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Core-Collapse SNe
2D effects such as neutrino 
convection, SASI, and perhaps 
advective-acoustic effects, make 
explosions marginally successful

Results from 
different groups 
don’t always agree

Explosions may be 
robust in 3D, but 
too early to tell

46 H.-Th. Janka et al. / Physics Reports 442 (2007) 38– 74

Fig. 4. Four stages (at postbounce times of 141.1, 175.2, 200.1, and 225.7 ms) during the evolution of a (non-rotating), exploding two-dimensional
11.2M! model [12], visualized in terms of the entropy. The scale is in km and the entropies per nucleon vary from about 5 kB (deep blue), to 10
(green), 15 (red and orange), up to more than 25 kB (bright yellow). The dense neutron star is visible as low-entropy (!5 kB per nucleon) circle
at the center. The computation was performed in spherical coordinates, assuming axial symmetry, and employing the “ray-by-ray plus” variable
Eddington factor technique of Refs. [41,11] for treating ! transport in multi-dimensional supernova simulations. Equatorial symmetry is broken on
large scales soon after bounce, and low-mode hydrodynamic instabilities (convective overturn in combination with the SASI) begin to dominate the
flow between the neutron star and the strongly deformed supernova shock. The model develops a—probably rather weak—explosion, the energy of
which was not determined before the simulation had to be stopped because of CPU time limitations.

due to a dominant l = 1-mode SASI-instability can lead to a large recoil of the newly born neutron star in the direction
opposite to the stronger mass ejection. While about half of the computed models produced small neutron star kicks
with velocities of only around 100 km s"1 or less, the mean value of the recoil velocity was found to be several hundred
kilometers per second and even cases with more than 1000 km s"1 were obtained, in agreement with the measured
proper motions of young pulsars. Three-dimensional simulations have revealed the possibility of an unstable l = 1,
m = 1 spiral SASI mode that can create a strong rotational flow in the vicinity of the accreting neutron star, thus
providing a new mechanism for the generation of neutron star spin [86].

Moreover, the globally asymmetric onset of the explosion with sizable initial shock deformation (axis ratios of more
than 2:1 were obtained) triggers strong hydrodynamic instabilities at the composition interfaces of the progenitor when
the shock propagates outward to the stellar surface. This leads to large-scale element mixing in the exploding star.
Iron-group nuclei, silicon, and oxygen, as well as radioactive isotopes are carried from their production sites near the

Buras et al. 2006
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Cows are aspherical and magnetic, and so 
are supernovae!

Begall, S. et al. Proc. Natl. Acad. Sci. USA advanced online publication, doi: 10.1073/
pnas.0803650105 (25 August 2008)
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Magnetorotational 
SNe

coextensive with the magnetically driven jet. Figure 5 clearly
shows the liftoff of the corkscrewing Lagrangian parcels as ro-
tation transitions into spiraling ejection, and then, at larger radii,
into a directed jet. In addition, in model M15B11UP2A1H the ra-
dius of the shock in the equatorial regions is larger. This is because
the equatorial magnetic pressures achieved there at a given time
are larger than in model M15B11DP2A1H. This, in turn, is due to
the fact that in model M15B11UP2A1H the uniform (‘‘U’’) initial
poloidal field results in larger accreted fields at later times than in
model M15B11DP2A1H, for which the late-time accretion is of
matter from the outer corewhere the initial field decays in the 1/r 3

dipolar manner (x 3). In fact, for model M15B11UP2A1H the
equatorial regions join the explosion at later times. This outcome
is expected eventually for all models, but due to the different mag-
netic field structures andmagnitudes for themodels listed inTable 1,
the times to equatorial explosion will vary greatly from model
to model.

The particle trajectories implied by Figure 5 andmagnetic flux
freezing indicate that the ejected material stretches toroidal field
into poloidal field, in a reverse of what happens during rotational
winding in the inner!20Y150 km. So, in the jet column at large
radii the field has a significant poloidal component.

Figure 6 shows radial slices along the poles (solid lines) and
along the equator (dashed lines) of both the poloidal (red ) and
toroidal (black) fields for models M15B11DP2A1H (left panel )
and M15B11UP2A1H (right panel ) at 635 and 585 ms, respec-
tively, after bounce. Since there is no appreciable rotational shear

interior to !10 km, the magnetic fields there have little dynam-
ical effect. It is the fields in the region between!10 and!150 km
that are of consequence, since it is here that the magnetic tower
is launched and maintained. Figure 6 and x 2.3 indicate that the
fields achieved in this region in these models are comparable to
what is expected at saturation for a P0 of 2 s (!1015 G). This jus-
tifies our focus on thesemodels when assumingP0 " 2 s, despite
the fact that we underresolve the MRI.
Figure 7 depicts color maps of the poloidal (left panel ) and to-

roidal (right panel ) field distributions in model M15B11UP2A1H,
585 ms after bounce. In both panels, the lines are isopoloidal field
lines and the inner 200 km on a side is shown. The relative extents
of the red and yellow regions demonstrate the dominance of the
toroidal component in the inner zones at these late times well into
the explosion, but the presence of a column of yellow/red (high
field) along the axis in the poloidal plot attests to the conversion
due to stretching by ejected matter of toroidal into poloidal field
(see also Fig. 5). Figure 7 also demonstrates the columnar struc-
ture of this inner region due to both equatorial accretion (and,
hence, pinching) and rotation about the (vertical) axis. However,
it should be made clear that the actual field distributions after sat-
uration are likely to be different, and what they are in detail when
the MRI is fully enabled remains to be determined.
Figure 8 compares maps of the gas pressures (Pgas; left pan-

els) with the magnetic pressures (Pmag; right panels) for models
M15B11DP2A1H (top panels) and M15B11UP2A1H (bot-
tom panels), at various times after their respective explosions

