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A B S T R A C T 

This- t h e s i s c o n t a i n s an account of some of the work undei taken by 

the author w h i l e a member of the Astionomy Group a t the U n i v e r s i t y of 

Durham. The work of the group which i n v o l v e s the measurement of the 

amount of l i n e a r p o l a r i s a t i o n m nebular a s t r o n o m i c a l o b j e c t s , i s i n 

c o l l a b o r a t i o n w i t h the Royal Greenwich Observatory. 

The i n i t i a l , c h a p t e i s of the t h e s i s d e s c r i b e the d e s i g n and con­

s t r u c t i o n of the Durham P o l a n m e t e r which d e t e c t s and measures the 

p o l a r i s a t i o n , and o u t l i n e s the advantages of u s i n g a 4 cm Mcllullan 

e l e c t r o n o g r a p h i c camera as a r e c o r d i n g d e v i c e . I n i t i a l alignment of 

the p o l a r i m c t e r components p r i o r to o b s e r v a t i o n and the p i o c e d u i e s 

followed to o b t a i n a s e r i e s of e l e c t r o n o g r a p h i c p l a t e s a r e d e s c r i b e d 

along w i t h the development of a s e r i e s of r e d u c t i o n equations which 

l i n k the p o l a r J s a t i o n parameters to the d e n s i t i e s of the images on the 

c l e c t r o : i o g r ? p h i c p l a t e s . E l e c t r o n o g r a p h s of the i r r e g u l a r I I galaxy, 

M82, which i s the s u b j e c t of study i n t h i s t h e s i s a r e i l l u s t r a t e d . 

I n the l a t e r c h a p t e r s of the t h e s i e , the 1 eduction of the v i s u a l 

c l e c t r o n o g r a p h s 'o a d i g i t a l form and the subsequent s o p h i s t i c a t e d 

computer progi. dunning r e q u i r e d to a c c u r a t e l y a l i g n the d i g i t a l e l e c t r o n o -

graphs, l e a d out the d e n s i t i e s f o r s e v e r a l thousand l o c a t i o n s d i s t r i b ­

uted over the innge of the galayy, and f i n a l l y c onvert these d e n s i t i e s 

to p o l a i i & j t j o n par.line I ors i f d e s c r i b e d . Comparison of the new 

n o l a n s a t i on map oT 1182, v i t h the p r e v i o u s p h o t o - e l e c t r i c d e t e r m i n a t i o n s 

confirms tiie s u c c c r o of t h i s new automatic technique f o r the production 

of high r e s o l u t i o n , accui a l e p o K a - j m e t n c m c s i n ements. 



I n Lhe f i n a l c h a p t e r s of the t h e s i s , M82 i s j c v i e w e d chrono­

l o g i c a l l y , ana Lhe o b s e r v a t i o n a l i n f o r m a t i o n on Lht. galaxy i s summarised 

F i n a l l y , the p i e s e n t p o l a r i s a t i o n dV"a i s a n a l y s e d u s i n g a r e c e n t model 

of the galaxy, arid the r e s u l t r which are c o n s i s t ant w i t h those p r e v i o u s ! 

determined are c o n s i d e r e d i n c o n j u n c t i o n w i t h the mass of o b s e r v a t i o n a l 

evidence concerning the e v o l u t i o n and moiphology of the galaxy. The 

p o s s i b i l i t y t h a t M82 may r e p r e s e n t a connecting l i n k J P g a l a c u i c 

e v o l u t i o n i s t e n t a t i v e l y proposed. 
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INTRODUCTION 

Qui i n s i g h t i n t o t^e p h y s i c a l u n i v e r s e about i t s has e v o l v e d slowly 

f o r c e n t u r i e s , the main source of in f o r m a t i o n being o p t i c a l o b s e r v a t i o n s . 

The advent of l a r g e t e l e s c o p e s i n the 20th "entury, has l e d to v a s t 

i n c r e a s e s i n our knowledge, and the s e i n c r e a s e s have been f u r t h e r 

extended by obsci vat" ictu. i n other s p e c t r a l r e g i o n s , i n p a r t i c u l a r , r a d i o , 

micro-wave., X-ray and Y -T"ay. As each new vmdow has become a v a i l a b l e , 

new v i s t a s ot the u n i v e r s e have been opened up to us, w i t h a correspond­

i n g advance m our knowledge. 

Along w i t h the new a r e a s of view, t h e r e has come an impro\enienl m 

the techniques a v a i l a b l e to astronomers, so t h a t even now f u r t h e r 

advances i n o p t i c a l astronomy a re p o s s i b l e Not on l y can we look a t the 

q u a n t i t y of l i g h t 1 c a c h i n g our t e l e s c o p e , but we can look a t the q u a l i t y 

of the l i g h t a l s o . The s p e c t r a of s t a r s and g a l a x i e s g i v e s us d e t a i l s 

of the p h y s i c a l c o n d i t i o n s w i t h i n the u n i v e r s e , and o b s e r v a t i o n of the 

u n i v e r s a l r e d - s h i f t has allowed us to make models of the u n i v e r s e of 

which we are a p a r t . The r a d i a t i o n a l s o c a r r i e s f u r t h e r i n f o r m a t i o n , i n 

the form of the s t a t e s of p o l a r i s a t i o n of the l i g h t . With advances i n 

a s t r o p h y s i c s t h i s data g i v e s us f u r t h e r information on which to base our 

models and t h e o r i e s . 

T n t e r s t e l 1 .u l i n e a r p o l a r i s a t i o n was observed almost by a c c i d e n t 

i n the F o r t i e s , and has led to advances i n the s t r u c t u r e of our g a l a x y , 

p a r t i c u l a r l y i n the r e a l i s a t i o n and foim of the g a l a c t i c magnetic f i e l d . 

In t h f F i f t i e s , o b s e r v a t i o n of p o l a r i s a t L o n H I the Crab F c b u l a supernova 

remnant l e d i o tin f i r s t o b s e r v a t i o n of i-he el Tect o i s y n c h r o t i o n 
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r a d i a l ion i n an asLronomical o b j e c t . T h i s e f f e c t i s paramount i n the 

understanding of c o n d i t i o n s w i t h i n the supernova remnant, and has l e d 

to i n t e r p r e t a t i o n s of r a d i o o b s e r v a t i o n s i n a wider v a r i e t y of o b j e c t s . 

The i r r e g u l a r galaxy M82, has been the s u b j e c t of many i n v e s t i ­

g a t i o n s , and consequent i n t e r p r e t a t i o n s over the l a s t two decades. A 

dominant c o n t r i b u t i o n to the understanding of M82 has been the obser­

v a t i o n of l i n e a r p o l a r i s a t i o n i n the l i g h t emanating from t h i s g alaxy. 

V i t a l i n f o r m a t i o n on the c o n d i t i o n s w i t h i n the gala x y has been i m p i i n t e d 

on the p o l a r i s a t i o n of the l i g h t , and t h i s i n f o r m a t i o n i s now becoming 

a v a i l a b l e to us. 

The work m t h i s t h e s i s , d e s c r i b e s e f f o r t s made to measure the 

p o l a n s a t i o n to g r e a t e r a c c u r a c y , and a t many more p o i n t s w i t h i n n e b u l a r 

o b j e c t s , than p r e v i o u s l y p o s s i b l e . The p o s s i b i l i t y of making these 

measurements, has only become f e a s i b l e w i t h the advances m r e c o r d i n g 

technique, the e l c c t r o n o g r a p h i c camera, and w i t h the advent of l a r g e 

computers e n a b l i n g us to manipulate v a s t q u a n t i t i e s of data, to y i e l d 

the p o l a r i s a t i o n informal ton. The o b s e r v a t i o n s a r c d e s c r i b e d and the 

m t e r p i c t a t i o n of the p o l a r i s a t i o n data i s d i s c u s s e d m terms of c u i r e n t 

models, of t h i s p a i t i c u l a r i r r e g u l a r galaxy. 

From t h i s work, i t i s obvious that nebular poJarimetry, can make 

e x t e n s i v e c o n t r i b u t i o n s , to the understanding of many forms of a s t r o ­

nomical o b j e c t s 
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C H A P T E R 1 

POLAKJSATION AND TTS MEASUREMENI 

1. 1 P o l a r i s e d L i g h t 

1.1 1 General D e s c r i p t i o n of P o l a r i c e u L i g h t 

L i g h t i s A t r a n s v e r s e e l e c t r o - m a g n e t i c v i b r a t i o n . For s i m p l i c i t y i n 

d e s c r i b i n g p o l a r i s a t i o n , the l i g h t can be c o n s i d e r e d to be c h a r a c t e r i s e ( 

by i t s e l e c t r i c (E) v e c t o r , the amplitude of which v a r i e s s m u s o i d a l J y w i t h 

both time and p o s i t i o n along i t s d i r e c t i o n of propagation. The i n t e n s i t y 

of the r a d i a t i o n i s p r o p o r t i o n a l to the square of the amplitude. 

I n n a t u r a l , or u n p o l a r i s e d l i g h t , the E v e c t o r e x h i b i t s no p r e f e r r e d 

d i r e c t i o n i n space, and v i b r a t e s randomly i n the p lane p e r p e n d i c u l a r to 

the d i r e c t i o n of propagation of the beam. An u n p o l a r i s e d wave i s 

d i a g r a m a t i c a l l y shown i n f i g u r e 1 . l a . I f the d i r e c t i o n of v i b r a t i o n i s 

r e s t r i c t e d i n some manner from i t s n a t u r a l randomness, the l i g h t i s 

d e s c r i b e d as being p o l a r i s e d . 

1.1.2. Plane and E l l i p t i c a l l y P o l a r i s e d L i g h t 

I f Lhe plane of v i b r a t i o n of the E v e c t o r i s r e s t r i c t e d to a f i x e d 

d i r e c t i o n m the X-Y plane of f i g u r e 1.1a, the l i g h t i s d e s c r i b e d as being 

plane p o l a r i s e d . A plane p o l a r i s e d wave i s i l l u s t r a t e d m f i g u r e 1.1b, and 

i s c h a r a c t e r i s e d by i t s amplitude, and the angle the allowed plane of 

v i b i a t i o n makes w i t h a f i x e d d n e c t i o n i n space ( i n t h i s c a s e , the Y a x i s ) . 

The amplitude v i b r a t i o n of the E v e c t o r can be decomposed i n t o two 

orthogonal components along the X and Y axes r e s p e c t i v e l y , and these 

component amplitudes a r c i l l u s t r a t e d i n f i g u r e 1.1c. The decomposition of 

plane p o l a r i s e d l i g h t i s u s e f u l when the amount of radiaLo.cn which can 

pass through p o l a r i s i n g f i l t e r s needs 10 be c a l c u l a t e d . The component 

waves shorn i n f i g u i c 1.1c a r c einu-.ojdal, and ai.e exaei_ly i n phase, so t h a t 

http://radiaLo.cn
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vector a d d i t i o n always produces the r e s u l t a n t wave a t a f i x e d angle (6 

m f i g u r e 1.1c) For a m i x t u i e of plane p o l a r i s e d and n a t u r a l l i g h t , 

the magnitude, or degree of p o l a r i s a t i o n i s d e f i n ed as the r a t i o of the 

plartv. p o l a r i s e d and t o t a l i n t e n s i t i e s , and i s o f t e n expressed as a 

percentage. 

When the t\*o component waves of plane p o l a r i s e d l i g h t shown i n f i g u r e 

1.1c, are d i f f e r e n t i a l l y i n t e r f e r e d \n t h so t h a t a phase d i f f e r e n c e i s 

i ntroduced between them, the r e s u l t a n t E v e c t o r no longer gives r i s e t o 

simple plane p o l i r i s e d r a d i a t i o n , but i n s t e a d , traces out an e l l i p s e w i t h 

both time and p o s i t i o n along the wave, t h i s i s c a l l e d e l l i p t i c a l ! y p o l a r ­

ised l i g h t An example OJ an e H i p t i c a l l y p o l a r i s e d wave i s shown m 

f i g u r e l . l d The e c c e n t r i c i t y of the e l l i p s e depends upon the amplitudes 

of the two components, and the phase d i f f e r e n c e i n t r o d u c e d , and f o r the 

s p e c i a l case when the component amplitudes are equal and the d i f f e r e n c e 

i n phase angle i s 90°, the major and minor axes are of equal l e n g t h , and 

the r a d i a t i o n i s described as being c u c u l a r l y p o l a r i s e d . 

1.? The Occurrence of Plane Polarised L i g h t m Nature 

There aie several nechanisms f o i the p r o d u c t i o n of p a r t i a l l y or 

completely plane p o l a r i s e d r a d i a t i o n i n nature The s c a t t c r j n g of i n c i d e n t 

n a t u r a l l i g h t on p a r t i c l e s of a l l shapes and s i z e s , from e l e c t r o n s to 

macroscopic surlaces, or the transmission of l i g h t through a l i g n e d non 

s p h e r i c a l dust grains r c s i l t s m the p i o d u c t i o n of p a r t i a l l y plane 

p o l a r i s e d l n d u u i o n . TIIL a c c e l e r a t i o n of charged p a r t i c l e s i n magnetic 

f i e l d s gives r i s e t o completely plane p o l a r i s e d l i g h t , c a l l e d synchrotron 

r a d i a t i o n . 

The product ion of e l l i p t i c a l p o l a r i s a t i o n lio\ Tever, i s u s u a l l y a two 
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stage process, IU which plane p o l a r i s e d l i g h t riusL f i r s t be produced by 

one of the above methods. A phase d i f f e r e n c e between one oi the 

o r i g i n a l roraponents i s then introduced by tran<?mi w i n n through a b j _ r e f _ " i n -

gent medium. Pai t i a l l y plane p o l a r i s e d l i g h t might be expected to occur 

abundantly i r nature t h e r e f o r e , w h i l e i t s e l l i p t i c a l c o u n t e r p a r t i s more 

of a r a r i t y and i s present i n much d i l u t e d q j a n t i t i e s o n l y . 

Each of the plane p o l a r i s a t i o n p r o d u c t i o n mechanisms i m p r i n t s i t s 

stamp on the form of the p o l a r i s a t i o n obtained. I n v e s t i g a t i o n of the 

p o l a r i s e d nature of l i g h t emitted from d i s t a n t , e x t r a - t e r r e s t r i a l o b j e c t s , 

can t h e r e f o r e give an i n s i g h t i n t o some of the p n y s i c a l c o n d i t i o n ? present 

a t the source, and along '•he path of the r a d i a t i o n . 

1.3 The Simple Measurement of P a r t i a l Plane P o l a r i s a t i o n 

For the a n a l y s i s of plane p o l a r i s a t i o n , the l i g h t i s u c u d l y passed 

through a p o l a r i s i n g f i l t e r , ( f o r example a piece o f p o l a r o i d ) , which 

only 1 ransmits the E v e c t o r component of the r a d i a t i o n p a i a l l e l to a 

c e r t a i n allowed d u c c t i o n . The f i l t e r i s c a l i b r a t e d so thai, the o r i e n t a t ­

i o n of the allowed axis i s known, and the i n t e n s i t y of the t r a n s m i t t e d 

r a d i a t i o n f o r a p a r t i c u l a r f i l t e r o r i e n t a t i o n i s recorded p h o t o - e l e c t r i c a l l y , 

or on a photographic p l a t e . 

A series of f o u r measurements are taken a t f i l t e r angles of 0, 90, 45 

and -45 degrees r e s p e c t i v e l y , and the t r a n s m i t t e d i n t e n s i t i e s are 

lecorded i n each case. I n f i g u r e 1.2 a beam of t o t a l i n t e n s i t y , I which 

i s the sum of a plane p o l a r i s e d component of i n t e n s i t y 'Ip' , a t an angle 

to the v e r t i c a l , and an u n p o l a r i s c d component of i n t e n s i t y ' I - Jp', i s 

shown b c f o i c and a f t e r ucansmission through the f i l t e r , f o r each of the 

o r i e n t a t i o n s . Tn each case, the r e l a t i o n s h i p between the lecorded m t ^ n -
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s i t i e s (1^ - 1^), and the derived i n t e n s i t i e s i n terms of the r e q u i r e d 

q u a n t i t i e s ( I , I p , 8) are shown. I t i s t h e r e f o r e a simple matter to 

solve the fou r simultaneous equations t o o b t a i n ( I , Jp, 6) JLH Lern& of 

the measured q u a n t i t i e s ( i ^ - i ^ ) . 

D e f i n i n g 2 q u a n t i t i e s Q, and U by Lhi. f o l l o w i n g equations: 

Q = 1 - i 2 = I p Cos 2 6 1.1 

U = i 3 - i ^ = I p Sin 2 0 1.2 

Then equations 1.1 and 1.2 can e a s i l y be solved f o i I p , t o g i v e , 

I p = * 4 2 + U 2 = i 2 ) 2 + ( i 3 - l ^ ) 2 ] 3 

0 = 0.5 arctan (U/Q) ] .4 

The f i n a l r e q u i r e d parameter, the t o L a l i n t e n s i t y I i s simply given Dy, 

1 ' x l + X2 = L3 + \ 1 - 5 

because of the o r t h o g o n a l l y p o l a r i s e d nature of the measurements. The 

r a t i o o f the p o l a r i s e d and t o t a l i n t e n s i t i e s can be c a l c u l a t e d t o give 

the percentage p o l a r i s a t i o n of the i n c i d e n t beam. 

P = I p / ] x 100 1.6 

I t f o l l o w s t h a t a simple s e r i e s of fo u r measurements, uniquely 

determines the p o l a r i s a t i o n f o r an i n c i d e n t beam of p a i t i a l l y plane 

p o l a r i s e d l i g h t . 

1 4 El l i pt i i Pol a n sat i on 

Although the amount of e l J i p t i c a l l y p o l a r i s e d l i g h t from the astro­

nomical o b i e c t s i s expected to be sma l l , i t i s of i n t e r e s t to i n q u i r e 
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i n t o the e f f e c t of having a small amount of e l l i p t a c a l l y p o l a r i s e d l i g h t , 

contaminating the plane p o l a r i s e d beam analysed i n the previous s e c t i o n . 

Using the simple method o u t l i n e d , i t i s not p o s s i b l e t o determine i f 

the i n c i d e n t l i g h t has an e l l i p t i c a l l y p o l a r i s e d component, as_three more 

parameters, i n t e n s i t y , e l l i p t i c : t y , and angle of major a x i s w i t h reference 

d i r e c t i o n , are r e q u i r e d f o r a f u l l s p e c i f i c a t i o n . A t o t a l number of s i x 

unknowns would t h e r e f o r e be introduced i n t o the f o u r simultaneous equat­

ions. I t i s p o s s i b l e however, t o a s c e r t a i n the e r r o r induced i n t o the 

measurement of plane p o l a r i s a t i o n , using the simple method, f o r a m i x t u r e 

which contains a small amount of e l l i p t i c a l l y p o l a r i s e d l i g h t . 

I n f i g u r e 1.3, an e l l i p L i r a l l y p o l a r i s e d component of minor a x i ^ 

amplitude 'b' and major a x i s amplitude 'a', a t an angle '0' t o Lhe 

v e r t i c a l reference d i r e c t i o n , i s added t o the i n c i d e n t r a d i a t i o n . The 

derived i n t e n s i t i e s f o r t h i s 'perturbed' beam, are again equated to the 

measured i n t e n s i t i e s ( i . j ' -

F o l l o w i n g the basic theory of 1.3, 

Q1 = I-L'-^' = ( a 2 - b 2 ) Cos 20 4 Jp Cos 2 0 1.7 

U 1 = i 3
1 - i 4

l * - b 2 ) Sin 20 + I p Sin 2 0 1.8 

and the two parameters d e s c r i b i n g the plane p o l a r i s e d component a^e 

estimated as 

T p , ? - Q'2 + l l ' 2 - ( a 2 - b 2 ) 2 + I p 2 + ( a 2 - b 2 ) I p Cos 2 (0 - 6) 1.9 

( a 2 - b 2 ) Sin 20 i Tp Sin 2B 
0 1 = 0 5 arutan (U'/Q') •= 0.5 a r c t a n — = x 1 10 

(a - b ) Cos 20 4 I p Cos 20 

I n s p e c t i o n of 1.9 ana 1.L0 rhows, t h a t Lhe c a l c u l a t e d values of the 
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plane p o l a r i s a t i o n parameters, ( I p ' , 9') are not the t r u e values, 

I p ' = J p e« = Qt ] p l l 

but are perturbed by a d d i t i o n a l terms, caused by the presence of the 

e l l i p t i c a l p o l a r i s a t i o n . 

The p e r t u r b a t i o n from the t r u e values i s s m a l l , p r o v i d i n g the 

p r o p o r t i o n of e l l i p t i c a l l y to plane p o l a r i s e d l i g h t i s small 
2 2 

(a + b < I p ) , and equations 1.9 and 1.10 reduce e x a c t l y t o equations 
l o l l i f the i n t e n s i t y of the e l l i p t i c a l l y p o l a r i s e d component i s zero 

2 2 (a^ + b = 0) 

For an i n c i d e n t beam c o n t a i n i n g b% plane p o l a r i s e d and 0.5% e l l j p -

t i c a l l y p o l a r i s e d l i g h t of e c c e n t r i c i t y 0.5, the maximum e r r o r introduced 

i n t o the measurement of the plane p o l a r i s a t i o n parameters, i s 0.2% i n 

degree and 1 5° i n d i r e c t i o n Equations 1.9 and 1.10 show t h a t the 
2 2 

c o r r e c t i o n terms are i n f a c t p r o p o r t i o n a l t o (a - b ) , which i s a 

measure of the e c c e n t r i c i t y of the e l l i p s e , and they t h e r e f o r e approach 

zero as the e l l i p t i c a l p o l a r i s a t i o n tends to c i r c u l a r p o l a r i s a t i o n 
2 2 2 2 (a = b ) , independently of the t o t a l i n t e n s i t y (a + b ) . 

1.5 The Stokes Vectors 

The degree of p o l a r i s a t i o n and angle of p r e f e r r e d v i b r a t i o n which 

are convenient parameters to descube a p a r t i a l l y p o l a r i s e d beam, are 

s c a l a i q u a n t i t i e s , which together form a r e p r e s e n t a t i o n of the e l e c t r i c 

v e c t o r of the i n c i d e n t l i g h t As a consequence of t h i s , i t i s not 

poss i b l e to s i i r p l y add them when two i n c i d e n t beams of known (T, I p , 0) 

are combuied, t o f n i d the parameteis of the r e s u l t a n t beam I n the same 
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way, i f several estimates of ( l p , 9) f o r tho same beam are c a l c u l a t e d , 

s t r a i g h t averages do not r e s u l t i n the c o r r e c t value of the mean. 

A set of q u a n t i t i e s , which ar<-> simply r e l a t e d f o r the rormcr ones, 

but are a d d i t i v e i n n a t u r e , were defined by Stokes, to describe any 

beam of p o l a r i s e d r a d i a t i o n . The 'Stokes v e c t o r s ' d e f i n e d by, 

I = T o t a l i n t e n s i t y of beam 1.12 

Q = l p Cos 20 1.13 

U = I p Sin 2G 1 14 

may be mathematically manipulated as r e q u i r e d , before r e t u r n i n g to the 

convenient d e s c r i p t i v e u n i t s f o r the f i n a l r e s u l t I n s p e c t i o n of 

s e c t i o n 1.3 shows t h a t the q u a n t i t i e s a r b i t r a r i l y d e f i n ed as I , Q, U, 

ai e i n f a c t the Stokes v e c t o r s of the p a r t i a l l y plane p o l a r i s e d 

r a d i a t i o n These q u a n t i t i e s could t h e r e f o r e be averaged, i f a s e r i e s 

of measurements ( i j - i ^ ) were lecorded several times f o r the same 

source, before f i n a l l y r e t u r n i n g t o the d e s c r i p t i v e u n i t s v i a the 

t r a n s f o r m a t i o n 

6 •= 0.5 arc t a n (U/-) 1.15 
F2 -T' p = / c r ^ U / 1 1.16 

A f o u r t h Stokes v e c t o i , 'V', e x i s t s which describe any e l l i p t i c a l l y 

p o l a r i s e d component- of the r a d i a t i o n . 
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C H A P T E R 2 

THE DURHAM POLAPTMETER AND 4 CM. ELEC1R0N0GRAP11IC CAMERA 

2.1 I n t r o d u c t i o n 

The Durham p o l a n m e t e r was designed t o detect and measure the degree 

to which i r e jent l i g h t i s p a r t i a l l y plane p o l a r i s e d . The o r i g i n a l 
ii 

p r o totype p o l a r i m c t e r , based on a design by Ohman (1939), i s described by 

D.J. Axon (1976), who d i d most of the l a b o r a t o r y t e s t i n g . I n t h i s t h e s i s , 

the present p o l a r i m e t e r i s described, which i s e s s e n t i a l l y the same as 

the prototype i n p r i n c i p l e , but the o p t i c a l components were r e b u i l t i n t o 

a sturdy s t e e l framed aluminium housing and the o r i g i n a l monochromatic 

h a l f wave p l a t e was replaced by ont which i s approximately achromatic 
o 

over the wavelength range 3900 - 4900 A, and a new 4 cm. Wollaston prism 

was i n c o r p o r a t e d i n t o the s t r u c t u r e . 

2.2 The L i g h t Path through the Polarimeter 

The components of the p o l a n meter snoun i n p l a t e s 1-5 are drawn 

diagrawiuati c a l l y i n f i g u r e 2 1, and a p a r t i c u l a r ' l i g h t r a y 1 e n t e r i n g 

the p o l a r m e l e r from the telescope, i s traced through the o p t i c a l com­

ponents . 

Wien a p a r t i c u l a r o b j e c t is imaged on the g r i d s , the p o l a r i m c t c r 

'sees' the p a i t o f the image contained i n the s e r i e s of v e r t i c a l gaps 

formed by the g n d s The l i g h t fiom those p a i t s o f the image which are 

formed behind the s o l i d g r i d bars, i s absorbed. The l i g h t from the 

image contained i n the v e r t i c a l gaps passes through the p o l a r i s i n g 

components of the p o l a r i m e l e i , and i s f i n a l l y icimaged by the r e l a y 

lens This image enn then he rccoidcd by means c f a photographic p l a r e 

o r , as used i n the present case an ele c t r o n o g r a p h i c earner? The l a y 
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diagi am shcrvri traces the l i g h t path of a p a r t i c u l a r small element of 

the astronomical image ( f o r c e d i n the plane of the g r i d s ) , through the 

anal y s i n g components. 

The i n c i d e n t l i g h t , forming any p o i n t of the image on the g r i d s , 

i s contained m a cone of w i d t h 4° because the telescope i s used at f/13.5 

focus. The beam of l i g h t passing through the g r i d gaps i s approx­

i m a t e l y 4 cm. i n d i c m c t e i , and i s condensed by means of the f i e l d lens 

so th a i i t can pass through the l i m i t i n g a p erture 1") formed by the 

h a l f wave p l a t e . The l i g h t from any n o m t on the g r i d image then passes 

thiough Lhe halfwave p l a t e , which l o t a t e s the plane of p o l a r i s a t i o n of 

any plcne pc-laneed component, but does not deviate the ray. Transmis-

s i o r through the prism, s p l i t s the ray i n t o two o r t h o g o n a l l y p o l a r i s e d 

components, ana also introduced a d e v i a t i o n of 1° ( m the h o r i z o n t a l 

plane) between them. I f the i n c i d e n t l i g h t i s u n p o l a n s e d , these two 

rays w i l l be of e q j a l i n t e n s i t y . Any d e v i a t i o n from t h i s e q u i p a r t i t i o n 

i n d i c a t e s t h a t a plane p o l a L i s e d component i s present. The two rays are 

then brought to t h e i r separate f o c i ( displaced i n the h o r i z o n t a l p l a n e ) , 

on the camcri photocathode by the f i e l d lens. 

