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origin	  of	  gold	  (r-‐process	  elements)	  is	  sOll	  unknown…	  

www.carOer.jp	



r-‐process:	  the	  last	  mystery	  of	  nucleosynthesis	

r-‐process	  (rapid	  neutron	  
capture	  nucleosynthesis)	  

v astrophysical	  sources	  
are	  unidenOfied	  

v nuclear	  physics	  is	  poorly	  
understood	  
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“universality”	  of	  the	  r-‐process	
surviving	  old	  stars	  record	  
nucleosynthesis	  memories	  
in	  the	  early	  universe	  
	  
v r-‐process	  enhanced	  

stars	  show	  constant	  
abundance	  paRerns	  

v the	  r-‐process	  should	  be	  
“universal”,	  always	  
having	  solar-‐like	  
abundance	  paRerns	  
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CS 22892-052: Sneden et al. (2003)
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Individual stellar abundance offsets with respect to Simmerer et al. (2004)

Figure 11
(a) Comparisons of n-capture abundances in six r-process-rich Galactic halo stars with the Solar-system r-only abundance distribution.
The abundance data of all stars except CS 22892-052 have been vertically displaced downward for display purposes. The solid light
blue lines are the scaled r-only Solar-system elemental abundance curves (Simmerer et al. 2004, Cowan et al. 2006), normalized to the
Eu abundance of each star. (b) Difference plot showing the individual elemental abundance offsets; abundance differences are
normalized to zero at Eu (see Table 1 and Table 2) for each of the six stars with respect to the Solar-system r-process-only abundances.
Zero offset is indicated by the dashed horizontal line. Symbols for the stars are the same as in panel a. (c) Average stellar abundance
offsets. For individual stars all elemental abundances were first scaled to their Eu values, then averaged for all six stars, and finally
compared to the Solar-system r-only distribution.
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“weak”	  r-‐process?	

v “normal”	  (or	  r-‐deficient)	  stars	  show	  high	  Sr/Eu	  raOos	  
a	  sign	  of	  “weak”	  r-‐process?	  

基研研究会	 5	

Honda,	  Aoki,	  Ishimaru,	  Wanajo,	  Ryan	  2006	
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what	  is	  “true”	  r-‐process	  ?	

VLT	  observaOons	  give	  Oght	  constraint	  for	  light-‐to-‐heavy	  r-‐abundances	  
v  [light-‐r/heavy-‐r]	  ≥	  -‐0.3;	  no	  stars	  below	  this	  constraint	  
v “the	  true	  r-‐process”	  must	  make	  lighter	  r-‐elements	  with	  at	  least	  half	  

of	  the	  solar	  r-‐raOo	  

基研研究会	 6	Wanajo	

Siqueira	  Mello+…+	  Wanajo	  2014	
A&A 565, A93 (2014)
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Fig. 28. [Sr, Y, Zr/Ba] as functions of [Ba/Fe] obtained in this work
compared with results for metal-poor stars by François et al. (2007).
Symbols are the same as in Fig. 8.

with the data of François et al. (2007), as shown in Fig. 22, and
our data confirm that the dispersion of these ratios is remarkably
low for stars with [Fe/H] > −3. To evaluate the overabundance
of the first-peak elements compared with the general abundance
level of the main r-process, Fig. 28 shows the abundance ra-
tios [Sr/Ba], [Y/Ba], and [Zr/Ba], as functions of [Ba/Fe]. These
comparisons, already done in the literature (e.g., B05; François
et al. 2007), represent the ratio [first-peak/second-peak], as a
function of r-process enrichment. The [first-peak/second-peak]
ratio increases as [Ba/Fe] values decreases, until ∼−1.5, thus
r-I stars have intermediate values of [Sr, Y, Zr/Ba] between
r-II stars and the stars without r-process enhancement (with low
values of [Ba/Fe]). In addition, a break in the abundance trends
may be present at the lowest [Ba/Fe] ratios. The results point to-
ward a production of first-peak elements that is, at least in part,
independent of the second-peak element production.

Among the elements from the second-peak region, the abun-
dance ratios as a function of r-process enrichment present
constant values. Figure 29 shows the [La/Ba] and [Eu/Ba] abun-
dance ratios, as a function of [Ba/Fe]. Setting aside upper lim-
its, these ratios give the average values [La/Ba] = +0.16 and
[Eu/Ba] = +0.51 (dotted lines in the figure). As comparison,
the solar system r-process abundances, according to Simmerer
et al. (2004), give the abundance ratios [La/Ba]r = +0.17 and
[Eu/Ba]r = +0.70. On the other hand, the abundance pattern
obtained in the atmosphere of CS 31082-001, a template of
main r-process (r-II) star, give the ratios [La/Ba]r−II = +0.01 and
[Eu/Ba]r−II = +0.53. The flatness of the second-peak elemental
abundances for both r-I and r-II stars, as can be seen in Fig. 29,
is evidence that the main r-process similarly affects the elements
in r-I and r-II stars, because the dispersion around these mean
lines can account for the errors.

