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EVOLUTION OF O STARS. I. HYDROGEN-BURNING
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ABSTRACT

The evolution of an O-type star of 30 M is considered from its initial main-sequence state to the
point where the hydrogen content of the core has decreased from 70 per cent to 7 per cent by weight,
The O stars are characterized by convective instability in the envelope and the full CNO-cycle of energy
generation. Radiation pressure is important throughout the star, and electron scattering dominates the
opacity. The inhomogeneous models consist of four zones: (I) a radiative envelope retaining the initial
composition, (IT) an outer semiconvective zone with a continuously varying composition that has a
discontinuity at the interface with (I1I} an inner radiative zone also with a continuously varying composi-
tion, and (IV) a homogeneous convective core. Due to increasing radiation pressure, the semiconvective
zone grows more rapidly outward than inward, but produces little effect on the important stellar quan-
tities. The mass fraction of the core decreases from 0.60 to 0.34 and the mean hydrogen content of the
star gets 40 per cent depleted. The age, 4.7 million years, is shorter than that for other sequences com-
puted for stars of mass =30 Mo because of a higher luminosity. This is mainly the result of choosing
a higher mean molecular weight and CNO content.

I. INTRODUCTION

It is believed that the early-type spectra of the H-R diagrams of very luminous OB
clusters and associations can be explained by a main sequence of rapidly evolving mas-
sive stars. Schwarzschild and Hiarm (1959) showed that the upper end of the main se-
quence of stable stars may lie at about 60 M o; this should correspond to the hottest of
normal OS5 spectra.

Sakashita, Ono, and Hayashi (1959) have studied the evolution of a star with mass
15.6 Mo and initial spectrum B0, and found a growing convective instability in the
envelope. This instability does not occur in stars with mass < 10 Mo (Schwarzschild
and Hirm 1958) and remains negligible up to about the mass they chose. For more
massive stars, however, it must be taken into account. Increasingly important is the role
of O in the hydrogen-burning reactions. At temperatures above 3 X 107 ° K (the cen-
tral temperature of the main-sequence model for a star of 15.6 M o) the CNO-cycle re-
places the CN-cycle. Thus we find characteristic of the O stars: (1) convective instability
in the envelope and (2) the complete CNO-cycle.

The massive stars with M < 10 Mo have been discussed by several workers (Tayler
1954; Kushwaha 1957; Blackler 1958; Henyey, LeLevier, and Levée 1959; Hoyle 1960).
These stars are characterized by a shrinking of their convective regions. Their evolution
is perhaps best described by Kushwaha (1957).

In this paper we propose to study in detail the early evolution of a star with mass
lying in the region of the O stars, heretofore studied only approximately (Blackler 1958;
Schwarzschild and Hédrm 1958; Henyey e al. 1959; Hoyle 1960). We choose a mass of
30 Mo and consider the evolution to the point where the hydrogen content of the core
drops to 10 per cent of its initial value.

II. ASSUMPTIONS

The usual general assumptions are made.

1. Mass loss is neglected for the early evolutionary phases, following, for example, the
summary by Deutsch (1960) and the note by Huang, Milligan, and Stecher (1962).
Were mass loss significant, it should be easily observable (Mustel 1959), since even
among the late-type giants where the surface gravity is much lower, mass loss is not
always observed.
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2. Rotation is neglected. Although more massive stars on the main sequence are
observed to rotate faster, supergiants have little or no rotation. Theoretical justification
exists for the necessary braking during evolution (see, e.g., Huang and Struve 1960).
Even rotation during the main-sequence phase probably produces little mixing, since
the observed Trumpler effect in galactic clusters suggests evolution without mixing for
many of the early-type stars (Deutsch 1960). In fact, theory predicts long time scales of
mixing, and Mestel (1959) has calculated that there will be mixing between the core
and envelope only if the star is near disruption. By neglecting rotation, we also neglect
departures from spherical symmetry.

3. No convective overshooting and consequent mixing occurs between any of the

- convective-radiative interfaces in the star. Sakashita and Hayashi (1961) have discussed

this assumption.

4. The turbulent mixing in the core is complete and maintains a steady homogeneity
of composition.

Calculation of the structure of the star is considerably simplified by the following
additional conditions.

1. The surface temperature of the O and early B stars is so high that the outer con-
vection zone is negligible. This means that we may consider the envelope as in radiative
equilibrium out to the boundary.

2. The convective core contains such a large fraction of the stellar mass that effec-
tively all of the nuclear energy generation occurs there.

3. Degeneracy does not set in even at the center. If we may extrapolate the results of
Hayashi and Cameron (1962) for a star of 15.6 M o, the gas will remain non-degenerate
at least up to the carbon-burning phase.

