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※ Metallicity Z = mass fraction of elements heavier than He�

Big Bang Nucleosynthesis: 1H, 2H, 4He, 7Li!
�
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Core-collapse 
Supernoave 



Rotation effect Ekström+12!

           WR!
Cepheid instability strip !

BSG!



Binary effect 
Single stars                      Binary stars (Eldridge et al. 2013)!

IIP!
Ibc!



Hugues Sana, talk at Binary Conference in Mongolia, Sep. 2014!

Rotation vs binary 



Fate of Stars �

※ Solar Mass M!=2×1033g!

Supernovae
Neutron Star or BlackholeBrown Dwarf White Dwarf

Interstellar Matter

Gravitational Collapse

Chemical Enrichment

Mass Loss



Super AGB & ECSN 
✷  ~8-10M!: semidegenerate C+O 

core!
✷  ~8-9M!: Mcore=1.06M!, off-

center C ignition!
✷  If the C burning does not 

propagates to the center, hybrid 
C+O+Ne WDs (Chen+14; 
Denissenkov+15), SN Iax?!

✷  If C flame propagetes to the 
center, O+Ne+Mg core !

✷  ~9-10M!: central carbon 
ignition, O+Ne+Mg core !

✷  If no Ne burning ignited, or if off-
center Ne burning does not 
propagate to the center, ECSN!

✷  >10M!: Mcore=1.37M!, Ne 
ignition!

Doherty +15!

Nomoto 1984 !
Nomoto, CK, Tominaga 2013!
CK, Hachisu, Nomoto 15!



H �

Electron-capture SNe �

He�
C+O�

O+Ne+Mg�

H-He shell burning vs mass loss!
↓!

If Mcore=1.38M!, r=4x109 g/cm3!
↓!

24Mg(e−, ν) 24Na (e−, ν) 20Ne!
20Ne (e−, ν) 20F (e−, ν) 20O!

↓!
Gravitational collapse!

Neutrino heating!
↓!

Supernova explosion!
MZ~0.003M!!

↓!
Neutron stars�

~8-10M! @Z!!



1054年!
藤原定家「明月記」�

ECSN!
(Nomoto+ 82)!
!
PSR B0531+21!
MNS~1.4M!!



H �

Fe-core collapse SNe �

He�
C+O�

O+Ne+Mg�
Si�
Fe�

>10M! @Z!!
Hydrostatic burning!

12C(α,γ)16O if T>5x108 K!
…!
↓!

Photodissociation (Q<0)!
56Fe → 13 4He + 4n – 124.4MeV�

4He → 2p + 2n – 28.3MeV!
↓!

Gravitational collapse!
Neutrino heating? MHD??!

↓!
Supernova explosion!

56Ni→56Co+νe+γ→56Fe+2νe+2γ!
Explosive nucleosynthesis!

↓!
Neutron stars or Blackholes�



SN1987A in LMC on 2/23/1987 �

BSG!







Type of Supernovae �
✷ Spectra � ✷ Explosion�

Thermonuclear SNeThermonuclear SNe

Core-collapse SNeCore-collapse SNe

yes

no

weakstrong

yes

Hydrogen

Silicon

Helium

!-ray burst

no

I II

Ib Ic

Ia Ib/c

bright → Hypernovae�



SN Light Curve (obs.) �
SNIIP (plateau)!
SNIIL (linear)!
SNIIn (narrow lines)!
SNIIb (weak H line)�
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day after explosion!



SN light curve (model) 
✷ Hydrodynamics + Radiative-Transfer model !

★ Circumstellar interaction!
★ Mass-loss via rotation vs binary!
★  both will depends on metallicity!

✷  Yields should be similar → “SNII” in this lecture!

M. Bersten talk at MIAPP Aug. 2016, Munich!
also, KEPLER, Blinnikov, Mazzali, Maeda, Sim, etc!



Ia                 !

