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§0: Introduction 



超新星爆発とは？ 

 ( ) ( ) 

 (Type Ia) 

 (Type Ib, Ic, II : ) 

 8 ( Msun)  

  

 ( ) 

Galactic rate : ~ 0.5-2.5 per century (Cappellaro et al. 1999)  

 ~ 0.065/cy 

 ~0.23/cy 

 (M31) ~0.21/cy 

 (M33) ~0.16/cy  (van den Bergh & Tammann 1991) 

  <~ 3/cy  



SN1987A occurred in Large 

Magellanic Cloud at  51.4 kpc 

gives us the very basic picture of 

SN explosion (the first neutrino 

detection; SN~formation of PNS) 

Progenitor is a blue supergiant 

http://www.google.co.jp/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&docid=X-xpv1PKz-KreM&tbnid=GwK0geirBhRAPM:&ved=0CAUQjRw&url=http%3A%2F%2Fwww.scilogs.de%2Fgo-for-launch%2Fbethlehem%2F&ei=R866U5v9FpP98QW17YDICg&bvm=bv.70138588,d.dGc&psig=AFQjCNEwHfK5ImNzvMjUzEhdKZiAQrv1lA&ust=1404837695401966
http://www.kosmologs.de/kosmo/gallery/4/sn_after.jpg


中心にパルサーを
持つ超新星残骸

藤原定家「明月記」
にもその記載が



典型的エネルギー 



 



~ GMNS
2/RNS ~ 1053erg ! 

MNS ~ 1.4Msun 

RNS ~ 10km 



(99%)

(SN1987A) 

   

~ 1051erg 

  ~ 1049 erg 















そもそも自己重力束縛系(全エネルギーは負) 

1D 

 

1D 

 



§1: 恒星の進化 

 



 

Figure from presentation file 
by T. Janka  



密度温度平面における進化 
静水圧平衡と質量保存の式 

 

 

エントロピー, 温度, 密度, 質量, 半径の関係 : 

 

 

 

 

質量一定(実際には輻射圧による星風で質量を失う):   T ~ R-1,  s ~ const  

重い恒星ほど高いエントロピーを持ち、相対的に高温・低密度 
領域を進化する 

同じ中心密度で比べると:   T ~ M2/3 (重い恒星ほど温度が高い) 
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自己重力系の熱力学 

  

 

 

 

 

⇒ 

 

γ>4/3  

 

  

  
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負の比熱と恒星進化 

γ>4/3  

 

  

 

  

  



  

  

  γ<4/3 positive feedback 

(Pair Instability Supernova: ) 



最終進化段階の構造 



(Maxwell-Boltzmann 

)  



 

He ⇒ C/O ⇒ O/Ne/Mg  

⇒ Si ⇒ Fe  



 

  

 10

( ) 



 

Fe       

  

           

⇒ End of Nuclear Fusion 



 

~ 数10000 km 



 

Figure from presentation file 
by T. Janka  



圧力源(1) : 電子の縮退圧  

 phase space 2

 

 

 or  

low momentum states 

( )   

 

  

Fermi momentum (pF) 

 

  

Figure from Brandt 
‘Astrophysical processes’  



完全縮退の場合  

Phase space number density  distribution function ( f : ) 

 

 

 

Fermi-Dirac  

 

  
 

 

  

 

  
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電子の縮退圧 




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縮退の条件 

Fermi-Dirac 

 

 

 

 

  Maxwell-Boltzmann
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圧力源(2): 非縮退ガス, 光子ガス 

 (ideal)  

 

 

  
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圧力源と密度・温度平面 

Figure from Brandt 
‘Astrophysical processes’  



重力崩壊前の鉄コア 

Ion (ideal gas): 56Fe  
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チャンドラセカール限界(1) 

       

 (Shapiro & 

Teukolsky 3.3 )

(Lane-Emden )  

 (n=3)

 Chandrasekhar limit  

  

  

  Chandrasekhar limit 

( 0 ) 
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チャンドラセカール限界(2) 
  : From a macroscopic viewpoint 

