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Introduction

• r-process and astronomical sites
• Supernova scenario
by a quark-hadron phase transition



CC-SNe as the origin of r-process

Solar System heavy elements
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surviving scenarios for the r-process
� neutrino-driven winds

of SNe
Woosley et al. 1994
Takahashi et al. 1994
Qian & Woosley 1996
Hoffman et al. 1997
Otsuki et al. 2000
Wanajo et al. 2001
Thompson et al. 2001, etc.

SNe
�-wind

NS-NS
BH-NS
�-wind

NS-NS
n-rich 
matter

� neutron-rich 
decompressed matter
of NS-NS
Freiburghaus et al. 1999
Goriely et al. 2005
Metzger et al. 2010, etc.

� black hole winds
of NS-NS, BH-NS
Surman et al. 2008

S. Wanajo ＠NIC-XI

High entropy
　Ye = 0.3 for S～100
low entropy
　Ye = 0.2 for S～10 



r-process Astronomical Sites

astronomical site
r-element mass

(M)
event rate

(1/year/galaxy) type*

Neutrino Driven Wind α ?10-5 10-2 high s
prompt-SN β 10-2 ?10-5 low S

Neutron Star Mergerγ ?10-2 ?10-5 low S
Collapsar Model δ 10-2 ?10-4,-5 high s/low s

Magneto-driven SNε 10-2 ?10-5 low s

Acoustic Wave SN ζ 10-2 ?10-5 high s

α：Woosley et al. (1994), Otsuki et al.(2000) etc.
β：Wanajo(1994), Sumiyoshi(2000) etc.
γ：Freiburghaus et al. (1999), Wanajo et al. (2010) etc.
δ：disk wind: McLaughlin and Surman etc.
　　MHD Jet: Fujimoto(2007) etc.
ε：Nishimura et al. (2006), Nishimura(2011 prep.) etc.
ζ：Otsuki et al. (2011 prep.)

process*: Wanajo (2007)
　　“high s” process (high entropy and not low Ye)
　　“low s” process（low entropy and lowYe）



SN Senario: Quark-Hadron phase transition

collapse Neutron Star
(Magnetar)

Quark star
Phase-transition

Neutrino heating/
MHD driven

release additional
energy



Q-H phase transition Supernova
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FIG. 3: Velocity profiles at different times during the post-
bounce evolution of a 10 M! progenitor model based on eos1,
illustrating the development of the explosion through different
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 affects 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 different phases and the progenitor model. For low
and intermediate mass progenitor models, the energy of
the second shock becomes sufficient 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 γ-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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Stalled shock wave revived by Q-H phase transition
：Sagert et al. (2009), Tobias et al(2011)

•1D General hydrodynamics
  with neutrino radiative transport
•EOS：Shen EOS +  MIT bag model

Dasgupta et al. PRD 81 (2010)
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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]: νe in solid (blue), ν̄e in dashed (red), and νµ/τ 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 ν̄e’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
effects on the SN neutrino signal [18, 19]; since the delep-
tonization burst consists of νe’s, its detection requires
larger neutrino experiments. If the ν̄e 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 ν̄e 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 ν̄e’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 ν̄e’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 ν̄e’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 ν̄e signal observed at
Earth, one must take into account flavor conversions oc-
curring during propagation. In general, neutrino oscil-
lation effects 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 ν̄e flux is strongly en-
hanced with respect to the non-electronic species νx and
ν̄x (where x = µ, τ) while the νe flux is strongly sup-
pressed. In this condition, the conservation of the lep-
ton number prevents the collective νeν̄e → νxν̄x 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 effects 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 θ13 [22]. In the following, we consider two
limits, namely PH ! 0 when sin2 θ13 >

∼ 10−3 (large) and
PH ! 1 when sin2 θ13 <

∼ 10−5 (small). Neglecting for
simplicity Earth matter crossing effects, the electron an-
tineutrino flux Fν̄e at the Earth surface for IH with small
θ13, is given in terms of the primary fluxes F 0

ν by [22]

Fν̄e ! cos2 θ12F
0
ν̄e

+ sin2 θ12F
0
ν̄x

, (1)

Blue：νe　Red： νe　 Green：νμ/τ
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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 affecting 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
different 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 different 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-



Methods and Results

• tracers and nucleosynthesis
• r-process
•νp-process



physical quantities: motion
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which is based on an adaptive grid, was mapped on a
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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.
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tion process and thermodynamic quantities. As listed in
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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.
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ers #051 to #120 are ejected in a prompt way, due to
the shock wave originating from the core bounce (dis-
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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.— 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-
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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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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 effects on the innermost
zones, being partially effected by the neutrino wind).
The mass zones in green experience a similar effect in
their early evolution during collapse, but the later evo-
lution leads to values of Ye exceeding 0.5. This is sim-
ilar to recent studies of the neutrino driven wind (see
the introduction and Fischer et al. 2010), where simi-
lar neutrino and anti-neutrino spectra and flux intensi-
ties favor proton-rich matter due to the neutron-proton
mass difference, resulting in different energies available
for the neutrino/anti-neutrino captures. As the neutrino
luminosity is still high in the ejection phase, we expect
νp-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 effects 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
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 difference remains less than 4 MeV. Neutrino and
anti-neutrino captures determine the neutron/proton ra-
tio due to the reactions

ν̄e + p → n + e+ νe + n → p + e−.

