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Abstract. The neutrino-induced nucleosynthesis (ν process) in supernova explosions of
massive stars of solar metallicity with initial main sequence masses between 15 and 40
M has been studied. A new extensive set of neutrino-nucleus cross-sections for all
the nuclei included in the reaction network is used and the average neutrino energies are
reduced to agree with modern supernova simulations. Despite these changes the ν process
is found to contribute still signiﬁcantly to the production of the nuclei 7 Li, 11 B, 19 F, 138 La
and 180 Ta, even though the total yields for those nuclei are reduced. Furthermore we study
in detail contributions of the ν process to the production of radioactive isotopes 26 Al, 22 Na
and conﬁrm the production of 92 Nb and 98 Tc.

1 Introduction
Core-Collapse-Supernova explosions are among the most energetic events known to astronomers and
mark the end of the live of massive stars. The conditions created by the passage of the supernova
shockwave through the chemically enriched layers of massive stars allow for important nucleosynthesis processes to occur which are crucial for the enrichment of the interstellar medium and chemical
evolution of the universe. A major part of the energy released by the core-collapse leaves the stellar
core in the form of neutrinos of all ﬂavors.
Those neutrinos can interact with the shock-heated material and aﬀect the nucleosynthesis. In recent years multi-dimensional supernova simulations have given new insights concerning the neutrino
radiation. Neutrinos with energies of the order of 10 MeV can lead to nuclear excitations beyond
the particle separation threshold, aﬀecting the chemical composition and density of free nucleons.
Furthermore, electron neutrinos and electron antineutrinos can be captured by nuclei, leading to the
inverse process of β-decay.
Following the approach of previous studies we choose a parametrized supernova model as described
in reference [1] which allows a exploration of the parameter space of the neutrino properties and the
explosion. The key ingredient of the explosive nucleosynthesis is the peak temperature of the shock
heated material. This is estimated by an analytic expression that has been shown to agree quite well
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Table 1. Production factors relative to solar abundances from reference [6], normalized to 16 O production.
Shown are the results obtained without neutrinos, with our choice of neutrino temperatures (“Low energies”:
T νe = 2.8 MeV, T ν̄e = T ν̄μ,τ = T νμ,τ = 4.0 MeV), and with the choice of ref. [7] (“High energies”: T νe = T ν̄e
= 4.0 MeV, T νμ,τ = T ν̄μ,τ = 6.0 MeV) for a 25 M progenitor model.

Star
15 M

25 M

Nucleus
7
Li
11
B
15
N
19
F
138
La
180
Ta
7
Li
11
B
15
N
19
F
138
La
180
Ta

no ν
0.001
0.007
0.67
1.02
0.07
0.07
0.0005
0.003
0.08
0.06
0.03
0.14

Low energies
0.28
1.43
0.68
1.14
0.67
1.14
0.11
0.80
0.10
0.24
0.63
1.80

High energies
2.54
6.13
0.79
1.31
1.18
1.81
0.55
2.61
0.13
0.43
1.14
2.81

with hydrodynamical simulations [2]. The decrease of temperature and density are modeled to be exponential on a density dependent timescale. Neutrinos are assumed to have Fermi-Dirac spectra with
chemical potential μν = 0, characterized by a neutrino temperature T ν related to the average energy by
Eν  ≈ 3.14 T ν . Neutrino luminosities are modeled with and exponential decrease on the timescale of
3 s. A total energy of 1053 erg is distributed equally among the 6 neutrino ﬂavors, leading to number
ﬂuxes according to the average energy of the prescribed to the corresponding neutrino type.
Our set of neutrino-nucleus cross-sections has been calculated for both, charged- and neutral-current
reactions, based on Random Phase Approximation (RPA) [3]. Spallation products in the case of states
above particle separation threshold are computed based on statistical models [4].
We use solar metallicity supernova progenitors calculated by A. Heger et al. [5], with main sequence masses ranging between 15 and 40 M . The stellar models have been evolved up to corecollapse, providing the initial conditions and composition for the further evolution parametrized as
stated above.

