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Dredge-up of the He Layer
In AGB Stars

H-and He- jonization zones
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AGB Stars Dredge-up of He Layer
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Thermonuclear Explosion Models
for 3-8M, AGB Stars

Carbon Detonation (Arnett 1971)

— Too much Fe — Collapse?
Too small Neutron Stars

Carbon Deflagration (Nomoto et al 1976)

He
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CARBON DEFLAGRATION supernova  NOmMoto et al.(1976)
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From AGB Stars to Close Binaries

Approximation : Core ~ Single star
— C+0 Core growth ~ Accretion onto C+O WDs

Mwp — Mg \ l /

C+O WD

Accreting WD evolution (M, dM/dt)
Accretion of H, He, C+0O (separately)

Novae
Thermonuclear Supernovae
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Observations Iin Japan

o Little observational information on Type |
SN was available in Japan.

« no SN observational group

 Abundance.:
— Sl feature (Mustel & Chugai 1975)



Observations vs. Models

NASA/GSFC (1980-81)
Meetings @ La Jolla, Austin, Santa Cruz
Los Alamos, Kyoto

Type | Supernova

, Light Curves
- Spectra

— Consistent with Deflagration Models

“Reality” .
W7: parameter: 2/H,=0.7
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La Jolla. Workshop on Supernovae Spectra
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Supernovae in Accreting White Dwarfs

Table 1. Supernovae in Accreting White Dwarfs

dM/dt Nomoto (1980: Austin Proceedings)
dM/dt High : Intermediate : Low
Composi= : '
tion of WD (v 4 x lOTBM@,y"I) (v 1x 10-?M0y'1)
Weak He Shell-Flash l':> He Detonation (Center)
He He (recurrence)

total disruption (Ni)

Off-Center Detonations
Weak He Shell-Flashes
<
M, A2
(recurrence) X o N le2 Mg
Ni
[ total disruption {
(Ni+C+0) Mg & 1.2 Mg
(white dwarf + Ni) He-Accumulation
(no He-ignition)
Y 4
.......... growth toward the Chandrasekhar limit........%o.
C+0 (:4'C) Carbon Deflagration E::b’ total disruption
("Ni", Ca-Si-C, He)

O+Ne+Mg ONeMg Electron Capture E:> neutron star
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Carbon Deflagration Kippenhahn & Weigert
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lav Fig.34.5. The evolution of a stellar core during carbon 10106 Ty e s ¥ el YTV TRNTL oo IR
e deflagration, Ignition starts with model 1. Then the cen- ' R - pint
/// tre moves as in the case of detonation. But after model e —— o
B 3 the outer layers of the core are also involved. At the T e kel MOT:
same time, a deflagration front develops. Note that the - goin,
density decreases in the inward direction in the front 109 e Hbaget;
(after NOMOTO et al., 1976). The dot-dashed and dotted (i et
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(stage 6 in Fig. 34.4) all of the core mass is at a temperature of about 5 x 107 K. ' 9 1020 0816 0 1 A Oao il Byttt
Then the iron peak elements are formed in statistical equilibrium. m/Me
The corresponding evolution of the core in the case of a deflagration front is
shown in Fig.34.5. One can see that the layers ahead expand long before the front Gm
arrives, a sign of the subsonic motion of the deflagration front. The increase of T YD (4,_2 (mAlg 9) ;

in the front is accompanied by a decrease of p. A basic difference to the result of a
detonation front is that only the innermost part of the core is heated to T' = 5 x 10°
K, where iron peak elements can be formed. Because of the expansion these high
temperatures are no longer reached when the front has moved a bit further outwards.

where « is a free parameter and (;, the mixing length
difference in density ahead and behind the deflagration -

Calculations by NOMOTO et al. (1984) used the mod
dependent convection. Their results are displayed in Fig

] the core for 8 consecutive stages of evolution. Note that
k hurninal and tha lact anlv 277 o hawva a e [ R




Massive Star Evolution (NASA, MPA)

 8-10M, stars — degenerate ONeMg cores

Evolution of He-cores (Approximation)

« Electron Capture Core Collapse
« NASA : IUE observations of “
the Crab Nebula m
Crab SN «—9M,, star explosion? m
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Electron Capture

¢ 2*Mg(e,v)**Na

(e, v)**Ne
p>4.0 X 10°gcm y
e —collapse




log T (K]

9.1
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8.6

Contraction of a Neon Star
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Merg mq of Double White Dwarfs

(Iben, Tutukov, Webbink

s, ., Thl/()kd\lSk
‘.':.' O ‘:‘: => \/ O \.// _ o
or C+0O (Mochkovich & Livio)
C+O C+0O
e.g., 0.6Mgy 1.0Mg 174
C-burning (Nomoto & Iben)

Surface =y Center
- =N M>2X10° Mgyrt

Q (Saio & Nomoto)
C+0 12 ONeMg

White Dwarf CollapseQﬁ White Dwarf

Neutron Star + Disk
(Podsiadlowski et al.)

Planets ?
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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, y-ray)

— Mixing (multi-D hydrodynamics)

Dust formation

Big Collaboration !!






