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Ogata, Kan, and Kamimura (2009) evaluated directly nonresonant triple-alpha reaction rate by

solving the Schrödinger equation of the three-body system. The scattering wave function is ob-

tained by the continuum-discretized coupled-channels method (CDCC). The CDCC results dras-

tically differ from previous rates at low temperature. We investigated the effect of this triple-alpha

reaction rate (OKK rate) on thes-process in a massive star during the helium and carbon burn-

ings in Kikuchi et al. (2012). In the present paper, we investigate the effects of triple-alpha and
12C(α ,γ)16O reaction rates on the massive star evolution and the nucleosynthesis. We calculate

the massive star evolution of a 25M⊙ star from helium core burning phase to the phase just be-

fore the core-collapse. We also perform a spherically symmetric hydrodynamic simulation of the

supernova explosion and the nucleosynthesis to estimate the ejected elements. Though the pro-

duction ofs-elements depends on the combinations of the reaction rates, we roughly confirm the

weaks-process that is the production ofs-elements up toA= 90. We find that mosts-elements

produced during the stellar evolution survived even after the supernova explosion. We show that

the production ofp-elements depends on peak temperatures during the supernova shock propaga-

tion andp-process layers, which is affected eventually by the stellar evolution path, triple-α and
12C(α ,γ)16O reaction rates.
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1. Introduction

Triple-α reaction is an important nuclear reaction during helium burning in stellar evolution.
Nomoto (1982a) [1] (and also [2]) described the rate including the nonresonant process approxi-
mately. However, the nonresonant contribution was included applying resonant formulae. After
the study by Nomoto’s method, Fynbo et al. (2005) [3] improved the rate with recent experimental
data. The authors treated the nonresonant process using the same method of Nomoto, and therefore
they obtained similar rates. On the other hand, Ogata et al. (2009) [4] calculated the rate of the
triple-α reaction (hereafter OKK) evaluating the nonresonant triple-α process by directly solving
the Schödinger equation of the triple-α system. The triple-α scattering wave function was obtained
by using the continuum-discretized coupled-channels (CDCC) method. In the left panel of Fig.1,
the reaction rates mentioned above are plotted. At low temperature (T = 108 K), the OKK rate
is more than 6 orders of magnitude larger than the Nomoto’s rate. To investigate the impact and
the validity of the OKK rate, several applications to astrophysical phenomena have been reported
[5, 6, 7, 8, 9, 10, 11].

The12C(α,γ)16O reaction is an important helium burning reaction as well as the triple-α reac-
tion. Caughlan, Fowler, Harris, and Zimmermann (1985) (hereafter CF85) [12] reported a reaction
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Figure 1: The main reaction rates during the helium burning. The left panel shows triple-α reaction rates
as a function of the temperature. ‘Nomoto’, ‘Fynbo’, and ‘OKK’ are taken from Nomoto et al. (1982a) [1],
Fynbo et al. (2005) [3], and Ogata et al. (2009) [4], respectively. The upper panel shows thermonuclear
reaction rates and the lower panel shows the ratios of the reaction rates relative to that of ‘Nomoto’.⟨ααα⟩
means the reaction rate per threeα particles. The right panel shows12C(α,γ)16O reaction rates as a function
of the temperature. ‘CF85’, ‘CF88’, and ‘Bu96’ are taken from Caughlan et al. (1985) [12], Caughlan and
Fowler (1988) [13], and Buchmann et al. (1996a) [14], respectively. Upper panel shows thermonuclear
reaction rates per particle and lower panel shows the ratio of the rates relative to that of ‘CF85’.
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rate compilation for astrophysics which includes a12C(α,γ)16O reaction rate. This reaction rate
is based on experimental data at a higher energy and extrapolated to a lower energy. However,
Caughlan and Fowler (1988) [13] updated the rate (hereafter CF88). The reaction rate was derived
based on the experimental data by Plaga et al. (1987) [15] and Redder et al. (1987) [16]. On the
other hand, a reaction rate was reported by Buchmann et al. (1996) [14, 17] (hereafter Bu96). This
rate is enhanced around109 K compared with CF85 and CF88 rates and two times smaller than that
of CF85 at 300 keV. In this reaction rate,E1 radiation capture rate was estimated by theβ -delayed
α-decay of16N and elastic scattering.

To check the validity of the OKK rate, we investigate the effects of uncertainties of the triple-α
and12C(α,γ)16O reaction rates on the evolution of massive stars. They could affect the production
of nuclei including thes- andp-process elements.

2. Method

To investigate the uncertainties of triple-α and12C(α,γ)16O reaction rates, we selected com-
binations from available nuclear data for the two reactions, that is, Fynbo-CF85, Fynbo-Bu96,
OKK-CF85, and OKK-Bu96, which expected to cover the possible uncertainties inherent to the
experiments and/or theories. The stellar evolutionary code was almost the same as Refs. [18, 19]
but for the revised reaction rates. We performed stellar evolution calculation of 8M⊙ helium core,
which corresponds to a 25M⊙ star at the zero age main sequence. To estimate the amount of the
ejecta from the supernova explosion into the interstellar medium, we performed an one-dimensional
hydrodynamic simulation using the hydrodynamic code described in preceding studies [20]. The
equations of the hydrodynamics were the same as in Ref. [21]. The explosion was initiated by
a thermal bomb: We injected a thermal energy around the silicon and iron interface to obtain the
explosion energy of1.0×1051 erg [22].

