Toward Three-Dimensional Simulations of Stellar
Core Collapse with Magnetic Fields

In spherical symmetry, very reliable models of stellar core collapse, bounce, and the postbounce
phase can be constructed based on general relativistic Boltzmann neutrino transport. However, even
if the time-integrated neutrino luminosity in the region between the surface of the protoneutron star
and the stalled accretion shock is by one or two orders of magnitude larger than the energy of a
supernova explosion, it is generally accepted that the net energy transfer is not efficient enough to
drive an explosion, unless the fluid instabilities in this regime are taken into account. Complementary

Stellar core collapse:

Nuclear fusion at the center of a gravitationally
bound star drives the composition toward
elements which accomodate the maximum
binding energy per baryon. At this point,
continued gravitational compression no longer
releases new fusion energy. Instead, the
compression of the electron gas pushes the
fermionic electrons into high energy levels from
where they are captured on free or bound
protons. Additionally, compressional heating is
bounded by the endo-energetic photo-
dissociation of nuclei. Both effects reduce the
pressure support of the inner core, which starts
to collapse and condense to nuclear density in a
fraction of a second. Once nuclear density is
reached at the center, the core is much less
compressible because of repulsive nuclear forces
and neutron degeneracy. Due to the high sound
speed and relatively small infall velocities, the
collapse of the innermost 0.5 solar masses is
halted by an elastic collective bounce whose
kinetic energy is almost immediately depleted
by the dissociation of infalling heavy nuclei and
the emission of neutrinos. This matter forms the
cold core of the newborn protoneutron star
(PNS).

The density and sound speed in the outer layers
decreases with increasing radius so that their
collapse becomes delayed with respect to the
inner core. Their continuous supersonic infall is
terminated by an accretion shock at the outskirts
of the PNS atmosphere where the conversion of
the infall energy to heat dissociates the heavy
nuclei. The shock-heated matter compactifies by
the emission of neutrinos and slowly settles on
the PNS. Even if the net mass flux is always
directed toward the center, the accretion shock
will expand to a radius ~150 km by the puffed-
up volume of the accreted matter. Then, at
about 100 ms after bounce, the rapidly
decreasing accretion rate leads to a roughly
stationary position of the accretion shock where
the volume of freshly accreted matter is
compensated by the compactification of
neutrino-emitting matter at the surface of the
PNS at a radius ~50 km. The large density
contrast between the PNS and its hot
mantle/atmosphere is visualized in Fig. 1.
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Fig. 1: Density (blue) and entropy (red) profiles at 100 ms after bounce in a
spherically symmetric model of the postbounce evolution. The neutrino-
opaque protoneutron star (PNS) is bounded by the neutrinospheres.

The puzzling explosion mechanism:

In order to produce the observed supernova
explosions the gravitationally bound layers
between the PNS and the accretion shock must
aquire enough energy to rapidly expand and
eject the outer layers of the progenitor star. A
very important way of energy exchange
between the different regions is the emission
and absorption of neutrinos by the reactions:
electron + proton <--> neutron + neutrino,
positron + neutron <--> proton + antineutrino.
Most of the energy of gravitational collapse (few
times 1E+53 erg) is radiated away from the
surface of the PNS over a time scale of several
seconds. The neutrino-driven delayed supernova
explosion mechanism [Bethe & Wilson, PRL,
1985] assumes that enough of the emitted
neutrino energy is absorbed behind the stalled
accretion shock to explain the observed kinetic
explosion energies of order 1E+51 erg. The
verification of this scenario has been attempted
in one-, two-, and three-dimensional computer
models.

1D: One-dimensional simulations are carried out
in spherical symmetry. The dispute of observed
asymmetries in supernova explosions is certainly
not their purpose, rather they target an accurate
evaluation of the nuclear and weak interactions,
the detailed radiative transfer of neutrinos, and
full general relativistic space-time. The steep
energy dependence of the weak interactions
and the disparate time scales involved
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necessitate computationally expensive implicit
multi-frequency radiative transfer calculations.
Except for interesting remaining uncertaincies in
the input physics these simulations are
technically complete. Satisfactory convergence
among the results of independent groups and
different numerical methods has been achieved
[Liebendorfer et al., ApJ, 2005]. An important
outcome was, however, that the accurate
evaluation of the energy transfer by neutrinos is
relevant for the dynamics, but not sufficient to
drive a spherically symmetric explosion [Rampp
& Janka, A&A 2000, Liebendorfer et al., PRD 2001,
Thompson et al., ApJ, 2003, Sumiyoshi et al., ApJ,
2005]. The neutrino luminosity is composed of a
diffusive neutrino flux out of the PNS and a more
variable outflux emerging from the accretion.
The latter depends sensitively on the accretion
rate. As soon as neutrino heating would produce
outflows as first signs of an explosion, the
accretion rate is significantly reduced, and with it
the driving neutrino luminosities. Especially
spherically symmetric models suffer from this
negative feedback.