2 Canonical ν process nuclei
The ν process is known to have signiﬁcant eﬀects on the production of 7 Li, 11 B, 19 F, 138 La and
180
Ta [1, 7]. Previous studies of neutrino nucleosynthesis have assumed average neutrino energies
of Eνe ,ν̄e  = 12.6 MeV, Eνx  = 18.8 MeV, where ν x corresponds to νμ , ν̄μ , ντ and ν̄τ [7]. Using
instead signiﬁcantly reduced values of Eνe  = 8.8 MeV, Eν̄e ,νx  = 12.6 MeV as suggested by detailed
simulations e.g. in references [8, 9] we still see a signiﬁcant increase in the production of 7 Li, 11 B,
19 138
F, La and 180 Ta due to neutrino-induced reactions (see Table 1).
7
Li is produced robustly in the lower He shell, where neutrino spallation of 4 He leads to the presence
of 3 He and 3 H, that can react with the very abundant α particles to produce 7 Li, mostly as 7 Be which
decays with a half-life of 53 days. 7 Li cannot be produced up to the full solar abundance which conﬁrms the role of cosmic-ray spallation for its production. Our studies have shown, that especially 11 B
is very sensitive to the included neutrino reactions as well as to the description of the thermodynamic
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(a) 26 Al yield for a set of progenitor stars. The largest enhance- (b) 26 Al Mass fraction for the 35 M progenitor star for
ment can be found for the 30 and 35 M progenitors.
calculations including either only charged- or neutral current neutrino interactions.

Figure 1. The production of the radioactive isotopes 26 Al and 22 Na are increased by neutrino-induced reactions.
We can disentangle neutral-current and charged-current contributions and see that in some cases charged-current
reactions dominate.

conditions. The production of 11 B has contributions from all the major shells. It can be produced via
16
O(ν,ν’ α n/p) in the O/Ne layers. The neutral current spallation reactions 12 C(ν,ν’ n/p) as well as the
charged current channel 12 C(νe ,e−)12 N(γ,p) contribute in the C/O shell of the star and in the He shell
7
Li(α,γ) is important.
Due to the large number of contributing neutrino channels the yield is very sensitive to the employed
rates and because of charged particle reactions and photodissociation that are involved, the production
is quite sensitive to temperature. Furthermore, there is a major contribution to the 11 B yield below 1.6
M of enclosed mass which is potentially accreted onto the PNS.
In table 1, it can be seen, that the the 15 M progenitor model overproduces 19 F even without neutrinos mainly via the reaction chain 18 O(p, α)15 N(α, γ)19 F operating on 18 O at the lower edge of the He
shell. Due to the stellar structure this process does not work for the more massive progenitor models
like the 25 M model shown in Table 1. The production of 19 F us very sensitive to the temperature
that is reached in the region where 18 O is present. For the more massive progenitor stars it is the
neutrino-induced reaction 20 Ne(ν,ν’ p)19 F, as originally suggested by Woosley and Haxton [10], that
leads to a signiﬁcant increase of the production, even though the whole solar abundance cannot be
produced. The tendency for less massive stars to produce 19 F via nuclear reactions also appears for
progenitor models from reference [11].
The Gamow-Teller parts of the reactions 138 Ba(νe ,e− )138 La and 180 Hf(νe ,e− )180 Ta are constrained by
electron scattering data [12], and despite the low electron neutrino energies we see a signiﬁcant production of these two odd-odd nuclei, which are most likely very important to explain their presence in
the solar system. For 180 Ta it is important to take into account, that only the meta stable excited state
survives. In thermal equilibrium about 40% of the total yield of 180 Ta could survive in this state [13].
A direct comparison between the present results and the results of reference [7] can be misleading, since diﬀerences appear due to the diﬀerent treatment of hydrodynamic variables. Work to
disentangle changes due to diﬀerent neutrino interactions from changes due to the hydrodynamics is
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Figure 2. 22 Na mass fraction for a 15 M progenitor with diﬀerent energies for νμ , ν̄μ , ντ , ν̄μ , abbreviated as ν x .
The neutral-current contribution in the O/Ne shell is quite sensitive to the neutrino energy. Low energies give
more importance to the charged-current contribution from the C/O shell.

in progress.

