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A quantitative confrontation of theory and observation of massive close binary systems is
presented in order to evaluate the role of axial rotation in the evolution of the individual stellar
components as well as of the system as a whole. The detached systems are essentially un-
evolved, and possess components in approximately uniform rotation. The semidetached systems
are definitely evolved, having suffered a heavy mass exchange before the stage of hydrogen
exhaustion at the center of the original primary, and often possess mass-gaining components
in fast nonuniform rotation. Except in the case of wide systems (P > 2 days), tidal friction
eventually reinduces synchronism of rotation in both components and both components evolve
inhomogeneously. Spin-down times of the envelope and core, total rotational angular momenta,
and effects of spin-orbit interaction are calculated. A number of unexplained phenomena re-

main.
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I. Introduction

No systematic and detailed confrontation of
theoretical predictions with observational data
related to the axial rotation of stars in close
binary systems has yet been made. Numerous
specialized studies, particularly concerned with
synchronization of the surface layers, are avail-
able but the interaction of rotation and evolu-
tion in these systems is largely unexplored (cf.
Plavec 1970; van den Heuvel 1970). The ques-
tion of uniform versus nonuniform rotation has
been investigated recently, but only in a qualita-
tive way (Stothers and Lucy 1972; Stothers 1972).
In the present paper an attempt will be made to
derive, from the available observational data for
massive binary systems, a quantitative picture of
the role of rotation in the evolution of these
systems.

II. The Observational Data

Observational data are given in Table I for the
members of 18 eclipsing binary systems in which
at least one member has a spectral type in the
range O-B4. Ziolkowski (1969) and van den
Heuvel (1970) have found a natural division of
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all semidetached systems at a total system mass
of ~5M, but another division of the individual
components of detached and semidetached
systems appears at a component mass of ~ 3.5,
(Devinney 1972). These two divisions corre-
spond, respectively, to spectral types of B4-A0
and B7 for stars on the main sequence, and
therefore all the systems of Table I lie in the
massive group of systems. The format of Table I
is as follows.

Columns (1) and (2): name and type of the
system, where “d” and “s” refer to “detached”
and “semidetached”, respectively. Our assign-
ment of type depends on whether or not one of
the components, A or B, fills its Roche lobe,
whose radius (in units of the orbital separation)
is given approximately by

(Rufa)ee = 0.38 + 0.21og (P [Dg) (1)

for component A, and analogously for com-
ponent B (Plavec 1968). Two assumptions
necessary to compute the Roche lobe are (a) a
circular orbit and (b) synchronous rotation of the
components. These assumptions seem to be
adequately satistied for our present purposes.
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ROTATION IN CLOSE BINARY SYSTEMS 365

Evidence exists that the less massive components
of V356 Sagittarii (Plavec 1967) and of V448
Cygni (Sahade 1962) either fill, or did recently
fill, their Roche lobes, and these systems are here
designated “sd”. SX Aurigae, V Puppis, and !
Scorpii have very short orbital periods and are
nearly contact systems. The system types of
AO Cassiopeiae and HD 47129 are not entirely
clear.

Column (3): orbital period.

Column (4): spectral type and luminosity
class, taken from Stothers’s (1972) tabulation or
else estimated from published descriptions of the
spectrum.

Column (5): mass, taken from Stothers’s (1972)
tabulation.

Column (6): radius, derived from the Stefan-
Boltzmann law (for the members of clusters).
Absolute magnitudes are adopted from Stothers
(1972), while effective temperatures and bolo-
metric corrections are adopted from Morton
(1969) for O5-B0.5 stars and from Morton and
Adams (1968) for B1-A4 stars. Morton’s effec-
tive-temperature scale may be too cool (by
< 10%) in the range O5-B0 (Auer and Mihalas
1972; Conti 1973).

Column (7): radius, derived from the orbit
solution. Reliable stellar radii of this kind are
listed by Harris, Strand, and Worley (1963) for
several of our systems, and are here supple-
mented by radii for a Virginis (Herbison-Evans
et al. 1971), AO Cas and V448 Cyg (Sahade
1962), and SX Aur and V Pup (Popper 1943).
Radii for the remaining systems (Plaut 1950;
Plavec 1967; Kriz 1969) are more uncertain, as
indicated by the parentheses, and will not be
used in what follows.

Column (8): radius, derived from the spec-
troscopic surface gravity combined with the
mass from the orbit solution. For each star the
‘mean of two surface gravities determined by
Olson (1968a) on the basis of two different line-
broadening theories has been adopted, in view
of the persisting uncertainty of the various
theories (Dufton 1972). Watson (1972) has
determined the surface gravities for the com-
ponents of a Vir on the basis of the ESW line-
broadening theory.

Column (9): radius, derived from the Stefan-
Boltzmann law by using the statistical calibra-
tion of absolute magnitudes as a function of MK
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spectral  classification (Blaauw 1963) and
Morton’s effective temperatures and bolometric
corrections as above. An improvement might be
to use estimates of individual absolute magni-
tudes published by Koch, Olson, and Yoss (1965),
Olson (1968a), and McNamara (1966), but most
of these measurements refer to the mean of the
two components.

