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Abstract *

The present paper consists of three parts: (1) the relevance

of envelopes to the study, of the light curves of eclipsing binaries',

(2) the disk envelope, A( 3) the spherical envelope. They are separ-

ately considered in three sections, each of which is further divided

into sub sections. In the fourth section a brief concluding remark

is presented.

1. RELEVANCE OF THE ENVELOPE TO THE

LIGHT CURVE OF THE ECLIPSING BINARY

(1.1) Two Types of Eclipsing Binaries

It is ironic that eclipsing stars which provide the astronomer

with some invaluable stellar data that cannot be obtained in other

ways do not represent always the prototype of ordinary stars.

Because of the selection effect, the two components are usually

very close. As a result they interact with each other not only

dynamically through the mutual gravitational attraction, but also

physically in terms of mass exchange. The mass exchange in turn

greatly complicates the analysis of light curves because the simple
•»

model of two spherical stars eclipsing each other no longer repre-

'sents a good approximation of the problem.

It follows that we must divide the eclipsing stars into two

classes: Those whose light curves can be understood, after proper



rectification, by two spherical stars eclipsing each other and

those which cannot be so easily understood. The first group of

stars has provided the astronomer with the basic data as regards

the stellar masses and radii. Thus the study of such objects

becomes one of the foundation blocks of stellar astronomy. Indeed

it is this group of binaries whose light curves have been exten-

sively analysed since the time of Henry Norris Russell who may

rightfully be regarded as one of the founders of modern astro-

physics. Finding myself inadequate I have no intention of

reviewing such a great wealth of data accumulated in the past

for this group of binaries, especially here in the University of

Pennsylvania, one of the centers for such activities, and before

many experts in the audience. The other class of eclipsing stars

defies such a clear-cut interpretation and has provided the astro-

nomer a challenge as to his imagination. While the light curves

of binaries belonging to this peculiar group have been observa-

tionally studied, their physical interpretation often proves to be

elusive. In this present paper we will discuss some attempts to

understand the nature of this second group of eclipsing stars.

However, I have no illusion that those mysterious systems which

have baffled so many outstanding astronomers can be understood

overnight. Indeed it would be presumptuous for anyone, most of

all myself, to do so. What we propose to do is only to point

out the importance of certain facts which may help our search for

the proper interpretation for each peculiar system.



(1.2) Consequence of Mass Exchange in Binary Stars

The basic cause of the peculiar behavior of stars in close

binary systems is the mass exchange between the two components

or the loss of mass from either or both components. For the

single star the path of evolution is well known. The three stages

of -tfessfeFVevolution, namely the pre-main-sequence contraction, the
f

stationary state of the main sequence and the rapid evolution of

post-main-sequence, are clearly defined and each has its own

natural time scale. This is not so for stars in close binaries

because of the mass exchange between the two components or the

forced mass loss resulting from the presence of the companion.

When the mass of a star changes, its physical characteristics

as well as its evolutionary path change accordingly. Consequently

the evolutionary path of stars in close binaries will be quite

different from that £&?• single stars. A main sequence star or a

post-main-sequence star that acquires a great deal of mass from

its companion has no parallel in single stars. Indeed the evolu-

tionary track of the star on the H-R diagram depends not only on

how much mass is acquired but also how fast it is acquired. Also

mass loss or mass gain makes it impossible to define the natural

time scale of evolution^in close binaries. While all these problems

belong to the field of stellar interior and evolution and fortunately

do not concern us because our interest is confined only to the outer-

most layer of the star that conditions the light curve, it is never-

theless important to remember that we must be cautious in applying

the evolutionary track and time scale derived by calculation for

single stars without either mass loss or mass gain to components
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of close binary systems where evidence is overwhelmingly strong in
,

the variation of the stellar mass (e.g., Koch 1970). I must stress

this point because we do often find in literature that the evolution

of close binary stars has been discussed in the light of evolution

computed for single stars. Thus the structure of close binary

stars must be computed as close binary stars per se, such as Lucy ,

(1971) has done in his common convective envelope model of W UMa

systems presented earlier in this colloquium and their evolutionary

course must be considered together with the change of theiorbit

of binaries in consequence of mass exchange or loss fHuang 1956,

1963b, Kruszewski 1966), such as in studies made by PaczAski, Kippenham,

Plavec, and others (for reference see PaczAski 1971).

Actually we are convinced that the study of stellar evolution

by theoretical calculations for the constant stellar mass has

already seen its peak. The future of this study now lies in the

calculations for stars of variable mass of which the component

stars in close binaries provide important cases.

Most peculiarities found in some close binary systems from

direct observation arise from the effects of the mass loss and/or

the mass exchange on the outer layers of the star. In the first

place there exists gaseous streams in the system as a result of

this exchange or loss. These streams can be observed spectrosco-

pically but perhaps do not greatly distort the light curve because

they are optically thick only in lines optically thin 'in

the continuum. An example is \J Cephei (e.g Struve 1949).

However depending upon the mode



of mass ejection the matter may also form an envelope of which the*

continuous opacity is appreciable. It is this envelope, we believe,

that is the culprit of the abnormal behavior of the light curve,

whether in or out of eclipses.

(1.3) Idealization of Envelopes

What differentiates an envelope from the star is the lack of

a sharp edge. Look at the sun and see how sharp its edge is. But

its corona which may be regarded as a very tenuous envelope is

amorphous without a permanent shape. It is changing and shifting

around continuously. This very simple example gives us a good

idea of how difficult, if not impossible, it is to deal with the

envelope in any precise way. What we can do under such a circum-

stance is to idealize, rather drastically, the envelope before

we make a quantitative study. With this idealization in mind t, i
, G}rr »,4 /y>\ ,/̂ vvJ "f,l<P ~~£*̂ 'S/* Ĉ'Z-'-S* '̂ ^ Hi^ . - --.- -

we divide the envelope into three classes according to their/shape.
A

Furthermore we may specify its variability by assigning it several

time scales, such as the time scale of fluctuation, the time

scale of existence, etc, for the sake of interpreting time variations

of the observed results.

Consider, in general, a gaseous medium permeating in a

binary system. Because of the gravitational attraction of two

stars as well as their orbital motion, the distribution of matter

in the medium will be seen as composed of three parts: that inside

each of two lobes of the innermost contact surface and that out-

side this surface. We define them respectively as the envelope

around each of the components and the envelope around the entire

system.