Indeed, the r-II stars are considered to be enriched in heavy
elements by a main r-process component, and the difference ob-
served between the abundance enhancement of first-peak ele-
ments in r-I relative to r-II stars, instead, should be due to a so-
called weak component (e.g., Wanajo & Ishimaru 2006; Montes
et al. 2007). We computed the residual abundances of Sr, Y,
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Fig. 29. [La/Ba] (upper panel) and [Eu/Ba] (lower panel) as functions
of [Ba/Fe] obtained in this work compared with results for metal-poor
stars by François et al. (2007). Symbols are the same as in Fig. 8. The
dotted lines represent [La/Ba] = +0.16 and [Eu/Ba] = +0.51.
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Fig. 30. Residual [Sr, Y, Zr/H] abundance ratios in comparison with the
r-II star CS 31082-001 as a function of [Ba/Fe] for our program stars
compared with results for metal-poor stars by François et al. (2007).
Symbols are the same as in Fig. 8.

and Zr in our sample stars and in the sample from François et al.
(2007), with respect to CS 31082-001, which was taken to be
representative of r-II stars. Figure 30 shows the results, and the
dotted lines represent the average trend observed in the residual
abundances. For [Sr/H], the stars with the lowest [Ba/Fe] values
were not taken into account because of the break in the trend
that might be present. The results present a continuum behav-
ior for the enhancement in weak r-process, from the r-II stars to
the normal metal-poor stars, with an intermediate value for the

A93, page 16 of 23
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where	  do	  we	  have	  neutrons?	

neutron-‐star	  mergers	  
(since	  Ladmer+1974;	   	   	  

	   	   	  	  	  	  	  Symbalisty+1982)	  
v n-‐rich	  ejecta	  from	  coalescing	  

NS-‐NS	  or	  BH-‐NS	  	  
v  few	  nucleosynthesis	  studies	  

core-‐collapse	  supernovae	  
(since	  Burbidge+1957;	  	  

	   	  	  	  	  	  Cameron	  1957)	  
v n-‐rich	  ejecta	  nearby	  proto-‐NS	  
v not	  promising	  according	  to	  

recent	  studies	  
基研研究会	 Wanajo	 7	
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2D	  SN	  simula@ons	  with	  ν-‐transport	
v a	  number	  of	  self-‐

consistent	  SN	  
models	  with	  ν-‐
transport	  are	  now	  
available	  (at	  MPA)	  

v very	  first	  result	  of	  
SN	  nucleosynthesis	  
with	  such	  models	  

v can	  we	  confirm	  
producOon	  of	  light	  
trans-‐iron	  nuclei	  
(and	  beyond)	  ?	  

8.8	  M¤	  ECSN	

Wanajo	 8	

8.1	  M¤	  CCSN	

15	  M¤	  CCSN	 27	  M¤	  CCSN	



8.8	  M¤	  	  self-‐consistently	  exploding	  
ONeMg	  core	  supernova	  
	  

	   	   	   	   	  simula@on	  by	  Bernhard	  Müller	
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27	  M¤	  	  self-‐consistently	  exploding	  
Fe	  core	  
	  

	   	   	   	   	  simula@on	  by	  Bernhard	  Müller	

基研研究会	 Wanajo	 11	
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基研研究会	

neutron-‐richness	  in	  the	  ejecta	
Ye	  distribuOon	  in	  the	  
innermost	  ejecta	  	  
(~	  0.01	  M¤	  )	  
	  
v  lighter	  SNe	  have	  more	  	  

n-‐rich	  ejecta	  due	  to	  rapid	  
expansions	  	  
(less	  ν-‐processed)	  

v more	  massive	  SNe	  have	  
more	  p-‐rich	  ejecta	  due	  to	  
slow	  expansions	  	  
(more	  ν-‐processed)	  

Wanajo	 13	
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基研研究会	

elemental	  abundances	  for	  each	  SN	
nucelosynthesis	  in	  the	  
innermost	  ejecta	  
(Mej	  ~	  0.01	  M¤)	  
	  
v  light	  SNe	  have	  	  

NSE-‐like	  features	  
(intermediate	  light	  trans-‐
iron	  more	  produced)	  

v massive	  SNe	  have	  QSE-‐
like	  features	  (Zn	  and	  Zr	  
more	  produced)	  

Wanajo	 14	

atomic number

m
as

s f
ra

ct
io

n 
re

la
tiv

e 
to

 so
la

r

20 30 40
10

-3
10

-2
10

-1
10

0
10

1
10

2
10

3
10

4

K

Ca

Sc

Ti

V

Cr

Mn

Fe

Co

Ni

Cu

Zn

Ga

Ge

As

Se

Br

Kr

Rb

Sr

Y

Zr

Nb

Mo
8.8 Msun ECSN (Zsun)

atomic number

m
as

s f
ra

ct
io

n 
re

la
tiv

e 
to

 so
la

r

20 30 40
10

-3
10

-2
10

-1
10

0
10

1
10

2
10

3
10

4

K

Ca

Sc

Ti

V

Cr

Mn

Fe

Co

Ni

Cu

Zn

Ga

Ge

As

Se

Br

Kr

Rb

Sr

Y

Zr

Nb

Mo

8.1 Msun CCSN (0.001 Zsun)

atomic number

m
as

s f
ra

ct
io

n 
re

la
tiv

e 
to

 so
la

r

20 30 40
10

-3
10

-2
10

-1
10

0
10

1
10

2
10

3
10

4

K

Ca

Sc

Ti

V

Cr

Mn

Fe

Co

Ni

Cu

Zn

Ga

Ge

As

Se

Br

Kr

Rb

Sr

Y

Zr

Nb

Mo
9.6 Msun CCSN (0 Zsun)