Based on the neutron/proton mass difference of ∆ =
1.293MeV, (Qian & Woosley 1996) derived expressions
for the rates of both reactions for given neutrino lumi-
nositiesr. The involved cross sections are proportional to
σ0×(Eνe/ν̄e

±Q)2. Expanding the overall time derivative
of Ye, based on these two reactions, in a Taylor series,
reveales 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,
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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.

proton-rich conditions are attained, i.e. Ye > 0.5. That
is exactly what is seen in Figs. 1 and 3 for mass zones
which experience essential neutrino fluxes (weighted by
1/r2) at radii of about 100km. Matter at smaller radii
on top of the neutron star experiences high densities and
electron Fermi energies, where electron captures domi-
nate and make matter neutron-rich.

Fig. 4 underlines this effect 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 = 0.6. The neutrino wind
also leads to energy deposition and an entropy increase
to maximum values of about 70 kb per baryon. The en-
tropy in the outer ejected regions is of the order 30-40 kb
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(buttom) as a function of time after bounce.

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 nucleosyn-
thesis, one can utilize either maximum densities and
temperatures prior to an adiabatic expansion or the en-
tropies attained in the expanding matter (in radiation-
dominated regimes S ∝ T 3/ρ). Comparing these entries
to Fig.5 in (Thielemann et al. 1990) and 3 in (Thiele-
mann et al. 1996) leads to the conclusion that (a) these
are typical conditions for an alpha-rich freeze-out from
explosive Si-burning and (b) one would expect remain-
ing alpha mass-fractions after charged-particle freeze-out
of the order 20%. One should consider, however, that
those calculations were performed for hydrodynamic ex-
pansion timescales (not necessarily for an accelerating
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explosion) and a Ye = 0.4988, i.e. matter neither neu-
tron nor proton-rich. Therefore we expect the following
changes (a) higher/lower entropies within the given vari-
ety will lead to higher/lower remaining alpha-fractions,
(b) smaller Ye’s, i.e. more neutron-rich matter permits
to bypass the slower triple-alpha reaction via the faster
ααn-reaction, in order to produce heavier nuclei and a
smaller remaining alpha-fraction is expected. On a sep-
arate aspect, we expect additional changed in this be-
havior: higher entropies and lower Ye’s lead to a larger
neutron/seed ratio, seed nuclei being the heaviest nu-
clei formed after charged-particle freeze-out, and permit
therefore more neutron captures on these seed-nuclei.
Dependent on the neutron to seed ratio, this can lead
to light, medium or strong r-processing, producing nu-
clei in the first, second or third r-process peaks, around
A=80, 130 or 195.

With this background we have a look at the final abun-
dances of representative mass zones, displayed in Fig. 6.
We see in the outer layers remaining alpha-fractions be-
yond 60%. These are regions, which experience entropies
of S = 33−40kb/baryon and Ye’s close to 0.5 and see van-

neutrino quantities
 - Luminosity
 - Energy
 - Radius
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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 affecting 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
different 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 different 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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As shown in the bottom part of Fig. 1, the blue and
red zones are neutronized during the collapse via elec-



Post-process Nucleosynthesis

•weak interaction (Collapase and bounce)
•evolutions of Ye from hydrodynamic explosion model
•NSE abundance ( Temperature > 9 [GK] )

•Nucleosynthesis（α-process, r-process ... ）
•Post processing based on T, ρ and neutrino by SN model
•full Nuclear Reaction Network（Nishimura et al. 2006 etc.）
•4071 isotopes、related reactions（REACLIB）
•weak interaction (FFN + LMP reaction rates)

Collapse, Bounce
and Ejection

Expansion

weak reaction:
 Explosion model
 + NSE composition

free-expansion
full-network calc.



high temperature and density

NSE condition
abundances (NSE)

reactions (weak reaction)

3 × 10−23 T 3 ≤ ρ ≤ 2.4 × 10−8 T 3/2 [g/cc] (1)

1

non-degenerate ideal gas
3 × 10−23 T 3 ≤ ρ ≤ 2.4 × 10−8 T 3/2 [g/cc] (1)

T = 1.0 × 1010 [K] ρ ≤ 2.4 × 107 [g/cc] (2)

T = 5.0 × 109 [K] ρ ≤ 8.5 × 106 [g/cc] (3)

1

3 × 10−23 T 3 ≤ ρ ≤ 2.4 × 10−8 T 3/2 [g/cc] (1)

T = 1.0 × 1010 [K] ρ ≤ 2.4 × 107 [g/cc] (2)

T = 5.0 × 109 [K] ρ ≤ 8.5 × 106 [g/cc] (3)

1

3 × 10−23 T 3 ≤ ρ ≤ 2.4 × 10−8 T 3/2 [g/cc] (1)

T = 1.0 × 1010 [K] ρ ≤ 2.4 × 107 [g/cc] (2)

T = 5.0 × 109 [K] ρ ≤ 8.5 × 106 [g/cc] (3)

1

3 × 10−23 T 3 ≤ ρ ≤ 2.4 × 10−8 T 3/2 [g/cc] (1)

T = 1.0 × 1010 [K] ρ ≤ 2.4 × 107 [g/cc] (2)

T = 5.0 × 109 [K] ρ ≤ 8.5 × 106 [g/cc] (3)

1

T9 > 5-9 [GK]