•-.TV':
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In dealing with the envelopes around the individual stars, 1 V-*

we have found that their effect on the light curve depends greatly • * t
f

upon their shape. In reality there are infinite varieties of

shapes that are possible for the envelope, just as for the solar

coroma mentioned a moment ago. However in order to make a math-

ematical analysis, we must introduce some simplifying assumptions.','.•',!'-;',''-

For this purpose it may be useful to take a look at the shape of • ,,''•"
> 1 ' i * * k '

the galaxies which can be either spiral,'elliptical or irregular.' - <<• ,v .,

Perhaps we may similarly classify envelopes, not simply around ' '<

binary stars but around stars in general, along this same line. <

Accordingly we divide the stellar envelope, as regards its shape,

into three types: the lenticular, the spheroidal, and the

irregular. Such a division for the sake of interpreting observed

data of a close binary is important only for the envelope

around the individual component or components in the system.

For the envelope around the entire system, perhaps it does not

make any great difference to the light curve whether it is disk-

like or spheroidal because we only observed the system close to

its orbital plane. Figure 1 summarizes the general scheme for

the interpretation of light curves of eclipsing binaries.

(1.4) Opacity in the Envelope

The nature of opacity in the stellar envelope depends directly

upon the temperature and the chemical compositions in the medium.

Consequently it is sensitive to the luminosities of both 'component

stars and the distances from them. In the neighborhood of a hot

and luminous star, electron scattering is obviously the most impor-

tant source of opacity. For example Huang (see Struve 1957) sug-

gested that electron scattering played a role in broadening the

'£•
",
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spectal line in B Lyrae before it was taken as the source of opacity 'inrj

the disk envelope for explaining the light curve (Huang 1963a, also '';'•'%,

Woolf 1965) of this system. This suggestion was confirmed by , *, ?;•'

Appenzeller (1965) who has' found that the change of polarization with'- .,,

phase in this system seems to be consistent with the disk model. ,'. '\j

Since electron scattering is associated with a high, ionized medium, ' "'4
/ \ , " . ; • • < . ; >

we would expect to observe the line emission, as in the H II region f ^ i;.

in interstellar space.

As we shall discuss later, Hall (1971a) has found it necessary ,'

to have a disk around the secondary of BM Orionms in order to

understand both its photometric and spectroscopic data. Since the

primary component of this system is a B star, the opacity in the disk

envelope is likely to be due to electron scattering also._ Consequently

we would expect a similar behavior in the polarization wi-fch this

binary as wi-th 8 Lyrae.

If the tempreture is low, solid and dust particles could become

the source of opacity. Since the cross-section due to solid particles

whose linear dimensions are much greater than wavelenghts is purely

geometrical, it is wavelengtytl independent just as electron

scattering.TThe characteristic feature of solid particles is of course

the emission of radiation in the infrared region. When the envelope

composed of these particles are eclipsed by the companion star, an

infrared eclipse will result, thereby yeilding a critical test

to observation.
o

In the intermediate range of tempbeitureS the opacity will be

atomic and molecular just like in the atmospheres of stars from



type A to type M Their characteristic feature is wave lengh't .'/I

dependant Also they produce line and band absorptions. Figure 2

summarizes the sources of opacity in the envelope and their observable

characteristics

While we have discussed the different sources of opacity separately,

it should be noted that two or more sources may be operative in the

same medium This is especially true if we consider two different regions

of wave lenghts. For example, the far ultra-violet observation in
/

the range between 3300 - 2380A of 3 Lyrae preformed in the orbiting
^ i

astronomical observatory indicates the appreciable variations in

the light curve (Kondo, McCluskey and Hauck 1971). It seems that

in the far ultraviolet region, electron scattering may not play an

important role in producing opacity. While the exact reason for

the behavior remains to be investigated, it clearly indicates that the

eclipse is cause by an envelope because it is impossible to have

i ^t
stellar eclipse varying so greatly with wavelenght

(1.5) Photometric Characteristics of Envelopes

A critical characteristic of the binary whose component star

is losing mass to or gaining mass from its companion is the varia-

tion in period, although in many cases the variation may have been

too small to be detected observationally. The variation may be

either systematic or erratic depending upon the mode of mass

exchange and loss. In general the systematic variation is likely

related to mass change arising from evolution in the interior



structure of the component star and should have a long time scale.

0;
Such is perhaps the case of '< Lyrae (Huang 1963). But the erratic

I

variations are likely caused by the sporadic ejections and accumu-

lations of mass by component stars or by gaseous flow in the system.

As an approximation we may assume that the envelope around

the entire binary system produces the variation in the maximum

light, while the envelope around individual stars distort the

light curves only during eclipses. The slow drift of the maximum

in the light curve of ft Lyrae shown clearly in the report on

photometric results from the 1959 international campaign on Beta

Lyrae by Larsson-Leander (1969) seems to indicate the gradual

changes in the optical thickness of the envelope around the

entire system.

On the other hand the cyclic variations of light curves

during eclipses is mainly due to the change in the envelope around

the eclipsing star. Either the shape of the envelope or the density

distribution inside it may be unsteady thereby making the eclipse

never repeat itself. Again this can be most clearly illustrated

by Figure 8 in Larsson-Leander's paper. Another example of the

same nature is RT Lacertae whose light curve was known to be

&% °-
variable (Koch, Sobieski and Wood 1963). comparison of data

A

obtained in 1968 and 1969 with those obtained in 1965 Hall and

Milone (1971) found that primary eclipse had become deeper by

0.2 mag, that the maxima had become very nearly equal, and that

an asymmetry at secondary minimum apparent in 1965 had vanished.

The extreme case of the non-repeatability of light curve

during eclipse has been found in C V Serpentis -- a Wolf-Rayet

•fi<-i
-t'k'3
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binary. It was £etmci to be an eclipsing binary by Gaposchkin

(1949) with a light curve showing a primary eclipse af about 0.15

mag and a secondary of about 0.10 mag. Later Hjellming and Hiltner

(1963) found photoelectrically a primary eclipse of about 0.55 mag

but no data were obtained at the expected time of secondary eclipse.

f

But recently observations by Stepien (1970) and Kuhi and Schweizer

(1970) yielded no evidence for either a secondary or a primary

aUl '
eclipse. Perhaps this is the most drastic case that shows the

unpredictability of light curves of eclipsing binaries with enve-

lopes .

