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SUMMARY 1

S in c e  t h e  d i s c o v e r y  o f  t h e  two sys tem s  o f  moving e m i s s i o n  l i n e s  

i n  t h e  o p t i c a l  s p e c t r u m  o f  SS433,  t h i s  p e c u l i a r  o b j e c t  h a s  s t i m u l a t e d  

i n t e n s e  s t u d y  and s p e c u l a t i o n .  A g e n e r a l l y  a c c e p t e d  dynam ica l  model  

f o r  t h e  b i n a r y  s y s t e m  com p r i se s  an e a r l y - t y p e  s u p e r g i a n t  and a compact  

o b j e c t  s u r r o u n d e d  by a p r e c e s s i n g  t h i c k  a c c r e t i o n  d i s k  a lo n g  t h e  a x i s  

o f  which  a r e  e j e c t e d  two o p p o s i n g , m i l d l y  r e l a t i v i s t i c , c o l l i m a t e d  j e t s .  

The p o l a r i s a t i o n  o f  t h e  s y s t e m ,  p r o v i d i n g  i n f o r m a t i o n  i n t o  t h e  d i s t r i 

b u t i o n  o f  m a t t e r  i n  t h e  s y s te m  i s ,  t h e r e f o r e ,  a v a l u a b l e  t e s t  f o r  t h i s  

m odel .  Hence,  i n  t h i s  t h e s i s ,  we c o n s i d e r  t h e  t h e o r y  o f  o p t i c a l l y  t h i n ,  

Thomson s c a t t e r i n g  p o l a r i s a t i o n  and model  t h e  o b s e rv e d  p o l a r i s a t i o n  o f  

SS433. i n  o r d e r  t o  p r o v i d e  f u r t h e r  i n d e p e n d e n t  c o n s t r a i n t s  on th e  dyna

m i c a l  model .

The i n t r o d u c t o r y  s e c t i o n  o f  t h i s  t h e s i s  i s  c o n t a i n e d  i n  t h e  f i r s t  

two c h a p t e r s .  C h a p t e r  1 i s  a r e v i e w  o f  t h e  o b s e r v a t i o n s  t h a t  have  been 

made o f  SS433 as  w e l l  as a d e s c r i p t i o n  o f  t h e  b a s i c  k i n e m a t i c  model  and 

i t s  deve lopment  t o  t h e  p r e s e n t  dynam ica l  model .  I n  C h a p t e r  2, we r ev iew  

t h e  c o n s t r a i n t s  on t h e  s y s te m  imposed by th e  o b s e r v a t i o n s ,  and th e  p h y s i  

p rob lem s  which  a r i s e  f rom th e  o b s e r v a t i o n s  and dynamical  model .

I n  C h a p t e r  3,  we d e v e lo p  t h e  t h e o r y  o f  Thomson e l e c t r o n  s c a t t e r i n g  

p o l a r i s a t i o n  i n  t h e  o p t i c a l l y  t h i n  l i m i t .  The s im p le  ca se  o f  a p o i n t  

l i g h t  s o u r c e  i s  e x t e n d e d  t o  a l l o w  f o r  a r b i t r a r y  s o u r c e  s h a p e s ,  t h e  

e f f e c t  o f  which can  be e x p r e s s e d  as  a ' d e p o l a r i s a t i o n  f a c t o r ' .  Th is  

f a c t o r  i s  found e x p l i c i t l y  i n  t h e  two r e l e v a n t  s p e c i a l  c a se s  v i z .  a 

s p h e r i c a l  ( . s t e l l a r )  s o u r c e  and a luminous ( a c c r e t i o n )  d i s k  s o u r c e .

The e q u a t i o n s  f o r  t h e  n o r m a l i s e d  S tokes  P a r a m e te r s  f o r  a g e n e r a l  c o ro -
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t a t i n g  s c a t t e r i n g  r e g i o n  i n  a b i n a r y  s y s t e m  a r e  t h e n  d e r i v e d .

A s im p l e  g e o m e t r i c a l  model  f o r  t h e  p o l a r i s a t i o n  o f  SS433 i s  d e v e l o 

ped i n  C h a p t e r  4 ,  i n c l u d i n g  t h e  e f f e c t  o f  s p h e r i c a l  l i g h t  s o u r c e s .  

A l though  t h i s  model  h a s  many l i m i t a t i o n s ,  t h e y  a r e  e i t h e r  n o t  i m p o r t a n t  

t o  t h e  p o l a r i s a t i o n  o r  can be compensa ted  f o r  by smooth ing  t h e  d a t a ,  

p a r t i c u l a r l y  i f  on ly  t h e  p r e c e s s i o n  v a r i a t i o n  i s  s t u d i e d  and th e  s i z e  

and o r b i t a l  p h a s i n g  o f  t h e  d a t a  s e t  p e r m i t  t h o s e  d a t a  p o i n t s  t a k e n  d u r i n g  

e c l i p s e s  t o  be  o m i t t e d .  F i n a l l y ,  we p r e d i c t  t h e  b ro ad  c h a r a c t e r i s t i c s  

o f  t h e  p o l a r i s a t i o n ,  such as t h e  e x p e c t e d  dominant  f r e q u e n c y  i n  t h e  d a t a ,  

b a s e d  on t h i s  model .

I n  C h a p t e r  5 ,  we a n a l y s e  t h e  p r e s e n t l y  a v a i l a b l e  p o l a r i s a t i o n  d a t a  

o f  SS433 which span  3 k  y e a r s  o f  o b s e r v a t i o n s .  The power s p e c t r a  o f  

b o t h  t h e  o b s e r v e d  Q and U S tokes  P a r a m e t e r s  c l e a r l y  show th e  p r e c e s s i o n  

p e r i o d  and i t s  f i r s t  h a rm o n i c ,  as e x p e c t e d  from the  p r e v i o u s  c h a p t e r ,  

b u t  no o t h e r  p e r i o d s  show above the  n o i s e .  We, t h e r e f o r e ,  de v e lo p  an 

o p t i m i s a t i o n  p r o c e d u r e  t o  f i t  a s i m p l e ,  p r e c e s s i o n  on ly  models to  the  

d a t a  and compare t h e  r e s u l t s  o f  t h i s  p r o c e d u r e  w i th  o t h e r s .  F i n a l l y ,  

we a t t e m p t  t o  f i t  a model  i n c l u d i n g  th e  b i n a r y / o r b i t a l  e f f e c t s  t o  the  

d a t a  u s i n g  th e  b e s t - f i t  p a r a m e t e r  v a l u e s  o f  t h e  p r e c e s s i o n  on ly  model ,  

t h e r e b y  r e d u c i n g  t h e  number o f  f r e e  p a r a m e t e r s .  A s i g n i f i c a n t  r e d u c t i o n  

i n  t h e  x2 p a r a m e t e r  i s  found i f  on ly  t h e  f i r s t  ha rm onic  o f  t h e  o r b i t a l  

p e r i o d  i s  added t o  t h e  p r e c e s s i o n  model .  No r e d u c t i o n  i n  x2 i s  found 

when t h e  f u l l  model  d e v e lo p e d  i n  C h a p t e r  4 i s  f i t t e d  t o  t h e  d a t a .

C h a p t e r  6 i n v e s t i g a t e s  t h e  d u s t  g r a i n  model  deve lo ped  by Ramaty 

e t a l . ,  ( 1 9 8 4 ) ,  t o  e x p l a i n  t h e  n a r row  gamma-ray l i n e s  c la im e d  t o  be 

o b s e r v e d  from SS433. Although  t h i s  model  c o u ld ,  i n  p r i n c i p l e ,  produce



n a r r o w  gamma-ray l i n e s ,  as i t  i s  p r e s e n t e d  by Ramaty e t  a l . , i t  i s  

n e i t h e r  s e l f - c o n s i s t e n t  n o r  c o n s i s t e n t  w i t h  t h e  o b s e r v a t i o n s  a t  o t h e r  

w a v e l e n g t h s .  I n  p a r t i c u l a r ,  t h e  p r o c e s s  which p roduces  t h e  gamma-rays 

i s  h i g h l y  i n e f f i c i e n t  and th e  g r a i n s  m us t ,  t h e r e f o r e  r a d i a t e  t h e  w a s te  

e n e r g y  d e p o s i t e d  i n  them. Th is  i m p l i e s  an IR f l u x  from SS433 many 

o r d e r s  o f  m agn i tu de  g r e a t e r  t h a n  o b s e rv e d .  Moreover ,  t h e  r e s t r i c t i o n s  

on t h e  d im ens io ns  o f  t h e  e m i t t i n g  r e g i o n  and the  s m a l l  o b s e r v e d  p o l a r i 

s a t i o n  imply  t h a t  the  e m i t t i n g  r e g i o n  must be o p t i c a l l y  t h i c k  i n  g r a i n s  

and ,  t h e r e f o r e ,  t h a t  t h e  t e m p e r a t u r e  o f  t h e  g r a i n s  would ,  i n  f a c t ,  be 

t o o  h i g h  f o r  them t o  s u r v i v e .

C h a p t e r  7 c o n c lu d e s  t h e  t h e s i s  w i t h  a r e p r i s e  o f  t h e  c o n c l u s i o n s  

and s u g g e s t i o n s  f o r  f u t u r e  work a r i s i n g  from the  d e t a i l e d  i n v e s t i g a t i o n s  

p r e s e n t e d  h e r e .



P R E F A C E  1V

This  t h e s i s  i s  c o n c e r n e d  p r i m a r i l y  w i t h  m o d e l l i n g  t h e  o p t i c a l  

p o l a r i s a t i o n  o f  SS433. I n  c o n n e c t i o n  w i t h  t h i s ,  t h e  t h e o r y  o f  o p t i c a l l y  

t h i n  p o l a r i s a t i o n  due t o  Thomson o r  R a y le ig h  s c a t t e r i n g  i s  a d a p te d  t o  

i n c l u d e  t h e  e f f e c t  o f  an a r b i t r a r y  s o u r c e  geomet ry ( .Chapter  3) and ,  

s p e c i f i c a l l y ,  t h e  e q u a t i o n s  i n  the  s p e c i a l  c a se s  o f  a s p h e r i c a l l y  

sym m etr ic  s o u r c e  and a t h i n  luminous d i s c  a r e  shown t o  be s im p ly  th e  

p o i n t  s o u r c e  e x p r e s s i o n s  w i th  the  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  w e i g h te d  

by a g e o m e t r i c  f a c t o r  depend ing  p u r e l y  on th e  a n g u l a r  r a d i u s  o f  t h e  

s o u r c e  as s e e n  from t h e  s c a t t e r i n g  p o i n t .  Then a s im p l e  g e o m e t r i c  model  

f o r  t h e  b i n a r y  s y s te m  i s  de ve lope d  ( C h a p te r  4) and used  i n  t h e  a n a l y s i s  

o f  t h e  a v a i l a b l e  d a t a  ( C h a p t e r  5 ) .  While  t h e  p r e c e s s i o n  p e r i o d  i s  c l e a r l y  

p r e s e n t  i n  t h e  p o l a r i s a t i o n  d a t a  and th e  i n c l i n a t i o n  a n g le  and p r e c e s s i o n  

cone a n g le  can be d e t e r m i n e d ,  t h e  d a t a  s e t  i s  too  s m a l l  and too  s u b j e c t  

t o  n o i s e  t o  y i e l d  a c c u r a t e  p a r a m e t e r  v a l u e s  o r  d e t e r m i n e  t h e  i m p o r ta n c e  

o f  o t h e r  e f f e c t s  such as  l i g h t  s c a t t e r e d  from the  companion s t a r .

The work o f  C h a p t e r  6,  which was c a r r i e d  ou t  i n  c o o p e r a t i o n  w i t h  

P r o f s .  J . C .  Brown and V. I cke  and Dr. T.V. Cawthorne,  i s  c o n c e rn e d  w i th  

one o f  t h e  models  f o r  t h e  na r row gamma-ray l i n e s  r e p o r t e d  from SS433.

This  model  depends on t h e  e x i s t e n c e  o f  a l a r g e  mass o f  d u s t  g r a i n s  i n  the  

j e t s  o f  SS433,  and t h e  p r e s e n c e  o f  such g r a i n s  would have  i m p o r t a n t  

i m p l i c a t i o n s  f o r  t h e  o b s e rv e d  o p t i c a l  p o l a r i s a t i o n .  Hence i t  i s  n e c e s s a r y  

t o  i n v e s t i g a t e  r i g o u r o u s l y  w h e th e r  such g r a i n s  can in d e e d  s u r v i v e  i n  the  

p h y s i c a l  c o n d i t i o n s  o f  SS433.

The l e n g t h y  i n t r o d u c t i o n  t o  t h e  t h e s i s  ( C h a p te r s  1 and 2) r e f l e c t s  

t h e  many d i f f e r e n t  q u e s t i o n s  posed  by t h i s  p e c u l i a r  o b j e c t ,  n o t  l e a s t  

o f  wh ich i s :  I s  SS433 a m i n i a t u r e  AGN? While  t h e  o p t i c a l  p o l a r i s a t i o n



V

s h o u l d  h e l p  t h e  u n d e r s t a n d i n g  o f  i t ,  t h e  many m y s t e r i e s  o f  t h i s  sy s te m  

a r e  l i k e l y  t o  keep  As t ronomers  h a p p i l y  employed f o r  many y e a r s  t o  come.

The work o f  t h i s  t h e s i s  was begun i n  t h e  D epar tm en t  o f  Astronomy.  

U n i v e r s i t y  o f  Glasgow, and c o n t i n u e d  th rough  t h e  m erge r  o f  t h e  N a t u r a l  

P h i lo s o p h y  and Astronomy D epar tm en ts  to  form th e  Depa r tm en t  o f  P h y s i c s  

and Astronomy.  I  am g r a t e f u l  t h a t  I  have  been  a b l e  t o  c a r r y  o u t  t h i s  

r e s e a r c h  d u r in g  t h e  h e a d s h i p  o f  P r o f .  A. E. Roy i n  a group  which i s ,  I  

b e l i e v e ,  u n p a r a l l e l e d  f o r  i t s  c o m b in a t io n  o f  i n t e l l e c t u a l  s k i l l  and 

human warmth and fun .  My thanks  go e s p e c i a l l y  t o  my s u p e r v i s o r ,  P r o f .

J .  C. Brown who has  p r o v i d e d  t h e  g u id an c e  and m ora l  s u p p o r t  I  n e e d e d ,  

d e s p i t e  t h e  v ig o r o u s  a t t e m p t s  t o  pape rwork and r e d - t a p e  t o  sm o the r  

him.  My thanks  go a l s o  to  Dr.  Alan Thomson f o r  h i s  i n v a l u a b l e  a i d  i n  

t h e  c o n t i n u a l  b a t t l e  t o  p e r s u a d e  th e  computers  t o  c o o p e r a t e ;  t o  P r o f .  

V in c e n t  I c k e  ( L e i d e n ) ,  a c o l l e a g u e  and f r i e n d  w i t h  whom t h e  work o f  

C h a p t e r  6 was done;  and t o  P r o f .  P.A. Sweet ,  a t r u e  ge n t l e m a n  and a 

s c h o l a r ,  f o r  h i s  p a t i e n c e  and s t i m u l a t i n g  d i s c u s s i o n s .

I  am g r a t e f u l  a l s o  t o  Mrs.  W i l l i a m s o n  who ty p ed  t h i s  m a n u s c r i p t .  

While  w o r d - p r o c e s s o r s  a r e  a v a i l a b l e ,  she has  p r o v i d e d  th e  same 

e f f i c i e n c y  and a c c u r a c y  ( o r  b e t t e r ,  c o n s i d e r i n g  my own s p e l l i n g  a b i l i t y )  

w i t h  t h a t  human t o u c h .  F i n a n c i a l  s u p p o r t  was p r o v i d e d  f o r  t h r e e  and 

a h a l f  y e a r s  by a U n i v e r s i t y  o f  Glasgow f e l l o w s h i p ,  and I  am p a r t i c u l a r l y  

g r a t e f u l  f o r  t h e  s i x  month e x t e n s i o n  on t h e  i n i t i a l  t h r e e  y e a r  g r a n t .  

Computing f a c i l i t i e s  have  been  p r o v i d e d  by the  U n i v e r s i t y  o f  Glasgow 

Computing S e r v i c e s .

F i n a l l y ,  my th a n k s  to  a l l  t h o s e  w i th  whom I  have  p l a y e d  badmin ton 

o r  gone swimming o v e r  t h e  y e a r s  and p a r t i c u l a r l y  t o  Cary ,  L i z ,  Lorna 

and Margo,  t h e  o t h e r  members o f  t h e  Queen 's  Pa rk  B a p t i s t  Church Dance



v i

Group w i t h  whom I  have  found  deep f r i e n d s h i p  and f u l f i l m e n t  and who 

ha v e  h e l p e d  t o  b a l a n c e  t h e  i n t e n s e  i n t e l l e c t u a l  p u r s u i t s  and p r e s s u r e s  

o f  s c i e n t i f i c  r e s e a r c h .  L a s t  b u t  n o t  l e a s t ,  I  am i n d e b t e d  t o  S a k i ,  

P i n k i e  and B o g a r t ,  who i n  t h e i r  f e l i n e  way have  h e l p e d  t o  keep  me 

human.
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CHAPTER 1 1

INTRODUCTION TO SS433

1 .1  I n t r o d u c t i o n

SS433,  a l s o  known as V1343 A q u i l a e ,  i s  a much s t u d i e d  p e c u l i a r  

b i n a r y  sy s te m .  Al though i t  was r e c o g n i s e d  as an o b j e c t  o f  i n t e r e s t  on ly  

a decade  ago,  t h e  i n t e n s e  s t u d y  and s p e c u l a t i o n  i t  h a s  s t i m u l a t e d  has  

r e s u l t e d  i n  a phenomenal volume o f  p u b l i s h e d  work.  D e s p i t e  t h e  p r o g r e s s  

t h a t  h a s  been  made i n  u n d e r s t a n d i n g ,  i t  i s  s t i l l  s u r r o u n d e d  by c o n t r o v e r s y  

I n  t h i s  c h a p t e r ,  we w i l l  r e v i e w  b r i e f l y  how i t  came t o  p r o m in e n c e ,  t h e  

b a s i c  o b s e r v a t i o n s  a t  each  w a v e l e n g t h ,  t h e  most  g e n e r a l l y  a c c e p t e d  model  

and how i t  has  been d e v e lo p e d ,  and th e  p a r t  the  o p t i c a l  p o l a r i s a t i o n  

can  p l a y  i n  a i d i n g  ou r  u n d e r s t a n d i n g  o f  t h i s  o b j e c t .  C o n s i d e r i n g  th e  

number o f  p a p e rs  a l r e a d y  p u b l i s h e d  ( w e l l  i n t o  3 f i g u r e s ) ,  a compre

h e n s i v e  rev i e w  o f  the  o b s e r v a t i o n s  and r e l a t e d  t h e o r y  i s  n o t  p o s s i b l e .

We s h a l l  t h e r e f o r e ,  focus  on ly  on t h e  h i g h l i g h t s  and a t t e m p t  t o  p r o v i d e

a s e t  o f  r e f e r e n c e s  which can form t h e  b a s i s  o f  a more d e t a i l e d  s tu d y

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

SS433 i s  t h e  most  p o p u l a r  and commonly r e c o g n i s e d  name f o r  t h i s

b i n a r y  sy s te m .  I t  d e r i v e s  from the  S t e p h e n s o n - S a n d u le a k  c a t a l o g u e  

p u b l i s h e d  i n  1977 o f  s t r o n g  Ha e m i s s i o n  l i n e  o b j e c t s  where  i t  made 

one o f  i t s  e a r l i e s t  a p p e a r a n c e s ,  n o t  s u r p r i s i n g l y  as number 433.  I t  

was i n d e p e n d e n t l y  o bse rve d  a t  r a d i o  w a v e l e n g t h s  ( C l a r k  e t  a l . 1975) 

and i n  X-rays  (Seward e t  a l . , 1976) ,  b u t  i t  was n o t  u n t i l  a few y e a r s  

l a t e r  t h a t  i t  was p roposed  t h a t  t h e s e  s o u r c e s  were i n  f a c t  t h e  same 

o b j e c t  ( C l a r k  and Murdin,  1978; S e a q u i s t  e t  a l . , 1979) ,  t h e  fo rm er  

a l s o  s u g g e s t i n g  an a s s o c i a t i o n  w i t h  t h e  SNR W50. At t h e  same t im e ,  

t h e  f i r s t  m o d e r a t e - r e s o l u t i o n  s p e c t r a l  d a t a  were p r e s e n t e d  and t h e s e



r e v e a l e d  th e  c o m p le x i ty  o f  SS433.

Q u i t e  a p a r t  f rom t h e  s t r o n g  e m i s s i o n  l i n e  which l e d  t o  i t s  

i n c l u s i o n  i n  the  S t e p h e n s o n - S a n d u le a k  c a t a l o g u e  and t h e  accompany ing 

Balmer and Hel  l i n e s ,  SS433 d i s p l a y s  a number o f  p r o m i n e n t ,  b r o a d  

e m i s s i o n  l i n e  f e a t u r e s  a t  u n f a m i l i a r  w a v e l e n g t h s .  The t y p i c a l  w id th  

o f  t h e s e  l i n e s  i s  ^ 100$ (Margon e t  a l . ,  1979b) .  These have  been  

i d e n t i f i e d  as b e i n g  due t o  two d i s t i n c t  s e t s  o f  D o p p l e r - s h i f t e d  Balmer 

and Hel  l i n e s ,  one w i t h  a huge  r e d s h i f t ,  t h e  o t h e r  w i t h  a l a r g e  b l u e s h i f t .  

( F i g u r e  1 ) .  The D o p p le r  s h i f t  o f  t h e s e  s e t s  o f  l i n e s  i s  n o t  c o n s t a n t  

( F i g u r e  2 ) .  They d r i f t  t h rough  th e  s p e c t r u m  by up t o  1000 $  i n  a smooth 

p e r i o d i c  f a s h i o n  (Margon e t  a l . , 1979 a)  & b ) ,  Mammano, C i a t t i  and 

V i t t o n e ,  1980) .  The maximum r e d s h i f t  i s  a b o u t  50 ,000  kms \  t h e  maximum 

b l u e s h i f t  30,000 kms \  w h i l e  the  p e r i o d  o f  change i n  A h o v e r s  a ro und  

162 days (Margon e t  a l . ,  ( 1 9 7 9 a ) , A nderson ,  Margon and G r a n d i , (1983b ) , 

see  F i g u r e  3 ) .  The mean v e l o c i t y  o f  t h e  r ed  and b l u e - s h i f t e d  sys tem s  

rem a ins  a p p r o x i m a t e l y  c o n s t a n t  a t  12,000  kms  ̂ which s h o u l d  be compared 

w i t h  the  t r u e  r a d i a l  v e l o c i t y  o f  t h e  s y s te m  o f  ^  70 kms  ̂ as measured  

from, f o r  exa mple ,  t h e  ' r e s t  w a v e l e n g t h '  Balmer and Hel  e m i s s i o n  l i n e s  

(Crampton,  Cowley and H u t c h i n g s ,  1980) .  I t  was t h e s e  u n ique  moving 

l i n e s  which s t i m u l a t e d  th e  i n t e r e s t  i n  SS433.

1 . 1 . 1  The Simple K in e m a t ic  Model

A number o f  d i f f e r e n t  models  have  been  p r o p o s e d  f o r  SS433.  As 

Milgrom (1981)  p o i n t s  o u t  i n  h i s  r e v i e w ,  a l l  o f  them have  t o  assume 

t h a t  b o t h  t h e  g r a v i t a t i o n a l  r e d s h i f t  and | v |  , where  v i s  t h e  v e l o c i t y  

o f  t h e  l i n e - e m i t t i n g  g a s ,  a r e  c o n s t a n t  w i t h  t im e  t o  a h i g h  d e g r e e .  The 

o b s e r v e d  changes i n  w a v e le n g th  a r e  t h e n  a t t r i b u t e d  to  changes i n  the  an g le



b e tw e en  v and the  l i n e  o f  s i g h t ,  due ,  i n  most  m o d e l s ,  t o  some s o r t  

o f  r o t a t i o n  o f  t h e  s y s te m  a b o u t  a f i x e d  a x i s .  There  a r e  3 b a s i c  ge o 

m e t r i c a l  c o n f i g u r a t i o n s ,  l e a d i n g  t o  3 p h y s i c a l l y  d i f f e r e n t  s e t s  o f  m odels .  

These  a r e  ( F i g u r e  4 ) .  a)  R a d i a l  i n f a l l

b)  K e p l e r i a n  m o t ion

c) R a d i a l l y  o u t f l o w i n g  o p p o s i t e  beams.

I t  s h o u l d  be n o t e d  t h a t  many models  i n  c l a s s e s  ( a )  and (b )  r e q u i r e  a
£

c e n t r a l  b l a c k  h o l e  o f  mass M > 10 M t o  g iv e  t h e  o b s e r v e d  r e d s h i f t s .  

A l s o ,  w h i l e  a l l  3 c l a s s e s  a r e  c o m p a t i b l e  w i t h  t h e  o p t i c a l  o b s e r v a t i o n s  

b o t h  r a d i o  ( S e c t i o n  1 .3 )  and X - ray  ( S e c t i o n  1 .4 )  o b s e r v a t i o n s  i n d i c a t e  

t h e  p r e s e n c e  o f  o u t w a r d l y  f l o w in g  j e t s .  Hence th e  p r e s e n t  p r e f e r r e d  model 

b e l o n g s  t o  c l a s s ( c ) .

Th i s  model has  i t s  o r i g i n s  i n  two o f  t h e  e a r l i e s t  t h e o r e t i c a l  p a p e r s  

on SS433 v i £  F a b i a n  and Rees ,  1979, and Milgrom, 1979. Both p r o p o s e d  

c o l l i m a t e d  o p p o s i t e l y  e j e c t e d  j e t s  w h i l e  t h e  l a t t e r  a l s o  s u g g e s t e d  t h a t  

a p e r i o d i c  r o t a t i o n  o f  the  j e t  a x i s  c o u ld  p roduce  t h e  v e l o c i t y  m o d u l a t i o n .  

With t h e  a i d  o f  a l a r g e r  d a t a  s e t ,  A b e l l  and Margon, 1979 were a b l e  t o  

e l a b o r a t e  t h e  Milgrom model .  The f r e e  p a r a m e t e r  v a l u e s  t hey  d e r i v e d  a r e  

e s s e n t i a l l y  t h e  same as t h o s e  p r e s e n t l y  i n  use and t h e y  p r e d i c t e d  the  

c r o s s - o v e r  o f  t h e  r e d - a n d  b l u e - s h i f t e d  sys tem s  which was s u b s e q u e n t l y  

o b s e r v e d  by Bedogni  e t  a l . ,  1980 and Margon, Grand i  and Downes, 1980.

The k i n e m a t i c  model  h y p o t h e s i s ! i s  t h a t  m a t t e r  i s  e j e c t e d  i n  two j e t s  

t h a t  a r e  c o l l i m a t e d  and o p p o s i t e l y  a l i g n e d  t o  w i t h i n  a few d e g r e e s .  The 

t e r m i n a l  j e t  v e l o c i t y  i s  a f r e e  p a r a m e t e r ,  t h e  v a l u e  o f  which h a s  r em a ined  

c o n s t a n t  a t  0 .2 6  c t o  w i t h i n  5% (Milgrom 1981,  c f .  a l s o  F i g u r e  3 ) .  The 

j e t  a x i s  r o t a t e s  w i t h  a p e r i o d  o f  'v* 162 d a ys .  The i n c l i n a t i o n  o f  t h e  

c e n t r a l  a x i s  o f  t h e  r o t a t i o n  cone and th e  h a l f  a n g le  o f  t h i s  cone a r e



79 and 20 , a l t h o u g h  the  o p t i c a l  model  a l o n e  does n o t  d i s t i n g u i s h  

be tw e en  t h e s e  a n g l e s  ( c f .  d i s c u s s i o n  o f  r a d i o  o b s e r v a t i o n  i n  s e c t i o n  1 . 3 ) .  

The 12 ,000  kms mean v a l u e  f o r  t h e  D o p p le r  s h i f t s  i s  c a u se d  by the  

s e c o n d  o r d e r ,  t r a n s v e r s e ,  o r  ' t i m e - d i l a t i o n 1 r e d s h i f t  due t o  t h e  m i l d l y  

r e l a t i v i s t i c  v e l o c i t y  o f  t h e  j e t s .  A lthough  th e  model  was f i r s t  de ve lope d  

p r i m a r i l y  t o  e x p l a i n  t h e  o p t i c a l  d o p p l e r - s h i f t e d  l i n e s ,  b o t h  r a d i o  ( eg .  

Gi lmore  e t  a l . ,  1981;  H j e l l m i n g  and J o h n s t o n  1981 ( a )  and ( b ) )  and X-ray  

( e . g .  Seward e t  a l . , 1980;  Watson e t  a l . ,  1983) imaging  o b s e r v a t i o n s  

now p r o v i d e  s t r o n g  s u p p o r t  f o r  t h e  geometry  and k i n e m a t i c s  o f  t h e  j e t  

m o d e l .

The model ,  however ,  l e a v e s  u n s p e c i f i e d  a lm o s t  a l l  o f  t h e  p h y s i c a l  

a s p e c t s  o f  the  s y s t e m  such  as t h e  mechanisms t h a t  power,  a c c e l e r a t e  and 

c o l l i m a t e  the  j e t s  and th e  n a t u r e  o f  the  u n d e r l y i n g  s t a r ( s ) .  I t  i s  

s im p ly  a c o n v e n i e n t  d e v ic e  f o r  u n d e r s t a n d i n g  and p r e d i c t i n g  th e  k i n e 

m a t i c s  o f  t h e  e j e c t e d  j e t s .  I t  h a s ,  how ever ,  formed t h e  b a s i s  f o r  most  

o f  t h e  t h e o r e t i c a l  work t h a t  h a s  b e e n  done on SS433.

Simple s o u r c e  r o t a t i o n  as t h e  cause  o f  t h e  change i n  t h e  d i r e c t i o n  

o f  t h e  j e t  a x i s  h a s  been  r u l e d  o u t  s i n c e  t h e  i n f e r r e d  k i n e t i c  e n e rg y  o f  

t h e  j e t s  i s  f a r  i n  e x c e s s  o f  t h e  r o t a t i o n a l  e n e rg y  o f  a compact  o b j e c t  

w i t h  such a lo n g  p e r i o d  so  t h a t  r o t a t i o n  would r a p i d l y  d i e  ou t  ( A b e l l  

and Margon,  1979; K a t z ,  1980) .  P r e c e s s i o n  i s  t h e  most p o p u l a r  mechanism 

( e . g .  K a t z ,  1980;  van den H euva l ,  O s t r i k e r  and P e t t e r s o n ,  1980) .  To d r i v e  

t h e  p r e c e s s i o n  and t o  p r o v i d e  a s o u r c e  o f  m a t t e r  t o  s u p p ly  t h e  j e t s  and 

p ro d u ce  the  X - ray  e m i s s i o n ,  a c l o s e  b i n a r y  s y s te m  was p r o p o s e d ,  and con

f i r m e d  by t h e  d i s c o v e r y  o f  a 13-day  v a r i a t i o n  i n  the  r a d i a l  v e l o c i t y  o f  

t h e 1s t a t i o n a r y ' e m i s s i o n  l i n e s  (Crampton ,  Cowley and H u t c h i n g s ,  1980; 

Crampton and H u t c h i n g s ,  1981) .  The an a lo g y  w i t h  X - ray  b i n a r y  sys tems
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l e d  t o  t h e  p r o p o s a l  t h a t  an a c c r e t i o n  d i s k  be  p r e s e n t .  To s u p p ly  the  

j e t  mass and e n e r g y ,  s u b s t a n t i a l  mass t r a n s f e r  must  o c c u r  i n  t h e  s y s te m  

and a r e a s o n a b l y  l a r g e  o b j e c t  must  e x i s t  t o  be p r e c e s s i o n  t o r q u e d .  Now, 

i t  i s  assumed u s u a l l y  t h a t  t h e  p r im a r y  s t a r  p r e c e s s e s  and communicates  

i t s  m o t ion  t o  the  j e t s  t h rough  a s l a v e d  a c c r e t i o n  d i s c .  Such a d i s c  

a l s o  p r o v i d e s  a n a t u r a l  symmetry p l a n e  t o  h e l p  e x p l a i n  t h e  opposed 

a l i g n m e n t  o f  t h e  j e t s .  A number o f  o b s e r v a t i o n s  now c o n f i r m  i t s  p r e s e n c e .

As th e  d a t a  b a s e  i n c r e a s e d ,  i t  became c l e a r  t h a t  h i g h e r  f r e q u e n c i e s  

were  p r e s e n t  i n  t h e  r a d i a l  v e l o c i t y  v a r i a t i o n s .  S ince  t h e  o r b i t a l  p e r i o d  

i s  n o t  n e g l i g i b l e  compared to  t h e  p r e c e s s i o n  p e r i o d ,  b e a t  f r e q u e n c i e s  

were  n o t  u n e x p e c t e d .  The dominant  s h o r t  p e r i o d  s u p e r p o s e d  on the  p r e 

c e s s i o n  p e r i o d  i s  ^  6 . 2 8  d a y s ,  w i t h  an a m p l i t u d e  5-10% o f  t h a t  o f  the  

p r e c e s s i o n  p e r i o d .  Th is  p e r i o d  i s  i n t e r p r e t e d  as n u t a t i o n ,  o r  a nodd ing  

m o t io n  o f  t h e  d i s k  (Ka tz  e t  a l . ,  1982;  Matese  and Whitmire  1982; C o l l i n s  

and Newsom 1986) .  Th is  d i s k  m o t ion  i s  presumed t o  be r e f l e c t e d  i n  t h e  

o r i e n t a t i o n  o f  t h e  j e t s ,  t h e  j e t s  b e i n g  somehow c o n s t r a i n e d  t o  f o l l o w  the  

d i s k  n o r m a l .  (T h i s  i s  a model  d e p e n d en t  i n t e r p r e t a t i o n . )

The p r e c e s s i n g  d i s k / j e t  model  h a s  c o n t i n u e d  t o  be m o d i f i e d  and expanded  

as o b s e r v a t i o n s  a t  many w a v e l e n g t h s  have  p r o v i d e d  more i n f o r m a t i o n  on the  

s y s t e m .  By no means a l l  o f  t h e  p h y s i c a l  p rob lem s  posed  by SS433 have  been  

s o l v e d ,  t h e r e  b e i n g  s t i l l  some d i s p u t e  o v e r  even  t h e  b a s i c  i n t e r p r e t a t i o n  

o f  t h e  D o p p l e r - s h i f t e d  l i n e s  ( e . g .  K und t ,  1985, 1987) .  B e fo re  l o o k in g  

a t  t h e  p h y s i c a l  p r o b le m s ,  how ever ,  we s h a l l  r e v i e w  th e  o b s e r v a t i o n s  a t  

e a c h  w a v e l e n g t h .

1 . 1 . 2  B a s i c  Da ta

ti m
The o p t i c a l  s o u r c e  known as SS433 h a s  c o o r d i n a t e s  a (1 9 5 0 )  =19 09 

2 1 . 2 8 2 s ± 0 . 0 0 3 s , 6 (1950)  = 0 4 ° 5 3 ' 5 4 . 0 4 "  ± 0 .0 5 " ,  epoch o f  1980.
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W i t h i n  measurement  u n c e r t a i n t i e s ,  t h e  p o s i t i o n  c o i n c i d e s  w i t h  t h e  compact  

r a d i o  s o u r c e  a s s o c i a t e d  w i t h  SS433. The c o r r e s p o n d i n g  g a l a c t i c  c o o r 

d i n a t e s  a r e  Z = 3 9 . 7 ° ,  b = - 2 . 2 °  (Margon, 1984) .  The p r o p e r  m otion  

h a s  n o t  be e n  d e t e c t e d  o p t i c a l l y ,  so  f a r  (Margon e t  a l . ,  1 9 7 9 a ) .  The 

d i s t a n c e  t o  SS433 from 21 cm a b s o r p t i o n  s t u d i e s  (van  Gorkom e t a l . , 1982) 

i s  i n  t h e  r a n g e  3 . 7 - 4 . 7  kpc w h i l e  r a d i o  o b s e r v a t i o n s  o f  t h e  t im e  v a r i a b l e  

j e t  s t r u c t u r e  g iv e  a model  d e p e n d e n t  e s t i m a t e  o f  5 kpc ( ± 0 . 5  kpc )  

( H j e l l m i n g  and J o h n s t o n e ,  1981a ) .

T y p i c a l  o p t i c a l  m a g n i tude s  and c o l o u r s  a r e  V = 1 4 .2 ,  (B-V) = 2 .1  

and (U-B) = 0 . 6 ;  t y p i c a l  r a d i o  f l u x  d e n s i t i e s  f o r  t h e  c e n t r a l  p o i n t  

p l u s  t h e  e x t e n d e d  s o u r c e s  a r e  l J y  a t  11 and 20 cm, 0 . 5 J y  a t  3 .7  and 6 cm 

and 0 . 2 Jy  a t  2 cm; the  X - ray  f l u x  i s  5yJy i n  the  2-10 keV r a n g e .

(Margon 1984 and r e f e r e n c e s  t h e r e i n ) .  The s o u r c e ,  however ,  shows 

e x t e n s i v e  p e r i o d i c  and a p e r i d o c  v a r i a t i o n s  i n  a l l  t h e s e  w a v e le n g th  

r e g i o n s .  The e s t i m a t e d  b o l o m e t r i c  l u m i n o s i t y  i s  a - lO ^  e r g  s  ̂ (Wagner,

1986) .

The b i n a r y  o r b i t a l  p e r i o d  i s  13 .081  ± 0 .0 0 3  days and t h e  p r e c e s s i o n  

p e r i o d  i s  162 .5  ± 0 .2 5  days (Kemp e t  a l . , 1986) .  However , t h e  p r e 

c e s s i o n  p e r i o d  does show s i g n i f i c a n t  i n s t a b i l i t y  (Anderson ,  Margon and 

G r a n d i ,  1983b) .

1 .2  O p t i c a l  and I n f r a r e d  O b s e r v a t i o n s

1 . 2 . 1  D o p p le r  S h i f t e d  S p e c t r a l  L ines

The 'm ov ing '  l i n e s  have  been  o b s e rv e d  by 2 main g r o u p s : Mammano,

C i a t t i  and c o l l e a g u e s  a t  As iago  and Margon and c o l l e a g u e s  p l u s  a number 

o f  i n d e p e n d e n t  o b s e r v e r s  ( s e e  C o l l i n s  and Newsom, 1986 and r e f s ,  t h e r e i n ) .  

I n  t h e  o p t i c a l  r e g i o n  Ba lmer  and Hel l i n e s  a r e  o b s e r v e d ,  w h i l e  Pashen
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and B r a c k e t t  l i n e s  a r e  o b s e rv e d  i n  t h e  IR ( A l l e n  1979, McAlay and 

McLaren 1980) .  No H e l l  l i n e s  have  been  o b s e r v e d  i n  D o p p le r  s h i f t e d  

s e t s ,  a l t h o u g h  t h e s e  a r e  p r e s e n t  i n  t h e  s t a t i o n a r y  s p e c t r u m  which  must  

be a c l u e  t o  j e t  e x c i t a t i o n  p r o c e s s e s .  No heavy  e le m e n t  s h i f t e d  l i n e s  

h a v e  been  o b s e rv e d  i n  the  o p t i c a l / l R  r a n g e ,  though t h i s  i s  p r o b a b l y  due 

t o  l a c k  o f  s e n s i t i v i t y  s i n c e  t h e  s t r e n g t h  o f  the  Hel f e a t u r e s  i s  

c o n s i s t e n t  w i t h  a normal  H/He r a t i o .  The s h i f t e d  l i n e s  a r e  u n p o l a r i s e d  

( L i e b e r t  e t  a l . ,  1979) .  F i g u r e  1 g i v e s  an example o f  an o p t i c a l  s p e c t r u m .

P h o t o g r a p h i c  p l a t e s  do n o t  show t h e s e  l i n e s  w e l l  b e c a u s e  o f  t h e i r  

b r e a d t h  and i r r e g u l a r i t y .  However , modern s p e c t r o p h o t o m e t r i c  d e v i c e s  

g i v e  good r e s u l t s .  The moving l i n e s  have  a t y p i c a l  b a s e  w id th  o f  a 

few th o usa nd  kms  ̂ w h i l e  t h e  p r o f i l e s  range  from a lm o s t  p e r f e c t l y  

G a u s s i a n  (Margon e t a l .  , 1984) t o  h i g h l y  complex (Margon e t  a l . ,  1979a);  

Margon,  Grandi  and Dowoes 1980; Murdin,  C la rk  and M a r t i n  1980) .  A l l  

t h e  l i n e s  i n  one j e t ,  however ,  have  th e  same p r o f i l e  a t  a g iv e n  t im e .  

Sometimes t h e  r e d  and b l u e  l i n e s  a r e  m i r r o r  images ,  b u t  t h i s  i s  n o t  

a lways t h e  c a s e  (Margon e t  a l . ,  1979 ( a )  and ( b ) ) .  The v e l o c i t y  

s t r u c t u r e  o f  t h e  l i n e s  can change on a t i m e s c a l e  o f  days as can th e  

i n t e n s i t y  which i s  t y p i c a l l y  a t h i r d  o f  t h e  u n s h i f t e d  l i n e s .  The 

moving l i n e s  can d i s a p p e a r  c o m p l e t e l y  i n  10-24 h r s  and r e a p p e a r  j u s t  

as  q u i c k l y .  The p r o f i l e  symmetry and d i s a p p e a r a n c e / r e a p p e a r a n c e  e p i s o d e s  

a r e  s y n c h r o n i s e d  i n  the  r ed  and b l u e - s h i f t e d  sys tems  w i t h  a t ime d e l a y  

l e s s  t h a n  1 day,  im p l y in g  t h a t  l e s s  t h a n  102 AU s e p a r a t e s  t h e  two r a d i a t i n g  

r e g i o n s  (Margon e t  a l . ,  1984) which i s  comparable  t o  t h e  l e n g t h  o f  each 

o p t i c a l l y  r a d i a t i n g  j e t  as i n f e r r e d  from the  b r i g h t n e s s  t e m p e r a t u r e  

(D av idson  and McCray 1980) .  While  t h e  moving l i n e s  can be a b s e n t  f o r  a 

few days t h e r e  i s  no e v id e n c e  f o r  p e r io d s  o f  months when t h e s e  l i n e s  a r e  

m i s s i n g .



I n  some s e r i e s  o f  s p e c t r a ,  t h e  l i n e s  do n o t  seem t o  move as a u n i t .  

R a t h e r ,  each  l i n e  seems t o  be  made up o f  s m a l l e r ,  n a r r o w e r  l i n e s  which 

do n o t  change t h e i r  p o s i t i o n  b u t  i n c r e a s e  and d e c r e a s e  i n  i n t e n s i t y  i n  

s e q u e n c e .  Th is  h a s  been  d e s c r i b e d  i n  terms o f  ' s h a d o w s '  o r  ' b u l l e t s '  

(Margon e t  a l . ,  1979b) ;  Murdin,  C la rk  and M a r t i n  1980)  i m p l y in g  t h a t  

t h e  j e t s  a r e  n o t  c o n t i n u o u s  smooth s t r e a m s  ( c f .  a l s o  r a d i o  o b s e r v a t i o n s ) .  

This  e f f e c t  i s  n o t  a lways o b s e rv e d .

Assuming a d i s t a n c e  d > 3.5  kpc and a v a lu e  o f  E_ TT > 1 .4  f o r  the
'X) r B-V 'X)

r e d d e n i n g  o f  SS433, Begelman e t  a l . ,  (1980)  e s t i m a t e d  t h e  l u m i n o s i t y

o f  each  beam t o  be ^  5 x 10 ^  ( d / 3 . 5  k p c ) 2 e rg s   ̂ ( c f .  a l s o  Davidson

and McCray, 1980) .  F u r t h e r ,  they  p ropose  t h a t  t h e  e m i s s i o n  l i n e s  a r e

e x c i t e d  by th e  i n t e r a c t i o n  o f  t h e  beams w i th  t h e  a m b ie n t  g a s .  Th is

g i v e s  a lower l i m i t  on th e  k i n e t i c  l u m i n o s i t y  o f  t h e  j e t s  as ^  10 ̂

^ -1
( d / 3 . 5  k p c ) 2 e r g  s , assuming an open in g  an g le  o f  0 . 1  r a d i a n s  f o r  the

beams and t h a t  10% o f  t h e  a b s o rb e d  e n e rg y  i s  e m i t t e d  i n  H . V a r iousa

e s t i m a t e s  f o r  t h e  j e t  k i n e t i c  l u m i n o s i t y  r a n g e  from 1 0 t o 101*2 e r g  s ^

f o r  mass l o s s  r a t e s  i n  the  r e g i o n  5 x 10 ^  t o  5 x 10 M y r  ^W

(Watson e t  a l . , 1983) w i t h  the  uppe r  end o f  t h e  r a n g e  p r e f e r r e d .  Th is  

i s  comparab le  w i t h  t h e  en e rg y  needed t o  d i s t o r t  t h e  shape  o f  W50 

(Begelman e t  a l . ,  1980) .

1 . 2 . 2  The S t a t i o n a r y  Spec trum

This  i s  t h e  s e t  o f  e m i s s i o n  and a b s o r p t i o n  l i n e s  which  do n o t  s h a r e  

t h e  l a r g e  p e r i o d i c  D o p p le r  s h i f t s .  These l i n e s  a r e  imposed  on an e x t r e m e l y  

r e d  con t inuum,  p r o b a b l y  due t o  i n t e r s t e l l a r  e x t i n c t i o n  ( s e e  b e lo w ) .  The 

s p e c t r u m  i s  dom ina ted  by i n t e n s e ,  b r o a d  Balmer and He I  e m i s s i o n  l i n e s .

Most o f  t h o s e  who have  s t u d i e d  t h e  moving l i n e s  have  a l s o  s t u d i e d  the
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s t a t i o n a r y  component.

The Balmer e m i s s io n  l i n e s  a r e  h i g h l y  v a r i a b l e  i n  e q u i v a l e n t  w id th  

and ,  p r o b a b l y ,  a b s o l u t e  i n t e n s i t y  b o th  p e r i o d i c a l l y  and a p e r i o d i c a l l y  

(A nderson ,  Margon and Grand i  1983a;  Falomo e t  a l . , 1987) .  The l a t t e r  

a l s o  show t h a t  t h e  l i n e  p r o f i l e s  a r e  complex and v a r i a b l e  on t im e -  

s c a l e s  as s h o r t  as 15 m i n s . The s p e c t ru m  a l s o  d i s p l a y s  H e l l  A 4686 and 

A10,124 e m i s s io n  and the  C I I I / N I I I  A6640-50 e m i s s i o n  b l e n d  which  i s  

a t t r i b u t e d  i n  X- ray  s o u r c e s  t o  t h e  Bowen f l u o r e s c e n c e  mechanism (M cClin tock  

C a n i z a r e s  and T a r t a r ,  1975) .  01 A 8446 e m i s s i o n  i s  a l s o  p r o m i n e n t .  I t s

s t r e n g t h  i n d i c a t e s  t h a t  i t  may a l s o  be due to  some p r e f e r e n t i a l  e m i s s i o n  

p r o c e s s  such as LB f l u o r e s c e n c e .