NSE abundances for tracers

P

P

0 1
2

3
4

5
6

7
8

9 10 11 12
13

14
15 16

17
18

19 20
21 22 23

24 25 26
27 28

29 30

31
32

33 34
35 36 37 38 39

40
41 42

43 44
45 46

47 48
49 50

51 52 53 54
55 56 57 58

n
p
He

Li
Be
B

C
N

O
F

(10)Ne
(11)Na
(12)Mg

(13)Al
(14)Si

(15)P
(16)S

(17)Cl
(18)Ar

(19)K
(20)Ca

(21)Sc
(22)Ti

(23)V
(24)Cr

(25)Mn
(26)Fe

(27)Co
(28)Ni

(29)Cu
(30)Zn

(31)Ga
(32)Ge

(33)As
(34)Se

(35)Br
(36)Kr

Log X

0 -10 -20

0

-20

Log Xn

N
20 50

0

-20

Log Ya

A
100 150 200

Log t/sec
-20
t = 1.0e+00 sec

Log Xn    
 -0.42

P

P

0 1
2

3
4

5
6

7
8

9 10 11 12
13

14
15 16

17
18

19 20
21 22 23

24 25 26
27 28

29 30

31
32

33 34
35 36 37 38 39

40
41 42

43 44
45 46

47 48
49 50

51 52 53 54
55 56 57 58

n
p

He
Li
Be
B

C
N

O
F

(10)Ne
(11)Na
(12)Mg

(13)Al
(14)Si

(15)P
(16)S

(17)Cl
(18)Ar

(19)K
(20)Ca

(21)Sc
(22)Ti

(23)V
(24)Cr

(25)Mn
(26)Fe

(27)Co
(28)Ni

(29)Cu
(30)Zn

(31)Ga
(32)Ge

(33)As
(34)Se

(35)Br
(36)Kr

Log X

0 -10 -20

0

-20

Log Xn

N
20 50

0

-20

Log Ya

A
100 150 200

Log t/sec
-20
t = 1.0e+00 sec

Log Xn    
 -0.42

P

P

0 1
2

3
4

5
6

7
8

9 10 11 12
13

14
15 16

17
18

19 20
21 22 23

24 25 26
27 28

29 30

31
32

33 34
35 36 37 38 39

40
41 42

43 44
45 46

47 48
49 50

51 52 53 54
55 56 57 58

n
p

He
Li
Be
B

C
N

O
F

(10)Ne
(11)Na
(12)Mg

(13)Al
(14)Si

(15)P
(16)S

(17)Cl
(18)Ar

(19)K
(20)Ca

(21)Sc
(22)Ti

(23)V
(24)Cr

(25)Mn
(26)Fe

(27)Co
(28)Ni

(29)Cu
(30)Zn

(31)Ga
(32)Ge

(33)As
(34)Se

(35)Br
(36)Kr

Log X

0 -10 -20

0

-20

Log Xn

N
20 50

0

-20

Log Ya

A
100 150 200

Log t/sec
-20
t = 2.0e+00 sec

Log Xn    
 -0.46

P

P

0 1
2

3
4

5
6

7
8

9 10 11 12
13

14
15 16

17
18

19 20
21 22 23

24 25 26
27 28

29 30

31
32

33 34
35 36 37 38 39

40
41 42

43 44
45 46

47 48
49 50

51 52 53 54
55 56 57 58

n
p

He
Li
Be
B

C
N

O
F

(10)Ne
(11)Na
(12)Mg

(13)Al
(14)Si

(15)P
(16)S

(17)Cl
(18)Ar

(19)K
(20)Ca

(21)Sc
(22)Ti

(23)V
(24)Cr

(25)Mn
(26)Fe

(27)Co
(28)Ni

(29)Cu
(30)Zn

(31)Ga
(32)Ge

(33)As
(34)Se

(35)Br
(36)Kr

Log X

0 -10 -20

0

-20

Log Xn

N
20 50

0

-20

Log Ya

A
100 150 200

Log t/sec
-20
t = 2.0e+00 sec

Log Xn    
 -0.46

   t9= 9.16454 rho= 1.76696E+07 ye=0.33371  log(t)= 9.96211 log(rho)= 7.24723
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  13  22   6  13   C13  5.6627503E-10 0.000E+00 0.000E+00