Fig. 4.—Left: Magnetic field lines for model M15B11UP2A1H at 264.5 ms after bounce. The size of the displayed region is 3000 ; 4000 km2. ‘‘Footpoints’’ for the
field lines are randomly distributed in the inner 500Y1000 km, with a denser distribution along the polar axis to probe the region of larger magnetic energy where the
explosion takes place in our simulations. Hence, the crowding offield lines does not correspond directly and accurately to regions of larger magnetic fields.Right: Same as
the left panel, but for model M15B10DP2A1H at 855.5 ms after bounce and on a scale of 6000 km ; 8000 km. Notice how much more tightly the B field is wound.

BURROWS ET AL.424

Burrows et al. 2007
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What do Jet-driven 
SNe Look Like?

Need simulations of the 
late-time dynamics

Need resolution to 
study instabilities

Need means of directly 
comparing to 
observations

No. 2, 1999 KHOKHLOV ET AL. L109

Fig. 2.—Jet-induced explosion. The frames show the density in the x-z plane passing through the center of computational domain. Time since the beginning
of the simulation is given in the upper left corner of each frame. The size of panel a is cm and cm. The size of panel b is9 9Dx = 6# 10 Dz = 9.0# 10 Dx =

cm and cm. The size of panel c is cm and cm.10 10 10 113.6# 10 Dz = 4.5# 10 Dx = 6.0# 10 Dz = 1.125# 10

Complex shock and rarefaction interactions inside the expand-
ing envelope will continue to change the distribution of the
parameters inside the ejecta. Nonetheless, we expect that the
resulting configuration will resemble an oblate ellipsoid with
an axis ratios !2, which is a very high degree of asymmetry.

4. CONCLUSIONS

The result of the explosion is a nonspherical supernova with
two high-velocity jets of material moving in polar directions
ahead of an oblate, highly distorted ejecta containing most of
the stellar material. The explosion provides ejection velocities
that are comparable to those observed in supernovae. For this
demonstration calculation, an energy of ergs is in-502.5# 10
vested in the jets and a mass of!2.5M, is ejected with kinetic
energy of ergs and average velocity 3000!4000506.5# 10
km s!1. Increasing the jet opening angle, jet duration, or jet
velocity would result in a more powerful explosion. Such a
model explains many of the observations that are difficult or
impossible to explain by the neutrino deposition explosion
mechanisms.
Oblate density and velocity profiles of the main ejecta (ex-

cluding the jets) with equator-to-polar ratios greater than 2 : 1
will produce significant polarization, of order 1% or more as
observed in bare-core supernovae (Höflich, Wheeler & Wang
1999). The two high-velocity polar jets moving ahead of the
main ejecta may be detected in supernova remnants and might
account for the evidence of jets in Cas A. The composition of

the jets must reflect the composition of the innermost parts of
the star and should contain heavy and intermediate-mass ele-
ments. If the helium star is actually a core inside a hydrogen
envelope, radioactive elements will be carried into the hydrogen
envelope. This could explain the early appearance of X-rays,
as in SN 1987A. It is plausible that a sufficiently powerful jet
could even penetrate a hydrogen envelope.
If the two jets are not identical, the momentum imbalance

might impart a kick to the neutron star, . The required dif-vNS
ference between the inflow velocities of the jets isDvj

Dv M vNSj NS! ( )( )v M vjj j

!1v 30,000 km sNS! 1.0 ,( ) ( )!11000 km s vj

where we have taken the neutron star mass to be M = 1.5NS

M, and the jet mass to be g. Although the required32M = 10j

jet asymmetry, , to produce a 1000 km s!1 kick mayDv /v " 1j j

seem extreme, the parameters of the jets selected for this cal-
culation are mild. If the duration of the jets is increased by a
factor of 2, an asymmetry of only 0.5 would be required.
When the jets break through the stellar photosphere, a small

amount of mass will be accelerated through the density gradient
to very high velocities. In our simulation, a small fraction of
the material at the stellar surface was observed to move with

Khokhlov et al. 1999
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The FLASH Code
Block-structured Adaptive-
Mesh Refinement

Piecewise-Parabolic Method, 
explicit Eulerian hydro

Tabular EoS 

Poisson self-gravity

HDF5 output
Kevin Olson
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Viz & Analysis Tools

Primarily VisIt through Python 
interface

Parallel viz hardware (primarily at 
TACC)

Also, some IDL...
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Dynamic range
2D cylindrical geom.

Radius, time-dependent 
max. refinement level

Modified FLASH to 
excise central hole

Hole radius expands 
with time

Start with 25 
refinement levels
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Kinetic Thermal

Density
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X-ray emission modeling
Optical depths integrated 
along lines of sight

Accurate opacities from LANL

Multiple photon energy 
groups

Composition: helium with 0.5 
solar metallicity

Black body emission with 
color temperature = gas 
temperature at therm. depth

τtot = τscat + τabs ≈ 2/3
τeff =

√
3τabsτtot ≈ 2/3

LoS

Temperature
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Would like to get away from IDL...

Need parallel resources capable of 
handling 3D AMR data

Lagrangian particle analysis

Vector field viz

Minimize data movement

Fast viz important, flexible data 
manipulation also needed
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