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Table 7-4A  Time ¢ in Years Measured from the Initial Model for Each Mass. The st
point for cach mass represents the main sequence.” [From L Iben, Jr., 1965 (3211]

MASS OF MODEL (UNITS OF THE SOLAR MASS)

POINT IN
maddA. T 9 s 3 aas 15 138 G0 s
@ e e 100 e 100 100 F‘] 10*
1 0,067 0.014 0294 0038 0079 0023 0045 012 0.003
2 0377 0015 1065 0208 05%4 0236 039 0006 0018
3 0935 0364 2000 0763 1883 0580 0530 0891 0087
4 2203 0699 2860 1135 2505 0758 LIS 1821 0309
s 2657 0752 3137 1250 2818 0562 1404 2520 L3550
6 3984 1019 1380 1465 1319 1043 1758 3418 -_
7 4585 1915 453 L7 183 13w 21me [IE] —
8 IIE!] 1505 5759 1514 5835 181 2954 — -

* Each entry misst be muliiplied by 10° a3 given at the head of each column.

Table 7-4B The Logasithm of the Time in Seconds, Jog f,

15 My Measured From the Initial Models for Masses | Mo and
8y s 15 Mg, [From data of L Iben, Jr., 1965 (321).]
125 Mg 2
sk ke e MASS OF MODEL (UNITS OF THE SOLAR Mass)
. 134
Ll 15 10
; 1 1033 1257
2 107 13.52
=19 05 My 3 1147 14.45 lOgT ~ 14.5
4 1184 14.76
s s 152 s logT =~ 15.0
8 1210 15.00
. ) ) , : 3 7 12.16 15.20
35 44 43 42 41 40 39 38 37 36 g - -
log T
Fig. 7-3A Evoluth ¥ Tracks of Pre-Main-Seq Stars in the

Russell Diagram. The mass, in units of the solar mass, is given at the left of cach
track. The small numbers correspond to the points in Table 7-4A, which give the E W
time measured from the initial model for cach mass. The units of Tuy are degrees

Kelvin, [After L. Iben, Jr., 1965 (321)] AP ¥ Ii.'l : ?93

Intreduct on to Stellar Atmespheres
ol Tnterlors "
by Eva MNevetny

.9931I

.141

1965ApJ. .

STELLAR EVOLUTION. I. THE APPROACH TO THE MAIN SEQUENCE*

The manner in which nuclear reactions replace gravitational contraction as the major source of stellar
luminosity is investigated for model stars of population I composition in the massrange 0.5 < M/Mp <
15 0. By following in detail the depletion of C!* from high initial values down to values corresponding to
equilibrium with N in the C-N cycle, the approach to the main sequence in the Hertzsprung-Russell
diagram and the time to reach the main sequence, for stars with M > 1.25 M, are found to differ sig-

nificantly from data reported previously.

Icko IBEN, JR.

California Institute of Technology, Pasadena, California
Received August 18, 1964; revised November 23, 1964
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Fig. 7-5A The Time Variation of Some Propertis of o Pre-Main-Sequence
Star of Mass. . The abacisss is log £, where ¢ is the time in seconds measured
from the initial model of the series for this mass. The upper and lower limits of
given. The ordinates are: M/ M, the fraction of the total mass
contained in & radiative core; log (R/Ro), where RfRo is the total radius refative
10 that of the Sun (Ro = 6.96 x 10°* cm); log (pdg) where p, Is the central
density and § is the mean density; log T, where Top is the effective temperature
in degrees Kelvin; and log (L/La), where LiLo is the luminosity relative to that
of the Sun (Lo = 386 = 10° erg sec?). [After L lben, Jr., 1965 (3211.]
Fip. 7-58 ‘The Time Variation of Some Properties of & Pre-Main-Sequence Star
of Mass 1 Mo, The abscissa is log £, where £ s the time in seconds measured from
the initial model of the series for this mass. The upper and lower limits of the scale
for each curve are given. The ordinates are Mee/M, the fraction of the mass con-
tained in a convective core; log p,, where g, is the central density in gm cm=%;
log T., where T, is the central temperature in degrees Kelvin; and LyJI, the ngt
mammmmw_wwmwmmmmm not

hat is due

tion—soe text). The value of L/ becomes negative near log ¢ = 15.0: zero for this
ordinate is on the horizontal nxis. [Adapted from I, Tben, Jr., 1963 (321).]

