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Abstract

The production of the heavy stable proton-rich isotopes between 74Se and 196Hg—the p nuclides—is due to the
contribution from different nucleosynthesis processes, activated in different types of stars. Whereas these processes
have been subject to various studies, their relative contributions to Galactic chemical evolution (GCE) are still a
matter of debate. Here we investigate for the first time the nucleosynthesis of p nuclides in GCE by including
metallicity and progenitor mass-dependent yields of core-collapse supernovae (ccSNe) into a chemical evolution
model. We used a grid of metallicities and progenitor masses from two different sets of stellar yields and followed
the contribution of ccSNe to the Galactic abundances as a function of time. In combination with previous studies
on p-nucleus production in thermonuclear supernovae (SNIa), and using the same GCE description, this allows us
to compare the respective roles of SNeIa and ccSNe in the production of p-nuclei in the Galaxy. The γ process in
ccSN is very efficient for a wide range of progenitor masses (13Me–25Me) at solar metallicity. Since it is a
secondary process with its efficiency depending on the initial abundance of heavy elements, its contribution is
strongly reduced below solar metallicity. This makes it challenging to explain the inventory of the p nuclides in the
solar system by the contribution from ccSNe alone. In particular, we find that ccSNe contribute less than 10% of
the solar p nuclide abundances, with only a few exceptions. Due to the uncertain contribution from
other nucleosynthesis sites in ccSNe, such as neutrino winds or α-rich freeze out, we conclude that the light
p-nuclides 74Se, 78Kr, 84Sr, and 92Mo may either still be completely or only partially produced in ccSNe. The
γ-process accounts for up to twice the relative solar abundances for 74Se in one set of stellar models and 196Hg
in the other set. The solar abundance of the heaviest p nucleus 196Hg is reproduced within uncertainties in one set
of our models due to photodisintegration of the Pb isotopes 208,207,206Pb. For all other p nuclides, abundances
as low as 2% of the solar level were obtained.

Key words: Galaxy: abundances – Galaxy: evolution – nuclear reactions, nucleosynthesis, abundances –
supernovae: general
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1. Introduction

The pioneering works of Cameron (1957) and Burbidge
et al. (1957) realized that the production of 35 stable nuclides
between 74Se and 196Hg on the proton-rich side of the valley of
stability, called p nuclides, cannot proceed via the s and r
neutron-capture processes required for the synthesis of the bulk
of the remaining nuclides beyond Fe (for this reason, they were
also called excluded isotopes by Cameron 1957). Their
astrophysical origin is still under debate. Overviews of possible
production sites, observations, and uncertainties, have been
presented by various authors (e.g., Arnould & Goriely 2003;
Rauscher et al. 2013; Pignatari et al. 2016a, and references
therein).

Solar system p abundances have been derived from
geological and meteoritic data. Understanding the origin of
the p nuclides is challenging because they cannot be directly

observed in stars and supernova remnants, as their contribution
to elemental abundances is small and no element is dominated
by a p isotope. The synthesis of p nuclei has to be studied in
models without the possibility of direct verification, with the
exception of presolar stellar dusts. Signatures of enrichments in
proton-rich isotopes compared to the solar composition and/or
with respect to more neutron-rich isotopes of the same element
have been identified for Xe in bulk measurements from presolar
nano-diamonds (Xe-HL component, e.g., Lewis et al. 1987),
and more recently for Mo and Ru possibly in single SiC-X
grains (e.g., Pellin et al. 2006; Pignatari et al. 2016a and
references therein) and SiC AB grains (Savina et al. 2003).
They all show, however, a non-solar pattern, likely carrying the
signature of not well-mixed ejecta from single core-collapse
supernovae (ccSNe). On the other hand, terrestrial and
meteoritic p abundances have to be derived from galactic
chemical evolution (GCE) models, integrating the production
of different sites over the history of the Galaxy. The solar
composition might also not be representative of the average
galactic composition as calculated in GCE models.
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It is the current paradigm that the largest fraction of p
nuclides is synthesized by photodisintegrations of pre-existing
seed nuclei and subsequent β decays, the so-called γ process
(see, e.g., Woosley & Howard 1978; Rayet et al. 1990). This
would occur during explosive O/Ne burning during ccSN
explosions. Some authors (e.g., Woosley & Howard 1990;
Rayet et al. 1995; Woosley & Weaver 1995; Rauscher et al.
2002) claimed that these sources could reproduce the solar
abundances of the intermediate and heavy p nuclides within
factors of 2–3. Rauscher et al. (2002) presented detailed
nucleosynthesis calculations in massive stars from the onset of
central H-burning through the supernova explosion for
Population I stars with progenitor masses between
15�M/Me�25. Serious deficiencies in the production of
Mo and Ru isotopes were found in that work, consistent with
earlier studies (e.g., Woosley & Howard 1978, 1990; Rayet
et al. 1995; Woosley & Weaver 1995). Neutrino-induced
spallation reactions or weak interactions were found to be
efficient only for a few isotopes (e.g., Heger et al. 2005; Austin
et al. 2014). Ritter et al. (2018) recently considered the impact
of CO-shell mergers on the synthesis of p nuclei, including
multi-dimensional hydrodynamics simulations for the onset
and evolution of the merging shells, confirming enhancements
of p nuclide yields up to about an order of magnitude. What
still needs to be studied in detailed supernova simulations is
what fraction of the p process is “relocated” or “reset” in the
supernova explosion—much of the p process made in the pre-
supernova stage is located in deep layers at low radii and is
destroyed by the heat of the supernova shock and then
“re-created” further out where temperature during the shock
becomes adequate to make these p nuclei but not destroy them
(Heger et al. 2005), only portions of the p that is transported
outward may survive from the pre-supernova stage. The
occurrence of shell mergers and their relevance in terms of
GCE need to be studied in more detail, also taking into account
its strong impact on intermediate-mass elements like Cl, K, and
Sc. Its relevance for GCE when integrating over the entire
initial mass function (hereafter IMF) is uncertain. However, it
is interesting that CO-shell mergers would increase the
production of both p-nuclei and intermediate-mass elements
like K and Sc, underproduced by previous GCE simulations
compared to observations (Kobayashi et al. 2011).

More recently, p nucleosynthesis calculations in ccSNe have
been performed by Farouqi et al. (2009). These authors
recalculated p nucleosynthesis in the explosion of a 15Me

progenitor and compared with Rauscher et al. (2002). Farouqi
et al. (2009) claim that their yields of the p nuclei up to the Ru
region reproduced quite well the solar system composition.
They further claim that in their model no initial solar, s, or r
process seed composition was introduced and that thus the
obtained nucleosynthesis result is primary. Similar to the
neutrino-wind model of Hoffman et al. (1996) and the more
recent electron-capture SN model of Wanajo et al. (2009), the
α-component of their high-entropy wind model is a primary
process. Their conclusion is that the classical light p nuclei
production does not require any assumptions about the initial
composition of the SN progenitor star. Hayakawa et al.
(2006, 2008) analyzed the solar system distribution of the p
nuclides, deriving phenomenological constraints without the
use of GCE simulations.

