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Evolution of StarsSNIa

SNII/Ib



Dredge-up of the He Layer 
in AGB Stars

Super-Adiabatic Envelope



M=5M , Z=0.02

Dredge-up of He Layer
＝ Mass Loss Mass 
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Thermonuclear Explosion Models 
for 3-8M AGB Stars

Carbon Detonation (Arnett 1971)

Carbon Deflagration (Nomoto et al 1976)

Too much Fe
Too small Neutron Stars

Collapse?

H-rich

He
C+O



1976 Astrophys Space Sci



Nomoto et al.(1976)



MWD Mch

Approximation :   Core ~ Single star
– C+O Core growth ~ Accretion onto C+O WDs

C+O WD

Novae 
Thermonuclear Supernovae 

Accreting WD evolution (M, dM/dt)
Accretion of H, He, C+O (separately)

From AGB Stars to Close Binaries
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Observations in Japan

• Little observational information on Type I 
SN was available in Japan.

• no SN observational group

• Abundance:
– Si feature  (Mustel & Chugai 1975)



Observations vs. Models
NASA/GSFC (1980-81)

Meetings @ La Jolla, Austin, Santa Cruz
Los Alamos, Kyoto

Light Curves
Spectra

Consistent  with Deflagration Models

“Reality”
W7: parameter: ℓ/Hp=0.7

.

Type I Supernova
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SN I Workshop 
(1980 March, Austin)



Austin  1981



Nomoto (1980:  Austin Proceedings)
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Supernovae in Accreting White Dwarfs



Nomoto (1982)



Erice (1983)  W7



Kippenhahn & Weigert

Carbon Ignition
(Nomoto et al. 1976)
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Massive Star Evolution (NASA, MPA)

• 8-10M stars       degenerate ONeMg cores 

• Electron Capture Core Collapse
• NASA : IUE observations of

the Crab Nebula

Evolution of He-cores  (Approximation)

Crab SN        9M star explosion?

H-rich

C+O

He

ONeMg

MPA  1983



Electron Capture

• 24Mg(e-,ν)24Na         
(e-,ν)24Ne

ρ>4.0×109gcm-3

• →collapse



Contraction of a Neon Star

Nomoto (1984)

MNe > 1.37M

Ne-ignition



Merging of Double White Dwarfs 

C+O C+O
e.g.,   0.6M 1.0M

Thick disk

C+Oor

M>2×10-6 M yr-1

C-burning
Surface       Center

ONeMg
White Dwarf

C+O         
White Dwarf Collapse

Neutron Star + Disk

(Iben, Tutukov, Webbink)

(Mochkovich & Livio)

(Nomoto & Iben)

Planets ?
(Podsiadlowski et al.)

(Saio & Nomoto)





SN1987A



SN 1987A
• Observations: (Japanese Contribution)

– Neutrinos (Kamiokande)
– X-rays (Ginga Satellite)   Mixing !

• Models
– Progenitor (why Blue Supergiant?)
– Rings (formation, Collision)
– Nucleosynthesis
– Light curves (Optical, X-ray, γ-ray)
– Mixing (multi-D hydrodynamics)

Dust formation

Big Collaboration !!



IAU Colloq. 108 (Sep. 1987, Univ of Tokyo）



SN 1987A @Tokyo (1987)
Small house





Type Ib SN 1993J: 
Circumstellar Interaction

Ejecta

Reverse Shock
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GRB-associated 
Supernovae

SNe Ic
SN GRB

2003lw 031203

1998bw 980425
1997ef (971115)
2002ap
2003dh 030329

SN 1998bw

GRB 980425



Hypernova in Prague



SNe (Mms-E relation)

broad line SNe
GRB-HNe
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First Stars & Extremely (Hyper) 
Metal-Poor Stars

• Mixing & Fallback with low E 
(Approximation, Parameters)

• Jet-induced Nucleosynthesis & Explosion 
with high E

[Fe/H]<-2.5
Zn/Fe Hypernovae



Hyper Metal Poor (HMP) stars

Iwamoto et al. (Science 2005)



M=25M , E=3×1050erg      [Fe/H]=－5.3
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Jet-induced Nucleosythesis
Jet

BH BH

Ejet: 
Energy injection rate

(Rotation etc.)

