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FIGURE 12.12 The initial mass function, £, shows the number of stars per unit area of the Milky®
Way’s disk per unit interval of logarithmic mass that is produced in different mass intervals. 1he
individual points represent observational data and the solid line is a theoretical estimate. Masses afe;
in solar units. (Figure adapted from Rana, Astron. Astrophys., 184, 104, 1987.) |
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Fig. 66 Computed paths in
the H-R diagram for the con-
traction of a one-solar-mass
star to the main sequence.
The two tracks shown differ
only in the metal abundance,
which affects the structure of
such stars by virtue of its
effect on the surface opacity,
The solid curve corresponds
to a meteallic mass fraction
Xu = 54 X 107% and the
dashed curve corresponds to

Xu =54 X 10°%. [After].

Iben, Jr., Astrophys. J., 141:

993 (1965). . By permission -
~ of The Universily of Chicago

Press. Copyright . 1965 by
The University of Chicago.)
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Fig. -7 The variation with time { (in seconds) of the surface temperature,
the luminosity, the radius, the ratio of central density to mean density, and
the mass fraction Qac within the radiative core during the contraction of a
one-solar-mass star to the main sequence. The full-scale limits corresporfd
to 3.78 > log T, > 3.58, 0.6 > log (£/£g) > —04, 0.6 > log (R/Rp) >
~04, 20> log (p/3) >0, and 1 > Qaec > 0. [After I. Iben, Jr.,
Astrophys. J., 141:993 (1965). By permission of The Universily of Chicago
Press. Copyright 1965 by The University of Chicago.]
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Table 61 Evolutionary Hfoﬁmu, yearst 4.8 4.6 44 4.2 4 3.8 3.6.
Logo T, (K)
/Mo 107e
Point 15.0 9.0 5.0 3.0 2.25 1.5 1.25 1.0 0.5
1 6.740 X 10* 1.443 X 10* 2,936 X 10¢ 3.420 X 10¢ 7.862 X 104 2.347 X 10° 4.508 X 10° 1.189 X 10* 3.195 X 10%
2 3.766 X 10° 1.473 X 10¢ 1.069 X 10* 2.078 X 10* 5.940 X 10* 2.363 X 10* 3.957 X 10* 1.058 X 10° 1.786-X 10°
3 9.350 X 10° 3.645 X 10¢ 2.001 X 10* 7.633 X 10* 1.883 X 10* 5.801 X 10* 8.800 X 10* 8.910 X 10* 8.711 X 10°
4 2.203 X 10* 6.987 X 10¢ 2.860 X 10* 1.135 X 10* 2.505 X 10° 7.584 X 10* 1.155 X 107 1.821 X 107 3.092 X 107
5 2.657 X 10¢ 7.922 X 104 3.137 X 10* 1.250 X 10* 2.818 X 10°* 8.620 X 10°* 1.404 X 107 2,529 X 107 1.550 X 10¢
6 3.984 X 10¢ 1.019 X 10 3.880 X 10* 1.465 X 10* 3.319 X 10* 1.043 X 107 1.755 X 10" 3.418 X 107
7 4.585 X 10 1.195 X 10* 4.559 X 10* 1.741 X 10* 3.993 X 10* 1.339 X 107 2.796 X 10" 5.016 X 107
8 6.170 X 10¢ 1.505 X 10* 5.759 X 10* 2.514 X 10* 5.855 X 10* 1.821 X 10" 2.954 X 107

t 1. Iben, Jr., Astrophys. J., 141:993 (1965).

