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A B S T R A C T . W e present visual and near-infrared H u b b l e d iagrams for first-
ranked cluster galaxies , and modera te - f lux and high-flux rad io galaxies . T h e p h o -
tome t r i c i m p r o v e m e n t s and the extens ion o f the d iagrams to large redshifts (up t o 
ζ ~ 1.8) for b o t h 3 C R and "1 Jy" class rad io galaxies are h ighl ighted. T h e abso -
lute luminosi t ies o f these three types o f "s tandard cand le s " , where their redshifts 
ove r l ap , agree adequately . T h e near- IR (2/xm) H u b b l e d iagrams m a y b e used 
t o de te rmine the g loba l decelera t ion parameter , qo, and the current da ta favor 
qo HO.2 t o + 0 . 3 . T h e sensit ivity t o evo lu t ionary changes in the giant galaxies 
is qui te m o d e s t at these long wavelengths . O n the o ther hand , the visual reg ime 
(BVR) s hows a d ramat ic d e p e n d e n c e o n differential evo lu t ion effects, w h i c h d o m i -
nate over the c o s m o l o g i c a l m o d e l differences. M o s t rad io galaxies apparent ly have 
h a d act ive star fo rmat ion , wi th a cont inual ly decl in ing rate, bu t a few are quite 
faint and red; they m a y have had a relatively passive evo lu t ion . 

I . I n t r o d u c t i o n . T h e N e w O b s e r v a t i o n a l Capabi l i t i e s 

T h e pr inc ipa l goa l o f c o s m o l o g y is t o de te rmine the g loba l geomet r i c s t ructure and 
evo lu t iona ry his tory o f the Universe . T h e H u b b l e d i ag ram, a p lo t o f the (m,z) 
relat ion for a g iven t y p e o f luminous galaxies , has been o n e o f the classic m e t h o d s in 
this quest (cf. Sandage 1975) . B u t in the real w o r l d these goa l s , in part icular the 
de te rmina t ion o f the decelera t ion pa ramete r qo and ga laxy luminos i ty evolu t ion , 
have b e e n sufficiently inter twined so that nei ther have been de te rmined wi th any 
cer ta in ty so far. [We will in terchangeably use 2qo = Ω ο , and assume Ao = 0 in this 
paper . ] Th i s research is difficult: w e are still bese t w i th s a m p l e select ion biases 
tha t are p r o b a b l y funct ions o f redshift; there remain s o m e p r o b l e m s wi th the faint 
e n d o f the ga laxy p h o t o m e t r y , and t o a lesser degree , w i th the br ight end aperture 
co r r ec t ions . T h e m o s t referenced works o n the subjec t in the 1970's ( G u n n and 
O k e 1975, Kris t ian et al. 1978) were inconclus ive and s o m e w h a t con t r ad ic to ry in 
their de te rmina t ions o f qo- Th i s was at least par t ly due t o the ga laxy evolu t ion 
uncer tant ies . Kris t ian et al. (1978) and Sandage (1972) found f r o m the brightest 
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cluster m e m b e r s ( B C M ' s ) H u b b l e d iagrams an apparent ( evo lu t ion unco r r ec t ed ) 
value o f qo > 1. A p p l i c a t i o n o f the s imple Ε-ga laxy evo lu t ion m o d e l s b y T ins ley 
(1972 , 1977) sugges ted qo ( cor rec ted) ~ + 0 . 3 t o + 0 . 5 , again in the p r o v o c a t i v e , 
nea r -c losu re range . 

Howeve r , because o f the recent advances in the sol id state de tec tors ( C C D ' s ) 
n o w available t o the observa t ional as t ronomers o f the 1980 ' s , w e can p r o b a b l y d o 
be t ter . A r e a p h o t o m e t r y wi th C C D ' s n o w permi t s identif icat ion and p h o t o m e t r y 
of r ad io galaxies and opt ica l ly-se lec ted B C M ' s d o w n to V > 24 . T h i s p r o c e d u r e is 
also super ior t o the o l d aper ture p h o t o m e t r y , because apertures o f any size c a n b e 
synthes ized , unwan ted c o m p a n i o n s can b e exc ised , and , m o s t impor t an t for g o o d 
faint o b j e c t p h o t o m e t r y , the dominan t con t r ibu t ion o f the night sky fo reg round 

Figure 1. A 1-arcmin square sec t ion o f a red C C D frame cente red o n 3 C 1 1 4 . T h i s 
dis tant r ad io ga l axy [z = 0 .81 , R = 22 .2) was identified o n l y recently, b y us ing 
a m o d e r n r ad io m a p . T h i s image , and the o n e s h o w n in F igure 2 , were o b t a i n e d 
w i th a T I C C D c a m e r a o n the K P N O 4 - m te lescope in D e c e m b e r 1985. 
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can b e measu red wi th cons iderab le prec is ion . F igure 1 shows a field centered o n 
3 C 114, a R = 22.2 rad io ga laxy at ζ = 0 .815. F igure 2 shows the field o f 3 C 210, 
w h i c h is at ζ — 1.17. P h o t o m e t r y o f distant galaxies like these in the visual region 
is n o w fairly rout ine . T h e s e 3 C R rad io galaxies are qui te ex t ended even at ζ > 1, 
and ve ry rarely s h o w br ight or b lue nuclei; they are ma in ly radiat ing starlight, 
even in the obse rved V b a n d ( ~ emi t ted U V ) . 

