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We have examined explosive nucleosynthesip-oliclei during a neutrino-driven, aspherical

supernova aided by both convection and standing accretion shock instability, based on a two-

dimensional hydrodynamic simulation of the explosion of M1 5star, with an explosion energy
of ~ 10°%ergs We find thatp-nuclei are mainly produced by-processes, and that the nuclei

lighter than®?Mo are abundantly synthesized in slightly neutron-rich bubbles with electron frac-
tions ofYp < 0.48, although masses of the bubbles are highly uncertain in the current hydrody-
namic simulation. Abundances of thenuclei are comparable to those in a spherical model, and

nuclei, %Mo, %Ru, and%€Ru, are underproduced compared with the solar system for our aspher-

ical models, as in a spherical modé&t®La and*®°Ta, which are underproduced in the model are
abundantly produced by charged current neutrino-interactions'Wita and8°Hf, respectively.
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1. Introduction

There exist 35 stable nuclei on the proton-rich side of the s-process path with mass number
A > 74referred to ap-nuclei. Many production sites of thenuclei have been proposed (eld] [
and references therein). The most promising site is the oxygen/neon layers during core-collapse su-
pernova (SN) explosior]. The p-nuclei are synthesized by the photodisintegrationsmiocess
seeds produced in the layers during the core helium burning in the progenitor. An initial series
of photo-disintegration reactions of typg () is later followed by a mix of photo-disintegration
reactions that also include,p) and/or §, a) reactions. The production gknuclei by photodis-
integration is referred to asyaprocess. Extensive investigations of faprocess in core-collapse
SNe are performed b¥2], in which the overall abundance profile pfnuclei in the solar system
is reproduced in ejecta in the O/Ne layers during SNe. The model, however, has a conspicuous
shortcoming of underproduction 8%%*Mo, %6°8Ru, and*3®La. Abundant production of sugh
nuclei due to neutrino processes has been foun®#]; The yield of138La in the O/Ne layers is
increased via neutrino interactions but those of Mo and Ru are not appreciably chdhged [

The explosion mechanism of core collapse SNe is still not clearly understood. Multi-dimensional
effects are recognized to be important for SN explosion, in particular for a progenitor heavier than
aboutl1lM in its main sequence phadg [b]. Standing accretion shock instability (SASI) is a re-
liable candidate to initiate bipolar oscillations of a stalled shock. Recent two- or three-dimensional
(2D or 3D) simulations of stellar core collapse showed that delayed neutrino-driven mechanism
aided by both SASI and convection is likely to cause an aspherical explosion of non- or slowly-
rotating massive star§[7, 8].

In our previous studyd], we investigated explosive nucleosynthesis during a delayed neutrino-
driven SN aided by SASI and convection, in particular from C to Zn, based on 2D hydrodynamic
simulations of the explosion of a 1%, star with initial solar metallicity using a hydrodynamic code
with a simplified neutrino transport scheme. We showed that aspherical abundance distributions,
which are observed in nearby core-collapse SN remnants, such as Cas A and Cygnus loop, are
obtained despite of a non-rotating, spherical progenitor, due to the growth of a low-mode SASI.
The abundance pattern from C to Zn of the aspherical SN ejecta is similar to that of the solar system,
for models in which the explosion energies and¥iéi masses are evaluated tokd 0°ergsand
0.05— 0.06M, respectively, and the estimated masses of a neutron star are comparable with the
baryonic mass of neutron stars observed in binary neutron stars.

In the present study, we examine explosive nucleosynthesgsnoiclei during a delayed
neutrino-driven SN based on 2D hydrodynamic simulations of the explosion dfia $&r with
initial solar metallicity for a model with an explosion energy-eflC®lergs In §2 we briefly de-
scribe our numerical code for hydrodynamic calculation of SN, the initial conditions of the progen-
itor star, and the properties of the aspherical explosion. In 83, we present a large nuclear reaction
network and the abundancespshuclei in the ejecta. Finally we will summarize our results in 84.

