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SMALL-SCALE RADIO JETS 

P.N. Wi Ik inscn 
N u f f i e l d Radio Astronomy Labora to r ies 
Jodre l I Bank, UK 

Here I sha l l i n t e r p r e t ' s m a l l - s c a l e ' t o mean a few kpc o r less . 
Such j e t s cccur over a wide range of emi t ted energ ies ( e . g . I0 3 9 e rg s - 1 

in M57, IO4 6 in 3C273) and we do not know i f they are man i f es ta t i ons 
of the same basic phenomenon or whether Nature is f o o l i n g us in some 
way d e s p i t e the morpho l i g i ca I s i m i l a r i t i e s . Fcr the moment, i t seems 
sens ib le t o assume an under l y ing u n i t y and t o use the observa t ions t o 
exp lore the j e t phenomenon in d i f f e r e n t g u i s e s . 

With the h ighest r e s o l u t i o n s ob ta i nab le w i t h VLBI, our goal is t o 
e l u c i d a t e the nature and p r o p e r t i e s of the c e n t r a l energy source. To 
t h i s end, we can ask v a r i o u s quest ions which our observa t ions are 
expected t o bear upon both now and in the f u t u r e . How do j e t s form and 
propagate from the energy source? Are the j e t s c c n f i n e d / c o l I i m a t e d 
or b a l l i s t i c ? Why are some j e t s much s t ronger than o the rs - i s t h i s 
i n t r i n s i c or an e v o l u t i o n a r y or r e l a t i v i s t i c e f f e c t - or a I I three? 
Why are on ly some sources superlumina Is? Why are most j e t s one-sided? 
Does the r e l a t i v i s t i c v e l o c i t y impl ied by super luminal mot ion on the 
pc-sca le con t inue in to the kpc-sca le j e t s ? 

The answers are a lmost c e r t a i n l y i n t e r - r e l a t e d but a t present we 
are not sure of any. With improvement in observa t iona l q u a l i t y , s t rong 
c lues t o some of the answers a re now emerging. Before summarising the 
observa t ions , I must remind you t h a t our data is much i n f e r i o r t o t h a t 
being obtained on l a rge -sca le j e t s w i t h syn thes is a r r a y s . L imi ted range 
and lack of p o l a r i z a t i o n i n fo rma t ion mean t h a t VLBI maps a re s i m i l a r in 
q u a l i t y t o ' r u n - o f - t h e - m i l l ' maps from the Cambridge One-Mile te lescope 
15 years age. However, exper ience w i t h the J o d r e l I Bank MERLIN shows 
t ha t an order of magnitude be t t e r dynamic range can be achieved w i t h i n a 
few years . 

Je ts in super luminal sources 

The subject was reviewed l a s t year by Cohen & Unwin (1982) . No new 
sources have s ince been unequ i voca l l y shown t o be super luminal though 
there are susp ic ions regard ing BL LAC and AO 0235. Hybrid maps of 
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superlumina Is reveal t he same basic s t r u c t u r e s ; a) a b r i g h t f l a t - spec t rum 
c e r e , b) steep spectrum ' b l o b s ' o r ' k n o t s ' or. one s ide of the core - o f ten 
c a l l e d a ' j e t ' , c ) large apparent bends in the j e t or, a p c - s c a l e . The 
bends could be caused by i n t e r a c t i o n w i th a surrounding medium (ram-
pressure or s t a t i c - p r e s s u r e r e f r a c t i o n ) or be a r t e f a c t s due t o the r o t a ­
t i o n of t he energy source ( f o r b a l l i s t i c f l o w of m a t e r i a l ) . If the 
blobs r e a l l y ' bend ' around co rners and have r e l a t i v i s t i c v e l o c i t i e s , 
they should br ighter , and fade as they approach or recede from the l i n e 
of s i g h t . The apparent angular v e l o c i t i e s measured by VLBI should a lso 
show secular changes i f large changes of the v e l o c i t y vec to r d i r e c t i o n 
a c t u a l l y occu r . Conversely b a l l i s t i c mot ion means t h a t the blobs 
a c t u a l l y t r a v e l in s t r a i g h t l i nes and these second order e f f e c t s would 
not be observed. 

