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 explosion	
  
(~	
  10	
  M¤)	


explosion	
  
(>	
  10	
  M¤)	


1D	
 yes	
 no	
  

2D	
 yes	
   yes	


3D	
   yes	
   no	




pre-­‐SN	
  core	
  density	
  profiles	


v  low-­‐mass	
  SNe	
  (~	
  8-­‐10	
  M¤)	
  
diluted	
  outer	
  envelope	
  
makes	
  explosion	
  easy	
  
	
  

v massive	
  SNe	
  (>	
  10	
  M¤)	
  
dense	
  outer	
  envelope	
  
makes	
  explosion	
  hard	
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known	
  problems	
  in	
  SN	
  nucleosynthesis	


previous	
  SN	
  
nucleosynthesis	
  based	
  on	
  
parameterized	
  1D	
  models	
  
v no	
  producKon	
  of	
  light	
  

trans-­‐iron	
  (Zn	
  to	
  Zr;	
  
Z=30-­‐40,	
  A	
  =	
  64-­‐90)	
  nor	
  
r-­‐process	
  elements	
  

v  liYle	
  producKon	
  of	
  	
  
48Ca	
  (double	
  magic),	
  
64Zn	
  (main	
  isotope),	
  	
  
92Mo	
  (p-­‐isotope)	
  

新学術領域研究会	
 6	
和南城伸也	


19
95
Ap
JS
..
.9
8.
.6
17
T

producKon	
  factors	
  from	
  all	
  SNe;	
  Timmes+1995	
  	




what	
  crucial	
  for	
  nucleosynthesis	
  are…	

important	
  physical	
  parameters	
  
v entropy;	
  S	
  	
  	
  (∝	
  T	
  3/ρ)	
  
controls	
  n,	
  p,	
  α	
  amounts	
  

v expansion	
  Kmescale;	
  τ	
  	
  	
  	
  
(e-­‐folding	
  Kme	
  of	
  T)	
  
controls	
  n,	
  p,	
  α	
  amounts	
  

v electron	
  fracKon;	
  Ye	
  	
  
(protons	
  per	
  nucleon)	
  
controls	
  n/p	
  raKos	
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Fig. 2. Schematic representation of the evolution stages from the onset of stellar core collapse
(top left) to the development of a supernova explosion on a scale of several 1000 kilometers.
The displayed intermediate stages show the moment of core bounce and shock formation (top
right), shock stagnation and onset of quasi-stationary accretion (middle left), beginning of the
reexpansion of the shock wave (“shock revival”, middle right), and acceleration of the explosion
(bottom left). Nickel formation is indicated in the matter heated by the outgoing shock, but also
the rising bubbles of neutrino-heated ejecta and the essentially spherically symmetric neutrino-
driven wind (bottom right) are interesting sites for nucleosynthesis.

innermost	
  ejecta	
  of	
  SNe	


v elements	
  up	
  to	
  iron	
  are	
  
formed	
  in	
  the	
  outer	
  layers	
  

v  (light)	
  trans-­‐iron	
  elements	
  
likely	
  to	
  be	
  	
  formed	
  in	
  the	
  
innermost	
  layers	
  

v difficult	
  to	
  constrain	
  Ye	
  
from	
  simulaKons	
  because	
  
of	
  its	
  sensiKvity	
  to	
  
neutrino	
  spectra	
  

Janka+2012	
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νe + n→ p+ e−

νe + p→ n+ e+



ενe −ενe > 4Δ ~ 5 MeV
for Lνe ≈ Lνe

what	
  determines	
  Ye	
  ?	

v Ye	
  is	
  determined	
  by	
  

	
  
	
  
v equilibrium	
  value	
  is	
  

	
  
	
  
	
  
	
  

