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ABSTRACT

Supervisor: Dr. J. L. Climenhaga

This thesis describes a new solid state optical polarimeter and the ob-
servations of five stars made with it. Three of the stars, Rho Cassiopeiae,
89 Herculis and HD 217476, are supergiants which appear to be losing

mass. 1t has been suggested that these stars may be binaries with long
periods. A monitoring of the linearly polarized light from the three stars
has not, however, shown the characteristic polarimetric signature of binary

motion.

A polarimetric study of Beta Lyrae in the red and near infra-red part of
the spectrum shows an increase in polarization at primary eclipse greater
than that previously reported for shorter wavelengths. It is suggested
that the polarized flux at long wavelengths is produced further out in the

binary envelope than is the short wavelength flux.

The polarization of Algol has been studied throughout several orbital
cycles and remains always less than 0.2%. This is in good agreement with

the recent work of Rudy and Kemp.
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CHAPTER 1. INTRODUCTICN

Llectromagnetic radiation is completely described by three parameters, in-
tensity, frequency and state of polarization. Our knowledge of celestial'
bodies outside the solar system has been almost entirely gained through

the first two parameters and it is only fairly recently that the state of
polarizafion has been considered. The general existence of polarized light
has been known since the 17th century and the polarization of skylight
since the early 19th century, but the present day interest in astronom-
ical sources of polarized light can be said to have started in 1946 with
the work of Chandirasekhar (1946). He incorporated anisotropic scattering
into the eéuation of radiative transfer and, for the case of opacity due to
electron scattering, obtained the result that the light at the limb of a
spherical star would show a net linear polarization of 11%, the electric
vector being tangential to the limb. Subsequent work has shown this es-
timate to be too large, but in any case the integrated light over the whole
disk of the star would be non-polarized. Only if there were some departure
from spherical symmetry, such as a circumstellar disk, or if part of the

limb were eclipsed, would any polarization actually be observed.

Chandrasekhar's work prompted both Hall (1949) and Hiltner (1949) to look
for variable polarization in known binary stars. They did not find any var-
iability but did make the rather remarkable discovery that most stars near
the galactic plane are linearly polarized to a few percent, and they sug-

gested that the effect was interstellar in origin. The Davis-Greenstein



(1951) explanation of this polarization through selective absorption of
rotating dust grains aligned along the interstellar magnetic field lines
is now generally accepted, although Purcell (1975) has pointed out that the

required magnetic field is too high.

The first reproducible polarization changes attributable to binary motion
were observed by Shakhovskoi (1962) for the Beta Lyrae system. The intrin-
sic nature of the variable polarization was shown by the correlation with
photometric observations. Since 1962 several other systems have been found
to show variable intrinsic polarization. The polarization mechanism most

favoured is electron scattering in a circumstellar envelope or disk.

The intrinsic polarization of an isolated star is very difficult to measure
because of the presence of the usually much greater interstellar compon-
ent. However interstellar polarization is constant over a period of many
years and has a well defined variation with wavelength. Thus the intrinsic
polarization of certain supergiant stars has been detected through either
short term amplitude changes or spectral differences in the overall ob-
served polarization. Furthermore, late type supergiants should have a
polaﬁzafion spectrum‘given by scattering from a combination of molecules,
electrons, and grains, quite different from that of interstellar polar-

ization.

Apart from studying the interstellar magnetic field, stellar polarization

data have been primarily used to estimate the amount of scattering material




in a particular system, and, in the case of binary stars, to give inform-

ation on their spatial orientation.

The present investigation has been concerned with polarimetric observations
of two classes of objects. The first class comprises three late type super-
giant stars, 89 Herculis, Rho Cassiopeiae and HD 217476, which are sus-
pected by Smolinski (1977) of being binary stars even though standard photo-
metric and spectroscopic tests do not support this idea. Smolinski gives

as evidence observations of mass loss, emission lines and composite energy
distributions. If the three stars were binary and also undergoing mass
exchange, a periodic variation in linear polarization might well be seen,

although it would be superimposed on the interstellar background.

The second class comprises two well known binary stars, Algol and Beta
Lyrae. At the time this research commenced (May 1977), there were no

polarimetric data published for Algol, which was surprising considering
the brightness of the system and the mass transfer known to be taking

place. The binary star Beta Lyrae has been extensively observed in the
visible‘spectrum but not in the red part of the spectrum possible with
the present polarimeter. A comparison of polarmetric data for the two

spectral regions may suggest a possible scattering mechanism.

Astronomical polarimetry has only recently become practical owing to the
difficulty of constructing a polarimeter which has an intrinsic polar-

ization of less than a few tenths of a percent and which has good



sensitivity and repeatability. Part of this investigation has been the
study of previously built polarimeters followed by the design and con-
struction of a new type of polarimeter dispensing with the usual photo-
multiplier tube in favour of a silicon diode detector. Although the
silicon diode is electrically noisier and thus less sensitive than the
photomultiplier tube, it is robust, highly linear, virtually insensitive
to the state of polarization of the incident radiation and very compact.
Tﬁe last two points have made possible the construction of a lightweight
polarimeter for use on the 31 cm telescope a£ the University of Victoria.
A1l the results described below have been made with this polarimeter at
Victoria, with the exception of those taken on JD 2443205 when the 41 cm
telescope of the Dominion Astrophysical Observatory on Mt. Kobau, B.C.,

was used.

Before considering the observational data for the two classes of objects
mentioned above, it is necessary to give the theoretical background to
the various mecﬁanisms capable of producing polarized radiation, and
then to examine the performance of the polarimeter. Only then can the
true significance of the results be determined. For these reasons, the
next chapter is concerned with the theoretical production of polari-
zation, and is followed by a description of the present polarimeter.

The observations are then presented in Chapter 4 and discussed in Chapter 5.



CHAPTER 2. ASTRONOMICAL SOURCES OF POLARIZATION

The principél processes, both intrinsic and extrinsic to a stellar system,

which cause the starlight to be polarized will now be considered.

2.1. Interstellar polarization

Héll (1949) and Hiltner (1949) found that many stars near the galactic
plane are linearly polarized. Their data and those of more recent in-
vestigators (Serkowski, Mathewson and Ford, 1975) show three striking
characteristics which strongly suggest an interstellar origin for the

polarization.

(i) In general, the vectors representing the polarization of different
stars show approximate parallelism for small galactic latitudes over a
considerable range of galactic longitude. This is seen best in the survey
of 1800 stars by Mathewson and Ford (1970). Figure 2.1 shows only a

general correlation of directions and not complete alignment.

(ii) There is a correlation between polarization and interstellar red-
dening such that the ratio of polarization to colour excess has a
maximum value. Figure 2.2, taken from Hiltner (1956b), shows this re-
lationship for the Cassiopeia region where, expressing both the polar-
ization, Pm’ and colour excess, EB—V’ in magnitudes (i.e., P =

m
2.5 log{f max / I mig7), the observations fit the relationship




P

0.18 (1
= < )
B-V

This observation alone strongly points to clouds of interstellar dust,

not always completely aligned, being responsible for the polarization.

(iii) The variation of polarization with wavelength is similar for all
stars so far observed and, furthermore, fits the Davis-Greenstein (1951)
model described below. Figure 2.3, from Coyne (1974), shows the fit of
multicolour polarimetric observations to model calculations. The maxi-
mum polarization occurs at a wavelength close to the mean particle radius

of 0.4 microns used in the model.

The polarization spectral curve is quite different from the extinction
spectral curve in that the extinction continues to rise at ever shorter
wavelengths whereas the polarization reaches a maximum at about 0.55
micron and then falls with decreasing.wavelength. A comparison of figures
2.% and 2.4, both from Coyne (1974), shows this effect. The reason is
that é non-spherical dust grain causes polarization through the longer
axis absorbing or scattering more light than the shorter axes, and hence
preferentially weakening one orthogonal component of the incident light.
Only when the grain size is comparable to the incident wavelength will
there be this preferential weakening. If the grain is too small, the

light will be unaffected and if too large, both orthogonal components




will be effectively absorbed or scattered to the same extent.

The existence of large scale parallelism requires a large scale aligning
field, which was originally suggested by Davis and Greenstein (1951) to
be the interstellar magnetic field. Their theory of grain alignment has

stood the test of time and will now be considered.

