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FIG. 3: Velocity profiles at di!erent times during the post-
bounce evolution of a 10 M! progenitor model based on eos1,
illustrating the development of the explosion through di!erent
stages; thick solid line at 240.5 ms, dashed at 255.2 ms, dash-
dotted at 255.5 ms and thin solid line at 255.6 ms, dashed at
256.4 ms, dash-dotted at 258.3 ms.

explosion additionally. We obtain explosion energies of
several 1050 erg (see Table I). The neutrino luminosities
decrease after the onset of the explosion (see Fig. 2 at !
350 ms after bounce).

In general, the models with eos1 and eos2 evolve in a
qualitatively similar manner. However, the models with
the larger bag constant show a longer PNS accretion time
before the onset of the phase transition due to the larger
critical density. This results in a more massive PNS with
a deeper gravitational potential, so that the second shock
develops larger explosion energies (see Table I). In com-
parison to the simulations using eos1, the second neutrino
burst appears several 100 ms later and is found to have
a larger peak-luminosity due to higher temperatures of
the shocked material. The more massive progenitor stars
give an earlier onset of the phase transition and result
in a more massive PNS. A special case is the dynamical
evolution of the PNS of the 15 M! progenitor model us-
ing eos2. Almost simultaneously with the formation of
the second shock, the more compact quark core collapses
to a black hole. Still, this does not necessarily exclude
an explosion. Unfortunately, our co-moving coordinate
choice does not allow us to follow the dynamical evolu-
tion beyond the formation of the apparent horizon [25].

The main result of this investigation is a strong sig-
nature of the formation of quark matter in the early
postbounce phase of core collapse supernovae. A sec-
ond shock forms inside the PNS, that a!ects significantly
the properties of the emitted neutrinos. For a Galactic
core-collapse supernova, a second neutrino burst should
be resolvable by the present neutrino detectors. Unfor-
tunately, the time sequence of the neutrino events from
SN1987a [30] was statistically not significant. Anyway,
the goal of this first study is to predict the general ef-
fects of the early phase transition to quark matter during
the postbounce phase. To optimally reproduce the ob-

servations from SN1987A further analysis and improve-
ments of the EoS would be required. The magnitude and
the time delay of the second neutrino burst provide cor-
related information about the critical density, the EoS
in di!erent phases and the progenitor model. For low
and intermediate mass progenitor models, the energy of
the second shock becomes su"cient to drive an explosion
even in spherical symmetry. The explosion is powered
by the accretion of matter into the deeper gravitational
potential of the more compact PNS, if quark matter is
present in the core. The ejecta contain neutron-rich ma-
terial that expands on a fast timescale and should be
investigated as a possible site for the r-process. With re-
spect to the remnant, the narrow range of PNS masses
found in Table I may provide an explanation for the clus-
tering of the observed neutron star masses (gravitational)
around 1.4 M! (see e.g. [21]). The discussed direct black
hole formation at the phase transition could be investi-
gated further in light of the observed connection between
supernovae and !-ray bursts [31]. For other progenitor
models, a delayed collapse to a black hole may occur after
the explosion during the PNS cooling phase.

The presented analysis should be complemented by
multi-dimensional simulations, to explore the impact of
known fluid instabilities that can not be treated in spher-
ical symmetry. Another interesting scenario would be a
weak neutrino driven explosion, followed by a fallback-
induced QCD phase transition. Since the QCD phase
diagram shows a large variety of color-superconducting
phases [32, 33, 34], a more sophisticated quark matter
EoS should be adopted. This could lead to a second
phase transition within the quark core of the PNS and
would be an interesting extension of the present study.
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FIG. 1: Neutrino luminosities and rms neutrino energies as
functions of time after bounce, sampled at 500 km radius in
the comoving frame, for a 10 M! progenitor star as modeled
in [17]: !e in solid (blue), !̄e in dashed (red), and !µ/! in
dot-dashed (green). In contrast to the deleptonization burst
just after bounce (t ! 5 ms) the second burst at t ! 257"261
ms is associated with the QCD phase transition. The inset
shows the second burst blown up.

tic scattering channel. Encouragingly, the second burst
shows up most prominently in !̄e’s, and its detection ap-
pears feasible already. This contrasts with the delep-
tonization burst which has been widely explored and pro-
posed as a crucial tool to determine the flavor oscillation
e!ects on the SN neutrino signal [18, 19]; since the delep-
tonization burst consists of !e’s, its detection requires
larger neutrino experiments. If the !̄e burst associated
with a phase transition is observed, it would constitute a
strong signature for the presence of a phase transition in
the SN core, with important implications for new physics
and the SNe explosion mechanism. We consider this
intriguing possibility and investigate the capabilities of
the largest existing neutrino detectors to unambiguously
measure the !̄e burst from a Galactic SN (assumed at a
distance of 10 kpc unless stated otherwise).

II. NUMERICAL MODEL

We employ the neutrino emissions of Ref. [17], which
simulated the core-collapse of massive stars using a quark
matter equation of state based on the widely used MIT
bag model. The main physical uncertainty in modeling
the QCD phase transition is the critical density at which
the transition sets in. In the simulations of Ref. [17], this
is determined by the bag constant and the strange quark
mass, chosen such that a quark-hadron transition sets
in during the early post-bounce phase, close to nuclear
saturation density.
The neutrino emission of the reference simulation of

Ref. [17] is shown in Fig. 1. The ordinary deleptonization
burst is seen at t ! 5 ms after bounce. At about the time

when the quark matter core is created (t ! 260 ms for
the simulation shown) a strong second shock wave forms,
which crosses the neutrinospheres in a few milliseconds
and releases a second burst comprising of !̄e’s. The rise-
time is a few ms, being related to the shock crossing
the neutrinospheres. The duration is < 4 ms and the
time-integrated energetics is approximately 5 " 1050 erg
in !̄e’s, # 1% of the total energetics. Additionally, the
burst is accompanied by a sharp rise in the neutrino aver-
age energies. The fluctuations in the neutrino luminosity
shortly after the second burst are due to the appearance
of an accretion shock when cooling at the neutrinospheres
leads to the fallback of the innermost ejecta. The accre-
tion rate and position of the accretion shock varies with
time and modulates the luminosity until it settles to a
quasi-stationary state on a time scale of about 100 ms.
A second set of simulations was performed using a

larger bag constant which results in a higher critical den-
sity. The post-bounce time for the second burst is 448
ms (see Table I of Ref. [17]), but otherwise, the burst
duration (# 4 ms) and energetics (# 1050 erg in !̄e’s)
are similar to those shown in Fig. 1. The timing of the
second burst after the deleptonization burst contains cor-
related information about the quark-hadron equation of
state, the critical conditions for the quark-hadron phase
transition, and the progenitor model.

III. NEUTRINO FLAVOR CONVERSIONS

In order to determine the SN !̄e signal observed at
Earth, one must take into account flavor conversions oc-
curring during propagation. In general, neutrino oscil-
lation e!ects vary during the post-bounce evolution. In
particular, collective flavor conversions in the SN [20] are
forbidden during the second burst. From Fig. 1, one re-
alizes that during this phase the !̄e flux is strongly en-
hanced with respect to the non-electronic species !x and
!̄x (where x = µ, ") while the !e flux is strongly sup-
pressed. In this condition, the conservation of the lep-
ton number prevents the collective !e!̄e $ !x!̄x pair
conversions [21]. Therefore, only Mikheyev-Smirnov-
Wolfenstein (MSW) flavor conversions occur while the
neutrinos propagate through the stellar envelope [22].
In inverted mass hierarchy (IH: m3 < m1 < m2, where

mi is the neutrino mass), MSW matter e!ects in the SN
envelope are characterized in terms of the level-crossing
probability PH of antineutrinos, which is in general a
function of the neutrino energy and of the 1–3 leptonic
mixing angle #13 [22]. In the following, we consider two
limits, namely PH ! 0 when sin2 #13 >

# 10!3 (large) and
PH ! 1 when sin2 #13 <

# 10!5 (small). Neglecting for
simplicity Earth matter crossing e!ects, the electron an-
tineutrino flux F!̄e at the Earth surface for IH with small
#13, is given in terms of the primary fluxes F 0

! by [22]

F!̄e ! cos2 #12F
0
!̄e

+ sin2 #12F
0
!̄x

, (1)

青：νe　赤： νe　 緑：νμ/τ

prompt
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(2002), were T ! 3 " 109[K] and Ye ! 0.5 at about
800# 1000 [km]. Once the explosion shock reaches these
layers, the material contracts, being shock heated above
T ! 1 " 1011 and hence completely dissociated into free
nucleons. Weak processes, mainly electron captures, es-
tablish a very low proton-to-baryon ratio Ye ! 0.1...

2.2. Nuclear Reaction Network
The nuclear reaction network utilized for following the

nucleosynthesis of the ejecta has already been described
in detail in Nishimura et al. (2006); Fujimoto et al.
(2008). The network includes more than 4000 nuclei
from neutrons and protons up to fermium with atomic
number Z = 100 (see Table 1 in Nishimura et al. 2006).
The network contains two- and three-body reactions, de-
cay channels, and electron as well as positron capture
(for details, see network A in Fujimoto et al. 2007). Ex-
perimentally determined masses and reaction rates are
adopted if available. Otherwise, theoretical predictions
for nuclear masses, reaction rates and beta-decays are ap-
plied, based on the Finite Range Droplet Model FRDM
mass model (Möller et al. 1995). Spontaneous and beta-
delayed fission processes are taken into account in the
network.

We also employ neutrino interactions with matter in
order to include all weak interactions a!ecting the evo-
lution of the overall proton / nucleon ratio Ye (*give
citation*). The neutrino fluxes, resulting from the
detailed (neutrino-)radiation hydrodynamics calculation
described in the previous subsection, are utilized to de-
termine the actual rates as a function of time. This is
di!erent from the treatment of all other reaction rates
which are determined by local thermodynamic conditions
and density and temperature.

