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ABSTRACT 

We e x a m i n e the Hubble d i a g r a m for r a d i o g a l a x i e s and c o m p a r e 
r a d i o ga l ax i e s and f i r s t - r a n k e d c l u s t e r ga l ax i e s as c o s m o l o g i c a l t e s t 
o b j e c t s . Radio s o u r c e iden t i f i ca t ion p r o g r a m s a r e now p roduc ing 
r e l i a b l e iden t i f i ca t ions wi th g a l a x i e s a s faint a s ^V^-23 and s p e c t r o -
scopy of t h e s e ob jec t s h a s a l r e a d y r e s u l t e d in the d i s c o v e r y of ga l ax i e s 
wi th r e d s h i f t s a s h igh a s 0. 75 , thus t h e r e a r e g r e a t expec t a t i ons for 
p r o g r e s s in the n e a r f u t u r e . As in the p a s t , i n d e t e r m i n a t e c o r r e c t i o n s , 
no tab ly l u m i n o s i t y evolu t ion and a p o s s i b l e c o r r e l a t i o n be tween r ad io 
p o w e r and op t i ca l l u m i n o s i t y , p r e c l u d e the d e t e r m i n a t i o n of q 0 . 

1. RADIO GALAXIES AS STANDARD CANDLES 

C u r r e n t i n t e r e s t in o b s e r v a t i o n a l c o s m o l o g y h a s c e n t e r e d 
a round the d e t e r m i n a t i o n of the d e c e l e r a t i o n p a r a m e t e r q 0 by m e a n s 
of the red s h i f t - m a g n i t u d e d i a g r a m . Most w o r k e r s h a v e r e s t r i c t e d 
t h e m s e l v e s to the u s e of f i r s t - r a n k e d c l u s t e r g a l a x i e s as t e s t ob jec t s 
s i nce they exhibi t u n i f o r m i t y of op t ica l l u m i n o s i t y and a r e i n t r i n s i c a l l y 
b r i g h t ob jec t s thus d e t e c t a b l e at c o s m o l o g i c a l l y i n t e r e s t i n g d i s t a n c e s . 
Gunn and Oke (1975) and Sandage , K r i s t i a n and W e s t p h a l (1976a) h a v e 
both r e c e n t l y a n a l y z e d the Hubble d i a g r a m for f i r s t - r a n k e d c l u s t e r 
g a l a x i e s , c o m i n g to s u b s t a n t i a l l y d i f fe ren t c o n c l u s i o n s about the 
i n t e r p r e t a t i o n of the d i a g r a m in t e r m s of q 0 . 

After the iden t i f i ca t ion of Cygnus A a s the f i r s t e x t r a g a l a c t i c 
r a d i o s o u r c e , it w a s soon r e c o g n i z e d tha t powerfu l r a d i o s o u r c e s a r e 
g e n e r a l l y a s s o c i a t e d wi th op t i ca l ly l u m i n o u s g a l a x i e s (c. f. Bolton 
I960) , often the f i r s t - r a n k e d ga laxy in a r i c h c l u s t e r . Sandage (1972b) 
h a s subsequen t ly shown tha t r a d i o g a l a x i e s have s i m i l a r abso lu t e 
m a g n i t u d e s , ( M y ) = -2 3. 0 (HQ = 50 k m s~ M p c " ) with a d i s p e r s i o n 
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about the m e a n of 0. 5 m a g . Radio ga l ax i e s a p p e a r to differ f r o m 
f i r s t - r a n k e d c l u s t e r g a l a x i e s in t h i s i n s t a n c e in tha t the d i s t r i b u t i o n 
of a b s o l u t e m a g n i t u d e s h a s a s low ta i l off to f a in te r m a g n i t u d e s r a t h e r 
than a g a u s s i a n about the m e a n (Sandage 1972b). 

Radio ga l ax i e s offer s e v e r a l a d v a n t a g e s ove r f i r s t - r a n k e d 
c l u s t e r ga l ax i e s for u s e a s s t a n d a r d c a n d l e s : 

i) The p r e s e n c e of r a d i o e m i s s i o n a l lows us to ident ify c a n ­
d ida te ob jec t s v e r y eff ic ient ly . About 3/4 of ident i f ied 3C r a d i o 
s o u r c e s a r e g a l a x i e s . By s e l e c t i n g r ad io s o u r c e s which show no 
op t i ca l c o u n t e r p a r t to the l i m i t of the P a l o m a r Sky S u r v e y , we h a v e 
a h igh p r o b a b i l i t y of s e l e c t i n g g a l a x i e s at h igh r edsh i f t (z > 0 . 4 ) , thus 
c a n d i d a t e s of i n t e r e s t for the Hubble d i a g r a m . 

