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Origin of elements (beyond iron)
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Solar system abundance pattern 
(data from Anders & Grevesse 1989)



Origin of gold (beyond iron)
- Nuclear Physics 
- n-capture and β-decay; produces Eu, Pt, Au, U etc. 

- Astronomical Observation 
- Solar/metal-poor stars; Galactic chemical evolution; 

- Astronomical Origin (undetermined) 
- core-collapse SN or NS-NS/BH-NS mergers?

Sneden+ (2008) 
(Möller+ 1997)

EU? “The Elements” T. Gray

“The Elements” T. Gray
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Astronomical sites 
of the r-process: 
NS mergers 

as a main cosmic source
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The r-process: beyond iron
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r-process: rapid( τ(n,γ)  < τβ-decay) n-captures 
“explosive event” related to neutron stars

Movie by T. Wada (RIKEN)

neutron →

proton🔴     neutron⚪



Massive star’s evolution : > 10 M⊙

•H-burning 
H → He 

•He-burning 
He → C, O 

•C-burning 
C → Ne, Mg, Na, Al 

•Ne-burning 
Ne → O, Mg 

•O-burning 
O → Si, P, S, Cl, Ar, Ca 

•Si-burning 
Si → Fe, Ni (iron Group)

→ core-collapse 
Fe + γ→ 13 4He + 4n 
(photo-disintegration)



Core-Collapse Supernovae:  > 10 M⊙

observations 
•optical 
•neutrino 
•cosmic ray 
•GW ? 
•nucleosynthesis

- SN1987A 
- detection of neutrino



The r-process: “origin of gold"

based on Sneden+ (2008) ARAA
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SNe and PNS winds

7 3> 10

NSE

QSE

r-process

decay

GK

•T9 > 10: NSE 
•only nucleon + α 

•10 > T9 > 3: QSE(α-process) 
•Seeds creation 

•seed nuclei (A = 80 — 90) 
are produced in 
neutron-rich equilibrium 
or 
α + α + n → 9Be 
9Be + α → 12C 

•n /seed > 100 is required 
for making A > 200

See, Fujibayashi+ 2015  
for n-rich NSE



Physical condition for r-process
① neutronization（low Ye） 
by e-cap. ( p + e- → n + νe ) 
( T >1 MeV ) NSE 
(n, p, & α are predominant)

② seed formation (high S) 
(T > 0.5 MeV) quasi-NSE, α-cap.

expand

high T and ρ

low T and ρ

③ rapid-n cap. 
(high n/Seed) 
(n,γ) is faster 
than β-decay

④ decay (β and fission) 
decay to stable isotopes

Ye: electron fraction 
Ye = Yp  

～ Np / (Nn + Np) 
(low Ye = neutron rich)



treatment of hydrodynamic instabilities in three-dimen-
sional simulations, and the equation of state of ultradense
matter—required to create realistic supernova models
that actually yield explosions. Furthermore, imprecise nu-
clear data are lacking on the very unstable nuclei involved
in the r-process.

The situation has, however, been improving rapidly.
There are new high-resolution abundance observations of
n-capture elements in halo stars that surround the galac-
tic disk. Models of core-collapse supernovae are becoming
more sophisticated, and increasingly reliable data are be-
coming available on the physics of neutron-rich nuclei far
from the valley of stability. 

Nuclear properties and the r-process
High neutron densities lead to rapid n capture. But in su-
pernovae, these neutron fluxes are accompanied by high
temperatures that produce large quantities of high-energy
gammas that instigate nuclear photodisintegration. That
process, the reverse of n capture, ejects neutrons from the
nucleus. In such an extreme environment, the timescales
for both of these competing reactions is much shorter than
tb. Therefore, the two inverse reactions

n + (Z, A) E (Z, A + 1) + g

can come to an equilibrium balance.
This balance between n capture and photodisintegra-

tion governs the equilibrium distribution of isotope abun-
dances for a given Z. The maximum abundance along an
isotope chain is determined by the temperature and the

neutron density. The maxi-
mum occurs at a specific neu-
tron separation energy Sn,
the energy released in a neu-
tron capture. At a given 
temperature and neutron
density, the abundance- 
maximum value of Sn is the
same for all isotope chains,
irrespective of Z. The 
r-process path in the NZ-
plane is then determined; it
connects the maximum-abun-
dance isotopes of all the iso-
topic chains. Beta decay

(Z, A) O (Z+1, A) + e– + ne

transfers nuclei from one iso-
topic chain to the next and de-
termines the speed with
which heavy nuclei are
formed.