3. NUCLEOSYNTHESIS IN THE EJECTA

3.1. Dynamic Evolution of Tracers
In order to calculate the nucleosynthesis evolution of

ejected matter within a postprocessing approach, the dy-
namic evolution is required in radial Lagrangian mass
zones. For this reason the evolution determined with the
radiation hydrocode AGILE/BOLTZTRAN (see Mezza-
cappa & Bruenn 1993a,b,c; Liebendörfer et al. 2001a)
which is based on an adaptive grid, was mapped on a
Lagrangian grid of 130 mass zones. This provides the
the Lagrangian evolution of physical quantities, such as
the density, temperature, and velocity of the ejected ma-
terial, and in addition the neutrino fluxes experienced
as a function of time. The mass zones obtained in this
way are referred to as tracer particles for the remaining
paper.

The tracers which are ejected in the explosion are clas-
sified in three di!erent categories, related to their ejec-
tion process and thermodynamic quantities. As listed in
Table 1, tracers #001 to #100 cover the material from
the surface of inner core to the outer layers with a corre-
sponding mass range from 1.48000 M! to 1.49482 M!.
Their time evolution is also displayed in Fig. 1.

Tracers #001 to #014 are not ejected within 0.5 [s]
after the core bounce. Therefore we ignore them in
the nucleosynthesis processing, plus all matter originat-
ing from regions at smaller radii. In Fig. 1, they are
displayed in black. Tracers #015 to #019 are ejected

TABLE 1
Summary of mass zones and their properties

tracer # mass range [M!] Ye at 0.5 [s] tej [s]
001 - 014 1.48000 ! 1.48208 Ye,f < 0.10 —
015 - 019 1.48210 ! 1.48216 0.50 < Ye,f < 0.55 1.5 "
020 - 050 1.48217 ! 1.48232 0.35 < Ye,f < 0.40 " 0.5
051 - 120 1.48250 ! 1.49482 0.40 < Ye,f < 0.50 " 0.5

by neutrino radiative pressure from the proto-neutron
star surface, i.e. by the so called neutrino driven wind,
shown in red. Tracers #020 to #050 have stalled after
the bounce, however, they are accelerated and ejected
by the neutrino driven wind (displayed in green). Trac-
ers #051 to #120 are ejected in a prompt way, due to
the shock wave originating from the core bounce (dis-
played in blue). We clearly see the division of matter
which is ejected in a prompt fashion after the bounce
(blue), matter which is coasting and falling in again, but
gets reaccelerated outward by neutrino energy deposition
(green), matter which falls back onto the neutron star,
but becomes part of the neutrino wind ejecta (red), and
finally matter which stays on the neutron star and will
never be ejected (black).
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Fig. 1.— top: Radial trajectories of mass elements as a func-
tion of time after bounce. The colors indicate the properties of
these mass elements: black, red, green and blue lines refer to mat-
ter which is either (black) not ejected, (red) part of the neutrino
driven wind, (green) initially stalled matter which gets boosted by
the wind and (blue) matter which experiences a prompt ejection.
bottom: Evolution of Ye as a function of time after bounce. The
colors are the same as in the top panel.

As shown in the bottom part of Fig. 1, the blue and
red zones are neutronized during the collapse via elec-
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Fig. 1.— Radius (a), density (b), temperature (c), and Ye (d)
as a function of post-bounce time for material ejected from the
collapsing O-Ne-Mg core in model ST. The trajectories are colored
in green, blue, and red for Ye < 0.470, 0.470 < Ye < 0.500, and
Ye > 0.500 (values at the end of simulation), respectively.

those quantities in the co-moving frame of the fluid
with corrections for the gravitational redshift and for
Doppler shifting due to fluid motion. We neglect such
e!ects, which are important on the one hand only
when the fluid is relatively close to the neutrino sphere
(< several 10 km), where the temperature is still higher
than T9 = 9 (see below). On the other hand, at large
distances, where the expansion velocities of the gas
are larger, neutrino interactions become essentially
irrelevant.

Each nucleosynthesis calculation is initiated when the

Fig. 2.— Neutrino luminosities (top) and mean neutrino energies
(bottom) as functions of post-bounce time for electron (dotted line),
anti-electron (solid line), and heavy-lepton (dashed line) neutrinos.
The data are given for an observer at rest at 400 km from the center.

Fig. 3.— Initial electron fraction Ye,i for material ejected from
the core as a function of the enclosed mass, Mr . Di!erent colors
correspond to models ST, FP3, FM3, MX, and WH as denoted in
the panel (see text).

temperature decreases to T9 = 9 (where T9 ! T/109 K).
In the first ejected trajectory, the highest temperature is
T9 " 7 (Fig. 1), which is taken to be the initial condition
for this case only. At such high temperatures, the com-
position is in the nuclear statistical equilibrium (mostly
free nucleons and few ! particles), which is realized im-
mediately after the calculation starts. The initial com-
positions is then given by Xn = 1 # Ye,i and Xp = Ye,i,
respectively, where Xn and Xp are the mass fractions of
free neutrons and protons, and Ye,i is the initial electron
fraction at T9 = 9 (Fig. 3, black line for model ST).

3. NUCLEOSYNTHESIS RESULTS

In subsection 3.1, we will present the nucleosynthesis
results for the unmodified model (ST) of Kitaura et al.
(2006), and the corresponding information for variations
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mediately after the calculation starts. The initial com-
positions is then given by Xn = 1 # Ye,i and Xp = Ye,i,
respectively, where Xn and Xp are the mass fractions of
free neutrons and protons, and Ye,i is the initial electron
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3. NUCLEOSYNTHESIS RESULTS

In subsection 3.1, we will present the nucleosynthesis
results for the unmodified model (ST) of Kitaura et al.
(2006), and the corresponding information for variations

参考：8 M
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(2002), were T ! 3 " 109[K] and Ye ! 0.5 at about
800# 1000 [km]. Once the explosion shock reaches these
layers, the material contracts, being shock heated above
T ! 1 " 1011 and hence completely dissociated into free
nucleons. Weak processes, mainly electron captures, es-
tablish a very low proton-to-baryon ratio Ye ! 0.1...

2.2. Nuclear Reaction Network
The nuclear reaction network utilized for following the

nucleosynthesis of the ejecta has already been described
in detail in Nishimura et al. (2006); Fujimoto et al.
(2008). The network includes more than 4000 nuclei
from neutrons and protons up to fermium with atomic
number Z = 100 (see Table 1 in Nishimura et al. 2006).
The network contains two- and three-body reactions, de-
cay channels, and electron as well as positron capture
(for details, see network A in Fujimoto et al. 2007). Ex-
perimentally determined masses and reaction rates are
adopted if available. Otherwise, theoretical predictions
for nuclear masses, reaction rates and beta-decays are ap-
plied, based on the Finite Range Droplet Model FRDM
mass model (Möller et al. 1995). Spontaneous and beta-
delayed fission processes are taken into account in the
network.

We also employ neutrino interactions with matter in
order to include all weak interactions a!ecting the evo-
lution of the overall proton / nucleon ratio Ye (*give
citation*). The neutrino fluxes, resulting from the
detailed (neutrino-)radiation hydrodynamics calculation
described in the previous subsection, are utilized to de-
termine the actual rates as a function of time. This is
di!erent from the treatment of all other reaction rates
which are determined by local thermodynamic conditions
and density and temperature.

3. NUCLEOSYNTHESIS IN THE EJECTA

3.1. Dynamic Evolution of Tracers
In order to calculate the nucleosynthesis evolution of

ejected matter within a postprocessing approach, the dy-
namic evolution is required in radial Lagrangian mass
zones. For this reason the evolution determined with the
radiation hydrocode AGILE/BOLTZTRAN (see Mezza-
cappa & Bruenn 1993a,b,c; Liebendörfer et al. 2001a)
which is based on an adaptive grid, was mapped on a
Lagrangian grid of 130 mass zones. This provides the
the Lagrangian evolution of physical quantities, such as
the density, temperature, and velocity of the ejected ma-
terial, and in addition the neutrino fluxes experienced
as a function of time. The mass zones obtained in this
way are referred to as tracer particles for the remaining
paper.

The tracers which are ejected in the explosion are clas-
sified in three di!erent categories, related to their ejec-
tion process and thermodynamic quantities. As listed in
Table 1, tracers #001 to #100 cover the material from
the surface of inner core to the outer layers with a corre-
sponding mass range from 1.48000 M! to 1.49482 M!.
Their time evolution is also displayed in Fig. 1.

Tracers #001 to #014 are not ejected within 0.5 [s]
after the core bounce. Therefore we ignore them in
the nucleosynthesis processing, plus all matter originat-
ing from regions at smaller radii. In Fig. 1, they are
displayed in black. Tracers #015 to #019 are ejected

TABLE 1
Summary of mass zones and their properties

tracer # mass range [M!] Ye at 0.5 [s] tej [s]
001 - 014 1.48000 ! 1.48208 Ye,f < 0.10 —
015 - 019 1.48210 ! 1.48216 0.50 < Ye,f < 0.55 1.5 "
020 - 050 1.48217 ! 1.48232 0.35 < Ye,f < 0.40 " 0.5
051 - 120 1.48250 ! 1.49482 0.40 < Ye,f < 0.50 " 0.5

by neutrino radiative pressure from the proto-neutron
star surface, i.e. by the so called neutrino driven wind,
shown in red. Tracers #020 to #050 have stalled after
the bounce, however, they are accelerated and ejected
by the neutrino driven wind (displayed in green). Trac-
ers #051 to #120 are ejected in a prompt way, due to
the shock wave originating from the core bounce (dis-
played in blue). We clearly see the division of matter
which is ejected in a prompt fashion after the bounce
(blue), matter which is coasting and falling in again, but
gets reaccelerated outward by neutrino energy deposition
(green), matter which falls back onto the neutron star,
but becomes part of the neutrino wind ejecta (red), and
finally matter which stays on the neutron star and will
never be ejected (black).

