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| ABSTRACT
|

A model of E,Aurigae has been proposed in order
==
%b explain the contradictory behavior of this star

(NASA CR OR TMX OR AD NUMBER)

X )

Pound in photometric and spectroscopic observations.

zewwosmumova - J "his model which consists of a rotating gaseous

/. OO

— <5 0

Hard copy (HC)

[l
disk fthat appears opaque when viewed edge-on resembles

the one we have suggested for B Lyrae (Huang 195£ZJ

The success of this simple model to explaip these

two peculiaﬁ;§£§;5lwhich have defied other interpretations
for so long, together with the fact that rotating

gaseous;riﬁgs are frequently associated with the primary

compone;t of the Algol-type binary systems (Joy 1942,
also Sahade 1960) leads us to a belief that rotating

(MF)

gaseous rings or disks are the result of natural

development of gases that are injected into the binary

Microfiche

system by its component stars. This belief is further

strengthened by our knowledge that such a rotating ring
or disk is dynamically or hydro-dynamically feasible %%w‘é
(Prendergast 1960, Huang 1964). rffﬁvmﬁf

I. INTRODUCTION

The binary 6 Aurigae whose period is 27.1 years - one

in itsf}ighp»curve of undergoing periodically total eclipses. But
the spectrum of the eclipsed component, a F2 supergiant, can

be observed persistently during the totality. These two
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scemingly irreconcilable phenomena have puzzled astronomers

since the turn of the century. A serious attempt to resolve

this incompatibility in the observational results may perhaps

be traced to a paper by Kuiper, Struve and Strgmgren (1937). .
They proposed an idea of making the huge eclipsing body -

referred to as the I component - so tenuous as to be optically
transparent to optical light. However, they argued that the
ultraviolet radiation of the F-type supergiant would ionize the
crescent~like thin layer of the I component that faces the F-type
primary. The scattering by free electrons produced by ionization
in this layer would then cut down the light from the F-type
primary when the I component is in front, producing the phenomenom
of eclipse. Since electron-scattering is frequency independent, the
opacity in the crescent-like layer reduces the overall flux

of the F component but does not change the spectral nature of

the light. In this way, they are able to explain the difficulty
we have mentioned before.

While this model has indeed resolved the long-standing
difficulty, it introduces several new ones of equal, if not more,
serious nature. Some of them have been mentioned in
a recent work by Struve and Zebergs (1962).

Although the model by Kuiper et al. has been criticized,
the idea of electron scattering as the cause of eclipse has
pefsisted in the latter modeis by Struve (1956) and more recently
by Hack (1961). This same idea has also strongly influenced
the directions in which spectroscopic investigations of the
star has been made (XKraft 1954).

Both Struve and Hack models may be regarded as modified
versions of the original one by Kuiper et al. Struve introduced
the idea that both components are surrounded by nebulous gases
that fill the respective lobe of the inner contract surface
of the system. These nebulous gases are supposed to cause gas

streaming from one component to another and vice versa. Struve
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attributed the apparent splitting of lines observed before
and after total eclipse to the presence of these guaseous
streams. Except for this, Struve's interpretation of this
pcculiar system follows the same line of thought as in their
previous paper. Consequently, the basic difficulties of eclipée
by electron scattering are not removed.

Hack's model does introduce a new concept. She proposed
a hot secondary star of an effective temperature reaching ZO,OOOOK.
According to her, it is this hot star that is responsible for
the ionization of gases in the shell or ring around it. The
phenomenon of eclipse is then attributed to the intervention
of this shell or ring between the primary F2 component and
the observer.

It is more convincing to have an O or a B star around to
do the work of ionization than an F2 star. But '

the introduction of a hot secondary meets other difficulties

as wc shall sce in the following ways.

