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ABSTRACT. Recent r e s u l t s c o n c e r n i n g the compact r a d i o s t r u c t u r e o f 
q u a s a r s are r e v i e w e d . Emphasis i s p l a c e d on VLBI r e s u l t s from s t a t i s t i -
c a l s t u d i e s , from d e t a i l e d mapping and from m u l t i - e p o c h m o n i t o r i n g o f 
v a r i a b l e s o u r c e s . 

1. INTRODUCTION 

The d e s c r i p t i o n o f r a d i o source s t r u c t u r e s as e i t h e r "compact" or 
"extended" i s p r i m a r i l y the r e s u l t o f the r e s o l u t i o n c a p a b i l i t i e s o f 
d i f f e r e n t i n s t r u m e n t s . Connected e lement a r r a y s such as the VLA and 
MERLIN have l i m i t i n g r e s o l u t i o n s o f somewhat b e t t e r than 0 .5 a r c s e c o n d 
and hence a r e i d e a l f o r mapping s t r u c t u r e s w i t h a n g u l a r e x t e n t s g r e a t e r 
than ^ 1 a r c s e c o n d . F r a z e r Owen d e s c r i b e s such extended r a d i o s t r u c t u r e s 
o f q u a s a r s i n h i s rev i ew ( t h e s e p r o c e e d i n g s ) . I n t h i s r ev i ew I w i l l 
c o n c e n t r a t e on the s u b - a r c s e c o n d s t r u c t u r e o f q u a s a r s , b a s i n g my d e -
s c r i p t i o n s on the r e s u l t s o f V L B I measurements . These range i n r e s o l u -
t i o n from ^ 10 mas f o r the European V L B I network (EVN) down to ^ 0 .2 mas 
a c h i e v e d on t r a n s a t l a n t i c b a s e l i n e s a t the h i g h e s t o b s e r v i n g f r e q u e n c i e s . 

For t h i s r e v i e w , I have e x c l u d e d d i s c u s s i o n s of o b j e c t s n o r m a l l y 
c l a s s i f i e d as S e y f e r t g a l a x i e s , r a d i o g a l a x i e s e t c . , and c o n c e n t r a t e 
o n l y on o b s e r v a t i o n a l m a t e r i a l r e l a t i n g to q u a s a r s . The r e a d e r i s 
r e f e r r e d t o the rev iew of Phinney (1985) f o r a more t h e o r e t i c a l v i e w -
p o i n t , and to P o r c a s (1985) and the P r o c e e d i n g s o f IAU Symposium 110 
" V L B I and Compact Radio S o u r c e s " (1984) f o r more e x t e n s i v e t r e a t m e n t s 
o f compact r a d i o s t r u c t u r e . 

2 . S T A T I S T I C S AND SURVEYS 

A d i v i s i o n can be made between compact s t e e p spectrum ( C S S ) s o u r c e s 
( s p e c t r a l i n d e x , α - - 0 . 7 , S α V a) and compact f l a t spectrum s o u r c e s . 
The l a t t e r c l a s s , which are l a r g e l y i d e n t i f i e d w i t h q u a s a r s and BL Lac 
o b j e c t s , have been e x t e n s i v e l y observed u s i n g VLBI t e c h n i q u e s . Zensus 
e t a l , (1984) observed a sample o f 57 such s o u r c e s , w i t h f l u x d e n s i t i e s 
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g r e a t e r than 1 J y , u s i n g a 3 -e lement V L B I a r r a y w i t h r e s o l u t i o n s down 
to 1 mas. E s s e n t i a l l y a l l s o u r c e s were d e t e c t e d , and t y p i c a l l y 50% o f 
the r a d i o f l u x comes from components £ 1 mas ( t h i s c o r r e s p o n d s to 
^ 10 pc f o r most q u a s a r s ) . B a r t h e l e t a l . (1984) made s i m i l a r o b s e r v a -
t i o n s on a sample o f f l a t spectrum c o r e s o f quasars a l s o e x h i b i t i n g 
extended r a d i o s t r u c t u r e s . Of 16 o b j e c t s w i t h c o r e f l u x > 0.1 J y , 
a lmost a l l were d e t e c t e d , a g a i n c o n f i r m i n g t h a t f o r f l a t spectrum 
quasars a h i g h f r a c t i o n o f the f l u x comes from p c - s c a l e components . 