2.1.1 The Davis-Greenstein theory

This theory provides a mechanism for aligning elongated dust grains in
spite of the tendency towards rapid spin from collisions with interstellar
hydrogen. In the absence of any aligning torque, the orientation of the
grains wiil be completely random, and, by the equipartition theorcm, their
mean kinetic energy of rotation will be equal to the mean kinetic energy
of the interstellar gast For the grains to be aligned, any torque must

be dissipative, otherwise the grains will simply precess and the average
orientation will remain random. Davis and Greenstein suggest that para-
magnetic absorption, the magnetic equivalent of dielectric loss, causes
the magnetization of the rotating dust grain to lag behind the interstellar
magnetic field such that the grain is eventually (~1012 seconds) aligned

with this magnetic field.

The magnetic properties of many substances are such that if the substance
is put in a magnetic field, B, which varies with time according to
B = ’éBo cos w t, ) (2)

*provided the gas is monatomic.



where € is a fixed unit vector in the B direction, the magnetization will
be given by
N .
M = €8 /X' coswt + X" sinwt/, (3)
X' and X" are the real and imaginary parts of the complex susceptibility.
The amount of heat generated by the alternating magnetic field is determined

by X", and this absorption of energy is called paramagnetic absorption.

Considering Figure 2.5, the magnetic field B is fixed in space, and the
dust grain rotates with angular velocity,&. , about an axis initially fixed
in space. The following analysis will show that one effect of the magnetic
field is to cause precession, such that the axis of rotation of the grain

moves in space.

Let %, 9 and £ be unit vectors in the coordinate system fixed in space,
and ']'T, fj\, and & be unit vectors in the coordinate system of the dust
grain. Chose the origin of time so that

(&)

. N A . N
2 =% coswt - J sinwt, 9 =4 sinwt + 3 cosWwt, 2-F -

£|lE

From 2.5 (a), a stationary observer sees B confined to the xz plane so that

n

B=BX+B3Z (5)

From the point of view of an observer rotating with the dust grain,

B = Bzﬁ + Bxﬁ coswt - 3 sinwi_:] (6)



Hence the magnetization seen by the rotating dust grain is

M=X_ B, £+ B_ /A X'coswt + X" sinwt) (7)
+ 5(-x" sinwt + X" coswt)]
or .
y_:xoBz%+xBx§+)c'Bx'§ (8)

where )LO is the static susceptibility.

When 0 = o, then X' = o and Xo = X'

The % component of the magnetization has no effect on the rotation, the
e component causes the precession mentioned above, and only the 3} com-
ponent causes a change in the magnitude of W, through the dissipative

X" term.

Hence, the dissipative term can be written
— N & _
My=X'B, ¥ =X(xB)/. (9)
Or, if V is the volume of the grain, its magnetic moment is VM., and
the torque acting on this dipole is

T =V, xB=VX"Ww (WxB) xB. (10)

Considering figure 2.5(b), L is the total angular momentum vector and
the dust grain spins about the axis OA such that its instantaneous angu-
lar velocity,&, is the vector sum of the rotations about L and OA, its

average over one cycle bein W .
g y g L.

Now,

& = T = ¥ w_1(&éx§) x B - (11)
dt
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and as the average angular velocity is parallel to L, the average torque
acting on the grain lies in the plane of L, and B, and is normal to B.
Hence L tends to approach B, its tip moving along the dotted line of
figure 2.5(b), so that eventually L is parallel to B, and the dust grain
is aligned with the interstellar magnetic field. To determine which axis
is the rotation axis, consider the rate of change of energy, E,

dE = T.w= -V X" w’1(gx §)2. (12)
dat

As is usually the case, this means that the energy will decrease to a
minimum when & is as nearly parallel to B as possible. Now for a body

with a moment of inertia, I, the ratio of energy to angular mcmentum is

2
E = 1Tw/ =W (13)
oz Fells

and so, for an isolated grain with constant angular momentum, minimum
energy corresponds to minimum angular velocity. This occurs with rotation

about the shortest axis.

Thus the Davis-Greenstein mechanism pfedicts that the dust grains will
rotate with their shortest axis aligned with the interstellar magnetic
field. The component of light with electric vector normal to the short
axis of the grain will be scattered or absorbed more than the orthogonal
component and hence the light will be linearly polarized such that the

electric vector is parallel to the magnetic field.

Purcell (1975) has criticised this mechanism on the grounds that it re-

9

quires an interstellar magnetic field of 10 7 - 10—8 tesla for complete
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alignment, whereas other measurements (Faraday depolarization of radio
waves) suggest 10-10 tesla. The rate of rotation of the dust grains is
not known, and this will have a direct influence on the relaxation time for
complete alignment. However, it is still believed that the Davis-

Greenstein model is basically correct.



2.2 Circumstellar polarization

A number of linearly polarized stars exhibit time variability, which has
been attributed to changes in a non spherical circumstellar envelope. The
changes could be in the density of the envelope or, for the case of a bin-
ary star, in the physical orientation of the envelope with respect to the
observer. Theoretical models capable of explaining this variability will

now be considered; but first the four Stokes parameters will be discussed.

2.2.1 The Stokes parameters

It may seem convenient to refer to linear polarization in terms of the
percentage polarization and the orientation of the plane of vibration of
the electric vector. However, for theoretical'purpbses, and to a lesser
extent, for analyfical purposes, it has been found more convenient to
describe polarization in terms of the Stokes parameters, I, Q, U.and V.

. The total intensity of the light is given by I, the amount and orientation
of linear polarization by a combination of Q and U, and the amount and
handedness of circular polarization by V. The parameters are defined

in terms of observable quantities as follows.

Suppose there exists a rotatable linear polarization analyzer (e.g. a
sheet of polaroid) which can be rotated transversely to a 100% linearly
polarized beam of light. If the maximum transmitted light occurs with

the transmission axis of the polaroid vertical, the Q is equal to +1



and if the maximum occurs with the polarizer horizontal, Q is -1. A
maximum with the analyzer at 45°.in the first quandrant corresponds to
U equal to +1 and at 450 in the second quadrant to U equal to -1. In this

case there is no circular component and V equals zero.

If, however, the beam were completely circularly polarized, V would be
equal to either +1 for right handedness or -1 for left handedness. Here

Q and U would be zero.

Alternatively, the Stokes parameters can be defined in terms of the ortho-
gonal components into which any light ray can be resolved. Letting EA
represenf the vertical and EB the horizontal electric field strength,

and letting § represent their phase difference, then

I = <E°> + <E°> (14)
U - <E%> - <EB°> (15)
@ = 2<E E>cosé (16)
V= 2<E, E> siné (17

where € »indicates time averaging. The present polarimeter cannot measure
circular polarization, and so for the remainder of this thesis, § will be

taken as zero and -only linear polarization considered. The linear polar-
ization, P, is now defined as

= Imax -~ Imin (18)
Imax + Imin

where I max, I min are the maximum and mimimum intensities observed when

15



(G

the polaroid analyzer is rotated transversely to the beam of light.

In terms of the Stokes parameters, p is written

p=\/92+ 2 (19)

I
(Note that this Pis different from the E% defined earlier in section

2.1)

The polarization angle,e, is defined by

0= % tan”! () (20)
(Q)

and usually measured from north going east.

2.2.2 Scattering in a uniform circumstellar disk

The first attempt at predicting the polarization due to scattering in a
circumstellar envelope was by Shakhovskoi (1965), who took the idealised
case of a uniform circumstellar disk of constant mean radius surrounding

the brighter member of an eclipsing binary system.

The observed polarization of the system is

P = Paisk. § disk (21)
13,

where Pdisk is the intrinsic polarization of the disk,
§(iisk is the scattered flux from the disk,
§o is the total flux of the system outside eclipse,

and 1 is the relative brightness of the system during eclipse.
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Outside of eclipse, the observed polarization is a constant and equal
to

I?, & Pdisk. aisr . (22).
$ o

|

/
[
Shakhovskd showed how the ratio PO/'Pdisk leads to an estimate of the

scattering mass, as follows.

For early type stars, assuming the dominant scattering mechanism to be
first order electron scattering,
Paiex -0 N.F, .W (23)
where Ne is the total number of electrons in the disk,
F, is the flux density of the central star,
and W is the dilution factor at the disk mean radius.
Rearranging and substituting for F, and § disk, the number of electrons

is equal to

N_ = RS . Po (24)
o W Pdisk

R, being the radius of the central star.

The mass of the disk can then be estimated if the ionic species are known.
For a later spectral class star, where atoms, molecuies and dust particles
may all be present, the picture is not so clear. However, an estimate of

the mass can still be made if the approximate temperature and pressure of

the disk are known.