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

1D	
  self-­‐consistent	
  explosion	
  of	
  a	
  9	
  M¤	
  star	
  
Hüdepohl+2009	


νe + n→ p+ e−

νe + p→ n+ e+

Ye ~ 1+ Lνe

Lνe

ενe − 2Δ
ενe + 2Δ

#

$
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Δ =Mn −Mp ≈1.29 MeV
~ 3 MeV	
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neutrino	
  spectra	
  in	
  the	
  early	
  Kmes	
  are	
  	
  
crucial	
  for	
  nucleosynthesis	
  !!!	
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2D	
  SN	
  simula1ons	
  with	
  ν-­‐transport	

v a	
  number	
  of	
  self-­‐

consistent	
  SN	
  
models	
  with	
  
neutrino	
  transport	
  
are	
  now	
  available	
  

v very	
  first	
  result	
  of	
  
SN	
  nucleosynthesis	
  
with	
  such	
  models	
  

8.8	
  M¤	
  ECSN	
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8.1	
  M¤	
  CCSN	


15	
  M¤	
  CCSN	
 27	
  M¤	
  CCSN	




8.8	
  M¤	
  	
  self-­‐consistently	
  exploding	
  
ONeMg	
  core	
  supernova	
  
	
  

	
   	
   	
   	
   	
  simula1on	
  by	
  Bernhard	
  Müller	
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27	
  M¤	
  	
  self-­‐consistently	
  exploding	
  
Fe	
  core	
  
	
  

	
   	
   	
   	
   	
  simula1on	
  by	
  Bernhard	
  Müller	
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neutron-­‐richness	
  in	
  the	
  ejecta	

Ye	
  distribuKon	
  in	
  the	
  
innermost	
  ejecta	
  	
  
(~	
  0.01	
  M¤	
  )	
  
	
  
v  light	
  SNe	
  have	
  

more	
  n-­‐rich	
  ejecta	
  
(less	
  neutrino-­‐
processed)	
  

v massive	
  SNe	
  have	
  
more	
  p-­‐rich	
  ejecta	
  
(more	
  neutrino-­‐
processed)	
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elemental	
  abundances	
  for	
  each	
  SN	

nucelosynthesis	
  in	
  the	
  
innermost	
  ejecta	
  
(Mej	
  ~	
  0.01	
  M¤)	
  
	
  
v  light	
  SNe	
  make	
  

more	
  trans-­‐iron	
  
elements	
  (Zn	
  to	
  Zr)	
  

v massive	
  SNe	
  make	
  
few	
  trans-­‐iron	
  
elements	
  (mainly	
  
Zn	
  and	
  Zr)	
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Wanajo+2015,	
  in	
  prep.	
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a	
  liKle	
  bit	
  more	
  of	
  ECSNe:	
  48Ca	


48Ca	
  
v doubly	
  magic	
  (Z	
  =	
  20,	
  N	
  =	
  28)	
  n-­‐rich	
  isotope	
  
v almost	
  stable	
  (t1/2	
  =	
  1.9	
  ×	
  1019	
  yr	
  by	
  double	
  β-­‐decay)	
  
v origin	
  is	
  unknown;	
  only	
  suggested	
  are	
  hypotheKcal	
  SNe	
  Ia	
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a	
  liKle	
  bit	
  more	
  of	
  ECSNe:	
  60Fe	


60Fe	
  
v n-­‐rich	
  radionuclide	
  with	
  t1/2	
  =	
  2.62	
  ×	
  106	
  yr	
  (Rugel+2009)	
  
v  live	
  60Fe	
  in	
  the	
  early	
  solar	
  system	
  (e.g.,	
  Tachibana+2003)	
  
v  live	
  60Fe	
  in	
  the	
  Milky	
  Way	
  Galaxy	
  (e.g.,	
  Harris+2005)	
  
v CCSNe	
  (n-­‐capture	
  in	
  He,	
  O/Ne	
  layers)	
  can	
  be	
  the	
  sources?	
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ECSNe	
  make	
  both	
  48Ca	
  and	
  60Fe	
  !	

both	
  are	
  made	
  in	
  	
  
NSE-­‐like	
  condiKons	
  with	
  	
  
Ye	
  =	
  0.40-­‐0.45	
  
	
  
v nucleosynthesis	
  is	
  

extremely	
  sensiKve	
  to	
  Ye;	
  
a	
  few	
  percent	
  level	
  of	
  
accuracy	
  is	
  needed	
  !!!	
  

和南城伸也	
 19	


Wanajo+2013	
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2.  nucleosynthesis	
  during	
  the	
  next	
  10	
  
seconds;	
  
is	
  the	
  answer	
  blowing	
  in	
  the	
  wind?	
  
