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A MzamgK T YO Mgy,
A Nuclear fusion up to

iIron-group nuclei.

A Iron core: electron degenerate,
Chandrasekhamass object;
EOS:P ~ Kp4/3 - Pthermal

A Effective Chandrasekhar mass:

2

S
My, ~ 5.38 Y21 c | M
Cl e[ +7T]€BYJ ®

1.4¢ 2 Mgy,

A Onset of gravitational collapse
when pushed over effectivdl,
Photodissociatiorof nuclei and
electron capture.

4 The CoreCollapse SN Scenz

~109 km

Fe-group nuclei

Betelgeuse as seen by the HS

Distance: 200 pc
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A Collapse separates iron core into B
homologouslyvecr) collapsing
Inner coreand supersonically
collapsingputer core.

A EOS stiffens &t
Inner core bounce,
hydrodynamic bounce shock.

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

A Shockevivaland SN explosion

~4000 km
~1.5 M,

protoneutron star

or collapse to BH , . inner core:
alGRB? r \ - ~20-30 km
(CO”aF_)S B _ bounce shock . ,'] 06 M
A What is the mechanism of shock ~\ |/ TP e
revivalz2 777
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The Essence of Cofeollapse Supernova
ExplosionrMechanisms

A Collapse to neutron star:
~3 X 103 erg = 300 Bethe [B] gravitational energy.

A ~10°terg = 1 B kinetic and internal energy of #jecta
(Extreme cases: 20S NHyperrmva U

A 99% of the energy is radiated as neutrinos over hundre
of seconds as the protoneutron star (PNS) cools.

Explosion mechanism must tap the gravitationg
energy reservoir and convert the necessary
fraction into energy of the explosion.
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45+ Years of Theory & Modeling

Specific Entropy [kg / baryon]

ABounce shock always stal 544 73 102 131 160
Direct hydrodynamic |
a LINB YLII ¢ Y S

ANeutrino-driven .. oes 1
mechanism Bethe & Wilson 1985] =
Based on subtle imbalancs o
between neutrino heating
and cooling in postshock -
region.
Problem Fails to explode

[Ott et al. 2008]

—2

gardenvariety massive —2 - 0 1 2
stars in spherical symmetry DL
[Thompson et al. 200ampp& Janka Breaking of spherical symmetry is the key

2002, Liebendorferet al. 2002,2005] ingredient of the SN mechanism!



SandingAccretionShockinstability

[e.g.,Blondinet al. 203,2006!;:oglizzaat al. 2006, Scheck et al. 2006, 2007, Burrows et al. 2006, 2(

" Advectiveacoustic cycl
drives shock instability.

Seen in simulations by

$20.0 ENTROPY all groups!
LEA VELOCITY

Time =-168.0 ms
Radius = 500.00 km




Rapid Rotation antllonaxisymmetri®ynamics

3D GR simulatio®tt 2006, rendition by RKahler Zuselnstitute, Berlin
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Time = -0.50 ms Width = 50.00 km

PNS core oscillations, Burrows et al. 2006, 2007; Ott et al. 2006



CoreCollapse Supernova Timeline

Something miraculous happens and revives the shock -> Explosion

_______________________________ -t
ShOCI( """""""""::":_A"_"_: """""""""""""""""""""""""""""""""""""""""""""""
stallsi i

&M  HFormation] ]
1s 1.5s 2s

Onset of Core

Collapse Bounce

A Energy reservoir: A Time frame for explosion: A Aside:
few x 133erg (100 B) ~0.3¢ 1.5 s after bounce. No direct

A Explosion energy: A BH formation at baryonic ~ BH formation in
~1B PNS mass1.8¢2.5 My,  Pop l/llstars!
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Blowing up Massive Stars:
CoreCollapse SN Mechanisms

Introduced by:
Neutrino [Colgate & White 1966, Arnett 1966,
. Wilson 1985, Bethe & Wilson 1985]
Mechanism

Kogaretal. 1976, Meier et al. 1976,

[ M H D_J et ] [LeBlanc & Wilson 1978jsnovaty

Mechanism Symbalistyl 984]
. [proposed by
[ Acoustic ] Burrows et al. 2006, 2007;
: not (yet?) confirmed by other
M eChan ISIM groups/codes]
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[Burrowset al.2007, Dessart et al. 2008,ivneet al. 2008; original: LeBlanc & Wilson 1978ymbalisty1984 and others]

ARapid rotatiorn
Po<46s
-> millisecond PNS

APNS rotational energy:
~10B

AAmplificationof B
flelds up to
equipartition:

Acompression
Adynamos

Amagnetorotational
instability (MRI)

AJetdrivenoutflows.

AMHD-driven explosion
may be GRB precurso

M15B11UP2A1H
B-Field

Time = -183.5 ms
Radius = 500.00 km

VULCAN 2D-KRHD code, Livne et al. 2007, Burrows et al. 2007.
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Acoustic Mechanism

[Burrows et al. 2006, 2007bi/c]
A SASmodulated supersoni@ccretion streama&nd SASI generated

turbulenceexcite lowestorder (I=1) gnode in the PNS.A 300 Hz.