To compute the disk polarization,!Ddisk, consider figure 2.6(a) in which



radiation from the central star is scattered off a small volume element
at position, & , through a scattering angle, W . The position angle,™,
is measurcd. from the line OA which is in the plane containing the stellar
angular momentum and the earth, ® . The disk is consideréc; to be made
up of ,‘!infinitesimally thin rings. The polarization of each ring can be
easily calculated, and a summation over all the rings gives the net disk
polarization. The angles, i and ¢ , are the inclination of the orbital

plane to the tangent plane of the sky and inclination of the scattering

" plane to the orbital plane, respectively.

The scattered fluxes, having electric vectors parallel with and perpend-

icular to the scattering plane are

Dy
$ x

where ne is the number of electrons in the volume element,

< ne cosaq) I, dw (25)

< ne I, dw (26)

dw is the solid angle subtended by the volume element at the central

star,
I, is the specific intensity of the central star,

and < is the scattering cross-section for free electrons.

For a uniform circular ring, & ne I, dw is a constant, K, say, thus

éx =K and §y = KcosZ\P . (27)

Considering figure 2.6(b) and taking the reference axes to be normal to

16



and in the plane of the disk, the orthogonal electric field strengths
of the scattered radiation can be written

E
X0

E = E + E si 2
/ - Xcos¢ . in @ (29)

[
and th,ils the Stokes parameters, referred to the disk's coordinate system,

Ex sin;é - Ey cos}é (28)

are
I - <E 2% + <E 2>
yo X0
> >
= E° + Ey (30)
Q = <E °>-<E_°>
yo X0
> 2
= (EX -Ey Jcos 2 ¢ _ (31)
U - 2<E_E, >
- (E°-E®sin2g (%2)
- 87 -E

where use has been made of the fact that < Ex Ey? is zero.

Now, the flux is proportional to the square of the electric field
strength. As only the ratios of Stokes parameters are actually ob-
servable, the constant of proportionality can be set equal to unity and

the parameters redefined as

I = §x + §y , (33)
Q = @x -8y)cos 28 (34)
and U = @x -@y)sin 28 (35)

or, using equation (27),

I = K(1 + cosZY’) (36)

17
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K sinaq) cos 2¢ (37)
K sin’Y sin 2 @ (39)

O
1l

(o]
1

To find the mean values, i, Q and U over the whole ring, we integrate with
o going from O to 27v, noting from figure 2.6(a) that the angles ¥ and ¢

can be expressed in terms ofkand { by

cos Y = cosek. sin i (40)
sin & = cos¢. sin ¥ (%1)
so that

- 2 2 2

I = K | (1+ cosk . sin® i) de = K(2 + sin” 1) (42)
2“ 2

. " 2 2

Q = (sin ot. - cos R . cos i)de = K sin” i (43)
ﬂ 2

T =K j sin 2& . cos i. daa= O (44)
49 .

Therefore, the mean polarization, ﬁ , 1s then

by -g2 + ﬁa = sin2 i, ' (45)

(2 + sin” i)
and is normal to the orbital plane as signified by U being zero and Q
being positive, (see section 2.2.1.). Therefore, measurement of the polar-

ization angle gives directly the orbital position angle with respect to

north.

For the case of an eclipsing binary, where i is close to 900, F)will be

close to 3. So far only a single thin ring has been considered. The



polarization over the whole disk is obtained by summing the contributions
from the series of concentric rings. As only a geometrical scaling factor
changes when going from one ring to the next, each ring will have the same

net polarization and the overall disk polarization is
. 512
disk = sin” i (46)
P (2+sin"1i)

However, it is unlikely that the disk remains optically thin everywhere,
with the result that secondary scattering must be allowed for. This
reduces the maximum Pdisk td below 4. There is considerable doubt on
how much this reduction should be, although Piirola (1975) suggested

that a realistic maximum for Pdisk is 1/10.

The above analysis is idealized in that radiation from the secondary star
has been omitted and thé circumstellar envelope has been assumed strongly
concentrated towards the orbital plane. These limitations are not thought
to be too important for systems such as U Cephei and Beta Lyrae, in which

the scattering material forms an accretion disk around one of the stars.

. If the inclination of the orbit is zero, there will be no net polarization
from this mechanism. In this case, polarization can only be produced by
the reflection effect, in which radiation from the brighter star is
scattered and reradiated by the fainter coméanion. The interesting feature
here is that the amount of polarization remains constant with orbital

phase, but the plane of polarization rotates twice through 180° during

19



one complete orbital period. This is perhaps the only way of detecting a

pole-on binary system.

Apart from the two limitations mentioned above, there is a third weakness
in this circumstellar model. In general the scattering material will not
be distributed uniformly around either star, but will tend to be much
denser in the vicinity of the inner Lagrangian point. A more realisfic
model based on a non-uniform envelope has recently been developed by the

group at the University of Orégon and will be considered next.

2.2.3 Scattering in a non-uniform circumstellar envelope

Rudy and Kemp (1976, 1978) have constructed a model to predict the polar-
ization from a non-uniform circumstellar envelope composed of discrete
scatterers. Their model includes the effect of both stars in a binary

system and is not restricted to scattering in the orbital plane.

The details of their model are to be found in Appendix A, but the essential
points are as follows. As mentioned in the previous section, a binary in-
clined at 90O (i.e., edge on) will have a maximum integrated polarization
of 4, with the electric vector" perpendicular to the orbital plane. If a
single scattering electron were traced around the complete orbital path,
the polarization of its scattered flux would vary smoothly from zero at
phases 0.0 and 0.50 to a maximum at quadrature (phases 0.25 and 0.75).

This is represented by a straight line in the Q, U plane as shown in figure
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2.7(a). For a pole-on system (figure 2.7(b)) the magnitude of the polar-
ization would remain constant over. the orbital period, but the orientation
of the plane of polarization would change continually. This is indicated
by a circle in the Q,U plane. An intermediate inclination would give an
ellipse as shown in figure 2.7(c). The orientation of the ellipse gives

directly the position angle of the orbital plane.

To be exact, for the case of a single scatterer illuminated by one star,

the ellipse has the form

5 2 i 2
sin” i
Q- (4,/% ) = + T = 5_13 (47)
2
2 . 2.
(1 + cos” i)/2 cos i §o

where Q, U, éo and i have the same meaning as',befoxje. The quantity A4

is the product of two constants, one equal to the fraction of total light
scattered, and the other taking into account the finite size of the central
star. This ellipse is actually two coincident ellipses, since points sep-
arated by 0.5 phase are degenerate, i.e. have identical Stokes parameters.
‘The eccentricity of the ellipse is equal to (sin'2 i/(cos2 i+ ’I))%, 50

that the orbital inclination can also be obtained from the Q,U plot.

Extending the model to multiple scatterers and adding the contributions from

both stars gives the elliptical form
2
Q - (mh/§ ) sin” i 2 8.%4+8,°

2
(1 + cos2 i)/2 cosZi §o



where A is the mean value of A1 o over m individual scatterers,
k]

and S are geometrical factors describing the distribution of scat-

N g

terers around the two stars.
This géves the important result that the extension from a single scat-
terer to a finite scattering region does not distort the elliptical plot

in the Q,U plane; only the relative size is changed.

Furthermore, for a symmetric ring of particles, where S1 = 82 = 0, the
ellipse collapses to a single point,
- B s
U=0, Q= (mh/p) sin” i, E (49)

identical to the result found in the previous section for the case of the

uniform circumstellar disk.

A typical Q,ﬁ plot is shown in figure 2.8 for the system, AO Cassiopeiae,
and taken from Rudy and Kemp (1978). The conjunction points (phases 0.0
and 0.5) are essentially degenerate, which means that the scattering matter
must be near to the orbital plane. The quadrature points (phases 0.25 and
0.75) are significantly different and suggest that the densest part of the
circumstellar disk is not at the inner Lagrangian point, but nearer the
trailing or advancing edgé of the secondary star, such that at phase 0.25,
this part of the disk is partially eclipsed by the secondary. Finally

the difference in polarization between phases 0.25 and 0.75 enabled Rudy

and Kemp to estimate the scattering mass as 3 x 10-10 solar masses.
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2.5 Other sources of polarization

There are several other astronomical sources of polarization having their

origin in either magnetic or general relativistic effects.

2.%.1 Magnetic effects

The Zeeman effect, in which a spectral line is split into several equally
spaced lines, the centre line linearly polarized in the direction of the
magnetic field, the other lines circularly polarized in opposite directions,

has been observed in recent years.

The transverse Zeeman effect, in which the circularly polarized satellite
lines are seen as linearly polarized lines orthogonal to the centre line,
has been observed in magnetic Ap stars by Kemp and Wolstencroft (1973).