(Wanajo	
  2013)	
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do	
  we	
  find	
  an	
  r-­‐process	
  ?	




how	
  to	
  make	
  the	
  3rd	
  peak	
  and	
  beyond	
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physical	
  condiKon	
  for	
  making	
  A	
  ≥	
  200	
  (Hoffman+1997)	
  
v high	
  entropy	
  scenario	
  (S	
  >	
  100	
  kB	
  nuc-­‐1)	
  

f200	
  =	
  (S	
  /	
  230	
  kB	
  nuc-­‐1)3	
  /	
  [(Ye	
  /	
  0.4)3	
  (τ	
  /	
  20	
  ms)]	
  ≥	
  1	
  	
  
v  low	
  entropy	
  scenario	
  (S	
  <	
  100	
  kB	
  nuc-­‐1)	
  

Ye	
  <	
  0.2	
  	
  	
  	
  	
  	
  	
  	
  with	
  any	
  S,	
  τ

和南城伸也	




high-­‐entropy	
  SN	
  neutrino-­‐driven	
  wind	


v successful	
  r-­‐process	
  in	
  the	
  neutrino-­‐driven	
  winds	
  of	
  Srad~400	
  kB/nuc	
  
(1D	
  hydro,	
  20	
  M¤	
  star;	
  Meyer+1992;	
  Woosley+1994)	
  

v but	
  such	
  high	
  entropy	
  is	
  unlikely	
  
(<	
  200	
  kB/nuc;	
  Takahashi+1994;	
  Qian+1996;	
  Otsuki+2000)	
  

Woosley	
  et	
  al.	
  1994	


“As	
  a	
  caveat,	
  however,	
  we	
  note	
  that	
  	
  
this	
  agreement	
  may	
  be	
  too	
  good.”	
  

by	
  the	
  authors	
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neutrino-­‐driven	
  wind	
  is	
  “proton-­‐rich”	
  ?	


v Ye	
  >	
  0.5	
  in	
  all	
  recent	
  neutrino-­‐transport	
  simulaKons	
  because	
  of	
  
similar	
  neutrino	
  energies	
  and	
  luminosiKes	
  for	
  all	
  flavors	
  (i.e.,	
  
protons	
  are	
  favored	
  due	
  to	
  the	
  p-­‐n-­‐mass	
  difference)	
  

v no	
  r-­‐process	
  is	
  expected	
  regardless	
  of	
  S	
  or	
  τ	
  ??	
  

self-­‐consistent	
  explosion	
  of	
  a	
  9	
  M¤	
  star	
  
Hüdepohl+2009	


Woosley+1994	
  

0.46	


0.36	


新学術領域研究会	
 和南城伸也	
 24	




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

no,	
  PNS	
  wind	
  is	
  “slightly”	
  n-­‐rich!?	

v  for	
  ρ	
  >	
  1013	
  g	
  cm-­‐3,	
  

symmetry	
  energy	
  enhances	
  
νe	
  +	
  n	
  and	
  suppress	
  ν−e	
  +	
  p	
  
(Reddy+1998;	
  Roberts
+2012;	
  M.-­‐Pinedo+2012)	
  

v proto-­‐NS	
  wind	
  can	
  be	
  	
  
n-­‐rich	
  (down	
  to	
  Ye	
  ~	
  0.4	
  ?)	
  	
  
in	
  the	
  early	
  phase,	
  
NOT	
  in	
  the	
  late	
  phase	
  
(Pauli-­‐blocking	
  for	
  charged	
  
current	
  reacKons;	
  Fischer
+2012)	
  

Roberts+2012 

no	
  cor
recKon

	


no	
  correcKon	
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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

MarKnez-­‐Pinedo+2014	
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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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  the	
  answer	
  blowing	
  in	
  the	
  wind?	


semi-­‐analyKc	
  full-­‐GR	
  wind	
  model	
  (Wanajo	
  2013)	
  
v MNS	
  =	
  1.2,	
  1.4,	
  …,	
  2.4	
  [M¤]	
  
v RNS	
  =	
  30	
  (t/t0)-­‐1	
  +	
  10	
  [km];	
  t0	
  =	
  0.2	
  ≤	
  t	
  ≤	
  10.2	
  [s]	
  
v Lν	
  =	
  40	
  (t/t0)-­‐1	
  [1051	
  erg	
  s-­‐1]	
  	