atomic number

m
as

s f
ra

ct
io

n 
re

la
tiv

e 
to

 so
la

r

20 30 40
10

-3
10

-2
10

-1
10

0
10

1
10

2
10

3
10

4

K

Ca

Sc

Ti

V

Cr

Mn

Fe

Co

Ni

Cu

Zn

Ga

Ge

As

Se

Br

Kr

Rb

Sr

Y

Zr

Nb

Mo

11.2 Msun CCSN (Zsun)

atomic number

m
as

s f
ra

ct
io

n 
re

la
tiv

e 
to

 so
la

r

20 30 40
10

-3
10

-2
10

-1
10

0
10

1
10

2
10

3
10

4

K

Ca

Sc

Ti

V

Cr

Mn

Fe

Co

Ni

Cu

Zn

Ga

Ge

As

Se

Br

Kr

Rb

Sr

Y

Zr

Nb

Mo

15 Msun CCSN (Zsun)

atomic number

m
as

s f
ra

ct
io

n 
re

la
tiv

e 
to

 so
la

r

20 30 40
10

-3
10

-2
10

-1
10

0
10

1
10

2
10

3
10

4

K

Ca

Sc

Ti

V

Cr

Mn

Fe

Co

Ni

Cu

Zn

Ga

Ge

As

Se

Br

Kr

Rb

Sr

Y

Zr

Nb

Mo

27 Msun CCSN (Zsun)



supernovae	  at	  the	  low-‐mass	  end	

基研研究会	 15	

v no	  r-‐process	  
(up	  to	  Sr-‐Y-‐Zr)	  

v weak	  r-‐process	  may	  be	  
possible?	  

Wanajo	



MEDIUM MODIFICATION OF THE CHARGED-CURRENT . . . PHYSICAL REVIEW C 86, 065803 (2012)

While collisional broadening tends to increase both νe and
ν̄e cross sections, RPA correlations decrease the νe cross sec-
tion and enhance the cross section for ν̄e. Given the simplicity
of our model for the p-h interaction, these results only serve
to capture the qualitative aspects of the role of correlations.
They nonetheless demonstrate that changes expected are small
compared to corrections arising due to a proper treatment
of mean field effects in the reaction kinematics. Hence,
in the following discussion of PNS evolution and neutrino
spectra, we set aside these effects due to RPA correlations and
collisional broadening, and calculate the neutrino interactions
only including the mean field energy shifts calculated as
described in Ref. [1].

III. PROTO-NEUTRON STAR EVOLUTION

To illustrate the effect of the correct inclusion of mean
field effects in charged-current interaction rates, as well as the
importance of the nuclear symmetry energy, five PNS cooling
models are described here. The models have been evolved
using the multigroup, multiflavor, general relativistic variable
Eddington factor code described in Ref. [13], which follows
the contraction and neutrino losses of a PNS over the first
∼45 seconds of its life. These start from the same post core
bounce model considered in Ref. [13] and follow densities
down to about 109 g cm−3. Therefore, they do not simulate the
NDW itself but they do encompass the full neutrino decoupling
region.

One model was run using neutrino interaction rates that
ignore the presence of mean fields, but are appropriate to
the local nucleon number densities (i.e., the renormalized
chemical potentials µ̃i were used but we set "U = 0). The
equation of state used was GM3. This model was briefly
presented in Ref. [13]. Another model was calculated that
incorporated mean field effects in the neutrino interaction
rates and used the GM3 equation of state. A third model was
run using the IU-FSU equation of state and including mean
field effects but with everything else the same as the GM3
model. Additionally, two similar models were run with the
bremsstrahlung rates of Ref. [5] reduced by a factor of 4 as
suggested by Ref. [32]. The neutrino interaction rates in all
five models were calculated using the relativistic polarization
tensors given in Ref. [1] with the weak magnetism corrections
given in Ref. [6].

In the top panel of Fig. 5, the average electron neutrino
and antineutrino energies are shown as a function of time
for the three models with the standard bremsstrahlung rates.
As was described in Ref. [13], including mean field effects
in the charged-current interaction rates significantly reduces
the average electron neutrino energies because the decreased
mean free paths (relative to the free gas case) cause the
electron neutrinos to decouple at a larger radius in the PNS and
therefore at a lower temperature. Conversely, for the electron
antineutrinos the mean free path is increased, they decouple
at a smaller radius and higher temperature, and therefore their
average energies are larger. Mean field effects serve to shift the
average neutrino energies by around 25% at later times. The
antineutrino energies are also slightly larger than the values
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FIG. 5. (Color online) (a) First energy moment of the outgoing
electron neutrino and antineutrino as a function of time in three PNS
cooling simulations. The solid lines are the average energies of the
electron neutrinos and the dashed lines are for electron antineutrinos.
The black lines correspond to a model which employed the GM3
equation of state, the red lines to a model which employed the IU-FSU
equation of state, and the green lines to a model which ignored mean
field effects on the neutrino opacities (but used the GM3 equation
of state). (b) Predicted neutrino driven wind electron fraction as a
function of time for the three models shown in the top panel (solid
lines), as well as two models with the bremsstrahlung rate reduced
by a factor of 4 (dot-dashed lines). The colors are the same as in the
top panel.

reported in Ref. [13] because of the reduced bremsstrahlung
rate.