O u r abil i ty t o measure ga laxy magni tudes in the n e a r - I R , especial ly in the 
i f - b a n d (2.2μπι) has also s teadily i m p r o v e d th rough the 1980 ' s . Ear ly reviews were 
g iven b y Lebofsky (1980) and Grasdalen ( 1 9 8 0 ) . T h e n e w data , ma in ly c o m p i l e d 
b y Lil ly and Longa i r (1982 , 1984; hereafter L L ) , Lebofsky ( 1 9 8 1 ) , Lebof sky and 
Eisenhard t (1986; hereafter L E ) and Lilly et al. ( 1985b) are o f h igh quali ty and 

Figure 8. A red C C D frame o f 3 C 210 , a faint (R = 21 .5) r ad io ga laxy at 
ζ = 1.17. T h e field is 1 a rcmin square . N o t e the o b v i o u s resolu t ion o f the o b j e c t , 
and a substant ia l e longa t ion in the N - S d i rec t ion . T h e ga laxy has m o d e r a t e l y 
weak emiss ion lines indicat ive o f a ve ry low ioniza t ion s tate . 
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enable us t o s a m p l e the br ightness o f act ive and quiescent high-redshift galaxies 
near their spec t ra l energy dis t r ibut ion m a x i m a . Even in m o s t powerfu l r ad io 
galaxies the stellar radia t ion f r o m o ld stars domina tes any n o n - t h e r m a l rad ia t ion 
that m a y b e present at these long wavelengths (Lilly et al. 1985a) . 

Final ly, and m o s t impor tan t ly , the availability o f fast C C D slit spec t rog raphs 
has y i e lded n e w faint ga laxy redshifts, e.g., for the G u n n , Hoessel , and O k e (1986) 
c lusters , for 24 in te rmedia te -power "1 Jy" galaxies (Al l ing ton-Smi th et al. 1 9 8 5 ) , 
and for 21 powerfu l 3 C R galaxies wi th ζ > 1 (Spinrad and Djo rgovsk i 1984, and in 
p r epa ra t i on ) . O f cour se , the presence o f emiss ion lines in the rad io ga laxy spec t ra 
great ly simplifies the measurements o f their redshifts, and s tudy o f their phys ica l 
p roper t ies (cf. Sp inrad and Djo rgovsk i 1984, Spinrad 1986, and P e r r y m a n et al. 
1984) . N o t all o f these ob jec t s have g o o d p h o t o m e t r y as ye t . Progress ing ou t t o 
ζ ~ 1.8 for b o t h classes o f rad io galaxies is cri t ical t o a new interpretat ion o f the 
H u b b l e d iag ram; recall that the papers f rom the 1970's had available redshifts for 
the samples reaching o n l y t o a b o u t ζ ~ 0 .5 . 

A n o t h e r interpretat ive t o o l o f the 1980 's , wh ich w e use intensively, is the set 
o f ga l axy evo lu t ion m o d e l s o f Bruzual ( 1 9 8 3 ) . These m o d e l s are b y intent s imple , 
ye t sufficiently p red ic t ive . W i t h s o m e reasonably justif ied assumpt ions o n the I M F 
and the star fo rma t ion rate ( S F R ) history, w e can pred ic t luminosi t ies and co lo r s 
as func t ions o f redshift for evo lv ing galaxies . 

W h i l e these s t rong rad io sources m a y no t b e ideal "s tandard cand les" f r o m 
all po in t s o f v i e w , they d o have o n e redeeming vir tue: s ince the 3 C R sample is n o w 
vir tual ly c o m p l e t e in its identif icat ion con ten t , and at the 9 7 % comple t enes s level 
in redshift de te rmina t ions for the "safe" extragalact ic identif ications (Sp inrad et 
al. 1985; Sp inrad 1 9 8 6 ) , w e can vir tual ly ignore the s tandard statist ical p r o b l e m 
p lagu ing m a n y samples , viz. the faint-end M a l m q u i s t b ias . T h e galaxies w e use 
are rad io-se lec ted , w i th n o apparent corre la t ion be tween the op t i ca l and the r ad io 
luminos i t ies . L o w op t i ca l luminos i ty might on ly mat te r for pe rhaps the remain ing 
3% o f the 3 C R galaxies so far unidentif ied, o r w i thou t measured redshifts. T h e 
p r o b l e m o f luminos i ty se lect ion is thus no t very ser ious. 