101

102

103

104

105

 0  1  2  3  4

ra
di

us
 [k

m
]

time after bounce [s]

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0  1  2  3  4

Y e

time after bounce [s]

Fig. 1.— top: Radial trajectories of mass elements as a func-
tion of time after bounce. The colors indicate the properties of
these mass elements: black, red, green and blue lines refer to mat-
ter which is either (black) not ejected, (red) part of the neutrino
driven wind, (green) initially stalled matter which gets boosted by
the wind and (blue) matter which experiences a prompt ejection.
bottom: Evolution of Ye as a function of time after bounce. The
colors are the same as in the top panel.

As shown in the bottom part of Fig. 1, the blue and
red zones are neutronized during the collapse via elec-
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(2002), were T ! 3 " 109[K] and Ye ! 0.5 at about
800# 1000 [km]. Once the explosion shock reaches these
layers, the material contracts, being shock heated above
T ! 1 " 1011 and hence completely dissociated into free
nucleons. Weak processes, mainly electron captures, es-
tablish a very low proton-to-baryon ratio Ye ! 0.1...

2.2. Nuclear Reaction Network
The nuclear reaction network utilized for following the

nucleosynthesis of the ejecta has already been described
in detail in Nishimura et al. (2006); Fujimoto et al.
(2008). The network includes more than 4000 nuclei
from neutrons and protons up to fermium with atomic
number Z = 100 (see Table 1 in Nishimura et al. 2006).
The network contains two- and three-body reactions, de-
cay channels, and electron as well as positron capture
(for details, see network A in Fujimoto et al. 2007). Ex-
perimentally determined masses and reaction rates are
adopted if available. Otherwise, theoretical predictions
for nuclear masses, reaction rates and beta-decays are ap-
plied, based on the Finite Range Droplet Model FRDM
mass model (Möller et al. 1995). Spontaneous and beta-
delayed fission processes are taken into account in the
network.

We also employ neutrino interactions with matter in
order to include all weak interactions a!ecting the evo-
lution of the overall proton / nucleon ratio Ye (*give
citation*). The neutrino fluxes, resulting from the
detailed (neutrino-)radiation hydrodynamics calculation
described in the previous subsection, are utilized to de-
termine the actual rates as a function of time. This is
di!erent from the treatment of all other reaction rates
which are determined by local thermodynamic conditions
and density and temperature.

3. NUCLEOSYNTHESIS IN THE EJECTA

3.1. Dynamic Evolution of Tracers
In order to calculate the nucleosynthesis evolution of

ejected matter within a postprocessing approach, the dy-
namic evolution is required in radial Lagrangian mass
zones. For this reason the evolution determined with the
radiation hydrocode AGILE/BOLTZTRAN (see Mezza-
cappa & Bruenn 1993a,b,c; Liebendörfer et al. 2001a)
which is based on an adaptive grid, was mapped on a
Lagrangian grid of 130 mass zones. This provides the
the Lagrangian evolution of physical quantities, such as
the density, temperature, and velocity of the ejected ma-
terial, and in addition the neutrino fluxes experienced
as a function of time. The mass zones obtained in this
way are referred to as tracer particles for the remaining
paper.

The tracers which are ejected in the explosion are clas-
sified in three di!erent categories, related to their ejec-
tion process and thermodynamic quantities. As listed in
Table 1, tracers #001 to #100 cover the material from
the surface of inner core to the outer layers with a corre-
sponding mass range from 1.48000 M! to 1.49482 M!.
Their time evolution is also displayed in Fig. 1.

Tracers #001 to #014 are not ejected within 0.5 [s]
after the core bounce. Therefore we ignore them in
the nucleosynthesis processing, plus all matter originat-
ing from regions at smaller radii. In Fig. 1, they are
displayed in black. Tracers #015 to #019 are ejected

TABLE 1
Summary of mass zones and their properties

tracer # mass range [M!] Ye at 0.5 [s] tej [s]
001 - 014 1.48000 ! 1.48208 Ye,f < 0.10 —
015 - 019 1.48210 ! 1.48216 0.50 < Ye,f < 0.55 1.5 "
020 - 050 1.48217 ! 1.48232 0.35 < Ye,f < 0.40 " 0.5
051 - 120 1.48250 ! 1.49482 0.40 < Ye,f < 0.50 " 0.5

by neutrino radiative pressure from the proto-neutron
star surface, i.e. by the so called neutrino driven wind,
shown in red. Tracers #020 to #050 have stalled after
the bounce, however, they are accelerated and ejected
by the neutrino driven wind (displayed in green). Trac-
ers #051 to #120 are ejected in a prompt way, due to
the shock wave originating from the core bounce (dis-
played in blue). We clearly see the division of matter
which is ejected in a prompt fashion after the bounce
(blue), matter which is coasting and falling in again, but
gets reaccelerated outward by neutrino energy deposition
(green), matter which falls back onto the neutron star,
but becomes part of the neutrino wind ejecta (red), and
finally matter which stays on the neutron star and will
never be ejected (black).
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Fig. 1.— top: Radial trajectories of mass elements as a func-
tion of time after bounce. The colors indicate the properties of
these mass elements: black, red, green and blue lines refer to mat-
ter which is either (black) not ejected, (red) part of the neutrino
driven wind, (green) initially stalled matter which gets boosted by
the wind and (blue) matter which experiences a prompt ejection.
bottom: Evolution of Ye as a function of time after bounce. The
colors are the same as in the top panel.

As shown in the bottom part of Fig. 1, the blue and
red zones are neutronized during the collapse via elec-

ニュートリノの影響



超新星シミュレーションと元素合成
•（通常の）超新星爆発 ( > 10M)
•SASI による爆発
•ニュートリノの影響によりYe > 0.48
 　　(Fujimoto et al. 2011)
•（ONeMg星の）超新星爆発（EC 超新星）
•1Dでも2Dでも爆発)
•2D だと Ye > 0.4；weak r-process の可能性
　(Wanajo 2009, 2011)
•他、磁場や回転などによる超新星
•より中性子過剰の物質が放出される可能性あり

r-process （中性子過剰、あるいは高エントロピー）

νp-process：陽子過剰 かつ ニュートリノ放射環境
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Figure 1. Snapshot of the convective region of the 2D simulation of an ECSN
at 262 ms after core bounce with entropy per nucleon (s; left) and Ye (right).
Mushroom-shaped lumps of low-Ye matter are ejected during the early phase of
the explosion.
(A color version of this figure is available in the online journal.)

expands continuously, and a neutrino-powered explosion sets in
at t ! 100 ms p.b. in 1D and 2D essentially in the same way
and with a very similar energy (!1050 erg; Janka et al. 2008).

In the multi-dimensional case, however, the negative entropy
profile created by neutrino heating around the PNS leads to a
short phase of convective overturn, in which accretion down-
flows deleptonize strongly, are neutrino heated near the neu-
trinosphere, and rise again quickly, accelerated by buoyancy
forces. Thus n-rich matter with modest entropies per nucleon
(s ! 13–15kB; kB is Boltzmann’s constant) gets ejected in
mushroom-shaped structures typical of Rayleigh–Taylor insta-
bility. Figure 1 displays the situation 262 ms after bounce when
the pattern is frozen in and self-similarly expanding.

As a consequence, the mass distribution of the ejecta in the
2D model extends down to Ye,min as low as !0.4, which is
significantly more n-rich than in the corresponding 1D case
(Y 1D

e,min ! 0.47).3 Figure 2 shows the Ye-histograms at the end of
the simulations. The total ejecta masses are 1.39"10#2 M$ for
the 1D model and 1.14 " 10#2 M$ in 2D, where the difference
is partly due to the different simulation times, being !800 ms
and !400 ms, respectively (core bounce occurs at !50 ms).
However, the ejecta after !250 ms p.b. are only proton-rich,
contributing merely to the Ye > 0.5 side in Figure 2.

3. NUCLEOSYNTHESIS FOR THE ECSN MODEL

The nucleosynthetic yields are obtained with the reaction
network code (including neutrino interactions) described in
Wanajo et al. (2009). Using thermodynamic trajectories directly
from the 2D ECSN model, the calculations are started when
the temperature decreases to 9 " 109 K, assuming initially
free protons and neutrons with mass fractions Ye and 1 # Ye,
respectively. The final abundances for all isotopes are obtained
by mass integration over all 2000 marker particles.

The resulting elemental mass fractions relative to solar values
(Lodders 2003), or the production factors, are shown in Figure 3

3 Note that the exact lower bound of the mass distribution versus Ye in the 1D
case is highly sensitive to details of the neutrino transport, e.g., the number and
interpolation of grid points in energy space. In a recent simulation with
improved spectral resolution, Hüdepohl et al. (2010) obtained Ye,min = 0.487.
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Figure 2. Ejecta masses vs. Ye for the 1D (blue) and 2D (red) explosion models.
The width of a Ye-bin is chosen to be !Ye = 0.005. The minimum values of Ye
are indicated for both cases.
(A color version of this figure is available in the online journal.)
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Figure 3. Elemental mass fractions in the ECSN ejecta relative to their solar
values (Lodders 2003), comparing the 2D results (red) with the 1D counterpart
(blue) from Wanajo et al. (2009). Even-Z and odd-Z elements are denoted by
circles and squares, respectively. The normalization band (see the text) is marked
in yellow.
(A color version of this figure is available in the online journal.)

(red) compared to the 1D case (blue) from Wanajo et al. (2009).
The “normalization band” between the maximum (367 for Sr)
and a tenth of that is indicated in yellow with the medium marked
by a dotted line. The total ejecta mass is taken to be the sum
of the ejected mass from the core and the outer H/He-envelope
(= 8.8 M$–1.38 M$ + 0.0114 M$ = 7.43 M$). Note that
the N = 50 species, 86Kr, 87Rb, 88Sr, and 90Zr, have the largest
production factors for isotopes with values of 610, 414, 442,
and 564, respectively.