Common to all previous work on GCE is that the
contribution of different stellar generations to the solar system
composition was not taken into account. It was also not
pondered that the solar composition may not be representative
of the average galactic composition, which is calculated in
chemical evolution models. It has been shown that a large
variation in ejected p nuclei is found even between ccSNe
models from progenitors with the same initial metallicity but
different initial mass (e.g., Pignatari et al. 2016a). Therefore,
GCE simulations are required in order to compare ccSNe yields
with the solar system distribution.
So far, it has not been demonstrated that it is possible to

reproduce the solar abundances of all p nuclides by a single
stellar process. For instance, ccSN models suffer from a strong
underproduction of the most abundant p nuclides, 92,94Mo and
96,98Ru. Alternative processes and sites for the production of
these nuclei have been proposed by many authors, e.g., a
νp-process in the deepest layers of ccSN ejecta and in neutrino
driven winds of ccSN (Fröhlich et al. 2006; Pruet et al. 2006;
Wanajo 2006; Farouqi et al. 2009; Roberts et al. 2010; Arcones
& Janka 2011; Arcones & Montes 2011; Fischer et al. 2011;
Wanajo et al. 2011a, 2011b) or rapid proton-captures in hot,
proton-rich matter accreted onto the surface of a neutron star
(e.g., Schatz et al. 2001). It has been known for a long time that
the ν process in ccSN contributes to the abundances of 138La
and 180mTa (Woosley & Howard 1990; Arnould & Goriely
2003; Heger et al. 2005; Rauscher et al. 2013).
Production of p nuclides has also been suggested to occur in the

outermost layers of thermonuclear supernovae (Type Ia super-
novae, hereafter SNIa): in the Chandrasekhar-mass white dwarf
delayed-detonation model (Howard & Meyer 1993: Travaglio
et al. 2011, hereafter TRV11), in the sub-Chandrasekhar-mass
white dwarf He-detonation model (Goriely et al. 2005; Arnould &
Goriely 2006), and in the carbon-deflagration model (Kusakabe
et al. 2011). The assumed s process seed distribution plays a
fundamental role for the p production in these models and
different assumptions are made by the various authors.
Travaglio et al. (2015; hereafter TRV15) explored single-

degenerate SNIa in the framework of two-dimensional delayed-
detonation models, with s process seeds at different metallicities
in the WD as well as in the accreted material on the surface of
the WD. Travaglio et al. (2014) performed a similar study for
radiogenic p nuclides. Both investigations demonstrated that
explosions of Chandrasekhar-mass single-degenerate systems
can provide a considerable contribution to the solar system
composition, contributing to a large amount (more than 50%) of
p nuclei in our Galaxy, both in the range of light (A�120) and
heavy p nuclides, at almost flat average production factors
(within a factor of about three). Exceptions are the lightest
p nuclides, 74Se and 78Kr, for which a low production efficiency
was obtained.
A major challenge for the single-degenerate SNIa scenario

comes from the difficulty to reach the Chandrasekhar mass by
accretion from a typical 0.6Me WD. At present, there are no
one-dimensional stellar models that were successfully reaching
that critical mass limit, once He-fusion runaway and the
consequent mass loss was considered (e.g., Cassisi et al. 1998;
Denissenkov et al. 2017). At least one Chandrasekhar-mass
SNIa object has been identified observationally, based on the
element ratios observed in the ejecta and the required extreme
conditions to produce those same ratios (Yamaguchi et al. 2015).
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Coupling p nucleosynthesis to chemical evolution models,
several questions have to be dealt with: the occurrence
frequency of the astrophysical sources, their spatial distribution
and yields, dependence of the yields on metallicity, and mixing
of the nucleosynthesis products with the interstellar medium.
There are insufficient observables for p nuclides to constrain
GCE models or even determine single production sites, as the
isotopic abundances of p nuclides cannot be separately
determined in stellar spectra. This underlines the importance
of analyzing meteoritic material. Combining the isotopic
information, e.g., of extinct radioactives, with GCE predictions
allows us to put severe constraints on the possible astrophysical
sources and nucleosynthetic processes (see, e.g., Travaglio
et al. 2014; Lugaro et al. 2016 and references therein).
Meteoritic isotope anomalies also have been reported for the
p nuclides 184Os (Reisberg et al. 2009) and 180W (Schulz
et al. 2013 and references therein) but further work is needed
before their origin can be understood.

In this work, we investigate the production of p nuclides in
ccSNe on a grid of masses and metallicities, using two different
sets of stellar data, one set of calculations obtained with a
recent version of the KEPLER code (Weaver et al. 1978;
Rauscher et al. 2002; Heger & Woosley 2010; West & Heger
2013) and the NuGrid data set (Pignatari et al. 2016a).

The paper is organized as follows. In Section 2, we present
the set of KEPLER models and discuss the role of different
masses and metallicities for the production of p nuclei. A
similar discussion for the NuGrid models is presented in
Section 3. Section 4 introduces the GCE model and discusses
the results obtained with the nucleosynthesis sets of the
previous sections and their implications for the role of ccSN
contributions to the solar system p abundances. Section 5
briefly considers possible uncertainties in the GCE model as
well as in the nuclear input to the stellar models, which could
affect our conclusions. Finally, conclusions and an outlook on
work in progress are presented in Section 6.

2. Production of p Nuclides in the KEPLER Models

In this work, we use non-rotating stellar models of C. West
& A. Heger (2018, in preparation) computed with the KEPLER
stellar evolution, nucleosynthesis, and SN code (Weaver
et al. 1978; Rauscher et al. 2002). The progenitor models
were calculated using the physics setup, opacities, and nuclear
reaction rates as described in Woosley & Heger (2007) and in
West et al. (2013). The nucleosynthetic yields for seven
different initial masses, from 13Me to 30Me, and 14 different
metallicities, from Z=1.5×10−6 up to Z=0.3 were
calculated (see also Table 1 for Model xi45, i.e., one of the
models considered in this work). The initial composition of the
models used the Galactic Chemical History model of West &
Heger (2013), which is based on Lodders et al. (2009) solar
abundances. Details of KEPLER models will be published in a
forthcoming paper (C. West & A. Heger 2018, in preparation),
including the impact of choosing proper metallicity-dependent
initial compositions. We exploded all KEPLER models using a
piston model such that a final kinetic energy of the ejecta of
1.2 B (1 B=1051 erg) was achieved (see, e.g., Rauscher et al.
2002; Heger & Woosley 2010), and we computed fallback
based on the 1D hydrodynamics in KEPLER. This also
included mixing prior to fallback using our “standard” mixing
width of 0.1 helium core masses as outlined in the references
before. The explosion energy and mixing used are a good

match for typical supernovae such as SN1087A (though some
light-curve fitting may suggest larger mixing for SN 1987A,
see, e.g., Utrobin et al. 2015). In nature, we would anticipate a
significant variation of explosion energies for the different
models (e.g., Müller et al. 2016) rather than a fixed value;
however, for the models in the mass range studied here,
determination of reliable explosion energies from the simula-
tion or first principle for a given progenitor model is not
possible at the present.
Different criteria to determine whether a successful explo-

sion would actually occur have been employed, based on
different criteria in the literature for the explodability given the
pre-SN structure of the star at the onset of core collapse. The
first simple case was to assume that all stars explode (no-cutoff
model). In this case, the entire non-fallback mass of all stars
including winds contributes to the yields. Next, we explored
different prescriptions for explodability based on formulae
from the literature. As one choice, we used the compactness
parameter ξ of 0.25 (model xi25) as suggested by O’Connor &
Ott (2011) and 0.45 (Model xi45) as suggested by Sukhbold &
Woosley (2014 we chose this model for Table 1 and for the
figures in this paper), as possible cutoffs for black hole
formation, as well as the prescription by Ertl et al. (2016, model
ertl). The description by Ertl et al. gives cutoffs for black hole
formation not too dissimilar to the more refined semi-analytic
model by Müller et al. (2016), as shown by Sukhbold et al.
(2017), hence we do not need to explore it here separately.
When the criteria for black hole formation were fulfilled, we
assumed that the entire star would collapse to a black hole
without providing further nucleosynthesis. We neglect the
possibility that some of the outer layers of the star may still
escape due to neutrino losses prior to black hole formation
(e.g., Lovegrove & Woosley 2013). Only the contribution from
mass loss due to winds prior to collapse would be present in
this case. In the cases for which no black hole is formed, the
full yields are used. See also discussions in West & Heger
(2013) and in Côté et al. (2016). In Table 3, we provide the
results from the chemical evolution calculations for all the
models mentioned above.
A large, adaptive nuclear reaction network allowed us to

follow nucleosynthesis self-consistently throughout the hydro-
static burning phases and the explosion. The network size
adapted itself to the requirements and thus also allowed us to
include the weak s process and the γ process with all
participating nuclides. For details of the network and the
reaction rate data used, see Rauscher et al. (2002).
Table 1 (Model xi45) summarizes the mass fractions of 16O,