Our nuclear reaction network includes the nuclei from neutron and proton to241U linked by
particle reactions and weak interactions. The numbers of the nuclei were 1714 and 1852 for the
stellar evolution and the supernova explosion, respectively. The reaction rates were taken from
JINA REACLIB compilation ver. 1.0 [23], which includes charged particle reactions and (n,γ)
reactions updated from those in Bao et al. [24]. The β -decay and electron capture rates at finite
temperature and density are taken from Takahashi and Yokoi for nuclei above59Fe [25]. The initial
compositions except CNO elements are set to be the solar system abundances [26]; we assumed
that CNO elements were converted to14N and the mass fraction X(14N) was set to be 0.0137. Other
elements heavier than oxygen were distributed in proportion to the solar values.

3. Results

First, we show the results of normalized overproduction factors of elements lighter thanA= 33
in Fig. 2. The two horizontal dotted lines indicate the values of the overproduction of16O (dashed
line) multiplied or divided by a factor of 2, respectively. If a value is within the dotted lines, it is
consistent with the solar abundances. Fynbo-CF85 model reproduces the overproduction factors of
20≤ A≤ 32nuclei except for21Ne. In OKK-CF85 model,20Ne and23Na are enhanced by a factor
of two compared to that of16O (these nuclei are synthesized from12C+12C reactions).22Ne which
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is produced from14N, and nuclei in the range of28≤ A≤ 31are well reproduced. In Fynbo-Bu96
model, isotopes of20≤ A≤ 28 are well reproduced except for23Na. In OKK-Bu96 model, those
of 20≤ A≤ 27are over produced.

Second, in Fig.3, we show the overproduction factors of weaks-elements up toA= 90. Al-
though there are some differences among the models, we roughly confirm the occurrence of the
weaks-process, i.e., the production ofs-elements up toA= 90. Somes-elements are destroyed by
photodisintegrations during the supernova explosion but most others-elements survived. There-
fore, the results are nearly the same as those in the presupernova stage. The overproduction factors
for OKK-CF85 model are the least enhanced among the four models, and those of OKK-Bu96
model are the most enhanced in particular aroundA = 90. These differences are related to the
helium and carbon burnings, which are important for the weaks-process.

Finally, the overproduction factors ofp-elements are shown in Fig.4. The overall overproduc-
tion levels ofp-elements are in the order of Fynbo-CF85 model, OKK-Bu96 model, OKK-CF85
model, and Fynbo-Bu96 model. The layers where thep-elements can be produced are calledp-
process layers (hereafter PPLs), which are related to the peak temperatures [27]. The PPLs for
the Fynbo-CF85 model exist in regions with the peak temperatures of∼ 2−3.5×109 K and the
corresponding mass of the PPLs is equal to 0.65M⊙, which is the largest among the four models.
Before the core-collapse, Fynbo-CF85 model forms high temperature and density regions due to
continuous gravitational contraction. The sizes of PPLs in other models are 0.27M⊙ (OKK-Bu96
model), 0.24M⊙ (OKK-CF85 model), and 0.19M⊙ (Fynbo-Bu96 model), respectively. We can
recognize that the overproduction levels reflect the sizes of PPLs, i.e., the larger the size of PPLs
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Figure 2: The overproduction factors of the nuclei lighter
thanA= 33, which are normalized by that of16O. The as-
terisks, triangles, squares, and circles are the results from
the models of Fynbo-CF85, Fynbo-Bu96, OKK-CF85,
and OKK-Bu96, respectively.
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Figure 3: The overproduction factors of the pures-
nuclei. The symbols are same as the left panel.
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Figure 4: The overproduction factors of thep-nuclei. The symbols are same as Fig. 2.

is, the higher the overproduction level results. We find that the peak temperatures are determined
by the temperature distribution at the presupernova stage. Therefore the amount ofp-elements are
affected by the stellar evolution path which is affected by both triple-α and12C(α,γ)16O reaction
rates.

4. Summary

We investigated the effects of the uncertainties of triple-α and 12C(α,γ)16O reaction rates
on the elements ejected by the core-collapse supernova explosion. We adopted OKK and Fynbo
rates for the triple-α reaction and CF85 and Bu96 rates for the12C(α,γ)16O reaction. In order
to estimate the yields of elements ejected by the supernova explosions, we calculated the stellar
evolution, the supernova explosion, and the related nucleosynthesis. Furthermore, we compared
the results with the solar system abundances to investigate the effects of the reaction rates. Fynbo-
CF85 model reproduced the elements of20≤ A ≤ 32 well and Fynbo-Bu96 gave the same level
except for23Na which is coming from12C. Both OKK-CF85 and OKK-Bu96 models overproduce
the elements produced from the enriched12C. Thes-elements in the four models kept the yields
even after the supernova explosion. Therefore, we confirmed that the yields of weaks-elements are
mainly determined by the helium and carbon burnings during the stellar evolution. We found that
the production ofp-elements depends on the size of thep-process layers, which are affected by the
stellar evolution path.
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