The éffect was observed in the HB line, in which the central part of the

line was saturated, thus giving a net polarization due to the wings.

In highly magnetized stars, the circularly polarized Zeeman components
are sufficiently separated that they can be resolved. This so-called

transverse Zeeman effect has been observed in many white dwarfs (Landstreet,

1974).

2.%.2 General Relativistic effects

The Einstein photometric effect, or 'gravitational focussing' as it is
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sometimes called, of a black hole orbiting around a bright central star is
equivalent to a scan across the surface of the bright star. Dolan (1976)
has pointed ‘out that this would allow the limb polarization, predicted by
Chandrasekhar (1946), to be seen directly. This effect has been looked for
in Cyg%ﬁs X-1 by Dolan, but not seen. In fact, the perfect alignment

of bright star, black hole and observer required, make it very unlikely

that the effect will ever be seen.

All electromagnetic radiation ‘can be represented as the sum of left and
right handed circularly polarized components. A rotating black hole will
absorb thét handedness of radiation which slows its rotation down more
easily than that which speeds it up so that fadiation scattered by a rot-
ating black hole should be circularly polarized to some extent. This

effect has also not yet been seen.

In conclusion, all linear polarimetric observations made so far have been
successfully explained by one of the above models. In particular, the dis-
cussion of the present work, which takes place in Chapter 5, will refer to
the models of Davis and Greenstein (1951), Shakhovskoi (1965) and Rudy and

Kemp (1978).



Longitude (a)

Fig. 2.1 Interstellar polarization in
galactic coordinates. The stars measured
are at the centre of each line. The length
of each line is proportional to the per-
centage polarization and the orientation

of the line represents the direction of

the electric vector.

(Reproduced with permission from Memoirs
ReA.Se, 74, 143.)
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Fig. 2.2 Polarization versus colour excess for the Cassiopeia region.

A line with a slope equal to 0.18 has been drawn to correspond to an
acceptable observed maximum for the ratio of polarization to colour excess.
(Reproduced with permission from Vistas in Astronomy, Ly 1089.)
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Fig. 2.4 The wavelength dependence of interstellar extinction.
(Reproduced with permission from 'Planets, Stars and Nebulae, ...' ed.
T. Gehrels, University of Arizona Press, p. 888.)
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Fig.2.6. Scattering geometry of a thin disk
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Fig. 2.8 The Q,U plot for AO Cassiopeiae. Tick marks show phase

of 0.05. The dashed path is computed from the scattering model.
path represents the smoothed observations.

(Reproduced with permission from Ap. J., 207, L126.)
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CHAPTER % EXPERIMENTAL POLARIMETRY

Ideally, it should be possible to measure the linear polarization of a star
by rotating a polaroid in front of the star until the star appears bright-
est and measuring this brightness, and then rotating the polaroid through
900 and again measuring the stellar brightness. The degree of polarization
is then the difference in brightness over the sum of the brightness, with
the position of the polaroid for maximum brightness defining the plane of
polarization. All polarimeters &ork on this general principle but several

sources of error tend to complicate the design of practical instruments.

3.1 Sources of error in polarimetry

This section is based on an excellent review of the errors in modern polar-

imetry by Serkowski (1974).

3.1.1 Atmospheric scintillation and seeing

Since air is not birefringent, scintillation is the same for both ortho-
gonally polarized componenents of light from an astronomical object. The
ratio of intensities of the two components is free of the effects of atmos-
pheric scintillation and is not affected by the presence of thin clouds.
The accuracy of polarimetry thréugh clouds is reduced only because of flu-

ctuations in sky background and the smaller number of photons received.

Atmospheric seeing is a more serious problem, largely because of image

33



motion on the polarimetric analyzer (e.g. polaroid) and the following photo-
detector. If the optics are such that an image of the primary telescope
mirror is formed on the detector, the rapidly changing distribution of
illumination of this image (usually called the shadow pattern) causes

fluctuations in the output of a spatially nonuniform detector.

One remedy is to split the polarized light into orthogonal beams by means
of a Wollaston prism and then take the instantaneous ratio of the two beams.
The Wollaston prism is constructed of two individual prisms cemented to-
gether with their optic axes perpendicular (see figure 3.1) and having

the property that the orthogonal components of the incoming beam of light
are split into two separate beams. By employing two identical detectors

to take the ratio, most of the atmospheric modulation can be eiminated.

A better remedy is to rapidly rotate, either mechanically or electron-
ically, the analyzer such that the stellar image is effectively 'frozen'
while the orthogonal intensity readings are being taken. This approach
has the great advantages that only one detector is reqﬁired and that the
polarization information is modulated, making detection in the presence
of noise so much easier; This is the principle underlying the present

polarimeter.

%.1.2 Image motion on the detector

Apart from that caused by atmospheric seeing, image motion can also be
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caused by the rotation of any optical element which is not plane parallel
to the detector. The best solution is to electronically rotate an optical
element such as a Pockels cell. Another approach is to use a rotating op-
tical elemsnt which modulates any polarimetric information at a multiple of
the mecha#ical rotation rate, and then follow with a signal processing
scheme seﬁsitive only to the modulation frequency. Most photocathodes are.

somewhat sensitive to the state of polarization of the incoming light, so

that the rotating analyzer must be followed by a depolarizer.

%.1.3 Instrument polarization

Linear polarization from the mirrors of a Cassegrain telescope usually does
not exceed 0.1%, provided the mirrors have been.uniformly aluminized. A
potentially more serious problem is the conversion of linear to circular
polarization by the telescope optics. Such linear-to-circular conversion
diminishes the measured degree of linear polarization for the object ob-
served, rotates the plane of polarization and causes instrumental circular

polarization.

The ideal optical arrangement is to have neither lenses, filters nor tilted
mirrors before the polarimetric analyzer. It is for this reason that
Newtonian telescopes are rarely used, although theoretically the linear

polarization and linear-to-circular conversion produced by the tilted flat

mirror could be allowed for.




36

3.1.4 Photon noise

Provided the instrumental polarization is small (< 0.2%), the principal
limitation to iolarimetric precision comes from photon statistics. For
example, to measure the linear polarization of an object to 0.1% requires
the photon statistical uncertainty to be better than 0.01%, or the total
number of photons collected to be greater than 108. For this reason, the
higher quantum efficiency detectors such as silicon vidicon television
caméras and semiconductor diode arrays are coming into use. Splitting
up the spectrum to do spectropolarimetry maekes the problem even worse,

and only bright stars (V< 8) have been routinely observed so far.
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3.2 Types of polarimeters

The earliest polarimeters were simple devices. Hiltner (1956a) used a
Glan-Thompson prism (which passes only one direction of linearly polarized
light) rotated in discrete steps, followed by a depolarizer and photo-
multiplier tube. At each discrete step of the prism, the signal was aver-
aged to reduce the effects of scintillation and seeing. Even so, this sys-
tem was capable of measuring only large (> 1%) degrees of linear polar-

ization.

Hall (1949) also used a Glan-Thompson prism analyzer, but rotated it con-
tinuously at 15 Hz. Any linear polarization showed up as a 30 Hz sine
wave trace on a pen recorder, which was connected via an amplifier to the

output of the photomultiplier tube.

Angel and Landstreet (1970) have made many observations using a Pockels
cell as an electronically rotatable waveplate, followed by a Wollaston
prism analyzer. The Pockels cell consists of a transparent crystal of
potassium dihydrogen phosphate, across which a longitudinal potential
difference is applied. The birefringence (difference in refractive index
for orthogonal polarizations) of the crystal is directly proportional

to the applied voltage, and thus the crystal cén act as either a quarter
wave plate (in which the two orthogonally polarized rays suffer a re-

lative phase shift of 90°) or a half wave plate (in which the relative
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phase shift is 180°). A relative phase shift of 90° causes a trans-
formation from circular to linear polarization, and vice versa, whereas
a 180° shift rotates the plane of polarization through 900. The voltage
applied to the Pockels cell is pulsed so that any polarization shows as

a modulation of the output from the Wollaston prism.

Figure 3.2 shows the optical layout of a dual channel polarimeter built

by Clarke and McLean (1975). The Double Beam Polarizer splits the in-
coming beam into its orthogonal components in a way similar to that of

the Wollaston prism. The instantaneous difference in output of the two
photomultiplier tubes is proportional to the degree of linear polarization
and is said to be virtually unaffectea by atmospheric effects. A movable
half wave plate rotates the plane of polarization abplied to the D. B.
Polarizer to eliminate systematic instrumental polarization. Circular
polarization is measured by inserting a quarter wave plate into the light

« path. Tiltable filters are used for narrow band spectropolarimetry.

