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ABSTRACT. 

Models o f t he s m a l l - s c a l e s t r u c t u r e s i n r a d i o s o u r c e s are l i m i t e d 
by the r e s o l u t i o n , dynamic r ange , and s e n s i t i v i t y o f t he o b s e r v a t i o n s 
upon which they a re b a s e d . However, e v i d e n c e from v a r i a b i l i t y , 
b r i g h t n e s s , and p r o p e r mot ion o b s e r v a t i o n s s t r o n g l y suppor t t he 
c o n t e n t i o n tha t t h e s e o b j e c t s i n v o l v e d i r e c t e d o u t f l o w o r e j e c t i o n 
o f m a t e r i a l at r e l a t i v i s t i c s p e e d s . The e v i d e n c e f o r r e l a t i v i s t i c 
mot ion w i l l be d i s c u s s e d , and a v a r i e t y o f models i n v o l v i n g b o t h 
bu lk and p a t t e r n mot ion w i l l be ana lyzed in terms o f s p a t i a l and 
tempora l c h a r a c t e r i s t i c s which may d i s t i n g u i s h between m o d e l s . The 
p o s s i b i l i t i e s and hazards o f g e n e r a l i z i n g n o n r e l a t i v i s t i c j e t models 
t o t he r e l a t i v i s t i c c a s e w i l l a l s o be b r i e f l y d i s c u s s e d , e s p e c i a l l y 
r e g a r d i n g p o s s i b l e o b s e r v a t i o n a l s i g n a t u r e s o f magnet ized v e r s u s 
unmagnetized j e t s . 

INTRODUCTION 

T h e o r e t i c a l mode l ing o f s m a l l - s c a l e s t r u c t u r e in r a d i o s o u r c e s i s made 
d i f f i c u l t by t he l i m i t e d number o f c o n s t r a i n t s o b t a i n a b l e from the 
a v a i l a b l e d a t a . The o n l y p o s s i b l e imaging t e c h n i q u e at p r e s e n t i s 
VLBI, which i s p l agued by s e n s i t i v i t y and c a l i b r a t i o n l i m i t a t i o n s , and 
o n l y p r o v i d e s a minimal l e v e l o f r e s o l u t i o n f o r s e r i o u s t h e o r e t i c a l 
work. L i k e w i s e , s t u d i e s o f s h o r t - p e r i o d v a r i a b i l i t y o v e r a l l f r e -
quency reg imes g i v e l i m i t e d i n f o r m a t i o n on t h e s i z e and v e l o c i t i e s o f 
t he e m i t t i n g r e g i o n s , but do not r e a l l y p l a c e them a c c u r a t e l y w i t h i n 
t he s t r u c t u r e o f t he compact s o u r c e . Conf i rma t ion o f t h e o r y , apar t 
from t h e g e n e r a t i o n o f t h e o r i e s , r e q u i r e s c o n s i d e r a b l e c l e v e r n e s s 
and c a u t i o n . I t i s my i n t e n t t o d i s c u s s t he p r e s e n t o b s e r v a t i o n a l 
and t h e o r e t i c a l c l i m a t e f o r model ing o f s m a l l - s c a l e s t r u c t u r e , g i v e n 
t he assumption tha t t h e r e are indeed r e l a t i v i s t i c v e l o c i t i e s i n -
v o l v e d . Ev idence from VLBI o b s e r v a t i o n s w i l l be s t r e s s e d , and s h a l l 
be e v a l u a t e d and d i s c u s s e d in terms o f b o t h t h e o r e t i c a l models and 
o b s e r v a t i o n a l format from which t h e s e r e s u l t s may b e s t be d e r i v e d . 
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Kinemat ic models w i l l be used t o demonstra te the v a r i e t y o f p o s s i b l e 
r e s u l t s g i v e n the b a s i c t h e o r y , and some d i s c u s s i o n o f dynamics s h a l l 
be made in terms o f p o s s i b l e q u a l i t a t i v e r e s u l t s o b t a i n a b l e from 
p r e s e n t o b s e r v a t i o n s . 

OBSERVATIONS 

The s t r u c t u r e s o f r a d i o s o u r c e s o b s e r v e d u s i n g VLBI t y p i c a l l y f a l l 
i n t o f o u r c l a s s e s : ve ry compac t , c o r e - j e t , compact d o u b l e , and s t e e p 
spec t rum. The v e r y compact s o u r c e s are a lmost p o i n t s o u r c e s , and 
hence p r o v i d e l i t t l e da ta apart from s i z e . U n f o r t u n a t e l y , t h i s r e s o -
l u t i o n i s i n s u f f i c i e n t t o de termine whether o r no t t he s o u r c e e x c e e d s 
t h e ΙΟ 1 2 Κ b r i g h t n e s s l i m i t f o r s y n c h r o t r o n e m i s s i o n , a l though i n -
t e r s t e l l a r s c i n t i l l a t i o n at r a d i o wave lengths and X-ray v a r i a b i l i t y 
s u g g e s t tha t t h i s l i m i t i s , i n d e e d , e x c e e d e d . C o r e - j e t s o u r c e s , 
on t he o t h e r hand, have a d e f i n i t e c o r e wi th some t y p e o f s t r u c t u r e 
e x t e n d i n g a long some m o r e - o r - l e s s w e l l - d e f i n e d a x i s . The compact 
d o u b l e s e x h i b i t two m o r e - o r - l e s s equal components wi th l i t t l e o r no 
change in t h e i r s e p a r a t i o n . The s t eep - spec t rum o b j e c t s are o f t e n 
r a t h e r complex , no t n e c e s s a r i l y p o s s e s s i n g a s t r o n g a x i s o f symme-
t r y . These c o r e s a l s o vary i n s t r e n g t h , wi th s t r o n g c o r e s t y p i c a l l y 
a s s o c i a t e d wi th c o r e - j e t s o u r c e s at t he c e n t e r s o f q u a s a r s , and t h e 
weaker c o r e s a s s o c i a t e d wi th a v a r i e t y o f t y p e s a s s o c i a t e d wi th r a d i o 
g a l a x i e s ; even power fu l r a d i o g a l a x i e s such as Cygnus A tend t o have 
weak compact c o r e s . 

