
• Ou..sel- ~ ~,,~ •. ':I, pto ~~ f~.s.s."'I-Q <:0rr"""

I-Lü~ ,,1(."'$ ",fttb't.:.~ cd- ("C""'<>$.1) "'":::::' Iw....~~

• ~ ch~~WWo<"1 oC'<'~, t'ew..~~~ '~e l~V.p~ .,J~cs~ b~~~L b~lCW-t~

.. r.-",{'* ""-'L";) ,j" """-,I~ Q !ßek--"',,-- _ ~ ~

~~ [~ ~ cl""'~ci ~bJ~<:~~ (tJ~ e - ctt{>

"f~.s;~~ ";.(.,,' f -+ I 1" ~! ••~ \,\0) we • ~~ ~

cd"'" ,f.,.k€ "Y\Lu. w"'-U; ~ Q~ -;vJ.r.. OItNw,M.'f(~~O~ -s~) .

,

~~~~~~tI.\\.e pr: e tetk\L

LI) 3 ; 3~~.f _

fp €it \AAr

~ tL-,



I~

o ~ ab

~~~~0
b~·v.~~--"I;, -

c~ \!. ~J s;. t.v. ..,J~l
"\~ ~o..t ~ ~ t7f'/

C)C't~ "

'2 ' 106 \(

~ - --.......-

5f
1 H-~ obq9-" ,"

~

g~
"-

~ ' Ho bwt-,,\~:ri'ß) , I6 -

r--_, I - - -1-- __ 1 I
o , '2..



Common
Helium Core

70m-/;. ~/ / /' ~ 2.6
. ,(,(~ // I / Pre Main.Sequence

15 7 2 1 Controction
651 I I I I I i.-2 -1 0 1 2 3 4 5

Log (Density)
10

To White
Dworf State

MWD""' 1.0

6 . 7

To
White
Dworf
Stote

MWD""'006

Helium Ignition

Hydrogen
Ignition

805

9.0

a.>

58.0--o
•...
a.>

0-
E
~-
CJ17.5o-'

.. s6-~ ,,~~""~~~ot ""I'Vo.() t.~ .Qx.1oh) ~ 10 Hö

~;\l ~ ~",fo wk~ 9~~e.$ cf~
Mo.~ ~~ lo~c..

ck~top e. --~(3~k

(Ik b~~ Vku- w.~ cc.c1.4.t-

o Jow-~ *~
~e. bW1-~\ ~~

1(9~ - 1-0 ,.)\l ~ ~a.k.. - ~J.

c.t.u.-ol ck.~t~~ e--~~ ~
OM~ o~r (e,o toIJ'()

(.~ h{~
"';\.t rk~~\e fk~(")

c~ ~~ ~-e..



Tl ~ , Ho

D.1: 1+ b \..VMA.~ ")'\A.'to

~o.tlL".l~ ~ lf c
01.. .so n ~ l o)\A.-t f-

LCNO ~ T ~o

~~. ~ ")\\AC't-t~~t. ov..~ ~~ ~tb Y&

IM"kk ~ ('j""wi~ O~J .:,V-. I~VC<.C\"'o./' ,~ '

