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The rapid-neutron-capture process

— s-Process path

....... p  r-Process induced

* rapid n capture vs. B-decay
Nn ~ 1023 /cm3
(Nn ~ 10° /cm3 for the slow process)
* the nucleosynthesis “path” goes to
very neutron-rich nuclei
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proton number, Z

r-process nucleosynthesis “flow”
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Astronomical site(s) of the r-process

Supernovae (cc-SNe)? neutron star (NS) mergers?

N; o0 NS

S

-process is observed?
n Kilonova/Macronova

w/ GW170817

magnetar



Talk plan

Introduction
MR-driven “jet” supernovae?
Production of r-process nuclei

central engine and abundances
(vs. r-process observation in metal-poor stars)

Ejection of r-process nuclei
shock propagation and r-nuclei ejection

(uncertainties due to nuclear-physics inputs)
summary

- Winteler+NN+(2012) ApJL 750:L22

- NN, Takiwaki, Thielemann (2015) ApJ 810:109
- Tsujimoto & NN (2015) ApJL 810:L10

- NN, Sawai, Takiwaki+(2017) ApJL 836:L21

- Tsujimoto & NN (2018) ApJL 863:L27



Production of
r-process nuclei

the central engine of MR-SNe

‘NN, Takiwaki & Thielemann (2015) ApJ
‘NN, Sawai, Takiwaki+(2017) ApJL




r-Process in magneto-rotational supernovae

o - Magnetar
: - strong magnetic field ~ 101> G

(~1 % of all neutron stars)
- Magneto-driven Supernovae?
- GRB central engine
- Hypernovae
. | - Super luminous SNe
hypernova/jet-like SN NN+2015

*MR-SNe (magnetar formation)
- “the classics”. Symbalisty(1984), Cameron(2003)
«2D: Nishimura+NN+(2006); NN+(2012,2015,2017)
*3D: Winteler+NN+(2012); Mo6sta+(2014,2018), Entropy
Halevi&kMdsta(2018)

- “Collapsar model” (BH + disk + jet)

- 2D: Fujimoto+(2007); Fujimoto, NN, Hashimoto(2009);
*Ono+(2009, 2012)




3D effects on jet-propagation

strong jet in 3D

deformation

misalliance of

by hydro-instability B-filed and rotation

Winteler+NN+(2012)
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magnetic-field enhancement process?

axi-symmetric (2D); long-term, high-resolution

B-field windinc
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Various r-process in several jet SNe

2D-hydro w/ parametric rotation & B-fields
(NN+2015, based on Takiwaki+2009)

- Strong (prompt)-jets

-very n-rich from the inside of the PSN (strong e—-capture)

- Weaker (delayed) jets

-less neutron-rich due to strong neutrino absorption
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Various r-process in several jet SNe
very neutron-rich matter in SN core (“proto-magnetar”)

significant effect of e—-capture (off B-equilibrium)
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Diversity in metal-poor star abundances’?
- many r-rich Galactic halo stars [\, |

show the solar r-pattern
- r-process has happened

from the early Galaxy
- astrophysical models

reproduce this common

pattern (Z>40; A>90)
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Magneto-rotational instability in CC-SN

_ Armin = 100, 50, 25, 12.5 m
Sawai & Yamada (2014, 2016)

e+d9 -
- MR-hydro code (Wtz: “YAMAZAKURA”) s
- MRI enhance B-fields of the core .| Bee gt T

. -

- neutrino-heating also affects explosion .
~ 2D axisymmetric ey resoh{tggg "
— initial condition: o
— 15Msun (Fe: 1.4Msun) (Woosley&Heger1995) 0 10 20 @ 4 50 60 70
— rotation (core): 2.7 rad/s meims

~ B-fields: 2x1011 G (B flux: 7x1027 cm2G) Entropy + B-fields(3D)

—> magnetar candidate
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Need those strong initial B-fields?

Problem: varying B-fields/rotation
—> requires MRI convergence for each case
and comparison among models are difficult
Adopt: varying L, —> effective strength of B-fields
IN explosion dynamics

heating- %edlate magbetically-
dominated plasma- dominated
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heating-
dominated

1000

Need those strong initial B-fields?
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NN+(2017), based on Sawal models

r-process abundances
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Alternative r-process sources in early galaxy?

174

01 0.2 03 04 050.6 0.75 1.0 1.25
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strong jet

“Intermediate” r-process?

discussion on GCE nucleosynthesis yields:
(several Talks in this WS) github.com/nnobuya/mrsn




Multiple r-process sources in GCE?