The thin magenta line
traversing the nuclide chart of
figure 1 illustrates an r-
process path with Sn between
2 and 3 MeV. Such a path re-
quires a synthesis time on the
order of seconds to form the
heaviest elements, such as
thorium, uranium, and pluto-
nium. During an r-process
event, temperature and neu-
tron density—and therefore
the path’s Sn—change with
time. Thus, very unstable nu-
clei with neutron separation
energies ranging from about 4
MeV all the way down to zero

can be involved in the r-process. The condition Sn = 0 defines
the so-called neutron drip line, at which nuclei become un-
stable to neutron emission.

When the intense neutron flux ends, a nucleus on the
r-process path will beta decay back up to the valley of sta-
bility and produce one of the stable nuclei indicated by the
magenta boxes in the figure. For example, the stable r-
process nucleus platinum-198 is originally formed as an
unstable lower-Z nucleus of the same A but with more neu-
trons. A sequence of beta decays then converts it to 198

78Pt.
The peaks in the abundance distribution of r-process

elements, shown in figure 2, are due to particularly long
beta-decay half-lives at “magic numbers” N = 2, 8, 20, 28,
50, 82, and 126, corresponding to closed neutron shells. In
figure 1, closed neutron and proton shells are indicated by
double lines. At the magic neutron numbers, the r-process
path, which connects nuclei with the same Sn for different
Z, moves closest to the valley of stability. Along the 
r-process path, nuclei that have the longest tb (of order
0.3–0.4 s) determine the abundance peaks. Between peaks,
the beta-decay lifetimes are typically one or two orders of
magnitude shorter.

The flow of the s-process, for which the interval be-
tween successive n captures is much longer than tb, is de-
termined by tn. The s-process peaks, also shown in figure
2, are due to minima in the n-capture cross-section at the
magic neutron numbers N. But because the s-process
paths stick much closer to the valley of stability, they en-
counter the magic neutron numbers at higher values of Z.
Therefore the s-process peaks in figure 2 are systemati-

48 October 2004    Physics Today http://www.physicstoday.org
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Figure 1. The stable and neutron-rich unstable nuclides.3 Isotopes stable against beta
decay, indicated by black and magenta boxes, form the valley of stability that runs along
the top edge of the band. (Proton-rich isotopes on the valley’s other side are not shown.)
Colored bands indicate decreasing measured or predicted lifetimes tb with increasing dis-
tance from the valley. The jagged black line is the limit of laboratory information. The
jagged magenta line shows a typical path of rapid (r-process) neutron captures. Such paths
tend to turn vertical at the double vertical lines that mark neutron numbers corresponding
to closed neutron shells. (The horizontal double lines indicate closed proton shells.) A nu-
cleus on an r-process path eventually beta decays up to the valley to become one of the r-
process stable nuclei indicated by the magenta squares. (Courtesy of Peter Möller.)

r-process nucleosynthesis

(Fig. by P. Möller)

① neutronization

② seeds formation

③ n-cap + β- - decay

④ β- - decay and fission



Physical condition for r-process
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Figure 1: The relations of initial Ye, entropy and expansion timescale to satisfy the condition
for production of A = 195 r-process peak. The correlations are showed in the Ye and entropy
plane for each expansion time (left) and in the Ye, entropy and expansion time space (right)
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2

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

heavy element

entropy

Ye hight entropy 
 → high T 
 → low seed  
 → high n /seed



Difficulty of Core-collapse Supernovae

Wanajo 2013

Dynamical ejecta of explosion 
•mostly produce iron-group (A<100) 
•exception: EC-SNe (Wanajo et al. 2012) 

