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Newtrino Driven Wind
self-consistent simulation of NDW based on
state of the art hydrodynamic simulation
( in 1D: spherical symmetry ) Fischer et al. 2010
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Fig. 10. Evolution of selected mass elements in the neutrino-driven wind (as listed in graph a) from 1.44285−1.44450 M" baryon mass) for the
10.8 M" progenitor model from Woosley et al. (2002) where the enhanced opacities are used. Graph a) shows in addition the position of the
expanding explosion shock (red solid line) and the position of the wind termination shock (red dashed line).

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

In the following paragraph, we will discuss the composi-
tion of the neutrino-driven wind region to some extent. This is
possible due to the recently implemented nuclear reaction net-
work. It includes the free nucleons and the symmetric nuclei
from 4He to 56Ni plus 53Fe, 54Fe and 56Fe. The initial compo-
sition is given by the progenitor model. Mostly 28Si and 30S are
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Fig. 11. Evolution of selected mass shells in the neutrino-driven wind (as listed in graph a) from 1.34718−1.34750 M" baryon mass) for the 8.8 M"
progenitor model from Nomoto (1983, 1984, 1987) where the standard emissivities and opacities given in Bruenn (1985) are used. The graphs
show the same configurations as Fig. 10.

shock-heated and burned to Fe-group nuclei due to the temper-
ature and density jump during the initial expansion of the ex-
plosion shock (see Fig. 12 and compare with Figs. 7 and 8d
and f). The high fraction of these Fe-group nuclei reduces be-
hind the explosion shock due to photodisintegration, indicated

by the region of low density and high entropy in Figs. 7 and 8b
and c. This produces a high fraction of α-particles, which in our
model represent light nuclei. The region of α-particle domina-
tion behind the expanding explosion shock increases with time.
This behavior is illustrated in Fig. 12 for both Fe-core progenitor
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switched back to the standard opacities given in Bruenn (1985),
the neutrino-driven wind develops only a subsonic matter out-
flow. For intermediate progenitor masses, the neutrino-driven
wind remains subsonic even with the artificially enhanced neu-
trino emission and absorption rates. Since the neutrino-driven
wind depends sensitively on the emitted neutrino spectra at
the neutrinospheres, we believe accurate neutrino transport and
general relativity in the presence of strong gravitational fields
are essential in order to describe the dynamical evolution.
Furthermore, the accurate modeling of the electron fraction in
the wind is essential for nucleosynthesis calculations, which can
only be obtained solving the neutrino transport equation. In addi-
tion, it is beyond the present computational capabilities to carry
multi-dimensional simulations with neutrino transport to several
seconds after bounce. Hence, our investigations are performed
in spherical symmetry where we simulate the entire PNS inte-
rior rather than approximating an interior boundary. We find sig-
nificant discrepancies in comparison with the assumptions made
in previous wind studies. Material is found to be proton-rich for
more than 10 s, where most wind models assume luminosities
and mean neutrino energies such that the neutrino-driven wind
becomes neutron-rich. We question the validity of the approx-
imations made in such wind studies. We believe that the accu-
rate and consistent modeling of the physical conditions in the
neutrino-driven wind is essential, especially in order to be able
to draw conclusions with respect to the nucleosynthesis.

The paper is organized as follows. In Sect. 2, we will present
our spherically symmetric core collapse model. Section 3 is de-
voted to the explosion phase of neutrino-driven explosions in
spherical symmetry. We examine the 8.8 M! progenitor model
from Nomoto (1983, 1984, 1987) using the standard neutrino
opacities and the 10.8 and 18 M! progenitor models from
Woosley et al. (2002) using artificially enhanced neutrino reac-
tion rates. In Sect. 4 we discuss the conditions for the formation
of the neutrino-driven wind and the possibility for the wind to
develop supersonic velocities. We discuss in Sect. 5 the electron
fraction approximation used in the literature. Since a generally
neutron-rich neutrino-driven wind is found in many previous and
present wind studies, we illustrate the differences and investigate
why we find a generally proton-rich wind. Section 6 is dedi-
cated to the long term post-bounce evolution for more than 20 s.
In Sect. 7 we discuss the results and emphasize the main dif-
ferences of the present investigation to previous wind studies.
Finally we close with a summary in Sect. 8.