56Fe, and all the p nuclides from 74Se up to 196Hg (in solar
masses) for our grid of metallicities and masses (14
metallicities, 7 masses). Solar values used are from Lodders
et al. (2009) and Ze=0.015 is assumed.
For our GCE studies described in Section 4, we chose yields

from the xi45 series and therefore discuss those yields in more
detail below. In Figure 1, we show the overproduction
normalized to 16O for the 15Me xi45 model and three different
metallicities (Z=0.019, 0.006, 0.0015), starting from nuclear
mass-number A�70. The p nuclides are shown as filled
triangles and the different isotopes of an element are connected
with a solid line. In the upper panel (Z=0.019), we show that
the solar composition is reproduced within a factor of three for
almost all the p nuclides. Exceptions are the light p nuclides
84Sr, 92,94Mo, and 96,98Ru. Various authors have discussed the
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Table 1
KEPLER xi45 ccSN Model: Ejected Mass

Z 2.425e-02 1.930e-02 1.530e-02 9.655e-03 6.092e-03 3.844e-03 2.425e-03 1.530e-03 4.839e-04 1.530e-04 4.839e-05 1.530e-05 1.530e-06

13 Me
16O 6.08037e+00 6.35707e+00 8.20406e+00 8.30079e+00 9.26554e+00 9.71062e+00 1.06918e+01 1.10877e+01 1.11725e+01 1.07598e+01 1.09339e+01 1.07299e+01 9.99283e+00
56Fe 2.98414e+00 2.71080e+00 5.36772e+00 6.35314e+00 6.73086e+00 7.38476e+00 4.46390e+00 3.79939e+00 3.62655e+00 3.79444e+00 3.81015e+00 3.73790e+00 4.27102e+00
74Se 3.42237e-06 3.06218e-06 2.64840e-06 1.35830e-06 1.25927e-06 9.02767e-07 4.41461e-07 2.25410e-07 5.99328e-08 3.11291e-08 2.32187e-08 2.15791e-08 1.99634e-08
78Kr 7.14244e-07 5.82897e-07 4.55772e-07 2.55535e-07 1.65108e-07 1.02033e-07 6.12784e-08 3.60656e-08 1.12226e-08 4.31160e-09 2.13535e-09 1.44612e-09 1.14551e-09
84Sr 5.15743e-07 3.99276e-07 3.28973e-07 1.84947e-07 1.21424e-07 8.13639e-08 4.81828e-08 2.78227e-08 9.09888e-09 3.10376e-09 1.15163e-09 6.22047e-10 3.43517e-10
92Mo 1.44853e-06 1.16981e-06 9.35743e-07 5.95657e-07 3.82251e-07 2.44913e-07 1.58420e-07 1.01985e-07 3.42867e-08 1.22203e-08 5.08863e-09 2.33602e-09 1.21784e-09
94Mo 9.85087e-07 7.86624e-07 6.28021e-07 3.96880e-07 2.51720e-07 1.60586e-07 1.03225e-07 6.67499e-08 2.22576e-08 7.66869e-09 2.67158e-09 9.21539e-10 1.27015e-10
96Ru 4.22456e-07 3.43455e-07 2.73270e-07 1.73771e-07 1.12364e-07 7.22734e-08 4.65724e-08 2.96757e-08 9.99501e-09 3.65190e-09 1.67465e-09 8.65289e-10 5.69841e-10
98Ru 1.61649e-07 1.28883e-07 1.04691e-07 6.66337e-08 4.26709e-08 2.75767e-08 1.75303e-08 1.12144e-08 3.79827e-09 1.41023e-09 6.51350e-10 3.34632e-10 2.19228e-10
102Pd 1.08039e-07 8.43923e-08 6.94928e-08 4.07907e-08 2.61816e-08 1.72781e-08 1.00026e-08 5.86985e-09 2.05754e-09 1.08432e-09 9.67342e-10 7.49308e-10 7.11671e-10
106Cd 1.76464e-07 1.34280e-07 1.15123e-07 6.51702e-08 4.26894e-08 2.86634e-08 1.55872e-08 9.04738e-09 3.35114e-09 1.87626e-09 1.68931e-09 1.39969e-09 1.25328e-09
108Cd 1.40988e-07 1.05897e-07 8.87340e-08 5.13444e-08 3.09847e-08 1.94486e-08 1.12850e-08 7.02858e-09 2.22975e-09 8.77876e-10 4.58844e-10 3.25924e-10 2.44144e-10
113In 5.63487e-08 4.21961e-08 3.40207e-08 1.86418e-08 1.09987e-08 6.37271e-09 3.49716e-09 2.06554e-09 6.09095e-10 2.16437e-10 1.12816e-10 9.10390e-11 6.80127e-11
112Sn 3.66695e-07 2.75566e-07 2.47845e-07 1.33670e-07 8.94763e-08 5.40201e-08 2.85396e-08 1.78312e-08 6.67390e-09 3.08625e-09 2.07767e-09 1.88510e-09 1.42829e-09
114Sn 2.48052e-07 1.79053e-07 1.58227e-07 9.09762e-08 5.42691e-08 3.33339e-08 1.82903e-08 1.19709e-08 4.02422e-09 1.43157e-09 6.54663e-10 4.95053e-10 3.50602e-10
115Sn 8.50277e-08 6.35910e-08 4.82863e-08 2.70209e-08 1.51651e-08 8.59580e-09 4.85126e-09 2.79641e-09 7.13630e-10 1.92854e-10 5.69458e-11 2.28705e-11 1.00600e-11
120Te 5.75882e-08 4.11268e-08 3.65677e-08 2.14512e-08 1.33496e-08 8.53189e-09 4.73132e-09 3.17358e-09 1.01808e-09 3.94226e-10 1.85261e-10 1.19262e-10 7.08896e-11
124Xe 1.41616e-07 9.50474e-08 9.34778e-08 5.23708e-08 3.06614e-08 1.89930e-08 1.04159e-08 6.87245e-09 2.53493e-09 1.11932e-09 5.67764e-10 4.40861e-10 3.12938e-10
126Xe 1.10892e-07 8.18001e-08 7.49165e-08 4.30741e-08 2.89972e-08 1.84698e-08 1.03673e-08 6.91470e-09 2.36593e-09 1.02106e-09 5.52956e-10 4.02277e-10 2.61405e-10
130Ba 1.89259e-07 1.22158e-07 1.12778e-07 7.11949e-08 4.33344e-08 2.98374e-08 1.59734e-08 1.11508e-08 2.96014e-09 7.58986e-10 2.85393e-10 1.99985e-10 1.39512e-10
132Ba 1.07797e-07 9.47031e-08 8.05110e-08 4.88722e-08 3.78890e-08 2.56938e-08 1.40731e-08 9.21915e-09 2.26476e-09 6.65911e-10 2.87227e-10 2.04631e-10 1.40468e-10
138La 1.32614e-08 1.06777e-08 9.95245e-09 6.51506e-09 4.39368e-09 2.75994e-09 1.90468e-09 1.11398e-09 2.32161e-10 3.74478e-11 6.74772e-12 1.65583e-12 1.40925e-13
136Ce 3.89419e-08 2.63369e-08 2.19689e-08 1.26555e-08 7.17707e-09 4.23822e-09 2.31646e-09 1.40677e-09 3.82605e-10 1.69747e-10 1.00379e-10 8.52756e-11 6.25757e-11
138Ce 4.29050e-08 3.37314e-08 2.73037e-08 1.58194e-08 9.77824e-09 5.71868e-09 3.18107e-09 1.82373e-09 4.00891e-10 1.24979e-10 5.38724e-11 3.50265e-11 2.25276e-11
144Sm 1.82104e-07 1.31327e-07 1.21143e-07 6.97760e-08 4.34973e-08 2.92640e-08 1.66982e-08 1.29911e-08 7.63841e-09 5.56840e-09 3.77564e-09 3.56419e-09 3.03884e-09
152Gd 1.74564e-08 1.31076e-08 9.93236e-09 5.46579e-09 3.03534e-09 1.69232e-09 9.49204e-10 5.18334e-10 9.36386e-11 1.54055e-11 3.67111e-12 1.30978e-12 2.48048e-13
156Dy 3.75766e-09 2.63708e-09 2.18340e-09 1.22435e-09 7.06726e-10 4.25023e-10 2.41591e-10 1.52185e-10 5.45399e-11 2.56472e-11 1.32308e-11 6.70864e-12 2.39913e-12
158Dy 6.65812e-09 4.84148e-09 4.05775e-09 2.25434e-09 1.29958e-09 7.54811e-10 4.36496e-10 2.84496e-10 9.60665e-11 4.45878e-11 2.55093e-11 1.36392e-11 5.97514e-12
162Er 8.73516e-09 6.65188e-09 5.72946e-09 3.39775e-09 2.27977e-09 1.51140e-09 9.03374e-10 6.64488e-10 3.08832e-10 1.94571e-10 1.23401e-10 9.59747e-11 7.42156e-11
164Er 6.76465e-08 4.97299e-08 3.65612e-08 1.93896e-08 1.06854e-08 6.11357e-09 3.36580e-09 2.08255e-09 7.07921e-10 3.43623e-10 1.82866e-10 1.24782e-10 8.76254e-11
168Yb 9.37747e-09 6.81209e-09 6.39738e-09 4.05573e-09 2.40367e-09 1.50659e-09 9.41061e-10 6.72724e-10 3.40016e-10 2.20062e-10 1.06965e-10 6.61653e-11 4.26977e-11
174Hf 9.66964e-09 8.67544e-09 8.44166e-09 7.02535e-09 3.47358e-09 1.86461e-09 1.35804e-09 1.05068e-09 6.94910e-10 3.21951e-10 1.19662e-10 6.74327e-11 4.06784e-11
180Ta 2.82265e-10 2.28490e-10 2.16785e-10 1.48305e-10 8.72849e-11 5.54805e-11 3.62073e-11 2.79665e-11 2.16373e-11 8.30962e-12 2.65395e-12 6.51177e-13 6.46555e-14
180W 8.55567e-09 8.29016e-09 8.15766e-09 8.21236e-09 3.97921e-09 2.54190e-09 1.96471e-09 1.73113e-09 1.09665e-09 3.60856e-10 1.45988e-10 9.49486e-11 6.12113e-11
184Os 6.78966e-09 6.14436e-09 6.31042e-09 4.98058e-09 2.55455e-09 1.65012e-09 1.09252e-09 8.96607e-10 3.96266e-10 7.53169e-11 2.73539e-11 1.49816e-11 4.82631e-12
190Pt 4.34172e-09 3.84691e-09 3.27645e-09 2.34713e-09 1.36615e-09 9.21537e-10 5.58787e-10 4.09676e-10 1.38459e-10 3.54472e-11 2.69295e-11 1.57482e-11 2.84759e-12
196Hg 4.85644e-07 3.82757e-07 4.16815e-07 3.05545e-07 2.64996e-07 2.38996e-07 1.74134e-07 1.64938e-07 1.40631e-07 1.38342e-07 1.25542e-07 1.25854e-07 1.09300e-07