   t9= 9.16454 rho= 1.76696E+07 ye=0.33371  log(t)= 9.96211 log(rho)= 7.24723
0 nse  mass fraction  
 jq=  0  log(t)= 9.96211  log(rho)= 7.24723  ye=0.33370800 yi=0.56764059
  no   i   z   a              x         ry(ec)    ry(pc)
   1   6   2   4   He4  5.7641774E-01 0.000E+00 0.000E+00
   2   1   0   1     n  3.7803856E-01 0.000E+00 7.918E-02
   3   2   1   1     p  4.5456105E-02 2.952E-03 0.000E+00
   4   3   1   2     D  7.8632120E-05 0.000E+00 0.000E+00
   5   4   1   3     T  4.8630673E-06 0.000E+00 0.000E+00
   6  12   4   8   Be8  3.7365977E-06 0.000E+00 0.000E+00
   7   5   2   3   He3  2.2252386E-07 0.000E+00 0.000E+00
   8  21   6  12   C12  1.2162225E-07 0.000E+00 0.000E+00
   9   8   3   6   Li6  9.2243331E-09 0.000E+00 0.000E+00
  10  30   8  16   O16  2.5193770E-09 0.000E+00 0.000E+00
  11   9   3   7   Li7  2.1376463E-09 0.000E+00 0.000E+00
  12  22   6  13   C13  1.9018450E-09 0.000E+00 0.000E+00
  13  13   4   9   Be9  1.8196786E-09 0.000E+00 0.000E+00
  14   7   2   6   He6  8.1034995E-10 0.000E+00 0.000E+00
  15  27   7  15   N15  6.2659197E-10 0.000E+00 0.000E+00
  16  18   5  11   B11  4.4785476E-10 0.000E+00 0.000E+00
  17  23   6  14   C14  4.3760157E-10 0.000E+00 0.000E+00
  18  26   7  14   N14  7.1541090E-11 0.000E+00 0.000E+00
  19  31   8  17   O17  4.6429613E-11 0.000E+00 0.000E+00
  20  14   4  10  Be10  4.0244640E-11 0.000E+00 0.000E+00
  21  11   4   7   Be7  3.2097527E-11 0.000E+00 0.000E+00
  22  17   5  10   B10  2.5443687E-11 0.000E+00 0.000E+00
  23  16   5   9    B9  2.1023099E-11 0.000E+00 0.000E+00
  24  25   7  13   N13  5.1093780E-12 0.000E+00 0.000E+00
  25  32   8  18   O18  3.9538116E-12 0.000E+00 0.000E+00
  26  45  10  20  Ne20  3.4509237E-12 0.000E+00 0.000E+00
  27  65  12  26  Mg26  2.2623949E-12 6.075E-19 4.448E-16
  28  47  10  22  Ne22  2.2127748E-12 3.805E-20 5.717E-16
  29  85  14  30  Si30  2.1378432E-12 1.542E-18 1.336E-16
  30  20   6  11   C11  1.6242819E-12 0.000E+00 0.000E+00
  31  46  10  21  Ne21  1.3819582E-12 3.162E-18 1.438E-16
  32  38   9  19   F19  1.1690394E-12 0.000E+00 0.000E+00
  33  54  11  23  Na23  9.9574406E-13 4.837E-18 5.325E-17
  34  63  12  24  Mg24  9.8263680E-13 5.663E-18 4.065E-21
  35  29   8  15   O15  8.5609085E-13 0.000E+00 0.000E+00
  36  64  12  25  Mg25  7.6650016E-13 8.275E-18 3.994E-17
  37  74  13  27  Al27  6.3259078E-13 3.900E-17 1.637E-17
  38  84  14  29  Si29  6.1303054E-13 1.180E-17 1.034E-17
  39  10   3   8   Li8  5.9721721E-13 0.000E+00 0.000E+00
  40  86  14  31  Si31  5.1093837E-13 3.909E-19 1.604E-16
   average b.e. =  4.0775642E+00 (MeV/n)
   t9= 9.08330 rho= 1.14746E+07 ye=0.36830  log(t)= 9.95824 log(rho)= 7.05974
0 nse  mass fraction  
 jq=  0  log(t)= 9.95824  log(rho)= 7.05974  ye=0.36830100 yi=0.56741343
  no   i   z   a              x         ry(ec)    ry(pc)
   1   6   2   4   He4  5.7671943E-01 0.000E+00 0.000E+00
   2   1   0   1     n  3.4329333E-01 0.000E+00 7.344E-02
   3   2   1   1     p  7.9896356E-02 4.631E-03 0.000E+00
   4   3   1   2     D  8.4705918E-05 0.000E+00 0.000E+00
   5   4   1   3     T  3.3607706E-06 0.000E+00 0.000E+00
   6  12   4   8   Be8  2.4508372E-06 0.000E+00 0.000E+00
   7   5   2   3   He3  2.9509233E-07 0.000E+00 0.000E+00
   8  21   6  12   C12  5.7292597E-08 0.000E+00 0.000E+00
   9   8   3   6   Li6  6.6533730E-09 0.000E+00 0.000E+00
  10   9   3   7   Li7  1.0003146E-09 0.000E+00 0.000E+00
  11  30   8  16   O16  8.4750555E-10 0.000E+00 0.000E+00
  12  13   4   9   Be9  7.2935274E-10 0.000E+00 0.000E+00
  13  22   6  13   C13  5.6627503E-10 0.000E+00 0.000E+00