2. The model

Our core collapse model, AGILE-BOLTZTRAN, is based on
general relativistic radiation hydrodynamics in spherical sym-
metry, using three-flavor (anti)neutrino Boltzmann transport.
For details see Mezzacappa & Bruenn (1993a-c), Mezzacappa &
Messer (1999), Liebendörfer et al. (2001a,b) and Liebendörfer
et al. (2004). For this study we include the neutrino input
physics based on Bruenn (1985). The charged current reactions
considered

e− + p! n + νe, (1)

e+ + n! p + νe, (2)

e− + 〈A, Z〉! 〈A, Z − 1〉 + νe, (3)

are electron and positron captures at free nucleons as well as
electron captures at nuclei. The nuclei are characterized by an

average atomic mass and charge 〈A, Z〉. In addition, the stan-
dard scattering reactions considered are iso-energetic neutrino
nucleon (N ∈ {n, p}) and nuclei (N = 〈A, Z〉) scattering,

ν + N ! ν + N,

where ν ∈ {νe, νµ/τ} (equivalent for antineutrinos ν̄), and neutrino
electron/positron scattering

ν + e± ! ν + e±.

The classical neutrino pair process is electron-positron
annihilation,

e− + e− ! ν + ν̄.

The standard neutrino energy E dependent emissivity j(E)
and absorptivity χ(E) for the charged current reactions as
well as the scattering and pair-reaction rates are given
in Bruenn (1985) based on Yueh & Buchler (1976) and
Schinder & Shapiro (1982). The additional pair-process
nucleon-nucleon-Bremsstrahlung,

N + N ! N + N + ν + ν̄,

has been implemented into our model according to Thompson
& Burrows (2001) and is also taken into account. The emission
of (µ/τ)-neutrino pairs via the annihilation of trapped electron-
neutrino pairs,

νe + ν̄e ! νµ/τ + ν̄ν/τ,

as well as contributions from nucleon-recoil and weak mag-
netism as studied in Horowitz (2002) are investigated in Fischer
et al. (2009) and are not taken into account in the present study
of the neutrino-driven wind.

2.1. Recent improvements of the adaptive grid

Long-term simulations of the supernova post-bounce phase with
AGILE-BOLTZTRAN lead to a very large contrast of densities,
reaching from ∼1015 g/cm3 at the center of the protoneutron star
(PNS) to densities on the order of g/cm3 and lower in the outer
layers. The version of AGILE described in Liebendörfer et al.
(2002) is not able to resolve such large density contrasts. If the
enclosed mass a is large and the density in one zone very low,
then the evaluation of the mass contained in the zone according
to Eq. (39) in Liebendörfer et al. (2002),

dai+ 1
2
= ai+1 − ai,

is subject to large cancellation so that truncation errors inhibit
the convergence of the Newton-Raphson scheme in the implic-
itly finite differenced time step. However, the problem can be
avoided by a simple modification that was first explored in Fisker
(2004, priv. comm.). The state vector of AGILE-BOLTZTRAN
is given by the following set of quantities
y = (a, r, u,m, ρ, T, Ye) , (4)

with enclosed baron mass a, radius r, velocity u, gravitational
mass m, baryon density ρ, temperature T , electron fraction Ye.
In the improved version, the state vector at time tn is based on
zone masses, dan

i+ 1
2
, where the enclosed mass

an
i =

i−1∑

1

dan
i+ 1

2

becomes the derived quantity.
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progenitor: 10.8 M progenitor: 8.8 Mproton rich

NDW’s are proton-rich
rather than neutron-rich



SN simulation & nucleosynthesis
•normal SNe via neutrino heating ( > 10M )
• Ye > 0.48 ( Fujimoto et al. 2011 )

•( ONeMg stars ) SNe
•successful explosion models ( both 1D and 2D )
• Ye > 0.4 ( 2D model ); weak r-process
　( Wanajo 2009, 2011 )

The Astrophysical Journal Letters, 726:L15 (4pp), 2011 January 10 Wanajo, Janka, & Müller

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).
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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 Lνe = 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 νe 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 νe absorption in an inner region r ! 200 km.
The proton richness in the ejecta is caused by the small energy
difference between νe and ν̄e. For Tνe and Tν̄e adopted in our
simulations, the relation, 4(mn − mp) > εν̄e − ενe , holds, which
leads to Ye > 0.5 (Fröhlich et al. 2006a), where mn and mp are
masses of neutrons and protons, and εν̄e and ενe are energies
of anti-electron and electron neutrinos, respectively. We note
that εν̄e = 15.8 MeV for Tν̄e = 5 MeV and ενe = 12.6 MeV for
Tνe = 4 MeV.
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rej,cc ! 10,000 km for a model with Lνe = 4.5 × 1052 erg s−1.
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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 Lν ,
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
Lνe

= 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.