As discussed by Wanajo et al. (2009), in the 1D case only
Zn and Zr are on the normalization band, although some light
p-nuclei (up to 92Mo) can be sizably produced. In contrast, we
find that all elements between Zn and Zr, except for Ga, fall
into this band in the 2D case (Ge is marginal), although all
others are almost equally produced in 1D and 2D. This suggests
ECSNe to be likely sources of Zn, Ge, As, Se, Br, Kr, Rb, Sr,
Y, and Zr in the Galaxy. Note that the origin of these elements
is not fully understood, although Sr, Y, and Zr in the solar
system are considered to be dominantly made by the s-process.
The ejected masses of 56Ni (%56Fe; 3.0 " 10#3 M$) and all Fe
(3.1"10#3 M$) are the same as in the 1D case (2.5"10#3 M$;
Wanajo et al. 2009).

2

The Astrophysical Journal, 738:61 (15pp), 2011 September 1 Fujimoto et al.

4

5

6

7

8

9

10

11

0.3 0.4 0.5 0.6 0.7 0.8

lo
g !

,lo
gT

,lo
gr

,Y
e

time(s)

(b)

4

5

6

7

8

9

10

11

lo
g !

,lo
gT

,lo
gr

,Y
e

(a)

Figure 4. Time evolution of density, temperature, radial position, and electron
fraction of an ejecta with (a) Ye(10,000 km) = 0.461 and (b) Ye(10,000 km) =
0.559, for a model with L!e = 4.5 ! 1052 erg s"1. Solid, dotted, dashed, and
dash-dotted lines represent the density, temperature, radial position, and electron
fraction of the ejecta, respectively. The electron fraction is shown with a value
multiplied by 10. The density, temperature, and the radial position of the ejecta
are presented in units of g cm"3, K, and cm, respectively. Ye of ejecta can largely
change only in an inner region near the PNS.
(A color version of this figure is available in the online journal.)

the infall of the ejecta near the cooling region (r < 100 km)
in Figure 4(a). As the density and temperature rise to more
than 109 g cm"3 and 1010 K, respectively, the electron fraction
decreases due to the electron captures. When the ejecta start
to be released via neutrino heating at t = 0.42 s, the electron
fraction increases through the absorption of !e by neutrons.
Finally, Ye(10,000 km) becomes 0.461 for the ejecta.

On the other hand, the electron captures on protons are not
efficient for a proton-rich ejecta with Ye(10,000 km) = 0.559,
as shown in Figure 4(b). This is because the densities of the
inner region (r ! 200 km) are relatively low (!108 g cm"3)
due to the mass ejection during an earlier phase ("texp). The
electron fraction therefore remains constant and rises from 0.5
to 0.559 via the !e absorption in an inner region r ! 200 km.
The proton richness in the ejecta is caused by the small energy
difference between !e and !̄e. For T!e and T!̄e adopted in our
simulations, the relation, 4(mn " mp) > "!̄e " "!e , holds, which
leads to Ye > 0.5 (Fröhlich et al. 2006a), where mn and mp are
masses of neutrons and protons, and "!̄e and "!e are energies
of anti-electron and electron neutrinos, respectively. We note
that "!̄e = 15.8 MeV for T!̄e = 5 MeV and "!e = 12.6 MeV for
T!e = 4 MeV.
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Figure 5. Masses as a function of Ye(10,000 km) of ejecta from the inner region
rej,cc ! 10,000 km for a model with L!e = 4.5 ! 1052 erg s"1.
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Figure 6. Ye(10,000 km) vs. minimum radial position, rmin, of ejecta for a model
with L!e = 4.5 ! 1052 erg s"1. Ye(10,000 km) is largely different from 0.5 only
for ejecta that fall near the PNS star.

Figure 5 shows masses as a function of Ye(10,000 km) of
ejecta from the inner region rej,cc ! 10,000 km. We find that
most of the ejecta (98.8%) have electron fractions of 0.49–0.5.
Small fractions of the ejecta, 0.9% and 0.3% in mass, are
slightly neutron-rich (0.46 < Ye < 0.49) and proton-rich
(0.5 < Ye < 0.56), respectively. Masses of the slightly neutron-
and proton-rich ejecta are larger for models with larger L! ,
while the mass fractions of these ejecta are comparable for all
the models.

3.3. Primary and Secondary Ejecta

Electron fraction of the ejecta with the minimum radial
position rmin ! 200–300 km changes due to high neutrino
flux and/or efficient e± capture (Figure 4(a)). Figure 6 shows
Ye(10,000 km) as a function of rmin of the ejecta for a model with
L!e

= 4.5 ! 1052 erg s"1. Hereafter, we refer to the ejecta with
rmin ! 200 km as the primary ejecta, which have high maximum
densities "108 g cm"3 and temperatures "1010 K (Figure 3).
The ejecta are heated through the neutrino heating. On the other
hand, the others are refereed as the secondary ejecta, heated
chiefly via the shock wave driven by the primary ejecta.
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•超新星コア付近の陽子過剰な環境
•νp-process (Fröhlich 2006, Pruet 2006, Wanajo 2006)

Fujimoto 2011

Wanajo 2011



r-process の期待

•“main” r-process は厳しい
•“weak” r-process （原子番号～50への寄与）が起こる

計算結果：r-process 元素合成

元素組成（質量比の対数）

A（質量数）

発表資料＠超新星研究会
（２０１１年３月）



モチベーション
•爆発モデルの成功 (Sagert 2009)
•ニュートリノでの観測について (Dasgupta 2010)
•爆発モデルの詳細解析 (Fischer 2011)
•放出元素の宇宙への影響 NEW!

例

クォーク、ハドロン物理から爆発的天体現象
シミュレーション、元素合成まで

近年、注目されている素・核・宇宙の融合点



mass zones: ４つの成分

4 Nishimura et al.

They are also shown with respect to their mass as well
as Ye-distribution in Fig. 1.
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Fig. 1.— Initial distribution of mass and Ye as a function of mass
zone number. Thick lines and dashed lines relate to Lagrangian
mass coordinate (starting at 0 for zone #001) and electron frac-
tion, respectively. Masses are measured from the surface of the
proto-neutron star (starting at 0 for zone #001 of Table 1) and the
electron fractions are adopted at the time when the temperature
decreases down to T = 9 ! 109 K for ejected matter and the end
of the hydrodynamic simulation for inner non-ejected zones).

These zones coincide with the matter discussed at the
end of subsection 2.2, where at high densities a Ye de-
crease down to even 0.02 has been noticed. The evolu-
tion of these mass zones in time is displayed in Fig. 2.
Zones #001 to #014 are not ejected within 0.5 s after
the core bounce. These zones preserve the original low
Ye obtained during collapse and shock wave propagation.
As they are not ejected, we ignore them in the further nu-
cleosynthesis discussion, plus all matter originating from
regions at smaller radii. In Fig. 2, they are displayed in
black. Zones #015 to #019 are ejected in the so called
neutrino driven wind, shown in red. Their Ye is strongly
a!ected by neutrino interactions, turning this matter
proton-rich. Zones #020 to #050 (displayed in green)
have stalled from infall after shock formation and are
ejected thereafter due to neutrino heating and dynamic
e!ects (Fischer et al. 2011). The adjacent zones #051
to #120 are ejected in a prompt way, due to the shock
wave originating from the deconfinement phase transi-
tion (displayed in blue). We clearly see the division of
matter which is ejected in a prompt fashion (blue), mat-
ter which is coasting and falling in again, but gets reac-
celerated outward by neutrino energy deposition (green),
matter which falls back onto the neutron star, but be-
comes part of the neutrino wind ejecta (red), and finally
matter which stays on the neutron star and will never be
ejected (black).

As shown in the bottom part of Fig. 2, the blue and
green zones are neutronized during the collapse via elec-
tron capture to various degrees, depending on the max-
imum density attained. Their Ye-values range from 0.35
to 0.5. The prompt or quasi-prompt ejection does not
change this value (with minor e!ects on the innermost
zones, being partially a!ected by the neutrino wind).
The mass zones in red experience a similar e!ect in their
early evolution during collapse, but the later evolution
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Fig. 2.— top: Radial trajectories of mass elements as a func-
tion of time after bounce. The colors indicate the properties of
these mass elements: black, red, green and blue lines refer to mat-
ter which is either (black) not ejected, (red) part of the neutrino
driven wind, (green) initially stalled matter which gets boosted
by the wind and (blue) matter which experiences a prompt ejec-
tion. bottom: Evolution of Ye as a function of time after the
core bounce. The deconfinement phase transition happens about
0.4s after this initial bounce, causing the explosion and ejection of
matter. The colors are the same as in the top panel.

leads to values of Ye exceeding 0.5. This is similar to
recent studies of the neutrino driven wind (see the in-
troduction and Fischer et al. 2010), where similar neu-
trino and anti-neutrino spectra and flux intensities favor
proton-rich matter due to the neutron-proton mass dif-
ference, resulting in di!erent energies available for the
neutrino/anti-neutrino captures. As the neutrino lumi-
nosity is still high in the ejection phase, we expect !p-
process nucleosynthesis. Finally non-ejected mass zones
(black) can initially also experience interaction with the
neutrino flux and turn proton-rich while still at larger
radii and small(er) densities. Once they settle on the
surface of the neutron star at high densities, capture of
degenerate electrons dominates over the neutrino e!ects
and they turn neutron-rich again.