The p h y s i c a l r e s o l u t i o n s c a l e s o f t h e s e o b s e r v a t i o n s vary wi th 
f r e q u e n c y and d i s t a n c e , from rough ly 0 .01 p c f o r the n e a r e s t S e y f e r t 
d e t e c t e d us ing VLBI t o about 10 pc f o r t he f a r t h e s t quasa r . S i n c e 
t h e p r e d i c t e d s i z e s c a l e f o r t he c e n t r a l eng ines o f r a d i o j e t s i s 
o f t he o r d e r o f a few A . U . , t h i s does no t even approach the minimum 
c h a r a c t e r i s t i c l e n g t h s c a l e a s s o c i a t e d wi th models o f t h e s e r e g i o n s . 
Thus, t he o b s e r v e d s t r u c t u r e s shou ld be c h a r a c t e r i s t i c o f t h e i n -
t r i n s i c power and c o m p o s i t i o n o f t he j e t s , as w e l l as the su r rounding 
medium, and depend on t h e i n i t i a l c o n d i t i o n s at t he c e n t r a l eng ine 
o n l y i n s o f a r as t h e y i n f l u e n c e the g r o s s p r o p e r t i e s o f t he j e t . In 
o t h e r words , t h e p r o p e r t i e s o f the r a d i o images and t he p r o p e r t i e s 
o f t he o b j e c t s which g e n e r a t e them can o n l y be l i n k e d i n d i r e c t l y , 
by t h e o r e t i c a l mode l ing combined wi th 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 
s t u d i e s . C o n v e r s e l y , t he j e t s can be s t u d i e d as i f i n j e c t e d by a 
v a g u e l y - s p e c i f i e d ' ' n o z z l e ' ' , as o b j e c t s apar t from t h e r e g i o n i n 
which they were g e n e r a t e d . 

A f u r t h e r o b s e r v a t i o n a l c o n s t r a i n t i s t he l i m i t e d number o f 
p i x e l s pe r s t r u c t u r e in VLBI images . In p a r t i c u l a r , ve ry l i t t l e 
i n t e r n a l d e t a i l o f t he i n d i v i d u a l components i s p o s s i b l e , and, i n 
t h e c a s e o f j e t l i k e s t r u c t u r e , no s t r u c t u r a l d e t a i l t r a n s v e r s e t o 
t h e j e t can be r e s o l v e d . T h e r e f o r e , t h e r e i s no r e l i a b l e i n f o r m a t i o n 
as t o t he shapes o f t he s t r u c t u r e s composing t he VLBI images , and 
hence i t i s d i f f i c u l t t o d i s t i n g u i s h between j e t s , p l a s m o i d s , o r o t h e r 
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t ypes o f s t r u c t u r e s . In f a c t , the o n l y t r u l y r e l i a b l e parameters 
in VLBI maps are the r e l a t i v e f l u x d i s t r i b u t i o n , and in p a r t i c u l a r 
the p o s i t i o n s and r e l a t i v e b r i g h t n e s s e s o f i s o l a t e d c o n p o n e n t s , and 
the o v e r a l l s t r u c t u r e o f con t i nuous e m i s s i o n r e g i o n s . The r e l a t i v e 
f l u x d i s t r i b u t i o n can be t i e d t o some a b s o l u t e s c a l e by c a r e f u l 
c a l i b r a t i o n , but t h i s i s d i f f i c u l t and i s g e n e r a l l y u n r e l i a b l e by a 
few p e r c e n t even i f extreme c a r e i s t aken . 

The c l a s s o f o b j e c t s which I s h a l l d i s c u s s t oday s h a l l be the 
c o r e - j e t s o u r c e s . Within the l i m i t s d i s c u s s e d a b o v e , we can measure 
t h r ee p r o p e r t i e s t o r e a s o n a b l e p r e c i s i o n : a b s o l u t e f l u x ( i . e . , v a r i -
a b i l i t y ) at a v a r i e t y o f wavelengths but l i m i t e d r e s o l u t i o n ; o v e r a l l 
symmetry; and p o s i t i o n s o f r e l a t i v e l y s t r o n g i s o l a t e d components . 

