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The Core-Collapse SN Scenario
ÅMZAMSҗ уτ10 MSun

ÅNuclear fusion up to 
iron-group nuclei.

ÅIron core: electron degenerate, 
Chandrasekhar-mass object;
EOS: 

ÅEffective Chandrasekhar mass:

1.4 ς2 MSun.

ÅOnset of gravitational collapse 
when pushed over effective MCh:
Photodissociationof nuclei and 
electron capture.
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Betelgeuse as seen by the HST,
Distance:  200 pc



Collapse, Bounce & Explosion
ÅCollapse separates iron core into

homologously(v r) collapsing 
inner core and supersonically
collapsing outer core.

ÅEOS stiffens at ́nuc:
Inner core bounce, 
hydrodynamic bounce shock.

ÅShock loses kinetic energy to
dissociation + neutrino losses:
-> Shock stalls.

ÅShock revivaland SN explosion
or collapse to BH 
(collapsar/GRB?).

ÅWhat is the mechanism of shock 
revival?
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Explosion mechanism must tap the gravitational 
energy reservoir and convert the necessary 

fraction into energy of the explosion.
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The Essence of Core-Collapse Supernova 
Explosion Mechanisms

ÅCollapse to neutron star: 
3 x 1053 erg = 300 Bethe [B] gravitational energy.

Å 1051 erg = 1 B  kinetic and internal energy of the ejecta. 
(Extreme cases: 1052ŜǊƎΤ άhypernovaέύ

Å99% of the energy is radiated as neutrinos over hundreds 
of seconds as the protoneutron star (PNS) cools.



ÅNeutrino-driven 
mechanism:
Based on subtle imbalance 
between neutrino heating 
and cooling in postshock 
region. 

45+ Years of Theory & Modeling
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[Wilson 1985; 
Bethe & Wilson 1985]

ÅBounce shock always stalls. 
Direct hydrodynamic 
άǇǊƻƳǇǘέ ƳŜŎƘŀƴƛǎƳ ŦŀƛƭǎΦ 

[Thompson et al. 2003, Rampp& Janka
2002,  Liebendörferet al. 2002,2005]
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Problem: Fails to explode 
garden-variety massive 
stars in spherical symmetry. 

Breaking of spherical symmetry is the key 
ingredient of the SN mechanism!



Standing Accretion Shock Instability
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[e.g., Blondinet al. 2003,2006; Foglizzoet al. 2006, Scheck et al. 2006, 2007, Burrows et al. 2006, 2007 ]

Advective-acoustic cycle 
drives shock instability.

Seen in simulations by
all groups!



Rapid Rotation and NonaxisymmetricDynamics
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3D GR simulation Ott 2006, rendition by R. Kähler, ZuseInstitute, Berlin 
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PNS core oscillations, Burrows et al. 2006, 2007; Ott et al. 2006



Core-Collapse Supernova Timeline
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ÅEnergy reservoir: 

few x 1053 erg (100 B)

ÅExplosion energy:

1 B

ÅTime frame for explosion:

0.3 ς1.5 s after bounce.

ÅBH formation at baryonic 

PNS mass1.8 ς2.5 MSUN.

ÅAside:

No direct

BH formation in 

pop I/II stars!



Blowing up Massive Stars: 
Core-Collapse SN Mechanisms
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Neutrino 
Mechanism

MHD-Jet 
Mechanism

Acoustic 
Mechanism

[Colgate & White 1966, Arnett 1966, 
Wilson 1985, Bethe & Wilson 1985]

[LeBlanc & Wilson 1970, Bisnovatyi-
Koganet al. 1976, Meier et al. 1976, 

Symbalisty1984]

[proposed  by
Burrows et al. 2006, 2007; 

not (yet?) confirmed by other 
groups/codes]

Introduced by:



MHD-driven Explosions
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[Burrows et al. 2007, Dessart et al. 2008, Livneet al. 2008; original: LeBlanc & Wilson 1970,  Symbalisty1984 and others]
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VULCAN 2D R-MHD code, Livne et al. 2007, Burrows et al. 2007.

ÅRapid rotation: 
P0 < 4-6 s
-> millisecond PNS

ÅPNS rotational energy:
10 B

ÅAmplificationof B 
fields up to 
equipartition:

Åcompression

Ådynamos

Åmagneto-rotational 
instability (MRI)

ÅJet-drivenoutflows.

ÅMHD-driven explosion
may be GRB precursor.



Acoustic Mechanism
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ÅSASI-modulated supersonic accretion streamsand SASI generated 
turbulenceexcite lowest-order (l=1)  g-mode in the PNS. f 300 Hz.

[Burrows et al. 2006, 2007b/c]

Åg-modesreach large amplitudes
500 ms τ1 s after bounce.