Another of the most intriguing phenomena concerning the light

curves of some binaries is the unequal durations of primary and

secondary eclipse of the same system. Such a result is untenable

if eclipses are caused by a star moving in a circular orbit. But

£,
it can be easily understood if an envelope exists around on(of

the components in the binary system. We can see this point by a

simple example in which pure absorption plays the dominant role in

the envelope. Since the envelope absorbs radiation, eclipse by

the envelope shows up clearly in the light curve./'

, \ But the envelope pro-

duces no observational effect when it is eclipsed by the companion

•£
star because it is dark in optical radiation. If follows that one

eclipse lasts longer than the other one. Of course observed in

infrared radiation the two eclipses will last an equal time.

The situation will be different if the scattering process

dominates the envelope, the envelope attenuates the radiation

coming from the companion star behind it in the same way as .

Jfe * •*$$
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pure absorption. However, the scattering process also make the

envelope luminous like the faint flow of the fog around a street

lamp. Intuitively it seems that the faint glow of the envelope

may escape detection in the light curve, even ifehe the obscuration

effect is quite appreciable. If so, primary and secondary eclipses ,

right direction.
r- f - l\

CCi(t f v'.v-f -fc " «" Wv ".

will have inequal durations. While our intuition has yet to be

proven by actual calculations now in progress, the observed

results of V444 Cygni (Huang 1970) and RT Lacertae (Hall and

Milone 1971) appear to indicate that this explanation is in the

',-<-, I f-f ' ' ,-.,-7 (~> I ',.1'lO-i! M\A_ !}•{':''-(')} r ' f -' '*'-'- •' ~"

- CA( " '"} "" "" ' 2. THE DISK STRUCTURE

(2.1) Basic Physics

If the disk should be introduced solely for the interpre-

tation of the peculiar behavior of the light curves of some eclipsing

binaries, it would be simply an ad hoc hypothesis without much

physical significance. This is especially true as the interpretation

of observed data is not unique once we depart from the spherical

model of stars. For this reason we must first examine the problem

of disk formation in general before we can consider seriously the

C
disk model for interpreting the photometric and spectrscopic pecu-

liarities of some binaries.

It may first be pointed out that a gaseous or dust medium

with a net angular momentum around a star has its final stable

state in the form of a rotating ring or disk. The reason for

this is very simple. Collisions among the gaseous particles in

the medium dissipate energy thfit belongs to the random motion

while the kenitic energy.belong;to the circular motion which is

controlled by the law of conservation of angular momentum cannot

')

t>6it %

*?;



12

-.-̂ wJ

be dissipated. This is why the frequency of appearance of the disk

structure is second only to tlia L of the spherical structure for

large aggragates of matter in the astronomical world.

(2.2) Observational Evidence

Let us now take a look at the celestial objects that possess

the disk structure. The most impressive and obvious case of such

a disk structure in the universe is provided by the galaxies. Our
£14, WWU'

own milky system wa-e—we-rerl as other spiral galaxies all possess

a flat disk where luminous stars shine. Indeed the collapse of

the galaxy into a disk is a clear-cut example of the behavior of

a bulk of particles with a net angular momentum in a central

gravitational field.

Coming back to our own solar system we have rings around the

planet Saturn. They are thin, flat and concentric in the plane of

the planet's equator. Observations show that they are formed by

a swarm of individual particles each exercising independent circular

motion around the planet. Indeed it is the only possible way to

have stable rings, because 1 jneither a solid

nor a liquid ring could continue permanently to revolve around a

planet.

Next we have the general structure of our planetary system

whose main objects, the planets and asteroids.are approximately

confined to a plane and are revolving around the sun all in the

same sense. Therefore we may regard the system basically a disk.

This naturally leads to the suggestion that they were formed out
yL

of a rotating disk •&* dust and gaseous particles, which has fre-

quently been termed the solar nebula. Hence it is very likely

-

,M *
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that similar planetary systems will be found around many stars because

the formation of rotating disks of dust and gas is so natural

(e.g. Huang 1968).

While we have not unambiguously proved by direct observations '

the existence of the disk structure that preceded the formation of

any planetary system, the appearence of a rotating ring in Be stars

has been unequivocally accepted. It was Struve (1931) who proposed

that the emission lines in Be stars were produced by a gaseous ring

revolving around the central star. The two components of the emission

line simply represent the approaching and receding portions of the

circular motion as seen by the observer.

Then we have Joy's (1942, 1947) discovery of gaseous emission

JL
rings around the primary component of the eclipsing binary, RW Tauri.

The observational evidence for the existence of such a ring is defi-

nitive because the ring is eclipsed by the secondary component.

Since Joy's discovery gaseous emission rings of this kind have been

found in more than twenty binary stars (e.g., Sahad<1960). The

observation of gaseous rings around a component of an eclipsing system

cu J ' & L
led us to investigate the idea (nuang 1963./X1965) that the pecular

behavior, both photometrically and spectroscopically, of some binaries

may be understood by assuming an opaque or semi-transparent disk

structure around one or both of the individual components, because the

difference between an emission ring and a disk that is opaque or

semi-transparent in the continuum lies only in the density of the

medium -- a difference in degrees rather than in fundamentals. JJ/
0X2_
Gonsoquc-nfcAy—i-fe should expect that a structure may be found that

bridges up the emission ring and the opaque disk. Hall's (1971b)



paper on RS Cephei presented earlier in this colloquium seems to show

that this system indeed represents an intermediate case between the

emission ring without showing obscuration and the opaque disk without

showing emission lines, for it shows emission lines as well as indicates

the effect of obscuration. Presumably the emission lines are produced

near the outer edge of the disk which is opaque enough in the inner

region for effecting the light curve.
i

(2.3) Formation of Rings or Disk: in Binary Systems

There are several ways that rotating rings and disk may be

formed in binary systems. We shall discuss them seperately:

(i) Rotational instability -- Just as the emission rings are

formed around Be stars as a result of rotational breakup at the

equator, similar rings can be formed around the components of binaries

if the stars are rotating rapidly. However, most emission rings

found in binaries do not appear to be formed in this way, because the

component stars in the center of rings are not rotating at such a rapid

rate as to become rotationally instable. However, there may be cased

in which rotation plays a role in producing a disk or ring.