V a r i a b i l i t y f r a c t i o n s and t ime s c a l e s vary c o n s i d e r a b l y . Some 
s o u r c e s have X-ray v a r i a b i l i t y t ime s c a l e s on the o r d e r o f h o u r s , 
and vary by a l a r g e f r a c t i o n o f t h e i r average f l u x , whereas some 
vary s l o w l y i f at a l l . Th is v a r i e t y can be c o n t r a s t e d t o the o v e r -
a l l s t r u c t u r e , which t ends t o be o n e - s i d e d and, in the c a s e s where 
l a r g e - s c a l e s t r u c t u r e i s a l s o p r e s e n t , appears t o c o r r e l a t e wi th t he 
s i d e d n e s s o f t he l a r g e - s c a l e s t r u c t u r e . The p o s i t i o n s o f i s o l a t e d 
s t r u c t u r e s in many s o u r c e s are o b s e r v e d t o vary so as t o g i v e the 
appearance o f f a s t e r - t h a n - l i g h t , o r supe r lumina l , m o t i o n . The sho r t 
v a r i a b i l i t y t ime s c a l e s , o n e - s i d e d n e s s , and super lumina l mot ion can be 
e x p l a i n e d by r e l a t i v i s t i c mo t ion . 

BASIC THEORY 

C o n s i d e r a f i x e d p o i n t i n space and an e m i t t e r moving r e l a t i v e t o 
tha t e m i t t e r at some speed and v i e w i n g ang le t o Θ, and d e f i n e ß = v/c, 
where c i s t he speed o f l i g h t . Let t he s e p a r a t i o n between them 
at t ime t = 0 , r 0 , be such tha t r0/R « 1, and the f i n a l t ime o f 
o b s e r v a t i o n tj such tha t ctj « R. The l i g h t emi t t ed from the i n i t i a l 
and f i n a l p o s i t i o n s o f t he e m i t t e r t r a v e l s a long p a r a l l e l l i n e s t o t he 
o b s e r v e r . The l i g h t emi t t ed at t ime t = 0 a r r i v e s at t he o b s e r v e r ' s 
p o s i t i o n at t ime Rcos9/c\ t he l i g h t emi t t ed at t ime tj a r r i v e s at t h e 
o b s e r v e r ' s p o s i t i o n at t ime tf + (R/c - ßtj)cos9. Thus, t he d i f f e r e n c e 
i n a r r i v a l t i m e , At0ba = (1 - ßcos6)tf , can be c o n s i d e r a b l y l e s s than t h e 
p h y s i c a l t ime i n t e r v a l tj At the same t i m e , t he p r o j e c t e d p h y s i c a l 
s e p a r a t i o n between the two p o s i t i o n s i s s imply ßsinOctj . The apparent 
v e l o c i t y o f s e p a r a t i o n , vapp = ßcsin0/( 1 -βcos0), may e x c e e d t he speed 
o f l i g h t c f o r β > l / \ / 2 . The maximum s e p a r a t i o n v e l o c i t y yßc, where 
7 = ( 1 - / ? 2 ) ~ 1 / 2 , o c c u r s at cos0 = v/c; t h u s , a lmost a l l s o u r c e s which 
e x h i b i t super luminal mot ion should have t h e i r j e t s a l i g n e d c l o s e t o 
t he l i n e o f s i g h t . Given the h igh p e r c e n t a g e o f compact c o r e - j e t 
s o u r c e s which now appear t o e x h i b i t super luminal m o t i o n , i t appears 
t ha t e i t h e r super lumina l mot ion i s no t due t o r e l a t i v i s t i c mot ion 
a l o n g a w e l l - d e f i n e d d i r e c t i o n , o r t h e r e i s a s e l e c t i o n e f f e c t which 
enhances the number o f o b s e r v a b l e s o u r c e s which have j e t s which are 
n e a r l y a l i g n e d wi th the o b s e r v e r . 
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Th i s enhancement i s due t o the beaming o f the f l u x from an 
e m i t t e r moving at r e l a t i v i s t i c v e l o c i t i e s . I t can be shown t h a t , f o r 
an o p t i c a l l y t h i n i s o l a t e d component , S{0) — S 9o(l - / ? c o s 0 ) ~ ( 3 + o ) , where S 9 0 

i s t he f l u x o b s e r v e d a long v i ewing ang le 0 = 90°, and α i s t he s p e c t r a l 
index (Scheuer and Readhead 1 9 7 9 ) . For an o p t i c a l l y t h i n j e t , o r an 
i n f i n i t e l y l o n g l i n e o f e m i t t i n g i s o l a t e d components , t he exponent 
changes from 3 + a t o 2 + a b e c a u s e , s i n c e t he p a t t e r n o v e r which we 
i n t e g r a t e the f l u x i s e s s e n t i a l l y f i x e d r e l a t i v e t o the o b s e r v e r , the 
e m i t t i n g volume i n the frame o f the o b s e r v e r i s s t a t i o n a r y r e l a t i v e t o 
t h e o b s e r v e r , whereas f o r a moving i s o l a t e d component i t i s n o t . A 
f u r t h e r demons t ra t ion o f t h i s i s t ha t the e m i s s i o n from an e x c i t a t i o n 