4. The opacity may be assumed with good accuracy to depend only on electron
scattering (cf. Hayashi and Cameron 1962).

Appreciable structural complications occur in very massive stars, however. Radiation
pressure must be fully taken into account throughout, and the inner part of the envelope
becomes convectively unstable. Thus, simplification of the physics is offset by increasing
structural difficulties.

III. GENERAL STRUCTURE

The internal structure of very massive stars is now fairly well understood, as the re-
sult of the accumulated efforts of several workers over the past few years. Following the
work of Tayler (1954) and Kushwaha (1957) on stars of mass less than 10 M o, in which
a shrinking convective core leaves behind a radiative intermediate zone with continuous
gradient of mean molecular weight, Schwarzschild and Hirm (1958) showed that in
stars of higher mass, radiation pressure makes the region just outside the core convec-
tively unstable. Convection mixes the composition until the unstable zone attains con-
vective neutrality. The resulting distribution of chemical composition was determined
by equating the radiative and adiabatic temperature gradients.

Sakashita ef al. (1959) pointed out that the existence of a gradient of mean molecular
weight will in turn act to suppress the convective motion in the semiconvective zone.
Therefore, a term including this gradient must be added to the adiabatic temperature
gradient. They also showed that the predominance of electron scattering in the opacity
requires the region at the boundary of the core to be in radiative equilibrium, in order to
preserve continuity of the radiative energy flux. Assuming, however, that the convective
motion in the intermediate zone is sufficiently effective, Sakashita and Hayashi (1959)
discussed the case of a star of 46.8 M o, in which the purely radiative zone does not ap-
pear because of overshooting mass motion. This may be true in the case where hydrogen
has not been extensively depleted in the core, but eventually continuity of the radiative
flux at the boundary of the core will require a radiative zone to form inside the semi-
convective zone.
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Sakashita and Hayashi (1961) improved their model by dividing it into four zones:
(I) a2 homogeneous radiative envelope retaining the initial composition, (II) a semi-
convective outer intermediate zone, (III) a radiative inner intermediate zone, and (IV)
a homogeneous convective core. In this paper their notation will be followed. We intro-
duce the following subscripts: O for the boundary of the core in the initial model, 1 for
the Interface I-II, 2 for the inner boundary of Zone II, 3 for the outer boundary of
Zone 111, and 4 for the Interface ITI-IV.

IV. PHYSICAL PARAMETERS

a) Chemical Composition

The initial composition at age zero is assumed to be
X.=0.70, V,=0.27, Z,=0.03, Xevo=2/2. (1
This is the same composition that Stromgren (private communication) uses for the upper

main sequence. The CNO abundance was estimated from Cameron’s (1959) revision of
the Suess-Urey table of element abundances.

b) Opacity
The opacity is due to Thomson scattering by free electrons:
k= 01914+ X). ()

¢y Equation of State

The equation of state is
k

P=—M-I1—Tp

T—l—%T“. @

d) Energy Generation

The most recent calculation of the energy-generation rate for the CNO-cycle is due
to Reeves (1962), who used the results of Caughlan and Fowler (1962). The rate may be
represented with sufficient accuracy for the temperatures of our models by

€= €0XXCNOpT" , 4)

with » = 15 and log e, = —106.6. Actually, for the early models oxygen is not quite
yet in equilibrium. This formula is accurate to within 15 per cent, the estimated probable
error of the exact formula. The reaction N* (p, v)O® appears now to be non-resonant,
so that the major uncertainty lies in the extrapolation of the experimental data on
O%(p, v)F7 to low energies. Fortunately, the badly known O'(p, «)N rate does not
significantly affect the energy generation for temperatures above 2 X 107 ° K (Reeves
1962).

It may be noted that the values of € obtained from the formulae of Fowler (1960) and
Burbidge, Burbidge, Fowler, and Hoyle (1957) are the same as Reeves’s values to within
15 per cent, for the temperatures of our models.

V. BASIC EQUATIONS

The basic equilibrium equations are

_rab _GM(r)p_ v dM(r) _dwrip
Par  ¥P ' M(r)y dr — M(r)
(5}
T dpP _ dL(r) _
par-"Th )
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where the radiative and adiabatic indices, », are given by

167 cG(1 —B)YM(r)
«L(r) !