Fig. 7-5C A Model of Mass | Mp During the Pre-Main-Sequence Phase at

| Time logs = 14.941. The time is measared in seconds from the initial model of

the series for this mass. The abscissa is the fractional mass M./M. The upper
and lower lmits of each ordinate are given. Each upper limit ks the maximum
valug in the model. The ordinates are r, the radius In units of the solar radius
{Re = 6.96 x 10 cm); P, the pressure in dyne cm = s, the density in gm em=%;
T, the temperature in degrees Kebvin; and L,, the net lumincsity in units of the solar
luminasity (Lo = 3.86 x 10% erg sec™"). [Adapted from I. Iben, Jr., 1965 (321).]
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Fic. 6 —The path in the Hertzsprung-Russell diagram for M = 1.5 Mo.
surface temperature are the same as in Fig. 1.
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Fig. 7-3B Evolutionary Tracks of Pre-Main-Sequence Stars of Low Mass in the
Hertzsprung-Russell Diagram. The masses, and the ages at two points on each
track, are indicated. The heavy curve (MS) is the hydrogen-burning main
sequence. The convective parameter is assumed to have the value [/H = 1.0.
[Adapted from A. S. Grossman and H. C. Graboske, Jr., 1971 (400).]
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Figs. 3a and 3b. For non-rotating stars, the central pressure
and central temperature variation with mass along the
main-sequence

Parameters at the stellar cores for
non-rotating single MS stars

168~

leg Te

74

7.2

10

100

Fig. 4. The central temperature versus the central density for main-sequence stars. The curve is drawn through the data
referring to non-rotating stars (dots). The crosses refer to critically, uniformly rotating stars. The Arabic numeral refers to
the mass of the model

140 180
log ]

Sackman (1970) A&A, 8,76

Effect of Stellar Rotation

1

0.70 P R —
0.20 040 060 080 1.00 g
Fig. 1. The d of the 1 ity with increasing

rotation measured by Q%07 ., where Q refers to the

angular velocity of rotation and the subscript max to the

critical case. The Arabic numeral refers to the mass of each
sequence in solar units

Sackman (1970) ApJ, 8,76
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More so for lower-
mass stars

Rotation effectively
lowers the stellar
mass.
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Fig. 5. The maximum change in the luminosity of a critically

rotating star from that of a non-rotating star of the same

mags, expressed in percent, against the mass of the main-

sequence model. The dots refer to the actual results of the

Stellar Interior models, while the crosses refer to the approx-
imations made for Eq. (12)
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Rotation = star cooler and fainter
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F16. 1.—Angular momentum per unit mass, as a function of mass fraction interior to a given cylinder
about the axis of rotation, for three assumed laws of differential rotation (Cases A, B, and C) and for a
uniformly rotating model (Case D) of 30 M, log J = 52.73.

D: solid body rotation

Rotation law:

angular momentum distribution
j(my,) as a function of, m, the mass
fraction interior to the cylinder of
radius w about the rotation axis.

F16. 2,—Theoretical H-R diagram showing model sequences of increasing angular momentum (.wh'd:f
curves). Numbers on curves give calculated velocities at the equator in km sec™. The distribution of .
Bodenheimer (1971) Ap]J, 167, 153

angular momentum for each sequence is indicated by the letter A, B, C, or D.