The thermodynamic conditions (density, temperature
and entropy), which are responsible for the nucleosyn-
thesis results, are shown in Fig. 3 for the ejected mass
zones. These figures indicate a temperature, density and
entropy maximum when the quark-hadron phase transi-
tion occurs, which causes a second core bounce (about
0.4 s after the first bounce at nuclear densities; see Fig. 2)
and an outgoing shock front forms. The expansion fol-
lows a close to constant entropy, i.e. is adiabatic, once
matter is ejected (after 0.4 s for the prompt ejection and

Nucleosynthesis in Supernova Explosions Triggered by a Quark-Hadron Phase Transition 3

ceeds into a collapse which rises the density and convert
hadronic core into quark matter at around the center.
A massive pure quark core forms at the center, where
the EOS sti!ens and the collapse halts, and an accretion
shock forms. The shock wave propagates out of the high-
density supernova core, remaining an accretion front with
no matter outflow. Once it reaches the outer layers of the
central core, where the density drops over several orders
of magnitude, the accretion front accelerates and turns
into a dynamic shock with matter outflow. This moment
determines the onset of an explosion, also for supernova
models which would otherwise not explode in spherical
symmetry, based on explosion mechanisms discussed so
far. Finally, at distances on the order of 100 km the
expanding shock wave merges with the standing shock
from the initial core bounce at nuclear densities, which
was una!ected by the dynamics occurring in the super-
nova core.

When the shock reaches the neutrino-spheres, an addi-
tional millisecond neutrino burst is released. It appears
in all flavors, however dominated by !̄e and !µ/! , in con-
trast to the !e-deleptonization burst related to the early
bounce shock propagation across the neutrino-spheres
between 200 to 500 ms after core bounce. This sec-
ond neutrino burst is of particular interest for water-
Cherenkov neutrino detectors, which are more sensi-
tive to !̄e than to !e. Dasgupta et al. (2010) demon-
strated that the currently operating generation of water-
Cherenkov neutrino detectors (e.g. Super-Kamiokande
and IceCube detectors) can resolve such millisecond neu-
trino burst of the explosion models by Fischer et al.
(2011).

The matter considered for nucleosynthesis studies of
heavy elements (see section 3) belongs originally to the
inner parts of the silicon- and sulfur-layers of the 10.8 M!
progenitor from Woosley et al. (2002), with temperature
and electron fraction of 3 GK and Ye ! 0.5, respectively,
at 800 to 1000 km from the center on the pre-collapse
phase. During the collapse and the explosion, material
contracts and is heated by the shock, and the temper-
ates exceed 100 GK and hence completely dissociate into
free nucleons. At high densities weak processes, mainly
electron captures, establish a very low proton-to-baryon
ratio Ye ! 0.1 during the core-collapse. The further evo-
lution is discussed in detail in section 3.

2.3. Nuclear Reaction Network
The nuclear reaction network utilized for the follow-

ing nucleosynthesis simulations of the ejecta is an ex-
tension of previous ones, which have already been de-
scribed in detail (see, Nishimura et al. 2006; Fujimoto
et al. 2008). The network includes more than 4000 nuclei
from neutrons and protons up to fermium with atomic
number Z = 100 (for detail, see Table 1 in Nishimura
et al. 2006) and includes proton-rich isotopes as well
as neutron-rich ones far from stability. It includes two-
and three-body reactions, decay channels, and electron
as well as positron capture (for details, see network A
in Fujimoto et al. 2007) and screening e!ects for all rel-
evant charged particle reactions. Experimentally deter-
mined masses Audi & Wapstra (1995) and reaction rates
are adopted if available. Otherwise, theoretical predic-
tions for nuclear masses, reaction rates and beta-decays
are applied, based on the Finite Range Droplet Model

FRDM mass model (Möller et al. 1995). Spontaneous
and beta-delayed fission processes (Staudt & Klapdor-
Kleingrothaus (1992)) are taken into account. We adopt
the empirical formula for fission fragments by Kodama
& Takahashi (1975).

We also employ neutrino interactions with matter in
order to include dominant weak interactions a!ecting the
evolution of the overall proton/nucleon ratio Ye. For
(anti-)electron-neutrino captures by nucleons we adopt
reaction rates derived by Qian & Woosley (1996) but
ignore any reactions with heavy isotopes because the
amount of neutrino capture is negligible for the early
phase of nucleosynthesis. The neutrino fluxes, result-
ing from the detailed neutrino-radiation hydrodynamics
calculation described in the previous subsection, are uti-
lized to determine the actual rates as a function of time.
These reaction rates depend on the distance from the
proto-neutron star and the mean energy and luminos-
ity of neutrinos emitted from the proto-neutron star. It
depends on the structure and the evolution, which are
sensitive to EOS, and precise evolution history of ejected
matter including early phase of the core bounce. Thus,
this is di!erent from the treatment of other nuclear re-
action rates, which are determined only by local thermo-
dynamic conditions and density and temperature.

3. NUCLEOSYNTHESIS IN THE EJECTA

3.1. Dynamic Evolution of Ejected Mass Zones
In order to calculate the nucleosynthesis evolution of

ejected matter within a postprocessing approach, the dy-
namic evolution is required in radial Lagrangian mass
zones. For this reason the evolution determined with the
radiation hydrocode AGILE/BOLTZTRAN (see Mezza-
cappa & Bruenn 1993a,b,c; Liebendörfer et al. 2001a)
which is based on an adaptive grid, was mapped on a
Lagrangian grid of 120 mass zones. This provides the
Lagrangian evolution of physical quantities, such as the
density, temperature, electron fraction and velocity of
the ejected material, and in addition the neutrino fluxes
experienced as a function of time.

TABLE 1
Summary of mass zones and their properties

zone # M# [10!2M"] !M# [M"] Ye,NSE tej
001 – 014 0.000 ! 0.208 1.496 " 10!4 0.20 —
015 – 019 0.210 ! 0.216 1.474 " 10!5 # 0.55 1.5 #
020 – 050 0.217 ! 0.232 1.063 " 10!5 # 0.33 # 0.5
051 – 120 0.250 ! 1.482 1.786 " 10!4 0.33 # 0.50 # 0.5

M# : mass coordinates relative to the innermost zone of 1.48M"
!M# : the averaged mass of the zone
Ye,NSE : Ye at the end of NSE (below T = 9 GK)
tej : ejection time after the bounce

The mass zones which are ejected in the explosion are
classified in three di!erent categories, related to their
ejection process and thermodynamic quantities. As listed
in Table 1, zones #001 to #120, given with the ejection
timescale after bounce (tej) and the final Ye,NSE which
is Ye at the end of NSE (below T = 9 GK), cover the
material from the surface of the inner core at 1.48000
M! to layers with a corresponding mass of 1.49482 M!.

•原始中性子星（放出されない）
•ニュートリノ駆動風
•原始中性子星からの風
•delayed 成分
•第二の衝撃波で放出
•prompt 成分
　（放出質量の大部分～98%）

Nucleosynthesis in supernova explosions triggered by a quark-hadron phase transition 3

(2002), were T ! 3 " 109[K] and Ye ! 0.5 at about
800# 1000 [km]. Once the explosion shock reaches these
layers, the material contracts, being shock heated above
T ! 1 " 1011 and hence completely dissociated into free
nucleons. Weak processes, mainly electron captures, es-
tablish a very low proton-to-baryon ratio Ye ! 0.1...

2.2. Nuclear Reaction Network
The nuclear reaction network utilized for following the

nucleosynthesis of the ejecta has already been described
in detail in Nishimura et al. (2006); Fujimoto et al.
(2008). The network includes more than 4000 nuclei
from neutrons and protons up to fermium with atomic
number Z = 100 (see Table 1 in Nishimura et al. 2006).
The network contains two- and three-body reactions, de-
cay channels, and electron as well as positron capture
(for details, see network A in Fujimoto et al. 2007). Ex-
perimentally determined masses and reaction rates are
adopted if available. Otherwise, theoretical predictions
for nuclear masses, reaction rates and beta-decays are ap-
plied, based on the Finite Range Droplet Model FRDM
mass model (Möller et al. 1995). Spontaneous and beta-
delayed fission processes are taken into account in the
network.

We also employ neutrino interactions with matter in
order to include all weak interactions a!ecting the evo-
lution of the overall proton / nucleon ratio Ye (*give
citation*). The neutrino fluxes, resulting from the
detailed (neutrino-)radiation hydrodynamics calculation
described in the previous subsection, are utilized to de-
termine the actual rates as a function of time. This is
di!erent from the treatment of all other reaction rates
which are determined by local thermodynamic conditions
and density and temperature.

3. NUCLEOSYNTHESIS IN THE EJECTA

3.1. Dynamic Evolution of Tracers
In order to calculate the nucleosynthesis evolution of

ejected matter within a postprocessing approach, the dy-
namic evolution is required in radial Lagrangian mass
zones. For this reason the evolution determined with the
radiation hydrocode AGILE/BOLTZTRAN (see Mezza-
cappa & Bruenn 1993a,b,c; Liebendörfer et al. 2001a)
which is based on an adaptive grid, was mapped on a
Lagrangian grid of 130 mass zones. This provides the
the Lagrangian evolution of physical quantities, such as
the density, temperature, and velocity of the ejected ma-
terial, and in addition the neutrino fluxes experienced
as a function of time. The mass zones obtained in this
way are referred to as tracer particles for the remaining
paper.

The tracers which are ejected in the explosion are clas-
sified in three di!erent categories, related to their ejec-
tion process and thermodynamic quantities. As listed in
Table 1, tracers #001 to #100 cover the material from
the surface of inner core to the outer layers with a corre-
sponding mass range from 1.48000 M! to 1.49482 M!.
Their time evolution is also displayed in Fig. 1.