 ( )  

 

 

 (γ = 4/3)  E > 0  

  E  

 (γ = 5/3)  

 E  

  E 0  

E  

  E > 0  

  E < 0  E 

  

 R N fermion  







 


 


3/5

gravint3/1

22

gravint
)/(

~    ~ GMcKMc
M

GM
M

K

R

GM
MuEEE

 KKP n 
 11

RcNhcnhEF /~~ 3/13/1

RmNmGE BBG /)(~  sunmax

57

2/3

2max 5.1~102~~    MM
Gm

ch
NEEE

B

GF 











 

§2: 重力崩壊の物理 



Overview 

ここまで    
数100ms 

ここまで    
~1秒 

その後~10秒
ニュートリノ
diffuse out 

重力崩壊開始 

Rstar~1AU Rcore~数1000km 
RPNS~数10km 

Cartoon by Iwakami and Suwa 



重力崩壊条件 
Mass shell  

 

 

 (r0, P0) (r→r0+Δr,  P0+ΔP)  

  

 

 

  

 

  
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 γ < 4/3 をもたらす機構 







  termor       dNTdS 



鉄の光分解 
Saha equation :  


 

 

 

  Maxwell-Boltzmann  
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電子捕獲反応 











Bethe-Weiacker mass formula:  
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温度・密度平面でみると 



Neutrino Trapping (1) 


 

   

diffusion timescale  dynamical timescale 

 neutrino trapping  

neutrino opacity  coherent scattering  

 

 

Mean free pass 
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Neutrino Trapping (2) 
Diffusion time: 

 

 
 

Dynamical time:  

 
 

  
 

  several  1011 g/cm3  neutrino trapping  

Neutrino trapping  

Neutrino  ( μν > 0 ) deleptonization  

  

β-  

Note:  
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In fact, more interactions play a role 

Note again that neutrino-matter cross sections are very low 

Thomson electron scattering cross-section: ~ 10-24 cm2 

Weak interaction cross sections: ~ 10-42 cm2 form supernova neutrino energies 

重要となる反応 

Burrows and Thompson (2002) 



コアバウンス(1) 
  

 

 

 

 ρ > ρnuc 

 

0

3/1

nuc rAR 

1014 g/cm3 
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Nuclear equation of state 



コアバウンス(2) 
 (inner core)

( ) 

  inner core  overshoot  



 

Inner core 

Cartoon by E. Muller (1998) 



Inner core mass (Mic) 
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 Goldreich & Weber (1980) ApJ. 238, 991; 

Yahil (1983) ApJ. 265, 1047 

Mic  

  

 

 

  

  ～ 1.5×1051 erg per 0.1 Msun Fe 
 

 Inner core  
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Importance of GR 

Stability of spherical polytrope against radial mode  

 

In Newtonian gravity stable if 

In general relativity 

 

 

 

Effects of stronger gravity in GR 
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Strong Interaction and GR 
van Riper (1988) ApJ 326, 235 
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Larger incompressibility ⇒ stiffer EOS  
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Takahara & Sato (1984) PTP 72, 978 

Weak Interaction and GR 

Qualitative difference ! 

parameter d  

Includes degree of electron 

capture and neutrino 

trapping 

d～ratio of pressure at initial 

and at the bounce 

d～1：less electron capture 

and/or strong neutrino 

trapping                            

⇒ almost stable in Newton   
⇒ unstable in GR 

 



 

§2: 超新星爆発の物理 



Overview 

ここまで    
数100ms 

ここまで    
~1秒 

その後~10秒
ニュートリノ
diffuse out 

重力崩壊開始 

Rstar~1AU Rcore~数1000km 
RPNS~数10km 

Cartoon by Iwakami and Suwa 



衝撃波は停滞してしまう 

  energetics ⇒ several 1051 additional energy required 

  

 

 shock ( ∝v3 ~ R-3/2 ) 

 

 loss  

 

 loss (first O(10ms)⇒(100ms))  
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











そもそも自己重力束縛系(全エネルギーは負) 