Rotation A m ]
=> line broadening .| o ]
L pon bl 111 RN

e &
0 A HR 5024
s
@
@
0.0

626514 Fe

Wavelength

F/F,

0.0

]
1.0 -,\W,mm,
0.8 HR 3664

Wavelength
Fig. 17.7. () Computed profiles illustrate the broadening effect of rotation. The
profiles are labeled with rsini. the wavelength is 4243 A, and the line has an
equivalent width of 100 mA. (5) These two carly-G giants illustrate the Doppler
broadening of the line profiles by rotation,
Gray p. 376
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Fig. 3. Projected equatorial velocities, averaged over all possible inclinations, as a
function of spectral type. On the main sequence (luminosity class V), early-type stars
have rotational velocities that reach and even exceed 200 km/s; these velocities drop
to a few km/s for late-type stars, such as the Sun (type G2) (Slettebak [20]; courtesy
Gordon & Breach)

Fip. 7-6 The Time Yaration ol Some Frope o a P
Star of Mass |§ Mp. The abscissa is log £, where ¢ is the time in seconds measured
1 5 M from the initial model of the series for this mass. The upper and lower limits
@ of cach ordinate are given. The ordinates are Mec/M, the fraction of the total
mass contained In a convective core; log ., where g is the central density in
gm em~*; log T;. where T, is the central temperature in degrees Kelvin; log (L/La),
where L{Lz it the luminosity relative to the solar luminosity (Lo = 3.86 x 10¥

erg sec ’J aml L,/L, the net fraction of the luminosity that is generated by
{but not the fraction of the emitted radiation e rav J é nuc 7
that is due to gravitational contraction—see text). [Adapted from L Tben, Jr., ’
1965 (321).] £i
MoelM log 8, log T, tog (L/Lg) LiL er. 5/ L \!L
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FiG. 7. Color-magninsde diagram for all stars with measured V- and I-band photometry. Erors for the new photometry are smaller than 0.05 mag in V and
0.1 mag in V—J in 90% of the cases and are restricied in all cases 1o 0.1 mag n V and 0.2 mag in V— /¢, corresponding to the eror bar shown. Also shown

1% the reddening vector wi of visual extincti ulthmmmmwﬂ:nnfew.uw:iutul.l.w
10 isochrones and the 0.5 and | evolutionary tracks from the calculations of D' Antona & 1954] ated into
pla:srmluddulum 1 plus all sources which have been identified as being externally ionized; open circles indicate that
no proper motion information is & ; crosses indicate proper motion nonmembers.

&0,

[1]

Ts

Table 77 Evolutionary Tiemes. The times, expressed Is years, refer tervals besween
the poinas in Fig. T-24.* [Adapted from L Then, Jr., 1967 (327).]

eren
W " wass (Ma) =2 23 el 3 -6

» 450 (6] B84 (4

™ m 120 % 15T | al L]

BTIYAL
wam (Mg) &7 e ] - s-10m Lt

0 5.1 (4) 13 W

13 T (H 6.20(5) Ly (5) L3 (&)

¥ 483(8) $.50(4) 2.28 () 1.55(5) 186 (4)

3 6.05 (§) 102 (&) 9.00 (€) #30(5) .69 (4
4.08 (1) £.00(6)

* A mamber in parssthases is the pawer of 10 by which an sasry 13 15 be maltiplisd.

Fig. 7:25 Tracks in the H Russell Diagram. The mam
of each star ia given at the left of the track. The composition is X = 0.708,
¥ = 0272, and Z = 0.020for all 30 Mo, for which

I8 XY= 070, ¥ = 0.27, Z = 0.0), Dashed portions of the curves are estimstes
The lesters nlong the tracks for | Mo and § Mo have the following significance
H, = hydrogen-burning near the center; G = gravitational costraction of the
entire star; Hes = hydrogen-burning in a thick shell; Hy = hydrogen-burning
in a thin shell; He = helium-burning mear the center plus b ing in u
thin shell. The times requiced to reach the encircled points are gives in Table 7.7,

Ihe dorred lines indscate the boundaries of the main sequence. The lne (lower Jeft )
shows the slope of & path along which the radius remainy constant. The track
for 15 Mo does not turn back as do the other tracks because the semi-convective
zone was treated as fully convective [see R. Stothers and C.-W. Chin, 1968 (377)].