I n  1980, Crampton, Cowley and Hu tch ings  r e p o r t e d  a 13 .1  day p e r i o d i c

v a r i a t i o n  i n  the  w a v e len g th  o f  t h e  H e m i s s io n  l i n e s  which l e d  n a t u r a l l y

t o  b i n a r y  s y s te m  models f o r  SS433. The i n i t i a l  mass f u n c t i o n  from the

H e m i s s i o n  l i n e s  was 0 .5  which l e d  t o  models w i t h  mass r a t i o s  a bou t
0

u n i t y ,  c o n t a i n i n g  a low mass unseen  s e c o n d a r y  s i n c e  t h e  l a r g e  m a j o r i t y  

o f  b r i g h t  g a l a c t i c  X- ray  s o u r c e s  c o n t a i n  n e u t r o n  s t a r s  o f  1 M . However , 

Crampton and H u t c h in g s ,  1981 showed t h a t  t h e  H e l l  A4686 e m i s s i o n  l i n e  

h a s  p e r i o d i c  v a r i a t i o n s  a l s o  o f  13.1 days b u t  w i t h  a s u b s t a n t i a l l y  

d i f f e r e n t  a m p l i t u d e  and phase  to  t h e  Balmer e m i s s i o n .  I f  t h i s  v a r i a t i o n  

i n d i c a t e s  t h e  t r u e  s y s te m  o r b i t ,  t h e  mass f u n c t i o n  i s  11 M@, which 

n e c e s s i t a t e s  a m ass iv e  e a r l y - t y p e  companion.

S inc e  i n  o t h e r  X-ray  b i n a r i e s  t h e  H e l l  e m i s s i o n  o r i g i n a t e s  f rom the  

immedia te  v i c i n i t y  o f  t h e  compact  o b j e c t  and s i n c e  t h e  o r b i t a l  m o t ion  o f  

t h e  H e m i s s io n  o c c a s i o n a l l y  becomes u n d e t e c t a b l e ,  Crampton and H u t c h i n g s ,  

(1981)  a rgue  t h a t  the  H e l l  v a r i a t i o n  shows th e  t r u e  r a d i a l  v e l o c i t y  c u rv e .  

Th is  i s  con f i rm e d  by bo th  p h o to m e t r y  and the  d i s k  ' n o d d i n g '  m o t i o n s .



N e g l e c t i n g  the  i n t e r s t e l l a r  a b s o r p t i o n  l i n e s ,  t h e  s p e c t r u m  i s  

d e f i c i e n t  i n  a b s o r p t i o n  f e a t u r e s .  However ,  t h e  Hel and Balmer l i n e s  do 

show weak b u t  s i g n i f i c a n t  P-Cygni  a b s o r p t i o n  w i n g s .  These  a r e  more 

p ro m in e n t  i n  Hel b u t  t h e  s t r o n g  Balmer e m i s s i o n  may mask s t r o n g  a b s o r 

p t i o n .  The on ly  o t h e r  p r o m in e n t  a b s o r p t i o n  f e a t u r e s  a r e  o f  v e ry  low 

e x c i t a t i o n  v i z .  F e l l  A5159 and 01 A7773. These f e a t u r e s  a r e  h i g h l y  

v a r i a b l e  i n  i n t e n s i t y  b u t  can be  q u i t e  s t r o n g  Margon e t  a l . ,  1 9 7 9 ( b ) .  

Weaker F e l l  l i n e s  i n  t h e  same m u l t i p l e t  have  be e n  r e p o r t e d  (Crampton ,  

Cowley and H u t c h in g s ,  1980) .  Such a b s o r p t i o n  f e a t u r e s  a r e  o f t e n  s e e n  

i n  A-F s u p e r g i a n t s  and s h e l l  s t a r s .  The F e l l  a b s o r p t i o n  e q u i v a l e n t  

w i d t h  i s  phase  dependen t  on the  p r e c e s s i o n  (Margon,  1984 and r e f e r e n c e s  

t h e r e i n ) .  The maximum a b s o r p t i o n  s t r e n g t h  o c c u r s  when t h e  moving l i n e s  

a r e  n e a r  e q u a l  D opp le r  s h i f t ,  i . e .  t h e  t im e  when t h e  a c c r e t i o n  d i s k  would 

be edge on.  T h e r e f o r e ,  t h e  l i n e s  cou ld  come from c o o l  m a t t e r  i n  t h e  

d i s k  o r  r e f l e c t  t h e  p h o t o m e t r i c  v a r i a t i o n  o f  t h e  d i s k .

Even w i t h o u t  t h e  moving l i n e s  t h e  s p e c t r u m  i s  u n i q u e .  The b r o a d  

e m i s s i o n  l i n e s  a r e  l i k e  sys te m s  dom in a ted  by a c c r e t i o n  d i s k s  b u t  t h e r e  

a r e  a l s o  f e a t u r e s  i n  common w i th  c e r t a i n  e a r l y - t y p e  s t a r s  u n d e rg o i n g  

c o n s i d e r a b l e  m a s s - l o s s .  There  i s ,  t h e r e f o r e ,  an ongo ing  d e b a t e  as to  

how much each  o b j e c t  c o n t r i b u t e s  t o  t h e  t o t a l  l i g h t  o f  t h e  sys tem .

1 . 2 . 3  I n t e r s t e l l a r  L in e s  and E x t i n c t i o n

As can be s e e n  ev e n  by eye  from p h o t o g r a p h s ,  the  e x t i n c t i o n  i n  t h e  

r e g i o n  a b o u t  SS433 i s  l a r g e  and p a t c h y .  Hence methods which  d e t e r m i n e  

t h e  r e d d e n i n g  v e ry  n e a r  t o  o r  c o i n c i d e n t  w i t h  t h e  s t a r  c l e a r l y  a r e  

p r e f e r r e d ,  a l t h o u g h  as many i n d e p e n d e n t  e s t i m a t e s  as p o s s i b l e  s h o u l d  be 

made .
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The p ro m in e n t  i n t e r s t e l l a r  l i n e s  and bands  which a p p e a r  i n  the  

s p e c t r u m  c o n f i r m  t h a t  m os t ,  o r  a l l ,  o f  t h e  r e d n e s s  o f  t h e  con t inuum 

must  be  due t o  e x t i n c t i o n .  Among th e  s t r o n g  f e a t u r e s  a r e  t h e  4430, 

5778 /80  and 6284 R d i f f u s e  i n t e r s t e l l a r  bands  and Ca H, K and Na D (Margon 

e t  a l . ,  1979a) ;  Murdin,  C l a r k  and M a r t i n ,  1980) .  Numerous weak f e a t u r e s  

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

The r e d d e n i n g  can be  e s t i m a t e d  from t h e  c o r r e l a t i o n  o f  e x t i n c t i o n  

w i t h  the  e q u i v a l e n t  w i d t h  o f  t h e  i n t e r s t e l l a r  f e a t u r e s  ( C l a r k  and Murdin ,  

1978; Margon e t  a l . ,  1 9 7 9 ( a ) ;  M urd in ,  C l a r k  and M a r t i n ,  1 9 80 ) .  However , 

such  r e l a t i o n s  a r e  known t o  h a v e  l a r g e  s c a t t e r  and so  t h i s  method has  

l i m i t e d  r e l i a b i l i t y .  Decrements  i n  t h e  e m i s s i o n  s p e c t r u m  o f  t h e  o p t i c a l  

f i l a m e n t s  o f  W50 ( K i r s h n e r  and C h e v a l i e r ,  19HO; Murdin and C l a r k  1980) 

p r o v i d e  a n o t h e r  e s t i m a t e ,  b u t  f i l a m e n t s  b r i g h t  enough f o r  s p e c t r o s c o p y  

a r e  n o t  c l o s e  t o  SS433 which i n t r o d u c e s  u n c e r t a i n t y .  S t u d i e s  o f  t h e  

e x t i n c t i o n  o f  s t a r s  n e a r  t h e  f i e l d  have  s i m i l a r  d i f f i c u l t i e s  (Crampton ,  

Cowley and H u t c h i n g s ,  1980) .  The low e ne rgy  t u r n o v e r  i n  t h e  X-ray  

sp e c t r u m  g i v e s  i n f o r m a t i o n  on t h e  r e d d e n i n g  ( M a r s h a l l  e t  a l . ,  1979; 

S e a q u i s t  e t  a l . , 1982) b u t  t h i s  i s  convo lv ed  w i t h  t h e  u n c e r t a i n  i n t r i n s i c  

s o u r c e  s p e c t r a l  shape  and p o s s i b l e  c i r c u m s t e l l a r  X - ray  o p a c i t y .  I n f r a r e d  

s p e c t r o p h o t o m e t r y ,  g i v i n g  a com par ison  o f  B r a c k e t t  t o  Balmer e m i s s i o n -  

l i n e  r a t i o s  s h o u l d  be  r e a s o n a b l y  a c c u r a t e  u n l e s s  QSO c o m p l i c a t i o n s  a r e  

a p p l i c a b l e  t o  SS433 (Thomson e t  a l . ,  1979;  McAlary and McLaren,  1980) .  

F i n a l l y ,  t h e  cont inuum s l o p e  can  be  f i t t e d  by a c o m b i n a t i o n  o f  u n d e r l y i n g  

s p e c t r a l  t y p e ,  r e d d e n i n g  l aw s ,  r e d d e n i n g  m ag n i tu d e s  and v a r i a b l e  amounts 

o f  l i g h t  o f  v a r i a b l e  s p e c t r a l  s l o p e  from, f o r  example t h e  a c c r e t i o n  d i s k .  

Th is  may be t h e  most s o p h i s t i c a t e d  approach  b u t  i t  a l s o  h a s  most  f r e e  

p a r a m e t e r s .  Margon,  1984 recommends u s i n g  A^ -  8 mag. Most  o f  t h e  above 

methods g i v e  r e s u l t s  which a r e  c o m p a t ib l e  w i t h  t h i s  f i g u r e .
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1 . 2 . 4  Pho tom e t ry

Both b roadband  and na rrowband  work h a s  been  r e p o r t e d  on SS433 

( f o r  r e f e r e n c e s  s e e  Margon 1984, Kemp e t  a l . , 1986) .  The o b j e c t  i s  

v a r i a b l e  on v i r t u a l l y  a l l  t i r a e s c a l e s  o b s e r v e d  e x c e p t  0 . 1  ms t o  I s .  Most 

o f  t h e  v a r i a t i o n  i s  due t o  genu ine  con t inuum  v a r i a t i o n s  and n o t  t o  the  

moving s p e c t r a l  l i n e s  p a s s i n g  th rough  th e  b a n d p a s s .  The p r e c e s s i o n  

p e r i o d  and t h e  o r b i t a l  p e r i o d  w i t h  i t s  f i r s t  h a rm on ic  a r e  c l e a r l y  s e en  

(Mazeh e t  a l . , 1987) .  The p r e c e s s i o n  l i g h t  cu rve  depends s i g n i f i c a n t l y  

on th e  o r b i t a l  phase  (Kemp e t  a l . ,  1986,  F i g . 4) b u t  t h e  shape  seems t o  

r e q u i r e  a g e o m e t r i c a l l y  t h i c k  d i s k .  The o r b i t a l  l i g h t  cu rve  i n d i c a t e s  

m u tua l  e c l i p s e s  o f  t h e  companion s t a r  and a c c r e t i o n  d i s k  (Kemp e t  a l . ,  

and r e f e r e n c e s  t h e r e i n ) .  The p r im a ry  minimum o f  the  13 day v a r i a t i o n  

a g r e e s  w i t h  t h e  phase  o f  maximum p o s i t i v e  r a d i a l  v e l o c i t y  o f  the  

’ s t a t i o n a r y 1 Balmer e m i s s i o n  l i n e s .  Th is  i s  t a k e n  as  o r b i t a l  phase  

0.  J o i n t  o p t i c a l  and X- ray  o b s e r v a t i o n s  ( S t e w a r t  e t a l . ,  1986) show t h a t  

the  13 day X - ray  l i g h t  curve  has  a minimum a t  o r b i t a l  phase  0.  S ince  

the  X - ray  s o u r c e  i s  p a r t i a l l y  o b s c u re d  a t  t h i s  p h a s e ,  t h e  p r im a ry  minimum 

c o r r e s p o n d s  to  the  e c l i p s e  o f  the  d i s k  by t h e  ( d a r k e r )  s t a r .  The z e ro  

phase  o f  t h e  6 .3  day 'n o d d i n g  m o t i o n '  o f  t h e  D o p p l e r - s h i f t e d  l i n e s  (Katz  

e t  a l . ,  1982) i s  o f f s e t  f rom th e  p r im a ry  minimum by 'M3.25 i n  o r b i t a l  

p h a s e ,  e x a c t l y  t h e  same as t h e  o f f s e t  o f  t h e  H e l l  e m i s s i o n  l i n e  v a r i a t i o n  

from t h e  Balmer.  S in c e  t h e  ' n o d d i n g  m o t i o n 1 must o r i g i n a t e  f rom the  

v i c i n i t y  o f  t h e  compact  o b j e c t  t h e  H e l l  e m i s s i o n  must  r e f l e c t  the  t r u e  

o r b i t a l  m o t io n .  Hence th e  t r u e  mass f u n c t i o n  must  be 11 M^.

The 6 .2 8  day 'n o d d i n g  m o t i o n '  o f  t h e  d i s k  a l s o  a p p e a r s  i n  t h e  p h o t o 

m e t r y ,  b e i n g  th e  s t r o n g e s t  b e a t  f r e q u e n c y .  The r a t i o  o f  the  a m p l i t u d e  

o f  t h e  6 . 2 8  t o  162 day p h o t o m e t r i c  v a r i a t i o n s  i s  * / 3 ,  ^ 5  t im es  the
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c o r r e s p o n d i n g  r a t i o  o f  the  r a d i a l  v e l o c i t y  v a r i a t i o n s  (Mazeh e t  a l . ,

19 87 ) .  There  i s  a l s o  a phase  d e l a y  o f  a bou t  1 day be tw een  th e  p h o t o 

m e t r i c  and r a d i a l  v e l o c i t y  maxima. Both t h e s e  l a s t  e f f e c t s  can be 

e x p l a i n e d  by t h e  way i n  which t h e  n o d d in g  m ot ion  i s  t r a n s m i t t e d  from

t h e  o u t e r  to  t h e  i n n e r  r i n g s  o f  t h e  d i s k .  (Katz  e t  a l . ,  1982; Matese

and W hi tm i re ,  1982; C o l l i n s  and Newsom, 1986) .

I n f r a r e d  p ho tom e t ry  o f  SS433 h a s  been  r e p o r t e d  by a number o f  

o b s e r v e r s  ( K o d a i r a ,  Nakada and Backman, 1985 and r e f e r e n c e s  t h e r e i n ) .  

The i n f r a r e d  l i g h t  cu rve  f o r  t h e  p r e c e s s i o n  p e r i o d  i s  s i m i l a r  t o  t h e  

o p t i c a l  cu rve  and i s  c o n s i s t e n t  w i t h  l i g h t  m o d u la t i o n s  due t o  t h e  

ch a n g in g  a s p e c t  o f  a p r e c e s s i n g  a c c r e t i o n  d i s k .  The e c l i p s e s  s e e n  in  

t h e  o r b i t a l  i n f r a r e d  l i g h t  cu rv e  a l s o  i n d i c a t e  t h a t  t h e  d i s k  i s  the  

more luminous s o u r c e .  E v idence  f o r  s h o r t  t i m e s c a l e  f l u c t u a t i o n s  i n

t h e  i n f r a r e d  on t i m e s c a l e s  f rom days down t o  a t  l e a s t  10 m in u te s

ha v e  a l s o  been  r e p o r t e d  ( K o d a i r a  and Lenzen ,  1983;  K o d a i r a ,  Nakada 

and Backman, 1985) .

1 . 2 . 5  P o l a r i s a t i o n

I n i t i a l  a t t e m p t s  t o  d e t e c t  p o l a r i s e d  r a d i a t i o n  from SS433 were 

u n s u c c e s s f u l .  L i e b e r t  e t  a l . ,  1979 found no c i r c u l a r  p o l a r i s a t i o n  i n  

r e d  l i g h t  w h i l e  Thompson e t  a l . ,  1979 found p = 0.1% i n  t h e  i n f r a r e d .  

O t h e r  o b s e r v e r s  r e p o r t e d  l i n e a r  p o l a r i s a t i o n  o f  3 t o  4 p e r c e n t  b u t  

a t t r i b u t e d  i t  m o s t l y  t o  i n t e r s t e l l a r  p o l a r i s a t i o n .  However,  more 

a c c u r a t e  measurements  by McLean and T a p i a  (1980)  r e v e a l e d  t im e v a r i a t i o n  

which  i m p l i e d  t h a t  a t  l e a s t  p a r t  o f  t h e  o b s e rv e d  l i n e a r  p o l a r i s a t i o n  i s  

i n t r i n s i c  t o  t h e  s o u r c e .  F u r t h e r  o b s e r v a t i o n s  s t r o n g l y  s u g g e s t  t h a t  

t h e  p r e c e s s i o n  p e r i o d  was p r e s e n t  i n  t h e  d a t a  (McLean and T a p i a ,  1981)



14

and a l l o w e d  f o r  t h e  f i r s t  a n a l y s i s  o f  t h e  d a t a  u s i n g  s im p l e  o p t i c a l l y  

t h i n  e l e c t r o n  s c a t t e r i n g  m odels .  McLean and T a p i a  (1981)  found t h a t  the  

d a t a  were  c o m p a t ib l e  w i t h  j e t  s c a t t e r i n g  models  o f  h i g h  i n c l i n a t i o n  

(55 ^  i  ^  80 ) and w i t h  d i s k  o r  r i n g  s c a t t e r i n g  f o r  i  > 5 0° .  However , 

t h e  d a t a  s e t  was s t i l l  t oo  s m a l l  t o  d e t e r m i n e  f r e e  p a r a m e t e r s  w i t h  

any s i g n i f i c a n c e .

Efim ov ,  P i i r o l a  and Shakhovskoy (1984)  have  a l s o  o b s e r v e d  the  l i n e a r  

p o l a r i s a t i o n  o f  SS433 i n  a number o f  wavebands and t h e y  c o n f i r m  the  

p r e s e n c e  o f  t h e  f i r s t  and second  ha rm on ics  o f  t h e  p r e c e s s i o n  p e r i o d ,  

t h e  f i r s t  ha rm on ic  b e i n g  dom in an t .  They a l s o  found t h a t ,  i n  the  R and I 

w a v e l e n g t h  r e g i o n ,  the  mechanism p r o d u c i n g  t h e  c h a n g in g  p o l a r i s a t i o n  i s  

n e a r l y  w a v e le n g th  i n d e p e n d e n t  and t h a t  a s i g n i f i c a n t  p a r t  o f  t h i s  p o l a r i 

s a t i o n  i s  due t o  s c a t t e r i n g  from m a t t e r  c o n c e n t r a t e d  towards  the  o r b i t a l  

p l a n e .  They a l s o  s u g g e s t e d  t h a t  t h e  s t r o n g  f i r s t  h a rm o n ic  o f  t h e  p r e 

c e s s i o n  p e r i o d  c o u ld  be due p a r t l y  t o  v a r i a t i o n s  i n  t h e  d i r e c t  u n p o l a r i s e d  

l i g h t .

The p o l a r i s a t i o n  can p r o v id e  i n f o r m a t i o n  on th e  s c a t t e r i n g  geomet ry 

and mechanism ( c f .  Brown e t  a l . ,  1978) .  Hence a n a l y s i s  o f  the  p o l a r i -  

m e t r i c  d a t a  may be u s e f u l  i n  d i s t i n g u i s h i n g  be tw een  t h e  v a r i o u s  models 

p r o p o s e d  f o r  SS433. I n  p a r t i c u l a r ,  f i t t i n g  a p o l a r i s a t i o n  model b a sed  

on t h e  j e t / d i s c  b i n a r y  sy s te m  model  d i s c u s s e d  i n  S e c t i o n  1 . 1 . 1  t o  the  

d a t a  s h o u l d  p r o v i d e  i n d e p e n d e n t  c o n f i r m a t i o n  o f  v a r i o u s  s y s te m  p a r a m e t e r s  

such  as  t h e  i n c l i n a t i o n  o f  the  s y s t e m  and t h e  p r e c e s s i o n  cone a n g l e .

(See  C h a p t e r s  4 and 5 ) .

1 . 3  Rad io  O b s e r v a t i o n s

1 . 3 . 1  C e n t r a l  Source

SS433 h a s  been  o b s e r v e d  a t  r a d i o  w a v e l e n g t h s  by a l a r g e  v a r i e t y  o f



t e c h n i q u e s  a t  many f r e q u e n c i e s .  I t  was p r o b a b l y  f i r s t  o b s e r v e d  by 

Gower, S c o t t  and W i l l s  ( 1 9 6 7 ) ,  t h e  p o s i t i o n a l  d i s c r e p a n c y  a lm o s t  

c e r t a i n l y  due t o  c o n f u s i o n  i n  t h e  crowded r e g i o n .  The p o s i t i o n a l  

c o i n c i d e n c e  be tw een  the  o p t i c a l  o b j e c t  and t h e  r a d i o  s o u r c e  i s  now 

known t o  be l e s s  than  0 . 2 M (Kaplan e t  a l . ,  1980; H j e l l m i n g  and J o h n s t o n e ,  

1 9 8 1 a ) ) .  The c e n t r a l  s o u r c e  has  been  o b s e rv e d  a t  f r e q u e n c i e s  f rom 160 MHz 

t o  a t  l e a s t  22 GHz. The t y p i c a l  s p e c t r a l  i n d e x  a t  h i g h e r  f r e q u e n c i e s  i s  

M ) .6 ,  which i s  common f o r  n o n - t h e r m a l  s o u r c e s  ( S e a q u i s t ,  1981;  H j e l l m i n g  

and J o h n s t o n e ,  1982) .  S e a q u i s t  e t  a l . ,  (1982)  g iv e  a s p e c t r u m  o b t a i n e d  

s i m u l t a n e o u s l y  o v e r  a b r o a d  range  o f  f r e q u e n c i e s .  They show t h a t  the 

s p e c t r u m  f l a t t e n s  and p r o b a b l y  t u r n s  o v e r  a t  f r e q u e n c i e s  be low 300 MHz.

The c e n t r a l  s o u r c e  i n t e n s i t y  i s  h i g h l y  v a r i a b l e  by a t  l e a s t  a f a c t o r  

o f  4 a t  v i r t u a l l y  a l l  w a v e l e n g t h s  on t i m e s c a l e s  as r a p i d  as a day and ,  

o c c a s i o n a l l y  h o u r s  ( eg .  Ryle  e t  a l . ,  1978;  Heeshen and Hammond, 1980; 

S e a q u i s t ,  1981; J o h n s t o n  e t  a l . , 1981,  1984(1. From VLB 1 o b s e r v a t i o n s  

( G e l d z a h l e r ,  Downes and S h a f f e r ,  1981) ,  t h e r e  i s  e v id e n c e  t h a t  ^  5 mas 

i s  a lower l i m i t  to  the  a n g u l a r  s i z e  o f  t h e  c e n t r a l  r a d i o - e m i t t i n g  s o u r c e ,  

a t  10.65  GHz a t  l e a s t .  Th is  a n g u l a r  s i z e  c o r r e s p o n d s  t o  ^ 2 0  AU a t  5 kpc 

( t h e  d i s t a n c e  o f  SS 4 3 3 ) , and so  more r a p i d  v a r i a b i l i t y  a t  t h e s e  h ig h  

f r e q u e n c i e s  i s  n o t  e x p e c t e d .  No a n a lo g  t o  the  o r b i t a l  p e r i o d  has  been  

found .  However , B o n s i g n o r i - F a c o n d i  and B r a c c e s i ,  1986 r e p o r t  a m o d u la t i o n  

o f  a component o f  the  408 MHz f l u x  d e n s i t y  w i t h  t h e  p r e c e s s i o n  p e r i o d .

This  component  a l s o  d i s p l a y s  s h o r t  t i m e s c a l e  v a r i a b i l i t y  and a h ig h  

b r i g h t n e s s  t e m p e r a t u r e  im p ly in g  t h a t  t h e  s o u r c e  has  a s m a l l  s i z e  and i s  

a c o h e r e n t  r a d i a t o r .  The s o u r c e  s i z e  and t h e  p r e c e s s i o n  m o d u la t i o n  o f  

t h e  e m i s s i o n  p l a c e  t h e  s o u r c e  i n  the  c e n t r e  o f  t h e  a c c r e t i o n  d i s k .  From 

t h e  l o c a t i o n  and type  o f  s o u r c e ,  t h i s  component  would seem t o  be d i r e c t
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e v i d e n c e  f o r  t h e  compact  o b j e c t .  B o n s i g n o r i - F a c o n d i  e t  a l . ,  (1986)  

s t u d i e d  f l a r i n g  e p i s o d e s  a t  408 MHz. While  t h e s e  showed no r e l a t i o n  

t o  e i t h e r  t h e  o r b i t a l  o r  the  p r e c e s s i o n  p e r i o d s ,  t h e  on e -d a y  f l a r e  

a c t i v i t y  and one m inu te  v a r i a t i o n s  were c o r r e l a t e d  p o s s i b l y  w i t h  t h e  

p r e c e s s i o n  p e r i o d .

S im u l ta n e o u s  r a d i o  and o p t i c a l  o b s e r v a t i o n s  ( N e i z v e s t n y i , P u s t i l n i k  

and Efremov,  1980; C i a t t i  e t  a l . ,  1981) show t h e  p o s s i b l i t y  o f  c o r r e l a t e d  

b e h a v i o u r  be tw een  th e  two wavebands b u t  c h a o t i c  v a r i a t i o n s  a t  b o t h  wave 

l e n g t h s  and p o s s i b l e  t ime d e la ys  be tw een  th e  o p t i c a l  and r a d i o  v a r i a t i o n s  

make i n t e r p r e t a t i o n  o f  the d a t a  d i f f i c u l t .  The e v i d e n c e  f o r  c o r r e l a t i o n  

be tw een  X - rays  and r a d i o  i s  i n c o n c l u s i v e  s i n c e ,  o f  t h e  two o c c a s i o n s  

when s i m u l t a n e o u s  o b s e r v a t i o n s  were made, one gave e v id e n c e  f o r  c o r r e l a t e d  

b e h a v i o u r  w h i l e  t h e  o t h e r  d id  n o t  ( S e a q u i s t  e t a l . , 1982) .

1 . 3 . 2  Ex tended  Components

I t  became c l e a r  t h a t  a s i g n i f i c a n t  f r a c t i o n  o f  t h e  r a d i o  f l u x  was 

e x t e n d e d  on s p a t i a l  s c a l e s  o f  a few a r c  s e c o n d s ,  and t h a t  t h e  morphology 

was t ime v a r i a b l e ,  soon a f t e r  i n t e n s e  r a d i o  o b s e r v a t i o n s  began ( e g .  S p e n c e r ,

1979) .  Th is  e x t e n d e d  e m i s s io n  i s  p o l a r i s e d  by up t o  20% ( H j e l l m i n g  and 

J o h n s t o n ,  1981a) .  T h i s ,  p l u s  t h e  n o n th e r m a l  s p e c t r a l  i n d e x ,  p o i n t s  to  

h i g h l y  r e l a t i v i s t i c  s y n c h r o t r o n  e m i s s i o n .

Both VLBI and VLA o b s e r v a t i o n s  have been  made (Margon 1984 and r e f s ,  

t h e r e i n ;  F e j e s  1 9 8 6 . ) .  The VLBI work,  w i t h  a s p a t i a l  r e s o l u t i o n  o f  

10-100 mas, can p robe  the  c e n t r a l  en g in e  where t h e  r a d i o - e m i t t i n g  p a r t i c l e s  

a r e  p ro d u ce d .  The VLA r e s o l u t i o n  i s  ^ 1 "  and t h e  volume s t u d i e d  i s  l a r g e  

enough t o  o b s e rv e  t h e  e f f e c t s  o f  the  p r e c e s s i o n  o f  t h e  beams ( b u t  see  

a l s o  F e j e s  1986 ) ,  and hence  t h i s  work i s  an e x c e l l e n t  p robe  o f  t h e  j e t  

k i n e m a t i c s .



The o b s e r v e d  morphology changes m arked ly  on a  t i m e s c a l e  o f  days 

g i v i n g  a c o r k s c r e w 1 p a t t e r n  when p r o j e c t e d  o n to  t h e  sky  t h u s  i d e n t i -  

f y i n g  the  p r e c e s s i o n  a x i s  d i r e c t i o n  f o r  com par ison  w i t h  W50 and w i t h  

p h o to m e t r y  ( F ig u r e  5 ) .  Thi s  morphology can be a n a l y s e d  t o  g i v e  the  

r a d i o  e q u i v a l e n t  t o  the  o p t i c a l  k i n e m a t i c  model ,  as sum ing  t h a t  the  

p a t t e r n  i s  due to  b a l l i s t i c a l l y  c o a s t i n g  m a t t e r  e j e c t e d  from t h e  j e t s .

The r e s u l t s  o f  such an a n a l y s i s  (H j e l l m i n g  and J o h n s t o n  1 9 8 1 ( a ) , ( b ) )  

a g r e e  t o  h i g h  p r e c i s i o n  w i t h  t h o s e  i n f e r r e d  from t h e  o p t i c a l  a n a l y s i s .

The t w i n - j e t  model i s  n o t  a un ique  s o l u t i o n  o f  t h e  o p t i c a l  s p e c t r o 

s c o p i c  o b s e r v a t i o n s .  However, the  agreement  o f  the  o p t i c a l  and r a d i o  

r e s u l t s  and t h e  f a c t  t h a t  the  r a d i o  maps show t h a t  t h e  j e t s  move ou twards  

p r o v i d e s  c o n f i r m a t i o n  o f  t h i s  model .  F u r t h e r ,  the  j e t  l i n e a r  v e l o c i t y  

and t h e  o b s e rv e d  p r o p e r  m otion  o f  t h e  j e t s  g i v e s  t h e  d i s t a n c e  t o  SS433 

as  5 kpc ( e g .  F e j e s  1986 ) .  There i s  no a m b ig u i ty  be tw een  th e  i n c l i n a t i o n  

and t h e  p r e c e s s i o n  cone a n g le s  i n  the  r a d i o  s o l u t i o n ,  which a l s o  g i v e s  

t h e  s e n s e  o f  t h e  j e t  r o t a t i o n  as c lo c k w is e .  However ,  r a p i d  changes i n  

t h e  j e t s ,  i n c l u d i n g  the  e f f e c t s  o f  the  ' n o d d i n g '  m o t ion  c a n n o t  be p r o b e d ,  

by r a d i o  s i n c e  t h e  r a d i o  e m i t t i n g  r e g i o n  i s  too  l a r g e .

1 .4  X- ray  O b s e r v a t i o n s

A r i e l  V made t h e  f i r s t  X-ray  o b s e r v a t i o n s  o f  SS433 i n  1974, 75 

(Seward e t  a l . ,  1976) .  These a u t h o r s  s u g g e s t e d  t h e  a s s o c i a t i o n  o f  the  

X - ray  s o u r c e  w i t h  W50 and,  b e c a u s e  o f  i t s  i n t e n s e  v a r i a b i l i t y ,  s u g g e s t e d  

i t  as a p o s s i b l e  compact  s t e l l a r  r em nant .  I t  was a l s o  o b s e r v e d  by the  

Uhuru s a t e l l i t e  (Forman e t  a l . ,  1978) .  Compared w i t h  o t h e r  b r i g h t  X-ray  

s o u r c e s  i n  the  p l a n e  o f  t h e  g a l a x y ,  n e i t h e r  t h e  A r i e l  n o r  t h e  Uhuru 

o b s e r v a t i o n s  s u g g e s t e d  a n y t h i n g  u n u s u a l  abou t  t h e  o b j e c t .  The t y p i c a l
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o b s e r v e d  f l u x  i s  V io '10 e r g  c m ' V 1 i n  t h e  2-10 keV b a n d ,  b u t  i s  h i g h l y  

v a r i a b l e .  S ince  t h e r e  i s  l i t t l e  c o r r e c t i o n  r e q u i r e d  f o r  i n t e r s t e l l a r  

a b s o r p t i o n  i n  t h i s  band p a s s ,  t h e  X-ray  l u m i n o s i t y  can b e  c o n f i d e n t l y  

e s t i m a t e d  t o  be ' v l O ^  e rg s   ̂ which i s  t r i v i a l  compared t o  t h e  i n f r a r e d  

b o l o m e t r i c  l u m i n o s i t y  ( ^ 1 0 ^  e rg s  \  Wagner , 1986) ,  t h e  k i n e t i c  en e rg y  

o f  t h e  j e t s  ( ^ lO 1*  ̂ e rg s  , Begelman e t  a l . , 1980) and t o  many b i n a r y  

X - ray  s o u r c e s .

M a r s h a l l  e t  a l . ,  (1979)  a n a l y s e d  th e  s p e c t r u m  o f  t h e  s o u r c e  i n  t h e  

2 -30 keV band o b t a i n e d  by the  HEAO-1 A-2 e x p e r i m e n t  b u t  c o u ld  n o t  d i s 

t i n g u i s h  between  th e r m a l  o r  power- l aw s p e c t r a .  However , b o th  models  

r e q u i r e  a p ro m in e n t ,  b road  e m i s s io n  l i n e  a t  6 . 8  keV, t h e  r e s u l t  o f  a 

v a r i e t y  o f  u n r e s o l v e d  t r a n s i t i o n s  o f  h i g h l y  i o n i s e d  i r o n .  The o b s e r v e d  

e q u i v a l e n t  w id th  o f  t h i s  l i n e  (580 eV) i m p l i e s  a t h e r m a l  pl asm a  a t  a 

t e m p e r a t u r e  o f  a bou t  14 keV. A s i m i l a r  f e a t u r e  can be  s e e n  i n  a s p e c t r u m  

from A r i e l  VI ( R i c k e t t s  e t  a l . ,  1981) .  S t r i n g e n t  uppe r  l i m i t s  on Si  

e m i s s i o n  n e a r  1 .9  keV a r e  g iv e n  by G r i n d la y  e t a l . , ( 1 9 8 4 ) .  S in c e  s t r o n g  

S i  e m i s s i o n  i s  e x p e c t e d  f o r  th e r m a l  s o u r c e s  w i t h  kT be tw een  0 .3 5  and

1 .3  keV, th e r m a l  i n t e r p r e t a t i o n s  o f  the  X - ray  e m i s s i o n  must  have  s u b 

s t a n t i a l l y  h o t t e r  p la sm a s .

The E i n s t e i n  o b s e r v a t i o n s  were the  f i r s t  t o  g iv e  i n f o r m a t i o n  on the  

s p a c i  a l  s t r u c t u r e  o f  SS433. X-ray  imaging  o b s e r v a t i o n s  (Seward e t  a l . ,

1980) show t h a t  90% o f  t h e  s o f t  ( 1 - 3  keV) X - ray  f l u x  i s  c o i n c i d e n t  w i th  

t h e  o p t i c a l  o b j e c t  b u t  10% i s  c o n t a i n e d  i n  2 e x t e n d e d  j e t s  c l o s e l y  a l i g n e d  

w i t h  t h e  m a jo r  a x i s  o f  W50. Th is  con f i rm e d  t h e  a s s o c i a t i o n  o f  SS433 

and W50, s t r e n g t h e n e d  the  e v id e n c e  f o r  e j e c t e d  j e t s  and gave a minimum 

age f o r  the  j e t s  o f  a few th o u sa n d  y e a r s .  F u r t h e r  imaging  d a t a  (Watson 

e t  a l . ,  1983) showed t h a t  t h e  sp e c t r u m  o f  the  X- ray  lobes  i s  d i f f e r e n t
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f rom t h a t  o f  t h e  c e n t r a l  s o u r c e ,  which i s  n o t  s u r p r i s i n g  as  t h e  lobe  

e m i s s i o n  must r e f l e c t  t h e  i n t e r a c t i o n  o f  t h e  j e t s  w i t h  t h e  ambien t  

medium.

SS433 i s  h i g h l y  v a r i a b l e  on a number o f  t i m e s c a l e s .  S i g n i f i c a n t  

d a i l y  v a r i a t i o n s  have  been  o b s e rv e d  ( S e a q u i s t  e t  a l . , 1982) some,  b u t  

n o t  a l l ,  o f  which may be c o r r e l a t e d  w i t h  r a d i o  v a r i a b i l i t y .  There  i s  

s t r o n g  e v id e n c e  f o r  v a r i a t i o n  on the  o r b i t a l  p e r i o d ,  i n  p a r t i c u l a r ,  t h e  

l i g h t  curve  shows a p a r t i a l  e c l i p s e  a t  0 phase  as d e f i n e d  by the  

' s t a t i o n a r y '  H e l l  r a d i a l  v e l o c i t y  cu rves  ( G r i n d l a y  e t  a l . , 1984; S t e w a r t  

e t  a l . ,  r e f e r e n c e d  i n  Kemp e t  a l . ,  1986) .  There  were i n s u f f i c i e n t  

o b s e r v a t i o n s  from E i n s t e i n  t o  s e a r c h  f o r  f l u x  v a r i a t i o n s  on th e  p r e c e s s i o n  

p e r i o d  ( G r in d l a y  e t  a l . ,  1984) a l t h o u g h  R i c k e t s  e t  a l . ,  1981 do d i s c u s s  

t h i s  e f f e c t  b a s ed  on th e  more e x te n d e d  A r i e l  V o b s e r v a t i o n s .  No v a r i a 

b i l i t y  on t i m e s c a l e s  l e s s  than  ^300 s h a s  been  o b s e r v e d  s u g g e s t i n g  an 

e x t e n d e d  X-ray s o u r c e .

Two groups (Watson e t  a l . ,  1986; Matsuka ,  Takano and Makish ima,  1986) 

have  r e p o r t e d  o b s e r v a t i o n s  o f  a Dopp le r  s h i f t e d  i r o n  e m i s s i o n  l i n e ,  w i t h  

e n e rg y  s h i f t s  c o n s i s t e n t  w i t h  t h e  k i n e m a t i c  model  o f  t h e  j e t s .  Th is  

i m p l i e s  t h a t  t h e  X-ray e m i t t i n g  m a t e r i a l  i s  a s s o c i a t e d  w i t h  t h e  j e t s .  The 

r e s t  frame e ne rgy  o f  t h e  l i n e s  (6 .7keV) s u g g e s t s  a t h e r m a l  o r i g i n  f o r  the  

l i n e  e m i s s i o n .  F u r t h e r ,  p r e c e s s i o n  phase  de pe nden t  changes  i n  t h e  v i s i 

b i l i t y  o f  t h e  l i n e s  a r e  i n t e r p r e t e d  by Watson e t  a l . ,  (1986)  as b e i n g  due 

t o  o b s c u r a t i o n  by th e  p r e c e s s i n g  a c c r e t i o n  d i s k ,  i m p l y in g  X- ray  l i n e  

e m i s s i o n  i n  a h o t  i n n e r  j e t  r e g i o n .

1 .5  Gamma Ray O b s e r v a t i o n s

Lamb e t  a l . ,  1983 and Lamb (1984)  have  r e p o r t e d  o b s e r v a t i o n s  o f  

na r row  gamma r a y  l i n e s  i n  t h e  low MeV range  i n  t h e  g e n e r a l  d i r e c t i o n  o f
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SS433 and have  i n d i c a t e d  t h i s  o b j e c t  as t h e  most  l i k e l y  s o u r c e  o f  t h e s e  

l i n e s .  However ,  t h e  d e t a i l s  o f  the  e m i s s i o n  p r o c e s s ,  and even  th e  

r e a l i t y  and c o r r e c t  i d e n t i f i c a t i o n  o f  t h e  l i n e s  i n  te rms  o f  n u c l e a r  

t r a n s i t i o n s  a r e  s t i l l  c o n t r o v e r s i a l  (Wheaton e t  a l . ,  1985;  G e l d z a h l e r  

e t  a l . ,  1985) .  A number o f  models have  b e e n  p r o p o se d  f o r  t h e s e  l i n e s  

(Boyd e t  a l . , 1984; Kundt ,  1985; Ramaty e t  a l . ,  1984;  H e i f e r  and 

S a v e d o f f ,  1984) ,  though w i t h o u t  g e n e r a l  agreement  on even  t h e  number 

o f  l i n e s  t h a t  were o b s e rv e d ,  and w i t h  l a c k  o f  p h y s i c a l  s e l f - c o n s i s t e n c y  

o f  some a s p e c t s  o f  t h e  m odels .
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Ha

01 8446-Ha

♦ 6678
He I 6678

He I  7065
He I 5876

- 5876

Na 0-HP SS 433
1979 March 20
z = (0.090, -0.019)

He H 4686

-H y

800070006 0 0 05 0 0 04 0 0 0

Wavelength (A)
Spectrum of SS 433 obtained on 1979 March 20 with the Lick Observatory 3 m Shane reflector. The data have been con.v'crt^  

to flux units via observations of spectrophotometric standard stars from the list of Stone (1977). The principal emission featuresare i eri 
fied, and the prefixes and“ — ” to these labels denote lines in the redshift and blueshift systems, respectively. Stronger interstellar 
telluric absorption features are also labeled. Each division on the ordinate corresponds to 0.83 mag.

F ig u r e  1 : From Margon e t  a l . ,  1 9 7 9 b ) .
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SS433

6000 6500 7000 7500
WAVELENGTH (ANGSTROMS)

The red/infrared spectrum of SS 433 on three of four consecutive nights, obtained with 10 A resolution on the Lick 0.6 m 
reflector. The dramatic changes in both wavelength and profile of the two unidentified emission features flanking H« are well-illustrated 
in this example. He I X5876, 6678, 7065 emission is visible, as are the unresolved interstellar NaD lines and X6284 band. The emission 
bands in the XX6300-6400 range (cf. Fig. 1) are absent on these particular nights. The telluric A and B bands have been indicated. The 
upper, center, and lower panels were observed on 1978 October 23, 24, and 26, respectively.

F ig u r e  2 : From Margon e t  a l . , 1 9 7 9 a ) .



23

1979 1980 19810.20

0.10

0 .05 -

- 0.05

- 0.10-'

3800 4000 4200 4400 4600
z

1981 1982 19830.20r

0.15

0.10

0.05

- 0.05

-  0 . 1 0

- 0.15
560052004600 4800 5000 5400

Julian day - 2 ,4 4 0 ,0 0 0
Doppler shifts of SS 433 on 450 nights in the period 1978-83. The majority of these 

data were obtained by the author and colleagues, supplemented by sources cited in (105). The 
solid curve is a least-squares best fit to the simple “kinematic model” (1). The free parameter 
values and their associated 1 a uncertainties (notation as in 105) for this fit are v/c =  0.2601 
±0.0014, 0 = 19.80°±0.18°, / = 78.82°±0.11°, f0 = JD 2,443,562.27±0.39, P = 162.532 
±0.062 days.

F ig u r e  3 : From Margon, 1984
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I rotation ax is

(a ) Radial infall

rotation axis |

i

(b ) Keplerian motion

rotation axis

(c) Radial outflow

Figure  4 : The th ree  poss ib le  geometries  fo r  the moving systems of  emission
l i n e s  of  SS433. The l i n e  of  s ig h t  i n  each case i s  i n c l i n e d  t o  the 
r o t a t i o n  ax is  by a cons tant  angle .
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04 53 56
JD2444215 JD2444306

o  0 4  5 3  56' JD2444335 JD2444 411

21 .5 s 19h0 9 m21. 4s 2 1 . 3 s 21 . 2 ; 21.1s 2 1 . 5 s 19h0 9 m21. 4s 
Right Ascension (1950.0)

2 1 . 3 5 2 1 . 2 *

VLA radio contour maps of SS 433 at 4885 MHz for / = JD 2,444.215, 2,444,306, 2,444,335, and 2,444,111 arc displayed in a 
form where the unresolved core radio source (small + ) is removed, and the proper motion paths of material ejected at 20 day intervals with 
the parameters of Table 1 are drawn with filled circles. The contour levels correspond to 90, 80, 70, 60, 50, 40, 30, 20, 15, 10, 5, and -5% of 
the peak flux density values of 0.070, 0.030, 0.029, and 0.032 Jy per beam area for JD 2,444,215, 2,444,306, 2,444,306, and 2,444,411 maps, 
respectively.

F ig u r e  5 : From H je l lm in g  and J o h n s to n e ,  1 9 8 1 b ) .
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CHAPTER 2 

PHYSICAL CONDITIONS IN SS433

2 . 1  I n t r o d u c t i o n

We now t u r n  t o  the  p h y s i c a l  problems b a s e d  on t h e  tw in  j e t  and d i s c  

model  f o r  SS433, which i s  t h e  most  w i d e ly  a c c e p t e d  model  ( s e e  C h a p t e r  1 ) .  

B e f o re  d e a l i n g  w i t h  t h e s e  p ro b le m s ,  however ,  we w i l l  d e t a i l  t h e  c o n s t r a i n t s  

imposed  by the  o b s e r v a t i o n s .

2 . 1 . 1  O b s e r v a t i o n a l  C o n s t r a i n t s

35 -1The l u m i n o s i t y  i n  t h e  Ha l i n e  i s  HO e r g  s (Mi lgrom, 1981) ,  w h i l e

39 -1t h e  e s t i m a t e d  b o l o m e t n c  l u m i n o s i t y  co u ld  be as h i g h  as 4 x 10 e r g  s

though  much o f  t h i s  would be o b s c u re d  by the  i n t e r s t e l l a r  e x t i n c t i o n ,  b e in g

m o s t l y  i n  t h e  U o p t i c a l  band and the  unobse rve d  UV ( from o p t i c a l  s p e c t r u m

f i t t i n g ,  Wagner 1986) .  The w id th  o f  the  moving o p t i c a l  l i n e s  i s  H 0 0  X.

4The t e m p e r a t u r e  i n  t h e  o p t i c a l  e m i t t i n g  r e g i o n  o f  t h e  j e t s  must  be HO K,

s i n c e  a h i g h e r  t e m p e r a t u r e  would l e a d  t o  s t r o n g e r  H e l l  l i n e s  t h a n  o b s e rv e d

and we would see  l i n e s  o f  h i g h e r  e x c i t a t i o n  i o n s .  I n  co m p a r i s o n ,  the

h i g h e s t  d i s c  p h o t o s p h e r i c  t e m p e r a t u r e  i s  'MO'^ K ( K a tz ,  1986) as i s  t h e

t e m p e r a t u r e  o f  t h e  i n n e r  r e g i o n s  o f  t h e  j e t s  (Watson e t  a l . .  1986) . I f  the

e m i s s i o n  i s  i n c o h e r e n t ,  t h e  Ha f l u x  and the  e s t i m a t e d  d i s t a n c e  imply a

12low er  l i m i t  o f  ^ 3 x 10 9-i2 cm f o r  the  l e n g t h  o f  t h e  e m i t t i n g  r e g i o n ,

where  0rl i s  t h e  ope n in g  a n g le  o f  t h e  j e t s  i n  u n i t s  o f  0 . 1  r a d i a n ,  which

i s  t h e  i n f e r r e d  open ing  a n g le  (Bodo e t  a l . ,  1985) .  S inc e  changes  i n  t h e  

l i n e s  o c c u r  on t i m e s c a l e s  o f  t h e  o r d e r  o f  a day t h i s  i m p l i e s  t h a t  the  maximum 

l e n g t h  o f  t h e  o p t i c a l  e m i t t i n g  r e g i o n  i s  ^  3 x 101*5 cm. Th is  can be reduc e d  

t o  ^ 7 x lO1^ cm i f  c o h e r e n t  changes a r e  p r o p a g a t e d  a t  t h e  beam v e l o c i t y .