(ii) Angular momentum transport through magnetic braking -- It has

been suggested that T Tauri or T Tauri-like stars eject mass through

magnetic activities. In the process the stellar angular momentum is

being transferred to the surrounding medium which collapses into a ro- :

tating disk when enough angular momentum has been apquired (See
~fQ UAIfLr

references in Huang 1968). Ejection of mass trained" in both Be stars

and T Tauri-like stars is believed to be related to their gravita-

tional contraction,with Be stars in the post-main-sequence stage

(Crampin and Hoyle 1960) and T Tauri-like stars in the pre-main-

sequence stage (Herbig 1957). Hall (1971a) has suggested that the
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secondary component of BM Orionis is a fc'ace of disk formation in the

pre-main sequence stage. His argument is very convincing as the

trapezium to which this system belongs is extremely young. Thus,

while the primary B star may have already reached the main sequence^

the secondary component could very well be still in the stage of

gravitational contraction leading to the main sequence. If so, this

will put the secondary of this system to the class of T Taun-like star,

We will come back to this system later.

(111) Cataclysmic ejection -- when a star explodes, it leaves

some debris around. If the star originally possesses a large amount

of angular momentum, such a debris will easily collapse into a disk.

Furthermore, if the expolsion is of the supernova nature, this debris

will be rich in heavy elements which may condense into solid particles.

At the same time the implosion of the central core that accompanies

the explosion may lead to the formation of a black hole. This is

ê -
obviously the line of argument taken̂ .by. Cameron (1971) and St^other^

U//liof.x

(1971) for the £, Aurigae system. -=£kia— p-ornt will be discussed more

extensively later.

(iv) Ejection is a result of stellar evolution reaching the

-̂N
innermost con tact surface -- Observationally this is perhaps the

most important case of formation of envelopes- Whenever an emission

ring is observed in a binary, the less massive component always fills

the innermost contact surface while the ring always revolved around

the more massive component. This fact seems at first puzzling but

appears natural after a little reflection on the division of angular
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momentum between two components of a binary system. A simple conside-

ration shows that the angular momentum per uut'i' mass of the less massive
y

component is greater than that of the more massive component. Thus

when the mass ejected by the less massive component reaches the neigh-

borhood of the more massive component, it finds itself possessing an

extra angular momentum. According to what we have mentioned before, a

gaseous medium around a central field (in this case, produced by the

massive component) with a net angular momentum will simply collapse

into a rotating ring or disk. This was the explanation advanced at

the Victoria conference on binary stars for the existence of the ring

in binary systems (Huang 1957) „

This explanation has its serious flow, as in the process of moving

from the neighborhood of the less massive star to the more massive

star, the angular momentum of the ejected mass is not conserved. So

we really cannot say that when it reaches the neighborhood of the less

massive star, it still possesses a greater angular momentum per unit

mass than that of the more massive star itself. To-resolve this uncer-

tainty by straight calculations according to the three-body problem

is difficult. However it becomes less forbidding if one considers the

problem statistically. Indeed it can be easily shown on the basis of

the restricted three-body problem that the rate of change of angular

momentum of the third body depends only upon its coordinates but is

independent of its velocity. If we divide the plane of orbit into

four quadrants by the line joining the two stars and another bisecting

it we find that the rate is positive in two while negative in the

rest (Huang 1965}. Thus while an individual particle may lose or gain
A



18

any component of a binary has its maximum size, which may be estimated

by the stability calculation within the framework of the restricted

three-body problem (Hill 1886, Darwin 1897, Goudas 1963, Deprit and Price

1965, Heron 1965) At the same time the inner radius of the disk or ring
/"\

mafust be larger than the star around which it revolves. Here we see a'

criterion for the ring formation, anmely the space between the stellar

surface and corresponding lobe of the innermost contact surface. The

greater this space, the larger the a priori chance of forming a ring there

(Huang and Struve 1956) Now the size of the lobe surrounding a component

increases with the ratio of the mass of this component to that of its

companion Hence from this consideration the ring formation is also

preferred to appear around the more massive component that is in the main

sequence stage while the less massive component is ejecting mass through

the innermost contact surface and is therefore likely to be a subgiant

or a giant star Indeed most binaries where gaseous rings have been

observed fulfill this expectation

(11) Shape of the disk -- If the disk or ring is tenous and has

reached its equilibrium state, it will be geometrically thin, as in the

caseof Saturn's rings where all particles seem to revolve in one and

the same orbital plane. Conversely a geometrically thin disk has to

be optically thin too. Perhaps the name "ring" is better suited for

such a structure than the name "disk," although we use both in an

interchangable way.

If the medium is not extremely tenuous, the disk is likely to

have a thickness, a fact that can be testified by our own galactic

plane which has a thickness of a few hundred parsecs at the sun. Such

a structure could be better named "disk" than "ring," as in the case of
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C-
the galatic disk. Statistically the orbital planes of different par-

ticles around the gravitational center will make different small incli-

nations with the plane of symmetry and the tilt can be found in all

possible ways of azimuthal orientation simply as a result of randomness.

The net effect of these orbital motions will make the distribution of

particles at any given instant look like a lens bound by two concave

surfaces. It is for this reason that the solar nebular has often bee/ix

assumed to be of this shape (e.g. Chandrasekhar 1946).

In order to obtain an appreciable optical thickness for the disk,

it requires a large amount of material, which will make the disk geo-

metrically thick. It is especially true, if one remembers that the

density in the disk cannot be large because of the component of gravita-

tional attraction along the direction perpendicular to the disk is small.

In other words, there is no effective mechanism to compress the medium
o

in the disk and an optically thigk disk has to be geometrically thick, too.

(2.5) Calculation of Light Curves Based on the Disk Model

(i) Thin disk -- Let us examine first the calculation of the light

curve according to the thin disk (or ring) model. When a component

possesses a ring, the entire entity is determined by the following

parameters:

r = radius of the star,

r1 = radius of the inner boundary of the disk around the star,

r'1 = radius of the outer boundary of the disk around the star

In addition we have to specify two parameters in order to define completely

the orientation of the disk:
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j * inclination of the disk,

CL-= angle between the nodel lines of the binary orbit and the disk,

= optical thickness of the disk assumed to be constant over the •
• o

entire disk so that the intensity of light coming from the

eclipsed star is cut off by a factor of exp(-En/cos j) in

passing the disk.