2. Hydrodynamic code and hydrodynamics of supernova explosion

To calculate the structure and evolution of the collapsing and exploding star, we solve the



Production of p-nuclei in a Neutrino-Driven, Aspherical Supernova Shin-ichiro Fujimoto

Newtonian hydrodynamic equations,

Dp B
ﬁerD‘v_O, (2.2)
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DYe
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wherep,P,v,e, andY,, are the mass density, the pressure the fluid velocity, the internal energy
density, and the electron fraction, respectively. We denote the Lagrangian derivdliyB@asrhe
gravitational potential of the fluid and of the central object with masMgfs, ® and @, are
evaluated using

AD = 4GP, (2.5)

and
_ GMons

P, = > (2.6)
whereG is the gravitational constant. We note that the mass of the proto-neutron star [INS),
continuously increases due to mass accretion through the inner boundary. Although a small fraction
of mass energy of PNS decreases due to neutrino emission, the decreased mass energy is less than
10% of an increased mass energy through the mass accretioi®dts, since the mass accretion
rate is greater tha®.5M., s™1.

Qe andQy are the source terms that describe the rate of change per unit volume in equations
(2.39) and 2.4), respectively, and are summarized in Appendix A and Bjn\Ve take into account
absorption of electron and anti-electron neutrinos as well as neutrino emission due to electron
and positron captures, electron-positron pair annihilation, nucleon-nucleon bremsstrahlung, and
plasmon-decays. We assume that the fluid is axisymmetric and that neutrinos are isotropically
emitted from the neutrino spheres with given luminosities and with the Fermi-Dirac distribution of
given temperatured(]. The numerical code for the hydrodynamic calculations employed in this
paper is based on the ZEUS-2D codé€,|11], and has been used to analyze nucleosynthesis in a
neutrino-driven SN of a 1., solar metallicity star in our previous worR]f

We have performed a simulation of the explosion of thiMi5star ©] for a model with an
electron-neutrino luminosity of,, = 4.5 x 10°2ergs™! from the core collapse t6s after core
bounce, when a shock front has reached a layer with30,000kmin all directions. We set
Ly =Ly, andL,, = 0.5L,,, whereL, andL,, are the luminosities of anti-electron and other-types
of neutrinos [, T, anti-u, and antiz), respectively. We use neutrino temperaturgsTy,, andT,,
of 4MeV, 5MeV, and10MeV, respectively10].

In our previous work9], we showed that the shape of shock front is quasi-spherical, although
the distribution of neutrino heated ejecta is highly aspherical in the model. In addition, we found
that the explosion energy is 10°'ergsand that abundance pattern<0) of the ejecta is similar
to that of the solar system.
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3. Abundances ofp-nuclei

In order to calculate chemical composition of the SN ejecta, we adopt a tracer particle method
to obtain the Lagrangian evolution of the physical quantities from the Eulerian evolution obtained
from our simulation, as in the previous woi@][ We initially place 3,000 particles from 300 to
30,000 km, or from the iron-core to O-rich layers, and 30 particles in a layer with a fixed interval
on 6. The mass of a particle in the layer is weighted to the mass of the layer. We have confirmed
that the estimated energies and masses of the ejecta with the 3,000 particles equal to those with
6,000 particles within 1% and abundance profiles are sinflaM/e note that the minimum mass
of the particles isv 10~*M,. We find that more than about 2,700 particles are ejected due to the
aspherical explosion. The initial abundances of the particles are set to be those of the star at their
initial location just before core collaps&d], in which 1400 nuclei are taken into account. Next,
we calculate abundances and masses of the supernova ejecta. Ejecta that is located on the inner
region of the starrg. < 30,000km) before core collapse has enough high maximum temperatures
for elements heavier than C to burn explosively. Hetds the radius at core collapse. We then
follow the abundance evolution of the ejecta from the inner region using a nuclear reaction network
which includes 1989 nuclide from neutron and proton toEg][ The composition of ejecta from
the outer regionrgc > 30,000km) is set to be that before the core collap$g][ Moreover, when
the temperature of the ejecta becomes greater $han0°K, we set the chemical composition
of the ejecta to be in nuclear statistical equilibrium (NSE), whose abundances are expressed with
simple analytical expressions, specified by the density, temperature and electron fraction.
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Figure 1: Overproduction factors gi-nuclei (left panel) and abundance ratiogafiuclei between our 2D
model and 1D spherical model (right panel) as a function of mass nufrfoeall ejecta (filled squares) and
ejecta with electron fractio > 0.48 (open squares). The abundances of our 2D model are very similar to
those in the 1D modellP], except forp-nuclei lighter thar??Mo, which are abundantly produced in slightly
neutron-rich eject@.46 < Y, < 0.48.