•PNS-wind (neutrino-driven) 
•requires very high entropy  
•Ye is not low enough 
　→the νp-process (proton-rich nuclei)

Latest results 
of nucleosynthesis 
for NDW scenario



A&A 517, A80 (2010)
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Fig. 10. Evolution of selected mass elements in the neutrino-driven wind (as listed in graph a) from 1.44285−1.44450 M⊙ baryon mass) for the
10.8 M⊙ progenitor model from Woosley et al. (2002) where the enhanced opacities are used. Graph a) shows in addition the position of the
expanding explosion shock (red solid line) and the position of the wind termination shock (red dashed line).

to s = 100 kB/baryon (see Fig. 11c), density and temperature
increase sightly (see Figs. 11b and e) and the electron fraction
reduces slightly to Ye ≃ 0.52−0.54 due to the increased degen-
eracy (see Fig. 11d). The following evolution is determined by
the adiabatic expansion of the explosion ejecta during which the
entropy and electron fraction remain constant.

In the following paragraph, we will discuss the composi-
tion of the neutrino-driven wind region to some extent. This is
possible due to the recently implemented nuclear reaction net-
work. It includes the free nucleons and the symmetric nuclei
from 4He to 56Ni plus 53Fe, 54Fe and 56Fe. The initial compo-
sition is given by the progenitor model. Mostly 28Si and 30S are

Page 14 of 25

Why matter in PNS winds is not neutron-rich?

proton-rich?

10.8 M8 star

0.5

nucleon-potential correction 
for ρ > 1013 g/cc

(Reddy et al. 1998)

(Fischer et al. 2009)



Similar pattern in r-process observation

- 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)

Sneden+ (2008) ARAA

→ suggests existence 
of “main” r-process sites 
produces between 2nd and 3rd peak
but not for ALL metal-poor stars; e.g. Honda stars



Neutron star mergers

collision of neutron stars 
•easily eject neutron-rich matter 
•expected as sources of  
Gravitational wave,  
(short) GRBs  
Kilonova/macronova  

•But, event rates and role in 
galactic chemical evolution  
are poorly known  
compared to SNe



Solution?: wind ejecta driven by neutrino

•Two different components can explain “universality” ? 
•The property of dynamical ejecta is not well known

dynamical ejecta 
(Ye < 0.1) 

+ 
neutrino-driven ejecta 

(Ye > 0.3)

Rosswog 2014+

Can dynamical ejecta produce 
the entire r-process pattern?



A long-standing problem: too neutron-rich
Goriely+ 2011 (e.g., Korobkin+ 2011, Rosswog+ 2013)

tidal ejection 
of “pure” n-rich matter 
with Ye << 0.1

r-process with fission-cycling
severe problem: only A > 130 
with fission recycling  
(see, Eichler+ 2015; Shibagaki+ 2016)(Ye = Yp = 1 - Yn)

mass number



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



New NS merger models by Kyoto Group

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

•Physics determining ejecta (neutron-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

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



A paradigm shift? (since 2014)

Goriely et al. 2015  
NS-NS merger models  
by MPA Group
with different neutrino models

Wanajo+ 2014



BH-NS merger 
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ejected matter by strong tidal disruption:  
BH (4M⊙) — NS (1.25M⊙) 
 → maintaining initial very low Ye (neutron rich)

NN, Wanajo, Sekicuchi+ (2016); JPh conf. 665



Temperature structure

t = 0 ms t = 4 ms t = 13ms

x [km] x [km]



3D geometry of ejecta



Details: NS masses & EoS in 3D hydro
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CC-SNe must be excluded?
CC-SNe must leave from production site of Eu?

