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The influence of an extensive set of neutrino-induced reactions on the explosive nucleosynthesis
in supernovae of solar metallicity stars with initial main sequence masses between 15 and 40 M�
is studied. Cross-sections for the neutrino interactions are calculated for almost the whole nuclear
chart including multi-particle evaporation are used.
7Li, 11B and 19F are known to be produced in significant amounts by neutrino processes involving
4He, 12C and 20Ne. We focus on the production of the long-lived radioactive isotopes 22Na, 26Al,
44Ti and 60Fe. We find that the yields of 26Al and 22Na are increased on average by a factor of 3.
There is only little effect on 44Ti and 60Fe. Additionally, the production of 92Nb, 98Tc, 138La and
180Ta are studied. Significant contributions of the ν-process to the production of these nuclei are
found, in agreement with previous calculations and estimates.
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1. Introduction

Core-Collapse-Supernova explosions are the final stage of stellar nucleosynthesis and are cru-
cial for the determination of the chemical composition of material that is ejected and enriches the
interstellar medium, forming the basis for the next generation of stars. A major part of this nucle-
osynthesis happens as the shock front launched from the remnant of the stellar core passes through
the layers of the star, increasing temperature and density and triggering nuclear processes. At the
same time these layers are irradiated by neutrinos of all flavors, that are emitted as the remnant
of the stellar core cools. The exact spectrum of the radiation is still uncertain, but neutrino en-
ergies are estimated to be of the order of 10 MeV. Via charged- and neutral-current interactions
such neutrinos can lead to nuclear excitations beyond the particle separation threshold, affecting
the chemical composition and density of free nucleons.

2. Description of the Supernova and neutrino cross-sections

We use an extensive set of neutrino-nucleus cross-sections to do nucleosynthesis network cal-
culations for supernova explosions. The cross-sections have been calculated for both, charged- and
neutral-current reactions, based on Random Phase Approximation (RPA) [1]. Spallation products
in the case of states above particle separation threshold are computed based on statistical models
[2]. The thermodynamic properties are parametrized following the description given by Woosley
et al. [3]. Temperature and density evolution after the passage of the shock front are described as
exponential decays with a dynamical timescale τdyn ∝ ρ

−1/2
0 , depending on the initial density ρ0 at

the considered radial zone. We use solar metallicity supernova progenitors calculated by A. Heger
et al. [4], with main sequence masses ranging between 15 and 40 M�. The stellar models have been
evolved up to core-collapse, providing the initial conditions for the further evolution parametrized
as stated above. For simplicity we assume, that the neutrinos follow a Fermi-Dirac distribution
with zero chemical potential. The temperature characterizing the distribution is connected to the
average energy via 〈Eν〉= 3.15×Tν .
We assume a distribution with Tν = 4 MeV for electron- and electron anti-neutrinos, corresponding
to average energies of 〈Eν〉 = 12.6 MeV. For the other neutrino flavors two cases are considered.
Tν = 6 MeV (〈Eν〉 = 18.8 MeV) and Tν = 8 MeV (〈Eν〉 = 25.1 MeV) in order to compare the re-
sults to earlier calculations, even though simulations suggest much lower neutrino energies [5, 6].

3. Impact on radioactive nuclei

Observations of γ-rays allow direct access to the production of 26Al in the galaxy [7]. Super-
nova explosions are assumed to give a significant contribution to the overall abundance of 26Al [8].
Previous studies have already reported an enhancement of the production of 26Al by 30% to 50%
[9] due to neutrinos. This effect is largely due to neutral-current spallation reactions that increase
the abundance of free protons, enhancing capture reactions on 25Mg in the oxygen-neon shells. We
observe an enhancement of the 26Al production by neutrinos by an average factor of 2.9 for the set
of progenitor stars considered (see figure 1(a)). We are currently investigating the reasons for the

2



P
o
S
(
N
I
C
 
X
I
I
I
)
1
5
5

Neutrino Nucleosynthesis in the outer layers of supernovae A. Sieverding

15 20 25 30 35 40
Progenitor initial mass/M¯

10-5

10-4

10-3

Yi
el

d/
M
¯

26 Alwithout ν
Tνµ,τ,ν̄µ,τ =6 MeV

Tνµ,τ,ν̄µ,τ =8 MeV

(a) 26Al yield for a set of progenitor stars.
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(b) 22Na yield for a set of progenitor stars.

Figure 1: Shown are the results from calculations without neutrinos (dashed lines) and including neutrinos
with different spectra. Electron neutrinos and anti-neutrinos are assumed have a distribution with Tνe =

Tν̄e = 4 MeV.

differences compared to previous calculations. Apart from the effect of increased proton capture
the charged-current reaction 26Mg(νe,e−)26Al contributes between 10% and 30% of the observed
increase of the production. The neutral-current channels are dominant. This is reflected in the
sensitivity to the temperature of the µ- and τ-(anti)-neutrino spectra.

