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LǘΩǎ ǘƘŜ

economy,
stupid.

multi - D,

Did he just say 
g-modes?!?
²ƻƴΩǘ ǘƘŜȅ ŜƳƛǘ 

gravitational waves 
like crazy?

LǘΩǎ ŀƭƭ ŀōƻǳǘ ŎƻƴǾŜŎǘƛƻƴΣ 
the SASI, rotation with 

MHD, and the g-modes! 
Mr. Chairman, if we have 
to run this model for 100 

years to get the answer, we 
will do just that!

Even the French, Japanese, 
Swiss, and Germans are 

doing it!!!
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Yeah right, show 
me robust and  
powerful 2D 

neutrino-driven 
explosions! Got to 
go straight to 3+1 

GRRMHD, Bill!

LǘΩǎ ŀ 
gravity 
bomb!

The election year 2008 in the light of recent 
advances in core-collapse supernova theory.



Blowing up Massive Stars: 
Core-Collapse SN Mechanisms
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ÅStandard Neutrino mechanism works in 1D for lowest-mass 
massive stars (O-Ne-Mg cores).  
2D: accretion induced collapse with rapid rotation.

ÅMore massive progenitors: Multi -D effects probably crucial:
Convection, accretion shock instabilities, rotation , MHD, PNS pulsations.

2D/3D Neutrino 
Mechanism

+ e˄nergy deposition.

+Convection/Standing-
Accretion-Shock Insta-
bility (SASI) & soft EOS.
-> 11.2 MSUN, 15 MSUN
ώ.ǳǊŀǎ Ŝǘ ŀƭΦ ΩлсΣ Marek & JankaΨлтϐ

+Si/O burning.
[BruennŜǘ ŀƭΦ ΩлсΣ MezzacappaŜǘ ŀƭΦ Ψлтϐ

MHD-Jet 
Mechanism

+Rapid Rotation
+B-field amplification:

flux compression, MRI,
winding, dynamos

+Robust, early jet-driven
explosions (up to 10 B).
ώŜΦƎΦΣ .ǳǊǊƻǿǎ Ŝǘ ŀƭΦ ΨлтΣ ²ƛƭǎƻƴ Ŝǘ ŀƭΦ ΨлрΣ
Yamada & SawaiΨлпΣ aƛȊǳƴƻ Ŝǘ ŀƭΦ ΨлпΣ 
!ƪƛȅŀƳŀ Ŝǘ ŀƭΦ ΩлоΣ ΩлрΣ {Ƙƛōŀǘŀ Ŝǘ ŀƭΦ Ψлсϐ

Acoustic 
Mechanism

+Excitation of PNS g-mode

pulsations by accretion/ 
SASI/turbulence.

+Damping via emission of 
strong sound waves that 
steepen to shocks.

+Robust, late explosions.
ώ.ǳǊǊƻǿǎ Ŝǘ ŀƭΦ ΨлсΣ ΩлтΣ hǘǘ Ŝǘ ŀƭΦ ΩлтΣ
but: Weinberg & QuatertΩлтϐ

[Kitauraet al. 2006, Burrows 1987, 2007c]

ώ5ŜǎǎŀǊǘ Ŝǘ ŀƭΦ ΨлсΣ Ψлуϐ



Constraining the 
Core-Collapse Supernova Explosion Mechanism
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Classical Observational Astronomy:
ÅExplosion morphology, lightcurve,

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

C. D. Ott @ IHP July 2008

Secondary
Observables



Constraining the 
Core-Collapse Supernova Explosion Mechanism
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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



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

ÅPostbounce convection and SASI.

ÅAnisotropic neutrino emission.

ÅPNS core pulsations.

ÅPNS dynamical rotational 3D instabilities.

ÅAsphericaloutflows 
(jets; precollapse asymmetries)

Newtonian QuadrupoleFormula:



Rotating Core Collapse and Bounce

C. D. Ott @ IHP July 2008 7

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 Results:Rotating Collapse and Bounce
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[Dimmelmeieret al. 2008, Dimmelmeieret al. 2007, Ott  et al. 2007, Ott 2006]

ÅFirst 2D/3D GRsimulationswith
hot microphysical EOS & 
deleptonizationduring collapse.

ÅGW signature determined by 
inner core mass, inner core 
angular momentum, 
and (to some extent)nuclear EOS.

ÅGW signal of generic shape;
ƴƻ άƳǳƭǘƛǇƭŜ ŎŜƴǘǊƛŦǳƎŀƭ ōƻǳƴŎŜέ
or fizzlers.

ÅD²ǎ ŦǊƻƳ άǉǳƛŎƪƭȅέ ǎǇƛƴƴƛƴƎ
cores (precollapse P0 < 10 s) 
άŘŜǘŜŎǘŀōƭŜέ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ 
Milky Way.

ÅImportant finding: 
Cores stay axisymmetric through bounce and early postbounce phase.



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

Å>140 2D GR 
models with Ye( )́ 
parametrization.
Å6 presupernova 

models.
ÅSlow to very rapid 

rotation.
ÅSolid-body to 

moderately 
differential 
rotation.
Å2 finite-temp. 

nuclear EOSs.

1) slow rotation, pressure-dominated 

bounce, prompt convection

2) moderately-rapid rotation, pressure-

dominated bounce

3) rapid rotation, pressure-dominated, 

rotation-influenced bounce

4) single centrifugal bounce.

Results
ÅGW signature of rotating collapse

multi-degenerate.
ÅKey parameters:
ÁPrecollapse central ʍ.
ÁPrecollapse iron-core mass/entropy.



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

10

[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]