Column (10): rotational velocity, corrected
for orbital inclination by assuming parallel axes
of rotation and orbital revolution. Sources of
vsini{ are given by Stothers (1972), who, how-
ever, inadvertently listed v in his Table 4 for
stars measured by Koch et al. (1965) and by
Olson (1968b). Rachkovskaya (1971) and Wat-
son (1972) have measured v sini for the com-
ponents of CW Cephei and a Vir, respectively.
Orbital inclinations are adopted from Batten
(1967), with the exception of those for HD 47129
(Sahade 1962) and a Vir (Herbison-Evans et al.
1971).

Column (11); ratio of observed rotational
velocity to the “synchronous” rotational velocity,
where vy, = 2rR/P (P is orbital period). We
have adopted as the “best” radius for each star
the first one listed in columns (6)—(9), ignoring
radii enclosed in parentheses.

Column (12): ratio of the “best” radius to the
orbital separation, where the latter quantity is
derived from the adopted P and M, + My by
Kepler’s law.

Column (13): ratio of the radius of the Roche
lobe to the orbital separation.

Column (14): bolometric absolute magnitude,
derived from the effective temperature and the
“best” radius.

The accuracy of the “best” radius for any star
is usually found to be not much greater, on the
average, than that of the other measured radii
(with the exception of the uncertain statistical
radius), whose typical errors are ~15%. Our
present data for radii suggest that all of the
detached  components with  spectroscopic
luminosity classes of III and IV actu.ally belong
to luminosity class V. However, these com-
ponents lie in the difficult spectral range O9-
BO0.5, and, in fact, luminosity class V has some-
times been assigned to them: AO Cas (Roman
1956; Olson 1968a), V453 Cygni (Roman 1951;
Guetter 1968), Y Cygni (Roman 1956; Olson
1968a), and AH Cephei (Morgan, Code, and
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366 RICHARD STOTHERS

Whitford 1955; Olson 1968a). The more mas-
sive component of Z Vulpeculae also has a dis-
crepant statistical radius, but here a spectral
type of B3 (Popper (1957) gives B3-B5) would
remove most of the discrepancy.

Since the error in effective temperature due to
the discrete spectral classification and to the
imprecise temperature scale is probably ~10%,
the total error in the derived bolometric absolute
magnitudes will be about 0?5. For cluster
members, the likely errors in M, (Blaauw 1963)
and in B.C. (Bradley and Morton 1969) produce
the same total error in My,;. An intercomparison
of mass determinations and their errors (Plavec
1967; Popov 1968; Kriz 1969) suggests that the
masses may have an error of ~10%. Because the
accuracy of measuring v sin i is ~15% (Koch et al.
1965; Slettebak 1970), the typical error in
vfvg,, is likely to be ~20%, which seems to be
corroborated by the fact that no vfvg, for our
stars is formally found to be less than 0.8.

Altogether, we have the following estimated
errors: My, (£0.5), Sp (1), log T, (£0.04),
log R (£0.06), logM(£0.04), and logvivy,
(£0.08).

II1. General Rotational Properties

By assuming that the axis of rotation is always
parallel to the axis of orbital revolution, we find
(v) = 165 km sec~! for the 24 O-B4 main-
sequence stars in our sample. The observed
value of (v sini) for (mostly) single O-B4 main-
sequence stars is about 160 km sec ! (Slettebak
1970). But since the rotational axes of these
stars are probably randomly oriented in space
(Kraft 1970), we find (v) = (4fr){vsini) =
200 km sec™!, which is significantly larger than
the value for binary members. The difference is
usually presumed to be due to the tidal coupling
of axial rotation to orbital revolution in close
binary systems.

Two pieces of observational evidence support
the basic assumption that the axes of rotation
and of orbital revolution are at least approxi-
mately parallel. First is a weak correlation ob-
served between v sin i and spectral type, as well
as the absence of very large and of very small
values of v sin i (Koch et al. 1965). Second is the
approximate synchronism that emerges on this
assumption between axial rotation and orbital
revolution (Plaut 1959; Koch et al. 1965; Olson
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1968b; Plavec 1970; van den Heuvel 1970; Nariai
1971; Rachkovskaya 1971).

Limitations on the degree of synchronism at-
tained are best seen in a plot of v/v, against P,
or against Rla which is more meaningful
physically (Olson 1968b; Plavec 1970). In Figure
1, which shows such a plot, we find that signifi-
cantly faster-than-synchronous rotation occurs
only when the tidal force is relative weak, i.e.,
when Rla < 0.3 (or P> 2 days). However, this
diagram is somewhat misleading because the
nonsynchronous stars belonging to the detached
systems (we may also include AR Cassiopeiae
and a Coronae Borealis) occur exclusively in
systems with large orbital eccentricities. In fact,
we find e > 0.05 only if P> 2 days. For de-
tached systems having negligible orbital ec-
centricity, the data of Olson and Plavec indicate
that synchronism occurs out to at least Rla =
0.13 (or P = 4 days). The slow tidal evolution
of these systems has been discussed by Kopal
(1972). The break in Figure 1 near Rfa = 0.3
for the detached components of semidetached
systems (we may also include U Cephei and
RS Vulpeculae) is not due to a change from small
to large orbital eccentricities, because all of the
semidetached systems (except for A Tauri) have
nearly circular orbits. The evolution of the
semidetached systems will be discussed in sec-
tions V and VI.