Tracers #001 to #014 are not ejected within 0.5 [s]
after the core bounce. Therefore we ignore them in
the nucleosynthesis processing, plus all matter originat-
ing from regions at smaller radii. In Fig. 1, they are
displayed in black. Tracers #015 to #019 are ejected

TABLE 1
Summary of mass zones and their properties

tracer # mass range [M!] Ye at 0.5 [s] tej [s]
001 - 014 1.48000 ! 1.48208 Ye,f < 0.10 —
015 - 019 1.48210 ! 1.48216 0.50 < Ye,f < 0.55 1.5 "
020 - 050 1.48217 ! 1.48232 0.35 < Ye,f < 0.40 " 0.5
051 - 120 1.48250 ! 1.49482 0.40 < Ye,f < 0.50 " 0.5

by neutrino radiative pressure from the proto-neutron
star surface, i.e. by the so called neutrino driven wind,
shown in red. Tracers #020 to #050 have stalled after
the bounce, however, they are accelerated and ejected
by the neutrino driven wind (displayed in green). Trac-
ers #051 to #120 are ejected in a prompt way, due to
the shock wave originating from the core bounce (dis-
played in blue). We clearly see the division of matter
which is ejected in a prompt fashion after the bounce
(blue), matter which is coasting and falling in again, but
gets reaccelerated outward by neutrino energy deposition
(green), matter which falls back onto the neutron star,
but becomes part of the neutrino wind ejecta (red), and
finally matter which stays on the neutron star and will
never be ejected (black).
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Fig. 1.— top: Radial trajectories of mass elements as a func-
tion of time after bounce. The colors indicate the properties of
these mass elements: black, red, green and blue lines refer to mat-
ter which is either (black) not ejected, (red) part of the neutrino
driven wind, (green) initially stalled matter which gets boosted by
the wind and (blue) matter which experiences a prompt ejection.
bottom: Evolution of Ye as a function of time after bounce. The
colors are the same as in the top panel.

As shown in the bottom part of Fig. 1, the blue and
red zones are neutronized during the collapse via elec-



爆発モデルと元素合成シミュレーション
爆発モデル
•流体力学：AGILE-BOLTZTRAN コード（Liebendörfer et al. 2004）
•（球対称）一般相対論的ニュートリノ輸送 ＋ マイクロ物理
•EOS：Shen EOS（核物質） + MIT bag model（クォーク物質）
•親星：10.8 M by Woosley et al. 2002
元素合成
• 爆発モデルを元にポストプロセス計算
• 初期進化は流体シミュレーションの物理量（NSE 状態）
• （フル）核反応ネットワーク（4000核種以上）
• 反応率一般：REACLIB（Rauscher&Thielemenn 2000）
• 質量公式（理論）：FRDM (Möller et al. 1995)
• 自発、β-delayed 核分裂
• ニュートリノ反応
• 放出物質と原始中性子星の進化に応じてダイナミックに計算
• 核子との反応のみ考慮（Qian & Woosley 1996）
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is exactly what is seen in Figs. 2 and 4 for mass zones
which experience essential neutrino fluxes (weighted by
1/r2) at radii of about 100km. For matter at larger radii
(about 1000km), the timescale for this process is too long
and minor Ye changes occur, i.e. the initial Ye from the
collapse phase is retained. Matter at smaller radii, on top
of the neutron star, experiences high densities and elec-
tron Fermi energies, where electron captures dominate
which make matter neutron-rich.
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Fig. 5.— Ye and entropy S, which set the conditions for explosive
nucleosynthesis at the the time of matter ejection. The innermost
ejected zones are proton-rich due the e!ect of the neutrino wind,
which also heats matter e"ciently, leading to high entropies. The
outer mass zones, ejected in a more prompt fashion keep their orig-
inal (slightly neutron-rich) Ye from the infall/compression phase.

Fig. 5 underlines this e!ect due to neutrino interactions
or electron capture. All outer mass zones keep their orig-
inal Ye, which is due to electron capture at high densities
during the collapse, and ranges from about 0.48 (further
out) to 0.32 (for the inner quasi-prompt ejected matter).
Material which fell in initially onto the surface of the neu-
tron star and is then ejected via the neutrino wind, has
been turned proton-rich by neutrino and anti-neutrino
captures with values up to Ye = 0.55. The neutrino wind
also leads to energy deposition and an entropy increase
to maximum values of about 85 kb per baryon. The en-
tropy in the outer ejected regions is of the order 30-50 kb
per baryon, caused by shock heating during the passage
of the ejection shock wave.

3.3. Nucleosynthesis Results

In the following we show final nucleosynthesis results
for a number of typical mass zones. In order to get a
rough idea about the results of explosive nucleosynthesis,
one can utilize either maximum densities and tempera-
tures prior to an adiabatic expansion or the entropies at-
tained in the expanding matter (in radiation-dominated
regimes S ! T 3/!).
Comparing entries in Fig.5 of (Thielemann et al. 1990)

and Fig.3 of (Thielemann et al. 1996) leads to the conclu-
sion that (a) these are typical conditions for an alpha-rich
freeze-out from explosive Si-burning and (b) one would
expect remaining alpha mass-fractions after charged-
particle freeze-out of the order 20-100%. One should con-
sider, however, that those calculations were performed
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Fig. 6.— Neutron/seed ratio and remaining mass fractions of
4He (!-particles) after charged-particle freeze-out. Both properties
result from the original Ye and entropy S in these mass zones. In
turn they determine the fraction of heavy elements and whether
those experience further neutron capture after charged-particle
freeze-out, which is the key to the pattern of heavy nuclei and the
maximum mass number attained. In the inner part (green lines)
an e!ect is seen, which results from an intermediate fallback before
final ejection. These mass zones experience first (due to the shock
from the deconfinement phase transition) a maximum temperature
and density, expand afterwards close to adiabatically, heat up dur-
ing the intermediate fallback, and then expand freely. The line
indicated with ”no-boost” gives the initial neutron/seed ratio after
the first expansion. The alpha-fraction in the inner zones results
from the reheating phase. The initial expansion at low Ye’s would
result in vanishing alpha-fractions.

for hydrodynamic (i.e. free fall) expansion timescales,
which can di!er from the actual simulation, and a value
of Ye = 0.4988, i.e. matter neither neutron nor proton-
rich. Therefore we expect the following changes (i)
higher/lower entropies within the given variety will lead
to higher/lower remaining alpha-fractions, (ii) higher
Ẏe, i.e. more proton-rich matter causes an alpha-rich
charged-particle freeze-out with remaining free protons,
which can thereafter lead to a "p-process, if a su"cient
flux of electron anti-neutrinos is still present, (iii) smaller
Ye’s, i.e. more neutron-rich matter permits to bypass the
slower triple-alpha reaction via the faster ##n-reaction,
in order to produce heavier nuclei and a reduction in the
remaining alpha-fraction is expected. In addition, free
neutrons are remaining after the charged-particle freeze-
out. With respect to this latter aspect, we expect also
the additional behavior: higher entropies and lower Ye’s
lead to a larger neutron/seed ratio, seed nuclei being the
heaviest nuclei formed after charged-particle freeze-out,
and permit therefore more neutron captures on these
seed-nuclei. Dependent on the neutron to seed ratio,
this could lead to light, medium or strong r-processing,
producing nuclei in the first, second or third r-process
peaks, around A=80, 130 or 195, depending on the ac-
tual n/seed ratio attained.
In Fig. 6 the properties of mass zones #020 to #120

are summarized, those with a Ye < 0.5 which experi-
ence neutron-rich conditions to a varying degree. Prop-
erties (i), i.e. the degree of alpha-rich freeze-out and
(iii), the resulting neutron/seed ratio, are displayed. We
see a complex dependence of these properties on en-
tropy S, Ye, expansion timescale $ , plus further com-
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the production of nuclei up to A = 80 ! 90.

pernovae, exploding by a mechanism based on equations
of state with a low density quark-hadron phase transi-
tion, do only experience a weak r-process in ejected mass
zones which were neutronized during collapse. There is
no matter produced in the third r-process peak. If nor-
malizing the abundance curve at A = 100, in order to
avoid an overproduction of this mass region, also only
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Fig. 10.— Overview of dominating conditions, i.e. abundances
of a few key nuclei after charged-particle freeze-out, as a func-
tion of radial Lagrangian mass, with variations from (a) typical
explosive Si-burning products and an alpha-rich freeze-out in the
outer zones to (b) an increasing remaining neutron abundance af-
ter charged-particle freeze-out, permitting a weak r-process, down
to (c) proton-rich neutrino wind ejecta, permitting the onset of an
!p-process.

a small contribution (less than 10% is expected to the
second r-process peak, i.e. A = 130. The major produc-
tion a!ects the atomic mass range from A = 80 ! 115,
curiously also reproducing a minimum at A = 97 ! 99.
Thus, the type of events discussed here, contribute to the
whole mass region beyond the Fe-group up to A = 115
in a significant way, accompanied by minor contributions
to the second r-process peak at A = 130.

One can argue, that there might exist some uncertainty
in weak interactions (electron captures and neutrino cap-
tures) which determine Ye. For this reason we also re-
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Fig. 9.— Resulting nucleosynthesis for the entire mass zones in
the neutrino wind, experiencing a !p-process. The result is shown
for two options: (a) including the anti-neutrino captures which
turn protons into neutrons in the late phase of nucleosythesis and
permit to overcome the 64Ge beta-decay bottle neck via an (n,p)-
reaction (filled red circles), (b) neglecting this e!ect (open black
circles). It can be seen that the inclusion of anti-neutrino reactions
enhances abundances of nuclei heavier than A = 64 and permits
the production of nuclei up to A = 80 ! 90.

pernovae, exploding by a mechanism based on equations
of state with a low density quark-hadron phase transi-
tion, do only experience a weak r-process in ejected mass
zones which were neutronized during collapse. There is
no matter produced in the third r-process peak. If nor-
malizing the abundance curve at A = 100, in order to
avoid an overproduction of this mass region, also only
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Fig. 10.— Overview of dominating conditions, i.e. abundances
of a few key nuclei after charged-particle freeze-out, as a func-
tion of radial Lagrangian mass, with variations from (a) typical
explosive Si-burning products and an alpha-rich freeze-out in the
outer zones to (b) an increasing remaining neutron abundance af-
ter charged-particle freeze-out, permitting a weak r-process, down
to (c) proton-rich neutrino wind ejecta, permitting the onset of an
!p-process.

a small contribution (less than 10% is expected to the
second r-process peak, i.e. A = 130. The major produc-
tion a!ects the atomic mass range from A = 80 ! 115,
curiously also reproducing a minimum at A = 97 ! 99.
Thus, the type of events discussed here, contribute to the
whole mass region beyond the Fe-group up to A = 115
in a significant way, accompanied by minor contributions
to the second r-process peak at A = 130.