5

> 10 M (2D)( Fujimoto 2011 )
～8 M (1D&2D)
( Wanajo 2011 )



The Core-Collapse Supernova itself
is no longer the r-process site?

•quark-hadron phase transition
→  Quark/Hybrid stars

•MHD Jet supernova (Strong Mag. fields)
→  Magnetars

both are explosion mechanisms
avoiding neutrino heating (= destroy neutrons)

extra-scenarios are still certain candidate
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CC-SN via quark-hadron phase transition
collapse

neutron stars
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magnetars
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energy release from
the proto-neutron star
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SNe via the quark-hadron phase transition
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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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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-
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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-
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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
effects, 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 . Different 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 α 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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free nucleons and few α particles), which is realized im-
mediately after the calculation starts. The initial com-
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fraction at T9 = 9 (Fig. 3, black line for model ST).

3. NUCLEOSYNTHESIS RESULTS

In subsection 3.1, we will present the nucleosynthesis
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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-
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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...
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number Z = 100 (see Table 1 in Nishimura et al. 2006).
The network contains two- and three-body reactions, de-
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(for details, see network A in Fujimoto et al. 2007). Ex-
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adopted if available. Otherwise, theoretical predictions
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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.
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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-

neutrino absorption
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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 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 orig-
inal (slightly neutron-rich) Ye from the infall/compression phase.

Fig. 5 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 = 0.55. 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/ρ).
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 (α-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 effect 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 differ 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 νp-process, if a sufficient
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 ααn-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 τ , plus further com-
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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

sion, before neutrino interactions have the chance to turn
it proton-rich in the neutrino wind. Electron-capture
supernovae, which explode without a long phase of ac-
cretion onto the proto-neutron star, apparently provide
such conditions (Wanajo et al. 2011). However, the Y ′

es
obtained under such conditions do not support a full r-
process. This kind of outcome also characterizes the con-
ditions we find in the prompt and quasi-prompt ejecta
of the present study, which did not experience a strong
neutrino wind. However, the Ye-values attained are not

smaller than *0.37 correct?*. Whether uncertainties in
the input or explosion physics can change this down to
values close to 0.23, necessary for obtaining the third
r-process peak, remains questionable.

Given these results, we conclude that core collapse su-
pernovae exploding via the quark-hadron phase transi-
tion (the focus of the present study) or electron capture
supernovae (Wanajo et al. 2011), which both lead to a
rather prompt ejection of prior compressed and neutron-
ized mass zones, can contribute to a weak r-process, ob-
served e.g. in low metallicity stars (Honda et al. 2006) or
in LEPP abundances (Travaglio et al. 2004). Such con-
ditions do apparently not occur in regular core-collapse
supernovae.

However, strong r-process conditions, which also pro-
duce the third r-process peak and the actinides, have
in simulations only materialized in neutron star merg-
ers (Freiburghaus et al. 1999b; Goriely et al. 2011), fast
rotating core collapse supernovae with strong magnetic
fields and jet ejecta (Cameron 2003; Fujimoto et al. 2008)
or accretion disks around black holes (Surman et al. 2008;
Wanajo & Janka 2011), where apparently different neu-
trino spectra lead to neutron-rich conditions.
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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.

 30

 40

 50

 60

 70

 80

 90

 20  40  60  80  100  120
0.30

0.40

0.50

0.60
0.209 0.217 1.482

en
tro

py
, s

N
SE

 [k
B]

el
ec

tro
n 

fra
ct

io
n,

 Y
e,

N
SE

mass zone #

mass, M# [10-2 M
!

]

N
D

W

delayed

prom
pt

entropy
Ye

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 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 orig-
inal (slightly neutron-rich) Ye from the infall/compression phase.