Further progress in determining the internal
state of rotational motions in massive stars de-
pends on a study of the (imass, luminosity), (mass,
spectral type), and (mass, radius) planes, which
are shown in Figures 2, 3, and 4. In each figure,
the theoretical main-sequence band for non-
rotating hydrogen-bumning stars (Stothers 1972;
Ezer and Cameron 1967) is shown for a (hydro-
gen, metals) content of (X, Z) = (0.739, 0.021).
Changes in the adopted chemical composition
induce the following approximate changes in the
location of the band over the mass range 5 to

15 %@Z

AM,, = 45AX + 10AZ | @)
AlogT,= —04AX — 2AZ (3)
Alog R= —01AX + 2AZ | ()

Therefore the band as plotted should represent
nonrotating Population I stars very closely, since
their most probable initial chemical composition
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Fi6. 1 —The ratio of the observed equatorial velocity of rotation to the velocity expected for synchronism with the
orbital revolution is plotted against the ratio of the observed stellar radius to the orbital separation, for the components
of massive close binary systems. The circles refer to the following components: open, component of a detached system;
dotted, detached component of a semidetached system; filled, contact component of a semidetached system. Un-

broken straight lines connect components of the same system.

is X = 0.70 = 0.03 and Z = 0.03 = 0.01 (Stothers
1973). The theoretical locus for nonrating
homogeneous helium-burning stars (Divine
1965) is also shown in Figure 2; it is relatively
insensitive to Z.

IV. Detached Systems

Virtually all of the components of detached
Systems are situated well within the main-
sequence band of Figures 2, 3, and 4. The small
scatter above the ZAMS line can be attributed to
the effects of partial evolution and to the obser-
vational errors. The apparent youthfulness is
confirmed by the fact that three of the systems
are known members of clusters or associations
(Stothers 1972) and have components that lie
definitely below the top of the main sequence in
the cluster H-R diagrams.

It is difficult to verify the predictions of rota-
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tion theory in detail. Uniform rotation is ex-
pected to change the luminosity very little (only
071 at critical rotation for breakup) and to re-
duce the effective temperature approximately as
follows:

log T, = 0.065a , (5)

where a is the ratio of centrifugal force to gravity
at the surface of the unperturbed star viewed
equator-on (Sweet and Roy 1953). More recent
models agree with this prediction to within
several percent, for a < 0.2 (Faulkner, Roxburgh,
and Strittmatter 1968; Kippenhahn, Meyer-
Hofmeister, and Thomas 1970; Sackmann and
Anand 1970). Moreover, tidal distortion due to
a stellar companion is found to be negligible in
comparison with the rotational effect (Jackson
1970; Kippenhahn and Thomas 1970). Since the
fastest rotator in our sample of stars has a = 0.2,
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+4 I ! L

[ 1 | |

0.2 0.4 0.6 0.8

1.O L2 1.4 1.6 1.8

Log /Mo _
Fic. 2 — (Mass, luminosity) — diagram. The meaning of the symbols is the same as in Figure 1. The lower and upper

dashed lines refer to the theoretical nonrotating ZAMS (zero-age main sequence) and TAMS (terminal-age main
sequence), respectively, for normal hydrogen-burning stars. The continuous curved line refers to the theoretical locus

of homogeneous helium-burning stars.

we find & log T, = 0.01; this shift, unfortunately, is
too small to be detected within the observational
error of +0.04. Even if our assumption of
parallel axes of rotation and of revolution is
badly off, @ could at most be unity, for which
8 log T, = 0.02 (Sackmann and Anand 1970).
Strongly nonuniform rotation, with the angular
velocity increasing steeply toward the stellar
center, yields a much larger decrease of lu-

© Astronomical Society of the Pacific « Provided by the NASA Astrophysics Data System

minosity and of effective temperature for the
same observed equatorial velocity at the surface
(Mark 1968; Bodenheimer and Ostriker 1970;
Bodenheimer 1971). Inspection of Figures 2 and
3 shows, however, that the members of detached
systems seem to be in uniform rotation, to
within the uncertainty of the data. Thus the
rotational angular momentum [, of each sys-
tem is calculated to be less than 1% of its total
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Fic. 3 — (Mass, spectral type) — diagram. The meaning of the symbols and lines is the same as in Figure 2. The scale
of spectral types is broken between B6 and A2.

(orbital plus rotational) angular momentum, as
found by evaluating

unif = (2/3)oRMI {6)
where v is the equatorial rotational velocity at
the surface and I == 0.10 (section VI). From the
apsidal motion observations of Y Cyg and AG
Persei, Kopal (1972) has derived the same small
percentage.