Observat ions a re not ye t good enough t o s e t t l e t h i s ques t i on , but 
work on 3C345 and 3C273 is g e t t i n g c l ose t o d i f f e r e n t i a t i n g between the 
p o s s i b i l i t i e s . 3C345 shows a change in p . a . of > 120° between the pc 
and kpc-sca le (Browne et a I , 1982; Readhead e t a T . - p r e p r i n t ) , w i t h most 
of t h i s occur ing on the p c - s c a l e . The sense of c u r v a t u r e is the same on 
a l l sca les and the s imp les t exp lana t ion i s t h a t the j e t d i r e c t i o n is 
r o t a t i n g w i t h t i m e . To f i r s t app rox ima t ion , s ince the angular v e l o c i t y 
is 0,36 mas y - 1 and the p . a . changes by ^ 75° over t he VLBI sca le , one 
expects t o see apparent r o t a t i o n a t a r a t e of 5° - IO° per year f o r 
b a l l i s t i c mo t i on . Th is has not been seen in3C345 whose p .a . has not 
changed by > 5° s ince 1977. Th is gees a g a i n s t t he b a l l i s t i c model and 
c o n t i n u i n g s tud ies of 3C345 a t 23 GHz a re important t o put be t te r I im i ts 
on the r o t a t i o n . However, VLBI observa t ions of 0735+178 a t 23 GHz (Baath, 
p r i v a t e communication) appear t o show a change in p . a . of t ens of degrees 
in a few years , so t he b a l l i s t i c exp lana t i on may be a p p r o p r i a t e here . 

Perhaps p o t e n t i a l l y t he most impor tant observa t ion would be t o 
determine whether the separa t ion between core and blobs i s due t o 
" o o> " or " -«-o o-»- " or " o+ o-»- " a l l of which could g i v e the same 
r e l a t i v e m o t i o n . The requ i red p o s i t i o n a l i n fo rma t i on could now be 
achieved by d i f f e r e n t i a l phase measurements between c lose ly -spaced 
sources. Using the Mk 111 VLBI system Marcaide (1982, Ph.D. Thes is , 
M . l . T . ) has measured the r e l a t i v e p o s i t i o n s of 1038+528 A and B t o ^ I0~ 5 

a r c s e c . Care fu l work on 3C345 ( w i t h NRAO 150 as re fe rence) should t h e r e ­
f o r e answer t h i s ques t ion in the next few y e a r s . 

Observat ions of the extended s t r u c t u r e s assoc ia ted w i t h super lum i ­
na I s w i t h the VLA, MERLIN and Westerbork ( S c h i l i z z i e t a l . - p r e p r i n t ) 
do not show such sources t o be s t a t i s t i c a l l y very d i f f e r e n t from the 
general run of r a d i o sources . P a r t i c u l a r l y impor tant is 3CI79, which 
Porcas (1981) has shown t o be super luminal w i t h an apparent v e l o c i t y of 
7 .6c (HQ = 50 km s - 1 M p c - 1 ) . MERLIN maps however reveal a ' no rma l ' 
double source on the arcsec sca le suggest ing t h a t super Iuminals may be 
more common than was a n t i c i p a t e d . Browne e t a l . (1982) have shown t h a t 
the a x i s of 3C179 could I i e a t ^ 20° t o the I i n e of s i g h t and s t i I I be 
c o n s i s t e n t w i t h the r e l a t i v i s t i c beaming i n t e r p r e t a t i o n (Scheuer & 
Readhead 1979; Blandford & Konigl 1979). Far more observa t ions are 
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c l e a r l y needed t o c l a r i f y the range of c i rcumstances and sources in 
which the super luminal phenomenon can be observed. Perhaps the on ly 
way t o ob ta in good s t a t i s t i c s on > 50 sources i s through a dedicated 
VLB a r r a y . 

Extended s t r u c t u r e s in the super luminaIs r a i s e another important 
p o i n t . Since they a l l show one-s ided j e t s on the kpc-scale (on the same 
s ide as the pc -sca le j e t ) we a re led t o t h e inescapable conc lus ion t h a t 
i f the nuclear f l u x i s r e l a t i v i s t i c a 1 1 y a m p l i f i e d , so must be the 
extended j e t f l u x , f o r o therw ise we should observe 'd isembodied ' j e t s 
when t he nuclear j e t does not p o i n t c l ose t o t he l i n e of s i g h t (Moore 
et a l . 1982). 

Je ts in double sources 

' n c l a s s i c a l double sources the nucleus i s u s u a l l y weak and VLBI 
work d i f f i c u l t . The best work has been by L i n f i e l d (1981, 1982) and can 
be summarised by saying t h a t these nuc le i a l s o consists of one-s ided j e t s 
a l though the extended lobes are q u i t e symmet r i ca l . P a r t i c u l a r l y in 
Cyg-A, which i s l i k e l y t o be a t a large angle t o the l i n e of s i g h t , t he 
beaming exp lana t ion is d i f f i c u l t t o ma in ta in and we could be forced t o 
accept t h a t j e t s a re i n t r i n s i c a l l y one-s ided ( L i n f i e l d 1982). However, 
recent data on 3C390.3 ( L i n f i e l d - p r e p r i n t ) and 3C236 ( S c h i l i z z i e t a l . 
1981) show t h a t nuc le i in c l a s s i c a l doubles can be two-s ided and ben t . 

