ANEFEZ2MHR S - 2011F12H26HOERAFE XNEE[EZEDANZEE -

Ki5EIBEDARERES

BB % (ELXX
BN 1E1T (&KX

4§ Op

EEAF] BHEBEFOEN XS

ELAP]



AZEEMFES - 2011F12H26H@RRAE ABEHEEEDOASEE - #EAF] BHBE@ELIRX A

Contents
B 2E/LDEN
n CThOESESEZDRERE

Illl

NS R - S
ﬁ::




AZEEMFES - 2011F12H26H@RRAE ABEHEEEDOASEE - #EAF] BHBE@ELIRX A

1. BEEEDEN



AGEEMRE - 2011F12H26H@RRKE KABEEEDOAEEE - EILAF] EHEBEEOEILXXA

KEREE & (F?

2  ONeMg CO white dwarfs
. WD :
PEEdd  hot-bottom burning s-process
giant
branch  Fe8 AT . C-star formation

l s_up‘ér AGB massive AGB low-mass AGB

M A
Intermediate mass stars

fate: neutron star e AL L
Or b'aCk hOle :( A'_.:.::,‘::“V ' -‘ ‘-e --‘:'_ f‘_ _'ﬂ fr;',‘lft)ﬂ;

Mass/M_ 10 8.0 4 1.8 1.0

Herwig (2005)

wNBBTCKERIREE - NV DL ZER CEBRENEELT DEE,
“ NZEED0.8EN 5 10BI2EXTDE(CEI I D,




Stellar Structure and Evolution - H-R Diagram
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Evolution of Low- and Intermediate-Mass Stars
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Evolution of Low- and Intermediate-Mass Stars
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Evolution of Low- and Intermediate-Mass Stars
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Evolution of Low- and Intermediate-Mass Stars
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Evolution of Low- and Intermediate-Mass Stars
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Evolution of Low- and Intermediate-Mass S«
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Evolution of Low- and Intermediate-Mass Sta’s
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Evolution of Low- and Intermediate-Mass Stars

log Tes
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Evolution of Low- and Intermediate-Mass Stars

log Tes

NEGEEMES -2011F12826H@FERAFE KNGEEEDOHNIELE - E{ELAFT EHBEEQEIIRXXE



AEGEEMES -2011F12H26H@EFERAKE ABEEEORIZEE - E{LAFT ZEHBEEQEHIIXXAS
ha 8 )Y ‘1t: AR j*CJ =
BEENLDODERAHER

@Mass conservation (Eq. of continuity)

dr 1
dM,  4mr2p
@Pressure balance
dP GM,
dM, 4mrd
@Radiative transfer
d1’ 3k L

dM., T 64r2acriT?
QEnergy conservation
dL

dM,

= €p T €5 — €
YRate equations

dX; p p
It — ENA<O_U>ji kv ENA<O_U>#C




AGEEMRE - 2011F12H26H@RRKE KABEEEDOAEEE - EILAF] EHEBEEOEILXXA

KEBEIZICEDHDQ&A (1)

- Q1. BEERITIFHE L BENEIEF—TE CEELRDH ?

CREENXERPI TRIDIDHN ?)

+ Q2. ERINCH (FBRVFEDIFEBIC DN TDILE ERED

ZIbFEDKDICR D, BEZDHDDH ?

- A. ERIEDEEZNY RO—TJHRIKT:EBVUIEHZE. &

MEE (ETeff « T2 MIADIKFHEZFTFOD. PIOVBE T

BRIGEDRBUVREKFEICK>TRELLEI/LTERRLE
0o HEEDHPILDEZRINR(CKFELTED, BRELTEN

[FERSKEREULRLY,




AGEEMRE - 2011F12H26H@RRKE KABEEEDOAEEE - EILAF] EHEBEEOEILXXA

IFEKEEEEFRLUEWLD ?