Uniform rotation (or a fair approximation
thereof) seems also to characterize single stars
on the upper main sequence (Stothers 1973).
However, noticeable nonuniformity of rotation

© Astronomical Society of the Pacific « Provided by the NASA Astrophysics Data System

must set in just after the main-sequence phase,
possibly as a result of the establishment of the
hydrogen-burning shell between the contracting
core and the expanding envelope. The reason
is that supergiants which are still burning core
hydrogen always have spectral types earlier
than B1.5 (Stothers 1972), and this spectral type
is found to sharply divide swiftly rotating super-
giants from very slowly rotating ones (Boyarchuk
and Kopylov 1958). The supergiants in binary
systems (Stothers and Lloyd Evans 1970) seem
also to conform to this division.
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Fic. 4 — (Mass, radius) — diagram. The meaning of the symbols and lines is the same as in Figure 2.

V. Evolution in Cases A and B

In order to interpret the observations of the
semidetached systems, it is necessary to put
together briefly a composite theoretical picture
of evolution in massive close-binary systems
(for a complete set of references, see Paczynski
1971). ‘

For the moment, we ignore the obscure pre-
main-sequence history of the system and begin
with the evolution of the components on the
main sequence. The primary star (being the
initially more massive component) evolves first,
expanding its radius until it reaches its Roche
lobe. Thereupon matter streams off the surface

© Astronomical Society of the Pacific « Provided by the NASA Astrophysics Data System

of the primary at an increasingly rapid rate
(Helmholtz-Kelvin time scale) through the
vicinity of the inner Lagragian point, and either
strikes the secondary directly or forms around it
a rapidly rotating ring, disk, or envelope, which
is subsequently accreted by the central star.
During the most rapid stages, the luminosity of
the primary may become temporarily depressed
below the equilibrium value for its instantaneous
mass. Eventually a slower phase of mass ex-
change ensues, during which the original pri-
mary continues to fill its Roche lobe and appears
as a cool subgiant, greatly overluminous for its
mass (because it still possesses. its whole helium-
rich core). It is expected to be rotating in
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synchronism, or in slightly less than synchronism,
with the orbital motion.

At this point two cases must be differentiated.
If the primary initially began to lose matter be-
fore hydrogen was exhausted at the center (case
A), the slow phase of mass loss proceeds on a
nuclear (hydrogen-burning) time scale in the
subgiant configuration. As hydrogen is further
depleted, the luminosity and radius continue to
rise. If, on the other hand, the primary began to
lose matter during the core-contraction phase
following central hydrcgen exhaustion (case B),
the slow phase of mass transfer is much more
efficient, but more short-lived, being terminated
by helium ignition at the center of the primary.
Then the primary, having been stripped prac-
tically down to its helium core, contracts on a
gravitational time scale toward the helium main
sequence where it appears as a luminous hot
subdwarf. It will be rotating very fast if it has
conserved angular momentum during the con-
traction phase. In both case A and case B, the
subsequent evolution of the system depends
crucially on what has happened to the secondary.

The history of the secondary hinges on the
validity of the standard assumption of conserva-
tive mass exchange, i.e., the conservation of total
mass and total orbital angular momentum. With
this assumption, the mass ratio of the com-
ponents is always found to be more than re-
versed (except in extreme examples of case B),
and the orbital period and separation are in-
creased, after a momentary decrease at the be-
ginning of the rapid phase. However, two sinks
of orbital angular momentum must be con-
sidered. First is the angular momentum picked
up by the secondary as rotational angular
momentum during the process of mass accretion.
Regardless of how rapidly this angular mo-
mentum is redistributed throughout the interior
of the secondary, the turbulent surface layers, at
least, should be rapidly synchronized with the
orbital revolution by the tidal forces, if the
separation of the components is small. The
second sink of orbital angular momentum is the
angular momentum carried away by mass
ejected from the system as a whole. Loss of
orbital angular momentum will reduce the
orbital period and separation, unless the ratio of
ejected mass to angular momentum is excessively
large.

© Astronomical Society of the Pacific « Provided by the NASA Astrophysics Data System

Although a small fraction of all semidetached
systems (or of systems with undersize subgiants)
may be in the pre-main-sequence phase of
evolution, systems in this phase are more likely
to be discovered already detached, because the
evolutionary time scale is relatively longer at
smaller stellar radii near the ZAMS. In fact, the
substantial evidence for heavy mass exchange in
semidetached systems virtually proves that they
are evolved systems (Crawford 1955; Piotrowski
1964; Huang 1966; Paczynski 1966, 1967a, 1971;
Zahn 1966; Hall 1967, 1968; Paczynski and
Ziolkowski 1967; Plavec 1968, 1973; Ziolkowski
1969; Cisneros-Parra 1970). This conclusion is
corroborated by the observation that the massive
components of three semidetached systems
which are known members of clusters and asso-
ciations (Stothers 1972) lie definitely on the
main-sequence turnups in the H-R diagram,
and have masses characteristic of evolved stars
in these stellar groups.