.

Jet
Maeda, Nomoto (2003)
Tominaga, Umeda, Nomoto
(2006)

40M 1.5x1052 erg



.

HMP stars

CEMP stars

EMP stars

[C/Fe]
Smaller Edep leads
smaller M(56Ni)

and
larger [C/Fe]

HMP
CEMP

EMP

UMP



Small Workshop vs. Big Enterprise
Approximate Models

– One Zone Models:   Analytic Solutions, Linear Stability, 
Basic Physics

– 1D Models for Evolution, Explosions
– Structure,    Non-equilibrium
– Parameters for Convection, etc.

– 2D Models
– 3D Models

Higher Resolution



1980 1990 2000

Einstein 
(1978-1981)

US

Japan

Hakucho
(1979-1985)

Tenma
(1983-1985)

Ginga
(1987-1991)

ASCA
(1993-2001)

Suzaku
(2005-)

RXTE
(1995-)

Chandra
(1999-)



(1) White Dwarf  (Mass(0), Metallicity, Rotation)

Single Degenerate
vs.

Double Degenerate
Chandrasekhar Mass WD          

vs.
Sub-Chandrasekhar Mass WD

C

He

CompanionM(0)
WD ~ 0.6 - 1.1 MO

MCH ~ 1.4 MO 

(2) Companion  (Age, Metallicity)

The Progenitors of Type Ia Supernovae 

SNe Ia (E vs. Spiral;  Redshift) • Rate • Evolution?
Circumstellar Interaction： SNe 2002ic, 2005ke



•Main-Sequence (MS):
Slightly Evolved 2-3M☉ stars
⇒Young, Spiral

(t   0.5Gyr)
→Supersoft X-ray Source
→Recurrent Nova (USCo)

•Red Giant (RG):
1-2M☉ stars
⇒Old, Spiral & Elliptical

(t   3Gyr)
→Symbiotic Stars?
→Recurrent Novae (TCrB)

Candidates of the SN Ia Progenitors

≥ ≥

Double Degenerate ?
Search;   Hydrodynamics of Merging

Sub-Chandrasekhar Mass SN Ia? He  ?

Rotation of accreting WDs Fate,  Diversity ?
SN rate (z)

---------------------------------------------------------------------------------

Remnant ?

Circumstellar matter ?



Ellipticals vs. Spirals

• Ellipticals
– Red Giant Companion
– M(0)

WD～1.0-1.1M   ; ΔMacc～0.3-0.4M
• Smaller C/O ratio
• Smaller Angular Momentum

• Spirals
– RG&MS Companion
– M(0)

WD～0.6-1.1M   ; ΔMacc～0.3-0.8M
• Larger C/O ratio
• Larger Angular Momentum

M(56Ni)↓

M(56Ni)↑



White Dwarf Steady Wind Recurrent Nova Wind
vW > 1,000 km s-1                                        vW ~ 4,000 km s-1

M ~ 10-6 - 10-7 M yr-1                             Nova Cavity

v10

M
~ 10-8 

- Radio
- High velocity H Hα, …

He lines (e.g., Lundqvist et al.)

Circumstellar Interaction in SNe Ia

Circumstellar Medium of 
SN Ia

Companion Star Wind

M yr-1 (Wood-Vasey & Sokoloski)



Discovery of H-lines in 
SN2002ic

Hamuy et al(2003)



SN 02ic, 97cy, 99E:  Light Curve

Turatto, Rigon, Hamuy, Deng, Wood-Vasey



SN 2002ic: Circumstellar Interaction  
Model

Suzuki et al. (also Chugai, Wood-Vasey)



Circumstellar Medium of SN Ia

WD+RG? WD+MS?

WD wind                     (fast)          
Companion star wind  (slow)



Spiraling Approach
Hypothetical Model

(parameters)

Observational Constraints

Partial Truth

----------------------------------------------------

1st Principle Approach



Collaboration ! Norman 1985



Exploring Culture ! Kyoto 1990



Fun ! Santa Barbara 1997



Welcome to Japan: 
21st Century COE,  Tokyo Think Tank

Tokyo Nov 30/Dec 1, 2006
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