  	
  	
  for	
  all	
  flavors	
  
v <εν>	
  =	
  12,	
  14,	
  14	
  [MeV]	
  	
  	
  	
  for	
  νe,	
  ν−e,	
  and	
  the	
  others	
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Figure 1. Time evolutions of Lν (top left) and R (top right) adopted in this study. Resulting S (middle left), τ (middle right), S/τ 1/3 (bottom left), and Ṁ (bottom
right) are shown as functions of t. In the bottom left panel, the Ye’s, above which the production of A ∼ 200 nuclei is predicted, are indicated by dashed lines.
(A color version of this figure is available in the online journal.)

the flavors to have the same value Lν . We consider the models
of M/M⊙ = 1.2, 1.4, 1.6, 1.8, 2.0, 2.2, and 2.4, which cover the
range of measured and estimated masses of NSs (Demorest
et al. 2010; van Kerkwijk et al. 2011; Lattimer 2011). For
Lν and R, phenomenological time evolutions during the first
10 s after core bounce (t0 = 0.20 s ! t ! t1 = 10 s) are
adopted as follows. To roughly mimic recent results of long-
term simulations over the PNS cooling phase (e.g., Fischer et al.
2010; Hüdepohl et al. 2010), we assume Lν(t) = Lν,0(t/t0)−1

with Lν,0 (erg s−1) = 1052.4 = 3.98 × 1052 (Figure 1, top
left). We also assume R(Lν) = (R0 − R1)(Lν/Lν,0) + R1 with
R0 = 30 km and R1 = 10 km so that each wind solution can
be obtained from a given set of (M,Lν). This is equivalent to
set R(t) = (R0 − R1)(t/t0)−1 + R1 (Figure 1, top right). Note
that R(t1) = 10.4 km matches the lower bound of the constraint
for cold NSs (with M = 1.4 M⊙), 10.4 km ! R ! 12.9 km,
inferred by Steiner et al. (2013). With this assumption, the
2.4 M⊙ model reaches the smallest radius (≈10.3 km) allowed
by the causality limit (the speed of sound must not exceed the
speed of light), R " 4.3 (M/M⊙) km (Lattimer 2011). The PNS

with M = 2.4 M⊙ should be thus taken as the absolute extreme
model.1

Wind solutions for each M model are computed for
log Lν(erg s−1) = 52.60, 52.59, . . . , 50.90 (t0 ! t ! t1, 171
Lν’s). The middle and bottom panels (Figure 1) illustrate the
resulting basic properties. We confirm the previous results
(Otsuki et al. 2000; Wanajo et al. 2001; Thompson et al. 2001)
that the asymptotic entropy (S, middle left) increases with time,
being systematically greater for more massive PNSs. We further
find a strong sensitivity of S to M for >2.0 M⊙, which reaches
338 kB nucleon−1 for M = 2.4 M⊙. This is a consequence of
the general relativistic effects that are particularly important
when M/R is close to the causality limit (Cardall & Fuller
1997). We also find systematically smaller expansion timescales
(τ , defined as the e-folding time of temperature below 0.5 MeV;
Otsuki et al. 2000) for more massive PNSs, which take minimal

1 Wanajo et al. (2001) showed that, with inclusion of general relativistic
effects, nucleosynthetic outcomes were roughly scaled with M/R.
Nucleosynthetic results of M/M⊙ = 1.2–2.4 with R1 = 10 km here would be
thus similar to those of, e.g., M/M⊙ = 1.4–2.9 with R1 = 12 km.

2
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ad	
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  Ye	
  evoluKon	
  (to	
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r-­‐elements	
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  make	
  	
  
weak	
  r-­‐elements	
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  only	
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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
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2 Melson et al.

Fig. 1.— 3D iso-entropy surfaces for di↵erent times after bounce for exploding model 3Ds. Colors represent radial velocities. The supernova shock is visible
by a thin surrounding line, the proto-neutron star by a whitish iso-density surface of 1011 g cm�3. The yardstick indicates the length scale. Strong SASI activity
occurs between ⇠120 ms and ⇠280 ms.

still be missing in the models. One of the aspects to be scruti-
nized are the pre-collapse initial conditions, which result from
1D stellar evolution modeling. Couch & Ott (2013), Couch
et al. (2015), and Müller & Janka (2015) indeed confirmed
long-standing speculations that large-amplitude perturbations
of low-order modes in the convective shell-burning layers
(e.g., Arnett & Meakin 2011, and references therein) might
facilitate the development of explosions. Further progress will
require 3D modeling of the final stages of stellar evolution.