A number o f s u r v e y s o f compact r a d i o s t r u c t u r e have been made, 
n o t a b l y by Pearson and Readhead (1984) (45 s o u r c e s > 1.2 J y mapped) and 
E c k a r t e t a l . (1985b) (13 s o u r c e s > 1.0 J y ) . Romney e t a l . (1984) have 
mapped 21 sources which e x h i b i t low f requency f l u x v a r i a b i l i t y , and 
Hodges e t a l . (1984) have observed 9 sources w i t h peaked r a d i o s p e c t r a . 
A rough c l a s s i f i c a t i o n o f s t r u c t u r e s as "compact", " c o r e - j e t " , "compact 
doub le" or "complex" can be made (see e . g . Porcas 1985). CSS s o u r c e s 
have been s t u d i e d w i t h the EVN by F a n t i e t a l . (1985) and w i t h the VLA 
a t h i g h r e s o l u t i o n by van B r e u g e l e t a l . (1984) and Pearson et a l . 
(1985) . I n c o n t r a s t to r a d i o g a l a x i e s , which tend to be "doubles" , CSS 
quasars a r e g e n e r a l l y c o r e - j e t s or complex ( F a n t i e t a l . 1985). 

3 . EXAMPLE QUASARS 

To i l l u s t r a t e the range of m o r p h o l o g i e s s een , I have s e l e c t e d 12 q u a s a r s 
which e x e m p l i f y the d i f f e r e n t s p e c t r a l and s t r u c t u r a l c l a s s i f i c a t i o n s 
which can be made w i t h r e s o l u t i o n s > 1 a r c s e c o n d . An a d d i t i o n a l c r i t e -
r i o n f o r i n c l u s i o n o f a s o u r c e war the a v a i l a b i l i t y o f d a t a on a number 
o f a n g u l a r s c a l e s . Maps a r e p r e s e n t e d i n F i g . 1 w h i c h , f o r each s o u r c e , 
show the r a d i o s t r u c t u r e s r a n g i n g from the most extended s t r u c t u r e down 
to the most compact known. The maps are arranged so t h a t the compact 
c o r e f e a t u r e s are a l i g n e d a c r o s s the p a g e . With the e x c e p t i o n s o f BL L a c 
and 3C273, a l l the s o u r c e s have s i m i l a r r e d s h i f t s , so t h a t the c o n v e r -
s i o n from a n g u l a r to l i n e a r s c a l e s are s i m i l a r . R e f e r e n c e s to unpub-
l i s h e d m a t e r i a l are g i v e n w i t h o u t d a t e . Where no i n t e r f e r o m e t e r i s 
s p e c i f i e d the maps have been o b t a i n e d u s i n g t r a n s a t l a n t i c V L B I . 

3C263 (z = 0 .652) and 3C179 (z = 0 .846) a r e b o t h s t e e p spectrum 
s o u r c e s , e x h i b i t i n g e x t e n d e d , c l a s s i c a l d o u b l e - l o b e d (DI ) s t r u c t u r e , 
and r e l a t i v e l y weak f l a t spectrum c o r e s . The mas maps show compact c o r e s 
and secondary "knot" f e a t u r e s , whose p o s i t i o n a n g l e (pa) i s e x t r e m e l y 
w e l l a l i g n e d w i t h the extended s t r u c t u r e (see a l s o Shone e t a l . 1985) . 

3C2I6 (ζ = 0 .670) and 3C147 (ζ = 0 .545) are CSS s o u r c e s , w i t h 
complex s t r u c t u r e i n the range 0.1 to 1 a r c s e c o n d (a few k p c ) . Both 
s o u r c e s show compact mas c o r e s ( t h a t i n 3C216 b e i n g more prominent ) 
w i t h lower b r i g h t n e s s e x t e n s i o n s ; i n 3C147 t h i s shows a w i g g l i n g 
morphology . The i n t e r m e d i a t e r e s o l u t i o n maps show t h a t t h e s e j e t - l i k e 
e x t e n s i o n s c o n t i n u e out i n r o u g h l y the same pa u n t i l 1 or 2 kpc from 
the c o r e , where they change d i r e c t i o n a b r u p t l y . A t p r e s e n t , the 
c o n n e c t i o n t o the a r c s e c o n d s c a l e morphology , which has f e a t u r e s a t 
r a t h e r d i f f e r e n t a n g l e s , i s u n c l e a r . 