The j e t  v e l o c i t y  i s  r em a rk a b ly  s t a b l e  (Mi lgrom, 1981) and u n i fo r m  i n
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d i r e c t i o n  and magni tude  a c r o s s  t h e  j e t s  (Milgrom, A nderson  and Margon,

1982 ,  Katz  and P i r a n ,  1982) ,  in d ee d  th e  j e t  s p e e d  i s  more s t a b l e  t h a n

i t s  d i r e c t i o n  (Margon 1981; Katz  and P i r a n  1982 ) .  The k i n e t i c  l u m i n o s i t y ,

J e t s  i s  h i g h l y  u n c e r t a i n .  I f  each  atom e m i t s  o n ly  one H p h o ton  
^  2 ^

t h e n  % 4 x 10 e r g  s . O th e r  e s t i m a t e s  f o r  L ( e g .  Milgrom 1981;
K

Bodo e t  a l . , 1985) l e a d  t o  the  c o n c l u s i o n  t h a t  t h e  f i l l i n g  f a c t o r  must  be
/  A 4

v e r y  s m a l l  i f  i s  t o  be much s m a l l e r  th a n  10 e r g  s which i s  h i g h l y  

s u p e r - E d d i n g t o n  even f o r  an o b j e c t  o f  mass 10 M . A lower  l i m i t  f o r  L v 

can be found t h a t  i s  i n d e p e n d e n t  o f  t h e  f i l l i n g  f a c t o r ,  t h e  l e n g t h  o f  t h e  

e m i s s i o n  r e g i o n  and th e  e m i s s io n  mehcnaism ( c f .  Milgrom, 1981) .  S in c e  the  

e m i s s i o n  o f  an pho ton  r e q u i r e s  a p r i o r  e x c i t a t i o n  o r  i o n i z a t i o n ,  an 

e n e r g y ,  E , must  have  been  d e p o s i t e d  i n  t h e  l i n e - e m i t t i n g  g a s .  Un le ss
0  X

t h i s  en e rg y  i s  d e p o s i t e d  i s o t r o p i c a l l y  t h e r e  w i l l  be a s i m u l t a n e o u s  t r a n s f e r

o f  momentum P £ E / c .  However,  t h e  r e l a t i v e  change i n  t h e  t o t a l  momentum ex ex

f l u x  a c r o s s  t h e  e m i t t i n g  r e g i o n  must  be l e s s  t h a n  0 . 1  s i n c e  t h e  o b s e rv e d

v e l o c i t y  s p r e a d  a c r o s s  t h e  r e g i o n  i s  s m a l l .  Th is  i m p l i e s  t h a t  t h e  t o t a l

momentum f l u x  must  exceed  P by a t  l e a s t  t h e  r a t i o  o f  theex  J

v e l o c i t y  o f  t h e  l i n e - e m i t t i n g  gas to  t h e  maximum s p r e a d  i n  t h a t  v e l o c i t y

36 ” 1a l lo w e d  by o b s e r v a t i o n .  This  g i v e s  L > 10 e r g  s ( S h a p i r o ,  Milgrom and
K.

R e e s ,  1986) .

The o b s e r v a t i o n s  o f  t h e  d o p p l e r  s h i f t e d  i r o n  K l i n e s  (Watson e t  a l . ,  

1986;  Matsuoka, Takano and Makish ima,  1986) show t h a t  t h e  d i s c  o b s c u re s  

one o f  t h e  X-ray  e m i s s i o n  r e g i o n s  e x c e p t  ( p o s s i b l y )  when t h e  d i s c  i s  c l o s e  

t o  b e i n g  edge on. Hence the  i n n e r  r e g i o n s  o f  t h e  j e t s  a r e  a t  X-ray  tem

p e r a t u r e  ( ^10^*^ °K).  Depending somewhat on t h e  shape  and t h i c k n e s s  o f

12
t h e  d i s c ,  t h e  l e n g t h  o f  the  X - ray  e m i t t i n g  r e g i o n  must  be $10 cm f o r  

t h i s  o b s c u r a t i o n  t o  o c c u r .  A l s o ,  s i n c e  t h e  X - ray  l i n e s  a r e  o b s e rv e d  to  be
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s h i f t e d  hy t h e  j e t  v e l o c i t y  o f  0 . 2 6 c ,  t h e  j e t s  must  be a c c e l e r a t e d  up t o

t h e  t e r m i n a l  v e l o c i t y  w i t h i n  r  = 1012 cm and b e f o r e  b e i n g  h e a t e d  t o  X- ray

e m i s s i o n  t e m p e r a t u r e s ,  o r  a t  any r a t e  b e f o r e  t h e  X - ray  e m i s s i o n  becomes 

o b s e r v a b l e .

2.  2 The J e t s

There  a r e  3 b a s i c  p h y s i c a l  q u e s t i o n s  r e l a t i n g  t o  t h e  j e t s  o f  SS433:

a )  What i s  t h e  e n e rg y  s o u rc e  o f  t h e  j e t s ?

b )  How a r e  t h e  j e t s  c o l l i m a t e d ?

c)  How a r e  t h e  j e t s  a c c e l e r a t e d ,  and why i s  the  v e l o c i t y  s t a b l e  a t  0 .2 6 c ?

We w i l l  d e a l  w i t h  each  o f  t h e s e  i n  t u r n .

2 . 2 . 1  The e ne rgy  s o u r c e  o f  t h e  j e t s

Two en e rg y  s o u r c e s  have  been  p r o p o se d  t o  power t h e  j e t s  b o th  o f  which 

i n v o l v e  a c e n t r a l  compact  o b j e c t .  These a r e  the  r o t a t i o n  o f  a n e u t r o n  

s t a r  o r  a c c r e t i o n  o n to  a n e u t r o n  s t a r  o r  b l a c k  h o l e .  S inc e  t h e r e  i s  as 

y e t  no e v id e n c e  from o b s e r v a t i o n s  s u g g e s t i n g  the  r a p i d  r o t a t i o n  o f  t h e  

c e n t r a l  s o u r c e  and s i n c e  a c c r e t i o n  i s  n o r m a l ly  invoked  t o  s u p p ly  the  mass 

e j e c t e d  by the  j e t s ,  a c c r e t i o n  powered models  have  been  more p o p u l a r .  In  

a d d i t i o n ,  a v e ry  r a p i d l y  r o t a t i n g  c e n t r a l  n e u t r o n  s t a r  would be needed  to

s u s t a i n  L >>10 y e a r s .  Unless  the  mass f low r a t e  h a s  been  s e v e r e l y
K

o v e r e s t i m a t e d  o r  t h e  compact o b j e c t  i s  e x t r e m e l y  m a s s i v e ,  t h e  E dd in g to n

a c c r e t i o n  l i m i t  must  be exceeded  t o  power the  j e t s ,  i n  a c c r e t i o n - t y p e

38 - 1
m o d e l s ( f o r  a 1MQ o b j e c t  t h e  E dd in g to n  l i m i t  i s  -  1 .25  x 10 e r g  s ) .

2 . 2 . 2  C o l l i m a t i o n  o f  t h e  j e t s

The phase  d i f f e r e n c e  be tw een  the  r a d i a l  v e l o c i t y  and th e  p h o t o m e t r i c  

p r e c e s s i o n  p e r i o d s  i s  e v id e n c e  t h a t  t h e  j e t s  f o l l o w  t h e  normal  t o  t h e  d i s k .



F o r  t h i s  r e a s o n  and s i n c e  t h e  d i s k  p r o v id e s  a n a t u r a l  symmetry p l a n e ,  

i t  h a s  lo n g  been  assumed t h a t  t h e  d i s k  i s  i n v o l v e d  i n  c o l l i m a t i n g  the  

j e t s  (D av idson  and McCray 1980; K a tz ,  1980; S i k o r a  and W i l s o n ,  1981) .  

D e s p i t e  doub t s  as t o  the  s t a b i l i t y  o f  t h i c k  d i s k s  ( s e e  S e c t i o n  2 . 3 . 1 ) ,  t he  

f u n n e l s  formed a lo n g  the  a x i s  o f  a t h i c k ,  s u p e r - c r i t i c a l  a c c r e t i o n  d i s k  

have be e n  s u g g e s t e d  as a c c e l e r a t i o n  r e g i o n s  ( s e e  be low)  and c o l l i m a t o r s  

f o r  t h e  j e t s  ( eg .  Milgrom, 1981; Bodo e t  a l . ,  1985) .  De L a v a l  n o z z l e s  

n e a r  t h e  magnetopause  o f  a m a g n e t i s e d  n e u t r o n  s t a r  have  a l s o  been  p ropose d  

(Begelman and Rees ,  1984) and E i c h l e r ,  (1983)  h a s  a l s o  p o i n t e d  o u t  the  

p o s s i b l e  r o l e  o f  the  ambient  medium.

2 . 2 . 3  J e t  A c c e l e r a t i o n  Mechanism

E a r l y  i n  t h e  s t u d y  o f  SS433, Milgrom, 1979 p o i n t e d  o u t  t h a t  t h e  o b s e rv e d  

v e l o c i t y  o f  t h e  j e t s ,  0 . 2 6 c ,  i s  w i t h i n  a few p e r c e n t  o f  t h e  v a l u e  r e q u i r e d  

t o  d o p p l e r  s h i f t  t h e  hyd rogen  Lyman con t inuum l i m i t  t o  t h e  w a v e le n g th  o f  

L . A l though i t  may be a c o i n c i d e n c e ,  t h i s  has  l e d  t o  models where  the  

a c c e l e r a t i o n  mechanism i s  r a d i a t i v e  a b s o r p t i o n  and t h e  t e r m i n a l  v e l o c i t y  i s  

m a i n t a i n e d  a t  0 . 2 6 c  by the  phenomenon o f  l i n e - l o c k i n g . There  a r e ,  however ,  

a number o f  s e r i o u s  prob lems w i t h  such models ,  n o t  l e a s t  o f  which i s  the  

huge  M r e q u i r e d  by the  i n f e r r e d  k i n e t i c  l u m i n o s i t y .  S h a p i r o ,  Milgrom and 

R e e s , (1986 and r e f e r e n c e s  t h e r e i n )  have  shown t h a t  n o t  on ly  must  t h e  s p e c t ru m  

o f  t h e  u n d e r l y i n g  s o u r c e  e x h i b i t  a Lyman jump, b u t  t h e  d i s c o n t i n u i t y  must  

be  o f  t h e  c o r r e c t  m agn i tu de  f o r  l i n e - l o c k i n g  to  o c c u r  and g i v e  a s t a b l e  

t e r m i n a l  v e l o c i t y .  The l u m i n o s i t y  o f  t h e  s o u r c e  must  be a t  l e a s t  p a r t i a l l y  

c o l l i m a t e d  a lo n g  t h e  j e t  a x i s ,  f o r  i f  i t  was s p h e r i c a l l y  symm etr ic  the  

r e q u i r e d  l u m i n o s i t y  would be h i g h l y  s u p e r - E d d i n g t o n  even f o r  a c e n t r a l  

mass o f  20 MQ. For  Hydrogen l i n e - l o c k i n g , they  found t h a t  t h e  a c c e l e r a t i o n
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13
must  b e g i n  ^  2 x 10 cm from the  c e n t r e  o f  symmetry and t h e  gas must  

be  h i g h l y  clumped ( f o r  r e c o m b in a t io n  t o  keep t h e  gas n e u t r a l )  i f  t h e  r e 

q u i r e d  M i s  t o  be a c c e l e r a t e d  to  the  t e r m i n a l  v e l o c i t y .  They a l s o  

i n v e s t i g a t e d  l i n e - l o c k i n g  w i th  h e a v i e r  e l e m en t s  and found t h a t  t h e  

minimum a c c e l e r a t i o n  d i s t a n c e  and the  r e q u i r e d  c lumping  was r e d u c e d  as 

Z i n c r e a s e d .  I f  t h e  l i n e - l o c k i n g  e lem en t  i s  Fe,  t h e  a c c e l e r a t i o n  d i s t a n c e  

i s  ^10 cm and no c lumping i s  r e q u i r e d  b u t  i f  enough mass i s  t o  be 

a c c e l e r a t e d ,  Fe must  be s i g n i f i c a n t l y  o v e r a b u n d a n t .  They a l s o  found t h a t ,  

f o r  t h e  h e a v i e r  e l e m e n t s , t h e r e  i s  a lower l i m i t  o f  'V/IO^ cm on th e  

a c c e l e r a t i o n  r e g i o n  s i n c e ,  i f  a c c e l e r a t i o n  b e g in s  c l o s e r  t o  t h e  c e n t r a l  

o b j e c t ,  e l e c t r o n  s c a t t e r i n g  w i l l  push the j e t  v e l o c i t y  above the  l i n e -

lo c k e d  l i m i t i n g  v a l u e .  The c o n s t r a i n t  t h a t  the  j e t s  must be a c c e l e r a t e d

12t o  t h e i r  t e r m i n a l  v e l o c i t y  w e l l  w i t h i n  10 cm (Watson e t  a l . ,  1986) 

c e r t a i n l y  r u l e s  o u t  hyd rogen  and a number o f  the  h e a v i e r  e le m en ts  as t h e  

l i n e - l o c k i n g  e l e m e n t .  Also  the  e q u i v a l e n t  w id th  o f  t h e  i r o n  e m i s s i o n  l i n e s  

i n d i c a t e s  normal  cosmic abundances  (Watson e t  a l . ,  1986) which would r u l e  

o u t  l i n e - l o c k i n g  by F As Margon (1984)  p o i n t s  o u t ,  l i n e - l o c k i n g  may a c t  

o n ly  as  a v e l o c i t y  s t a b i l i s e r  i n  a h y b r i d  a c c e l e r a t i o n  mechanism.

Two o t h e r  p o s s i b l e  a c c e l e r a t i o n  mechanisms have  been  p roposed  by 

Begelman and Rees (1984)  and Bodo e t  a l . ,  ( 1 9 8 5 ) .  The fo rm er  a u t h o r s  

p r o p o s e d  a m a g n e t i s e d  n e u t r o n  s t a r  as t h e  c e n t r a l  o b j e c t ,  unde rg o in g  

s u p e r - c r i t i c a l  a c c r e t i o n .  The de Lava l  n o z z l e s  a c t  as e x h a u s t s  f o r  t h e  

e x c e s s  mass which form t h e  j e t s  a c c e l e r a t e d  by e l e c t r o n  s c a t t e r i n g  r a d i a t i o n  

p r e s s u r e .  The power s o u r c e  can be e i t h e r  h i g h l y  inhomogeneous a c c r e t i o n  

o n t o  t h e  n e u t r o n  s t a r ' s  s u r f a c e  o r  t h e  r a p i d  s p i n  o f  t h e  n e u t r o n  s t a r .

The v e l o c i t y ,  and c o l l i m a t i o n  a n g l e ,  o f  t h e  j e t s  a r e  d e te r m in e d  by such 

p a r a m e t e r s  as the  r o t a t i o n  r a t e ,  the  m a g n e t i c  f i e l d  and th e  mass o f  the
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n e u t r o n  s t a r  and t h e  a c c r e t i o n  r a t e .  The v e l o c i t y ,  t h e r e f o r e ,  i s  n o t

c o n s t r a i n e d  t o  be 026c i n  t h i s  model .  I t  s h o u ld  a l s o  be  n o t e d  t h a t  some

a n a l y s e s  o f  t h e  o p t i c a l  l i g h t  cu rve  ( L e i b o w i t z ,  1984) i n d i c a t e  t h a t  t h e

c e n t r a l  o b j e c t  i s  too  mass ive  t o  be a n e u t r o n  s t a r .

Bodo e t  a l . , 1985 have a d a p te d  a w i n d - ty p e  model f i r s t  p r o p o s e d  i n

t h e  c o n t e x t  o f  j e t  a c c e l e r a t i o n  i n  a c t i v e  g a l a c t i c  n u c l e i .  They assume

t h a t  i t  i s  p o s s i b l e  to  form a s t a b l e  t h i c k  d i s k  ( s e e  d i s c u s s i o n  be low i n

S e c t i o n  2 . 3 , 1 )  and t h a t  t h e  gas i n  t h e  d i s k  f u n n e l s  i s  o p t i c a l l y  t h i n .

The gas o f  the  j e t s  i s  a c c e l e r a t e d  i n  t h e  d i s k  f u n n e l s  and t h e  t e r m i n a l

v e l o c i t y  can be a t t a i n e d  a t  d i s t a n c e s  from the  c e n t r a l  o b j e c t  £10 cm.

The e x i t  t e m p e r a t u r e  o f  the  j e t  gas i s  510  ̂ K, c o n s i s t e n t  w i t h  t h e  o b s e rv e d

X-ray  e m i s s i o n  l i n e s  (Watson e t  a l . f 1986) .  The j e t s  t h e n  c o o l  and f r a g m e n t ,

due t o  th e r m a l  i n s t a b i l i t i e s ,  g i v i n g  r i s e  to  c louds  which t h e n  have  the
4

c o r r e c t  t e m p e r a t u r e  ( ^10 K) t o  be t h e  s o u r c e s  o f  t h e  o b s e rv e d  o p t i c a l

moving l i n e s .  However, a t  d i s t a n c e s  cm t h e  c lo ud  w i l l  e v a p o r a t e  due

t o  h e a t  c o n d u c t io n  from t h e  h o t t e r  s u r r o u n d i n g  medium and h e n c e  no f u r t h e r

H e m i s s i o n  can o c c u r .  This  d i s t a n c e  i s  i n  agreement  w i th  t h e  i n f e r r e d  
a

l e n g t h  o f  the  o p t i c a l  j e t s .  Again i n  t h i s  model  t h e r e  i s  no s i n g l e  t e r m i n a l  

v e l o c i t y ,  t h i s  depend ing  on such p a r a m e t e r s  as  t h e  l u m i n o s i t y  o f  t h e  c e n t r a l  

s o u r c e  and t h e  open in g  an g le  o f  t h e  d i s k  f u n n e l s .  I n d e e d ,  t e r m i n a l  v e l o c i t y  

ne e d  n o t  be a c h ie v e d  i f  t h e  mass l o s s  r a t e  i s  too  h i g h  f o r  a  g iv e n  s o u r c e  

l u m i n o s i t y .

2 . 3  The Disc

2 . 3 . 1  D i s c  S t r u c t u r e

A number o f  o b s e r v a t i o n s  s u g g e s t  t h a t  t h e  d i s k  i s  g e o m e t r i c a l l y  t h i c k ,  

such  as the  a m p l i t u d e  and shape  o f  t h e  p r e c e s s i o n  p h o t o m e t r i c  l i g h t  curve  

(Kemp e t  a l . ,  1986 and r e f e r e n c e s  t h e r e i n ) .  I t  ha s  been  s u g g e s t e d  t h a t  the
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d i s k  t h i c k n e s s  i s  as much as t w o - t h i r d s  i t s  d i a m e t e r .  The 6 . 3  day 

n o d d i n g  m otion  a l s o  s u g g e s t s  a t h i c k  d i s k  (Ka tz  e t  a l . , 1982)  s i n c e  t h e  

d i s c  mus t  be h i g h l y  v i s c o u s  t o  r a p i d l y  t r a n s m i t  t h e  n o d d in g  m ot ion  from 

t h e  o u t e r  r i n g s  o f  the  d i s c  to  the  i n n e r  r e g i o n  where  t h e  j e t s  o r i g i n a t e  

and r e s p o n d  to  the  m o t io n .A l s o  many o f  the  j e t  c o l l i m a t i o n  mechanisms i n 

v o l v e  a t h i c k  d i s c .

P a p l o i z u  and P r i n g l e  (1984)  have  c o n s i d e r e d  the  dynam ica l  s t a b i l i t y  

o f  t h i c k  d i s k s .  They show t h a t  such d i s k s  a r e  u n s t a b l e  t o  long  w a v e le n g th  

f l u i d  p e r t u r b a t i o n s  r e f l e c t i n g  a t  t h e  i n n e r  bounda ry  o f  t h e  d i s k .  Such 

i n s t a b i l i t i e s  have a t y p i c a l  growth t ime o f  the  o r d e r  o f  a d i s k  r o t a t i o n  

p e r i o d .  However, ( c f .  Bodo e t  a l . , 1985) ,  t h e  p r e s e n c e  o f  s t r e a m i n g  on to  

t h e  c e n t r a l  o b j e c t  v i o l a t e s  the  boundary  c o n d i t i o n s  and may cause  t h e  

i n s t a b i l i t y  t o  d i s a p p e a r .  Moreover ,  i t  i s  u n c e r t a i n  w h e t h e r  such an 

i n s t a b i l i t y  would in d ee d  d i s r u p t  t h e  d i s k  as i t  may s im p ly  cause  d i s s i p a t i v e  

h e a t i n g .  I n  p r a c t i c e ,  most  a u th o r s  s t i l l  assume t h a t  a s t a b l e  t h i c k  d i s k  

can  e x i s t .

From the  am p l i t u d e  o f  t h e  p r e c e s s i o n  p h o t o m e t r i c  v a r i a t i o n s  and

p l a u s i b l e  e m i s s i v i t y  l i m i t s ,  Anderson ,  Margon and G r a n d i ,  ( 1983a)have

12b e e n  a b l e  t o  i n f e r  the  d i s c  l i n e a r  d im ens io ns  as 'v-lO cm. Th is  i s  

comparab le  t o  the  s e p a r a t i o n  o f  the  s t a r s .  A d i s k  o f  l a r g e  r a d i u s  i s  

r e q u i r e d  i f  the  t o r q u e  on i t  i s  t o  be s i g n i f i c a n t  ( c f .  d i s c u s s i o n  on 

p r e c e s s i o n  mechanism be low ) .

2 . 3 . 2  D isc  P r e c e s s i o n  Mechanism

SS433 i s  n o t  t h e  on ly  o b j e c t  where p r e c e s s i n g  d i s k s  a r e  i n v o k ed ,  

f o r  example ,  the 35 day X-ray  m o d u la t i o n  o f  H e r c u le s  X - l  i s  w i d e ly  

a t t r i b u t e d  t o  d i s c  p r e c e s s i o n .  However, p r e c i s e  m o d e l l i n g  o f  t h e  p r e 

c e s s i o n  mechanism has  n o t  y e t  been  a c c o m p l i s h e d .  The e a r l y  s u g g e s t i o n
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t h a t  t h e  p r e c e s s i o n  mechanism migh t  be i n s t e a d  t h e  r e l a t i v i s t i c  L e n s e -  

T h i r r i n g  e f f e c t  (M a r t in  and Rees 1979; S a r a z i n ,  Begelman and H a t c h e t t ,

1980)  r e q u i r e s  a h i g h l y  compact  d i s k ,  c o n t r a r y  t o  t h e  i n f e r e n c e s  o f  

p h o to m e t r y  and t h e  nodding  m otion  ( s e e  s e c t i o n  2 . 3 . 1  a b o v e ) ,  and t h e r e f o r e  

can p r o b a b l y  be d i s m i s s e d .

The two most  c o n s i d e r e d  mechanisms a r e  c l a s s i c a l  d r i v e n  p r e c e s s i o n ,  

where  t h e  normal  companion e x e r t s  a t o r q u e  on th e  d i s c ,  and s l a v e d  p r e 

c e s s i o n ,  where t h e  compact o b j e c t  causes  t h e  m i s a l i g n e d  companion s t a r  t o  

p r e c e s s  and a s h o r t  r e s i d e n c e  t ime f o r  m a t t e r  i n  t h e  d i s k  a l l o w s  i t  t o  

f o l l o w  t h e  companion s t a r ' s  m o t ion .  I n  bo th  t h e s e  mechanisms th e  d i s k  

p r e c e s s i o n  b e g in s  i n  the  o u t e r  r i n g s  o f  the  d i s k  s i n c e  i n  d r i v e n  p r e c e s s i o n  

t h e  t o r q u e  i s  s i g n i f i c a n t  on ly  f o r  d i s k  r i n g s  o f  l a r g e  r a d i u s  and i n  s l a v e d  

p r e c e s s i o n  i t  i s  the  o u t e r  p a r t  o f  the  d i s k  which i s  d i r e c t l y  s l a v e d  t o  the  

companion s t a r .  The i n n e r  r e g i o n  o f  the  d i s k  th e n  f o l lo w s  t h e  o u t e r  r i n g s  

and the  j e t s  a r e  g e n e r a l l y  assumed to  f o l l o w  th e  i n n e r  r e g i o n  o f  the  

d i s k .  Th is  i s  confirmed by the  phase  d e l a y  be tw een  t h e  p h o t o m e t r i c  nodd ing  

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

p h o t o m e t r i c  maxima appear  b e f o r e  the  r a d i a l  v e l o c i t y  ones (Mazeh e t  a l . ,  1987) .

Both t h e s e  mechanisms have  been  d i s c u s s e d  w i t h  r e s p e c t  to  SS433 ( e . g .

De Campl i ,  1980; K a tz ,  1980; van den H euva l ,  O s t r i k e r  and R e t t e r s o n  1980; 

W hitmire  and Mate se ,  1980; Hut and van den H e uva l ,  1981) .  S l a v e d  p r e 

c e s s i o n  i s  more p o p u l a r ,  i n d e e d  Katz  e t  a l . , ( l 9 8 2 )  c l a i m  t h a t  t h e  o b s e rv e d  

a m p l i t u d e  o f  the  nodding  m otion  f a v o u r s  s l a v e d  o v e r  d r i v e n  p r e c e s s i o n .

However , P a p a l o i z o u  and P r i n g l e  (1982)  p r e s e n t  s t r o n g  argum ents  a g a i n s t  

t h e  p r e c e s s i o n  o f  a gaseous s t a r  o v e r  t ime s c a l e s  l o n g e r  t h a n  t h a t  needed  

t o  c i r c u l a r i s e  the  b i n a r y  o r b i t .  The low o r b i t a l  e c c e n t r i c i t y  ( M3.05 

C o l l i n s  and Newsom, 1986) may, t h e r e f o r e ,  imply t h a t  s l a v e d  p r e c e s s i o n  cannot  

be  o c c u r r i n g  i n  SS433.
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2 . 4  The Compact S t a r

The e j e c t i o n  v e l o c i t y  o f  t h e  j e t s  as w e l l  as  t h e  X - r a y  e m i s s i o n  from 

th e  s y s t e m  have  long  s u g g e s t e d  th e  p r e s e n c e  o f  a compact  o b j e c t ,  e i t h e r  a 

n e u t r o n  s t a r  o r  b l a c k  h o l e .  B o n s i g n o r i - F a c o n d i  and B r a c c e s i  (1986)  a rg u e  

t h a t  d i r e c t  e v id e n c e  o f  such a compact o b j e c t  h a s  be e n  o b s e r v e d  a t  408 MHz.

So f a r  no r a p i d  v a r i a t i o n s  o f  the  type  i n d i c a t i v e  o f  a r o t a t i n g  n e u t r o n  

s t a r  have  been  o b s e r v e d ,  though such an absence  i s  h a r d l y  c o n c l u s i v e .  S ince  

t h e  s y s te m  e c l i p s e s  and i s  a s i n g l e  l i n e  s p e c t r o s c o p i c  b i n a r y ,  t h e  mass o f  

t h e  compact o b j e c t  can t h e o r e t i c a l l y  be e s t i m a t e d  u s i n g  t h e  o b s e r v e d  mass 

f u n c t i o n  and l i g h t  cu rve  s y n t h e s i s .  Although  such m o d e l l i n g  i s  u n c e r t a i n  

as t o  u n iq u e n e s s  and e r r o r  e s t i m a t i o n ,  t h e  r e s u l t s  o f  such t e c h n i q u e s  a p p l i e d  

t o  SS433 have  l e d  t o  e s t i m a t e s  f o r  the  mass o f  the  compact  s t a r  which have  

be e n  bo th  i n c r e a s i n g  and becoming b e t t e r  c o n s t r a i n e d .  (Margon 1984 and 

r e f e r e n c e s  t h e r e i n ;  Watson e t  a l . ,  1986 and r e f e r e n c e s  t h e r e i n ) .  L e i b o w i t z  

(1984)  e s t i m a t e s  the  mass o f  the compact  s t a r  to  be 10-100 M̂  and t h e r e f o r e  

c e r t a i n l y  a b l a c k  h o l e ,  w h i l e  the  companion s t a r ,  an e a r l y  B o r  0 s u p e r -  

m as s iv e  s t a r ,  has  a mass M, i n  the  range  20-50 M such t h a t  M(compact) /M^:>0. 8.
"x (3

The n a t u r e  o f  t h e  compact  s t a r  has  r e l e v a n c e  t o  o t h e r  a s p e c t s  o f  the

s y s te m ,  f o r  example t h e  c o l l i m a t i o n  mechanism and th e  shape  o f  the  d i s c .

The c a u l d r o n  s c e n a r i o  o f  Begelman and Rees (1984)  p r o b a b l y  r e q u i r e s  a n e u t r o n  

s t a r  w h i l e  t h i c k  d i s k  models  may w e l l  r e q u i r e  a c e n t r a l  b l a c k  h o l e .  I n c i 

d e n t a l l y ,  i f  t h e  compact  o b j e c t  i s  a n e u t r o n  s t a r  i t  r e q u i r e s  a s p i n  p e r i o d  

o f  t h e  o r d e r  o f  10 ms i f  i t s  sp in -down t ime i s  t o  be  l o n g e r  t h a n  th e  minimum 

age o f  SS433 ( i f  r o t a t i o n a l  k i n e t i c  e n e rg y  i s  t o  p r o v i d e  ) .

2 .5  Analogous O b je c t s

Few, i f  any,  a s t r o n o m i c a l  o b j e c t s  a r e  t r u l y  u n i q u e .  Hence i t  i s  n o t



u n r e a s o n a b l e  t o  a sk  i f  t h e r e  e x i s t  any o t h e r  o b j e c t s  ana lo g o u s  t o  SS433.

S i n c e  t h e  d i s t a n c e  t o  SS433 i s  measured i n  k i l o p a r s e c s ,  t h e  g a l a c t i c  popu

l a t i o n  o f  such o b j e c t s  i s  p r o b a b ly  on ly  a few a t  m o s t ,  and i t  i s  n o t  

i m p r o b a b le  t h a t  SS433 i s  t h e  on ly  o b s e r v a b l e  example i n  o u r  G a laxy .  None 

o f  t h e  p o s s i b l e  c a n d i d a t e s  so  f a r  s u g g e s t e d  as a n a lo g s  t o  SS433 have  s t o o d  

up t o  s p e c t r o s c o p y  and o b s e r v a t i o n s  a t  many w a v e le n g th s  (Margon,  1984 and 

r e f e r e n c e s  t h e r e i n )  a l t h o u g h  a number have p roved  t o  be v e r y  i n t e r e s t i n g  

i n  t h e i r  own r i g h t .  From e s t i m a t e s  o f  the  a b s o l u t e  l u m i n o s i t y  o f  SS433, 

i t  seems l i k e l y  t h a t  an a na logous  o b j e c t  would be  e a s i l y  o b s e r v a b l e  i n  t h e  

M a g e l l a n i c  C louds ,  and even w i t h i n  t h e  r e a c h  o f  l a r g e  t e l e s c o p e s  i n  M31, 

i f  one knew where t o  s e a r c h .  S ince  the  X- ray  l u m i n o s i t y  o f  SS433 i s  n o t  

r e m a r k a b l e ,  t h e  r a d i o  e m i s s i o n  o r  morphology o r  t h e  p e c u l i a r  o p t i c a l  

e m i s s i o n  l i n e s  would p r o v id e  a more d i s t i n c t i v e  s i g n a t u r e .  I n d e e d ,  s u r e l y  

a n e c e s s a r y  r e q u i r e m e n t  f o r  i d e n t i f i c a t i o n  as an SS433 a n a lo g u e  would be 

o b s e r v a t i o n a l  e v id e n c e  o f  c o l l i m a t e d ,  n e a r - r e l a t i v i s t i c ,  opposed ,  p r e c e s s i n g  

j e t s .  So f a r  t h e r e  a r e  no c o n v in c i n g  g a l a c t i c  c a n d i d a t e s .  I t  i s ,  however ,  

w o r t h  n o t i n g  t h a t  c o l l i m a t e d  r e l a t i v i s t i c  o u t f l o w  i s  t h o u g h t  t o  be the  

b a s i c  phenomenon o c c u r r i n g  i n  a v a r i e t y  o f  a c t i v e  g a l a c t i c  n u c l e i  w i th  the  

s t r o n g  p o s s i b i l i t y  t h a t  p r e c e s s i o n  i s  t h e  cause  o f  t h e  o b s e rv e d  cu rved  r a d i o  

j e t s  ( e g .  Gower and H u t c h i n g s ,  1 9 8 2 a , b ) ;  Gower e t  a l . ,  1982) .  I n d e e d ,  the  

i m p l i c a t i o n  t h a t  SS433 cou ld  be  d i s p l a y i n g  th e  same b a s i c  p h y s i c a l  p r o c e s s e s  

i n  m i n i a t u r e  was a p r im a ry  m o t i v a t i o n  f o r  the  t w i n - j e t  model  ( F a b ia n  and 

R e e s ,  1979) .  I f  t h e  a na logy  be tw een  SS433 and e x t r a g a l a c t i c  j e t s  i s  more 

t h a n  a m o r p h o l o g ic a l  c o i n c i d e n c e  ( c f .  e . g .  Rees 1982) ,  t h i s  would be e x t r e m e l y  

f o r t u n a t e .  Not on ly  can we o b s e rv e  SS433 i n  d e t a i l  w i th  much s m a l l e r  t e l e s 

copes b u t  t h e  t im e  s c a l e  o f  o b s e r v a b l e  changes i n  t h e  SS433 j e t s  i s  many 

o r d e r s  o f  m agn i tu de  f a s t e r  t h a n  i n  e x t r a g a l a c t i c  c a s e s  and we have  a p r e c i s e
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unambiguous measurement  o f  t h e  SS433 j e t  v e l o c i t y  which i s  n o t  n o r m a l ly  

a v a i l a b l e  f o r  e x t r a g a l a c t i c  j e t s .  Hence SS433 may p r o v i d e  us  w i t h  

v a l u a b l e  i n s i g h t  i n t o  t h e  b a s i c  p h y s i c s  o f  such o b j e c t s  as  r a d i o  g a l a x i e s  

and q u a s a r s .
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3 .1  I n t r o d u c t i o n

I n  m o d e l l i n g  the  p o l a r i s a t i o n  due t o  c i r c u m s t e l l a r  s c a t t e r i n g  o f  l i g h t  

f rom a s t e l l a r  sy s te m ,  s e v e r a l  approaches  have  been  u s e d .  One i s  to  s e e k  

s o l u t i o n s o f  t h e  f u l l  r a d i a t i v e  t r a n s f e r  e q u a t i o n s  ( c f .  C h a n d r a s e k h a r ,  1960) 

which  c a n , i n  p r i n c i p l e  t r e a t  an a r b i t r a r y  s o u r c e  shape  and s c a t t e r i n g  

geom et ry .  However, t o  t r e a t  r e l a t i s t i c  c a s e s ,  such an a pproach  n e a r l y  a lways  

r e q u i r e s  v e r y  e l a b o r a t e  n u m e r i c a l  s i m u l a t i o n  o r  Monte C a r lo  t e c h n i q u e s .

Th is  n o t  o n ly  demands l a r g e  amounts o f  compute r  t ime b u t  a l s o  p r e s e n t s  

p rob lems when a t t e m p t i n g  to  f i t  a model t o  t h e  d a t a .  O f t e n  a s e t  o f  p a r a m e t e r s  

can  be  found f o r  which a p a r t i c u l a r  model r e p r o d u c e s  the  d a t a  b u t  l a c k  o f  

t im e  and money can p r e v e n t  a f u l l  s e a r c h  o f  p a r a m e t e r  spa ce  and th e  e s t i 

m a t io n  o f  c o n f i d e n c e  i n t e r v a l s .  There i s  no g u a r a n t e e  t h a t  such a model  i s  

u n i q u e ,  o r  t h a t  the  b e s t  f i t  has  been  found when the  number o f  f r e e  p a r a m e t e r s  

i s  l a r g e .

An a l t e r n a t i v e  approach  i s  to  c o n s i d e r  the  l i m i t i n g  ca se  o f  o p t i c a l l y  

t h i n  s c a t t e r i n g  o f  i s o t r o p i c ,  u n p o l a r i s e d  l i g h t  from a p o i n t  s o u r c e .  Th is  

t r e a t m e n t  i s  more l i k e l y  t o  y i e l d  a n a l y t i c  o r  s e m i - a n a l y t i c  e x p r e s s i o n s  as 

shown f o r  t h e  Thomson ( R a y le i g h )  s c a t t e r i n g  c a se  by ,  f o r  example,  Brown and 

McLean (1977 )and  Brown e t  a l . , ( 1 9 7 8 ) .  A comple te  s e a r c h  o f  p a r a m e t e r  s p a c e  

may s t i l l  be  p r o h i b i t i v e  b u t ,  as shown by Simmons e t  a l . ( 1 9 8 0 ) ,  i n  t h e  

c a se  o f  a b i n a r y  sy s te m  s t a t i s t i c a l  a n a l y s i s  o f  p o l a r i m e t r i c  d a t a  may y i e l d  

t h e  b e s t - f i t  s o l u t i o n  and c o n f i d e n c e  i n t e r v a l s  f o r  one or  more o f  the f r e e

p a r a m e t e r s .  (See a l s o  C h a p te r  5 ) .

Simmons (1982 ,  1983) g e n e r a l i s e  the  Thomson ( R a y l e i g h )  r e s u l t s  and 

g iv e  e x p r e s s i o n s  f o r  the  p o l a r i s a t i o n  p roduce d  by a r b i t r a r y  s p h e r i c a l l y



s ym m etr ic  mechanisms i n  o p t i c a l l y  t h i n  c i r c u m s t e l l a r  e n v e l o p e s .  The 

p o l a r i s a t i o n  p roduced  by g r a i n  s c a t t e r i n g  can be  a p p ro x im a te d  u s i n g  t h e s e  

e x p r e s s i o n s ,  assuming the  g r a i n s  a re  s p h e r i c a l l y  s y m m e t r i c .  To f i r s t  

o r d e r ,  t h e  form o f  t h e  p o l a r i s a t i o n  v e r s u s  w a v e le n g th  f u n c t i o n  i s  i n d e p e n d e n t  

o f  t h e  d e n s i t y  d i s t r i b u t i o n  o f  s c a t t e r e r s  and t h e  p o s i t i o n  a n g le  i s  i n d e 

p e n d e n t  o f  the  p a r t i c u l a r  s c a t t e r i n g  mechanism.  Thomson and R a y le ig h  

s c a t t e r i n g  a re  s p e c i a l  c a ses  g i v i n g , r e s p e c t i v e l y ,  w a v e l e n g t h  i n d e p e n d e n t
-if

and  X p o l a r i s a t i o n .  Numerical  s i m u l a t i o n s  o f  t h e  f u l l  r a d i a t i v e  t r a n s f e r  

p rob le m  i n d i c a t e  t h a t  t h i s  s i n g l e  s c a t t e r i n g  approach  g i v e s  r e m a rk a b ly  

a c c u r a t e  r e s u l t s  f o r  t h e  v a r i a t i o n  o f  p o l a r i s a t i o n  w i t h  t im e ,  d i r e c t i o n  

and w ave len g th  (Dolan 1984, D a n ie l  1980, 81) .

The magni tude  o f  t h e  l i n e a r  and c i r c u l a r  p o l a r i s a t i o n  o b s e r v e d ,  

i t s  w ave len g th  and i t s  t ime dependence can p r o v id e  i n f o r m a t i o n  i n t o  the  

p o l a r i s i n g  mechanism, the d i s t r i b u t i o n  o f  m a t t e r  i n ,  and the  o r i e n t a t i o n  

o f ,  t h e  sys tem . Hence, in d ep e n d e n t  c o n f i r m a t i o n  o f  models b a s e d  on o t h e r  

o b s e r v a t i o n s  can be p r o v id e d  by a n a l y s i s  o f  p o l a r i m e t r i c  d a t a .  Moreover ,  

t h e  p o l a r i s a t i o n  may p ro v id e  e x t r a  i n f o r m a t i o n ,  such as the  i n c l i n a t i o n  

o f  n o n - e c l i p s i n g  s p e c t r o s c o p i c  b i n a r i e s  ( e g .S t .L o u i s  e t  a l . 1987) ,  t h e i r  

p o s i t i o n  an g le  o r i e n t a t i o n  on th e  sky (Rudy 1979) and t h e  d i s t r i b u t i o n  

o f  m a t t e r  ou t  o f  the  d i r e c t  l i n e  o f  s i g h t  (Brown and H e n r i c k s ,  1987) .

The c a se  o f  a r b i t r a r y ,  o p t i c a l l y  t h i n  e n v e lo p e s  i l l u m i n a t e d  by

p o i n t  s o u r c e s  i s  d e a l t  w i th  i n  Brown and McLean, 1977 and Brown e t  a l . 1978.

I n  t h e  l a t t e r  p a p e r ,  e x p r e s s i o n s  f o r  the  n o r m a l i s e d  S toke s  P a r a m e te r s  f o r

a g e n e r a l  b i n a r y  sy s te m  w i th  c o r o t a t i n g  e n v e lo p e  a r e  d e r i v e d  and d a t a  from 

3 b i n a r y  systems a r e  a n a l y s e d .  Rudy and Kemp ( 1 9 7 8 ) ,  a l s o  dev e lo p e d  a 

s i m i l a r  t h e o r y  f o r  d e t e r m i n in g  the  i n c l i n a t i o n  o f  a b i n a r y  sy s te m  assuming 

s m a l l  p h o t o m e t r i c  v a r i a b i l i t y ,  no e c l i p s e s  o f  t h e  s c a t t e r i n g  r e g i o n s  and
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m i r r o r  symmetry about  the o r b i t a l  p l a n e .  T h e i r  r e s u l t  i s  shown t o  h o l d  

f o r  e x t e n d e d  s o u r c e s  p rov ided  the  s o u rc e s  a r e  a l s o  symmetr ic  a bou t  the  

o r b i t a l  p l a n e .  C a s s i n e l l i  e t  a 1 . ,  1987 have  shown f o r  t h e  c a se  o f  s c a t t e r i n g  

i n  an a x i s y m m e t r i c  o p t i c a l l y  t h i n  r e g i o n  o f  l i g h t  from a s p h e r i c a l l y  

s y m m e t r i c  s o u r c e  t h a t  the  p o i n t  sou rc e  e x p r e s s i o n s  s t i l l  h o l d  when m o d i f i e d  

by a s i m p l e  ge o m e t r i c  f a c t o r .

I n  t h i s  c h a p t e r ,  we ex tend  the p o i n t  s o u r c e ,  o p t i c a l l y  t h i n  c a se  t o  

i n c l u d e  t h e  e f f e c t  o f  an a r b i t r a r y  l i g h t  s o u r c e  geomet ry .  A g e n e r a l  

' d e p o l a r i s i n g  f a c t o r ' i s  d e f i n e d  f o r  an a r b i t r a r y  s o u rc e  and t h e  f a c t o r  

found by C a s s i n e l l i  e t  a l . i s  shown t o  h o l d  f o r  t h e  more g e n e r a l  ca se  o f  

a s p h e r i c a l l y  symmetr ic  s o u r c e ,  i l l u m i n a t i n g  an a r b i t r a r y  o p t i c a l l y  t h i n  

e l e c t r o n  d i s t r i b u t i o n .  F i n a l l y ,  the  e q u a t i o n s  o b t a i n e d  by Brown e t  a l .

1978 a r e  r e d e r i v e d  i n c l u d i n g  the  e f f e c t  o f  e x t e n d e d  s o u r c e s .

3 .2  P o l a r i s a t i o n  from an a r b i t r a r y  e l e c t r o n  d i s t r i b u t i o n  i l l u m i n a t e d  

by a p o i n t  s o u r c e .

S in c e  t h e  method used t o  d e r i v e  the  p o l a r i s a t i o n  f o r  an a r b i t r a r y  

s o u r c e  geometry  and one s c a t t e r i n g  e l e c t r o n  i s  e s s e n t i a l l y  p a r a l l e l  to  

t h a t  o f  d e r i v i n g  the  p o l a r i s a t i o n  f o r  a p o i n t  s o u rc e  and a r b i t r a r y  

s c a t t e r i n g  r e g i o n ,  we h e r e  d e r i v e  the Stok.es P a r a m e te r s  f o r  t h e  l a t t e r  

c a s e .

We r e q u i r e  the  o b s e r v e r ' s  r e f e r e n c e  frame and the  s c a t t e r i n g  p l a n e  

f o r  each  e l e c t r o n  ( s e e  F i g u re  1 ) .  The o b s e r v e r ' s  r e f e r e n c e  frame f o r  t h e  

Q,U p a r a m e t e r s  (X,Y) w i l l  be p e r p e n d i c u l a r  t o  the  l i n e  o f  s i g h t .  I t  i s  

n o t ,  h o w e v e r ,  a r i g h t - a n g l e d  sys tem  on th e  sky f o r  t h e  Y -a x i s  i s  i n c l i n e d  

by 45°  t o  t h e  X - a x i s .  The s c a t t e r i n g  p l a n e  f o r  each  e l e c t r o n  i s  d e f i n e d  

t o  be t h e  p l a n e  c o n t a i n i n g  the  p o s i t i o n  v e c t o r  o f  the  e l e c t r o n  w i th  r e s p e c t
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t o  t h e  s o u r c e  and th e  l i n e  o f  s i g h t .  The s c a t t e r i n g  a n g l e ,  x> i s  d e f i n e d

t o  be t h e  a n g le  between  the  l i n e  o f  s i g h t  and th e  p o s i t i o n  v e c t o r  o f  the

e l e c t r o n .  F o r  a g iven  o b s e r v e r ' s  r e f e r e n c e  f rame,  each  e l e c t r o n  w i l l  have 

a s s o c i a t e d  w i t h  i t  t h e  ang le  between the  normal  t o  i t s  s c a t t e r i n g  p l a n e  

and t h e  X - a x i s , h e r e  deno ted  as f  ,

L e t  L be the  l u m i n o s i t y  o f  the  l i g h t  s o u r c e ,  t h e n  t h e  S to k e s  P a r a m e te r s

f o r  t h e  whole e nve lope  measured w i th  r e s p e c t  t o  t h e  o b s e r v e r ' s  r e f e r e n c e  

p l a n e  a r e  g iv e n  by

I i  =

l o  =

I q =

! 
f

 
!o

Q n ( r )

4tt r^
« V

La __ 0 ’ n ( F}
4tt r2

V

La
0 ■ n(>r)

4TT r2
V

( l  + cos X)dV

s i n 2 X cos 2^ dV ( l )

2
s i n  x s m  2ip dV

( c f .  E q u a t io n s  (.1) Brown e t  a l . , 1978) .

where nCr) i s  the e l e c t r o n  number d e n s i t y  d i s t r i b u t i o n  w i th  r e s p e c t  to  the

s o u r c e  and ,  f o r  Thomson s c a t t e r i n g ,  a  = 3 a  / 1 6 ^  , a b e i n g  t h e  Thomsono i l

c r o s s - s e c t i o n  p e r  e l e c t r o n .  The S tokes  P a ram e te r s  a re  h e r e  de no te d  by

I 1} I 2 and I 3 t o  be  c o n s i s t e n t  w i th  t h e  n o t a t i o n  o f  Brown e t  a l . , 1978.