NS mergers cannot explain early chemical evolution
of r-process elements, e.g., Eu?
— shorter delay time or another source

0.1%

NS mergers
+ MR-SNe




Eu evolution by MR-SNe in dSph galaxies

Chemical evolution models

g Jmen  Tsujimoto & NN (2015)
i gomezs /,@ - GCE models suggest:
Pl e - event rate: 0.5 % of CC-SNe
G - large Eu ejection: ~10% Msun
! LS A= agree with our MR-SN models
S T eem T | (e.9. NN+2015, 2017)

.1 [ Draco

Sculptor * -
~ Carina :
-2
T Increase of Eu,

S5 -3 === : :
A : which are not explainec
pd by NS-NS mergers
S |Yl Y M L | ! _

4 3.5 3 2.5 2 1.5 1



What we learned from faint dwarf galaxies

massive

NS merger

Time (Metallicity)
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How to get such n-rich ejecta?

axi-symmetric (2D); long-term, high-resolution

B-field windinc
NN+2015 ¢

MRI w/ v -heating
NN+2017

energetic (high density, large mass ejection)
and fast ejection of material by strong jets

more ‘realistic” conditions
-multi-D (deformation)

-weaker B fields (w/ enhancement)




Short Summary

- MR-SNe are still possible sites for the r-process
- However, strong-magnetic jets are needed to produce
heavier r-nuclei: unavailable so far in “realistic”
progenitor/MHD set-up
i

We want to discuss possible “observational” properties
of such events: r—process—'let supernovae.

long-term evolution of r-process ejection
(propagation of r-process-rich jet in the progenitor)



Ejection of

r-process nuclei
from engine to remnant

Collaboration with
J. Matsumoto, H. Sawai and T. Takiwaki




Strong-magnetic jet: (strong r)

NN, Sawai+2017
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108 cm

- hydrodynamics
w/o B-fields

- “jet” injection

- Wolf-Rayet
(no H-layer)

by J. Matsumoto

hydrodynamical simulation
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Strong-magnetic jet: (strong r)
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Weker magnetic-jet: intermediate r

strong magnetic jet

weak magnetic jet

medium n-rich very n-rich medium n-rich  very n-rich
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Evolution of hydro vs r-process

strong r
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Elemental distribution in ejecta

based on the nucleosynthesis condition of NN+2017:

very n-rich —> strong r
medium n-rich —> “intermediate r”

Mass, Mo

[ ] [ ] [ ] [ ]
weak magnetic jet stronger magnetic jet
103 4 1072 4
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weak r ] weak r
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—> Future observation will provide new insights?



Summary

- MR-SNe are still possible sites for the r-process

- However, strong-magnetic jets are needed to produce
heavier r-nuclei: unavailable so far in “realistic”
progenitor/MHD set-up

We want to discuss possible “observational” properties
of such events: r—process—’let supernovae.

- Hydrodynamical simulation of jet-SNe (w/ r-nuclei)
- propagation of n-rich matter in outer layer
with abundance evolution of r-process
- Spacial abundance distribution can characterize
explosion feature of central engine of MR-SNe




Uncertainties in the
nuclear-physics

ninputu
Impacts on the r-process

Collaboration with
T.Rauscher, R. Hirschi, G. Cescutti, A. Murphy




r-process nucleosynthesis “flow”

proton number, Z
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Theoretical uncertanities

mass formula \ VA
Large uncertainty Vs W§ %
in the r-process S e\ \
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* In addition, reaction and fission rates are not well determined



Uncertainty studies

nuclear mass (+reaction and decay rates |
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Comprehensive studies (by Monte-Carlo)
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Monte-Carlo network code

- Monte-Carlo framework
- PizBuin MC-driver
(developed by Rauscher, NN, Hirschi)
- a simple “Brute-force™ approach
- parallelized by OpenMP for shared
memory architectures o R - 4
(paralleled easily, but harder debugging. . .) Piz Buin (mountain)
- Nuclear Reaction network
- Network solver:
- WinNet: the latest Basel network, Winteler+, 2012
- Reaction rates:
- Reaclib: (Rauscher & Thielemann 2000)
- T-dependent beta-decay (Takahashi & Yokoi 1987, Goriely 1999)

- T-dependent uncertainty:
- Provided by Reaclib format, based on Rauscher 2012

)‘T\ =
" Q L‘é”‘
.;:"\ : P
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Abundance

Rate uncertainty: (n.g) and B-decay

rate uncertainty range: (n,g) x0.02/x50, B-decay x0.05/x20
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Rate uncertainty: (n.g) and B-decay
rate uncertainty range: (n,g) x0.02/x50, B-decay x0.05/x20

uncertainty region (90% probabillity) of r-process

different “trajectories” (astrophysical environments)
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Key reactions?: r-process

“correlation ana

B-decay : 130Cd
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“Key” reactions for different models
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Summary:

. r-process calculations have a large uncertainty due to
nuclear mass, reaction rates and decay rates

- the impacts of such uncertainties may change in different
astrophysical conditions for the r-process