Fig. 5 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 = 0.55. 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/ρ).
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 (α-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 effect 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 differ 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 νp-process, if a sufficient
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 ααn-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 τ , plus further com-
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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 different mass zones as presented in Table
1, Fig. 1 and shown in different 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-

neutrino
driven wind

inner
“delayed”

outer
“prompt”
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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
νp-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

A < 85 elements are produced via νp-process
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second r-process peak, i.e. A = 130. The major produc-
tion affects 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% differences 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 differ-
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 affected by the neutrino wind.
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Ye uncertainties with observation

Metal poor stars ( weak r-process )
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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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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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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 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 these innermost
regions, despite many interesting parameter studies for
neutrino wind ejecta in terms of entropy S, electron frac-
tion Ye and expansion timescale τ (Hoffman et al. 1997;
Meyer & Brown 1997; Freiburghaus et al. 1999a; Farouqi
et al. 2010) or hydrodynamic studies, partially with pa-
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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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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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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 effect 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 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 these innermost
regions, despite many interesting parameter studies for
neutrino wind ejecta in terms of entropy S, electron frac-
tion Ye and expansion timescale τ (Hoffman et al. 1997;
Meyer & Brown 1997; Freiburghaus et al. 1999a; Farouqi
et al. 2010) or hydrodynamic studies, partially with pa-

solar system ( strong r-process )



conclusion

• r-process nucleosynthesis

• reproduce A～110 r-element ( “weak” r-process )

• 2nd peak is the limit within the physical uncertainty

• “strong” r-process require 30% decrease of Ye‘s 
→ need different model ( multi-D, progenitor, EoS etc. )

• neutrino driven wind

• similar environment to normal CC-SNe

• A ～ 90 proton-rich isotopes ( νp-process )



Jet-like SN induced by Magnetic fields
•neutron stars have strong magnetic fields
•neutron stars ( pulsars ) : ～ 1012 G
•magnetar : ～ 1015 G ( ～ 1 % of the neutron stars )

•Jet-like Explosions
•GRB central engine
•Hypernovae

jet/hypernova image

ZHANG & HARDING 3

above the photon splitting death line (4), the magneto-
spheres of magnetars are very likely to be dead, with no
active inner accelerators.

-1 0 1

12

14

16

Fig. 1.— A Bp − P diagram of some radio pulsars and known
magnetars. The spin parameters of the HBPs are from Kaspi et
al. (2000) and http://www.atnf.csiro.au/ ∼pulsar/ psr/ pmsurv/
pmwww/ pmpsrs.db. The spin parameters of the AXPs and SGBs
are from Mereghetti & Stella (1995), Wilson et al. (1999), Mereghetti
(1999), and Kouveliotou et al. (1998). Triangles mean precise mea-
surements of unvarying Ṗ . Variations of Ṗ data for AXP 1E 1048.1-
5937 follows Mereghetti (1999) and Paul et al. (2000). The upper
ends of the two bars for the two SGRs are estimated by assuming
pure dipolar spin-down, while the lower ends are estimated by assum-
ing that spin-down is dominated by a continuous wind of luminosity
1037erg s−1 following Harding et al. (1999). The solid line is the
photon splitting death line for surface emission (Baring & Harding
1998), which acts as the radio emission death line of the APRs. The
dashed line (SCLF death line for PRs) acts as the radio emission
death line for the PRs.

We now investigate the opposite case that the neutron
stars have inclinations less than 90o, i.e., Ω ·Bp > 0. With
the same convention, we call such kind of objects parallel
rotators (hereafter PRs). In such neutron stars, negative
charges are expected to fill the polar cap region, and elec-
trons from the surface are expected to be pulled out. The
binding energy of electrons is roughly the Fermi energy
of the electrons, which reads εF ! (5.0keV)(Z/26)0.8B0.4

p,14

(Usov & Melrose 1995). And the critical temperature for
thermionic emission of the electrons is

Te ! (2.3 × 106K)

(

Z

26

)0.8 (

Bp

1014G

)0.4

, (5)

where Z is the atomic number (Z = 26 for Fe) (Usov &
Melrose 1995). Assuming that the fields of the HBPs de-
cay in a similar way to that of the AXPs, they should also
have typical surface temperatures of Ts ∼ 3 × 106 K. By
comparing the temperature Te to Ts in magnetar environ-

ments, the condition for thermionic emission of electrons
(and hence for a SCLF accelerator to form for a PR), i.e.,
Ts ≥ Te, is thus

Be
p ∼< 1.9 × 1014G. (6)

It is notable that thermionic emission of the electrons is
possible at a much higher field strength than the field
strength Bi

p for the thermionic emission of ions. There is
a large phase space in the high B regime where pair pro-
duction is still allowed at higher altitudes when a SCLF
accelerator is formed, even though it is above the photon
splitting death line for surface emission. We emphasize
that such a conclusion only holds for PRs, and it is inter-
esting to note that such rotators are originally proposed
as “anti-pulsars” in the Ruderman & Sutherland (1975)
vacuum gap model.