Each clement of the g r i d t h e r e f o r e forms two images, i n o r t h o g o n a l l y 

p o l a r i s e d l i g h t on the photo-cathode. The net e f f e c t i s , t h a t each of 

the spaced v e r t i c a l bars forming the t o t a l g r i d ' o b j e c t 1 , are s p l i t i n t o 

two o i l h o g o n i l l y p o l a r i s e d components, and are rp-imaged ( w i t h a h o r j ^ o n -

Lal dLsplaccment between U'cm), on the camera photo-cathode. A schematic 

i l l u s t r a t i o n of a pa: t j d ' l a r gr'd ' o b j e c t 1 , and the r e s u l t a n t photo-

cathode image are shown i n f i g u r e 2.2 R o t i t i u n c f the h a l f wav J p l a t e , 

chmges the l e l a t j v c amplitudes of the IS vectors forming the two 
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p o l a r i s e d images, but does not a f f e c t i t s s p a L i a l appearance. The l i n e a r 

distances of the components along the p r i n c i p l e a x i s of the p o l a r i m e t e r 

arc arranged so t h a t the p a i r s of h o i l / o n t a l l y displaced g r i d im?<*es j u s t 

touch but do not i n t e r f e r e w i t h each othe r . 

To summarise, electronographs can be taken w i t h the h a l f wave p l a t e 

a t d i f f e r e n t o r i e n t a t i o n s , and the s p a t i a l appearance of the f i n a l image 

i s the same i n each case Comparison of the r e l a t i v e d e n s i t i e s , f o r the 

p a i r s of images formed on d i f f e r e n t p l a t e s , i s a d i r e c t measure of the 

amount of plane p o l a r i s e d r a d i a t i o n i n the l i g h t coming from the a s t r o ­

nomical o b j e c t , and forming t h a t p a r t i c u l a r p a r t of the image. 

2.3 D e s c r i p t i o n of the Polarimeter 

2.3.1. The Shell 

The frame of the p o l a r l m e t e r i s composed of j j 1 square s t e e l s e c t i o n 

( A ) , and i s r e i n f o r c e d v/ith diagonal s t r u t s (B) . The s t r e n g t h of 'he 

chassis i s extiemely lmpoi t a r i t , as i t must be capable of t a k i n g the 

120 l b weight of the e l e c t r o n camera w i t h o u t any s i g n i f i c a n t d i s t o r t i o n . 

The end p l a t e s (C and D), w i t h which the p o l a r i m e t e r i s b o l t e d t o 

the telescope and camera r e s p e c t i v e l y , are j " aluminium p l a t e , and are 

attached to the framework of the p o l a r i m c t e r w i t h a d j u s t a b l e b o l t s , so 

t h a t the whole apparatus can be a l i g n e d w i t h the plane of the end p l a t e s 

perpendicular t o the p r i n c i p a l axis of the p o l a r i m e t e r . The s i d e p l a t e s , 

whose only purpose i s t o make the instrument l i g h t t i g h t , and provide 

mountings f o r the a d j u r i n g knobs arc g" aluminium p l a t e . 

2.3 2. The W o l l f s t o n Piism 

The prism, which i s i l l u s t r a t e d in f i g u r e 2.2, i s made from two 
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pieces of quartz cemented together w i t h t h e i r o p t i c axes perpendicular. 

The i n c i d e n t r a d i a t i o n i s s p l a t i n t o two o r t h o g o n a l l y p o l a r i s e d com­

ponents, (0 and E r a y s ) , on e n t e r i n g the prism, because of the 

d ] i a c t i o n a l dependence of the r e f r a c t i v e index of a b i r e f n n g e n t 

m a t e r i a l . At the boundary between the two segments, the two rays i n t e l — 

change i d e n t i t i e s because of the perpendicular o p t i c axes of the two 

component p a r t s of the prism, and are t h e r e f o r e r e f r a c t e d due t o the 

apparent change i n r e f r a c t i v e index. The symmetry i n v o l v e d , i m p l i e s t h a t 

t^e tvo rays are eac^ deviated from the normal by the same anount, as 

shown i n f i g u r e 2.3. 

The magnitude o f the d e v i a t i o n i s dependent on the angle at which 

the prism i s c u t , and, because i t depends m the d i f f e r e n c e m r e f r a c t i v e 

i n d i c e s , r a t h e r than t h e i r absolute value, i t :s not very s e n s i t i v e to 

wavelength. The prism used, which had a d e v i a t i o n of 1°, was mounted m 

the pol a n u c t e r , so t h a t the d i v e r g i n g , o r t h o g o n a l l y p o l a r i s e d r a y s , 

were m the h o r i z o n t a l plane. 

2.3.3. The Achromatic Ha l f Uave Pl a t e 

The h a l f wave p l a t e c o n s i s t s e s s e n t i a l l y of a plane s e c t i o n of 

b i r e f r i u g e n t m a t e r i a l , cut p a r a l l e l to the o p t i c a x i s which s p l i t s the 

i n c i d e n t r a d i a t i o n i n t o o r t h o g o n a l l y p o l a r i s e d 0 and E ray components. 

As described i n the previous s e c t i o n , the two rays have d i f f e r e n t 

v e l o c i t i e s i n the m a t e r i a l , but die not deviated as they t r a v e l normal 

to the op t i c axis and so they emerge \ f i t h a net phase d i f f e i e n c e , given 

bv 

6 - —- . d. (n - n ) 2.1 

file:///fith
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where X i s Lhc wavelength of the i n c i d e n t r a d i a t i o n , d, the thickness 

of the m a t e r i a l , and n and n , the r e f r a c t i v e i n d i c e s of the p l a t e ' o e * * 

f o r the 0 and E rays r e s p e c t i v e l y . To s a t i s f y the h a l f wave p l a t " 

c o n d i t i o n , the value of d i s adjusted so t h a t 

6 = (2m : 1) ir 2.2 

where m takes on p o s i t i v e i n t e g e r values. The two rays t h e r e f o r e recom-

bme 180° out of phase a f t e r transmission. 

Equation 2 1 shows t h a t the reLardence i s wavelength dependent, so 

t h a t the r e q u i r e d thickness of matei l a l can only give exact \/2 

p r o p e r t i e s at a s p e c i f i e d wavelength. This disadvantage can be overcome 

by using a m u l t i - l a y e r p l a t e made from d i f f e r e n t m a t e r i a l s , so t h a t the 

i n d i v i d u a l wavelength dependences approximately cancel out. The t r a n s ­

mission of plane p o l a r i s e d l i g h t through the h a l f wave p l a t e causes the 

plane of p o l a n s a t i o n t o be r o t a t e d through twice the angle the i n c i d e n t 

r a d i a t i o n irakes w i t h the opi_ic a x i s of the c r y s t a l . This i s i l l u s t r a t e d 

i n f i g u r e 2 4a. 

A 1" diameter, 2 l a y e r p l a t e made from magnesium f l u o r i d e and quartz 

vas used m the p o l a r i i n e t c r . The achromatism of the p l a t e , which was 
o 

designed fo? use m the wavelength range 3,900 - 4,900 A, (corresponding 

to B of the UBV system), was l a b o r a t o r y t e s t e d a t Durham, and the 

v a r i a t i o n of retardence w i t h wavplongth i s shown i n f i g u r e 2.4b. The 

p l a t e was bloomed, to reduce l i g h u loss by l e f l c c t i o n a t Loth the 

i n c i d e n t and t l p n s m i s s i c n surface? 

The h a i r wave plat° i s mounted i n t o a lotaU-aole housing, and i s 

l o t a t c d by VKVUT of a set of bevel gears from o u t r i d e the polarunet°r 
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2.3.4. The Grid System 

The g r i d sysLem i s mounted on an o p t i c a l bench, running along the 

base of the p o l a r i m e t c r , and the co ^ t r u c t i o n a l d e t a i l s are shown i n 

p l a t e 3. The a c t u a l g r i d s are a c c u r a t e l y machined from perspex, and 

have equal bars and gaps of w i d t h 3.1 mm. They are placed i n the f o c a l 

plane of the telescope, using f/13.5 Cassegrain focus, when 1 mm. 

across the g r i d s corresponds to approximately 16 seconds of arc ( f o r 

the 1 m telescope on which the observations were made). The g r i d s can 

be moved i n a h o r i z o n t a l d i r e c t i o n arrows the f o c a l p l a r e of the 

telescope, and have a d j u s t a b l e stops to l i m i t the extent of t h i s motion 

The outside uf the g r i d s i s coveied w i t h a t h i n annulus of p o l a r o i d , 

which i s used f o r c a l i b r a t i o n purposes. 

An aperture of A cms. i s used when observing, which gives a t o t a l 

u nvignetteJ f i e l d of 0 minutes of arc approximalcly. Three lengths of 

20 micron diameter yold w i r e , are attached a t r i g h t angles to the g i l d s , 

and <n e used to ensure that the g r i d s are a c c u r a t e l y focussed on 

Ihe photo-cathode of the 4 cm McMulian camera, used to record the 

images 

Pos i t i o n e d on uhe same mount, and a f t e r the g r i d s (along the l i g h t 

p rith) , i s the f i e l d l e n s , a 5 cm diameter, 20 cm. f o c a l l e n g t h 

achromatic doublet, which acts as a condensing l e n s , t o ensure t h a t a l l 

l i g h t emerging from the g r i d s i s s u f f i c i e n t l y converged to pass through 

Lhc i i m i L i n g apertu/es of the analysing components. 

2 3 5 Th" Relay Lens and Shutter 

The r o 1 c«y lens rind shutter are mounted i n t o the end p l a t e of the 
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p o l a r i m e t e r , as shown i n p l a t e 5. The s h u t t e i i s e l e c t r i c a l l y a c t i v a t e d 

by means of a s o l e n o i d , the c o n t r o l l i n g switch being mounted on the 

c o n t r o l panel. 

The r e l a y lens i s a Nikon f/1.4 camera lens of f o c a l l e n g t h 50 mm, 

and i s bloomed to reduce unwanted r e f l e c t i o n . The whole lens housing 

can be moved along the p r i n c i p a l a xis of the p o l a r i m e t e r by means of a 

l a c k and p i n i o n gearing operated from the c o n t r o l panel t o a c c u r a t e l y 

focus the g r i d s onto the photo-cathode. The f o c a l l e n g t h , and p o s i t i o n i n g 

of the r e l a y l e n s , introduces a 4x d e m a g n i f i c a t i o n between telescope and 

photo-cathode images. This r e s u l t s i n a s i m i l a r gain m speed, which i s 

important when f a i n t nebulous o b j e c t s are undei observation. 

2.3.6. The Off Axis Guider and G r i d Viewing M i r r o r 

The o f f a x i s guider c o n s i s t s of a l a r g e plane m i r r o r of aluminised 

perspex, mounted at 45° t o the p r i n c i p l e a xis of the p o l a r i m e t e r . The 

m i r r o r has an e l l i p t i c a l hole of minor a x i s ^ 5 cm, i n the centre t o 

a l l o w the a x i a l l i g h t t o reach the p o l a n m e t e r . 

The ' o f f a x i s ' l i g h t is - r e f l e c t e d , and brought to focus on i l l u m i n ­

ated crosswires, which are viewed w i t h the o f f axis guider eyepiece, 

mounted on the c o n t r o l panel. The crosswires are i l l u m i n a t e d w i t h 2 

b a t t e r y opci ated l i g h t emi t n n g diodes which emit most of t h e i r power i n 

the red region of the spectrum, and do not i n t e r f e r e w i t h the telescope 

l i g h t to be analysed, winch i s confined t o the B waveband. The cyepie<_e, 

which i s snown i n p l a t e 2, can be racked i n both h o r i z o n t a l and 

v e r t i c a l d n c c t i o n s to scan the f i e l d provided by the 45° m i r r o r f o r 

s t . u s , which can be used f o i g u i d i n g purposes. 
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The grid-image viewing m i r r o r ( p l a t e 4 ) , can be r o t a t e d i n t o the 

l i g h t path a t 45° between the g r i d s and h a l f wave p l a t e t o d e l i v e r the 

l i g h t t o a telescope mounted on the c o n t r o l panel so t h a t the a s t r o ­

nomical image formed on the g r i d s can be viewed. This i s necessary 

before an exposure i s taken, t o ensure t h a t the o b j e c t i s c e n t r a l l y 

placed i n the f i e l d o f view, and i s also used t o focus the telescope 

image onto the g r i d system. 

2.3.7. FT I t e r s 

A BG12 f i l t e r was used t o i s o l a t e the required o p t i c a l wavelengtn 
o 

range f i o m 3,900 - 4,900 A. The transmission curve i s shown m f i g u r e 

2.5 A second BG38 f i l t e r absorbs the i n f r a - r e d wavelengths, which are 

t r a n s m i t t e d by the BG12 f i l t e r , and f o r which the camera photo-cathode 

i s s t i l l s l i g h t l y s e n s i t i v e . The f i l L e r s are mounted over the r e l a y 

l e n s , by means of a brass adaptor. The f i e l d lens does not t r a n s m i t at 
o 

wavelengths less than 3,900 A. 

2.4 The r.lcc Lronogi aphi c Camera 

2.4.1. I n t r o d u c t i o n 

The images f oi med by the p o l a n m e t e r , which c o n t a i n Lhe l e q u i r e d 

m f o i m a t i o n concerning the s t a t e of p o l a r i s a t i o n of Lhe o b j e c t , were 

recorded on a 4 cm. McMullan camera, r e c e n t l y developed at the Royal 

Greenwich 0ht.ervatoiy (D. McMullan ut nl 1972). 

2.4 ?, The P r i n c i p l e of the t1 e c t r o n o ^ r a p h i c Camera 

The b.v _c idea oJ the elccti-onogiaphic camera, i s ••hat the photon 

ii-iage i s converted i n t o e l e c t r o n s , and these are accelerated and recorded, 
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t o gave an ' a m p l i f i e d ' image. 

L i g h t from the o b j e c t t o be photographed, i s imaged onto a photo­

s e n s i t i v e surface m vacuum surroundings. Lach i n c i d e n t photon has 

t=k';,tu£ĉ  a r e l a t i v e l y high p r o b a b i l i t y of r e l e a s i n g a p h o t o - e l e t t r o n . 

The e l e c t r o n s coming from the surface, w i t h e s s e n t i a l l y zero energy 

( E l e c t r o n energy - energy of photon - woik f u n c t i o n ^ eV), are e l e c t r o ­

s t a t i c a l l y a ccelerated by a l a r g e p o t e n t i a l d i f f e r e n c e along the tube 
/— 

('̂  40 K.V.), and then m a g n e t i c a l l y refocussed through a t h i n t r a n s p a r e n t , 

r'ica "indow which seals the other end of the tube, onto 3 f L l i n of nuclear 

emulsion. Although the window i s o n ly a few microns t h i c k , 30% of the 

e l e c t r o n s arc absorbed m the mica. The emulsion, wh•ch forms a t h i n 
f 

l l a y e r , on a melanex backing, i s pressure sealed against the mica window 

Each of the high energy e l e c t r o n s leave a t r a c k i n the emulsion, which 

can l a t e r be 'developed', to r e v e a l an apparent o p t i c a l negative of the 

obj ect. 

The d i f f i c u l l y i n p i a c t i c e i s t h a t the mica window, which must be 

v e i y t h m to be transparent t o the e l e c t r o n s , w i l l not w i t h s t a n d 

atmospheric pressure on one s i d e , and h i g h vacuum on the clumber side 

This d i f f i c u l t y has been oveiconie i n the McMullan camera, by having the 

emulsion cidc at low pressure, (<6 1 t o r r ) , and a se r i e s of valves and 

chambeis, to f a c i l i t a t e l o a d i n g and unloading the camera, w i t h o u t expos­

i n g the window to atmospheric pressure 

?. 4 . 3 Do s e n pj i o" of the Camera 

Pla t o 6 shows the c imera a t t iched t o the pelarii»ctm , which i s i n 

t v i i mounted on the 1 m telescope of the 1'jse Observ V oi y, l ^ n e l , 
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vhei P present observations were made. A cross s e c t i o n through the 

cnmcia i s shown i n f i g u r e 2.6. 

The camera can be d i v i d e d j..ito J d i s t i n e L p a r t s * 

F i r s t l y , the long, t u b u l a r s t r u c t u r e which incorporates the photo-

cathode, vacuum tube, focussing c o i l s and the mica window Secondly, 

the rectangular base wh*ich contains r e l a y s and pumping equipment f o r 

the tube, and has the c o n t r o l box mounted or i t . F i n a l l y , the a p p l i c a t o r , 

on which the emulsion i s mounted, i n s e r t e d , and vacuum sealed i n t o the 

camera. 

The base, i n t o which the a p p l i c p f o r i s i n s e r t e d , has two vacuum 

chambers as shown i n f i g u r e 2.6. The l o a d i n g procedure i s t h e r e f o r e t o 

i n s e r t the a p p l i c a t o r , which seals chamber A, and then evacuate t h i s 

chamber. Chamber P, which i s i n contact w i t h the mica window i s con­

t i n u o u s l y maintained at 1 t o r r , and i s connected by the gale v a l v e to 

chamber Ar When chamber A i s evacuated, the gate valve opens, and thp 

end of the a p p l i c a t o r on which the emulsion i s mounted i s moved up to 

the mica window. The exposure i s taken, and then the pioceduie i s 

reversed to e x t r a c t the emulsion, w i t h o u t s u b j e c t i n g the mica window 

to atmospheric pressure. 

2.4.4. A d v a n t g _s of the El eet ronogr ̂ phir Camera 

u-L The detectc/r quantum e f f i c i e n c y of the c l e c t i onogiapln e ^am^ra, 
10 

i s wavelength dependent, and has a ecalc value oi p p p r o x n m t e l y !!£>% at 
o 

5,000 A, f o i the F ?0 eM ended photo-cathode used d u r i n g the pies, en I 

o b servations. Tins compares f a v o u r a t j l y v i ' h the most r'-rent phot r giaplu " 

I l a t e ^ , (ovon a l t c i e l e c t i o n Joss hrs been considered) which s t i u g g l e t o 
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a t t a i n the above e f f i c i e n c y , even afLcr p r e s e n s i t i s a t i o n . This i s of 

prime importance when f a i n t astronomical o b j e c t s , and hence long 

exposure times are i n v o l v e d . 

As a l l the e l e c t r o n s i n c i d e n t on the en u l s i o n are of the same high 

energy 40 i ^ V ) , each e l e c t r o n causes the same amount ot development 

along i t s t r a c k . Also, the g r a m s i z e i s much smaller than w i t h photo­

graphic p l a t e s , and t h e r e f o r e s a t u r a t i o n occurs a t a much great e r 

d e n s i t y The net e f f e c t , i s t h a t w i t h the ele c t r o n o g r a p h i c camera, the 

d e n s i t y on' the p l a t e i s p r o p o r t i o n a l to the i n t e n s i t y of the i n c i d e n t 

r a d i a t i o n , and t h i s l i n e a r i t y law i s e x h i b i t e d over a dynamic range of 

a t l e a s t 5 m de n s i t y . 

l l f o i ' d L4, a f i n e g r a m emulsion, was used f o r the pi esent s e r i e s 

of observations 
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C H A P T E R 3 

P0LAR1MLTER AL.JGNMb.NT, AND MAKING THE OBSERVATIONS 

3•1 I n t r o d u c t i o n 

The p o l a r i m e t e r was i n i t i a l l y a l i g n e d i n the l a b o r a t o r y , b efore 

i n s t a l l a t i o n on the telescope. Further alignment checks were made a t 

the observing s i t e I n the l a b o r a t o r y the o p t i c a l components were mounted 

i n t u r n , i n t o the pol a r n n e t e r , checking at each stage, t h a t t h e i r centres 

were on the p r i n c i p a l axis of the p o l a r i m e t e r , and t h e i r r e s p e c t i v e 

angular o r i e n t a t i o n s weie c o r r e c t . 

3.2 D e f i n i n g the P r i n c i p a l Axis 

This was simply achieved by a t t a c h i n g crosswires to the two end 

apertures of the p o l a r i m e t e r , and a l i g n i n g a laser beam t o cut tne i n t e r ­

sections a t both ends. The spot of l i g h t caused by the p e n c i l beam was 

used t o centre each of the components as they were mounted. 

3• 3 Ui0- »alf Wave Pl a t e 

I t i s extremely important t h a t the h a l f wave p l a t e i s i n s e r t e d i n t o 

i t s housing, w i t h the o p t i c a x i s v e r t i c a l w i t h respect t o the v e r t i c a l 

as defined by I be g r i d s , when the a d j u s t i n g knob i s set a t the zero 

degrees p o s i t i o n Any d e v i a t i o n from t h i s c o r r e c t alignment w i l l cause 

a systematic e r r o r i n the p o s i t i o n angle measurement of the p o l a r i s a t i o n . 

The alignment was achieved by mounting a c c u r a t e l y c a l i b r a t e d 

p o l a r o i d s al each side of the p l a t e , and viewing an intense blue l i g h t 

source through the three components. I f one p o l a r o i d i s v e r t i c a l , and 

the second one h o r i z o n t a l , e x t i n c t i o n of the l i g h t w i l l occur p r o v i d i n g 

the h s l f wave p l a t e docs not r o t a l 2 the plane of p o J a n s r t i o n . 

http://AL.JGNMb.NT
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Extinct-ion of the l i g h t t h e r e f o r e ensures t h a t the o p t i c axis of tne 

h a l f wave p l a t e i s m the l e q u i r e d v e r t i c a l d i r e c t i o n . 

3.4 The Wollasloii Prism 

The prism was i n s e r t e d i n t o i t s r o t a t e a b l e housing, which then 

r e q u i r e d l o c k i n g a t the i c q u i r e d o r i e n t a t i o n so t h a t the d e v i a t i o n 

between the 0 and E rays was i n the h o r i z o n t a l plane. 

The remainder of the components were i n s e r t e d i n t o t h e i r r e s p e c t i v e 

p o s i t i o n s , and, w i t h the p o l a r i m e t e i now i n o p e r a t i o n a l mode, the 

'photo-cathode' image of the g r i d s was viewed by mounting a simple eye­

piece on the camci a-end of the p o l a n m e t e r . The image seen, i s i l l u s t r a t e d 

i n 1 f i g u r e 3.1a and i s j u s t the simple double jma^e of the g r i d gaps 

formed by the V'ollaston prism. The h o r i z o n t a l l i n e s across the p i c t u r e 

are the images of the 20 micron gold wires s t r e t c h e d h o r i z o n t a l l y across 

the g r i d s , and described i n s e c t i o n ?.3.4. 

I f the d e v i a t i o n of the prism i s not i n the h o r i z o n t a l plane, the two 

o r t h o g o n a l l y p o l a r i s e d images of each s e c t i o n of the w i r e , are v e r t i c a l l y 

displaced and appear as i l l u s t r a t e d i n f i g u r e 3 . l a ( i ) . The prism i s 

slowly r o t a t e d , u n t i l the images of the g r i d w i res have the c o r r e c t appear­

ance ( f i g u r e 3 l a ( u ) ) , when the d e v i a t i o n i s confined t o the h o r i z o n t a l 

plane. 

3 5 Adjustments made on the Telescope 

3.5.1 Tntroduction 

Although alignment oT the i n d i v i d u a l components i s c a r r i e d out i n 

l a h o i a t o r y c o n d i t i o n s i o r accuracy, i i . n a ! f ocussing and s e t t i n g up 

pro' edures have to be done w i t h the polanmefcer ?nd camera mounted on 

http://ii.na


the telescope. 

3.5.2. A l i g n i n g the Grids 

AJthough not a b s o l u t e l y necessary, i t i s convenient to r o t a t e the 

pol a r i m e t e r on the telescope, u n t i l the g r i d bars run i n a North-South 

d n e c t i o n . This i s achieved by imaging a s t a r on the edge of a g r i d 

spacing, using the g r i d v i e w i n g m i r r o r and eyepiece. I f the telescope 

i s now d r i v e n i n d e c l i n a t i o n , the s t a r w i l l be seen t o move up and down 

the g i l d s , w h i l e remaining e x a c t l y on the edge of the g r i d , i f the 

alignment i s c o r r e c t . The two cases of misalignment and North-South 

alignment are shown i n f i g u r e s 3.1b. 

3.5.3. Focussing the Polarimeter 

The Polarimcter i s focussed, by moving the r e l a y l e n s , u n t i l the 

g r i d s are imaged on the photocathodc of the e l e c t r o n o g r p h i c camera. 

The 20 micron gold wires attached t o the g r i d s , are used f o r t h i s purpose 

as accurate focussing i s necessary before t h e i r images can be seen on the 

electronographs. 

A s e n c s of t e s t exposures w i t h the g r i d s u n i f o r m l y i l l u m i n a t e d are 

taken, w i t h the r e l a y lens at several d i f f e r e n t p o s i t i o n s , and the 

r e s u l t s are i n t e r p o l a t e d by eye, t o f i n d the p o s i t i o n of best focus. 

3.5.4. Focussing the Telescope 

The telescope i s focusscd, so t h a t the g i i d s l i e i n the f o c a l plane 

of the secondary m i r r o r , by means of a k n i f e edge t e s t , which i s shown 

diagrammatically i n f i g u r e 3.1c. A s t a r i s d r i v e n onto the edge of a 

g u d , and i s viewed using the 45° g r i d v i e u i n g telescope w i t h no eyepLecc 

so t h a t the l i g h t i s H O L brought to focus. I f the main telescope i s 
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focusscd ( f i g u r e 3 . 1 c ( i i ) ) , the s t a r image acts as a p o i n t source, and 

a uniform d i f f u s e c i r c l e o f l i g h t i s seen i n the g r i d viewing telescope. 

I f the mdin telescope i s not focussed ( f i g u r e 3 l c ( i ) ) , p a r t of the 

i n i t i a l s t a r linage i s o b s tructed by the g r i d s , and tne r e s u l t i n g image 

i n the g r i d v iewing m i r r o r has a dark area corresponding to the 

obstructed l i g h t . 

Focussing i s simply achieved by slowly moving the telescope secon­

dary. 

