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Ordinary Stars in Binary Systems 

The star closest to us, our sun, is 
single. This singularity is an exception 
rather than the rule. Most stars form 
either double or multiple systems held 
together by their gravitational interac- 
tion. For example, among solar type 
stars the observed ratios of single: doub- 
le: triple: quadruple systems is 45 : 46 : 8 : 1 
(I). This seems to be a typical situation 
in the galactic disk, close to the plane of 
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ly in their extent. There are many pairs 
of stars touching each other. These are 
the contact systems of the W Ursae 
Majoris or SV Centauri type (2). A whole 
contact binary is only slightly larger than 
the sun, some 3 x 10" cm in diameter. 
At the other extreme there is the nearby 
triple system, cx Centauri ABC. The 
component cx Centauri C, also known as 
Proxima Centauri, is a distant compan- 

Binary and multiple stars are so com- 
mon that an understanding of their origin 
and evolution is important for an under- 
standing of the origin and evolution of 
stars in general. Binaries, like single 
stars, spend most of their "lives" burn- 
ing hydrogen in their deep interiors. That 
phase of evolution a star spends on the 
main sequence. This is a relatively nar- 
row band on the Hertzsprung-Russell or 
color-magnitude diagram, where the ma- 
jority of known stars are located. The 
band runs diagonally across this diagram 
from faint and cool (that is, red) stars all 
the way to luminous and blue (that is, 
hot) stars. This confinement of a vast 
majority of known stars to an almost 
one-dimensional domain on a two-di- 
mensional diagram implies that stellar 
properties are largely determined by one 
parameter. It is firmly established now 
that this parameter is the stellar mass. 

Summary. Most stars in the solar neighborhood are either double or multiple Low-mass stars are faint and cool, 
systems. They provide a unique opportunity to measure stellar masses and radii and whereas massive ones are luminous and 
to study many interesting and important phenomena. The best candidates for black hot. The empirical relations between 
holes are compact massive components of two x-ray b~naries: Cygnus X-1 and LMC stellar masses, luminosities, and radii 
X-3. The binary radio pulsar PSR 1813 + 16 prov~des the best available evidence for were obtained through studies of bina- 
gravitational radiation. Accretion disks and jets observed in close binaries offer a very ries. For the main sequence these rela- 
good testing ground for models of active galactic nucle~ and quasars. tions may be well approximated as 

RlR3 = (MIM,)~ ', LIL, = (M/M)=)~ 

symmetry of our Milky Way, whereas in 
the galactic halo a majority of stars are 
single (1). The reason for this difference 
is not known. 

Multiple systems usually have hierar- 
chical structure: at a much larger dis- 
tance from a close pair of stars, there 
might be another star or another close 
pair. It is easy to understand why all the 
components of a multiple system cannot 
have comparable mutual separations- 
such systems are known to be unstable 
unless the number of components is very 
large. Rich and very rich systems do 
exist, and they are known as clusters of 
stars and galaxies. 

Various binaries may differ enormous- 
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ion to a binary, ci Centauri AB. The 
separation between components A and B 
is 3 x 1014 cm, whereas component C is 
about 10" cm away from A and B. 

Various binaries populate fairly uni- 
formly a whole range of separations from 
about 3 x 10" to 3 x 10'' cm, which 
corresponds to orbital periods of 1 to lo9 
days (that is, up to about 3 million 
years). Roughly 10 percent of all stars 
are binaries with orbital periods between 
1 and 10 days, another 10 percent have 
orbital periods between 10 and 100 days, 
and so on (1). There is a rapid cutoff in 
the number of systems with separations 
larger than about 3 x 1017 cm, most like- 
ly due to gravitational perturbations 
caused by other stars belonging to our 
galaxy and randomly passing by (3). The 
average distance between separate stars 
or stellar systems in the solar neighbor- 
hood is about 4 x 10" cm. 

where Mo = 1.99 x g, Ro = 6.96 x 
101° cm, and Lo = 3.86 x erg sec-' 
are the solar mass, radius, and luminos- 
ity, respectively. These empirical rela- 
tions are well understood and repro- 
duced theoretically with numerical mod- 
els of stars calculated with modern com- 
puters. 