ii) B e c a u s e one need not identify o ther g a l a x i e s which m a y 
be 0. 5 - 1 . 0 m a g fa in te r than the cand ida t e to e s t a b l i s h the e x i s t e n c e of 
a c l u s t e r , we can identify f a i n t e r , thus po ten t i a l ly m o r e d i s t a n t , r ad io 
g a l a x i e s than f i r s t - r a n k e d c l u s t e r g a l a x i e s . F i g u r e 1 shows a d i r e c t 
r e d , pho tog raph of 3C 3 30, a d i s t a n t r ad io ga laxy (z = 0. 549) in a r i ch 
c l u s t e r of ga l ax i e s obta ined with the 4 - m t e l e s c o p e at Kitt P e a k 
Na t iona l O b s e r v a t o r y (Spinrad , L i e b e r t , Smi th and H u n s t e a d 1976). 
O the r c l u s t e r ga l ax i e s a r e e a s i l y de t ec t ed and the c l u s t e r can be 
c l a s s i f i e d B a u t z - M o r g a n I I - I I I . Th i s m a y be c o m p a r e d with F i g u r e 2 
showing 3C 427. 1 ident i f ied by S m i t h , Burb idge and Sp in rad (1976) 
f r o m c o m p a r a b l e p la te m a t e r i a l obta ined du r ing the s a m e o b s e r v i n g 
run . 

Our e x p e r i e n c e i nd i ca t e s tha t the l imi t ing m a g n i t u d e for ga l ax i e s 
in d i r e c t pho tog raph ic s t u d i e s wi th f i n e - g r a i n e m u l s i o n s is on the 
o r d e r of V_ & 22 o r unde r the b e s t p o s s i b l e condi t ions \f ~ 2 3. Even to 
V = 2 3, the s u r f a c e d e n s i t y of b a c k g r o u n d ga l ax i e s i s a p p r o x i m a t e l y 
1 p e r s q u a r e m i n u t e of a r c , thus for s o u r c e s with a c c u r a t e pos i t i ons 
and wi thout l a r g e s t r u c t u r a l p e c u l i a r i t i e s , u n a m b i g u o u s iden t i f i ca t ions 
m a y be m a d e to the l i m i t s a v a i l a b l e to the l a r g e s t op t i ca l t e l e s c o p e s . 
K r i s t i a n h a s a l r e a d y r e v i e w e d the exce l l en t p r o g r e s s in ident i fying 
r a d i o s o u r c e s with faint op t ica l ob jec t s e a r l i e r in th i s s y m p o s i u m . 

The Scott effect (bias in the Hubble d i a g r a m due to c o r r e l a t i o n 
of b r i g h t n e s s of the f i r s t - r a n k e d c l u s t e r ga laxy wi th c l u s t e r r i c h n e s s ) 
does not o p e r a t e on the s a m p l e of g a l a x i e s s e l e c t e d by t h e i r r a d i o 
p r o p e r t i e s . T h e r e i s , h o w e v e r , a c o r o l l a r y effect which m a y be even 
m o r e s e r i o u s . If op t ica l l u m i n o s i t y i s c o r r e l a t e d wi th r a d i o p o w e r , 
then in any s a m p l e l i m i t e d to a given r a d i o flux d e n s i t y , the m o r e 
d i s t a n t s o u r c e s wil l h a v e g r e a t e r r ad io and op t ica l b r i g h t n e s s e s , 
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Figure 1. The radio galaxy 3C 3 30 (z = 0. 549) in a rich cluster of 
galaxies. 
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Figure 2. The galaxy identified with 3C 427. 1. 

biasing the redshift-magnitude relation toward larger values of q . 
It is this effect that has caused Gunn and Oke (1975) to question the 
use of 3C 295 in their Hubble diagram for first-ranked cluster galaxies 
since it was selected by its radio properties rather than the presence 
of a cluster. In a study of the radio/optical bivariate luminosity 
function of a complete sample of less powerful Bologna radio sources 
(m p g s 15. 7, S 4 0 g > 0. 25 Jy) Colla e taL (1975) conclude that 

(M) a i. 25 log P 
408 

This strong correlat ion does not, however, continue into the sample 
of more powerful 3C radio galaxies. For the radio galaxies in the 
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Rev i sed 3C Ca ta log wi th m ;< 19, w h e r e the s a m p l e h a s s o m e m e a s u r e 
of c o m p l e t e n e s s , the m e a n abso lu t e m a g n i t u d e is r e l a t i v e l y cons t an t 
a t M y = - 2 3 o v e r m o r e than four d e c a d e s in r a d i o p o w e r at 178 MHz. 
N o n e t h e l e s s , unt i l th i s q u e s t i o n is r e s o l v e d , the " r a d i o Scot t effect" 
p o s e s the m o s t s e r i o u s cha l l enge to the u s e of r a d i o ga l ax i e s in the 
Hubble d i a g r a m . 

