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ABSTRACT 

Supervisor: Dr. J. L. Climenhaga 

This thesis describes a new solid state optical polarime ter 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 l osing 

mass. It has been suggested that these stars may be binaries with long 

periods. A monitoring of the linearly polarized light from t he 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 pr i mary eclipse greater 

than that previously reported for shorter wavelengths . It is suggested 

that the polarized flux at long wav~lengths is produced f urther out in the 

binary envelope than is the short wavelength flux. 

The polarization of Algol has been studied throughout s everal orbital 

cycles and remains always less than 0. 2}6 . This i s i n good agreement with 

the recent work of Rudy and Kemp. 
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CHAPTER 1 . I NTRODUCTION 

Electromagnetic radiation is comple t ely described by three parameters, in­

tensity , frequency and state of polarization . Our knowl edge of celestial 

bodies outs ide the sol ar syst em has been almost entirely gained through 

the first two parameters and it is only fair ly recently that the state of 

polari zation has been consider ed. The general exist ence of polarized light 

has been known since t he 17th century and the polarization of skylight 

since the early 19th century, but the present day interest in astronom­

ical sources of polar i zed light can be said to have started in 1946 with 

the work of Chandrasekhar (1 946) . He incorporated anisotropic scattering 

into the equation of r adiative transfer and , for the case of opacity due to 

electron scatter ing , obtained t he r esult tha t the light at the limb of a 

spherical star would show a net linear polar ization 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 integrat ed 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 (1 949 ) and Hiltner (1 949) to look 

for variable polarization in known binary stars . They did not find any var­

iability but did make the rather r emarkable 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 D~vis-Greenstein 



(1 951 ) explanation of this polarization through selective absorption of 

rotating dust gra ins aligned along the interstellar magnetic field lines 

is now gener ally accepted , although Purcell ( 1975 ) has pointed out that the 

r equir ed magnetic field is too high . 

2 

The first repr oducibl e polarizat ion changes attributable to binary mot i on 

were obs erved by Shakhovskoi ( 1962) for the Bet a Lyrae s ystem. The intrin­

sic nature of t he var i able polarization was shown by the correlation wit h 

photometric observat ions . Since 1962 several other systems have been found 

to show variable intr insic polar ization. The polarization mechanism most 

f avoured is electron scatter i ng in a circumstellar envelope or disk. 

The intrinsic polarization of an isolated s tar 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 t erm amplitude changes or spectral differences in the overall ob­

served polarization. Furthermore , late type supergiants should have a 

polarization spec trum given by scattering from a combination of molecules , 

electrons , and grains , quit e different from that of interstellar polar­

ization . 

Apart from studying the interst ellar magnetic field , stellar polarization 

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



in a particular s ystem , and , in the cas e of binary stars , t o give inform­

ation on their spatial orienta t i on . 

The present investigation has been concerned with pol ar imetric obser vations 

of two classes of objects . The first class comprises thr ee late t ype s uper­

giant stars, 89 Herculis , Rho Cass iopeiae and HD 21 7L~76 , which are sus­

pected by Smolinski (1 977) of be ing binary s t ars 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 under going mass 

exchange, a periodic variat ion in linear polarization might well be seen , 

although it would be superimposed on the interstell ar ba ckground . 

The second class comprises two well known binary s t ars , Algol and Beta 

Lyrae. At the time this r esearch commenced (May 1977), ther e wer e no 

polarimetric data published for Algoi 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 polarinetric data for the two 

spectral regions may suggest a possible scat t ering mechanism. 

Astronomical polari metry has only recently bec ome practical owing to the 

difficulty of cons tructing a polarimeter which has an intrinsic polar­

iza tion of less than a few tenths of a percent and which has good 

3 



sensitivity and repeatability. Part of this investigation has been the 

study of previous ly built polarimeters followed by the design and con­

struction of a new type of polarimeter dis pensing with the usual photo­

multiplier tube i n favour of a silicon diode detector . Although the 

silicon diode is electrically noisier and thus l ess sensitive than the 

photomultiplier tube, it is robust , highly linear , virtually insensitive 

to the state of polarization of the incident radiation and very compact. 

The last two points have made possible the construction of a lightweight 

polarimeter for use on the 31 cm telescope at the University of Victoria. 

All the results described below have been made with this polarimeter at 

Victoria , with the exception of those taken on JD 2443395 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 mechanisms 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. 

4 



CHAPTER 2. ASTRONOMICAL SOURCES OF POLARIZATION 

The principal processes , both intrinsic and extrinsic t o a s tellar system , 

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

2.1. Interstellar polarizat ion 

Hall (1949) and Hiltner (1 949 ) 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 approximat e 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 (1 970). Figure 2.1 shows only a 

general correla tion of directions and not complete alignment . 

(ii) There is a correlation between polarization and interstellar r ed­

dening such that the ratio of polarization to colour excess has a 

maximum value . Figure 2.2, t aken from Hiltner (1 956b), shows this re ­

lationship for the Cassiope ia region where, expressing both the polar­

ization, P , and colour excess , E_ V' in magnitudes (i. e ., P = m -B- m 

2.5 100° max/ I mi:f), the observations fit the relationship 

5 



t_ 0 . 18 

'"' 

This observation alone strongly points to clouds of interstell ar dust , 

not always completely aligned , being responsible for the polarization. 

( 1) 

(iii ) The variation of polarization with wavelength is similar for all 

stars so f ar observed and , furthermore , fits the Davis-Greenstein (1 951 ) 

model described below. Figure 2. 3 , from Coyne (1 974), 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. 3 and 2.4, both from Coyne ( 1974), shows this effect . The reason is 

that a non-spherical dust grain causes polarization through the longer 

axis absorbing or scattering more light than the shorter axes , and hence 

preferent ially weakening one orthogonal component of the incident light . 

Only when the grain size is comparable to the inc ident wave l ength will 

there be this preferential weakening . If the grain is too small, the 

light will be unaffected and if t oo large , both orthogonal components 

6 



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 (1 951 ) to 

be the interstellar magnetic field . Their theory of grain a lignment has 

stood t he test of time and will now be considered. 

2. 1. 1 The Davis -Greenst ein theory 

This theory provides a mechanism for aligning elongated dust grains in 

spite of the t endency towards rapid spin from collisions with interstel l ar 

hydrogen. In the absence of any aligning torque, the orientation of the 

grains wil l be completely random , and, by the equipartition theorem , thei r 

mean kinetic energy of rotation will be equal to the mean kinet ic energy 

of t he interstellar ga~ For the grains to be aligned, any torque must 

be dissipative , otherwise the grains will simply precess and the aver age 

orientat i on will remain random. Davis and Greenstein suggest that para­

magne t ic 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 (-1013 seconds) aligned 

with this magnetic field . 