Fraction of SNe 

subluminous!
core-collapse!
II-P (plateau)!
II-L (linear)!
IIn (narrow lines)!
IIb (weak H line)!
Ib (no H)!
Ic (no H, no He)!
Ibc-pec (Ca-rich or broad-line)!

Lick Observatory Supernova Search (Li+11)!



How does a supernova shine? 
✷ Gravitational Energy!

✷  99% of energy is released in the form of neutrino!
★  Neutrino heating (Colgate & White 1966) !
★  SASI (Standing Accretion Shock Instability, Blondin et al. 2003)!

✷ Core-bounce → Shock - heating → Expansion – cooling!
✷ Radioactive Decay!

★  56Ni (6days) → 56Co (77days) → 56Fe!
✷  Interaction with circumstellar matter!

★ SNIIP-IIL-IIb-IIn-Ib-Ic??!
★  progenitor mass range? binary effect? metallicity 

effect?!

€ 
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8.8 M!�

Kitaura, Janka, !
Hillebrandt 06 (2D)!

2D/3D simulations 
✷  Few parameters. Central parts?!

Also, Burrows+ 07!
Takiwaki, Kotake, Suwa 12!

Marek & Janka 09!

VERTEX!

Bruenn, Mezzacappa+ 09,13!

12-25M!�

CHIMERA!



1D/2D/3D failure & success 

1D: Liebendo ̈rfer＋01； Sumiyoshi+05 (fig) !

Failure in 3D!

2D: Bruenn+ 16, with nucleosynthesis!



Systematics with 1D 
with Heger & Woosley (2010) stellar evolution models, Z!�

Exploding!
Non-exploding!

Mu ̈ller+16!Ugliano+12!



Failed Supernovae >20M! 
Smartt (2099), ARAA!

with Eldridge & Tout (2004), Z!, MW RSGs �



MHD-driven HNe!
✷  neutrino-driven mechanism give <2x1051 erg!
✷  2D MHD simulations (Shibata et al. 2006; Burrows et 

al. 2007; Takiwaki & Kotake 2011…) and 3D:!
←Winteler et al. 2012!
r-process nucleosynthesis!
with tracer particles!

↓GRMHD: Mo ̈sta et al. 2014!



Hypernovae 
✷  SN Light Curve & Spectra!
✷  bright, broad, blended line!
✷  →E>1052erg,M(Fe)>0.1M! 

SN1998bw GRB980425 



Hypernovae 
✷  SN Light Curve & Spectra!
✷  bright, broad, blended line!
✷  →E>1052erg,M(Fe)>0.1M! 

SN1998bw GRB980425 
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Hypernova fraction (KN11)!
fHN(Z)=0.5-0.01 for M>20M! 
 

Nomoto et al. 2002, 2013!



HN - GRB Connection 
HN!

HN only!
(low-mass HN)!

 !
long 
GRB!

1998bw/980425,!
2003dh/030329, !
2003lw/031203,!
2012bz/120422A, 
~10 photometry only: !
980326, ...!

1997ef (35M!), !
2002ap (20M!),!
2003jd (30M!?), !
...!

GRB only!
(dark HN?)!

060505 (long?),!
060614 (long?,high-z?)!

HN? & !
X-ray flash!

2006aj/060218, !
020903!

long GRBs ~ massive & metal-poor HNe?? (CK16)!



Pair Instability Supernova (PISN) �

✷  SN 2006gy (SNIIn), 2007bi (Gal-Yam et al. 2009), 
but could be normal SNII with circumstellar 
interaction (Moriya, Nomoto et al.) �

e-e+ Pair Creation
Instability

Iron Photodisintegration
Instability



Explosive 
Neucleosynthesis 



Explosive Nucleosyntheis 
radius!

→Fe!

T>5×109K       4×109K       3×109K 

Mixing (Rayleigh-Taylor or jet)!
and Fallback (BH or NS)!

Woosley, Heger+ 95, 08!
Nomoto, Umeda+ 97, 06!
Limongi, Chieffi+ 00, 12 �



25M! 
1×1051erg 

25M! 
20×1051erg 

SN/HN Nucleosynthesis 

(Zn,Co)/Fe↑!
(Mn,Co)/Fe↓!(Zn,Ti)/Fe↑!