1.56%

(m+1)ra= '—m-

(n4+1)u=4 (6)

In addition, we have the following two equations governing the distribution of chemical
composition in Zones IT and III, respectively:

1 i + B8 d log u ﬂ:‘ut[MgL)_]—ht,

(- Dma (nt1)ea " 4—36dlog P’ M(r). @

where « refers to the point at which the mass fraction is equal to that of the core of the
previous model. The composition exponents A, are discussed in the following section.
We introduce the following non-dimensional variables:

7 = xR, M(r) = qM, P = pPy, T = tT, (Zones I-111) | (8
r=a%,, M@)=q*M, P = p*P,, T = *T, (Zone 1V) , ©)
where
G  wHGM B 3(1=8.) T
Po=ggi D= "=ugr, V aGe 0 M= me 0

Then since effectively all the nuclear energy generation takes place in the core, we may
set L(r) = L in Zones I-I1I and obtain

@—_3?91 dq=B;Dx21 dt:—CBP] B=1—At—; (Zones I-IIT) , av

dx x2t x i ' dx X2’
with
dlogl rdlogt 1 dlog p14—38
dx _—[ dx (n+1)ua dx ] B (Zone 1T) , 12)
and
g\
l=1, (q—) (Zone III) , a3
where
_ M ok 1FX _Ama ygﬁ)* spp2
b= T wmirx,s AT U)o
(14)
3 k ¢ L
c_o.19(1+Xg>647r2M<“eHG> o
For the core we have
dx¥ a7 A dx* A dx*  (n+1)um p¥* da*’
5*4 (09
ﬁ=1"-(1“‘5c)?)—* (Zone 1V) .

Given u, and M, the solutions of Zones I and IT are specified by the luminosity parameter
C. The solutions of Zone III require an additional parameter, the composition exponent
A. The core solutions are specified by 8..
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To obtain the luminosity, we integrate the energy generation (eq. [4]) over the con-

vective core:
_ ,LLgHG v Mv+2 ﬁ4_>3 <___ﬁ1_>2 <£)v—2
L= G()XcXCNO ( 2 ) 4rRv+3 x4={< p4* t4*

&%
chzf ¢ BRpr2pEv—2 kg gk
0

(16)

Since L is determined directly from the parameter C, we can obtain R. Then all the
physical variables in Zones I-III follow from the transformations, equations (8) and the
first two equations of (10). The central temperature is obtained from T, = Tols/t4¥,
whereupon all the physical variables in the core follow from equations (9) and the last
two equations of (10).

Near the surface and center a starting series must be applied before beginning the
integration of equations (11)-(15). We have

q = 1 p = L4 {= £ (—1 — 1) B =1—44C (Surface) (17)
’ 46’ A . 1 0
and

q*=~31~60x*3, P*=1—%Bczx*2: t*=1—%

B2
(n+1),

x*2 (center), (8
for x close to 1 and «* small, respectively.

VI. CONSTRUCTION OF MODELS

The initial model contains only a radiative envelope and convective core, and is
homogeneous throughout. Thereafter, an evolutionary sequence is produced by in-
crementing log C. The method of Sakashita and Hayashi (1961) has been followed. First,
families of solutions are computed for Zone 1V, characterized by 8., and for Zone III,
characterized by X and fitted to Zone I as if there were no growing convective instability.
Zone I11 is fitted to the core in U, V and (» + 1). The semiconvective Zone II is now
taken into account by reintegrating Zone I and adopting equations (12) when (n +
Draa = (-4 1)aa. Since no nuclear reactions occur outside the core, the total amount of
hydrogen and helium mixed must remain constant. Moreover, the convection will
steepen the gradient of mean molecular weight near the Interface II-III, so that we
make the approximation of specifying a discontinuity in u here. The determination of
gz, which equals ¢s, and fitting of the Zones IT and IIT are made according to the conditions

Us Vs ws

fqz(Xe—Xn)dg=fqa(Xe_Xm)dq: T T T T . (19)
a; a9 Uy Vo e

The inward growth of Zone III can be handled by a method described by Kushwaha
(1957) for less massive stars. At the mass point ¢, where the core of the previous model
ended, Zone III is integrated inward with a new trial composition exponent ), using
the previous set of N’s for those outer subzones of Zone III not affected by mixing from
the semiconvective zone. The integrations of Zone III are always begun with X\ at g,
the mass fraction of the core in the initial model, and are fitted to a radiative envelope
(Zone I) that is calculated without semiconvection.

The time step, Ar, is computed in the usual way (Schwarzschild 1938, p. 196).

VII. RESULTS AND DISCUSSION

Table 1 contains the results for the initial homogeneous model and four inhom.ogene—
ous models in which the zones were integrated with the help of an IBM 7090 computer
but fitted by hand. The fitting on the U — V plane is shown in Figure 1, where the dots
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and discontinuities represent fitting points. The zones outside the core are marked off by
dashed lines (not to be confused with the lines representing the assumed radiative zone
that becomes semiconvective). Only the core solution for 8 = 1 is plotted, for the sake
of clarity.

The change of mass contained in each zone during the course of the star’s evolution
is shown in Figure 2. It is interesting to note that while the semiconvective zone grows
rapidly outward, it moves inward only slightly. Figure 2 and Table 1 show also that by
the time the hydrogen content of the core has dropped to 10 per cent of its initial value,
both the mass fraction of the core and the mean hydrogen content of the whole star, X,
have decreased by about 40 per cent.