^— -Therefore even the simplest case of the disk structure contains

6 parameters, r, r1, r'1, j , _TL and T0 instead of only one, namely r.. (
r^ I / j

for the eclipse by a simple spherical star.

(ii) Thick disk -- The ĉomctra.0i parameters that enter into a
Y

thick disk are those defined fj\o/ the thin disk, namely r1, r 1 1 , j, -Ĵ .- <«

plus the two additional ones:

t'= half thickness at the inner boundary of the disk,

t1' = half thickness at the outer boundary.

Also there are the unknown equations defining the two concave surfaces

as well as the inner and outer boundary surfaces. Here we have assumed

that the optical thickness in the direction parallel to the symmetric

axis of the disk is constant given by ~~[ > just as in the thin disk.

Actually it may vary with the distance from this axis. Even with

this simplifying assumption, it is still very tedius to calculate the

0.
variation of optical Depths across the disk when the latter is viewed

at an inclination other than j = 0. A less formidable case obtains

when j is equal or close to-jt/2. When projected on the celestial

sphere, it will be simply or nearly a rectangle. If the opacity is high

in the disk, we may consider it completely dark to make the light curve

easily calculable (Hall 1971a, Huang 1965).

The problem in calculating the light curve for the thick disk model
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does not lie solely in the geometrical projection. However tedious it

is, the geometry can be handled with no fundamental difficulty. The most

troublesome point occurs when the opacity in the disk is due to the

scattering process, such as in u Lyrae and perhaps B M Orionis too, as

we have a very nasty problem of radiative transfer in the disk. It

is somehow like the well known reflection effect, but is more complicated.

The basic difficulty lies in the fact that the medium has only a cylin-

drical symmetry while the transfer equation has so far been extensively

studied only in plane-parallel and spherical cases. The result of the

scattering of light from both stars in a thick disk is to make it luminous.

Obviously the brightness varies from point to point, over its four

surfaces, and it is not easy to write down the emergent internsity of

scattered radiation from them. In any case we expect this scattered

radiation produces changes in luminosity of the disk with phase, which

distorts the light curve both in and out of eclipse.

However, if the opacity is due largely to ̂ large particles, then . ,
---(•PCr>it- -f '/-.-. /j-u'" f.-a/tfC'-j.'- 'ftt/ ̂iĉ .-ii,'. <- •> [?«̂ t/t'-j su>{-jf'lA-

f<r*~'
the scattering problem does not arise.and is converted into infrared

radiation. In such cases, one would expect to observe some infrared excess

and a quite pronounced eclipse in infrared radiation when the disk is

being eclipsed. When the light curve is not complicated by the scattered

light from the disk it may be calculated by considering only the effect

of obscuration by the disk. The projected area on the celestial sphere

of a thick disk is bounded by two half ellipses and two straight (assumed)

lines with a central opening. As a first approximation «*= may assume
\

that light from the companion star is cut down everywhere within the

projected area by a constant factor.exp (- / /cos j) except the central

opening which is transparent. Calculations based on this simplified model

have been carried out with a view to understanding the light curve of £,

Aurigae, a system which will be discussed later on.
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(2.6) Illustrative Cases with the Disk Structure
o ' .'"

'i
So far only a few peculiar binaries have been subject to analysis ,''̂ r?

on the basis of the disk model; they are A Lyrae (Huang 1963), £ Aurigae
-£f I •''-

(Huang 1965^'Wilson 1971) and B M Orionis (Hall 1971a, also Hall and "
A

Garrison 1969). We shall discuss here only two systems --B M Orionis and > 1,, t;yv̂ lif

£• Aurigae. Beta Lyrae is not discussed here because of the difficulty/'1-,^

in treating the scattered radiation in the disk mentioned in the previous ,-";';' f%vM''''<
' '

sub-sections. . . - "„V.;i«,i4f-̂

' -'.*&$<£
(i) B M Orionis -- Perhaps one of the best illustrations of the ' »"f~*fr'*:?f-e

• -v ' y, t> n
I '' " -E ,~!

presence of the disk structure is B M Orionis. The system has a period

of about 6.5 days and its eclipse from the first to the last contact lasts

about 16 hours and that from second to third contacts lasts about 8% hours.
' ' •: "ft*
T*&%

were annular, its depth could be at most 187o of maximum light, according

!fy.
Thus the ratio of radii had to be 0.35 or less. If primary eclipse --il-

to Hall (1971a). But the depth of primary eclipse j#es~ 45% of maximum

light (0.7 mag) and has a flat bottom. Consequently it cannot be annular

eclipse even if the secondary is completely dark and the eclipses must

be total-with the secondary about equal in luminosity as the primar^V
0

component. But on the spectrogram taken two hours after the onset of

tatality (Doremus 1970) there is not a trace of the spectrum of the

secondary component. Only the primary spectrum could be seen. This

compelled Hall (1971a) to suggest a disk model surrounding the secondary

component. In order to derive,the flat bottom, Hall assumed a thick

disk looking edge-on, i.e. nearly rectangular when projected on the

celestial sphere, because only in such a configuration can one insure

the observed constancy of light during the time of minimum light. The

light curve calculated according to this model indicates a good agreement

with observation, as we can see in Hall's paper.
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(LI) £ Aurigae -- The ring or disk structure around the secondary

of £ Aurigae had been mentioned by Kopel (1955) and by Hack (1961) but

serious attempts to understand its light curve based on this structure

were made by Huang (1965b) and Wilson (1971). Cameron (1971) applied

also the concept of a disk to explain the eclipse when he assumed the

secondary component as a black hole. The opacity in the envelope was

assumed (Schorfnberg and Jung 1938) to be due to solid particles because

the light curve of £ Aurigae has long been known to be wave-length

independent (e.g. Kuiper, Struve, and Strongren 1937). More recent

observation by Huruhata and Kitamura (1958) and by Thiessen (1957)

indicated that while the small and irregular light variations amounting

to 0.1 - 0.2 mag. in amplitude are wave-length dependent, the light changes

due to eclipse are not. Also it has been quoted in Zopal's (1955) paper
5 M co- Tk 1C. ^

that no intrinsic polarization has been found, T-h-ere are noienough

electrons (Kraft 1954) to produce necessary opacity in the envelope.
<'.(CU_C'C(.