Mixing 

Fallback Fallback 



Mixing-Fallback Model �
Umeda & Nomoto 2002; Tominaga et al. 2007 (fig)�

Final BH mass!



Need for mixing-fallback �
✷ WW95’s iron yield should 

be reduced by a factor of 2 
(Timmes, Woosley, Weaver 
95).!

✷  This reduction is applied to 
many GCE & hydro 
simulations.!

✷  But, not only Fe but also 
other iron-peak elements 
should be reduced.!



Need for mixing-fallback 
✷ Recent 1D model PUSH 

including detailed neutrino 
physics (Perego et al. 15)!

✷  56Ni is too high without 
fallback (upper panel)!

✷  44Ti (→ 44Ca) is too low 
with fallback (lower panel)!

Observations: error bar box,!
Seitenzahl et al. 2014!



K06 Yields �
Kobayashi, Umeda, Nomoto, Tominaga, Ohkubo 2006, ApJ, 653, 1145 !
✷  Stellar Evolution Model: Umeda, Nomoto, et al 1999!
✷  Nuclear Reaction Network: Hix & Thielemann 1996!
✷  M = 13, 15, 18, 20, 25, 30, 40 M! 

✷  Z = 0, 0.0001, 0.004, 0.02, (0.05)*!
✷  E = 1, 10, 10, 20, 30 foe for 20, 25, 30, 40 M! 

 

✷  There models updated in CK+11; Z=0.05 included in NKT13, ARAA!
!

13M!,!
Z=0,!
1foe �

25M!, 
Z=0, 
1foe �
�

25M!, 
Z=0, 
10foe �

40M!. 
Z=0, 
30foe �

25M!, 
Z=0.02, 
10foe �
�

SNIa!
(W7) �

H � 6.6� 11 � 11 � 14 � 8.4� 0 �

He � 4.0� 8 � 8 � 12 � 7.3� 0 �

O� 0.45� 2.8� 2.4� 6.3� 2.2� 0.14�

Fe � 0.07� 0.07� 0.10� 0.26� 0.09� 0.61�

Zn � 1.3e-4 � 2.5e-6 � 2.6e-4 � 6.9e-4 � 1.4e-4 � 1.2e-5 �



Stellar Yields �
Nomoto, Kobayashi, Tominaga 2013, ARAA (1D, no rotation)�

core-collapse SN �AGB�

super AGB�

Also, Woosley & Heger; Limongi & Chieffi�



Stellar Yields �
Nomoto, Kobayashi, Tominaga 2013, ARAA (1D, no rotation)�

core-collapse SN �

PISN �
BH?�

Also, Woosley & Heger�



Z=0! Z=0.004!

Z=0.001! Z=0.02!

The Scatter!
smaller than N97 !
(-0.5 to 1.5) but 0.3 dex!

K06 �



Z=0! Z=0.004!

Z=0.001! Z=0.02!

K06 �



Z=0! Z=0.004!

Z=0.001! Z=0.02!

Trends!
Cr,Mn!
Co,Zn!

K06 �



Metallicity Dependence 

K06 �



Metallicity Dependence 

K06 �



Metallicity Dependence 

K06 �



SN Yields from different groups �
Tominaga, Umeda, Nomoto 2007!
Heger & Woosley 2008!
Limongi, Straniero, Chieffi 2000�

20M! Z=0 E=1foe �

N. Tominaga�



1D model vs 2D (Jet-induced SN) model �

Maeda & Nomoto 2003; N. Tominaga�



Type Ia Supernovae �



Type Ia Supernovae �

but see Kerzendorf et al. 2009 �



2 SNe Ia in Elliptical Galaxy �

NASA/Swift; NGC 1316, SN2006dd & 2006mr�



Most Distant Type Ia Supernova �

SN1997ff!
z=1.7 �



SNIa cosmology�

Perlmutter et al. 99 �
Accelerating Universe!
H0=65, Ωm=0.28, Ωλ=0.72!



