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Origin of elements (beyond iron)

Solar system abundance pattern
(data from Anders & Grevesse 1989)
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Orlgln cf gcld (bevond lrcn)

- Nuclear Physics
- Nn- Capture and - decay produces = Pt Au U etc.
Astroncmlcal Observation
- Solar/metal-poor stars; Galactlc chemlcal evolutlon
— Astronomical Origin (undetermined)
- core-collapse SN or NS-NS/BH-NS mergers?:

“The Elements” T. Gray
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Sneden+ (2008)
- (Mdllert+ 1997)

“The Elements” T. Gray



Astronomlcal sﬂes/scenanos

 NS-NS/BHNS

masswe stars

~ compact object

ma netar St
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Astronomical sites
of the r-process:
NS mergers
as a main cosmic source



The r-process: beyond iron
- rapld( T ;n,y) < T B-decay) N-Captures
“explosive event” related to neutron stars
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Massive star’s evolution : > 10 Mo

eH-burning

H — He
eHe-burning

He —» C, 0O
eC-burning

C — Ne, Mg, Na, Al
eNe-burning

Ne — O, Mg
eO-burning

O—S1, P, S, Cl Ar, Ca
eS1-burning

S1 — Fe, N1 (iron Group)
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Core-Collapse Supernovae: > 10 Mo

s -
e g 58
‘Se e ".;. . >

- SNI19K87A
- detection of neutrino

AR oo T g (AT i TR the end of the core the proto-neutron star
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The r-process: “origin of gold"
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SNe and PNS winds

To>10: NSE
*only nucleon + a
10 > Tg > 3: QSE(a-process)
eSeeds creation
eseed nuclei (A= 80— 90)
are produced Iin
neutron-rich equilibrium
or
a+a+n— “Be
‘Be + a — 2C
) /seed > 100 is required
making A > 200

GK See, Fujibayashi+ 2015
for n-rich NSE



Physical condition for r-process

high T and o (D neutronization (low Ye)

T I TN by e-cap. (p+e& —n+ Ve )
5 Ye: electron fractlo\ (T>1 MeV ) NSE
: Ye = Yp (n, p, & a are predominant)

. ~ Np / (Nn + NIO)
! (low Ye = neutron rich) :

Q
%
¢ 3 rapid-n cap.
(high n/Seed)
(n,7r) Is faster
than [ -decay

@4 decay (B and fission)

decay to stable isotopes
low T and p
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Physical condition for r-process

condition for r-process 3rd peak
based on Hoffman et al. (1997)

0.5

0.45 -

hight entropy
— low seed
— high n /seed
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0.2
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Difficulty of Core-collapse Supernovae
Dynamical ejecta of explosion

- mostly produce iron-group (A<100)
-exception: EC-SNe (Wanajo et al. 2012)

.PNS-wind (neutrino-driven)

v g

-requires very high entropy
- Ye IS not low enough
—the v p-process (proton-rich nuclei)

1 1 1 1 1 1
1.8 2224 M
sun
o solar r-abundance

| atest results

3 .
= | by 2 of nucleosynthesis
-g |! " . / , .
= - Yool PR ' ' :
A ML P for NDW §Cenarlo
e | ~ : Wanajo 2013
108 |-
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Why matter in PNS winds is not neutron-rich?
(Flscher et aI 2009

0.5

Y, is determined by proton-rich? os

V.+n—>p+e § ™ |

V+p—n+e > jO 8/ Mg star
0.2}

equilibrium value is U

0.6

ﬂ

Electron Fraction

0
. . | 0 9 10
L_ E. - 2A _ _ T|me After Bounce [s]
Ye /o] Ve o Ve : nucleon-potential correction (Reddy et al. 1998)
b Lve Eve+2A_ for o > 1013 g/CC4..,.‘..

w

A=M,-M, ~129 MeV

L [l()w'ergsll
— o

—_
—

for Y, < 0.5 (i.e., n-rich)
E..—E,.>4A ~5 MeV
L~

<g> [MeV)

8507005 0.1 015 02 2 1 6 8 °
Time after bounce [s]

self-consistent explosion of a 9 M, star
Hiidepohl+2009



Similar pattern in r-process observation

Sneden+ (2008) ARAA

- many r-rich Galactic halo
stars show agreement
with solar pattern

- r-process has happened
from the early Galaxy

- astrophysical models

reproduce this common
pattern (Z>40; A>90)