3C454.3 (z = 0 . 8 5 9 ) , 3C345 (z = 0 .595) and 3C273 (z = 0 .158) b e l o n g 
to the D2 c a t e g o r y , c o n s i s t i n g o f a dominant , compact , f l a t spectrum 
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Figure 1: Arcsecond to mas structure of representative quasars. 
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component and an extended 1-s ided j e t on the a r c s e c o n d s c a l e . For t h e s e 
quasars a s i m i l a r morphology i s seen on bo th i n t e r m e d i a t e a n g u l a r 
s c a l e s and i n the v e r y h i g h e s t r e s o l u t i o n maps. A c l e a r c o n t i n u i t y i s 
t r a c e d out by the j e t s t r u c t u r e , from the innermost c o r e r e g i o n s o u t to 
the a r c s e c o n d s c a l e , a l t h o u g h i n the c a s e s of 3C454.3 and 3C345 t h e r e 
i s a l a r g e change o f pa v e r y near the c e n t r e . I n t h e s e inner r e g i o n s 
the j e t i s composed o f a number of k n o t s . 

4C39.25 (z = 0 .698) and 3C395 (z = 0 .635) are a l s o c o r e - d o m i n a t e d 
i n t h e i r a r c s e c o n d s c a l e s t r u c t u r e s . 4C39.25 has 2 - s i d e d e x t e n s i o n s and 
may be t h o u g h t o f as " D 1 . 5 f l . The mas s t r u c t u r e i s dominated by 3 compo-
n e n t s , the westernmost b e i n g a compact c o r e . 3C395 has o n l y 1 -s ided 
s t r u c t u r e i n the VLA map. On the mas s c a l e i t c o n s i s t s o f 2 w i d e l y 
spaced components , s i m i l a r t o s o u r c e s i n the "compact double 1 ' c l a s s 
( P h i l l i p s and M u t e l 1982). However, the 2 components have d i f f e r e n t 
s p e c t r a , the w e s t e r n b e i n g f l a t t e r , a p p a r e n t l y the core ( J o h n s t o n e t a l . 
1983). I n b o t h t h e s e s o u r c e s the r e l a t i o n s h i p between mas and a r c s e c o n d 
s t r u c t u r e s i s u n c l e a r . I t i s o f i n t e r e s t t h a t the s t e e p spectrum mas 
component i n 3C395 i s on the o p p o s i t e s i d e of the n u c l e u s to t h e a r c -
second e x t e n s i o n . 

BL L a c (z = 0 . 0 7 0 ) , 0615+82 (z = 0 .71) and 1928+73 (z = 0 .30) a r e 
a l l s o u r c e s dominated by s i n g l e , compact f l a t spectrum components on 
the a r c s e c o n d s c a l e , w i t h h a r d l y any t r a c e of extended r a d i o e m i s s i o n . 
BL Lac and 1928+73 both show c o r e - j e t s t r u c t u r e s a t 1 mas r e s o l u t i o n . 
I n 1928+73 the j e t i s broken up i n t o many knot s and ex tends a l l the way 
out to 20 mas. 0615+82 i s s t i l l c o r e - d o m i n a t e d even a t 1 mas r e s o l u t i o n 
and shows l i t t l e t r a c e o f any j e t . 

The compact s t r u c t u r e s e x h i b i t e d by these quasars are f a i r l y 
t y p i c a l o f compact r a d i o s t r u c t u r e s i n g e n e r a l . I n a l l c a s e s the mas 
s t r u c t u r e i s asymmetric even when the a r c s e c o n d s c a l e extended s t r u c t u r e 
i s symmetr ic . I t c o n s i s t s o f a compact , f l a t spectrum component, i d e n -
t i f i e d as the c o r e , and a 1 -s ided e x t e n s i o n which may be broken up i n t o 
k n o t s . M a r c a i d e (1984) has shown t h a t t h e r e i s a s p e c t r a l g r a d i e n t 
a l o n g the j e t e x t e n s i o n s i n the quasar p a i r 1038+528A, B . I t i s perhaps 
s i g n i f i c a n t t h a t none o f t h e s e quasars shows the symmetric "compact 
d o u b l e " morphology seen i n some r a d i o s o urces i d e n t i f i e d w i t h l e s s 
luminous o p t i c a l o b j e c t s , the c l o s e s t c a s e b e i n g the (asymmetr ic ) 
double s t r u c t u r e of 3C395. The s i m i l a r i t y of the mas s t r u c t u r e s of 
t h e s e q u a s a r s seems to i n d i c a t e t h a t the s t r u c t u r a l d i f f e r e n c e s seen on 
the s c a l e s o f 100 pc to 100 kpc a r e due p r i m a r i l y to the g a l a c t i c 
environment and not to the c e n t r a l energy s o u r c e s . 