One can argue, that there might exist some uncertainty
in weak interactions (electron captures and neutrino cap-
tures) which determine Ye. For this reason we also re-
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As we do not yet know the frequency of such events, i.e.
which range of the initial mass function of stellar masses
leads to these types of explosions, we show a scaling nor-
malized to the A ! 100 mass region (where the dominant
abundances are obtained). The bottom part of Fig. 11
shows the individual contributions to the overall abun-
dances by the di!erent mass zones as presented in Table
1, Fig. 1 and shown in di!erent colors in Fig. 2 and
3 as well as 5 and 6. The high end of the abundance
distribution in the prompt (blue, dashed) as well as the

delayed (boosted) ejecta (green, solid) is due to the most
neutron-rich conditions with Ye close to 0.33. The outer-
most ejected mass zones with Ye closer to 0.5 contribute
to the Fe-group and matter up to A = 80 (lower range of
mass numbers of blue dashed line). The neutrino-driven
wind (NDW, red line) with slightly proton-rich ejecta (
Ye = 0.55) produces significant abundances only up to
A = 64, if the same normalization for the relevant mass
zones is used (see, however, also Fig. 9).

It is clearly visible that, first of all, objects like these su-
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Fig. 9.— Resulting nucleosynthesis for the entire mass zones in
the neutrino wind, experiencing a !p-process. The result is shown
for two options: (a) including the anti-neutrino captures which
turn protons into neutrons in the late phase of nucleosythesis and
permit to overcome the 64Ge beta-decay bottle neck via an (n,p)-
reaction (filled red circles), (b) neglecting this e!ect (open black
circles). It can be seen that the inclusion of anti-neutrino reactions
enhances abundances of nuclei heavier than A = 64 and permits
the production of nuclei up to A = 80 ! 90.

pernovae, exploding by a mechanism based on equations
of state with a low density quark-hadron phase transi-
tion, do only experience a weak r-process in ejected mass
zones which were neutronized during collapse. There is
no matter produced in the third r-process peak. If nor-
malizing the abundance curve at A = 100, in order to
avoid an overproduction of this mass region, also only
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Fig. 10.— Overview of dominating conditions, i.e. abundances
of a few key nuclei after charged-particle freeze-out, as a func-
tion of radial Lagrangian mass, with variations from (a) typical
explosive Si-burning products and an alpha-rich freeze-out in the
outer zones to (b) an increasing remaining neutron abundance af-
ter charged-particle freeze-out, permitting a weak r-process, down
to (c) proton-rich neutrino wind ejecta, permitting the onset of an
!p-process.

a small contribution (less than 10% is expected to the
second r-process peak, i.e. A = 130. The major produc-
tion a!ects the atomic mass range from A = 80 ! 115,
curiously also reproducing a minimum at A = 97 ! 99.
Thus, the type of events discussed here, contribute to the
whole mass region beyond the Fe-group up to A = 115
in a significant way, accompanied by minor contributions
to the second r-process peak at A = 130.

One can argue, that there might exist some uncertainty
in weak interactions (electron captures and neutrino cap-
tures) which determine Ye. For this reason we also re-
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Fig. 1.— top: Radial trajectories of mass elements as a func-
tion of time after bounce. The colors indicate the properties of
these mass elements: black, red, green and blue lines refer to mat-
ter which is either (black) not ejected, (red) part of the neutrino
driven wind, (green) initially stalled matter which gets boosted by
the wind and (blue) matter which experiences a prompt ejection.
bottom: Evolution of Ye as a function of time after bounce. The
colors are the same as in the top panel.

luminosity is still high in the ejection phase, we expect
!p-process nucleosynthesis. The non-ejected mass zones
(black) experience also a strong neutrino wind and turn
initially also proton-rich while still at larger radii and
small(er) densities. Once they settle on the surface of
the neutron star at high densities, capture of degenerate
electrons dominates over the neutrino e!ects and they
turn neutron-rich again.

The thermodynamic conditions (density, temperature
and entropy), which are responsible for the nucleosyn-
thesis results, are shown in Fig. 2 for the ejected mass
zones. These figures show a temperature, density and en-
tropy maximum when the quark-hadron phase transition
occurs, which causes a second core bounce (about 0.5s
after the first bounce at nuclear densities) (see Fig. fig-
properties) and an outmoving shock front forms. The
expansion in the ejected material follows a constant en-
tropy, i.e. is adiabatic. The fallback of the inner matter,
reaccelerated by neutrino energy deposition, leads to a
further heating after about 1.5s, visible also in a small
entropy rise.

3.2. Neutrino Quantities from the Proto-neutron Star
The properties of the neutrino and anti-neutrino flux

(luminosities, average energies and neutrino sphere radii)
can be found in Fig. 3. It is clearly seen that the initial
bounce (0 s) at nuclear densities leads to a neutrino burst
due to electron captures, while the second shock wave -
caused by the quark-hadron phase transition (0.5 s) - also
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Fig. 2.— Evolutions of temperature (top), density (middle), and
entropy (bottom) of mass elements ejected from the outer regions
as a function of time after bounce.

produces antineutrinos. From that point on in time the
neutrino and anti-neutrino luminosities are comparable
(slightly smaller for anti-neutrinos). The average ener-
gies are larger for anti-neutrinos than for neutrinos, but
the di!erence remains less than 4 MeV. Neutrino and
anti-neutrino captures determine the neutron/proton ra-
tio due to the reactions

!̄e + p ! n + e+ !e + n ! p + e!.

Based on the neutron/proton mass di!erence of " =
1.293 [MeV], (Qian & Woosley 1996) derived expressions
for the rates of both reactions for given neutrino lumi-
nosities. The involved cross sections are proportional to
"0"(E!e/!̄e

±Q)2. Expanding the overall time derivative
of Ye, based on these two reactions, in a Taylor series,
reveals that for equal neutrino and ant-neutrino lumi-
nosities the average anti-neutrino energy has to exceed
the average neutrino energy by 4" = 5.17 [MeV]. There-
fore, for all conditions discussed here, where neutrino and
anti-neutrino captures are responsible for the n/p ratio,

この部分（再加熱）
を無視



最終組成：ニュートリノ駆動風
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Fig. 8.— Top: The comparison of results with (solid) and with-
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ratios of the two cases, based on the full hydrodynamic evolution
with reheating (boost) and the neglection of reheating around 1.5
s.The reheating leads to photodisintegrations, a strong appearance
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Fig. 9.— Resulting nucleosynthesis for the entire mass zones in
the neutrino wind, experiencing a !p-process. The result is shown
for two options: (a) including the anti-neutrino captures which
turn protons into neutrons in the late phase of nucleosynthesis and
permit to overcome the 64Ge beta-decay bottle neck via an (n,p)-
reaction (filled red circles), (b) neglecting this e!ect (open black
circles). It can be seen that the inclusion of anti-neutrino reactions
enhances abundances of nuclei heavier than A = 64 and permits
the production of nuclei up to A = 80! 90.

delayed (boosted) ejecta (green, solid) is due to the most
neutron-rich conditions with Ye close to 0.33. The outer-
most ejected mass zones with Ye closer to 0.5 contribute
to the Fe-group and matter up to A = 80 (lower range of
mass numbers of blue dashed line). The neutrino-driven
wind (NDW, red line) with slightly proton-rich ejecta (
Ye = 0.55) produces significant abundances only up to
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Fig. 10.— Overview of dominating conditions, i.e. abundances
of a few key nuclei after charged-particle freeze-out, as a func-
tion of radial Lagrangian mass, with variations from (a) typical
explosive Si-burning products and an alpha-rich freeze-out in the
outer zones to (b) an increasing remaining neutron abundance af-
ter charged-particle freeze-out, permitting a weak r-process, down
to (c) proton-rich neutrino wind ejecta, permitting the onset of an
!p-process.

A = 64, if the same normalization for the relevant mass
zones is used (see, however, also Fig. 9).
It is clearly visible that, first of all, objects like these su-

pernovae, exploding by a mechanism based on equations
of state with a low density quark-hadron phase transi-
tion, do only experience a weak r-process in ejected mass
zones which were neutronized during collapse. There is
no matter produced in the third r-process peak. If nor-
malizing the abundance curve at A = 100, in order to
avoid an overproduction of this mass region, also only
a small contribution (less than 10% is expected to the

典型的な νp-process（ニュートリノ反応なしと比較）



integrated final abundances

10 Nishimura et al.

peated the present nucleosynthesis calculations with vari-
ations in the initial Ye for the mass zones experiencing
prompt and delayed explosions, according to the recipe

Ye, cor = 0.5 + (Ye ! 0.5) "
!
1 +

pcor

100

"

where Ye, cor’s are corrected ones and pcor denotes the
percentage of uncertainty in deviations of Ye from the
symmetric value 0.5 and enlarges these deviation from
0.5. The nucleosynthesis results are also presented in
Fig. 11 and show the options of obtaining a full r-process.
However, we expect that any uncertainties beyond 10%
are unrealistic. This would not change the discussion of
the results given above.
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Fig. 11.— Integrated abundance distributions as a function of
atomic mass number A for all ejecta in comparison to solar r-
abundances (top) (normalized to the A=100 region) and separated
by ejection process(bottom). We also indicate the e!ect of uncer-
tainties in the Ye determination, given in terms of percentage Pcor.