—> SuggeStS eXiStence :0522892-052:Snedenelal.(2003)

HD 115444: Westin et al. (2000)
¢ BD+17°324817: Cowan et al, (2002)
¥ CS 31082-001: Hill et al. (2002)

Of nmain” r_process Sites > HD 221170: lvans et al. (2006)

HE 1523-0901: Frebel et al. (2007)

produces between Z2nd and 3rd peak
but not for ALL metal-poor stars; e.g. Honda stars



Neutron star mergers

collision of neutron stars

*casily eject neutron-rich matter

*cxpected as sources of
Gravitational wave,

- (short) GRBs
Kilonova/macronova

* But, event rates and role 1n

- galactic chemical evolution
are poorly known
compared to SNe

www.mpa-garching.mpg.de




Solution?: wind ¢jecta driven by neutrino

Rosswog 2014+
Yi T T T
107 | : ] solar r-g;aocefi s
: . : n n iy . .
I ns13 nsid o dynamical ejecta
3 |# o he gt ns16 ns12 -<-
107 H - | n$180812 a - (Ye < O 1)
W1 neutrino-driven ejecta
d)}namic ejectag (Ye > O 3)
IR ety 1§ TosSE v-driven wind : )
1\ 1 ,,,,,,,,,,,,,,, .‘

50 100 150 200
Mass number, A

wo different components can explain “universality” ?
he property of dynamical ejecta Is not well known

Can dynamical ejecta produce
the entire r-process pattern?




A long-standing problem: too neutron-rich

Goriely+ 2011 (e.g., Korobkin+ 2011, Rosswog+ 2013)

135-135M NS | 0
ol Solar i o 1.35—1.35.\1“ NS ﬂ
BB —+— 120-1.50M NS
§ . :
0.015 0.021 0.027 0.033 0.039 0.045 0.051 | E
Ye 250
. . . mass number
tidal ejection r-process with fission-cycling
of “pure” n-rich matter b v A > 130
° SCVCTIC Prooicin. on
with Y. << 0.1 p Y

with fission recycling
(Ye=Yp=1-Yn) (see, Eichler+ 2015; Shibagaki+ 2016)



new challenge: GR-hydro model
slide by Y.Sekiguchi

« Einstein's equations: Puncture-BSSN/Z4c formalism

* GR radiation-hydrodynamics (Sekiguchi + 2013)

— Advection terms : Truncated Moment scheme (based on Shibata et al. 2011)
* Fully covariant and relativistic
* gray or multi-energy but advection in energy is not included
* M-1 closure

* EOS: any tabulated EOS with 3D smooth
connection to Timmes EOS

— Source terms : two options
* |Implicit treatment : Bruenn'’s prescription
» Explicit treatment : trapped /streaming V’s

— e-captures: thermal unblocking/weak magnetism; NSE rate
— |Iso-energy scattering : recoil, Coulomb, finite size

— etannihilation, plasmon decay, bremsstrahlung

— diffusion rate (Rosswog & Liebendoerfer 2004)

— two (beta- and non-beta) EOS method




New NS merger models by Kyoto Group

See, Wanajo, Sekiguchi, NN, Kiuchi, Kyutoku & Shibata
AplJL 789 (2014) L39

- Setup for simulation
- (first principle) full GR hydrodynamics
- neutrino transport
- micro physics: EoS, weak interaction

- Physics determining ejecta (heutron-richness / Ye)
- more-compact neutron stars
- Strong Gravity
=> Strong collision (less tidal disruption)
=> Strong shock heating
=> high temperature
=> weak Interactions are activated

matter is ejected by tidal disruption + shock heating




A paradigm shift? (since 2014)

Wanajo+ 2014

,  previous case (here Y, = 0.05)
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BH-NS merger NN, Wanajo, Sekicuchi+ (2016); JPh conf. 665

ejected matter by strong tidal disruption:
BH (4Mo) — NS (1.25Mo)
— maintaining initial very low Y. (neutron rich)

0.3

0.2 ]

0.1

mass fraction
|

0 0.05 0.1 0.15 0.2 0.25

v 50 100 150 200 250
e mass number



Temperature structure

- Steiner’s EOS makes compact NS
- compact NS
— less tidal disruption + strong collision

Z [km)]

Y [(km]

-400

ol Steiner

400

800

-

400 i
n+et o>p+v

| "

LowerT : less e*
Mass ejection mainly
driven by tidal effects

Higher T : more e*
due to Shock heating
-800 more positron capture

400 800 -800 -400 0 400 800

-800 -400 0
X [km] X [km]

Temperature [MeV]



3D geometry of ejecta

abundance
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Details: NS masses & EoS in 3D hydro

Wanajo+ in prep.(20167); NN+ in prep. (20177)
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CC-SNe must be excluded?