2. S P E C T R O S C O P Y O F FAINT RADIO GALAXIES 

T h e r e is o t h e r j u s t i f i c a t i on for obta in ing s p e c t r o s c o p i c o b s e r ­
va t ions of r ad io g a l a x i e s b e s i d e s s i m p l y p l ac ing t h e m on the r ed shift -
magn i tude p lo t . Redsh i f t s and s p e c t r o p h o t o m e t r i c l ine and con t inuum 
m e a s u r e s a r e n e c e s s a r y to u n d e r s t a n d i n g the p h y s i c s of the non-
t h e r m a l p r o c e s s e s p r o d u c i n g the r a d i o e m i s s i o n and the e m i s s i o n -
l ine s p e c t r u m . O b s e r v a t i o n s of ga l ax i e s a t h igh r edsh i f t , w h e r e the 
l o o k - b a c k t i m e is a s ign i f ican t f r ac t ion of the " a g e of the U n i v e r s e " 
a r e i m p o r t a n t to u n d e r s t a n d i n g the evolu t ion of r a d i o s o u r c e s (and 
ga lax ies ) and of c o u r s e it i s t h e s e tha t we w i s h to o b s e r v e for the 
Hubble d i a g r a m . One m u s t go to a r edsh i f t z ^ 0. 5 be fo re the s e p a ­
r a t i on be tween the q 0 = 1 and qQ = 0 so lu t ions for the r e d s h i f t -
m a g n i t u d e r e l a t i o n is c o m p a r a b l e to the d i s p e r s i o n in abso lu te m a g ­
ni tude for powerfu l r a d i o g a l a x i e s . Obvious ly the h i g h e r the r edsh i f t 
the b e t t e r s ince the s e p a r a t i o n i n c r e a s e s with z . We h a v e e s t i m a t e d 
tha t c u r r e n t ident i f ica t ion p r o g r a m s can r e a c h down to V ^ 23. 0 u n d e r 
the b e s t p o s s i b l e c o n d i t i o n s . F o r a n o r m a l ga laxy with M y = -2 3 th i s 
c o r r e s p o n d s to a r edsh i f t z ^ 0. 75 w h e r e the s e p a r a t i o n be tween the 
two so lu t ions is m o r e than 3/4 of a m a g n i t u d e . 

S p e c t r o s c o p y to such faint op t ica l m a g n i t u d e s is a n o t h e r m a t t e r . 
With an a p e r t u r e tha t sub tends only 5 s q u a r e s e c o n d s of a r c ( app rop ­
r i a t e to m a n y m o d e r n s p e c t r o s c o p i c d e t e c t o r s y s t e m s ) , a galaxy at 
_V = 23 c o n t r i b u t e s l e s s than 1/10 the s igna l c o n t r i b u t e d by the b a c k ­
ground night sky at even the d a r k e s t n o r t h e r n h e m i s p h e r e s i t e s . Thus 
h igh q u a n t u m eff ic iency, sky s u b t r a c t i o n d e t e c t o r s y s t e m s a r e e s s e n t i a l 
to p r o g r a m s for ob ta in ing s p e c t r o s c o p i c i n f o r m a t i o n f r o m ga lax ie s a t 
h igh redsh i f t . Even wi th such d e v i c e s i n t e g r a t i o n t i m e s m a y be v e r y 
long and o b s e r v a t i o n s f r o m s e v e r a l n ights m u s t be s u m m e d to r e d u c e 
the no i s e to a l eve l such tha t s p e c t r a l f e a t u r e s m a y be d e t e c t e d . 
F i g u r e 3 shows a s e c t i o n of the a v e r a g e of four n igh t s o b s e r v a t i o n s of 
3C 123 wi th the L ick O b s e r v a t o r y i m a g e - d i s s e c t o r s c a n n e r (Spinrad 
1975). In s o m e c a s e s ob ta in ing the r edsh i f t is e a s i e r due to the 
p r e s e n c e of s t r o n g e m i s s i o n f e a t u r e s . H o w e v e r the p r e s e n c e of 
e m i s s i o n l ines p r e s e n t s i t s own se t of p r o b l e m s . A p a r t f rom the 
diff iculty of ob ta in ing e m i s s i o n f r e e , con t inuum m a g n i t u d e s , the 
p r e s e n c e of s t r o n g e m i s s i o n l i n e s is h igh ly c o r r e l a t e d with the 
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F i g u r e 3. The s p e c t r u m of 3C 123, z = 0. 637. 

