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§ 1: Introduction



Introduction

Â Stellar core collapse is interesting astrophysical event

Ç Association with supernova (SN) explosion

Ç Emission of wide variety of signals(gravitational waves(GW),

neutrinos, electromagnetic radiations)

Â Observation of GW and neutrinos can reveal the innermost part

Ç Main pass of stellar-mass black hole (BH) formation

Â Criterion of BH formation ?

Ç Association with (long) gamma-ray bursts (GRBs)

Â Highly dynamical and nonlinear phenomena

Ç Numerical relativity is the unique approach



Introduction

Â All known four forces in nature play important roles

Ç Theoretically, very challenging problem

Ç Full GR simulation with microphysics should be performed !

Ç How does the microphysics play roles in core collapse ?

Ç To perform simulations, one must know the physics contained 
in the system

ÂMicrophysics
Åweak interactions
ð electron capture

ð neutrino emission

Åstrong interactions (nuclear physics) 
ð equation of state (EOS)  of dense matter

ÂMacro Physics
Åhydrodynamics
ð rotation, convection

Ågeneral relativity

Åmagnetic field

ðmagnetohydrodynamics



Why are GWs form core collapse so interesting ?

Â Observations of supernovae

Ç Optical observations: 

Â several hours after the bounce

Â No information of central part

Ç Neutrinos:(SN1987A ~10 neutrinos)

Â Central part can be probed

Â flux decays 1/r2

Â depends on complicated microphysics

Â Gravitational waves: 

Ç Innermost part can be probed,    flux decays 1/r

Ç depends only on bulk mass-energymotion



§ 2: Supernova Mechanism

Â 2.1: supernova scenario

Ç Spherical contexts

Â 2.2: multi-dimensional effects

Ç convection

Ç instabilities of accretion shock

Ç recent simulations



2.1: Supernova Scenario

Â Massive star with                      : iron core is formed

Â The iron core becomes unstable due toelectron capture andphotodisintegration 

and core collapse sets in

Â As the collapse proceeds,dynamical timescale becomes shorter than the 

diffusion timescale of neutrinos(Neutrino trapping)

Â When the density exceeds the nuclear density, EOS stiffens due to the nuclear 

repulsive force  core bounce

Â Shock wave is formed at the inner core, and propagate outward

Ç If the shock wave can blow off the outer envelope, Prompt explosion occurs
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2.1: Supernova Scenario
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2.1: Supernova Scenario

Â Massive star with                     : iron core is formed

Â The iron core becomes unstable due toelectron captureandphotodisintegration

and core collapse sets in

Â As the collapse proceeds,dynamical timescale becomes shorter than the diffusion 

timescale of neutrinos(Neutrino trapping )

Â When the density exceeds the nuclear density, EOS stiffens due to the nuclear 

repulsive force  core bounce

Â Shock wave is formed at the inner core, and propagate outward

Ç If the shock wave can blow off the outer envelope, Prompt explosion occurs
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Ç Dynamical timescale:

Ç Diffusion timescale: 

Ç Neutrino trapping occurs when

Ç Refereed to as óneutrino sphereô

Ç Inside the neutrino sphere, neutrinos are 

trapped

Ç Pauli blocking by neutrino                        

Electron capture is prevented
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Neutrino Trapping
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Â The shock wave loses its energy and eventually stalls 

Â no prompt explosion occurs
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Neutrino Heating mechanism 

Â Outside region of neutrino sphere : radiated by neutrinos from below

Ç Neutrino heating (neutrino capture) rate:

Ç Neutrino cooling (electron capture) rate:

Ç There is a ógain radiusô where cooling= heating

Ç Net heating between gain radius and shock front

(Neutrino heating)

Ç shock revival due to the neutrino heating

Ç Delayed explosion
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Wilsonôs delayed explosion

Colgate (1989)

Heating from below



Neutrino heating mechanism

ÂFor successful delayed explosionéé

Ç heating timescale

Ç advection timescale from shock front to gain radius :