The depth of the eclipse during the apparent totality is about
0.8 magnitudes, which corresponds to an optical thickness of 0.74
over the entire spectral frequencies, if we assume that the eclipse
is duec to obscuration of the entire F component by the shell

24 of electrons in the column of unit

or ring. It requires 10
cross-scction and of a length equal to the thickness of the shell
or ring. Since hydrogen is the dominant constituent, there will
be approximately 1024 atoms in each column. Now, how could one
explain that these atoms in their ionized states do not impress
somc additional spectroscopic feature on the light that passes
throuch them? With ionizing radiation coming from a star of
2O,OOOOK onc would expect to observe spectral lines arising

from such atoms as neutral or ionized helium, ionized oxygen,
nitrogen, ctc. that correspond to those found in the early-

type supergiant stars. None have becen observed. What have

been actually observed, such as doubling and strengthening of
lines in certain phases during eclipse, only show that the

excitation level of the absorbing medium associated with the

~cclipsing body is not greatly different from that of the primary

e
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F2 atmosphere. Indeed, it has been specifically pointed out

in the paper by Kuiper et al. that the lines associated with
the secondary component and observed during eclipse are approx-
imately, though not identically, the same as the normal lines .
of the F2 star.

Although it may be argued that compared with the F2
supergiant component, the hot star proposed by Hack is too
faint to be seen in the visible region even during eclipse,
it is difficult to comprehend why it has not been detected in
the ultraviolet region. All these questions impair the other-
wise attractive proposal by Hack.

From what has been said before, we cannot help but
conclude that in spite of various modifications and refinements
made since its inception, the electron scattering theory of
the eclipse of;z Aurigae cannot explain this binary system in
an internally consistent way.

Other theories of eclipse have been suggested in the meantime,
but according to Hack (1961), none of them can explain the
spectroscopic behavior of the system. However, it should be
noted that Kopal’s (19535) theory of attributing the opacity to
solid particles did introduce a new conception of a ring structure
which has been followed by Hack herself.

II. A PROPOSED MODEL

The success of our|interpretations of £ Lyrae by the

YN i
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introduction of an opaqué%gisk rotating around its secondary
component (Huang 1963) has led us to examine whether the same
kind ofimodel may be used for 2 Aurigae, because in many respects
the two pecﬁliar binary systems show a similar behavior. Their
similarities are: (1) Yhe light from the primary component |

can be seen during the entire duration of eclipse while the
spectrum of the secondary component itself has never been
observed at any phase. (2) A dditional lines

appear during eclipse. These lines are,in both system}

displaced towards the red end before the principal mid-eclipse
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and towards the violet end after mid-eclipse. (3) Light shows
fluctuations, especially during eclipse, and (4) both show
emission features.

However, there are also differences between these two
systems. In the first place, the magnitudes of wavelength .
shifts of those additional lines observed during eclipse are
different. In the case of B Lyrae, the radial velocities
corresponding to the shifts are of the order of 100-300 km/secg,
while in the case of 6 Aurigae the velocities are perhaps of
the order of 30-50 km/sec. This difference actually confirms
our conviction that the two systems are similar, if we
remember that the period of 3 Lyrae is only about 13 days
while that of ¢ Aurigae is about 27.1 years. Thus, for the
purpose of a similarity consideration, we must compare the strean
velocities in terms of the respective orbital velocities of
the\component stars. Then the stream velocities in the two
systems are of the same order of magnitude.

Another difference between these two systems comes from
the fact that 8 Lyrae shows a secondary eclipse but ¢ Aurigae
does not. This difference can be readily explained on the
basis of our model of an opaque disk, as we shall see presently.

Figure 1 shows the model we propose for 6 Aurigae. The
obscuration of the primary component by the rotating gaseous
disk causes an eclipse which would look, in the light curve,
like total but the light from the primary will cdntinuously
be seen even at the apparent totality. We suggest that the
inclination, i, of this system is very near to 90°, Thus,
we see only the edge of the disk; the secondary component itself
cannot be seen because it is hidden in the disk. Because of
this inclination neither do we receive any radiation from the
primary reflected by the disk. As a result there will be no
secondary eclipse. On the other hand, we have suggested in the

previous paper that B Lyrae has an inclination which differs




. o
appreciably from 907 so that we can see the secondary star

itself as well as the light reflected by the rotating gaseous

]

disk. ' Consequently, we arez able to observe a secondary eclipse.
Because of the difference in inclination, the shape of

minimum differs in these two systems too. In the case of 38

Lyrae, the projected area of the disk will be an elongated
ellipse, resultiing in a curved minimum in the light variation.
In the case of 8 Aurigae, the projected area would be a
rectangle (as shown in Figure 1), producing a flat minimum.
The sizes of the primary component and the opaque disk
may be determined from the light curve. Let us, for the sake
of illustration, assume that the stellar disk of the primary
component is uniform in brightness and the edge of the disk
we actually face is completzely dark. VWe can now determine
the radii denoted respectively by ji; and ji5, of both the

primary component and the disk around the secondary component

as well as the thickness of d) of the disk. All these quantities

2
will be measured in terms of the mean separation between the two

components of the system.