  14   7   2   6   He6  2.9279695E-10 0.000E+00 0.000E+00
  15  27   7  15   N15  1.5883385E-10 0.000E+00 0.000E+00
  16  18   5  11   B11  1.5222787E-10 0.000E+00 0.000E+00
  17  23   6  14   C14  8.5424873E-11 0.000E+00 0.000E+00
  18  11   4   7   Be7  2.8536250E-11 0.000E+00 0.000E+00
  19  26   7  14   N14  2.6840618E-11 0.000E+00 0.000E+00
  20  16   5   9    B9  1.5971516E-11 0.000E+00 0.000E+00
  21  17   5  10   B10  1.2710464E-11 0.000E+00 0.000E+00
  22  14   4  10  Be10  1.0413471E-11 0.000E+00 0.000E+00
  23  31   8  17   O17  9.7173838E-12 0.000E+00 0.000E+00
  24  25   7  13   N13  2.8461701E-12 0.000E+00 0.000E+00
  25  20   6  11   C11  1.0356775E-12 0.000E+00 0.000E+00
  26  45  10  20  Ne20  7.9940729E-13 0.000E+00 0.000E+00
  27  32   8  18   O18  5.4003198E-13 0.000E+00 0.000E+00
  28  29   8  15   O15  4.0354522E-13 0.000E+00 0.000E+00
  29  47  10  22  Ne22  2.2183824E-13 3.078E-21 5.658E-17
  30  46  10  21  Ne21  2.0706081E-13 4.024E-19 2.129E-17
  31  38   9  19   F19  2.0310235E-13 0.000E+00 0.000E+00
  32  10   3   8   Li8  1.7091204E-13 0.000E+00 0.000E+00
  33  65  12  26  Mg26  1.6792120E-13 3.705E-20 3.216E-17
  34  63  12  24  Mg24  1.6650085E-13 8.074E-19 6.134E-22
  35  54  11  23  Na23  1.2807695E-13 5.297E-19 6.751E-18
  36  85  14  30  Si30  1.1810577E-13 6.965E-20 7.183E-18
  37  64  12  25  Mg25  8.4422477E-14 7.894E-19 4.310E-18
  38  19   5  12   B12  7.6664344E-14 0.000E+00 0.000E+00
  39  74  13  27  Al27  6.0043348E-14 3.159E-18 1.517E-18
  40  83  14  28  Si28  5.1529102E-14 9.663E-19 2.223E-22
   average b.e. =  4.0796913E+00 (MeV/n)
   t9= 9.34203 rho= 6.17584E+06 ye=0.45134  log(t)= 9.97044 log(rho)= 6.79070
0 nse  mass fraction  
 jq=  0  log(t)= 9.97044  log(rho)= 6.79070  ye=0.45134300 yi=0.72403634
  no   i   z   a              x         ry(ec)    ry(pc)
   1   6   2   4   He4  3.6785234E-01 0.000E+00 0.000E+00
   2   1   0   1     n  3.6465686E-01 0.000E+00 9.634E-02
   3   2   1   1     p  2.6734346E-01 1.719E-02 0.000E+00
   4   3   1   2     D  1.4360240E-04 0.000E+00 0.000E+00
   5   4   1   3     T  2.5027556E-06 0.000E+00 0.000E+00
   6   5   2   3   He3  7.1119032E-07 0.000E+00 0.000E+00
   7  12   4   8   Be8  5.2188898E-07 0.000E+00 0.000E+00
   8   8   3   6   Li6  3.5236660E-09 0.000E+00 0.000E+00
   9  21   6  12   C12  3.0602468E-09 0.000E+00 0.000E+00
  10   9   3   7   Li7  2.2468669E-10 0.000E+00 0.000E+00
  11  13   4   9   Be9  7.9382788E-11 0.000E+00 0.000E+00
  12   7   2   6   He6  5.4210743E-11 0.000E+00 0.000E+00
  13  11   4   7   Be7  2.1399747E-11 0.000E+00 0.000E+00
  14  22   6  13   C13  1.3917546E-11 0.000E+00 0.000E+00
  15  30   8  16   O16  1.1564189E-11 0.000E+00 0.000E+00
  16  18   5  11   B11  8.2823490E-12 0.000E+00 0.000E+00
  17  16   5   9    B9  5.8463764E-12 0.000E+00 0.000E+00
  18  27   7  15   N15  1.9278038E-12 0.000E+00 0.000E+00
  19  17   5  10   B10  1.8921245E-12 0.000E+00 0.000E+00
  20  26   7  14   N14  8.7196388E-13 0.000E+00 0.000E+00
  21  23   6  14   C14  8.6171289E-13 0.000E+00 0.000E+00
  22  14   4  10  Be10  4.8818828E-13 0.000E+00 0.000E+00
  23  25   7  13   N13  2.4504756E-13 0.000E+00 0.000E+00
  24  20   6  11   C11  1.9574754E-13 0.000E+00 0.000E+00
  25  31   8  17   O17  6.3190414E-14 0.000E+00 0.000E+00
  26  10   3   8   Li8  1.9581854E-14 0.000E+00 0.000E+00
  27  29   8  15   O15  1.7485258E-14 0.000E+00 0.000E+00
  28  45  10  20  Ne20  3.1231554E-15 0.000E+00 0.000E+00
  29  19   5  12   B12  2.0293080E-15 0.000E+00 0.000E+00
  30  32   8  18   O18  1.4842984E-15 0.000E+00 0.000E+00
  31  38   9  19   F19  7.1613015E-16 0.000E+00 0.000E+00
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Fig. 3.— Luminosities of neutrinos and anti-neutrinos (top), their
average energies (middle) and corresponding neutrino sphere radii
(buttom) as a function of time after bounce.