Many other parameters can be mea- 
sured more conveniently or more accu- 
rately in binaries than in single stars. The 
following example may illustrate how 
this is done. 

5 Phoenicis, also known as HD 6882 or 
HR 338, is a bright binary with an orbital 
period of 1.67 days. Its light intensity (4) 
as well as the radial velocities of the two 
components (5) vary with this period. 
The variations are shown in Fig. 1. The 
light curve (Fig. 1A) displays two 
eclipses: the primary at phase 0 (or I), 
when the cool component partly eclipses 
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the hotter one and the secondary at 
phase 0.5 (or 1.5), when the hot compo- 
nent is in front and the cool component is 
hidden behind it. A detailed analysis of 
the light changes during the eclipses al- 
lows accurate determination of relative 
stellar radii, expressed in units of their 
mutual separation. A schematic presen- 
tation of,the binary is given in Fig. 2. The 
extent of stellar motion and the size of 
the binary orbit follow from an analysis 
of the radial velocity curves (Fig. 1B). 
Using Kepler's law, one may determine 
the stellar masses as well. The results for 
5 Phoenicis are as follows (4): 

MllMo = 3.85, R l lRo  = 2.84, 
LIILo = 320 

M21Mo = 2.50, R21Ro = 1.85, 
L21La = 32 

There are several dozen systems for 
which a similar analysis has been done 
with high accuracy, that is with errors 
less than 10 percent and sometimes sig- 
nificantly less (6) .  

A binary like 5 Phoenicis is very useful 
because all the parameters are known 
very accurately and the two stars have 
significantly different masses. This al- 

lows one to estimate the age and chemi- 
cal composition of this system by com- 
paring stellar models with the observa- 
tions. 

A main sequence star generates ener- 
gy by burning hydrogen in the core. The 
energy diffuses from the core to the 
surface, and finally it is radiated away. 
Gradually, hydrogen is processed 
through a sequence of thermonuclear 
reactions into helium. As a result of this 
process, stellar luminosity and radius 
increase with time (7). The best quantita- 
tive comparison between models and 
real stars is possible for binaries like 5 
Phoenicis. Calculations of models for a 
star of a given mass and a given chemical 
composition provide the variations of 
stellar radius and luminosity as a func- 
tion of time. Chemical composition may 
be conveniently described with just two 
parameters: helium content Y and heavy 
element content Z. All the remaining 
matter is hydrogen. It is natural to as- 
sume that both components of a binary 
system were formed simultaneously 
from condensations of interstellar gas, 
and that the initial chemical composition 
was the same for the two stars. As we 
know the masses of the two stars from 
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Fig. 1. Light variations (A) and radial velocity variations (B) for a bright binary, 5 Phoenicis. All 
the variations have the 1.67-day binary period. At phase 0 (or 1) the hotter of the two stars is 
eclipsed by the cooler companion (primary eclipse). At phase 0.5 (or 1.5) the cooler star is 
eclipsed by the hotter one (secondary eclipse). The radial velocities, expressed in kilometers 
per second, are displayed for the hot primary with filled circles and for the cool secondary with 
open circles. Radial velocity is positive when the source is receding from the observer. 

observations, there are only three pa- 
rameters that we may vary in the mod- 
els: age ( t ) ,  Z, and Y .  We want to repro- 
duce four observed quantities: the pres- 
ent radii and luminosities of the two stars 
( R I ,  R2, L I ,  L2). Therefore, we may 
even check the models for self-consist- 
ency (4). This type of analysis gives for 5 
Phoenicis 

t = 8 x lo7 years, Y = 0.28, Z = 0.015 

Similar modeling has been done for 
about half a dozen systems and has pro- 
vided the best quantitative checks of the 
modern theory of stellar evolution, and 
perhaps the most accurate determination 
of the helium content in stars. The heli- 
um abundance obtained in this way is in 
good agreement with determinations 
from models of hot stellar atmospheres 
and from observations of the interstellar 
medium. It is now believed that helium 
was produced mainly during the first 3 
minutes after the Big Bang; hence, a 
determination of helium abundance is of 
considerable cosmological importance. 