SNe vs NS mergers: exiting discussion (in last two weeks) 
NIC14 (Niigata) and NAOJ-ECT* workshop

NO 
- GCE (Eu evolution) can be explained 

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



Galactic Chemical Evolution: merger + MR-SN?

see also, B. Wehmeyer+ 2015, MNRAS 452 
detailed study in different event rates for MR-SNe

Cescutti+ 2015, A&A 577
- NS mergers need shorter duration 1 Myr 
- 100 Myr NS merger 

+ MR-SNe (10% of all CCSN for Z < 10-3)

NS-NS + ECSN NS-NS + MR-SNeNS-NS



r-Process nucleosynthesis 
by Magneto-rotational Supernovae 

(MR-SNe)



Magneto-rotationally driven (MR) SNe and magnetars

•Magnetar 
•strong magnetic field ～1015 G 
(～1 % of all neutron stars) 

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

hypernova/jet-like SN

•2D MHD-SNe
•NN et al. (2009, 2012) 
•Fujimoto, NN and Hashimoto 2008 
(Collapsar: central Black-Hole and disk) 

•3D MHD-SNe with neutrino
•Winteler et al. 20122 Winteler et al.

tating core collapses with strong magnetic fields could
be the solution (Cameron 2003; Nishimura et al. 2006;
Fujimoto et al. 2008).
The present paper has the aim to explore the results

from our 3D magnetohydrodynamic (MHD) calculations,
which lead to bipolar jet ejection. The following section 2
will discuss the initial models and the explosion dynam-
ics, section 3 will present nucleosynthesis results. Section
4 is devoted to a discussion of uncertainties and an out-
look on future investigations.

2. 3D MHD-CCSN MODEL

The calculation presented here was performed with the
computational setup similar to our previous investiga-
tions (Liebendörfer et al. 2005; Scheidegger et al. 2010).
The initially innermost (600 km)3 of the massive star
are covered by a 3D Cartesian domain uniformly dis-
cretized by 6003 cells, resulting in a 1 km resolution,
that is embedded in a spherically symmetric domain en-
compassing the iron core and parts of the silicon shell.
The magnetic fluid is evolved with the ideal MHD code
FISH (Käppeli et al. 2011) and the spherically symmet-
ric domain is evolved with the AGILE code (Liebendörfer
et al. 2002). The gravitational potential is approximated
by an effective axisymmetric mass distribution that in-
cludes general relativistic monopole corrections (Marek
et al. 2006). We use the Lattimer & Swesty (1991) equa-
tion of state (EoS) with nuclear compressibility 180 MeV.
We have included a Lagrangian component in the form
of tracer particles which are passively advected with the
flow. They record the thermodynamic conditions of a
particular fluid element and serve as input to the post-
processing nucleosynthesis calculations.
The transport of the electron neutrinos and anti-

neutrinos is approximated by a 3D spectral leakage
scheme, based on previous grey leakage schemes (Ross-
wog & Liebendörfer 2003; Ruffert et al. 1997). The neu-
trino energy is discretized with 12 geometrically increas-
ing energy groups spanning the range Eν = 3−200 MeV.
The amount of energy and particles locally released is
calculated for each bin as an interpolation between the
diffusive rates and the (free streaming) production rates,
depending on the local neutrino optical depth. For the
computation of the spectral optical depth we have used
a ray-by-ray axisymmetric approximation, calculated on
a polar grid encompassing the full 3D cartesian domain
discretized uniformly with 1km radial spacing and 30 an-
gular rays covering the full [0,π] realm. All fundamental
neutrino reactions have been included (neutrino scatter-
ing on nucleons and nuclei, neutrino absorption/emission
on nucleons and nuclei), providing detailed spectral emis-
sivities and opacities (Bruenn 1985). Inside the neu-
trinosphere, weak equilibrium is assumed and trapped
neutrinos are modeled accordingly; outside of it, no ex-
plicit absorption is considered. Thus we can only follow
neutrino emission and the associated neutronization of
matter. However, the up to now microphysically most
complete 2D axisymmetric study of MHD-CCSN with
multi-group flux-limited diffusion neutrino transport per-
formed by Burrows et al. (2007) has shown, that neutrino
heating contributes only 10-25% to the explosion energy
and is therefore subdominant. This justifies our prag-
matic approach at first.
We employed the pre-collapse 15M⊙ model of Heger

Fig. 1.— 3D entropy contours spanning the coordinates planes
with magnetic field lines of the MHD-CCSN simulation ∼ 31 ms
after bounce. The 3D domain size 700 × 700 × 1400 km.