Ileuie it is.likely that the opacity in the envelope of £ Aurigae is due

to solid particles whose dimensions are large compared with the wavelength
0̂

in the optical region. Although this is by no means a conclusion, as

we will see later on0

It appears that Cameron (1971) introduced the obscuring disk

practically perpendicular to the line of sight. The origin of such a

disk is difficult to understand. How could we envisage all particles

neatly collapsed into a disk with a large inclination to the orbital

plane? One may argue that the secondary star might rotate in this sense

and the shedded matter, as a result of rotational instability or other

causes, might have coalesced into a ring in the equatorial plane. However

such an argument has failed to note the difference between a single

rotating star and a component in a binary In the single star there



is a unique symmetric plane. Hence the collapse of matter will lead to a

ting in that unique plane as we hnve mentioned earlier. But it is not so in

the case of the component in a binary system. Unless the rotational vector

of the component is nearly parallel to the vector of the orbital angular

momentum, the equatorial plane is not the unique symmetric plane in the .
,< ilMlT

system. The domjnLH^ symmetric plane is still the orbital plane. Hence it

is eard to envisage the collapse in any plane at a large angle with the

orbital plane.

Even if the disk or ring were formed with a large inclination to the

orbital plane, it is difficult to see that the disk will maintain its shape

for a long time. For as has been pointed out by Wilson (1971), any disk

with a large inclination to the orbital plane is not stable. The simplest

way to see that is a consideration of the precessional motion of the particles'

orbits as a result of the tidal perturbation of the stars. Since different

orbits precess at different rates, the disk will soon spread into a spherical

envelope. It follows that we do not have to consider this model seriously.

That leaves only models by Wilson (1971) and Huang (1965b). Both of

them have assumed that the plane of the disk is close to th,et plane of orbit. . >.
~l',M_ /1.uc f(v/ / ;^McC '.•L/("J'-( -Ini 'L. is ,u -//LC -*Vr->'<-C/.-(c. "ffac-bit^J t o^ --".J cli
.A thick, both1 'geometrically and optically, disk was assumed by Huang and a

geometrically thin but optically thick disk, viewed at an inclination

slightly different fromTT/2, by Wilson. As we have mentioned in subsection

(2.4), an optically thick disk composed of gaseous and dust particles must

be geometrically thick too. Wilson's model is not realisticr

' -folk
Wilson also presented the light curves based on his ̂ y-f̂  ring model.

But when his parameters were fed into our own program for computing light

curves described in subsection (2.5), it was found that his calculated

results could not be verified. Since Wilson did not present his mathe-

matical analysis in his preprint, which was sent to me at the time we had
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just completed our program, it is not feasable to locate the cause of the

discrepancy Tentatively we may assume that there are some pring errors in

his preprint, or, though unlikely, either of us might have made some cal-

culattmal errors.

Wilson objected to the large radius for the primary obtained by Huang.

According to Wilson's calculation, Huang's value for the radius of the pri-

mary amounts to M = -9 - -9 5 mag., depending upon the estimated mass of

the secondary. Actually we are not overly disturbed by these values. In
r\

the first place Stjfothers J1971) found from the distance (1.34 kpc) of Aur

OBI association ( which £ Aurigae seems to belong to) that this star has M =

-8.7 mag. which is not too far from the lower estimate based on Huang's

model. Secondly the mass estimate made for the secondary component is

tentative at best, and so is the estimate of M for the primary. Actually

' V Vu
if we examine the most recent light curve given by Gyldenkertfe (1970),

->l/
it is very difficult to make the primary radius much less thafc 0.65 of the

separation between two components that Huang assumed. Smaller radii than

this value would put the first (3rd) and the second (4th) contact too close

together as compared with the observed data, unless one is willing^to accept

some very unusual configuration for the disk.

We are more concerned with the discrepancy about the inclination. Both

Wilson and Huang assumed i close to "K72 but astrometrically (Strand 1959)

o
it was found to be 72 . The discrepancy of th nature has happened before.

For example the eccentricity of T'Cep was found to be near zero from the

light curve but the velocity curve yielded a large value. Struve (1949)

Suggested that the velocity measurement was distorted by the line formed in

the gaseous stream, thereby resolving the conclict. In the present case

both determinations may be viewed as tentative at best and further study

should be made to iron out this discrepancy.
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Next let us consider the fine structure in the minimum light. It is

simple to see that the slight maximum inside the minimum in the light curve

W
J|iven by Gyldenkertfe is caused by the opening in the middle of the disk

(Wilson 1971). However there is the problem of the asymmetry of the curve

4«£
as well as fluctuation and the addition dip near fey not exactly in the center.

o'i,/ftuct_y ; t-j/A, 'Tx/nJWUv- ^
The asymmetry may be caused by S\.*C fluctuation by -the.distribution of matter

in the disk. However, we must emphasize the fact that the fluctuation in

the minimum light does not reflect directly the fluctuation of density in the

disk at any given time, because the matter in the disk is revolving with

different angular velocities at different radii from the secondary component.

In addition to the fluctuation we may advance two speculative possibilities.

The one or two small dips that we may detect from the observed points in the

light curve during the broad minimum may represent one or two condensations

associated with the disk. If, as has been speculated (Huang 1965b, Kopal

1971), the disk is going to become a planetary system, we may even take these

condensations as proto-planets . Such a structure would very much resemble

Saturn and its rings and satellites. Indeed, like the satellites in the

Saturn system, the condensation or condensations around the secondary can be

shown to be close to the outer edge of the disk or even outside the disk.

Assuming that the secondary have the same mass as the primary component, we

can easily calculate^ that the period of a condensation near the inner edge

of the disk would have a period of about 100 days. Thus in the total duration

of eclipse that lasts 2 years we would observe several passages of the conden-

sations over the primary's surface, a prediction that contradicts observed

data. On the other hand we find no difficulty in locating these condensations

near the outer region of the ring. At a distance of 0.17 of the separation

that has been assumed to be the outer radius of the disk, the period of revo-

lution of such a condensation around the secondary will be of the order of
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1000 days, if we again assume equal masses for two stars. Hence the period

is longer than the time of eclipse by the disk. That makes the transit/ by

such a condensation over the primary's surface only once in each eclipse.