1D 

 

1D 

 



衝撃波を復活させるには？ 

 ( ) 

 ( 1000km) ( 10km)  

~ 3 1053 erg 

  

~ 1051 erg ( 1/100) 

 (99%)

 

  

(Neutrino-heating mechanism) 

 



(Magneto-rotational explosion: ) 



Neutrino heating mechanism (1) 

Gain radius (cooling vs. heating) 

 (                      )   

Neutrino sphere (                 )  

  gain radius  
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Neutrino heating mechanism (2) 

  



(s or η )  

 

 

 

  
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Neutrino heating mechanism (3) 


Neutrino heating timescale ( ) 

 

 

 

 
 

Gain region  

Gain region 
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Critical curve for explosion 

Burrows & Goshy (1993) 



Neutrino heating mechanism (4) 

Cartoon by E. Muller (1998) Colgate (1989) 



Neutrino heating mechanism (5) 

Current status in spherically 
symmetric simulations 

 

NO EXPLOSION IN 1D !! 

Except for very low-mass 
progenitor case 

Sumiyoshi et al. (2005) ApJ. 629, 922  Liebendorfer et al. (2001) PRD 63, 103004 

Rampp & Janka (2000) ApJL. 539, 33 



Critical curve for explosion 

Burrows & Goshy (1993) 



HST image of SN1987A 

Multi-dimensional effects 

  :  

 mixing :  

Unexpected early appearance of 

Co lines (e.g., Nomoto et al. (1994) ) 

  ⇒  Co 1 yr 

 

 

  :  

SN remnant                     

(Wang et al. (2002) ApJ. 579, 671) 

Linear polarization of about 1%                                             

   2                                                       

(Wang et al. (2001) ApJ. 550, 1030;          

Leonard et al. (2001) ApJ. 553, 86) 



HST image on Nov. 03 

Multi-dimensional effects 

  :  

 mixing :  

Unexpected early appearance of 

Co lines (e.g., Nomoto et al. (1994) ) 

  ⇒  Co 1 yr 

 

 

  :  

SN remnant                     

(Wang et al. (2002) ApJ. 579, 671) 

Linear polarization of about 1%                                             

   2                                                       

(Wang et al. (2001) ApJ. 550, 1030;          

Leonard et al. (2001) ApJ. 553, 86) 

Filippenko et al.  astro-ph/0312500 















そもそも自己重力束縛系(全エネルギーは負) 

1D 

 

1D 

 



対流 


  entropy/baryon  

  lepton fraction  

  

Ledoux Schwarzschild 

rs
lY

neutrino sphere  (PNS convection) 

  neutrino  

neutrino sphere 

→ ν-sphere  neutrino burst emission 

 negative Yl gradient (lepton-driven) 

 

gain radius (neutrino-driven convection) 

Heating is strongest slightly beyond the gain 

radius (∵cooling drops rapidly as r-6 ) 

negative s gradient (entropy-driven) 



Neutrino burst  



PNS and neutrino-driven convections 

Janka & Muller (1996) (figures fromhttp://www.mpa-garching.mpg.de/hydro/SNII/) 

PNS convection ν-driven convection 



Free energy available by convection 

 blob   Δh  

 blob  

  

  

  free (gravitational) energy 

 

 

 ΔM Δs, ΔYe 
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How convection aids explosion 

PNS (proto-neutron star) convection 

1D: Neutrinos diffuse out from PNS in long 

diffusion time 

Multi-D: Convection more efficiently dig 

up neutrinos from PNS faster than diffusion 

However, PNS convection activity is likely 

to be weak in reality 

Neutrino-driven convection 

Cooler matter down to gain radius where 

heating is strongest 

Hotter matter rises up to shock front to push 

the shock 

Advection time gets larger due to the 

convective motions 

PNS 1D convection 

 

gain 
radius 

shock 



 neutrino luminosity  enhance …. 