Here we demonstrate that remaining uncertainties in the
neutrino opacities, in particular the neutrino-nucleon inter-
actions at subnuclear densities, can change the outcome of
3D core-collapse simulations qualitatively. As an example we
consider possible strange-quark contributions to the nucleon
spin in their e↵ect on weak neutral-current scatterings. We
show that a moderate isoscalar strange-quark contribution of

g

s
a = �0.2 to the axial-vector coupling constant ga = 1.26,

which is well within current experimental limits, su�ces to
convert our previous non-exploding 20 M� 3D core-collapse
run into a successful explosion.

We briefly describe our numerical approach in Sect. 2, sum-
marize basic facts about the strange-quark e↵ects in neutrino-
nucleon scattering in Sect. 3, discuss our results in Sect. 4,
and conclude in Sect. 5.

2. NUMERICAL SETUP AND PROGENITOR MODEL

We performed 2D and full (4⇡) 3D simulations of a nonro-
tating, solar-metallicity 20 M� pre-SN progenitor (Woosley &
Heger 2007).

We used the Prometheus-Vertex hydrodynamics code with
three-flavor, energy-dependent, ray-by-ray-plus (RbR+) neu-
trino transport including the full set of neutrino reactions and
microphysics (Rampp & Janka 2002; Buras et al. 2006) ap-
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Neutrino-driven explosion of 20 solar mass progenitor in three dimensions 3
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Fig. 2.— Cross-sectional entropy distributions (in kB per nucleon) for the 3D models without (3Dn; upper row) and with strangeness contributions (3Ds;
bottom). The bottom row clearly shows stronger SASI activity in model 3Ds (180 ms, 250 ms), whose traces are still imprinted on the ejecta geometry (530 ms)
after the onset of the explosion (530 ms; note the di↵erent scale).

plied in 3D also by Hanke et al. (2013) and Tamborra et al.
(2013, 2014a,b), in particular the high-density equation of
state (EoS) of Lattimer & Swesty (1991) with a nuclear in-
compressibility of K = 220 MeV. In order to avoid time-step
constraints near the axis of the polar grid, the convectively
stable central core with a radius of 10 km was computed in
spherical symmetry. We used a 1D gravity potential (which
is unproblematic for strongly PNS-dominated gravity fields)
including general relativistic corrections (Marek et al. 2006).
The radial grid had a reflecting boundary condition at the ori-
gin and an inflow condition at the outer boundary of 109 cm.
It had 400 nonequidistant zones initially and was refined in
steps up to >500 zones, providing an increasingly better res-
olution of �r/r ⇠ 0.01 ... 0.004 around the gain radius. For
the neutrino transport 12 geometrically spaced energy bins
with an upper bound of 380 MeV were used. The growth of
non-radial hydrodynamic instabilities was seeded by impos-
ing random cell-to-cell perturbations of 0.1% in density on
the whole computational grid 10 ms after bounce.

3. STRANGENESS CONTRIBUTIONS TO NEUTRINO-NUCLEON
SCATTERING

The lowest-order di↵erential neutrino-nucleon scattering
cross section reads

d�0

d⌦
=

G

2
F✏

2

4⇡2

h
c

2
v(1 + cos ✓) + c

2
a(3 � cos ✓)

i
, (1)

with ✏ being the incoming neutrino energy, ✓ the scattering
angle, GF Fermi’s constant, and cv and ca vector and axial-
vector coupling constants, respectively. The latter are cv =
1
2 � 2 sin2 ✓W ⇡ 0.035, ca = ga/2 ⇡ 0.63 for ⌫p ! ⌫p and
cv = � 1