White Dwarfs, Neutron Stars, and 

Black Holes 

Not only main-sequence stars but also 
more exotic objects may have their 
masses measured if they are members of 
binary systems. The three white dwarfs 
for which masses are well known are 
Sirius B (0.94 Mo), Procyon B (0.65 Mo), 
and a 2  Eridani B (0.43 Mo). All are 
members of multiple systems (6) .  Their 
radii are also reasonably well determined 
and are consistent with the mass-radius 
relation for cool, degenerate stars (8). 
According to this relation, no white 
dwarf can exist with a mass exceeding 
the Chandrasekhar limit of 1.4 Mo. In- 
deed, none is known. For many decades 
white dwarfs were the most compact 
stars known to astronomers. 

Even more compact objects, neutron 
stars, were discovered as single radio 
pulsars (9). But it was only after the 
discovery of x-ray pulsars, which are 
neutron stars in close binaries, that their 
masses could be measured (10, 11). Most 
available estimates have rather large er- 
rors, but all are in the range of 1 to 2 Mo, 
as expected theoretically. The best avail- 
able estimates for the neutron star mass- 
es are provided by a binary radio pulsar, 
PSR 1913 + 16. Both components have 
almost identical masses of 1.4 M ,  with 
an accuracy of a few percent (12). Unfor- 
tunately, existing observations do not 
allow reliable determinations of neutron 
star radii. Some attempts were made for 
x-ray bursters, a subclass of binary neu- 
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tron stars undergoing thermonuclear 
flashes in freshly accreted matter (11). 
The masses and radii of x-ray bursters 
agree reasonably well with the prediction 
of models, but the available estimates 
are not very accurate. It is not yet possi- 
ble to use them to select the correct 
equation of state at supernuclear densi- 
ties (13). 

No matter what equation of state is 
adopted at supernuclear densities, there 
can be no cool stars above 3 Mo, provid- 
ed that the theory of general relativity is 
correct in the strong field limit (13). 
Anything more massive must ultimately 
collapse and form the most compact ob- 
ject so far imagined, a black hole. Dis- 
covery of a black hole would be one of 
the most spectacular achievements of 
modern astronomy. There are two gener- 
al areas where the search is going on: 
active galactic nuclei and quasars (14) 
and massive x-ray binaries (10). So far 
there is no proof that a black hole has 
been found, but there are two very good 
candidates, the compact components of 
two binary systems: Cygnus X-1 in our 
galaxy (10) and LMC X-3 in the nearby 
galaxy, Large Magellanic Cloud (15). 
Observations indicate that in both bina- 
ries one component is a fairly normal, 
massive, hot and luminous star, proba- 
bly close to the main sequence, whereas 
the second component is a very strong x- 
ray source. Each component has a mass 
of about 10 Mo. 

It is generally believed that there are 
only two types of stars that can be strong 
emitters of x-rays, and both are very 
compact. These are neutron stars and 
black holes powered by the accretion of 
matter flowing from the nearby compan- 
ion. A majority of strong x-ray sources 
have masses between 1 and 2 Mo and 
display strong short-period variations in 
their x-ray power. These are the x-ray 
pulsars, believed to be rotating neutron 
stars with strong magnetic field channel- 
ing the accretion flow toward the mag- 
netic poles, where the two bright spots 
are formed. Rotation periodically dis- 
plays the spots and hides them behind 
the star, hence the so-called pulsations. 
It is believed that a black hole must be 
axially symmetric, and accretion onto a 
black hole cannot give rise to strictly 
periodic rapid oscillations. Indeed, nei- 
ther of the two black hole candidates is a 
pulsar. Unfortunately, present theoreti- 
cal models of x-ray emission cannot pre- 
dict with any accuracy the x-ray spec- 
trum to be expected from an accreting 
black hole, and the evidence for the 
existence of black holes in Cygnus X-1 
and LMC X-3 is still rather circumstan; 
tial. In fact, it is difficult to formulate a 

