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ABSTRACT. Number c o u n t s , c o l o r s , and angular c o r r e l a t i o n s of f i e l d 
g a l a x i e s f a i n t e r than 20th mag are summarized. R e s u l t i n g c o n c l u s i o n s 
regarding the presence and nature of l u m i n o s i t y , s p e c t r a l , and c l u s -
t e r i n g e v o l u t i o n remain c o n t r o v e r s i a l . Pre l iminary a n a l y s i s of two 
major s p e c t r o s c o p i c surveys near complet ion sugges t s that by ζ - 0 . 5 , 
l a r g e r numbers of v e r y - b l u e g a l a x i e s of moderate l u m i n o s i t i e s are 
found than t o d a y . These s k e w e r - l i k e surveys a l s o prov ide new probes 
of g a l a x y c l u s t e r i n g on s c a l e s p r e v i o u s l y unexplored ( > 2 0 0 Mpc) and 
over lookback t imes of s e v e r a l b i l l i o n y e a r s . 

1 . INTRODUCTION 

Over the l a s t decade , major progress has been made in s tudying the 
p r o p e r t i e s of f i e l d g a l a x i e s wi th Β > 2 0 , f a i n t enough to hope that 
e v o l u t i o n would be measureable . These new o b s e r v a t i o n s have inc luded 
deep number c o u n t s , average c o l o r changes with magnitude, angular 
c o r r e l a t i o n f u n c t i o n s , and even rough r e d s h i f t s based upon m u l t i c o l o r 
photometry. Progress i s tak ing another l eap with the a v a i l a b i l i t y of 
m u l t i a p e r t u r e CCD s p e c t r o s c o p y . Hundreds of r e d s h i f t s of t y p i c a l 
g a l a x i e s at ζ > 0 . 1 i s no l onger a dream and thus the content and 
s t r u c t u r e of the u n i v e r s e b i l l i o n s of years in the past i s now 
e x p l o r a b l e . This t a l k i s l a r g e l y a progress report on the s t a t u s of 
two such r e d s h i f t s u r v e y s , one made a t K i t t Peak Nat iona l Observa-
t o r y and the o ther at the A n g l o - A u s t r a l i a n O b s e r v a t o r y , and both with 
4m t e l e s c o p e s . The e x c i t i n g work from the Sov ie t 6m t e l e s c o p e i s 
reported by Shvartsman and Karachentsev . 

2 . SUMMARY OF PHOTOMETRIC SURVEYS 

2 . 1 Counts and Colors of Faint F i e l d G a l a x i e s 

Number counts of g a l a x i e s have been extended by n e a r l y a f a c t o r of 
1000 in f a i n t n e s s in the l a s t ten y e a r s . The f i r s t major s t e p was 
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the r e s u l t of combining the s e n s i t i v i t y and dynamic range of new 

photographic emuls ions ( h y p e r s e n s i t i z e d by baking) with the f a s t 

prime focus cameras of new 4m c l a s s t e l e s c o p e s . These surveys 

reached Β ~ 2 4 , w e l l past the Β ~ 21 l i m i t s of data from the prev ious 

g e n e r a t i o n and p l e n t y deep to study e v o l u t i o n and cosmology . The 

major c o n c l u s i o n i s that more f a i n t g a l a x i e s are observed a t f a i n t e r 

magnitudes than e x p e c t e d , i f the p r o p e r t i e s of d i s t a n t g a l a x i e s were 

on average the same as that today ( E l l i s 1 9 8 2 , Shanks et al. 1 9 8 4 ) . 

In f a c t , number counts of g a l a x i e s from b luer passbands appear to 

r i s e more s t e e p l y with magnitude, with the u l t r a v i o l e t counts 

i n c r e a s i n g at a Euc l id ian r a t e of 0 . 6 in dex-mag versus 0 . 4 with the 

R and I bands (Koo 1 9 8 6 ) . This i s c o n s i s t e n t with the o ther major 

c o n c l u s i o n of these photometric s u r v e y s , that f a i n t g a l a x i e s appear 

q u i t e b l u e , f i r s t reported by Kron ( 1 9 7 8 , 1 9 8 0 ) . Both the s t e e p 

counts and blue c o l o r s can be understood in the context of g a l a x y 

e v o l u t i o n , whereby d i s t a n t g a l a x i e s were b r i g h t e r and b l u e r on 

average than today due to more e x t e n s i v e s t a r format ion ( s e e e . g . 

models by T i n s l e y 1980 or Bruzual and Kron 1 9 8 0 ) ; the b e s t - f i t t i n g 

models g e n e r a l l y adopt a cosmology r e q u i r i n g a low d e n s i t y u n i v e r s e 

and a high r e d s h i f t ( z > 5 ) f o r the assumed s i n g l e epoch of g a l a x y 

f o r m a t i o n . 