2D: The situation is more optimistic if
multidimensional degrees of freedom are
considered. In axisymmetric supernova models
the negative entropy gradient behind the
accretion shock (see Fig. 1) induces large-scale
convective turnover which enhances the
neutrino heating efficiency [Herant et al., ApJ,
1994]. On the one hand, a rising neutrino-heated
bubble can transfer energy to its neighborhood
and cool by expansion and pressure work
instead of neutrino emission to infinity. On the
other hand, accretion flows may persist in
narrow downstreams alongside uprising matter
and continue to feed the neutrino luminosity
during the onset of the explosion. Hence, several
groups work on the extension of the neutrino
transport techniques developed in 1D to
axisymmetric hydrodynamics simulations. First
simulations of this kind require several months
of computation time on supercomputers.
Although somewhat more optimistic than in 1D,
explosions are still absent for average progenitor
masses [Buras et al., PRL, 2003], while explosions
can be obtained for low-mass stars where the
density in outer layers drops abruptly [Kitaura et
al., A&A, 2006, Dessart et al., ApJ, 2006].
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3D: The degrees of freedom in 3D are still
essentially richer than in 2D: A convective bubble
can only be represented by a collectively moving
torus in 2D, and a narrow downflow becomes a
global accretion cone instead of a localized
funnel. Moreover, in 2D all oscillation modes are
projected on modes aligned with one symmetry
axis. Three-dimensional simulations of stellar
core collapse and the postbounce phase have
recently been carried out [Fryer & Warren, ApJ,
2004], but relied on neutrino transport
approximations that show significant room for
improvement with respect to 1D results. It is the
conspiration of three challenges that makes
reliable 3D supernova models a long-term
endavour:

1) Arich selection of energy-dependent neutrino
interactions and nuclear input physics should be
considered.

2) The 3D dynamics of turbulent matter is non-
locally coupled by radiative transfer on disparate
characteristic time- and density-scales.

3) The explosion is a small surface effect with
respect to the large reservoir of internal and
gravitational binding energy enclosed in the
PNS, necessitating thoughtful discretization
techniques and care about details.

Computational approach for reliable 3D
models at high resolution:

First, we carefully evaluate efficient neutrino
physics approximations in 1D models with
Boltzmann neutrino transport. If approximations
are capable to capture the essential feedback
mediated by neutrino interactions, we
implement them in the 3D framework described
below. At least for the collapse phase this
strategy has been surprisingly successful.
Collapse simulations are only realistic if they take
electron captures on bound or free protons into
account. At increasing densities the electron
captures become inhibited by neutrino phase
space blocking so that the ability to thermalize
and diffuse the produced neutrinos significantly
contributes to the determination of the final
electron fraction in the inner core. The lower the
electron fraction, the smaller is the mass of the
core that bounces when nuclear densities are
reached and the smaller is also the initial energy
imparted to the outgoing shock. A simple and

In a second step we implement the neutrino
physics approximation in a simple and fast
cosmological 3D magneto-hydrodynamics code
[Pen, Arras, Wong, ApJS, 2003] which has been
parallelized, thoroughly improved, and adapted
for the supernova context [Liebenddrfer, Pen,
Thompson 2004]. A realistic equation of state
[Lattimer & Swesty, Nucl. Phys. A, 1991] is used
and gravity is evaluated by a spherically
symmetric mass integration which includes
general relativistic effects [Marek et al.,, A&A,
2006]. The 3D computational domain consists of
a central region of 600 kmA3, treated in
equidistant Cartesian coordinates with a
resolution of 1 km (imagine a stack of 600
quadratic laptop displays where each pixel
corresponds to a fluid element!). The accretion
flow exterior to the 3D computational domain is
evolved by a spherically symmetric
hydrodynamics code. The comparison of the full-
domain three-dimensional parameterized run
with the model G15, which is based on detailed
general relativistic Boltzmann neutrino
transport, shows that the 1D results of core
collapse are accurately reproduced by the 3D
run (see Fig. 2). However, the accuracy breaks
down with the lauch of the neutrino burst at a
few milliseconds after bounce. More
sophisticated approximations are under
development for a similarily accurate evolution
of the postbounce phase.