I I . R e s u l t s in t h e V i s i b l e R e g i m e 

D j o r g o v s k i , Sp inrad , and Dick inson (1987 ; hereafter D S D ) , fo l lowing the early 
presenta t ion b y D j o r g o v s k i , Spinrad , and M a r r ( 1 9 8 5 ) , have used n e w C C D p h o -
t o m e t r y o f 3 C R galaxies , c o m b i n e d wi th a little o f s p e c t r o p h o t o m e t r y o f s l ightly 
lower p rec i s ion , t o ex t end the visual (BVR) H u b b l e d iagrams t o ζ ~ 1.82. O n l y 
the N L R G were used (this mean t d iscarding a few broad- l ine N-ga lax ies , such as 
3 C 297 , and 2 0 8 . 1 ) . T h e D S D 3 C R ga laxy p h o t o m e t r y was c o m b i n e d w i th o the r 
p h o t o m e t r i c da ta o n the lower redshift B C M ' s b y the var ious M t . P a l o m a r g r o u p s 
( G u n n and O k e 1975 , Sandage et al. 1976, Kris t ian et al. 1978, Hoessel et al. 1980, 
and Schneider e£ al. 1983 ) . T h e p h o t o m e t r i c sys tems were s t andard ized w i th a 
fair success t o the BVR Mou ld -Bes se l sys t em, t h o u g h it is p r o b a b l y t rue that the 
full D S D s a m p l e is no t o n a perfect ly h o m o g e n o u s p h o t o m e t r i c s y s t e m t h r o u g h o u t 
the v is ib le r eg ime . T h e differential ze ro-po in t and small c o l o r t e rms w h i c h p r o b -
ab ly still r emain are smal l w h e n c o m p a r e d t o ou r internal faint end p h o t o m e t r i c 
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uncer ta int ies , and are m u c h smaller than the evo lu t ionary effects w h i c h w e dis-
cuss b e l o w . W e present the p h o t o m e t r y w i thou t the cluster r ichness co r r ec t ions , 
o r anyth ing b e y o n d the aperture cor rec t ions for ζ < 0 .5; the K-co r r ec t ions are 
i nco rpo ra t ed in the m o d e l curves . 

F igure 3 illustrates the c o n t e m p o r a r y H u b b l e d i a g r a m for all ga laxy classes 

in the V - b a n d , wi th several evo lu t ionary m o d e l s over la id . T h e Bruzua l m o d e l s 

s h o w n are character ized either b y an early single 1-Gyr burs t o f star f o rma t ion 

( c - m o d e l s ) , o r an exponent ia l ly decreasing S F R rate ( μ - m o d e l s ; μ = 0.5 impl ies 

an e-folding t ime o f a b o u t 1.4 G y r ) . A l s o s h o w n are the changes in m o d e l s for an 

o p e n (Ωο = 0 = qo) and the cri t ical (Ωο = 1> or qo = | ) universes. A fictitious 

Figure S. T h e visual region H u b b l e d i ag ram for 3 C R galaxies and B C M ' s . T h e 
da ta inc lude cluster g E ' s at the lower redshift (z < 0 . 7 6 ) , and 3 C R rad io galaxies at 
the h igher redshifts. Supe rposed are the s imple c o s m o l o g i c a l m o d e l s desc r ibed b y 
qo = Ωο = 0 and qo = ^ , c o m b i n e d wi th t w o ga laxy evo lu t ion m o d e l s b y Bruzua l : 
o n e is a c - m o d e l w i th a 1 G y r burs t dura t ion , the o ther is for μ = 0.5 (exponen t ia l 
S F R decay , w i th an e-folding t ime o f ~ 1.4 G y r ) , b o t h w i th a Salpeter I M F . N o t e 
the relat ively large sensit ivity t o galact ic evo lu t ion and the m o d e s t d e p e n d e n c e o n 
the c o s m o l o g i c a l m o d e l ; in the V - b a n d o n e c a n n o t sat isfactori ly separate the t w o 
effects. A non-evo lv ing m o d e l (just a K-co r r ec t ed present -day Ε-ga laxy energy 
d is t r ibu t ion) at ζ > 1.5 lies ~ 2 m a b o v e the uppe r c - m o d e l cu rve , and ~ 5 m - 6 m 

a b o v e the μ - m o d e l curves and the data . 
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" N o evo lu t ion" m o d e l (no t s h o w n ) , incorpora t ing the K-co r rec t ion a lone w o u l d b e 
consis tent ly fainter than the da ta at the h igh redshifts. T h e effect o f the g loba l 
g e o m e t r y is cons ide rab ly smaller than the range o f evo lu t ionary changes ind ica ted 
b y the da ta . 