p r e s e n c e of op t ica l n o n - t h e r m a l r a d i a t i o n . U n l e s s the n o n - t h e r m a l 
c o m p o n e n t can be s e p a r a t e d f r o m the s t e l l a r ga laxy , t h e s e s y s t e m s 
m u s t be d i s c a r d e d for u s e a s " s t a n d a r d c a n d l e s . " An exce l l en t 
e x a m p l e i s the powerfu l r a d i o ga laxy Cygnus A which w a s the p r o t o ­
type of the c l a s s . Cygnus A h a s a v e r y s t r o n g e m i s s i o n - l i n e s p e c t r u m 
and, a l though it is not c l a s s i f i e d as an N ga laxy , the op t ica l s p e c t r u m 
i s d o m i n a t e d by a n o n - t h e r m a l p o w e r law with s p e c t r a l index a - 1. 6 
( O s t e r b r o c k and M i l l e r 1975). No t r a c e of a b s o r p t i o n f e a t u r e s due to 
s t a r l i g h t h a s ye t been d i s c o v e r e d . A t t e m p t s h a v e been m a d e (Sandage 
197 3a; Smi th , Sp in rad and H u n s t e a d 1976) to s u b t r a c t a n o n - t h e r m a l 
p o w e r law f r o m the op t i ca l s p e c t r a of N ga l ax i e s in o r d e r to i s o l a t e 
the s t e l l a r componen t . H o w e v e r it i s h igh ly q u e s t i o n a b l e w h e t h e r 
th i s p r a c t i c e is app l i c ab l e to the s p e c t r a of faint g a l a x i e s at h igh 
r edsh i f t . C e r t a i n l y it m u s t i n c r e a s e the s c a t t e r in the Hubble d i a g r a m . 
M o r e i m p o r t a n t l y , the s u b t r a c t i o n p r o c e s s depends upon r e p r o d u c i n g 
the o b s e r v e d e n e r g y d i s t r i b u t i o n of n e a r b y l o w - r e d s h i f t g a l a x i e s ; if 
t h e r e h a s been s igni f icant c o l o r evolut ion ove r l o o k - b a c k t i m e s of 
s e v e r a l b i l l ion y e a r s , then the s u b t r a c t i o n p r o c e s s wi l l p r o d u c e 
s y s t e m a t i c e r r o r s in the m a g n i t u d e of the ga laxy a s a function of z. 
It i s a l a r m i n g to note tha t even ga l ax i e s wi thout s t r o n g e m i s s i o n l i n e s 
m a y show opt ica l n o n - t h e r m a l con t inua . U l r i ch et aL (1975) h a v e 
r e p o r t e d n o n - t h e r m a l e m i s s i o n f r o m t h r e e g a l a x i e s ident i f ied with 
Bologna r ad io s o u r c e s , which do not show l ine e m i s s i o n . It is 
un l ike ly tha t th i s n o n - t h e r m a l r a d i a t i o n would be r e c o g n i z e d in the 
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no i sy s p e c t r o p h o t o m e t r i c o b s e r v a t i o n s of g a l a x i e s at h igh redsh i f t . 

Ano the r p o s s i b l e diff icul ty i s van den B e r g h ' s (1975) sugges t i on 
tha t s t a r f o r m a t i o n m a y be t r i g g e r e d by the event tha t p r o d u c e s the 
r a d i o e m i s s i o n in r a d i o g a l a x i e s . This specu l a t i on i s b a s e d on the 
r e l a t i v e l y blue c o l o r s of the s t e l l a r popula t ion n e a r the a b s o r p t i o n 
band of C e n t a u r u s A and by the p r e s e n c e of e m i s s i o n knots which 
a p p e a r to be H II r e g i o n s in the r ad io lobes of Cen A (Blanco et al_. 
1975). The p r e s e n c e of young s t a r s could be v e r y t r o u b l e s o m e s ince 
at h igh redsh i f t we a r e o b s e r v i n g the e m i t t e d UV w h e r e the c o n t r i ­
but ion by young h o t t e r s t a r s would be m o s t s ign i f i can t . 

C e r t a i n l y s o m e h i g h - r e d s h i f t r a d i o ga l ax i e s do show c l e a r e v i ­
dence for the p r e s e n c e of s t a r s . Both 3C 295 (z = 0 .461) and 3C 123 
(z = 0. 637) show the expec ted s t e l l a r a b s o r p t i o n f e a t u r e s a s wel l a s a 
s ing le m o d e r a t e s t r e n g t h e m i s s i o n l ine ident i f ied wi th [O II] \ 3 7 2 7 . 
In fact our e x p e r i e n c e shows tha t the faint g a l a x i e s ident i f ied with 
r a d i o s o u r c e s m o r e often show weak e m i s s i o n l i n e s o r a faint r ed 
s t e l l a r con t inuum wi thout d e t e c t a b l e e m i s s i o n l i n e s than a r i ch Cygnus 
A type e m i s s i o n - l i n e s p e c t r u m . The of t -quoted m i s c o n c e p t i o n tha t 
" a l l r ad io ga l ax i e s show s t r o n g e m i s s i o n l i n e s " h a s b e e n c a u s e d in 
l a r g e m e a s u r e by the r e l a t i v e e a s e of m e a s u r i n g a r edsh i f t for an 
e m i s s i o n - l i n e objec t and a l s o by the p o s s i b l e a m b i g u i t y in identifying 
a v e r y extended or a s y m m e t r i c r a d i o s o u r c e with a faint ga laxy 
showing no s p e c t r o s c o p i c p e c u l i a r i t y . 