Â is necessary 

Ç Either shorten the heating timescale (enhance 

neutrino luminosity) or slow the advection of the 

matter 
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Current status : spherical simulation

Â State-of-the-art simulations

Ç Realistic EOS
(Lattimer & Swesty (1991) Nucl. Phys. A 535, 331;  Shen et al. (1998) Nucl. Phys. A 637, 435)

Ç Boltzmann transport of neutrinos

Â Both Newtonian and General relativistic framework 

Â Still no supernova explosion

Ç Advection timescale is too short for neutrino heating

Ç Rampp & Janka (2000) ApJL. 539, 33; A&A 369, 361 (2002);                          

Mezzacappa et al. (2001) PRL. 86, 1953;                                                              

Thompson et al. (2003) ApJ. 592, 434;                                                               

Liebendorfer et al. (2001) PRD 63, 103004; (2004) ApJS. 150, 263;                         

Sumiyoshi et al. (2005) ApJ. 629, 922.



Current status : spherical simulations

Rampp & Janka (2000) ApJL. 539, 33Liebendorfer et al. (2001) PRD 63, 103004Sumiyoshi et al. (2005) ApJ. 629, 922



HST image on Nov. 03

2.2: Multi-dimensional effects

Â Suggestion from observation: 
Ç Core mixing : 

Â Unexpected early appearance of Co 
lines
(e.g., Nomoto et al. (1994) in ñSupernovaeò)

Â In spherical symmetry Co lines can be 
observed only after one year when the outer 
envelope becomes optically thin

Ç Core rotation : 

Â Deformation of SN remnant 
(Wang et al. (2002) ApJ. 579, 671)

Â Linear polarization of about 1%

Â axial ratio of 2
(Wang et al. (2001) ApJ. 550, 1030;          
Leonard et al. (2001) ApJ. 553, 86)

Filippenko et al.  astro-ph/0312500



Ledoux convection

Â Ledoux criterion

Â Negative gradients of  lepton fraction  

Yl  andentropy (per baryon)

convectively unstable

unstable

sign of 
lY

rµ

µ

1s=
2s=

4s=

Sumiyoshi et al. (2004) Nucl. Phys. A 730, 227



Convectively unstable regions

rs
lY

Â around the neutrino sphere(PNS 
convection)

Ç behind the shock: high 
temperature due to shock heating

Ç neutrinos are produced copiously 
but trapped due to high density

Ç when shock front passes the 
neutrino sphere, neutrino burst

Ç negative Yl gradient (lepton-
driven)

Â above the gain radius    (neutrino-
driven convection)

Ç heating is strongest slightly 
beyond the gain radius ( 1/r2)
Â cooling ( 1/r6) is negligible 

Ç negatives gradient (entropy-
driven)



Neutrino burst emission

Ç behind the shock: high temperature due to shock heating

Ç neutrinos are produced copiously but trapped due to high density

Ç when shock front passes the neutrino sphere, neutrino burst

Liebendoerfer et al. (2004) state-of-the-

art 1D GR
Sekiguchi (2009) full GR with 

microphysics



Negative gradient of lepton fraction

Â Shock stalls, neutrino burst, and negative gradients

Sekiguchi (2009) full GR with microphysics



Liebendoerfer et al. (2004) state-of-the-art 1D GR       

10ms after bounce



Â Liebendoerfer et al. (2004) ApJS. 150, 263 state-of-the-art 1D GR

Neutrino driven convection



How convection aids explosion

Â PNS convection

Ç Neutrinos: diffuse out from   (lepton 

rich) PNS  (diffusion timescale)

Ç Convection more efficiently dig up 

neutrinos from PNS (dyn. timescale)

Ç Shorter neutrino-heating timescale

Â Neutrino-driven convection

Ç Cooler matter down gain radius

Ç Hotter matter rises up to shock front to 

push the shock 

Ç Matters stay in a gain region longer 

(Longer advection timescale)

