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Abstract. In spite of many years of effort, some aspects of the origin and evolution of heavy
elements in nature are yet to be understood. Here, we overview the current status of models
for the formation of both r-process and νp-process elements. We summarize recent state-of
the art developments of supernova and binary neutron star evolution in both r-process and
νp-process nucleosynthesis. In particular, we highlight two recent recent works detailing the
emerging evidence for the important role of hypernovae (energetic supernovae) and collapsars
(jets from the collapse of massive stars to a black hole). These studies illuminate how such
events may play a key role in the origin and early explosive nucleosynthesis and evolution of
some heavy-elements.

Here, we summarize two recent papers [1, 2] that highlight the important roles of collapsars
and hypernovae for the formation of both r-process [1] and νp-process isotopes [2]. In the former
work we summarized recent state-of-the-art developments in supernova and binary neutron-star
evolution regarding the evolution of r-process elements. In particular, we examine the important
role of collapsar jets from the collapse of massive stars to a black hole) in the early evolution
of the r-process abundances. In the second work we highlight recent emerging evidence for
the important role of hypernovae (energetic supernovae) in the early evolution of some of the
isotopes formed by the νp-process.

1. Collapsars and the r-process

The astrophysical site for rapid-neutron-capture nucleosynthesis (the r-process) remains an
active area of research [3]. The neutrino-driven wind (NDW) of core-collapse supernovae
(CCSNe) may only produce light r-process elements [4]. Another source, is the jet driven by
magneto-hydrodynamics (MHDJ) from fast rotating, CCSNe with high magnetic fields [5]. In
addition, it is a current view by some [6, 7] that neutron-star mergers are the main contributor to
r-process nucleosynthesis in the Galaxy. This line of thought can be traced to the LIGO/VIRGO
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detection of gravitational waves (event GW170817) from a merging binary neutron-star system
(NSM) along with a coincident gamma-ray kilonova GRB170817A [8, 9]. It has been suggested
that the opacity of the light curve of the expanding ejecta may be due to presence of heavy
elements (see, however, [10]). There are also observations [11, 12] suggesting that there was
massive ejection of r-process material into the dwarf galaxy Reticulum II without an expected
large amount of supernova ejecta enrichment.

In Ref. [1] it was argued that the contribution from massive stars collapsing to a black
hole (collapsars) may also be a viable site for the main r-process abundances [13]. Previously,
in Ref. [14] evidence for an additional production site was identified for the r-process that
contributed in the early Galaxy but ceased at higher metallicity. This was necessary to account
for the decrease of the r-process elements as the iron abundance increased after the ignition of
Type Ia supernovae (at [Fe/H] ∼ −1). In [1] we suggested that this source was collapsars. The
galactic chemical evolution (GCE) of r-process abundances experiencing a range of astrophysical
sites and possible conditions was explored. That paper argued that collapsars are indeed the
desired source. It was also emphasized that, even in the most optimistic of circumstances, the
NSMs could only contribute a negligible fraction of the r-process abundances in the present
solar-system.

The reason that NSMs are suppressed is an unavoidable time delay from the time of star
formation to the merger and ejection of r-process material. Even with a timescale for mergers
as small as ∼ 106 yr, neutron star binaries are formed a with a distribution of merger time
scales due to the distribution of separation distances of the initial binary. This delay limits the
amount or possible NSM contribution to the solar-system abundances. It has been pointed out,
however, [15] that merging dwarf galaxies may have contributions from NSMs due to their slow
stellar nucleosynthesis enrichment timescale.

Both collapsars and SNe are the result of the collapse of a massive star at the end of their
lifetime. They can easily cause the build up r-process isotopes in the early Galactic disk.
However, NSMs require the merger of the remnants of massive stars. The occurrence rate is
∼ 0.1 − 1% of the observed SN rate in the Galaxy. The orbital dynamics of observed binary
pulsars suggest coalescence times ranging from ∼ 108 to more than 1010 yr [16].

