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THE SEMICONVECTIVE ZONE IN VERY MASSIVE STARS
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ABSTRACT

Models are constructed for very massive stars in the range 45-1000 M © during hydrogen burning in
order to examine the role of convective instability. The semiconvective zone shows a maximum growth
(in mass fraction) at about 60 M G, with a chosen initial hydrogen abundance of X = 0.70. Sixty solar
masses is also the maximum mass found by Schwarzschild and Hdrm to be stable against radial pulsations
for nearly the same chemical composition. Radiation pressure has a critical destabilizing influence here.
In the limit of the highest masses, the semiconvective zone disappears toward the surface, but the star
still evolves inkomogeneously. It is shown that asymptotic limits at core-hydrogen exhaustion exist for the
mass fraction of the convective core, the mean hydrogen content, and the hydrogen-burning lifetime.

I. INTRODUCTION

Theoretical understanding of very massive stars depends critically on a knowledge of
the mechanism and extent of internal mixing. This mixing may be due to rotation or
convective instability. In the present paper, models are constructed for stars which are
strongly unstable to convection outside the normal convective core, but which are non-
rotating. The assumption of convective neutrality in the unstable part of the envelope
permits calculation of the extent of mixing phenomenologically, without reference to the
details of convection theory. A description of the so-called semiconvective zone which
is formed has been given in Paper I (Stothers 1963). The present paper investigates the
extent of the semiconvective zone and convective core as a function of stellar mass and
evolution during hydrogen burning.

II. ASSUMPTIONS

The general structure of a very massive star has been described in Paper I. We adopt
the same assumptions, definitions, and notations as before. The age-zero chemical com-
position is again taken to be

X.=0.70, Ye=0.27, Z. = 0.03, Xeno = Zeo/2 . m

The opacity is assumed to be due only to electron scattering, x = 0.19(1 4 X), and the
equation of state is represented by the sum of the perfect-gas and radiation pressure. The
parameters in the nuclear-energy generation formula are adequately given by » = 14
and log o = —99.0 for all the present models. For simplicity, we assume the full equi-
librium abundance of oxygen. The approximation in the nuclear rate will affect only the
dimensional structure of the models and will therefore have no bearing on the distribution
of chemical composition, zonal boundaries, or time scale of evolution, which comprise
the main subject of this paper. These non-dimensional quantities should be especially
well determined in our models since comparison with Los Alamos opacities (Ezer and
Cameron 1965) indicates that the simple electron-scattering opacity assumed here will
be an excellent approximation throughout the star practically to the stellar surface, for
such high masses as we are considering.

Allen’s (1963) values of solar luminosity and radius were used here as normalizing
quantities, whereas in Paper I Chandrasekhar’s (1939) values were used. A subscript f
refers to the boundary of the convective core at the evolutionary stage when hydrogen is
just exhausted in the core.
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III. MODELS OF VERY MASSIVE STARS

The main characteristics of models for six very massive stars during hydrogen burning
are presented in Table 1. The models were calculated automatically by an IBM 7094
computer, with the semiconvective zone taken explicitly into account, as described in an
earlier paper (Stothers 1966). This method of treatment of the semiconvective zone,
while precise, gives results nearly identical with those calculated on the basis of the zone
assumed radiative (Sakashita and Hayashi 1961; Stothers 1963, 1965). However, the
latter method does not give correct results when the zone exceeds an extent of Ag = 0.2
(Stothers 1966).
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Fic. 1.—Mass fraction of the zonal interfaces in very massive stars when X, = 0.05. The Roman
numeralsspecify the outer radiative zone (I), semiconvective zone (II), radiative intermediate zone (I1I),
and convective core (IV). The dashed curve refers to the mass fraction, go, of the convective core on
the initial main sequence.

a) H o?nogengous Models

Were the models to form a homologous sequence, we should have exactly L ~ M3
and ¢4 = constant. However, the models are far from homologous because of the wide
variation in radiation pressure. On the basis of the standard model, Eddington (1926)
showed that the relative radiation pressure, 1 — B, increases with total stellar mass
(through the well-known quartic equation). Since a large radiation pressure promotes
convective instability by lowering the adiabatic temperature gradient, the mass fraction
contained within the convective core will also be larger at the higher masses (Fig. 1).
This may be seen precisely from the condition defining the convective core boundary,
viz., equating the radiative and adiabatic effective polytropic indices at ¢4 and introduc-
ing the approximate mass-luminosity relation L ~ M3, Thus a sufficiently large mass
becomes completely convective. The photon flux escaping from the surface is then de-
termined entirely by the radiative surface condition, |

ke L/M = 4mcG(1 — B). @)

In this case, the mass-luminosity relation approaches L ~ M.
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b) Inhomogeneous Models

For the lower-mass stars in which radiation pressure is not dominant, the luminosity
increases during evolution in accordance with the frend indicated by the homologous
relation L ~ u*. However, as 1 — (o approaches unity in the higher masses, the lumi-
nosity remains constant if the star does not evolve fully mixed (such mixing would reduce
X. and hence «. in eq. [2]).

It may be simply shown that stars of even the highest mass must evolve inhomoge-
neously. Consider the core boundary for a star in which 8 =~ 0 throughout. Equating the
radiative and adiabatic effective polytropic indices, we can obtain g4 = k¢/kc =(1 4
X4)/(1 + X.). When hydrogen has been exhausted in the convective core, the core
boundary must have shrunk to a mass fraction ¢ = (1 4+ X,)~L This implies a gradient
of chemical composition left behind and sets an upper limit on the composition exponent,
A, in the intermediate zone. Hence the amount of hydrogen depletion is fixed for very
massive stars. The minimum mean hydrogen content remaining after hydrogen burning
will be X =~ X2/2(1 + X.).