(This table is available in its entirety in machine-readable form.)
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problem of the production of Mo and Ru isotopes in the past
(see, e.g., Rauscher et al. 2013 and references therein). The Mo
and Ru isotopes are produced entirely in the O-shell during
explosion. The distribution of 92Mo within the star is shown in
Figure 2 for the 15Me model with Z=0.019 (see also

Section 4). In the models presented in this section, Mo and Ru
isotopes are mostly due to photodisintegration reactions (see
also Rauscher et al. 2016 for a detailed investigation of
production paths) and therefore are strongly sensitive to the
initial metallicity.

Figure 1. Nucleosynthesis yields (overproduction factor normalized to 16O) for a 15 Me progenitor obtained with the KEPLER xi45 ccSN model. The p-only isotopes
are shown as filled triangles. Solid lines connect the isotopes of each element (see the discussion in the text, Section 2). Three different metallicities are shown,
Z=0.019 (upper panel), Z=0.006 (middle panel), Z=0.0015 (lower panel).

Figure 2. 92Mo mass fraction as a function of the mass coordinate for a 15 Me xi45 KEPLER progenitor of solar composition (see discussion in Section 2). The thin
solid line is for the pre-explosive abundance, and the dashed line is for the post-explosive abundance.
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A very high production is shown for the heaviest p nuclide
196Hg. This isotope comes from the decay of 206Pb, and the
abundance of explosive 206Pb derives from the pre-explosive
content of 207Pb and 208Pb, see Figures 3 and 4 for pre- and
post-explosive compositions. According to these two maps, the
Pb isotopes are converted to 196Hg during explosive nucleo-
synthesis. As pointed out by, e.g., Arnould & Goriely (2003),
Dillmann et al. (2008), TRV11, and Rauscher et al. (2013), if a
significant fraction of the seed abundances is present in the
form of Pb and Bi isotopes, they are converted to lighter nuclei
through photodisintegration processes. TRV11 specified that

about 60% of 196Hg comes from 208Pb and the remaining 40%
mainly from the other Pb and Bi isotopes. The nuclide 208Pb is
produced in explosive conditions at a different location inside
the star than 196Hg. See also Figures7 and 8 in Rauscher et al.
(2016) for a detailed overview of the p nuclide production in
the mass zones of a star. Thus, the seed for the 196Hg
production is the pre-explosive Pb and Bi content of the mass
zones producing 196Hg.
The nucleus 180Ta and its isomer 180mTa is partly synthesized

by the ν process (Woosley & Howard 1990) but also receives
considerable contributions from the photodisintegration of

Figure 3. Pre-supernova abundances of nuclides in the mass-number range A=190–209 as function of mass coordinate in a 15 Me xi45 KEPLER model of solar
initial composition (see Section 2 for details).

Figure 4. Same as Figure 3 but for the post-supernova phase.
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heavier nuclei in the γ-process (Heger et al. 2005). For the latter,
the final 180mTa abundance depends on the freeze out from
thermal equilibrium between excited nuclear states, as pointed
out by Rauscher et al. (2002), Belic et al. (2002), and Mohr et al.
(2007). Above the freeze-out temperature, the ground state,
isomeric state, and further excited states of 180Ta are in
communication and can be converted into each other through
γ transitions. This was not explicitly followed in the current
calculations and thus the 180Ta abundances shown in the figures
and tables of this paper only provide an upper limit of the final
180mTa abundance. According to Rauscher et al. (2002), Mohr
et al. (2007), and Hayakawa et al. (2010), only about 35% of the
synthesized 180Ta survives in the form of 180mTa. Consequently,
in all supernova results presented here, a more realistic estimate
of the 180mTa yield would be required to decrease the shown
180Ta yield accordingly.