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 nucleosyn-
thesis, one can utilize either maximum densities and
temperatures prior to an adiabatic expansion or the en-
tropies attained in the expanding matter (in radiation-
dominated regimes S ∝ T 3/ρ). Comparing these entries
to Fig.5 in (Thielemann et al. 1990) and 3 in (Thiele-
mann et al. 1996) leads to the conclusion that (a) these
are typical conditions for an alpha-rich freeze-out from
explosive Si-burning and (b) one would expect remain-
ing alpha mass-fractions after charged-particle freeze-out
of the order 20%. One should consider, however, that
those calculations were performed for hydrodynamic ex-
pansion timescales (not necessarily for an accelerating
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zones are proton-rich due the effect of the neutrino wind, which
also heats matter efficiently, leading to high entropies. The outer
mass zones, ejected in a more prompt fashion keep their original
(slightly neutron-rich) Ye from the infall/compression phase.
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Fig. 5.— Neutron/seed ratio and remaining mass fractions of 4He
(α-particles) after charged-particle freeze-out. Both properties re-
sult 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 maxi-
mum mass number attained.

explosion) and a Ye = 0.4988, i.e. matter neither neu-
tron nor proton-rich. Therefore we expect the following
changes (a) higher/lower entropies within the given vari-
ety will lead to higher/lower remaining alpha-fractions,
(b) smaller Ye’s, i.e. more neutron-rich matter permits
to bypass the slower triple-alpha reaction via the faster
ααn-reaction, in order to produce heavier nuclei and a
smaller remaining alpha-fraction is expected. On a sep-
arate aspect, we expect additional changed in this be-
havior: higher entropies and lower Ye’s lead to a larger
neutron/seed ratio, seed nuclei being the heaviest nu-
clei formed after charged-particle freeze-out, and permit
therefore more neutron captures on these seed-nuclei.
Dependent on the neutron to seed ratio, this can lead
to light, medium or strong r-processing, producing nu-
clei in the first, second or third r-process peaks, around
A=80, 130 or 195.

With this background we have a look at the final abun-
dances of representative mass zones, displayed in Fig. 6.
We see in the outer layers remaining alpha-fractions be-
yond 60%. These are regions, which experience entropies
of S = 33−40kb/baryon and Ye’s close to 0.5 and see van-
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a rough idea about the results of explosive nucleosyn-
thesis, one can utilize either maximum densities and
temperatures prior to an adiabatic expansion or the en-
tropies attained in the expanding matter (in radiation-
dominated regimes S ∝ T 3/ρ). Comparing these entries
to Fig.5 in (Thielemann et al. 1990) and 3 in (Thiele-
mann et al. 1996) leads to the conclusion that (a) these
are typical conditions for an alpha-rich freeze-out from
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explosion) and a Ye = 0.4988, i.e. matter neither neu-
tron nor proton-rich. Therefore we expect the following
changes (a) higher/lower entropies within the given vari-
ety will lead to higher/lower remaining alpha-fractions,
(b) smaller Ye’s, i.e. more neutron-rich matter permits
to bypass the slower triple-alpha reaction via the faster
ααn-reaction, in order to produce heavier nuclei and a
smaller remaining alpha-fraction is expected. On a sep-
arate aspect, we expect additional changed in this be-
havior: higher entropies and lower Ye’s lead to a larger
neutron/seed ratio, seed nuclei being the heaviest nu-
clei formed after charged-particle freeze-out, and permit
therefore more neutron captures on these seed-nuclei.
Dependent on the neutron to seed ratio, this can lead
to light, medium or strong r-processing, producing nu-
clei in the first, second or third r-process peaks, around
A=80, 130 or 195.

With this background we have a look at the final abun-
dances of representative mass zones, displayed in Fig. 6.
We see in the outer layers remaining alpha-fractions be-
yond 60%. These are regions, which experience entropies
of S = 33−40kb/baryon and Ye’s close to 0.5 and see van-
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Fig. 8.— Overview of dominating ejecta composition 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, showing the onset of an
νp-process. *The top three figures show these results for a-c after
charged-particle freeze-out, the last figure gives an integrated view
of all these zones for the final ejecta composition, with a few key
nuclei, also indicating which maximum mass number A is attained
as a function of Lagrangian mass coordinate*.

10-2

10-1

100

101

102

 50  70  90  110  130

ab
un

da
nc

e

mass number

result
solar

10-2

10-1

100

101

102

 50  70  90  110  130

ab
un

da
nc

e

mass number

result
solar

Fig. 9.— Integrated abundance distributions. Both of figures
show the same result, but scaled differently. The (top) is normal-
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5. DISCUSSION AND SUMMARY

In the present paper we analyzed the nucleosynthesis 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 affected 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 νp-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 this innermost
regions, despite many interesting parameter studies for
neutrino wind ejecta in terms of entropy S, Ye and expan-
sion timescale τ (Hoffman et al. 1997; Meyer & Brown
1997; Freiburghaus et al. 1999a; Farouqi et al. 2010) or
hydrodynamic studies, partially with parameter varia-
tions (Arcones et al. 2007; Kuroda et al. 2008; Panov
& Janka 2009; Roberts et al. 2010; Arcones & Montes
2011).

In order to obtain r-process conditions, there seems
to exist a better chance to eject neutron-rich matter, if
it stems from the initial collapse and compression, where
electron captures made it neutron-rich, early in an explo-
sion, before neutrino interactions have the chance to turn
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Fig. 8.— Overview of dominating ejecta composition 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, showing the onset of an
νp-process. *The top three figures show these results for a-c after
charged-particle freeze-out, the last figure gives an integrated view
of all these zones for the final ejecta composition, with a few key
nuclei, also indicating which maximum mass number A is attained
as a function of Lagrangian mass coordinate*.
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Fig. 9.— Integrated abundance distributions. Both of figures
show the same result, but scaled differently. The (top) is normal-
ized around the A = 130 peak and (bottom) is normalized around
A = 100

5. DISCUSSION AND SUMMARY

In the present paper we analyzed the nucleosynthesis 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 affected 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 νp-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 this innermost
regions, despite many interesting parameter studies for
neutrino wind ejecta in terms of entropy S, Ye and expan-
sion timescale τ (Hoffman et al. 1997; Meyer & Brown
1997; Freiburghaus et al. 1999a; Farouqi et al. 2010) or
hydrodynamic studies, partially with parameter varia-
tions (Arcones et al. 2007; Kuroda et al. 2008; Panov
& Janka 2009; Roberts et al. 2010; Arcones & Montes
2011).