Figurell shows overproduction factors=(ratios of abundances to those in the solar system)
and abundance ratios ptnuclei as a function of mass numb&r The abundances of our 2D
model are very similar to those in the 1D mod&2], except forp-nuclei lighter thar??Mo. This
is because the shape of shock front is quasi-spherical, although the distribution of neutrino heated
ejecta is asphericaB]. As in a spherical model2], **Mo, ®°Ru, ®®Ru, 1%3In, 115Sn, 138 3, and
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180Ta are underproduced compared to the solar system for our aspherical models. Mapeover,
nuclei lighter thar®®Mo are found to be abundantly synthesized in slightly neutron-rich ejecta
(Ye ~ 0.46—0.48) [14].
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Figure 2: Abundance ratios gb-nuclei between ejecta evaluated with two reaction networks (left panel),
in which REACLIB and JINA REACLIB Ver. 1/15] compilations of reaction rates are employed, and
overproduction factors gf-nuclei (right panel) with (filled triangles) and without (filled squares) neutrino-
interactions related to the production’dflLa and'®°Ta as a function of mass numb2rfor all ejecta.

Figure2 shows abundance ratioswhuclei of ejecta evaluated with two reaction networks and
overproduction factors gi-nuclei with and without neutrino-interactions related to the production
of 1%8La and®Ta as a function ofA for all ejecta. We find that a change in the reaction rates
results in a minor effect, less than a factor of three, in abundangeswudlei; 11*Snand*3¢Ceare
enhanced by 62.6% and~ 87.3%, respectively, but*’Badecreases by 189% The differences
could be due to the experimentalnduced reaction rates in JINA REACLIB.

Effects of neutrino interactions on the productions'8i.a and '8°Ta have been examined
[4, [16] with spherical explosion models, afdLa and '8°Ta are shown to be enhanced due to
charged-current reactions 8¥Baand®Hf. In our 2D models!®®La and'®°Ta are significantly
overproduced compared with those in the solar system as well as in the previous [4yd€&fs [
The cross sections of the absorptions taken fib# is comparable to those ii16]. The neutrino
luminosity adopted in our models,, = 4.5 x 10°%ergs %, is simply assumed to be constant in
time. Therefore, at late time, the luminosity is higher than thatl}, [in which L,, is initially
comparable to ours(x 10°%ergs 1), but is assumed to decay exponentially on a time-scale of 3s.
Hence, our abundances¥fLa and8°Ta could be over-estimated in our 2D model.

4. Summary

We examined explosive nucleosynthesip-ofuclei during a neutrino-driven, aspherical super-
nova aided by both convection and standing accretion shock instability based on 2D hydrodynamic
simulations of the explosion of a I/, star with an explosion energy ef 10°'ergs producing an
abundance pattern A60) of the ejecta similar to that of the solar system. The abundanges of
nuclei in the SN ejecta are calculated using a large nuclear reaction network. We fipehtiaei
are mainly produced by-processes, and that the nuclei lighter tH4vio are abundantly synthe-
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sized in slightly neutron-rich bubbles with electron fraction®d6 < Y, < 0.48, whose masses

are highly uncertain in the current hydrodynamic simulations. The abundancespafitiedei are
comparable to those of a spherical model, except foptheclei lighter thar®?Mo. The nuclei

%Mo, %°Ru, and®®Ru are underproduced compared to the solar system for our aspherical models,
similar to the spherical model®,[12]. *38_a, and®°Ta, which have been confirmed to be enhanced

in the spherical model#[/16], are abundantly produced by charged-current neutrino-interactions
on 138Ba and18Hf, respectively.
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