Thus, we are in no p o s i t i o n t o make pronouncements on the phys ics of the 
nuclear r e g i o n . Perhaps t he best chance t o t e s t t he t h e o r i e s in a weak 
g a l a c t i c nucleus may be in M87. Reid e t a l . ( p r e p r i n t ) have shown t h a t 
the nucleus of M87 has a one-s ided c o r e - j e t s t r u c t u r e in the same p . a . 
as the 2 kpc j e t . Second epoch observa t ions should soon t e l l i f r e l a t i ­
v i s t i c mot ions can account f o r t h i s asymmetry. 

Je ts in compact steep spectrum sources 

U n t i l r e c e n t l y t he importance of t h i s type of source was not wide ly 
recogn ised . However, i t i s now known (Kapahi 1981; Peacock & Wall 1982) 
t h a t > 25% of a I I steep spectrum o b j e c t s se lec ted a t h igh f requenc ies 
are compact ( < f e w a r c s e c ) . MERLIN and VLBI work on these sources i s 
beginning t o revea l a wide range of p e c u l i a r s t r u c t u r e s , more d i v e r s e 
than seen in supe r lum ina Is . In p a r t i c u l a r 3C286 (Shaf fer & P h i l l i p s -
p r e p r i n t ) and 3C309.I (Wi Ik inson & Kus - in p repa ra t i on ) show 2-s ided 
j e t s on 10 mas sca le wh i l e 3C380 (Wi l k inson e t a l . - in p r e p a r a t i o n ; 
Pearson & Readhead 1981) and 3CI47 (Preuss e t a I . 1982) show d i s t o r t e d 
s t r u c t u r e s a t r i g h t angles t o t he main e j e c t i o n a x i s in the nuc leus . 
Two-sidedness i s evidence f o r r e l a t i v e l y low (g < 0 .5) v e l o c i t i e s in these 
nucle i because f o r B > 0 . 9 5 , as in t h e super luminal s , t he angle t o the l i n e 
of s i g h t would have t o be > 85° t o preserve the observed degree of f l u x 
symmetry. Another recent d iscovery i s t h a t t h e nucleus of 3CI47 v a r i e s 
a t 327 MHz (Simon e t a l . - in p r e p a r a t i o n ) . Fo l low ing t he arguments 
used t o d iscover the super luminal NRAO 140 (Marscher & Broder ick 1982), 
we be l i eve t h a t 3CI47 i s l i k e l y a l s o t o be s u p e r l u m i n a l . 
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I t has been suggested t h a t t he compact steep spectrum sources are 
o rd i na ry doubles seen end-on, d i s t o r t e d by p r o j e c t i o n e f f e c t s and r e l a t i -
v i s t i c boost ing of some components. However, 0.25 i s too large a 
f r a c t i o n t o be explained e a s i l y by p r o j e c t i o n e f f e c t s and i t is l i k e l y 
t h a t a t l eas t p a r t of t he reason f o r t h e i r small s i ze is containment by, 
and i n t e r a c t i o n w i t h , t he i n t e r - s t e l l a r medium in the host ga laxy , j u s t 
as the s t r u c t u r e s of t he weaker sources are a f f e c t e d by the i n t e r s t e l l a r 
and i n t r a - c I u s t e r media (Ekers 1982; Sparke 1982). 

A precessing j e t 

Muxlow ( p r e p r i n t ) has r e c e n t l y combined data from MERLIN and the 
European VLBl network t o make a map of 3C4I8 (LAS ^ 3 arcsec) w i t h 80 mas 
r e s o l u t i o n and a dynamic range of several hundred t o one. Th is shows a 
t w i s t e d , one -s ided , s t r u c t u r e which can be expla ined by a precessing 
r e l a t i v i s t i c j e t whose a x i s l i e s a t ^ 15° t o the l i n e of s i g h t . Neff 
( p r i v a t e communication) has obta ined observa t ions of the nucleus w i th 
mas r e s o l u t i o n and i f subsequent observa t ions reveal super luminal motion 
then severe c o n s t r a i n t s on r ad i o source models w i l l be ob ta i ned . 

Conclus ion 

Our observa t iona l data are of i n s u f f i c i e n t q u a l i t y t o answer many 
of t he quest ions posed e a r l i e r . I t i s c l e a r however t h a t t he g a l a c t i c 
j e t phenomenon is more comp! icated than was apparent even a year ago -
not a l I VLBl maps c o n s i s t of a co re and a one-s ided j e t . The a b i l i t y 
of the VLBl techn ique t o make a big leap in the q u a l i t y of data is no 
longer in doubt and perhaps before t h e next IAU General Assembly answers 
t o some of t he ou ts tand ing quest ions w i l I have been o b t a i n e d . 
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