E v e n a casual g lance at F ig . 3 assures the reader that T ins ley ' s (1972 , 1977) 
conc lus ions are basical ly cor rec t ; at redshifts where the c o s m o l o g i c a l leverage b e -
c o m e s fairly large, the evo lu t ionary effects due t o poss ib le different histories o f 
early ga lac t ic star fo rma t ion b e c o m e m u c h larger. M o d e l detai ls , such as the exac t 
shape o f the giant b r anch and the stellar luminos i ty funct ion s lope near M = IM® 
are o f a m i n o r s ignif icance. W h a t mat ters at large redshifts in the v is ib le r eg ime 
is the length o f any star fo rmat ion burs t , and t o s o m e extent , the e p o c h o f the 
last s t rong burs t ( that is, the ZQF) in these giant galaxies . O the r da ta , ma in ly 
relevant t o non- rad io galaxies (see Hami l ton 1985, Spinrad 1986) suggests ZQF > 4 
for m a n y large g E galaxies , and so w e use ZGF = 5 as a convenien t guess value for 
the m o d e l s . 

T h e m a i n c o n c l u s i o n o f D S D is that the size o f the de tec ted evo lu t iona ry 
effects, and the variety o f plausible evolu t ionary histories w h i c h affect the emi t t ed 
U V spec t ra o f galaxies are large at ζ > 1, and prevent us f r o m m a k i n g any f irm 
conc lus ions a b o u t c o s m o l o g y . T h u s , the da ta and m o d e l s d o n o t a l low sharp 
c o s m o l o g i c a l decis ions in the visual reg ion . W e can say that c o m p l e t e l y pass ively 
evo lv ing galaxies ( n o large starbursts after the initial one ) are rare in o u r s amp le 
o f 3 C R galaxies , b u t w e wil l men t ion a few 3 C R candida tes for quiet evo lu t ion 
in the Sec t ion I V b e l o w . T h i s is consis tent wi th O ' C o n n e l P s (1986) conc lus ions 
f r o m p o p u l a t i o n synthesis o f nearby Ε galaxies . A n impor t an t future p ro jec t wil l 
b e t o select op t ica l ly a sample o f very distant clusters (z > 1) t o c o m p l e m e n t 
the 3 C R da ta set s h o w n here . W e c o n c l u d e that these luminous 3 C R galaxies are 
charac ter ized b y μ - m o d e l s wi th e-folding t imes o f ~ 1 - 1 . 5 G y r ; such m o d e l s can 
also p r o v i d e e n o u g h ionizing radia t ion ( U V starlight) at λ < 912 Â t o p r o d u c e 
the o b s e r v e d emiss ion line intensities, even the f a r -UV lines (e .g . , L y - α o r the 
c a r b o n lines) in 3 C 256 and 3 C 239 (ζ ~ 1.8). T h e differences be tween the pass ive 
c -mode l s and the m o r e act ive μ -mode l s fade as the galaxies age , so that at ζ < 0.5 
n o subs tant ive differences remain . In summary , a separa t ion o f c o s m o l o g y and 
ga laxy evo lu t ion is qui te difficult in the obse rved BVR b a n d s . 

III. The I R Hubble Diagram: A Chance to Determine q0 ? 

A s prev ious ly s ta ted, the 2μπι p h o t o m e t r y samples ma in ly the light f r o m o l d 
stars, and thus it shou ld b e m u c h less sensitive t o the fract ion o f y o u n g stars in 
these distant galaxies . T h e p h o t o m e t r y o f 3 C R sources b y L L and L E conta ins 
a sufficient over lap t o pe rmi t a c o m p a r i s o n o f magn i tudes for 5 r ad io galaxies 
w i th Κ > 15; the p h o t o m e t r i c agreement is g o o d wi th a slight ze ro po in t offset. 
W e have co r r ec t ed the L L and Lilly et al. (1985b) K - b a n d da ta b y - 0 m . 1 5 t o 
p lace every th ing o n the L E sys tem. T h e r e have been n o aper ture , r ichness , o r 
K-co r rec t ions t o any o f the data; these cor rec t ions were app l ied t o the m o d e l s 
instead. 
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Figure 4 shows a ÜT-band H u b b l e d iag ram, and s o m e o f the Bruzua l e v o -
lu t ionary m o d e l s . In this and the o ther figures showing the i f - b a n d H u b b l e di-
ag rams , w e have normal ized the m o d e l s at small (z < 0 .15) redshifts; aper ture 
cor rec t ions were appl ied for that p u r p o s e , bu t are no t s h o w n o n the p lo t t ed da ta 
po in t s . T h i s F igure illustrates the lack o f sensit ivity t o the ga laxy fo rma t ion red-
shift, ZGF- T h i s insensit ivity t o evo lu t ionary variables is typ ica l for the m o d e l s in 
the near - IR , as o p p o s e d t o our conc lus ions f r o m the V b a n d , whe re the ga laxy 
evo lu t ion d o m i n a t e d the H u b b l e d i ag ram and the conc lus ions d rawn f r o m it. In 
the i f - b a n d w e main ly see the mi ld evo lu t ion o f the red giant b r anch , and the 
relat ively s low-changing K-cor rec t ions . 