Reducing the metallicity in the models, the p yields are
drastically reduced as soon as half of the solar metallicity is
reached (Figure 1, middle panel). For this and lower metallicities,
almost none of the p nuclides is any longer within the factor of
three from solar. The exception is 196Hg, as mentioned above.
This will be further discussed in more detail below. With a
metallicity almost a factor of 10 below solar (Figure 1, lower
panel) we can see that all isotopes are at least 10−2 below the solar
abundances (still with the exception of 196Hg). The relevance of
these yields in a GCE study will be discussed in Section 4.

Similar to Figure 1, Figures 5 and 6 show results for the
20Me and the 25Me star, respectively. For the 25Me
progenitor, one can see a slightly different behavior for the
light p nuclides: they have a higher abundance with respect to

the 15Me and the 20Me models at solar metallicity but still
exhibit a drastic drop in the abundances from 84Sr up.

3. Production of p Nuclides in the NuGrid Models

The second set of p-nuclide yields used in this work are
taken from Pignatari et al. (2016a). The one-dimensional stellar
progenitors were calculated using the stellar evolution code
GENEC (Eggenberger et al. 2008) for massive stars.
CCSN explosive conditions are obtained from a semi-

analytic treatment of shock heating, based on the hydrody-
namics simulations by Fryer et al. (2012). The shock velocity
beyond fallback is initially 2×109 cm s−1. The obtained
average ccSN explosion energy is 4–5×1051 ergs. The
nucleosynthesis in the preSN and ccSN stages was followed
consistently with the same post-processing parallel code,
MPPNP (see Pignatari et al. 2016a for details). The NuGrid
results were included in our GCE study, using a grid of three
progenitor masses (15Me, 20Me, and 25Me) and two
metallicities (Z=0.02, 0.01). In particular, we considered
two models for the 15Me progenitor (15d, 15r2), one model
for the 20Me progenitor (20d), and one for the 25Me
progenitor (25d). The only difference between models 15d and
15r2 is that the ccSN shock velocity was reduced by a factor of
two in the second case, resulting in a reduction of the total
explosion energy.
In Table 2, we summarize the yields (in Me) of

16O, 56Fe,
and all p nuclides from 74Se up to 196Hg (the same as in Table 1
for KEPLER models) for the two metallicities and the three
masses we took into account.

Figure 5. Same as Figure 1, but for a 20Me progenitor.
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As in Figures 1, 5, and 6, in Figures 7–9, we show the
overproduction factors normalized to 16O for the 15Me,
20Me, and 25Me models, respectively, for two different
metallicities (Z=0.02, 0.001). The p nuclides are shown as
filled triangles and the isotopes of the same element are
connected with a solid line.

Contrary to the KEPLER models discussed in the previous
section, the middle and lower panels (model series d, with fast
shock velocities and metallicities of Z=0.02, 0.01, respec-
tively) of Figure 7 show for the 15Me model that the lightest p
nuclides 74Se, 78Kr, 84Sr, and 92Mo are largely overproduced.
This is due to a strong α-process (Woosley & Hoffman 1992)
in these models, which appears because of α-rich freeze-out
conditions in the 15Me models of Pignatari et al. (2016a) with
fast shocks and slightly neutron-rich progenitor composition.
This freeze out from nuclear statistical equilibrium is a primary
process and therefore the resulting yields of light p nuclei do
not show strong sensitivity to metallicity. The impact of this
component in producing radioactive species, including the
unstable nuclide 92Nb, has been discussed by Lugaro et al.
(2016). This component has also important consequences for
GCE (see Section 4).

For comparison, the upper panel of Figure 7 shows the same
results for model 15r2, in which more 56Ni is synthesized but
no α-rich freeze out occurs. In this model, the p abundances are
products of the γ process, which is a secondary process, i.e.,
depending on initial metallicity.

Figures 8 and 9 show the results for the 20Me and
25Me models, respectively. These more massive progenitors
have larger fallback, preventing the α-process to contribute to
the ejected light p nuclei. This leads to the obvious secondary-
like behavior of the p abundances, also for the light species,

and a pronounced variation in the amount of ejected p
nuclei with varying metallicity. The contribution from neutrino
spallation of matter during the ccSN explosion, producing 138La
and 180mTa, among other species, is not considered in the
nucleosynthesis calculations by Pignatari et al. (2016a). The
high production of 196Hg seen in KEPLER models and
discussed in the previous section is much lower in the NuGrid
models, and may be due to the seed composition in the
progenitor.

4. GCE: the Role of ccSN in p-nucleus Enrichment

Since no p isotope dominates an elemental abundance,
terrestrial and meteoritic p-abundances have to be explained
purely through GCE models, integrating the production of
different sites over the history of the Galaxy. The main goal of
this work is to clarify the contribution of ccSN to the measured
solar system abundances of p nuclides and to discuss the
interplay between different stellar sources (ccSNe from this
work and SNIa predictions from TRV15).
For this purpose, we implement metallicity-dependent ccSN

yields of p nuclei in a GCE code (Travaglio et al. 1999, 2004)
for the first time. The same GCE code has been used by TRV15
to study the role of thermonuclear supernovae in p nucleus
production and their contribution to the solar system abun-
dance. The model follows the evolution of the Galaxy in three
interconnected zones: halo, thick disk, and thin disk. The
original set of nuclides within the GCE code was chosen to
cover all the light nuclei up to the Fe group and all the heavy
nuclei along the s-process path up to 209Bi. In TRV15 and for
the present work, the nuclide set was extended to include p
nuclides and allowed to follow their evolution over time and

Figure 6. Same as Figure 1, but for a 25Me progenitor.
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metallicity until solar metallicity is reached. Here, we
implemented the p yields presented in Sections 2 and 3 and
interpolated between masses and metallicities where necessary.
The GCE results for p-nucleus yields using the KEPLER

models (xi45, xi25, nocutoff, ertl) as well as the NUGRID
model are presented in Table 3 at the epoch of the solar system
formation and compared to the solar composition by Lodders
et al. (2009) in the first column.
In Figures 10 and 11, we show the resulting p nuclei

production factors taken at the epoch of solar system formation

Table 2
NUGRID ccSN Model: Ejected Mass

Z 2.00E-02 1.00E-02 r2 2.00E-02

15 Me
16O 2.986E-01 2.187E-01 3.171E-01
56Fe 1.915E-01 1.856E-01 1.681E-01
74Se 6.317E-05 1.249E-04 1.122E-06
78Kr 2.331E-06 4.761E-06 2.355E-07
84Sr 1.291E-06 3.055E-06 1.004E-07
92Mo 1.849E-06 4.088E-06 1.162E-08
94Mo 2.150E-08 3.238E-08 7.419E-09
96Ru 3.263E-09 1.783E-09 3.430E-09
98Ru 1.191E-09 6.130E-10 1.254E-09
102Pd 5.976E-10 3.999E-10 7.600E-10
106Cd 1.034E-09 6.582E-10 1.152E-09
108Cd 9.370E-10 4.009E-10 8.760E-10
113In 2.892E-10 1.428E-10 2.861E-10
112Sn 2.559E-09 1.072E-09 2.296E-09
114Sn 1.425E-09 6.550E-10 1.347E-09
115Sn 4.812E-10 2.367E-10 4.766E-10
120Te 2.730E-10 1.392E-10 2.729E-10
124Xe 5.187E-10 2.950E-10 5.117E-10
126Xe 4.924E-10 2.916E-10 5.180E-10
130Ba 9.539E-10 4.483E-10 9.977E-10
132Ba 8.556E-10 4.111E-10 8.548E-10
138La 2.058E-11 1.356E-11 2.389E-11
136Ce 1.776E-10 1.055E-10 1.962E-10
138Ce 2.441E-10 1.552E-10 2.489E-10
144Sm 1.038E-09 6.124E-10 1.151E-09
152Gd 7.070E-11 2.416E-11 5.871E-11
156Dy 1.282E-11 8.341E-12 1.450E-11
158Dy 2.271E-11 1.675E-11 2.371E-11
162Er 3.844E-11 2.110E-11 3.579E-11
164Er 3.150E-10 1.333E-10 2.980E-10
168Yb 4.972E-11 3.191E-11 4.785E-11
174Hf 3.994E-11 3.496E-11 5.319E-11
180Ta 1.504E-12 7.386E-13 1.475E-12
180W 5.173E-11 4.576E-11 7.528E-11
184Os 3.243E-11 4.044E-11 7.935E-11
190Pt 1.316E-11 1.065E-11 2.924E-11
196Hg 1.332E-10 8.162E-11 2.625E-10