3.6 The Series of Observations 

3.6.1. I n t r o d u c t i o n 

With the po l a r l m e t e r adjusted i n the mannei described, a t e n e s of 

exposures are taken of the o b j e c t to be observed, ( m t h i s case M82), 

so t h a t a f t e r r e d u c t i o n , the p o l a r i s a t i o n of the l i g h t i n c i d e n t from 

each p a r t of the o b j e c t , w i l l be completely s p e c i f i e d 

3.6.2. P r e l i m i n a r i e s before each Series of Observations 

The o b j e c t i s centered m the g r i d f i e l d u s ing the g r i d v i e w i n g m i r r o r 

and then the o f f axis guider eyepiece L S traversed across the f i e l d of 

view provided by the 45 dcgiee m i r r o r , u n t i l a s u i t a b l y b r i g h t s t a i i s 

p o s i t i o n e d on the i l l u m i n a t e d cross wires For the d u r a t i o n of the obsei-

vations on a p a r t i c u l a r o b j e c t , the telescope i s manually guided on t h i s 

s t a r , t o ensure t h a t the telescope image does not wander on the g r i d f i e l d 

The camcio t h e r e f o j e records i n f o r m a t i o n from each p o i n t of the o b j e c t a t 

ex a c t l y t lie same place on the photo-cathode,for as many exposures as arc 

requ i r e d so t h a t c u o i c pioduccd by v a n at ions i n L I I C photo-cathode 

s e n s i t i v i t y are t h e i e f o r e rnnunijsrd, 
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3.6.3. A Sequence of Exposures 

With the p o l a r i m e t e r adjusted as described, four exposures are taken 

i t h a l f wave p l a t e o r i e n t a t i o n s of 0, 2l{, 45 and 67| degrees respec­

t i v e l y . These fo u r electronographs c o n t a i n a l l the i n f o r m a t i o n necessary, 

to uniquely determine the p o l a r i s a t i o n magnitude and d i r e c t i o n f o r e a c 

element of the image. 

H a l f the galaxy i s obscured behind the g r i d bars d u r i n g the f i r s t 

f o ur exposuies, and the hidden h a l f of the galaxy i s brought i n t o view 

by moving the g r i d system e x a c t l y one g r i d w i d t h h o r i z o n t a l l y . I f the 

f i r s t ' h a l f of the galaxy was taken a t the ' g r i d i n ' p o s i t i o n , the g t i d s 

are a u t o m a t i c a l l y moved the c o r r e c t d i s t a n c e , set by the stop, t o the 

' g r i d out' p o s i t i o n , f o r the remaining exposures. 

A f u r t h e r s e r i e s of fo u r exposures, a t h a l f wave p l a t e o r i e n t a t i o n s 

of 0, 22^, 45, 67j degrees, i s then taken, t o provide a p o l a r i s a t i o n map 

of the second ' h a l f of the galaxy Electronographs 1 and 5 of M82 

taken at the 1 m telescope of the Wise Observatory, I s r a e l , are shown 

i n p l a t e 7. 
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C H A P ' l E R 4 

APPLICATION OF THE BASIC THEORY TO THE DURHAM POLARIMETER 

4.1 I n t r o d u c t i o n 

The measurements made w i t h the astronomical p o l a r i m e t e r arc simply 

r e l a t e d to the basic method described i n s c t i o n 1.3. Tf a l i g h t ray i s 

t i a c e d thiough the analysing components of the p o l a r i m e t e r , f o r the 

v a i i o u s h a l f wave p l a t e o r i e n t a t i o n s , a set of equations s i m i l a r t o those 

of s e c t i o n 1.3 can be d e r i v e d , which connect the p o l a r i s a t i o n parameter*, 

of the i n c i d e n t ray, and the recorded i n t e n s i t i e s . Any small element of 

the image formed i n the f o c a l plane of the telescope, can be regarded as 

a p o i n t source or p e r c i l beam of l i g h t , and the t r a n s m i t t e d i n t e n s i t i e s 

f o r v a i i o u c h a l f wave p l a t e o r i e n t a t i o n s , can be reduced t o give i_he 

p o l a r i s a t i o n parameters of the i n t e g r a t e d l i g h t forming t h a t small 

clement of the image The t r a n s m i t t e d i n t e n s i t y i s of course recorded, 

as the d e n s i t y of the image of the same small element on the e l e e t r o n o -

giaphic p l a t e . 

The transmission of a p a r t i a l l y plane p o l a r i s e d p e n c i l beam of l i g h t , 

(corresponding t o an elemental area ot the image), i s shnvn i n f i g u r e 4 1, 

f o r the four d i f f e r e n t o r i e n t a t i o n s of the h a l f wave p l a l e . Expressions 

f o r the t r a n s m i t t e d i n t e n s i t i e s ( I - i _ ) m terms of the p o l a r i s a t i o n 
1 o 

parameters of the i n c i d e n t beam, arc shown f o r each of the f o u r exposures 

taken. 

4.? E l c i I T onographb 1 and 2 

E l e i 11 onogra,)h 1 i s taken w i t h the h a l f wave p l a t e o p t i c axis v e r t i c a l 

( L . C 0°), which rcMil t s i n the plane of p o l a r i s a t i o n o f the plane p o l a r ­

ised component of the i n c i d e n t r a d u l i o n being r e f l e c t e d about the v e r t i c a l 
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a f t e r transmission. The Wollaston prism then separates the l i g h t i n t o 

h o r i z o n t a l l y and v e r t i c a l l y p o l a i i s e d components, which are deviated i n 

the h o r i z o n t a l plane, and brought to t h e i r sepaiate f o c i on the photo -

cathode-of the e l e c t r o n camera. The i n t e n s i t i e s of the two beams .i n c i d e n t 

at p o i n t s A and B on the photo-cathode are recorded by the d e n s i t y of the 

images they produce ( 1 ^ , i^) • 

I t i s important t o remember, however, t h a t p o i n t B on the photo-

cathode may have a s l i g h t l y d i f f e r e n t p h o t o e l e c t r i c s e n s i t i v i t y than 

p o i n t A. and t h e r e f o r e , the measured d e n s i t y ' ' » must b e c o i r e c t e d by 

a r e l a t i v e s e n s i t i v i t y f a c t o r ' f , bttween p o i n t s A and B before a d i r e c t 

comparison can be made. This s e n s i t i v i t y or '£' f a c t o r , i s included m 

equations 1 and 2, which r e l a t e the measured d e n s i t i e s ^-^) > 1° the 

p o l a r i s a t i o n parameters to be determined. also e l i m i n a t e s the 

s e n s i t i v i t y of the photo-cathode to plane p o l a r i s e d l i g h t . 

Electronograph 2 i s taken w i t h the h a l f wave p l a t e r o t a t e d t o an 

angle of 22^ degrees w i t h the v e r t i c a l , which r e s u l t s m the plane of 

p o l a r i s a u j o n making an angle of ( 4 5 - 6 ) degrees, a f t e r t r ansmission. 

The Wollastcn prism, which remains f i x e d f o r the whole s e r i e s of 

exposures, s p l i t s the l i g h l i n t o v e r t i c a l l y and h o r i z o n t a l l y p o l a r i s e d 

components as b e f o r e , which are then i n c i d e n t on e x a c t l y the same p o i n t s 

of the photocai-hode (A and B) , as f o i electronograph 1. 

The e f f e c t of r o t a t i n g the plane of p o l a r i s a t i o n of the l i g h t by 

4 5 degiees, and keeping the analyser fLxed, i s e x a c t l y the same as 

surely r o t a t i n g IK-- analyser to 4 5 dpgrees m the simple method described 

m s e c t i o n 1 3 The t r a n s m i t t e d beams f o r el eelronograph 2, are t h e i e -

f oi e the- i n t e n s i t i e s of the i n c i d e n t l i g h t p o i a r L s e d a t 1 4 5 degrees 1 o 
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the v e r L i c a l , and are completely analogous t o the i n t e n s i t i e s ' I ^ ' and 

' j . 1 described i n s e c t i o n 1.3. The i n t e n s i t y at B, ' i ', must be 4 4 
corrected by the same ' f 1 f a c t o r before comparison w i t h ' i ^ ' * and both 

values must be modified by an exposure f a c t o r ' e^'> before comparison 

w i t h the i n t e n s i t i e s from p l a t e 1. The exposure f a c t o r 'e^ 1 describes 

the r a t i o o f the exposure times between electronographs 1 and 2. 

A f t e r c o r r e c t i o n , p l a t e 2 y i e l d s a f u r t h e r p a i r of equations, 

connecting the p o l a r i s a t i o n parameters w i t h the measured d e n s i t i e s . 

These f o u r equations are s i m i l a r t o the basic equations of s e c t i o n 1.3, 

except f o r the i n c l u s i o n of the q u a n t i t i e s ' f , and ' ei'» which nepd t o 

be determined, before the same r e d u c t i o n procedure can be used t o f i n d 

the Stokes parameters of the i n c i d e n t l i g h t . 

The e>posure f a c t o r 'e^' i s simply the r a t i o of the t o t a l amount 

of l i g h t received on electronograph 1 t o electronograph 2 and i s given 

by, 
\ + V £ 

e, = 4.1 

I t i s o n l y necessary t h e r e f o r e to determine the ' f f a c t o r between p o i n t s 

A and B, before thp re q u i r e d r e d u c t i o n can be c a r r i e d out. 

4.3 Electronographs 3 and 4 

To f a c i l i t a t e the measure of ' f , a f u r t h e r two clcctronographs are 

taken w i t h h a l f wave p l a t e o r i e n t a t i o n s of 45 and 67j degrees. The 

plane p o l a r i s e d component of the r a d i a t i o n , t h e r e f o r e makes angles of 

(90 - 6 ) , and (135 - 0 ) , w i t h the v e r t i c a l , r e s p e c t i v e l y , a f t e r t r a n s ­

mission through the p l a t e 
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A f u r t h e r set of f o u r equations are obtained, l i n k i n g the measured 

d e n s i t y t o the i n c i d e n t p o l a r i s a t i o n , w i t h ihe i n c l u s i o n of only 2 new 

unknowns, the exposure f a c t o r s '62' and ' eg'» needed to normalise the 

i n t e n s i t i e s to electronograph 1 The equations ] - 8 i n the f i g u r e can now be 

mathematically solved t o give 1 f , ' e^', ' e ^ ' , 'e^ 1 and hence the r e q u i r e d 

p o l a r i s a t i o n parameters 'p' and '6'. I t i s i n s t r u c t i v e however t o look a t 

the m f o i m a t i o n on the electronographs i n t u r n , and f i n d the 1 f f a c t o r on 

a simple l o g i c a l b a s i s , and then leduce the equations by comparing the 

i n t e n s i t i e s w i t h those derived from the simple method described i n s e c t i o n 

1.3. 

Comparison of electronographs 1 and 3, shows that the plane of p o l a r ­

i s a t i o n of the incLdent l i g h t has been r o t a t e d through 90 degrees i n 

e l e c t r o n o g r a p h 3 compared t o el ei_tronograph 1, f o r t r a n s m i s s i o n through the 

h a l f wave p l a t e The v e r t i c a l component of the r a d i a t i o n selected by the 

Wollaston prism f o r electronogiaph 3, i s t h e r e f o r e e x a c t l y the same as the 

h o r i z o n t a l component selected m electronograph 1. The only d i f f e r e n c e between 

the tvo beams, i s t h a t i n electronograph 1 the i n t e n s i t y i s recorded 

at p o i n t B w h i l e m electronograph 3 i t i s recorded at p o i n t A. 

S i m i l a r l y the h o r i z o n t a l component of electronograph 3 i s the same as the v e r t i ­

cal component of electronograph 1 except f o r the d i f f e r e n c e i n s e n s i t i v i t y 

f a c t o r between p o i n t s A and B. I n c l u d i n g the r e l a t i v e exposure f a c t o r s 

needed to compnie electronographs 1 and 3, two equations connecting the 

i n t e n s i t i e s ( i j , 1,,, ] g ) c a n be w r i t t e n , 

i . . = — . c , 4.2 
1 f 1 

x 2 / f " X5 fJ2 4 ' J 



which can be solved t o give the re q u i r e d estimate of ' f 1 , i . e . 

J l5 • h 
f-j •- i 4 . 4 

Electronographs 2 and 4 also have a r o t a t i o n d i f f e r e n c e of 90 

degrees, which means t h a t the l o c a t i o n s on the photocathode where the 

± 45 degree i n t e n s i t i e s are recorded are also interchanged. The 

i n t e n s i t i e s from electronographs 2 and 4 can also be used t h e r e f o r e t o 

o b t a i n a second independent estimate of the same ' f f a c t o r , i . e . 

i 0 - — . e„ 4.5 3 f 3 

The mean value of the s e n s i t i v i t y f a c t o r '£' i s t h e r e f o r e taken t o be, 

f = ( f x + f 2 ) /2, 4.8 

and the agreement between the two estimates, i s a measure of the uncer-

t a m l les associated w i t h the technique. 

With the '£', and hence 'e 1 f a c t o r s determined, the i n i t i a l l y 

measured d e n s i t i e s con be normalised ( f o r example i ^ becomes • > 

and the basic e q u j t i o n s derived i n s e c t i o n 1.3 used t o o b t a i n an 

esiunfUe of t i e Stokes parameters of the i n c i d e n t l i g h t , i . e 

Q l """ 3 L I ~ 3 ? / i = T p C ° S 2 9 / 1 , 9 

U, = ( i - i . , ) e. =- I p Sm 29 4.10 1 3 4/1 L 1 

= ' l ' ] 2 / l 4 ' U 
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The i n t e n s i t i e s ( i g , 1,., l ^ , 1^) from electronographs 3 and 4, which 

were o r i g i n a l l y taken to f i n d the s e n s i t i v i t y f a c t o r , also comprise a set 

of p o l a r i s e d i n t e n s i t y measurements at (0, 90, i 45) degrees r e s p e c t i v e . 

They can also be s u b s t i t u t e d i n t o the basic equations t o give a second 

estimate of the Stokes parameters f o r the i n c i d e n t beam. 

Q2 = U 6 / f - i 5 ) e 2 = I p Cos 29 4.12 

U 2 = ( l 7 / f ~ 1 3 ) * C3 = I p S i n 2 9 A " 1 3 

T 2 = °6/f + X 5 } ' e2 = h 4 ' U 

The two estimates of the Stokes vectors are averaged to o b t a i n the best 

values, before r e t u r n i n g t o the p r a c t i c a l u n i t s of percentage p o l a r i s a t i o n 

and p r e f e i r e d d i r e c t i o n , v i a the tra n s f o r m a t i o n s described i n s e c t i o n 

1.5. 

f-1 -2 
P = V ̂ —UL 4.3 5 

I 

9 = 0 5 ar c t a n U 

lQ J 
4.16 

4.4 Discussion of the Technique 

The f o u r electronographs, i n a se r i e s of observations, c o n t a i n e i g h t 

images of one h a l f of the o b j e c t The r e l a t i v e d e n s i t i e s of a p a r t i c u l a r 

area, on each of the e i g h t images, determine the p o l a r i s a t i o n parameters 

( I , I p , 0) of the i n c i d e n t l i g h t I t i s o i paramount importance t h e r e f o r e , 

t h a t e x a c t l y the same clement it, located on each of the images, Lefore the 

d e n t i t y i s deteimined 

11 rfe r e q u i r e t o measure the p o l a r i s a t i o n over an area of ̂  5 x 5 

arc seconds, i t i s necessary to l o c a t e p i c e i s c l y , an element of area 



^ 100 y on each of the 1 cm images. This must then be repeated f o r 

several thousand d i f f e r e n t l o c a t i o n s on the electronographs, so t h a t 

a m a t r i x of p o i n t s on the image of the galaxy i s obtained, where the 

magnitude and d i r e c t i o n of the p o l a r i s a t i o n i s known f o r each element. 

To meet the above c r i t e r i a of accurate alignment, and r e p e t i t i o n f o r 

many p o i n t s , a s o p h i s t i c a t e d computer r e d u c t i o n procedure i s probably 

the o n l y s a t i s f a c t o r y method. 
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C H A p 1 L R 5 

THE COMPUTER REDUCTION TFC'INIQ'JE: I 

5.1 I n 1 l o J u c t i o n 

The technique was developed on the tvo sets o f 4 electronographs of 

M82 (describee i n s e c t i o n 3.6), necessary to produce a complete p o l a r i s a t ­

i o n map of the galaxy. Although electronographs of several i n t e r e s t i n g 

o b j e c t s were taken d u r i n g the t u a l run w i t h the mark I I p o l a r i m e t e r i n 

March 1975, M82 was chosen f o r the i n i t i a l r e d u c t i o n , because previous 

p h o t o - e l e c t r i c measurements (Visvanathan and Sandage 1969, 1972 and 

E l v i u s 1963, 1969) had alie a d y revealed a la r g e amount of p o l a r i s a t i o n , 

and a r e g u l a r o r i e n t a t i o n of E vector The v a l i d i t y of the f i r s t map t o 

be produced by our new technique could t h e r e f o r e be r e a d i l y checked by 

comparison w i t h previous work 

The r e d u c t i o n procedure i s summarised i n the f l o w c h a r t shown i n 

f i g u r e 5.1. 

5.2 D i g i t i s a t i o n 

5.2 1. The P.D S Procedure 

The i n f o r m a t i o n on the e l e c t r o n o g r a p h i c plai.es hae f i r s t t o be con­

v e r t e d t o a d i g i t a l form, before i t can be processed m a computer 

This means d i v i d i n g the electronograph i n t o a huge m a t r i x of elements, 

and s t o r i n g the densiuy f o r each p o i n t of the m a t r i x . The ' v i s u a l ' p l a t e 

i s t h e r e f o r e replaced by a l a r g e number of r e p r e s e n t a t i v e d e n s i t i e s 

stored on magnetic tape. 

Thr> el ectronographs were d i g i t i s e d on the P.D.S. machine a t the 

Royal Greenwich Observatory, and the d i g i t a l output was stored on 7 t r a c k 

u n l a b e l l e d tapes. 

http://plai.es
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The machine was adjus Led to scan an area s l i g h t l y l a r g e r than the 

image of the g r i d s on the elcctronograph, (see f i g u r e 5 2 ) , so t h a t the 

den s i t y corresponding Lo an area outside the r e g i o n i l l u m i n a t e d by the 

po l a r i m e t c r could be determined This r e s i d u a l d e n s i t y , which i s the 

sume' of the emulsion n o i s e , shot noise ftum Llie e l e c t i o n camera, and 
'fiuc+ooTKm* "\ -tat »etf«-L 

the itesffiBff.introduced by the P D.S. machine i t s e l f , must be subtracted A. 

from every l o c a t i o n on the electronograph to o b t a i n the t r u e d e n s i t y . 

The d i g i t i s a t i o r procedure i s diagrammatically shown i n f i g u r e 5.2. 

An aperture coiresponding t o 24 microns squared on the elcctronograph 

was selected j machine t h e i e f o r e t r a v e l l e d along i n Lhe X d n e c t i o n , 

c o r t i m ously m o n i t o r i n g the d e n s i t y of Lhe 24 inicion squa-» edf rirca 

d i r e c t l y beneatli the aperture AL time i n t e r v a l s corresponding to a 

26 micron t r a n s l a t i o n of the aper t u r e , the d e n s i t y was recorded on the 

magnetic tape At the end of each scan i n X, the machine a u t o m a t i c a l l y 

steps 2G microns i n Y, b e f o i e rescanning back t o the o r i g i n m the X 

d i r e c t i o n A t o t a l of 512 scans were made on each electronograph, each 

scan d e p o s i t i n g 512 d e n s i t i e s on to the magnetic tape, r e s u l t i n g i n the 

elccLronogiaph being d i g i t i s e d i n t o approximately a quar t e r of a m i l l i o n 

p i x e l s of m f o i Tiation. 

Each elcctronograph was placed on ihc P.D.S. nachme so t h a t the Y 

scan axis a c c u r a t e l y c o n esponded to a Noith/South d i r e c t i o n . This was 

achieve! by w u r m g t h a t when the aperture was hand traversed i n 'Y', 

the spot of l i g h t f o l l o w e d the edge of a set of gi'id images. The 

elect J onographs of a p a i L i c u l a r set wore a l l a c c m a t e l y placed i n the 

same p o s i t i o n O P the scanning t i b l e by u i t n g the edges of the image of 

Lhe g r i d s as reTci ence p o m e 1 1M S iui n L I P I S C S the e n o r t . at a l a t e r 
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stage, when the d i g i t a l clectronographs have to be a l i g n e d extremely 

a c c u r a t e l y i n s i d e the computer, t o ensure t h a t the d e n s i t i e s ( 1 . - i _ ) 
1 o 

are taken from e x a c t l y the same area of the m u l t i p l e p o l a r i s e d images. 

The d e n s i t y , (which i s p r o p o r t i o n a l to the i n t e n s i t y of the i n c i d e n t 

l i g h t because of the l i n e a r i t y p r o p e r t y o " the e l e c t r o n camera), was 

recorded as an i n t e g e r number between 1 and 1024. The two l i m i t s c o r r e s ­

pond roughly to d e n s i t i e s of <sero and 5 on the electionograph 

r e s p e c t i v e l y For the M82 elcctronographs, the highest number recorded 

f o r the b r i g h t e s t p a r t s of the d i s k were approximately 500. 

5 2.2. T r a n b l a t i o n of the Tapes and Disk Storage 

I t i s on]y p o s s i b l e to w r i t e the d e n s i t i e s onto 7 t r a c k magnetic 

tape w i t h the P.D.S. machine, and the system on which the t?pcs were t o 

be iead and analysed, only had a 9 t r a c k tape read f a c i l i t y . I t was f i r s t 

necessary t h e r e f o r e to send the tapes t o the Cambridge Computing Labora­

t o r y , where they could be t r a n s l a t e d from 7 t o 9 t r a c k , before being 

forwarded t o the Northumbrian U n i v c r s i t i e s M u l t i p l e Access Computer a t 

Newcastle 

When the tapes were f i n a l l y read from Durham, the data wac t r a n s -

f e i r e d from tape t o d i s k storage, which provides easier a c c e s s i b i l i t y f o r 

the user At the same time, the data sets of 512 elements, corresponding 

to even numbered scans, were turned round, to undo the e f f e c t of the 

r a s Lui>" scannl ug 

5 3 Primnry In°pcction of the DJ g i t a l Data 

5.3.1 Tti Lruductj on 

Whencvci ..n ope r a t i o n was t o be c a r r i e d out on a p a r t i c u l a r data 

t i l e , i t fc.is f i i ' w . read fiom storage m s e q u e n t i a l d i s k f i l e s , where the 

q u a i t c i of j m i l l i o n numbers were s t o i e d one a f t e r the other. The 
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d e n s i t i e s were read i n t o a 512 by 512 m a t r i x so t h a t any element could 

be accepsed immediately, and operated on. 

Bc rorc s t a r t i n g any lengthy r e d u c t i o n on a s e r i e s of electronographs, 

i t i s f i r s t important t o check t h a t the d i g i t i s a t i o n has been c a r r i e d out 

c o r r e c t l y , and the data forms a t r u e r e p r e s e n t a t i o n of the d e n s i t y on the 

electronographs. Any i m p e r f e c t i o n s i n the d i g i t i s e d data, f o r example 

the P.D.S. machine not working a b s o l u t e l y c o r r e c t l y , can then be taken 

i n t o account, before ' b l i n d l y ' proceeding w i t h the mass r e d u c t i o n of 

numerical data. 

5.3.2. V i s u a l Display of a D i g i t a l Electronograph 

To be able t o see what the d i g i t a l i n f o r m a t i o n a c t u a l l y looked l i k e , 

the 512 x 512 p i x a l s were compressed so t h a t a new array of 128 x 3 28 

p o i n t s were formed, where each new d e n s i t y value corresponded t o the 

average of 16 o r i g i n a l d i g i t i s a t i o n values. This size of array i s much 

more manageable to view as l i n e p r i n t e r o u t p u t . 

Figures 5.3 and 5.A show the d i g i t a l i n f o r m a t i o n f o r electronographs 

A and 2 displayed v i s u a l l y . A form of contour map i s produced by d i v i d i n g 

the t o t a l d e n s i t y range (0 - 1000) i n t o 20 b i n s , and r e p l a c i n g the a c t u a l 

numerical d e n s i t y of a p o i n t , by a symbol f o r t h a t p a r t i c u l a r d e n s i t y b i n . 

The symbols used were blank, • , 1, 2, - - - 9, A, B, - - - J, and have a 

w i d t h of 50 d e n s i t y u n i t s each. 

Comparison w i t h the a c t u a l electronographs J I I s e c t i o n 3.6 3. shows 

t h a t a l l the major features a i e v j s i b l e on the contour map, and t h a t the 

d i g i t a l data appu.irs to form a t r u e r e p r e s e n t a t i o n of the o r i g i n a l 

c]ectronograph. I t i s also appaient, l o o k i n g at the conI our l e v e l s , tn.it 

http://tn.it
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the no*st> on the p l a t e has a value between 0 and 50, and the combined 

noise and n i g h t sky s i g n a l i s between 50 and 100. The densest p a r t s of 

the galaxy are approximately 600, while the b r i g h t e s t foreground s t a r s 

are a c t u a l l y out of the d e n s i t y range (0 - 1024) of the P.D.S. machine. 

5.3.3 I n v e s t i g a t i o n of the Noise Density 

The r e s i d u a l d e n s i t y due to noise on the electronograph, i s an 

important o u a n t i t y , as i t must be subtracted froni the t o t a l s i g n a l , f o r 

each l o c a t i o n on the g r i d image, before the p o l a r i s a t i o n can be 

c a l c u l a t e d The only method of detcrnunmg the noise d e n s i t y underneath 

the image, i s by i n t e r p o l a t i n g from the p e r i p h e r a l l e g i o n s of the 

electronograph, where the e n t i r e s i g n a l i s a t t r i b u t a b l e t o noise. 

Figure 5.5 shows a frequency d i s t r i b u t i o n of the p i x e l d e n s i t i e s of 

e l e c t r o n o g i aph 4, f o r the 128 x 128 m a t r i x i n the lower d e n s i t y range. 

(The d e n s i t y values shovn on the axis of the p l o t are f o r the i n t e g r a t e d 

d e n s i t i e s of the 16 bins r a t h e r than t h e i r mean). The histogram shows 

the expected form, w i t h o narrow peak at a d e n s i t y value of 415 (26 per 

p i x e l ) , corresponding to the noise. Figures 5 6 and 5.7 show s c a t t e r 

p l o t s of the d e n s i t y versus the X and Y co-ordinates of the scan respec­

t i v e l y . The d e n s i t y of p o i n t s i s shown by a symbol i n a s i m i l a r way t o 

thpu described f o r the contour map I n both p l o t s , the l a r g e number of 

po'iits w i t h d e n s i t i e s of approximately 415, confirms t h a t the noise i s 

conetant ovei the p l a t e , and has no v a r i a t i o n w i t h e i t h e r the X 
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or Y a/.is of the scanning d i r e c t i o n . The second smaller peak which show? 

up i n f i g u r e 5.7 i s due to the r e l a t i v e l y l a r g e number of p i x e l s which 

have a d e n s i t y corresponding t o the noise + n i g h t sky value. As expected, 

t h i s second peak also shows up as a dense r e g i o n an the s c a t t e r p l o t s , but 

e x h i b i t s no v a r i a t i o n w i t h the scanning axes. 

l''or electronograph 4, the s u b t r a c t i o n of a constant noise l e v e l 

(equal to 26 p c i p i x e l ) , f o r the e n t i r e p l a t e , should be a s a t i s f a c t o r y 

method of e x t r a c t i n g the r e a l s i g n a l , r e p r e s e n t a t i v e of the i n c i d e n t 

l i g h t p o l a r i s a t i o n , from the t o t a l d e n s i t y . 

