are dominated by the pre-supernova production during the merger.
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Figure 4. Same as Figure 2 but in the case of the star showed in Figure 3. In this case, there is a larger
relative production of the isotopes that have an only γ–process contribution.

System is unclear and severe discrepancies still exist. Our upcoming more detailed study of
the γ–process nucleosynthesis in massive stars is required to shed light on their production
and to explore alternative scenarios. For example, the C–O shell merger in the latest stage of
the evolution of massive stars needs to be analyzed. In this case, the production of γ–process
isotopes is significantly increased before the explosion. Our goal in the next future is to com-
pute a new set of CCSN models, taking into account models with C–O shell mergers and with
an updated γ–process nuclear network.
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