Ano the r diff iculty for g a l a x i e s wi thout a s t r o n g e m i s s i o n - l i n e 
s p e c t r u m is p r e s e n t e d by our u n f a m i l i a r i t y wi th the u l t r a v i o l e t s p e c t r a 
of g a l a x i e s . The c l a s s i c a l l a n d m a r k s Ca II K and H, the 4000 A. 
d i scon t inu i ty in the c o n t i n u u m a s s o c i a t e d wi th u l t r a v i o l e t b lanke t ing 
by m e t a l s , the G-band a t \ 4 3 0 0 begin to be shif ted into the r eg ion of 
the s p e c t r u m longward of 6900 A at z ^ 0. 7. H e r e the n i g h t - s k y 
s p e c t r u m is d o m i n a t e d by s t r o n g OH e m i s s i o n which v a r i e s on v e r y 
s h o r t t i m e s c a l e s thus m a k i n g d e t e c t i o n of a b s o r p t i o n f e a t u r e s v e r y 
diff icul t . Mor ton , S p i n r a d , B r u z u a l and Kurucz (1976) h a v e obta ined 
o b s e r v a t i o n s of the 2100-3200 A s p e c t r a of a Agl and a C Mi f r o m 
C o p e r n i c u s f r o m which they h a v e s e l e c t e d a b s o r p t i o n f e a t u r e s l ike ly 
to be s t r o n g in the e m i t t e d UV s p e c t r a of g a l a x i e s . A l i s t of 
a b s o r p t i o n / c o n t i n u u m f e a t u r e s i s given in Tab le 1 a long wi th the 
r edsh i f t for which tha t f e a t u r e i s shifted into the a t m o s p h e r i c OH 
b a n d s . 

Desp i t e the d i f f icu l t ies g r e a t p r o g r e s s h a s been m a d e in r e c e n t 
y e a r s in obtaining r e d s h i f t s of r ad io ga l ax i e s a t h igh r edsh i f t . 
Minkowsk i ' s (I960) r edsh i f t z = 0 .461 for 3C 295 s tood for n e a r l y 
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TABLE 1 

Galaxy Absorption Fea tures for Redshift Determination 

o 

2640 

2799 

3933, 

4000 

4303 

5175 

5895 

68 

D e s c r i p t i o n 

F e Con t inuum Discon t inu i ty 

Mg II R e s o n a n c e Doublet 

K, H Ca II 

Cont inu i ty Discon t inu i ty 

G-band 

M g - b 

D L i n e s Na I 

Z6900 

1. 61 

1. 47 

0. 75 

0. 725 

0. 603 

0. 333 

0. 170 

fifteen years as the la rges t radio galaxy redshift. Following Spinrad's 
(1975) resul t for 3C 123 a number of radio galaxies have now been 
found with z > 0. 461 by the groups at Lick Observatory and at Hale 
Observator ies . Those available as of July 1976 are listed in Table 2. 

TABLE 2 

New High-Red shift Radio Galaxies 

Object z V Remarks 

3C 318 

3C 343. 1 

3C 123 

3C 467 

PKS 0353+027 

PKS 0116+082 

3C 330 

3C 19 

3C 411 

0. 

0 . 

0. 

0 . 

0 . 

0. 

0. 

0. 

0. 

7 5 2 

7 5 0 : 2 

6 3 7 3 

6 3 1 4 

4 
602 

5 
594 

5 4 9 5 

4 8 2 6 

4 6 7 ? 

21 

21 

2 0 . 

1 9 . 

1 8 . 

21 

2 1 . 

2 0 . 

1 9 . 

5 

5 

5 

5 

5 

5 

N - g a l a x y , s t r o n g n o n - t h e r m a l 
con t inuum, weak e m i s s i o n l ines 

1 e m i s s i o n l ine = [O II] X3727? 

[O II] A. 3727 e m i s s i o n , s t e l l a r 
a b s o r p t i o n f e a t u r e s 

N - g a l a x y , s t r o n g n o n - t h e r m a l 

con t inuum, s t r o n g e m i s s i o n l ines 

S t rong e m i s s i o n , c l u s t e r 

S t rong e m i s s i o n , c l u s t e r 

S t rong e m i s s i o n , c l u s t e r 

N-ga l axy , s t r o n g n o n - t h e r m a l 
con t inuum, s t r o n g e m i s s i o n l i n e s . 
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R e f e r e n c e s to Tab le 2: 

1 2 
Sp in rad and Smi th (1976); Sp in rad unpubl i shed ; e m i s s i o n l ine c o n ­

f i r m e d by Sandage , K r i s t i a n and Wes tpha l (1976b); Sp in rad (1975); 
^Smi th , Sp in rad and Huns t ead (1976); ^Spinrad , L i e b e r t , Smith and 
Huns tead (1976); °Sandage , K r i s t i a n and Wes tpha l (1976b); ' S p i n r a d , 
Smi th , Huns tead and Ryle (1975). 

