
Large cancellation 
effects in 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total 
energy budget:

• Huge energy in!
• Huge energy out!
• The rest makes the 
supernova!

• Leading order 
contributions from 
many fields of 
physics possible...
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• How does the col-
lapse of single stars 
lead to explosions that 
outshine a galaxy?

• Which new physics is 
observable in the 
extreme conditions of 
matter during the 
explosion?

• Does the nucleo-
synthesis of heavy 
elements explain the 
abundances on Earth, 
the Sun and distant 
stars?  

The Supernova Problem
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Observation <--> Model <--> Input Physics

local

semi-local

non-local

Physics Challenges

Reaction network

Magneto-hydrodynamics

Gravity

Radiative transfer

• microscopic input physics
• equilibria
• large stiff set of partial
   differential equations

• resolution
• fluid instabilities
• shock waves
• disparate time scales

• Newton: infinitely fast coupling
• General Relativity:
- choice of coordinates
- horizons

• coupling to above
• large phase space
• observer corrections
• multi-dimensional

Astrophysical
modelling:

Input Physics --> Numerical ModelInput <--> Model <--> Observation

• uncertainties
• stiff partial diff’eqs.

• resolution
• time scales

• NR: elliptic equations
• GR: metric/horizons

• dimensionality
• non-locality

ObservationsModelling challenges
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Solving the Boltzmann equation on adaptive mesh

(Mezzacappa & Bruenn 1993, Liebendörfer 2000, Liebendörfer et al. 2004)

Evolution of specific
neutrino distr. function:

F(t,m,µ,E) = f(t,r,µ,E)/!

=> 3D implicit problem

Comoving metric:

Stress-energy tensor:
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Let’s see...

Forward differencing:
evaluate slope with
current state vector

Backw. differencing:
evaluate slope with
future state

Finite differencing of time evolution



Go faster...

Forward differencing:
evaluate slope with
current state vector

• simple
• accurate for small 
time steps
• limited by charac-
teristic time scale

Explicit finite differencing



Think...

Forward differencing:
evaluate slope with
current state vector

• simple
• inaccurate for large 
time steps
• even catastrophic!

Explicit finite differencing



Backw. differencing:
evaluate slope with
future state vector

• Long time steps 
possible
• Follows ‘average’ 
evolution

• nonlinear system
• computationally 
expensive!

Implicit finite differencing
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(a) Electron Neutrinos
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(b) Electron Antineutrinos
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(c) µ/! Neutrinos

(Liebendörfer et al. 2003)
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last reaction
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e-capture was
last reaction

ν-e scattering was
last reaction

neutronisation
burst from e-capture

on free protons
close to the shock



entropy
equilibrium

entropy
in simulation

shock

neutrino emission
from a broad

region



kT
µe

n-e scattering was
last reaction

pair-production was
last reaction

accreting protoneutron
star pushes electron

non-degenerate matter
 toward radii where µ/τ
neutrinos come from



Detailed comparison of results

(Liebendörfer et al.  2001, Rampp & Janka 2002,
  Thompson et al. 2003, Sumiyoshi et al. 2005)

Comparison of spherically symmetric simulations:
Oak Ridge/Basel group and Garching group

Liebendörfer, Rampp, Janka, Mezzacappa, ApJ 620 (2005)

Summary on spherically symmetric simulations:

-> Transport approximations and
     GR effects not responsible for failures

datafiles.tar.gz of simulation in ApJ electronic edition

(Marek et al., A&A 2006)

excellent agreement:

Explosions only in exceptional cases!

(datafiles.tar.gz in ApJ electronic edition)

Comparison among independent groups
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Problem 2: Accretion (-luminosity) 
shuts off after onset of explosion
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to heating limited by 
high infall velocity
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