CC-SNe must leave from production site of Eu?

)’ H
THURSDAY JUNE23

*x X %
*
*
*

* 4 *

“LEAVE EU”

- GCE (

CuU evolution) can be explained

only by NS mergers
- If SN core has strong magnetic fields?

SNe vs NS mergers: exiting discussion (in last two weeks)

NIC 14 (Niigata) and NAOJ-ECT* workshop



Galactic Chemical Evolution: merger + MR-SN?
Cescutti+ 2015, A&A 577
— NS mergers need shorter duration 1 Myr

- 100 Myr NS merger
+ MR-SNe (10% of all CCSN for Z < 103)

21 o o
. 1L . . . i
% 0 o ai%”%
E, . g. L
*0 0 | _1'- 1 N Il
NS-NS __|NS-NS + ECSN  |NS-NS + MR-SNe
: 1 ! r 1 1 L | y— 1
-5 -4 -3 -2 -1 -5 -4 -3 -2 -1 -5 -4 -3 -2 -1
[Fe/H] [Fe/H] [Fe/H]

| H : H
-45 -40 -35 =30 =25 =20 =15 =10 =05 0.0
log N,,...

see also, B. Wehmeyer+ 2015, MNRAS 4527
detailed study in different event rates for MR-SNe




r-Process nucleosynthesis

by Magneto-rotational Supernovae
(MR-SNe)



Magneto-rotationally driven (MR) SNe

and magnetars

r-process studies

R® -2D MHD-SNe

NN et al. (2009, 2012)
eFujimoto, NN and Has
(Collapsar: central Blac

Winteler et al. 2012

" hypernova/jet-like SN

Magnetar
estrong magnetic field ~10"° G

(~1 % of all neutron stars)

*Magneto-driven Supernovae?
*GRB central engine
*Hypernovae

nimoto 2008
K-Hole and disk)

*3D MHD-SNe with neutrino

3D MHD simulation
Winteler et al. (2012)

entropy
12

10
7.5

Time: 0.031446




MR-SNe as origin of r-process elements
NTT15: NN, Takiwaki & Thielemann, Apd (2015)
-explosion models (Takiwaki+ 2009; 201 1):

-strong magnetic-fields & jet

-relevant to GRBs, hypernovae, magnetars
-nucleosynthesis

-can eject very neutron-rich matter

B11p0.25

Jet-like explosions,
driven by the strong K
magnetic pressure

¥ Magnetic Field Lines




Diversity of MR-SNe and r-process

-Strong (prompt)-jet
-immediately ejects very n-rich (low Ye) matter dredged
from the SN core (strong e—-capture)
-Weaker (delayed) jet
-only ejects surface of the PNS and suffers Ye iIncrease by
neutrino absorption

NN+201 5 W|th the solar abundances
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Diversity of MR-SNe and r-process

NN+ 2015; with r-process in metal-poor stars

‘ n ]
) & e, solar-like
D 1
=] b o 1 (Sneden's star)
)
% R . = g .
.8 CHI A N
5 Y S YR Honda type
- -0 A
8 | S a CS22892-052 +—@— |-
T : A A AL
3L | HD122563 A |
4l uncertainty of
N B explosion model
40 50 60 70 80 90

atomic number, Z



dimensionality: 2D or not 2D? Mésta+ (2014)

in 3D but polar-like jet

Entropy

deformed jet by T

1600 km

ime: 0.031446

Winteler+ (2012)
Question: How does it change r-process?

NN+ (2015)

10-1 I L L] L] L] l
1x10"" T NI I w/o heating i
Y, =0.180 energy injection 102 300 km ----=--= A
I 500 km i
by reconnection . 200km b
& > i
S 1x10' | g 8 10 =
§ R £ 10° -
E fiducial I ® I
$ (e i minor effects » :
1yqo? Ll 500 Kkm =4 on nucleosynthesis -
F| 800 km 3 10 3
025 os _ oss  (If explosion occurs) ;e . :

time, s 150 200

mass number, A



Need those strong initial B-fields?