The magne t ic properties of many substances are such tha t if the substance 

is put in a magnetic field,~ ' which varies with time ac cording t o 

B = ~ B cos w t , 
0 

*provided the gas is monatomic . 

(2 ) 
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where ~ is a fixed unit vector in the JL direction, the magnetization will 

be given by 

11. = ~ B
0 

LX' cos wt + X" sinwy, 

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 

byX", and this absorption of energy is called paramagnetic absorption. 

Considering Figure 2.5, the magnetic field JL is fixed in space, and the 

dust grain rotates with angular velocity,.!:e:!.,, 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 2, 9 and~ be unit vectors in the coordinate system fixed in space, 

and t, 1, and Q be unit vectors in the coordinate system of the dust 

grain. Chose the origin of time so tha t 

,- A t A. . t x = i cos w - J sin w , y = ~ sin wt + 1 c OS w t , ~ = ~ = g 
w 

( 4) 

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

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

D. = Bzk + Bx /J cosw t - J sin wt] ( 6) 

8 



Hence the magnetization seen by the rotating dust grain is 

M =X B ~ + B ~(X'cos wt + )(!' sinwt) - o z x LJ. 

+ 1(-)(' sin wt + ~• cos wt~ 

or 

M = X. B ~ + 'VI B ~ + "" B "y 
- 0 Z ~ X A X 

where)(. is the static susceptibility. 
0 

When w = o, then X.' = o and )( = X' . 
0 

( 8) 

,. 
The z component of the magnetization has no effect on the rotation, the 

~ component causes the precession mentioned above , and only the y com­

ponent causes a change in the magnitude of~, through the dissipative 

~• term. 

Hence, the dissipative term can be written 

Or, if Vis the volume of the grain, its magnetic moment is VJ:1.d , and 

the torque acting on this dipole is 

T = VM.d x 12 = v X" ,,.,-1c~ x .a) x fl• ( 10) 

Considering figure 2.5( b), .1. is the total angular momentum vector and 

the dust grain spins about the axis OA such that its instantaneous angu­

lar velocity ,W, is the vector sum of the rotations about Land OA, its 

average over one cycle being w . 
-av 

Now, 

~ = '.J'.. = V 'X11 W-1c~ X ~ ) X Jl 
dt 

(11) 

; , 
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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 1 and], and is norma l to].. 

Hence .1 tends to approach]., its tip moving along the dotted line of 

figure 2.5(b), so that eventually f. is parallel to]., 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, 

-1 ( )2 dE = ,T-~ = -VX" w ~ x] • ( 12) 
dt 

As is usually the case, this means that the energy will decrease to a 

minimum when Wis as nearly parallel to]. as possible. Now for a body 

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

.[ = 1 1 ,,.,2 I.II 1 = 1 ~ 1 
l~l 2 ~ 2 

( 13 ) 

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 predicts 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 J.ight will be linearly polarized such that the 

electric vector is parallel to the magnetic field. 

Purcell (1 975 ) has criticised this mechanism on the grounds that it re­

quires an interstellar magnetic field of 10-9 - 10-8 tesla for complete 

10 



alignment, whereas other measurements (Faraday depolarization of radio 

- 10 waves ) suggest 10 tesla. The rate of rotation of the dust gr ains is 

not known, and this will have a direct inf luence on the relaxat ion t ime f or 

complete ali gnment . However, it i s still believed that the Davis­

Greenstein model is basically correct . 

11 



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 r espect 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 paramet ers 

It may s eem 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 purposes, and to a lesser 

extent, for analytical purposes , it has been found more convenient t o 

describe polarization in t erms of the Stokes parameters, I, Q, U and V. 

The tota l 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 polariza tion by V. The parameters are defined 

in terms of observable quantities as follows. 

Suppose there exists a rotatable linear polar ization analyzer ( e . g . a 

shee t of polaroid) which can be rotated transversely t o a 100'/4 linearly 

polarized beam of light. If the maximum transmitted light occurs with 

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

12 



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 45° 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 

represent the vertical and~ the horizontal electric field strength, 

and letting 6 represent their phase difference, then 

I 

u 

Q = 

V = 

+ <:.~27 

- <~2> 

~'> cos 6 

( 14) . 

( 15) 

(16) 

( 17) 

where< >indicates time averaging. The present polarimeter cannot measure 

circular polarization, and so for the remainder of this thesis, 0 will be 

taken as zero and only linear polarization considered. The linear polar­

ization, p, is now defined a:::. 

Imax - Imin 
Imax + Imin 

( 18) 

where I max, I min are the maximum and mimimum intensities observed when 
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the polaroid analyzer is rotated transversely to the beam of l ight . 

In terms of the Stokes parameters, p is written 

p = / Q2 + u2 • ( 19) 
I 

( Note that this p is different from the Pm defined earlier in section 

2.1) 

The pol arization angle, 9 , is defined by 

9 = 1 tan - 1 (U) 
(Q) 

and usual ly measured from north going east . 

2. 2. 2 Scattering in a uniform circumstellar disk 

( 20) 

The .fi r st attempt at predicting the polarization due to s cattering in a 

circumstellar envelope was by Shakhovskoi (1 965) , who took the i dealised 

case of a uniform circumstellar disk of constant mean r adius surrounding 

t he brighter member of an ecli psing binary system. 

The observed polarization of the system is 

where 

p = pdisk. t disk 
1. Jo 

f disk is the intrinsic polarization of the disk, 

!Pdisk is the scattered flux from the disk , 

~ o is the total flux of the system outside eclipse , 

and 1 is the r elative brightness of the system during eclipse . 

( 21 ) 

14 



I 

i 

Outside of eclipse , the observed polarization is a constant and equal 

to 

Po - P disk . t disk 

~ 0 

( 22) . 

I 
Shakhovskd.showed how the ratio p

0
/ p disk 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 , 

9? disk = ($'. N • F\ • w 
e 

where N is the total number of electrons in the disk , 
e 

F* is the flux density of the central star , 

and Wis the dilution factor a t the disk mean radius . 

(23) 

Rearranging and substituting for F* and ~ disk , the number of electrons 

is equal to 

N 
e 

2 
= 7\" Rj; 

Cf w 

R* being the radius of the central star . 

(24) 

The mass of the disk can then be estimated if the ionic species are known. 