To illustrate the properties of the region where neutrino
decoupling occurs, a snapshot of the decoupling region as a
function of neutrino energy is shown in Fig. 6. In this work,
the “decoupling region” is defined as the region where the
Eddington factor f1 = Fg/Ng obeys the condition 0.1 < f1 <
0.5. Here, Fg is the neutrino number flux in energy group g
divided by the speed of light and Ng is the neutrino number
density in energy group g (see Ref. [13]). This approximately
defines the region over which neutrinos transition from being
diffusive to free streaming. Higher energy electron neutrinos
decouple at a larger radius and therefore a lower density
and temperature. At these radii, "U is smaller than the
temperature and the inclusion of mean fields in the interaction
rates should not significantly change the high-energy electron
neutrino mean free paths. At lower neutrino energies, "U
is significantly larger than the temperature in the decoupling
region and the presence of mean fields strongly affects the
opacity. As time progresses, the average neutrino energies
become lower and decoupling occurs in conditions at which

065803-7

ενe −ενe > 4Δ ~ 5 MeV
if Lνe ≈ Lνe

SN	  neutrino	  wind:	  not	  so	  neutron-‐rich	
v Ye	  is	  determined	  by	  

	  
	  
v equilibrium	  value	  is	  

	  
	  
	  
	  

v  for	  Ye	  <	  0.5	  (i.e.,	  n-‐rich)	  

νe + n→ p+ e−

νe + p→ n+ e+

Ye ~ 1+ Lνe

Lνe

ενe − 2Δ
ενe + 2Δ

#

$
%

&

'
(

−1

,

Δ =Mn −Mp ≈1.29 MeV
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Roberts+2012 

no	  cor
recOon

	

no	  correcOon	~ 
6 

M
eV
	

Ye > 0.4 !! 	



“history”	  of	  Ye	  evolu@ons:	  who	  is	  right?	

基研研究会	 Wanajo	 17	
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Figure 4. The left panels show the evolution of neutrino luminosities (upper) and
average neutrino energies (lower) for the different neutrino flavors. The right panels
show the asymptotic values of entropy (lower) and Ye (upper) reached in the ejecta.

The right panels show the evolution of the values of Ye and entropy asymptotically

reached by the ejecta. One sees that the early ejecta is neutron rich with Ye ∼ 0.48.

This value is larger than the one previously found in ref. [69] using the TM1 EoS [85].

The Ye values have been determined using a full nuclear network that includes neutrino

interactions both on nucleons and nuclei and accounts for the so-called α-effect [100].

The mass-integrated nucleosynthesis is shown in figure 5. The upper panel shows
the mass-integrated isotopic abundances normalized to the solar abundances. The lower

panel shows the mass-integrated elemental abundances compared with the observations

of the metal-poor star enriched in light r-process elements HD 122563 [30]. The stellar

observations have been arbitrarily normalized to Zn (Z = 30). Our calculations

reproduce the observed abundance of Zr (Z = 40) and other nuclei around A = 90

within a factor 4. The production of these N = 50 closed neutron shell nuclei is rather
sensitive to Ye. They will be overproduced if Ye ! 0.47 [101]. Our results indicate that

neutrino-driven winds are the site for the production of elements like Sr, Y and Zr. This

is in agreement with the correlation observed in figure 1 as core-collapse supernova are

the main contributors for Fe at low metallicities [102]. In our calculations, the elements

Sr, Y, Zr, Nb, and Mo are produced mainly in the early neutron-rich ejecta by charged-

particle reactions together with some neutron captures. Due to the sudden drop of
alpha and neutron separation energies around N = 50 the production of nuclei with

N > 50 decreases dramatically (see upper panel figure 5). Nuclei with Z > 42 (A > 92)

are mainly produced in the late proton-rich ejecta by the νp-process [103, 104, 105].

However their production is very inefficient due to the low antineutrino luminosities at

late times. The production of elements with A > 64 by the νp-process is very sensitive

MarOnez-‐Pinedo+2014	  

2014	è	

MEDIUM MODIFICATION OF THE CHARGED-CURRENT . . . PHYSICAL REVIEW C 86, 065803 (2012)

While collisional broadening tends to increase both νe and
ν̄e cross sections, RPA correlations decrease the νe cross sec-
tion and enhance the cross section for ν̄e. Given the simplicity
of our model for the p-h interaction, these results only serve
to capture the qualitative aspects of the role of correlations.
They nonetheless demonstrate that changes expected are small
compared to corrections arising due to a proper treatment
of mean field effects in the reaction kinematics. Hence,
in the following discussion of PNS evolution and neutrino
spectra, we set aside these effects due to RPA correlations and
collisional broadening, and calculate the neutrino interactions
only including the mean field energy shifts calculated as
described in Ref. [1].

III. PROTO-NEUTRON STAR EVOLUTION

To illustrate the effect of the correct inclusion of mean
field effects in charged-current interaction rates, as well as the
importance of the nuclear symmetry energy, five PNS cooling
models are described here. The models have been evolved
using the multigroup, multiflavor, general relativistic variable
Eddington factor code described in Ref. [13], which follows
the contraction and neutrino losses of a PNS over the first
∼45 seconds of its life. These start from the same post core
bounce model considered in Ref. [13] and follow densities
down to about 109 g cm−3. Therefore, they do not simulate the
NDW itself but they do encompass the full neutrino decoupling
region.

One model was run using neutrino interaction rates that
ignore the presence of mean fields, but are appropriate to
the local nucleon number densities (i.e., the renormalized
chemical potentials µ̃i were used but we set "U = 0). The
equation of state used was GM3. This model was briefly
presented in Ref. [13]. Another model was calculated that
incorporated mean field effects in the neutrino interaction
rates and used the GM3 equation of state. A third model was
run using the IU-FSU equation of state and including mean
field effects but with everything else the same as the GM3
model. Additionally, two similar models were run with the
bremsstrahlung rates of Ref. [5] reduced by a factor of 4 as
suggested by Ref. [32]. The neutrino interaction rates in all
five models were calculated using the relativistic polarization
tensors given in Ref. [1] with the weak magnetism corrections
given in Ref. [6].