3. CONSTRUCTION AND I N T E R P R E T A T I O N O F THE HUBBLE 
DIAGRAM 

F o u r of the g a l a x i e s in Tab le 2 a r e N g a l a x i e s wi th s t r o n g 
op t ica l n o n - t h e r m a l r a d i a t i o n . Given the d i f f icul t ies in i n t e r p r e t i n g 
the opt ica l s p e c t r u m , we wi l l not c o n s i d e r t h e m f u r t h e r . The r e m a i n ­
d e r a r e n o r m a l r a d i o ga l ax i e s and thus a r e c a n d i d a t e s for p l a c e m e n t 
on our Hubble d i a g r a m . We wil l c a r r y 3C 343. 1 a s t en t a t i ve (although 
no m o r e t en t a t i ve than M i n k o w s k i ' s r edsh i f t for 3C 295). P h o t o m e t r y 
for 3C 343. 1, 3C 123, and 3C 19 h a v e been obta ined by Sandage , 
K r i s t i a n and Wes tpha l (1976b). F o r 3C 330, we h a v e taken the s p e c -
t r o p h o t o m e t r i c o b s e r v a t i o n s of the s t r o n g e m i s s i o n - l i n e galaxy 
a s s o c i a t e d with the r a d i o s o u r c e and r e c e n t o b s e r v a t i o n s of the o the r 
b r i g h t c l u s t e r ga laxy by S p i n r a d . T h e s e da t a h a v e b e e n added to the 
body of da ta p r e v i o u s l y a v a i l a b l e ( l a rge ly f r o m Sandage 1972b) to 
p r o d u c e the r e d s h i f t - m a g n i t u d e d i a g r a m for 3CR r a d i o ga l ax i e s shown 
in F i g u r e 4. The following c o r r e c t i o n s h a v e been app l i ed to the p h o t o ­
m e t r i c da ta : 

i) The da t a h a v e b e e n c o r r e c t e d to a s t a n d a r d l i n e a r 
d i a m e t e r (86 kpc , q = 1) a c c o r d i n g to the m e t h o d d e s c r i b e d in 
Sandage (1972a). This c o r r e c t i o n depends on q 0 , of c o u r s e , but the 
d i f f e rence be tween q 0 = 1 and qQ = 0 is only 0. 08 m a g ( s m a l l e r for 
q 0 = 0) at z = 0. 5.. S a n d a g e ' s c o r r e c t i o n is about 1/2 m a g l a r g e r than 
tha t of Gunn and Oke (1975) who choose a s m a l l e r s t a n d a r d d i a m e t e r . 

ii) K - c o r r e c t i o n s h a v e been app l ied f r o m Oke (1971). His 
h i g h - q u a l i t y s p e c t r o p h o t o m e t r i c o b s e r v a t i o n s of 3C 295 h a v e a l lowed 
c o r r e c t i o n to z ^ 0. 72. F o r r edsh i f t s g r e a t e r than 0. 5 th i s c o r r e c t i o n 
i s l a r g e (> 1. 5 mag) and s o m e w h a t u n c e r t a i n , thus p h o t o m e t r y at the 
r edsh i f t ed e m i t t e d V con t inuum would be p r e f e r a b l e , h o w e v e r th is 
r e q u i r e s p h o t o m e t r y in the n e a r i n f r a r ed w h e r e d e t e c t o r s a r e l e s s 
s e n s i t i v e and the sky b a c k g r o u n d is b r i g h t e r . 

Hi) We have adopted the i n t e r s t e l l a r ex t inc t ion c o r r e c t i o n 
given in Sandage (197 3b), h o w e v e r d i f fer ing m e t h o d s of e s t i m a t i n g the 
ex t inc t ion as a function of ga l ac t i c l a t i tude (e. g. F m . y w galaxy 

https://doi.org/10.1017/S0074180900016259 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900016259


288 H. E. SMITH 

5.0 

en 
o 

4.0 

3.0 

8.0 12.0 16.0 20.0 
V 

F i g u r e 4. The Hubble d i a g r a m for 3CR r a d i o g a l a x i e s . 

c o u n t s , H I co lumn dens i ty ) d i s a g r e e . H e i l e s (1975) h a s r e c e n t l y 
e m p h a s i z e d th i s point conc lud ing tha t ex t inc t ions c a l c u l a t e d for e x t r a -
g a l a c t i c ob jec t s m u s t be u n c e r t a i n by a few t en th s of a m a g n i t u d e . In 
a few c a s e s for ga l ax i e s at low ga l ac t i c l a t i t u d e s w h e r e the ex t inc t ion 
is m o s t pa tchy and u n c e r t a i n , o t h e r i n d i c a t o r s (co lor , e t c . ) have been 
u s e d to d e r i v e the ex t inc t ion c o r r e c t i o n . Since we a r e not dea l ing 
spec i f i c a l l y with c l u s t e r g a l a x i e s , and b e c a u s e we hope to p r e s s 
beyond the l i m i t s w h e r e c l u s t e r s m a y be ef fec t ively c l a s s i f i e d , we 
h a v e not appl ied c o r r e c t i o n s for e i t h e r c l u s t e r r i c h n e s s or B a u t z -
M o r g a n t y p e . 