moving through s t a t i o n a r y gas tha t i s , some d i s t u r b a n c e which 
i l l u m i n a t e s gas which i s s t a t i o n a r y r e l a t i v e t o the o b s e r v e r 
g o e s as (1 - ßcosO)'1, because o f the d i f f e r e n c e in t r a v e l t ime between 
l i g h t emi t t ed from the f r o n t and back o f the moving e m i s s i o n r e g i o n . 
In any c a s e , t he f l u x from an o p t i c a l l y t h i n e m i t t e r i s s t r o n g l y 
enhanced in the d i r e c t i o n o f r e l a t i v i s t i c m o t i o n , which e x p l a i n s t he 
l a r g e p e r c e n t a g e o f super luminal s o u r c e s and the o n e - s i d e d n e s s o f t he 
s o u r c e ; the ' ' c o u n t e r j e t ' ' can be much f a i n t e r than the j e t even i f 
i n t r i n s i c a l l y as b r i g h t . Note a l s o tha t the s p e c t r a l index f o r an 
o p t i c a l l y t h i c k s o u r c e i s 2 . 5 , and so the o p t i c a l l y t h i c k f l u x i s much 
more weakly beamed. 

The beaming p a t t e r n , w r i t t e n above as a f u n c t i o n o f v i e w i n g 
a n g l e 0, i s t r a d i t i o n a l l y p r e s e n t e d as a number-f lux r e l a t i o n P ( x ) , 
i . e . as the p r o b a b i l i t y o f o b s e r v i n g a s o u r c e wi th f l u x r a t i o 5 / 5 9 0 > 
x. Th i s i s d e r i v e d by assuming tha t the s o u r c e o r i e n t a t i o n s a re 
randomly d i s t r i b u t e d r e l a t i v e t o the o b s e r v e r , so tha t dP oc cosOdO, 
and i n t e g r a t i n g o v e r a l l v a l u e s o f 0 where 5/Sgo > x- The r e s u l t s 
f o r t he s tandard models a re shown i n f i g u r e 1. These p r o b a b i l i t y 
d i s t r i b u t i o n s may be changed by i n c l u d i n g e v o l u t i o n e f f e c t s ( such 
as an e m i t t e r which f a d e s wi th d i s t a n c e from the c o r e ) ; t h i s w i l l be 
d i s c u s s e d l a t e r . 

STANDARD MODELS 

-3 -2 

LOC<P<S>> 

Figure 1 
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Another e f f e c t o f r e l a t i v i s t i c mot ion can be seen by c o n s i d -
e r i n g t h e a r r i v a l t ime o f p u l s e s emi t t ed by a moving s o u r c e at 
t ime i n t e r v a l s At0 as measured by a comoving o b s e r v e r . The o b -
s e r v e d a r r i v a l t imes f o r t he p u l s e s are sepa ra t ed by a t ime i n t e r v a l 
Atob9 = Δ* 0(1 - ßcosO). Thus, the t ime i n t e r v a l s are s h o r t e r f o r an 
e m i t t e r moving a lmost in the d i r e c t i o n o f the o b s e r v e r , and so the 
v a r i a b i l i t y t ime s c a l e i s s h o r t e r . A l s o , t he i n f e r r e d s i z e o f the 
s o u r c e , c/Atohsi i s s m a l l e r than the s i z e o b s e r v e d f o r a s t a t i o n a r y 
s o u r c e . S ince the o b s e r v e d f l u x i s l a r g e r than f o r a s t a t i o n a r y 
s o u r c e , and the i n f e r r e d s i z e i s s m a l l e r than f o r a s t a t i o n a r y un-
r e s o l v e d s o u r c e , then the b r i g h t n e s s tempera ture i n f e r r e d c o u l d be 
e x t r e m e l y l a r g e i f i t were assumed tha t the e m i t t i n g r e g i o n were 
s t a t i o n a r y . 

The p o i n t o f t h i s i s , tha t the b a s i c sense o f t he o b s e r v a t i o n s 
i s c o n s i s t e n t wi th the b a s i c t h e o r y . However, the d e t a i l s a re no t 
n e c e s s a r i l y c o n s i s t e n t wi th the s imple model p r e s e n t e d h e r e . The 
p h y s i c a l s o u r c e s themse lves are c e r t a i n l y much more c o m p l i c a t e d than 
t h i s . One way t o s tudy the impor tance o f t h e s e p h y s i c a l d e t a i l s i s t o 
s e l e c t some s imple m o d e l s , such as r e l a t i v i s t i c shocks and p l a smo ids 
which f ade wi th t i m e , and examine the f l u x p a t t e r n in the frame o f the 
o b s e r v e r f o r d i f f e r e n t i n t r i n s i c c h a r a c t e r i s t i c s o f t he e m i t t e r , such 
as s t r u c t u r e , shock s t r e n g t h , and o p a c i t y . Th i s r e q u i r e s t ha t t he 
r a d i a t i v e t r a n s f e r be c a r r i e d out in f u l l g e n e r a l i t y . 