et al. (2005). Although the model provides profiles for
rotation and magnetic fields, we use an analytic pre-
scription for their distributions and we will comment on
this choice in section 4. The initial rotation law was
assumed to be shellular with Ω(r) = Ω0R2

0/(r
2 + R2

0),
Ω0 = π s−1 and R0 = 1000 km corresponding to an
initial ratio of rotational energy to gravitational bind-
ing energy Trot/|W | = 7.63 × 10−3. For the magnetic
field we have assumed a homogeneous distribution of a
purely poloidal field throughout the computational do-
main of strength 5 × 1012 G corresponding to an initial
ratio of magnetic energy to gravitational binding energy
Tmag/|W | = 2.63× 10−8.
The computed model then undergoes gravitational col-

lapse and experiences core-bounce due to the stiffening
of the EoS above nuclear saturation density. Conser-
vation of angular momentum in combination with the
collapse leads to a massive spin-up of the core, reach-
ing Trot/|W | = 6.81 × 10−2 at bounce, and significant
rotationally induced deformations. During the collapse
the magnetic field is amplified by magnetic flux conser-
vation reaching a central strength of ∼ 5 × 1015 G and
Tmag/|W | = 3.02×10−4 at bounce. After bounce, differ-
ential rotation winds up the poloidal field very quickly
into a very strong toroidal field increasing the mag-
netic energy/pressure at the expense of rotational energy.
Consequently, strongly magnetized regions appear near
the rotational axis with an associated magnetic pressure
quickly reaching and exceeding that of the local gas pres-
sure. The Lorentz force then becomes dynamically im-
portant and matter near the rotational axis is lifted from
the proto-neutron star (PNS) and drives a bipolar out-
flow, i.e. jets are launched. The jets rapidly propagate
along the rotational axis and quickly reach the boundary
of the initial 3D domain. In order to follow the jet prop-
agation further, we have continuously extended the 3D
domain to a final size of 700× 700× 1400 km at ∼ 31 ms
after bounce. Figure 1 displays a snapshot at the final
time.
The quickly expanding bipolar jets transport energy

and neutron rich material outward against the gravi-
tational attraction of the PNS. We have estimated the
ejected mass Mej = 6.72 × 10−3M⊙ and explosion en-
ergy Eexp = 8.45 × 1049 erg by summing over the fluid
cells that are gravitationally unbound. These are admit-

3D MHD simulation 
Winteler et al. (2012)

r-process studies



MR-SNe as origin of r-process elements

•explosion models (Takiwaki+ 2009; 2011): 
•strong magnetic-fields & jet 
•relevant to GRBs, hypernovae, magnetars 

•nucleosynthesis 
•can eject very neutron-rich matter

NTT15: NN, Takiwaki & Thielemann, ApJ  (2015)

Jet-like explosions, 
driven by the strong 
magnetic pressure



Diversity of MR-SNe and r-process

NN+2015; with the solar abundances

•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 increase by 
neutrino absorption



Diversity of MR-SNe and r-process

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

uncertainty of 
explosion model

solar-like 
(Sneden's star)

Honda type



dimensionality: 2D or not 2D?

deformed jet by 
the Kink-instability

energy injection 
by reconnection

minor effects 
on nucleosynthesis 
(if explosion occurs)

Question: How does it change r-process?

in 3D but polar-like jet

Winteler+ (2012)

Mösta+ (2014)

NN+ (2015)



Need those strong initial B-fields?

Next questions: 
- Really need/exist such strong initial magnetic fields? 
- the MRI (magneto-rotational instability) is key? 
- MRI induced explosion models must have different 

nucleosynthesis signatures from canonical CC-SNe. 
(see, Sawai’s talk)

✔Magnetic driven SNe associated with strong polar-
jets produce (heavy) r-process elements, 

✔while weaker explosions show lower production of 
heavier r-process nuclei (i.e. weak r-process?).