Fig. 2 (left). The two components of the 
binary system 5 Phoenicis are shown as cir- 
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cles. Their relative dimensions and the sepa- Secondary 
with a disk 

ration were deduced from the light curve 
shown in Fig. 1A. Their velocities, indicated with arrows, were measured spectroscopically 
(see Fig. 1). The infinity-shaped figure drawn with a dashed line represents the Roche surface 
around the two stars. Fig. 3 (right). A schematic picture of a cataclysmic binary. The 
primary is a very compact star: a white dwarf, a neutron star, or a black hole. The secondary is 
a solar type (that is, main-sequence) star. It slightly overflows its Roche lobe. Tidal forces due 
to the primary pull matter through the vicinity of the inner Lagrangian point, L,,  toward the 
primary. Coriolis forces deflect the stream of gas and let it collide with the outer rim of a 
gaseous accretion disk rotating around the primary. Arrows indicate the orbital velocities of the 
two stars and the rotational velocity of the disk. 

realistic criterion that would convince 
everybody of the presence of black holes 
in these two systems. One of the prob- 
lems is that black holes are the most 
extreme objects predicted by general rel- 
ativity. Their convincing discovery 
would be a very important step in dem- 
onstrating that general relativity is the 
correct theory of gravitation in strong- 
field conditions. However, there is no 
independent observational evidence that 
this theory is really valid when the gravi- 
tational field becomes very strong. So 
far, almost all tests of this theory were 
restricted to the weak field and the so- 
called post-Newtonian approximation. 
With one important exception. 

The post-Newtonian approximation 
for gravitation and motion allows for 
terms of the order ( v ~ c ) ~ ,  where v is the 
characteristic velocity of objects in the 
system under consideration and c is the 
speed of light. Higher order terms are 
too small to produce detectable effects 
under most astronomical conditions. The 
only exception is gravitational radiation, 
which is supposed to carry away energy 
at a rate proportional to ( v / c ) ~ .  This is a 
post-post-Newtonian effect, and it is 
usually too small to notice, as there are 
so many other competing astrophysical 
processes. However, there is one ideal 
case of a binary radio pulsar, PSR 
1913 + 16, which has an eccentric orbit 
with a period of 7 hours and 45 minutes. 
The pulsar itself is an excellent clock, 
rotating once every 59 msec. Timing the 
radio pulses arriving at the radio tele- 
scope in Arecibo, Puerto Rico, can be 
done with an accuracy of a few tens of 
microseconds. As a result, this became 
the binary system with the best known 
orbital parameters. It seems that the 
companion is also a neutron star, and the 
two objects may be treated as two point 
masses while one is analyzing the 

dynamics of their orbit. Gravitational 
radiation should remove energy from the 
binary and should reduce the binary peri- 
od P at the dimensionless rate dPi 
dt = -2.403 ?C 0.005 x 10-12. The best 
recent observations give the empirical 
value of dPidt = -2.30 r 0.22 x 10-l2 
(12). It is likely that in a few years the 
observational errors will be reduced by 
an order of magnitude. If the observed 
rate agrees with that predicted by gener- 
al relativity to an accuracy of 1 percent, 
then it will be very difficult to imagine 
that the period change is an unrelated 
phenomenon and that the agreement is 
just a coincidence. The present agree- 
ment at the level of 10 percent is highly 
suggestive evidence for gravitational ra- 
diation. For agreement at the 1 percent 
level that is likely to be accepted as a 
proof, there would be increasing confi- 
dence in general relativity and indirect 
support for the inferred existence of 
black holes in Cygnus X-1 and LMC X-3. 