20 Me
16O 1.266E+00 1.443E+00 L
56Fe 2.679E-02 1.353E-02 L
74Se 1.315E-06 5.735E-07 L
78Kr 1.467E-07 7.888E-08 L
84Sr 5.166E-08 2.492E-08 L
92Mo 1.915E-08 8.132E-09 L
94Mo 1.019E-08 5.242E-09 L
96Ru 5.655E-09 2.464E-09 L
98Ru 2.572E-09 1.124E-09 L
102Pd 2.678E-09 1.614E-09 L
106Cd 3.814E-09 2.829E-09 L
108Cd 2.537E-09 1.125E-09 L
113In 4.002E-10 1.934E-10 L
112Sn 1.037E-08 4.089E-09 L
114Sn 5.694E-09 2.411E-09 L
115Sn 6.028E-10 3.056E-10 L
120Te 1.425E-09 5.980E-10 L
124Xe 4.333E-09 1.578E-09 L
126Xe 3.793E-09 1.575E-09 L
130Ba 7.406E-09 2.707E-09 L
132Ba 5.220E-09 2.344E-09 L
138La 5.850E-11 2.504E-11 L
136Ce 1.087E-09 3.898E-10 L
138Ce 1.561E-09 6.830E-10 L
144Sm 9.942E-09 3.930E-09 L

Table 2
(Continued)

Z 2.00E-02 1.00E-02 r2 2.00E-02

152Gd 6.764E-11 3.512E-11 L
156Dy 8.077E-11 4.382E-11 L
158Dy 1.196E-10 5.713E-11 L
162Er 1.217E-10 6.252E-11 L
164Er 9.115E-10 4.382E-10 L
168Yb 4.135E-10 1.439E-10 L
174Hf 3.188E-10 1.231E-10 L
180Ta 4.629E-12 2.507E-12 L
180W 5.375E-10 1.662E-10 L
184Os 3.473E-10 1.570E-10 L
190Pt 7.964E-11 3.862E-11 L
196Hg 2.440E-09 9.964E-10 L

25Me
16O 8.163E-01 6.345E-01 L
56Fe 2.351E-02 1.155E-02 L
74Se 2.838E-08 4.269E-07 L
78Kr 6.479E-09 6.543E-09 L
84Sr 5.285E-09 3.073E-09 L
92Mo 1.740E-08 8.802E-09 L
94Mo 1.332E-08 6.866E-09 L
96Ru 4.893E-09 2.436E-09 L
98Ru 1.835E-09 1.077E-09 L
102Pd 6.960E-10 4.703E-10 L
106Cd 1.046E-09 5.585E-10 L
108Cd 1.703E-09 1.052E-09 L
113In 4.495E-10 2.282E-10 L
112Sn 2.039E-09 1.209E-09 L
114Sn 1.593E-09 1.490E-09 L
115Sn 7.779E-10 3.874E-10 L
120Te 3.535E-10 3.474E-10 L
124Xe 3.648E-10 7.498E-10 L
126Xe 6.589E-10 6.437E-10 L
130Ba 7.492E-10 2.029E-09 L
132Ba 2.452E-09 1.264E-09 L
138La 3.810E-11 2.209E-11 L
136Ce 1.903E-10 2.589E-10 L
138Ce 4.879E-10 3.016E-10 L
144Sm 9.939E-10 2.555E-09 L
152Gd 2.236E-10 1.018E-10 L
156Dy 6.630E-11 2.957E-11 L
158Dy 7.766E-11 4.142E-11 L
162Er 1.402E-10 3.984E-11 L
164Er 4.471E-10 1.822E-10 L
168Yb 1.339E-10 6.812E-11 L
174Hf 1.024E-10 4.538E-11 L
180Ta 2.128E-12 9.543E-13 L
180W 7.947E-11 3.225E-11 L
184Os 1.495E-10 5.190E-11 L
190Pt 2.874E-11 1.246E-11 L
196Hg 6.744E-10 2.724E-10 L
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Figure 7. Nucleosynthesis yields (overproduction factor normalized to 16O) for a 15Me NUGRID model (see Section 3 for details), r2 and d cases. Results for two
different metallicities are shown, for Z=0.02 (upper panel) and for Z=0.01 (lower panel). Filled triangles are for p-only isotopes.

Figure 8. Same as Figure 7, but for a 20Me progenitor.
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for nuclei in the nuclear mass-number range 70�A�210 for
the two sets of models described in Sections 2 and 3,
respectively. We note that for the results presented here, we
only included ccSN in the mass range 13Me–30Me.

Using the yields of the KEPLER models, Figure 10 shows
that the solar system composition is reproduced within a factor
of about three for the light p nuclides 74Se and 84Sr. Due to the
ν process contribution, ccSNe produce 138La and 180mTa a
factor of about three below solar. As mentioned in Section 2,
the abundance of 180mTa in this figure should be reduced by
one-third. A small production of 184Os is also found. The
nuclide 196Hg is obtained at a level of 10% of the solar
abundance. The contribution from ccSNe to all the other p
nuclides is very similar when using yields from KEPLER
models.

Figure 11 shows GCE results obtained with the post-
processed NuGrid yields presented in Section 3. The
appearance of material ejected from a strong α process
occurring in the 15Me model has important consequences
for the light p nuclides 74Se, 78Kr, and 84Sr, reproducing their
solar abundances within a factor of about two. This only occurs
in the 15Me model, however. The only other significant
contribution to the solar system abundance (within a factor of
about three) coming from these models is to 184Os.

Finally, Figures 12 and 13 compare GCE results using the
xi45 KEPLER model (shown in Figure 10) and the NUGRID
model, respectively, to TRV15 results where only SNIa were
considered as p-nuclei sources. It can be clearly seen that,
starting from 92Mo, SNIa play the dominant role in explaining
the solar system abundances of p nuclides, provided the
existence of single-degenerate thermonuclear supernovae and

the validity of TRV15ʼs hypothesis regarding the enrichment in
s-seeds during mass accretion.

5. Model Uncertainties

Concerning the impact of uncertainties in numerical
predictions within our GCE model, we refer to the discussion
from Côté et al. (2016). These authors identified the following
basic parameters as main sources of uncertainties in GCE
calculations: the lower and upper mass limits of the stellar IMF,
the slope of the high-mass end of the stellar IMF, the slope of
the delay-time distribution function of SNIa, the number of
SNIa per Me formed, the total stellar mass formed, and the
final mass of gas. They conclude that the slope of the IMF and
the number of SNIa are the two main sources of uncertainty.
These uncertainties are not relevant for the results presented in
this work for the following reasons. First, changing the slope of
the IMF only impacts progenitor masses lower than ∼10Me,
which are not important for the p nuclei production. Second,
the fact that the production of p nuclei in Type II supernovae is
secondary is dependent on the rate of Type II supernovae
through galactic history.
A crucial source of uncertainty for the relevance of SNIa in

the production of p-nuclei in GCE is the fraction of SNIa made
via the single-degenerate scenario, compared to the double-
degenerate scenario, where only the first type are most likely
source of p nuclei. TRV15, following Li et al. (2011),
found that if about 50%–70% of all SNIa are made via the
single-degenerate scenario, they can be responsible for at
least 50% of the p nuclei abundances in the solar system. By
looking at the chemical evolution of Mn with respect to Fe,
Seitenzahl et al. (2013) obtained that 50% of SNIa are from