For a later spectral class star , where atoms , molecules 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 t emper ature and pressure of 

the disk are known. 

To compute the disk polarization, f disk , consider figure 2. 6( a ) in which 

15 



radiat ion fr om the cent ral star is scattered off a small volume element 

at position , cl... , t hrough a scattering angle , \/1. The position angle, o<, 

i 3 measured from the line OA which is in the plane containing the stellar 

angular momentum and the earth, EB • 

up of /infini t esimally thin rings . 

The disk is considered to be made 

The polarization of each ring can be 

easily ·calcula t ed , and a summation over all the rings gives the net disk 

polarization . The angl es , 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 scat tered fluxes; having electric vectors parallel with and perpend-

icular to the scattering plane are 

4? y = c1 ne cos
2 4' I* d W 

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

( 25) 

( 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 d i s the scattering cross-section for free electrons. 

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

= K = ( 27) 

Considering figure 2 . 6(b) and taking the reference axes to be normal to 
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I 
I 

and in the plane of the disk , the orthogonal electric fi eld strengths 

of the scatt er ed r adiation can be written 

I 

E = 
XO 

E yo = E cos ¢ + 
X 

E cos ¢ y 

E sin ¢ y 

( 28 ) 

( 29 ) 

and t ~us the Stokes paramet ers , referred to the disk ' s coordina t e system , 

are 

I 

Q 

u 

= < E 2 > + <E 2;,, 
yo XO 

= E 2 + E 2 
X y 

= < E 2 > 
yo 

- <E 2 >' 
XO 

= 

= 

= 

( E 2 
X 

- E 
2

) cos 2fJ y 

2 < E E >' yo XO 

(E 2 - E 2) sin 2¢, 
X y 

where use has been made of the fact that < E E > is zero . 
X y 

( 30 ) 

( 31) 

( 32 ) 

Now, the flux is proportional to the square of t he electric fi el d 

strength. As only the ratios of Stokes parameters are actually ob­

servable, the constant of proportionalit y can be set equal to uni ty and 

the paramet ers r edefined as 

I = ~ x + ~ y 

Q = (fx - j y) cos 2¢ 

and u = @x - ~y) s i n 2¢ 

or, using equation ( 27), 

I = K(1 + cos~) 
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Q 

u 

= 

= 

K 
. 2 m sin ..,. 

K . 2 111 sin T 

cos 2¢ 

sin 2 ¢ 

( 37) 

( 39) 

To find the mean values, I, Q and U over the whole ring, we integrate with 

oc. going from 0 t'o 2 Tf, noting from figure 2. 6(a) that the angles~ and ¢ 

can be expressed in terms of d. and i by 

s o that 

cos· tp = cos 0( • sin i 

sin ()(. = cos </>. sin ~ 

Q = [
2

" 2 2 !_ ( sin o<. - cos OC. • 
2n 

0 

t" u = !_ sin 2ot.. cos i . 
2n 

0 

2 cos 

dOI. = 

Therefore, the mean polarization, p , is then 

-p j-2 - 2 = Q + u 
I 

= 
. 2 . sin 1 2 ( 2 + sin 7J" 

i ) d~ = ~ sin 
2 

0 

2 i 

( 40) 

( 41 ) 

( 44) 

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 . 

0 -For the case of an eclipsing binary, where i is close to 90 , ~ will be 

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

18 



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 

pdisk = 
. 2 . sin 2 (2+sin i) 

(46) 

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 t; below~- There is considerable doubt on 

.how much this reduction should be, although Piirola (1975) suggested 

that a realistic maximum for p disk is 1/10. 

The above analysis is idealized in that radiation from the secondary star 

has been omitted and the circumstellar envelo~e 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 companion. 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 
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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 realistic 

model based on a non-uniform envelope has recently been developed by the 

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

2.2.3 Scattering in a non-uniform circumstellar .envelope 

Rudy and Kemp (1 976 , 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 90° (i.e., edge on) will have a maximum integrated polarization 

of~' 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.?(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 i n 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 

[ 
.2l.]2 Q _ (A /'if.. ) sin 

1 '::to 2 

(1 + cos2 i)/2 

+ u2 
a. cos J. 

where Q, U, ~o and i have the same meaning as before. The quantity A1 

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 (sin2 i/(cos2 i + 1))~, so 

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 
+ 

( 1 + cos2 i)/2 2 . cos J. 

= (48) 
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where A i s the mean value of A1 2 over m individual scatterers, 
' 

and s
1

,
2 

are geometrica l factors describing the distribution of scat ­

terer s around t he two stars . 

I 
This gives the i mportant result that the extension from a single scat-

/ 
terer to a fin i te 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 = s2 = O, the 

ellipse collapses to a single point, 

u = o, - 2 Q = ( mA ,1
0

) sin i , (49) 

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

uniform circumstellar disk. 

A typical Q,U plot is shown in figure 2.8 for the system, AO Cassiopeiae, 

and taken from Rudy and Kemp (1 978). The conjunct ion 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 edge 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 

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

There are several other astronomical sources of polarization having their 

origin in either magnetic or general relativistic effects. 

2. 3.1 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 l i nes orthogonal to the centre line, 

has been observed in magnetic Ap stars by Kemp and Wolstencroft (1973). 

The effect was observed in the H~ 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 

23 

are sufficiently separated that they can be resolved. This so-called 

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

1974). 

2.3.2 Gener al Relativistic effects 

The Einstein photometric effect, or 'gravitational focussing' as it is 



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 a llow the limb polarization, predicted by 

Chandrasekhar (1 946), to be seen directly. This effect has been looked for 

in Cy, us X-1 by Dolan, but not seen. In fact, the perfect alignment 

of brig~t star, black hole and observer required, make it very unlikely 
I 

that the effect will ever be seen. 

All electromagnetic radiation'can be r epresented as the sum of left and 

right handed circularly polarized components. A rotating black hole will 

absorb that handedness of radiation which slows its rotation down more 

easily than that which speeds it up so that radiation 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). 
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Fig. 2.1 Interstellar polarization in 
galactic coordinates. The stars measured 
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(Reproduced wit h per mission from Memoirs 
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Fig. 2.8 The Q,U plot for AO Cassiopeiae. Tick marks show phase intervals 
of 0.05. The dashed path is computed from the scattering model. The solid 
path represents the smoothed observations. 
(Reproduced with permission from Ap. J., 207, L126.) 
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CHAPI'ER 3 EXPERIMENTAL POLARIMEI'RY 

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 

90° 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 work 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 through 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 

; , 
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motion on the polarimetric analyzer ( e . g. polaroid) and the following photo­

det ector . 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 th~n 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 eliminated. 