Difterent investigators gave different values for the

- duration of eclipse, D, and that of totality, d. We shall

follow Plaut's (1950) values D = 0.0760 and d = 0.340, which

yield after a simple calculation,

ry = 0.065 and ré = 0.171. (1)

In order to determine dé we must use the observed depth of
eclipse during the apparent totality. If we denote by a, the
angle subtended at the center of the primary by the two points
of intersection, all projected on the celestial sphere, between
the boundary lines of the opaque disk and the primary component
during eclipse (see Figure 1), the maximum light Ll and the

minimum light L of the system are related by

L, T = &y = el (
= e
L, 7C

2
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where

n
) /
\éz / “~ /2! .

Since the observed depth of minimum is 0.81 rag., equation (2)
gives a = 0.881 which in turns yields )

o:?";: 055 (4)
III. Interpretation of the Light Curve
As an illustration that the present model can predict
a light curve very much like the one actually observed, we
shall consider a central eclipse (i = 900) of a uniformly
bright stellar disk of the primary component by the dark
projection of the roﬁgting disk, shown schematically in Figure
1. If we denote by é the apparent distance between the
center of the primary and the center of the opaque disk and

if we let

/ L
§ = nithy §, =nesid,ih
/ (5)
—_ /

/
where ry, r,

section, the light curve predicted on this model is given by

| . \ &
“2 - ! ._L (G{!—- v/'fvdl) , 5; _«5[5’/5. 0,! (é)

and a, have been determined in the previous

/_! 27T =
L ’ J - 5
Lao L gmpineg) - 2 (£-5)  §2/d%0, 7)
o0 Th; 4
[ y
and .
Loy %‘(D@?“/’”"d )+ = (G A %)/ 4, <[] 4 { (£)
] . - !
.
1
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given in equation (2).

The light curve according to these equations has been
computed with the numerical values given by equations (1) and
(4) and is plotted at the top of Figure 1. There is a general
agrecment between this predicted curve and the actually observed
one (Gussow 1936).

It may be noted parenthetically that this interpretation
of the light curve of 5 Aurigae requires only that the rotating
disk is opaque when viewed along the edge. Whether it is
transparent or opaque in its vertical direction, does not matter
in our interpretation. Indeed, we have no observational means
to ascertain the optical depth in its vertical direction.

As has been pointed out by Iredrick (1960), the light
curve shows a slight asymmetry. On the basis of our model, the
asymmetry in the light curve reflects either an corresponding
asymmetry in the thickness of the rotating disk or an additional
absorption by gaseous stream above and below the rotating disk.
Physically, it is difficult to envisage a permanent asymmetry
in the thickness of the disk. Therefore it is most probable
that the asymmetry is caused by the gaseous stream. If we

assume that there is a gaseous stream flowing out from the

)

primary component through the Lagrangian point into the secondary

O‘C

“iobe of the innermost contact surface (Kuiper 1941), the gaseous
stream will circulate around the secondary component above and
below the main body of the rotating disk. As the gaseous streams
circulate around the secondary component in the same sense as

the rotation of the disk, which is in turn supposed to be rotating
in the same sense as the binary motion, we would expect that they

will gradually coalesce into the disk itself as a result of

- 8 -
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collisions. It is then not difficult to see that at any moment
more gas would be found in the rear side than in the front side
of the secondary component, giving rise to an asymmetry in
absorption in agreement with the observed result. In this
respect the behavior of the gaseous streams outside the main
body of the rotating disk resembles closely what has been
suggested for B Lyrae, which shows an asymmetric primary eclipse,
with the decline steeper than the rise. We have attributed
this asymmetry also to obscuration of gases just streaming out
from the primary component, this obscuration making the eclipse
last longer, and consequently show slower decline than would be
the case of intervention of a simple disk. According to this
interpretation, the light curves of both 6 Aurigae and B Lyrae
before mid-eclipse ewi perhaps less distorted by gaseous streans
outside the rotating disk than those after mid-eclipse.