As is obvious from the discussion above, that only a
”weak” r-process can be supported by the nucleosyn-
thesis conditions found in the explosion mechanism dis-
cussed and presented here, one might wonder whether
such conditions support abundance features found in
”weak r-process” low metallicity stars as observed by
Honda et al. (2006). For this reason we also show such a
comparison in Fig. 12. What can be seen is that these ob-

servations also show sizable r-process features above the
A=130 peak, although weaker than in solar r-element
abundances. If such abundance distributions are the re-
sult of a single nucleosynthesis pollution, also the ”weak”
r-process found in the present paper cannot explain such
features. One could argue, however, that such observed
abundance features are a combination of at least two pol-
lutions, one (low level) solar r-contribution plus another
”weak” r-contribution extending only up to A = 130.
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Fig. 12.— Integrated abundance distributions as a function of
atomic charge number Z in comparison to abundance features in
”weak r-process” low metallicity stars as observed by Honda et al.
(2006). We also indicate the e!ect of uncertainties in the Ye deter-
mination, given in terms of percentage Pcor.

5. DISCUSSION AND SUMMARY

Supernova nucleosynthesis is well understood for the
outer ejected mass zones, which can be well approxi-
mated by a shock wave with appropriate energy pass-
ing through the layers of the progenitor (Woosley &
Weaver 1995; Thielemann et al. 1996; Woosley et al.
2002; Nomoto et al. 2006; Woosley & Heger 2007; Thiele-
mann et al. 2011). What remains uncertain is the com-
position of the innermost ejecta, directly linked to the ex-
plosion mechanism, i.e. the collapse and explosion phase.
In the present paper we analyzed these mass zones of
core-collapse supernovae explosions triggered by a quark-
hadron phase transition during the early post-bounce
phase (Sagert et al. 2009; Fischer et al. 2011). A number
of aspects are important for understanding these results.
The very innermost ejecta are strongly a!ected by the
neutrino wind. Recent investigations noticed that this
neutrino wind turns matter proton-rich, producing spe-
cific Fe-group isotopes and in the subsequent !p-process
nuclei with masses up to A = 80!90 (Liebendörfer et al.
2003; Pruet at al. 2005; Fröhlich et al. 2006a,b; Pruet
at al. 2006; Wanajo 2006). Even in the longterm evo-
lution proton-rich conditions prevail (Fischer et al. 2010;
Hüdepohl et al. 2010). Thus, there seems to exist no
chance to produce r-process matter in these innermost
regions, despite many interesting parameter studies for
neutrino wind ejecta in terms of entropy S, electron frac-
tion Ye and expansion timescale " (Ho!man et al. 1997;
Meyer & Brown 1997; Freiburghaus et al. 1999a; Farouqi
et al. 2010) or hydrodynamic studies, partially with pa-

各成分毎で比較→

Ye の不定（依存）性

10 Nishimura et al.

second r-process peak, i.e. A = 130. The major produc-
tion a!ects the atomic mass range from A = 80 ! 115,
curiously also reproducing a minimum at A = 97 ! 99.
Thus, the type of events discussed here, contribute to the
whole mass region beyond the Fe-group up to A = 115
in a significant way, accompanied by minor contributions
to the second r-process peak at A = 130.
One can argue, that there might exist some uncertainty

in weak interactions (electron captures and neutrino cap-
tures) which determine Ye. For this reason we also re-
peated the present nucleosynthesis calculations with vari-
ations in the initial Ye for the mass zones experiencing
prompt and delayed explosions, according to the recipe

Ye, cor = 0.5 + (Ye ! 0.5)"
!

1 +
pcor
100

"

,

where Ye, cor’s are corrected ones and pcor denotes the
percentage of uncertainty in deviations of Ye from the
symmetric value 0.5 and enlarges these deviation from
0.5. The nucleosynthesis results are also presented in
Fig. 11 and show the options of obtaining a full r-process.
However, we expect that any uncertainties beyond 10%
are unrealistic for the explosion model we adopt in the
current work. Thought we assume 10% di!erences would
not change the discussion of the results given above, for
simulations beyond 10% of uncertainties we need dif-
ferent progenitor, explosion models or additional input
physics i.e. multi dimensional hydrodynamics and di!er-
ent EOS’s.
As is obvious from the discussion above, that only a

”weak” r-process can be supported by the nucleosyn-
thesis conditions found in the explosion mechanism dis-
cussed and presented here, one might wonder whether
such conditions support abundance features found in
”weak r-process” low metallicity stars as observed by
Honda et al. (2006). For this reason we also show such a
comparison in Fig. 12. What can be seen is that these ob-
servations also show sizable r-process features above the
A=130 peak, although weaker than in solar r-element
abundances. If such abundance distributions are the re-
sult of a single nucleosynthesis pollution, also the ”weak”
r-process found in the present paper cannot explain such
features. One could argue, however, that such observed
abundance features are a combination of at least two pol-
lutions, one (low level) solar r-contribution plus another
”weak” r-contribution extending only up to A = 130.

5. DISCUSSION AND SUMMARY

Supernova nucleosynthesis is well understood for
the outer ejected mass zones, which can be well
approximated by a shock wave with appropriate
energy passing through the layers of the progen-
itor (Woosley & Weaver 1995; Thielemann et al.
1996; Woosley et al. 2002; Nomoto et al. 2006;
Woosley & Heger 2007; Thielemann et al. 2011). What
remains uncertain is the composition of the innermost
ejecta, directly linked to the explosion mechanism, i.e.
the collapse and explosion phase. In the present paper
we analyzed these mass zones of core-collapse supernovae
explosions triggered by a quark-hadron phase transition
during the early post-bounce phase (Sagert et al. 2009;
Fischer et al. 2011). A number of aspects are important
for understanding these results. The very innermost
ejecta are strongly a!ected by the neutrino wind.
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※純粋に本モデルに基づいた
不定性としては１０%程度
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integrated final abundances
観測との比較（太陽系、weak r-process）

10 Nishimura et al.

peated the present nucleosynthesis calculations with vari-
ations in the initial Ye for the mass zones experiencing
prompt and delayed explosions, according to the recipe

Ye, cor = 0.5 + (Ye ! 0.5) "
!
1 +

pcor

100

"

where Ye, cor’s are corrected ones and pcor denotes the
percentage of uncertainty in deviations of Ye from the
symmetric value 0.5 and enlarges these deviation from
0.5. The nucleosynthesis results are also presented in
Fig. 11 and show the options of obtaining a full r-process.
However, we expect that any uncertainties beyond 10%
are unrealistic. This would not change the discussion of
the results given above.
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Fig. 11.— Integrated abundance distributions as a function of
atomic mass number A for all ejecta in comparison to solar r-
abundances (top) (normalized to the A=100 region) and separated
by ejection process(bottom). We also indicate the e!ect of uncer-
tainties in the Ye determination, given in terms of percentage Pcor.

As is obvious from the discussion above, that only a
”weak” r-process can be supported by the nucleosyn-
thesis conditions found in the explosion mechanism dis-
cussed and presented here, one might wonder whether
such conditions support abundance features found in
”weak r-process” low metallicity stars as observed by
Honda et al. (2006). For this reason we also show such a
comparison in Fig. 12. What can be seen is that these ob-

servations also show sizable r-process features above the
A=130 peak, although weaker than in solar r-element
abundances. If such abundance distributions are the re-
sult of a single nucleosynthesis pollution, also the ”weak”
r-process found in the present paper cannot explain such
features. One could argue, however, that such observed
abundance features are a combination of at least two pol-
lutions, one (low level) solar r-contribution plus another
”weak” r-contribution extending only up to A = 130.
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Fig. 12.— Integrated abundance distributions as a function of
atomic charge number Z in comparison to abundance features in
”weak r-process” low metallicity stars as observed by Honda et al.
(2006). We also indicate the e!ect of uncertainties in the Ye deter-
mination, given in terms of percentage Pcor.

5. DISCUSSION AND SUMMARY

Supernova nucleosynthesis is well understood for the
outer ejected mass zones, which can be well approxi-
mated by a shock wave with appropriate energy pass-
ing through the layers of the progenitor (Woosley &
Weaver 1995; Thielemann et al. 1996; Woosley et al.
2002; Nomoto et al. 2006; Woosley & Heger 2007; Thiele-
mann et al. 2011). What remains uncertain is the com-
position of the innermost ejecta, directly linked to the ex-
plosion mechanism, i.e. the collapse and explosion phase.
In the present paper we analyzed these mass zones of
core-collapse supernovae explosions triggered by a quark-
hadron phase transition during the early post-bounce
phase (Sagert et al. 2009; Fischer et al. 2011). A number
of aspects are important for understanding these results.
The very innermost ejecta are strongly a!ected by the
neutrino wind. Recent investigations noticed that this
neutrino wind turns matter proton-rich, producing spe-
cific Fe-group isotopes and in the subsequent !p-process
nuclei with masses up to A = 80!90 (Liebendörfer et al.
2003; Pruet at al. 2005; Fröhlich et al. 2006a,b; Pruet
at al. 2006; Wanajo 2006). Even in the longterm evo-
lution proton-rich conditions prevail (Fischer et al. 2010;
Hüdepohl et al. 2010). Thus, there seems to exist no
chance to produce r-process matter in these innermost
regions, despite many interesting parameter studies for
neutrino wind ejecta in terms of entropy S, electron frac-
tion Ye and expansion timescale " (Ho!man et al. 1997;
Meyer & Brown 1997; Freiburghaus et al. 1999a; Farouqi
et al. 2010) or hydrodynamic studies, partially with pa-



まとめ
• r-process 元素合成について
• reproduce A～100 r-element (weak r-process)
• main r-process のためにはは Ye が４０％マイナス
• ( 不定性の範囲内でも main r-process はムリ )
• 別の親星、EOS、多次元モデル etc. があれば。。。
• ニュートリノ駆動風について
• 今回の爆発モデルだと、通常の超新星と同様の環境
• A ～ 60 を越えて A ～ 90 の陽子過剰安定核を生成
• EOS によって Ye の進化やニュートリノ物理量
（光度、平均エネルギー）変わってくればおもしろい