The decay of 22Na it is important for the description of supernova lightcurves [10]. In our
calculations the production of 22Na is increased on average by a factor of 3.1 (see figure 1(b)),
mainly due to increased proton captures on 22Ne and 23Na(νe,e− p)22Na. Further contributions
are provided by the neutral current neutron evaporation on 23Na and the charged-current reaction
22Ne(νe,e−)22Na.
The characteristic γ-rays from the decay of 44Ti and 60Fe are also used as tracers for active nucle-
osynthesis sites [8, 11]. The effect of neutrino interactions on the yields of 44Ti and 60Fe have been
found to be at most 2% in the case of 44Ti and even less for 60Fe.

4. Impact on rare heavy nuclei

92Nb, 98Tc, 138La and 180Ta are long-lived radioactive nuclei that have been observed in our
solar system [12]. Their production, however, cannot be explained by neutron capture processes
and the γ-process cannot account for the full abundance. Therefore, it has been suggested that
those nuclei are produced mainly via charged-current neutrino reactions [13 – 15]. The processes
contributing to the production of 138La and 180Ta have also been backed by experimental investiga-
tions [16].
Our calculations show, that significant amounts of those nuclei can be produced, when neutrino
interactions are taken into account. 92Nb and 98Tc are found to be increased on average by factors
of 50 (see figure 2). 138La is enhanced by factors of more than 100, giving an overproduction with
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(a) 92Nb yield for a set of progenitor stars.
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(b) 98Tc yield for a set of progenitor stars.

Figure 2: Shown are the results from calculations without neutrinos (dashed lines) and including neutrinos
with different spectra. Electron neutrinos and anti-neutrinos are assumed have a distribution with Tνe =

Tν̄e = 4 MeV.

respect to solar isotopic ratios by a factor of 10. The increases for 92Nb, 98Tc and 138La are primar-
ily due to electron neutrino absorption on the corresponding isobars. Therefore, their yield shows
little sensitivity to the energies of the µ− and τ-neutrinos and anti-neutrinos.
The production of 180Ta has also significant contribution from neutron capture on 179Ta in the con-
text of the γ-process. With neutrinos increasing the density of free nucleons this contribution is
also enhanced. In total, 180Ta is increased by neutrinos by a factor of 12. This result, however,
does not yet take into account, that it is only the metastable 9− state at 77.1 MeV that has a life-
time that is long enough to be detectable in the solar abundance pattern. According to an estimate
given in [17] it is realistic to assume, that about 40% of the total production of 180Ta remain in the
metastable state. This assumption still gives an increase in the 180Ta yield by a factor of almost 5,
due to neutrinos.

5. Conclusions

Table 1 summarizes the results and gives the production yield and factor relative to the yield
in the case without neutrinos, averaged over the set of progenitor models. In addition to the nuclei
discussed here, contributions have been found especially to the production of the light elements
Li and B, for which 7Li and 11B are produced in agreement with previous studies in the full solar
abundance. 6Li, 9Be and 10B however are underproduced with respect to the solar abundances. We
see, that neutrino-induced reactions can influence the nucleosynthesis such that uncertainties with
respect to supernova neutrinos also affect yield predictions. This can be especially important for
the explanation of the observed abundances of 26Al.
Furthermore, the results confirm that neutrino nucleosynthesis can provide significant contributions
to the production of the p-nuclei 92Nb, 98Tc, 138La and 180Ta.
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Nucleus 〈 Yield 〉 /M� 〈 Factor 〉
7Li 7.82×10−7 4×1013

9Be 7.83×10−11 1011

10B 1.79×10−8 1011

11B 3.25×10−6 2×105

19F 5.63×10−5 1.17
22Na 7.07×10−6 3.12
26Al 5.24×10−5 2.94
32P 2.10×10−4 19.07

Nucleus 〈 Yield 〉 /M� 〈 Factor 〉
36Cl 7.16×10−5 22.20
37Ar 2.94×10−4 1.74
44Ti 7.19×10−5 0.98
60Fe 9.21×10−5 0.99
92Nb 8.71×10−10 47.60
98Tc 6.08×10−11 50.14
138La 5.87×10−10 123.22
180Ta 9.58×10−12 11.86

Table 1: Overview of the most significant effects of neutrinos on different nuclei. Given are the averages
over the six progenitor models with equal weights. The average yield from the calculations including neutri-
nos with Tνµ,τ = Tν̄µ,τ = 6 MeV and Tνe,ν̄e = 4 MeV and the factor is calculated relative to the results of the
calculations without neutrinos. The values for 180Ta are only from the 25 M� model.
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