Q/I\/Iagnetic driven SNe associated with strong polar-
Jets produce (heavy) r-process elements,

Q/while weaker explosions show lower production of
heavier r-process nuclel (i.e. weak r-process?).

Next questions:

- Rea

- the MRI (magneto-rotational instabi

ly need/exist such strong Initia

magnetic fields?
lity) is key?

- MRI induced explosion models must have different
nucleosynthesis signatures from canonical CC-SNe.
(see, Sawal’s talk)




Magneto-rotational instability in CC-SN

Sawail & Yamada (2014, 2016)

- MRI enhance B-fields of the core
- neutrino-heating also affects

explosion
- see lalk by

. Sawal for more detail

MRI-driven Jet; plasma-beta

Jvms

me =188
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AAAAAAAAAAAAAAAAAAAAAAAA
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MR-SNe driven by the MR

abundance, Y

Nishimura+ (2015)

simulated by 1. Takiwaki

Entropy

1 Magnetic Field Lines

prompt: B1131.00
B120.25
B1241.00
B1284.00

delayed: B11$0.25

......

80 120 160 200
mass number, A

240

Nishimura+ (2016 in prep.)
simulated by H. Sawai




Need those strong initial B-fields?

- adopts one representative model
- initial magnetic fields: 10" G and rotation: 2.5 rad/s
- neutrino-heating by “light-bulb” with the evolution
of neutrino luminosity by IDSA (by Takiwaki)
- changes the neutrino luminosity
- (correspond to different rotation and B-fields in progenitors)
heating- ‘ ' magnetically-
dominated olasma- 8 dominated

time = 1800m time = 1800m
1 3 1000 PRI SRR BT PR " 3

\ |_7/><O6_ ,

time = 1800m

2 800

1 600

0 400

1 200

0 200 400 600 800 1000 0 200 400 600 800 1000 0O 200 400 600 800 1000



Need those strong initial B-fields?

heating-
dominated

time = 139.0 ms

1000

800

600

=
(=4

200 400 600

800

1000

=0.5),ky baryon'
~N w
o o

—
o

Entropy, S..(AS

o<

0.2

0.3
Yo we(AY, =0.05)

0.4

0.5

I
N

I
-

|
w
Mass fraction (logye)

1000
-
600
oo

200 -

=
o

0.5),ky baryon !
w
o

N
o

Entropy, S..(AS
—
o

@
—

0.2

0.3
Yo e (AY, =0.05)

0.4

0.5

I
N

|
w
Mass fraction (log,,)

I
E=y

-5

1000

800

600

400

200

=10.5).ky baryon '

Entropy. S..(AS

&
o

w
o

N
(=}

—
o

200

400 600 800 1000

¢

0.2 0.3 0.4 0.5
Yo me(AY, =0.05)

magnetically-
dominated

I
N

|
&

I
w
Mass fraction (log,,)

-3



Need those stron

initial B-fields?

Abundance

magnetic

i-Model = = = [3
heating ———

Nishimura+ 2015
Takiwaki model
prompt vs delayed

variation in the
final abundances

abundance, Y
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O

rigin of diversity in metal-poor stars?
10 | | V | | | | |
- magnetic
0.0 Xﬂw > # i-Model
. - r'. ® heating : |
g -10F "y - solar-like
= - O [
2 20F - J
< i Honda type
3.0 F \/\ -
-4 () I | I | | |

40 50 60 70 80 9 100 110

Atomic number, Z
Magnetic-fields (MRI + heating models) can be
origin of diversity in r-process in metal-poor stars

More observation of Honda-type stars?
e.g., M. Aoki, Ishimaru, W. Aoki & Wanajo 2016; presentation at NIC14



GCE: early dwarf spheroidal galaxies

Tsujimoto & Shig
1

eyama A&A (2014)