Evolution of preliminary 3D simulations:

The 3D simulations are launched from the 15
solar mass progenitor model of [Woosley &
Weaver, AplJS, 1995]. The shells have been
attributed with an initial angular velocity of 2n
rad/s and a quadratic cutoff at 500km radius. An
initial poloidal magnetic field of 5E+09 Gauss at
a reference density of 5E+07 g/cm3 has been set
and scaled with the square root of the density to
other shells. As the duration of the collapse
phase is no longer than a fraction of a rotational
period, the magnetic field does not significantly
wind up during collapse. Its amplification by
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to other groups, who are elaborating an extension of the accurate neutrino physics to axisymmetric
simulations, we construct efficient parameterizations of the neutrino physics that enable three-
dimensional magneto-hydrodynamics simulations that do not constrain the fluid instabilities by
artificially imposed symmetries. We evaluate our approximations with respect to spherically
symmetric Boltzmann neutrino transport, present preliminary MHD simulations with a resolution of
600 zones cubed, and illustrate the quesitons that can be addressed by this approach.

computationally efficient parameterization of
the deleptonization in the collapse phase
[Liebendorfer, ApJ, 2005] is based on a tabulation
of the electron fraction as function of density in
a reference simulation with full neutrino
transport. A corresponding parameterization
approaches at bounce the values of the original
simulation with an accuracy of ~5%. An estimate
of entropy changes and neutrino stress is also
deduced.
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Fig 2: Comparison of a three-dimensional simulation with
parameterized neutrino physics to the machine-readable datafiles of
model G15 [Liebendorfer, Rampp, Janka, Mezzacappa, ApJ Electronic
Edition, 2005]. The green lines represent the profiles at Sms before
bounce and the black lines represent the corresponding G15 reference
data. Very good agreement is found in all quantities. The red profiles
represent the spherically averaged 3D data at Sms after bounce and the
blue lines represent the corresponding G15 referece data. Very good
agreement is found in the density and velocity profiles and the central
electron fraction and entropy. But it becomes also apparent, that the
simple parameterized neutrino leakage cannot model the neutrino
burst. The neutrino burst causes an electron fraction dip and additional
cooling in the G15 data.

about two orders of magnitude is due to the
compression of field lines in the compactifying
matter. A poloidal initial field produces at
bounce a biconical shape, focussed on the
protoneutron star at the origin. Toroidal initial
fields tend to remain toroidal throughout
collapse. After bounce, the declining strength of
the bounce-shock results in a negative entropy
gradient. The hot matter layered around the
protoneutron star becomes convectively
unstable on a short time scale and asymmetries
of the accretion shock start to develop in the
equatorial plane. The convection causes the
magnetic field lines to entangle (red magnetic
field lines are shown on the right hand side of
the adjacent figure). Additional winding of the
field lines around the rotating PNS can be made
out in the equatorial plane. The effect of field
winding is much larger in runs with poloidal
initial fields than in runs with toroidal fields.

3D Fluid instabilities & magnetic field?:

Recent two-dimensional investigations raised
questions that are difficult to clarify if the fluid
instabilities cannot unfold in all three
dimensions. For example the occurence of the
stationary accretion shock instability (SASI, a
growing deviation from spherical symmetry of
the stalled accretion shock [Blondin et al., ApJ,
2003]) needs to be investigated in 3D together
with reliable neutrino interactions. Or the
question must be analyzed whether g-mode
oscillations of the PNS are sufficiently excited by
the accretion flows to emit powerful sound
waves that contribute to the heating behind the
stalled shock [Burrows et al., AplJ, 2006].
Moreover, the influence of magnetic fields and
rotation on the explosion mechanism are long-
standing questions: Does the magnetic field in
the turbulent layers around the PNS grow to
dynamically important strengths before the
explosion [Akiyama et al., ApJ, 2003] or does the
magneto-rotational instability dissipate infall
energy via turbulence to heat in sensitive
regions [Thompson et al., ApJ, 2005]?