-D

,
~'\.l

e - J,,~~ k:. &~.s ...;,,--

~~~ \0A,~f d~ Ik.
b~~v~

IM. b~~

: elo kJ~~

8 StV



CI ~ 1).4tA\~\l- ~J(~t ~ e.~ow t..&v....

~oU\A~ ~v.. -J'A.J f-.'Dll ~~r(M-

......•..
....•.

CD
m
-....J

»
;::0

~
(]I
(]I
-....J
....•.--

10
I!J

9
..

3
I
0"

3M0

9
9'~

e.;.J--

2.0

1.0

5.0

0.0

3.0

4.0

-2.0

- 1.0

C)o
...J

FIG. 3. Paths in the H-R diagram for metal-rich stars of mass (MI M0) = 15,
9, 5,3, 2.25, 1.5, 1.25, 1, 0.5, 0.25. Units of luminosity and surface temperature are
the same as in Figure 1. Traversal times between labeled points are given in Tables
III and IV. Dashed portions of evolutionary paths are estimates.

TABLE III

STELLARLIFETIMES(yr)a
Interval (i-j)Mass (M0~

(1-2)(2-3 )(3-4)(4-5)(5-6)

15

1.010 (7) 2.270 (5)7.55(4)
9

2.144 (7) 6.053 (5) 9.113 (4) 1.477 (5) 6.552 (4)
5

6.547 (7) 2.173 (6) 1.372 (6) 7.532 (5) 4.857 (5)
3

2.212 (8) 1.042 (7) 1.033 (7) 4.505 (6) 4.238 (6)
2.25

4.802 (8) 1. 647 (7) 3.696 (7) 1. 310 (7) 3.829 (7)
1.5

1.553 (9) 8.10(7) 3.490 (8) 1. 049 (8) 2: 2(8)
1. 25

2.803 (9) 1.824 (8) 1.045 (9) 1.463 (8) 2:4(8)
1.0

7 (9)2 (9) 1.20(9) 1. 57(8) 2: 1(9)

a Numbers in parentheses beside each entry give the power of ten to which that c-;;.'\entry is to be raised. ~
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Iben (1985, QRAS, 26, 1)

evolution of 2.25 M0
and 3 M0 stars
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FIG, 1. Evolutionary tracks in the Hertzsprung-Russell diagram {or model stars of
mass 2'25 and 3 MG. Luminosity L is in solar units. LG = 3"86 X 1033 erg S-I, and
surface temperature Te is in degrees Kelvin, The model of mass 2"25 MG develops an
electron-degenerate core and evolves to a higher luminosity than does the 3 MG model
before helium buming reactions are ignited in the core. The times taken by the 2'25
MG model to reach labelIed points along its evolutionary track are (in 108 yr): (I)
0'05855. (2) 2"7989. (3) 4,8503, (4) 5'015°. (4') 5'0174, (5) 5"2018, (6) 5"3847. (7)
5"4460, (8) 5'4737, (9) 5'4947, (10) 5"5157, (11) 5"6167, (12) 5"7774, (13) 5"8986.
For the 3 MG model, times to re ach equivalent points are (in 108 yr): (I) 0"02459,