N DB ES A DR
=R N U TcIRsE JRBECEL (TRILE—) HiFKE
2 (IRILF—) DeFD
= aEHN LR
= =S (CREERNDHHD .
S S[CBADTTEERD
= S SIREN LMD
CREEEBICEDDLEHLD)
= S5 (CHRBEERDDHD .
S (CEDTEERD
= 5 (REH EHDB

LC

BARHEI KRG 2R =
i Al S
RIETDIC+7 Z DB LT EH TRAWETR
ACULERS=EFERIBDEXTHc<




AZEEMFES - 2011F12H26H@RRAE ABEHEEEDOASEE - #EAF] BHBE@ELIRX A

VirialEIE

(am

IBREUARDET R —

3 ML o
4138 §nkT n: BEEE

HARABRDEEFAT R)LF—
R 3 (R

U == / wAnridr = = / PAnr?dr
0 2 Jo

I
1 dP dP GM dM
¥ _4 31 TH (23 _4 d g LB b L] | i 4 2
[2 i ]0 2 /o ar (d’r P dr i p)

Vi 1 Jie i)
i 5/0 Amr? pdr = —59 Q:8HIXRILF
GM’I“ - —1 VA% 4 » S == O— \ , S
(- : BEM. FEDHRRRADENRT VY p)L)
ARBOLIRILF—: E=U+0=-U=0 =[0p)s =
{ i@l Ol= oW =10
ITRILF—IN : 5Q = 6F = —6U = =69
i 2" 16Q>0 = 6U < O




AGEEMRE - 2011F12H26H@RRKE KABEEEDOAEEE - EILAF] EHEBEEOEILXXA

FEDRNFHREE

)
BEENEE - rﬁ@tb?ﬂd
mnE (CHE) = BEESR(F
%) =F HL 5 (F&E) mEh—iEE LS
= BALYRESABYEIR (NS W
<z Y IR #E) il
=RE-ENELET (LF) R

TEDEAEXTTHET(EF)LIZELEE

EAIFPSK(REL) EOTNDD
Co bl fak (4RHE)

= FERD-O=FEADEELY B
EL (&L 5,

Kt
w
=




KGEEMAE - 2011F12H26H@ERRKE ABEEEDOAIEE - EILAF] EHEBEEOEILXXA

KEBEIZICE DO DQ&A (2)

- Q3. PIDDKENMRZRED ERBENEBIESTDH ?

- A3. AU D AP DOESEH Schonberg-Chandrasekhar&
SRAZHEZ D EPILBBNENDUBZIED DM, KRBABERR
(FREKFHEDRS LK O>TERICBNIEL . €D TKRMA
BERIIBEEEDD DD, ENZ@OITCHICENZ RS T
KD ICHEIIERT D728,

Schonberg-ChandrasekharB8£fR R

e T i
Crstaigist Jpa ey LU { i 1]
i pe ) Wi HMEIPOIOFIN FE

IKZRIABERR D35S (Fqsc=0.08



AGEEMRE - 2011F12H26H@RRKE KABEEEDOAEEE - EILAF] EHEBEEOEILXXA

KEBEIEICE DO DQ&A (3)

- Q4. B= - L8Rk - FEp CEDBEF—EITREDD
Hy ?
. A4 IREDEEENDIZERR CEZDELD THSBH. [O
L PHIHEEDERDZE(FIRIMTH D, TNLIANICH, IR
EDIEENR—RITTDEBEETILICEWVWTIFAITYIEEICLIL
DHDAEMED D Do (NRBVEZHD(E. XREDREHRZ RO
AN Ty 2k (I\/lemg Length Parameter) T®hd, X7z,
opacity P RIHEKR L., [BEVIBRDR RN SYIBEDE
¥ ZTEHNDHD S B,

Il'l'll




log L (Lg,,)

log L (Lg,,)

-0.35

A EEME S

- 2011F12H26H@ERERKRY KHEEBEEDOHEHES -
Dependence on Input Physics

E(EAFT

zero-age main sequencen5t=4.65 GyrX Cst&

SSM: Standard Solar I\/Iodel (No mass Ioss)