GENERAL THEORY 

The g e n e r a l t h e o r y i n v o l v i n g c a r e f u l t rea tment o f t he r a d i a t i v e t r a n s -
f e r i s done by d e f i n i n g each o f the r e l e v a n t r e f e r e n c e f rames , and 
then t r ans fo rming a l l q u a n t i t i e s u n t i l e v e r y t h i n g i s t rans formed i n t o 
t h e r e f e r e n c e frame o f the o b s e r v e r (Lind and Blandfo rd 1985) . The 
t h r e e r e f e r e n c e frames are ( 1 ) t he comoving frame o f the i n d i v i d u a l 
f l u i d e l emen t s , ( 2 ) t he comoving frame o f t he e m i t t i n g p a t t e r n , which 
i s assumed t o be s t a t i o n a r y , and ( 3 ) the comoving frame o f the o b -
s e r v e r . The r e l e v a n t q u a n t i t i e s are ( 1 ) e m i s s i v i t y and o p a c i t y , ( 2 ) 
shape and o p t i c a l d e p t h , and ( 3 ) f l u x . In d e t a i l , t he e m i s s i v i t y and 
o p a c i t y are de termined f o r each f l u i d element in i t s comoving f rame, 
and then t ransformed t o the comoving frame o f the e m i t t i n g p a t t e r n 
( e . g . , t he comoving frame o f a r e l a t i v i s t i c shock which i s i t s e l f 
moving r e l a t i v i s t i c a l l y r e l a t i v e t o the o b s e r v e r . The 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 are i n t e g r a t e d a long l i n e s o f s i g h t in t he p a t -
t e r n frame t o o b t a i n the o p t i c a l depth and i n t e n s i t y . These a re then 
t rans fo rmed i n t o the frame o f the o b s e r v e r , and then t he i n t e n s i t y in 
t h e o b s e r v e r ' s frame i s i n t e g r a t e d o v e r t o o b t a i n t he o b s e r v e d f l u x . 
A l l t r a n s f o r m a t i o n s are done assuming a power law f o r e m i s s i v i t y and 
o p a c i t y , and the f l u x c a l c u l a t e d at a f i x e d f r equency in t he frame o f 
t h e o b s e r v e r . 

The r e s u l t s o f t h e s e c a l c u l a t i o n s f o r a p l ana r r e l a t i v i s t i c 
shock d e v i a t e c o n s i d e r a b l y from the c a s e f o r a uni form o p t i c a l l y t h i n 
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s p h e r e . Even the o p t i c a l l y t h i n f l u x d i s t r i b u t i o n d e v i a t e s from tha t 
f o r an o p t i c a l l y t h i n s p h e r e , because o f t he i n t e r n a l r e l a t i v i s t i c 
v e l o c i t i e s o f the shock mode l . Fur thermore, s i n c e o p t i c a l depth 
depends s t r o n g l y on o r i e n t a t i o n a n g l e , τ = r 0 (l - / ? c o s 0 ) ~ ( 5 / 2 + O f ) , a h igh 
o p t i c a l depth near the l i n e o f s i g h t can suppress the f l u x toward the 
o b s e r v e r r e l a t i v e t o the o p t i c a l l y t h i n c a s e , but may d e c r e a s e so as 
t o p r o v i d e the s t r o n g o p t i c a l l y t h i n beaming at l a r g e r a n g l e s . Th i s 
r e d u c e s the obse rved e f f e c t s o f beaming. S i m i l a r r e s u l t s a re d e r i v e d 
f o r a v a r i e t y o f c o n i c a l s h o c k s , o r i e n t e d bo th toward and away from 
t h e c o r e . Even i f we r e s t r i c t o u r s e l v e s t o o p t i c a l l y t h i n m o d e l s , t he 
d i s t r i b u t i o n s shown in f i g u r e s 2 and 3 , f o r p a t t e r n Lo ren t z f a c t o r s o f 
7 = 7 and 7 = 2 r e s p e c t i v e l y , demonst ra te the l a r g e v a r i e t y o f p o s s i b l e 
f l u x d i s t r i b u t i o n s which may be a s s o c i a t e d wi th a g i v e n p a t t e r n 
L o r e n t z f a c t o r . Even g i v e n knowledge o f the p a t t e r n Loren t z f a c t o r 
as measured by super luminal m o t i o n , some e s t ima te o f the o r i e n t a t i o n 
a n g l e , and an a c c u r a t e number-f lux r e l a t i o n ( e q u i v a l e n t l y , f u n c t i o n o f 
f l u x wi th a n g l e ) , i t i s i m p o s s i b l e t o e s t ima te the p h y s i c a l v e l o c i t y 
o f t he j e t wi thout a d e t a i l e d model o f the j e t s t r u c t u r e . 