2 , ca = �ga/2 ⇡ �0.63 for ⌫n ! ⌫n with ga ⇡ 1.26
and sin2 ✓W ⇡ 0.2325. For iso-energetic scattering (✏0 = ✏),
Eq. (1) yields the total transport cross section
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While in our SN simulations corrections due to nucleon ther-
mal motions and recoil, weak magnetism, and nucleon cor-
relations at high densities are taken into account (Rampp &
Janka 2002; Buras et al. 2006), Eqs. (1,2) provide good esti-
mates. Strange quark contributions to the nucleon spin modify
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Neutrino-driven explosion of 20 solar mass progenitor in three dimensions 3
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Fig. 2.— Cross-sectional entropy distributions (in kB per nucleon) for the 3D models without (3Dn; upper row) and with strangeness contributions (3Ds;
bottom). The bottom row clearly shows stronger SASI activity in model 3Ds (180 ms, 250 ms), whose traces are still imprinted on the ejecta geometry (530 ms)
after the onset of the explosion (530 ms; note the di↵erent scale).

plied in 3D also by Hanke et al. (2013) and Tamborra et al.
(2013, 2014a,b), in particular the high-density equation of
state (EoS) of Lattimer & Swesty (1991) with a nuclear in-
compressibility of K = 220 MeV. In order to avoid time-step
constraints near the axis of the polar grid, the convectively
stable central core with a radius of 10 km was computed in
spherical symmetry. We used a 1D gravity potential (which
is unproblematic for strongly PNS-dominated gravity fields)
including general relativistic corrections (Marek et al. 2006).
The radial grid had a reflecting boundary condition at the ori-
gin and an inflow condition at the outer boundary of 109 cm.
It had 400 nonequidistant zones initially and was refined in
steps up to >500 zones, providing an increasingly better res-
olution of �r/r ⇠ 0.01 ... 0.004 around the gain radius. For
the neutrino transport 12 geometrically spaced energy bins
with an upper bound of 380 MeV were used. The growth of
non-radial hydrodynamic instabilities was seeded by impos-
ing random cell-to-cell perturbations of 0.1% in density on
the whole computational grid 10 ms after bounce.

3. STRANGENESS CONTRIBUTIONS TO NEUTRINO-NUCLEON
SCATTERING

The lowest-order di↵erential neutrino-nucleon scattering
cross section reads
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with ✏ being the incoming neutrino energy, ✓ the scattering
angle, GF Fermi’s constant, and cv and ca vector and axial-
vector coupling constants, respectively. The latter are cv =
1
2 � 2 sin2 ✓W ⇡ 0.035, ca = ga/2 ⇡ 0.63 for ⌫p ! ⌫p and
cv = � 1

2 , ca = �ga/2 ⇡ �0.63 for ⌫n ! ⌫n with ga ⇡ 1.26
and sin2 ✓W ⇡ 0.2325. For iso-energetic scattering (✏0 = ✏),
Eq. (1) yields the total transport cross section
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While in our SN simulations corrections due to nucleon ther-
mal motions and recoil, weak magnetism, and nucleon cor-
relations at high densities are taken into account (Rampp &
Janka 2002; Buras et al. 2006), Eqs. (1,2) provide good esti-
mates. Strange quark contributions to the nucleon spin modify
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Fig. 3.— Explosion diagnostics for model 3Ds (thick lines) compared to the non-exploding model 3Dn (thin lines) as functions of post-bounce time tpb. Top

left: Angle-averaged shock radius (black), gain radius (red) and NS radius (blue; defined by a density of 1011 g cm�3); top right: diagnostic energy (positive
total energy behind the shock). Gray lines display the corresponding 2D models without (2Dn, thin) and with strangeness contributions (2Ds, thick); middle
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time-integrated neutrino-energy deposition in the gain layer, respectively.

ca according to

ca =
1
2
�±ga � g

s
a
�
, (3)

where the plus sign is for ⌫p and the minus sign for ⌫n scatter-
ing (see, e.g., Horowitz 2002; Langanke & Martı́nez-Pinedo
2003). Since g

s
a  0, the cross section for ⌫p-scattering is

increased and for ⌫n-scattering decreased. The best current
value of g

s
a = �0.15 ± 0.09 comes from ⌫p elastic scatter-

ing experiments (Ahrens et al. 1987), but the correction could
be considerably larger (e.g., g

s
a = �0.4+0.5

�0.3 was recently con-
cluded from MiniBooNE data; Golan et al. 2013).