Among the massive systems of Table I, case A
can explain the properties of the semidetached
systems far better than can case B. The specific
reasons are listed here since some of these rea-
sons seem not to have been advanced before.
First, case B ought to produce very few semi-
detached systems because the semidetached
phase in case B is expected to be very short lived
(Helmholtz-Kelvin time scale). Second, the
slowest rate of change of orbital period predicted
by the models for case B is roughly 10-8 (in
dimensionless units), which is one to two orders
of magnitude faster than the changes actually
observed (Wood and Forbes 1963). Third, the
final orbital period after rapid mass exchange is
predicted to be, typically, > 10 days for case B
and < 10 days for case A; all the observed sys-
tems have P < 10 days. Fourth, a very large
final mass ratio (typically > 5) is predicted for
case B as compared with case A, but the largest
mass ratio actually observed is only 3.8. Fifth,
in case B, the typical luminosity of the contact
component should be close to that for a pure
helium star of the same mass; this is not observed
(Fig. 2). Sixth, the radius and luminosity class of
the contact component are expected to corre-
spond to at least a bright (class II) giant, which,
with the exception of V356 Sgr and V448 Cyg, is
not found to be the case. Seventh, a very large
overabundance of helium and of nitrogen is
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predicted to be visible at the surface of the con-
tact component (and, to a much lesser extent, of
the detached component) for case B, but, to the
best of our knowledge, such a large over-
abundance has not been detected (see Olson
1968a).

We must emphasize that the second, third, and
fourth arguments are critically dependent on the
assumption of conservative mass exchange be-
tween the components. Nonconservative effects,
which are observationally very likely (Paczynski
and Ziolkowski 1967; Ziolkowski 1969; Plavec
1973), would probably reduce the final orbital
period as well as the final mass ratio, and there-
fore would probably draw relevant models for
case B closer to the observed stars; but conserva-
tive mass exchange for case B with extreme
initial conditions can also achieve the same
effect (Paczynski 1967b). However, the first and
fifth arguments alone confirm that the semi-
detached systems of Table I have evolved ac-
cording to case A.

A few massive candidates for case B have been
proposed elsewhere (Paczynski 1967b; Plavec
1968, 1973). The most notable candidate is
B Lyrae.

V1. Semidetached Systems

Three empirical groups of semidetached sys-
tems can be distinguished through an examina-
tion of Figures 1 to 4. For the purposes of
exposition, we shall consistently refer to the
detached component (the recipient of mass) as
the “primary” and to the contact component (the
donor of mass) as the “secondary”.

Group I {u! Sco, V' Pup). The primary is a
main-sequence star, underluminous and cool for
its mass, and the secondary is a “contact” sub-
giant or giant, in a similar physical state. The
orbital period is very short (~1.5 days). Surface
rotation seems to be synchronized well with
orbital revolution. SX Aur may belong to this
group, although the secondary component looks
almost like a normal dwarf.

Group II (V356 Sgr). The primary is a main-
sequence star, underluminous and cool for its
mass, and the secondary is a “contact” subgiant
or giant, of approximately normal luminosity but
cool surface temperature. The orbital period is
relatively long (~10 days). The contact com-
ponent corotates with the system, while the

© Astronomical Society of the Pacific « Provided by the NASA Astrophysics Data System

detached primary rotates much faster than syn-
chronously. Probably HD 47129 and B Lyr
belong to this group or to group I.

Group III (Z Vul, A Tau, u Herculis). The
primary appears to be a bright main-sequence
star, and the secondary is a “contact” subgiant or
giant, overluminous and overly hot (or else
normally hot) for its mass. The orbital period is
moderately short (~3 days). Both components
corotate with the system. To this group probably
belongs AO Cas. V448 Cyg may represent a
transition case between groups II and III.

It will be convenient, first, to consider to-
gether for each group the secondary component
and the system as a whole, and later to discuss
the primary component. Group 1 systems are
apparently found in the rapid phase of mass
transfer. This is suggested by the short orbital
periods, the moderate mass ratios, and the un-
derluminosities of the mass-losing components.
However, theory predicts that the duration of the
secondary’s underluminous stage is less than
1037y where 7y is the total lifetime of core hy-
drogen burning, and that the duration of the
rapid phase as a whole is only 10~27y. For very
close systems like those in group I, the rapid
accretion of mass would also be expected to
brighten and expand the primary considerably,
so that a contact system is temporarily formed
(Benson 1970), but probably only SX Aur among
our systems could be a contact system. More-
over, the predicted rate of orbital period change
during the secondary’s underluminous stage is
10-5 (in dimensionless units), which is 4 to 5
orders of magnitude larger than the upper limits
on the rates of change actually observed (Hogg
1946; Stibbs 1948; Wood and Forbes 1963). Of
course, nonconservative mass exchange could
drastically reduce the expected rates of period
change.

Therefore the only cogent argument in favor of
very rapid mass transfer in group I systems is the
secondary’s underluminosity. The secondary of
SX Aur, however, is not underluminous. The
secondaries of p! Sco and V Pup would also
have normal luminosities if their masses were
revised downward by 20%, their radii downward
by 50%, or their spectral types from B6 to B3
(for u! Sco) and from B3 to Bl.5 (for V Pup).
For such close systems with tidally distorted
components of similar spectral type, the large
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errors implied are not impossible, except that the
luminosity of u! Sco is independently known
from a cluster distance modulus. The origin of
the 1-magnitude underluminosities observed for
the secondaries remains a mystery.