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 ~s required and that the 

polarization information is modulated, making detect ion in the presence 

of noise so much easier. This is the pr inciple underlying the present 

polarimeter . 

3.1. 2 Image motion on the det ector 

Apart from that caused by atmospheric seeing, image motion can also be 



caused by t he r otation of any optical element which i s not plane parallel 

to the de t ect or . The best solution is to electronically rotate an optical 

element such as a Pockel s cell. Another appr oach is to use a rotating op­

tica l el ement which modulates any polarimetric information at a multiple of 

the mechar(ical r otat ion r ate , and then follow with a s ignal processing 

scheme sensit i ve only t o t he modulation fr equency . Mos t photocathodes are 

somewha t sensit i ve to the state of polarization of the incoming light , s o 

tha t the r ot a t i ng analyzer must be foll owe d by a depolarizer . 

3.1. 3 Instrument polarization 

Linear polar i zation from t he mirrors of a Cass egrain t el escope usually does 

not exceed 0.1%, provi ded the mirrors have been uniformly aluminized. A 

pot ent ially more serious problem is the conversion of l i near t o circular 

polarization by t he t elescope optics . Such linear- t o- circular conver sion 

dimi ni shes the measured degree of linear polarizati.on for the ob j ect ob-­

served , rota t es the plane of polarization and causes ins trumenta l circular 

p.olarizat i on. 

The ideal opt i cal ar rangement is to have neither lens es , fi lter s nor tilt ed 

mi rrors before the polarimetric analyzer . It is for t his r eason that 

Newt oni an t el escopes are r arely used , although theoretically the linear 

polarization and linear-t o- cir cular conversion produced by the tilted flat 

mirror could be allowe d for . 
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3. 1. 4 Photon noise 

Provided the instrumental polarization is small (<. O. z)6), the principal 

l imitation to polarimetric prec ision comes from phot on statistics . For 

example , to measure the linear polarization of an obj ect to 0 .1% r equires 

the phot / n statistical uncerta inty to be better than 0 . 01%, or the total 
I 8 

number of photons collected to be greater than 10 . For t his r eason , the 

higher quant um efficiency det ectors such as silicon vidicon television 

camer as and semiconductor diode arrays are coming into use . Splitting 

up the spectrum to do spectropolarimetry makes the problem even worse , 

and only bright stars (V< 8) have been . rout inely observed so f ar . 

36 



3. 2 Types of polarimeters 

The earliest polarimeters were simple devices . Hiltner (1956a) used a 

Glau-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 l i near polar­

ization. 

Hall ( 1949) also used a Glau-Thompson prism analyzer , but rotated i t con­

tinuousl y a t 15 Hz . Any linear polarization showed up as a 30 Hz sine 

wa.Ye 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 el ectronically rotatable waveplate 1 followed by a Wollaston 

prism analyzer . The Pockels cell consists of a transparent crystal of 

potassium dihydrogen phosphate , across which a longitudinal potential 

difference i s applied. The birefringence (differ ence in refractive index 

for orthogonal polarizations) of the crystal is directly proport ional 

to the appl ied voltage , and thus the crystal can act as either a quarter 

wave plate ( i~ which the two orthogonally polarized rays suffer a re ­

lative phas e shift of 90°) or a half wave plate ( in which the r elative 
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phase shift 
·o 

is 180 ). A r elative phase shift of 90° causes a trans-

formation from circular t o :Linear pol arization, and vice versa , whereas 

a 180° shift rotates the plane of polarization through 90° . The voltage 

applied to the Pockels cell is pulsed so that any polarization shows as 

a modulation of the output from the Wollaston pr ism. 

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

by Clarke and McLean (1 975) . The Double Beam Polarizer splits the in­

coming beam into its orthogonal components in a way similar to that of 

the Wollaston prism. The i nstantaneous difference in output of the two 

photomultiplier tubes is proportional to the degree of linear polarization 

and is said to be virtually unaffected by atmospheric effects . A movable 

half wave plate rotates the plane of polarization applied to the D. B. 

Polarizer to eliminate systematic instrumental polarization. Circular 

polarization is measured by inserting a quart er wave plate into the light 

·path. Tiltable filters are used for narrow band spectra.polarimetry. 

Finally, figure 3. 3 shows a schematic drawing of possibly the most accurat e 

and versatile type of polarimeter so far constructed (Stqkes et al., 

1976). The heart of the instrument is a photoelastic modulator invented 

by Kemp (1 969), followed by a Glau-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 change~ simulating both 
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I 
quarter and half wave plates rotating at different harmonics of the basic 

50 kHz frequency . This rapid multi -harmonic modulation permit s simult-

aneous measiµ-ement of linear and circular polarization 

of atmospheric effects . 

I 

complet ely fre e 
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3. 3 The pres ent polarimeter 

The constituent parts of the instrument used in the pres ent work \vill 110\v be 

considered. 

3. 3.1 The optics 

The polarimeter head which i ncludes the optics, photodiode det ector and head 

amplifier is shown in figure 3. 4. Light fr om the 31 cm Cassegrain telescope 

of the University of Victoria Observatory is reflected fr om the t el escope 

secondary mirror through the entrance aperture of the pol arimet er and comes 

to a focus at the focal plane diaphragm. This i s a mult i - posi t ion rotary 

whe~l containing five apertures of diamet ers 0, 33 , 65, 130 and 260 arc sec­

onds. A sixth posi tion conta ins a piece of polaroid of known orientation 

for use in checki ng the oper a tion of the system. The f ocal plane i mage , can 

be viewed with the aid of a flip mirror , imaging l ens and eyepiece . Di ­

·verging light from the focal plane pass es through t he rotating polaroid , t he 

field lens, the bandpass filt ers ( if used) and onto the ac t ive area of the 

photodiode det ector . Immedi at ely behind t he det ec t or i s mounted a l ow nois e 

amplifier . Signals from the ampli f ier pass via a cable dqwn t o t he ma in 

signal processing unit. 

The polaroid is a circular piece of HN-32, manufactured by the Polaro id 

Corporation. The transmittanc e of light linearly polari ze d para llel t o the 

maximum transmis s i on a.xis of the polaroid i s f airly 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'/4 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 r emove 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 f ollowing 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 m2 ; however , 

this small size does magnify the tracking problems present with any tele ­

scope . In particular, for the 31 cm . telescope i t 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. Figur e 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 filt er . The half- height spectral r ange is 478 t o 724 nm . 