D e s p i t e a common b e l i e f that e v o l u t i o n has indeed been d e t e c t e d , 

doubts l e g i t i m a t e l y remain, s ince counts from d i f f e r e n t groups vary 

by as much as a f a c t o r of two (same s i z e as the d i f f e r e n c e between 

models with and without e v o l u t i o n ) and the c o n c l u s i o n s depend on 

r e l a t i v e l y poor c a l i b r a t i o n s of the l o c a l l u m i n o s i t y f u n c t i o n s and UV 

spec tra of g a l a x i e s of d i f f e r e n t types ( o r c o l o r s ) . Other p o s s i b l e 

problems inc lude photometric zero p o i n t s , g a l a c t i c e x t i n c t i o n , 

d i f f e r e n t methods of photometry, and even l a r g e - s c a l e c l u s t e r i n g . 

With CCD's that now achieve an impress ive ga in of s e v e r a l more 

magnitudes to Β = 27 (Tyson 1 9 8 7 ) or R = 2 5 . 7 ( H a l l and Mackay 1 9 8 4 ) , 

the trends in both counts and c o l o r s are conf irmed, thus 

s t rengthen ing the conc lus ions from the b r i g h t e r photographic s u r v e y s ; 

in a d d i t i o n , the count v a r i a t i o n s from f i e l d to f i e l d are c la imed to 

be s m a l l , about 10% or twice P o i s s o n , f o r the CCD data (Tyson 1 9 8 7 ) , 

a po int to which we w i l l l a t e r r e t u r n . 

2 . 2 Angular C o r r e l a t i o n s 

Bes ides counts and c o l o r s , angular c o r r e l a t i o n s can be measured from 

e s s e n t i a l l y the same data and prov ide a probe of c l u s t e r i n g 

e v o l u t i o n . As with the c o u n t s , the r e s u l t s vary s i g n i f i c a n t l y among 

the groups who have used 4m p l a t e s ( s e e E l l i s 1987 f o r a r e v i e w ) . At 

the high end, the data f i t a model that assumes no or mild l u m i n o s i t y 

e v o l u t i o n , i s c o n s i s t e n t with the counts and c o l o r s , and i n c l u d e s no 

e v o l u t i o n in the c l u s t e r i n g ; at the o ther end, the data g i v e s 

ev idence f o r some growth in c l u s t e r i n g over t i m e . Bes ides the 

u n c e r t a i n t i e s that plague i n t e r p r e t a t i o n s of counts and c o l o r s , an 

accura te a n a l y s i s a l s o needs to account f o r (but have so f a r n o t ) the 

known d i f f e r e n c e s in the c l u s t e r i n g p r o p e r t i e s ( s l o p e and ampl i tude 

of the power-law c o r r e l a t i o n ) of d i f f e r e n t types of g a l a x i e s (Dav i s 
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and G e l l e r 1 9 7 6 , G i o v a n e l l i et al. 1 9 8 6 ) ; any f e a t u r e s , such as the 
"shoulder", in the s p a t i a l c o r r e l a t i o n func t ion (Shanks et al. 1 9 8 3 ) 
would on ly f u r t h e r compl ica te the model ing . 

3 . SUMMARY OF DEEP REDSHIFT SURVEYS 

3 . 1 Redsh i f t s Based On M u l t i c o l o r Photometry 

R e d s h i f t s , when combined with photometry, are e s s e n t i a l f o r r e l i a b l e 

measurements of i n t r i n s i c parameters , such as l u m i n o s i t y and c o l o r , 

of f a i n t g a l a x i e s . One technique that has the advantage of reaching 

very f a i n t l i m i t s i s to r e l y on broad or in termedia te band photometry 

to e s t i m a t e rough r e d s h i f t s and ga laxy type by matching the observed 

s p e c t r a l energy d i s t r i b u t i o n s (SED) of f a i n t o b j e c t s with a s e t of 

r e d s h i f t e d t e m p l a t e s . Although there are problems a s s o c i a t e d with 

accurate c a l i b r a t i o n s and measurements of sy s t emat i c and random 

errors ( s e e E l l i s 1 9 8 7 ) , the method has promise . For example , Couch 

et al. ( 1 9 8 3 ) , E l l i s et al. ( 1 9 8 5 ) , and MacLaren et al. ( 1 9 8 7 ) have used 