ÅDampingby strong sound waves
that steepen into shocks; deposit
energy in the stalled shock.

Å 1 B explosions at late times.

Å(1) hard to simulate; unconfirmed, 
(2) possible parametric instability, limiting mode amplitudes.ώ²ŜƛƴōŜǊƎ ϧ vǳŀǘŜǊǘΩлуϐ



Observingthe Explosion Mechanism
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Classical Observational Astronomy:
ÅExplosion morphology, lightcurve,

energy, chemical composition.
ÅProgenitor type / mass.
ÅPulsar kicks.
ÅNeutron star mass.
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Secondary
Observables



15C. D. Ott @ CaJAGWR Nov 2008

Neutrinoand Gravitational Wave Astronomy
ÅDirectάƭƛǾŜέ ƛƴŦƻǊƳŀǘƛƻƴ ŦǊƻƳ ǘƘŜ

supernova engine.
ÅGWs: Directly linked to the ubiquitous 

multi -D dynamicsin the postshock region
and in the PNS.

Primary
Observables

Chandra

Observingthe Explosion Mechanism



GW Emission Processes in Core-Collapse SNe
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ÅRotating core collapse and core bounce

ÅDynamical rotational 3D instabilities

ÅPostbounce convection and SASI

ÅPNS core pulsations

ÅBH formation

ÅAnisotropic neutrino emission

ÅAsphericaloutflows 

ÅMagnetic stresses

Newtonian QuadrupoleFormula:

Bursts with 
άaŜƳƻǊȅέ

[see Ott 2008 for a review]
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Rotating Core Collapse and Bounce
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ÅCollapse:Angular momentum 
conservation leads to spin up &
rotational deformation of inner
core.

ÅAt core bounce: Very large
accelerations -> rapidlychanging
mass quadrupolemoment.

ÅMost extensively studied
GW emission in core collapse:

Ruffini& Wheeler 1971
Thuan& Ostriker1974,
Saenz & Shapiro 1978-1981
Moncrief1979
Mueller 1981
Detweiler& Lindblom1981
Turner & Wagoner 1979

Seidel et al.  late 1980s
Finn & Evans 1990
Moenchmeyeret al. 1991
Bonazzola& Marck1993
Yamada & Sato 1995
Zwerger& Mueller 1997
Dimmelmeieret al. 2002
Ott et al. 2004
Shibata & Sekiguchi2004



New Extended 2D GR Model Set
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[Dimmelmeier, Ott, Marek, and Janka2008, Ott 2008, Dimmelmeieret al. 2007ab, Ott et al. 2007]

Å>140 2D GR models 
with Ye( )́. 6 pre-SN 
models.

ÅSlow to rapid rotation.

ÅSolid-body to 
moderately 
differential rotation.

ÅShenand LS-EOS.

ÅGW signature of rotating 
collapse multi-degenerate.
ÅKey parameters:
ÁPrecollapse central ʍ.
ÁIron-core mass/entropy.

[Ott 2008]

But note:

99% of massive stars are
slowly rotating!



ÅClassical picture: High T/|W| instabilities. 

Azimuthalmodes exp(im ύΦ ƳҐн άōŀǊ-ƳƻŘŜǎέ 
(T/|W|) dynamical= 0.27, (T/|W|)secular 0.14.
Numbers hold roughly in GR and moderate differential rotation.

PNS Spin and Rotational Instabilities
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[e.g., Chandrasekhar 1969]

[Dimmelmeieret al. 2008, Ott et al. 2007, Ott et al. 2006]

[e.g., Baiottiet al. 2007]
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[Shibata et al. 2000, 3+1 GR simulations]



ÅClassical picture: High T/|W| instabilities. 

Azimuthalmodes exp(im ύΦ ƳҐн άōŀǊ-ƳƻŘŜǎέ 
(T/|W|) dynamical= 0.27, (T/|W|)secular 0.14.
Numbers hold roughly in GR and moderate differential rotation.

PNS Spin and Rotational Instabilities
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[e.g., Chandrasekhar 1969]

[Dimmelmeier, Ott et al. 2008 in preparation, Ott et al. 2007, Ott et al. 2006]

[e.g., Baiottiet al. 2007]

ÅCan a realistic PNSs reach such high T/|W|?
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ÅDirect numericalsimulation:
NoςCollapsing cores hit 
rotational barrier.

ÅCritical T/|W| (secular/ 
dynamical) attainable 
during PNS cooling. 

Å5ƻƴΩǘ ŦƻǊƎŜǘ aI5Η

[Ott et al. PRL 2007 & CQG 2007, 
Dimmelmeier, Ott et al. 2008]