 
 

 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 

対流：Current status 



Overall picture 

Cartoon by E. Muller (1998) Cartoon by T. Janka 



Non-radial, non-local low-mode (l=1,2) instability behind accretion shock 

   ⇒  

( )  ⇒    ⇒  PNS gain radius

 ⇒  

 Yamasaki & Yamada (2006) ApJ. 650, 291) 

 

SASI: Standing Accretion Shock Instability 

Blondin et al. (2003) ApJ. 584, 971; (2006) ApJ. 642, 401 
 

PNS Shock 
surface 

gain 
radius 

Acoustic 
wave 

Entropy/vortex 
perturbation 

SASI 

(SASI ) 



SASI animation 



SASI aided supernova explosion 

Animation by Y. Suwa 
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   

 

   

⇒   

   ⇒ 

residence time   

 2

 

 First success by Marek and Janka 

(2005) 



  

1051erg  1050 erg  



Critical curve : 1D vs. 2D  
 critical curve SASI

10%   

How about 2D vs. 3D ? ( ) 

Murphy and Burrows (2008);  Nordhaus et al. (2010) 



 回転の効果 

Rotation reduces the critical luminosity 

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

which no steady accretion flow exists 

Anisotropic neutrino heating also reduces the critical luminosity 

 

Yamasaki & Yamada (2005) ApJ. 623, 1000 

no rotation 

j = 4x1015cm2/s 
10% anisotropy 

30% anisotropy 

no rotation 

isotropic 



§4: 最近の話題 

 



対流 : 2D vs. 3D 

2次元ではより大スケールの convective eddies が形成 

3次元における convective eddies は小スケール(分解能の重要性) 

 Cf. 乱流スペクトルの direct cascade vs. inverse cascade  

Muller & Janka  (1996) (figures fromhttp://www.mpa-garching.mpg.de/hydro/SNII/) 

Convection in 2D Convection in 3D 



SASI: 2D vs. 3D 
2D: the so-called sloshing motion 

3D: additional degrees of freedom, rotational SASI 

Blondiin & Mezzacappa (2007) Nature 

Iwakami et al, (2013)  



Morphology: 2D vs. 3D  
Nordhaus et al. (2010) 



Critical curve : 2D vs. 3D (1) 
  

Nordhaus (2010) : 3D  

Hanke et al. (2011) : 3D  

Nordhaus et al. (2010) Hanke et al. (2011) 



Critical curve : 2D vs. 3D (2) 
  Nordhaus et al. (2010)  gravity solver 

 

 : (  parametric study ) 3D  

From Burrows (2013) Hanke et al. (2011) 



A bit more complexity 

SP 

BB 

SP 

Iwakami et al, (2013)  



2D vs. 3D： さらなる混乱 
Dolence et al. (2013) Parameterized study: 3D  

Takiwaki et al. (2013) Self-consistent study: 3D  

Hanke et al. (2013) Self-consistent study: 3D  

Dolence et al. (2013) Takiwaki et al. (2013) 



Pre-collapse fluctuations in progenitors 

Arnett & Meakin (2011) : convection in Si/O layer nuclear burning 

phase may be very strong to develop large-scale asymmetries  

Such pre-collapse fluctuations   may affect the SN dynamics  

Burrows & Hayes (1996);  Lai & Goldreich (2000) 

Such fluctuations are amplified as they infall (Takahashi & Yamada (2013)) 



Pre-collapse fluctuations in progenitors 

Couch & Ott (2013) :          

3D leakage simulations 

with/without velocity 

perturbations in Si/O layers.  

The perturbations can trigger 

shock revival.  

Large-amplitude fluctuations 

may activate convection that 

are stable to small-amplitude 

perturbations 
 

Interaction between pre-

collapse fluctuation and 

convection/SASI should be 

investigated. 



Supernova as a computational challenge 

  
 

4 ( , , , )  

  

 ,  ,   

  

 (ρc > ρnuc)  

 (+ )

(Einstein )  

 (6 phase space )  

 ( ,SASI,  etc.)  ⇒  

  

  
 

  

 ex.  



Appendix: ベータ崩壊のFermi理論 

電磁相互作用からの類推 
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