Finally, figure 3.3 shows a schematic drawing of possibly the most accurate
and versatile type of polarimeter so far constructed (Stokes et al.,

1976). The heart of the instrument is a photoelastic modulator invented
by Kemp (1969), followed by a Glan-Thompson analyzer. The photoelastic
modulator consists of a piezoelectric crystal cemented to a bar of fused
silica such that when the crystal vibrates at its natural frequency (close

to 50 kHz), the birefringence of the silica also changes simulating both



quarter and half wave plates rotating at different harmonics of the basic
50 kHz frequency. This rapid multi-harmonic modulation permits simult-
aneous measurement of linear and circular polarization completely free

of atmospheric effects.
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3.3 The present polarimeter

The constituent parts of the instrument used in the present work will now be

considered.

3.%.1 The optics

The polarimeter head which includes the optics, photodiode detector and head
amplifier is shown in figure 3.4. Light from the 31 cm Cassegrain telescope
of the University of Victoria Observatory is reflected from the telescope
secondary mirror through the entrance aperture of the polarimeter and comes
to a focus at the focal plane diaphragm. This is a multi-position rotary
wheel containing five apertures of diameters 0, 33, 65, 130 and 260 arc sec-
onds. A sixth position contains a piece of poléroid.of'known orientation
for use in checking the operation of the system. The focal plane image can
be viewed with the aid of a‘flip mirror, imaging lens and eyepiece. Di-
‘verging light from the focal plane passes through the rotating polaroid, the
field lens, the bandpass filters (if used) and onto the active area of the
photodiode detector. Immediately behind the detector is mounted a low noise
amplifier. Signals from the amplifier pass via a cable down to the main
signal processing unit.

The polaroid is a circular piece of HN-32, manufactured by the Polarocid
Corporation. The transmittance of light linearly polarized parallel to the

. .. ; P . +
maximum transmission axis of the polaroid is fairly constant at 72 - 5%
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over the 500 to 700 nm. region of the spectrum. The transmittance of the
orthogonal polarization is less than 0.005% over the same wavelength range
but rises steeply at either end of the range. In fact, longwards of 800nm.
the polaroid is quite ineffective as an analyzer. For this reason, an
infra-red absorbing filter is inserted into the light path to remove all
wavelengths longer than 750 nm. Preceding the infra-red filter, there is
a field lens to focus the light onto the sensitive area of the detector,
and following the i.r. filter, there is a filter wheel containing Schott
glass filters to give the standard Johnson U, B, V, R, I spectral band-
pass sequence. The sixth position on the filter wheel is open and, be-
cause of the limited aperture of the 31 cm. telescope, this was the normal

mode of operation.

The photodiode detector is a low noise PIN silicon diode manufactured by
United Detector Technology Inc. of Santa Monica, California. The low
noise is achieved by having an active area of only 2 x 10_7 mZ; however,
- this small size does magnify the tracking problems present with any tele-
scope. In particular, for the 31 cm. telescope it was found difficult to
keep the stellar image centred on the diode for much more than a few
minutes, and this alone was responsible for limiting the maximum integ-
ration time to 30 seconds. The detector was found to be insensitive to
the state of polarization down to below the 0.1% level and so no depolar-
izer was used. Figure 3.5 shows the combined spectral response of the

i.r. filter and the detector, the passband ripple being due to the
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interference filter. The half height spectral range is 478 to 724 nm.

Figure 3.6 shows the polarimeter head mounted on the %1 cm. telescope,
together with the signal processor. To estimate the scale of the photo-
graph, the tube connecting the head to the telescope is 6 cm. in dia-

meter.

3.%.2 The electronics

The output of the polarimeter head comprises three signals, a d.c. voltage
proportional to the average light intensity, an a.c. voltage proportional
to the degree of linear polarization and a random noise component due to
the imperfect nature of both the detector/amplifier and the atmosphere.

The electronic signal processor has the task of determing the average light
intensity, the degree of linear polarization and the orientation of the
plane of polarization, all in the presence of noise which is often several

times greater than the polarimetric signal.

The detailed circuit diagram appears in Appendix B and a functional block
diagram in figure 3.7. Referring to this figure, the frequency of the
eiectric motor (and hence the rotating polaroid) is kept within one hertz
of 68 Hz by a feedback controller. This 68 Hz signal is also used as a
master synchronizing signal by the digital part of the circuitry. The
rotating polaroid converts any linear polarization into a 136 Hz altern-

ating current in the photodiode. The head amplifier converts this current
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to a voltage while transferring the signal impedance to a low value for
transmission to the main signal processor. There the sky background is
removed and the signal amplified. The a.c. and d.c. components of the
signal are separated by means of active filters. The atmosphere noise
showé up as a random modulation with a frequency spectrum extending from
zero to about 40 Hz. The active filters pass this modulation without
seriously changing the relative phase of the various frequency components,
so that when the a.c. and d.c. signals are subsequently electronically

divided, the atmospheric noise is essentially cancelled.

The polarization signal has still to be recovered, often from under the
noise contributed by the photodiode and head amplifier. However, the
frequency of the polarization signal is known to be 136 Hz, and so can
be recovered in a synchronous detector sensitive only to this frequency.
As this detector is driven by a signal from the electric motor, any
variation in motor speed due to environmental or positional changes is
reflected by a corresponding change in.the centre frequency of the syn-
chronous detector. The detector output is filtered, integrated and

finally displayed as the degree of polarization.

The difference in zero crossing time between the synchronous detector
output and motor reference signal, expressed in degrees between zero and
179.90, gives the orientation of the plane of polarization. The phase
of the motor reference signal can be arbitrarily shifted for calibration

purposes.
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%.3.% Instrumental specifications

The total instrumental polarization was measured in the laboratory as being
less than 0.2%, the difficulty at these small levels being to distinguish
between the residual polarization of the light source and that of the polar-
imeter. The polarization angle can be measured to i;0.10, as determined
from observations of the daylight sky polarization. The overall sensiti-
vity of the system is set by the aperture of the telescope and the noise

in the detector/head amplifier. The total system noise corresponds to 0.2%
polarization of a 5th magnitude class B star. Cooling the detector would
have reduced the noise by one to two orders of magnitude, but was not

possible due to physical limitations.
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Fig. 3.6 Photograph of the present polarimeter. The instrument is mounted
on the 31 cm telescope of the University of Victoria Observatory.
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CHAPTER 4 OBSERVATIONAL RESULTS

Before commencing the observing programme, it was necessary to calibrate the
polarimeter. This was accomplished by observing several standard stars
whose linear polarization had been measured by previous observers (Serkowski,

19743 Treanor, 196%; Coyne et al., 1974) and are considered well estab-

lished.

L.,1 Calibration stars

Five polarized and three non-polarized stars were measured prior to the
observations, and checked repeatedly during the course of the observations.
The measured polarizations of the eight standard stars together with their

established ('true') polarizations are shown in table I.

Two points are immediately obvious; the minimum or residual polarization

of the system is approximately 0.18%, aﬁd the measured value of polarization
is always lower than the 'true' value. The residual polarization of 0.18%
has a lafge randomness in it. In particular, for the case of Alpha Lyrae,
the residual polarization was measured on nine separate nights and ranged
from a low of 0.04% to a high of 0.40%. There was some correlation be-
tween the polarization and the state of the atmosphere, in that the lowest
values cxurred on nights with the lowest scintillation and best seeing.

Furthermore, the polarization angle was variable, suggesting that not just
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instrumental polarization was being measured. The most likely explanation
of this residual lies in a combination of three separate effects:
(i) incémplete cancellation of the atmospheric modulation,
(ii) 'image motion on the detector due to the rotating polaroid,

(iii)/ instrumental polarization of about O.0k4%.

The result is that the minimum detectable polarization is about 0.2%. It is
intefesting to note that the polarization of Deneb was measured to be 0.36%
or, removing the instrumental contribution, a net value of 0.3%1%. The mea-
sured position angle of 2° is very close to the position angle of 30 quoted
for the nearby star, 55 Cygni, and confirms the ability of the polarimeter

to measure small levels of linear polarization.