They a r e ,  however ,  measured  i n  W a t t s / s t e r a d  and a r e  n o t  s p e c i f i c  i n t e n s i t i e s

For  a s o u r c e  a t  d i s t a n c e  d from th e  e a r t h ,  the  o b s e rv e d  f l u x e s  would be

I - - 2  
F.  = ~  Watts  m ( i = l , 2 , 3 )

1 d2

Note t h a t  on ly  t h r e e  o f  t h e  f o u r  S tokes  P a r a m e te r s  a r e  n e c e s s a r y  s i n c e  

s i n g l e  Thomson s c a t t e r i n g  Cin t h e  absence  o f  a m ag n e t i c  f i e l d )  g i v e s  no 

c i r c u l s r  p o l a r i s a t i o n .  A l s o ,  to  o b t a i n  t h e  f i r s t  S tokes  P a r a m e t e r ,  u s u a l l y  

d e n o te d  by I the  t o t a l  d i r e c t  l i g h t  ( L /4 tt) s h o u ld  be  added t o

S in c e  S tokes  P a r a m e te r s  add l i n e a r l y ,  e q u a t i o n  ( l )  may be g e n e r a l i s e d
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t o  i n c l u d e  any number o f  p o i n t  s o u rc e s  s im p ly  by summing th e  i n d i v i d u a l

We now d e r i v e  t h e  p o l a r i s a t i o n  due t o  one e l e c t r o n  s c a t t e r i n g  from 

an a r b i t r a r y  e x t e n d e d  s o u r c e .  F i r s t ,  we d i v i d e  t h e  s o u r c e  i n t o  s e p a r a t e  

e l e m e n t s  and t r e a t  each e le m en t  as a p o i n t  s o u r c e .  F o r  each  s o u r c e  e l e m e n t ,

X and ^ a r e  d e f i n e d  i n  an ana logous  way t o  t h a t  o f  S e c t i o n  3 .2  u s i n g  th e  

l i n e  o f  s i g h t ,  t h e  o b s e r v e r ' s  r e f e r e n c e  frame and t h e  p o s i t i o n  v e c t o r  o f  

t h e  e l e c t r o n  w i t h  r e s p e c t  t o  the  s o u r c e  e l e m e n t .  The t o t a l  S tokes  P a r a m e te r s  

f o r  t h e  e x t e n d e d  s o u rc e  s c a t t e r i n g  from one e l e c t r o n  a r e  found by i n t e g r a t i n g  

o v e r  t h e  s u r f a c e  o f  the s o u r c e .

C o n s i d e r  an u n p o l a r i s e d ,  a r b i t r a r y  s o u r c e  o f  t o t a l  l u m i n o s i t y  L 

( . i n t e g r a l  o v e r  4tt) i l l u m i n a t i n g  one e l e c t r o n .  D e f in e  a c a r t e s i a n  c o o r d i n a t e  

s y s t e m  w i t h  o r i g i n  w i t h i n  t h e  s o u rc e  and z - a x i s  t h e  p o s i t i o n  v e c t o r , r  o f  

t h e  e l e c t r o n  w i t h  r e s p e c t  t o  t h e  o r i g i n  ( F i g u r e  2 ) .  Then a n g le s  a and g 

d e f i n e  t h e  d i r e c t i o n  o f  p , the  p o s i t i o n  v e c t o r  t h e  e l e c t r o n  w i t h  r e s p e c t  

t o  t h e  s o u r c e  e l e m e n t .  S i m i l a r l y ,  t h e  l i n e  o f  s i g h t  i s  d e f i n e d  by a n g le s  

y and z  . L e t  t h e  s p e c i f i c  i n t e n s i t y  o f  t h e  s o u r c e  as s e en  from the  

e l e c t r o n  be  I  = l ( a , g ) .  I f  t h e  o b s e r v e r ' s  r e f e r e n c e  frame i s  d e f i n e d  by 

t h e  p r o j e c t i o n  o f  the  z - a x i s  on th e  sky  as t h e  X~axis  ( i . e .  p a r a l l e l  t o  ^ i n  

F i g u r e  2)  t h e n

•̂1> 1 3 t o  each s o u r c e ,  w i th  t h e  i n t e g r a l s  pe r fo rm e d  i n  c o o r d i n a t e

s y s t e m s  c e n t r e d  on each  s o u rc e .

3• ^ P o l a r i s a t i o n  from a s i n g l e  e l e c t r o n  i l l u m i n a t e d  by an e x t e n d e d  so u rc e

I ( a , S K l + c o s 2x ) s i n  a  da dg

1 9 = a f f I ( a , g ; s i n 2 x cos 2 $  s i n  a  da dg 
z o

( 2 )

g a
I ,  = a  f I ( a , g ) s i n 2 x s i n  2 ip s i n  a  da dg

3 nO
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Note t h a t  l ( a , g )  i s  measured  i n  W a t t s / a r e a / s t e r a d  and t h e r e f o r e  does no t  

h a v e  t h e  same d im ens ions  as 1^ ( i = l , 2 , 3 )  ( W a t t s / s t e r a d ; .

Now e x p r e s s i o n s  f o r  c o s 2x,  s i n 2xcos 2\p and s i n 2x s i n  2i|> i n  terms o f  

a , g , Y  and z  can be  found from s p h e r i c a l  t r i a n g l e  ZPE ( F i g u r e  3 ) .  These 

a r e :

c o s 2x =  c o s 2a c o s 2 y  +  s i n 2a s i n 2Y c o s 2 ( e - B )  +  ~  s i n  2a s i n  2 y  c o s ( e - 3 )  

s i n 2x cos 2 \{j = - s i n 2Y+ s i n 2a [ s i n 2Y+ s i n 2 ( e - g )  - c o s 2 y c o s 2 ( e - B )  ]

+ j  s i n  2a s i n  2 y  c o s  ( e - B )  (3)

s i n 2x s i n  2 \j) = s i n  2a s i n  y s i n  ( e - B )  - s i n 2a cos y s i n  2 ( e - B )

S in c e  th e  o r i g i n  l i e s  w i t h i n  t h e  s o u r c e ,  t h e  i n t e g r a t i o n  l i m i t s  a r e  

0 $ B £ 2ir and 0 £ a  $ f (B )  where f i £3) i s  some f u n c t i o n  o f  B t h a t  d e s c r i b e s

t h e  bounda ry  o f  t h e  s o u r c e  as s e e n  from th e  e l e c t r o n .  I n  g e n e r a l ,  f (B)

w i l l  depend on t h e  p o s i t i o n  o f  t h e  e l e c t r o n .  S u b s t i t u t i n g  e q u a t i o n s  (.3) i n  

e q u a t i o n s  ( 2 ) ,  and u s i n g  th e  above l i m i t s  g i v e s ,  a f t e r  some m a n i p u l a t i o n

I j  = (1 + c o s 2 y )  A i  + j  (1 - 3 c o s 2 y )  A2 + j  s i n 2 y (A 3 cos 2e +

+ A s i n  2e)  + s i n  2 y ( k ^  cos £ + Ag s i n  e)

12 = - s i n 2Y(A! - |  A2 ) + \  (1 + c o s 2 y ) ( A 3 c o s  2e + Ai* s i n  2 z )  (4 )

+ s i n  2y c o s  z  + Ag s i n  e )

1 3 = 2s i n  y ( k 5 s i n  e  - A6 c o s e )  -  c o s y  (A3 s i n  2e - A^ cos 2e)

where

Ai = a 
1 o

Ao = a z o

2tt

o

2ir

f ( 3 )
I  (.a, 3) s i n  a  da dg

o

' f ( g )
I ( . a , g )  s i n 3a dadg 

o o
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r2ir t f ( 3 ;

A 3 = 0
o l ( a ,3 ;  s i n 3 a cos 23 da d3

f 2tt r f (3 )
3H o t ,3) s i n  a s i n  23 da d3= a o

(5 )

f  27T ff (3 )

A5 = a o l ( a , 3 J  s i n 2 a cos a cos 3 da d3

-2ir f f ( f i )

I ( a , 3 )  s i n 2 a cos a s i n  3 da d3

F o r  s o u r c e s  w i t h  some degree  o f  symmetry, t h e  axes  can sometimes 

be c hosen  t o  t a k e  adva n ta ge  o f  t h a t  symmetry,  de pe nd ing  on t h e  p o s i t o n  

o f  t h e  e l e c t r o n .  Th is  w i l l  impose some c o n d i t i o n s  on f (3)  and l ( a , 3 J .

For  example ,  f o r  a s o u rc e  w i t h  m i r r o r  symmetry a b o u t  some p l a n e  and an

e l e c t r o n  i n  t h a t  p l a n e ,  th e n  by c h o o s in g  th e  x - a x i s  such t h a t  i t  a l s o

l i e s  i n  the  symmetry p l a n e ,  we f i n d  t h a t  f ( 3 )  = f ( - 3 )  and I ( a , 3 )  = I ( a , - 3 ) .

F o r  any s o u r c e  we have  f (2^  + -3) = f ( 3 )  and ICot,2'n' + 3)  = I ( a , 3 ) .

C o n d i t i o n s  on f (B) and I ( a , 3 )  s i m p l i f y  e q u a t i o n s  (5)  as f o l l o w s :

( a )  i f  f  (. -3 )  = f  (3 )  and l ( a , - 3 )  = I(ot , 3 )  t h e n  Ai+ = A5 = 0

(b )  i f  f ( i r -3 )  = f ( 3 )  and I (a ,T r -3 )  = l ( a , B )  t h e n  As = 0

( c )  i f  f O r / 2 - 3 )  = f(B)  and H a , i r / 2 - 3 )  = l ( a , 3 )  t h e n  A3 = 0.

We w i l l  r e f e r  t o  t h e s e  c o n d i t i o n s  as t h e  ' symmetry c o n d i t i o n s ' .

A u n i fo r m  s p h e r i c a l  s o u r c e  s a t i s f i e s  a l l  t h e  above c o n d i t i o n s  f o r  

any e l e c t r o n ,  b u t  a p l a n e  e l l i p s e  can n e v e r  s a t i s f y  a l l  t h r e e  c o n d i t i o n s  

e ven  f o r  an e l e c t r o n  on th e  normal  t o  t h e  c e n t r e  o f  t h e  e l l i p s e .  A 

u n i fo r m  t h i n  d i s k  w i l l  s a t i s f y  t h e  symmetry c o n d i t i o n s  ofily f o r  e l e c t r o n s  

on t h e  d i s c  a x i s .

F o r  s o u r c e s  o f  u n i fo rm  s u r f a c e  i n t e n s i t y  I ( a , 3 )  = I  a c o n s t a n t .
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Hence e q u a t i o n s  ( 5 )  become

Ai = a  I{  2tt - o

A2 = o  I{  ^  +
O 3

f27T

J°
f2TT

cos f ( $ )  d$

[ c o s 3 f ( 3 )  - cos f ( B ) ]  d3)

A3 = cr I  
o

2 v

[•| c o s 3 f(.3) - cos f ( 3 )  ] cos 23d3

Au = a I  
o

Ac — a I  
°  o

Ac = a I

f2 tt 

o

f2TT

o

2tt

[•|  c o s 3 f(.B) - cos f ( 3 ) ]  s i n  23 d3

s i n 3 fC3) cos 3 d3

s i n 3 f (3 )  s i n  3 dB

( 6 )

and i f  t h e  s o u r c e  s a t i s f i e s  t h e  symmetry c o n d i t i o n s  above t h e n ,  u s i n g  

( .6),  e q u a t i o n s  (4 )  r educ e  t o

In = o I  + t - a I  11-3 cos2y )  1 3 o 6 o

r 2 tt

c o s 3 fC3 >)d3 -

- - r  o  1 (3  - c o s2y )  2 o

2tt
cos f (B )  d3

(7 )

T 1  T • 212 = — o  I  s i r . y  z o

2tt
[ c o s 3 f (3 )  - cos f ( 3 ) ]  d3

I q = 0

I f ,  however ,  t h e  s o u r c e  h a s  r o t a t i o n a l  symmetry a b o u t  t h e  z - a x i s

t h e n  l ( a , B )  E 1 ( a )  and f ( 3 )  = a  , a c o n s t a n t .  Such a s o u r c e  s a t i s f i e s  t h e
o

symmetry c o n d i t i o n s  and,  w i t h  y = cos ex, e q u a t i o n s  (4 )  become
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r 1

I ( y )  [ 3 - y 2 ]dy + tt a c o s 2 y o 1
wo

,  r 1
12 = ~tt a s i n ' 1 y

I ( y )  [3y2 - l ] d y
y„

I ( y )  [3y2 -1 ]  dy (8)
y.
,0

I 3 = 0

where  y -  cos a I n  t h i s  s i t u a t i o n  a  i s  t h e  a n g u l a r  r a d i u s  o f  t h e  
0 0  o

s o u r c e  as  s e e n  from t h e  e l e c t r o n .

3 . 4  D e p o l a r i s a t i o n  F a c t o r

We d e f i n e  the  d e p o l a r i s a t i o n  f a c t o r ,  D, t o  be t h e  r a t i o  o f  t h e  v a l u e

o f  I ^  f o r  t h e  e x t e n d e d  s o u r c e  t o  t h e  v a l u e  o f  I  f o r  an i s o t r o p i c  p o i n t

s o u r c e  o f  t h e  same t o t a l  l u m i n o s i t y  as t h e  e x t e n d e d  s o u r c e ,  d e n o te d  by

I  . Note  t h a t  I  = 0  b e c a u s e  o f  t h e  c h o ic e  o f  o b s e r v e r ' s  axes  and so 
2p 3p

a s i m i l a r  d e f i n i t i o n  u s i n g  i s  n o t  p o s s i b l e  f o r  t h e s e  p a r t i c u l a r  a x e s .

Suppose ,  however ,  we measure  t h e  Stokes  P a r a m e te r s  w i t h  r e s p e c t  t o

axes r o t a t e d  c lo c k w is e  from t h e  X -a x is  th rough  a n g le  6 ,  and de n o te  t h e s e

by J .  . J .  ( i = 2 , 3 )  f o r  e x t e n d e d  and p o i n t  s o u r c e  r e s p e c t i v e l y .  Then we 
1 i p

can  d e f i n e  DOJ = J 0/ J 0 and D = J_ / J _  . Now.26 2 2p 36 3 Jp

J„  = I  cos 26 - I ,  s i n  26 = DI cos 26 - I „  s i n  26
2 2 3 2p 3 ^

= I .  s i n  26 + I_  cos 26 = DI s i n  2 + I~ cos 263 2 3 2p 3

from t h e  d e f i n i t i o n  o f  D, and ,  s i n c e  I ^  = 0

J„  = I .  cos 26 ; J „  = I 0 s i n  26 (10)2p 2p 3p 2p

i . e .  f rom ( 9 )  and (10 )  J 0 = DJ + I~ s i n  262 2p 3 ( u )

J „  = DJ- + I -  cos 263 3p 3

C l e a r l y ,  i n  g e n e r a l ,  D $ D^^ + D ^  ?■ D. However,  when t h e  s o u r c e  

s a t i s f i e s  t h e  symmetry c o n d i t i o n s ,  1 ^ = 0 ,  i t  can be  s e e n  from

e q u a t i o n s  (11)  t h a t  D = D^^ = D ^  . T h e r e f o r e ,  i n  the  ca se  when the



s o u r c e  s a t i s f i e s  t h e  symmetry c o n d i t i o n s ,  t h e  s econd  and t h i r d  S tokes  

P a r a m e t e r s ,  w i t h  r e s p e c t  to  any o b s e r v e r ' s  a x e s ,  can be found by m u l t i 

p l y i n g  t h e  t h e o r e t i c a l  p o i n t  s ou rce  e x p r e s s i o n s ,  r e f e r r e d  t o  t h e  same 

a x e s ,  by th e  d e p o l a r i s a t i o n  f a c t o r  D = I _ / I _  . No such g e n e r a l  f a c t o r
2 2p

can  b e  found f o r  an a r b i t r a r y  so u rc e  t h a t  a p p l i e s  t o  any o b s e r v e r ' s  

axes  and bo th  the  second and t h i r d  S tokes  P a r a m e t e r s .

3 . 4 . 1  D e p o l a r i s i n g  f a c t o r  f o r  a s p h e r i c a l l y  symm etr ic  s o u r c e

F o r  a un i fo rm  s p h e r i c a l l y  symmetr ic  s o u r c e ,  the  i n t e n s i t y  i s  a 

c o n s t a n t ,  I ,  and t h e r e  i s  a s im ple  r e l a t i o n  be tw een  I  and t h e  l u m i n o s i t y ,

L,  o f  the  s p h e r e ,  v i z .

I  = L/4t t2 r 2 f o r  y < y < 1 (12)s s

where  r  i s  t h e  r a d i u s  o f  the  s o u r c e , y  = cos a , where oc i s  t h e  s s s s

a n g u l a r  r a d i u s  o f  the s o u rc e  as s e e n  from the  e l e c t r o n .  I f  t h e  c e n t r e

o f  t h e  s p h e re  i s  t h e  o r i g i n  and r  i s  the  d i s t a n c e  o f  the  e l e c t r o n  from

t h e  o r i g i n ,  then  f(B) = a and cos a  = / l  - r 2 / r 2 . Hence e q u a t i o n ss s s

( 7 ) and ( 12) g ive

La r 2 h  r 2 r 2 h

I I  = — ~  {8 [1 - ( 1 ----- ^  cos
12tt r 2 r

' LOo f l  r s s i n 2 Y U 3 )
12 ■ 4 ^ 7  a  - p r  )

s

1 3 = 0

Now the  p o l a r i s a t i o n  from a p o i n t  source  o f  l umi nos i t y  L s c a t t e r i n g  

from a e l e c t r o n  a t  d i s t a n c e  r ,  wi th r e s p e c t  t o  the  same o b s e r v e r ' s  axes ,
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D e f i n i n g  C -  I ^ / I  t f rom (13)  and Q 4 J  we g e t ,  t h e r e f o r e ,  

8r 2 [ l  - ( l  - r 2/ r 2 ) 2̂  (1 - r 2/ r 2) 2(3 c o s 2 y - l )
C = -----T 1 1 1 ■ i i i  ib ■■

3 r 2 (1 + c o s 2 y) 3(1 + c o s 2y)
( 1 5 )

D = (1 - r 2 / r 2 ) % s
g

When r  = r  , C = --------------— and D = 0
S 3 ( l + c o s 2y)

r 2 (3 c o s 2y - l )
When r  / r  i s  sm a l l  C 'v 1 - —------------------------   >■ 1 as  r  / r  — *  0

S 6r 2( l  + c o s2y)  S

D ^  1 - r 2/ 2r 2  ► 1 as r  / r  — >- 0s s

Note  t h a t  D i s  p r e c i s e l y  C a s s i n e l l i  e t  a l ' s  d e p o l a r i s a t i o n  f a c t o r  and

t h a t  I , —»T, and I - —* I n as r  / r  —K), w h i l e  1 0—> 0 as  r  / r  —>1.
1 lp  2 2p s I  s

3 . 4 . 2  D e p o l a r i s i n g  f a c t o r  f o r  an e l e c t r o n  on the  a x i s  o f  a u n i fo rm  

t h i n  d i s c

I f  r  i s  the  r a d i u s  o f  the d i s c  and r  i s  the d i s t a n c e  o f  the  
d

e l e c t r o n  from the  o r i g i n  a t  the  c e n t r e  o f  a un i fo rm  t h i n  d i s c ,  t h e n  a g a in
_ \

l ( a ,  8 ) = I  and f(B) = a d where t h i s  t ime cos a d = (1 + r 2 / r 2 ) 2.

S i m i l a r l y  to  t h e  p r e v i o u s  example I  = L/27r2r 2 , where L i s  t h e  l u m i n o s i t y  

o f  t h e  d i s c .  Then,  f o l l o w i n g  the  p r e v i o u s  example,  we f i n d

I  s  — 2_ _  {8 [1 - (1 + r j / r 2 ) 2] + —jr (1 + f j / r 2 ) ^ ( 3  c o s 2y - l ) }
1 6 tt r j  a  r  u

!  (1 + r ^ r 2 ) ^  s i n 2Y U 6>
2 2tt r  j  dd

Io  = 0
3

_ 16 r 2 [ l  - (1 + r 2 / r 2 ) h  2 U  + r 2/ r 2) ' ^ 2 13 c o s 2 y  - 1 )

3 r 2 (1  + c o s 2y^ 3(1 + cos^y)

D = 2(1 + r 2/ r )
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16r2 [ . l - r / ( r 2+ r 2 )^]  ,  9
As r  — > 0 C = ------77_____ —1ft , . 2 r 3(3 c o s 2y - l )   y

^r d + coszy) 3 ( r ^ + r 2 ) f ^ ( l + c o s 2 y )

D = 2 r 3/ ( r 2+r 2 ) %  — * 0

r 2 (3 c o s2y - l )
When r  / r  i s  s m a l l  C ^ 2 - _->2 as r  / r  0

d r £ ( l  + c o s 2y)  2 aS V r  0

D ^  2 - 3 r 2 / r 2 — >-2 as r . / r  —*• 0d d

Here as r d/ r  >-0, 1  ̂ and t end  to  tw ice  t h e  v a lu e  p r e d i c t e d  by 

t h e  u n m o d i f i e d  p o i n t  s o u rc e  e x p r e s s i o n s ,  w h i l e  i n  the  ca se  o f  t h e  s p h e r e ,

1^ and a r e  a lways l e s s  t han  the  p o i n t  so u rc e  t h e o r e t i c a l  v a l u e .  Th is  

i s  b e c a u s e  the  f l u x  e m i t t e d  by a un i fo rm  t h i n  d i s c  i s  n o t  i s o t r o p i c  

b u t  i s  p r o p o r t i o n a l  to  the  c o s in e  o f  t h e  ang le  between  th e  l i n e  o f  s i g h t  

and t h e  no rmal  t o  the  d i s c .  Hence,  when the  d i s c  i s  o b s e rv e d  edge on the  

f l u x  i s  z e r o ;  when i t  i s  obse rved  face  on,  the  f l u x  i s  a maximum. S ince  

t h e  l u m i n o s i t y  i s  the  f l u x  i n t e g r a t e d  o v e r  4ir s t e r a d i a n s ,  a d i s c  w i l l  

e m i t  no rm a l  t o  t h e  p l a n e  o f  the  d i s c  twice  the  f l u x  e m i t t e d  by a p o i n t  

s o u r c e  o f  t h e  same l u m i n o s i t y .  Care m us t ,  t h e r e f o r e ,  be t a k e n  i n  e s t i m a t i n g  

t h e  l u m i n o s i t y  o f  a n o n - s p h e r i c a l  s o u rc e  from the  o b s e rv e d  f l u x .

F i g u r e  4 shows t h e  b e h a v io u r  o f  the d e p o l a r i s a t i o n  f a c t o r  i n  t h e s e  

two c a s e s .

3 .5  N o r m a l i se d  S tokes  P a ram e te r s  f o r  an e l e c t r o n  o r b i t i n g  a

s p h e r i c a l l y  symmetr ic  s ou rce

F o r  an e l e c t r o n  o r b i t i n g  a s p h e r i c a l l y  symmetr ic  s o u r c e ,  we d e f i n e  

a c o r o t a t i n g  r e f e r e n c e  frame as fo l low s  ( se e  F i g u r e  5 a ) .

L e t  t h e  o r i g i n  be a t  the  c e n t r e  o f  the  s o u r c e ,  and l e t  t h e  p o l a r  

a x i s  be t h e  normal  to  the o r b i t  o f  the  e l e c t r o n .  Def ine  t h e  i n c l i n a t i o n
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o f  t h e  o r b i t ,  1 , as the  ang le  between the  l i n e  o f  s i g h t  and t h e  p o l a r

a x i s  and l e t  X be t h e  a z im u th a l  ang le  o f  the  l i n e  o f  s i g h t .  X w i l l  be

a f u n c t i o n  o f  t ime depending  on the  a n g u l a r  v e l o c i t y  o f  t h e  e l e c t r o n .

be the  p o l a r  c o o r d i n a t e s  o f  the  e l e c t r o n  ( c o n s t a n t  f o r  a 

c i r c u l a r  o r b i t ) .

Now, t h e  n o r m a l i s e d  S tokes  Pa ram e te r s  a r e  Q = I 0/ ( I  +1 . )  and
2 o 1

U = ŵ e r e  i s  t h e  t o t a l  d i r e c t  l i g h t .  S ince  1^ i s  s m a l l

compared w i t h  I  , we can approx im ate  Q and U by I „ / I  and I . , / I  .
o ^ 3 2 o J o

T h e r e f o r e

Da
Q = 27?  s i n 2 x cos 2 \p

Dao . U 8 ;U = ^ 7— s i n 2 x s i n  2ip

where  D = (1 - r 2/ r 2) 2 , r  = r a d i u s  o f  s p h e re
s ’ s

and where  a n g le s  x an^ can be found from f i g u r e  5b ,  v i z .

s i n  x s i n  ^ = cos 0 s i n  i  - s i n  0 c o s i  cos (X+$)

s i n  x cos ^ = s i n  0 s i n  (X+$)

Hence e q u a t i o n s  (18)  become 

Da
Q = — S { ( l - 3 c o s 20 ) s i n 2i + s i n  2 i  s i n  20 cos(X+$)

2r
- ( l + c o s 2i ) s i n 20cos 2(X+$) }

Da #
XJ = —r “ ( s i n  i  s i n  20 s in (X + $ ) -  c o s i  s i n 2 0 s i n  2 (X+$) 1

Note  t h a t  (X+$)/27r i s  the  phase  o f  the  o r b i t .

As can  be s e en  by i n s p e c t i o n  o f  e q u a t i o n s  ( 1 9 ) ,  the  e f f e c t  o f  the

e x t e n d e d  s o u r c e  i s  m ere ly  t o  r educe  the  magni tude o f  Q and U i n

p r o p o r t i o n  ( i . e .  by t h e  same f a c t o r  D). Hence t h e  shape  o f  t h e  Q,U locus

i s  unchanged  from the  p o i n t  so u rc e  c a se .  F i g u re s  6-9 show th e  Q,U l o c i ,

f o r  one e l e c t r o n  i n  a c i r c u l a r  o r b i t ,  swept  ou t  d u r in g  one o r b i t a l  p e r i o d
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f o r  f o u r  v a l u e s  o f  0 and i .  When 0 = i ,  t h e  l i n e  o f  s i g h t  i s  t a n g e n t i a l  

t o  t h e  o r b i t  g i v i n g  a cusp a t  phase  = 0 (See eg .  F i g u r e  7 ) .  When 0 = 90° 

o r  i  = 0 o r  90 , t h e  Q,U locus  i s  d e s c r i b e d  t w i c e .

F o r  an e l e c t r o n  i n  an e q u a t o r i a l  o r b i t  o f  e c c e n t r i c i t y  e ,  0 = 90° 

and e q u a t i o n s (19)  become

Da
Q = 2“ Z’ { s i n 2 i  - (1  + c o s 2i ) c o s  2 (A+$) }

( 2 0 )
-Da

U = —7— c o s i  s i n  2 (A+$)r

where  now r  i s  t ime  dependen t .  I f  ^Qi s  the  a ng le  be tw een  th e  m a jo r  

a x i s  and t h e  p r o j e c t i o n  o f  t h e  l i n e  o f  s i g h t  on th e  p l a n e  o f  t h e  o r b i t  

t h e n  X + $ - Xq i s  t h e  t r u e  anomaly o f  t h e  e l e c t r o n .  Hence

t a n rA+$-An 1+e

, 2 ,
1- e . J

h  . E t a n  j

( 21 )

r  = a ( l - e  cos E)

where  E i s  the  e c c e n t r i c  anomaly and a i s  t h e  se m i -m a jo r  a x i s .  However,

E i s  n o t  a l i n e a r  f u n c t i o n  o f  t im e ,  b u t  the  mean anomaly M = E - e s i n  E i s .

Now, t h e  phase  o f  t h e  o r b i t  i s  d e f i n e d  by 0 = ( t - t Q) /P  where P i s  the

p e r i o d  o f  t h e  o r b i t  and t  i s  the  t ime o f  ze ro  p h a s e ,  and 0 = 0 , 0 . 2 5 , 0 . 5
o

and 0 . 7 5  have  been  marked on t h e  Q,U l o c i  i n  F i g u r e s  13-16 ,  where t h e s e  

a r e  e q u i v a l e n t  t o  M=0, tt/ 2 , tt, 3tt/ 2 .  As can be seen  from F i g u r e s  13-16 ,  

when i = 9 0 ° , U=0 and when 0 5 i ,  t h e  Q,U locus  c r o s s e s  i t s e l f .  When e=0 

and 0=90° t h e  locus  i s  a double  e l l i p s e .

3 .6  N o r m a l i s e d  S tokes  Pa ram e te r s  f o r  one e l e c t r o n  c o r o t a t i n g

i n  a b i n a r y  sys tem 

Suppose t h e  b i n a r y  sys tem c o n s i s t s  o f  two s p h e r i c a l l y  symmetr ic  

s o u r c e s  o f  r a d i i  a^ and r e s p e c t i v e l y , a n d  t h a t  the  o r b i t s  a r e  c i r c u l a r .
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We d e f i n e  a c o r o t a t i n g  r e f e r e n c e  frame such t h a t  the  p o l a r  a x i s  i s  normal  

t o  t h e  p l a n e  o f  t h e  o r b i t  and the  x - a x i s  i s  the  r a d i u s  v e c t o r  o f  so u rc e  1 

w i t h  r e s p e c t  t o  s o u rc e  2 ( see  F ig u re  17) .  Le t  i  and X be t h e  i n c l i n a t i o n  

and p h a s e  o f  the  o r b i t  r e s p e c t i v e l y  and l e t  the  c o o r d i n a t e s  o f  an a r b i t r a r y  

e l e c t r o n  be ( r l50 , $ )  w i th  r e s p e c t  t o  so u rc e  1 and ( r 2 , 0 , 4>) w i t h  r e s p e c t  to  

s o u r c e  2 , where  a l l  l e n g t h s  a re  measured i n  u n i t s  o f  t h e  s e p a r a t i o n  o f  

t h e  s o u r c e s .  Then the  n o r m a l i s e d  S tokes P a ram e te r s  f o r  l i g h t  e m i t t e d  by 

s o u r c e  1 and s c a t t e r e d  by the  e l e c t r o n  a re

a l 1^
1 - (— ) 2 2 { ( l - 3 c o s 20 ) s i n 2i  + s i n  2 i  s i n  20cos(X+$)

r l J
- ( l + c o s 2i ) s i n 20cos 2(X+$) } ( 2 2 )

O’ r a i 2" 2̂
Ui = — S— 1 - (— ) ( s i n  i  s i n  2 0 s in  (X+$) - c o s i  s i n 20 s i n  2 (X+$)}

r ? L r i
and f o r  s c a t t e r e d  l i g h t  from sou rc e  2

°o
2 -  2^ "

2

a .  2 ^ 2

a,
U9 =

"  r i

I  _ (-^.) { ( l - 3 c o s 20 ) s i n 2i  + s i n  2 i  s i n  20cos(X+$) 
r 2 J

- ( l + c o s2i ) s i n 20cos 2(X+$) }
(23)a 2

1 - ( -£ )  
*2

{ s i n  i  s i n  20sin(X+(j>)-cos i  s i n 20s i n  2(X+4>)}

Hence ,  t h e  t o t a l  Stokes p a ra m e te r s  f o r  an a r b i t r a r y  e l e c t r o n  a r e

Q = f  Q i  + ( l - f ) Q 2 ; U = f  U: + ( l - f ) U 2 ^24)

where  f  i s  t h e  f r a c t i o n  o f  t h e  t o t a l  l u m i n o s i t y  e m i t t e d  by s o u rc e  1 .

Now, from F i g u r e  17 we have

r 2 -  r2 + i  + 2r .  s i n  0 cos $
2 1 * (25)

cos 6 = ^ 1/ r 2 cos 0

s i n e  s i n  <|)= r 1 / r 2  s i n  O s i n  $

s i n  0 cos 4> = r ^ r 2  s i n 0 s i n $ +  l / r £

We r e q u i r e  e x p r e s s i o n s  f o r  c o s 20, s i n  20 cos 4>, s i n  20 s m  4>, 

s i n 20 cos 24> and s i n 20 s i n  24>. These a r e
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c o s 20 = ( r } / r 2) 2 cos2 0 

s i n  20 cos if> = [ r 1/ r 2) 2 s i n  20 cos $ + 2r 1/ r 2 cos 0

s i n  20 s i n  <J> = ( r } / r 2) 2 s i n  20 s i n  $ (26)

s i n 2 0 cos 2<j) = ( r j / r 2) 2 s i n 20 cos 2$ + 2r j / r |  s i n  0 cos $ + 1/ r 2

s i n 2 0 s i n  2(f) = ( r 1/ r 2) 2 s i n  0 s i n  2$ + 2r 1/ r 2 s i n  0 s i n  $

As i n  t h e  p r e v i o u s  s e c t i o n ,  e q u a t i o n s  (22)  - (26)  a r e  f o r  one e l e c t r o n  

o n l y .  However t h e  Stokes Pa ram e te r s  o f  an o p t i c a l l y  t h i n  c lo u d  o f  N e l e c t r o n s  

can  b e  a p p rox im a te d  by m u l t i p l y i n g  t h e  r e l e v a n t  e q u a t i o n s  ( i . e .  (19 )  o r  ( 20 ) 

f o r  one s o u r c e  o r  (24)  f o r  a c o r o t a t i n g  c loud  i n  a b i n a r y )  by N and u s i n g  

t h e  c o o r d i n a t e s  o f  t h e  c e n t r e  o f  the  c loud  as long as the  ' s i z e *  o f  t h e  

c lo u d  i s  s m a l l  compared to  the  d i s t a n c e  o f  the  c loud  from th e  s o u r c e .  The 

c a se  o f  s c a t t e r i n g  o f f  an ex tended  s p a t i a l  d i s t r i b u t i o n  o f  e l e c t r o n s  i s  

d e a l t  w i t h  more f u l l y  i n  the  n e x t  s e c t i o n .

F i g u r e s  18-20 show Q,U l o c i  and Q,U a g a i n s t  phase  (X) f o r  a v a r i e t y  o f  

p a r a m e t e r  v a l u e s .  F ig u re s  21-29 show Q,U l o c i  f o r  a m a t r i x  o f  i , 0  v a l u e s .

F o r  e a ch  lo cu s  a j  = a 2 = 0 .2  and r 1}f  and $ a r e  c o n s t a n t  f o r  each m a t r i x  

o f  l o c i .  F i g u r e s  30-32 show Q,U l o c i  f o r  a range  o f  f  v a lu e s  f o r  3 s e t s  o f  

p a r a m e t e r s .  However, the l o c i  f o r  f  = 0 . 8  and f= l  have  been  s c a l e d  down 

by a f a c t o r  2 compared t o  t h e  o t h e r s  s i n c e  the  s i z e  o f  the  shape  g e n e r a l l y  

i n c r e a s e s  w i t h  f ,  t h e  e l e c t r o n  b e in g  c l o s e r  t o  s o u rc e  1 t h a n  t o  so u rc e  2 f o r  

t h e  p a r a m e t e r  s e t s  chosen .  F i n a l l y ,  F i g u r e s  33 and 34 show Q,U l o c i  f o r  2 

p a r a m e t e r s  s e t s  and a range  o f  $ v a l u e s .  Equal  phase  i n t e r v a l s  o f  0 .25  

ha ve  b e e n  marked on a l l  l o c i  i n  F i g u re s  21 -34 ,  e x c e p t  on t h o s e  l o c i  which a r e  

t o o  s m a l l .  Here the  phase  i s  e q u i v a l e n t  to  X/2u . For  a l l  p a r a m e t e r  

s e t s ,  when i=O0 o r  0 = 90° the  locus i s  a doub le  e l l i p s e  and when i = 9 = 9 0 ° ,

U=0. When f = l  o r  0 ,  the  e q u a t i o n s  reduce  to  those  o f  t h e  p r e v i o u s  c a s e .

A l s o ,  as  r j  i n c r e a s e s  t h e  d i f f e r e n c e  i n  t h e  a ng le s  o f  i n c i d e n c e  o f  the
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l i g h t  f rom th e  two s ou rces  a t  the e l e c t r o n  d e c r e a s e s .  As a r e s u l t ,  t h e  

S to k e s  P a r a m e te r s  f o r  the b i n a r y  tend  t o  those  o f  a s i n g l e  s o u r c e  a t  t h e  

c e n t r e  o f  mass o f  the  sys tem wi th  the  same l u m i n o s i t y  as t h e  two b i n a r y  

s o u r c e s  as the  d i s t a n c e  o f  the  e l e c t r o n  from th e  b i n a r y  i n c r e a s e s ,

( a s s u m in g  no e c l i p s e s  o f  the sou rces  as seen  from the  e l e c t r o n ) .

3. 7 E x te n d e d  S c a t t e r i n g  Regions

So f a r  we have  d e a l t  w i th  an ex te nded  l i g h t  s o u rc e  s c a t t e r i n g  o f f  

o n l y  one e l e c t r o n ,  o r  two ex tended sou rc e s  s t i l l  s c a t t e r i n g  o f f  one e l e c t r o n .  

We now c o n s i d e r  the  more r e a l i s t i c  s i t u a t i o n  o f  an e x te n d e d  l i g h t  s o u rc e  

s c a t t e r i n g  o f f  an ex te nded  s p a t i a l  d i s t r i b u t i o n  o f  e l e c t r o n s ,  s t i l l  i n  the  

o p t i c a l l y  t h i n  l i m i t .

Suppose t h e  l i g h t  sou rce  i s  c e n t r e d  on o r i g i n  0 and t h a t  t h e  e l e c t r o n s  

ha ve  number d e n s i t y  n ( r , 0 ,<j>) a t  the p o i n t  w i th  s p h e r i c a l  p o l a r  c o o r d i n a t e s  

c e n t r e d  on 0 , w i t h  <p measured from the  p lane  c o n t a i n i n g  the  l i n e  o f  s i g h t ,  

wh ich  i s  a t  a n g le  i  t o  OZ(Figure 35) .  Then the  e q u a t i o n s  o f  t h e  p r e v i o u s  

s e c t i o n s  a p p ly  t o  an e le m en ta ry  s c a t t e r i n g  volume dV when m u l t i p l i e d  by the  

number  o f  e l e c t r o n s  i n  dV v i z .  ndV. Now, fo r  s c a t t e r i n g  volume a t  S, we 

m ea su re  ^ ( o r  Q) i n  the  p lane  OSE, p e r p e n d i c u l a r  to  0E. For  the  t o t a l  

S t o k e s  P a r a m e t e r s  we wish to  i n t e g r a t e  the  r e l e v a n t  e q u a t i o n s  o v e r  a l l  V.

I n  g e n e r a l ,  t h i s  r e q u i r e s  a r e t u r n  t o  e q u a t io n s  (4)  and (5 )  and a s i m u l 

t a n e o u s  i n t e g r a t i o n  ove r  bo th  a and 3 and V. s i n c e  a s o u rc e  which s a t i s f i e s  

t h e  symmetry c o n d i t i o n s  from a p a r t i c u l a r  dV need  n o t  s a t i s f y  them f o r  a l l  dV 

I n  f a c t ,  i t  can o n ly  s a t i s f y  the  symmetry c o n d i t i o n s  from a l l  dV f o r  g e n e r a l  

e x t e n d e d  s c a t t e r i n g  volumes i f  the s ou rce  i s  s p h e r i c a l l y  sym m e tr ic ,  though 

p o s s i b l y  l imb da rke ne d ,  o r  i f  the  s c a t t e r i n g  volume e x te n d s  on ly  a lo n g  an 

a x i s  o f  symmetry such as an a c c r e t i o n  d i sk  i l l u m i n a t i n g  a na r row c o a x i a l  j e t .
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Here we w i l l  r e s t r i c t  o u r s e l v e s  to  those  cases  where the  s o u r c e  i s  a x i a l l y  

sy m m e t r i c  f o r  a l l  s c a t t e r i n g  volumes dV.

Some o f  t h e  s c a t t e r i n g  m a t e r i a l  w i l l  be o c c u l t e d  by t h e  f i n i t e  l i g h t  

s o u r c e  and t h e  c o r r e s p o n d in g  AV shou ld  be  o m i t t e d  from t h e  i n t e g r a l  ( c f .  

M ilg rom, 1978) .  However, the  m a t e r i a l  concerned  i s  t h a t  which b a c k s c a t t e r s  

l i g h t ,  and so i t  c o n t r i b u t e s  l i t t l e  to  the  p o l a r i s a t i o n .  T h e r e f o r e ,  we w i l l  

n o t  c o n s i d e r  t h i s  f u r t h e r .

The d i r e c t i o n  o f  the  s c a t t e r i n g  p o l a r i s a t i o n  w i l l  v a ry  w i t h  t h e  d i r e c t i o n  

r  o f  the s c a t t e r i n g  e lement  dV a t  S, as a l s o  w i l l  t he  v a lu e  o f  y ( t h e  a n g le  

b e tw e en  t h e  l i n e  o f  s i g h t  and r  ) .  To o b t a i n  t h e  S tokes P a r a m e te r s  f rom th e  

e n t i r e  volume V we must  t h e r e f o r e  i n t e g r a t e  the  l o c a l  c o n t r i b u t i o n s  AI2 

a l o n g  a common p o l a r i r a e t r i c  r e f e r e n c e  (Qq , Uq ) w i th  the  l o c a l  y  v a l u e .

We d e f i n e  Q t o  be  i n  the  p lane  OEZ. Since t h e  s o u rc e  i s  a x i a l l y  sym m etr ic ,
0

t h e  c o n t r i b u t i o n s  t o  !]_, I 2 and 1 3 from volume dV a r e ,  by e q u a t i o n s  ( 8 )

d l

d l
Qo

d l Uo

trcr n( r)dV* 
0 ^

n ri

l ( y )  [ 3 -y 2 ]dy + c o s 2y I ( y )  [3y2- l ]  dy

s i n 2ycos 2 9  

s i n 2y s in  2 9

n

n

I ( y ) [ 3 y 2-1 ]  dy

I ( y )  [3y2 - l ] d y

(27)

w here  9  i s  t h e  r o t a t i o n  o f  t h e  I 2 a x i s  w i t h  r e s p e c t  to  t h e  Qq a x i s .  Here 

Y and £2 depend o n  i ,  6 and * i n  a way de te rm ined  by th e  geometry o f  F i g u r e s

35 and 36.

Now, f o r  an i s o t r o p i c  p o i n t  s ou rce  a t  t h e  o r i g i n ,  o f  t h e  same t o t a l  

l u m i n o s i t y  as t h e  e x tended  s o u r c e ,  the  c o r r e s p o n d in g  c o n t r i b u t i o n s  t o

I I ,  12 and 1 3 a r e

d l i

d l_

d l U

La n ( r )dV  
o
47T r 2

( l + c o s 2y) 

s m 2y cos 2 9

s i n 2y s i n  2 9

( 2 8 )
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Hence ,  f rom the  d e f i n i t i o n s  o f  S e c t i o n  3 .4  o f  C and D we g e t  f rom 

e q u a t i o n s  (27)  and (28)

47r2r 2 [

C ( r , y )  =
H u ) ( 3 - y 2 )dy+cos2Y| I t y ) ( 3 y 2 - l ) d y  ]
 _______ W 0

D ( r ) _ L r2 -2
n

L(1 + c o s 2y)

I ( y j ( 3 y 2- l ) d y

(29)

(30)

Note t h a t  D depends on r  on ly ,  w h i l e  C depends on r  and y .  Fo r  a u n i fo r m

s p h e r i c a l l y  symmetric sou rce  D reduces  t o  ( l  - r 2/ r 2 )^  ( c f .  e q u a t i o n s  ( 1 5 ) ) ,
s * '

i . e .  C a s s i n e l l i  e t  a l  s d e p o l a r i s a t i o n  f a c t o r ,  now e x te n d e d  t o  a r b i t r a r y  

s p a t i a l l y  e x t e n d e d  d i s t r i b u t i o n s  o f  e l e c t r o n s .  Hence,  on i n t e g r a t i n g  

e q u a t i o n s  (27 )  o v e r  V wi th  dV = r 2 s in 0  d r  d9 d<f>, and u s i n g  e q u a t i o n s  (29)  

and ( 3 0 ) ,  we g e t

C K r ,Y ) ( l+ c o s2Y)I I

x u

La 
__ c
4 tt

, 2 ir rU

'  0 0 ^
n ( r , 0,  (|>)sin0drd0d(f>x

r .mm

D ( . r ) s in 2YCos 2J2 

D ( . r ) s i n 2Y s in  2f2

(31)

wher e e x p r e s s i o n s  f o r  c o s 2y> s i n 2Ycos2fi and s i n 2Ysin2£2 can be found from 

Fi  gure 36

c o s 2y= c o s 2 i  c o s 2 0 + s i n 2i  s i n 20 c o s 2<j)+ h s i n  2 i  s i n  20 cos  <J> 

s i n 2YCos2fi = - s i n 2 i  + s i n 2 0 [ s i n 2i + s i n 2<f>-cos2i  c o s 2 <J>]+^>sin2i s i n  20 cos  d> ( 3 2 )  

s i n 2Ysin2S2 = s i n  i  s i n  20 s i n  <f> ■ c o s i  s i n 20 s i n  2<f>

These  e x p r e s s i o n s  a re  e s s e n t i a l l y  i d e n t i c a l  t o  e q u a t i o n s  ( 3 )  s i n c e  

we a r e  now i n t e g r a t i n g  ove r  emergent  ray pa th s  i n  p r e c i s e l y  t h e  same way

as we d i d  b e f o r e  o v e r  i n c i d e n t  r ay  p a th s .