THIN MSCELS. - 7 THIN MCCILS . C A M V A - 2 

-3 -2 -1 β -3 - j -1 

LOG<P(S>> LCC CP <S> > 

Figure 2 Figure 3 

Another e f f e c t i s b e s t i l l u s t r a t e d by examining the f l u x d i s t r i -
b u t i o n o f an ensemble o f o p t i c a l l y t h i n homogeneous spheres e j e c t e d 
a l o n g a f i x e d d i r e c t i o n r e l a t i v e t o the o b s e r v e r , in which the e m i s -
s i o n from the spheres i s a l l o w e d t o vary wi th d i s t a n c e from the c o r e . 
I f o n l y one sphere i s e j e c t e d , and i t never f a d e s , then the s tandard 
r e s u l t f o r the o p t i c a l l y t h i n sphere i s o b t a i n e d as d i s c u s s e d under 
the b a s i c t h e o r y s e c t i o n . I f a t r a i n o f spheres have a f i x e d f i n i t e 
l i f e t i m e in the comoving frame o f the o b s e r v e r At\, and are e j e c t e d 
from t h e c o r e at a f i x e d t ime i n t e r v a l o f Ate, where A t i » A t e , then 
the o b s e r v e d l i f e t i m e o f a sphere i s Atobs = Δ*/(1 - ßcosß), and at any 
g i v e n t ime the number o f e m i t t e r s o b s e r v e d i s At0b3/Ate oc (1 - ßcosO). The 
t o t a l f l u x i s s imply the number o f e m i t t e r s t imes t h e i r i n d i v i d u a l 
f l u x e s , and so the r e s u l t f o r the con t i nuous j e t i s then o b t a i n e d . 
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Now, c o n s i d e r the c a s e where Ati « At€. There are two p o s s i b i l i t i e s . 
I f o n l y one component i s seen at a t i m e , then the p r o b a b i l i t y o f s e e -
i n g a s o u r c e wi th a g i v e n f l u x S i s then dP <x ( 1 - β cos 0) cos OdO r a t h e r 
than dP oc cosOdO b ecause o f the shor tened apparent l i f e t i m e o f the 
e m i t t i n g r e g i o n . I f a number o f components a re seen at one t i m e , then 
t h e mean f l u x w i l l be t he same as tha t f o r t he con t i nuous j e t , but the 
f r a c t i o n a l v a r i a b i l i t y AS/S = l/N oc (1 -ßcos0)~l. Note t h a t , t he more 
n e a r l y a l i g n e d t he s o u r c e a x i s and the o b s e r v e r , the l a r g e r the f r a c -
t i o n by which t he s o u r c e v a r i e s . R e c a l l a l s o t h a t , t he more n e a r l y 
a l i g n e d the s o u r c e a x i s and the o b s e r v e r , t he s h o r t e r t he v a r i a b i l i t y 
t ime s c a l e . Thus, t he most v a r i a b l e s o u r c e s should a l s o vary the 
f a s t e s t . Th i s i s c o n s i s t e n t wi th o b s e r v a t i o n . I f t he b r i g h t n e s s e s o f 
t he spheres f a l l o f f as some f u n c t i o n o f d i s t a n c e form the c o r e , then 
o t h e r f l u x d i s t r i b u t i o n s can be o b t a i n e d . The v a r i e t y o f p o s s i b l e 
number- f lux r e l a t i o n s a t t a i n a b l e wi th d i f f e r e n t e v o l u t i o n / e j e c t i o n 
models i s at l e a s t as g r e a t as the v a r i e t y o f number- f lux r e l a t i o n s 
a t t a i n a b l e wi th d i f f e r e n t models f o r t he e m i t t i n g r e g i o n s ( a s seen in 
f i g u r e s 2 and 3 ) , and a g a i n , s e r i o u s l y d i m i n i s h e s the p r e d i c t i v e power 
o f t he number-f lux r e l a t i o n in model ing t he s t r u c t u r e s o f t he s o u r c e s . 

A f i n a l m o d i f i c a t i o n i s t o assume tha t t h e path f o l l o w e d by t he 
e m i t t i n g r e g i o n s c u r v e s . For a s i n g l e e m i t t e r moving out a l o n g t h i s 
pa th , t he e f f e c t i s f o r t he e m i t t e r t o b r i g h t e n and f a d e , depending on 
t he ang le r a l a t i v a t o t h e o b s e r v e r , and f o r t h e o b s e r v e d p r o p e r mot ion 
t o vv .ry ;±s w e l l . For m u l t i p l e e m i t t e r s , t h e r e l a t i v e f l u : : e s between 
them would vary as t hey laovod a long the c u r v e . I f a l l o f t he e m i t t e r s 
were i d e n t i c a l , t h e sane spo t would b r i g h t e n and f ade a l though the 
e m i t t e r s were moving r o l a t i v i s t i c a l l y . In e f f e c t , t he c u r v e a c t s as a 
s c r e e n . A number o f o t h e r s c r e e n models can be c o n s t r u c t o d , some o f 
which would a l l o w supei"luminal mot ion wi thou t beaming, some o f which 
woul 1 aLloyj b s c m i D g w i thou t super luminal m o t i o n , and some o f which 
would a l l o w b o t h . 

As a f i n a l r e f i n e m e n t , a l l o w a v a r i e t y o f e m i t t e r s o f v a r y i n g 
s t r u c t u r e s t o be e j e c t e d at v a r y i n g i n t e r v a l s a long s l i g h t l y d i f f e r e n t 
a n g l e s o r a long curved p a t h s . Because o f t he v a r i a t i o n s i n i n t e n s i t y 
and o p t i c a l depth wi th a n g l e , a v a r i e t y o f d i f f e r e n t components 
may dominate the f l u x at any g i v e n v i ewing a n g l e , and s o , g i v e n the 
v a r i e t y o f f u n c t i o n s a s s o c i a t e d wi th the ensemble o f p l a u s i b l e m o d e l s , 
t h e d e t a i l e d number- f lux r e l a t i o n o r , the d i s t r i b u t i o n o f f l u x 
wi th ang le cannot be determined u n l e s s t he d e t a i l s o f t he s o u r c e 
a re a c c u r a t e l y known. In s h o r t , the f i t t i n g o f number- f lux r e l a t i o n s 
t o t h e o r e t i c a l c u r v e s in o rde r t o de termine the v e l o c i t y o f t he j e t 
m a t e r i a l i s at b e s t r i s k y . Furthermore, t he use o f t he p r o p e r mot ion 
o f components t o de te rmine the j e t v e l o c i t y i s a l s o r i s k y , s i n c e 
t h e p a t t e r n speed o f a component need no t be c l o s e l y r e l a t e d t o the 
v e l o c i t y o f t he u n d e r l y i n g j e t . Given t h e s e c o n c l u s i o n s , one may w e l l 
wonder what can be done wi th the a v a i l a b l e d a t a . 