Figure 9. Same as Figure 7, but for a 25Me progenitor.
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near-Chandrasekhar-mass explosions, likely made via single-
degenerate channel. A single-degenerate channel, according
Seitenzahl et al., is needed to reach the observed [Mn/Fe] in
the Sun. Matteucci et al. (2009) reaches a similar conclusion
reproducing [O/Fe] as a function of [Fe/H] and the metallicity
distribution of G-type stars in the solar neighborhood. These
authors conclude that both single-degenerate as well as double-
degenerate progenitors must contribute to the Galactic popula-
tion of SNeIa. For a better understanding of the role of
the single-degenerate scenario in chemical enrichment of
the Galaxy, we urgently need a detailed investigation of the
dependence of the yields to metallicity (dependency on
metallicity of the Mn yields invoked by Cescutti et al. 2008).
A large analysis of single-degenerate yields as a function
of metallicity will be published in a forthcoming paper
(C. Travaglio et al. 2018, in preparation). On the other
hand, consistent with previous theoretical predictions by
Woods & Gilfanov (2013), Johansson et al. (2016) found that

the single-degenerate SNIa should be less than 3%–6% of the
total SNIa population, based on observations on Sloan Digital
Sky Survey spectra from a large sample of early-type galaxies.
In conclusion, the total contribution to the SNIa population of
the single-degenerate channel is still an open puzzle, with
contradicting indications from observational constraints, stellar
population constraints as GCE. In particular, by using the upper
limits provided by Johansson et al. (2016), the contribution to
the inventory of the p-process nuclei from the single-
degenerate SNIa channel would be marginal, while the
production of Fe-group elements like Fe and Mn should also
be revised. There are no investigations in the literature
concerning the contribution to p nuclei from the WD-merger
SNIa channel; therefore, it is urgent for this open problem to be
addressed.
The yields of the stellar models bear uncertainties due to the

details in numerical treatment and the implementations of
explosion mechanism and fallback. We used yields from two

Table 3
Chemical Evolution of p-nuclei with KEPLER and NUGRID Models

Isotope Solar Systema xi45b xi25c nocutoffd ertle Nugridf

74Se 1.030D-09 4.694D-10 2.900D-10 4.696D-10 3.217D-10 1.883D-09
78Kr 4.273D-10 8.208D-11 5.191D-11 8.209D-11 5.790D-11 3.276D-10
84Sr 2.991D-10 1.274D-10 8.025D-11 1.274D-10 9.376D-11 1.338D-10
92Mo 9.722D-10 4.817D-11 4.529D-11 4.818D-11 4.449D-11 2.306D-11
94Mo 6.258D-10 3.178D-11 2.981D-11 3.178D-11 2.924D-11 1.534D-11
96Ru 2.603D-10 1.331D-11 1.259D-11 1.331D-11 1.235D-11 6.775D-12
98Ru 8.858D-11 5.248D-12 4.804D-12 5.249D-12 4.701D-12 2.718D-12
102Pd 3.935D-11 3.486D-12 3.034D-12 3.488D-12 3.003D-12 2.202D-12
106Cd 5.807D-11 5.140D-12 4.588D-12 5.142D-12 4.501D-12 3.529D-12
108Cd 4.142D-11 4.217D-12 3.689D-12 4.218D-12 3.628D-12 2.273D-12
113In 2.476D-11 1.495D-12 1.356D-12 1.495D-12 1.331D-12 5.685D-13
112Sn 1.074D-10 1.060D-11 9.106D-12 1.061D-11 8.827D-12 6.013D-12
114Sn 7.494D-11 7.014D-12 5.942D-12 7.016D-12 5.829D-12 3.903D-12
115Sn 3.780D-11 2.055D-12 1.942D-12 2.055D-12 1.903D-12 9.390D-13
120Te 1.643D-11 1.434D-12 1.241D-12 1.435D-12 1.187D-12 8.873D-13
124Xe 2.377D-11 3.507D-12 2.913D-12 3.508D-12 2.740D-12 2.024D-12
126Xe 2.071D-11 2.911D-12 2.406D-12 2.912D-12 2.332D-12 1.979D-12
130Ba 1.740D-11 4.755D-12 3.624D-12 4.757D-12 3.456D-12 3.958D-12
132Ba 1.683D-11 3.713D-12 2.790D-12 3.715D-12 2.707D-12 3.186D-12
138La 1.428D-12 5.518D-13 4.302D-13 5.521D-13 3.806D-13 5.501D-14
136Ce 8.095D-12 9.219D-13 7.293D-13 9.222D-13 7.109D-13 6.147D-13
138Ce 1.104D-11 1.156D-12 9.275D-13 1.157D-12 8.976D-13 8.967D-13
144Sm 3.155D-11 4.448D-12 3.522D-12 4.450D-12 3.545D-12 5.222D-12
152Gd 2.898D-12 2.913D-13 2.790D-13 2.913D-13 2.686D-13 1.393D-13
156Dy 9.864D-13 9.542D-14 7.213D-14 9.545D-14 8.230D-14 6.064D-14
158Dy 1.695D-12 1.383D-13 1.157D-13 1.385D-13 1.148D-13 8.593D-14
162Er 1.584D-12 1.996D-13 1.615D-13 1.997D-13 1.681D-13 1.028D-13
164Er 1.847D-11 1.115D-12 1.048D-12 1.116D-12 1.020D-12 7.288D-13
168Yb 1.381D-12 2.114D-13 1.705D-13 2.119D-13 1.692D-13 1.858D-13
174Hf 1.430D-12 2.471D-13 2.049D-13 2.482D-13 1.955D-13 1.670D-13
180Ta 1.282D-14 1.358D-14 9.225D-15 1.358D-14 7.716D-15 3.864D-15
180W 9.861D-13 2.334D-13 1.949D-13 2.340D-13 1.848D-13 2.158D-13
184Os 5.040D-13 1.689D-13 1.344D-13 1.693D-13 1.324D-13 2.234D-13
190Pt 1.041D-12 8.680D-14 7.500D-14 8.697D-14 7.223D-14 6.595D-14
196Hg 5.369D-12 1.245D-11 9.223D-12 1.248D-11 8.476D-12 1.114D-12

Notes.
a Lodders et al. (2009).
b Galactic chemical evolution results using yields from the xi45 KEPLER model.
c Galactic chemical evolution results using yields from the xi25 KEPLER model.
d Galactic chemical evolution results using yields from the nocutoff KEPLER model.
e Galactic chemical evolution results using yields from the ertl KEPLER model.
f Galactic chemical evolution results using yields from the NUGRID model.
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Figure 10. GCE calculation using the yields from KEPLER xi45 for the range of masses and metallicities discussed in the text. The filled triangles are p-only isotopes.

Figure 11. GCE calculation using the yields from post-processed NUGRID models for the range of masses and metallicities discussed in the text. The filled triangles
are p-only isotopes.
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Figure 12. Comparison of the GCE results when using the KEPLER xi45 ccSN models presented in this paper (triangles) with the TRV15 results for SNIa (circles).
The filled symbols are p-only isotopes.

Figure 13. Comparison of the GCE results when using the NUGRID ccSN models presented in this paper (triangles) with the TRV15 results for GCE taking into
account SNIa contribution (circles). The filled symbols are p-only isotopes.
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different stellar evolution codes, and implementing different
explosions and fallback in each code, to obtain an estimate of
the differences to expect between results obtained with
different codes. We also have only a limited set of models
(see, e.g., Müller et al. 2016; Sukhbold et al. 2017) and do not
cover the lowest mass or very high masses. The low masses
may not contribute much material, though they my have their
own peculiar nucleosynthesis. These higher masses are
disfavored by the IMF but may contribute more intermediate-
mass elements.