0.05
SSM,M=1.0,00=14 ——
SSM, M=1.0, o. = 1.0
4 SSM, M=1.0,0.=2.0 ——
-0.05 |
0.1 | I:
=
—
-0.15 | 2z
02 | SHelA B EX Fet
-0.25
Mixing length parameter
_0.3 1 1 1 1 1 1 1
6100 6000 5900 5800 5700 5600 5500 5400 5300
Tegr (K)
0.05 . . . .
SSM,M=1.0 ——
SSM, M=1.0, pp chain*3
0+ SSM, M=1.0, pp chain*1/3 —— |
SSM, M=1.0, 12C(p.g)*5
SSM, M=1.0, 12C(p,g)*1/5 ——
-0.05 |
0.1 f
i
3
=
-0.15 | 5
=1]
2
02t
025 |
03 |
Nuclear reactlon rate

6100 6000 5900 5800 5700 5600 5500 5400 5300 5200 5100

Tegr (K)

0.2

0.15 r

0.1

0.05

-02

-0.25 |

-03

6100

0.25

0.2

0.15

0.1

0.05

-0.15 |

-0.2

6300

BAHBFOENAXS

Helium abundance

SSM, M=1.0, Y=0.2990 ——
SSM, M=1.0, Y=0.26
SSM, M=1.0,

N=0.34 51— ']

6000 5900 5800

5700 5600 5500 5400

Tegr ()

5300

Opacities

SSM, M=1.0 ——
SSM, M=1.0, Old opacities

6200 6100 6000

5900 5800 5700 5600

Tegr (K)

5500



KGEEWRZ - 2011F12H26H@ERRAKRE KGEEEDONEIEE - EILAFT

BAHBFOENAXS



AGEEMRE - 2011F12H26H@RRKE KABEEEDOAEEE - EILAF] EHEBEEOEILXXA

BRI DEERH

—RITEKIFN+ 2T RIC K DMIE RS

S HEVHZERE UCDOEDIES &EL

- Hayashi, Hoshi, and Sugimoto (1962, HHS)

- [BERNSBDITTREK

. Cameron (1955)

- Burbidge, Burbidge, Fowler, and Hoyle (1957, B2FH)

- BEEEEOHEY =2 L—Y3 Y
. Schwarzschild & Harm (1962,1965)
- |ben (1965)
- Paczynski (1970)
.- Sugimoto (1970)
- Eggleton (1971)
- K - DES=DIB2EDEARBIZAE A
. lben & Renzini (1983, ARA&A)
- AGBEDEZFFIE
- Third dredge-up: lben (1975)
- Hot bottom burning: Sugimoto (1971), Uus (1973), lben

(1973)

Limli
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Dredge-up of Carbon
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CNO Cycle at the Base of Convective

Envelope

. core massODA=ULVAGB model Tl3. REXREDENSEICED

(Tece > 50 MK). CN cycle(g_otDTNb\iEBj@“%(Iben?S 76)o
- +9 =8 TldTece ~ BOMK). 12C/13CIFFEHE(3.4; Truran72)(CT

D<o,
- TMeETILDETE THEE (Iben75),

- AGBREDTTHREMRILZESTE I DLFELT

=7 )L(Iben+Truran78)

[C K > CTHBB®D#EZ 2mass rangeh k& 517z (Renzini+Voli81),
- HBBMO#Z Z 2 H\EDNEmixing length parameter (a = Imix/Hp)(C5R <

k179 S (lben76).

- (a, MuBB) = (2, 3.3M®), (1.5, 4M@®), (1, 6.8Me) (Renzini+Voli81)
- NEBODBEHNNESLKBRBEHBBL R 544K 1D, (Frost+98,

Karakas+LattanzioO7)
« Mcrit = 1.5 Me (Karakas+LattanzioO7)

- AGBOD B#EEAIIC X DEEHLIFHELN?