A Bp−P diagram of the HBPs, AXPs, SGRs, as well as
some of the other known radio pulsars is shown in Fig.1, in
which the photon splitting death line and the SCLF accel-
erator “death line” for PRs are also plotted. Polar surface

magnetic field is calculated by Bp = 6.4 × 1019
√

PṖ G
(Shapiro & Teukolsky 1983; Usov & Melrose 1995). Note
that besides the observed variation of Ṗ for SGR 1900+14
and 1E 1048.1-5937, there are even more uncertainties in
inferring Bp from the spin-down parameters of SGRs, since
a general spin-down formula also includes the contribution
from the winds (Harding, Contopoulos, & Kazanas 1999).
Therefore, in some cases we adopt a bar instead of a point
to denote an object in Fig.1. An important fact is that
the three newly-discovered HBPs are located in the phase
space defined by the photon splitting and PR SCLF death
lines, which means that they could be theoretically radio
loud if they are PRs. The AXP 1E 2259+586 also lies in
this regime but is clearly radio quiet, and we argue that
it is an APR. Thus the discrepancy between AXPs and
HBPs in this picture is simply due to a geometric effect.

Another question is why PSR J1814-1744 is quiet in X-
rays, in contrast to 1E 2259+586. Quiescent emission from
magnetars is interpreted as due to magnetic field decay
(Goldreich & Reisenegger & 1992; Thompson & Duncan
1996; Heyl & Kulkarni 1998). The quiescent X-ray lumi-
nosity should satisfy

Lx ≤ ĖB ! (1/6)B2
pR3/τd, (7)

where ĖB is the magnetic energy decay rate, and τd is
the decay time scale, which is model dependent (Goldre-
ich & Reisenegger 1992; Heyl & Kulkarni 1998) and B
dependent. Note that EB = (1/12)B2

pR3, and Ḃ ∼ B/τd

have been adopted. In the general case of a field perme-
ating the core, ambipolar diffusion is the dominant de-
cay mechanism when the field strength is in the magne-
tar regime. For the solenoidal ambipolar decay mode, the
decay timescale is τd(ambip, s) ∼ (3 × 105yr)L2

5T
2
c,8B

2
p,14,

thus the quiescent X-ray luminosity is limited to

Lx(ambip, s) ∼< 1.8 × 1032ergs s−1B4
p,14R

3
6L

−2
5 T−2

c,8 . (8)

Here Tc,8 = Tc/108 K, R6 = R/106 cm, and L5 is a
characteristic length scale of the flux loops through the
outer core in units of 105 cm (Goldreich & Reiseneg-
ger 1992). Note that the right side is proportional to

B ～ 1015 G
m
ag

. fi
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d
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MHD “Jet” supernova explosion :
•2D Newtonian without neutrino
•MHD-SN: Nishimura et al. 2006
•“Collapsar model” ( BH + disk ): Fujimoto et al. ( 2007, 2008 )

•2D Relativity and neutrino cooling: 
- explosion model: Takiwaki et al. 2009
- nucleosynthesis: Nishimura et al. (2010, 2012 prep )

Nishimura 2010Takiwaki 2009
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tating core collapses with strong magnetic fields could
be the solution (Cameron 2003; Nishimura et al. 2006;
Fujimoto et al. 2008).
The present paper has the aim to explore the results

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

2. 3D MHD-CCSN MODEL

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

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

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

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

0/(r
2 + R2

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

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

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

Winteler et al. ApJL 2012; ( Basel collaboration )
The first r-proc. study based on 3D MHD models
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Fig. 2.— Time evolution of Ye from a single tracer in green (red)
for the original data (with neutrino absorption estimate). The blue
dashed line represents Ye evolved by the network. Vertical dotted
(dashed) lines correspond to the time when ν̄e (νe) neutrinosphere
is crossed; the dot-dashed vertical line when T = 10GK.

tedly crude lower bound estimates and these numbers
were still growing at the end of the simulation. We de-
fined a fluid cell as unbound if its total specific energy
(internal+kinetic+magnetic+potential) is positive and if
the radial velocity is pointing outward.