T h e m o d e l s in the near - IR are also insensitive t o the S F R his tory : whe the r 
the S F R is p r o l o n g e d o r in a single burs t . F igure 5 shows all current ly available 
i f - b a n d p h o t o m e t r y for distant galaxies , c o m p a r e d t o the s ame c and μ m o d e l s 
s h o w n for ou r F - b a n d H u b b l e d i ag ram o f F ig . 3. T h e reader shou ld n o t e that 
at 2μηι the evo lu t ionary m o d e l differences are very smal l , and there is n o t m u c h 
sensi t ivi ty t o the a d o p t e d Ho, wh ich enters in the convers ion o f m o d e l t imes teps t o 
redshifts. T h e evo lu t ionary differences are n o w o v e r s h a d o w e d b y the c o s m o l o g i c a l 
curvature differences be tween o p e n and c losed w o r l d m o d e l s . T h i s m a y b e the 
c o s m o l o g i c a l l y sensitive t y p e o f d i ag ram that m a n y invest igators have long h o p e d 
for; a cho i ce be tween g loba l geometr ies shou ld b e poss ib le f r o m da ta o f this qual i ty 
at redshifts this large. Reca l l that the p rev ious invest igat ions often s h o w e d the 
scat ter o f ga laxy magni tudes in excess o f the differences be tween decelera t ions o f 
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Figure 4- A n infrared i f - b a n d H u b b l e d iag ram, used t o illustrate the insensit ivi ty 
t o evo lu t ion m o d e l s at long emi t t ed wavelengths , and in par t icular the insensi t ivi ty 
t o the redshift o f ga laxy fo rmat ion , ZGF- T h e da ta po in t s are B C M ' s f r o m L E , the 
"1 Jy" rad io galaxies o f Al l ing ton-Smi th et α/., and the na r row- l ine 3 C R galaxies 
o f L L and L E . T h e da ta are qui te h o m o g e n o u s , and no corrections o f any k ind have 
been appl ied . T h u s , at ζ ^ 0 . 1 , the m o d e l s appear sl ightly t o o br igh t (K < 13) 
b e c a u s e the necessary aper ture cor rec t ions t o the ga l axy p h o t o m e t r y have n o t 
b e e n expl ic i t ly appl ied t o the data . 
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qo = 0 and qo = 1. T h e 3 C R galaxies have a fairly small luminos i ty d ispers ion in 
the nea r - IR , rough ly σ(τη) ~ 0 .5 , independent o f the redshift . 

B u t be fore w e feel t o o op t imis t i c a b o u t the decelera t ion parameter w h i c h the 
eye w o u l d c h o s e in F igure 5 (qo ~ 0 .25 , s a y ) , w e ough t t o cons ider any poss ib le 
sources o f sys temat ic errors . Hardest o f all is the evaluat ion o f the qual i ty and 
appropr ia teness o f the red giant b ranch ( R G B ) spec t ra a d o p t e d b y Bruzual ( 1 9 8 3 ) , 
and the p o s t - R G B evo lu t ion (cf. Renz in i and Buzzon i 1986) . A l l w e c a n d o 
empi r i ca l ly is t o n o t e that the p red ic ted b r o a d - b a n d co lo r s , (V — K) o f the m o d e l s , 
w h i c h are sensi t ive t o the giant b r anch shape and the rat io o f ma in sequence stars 
and subgian ts t o the l uminous giants , fit the available da ta at ζ < 0.45 qui te wel l 
(Bruzua l 1983 , 1 9 8 6 ) . T h i s is a fair, b u t obv ious ly an i ncomple t e check . N e w 
m o d e l s are n e e d e d , w i th i m p r o v e d p o s t - R G B tracks, and wi th a m o r e c o m p l e t e 
l ibrary o f stellar spec t ra , inc luding m o r e metal-r ich giants; that w o r k c o u l d take 
s o m e t i m e , a n d is o b v i o u s l y b e y o n d the s c o p e o f this review. 