in termediate band f i l t e r s and CCDs to study the SEDs of g a l a x i e s in 

d i s t a n t c l u s t e r s and f ind that red g a l a x i e s posses s a wide d i s p e r s i o n 

of f l u x in the u l t r a v i o l e t ; Loh and S p i l l a r ( 1 9 8 6 a , 1 9 8 6 b ) have 

adopted a s i m i l a r setup on a sample of 1000 f a i n t f i e l d g a l a x i e s to 

conclude that we l i v e in a high d e n s i t y un iverse ( i . e . Ω = 1 ) and 

that l i t t l e c o l o r or l u m i n o s i t y e v o l u t i o n has occurred up to ζ ~ 0 . 8 ; 

and Koo ( 1 9 8 6 ) has employed broadband UBVI photography of f a i n t f i e l d 

g a l a x i e s to f ind that the f r a c t i o n of i n t r i n s i c a l l y b lue (B-V < 0 . 7 ) 

g a l a x i e s of moderate l u m i n o s i t y has increased to ~ 65% at ζ ~ 0 . 4 

from the ~ 45% found today . Loh ( t h i s conference ) has even e x p l o i t e d 

the method to measure the c l u s t e r i n g of ζ ~ 0 . 5 f i e l d g a l a x i e s and 

concludes that growth of c l u s t e r i n g has occurred over the l a s t few 

b i l l i o n y e a r s , a r e s u l t that supports the low s i d e of the c o n f l i c t i n g 

angular c o r r e l a t i o n o b s e r v a t i o n s . 

3 . 2 S p e c t r o s c o p i c Observat ions 

There i s no s u b s t i t u t e f o r s p e c t r o s c o p i c r e d s h i f t s ; even methods 
based on m u l t i c o l o r photometry must r e l y on such data f o r proper 
c a l i b r a t i o n . With the a v a i l a b i l i t y of CCDs and m u l t i a p e r t u r e 
spectrograph sys tems , r e d s h i f t s of g a l a x i e s f a i n t e r than Β = 20 can 
be r o u t i n e l y acquired now, though the e f f o r t i s s t i l l d i f f i c u l t and 
r e q u i r e s many hours on a l a r g e t e l e s c o p e . Perhaps the most dramatic 
r e s u l t s have been reported f o r the study of d i s t a n t c l u s t e r s ( s e e 
t a l k by D r e s s i e r ) . Redsh i f t surveys of f i e l d g a l a x i e s , though i n i -
t i a t e d around 1 9 8 1 , have on ly r e c e n t l y been complete enough to y i e l d 
some p r e l i m i n a r y r e s u l t s ( E l l i s 1 9 8 7 , Koo and Kron 1 9 8 7 ) . A summary 
of the o b s e r v a t i o n s are g iven in Table 1 . 
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Table 1« Deep Redsh i f t Surveys of F i e l d G a l a x i e s 

KPNO AAT 

(Koo and Kron) ( E l l i s . Broadhurst , and Shanks) 

T e l e s c o p e 4.0m 3.9m 

Ins trument - Cryogenic Camera RGO / Faint Obj Red Spec 
D e t e c t o r + TI CCD •IPCS / + GEC CCD 

Νο· of f i e l d s 3+ 5 
F i e l d S i z e 40* diameter 2 0 1 d iameter 

Apertures 40 h o l e s or 10 s l i t s 50 / 50 f i b e r s 
Range ( Â ) 4500 - 7500 3700 - 6100 / 5000 - 1 0 , 0 0 0 
R e s o l u t i o n (Â) 15 4 / 15 

Exposure ( h r ) 1 - 3 4 - 6 
Mag Limit R < 21 20 < Β < 2 1 . 5 

Completeness (%) 100 (R < 1 9 ) to 85 (Β < 2 1 ) 
6 ( 2 0 . 5 - 2 1 ) 75 (Β < 2 1 . 5 ) 

# of r e d s h i f t s 400+ 200+ 
Photometry Photog. UBVI mos t ly Photog. Β 

3 . 3 R e s u l t s on Galaxy Evo lu t ion 

The f o l l o w i n g summary i s based upon the r e p o r t s of E l l i s ( 1 9 8 7 ) f o r 

the AAT survey and of Koo and Kron ( 1 9 8 7 , 1 9 8 8 ) f o r the KPNO s u r v e y . 