In the top panel of Fig. 5, the average electron neutrino
and antineutrino energies are shown as a function of time
for the three models with the standard bremsstrahlung rates.
As was described in Ref. [13], including mean field effects
in the charged-current interaction rates significantly reduces
the average electron neutrino energies because the decreased
mean free paths (relative to the free gas case) cause the
electron neutrinos to decouple at a larger radius in the PNS and
therefore at a lower temperature. Conversely, for the electron
antineutrinos the mean free path is increased, they decouple
at a smaller radius and higher temperature, and therefore their
average energies are larger. Mean field effects serve to shift the
average neutrino energies by around 25% at later times. The
antineutrino energies are also slightly larger than the values
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FIG. 5. (Color online) (a) First energy moment of the outgoing
electron neutrino and antineutrino as a function of time in three PNS
cooling simulations. The solid lines are the average energies of the
electron neutrinos and the dashed lines are for electron antineutrinos.
The black lines correspond to a model which employed the GM3
equation of state, the red lines to a model which employed the IU-FSU
equation of state, and the green lines to a model which ignored mean
field effects on the neutrino opacities (but used the GM3 equation
of state). (b) Predicted neutrino driven wind electron fraction as a
function of time for the three models shown in the top panel (solid
lines), as well as two models with the bremsstrahlung rate reduced
by a factor of 4 (dot-dashed lines). The colors are the same as in the
top panel.

reported in Ref. [13] because of the reduced bremsstrahlung
rate.

To illustrate the properties of the region where neutrino
decoupling occurs, a snapshot of the decoupling region as a
function of neutrino energy is shown in Fig. 6. In this work,
the “decoupling region” is defined as the region where the
Eddington factor f1 = Fg/Ng obeys the condition 0.1 < f1 <
0.5. Here, Fg is the neutrino number flux in energy group g
divided by the speed of light and Ng is the neutrino number
density in energy group g (see Ref. [13]). This approximately
defines the region over which neutrinos transition from being
diffusive to free streaming. Higher energy electron neutrinos
decouple at a larger radius and therefore a lower density
and temperature. At these radii, "U is smaller than the
temperature and the inclusion of mean fields in the interaction
rates should not significantly change the high-energy electron
neutrino mean free paths. At lower neutrino energies, "U
is significantly larger than the temperature in the decoupling
region and the presence of mean fields strongly affects the
opacity. As time progresses, the average neutrino energies
become lower and decoupling occurs in conditions at which

065803-7
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is	  the	  answer	  blowing	  in	  the	  wind?	

v only	  extremely	  massive	  
proto-‐NSs	  (>	  2.2	  M¤)	  
can	  make	  the	  heavy	  	  	  
r-‐elements	  

v typical	  proto-‐NSs	  	  
(<	  2.0	  M¤)	  probably	  
make	  weak	  r-‐elements	  
(A	  ~	  90	  –	  130)	  

Wanajo 2013 
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Figure 3. Top: mass-integrated nuclear abundances, which are compared with
the solar r-process abundances (circles) that shifted to match the third peak
height (A ∼ 200) for the 2.4 M⊙ model. Bottom: ratios of mass-integrated
abundances relative to the solar r-process abundances (scaled at A = 90).
(A color version of this figure is available in the online journal.)

M = 2.4 M⊙ model. As anticipated from the lower panel of
Figure 2, only the extreme model of M = 2.4 M⊙ satisfactorily
accounts for the production of heavy r-process nuclei up to Th
(A = 232) and U (A = 235 and 238). The 2.2 M⊙ model reaches
the third peak abundances but those beyond. The 2.0 M⊙ model
reaches the second (A ∼ 130) but the third peak abundances. We
find no strong r-processing for the models with M < 2.0 M⊙.

We find, however, quite robust abundance patterns below A ∼
110, which appears a fundamental aspect of nucleosynthesis in
PNS winds. The double peaks at A ≈ 56 and 90 with a trough
between them are formed in quasi-nuclear equilibrium (QSE;
!4 GK). Note also that the overproduction of N = 50 species
88Sr, 89Y, 90Zr (Woosley et al. 1994; Wanajo et al. 2001) is
not prominent in our result. This is due to the short duration
of moderate S (<100 kB nucleon−1; Figure 1) with Ye ∼ 0.45
(Figure 3), in which the N = 50 species copiously form in QSE.
The lower panel of Figure 3 shows the ratios of nucleosynthetic
abundances relative to their solar r-process values (normalized
at A = 90). For 2.2 M⊙ and 2.4 M⊙ models, the ratios are more
or less flat between A = 90 and 200, although deviations from
unity are seen everywhere.

Table 1 provides the masses (in units of 10−5 M⊙) of the total
ejecta, 4He, those with A > 100, Sr, Ba, and Eu, for all the
PNS models. The total ejecta masses span a factor of six with
smaller values for more massive PNSs. The larger fractions of
4He in more massive models, however, lead to the ejecta masses

Table 1
Ejecta Masses (in Units of 10−5 M⊙)

M/M⊙ 1.2 1.4 1.6 1.8 2.0 2.2 2.4

Total 219 143 100 74.1 56.7 44.6 36.0
4He 122 92.7 71.9 56.9 45.8 37.4 31.0
A > 100 2.19 2.75 2.76 2.27 1.78 1.37 0.893
Sr 3.61 1.92 1.09 0.627 0.346 0.177 0.0764
Ba 0.00 0.00 0.00 0.00 0.0420 0.0373 0.0199
Eu 0.00 0.00 0.00 0.00 0.00452 0.00585 0.00305

for A > 100 (total masses of r-process nuclei) ranging only
a factor of 2.5. The masses of Sr range a factor of 50 with the
greater amount for less massive models. Ba and Eu are produced
only in the massive models with M " 2.0 M⊙.