T h e s e c o n d w o r r y is the qual i ty o f ou r three types o f "s tandard cand les" in 

0 .5 1 1.5 2 
ζ 

Figure 5. T h e c o m p l e t e i f - b a n d p h o t o m e t r y sample is c o m p a r e d t o the Bruzua l 
e v o l u t i o n a n d s t andard c o s m o l o g y m o d e l s s h o w n before in F ig . 3 . T h e r e is n o w 
a g o o d sensi t ivi ty t o c o s m o l o g i c a l pa ramete rs . T h e qo p r o b a b l y lies be tween 0.2 
a n d 0 .3 , j u d g i n g f r o m this da ta set . T h e m o d e l s are also quite insensit ive t o the 
a d o p t e d Ho- G a l a x y evo lu t ion differences here are m u c h less impor t an t than w h a t 
w e see in the v isual r eg ion . 
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the near - IR . A careful c o m p a r i s o n o f the üT-band luminosi t ies o f the B C M ' s Î0.05 < 
ζ < 0 .921, "1 Jy" rad io galaxies (0.1 < ζ < 1.78), and the 3 C R galaxies (0.04 < 
ζ < 1.82) in their over lap regions suggests that at smal l redshifts (z < 0 .4) the 
first-ranked cluster g E ' s are a b o u t 0 m . 3 ± 0 m . 2 fainter than the 3 C R galaxies; the 
"1 Jy" galaxies have a b o u t the s ame Μκ as the 3 C R galaxies at l o w redshifts, -26 
or so for HQ = 50 k m s - 1 M p c " " 1 . However , at ζ > 1, the t w o available "1 Jy" 
galaxies are sl ightly fainter ( < 0 m . 4 ) than 3 C R galaxies w i th the similar redshifts. 
C a n these ze ro-po in t Μκ differences sway our w o r l d - m o d e l c o n c l u s i o n s ? N o t 
entirely, s ince Aqo = 0-5 co r r e sponds t o ΔΚ « l m at 1 < ζ < 1.8. A n y poss ib le 
luminos i ty differences w h i c h are systematic with redshift can b e m u c h m o r e ser ious. 
R e c e n t l y Ya tes , Mi l ler , and P e a c o c k (1986) have sugges ted that the m o s t powerful 
3 C R galaxies , at ζ > 1, are m o r e luminous than the lower redshift 3 C R ' s and 
the "1 Jy" galaxies at the highest redshifts. A corre la t ion wi th rad io p o w e r and 
op t i ca l luminos i ty c a n n o t b e pervasive in our samples , s ince the "1 Jy" and B C M 
luminosi t ies are vi r tual ly identical in Μκ at ζ ~ 0 .8 , and their r ad io power s are 
vast ly different at those redshifts. B u t if w e restrict ou r c o m p a r i s o n t o the m o s t 
powerfu l r ad io galaxies w i th Pn% > 1027WHz~l s r " 1 , a cor re la t ion be tween Μκ 
and P\7s m a y well b e present . Reca l l that at ζ > 1, the "1 Jy" galaxies appea r 
sl ightly fainter than 3 C R galaxies s h o w n in F ig . 5. However , w e d o n o t find any 
cor re la t ion be tween cluster m e m b e r s h i p and rad io p o w e r . T o exp lo re the tentat ive 
Yates et al. cor re la t ion s o m e w h a t further, w e have tr ied t o pu t toge ther an I R 
H u b b l e d i a g r a m at app rox ima te ly equal rad io p o w e r ( log Ρ ~ 2 7 ) , us ing the h igh-
flux 3 C R sample at ζ < 0.5 and the a l Jy" sample at ζ > 0 .7 . F igure 6 s h o w s this 
c o m p o s i t e d i ag ram. T h e m o d e l line for qo ^ + 0 . 2 is a g o o d fit t o this da t a set. 
Us ing o n l y the 3 C R da ta set , w e ob t a in a bes t fit wi th qo ^ + 0 . 5 ; these differences 
m a y b e caused in par t b y the da ta sys temat ics . 
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Figure 6. A n infrared H u b b l e d i ag ram c o m b i n i n g the da ta po in t s f r o m the 3 C R 

set (z < 0 .5) and the "1 Jy" galaxies (z > 0 . 7 0 ) . T h e idea is t o equal ize rough ly 

the r ad io p o w e r at all obse rved c o s m i c e p o c h s ; the effect is t o decrease s l ight ly qo 

— o u r m o d e l is n o w qui te sat isfactory for go = + 0 . 2 , Ao = 0 . T h i s p r o b a b l y is a 

ve ry sensible c o m p r o m i s e so lu t ion . 
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Final ly, there is another poss ib le bias : if ga laxy mergers o r cann iba l i sm are 
impor t an t in the early fo rmat ion o f giant ell iptical galaxies (especial ly in p r o t o -
clusters) as or iginal ly sugges ted b y Ostriker and Hausmann ( 1 9 7 7 ) , and m o r e 
recent ly b y Dav i s (1986) f r o m N - b o d y s imula t ions , then our qo ( apparen t ) wil l 
b e a sys temat ic underes t imate o f qo ( t rue) . Th i s is because g E o r c D galaxies 
b e c o m e br ighter as they age . B u t recall that m o s t o f the weight o f ou r samples 
is at ζ > 0 .7 , whe re 9 0 % o f the galaxies w h i c h we use are s t rong rad io emit ters . 
Cons ide rab le recent w o r k in this field has indica ted a qualitative c o n n e c t i o n b e -
tween the presence o f rad io emiss ion and ga laxy interact ions . T h e s e 3 C R and "1 
Jy" galaxies are, then , the sys tems that evo lved dynamica l l y ve ry early o n , and 
they m a y have c o m p l e t e d their merger g rowth at the e p o c h w e obse rve t h e m . 