In order to obtain r-process conditions, there seems
to exist a better chance to eject neutron-rich matter, if
it stems from the initial collapse and compression, where
electron captures made it neutron-rich, early in an explo-
sion, before neutrino interactions have the chance to turn

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 affecting 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
different 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 different 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-

Ye > 0.4

0.35 < Ye < 0.4

dominant abundances:
at the time of alpha freezeout
(the beginning of r-process)
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Fig. 6.— Final nucleosynthesis results for a number of mass zones, ranging from the innermost ejected matter up to the outermost layers.
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Fig. 6.— Final nucleosynthesis results for a number of mass zones, ranging from the innermost ejected matter up to the outermost layers.
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ishing neutron/seed ratios. Thus, we expect essentially
the production of the Fe-group up to A=60-70. This can
be observed in the last three subfigures of Fig. 6. One can
also see a variation in the final carbon-fraction, underlin-
ing how effective the bridging of the alpha-to-carbon bot-
tle neck of reactions is in comparison to subsequent cap-
ture reactions to heavier nuclei. Moving further in, with
slightly increasing entropies and decreasing Ye’s, one ob-
serves initially the formation of the A=80-90 peak, still
with a large fraction of matter in the Fe-group. This
changes then to a dominating A=80-100 mass range. At
even smaller radii (Ye’s as small as 0.33), also the A=130
peak starts to be populated, but it never dominates the
abundances.

The second subfigure shows an interesting behavior,
the is no remaining alpha-fraction seen. This is due to
the second temperature and density peak in Fig. 2, i.e.
the matter stemming from an initially alpha-rich freeze-
out is heated and compressed for a second time, when
the previously remaining alphas are incorporated into
heavier nuclei.

Deeper mass zones, ejected via the neutrino wind turn
on the one hand proton-rich, on the other hand they ex-
perience entropies as high as 70 kb per baryon. These are
conditions where we expect a νp-process (Fröhlich et al.
2006b; Pruet at al. 2006; Wanajo 2006). This is, in
fact, what can be seen in Fig. 7. In the proton-rich envi-
ronment, anti-neutrino captures on free protons produce
neutron and permit to overcome the rp-process waiting
point 64Ge via an (n, p)-reaction instead of a slower β+-
decay. in this way nuclei up to A=80 can be produced
on the proton-rich side of stability.

4. SURVEY AND INTEGRATED COMPOSITION

After having discussed the individual composition,
ejected from different positions in the exploding model,
we want to give a survey of the composition attained in
all mass zones of explosive Si-burning and discuss the
overall features of the integrated yields. The survey is
displayed in Fig. 8. Essentially all mass zones, as total
entropies in excess of S=30 kb per baryon are attained
everywhere, experience an alpha-rich freeze-out. In the
outer mass zones with a Ye close to 0.5 this produces
high alpha-fractions plus dominantly 56Ni. Moving some-
what further in with slightly increasing entropies, no-
ticeable amounts of 64Ge are produced as well, with the
64Ge/56Ni being a measure of entropy. Decreasing Ye,
i.e. more neutron-rich conditions, change the pure alpha-
rich charged particle freeze-out into one with remaining
free neutrons, which permit an additional sequence of
neutron captures. For Ye=0.33 this effect reaches its
maximum, producing nucleosynthesis ejecta in the mass
A=130 peak, higher Ye’s only permit to move up to about
A=90. Finally the innermost proton-rich zones, with
higher entropies of about S=70 kb per baryon and expe-
riencing a continuous neutrino-flux, turned proton-rich
again with Ye = 0.6. This causes a νp-process, produc-
ing also nuclei up to A=90, but on the proton-rich side
of stability, especially Sr, Y, and Zr isotopes.

After this survey of the ejecta composition as a func-
tion of radial mass coordinate, we want to present an
integrated overall impression, at least for those inner
mass zones which experience conditions for the forma-
tion of nuclei beyond the Fe-group. Fig. 9 shows the
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Fig. 7.— Resulting nucleosynthesis for two mass zones in the
neutrino wind, experiencing a νp-process. In both cases the results
are shown for two options: (a) including the neutrino interactions
which turn protons into neutrons, (b) neglecting this effect. It can
be seen that the inclusion of these reactions permits the production
of nuclei up to A=80-90.*I am not sure wether it is better to show
these overproductions ratios or rather better abundances, as did
all other nup-process papers (Froehlich, Pruet ...)*

composition for this range in mass numbers in compar-
ison to solar r-abundances. As we do not yet know the
frequency of such events, i.e. which range of the ini-
tial mass function of stellar masses leads to these types
of explosions, we show two possible scalings, one normal-
ized to the A=130 r-process peak, another one nornalized
to the A∼100 mass region. However, we do not expect
these objects to be the main Fe/Ni producers in galaxies,
and they should not cause overabundances in the mass
A=100 range. Therefore, the bottom figure gives proba-
bly a more reasonable scenario.