Figures 5 8, 5 9 and 5.10 show the same p l o t s f o r electronograph 2 

i n a s e r i e s of observations. I t i s immediately obvious t h a t the noise 

d e n s i t y , i s not r e s t r i c t e d t o a constant value f o r the whole c l e c t r o n o -

grctph. The s c a t t e r p l o t s show t h a t the d e n s i t y changes w i t h the Y 

d i r e c t i o n of the scanning axes, but i s constant f o r a p a r t i c u l a r Y 

co-ordinate The d e n s i t y versus X co-ordinate has the r e q u i r e d constant 

value which i s broadened because of the Y dependence of the d e n s i t y . 

A f t e r close i n s p e c t i o n , most of the electronographs ( i n c l u d i n g d i f f e r e n t 

o b j e c t s ) , were found to have noise l e v e l s which were dependent on the Y 

scan c o - o r d i n a t e , but the v a r i a t i o n was d i f f e r e n t and apparently f a i r l y 

random i n each case. R e d i g i t i s i n g the same electronograph several 

times, and o b t a i n i n g a d i f f e r e n t f u n c t i o n a l v a r i a t i o n each time, showed 

t h a t the apparent n o n - u n i f o r m i t y of the noise was not r e a l , but was 

introduced at the d i g i t i s a t i o n stage 

The v a r i a t i o n i s caused by i n s t a b i l i t y i n the P D.S. machine, 

po s s i b l y caused by the fjain c f the a m p l i f i e r changing as the scan pro­

ceed:, slowly dov/n the c I ectionograph. (The scan time f o r one c l e c t r o n o -
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graph i s approximately 30 minui.es). The v a r i a t i o n i s t h e r e f o r e not a 

f u n c t i o n of the X a x i s , where a l l the d e n s i t i e s are recorded a t 

approximately the same time. 

The P.D.S. machine operates by measuring the transmission through 

the emulsion, and then l o g a r i t h m i c a l l y a m p l i f y i n g the s i g n a ] , t o 

produce a number which i s p r o p o r t i o n a l t o the d e n s i t y of the element 

on the electronograph. Because of t h i s l o g a r i t h m i c nature of the 

a m p l i f i e r , the change i n gain only causes a constant t o be added onto 

the t r u e d e n s i t y , to o b t a i n the one which i s a c t u a l l y recorded. The 

necessaiy c o r r e c t i o n to o b t a i n the t r u e d e n s i t y from the recorded one 

( f o r any p i x e l on the e l e c t i o n o g r a p h ) , i s t h e r e f o r e a d d i t i v e and not 

m u l t i p l i c a t i v e . I f the noise to be subtracted from the t o t a l s i g n a l 

i s allowed t o vary as a f u n c t i o n o f the Y co-ordinate on the e l e c t r o n o ­

graph, then the remaining n i g h t sky + galaxy si g n a l should have the 

t r u e d e n s i t y value. 

The s u b t r a c t i o n of the noise component of d e n s i t y on the e l e c t r o n o ­

graph i s important t h e r e f o r e , not o n l y t o determine the d e n s i t y 

r e p r e s e n t a t i v e of the p o l a r i s e d l i g h t s i g n a l , but also t o c o r r e c t f o r 

m a l f u n c t i o n of the P.D.S. machine 

5. f\ Reducing the Sj^e of the O r i g i n a l D i g i t a l E l f ct ronographs 

Although the 128 x 128 matrices are adequate t o produce p i c t o r i a l 

repi <.-bontations of the electvonographs, and determine t h e n general 

characLen s t i e s , d e t a i l s tuch as f o m t s t a r s i n the f i e l d of view, 

which ?re needed f o r alignment purposes ai o smeared o u t , when the 16 

md i v L - l i i a l p i x e l s are i n t e g i a t e d . Tne o n g i u r l 512 x 512 d i g i t a l p l a t e s 

http://minui.es
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have a l a r g e amount of 'waste' around the edge of the image, which i s 

o n ly u s e f u l i n i t i a l l y , to examine the v a r i a t i o n of n o i s e s i g n a l over 

the electronograph T h i s waste, i f r e t a i n e d as p a r t of the data d u r i n g 

the r e d u c t i o n stage, only s e r v e s to slow up the procedure because of 

the l a r g e amount of sto r a g e needed. 

By i n s p e c t i n g the contour map f o r a p a r t i c u l a r e l e c t r o n o g r a p h 

(e.g. f i g u r e s 5.3 and 5 . 4 ) , i t i s p o s s i b l e to f i n d the c e n t r a l r e g i o n of 

the m a t r i x , which i f r e t a i n e d , w h i l e the r e s t i s d i s c a r d e d , w i l l c o n t a i n 

the image of the g r i d s and a s m a l l amount of p l a t e n o i s e on the Y a x i s 

of the scan d i r e c t i o n . T h i s i s a l l the in f o r m a t i o n t h a t i s r e q u i r e d to 

produce the f i n a l map. 

Each 512 x 512 data m a t r i x was shortened to a m a t r i x of 384 x 384 

which r e q u i r e d approximately h a l f of the sto r a g e space of the former 

e l e c t r o n o g r a p h . The shortened v e r s i o n s were then used to produce contour 

maps s i m i l a r to f i g u r e s 5.3 and 5.4, except t h a t each p i x e l was 

a l l o c a t e d a d e n s i t y symbol r a t h e r than i n t e g r a t i n g the 16 b i n s together. 

The s p a t i a l r e s o l u t i o n of t h e s e contour maps i s t h e r e f o r e 4 times f i n e r 

than tne e a r l i e r v e r s i o n s and c l e a r l y shows up s m a l l d e t a i l s such as 

f a i n t s t a r s . The 'shortened' v e r s i o n s of the o r i g i n a l d i g i t i s e d e l e c t r o n o -

graphs (1 - 8) w i l l be r e f e r r e d to as m a t r i c e s ( S I - S8) i n f u t u r e 

s e c t i o n s . 

5.5 Alignment of the M a t r i c e s 

5.5 1. I n t r o d u c t i o n 

The i n d i v i d u a l e l e c t r o n o g r a p h s are p l a c e d on the P.U.S. machine a t 

approximately the same p o s i t i o n Lor each of the d i g i t i s a t i o n s ( s e e 

s e c t i o n 5 2 1 . ) . T h i s means, thai, an clement of the image, l o r which 
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the d e n s i t y i s recorded a t p i x e l ( 1 , J) on p l a t e S I , f o r example, w i l l 

be recorded a t p i x e l ( I 1 , J') f o r the corresponding element of the 

image on m a t r i x S2. 

Before comparing the d e n s i t i e s on the d i g i t i s e d electronographs, t o 

o b t a i n the p o l a r i s a t i o n parameters, i t i s t h e r e f o r e necessary, t o know 

how to f i n d the corresponding p i x e l on m a t r i x S2, S3, S4, f o r a given 

one on m a t r i x S I . S i m i l a r l y , given a p i x e l i n a r i g h t hand image s t r i p 

of a p a r t i c u l a r m a t r i x , i t i s necessary t o know the l o c a t i o n of the 

corresponding p i x e l i n the l e f t hand image s t r i n . 

Once these t r a n s l a t i o n s are known, i t i s then p o s s i b l e to r e w r i t e 

the matrices d e s c r i b i n g the second, t h i r d and f o u r t h electronograph, so 

t h a t t h e i r elements bear a one t o one correspondence wiLh those of m a t r i x 

S I . The re q u i r e d i n t e n s i t i e s ( i . - i _ ) can then be read i n a s t r a i g h t 
J o 

foi w a r d manner, f o r any XY l o c a t i o n on the mat r i c e s . 

I n order t o achieve t h i s m a t r i x alignment, i t i s necessary t o have 

some common f i d u c i a l p o i n t s on a l l four of the d i g i t i s e d electronographs. 

5.5.2. Detei mmation of the Star Co-ordinates 

Theie is no need t o have a r t i f i c i a l f i d u c i a l p o i n t s formed on the 

electronographs by the p o l a r i m e t e r , because the foreground s t a r s m the 

f i e l d of view p i o v i d e n a t u r a l f i d u c i a l marks. I f the t r a n s l a t i o n 

needed to l i n e up the s t a r s from one m a t r i x t o the next i s found, then 

i t must also a l i g n the e n t i r e d i f f u s e image. S i m i J a i l y , the Inght from 

each s t a r i s s p i n , i n t o two orLhogonally p o l a r i s e d components by the 

Wollc?ston prism, and forms an image i n both the r i g h t and l e f t hand 

s t r i p s The t r a n s l a t i o n ncct ssaiy to go Ciora 1 ho r i g h t to l e f t hand 
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image f o r the s t a r s i n the f i e l d o f view again a p p l i e s to the d i f f u s e 

g a l a c t i c image. I f the s t a r centres f o r a l l the foreground s t a r s can 

be a c c u r a t e l y l o c a t e d then the necessary t r a n s l a t i o n s can be determined. 

The s t a r centres were found using a computer program, i n which an 

approxiinite centre (measured from the contour map), was given as data, 

and the p o s i t i o n of the accuraLe centre was c a l c u l a t e d from the 

de n s i t y d i s t r i b u t i o n of the r e g i o n surrounding the estimated s t a r 

p o s i t i o n . 

The procedure i s a two stage one, i n which the computer f i r s t f i n d s 

the centre i n the X dimension, and then uses the same method to c a l c u l a t e 

the c e r t r e i n the Y dimension. Figure 5.11 shows the d e n s i t i e s of the 

25 micron p i x e l s around the p o i n t (40, 120) where the i n i t i a l estimate 

was chosen. I t i s immediately obvious on i n s p e c t i o n of t h i s p a r t of the 

m a t r i x , t h a t a s t a r image i s l o c a t e d m t h i s r e g i o n . 

To c a l c u l a t e the centre m the X dimension ( h o r i z o n t a l a x i s ) , the 

d e n s i t i e s i n the box which i s drawn on the f i g u r e , are p r o j e c t e d onto the 

X axis so t h a t the 'histogram' shown i n f i g u L e 5.12 i s obtained. The 

de n s i t y shown underneath each b i n i s the sum of the 10 i n d i v i d u a l d e n s i t i e 

winch form a column m the box. The p l o t i s m f a c t a p r o f i l e of the X 

pr o j e c t e d d e n s i t y f o r t h i s r e g i o n of the p l a t e , and c l e a r l y shows a slowly 

v a r y i n g background component w i t h a gaussian l i k e s t a r p r o f i l e super-

imposed 

A l i n e a r approximation i s made t o the background component, by t a k i n g 

the hLslogram values f i v e b i r s on c i t h e i side of the d e n s i t y maximum of 

the d i s L i l l u i t i o n , and i n t e r p o l a t i n g under (he s t a r mage This background 

value i s Lhen subtracted and the r e s u l t a n t p l o t of the s t a t s i g n a l alone 
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FIG 5 12 THE X PROJECTED DENSITY NEAR A STAR 
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i s shown m f i g u r e 5.13. The mean of t h i s d e n s i t y d i s t r i b u t i o n i n X, 

i s then taken f o r the f i v e b i n s at each side of the mode, and i s given 

by, 
X = An * 5 

I d . X 
- X = X m - 5 
X = 5.1 

X " Xm + 5 

I <*x 

t h where d i s the densiLy of the X p r o j e c t e d column x 
The whole process i s then lepeated by p r o j e c t i n g the d e n s i t i e s near 

the s t a r (shown by the dashed box i n f i g u r e b . l l ) , onto the Y axis t o 

a s c e r t a i n the accurate cenLre of the d e n s i t y d i s t r i b u t i o n i n the Y 

dimension. The program which i s i t e r a t i v e , then takes the accurate co­

ord i n a t e s as the approximate ones, and repeats the whole procedure t o 

ensure t h a t the bcs<- centre has been found The accurate X and Y co­

ordi n a t e s of the s t a r c e n t i e are f i n a l l y given as output tsee f i g u r e 

5.13). 

The piogram was run on a l l the s t a r images m the f i e l d of view f o r 

the two independent sets of matrices SI - S4, and S5 - S8, d e s c r i b i n g 

the two halves of the galaxy, and the r e s u l t s f o r matrices SI - S4 a i e 

shown i n Table 1 As expected, the ta b l e s show thai, the matrices arc 

approximately a l i g n e d , b ut a small t r a n s l a t i o n i n both X and Y co-ordinates 

i s r e q u i red to ge l Jl rom a p a r t i c u l a r s t a r image on one m a t r i x , to the 

corresponding s',ar image on another m a t r i x . 

5 5 2. Petcrm• i i m g the Ti a n s f o r m a t i o i C o e f f i c i e n t s 

The co-oidjpates ol Urn s t a r s on any two ma t r i c e s , represent a s e r i e s 



^ \ £ L A T E » S1 S2 S3 S4 

STAR 
I 

X Y X Y X Y X Y 

* 

1 51.29 96.59 52.22, 97.69 52.22 96.25 51.09 96.18 

2 84.83 95.18 85.76 96.65 85-71 95.10 84.43 95.06 

3 1 30.57 22,7.68 1 30.16 22,9.31 130.22 22,7.90 129.15 24/.91 

4 162.89 22,6.45 162.46 248.51 162.34 2246.86 160.93 246.97 

5 114.92 169.55 115.31 171 .12 115.28 169.73 114*10 169.66 

6 147.21 168.31 147.61 170.17 147.75 168.70 12,6.52 168.60 

7 302.92 21 3.52 302.69 216.8? 302.89 215.00 301.65 215.11 

8 333.68 2i2.56 333.45 215.89 333.67 214.00 333.22 214.16 

TABLE 1 STAR LOCATIONS ON MA'] RICES h i - S4 
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of f i d u c i a l p o i n t s where the l o c a t i o n of the same piece of the e l e c t r o n o -

graph image i s known i n each of the 384 x 384 matrices. 

I f the general form of the t r a n s f o r m a t i o n i n X and Y, t o l i n V 

corresponding elements on two matrices i s known, then these f i d u c i a l 

p o i n t s can be used to determine the exact form of the r e l a t i o n s h i p Any 

d i f f e r e n c e s m the co-ordinates of the s p a t i a l l y i d e n t i c a l electronographs 

are due t o misalignment of the electronographs on the P.D.S. machine a t 

d i g i t i s a t i o n , and w i l l be e l i m i n a t e d m the next stage of m a t r i x 

alignment. The co-ordinate system, which describes the p o s i t i o n of 

any p o i n t on one m a t r i x , i s assumed to be l i n e a r l y t r a n s l a t e d and 

r o t a t e d T 7 i t h respect to the XY co-ordinate system of the second m a t r i x . 

The co-ordinates of any p o i n t on m a t r i x B should be given by a l i n e a r 

t r a n s f o r m a t i o n of the co-ordinates of the same p o i n t on m a t r i x A, i . e . 

X 2 = a -i b X.J + c Yj^ 5.2 

Y 2 = d H e Xj + f Y 5.3 

where the s u b s c r i p t s 1 and 2 r e f e r t o the co-ordinates on the f i r s t and 

second matrices r e s p e c t i v e l y , and the c o e f f i c i e n t s a-f have t o be 

determined to give the exact form of the t r a n s f o r m a t i o n . The p o s i t i o n s 

of the f i d u c i a l s t a r s (X.^, Y^) , (X,,, Y ^ ) , provide the necessary i n f o r ­

mation l o r the s o l u t i o n of the c o e f f i c i e n t s a - f . 

Mo)c f i d u c i a l p o i n t s per m a t r i x were known than the number of 

parameters to be determined, so a l e a s t squares f i t was made by a 

computer program t o determine the best value f o r the c o e f f i c i e n t s 

Comparison of the p r e d i c t e d and t r u e values f o r the f i d u c i a l p o i n t s on 

the second m a t r i x , gjVCo an i n d i c a t i o n of the goodness of f i t o f the 



- 45 

l i n e a r t r a n s f o r m a t i o n used. 

The f i d u c i a l s t a i s on matrices 2, 3 and 4 of each s e r i e s were com­

pared w i t h those on m a t r i x 1, and a set of c o e f f i c i e n t s , l i n k i n g the 

l o c a t i o n of an element of the image on m a t r i x 1 w i t h the l o c a t i o n of the 

same element on each of the other matrices was obtained. 

As an example, Table 2 shows the c o e f f i c i e n t s a r r i v e d a t f o r the 

t r a n s f o r m a t i o n between matrices SI and S4, and the computed values of 

the f i d u c i a l s t a r l o c a t i o n s on m a t r i x 4 (X^, Y^) using the c o e f f i c i e n t s , 

are compared w i t h the t r u e values (X2„ Y,>). 

The c l o r e agreement between (X^, Y 2) and (X^, Yjp i n d i c a t e s t h a t 

the l i n e a r t r a n s f o r m a t i o n i s accurate t o approximately 2 microns on 

the electronograph, which corresponds to 0.15 seconds of arc. The 

s p a t i a l r e s o l u t i o n of the f i n a l p o l a r i s a t i o n map aimed at i s ^ 10 seconds 

of arc, so t h a t the alignment achieved by the l i n e a r t r a n s f o r m a t i o n 

should be more than adequate. 

5.5.3. Transformation of the Matrices 

Although the c o e f f i c i e n t s make i t p o s s i b l e t o l o c a t e the same p o i n t 

or. a l l f o u r m a t r i c e s , the task of r e w r i t i n g the matrices corresponding 

the second, t h i r d and f o u i t h electronographs, so t h a t the same i n f o r ­

mation i s contained i n the same element of the m a t r i x f o r a l l f o u r 

m a t r i c e s , i s not e n t i r e l y s t r a i g h t f o r w a r d . The t r a n s f o r m a t i o n of an 

i n i t i a l p i x e l on mat r i x S I , which has i n t e g e r co-ordinates i n X and Y 

between 1 and 384 w i l l give a f r a c t i o n a l l o c a t i o n f o r the same p i x e l i n 

matrices S2, S3 and S4. This i s l l l u s t r r t e d i n f i g u r e 5.14, where i t i s 

attempted to f i n d the d e n s i t y on m a t r i x S2 corresponding t o the d e n s i t y 



COEFFICIENTS 

a = 0.665319 b = 0.99953 c = -0.0089 

d = -0.79468 e = 0.007969 f = 0.9998 

STAR X1 Y1 X 2 Y 2 A 2 A 
1 5U29 96.59 51-09 96.18 •31 .07 96.18 

2 84.83 95.18 .43 95.06 U4.61 95.04 

3 1 30.57 247.68 129.15 247.91 128.97 247.b8 

4 162.89 246.55 160.93 246.97 161.28 22,7.00 

5 114.92 169.55 114.10 169.66 114.02 169.64 

6 147.21 168.31 146.52 168.60 146.31 168.65 

7 ^02.92 21 3.52 301.65 215.14 301.54 215.10 

8 3'-3.68 212.36 332.22 214.16 332.30 214.18 

TAULE 2 TRANSFORMATION C0Tt.Fr]CI r.NTS FOR MATRIX S4 
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m p i x e l (56, 1?7) of m a t r i x S I . Applying the c o e f f i c i e n t s f o r m a t r i x 

S2 t o the c o - o i d i n a t c s of the p i x e l on m a t r i x SI gives a l o c a t i o n of 

(5^.3, 126.3) on m a t r i x S2. The d e n s i t y on m a t r i x S2 however, i s only 

recorded i n i n t e g e r u n i t s of X and Y, which means t h a t the nearest p i x e l s 

t o the r e q u i r e d one are (57, 126), (58, 126), (57, 127), (58, 127). 

The de n s i t y r e q u i r e d f o r m a t r i x S2, i s f o r a 24 micron squared b i n 

centred a t (57 3, 126.3) and i s shown by the dashed square. 

A f i r s t approximation, might be to take the d e n s i t y at (57, 126) on 

m a t r i x S2, as t h i s i s the area which most c l o s e l y approximates the 

req u i r e d one. A b e t t e r approximation bowever, i s t o take f r a c t i o n a l 

p a r t s of the d e n s i t i e s i n a l l f o u r p i x e l s which are overlapped by the 

re q u i r e d area; the f r a c t i o n of each p i x e l taken being p r o p o r t i o n a l t o 

the amount of overlap the r e q u i r e d area makes w i t h t h a t p i x e l . This 

approximation amounts to a l i n e a r i n t e r p o l a t i o n between p i x e l s . The 

f i g u r e shows the d e n s i t y computed f o r the non-integer l o c a t i o n (57.3, 

126 3 ) . 

Using the c o e f f i c i e n t s f o r a p a r t i c u l a r m a t r i x , and the i n t e r p o l a t ­

i o n technique described, the e n t i r e matuces S2, S3, S4 and S6, S7, S8 

were r e w r i t t e n p i x e l by p i x e l so t h a t a one to one correspondence e x i s t e d 

between a l l the elements f o r a p a r t i c u l a r s e r i e s . (S2 when r e w r i t t e n , 

would have a d e n s i t y of 80 recorded m p i x e l (56, 127)). 

The accuracy of the m a t r i x alignment, can be checked by f i n d i n g tbe 

p o s i t i o n s of the f i d u c i a l s t a r s on the transformed matrices (denoted by 

SIT - S8T), t o see i f they occur at e x a c t l y the same l o c a t i o n on each 

m a t i i x The r e s u l t of rer u n n i n g the s t a r f i n d i n g piogram on the t r a n s -

foimed mati ices i s shown i n Table 3, i n s p e c t i o n of which confirms t h a t 



Nn.ATJ:-> S1T S2T S3T S4T 

STAR X Y X Y X Y X Y 

I 
1 51.29 96.59 51.24 96.60 51 .26 96.64 51.27 96.66 

2 84.83 95.18 84.77 95.19 84.72 95.17 84.73 95.18 

3 1 30 57 247.68 130.59 247.65 130.73 247.72 130.80 ?47r73 

k 162.89 246.45 162.85 246.61 162.82 246.44 162.6? 246.52 

5 114.92 169.55 114.9? 169.64 114.97 169.62 115.00 169.58 

6 147.21 168.31 147.26 168.29 U 7 . 2 9 168.32 147.57 168.29 

7 302.92 21 3.52 302.87 21 3.52 302.89 21 3.62 302.96 21 5.63 

8 333.68 212.36 333.64 212.29 333.66 21 2 . 31 333-70 212.31 

TABLE 3 STAR LOCATIONS ON THE TRANSFORMED PLAIFS 
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a m a t r i x alignment t o an accuracy of approximately 2 micions has been 

achieved. 

I f a p a r t i c u l a r area i s chosen on m a t r i x SIT, i n a p o s i t i o n 

corresponding t o a r i g h t hand g r i d image, and the d e n s i t y d^ read out of 

the m a t r i x , then the d e n s i t i e s d^, d,. and d^ can be immediately read f o r 

the same l o c a t i o n on matrices S2T, S3T and S4T. (The symbol 'd' i s used 

f o r the den s i t y read from the m a t r i x , because the noise must be sub t r a c t e d 

before t h i s d e n s i t y i s p r o p o r t i o n a l to the i n t e n s i t y of the t r a n s m i t t e d 

I t i s only necessary now, t o know the t r a n s l a t i o n necessary t o go 

from ar element ( 0 1 p i x e l ) m a r i g h t hand g r i d image, t o the element 

which contains the d e n s i t y f o r the same piece of the image i n the l e l t 

hand g r i d to determine the remaining d e n s i t i e s d^, d^, d^ and dg. 

5.6 The S t r i p t o S t r i p Transformation C o e f f i c i e n t s 

The method of determining the l o c a t i o n and d e n s i t y of a p i x e l i n 

the l e f t hand s t r i p corresponding t o a given p i x e l i n a r i g h t hand s t r i p , 

i s done i n a s i m i l a r manner to the image l o c a t i o n from m a t r i x t o m a t r i x . 

I t i s again assumed t h a t a l i n e a r t r a n s f o r m a t i o n i s s u f f i c e n t t o 
R R 

describe the t r a n s l a t i o n necessary t o go from a p o i n t (X , Y ) i n a 

r i g h t hand s t r i p t o the corresponding p o i n t ( x \ Y^) i n the l e f t hand 

s t r i p . The equations have a s i m i l a r form t o those of s e c t i o n 5.5.2. and 

the t r a n s f o r m a t i o n i s given by 

l i g h t ' i ' ) 

AX = a' + b' X R + c' Y R 5.4 

AY - d' + e 1 X K + f 1 Y R 5.5 
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where AX and AY are the d i f f e r e n c e s i n X and Y co-ordinates f o r the 

corresponding p o i n t s (X^, Ŷ , x \ Y^). 

The f i d u c i a l s t a r s on the fansfoi.med p l a t e s again provide a set 
R R 

of data p o j n t s where X , Y , AX, AY are known, and a l e a s t squares 

technique was used t o solve f o r the c o e f f i c i e n t s a ' - f . Table 4 shows 

the value of the c o e f f i c i e n t s , together w i t h the experimental and best 

f i t values of AX and AY f o r each of the image p a i r s of f i d u c i a l s t a r s . 

An i n t e g e r l o c a t i o n f o r a r i g h t hand s L r i p p i x e l w i l l again t r a n s f o r m 

to a f r a c t i o n a l value of the l e f t hand s t r i p p i x e l , and the i n t e r p o l a t i o n 

method described m s e c t i o n 5.5.3. must be a p p l i e d t o determine a r i g h t 

hand s t r i p d e n s i t y . 

5.7 Reading out the D e n s i t i e s - Dg from the Matrices 

Although the electronographs are i n i t i a l l y d i g i t i s e d at a 24 micron 

b i n s i z e , to provide the high s p a t i a l r e s o l u t i o n necessary f o r accurate 

alignment, the d e n s i t y sets f o r the i n d i v i d u a l p i x e l s ( d ^ - dg) are not 

s u i t a b l e f o r r e d u c t i o n t o p o l a r i s a t i o n parameters. This i s because the 

f l u c t u a t i o n s due t o Lhe photo-cathode s e n s i t i v i t y v a r i a t i o n s , PDS noise, 

scratches on the emulsion, and rpecks of dust i n the p o l a r i m e t e r , are 

too l a r g e . I t was t h e r e f o r e decided to i n t e g r a t e the i n d i v i d u a l 24 micron 

bms up t o a size of 120 microns squared, (by adding the r e l e v a n t 25 

d e n s i t i e s ) , before r e d u c t i o n . This 'irons out' the f l u c t u a t i o n s , and 

gives a convenient s p a u i a l r e s o l u t i o n of 7.5 arc seconds squaied. 

The g r i d images are approximately 30 p i x e l s Wo.de and 300 p i x e l s l o n g , 

which means t h a t a f t e r summation i n t o the l a r g e r 5 x 5 u n i t s , i t i s 

p o s s i b l e to o b t a i n the i n t e g r a t e d d e n s i t y sets (D, - D ) f o r more than 

http://Wo.de


COEFFICIENTS 

a' = 34.27 b» = 0.0084-9 c' = 0.00453 

e* = -1 .60 37 f =-0.00012 g* = 0.00184-

STAR X Y AX AY AX* AY* 

A 1 57.29 96.59 33.50 -1.44 33.40 -1.4 

3 1 30.57 24-7.68 32.12 -1.17 32.04 -1.16 

5 114.92 169.55 32.32 -1.29 32.53 -1.25 

7 302.92 21 3.52 30.76 -1 .25 30.73 -1 .25 

TABLE 4. THE STRIP TO STRIP COEFFICIENTS 



- 6 9 -

300 l o c a t i o n s i n each r i g h t hand g r i d width. 