Figure 3. 6 shows the polar imeter head mounted on the 31 cm. t elescope, 

together with the signal processor . To estimate the scale of the photo­

g~aph·, the tube connecting the head to the t elescope is 6 cm . in dia­

meter. 

3.3.2 The electronics 

The output of the polarimet er 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 r andom noise component due to 

the imperfect nature of both the det ector/amplifier and the a tmosphere . 

The electronic signal processor has the t ask of deter ming the aver age light 

intensity, the degree of linear polarization and the orient a t ion of the 

plane of polarization , all in the presence of noise which is often several 

times greater than the polarimetric signal . 

The deta iled circuit diagram appears in Appendix Band a functional block 

diagram . in figure 3.7. Referring to this figure , the fr equency of the 

electric motor ( and hence the rotat ing polaroid) is kept within one hertz 

of 68 Hz by a f eedback controller . This 68 Hz signal is also used as a 

master synchronizing signal by the digit al part of the circuitry. The 

rotating polaroid converts any linear polarization into a 136 Hz alt ern­

ating current in the photodiode . The head amplifier converts this current 
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to a voltage whi le transferri ng the s ignal i mpedance t o a low val ue f or 

transmission to the main signal processor. Ther e t he sky backgr ound i s 

removed and the s i gnal ampli fi ed. The a . c . and d. c . component s of the 

signal are separated by means of active filt er s . The a t mospher e noise 

shows up as a r andom modula tion wi th a frequency spectrum ext ending f rom 

zero to about 40 Hz . The active f ilt ers pass this modul a t ion wit hout 

seriously changing the r el a tive phase of the various frequency components, 

so that when the a . c. and d.c . s i gnals are subs equently e l ec troni cally 

divided , the atmospheric noise is essentially cancelled . 

The polarization signal has still to be recover ed , often from under the 

noise contributed by the photodiode and head amplifier . However , t he 

frequency of the polarizat i on signal i s known to be 136 Hz , and so can 

be recovered in a synchronous det ector sensit ive only to t h is f r equency. 

As this detector is driven by a signal from t he el ectric motor , any 

variation in motor speed due to envi ronmental or posit i onal changes is 

reflected by a corresponding change in the centre f r equency of t he s yn­

chronous detector . The de t ector output is f ilter ed , integrat ed and 

f1nally displayed as the degr ee of polar i zat ion. 

The difference i n zero cros s i ng t ime bet ween .the synchronous det ector 

output and motor referenc e signal, expressed in degrees between zero and 

179.9°, gives the orientation of t he plane of polarization . The phase 

of the motor r ef er ence signal can be ar bitrarily shift ed f or ca l ibrat ion 

purposes. 
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3. 3.3 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 r esidual polarization of the light source and that of the polar­

imet er·. The polarization angle can be measured to± 0 . 1°, as determined 

from observations of the daylight sky polarization. The overall s ensiti ­

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. 



Fig. 3.1. The Wollaston prism 
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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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CHAPI'ER 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 (S erkowski , 

1974; Treanor, 1963; Coyne et al ., 1974) and are consider ed well estab­

lished. 

4.1 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 0.1 8°/4 , and the measured_ value of polarization 

is always lower than the 'true ' value. The residual polarization of 0 .1 8°/4 

has a large 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 O. o4% to a high of 0 . 40'/4 . There was some correlation be ­

tween the polarization and the state of the atmosphere, in that the lowest 

valueso-xurred on nights with the lowest scintillation and best seeing. 

Furthermore, the polarization angle was variable , suggesting that not just 
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I , 

instrumental polarization was being measured. The most likely explanation 

of this residual lies in a combination of three separate effects: 

(i) incomplete cancellation of the atmospheric modulation , 

(ii) image motion on the detector due to the rotating polaroid, 

(iii) ( instrumental polarization of about O.o4%. 

The result is that the minimum detectable pol~ization is about 0. 2}b . It is 

interesting to note that the polarization of Deneb was measured to be 0 . 36% 

or r removing the instrumental contribution , a net value of 0 . 31%. The mea­

sured position angle of 2° is very close to the posi tion angle of 3° quoted 

for the nearby star , 55 Cygni , and confirms the ability of the polarimet er 

to measure small l evels 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 r atio 

of 'true' . to measured polarization and both spectral class and colour . This 

ip seen better in figures 4 .1 and 4 .2. The correlation with spectral class 
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is very high and suggests the following explanation. In chapter 3 it was 

mentioned that the polaioid is not very efficient at long wavelengths . This 

inefficiency shows up as an artificial lowering of the _measured polarization • . 

Now, the later the spectr al class, the greater the fraction of energy fall ing 

in the 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 



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. 
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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 , i n the case of 

89 Her, again in May, 1978. 

On no occasion was any net polarizat i on measured for 89 Her , which means 

in practice t hat the polarization must have been less than O. Z}b . 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 r egion 

of the gal axy, or there is very litt le interstellar dust or the f i eld lines 

are 'jumbled'. 

Linear polarization was observed for both p Cas and HD 217476. Instru­

mental calibration factors of 1.56, for p Cas, and 1. 63 , for HD 217476, 

were taken from figure 4. 1. The corrected observations of both percent ­

age polarization and position angle , e, 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 p Cas , 1. 44% and 53° , and 

in the case of HD 217476, 3. 18% and 64°. These results are discussed 

further i n the next chapter . 
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4 . 3 Beta Lyrae 

This well known binary was observed on 12 night s . The obserlations ar e 

listed in table III . Owing to the impossibility of assigning a constant 

spectral class throughout the orbital cycle , no correction fac t or has been 

appli ed. In any case the overall spectral class must be about B, s o that 

the calibration factor will be close to unity . The phase was ca l culated 

from the ephemeris of Belton and Woolf (1 965), 

Primary minimum = JD 2433289 . 47 + 12. 92848E + 0 . 3556 x 10-5E
2 

+ 
d 

0 . 18 . 

At the same time as the polarimetric data were being taken, the l ight 

intensity meter on _ the polarimeter was used as a photometer and a light 

curve obtained. The photometric reference was the star, ~ Lyr, which is 

of similar spectral class and mean magnitude to ~ Lyr . The polarization 

data are plotted in figure 4 . 5, the typical error being ~ 0. 1%, and the 

photometric data (f,Lyr -¥Lyr) in figure 4 . 6, the typical error being 

~ O.o4 m~gnitude . The position angle has not been plotted a s it was 

approximately constant at 157 ~·10°. 