According to this interpretation, the durations of the little eclipse inside

major eclipse measures the time that the condensation keeps projected on the

stellar surface of the primary component as viewed by the observer. This

duration varies according to its size and the position in its orbit around

the secondary. From a rough estimate of the depth of the eclipse by the

condensation, we find that the size of condensation i°- of the order 0.04 of

the separation between two components. According to this interpretation,

the phases of these little eclipses inside the main eclipse change from
,,>

n
cycle to cycle. GJl,ypenkerl(e"s data and results obtained in earlier 'eclipses

•\~
seem to confirm this point. While that does no\necessarily mean the correctness

of interpretation, further investigations along this line seem warranted.

An alternative and equally speculative explanation of the fine structure in

the minumum light is that the ring is not completely circular but -**• is elliptical

with the secondary at on e of its foci. Because the motion of particles are slow

near the apastron, the density is higher there than that near the heriastron where

the solid particles move rapidly. This creates an uneven distribution of matter

which in turn produces the asymmetry of the eclipse. From the light curve we must

assume that the periastrum of the ring is in front so it is the less dense part

of the ring that eclipses the primary first. According to this interpretation
s

the dip near the center represents the glancing eclipse of the primary by the

/secondary component. It agrees with the prediction that this glancing eclipse etii

occur^ -»e€ in the middle but is slightly ahead of the mid point of eclipse.

However according to Wilson (1971) the secondary thus assumed is too biB. He
0

favored the idea that the dip is due to a cloud around the black hole.

If the B^lid particles obscure the radiation from the primary
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component by absorption, they must re-emit the absorbed energy in the

form of infrared radiation. Mitchell (1964, see also Wildey and Murray

1964) found a large excess of radiation in this system as compared with

r\s
a normal star of the same spectal and luminosity type. It is this result

that Cameron (1971) and Kopal (1971) quoted in their papers. However,

Low and Mitchell (1965), with more extensive observations, derived no

infrared excess. Thus Low and Mitchell's findings casts a serious blow

to all theories that require the presence of a disk or an envelope composed

of dust and solid particles. To all of us who have advocated such an

envelope it is very disturbing indeed. However, one may argue that infrared

radiation may be deficient in the star thereby obliterating the infrared

radiation from the envelope. Hence a more critical test will be the detec-

tion of eclipses in infrared when the primary component obscures the

disk from the observer. For this reason it is important to know what is

the time of this infrared eclipse.

Since the eccentricity of the orbit is not zero, the infrared

eclipse does not lie in the mid way between two optical (primary) eclipses.

The exact time for the infrared eclipse depends upon the eccentricity,

e, and the longitude of periastron, W. Now there are two solutions for

the spectroscope orbit for £_ Aurigae. From these solutions we can

derive the times that the next infrared eclipse is expected to occur.

The result is given in Table 1.

Whether the secondary is a black hole or not is a problem that
/

should be investigated from the point of view of stellar evolution, ^

recent study by Demarque and Morris (1971) along this line seems to

suggest that there is no compelling evidence for a black hole in the system.

They maintain a view, first advanced by Morris (1963) that the system
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originated on the main sequence as a pair of 0 - type stars. At present,

the more massive star has evolved into an F supergiant and is undergoing

mass ejection, while the less massive star has not moved far from the

main sequence. Thus, their suggestion contradicts the opinion held by

/~\
Cameron (1971) and St/others (1971). The study of the light curve cannot

resolve this contraversy in any conclusive way.

3. SPHERICAL STRUCTURE

(3.1) General Discussion

It is reasonably sure that those envelopes that cannot be described

o/̂
by a disk can have a spherical form of different ellipticities, just like

elliptical galaxies. However, we shall discuss only the spherical case

because it is the only case that can be treated properly. But before we

consider the mathematical problem of calculating the light curve, we will

first examine the problem of why some envelopes should be more or less

spherical and some are disk-like. The reason is perhaps the same as what

differentiates spirals from elliptical galaxies, namely the angular

momentum in the medium, or more specifically the velocities corresponding

to the angular motion versus the velocities corresponding to the random

motion. Again we may cite the solar corona which is supported by its

high temper^ure, which means a high degree of random velocities Hence

it is statistically spherical. Thus we may expect the formation of

spherical envelopes in the following cases:

(i) The radial ejection-velocity of a star is very high as

compared with the rotation of its photosphere. Such a condition

obviously applies to the binaries having a W-R star as a component. The

ejected matter forms an envelope around the star
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itself in spherical symmetry, if only statistically. Also, some of the

particles of less velocities may be trapped in the potential well of

its companion. Hence we may expect a less dense envelope to form1 around

its companions in such binaries.

(11) The component star has an intrinsically extended envelope, '

or the atmospheres of the component star is so tenuous such that simply

as a result of thermal motion, the matter escapes the atmosphere to form

an envelope inside the lobe of the innermost contact surfact. Perhaps

we may include in this category Zeta Aurigae and similar objects with

extended atmospheres. Wood's (1971) study presented earlier in this

conference seems to apply to this group of stars.

(3.2) Complications and Characteristics

In order to understand the light curve affected by spherical

-i o
_. / , -ff—

envelopes we must consider two aspects: (i) the attenuation of the ./t-i o UA '̂5lo- <'<JL

eclipsed star by the envelope of the eclipsing star, and (li) the

surface brightness distribution of the eclipsed star that possesses an

envelope. As in the case of disks, the attenuation can be caused

either by scattering (whether coherent or incoherent) or by pure

•sfcabsorption. In general the two components of an eclipsing binary are

close, so the envelope must be too hot to form solid particles. Hence

the case of pure absorption is not important in most spherical envelopes.

The attenuation of radiation in the envelope of the eclipsing

star is easy to compute. The difficulty lies in the calculation of the

brightness distribution of projected disks of both eclipsing and eclipsed

stars when they possess envelopes. The envelope of one component star



scatters the light from its own star inside, producing a sharp discon-

tinuity in the brightness distribution of the stellar disk. This

problem can be mathematically formulated by applying the equation of

radiative transfer in a spherical coordinate system (Huang unpublished).

Thus the limb darkening law of the eclipsed star is no longer given

by a simple formula but can only be tabulated numerically.

A far more difficult problem concerns the transfer in the enve-

lope of radiation coming from the companion. The difficulty lies in

the fact that the inbident • radiation has no spherical symmetry with

respect to the star with the envelope. No mathematical solution is

yet available.