Other interesting facts fcound in this system are, according
to Gussow (1936) and Fredrick (1960), that the light fluctuation
far away from eclipse does not exceed 0.1 mag., that in 3-5 years
before and after eclipse the variation may get as large as, but
seldom 0.2 mag. and that in totality, the fluctuation may reach
0.3 mag. or even slightly larger. Such a manner of variations
in light follows also quite naturally from our model. While
the intrinsic variation of light far awvay from eclipse is
expected from the supergiant F2 primary itself, the greater

fluctuation in light near and during eclipse only indicates

..; the unsteadiness of gasceous streams on bdoth sides of the

rotating disk.

Iv. INTERPRETATION OF SPECTROSCOPIC RIZSULTS
iHun:E.Aurigae shows an H, emission has long been known
Adams and Sanford 1930). More recently, Wright and Kushwaha

(1958) have made an extensive study of the structure ox this

e # Ve g s 1 At V= oy 5
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H& line both inside and outside the last eclipse. According
to them, the two emission wings are almost equal in intensity
outside eclipse. Moreover, the central absorption gives the
same rcdial velocity as the absorption lines of‘Feﬂ: , B;z[ )

S
Y

and ¥ i, in all phases outside eclipse. This result suggests
—

-

that the material that produces the emission feature moves
with the primary.

Moreover, Wright and Kushwaha have found that just before
and during ingress the emission wing towards violet is
usually stronger than that towards red and during egress, the
reverse is true, At the time of totality, the absorption
bacomes dominant.

The Ha emission is produced by gases moving with the
primary component, but we still do not know how they are
distributed in space around the primary component. The line

profile ocutside eclipse appears to suggest a rotating gaseous
A

H

ring like the one cobserved in many an Algol-type binary

system (Joy 1942; also Sahade 1960). However, the behavior

of this emission line found in 2 Aurigae during eclipse

differs from what has been observed in the Algol-type variables.

DY
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ct
[}

In the lat , the emission wing toward violet decreases in
strength when the system enters into eclipse, but in g Aurigae,
the same wing increases in strength. Similarly, in egress,

the two cases show variation in the relative intensity of the

1

L]
(0]
(¢}
ct
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two emission wings in opposite iocns. Two hypotheses

o)
as regards the distribution of emitting gases may be proposed

5.

g
to explain the behavior of Ha emission found in g Aurigae in
and out of eclipse. (1) The emission indeed comes from a
gaseous ring rotating around the primary but the sense of
rotatioa is opwosite to the orbital revolution of components

in the systemn.

(2) Enmission is produced by expanding gases
ejected from the primary component. It is interesting to note that

s g e ot et e =

[N
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Adams and Sanfora {(1930) did find that H. showed then as an

o4
emission line with an abscorntion border on its violet: edge,
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ture that occurs during lity scems to correspond to
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ct
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the velocity of the system and could be due to the tenuous
gases enveloping the entire binary.

While the H, emission mainly comes from gases associated
in whatever way with the primary component, the complicated
absorption feature of this line observed during eclipse is due
to gases spilled above and below the main body of the disk
around the secondary component.

It is reasonable to assume that the distribution of
gases around the secondary component is not confined to the
disk itself. However, for the same reason that the material
density in the galactic plane falls off rapidly in the polar
directions, the density around the secondary component must
also decrease rapidly with the perpendicular distance. At
places not too far away from the main body of the disk, the
gaseous distribution would be so rare that it is no longer
opaque to the continuous radiation but it may still produce
line absorption. Therefore, we should expect to observe it
through spectroscopic study. Indeed, according to our
model, it 1is this gas distribution that produces the additional
absorption that modifies the profile of H(1 continuously with
phase during eclipse. Thus, during ingress, additional
absorption which occurs in the red side of the normal position
makes the emission wing toward violet appear stronger than the
other., A similar argument leads to the reverse conclusion

at the time of egress. During totality the light from the

vae =y vy S § e e oy = e
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Primary passes through ases, resulting

o

o
in a dominantly absorption line as obscrved. In this way
"right and Kishwaha's results c isfactorily explained

on the present model.

excitation might :0t sccondnry, since under normal

)
conditions, no emission at I uppears in the specira of a
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star as lat rimary component. As
orporated this suggestion
on of gases in

izati
ndary. In section I, we have

o}
C
in her theory in order to explain the ioni
the shell or ring around the seco

u

seen that a hot secondary iniroduces some new difficulties.