Studies of Galactic chemical evolution estimate the average
mass of Eu per CCSN event (if they were the origin) to be
∼10−7 M⊙ (Ishimaru & Wanajo 1999), that is, ∼a few 10−5 M⊙
for the nuclei with A > 100. Taken at the face value, the Eu
masses for M " 2.0 M⊙ reach 30%–60% of this requirement.
The fraction of events with such massive PNSs would be limited
to no more than ∼20% of all CCSN events (e.g., !25 M⊙). The
masses of Eu from these massive PNSs are, therefore, about
10 times smaller than the requirement from Galactic chemical
evolution (the same holds for Ba). Note that, for massive PNS
cases, the ejecta masses would be further reduced by fallback
or black hole formation (Qian et al. 1998; Boyd et al. 2012).
For Sr, the required mass per CCSN event is estimated to be
∼2 × 10−6 M⊙ from the solar r-process ratio of Sr/Eu = 16.4
(Sneden et al. 2008). The low-mass PNS models, which may
represent the majority of CCSNe, thus overproduce Sr by about
a factor of 10. The amount of QSE products such as Sr, Y, and
Zr is, however, highly dependent on the multi-dimensional Ye
distribution in early times (t < 1 s; Wanajo et al. 2011b).

Figure 4 compares the mass-integrated abundances with those
of Galactic halo stars. Two well-known objects are taken as
representative of r-process-poor (HD 122563, left panels; Honda
et al. 2006; Roederer et al. 2012) and r-process-rich (CS 31082-
001, right panels; Siqueira Mello et al. 2013) stars with the
metallicities [Fe/H] = −2.7 and −2.9, respectively. These stars
have [Eu/Fe] = −0.52 and +1.69, respectively, well below
and above the average value of ≈ +0.5 at [Fe/H] ≈ −3. The
top and bottom panels show, respectively, the mass-integrated
abundances and their ratios relative to the stellar abundances,
which are normalized to the stellar abundances at Z = 40.

In the left panels, we find that the 1.2 M⊙ and 1.4 M⊙ models
result in reasonable agreement with the stellar abundances
between Z = 38 (Sr) and Z = 48 (Cd). The 2.0 M⊙ model nicely
reproduces the abundance pattern of HD 122563 up to Z = 68
(Er) but somewhat overproduces the elements of Z = 46–48 (Pd,
Ag, Cd). It could be thus possible to interpret that the abundance
signatures of r-process-poor stars were due to a weak r-process
that reaches Z ∼ 50 (M < 2.0 M⊙) or 70 (M = 2.0 M⊙)
with or without additional sources for Z > 50, respectively. In
the right panels, we find that the stellar abundances between
Z = 38 (Sr) and Z = 47 (Ag) are well reproduced by massive
models with M " 1.6 M⊙. The models with M = 2.2 M⊙ and
2.4 M⊙ produce the heavier elements with a similar pattern to
that of CS 31082-001 but with a smaller ratio. Because of the
insufficient production of Eu (Table 1), our PNS models would
not account for the high [Eu/Fe] value in this star. The winds
from such massive PNSs (M ! 2.0 M⊙) could be, however,
still the source of the low-level abundances (factor of several

4



NS	  merger	  scenario:	  most	  promising?	
v coalescence	  of	  binary	  NSs	  

expected	  ~	  10	  –	  100	  per	  Myr	  in	  
the	  Galaxy	  (also	  possible	  sources	  
of	  short	  GRB)	  

v first	  ~	  0.1	  seconds	  
dynamical	  ejecOon	  of	  n-‐rich	  
maRer	  up	  to	  Mej	  ~	  10-‐2	  M¤	  

v next	  ~	  1	  second	  
neutrino	  or	  viscously	  driven	  wind	  
from	  the	  BH	  accreOon	  torus	  up	  to	  
Mej	  ~	  10-‐2	  M¤	  ??	  
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previous	  works:	  too	  neutron-‐rich	  ?	

v strong	  r-‐process	  leading	  to	  
fission	  recycling	  

v severe	  problem:	  only	  A	  >	  120;	  
another	  source	  is	  needed	  for	  
the	  lighter	  counterpart	  

4 Goriely et al.
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Fig. 2.— Representation of dominant fission regions in the (N,Z)
plane. Nuclei for which spontaneous fission is estimated to be faster
than �-decays are shown by full squares, those for which �-delayed
fission is faster than �-decays by open squares, and those for which
neutron-induced fission is faster than radiative neutron capture at
T = 109 K by diamonds.