( 50) 

The two curves taken together show the increased polarizat ion 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 s econdary 

eclipse caused by the scattering material between the two stars being 



partially occulted. Of course , at primary eclipse this mat erial 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). 
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4.4 Algol 

Algol was observed throughout several cyc les and not onc e did the net polar ­

ization exceed 0.2%. Thus, both the interstellar and intrins i c polar izat ion 

must be very low, in agreement with the work of Rudy and Kemp (1978) . 
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T~ble I Polarimetric observations of standard stars 

Polarized stars 

Star 
¢Cas 
YJ Aql 
55 Cyg 
2H Cam 
HD 21389 

Measured% P 
2.1+7 + 0 . 31 
1 . 14 + 0 . 06 
2 . 64 + 0 . 27 
2 . 89 + 0 . 22 
3.21 + 0 . 04 

True* % }> l> true~ meas . 
3 . 4 + 0 . 1 1 . 4 + 0 .2 
1 . 8 + 0 . 1 1 . 6+0. 2 
2. 8 + 0 . 1 1 . 1 + 0 . 2 
3 . 5 .! 0.1 1 . 2 + 0 . 1 
3 . 74,! 0 . 05 1 . 2 + 0 . 1 

0 Measured 8 
--- 0 

· True* 8 
96 + 4 94 + 1 

100 + 4 93 + 1 
2 + 3 3 + 1 

118 + 4 115 + 1 
118 ~ 7 -··-----

Non £Olarized stars Spectral data on the polarized stars 

Star 
/j Aql 
ot Lyr 
at. Boo 
(p <. 0 . 01%) 

Measured % t:> 
0 . 14 + 0 . 12 
0.1 8 + 0 . 12 
0 . 18 ~ 0 . 03 

Star 
szS Cas 
") Aql 
55 Cyg 
2H Cam 
HD 21389 

S12ectral class 
FO Ia 

F6-G2 Ib 
B3 Ia 
B9 Ia 
AO Ia 

(B- V) 
+0. 68 
+0. 80 
+0. 40 
+0. 40 
+0 . 59 

* from Serkowski (1974) , except for HD 21389 taken from Serkowski, Mathewson and Ford (1975) . 
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Ta ble II Polarimetric observa ti ons of ,o Cas and HD 217476 
• 

,oCas , 

JD -2443000 + 

366 
367 
376 
388 
395 
467 
510 

HD 217476 

JD 2443000 + 

367 
376 
388 
467 
510 

%1> 

1. 37 + 0.1 6 
1. 62 + 0. 33 
1. 36 1 0. 14 
1. 25 + 0. 25 
1. 67. + 0. 34 
1. 36 + 0. 20 
1. 47 ~ 0. 21 

%P 

2. 87 + o. 41 
3.24 + 0. 38 
2. 80 + 0. 57 
3.28 + 0. 33 
3. 24 ~ o. 46 

eo 

46 + 6 
66 + 10 
58 ~ 5 
50 + 10 
58 + 10 
44 + 7 
49 ~ 7 

eo 

65 + 7 
67 + 6 
64 + 10 ·-57 + 5 
67 ! 7 
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Table III Polar imet ric and photometric observations of f3 Lyrae 

JD 2443000 + Phase P/4 ea D.m(ref. ~Lyrae ) 

396.688 0.606 0.71 156 
413. 653/ 0.918 0. 80 152 
631.767 0. 789 0.72 153 0.00 
631.785 0.790 0.75 147 0.08 
632.793 o. 868 0.78 170 0.1 8 
632. 822 0. 870 0. 78 161 0.21 
633.779 0. 944 0. 74 164 0.34 
633.792 0. 9L1-5 1. 10 157 0. 33 
633. 822 0. 948 o. 88 160 o.43 
633. 830 0. 948 1·. 05 155 0. 39 
633.873 0. 952 o. 81 150 o.41 
636. 8oL1- 0. 179 0.73 153 0.06 
638.774 0. 331 0.76 159 0.05 
638. 801 0.333 o. 81 154 0.07 
638. 820 0. 334 0. 87 160 0.08 
646.753 0. 948 1. 32 166 o.43 
646.799 0. 951 1.08 155 0. 39 
646. 808 0. 952 1.15 156 0. 37 
646. 836 0. 954 1.o4 161 o.43 
647.778 0. 027 1.59 160 0.92 
64-7 . 836 0. 032 1. 39 155 0. 90 
648.790 0. 105 0. 96 151 0.60 
648.823 0. 108 1.14 156 0.56 
652.778 0.414 0. 81 153 0.1 9 
653.772 o.491 0.55 157 0. 35 
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CHAPTER 5 DISCUSSION AND CONCLUSIONS 

The observationa l data presented i n the pr evious chapt rare now consider ed , 

particularly with relation to the published data of other observers . 

5.1 The supergiant stars 

According to Smolinski and Climenhaga (1 978) and Humphreys and Ney (1974) 

there is some evidence that suggests tha t t he supergiant s tars , 89 

Herculis , Rho Cassiope iae and HD 217476 are probably all l ong period 

binaries . During several observing runs at the Dominion Ast r ophys ical 

Observatory all three stars were observed to have emission lines , non­

periodic variations in radia l velocity and the spectral appearance of 

two superposed individual stellar spectra. There is s ome 1:1eak evidence 

of a 70 day period for 89 Herculis ( Bohm-Vi t ense , 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 symme try will be 

maintained 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 concentrat ed t owards the orbital plane and 

may form an accretion disk around one of the s t ars . As wa s shown 
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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 three 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

ized. 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 

spectroscopic and radial velocity changes found by several workers at 

Lick Observatory including Bohm-Vitense (1 956), and by Climenhaga and 

Smolinski (1 978). During a study of the hydrogen lines, H~ and Ht, 

. -1 Bohm-Vitense found radial velocity variations of some 20 km s 

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

supported to some extent by the photometry of Worley (1 956). He found 
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a 0 . 1 magnitude variablity in 89 Her tha t may have a ~eriod of about 70 

days . However , as the photometri c observations were close to t he instru­

mental accuracy limit of t he time, the 70 day period mus t be considered 

specul ~tive , part icularly in view of the l ack of subsequent confirming 

observl tions . 