(SR |

faint & massive dSphs

Tsujimoto & NN ApJL (2015)
(see also, Tsujimoto+ PASJ 2015)
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Impacts of Beta-decay
on production of r-process peaks



r-process: nuclear physics inputs

B-decay half-life, (y,n), and (y,n) are dominant; different
nuclear physics inputs change the results: see Koura’s talk

mass model: FRDM mass model: ETFSI

10°
: . ' l T T ) v T ] v T .5
E Numerical result 3 10 T A ST
L Solar r-element - -+ 1 E Numerical result ]
s ' [ ',‘o,'-‘,- Solar r-element - -+ y
.
8 i
: S :
2 @ .
3 g .
< o P
< :
E
50 100 150 200 250 '
50 100 150 200 250
Mass number
Mass number
10-4 '...'7 T Y T T Y L 2 T 4 v' r T | v T T 4 : 10'4 = e v v v T v v v v 1 v v v v T v - -
‘x, Numerical result ] X Numerical result 3
: Solar r-element . : " Solar r-element 4
10°® 5 . %
i 10 1
; a
8 : g 5
m . -
° L = - 1
3 i 3 :
< ] < ‘
: ’:
10-10 [ A A A W — l A A A A l A A A A TS A A A | 10'10w * 4 . - ?w‘ - * . loA * “ ‘a?o‘ . . Azm
50 100 150 200 250 L 15

Mass number

Nishimura et al., ApdJ (2006)

Mass number



beta-decay half-lives and the r-process
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2Nnd peak (N=82): RIBF@RIKEN experiment

S. Nishimura, PTEP, 2012
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Nuclear physics uncertainty affects?

Problem: The first-forbidden (FF) transition changes B decay

new rates based on QRPA calculations
FBS13: Fang, Brown, Suzuki, PRC88 (2013)

N =126

| | | | | | | |
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Z
vs. MPKO3: Gross theory (Mdller, Pfeiffer, Kratz 2003)




beta-decay with first forbidden and n-emission
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Nuclear physics uncertainty affects?

faster decay enhances
3rd peak production
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Impacts of each component in different models

- MR-SN (NN+ 2015)
- Proto-NS wind (Arocnes 2009)
- NS-NS merger (Freiburghouse 1999)
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What is the next?: to find “important” reactions

We have fast super computers. Let’s go to more
comprehensive studies! (project with T. Rauscher, R.Hirschi)

Example for the s-process impacts on |sot plc abundances
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for detail, see My presentation
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all Lv1 reaction all Lv1l+LvZ2 reaction

Key reactions: weak s-proc.

are fixed are fixed
Nuclide  reor,0  7cor,1 Ycor,2 Key reaction Key reaction Key reaction
Level 1 Level 2 level 3

Zn64 0.76 %4Cu(+B)%Zn

-047 -0.73 64Cu(ec)®Ni
Zn67 -0.67 677n(n,;y)%Zn
GeT2 -0.85 2Ge(n,y)PGe
GeT73 -0.84 BGe(ny)?Ge
GeT4 -0.44 -0.53 -0.67 "4Ge(n,y)PGe
AsT5 -0.50 -0.58 -0.70 5 As(n,y)"%As
Se77 -0.86 "Se(n,y)"8Se
Se78 -0.71 8Se(n,y)""Se

0.37  0.68 87n(n;y)%®Zn
Se80 -0.76 80Br(+8)%Kr

0.27  0.73 80Br(-B)30Se

0.16 0.44  0.88 80Br(ec)’0Se
Br79 -0.63 -0.73 Br(n,y)%Br
Br81 -0.80 81Kr(n,y)8?Kr
Kr83 -0.76 B3 Kr(n,y)¥*Kr
Kr&4 -0.49 -0.64 -0.76 *Kr(n,y)*Kr
Kr86 0.84 SKr(n,y)®Kr

-0.31 -0.71 86Kr(n,y)¥ Kr

-0.33  -0.62 -0.90 8SKr(+8)%Rb
Rb87 -0.57 -0.64 -0.95 S7Rb(n,y)%Rb 53




summary

- Astronomical origin of r-process nucleosynthesis
- NS-NS mergers
- main contributor in GCE
- but need other components in early galaxies?
- MHD-Supernovae
— can be origin (of e.g. Eu) in early galaxies
- the differences in rotation and magnetic fields
change final r-process abundances; “intermediate”
pattern?
— nhuclear physics uncertainty
- beta-decay and r-process peak formation
- first-forbidden effects accelerate production of
heavy r-process peak (3rd)
- more comprehensive studies in multiple astro-modes
(MC approach in future)