Employing Eq. (2) with g

s
a = �0.2, Horowitz (2002) es-

timates 15, 21, 23% reduction of the neutral-current opac-
ity for a neutron-proton mixture with electron fractions Y

e

=
0.2, 0.1, 0.05, which are typical values for the layer be-
tween neutrinosphere (at density ⇢ ⇠ 1011 g cm�3) and ⇢ ⇠

1013 g cm�3 for hundreds of milliseconds after bounce. Since
strangeness does not a↵ect charged-current interactions and
NS matter is neutron-rich, the reduced scattering opacity al-
lows mainly heavy-lepton neutrinos (⌫

x

⌘ ⌫µ, ⌫̄µ, ⌫⌧, ⌫̄⌧) to
leave the hot accretion mantle of the PNS more easily. This
was found to enhance the expansion of the stalled SN shock
in 1D models, although not enough for successful shock re-
vival (Liebendörfer et al. 2002; Langanke & Martı́nez-Pinedo
2003). However, below we will show that the situation can be
fundamentally di↵erent in 3D simulations.

4. RESULTS

We compare 2D and 3D core-collapse simulations of the
20 M� star with strangeness corrections in neutrino-nucleon
scatterings, using g

s
a = �0.2 (models 2Ds, 3Ds), to corre-

sponding simulations without strange quark e↵ects (gs
a = 0;

models 2Dn, 3Dn) as in all SN simulations of the Garching

4 Melson et al.

107

108

R
[c

m
]

hRshocki
hRgaini
hRNSi

0.0

0.5

1.0

1.5

2.0

2.5

E
e
x
p
[1

0
5
0
er

g
]

2Dn
2Ds
3Dn
3Ds

2Dn
2Ds
3Dn
3Ds

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Ṁ
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left: mass-accretion rate (Ṁ) ahead of the shock (red) and baryonic NS mass (blue); middle right, bottom left and right: mass, non-radial kinetic energy, and
time-integrated neutrino-energy deposition in the gain layer, respectively.
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To investigate a possible impact of the choice of the
electromagnetic form factors parametrization on the final
results, we repeated the computations using the form factors
corrected by a two-photon exchange [30] and obtained almost
identical results.

Using the data for the ratio η [Eq. (14)] we examined the
strange quark contribution to the NCEL cross section. We
assumed a fixed value of the axial mass: 1.03 GeV for hydrogen
and an effective value of 1.47 GeV for carbon. We found
the strange quark contribution to be gs

A = 0.24 ± 0.46 with
χ2

min/ DOF = 26.7/29 (CL 58.8%). This result is consistent
with values published by the MB Collaboration [17] and the
BNL E734 experiment [14].

B. Analysis with np-nh contribution

Following the same steps the analysis was repeated includ-
ing the np-nh contribution. Assuming gs

A = 0 the minimum
of the χ2 for the distributions of the total reconstructed
kinetic energy of the final state nucleons was found for the
axial mass value MA = 1.15 ± 0.11 GeV with χ2

min/ DOF =
24.4/50 (CL 99.9%). The extraction of the strangeness from
the ratio η, assuming MA = 1.15 GeV, leads to the value
gs

A = −0.72 ± 0.55 with χ2
min/DOF = 28.7/29 (CL 48.1%),

which is inconsistent with zero (as assumed in the first fit). As it
was discussed before, the two-body current events contribute
mostly to the denominator of the ratio η, making its value
smaller. Also, a lower MA makes the ratio η smaller. To com-
pensate for both effects a lower value of gs

A can be expected.

1. Simultaneous extraction of MA and gs
A

The inconsistency described in the previous subsection
encouraged us to try to make a simultaneous fit of both
theoretical model parameters. In the case of the first observable
we obtained the following results:

(i) without np-nh events,

MA = 1.34+0.18
−0.10 GeV and gs

A = −0.5+0.2
−0.2

with χ2
min/ DOF = 22.0/50;

(ii) with np-nh events,

MA = 1.10+0.13
−0.15 GeV and gs

A = −0.4+0.5
−0.3

with χ2
min/ DOF = 22.7/50.

In the case of the second observable we discovered that
the best fit values are very sensitive to many details of the
theoretical model:

(i) From Fig. 4 it is clearly seen that the ratio η depends
strongly on “other backgrounds.”