. Smith+Lambert83,85M&R8I T(EN>C

. BEBXRZETIECS30322-023(3AGB star?(Masseron+06)
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Dependence on Models

« MuesDIEIFERZICHTZET Do
. KB TIEEMe < 5LVED (Forestini+Charbonnel97).
Z=0TI(&F. Muss = BMeEX T FH'D (Siess+02),
« Mugeld. 2D I — RICHUKFET D (FREXNEDEIERIR
XD XULNDIZELY) o
» Muss = 2 Me at Z=0 (Campbell+08)
» MHuBs ~ 5 Me at Z=Z® (Weiss+Ferguson09)
- Mues =4 Mo at Z=0.004 (Ventura+D’Antona038)
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s-process Elements

ElCXOCERSNDITRD OS5, PEFHELD

BRIEDANRELRBID KL O BIRE TESNDITE,

L

HIBVEEHL IS AGBE2 TDO®TecDiE:

\

2R EA2.13x10° yr TAGB thermal pulseDEHA & RIRE

LJo

. RECEHISNNIE. s-processlC KD EREREN\DEHED

el E 78D,

. AGBE TR (FMerrill52H &=
SHREDHIE. Smith+Wallerstein83, Dominy
+Wallerstein8673 & .
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Two Key Reactions for s-process

- AGBETIEONDEZAS5NTHED., PIEFRELULTD 2D

DRInIC K> THRE =B (Cameron55),
. 13C(a,n)180

- 13C pocket: TDUDRR (CREXRE DIEICIKFRDIEA=KFED

KARHE
. 22Ne(a,n)?>Mg
. Massive AGB stars (Mc >~ 1 Me)DHeXtik
22NehMEB NS,

B TI1ANDH S

. 22NeY —RDANCY —R & D HERDBIE CHEET 3,

. 13C pocket®Dxh=R(Efree parameter
- opacity? shear mixing? overshooting?
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s-process by '3C Pocket
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Mass Loss

. Mass loss D& (T R 2RSS L TULVRLY,
- RGBTIEReimers75h' &< {EHhNnsd,

- free parameter nr = 0.3-1.0
. low-mass(~0.8M®) RGBLATI(E(E & A ERIDRLY,

: L/L
MR £l _4 % 10—13( / ]\G}) ](WR/R@)T]R [Mer—l]
| il it L eCanmikaRETL
. BREDOKEHREHBPT Z0EY |, persy
- REHwCenDRGBMS5DMass loss -~ ./ ]
.- McDonald+09 LI J “'
. \(
20 [ 3
Fe 4 4 | h Y
0 1 <
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Mass Loss on the AGB

- Dust-driven mass loss(Bowen+Willson91,Wachter+08)

. Carbon-dust (SiC)h'mass losslcah< EZZ 5N TL\B,

- AGBTC(3Vassiliadis+Wo00d93h'E 2.

. MiraBYZ S EDmass loss rate & FHEAD R ZFIA,

. »BLuminosityZziB R d & —RICBENET B
(superwind).

. M
log Mwgr = —11.4 + 0.0125 [P — 100 max (M— — 2.5)] [Moyr—'] (P[days])

)
M
log P = —2.07+ 1.941og R_R@ — 0.91og . [days]
. superwind(dM/dt~10-° Me/yr)D#ERH Planetary
Nebulae?
log M = —5.65 + 1.051o i 6.310g [ <1 [Moyr™ ]
=N O] | — 1Ol I
£ SN ToB T 5\ 3500K o

+ O-rich AGBhH'5 Mmass loss (van Loon+05)
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Chemical Yield from AGB Stars
Mass Loss History TR L& E7=AGB yleld

A -4 pr 3 s s
4x10'3/ """"" """"""""" Z-_-~(~)--0~2-1x10 Z=0.02

)

| . | ¢ 3 L.
2345678 1234567“8“

Initial mass (M@) Karakas+Lattanzio07
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Stellar Evolution at Low-Mass and Low-
Metallicity

No important phenomena was found in the earlier computation os the
evolution of Z=0 and low-mass stars.