It i s not the in ten t ion of t h i s r e v i e w to i n t r o d u c e ye t a n o t h e r 
f o r m a l value for q 0 in to the l i t e r a t u r e . We b e l i e v e tha t the di f f icul t ies 
d i s c u s s e d p r e v i o u s l y , t he few g a l a x i e s ye t a v a i l a b l e wi th z > 0. 4, and 
the unknown c o r r e c t i o n for l u m i n o s i t y evolut ion m a k e so lu t ion for qQ 

p r e m a t u r e (let a lone the c o n s i d e r a t i o n of A, the c o s m o l o g i c a l c o n s t a n t 
in L e m a i t r e m o d e l s ) . A few c o m m e n t s m a y be m a d e , h o w e v e r , The 
n u m b e r of da ta poin ts in F i g u r e 4 i s c o m p a r a b l e to t he n u m b e r of 
f i r s t - r a n k e d c l u s t e r g a l a x i e s c o n s i d e r e d by Gunn and Oke (1975) and 
Sandage , K r i s t i a n and W e s t p h a l (1976a). N e i t h e r of t h e s e s t u d i e s 
h a v e any galaxy with z > 0. 4 s ave 3C 295 (which Gunn and Oke d i s c a r d ) . 
T h e r e is a c l e a r t endency in F i g u r e 4 for the g a l a x i e s at h igh r edsh i f t 
to l i e above the q 0 = 1 l i ne . If none of the s e l e c t i o n effects we have 

J I I L 
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d i s c u s s e d a r e o p e r a t i n g (mos t of which would m a k e a ga laxy a p p e a r 
too b r i g h t ) , th i s would i nd i ca t e an e v o l u t i o n - f r e e so lu t ion for qQ in 
e x c e s s of 1. 

The c o r r e c t i o n for ga laxy evolut ion c u r r e n t l y p r e s e n t s the 
g r e a t e s t u n c e r t a i n t y in the i n t e r p r e t a t i o n of the Hubble d i a g r a m . 
T i n s l e y and h e r c o - w o r k e r s h a v e been m o s t ac t i ve in m o d e l i n g the 
evolut ion of e l l i p t i ca l g a l a x i e s with a view t o w a r d p r o v i d i n g c o r r e c t i o n s 
for the l u m i n o s i t y and c o l o r s of g a l a x i e s a t p r e v i o u s epochs (c.f. 
T i n s l e y 1972; T i n s l e y and Gunn 1976). The c a l c u l a t e d c o r r e c t i o n s 
r a n g e f r o m a few t e n t h s to o v e r a m a g n i t u d e a t z = 0. 5, a l l in the 
s e n s e tha t g a l a x i e s w e r e b r i g h t e r in the p a s t . App l i ca t i on of t h e s e 
c o r r e c t i o n s then r e v i s e s the va lue of q 0 downward by a s m u c h as 1. 5 
f r o m that d e r i v e d wi thout c o n s i d e r a t i o n of evo lu t ion . The n e c e s s i t y 
of apply ing th i s po t en t i a l l y l a r g e and u n c e r t a i n c o r r e c t i o n p r e c l u d e s 
the d e t e r m i n a t i o n of q at t h i s t i m e . O b s e r v a t i o n a l d e t e c t i o n of c o l o r 
evolut ion ove r the l o o k - b a c k t i m e s to d i s t a n t g a l a x i e s would p r o v i d e 
a va luab le c o n s t r a i n t on t h e o r i e s of ga laxy evolu t ion . It thus s e e m s 
tha t s p e c t r o p h o t o m e t r y of g a l a x i e s at c o s m o l o g i c a l d i s t a n c e s is 
n e c e s s a r y f i r s t a s input for t h e o r i e s of ga l ac t i c evolu t ion which wi l l 
then al low p r o p e r p l a c e m e n t of t h e s e ob jec t s on the Hubble d i a g r a m . 

We conc lude wi th the o b l i g a t o r y ca l l for m o r e and b e t t e r da ta 
b e f o r e s u b s t a n t i v e c o n c l u s i o n s m a y be d r a w n f r o m the Hubble d i a g r a m . 
In th i s c a s e , h o w e v e r , t he p r o s p e c t s a r e exce l l en t for obta in ing th i s 
da t a in the n e a r f u t u r e . The b a r r i e r a t z = 0 .461 h a s been b r o k e n and 
p r o g r a m s of iden t i f i ca t ion and s p e c t r o s c o p y of d i s t a n t ga l ax i e s now 
going on at L ick and Hale O b s e r v a t o r i e s and e l s e w h e r e h a v e l ike ly 
m a d e this r ev i ew outda ted b e f o r e it is p r e s e n t e d , l e t a lone pub l i shed 
in the p r o c e e d i n g s of th i s s y m p o s i u m . 