(2) 1'3892, (3) 2'2367, (4) 2'3409, (4') 2'3422, (5) 2'4012, (6) 2"4442, (7) 2"4700, (8)
2'4787, (9) 2'4843, (10) 2"4893, (1I) 2.4982, (12) 2'5073, (13) 2"5316, From Iben, I.
(Jr), 1967. Astrophys, J., 147,624.
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Carroll & Ostlie (chap. 13)
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Iben (1985, ORAS, 26, 1)

HELRJMBJRNING
IN TH ICK SHELU6)

MAJOR PHASE ~

OF CORE

HYDROGENBUqNING HELIUM BURNING(~1\'. e-, /' /' FIRST PHASE OF CORE

IN THICK SHELL "" / /' HELIUM BURNING (9)---~
x -v," J I ·ONSET OF HELIUM,. I BURNING,

\ "RAPID" /'--.r' "-
, ENVELOPE .• I FIRST GIANT

\ CONTRACTION(I) / BRANCH •

\,/ >/~ ..
/"lL_(''\

ti:LlUM BURNING
SHELL,NEUTRIN

, LOSS IN CORE

SECOND GIANT
BRANCH (3)

\

•

HYDROGEN - SHELL
NARROWING (8)

•
••

•

18

16

15

> 17

Eye fit to the data. The fit is similar to the 5 M0 track on the previous page.

I
~ e~r;)~~'-A- i ~<S~

~ b~ (ß~\A.t- ~ ~ N-D,

(- b ch..,......~Q G (,jow:;.. .•.-'•.~ 'raj C. eo) .sc

~oo:f- fu ,~ ~«j s fc C'~Wctc+ ~oJ\.I..

~ pt()~c€- '1~~'d {~\AC!~ ,'~

4 eIA~t~ ~r~~s Q coo(s

1-----b ~ 'V\N:> ~ ~~ r-J ~ S ,



Iben (1985, ORAS, 26, 1)
3.50

/

CORE NEUTRINO
LOSS,

TH IN HELlUY
BURNING SHELL -__.....

10'

3.9

LOG (Te)

4.04.1

OVERALL

__ CONTRACTION
PHASE
(2 2 • 106 YR)"

42

HY,DROGEN
~lJRNING

/. IN CORE
2.851- 1/ (6.44 • 107 YR)

2.80 t=/~
/~.3

2 95 • -

305

300

290

"
MAJOR PHASE OF
CORE HELlUM'BURNING

(9'IOGYR) '~

320 f- - """"'- WITH EXHAUSTION- ESTABLISHMENT HYDROGEN BURNING " CENTRAL HELIUM
OF SHELL SOURCE IN THICK SHELL "

. (14 • 105 YR~ (1.2 • 106 YR)'" ~GNITION OF TRIPLE-

5 DlSAPPEARANCE OF ALPHA PROCESS

:.---0---- DEEP CONVECTIVE 9 • "\, 7
ENVELOPE, __
RAPID 'cONTRACTION

(106 YR'>"" )..lR ST PHASE OF

ceRE HELIUM BURING 8

SHELL (6'1~ YR~NARROWING Fffip GIANT PHASE
PHASE (5."105 YR)

(S'105YR) ~

CONVECTIVE ENVELOPE
BEGINS TO EXTEN D
INWARD RAPIDLY-

SURFACE ABUNDAN~
BEGIN TO CHANGE 6

325

330

335

3.40

345--

:: 315
CIo
..J 310



"-)"- ~ pMi- ~ .v-1$

tvx. ~~d
1-" c~ l <Yv\ ~o. cis

8"=" F \""s,e : $ß)
4 o..r.> ckr~ ~~
2.. ~\'"~~~O\( 'W--~ CCl tV'f

I