To the s u r p r i s e of both groups , the o v e r a l l r e d s h i f t d i s t r i b u t i o n s 

are most c o n s i s t e n t with no or l i t t l e l u m i n o s i t y e v o l u t i o n in 

g a l a x i e s , i . e . too few luminous g a l a x i e s are found at high r e d s h i f t s 

ζ > 0 . 5 . Although the AAT survey remains incomple te , [ O i l ] 3727Â i s 

e a s i l y o b s e r v a b l e to ζ < 1 , and so the l a c k of high r e d s h i f t s i s 

probably r e a l ; 85% of the current sample shows emiss ion l i n e s . For 

the KPNO work, completeness i s not an i s s u e , s i n c e a subsample of 

- 3 0 0 g a l a x i e s has completeness that i s w e l l de f ined but v a r i e s with 

magnitude. 

To e x p l a i n the excess of c o u n t s , both teams a l s o concur that 

g a l a x i e s with more e x t e n s i v e s t a r formation are found a t r e d s h i f t s ζ 

> 0 . 2 5 than today . The AAT group bases t h i s c o n c l u s i o n on f i n d i n g 

that many such g a l a x i e s have [ O i l ] r e s t - f r a m e e q u i v a l e n t widths 

l a r g e r than 20Â, but u n l i k e l o c a l counterpart s which tend to be Im 

dwarfs of low l u m i n o s i t y , these high r e d s h i f t b lue g a l a x i e s are as 

b r i g h t as t y p i c a l s p i r a l s . They a l s o argue that n e i t h e r the a p e r t u r e 

e f f e c t nor K - c o r r e c t i o n s are s i g n i f i c a n t s e l e c t i o n e f f e c t s . In c o n -

t r a s t , the KPNO c o n c l u s i o n i s based d i r e c t l y on f i n d i n g twice as many 

ζ > 0 . 2 5 g a l a x i e s with the UV-bright c o l o r s of Im type g a l a x i e s than 

p r e d i c t e d by n o - e v o l u t i o n mode l s . F i n a l l y , n e i t h e r survey y i e l d 

l a r g e numbers of l o w - l u m i n o s i t y dwarfs a t low r e d s h i f t s tha t might 

c o n t r i b u t e to the exces s of f a i n t g a l a x i e s . 
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3 . 4 R e s u l t s on Galaxy C l u s t e r i n g 

The narrowness of the c o n i c a l volumes probed by the deep r e d s h i f t 

surveys i s worth emphasiz ing . At ζ = 0 . 3 , the 40 arcmin diameter 

f i e l d s of the KPNO surveys span about 6 . 5 Mpc (assuming H Q = 100 km 

s e c " 1 Mpc" 1 and q Q = 0 . 5 ) . The AAT f i e l d s are h a l f of t h i s , but both 

surveys cover areas l a r g e r than the Mpc s i z e of even r i c h c l u s t e r s of 

g a l a x i e s . S u p e r c l u s t e r s of s e v e r a l tens of Mpc, however, may on ly be 

p a r t i a l l y i n t e r c e p t e d . 

As reported by E l l i s ( 1 9 8 7 ) f o r the AAT work, t h e i r survey 

y i e l d s a s p a t i a l c o r r e l a t i o n f u n c t i o n which i s " t a n t a l i s i n g l y lower 

than expected in the v i r i a l i s e d case but about twice the number of 

g a l a x i e s i s needed b e f o r e any s i g n i f i c a n c e can be a t tached to t h i s 

r e s u l t · " Moreover , they i d e n t i f y " s h e e t - l i k e s t r u c t u r e s " in some of 

the cones and f i n d that the a b s o l u t e number of g a l a x i e s counted to 

deeper l i m i t s i s w e l l c o r r e l a t e d with the number of such s h e e t s . 

As reported by Koo, Kron, and Sza lay ( 1 9 8 7 ) f o r the KPNO survey , 

a major s u r p r i s e i s the s trong d u m p i n e s s seen in the r e d s h i f t d i s -

t r i b u t i o n s , e s p e c i a l l y f o r the SA 57 f i e l d (F igure l a ) . Some 

r e d s h i f t sp ikes c o n t a i n r i c h groups or even a c l u s t e r ( e . g . note ζ = 

0 . 1 2 and 0 . 2 4 clumps in F i g . 2 a ) , but o t h e r s do not ( e . g . a t ζ = 0 . 3 

in F i g . 2 b ) . The smooth d i s t r i b u t i o n s are c o n s i s t e n t with f l a t t e n e d 

l a r g e s c a l e s t r u c t u r e s , i . e . sheets or pancakes being skewered by our 

observ ing c o n e s . These s t r u c t u r e s , whatever t h e i r shape , can 

s t r o n g l y a f f e c t the counts of g a l a x i e s ; e . g . , over 50% of a l l the Β < 

20 g a l a x i e s in a 0 . 3 deg area in SA 57 occupies the s i n g l e peak at ζ 

= 0 . 1 2 . Very deep CCD frames , on the o ther hand, p e n e t r a t e a l a r g e r 

number of such s t r u c t u r e s and should thus exper ience f a r l e s s 

f l u c t u a t i o n s from f i e l d to f i e l d . 