We h a v e  shown t h a t ,  p rov id ed  we a re  d e a l i n g  w i th  a s i t u a t i o n  where the

s o u r c e  l o o k s  a x isym m et r i c  from a l l  s c a t t e r i n g  p o i n t s  then  D i s  a f u n c t i o n  o f
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r  o n l y .  S in c e  D appear s  i n  the  e qua t ions  f o r  bo th  I and I  we can
Qo Uo

t h e n  c a l c u l a t e  t h e s e  q u a n t i t i e s  f o r  any s p a t i a l  d i s t r i b u t i o n  o f

s c a t t e r e r s  u s i n g  the  p o i n t  l i g h t  source  e q u a t i o n s  i f  we r e p l a c e  t h e  r e a l

number  d e n s i t y  d i s t r i b u t i o n  by a weigh ted  f u n c t i o n  n = D ( r ) n ( r , 0  ,<}>) .
e f  r

F or  e x a m p le ,  e q u a t i o n s  ( 2 2 ) - ( 2 6 ) ,  when m u l t i p l i e d  by n ( r ) d V  and i n t e g r a t e d  

o v e r  t h e  volume V o f  a c o r o t a t i n g  Thomson s c a t t e r i n g  e n v e l o p e ,  g i v e  

e q u a t i o n s  ( 7 )  o f  Brown e t  a l . 1978 on r e p l a c i n g  th e  number d e n s i t y  d i s t r i 

b u t i o n  by p r o v id e d  the  s c a t t e r e d  l i g h t  can be n e g l e c t e d .
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sca tte rin g  plane

line of sight

line of sigh t

point source

Figure  1 : S c a t t e r in g  geometry fo r  a point source and an e le c t ro n  a t  P with
obse rve r ’s  reference  frame (X,Y) (note  t h a t  L XO’Y ^ S 0) . i s  the  
normal to  the s c a t t e r in g  plane.
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X

Figure  2: S c a t t e r in g  geometry for  a surface element, dS, of  an a r b i t r a r y  source 
s c a t t e r i n g  from an elect ron at  P, dis tance r  from o r ig in  0. £  i s  the 
p o s i t i o n  vector  of the electron with respect  to  the source element,  
de f ined  by angles ( a , 8) with respect to  the (x ,y ,z )  c a r t e s i a n  
coord ina te  system. OE i s  the l in e  of s igh t ,  def ined by ( y , e ) .  n^ i s

the  normal to  the sca t t e r ing  plane j i s  perpendicular  to  OE and l i e s  
i n  the  same plane as OE and Oz.
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P

Figure  3 : Spher ica l  t r i a n g le  from Figure 2 fo r  the t ransformation from Cx,^) to  
( a ,3).
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0.6

(a)

3 . 02.0

(b)

F igure  4 : Depo la r isat ion f ac to r  against  r a t i o  of radius  of 
source to  e lec tron  di s tance  for

a)  a s phe r i c a l ly  symmetric source
b) an e lec t ron  on axis  of  uniform th in  d i sc

r d / r



6 1

P  (electron)

(a)

z

E

(b)

F igure  5 : (a)  Sca t t e r ing  geometry fo r  an e lec tron  in  a c i r c u l a r  o r b i t  about a 
sphe r i ca l  l i g h t  source. OE i s  the l ine  of s ig h t .  The (x ,y ,z )  
coord inate  system corota tes  with the elec tron .
(b) Spherical t r i a n g le  from (a) fo r  t ransformation from (x,4>) t o  

( r , 0 ,$) coordinates .
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F i g u r e  6 : S t o k e s  P a r a m e t e r s  f o r  o n e  e l e c t r o n  o r b i t i n g  a
s p h e r i c a l l y  s y m m e t r i c  s o u r c e .  The  a n g l e  b e t w e e n  
t h e  r a d i u s  v e c t o r  a n d  t h e  n o r m a l  t o  t h e  o r b i t ,
0 = 2 0 °  The  a n g l e  b e t w e e n  t h e  l i n e  o f  s i g h t  a n d  

t h e  n o r m a l  t o  t h e  o r b i t ,  i  = 7 0 " .  The  r a d i u s  o f  
t h e  s o u r c e ,  i n  u n i t s  o f  t h e  e l e c t r o n  d i s t a n c e  f r o m  
t h e  c e n t r e  o f  t h e  s o u r c e ,  Rg -  0 . 5
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F i g u r e  1 0 :  S t o k e s  P a r a m e t e r s  f o r  one  e l e c t r o n  i n  a n
-------------  e c c e n t r i c  o r b i t  a b o u t  a s p h e r i c a l  s o u r c e .  The

a n g l e  b e t w e e n  t h e  l i n e  o f  s i g h t  a n d  t h e  n o r m a l  t o  
t h e  o r b i t ,  i  = 7 0 ° .  The  e c c e n t r i c i t y  o f  t h e  
o r b i t  e = 0 . 2 5 .  The  l o n g i t u d e  o f  p e r i a s t r o n ,

= o ° .  The  r a d i u s  o f  t h e  s o u r c e  i n  u n i t s  o f  t h e
s e m i - m a j o r  axis, R s = O * 1
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F i g u r e  1 3 :  S t o k e s  P a r a m e t e r s  f o r  a n  e l e c t r o n  i n  an  e c c e n t r i c  
o r b i t ,  o f  e c c e n t r i c i t y ,  e = 0 . 2  and  l o n g i t u d e  o f  
p e r i a s t r o n ,   ̂ = 0 ° ,  a b o u t  a s p h e r i c a l l y
s y m m e t r i c ,  u n £ f o r m  s o u r c e  f o r  a r a n g e  o f  
i n c l i n a t i o n  a n g l e s ,  i .
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F i g u r e  1 4 : As  F i g u r e  13 f o r  e = 0 . 4  and XQ 0
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F i g u r e  1 5 : S t o k e s  P a r a m e t e r s  f o r  a n  e l e c t r o n  i n  a n  e c c e n t r i c
o r b i t ,  o f  e c c e n t r i c i t y  e = 0 . 2  a n d  i n c l i n a t i o n  
i  = 7 0 ° ,  a b o u t  a s p h e r i c a l l y  s y m m e t r i c ,  u n i f o r m  
s o u r c e ,  f o r  a r a n g e  o f  v a l u e s  o f  t h e  l o n g i t u d e  o f  
p e r i a s t r o n ,  ( d e g r e e s ) .
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F igu re 1 7 :

line of sight

S O U R C E

S O U R C E

S c a t t e r in g  geometry for  an e lec tron  coro ta t ing i n  a binary system. 
The e le c t ron  has coordinates ( r ^ , 0 ,$) with respect  to  source 1 and

( r 2 , 0 ,<J>) with respect  to  source 2 i n  a co ro ta t ing  reference  frame.

The l i n e  of s ig h t  i s  defined by angles i  ( in c l ina t ion )  and X (phase 
o f  o r b i t ) .  Note tha t  the z-axi s  i s  perpendicular  to  the o r b i t a l  
plane of  the binary.
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F i g u r e  1 8 :  S t o k e s  P a r a m e t e r s  f o r  o n e  e l e c t r o n  c o r o t a t i n g  i n
a c i r c u l a r  b i n a r y  s y s t e m  o f  u n i t  r a d i u s  a n d  
i n c l i n a t i o n ,  i  = 7 0 “ . The  s p h e r i c a l l y  s y m m e t r i c  
s o u r c e s  h a v e  r a d i i ,  « x -  0 . 1  a n d  a 2 = 0 8 a n d  t h e  
f r a c t i o n  o f  t h e  t o t a l  l u m i n o s i t y  e m i t t e d  by  s o u r c e  1 , 
f  = 0 . 1 .  T he  p o s i t i o n  o f  t h e  e l e c t r o n  w i t h  r e s p e c t  t o
s o u r c e  1 ( r  , 0 , »  > i s  ( 2 , 2 0 “ , 4 5 ° ) .
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F i g u r e  2 1 :  M a t r i x  o f  S t o k e s  P a r a m e t e r  l o c i  f o r  o n e  e l e c t r o n  
c o r o t a t i n g  i n  a c i c u l a r  b i n a r y  s y s t e m  o f  u n i t  
r a d i u s  a n d  i n c l i n a t i o n ,  i .  The  s p h e r i c a l l y  
s y m m e t r i c  s o u r c e s  h a v e  r a d i i ,  a^ a nd  = and
t h e  f r a c t i o n  o f  t h e  t o t a l  l u m i n o s i t y  e m i t t e d  by 
s o u r c e  1 ,  f  = 0 . 5 .  The  p o s i t i o n  o f  t h e  e l e c t r o n  
w i t h  r e s p e c t  t o  s o u r c e  1 i s  ( r j ,  9 , $ ) ,  w h e r e
r  = 0 . 5  a n d  $ =  0 ° .  F i d u c i a r y  m a r k s  a r e  s hown a t  
q u a r t e r  o r b i t a l  p h a s e  i n t e r v a l s .
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Figure 2 9 : As Figure 21 for f = 0.2 and r ^  2
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f  = 0 .  0 f  = 0 . 2

f  = 0 .

f  = 0 . 8

F i g u r e  3 0 : S e t  o f  S t o k e s  P a r a m e t e r  l o c i  f o r  o n e  e l e c t r o n
c o r o t a t i n g  i n  a c i r c u l a r  b i n a r y  s y s t e m  o f  u n i t  r a d i u s  
a n d  i n c l i n a t i o n  i  = 6 0 ° .  T h e  s p h e r i c a l l y  s y m m e t r i c  
s o u r c e s  h a v e  r a d i i ,  a .  a n d  a~ = 0 . 2  a n d  t h e  f r a c t i o n  
o f  t h e  t o t a l  l u m i n o s i t y  e m i t t e d  by  s o u r c e  1 i s  f .  The  
p o s i t i o n  o f  t h e  e l e c t r o n  w i t h  r e s p e c t  t o  s o u r c e  1 ,
( r .  , 0 , $ ) i s  ( 0 . 5 ,  3 0 ° ,  6 0 ° ) .  F i d u c i a r y  m a r k s  a r e
s h o w n  a t  q u a r t e r  o r b i t a l  p h a s e  i n t e r v a l s .  N o t e  t h a t  
t h e  s c a l e  on  t h e  l o c i  f o r  f  = 0 . 8  a n d  f  = 1 . 0  h a s  
b e e n  h a l v e d .
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f  = 0 . 8

F i g u r e  3 1 : As F i g u r e  30  f o r  i  = 9 0 °  , 0 =  6 0 °  a n d  $= 1 2 0 ° .
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f  = 0 . 0

f  = 0 . 4 U

f  = 0 . 2

f = 0 . 6  Uo,

Uf  = 1 . 0f  = 0 . 8

F i g u r e  3 2 :  As F i g u r e  30 f o r  i  -  8 0 °  , 0  20  , 0 1 2 0
a n d  r ^  = 2 .
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* = 1 3 5

F i g u r e  3 3 : S e t  o f  S t o k e s  P a r a m e t e r  l o c i  f o r  o n e  e l e c t r o n
c o r o t a t i n g  i n  a c i r c u l a r  b i n a r y  s y s t e m  o f  u n i t  r a d i u s  
a n d  i n c l i n a t i o n  i  = 4 5 ° .  T h e  s p h e r i c a l l y  s y m m e t r i c  
s o u r c e s  h a v e  r a d i i ,  a^  an( j a ^ _ q ^ a n d  t h e  f r a c t i o n  
o f  t h e  t o t a l  l u m i n o s i t y  e m i t t e d  by s o u r c e  1 ,  f  = 0 . 5 .  
T h e  p o s i t i o n  o f  t h e  e l e c t r o n  w i t h  r e s p e c t  t o  s o u r c e  1 
i s  ( r  , 0 , $ ) w h e r e  ^  = 0 . 5  a n d  0 = 4 5 ° .  F i d u c i a r y
m a r k s  a r e  s h o w n  a t  q u a r t e r  o r b i t a l  p h a s e  i n t e r v a l s .
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135 $ = 1 8 0

F i g u r e  3 4 i As F i g u r e  33 f o r  i  -  3 0 °  a n d  0 = 6 0 ° .
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Figure 35: S c a t t e r ing  geometry f o r  an extended source cen tred  on 0 and
s c a t t e r i n g  element dV a t  S. OE, i n  the x ,z  plane ,  i s  the  l i n e  of 
s ig h t .  (Qo ,Uo ) de f ine  the ob s e rv e r ' s  re fe rence  plane ,  Qq being

perpendicular  to  OE i n  the plane OZE. i s  a lso  perpendicu la r  to  OE

but  l i e s  i n  the  plane OSE. The y -ax i s  has been omit ted fo r  c l a r i t y .

z

E

Figure 36 : Spherical  t r i a n g l e  from Figure 35 f o r  the t ransfo rmation  from (y,£2) 
to  (0 ,<f>).



CHAPTER 4

ANALYTIC THEORY OF THE POLARISATION OF SS433
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4 . 1  I n t r o d u c t i o n

We now app ly  the  e q u a t i o n s  d e r i v e d  i n  C h a p te r  3 t o  SS433. To do

s o ,  we use  a much s i m p l i f i e d  model o f  SS433 ( se e  F i g u r e  1 ) .  The o r b i t

i s  assumed t o  be c i r c u l a r  ( t h e  e s t i m a t e d  e c c e n t r i c i t y  i s  < 0 . 0 5 ,  C o l l i n s

and Newsom, 1986) ,  o f  r a d i u s  a ,  and t h e  companion s t a r  i s  app rox im a te d

by a s p h e r e  o f  r a d i u s  r  . A no the r  s p h e r i c a l  s o u r c e  o f  r a d i u s  r  (wheres c

r  < r  ) i s  u sed  t o  approx im ate  the  l i g h t  e m i t t e d  by the  compact  o b j e c t  c s

and t h e  i n n e r  r e g i o n  o f  t h e  d i s c .  F o r  e a s e  o f  i n t e g r a t i o n ,  the  na rrow 

j e t s  ( o p e n in g  a n g l e < 5 ° )  a r e  app rox im a te d  by a l i n e  o f  c o n s t a n t  number 

d e n s i t y ,  n ̂  , normal  t o  a t w o - d im e n s io n a l  o p t i c a l l y  and g e o m e t r i c a l l y  

t h i n  d i s c  o f  c o n s t a n t  number d e n s i t y  p e r  u n i t  a r e a ,  n^ .  The j e t s  and 

d i s c  a r e  t a k e n  t o  p r e c e s s  as a u n i t  ( c f .  f u r t h e r  d i s c u s s i o n  i n  S e c t i o n  

4 . 5 ) .  The i n c l i n a t i o n ,  i ,  o f  the  o r b i t  i s  t h e  ang le  be tween  the  l i n e  

o f  s i g h t  and the  normal  to  t h e  o r b i t a l  p l a n e ,  and the  p r e c e s s i o n  cone 

a n g l e , 0 , i s  t h e  an g le  be tween  the  j e t s  and the  normal  to  t h e  o r b i t a l  

p l a n e .  Both t h e s e  a n g le s  a re  assumed t o  be c o n s t a n t .  The r e f e r e n c e  

frame u s e d  i n  t h e  c a l c u l a t i o n  o f  the  Stokes  P a ra m e te r s  has  p o l a r  a x i s  

no rm a l  t o  t h e  o r b i t a l  p l a n e  and c o r o t a t e s  w i th  the  o r b i t  such t h a t  the 

x - a x i s  i s  t h e  r a d i u s  v e c t o r  o f  the  compact  o b j e c t  w i th  r e s p e c t  t o  the  

c e n t r e  o f  t h e  companion s t a r  ( F i g u r e  2 ) .  We d e f i n e  X to  be the l o n g i t u d e  

o f  t h e  o r b i t ,  i . e .  t h e  a n g le  be tw een  t h e  x - a x i s  and the  p r o j e c t i o n  o f  

t h e  l i n e  o f  s i g h t  on th e  o r b i t a l  p l a n e ,  and Q, i s  s i m i l a r l y  d e f i n e d  to  be 

t h e  l o n g i t u d e  o f  p r e c e s s i o n .  Note t h a t  i s  n e g a t i v e  f o r  r e t r o g r a d e  

p r e c e s s  io n .



93

I n  the  f o l l o w i n g  two s e c t i o n s ,  t h e  p o l a r i s a t i o n  o f  l i g h t  from 

ea ch  s o u r c e  i s  t r e a t e d  s e p a r a t e l y .  A f t e r  the  l i m i t a t i o n s  o f  the  

model have  been  d i s c u s s e d  ( S e c t i o n  4 . 5 ) ,  t h e  a b s o l u t e  v a l u e  o f  the  

p o l a r i s a t i o n  i s  e s t i m a r e d  i n  r e l a t i o n  t o  mass l o s s  r a t e s  and th e  

d i s c  mass .

4 . 2  P o l a r i s a t i o n  due t o  l i g h t  f rom s o u rc e  a t  c e n t r e  o f  d i s c

The j e t  i s  sy m m e t r i c a l  abou t  the  c e n t r a l  p l a n e  o f  t h e  d i s c ,  b u t  

n o t  a bou t  the  o r b i t a l  p l a n e ,  i n  g e n e r a l .  Hence,  t h e  Stokes  P a r a m e te r s  

f o r  s c a t t e r i n g  from the  j e t  a r e

[ Q ( r , 0 , $ )  + Q ( r , i r - 0 , 7r+$;] d r  

: ( 1)

Q . = n .  
c j  J

U . = n .  
c j  J

[ U ( r , 0 , $ )  + U ( r , 7r - 0 ,TT+<f>)] d r

where  Q ( r , 0 , $ )  and U(r,0,<f>) a r e  g iv e n  by e q u a t i o n s  3 .19  w i t h

D = (1 - r 2 :/ r 2 ) 2. Now Q ( r ,7r-0,7r+$) = Q ( r , 0 , $ ) ,  U ( r , tt- 0 , tt+$;  = 
c

U ( r , 0 , $ )  and

/ 1 2 /  __( 1- r z / r ^ )  —7 = 7—s r  4 r
( 2 )

Hence e q u a t i o n s  (1)  become

n .  o  f £ i - 3 c6 s 20 J s i n 2 i  + s i n  2i  s i n  20 cos(X+$)

- ( l + c o s 2 i ) s i n 2 0 cos 2(X+$)Qc j
= 1  - 0 

4 r

( 3 )
n .  a 7T 

U . = - J — ^
cj 2r

s i n i  s i n 2 0  s i n ( X + $ ) - c o s i  s i n 20s in2(X+$)

where  from F i g u r e  2 X+$ -  .

Note t h a t ,  b e c ause  o f  p r e c e s s i o n  $ i s  now t im e  de p e n d en t .

To f i n d  the  S tokes  P a ra m e te r s  due t o  s c a t t e r i n g  from th e  d i s c ,  

we f i r s t  d e f i n e  a  as fo l low s  ( s e e  F i g u r e  3 ) .
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L e t  OR be the  i n t e r s e c t i o n  o f  the  p l a n e  c o n t a i n i n g  t h e  z - a x i s  

and t h e  j e t  w i t h  t h e  d i s c .  Le t  ( r , 6 ,<J>) be t h e  p o l a r  c o o r d i n a t e s  o f  an 

a r b i t r a r y  p o i n t  P i n  the  d i s c .  Then a  i s  d e f i n e d  t o  be  t h e  an g le  

b e tw e en  OR and OP. Hence, the  Stokes P a r a m e te r s  f o r  t h e  d i s c  a r e

f2lT ' r d
Qcd = n d

U = n cd d

C 2TT

Q ( r , 0 ,<J))rdr da

U ( r  ,0 , <J>)rdr da

(4 ;

where  r ^  i s  t h e  e f f e c t i v e  o u t e r  r a d i u s  o f  t h e  d i s c  and Q ( r ,0 ,

U(r,0,<fj) a r e  a g a i n  found from e q u a t i o n s  ( 3 . 1 9 ) .

We now s u b s t i t u t e  f o r  0 and <j> i n  terms o f  0 ,$ and a  . From 

F i g u r e  4 we f i n d

cos 0 = - s i n  0 cos a

s i n  0 s i n  <J> = cos $ s i n  ct + s i n  $ cos 0 cos a (5 )

s i n  0 cos <f> = - s i n  $ s i n  a + cos $ cos 0 cos a

A lso d [1 - r ^ / r2 ] 2 d r / r  =
• y  2 cos2 x dx

. -1 c s i n  x 
s m  —

r d
-1 r C -A= - l o g  [ t a n  k  ( s i n  — ) ] - c o s ( s i n  A —1-  ) (6r . r  ,

i r. -1 c

d "d

Hence,  f rom e q u a t i o n s  ( 5 ) ,  ( 6 ) and ( .3 .19) ,  e q u a t i o n s  (4)  become

. -1 r c-
‘cd

 %— -  { log[  t a n  % (s in _1 ~ ) ] + c o s ( s i n  L ) }
2 r d d

( l - 3 c o s 20 ) s i n 2 i + s i n  2 i  s i n  20cos(X+$)

- ( 1+cos2 i ) s i n z0cos2(X+$) ,

r  t r“1 0  ™ 1 G
U , = irn ,a  { l o g  [ t a n  ^ ( s i n  — + cos ( s i n  ) }

cd d o r d r d

( 7 )

i s i n i  s i n 20  s i n ( X + $ ) - c o s i  s i n 20 s i n 2 (X+$) }
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I t  can  be  se en  from e q u a t i o n s  (3)  and (7 )  t h a t  t h e  p o l a r i s a t i o n  

o f  s c a t t e r e d  l i g h t  e m i t t e d  by the  s o u r c e  a t  t h e  c e n t r e  o f  t h e  d i s c  

( h e r e a f t e r  c a l l e d  t h e  c e n t r a l  s o u r c e )  does n o t  depend on t h e  o r b i t a l  

ph a s e  o f  t h e  o b j e c t .

Now, lo g  [ t a n  \  ( s i n  ^ x ) ]  + cos ( s i n  ^x) = 0 f o r  x = 1

and { log  [ t a n  % ( s i n  1x ) ]  + c o s ( s i n "1 x )}  = > Q f o r  0 < x < 1

-1 / 1- x 2
T h e r e f o r e ,  lo g  [ t a n  %(s in  r  / r  J ]  + c o s ( s i n  r  / r , ) <  Os i n c e  r  < r , .c d c d c d

Hence a compar ison  o f  e q u a t i o n s  (3)  and (7 )  shows t h a t

Q = - m Q . and U = - m U . ( 8)cd ^ c j  cd cj

where  m > 0 .  So t h e  Q,U locus  has  t h e  same shape  w i t h  p r e c e s s i o n a l

phase  f o r  j e t  o r  d i s c  s c a t t e r i n g  o f  l i g h t  e m i t t e d  by a s p h e r i c a l l y

sy m m etr ic  c e n t r a l  s o u r c e ,  b u t  w i t h  a 90° r o t a t i o n  on t h e  sky o r  180°

i n  t h e  Q,U p l a n e .

The S tokes  P a r a m e te r s  f o r  d i s c  and j e t  s c a t t e r i n g  from t h e  c e n t r a l

s o u r c e  a r e  found from summing e q u a t i o n s  (3 )  and ( 7 ) .  The s c a t t e r i n g

w i l l  be j e t  o r  d i s c  domina ted  a c c o r d i n g  as

-1 -1 n * 
n d { log  Ltan %(s in  r c / r d ^  + c o s ^s i n  T J T d ^  + T r

i s  p o s i t i v e  o r  n e g a t i v e .  F i g u r e  5 and 6 show the  Q,U l o c i  f o r  a m a t r i x  

o f  i  and 0 v a l u e s  f o r  ( 5 ) j e t  domina ted  and ( 6 ) d i s c  domina ted  s c a t t e r i n g ,  

When 0 = i ,  t h e  cusp o c c u rs  a t  p r e c e s s i o n  phase  = 0 f o r  t h e n  th e  j e t  

l i e s  a lo n g  t h e  l i n e  o f  s i g h t  and th e  d i s c  i s  normal  t o  t h e  l i n e  o f  s i g h t .  

The p o l a r i s a t i o n  i s  z e ro  a t  t h e  cusp s i n c e  t h e  s c a t t e r i n g  r e g i o n  i s  

s y m m e t r i c a l  a b o u t  t h e  l i n e  o f  s i g h t .



9-. 3 P o l a r i s a t i o n  due t o  l i g h t  f rom th e  companion s t a r

I f  (r,0,<})) a r e  t h e  p o l a r  c o o r d i n a t e s  o f  an a r b i t r a r y  e l e c t r o n  i n  

j e t  o r  d i s c  w i th  r e s p e c t  to  t h e  c e n t r e  o f  t h e  d i s c  and r^ i s  i t s  d i s t a n c e  

from t h e  c e n t r e  o f  the  companion s t a r  t h e n  t h e  S to k e s  P a r a m e t e r s  due t o  

l i g h t  f rom the  companion s t a r  s c a t t e r e d  by t h i s  e l e c t r o n  i s  ( c f .  

e q u a t i o n s  ( 3 . 2 3 ,  2 6 j .

( r ^ - r  ) 2 [ l - 3 (— ) 2c o s 20 ] s in  2i ' S i n 2 i  s i n  X[(— ) 2sin20sin<f>]
Q ^ r . S . * )  = - 2 r i T r i r i

2

+ s in  2i  cos  A[(— ) s i n  20cos<f>+^— 9cos 0^
r  1 r r

2a r

2
( r : - r  ) 2

U ( r  , 0  ,<J>) =  f —s ’ * r ^  <

- ( l + c o s 2 i ) c o s  2A[t— ) zs m 2 9cos s i n 0cos<t>+(— ]
r i  r l :

2 s r+ ( l + c o s 2 i ) s i n 2x[ (■— ,)2s i n 2 '0 s i n 2cj>+ —y sin9sin<J>] r i  r f

s i n  i  s i n \ [ ( — J ^ s i n  20c o s $+2—7 c o s 0 ] 
r i  r ‘l

+ s i n i  cosA [(— J2s i n  20sinc|)J 
r l

- c o s i  s i n 2A[(— J ^ s i n 20c o s 2cf>+ ^ 7  s i n  0 cos<f>+(— ) 2 ] 
r l r i r l

- c o s i  c o s 2X[(— ) 2s i n 2 0s i n 2$:+^7 s i n  0 s i n  
r i  r .

d i i

( l i b

where  r 2 = r 2 + a 2 + 2a r  s i n  0 cos <J> .
1

Note t h a t  (j) i s  now t ime d e p e n d e n t ,  as $ was i n  e q u a t i o n s  ( 3 ) ,  b e c a u s e  o f  

p r e c e s s i o n .

Now, the  S tokes  p a r a m e t e r s  f o r  s c a t t e r i n g  from t h e  j e t  w i l l  be  

( c f .  e q u a t i o n s  ( l ) ) .

Q . = n .
SJ J [Q ( r , 0 , $ )  + Q ( r , i r - 0 ,TT+$)] d r

U . = n .  
s j  J

[U ( r , 0 , $ )  + Ug ( r , t t"0 , t t+$) ] d r
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i . e .  u s i n g  e q u a t i o n s  (.11;

n  . a
Q . - - J - 2s j  2a

r
[ j Q- 3 J ^ c o s 20 ; ] s in 2i - s i n  2i  s i n X [ J ^ s i n  20s i n $ j  

+ s i n 2i  c o s X [ J ^ s i n  20cos$+ 2J^ cos© ] 

- ( i + c o s 2i ; c o s  2 X [ J ^ s in ^ 0cos 2$+2J^ sinW cos$  + 

+ ( l + c o s 2i ) s i n  2X [J^ s i n 20 s i n  2$ + 2J  s i n 0  s m $ ]

u  . = y 0
SJ a

where

s i n i  s i n X [ j ^  s i n  20cos5>+ 2 J 2 cos 0]

+ s i n i  cosX[J^ s i n  2 0 s in $  ]

- c o s i  s i n 2X [ J ^ s i n 20cos2$  + 2J^ s i n 0 c o s $ + J ^  1 

- c o s i  c o s 2X[ J ^ s i n 20s i n  2$ + 2J^  s i n  0 s i n  $]

.  r  { } d R
J R  [gCR) ] 3 [ g ( - R ) ] 3

R = r  / a  c c

r «

J2 “

{ « S i  + It*!  }R2dR
R [ g U ) ] 5 [ g ( - R ) ] 5c

{ f (RJ f ( - R )  y K d R

R [ g ( R ; ] 5 [ g ( - R ) ] 5c

{ f U )  + « H J )  }dR

R£ [ g ( R ) ] 5 [ g t - R ) ] 5

J,
and f ( R ;  = (R2+1+2R s i n 0 c o s < I > -  R2 ) 2 , Re = r  / a

S S S

g(R) = (R2+1+2R s i n 0 cos $ )

F o r  s c a t t e r i n g  from t h e  d i s c ,  we ha v e  ( c f .  e q u a t i o n s  (4)}

f2TT f T

Qs d  = n d
Q ( r , 0 ,<f>)rdr- da s

U , = n s d  d
r2ir rrd U ( . r , 0 ,<|>)rdr da s

( 12a;
]

( i 2b ;

U 3 )

U 4 ;
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where  we use  e q u a t i o n s  (5J  to  s u b s t i t u t e  f o r  0 and (J) i n  te rms  o f  

0 , $ and a  , and , Ug a re  a g a in  g iv en  by e q u a t i o n s  ( l l ) .  Hence 

e q u a t i o n s  (14.) become

Q = n d ao 
s d  — —

U = n o  s d  d o

s i n 2i  [B^-—( t f ^ + B ^ s i n 2© ]

- s i n  2 i  cos  A [%(B +B ) s i n  2 0 c o s $ - B . s i n y s i n $ + 2 B  s i n 0  ]
L i  a,

+ s i n  2 i  s inA [%(B_+B„)s in  20sin$+B,  s i n t ) c o s $  ]
2 3 4

- ( l + c o s  i ) c o s  2A[%(B„( l + c o s ^ O J - B , s i n 2 0 ) c o s  2 $ - B , c o s 0 s i n  2$
3 2 4

+B_ + 2B- co s U c o s $ -  2B s i n $  ]
5 o 7

+ ( l + c o s 2 i ) s i n 2 A[^(B2 ( l + c o s 2 0 ).-B s i n 2 0 ) s i n  2 $+B^ c o s © c o s 2 $

+2B.  c o s 0  s i n $  + 2B_ cos$  ]
6  7

s m  i  s i n A [ - ^ ( 6 2 + 8 3  J s i n  20cos$+Bl+sin0sin<I>-2B6 s i n  0 ]

- s m  i  co sA [^(B 2 +B3) s i n  ZBsin^+B^sinOcos^ ]

- c o s  i  s i n  2A[^(B 3 U + c o s 2 0 ; - B 2 s i n 2  0 ) c o s 2 $ -  B^cosO s i n  2<P 

+ B5 + 2B6 c o s 0  cos<P - 2B7 s i n $  ]

-  cos  i  cos  2 A[^(B3 ( l + c o s 20 7 -B 2s i n 20>sin2<J> + B^cosO cos  2<P 

+ 2Bg c o s 0  s i n $  + 2 B7  c o s $  ]

where  B =

B2 =

' 2 tt

o

2tt

o

f  2 tt

Rd t,R2 -R2 ) 2

B3 =

R

R

R

R

l "  s RdR da  , R = r  / a ,  Ro = r  / a ,  ’ c c s s

R 1 Rd  =  r d / a

(R?-R2 r
"W 1-  R3dR d“

^R2-R2 ) 2
■ ' 5̂ — cos 2a R^dR dd

RI

( 15a)

C i 5b X
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B4

B5 "

r 2 IT fRd

0 Rc R?

’2TT •Rd ( r 2- r 2 )^
1 s

O Rc R ?

'2TT rRd (R2-R2 )^ 
1 s

o  . Rc R i

’2tt •Rd ( r 2- r 2 )^
1 S

0 J Rc
R ?

s i n  2a R3dR da

RdR da

cos a R2dR da

s i n  a R2dR da

(16)

and R2 = 1 + R2+ 2R(- s i n  $ s i n  a + cos 0 cos $ cos a ) .

Note t h a t  the  l e n g th s  i n  t h e  i n t e g r a n d s  o f  e q u a t i o n s  (13)  and C16 2

ha v e  been  n o r m a l i s e d  by the  o r b i t a l  r a d i u s  so t h a t  they  a r e  d i m e n s i o n l e s s .

F i g u r e s  7-13 show the  Stokes  P a r a m e te r s  f o r  s c a t t e r e d  l i g h t  e m i t t e d

by t h e  companion s t a r .  In  t h e  i n t e g r a l  ( .equat ions (13)  a n d ( l 6 ) ) ,  Rc = 0 .001

f o r  a l l  l o c i ,  w h i l e  R, = 0 .2  and R = 0 . 7  ( c f .  van den Heuval e t  a l . ,  1980}d s ---------

f o r  F i g u r e s  7 ,8 ,1 0  and 11 and R, = R = 0 .45  ( c f .  Wagner, 1986 andd s

r e f e r e n c e s  t h e r e i n }  f o r  F i g u r e s  9 ,1 2  and 13. F i g u r e s  7-9 a r e  f o r  j e t

o n ly  s c a t t e r i n g  w h i l e  F i g u re s  10-12 a r e  f o r  d i s c  on ly  s c a t t e r i n g .  I f

0 ^  45°  ( .depending on Rg ) ,  t h e  j e t  ' i n t e r s e c t s '  the  companion s t a r  and

[ f ( .R ) ] 2 , i n  t h e  i n t e g r a n d s  o f  e q u a t i o n s  (13};>i s  n e g a t i v e .  There i s  no

s i m i l a r  g e o m e t r i c a l  r e s t r i c t i o n  on the  r ange  o f  0 f o r  the  d i s c .  When

0 = 0 ( F i g u r e s  7 and 10) ,  R , R . and R a f f e c t  t h e  s c a l e ,  b u t  n o t  the  shape °  s d c

o f  t h e  l o c u s ,  which i s  an e l l i p s e ,  whose e c c e n t r i c i t y  depends on the  

i n c l i n a t i o n ,  t h a t  i s  d e s c r i b e d  tw ice  p e r  o r b i t .  For  bo th  j e t  and d i s c ,  

when 0 = 0°a nd  i  = 90° then  U = 0.  The l o c i  i n  a l l  t h e s e  f i g u r e s  a r e  

n o t  smooth b e c a u s e  the  i n t e g r a l s  were c a l c u l a t e d  i n  i n t e r v a l s  o f  X = tt/10

o v e r  t h i r t e e n  o r b i t a l  p e r i o d s  and Ppr e c  ~ 3  Porb ( c f .  Ppr e c  162.5 days
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and Porb = 13,1 days f o r  SS433 e S* KemP 1986) .  I n  F i g u r e s  8 ,9  and 

1 1 -13 ,  t h e  b a s i c  e l l i p s e  due to  the  o r b i t a l  m o tion  o f  t h e  s c a t t e r i n g  

r e g i o n ,  i s  bo th  m o d i f i e d  and d i s p l a c e d  by the  p r e c e s s i o n  o f  the  j e t  

o r  d i s c .  The a p p e a ra n ce  o f  the  locus  o v e r  one p r e c e s s i o n  p e r i o d  i s  

d e t e r m i n e d  p r i m a r i l y  by 0 and i ,  a l t h o u g h  i n  t h e  c a se  o f  d i s c  s c a t t e r i n g ,  

as  ^d l n c r e a s e s  the  p r e c e s s i o n a l  m o d i f i c a t i o n  o f  the  o r b i t a l  doub le  

e l l i p s e  i s  more marked.  (Note t h a t  + R < l ) .  I n  g e n e r a l ,  however ,  

t h e  p r e c e s s i o n a l  e f f e c t  i n  the  c a se  o f  the  d i s c  i s  s m a l l e r  t h a n  f o r  t h e  

j e t .  The s c a l e  o f  the  e l l i p s e  changes w i th  p r e c e s s i o n a l  phase  as does 

t h e  c e n t r e  o f  t h e  e l l i p s e ,  which remains  on,  o r  c l o s e  t o ,  t h e  Q - a x i s .

The shape  o f  the  double  e l l i p s e  changes n o t i c e a b l y  on ly  when 0 ^ 0  

and i  i s  l a r g e  (See F i g u r e  12 and 13b f o r  i = 9 0 ° ) .  Al though th e  chang ing  

a s p e c t  o f  t h e  d i s c  w i th  r e s p e c t  t o  t h e  companion s t a r  does change the  

d e g re e  o f  p o l a r i s a t i o n ,  the  d i s c  can always be a pp rox im a te d  by a l o c a l i s e d  

s c a t t e r i n g  r e g i o n  o f  s l i g h t l y  v a r y i n g  o p t i c a l  depth  m  the  o r b i t a l  p l a n e .  

Th is  canno t  be done f o r  t h e  j e t  when 0 f  0° ,  s i n c e ,  b e c a u s e  o f  p r e 

c e s s i o n ,  the  p o s i t i o n  o f  t h e  segment  o f  the  j e t  which p roduces  most o f  

t h e  p o l a r i s a t i o n  moves a lo n g  the  j e t ,  b e i n g  (m o s t ly )  i n  the  h a l f  o f  the  

j e t  which i s  t i l t e d  towards  t h e  companion s t a r .  T h e r e f o r e  the  ' a l t i t u d e '  

o f  t h e  e f f e c t i v e  s c a t t e r i n g  r e g i o n  v a r i e s  w i t h  the  p r e c e s s i o n  phase  and,  

he nc e  th e  c h a n g es ,  w i t h  p r e c e s s i o n  p h a s e ,  i n  t h e  Q,U locus  f o r  the  j e t  

f o r  one o r b i t a l  p e r i o d .  A l s o ,  the  deg re e  o f  p o l a r i s a t i o n  g iv e n  by d i s c

s c a t t e r i n g  i s  much l e s s  t h a n  t h a t  g i v e n  by j e t  s c a t t e r i n g  ( F ig u r e  13) 
n . a  n . a

s i nce .J.-P — e f f e c t i v e l y  measure  the  o p t i c a l  dep th s  o f  j e t  and
2a 5 2

d i s c  r e s p e c t i v e l y .

4 . 4  S tokes  P a r a m e te r s  f o r  t h e  whole  sy s tem

Le t  t h e  f r a c t i o n  o f  t h e  t o t a l  l u m i n o s i t y  o f  the  sy s tem  e m i t t e d  by
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t h e  c e n t r a l  s o u r c e  be f .  Then th e  S tokes  P a r a m e te r s  f o r  t h e  whole 

s y s t e m  a r e  g i v e n  by

Qt o t a l  = f ( Qcd + V  + (1 '  f K Q sd + V

(17)
= f ( u  . + u  . ;  + ( i  -  f ) ( u  , + u  jt o t a l  cd c j  sd  s j

F i g u r e s  14, 15 and lb  show m a t r i c e s  o f  Q,U l o c i  f o r  a r ange  o f  

i  and f  v a l u e s .  The c o n s t a n t  A can  be found from e q u a t i o n s  ( 3 ) ,  (7 )  

and (17 )  and i s  e'qual to

n .
- —  {n ( l o g  [ t a n  ^ ( s i n  — )]  + c o s ( s i n ” — )) + -J .  } .
2 d  t ,  r ,  2rd d c

As can  be s e en  from t h e s e  f i g u r e s ,  f  must  be s m a l l ,  i n  some c ases  l e s s  

t h a n  0 . 2 5 ,  b e f o r e  the  shape o f  the  Q,U locus  does n o t  c l e a r l y  show the  

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

The S tokes  P a ram e te r s  i n  e q u a t i o n s  (17)  a r e  r e f e r r e d  t o  axes  which 

have  Q -a x i s  normal  t o  the  o r b i t a l  p l a n e .  When o b s e r v a t i o n s  a r e  made, 

t h i s  need  n o t  be the  c a se .  Suppose the  an g le  between  an o b s e r v e r ' s  

Q - a x i s  and th e  normal  t o  the  o r b i t  i s  8 , measured  a n t i c l o c k w i s e  from 

t h e  o r b i t  normal  t o  the  o b s e r v e r ' s  a x i s .  Then t h e  S tokes  P a r a m e te r s  

r e f e r r e d  t o  t h e  o b s e r v e r ' s  a x e s ,  Q (8 ) ,  U (8 ) ,  a re  g iven  by

Q ( 8 ) cos 28 s i n  28

u ( 8 ) , - s i n  28 cos 28,

t o t a l

(18)

t o t a l '

F i g u r e s  17 and 18 show t h e  e f f e c t  o f  r o t a t i n g  the  o b s e r v e r ' s  axes  f o r  

2 s e t s  o f  p a r a m e t e r s .  The p a t t e r n  r e p e a t s  f o r  8 > 180°.

4 . 5  L i m i t a t i o n s  o f  the  model

The s im p le  model o f  SS433 used  i n  the  p r e v i o u s  s e c t i o n s  does n o t  

a l l o w  f o r  many o f  t h e  e f f e c t s  known t o  be p r e s e n t  i n  the  sys tem .  These
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i n c l u d e  e c l i p s e s  o f  both l i g h t  s o u rc e s  and s c a t t e r i n g  r e g i o n s ,  and non

s p h e r i c i t y  o f  t h e  s o u r c e s . Moreover ,  t h e  j e t s  do n o t  p r e c e s s  as a r i g i d  

r o d ,  f o r  on ly  t h e  i n n e r  r e g i o n  i s  c o n s t r a i n e d  t o  f o l l o w  th e  d i s c  normal ,  

h e n c e  t h e  o b s e rv e d  ' c o r k s c r e w '  a t  r a d i o  w a v e l e n g t h s .  The d i s c  h e i g h t  

may be as much as t w o - t h i r d s  the  r a d i u s ,  w h i l e  t h e  o pe n ing  ang le  o f  the  

j e t  i s  t h o u g h t  t o  be ^ 2 ° .  Both d i s c  and j e t s  a r e  l i k e l y  t o  e x h i b i t  

f l u c t u a t i o n s  o f  d e n s i t y  t h a t  a r e  both p o s i t i o n  and t ime de p e n d e n t ,  and,  

c e r t a i n l y  c l o s e  t o  t h e  compact  o b j e c t ,  t h e  a s su m p t io n  o f  o p t i c a l l y  

t h i n  s c a t t e r i n g  may n o t  h o l d .  SS433 i s  o b s e rv e d  t o  be v a r i a b l e  on many 

t im e s c a l e s  o v e r  and above t h e  p e r i o d i c  v a r i a t i o n s  i d e n t i f i e d  w i th  the  

p r e c e s s i o n  o r  t h e  o r b i t a l  p e r i o d ,  and such l u m i n o s i t y  f l u c t u a t i o n s  cou ld  

w e l l  change t h e  p r o p o r t i o n  o f  the  t o t a l  l u m i n o s i t y  e m i t t e d  by each s o u rc e  

( i . e . f ) .  There may be some p o l a r i s a t i o n  due t o  s c a t t e r i n g  i n  the  atmosphere  

o f  t h e  companion s t a r ,  which has  n o t  been  i n c l u d e d  i n  the  model (b u t  t h i s  

s h o u l d  mimick t h a t  o f  the  companion 's  l i g h t  on the  j e t / d i s c  system) and 

th e  e c c e n t r i c i t y  o f  the  o r b i t  i s  n o t  w e l l  known. F i n a l l y ,  t h e  e f f e c t s  o f  

a m a g n e t i c  f i e l d  which may w e l l  be p r e s e n t  i n  the  e n v i r o n s  o f  t h e  compact  

o b j e c t ,  such as  Fa raday  R o t a t i o n ,  a re  i g n o r e d .  These a r e  l i k e l y  to  be 

s m a l l  a t  o p t i c a l  w a v e l e n g t h s .

The chosen  geometry  o f  the  s c a t t e r i n g  r e g i o n s  g iv e s  t h e  maximum 

p e r c e n t a g e  p o l a r i s a t i o n ,  P = (Q2+U2) 2 , p e r  e l e c t r o n .  A t h i c k  d i s c  or  

e x p a n d in g  j e t  w i l l  n o t  change the  shape o f  t h e  Q,U locus  a l t h o u g h  the 

m agn i tude  w i l l  d e c r e a s e  as t h e  s c a t t e r i n g  r e g i o n s  t end  to  s p h e r i c a l  

symmetry.  M u l t i p l e  s c a t t e r i n g ,  which w i l l  o c c u r  i f  the  s c a t t e r i n g  r e g i o n s  

a r e  n o t  o p t i c a l l y  t h i n ,  w i l l  a l s o  reduce  the  magni tude  o f  Q and U, and 

w i l l  a l s o  g iv e  some c i r c u l a r  p o l a r i s a t i o n .  However,  the  tem pora l  and 

a n g u l a r  p o l a r i m e t r i c  p r o p e r t i e s  o f  such a d i s c / j e t  which concern  us h e r e
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can be a c c u r a t e l y  r e p l a c e d  ( c f .  Dolan 1984) by an e q u i v a l e n t  un i fo rm  t h i n  

d i s c / j e t .

P o l a r i s a t i o n  from the  j e t s  i s  p r o p o r t i o n a l  t o  ^ / r ^  f o r  a t h i n  j e t  

and w i l l  d e c r e a s e  even  f a s t e r  f o r  an expand ing  j e t .  Only t h e  i n n e r  

r e g i o n s  o f  t h e  j e t  g ive  s i g n i f i c a n t  p o l a r i s a t i o n  and hence  t h e  j e t  ' c o r k 

s c r e w '  w i l l  have  a n e g l i g i b l e  e f f e c t ,  p a r t i c u l a r l y  i f  t h e  d i s c  i s  the  

dom inan t  s c a t t e r i n g  r e g i o n .  D e n s i ty  f l u c t u a t i o n s  i n  t h e  j e t  a r  d i s c  w i l l  

a f f e c t  t h e  shape  o f  t h e  Q,U locus  on ly  i f  t hey  a r e  a x i s y m m e t r i c . Even 

s o ,  o b s e r v a t i o n s  over  a long  p e r i o d  o f  t ime s h o u ld  a ve rage  ou t  such 

e f f e c t s .  The same i s  t r u e  f o r  n o n - p e r i o d i c  v a r i a t i o n s  i n  f .

Many models  o f  SS433 have  th e  companion s t a r  f i l l i n g  i t s  Roche Lobe.  

The c e n t r a l  s o u r c e  i n  t h i s  model i n c l u d e s  t h e  l i g h t  e m i t t e d  by the  i n n e r  

r e g i o n s  o f  t h e  d i s c .  Hence,  b o th  s o u r c e s  a r e  n o n - s p h e r i c a l . However, 

t h e  e f f e c t  o f  t h e  d e p a r t u r e  f rom s p h e r i c a l  symmetry o f  t h e  s o u r c e s  i s  

e x p e c t e d  t o  be l e s s  t han  the  e f f e c t  o f  r e p l a c i n g  a p o i n t  s o u r c e  w i t h  an 

e x t e n d e d  s p h e r i c a l  s o u r c e .

S inc e  the  a n g u l a r  s i z e ,  as seen  from the  d i s c ,  o f  t h e  companion 

s t a r  i s  l a r g e ,  any p o l a r i s a t i o n  due to  s c a t t e r i n g  i n  i t s  a tmosphere  i s  

l i k e l y  t o  be s m a l l .  Such p o l a r i s a t i o n  w i l l  depend on ly  on the  o r b i t a l  

p e r i o d ,  u n l e s s  the  companion s t a r  i s  s i n g i f i c a n t l y  n o n - s p h e r i c a l  and 

a l s o  p r e c e s s e s .  I f  the  Q,U v a r i a t i o n  a t  the  p r e c e s s i o n  phase  i s  dominant ,  

i . e .  s c a t t e r i n g  from th e  c e n t r a l  s o u rc e  i s  dominant  ( s e e  S e c t i o n  4 . 6 ) ,  the  

sha pe  o f  t h e  p r e c e s s i o n  v a r i a t i o n  and hence  such p a ra m e t e r s  as i ,  0 and 3 

c o u ld  s t i l l  b e  d e t e r m i n e d .  The same i s  t r u e  f o r  n o n - z e r o  o r b i t a l  e c c e n 

t r i c i t y ,  s i n c e  on ly  the  p o l a r i s a t i o n  due t o  the  companion s t a r  would be 

a f f e e t e d .

The m a jo r  s o u r c e  o f  i n a c c u r a c y  i n  t h e  model l i e s  i n  t h e  l a c k  o f
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e c l i p s i n g  and o c c u l t a t i o n  e f f e c t s .  However, some o f  t h e s e  e f f e c t s  

depend on ly  on th e  o r b i t a l  p h a s e ,  such as e c l i p s e s  o f  t h e  s o u r c e s  and 

o c c u l t a t i o n  o f  t h e  d i s c  by th e  companion s t a r ,  whe reas  some depend on 

t h e  p r e c e s s i o n  p h a s e ,  such as o c c u l t a t i o n  o f  p a r t  o f  t h e  j e t s  by the 

d i s c .  S inc e  the  p r e c e s s i o n  and o r b i t  a r e  n o t  phase  l o c k e d ,  and s i n c e  

t h e  p r e c e s s i o n  p e r i o d  i s  much l o n g e r  t h a n  th e  o r b i t a l  p e r i o d ,  the  v a r i a t i o n  

o f  t h e  p o l a r i s a t i o n  w i th  p r e c e s s i o n  phase  can be s t u d i e d  by o m i t t i n g  d a t a  

t a k e n  d u r in g  e c l i p s e s ,  i f  the  p r e c e s s i o n  i s  dom inan t .  Then t h e  p r e c e s s i o n  

v a r i a t i o n  can be s u b t r a c t e d  from t h e  d a t a  and the  r e s u l t a n t  v a l u e s  

a n a l y s e d .

I n  g e n e r a l ,  i f  t h e  p o l a r i s a t i o n  due t o  s c a t t e r i n g  o f  l i g h t  from the  

c e n t r a l  s o u r c e  i s  dominant  t h e n  t h e  model d e ve lope d  i n  t h i s  c h a p t e r  

s h o u ld  p r o v i d e  v a lu e s  f o r  0 ,  i  and B, p a r t i c u l a r l y  i f  d a t a  t a k e n  d u r in g  

e c l i p s e s  i s  o m i t t e d  from a n a l y s i s ,  even i f  SS433 d e p a r t s  s i g n i f i c a n t l y  

f rom the  s im p le  g e o m e t r i c a l  model shown i n  f i g u r e  1.