‘Table I also lists the spectral class and colour of the five standard polar-
ized stars, and.it can be seen that there is a correlation between the ratio
of 'true' to measured polarization and both spectral class and colour. This
is seen better in figures 4.1 and 4.2. The correlaﬁion with spectral class

is very high and suggests the following explanation. In chapter 3 it was
mentioned that the polaroid is not very efficient at long wavelengths. This
inefficiency shows up as an artificial lowering of the measured polarization. .
Now, the later the spectral class, the greater the fraction of energy falling
in thé red part of the spectrum, and the lower will appear the measured polar-
ization. The same argument applies to the colour plot, figure 4.2. For

all five stars the source of polarization is interstellar with the maximum
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occurring within the narrow wavelength interval of 510 to 560 nm., so
the effect cannot be due to the spectral shape of interstellar polar-
ization. It should be noted that this effect is an artifact of the im-
perfect nature of the polaroid and is not seen in polarimeters employing

achromatic modulators/analyzers.

The polarization angle was calibrated by observing the zenith sky polar-
ization at sunset at which time the sky is linearly polarized in a direc-
tion normal to the direction of the sun. The measured angles shown in

table 4,1 are sufficiently close to the 'true' values that no corrections

have been applied.




4,2 The supergiant stars

The three supergiant stars, 89 Herculis, Rho Cassiopeiae and HD 217476,
were observed over the period July to December, 1977 and, in the case of

89 Her, again in May, 1978.

On no occasion was any net polarization measured for 89 Her, which means
in practice that the polarization must have been less than 0.2%. This

was also the case for the nearby stars, 83 Her, 84 Her, and 87 Her sug-
gesting that either the interstellar magnetic field is weak in this region
of.the galaxy, or there is very little interstellar dust or the field lines

are 'jumbled'.

Linear polérization was observed for both pCas and HD 217476. Instru-
mental calibration factors of 1.56, for pCas, aﬁd 1.63, for HD 217476,
were taken from figure 4.1. The corrected observations of both percent-
age polarization and position angle, © , are listed in table II and
plotted in figures 4.3 and 4.4. In both cases, there is no significant
deviation from mean values of, in the case of pCas, 1.44% and 53°, and

in the case of HD 217476, 3.18% and 64°. These results are discussed

further in the next chapter.



4.% Beta Lyrae

This well known binary was observed on 12 nights. The observations are
listed in table III. Owing to the impossibility of assigning a constant
spectral class thréughout the orbital cycle, no correction factor has been
applied. In any case the overall spectral class must be about B, so that
the calibration factor will be close to unity. The phase was calculated
from the ephemeris of Belton and Woolf (1965),

Primary minimum = JD 2433289.47 + 12.92848E + 0.3556 x 10778°

0
- 0.648 x 107 g’ + 0.18. -

At the same time as the polarimetric data were being takeﬁ, the light
intensity meter on the polarimeter was used as a photometer and a light
curve obtained. The ﬁhotometric reference was the star,¥ Lyr, which is
of similar spectral class and mean magnitude to ﬂlqnu The polarization
"data are plotted in figure 4.5, the typical error being * 0.1%, and the
photometric data (B Lyr -¥Lyr) in figure 4.6, the typical error béing
+ 0.04 magnitude. The position angle has not been plotted as it was

approximately constant at 157 i'10°.

The two curves taken together show the increased polarization at primary
eclipse which is primarily due to the considerable decrease in system light
at this phase. Also shown is the small drop in polarization at secondary

eclipse caused by the scattering material between the two stars being



partially occulted. Of course, at primary eclipse this material is also
partially occulted but the decrease in total light more than compensates.
The increase in polarization at primary eclipse is greater than that pre-
viously seen in the U, B, V spectral regions, and this will be discussed

in the next chapter, particularly in relation to the recent work of Huang

(1978).



L4 Algol

Algol was observed throughout several cycles and not once did the net polar-
ization exceed 0.2%. Thus, both the interstellar and intrinsic polarization

must be very low, in agreement with the work of Rudy and Kemp (1978).




Table I Polarimetric observations of standard stars

Polarized stars

|

*

Star Measured % P

True* % P P true/b meas. Measured B° True* ©

@ Cas 2 b7 + 0.3 3.4 + 0.1 1.4 + 0.2 9% + 4 o9k +1
Aql kL _-_r_ 0.06 1.8 + 0.1 1.6 + 0.2 ‘IOO i L 93 + 1

5 Cyg 2 .6k % 0.27 2.8 ¥ 0.1 1.1 % 0.2 2% 3 3% 1
2H Cam 2.89 ¥ 0.22 3.5 * 0.1 1.2 ¥ 0.1 118 % & 115 ¥ 1

HD 21389 3.21 % 0.04 3.74% 0.05 1.2 ¥ 0.1 118 ¥ 7 e

Non polarized stars Spectral data on the polarized stars

Star Measured % P Star Spectral class (B-V)
BAql 0.14 + 0.12 @ Cas FO Ia ~ +0.68
*Lyr 0.18 + 0.12 ‘)Aql F6-G2 Ib +0.80
*®Boo 0.18 + 0.03 55 Cyg B3 Ia +0.40
(p < 0.01%) 2H Cam B9 Ia +0.40
HD 21389 AO Ia +0.59

*

from Serkowski (1974), except for HD 21389 taken from Serkowski, Mathewson and Ford (1975).
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Table IT Polarimetric observations of pCas and HD 217476

pCas

JD 2443000 + 9%b e°
366 1.37 + 0.16 L + 6
367 1.62 + 0.3% 66 + 10
376 1.36 + 0.14 58+ 5
388 1.25 + 0.25 50 + 10
395 1.67 + 0.3k 58 + 10
L67 1.36 + 0.20 Ly + 7
510 1.47 + 0.21 ho + 7

HD 217476

JD 2443000 + 9 a°
367 2.87 + 0.41 65 + 7
376 3.24 + 0.38 67 + 6
388 2.80 + 0.57 64 + 10
L6y 3.28 + 0.33 57+ 5
510 3.2 ¥ 0.46 67 % 7
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Table III Polarimetric and photometric observations of B Lyrae

JD 2443000 +

2%96.688
413.653%)
631.767/
631.785
632.793% -
632.822
633.779
633.792
633.822
633.830
633.873
636. 804
638. 774
638.801
638.820
646.753%
646.799
646.808
646.826
647.778
647.836
648.790
648.823
652.778
653.772

Phase

0.606
.918
.789
. 790
.868
.870
. Ol
945
948
948
<952
179
.331
<533
334
.48
.951
.952
<954
. 027
«O52

¢ .OPOOOOOOOOOOOOOOOOOOOO

P%

0.71
0.80
0.72
0.75
0.78
0.78
0.74
1.10
0.88
1.05
0.81
0.73
0.76
0.81
0.87
1.32
1.08
1.15
1.04
1.59
1.39
0.96
1,14
0.81

0.55

eO

156
152
153
147
170
161
164
157
160
155
150
153
159
154
160
166
155
156
161
160
155
151
156
153
157

An(ref. ¥ Lyrae)

e o s e e & e 0
= 00O

OOOOOOOOO0.0.000000000000

.
\N-—\\DO\\O\O—F‘\N\N-POOOO-F'\N-P\N$N—\OO

VMTVOOO O MNMWNIOWOIVUT OO WW
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CHAPTER 5 DISCUSSION AND CONCLUSIONS

The observational data presented in the previous chapter are now considered,

particularly with relation to the published data of other observers.

5¢1 The supergiant stars

According to Smolinski and Climenhaga (1978) and Humphreys and Ney (1974)
there is some evidence that suggests that the supergiant stars, 89
Herculis, Rho Cassiopeiae and HD 217476 are probably all long period
binaries. During several observing runs at the Dominion Astrophysical
Observatory all three stars were observed to have emission lines, non-
periodic variations in radial velocity and the spectral appearance of
two superposed individual stellar spectra. There is some weak evidence
of a 70 day period for 89 Herculis (Bdhm-Vitense, 1956); this will

be considered shortly.

An isolated star which is not rotating too rapidly should lose mass
equally in all directions so that the stellar symmetry will be
maintaiﬁed and the integrated light will be unpolarized. However,
if the mass-losing star is a member of a binary system, a good deal
of the matter will be concentrated towards the orbital plane and

may form an accretion disk around one of the stars. As was shown



in Chapter 2, this would lead to a net linear polarization of the system
light. Binary nature should be revealed as a change in the polarization,
phase locked to the orbital period. Interstellar polarization would
dilute this effect to some extent. The threé supergiant stars have
therefore been monitored over a period of about a year to see if there

is a significant change in polarization

5.1.1 89 Herculis

This star was found to be unpolarized over the whole observing period.
Furthermore, this star has never been reported elsewhere as being polar-
jized. While the observations do not provide support for 89 Herculis
being a binary having substantial mass transfer (i.e. 10-6 solar mass
per year), 89 Herculis could still be a binary but with a small mass

transfer rate.

