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Abstract. We study the sensitivity of the νp-process abundance pattern to (n,p), (p,γ), and (n,γ) rates for nuclei
between Ni and Sn. We illustrate our ﬁndings for two diﬀerent initial electron fractions and a representative
trajectory. We discuss how these rates inﬂuence the abundance pattern and the nuclear ﬂow.

1 Introduction
Core-collapse supernovae are important contributors to the
chemical enrichment of galaxies. They synthesize heavy
elements and eject these newly synthesized elements (iron
and heavier elements) into the interstellar medium together with elements produced during the star’s lifetime.
After the explosion, the nascent, hot neutron star cools
by emitting neutrinos. These neutrinos interact with the
stellar matter and deposit energy, resulting in a supersonic
outﬂow, the neutrino-driven wind. The conditions in the
winds are not suitable for the synthesis of the heaviest elements by the r-process. However, lighter heavy elements,
such as Sr, Y, Zr, can be formed.
Recent hydrodynamic models suggest that very
proton-rich conditions are found in the innermost ejected
layers of a core-collapse supernova [1–7], due to the interaction of electron neutrinos νe and anti-neutrinos ν̄e with
the ejected, hot, and dense matter at early times. It has
been shown that a type of rapid proton-capture process,
called the νp-process, unfolds during the cooling phase of
such proton-rich ejecta [8–11].
The proton-rich matter cools while being ejected in the
core-collapse supernova event and goes from a full nuclear statistical equilibrium (NSE) to two quasi-statistical
equilibrium (QSE) groups around 56 Ni and α-particles.
α-particles are abundant because the density is comparatively low and hence the 3α-rate is too slow to eﬃciently
convert α-particles to 12 C, from where they would be incorporated into the QSE around 56 Ni. Proton-capture reactions ensue once the temperature drops below QSEtemperatures. This results in sequences of rapid protoncapture reactions competing with (γ,p) reactions and βdecays within an isotonic chain. This is similar to an rpprocess in proton-rich thermonuclear burning on the surface of a mass-accreting neutron star [12, 13]. However,
there are some crucial diﬀerences. As the matter is moving
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outward in a neutrino wind, the large proton density allows
for a small number of neutrons to be produced by νe captures on protons. This permits neutron-induced reactions
– such as (n,γ) and (n,p) – to compete with proton captures, electron captures, and β+ -decays. Especially (n,p)
reactions on proton-rich nuclei have cross sections 10 − 12
orders of magnitude larger than proton captures. Therefore, already a tiny neutron abundance can cause neutroninduced reaction ﬂows competing with proton captures.
The (n,p) reactions in the νp-process overcome the waiting points in the rp-process which are characterized by
slow proton capture rates and long β-decay (electron capture) lifetimes. Depending on the neutron density ρn , the
(n,p) reactions regulate the ﬂow from one isotonic chain
to the next higher as they are faster than the β+ -decays or
electron captures. The path of the νp-process lies initially
close to the N = Z line and moves towards stability at
higher masses.
The importance of the νp-process lies in the fact that it
contributes to the abundances of elements above Ni, e.g.,
to Sr, Y, Zr which have been found to be enhanced in
metal-poor stars (e.g., in [14]). Thus, the νp-process may
serve as the Light Element Primary Process (LEPP) proposed to explain those abundances [15].
How far in mass the νp-process path reaches depends sensitively on the explosion mechanism, the neutrino emission from the proto-neutron star, and the hydrodynamics governing the ejecta motion, see e.g. [7,16]. On
the other hand, many nuclear physics uncertainties are also
involved, which additionally aﬀect the isotopic abundance
contributions, see e.g. [17]. The reaction path partly lies in
a region where nuclear masses are unknown [7, 18] which
aﬀects the proton-capture Q-values. Furthermore, all involved reaction rates are based on theoretical predictions.
Since there is not much experimental information (such
as level schemes, deformations, decay schemes, scattering and reaction cross sections) available far from stability, the uncertainties in the rates have to be considered in
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astrophysical studies of the νp-process. A possibility to investigate properties of, and perhaps reactions with, highly
unstable nuclei is oﬀered by radioactive ion beam facilities. For the planning of experiments it is useful to have
a list of possibly interesting nuclei and reactions for the
νp-process.
In this paper, we study (n,p), (p,γ), and (n,γ) reactions
in νp-process nucleosynthesis. In section 2, we describe
the νp-process model, the nuclear reaction network used,
and the reaction rate inputs for the network. The results
from systematic variations of individual reaction rates are
presented in section 3. We conclude the article with a discussion in section 4.