Magneto-rotational instability in CC-SN

MRI-driven Jet; plasma-beta

w/o MRI

resolution

w MRI

Δrmin = 100, 50, 25, 12.5 m

Sawai & Yamada (2014, 2016)

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

explosion 
- see Talk by H. Sawai for more detail



MR-SNe driven by the MRI Nishimura+ (2016 in prep.) 
simulated by H. Sawai

Nishimura+ (2015) 
simulated by T. Takiwaki

?



Need those strong initial B-fields?
- adopts one representative model 
- initial magnetic fields: 1011 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- 
dominated

magnetically- 
dominated

Lν × 1.0 Lν × 0.6 Lν × 0.4

plasma-β



Need those strong initial B-fields?

heating- 
dominated

magnetically- 
dominated

Lν × 1.0 Lν × 0.6 Lν × 0.4

Ye

Ye - S



Need those strong initial B-fields?

Nishimura+ 2015 
Takiwaki model 

prompt vs delayed

heating

magnetic

variation in the 
final abundances



Origin of diversity in metal-poor stars?

heating

magnetic

solar-like

Honda type

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 & Shigeyama A&A (2014)

[Fe/H] < -2.5

Tsujimoto & NN ApJL (2015) 
(see also, Tsujimoto+ PASJ 2015)

Tsujimoto & NN, ApJL (2015)

Chemical evolution models

GCE models suggest: 
  - rate event: 1/200 CC-SNe 
  - large Eu ejection: ～10-5 Msun 
agree with our MR-SN models 
(e.g. Nishimura+ 2015)



Impacts of Beta-decay 
on production of r-process peaks



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

mass model: FRDM mass model: ETFSI

Nishimura et al., ApJ (2006)



beta-decay half-lives and the r-process

based on Sneden+ (2008) ARAA

N=50
N=82

N=126

1st
2nd

3rd

rare earth

U

“waining point”



2nd peak (N=82): RIBF@RIKEN experiment
S. Nishimura, PTEP, 2012

-6

-5

-4

-3

 50  100  150  200

lo
g 1

0 
Y A

mass number, A
 90  100  110  120

-6

-5

-4

-3

mass number, A

FRDM
RIBF

RIBF+

FIG. 3. Integrated mass averaged total final abundance distributions of r-process elements from

the adopted MHD supernova model (jet model 4 in Ref. [9]). Red solid, green dotted, and blue

dashed lines correspond to results from using the FRDM (standard), RIBF, and RIBF+ rates,

respectively. Abundances of solar system r-elements [14] are represented by black dots with error

bars.

a new light-element primary process (LEPP) [15]. Our results suggest that nucleosynthesis

in the LEPP should also be sensitive to the nuclear physics uncertainty from β-decay rates

in this region. Hence, further studies on both the nuclear physics and astrophysics of the

synthesis of elements with A ∼ 110 − 120 are warranted.
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applied new 
experimental data
by RIBF (RIKEN)

NN+, PRC (2012) 

new measured half-lives
S. Nishimura+, PRL 106, 2011 
G. Lorusso+, PRL 114, 2015



Nuclear physics uncertainty affects?
Problem: The first-forbidden (FF) transition changes β decay

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

vs. MPK03: Gross theory (Möller, Pfeiffer, Kratz 2003)



beta-decay with first forbidden and n-emission
half-lives (ratio) FF-contribution

✖ strong 
n-emission



Nuclear physics uncertainty affects?

mostly N=126 isotones 
cause the impacts

faster decay enhances 
3rd peak production



Impacts of each component in different models

- MR-SN (NN+ 2015) 
- Proto-NS wind (Arocnes 2009) 
- NS-NS merger (Freiburghouse 1999)



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)

UK Supercomputer facility COSMOS at Cambridge

Example for the s-process 
(smaller computational scales)

evaluate uncertainty
for relevant reactions

for detail, see My presentation  
at NIC14 (Niigata); Rauscher+ 
2016 arXiv: 1606.05671

Monte-Carlo

impacts on isotopic abundances



53

Key reactions: weak s-proc. all Lv1 reaction 
are fixed

all Lv1+Lv2 reaction 
are fixed



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? 

- nuclear 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)