Accretion Disks 

Some relatively nearby binaries exhib- 
it phenomena similar to those displayed 
on a much larger scale by very distant 
active galactic nuclei and by quasars. 
The characteristic linear scale of galactic 
nuclei is larger by many orders of magni- 
tude than the scale of close binaries. 
Therefore, the characteristic time scale 
for any variations is orders of magnitude 
longer in galactic nuclei than in binaries. 
This makes binaries much easier to study 
and to understand within the limited life- 
time of the astronomers. Among many 
possible phenomena and structures that 
may be similar in these two different 
types of objects, there are two that are 
most interesting: accretion disks and 
jets. 
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There is a large class of very compact 
binaries, called cataclysmic because of 
their violent activity (16, 17), ranging 
from minor flares to fair-sized dwarf 
nova eruptions to powerful explosions of 
novae. It is also possible that type I 
supernovae are the end products of the 
evolution of some cataclysmic binaries. 
Supernovae are the most powerful stellar 
explosions known, energetic enough to 
destroy a whole star. A standard geomet- 
rical model of a cataclysmic binary is 
shown in Fig. 3. Their typical orbital 
periods are a few hours. The shortest of 
all known binary periods is 17.5 minutes. 
This record belongs to a cataclysmic 
star, AM Canum Venaticorum (18). 

The more massive component of a 
cataclysmic system is a compact star of 
about 1 Mo. The less massive secondary 
is usually a main-sequence star. It over- 
flows its Roche lobe slightly and loses 
matter through the vicinity of inner La- 
grangian point (LI) because of tidal 
forces induced by the primary. The out- 
flowing gas is deflected by the Coriolis 
forces and collides with an outer rim of 
gaseous disk rotating around the pri- 
marv. A disk is like a thin star. It is 
rotationally supported against the gravi- 
tational pull of the centrally located pri- 
mary. Ordinary stars are supported 
against their own gravity with a pressure 
gradient. 

Most of the energy radiated by a cata- 
clysmic binary is generated by viscous 
dissipation in a differentially rotating 
disk. The inner parts of the disk rotate 
faster than the outer parts. This gives 
rise to a shear flow. Viscosity generates 
a lot of heat throughout the disk, and it 
also transfers angular momentum out- 
ward. From the outer rim of the disk 
angular momentum is transferred back to 
the binary orbital motion through the 
tidal forces induced by the secondary. 
Outward transport of angular momentum 
forces disk matter to spiral toward the 
primary. The ultimate source of energy 
is gravitational. Disk luminosity may be 
calculated as a product of the rate of 
mass accretion and the gravitational 
binding energy at the surface of the pri- 
mary. The smaller the stellar radius, the 
larger the binding energy and the more 
efficient the accretion disk "engine." 
This is why it is most efficient to have a 
compact star at the center. 

The most popular model for the cen- 
tral parts of an active galactic nucleus or 
a quasar is an accretion disk around a 
supermassive black hole (14). This 
makes it fairly similar to the popular 
model of a cataclysmic binary. There is 
one major problem with both models. It 
is not known what physical processes 

Fig. 4. A schematic picture of a binary system 
with a mass ratio 20: 1 .  The big star, the more 
massive primary, almost fills its Roche lobe, 
the dashed line. A low-mass secondary is 
much smaller than its Roche lobe. 

give rise to disk accretion (19). Ordinary 
"molecular" viscosity is too small by 
many orders of magnitude. Magnetic 
fields and turbulent motions are likely to 
be important, but it is not known how 
to calculate their effect on disk evolu- 
tion. In practice, one is forced to com- 
pensate for one's lack of knowledge by 
introducing some free parameters in 
the model. 

Studies of cataclysmic binaries are 
easier than studies of active galactic nu- 
clei. Binaries are smaller, and therefore 
all variations have shorter time scales. 
For example, a few decades of observa- 
tions contributed to the development of a 
phenomenological model of disk instabil- 
ities in dwarf novae. Recently, many 
groups more or less independently devel- 
oped a disk model that reproduces the 
observed instability and relates it to the 
partial ionization of hydrogen and helium 
in the outer parts of an accretion disk 
(20). Rapid progress in the development 
of those models and the availability of a 
large number of easily observable dwarf 
novae leave little doubt that the under- 
standing of processes involved in disk 
accretion will increase rapidly in the near 
future. Application of models to the 
more difficult stellar and extragalactic 
objects will become possible. Certainly, 
the most important development would 
be a realistic model of a quasar. But 
there are less dramatic opportunities, 
too. For example, there are reasons to 
believe that many stars that are forming 
now, and have not yet reached their 
location on the main sequence, have 
extended disks around them. Some disks 
may be predecessors of planetary sys- 
tems (21). Some, like FU Orionis stars, 
may have unstable accretion disks, just 
like dwarf novae (22). However, those 
disks are a few hundred times larger than 
those found in dwarf novae. Therefore, 
eruptions of FU Orionis stars may last 
more than 10 years, while the eruption of 
a dwarf nova lasts only a week. 

