Numerical simulation of
nucleosynthesis and matter mixing in
core-collapse supernova explosions
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Outlines

 Origin of heavy elements
— r-process

— Heavy element nucleosynthesis
In @ magnetorotationally-driven supernova

* Matter mixing in supernova explosions
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Origin of elements
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Up to Iron

BBN (light elements)
Stellar evolution

Heavier than Iron

Stellar evolution
e S-process
Supernova explosion

* r-process



The r-process

* Rapid neutron capture (r-process) : explosive environment
* Slow neutron capture (s-process) : AGB stars, massive star

Solar system abundances

Abundance (Atoms / Si = 107)

50 100 150
Mass number
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Key physical parameters for the r-process

* Electron fraction Y,

* Entropy S oc T 3/p

Ye — _Zi i
Z A; n, +n,
i

neutron-rich environment: Y, < 0.5

low Y, is essential for the r-process
Y, ~ 0.1
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What is the site of the r-process ?
Main promising sites

* Neutrino-driven wind (NDW)

* Neutron star mergers (NSM)

| Magnetohydrodynamical (MHD) jets
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Nucleosynthesis in MHD jets including
the r-process

 Magnetorotationally driven core-collapse supernova
(MHD-CCSN)

— Nishimura +06
— Winteler +12 (Basel)

| Collapar model (BH + accretion disk)
— Fujimoto +07/, 08
— MO+12

Central engine of
Gamma-ray bursts ?

2013/01/30 Lunch seminar 7



Nucleosynthesis in the MHD jet from a
collapsar including weak s-, p-, and r-processes
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r-process nucleosynthesis
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r-process nucleosynthesis
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rocess nucleosynthesis
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Comparison with abundances of the solar
and metal-poor stars

Ejecta

Solar r-process . _
HD88609 —v— - Weak r-process ?

HDI122563
CS22892-052 ——e—
§ i MO+12

Atomic number
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How synthesized elements are ejected ?

Matter mixing in core-collapse supernovae

2013/01/30 Lunch seminar 13



Explosive nucleosynthesis in core-collapse
supernovae

Core-collapse

Radioactive nuclei
56N >7/Ni *Ti ..

Bounce

S

02
Photodisintegration %
Electron L@
capture

Nuclear Statistical
Equilibrium (NSE)

PNS 5 2 x10°K
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Broadened line profiles of SN1987A

[Fe II] line profiles (Spyromilo+90; Haas+90) - “*_
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(a) Fe II (26 um) ; Y3 @ .

*

Supernova 1987A - December 2006
Hubble Space Telescope » Advanced Camera for Surveys

Fe is mixed into high
velocity regions ?
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Propagation of supernova shock wave

Radial velocity

N

Mixing of innermost
elements into
high velocity regions ?
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Rayleigh-Taylor (RT) instability

Gravity ¢ inertial force

RT unstable condition

Vp-Vp <O

Spherical explosions + RT
Instabilities have not explained
the high velocity *°Ni

Shengtai Li & Hui Li 2006
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Matter mixing in non-spherical core-collapse
supernova explosion

2.5

2.0

«
()
<
o
H
n &
N~
§
>

1.0

0.5

M.O. et al. (2013 in prep.)
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Matter mixing in non-spherical core-collapse
supernova explosion
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Matter mixing in non-spherical core-collapse
supernova explosion

M.O. et al. (2013 in prep.)
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Summary

 Origin of heavy elements has still been
uncertain

— What is the site of the r-process ?

e It is very unobvious how synthesized elements
are ejected in supernova explosions
— Matter mixing in core-collapse supernovae

— Diagnostic to speculate the mechanism of
core-collapse supernovae
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Thank you for your attention
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