SN 1987A @Tokyo (1987)

Small house

.







Type Ib SN 1993J:

Circumstellar Interaction

Forward shock

Reverse Shock




GRB-associated

+ SN 1998hw * .

Supernovae
SNe Ic
SN GRB

1998bw 080425

1997ef (971115)

2002ap L e
2003dh 030329 ;i 0425
2003Iw 031203
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Hypernova in Prague

hypernova
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First Stars & Extremely (Hyper)
Metal-Poor Stars

[Fe/H]<-2.5
/n/Fe 7/ «—Hypernovae

e Mixing & Fallback with low E
@ (Approximation, Parameters)

« Jet-induced Nucleosynthesis & Explosion
with high E



Hyper Metal Poor (HMP) stars

[X/Fe]
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lwamoto et al. (Science 2005)



M=25My, E=3x10°%rg [Fe/H]=—5.3

Log X
0 N
58 :;“"’
—1 /
—2 /
—3
N ﬂ _
N = M (M)
My, ~6M . (Mg
BH © Fallback ejecta
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Mixing

Umeda & Nomoto (2003)



Jet-induced Nucleosythesis

N/ Maeda, Nomoto (2003)
Tominaga, Umeda, Nomoto
"
G

(2006)
i

Jet

\
—

Y B\

10

5

Bt -
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(Rotation etc.)
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[C/Fe]

Smaller E4, leads

smaller M(°°Ni)
and
larger [C/Fe]

Ejected *°Ni masses [M]

Abundance ratios [C/Fe]

GRB 060505
GRB 060614

Sub-luminous
or faint SN
——r .

Explosive

SILLLLIIE
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CEMP stars|

EMP stars
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Energy deposition rates [1 0" erg 5'1]
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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

Higher Resolution
— 3D Models




Einstein RXTE

(1978-1981) (1995-) Chandra

(1999-)

(1987-1991)  (1993-2001) (2005.)

Hakucho Tenma
(1979-1985) (1983-1985)



The Progenitors of Type la Supernovae
{Single Degenerate
O

VS.
Double Degenerate C

{ Chandrasekhar Mass WD
o

VS. He
Sub-Chandrasekhar Mass WD @

Companion
MO\yp ~ 0.6 - 1.1 Mg SN/ A p‘>
R oY *
I |} 1
~ 1.4 Mg L @

(1) White Dwarf (Mass©, Metallicity, Rotation)
(2) Companion (Age, Metallicity)

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




Candidates of the SN la Progenitors

*Main-Sequence (MS): ‘Red Giant (RG):
Slightly Evolved 2-3M, stars 1-2Mg, stars
=Young, Spiral =0ld, Spiral & Elliptical
(t 0.5Gyr) (1. 3Gyn
—Supersoft Xeray Source —Symbiotic StarS?
—Recurrent Nova (USCo) —Recurrent Novae (TCrB)
Remnant ?

Double Degenerate ?
Search; Hydrodynamics of Merging

Sub-Chandrasekhar Mass SN la? He ?

Circumstellar matter ?
Rotation of accreting WDs -> Fate, Diversity ?

SN rate (2)



Ellipticals vs. Spirals

» Ellipticals 7
. . AMacc
— Red Giant Companion Mo
- M©),,,~1.0-1.1M, ; AM_..~0.3-0.4M
e Smaller C/O ratio AN =+ M+Owo=1.4Mg
« Smaller Angular Momentum  M(55Ni) |
e Spirals

— RG&MS Companion

— I\/I(O)WD~O.6-1.1M »; AM,..~0.3-0.8M
e Larger C/O ratio

M(56Ni) 1
e Larger Angular Momentum



Circumstellar Medium of

White Dwarf Steady Wind Recurrent Nova Wind
vy, > 1,000 km st vy, ~ 4,000 km st
M ~ 106 - 107 Mgyrt > Nova Cavity
M ~ 108 Mgyr? (Wood-Vasey & Sokoloski)
V1o

Companion Star Wind

- Radio
- High velocity H [ Ha, ...

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

=> Circumstellar Interaction in SNe la



AB magnitude + offset

Discovery of H-lines In
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SN 02ic, 97cy, 99E: Light Curve

Log L(erg/s)

8o = SN 2002ic
O SN 1997cy
43.0 | 0, 6 SN 1999E
' %@ﬁ ---- SN 1994D ]
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42.0 | ? _
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41.5:- . O -
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0 100 200 300 400 500 600

Rest-frame days

Turatto, Rigon, Hamuy, Deng, Wood-Vasey



SN 2002ic: Circumstellar Interaction
Model
10+ \

1043 (\ \

10* |

luminosity (erg/s)

10 |

100 L - \

0 100 200 300 400 500 600

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




Circumstellar Medium of SN la

WD+RG? WD+MS?

WD wind (fast)
Companion star wind (slow)



Spiraling Approach
Hypothetical Model

(parameters)

. -

Observational Constraints
1

Partial Truth

1St Principle Approach



Collaboration ! Norman 1985




Kyoto 1990
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