Radio jets, some expanding with high- 
ly relativistic velocity, are known to be 
ejected from some active galactic nuclei 
and quasars (14). These are among the 
most spectacular phenomena in the uni- 
verse. They are studied on scales as 
small as 1 parsec (3 x 10" cm), and as 
large as 1 megaparsec (3 x cm). Jets 
are found very close to the "central 
engine," most likely streaming along the 
rotation axis of an accretion disk that 
spins around a supermassive black hole. 
Enormous energies are transmitted with 
jets to the distant "radio lobes" where 
jets collide with tenuous intergalactic 
matter. In spite of considerable effort the 
formation of jets and their dynamics are 
poorly understood. Similar phenomena 
are observed on a much smaller scale in 
two binaries in our own galaxy. These 
are Scorpio X-1 (23) and SS 433 (24). 

Scorpio X-1 is the brightest x-ray 
source in the night sky. It is a binary with 
an orbital period of 0.787 days and a 
prominent disk accreting onto a neutron 
star or a black hole. Scorpio X-1 is also a 
triple radio source, pretty much like a 
typical radio galaxy, but on a scale mil- 
lions of times smaller. The central radio 
source coincides with optical and radio 
images of Scorpio X-1. On the two sides 
there are two additional radio sources, 
presumably formed in a collision be- 
tween the iets and interstellar matter. It 
is most puzzling that recent observations 
failed to detect any motion of the outer 
radio sources (23). In fact, a surprisingly 
small upper limit of 32 km sec-I has been 
put on their velocity. There is no hope to 
achieve a comparable accuracy of mea- 
surement for any extragalactic radio 
source in the foreseeable future. 

The binary system SS 433 has an orbit- 
al period of 13 days and an accretion disk 
that precesses with a period of 164 days. 
The most spectacular phenomenon is a 
pair of gaseous jets outflowing along the 
rotation axis of the disk in opposite di- 
rections, each with a velocity of 80,000 
km sec-', that is, just over a quarter of 
the speed of light. The twin jets precess 
with a period of 164 days, just like the 
disk, and over thousands of years they 
have produced a huge bubble in the 
interstellar medium. 

The two binaries with jets are very 
different from each other, and their jets 
are very different also. There is no good 
model for them, and this gives little 
credibility to models of much more pow- 
erful jets generated by active galactic 
nuclei and quasars. It is clear that a lot of 
work must be done before these phe- 
nomena will be understood. Scorpio X-1 
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and SS 433 offer a very convenient test- 
ing ground for theories of jets. We may 
hope that by understanding them we may 
come to understand their powerful extra- 
galactic relatives. 

Evolution of Close Binaries 

Binaries with orbital periods in excess 
of about 10 years have their components 
so far apart that they evolve as two 
single stars. Neither star can affect the 
internal structure or the evolution of the 
companion. The evolution of single stars 
is reasonably well understood (7). While 
on the main sequence, they burn hydro- 
gen into helium. When hydrogen is ex- 
hausted in the core, the core contracts 
and heats up. After some time helium 
ignites and burns into carbon. The se- 
quence of nuclear reactions in the cores 
of massive stars can lead all the way to 
iron. In low mass stars this chain is 
terminated with carbon or oxygen. While 
this nuclear evolution proceeds in the 
deep interior, the outer part of the star, 
its envelope, gradually expands. The star 
becomes first a red giant and later a 
supergiant, almost as big as our plane- 
tary system. The evolution may be ter- 
minated in two ways. A star initially less 
massive than about 8 Mo loses its enve- 
lope upon becoming a red supergiant. 
The loss is gradual and supplies fresh 
matter into the interstellar medium. A 
hot stellar core is left. It slowly cools and 
finally becomes a white dwarf. More 
massive stars die more violently. Their 
cores are too massive to support them- 
selves against gravity when they run out 
of nuclear fuel. They collapse and be- 
come neutron stars. The collapse of a 
very massive star is likely to produce a 
black hole. Tremendous energy released 
in the process is believed to give rise to a 
supernova explosion and the violent 
ejection of the outer layers of the star. 