In Figures 3 and 4 the hydrogen content is plotted as a function of mass fraction for
the evolutionary models here considered. Dots and the vertical discontinuities represent
fitting points. Clearly, the decrease of X through the semiconvective zone is far more

T

To Surface/‘

2 |
] | U

F1c. 1.—Evolution of the model sequence in the U — ¥ plane. The envelope solutions are designated
by their log C values. Dots and jumps represent the fitting points. The extended dashed lines separate
the zones, which are designated by Roman numerals, The dashed lines in the solutions represent the
assumed radiative zone.

gentle than its decrease in the radiative intermediate zone; this is to be expected from
the mixing process. The jump in mean molecular weight at the interface grows to about
5 per cent in the last model. Eventually, the discontinuity may no longer be considered
a good approximation. However, it is clear that the semiconvective zone has little effect
on the important quantities L, T%, qs, X, B, and T..

Figure 5 shows a luminosity-temperature plot of. the evolutionary tracks of our
model (30 M o) and the model calculated by Sakashita ef al. (15.6 M o) to roughly the
same amount of hydrogen depletion in the core. The more massive star has an initially
steeper rise in luminosity, due to the greater mass fraction contained in the energy-
producing core. When the discrepancy between the measured ultraviolet fluxes of early-
type stars (Stecher and Milligan 1962) and those predicted on the basis of model at-
mospheres is resolved, it will be possible to compare our results with the observations of
OB clusters and associations.

Several other workers have considered the evolution of stars with mass = 30 Mo.
In Table 2 we have summarized the data on the initial model (X, = X,) and a later
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F16. 3.—Depletion of hydrogen as a function of mass fraction for the evolutionary models of a sta:
of 30 Mo.
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F1e. 4.—Detail of the depletion of hydrogen in the semiconvective zone for evolutionary models of a

star of 30 Mo.
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o \ \/\
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< .= 002
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! : z
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F1c. 5.—The evolution of stars of 30 M@ (this paper) and 15.6 Mo (Sakashita, Ono, and Hayashi

1959) is compared on a plot of luminosity versus effective temperature.
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model (X, = $X,), whenever the later model was given or calculable by interpolation

_in the given sequence. The various models are arranged in order of chemical composition

(toward older Population I), based primarily on the initial hydrogen content and
secondarily on the metals content. We have by the last equation of (14), L =~ pM?
for an opacity due solely to electron scattering, and have listed the quantity wu.M?3,
normalized to the first entry in Table 2. Comparison with the trend of log (L/Lo) is
reasonably good. The small differences are due to differences in the chosen surface
boundary conditions, opacity, nuclear energy generation, and method of integrating
the basic equations. Moreover, because of increasing radiation pressure the mass-
dependence of L is more like M?% at 30 Mo (Haselgrove and Hoyle 1959).

The arrangement of models in order of decreasing luminosity is fortuitously the same
as that in order of decreasing CNO abundance, except for the rather anomalous model of

TABLE 2
COMPARISON OF EVOLUTIONARY MODEL SEQUENCES FOR STARS WITH M =~ 30 M ®

Xe=X, X.=3X,
SOURCE o ) ) ) . (
og og og og | r(108
(MO) Xe Yc Zeg Xcno #34M3 L/LG) Te L/LG) Te yr )

Henyey, LeLevier, and Levée

(1959 .. .. . 30 0681031 001 00025 100} 5121 {4604}532 45634
Stothers (1963) . ... .. ... 30 70 .27 03 0150 | 095 | 5148 1463915371459} 40
Schwarzschild and Harm (1958) . | 28 2 75 22 03 0043 | 0 68 | 5035 |4630{530!|457]52
Hoyle (1960) ... .. ...... . .1 301 75 23 02 0053 { 082 ]5.093 4644538145934
Haselgrove and Hoyle (1959) 1302 .75 .24 01 0053 | 0 82 | 5.080 | 4 635 .
Blackler (1958) PR 32 76 2375 0025 0025 { 094 | 5018|4621} . . Lo .
Blackler (1958) .. 32 085 {01475, 00025 | 00025 0734938459852 45663

Henyey et al. (1959). But since the CNO abundance regulates the rate of energy genera-
tion and varies by a factor of six in Table 2, it can considerably alter the rate of con-
sumption of hydrogen fuel. The change of time scale can better be seen by the following
consideration of the total luminosity. Since p, ~ X~ for small Z, L ~ X~* for approxi-
mately equal masses. Then 7 ~ X! or 7 ~ X5 which gives the evident trend in the
last column of Table 2.

Work is currently in progress on the further evolution of a star of 30 Mo into the

' gravitational contraction phase during hydrogen exhaustion.
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work. Dr. Martin Schwarzschild kindly offered some initial suggestions, and Dr. Robert
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gratefully acknowledge holding a Harvard scholarship during the academic year 1962-63.
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