(ii) Above 350 MeV of the kinetic energy a significant
contribution comes from irreducible background (pion
production and absorption) known with a precision not
better than 20–30%.

(iii) We constructed Monte Carlo np-nh toy models based
on the TE model with modified distribution of energy
transfer, and the obtained best fit values depend strongly
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FIG. 2. (Color online) 1σ error contour for (MA, gs
A) param-

eters obtained from χ 2 [Eq. (17)], but only for the total recon-
structed kinetic energy of the final state nucleons. Dots denote χ2

minima.

on such modifications; however, the results from the
first observable are affected in a much weaker way.

Figure 2 shows our results for the simultaneous two-
dimensional fits without and with the np-nh contribution
included in the NuWro simulations together with 68% con-
fidence regions. The inclusion of the np-nh events makes the
best fit result for MA consistent with the world average. It
confirms that the difference between recent and older axial
mass measurements can be explained by taking into account
two-body current contribution. The value of the strange quark
contribution is found to be consistent with zero.

We calculated the value of χ2 for the second MB observable
with the values MA = 1.10 and gs

A = −0.4 and obtained
χ2/DOF = 30.2/29. It means that the reported values are
consistent also with the proton enriched sample observable.

Our best fit for the distribution of the total reconstructed
kinetic energy of the final state nucleons and the overall
NuWro prediction (broken down to individual contributions

024612-6

theory	
  
v small	
  (negaKve)	
  value	
  

with	
  small	
  errors:	
  
gas	
  =	
  -0.05	
  to	
  -0.02	
  

evident from the smaller sink-source time separation
required in order for the plateau or summation method
to converge. Furthermore, we clearly observe a nonzero
value for the case of the disconnected contributions to the
isoscalar guþd

A as well as for gsA. For gcA our results are
consistent with zero and we can only give an upper bound

to its value. The nucleon tensor charge guþd
T is also

computed and the ratio from which is extracted is shown
in Fig 8. We observe a very small value for the discon-
nected contribution, with an error of about 90%. For the
summation method the statistical uncertainty does not
allow a meaningful fit.
The nucleon matrix elements involving derivative oper-

ators probe moments of parton distributions, which are
extracted from deep inelastic scattering measurements. In
this work we compute the disconnected contributions to the
isoscalar nucleon momentum fraction hxiuþd, which
involves the vector derivative operator, and the isoscalar
nucleon polarized moment hxiΔuþΔd involving the axial-
vector derivative operator. We apply the symmetries of the

FIG. 5 (color online). The disconnected contribution to the
renormalized ratio which yields the isoscalar axial charge of the
nucleon, guþd

A . The upper panel shows the ratio as a function of
the insertion timeslice with respect to the mid-time separation
(tins − ts=2) for sink-source separations ts ¼ 8a (red filled
circles), ts ¼ 10a (blue filled squares), ts ¼ 12a (green open
squares) and ts ¼ 14a (yellow filled triangles). The central panel
shows the summed ratio and the lower panel the results obtained
for the fitted slope of the summation method for various choices
of the initial and final fit time slices as explained in the text. The
star shows the choice of ti, which yields the gray bands shown in
the upper and central plots.

FIG. 6 (color online). The strange-quark contribution to the
renormalized ratio yielding the nucleon axial charge gsA. The
notation is the same as that of Fig. 5.

DISCONNECTED QUARK LOOP CONTRIBUTIONS TO … PHYSICAL REVIEW D 89, 034501 (2014)
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summary	


v core-­‐collapse	
  SNe	
  can	
  make	
  light	
  trans-­‐iron	
  elements	
  (Zn	
  to	
  Zr)	
  	
  
but	
  r-­‐process	
  elements	
  (see	
  NS	
  merger	
  works;	
  Wanajo+2014)	
  

v nucleosynthesis	
  in	
  the	
  innermost	
  ejecta	
  is	
  higly	
  sensiKve	
  to	
  	
  
neutrino	
  spectra;	
  a	
  few	
  percent	
  accuracy	
  for	
  Ye	
  is	
  needed	
  

v 10%	
  change	
  of	
  neutrino	
  opacity	
  can	
  help	
  SN	
  explosions	
  
和南城伸也	
 34	