3. NUCLEOSYNTHESIS

The nucleosynthesis calculations are performed with a
new extended reaction network (Winteler 2011) which
represents an advanced (numerically and physically) up-
date of the BasNet network (see e.g. Thielemann et al.
(2011)). We use the reaction rates of Rauscher & Thiele-
mann (2000) (for the FRDM mass model). We use the
same weak interaction rates (electron/positron captures
and β-decays) as in Arcones & Mart́ınez-Pinedo (2011)
and also include neutron capture and neutron induced
fission rates following Panov et al. (2010) and β-delayed
fission probabilities as described in Panov et al. (2005).
The tracer particles obtained from the simulation pro-

vide density, temperature, and electron fraction for the
nuclear network, as well as position and velocity, from
the beginning to the end of the simulation (t = tf ).
After tf , thermodynamic variables are evolved follow-
ing the prescription in (Fujimoto et al. 2008). Nishimura
et al. (2006) have shown that the details of the expan-
sion only have a minor impact on the final abundances.
For the post-processing we only consider gravitationally
unbound tracer particles (see Section 2). In order to ob-
tain mass integrated abundances we distribute the total
ejected mass equally among all ejected tracers. It could
be shown that this yields very similar results to post-
processing calculations based on the conditions in the
unbound cells at the final time (Winteler 2011).
The electron fraction is a key input for the nucleosyn-

thesis and strongly depends on details of the challenging
neutrino transport. Although neutrino absorption is cru-
cial to determine the Ye, it is not yet included in the hy-
drodynamical simulations (where it is expected to have a
minor impact on the dynamics, see Section 2). Therefore,
we present two different nucleosynthesis calculations: 1)
Ye is taken from the original tracer particles, 2) the ef-
fects of neutrino absorption on Ye are included also in
the network. In this second approach, we post-process
the data from the tracer and use the neutrino informa-
tion obtained with the leakage scheme (Section 2). We
use integrated neutrino luminosities to update the elec-
tron fraction outside the neutrinosphere (neglecting the
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Fig. 3.— Ejecta masses vs. Ye for the original simulation without
neutrino captures (green) and including a simplified prescription
for neutrino heating (red). The width of a Ye bin is chosen to be
∆Ye = 0.01.
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Fig. 4.— Integrated mass fractions for nucleosynthesis calcula-
tions with (red)and without (green) neutrino heating. Black dots
represent solar r-process element abundances (Sneden et al. 2008)
scaled to fit the red line at A=130.

effect of neutrino energy deposition on the matter tem-
perature). The electron fraction of the tracer is evolved
using approximated rates for the neutrino emission and
absorption on nucleons (see e.g. Janka (2001)).
In both of our approaches for Ye, the network calcu-

lations start when the temperature decreases to 10 GK.
In the case with post-processing corrections for neutrino
absorption, we also consider neutrino reactions from
Fröhlich et al. (2006) in the nucleosynthesis network.
The required neutrino luminosities and mean energies are
given by the leakage scheme and assumed to be constant
and equal to their values at t = tf .
The evolution of Ye is presented in Figure 2 for the

original simulation data and for the estimate of neutrino
absorption. In the latter, high energy ν̄e captures on pro-
tons decrease Ye outside the ν̄e-neutrinosphere. However,
beyond the νe-neutrinosphere, νe absorption on neutrons
dominates and Ye increases. The fast expansion and the
relatively low neutrino mean energy limit the effect of the
absorption. This trend is confirmed also by the network
for T ! 10 GK.
Figure 3 shows the ejected mass as a function of Ye for

the original simulation data and for the case including
neutrino absorption. These corrections/improvements
shift the peak distribution from ∼ 0.15 to ∼ 0.17 and
broadens it towards higher Ye. In both approaches, at
the onset of the nucleosynthesis, the density is still rel-
atively high, ρ ≈ 109gcm−3, and the electron fraction
rather low, Ye ≈ 0.15 − 0.3. This leads to an initial
NSE composition rich in neutrons and neutron-rich nu-
clei. Such conditions are closer to neutron star mergers

red     :  includes neutrino
green :  no neutrino

M ej = 0.672 x 10-2 M



The first r-proc. study based on 3D MHD models

•long-term simulations
•systematic survey of wide range of mag. and rot.
•weak initial mag. field rot.
•detailed micro-physics (neutrino, EOS and mag. fields, etc.)
•detailed macro-physics (magneto-rotational instabilities)
•relation to (optical) observation
•large breaking of axis-symmetry
•different rotational and mag. axis ...

• ...

In the context of r-proc. study (and also explosion mechanism),
there are still a lot of open questions.

long-term simulations based on wider range of initial conditions
under axis-symmetry. (2D hydro. with rot. and mag. fields)



MHD “Jet” supernova explosion :

Nishimura at al. (2012 prep.)
based on MHD-SN model
by Takiwaki 2009

movie

ejected r-elem. mass
M r-elem. ～ 10-3 to 10-2 M
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