SNIa progenitor scenarios 

Pro! Con!

SD!
(Nomoto,!
Podsiadlowski)!

- Naturally Ch-mass!
- CSM for some!
- UV-pulse detection for 2 
SNe!

- Narrow range Mdot 
(Nomoto 82)!
- No detection of radio/X-ray!
- No detection of companion 
stars (Kerzendorf)!
- Phillips relation (Sim+13)?!

DD!
(Maoz, 
Badenes)!

- Binary population 
synthesis (BPS) (Iben & 
Tusukov 84)?!
- Delay-time distribution 
(DTD)?!
- too short timescale for 
GCE!

- Accretion induced collapse 
in 1D (Nomoto & Kondo 91)!
- Not enough WD binaries 
(SPY project)!
- sun-Ch in simulations!
- too low Mn!

double.det!
(Hillebrandt)!

- BPS (Ruitter)!
- DTD!

- sub-Ch by definition!
- He should be hidden!
- too low Mn!



UV pulse from donor star 
subluminous Ia iPTF14atg (Cao el al. 2015, Nature)!
also normal Ia, SN2012cg (Marion et al. 15)!



SD in Binary Population Synthesis 
✷  SDS DTD can be much higher (Nelemans+13)!

Ruiter+11!He star!

WD!

SD!



3D simulations of SNIa explosion �
MPA!
✷  F. Roepke 2004!
✷  pure deflagration!
✷  or, delayed detonation 

(Roepke et al. 12)!
!

Chicago!
✷  Jordan et al. 2007, 

FLASH!
✷  gravitationally confined 

detonation (GCD)�

main : 2007/6/8(17:15)

870.6 Ia 型超新星と元素合成

図 33 爆燃波により白色矮星が爆発する 3 次元シミュレーション

できる連星系の探査が行われている。DDシナリオの弱点とし
ては、(1)二つの白色矮星が合体したときに Ia型超新星にはな
らず、酸素・ネオン・マグネシウムからなる白色矮星につぶれ
てしまう可能性が高いこと、(2)銀河の化学組成比の進化を説明
できないこと (§0.8)、などが挙げられる。
…………Ia型超新星の爆発メカニズム
中心に火がついた後、白色矮星はどのように爆発するのだろ

うか。白色矮星は電子の縮退圧で自身の重みを支えている。縮
退した状況下では圧力は密度のみにより決まり、温度にはよら
ない。すなわち、核反応が起こって温度が上昇しても、圧力が上
がることはなく、膨張により温度を下げることができない。そ
の結果、核反応は暴走的に進み、星全体が爆発する。このため、
Ia型超新星は熱核爆発型超新星とも呼ばれる。



WD merger simulations – subluminous? �
MPA!
✷  Pakmor et al. (2009) Nature, 

Gadget2→grid!
★  0.83M!+0.9M!→M(56Ni)=0.1M!!

LANL!
✷ Raskin et al. (2009), SNSPH 

(Fryer et al. 06)!
★  0.6M!+0.6M!→M(56Ni)=0.3M! 



LANL!
✷ Raskin et al. (2009), SNSPH 

(Fryer et al. 06)!
★  0.6M!+0.6M!→M(56Ni)=0.3M! 

✷  Violent merger (Pakmor et 
al. 12)!
★  0.9M!+1.1M!→M(56Ni)=0.62M!!
★  normal Ia, but M(O)=0.5!

✷ M1>0.8M!: Double-det, 
triggered by He (Raskin+12; 
Pakmor+13; Shen & Moore 
14)!

✷  Tanigawa, Nomoto+ (2016) 
SPH!
�

WD merger simulations – subluminous? �
MPA!
✷  Pakmor et al. (2009) Nature, 

Gadget2→grid!
★  0.83M!+0.9M!→M(56Ni)=0.1M!!

sub-Ch!

sub-Ch!



SN Ia progenitors / explosions 
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Röpke 04!

Pakmor+ 11,12!