T ¥ S R R VI TR R TR e 7 [Adapted from 1. Iben, Jr., 1967 (327). The track for 30 M is given by R Stothers,
hog Ty 1966 (333)]

H eore burn ing
A thoek shell
H Fhon shell

12
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Fip. 7-104 A Model of Mass | Mo during the Main-Sequence Phase at Time
= 426950 x 10° Years. Radius r, density p, temperature 7, net laminosity L.,

and hydrogen abundance X are shawn as functions of fractional masi MM,

The lawer limit of the ordinate is zero for all vasiables. The upper limits, given in
the figuse, are the total radies R (units of Ro = 6.96 x 10** ¢m), central density
#e (gmem™7), central temperature T, in degrees Kelvin, total luminosity L
{units of Lo = 3.86 x 10* ergsec-"), and Initial hydrogen abundance X =
0,708, The central pressure (not shown) is 25186 = W'dmm!" The time
f ks measured from the initial model calculated for the p +ed) phase
(sce Section 2). [Adapted from L. Tben, Jr.. 1967 (326).]
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Hf 7-108 A Model of Mass 1_AMp during the Main-Scousce Phase ot Time
Radius r, pressure P, temperature T, net luminosity
1. and hydrogen abundance ¥ are shown as functions of fractional mass M,/M.
The lower limit of the ordisate b zero for all variables. The upper limils, given
In the figare, are 12681 Ro (with Ro = 656 x 10" cm; however, the total
rldlm is 13926 Rg), central pressure P, (dyme cm=%), central temperature T,
in degrees Kelvin, total luminosity L (units of Loy = LB6 x 10°? ergsec™?),
and nitial hydrogen abumdance X = 0.708, The central density (not thown)
s lmﬁnun" The time 1 is measured from the initial model caloulated
re-main-sequence phase (see Section 2), [Adapted from L Iben, Jr.,
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1967 (326).]

z”".fc ¥ Py 9.5»..-“4 [ EAH:)
2 horme geneovo cRemical sevwapos: Fion As T goes on Hcon T until Mot Mg
‘mhanbeer Chandmnﬂar .eu.ut u‘?#}) ApT 76 16
raximum Lmetion 7 Yoral mass wainte inble
Withaw an [tothermal cove

Terminatins G M5
2 ond @ H burining aX eore

{ Mg Stars e Yhe Main Seguencc

J, - PJ, - core ceontracts
Cslowly

o .
‘8” " PX‘TG :
v

W depletion X & X TT pf
21 => 11

( Faink a(\‘sf'uvj Sun d: [ewama

t H—>He

- enve!rpe Rr

14



Chap 5

MainSequence

H depleted core [, z=0¢ , [ o fnm_ o~ o thiek shetl
Aarcundd Phe core

Lys > L ecoreCtms)

DLl SRl =D Top
Poiwk Y = Enck g MS
§'far —% suég;a.&(‘ byanch

(lﬂf--k Msc A‘#J TQG.:’\!A

( Nz?-roz )

Jemvelope ™\

1\\!¢ \ T, % cowdk
a_.J{//. M. (we mass )

2 ( Pnssm ok boundnry)

15



MainSequence

THE ASTROPHYSICAL JOURNAL

AN INTERNATIONAL REVIEW OF SPECTROSCOFPY AND
ASTRONOMICAL PHYSICS

NUMBER 2

VOLUME 96 SEPTEMBER 1942

ON THE EVOLUTION OF THE MAIN-SEQUENCE STARS
M. ScHSNBERG! AND S. CHANDRASEKHAR

ABSTRACT

The evolution of the stars on the main sequence consequent to the gradual burning of the hydrogen in
the central regions is examined. It is shown that, as a result of the decrease in the hydrogen content in
i !

fraction of the total mass of

these regions, the convective core (normally present in a star) eventually gives place to an
gaze. Itis further shown that there is an L}M*iwmgg tot )
k gen which can thus be exhausted. Some further remarks on what is to be expected beyond this

rd
nt are also made.
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A ; Fip, 7-368 A Model of Mass |_Mp during the Subgiant Stags ot = 108747 1
kA Mpoes O, M::‘JL“L‘ p Shortly afler Leaving the Main Sequence, at m':m; Radiias r, ratho /P of gas pressire compated from the perfoct gas law
adius r, pressure P, temperature T, nel luminosity 1o the | prewsure with degeneracy included, temperature T, net lamincalty