There is, in fact, evidence for significant mass loss in the form of
spectrosbopic and radial velocity changes found by several workers at
Lick Observatory including Bdhm-Vitense (1956), and by Climenhaga and
Smolinski (1978). During a study of the hydrogen lines, HB and Hy ,
Bohm-Vitense found radial velocity variations of some 20 km 5-1.

There was very weak evidence for a 70 - 72 day period which is

supported to some extent by the photometry of Worley (1956). He found

69



70

a 0.1 magnitude variablity in 89 Her that may have a period of about 70
days. However, as the photometric observations were close to the instru-
mental accugacy limit of the time, the 70 day period must be considered
specul%tive, particularly in view of the lack of subsequent confirming

/
observations.

On the above evidence, 89 Her is possibly a 70 day binary, but more

likely a single star exhibiting variable mass loss.

5.1.2. Rho Cassiopeiae

Of the thfee supergiant stars, Rho Cassiopeiaé has been studied the

most extensively. As recently pointed out by Bailey (1978), this star
has been known to be an irregular variable since 1900, and is classified
(Kukarkin et al., 1970) as F8IaP,RCB?, partly because of a dip in visible
light of some two magnitudes in September, 1946. Since 1946,{3Cas has
behaved as a semiregular variable with a cygle length of around 200

to 400 days. This can be seen from figure 5.1, which shows thirty

day mean visual magnitudes for the period 1964 - 1975 (Bailey, 1978).

During the present observing period, there has been no significant
change in linear polarization. Furthermore, this star has been observed
on two previous occasions (see table IV) with results essentially the

same as those reported here.
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Serkowski et al. (1975) put /oCas (and also HD 217476) in their list

of stars exhibiting interstellar polarization on this basis of five band
polarimetry. The mean observed polarization for pCas and HD217476 is
plotted in figure 5.2 together with that for four of the standard stars
in the current prbgramme. The length and orientation of the bars re-
present the degree of polarization and the orientation of the plane of
polarization, respectively. It should be pointed out that on the scale
of this figure, the differences between the current observations and
those reported elsewhere are undetectable. The most obvious feature

is a 450 polarization vector rotation in the Cassiopeia region, which
indicates that either the polarization is interstellar and the inter-
stellar mégnetic field undergoes a 450 twist, or we are seeing inter-
stellar polarization superposed on a vector rotatién intrinsic to the
stars. Serkowski (1974) studied three of the standards, 55 Cyg, 2H Cam
anui¢Cas, with a spectropolarimeter and showed that the changes in
polarization with wavelength are typical of interstellar polarization.
-This twist occurs at gélactic longitude 1150 which is where Mathewson
and Ford's plot of galactic polarization (figure 2.1) shows a loss of

parallelism with the galactic equator.

Finally, evidence of a circumstellar shell has been published by
various observers. From a study of high disperison spectra taken
between 1955 and 1960, Sargent (1961) found evidence of a circum-

stellar shell expanding at 40 Kms_1 relative to the photosphere. He
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found emission lines of Fe I, Ni I and Ca I, whose variable strength he
attributed to variations in the density of the shell. A curve of growth
analysis gave a mean mass loss of 2 x 10_5 solar masses per year, which,
however, varied sporadically over a range of about ten. Large differ-
ences in the shell appeared to take some 260 - 300 days to fully develop,
in fair agreement with Bailey's photometric cycle length of 200 - 400
days. More recently, Joshi and Rautela (1978) have compared the con-
tinuous energy distribution off)Cas in the wavelength range 340 - 710 nm.
with that of §CMa, said by Sargent (1961) to have the same photospheric
spectrum as/oCas apart from the circumstellar feature of the latter.
They found the flux from/oCas at wavelengths shorter than 410 nm. to

be greater than that from §CMa, and to be variable on the scale of

days. They suggest that this excess flux may be attributed to hydro-
gen emission in the associated chromosphere of the star, the variability
being due to short duration heating bursts. More importantly for this
discussion is their observation that the Paschen continuum of/oCas

had a different and variable slope compared with that of §CMa. The
variability was greatest around 700 nm. consistent with a circumstellar

shell cooler than the central star and fluctuating in density.

It thus appears that all observations are consistent with a variable
circumstellar shell around.PCas, and there is no need to invoke binary

nature.



5.1.3 HD 217476

Polarimetric observations of this star are similar to those of f)Cas in
that the present observations show no short term changes, and comparison
with previous work (see table IV) shows no statistically significant long
term changes. Furthermore, spectropolarimetry (Serkowski et al., 1970)
suggeéts an interstellar origin for the polarization. The observations
of Smolinski (1977) can be interpreted as mass loss, but as they have

not yet been published, the actual rate of mass loss is difficult to
determine. If it were significant, the constancy of the polarization

would argue against HD 217476's being a binary.

It is therefore only correct to say that the polarimetric data offer

no definite evidence for or against the possible binary nature of HD

217476,

(&
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5.2 Beta Lyrae

The variations in the linear polarization of the light {rom Beta Lyrée
have be?n studied over the past sixteen years by many observers. Figure
5.3 sho%s the V-band observations of Shakhovskoi (1965) together with his
predicted polarization curve. The present observations, chown in figure
4.5, show the same general change with orbital phase. The out of eclipse
meén polarizations are essentially the same, wherces the rise at primary
eclipse is larger in this work, 1.5% as compared to 0.%% . The most likely
reason for this difference is the two wavebands used; the present polar-
imeter has an optical passband of approximately 475 -~ 725 nm. whereas
Shakhovskoi's results were obtained using the Johnson V-band, i.e.
approximately 500 - 575 nm. This 'wavelength effect' has been noticed
before (e.g. Rucinski, 1966; Coyne, 1970) primarily in the U, B, V

bands, where fhe polarization at primary eclipse is greater going to

longer wavelengths.

From the present results, this trend appears to continue into the red
and near infra-red with ever increasing levels of polarization. Coyne
(1970) did make some measurements showing the polariZation levelling

off at about 550 nm. and tﬁen falling slowly at longer wavelengths.
Herver, his 500 nm. results differ considerably from those of other
observers. Furthermore, he used non—stanaard but unspecified wavelength

bands, so that his results are difficult to interpret. The usual
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explanation for the drop in polarization at short wavelengths is in-
creased absorption in the circumstellar envelope which causes depolar-

ization through multiple scattering.

Recently Huang (1978) has studied the changes in He and Hy line profiles
with the orbital phase of Beta Lyrae. In particular he studied the change
with orbital phase of the difference between the radial velocities in
emission and absorption. The change was much greater for He than for

Hy . He assumed that the emission feature of a particular line is gener-
ated a little further out in the circumstellar shell than is the absorp-
tion feature so that the change in emission-to-absorption velocity differ-
ence is a function of the local gas flow velocity gradient. Huang con-
cluded that the Hy line must be generated neaf to fhe»secondary companion
so as to share its radial velocity changes, whereas He originates in the
gaseous medium enveloping the entire system, thus showing very little
change in velocity difference over the orbital period. It is not known
.whether this spatial differentiation holds also for the continuum radia-

tion, although the present work suggests that it might.

From the light curve of figure 4.6, it can be seen that the increase in
polarization by a factor of abPut two at primary eclipse is accompanied
by a 50% decrease in the system light. Now if this broad band polar-

ization is produced in that part of the envelope surrounding both stars

the product of system light and degree of polarization should be constant.



The observed increase in polarization is then just a :consequence of the
increasing ratio of polarized to non-polarized light. However, if the
polarization were produced in the vicinity of the secondary companion,
some of the polarized flux would be eclipsed with the primary star, so
that tﬁe increase in polarization would not be as great as.the decrease
in light. This is exactly what is observed for the V-band data and
supports the theory that the increase in polarization at primary ec-
lipse is larger than Shakhovskoi's simply because of the difference in
wavelength region studied. Furthermore, the red scattered flux appears

to come from that part of the envelope surrounding both stars, whereas

the blue flux comes from the vicinity of the secondary companion.
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5.3 Algol

The linear polarization of Algol remained below the threshold detection
limit of 0.2% throughout the orbital cycle. This agrees with the recent
observations of Rudy and Kemp (1978) shown here in figure 5.4. Their
data, obtained with a more sensitive polarimeter, show phase-locked
changes in polarization, but at all times below the 0.0%k level*. The
amount of scattering material in the system is obviously at least an
order of magnitude less than that in ﬁLyr, as has been known for some

time from photometry.

