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SEMI-DETACHED BINARIES AND
STELLAR EVOLUTION
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For some time it has been recognized that the
evolution of stars depends mainly upon their ini-
tial mass and chemical composition. The mass
remains essentially unaltered, at least until the
giant stage of the evolutionary process is reached,
while the chemical composition keeps changing
irreversibly as a result of the gradual consumption
of hydrogen. The consequences of such changes
unroll so slowly, however, that, barring unstable
objects such as novae, no effects become percep-
tible within the brief span of the human time
scale. All theories of stellar evolution can be tested,
therefore, only by comparing the consequences
predicted by them with the observed statistical prop-
erties of different types of stellar populations. The
statistical propertly generally used is the relation
of the spectral type (or color) to the absolute
luminosity of the stars. A diagram showing the
observed correlation between spectral type and
luminosity is known as a Hertzsprung-Russell dia-
gram or simply an H-R diagram (Leaflets Nos.
300, 308, 329, and 360).

Most of the evidence currently used for com-
paring the consequences of various evolutionary
theories with observation rests upon an interpre-
tation of the H-R diagrams of various types of
star clusters. Such groups of stars are especially
valuable for the purpose because the stars within
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them are at the same distance from us and the
absolute magnitudes are proportional to their ap-
parent luminosities. Also, in them we may assume
that the stars are of the same age, that initially
their composition was the same, and that they
differ among themselves only in mass.

Such evidence, while valuable as far as it goes,
contains some rather embarrassing gaps. It is
known, for instance, that most associations and
open clusters in spiral arms of our Galaxy are less
than 10° years old; while the globular clusters—
those shadowy ghosts from the bygone days of
galactic youth—are several times as old, leaving
at least a few thousand million years in between
unaccounted for. For the massive stars the con-
sequences of this gap are perhaps not so serious
because their evolution due to hydrogen consump-
tion proceeds at a rate sufficient for stars even
less than 10° years old to reveal some characteris-
tics of their evolutionary tracks in post-Main-
Sequence stages. For stars of moderate or small
masses this is not true; for while those belonging
to Population I of galactic clusters have not yet
had sufficient time to evolve past the Main Se-
quence the corresponding members among Popu-
lation II stars in globular clusters are too faint (on
account of distance) to be observable with existing
telescopes.

Although colors and magnitudes can be observed,
because of their faintness, the individual properties
of the stars in clusters, such as their masses and
absolute magnitudes, are not known any more than
if they were solitary travelers through space. Tor
learn more about stars as individuals, we must
study binary systems (especially eclipsing vari-
ables) whose manifest significance for the study
of stellar evolution is twofold. Not only does a
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combination of the photometric and spectroscopic
data of such systems furnish practically our entire
store of information concerning the absolute prop-
erties of individual stars, but a detailed analysis
of their components provides, in addition, a unique
opportunity to trace the effects of differential
evolution of two stars of exactly the same age
and initial composition but differing in mass.

A close binary system can, in fact, be regarded
as a miniature cluster of two stars so near and
so strongly bound together that their union cannot
be dissolved even after extreme intervals of time;
and the proximity effects, such as radial-velocity
variation, eclipses, and distortion of shape exhibit-
ed by them are capable of revealing much more
information bearing on stellar evolutionary pro-
cesses than can be obtained from much greater
numbers of loosely bound stars in a cluster.

Let us, therefore, try to follow the course of
events when the two components of a binary have
reached the Main Sequence after their initial con-
traction. If their masses and chemical compositions
were both originally the same, their whole sub-
sequent evolution should follow a parallel course,
and the two stars should remain alike in their
external characteristics for all time. If, however,
their masses were unequal at the time of the for-
mation of the system, the more massive component
will develop a higher rate of hydrogen consump-
tion than its less massive and less luminous mate.
As a result, the chemical composition of both
stars—initially the same—must gradually alter;
and the primary (more massive) component should
consume its original hydrogen supply relatively
more rapidly the more unequal the mass-ratio. As,

moreover, this ratio is quite unlikely to change by

any appreciable amount, it follows that the more
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massive (and more luminous) component will
exhaust its hydrogen contents in advance of its
less luminous companion.

A number of investigations undertaken in recent
years all indicate that the most conspicuous con-
sequences of incipient hydrogen shortage should
be the expansion of the star as a whole, and its
evolution—away from the Main Sequence—towards
the giant branch of the H-R diagram. How does
this expectation fit in with the phenomena actually
observed in close binary systems? The objects in
which it should manifest itself are, fortunately,
plentiful all around us (belonging to the “old”
Population I); and it needs scarcely any further
emphasis to point out that the existence of such
systems offers us an excellent opportunity for
probing the nature of stellar expansion in post-
Main-Sequence stages.