How is this scheme changed if a star 
has a nearby companion? To be effective 
the companion must be at a distance not 
larger than the largest extent of the pri- 
mary. The primary is the star that is 
initially the more massive of the two (the 
companion is called the secondary). As a 
result of its nuclear evolution, the pri- 
mary expands, fills its Roche lobe, and 
starts transferring matter to the second- 
ary (25, 26). Observations and model 
calculations show that well over 50 per- 
cent of the primary's mass is transferred, 
and the secondary becomes the more 
massive of the two stars. There is an 
enormous variety of possible evolution- 
ary patterns, depending on the initial 

Fig. 5. A schematic picture of the evolution of 
a binary system with a very large initial mass 
ratio. The low-mass secondary spirals 
through the expanding common envelope to- 
ward the dense core of the primary. 

masses of the two stars and their initial 
separation (2). It seems that the qualita- 
tive features of binary evolution and 
mass transfer between the components 
are reasonably well understood but there 
are only a few binaries for which a 
detailed successful model has been cal- 
culated (27). There is a major uncertainty 
about the mass loss rates of binaries 
undergoing vigorous mass transfer. 
Also, it is not known how much angular 
momentum may be carried away from a 
binary. This problem is as difficult as the 
problem of mass outflow from single 
stars. It appears from observations that 
the high rate of loss of matter by lumi- 
nous stars is important for their evolu- 
tion. Unfortunately, there is no generally 
accepted theory for the phenomenon 
(21). The rate at which angular momen- 
tum may be lost is even more difficult to 
estimate, not only theoretically but also 
observationally. 

It is very likely that the concept of a 
Roche lobe, which turned out to be so 
fruitful for understanding the evolution 
of many binary systems, may not be 
useful when the mass ratio is very differ- 
ent from unity. As an example, a sche- 
matic picture of a binary with a mass 
ratio 20: 1 is shown in Fig. 4. The mo- 
ment of inertia due to orbital motion is 
smaller than the primary's moment of 
inertia due to internal structure. The 
concept of Roche lobes is useful as long 
as we may assume that the two compo- 
nents rotate synchronously with their 
binary motion. The synchronism is easy 
to maintain if the internal stellar mo- 
ments of inertia are small as compared to 
the orbital moment of inertia. This is 
certainly so when the two stars have 
comparable masses. It is no longer true 
when their mass ratio is 20: 1. While the 
massive primary gradually expands, its 
moment of inertia increases. The tides 
due to the secondary component try to 
enforce the synchronous rotation of the 

primary. A large part of the orbital angu- 
lar momentum is used to spin up the 
expanding primary. This transfer of an- 
gular momentum forces the binary orbit 
to shrink. The secondary star spirals 
toward the primary, sinks in the extend- 
ed envelope, and later spirals down to- 
ward the primary's core as shown in Fig. 
5. Because of its angular momentum, the 
secondary cannot just fall straight down 
onto the core. While moving through the 
extended envelope, it experiences a 
strong drag. This drag transfers angular 
momentum from the secondary to the 
envelope, allows the secondary to spiral 
in, and dissipates a lot of energy. 

We may expect two different out- 
comes from this type of evolution. In the 
first case the energy released during the 
spiral-in phase is so large that it cannot 
be radiated fast enough from the stellar 
surface. The common envelope first ex- 
pands, and later it is driven away. The 
binary is left with much reduced mass 
and separation, and with a much smaller 
orbital angular momentum and period. 
The bulk of initial mass and angular 
momentum has been carried away with 
the expelled envelope. In the second 
case the energy released during the spi- 
ral-in phase is not sufficient to disrupt 
the envelope. The process continues un- 
til the secondary merges with the prima- 
ry's core. The binary fuses, and a single 
star is left. It is very difficult to model 
this type of evolution, as the problem is 
really three-dimensional and time-depen- 
dent. However, it is to be expected that 
the first scenario may be valid when the 
secondary mass is not too small, where- 
as the second scenario is more likely 
when the secondary mass is really tiny. 
Ultimately, theory and observations 
should make more quantitative state- 
ments possible. 