By permission of The University of Chicago Press. Copyright 1965 by The University of
Chicago.
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Fig. 69 Depth of the outer convection zone of main-sequence stars as a
function of 7. The four separate curves were computed for four differ-
ent choices of the mixing-length parameter «. [After N. Baker, The
Depth of the Outer Convection Zone in Main-sequence Stars, Inst. Space
Studies Rept., New York (undated).)
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Fig. 6-10 The temperature T; at the base of the outer convection zone
as & function of 7.,. [After N. Baker, The Depth of the Outer Convec-
tion Zone in Main-sequence Stars, Inst. Space Studies Rept., New York
(undated).)
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Baker, The Depth of the Outer Convection Zone in M ain-sequence Stars,
Inst. Space Studies Rept., New York (undated).)
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FIGURE 13.1 Main-sequence and post-main-sequence evolutionary tracks of stars with an initial
compositionof X = 0.68,Y = 0.30,and Z = 0.02. The location of the present-day Sun (see Fig. 13 2) -
is depicted by the solar symbol (©) between points 1 and 2 on the 1 Mg, track. The elapsed times to

points indicated on the diagram are given in Table 13.1. To enhance readability, only the points on

the evolutionary tracks for 0.8, 1.0, 1.5, 2.5, 5.0, and 12.0 M, are labeled. The model calculations
include mass loss and convective overshooting. The diagonal line connecting the locus of points 1
is the zero-age main sequence. For complete, and annotated, evolutionary tracks of 1 Mg and 5 Mg
stars, see Figs. 13.4 and 13.5, respectively. (Data from Schaller et al., Astron. Astrophys. Suppl., 96,
269, 1992.)

TABLE 13.1 The elapsed times since reaching the zero-age main sequence to the
indicated points in Fig. 13.1, measured in millions of years (Myr). (Data from Schaller
et al., Astron. Astrophys. Suppl., 96, 269, 1992.)

Initial Mass 1 2 3 4 s
M) 6 7 8 9 10

25 0 633044 640774 641337 643767
651783 7.04971 7.0591

15 0 114099 11.5842 11.5986 11.6118
11.6135 11.6991 127554

12 0 157149 160176 16.0337 16.0555
16.1150 16.4230 167120 17.5847 17.6749

9 0 259376 263886 264198 26.4580
265019 27.6446 28.1330 28.9618 29.2294

7 0 424607 43.1880 432291 433388
434304 453175 46.1810 47.9727 48.3916

5 0 929357 944591 945735 94.9218
952108 99.3835 100.888 107.208 108.454

4 0 162043 164734 164916 165.701
166362 17238 185435 192.198 194.284

3 0 346240 352503 352792 355.018
357.310 366.880 420.502 440.536

2.5 0 574337 584916 586.165 589.786
595.476 607356 710235 757.056

2 0 109408 111594 111774 1129.12
1148.10 1160.96 137994 1411.25

1.5 0 263252 269039 269952 2756.73
2910.76

1.25 0 470320 4910.11 493383 5114.83
5588.92

1 0 704840 984457 113860 116358
12269.8

0.8 0 188289 25027.9
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Asymptotic Giant Branch (Post-AGB), Planetaxy Nebula formation (PN formation), and Pre-wh i
dwarf phase leading to white dwarf phase. ’A



PN formation Post-AGB

Superwind g
/ Third dredge-up ._ g
First He shell flash Second

‘3 He core exhausted __He core

< burnin
3 g ’
3 5 &
= % S
$ Y
3 N

First dredge-up
To white dwarf phase ' | SM,

~— Logo (T,)

FIGURE 13.5 A schematic diagram of the evolution of an intermediate-mass star of 5 Mg from

the zero-age main sequence to the formation of a white dwarf star (see Section 16.1). The diagram is
labeled according to Fig. 13.4 with the addition of the Horizontal Branch (HB).



T, = 16900 K

H, He envelope

5 Msun star with He core and H-burning
shell shortly after shell ignition

L, =1940L,
T, =5770K

H, He envelope

5 Msun star on the early ﬁsymptotic
giant branch with C-O core and H- and
He-burning shells. The scale of the shells
and core has been increased by x100.
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FIGURE 13.9 The surface luminosity as a function of time for a 0.6 My stellar model that is
undergoing helium shell flashes on the TP-AGB. (Figure adapted from Iben, Ap. J., 260, 821, 1982.)
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Log T

Fig.5. Evolutionary tracks for non-rotating (dotted lines) and rotating (continuous lines) models for a metallicity Z = 0.020. The rotating
models have an initial velocity v;,; of 300 kms~!, which corresponds to an average velocity during the MS phase of about 180 to 240 kms™!