jor role.
The final mass-integrated ejecta composition is shown

in Fig. 4. The A = 195 abundance peak related to
the N = 126 shell closure is produced in solar distri-
bution and found to be almost insensitive to all input
parameters such as the initial abundances, the expansion
timescales, and the adopted nuclear models. In contrast,
the peak around A = 140 originates exclusively from
the fission recycling, which takes place in the A ' 280–
290 region at the time all neutrons have been captured.
These nuclei are predicted to fission symmetrically as vis-
ible in Fig. 4 by the A ' 140 peak corresponding to the
mass-symmetric fragment distribution. It is emphasized
that significant uncertainties still a↵ect the prediction of
fission probabilities and fragment distributions so that
the exact strength and location of the A ' 140 fission
peak (as well as the possible A = 165 bump observed
in the solar distribution) depend on the adopted nuclear
model.
While most of the matter trajectories are subject to a

density and temperature history leading to the nuclear
flow and abundance distribution described above, some
mass elements can be shock-heated at relatively low den-
sities. Typically at ⇢ > 1010 g/cm3 the Coulomb e↵ects
shift the NSE abundance distribution towards the high-
mass region (Goriely et al. 2011), but at lower densities,
the high temperatures lead to the photodissociation of all
the medium-mass seed nuclei into neutrons and protons.
Nucleon recombination may occur during the decompres-
sion provided the expansion timescale of the trajectories
is long enough. For a non-negligible amount of ejected
material, this recombination is indeed ine�cient so that
light species (including D and 4He) are also found in the
ejecta (Fig. 4). The final yields of A < 140 nuclei re-
main, however, small and are not expected to contribute
to any significant enrichment of the interstellar medium
compared to the heavier r-elements.

4. ELECTROMAGNETIC COUNTERPARTS

Radioactive power through �-decays, fission processes
as well as late-time ↵-decays will heat the expanding
ejecta and make them radiate as a “macro-nova” (Kulka-
rni 2005) or “kilo-nova” (Metzger et al. 2010) associ-
ated with the ejection of nucleosynthesis products from
the merger (Li & Paczyński 1998). The time evolu-
tion of the corresponding total mass-averaged energy re-
lease rate available for heating the ejecta (i.e., energy
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escaping in neutrinos is not considered) is plotted in
Fig. 3 for both the 1.35–1.35M� and 1.2–1.5M� bina-
ries. While hQ(t)i and the average temperature evolu-
tion di↵er only slightly between both NS-NS systems, the
ejecta masses M

ej

and mass-averaged expansion veloci-
ties v

exp

di↵er considerably. While we find for the sym-
metric system v

exp

⇡ 0.31c (c being the speed of light)
and M

ej

⇡ 3 ⇥ 10�3 M�, corresponding to a total heat-
ing energy of E

heat

⇡ 2 ⇥ 1049 erg or 3.4MeV/nucleon,
the numbers for the asymmetric case are v

exp

⇡ 0.23c,
M

ej

⇡ 6 ⇥ 10�3 M� and E
heat

⇡ 4 ⇥ 1049 erg (again
3.4MeV/nucleon)1. This must be expected to lead to
significant di↵erences in the brightness evolution of the
kilo-nova because its peak bolometric luminosity scales

with L
peak

/ v1/2
exp

M1/2
ej

and, for free expansion (v
exp

=

const), is reached on a time-scale t
peak

/ v�1/2
exp

M1/2
ej

(Metzger et al. 2010; Arnett 1982).
We calculate an approximation of the light-curves of

1 In the simulations with the LS220 EOS we obtain v
exp

⇡ 0.28c
for the symmetric and v

exp

⇡ 0.24c for the asymmetric binary.

Goriely+2011	  (also	  similar	  results	  by	  Korobkin+2011;	  Rosswog+2013)	
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Odal	  (or	  weakly	  shocked)	  ejecOon	  
of	  “pure”	  n-‐maRer	  with	  	  Ye	  <	  0.1	  

The Astrophysical Journal Letters, 738:L32 (6pp), 2011 September 10 Goriely, Bauswein, & Janka
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Figure 1. Histograms of fractional mass distribution of the ejecta for the 1.35–1.35 M⊙ NS merger (upper row) and the 1.2–1.5 M⊙ binary (lower row) as functions
of density ρ (relative to the saturation density ρS ≃ 2.6 × 1014 g cm−3; left) and of electron fraction Ye (middle) that the ejected matter had at its initial NS location
prior to merging. The right panels show the fractional mass distributions as functions of the final entropy S per nucleon when the matter starts its free expansion. In the
inset on the left panels the dots mark positions of mass elements that get ejected later. The locations are given in the projection on the orbital plane at the time when
the stellar collision begins.
(A color version of this figure is available in the online journal.)

Figure 2. Representation of dominant fission regions in the (N, Z) plane. Nuclei for which spontaneous fission is estimated to be faster than β-decays are shown by
full squares, those for which β-delayed fission is faster than β-decays by open squares, and those for which neutron-induced fission is faster than radiative neutron
capture at T = 109 K by diamonds.
(A color version of this figure is available in the online journal.)

et al. 2009). The main fission region is illustrated in Figure 2.
The fission fragment distribution is taken from Kodoma &
Takahashi (1975), and the fragment mass and charge asymmetry
are derived from the HFB-14 prediction of the left–right asym-
metry at the outer saddle point. Due to the specific initial condi-
tions of high neutron densities (typically Nn ≃ 1033–1035 cm−3

at the drip density), the nuclear flow during most of the neutron

irradiation will follow the neutron-drip line. For these nuclei at
T ! 2–3 × 109 K, (n, 2n) and (2n, n) reactions are faster than
(γ ,n) and (n,γ ) reactions and must be included in the reaction
network. The (n, 2n) rates are estimated with the TALYS code
and the reverse rates from detailed balance expressions.