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 three supergiant stars , Rho Cassiopeiae has be en studied the 

most extensively . As r ecently 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 , pCas has 

behaved as a semiregular variable with a cycle l ength 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 l inear polarization. Furthermore , t his star has be~n observed 

on two previous occasions ( see t able IV) with r esults essentially the 

same as those r eported here . 
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Serkowski et a l . ( 1975) put fJ Cas ( and also HD 217476) in their l ist 

of s t ars exhi biting int erstellar polarization on this basis of five band 

pol ar i me try . The mean observed polarizat ion for p Cas and HD217476 is 

plotted in f igure 5 . 2 together with that for four of the standard stars 

i n the current programme . The l ength and orientation of the bars re ­

pre8ent the degree of polarization and the orientation of the plane of 

polariza tion , respectively . It should be pointed out that on the scale 

of this figure , the differences between the current observations and 

thos e r eported elsewher e are undetectable . The most obvious feature 

is a 45° polarization vector rotation in the Cassiopeia region , which 

indicate.s that either the polarization is interst ellar and the inter­

stellar magnet ic. fj_eld undergoes a 45° twist, or we are seeing inter­

stellar polarizat_ion superposed on a vector rotation i_ntrinsic to the 

s tars . Serkowski ( 1974) studied three of the standards, 55 Cyg, 2H Cam 

and '/,Cas, with a spectropolarimeter and showed that the changes in 

· polariza tion with wavelength are typical of interstellar polarization. 

· This twist occurs at galactic longitude 115° 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 circums~ella.r shell has been published by 

various observers . From a study of high disperis on s pectra taken 

bet ween 1955 and 1960 , Sargent ( 1961) found evidenc e of a circum­

stellar shell expanding a t 40 Kms- 1 relative to the photosphere . He 

r, 
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found emission lines of Fe I, Ni I and Ca I, whose variable strength he 

attribut ed to variat i ons in the dens ity of the shell . A curve of growth 

analysis gave a mean mass los s 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 t o fully develop , 

in f air agreement with Bailey' s photometric cycle length of 200 - 400 

days . More r ecently, Joshi and Rautela ( 1978) have compared the con­

tinuous ener gy distribution of p Cas in the wavelength range 340 - 710 nm . 

with that of 0 CMa , said by Sargent ( 1961 ) to have the same photospheric 

spectrum as p eas apart from the circumstellar feature of the latter . 

They found the flux from p Ca s at wavelengths shorter than 410 nm. to 

be greater than that from oCMa, 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 variabili t y 

being due to short duration heating bursts . More importantly for this 

discussion is their observation that the Paschen continuum of p Cas 

had a different and variable slope compared with that of 6 CMa. The 

variability was greatest around 700 nm. consistent with a circumstellar 

shell cooler than the centra l star and fluctuating in density. 

It thus appears that all observations are consistent with a variable 

circumstellar shell around p Cas , and there is no need to invoke binary 

nature . 
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5.1 . 3 HD 217476 

Polarimetric observations of this star are similar to those of pCas 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) 

suggests 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 1 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 from Beta Lyrae 

have been studied over the past sixteen years by many observers . Figure 

5. 3 sho/ s t he V- band observations of Shakhovskoi (1 965) together with his 

predic t ed polarization curve . The present observations , shown in figure 

4.5 , show the same general change with orbital phase . The out of eclipse 

mean polarizations are essentially the sarne I wher0.Hs the rise at primary 

eclipse is l arger in this work , 1 • .5°/4 as compared to 0 . CJ'/4 . The most likely 

r eason 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 us ing the J ohnson V-band , i. e . 

approximat ely 500 - 575 nm. This ' wavelength effect ' ha s been noticed 

before ( e . g . Rucinski , 1966 ; Coyne , 1970) primarily in the U, B, V 

bands, wher e the polarization a t primary eclipse is grea t er going to 

longer wavelengths . 

From the present r esults, t his t r end apFears to cont inue into the red 

and near infra- r ed with ever increasing levels of polarization . Coyne 

(1970) did make some measurements showing the polari.zation levelling 

off a t about 550 nm. and then fall ing slowly a t longer wavelengths . 

However , his 500 nm . r esults differ considerably from those of other 

observers . Furthermore , he used non- standard but unspecified wave l ength 

bands, s o that his results are difficult to i nterpret . 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 throu·gh multiple scattering. 

Recently Huang (1978) has studied the changes in Hoi. and H~ 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 H°' than for 

Hi. He assumed that the emission feature of a particular line is gener­

a t ed 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 H~ line must be generated near to the secondary companion 

s o as to share its radial velocity changes, whereas Hoe. originates in the 

gaseous medium enveloping the entire system, thus showing very little 

change in veloc ity 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 about two at primary eclipse is accompanied 

by a 50'/o 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 . 

j r 
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The observed increase in polarization is then just a :consequence of the 

increasing ratio of polarized to non- polarized light . However, if the 

polarizatiort were produced in the vicinity of the secondary companion, 

some of the polarized flux would be eclipsed with the primary star, so 

that t i e 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 ­

l{pse is larger than Shakhovskoi ' s simply because of the difference in 

_wavelength r egion 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. 



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 0.03'/4 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 . 
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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/ analy~er . A system similar to that built by 

Stokes et al., (1 976), 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 I V Past and present observations of ~Cas and HD 217476 
J 

t)Cas 
' 

%P 

1.47 + 0 . 04 
1. 41 + 0.06 
1.44~0. 15 

HD 217476 

%~ 

2. 86 + o.o4 
2. 82 + 0. 30 
2.80 + 0.13 
2.70 ! 0. 36 

. 3. 09 ,:t o. 23 

55 
55 + 1 
53 ! 8 

90 

71 
71 

12 
64-·+ 4 

Source 

Coyne et al . (1 974) 
Serkowski (1 965) 
Present work 

Source 

Kruszewski (1 962) 
Treanor ( 1963) · 
Serkowski (1 968) 
Coyne et al. ( 1974) 
Present work 
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Fig . 5 . 1 Thi rty- day means of observations of Rho Cassiopeiae . Bars 
indicate +1 s . e . 
(Reproduc;d wi th per mi ssion from J . Br i t . Ast r . Assoc ., 88 , 399) 
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Fig. 5. 2. Galactic or ientation of polarization vectors 
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Fig . 5. 3 Shakhovskoi ' s observed ( a )_ and modelled (b) polarization curves 
for Be t a Lyrae . 
(Re pr oduced wi t h permission from Sov iet Astr onomy , ~ ' 835.) 
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APPENDIX A 

DERIVATION OF THE VALUES OF Q AND U PRODUCED BY A NON-U~~FORM 

DISTRIBUTION OF SCATTERERS (following Rudy, 1977) 

Consider the geometry of the system shown in figure A. 1. An individual 

scatterer is situated in a fixed position with r espect to the stars . 