The computation of eclipsing light curves for stars with

spherical envelopes, like that for stars with thin disk, is a straight

forward but tedious. While the eclipse by a simple star has only

three different conf iguration$ namely partial eclipse, total eclipse

and annumar eclipse, that by a star with spherical envelope create

8 conf iguration$(Huang 1970). Therfore in the computation we must

choose the right configuration in each interval between two.con-
occrVcUi1 "&T

tacts depend-i-ng- upon the relative values of the radii of the eclipsing

star and its envelope and the radius of the eclipsed star. If the

eclipsed star also has an envelope, the brightness distribution

cannot be given by a simple formula but is presentable only in the

form of a table, as has been mentioned before, which may be

stored in the computer. That part of scattered radiation which

comes originally from the incident radiation on the envelope from the
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companion star has to be treated in an approximate way as the usual
(Q g cfoii <uut ftfou-u \Q-jO >

reflection effect, until a satisfactory mathematical treatment of this
A

problem becomes available.

A preliminary computation (Huang 1970) has been preformed based

on the model of a spherical envelope with a view to understanding
*

V4A4 Cygni. We have assumed that the scattering coefficient in the

envelope is constant everywhere and that the disk of the eclipsed star

is uniformly bright. While the result is quite encouraging, it appears

that the constancy of the scattering coefficient is not correct. At

present we are trying to apply different laws of scattering coefficient

to the computation.

(3.3) Illustrative Cases with Spherical Envelope

Binary systems whose light curves may be understood by spherical

envelopes may be more numerous than those with the disk structure. The

following three systems represent only those which have been studied

recently.

(i) V 356 Sagittarii -- It is composed of a A2 II and a B 3 V

star and has well defined total and annular eclipse. Popper (1955)

found that in order to obtain a satisfactory interpretation of the

principal feature of the light curve, it is necessary to assume a

distribution of light over the disk of the A star considerably more

concentrated toward the center than is given by the usual cosine law of

limb darkening. In other words, Popper has assumed a scattering

envelope around the A2 II component. Since the A star is a giant, its

envelope likely belongs to the second case discussed in sub-section (3.1).

We also have no difficulty in assuming that the opacity in the envelope

is due to electron scattering because it is in the vicinity of two
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early - type stars. Consequently Popper's model is a good example of the

general picture of spherical envelopes described in this article.

(II) V 444 Cygni -- The behavior of the light curve was found to

be unusual and does not fit the model of two simple stars eclipsing each

other. Several investigators have tried to interpret it in terms of

spherical envelopes around component stars former by the ejected matter

from the W component (see references in Huang 1970). Again there is no

difficulty in assigning electron scattering as the source of opacity in

the envelopes.

r\
(III) R T Lacertae -- Recently studied by Hall and Milone (1971)

the system is an Algol-type eclipsing binary composed of two sub-giants

of spectral types K I and G 9 respectively. From the color study

they have concluded that the hot star is obscured during the secondary

eclipse. This is obviously a very unusual case and led them to introduce

what may be called an opaque envelope around the hot star. This opaque

envelope is supposed to be dark but it does not affect the color indices

arising from the luminous area which is brighter than the other component.

This additional opaque area eclipses the companion and produces a

minimum deeper than it otherwise could be. While this model enables

them to explain also the unequal durations of primary and secondary

eclipses, there remains the unresolved problem of the source of opacity

in the envelope. It cannot be due to electron scattering because of

the low temperatures of the two stars. Nor can it be due to solid par-

ticles in a spherical envelope. On the other hand, solid particles

might appear in a disk envelope which dissipates energy more effectively

than a spherical envelope. For this reason Hall and Taylor's (1971)

earlier suggestion of a disk model deserves further investigation.
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4. CONCLUDING REMARKS

Beer (1958) quoted from an unidentified source a passage which

says: "By crossing the borderland from definite realm of geometry into

the wilderness of astrophysics, we may run the risk of losing our way --

but there is also the happy prospect of converting the wilderness

gradually into a paradise." More than a decade after Beer's paper, we

now find that astrophysics is not exactly a wilderness, as there remain

some rules in playing the game of light curves of binaries, even after

the realm of geometry has been crossed. This, perhaps, is the point

that the present article tries to emphasize. On the other hand, it is

still a long way before our reaching the paradise.
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LEGENDS

Figure I -- Classification and interpretation of eclipsing binaries.

The eclipsing binaries are divided into two classes according to whether

either or both stars are undergoing mass change. The mass ejected by the

evolving star may form an envelope which complicates the analysis of the,

light curve in such a way that the usual model of two spherical stars

eclipsing each other becomes invalid. The figure illustrates the general

scheme of how the envelopes may play a part in the interpretation of

light curves.
v

Figure 2 -- Sources of opacity in the envelope and their observable indications.

Figure 3 -- Photometric characteristics of the eclipsing binary that possesses

one or more envelopes. The characteristics of eclipsing binaries that

are detectable by photometric observations are summarized in this diagram. ]
-4

It shows that these characteristicsdepend greatly upon the location of

the envelopes.



TABLE 1

TIMES OF NEXT INFRARED ECLIPSE BASED ON SPECTROSCOPIC DATA

SP. DATA

33

.172

INVESTIGATORS

• CO
—-I

350°

348°

Kuiper, etc. (1937)

Morris (1962)

TIMES OF INFRARED ECLIPSE

June 1974 -- June 1976

Oct. 1971 -- Oct. 1973
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CLASSIFICATION. OF ECLIPSING BINARIES AND INTERPRETATION OF THEIR LIGHT CURVES

ECLIPSING
BINARIES

BASIC CAUSE (STELLAR)
EVOLUTION AND
BINARY MOTION

I
INTERMEDIATE CAUSE

(GASEOUS FLOW)

I

CONSTANT
STELLAR MASS

MASS INTERCHANGE]
OR MASS LOSS

STREAM, LINE OPACITY
APPRECIABLE,
CONTINUOUS OPACITY
NEGLIGIBLE (U CEP.)

ENVELOPE,
CONTINUOUS OPACITY
APPRECIABLE

LOCATION OF
ENVELOPE

OVER ENTIRE
SYSTEM

AROUND INDIVID-
UAL COMPONENTS

, INTERPRETATION
OF LIGHT CURVES

TWO SPHERICAL
STARS

SPHEROIDAL
ENVELOPE

DISK SHAPED
ENVELOPE

IRREGULAR
ENVELOPE
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