4. STRUCTURAL V A R I A B I L I T Y 

M u l t i p l e epoch V L B I o b s e r v a t i o n s have now been made f o r q u i t e a number 
o f q u a s a r s , and the number showing " s u p e r l u m i n a l " s t r u c t u r a l changes 
c e r t a i n l y exceeds the ^ dozen l i s t e d by Porcas (1985) . Not a l l t h e s e 
s o u r c e s show t h e same phenomenon. A number of sources show " c l a s s i c a l " 
s u p e r l u m i n a l m o t i o n , c o n s i s t i n g of apparent f a s t e r - t h a n - l i g h t mot ion o f 
a compact knot w i t h r e s p e c t to the c o r e . 3C345 ( B i r e t t a e t a l . 1985b), 
3C273 (Unwin e t a l . 1985), 3C179 (Porcas 1984), BL Lac (Mute l & P h i l l i p s 
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1984) and NRA0140 (Marscher & B r o d e r i c k 1985) are examples o f t h i s . For . 
3C345 t h e r e i s a l s o an upper l i m i t o f 0 .7c f o r any mot ion o f the c o r e 
( B a r t e l e t a l . 1985). Two s o u r c e s which show a r a t h e r s lower mot ion o f 
^ 2c are 3C263 (Zensus e t a l . , i n p r e p a r a t i o n ) and 3C279 (Unwin, t h e s e 
p r o c e e d i n g s ) , the l a t t e r i n c o n t r a s t to e a r l i e r r e p o r t s o f much h i g h e r 
v e l o c i t i e s . Other r e c e n t l y d i s c o v e r e d examples are the mot ion of knot s 
i n 1928+73 ( E c k a r t e t a l . 1985a) and 1642+69 (Pearson e t a l . 1986) . 

At l e a s t two q u a s a r s show both moving and s t a t i o n a r y k n o t s . 
S h a f f e r and Marscher (1985) r e p o r t t h a t the c e n t r a l component o f 
4C39.25 (b i n F i g . 1) i s a p p a r e n t l y moving s u p e r l u m i n a l l y w i t h r e s p e c t 
to t h e c o r e ( c ) , w h i l s t the eas ternmost component (a) i s s t a t i o n a r y . 
T h i s e x p l a i n s the apparent source c o n t r a c t i o n r e p o r t e d by S h a f f e r 
(1984) . Waak et a l . (1985) r e p o r t a s i m i l a r b e h a v i o u r f o r a newly 
d i s c o v e r e d component l o c a t e d between the 2 main mas components o f 3C395. 

3C454.3 ( P a u l i n y - T o t h e t a l . , i n p r e p a r a t i o n ) d e s e r v e s s p e c i a l 
m e n t i o n . F o l l o w i n g a f l u x d e n s i t y o u t b u r s t i n 1981, the compact c o r e 
showed a s u p e r l u m i n a l b r i g h t e n i n g ( P a u l i n y - T o t h e t a l . 1984) . From 1982 
on, an e x t e n s i o n to the c o r e appeared , o f s i z e of ^ 1.6 mas i n p a ^ - 9 5 ° , 
some 35° away from the pa of the j e t f e a t u r e seen at 'V 6 mas. I f t h i s 
was e j e c t e d from the c o r e , i t corresponds to mot ion of ^ 30c 
(Ho = 55 km s _ 1 M p c - 1 , qo = 0 . 0 5 ) . However, the e x t e n s i o n i s composed o f 
a number o f k n o t s , and a l t h o u g h t h e i r r e l a t i v e b r i g h t n e s s c h a n g e s , t h e r e 
i s no o b v i o u s s y s t e m a t i c mot ion o f the knot s i n subsequent e p o c h s . 

Recent mapping o f m u l t i - e p o c h d a t a o f the CSS q u a s a r 3C147 ( A l e f 
and P r e u s s , i n p r e p a r a t i o n ) has r e s u l t e d i n the i d e n t i f i c a t i o n of knot s 
i n the complex mas s t r u c t u r e . The knot n e a r e s t to the c o r e i s a p p a r e n t l y 
moving away a t a r a t e c o r r e s p o n d i n g t o ^ 2 c . Pearson e t a l . ( t h e s e 
p r o c e e d i n g s ) have r e p o r t e d p o s s i b l e s u p e r l u m i n a l e x p a n s i o n i n the o t h e r 
example o f a CSS s o u r c e , 3C216. 