Binary evolution through a common 
envelope stage should be about as fre- 
quent as binary evolution for which 
Roche lobes and the mass transfer con- 
cept are useful. However, the common 
envelope scenario is much more difficult 
to deal with. It has been invented rather 
late, and it has not yet received sufficient 
study (28). Nevertheless, it is generally 
accepted that common envelope evolu- 
tion is needed to explain the formation of 
cataclysmic binaries. Even though not 
a single case of a common envelope 
binary has been observed so far, there 
are binaries that have recently emerged 
from their common envelopes. These are 
the short-period systems discovered in 
the centers of some planetary nebulae 
(29). The nebulae are the original com- 
mon envelopes ejected some 10,000 
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years ago. It is very likely that future 
progress in this area will be semiobserva- 
tional and semitheoretical, with theory 
organizing a rich "zoo" of observed 
objects into a plausible evolutionary pat- 
tern. 
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Dynamic Structure of Membranes 
by Deuterium NMR 

Rebecca L. Smith and Eric Oldfield 

Cell membranes are composed pre- ing dispersed in a fluid, liquid crystalline 
dominantly of lipids, proteins, and sterol lipid bilayer, and is undoubtedly correct 
molecules and are responsible for a wide for many membrane systems. It is, how- 
variety of biochemical processes, includ- ever, by its nature a macroscopic rather 
ing respiration, vision, photosynthesis, than microscopic model of membrane 

Summary. Progress in our understanding of the dynamic structure of membrane 
lipids and proteins has recently been made possible by the advent of high-field "solid- 
state" nuclear magnetic resonance spectroscopic studies of specifically deuterium- 
labeled systems. Major features of lipid and protein dynamics have been deduced. 

cell-cell recognition, and nerve impulse 
transmission. Not surprisingly, then, 
considerable efforts have been spent 
over the years in trying to characterize 
both the molecular structures of and 
intermolecular interactions between the 
individual membrane components in an 
attempt to relate the structure of mem- 
branes to their function. One of the most 
successful models of membrane struc- 
ture which has emerged is the 1972 fluid 
mosaic model of Singer and Nicolson (I). 
This envisions membrane proteins as be- 

structure, and there is now considerable 
interest in obtaining more detailed infor- 
mation on the actual structural details of, 
for example, protein-lipid interactions, 
or on the static and dynamic structure of 
membrane proteins (2, 3). 

In this article we discuss recent ad- 
vances in our understanding of lipid and 
protein dynamics in membranes, includ- 
ing some details of lipid-protein and lip- 
id-sterol interactions and of cell surface 
dynamics, which have been made avail- 
able primarily by observations of deute- 
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rium nuclear magnetic resonance (NMR) 
spectra of specifically 'H-labeled species 
incorporated into both model and intact 
functional biological membranes. Such 
detailed experiments were not technical- 
ly feasible at the time of the Singer- 
Nicolson hypothesis (I), when only rela- 
tively crude information on membrane 
structure could be obtained by the 2H 
NMR method (4, 5). Recent advances in 
instrumentation-specifically the avail- 
ability of high-field superconducting 
magnets for added sensitivity and im- 
proved pulse techniques for improved 
spectral line shape rendition (6)-now 
permit data acquisition at rates three or 
four orders of magnitude higher than in 
the early studies. This has opened up 
new vistas in membrane research, in 
particular, as discussed below, in the 
ability to monitor dynamic events in 
membrane proteins themselves. 

Information from Spectra 

Currently, most NMR studies of mem- 
brane structure employ the 'H NMR 
method with high-field (- 3.5 to 11.7 
tesla) superconducting magnets and Fou- 
rier transform pulse methods (6) to in- 
vestigate the line shapes, quadrupole 
splittings, and spin-lattice relaxation 
times of specifically 'H-labeled species 
(lipids, sterols, or amino acids in pro- 
teins) introduced into the system of in- 
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