A further source of uncertainty is the astrophysical reaction
rates used in the stellar evolution codes. The γ process proceeds
by sequences of initial (γ, n) reactions photodisintegrating the
previously existing seed nuclei at temperatures between 2 GK
and 4 GK, thereby producing proton-richer isotopes. Toward
the proton-rich side of the nuclear chart, the (γ, n) reactions are
competing with (γ, α) reactions (above the N=50 neutron
shell) or (γ, p) reactions (for N�50), deflecting the reaction
path to lower charge numbers Z. Reactions occur at stability
and a few mass-number units off stability toward the proton-
rich side and thus the majority of nuclei involved are unstable.
Furthermore, at γ-process temperatures, contributions of
thermally excited states in the target nuclei are dominating
the stellar reaction rate. This implies that none of the rates are
constrained experimentally, not even those on stable nuclides.

Several studies have been performed in the past to explore
the effect of rate variations on the production of p nuclei (e.g.,
Arnould & Goriely 2003; Rapp et al. 2006; Rauscher 2006) and
neutrino cross sections (e.g., Heger et al. 2005). These were
restricted to testing the isolated impact of particular rate
variations. Very recently, Rauscher et al. (2016) and Nishimura
et al. (2018) have quantified the combined uncertainties in the
final yields of stable and radiogenic p nuclei stemming from the
uncertainties of all rates. This was achieved by performing a
Monte Carlo approach on an unprecedented scale, varying all
rates in a network within their bespoke, temperature-dependent
nuclear physics uncertainties. These temperature-dependent
nuclear physics uncertainties were constructed from a combi-
nation of theoretical and experimental errors, individually for
each rate in the network. Relevant to this work, Rauscher et al.
(2016) explored these uncertainties for 15Me and 25Me

KEPLER models with initial solar metallicity. Similar main
uncertainties can be expected also for the relative γ process
yields at lower metallicity. Nuclear uncertainties in the γ
process at lower metallicity, however, have a smaller relevance
because of the secondary-like nature of the process. Despite
larger uncertainties in predicted astrophysical reaction rates, the
final uncertainties in the p yields found by Rauscher et al.
(2016) were lower than a factor of two, with a few exceptions:
113In, 115Sn, 168Yb, and 174Hf. The asymmetric uncertainty
distributions derived favor increased yields. Even for the
exceptions with particularly large uncertainties, the upper limit
remains below a factor of about 3.5. On the other hand,
particularly small uncertainties were found for 184Os. Also the
uncertainties for 190Pt and 196Hg are below 20% in the 15Me

as well as the 25Me model. We consider the uncertainties in
the γ process yields calculated by Rauscher et al. (2016) as
realistic estimates that, to first approximation, can also be
applied to the other set of p process yields dominated by the
γ process, i.e., for the NuGrid yields of the models 15r2, 20d,
and 25d.

Nishimura et al. (2018) applied the Monte Carlo procedure
of Rauscher et al. (2016) to p production in the SNIa model
also used by TRV11. The final uncertainties found for the
production of p nuclei in this SNIa model were even lower than
the ones for the ccSN cases, below 30%–40%. The only
exceptions were 162Er with a factor of two uncertainty and
180mTa with a factor of 1.8 as an upper limit. As mentioned
above, however, different production mechanisms are con-
tributing to 180mTa, including the ν process, which does not
appear in SNIa.
Given the comparatively small nuclear uncertainties, we

conclude that they do not affect our conclusions regarding the
relevance (or irrelevance) of ccSN for the solar system p-
nuclide abundances, even though we did not perform a GCE
calculation including the propagation of the yield uncertainties.

6. Discussion and Conclusions

We have presented results of detailed nucleosynthesis
calculations for the production of p nuclides in two sets of
ccSN models (four sets of models using the KEPLER code and
two sets of models using the NUGRID code), on a fine grid of
masses and metallicities (seven initial masses from 13Me up to
30 Me, and 14 metallicities for the KEPLER sets; three masses
at 15Me, 20Me, and 25Me, and two metallicities for the
NUGRID sets). They are all non-rotating, one-dimensional
models. Nucleosynthesis in the KEPLER models has been
followed coupled to the stellar evolution and explosion,
whereas nucleosynthesis has been calculated in a post-
processing approach for the NUGRID models.
Between KEPLER and NUGRID models, we find few

significant differences, with the exception of the considerable
production of light p nuclei using the 15Me NUGRID
progenitor and the production level of 196Hg in the KEPLER
models. The change in initial abundance distribution with
metallicity is not the same in the two models discussed in the
paper. In the KEPLER models, the abundances are redis-
tributed according to the GCE considerations as explained in
West & Heger (2013). In the Nugrid models, the initial
abundances are scaled to Z=0.01 and Z=0.02 from the solar
values from Grevesse & Noels (1993), with the solar isotopic
percentage for each element given by Lodders (2003). There-
fore, the abundances are solar abundances scaled with
metallicity in the Nugrid models whereas in the KEPLER the
initial abundances are not only scaled but also redistributed,
leading to higher relative abundances in the seed region
relevant to the production of 196Hg. This explains the
difference in the resulting 196Hg. We also note that there is a
small difference in neutron-capture and photodisintegration
rates between Bao et al. (2000; used in the KEPLER models)
and KADONIS v0.2 (used in the Nugrid models). This leads to
a slightly lower production of heavy p-nuclei because of lower
(n, γ) and (γ, n) rates on the heavy seed nuclei. This effect was
explored in Dillmann et al. (2008), where only a tiny difference
in the production of 196Hg was found when comparing
calculations with the two rate sets. Therefore, the change in
reaction rates cannot account for the large difference between
the two models discussed in this work. Only the difference in
the treatment of abundances at different metallicities remains as
the cause for the production difference in 196Hg.
Making use of the p yields from the KEPLER and NUGRID

models, a detailed GCE study was performed to investigate the
production of p nuclei over the course of Galactic history until
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solar system formation. For the first time in literature, yields
from ccSN originating from progenitors of different masses and
metallicities were coupled to GCE. Being able to self-
consistently trace the Galactic p nucleus enrichment with time
also allowed to clarify the role of ccSN contributions to the
abundance distribution of p nuclei in the solar system. For both
sets of ccSN nucleosynthesis analyzed in this paper, we
conclude that ccSN can give a significant contribution to the
solar system abundances only for a few p nuclides: (a) the light
p nuclei up to 92Mo, if the contribution can come from a
primary process in the massive star (such as, e.g., an α process
as discussed in Section 3 or a νp-process, etc.); (b) 138La and
180mTa that have a strong contribution from the νprocess;
(c) 184Os; (d) 196Hg, if significant abundances of Pb isotopes
come from the progenitor, as in the KEPLER models. These
findings do not depend on details of the GCE model used here.

Contributions from a νp-process or from neutrino driven
winds in the deepest layers of ccSN (e.g., Fröhlich et al. 2006;
Arcones & Janka 2011; Wanajo et al. 2011a, and references
therein) were not considered. These processes would also be
primary (i.e., independent to metallicity) but only light p nuclei
can be created in such processes and the proton-rich
environments required were not found in more recent multi-D
hydrodynamic ccSN explosion studies.

Assuming that the solar system p nucleus abundances are
typical for the local Galaxy, this therefore implies a necessity to
find different astrophysical site(s) for the synthesis of the
majority of p nuclides. TRV15 showed single-degenerate SNIa
to be a viable alternative site, pending a closer investigation of
the assumed synthesis of s process seeds in the accreted layer
(e.g., U. Battino et al. 2018, in preparation) and confirmation of
the assumed single-degenerate SNIa occurrence frequency.
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