(see Table 1).
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Table 63 Zero-age model for three compositions with 1 = 7.08Mo*

—-———————y

TaDIe 8- Lero-age moas:

uuu

.wt_it.

K1t

L1 g

0548
R_Raaao

388

Ncoo

288

~occe

88R

Hooco

Surface

Seus

S
=

a|g832

BN2INIR2TSE2ZREIZSIZS

..ll?l...llll1010000OOOO.MMWMMWWWMMMMWMMM

SRE882SSUIISRIBRR2IRCBLRL2IIRE85S
feddadgadicecessgeocssseeesosS ST

o_o_o_o_o_wwooooooooooooo.lo-ll

ruoumowwa1mwuonnnnwmwmnunnnmauuno4w“u

“555ooeoo66666°°°G‘777777711177177777

wmwmmwmwmwwmmmmmmmmwmwwmmwmuuuuuwnum

-

- .
v.u— lllllllllllllllllllllllllo-looooooooo

8288885585 3858 88R8E3 SEyRRINZR3E38E8

-
=B
M

2332333233833 8332838353332882388388388

zoooooooooooooooooooooooooooooooooooo

uwmnmmumwumwummunmukunmuﬂﬂu7wu7ﬂunw

Vnoooooooooooooooooooooooooooooooooooo

88R88R wwmwwowwowwoww7wwowwowwowwmwwo

xoooooooooooooooooooooooooooooooooooo

s 3 = 2 3 3% 3 8 8 2
(=] < o (=] (=] (=] (= -]

R o <

0.10

3
<o

SEEEEE

R EEEEERE R L

000111111111111

60915483082073W8“%w0%w2uuw M

1778434384334222111LLIOOOOOOO

—4.81
—4.74

R3S
o
(N

-2 97
—~2.97

88
i o9 03
[

—2 02

1388
oo

—l 36
—-0.85
-0.77

RR223
=7 Ebdidt:
I R - mnoa«uwswunuwnwmwwmnuuummmwuuu

555555000666666666660777777777777777

wwwwwwwwwmwwmwmwwwmwwmmwwwwmmm&mnmuﬁ

llllllllllllllllllll‘lll‘lloooooooooo

88552285555 8ES8R 823N 830888 2882EE

H_ ll1L11000000000000000000000000000000

Sl=
=~

mwwmmmmmmmwwmmmmmwmmmmmmmmmmmmmmmumm

zoooooooooo00000ooooooooooooooooooooo

MﬂﬂunﬂunmuMﬂsmﬂuwmawmumwuwnumwummmmm

V-oooooooooooooooooooooooooooooooooooo

wwmwwmwwmwwmwwmwwmwwmwwmwwnwwnwwmwwm

xoooooooooooooooooooooooooooooooooooo

s 2 =2 8 8 3 8 ® R =2 & 8
.o =) 1<) =) =) o o = = =) 5 o

Segw

Bive

LEE8

Ao

eV ¥«
3_3333

388

NScoo

58

NNeoso

2R

Kooo

Table 63 Zero-age model for three compositions with 3 = 7.089Mp 1 (Continued)
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Table 6-4 Evolved main sequence for four massest
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Table 65 Zero-age model of the sunt

M(r), g T, P L(r), ¢, K

solar maasses 10!t em 10* °K g/cm? 10% ergs/sec ergs g~* sec™* cm?/g
0.0 0.00 13.7 90 0.00 13.9 1.38
0.056 0.07 12.3 74 0.956 7.2 1.64
0.1 0.09 11.6 65 1.54 4.8 1.82
0.2 0.11 10.4 51 2.20 2.3 2.16
0.3 0.14 9.4 40 2.53 1.1 2.50
0.4 0.16 8.5 30.5 2.68 0.5 2.87
0.5 0.18 7.6 22.4 2.75 0.2 3.3
0.6 0.20 6.8 15.7 2.77 0.04 3.8
0.7 0.23 5.9 10.0 2.78 0.01 4.4
0.8 0.26 5.0 6.5 2.78 0.00 5.2
0.9 0.32 3.8 2.09 2.78 0.00 7.0
0.95 0.37 3.0 0.87 2.78 0.00 8.6
0.99 0.46 1.73 0.142 2.78 0.00 11.1
0.99968 0.60 0.62 0.0057 2.78 0.00 Conv.
1.0 0.659 2.78

t B. Stromgren, Stellar Models for Main-sequence Stars and Subdwarfs, in L. H. Aller and
D. B. McLaughlin (eds.), “Stellar Structure.” By permission of The University of Chicago
Press. Copyright 1965 by The University of Chicago.