The universality [17] of the observed abundance pattern of intermediate mass 40 < Z < 80
elements in metal-poor halo stars of the Galactic Halo and in the solar system has been
invoked as evidence that only a single site has contributed to the early r-process abundances
[18, 19, 6, 20, 14]. However, in [1] it was demonstrated that the elemental abundances can
exhibit universality even when the isotopic abundances are not similar [21, 22, 13]. In particular,
the relative contributions of multiple r-process models (collapsars, CCSNe, and NSMs ) were
examined along with their associated galactic chemical evolution (GCE). This was based upon
the well tested model of [23] that was modified to include various r-process source abundance
contributions. This model produces a star formation rate similar to that observed [24] and
also reproduces the chemical evolution of light elements from hydrogen to zinc [23]. The gas
evolution involves a cycle of star formation, stellar evolution and nucleosynthesis; ejection of
material into the interstellar medium (ISM); mixing of ejecta with the ISM; and formation of
the next generations of stars. An exponentially declining galactic inflow rate with timescale of
4 billion years was adopted in [1]. This is consistent with the hierarchical clustering paradigm.

A large parameter space of nuclear physics input, and astrophysical models was employed
to study the general evolution of r-process abundances. It was concluded that CCSNe and
collapsars were the most important early contributors to r-process abundances in the Galaxy.
On the other hand, NSMs only contributed after the iron was already enriched to [Fe/H]> −1.
Moreover, this conclusion was true even for a relatively short time for binary neutron-stars to
merge. The observed lower limit to the NSM timescale is ∼50 My [16]. However, coalesce times
of τg = 1, 10 and 100 My were also considered. Although, the merger of dwarf galaxies may
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provide some r-process enriched stars, most of the gas arriving from the intergalactic medium is
depleted in r-process abundances [25].

As the r-process occurs it eventually terminates by either beta-decay induced fission or
neutron induced fission [21] Thus, the fission fragment distribution (FFD) also impacts the r-
process abundance curve. In [1] the impact of both symmetric fission and asymmetric fragment
distributions were explored. It was found that the FFD affects abundances in the vicinity of
r-process peaks. Models were also run with and without the contribution from collapsars.

In Ref. [1] it was concluded that among the possible astrophysical sites, CCSNe, i.e. NDW and
MHDJ and collapsars, are the main contributor during the early Galaxy. The contribution from
NSMs, on the other hand, grows with increasing metallicity and only achieves an abundance that
is about 1 % of the total r-process abundance of solar elements. This conclusion remains true for
a wide range of minimum merger times τg = 1 - 100 My in any GCE models including multiple
sites and different input nuclear physics. The elemental abundance was also calculated in Ref. [1].
It was concluded that even with the diverse time-dependent contributions from various r-process
sources, the observed universality of the r-process elemental abundance pattern [17] still emerges.

2. Hypernovae and the νp-process

The proton-rich p-nuclei cannot be synthesized through the r- or s-process. A popular model
for p-nuclei is production by successive (p, γ) or (γ, p) reactions [26, 27, 28] on heavier isotopes
in a high temperature environment (the γ-process). However, the γ-process does not explain
the relatively large abundances of 92,94Mo and 96,98Ru. In Ref. [29] the νp-process scenario
was introduced. In this process, free neutrons produced via p(ν̄e, e+)n reactions in a proton-
rich neutrino-driven wind of CCSNe enhancesthe production of 92,94Mo and 96,98Ru. However,
observational evidence of these processes occurring in the Galaxy has been sparse.

However, in Ref. [2] we investigated the GCE of Mo and Ru produced in the νp-process. The
yields of 92,94Mo and 96,98Ru produced in the νp-process in both SNe II and hypernovae (HNe)
were included. This work concluded that the operation of the νp-process in hypernovae best
explains the enhanced abundances of Mo and Ru observed in metal-poor stars of the Galactic
Halo.