•  Ch-mass deflagration or delayed detonation!
•  sub-Ch double detonation from He-star 

(Ruiter+14)!
•  sub-Ch double detonation from H accretion 

(Yungelson+95, CK+15) !
•  Ch-mass deflagration of CONe WD (Meng  

 & Podsiadlowski 14, CK+15, Kromer+15)!

•  CO WD+CO WD merger, likely to be sub-Ch!
•  sub-Ch double detonation from He-WD 

(Ruiter+14)!
•  triple merger!

Röpke 04!

The majority of SNe Ia have ~1.4M⊙.!
→ SD scenario + delayed detonation!
CSM/companions can be hidden…!

Scalzo et al. 2014!



SNIa Progenitor Scenario 

✷  Single Degenerate (SD) vs Double Degenerate (DD)!
✷  Accretion of H-rich matter!
✷ Optically thick winds from WD !

(Hachisu, Kato, Nomoto 96, 99)!
✷ Metallicity Effect!
!No SN Ia @ [Fe/H]<-1.1!

(Kobayashi+ 98)!
✷  Stripping Effect!

(Hachisu+ 07; KN09)!
✷  Lifetime 0.1-20 Gyr!
!depending on metallicity!

Kobayashi, Tsujimoto, Nomoto, Hachisu & Kato 1998!



Metallicity Effect of SNe Ia �
✷  SNIa lifetime〜lifetime of secondary star!
✷  Lifetime Distribution depends on metallicity!

Kobayashi, Tsujimoto, Nomoto, Hachisu & Kato 1998!

no mass transfer!
→He core flash!

nova!

common envelope!

Lifetime!

0.5 Gyr!
  !
!
!
!
20 Gyr!



Low-Metallicity Inhibition of SNe Ia 



SN Ia Lifetime 
✷  Single Degenerate Scenario!
✷  SNIa Lifetime ~ lifetime of companion star!
✷ Companion mass ranges from binary calculation 

(Hachisu, Kato, Nomoto)!

WD+RG

WD+MS

MS, ~3M!!
0.1-1Gyr!
in spirals or high-z!

RG, ~1M!!
1-20Gyr!
in ellipticals�CK & Nomoto (2009)!

t-1 �
DTD�



SNIa 
Neucleosynthesis 



Deflagration Model 
Iwamoto et al. 99!

NSE !
(Nuclear Statistical Equilibrium)! incomplete Si-burning!

Mn!

central C ignition →!
flame propagates at a subsonic speed!



Delayed Detonation Model 
Iwamoto et al. 99!slower deflagrations cause an earlier !

expansion of the outer layers!



Sub-Chandrasekhar mass Model 
Shigeyama et al. 92!

ρ=2.5x107g/cm3!

CDT3 1.03M!!

no NSE → low Mn production!



delayed detonation!

violent merger!

Unburned CO in merger 

✷  To get the observed low [O/Fe], a higher rate is required.!

Röpke+ 2012!



Nucleosynthesis Yields of SNe Ia 

M(Fe) [M!]! M(O) [M!]! [Mn/Fe]!
Mch, Deflagration (W7)! 0.613! 0.143! 0.15!
Deflagration (Fink+13, N5def)! 0.158! 0.06! 0.36!
Mch, Delayed Detonation 
(Röpke+12, N100)!

0.604! 0.101! 0.33!

GCD! ?! ?! ?!
Sub-Mch, Double Detonation 
(Sim+10, 1.06M!)!

0.56! 0.08! −0.13!

Violent Merger (Röpke+12, 
1.1+0.9M!)!

0.616! 0.492! −0.15!

tamped merger (Raskin+14)! ~0.7-0.8! ~0.4! ?!
Collision! ?! ?! ?!
core degenerate merger! ?! ?! ?!

Mn values are from Seitenzahl+ 13b!

×!
×!

×!
×!



one-zone GCE models (CK & Nomoto 2009) 

Also for!
Si, S, Ca!

See also !
TImmes, Matteucci,…!