For drip-line nuclei with Z " 103, fission becomes efficient
(Figure 2) and recycling takes place two to three times before
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simulaOon	  by	  Y.	  Sekiguchi	

first	  simula@on	  with	  full-‐GR	  and	  ν�



1.3+1.3 M¤  neutron star merger 
with full-GR and neutrino transport (SFHo)  
 

     simulation by Yuichiro Sekiguchi	
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neutrino	  proper@es	  (Steiner’s	  EOS)	
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v mass	  ejecOon	  before	  (40%)	  and	  
aver	  (60%)	  HMNS	  formaOon;	  
70%	  ejecta	  reside	  near	  orbital	  

	  
v neutrino	  luminosiOes	  similar	  

between	  νe	  and	  anO-‐νe	  

v neutrino	  mean	  energies	  similar	  
between	  νe	  and	  anO-‐νe	  
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基研研究会	

nucleosynthesis	  in	  the	  NS	  ejecta	
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v higher	  and	  wider	  range	  of	  	  
Ye	  (~	  0.1-‐0.5)	  	  
in	  contrast	  to	  previous	  
cases	  Ye	  (	  =	  0.01-‐0.05)	  

v values	  do	  not	  fully	  
asymptote	  to	  Ye	  ~	  0.5	  
because	  of	  v/c	  ~	  0.1-‐0.3	  

	  
	  

v higher	  and	  wider	  range	  of	  
entropy	  per	  baryon	  (=	  0-‐50)	  
in	  contrast	  to	  previous	  
cases	  (=	  0-‐3)	  
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post-‐process	  nucleosynthesis	
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v variaOon	  of	  r-‐processes	  
depending	  on	  Ye	  

v producOon	  of	  iron	  to	  
uranium	  

v no	  fission	  recycling	  
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nucleosynthesis	  for	  selected	  Ye	
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Ye	  =	  0.09	
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基研研究会	

mass-‐integrated	  abundances	

v reasonable	  agreement	  with	  full	  solar	  r-‐process	  range	  for	  A	  =	  90-‐240	  
Wanajo	 28	



基研研究会	

comparison	  for	  different	  mass	  models	

v  large	  differences	  between	  FRDM	  (1992,	  not	  2012!)	  and	  HFB-‐21	  

Wanajo	 29	

for	  neutron	  star	  mergers	  in	  Wanajo+2014;	  without	  fission	
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` ‘Stiffer  EOS’ 
` TM1, TMA 
` RNS : lager 
` Tidal-driven dominant 
` Ejecta consist of low T & Ye 

NS matter  

` ‘Intermediate  EOS’ 
` DD2 

` ‘Softer  EOS’ 
` SFHo, IUFSU 
` RNS : smaller 
` Tidal-driven less dominant 
` Shock-driven dominant 
` Ye can change via weak 

processes 

Dynamical mass ejection mechanism & EOS 

See also, Bauswein et al. (2013);  Just et al. (2014) 基研研究会	 Wanajo	 30	

slide	  by	  Y.	  Sekiguchi	



Effects of neutrino heating 

` Amount of ejecta mass can be  
increased ~ 10-3 Msun  

` Average Ye can change 0.02~0.03 
depending on EOS : effect is 
stronger for stiffer EOS where 
HMNS survive in a longer time 

基研研究会	 Wanajo	 31	

slide	  by	  Y.	  Sekiguchi	



基研研究会	

2D	  (orbital	  pl.)	  vs	  3D	

v  full	  3D	  nucleosynthesis	  predicts	  smaller	  heavy	  r-‐process	  products	  

Wanajo	 32	

adopOng	  nucleosynthesis	  of	  Wanajo+2014	
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基研研究会	

effect	  of	  neutrinos	

v neutrino	  absorpOon	  leads	  to	  less	  heavy	  r-‐process	  products	  
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adopOng	  nucleosynthesis	  of	  Wanajo+2014	
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基研研究会	

dependence	  on	  EOSs	

v sover	  EOS	  predicts	  less	  heavy	  r-‐process	  products,	  but	  
v effects	  of	  EOSs	  are	  not	  large	  (good	  for	  the	  universality?)	  

Wanajo	 34	

adopOng	  nucleosynthesis	  of	  Wanajo+2014	
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Unequal mass NS-NS system: SFHo1.25-1.45 
` Orbital plane : Tidal effects play a role, ejecta is neutron rich 
` Meridian plane : shock + neutrinos play roles, ejecta less neutron rich  
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slide	  by	  Y.	  Sekiguchi	



基研研究会	

dependence	  on	  the	  NS	  mass	  ra@o	

v small	  asymmetry	  predicts	  less	  heavy	  r-‐process	  products	  
v moderate	  asymmetry	  is	  the	  best?	  (e.g.,	  1.3+1.4)	  
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adopOng	  nucleosynthesis	  of	  Wanajo+2014	
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v NS	  mergers:	  very	  promising	  site	  of	  r-‐process	  
-‐	  GR	  and	  weak	  interacOons	  play	  crucial	  roles	  

v sOll	  many	  things	  yet	  to	  be	  answered…	  
-‐	  dependence	  on	  NS	  masses,	  EOSs,	  and	  nuclear	  masses?	  
-‐	  how	  the	  subsequent	  BH-‐tori	  contribute	  to	  the	  r-‐abundances?	  
-‐	  how	  do	  they	  shine	  as	  electro-‐magneOc	  transients?	  
-‐	  can	  mergers	  be	  the	  origin	  of	  r-‐process	  elements	  in	  the	  Galaxy?	  

summary	  and	  outlook	
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