S o , it appears that little or n o sys temat ic co r rec t ion is needed in the c o m -
par i son o f ζ < 0.8 galaxies wi th their distant counterpar t s . T h u s , w e c o n c l u d e b y 
sugges t ing a value o f qo = 0.2 ± 0 . 3 as a bes t guess f r o m the 1986 H u b b l e d iagrams 
in the 2μπι reg ion . T h i s is an estimate, rather than a measurement, b u t w e b e -
lieve that this value o f qo is m o r e reliable than the prev ious measurements using 
similar m e t h o d s , and it is consis tent wi th o ther m o d e r n est imates o f the densi ty 
pa ramete r Ωη (Peebles 1986) . 

I V . C o n s i s t e n c y C h e c k s O v e r t h e W h o l e S p e c t r u m 

It is poss ib le t o use the visual and the near - IR c o l o r and m a g n i t u d e da t a toge ther 
t o check whe the r the s ame μ - m o d e l s / c o s m o l o g y c o m b i n a t i o n s are ind ica ted over 
the entire available wave length range. Fol lowing L L , w e no te that the (R — K) 
c o l o r p rov ides ou r bes t b road -b rush coverage o f the U V - o p t i c a l s p e c t r u m , b u t b y 
itself it c a n n o t cons t ra in the qo o r the evo lu t ion m o d e l s ve ry wel l . If w e a d o p t 
qo ~ 0 .25 , w e w o u l d c o n c l u d e , as d o L L , that the galaxies ma in ly fo l low a μ - m o d e l , 
b u t s o m e are sufficiently faint and red as t o suggest a pass ive c - m o d e l evo lu t iona ry 
his tory. A m o n g these distant red galaxies are 3 C 6 5 , 3 C 68 .2 , and 3 C 2 4 1 . The i r 
m e a n redshift is (z) = 1.45. T h e da ta in the visual r eg ime indica te the m o r e 
ac t ive m o d e l s , μ ~ 0 .6 , b u t the da ta in near - IR are consis tent w i t h the quieter 
m o d e l s , μ ~ 0 .8 , o r even the passive c -mode l s . T h e interpretat ion o f this m o d e r a t e 
d i sc repancy is unclear ; it c o u l d b e due t o s o m e u n k n o w n m o d e l flaw, b u t it c an 
also b e u n d e r s t o o d s imp ly b y assuming a two-component p o p u l a t i o n m o d e l . 

T h i s scenar io suggests that the major i ty o f the stars are fairly o l d , b u t a 
smal l f ract ion o f the mass is n o w undergo ing a s tarburst (assoc ia ted also w i th the 
presence o f a r ad io s o u r c e ? ) . T h a t w o u l d make the c o m p o s i t e s tar l ight at shor t 
wave lengths resemble a μ - m o d e l (decay ing S F R ) for a few G y r . A sequence o f 
such s p o r a d i c s tarbursts decl in ing in t ime is w h a t the μ -mode l s were in tended t o 
represent anyway. O n the o ther hand , the few faint and red galaxies m a y have 
lead a quiet ex is tence s ince their initial co l lapse . A future check o n this " co lo r 
a c c o r d p r o b l e m " c o u l d c o m e f r o m n e w da ta o n m o r e distant c luster o r a l Jy" red 
galaxies at large redshifts. A t the m o m e n t the incons is tency in o u r der ived μ as 
a func t ion o f wave leng th leads t o o n l y s o m e mi ld d o u b t s a b o u t o u r quant i ta t ive 
app l i ca t ion , and shou ld no t affect ou r qo measurements apprec iab ly . W e n o t e also 
tha t the cor re la t ion o f " U V - e x c e s s " w i th the rad io ga laxy emiss ion line s t rengths 
has weakened as m o r e s p e c t r o s c o p i c da ta have b e c o m e available. 

https://doi.org/10.1017/S0074180900159091 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900159091


T H E S T A T U S O F T H E H U B B L E D I A G R A M I N 1 9 8 6 1 3 9 

V . D e s i d e r a t a for the F u t u r e , a n d the C o n c l u d i n g R e m a r k s 

T h e progress o f the 1980's is very encourag ing , and w e e x p e c t the field t o advance 
b y ex tens ion o f observa t ions o n these three types o f s t andard candles t oward even 
greater l o o k b a c k t imes . W e listed s o m e o f the poss ib le p r o b l e m s w h i c h need m o r e 
a t tent ion, b u t n e w p r o b l e m s will arise as wel l . For e x a m p l e , w h a t is the effective 
fo rma t ion e p o c h o f clusters? Wi l l their initial densi ty cont ras t b e a ma jo r factor 
( and a b ias) in their col lapse t ime and later r ecogn i t ion , b y either op t ica l o r X - r a y 
t echn iques? 