It is then clearly visible that, first of all, objects like
these supernovae, exploding by a mechanism based on
equations of state with a low density quark-hadron phase
transition, do only experience a weak r-process. There
is no matter produced in the third r-process peak. And
with the second (more reasonable) normalization, also
only a small contribution (less than 10%) is expected
to the second r-process peak, i.e. A=130. The major
production affects the atomic mass range from A=80 to
115, curiously also reproducing a minimum at A=97-99.
*The lower mass region, being produced in a νp-process,
is independently shown as a blue line, contributing sig-
nigicantly up A=80-90???* Thus, the type of events dis-
cussed here, contribute to the whole mass region beyond
the Fe-group up to A=115 in a significant way, accompa-
nied by minor contributions to the second r-process peak
at A=130.
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Fig. 8.— Overview of dominating ejecta composition 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, showing the onset of an
νp-process. *The top three figures show these results for a-c after
charged-particle freeze-out, the last figure gives an integrated view
of all these zones for the final ejecta composition, with a few key
nuclei, also indicating which maximum mass number A is attained
as a function of Lagrangian mass coordinate*.
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Fig. 9.— Integrated abundance distributions. Both of figures
show the same result, but scaled differently. The (top) is normal-
ized around the A = 130 peak and (bottom) is normalized around
A = 100

5. DISCUSSION AND SUMMARY

In the present paper we analyzed the nucleosynthesis 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 affected 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 νp-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 this innermost
regions, despite many interesting parameter studies for
neutrino wind ejecta in terms of entropy S, Ye and expan-
sion timescale τ (Hoffman et al. 1997; Meyer & Brown
1997; Freiburghaus et al. 1999a; Farouqi et al. 2010) or
hydrodynamic studies, partially with parameter varia-
tions (Arcones et al. 2007; Kuroda et al. 2008; Panov
& Janka 2009; Roberts et al. 2010; Arcones & Montes
2011).

In order to obtain r-process conditions, there seems
to exist a better chance to eject neutron-rich matter, if
it stems from the initial collapse and compression, where
electron captures made it neutron-rich, early in an explo-
sion, before neutrino interactions have the chance to turn

on set of νp-process
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Fig. 8.— Overview of dominating ejecta composition 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, showing the onset of an
νp-process. *The top three figures show these results for a-c after
charged-particle freeze-out, the last figure gives an integrated view
of all these zones for the final ejecta composition, with a few key
nuclei, also indicating which maximum mass number A is attained
as a function of Lagrangian mass coordinate*.
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Fig. 9.— Integrated abundance distributions. Both of figures
show the same result, but scaled differently. The (top) is normal-
ized around the A = 130 peak and (bottom) is normalized around
A = 100

5. DISCUSSION AND SUMMARY

In the present paper we analyzed the nucleosynthesis 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 affected 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 νp-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 this innermost
regions, despite many interesting parameter studies for
neutrino wind ejecta in terms of entropy S, Ye and expan-
sion timescale τ (Hoffman et al. 1997; Meyer & Brown
1997; Freiburghaus et al. 1999a; Farouqi et al. 2010) or
hydrodynamic studies, partially with parameter varia-
tions (Arcones et al. 2007; Kuroda et al. 2008; Panov
& Janka 2009; Roberts et al. 2010; Arcones & Montes
2011).

In order to obtain r-process conditions, there seems
to exist a better chance to eject neutron-rich matter, if
it stems from the initial collapse and compression, where
electron captures made it neutron-rich, early in an explo-
sion, before neutrino interactions have the chance to turn
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Fig. 8.— Overview of dominating ejecta composition 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, showing the onset of an
νp-process. *The top three figures show these results for a-c after
charged-particle freeze-out, the last figure gives an integrated view
of all these zones for the final ejecta composition, with a few key
nuclei, also indicating which maximum mass number A is attained
as a function of Lagrangian mass coordinate*.
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Fig. 9.— Integrated abundance distributions. Both of figures
show the same result, but scaled differently. The (top) is normal-
ized around the A = 130 peak and (bottom) is normalized around
A = 100

5. DISCUSSION AND SUMMARY

In the present paper we analyzed the nucleosynthesis 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 affected by the
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neutrino wind turns matter proton-rich, producing spe-
cific Fe-group isotopes and in the subsequent νp-process
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Hüdepohl et al. 2010). Thus, there seems to exist no
chance to produce r-process matter in this innermost
regions, despite many interesting parameter studies for
neutrino wind ejecta in terms of entropy S, Ye and expan-
sion timescale τ (Hoffman et al. 1997; Meyer & Brown
1997; Freiburghaus et al. 1999a; Farouqi et al. 2010) or
hydrodynamic studies, partially with parameter varia-
tions (Arcones et al. 2007; Kuroda et al. 2008; Panov
& Janka 2009; Roberts et al. 2010; Arcones & Montes
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In order to obtain r-process conditions, there seems
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it stems from the initial collapse and compression, where
electron captures made it neutron-rich, early in an explo-
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Conclusions



Conclusions
• neutron rich component (main)

• reproduce A～100 r-element (weak r-process)

• ( strong r-process does not occur )

• proton rich componet

• up to A=90 isotopes byνp-process

• (distribution is minor)
Perspective
•Multi Dimensional Explosion Simulations
  → Ye is sensitive to dynamics
  → Nucleosynthesis also quite sensitive to Ye