Table 6-6 Model of the sun at 4.5 X 10° yearst

M(r), LE T, Py L(r), ¢ K,
solar masses 10! em 10 °K g/em® 10 ergs/sec ergsg ' sec™ cm'/g Xa
0.0 0.00 15.7 158 0.00 17.5 1.09 0.36
0.056 0.06 13.8 103 1.30 10.0 1.32 0.52
0.1 0.08 12.8 83 2.13 6.8 1.48 0.58
0.2 0.10 11.3 59 3.09 3.3 1.78 0.85
0.3 0.13 10.1 43 3.55 1.6 2.09 0.68
0.4 0.15 9.0 31.5 3.77 0.7 2.42 0.69
0.5 0.17 8.1 22.4 3.86 0.3 2.79 0.70
0.6 0.20 7.1 15.2 3.90 0.06 3.2 0.70
0.7 0.23 6.2 9.4 3.90 0.02 3.8 0.71
0.8 0.26 5.1 5.0 3.90 0.00 4.5 0.71
0.9 0.32 3.9 1.84 3.90 0.00 6.0 0.71
0.95 0.38 3.0 0.74 3.90 0.00 7.4 0.71
0.99 0.48 1.73 0.117 3.90 0.00 9.6 0.71
0.99955 0.62 0.66 0.0063 3.90 0.00 Conv 0.71
1.0 0.694 3.90 0.71

{ B. Stromgren, Stellar Models for Main-sequence Stars and Subdwarfs, in L. H. Aller and
D. B. McLaughlin (eds.), “Stellar Structure.” By permission of The University of Chicago
Press. Copyright 1965 by The University of Chicago. Initial composition X = 0.71, Y =0.27.
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Table 6-7 Evolutionary lifetime for 30t

Point t, 10* years Point  t, 10° years Point ¢, 108 ycarh

1 0.024586 7 2.47004 14  2.55850

2 1.38921 8 2.47865 15  2.78205

3 2.23669 9 2.48429 16 2.94233
p— 4 2.34089 10 2.48925 17 3.06968
= 'y 2.34222 11 2.49817 18 3.19043
E 5 2.40119 12 2.50728 19 3.23566
- 6 2.44420 13 2.53163 20 3.26323 13
- .
~ 1L Iben, Jr., Astrophys. J., 142:1447 (1965). By permission of The
"~  University of Chicago Press. Copyright 1965 by The University of
~  Chicago. 18
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Fig. 613 The evolutionary track of a star of three solar masses in the H-R diagram. The
time required to reach the enumerated points is given in Table 6-7. [After 1. Iben, Jr.,

By permission of The Universily of Chicago Press. Copy-
right 1965 by The University of Chicago.]