Group II systems are very similar to those of
group I, except for the absence of underluminos-
ity in the secondary and the greater orbital
separation, which weakens the effect of tides on
the rotation of the mass-gaining primary. These
systems must be in the slow phase of mass trans-
ter. B Lyr, whose rate of orbital period change
is 3 X 10~7 (Wood and Forbes 1963), is probably
just entering the slow phase, and its mass-losing
component seems to be rotating nearly syn-
chronously, while the mass-gaining component
is rotating near breakup (Huang 1966).

The systems of group III have mass-losing
components that are unusually luminous, pre-
sumably as a result of being more evolved than
their counterparts in groups I and II. Their
effective temperatures are high for their masses,
but otherwise low from the point of view of their
location in the H-R diagram. Since these sys-
tems are definitely in the slow phase of mass
transfer, it is worth noting that their observed
rates of orbital period change are undetectably
small (Wood and Forbes 1963), just as is ex-
pected theoretically. The difference of orbital
period between groups II and III is probably
due to a difference of central hydrogen content
in the mass-losing component when the transfer
of mass began, rather than to a subsequent de-
crease of orbital separation. However, even
though very little mass is transferred from the
contact component during the slow phase, the
transfer of angular momentum is large, and the
loss of most of this material from the system as a
whole (which is easier at this stage because the
gravity is weaker) might significantly reduce the
orbital period. On the other hand rotational
spin-down of the detached component will
transfer angular momentum back to the orbit and
will tend to increase the orbital period again.
Evidence discussed below suggests that the
latter effect is probably important in explaining
the difference in orbital periods between groups
I and III, and so we prefer the first-mentioned
explanation for the difference between groups II
and IIL.

It has been seen that, in terms of the secondary
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component and the system as a whole, groups I,
I1, and III represent in some sense an evolution-
ary progression. If so, the mass-gaining com-
ponent must evolve as follows. During the
rapid phase it becomes underluminous and cool
with respect to a ZAMS star of the same mass,
but gradually it evolves into a normal main-
sequence star, and then brightens up. The key to
a proper understanding of this sequence seems
to be the primary’s underluminosity, which can
arise either if the originally low-mass, and hence
low-luminosity, mass-gaining star accreted very
slowly the massive disk of transferred material
(which would probably appear rather cool) or
if the mass-gaining star accreted the disk very
rapidly and absorbed an appreciable amount of
angular momentum (which would reduce the
luminosity and effective temperature). The
recovery to a normal main-sequence state would
proceed, respectively, by gradual completion of
the accretion process or by rotational spin-down
induced by the tidal force of the companion. In
both cases, the last stage of evolutionary bright-
ening would proceed in a consolidated star
undergoing normal hydrogen depletion in its
core. Figure 4 confirms that the radius of the
star in this last stage is significantly larger than
its ZAMS radius; thus the star cannot be evolv-
ing homogeneously, as would be the case if its
radius had been found to be of nearly ZAMS
size (cf. Roy 1952). In the “normalized” H-R
diagram of Figure 5, where the origin is taken to
be the ZAMS state (for each stellar mass), each
of the bright primaries is found to lie close to the
evolutionary track for a nonrotating, or slowly
rotating, main-sequence star. Therefore the
effect on the primary of the continuing slow
mass transfer from the secondary must be slight.
Two lines of argument support the rotational
explanation of the primary’s underluminosity as
opposed to the slow-accretion explanation. First,
the shape of the “star” would be flat or ringlike
in the latter situation, while, in the former, its
shape would be oblate-spheroidal (for uniform
rotation, which is not likely here) or foroidal (for
strongly nonuniform rotation). With the pos-
sible exception of 8 Lyr, which, after all, is prob-
ably at the end of the rapid phase, there seems
to be no observational evidence for very massive
disks in the systems considered here. Moreover,
the surface rotational velocities and under-
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— Fiec. 5 — Underluminosity of a
star with respect to a nonrotat-
ing ZAMS star of the same
mass is plotted against the
corresponding reduction of ef-
fective temperature, for the
detached components of
semidetached systems.  Also
shown are: the evolutionary
track for a nonrotating, or
slowly rotating, star; the shift
for a ZAMS star in uniform
rotation; and the shift for a
ZAMS star in nonuniform ro-
tation (the shifts refer to
Bodenheimer’s angular mo-
mentum distributions D and
A, respectively). The three
lines plotted are relatively
insensitive to stellar mass.
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luminosities of the primaries of these systems are
not so very extreme that it would be easy to
detect toroidal distortion of the “ellipsoidal”
shape actually observed for these objects (Popper
1943, 1955; Hogg 1946; Stibbs 1948), but a
modern attempt should be made.

The second line of argument in favor of a rota-
tional explanation is the observed progression of
surface rotational velocities. However, the argu-
ment is clouded somewhat by the different time
scales operating. Zahn (1966) finds that the tidal
force on a radiative envelope is only effective on
a time scale much longer than the nuclear life-
time of the star, even in a nearly contact system.
But he finds that the surface tides may induce a
small surface convection zone, whose rotation
could then become synchronized with the or-
bital revolution extremely quickly. Neither of
these time scales seems to apply to our observed
systems but an intermediate time scale does, and
this may support Zahn’s ideas to some extent.
Nevertheless, his results, as they stand, cannot be
used here.