PNS1D convection

n n

gain 
radius

shock



Energy released in convective overturn

Â Interchange of small fluid elements for a small distance ẑh

Â Free energy available per unit mass

Â For convective overturn of mass ẑM with negative ẑs or ẑYe , the 

energy available is
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PNS convection

Mueller and Janka (1997) A&A 317, 140

403 km95 km

20 ms25 ms

28 ms 32 ms

12 ms12 ms

21 ms21 ms

entropydensitytemperature

Newtonian simulation without neutrino transfer



PNSconvection

Ye
197.8 ms199.7 ms201.3 ms202.8 ms

Ye contours

Full GR simulation with neutrino cooling   

Y. Sekiguchi (2007)



Convective activities Full GR simulation with microphysics  

Y. Sekiguchi (2009)



Neutrino driven convection

Buras et al (2006) A&A 447, 1049   state-of-the-art simulation

2D hydro with radial-ray (1D+Ŭ) Boltzmann neutrino transport

ɜsphere

gain radius



Current status (convection)

Â Enhancement of neutrino luminosity due to convection, longer 

advection timescale, but convective activities do not sustain longer 

time because the convective activities themselves flatten the 

negative gradients.

Ç All of simulations are in Newtonian framework

Ç Herant et al. (1992) ApJ. 395, 642;   (1994) ApJ. 435, 399;                       

Burrows & Fryxell. (1992) ApJ. Science 258, 430;  (1993) ApJ. 418, 33;  

Burrows et al. (1995) ApJ. ApJ. 450, 830;                                                 

Yamada et al. (1993) PTP 89, 1175;                                                             

Shimizu et al. (1994) ApJL. 432, 119;                                                            

Janka & Mueller (1996) A&A 306, 167;                                                           

Keil et al. (1996) ApJL. 473, 111;                                                       

Mezzacappa et al. (1998) ApJ. 493, 848;  (1998) ApJ. 495, 911;                   

Fryer &Warren (2002) ApJ. 574, 65;  (2004) ApJ. 601, 391;                        

Buras et al. (2003) PRL 90, 241101;  (2006) A&A 447, 1049;                 

Dessart et al. (2006) ApJ. 645, 534



Effect of Rotation 

Â Rotation reduces the critical luminosity

Ç For a given mass accretion rate, there is a critical neutrino luminosity, 

above which no steady accretion flowexists

Â Anisotropic neutrino heating also reducesthe critical luminosity (Yamada 

@ YKIS 2005)

Yamasaki & Yamada (2005) ApJ. 623, 1000

no rotation

j = 4x1015cm2/s 10% anisotropy

30% anisotropy

no rotation

isotropic



Instabilities of accretion shock

Â Standing accretion shock instability

Ç Foglizzo (2002) A&A 392, 353 (accretion disk) ; Blondin et al. (2003) ApJ. 

584, 971; (2006) ApJ. 642, 401

Ç Non-radial, non-local low-mode (l=1,2) oscillatory instability

Â inward advection of velocity and entropy perturbations 

Â subsequent outward reflection of acoustic waves from PNS

Ç Unstable even if convection is stable dominant(Yamasaki & Yamada (2006) 

ApJ. 650, 291)

PNS Shock 
surface

gain 
radius

Acoustic 
wave

Entropy/vortex
perturbation



SASI-aided SN explosion

Â SASI 

Ç Can be activated even if convection is stable

Ç negative entropy region convection longer tadv

Ç shock wave is pushed outward  longer tadv

Marek & Janka (2009)

1/ 2 3/ 2

infall shock adv shock infall shock ,     / ~v R R v Rt-´ ´

heating adv/ 1t t>

51

explode ~10 ergE



Acoustic SN mechanism

Â SASI/AAC turbulence excites fundamental (l=1) g-mode of PNS

Â g-mode damps by emission of acoustic wave, depositing energy

Â the energy deposition dominates the neutrino heating 

Ç conversion more efficient than neutrino heating 

Ç Shock revival by acoustic power 

PNS Shock 
surface

Acoustic 
wave

Entropy/vortex
perturbation

g-mode 

ɜheating

acoustic 