In single stars such expansion could go on un-
hampered by external circumstances until the in-
ternal pressure could support it no longer (Leaf-
let No. 344). In close binaries, on the other hand,
the mere proximity of the companion has surround-
ed each component by a dynamical barrier—called
the “Roche limit”"—beyond which the size of
neither star can expand. Therefore, after any com-
ponent of a close binary has attained the evolu-
tionary stage at which the internal hydrogen short-
age brings about expansion, the gradual growth
of the star’s volume would have to be arrested at
the Roche limit.

Before confronting these theoretical expectations
with the actual observed facts, a few words may
be in order to explain to the reader the nature of
this Roche limit. As is well known, the free bound-
ary of any star represents a surface over which the
potential (effective force) arising from all forces
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acting upon it is constant. In a star situated alone
in space, these forces consist of self-attraction and
(possibly) axial rotation. For the components of
close binary systems we must also take account of
the attraction exerted on each star by its companion.
These three distinct force-components—inward
oravitational attraction of the mass of each star,
centrifugal force, and distortion by the tidal pull
of its neighbor—then define a family of surfaces
to which the surfaces of the respective stars must
closely conform, at least, for stars exhibiting a
high degree of mass condensation.

The nature of such equipotential surfaces is
graphically shown in Figure 1. If the potential
over the free surface of mass M is large, this sur-
face will be essentially a sphere. With increasing
volume its form will become oval—progressively
elongated in the direction of the disturbing mass
M’ until, for a certain critical value character-

Fig. 1—Equipotential surfaces in a close binary.
The heavy line indicates the maximum volume
possible without loss of mass.

istic of the mass ratio, the distorted configuration
has attained the maximum closed volume (shown
by the heavy line in the figure) capable of con-
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taining its whole mass. This represents the Roche
limit or the size which the star cannot exceed with-
out suffering a loss of mass. Its dimensions are
definite depending on the distance between the
stars and the ratio of the masses.

How do the relative dimensions of the compon-
ents of eclipsing binary systems (determinable
from the durations of the eclipses) of spectroscop-
ically known mass ratios fit in their largest per-
missible volumes? One of the most important dis-
coveries in double-star astronomy of the past ten
years has been a realization that there exists a
distinct group of eclipsing systems in which one
component has indubitably attained its Roche limit,
while its mate is distinctly smaller than this limit.
This fact has earned them the epithet of “semi-
detached systems”—consisting as they do of one
star well detached from its Roche limit, while its
mate( the “contact component™) is in contact with
it. Such systems seem, moreover, to be quite com-
mon; from one-quarter to one-third of all known
echpsmg systems appear to be of this type. Some
of the representatives, such as Algol, U Cephei, and
U Sagittae, are well known to many readers.

The existence of the “contact” components in
binary systems belonging to the old Population I
stars would thus, superficially, seem to be in agree-
ment with the current theory of stellar evolution
in the post-Main-Sequence stage. But, unfortunately
for our expectations, this contact component hap-
pens to be the wrong star! The most striking fea-
ture of the semi-detached binary systems is the
fact that, in every single case known, is is the
secondary (less massive) component which appears
to be at the Roche limit, while its more massive
component remains well within the limiting sur-
face. The theory of stellar evolution which ascribes
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the principal evolutionary features of the post-
Main-Sequence stars to the consequences of hydro-
gen exhaustion in the interior leads us to expect
exactly the opposite; for, as the more massive is
bound to burn its hydrogen at a faster rate (com:-
mensurate with its greater brightness) than its
less massive (and less luminous) companion, it
is this star which should experience and exhibit
the symptoms of hydrogen deficiency long before
the companion will reach the same stage. The
theory would, therefore, predict the existence of
semi-detached systems in which the primary (more
massive) star should be the contact component—
while, in reality, this type appears to be con-
spicuous by its absence.

These phenomena represent some of the best-
established facts which double-star astronomy can
afford to the general subject of stellar evolution.
Does their verdict mean that the existing theory
of stellar evolution in the post-Main-Sequence
stage should be abandoned, or at least seriously
modified? Not necessarily so; but it makes it
obvious that the complete evolution of the com-
ponents in close binary systems cannot be under-
stood entirely in terms of the processes operative
for single stars. It suggests that the interaction
phenomena (such as exchange of mass, tidal fric-
tion, etc.) may play a more important role in the
evolution of close binary systems than may have
been anticipated, and that special mechanisms may
be at work whose understanding may one day
afford us a much more penetrating insight into the
stellar processes than we now possess. Some the-
ories on this problem have already been advanced
by Crawford, Hoyle, and Kopal, but none are
without serious objections. Scientific honesty re-
quires us to admit that, in search for the meaning
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of the observed phenomena, we have—at least for
a while—probably lost our way. The existence of
semi-detached binary systems such as we have here
described is an indubitable fact well attested by
innumerable observations, and their frequency is,
moreover, much too high for them to be considered
as exceptions to any general rule.

Why they behave as we see them do we have yet
to discover. ‘
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