Instead, we shall proceed by adopting a phe-
nomenological description. In an isolated rotat-
ing star, the Eddington-Sweet circulation time is
given approximately by (Sweet 1950)
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oI5 0.20

Trot ™~ THK/a > (7)

where a= Ro?GM, the ratio of centrifugal
force to gravity at the equator, and

Tk = GRYRL (8)

the Helmholtz-Kelvin gravitational time scale.
In terms of the nuclear time scale for core hy-
drogen burning,

Tax ~ 107271y . 9)

By analogy with Sweet’s result, we assume that
the time scale to establish synchronization of
rotation in the envelope of star A in the tidal
force field of companion B is

Tsyn -~ THK/CBn > (10>

where B = (Mp/M,)(R,/a)®, the ratio of distor-
tion force to gravity at the equator of star A, and
C is a constant.

The semidetached phase of evolution in a
close binary system has been computed to last

Tsd = YTH > (11>

where y ~ 1 for case A and y ~ 102 for case B.
According to our admittedly slender statistics,
synchronous rotation of the envelope of the
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primary is not uncommon among semidetached
systems; in any case, we require that

Tsyn < Tsd - (12)

This leads to an observable quantity,

—2 \ /3n 1
() () w
a vyC iy
which represents the smallest value of Ry/a for
which synchronism is likely to be observed in a
random sample of semidetached systems. Con-
sider case A with y ~ 1. A straightforward guess
for n would be n = 1, but Zahn’s results suggest
that n = 2 since his tidal scales are proportional
to P4 (i.e., to af). We then find the following re-
sults for C = 1 and for mass ratios M, /Dy in the
range from 1 to 3. For n=1, Ry/a = 0.2-0.3;
and, for n = 2, Ry/a = 0.5-0.7. Dziembowski’s
(1967) particular solution for 7, gave n = 2 and
C ~ 75; this yields Ry/a = 0.2-0.3. Considering
the necessary crudeness of our approach, we ob-
tain quite satisfactory agreement with the ob-
servational results for the primaries of semi-
detached systems in Figure 1.

Rotation of the convective core, which affects
the luminous output of the star, is more prob-
lematical. Zahn’s time estimates are quite un-
certain here, but they are extremely long for the
large injections of angular momentum into the
core implied by the observed underluminosities
in Figure 5 (see p. 374). Since the continual ac-
cretion of matter by the primary during the slow
phase of mass transfer will keep the star stirred
up to some extent (but not completely, in view
of the evidence for later inhomogeneous evolu-
tion), we can probably expect a somewhat
shorter spin-down time than what Zahn esti-
mated. The present evidence of Figure 5 sug-
gests that underluminosity of the primary is
fairly common among semidetached systems (at
least among the more massive, hence younger
ones), so that the spin-down time can be rea-
sonably inferred to be ~ 1y (which is 107 years at
10 M) for P ~ 2 days but probably much longer
for P~ 10 days, in rough qualitative agreement
with Zahn, who found that the spin-down time
goes like P to a high (fourth) power. Thus the
large underluminosities, large rotational veloc-
ities, and long orbital periods of the mass-gain-
ing components in the group II systems could
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have grave consequences for the future interior
evolution of these components.

A quantitative study of the role of the mass-
gaining component in the evolution of the sys-
tem as a whole can now be made on the hy-
pothesis that each primary is rotating differen-
tially, regardless of the magnitude of the ob-
served surface velocity, which is far more
quickly synchronized by the tidal force than is
the spinning core. Bodenheimer (1971) has
shown that the amount of underluminosity of a
star depends only on its total rotational angular
momentum, not on how this angular momentum
is distributed throughout the stellar interior,
although the associated reduction of effective
temperature does depend on the interior dis-
tribution of angular momentum. In Figure 5,
lines of increasing total angular momentum for
ZAMS stars are shown for the two cases of uni-
form rotation and of nonuniform rotation (Bo-
denheimer’s angular momentum distributions
D and A). The underluminous primaries are
seen to be quantitatively explicable by the non-
uniformly rotating models.

While the tidal force of the companion causes
the primary’s core to spin down, the lost rota-
tional angular momentum will go into orbital
angular momentum. The future orbital periods
of the systems in question can be predicted if we
make the following assumptions: (1) the orbit
remains nearly circular, (2) no further mass is
exchanged or lost, (3) the total (orbital plus
rotational) angular momentum of the system is
conserved, (4) the secondary is rotating slowly
(approximately synchronously) and conserves its
rotational angular momentum, and (5) the final
rotational state of the primary is the synchronous
state. These are probably fair approximations
(except for the last one in the case of group II
systems, where the tidal forces are relatively
weak).

The orbital angular momentum J,, is given by

g = GHIM )P

orb (14>
(M, + My)

Bodenheimer’s (1971) numerical data for rotat-

ing ZAMS stars can be fitted to an approxima-

tion formula giving the rotational angular mo-

mentum [, as a function of underluminosity

8| My, as follows:
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Jrot = 4.9 X 10558 My, |) V2(T/30D o) (15)
g cm? sec ™!