4 .6  P r e d i c t e d  C h a r a c t e r i s t i c s  o f  t h e  Model

I n  t h i s  s e c t i o n  we i n v e s t i g a t e  the  S tokes  P a r a m e te r s  p r e d i c t e d  by

t h i s  model f o r  SS433. I f  we d e f i n e

n .a 
t . = j o

J " V "
(19)

Td = n da o

t h e n  t . and t , a r e  measures  o f  the  o p t i c a l  dep th  i n  t h e  j e t  and the  d i s c  
J d

r e s p e c t i v e l y .  (.Note t h a t  bo th  x .  and x ,  a r e  d i m e n s i o n l e s s  s i n c e  n .
J

“ 1 ~2  \  and n have  d imens ions  L and L r e s p e c t i v e l y ) .  Now, i f  M i s  the  
d

mass l o s s  r a t e  i n  t h e  j e t ,  M i s  t h e  mass t r a n s f e r  r a t e  from companion
T

s t a r  t o  d i s c ,  i s  t h e  a r e a  o f  the  d i s c  and t  i s  the  t ime t a k e n  by a

p r o t o n  t o  s p i r a l  i n  from th e  o u t e r  r im  o f  t h e  d i s c  t o  t h e  i n n e r  r a d i u s  

( i n  s e c o n d s ) ,  t hen



n . =

105

M

^ 0 . 26c m
P

MTt (20)

d A . m d p

and A = a2ir(R2 - R2 )
d d c

where  m^ = mass o f  p r o t o n  and 0 .2 6 c  i s  t h e  v e l o c i t y  o f  t h e  j e t .  Hence,
# 4 •  9

m e a s u r in g  M and i n  s o l a r  masses  p e r  y e a r  and a i n  a s t r o n o m i c a l  u n i t s  

t .  = 12.9 M
J ~  (21a)

t d = 2 .14  10“ 3 t  Mt (21b)

a 2 (R2 -R2 ) d c

L e t  A = j -  4
T ' 1 - 1  R  - i  R  ^
^  + 2 t ^  [ l o g  [ t a n  j  ( s i n   ̂ + cos ( s i n  r ^ ^ ( 2 2 )

Then,  ( s e e  e q u a t i o n s  (3 ;  and ( 7 ) ) ,  t h e  S tokes  P a r a m e te r s  f o r  s c a t t e r i n g  

o f  l i g h t  from t h e  c e n t r a l  so u rc e  o f f  t h e  d i s c  and j e t  a r e

Q = Af { ( l - 3 c o s 20 ) s i n 2i  + s i n  2 i  s i n  20 cos (A+$)
C (23a)

- ( l + c o s 2i )  s i n 20cos 2(A+$) }

U = 2Af ( s i n  i  s i n  20 s i n  (X+$) - c o s i  s i n ^ 0 s i n  2(A+$; } (23b)
c

w h i l e  t h e  S tokes  P a r a m e te r s  f o r  s c a t t e r i n g  o f  l i g h t  f rom th e  companion 

s t a r  a r e

( l - f ) x .  r i

+ - ^ -  1 }Qs = 2 1
(24 ;

Ug = (1 ~ f ) T j  £ J + (l-f>>Td { }

where t h e  terms i n  [ Jand { } a re  t h e  b r a c k e t e d  terms o f  e q u a t i o n s

(12)  and (15 )  r e s p e c t i v e l y .

The v a lu e  o f  a depends on th e  masses  o f  the  compact  o b j e c t  and

t h e  companion s t a r .  I t  i s ,  however ,  r a t h e r  i n s e n s i t i v e  and f o r  the  sum

o f  t h e  masses  -  50 M , a -  0 . 4  AU. S ince  t h e  c e n t r a l  s o u r c e  approx im atesw
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t h e  l i g h t  f rom the  i n n e r  r e g i o n s  o f  the  d i s c  which i s  c o n s i d e r e d  to  be

the  more luminous o f  the  two l i g h t  s o u r c e s  (Kemp e t  a l .  , 1986) ,  o p t i c a l l y

and g e o m e t r i c a l l y  t h i c k  ( h a l f - h e i g h t  -  ^ / 3  r ad ius>M argon  1984) R < 10 3
c *

seems u n j u s t i f i a b l e .  M must  be g r e a t e r  t h a n  M. I n  f a c t ,  s i n c e  the
T *

c o n v e r s i o n  o f  m a t t e r  to  e ne rgy  i n  t h e  e n v i r o n s  o f  a b l a c k  h o l e  o r  n e u t r o n  

s t a r  i s  h i g h l y  i n e f f i c i e n t ,  and s i n c e  the  j e t  m a t e r i a l  h a s  such a h ig h

k i n e t i c  e n e r g y ,  Mrj, i s  p r o b a b l y  a t  l e a s t  two o r d e r s  o f  m agn i tu de  g r e a t e r

* * «  — 1 t h a n  M. M i t s e l f  canno t  be much g r e a t e r  t h a n  10 y r  o t h e r w i s e  the

n e c e s s a r y  mass l o s s  r a t e  f rom the  companion s t a r  (> M ) becomes so  l a r g e

t h a t  SS433 must be l e s s  t h a n  a few th ousa nd  y e a r s  o l d  - which i s  the

minimum age r e q u i r e d  to  e x p l a i n  the  s i z e  o f  W50 (Margon,  1984) .  Hence,

f o r  M = 10*7 y r " 1 , a = 0 . 4  AU, R 10_ 3 , RJ = 0 . 4 5 ,  M = 100 M® J ’ c d T

e q u a t i o n s  (21 )  and (.22) become

x.  = 3.225 x 1 0 ' 6 
J

t , = 6 .6 0 5  x i o " 7 t a

and A = 2 . 5 3 3 x i o " 3 - 6 .02  x i o " 6 t  (25)

(Note t h a t  t  i s  s t i l l  measured  i n  s e c o n d s ) .

T h e r e f o r e ,  u n l e s s  t  $ 400 s ,  A w i l l  be  n e g a t i v e  i . e .  t h e  d i s c  w i l l  

domina te  t h e  p o l a r i s a t i o n  o f  l i g h t  f rom the  c e n t r a l  s o u r c e .  However, 

t h e  s p i r a l  t im e ,  t ,  o f  the  d i s c  i s  l i k e l y  t o  be o f  t h e  o r d e r  o f  days 

i . e .  103 s e c o n d s .

Even i f  t h e  j e t  domina te s  the  p o l a r i s a t i o n  from t h e  c e n t r a l  s o u r c e ,

t h e  d i s c  w i l l  s t i l l  domina te  t h e  s c a t t e r i n g  from t h e  companion ( c f .

3 /M
e q u a t i o n s  24) s i n c e  T(j >> Tj  un l es  t  £ 10  ̂ and t  -  10g i s

c o m p l e t e l y  u n r e a s o n a b l e ,  s i n c e  the  t ime t a k e n  t o  t r a v e l  0 . 2  AU a t  the  

s p e e d  o f  l i g h t  i s  100 s .  So f o r  a d i s c  o f  r a d i u s  0 .4 5 a  , even  r a d i a l  i n f a l l  

a t  t h e  s p e e d  o f  l i g h t  co u ld  n o t  g ive  t  < 50 s e c o n d s .
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However , t h e s e  c o n c lu s i o n s  depend on the  a s su m p t io n  t h a t  the  d i s c

and j e t  a r e  o p t i c a l l y  t h i n .  This  i s  u n l i k e l y  t o  be t r u e ,  p a r t i c u l a r l y

i n  t h e  d i s c .  As a r e s u l t  the e s t i m a t e s  f o r  t h e  d i s c  d e n s i t y  (and hence

t )  found  from d a t a  u s i n g  t h i s  model w i l l  be many t im es  s m a l l e r  t han  the

t r u e  v a l u e .  The maximum p e r c e n t a g e  p o l a r i s a t i o n  p r e d i c t e d  by t h i s  model

f o r  l i g h t  e m i t t e d  by the  c e n t r a l  so u rc e  and s c a t t e r e d  o f f t h e  d i s c / j e t

s y s t e m  i s  ^  2 j A| %.

The c o n t r i b u t i o n  to  the  p o l a r i s a t i o n  o f  t h e  whole s y s te m  made by

t h e  s c a t t e r i n g  o f  l i g h t  from the  companion s t a r  w i l l  be a t  l e a s t  an o r d e r

o f  m agni tude  s m a l l e r  th a n  t h a t  from th e  c e n t r a l  s o u r c e  s i n c e  t h e  terms

i n  [ ] and { } i n  e q u a t i o n s  (24)  a r e  l e s s  t h a n  o r  o f  the  o r d e r  o f  1.
_ ^

|A| w i l l  be g r e a t e r  t h a n  ^  10 even i f  the  e f f e c t i v e  d i s c  mass (and

2hence  t  i n  e q u a t i o n  25) i s  reduced  by ^  10 compared t o  i t s  t r u e  mass

2 -4
as a r e s u l t  o f  t h e  o p t i c a l  t h i c k n e s s  o f  t h e  j e t  and -  10 -  10

Hence,  u n l e s s  f  i s  v e ry  s m a l l ,  we e x p e c t  t h e  c e n t r a l  s o u r c e ,  i . e .  the  

p r e c e s s i o n  p e r i o d ,  t o  be dominant .

I f  the  e f f e c t  o f  the  companion s t a r  i s  s t r o n g  enough t o  show above 

t h e  n o i s e  on th e  d a t a ,  i t  s h o u ld  a p p e a r  a t  h a l f  t h e  o r b i t a l  p e r i o d  s i n c e  

t h e  d i s c  w i l l  c o n t r i b u t e  more t han  t h e  j e t  ( s e e  s e c t i o n  4 . 3  and a bove ) .

The p r e c e s s i o n  o f  t h e  d i s c  w i l l  change th e  shape  o f  the  s c a t t e r i n g  r e t i o n ,  

and hence  the  shape  o f  t h e  Q,U locus  on th e  s y n o d ic  p e r i o d .  Th is  e f f e c t  i s  

u n l i k e l y  t o  be d e t e c t e d  even  i f  the  h a l f - o r b i t a l  p e r i o d  i s  s e e n  c l e a r l y  

( c f .  F i g u r e s  1 0 - 1 3 ) .
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normal to orbit

jet  s c a t t e r e r  
(rec t i l inear)

no. densi ty  nj
(per unit length)spher ical  source

spher ical  source  radius  
rc ( < < r s )

o rb i t
d isc  s c a t t e r e r  radius  r( 

a rea  no. dens i ty  n d

Figure  1 : Simple geometrical  model f o r  SS433
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line of sight

line of sight

Figure  2 : S c a t t e r ing  geometry fo r  an a r b i t r a r y  point  P on the j e t .  X i s  the 
phase of  the o r b i t ,  £2 i s  the phase of  precess ion .  P has coordinates  
( r , 0 , $ )  with r e spe c t  to  0,  the c en t r e  of  the compact ob jec t .  0* i s  the 
c e n t r e  of the  companion s t a r ,  a i s  the  s epara t ion  of  the  sources .
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line of sight

(on edge of d i sc)

Figure 3 : Sc a t t e r in g  geometry fo r  an a r b i t r a r y  point  P i n  the d i sc .  P has
coord ina tes  (r,6,(|>) with re spec t  to  0,  the compact o b jec t .  0 f i s  the 
c e n t r e  of  the  companion s t a r .  ON i s  the normal to  the d i s c ,  the 
d i r e c t i o n  of  the j e t .  0Q i s  the p ro je c t ion  of  OP on the x ,y  plane. OS 
i s  the p ro je c t io n  of OR on the x,y  plane. 0*L i s  the p ro je c t ion  of the 
l i n e  of  s ig h t  on the x ,y  plane.



I l l

z

R

Figure  4 : Spherical  t r i a n g l e  from Figure 3 f o r  the t ransformation  from (r,0,<J>) 
to  ( r , a ) ,  coo rd ina tes  i n  the plane of  the d i sc .
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F i g u r e  5 :  M a t r i x  o f  Q, U l o c i  f o r  a p r e c e s s i n g  d i s c  a n d  j e t  
s c a t t e r i n g  f r o m  a c e n t r a l  s p h e r i c a l l y  s y m m e t r i c  
s o u r c e .  T h e s e  l o c i  a r e  f o r  j e t  d o m i n a t e d  
s c a t t e r i n g .  F i d u c i a r y  m a r k s  a r e  s h o w n  a t  q u a r t e r  
p r e c e s s i o n  p h a s e  i n t e r v a l s .
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F i g u r e  6 : As  F i g u r e  5 f o r  d i s c  d o m i n a t e d  s c a t t e r i n g .
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0°i 3 0 °i

i

F i g u r e  7 :  S e t  o f  Q, U l o c i  f o r  a p r e c e s s i n g  j e t  i n  a b i n a r y  
s y s t e m ,  s c a t t e r i n g  f r o m  a s p h e r i c a l l y  s y m m e t r i c  
c o m p a n i o n  s t a r  o f  r a d i u s ,  Rg = 0 . 7 .  Th e  b i n a r y  
o r b i t  i s  c i r c u l a r ,  o f  u n i t  r a d i u s .  T h e  h a l f  a n g l e  
o f  t h e  p r e c e s s i o n  c o n e ,  0 = 0 ° .
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S M S

F i g u r e  8 : As  F i g u r e  7 f o r  0 = 3 0 ° .
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F i g u r e  9 : As  F i g u r e  7 f o r  Rg = 0 . 4 5  a n d  0 = 3 0 °  .
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U

30°i

i  = 60°  i  = 90°

F i g u r e  1 0 :  S e t  o f  Q, U l o c i  f o r  a p r e c e s s i n g  d i s c  o f  o u t e r  
r a d i u s ,  R,  = 0 . 2  i n  a b i n a r y  s y s t e m ,  s c a t t e r i n g  
f r o m  a s p h e r i c a l l y  s y m m e t r i c  c o m p a n i o n  s t a r  o f  
r a d i u s ,  R = 0 . 7 .  T h e  b i n a r y  o r b i t  i s  c i r c u l a r ,  
o f  u n i t  r i d i u s .  T h e  h a l f  a n g l e  o f  t h e  p r e c e s s i o n  
c o n e , 0 = 0 ° .
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0°i 3 0 °i

90ii

F i g u r e  1 1 : As  F i g u r e  10  f o r 0 = 6 0 ° .
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F i g u r e  1 2 : As  F i g u r e  10 f o r  Rd = Rg -  0 . 4 5  a n d  © -  6 0 ° .
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3 0 °i

i  = 90

a )  j e t  c o n t r i b u t i o n  b )  d i s c  c o n t r i b u t i o n

F i g u r e  1 3 : S e t  o f  Q, U l o c i  t o  c o m p a r e  t h e  c o n t r i b u t i o n s  o f  a 
p r e c e s s i n g  j e t  o r  d i s c  t o  t h e  S t o k e s  P a r a m e t e r s  o f  
S S 4 3 3  d u e  t o  l i g h t  s c a t t e r e d  f r o m  t h e  c o m p a n i o n  s t a r .  
The  b i n a r y  o r b i t  i s  c i r c u l a r ,  o f  u n i t  r a d i u s  a n d  t h e  
s t a r  h a s  r a d i u s  0 . 4 5 ,  a s  h a s  t h e  d i s c .  Th e  h a l f  a n g l e  
o f  t h e  p r e c e s s i o n  0 = 3 0 ° .

a )  U * ( = U g j / f j )  v Q* ( =Qs j  /  Tj ) w h e r e  Tj = n j CI0 '/ a

b )  U ' ( = U s d / x d ) v Q' ( = P s d / T d ) w h e r e  r d = n d oD

( s e e  e q u a t i o n s  19 a n d  2 0 )
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i = 30

f = 0.2 5 U
i = 60 i = 90

Q

u

Q

f  = 0 . 7  5

Q

F i g u r e  1 4 :  M a t r i x  o f  Q, U l o c i  f o r  t h e  f u l l  m o d e l  o f  S S 4 3 3 ,  
w h e r e  t h e  r a d i i  o f  t h e  d i s c  a n d  t h e  c o m p a n i o n  s t a r  
a r e  0 . 4 5  ( i n  u n i t s  o f  t h e  o r b i t a l  r a d i u s ) ,  t h e  
p r e c e s s i o n  c o n e  a n g l e ,  0 = 2 0 ° ,  t h e  i n c l i n a t i o n  o f  
t h e  o r b i t  i s  i ,  t h e  f r a c t i o n  o f  t h e  t o t a l  l u m i n o s i t y  
e m i t t e d  by  t h e  c e n t r a l  s o u r c e  i s  f ,  = 0 . 0 2

t  , / t . = 1 a n d  A = 0 . 2  ( T . , T, a n d  A,  a r e  g i v e n  by d j  J d
e q u a t i o n s  19 a n d  23 r e s p e c t i v e l y ) .
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i  = 30

f  = 0 . 2 5 U|

f  =  0 .  5 0

i  =  6 0  

U|

i  =  9 0  

U|

0

2k Q

f  =  0 .  7 5

QQ

F i g u r e  1 5 : As  F i g u r e  14  f o r  0 = 4 5 °
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i  = 30

f  = 0 . 2 5 U

f  = 0 .  50

f  = 0 . 7 5

i  = 60 

U

i  = 9 0

€

Q

F i g u r e 1 6 :  As  F i g u r e  14 f o r  © =  7 0 °  a n d  -  0
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F i g u r e  1 7 :  S e t  o f  Q, U l o c i  f o r  t h e  f u l l  m o d e l  o f  S S 4 3 3
s h o w i n g  t h e  e f f e c t  o f  r o t a t i n g  t h e  o b s e r v e r ' s  a x e s .  
T h e  r a d i i  o f  t h e  d i s c  a n d  t h e  c o m p a n i o n  s t a r  a r e  0 . 4 5  
( i n  u n i t s  o f  t h e  o r b i t a l  r a d i u s ) ,  t h e  p r e c e s s i o n  c o n e  
a n g l e ,  0 = 2 0 ° ,  t h e  i n c l i n a t i o n  o f  t h e  o r b i t ,  
i  = 1 2 0 °  a n d  Af  = - 0 . 6 5 ,  w h e r e  f  i s  t h e  f r a c t i o n  o f  
t h e  t o t a l  l u m i n o s i t y  e m i t t e d  by  t h e  c e n t r a l  s o u r c e  
a n d  A i s  g i v e n  by  e q u a t i o n  2 3 .  ( l - f ) Tj / 2  = 0 . 0 2  a n d

t /  I .  = 1 0 .  S i n c e  t h e  o b s e r v e r ' s  a x e s  r o t a t e  t h r o u g h  
^ 3

a n g l e  3 a n t i c l o c k w i s e  t h e  l o c u s  a p p e a r s  t o  move  
t h r o u g h  23 c l o c k w i s e .
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F i g u r e  1 8 : As  F i g u r e  17 f o r  0 = 4 5 ° ,  i  = 3 0 °  a n d  A f  = 0 . 6 5
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APPLICATION TO DATA

5 .1  I n t r o d u c t i o n

At p r e s e n t ,  t h e  d a t a  a v a i l a b l e  on th e  o p t i c a l  p o l a r i s a t i o n  o f  SS433 

c o n s i s t s  o f  84 broadband o b s e r v a t i o n s  made d u r i n g  th e  p e r i o d  A p r i l  1979 

t o  May 1981 (McLean and T a p i a ,  1981, McLean, p r i v a t e  communica t ion)  and 

35 m u l t i p l e  waveband o b s e r v a t i o n s  made d u r i n g  the  p e r i o d  June 19 79 to  

O c t o b e r  1982 (.Efimov e t  a 1 . , 1984) . Of t h e  l a t t e r ,  t h e  25 R-band 

measurements  a r e  c o m p a t ib l e  w i t h  t h e  McLean and Tap ia  d a t a  g i v i n g  109 

p o i n t s  s p a n n in g  3^ y e a r s .  A r e a l - t i m e  p l o t  o f  Q and U i s  shown i n  F i g u r e  

1 and 2. The t y p i c a l  quo ted  measurement  e r r o r s  a r e  ^  0.06% f o r  the  

McLean and Tap ia  d a t a  and ^  0.12% f o r  the  Efimov e t  a l . ,  d a t a .  However, 

i n s p e c t i o n  o f  F i g u r e s  1 and 2 l e a d s  t o  the  c o n c l u s i o n  t h a t  t h e  s c a t t e r  

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

Q. Th is  i s  n o t  u n e x p e c t e d ,  s i n c e  SS433 e x h i b i t s  l a r g e  a p e r i o d i c  f l u c 

t u a t i o n s  a t  a l l  w a v e len g th s  so f a r  o b s e rv e d .  Both the  r a d i o  o b s e r v a t i o n s  

o f  t h e  j e t s  and h i g h  r e s o l u t i o n  s p e c t r a l  a n a l y s i s  o f  t h e  d o p p l e r - s h i f t e d  

l i n e s  f rom the  j e t s  i n d i c a t e s  t h a t  t h e  j e t s  a r e  more l i k e  a s e r i e s  o f  

' b l o b s ’ t h a n  a c o n t i n u o u s  s t r e a m .  S inc e  the  Thomson s c a t t e r e d  p o l a r i 

s a t i o n  depends on th e  d e n s i t y  d i s t r i b u t i o n  o f  e l e c t r o n s , clumping in  the  

j e t s  and,  p e r h a p s ,  l a r g e  c o r r e s p o n d i n g  f l u c t u a t i o n s  i n  the  d e n s i t y  d i s 

t r i b u t i o n  i n  t h e  d i s c ,  may w e l l  a c c o u n t  f o r  some o f  the  s c a t t e r .  Mutual  

e c l i p s e s  o f  t h e  l i g h t  s o u r c e s  and v a r i a b l e  o c c u l t a t i o n  o f  t h e  s c a t t e r i n g  

r e g i o n s ,  p a r t i c u l a r l y  t h e  d i s c ,  s h o u ld  a c c o u n t  f o r  some o f  the  s c a t t e r  

a l s o  b u t  t h e s e  e f f e c t s  s h o u ld  be p e r i o d i c ,  depend ing  on the  o r b i t a l  

p e r i o d .

I n  t h i s  c h a p t e r ,  we f i r s t  i n v e s t i g a t e  t h e  p e r i o d s  p r e s e n t  in  the
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raw d a t a ,  and the  q u a l i t a t i v e  c o n c lu s i o n s  t h a t  can be drawn from the 

d a t a .  An a n a l y t i c  o p t i m i s a t i o n  p r o c e d u r e  i s  t h e n  dev e lo p e d  f o r  the  

p r e c e s s i o n  v a r i a t i o n  ( S e c t i o n  5 . 3 )  and used  t o  o b t a i n  t h e  b e s t - f i t  

p r e c e s s i o n  c u rv e .  The r e s i d u a l s  a r e  a n a l y s e d  f o r  any p e r i o d s  r em a in in g  

i n  t h e  d a t a  once t h e  b e s t - f i t  p r e c e s s i o n  cu rv e  has  been  s u b t r a c t e d .  

F i n a l l y ,  u s i n g  the  b e s t - f i t  p a ra m e t e r s  an a t t e m p t  i s  made t o  f i t  t h e  f u l l  

t h e o r e t i c a l  model deve lo ped  i n  c h a p t e r  4 t o  t h e  d a t a .

5 .2  Power Spectrum and Q u a l i t a t i v e  R e s u l t s

The power s p e c t r a  o f  t h e  Q and U d a t a  o f  SS433 a r e  shown i n  F i g u r e  3, 

They were computed by t h e  F o u r i e r  summation method i n  which f i r s t

Cv

Sv

V 2 N
£

u N U.\ 4 i=l  ̂ l'
( y N
Q 2

N 1 M
u. i=l u. ̂ i '

cos ( 2 i rv t . )
1 ( 1 )

s i n  ( 2 i TVt . )l

i s  computed, where t .  i s  t h e  t ime o f  t h e  i t h  o b s e r v a t i o n  ( Q^ , I K) ,  and

t h e n  the  s p e c t r a l  power,  A^, where

A2 = C2 + S2 ( 2 )
V  V  V

Here N i s  t h e  number o f  d a t a  p o i n t s  and the  f r e q u e n c y , v ,  i s  t h e  r e c i 

p r o c a l  o f  the  p e r i o d .  In  F i g u r e  3, 1000 s e a r c h  f r e q u e n c i e s  o u t  to  a

minimum p e r i o d  o f  5 days were used .

In  t h e  power spe c t rum  f o r  Q, t h e  h i g h e s t  peak i s  a t  v = 0 .  This  

i n d i c a t e s  t h e  p r e s e n c e  o f  a s t r o n g  c o n s t a n t  component,  p a r t ,  o r  a l l ,  

o f  which may be due to  i n t e r s t e l l a r  p o l a r i s a t i o n .  A par t  f rom t h i s ,  

t h e  h i g h e s t  peak  i n  bo th  t h e  Q and U s p e c t r a  has  a p e r i o d  o f  162.5

days .  Th is  c o r r e s p o n d s  t o  the  p r e c e s s i o n  p e r i o d  o f  SS433 ( c f .  eg.

Margon 1984,  Kemp e t  a l . , 1986) .  The U sp e c t ru m  a l s o  shows a s t r o n g  

peak  a t  h a l f  t h e  p r e c e s s i o n  p e r i o d ,  a l t h o u g h  t h i s  i s  n o t  c l e a r l y  seen
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above the  g e n e r a l  n o i s e  i n  Q. The o r b i t a l  p e r i o d  (a- 13.1 days )  i s  

c o n s p ic u o u s  by i t s  absence  p a r t i c u l a r l y  i n  U. N e i t h e r  i s  t h e r e  any 

s i g n  o f  t h e  ( o r b i t a l / p r e c e s s i o n a l )  s y n o d ic  p e r i o d  o r  i t s  second  harm onic  

f o r  e i t h e r  d i r e c t  o r  r e t r o g r a d e  p r e c e s s i o n .  (1 4 .2 8  and 12.12  days r e s p . ) .  

There  i s  some ev id e n c e  o f  a peak a t  h a l f  t h e  o r b i t a l  p e r i o d  i n  U o n l y ,  

b u t  i t  i s  n o t  s t a t i s t i c a l l y  s i g n i f i c a n t  ( c f .  a l s o  S e c t i o n  5 . 5 ) .

These r e s u l t s  a r e  as e x p e c t e d  from th e  model de ve lope d  i n  C h a p te r  4 

( c f .  s e c t i o n  4 . 6 ) .  I t  was p r e d i c t e d  t h a t  t h e  p r e c e s s i o n  p e r i o d  would 

be dominant  i n  the  d a t a ,  and t h a t  the  o r b i t a l  p e r i o d  and i t s  2nd ha rm onic  

would have  a much s m a l l e r  a m p l i t u d e ,  i f  d e t e c t e d  a t  a l l .

S ince  t h e  p r e c e s s i o n  p e r i o d  i s  dom in an t ,  we have  p l o t t e d  i n  F i g u r e  

4 t h e  d a t a  f o ld e d  on a p e r i o d  o f  162.5 days o v e r  two p r e c e s s i o n  c y c l e s .

We have  d e f i n e d  th e  p r e c e s s i o n  phase  to  be  z e ro  when th e  s e p a r a t i o n  o f  

the  Dopp le r  s h i f t s  o f  t h e  moving l i n e s  i s  a maximum. Th is  c o r r e s p o n d s  

t o  a phase  o f  0 .5  by Kemp e t  a l 1s d e f i n i t i o n  ( 1 986 ) .  Hence,  we have 

chosen  t o  use t h e  ephemeri s  o f  Kemp e t  a l . ,  1986 d i s p l a c e d  by 0 .5  in  

p h a s e .  A q u a s i - s i n u s o i d a l  dependence o f  the  U p a r a m e t e r  on the  p r e c e s s i o n  

phase  shows c l e a r l y  i n  F i g u r e  4. The dependence o f  the  Q p a r a m e t e r  on 

th e  p r e c e s s i o n  phase i s  n o t  as c l e a r  s i n c e  the  ' n o i s e 1, p a r t i c u l a r l y  

i n  phase  i n t e r v a l  0 . 2  - 0 . 6  i s  o f  the  same o r d e r  as the  am p l i tude  o f  t h e  

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

I n  t h e  model  deve loped  i n  c h a p t e r  4 ,  t h e  p r e c e s s i o n  p e r i o d  and i t s  

2nd ha rm on ic  both a p p e a r  i n  t h e  e x p r e s s i o n s  f o r  Q and U. (See e q u a t i o n s  

4 . 3 ,  4 . 7 ) .  By i n s p e c t i o n  o f  t h e s e  e q u a t i o n s  we f i n d  t h a t  t h e  1 s t  ha rm onic  

i s  dominant  i n  Q i f  | s i n  2 i  s i n  2 0 |> ( l + c o s 2i ) s i n 20 (3)

and i n  U i f  | s i n  i  s i n  2 0 | > |cos  i  s i n 20 |  (4)

I f  t h e  i n e q u a l i t i e s  (3)  a n d / o r  (4 )  a r e  r e v e r s e d  t h e n  the  2nd harmonic  i s
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dom inan t  inQ a n d / o r  U. The r e g i o n s  i n  t h e  i , 0  p l a n e  where one o f  the

ha rm o n ics  i s  dominant  i n  bo th  Q and U a r e  shown i n  F i g u r e  5. Since

t h e  1 s t  ha rm on ic  i s  dominant  i n  bo th  Q and U ( F i g u r e s  3 and 4) 10 1 < 55°

depend ing  on i .  (Note t h a t  -0  = tt - 0 F i g u r e  4 . 1 ) .

There i s  a f u r t h e r  r e s t r i c t i o n  on t h e  r ange  o f  the  p r e c e s s i o n  cone

a n g le  0 f rom th e  geometry o f  the  model o f  SS433 deve loped  i n  C h a p te r  4,

namely t h a t  p r e c e s s i o n  a ng le s  so l a r g e  t h a t  t h e  j e t s  ' c o l l i d e 1 w i th  the

companion s t a r  a re  p r o s c r i b e d  s i n c e  they  r e s u l t  i n  im a g ina ry  i n t e g r a n d s

i n  E q u a t io n s  4 .1 3 .  P h y s i c a l l y  such an e v e n t  s h o u ld  produce  c l e a r l y

o b s e r v a b l e  ' f l a r i n g '  on h a l f  the  sy n o d ic  p e r i o d .  Whether such ' f l a r i n g '

i s  o b s e r v a b l e  o r  n o t  w i l l  depend on th e  column d e n s i t y  o f  t h e  a tm osphere

o f  t h e  companion s t a r  a lo n g  the  p a th  o f  the  j e t .  G e n e r a l l y ,  as 0 i n c r e a s e s ,

t h e  b r i g h t n e s s  and d u r a t i o n  o f  t h e  ' f l a r e '  w i l l  i n c r e a s e .  Le t  the  minimum

d i s t a n c e  o f  t h e  j e t  from the  c e n t r e  of  the  companion s t a r  such t h a t  t h e

column d e n s i t y  a long  the  j e t  p a th  i s  too  low f o r  o b s e r v a b l e  ' f l a r i n g '

be R (measured i n  u n i t s  o f  t h e  o r b i t a l  r a d i u s ) .  Then the  maximum c

p e r m i s s a b l e  p r e c e s s i o n  cone ang le  such t h a t  ' f l a r i n g '  does n o t  occur

i s  cos 1 R . For  10 1 = 55° R < 0 . 5 7 .  In  g e n e r a l ,  R i s  g r e a t e r  thane max e e

R , s i n c e  R i s  t h e  r a d i u s  o f  t h e  p h o to s p h e r e  o f  t h e  companion, 
s s

SS433 does e x h i b i t  f l a r i n g  a t  most  w a ve leng th s  ( eg .  r a d i o  B o n s i g n o r i -

Facond i  e t  a l . , 1986; X- rays  Band and G r i n d l e y ,  1984) b u t ,  so  f a r ,  t h e r e

i s  no r e p o r t e d  dependence o f  t h e s e  f l a r e s  on th e  s y n o d ic  p e r i o d .  In

t h o s e  models where R * 0 . 8  ( c f .  van den Heuval e t  a l . ,  1980) ,  i t  i ss 1

h a r d  to  s e e  how t h e r e  cou ld  n o t  be ' f l a r e s '  s i n c e  10 1 must  be n o n - z e r o  

t o  g iv e  any p r e c e s s i o n  v a r i a t i o n  a t  a l l .



5 . 3  O p t i m i s a t i o n  p r o c e d u r e  fo r  d a ta  a t  unequa l  phase  i n t e r v a l s

This  t r e a t m e n t  i s  based  on t h a t  deve loped  by C. Aspin (1981 ) ,  

which e x t e n d s  t h a t  o f  Simmons e t  a l . , (1980)  d e a l i n g  w i t h  n o i s y  d a t a  

b i n n e d  a t  e q u a l  phase i n t e r v a l s .  Such a t r e a t m e n t  f o r  t h e  p o l a r i s a t i o n  

o f  SS433 i s  r e q u i r e d  because  o f  t h e  p r e s e n t  s m a l l  d a t a  s e t  and s i n c e  

SS433 i s  an e c l i p s i n g  b i n a r y .

As the  p r e c e s s i o n  i s  the  dominant  f requency  i n  t h e  d a t a  ( .Sect ion  

5 . 2 ) ,  a model  depend ing on the p r e c e s s i o n  phase  on ly  can be used  as a 

f i r s t  a p p r o x i m a t io n .  We use e q u a t i o n s  4 . 3  and 4 .7  t o  g ive

Q = A { ( l - 3 c o s 20 ) s i n 2 i  + s i n  2 i  s i n  20 cos ft -  ( 1+cos2 i ) s i n 20 cos 2ft}

(5)
U = 2A{ s i n  i  s i n  20 s i n  ft - c o s i s i n 20 s i n  2ft } 

where  A i s  a c o n s t a n t  which depends on the  o p t i c a l  dep th  i n  the  d i s c  and 

j e t .

The S tokes  P a r a m e te r s  o f  e q u a t i o n s  (5)  a r e  r e f e r r e d  t o  t h e  n a t u r a l

frame o f  t h e  sy s te m ,  i . e .  Q-ax is  normal  t o  t h e  o r b i t a l  p l a n e .  With

r e s p e c t  t o  t h i s  r e f e r e n c e  frame,  the  i n t e r s t e l l a r  p o l a r i s a t i o n  has

components (Q. ,U ) .  Hence,  the  t h e o r e t i c a l  p o l a r i s a t i o n  o f  SS433 i s  
r  i n t ’ i n t

Q = Q + Q.x t  x m t

u = u  + u .t  i n t

Le t  (Q , U , ) be the  obse rved  S tokes  P a r a m e te r s  o f  SS433 w i th  r e s p e c t  
ob * ob

t o  t h e  n a t u r a l  f rame.  Then,  w i th  r e s p e c t  t o  an a r b i t r a r y  o b s e r v e r ' s  

r e f e r e n c e  f rame,  r o t a t e d  w i th  r e s p e c t  t o  t h e  n a t u r a l  f rame by a ng le  B 

(measured  a n t i c l o c k w i s e  from n a t u r a l  t o  o b s e r v e r ' s  f r a m e ) ,  the  obse rved  

S tokes  P a r a m e te r s  a r e :
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where  t h e  pr ime d e no te s  t h e  o b s e r v e r ' s  r e f e r e n c e  frame.

F o l lo w in g  th e  a n a l y s i s  o f  C. Aspin ( 1 981 ) ,  we can w r i t e  the

t h e o r e t i c a l  S tokes  P a ram e te r s  i n  the  n a t u r a l  frame as  f o l l o w s :

Q*. -  = + P-, cos £2 + p cos 2 0t , r  o l  r  2 r

U -  u + v,  s i n  ft + v„ s i n  '29. t , r  o 1 r  2 r
(7)

where t h e r e  a r e  c e r t a i n  r e l a t i o n s h i p s  between th e  c o e f f i c i e n t s  v i z .  

v^ = p ^ / c o s i

v 2 = - t a n 0 p ^/2 s i n i  ( 8 )

(. l + c o s 2 i )  t an  0 p
p2 = - - 2— ^ ----------- .-- i4 s i n i  c o s i

We wish t o  f i n d  th e  minimum o f  t h e  x 2 f u n c t i o n  where 

Q \  ~ Q' . I 2 rU ' ,  - U' . -i2'N
X2 = Z 

r = l

[ v -U ~ v 1 r u , - u ■ -|°b » r  x t , r  o b , r  t , r

o ’ o ' Jr  J L r  d

(9)

where N i s  t h e  number o f  d a t a  p o i n t s .

o '  i s  the  e r r o r  on th e  r t h  measurementr

(O' ,  U \  ) i s  the  r t h  measurement  and phase £2 / 2 tt o b , r ,  o b , r  r

(O' ,U' ) a r e  t h e  t h e o r e t i c a l  S tokes  P a ram e te r s  e v a l u a t e d  a tt , r  t , r

phase  0  / 2ir . r

S ince  t h i s  model does n o t  t a k e  accoun t  o f  any o r b i t a l  e f f e c t s ,

such  as  the  c o n t r i b u t i o n  o f  t h e  companion s t a r ,  and s i n c e  f o r  SS433

t h e  o r b i t  and p r e c e s s i o n  a r e  n o t  phase  l o ck e d ,  then  th e  e r r o r  on each

measurement  w i l l  be o  , which w i l l  i n c l u d e  t h e  c h a r a c t e r i s t i c  s i z e

o f  t h e  o r b i t a l  m o d u la t i o n  and t h e  s t o c h a s t i c  v a r i a t i o n s  i n  t h e  j e t s .  Now,

b e c a u s e  o f  the  p r o p e r t i e s  o f  Stokes  P a r a m e te r s ,
N
£ [ ( o ’ -Q1 ) 2 + ( u \  -u'  ) 2 ]. o b , r  t , r  o b , r  t , r

r = l
i s  r o t a t i o n a l l y  i n v a r i e n t  i . e .  i n d e p e n d e n t  o f  the  o b s e r v e r ' s  r e f e r e n c e  

frame.  Hence t h e  prob lem red u c e s  t o  m in im is ing  the  f u n c t i o n
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N
F ( p ; 0 )  = a 2 x 2 = I [(Q

'Xj
r z U V r  “ Q t , r ^  + (Uo b , r - Ut , r )Z ] ( l 0 )

where  £  E > n^  and 0 = 20 .

We r e w r i t e  t h e  c o n s t r a i n t s  ( 8) i n  t h e  form = 0

which g i v e s

g x = P i  - ° v i

g2 = bPi  + 2 ( l - c 2) 2 v 2 ( 11)

g 3 = a t p 1 + 2U - c 2) 2 ? l  

where c = c o s i  , t  = t a n  0

and a = ( l + c 2 ) / 2c ( 12)

Us ing  th e  method o f  Lagrange m u l t i p l i e r s ,  we o b t a i n  9 a d d i t i o n a l

Lagrange  e q u a t i o n s ,  v i z :

9F ^
¥ + Jj.  ¥ " = 0  P=V P1’P21W V2 U3;

I f  + V *  I T  “ 0 (14)V 1=1

UT?  ̂ ^^P,
~  + E X„ ^  = 0 U 5 )3p t=1 t  3 t

3F . |  , S e i
CJ

: = i

^  + l  X T ± =  0  (16)
9c » , x 9c

Note t h a t  91? _ _9F _
9 t  ~ 9c "  *

S inc e  we w ish  t o  o b t a i n  c o n f id e n c e  i n t e r v a l s  f o r  i  and 0 , we w i l l

use  on ly  e q u a t i o n s  (13)  and (14 ;  i n  the  f o l l o w i n g  a n a l y s i s .

E q u a t io n s  ( 12 ;  and (13)  g iv e  ■— = = 0  (17)
po o

—  +X1+tX2+a t A 3= 0 (18)
9p^

H  + 2 ( l - c 2 )*X,  = 0 1192
9p2

H  - cX, = 0  (20)
3V1

+ 2 ( l - c 2 )^X2 = 0 ( 21)
2
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9F
N°W ~dv = " 2 S ^ o b   ̂from e q u a t i o n  ( 10) )

Fo r = l  * c , r
N

= 2 r = l  Cpo + P1 cos“ r  + p 2  C0S 2^ r  " Qo b , r }

N N N
= 2Np + 2p Z cos fi + 2p„ Z cos 2Q  - 2 Z Q

1 r = l  r  2 r = l  r  r = l  o b *r

1 NL e t  Ck = -  Z cos kft k=1 , 2 , 3 , 4
r = l  r

1 Nand S = — Z_ s i n  kfi k = l , 2k N r = l  r  *

1 N - 1 N
and Po = H E. Qo b , r  Uo = N S, Uo b , rr = l  r = l

Then I f  = 2N(P0 + P1C1 + P2C2 ' V
r o

9F - vSim = 2N(u + v , S ,  + v„S„ - u ) .du o 1 1 2 I  oo

Hence e q u a t i o n s  (171 become

po = Po " P 1C1 ■ P2C2 (22)

U = u - v S - v S (23)o o 1 1  2 2

S u b s t i t u t i n g  f o r  Aj , X2 and A3 f rom e q u a t i o n s  ( 1 9 ) ,  (20)  and (21)  

i n t o  e q u a t i o n  (18)  g i v e s

2c ( l - c ) *  + 2 ( l - c  ) h  - c t  - a c t  = 0  K l b )dp^ dv^ dv 2 o p 2

D e f i n i n g  Pk = f  Z QQb r  COS ^ r  k = l ,2
r = l  5

~ 2 N TT . i ov = -  v U . s i n  k“k N 4 0b r  rr = l

8 i v e s  S 1 = N [ 2 p o V p i a + C 2 )+p2 t c i +(V  - P j  J

| | 2 = N [2 p o C2+ P l (C1+C3) +p 2 ( l +C4 ) - -p2  ]

9F£  = N [ 2 u o 8 *v a - c  )*V i c r c 2 ; -  v x ]

9F
3v2

= N [ 2u S_ +v .(C -C _ ) + V - ( 1 - C . ) - v  ] O 2 1 1 3 2 4 I
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Hence e q u a t i o n  (24)  becomes

2c [ 2U - c 2 )^C1- a t - C 2 ]po+2 [ 2U - c 2 ) ^ S 1- c t S 2 ]uo + [ 2 ( l - c 2 A l - K ^ ) -  

- a t ( C ] +C3) ] c p 1 + [ 2 ( l - c 2 ^ ( C 1+C3) - a t ( l + C 4 ) ] c p 2+ [ 2 ( l - c 2 ) ^ ( l - C 2 ; -

- c t ( C  -C ) ] v  + [ 2 t 1 - c 2 ) 2+(C -C ) - c t ( l - C  , ) ] v  = 2 ( . l - c 2 ) ^ ( c p  +v )-i  3 1 1 3  4 2  1 1

- c t ( . a p 2+v2 ;

S u b s t i t u t i n g  f o r  p^ and u^ from e q u a t i o n s  (.22) and (23)  g i v e s

U Q - c ^ U + C ^ - a t ^ + C  )-2C t 2 ( l - c 2 ) 2C - a tC  )]  cP l

+ [ 2 ( 1- c 2 )^(C + C _ ) - a t ( l + C / ) - 2C0 t 2 ( l - c 2 ; V - a t C . ) ]  cPo (.25;1 3 4 2 1 2 2

+ [ 2 U - c 2 ) \ l - C 2 ) - c t ( .C 1-C3 ; - 2 S 1( 2 ( l - c 2 ) ^ S 1- c t  S ) ] v x

+ [ 2 ( l - c 2 ) ( .c1-C3> c t U - C 4 ) -2 S 2 ( 2 C l - c 2 ) ^ S 1- c t  S2 )]  v 2

= 2 C l - c 2 ) 2(.cp +v ) - c t ( a p  +v_) -2cp  [ 2 t 1 - c 2 ) ?C - a tC  ] - 2 u  [ 2 ( . l - c 2 ) ?S - c t S 9 J 
1 1  2 2 o 1 2 o 1 2

S inc e  none o f  the  c o n s t r a i n t s  depend on 0 , e q u a t i o n  (14 )  becomes

^  = 030

and s i n c e  Q , = Q' cos - U* s i n  0.o b . r  o b , r  o b , r
(26)U , = O' s i n  U cos 0o b , r  o b , r  r  o b , r

I  ■ ’ V ' V , - ' . , ’ S '* ’'  * " W  '  V*> S 01" ’r = l

(Q ,U ) b e i n g  i n d e p e n d e n t  o f  0 . x t , r *  t , r

Now, from e q u a t i o n s  (26)

3Qo b , r  _
98

- u ,ob , r
and

8U .
— ° b ’r  = Q
80 «

T h e r e f o r e  ~
80

N
= 2 I  

r = l
(Uob , r  ^ t , r  ^ob

I f  we d e f i n e
- _ 2 

qk N

N
E

r = l
N

Q L s i n  kft o b , r

and " k = i
E

r = l
U , cos kft o b , r

k = l , 2
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t h e n  we f i n d  t h a t

2p0U0 '  2uopo + P1U1 + V 2 ‘  V l  '  V 2 = 0 (27)

and,  a g a i n ,  s u b s t i t u t i n g  f o r  p and u from e q u a t i o n s  ( 22 ) and (.23)
0 0

g i v e s

( “ r 2 iiOCl ) p i  + ( “2 ' 2 :io C2 )p 2 + ( 2Po Sr S )Vl + t 2p o S2 ^ 2 )V2 =0 ( 2 8 )

Now, u s i n g  e q u a t i o n s  (.8) t o  s u b s t i t u t e  f o r  Vj ,v2 and p2 i n  e q u a t i o n  (25)

g i v e s

[ 4 ( l - c 2 ) 0 i+ c 2 t 202- 4c t ( l - c 2 ) 203 ]p i

= 4 c 2 (. 1 - c 2 ) 2t ( a C ’P +S'U ) - 8c ( l - c 2 )(cC p +Siu  ) + 4 c ( l - c 2 ) ( c p  + v : ) (29)  
2 0 2  0 l r o 1 0 r l 1

2+ 2̂
- 2c ( l - c 2) 2 t ( a p - + v  )

where

Oi = c 2 (1+C2 ) + (1-C2 ) - 2 ( c 2c f  + S2 )

U2 = a 2 ( l+Cl+) + (1-C^)  - 2 ( a 2C2+S2 ) (30)

0 3 = a c ( C 1+C3) + (C j -  C3) - 2 ( 000^ 2+ S ^ 2 ) 

and ,  s i m i l a r l y ,  e q u a t i o n  (2 8 )  becomes
_ _

4 ( l - c 2 ) 2( S1PQ— c Ciu q) + 2 ( 1 - c2 ) 2( c u 1- q 1) - 2c t ( S 2po -aC2Uo ) - c t ( a u 2- q 2)=0

2

(3 1 )
N

Now, we ha d  p = — £ Q cos kft k - 1 , 2* k N . ^ o b , r  rr = l

S u b s t i t u t i n g  f o r  Q ^ ^ f rom e q u a t i o n s  (26)  g iv e s

2 N 2 Np, = {=- E Q' cos kn ) c o s 0 - ( ir  E U’ co Fk N o b , r  r  N r=1 o b , r

i . e .  p^ = p^ cos 0 - u ^ s i n & .  k = l ,2

S i m i l a r l y  q, = q 1 cos 0 - v'  s i n  0 k = l ,2
k k K

u^ = p^ s i n  0 + u£ cos 0 k = l ,2

v. = q* s i n  0 + v.' cos 0 k = l ,2k nk k

d = d 1 cos 0 - u 1 s i n  0
*0 o o

u = p '  s i n  0 + u cos 0 
o r o o

(3 2 )
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whe r e  P^> ^  e t c  a r e  d e f i n e d  i n  the  same way as p^ ,  e t c . ,  u s in g  

t h e  o b s e r v e d  d a t a .