A coordinate system is centred at the scatterer with a fixed orientation 

relative to the scatterer. If~ and e represent unit vectors dir ec t ed 

from the scatterer to star # 1 and to the observer, respectively, then 

the scattering angle, 'f' , is given by: 

cos"'= = sin i sin 211'ot.sin 27\' 6(.1 + sin i cos 2rro{cos 2TT~ 

= sin i cos 2n( o<. - ot.1) ( 51) 

From this, the fractional polarization of the scattered light is given 

by: 

p = 1 - cos
2'1' = 1 - sin

2
i 

1 2w 1 . 2. + cos T + sin i 

( 52) 

The light incident on the scatterer from the star is assumed to be un­

polarized. The factor 2TT arises from the azimuthal angles being measured 

in units of orbital phase rather than in radians. 

The polarization will be normal to the scatter i ng plane . The uni t vec t or 

in this direction,~, is given by: 
.,.. 
n = 

:, 
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= -cos i cos 27T~ 2 cos i sin 2no<.1 , sin i sin 2n(o(. - o<- 11 ( 53) 

. 2. 2 1 

£i - sin i cos 27T(o< - °'1) J 2 

-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 i n t he polar 

direction. If the angle between a unit vector,~' directed along Q', and 

the unit vector, ·t, is denoted by f3, then the values for Q' and U' arc 

the projections of the fractional polarization, p, on the Q', U' axes. 

Q' = p cos 2 /3 , U' = p sin 2 /3 
The value of cos /3 is found from: 

cos~ 
,. ,.. 

= q. n 

= (-cos i sin 2lt~ - cos i cos 2rroc, s i n i). 

(55) 

· f{-cos i cos 2~~-'. cos i sin 27tot1 , s i n i sin 2rr(o{ - ~ !/ 
~2 2 . l 

£i - sin i cos 27T ( cA-o<. 1!7 2 

From this, cos 2 f> and sin 2/3 are found: 

cos 2~ = sin 2-,r ( oC. - o<.1) - cos
2

i cos2 
2n ( o< - o<.

1
l 

1 - sin2i cos2 
2n(o<.- o<.

1
) 

sin 2(3 = cos i sin 4rr( o<.- 0(.
1

_) __ _ 

1 . 2. 2 2 ( ) - sin i cos n o<. - 0(
1 

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

Q' = sin2 
2TT(o(.-o<.

1
) - cos2i cos 2Tt(o(.-o<.

1
l (58) 

1 . 2. 2 2 ( ) + sin i cos n o(. - 0(.
1 

U' = cos i sin 4 TT( o(. - ot
1

) (59) 
1 . 2. 2 2 ( ) + sin i cos n o(. - o(

1 



I 
A similar expansion is obtained for the other star in the system by re­

placing ~
1 

by o'-
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 

I 
by an a/ditional factor , B1 , 2 , which takes account of the finite size of 

the t wo stars and the relative contributions of scattered light from the 

two stars. The explicit form of B1 is: 

2TT-fl 
---1-

( 60) 

2TT 

where f 
1 

is the scattered flux which is incident from star #1, and .fl
1 

is 

the solid _angle subtende:i by star# 1 at the scatterer . Hence, we may define 

QI -1 -

U' = 1 

r 2 2 -2 ).J B1 L sin 2n( oC - oe1) - cos i cos 2Tt(ot. - o<1 

1 
. 2 

+ sin i cos2 2 7t ( oC - ~) 

B'.1 £cos i sin 4 rt(oe.- ot1).J 

1 . 2. 2 2 ( ) ·+ sin i cos n o£-o5i 

( 61) 

( 62) 

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: 

to 
u1 = A1 £ cos i sin 4 rr(o<. - o<1) .J 

( 64) 

io 
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where ~ o is t he total flux outside eclipse , 

and A
1 

equals ~1• ( 2lf -n
1

2_ to keep Q1 and U 1 dimensi onless . 
2TT 

For the case of a single scat t erer illuminated by one star , Q = Q1 an<l 

U = U 
1

• The depen_dence of Q and U on the orbi tal phase , o( , can be 

eliminated by expressing Q in t erms of cos 4 7T ( o( - cx1 ) and U in t erms of 

sin 4 TT ( ex - cX
1

) . Squaring both , addi ng them together and equating to unity 

yields: 
. 2 . 

Sl~ l J 

/J1 + cos
2 

i ) / 2J 2 

2 
u2 ·2 

+ = A - 1--
2 

c 
cos i io 

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 r ealis tic case of a finit e scattering region illuminated by 

both stars, it is necessary to sum the Stokes parameters for each in­

di vidual scatterer , whereupon they take the form: 

Q 

( 

. 2 . 
Sl~ l 

u m 
= L 

j=1 

cos i 
( 

A1 . sin "4 7T ( o< - o<
1 

. ) + A2 . - J J - J 
~ o . fo 

sin 

( 66) 

where the subscript , j , r efers to the individual scatterers of which there 

are a total of m. 
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The two equat i on9 (66) and (67) , may be simplified by using angle-difference 

f ormul ae , and defini ng three new quantities: 

m 
m A = 'L (A1 . + A2j ) 

. 1 J J= 

(68) 

I m 

s 1/ = L ( A1. cos 4n ~j + A2j cos 4n 0'.2j) 
j =1 J 

m 
s2 = L (A1. sin 4TT 01.1 j + A2j sin 4n °"2j) 

. 1 J J= 
(70) 

The quantities s1 2 describe the distribution of scatterers such that for 
' 

a uniform circumstellar disk, s1 = s2 = o, and A describes the mean il-

l umination of each scatterer . 

Then Q and U may be r ewritten : 

Q - (mA/ W ) sin
2

i 

4 (1 + cos2i) 

= §.
1 

cos 411'0'. + §.
2 

sin 4TT~ 

To !o 
_u_ = §.1 sin 47TOI. - §.2 cos 41T ot. 

cos i fo fo 
Elimination of cos 4 7TO( and sin 4TT()( by the usual technique leads to: 

(
Q - (mA/ i ) sin

2 
i )

2 
+ 

i c1 + cos2 i ) 

u2 

2. 
COS l 

(71) 

(72) 

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 f
0

, 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 , p
0 

must be replaced by a series expansion. This is discussed 

further in Rudy ( 1977). 
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APPENDIX B 

I 
CIRCUIT DIAGRAM OF EXISTING POLARIMETER 
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