The particular dependence on mass is easily
understood. Since, dimensionally, [, must be
proportional to © R?MM where o is angular veloc-
ity, one finds by using the ZAMS relation

RIRo = (M/Mo)05> (16)

that [, is nearly proportional to M2 for stars
constructed with the same distribution of
angular velocity and of mass (e.g., ZAMS stars).
Bodenheimer’s results were computed for models
of stars of 15-60I, with (X, Z) = (0.70, 0.03),
and so are adequate for our purposes. The rota-
tional angular momentum [, of a star spinning
uniformly in synchronism with its orbital mo-
tion is

Jon = 4aDR2I/3P 7)

where the nondimensional moment of inertia
about the center I is ~0.10 for a star anywhere in
the upper main-sequence band.

The change in orbital period is derived from

](,)rb + ]’syn = ]orb + ]rot > <18)

where primed symbols refer to the new orbital
quantities, and [, and J |, are computed for the
primary star only. In practice, J,, is found to be
negligible in comparison to J;.; hence our
neglect of possible changes in the rotational
angular momentum of the secondary is justified.
Predictions for the observed systems belonging
to groups I and II are given in Table II. It is
readily seen that the future orbital periods of
group I systems are very similar to the present
orbital periods of older (group III) systems!
Assuming a linear rate of period increase, we
predict dP/dt = (P’ — P)/ry ~ 10719, which is of
the same order of magnitude as the upper limits

on the rates actually observed. Although we have
found a large ratio (J.o/Jom,) = 0.21 = 0.05 for
the four youngest semidetached systems, con-
firmation of this ratio by apsidal motion ob-
servations following Kopal (1972) will be ex-
tremely difficult because the orbits are nearly
circular.

A second interpretation of the orbital periods
of group III systems is possible, however. As-
sume that mass exchange in group I systems is
incomplete and that the final mass ratio will be
M, /My = 3, which is characteristic of group III
systems. By ignoring the rotational angular
momenta and simply equating

,c,n'b = ]orb > (19)

final periods P” can be derived, and are listed in
Table II. Again, they are very similar to the
periods of group III systems.

At the present time we cannot distinguish
between the two interpretations offered, if, in
fact, the orbital periods of group I and III sys-
tems are linked dynamically as an effect of
interaction between the components rather than
as a mere reflection of different initial condi-
tions.

VII. Conclusion

An attempt has been made to consolidate the
available observational and theoretical data con-
cerning axial rotation of stars in massive binary
systems. Some of our conclusions are not new,
but fresh supporting evidence or more quantitive
information has been brought to bear on those
problems. Most of our results for the semi-
detached systems are new.

The general rotational properties of the com-
ponents of massive close binary systems suggest
that the axes of rotation and of revolution are
parallel, and that the rotational motion of stars

TABLE II

ANGULAR MOMENTA AND FutuRE OrBITAL PERIODS OF
MasSIVE SEMIDETACHED BINARY SYSTEMS

Group System Jorn X 10-53
(g cm? sec™1)
I w!Sco 6.2
V Pup 8.3
SX Aur 3.4
1I V356 Sgr 5.7
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.’rot/.lorb 8[ Mbol| p P’ P’

(primary) (primary) (days) (days) (days)
0.19 1.2 14 2.3 3.0
0.25 14 15 2.8 2.7
0.22 1.2 1.2 2.1 2.1
0.18 1.6 8.9 15.2 —
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in increasingly closer systems is more nearly
synchronized with the orbital motion.

The detached systems are essentially un-
evolved, and their components are in approxi-
mately uniform rotation. Significant nonuni-
formity of rotation (slow surface rotation) de-
velops later during the phase of rapid envelope
expansion following hydrogen exhaustion in the
core. Faster-than-synchronous rotation occurs
in detached systems only when the orbital
eccentricity is large.

The semidetached systems are definitely
evolved, having suffered significant mass ex-
change between the components. In our sample,
the exchange must have taken place before
hydrogen exhaustion at the center of the original
primary (case A). An evolutionary progression
of events can be inferred from the observed
states of the various systems, although the large
underluminosities of the youngest mass-losing
components are not understood yet. The mass-
gaining component in an evolving system ap-
parently spins up rapidly, becomes under-
luminous, and gradually recovers to a normal
main-sequence state by virtue of the tidal effect
of its companion; thereupon ordinary in-
homogeneous evolution recommences in its
interior. Quantitative estimates have been made
of (1) the maximum orbital separation for which
synchronism of surface rotation and orbital revo-
lution can be attained in the star’s lifetime, (2)
the spin-down time of the stellar core, (3) the
amounts of underluminosity and of reduced ef-
fective temperature due to fast interior rotation,
(4) the rotational angular momentum content of
the star, and (5) the future orbital period of the
system.

Among the investigated semidetached systems
there is some indication that the mass ratio of the
two components is smaller as the total mass of
the system is larger. Available models of mass
exchange for case A are too few in number, par-
ticularly at very high mass, to say whether this
indication may be real. In view of the rather
small number of well-observed massive systems,
it would be worthwhile to check the present
conclusions by extending the analysis to systems
of smaller mass.
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