,~ ~ (e~~) ~.ß CC)UA.tS ~ ~~ ~

11A"";"'''''~ "'" ~~& ~ Ik .sJ.or( b~J

I!;.,";;:I~ 'if", 11 ~""f( Io~ Qt ~q t)
/I r.)~\M.LoU:~l-e - v\A~~ ~-1 ~ 'h-.~ Ge) \ft...tK)~'-'

~.,J f\\.I&:""" '>V:v1't'o~ k ~W( ~ ~ _~

( .:. ". '" , •••.-ho, , b_ cl." .•",,,,,,,( If ",!.ci/( "'" '" & "'i' .

- Jt- .s. lud ( f.~(? ..9. k t\.&: ~~ tftt() ( ~ ~
~ V \\. tN.. Ik- ..s. ~ /(



H-burning shell
He core

L. = 1130 L.

Te = 16.900 K

H. He envelope

I

He-burning shell

CO core

L. = 1940 L.

Te = 5770 K

H. He envelope

Carroll & Ostlie (chap. 13)



-3.5

-3.0

-4.0 S
~

-4.5

-5.0

I
I (5

'-i-3.0 CDI ~
III

-:-2.5II
II
I

-i-2.0I
III
I

-:-1.5

1

-1-4.5IIIII

-1-40I •IIII
I

-1-35
1 •

3.12x 105 yr

2.66 x 105 yr I 2.08 x 105 yr

Iben (1982, ApJ, 260,821)

2.79 x 105 yr

3.11x 105 yr3.32 x 105yr

1.34 x 105 1.52x 105 2.19x 105yr

o

3.8

2.6

2.8

3.6

3.21-II'II
30:-. l-

II

4.0!- 3.26 x 105 yrI .
,-II

3.81-I

l-
I

361-
...J . 1

0> i-o I

...J 3.41-III
I

FIG. 2.- Time dependence of luminosity and bolometric magnitude during the thermally pulsing phase for a model of mass 0.6 M0

G ~~\ I~ &(c...t~~,.. Ol. c.0"1-\\)-Q c "'~v...
~~ k~. N b~~ ~kctr(

~~ ~t4 'ftu2. [~~ct;~n,( ~~

~,~..s~fJe4 c~h~""
Q\l ~



~ ~;::,'fk
CbJ\- 'ö~•••..- ~ c-\,..

1·1k...·'t~ g\'{l~e v.f Ir O\"';dA

~\C>.M.{~ {C ~~(

•••••••
• ••• •

•• ••••
1 5 10
Pulse No.

E-AGB

Zero Age
11 Horizontal

Branchll

Log Te

Fundamental

Blue Edge I -20,000. -; (0.00253)

Core Helium -10000 !/ -30000Burning Band~~ -5,000 (0.0(h84) ~~(0.00315)

\.0. \' l<.2,Q<J147) \: rxa
10.00113) JJ. ; 1f6-2

Main
Sequence
Band

5,000I
(0.00080)

18,6001i~ Last Thermo I(0.00027) '" Pulse Begins

3.5

1.5

2.0

4.0

FIG. 3.-Evolutionary track in the H·R diagram of an 0.6 Mo model wilh a carbon·oxygen core. Details are given in Ihe text.

o Miß <S~ ~ k\A.Ok)\.t

~tt ~\.e l "'f ffJ N ~

Vo l~e \M-Ci~~

10 - 4 hc>/~-t )

o..t

- b'\"\~J.~&. --:>\. 6- -h~~
GW..~,",\I...~ ,



_ /lAs d=.f """"~ c~fLQ tc t,,&,'o.. {.:,,'" dJJ.&

tk;.s: ~CJ- ~ ~~ ~~. ~ I~
"""-o.~ s f~~s ,

(~J- ~ll \A.V.~'S ~ ••~ / \M.~~ ~l
F~S.)

- Cl!;,

V-!..Q ~okk~ ~c:lL ~\tU ~~ ~ lo.~

h~~~5 ~ ~ ~~



'Je ~, /Ftai" 4-1{e."t~ e,IC' I", hOv.. <»S