2 Model and Inputs
In this study, the νp-process yields are obtained using a
post-processing approach of a representative supernova
trajectory. The trajectory is from the explosion of a 15 M
star [1] and is the same as used in several other νp-process
studies [10, 18, 19]. The composition of the ejecta from
this trajectory is calculated using a full nuclear reaction
network [8], in which we include isotopes up to 164 Dy. The
reaction rates are the same as in [18]. They include experimental rates where available and predictions otherwise.
The theoretical n-, p-, and α-capture reactions are obtained
from the NON-SMOKER code using the masses from the
Atomic Mass Evaluation (AME2003) [20], supplemented
with mass measurements from [21] and [18]. The theoretical weak interaction rates are taken from [22] and
[23]. For the β-decays, the experimental decay rates from
NuDat [24] are supplemented with the theoretical rates by
[25]. Neutrino and antineutrino capture reactions on free
nucleons are also taken into account.
We start the nucleosynthesis calculations when the
temperature drops below 10 GK. The abundances of all
isotopes are followed until nuclear reactions freeze-out
and matter decays back to stability. The initial abundances are determined from nuclear statistical equilibrium
for a ﬁxed electron fraction of Ye = 0.5 (“standard”) or
Ye = 0.56 (“strong”). We assume constant luminosities
for neutrinos and antineutrinos. For the antineutrinos we
assume a Fermi-Dirac spectrum with a temperature consistent with the hydrodynamical simulation. The neutrino
temperature is determined to be consistent with the antineutrino temperature and the chosen initial electron fraction. The subsequent evolution of the electron fraction
is performed with the nuclear reaction network that includes electron/positron capture reactions as well as neutrino/antineutrino capture reactions.

3 Results
We study the eﬀect of variations in individual nuclear reaction rates on the ﬁnal νp-process abundances. The important reaction types for the νp-process are (n,p), (p,γ), and
(n,γ) reactions. The (p,γ) reactions together with the (n,p)
reactions allow for the nuclear ﬂow to proceed to heavier nuclei. The (n,p) reactions take the place of the β+ decays in the rp-process and are of particular importance

on even-even N = Z nuclei with long β+ -decay half-lives
and small proton-capture cross sections. If the conditions
during the expansion result in a low abundance of seed
nuclei, neutron-capture reactions become the fastest reactions at temperatures T < 1.5 GK [16]. Toward the end of
the evolution, (n,γ) reactions are the fastest reactions, even
faster than β+ -decays, and matter moves towards stability
along constant proton number Z rather than along constant
mass number A.
The νp-process synthesizes nuclei with 64  A  110
on the neutron-deﬁcient side of the valley of β-stability. It
has previously been shown that the nucleus 56 Ni acts as
seed nucleus for the νp-process and that the ﬁnal abundances of nuclei with A > 64 strongly depend on the rate
of 56 Ni(n,p)56 Co [7, 17]. For these reasons, we consider in
this study all the nuclei from Ni to Sn and from the N = Z
line to the most neutron-deﬁcient stable isotope of each
element. We investigate individually the (n,p), the (p,γ),
and the (n,γ) reaction on each of these nuclei and determine the change in the ﬁnal abundances due to a variation
in the reaction rate. This is done separately for each of our
models (“standard” and “strong”).
We perform a baseline calculation for both of our models (“standard” and “strong”) using the reaction rates as
described in section 2. Figure 1 shows the ﬁnal abundances for both baseline cases. We denote the ﬁnal abunlabel
dance pattern of these calculations with Ybaseline
(A) where
A is the mass number and label ∈ {strong, standard}. All
the other νp-process calculations use the exact same reaction rate inputs but for the (n,p), (p,γ), or (n,γ) reaction on a single nucleus. The rate for this reaction and
for its reverse reaction are changed by a factor k = 10
or k = 0.1. The resulting abundance pattern will be delabel
noted by Yk,x
(A) where x denotes the reaction type, i.e.
x ∈ {(n, p), (p, γ), (n, γ)}. To quantify the diﬀerence in the
ﬁnal abundance pattern between a baseline calculation and
a calculation with a single reaction changed by a factor k,
we use the quantity F, similar to [26],
label
Fk,x
= 100

label
label
 |Yk,x
(A)|
(A) − Ybaseline
A

label
Ybaseline
(A)

.