The procedure adopted to read out the d e n s i t i e s f o r a p a r t i c u l a r 

s e t of g r i d images ( l e f t and r i g h t '.md), i s i l l u s t r a t e d i n f i g u r e 5.15. 

The network of s m a l l squares r e p r e s e n t s the matrix,, each square being 

the a r e a of the electronograph covered by a 24 micron p i x e l , and f o r 

which a d e n s i t y i s recorded i n the m a t r i x . The image of a p a i r of g r i d s 

i s shown superimposed to i n d i c a t e the a r e a of the m a t r i x corresponding 

to the photocathode g r i d image ( c . f . the contour map shown i n f i g u r e 5 . 3 ) . 

The l ^ r g e square's i n the l e f t hand s t r i p a re the i n t e g r a t e d a r e a s f o r 

which the d e n s i t i e s and hence p o l a r i s a t i o n parametexs are to be c a l c u l a t e d . 

The d e n s i t y f o r a l a r g e a r e a i f the a r e a i s i n a r i g h t hand g'rip on S" 

p l a t e S I T f o r example), i s found by adding up the 25 i n d i v i d u a l d e n s i t i e s 

of the p i x e l s contained i n the l a r g e square 

For each of the i n d i v i d u a l p i x e l s m the r i g h t hand s t r i p , the 

d e n s i t y of the corresponding a r e a m the l e f t hand s t r i p can be founa 

u s i n g the c o e f f i c i e n t s and i n t e r p o l a t i o n procedure d e s c r i b e d i n the 

p r e v i o u s two s e c t i o n s . These v a l u e s can then be summed to g i v e the 

d e n s i t y of the corresponding 120 x 120 micron a r e a i n the l e f t hand 

s t r i p (e.g. D2). As the four m a t r i c e s bear a one to one correspondence, 

t h i s can be repeated f o r m a t r i c e s S2T, S3T, SAT to o b t a i n the remainder 

of the i n t e g r a t e d d e n s i t i e s (D, - D „ ) , f o r the p a r t i c u l a r element of the 
-5 o 

miCige covered by the l a i g c square. The only f u r t h e r i n f o r m a t i o n r e q u i r e d 

before the s e v e r a l thousand d e n s i t y s e t s (D^ - D^) can be 1 ead from the 

m a t r i c e s , i s the X l o c a t i o n s i n the r i g h t hand g i l d images a t which the 

i n t e g r a t e d a r e a s are to be taken. These a r c e a s i l y e stimated from the 

contour map, and a s e t of X l o c a t i o n s i s shown f o r the g r j d i l l u s t r a t e d 
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i n f i g u r e 5.15. As the g r i d s are approximately p a r a l l e l to the Y scan 

a x i s , once an X l u c a t i o n has been decided, the b i n s a r e i n t e g r a t e d 

along the l e n g t h of the Y a x i s without changing the X v a l u e . 

A program was developed which took the X c o - o r d i n a t e s i n turn (nee 

f i g u r e 5.15), and f o r each of them, t r a v e r s e d the l e n g t h of the m a t r i x 

i n Y i n s t e p s of 5, c a l c u l a t i n g and s t o r i n g f o r each s t e p , i n a s e p a r a t e 

data s e t , the 25 d e n s i t i e s to be i n t e g r a t e d m the r i g h t hand s t r i p , and 

the corresponding d e n s i t i e s m the l e f t hand s t r i p . The XY l o c a t i o n of 

the p a r t i c u l a r 120 micron squared b i n was a l so s t o r e d f o r f u t u r e use. 

Although i t would have been easy to sum the 25 d e n s i t i e s a t t h i s 

s t a g e , so reducing s t o r a g e by a f a c t o r of 25, the i n d i v i d u a l d e n s i t i e s 

were r e t a i n e d so t h a t a q u a l i t y c o n t r o l t e s t could be a p p l i e d to each 

of them, before they were i n c l u d e d i n the i n t e g r a t e d sum. T h i s was 

repeated f o r each of the m a t r i c e s S I T - SAT, so t h a t the e i g h t s e t s of 

25 component d e n s i t i e s f o r an i n t e g r a t e d a r e a could be immediateJy 

a c c e s s e d f o r any l o c a t i o n on the m a t r i c e s . 

(The r e d u c t i o n procedure a p p l i e d to the m a t r i c e s S5T - S8T, i s 

e x a c t l y the same as t h a t f o r m a t r i c e s SIT - S4T. For reasons of b r e v i t y 

the r e d u c t i o n procedure i s o nly d e s c r i b e d as being a p p l i e d to the l a t t e r 

s e t of m a t r i c e s ) . 

5, 8 S u b t r a c t i o n of the Noise 

The d e n s i t i c e x t r a c t e d from the m a t u c e s i n the manner d e s c r i b e d , 

a r e i n c l u s i v e of Uic n o i s e component, and t h i s must be s u b t r a c t e d b e f o r e 

the t i u c d e n s i t y , due to the p o l a r i s e d l i g h t s i g n a l can be obtained As 

d e s c r i b e d i n s e c t i o n 5 3 2 , the n o i s e would normally have a c o n s t a n t 
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v a l u e f o r a p a r t i c u l a r e l e c t r o n o g r a p h , but the e f f e c t of Lhe PDS 

machine i n s t a b i l i t y i s to make i t a s l o w l y v a r y i n g f u n c t i o n of Lhe Y 

a x i s of the mat r i x . The v a r i a t i o n must be monitored, so t h a t Lhe 

c o r r e c t v a l u e to be s u b t r a c t e d f o r a p a r t i c u l a r p i x e l aL l o c a t i o n (X, Y) 

on the ma t r i x can be a s c e r t a i n e d . 

The n o i s e on each m a t r i x was recorded, by u s i n g a modified v e r s i o n 

of the program d e s c r i b e d i n s e c t i o n 5.7. The d e n s i t i e s were read out 

f o i each m a t r i x i n Lurn, t a k i n g a column of s m a l l X v a l u e 5 ) , where 

the t o t a l s i g n a l on the eleccronograpn i s due Lo the no j s e component 

alone. The 25 i n d i v i d u a l p i x e l s f o r each 125 micron squared l o c a l J o n 

were averaged, and the 75 mean v a l u e s f o r the d e n s i t y , as Y v a n c d from 

6 Lo 381 ( i n s t e p s of 5) were s t o r e d f o r each of the m a t r i c e s . 

Each of Lhe d e n s i t y data s e t s d e s c r i b e d m the pr e v i o u s s e c t i o n , 

were taken i n t u r n , and Lhe r e l e v a n t v a l u e s f o r the n o i s e d e n s i t y sub­

t r a c t e d from each of Lhe 25 component d e n s i t i e s m edch of Lhe 8 SCLS 

corresponding to the d e n s i t i e s D.. - D 0. The component d e n s i t i e s a r e 
J o 

t h e r e f o r e given by 

k 
I = 
J 

d k 

J 
- m 

n l 
k = ] , 2 

J = 1, 2 

1 = 1, 2 , 3, 4 

in - 1, 2 • • * • 

where 'd 1 is. Lhe i n i t ] ? l d e n s i t y of a component p i x e l , 'n ' i s the 

r e l e v a n t n o i s e d e n s i L y as a fu.it.Lj on of ¥ posjLLon on the f i r s t , 

second, L h i r d or fourth i r a t r j > , and i ' i s the r e s i d u a l d e n s i L y 

http://fu.it.Lj


p r o p o r t i o n a l to the t r a n s m i t t e d i n t e n s i t y . the s u b s c r i p t ' j * d e s c r i b e s 

the e i g h t p o l a r i s e d images, and the s u p e r s c r i p t 'k' the 25 component 

d e n s i t i e s i n each of these e i g h t i n t e g r a t e d a r e a s . 

The d e n s i t i e s ( 1 . . - i _ ) f o r a p a r t i c u l a r 120 micron squared a r e a 
1 o 

of the image, from which the p o l a r i s a t i o n parameters can be c a l c u l a t e d 

a c c o r d i n g to the equations given m Chapter 4, are given by 

k=25 . v .k 
1 = L l 

J k=l J 

5 7 
= 1. 2 

5.9 Reduction to P o l a r i s a t i o n Parameters 

5.9.1. Q u a l i t y C o n t r o l 

Before summing the s e t s of 25 component p i x e l s of an i n t e g r a t e d 

a r e a , the i n d i v i d u a l p i x e l s were f i r s t examined to t r y and f i l t e r out 

any erroneous d e n s i t y v a l u e s ( i ^ ) caused by s c r a t c h e s or specks of dust. 

These could then be excluded from the summation to f i n d the d e n s i t y of 

the i n t e g r a t e d a r e a ( i ^ ) , which would then need r e n o r m a l i s a t i o n to a 

d e n s i t y f o r 25 components 

Although the f l u c t u a t i o n s are too g r e a t , to use the component 
k k 

d e n s i t y s e t s ( i . - i _ ) f o r r e d u c t i o n to p o l a r i s a t i o n parameters, they 1 o 
can be used to t r y and l o c a t e any erroneous d e n s i t y v a l u e s i n a p a r t i c -

k k 

u l a r s e t Each of the 25 s e t s of ( i 1 - i 0 ) can be s u b s t i t u t e d i n the 

equations of: Chapter 4. The f u s t step m the r e d u c t i o n e q u a t i o n s , i s 

to c a l c u l a t e the two independent e s t i m a t e s of the s e n s i t i v i t y f a c t o r 

' f ^ 1 and 'f 1 given by equations A.4 and 4 7. I f these two e s t i m a t e s 
k k 

of the same q u a n t i t y do not agree, one of the d e n s i t i e s ( i ^ - i g ) from 
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which they were c a l c u l a t e d must be wrong. As t h e r e i s no s t r a i g h t f o r w a r d 

way to deduce which i s the erroneous v a l u e , the complete s e t of e i g h t 

component d e n s i t i e s must be omitted from the summation. Because the 

normal f l u c t u a t i o n s i n the d e n s i t i e s of the i n d i v i d u a l p i x e l s i s q u i t e 

l a r g e , 1 0 % ) , the ' f f a c t o r agreement c r i t e r i o n cannot be too s t r i c t , 

or p e r f e c t l y normal, y e t h i g h l y f l u c t u a t i n g d e n s i t i e s w i l l be f i l t e r e d 

from the summation. The q u a l i t y c o n t r o l d e s c r i b e d , w h i l e f i l t e r i n g out 

the f a i r l y l a r g e d e f e c t s from the e l e c t r o n o g r a p h s , can t h e r e f o r e not 

be expected to remove a l l the erroneous d e n s i t y v a l u e s . 

Each of the data s e t s was read from st o r a g e , and the 25 components 

s u b j e c t e d to the q u a l i t y c o n t i o l d e s c r i b e d . A f t e r the erroneous v a l u e s 

had been f i l t e r e d out, the remaining d e n s i t i e s were summed and renormal-

l s e d to a d e n s i t y f o r 25 components 

5.9.2 P o l a r i s a t i o n Parameters 

The d e n s i t y s e t ( 1 . . - i D ) was read f o r each i n t e g r a t e d a r e a , and 
1 o 

the v a l u e s of ( i . - i D ) were i n s e r t e d i n t o the equations d e s c r i b e d i n 
1 o 

Chapter A. The ' P and 'e' f a c t o r s , together w i t h the Stokes paiameters 

and the f i n a l d e s c r i p t i v e u n i t s 'p' and '6' were c a l c u l a t e d f o r each 

l o c a t i o n on the m a t r i x . The numerical r e s u l t s were d i s p l a y e d as l i n e 

p r i n t e r output as shown m f i g u r e 5.16 and a l s o s t o r e d f o r l a t e r use 

The f i g u r e shows a t y p i c a l page of l i n e p r i n t e r output, w i t h the p o l a i -

i s a t i o n parameters c a l c u l a t e d f o r each X Y l o c a t i o n of an i n t e g r a t e d 

a r e a on the m a t r i c e s SIT - SAT. 

5.10 The R e s u l t s D i s p l a y e d V i s u a l l y and t h e i r I n t t r p r c t a t i o n 

5.10.1. I n t i o d u c l ion 

The foim of tho p o l a r i s a t i o n map produced, i s not e a s i l y d i s c e r n e d 
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from the irass of n u m e i i c a l data d i s p l a y e d i n f i g u r e 5.16, and the 

r c s u l L s were t h e r e f o r e d i s p l a y e d i n a g r a p h i c a l form to make them more 

e a d i l y d i g e s t i b l e . S c a t t e r p l o t s and frequency d i s t r i b u t i o n s of Lhe 

i n t e r e s t i n g r e d u c t i o n parameters were computer p l o t t e d f o r the 2,000 

l o c a t i o n s taUen on s s c r i e s of electronographs These are shown i n 

f i g u r e s 5.20 - 5.27 f o r the h a l f of the image corresponding to m a t r i c e s 

SIT - S4T. The a c t u a l form of the produced map f o r the two s e r i e s of 

m a t r i c e s ( S I T - S4T, S51 - S8T) , i s shown i n f i g u r e s 5.17 and 5.18, 

where the p o l a r i s a t i o n of the l i g h t forming t'">e linage a t each l o c a t i o n 

on the e l eelronograph i s r e p r e s e n t e d by a v e c t o i of l e n g t h p r o p o r t i o n a l 

to the degree of p o l a r i s a t i o n , and having the d i r e c t i o n of the E v e c t o r 

of the l i n e a r l y p o l a r i s e d component of the r a d i a t i o n . F i g u r e 5 19 shows 

the two h a l v e s (which a r e completely independent of each o t h e r ) , 

a l i g n e d by eye, to g i v e the complete p o l a r i s a t i o n map of the M82 a r e a 

(Accurate lligntr.ent w i l l be d i s c u s s e d i n the next s e c t i o n ) . 

5.10.?. The P o l a r i s a t i o n Map 

The mip shown i n f i g u r e 5.19 d e s c r i b e s the p o l a r i s a t i o n of the t o t a l 

l i ^ . ' i t s i g n a l forming the image a t each p o i n t on the e l e c t r o n o g r a p h . I t 

i s t h c r c i o i e iiot the p o l a r i s a t i o n of the g a l a c t i c l i g h t emanating from 

1-182 alone, buc i n c l u d e s a component, which must be s u b t r a c t e d out, due 

to t l u d i f f u s e l i g h t oi the n i g h t oky r a d i a t i o n which i n i t s e l f can be 

p a r t i a l l y j<lane p o l a r i s e d . The region of the map corresponding to the 

d i s k of M82 i s dra\m on the f i g u r j 

'Ibc night sky component i ^ c l c ' j i . L y scan a s a s e r i e s of v e c t o r s of 

s i m t i a r length and O J L I O H J L I C ' around t lie edge oJ the map, where the 
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s u r f a c e b u g h t n e s s of 1182 i s s m a l l , and the s i g n a l i s almost e n t i r e l y 

n i g h t sky. I n the c e n t r a l r e g i o n s of the map, where the g a l a c t i c 

l i g h t f l u x i s h igh, the c o n t r i b u t i o n i s mainly from M82. I n t h i s r e g i o n , 

the c h a r a c t e r i s t i c p a t t e r n of the u n p o l a r i s e d d i s k , and h i g h l y p o l a r i s e d 

h a l o forming a smooth p a t t e r n , i s e a s i l y d i s t i n g u i s h e d . 

5.10.3 The G r a p h i c a l Output 

We can look at the d i s t r i b u t i o n s of the v a r i o u s q u a n t i t i e s ( f , e, 

e t c . ) , measured at each p o i n t , to a s c e r t a i n the u n i f o r m i t y and q u a l i t y 

of the r e s u l t s of the r e d u c t i o n technique As an example, the exposure 

f a c t o r 'e^' between el e c t r o n o g r a p h s S2T and S I T must be a c o n s t a n t f u r 

the whole ma t r i x . I f a l l the independent e s t i m a t e s , obtained f o r each 

X Y l o c a t i o n a r e not s t a t i s t i c a l l y d i s t r i b u t e d about a mean v a l u e , an 

e r r o r must have been i n c u r r e d a t some stage m the r e d u c t i o n procedure. 

F i g u r e 5.20 and 5.21 show the d i s t r i b u t i o n s of the e s t i m a t e s ' f ^ ' 

and ' f ^ ' o f the photo-cauhode s e n s i t i v i t y f o i a l l the p o i n t s of the 

map. The d i s t r i b u t i o n s are peaked a t 1.0 and have f a l l e n to approx­

im a t e l y h a l f the mode f o r * f v a l u e s of 0.96 and 1.04 T h i s i s c o n s i s ­

t e n t w i t h the known photo-cathode c h a r a c t e r i s t i c s f o r the random 

s e n s i t i v i t y v a r i a t i o n s of around 5%. The s c a t t e r p l o t of '£ 1 a g a i n s t 

'£2' shown i n f i g u r e 5.22 y i e l d s the expected s t r a i g h t l i n e a t an angle 

of 45° 

F i g u r e 5.23 shows a frequency d i s t r i b u t i o n of the e s t i m a t e s of the 

exposure f a c t o r 'c^', between e l c c t r o n o g r a p h s S I T and S2T. The d i s t r i ­

b u t ion •• s ol the expected form, and i s c e n t r e d around a mean v a l u e of 

0.87, which i s t h e r e f o r e the r a t i o of the t o t a l amount of l i g h t recorded 
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o n L h e i j r s t a n d s e c o n d e l e c t i o n o g r a p h s . F i g u r e 5.24 s h o w s t h a t t h e 

' e ^ ' f a c t o r d o e s n o t v a r y , i f p l o t t e d a g a i n s t t h e Y a x i s o f t h e m a t r i x . 

T h i s 1 0 a u s e f u l p i e c e o f i n f o r m i t i o n t o e n s u r e t h a t t h e c o r r e c t f o r m 

o f t h e Y v a r i a t i o n o f t h e n o i s e h a s b e e n s u b t r a c t e d i n t h e r e d u c t i o n 

s t a g e s . F i g u r e 5.25 s h o w s a n e x a m p l e o f t h e ' e ' f a c t o r s c a t t e r p l o t 

o b t a i n e d , i f a s l i g h t l y i n c o i r c c t s e t o f n o i s e v a l u e s a r e s u b t r a c t e d . 

T h e r e d u c t i o n e q u a t i o n s y i e l d t w o e s t i m a t e s o f b o t h t h e p o l a n s a t -

l o n m a g n i t u d e a n d a n g l e f o r e a c h p l a t e l o c a t i o n , a n d t h e d i s t r i b u t i o n s 

o f t h e d i f f e r e n c e s - i a t ^ e t w o e s t i m a t e s a r e shov,n i n f i g u r e s 5.26 a n d 

5.27. T h e d i f f e r e n c e b e t w e e n t h e t w o e s t i m a t e s i s a n i m p o i t a n t q u a n t i t y , 

b e c a u s e i t i s a m e a s u r e o f t h e u n c e r t a i n t y a s s o c i a t e d w i t h t h e 

d e t e r m i n a t i o n . T h e h a l f w i d t h s o f t h e d i s t r i b u t i o n s t h e i e f o i e g i v e s a n 

e s t i m a t e o f t h e m e a n u n c e r t a i n t y a s s o c i a t e d w i t h a t y p i c a l p o l a r i s a t i o n 

p o i n t p l o t t e d i n f i g u r e 5.19. 

I t m u s t b e r e m e m b e r e d , t h a t t h o s e e s t i m a t e s o f t h e e r r o r s o n t h e 

p o l a r i s a t i o n a r c f o r t h e t o t a l l i g h t s i g n a l i n c i d e n t o n t h e p l a t e T h e 

s u b t r a c t i o n o f t h e s k y s i g n a l , t o o b t a i n t h e p o l a r i s a t i o n p a r a m e t e i s o f 

t h e g a l a c t i c l i g h L a l o n e ( s e e s e c t i o n 5.11) w i l l i n t r o d u c e f u i t h e r e r r o r s 

i n t o t h e p o l a r i s a t i o n p a i a m e t e r s , t h e m a g n i t u d e o f w h i c h w i l l d e p e n d o n 

t h e r a l i o o f L h e g a l a x y a n d s k y s i g n a l s r e s p e c t i v e l y . 

5.11 S u b t r a c t i o n o f t h e N i g h t S k y 

T h e s t o i e d o u t p u L f r o m t h e r e d u c t i o n d e s c r i b e d m s e c t i o n 5.9 c o n ­

t a i n s t h e S t o k e s p i i d m e t e r s ( I T , QT, U T ) f o i e a c h l o c a t i o n o n t h e 

p l a t e . T h e p a r a n e L c r s h a v e b e e n g i v d n a 'T s u f f i x , b e c a u s e L h e > 

d e s c r i b e t h e Lot <? 1 l i g h t s i g n a l i n c i d e n t a t e a c h l o c a t i o n o n t h e p l a t e . 
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I t i s t h e r e f o r e o nly necessary t o f i n d the mean value of the Stokes 
parameters f c r the sky component of the s i g n a l ( I S , QS, US), and these 
v^Jues can be subtracted from the t o t a l to give the parameters fo». the 
g a l a c t i c l i g h t (T, Q, U). 

The o u t e i areas of the p l a t e , corresponding s o l e l y t o sky s i g n a l , 

can be i s o l a t e d by p l o t t i n g a frequency d i s t r i b u t i o n of the Stokes 

vec t o r I f o r a l l the l o c a t i o n s on the p l a t e From the r e s u l t , shown 

i n f i g u r e 5.28,it i s easy to i d e n t i f y the large peak a t I = 1075 as 

being due to the s 1^ s i g n a l , v/hich should ^ave a constant value inde­

pendent of p l a t e p o s i t i o n . The t a i l on the. d i s t r i b u t i o n i s due to the 

f a i n t extended halo of M82 merging w i t h the sky. I f a l l the p o i n t s on 

the p l a t e are discarded, except those having a Stokes v e c t o r I between 

1050 - 1 1 0 0 , then a d i s t r i b u t i o n of the 'Q' and 'U' vec t o r s of those 

remaining, w i l l r e v e a l the sky values f o r these two parameters. Figures 

5.29 and 5.30 show the r e s u l t a n t p l o t s from the sky parameters ( I S , QS, 

UF) were estimated as (1075, - 3 8 0 , -25.0) f o r the matrices SIT - SAT. 

These values were subtracted from the t o t a l Stokes vectors f o r 

each loc a l L o n on the m a t r i c e s , and the r e s u l t i n g p o l a r i s a t i o n parameters 

(p, 6) c a l c u l a t e d fiom the m o d i f i e d Stokes v e c t o r s . The process was 

repeated on the matrices (S5T - S8T), and the c o r r e c t e d r e s u l t s showing 

the l i n e a r p o l a i l c a t i o n of the Light emanating from M82 were r e p l o t t e d 

as shorn i n f i g u r e 5.31 (A contour shornng the o u t l i n e of the g a l a c t i c 

d i s k i t also p l o . t i d ) 

The pei l p h e i r - l i ^gions of the o r i g i n a l map ( f i g u r e 5.19) c o n «*spond 

to sky s i g n i l o n l y , and the r e s u l t a n t p o l a i L s a t i o n vectors a f t e r sub­

t r a c t i o n oi t h i s sky signal arr simply s t a t i s t i c a l noise A cut on the 
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FIG 5 31 THE POLARISATION MAP OF THE LIGHT EMANATING FROM M82 
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p o i n t s to be p l o t t e d , so t h a t only those f o r which the g a l a c t i c s i g n a l 

was at l e a s t 15% of the sky s i g n a l t o be s u b t r a c t e d , made i t p o s s i b l e 

to p l o t the r e s u l t a n t map ( f i g u r e 5 ^ 1 ) , w i t h o u t the set of u r e g u l a r 

' s t a t i s t i c a l ' vectors ai ound the ou t s i d e . The l i m i t i n g i n t e n s i t y of 

approxima' e l y 15% was found by t r i a l and e r r o r . 

5.12 Tranoformation to an Absolute Co-ordinate System 

The two halves of the map, shown i n f i g u r e s 5.17 and 5.18 are aljf,npd 

by eye, because each h a l f i s p l o t t e d i n terms of the d i f f e r e n t a r b i t r a r y 

X Y co-ordinate systems defined by the d i g i t i s a t i o n procedures. I t i s 

t h e r e f o r e necessary, to transform each h a l f , so t h a t tnc e n t i r e map i s 

p l o t t e d i n the usual absolute co-ordinate system of r i g h t ascension and 

dec] m a t i o n . 

Using only the c e n t r a l p a r t of the telescope image, at f/13.5 focus, 

plane geometry i s s u f f i c i e n t l y accurate t o describe the t r a n s f o r m a t i o n 

from the X-Y t o RA(a) and Dec(S) systems, which i s t h e r e f o r e given by, 

a = a = b x + c y 5.8 

6 = d r e x + f y 5.9 

where X and Y are the d i g i t a l m a t r i x co-ordinates of a 120 micron squared 

area, and a and 6 ai c the absoluce co-ordinates f o r the same r e g i o n . 

A s e r i e s of f i d u c i a l p o i n t s , where (a, <5, X, Y) arc known f o r 

several locaLions on the matrices, are r e q u i r e d to solve f o r the co­

e f f i c i e n t s ( a - f ) f o r each of the ̂ cLs of matrices (SIT - S4T, S5T - S8T). 

The s t a r s i n the f L c l d of view which again provide the obvious r e f c r e n c i 

p o i n t s arc uncatalc-sued U J Lh the exception of 11D + 70° 587, the b r i g h t 
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s t a r to the South West of the galaxy. The absolute co-ordinates of the 

remaining scars were obtained by measurement from a Palomar p l a t e . An 

a s t i o m o t r i c machine at Lhe RoyoL Greenwich Observatory was used, which 

a u t o m a t i c a l l y reads o f f the absolute co-ordinatos of any p o i n t on an 

electronograph, once i t has been i n i t i a l i s e d by supplying a s e r i e s of 

l o c a t i o n s corresponding to the co-ordinates of catalogued s t a r s . 

The l e a s t squares m i n i m i s a t i o n procedure i n s e c t i o n 5.5.2. was 

used to determine the c o e f f i c i e n t s f o r each h a l f of the map, and those 

obtained f o r the matrices (SIT - S5T) are l i s L e d i n Table 5 together 

w i t h c a l c u l a t e d and experimental values f o r the absolute co-ordinates. 

The agreement i s good, and from o v i s u a l i n s p e c t i o n Lhe t r a r s f o i m a t i o n 

to R.A. and Dec. appears to be accurate t o approximately ] arc second. 

The absolute co-ordinates of the s t a i s , are measured m seconds of arc 

from an a r b i t r a r y o r i g i n which was chosen f o r convenience at 69 50.00 

i n d e c l i n a t i o n and 9 hrs 51.00 minutes m r i g h t ascension. 

The X Y l o c a t i o n of each p o l a r i s a t i o n p o i n t was transformed t o the 

absolute scale, using the a p p r o p r i a t e c o e f f i c i e n t s , and the complete 

map r e p l o L t e d i n plaLo 8, whci e the map has been superimposed upon 

an 11^ Palomar p l a t e of M82. As i s normal, the r i g h t ascension scale 

has been mul L i p l i e d by a cos ( d e c l i n a t i o n ) f a c t o r , so t h a t the p l o t 

takes oo the appearance of the image of the galaxy on the sky. The 

p o s i t i o n s of Lhe f i d u c i a l s t a r s are shown which were used f o r the 

p l a t e alignment, and t r a n s f o i m a t i o n to Lhe absoluLc co-ordinate scale. 