F i r s t , t he e x i s t e n c e o f super luminal mot ion does i n d i c a t e tha t 
t h e r e i s r e l a t i v i s t i c mot ion o f some s o r t g o i n g on , whether p a t t e r n 
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mot ion o r bu lk m o t i o n . I f t h e r e i s p a t t e r n m o t i o n , i t i s e i t h e r mo-
t i o n o f some nonemi t t i ng j e t o r w e l l - c o l l i m a t e d beam o f l i g h t a g a i n s t 
a s c r e e n , o r t h e r e i s some m a t e r i a l p r e sen t wi th a r e l a t i v i s t i c equa-
t i o n o f s t a t e , th rough which the p a t t e r n may t r a v e l . Given m a t e r i a l 
wi th a r e l a t i v i s t i c e q u a t i o n o f s t a t e , i t w i l l e v e n t u a l l y expand 
r e l a t i v i s t i c a l l y u n l e s s c o n f i n e d by the surrounding medium, o r i s 
a l r e a d y moving outward as a j e t . S ince almost a l l super luminal mot ion 
appears t o i n v o l v e mot ion away from the compact c o r e , i t appears t ha t 
a r e l a t i v i s t i c j e t i s t he b e s t g e n e r a l u n d e r l y i n g model . 

Second , t he c l a s s i c super luminal s o u r c e s e j e c t new components 
at r e l a t i v e l y l o n g t ime i n t e r v a l s , and the components remain d i s c r e t e 
and o b s e r v a b l e f o r l o n g enough t o be obse rved f o r s e v e r a l e p o c h s , as 
has been done f o r a v a r i e t y o f super luminal s o u r c e s . I f t h i s da ta i s 
taken at s e v e r a l f r e q u e n c i e s , and the da ta c a r e f u l l y c a l i b r a t e d , then 
the t o t a l f l u x and s p e c t r a l index o f a component can be m o n i t o r e d , 
and can be f i t t o t h e o r e t i c a l mode l s . Th i s need not be done o n l y 
f o r d i s c r e t e components ; s i n c e components appear in a more o r l e s s 
r e g u l a r way f o l l o w i n g o u t b u r s t s f o r a l a r g e number o f t h e s e s o u r c e s , 
and t h e s e o u t b u r s t s can be w e l l - s e p a r a t e d , then the f l u x v a r i a t i o n s in 
t he c o r e can o f t e n be a s s o c i a t e d wi th the fo rma t ion and p r o p a g a t i o n 
o f one component , which may then be modeled . For example , Marscher 
and Gear (1985) c o n s t r u c t e d a ve ry p l a u s i b l e model f o r a p l ana r 
r e l a t i v i r . t i c shock p r o p a g a t i n g in a r e l a t i v i s t i c j e t o f smal l open ing 
a n g l e , and p r o c e e e d e d t o f i t i t t o an ou tbu r s t in 3C273. S i m i l a r l y , 
Hughes, A l l e r , and A l l e r (1985) have c o n s t r u c t e d models f o r t he 
v a r i a t i o n s in f l u x and p o l a r i z a t i o n caused by energy g e n e r a t i o n 
and subsequent c o o l i n g o f m a t e r i a l at a r e l a t i v i s t i c shock f r o n t 
and f i t i t t o r a d i o v a r i a b i l i t y da ta f o r BL Lac , wi th c o n s i d e r a b l e 
s u c c e s s . Th is c o n f i r m s tha t at l e a s t some o f the o b s e r v e d f e a t u r e s 
in VLBI maps are r e l a t i v i s t i c shocks p r o p a g a t i n g through a f a i n t 
u n d e r l y i n g r e l a t i v i s t i c j e t . Th i s i s f u r t h e r suppor ted by h igh 
dynamic range imaging o f a number o f s o u r c e s , such as 3C273 (Unwin 
and Davis 1987) and 3C371 (Lind 1 9 8 7 ) , which r e v e a l a c o n t i n u o u s 
u n d e r l y i n g f l u x d i s t r i b u t i o n wi th i s o l a t e d components super imposed 
on t o p o f i t . The r e g u l a r i t y in the f a l l o f f o f the f l u x wi th r a d i u s 
f o r the above-ment ioned map o f 3C273, and f o r 3C120 (Walker , Benson, 
and Unwin 1 9 8 7 ) , sugges t as w e l l t ha t e i t h e r c l a s s i c supe r lumina l s 
a re i n t r i n s i c a l l y s i m p l e , o r tha t beaming dominates such tha t one 
p a r t i c u l a r t y p e o f f e a t u r e t o t a l l y dominates the f l u x . In t he f i r s t 
c a s e , we can hope t o model them; in the s e c o n d , i t i s q u e s t i o n a b l e . 