(1)

A larger F value represents more deviation in the ﬁnal
abundance pattern from the baseline calculation. A value
of F = 0 would mean that the abundance pattern of
the baseline calculation and of the calculation with one
changed rate are identical, i.e. the rate change had no effect on the ﬁnal abundance pattern.
3.1 (n,p) reactions

Figure 2 summarizes the impact of individual (n,p) reaction rates on the νp-process abundance pattern for the two
models (“standard” and “strong”). As expected from previous work [7, 17], the (n,p) reactions on 56 Ni and 64 Ge
have a strong impact on the ﬁnal abundances (F > 1000).
There are several other (n,p) reactions on even-even N = Z
nuclei which also have a signiﬁcant impact on the ﬁnal
abundance pattern: 60 Zn, 68 Se, 72 Kr, and to a lesser degree also 76 Sr and 80 Zr. In the “strong” case, the (n,p)
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4 Conclusions
Figure 1. Final abundances versus mass number for the two
models considered (“standard” and “strong”). Note that nuclei
with mass number A > 110 are only signiﬁcantly produced in
model “strong”.

rates on 72 Kr, 76 Sr, and 80 Zr are more important than in
the “standard” case due to the larger nuclear ﬂow through
these nuclei in the “strong” case. The (n,p) rates on the
N + 1 neighbors of the N = Z nuclei are also important.
The nuclear ﬂow reaches these nuclei via a (p,γ) reaction
immediately after the (n,p) reaction on the N = Z nucleus.
For nuclei with Z > 42 the νp-process path deviates from
the N = Z line towards stability. This is reﬂected in the
location of the (n,p) rates with an impact, albeit smaller,
on the abundance pattern. We also note a general trend
that (n,p) rates on heavier nuclei have a smaller impact on
the abundance pattern than those on the nuclei closer to
Ni. The nuclear ﬂow reaches the heavier nuclei later when
the temperature is already lower and hence the cumulative
eﬀect of these rates on the abundance pattern is smaller
than for rates on nuclei such as Ni, Zn, or Ge. The effect of the (n,p) rates on the ﬁnal abundances is stronger
if the rates are decreased than if the rates are increased.
The rates for (n,p) reactions on nuclei such as Ni or Ge
are large and these nuclei are synthesized early during the
νp-process. Hence, these nuclei act both as seed nuclei
for the νp-process but also as neutron sink. By decreasing
the (n,p) rate, the eﬀectiveness of the neutron-sink is decreased and the neutron will be captured by less dominant
neutron-deﬁcient nuclei along the νp-process path.
3.2 (p,γ) and (n,γ) reactions

Generally, the (p,γ) rates do not have a signiﬁcant impact
on the ﬁnal abundance pattern, both for increases and for
decreases in the reaction rates. This is due to the (p,γ)(γ,p) equilibrium within isotonic chains during most of the
nucleosynthesis. Departures from this equilibrium occur
only at late time in the freeze-out.
The (n,γ) rates are important for the νp-process path
in two cases: At late times when matter can move towards stability via (n,γ) reactions as previously discussed,
or when the nuclear ﬂow reaches Sn (Z = 50) before the
freeze-out of the νp-process nucleosynthesis, as seen in
our “strong” model. Proton-capture reactions on Sn iso-

We have demonstrated the importance of individual (n,p)
reactions, as well (n,γ) reactions on the νp-process abundance pattern. We have shown for two select cases (“standard” and “strong”) which reactions have the largest impact on the ﬁnal abundances. A detailed investigation of
the important rates depending on the conditions such as the
intitial electron fraction is in preparation. This information
combined with information on the relevant energy and the
ground-state contribution to the total rate, can be used to
plan future experimental investigations of rate isotopes.
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Figure 2. Inﬂuence of individual (n,p) reactions on the ﬁnal abundance pattern for model “standard” (left panel) and “strong” (right
panel). The squares indicate isotopes on which we have changed the (n,p) reaction. The color-coding of each square represents the
F-value obtained for the calculation with the (n,p) reaction on that particular isotope changed by a factor k = 0.1. Note the diﬀerent
scale of F-values between the left and the right panels.
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Figure 3. Same as Figure 2 but for (p,γ) reactions.
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Figure 4. Same as Figure 2 but for (n,γ) reactions.
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