T h e r e is h o p e that s o m e o f the "1 Jy" rad io galaxies w h o s e observa t ions have 
jus t really b e g u n , m a y p rove t o b e very distant and secure c o s m o l o g i c a l p r o b e s , 
pe rhaps at ζ < 2 , if the (K, z) relat ions w e s h o w here m a y b e ex t rapo la ted . 
Future imaging photometry in the near - IR wil l great ly i m p r o v e the quali ty o f the 
raw Κ p h o t o m e t r i c da ta at faint levels (K > 18, s a y ) , and w e l o o k fo rward t o that 
capabi l i ty . Finally, s o m e independen t m e t h o d t o check the val idi ty o f evolu t ionary 
m o d e l s has t o b e es tabl ished. T h e n w e shou ld b e able t o capi ta l ize o n the distant 
ga laxy da ta sets like those presented here in a t tacking o n e o f the c o s m o l o g y ' s 
o ldes t and m o s t impor t an t p r o b l e m s . 
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DISCUSSION 

MILEY: I would like to report evidence that indicates that the high-
luminosity radio galaxies are indeed different from the lower-
luminosity radio galaxies and that plotting their magnitudes on the 
same diagram may well introduce selection effects. First, a survey 
of lower-z matched samples of high-luminosity and low-luminosity 
radio galaxies by Heckman, Illingworth, van Breugel, Bothun, Baum, 
Smith and myself shows that the higher powered sources have 
preferentially peculiar optical morphologies. Second, Golonibek, 
Neugebauer and I have shown that they have IRAS (60-micron) excesses 
compared with low-luminosity radio galaxies. Both these results 
suggest that the high-powered radio galaxies are undergoing mergers 
and are definitely not normal ellipticals as presumed by conventional 
astronomical folk-lore c 

SPINRAD: Yes, there is little doubt that seme radio galaxies have 
disturbed outer isophotes. Whether that would matter in a centered-
aperture light measurement that includes the inner 60-80 kpc (D), is, 
to me, unclear. 
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I also believe that the IR is more immune to these "disturbances", 
if the latter are young-object dominated. 

The Hubble-diagrams used here, are, in fact, for very luminous 
sources - radio galaxies well above the slope-change in the RLF. 

WINDHORST: First, an addition to George Miley's comment. At much 
fainter radio fluxes, milli Jansky levels, the radio source population 
also consists of normal giant ellipticals and weird looking beasts. So 
we can always construct a subsample of "normal looking" giant ellipticals 
for the purpose of a Hubble diagram. My question is twofold. I can 
imagine two effects that could brighten the K-magnitude of galaxies at 
ζ - 1 with respect to the model predictions. First, the Paschen or 
other lines might enhance the K-luminosity and second, AGB stars or 
carbon stars might produce more light at λ > ly. I am sure you share 
this worry, but could you give us some feeling how important these effects 
might be for the Hubble diagram in K. 

SPINRAD: I doubt if any infrared emission lines would compete with the 
stellar energy maxima and the very broad-band IR spectral response(s). 
Emission lines should hardly modulate Κ magnitudes. 

The giant branch details now follow the Yale evolutionary tracks. 
The current Bruzual models are a satisfactory match in color (V-K) for 
redshifts 0 < 2 <_ 0.5; this gives me some limited confidence that Che 
stellar giant branch is fairly realistic for recent cosmic epochs. 
At longer look-backs (e.g. - younger turnoffs and more-massive giant 
precursor stars), I cannot make a comparison of theory with the Ε galaxy 
data. So the question will have to be answered indirectly, presumably 
by tests Dr. Bruzual is now assembling. Good question! 

LONGAIR: It is a great pleasure to have the opportunity to express my 
admiration for the remarkable achievement which Dr 0 Spinrad has made 
in measuring the redshifts and spectra of the 3C and 1-Jy radio galaxies. 
I believe the studies of the faintest of the radio galaxies in the 1-Jy 
sample are important for understanding when these galaxies first formed. 
Simon Lilly, Jeremy Allington-Smith and I showed that, among the faintest 
and presumably most distant of the galaxies in the 1-Jy sample, there are 
objects with the optical-infrared colors of passively evolving elliptical 
galaxies. Since their redshifts are presumably in the range 1.5 s ζ < 3, 
this means that they must have formed their stellar populations at redshifts 
greater than 3 05. The study of these galaxies is very important in setting 
astrophysical constraints upon when these massive galaxies first formed. 
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