"

~.-=-~~~ ~1-
• ~t. ';'-"-:~ttl~ rrv.-~

~~ ~~ t:fus ~\l

'W\.0t.t'~)\J'{' 'io.\.t... "\. P ... I() Nt>

.s~\A.(j ~<t <Uf(~;o\.l.t,

o h~ ~tti I ~ G~ ftv,to'(\k ~~I lM~~ r

<2-~t V\\A.t-kevr b~ r~~~~~ ~~
~~s:. - l O~~ r ~C(..t •• ~

I"*,,,,-,-~,,,,-~\.W b ~ '\)~~h lt ~ ( L /J v!;.. )

~b\)f' &~ttU ~~t;J. T~ J.s.o~~ - '30.~ 'K

~ lu~",-~.c; h'es 1.-4-- ID 6 L D <R- ~~> Tl ~ as 110

I

'I. L-b ~e sb.~ kD,~ ~e ~.s. /as.s Mif.~

~~ ~ cu.-(' "Of;ol ~~ ~s

lJ,~-R~~ef -5~-! _ f J-0f).)

clD!t~ rt-bk.& '1-0 L8v $

~ '\... loo~ - 2dO~ wD-s ...;""~ ~ f~~

.., ~\Tf. T1f~ 25. OOC> - I()(J.~ l.<. ~~ sbtA ~

-sb~ ~~~ ~O'\..l l;~

~b~ \;.v...<.J€- w..tt.~.s:. Ia.U:

~,'~Jf.~~~ ?t. 800

(,.,)L \Ao~ <e...~~O\t U lAD S

c1f c~ We ( ~ N &' N)

~N ~V'\.. N & N~

w D \Ab. ~ <.SfTo\J.J CJ I~\U.I)•



~ ~ oJ~ bkQ ~~~~tCMA-t-I (6S(1) I

~cÄ. ~~EG~~i-~(Q&~ ) I a.u~ ~ .s~

( (:) 6~F C/"""~ tJ-tftc fm "'OW<('~ d> '" v-M=.'0"- I, '''''4 )

\() L H IMo L 2D :

2-0 L 11/H0 L 2.S-

Q.s-L H/1"\c L 4<:5>

40 c.. n/no z.es

o -7 R.~G. -> && ~ SN

o --> I2~G ----:> t:J N --7 ~

Ö ---:? ~6 -~ WN -,> wc --7>.sH

C> -7 Cf -;> w.N ~ I.)C-? .u4

o -?> Cf- ::> LJ3 \I ~ LJN -r we -> .S/tI

I
o .6~~\Ao\Xte

- 5u~'-\~\)o..e cl.R...sc";' ~e. ~ ~ p{~i'l'e I cSu~~

"'tv-Ot~ (~s. (~1 v.,....~h ••Q_ G~~~ ~~.w..t"~

~J- ~ ~~ ~ ~ -t- lA--tQ ~ .



~ c:v..b t:[~.t~{\~~

~{~t r~'

I

ur- ):0. ~ ~ Mo"'-j~; JL Iiv-.e ( 6/~ y.w..)

~re

.Lb;
s.b2J Ht;L

I\\~

Tür Ic:

VL~~..rI ;~

- cot't caltt P&f- S.N
- «tc" "'." 0'" i-o

&.\1M"tt oI~ -'~
II;-"~ ~"\ac..

~j[-L



, , • t -t- t-~

$0 (!:lI:] I~O,:)~ 2.';0 :!otto

cl ~ et.f~ ~1L

e

..:J
6 2
l. }

'l

~ "1
-Z ~

j~ 6 t11-,
~ T~fR- I &N

( 'o~ li..J ~\ c t..VJ ~ )

6---\-+- --\-- I - --1 -{ --1 1- ---I
() .Je '~t> I$v ZOt? 2>~ ~C)() 1..\6

~~ ~ ~I>\t

I

~-
~
$-

---------------------
T~.n::-? .sN

(bl~ l~tA1 ~)

: ~1~ t1
$ ~i

_ ~-t
..i s-

t:!) 6 
z::: 1--

8-
.....-7· --..,

~ 5"

.---

'j~ lf-L SN

(~~ l--~fA~· (wNt)

I
...•.••.

t- I I I --t - -1...-1
lOt> 150 LO)/1 2-50 :>00 :>.!o



i ~b~\ccd ITJEsNre.kt(~~s.lOs 3> e>-t3

"L ?j;c,

I\Ao.~ ~ \AC .s
~:

"J\A..

.-1..- I/e>

,
lt-,'\.\..O ~ L