Now we have found that the X emission comes Irom gaseous
£~

P

instead o

},I
4
2
Yy

<

listribution associated with the pr the secondary.

c
Hence, the hypothesis of a hot
' i

, not secondary made in ovder to explain
i, emission becomes even less sotisfactory than the case if the
cmission were associated with The scecondary.

If the gases spilled over the disk give rise to absorption

that cuts into H, emission, we would expect during eclipse
n

ped
} 5
H
)
[ 4)]
&)
o
}.J
O

the anpearance of ing to other elements than

hydrogen. Indeed, the indicati such an additional azbsorp-
A

1
tion has long been known. According to Kuiper et al, the spec-

tral lines of many elements tecome asymmetric during ingress

N

oy the presence of a strong core on the red side. The degree
of asymmetry increases, reaches a maximum at second contact and
e

then diminishes until mid-eclipse when each line becomes

O

symmetric as it is outside eclipse. Iowever, the intensities
of lines at mid-eclipse are somewhat sironger than those out-
side eclipse. After mid-ecliipse, the lines beccme asymmetrical
but with a strong core on the violet side this tim

ses rapidly until it reaches third contact.
ence ol a double

C

tion by gases ed over from the disk. The
scnse of The Doppler shift of these lines agrees agoin with
what one would expect from gaseous sireams rotating in the

same sense as the orbital revolution.
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In the previous section we have attributed the aaymmetry
of the light curve also to gaseous strecams which are located
perhaps closer to the disk than those giving rise to absorption

lincs. Ve have suggested bn“t t.e gaseous streams must be

nore complicated and extend 2 larger region in the rear side
than in the front side of *he secondary. Accordingly, we .
would expect the structur: ¢f absorption lines observed after

d
appear to bear tial
amount of structure not previously obscrved in the star.
Some lines are triple, while others show a double structure,
indicating gaseous streams, just coming out from the primary
before collision which would have erased the velocity

differcences of the streams.

V. THE F2 SUPERGIANT ATMOSPHERE, ITS MASS EJECTION AND
TURBULENT VELOCITIES
Finally, we may say a few words about the atmosphere
of the F2 supergiant primary. Whatever is the mass ratio of
the system, it is reasonably certain that the size of the
primary component derived in Section II must be small compared
with the innermost contact surface {(e.g. Xuiper 1941), which
will be referred to hereafter as the Sl surface. Indeed,
the light curve outside eclipse does not indicate any distortion
due to ellipticity. On the other hand, both spectroscopic
and photomectric results indicaie that mass is continuously
flowing out of the primary lobe of the S, surface into the
secondary lcbe. It follows that a2t the photospheric surface,
the star must steadily eject matter to keep the flow of gas
from the primary lobe to the secondary lobe of the S1 surface.
Since the photosphere is well below the Sl surface, the effect
of its comparison must be small. Consequently, mass ejection
at the stellar surface (i.e. photosphere) must be intrinsic to

e eme v o e e e




this F2 supergiant primary and should not be attributed to

the interaciion within a binary.

Thus, between the photospyhere and the

corresponding lobe

of the Sy surface, the vast volume must be filled with a tenuous

e~ [ . S A ey 7 S
atmosphere. Its extension must ke several times the stellar |
radius; through the extended cominrinere the primary is losing
its mass., The Diciure thus Cov. . oi agrees completely witl

what Deutsch (1533,

supergiant stars and confirms the ge
supergiant -- whatever is its
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especially true in the primary of
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but rather vaguely we have atiributed it
rrominence accivities,
ejection by
can now understand why violent motion sho

indeed,
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associczte atmosvhere.
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S
from the stallar surface, presumably due
a

1

below, acts as

the photosphere.

truve 19E0).

never GSeen clearly understood,

the supergiant star reascnabl

Tirring mechanism of the

in many red giant and
neral belief that a

spectral type -- is always

lent motions have always been found in atmospheres

This is

Aurigae (Viright and van

; Hack 1955). Hdowever, the nature of the observed

airthough frequently

to sonm> kind of

nception of mass

y established, we
culd always be

the mass ejection
to convective currents

ﬂOSJ“GTO over

The ejection creats a velocity field in the

atmosphere wihich also makes the latter very extended.
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