Asirophys. J., 142:1447 (1965).
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Fig. 615 The variation with time of the radius, the central density, the central temperature,
and the ratio of the helium-burning power to the hydrogen-burning power during the evolution
of a three-solar-mass star. To the left of the break at ¢ = 2.25 X 10® years the full-scale limits
correspond to 5 > R/Rp > 0, 31 > T./10° > 21, and 80 > p, > 30. To the right of the
break the full-scale limits correspond to 50 > B/Ro > 0,2.3 > log T,/10* > 1.3,5.5 > log p. >
0.5, and 1.0 > Lg,/La > 0. [After I. Iben, Jr., Astrophys. J., 14211447 (1965). By permission
of The University of Chicago Press. Copyright 1965 by The University of Chicago.)
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Fig. 6-14 The variation with time of the luminosity, the surface temperature, the mass fraction
M. within the convective core, and the central mass fractions of H, He*, C'2, O¢, and Q?® during
the evolution of a three-solar-mass star. The full-scale limits correspond to 2.45 > log £/£¢ >
1.95,4.3 > log T, > 3.3,and ¢ > M.. > 0. The scale for the composition parameters changes
at ¢ = 2.25 X 10* years. To the left of the break 0.02 > X,¢ > 0 and 1.0 > zg, X > 0, and
to the right of the break 0.1 > X3 > 0 and 1.0 > X,, X113, X1s > 0. [After I. Iben, Jr.,
Astrophys. J., 143:1447 (1965). By permission of The University of Chicago Press. Copyright
1965 by The University of Chicago.) -
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FIGURE 13.6 The chemical composition as a function of interior mass fraction for a 5 Mg star
during the phase of overall contraction, following the main-sequence phase of core hydrogen bummg
The maximum mass fractions of the indicated species are Xy = 0.708, X3 = 1.296 x 10~* (3He),
X, = 0.9762 (4He), X1; = 3.61 x 10~ (*2C), X}, = 3.61 x 1073 (}}C), X4 = 0.0145 (*N), and
X16 = 0.01080 (*30). (Figure adapted from Iben, Ap. J., 143, 483, 1966.)
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Point 15.0 9.0 5.0 3.0 1.5 1.0
1 6.160 X 10¢ 1.511 X 10% 5,760 X 10* 2.510 X 10®* 1.821 X 107 5.016 X 107
2 1.023 X107 2.129 X 107 6.549 X 10" 2.273 X 10* 1.567 X 10* 8.060 X 10°
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' ® 7 1.210 X 107 2,273 X 10" 7.844 X 107 2. 887 X 10¢
8 1.213 X 107 2.315 X 107 8.524 X 107 3.095 X 10®
9 1.214 X 107 2.574 X 107 8.782 X 10" 3.262 X 10®
B 10 2.623 X 107
0.0 t 1. Tben, Jr., Astrophys. J., 140:1631 (1964). By permission of The University of Chicago
1.091 Press. Copyright 1964 by The University of Chicago.
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Fig. 6-16 Evolutionary paths in the H-R dmgrum for populat.lon I stars of mass M /Mg =
1.0, 1.5, 3, 5,9, and 15. The initial point is on the zero-age main sequence. The ages of
the stars at the enumerated points are listed in Table 6-8. [After I. Iben, Jr., Astrophys.
J., 140:1631 (1964). By permission of The University of Chicago Press. Copyright 1964
by The University of Chicago.]



Table 6.9 Evolutionary lifetimes (10° years)

15090

Point 1.091p 1.25%Mp
1 0.05060 0.02054 0.01821
2 3.8209 1.4220 1.0277
3 6.7100 2.8320 1.5710
4 8.1719 3.0144 1.6520
b 9.2012 3.5624 1.8261
6 9.9030 3.9213 1.9666
7 10.195 4.0597 2.0010
8 4.1204 2.0397
9 4.1593 2.0876
10 10.352 4.2060 2.1059
11 10.565 4.3427 2.1991
12 10.750 4 4505 2.2628
13 10.875 4.5349
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Fig. 6-17 Evolutionary track of lower-main-sequence population I stars of mass
9M/Mo = 1.0, 1.25, and 1.5. The ages of the stars at the enumerated points along
each track are listed in Table 6-9. The circled numbers along the tracks represent the

factors by which the surface
outer convection zone. A diagonal line

Li” abundance has been depleted by the deepening of the
of constant radius has been included for added

physical insight. [After I. ITben, Jr., Astrophys. J., 147:624 (1967). By permission of
The University of Chicago Press. Copyright 1967 by The Universily of Chicago.]



Fig. 618 A characteriza-
tion of the observed H-R
diagrams of two old galactic
clusters. The ages of these
clusters are estimated by the
age of an ensemble of stellar
models having the property
that the locus of H-R posi-
tions of the individual stars
within the ensemble, which
differ with respect to mass
only, best reproduces the
observed diagram of the

cluster. [After I. Iben, -

Jr., Astrophys. J., 147:624
(1967). By permission of
The University of Chicago
Press. Copyright 1967 by
The Universily of Chicago.]
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