The centre of the symmetric p a t t e r n foimed by the p o l a r i s a t i o n v e c t o r s , 

the d e t e r m i n a t i o n of which w i l l be discussed i n Chapter 7, i s also 

shown 
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The f a c t t h a t the p o l a r i s a t i o n " e c t o r s f l o w smoothly from one 

g r i d w i d t h to the next, (where the determinations are from d i f f e r e n t 

electronographs, and are t h e r e f o r e completely independent), i s an 

important t e s t of the r e d u c t i o n technique. 

5.13 General Features of the Map 

P l a t e 8 c l e a r l y shows how the p o l a r i s a t i o n p a t t e r n d i v i d e s the 

galaxy i n t o a re g i o n of low and u r e g u l a i p o l a r i s a t i o n corresponding t o 

the d i s k , and a reg i o n of higher p o l a r i s a t i o n corresponding t o the halo o f 

the galaxy, where the vectors form a l e g u l a r p a t t e r n around the c e n t r a l 

r e g i o n of the di s k . D e t a i l e d d i s c u s s i o n of the feature', of the map, and 

t h e i r i m p l i c a t i o n s , w i l l be discussed i n Chapter 7. The present concern 

i s simply t o be sure t h a t the technique lu.s s u c c e s s f u l l y reproduced the 

p a t t e r n obtained by other workers. 

A q u a n t i t a t i v e comparison w i t h previous measurements i s made i n 

s e c t i o n 6 3.2. For v i s u a l comparison however, a map showing r e s u l t s 

obtained by E l v i u s (1963, 1969), and Visvanathan and Sandage (1969, 1972), 

are shown i n f i g u r e 5 32. The map, obtained by conventional p h o t o - e l e c t r i c 

measurements, c l e a r l y shows the same general f e a t u r e s as t h a t of p l a t e 8, 

and i s a t l e a s t v i s u a l c o n f i r m a t i o n t h a t the electronographic-computer 

technique, has s u c c e s s f u l l y reproduced the e a r l i e r r e s u l t s . 

A f e a t u r e of the two maps, i s t h a t the p h o t o - e l e c t r i c measurements 

have been made f u r t h e r out i n t o the halo ( l e where the b r i g h t n e s s r a t i o 

of skj t o galaxy i s l a r g e ) than our measurements. Some of the f a i n t e s t 

p h o t o - e l e c t r i c determinations ai e f o r a galaxy/sky s i g n a l of approximately 

5%, r h c i eas the present map terminates at 3 corresponding value of 15%. 
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The s p a t i a l r e s o l u t i o n f o r the new technique described, i s 3 t o 5 times 

f i n e r Lhan t h a t used i n the p h o t o - e l e c t r i c measurements, and t h i s 

accounts, at l e a s t p a r t l y f o r the less m l i m i t i n g magnitude. Also, the 

areas i n which the g a l a c t i c s i g n a l i s becoming i n c r e a s i n g l y f a i n t , c o r r e s ­

pond t o the innermost boundary of the l o c a t i o n s from which the Stokes 

parameters of the sky were evaluated These parameters are t h e r e f o r e 

l i k e l y to be contaminated w i t h the outer regions of the M82 h a l o , and 

t h e i r s u b t r a c t i o n from the t o t a l Stokes v e c t o r s near t h i s r e g i o n w i l l 

y i e l d a meaning]ees resul *• 

A f i n a l f e a t u r e of the map, i s the occasional occurrence of a 

randomly o r i e n t a t e d v e c t o r , among the otherwise smooth p a t t e r n . This 

i s a t t r i b u t e d to an area f o r which the q u a l i t y c o n t r o l has f a i l e d to 

e x t r a c t some den s i t y p i x e l s which are unr e p r e s e n t a t i v e of the r e a l 

p o l a r i s e d l i g h t s i g n a l , and are probably caused by a s c r a t c h or speck 

of dust. 

The map produced, using the basic r e d u c t i o n technique, shows 

approximately 10 times as many p o i n t s as p r e v i o u s l y observed, w i t h a 

s p a t i a l r e s o l u t i o n three t o f i v e timer f i n e r . This i s achieved using 

a s i n g l e s e r i e s of observations needed t o o b t a i n the e i g h t e l e c t r o n o -

graphic p l a t e s , r r t h e r than the mass of independent observations needed 

f o r the corresponding p h o t o - c l e c t i I C measuiements. The i n i t i a l g o a l , 

to produce a hif'h r e s o l u t i o n p o l a i i s a t i o n map of low surface b r i g h t n e s s 

nebulous o b j e c t s , vising an image r e c o r d i n g technique, has t h e r e f o r e been 

s u c c e s s f u l l y achieved 

I n the next chapter, attempts to improve the q u a l i t y of the 

aJrendjf supcuor map ai e described, together w i t h an i n v e s t i g a t i o n of 

the arouiacy associated w i t h the electronographic measurements. 
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C H A P T E R 6 

THE COMPUTER REDUCTION TFCHNIQUE I I 

6.1 A Low Resolution Map 

Although the map produced almosc extends t o the l i m i t defined by the 

method of sky s u b t r a c t i o n , a re v i s e d set o. programs vere w r i t t e n to 

produce a map w i t h a s p a t i a l d i s t r i b u t i o n of p o i n t s nearer t o t h a t of the 

p h o t o - e l e c t r i c measurements. Instead of adding 25 p i x e l s t o form an 

i n t e g r a t e d area, corresponding to the 8 arc seconds squared, 81 p i x e l s 

were summed t o form an area of 3 4 arc seconds squared, The net e f f e c t of 

t a k i n g the mean d e n s i t y from 81 measurements r a t h e i than 2S i s to reduce 

the f l u c t u a t i o n s i n v o l v e d . With the l a r g e r i n d i v i d u a l area, only 3 p o i n t s 

across a g r i d , and 35 i n l e n g t h could be taken, f o r each of the measure­

ments to be independento 

The modified programs were run i n a s i m i l a r manner t o those described 

f o r h igh r e s o l u t i o n , and the map produced i s shown i n p l a t e 9. The map 

has e x a c t l y the same form as (hat of p l a t e 8, but i t extends 

s l i g h t l y f a r t h e r out i n t o the halo than i t s h i g h l y t e s o l v e d c o u n t e r p a r t . 

E x t e n d on to even l a r g e r i n t e g r a t i o n areas f o r the M82 p l a t e s reduced 

here, i s not p r a c t i c a b l e because of the sky s u b t r a c t i o n pioblem I f 

f u r t h e r electronographs were taken however, w i t h the d i s k of the galaxy 

a t the bottom of the image r a t h e r than i n the c e n t r e , i t would be 

poss i b l e t o access p a r t s of the n i g h t sky twice as f a r away from 1182. The 

n i g h t sky s u b t r a c t i o n problem would then disappear, and a low s p a t i a l 

r e s o l u t i o n would make i t p o s s i b l e t o reach even lower signal/sky r a l I O S 

than the 5% achieved i n p h o t o - e l e c t r i c measurements. 

The second n o t i c e a b l e f e a t u r e of pi i t c 9, i s the increased smoothness 
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of the p a t t e r n due t o the damping of f l u c t u a t i o n s by using a l a r g e r 

i n t e g r a t i o n area. This p o i n t i s i l l u s t r a t e d i n f i g u r e s 6.1 and C.2, 

which 'how t h a t the fiequency d i s t r i b u t i o n s of 'p^ - p^* and '0^ -

f o r the low r e s o l u t i o n map, are considerably narrower than the c o r r e s ­

ponding p l o t s shown m f i g u r e s 5.26 and 5.27. 

This decrease i n the u n c e r t a i n t y associated w i t h a p a r t i c u l a r 

p o l a r i s a t i o n p o i n t , has only been achieved by a s a c r i f i c e i n the t o t a l 

number of p o i n t s and the s p a t i a l r e s o l u t i o n , and i s t h e r e f o r e not as 

advantageous as might f i r s t aopear 

6.2 Computer Smoothing of the Matrices 

6 2.1. I n t r o d u c t i o n 

A second approach to improving the q u a l i t y of the f i n a l mf>p, w i t h o u t 

l o s i n g the high r e s o l u t i o n p r o p e r t i e s , i s t o examine the basic d i g i t a l 

data, and t r y to i d e n t i f y , and replace any i n c o r r e c t d e n s i t y values p r i o r 

t o r e d u c t i o n . The u n d e r l y i n g p r i n c i p l e upon which smoothing methods 

depend, i s t h a t p r o v i d i n g the p i x e l size of the d i g i t i s a t i o n i s less than 

the seeing d i s k , then the i n t e n s i t y p r o f i l e i n a s e r i e s of neighbouring 

b i n s , should form a smooth surface and be devoid of d i s c o n t i n u i t i e s . 

U n f 0 1 t u n a t e l y , t h i s c r i t e r i o n i s only p a r t i a l l y met w i t h the M82 data, and 

t h c r e f 0 1 e the d i s k area, w i t h i t s s e r i e s of i r r e g u l a r dust lanes c r o s s i n g 

the b r i g h t c e n t r a l region gives r i s e to f a i r l y acute d i s c o n t i n u i t i e s . The 

halo area, however, which i s the r e g i o n of primary i n t e r e s t f o r p o l a r i s a t i o n 
c t u d i e s , conforms u < j l l to the necessary smoothing c o n d i t i o n s . I t was 

t h e r e f o r e necessary to employ a smoothing method which could be a p p l i e J 

to the. r c q u i j c i l area of the p l a t e s only and leave Ihc other regions i n 

t h e i r n a t u r a l form. 
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6.2.2. Smoothing Methods 

Smoothing of d i g i t a l data can be e i t h e r 1 dimensional, i n which case 

each row or column of the m a t r i x i s t r e a t e d s e p a r a t e l y , and a form of 

curve f i t t e d t o the data p o i n t s , or 2 dimensional, when a s u i f a c e i s used 

to represent the d i g i t a l a r ray. The M82 eiectronographs are best s u i t e d 

to one dimensional smoothing, t a k i n g each column of the m a t r i x i n t u r n , 

because of the d i s c o n t i n u i t y i n the X d i r e c t i o n formed by the o v e r l a p p i n g 

images of the g r i d s . 

Smoothing methods f a l l i n t o two mam cat e g o r i e s . The standard 

approach, i s t o consider the e n t i r e 1 dimensional a r i a y t o be smoothed, 

and redescribe the data curve by a s e r i e s of amplitudes corresponding 

to the f o u r i e r t r ansform, i . e . 

i = n ., 
a(k) = I f ( x ) . c * 6.1 

i = l 1 

Equation 6.1 shows the expression f o r the f o u r i e r amplitudes f o r a one 

dimensional array 'X' of n data p o i n t s having the value f^Cx) sto r e d i n 

each b i n . The wave number 'k', i s evaluated f o r the range 

2ir $ k $ 2 u / n 6.2 

corresponding t o wavelengths of the spacing of the data p o i n t s and the 

e n t i r e l e n g t h of the array 

The amplitudes Cor l a r g e k values are caused by any sharp discon­

t i n u i t i e s i n the data, which have t h e r e f o r e been separated by the l a i g e 

scale smooth component, desciibed by amplitudes f o r s m a l l c i L values. 

The smoothed data i s then refoimed from the r e q u i r e d amplitudes using 

(he p r o p e r t y t h a t Lhe f o u r i e r transform of a f o u r i e r t r a n s f o r m i e s u l i _ s 
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i n the o r i g i n a l curve, i . e . 

k = k ( c u t o f f ) 
£JL(X) = I e l k x . a(k) 6.3 

2-rr /n 

Although elegant i n concept, the F o u r i e r method s u f f e r s the l i m i t ­

a t i o n s t h a t t o be f u l l y u t i l i s e d , the one dimensional array should be 

considered as a whole, and secondly, i f a d i s c o n t i n u i t y of gr e a t e r 

magnitude than the remainder of the r e l a t i v e l y smooth array e x i s t s , the 

Founer Lransform describes tne d i s c o n t i n u i t y i n preference to the b u l k 

of smooth data. The images of b r i g h t s t a r s , as w e l l as t h a t of the 

nuclear regions of M82, form such d i s c o n t i n u i t i e s , and make the standard 

F o u n e r smoothing technique d i f f i c u l t to apply to the p l a t e s i n q u e s t ion. 

The second type of approach, which i s more di v e r s e m na t u r e , i s 

simply to consider each p i > e l i n t u r n w i t h those i n close p r o x i m i t y t o 

the one m question. Tests are made, to see i f the value undci obser­

v a t i o n f i t s i n w e l l w i t h the p a t t e r n of the surioundmg area, and then, 

i f necessary, the value i s replaced by an i n t e r p o l a t e d value from the 

surroundings. As the p i x e l s are t r e a t e d l n d i v i - d u a l l y , t h i s method has 

the advantage, t h a t any area of kno\jn d i s c o n t i n u i t y can be omitted from 

the smoothing procedure, and l e f t i n i t s n a t u r a l s t a t e . 

The main p i t f a l l of t h i s type of smoothing procedure i s t h a t i f 

a c o r r e c t density under c o n s i d e r a t i o n , i s surrounded by one or more 

h i g h l y 0 1 roacou'. values, then a simple comparison te s t of the d e n s i t y , 

w i t h i t s neighbours, w i l l show the c o r r e c t point to b.» f a u l t y . The 

i n t e r p o l a t i o n used to replace t i n s d e n s i t y , w i l l then give a value 

which i s a t least p a r t l y contaminated w i t h the i n c o r r e c t valuer 
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6.2.3. The One Dimensional Smoothing Technique 

Because of the g r i d d i s c o n t i n u i t i e s , a one dimensional smoothing 

technique was developed which read one column of the m a t r i x at a time, 

and s e q u e n t i a l l y compared each of the elements of the array w i t h i t s 

nearest neighbours. Elements were replaced where necessary, u n t i l the 

e n t i r e column of 384 elements had been subjected to the smoothing 

procedure. This was then repeated f o r each of the 384 columns forming 

the m a t r i x . 

The method i s i l l u s t r a t e d i n f i g u r e 6.3. which shows a sample of 

a column f o r a m a t r i x before and a f t e r the smoothing procedure has 

been a p p l i e d . The sample has p u r p o s e f u l l y been chosen w i t h two 

i n c o r r e c t d e n s i t y values (probably Laused by a speck of d u s t ) , to show 

t h a t the two erroneous values have been replaced, w h i l e the neighbour­

i n g values are l e f t i n t h e i r n a t u r a l s t a t e . 

When a p a r t i c u l a r p i > e l i s under c o n s i d e r a t i o n , the foi.,r d e n s i t i e s 

a t each side are f i r s t i n v e s t i g a t e d to see i f t h e i e i s a l a r g e d e n s i t y 

gradient i n the v i c i n i t y of the p o i n t . I f t h i s i s so, the p i x e l i s 

s i t u a t e d near a s t a r image, or the c e n t r a l r e g i o n of the d i s k , and the 

program immediately progresses on to the next p i x e l , u n t i l the t e s t 

reveals t h a t a r e g i o n of slowly v a r y i n g d e n s i t y has been reached. I n 

t h i s way regions of e r r a t i c i n t e n s i t y p r o f i l e are a u t o m a t i c a l l y omitted 

from the smoothing procedure. 

Linear i n t e r p o l a t i o n s from I he three nearest p a i r s of p o i n t s at 

each side of the p i x e l in question arc taken, and each compared w i t h 

the a c t u a l value. I f any of i_he i n t e r p o l a t e d values di s a g i e c w i t h the 

stored value by more tha.i a set datum l e v e l , then the p o i n t i s 



i'Y" coord. "Smoothed d e n s i t y " "Oragjjaal den 

1 0 43 43 
2 0 43 43 
3 0 43 43 
4 0 43 43 
5 0 43 43 
6 0 43 43 
7 0 44 44 
8 0 45 45 
9 0 44 44 

10 0 43 43 
11 0 43 43 
12 43 43 
13 0 46 46 
14 0 Replaced Density 49 49 
15 0 / 52 52 
16 0 / 51 51 
17 0 / 53 53 
18 0 / 53 53 
19 X 0 53 72 
20 X 0 53 73 
21 0 54 54 
22 0 53 53 
23 0 53 53 
24 0 53 53 
25 0 53 53 
26 X 0 53 64 
27 0 52 52 
2« 0 53 53 
29 0 54 54 
30 0 53 53 
31 0 53 53 
32 0 53 53 
33 0 57 57 
34 0 54 54 
35 0 55 55 
36 0 54 54 
37 0 55 55 
38 0 53 53 
39 0 53 53 
2.0 0 5/ 57 
41 0 53 53 
42 0 55 55 
43 0 53 53 
44 0 55 55 

56 45 0 56 
55 
56 

46 0 54 54 
47 0 53 53 
48 0 57 57 
49 0 57 57 
50 0 56 56 
51 0 57 57 
53 0 54 54 
54 0 54 54 

FIG. b 3 A SMOOTHED 1 RACE 
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considered f a u l t y and needs replacement. I t i s a t t h i s stage, t h a t the 

d i f f e r e n c e between a good p o i n t surrounded by an erroneous one, and 

v i c e versa can be recognised, and i s i l l u s t r a t e d i n f i g u r e 6.4, which 

f o l l o w s through the procedure f o r the f o u r p o i n t s of i n t e r e s t i n 

f i g u r e 6 3. The percentage d i f f e r e n c e s between the r e a l and i n t e r p o l a t e d 

values always have at l e a s t one value f o r an i n c o r r e c t p o i n t which i s 

approximately twice as l a r g e as any of those f o r a c o r r e c t p o i n t . I f 

the datum l e v e l f o r replacement could be set between the two value s , then 

the i n c o r r e c t value would be replaced, and the c o r r e c t value l e f t 

untouched 

The s o l u t i o n , i s t h e r e f o r e to have an i t e r a t i v e procedure, i n winch 

the column i s repeatedly smoothed w i t h a p r o g r e s s i v e l y smaller datum, 

u n t i l the d i s p e r s i o n of a p a r t i c u l a r set of p o i n t s about the curve i s 

reduced to the desired l e v e l . I n t h i s way, a good p o i n t i s never con­

taminated by the presence of an erroneous one nearby. 

Once a p a r t i c u l a r p i x e l has been proved f a u l t y , a parabola i s 

f i t t e d to the surrounding e i g h t p o i n t s , and the i n t e r p o l a t e d value used 

to replace the i n c o r r e c t d e n s i t y I f , as i n the case shown i n f i g u r e 

6.3, there i s more than one f a u l t y d e n s i t y m the neighbourhood, the 

f i t i s s l i g h t l y weighted w i t h the adiacent eironeous value, when the 

parabola i s f i t t e d t o o b t a i n the 'new' d e n s i t y at p o i n t 19 on the t r a c e . 

The replacement i s t h c i e f o r e a b e t t e r estimate, r a t h e r than the c o r r e c t 

value When the datum l e v e l i s s u f l i c i e n t l y reduced, d u r i n g one of the 

f o l l o w i n g i t e r a t i o n s , the p o i n t i s again replaced, by a p r o g r e s s i v e l y 

more c o i i c c t value. A f t e r the t o t a l of 6 i t e r a t i o n s performed, the p o i n t 

w i l l have assumed t i n c o r r e c t value. The datum l e v e l f o r p i x o l r e p l a c e -



X X 

X X X X X X 
X X 

Density 52 51 53 53 72 73 54 53 53 53 

Y Coordinate 15 16 17 18 19 20 21 22 23 2h 

P o i n t under 
obs e r v a t i o n . 

Y coord d e n s i t y 

n d 

I n t e r p o l a t e d Estimates. 

E„=<1 . + cl . E_=.d + d ri E_=d _+ d _ 1 n-1 n+1 2 n -2 n+2 3 n -3 m 3 

F r a c t i o n a l d j f f -
w i t h r e a l v a l u e . 

V d n * 3 * n 

P o i n t under 
obs e r v a t i o n . 

Y coord d e n s i t y 

n d 
2 2 2 E 1 E 2 E 3 

18 53 63 62 53 0.16 0.15 0.0 

19 72 63 54 53 0.14 0.33 O.36 

20 73 63 53 53 0.16 0.38 0.38 

21 54 63 63 53 0.14 O.l^ 0.01 

FIG. 6 A. D17!!1 EMTMNG FRR0NL0US DENSITY VALULS 
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ment was set at 4% f o r the f i n a ] i t e r a t i o n , roughly corresponding t o 

the f l u c t u a t i o n s due t o the photocathode s e n s i t i v i t y . 

6.2.4. The Smoothed Map 

The set of e i g h t matrices were computer smoothed using the method 

described m the previous s e c t i o n , and then the e n t i r e r e d u c t i o n pro­

cedure rerun t o r e s u l t i n the map shown i n p l a t e 10. The p l o t , which 

shows a l l the expected f e a t u r e s , appears t o combine the h i g h r e s o l u t i o n 

of the 8 arc second squared map shown i n p l a t e 8, w i t h the ordered 

p a t t e r n of the low r e s o l u t i o n map. The histograms snown i n f i g u r e s 

6.5 and 6.6, also i n d i c a t e t h a t the average u n c e r t a i n t i e s associated 

w i t h a s i n g l e p o i n t have been reduced by the a p p l i c a t i o n of the smooth­

i n g procedure. 

6.2.5. Discussion 

Although these attempts to squeeze the best p o s s i b l e map from the 

data have been p a r t i a l l y s u c c e s s f u l , the f u l l b e n e f i t has not been 

reaped because of the d i f f i c u l t i e s v i t h the sky s u b t r a c t i o n and the 

e f f e c t of n o n - u m f o i m i t i e s i n the photo-cathode s e n s i t i v i t y . When more e l e 

tronographs have been taken, and f u r t h e i i n v e s t i g a t i o n to resolve these 

d i f f i c u l t i e s have been c i r i i e d o u t , these important refinements to the tech 

niqucs w i l l perhaps I e s u l t i n a s u b s t a n t i a l increase i n the q u a l i t y of a 
p o l a r i s a t i o n map 

6.3 Compaiison w i t h Previous Measurements 

6 3.1. l n t r o d u c t i o n 

Because of the d i f f i c u l t i e s of r e c o r d i n g and e x t r a c t i n g low l i g h t 

S L g n a l s on phot ograpli i c p l a t e s , most st u d i e s have used p h o t o - e l e c t r i c 

meihods to determine the surface p o l a r i s a t i o n of nebulous o b j e c t s . 
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The technique i s simply t o record the i n t e n s i t y of r a d i a t i o n e n t e r i n g 

the equipment ap e r t u r e , through a p o l a r i s i n g f i l t e r a t v a r i o u s o r i e n ­

t a t i o n s . A set. of values (1^ - 1̂ ) are recorded as was described f o r 

the simple method of Chapter 1 The r e s o l u t i o n of the apparatus, i s 

determined by the size of the entrance a p e r t u r e , and the l o c a t i o n of 

the area t o be studied i s found by o f f s e t t i n g from a reference p o i n t 

such as a nearby s t a r . With l a r g e computet c o n t r o l l e d telescopes, t h i s 

i s no r e a l disadvantage. The technique does have the severe l i m i t a t i o n , 

t h a t only one area can be s t u d i e d at a time, which means t h a t a 

d e t a i l e d study of the change of p o l a r i s a t i o n w i t h l o c a t i o n on an extended 

objecL, i s a long tedious procedure and i s t h e r e f o r e open to e n o r . 

Although the advent of the e l e c t i o n camera,^with i t s i n b u i l t 

c a l i b r a t i o n , and l a r g e dynamic range advantages over the conventional 

p l a t e , have heralded the way to 'imaging' forms of p o l a r i s a t i o n s t u d i e s , 

the d i f f i c u l t i e s w i t h image r e g i s t r a t i o n on the p l a t e s , has only been 

solved by the use of a s o p h i s t i c a t e d d i g i t a l computei r e d u c t i o n technique. 

6.3.2. P h o t o - E l e c t r i c Measurements 

The map shown i n f i g u r e 5.32 shews most of the previous determinat­

ions of the surface p o l a r i s a t i o n of M82, ( i n the B waveband of the UBV 

system), and i s a mixture of measurements taken a t the Steward 80" 

r e f l e c t o r by E l v i u s (1963, 1969), and those of Visvanathan and Sandage 

(1969, 1972) on the 200" PaJomar telescope. Both s e r i e s of measurements 

wore nade on much l a r g e i d p c r t u r e telescopes than t h a t of the modest 1 

metre telescope of the Ui.se Observatory, which makes the piesent d e t e r ­

mination a l l Lhe more impressive. 

http://Ui.se
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A comparison w i t h the e a r l i e r work i s made i n f i g u r e s 6.7 and 6.8, 

where the degree of the p o l a r i s a t i o n , and the p r e f e r r e d d i r e c t i o n of 

v i b r a t i o n f o r each of the regions studied p h o t o - e l e c t r i c a ] l y , are p l o t t e d 

against the corresponding values from the present work. Each p o i n t i s 

weighted w i t h t_he p o l a r i s e d i n t e n s i t y f o r t h a t area u n c e r t a i n t y ) , and 

t h i s weight i s shown by the symbols ( 1 , 2 ... 9, A, ... Z,+). The 

apertures used f o r the e a r l i e r work, are 3 t o 5 times l a r g e r than the 

present 8 arc second squared d e t e r m i n a t i o n . I n order t o make an accuraLe 

comparison, our Stokes parameters have been i n t e g r a t e d to correspond to 

the apertures used p r e v i o u s l y . 

The two p l o t s , which both y i e l d s t r a i g h t l i n e s a t 45°, w i t h only a 

r e l a t i v e l y small amount of s c a t t e r , show t h a t the two s e n e s of measure­

ments c o r r e l a t e extremely w e l l . I n f i g u r e 6.7, the p o i n t s are u n i f o r m l y 

d i s t r i b u t e d about the t h e o r e t i c a l l i n e , which i m p l i e s Lhat there i s no 

systematic e r r o r m the measurement of p o l a n s a t i o n angle. The l P L G i i i d ] 

u n c e r t a i n t i e s , which are i n v e s t i g a t e d by examination o f the two estimates 

obtained f o r each i n t e g r a t e d area, are t h e r e f o r e r e p r e s e n t a t i v e of the 

t o t a l u n c e r t a i n t y associated w i t h a p a r t i c u l a r measurement. 