3 Impact on radioactive nuclei
Observations of γ-rays allow direct access to the production of 26 Al in the galaxy. Supernova
explosions are assumed to give a signiﬁcant contribution to the overall abundance of 26 Al [11].
Previous studies have already reported an enhancement of the production of 26 Al by 30% to 50%
[14] due to neutrinos. This eﬀect is largely due to neutral-current spallation reactions that increase
the abundance of free protons, enhancing capture reactions on 25 Mg in the Oxygen-Neon shell.
Figure 1(a) shows the yield of 26 Al and 22 Na for the set of progenitor stars we have used. The 20 M
progenitor sticks out, because it does not shows the smallest change due to neutrinos. This is because
this progenitor model suﬀers a convective merging of the O/Ne and C/O shells before the collapse.
This episode mixes large amounts of 22 Ne and 26 Mg into the hotter regions below, where they act as
neutron sources via (p,n) reactions. Hence, the 20 M model is enriched in 26 Al and 22 Na already
prior to the explosion, while the important seeds, 26 Mg and 22 Ne are destroyed.
We even ﬁnd an increase in the production of 26 Al of up to a factor of 2 for the 30 and 35 M
progenitor models. Especially in those cases the charged-current reaction 26 Mg(νe ,e− )26 Al is found to
be the dominating channel for the increased production. The proton capture on 25 Mg is quite sensitive
to temperature and its peak that can be seen in Figure 1(b) is governed by the competition with a
further proton capture. The charged current-channel however can operate with similar eﬃciency in
the whole O/Ne and C/O shell, where 26 Mg is present.
The uncertainties in the nuclear reaction rates that are involved in the production of 26 Al give rise
to a variation of a factor 3 in the 26 Al production [15]. Since the neutrino interactions can induce
changes of similar magnitude this emphasizes the need to constrain neutrino-nucleus cross-sections
by experimental data.
The decay of 22 Na it is relevant for the description of supernova lightcurves [16]. In our
calculations the production of 22 Na is increased up to a factor of 3 , mainly due to increased
proton captures on 22 Ne and 22 Ne(νe ,e− )22 Na. Figure 2 shows the distribution of the 22 Na
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mass fraction for a 15 M star. We can clearly distinguish the neutral-current and chargedcurrent contributions. In The O/Ne shell, there is very little 22 Ne present because it is destroyed
in C-burning. Even though there is also 21 Ne available for proton captures, but due to the
lower temperature and the presence of 22 Ne, the larger charged-current cross-section dominates.
In total we ﬁnd also for 22 Na an increase of the
relative importance of charged-current channels.
We can also conﬁrm signiﬁcant contributions
of the ν process to the production of 92 Nb and
98
Tc due to electron neutrino absorption on
the corresponding isobars, as also discussed
in [17].
Indication for 92 Nb has also been found in
meteorites and the abundance ratio 92 Nb/93 Nb
in the early solar system has been estimated
to be approximately 10− 5 [18]. We can estimate the early solar system abundance with
a uniform production model 92 Nb/93 Nb ≈
P(92 )Nb)/P(93 Nb) × 2τ/10Gyr with the decay
time τ = 30Myr for 92 Nb and the production
yields P(92 Nb) and P(93 Nb) from our calculations. The results is shown if Figure 3 and
we ﬁnd a reasonably good agreement with the
Figure 3. 92 Nb/93 Nb abundance ratio in the early solar
system estimated with a uniform production over 10 Gyr
data that is diﬃcult to achieve without takwith the yields of the diﬀerent progenitor models.
ing into account neutrino interactions. Furthermore, we ﬁnd a signiﬁcant enhancement
of the production of the short-lived radioisotope 36 Cl which might be relevant to explain the existence of 36 Cl in the early solar system, as inferred
from meteoritic data. The characteristic γ-rays from the decay of 44 Ti and 60 Fe are also used as tracers
for active nucleosynthesis sites [11, 19]. The eﬀect of neutrino interactions on the yields of 44 Ti and
60
Fe have been found to be at most 2% in the case of 44 Ti and even less for 60 Fe.
44
Ti is mostly produced in the deep interior close to the PNS where in an α-rich freeze-out. At such
high temperatures, charged particle reactions and photon-induced reaction dominate over any contribution from the ν process. 60 Fe is present in the C/O and O/Ne shells before the supernova shock
arrives and it is hardly aﬀected by the shock passage. 60 Fe can be produced by a sequence of neutron
captures starting 58 Fe. However, the additional neutrons provided by neutrino-spallation cannot make
a diﬀerence because they are preferentially captured by the more abundant nuclei.

4 Conclusions
We have studied the ν process in core collapse supernovae for stars with initial masses between 15
and 40 M with an extended set of neutrino-nucleus interaction cross-sections and reduced neutrino
energies in agreement with modern supernova simulations. We ﬁnd that the general features of the
ν process can still appear and we have identiﬁed key reactions and sensitivities for the production of
radioactive isotopes. 26 Al and 22 Na are found to be aﬀected by factors between 1.4 and 3. Due to
the reduced neutrino energies we ﬁnd a general increase in the relative importance of charged-current
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reactions, in these cases especially electron neutrino capture on 26 Mg and 22 Ne.
92
Nb is aﬀected even more and the yields are compatible with measurement of meteoritic material. In
order to make reliable comparisons between calculated supernova nucleosynthesis and observations,
it is necessary to ﬁnd more experimental constraints on the relevant cross sections.
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