*

Note that both U and Q values separated by 0.5 phase are similar, so

that a Q,U plot would be a degenerate ellipse, as described previously
". in Chapter 2.

7



5.4 Further work

It has become apparent during this work that a more sensitive instrument
possessing a lower instrumental polarization is essential for further
observations. Cooling the present silicon diode/preamplifier combin-
ation would increase the sensitivity by at least an order of magnitude
but would not lower the instrumental polarization; this would require

a different modulator/analyser. A system similar to that built by
Stokes et al., (1976), and described previously in Chapter 3.2 (figure
3.3) is probably the best choice from the standpoint of both high

sensitivity and low instrumental polarization.

As for observations, a new spectropolarimeter, similar to that of
Stokes et al. (1976), and currently in operation at the Royal Observatory
Edinburgh, will be used by the author to look for the possible 70 day

- period of 89 Herculis, and to check the wavelength dependence of polar-

ization in Beta Lyrae.



Table IV Past and present observations of pCas and HD 217476
/

pCas
%b e° Source

1.47 + 0.04 55 Coyne et al. (1974)
1.1 + 0.06 55 + 1 Serkowski (1965)
1.44 + 0.15 53 + 8 Present work
HD 217476

%P 90 Source
2.86 + 0.0k 7 Kruszewski (1962)
2.82 + 0.30 71 Treanor (1963)
2.80 + 0.13 - - Serkowski (1968)
2.70 + 0.36 12 Coyne et al. (1974)
3.09 + 0.23 6h-+ 4 Present work
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APPENDIX A

DERTVATION OF THE VALUES OF Q AND U PRODUCED BY A NON-UNIFORM

DISTRIBUTION OF SCATTERERS (following Rudy, 1977)

Consider the geométry of the system shown in figure A.1. An individual
scatterer is situated in a fixed position with respect to the stars.
A coordinate system is centred at the scatterer with a fixed orientation
relative to the scatterer. If 8§ and 8 represent unit vectors directed
from the scatterer to star #1 and to the observer, respectively, then
the scattering angle, ¥ , is given by:

cosY= 8.8 = sin i sin 2mwasin 27 %, + sin i cos 2racos 2me

= sin i cos 2n(¢-o%) ‘ : (51)
From this, the fractional polarization of the scattered light is given
by: ' - ' |
P =1 - cosaw - 1 - sin’i cos> 21 (eA- %) (52)
1+ cosz!P 1 + sin®i cos® 2r(ed - ot)

The light incident on the scatterer from the star is assumed to be un-
polarized. The factor 27% arises from the azimuthal angles being measured

in units of orbital phase rather than in radians.

The polarization will be normal to the scattering plane. The unit vector

in this direction, ﬁ, is given by:

|

n
n =

9>

o>

X

A
>

0>




= -cos i cos 2T o4, cos i sin 2k, , sin i sin 2n( ot - ot I_)_ (53)

2. 2 %
ﬁ - sin"i cos 27\'(0‘—0&,1)] e

The normal to the scattering plane is perpendicular to the direction of the

observer and lies in the Q', U' plane. The direction of Q' is in the polar
direction. If the angle between a unit vector, a, directed along Q', and
the unit vector, '?1, is denoted by ﬁ , then the values for Q; and U' are
the projections of the fractional polarization, p, on the Q', U' axes.

Q = pcos2B, U' = psin Zﬂ (54)
The value of cosp is found from:

A N
cos ﬁ d. n

(55)

(-cos i sin 2ma, - cos i cos 2r&, sin i).

/C-cos i cos 2m& , cos i sin 21rot“;51n i sin 2m(ct- oﬁ]
2. 2 =
[’T - 5in"i cos” 2wW(A - 0(1]

From this, cos 2 and sin 2p are found:

cos 2B = sin 2w (&R = o%4) - cos-l gos- 2 (ot =X, ) (56)
2. P e
1 - sin“i cos 211‘(0(—0(,])

sin EBz cos i sin 471‘(&-0'-,:) ' ' (57)
1 - sinzi cos2 21((0‘-0‘1)

Multiplying both expressions by p, equation (52), yields Q' and U’

Q = sin® 277( ok - ok, ) - 00521 cos 2m(k - ) (58)
1 51n21 — 2n (o - o()
U' = cos i sin 4TM(A-ox,) | (59)

1+ sinzi 0052 271t (ot = ot,l)
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A similar expansion is obtained for the other star in the system by re-
placing 0‘1 by 0‘2. Because of the additive nature of the Stokes parameters,
the total Q':-and U' are the sums of the individual Q' and U' values. How-

ever, before this is done, the individual Q', U' pairs need to be multiplied

by an a,(“iditional factor, B,]
l

2 which takes account of the finite size of

the two stars and the relative contributions of scattered light from the

two stars. The explicit form of B1 iss

B,=_8 . 2m-N (60)
[ 1 +§2 21T

where §,| is the scattered flux which is incident from star #1, and ﬂ’l is

the solid angle subtendel by star#1 at the scatterer. Hence, we may define

Q, = B [_sin2 2ﬂ(oc—ot,|) - coe” i cos® 211(0(-—0(1)] (61)

1+ sin® i cos® 21\'(o'~-o(,l)

U', = By [cos isinhn(at-o) / (62)

1+ sinzi cos2 2n(ot-o§|)

' The scatterer cannot be resolved from the two stars so that the observable
quantities are the ratios of Stokes parameters to the total system flux.
As the total flux is much greater than the scattered flux, the observable
parameters are:
Q, = A ['s*n2 2relot = ot,) = cos™ i cos® 2mlet = et,) (63)
1= oL S Ml %)/ -
¢,
U, = A, [cos i sin 4“(0‘—0‘1)]

%

(64)




where éo is the total flux outside eclipse,

and A, equals é’l' (2nm —__-Q,]_)_ to keep Q, and U, dimensionless.
2T

For the case of a single scatterer illuminated by one star, Q = Q,l and
U= U,]. The dependence of Q and U on the orbital phase, & , can be
eliminated by expressing Q in terms of cos 4TT( o - o(,l) and U in terms of

sin 4T (o - o&,]). Squaring both, adding them together and equating to unity

yields:
2
51n o 2
LR-U/p) =57 v U7 % _A,I_a_ (65)
[0+ cos® 1) f2 ] © cos” i 3,

This is the equation of the elliptical Q, U plot described previously in

Chapter 2 for the case of a single scatterer.

For the more realistic case of a finite scattering region illuminated by
both stars, it is necessary to sum the Stokes parameters for each in-

" dividual scatterer, whereupon they take the form:

Q = % (sinzi - 21 + cos 1) cos 4mW( A - % ) A’l | (66)
- J
3=1 .
+ % (sm i = 21 + cos 1) cos 4m( - X, ))
3:1 §0

(=]
1

% cos i (%1 sin 4w (o - 0‘13) + AZ' sin 41T (& - O(Zj)) (67)
j 0

B0

where the subscript, j, refers to the individual scatterers of which there

are a total of m.




The two equations, (66) and (67), may be simplified by using angle-difference

formulae, and defining three new quantities:

5 S 2 RS (68)
3=1
/ g
S,”’ = JZ:,]'(A’I;] cos 4"0'%. + Azj cos 47\'“2:]) (69)
n .
By = jZﬂ(A1j sin brvew o + Ay, sin bivey,.) (70)
The quantities 81,2 describe the distribution of scatterers such that for
a uvniform circumstellar disk, S’I = S2 = o, and A describes the mean il-
lumination of each scatterer.
Then Q@ and U may be rewritten:
Q - (mA/ Q_G) gini = 8, cos Lyt + 8, sin LTk (71)
31 + cos®1) $. 3.
U = 8, sin & - S, cos ke (72)

cos i Qo §0

Elimination of cos 4M& and sin 47X by the usual technique leads to:

Q- (wh/§ ) sin® iV + _U° = _s_12 + s; (73)

(1 + coe® i) cos2i §02

This is the equation of the elliptical Q,U plot described previously for the

case of a finite scattering region.

It should be noted that §o’ the total system light flux is assumed constant.
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Many binaries do not have a constant light output but suffer changes
both in and out of eclipse. If the eclipse is of short duration and the
out-of-eclipse variations are small, a Q, U plot can still be obtained.
However, for systems such as Beta Lyrae in which the eclipses are broad
and deep, i% must be replaced by a series expansion. This is discussed

further in Rudy (1977).
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Fig. Al A schematic diagram of a point scatterer in the
orbital plane of a binary system




APPENDIX B
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