Hence,  we can s o l v e  e q u a t i o n  (31)  f o r  t a n  6 t o  g ive

2 ( l - c 2) ^ ( 2A3+Bi ; - c t ( 2At++B2J 

t a n  0 = - 2 < 1 - c 2 ) S ( a ' - 2 B  ;+ c t (A  -2B ) (33)
1 3  2 if

where Aj = cp[+v} Bj = c u j - q  J

A2 = a P2+V2 B2 = a u 2-cl2

A3 = Sl P o ' cCl ^  B3 = cClPo+Sl"c

A„ = S2 v ' - a C 2 u-  -  «c W s  i ;

134)

A l s o ,  we can s o l v e  e q u a t i o n  (29)  f o r  p j ,  v i z .

2 c ( l - c 2 ) ^ { [ 2 ( l - c 2 ) ^ ( A 1-2B3) - c t ( A 2 -2B1+) ] c o s 6 -

- [ 2 ( l - c 2 ; 2(2A3+B1) - c t ( 2 A 1++B2 ; ] s i n  0 }
P = ---------------------------------------------------------- £---------------------------  (35)

4 ( 1 - c 2 ) 0 1+ c 2 t 2 0 2 - 4 c t  ( l - c 2 ; 2 0 3

and hence  p£,  v j , V£ from e q u a t i o n s  (81 and p^ ,  u^ from e q u a t i o n s

(22)  and ( 2 3 ) .

From e q u a t i o n s  (1) and (3)  i t  can be s e e n  t h a t

A = p ^ / s i n  2i  s i n  20 

_ D C1~ 3 C O S  2 0 )  s i n  i  , %
Q. = p - £ l ___________________  136)

i n  °  2 c o s i  s i n  20

U. = u i n t  o

Hence,  f rom a s e t  o f  d a t a  o f  known p h a s e ,  f o r  each  0 and i ,

(0  ,U. ) A, and t a n  0 can be  found u s i n g  e q u a t i o n s  33-36 .  S ince
i n t  i n t

0 = 2/9 , t h e r e  w i l l  be two p o s s i b l e  v a lu e s  o f  p  i n  t h e  r ange  0 t o  ^ 

d i f f e r i n g  by t t / 2 . This  r e f l e c t s  the  b a s i c  a m b igu i ty  be tw een  j e t  and 

d i s c  s c a t t e r i n g  ( c f .  d i s c u s s i o n  i n  s e c t i o n  4 . 2 ) .  There w i l l  be two s e t s  

o f  p a r a m e t e r s ,  one f o r  each  v a l u e  o f  /g,.ain.ce. the s i g n  o f  p i  w i l l  change 

depend ing  on which v a l u e  o f  0 i s  u sed .  One s e t  w i l l  have  A p o s i t i v e
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and w i l l  c o r r e s p o n d  to  a j e t  dominated s o l u t i o n ,  the  o t h e r ,  h a v in g  A 

n e g a t i v e ,  w i l l  c o r r e spond  to  a d i s c  domina ted  s o l u t i o n  ( s e e  s e c t i o n  

4 . 2 1 .

The f u n c t i o n  can th e n  be found f o r  each 9 and i  . I t  w i l l

be t h e  same f o r  both s e t s  o f  p a r a m e t e r s .  By g r i d - s e a r c h i n g  th rough  

th e  ran g e  o f  p o s s i b l e  v a lu e s  o f  0 and i  t h e  minimum o f  the  f u n c t i o n  

and c o n f i d e n c e  i n t e r v a l s  can be found.

5 . 4  S p e c i a l  Cases o f  the  F i l t i n g  P roc edu re

5 . 4 . 1  Equal  Phase  I n t e r v a l s

Should i t  become p o s s i b l e  to  b i n  the  d a t a  i n t o  e q u a l  p r e c e s s i o n  

p h a s e  b i n s ,  t h e n  c o n s i d e r a b l e  s i m p l i f i c a t i o n  o f  e q u a t i o n s  ( 2 2 ) ,  ( 2 3 ) , ( , 3 0 ) ,

( 3 3 ) ,  (34)  and (35)  r e s u l t .  For  e q u a l l y  s p a c e d ,  b in n ed  d a t a

0 = 2T r ( r - l )
r  N

N-l N-1_ 1 v 2irkm j r .  1 y  • 2tt km ,  , .Hence C = ^  £ cos - j p -  and = -  Z s m  - jj—  ( k - l , . . . , 4 )
m=o m=o

and so  = 0 ( k = l , . . . , 4 ) .

f rom t h e  o r t h o g o n a l i t y  r e l a t i o n s  f o r  s i n e  and c o s i n e .  T h e r e f o r e ,  

e q u a t i o n s  (22)  and (23)  become 

P = PDo °
u = u
O O

e q u a t i o n s  (30)  become

0 1 = 1+c2

0 2 = l +a^

0 3 = 0

and ,  f rom e q u a t i o n s  (34) A3 = = B3 = -  0 .
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Hence e q u a t i o n  (33)  becomes

j,
2 ( l - C2 ) 2 B j - c t  B2 

t a n  0 = -----   - j:
- 2 ( l - c 2) 2 A j+c t  A2 

and e q u a t i o n  (35) becomes

2c ( l - c ^

'1 =
2 c ( 1 - c 2 ) 2{ [ 2 ( l - c 2 ) 2A j - c t  A2 ] c o s 0 [ 2 ( l - c 2 ) ^ B j - c t  B2 ] s i n 0

p =-----------
4 ( l - c 1+) + c 2t 2 ( l + a 2 )

5 . 4 . 2  S p e c i a l  Cases o f  the  c o n s t r a i n t s

a)  i = 0 . The t h e o r e t i c a l  S tokes  P a ra m e te r s  a r e  g iv en  by

= p + po cos 2ft x t , r  *o r

U = u + Vo s i n  2ft t , r  o r

where p 2 -  v 2= - 2A s i n 20 . Hence t h e  c o n s t r a i n t s  r e d u c e  to

g = p2 -  ^

F o l lo w in g  a s i m i l a r  a n a l y s i s  as i n  5 . 4 ,  we f i n d  t h a t

p = p '  cos 0 - u '  s i n  0 - p 9CO q 0 ^ z

u = d* s i n  0 + u^ cos 0 - PoSq
O o 0 2 2

[p- +v'  - 2 (C2Po+S2U ^ ] c o s 0+ [ q ^ - ^ - 2(S2p ; - C 2^ ) ]  s i n  0

?2 1 - 2C| - 2S |

( q ’ - u ’ ) - 2(S p ' - C u ’ )and t a n  0 = 9 9________2 o 2 p

Cp’+ v ' ; - 2tC p '  + S u '  )
2 2 2  0 2 0

b) i= 9 0 ° .  The t h e o r e t i c a l  Stokes P a ra m e te r s  a r e  g iv e n  by

0 , = p + pocos 2ft^ o b , r  r o

U = u + v i s i n  ft.
t  , r  o

where p 2 = -A s i n 20 and v 1 = 2A s i n  20 . Hence t h e  c o n s t r a i n t s  r educe  to  

g = 4p ? + t v 1 where t  = t a n  0
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Again  f o l l o w i n g  t h e  a n a l y s i s  i n  5 . 4 ,  we f i n d

p = p 1 cos 0 - u '  s i n 0 - poCoo o o z *-

u = p '  s i n  0 + u ‘# cos 0 -  v iS io r o o 1 1

4[4v!  - t j l +  2( tC  p 1- 4 S , u ' ) ] 
v 1 = 1 2 2 0 l o

cos y [ 1 6 ( 1-C2 ) - t 2 C1+C^)-32S!+2t2c |  ]

4qJ + tu,J_ 2C4SJP1 + tC2u '  ) 
t a n  0 = —  ---------------------------  2------

4v! - t p ' +  2 ( t C 2p ' ■? 4 S i u 1)
1  ̂ r o o

5 .5  R e s u l t s  o f  O p t i m i s a t i o n

We e v a l u a t e d  cr2x2 • f o r  each ( i , 0 )  on a 5° g r i d  on t h e  i , 0  p l a n e ,  rmn 5 & > r  >

where 0 $ i  £ 180° and -90°  < 0 < 90° (.-0 =18O°-0 ) .  We have  d i s p l a y e d

th e  r e s u l t s  g r a p h i c a l l y  i n  F i g u r e s  6 and 7. In  F ig u re  6 , a 2x2 . = f ( i , 0 )
mm-

d e f i n e s  a t h r e e - d i m e n s i o n a l  s u r f a c e  ( c r o s s - h a t c h e d )  w h i l e  i n  F i g u r e  7

t h e  c o n t o u r  l e v e l s  o f  the  o2x2 . s u r f a c e  have  been  p r o i e c t e d  on to  the
mm

( i , 0 ) p l a n e .  The shaded  a r e a  shows t h e  r e g i o n  where cr2x2 . £ 1 7 . 6 4
min

( s e e  b e lo w ) .  By s e a r c h i n g  a s m a l l e r  a r e a  i n c l u d i n g  t h i s  r e g i o n  u s i n g  a

f i n e r  mesh,  t h e  g l o b a l  minimum i n f  ( a 2x2 # ) was found to  be 15 .746 .
min

The 2 s e t s  o f  p a r a m e t e r  v a lu e s  c o r r e s p o n d in g  t o  the  minimum are

i = 1 2 0 ° . 0 , 0 =  - 1 3 ° .0 0 1 = 8 1 . 1 9 5 ,  U._ =0 .3 59 ,  Q = - 3 . 0 1 8 ,  A = -0 .7 2 8
Xn*r In t

02 = - 8 .8 0 5 ,  Ux = - 0 .3 5 9 ,  0 ^ 3 . 0 1 8  , A =0.738

The p r e c e s s i o n  curve  c o r r e s p o n d in g  t o  t h e s e  p a r a m e t e r  s e t s  i s  s upe r im posed  

on t h e  d a t a  and shown i n  F i g u r e s  1, 2 (Q,U a g a i n s t  da ta . ) ,  8 ( f o ld e d  d a t a  

a g a i n s t  p h a s e )  and 9 (U a g a i n s t  Q). I t  i s  q u i t e  c l e a r  from F i g u r e  8 t h a t  

th e  U p a r a m e t e r  i s  d e s c r i b e d  b e t t e r  by the  model th a n  Q. F i g u r e  9 a lo n e  

i s  n o t  a good i n d i c a t i o n  o f  the  q u a l i t y  o f  the  f i t .  P l o t t i n g  the  raw d a t a

(37)
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on t h e  Q,U p l a n e  does n o t  g ive  a s e n se  o f  the  deve lopment  o f  the  Q,U locus  

w i t h  t im e .  S u f f i c i e n t  d a t a  t o  p e rm i t  b i n n i n g  and hence  s im p le  smoothing 

o f  t h e  o b s e r v e d  locus  i s  r e q u i r e d  b e f o r e  a d i r e c t  com par ison  o f  model 

w i t h  d a t a  on t h e  Q,U p l a n e  can be made. Even t h e n ,  c l o s e  a t t e n t i o n  to  

t h e  p h a s i n g  o f  the  locus  must be p a i d .

The r o o t  mean s q u a re  d e v i a t i o n  o f  t h e  Q 's  and U's  f rom th e  b e s t  

f i t  cu rve  i s  0 . 2 6 9 .  Adopt ing  t h i s  v a lu e  f o r  o^g ives  a v a lu e  f o r  f ° r  

t h e  b e s t  f i t  o f  218 which ,  f o r  t h e  number o f  d eg rees  o f  f reedom (215) ,  

h a s  a s i g n i f i c a n c e  o f  ^45%. The 10% s i g n i f i c a n c e  l e v e l  c o r r e sponds  

t o  a v a l u e  o f  x^= 242, i . e .  a l l  models w i th  a^x^ £ 17 .64  have a s i g n i f i 

cance  ^10%. An e s t i m a t e  o f  t h e  v a r i a n c e  o f  t h e  Q and U p a ra m e t e r s  t h a t  

i s  q u i t e  i n d e p e n d e n t  o f  any model  can be  found by b i n n i n g  th e  d a t a  and 

c a l c u l a t i n g  the  v a r i a n c e  on t h e  ave rage  o f  each b i n .  The r o o t  mean sq u a re  

o f  t h e s e  b i n  v a r i a n c e s  i s  thenan e s t i m a t e  o f  the  s p r e a d  i n  t h e  d a t a .  I t  

s h o u ld  be  n o t e d  t h a t  the  f i n a l  r e s u l t  o f  such a p r o c e s s  does depend on 

th e  number o f  b i n s  o r i g i n a l l y  u se d .  Fo r  20 e q u a l l y  spaced  p r e c e s s i o n  

phase  b i n s  (on th e  Kemp e t a l . ,  1986 e phe m e r i s )  o f  which ,  f o r  the  g iven  

d a t a  s e t ,  14 c o n t a i n s  2 o r  more p o i n t s ,  the  r o o t  mean squa re  v a r i a n c e s  

on th e  Q and U p a ra m e t e r s  a r e ,  r e s p e c t i v e l y ,  = 0 .2 74  and 0^=0.192.

Oq and 0^ g iv e  a measure o f  t h e  d i s p e r s i o n  i n  the  d a t a  which i s  a few 

t im es  t h e  v a l u e  o f  t h e  quo ted  measurement  e r r o r s  ( c f .  Simmons e t  a l . ,

1980) .  I f  t h e  mean of  a  and i s  used  f o r  a the  b e s t  f i t  has  a s i g n i 

f i c a n c e  o f  on ly  M).l%.

Using  t h e  b e s t - f i t  model d e f i n e d  by th e  p a r a m e t e r  s e t s  ( 3 7 ) ,  the

power s p e c t r a  o f  the  Q and U r e s i d u a l s ,  ( i . e .  a f t e r  removal  o f  the  p r e 

c e s s i o n  v a r i a t i o n  and i n t e r s t e l l a r  component) were c a l c u l a t e d  and t h r e e
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expanded  s e c t i o n s  o f  the  s p e c t r a  abou t  v , 2v , v and 2v a re  shown
p p o o

i n  F i g u r e s  10(Q) and ll(U,) w i th  the  r e l e v a n t  s e c t i o n s  o f  t h e  power

s p e c t r a  o f  the  raw d a t a  f o r  compar ison .  I t  i s  c l e a r  t h a t  the  power

i n  t h e  c o n s t a n t  te rms  and th e  peaks a t  v ( ----- ------  ) and 2v
p P pp r e c e s s i o n  r

h a s  be e n  d r a m a t i c a l l y  r educed  and, i n  some c a s e s ,  c o m p l e t e l y  removed. 

Th is  s u c c e s s  i s  d e s p i t e  the  m ere ly  m odera te  s t a t i s t i c a l  s i g n i f i c a n c e  

o f  t h e  b e s t - f i t .  So we conc lude  t h a t  the  model does d e s c r i b e  w e l l  the  

v a r i a t i o n  due to  p r e c e s s i o n  and a l low s  e v a l u a t i o n  o f  t h e  i n t e r s t e l l a r  

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

The s i g n i f i c a n c e  o f  t h e  peak  n e a r  h a l f  t h e  o r b i t a l  p e r i o d  ( i . e .

n e a r  2vq .) remains m a r g i n a l  i n  t h e  Q r e s i d u a l s .  The expanded s c a l e

o f  F i g u r e s  10 and 11 a l s o  shows t h a t  i f  t h e  peaks n e a r  2v a r e  g e n u in e l yo

due t o  a v a r i a t i o n  a t  h a l f  t h e  o r b i t a l  p e r i o d  they  have  been d i s p l a c e d  

t o  h i g h e r  f r e q u e n c i e s ,  which may in d e e d  be t h e  r e s u l t  o f  t h e  u n e q u a l l y  

s p a c e d  d a t a .

To e s t i m a t e  t h e  e r r o r s  on the  b e s t  f i t  v a lu e s  o f  i  and 0 , we 

r e t u r n  t o  F i g u r e  7. The shaded  a r e a  shows the  r e g i o n  o f  t h e  i ,0 p l a n e  

which g i v e s  model f i t s  w i t h  c o n f i d e n c e  >10%. From the  d imens ions  o f  

t h i s  r e g i o n  we can d e r i v e  a crude  e s t i m a t e  o f  the  10% c o n f id e n c e  i n t e r v a l  

e r r o r s  on i  and 0 namely

i  = 120°0± 35° 0 = -13°0 ± 45°  (38 ;

The s i z e  o f  t h e  c o n f i d e n c e  i n t e r v a l  r e f l e c t s  the  s c a t t e r  on the  d a t a .

As much o f  t h i s  may be caused  by s t o c h a s t i c  p r o c e s s e s  i n  t h e  d i s c / j e t  

s y s te m  an i n c r e a s e d  d a t a  s e t  s h o u ld  d e c r e a s e  the  r e l a t i v e  im por tance  

o f  t h i s  s c a t t e r  a l l o w i n g  f o r  a more p r e c i s e  d e t e r m i n a t i o n  o f  i  and 0 .
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5 .6 Comparison o f  R e s u l t s

The o p t i m i s a t i o n  p r o c e d u r e  deve loped  i n  S e c t i o n  b . 3  t o  f i t  the  

s im p l e  p r e c e s s i o n  model to  t h e  p o l a r i s a t i o n  d a t a  o f  SS433 r e s u l t e d  i n  

2 s e t s  o f  p a r a m e t e r s  c o r r e s p o n d in g  to  a p r e d o m i n a n t ly  j e t  (A>0) and 

a . . ... p r e d o m i n a n t ly  d i s c  (A<o) s c a t t e r i n g  s o l u t i o n .  Of t h e  s i x  

p a r a m e t e r s  found by t h i s  method,  the  i n c l i n a t i o n  and p r e c e s s i o n  cone 

a n g l e s  can a l s o  be d e r i v e d  from the  s p e c t r o s c o p i c  measurements  o f  the  

D o pp le r  s h i f t e d  e m i s s io n  l i n e s  from the  j e t s  and from r a d i o  VLA 

o b s e r v a t i o n s .  The p o s i t i o n  a n g le  o f  the  j e t s  on the  sky ( r e l a t e d  to  B, 

s e e ' b e l o w )  can be found from r a d i o  and X-ray  imaging  and the  i n t e r s t e l l a r  

p o l a r i s a t i o n  can be e s t i m a t e d  from measurements  o f  f i e l d  s t a r s  n e a r  SS433. 

However,  t h i s  l a s t  i s  f r a u g h t  w i t h  u n c e r t a i n t y  s i n c e  there  a r e  t h r e e  

u n d e r l y i n g  assum pt io ns  namely t h a t  the  s t a r s  a r e  i n t r i n s i c a l l y  u n p o l a r i s e d ,  

t h a t  they  a r e  a t  the  same d i s t a n c e  as SS433 and t h a t  c o n d i t i o n s  a long  the  

d i f f e r e n t  l i n e s  o f  s i g h t  a r e  s u f f i c i e n t l y  s i m i l a r  n o t  to  i n v a l i d a t e  the  

e s t i m a t e .  Given t h a t  t h e  e x t i n c t i o n  i n  the  r e g i o n  o f  W50 i s  bo th  l a r g e

and p a tc h y  ( c f .  Margon 1984J,  t h i s  l a s t  a s sum p t ion  seems v e ry  shaky.

The s im p le  k i n e m a t i c  model f o r  the  Dopp le r  s h i f t e d  e m i s s io n  l i n e s  

( s e e  e . g .  Margon 1984) y i e l d  v a l u e s  f o r  i  and 0 o f  78?82 and 19?8,

b u t  does n o t  by i t s e l f  d i s t i n g u i s h  be tween  i  and 0 , n o r  does i t  d e te rm ine

t h e i r  q u a d r a n t  u n i q u e l y  as tt—i  and tt- 0 g iv e  the  same s o l u t i o n .  The 

dynamic model deve lo ped  by C o l l i n s  and Newsom (1986)  g iv es  i=78 .9 1  

and 0=19?41,  where now th e  am b ig u i ty  l i e s  i n  d i s t i n g u i s h i n g  between 

t h e  a s c e n d i n g  and d e s c e n d in g  n o d e s .  Rad io  o b s e r v a t i o n s  g ive  v a lu e s  f o r  

i  and 0 o f  80° and 20° r e s p e c t i v e l y  ( H j e l l m i n g  and J o h n s to n e  1981a,

F e j e s  1986) and t h a t  t h e  s e n s e  o f  the  j e t  r o t a t i o n  i s  c lo c k w is e .
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In  t h e  p o l a r i s a t i o n  model the  a n g le s  i  and 0 a r e  measured from the  

z - a x i s , t h e  normal  to  t h e  o r b i t a l  p l a n e .  The p r e c e s s i o n  phase  i s  

m easu red  a n t i c l o c k w i s e  abou t  t h e  z - a x i s  ( i . e .  t h e  s e n s e  o f  t h e  p r e c e s s i o n  

o f  t h e  j e t s  can be  c o n s id e r e d  t o  d e f i n e  t h e  d i r e c t i o n  o f  t h e  z - a x i s ) .

S in c e  z e r o  phase  i s  d e f i n e d  t o  be when t h e  r e d s h i f t s  o f  t h e  two oppos ing  

j e t s  a r e  a t  maximum s e p a r a t i o n ,  i f  i  i s  i n  t h e  f i r s t  q u a d r a n t ,©  must  be 

i n  t h e  f i r s t  q u a d r a n t  a l s o  and th e  s e n s e  o f  t h e  j e t  r o t a t i o n ,  as seen  

by t h e  o b s e r v e r  i s  a n t i c l o c k w i s e .  S i m i l a r l y ,  f o r  i  i n  t h e  2nd q u a d r a n t ,

0 i s  i n  t h e  same q u a d r a n t  and t h e  s e n s e  o f  t h e  j e t  r o t a t i o n  i s  c lo c k w is e .  

The p o l a r i s a t i o n  b e s t  f i t  p a ra m e te r  s e t s  bo th  have i  and © i n  the  2nd 

q u a d r a n t  ( s i n c e  -0  = tt - 0 ) and hence  th e  p o l a r i s a t i o n  d a t a  i n d i c a t e  t h a t  

t h e  s e n s e  o f  t h e  j e t  r o t a t i o n  i s  c l o c k w i s e ,  i n  agreement  w i t h  the r a d i o

d a t a .  I t  can be se en  t h a t  the  b e s t  f i t  v a l u e s  o f  i  and and © a r e  i n

a g re e m e n t ,  w i t h i n  the  e r r o r s ,  w i t h  t h o s e  found from o t h e r  o b s e r v a t i o n s  

a l l o w i n g  f o r  the  am bigu i ty  i n  the  q u a d r a n t  o f  i  and 0 , o r  e q u i v a l e n t l y

th e  a m b ig u i ty  i n  the  s e n se  o f  r o t a t i o n  o f  t h e  j e t s  i n  t h e  o p t i c a l  d a t a .

By d e f i n i t i o n ,  B i s  t h e  ang le  measured a n t i c l o c k w i s e  from the  normal

to  the  o r b i t  t o  t h e  o b s e r v e r ' s  Q - a x i s , which i s  t h e  d i r e c t i o n  t o  N or th .

The p o s i t i o n  an g le  o f  the  j e t s  has  been o b s e rv e d  i n  b o th  r a d i o  and X-rays

t o  be 'v 100° (eg .  H j e l lm in g  and J o h n s to n  1981a, Seward e t  a l . ,  1980) .
-

For  SS433, t h e  p o s i t i o n  a ng le  i s  m ea su red^ c loc kw ise  from North to  the 

p r e c e s s i o n  a x i s  o f  the  j e t s  which i s  assumed t o  be  t h e  normal  to  the 

o r b i t a l  p l a n e .  Hence,  the  p o s i t i o n  a n g le  i s  e q u i v a l e n t  tolf-B.  Since  

t h e r e  a r e  two e q u i v a l e n t  s o l u t i o n s  t h e r e  a r e  two p o s s i b l e  v a lu e s  o f  8 

c o r r e s p o n d i n g  t o  t h e  b e s t - f i t  model .  Not s u r p r i s i n g l y ,  t h e s e  d i f f e r  by 

90° s i n c e  one c o r r e s p o n d s  to  a d i s c  domina ted  s o l u t i o n  and t h e  o t h e r  to  

a j o t  dom ina ted  s o l u t i o n .  Hence,  we r e q u i r e  the  X- ray  and r a d i o  o b s e r 



144

v a t i o n s  o f  the  p o s i t i o n  ang le  o f  the  p r e c e s s i o n  a x i s  t o  r e s o l v e  the  

a m b i g u i t y  i n  t h e  p o l a r i s a t i o n  s o l u t i o n .

From ( 3 7 ) ,  t h e  v a l u e  o f  3 which more n e a r l y  c o r r e s p o n d s  t o  t h e  complement 

o f  t h e  o b s e r v e d  p o s i t i o n  a n g le  i s  $1 = 81°. 195.

Th is  v a l u e  o f  3 found from the  o p t i m i s a t i o n  p r o c e d u r e  i s  n o t  s i g n i f i c a n t l y

changed  by d i f f e r e n t  i n p u t  v a lu e s  o f  0 and i  t h a t  a r e  w i t h i n  the  10%

s i g n i f i c a n c e  r e g i o n .  I f  3 = 81?195 i s  the  p r e f e r r e d  s o l u t i o n ,  t h e n ,

A<0 i . e .  the  s c a t t e r i n g  i s  d i s c  domina ted  as e x p e c t e d  on the  t h e o r e t i c a l
_ 3

grounds  d i s c u s s e d  i n  S e c t i o n  4 . 6 .  Note t h a t  A = - 7 . 3 8  x 10 ( b e s t - f i t

s o l u t i o n  (37)  g ives  A i n  p e r c e n t )  g iv es  from e q u a t i o n  4 .25  a v a lu e  f o r  the

3i n f a l l  t ime i n  the  d i s c  o f  t  = 1.65 x 10 s .  S ince  t h e  d i s c  i s  n o t  o p t i c a l l y

t h i n ,  t h i s  v a lu e  o f  t  i s  a s t r o n g  lower l i m i t .

The b e s t  f i t  p a ra m e te r s  g ive  a v a lu e  f o r  the  i n t e r s t e l l a r  p o l a r i s a t i o n  

o f  3.04% a t  p o s i t i o n  ang le  86 .6 1 °  ( d i s c  domina ted)  o r  - 3 . 3 9 °  ( j e t  

d o m in a te d ) .  McLean and Tap ia  (1980)  e s t i m a t e  the  i n t e r s t e l l a r  p o l a r i s a t i o n  

from f i e l d  s t a r s  t o  be 1.5 -2 .7% a t  p o s i t i o n  ang le  30°.  However, t h i s  

e s t i m a t e  i s  h i g h l y  u n c e r t a i n .  U n t i l  a more a c c u r a t e  i n d e p e n d e n t  e s t i m a t e  

o f  t h e  i n t e r s t e l l a r  p o l a r i s a t i o n  i s  a v a i l a b l e  and the  e r r o r s  on the  

p o l a r i s a t i o n  f i t  r educed  no d e f i n i t i v e  c o n c lu s i o n s  can be drawn.

5 . 7  F u l l  Model F i t  t o  D a t a .

We a t t e m p t e d  to  f i t  the  f u l l  t h e o r e t i c a l  model deve loped  i n  C hap te r  

4 t o  t h e  d a t a  u s i n g  the  b e s t  f i t  p a ra m e t e r s  found from the  o p t i m i s a t i o n  

p r o c e d u r e  o f  S e c t i o n  5 . 3 .  The same p h a s in g  o f  t h e  p r e c e s s i o n  p e r i o d  was 

used  and th e  o r b i t a l  p e r i o d  was phased  a c c o r d in g  t o  t h e  ephemeri s  o f  

Kemp e t  a l . ,  1986. Since  i , 0 , B ,  Qx , Ux and A have 

been  found a l r e a d y  (37)  the  two r em a in in g  unknowns a r e  ( l - f ) T ^  and
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( l - f ) x .  (A i n c o r p o r a t e s  f ) .  Now, 0 s f  $ 1 and bo th  Tj  and x a r e  
J d j

p o s i t i v e .  T h e r e f o r e ,  t h e s e  unknowns a r e  p o s i t i v e  c o n s t a n t s .  However,- 

no r e d u c t i o n  i n  o 2x'2below i t s  f  = 1 v a lu e  cou ld  be  found f o r  any p o s i t i v e  

v a l u e s  o f  ( l - f ) ! ^  and ( l - f ) i j  even when an a r b i t r a r y  phase  c o n s t a n t  was 

added t o  the  o r b i t a l  p h a s in g .

A second  a t t e m p t  t o  f i t  t h e  d a t a  was made w i t h  a r e s t r i c t e d  model 

o f  t h e  form

Q = QT + Q + a cos 2A + b s i n  2A 
t I  c

(39)
U = U + U + c cos 2A + d s i n  2A 

t I  c

where  and (QC>UCJ a re  g iv e n  by t h e  p r e c e s s i o n  b e s t  f i t  ( 3 7 ) ,

b e i n g  t h e  i n t e r s t e l l a r  p o l a r i s a t i o n  and t h e  c o n t r i b u t i o n  o f  the  c e n t r a l  

s o u r c e  r e s p e c t i v e l y ,  A/ 2tt i s  the o r b i t a l  phase  and a , b , c , d  a r e  unknown 

c o n s t a n t s .  E qua t io n s  4 .1 2  and 4 .15  i n d i c a t e  a r e l a t i o n  between  t h e s e  

unknowns o f  the  form

a = ac , b = -ad  (40)

where a = ( l + c o s 2i ) / 2 c o s i  as b e f o r e  ( c f .  Simmons e t  a l . ,  1980) .  This

would be the  case  f o r  s c a t t e r i n g  o f  l i g h t  from the  companion s t a r  o f f

the  d i s c / j e t  i n  the  s i t u a t i o n  where t h e  e f f e c t  o f  the  p r e c e s s i o n  o f  the

d i s c / j e t  sy s te m  i s  n e g l i g i b l e ,  o r  f o r  s c a t t e r i n g  o f  l i g h t  from the  c e n t r a l

s o u r c e  o f f  t h e  a tmosphere  o f  the companion s t a r .  A ga in ,  u s in g  the  method

o f  Lagrange  m u l t i p l i e r s ,  we f i n d

( l + a 2 ) ( l - C Lf)D - ( l - a 2 )S4E

( l + a 2 ) 2 ( l - C 2 ) - ( 1 - a 2) 2 S2
4 U (41)

b -  ( l ~ a 2 )SitP - (1+a2 ) ( 1+Ct+)E
( l + a 2 ) 2 ( l “C2 ) - ( l - a 2 ) 2s 2

1 N l  N #
Itfiere CL = -  £ cos 4 a . ; s s i n  4A^

N i = l  1 W i = l
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2a N
[u . .obs , iN I

i = l
+ aQ . - 

o b s , i CU+U )
1 c i -a(.Q +Q ) . ]  cos 2A.

i  C 1  1

2a
N

N
E

i = l
[Uobs , i - aQ , . -obs , i (U +U ) .  I  C l

+a(Q +Q ) . ]  s i n  2A. 
I  C 1 1

^ o b s  , i  *^obs , i ^  18 t *le ^a t a  P ° i p t  a t  o r b i t a l  phase  X^/2tt 

and N i s  t h e  number o f  d a t a  p o i n t s .

Using  t h e s e  e q u a t i o n s ,  we f i n d  i n f  ( a 2x2 ) = 14.394  f o r  a  = 0 .116

and b = 0 .0 2 3 .  The b e s t - f i t  ephemeris  c o r r e s p o n d s  t o  t h a t  g iv e n  i n

Kemp e t  a l . ,  1986 w i th  a p o s s i b l e  phase  s h i f t  o f  0 . 5 .  To f i n d  w he the r

t h i s  r e d u c t i o n  i n  a 2x^ i s  g r e a t e r  than  co u ld  be e x p e c t e d  from the

a d d i t i o n  o f  two f r e e  pa ra m e te r s  we use the  F - s t a t i a t i c wh i c h  i s  10.00 i n

t h i s  c a s e .  For  compar ison ,  a v a lu e  o f  on ly  ^ 4 . 8  would c o r r e s p o n d  to

a p r o b a b i l i t y  o f  on ly  1% t h a t  the r e d u c t i o n  was due to  cha nce .  The

rms d e v i a t i o n  from t h i s  model i s  0 .2 5 7 .  Using t h i s  v a l u e  f o r  d g ives

X2= 2 i 8 ,  which has  a s i g n i f i c a n c e  o f  40% f o r  213 d eg rees  o f  f reedom.

The s i g n i f i c a n c e  o f  t h i s  f i t  has  been  m a r g i n a l l y  r educed  compared w i th

( 3 7 ) .  However, i f  we t ake  the  b i n  v a r i a n c e  o  = 0 .2 3 3 ,  we f i n d  t h a t

X2= 265, which has  a s i g n i f i c a n c e  o f  1%, an o r d e r  o f  magni tude  improvement.

Us ing  the  rms d e v i a t i o n  f o r  d w i l l  always r e s u l t  i n  a s i g n i f i c a n c e  o f

l e s s  than  50% f o r  a non z e ro  number o f  f i t t e d  p a r a m e t e r s .  A model

i n d e p e n d e n t  e s t i m a t e  o f  d i s ,  t h e r e f o r e ,  r e q u i r e d  to  d e te r m in e  i f  a f i t
A

has  improved,  o r  the  F - s t a t i s t i c  s h o u ld  be used where a p p r o p r i a t e .  The

h i g h  v a lu e  o f  the  F - s t a t i s t i c  i n d i c a t e s  t h a t  a t  l e a s t  some o f  the peak

n e a r  2v i n  t h e  power s p e c t r a  o f  U, and pe rhaps  Q, i s  r e a l  and due to  
o

s c a t t e r i n g  e i t h e r  o f  l i g h t  from th e  companion s t a r  o f f  the  d i s c / j e t  o r  

o f  l i g h t  f rom the  c e n t r a l  s o u rc e  o f f  t h e  a tmosphere  o f  the  companion s t a r .  

However a f u r t h e r  r e d u c t i o n  o f  o 2x2 to  12.655 i s  o b t a i n e d  i f  c o n s t r a i n t s
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(40)  a r e  o m i t t e d  and t h i s  f i t ,  when compared t o  t h e  p r e c e s s i o n  b e s t  f i t  

( 37 )  h a s  an F - s t a t i s t i c  o f  12.88 (1% l e v e l  would be ^  3 . 4 ) .  For  

a  = 0 . 2 3 3 ,  x2 = 233 which has  a s i g n i f i c a n c e  o f  15%. F u r t h e r  a n a l y s i s  

o f  an i n c r e a s e d  d a t a  ba se  i s ,  t h e r e f o r e ,  r e q u i r e d  t o  d i s t i n g u i s h  between 

th e  p o s s i b l e  e f f e c t s  caus ing  t h i s  v a r i a t i o n  ( e . g .  l i g h t  s o u rc e  e c l i p s e s )  

which would seem, on the  b a s i s  o f  t h e  above r e s u l t s ,  t o  be due t o  more 

t h a n  s im p le  s c a t t e r i n g .
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F i g u r e  1:  R e a l  t i m e  p l o t  o f  t h e  Q a n d  U n o r m a l i s e d  S t o k e s  
P a r a m e t e r s  o b s e r v e d  f r o m  S S 4 3 3 .  The  d a t a  p o i n t s  
a r e  j o i n e d  by  s t r a i g h t  l i n e  s e g m e n t s  u n l e s s  t h e r e  
w e r e  m o r e  t h a n  40 d a y s  b e t w e e n  s u c c e s s i v e  
o b s e r v a t i o n s .  The  b r o k e n  c u r v e  i s  t h e  b e s t - f i t  
p r e c e s s i o n  c u r v e  ( s e e  S e c t i o n  5 . 6 ) .
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P a r a m e t e r s  o b s e r v e d  f r o m  S S 4 3 3 .
* Mc Le a n  a n d  T a p i a  ( 1 9 8 1 )  d a t a  
o E f i m o v  e t  a l . ( 1 9 8 4 )  d a t a
Th e  c u r v e  i s  t h e  b e s t - f i t  p r e c e s s i o n  c u r v e  
( s e e  S e c t i o n  5 . 6 ) .
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F i g u r e  3 :  P o w e r  s p e c t r a  o f  t h e  o b s e r v e d  Q a n d  U S t o k e sS t  o k e s
P a r a m e t e r s  o f  S S 4 3 3 ,  b a s e d  on 109 d a t a  p o i n t s

a n d Uo b s e r v e d Q

d u r i n g  1 9 7 9 - 1 9 8 2 .  1000  s e a r c h  f r e q u e n c i e s ,  o u t  t o
t h e  s h o r t e s t  p e r i o d  o f  5 d a y s ,  w e r e  u s e d ,  
v = p r e c e s s i o n  f r e q u e n c y  VQ - o r b i t a l  f r e q u e n c y
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Figure 4: The observed Q and U Stokes Parameters of  SS433 folded and
p lo t t e d  aga ins t  p recession  phase according to  the ephemeris and 
per iod  given i n  Kemp e t  a l . ,  1986. On t h i s  s c a l e ,  the typ ic a l  
quoted e r r o r s  are  smalle r  than (McLean and Tapia,  1981) or  the 
same s i z e  as (Efimov e t  a l . ,  1984) the cha rac te r s  used to  mark 
the  po in t s .
* McLean and Tapia (1981) data  
o Efimov e t  a l .  (1984) da ta .
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F i g u r e  5 : Regions o f  the  i , 0  p l a n e  where the  p r e c e s s i o n

p e r i o d  o r  i t s  ha rm on ic  i s  dominant  i n  the  Stokes 

Pa r a m e te r s  Q and U.
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Figure 6 : Three dimensional (cross-hatched)  su rface  defined by
f ( i ,  0) = ^ ^ r o i n *  T*ie ^ase iS ° 2*2 ~  ^ *eve^* 
The ranges of i  and 0 a re  0° to  180° and -90 to  90 
r e s p e c t i v e l y .
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Figure 7: Contour p lo t of f ( i ,  9) = cr2 x2̂ ^ .  The contours have been drawn

a t in te rv a ls  of 2 from 16 to  36. An ex tra  level has been drawn a t 
17.64. The shaded region i s ,  the re fo re , where f ( i , 9  ) $ 17.64 
(see section  5 .5 ).
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Figure 8 : As Figure 4. Solid curve i s  the b e s t - f i t  precession curve (see 
s e c t ion  5.6)
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Figure 9 ; Observed Q and U Stokes Parameters of  SS433 with the  bes t  f i t  
precess ion  curve sumperimposed ( the  s o l id  curve).
* McLean and Tapia (1981) data  
o Efimov e t  a l .  (1984) data
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Figure 10: Three expanded se c t io n s  o f the power spectrum of the Q Stokes

 Parameter o f  SS433 based on 109 ob servations for a) the raw data and b)
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CHAPTER 6 

GAMMA-RAY LINES FROM SS433?

6 . 1  I n t r o d u c t i o n

SS433 i s  n o t  an u n l i k e l y  gamma ray  s o u rc e  s i n c e ,  a t  a r e l a t i v e  

v e l o c i t y  o f  0 . 2 6 c ,  each p r o to n  has  a k i n e t i c  e ne rgy  o f  30 MeV. The 

n a r r o w  gamma ray  l i n e s  r e p o r t e d  by Lamb e t  a l . (1933) and Lamb (1984 ) ,  

though unconfi rmed have s t i m u l a t e d  a number o f  t h e o r e t i c a l  models .

Boyd e t  a l . ,  1984 d i s c u s s  main ly  the  l i n e s  r e p o r t e d  by Lamb and c o 

w orke rs  (1983,  1984) n e a r  1 .5 and 1.2 MeV, and p ropose  t h e r m o n u c le a r  

p r o c e s s e s  i n  the  j e t s  as t h e i r  most  l i k e l y  s o u r c e ,  w h i l e  Kundt (1984)  

a rg u e s  f o r  i n v e r s e  compton b o o s t i n g  o f  pho tons  by r e l a t i v i s t i c  

e l e c t r o n - p o s i t r o n  p a i r s  n e a r  the  c e n t r a l  o b j e c t .  Ramaty e t  a l . ,  ( 1 9 8 4 ) , (RKL) 

on th e  o t h e r  h a n d ,  c o n s i d e r  the  l i n e s  a t  abou t  1 .5  and 6 .7  MeV. They

i d e n t i f y  t h e s e  w i th  n u c l e a r  t r a n s i t i o n s  o f  24w * and 16 * ,  and c la im  
J Mg 0

t h a t  t h e i r  ve ry  s m a l l  l i n e  w id th s  and h ig h  i n t e n s i t i e s  a re  com pa t ib le  

on ly  w i th  n o n - th e r m a l  e x c i t a t i o n  o f  n u c l e i  i n  s o l i d  g r a i n s  p r e s e n t  in  

t h e  j e t ,  which a r e  presumed to  c o l l i d e  w i th  p r o to n s  i n  some ambient  gas .  

H e i f e r  and S a v e d o f f  (1984) p roposed  a magnesium j e t  model f o r  t h e  lower 

e n e rg y  l i n e .

We w i l l  n o t  concern  o u r s e l v e s  h e r e  w i th  e i t h e r  the  d e t a i l s  o f  the 

n u c l e a r  t r a n s i t i o n s ,  no r  w i th  t h e  c o n t r o v e r s y  o v e r  the  o b s e r v a t i o n s ,  bu t  

r a t h e r  w i t h  t h e  v i a b i l i t y  o f  t h e  RKL g r a i n  i n t e r p r e t a t i o n  o f  the  1.5 and

6 . 7  MeV l i n e s  i n  terms o f  i t s  c o n s i s t e n c y  w i th  t h e o r e t i c a l  c o n s i d e r a t i o n s ,  

w i t h  d a t a  a t  o t h e r  w a v e l e n g t h s ,  and wi th  the  most  w id e ly  a c c e p t e d  model 

f o r  SS433. R e l a t e d  i s s u e s  have been  d i s c u s s e d  r e c e n t l y  by H e i f e r  and 

S a v e d o f f  ( 1 986 ) .  I n  e s se n c e  th e  RKL model i s  t h a t  n u c l e i  o f  magnesium and
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oxygen ,  embedded i n  s o l i d  g r a i n s  t h a t  a r e  presumed to  be p r e s e n t  in  

t h e  j e t s  o f  SS433 and c a r r i e d  a long  w i th  them, c o l l i d e  w i t h  p r o to n s  

i n  an ambien t  medium supposed to  s u r round  the  j e t s .  These c o l l i s i o n s  

e x c i t e  n u c l e i ,  which t r a n s f e r  t h e i r  r e c o i l  ene rgy  t o  the  g r a i n s  t h a t  

c o n t a i n  them b e f o r e  they  emi t  t h e i r  e x c i t a t i o n  energy  by spon taneous  

e m i s s i o n .  Thus the  e m i t t e d  gamma ray s  a r e  seen  a t  the  r e d -  o r  b l u e s h i f t  

o f  t h e  j e t s ,  and a re  narrow because  the  r e c o i l  ene rgy  has  been  a b s o r b e d  by 

Coulomb c o l l i s i o n s  i n  the g r a i n s ( L i n g e n f e I t e r  and Ramaty 1977) .  The 

a b s en c e  o f  a l i n e ,  which ought  t o  a p p e a r  s t r o n g l y  a t  4 . 4  MeV r e s t

e n e r g y  b u t  i s  n o t  o b s e rv e d ,  i s  n e a t l y  e x p l a i n e d  by the f a c t  t h a t  i t s  d e 

e x c i t a t i o n  t ime i s  much s h o r t e r  than  the  Coulomb s t o p p i n g  t im e ,  so t h a t  

i t s  e x p e c t e d  l i n e  w id th  o f  s e v e r a l  hundred  keV comes o u t  too  b road  to  be 

d e t e c t a b l e .  Then RKL d e r i v e  e s t i m a t e s  o f  t h e  a r e a  and mass o f  t h e  g r a i n s ,  

f o r  p l a u s i b l e  g r a i n  s i z e s ,  from the gamma r a y  i n t e n s i t y  and by e q u a t i n g  

t h e  t o t a l  Coulomb l o s s  i n  t h e  j e t  m a t e r i a l  w i th  the  j e t  k i n e t i c  power.

The r e s u l t i n g  b l a c k  body t e m p e ra t u re  o f  t h e  g r a i n s  i s  then  c la imed  by RKL 

to  be s u f f i c i e n t l y  low t o  e n s u re  g r a i n  s u r v i v a l .

The p o s s i b l e  p r e s e n c e  o f  g r a i n s  i n  the  j e t s  has  i m p l i c a t i o n s  f o r  the  

o b s e r v e d  o p t i c a l  p o l a r i s a t i o n  o f  t h e  sys te m . Gra in  s c a t t e r i n g  cou ld  add 

s i g n i f i c a n t l y  t o  t h e  p o l a r i s a t i o n  p roduced by the  j e t s ,  p e rhaps  even 

ch a n g in g  the  b a l a n c e  be tween  the  d i s c  and j e t  s c a t t e r i n g  ( c f .  d i s c u s s i o n  

i n  s e c t i o n  4 . 6 ) .  From the  mass o f  g r a i n s  r e q u i r e d  to  g ive  t h e  obse rved  

l u m i n o s i t y  o f  t h e  gamma ray  l i n e s ,  we e s t i m a t e  i n  s e c t i o n  6 . 5 . 2  the 

o p t i c a l  p o l a r i s a t i o n  t h e s e  g r a i n s  would g i v e ,  assuming o p t i c a l l y  t h i n  

s c a t t e r i n g  and u s in g  the R ay le igh  s c a t t e r i n g  a p p ro x im a t io n .
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6 . 2  C o n s i s t e n c y  w i t h  gamma ray  d a t a

I n  t h e i r  Tab le  1, RKL p r e s e n t  f lu x e s  o f  e i g h t  gamma r a y  l i n e s  

e x p e c t e d  from th e  j e t  g r a i n  model to  be comparable  t o  t h a t  o f  t h e  

s t r o n g  1 .5  MeV l i n e .  For  c o n s i s t e n c y  w i th  the few l i n e s  a p p a r e n t l y  

o b s e r v e d  (Lamb e t  a l . 1983, 1984) most o f  t h e s e  a r e  e x p l a i n e d  away by 

RKL by i n v o k in g  f o r  the 4 .4  MeV l i n e  o f  ^2C an e x c e s s i v e  l i n e  w id th  

( c f . S e c t i o n  6.1)and f o r  the  r em a in d e r ,  low e lement  abundances .  Thus

th e y  c o n c e n t r a t e  on the l i n e s  a t  1.495 and 6.695 MeV, and i d e n t i f y

t h e s e  w i t h  the  ( r e s t  e ne rgy)  l i n e s  a t  1.369 MeV from 24Mg* and a t  

6 .1 2 9  MeV o f  ^ 0 * ,  b l u e s h i f t e d  by a f a c t o r  1+z = 1.092 i n  e ne rgy  

a p p r o p r i a t e  to  the  phase  o f  SS433 a t  the  t ime o f  o b s e r v a t i o n .

We s h o u ld  a l s o  e x p e c t  c o r r e s p o n d in g  r e d s h i f t e d  l i n e s  a t  1 .184  and 

5 .3 0 1  MeV from the  r e c e d i n g  j e t ,  w i th  f lu x e s  reduced  by about  [ ( 1 - z ) /  ( 1+z) ] *+, 

which  i s  r o u g h ly  0 .9  a t  t h i s  p h a s e ,  r e l a t i v e  to  the  b l u e s h i f t e d  components .  