A g-modesreach large amplitudes
~500 mst 1 s after bounce.
A Dampingby strongsound waves

that steepen into shocksleposit
energy in the stalled shock

A ~1 B explosions at late times. Iso-Density Surfaces

Entropy Coloring

Time = -140.0 ms

A (1) hard to simulate; unconfirm Radhus = 000,08 im
(2) possible parametric instability, limiting mode amplitudes: siyssne s




Observinghe Explosion Mechanism

Specific Entropy [kg / baryon]
1.5 4.4 7.3 10.2 1.3.1 16.0

Shock

T,
\‘\G ai a !i EEIE on y

Classical Observational Astrononr

SeCOndary A Explosion morphologlightcurve

_| energy, chemical composition.

Observables 74 Progenitor type / mass.
A Pulsar kicks.

_A Neutron star mass.




Observinghe Explosion Mechanism

Specific Entropy [kg / baryon]
1.5 4.4 7.3 10.2 1.3.1 16.0

Chandra

Neutrinoand Gravitational Wave Astronom)-/- ) L
ADirectd A 3Sé AYT2NNE GA 2y ?Flema'rys

supernova engine.
A GWs Directly linked to theubiquitous Observables

multi-D dynamicsn the postshock region _|
and in thePNS




GW Emission Processes In COamlapsesSNe

. [see Ott 2008 for a review]
A Rotating core collapse and core bounce ’
A Dynamical rotational 3D instabilities

A Postbounce convection and SASI R
: 2 G . X
A PNS core pulsations W (1, %) = bmfjk(t_ @)}

A BH formation

A Anisotropic neutrino emission
A Asphericabutflows .
A Magnetic stresses

Bursts with
daSY2NES
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GW Emission Processes In COamlapsesSNe

Rotating core collapse and core bounce
Dynamical rotational 3D instabilities

Postbounce convection and SASI el e e

— IN
PNS core pulsations hi (¢, %) = L%%fjk(t_ M)}

[see Ott 2008 for a review]

To To o Ix

C
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Rotating Core Collapse and Bounce

A CollapseAngular momentum
conservation leads to spin up &
rotational deformation of inner &

A At core bounce: Very large
accelerations> rapidlychanging
massquadrupolemoment.

A Most extensively studied
GW emission in core collapse:

Ruffini& Wheeler 1971  Seideletal. late 1980s
Thuan& Ostriker1974, Finn & Evans 1990
Saenz & Shapiro 197881 Moenchmeyertal. 1991
Moncrief1979 Bonazzola& Marck1993
Mueller 1981 Yamada & Sato 1995
Detweiler& Lindblom1981 Zwerger& Mueller 1997
Turner & Wagoner 1979 Dimmelmeieret al. 2002

Ott et al. 2004

Shibata &Sekiguch2004
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New Extended 2D GR Model Set

[Dimmelmeier Ott, Marek andJanka2008, Ott 2008Dimmelmeieret al. 2007ab, Ott et al. 2007]
-20
10

T T T T T T T T T T T T T

A >14O 2D GR models fo = (I/Om@z)fdf) (.[Dm@i)df)_ Fzzfzezﬂf*hdt . .’{."p E
with Y,("). 6 preSN e A g ° H :
o= (3 [ Seinra) g L _
models. [N R TP % o ¥
A Slow to rapid rotation. - X

A Solidbody to

h _[for LIGO detector at 10 kpc]

mOderat_ely _ e sl Shen EoS
differential rotation. s11, LS EoS
10—21 ® sl5, Shen EoS
A Sherand LSEOS. N @ sl5.LS EoS
: . i e 520, Shen EoS
AGW signature of rotating I $20, LS EoS
collapse multdegenerate] —> [ |® 238’ igegcios
AKey parameters: [ e15/¢20, Shen EoS -
z s ~ 0
APrecollapse centrah. - e15/¢20, LS EoS |99 f’ of {n?ss:ve stars are
Alron-core mass/entropy T - slowlyrotatings
__ I 100 o 1000
Group Qe,i | hmax| Eqw fpeak A fso
[ott2009  (rad s™1) (1072! at 10kpc) (1078 Mg c?) (Hz) (Hz)
1 <1-1.5 <0.5 < 0.1 ~ 700-800 ~ 400
2 1-2 to 6-13 0.5 to 10 0.1tob ~ 400-800 100 to 400

most models: 700-800

3 2> 6-13 3.5 to 7.5 0.07 to 0.5 70 to 200 80 to 250




PNS Spin and Rotational Instabilitie

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

A Classical picturedigh T/|W| instabilities.
Azimuthamodese exp(meb @ Y T-W2 B 6 & &
(T/|W|) dynamicaI: 0.27, (Tllwl)secularz 0.14. [eg. Chandrasekhar 1969]

Numbers hold roughly in GR and moderate differential rotation
[e.g.,Baiottiet al. 2007]
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[Shibata et al. 2000, 3+1 GR simulations]



PNS Spin and Rotational Instabilitie

[DimmelmeierOtt et al. 2008 in preparation, Ott et al. 20@1 et al. 2006]
A Classical picturédigh T/|W| instabilities.
Azimuthamodese exp(meb @ Y T-W2 B 6 & &
(T/|W|) dynamicaI: 0-27’ (Tllwl)secularz OLAlA [Bg. ClEmiEeskier 1262)

Numbers hold roughly in GR and moderate differential rotation
[e.g.,Baiottiet al. 2007]

ACan a realistic PNSs reach such high T/|W|?

A Direct numericasimulation:
No¢ Collapsing cores hit

rotational barrier.

[Ottet al. PRL 2007 & CQG 2007,
Dimmelmeiey Ott et al. 2008

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