
Large cancellation 
effects in the total 
energy budget:

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

• Leading order 
contributions from 
many fields of 
physics possible...

Compschool, Copenhagen 2009

• Collapse phase: Dynamics & ν-interactions

• Postbounce phase: ν-transport & explosion mechanisms

• Models: Approximations & prediction of observables

M. Liebendörfer
University of Basel

Core-Collapse Supernovae
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Echoes from Cass A & Tycho

• Search in Milky Way:
   historical supernovae?

• Challenge: large solid
   angle for search

• green = 2 epochs
   available

• 2 clusters found

• deviations ~10 deg
   due to dust sheet
   orientation in A

--> average vector in B

(Rest et al., ApJL 681, 2008)
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Cas A Supernova was of Type IIb

• very faint at Earth

• no widespread record

• type controversial

--> echo unambigously
       from supernova

--> weak He lines

--> similar to optically
       bright prototype
       SN1993J

(Krause et al., Sci 320, 2008)

... We present an optical spectrum of the Cassiopeia A
supernova near maximum brightness, obtained from
observations of a scattered light echo --- more than
three centuries after the direct light of the explosion
swept Earth. The spectrum shows that Cassiopeia was
a type IIb supernova...



Tycho's SN was of type Ia

• clearly SN origin

• absence of hydrogen

• prominent Si II

• ejecta v=12000 km/s

--> typical SN Ia

comparison with 90d
time-averaged spectra

(Krause et al., Nature, arXiv:0810.5106)



Core collapse supernova

Huge Energies

• neutrinos:
~1e+53 erg

• mechanical:
~1e+51 erg

• electro-magn.:
~1e+48 erg elmag

• visible:
~1e+41 erg visible

56Ni -> 56Co ->56Fe
        ~6d       ~110d

Where does the Energy come from?
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Mass defects...

Energies: keV-MeV

... of nuclei

... of neutron stars

strong-
& electro-
weak
interaction

!'s

Gravitation
&
Pauli principle

"'s
stellar
core
~1.4 Ms

Energies: ~3.E+53 erg

NS

3 m(He) > m(C)

m(core) > m(NS)
#m ~ 0.1 Ms

...but

1) This binding energy is achieved at nuclear matter density
2) Energy of neutrinos >~10MeV

Nuclear physics
involved?



Stellar Evolution

• Fusion in core
   reaches maximum
   binding energy
   per baryon

• There is a maximum
   stable mass: Chan-
   drasekhar mass

(Heger & Woosley 2002, see also
Hirschi, Meynet, Maeder 2005)

Overview of burning phases in stellar evolution 
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Description of supernova matter...

Temperature T

and above nuclear saturation density
nuclear forces determine gravitational stability.

Electron fraction Ye = ne/nbaryon,

Very much simplified picture:
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• Nuclear statistical 
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• Charge neutrality
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Conservation laws are for computational 
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climber: First you think you can survive by 
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Description of supernova matter...

Temperature T

and above nuclear saturation density
nuclear forces determine gravitational stability.

Electron fraction Ye = ne/nbaryon,

Very much simplified picture:
• Main composition:

Nucleus!
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Conservation laws:

• Baryon number
• Lepton number
• Energy
• Momentum
• Magnetic flux

Conditions:

• Nuclear statistical 
equilibrium (NSE)
• Charge neutrality
• Detailed balance
• div(B) = 0

Conservation laws are for computational 
physicists what ropes are for the rock 
climber: First you think you can survive by 
just being careful,...

… but in astrophysics you always meet the 
situation where they are indispensable!



Microscopic input physics

Cool
collapse

Electron/neutrino capture on nucleons

Electron/neutrino capture on nuclei

Neutrino-nucleon scattering

Coherent scattering of neutrinos on nuclei

Neutrino-electron scattering

Pair creation/annihilation

Nucleon-Nucleon bremsstrahlung (Thompson et al. 2002)

Electron-! pair annihilation --> muon-! pair creation (Buras et al. 2003)

Weak interactions between neutrinos and matter
(Bruenn, ApJS 58, 1985 and Refs. therein)

Ion-ion correlations (Itoh 1975)

Hot
postbounce

(Shen et al. 1998)

• Liquid drop
(Lattimer-Swesty 1991)

Equation of state:
• charge neutrality
• nuclear statistical
  equilibrium (NSE)
• finite temperature

• Rel. Mean Field



Deleptonization

Bethe (1990)
mean free path:

Optical depth:
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Deleptonization
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Deleptonization

(Martinez-Pinedo, Liebendoerfer, Frekers, 2006)
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Deleptonization

(Martinez-Pinedo, Liebendoerfer, Frekers, 2006)
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Deleptonization

(Martinez-Pinedo, Liebendoerfer, Frekers, 2006)
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More neutrinos from electron capture

• Traditional input physics:

Electron capture reactions
blocked for neutrino-rich
heavy nuclei
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More neutrinos from electron capture

(Martinez-Pinedo & Langanke 2002)

• Traditional input physics:

Electron capture reactions
blocked for neutrino-rich
heavy nuclei
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• Most recent input physics:

Electron captures on heavy
nuclei proceed and dominate!
(Hix et al. 2003, Marek et al. 2006)



More neutrinos from electron capture

• the treatment of
nuclear structure in
n-rich nuclei causes
20% differences in
shock formation!

(Martinez-Pinedo & Langanke 2002)

• Traditional input physics:

Electron capture reactions
blocked for neutrino-rich
heavy nuclei

Independentparticletreatment
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• Most recent input physics:

Electron captures on heavy
nuclei proceed and dominate!
(Hix et al. 2003, Marek et al. 2006)
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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

cold 
accretion 

flow

Whitehouse et al.

shock-
heated 
matter

accretion 
flow

delepto-
nisation

Entropy Ye

cold proto-
neutron star

v+n --> p+e
v+p --> n+e+