L,. and hydrogen abiundance X are shown as functions of fractional nsss M,/AL

¢ A cts of fractional mass M./A
The lower limil of the ordinate i z¢ro for all variables. The upper Kruia. given in regen abundance X arc shown as functions of fractional 1

Ly ame
& step fanction rising from zero to

the figure, are 21334 £5 (with Ro = 6.96 x 10 em; however, the tots) radiug is
22179 Ra ), central pressure P, (dyne cm™3), central temperature T, ("K), total
laminosity L (units of Lo = 3.86 * 10° erg sec™1), and initinl hydrogen abus-
dance X = 0.708. The central density (ot shown) is 15,214 gm em~*, The time i
measured from the initial mode! calculated for the pre-main-sequence phase (see
Section 2). [Adapied from 1 Iben, Jr., 1967 (326).]

X=x sk > G;% M 0 eovveetion
C Mi:ilj b]

in the range O 1o 0,38, The distribution of L,
maximsum seale with the initial rise in X, The lower limit of the ordinate is zero for
all varisbles. The upper | gven I the figure, are | Ro (with Ro = 6.96

108 em; hawever, the total raiiss ks 61784 o), unity for the ratio of pressures,
central density g, (gm em~"), central temperature T, {"K). total luminosity L
{units of Ly = 386 = 10" ergscc™"), and hydrogen abundance X = 0.693,
The central pressaire (not shown) i 63522 dyne em™ 2. The time is measured from
the initial model caleulated for the pre-main-sequence phae (see Soction I)

[Adapted from L Iben, Jr., 1967 (326).]
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Fig. 7-114 A Model Sojar Interior, Density relative to the central deasity
plpe, temperature relative to central temperature T77,, net luminosity relative
1o total luminosity L,/Le, and hydrogen abundance X are shown as functions of
fractional mass M,/M. The chemical composition s X' = 0.730, ¥ = 0.245, and
Z-DM.Mwhﬂ_airE)Ln.uﬂer&whimhﬂ,Eﬁmm
and R. K. Ulrich, 1969 (329).]
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Fig. 7-11B The Evolution of the Sun during 7 Billion Years. Total luminosity L

and central values of pressure P,, temperature T, density p,, and hydrogen abun-

dance X, are shown as functions of time ¢, which is measured from the initial

(homogeneous) state for which the composition is X = 0.730, ¥ = 0.245, and
be mualtiplied k

s seguonc

=0,37 i e -
%= 8408 P e e e L s oo S 7
Ulrich, 1969 (329).]
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The present structure of the Sun. The physical parameters are indicated in the figure.
The temperature T, is in million K. From Maeder (2009).
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Evolutionary track of a 1M, model (Z = 0.015, Y = 0.275) during gravitational contraction and central and shell
hydrogen-burning phases

lben 2013
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SIRM  The evolution of the Sun. The evolution track of a solar-mass star is shown in the HR
diagram from its fermation to its death as a planetary nebula. Time is indicated at different steps
along the track. The two 4-branch stars correspond to the helium flash and to the subsequent rapid
rearrangement of the structure of the star. From Maeder (2009), data from Corinne Charbonnel.
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Fig. 7-154 The Effect of Chemical Composition on the Main Sequence in the
Hertzsprung-Russell Diagram. Each curve is calculated for a different chemical
composition. The masses 0.6 Mo, 0.8 Mg, and 1.0 Mg are indicated. [From
P. Demarque, 1960 (369).]
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Figure 8.4 The extent of convective zones (shaded areas) in main-sequence star models as
a function of the stellar mass [adapted from R. Kippenhahn & A. Weigert (1990), Stellar

Structure and Evolution, Springer-Verlag].

Subdwarfs: The Pop II Main Sequence

€ Luminosity class VI

€ 1.5 to 2 mag fainter than a Pop |
MS stars o the same spectral type

€ Low metallicity = low opacity >
(UV excess) = low radiation
pressure, so smaller, hotter for the
same stellar mass
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Fig. 17.1. Relation of subdwarfs to the main-sequence
the Hertzsprung-Russell diagram.
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