I n f i g u r e 6.8, however, there i s some evidence, t h a t the p o i n t s form 

a s t r a i g h t l i n e , which i s p a r a l l e l t o , but s l i g h t l y above the exported 

s t r a i g h t l i n e through the o r i g i n . I f the p h o t o - e l e c t i i c measurements 

are considered to be the accurate values, the present r e s u l t s seem to 

s y s t e m a t i c a l l y underestimate the degree of the p o l a r i s a t i o n by approx­

imately 1.5%. I n v e s t i g a t i o n of t h i s problem, r c v p a l s two p o s s i b l e 

c o n t r i b i i l m g f a c t o r s 

The PDS machmp, which was supposed to record a d i g i t a l value 
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p r o p o r t i o n a l to the d e n s i t y on the electronograph, was found t o be non­

l i n e a r , and has subsequently been c a l i b r a t e d f o r a l l f u t u r e d i g i t i s a t i o n s 

The machine has undergone modifIcaLionc since the p l a t e s were f i r s t 

d i g i t i s e d however, and the present c a l i b r a t i o n curve i s not n e c e s s a r i l y 

a p p l i c a b l e Lo the M82 p l a t e s . The present c a l i b r a t i o n curve, which i s 

probably of Lhe same form as the one which would have been a p p l i c a b l e , 

has the c o r r e c t c h a r a c t e r i s t i c s to e x p l a i n the discrepancy i n the two 

sets of data. Most of the p h o t o - e l e c t r i c measurements are made i n the 

halo regions of the galaxy, where the d e n s i t y values range between 50 

and 150 on the c a l i b r a t i o n scale On t h i s p a r t of the curve, the l i n e 

i s of steeper g r a d i e n t Lhan t h a t expected f o r no c a l i b r a t i o n , and t h e r e ­

f o r e the d i f f e r e n c e between two s i m i l a r values of i n t e n s i t y ( i ^ - i ) i s 

a m p l i f i e d when the c a l i b r a t i o n i s a p p l i e d . The degree of p o l a r i s a t i o n , 

which i s given by, 

i s t h e r e f o r e increased upon a p p l i c a t i o n of the c a l i b r a t i o n . 

The second p o s s i b i l i t y , i s LhdL the l i g h t s u f f e r s a small amount of 

d e p o l a r i s a t i o n , a& i t Liaverses the o p t i c a l components of the p o l a r i m e t e r 

The magnitude of t h i s depolan&aLi on i s l i k e l y t o be s m a l l , because the 

most obvious d e p o l a r i s i n g component, the h a l f wave p l a t e , i s achromatic 

over Lhc waveband used 

A l l Lhe eloctioncgraphs d i g i L i s e d a f t e r those of M82 have been 

c a l i b i a l e d A simple comparison, t h e j e f o r e l i k e Lhe one described here, 

f o r Lh,_ Dui ham measurements of the Crab Nebula, w i t h Lhose of WoLLjer 

P = 
I 

I O + ( i 1.) 1 6.4 
+ i 2 
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(1957), w i l l show whether the c a l i b r a t i o n problem i s the main c o n t r i b u t ­

i n g f a c t o r to the p o l a r i s a t i o n magnitude underestimate. 

A q u a n t i t a t i v e study, between the p h o t o - e l e c t i i c and present 

r e s u l t s , i s made i n s e c t i o n 6.4, t o i n v e s t i g a t e the s t a t i s t i c a l e r r o r s 

associated w i t h the Durham p o l a r i s a t i o n measurements. 

6.3.3. Recent Photographic Measurements 

A d e t e r m i n a t i o n of the p o l a r i s a t i o n of M82 by a photographic 

technique has r e c e n t l y been published by Schmidt et a l . (1976) and the 

r e s u l t a n t map i s shown i n f i g u r e 6.9. 

The four i n i t i a l p l a t e s of the galaxy, through a p o l a r i s i n g f i l t e r , 

were taken on the Steward 80" r e f l e c t o r using an image i n t e n s i f i e r w i t h 

f i b r e - o p t i c c oupling to a photographic p l a t e . The i n t e n s i t i e s on the 

p l a t e , f o r each small area of the image, y i e l d a set of values ( i ^ - i ^ , 

a f t e r c a l i b r a t i o n ) , which can be s u b s t i t u t e d m the equations of 

Chapter 1 to give a s i n g l e estimate of the p o l a r i s a t i o n parameters f o r 

each l o c i t i o n on the p l a t e . The p l a t e s were al i g n e d as a c c u r a t e l y a p 

p o s s i b l e , at the time of d i g i t i s a t i o n , and no f u r t h e r t r a n s f o r m a t i o n 

was. peiformed, t o ensure an exact one t o one correspondence between 

p i x e l s . The s p a t i a l r e s o l u t i o n of the map shown i s 10 arc seconds 

squaied, which i s of the same order as the Durham map. 

Although die mam fea t u r e s of the two maps compare q u i t e w e l l , t h e re 

are c e r t a i n d i f f e r e n c e s which arc d i f f i c u l t t o understand, when the 

r e s p e c t i v e techniques are compared. The photographic map, which has not 

been subjected to any f o i m of smoothing, or q u a l i t y c o n t r o l , seems co 

have i 1 complete absence oF erroneous vec t o i s interspaced among the smooth 
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p a t t e r n . This i m p l i e s t h a t there were no scratches, specks of dust, or 

cathode defects on any of the f o u r p l a t e s used. The impeccable q u a l i t y 

of the map, i s doubly hard Lo b e l i e v e , wheu i t i s r e c a l l e d , t h a t from a 

se r i e s of measurements ( i ^ - 1^), i t i s not p o s s i b l e to make a deter--

mination of the exposure f a c t o r s between the p l a t e s from the a c t u a l 

d e n s i t y of the images, or o b t a i n two estimates of the p o l a r i s a t i o n 

parameters which can be compared t o gi.ve a measure of accuracy of the 

mean value. 

The photographic exoosures were taken, so t h a t the d e n s i t y i n the 

halo regions of the galaxy, were on the l i n e a r p a r t of the c a l i b r a t i o n 

curve This means t h a t i.he measurements i n the regions of h i g h d e n s i t y , 

are near the s a t u r a t i o n value f o r the emulsion, and are not to be 

t r u s t e d (Schmidt et a l . 1976). I t i s i n these r e g i o n s , t h a t the Durham 

map shows e s s e n t i a l l y zero p o l a r i s a t i o n , w h i l e t h a t of Schmidt et a l . 

i n d i c a t e s values of approximately 5%. 

The measurements of Visvanathan and Sandage were used to c a l i b r a t e 

the photogiaphic p l a t e s , and the r e s u l t s obtained ate not e n t i r e l y 

independent of the previous p h o t o - e l e c t r i c d e t e r m i n a t i o n . 

6 4 Analysis of the E r r o r s Associated w i t h the Durham Map 

G.4.1. Comparison w i t h r h o t o - E 1 c c t r i c Measurements 

The p o s i t i o n of the best s t r a i g h t l i n e through (he p l o t s shown i n 

f i g u r e s 6 7 and 6.8 shows any systematic d i f f e r e n c e between the two 

sets of data, j n u t h i s was discussed i n s e c t i o n 6 3.2. The s c a t t e r of 

the p o i n t s about the best s l r . t j g h t l i n e , however, i s a measure of the 

l n L c r m l u n c e r t a i n t i e s associ iLpd w i t h both sets of data. This can be 
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w r i t t e n i n the form, 

2 2 2 
5 = 5 -*- 6 6 1 

£ PE ° - ± 

where 6 i s the r.m.s. d i f f e r e n c e between the p h o t o - e l e c t r i c and e l e c t r o n o -

graphic measurements, and 6 and 6 , are the i n t r i n s i c r.m.s. e r r o r s 

associated w i t h the ele c t r o n o g r a p h i c and p h o t o - e l e c t r i c measurements 

r e s p e c t i v e l y 

The r.m.s. d i f f e r e n c e between the e l e c t i o n o g r a p l n c and p h o t o - e l e c t r i c 

measurements, p l o t t e d i n f i g u r e s 6.7 and 6.8 i s 2.7% i n degree ( a f t e r the 

systematic e i r o r has been e x t r a c t e d ) , and 6 8° i n p o s i t i o n angle. I f the 

u n c e r t a i n t i e s on the p h o t o - e l e c t r i c measurements i s assumed t o be /.ero, 

these estimates give an upper l i m i t or the s t a t i s t i c a l e r r o r s associated 

w i t h the el e c t r o n o g r a p h i c measurements. 

E l v i u s gives no p r r o r estimates w i t h her measurements, but i f they 

are assumed t o be of s i m i l a r values to those obtained by Visvanathan and 

Sandage, estimates f o r 6 of 2% m p o l a r i s a t i o n degree and 4° i n p o s i t i o n 

angle are reasonable. Tf these values are i n s e r t e d i n t o equation 6.1, 

estimates of the mean e r r o r s associated w i t h the ele c t r o n o g r a p h i c method, 

of 1.8% m degree, and 5.5 degrees i n p o s i t i o n angle arc obtained. 

6 4.2. Estimates ef the I n t r i n s i c E r r o r s from the Data 

The most obvious way to estimate the p o l a r i s a t i o n e r r o r s , i s t o 

s t a r t w i t h the e r r o r s on the i n d i v i d u a l i n t e n s i t i e s ( i 1 - i _ ) , and c a r r y 
1 o 

these e n o r s through the set of reduceLOH equations I n p r a c t i c e , t h i s 

i s extremely d i f f i c u l t because oi sevciaJ f a c t o r s . 

F i r s t l y , although f o r a i i r s t approximation, the photo-cathode 



s e n s i t i v i t y at any p o i n t , could be assumed t o have random f l u c t u a t i o n s 

of a f i x e d amount, Lhe i n s t a b i l i t y of the PDS machine represents an 

a d d i t i o n a l f l u c t u a t i o n , which changes from clecironograph to e l e c t r o n o -

graph, and even w i t h p o s i t i o n on a p a r t i c u l a r electronograph. Secondly, 

rounding the i n t e n s i t i e s o f f to the neaiest i n t e g e r between 1 and 

1,000, causes l a r g e r percentage e r r o r s on the f a i n t areas, to those on 

the dense regions. T h i r d l y , Lhe e r r o r s a t t r i b u t a b l e t o p l a t e alignment, 

are more serious f o r a r e g i o n of steep i n L e n s i t y g r a d i e n t , than an area 

of smooth, f l a t , p r o f i l e F i " ? l l y , the e r r o r s -introduced at the stage 

of sky s u b t r a c t i o n , can only be t r e a t e d thoroughly, i.f the photo-cathode 

s e n s i t i v i t y , and p o l a r i m e t e r v i g n e t t i n g f u n c t i o n s , have been a c c u r a t e l y 

determined. 

A s l i g h t l y more e m p i r i c a l appioach, i s t o use the d i f f e r e n c e 

between the two independent estimates of the p o l a r i s a t i o n paranieLeis, f o r 

each l o c a t i o n on the p l a t e s , as a measure of the u n c e r t a i n t y associated 

w i t h t h e i r mean value. These estimates can only be used, before the 

n i g h t sky has been su b t r a c t e d , because only one set of values f o r the 

Stokes parameters ( I S , QS, US) i s determined from the set of f o u r p l a t e s . 

The s u b t r a c t i o n of the same sky parameters, from the two independent 

values f o r the t o r a l s i g n a l , i m p l i e s t h a t the two estimates of the galac­

t i c s i g n a l alone <uc non-independent. 

Jf the two estimates, f o i the p r e f e r r e d d i r e c t i o n , before sky 

s u b t r a c t i o n , arc and 0^, then the arsociaLcd sLandard d e v i a t i o n of 

the mean value i s given by 

a Q = l / 2 . ( 9 1 - 0 ?) 6.2 
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The r e q u i r e d e r r o r a f t e r sky s u b t r a c t i o n , i s then given to f i r s t order, 

by 

a l = a e ' ( 1 + W " V ? ' ( 1 + IS / IG ) • ( e i ~ V 6" 3 

where I and L„ are the r e s p e c t i v e values f o r the magnitude of the 'sky', 

and 'galaxy' s i g n a l s r e s p e c t i v e l y . S i m i l a r equations can be w r i t t e n to 

describe the u n c e r t a i n t i e s on the magnitude of the p o l a r i s a t i o n . 

The estimate of a', f o r each l o c a t i o n on the p l a t e s , from two 9 
estimates i s not very r e l i a b l e however, as i t i s not impossible t o have 

values f o r 0^ and 8^, which agree extremely w e l l , although they are both 

q u i t e d i f f e r e n t from the t r u e value. A s o l u t i o n t o the problem, i s t o 
i 

p l o t a frequency d i s t r i b u t i o n of a_ f o i every l o c a t i o n on the p l a t e , and 

f i n d the t y p i c a l value f o r the u n c e r t a i n t y , averaged over a l l t-he p o i n t s 

on the p l a t e . 

Figures 6 10 and 6.11 show frequency d i s t r i b u t i o n s of the two 

v a r i a b l e s ' ( 1 + I g / I g ) • ~ & 2 ) ' , and ' ( 1 + Ig/TgJ (Pj ~ P 2) ' » and 

the h a l i w i d t h s give t y p i c a l values f o r the v a r i a b l e s of approximately 

2% i n magnitude and 10° i n p o s i t i o n angle. I n s e r t i n g these values i n t o 

equation 6.3, r e s u l t s i n estimates, f o r the t y p i c a l e r r o r s associated 

w i t h any v e c t o r on the p o l a r i s a t i o n map, equal to 1% m magnitude, and 

5° i n p o s i t i o n angle 

Although the e r r o r s d e r i v e d , are an important check, of the o v e r a l l 

qua!Hy of the data, they do not give a completely f u l l s p e c i f i c a t i o n of 

the map produced, because they are a g e n e r a l i s a t i o n over the e n t i r e area 

covered by the map I n p r a c t i s e , both p o l a r i s a t i o n degree and o r i e n t a t ­

ion f o r an area J S dependent on both the surface brightness of the 

element concerned, and the clegicr of p o l a i . i s a t i o n . 
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These two r e l a t i o n s h i p s were i n v e s t i g a t e d by p l o t t i n g the quan-
i 

t i t l e s "a"' and " a a s a f u n c t i o n of ' I ' f o r d i f f e r e n t values of p 6 G 
the p o l a r i s a t i o n degree 'p'. Fj.guie6.12 shows a p a r t i c u l a r p l o t , 

of the q u a n t i t y ' ( 1 + I^/l^) . (0^ - Q^)1i against the Stokes parameter 

' I f o r a l l the p o i n t s on the p o l a r i s a t i o n map which have p o l a r i s a t -

ions between 8 and 12%. The s c a t t e r p l o t shows t h a t the u n c e r t a i n t y 

i n the measurement of d i r e c t i o n , i s a w e l l d e f ined f u n c t i o n of the 

surface b r i g h t n e s s of the element under c o n s i d e r a t i o n . 

From a se r i e s of p l o t s , s i m i l a r t o f i g u r e 6 12, a s e r i e s of cui^es 

which describe the u n c e r t a i n t i e s associated w i t h the p o l a r i s a t i o n 

measurements was b u i l t up The r e s u l t a n t graphs shown i n f i g u i e s 

6.13 and 6.14 describe the e r r o r s associated w i t h the measurement of 

p o l a r i s a t i o n parameters, f o r any area of the p l a t e , m terms of the 

p a r t i c u l a r p h y s i c a l c o n d i t i o n s pi esent a t t h a t l o c a t i o n . 

6.4.3. The Measurement of Standard Stars 

As a f i n a l t e s t , t o determine i f any systematic e r r o r was induced 

by the equipment i t s e l f , p l a t e s of seve r a l p o l a r i s e d s t a r s were taken 

m e x a c t l y the same manner as the e i g h t p l a t e s of the galaxy. The 

p o l a r i s a t i o n of the s t a i s had p r e v i o u s l y been measured by seve r a l workers 

using p h o t o - e l e c t r i c techniques. 

For the s t a r p l a t e s , the telescope was s l i g h t l y defocussed, so t h a t 

the p o i n t l i l . e o b j e c t s , formed small c i r c u l a r images contained i n one 

g r i d bar of the po l a r i m e t e r image. The s t a r s t h e r e f o r e took on the 

app^rance of email extended o b ] c c t s and had p u r p o s e f u l l y been chosen so 

t h a t they wci c of the same surface b r i g h t n e s s a s the r e a l extended o b j e c t s 

http://Fj.guie6.12
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Lo be observed. The r e d u c t i o n procedure was then c a r r i e d out i n a 

s i m i l a r manner Lo thaL already described, except t h a t , o n ly one i n t e ­

grated area, centred on the s t a r , a'.-l having dimensions s l i g h ; l y 

l a r g e r than the exte n t of the image, was used t o c a l c u l a t e the 

p o l a r i s a t i o n parameters. The measurement t h e r e f o r e describes the 

p o l a r i s a t i o n of the i n t e g r a t e d l i g h t from the s t a r . 

I n some cases, the s t a r was a c c i d e n t a l l y defocussed too much, 

and some of the i n c i d e n t l i g h t was l o s t behind a g r i d bar, m the 

f o c a l plane of the telescope The r e s u l t s f o r the s t a r s , are t h e r e f o r e 

expected to be less accurate than those obtained f o r a s i m i l a r r egion 

i n M82 I n s p e c t i o n of Table 6, which gives the present and previous 

determinations f o r the s t a r s , i n d i c a t e s t h a t t h e re i s no evidence f o i 

any systematic e f f e c t being present and c o n f i r m the v a l i d i t y of our 

technique f o r measuring nebular p o l a r i s a t i o n . 



Tabulated Value This Work 

Star P% O(Deg) P% 6(Deg) 

HD 43384 2.7 170 2.3 172 

HD 122945 0.1 56 0.3 69 

HD 155528 4.6 93 4.3 90 

HD 80083 0.13 140 1.4 128 

Table 6. Comparison between our measurements and 
accepted values f o r standard p o l a r i s e d 
s t a r s . 



C H A P T E R 7 

THE GALAXY Mb2 

7 .1 I n l r o d u ' i i o n 

M82 i s the primary member of i r r e g u l a r I I g a l a x i e s , which arc 

c h a r a c t e r i s e d by t h e i r lack of symmetry, and i n a b i l i t y t o be resolved 

i n t o b r i g h t s t a r s or s t a r c l u s t e r s . The appearance of M82 i s t h a t of 

a f l a t t e n e d i r r e g u l a r system seen n e a r l y edge on, and i f a d i s t i n c t 

nucleus e x i s t s , i t i s h i g h l y obscured at o p t i c a l wavelengths. The 

i n t e g r a t e d s p e c t r a l type of A5 (Humason, Mayall and Saudage, 1956), 

c o n t r a s t s sharply w i t h the colour index, B-V = +0 91 (de Vaucoulers 

19b9). This f a c t , together w i t h the lack of r e s o l u t i o n i n t o r t a r s , 

although the estimated d i s t a n c e , i s only 3 Mpc (Tamann and SaaJage, 

1968), has l e d to suggestions t h a t M82 i s immersed m a dense cloud of 

dust. 

The r a t i o of the major and minor axes, have been used m an attempt 

to estimate the angle of t i l t of the disk to the l i n e of s i g h t 8°), 

and, from the asymmetry of the dust lanes o v e r l y i n g the f a c t of the 

galaxy, the North-West side of M82 has been assumed to be nearest t o the 

observer. (Lynds and Sandage, 1963). One of the more temaikoblc 

f c a t u i c s of M82 i s a possible system of luminous f i l a m e n t s (forming the 

halo of the g a l a x y ) , which extend several kilopaLse^s from the galaxy. 

The existence of the l i l a m c n t s i s now i n doubt, and ucedo to be confirmed 

or otherwise by f u r t h e r s t u d i e s . 

Although i t has been observed o p t i c a l l y f o r a century, i t was not 
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u n t i l the discovery t h a t M82 was a powerful r a d i o source (Lynds, 1961), 

t h a t the stimulus arose i o r f u r t h e r d e t a i l e d observations t o be made. 

7.2 The Synchrotron Hypothesis 

Radio observations of Lynds (1961), showed t h a t M82 was a r a d i o 

source w i t h s p e c t r a l index of 0 2, very s i m i l a r t o t h a t found f o r the 

Crab Nebula. 

As a f u r t h e r i n v e s t i g a t i o n of the galaxy, several spectra i n 

l i g h t were taken w i t h the s l i t , of the spectrograph approximately 

p a r a l l e l t o the minor axis of the d i s k , crossing the image i n the b l i g h t 

c e n t r a l r e g i o n (Lynds and Sandage, 1963). The r e s u l t s , i l l u s t r a t e d i n 

f i g u r e 7.1, showed t h a t the l i n e enussion from the halo becomes i n c r e a s ­

i n g l y redder w i t h i n c r e a s i n g distance to the n o r t h of the galaxy and 

p r o g r e s s i v e l y b l u e r to the south. This was i n t e r p r e t e d as a r a d i a l 

expansion of the e m i t t i n g gas, (presumably forming the f i l a m e n t s of the 

h a l o ) , m a d i r e c t i o n roughly perpendicular t o the plane of the d i s k . 

The assumed small t i l t of the d i s k (^ 8°) t o the l i n e of s i g h t , meant 

t h a t the a x i a l o u t f l o w of gas along the minor a x i s , gave r i s e to the 

recession v e l o c i t y component on the noith-west s i d e , and the approaching 

v e l o c i t y component on the south-east sjde. The a c t u a l expansion 

v e l o c i t y was t h e r e f o r e an order of magnitude greater than the measuied 

component v e l o c i t i e s . The expansion v e l o c i t y , which increased l i n e a r l y 

w i t h distance along the minor a x i s , (from f i g u r e 7.1) was t h e r e f o r e 

estimated ?s 1,500 km/scc, a t distances ^ 2 kpc above ?nd below the 

plane of Lh" gala>y. 

By imcilogy w i t h the Crab, i t was th e r e f o r e suggested t h a t the r a d i o 
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emission from M82 was due to the synchroLron mechanism, and t h a t e x t r a ­

p o l a t i o n of the r a d i o spectrum i n t o the o p t i c a l r e g i o n , was r e s p o n s i b l e 

f o r the continuum o p t i c a l r a d i a t i o n from the f i l a m e n t s . The expanding 

s h e l l of gas, presumably caused by an e x p l o s i v e event i n the nucleus of 

M 8 2 , a t an epoch some 1 . 5 x 1 0 ^ y e a r s ago, and e x c i t e d by i t s own 

r a d i a t i o n f i e l d , seemed to form a p e r f e c t analogy w i t h the Ciab Nebula. 

The s u c c e s s f u l d e t e c t i o n of r e l a t i v e l y l a r g e amounts of p o l a r i s a t i o n 

1 5 % ) m Lhe halo regions of the galaxy ( E l v i u s , 1 9 6 3 ) , appeared to 

c o n f u m the s y n c h r o t i o n theory. The areas s t u d i e d , near the minor a x i s 

of the galaxy were p o l a r i s e d , wiLh the e l e c t r i c v e c t o r approximately 

p a r a l l e l to the major a y i s of the galaxy, and t h e r e f o r e p e r p e n d i c u l a r Lo 

Lhe r a d i a l appearance of the f i l a m e n t s . The v e c t o r s L h e r e f o r e , lorm^d 

the expected p a t t e r n f o r syn c h r o t r o n r a d i a t i o n , caused by e l e c t r o n s 

a c c e l e r a t e d by a magnetic f i e l d i n the d i r e c t i o n of, and probably con­

t a i n i n g Lhe f i l a m e n t s . 

7.3 The S c a t t e r i n g Theory 

The f i r s t d i f f i c u l t y w i t h the synchrotron theory a r o s e , when m 1 9 6 5 , 

Dent and Haddock, measured the r a d i o spectrum of M82 to s h o r t e r wave­

len g t h s than had p r e v i o u s l y been i n v e s t i g a t e d . The s p e c t r a l index was 

found to decrease r a p i d l y a t s h o r t e r wavelengths, which meant t h a t 

e x t r a p o l a t i o n of the r a d i o spectium, i n t o the o p t i c a l r e g i o n , r e s u l t e d i n 

an o p t i c a l s y n c h r o t i o n f l u x s e v e r a l o r d e r s of magnitude l e s s than t h a t 

measured by Lynds and Sandagp ( 1 9 6 3 ) . 

F u r t h e r measurements of the o p t i c a l continuum p o l a r i s a t i o n , de­

s e l e c t e d l o c a t i o n s i n the h a l o of ih e g o l f ^ y (Sandagc and VisvanaLhan, 

1 9 6 9 ) , showed t h a t the d i r e c t i o n of lIio e l e c t r i c v e c t o r s of the l i n e a r l y 
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p o l a r i s e d component of the r a d i a t i o n i n the h a l o , adhered much more 

c l o s e l y to the normal t o the ra d i u s v e c t o r from the centre of the 

galaxy, r a t h e r than being perpendicular l o the f i l a m e n t from whi^h 

the l i g h t was emanating. I f a synchrotron model was accepted, t h i s 

would mean, t h a t the f i l a m e n t a r y m a t e r i a l , and the magnetic f i e l d were 

not dynamically bound. 

The convincing evidence to e l i m i n a t e the synchrotron hypothesis, 

came i n 1972, when Visvanathan and Sandage found t h a t the l i n e emission 

from the halo, was also p o l a r i s e d . The H r a d i a t i o n measured, had 
a 

e x a c t l y the same degree of p o l a n s a t i o r as the continuum f l u x , and 

could t h e r e f o r e not be the product of recombination i n the f i l a m e n t s . 

As evidence against the synchrotron theory mounued, a l t e r n a t i v e 

models, i n which l i g h t from the d i s k region of M82 was s c a t t e r e d i n t o 

the l i n e of s i g h t by the halo medium, were proposed to account f o r the 

observed form of the p o l a r i s a t i o n p a t t e r n . (The s c a t t e r i n g of l i g h t 

by small p a r t i c l e s , introduced p a r t i a l plane p o l a r i s a t i o n m the 

s c a t t e r e d ray, a t r i g h t angles to the plane formed by the d i r e c t i o n s 

of the i n c i d e n t and s c a t t c i e d r a y s ) . The centro-symmetric p o l a r i s a t i o n 

patLei-n of M82, was t h e r e f o r e c o n s i s t e n t w i t h a model i n which l i g h t 

from a very small area of the galaxy, near the c e n t r a l r e g i o n of the 

d i s k ( o r perhaps the obscured n u c l e u s 7 ) , was being s c a t t e r e d i n t o the 

l i n e of s i g h t , by a cloud of s c a t t e r i n g centres iormmg the halo of the 

galaxy. 

The sc.iLtcring t h e o j y , which r e q u i r e d che s t r o n g , c e n t r a l , l o c a l ­

i s e d energy source, received f u r t h e r impetus when measurements i n the 

l a c l i o and i.nf i a-red umdt, r e p e a l e d h i g l . l y luminous compact sources, 
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near the expected p o s i t i o n of the hypothesised nucleus. (Kleinmann 

and Low, 1969, Formalont, ] 9 6 7 ) . The l o c a l i s e d power excesses a t i n f r a ­

red and r a d i o frequencies, evoked comparison between the nucleus of M82 

and S e y f e i t galaxies ( S o l i n g e i , 1969), and two species of s c a t t e r i n g 

hypothesis were c o n t r i v e d . 

E l v i u s suggested t h a t the p o l a r i s a t i o n was due to dust s c a t t e r i n g 

i n the halo of the galaxy. Solmger (1969), proposed a model f o r the 

galaxy, m which a nuclear explosion and accompanying hydrodynamic shock 

wave heated the e>pelled halo m a t e r i a l , t o s u f f i c i e n t l y h i g h temperatures 

to i o n i s e the gas present. The ( S e y f e r t ) nuclear l i g h t was then 

Thompson s c a t t e r e d , from the e l e c t r o n s , w h i l e recombination r a d i a t i o n 

gave r i s e t o the H emission 
a 

7.4 D i f f i c u l t i e s w i t h S c a t t e r i n g Models 

The measurements of Visvanathan and Sandage (1972) , which revealed 

t h a t the H r a d i a t i o n from the h a l o , was p o l a r i s e d i n e x a c t l y the same a 
way as the continuum, thereby c a s t i n g grave doubt on the synchrotron 

hypothesis, also posed severe problems f o r any form of s c a t t e r i n g model. 