It is a p l e a s u r e to acknowledge the c o n t r i b u t i o n of D r . Hyron 
Sp in rad who in i t i a t ed and c o l l a b o r a t e d wi th m e on m o s t of the r e s e a r c h 
d i s c u s s e d h e r e . I would a l s o l ike to thank D r s . E. M. and G. R. 
Burb idge for t h e i r e n c o u r a g e m e n t and helpful d i s c u s s i o n s and D r s . 
A. Sandage and J . K r i s t i a n for d i s c u s s i n g t h e i r da ta wi th m e be fo re 
pub l i ca t ion . 
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DISCUSSION 

Jaffe: You can use Dr. Perola's bivariate luminosity function to sort 
out the radio-optical selection process for radio galaxies even to the 
extent of constructing a probabilistic H-R diagram of radio/optical 
color to narrow the dispersion in M of the galaxies observed, whether 
"radio" galaxies or not. 

It may" be dangerous to assume a characteristic M of radio galaxies which 
does not change with z since the radio properties of the galaxies, as 
well as the optical, evolve with time. 

H.E.Smith: Yes, the business of the radio optical luminosity function is 
very important to the question of using radio galaxies in the Hubble 
diagram. As I understand it, for powerful radio galaxies there is no 
correlation between radio and optical luminosity. 

We hope to account for optical evolution. It is not clear to me how 
important the radio evolution will be to z = 0.5 - 1.0. 

Lewis: You made no reference to the Ostriker & Tremaine correction to 
be expected from dynamical friction acting on close satellites. Perhaps 
this might be more severe for a sample of radio galaxies than for the 
first brightest cluster galaxy, as the radio activity may be a sign of 
the recent acquisition of a satellite galaxy, with the largest redshift 
galaxies being liable to have on average accreted more massive satellites. 

H.E. Smith: I think that result is speculative and it can influence 
the diagram either way. Your suggestion seems to be a variation of 
the colliding galaxies hypothesis for production of radio sources, 
which has not proven very attractive. 

Certainly there are a large number of radio galaxies which are not in 
clusters of galaxies and for which this effect cannot be important. 

Tinsley: Ostriker and Tremaine noted that dynamical evolution (accretion 
of stars by the galaxy) can be important for any cluster galaxies. 
Several studies have shown that it will be very difficult to detect 
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dynamical evolution even if it occurs at cosmologically important rates, 
so it cannot be eliminated as a correction. Moreover, its effect on 
the Hubble diagram could be of either sign. 

It is worth noting that for any evolution (stellar evolution as discussed 
by Smith, or dynamical evolution), a luminosity change of only 3-5 per­
cent per 10 years changes the apparent value of q by unity. 

H.E. Smith: As I have said, I consider the Ostriker and Tremaine result 
rather speculative, and of course, unless the theory can make a specific 
prediction, it cannot be tested. 

The corrections are large and the cosmological effects are small. If 
this work were easy it would have been done a long time ago. Hopefully 
careful spectrophotometrie observations of galaxies at high redshifts 
will allow us to detect the stellar evolution over times that are a 
significant fraction of the Hubble time. 

Grueff: Do you have any information about the (V-R) color for the new 
high redshift radio galaxies? 

H.E. Smith: Our spectrophotometric observations show weak evidence for 
bluer colors than might be expected from redshifting a normal galaxy to 
0.6 or 0.7. Perhaps Dr. Kristian who has obtained more accurate broad 
band observations would like to comment. 

Schmidt: There is no need for the K-correction to be uncertain. All 
that is required is spectrophotometry at a given rest wavelength, say 
at HS, for each of the galaxies. 

H.E. Smith: That's right. Unfortunately good spectrophotometry does 
not exist for this sample. I expect that to be done in the near future. 

Ekers: I wonder if the Cambridge astronomers could provide a 'revised 
Revised 3C catalogue' - I mean especially the problem of the flux errors. 
I believe some 20 to 50 objects would be involved. 

Shakeshaft: Unfortunately 178 MHz is now a television band - maybe 
150 MHz would do. 

Longair: It is really rather non-trivial. What we have been doing is 
using the revised Kellermann, Pauliny-Toth and Williams flux densities 
which are the best available. We at Cambridge use a complete sample 
of 166 sources brighter than 10 Jy on this scale. (Appendix I) 

Pooley: The radio galaxy 3C123 has the highest known radio luminosity; 
it is therefore important to be certain that the galaxy is correctly 
associated with the radio source. The structure of 3C 123 is very 
asymmetrical and the galaxy does not lie at the radio centroid. When 
mapped with the 5 km telescope at 15 GHz at a resolution of 0".7 x 1".3, 
it becomes clear that the geometry of the source is that of a double 
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with a flat spectrum nuclear component coincident with the galaxy, and 
both compact and diffuse components on either side. The ratio of the 
flux densities of the two compact components is very large (of the 
order of 50:1) and the faint features would be very difficult to detect 
in weaker sources. This emphasises the need for high sensitivity, 
high resolution radio telescopes to make sure of optical identifications 
in such cases. 

Arp: Have you looked for any optical identifications of the components 
that are now resolved in 3C123? 

Fooley: Yes, and there are none. 
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