Thus any star composed initially of pure hydrogen has a final ¢ < 0.50 and X > 0.25.
For our chosen initial comp051t10n the limiting values are ¢; < <0.59 and X > 0.14.
Figure 1 shows the asymptotic approach of the core boundary toward a hmltmg value
(slightly in excess of g, since, X, = 0.05 in the figure) as the stellar mass is increased.

Sakashita, Ono, and Hayashl (1959) have shown that semiconvective mlxmg cannot
extend to the convective core: the steeper gradient of mean molecular weight in the deep-
er layers of the envelope inhibits the convective motions. Thus the envelope can be only
partially mixed. The unstable intermediate zone grows, however, as the luminosity in-
creases during evolution. This results from the proportionate increase in relative radla—
tion pressure (eq. [2]), which has'a destabilizing influence on the gas.

The semiconvective zone has a maximum growth in stars with a critical mass near'
60 Mo (Fig. 1). Stars of smaller mass feel strongly the destabilizing effect of increased
radiation pressure as the mass is increased. However, above 60 M o, further increase of
radiation pressure does not lower the adiabatic temperature gradient significantly (since
n approaches 3 asymptotically). Moreover, the luminosity brightens very little during
evolution of the more massive stars, causmg near constancy of the conditions in the
outer envelope. In fact, durmg evolution, the outward growth of the semiconvective
zone is senously limited since it is forrned ab initio close to the stellar surface, and its
inward growth is inhibited by the much steeper gradient of mean molecular welght oc-
curring in the radiative intermediate zone of the more massive stars.

The increase of \ with stellar mass, however, masks the actual increasing extent of the
radiative zone. The growing 1mpbrtance of this zone is due to the smaller amount of
semiconvection as go approaches‘the surface for higher masses, and to the asymptotic
limit to the increase of the convective core. Hence the gradient'of hydrogen abundance
with respect to mass fraction becomes gentler as the stellar mass is 1ncrea.sed reachmg,
like A, an asymptotic limit (Fig. 2).

The time scale of evolution of very massive stars is on the order of a million years It
does not change very much with increasing mass, because, although the luminosity is
increasingly brighter, a larger fractlon of the initial hydrogen content gets consumed. The
time scale is given by

T=j;r (EM/L)dX, | e

where E‘———' 6.0 X 10'8 gm/erg. Since, in the limit of extremely massive stars, X at core
hydrogen exhaustion approaches a constant value and L ~ M, it is clear that r has a
lower bound, viz.,
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- E KeXe(2+Xe)H
‘87 cG 1+X, 7

r (4)

For an initial composition of puré hydrogen, r = 2.16 million years, and for our chosen
initial composition, 7 = 1.36 million years. Equation (4) is also valid for the case of a
star evolving completely mixed.

The evolutionary tracks of our models on the H-R diagram are shown in Figure 3. The
locus of points representing models at the same evolutionary stage tends to curve over
toward cooler effective temperatures at the highest masses, for the following reason. Let
L ~ Me¢. Then, since R ~ M, we have T, ~ M(+=2/4 from the black-body surface rela-
tion. In the limit of very low masses, a = 3 and so T. ~ M"*; the effective temperature
increases with mass (and luminosity). In the limit of very high masses, « = 1 and so
T.~ M™'4; then the effective temperature decreases with increasing mass.
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F16. 2 —Distribution of hydrogen in the radiative intermediate zone of very massive stars during
hydrogen depletion. The composition modifications due to semiconvection are omitted Dots represent
the boundaries of the convective core for the various models. Numbers refer to the mass of the star in
solar units.

IV. FINAL REMARKS

Schwarzschild and Hiarm (1958), among others, have also integrated séquences of
stellar models for very massive stars during hydrogen burning. These earlier results,
based on treatments of the unstable intermediate zone which were not entirely self-
consistent, are nevertheless very similar to ours because of the insensitive dependence of
the stellar structure on the composition modifications (Hoyle 1960; Paper I).

We therefore have confidence in some previous conclusions reached by these workers.
In particular, Schwarzschild and Hirm (1959) performed a stability analysis of their
models of massive stars and found a maximum mass of 60 M o:which would be stable
against radial pulsations. In an earlier paper (Stothers 1965), it was shown that at least
the pulsational eigenfrequencies would be unaffected for various treatments of the semi-
convective zone in such stars. We therefore suppose that the pulsational growth rates
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will also not be largely affected. In view of the violence of the calculated instability
above 65 Mo, it would seem that the critical mass must in any case be fairly well de-
termined.

From the present work, 60 Mo is close to the mass at which the semiconvective zone
has its greatest extent. The coincidence is not fortuitous since, as we have seen, the
effect of radiation pressure on the convective instability increases rapidly up to 60 Mo,
whereafter it increases more slowly, asymptotically reaching a limit. Radiation pressure
has a similar effect on the pulsational instability (likewise enhanced as # approaches 3).
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Fi6. 3.—Theoretical H-R diagram for very massive stars during hydrogen burning. Dashed curves are
lines of constant time.

Boury (1963) obtained a maximum stable mass of 280 M o for stars composed of pure
hydrogen. Since the models of Schwarzschild and Hérm had a hydrogen content of 0.75,
we might expect that the critical mass for pulsational stability in our models would be
slightly less than 60 Mo.
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