The p o l a r i s a t i o n i n the l i n e emission r e q u i r e d t h a t the was s c a t t e r e d 

nuclear d i s k l i g h t , and d i d not o i i g m a t e m the f i l a m e n t s . 

The v e l o c i t y f i e l d obtained by Lynds and Sandage (1963), and con­

firm e d by l a t e r s tudies (Burbufdge et a l . , 1963, Hcckathorn, 1972), which 

was i n i t i a l l y explained c o n v i n c i n g l y by supposing t h a t the r a d i a L i n g gas 

was expanding from the explosion centre r e q u i r e d r e - i n t e r p r e t a l i o n i n 

terms of a s c a t t e r i n g model. I f the dust, or e l e c t r o n s , were expanding 

from the d i s k of M82, then the s c a t r e r c d 11 l i g h t would be red s h i f t e d 
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( w i t h respect t o the n u c l e u s ) , to both the n o r t h and south of the galaxy. 

Conversely, an implosion would r e s u l t m blue s h i f t e d l i g h t on both 

sides of the d i s k , w h i l e a s t a t i c dust cloud would give r i s e t c no 

Dopplei s h i f t whatsoever. None of these obvious p o s s i b i l i t i e s , coold 

give r i s e t o the measured red and blue s h i f t s t o the n o r t h and south of 

the galaxy r e s p e c t i v e l y . 

Further r e s u l t s , from an important s e r i e s of observations by 

Visvanathan and Sandage (1972), concluded t h a t the H l i n e m the halo 
a 

o 
had a w i d t h of only 6 A, and, t h a t the p o l a r i s a t i o n i n the continuum 

r a d i a t i o n was independent of wavelength over the langc 0.36 - 0.8 

microns The narrow p r o f i l e of the emission l i n e s , i n d i c a t e d t h a t 

Dopplei broadening m the halo was s m a l l , and r e s t r i c t e d the e l e c t r o n 
4 o 

temperature t o a value less than 10 K. The b l a s t wave o r i g i n , due t o 

S o l i n g e r , which r e q u i r e d temperatures of 10^ °K was t h e r e f o r e excluded. 

Also, the l a c k of recombination r a d i a t i o n , i n f e r r e d by the p o l a r i s a t i o n 

measurements, imposed a severe r e s t r a i n t on the d e n s i t y o f low energy 

e l e c t r o n s i n the halo. 

The wavelength independence of the p o l a r i s a t i o n , which i s c o n s i s ­

t e n t w i t h e x p e c t a t i o n f o r Thompson s c a t t e r i n g by e l e c t r o n s , i s d i f f i c u l t 

to understand i n terms of du'st s c a t t e r i n g . A s i z e d i s t r i b u t i o n of 

grains s i m i l a r to t h a t observed i n our own galaxy, would give a marked 

increase of p o l a r i s a t i o n at longer wavelengths. However, V.Y. Cams 

Majoris i s n notable exception (Shawl, 1969, Serkowski, 1969). The 

magnitude of the p o l a r i s a t i o n would be expected t o reach values of 

£ 100%, i f e l e c t r o n s c a t t e r i n g was the responsible mechanism, whereas a 

s u i t a b l e dust m i x t u r e , w i t h a p r o p o r t i o n of l a r g e p a r t i c l e s ( r a d i u s > 
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wavelength of r a d i a t i o n ) , when the s c a t t e r e d l i g h t i s approximately 

u n p o l a r i s e d , could account f o r the observations. 

F i n a l l y , Visvanathan and Sandage (1972) measuied the s p e c t r a l 

energy d i s t r i b u t i o n i n the halo and compared w i t h t h a t f o r the nuclear 

region which had p r e v i o u s l y been derived (Peimbert and Spinrad, 1970). 

The comparison t e n t a t i v e l y showed t h a t the f i l a m e n t s became i n c r e a s ­

i n g l y b l u e r w i t h i n c r e a s i n g distance from the galaxy, which i s i n 

\ d n e c t c o n t r a s t t o the r-edenning e f f e c t expected f o r l i g h t t r a n s m i t t e d 

through a dust cloud. 

I n v e s t i g a t i o n s by Mathis (1973), showed t h a t a s u i t a b l y chosen 

size d i s t r i b u t i o n of d i f f e r e n t r e f r a c t i v e index dust p a r t i c l e s could 

reproduce the wavelength independence of the p o l a r i s a t i o n and the 

continuum colour g r a d i e n t i n the halo. 

E l v i u s (1971) suggested t h a t M82 was passing through an mLer-

g a l a c t i c dust cloud, w i t h the south-west side of the d i s k , having a 

r e l a t i v e v e l o c i t y towards the cloud, and the north-west side having 

a recession v e l o c i t y of the same magnitude. The blue and red s h i f t s 

of the l i n e emission from the nucleus, t o the south and n o r t h of the 

d i s k , was thereby p a r t i a l l y explained, w i t h the exception t h a t the 

change of wavelength would almost be a step f u n c t i o n s i t u a t e d at 

the nucleus. The smooLh gr a d i e n t of the Doppler s h i f t , w i t h i n c r e a s i n g 

distance along the minor axis of the galaxy (Lynds and Sandage, 1963) 

could only be reproduced i f the dust cloud had a d i f f e r e n t i a l v e l o c i t y 

w i t h distance along the minor a x i s . 

Although comp^L'i so-i of observation w i t h e x p e c t a t i o n was not 

e n L i r e l y s a t i s f a c t o r y , the dust s c a t t e r i n g model alone seemed the o n l y 
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> 

v i a b l e proposal t h a t could a t l e a s t p a r t i a l l y meet the s t r i n g e n t r e s t r i c ­

t i o n s imposed by the observations. 

7.5 High Resolution Measurements a t Radio and Infra-Red Wavelengths 

Recent measurements i n both of these s p e c t r a l r e g i o n s , have shown 

t h a t no s i n g l e , extra-luminous, compact source i s present i n the c e n t r a l 

r e g i o n of the galaxy. The r a d i o measurements, r i c h l y resolved over a 

wide range of frequencies, (Hargrave, 1974, Kronberg and W i l k i n s o n , 1975), 

show t h a t the nuclear r e g i o n i s complex i n both spectra and geometry. 

The moderately resolved r e s u l t s of Klemmann and Low (1970), show t h a t 

the deep i n f r a - r e d i s also an extended source, w h i l e photographic 

r e s u l t s i n the near i n f r a - r e d ( R a f f , 1969), d i s p l a y many small l o c a l i s e d 

i n t e n s i t y maxima. These have been i d e n t i f i e d by Van de Bergh (1971) as 

unusually luminous a s s o c i a t i o n s of e a r l y type s t a r s . The u l t r a - v i o l e t 

s p e c t r a l peaks, are obscured by the dust, but the c l u s t e r s r a d i a t e 

s u f f i c i e n t power m the i n f r a - r e d , where a t t e n u a t i o n i s much lower, to 

be r e s o l v a b l e on the i n f r a - r e d p l a t e s The f a c t t h a t the c o n t r a s t 

between the e m i t t i n g and surrounding regions increases w i t h wavelength, 

i m p l i e s t h a t the i n t e n s i t y maxima are not simply holes i n the obscuring 

dust. The a n a l y s i s of l i n e spectra from the e m i t t i n g r e g i o n , seem to 

c o n f i r m the presence of e a r l y type s t a r s 

These r e s u l t ^ have l e d to the conclusion t h a t M82 i s t h e r m a l l y 

powered, by an over luminous nuclear r e g i o n , whcie copious q u a n t i t i e s 

of dust have led to m u l t i p l e s t a r f o r m a t i o n . The non-thermal l a d i o 

sources resolved by l e c e n t r a d i o measurements are not much moie powerful 

than might be expected f o t m u l t i p l e supernovap events, and the lack of 

any s t r o n g X-ray emission from the c e n t r a l r e g i o n , has been taken as 



- 87 -

f u r t h e r evidence, t h a t no s i n g l e explosive event of g a l a c t i c magnitude 

has ever occurred i n the nucleus i f M82 (Solmger, 1976). 

7.6 Inferences from the P o l a r i s a t i o n Data 

A novel approach was taken by Solmger and Markert (1975) t o d e t e r ­

mine some of the p h y s i c a l parameters of the d i s k and obscured nucleus of 

M82, by i n v e s t i g a t i n g the shape of the p o l a r i s a t i o n p a t t e r n formed from 

the composite measurements of E l v i u s and Visvanathan and Sandage. The 

s a l i e n t f e a t u r e s of the method, were t h a t the centre of symmetry of the 

p a t t e r n revealed rne p o s i t i o n of the hidden nucleus, w h i l e any d e v i a t i o n 

from the c i r c u l a r p a t t e r n t o one having an e l l i p t i c a l form (elongated i n 

the d i r e c t i o n of the major axis of the d i s k ) was a measure of the r a t i o 

of the nuclear and d i s k l u m i n o s i t i e s . 

The model assumed a p o i n t source nucleus and a c i r c u l a r l y symmetric 

d i s k of x a d i a l l y decreasing surface b r i g h t n e s s , the l a t t e r given by, 

I ( r ) = I Q . e ~ k r 7.1 

where I i s the surface b r i g h t n e s s at the centre of the d i s k , I ( r ) the 

corresponding value at a distance ' r ' from the c e n t r e , and k i s a scale 

f a c t o r which can be a l t e i e d to f i t the data. I t was f u r t h e r assumed 

t h a t the nucleus and d i s k were s i t u a t e d m a cloud of Rayleigh s c a t t e r i n g 

c entres, forming the halo of the galaxy. The expected p o l a r i s a t i o n 

p a t t e r n could then be determined f o r a given p o & j t i o n and o r i e n t a t i o n of 

the nucleus and d i s k , and f o r a given r a t i o of nuclcai to d i s k luminos­

i t i e s The p j i a m c t e r s of the model could be v a r i e d u n t i l agreement 

between the model p r e d i c t i o n s and the experimental p o l a r i s a t i o n p a t t e r n 

wao achieved. 



The c a l c u l a t i o n s concluded t h a t the nucleus was s i t u a t e d near, but 

not c o i n c i d e n t w i t h the p o s i t i o n s of the i n f r a - r e d or r a d i o i n t e n s i t y 

maxima, and, secondly, t h a t the nuclear l u m i n o s i t y was probably only 

5% of the t o t a l d i s k l u m i n o s i t y . The d i s k l u m i n o s i t y f u n c t i o n was 

found t o have a value f o r ^ k , (the scale f a c t o r d e s c r i b i n g the i n t e n ­

s i t y p r o f i l e of the d i s k ) , of 1 kpc. 

7.7 Present I n t e r p r e t a t i o n s of the Data f o r M82 

7.7.1. I n t r o d u c t i o n 

Adopting the evidence f o r the non-explosive e v o l u t i o n of M82, 

Solmger e t a l . (1976), have attempted t o e x p l a i n a l l the o b s e r v a t i o n a l 

p r o p e r t i e s of the galaxy w i t h a simple model, m which M82 was a normal 

s p i r a l galaxy which d r i f t e d i n t o the M81 gioup of g a l a x i e s , less than 
9 

10 yeais ago. The i n t e r a c t i o n between M82, and an e x t e n s i v e , tenuous, 

cloud of dust and gas surrounding the M81 r e g i o n , ( i n f e r r e d from the 

already r a d i o detected H.I. cloud surrounding the M81 group), accounts 

f o r the e v o l u t i o n and observed p r o p e r t i e s of the galaxy. 

7.7.2 The I n t e r a c t i v e Process 

The slow a c c r e t i o n of the d i l u t e dust and gas i n the c e n t r a l dense 

regions of the s p i r a l galaxy (M82), l e d to the r a p i d f o r m a t i o n of 

massive scars, which may be c o n t i n u i n g to the present day. The super 

g i a n t s , which a i c responsible f o r the over luminous nucleus, soon 

complete t h e n e v o l u t i o n s , by going through the supernova stage, and i n 

doing so, they expel the copious q u a n t i t i e s of dust observed i n the 

d i s k , and near halo regions of the galaxy A simple model of the 

t h e r m i l l y powered clriCUnp galaxy, which can s a t i sf a c L o i - i J y e x p l a i n 

the o p t i c a l appearance of M82, has also been showi by S o l i n g c r 
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to account for" many of the observed c h a r a c t e r i s t i c s . 

7.7.3. The V e l o c i t y f i e l d 

Hie Dopplcr l i n e s h i f t s to the north and south of the galaxy, a r e 

ex p l a i n e d i n .? s i m i l a r way to t h a t proposed by E l v i u s (1972), f o r the 

poi n t source nucleus The main d i f f e r e n c e , i s t h a t the u n l i k e l y 

v e l o c i t y g r a d i e n t of the dust ( d e s c r i b e d m s e c t i o n 7.A) i s not n e c e s s a r y , 

because the smooth g r a d i e n t of theDoppler s h i f t i s a n a t u r a l consequence 

of the l i g h t source being an extended r e g i o n , and not a p o i n t source of 

r a d i a t i o n . The complex v e l o c i t y f i e l d near the plane of the d i s k , i s due 

to Lhe i n t e r a c t i o n of the d y n a m i c a l l y bound i n t r i n s i c d u s t , w i t h the 

l a r g e s c a l e dust f i e l d of the m t c i g a l a c L i c r e g i o n . 

7.7.4. P o l a r i s a t i o n and I s o p h o t a l Measurements i n the Halo 

The new i n t e r p r e t a t i o n of the o r i g i n and motion of the dust cloud 

surrounding the galaxy, does not s i g n i f i c a n t l y a f f e c t the c o n c l u s i o n s 

p r e v i o u s l y formed from the p o l a n s a t i o n p a t t e r n , which assumed th a t the 

dust was a r e s u l t of a n u c l e a r e x p l o s i o n , and t h e r e f o r e o r i g i n a t e d i n 

the c e n t r e of M82. I t does however, impose more s t r i n g e n t requirements 

on the change i n i n t e n s i t y of the s c a t t e r e d l i g h t , as a f u n c t i o n of 

r a d i a l d i s t a n c e from the source of i l l u m i n a t i o n . E a r l i e r comparison 

of the expected i n t e n s i t y g r a d i e n t , f o r a s p h e r i c a l dust cloud bound 

to M82, and the observed i n t e n s i t y p r o f i l e , had shown t h a t the dust 

d e n s i t y decreased as the square of the d i s t a n c e from the source, and 

was t h e r e f o r e bound to the galaxy. I f however, the galaxy i s d r i T t m g 

i n an e x L e r n a l m t e r g a l a c t J c dust cloud, the d e n s i t y should be uniform, 

and the m t e n s i L y g i a d i e n L of the s c a L L c r e d l i g h L \n Lh di&Lance from 
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the souice, should be concordant w i t h t h i s view p o i n t . 

Solmger (1976), has c a l c u l a t e d the expected p r o f i l e , u s ing the 

di s k and nuclear parameters, obtained from the e a r l i e r p o l a r i s a t i o n 

studies (Solmger, 1975), and obtained good agreement w i t h the obser­

v a t i o n s , except f o r small distances away from the g a l a c t i c plane. 

The r e s u l t s of the c a l c u l a t i o n s are i l l u s t r a t e d i n f i g u r e 7.2 (taken 

from Solmger, 1976), where the expected i n t e n s i t y p r o f i l e f o r a di s k 

source, and nucleus w i t h 5% of the t o t a l g a l a c t i c l u m i n o s i t y , i s com­

pared w i t h the observations. The r e s u l t s show t h a t f o r distances 

100 arc seconds (^ 2 kpc) from the source, i t i s necessary to have a 

decreasing dust d e n s i t y t o describe the r a p i d f a l l i n i n t e n s i t y p r o f i l e . 

The s o l i d l i n e , showing the d i f f e r e n c e between the theory and obser­

v a t i o n s i s approximately s t r a i g h t , which i m p l i e s t h a t the necessary 

steepening of the i n t e n s i t y g r a d i e n t i s e x p o n e n t i a l , and t h e r e f o r e 

r e q u i r e s a s i m i l a r form of decreasing dust d e n s i t y t o e x p l a i n i t . 

S olmger t h e r e f o r e argues, t h a t the f i t 10 c o n s i s t e n t w i t h 

r e q u i r e d constant dust d e n s i t y a t l a r g e distances from the galaxy, and 

the exponential increase as the d i s k i s approached i s caused by the 

expelled dust i n t r i n s i c t o M82. 

7.7.5. The Colour Gradient 

The s l i g h t b l u e i n g of the s c a t t e r e d continuum, w i I h i n c r e a s i n g 

d i s t a n c e i n t o the h a l o , i s explained as a n a t u r a l consequence of the 

source d i s t r i b u t i o n of l i g h t i n the d i s k of the galaxy. The dominant 

source c o n t r i b u t i o n to the s c a t t e r e d l i g h t a t distances close to the 

c e n t r a l l e g i o n of M82 comes from the n c n - n u c l e a r areas, u h i l e a t l a r g e 
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distances from the plane of the galaxy, the q u a l i t y of the i n c i d e n t 

l i g h t on the s c a t t e r e r , i s described by the spectrum of the i n t e g r a t e d 

disk l i g h t . A gradual b l u e i n g C'f the d i s k r a d i a t i o n , w i t h i n c r e a s i n g 

distance from the nuclear r e g i o n , i s a l l t h a t i s r e q u i r e d t o account 

f o r the observed colour g r a d i e n t m the halo. 

7.7.6. The 'Filaments' 

The f i l a m e n t a r y appearance of the halo has been synthesised 

( S o l i n g e r , 1976), by a l l o w i n g the l a r g e scale constant dust d e n s i t y , 

t o e x h i b i t clumping, w i t h a scale si z e of approximately 10 arc seconds. 

The r e s u l t s were c o n s i s t e n t w i t h the appearance of the M82 hal o , where 

the f i l a m e n t s are not long winding wisps as i n the Crab Nebula, but 

are a more randomly composed se r i e s of b r i g h t 'knots' and dark ' s p i d e r s ' . 

7.8 A n a l y s i s of the Durham Map f o r M82 

7.8.1. I n t r o d u c t i o n 

The map obtained, contains i n f o r m a t i o n about the s t a t e of p o l a r ­

i s a t i o n of the l i g h t at each p o i n t i n M82. The Stokes v e c t o r ' I ' , 

d escribes the t o t a l amount of l i g h t coming from each of the i n t e g r a t i o n 

areas, and i s t h e r e f o r e a measure of the photometLic b r i g h t n e s s i n the 

B waveband. 

The primary reason f o r observing M82, was to t e s t the r e l i a b i l i t y 

of the e l e c t r o n o g r a p h i c camera, and subsequent computer r e d u c t i o n 

programs, as a new technique f o r the p r o d u c t i o n of h i g h r e s o l u t i o n 

p o l c i r i m e t r i c maps. Although the halo p o l a r i s a t i o n has been p r e v i o u s l y 

studied however, the piesent map, w i t h several hundied p o i n t s i n the 

galaxy analysed simultaneously, represents a much more complete 
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det e r m i n a t i o n of the p o l a r i s a t i o n p a t t e r n . The techniques employed 

by Solinger (1975, 1976), t o i n v e s t i g a t e the obscured c e n t r a l regions 

of the galaxy, (using the small number of p h o t o - e l e c t r i c p o l a r i s a t i o n 

p o i n t s ) , can t h e r e f o i e be a p p l i e d to the present data, t o determine 

the v a l i d i t y of the conclusions a r r i v e d a t from t h i s e a r l i e r work. 

7.8.2. P r e l i m i n a r y A n a l y s i s of the Durham Data 

As a p r e l i m i n a r y step, the centre of symmetry of the p a t t e r n has 

been found i n order to t r y and l o c a t e the p o s i t i o n of the hidden 

nucleus. 

I n order to locate the p o s i t i o n of the c e n t r e , an i n i t i a l estimate 

was made of i t s p o s i t i o n , and, from t h i s p o s i t i o n a rad i u s v e c t o r was 

drawn out to each of the p o i n t s a t which the p o l a r i s a t i o n had been 

measured. The p r o j e c t i o n of each of the p o l a r i s a t i o n v e c t o r s along the 

radius v e c t o r was then taken, and the i n d i v i d u a l p r o j e c t i o n ? summed. 

Each p r o j e c t i o n was weighted w i t h the p o l a r i s e d i n t e n s i t y 0 + U ) , 

observed at t h a t p o i n t . The centre of symmetry of the p a t t e r n , i s the 

p o i n t a t which the sum of the p r o j e c t i o n s as a minimum, and t h i s was 

found by slowly v a r y i n g the p o s i t i o n of the centre u n t i l the minimum 

was found. 

The program was run on the two independent halves of the map 

obtained from electronographs 1 - 4 and 5 - 8 r e s p e c t i v e l y , which gives 

a good check of the consistancy of t h f r e s u l t s . Ihc mean p o s i t i o n of 

the hidden nucleus, from t h i s d e t e r m i n a t i o n i s compared w i t h t h a t 

obtained by Solmger and MarkerL (1075) i n f i g u r e 7.3. The cemre of 

symmetiy found by the above method can be compared w i t h t h a t o f 

/°2 0 + U 
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Solinger and Markerl even though the l a t t e r used both a d i s k and nucleus 

as a source of l u m i n o s i t y , because the d i s k i s symmetric about the 

nucleus. The e r r o r bars are de r i v e d from the d i s p e r s i o n of the two 

estimates about the mean. Other i n t e r e s t i n g physical f e a t u r e s _ o f the 

c e n t r a l region of M82 are also included i n f i g u r e 7.3 f o r comparison. 

7.8.3. The Solinger and Marlcert Model 

Very r e c e n t l y the program of Solinger and Markert ( p r i v a t e communi­

c a t i o n ) has been made a v a i l a b l e t o us at Durham. The f e a t u r e s of the 

program are described m s e c t i o n 7.6. The program has been run on the 

Durham data using only the most r e l i a b l e measurements 400 c . f . the 

50 used by Solinger and M a r k e r t ) . Table 7 shows a comparison of the 

best f i t parameters of Solinger and Markert and the ones d e s c r i b i n g 

our present data. I t i s c o m f o r t i n g to note t h a t the program gives 
ii 

very s i m i l a r f i t s to both sets of data, and also t h a t our naive attempt 

t o l o c a t e the centre of symmetry i s also m t o t a l agreement. 

I t i s obviously possible using our data to extend the Solmger 

and MarkerL model to include non-symmetrical d i s k l u m i n o s i t y 

f u n c t i o n s , f i n i t e d i s k t h i c k n e s s , and geometric d e t a i l s of the 

s c a t t e r i n g medium, to y i e l d f u r t h e r d e t a i l s of the unseen regions of 

M82 

7.9 M82 Conclusions 

Many previous c onsiderations of M82 have emphasised t h a t v a r i o u s 

c e n t r a l f e a t u r e s m M82 were almost c o i n c i d e n t , but i t i s not obvious 

t h a t there i s a d e t a i l e d correspondence between them, as would be 



Model Parameter 
P h o t o - E l e c t r i c 
Measurements 

Durham 
Measurements 

P o s i t i o n [R A. 

of 

Nucleus [Dec. 

9 h r S 51' 42.3" 

69° 55' 6" 

9 h r S 51' 41.9" 

69° 55' 3" 

P o s i t i o n Angle of 

Disk 
70° 73° 

Ratio of Nuclear 

to Disk Luminosity 
0.05 0.06 

Disk Luminance 

Scale Factor (k) 
1 kpc 0.5 kpc 

TABLE 7. Phy s i c a l Parameters of M82 using the Mod e l l i n g 

Program o f Solinger e t a l . on the P h o t o - e l e c t r i c 

and present observations. 
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expected i f a t r u e compact nucleus were present. The most intense 

radio component (cross hatched i n f i g u r e 7.3), has no s p e c i a l p o s i t i o n 

i n the i n f r a - r e d source, which i t s e l f i s o n ly near to the centre of 

symmetry. Other centres (shown f o r completeness i n f i g u r e 7.3), f o r 

example the o p t i c a l b r i g h t spot are r a t h e r meaningless because of the 

large amount of obscura t i o n a t o p t i c a ] wavelengths. The p o s i t i o n of 

the ' r a d i a n t of the f i l a m e n t s ' i s also i n some doubt i f the most 

recent i n t e r p r e t a t i o n i s accepted. The absence of a compact nucleus 

i s also emphasised by the recent high r e s o l u t i o n measurements a t i n f r a 

red and ra d i o frequencies. The a v a i l a b l e data at d i f f e r e n t wavelength 

seems t o i n d i c a t e t h a t there i s a c e n t r a l , extended a c t i v e core i n M82 

of "\» 300 pc i n diameter. 

The l a c k of an i d e n t i f i e d s i n g u l a r nucleus does not however 

preclude the p o s s i b i l i t y t h a t M82 has some resemblance to the nuclear 

regions of Seyfert g a l a x i e s , the ovpr-lummance of which has been 

a t t r i b u t e d to supcrrovae events at a r a t e of perhaps 1 cveiy 10 years 

i n a l i m i t e d volume (McCrea, 1975). I n the case o f M82, the a c t i v e 

r e g i o n of the galaxy may be ̂  300 pc i n diameter, about t en times the 

size of a Seyfe r t nucleus, and the process would t h e r e f o r e be modified 

For a galaxy such as M82, w i t h l a r g e amounts of dust i n the c e n t r a l 

r e g i o n , t h i s process does seem p a r t i c u l a r l y a p p r o p r i a t e . A galaxy of 

t h i s type, i f we had a face on view, could represent the connecting 

l i n k between S e y f c r t s and normal g a l a x i e s . 
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GENERAL CONCLUSIONS 

The work i n t h i s Lhesis describes one of the f i r s t attempts t o 

acc u r a t e l y map Ihe l i n e a r p o l a r i s a L i o n of nebulous o b j e c t s . Using the 

improvements n r e c o r d i n g technique o f f e r e d by the advances i n 

c lcctronograpby, and w i t h auLomated r e d u c t i o n techniques, i t i s now 

po s s i b l e to r a p i d l y produce accurate p o l a r i s a t i o n measurements a t a 

few thousand p o i n t s simultaneously i n a f a i n t nebulous o b j e c t . 

The r e s u l t s obtained w i t h our technique f o r M82 are a considerable 

improvement both m q u a l i t y and q u a n t i t y on those p r e v i o u s l y a v a i l a b l e . 

With these r e s u l t s , not only has i t been p o s s i b l e t o c o n f i r m the 

previous conclusions made by S o l i n g c r , but i t i s f e a s i b l e t o extend 

our knowledge on the l u n u r o s i t y d i s t r i b u t i o n s and c o n d i t i o n s v i t h i n 

M82 

Already the technique has been a p p l i e d t o the Orion Nebula 

( P a l l i s t e r r t a l . , 1976), and the Sombrero galaxy ( S c a r r o t t e t a l . , 

1976), and very e x c i t i n g r e s u l t s arc emerging. 
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