~~~ ~'etk"')'1.\.

'\- 0(0 I c;ro

,
r--a. cL..~ ~ <:n~.')"'-.

\ '

~t:::..k....Q ...tr~F- Lhc:v... ~ / c. .
6 t "'-u.. (~

e
T~~ J[ ~~ t:r-~I b ~~ J.c:

C-~ o~!lo~e ~\).~ \A~" ~ e _'-- -

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

J..j(f€-- )-0.. OCC IM- ').\..{ b,~~~ ~-.$.~ I c...)~

~~~~ ~ ~~ w ~k clWOA-( c eu...~~ .1

d\M.~c)"- ~ ~~to~ ~ CtM~ .seucl~d..

.sk~k c..:n.\X? 'J\ ~0 ce ~ wk1:dt Z:! ~ f.<!.!

c~b::,~ ß a~~ ~\JJt w~ o.s, ~(L

~ u~ ~f~ cowp\.Q~j ~ru~~ ( ~~'A~

f"'h.~ , 'tl I I,
~ ~ OI\A..~ C~~~V\.AO~ q ~\.I..Q. ,

~ -~~J( o.CJd.s C~ 0
cu ~ ~ c~A 'v..W.L

(J~~~<) .-;~ ~~~~
.e~\s (1~ tOr :N~I

CD Crw€ I

V-r!) c~v4-,,~t {\A~t olL-

c ~wt "'-"~j I (j~~~
'2.3 N 2,) :2.4

" Q I /2. 113 I 12 tt j



UtJ-1
~~~

~~~~ ~( JtVI~rlo~~

@\f'~~.ue S

N~ -()c~w-t/fb~~ö~:
~;

28 .s'+i~~~:>~S -#-0,4 1
~16

32 ~

~ H~~36
f /g At 4- 016

2~

I

., Clt ~ ~'j~ ~~ ~'rl ~ ("~

6Jh~t~0\.~ +~,~~~'A- ()J ~~~ e~'t-!



"V\.DW I lJk f- ~lsIt ~I<.s vkJ lt>~ Q<'.<.''..t~

,-)V ~'-'-P~~ ~ .st(Vt ~ct,\.,.J. ;1AAt~

c~)(clf~e (b ~~~ pl1e~.!tvte ) eure

cc...~~d b ~~~~:
-) \1\ f-.Je

. ,Q \A.)-J-... ..ss. \ C""-

C\. ~cu.J.\c. b"-Ä s.i- oJ V\C2.U.{.\ ••••...~

vw. '\I\Sl).)...{..n' "'-~ 1\.\ ~ \.a..~3'!\~ j' r

~ "M.t!~.J-.u ~ ~ laA~ rw-- (th~\A.

b~~ )~~~J',\~

4> ~~ ff~>J.H(J

~w' l~s. b
,

'"' c;. ü~""e +
-v~ e~i~

I

ro~cQ;.~~
~

!\Mt) t.~a..\).Q),). -H (!J~~fov.1~ t.U.. ~ cu--\.. Y-

b~\d.s.

u-p
~\l~kv' (~ ~'~~'5V

Hi?~M$ ~ 2S Nt))

L-D

~ ~..t't?cSk.~('k~L~OV'~
l~~~

~O't 6bt-~ ~tk
J'~ ~~ ~~

V\ ~~~

K gt!M~ ~ 2~ Ho ~ ~'Mw:u.A'f-

C\».J~ CD<- ~~ 'f J>e. &~ ~; II~ '& ~~

:!> Cörr().fI-'~ '1~ ~Qdt- k~LQ !



tt. ~(P ~tc QJt rre-r (..t

~& ~ ~cw... ~fa.x.

t" ~ + + lIe t- Y
{"l. ; 6,/d.~~)

,
~\'tct\ t tJ~\ c~~:

3r

*"
i5

~} r< -J~
,

~

?:,I S Ir 5~'

i Co

t

{ODO

~I
1$00



-- - ----

Iben (1985, aRAS, 26, 1)
-10.0

5~fi-He
25Mo Thermal Pulses

B . AGB
___~,~__!~~~~_~~~~i~·.?_5_~ol~~~__~-_/

~I~ Second Dredge-Up Begins 1;~.41-. EJeC110n

~II .•.. To Whrte Dwarf (0.6 Mo) j
---~/t-----------~:-=~:~------ -~' ~~T~.~al

Fluorescence of _--_~ ~ BegmSurrounding PN r
3rBeginS Here /H-He !\Core

'0 5M / Helium
~ 0 First Dredge-Up Begins Flash

~ AGB __

Horizontal Branch
"\

He--C+O

-'o
CD

~

2.5

o

5.0

-5.0

-2.5

-7.5

\
First

Dredge - UP
Begins

H-He

Core Collapse, Supernova II "'"I t \----
C + C ---------

7
Low Z Stars

He--C+O

1

I