T h i r d , v a r i a b i l i t y t i m e s c a l e s , p a r t i c u l a r l y in the X - r a y , appear 
t o i n d i c a t e tha t much i f no t a l l o f t he f l u x from the compact c o r e i s 
indeed beamed. Given the l a r g e f l u x enhancement o f an o p t i c a l l y t h i n 
e m i t t e r moving at r e l a t i v i s t i c speeds o v e r e i t h e r a s t a t i o n a r y o r an 
o p t i c a l l y t h i c k e m i t t e r , i t i s no t s u r p r i s i n g tha t t he compact c o r e 
f l u x should come, no t from the c e n t r a l c o r e , but from some pa r t o f 
t he o u t f l o w i t s e l f . In t h i s r e g a r d , t he inhomogeneous j e t model o f 
B landfo rd and K ö n i g l (1979) has proven t o be in good agreement wi th 
the s p e c t r a and v a r i a b i l i t y t i m e s c a l e s o f v a r i o u s compact c o r e s , and 
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s u g g e s t s tha t the r e l a t i v i s t i c j e t models a r e , in e s s e n c e , c o r r e c t . 

RELATIVISTIC HYDRODYNAMICS 

Numerical s i m u l a t i o n o f n o n r e l a t i v i s t i c j e t s has p r o v i d e d a number 
o f i n t e r e s t i n g g e n e r a l r e s u l t s , but t h e i r u s e f u l n e s s f o r model ing o f 
o n e - s i d e d j e t s , b o t h l a r g e and s m a l l - s c a l e , i s q u e s t i o n a b l e because 
o f the d i f f e r e n c e s between r e l a t i v i s t i c and n o n r e l a t i v i s t i c f l u i d 
mechan ic s . For example , the f a c t o r s o f γ = (1 - / ? 2 ) ~ 1 / 2 in the momentum 
and energy e q u a t i o n s p r o v i d e f o r a l a r g e change in energy d e n s i t y f o r 
a smal l change in v e l o c i t y , and can cause l a r g e p r e s s u r e c o n t r a s t s . 
On the o t h e r hand, t h e r e may w e l l be some s t r u c t u r a l s i g n a t u r e s which 
c a r r y o v e r from n o n r e l a t i v i s t i c t o r e l a t i v i s t i c j e t s . An example o f 
such a p o s s i b l e s i g n a t u r e i s the m o r p h o l o g i c a l d i f f e r e n c e between j e t s 
wi th s t rong and weak o r d e r e d t o r o i d a l f i e l d s . The weakly magnet ized 
j e t i s s imply t e rmina ted by a Mach d i s k s t r u c t u r e , and the shocked 
j e t m a t e r i a l f l o w s back i n t o a surrounding c o c o o n (Lind 1 9 8 7 ) . The 
s t r o n g l y magnet ized j e t r e c o l l i m a t e s i n t o a b r o a d e r , weaker j e t 
which c o n t i n u e s on ( C l a r k e , Norman, and Burns 1 9 8 7 ) . These j e t s a l s o 
demonst ra te the c o m p l e x i t y o f ' ' r e a l j e t s ' ' , which may c o n t a i n f i x e d 
and t r a v e l i n g p l ana r and o b l i q u e s h o c k s , as w e l l as c o n s i d e r a b l e 
v o r t i c i t y and t u r b u l e n c e . 

CONCLUSIONS 

Inhomogeneous models o f VLBI j e t s are at b e s t d i f f i c u l t t o c o n s t r u c t 
because o f the s p a r c i t y o f the o b s e r v a t i o n s and the s t r o n g dependence 
o f t he obse rved f l u x d i s t r i b u t i o n on model-dependent pa ramete r s . How-
e v e r , i n many c a s e s , which i n c l u d e the super lumina l r a d i o s o u r c e s , t he 
i s o l a t i o n o f i n d i v i d u a l components a l l o w s the use o f m u l t i f r e q u e n c y 
imaging and f l u x m o n i t o r i n g t o de termine s e m i - q u a n t i t a t i v e models o f 
i n d i v i d u a l o u t b u r s t s o r components . The p r e c i s e model ing o f compact 
r a d i o s o u r c e s r e q u i r e s h igh dynamic range imaging and f r equen t o b -
s e r v a t i o n o f v a r i a b l e s o u r c e s a t t a i n a b l e once the VLBA i s b u i l t 

and t h e o r e t i c a l mode l ing o f r e l a t i v i s t i c f l o w s . The l a t t e r i s 
d i f f i c u l t n u m e r i c a l l y , but some q u a l i t a t i v e r e s u l t s from p r e s e n t , non-
r e l a t i v i s t i c s i m u l a t i o n s may a l l o w us t o d i s t i n g u i s h between g e n e r a l 
c l a s s e s o f t h e o r e t i c a l mode l s . T h e o r e t i c a l mode l ing o f compact r a d i o 
s o u r c e s i s indeed d i f f i c u l t and l i m i t e d , b u t , wi th the use o f a l l 
a v a i l a b l e da ta and c a u t i o u s i n t e r p r e t a t i o n , p r o g r e s s can be made! 
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