- computaitions of ~0.8 Msun: Wagner 74, D’Antona 82, Guenther+83
Hydrogen mixing into helium convective layer for low-mass ZCNO<10-7
models (Hollowell+90, Fujimoto+90)

- As a consequence of hydrogen mixing, nuclear flash causes the dredge-
up of nuclear products and drastic changes of surface composition
(Helium-Flash Driven Deep Mixing, He-FDDIM),

- 0.8-1.0 Msun models: Hollowell+90, Fujimoto+90, Cassisi+96, Fujimoto+00,
Schlattl+00, Weiss+04, Straniero+04, lIwamoto+04, Picardi+04, Campbell
+08, Lau+09

- 2-8 Msun models: Fujimoto+00, Chieffi+01, Herwig+03, Iwamoto+04,
Campbell+08, Lau+09
models with hydrogen mixing: Schlattl+01, Suda+04, Suda+07
No or undetectable hydrogen mixing: Weiss+00, Marigo+01, Siess+02, Gil-
Pons+05, Gil-Pons+07
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Hydrogen Ingestion Into the Helium Flash
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Final Fate of Stellar Evolution

1
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Convective s-process in Extremely Metal-

- HeXditl

ENDKZES

Poor Stars
[CK>T183C(a,n)'0h 2

IHYETT I B (Fujimoto+00, Suda+04)

- He core flash®z & Dpost-processing (Campbell+10)
M@, [Fe/H]— 6 5

—1g+
11—
w2
Sy nE B
< 12z .
on - A
o JE A

0PIt F I

BAHBFOENAXS

i fjg @ @ I [ I RN RO B [ Element Stellar surface
el [model]
i 1 loge(Li) 1.63
s = B X C 5.08
e T N 4.98
. LU - O 5.18
SR s F 4.19
‘ 2Mhpp Na 758 |
' Mg Z: 17
Al 1.48
Ca 1.31
Ti 2.83
Ni 1.04
Rb 4.29
Sr 4.19
Y 4.32
Zr 4 .48
Ba 5.07
La 331
Ce 5.26
Nd 503
Eu 4.26
Pb 6.25

flul. = 3 X 10 .
[model]
1.87
3.78
3.68
388
2.90
1.47
0.87
0.18
0.36 (0.03)
1.59(0.57)
-0.04 (0.01)
305(1.88)
294 (1.79)
307(1.91)
3.23(2.06)
3.82(2.65)
386(2.69)
401 (2.84)
3.79(2.62)
3.01(71.90)
500(3.82)
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3D Hydrodynamical Simulation of Convective

Zone
HeX:h B NDKZES

FIG. 3 Hydrodynamic picture of H-entrainment into He-shell flash convecuon near the luminosity peak of the flash. The setup 1s based on a stellar evolution
model corresponding to the situation shortly after time 15 shown 1n Fig. 2, when the top of the convection zone 1s just making contact with the H-rich stable layer.
Colors indicate abundance of proton-rich material that 1s onginally only 1n the stable layer above the convectuon zone that 1s entramned into the convection zone.
Volume fractions of about ~ 1% are shown as blue, while concentrations that are close to one are transparent. The lowest concentration yvellow blobs that are mixed
deep into the convection zone correspond to ~ 0.01%. Abundance levels below approximately 5 x 1077 have been made transparent as well. The left panel shows a
snapshot from a 3847 gnd while the right panel image 1s from a run on a 5767 gnd. Shghtly different umes are shown and similar but not identical color maps have

been used. The PPM simulation 1s described in more detail in Sect. 4.1, and the simulation code 1s described 1in Sect, A.2
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Abundance Variations to Reproduce Sakurai’s
Object
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