In these models, [2] the νp-process isotopes were produced in the late (t > 1s) times after the
explosion. Nucleosynthesis occurrs within a general-relativistic, spherically symmetric neutrino
driven wind [30] calibrated to 3D core-collapse SN simulations of Refs. [31, 32]. The models for
neutrino-driven winds in hypernovae were taken from the 100M⊙ progenitor star of Ref. [33].
In this scenario, a proto-neutron star with large mass (∼ 3M⊙) survives for a few seconds before
it collapses to a black hole. The final yields of p-nuclei were obtained from the product of the
PNS lifetime (≈ 1 s) times the rate of mass ejection (Ṁ) and the mass fraction (Xi) of p-nuclei
in the ejecta..

There are seven stable isotopes of molybdenum. Only 92Mo and 94Mo are considered p-nuclei
while 96Mo is only produced in the s-process. The other isotopes have contributions from both
the s- and r-processes. The origin of Ru is similar to Mo. The isotopes 96Ru and 98Ru are
deemed to be p-nuclei, while 100Ru is only produced in the s-process. The other Ru isotopes
are synthesized by both the s-process and r-process. The GCE calculations for the p-nuclei in
[2] utilized the same model described in the previous section [1, 23].

The SN production rate of each p-nucleus was derived from the event rate of CCSNe (including
hypernovae) and the ejected mass of newly synthesized p-nucleus. The stellar initial mass
function was taken from Kroupa [34] and the mass range of SNe and HNe progenitors stars was
taken to be 8−60M⊙ and 60−100M⊙, respectively. For these parameters, 4% of massive stars
explode as hypernovae. This is consistent with observations. The γ-process yields were taken
from the models of [35] for SNe Ia and from [36] for CCSNe. The contributions from SNe Ia
for p-nuclei were taken from [35] based upon their Case A1. The production of the γ-process
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isotopes from CCSNe utilized yields from the xi45 model of the KEPLER simulations [36].
The models of Ref. [2] showed that the γ-process and νp-process from supernovae alone could

not explain the evolution of the Mo abundance in the metallicity range up to [Fe/H] < -1. The
contribution of the s-process to the Mo and Ru abundances is also negligibly small.

In contrast, however, the r-process makes a relatively large contribution when [Fe/H] < -
1. However, the amount of r-elements is somewhat below the observed stellar ratios. The
νp-process contribution from HNe significantly increased the abundance of the p-isotopes. In
particular, for [Fe/H] < −2, the production by the νp-process from hypernovae is larger than
that of the r-process. Thus, hypernovae are the main contributor to the νp-process at low
metallicity, [Fe/H]< −2. These results confirm that the observed Mo abundances in the low
metallicity stars of the Galactic Halo are mainly formed via the νp-process in HNe. Because
massive ∼ 100M⊙ [37] population III stars are present in the early Galaxy, the conclusion that
hypernovae are the main contributor at low metallicity region is reasonable.

Regarding Ru, the γ-process and the νp-process in normal CCSNe do not contribute to the
elemental abundances of Ru. However, the νp-process in hypernovae increases the elemental
abundance at low metallicity, although not as much as for Mo. This is because the solar isotopic
percentage of the p-isotopes 92,94Mo is as much as 24.1%, while that of Ru (96,98Ru) is only 7.4%.
The abundance of 92,94Mo might also be produced in moderately neutron-rich ejecta (Ye ∼ 0.47)
[38, 39]. If such an early neutron-rich ejecta were taken into account, the total abundances of
Mo and Ru could increase in the GCE calculation and the model prediction could be more in
line with observed stellar abundances.

In summary, it has been shown in [2] that the νp-process in neutrino-driven winds of
hypernovae contribute substantially to the GCE of 92,94Mo and 96,98Ru, while the contribution
from the νp-process in ordinary CCSNe is negligible. Moreover, the hypernova νp-process
contribution to the evolution of p-nuclei is largest at low metallicity. Indeed, the observed
high [Mo/Fe] ratios for metal-poor stars confirm that, indeed, the νp-process in hypernovae is
the main contributor to 92,94Mo and 96,98Ru in the Galaxy.
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