The fo rm er  en e rg y  co r r e sponds  t o  a l i n e  d e t e c t e d  w i th  l e s s  c o n f id e n ce  

(Lamb e t  a l .  1983, F i g . 3 ) ,  w h i l e  RKL make no mention  o f  the  l a t t e r ,  which 

l i n e  would be  an i m p o r t a n t  check on the model . Since  the  j e t s  a r e  obse rved  

a lm o s t  a t  r i g h t  a n g le s  to  the  l i n e  o f  s i g h t ,  s t r o n g  a b s o r p t i o n  o f  the r e d -  

s h i f t e d  gamma way l i n e s  seems u n l i k e l y  (cjf. RKL).

In  a d d i t i o n  t o  t h e s e  l i n e s ,  however ,  the  model s h o u ld  p r e d i c t  f e a t u r e s  

o f  comparab le  e q u i v a l e n t  w id th  a t  the r e s t  e n e r g i e s  (1 .3 69  and 6.129 MeV)

b e c a u s e ,  j u s t  as ' i n t e r s t e l l a r '  p r o to n s  e x c i t e  n u c l e i  i n  j e t  g r a i n s ,  so

s h o u l d  j e t  p r o t o n s  e x c i t e  n u c l e i  i n  ' i n t e r s t e l l a r ' g r a i n s . Le t  n ^ j  and n  ̂

be t h e  number d e n s i t i e s  o f  the  p r o to n s  and the  g r a i n  n u c l e i  ( a v e ra g e d )  i n  

t h e  i e t .  and l e t  n . and n . be t h e  c o r r e s p o n d in g  ' i n t e r s t e l l a r '  v a l u e s ;
J * p i  g i

l e t  t h e  volume o f  i n t e r a c t i o n  o f  t h e  j e t  and i n t e r s t e l l a r  m a t e r i a l  be V.

Then t h e  r a t e s  o f  e m i s s io n  o f  gamma r a y  p h o to n s ,  from any n u c l e a r  t r a n s i t i o n s
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i n  t h e  j e t  and i n t e r s t e l l a r '  g r a i n s ,  s h o u ld  be i n  t h e  r a t i o

( 1 )

where  v  i s  t h e  j e t  speed  and Q i s  t h e  e x c i t a t i o n  c r o s s - s e c t i o n .  I t

f o l l o w s  from ( l )  t h a t  i f  t h e  g r a i n / p r o t o n  number r a t i o  i s  s i m i l a r  i n  the  

j e t  and i n  t h e  ambient  medium, t hen  the  ' i n t e r s t e l l a r '  g r a i n s  bombarded 

by th e  j e t  p r o t o n s  s h o u ld  p roduce  o b s e r v a b l e  r e s t  ene rgy  l i n e s ,  u n l e s s  

e i t h e r  ' i n t e r s t e l l a r '  g r a i n s  a r e  so sm a l l  t h a t  r e c o i l i n g  n u c l e i  canno t  

come t o  r e s t  i n  them, o r  so l a r g e  t h a t  t hey  a r e  o p t i c a l l y  t h i c k  t o  gamma 

r a y s .

These a l t e r n a t i v e s  seem im p ro b a b le ,  so t h a t  one ought  t o  e x p e c t  l i n e s  

w i t h  e q u i v a l e n t  w id th s  comparab le  t o  the  moving l i n e s .  Again t h e  1.369 MeV 

l i n e  f a l l s  on an i n s t r u m e n t a l  f e a t u r e  (Lamb e t  a l . 1983) ,  b u t  n e i t h e r  t h e s e  

a u t h o r s  n o r  RKL r e f e r  to  the e x p e c t e d  l i n e  a t  6 .129 MeV, t h e  o c c u r r e n c e  

o r  a b senc e  o f  which s h o u ld  be an i m p o r t a n t  t e s t  o f  the  model .  I t  i s  p o s s i b l e  

t h a t  t h e  r e s t  e ne rgy  l i n e s  a re  too wide t o  be d e t e c t e d .  However, i f  the  

w i d t h  o f  t h e  v e r y  s t r o n g  l i n e  a t  r e s t  i s  any i n d i c a t i o n ,  t h e  gamma ray  

l i n e  w id th  ought  to  be abou t  50 keV, which seems too na rrow to  escape  

d e t e c t i o n .

6 . 3  J e t  dynamics and g r a i n  s u r v i v a l

RKL have  c a l c u l a t e d  the  Coulomb e ne rgy  l o s s  r a t e  Wc d e p o s i t e d  i n  the  

j e t  due to  c o l l i s i o n s  o f  j e t  m a t e r i a l  w i th  ambient  g a s ,  and f i n d  ( f o r  s o l a r  

e l e m e n t a l  abundances )

W

W

cp

eg
3 .3  x 105 n . M e r g  s  ̂

p i  g

8 .7  x 1 0 5 n . M e r g  s " 1 
p i  g

( 2 )

( 3 )
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f o r  g r a i n s  and the  g a s ,  r e s p e c t i v e l y ,  where M and M a r e  the  t o t a l
8 P

masses  o f  the  g r a i n s  and the  p ro to n s  i n  the  j e t  volume e j e c t e d  d u r ing  

t im e  t  a 4 days o f  the  f l a r i n g  e p i s o d e  around th e  t im e  o f  o b s e r v a t i o n .

The l u m i n o s i t y  o f  the  1.369 MeV l i n e  p r e d i c t e d  due t o  c o l l i s i o n s  

o f  j e t  g r a i n s  w i t h  i n t e r s t e l l a r  p r o to n s  i s  (RKL)

L1.369 = 16‘5 npi Mg er8 S"1 14)

so  t h a t  on ly  a sm a l l  f r a c t i o n  ( abou t  5 x 10 "*) o f  the  e ne rgy  l o s t  by

c o l l i s i o n s  w i t h i n  the  g r a i n s  goes i n t o  gamma r a y s ,  and the  r e s t  goes i n t o

Coulomb h e a t i n g  o f  the  g r a i n s .  S u b s t i t u t i n g  the  r e p o r t e d  v a l u e  L =
1. 369

37 -1
10 e r g  s , and e l i m i n a t i n g  n .M between ( 2 ) ,  ( 3 ) ,  and ( 4 ) ,  we o b t a i np i  g

41 -1W = 2 x 10 e r g  s (5)eg 6

W = 5 .8  x 1041 (M /M ) e rg  s " 1 (6)
cp P g

as  t h e  h e a t i n g  r a t e s  f o r  g r a i n s  and g a s ,  r e s p e c t i v e l y .  I t  s hou ld  be n o t e d

t h a t  t h e s e  huge l o s s e s  app ly  n o t  on ly  t o  the  g r a i n  model b u t  t o  any non-

t h e r m a l  model due t o  t h e  b a s i c  i n e f f i c i e n c y  o f  r a d i a t i o n  from a c o l l i s i o n a l

beam ( c f . Brown, 1971) .

The huge power d e p o s i t e d  c o l l i s i o n a l l y , even in  t h e  g r a i n s  a lo n e ,

p ose s  s e v e r a l  fundam en ta l  problems f o r  the  RKL j e t  g r a i n  model .  F i r s t l y

t h i s  l o s s  i s  comparab le  to  o r  g r e a t e r  th a n  th e  e s t i m a t e d  t o t a l  k i n e t i c

l u m i n o s i t y  o f  t h e  j e t s  ( eg .  Watson e t  a l . ,  1983) so  t h a t  t h e  j e t s  would

be q u i c k l y  s to p p e d  by c o l l i s i o n s  u n l e s s  c o n s t a n t l y  d r i v e n  so as t o  j u s t

o f f s e t  the  l o s s e s  and m a i n t a i n  the  obse rved  n e a r  con s ta n c y  o f  j e t  speed  over

l a r g e  d i s t a n c e s .  RKL p r opose d  l i n e - l o c k e d  r a d i a t i o n  p r e s s u r e  ( eg .  P e k a re v i ch
•  •

e t  a l . ,  1984) as the  p o s s i b l e  mechanism. However, s e c o n d l y ,  and' eg cp

e x c ee d  t h e  Edd ing ton  l u m i n o s i t y  o f  any s t e l l a r  o b j e c t  by a f a c t o r  o f  a t



l e a s t  100 which would a ppear  to  exc lude  r a d i a t i v e  d r i v i n g  as a means to  

o f f s e t  t h e s e  l o s s e s  p a r t i c u l a r l y  as t h e  c o l l i s i o n a l  b r a k i n g  i n  the  i n t e r -  

s t e l l a r  medium cou ld  n o t  be e x p e c t e d  to  d e c l i n e  r a p i d l y  w i t h  d i s t a n c e  as 

t h e  r a d i a t i o n  p r e s s u r e  must .  One would t hen  have  t o  invoke  some powerfu l  

l o n g  r a n g e  m ec h a n ic a l  o r  m agne t ic  d r i v e r  a c t i n g  on th e  j e t .

N e v e r t h e l e s s ,  l e t  us assume t h a t  the  Coulomb l o s s e s  can somehow be 

made good w i t h o u t  l o s s  o f  j e t  speed  o r  c o l l i m a t i o n  and c o n s i d e r ,  t h i r d l y ,  

w h e t h e r  t h e  n e c e s s a r y  r e f r a c t o r y  g r a i n s  cou ld  s u r v i v e  i n  the  t he rm al  

c o n d i t i o n s  r e s u l t i n g  from the  c o l l i s i o n a l  h e a t i n g .  (Problems o f  how such 

g r a i n s  c o u ld  e v e r  be formed i n  t h e  j e t s  were d i s c u s s e d  a t  l e n g t h  by H e i f e r  

and S a v e d o f f ,  1986, and a r e  e x a c e r b a t e d  by th e  r e c e n t  d i s c o v e r y  t h a t  the  

i n n e r m o s t  p a r t s  o f  the  j e t s  a r e  a t  X-ray t e m p e r a t u r e s  - Watson e t  a l . ,

1986 ) .  I n  a d d r e s s i n g  the  q u e s t i o n  o f  g r a i n  s u r v i v a l ,  RKL p ropose  t h a t  the 

g r a i n s  can l o s e  the  h e a t  d e p o s i t e d  i n  them by b l a c k  body r a d i a t i o n  n e a r  bu t  

be low t h e i r  s u b l i m a t i o n  t e m p e r a t u r e  ( “ 3000 K ) . They do so  by e x p r e s s i n g  

t h e  t o t a l  g r a i n  a r e a  i n  terms o f  the g r a i n  d e n s i t y ,  s i z e ,  and t o t a l  mass

* *  OM . and by a d o p t i n g  the  i d e n t i t y  W = v . . This  l a s t  i s  i n c o r r e c t  asg ’ r o eg g J
•  *  2

may be s e e n  by n o t i n g  t h a t  M = M / t whereas  W = v . /x  where
3 g g c 8 g .1 c o l l

x i s  t h e  Coulomb s t o p p i n g  t ime f o r  g r a i n  p a r t i c l e s .  T h e i r  e x p r e s s i o n
c o l l

would  on ly  be v a l i d ,  t h e r e f o r e ,  i f  t h e  t ime x t ak e n  by the  c e n t r a l  s ou rce

t o  e i e c t  mass M was e q u a l  t o  x which must  va ry  as 1 /n  . - a c o n s p i r a c y  J g c o i l  p i

o f  e q u a l i t y  o f  two u n r e l a t e d  q u a n t i t i e s .

I t  i s  p o s s i b l e ,  h o w e v e r , t o  a r r i v e  a t  t h e  fundamenta l  prob lem c o n f r o n t i n g  

g r a i n  s u r v i v a l  much more d i r e c t l y  s im ply  by e v a l u a t i n g  th e  g r a i n  a r e a  

ne e ded  to  match (5)  by b l a c k  body r a d i a t i o n  from o p t i c a l l y  t h i c k  g r a i n s  a t
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I f  t h e s e  g r a i n s  a r e  s p h e r i c a l ,  t h en  t h e i r  p r o j e c t e d  a r e a  a lo ng  

any l i n e  o f  s i g h t  w i l l  be

31 2„ /  / 1 : »  i n

g-L g7
A_, -  A_/4 > 10 cm

which  must  be compared t o  t h e  maximum p r o j e c t e d  a r e a  o f  t h e  b i n e  J e t

se gm e n t .  Assuming t h a t  t h e  age o f  t h e  segment ,  and t h e  t im e  t a k e n  to

e j e c t  i t ,  i s  s m a l l  compared t o  t h e  p r e c e s s i o n  p e r i o d  t h e n  t h e  l e n g t h

Lj o f  t h e  segment  i s  g i v e n  by

Lj  = VjT = 2 .7  x 1015 cm ( 9 )

D e n o t in g  the  r a d i u s  o f  t h e  segment by R. we t h e r e f o r e  have

A . ,  = L.R.  = 2 .7  x 1015 R. cm2 (10)
J-L J J J

where  A ^  i s  t h e  p r o j e c t e d  a r e a  o f  t h e  j e t .  C o n s e q u e n t ly ,  e i t h e r

R. > 3 .6  x 1 0 ^  cm = 1 .4  L. o r  A . > A . . .  I n  t h e  fo rm er  c a s e  t h e  i e t
J ~ J g-L J-L

would  be  w i d e r  t h a n  i t  i s  l o n g ,  and h a r d l y  a b l e  t o  e x h i b i t  j e t  b e h a v i o u r

such  as  na rrow gamma r ay  l i n e s .  I n  t h e  o t h e r  c a s e ,  t h e  g r a i n s  become

m u t u a l l y  o b s c u r i n g  and (7)  must  be r e p l a c e d ,  f o r  an o p t i c a l l y  t h i c k  j e t ,

by ( f o r  t o t a l  i e t  a r e a  A.)
J

L . L
T = (W / a A . )  = (W / (a  x 2 ttR . L . ) 1g eg j  eg j  j

H 3000 ( L . / R . ) ^  K (11)
J J

F o r  R . / L .  $ 0 . 1 ,  e q u a t i o n  (11)  i m p l i e s  T s 5300 K, w e l l  above the  
J J 8

a b l a t i o n  t e m p e r a t u r e  o f  even  the  most  s tu b b o r n  g r a i n s .

*  *  *

Thus f a r ,  we have  c o n s i d e r e d  on ly  W and n o t  W . S in c e  t h e» eg cp
•

geomet ry  a l r e a d y  demands t h a t  t h e  j e t  be o p t i c a l l y  t h i c k ,  a d d i t i o n  o f  ^ Cp

t o  t h e  e n e rg y  i n p u t  s im ply  demands s t i l l  h i g h e r  s t e a d y  t e m p e r a t u r e s  than

(11)  by a f a c t o r  (1+W /W )^  = (1+2.6M /M ) \  u s in g  (5 )  and ( 6 )  which 
y  ■ cp eg p g

would  g iv e  T £: 7300 K f o r  M = M and T £  21,000 K f o r  M /M * 100.
& p g P g
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I t  i s  a l s o  i n s t r u c t i v e  to  c o n s i d e r  the  i n t e r a c t i o n  o f  j e t  g r a i n s  

w i t h  am bien t  p r o to n s  i n  terms o f  the  mean energy  E d e p o s i t e d  p e r  second 

p e r  a tom o f  mass m^ i n  each g r a i n  o v e r  the  i n t e r v a l ,  namely

Wc m
-AE = m = —  x -------------- .------------  x 100 eV s ( 121M t a m , • . -4  - l  s '■Az;

g p (M / U 0  M.yr
g 0

With m /m = 20 f o r  g r a i n  atoms and M < 10 ^ M0 y r   ̂ ( i n  g r a i n s  a l o n e ) a p g 0

each  g r a i n  atom would thus have 2 keV s  ̂ d e l i v e r e d  t o  i t  by 30 MeV p r o t o n s ,

r e s u l t i n g  i n  r a p i d  d i r e c t  a b l a t i o n  u n l e s s  r a p i d  r e c o n d e n s a t i o n  can o c c u r .

We, t h e r e f o r e ,  do n o t  e x p e c t  g r a i n s  to  s u r v i v e  the  l a r g e  c o l l i s i o n a l

h e a t i n g  they  must  e x p e r i e n c e  to  p e rm i t  n o n - th e r m a l  p r o d u c t i o n  o f  the

r e p o r t e d  gamma r a y s .  The on ly  way ou t  o f  the  dilemma would be  some non-

r a d i a t i v e  mode o f  g r a i n  c o o l i n g  ( H e i f e r  and S a ve do f f  1986 p o i n t  ou t  t h a t

t h e r e  i s  a l a c k  o f  wave leng ths  i n  which to  h i d e  a r a d i a t i v e  l o s s  as l a r g e

as  W ) .  The on ly  such mode we can t h i n k  o f  i s  c o n v e r s i o n  o f  t he rm al  energy  
c

i n t o  m e c h a n ic a l  ene rgy  o f  l a t e r a l  j e t  e x p a n s io n  - i . e .  work done by th e  j e t

gas p r e s s u r e .  (We assume t h a t  the g r a i n s  cou ld  a l s o  be so c oo le d  by b e in g

r a d i a t i v e l y  coup led  to  the gas i n  the  o p t i c a l l y  t h i c k  j e t ) .  The c o o l i n g

r a t e  by e x p a n s io n  i s  W < (%n .m v.  ) ( 2 ttR .L . )  where v. i s  the  t r a n v e r s e  
3 K exp ^ PJ p 1  J J J-

p r o t o n  sp e e d .  Th is  i s  b e s t  compared w i t h  the  j e t  k i n e t i c  l u m i n o s i t y  

Wj, = (%npjiiipVj'*) ( ttR ^ )  so  t h a t  ^ eXp / ^  < ( vj / v j ^  * ^Lj ^ j ^  ^Rj ^ j ^  

the  j e t  a n g le  i s  de te rm ined  by f r e e  e x p a n s i o n .  S ince  R. < 0 . 1  L. the
J -J

c o o l i n g  r a t e  by expans ion  i s ,  t h e r e f o r e ,  << Ŵ  which we a l r e a d y  saw was

< W and we conc lude  t h a t  t h i s  p r o c e s s  cannot  save  the  g r a i n s .
^  eg

6 . 4  R e s t r i c t i o n s  on the volume o f  the  i n t e r a c t i o n  r e g i o n

6 . 4 . 1  P e n e t r a t i o n  o f  t h e  j e t  by ambient  p r o to n s

We have  assumed so f a r ,  f o l l o w i n g  RKL, t h a t  the  whole mass o f  the



167

f l a r i n g  j e t  volume ( .emit ted ove r  t  = 4 days)  can i n t e r a c t  w i th  i n t e r s t e l l a r  

p r o t o n s ,  b u t  t h i s  i s  n o t  i n  g e n e r a l  the  c a s e .  A p r o t o n  o f  v = 0 .2 6 c  i s

b r o u g h t  t o  r e s t  c o l l i s i o n a l l y  a f t e r  t r a v e r s i n g  a hydrogen  column d e n s i t y

• 23 -2 -2a l o n g  i t s  p a th  o f  N„ = 10 cm (.^ 0 .1 7  gm cm ) - eg .  Em sli e  (1978) .

Assuming t h a t  the  volume swept  by th e  p r e c e s s i n g  j e t s  can c o n s t a n t l y  r e f i l l

w i t h  gas ( c f _ .  d i s c u s s i o n  by H e i f e r  and S a v e d o f f  1986) then  p r o t o n s  w i l l

e n t e r  t h e  j e t  ' s l u g '  a c ro s s  bo th  i t s  f r o n t  and s i d e  a r e a s .  Those p r o to n s

e n t e r i n g  from t h e  f r o n t  w i l l  p e n e t r a t e  a lo ng  the  j e t  t o  l o n g i t u d i n a l  column

d e n s i t y  N)t w h i l e  t h o se  e n t e r i n g  from th e  s i d e s  w i l l  p e n e t r a t e  a column

d e n s i t y  i n  t h a t  d i r e c t i o n  = Cv^ / v^ ) nm where v^ i s  the  t r a n s v e r s e  j e t

e x p a n s i o n  s p e e d ,  (assuming  t h a t  v^  >> v where v^ i s  t h e  i n t e r s t e l l a r  p r o to n

t h e r m a l  s p e e d ) .  Thus t h e  masses o f  i n t e r a c t i n g  j e t  m a t e r i a l  on the  s i d e

and end s u r f a c e s  w i l l  be i n  t h e  r a t i o

M. 2ttR.L.N.  2L . v,
J :  =  L -L 1  = — I  < 2 (13)
M„ u2 M R v .  ^irR. Nm j

where  e q u a l i t y  h o ld s  when R. i s  d e te rm ined  by f r e e  e x p a n s i o n .  Consequen t ly  

t h e  maximum i n t e r a c t i n g  mass o f  j e t  gas i s

Mp s 3ttr2 Nm m 3 x 1026 R? (AU) gm (14)
max j  p J

From (4)  and (14 )  i t  then  fo l low s  t h a t  t o  a c h ie v e  the  r e p o r t e d  1.369

MeV l i n e  l u m i n o s i t y  r e q u i r e s  a minimum i n t e r s t e l l a r  d e n s i t y

n s He  . x 6 * 1q9 o s )
p l  Mg. R? UU)

which i s  u n b e l i e v a b l y  h ig h  f o r  any p l a u s i b l e  P h y s i c a l l y  t h i s  s imply
r O

means t h a t  the  gamma ray  p r o d u c t i o n  r a t e  i s  a t  i t s  c o l l i s i o n a l  t h i c k  t a r g e t

l i m i t  ( c f .  Brown, 1971) and can on ly  be i n c r e a s e d  by i n c r e a s e d  i n c i d e n t

f l u x  - i . e .  i n c r e a s e d  n . .  Any i n c r e a s e  i n  the  s l u g  mass and d e n s i t y
P1
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( i . e .  i n  M^) beyond (14)  f o r  p r e s c r i b e d  w i l l  s im ply  i n c r e a s e  the 

j e t  k i n e t i c  l u m i n o s i t y  w i t h o u t  i n c r e a s e  i n  gamma r ay  p r o d u c t i o n .

6 . 4 . 2  D o p p le r  l i m i t  on l e n g th  o f  t h e  gamma ray  s l u g

We ha v e  a l r e a d y  n o te d  t h a t  the  j e t  canno t  be s i g n i f i c a n t l y  d e c e l e r a t e d  

by Coulomb c o l l i s i o n s  i f  the  gamma ray  l i n e s  a r e  n o t  to  be b roade ne d ;  

t h e  n e a r  con s ta n c y  o f  the  j e t  speed i s  q u i t e  w e l l  documented (Margon, 1984; 

S c h i l i z z i ,  Romney and Spencer ,  1984; Vermeulen e t  a l . ,  1987) .  On the  o t h e r

h a n d ,  i f  t h e  s l u g  o f  gamma ray  e m i t t i n g  m a t e r i a l  was e j e c t e d ,  a t  c o n s t a n t

s p e e d ,  o v e r  too  long a p e r i o d  o f  t im e ,  the  l i n e s  would be D opp le r  b roadened  

by p r e c e s s i o n a l  change o f  the  j e t  d i r e c t i o n .  The b e s t - f i t  ephemeris  to  the  

moving o p t i c a l  l i n e s  o f  SS433 g ives

1 + z = y (8  s i n  i  s i n  0 c o s t y  + 8 cos i  cos 0 + 1 )  (16)

(Margon 1984) .  By d i f f e r e n t i a t i n g  t h i s  w i t h  r e s p e c t  t o  t im e ,  we deduce t h a t  

t h e  r e d s h i f t  s p r e a d  Az between th e  two ends o f  the s l u g  i s ,  t o  second o r d e r ,

Az = -yf3 s i n  i  s i n  0(x s ini | /  + x2 cos ip)
(17)

x  =  coAt

where 2tt/ oj i s  t h e  p r e c e s s i o n a l  p e r i o d  and At i s  the t ime e l a p s e d  between

the  e j e c t i o n  o f  the  head  and the  t a i l  o f  the s l u g .  At the  epoch o f  the

gamma r a y  o b s e r v a t i o n s ,  cos \p = 0 .1 3 6 ,  so t h a t  a s l u g  l e n g t h  c o r r e s p o n d in g  

t o  a t im e  i n t e r v a l  o f  f o u r  days im p l i e s  |Az j = 0 .0 1 3 7 ,  which means a l i n e  

w id th  o f  AE = 20 keV a t  1 .4  MeV, and 84 keV a t  6 .1  MeV. The l i n e  w id th s  

r e p o r t e d  by Lamb e t  a l . , (1983)  and used by RKL a re  a l l  below 10 keV, which 

i s  i n d e e d  t h e  main b a s i s  on which RKL d i sm is s  a l t e r n a t i v e  models f o r  the

gamma r a y s  o f  SS433. To keep the  RKL model w i t h i n  t h e  l i m i t s  imposed by t h i s

' g e o m e t r i c  D opp le r  w i d t h ' ,  one must  r e q u i r e  t h a t  e j e c t i o n  o f  the  gamma ray  

e m i t t i n g  s l u g  s h o u ld  l a s t  l e s s  t han  abou t  h a l f  a day. To a c h ie v e  the t h i c k
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t a r g e t  v a l u e  (.14} o f  i n t e r a c t i n g  mass i n  0 .5  days r e q u i r e s  

Mp = d o ' 4  M0 y r ' 1)* R 2 (AU)

6 . 5  I n c o n s i s t e n c y  w i t h  d a t a  a t  o t h e r  wave leng ths

6 . 5 . 1  I n f r a r e d  f l u x

I t  i s  a c e n t r a l  consequence o f  the  RKL model t h a t  the  SS433 j e t  

g r a i n s  s h o u l d  r a d i a t e  an i n f r a r e d  l u m i n o s i t y  LJR = 2X10^* e r g  s ” 1 , 

a t  a t e m p e r a t u r e  below the  s u r v i v a l  v a lu e  ( 1 1 ) .  I f  we t ak e  the  v a lu e

Tg = 2750 K used  by RKL, then  the  i n f r a r e d  f l u x  a t  1 0 ^  Hz s h o u ld  be
26 _ i  _ ̂

a b o u t  5x10 e r g  s Hz . On the o t h e r  hand ,  the  obse rved  f l u x  d e n s i t y

*** 2 3 A* ""2 1 Xa t  t h i s  f r e q u e n c y  i s  10 ' e rg  cm s Hz (McAlary and McLaren 1980) ,

22w h ic h ,  a t  a d i s t a n c e  o f  5 .5  kpc ,  means an i n f r a r e d  f l u x  o f  abou t  10 

e r g  s 1 Hz t h i s  i s  f u l l y  50 ,0 00  t imes  s m a l l e r  t han  th e  RKL model

p r e d i c t s .

6 . 5 . 2  The o p t i c a l  p o l a r i s a t i o n  o f  SS433

The j e t  g r a i n s  r e q u i r e d  by RKL sho u ld  s c a t t e r  o p t i c a l  r a d i a t i o n

from th e  c e n t r a l  s o u r c e ,  p roducing  a n e t  p o l a r i s a t i o n  because  o f  the non-

s p h e r i c a l  geomet ry ,  which w i l l  va ry  w i th  t ime as the sys tem  r o t a t e s  (Brown

e t  a l . ,  1978, Simmons, 1982) . The am pl i tude  o f  the v a r i a t i o n  i n d i c a t e s  the

mass o f  s c a t t e r i n g  m a t e r i a l  p r e s e n t .  As has been shown i n  Chap te rs  3 and 4,

t h e  g e n e r a l  t r e a t m e n t  i s  f a i r l y  c o m p l ic a t e d ,  bu t  a rough e s t i m a t e  can be

o b t a i n e d  by u s in g  the  Ray le ig h  s c a t t e r i n g  a p p ro x im a t io n ,  which s hou ld  be

a p p l i c a b l e  s i n c e  the  g r a i n  s i z e  we d e r i v e d  above i s  o f  the  o r d e r  o f  the

o p t i c a l  w a v e l e n g t h s .  In  t h a t  c a s e ,  the s c a t t e r i n g  c ro s s  s e c t i o n  i s  about

r  ^ and th e  p o l a r i s a t i o n  o f  l i g h t  s i n g l y  s c a t t e r e d  a t  r i g h t  a n g le s  i s  1004. 
g
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Then f o r  a r e c t i l i n e a r  j e t  ( c f . Brown and McLean, 1977) the  n e t t

p o l a r i s a t i o n  i s  r o u g h ly  P ^  Y / h ^ r ^ ,  where Y i s  the  number o f  g r a i n s  pe r

l e n g t h  and r^  i s  the e f f e c t i v e  minimum d i s t a n c e  from the  l i g h t  

s o u r c e .  Now

T = Mg / ( 4 w r g3 pgv . )  ( 18)

_ 3  _  /

so  t h a t  w i t h  p = 3 gm cm , r  (cm) = 10 r  . , we p r e d i c t  P = 50% x M 
8 8 -4* K g

/ ( 1 0  Mfl y r  ) / ( r  . r  (AU)j where r  w i l l  be  o f  the  o r d e r  o f  t h e  s i z e  o f  
V) “4 o o

t h e  p r im a r y  l i g h t  sou rc e  which i s  c e r t a i n l y  < 1AU. Thus the  RKL model 

p r e d i c t s  a g r a i n  s c a t t e r i n g  p o l a r i s a t i o n  much l a r g e r  t han  obse rved  (McLean 

and T a p i a ,  1980) u n l e s s  e i t h e r  the  g r a i n s  a r e  much l a r g e r  than  10 ^ cm 

o r  m u l t i p l e  s c a t t e r i n g  reduces  the p o l a r i s a t i o n  below the  o p t i c a l l y  t h i n  

r e s u l t  o b t a i n e d  h e r e .  This  l a t t e r  o p t i o n  i s  e q u i v a l e n t  t o  ou r  p r e v io u s  

c o n c l u s i o n  on d i f f e r e n t  grounds t h a t  the  j e t  i s  o p t i c a l l y  t h i c k  i n  g r a i n s ,  

which we a l r e a d y  saw i s  i n c o m p a t ib le  w i th  t h e i r  s u r v i v a l  by r a d i a t i v e  

c o o l i n g .

6 .6  C o n c lu s io n s

I n  summary, w h i l e  the  RKL model f o r  p ro d u c in g  narrow gamma ray  l i n e s  

i s  i n  i t s e l f  q u i t e  i n g e n i o u s ,  and may have a p p l i c a t i o n s  e l s e w h e r e ,  c l o s e r  

e x a m i n a t i o n  o f  the  p h y s i c a l  and o b s e r v a t i o n a l  c o n s t r a i n t s  i n  t h e  j e t  sys tem o f  

SS433 shows t h a t  t h e  model i s  u n t e n a b l e  as an e x p l a n a t i o n  f o r  t h e  gamma ray  

l i n e s  a p p a r e n t l y  o b s e rv e d  i n  t h a t  s o u r c e .

B e s id e s  t h e  u n r e a s o n a b le  demands the  model makes on j e t  ene rgy  and 

mass o u t p u t  and on t h e  i n t e r s t e l l a r  d e n s i t y ,  t h e  most im p o r t a n t  among th e s e  

c o n s t r a i n t s  i s  t h a t  the  r e q u i r e d  s i z e  o f  t h e  r a d i a t i n g  a r e a  i s  in c o m p a t ib le
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w i t h  t h e  na r row ness  o f  the  l i n e s .  This  c o n s t r a i n t  i s  q u i t e  g e n e r i c  as 

i t  a p p l i e s  n o t  on ly  t o  gamma ray  e m i s s io n ,  b u t  s h o u ld  a l s o  p ro v id e  con-  

s t r a i n t s  ( a l b e i t  p o s s i b l y  weaker)  on models f o r  l i n e  e m i s s io n  i n  any 

w a v e l e n g t h .  The p o i n t  i s ,  t h a t  i n  o r d e r  t o  g e n e r a t e  t h e  o bse rve d  i n t e n s i t y ,  

t h e  e m i t t i n g  s l u g s  must  be b i g ;  on the  o t h e r  hand ,  the  ' g e o m e t r i c a l  

D o p p le r  b r o a d e n i n g '  r e q u i r e s  t h a t  the  s l u g s  be s m a l l ,  o r  e l s e  the  l i n e  o f  

s i g h t  v e l o c i t y  d i f f e r e n c e  between  t h e i r  head  and t a i l  i s  l a r g e r  than  the  

o b s e r v e d  l i n e  w id th .

N e x t ,  t h e r e  i s  t h e  f a c t  t h a t  the  r a d i a t i n g  a r e a  t h a t  i s  r e q u i r e d  to  

keep  t h e  g r a i n s  below 3000 K o r  s o ,  w h i l e  they  a re  s u b j e c t  to  the  Coulomb 

h e a t i n g  t h a t  accompanies  the  gamma ray  p r o duc ing  c o l l i s i o n s ,  i s  i n c o n s i s t e n t  

w i t h  t h e  j e t  geomtry and w i t h  the  obse rved  i n f r a r e d  f l u x .  F i n a l l y ,  the 

RKL j e t  g r a i n  p a ra m e t e r s  s h o u ld  r e s u l t  i n  an o p t i c a l  p o l a r i s a t i o n ,  due to  

s c a t t e r i n g ,  t h a t  i s  f a r  l a r g e r  th a n  ob s e rv e d .

As RKL p o i n t  o u t ,  o t h e r  models ,  such as the  t h e rm o n u c le a r  mechanism 

p r o p o s e d  by Boyd e t  a l . (1984)  a r e  a l s o  i r r e c o n c i l a b l e  w i th  the  narrow l i n e  

w i d t h s .  We have  no v i a b l e  a l t e r n a t i v e  to  o f f e r  e i t h e r ,  b u t  b e l i e v e  to  have 

shown t h a t  the  p o s s i b i l i t y  o f  h a v in g  g r a i n s  p r e s e n t  i n  the  j e t s  does no t  

p r o v i d e  t h e  answer.  I ndeed  the  o b s t a c l e s  to  any model seem so s e v e r e  t h a t  

t h e r e  seems l i t t l e  o t h e r  r e c o u r s e  t han  t o  t a k e  r e f u g e  i n  the  u n c e r t a i n t y  o f  

t h e  o b s e r v a t i o n s .
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CHAPTER 7 

CONCLUSIONS AND FUTURE WORK

I n  t h i s  t h e s i s ,  we have shown t h a t  the  o p t i c a l l y  t h i n  t r e a t m e n t  

o f  Thomson Cor R a y le ig h )  s c a t t e r i n g  p o l a r i s a t i o n  o f  l i g h t  f rom a p o i n t  

s o u r c e  can be m o d i f i e d ,  i n  p r i n c i p l e ,  to  app ly  to  a r b i t r a r y  so u rc e  

s h a p e s .  I n  g e n e r a l ,  t h i s  r e q u i r e s  a double  i n t e g r a l  o f  s c a t t e r i n g  

e x p r e s s i o n s  o v e r  the  s u r f a c e  o f  the s o u r c e ,  perfo rmed a t  each s c a t t e r i n g  

p o i n t .  Only i n  s im ple  c a s e s ,  such as t h a t  o f  a un i fo rm  s p h e r e ,  does 

t h i s  i n t e g r a l  have an a n a l y t i c  s o l u t i o n ,  and in  t h e s e  c a se s  the  e f f e c t  

o f  t h e  e x te nde d  s o u rc e  i s  a g e o m e t r i c a l  ' d e p o l a r i s a t i o n '  f a c t o r  which 

depends on ly  on the  a n g u l a r  s i z e  o f  the  sou rc e  as seen  from the 

s c a t t e r i n g  p o i n t  and n o t  on the  l o c a l  i n c l i n a t i o n .  This  f a c t o r ,  even 

when a n a l y t i c ,  i s  n o t  always p r a c t i c a l  ( s e e  t r e a t m e n t  o f  limb da rkened 

s p h e r i c a l  s t a r ,  Brown, Carlaw and C a s s i n e l l i ,  1988) .  Allowing f o r  the 

e f f e c t  o f  the  e x te nde d  s o u rc e  reduces  the u n rea s o n a b ly  h ig h  c o n t r i b u t i o n  

t o  t h e  p o l a r i s a t i o n  o f  th o se  e l e c t r o n s  c lo s e  t o  the  s o u r c e ,  and i t  

removes the  s i n g u l a r i t y  as the  d i s t a n c e  o f  the  e l e c t r o n s  from the  sou rc e  

t e n d s  t o  z e ro  t h a t  i s  p r e s e n t  in  the unmodif ied  p o i n t  s o u rc e  e x p r e s s i o n s .

The p o l a r i s a t i o n  d a t a  o f  SS433 c l e a r l y  shows a dependence on the 

p r e c e s s i o n  p e r i o d  and i t s  f i r s t  ha rm onic .  The s c a t t e r  on the  p o i n t s ,  

when f o ld e d  on t h i s  p e r i o d ,  i s  c l e a r l y  g r e a t e r  than  the  e s t i m a t e d  

measurement  e r r o r s ,  i n d i c a t i n g  t h a t  e f f e c t s  o t h e r  than  p r e c e s s i o n  a re  

p r e s e n t  i n  the  p o l a r i m e t r i c  d a t a .  As a f i r s t  a p p ro x im a t io n ,  however ,  

a s im p le  g e o m e t r i c a l  model t ime dependen t  on ly  on the p r e c e s s i o n  p e r i o d  

and i t s  f i r s t  ha rmon ic  was used to  make a p r e l i m i n a r y  f i t  to  the  a v a i l a b l e  

d a t a .  The o p t i m i s a t i o n  p ro ce d u re  deve loped on the b a s i s  o f  t h i s  model 

y i e l d s  t h e  b e s t  f i t  s o l u t i o n  and a con f id e n ce  r e g i o n  i n  t h e  i n c l i n a t i o n ,
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p r e c e s s i o n  cone a n g le  p l a n e .  The r e s u l t s  o f  the  o p t i m i s a t i o n  a re  in  

a g re e m e n t ,  w i t h i n  the  c o n f id e n ce  r e g i o n ,  w i th  the  v a l u e s  o f  the  i n c l i 

n a t i o n  and p r e c e s s i o n  cone ang le  d e r i v e d  from o t h e r  o b s e r v a t i o n s ,  such 

as t h e  r a d i o  o b s e r v a t i o n s  and the  o p t i c a l  d o p p l e r  s h i f t e d  e m i s s io n  l i n e s .  

However , s t a t i s t i c a l l y  the  b e s t  f i t  has  a low s i g n i f i c a n c e  and the  c o n f i 

dence  r e g i o n  i s  l a r g e  so t h a t  the  pa ra m e te r s  a re  n o t  w e l l  d e te r m in e d .

E x t e n d in g  th e  b e s t  f i t  model found from the  o p t i m i s a t i o n  by the  

a d d i t i o n  o f  a s im p le  dependence on the  f i r s t  harmonic o f  t h e  o r b i t a l  

p e r i o d  a l l o w e d  some i n v e s t i g a t i o n  o f  the  o t h e r  p o s s i b l e  e f f e c t s  p r e s e n t  

i n  t h e  d a t a .  The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  i n d i c a t e  t h a t  the  f i r s t  

ha rm on ic  o f  t h e  o r b i t a l  p e r i o d  i s  p r e s e n t  in  the d a t a  b u t  the  cause,  o r  

c a u s e s ,  o f  i t  i s  u n c e r t a i n .

To i n v e s t i g a t e  the  d a t a  f u r t h e r ,  the  o p t i m i s a t i o n  p ro c e d u r e  based  

on th e  s im p l e  model cou ld  be redone o m i t t i n g  th o se  d a t a  p o i n t s  t aken  

d u r i n g  t h e  o r b i t a l  e c l i p s e s .  I n  p r i n c i p l e ,  t h i s  sho u ld  a l lo w  f o r  a 

more a c c u r a t e  d e t e r m i n a t i o n  o f  the  p r e c e s s i o n  p a r a m e t e r s .  However, 

t h e  l e n g t h  o f  the  e c l i p s e s  i s  u n c e r t a i n  and a l a r g e r  d a t a  s e t  may be 

r e q u i r e d  t o  de te rm ine  th e  pa ra m e te r s  w i th  i n c r e a s e d  a c c u r a c y  because  

o f  the  n o i s e  on the  d a t a .  I f  a l l  the  p o i n t s  w i th  o r b i t a l  phase  w i t h i n

0 .0 5  o f  phase  0 and 0 .5  a r e  o m i t t e d  t hen  the  number o f  Q,U p o i n t s  i s  

r e d u c e d  from 109 to  86 and i f  t h e  l e n g t h  o f  the  e c l i p s e s  i s  doubled 

t h e n  th e  number i s  f u r t h e r  r educed  t o  69. Access  to  an e x te nde d  d a t a

s e t  would be  v a l u a b l e .

A t h e o r e t i c a l  model f o r  SS433 which i n c l u d e s  the  e f f e c t s  o f  e c l i p s e s  

and o c c u l t a t i o n  s h o u ld  be deve loped  and f i t t e d  t o  the  d a t a .  Although 

t h e  b e s t  f i t  and c o n f i d e n c e  i n t e r v a l s  f o r  t h e  p a ra m e te r s  may no t  be e a s i l y  

d e t e r m i n e d  from such a model ,  i n v e s t i g a t i o n  in  a l o c a l i s e d  r e g i o n  about
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t h e  b e s t  f i t  s im p le  model a l r e a d y  found h e r e  may w e l l  p r o v i d e  u s e f u l  

i n f o r m a t i o n .  E s t im a t e s  f o r  some o f  the  pa ra m e te r s  such as t h e  d i s c  

r a d i u s ,  o b t a i n e d  from o t h e r  o b s e r v a t i o n s  cou ld  be used t o  r ed u c e  the  

number o f  f r e e  p a r a m e t e r s .

To i n v e s t i g a t e  the  e f f e c t s  o f  m u l t i p l e  s c a t t e r i n g ,  t h e  a s sum pt ion  

o f  o p t i c a l l y  t h i n  s c a t t e r i n g  s hou ld  be r e l a x e d  and a f u l l  r a d i a t i v e  

t r a n s f e r  t r e a t m e n t  a p p l i e d  to  the  sys tem . The c i r c u l a r  p o l a r i s a t i o n  

o f  t h e  sy s tem  sho u ld  a l s o  be i n v e s t i g a t e d  s i n c e  t h i s  co u ld  p r o v id e  u s e 

f u l  c o n s t r a i n t s  on the  e f f e c t s  o f  m u l t i p l e  s c a t t e r i n g  and on the  c o n t r i 

b u t i o n  to  the  p o l a r i s a t i o n  from p r o c e s s e s . o t h e r  than  Thomson s c a t t e r i n g  

such  as s y n c h r o t r o n  p o l a r i s a t i o n .

The p r e s e n c e  o f  d u s t  g r a i n s  i n  the j e t s  o f  SS433 as p roposed  by 

Ramaty e t a l . , ( 1 9 8 4 ) ,  would have had s e r i o u s  i m p l i c a t i o n s  f o r  the  

m o d e l l i n g  o f  the  p o l a r i s a t i o n  ( c f .  Cha p te r  6 ) .  However, we have  shown 

t h a t  t h e  d u s t  g r a i n  model f o r  the gamma-ray l i n e s  i s  u n t e n a b l e ,  g iven  

th e  p h y s i c a l  and o b s e r v a t i o n a l  c o n s t r a i n t s  on the  sys tem .  Indee d ,  

f u r t h e r  o b s e r v a t i o n s  a r e  r e q u i r e d  to  t e s t  whe ther  SS433 i s  r e a l l y  the  

s o u r c e  o f  such na rrow l i n e s  and to  c l e a r l y  i d e n t i f y  the  t r a n s i t i o n s  

r e s p o n s i b l e .

A s i m i l a r  t r e a t m e n t  t o  t h a t  deve loped  h e r e  cou ld  be a p p l i e d  t o  

o t h e r  b i n a r y  systems where mass l o s s / t r a n s f e r  i s  t h ough t  t o  t ak e  p l a c e  

and ,  i n  p a r t i c u l a r ,  where t h e r e  may be luminous d i s k s ,  f o r  example Cyg 

X - l , Her X - l , where t h e r e  may be a p r e c e s s i n g  d i s k  and HD191765 which 

may be a b i n a r y  sys te m  com pr i s ing  a WR s t a r  and a p r e c e s s i n g  n e u t r o n  

s t a r .

A l though  the  e x p l a n a t i o n  o f  d u s t  g r a i n s  i n  the  j e t s  o f  SS433 f o r  

t he  na rrow gamma-ray l i n e s  i s  n o t  t e n a b l e ,  d us t  g r a i n s  may be p r e s e n t  

i n  o t h e r  env i ronm en ts  such as the a tmosphere  o f  cool  s t a r s  and young
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s t e l l a r ,  o r  AGN, j e t s .  As a r e s u l t ,  a more comple te  t r e t m e n t  o f  the  

p o l a r i s a t i o n  due to  g r a i n  s c a t t e r i n g  than  t h a t  i n  C h a p te r  6 shou ld  be 

done f o r  v a r i o u s  s c a t t e r i n g  g e o m e t r i e s .  This  would r e q u i r e  the  e x t e n s i o n  

o f  t h e  Thomson s c a t t e r i n g  t r e a t m e n t  t o  Mie s c a t t e r i n g .  F u r t h e r ,  j e t s  

e m i t t i n g  gamma-ray l i n e s ,  a c c o r d in g  to  the  Ramaty e t  a l . ,  (1984)  d us t  

g r a i n  m ode l ,  may be p o s s i b l e  i f  some o f  the  c o n d i t i o n s  a p p l i c a b l e  to  

SS433 a r e  r e l a x e d  o r  removed. Fo r  example,  i n  SS433 the  l e n g t h  o f  the 

e m i t t i n g  r e g i o n  i s  r e s t r i c t e d  by the  r e q u i r e m e n t  t h a t  . the  p r e c e s s i o n a l  

d o p p l e r  b r o a d e n i n g  be l e s s  than  th e  obse rved  l i n e  w id th .  Also the 

n a r ro w  ope n in g  ang le  (<5°)  and good c o l l i m a t i o n  o f  the  j e t s  r e s t r i c t  

t h e  w id th  o f  the  e m i t t i n g  r e g i o n .  As a r e s u l t ,  t h e  c r o s s - s e c t i o n  o f  

t h e  e m i t t i n g  r e g i o n  i s  such t h a t  i t  must be o p t i c a l l y  t h i c k  i n  g r a i n s  

i f  gamma-ray l i n e s  o f  t h e  obse rved  l u m i n o s i t y  a r e  to  be p roduced .  This 

i n  t u r n  i m p l i e s  an e q u i l i b r i u m  g r a i n  t e m p e ra t u re  f a r  above any p l a u s i b l e  

s u b l i m a t i o n  p o i n t .  A j e t  w i th  a v e ry  long  p r e c e s s i o n  p e r i o d ,  o r  t h a t  

does n o t  p r e c e s s  a t  a l l ,  w i th  a l a r g e  opening  a n g le ,  compared to  t h a t  

o f  t h e  j e t s  i n  SS433, cou ld  a l lo w  an e m i t t i n g  r e g i o n  o f  s u f f i c i e n t  

volume t o  a l l o w  th e  g r a i n s  to  r a d i a t e  the  was te  energy  d e p o s i t e d  in  

them a t  a t e m p e r a t u r e  low enough f o r  them to  s u r v i v e .  Such a j e t - g r a i n  

s o u r c e  o f  na r row gamma-ray l i n e s  would n e c e s s a r i l y  be an IR s o u r c e .

So f a r  t h e  on ly  o b j e c t s  o t h e r  t han  SS433 which may have r e l a t i v i s t i c  

p r e c e s s i n g  j e t s  a r e  t h o s e  AGN's which have t w i s t e d  r a d i o  j e t s .

F u r t h e r  i n v e s t i g a t i o n  i n t o  the  c o n d i t i o n s  n e c e s s a r y  t o  t h e  e m is s io n  o f  

d e t e c t a b l e ,  na r row gamma-ray l i n e s  i s  r e q u i r e d .
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