I t i s now c l e a r t h a t s u p e r l u m i n a l s t r u c t u r a l changes are v e r y 
common i n q u a s a r s , and the phenomenon i s by no means c o n f i n e d to the 
"core dominated" s o u r c e s . S t u d i e s o f s t r u c t u r a l v a r i a t i o n s i n the weak 
c o r e s of extended quasars (Zensus & P o r c a s , t h e s e p r o c e e d i n g s ; B a r t h e l 
e t a l . 1985) and i n CSS s o u rces w i l l h o p e f u l l y a l l o w us t o de termine 
whether the " U n i f i e d Schemes" i n v o l v i n g r e l a t i v i s t i c j e t s can be modi -
f i e d t o e x p l a i n the phenomenon, or whether a r a d i c a l l y new model o f 
s u p e r l u m i n a l mot ion i s needed. 

I w i s h t o thank a l l my c o l l e a g u e s f o r use of d a t a p r i o r to p u b l i c a -
t i o n . 
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DISCUSSION 

Mutel : Are there any multi-epoch VLBI observations of D2 Quasars which 
are not consistent with superluminal motion ? 

Porcas : I think this is a case where the dictum "absence of evidence 
is not evidence of absence" applies. I would not be surprised if all D2 
quasars are shown to exhibit superluminal motion. However, as a result 
of the work which Toni Zensus and I are carrying out, I would not now 
be surprised if all D1 quasars show superluminal motion Î 

Hutchings : What is the evidence for optical beaming in the superluminal 
sources as a group ? Are they line-weak like BL Lacs, do they have cha-
racteristic or variable line profiles, polarization or continuum varia-
bility ? 

Porcas : Many different optical classes are represented among the super-
luminal sources. 3C 345, 3C 454.3, 3C 216 are OVVs, BL Lac is a BL Lac. 
These all show high optical variability and polarization. 3C 273,3C 179, 
3C 263 are normal quasars, showing only moderate variability, if any. 
3C 120 is a Seyfert galaxy. Whether any of these optical classes show 
evidence for optical beaming is, of course, a matter of speculation. 

Wilkinson : Do you believe there have been any unequivocal detections 
of components on both sides of the flat-spectrum "nuclei" which you have 
defined ? i.e. have we seen milliarcsecond counter-jets yet ? 

Porcas : I believe Peter Barthel has reported 1 or 2 examples of 2-sided 
VLBI jets. In general, I believe they are very rare. 

Kundt : How many double sources are known, and what are their scales ? 

Mutel : Dozen. 10-150 mas. 

Swarup : Do you find any increased brightness near the bends seen at 
around 1 kpc ? 

Porcas : Sometimes ! In the CSS source 3C 216 which I showed, there is 
a strong concentration of radio emission some 120 mas away from the 
core, at the point where the structure changes direction sharply. On the 
other hand, in the CSS source 3C 147 which I also showed, there does not 
seem to be such a knot at the equivalent distance. 

Wandel : Do objects like 3C 216, in which the compact structure is not 
aligned with the larger scale, show spectra different from those of 
aligned objects ? 

Porcas : No. For example the two sources, 3C 216 and 3C 179 both have 
similar spectra, at low frequencies dominated by steep spectrum emission 
from optically thin regions, and a slight flattening at high frequencies 
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( > 5 GHz) as the compact cores start making a significant contribution 
to the total flux. 3C 179 shows good alignment, 3C 216 not. The differ-
ence is in the arcsecond scale structure, the steep spectrum compact 
sources ( < 1") generally having large misalignments. 

Segal : Since you suggest that one must stick with the beaming model 
since it is the only one known, I should mention that the i^edshift-
distance relation in the chronometic cosmology, ζ = tan 2 — (distance in 
radians), reduces all distances to a level that eliminates superluminal 
motions. Is there any observational reason to reject the very simple 
explanation that the Friedman distances are wrong ? 

Porcas : I did not wish to imply that the relativistic jet aligned at a 
small angle to the line of sight is the only suggested explanation for 
superluminal motion. Gravitational lenses and screens, real "tachyonic" 
motion, non-cosmological redshifts and a much larger Hubble constant all 
have their advocates and can all explain the bare facts of superluminal 
motion. The criterion for acceptability is the range of agreement with 
observations over broad areas in astronomy and physics. 
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