I t i s i n t e r e s t i n g to n o t e , however, that the observed 

f l u c t u a t i o n s are a l r e a d y q u i t e c o n s i s t e n t with e x t r a p o l a t i o n s of the 

s imple power-law c l u s t e r i n g of the Β - 15 Zwicky sample , so perhaps 

no exces s a t l a r g e s c a l e s i s needed. The r a t i o , R, of expected 

f l u c t u a t i o n s to tha t from Poisson (assuming the angular c o r r e l a t i o n 

ampl i tudes s c a l e as N ~ ^ e " ) i s : 

R - [1 + ( N S ) 0 - 4 ] 0 - 5 

where Ν i s the number of g a l a x i e s observed in a box with s i d e s , S, in 
degrees ( P h i l l i p p s and Disney 1 9 8 5 ) . In the case of l ° x l ° f i e l d s , 4m 
p l a t e s y i e l d - 3 5 0 0 g a l a x i e s f o r 20 < Β < 2 2 . 5 , so R should be about 
5 ; t h i s matches the r e s u l t s reported by E l l i s ( 1 9 8 7 ) . In the case 
of a t y p i c a l CCD f i e l d of 3x3 arcmin w i t h , e . g . , 400 g a l a x i e s that 
might reach Β about 2 5 , R should be about 2 ; t h i s i s as observed by 
Tyson ( 1 9 8 7 ) . 

Another f e a t u r e of i n t e r e s t i s the "void" of g a l a x i e s centered 
at ζ - 0 . 1 5 in the SA 57 d a t a , where one g a l a x y i s d e t e c t e d from an 
expected 1 5 . To check i f t h i s gap of over 100 Mpc in depth extends 
a c r o s s in the p lane of the sky , we have searched f o r a l l A b e l l 
c l u s t e r s that have s p e c t r o s c o p i c r e d s h i f t s and that are l e s s than 15 
deg from our f i e l d . A t o t a l of 56 are found, 37 with ζ < 0 . 1 3 , 18 
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Figure 1 . a ) Histogram in b ins of 0 . 0 1 in ζ of r e d s h i f t s f o r 148 
g a l a x i e s w i th in a 0 . 3 d e g 2 f i e l d at the North G a l a c t i c Pole (SA 
5 7 ) . The magnitude and completeness l i m i t s are complex but with 
most g a l a x i e s having 20 < Β < 2 3 . b ) Histogram of 134 r e d s h i f t s in 
SA 6 8 . 
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Figure 2 · a ) Sky p o s i t i o n s of SA 57 g a l a x i e s with r e d s h i f t s near the 

peaks a t ζ = 0 . 1 2 , 0 . 1 8 , and 0 . 2 4 . Coverage of the f i e l d i s NOT 

uni form, b ) Same f o r SA 68 g a l a x i e s a t ζ = 0 . 0 9 , 0 . 1 7 , and 0 . 3 0 . 

with ζ > 0 . 1 6 , and one at ζ = 0 . 1 4 , which i s in the gap , but t h i s 

c l u s t e r i s a t the edge of our search area almost 100 Mpc away! On 

the o t h e r hand, N-body s i m u l a t i o n s of deep r e d s h i f t surveys by White 

et a l . ( 1 9 8 7 ) of a u n i v e r s e with c o l d dark m a t t e r , b i a s e d g a l a x y 

f o r m a t i o n , and Ω = 1 a l s o show sp iky d i s t r i b u t i o n s , so we should 

perhaps r e s e r v e judgement on the meaning of our r e d s h i f t d i s t r i b u -
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t i o n s u n t i l more d e t a i l e d comparisons are made. The r e d s h i f t data i s 
s t i l l being improved in r e l i a b i l i t y , c o m p l e t e n e s s , and accuracy . 
When completed and combined with m u l t i c o l o r photometry, t h i s and 
other surveys promise to prov ide powerful t o o l s to study e v o l u t i o n of 
the s p e c t r a l and c l u s t e r i n g p r o p e r t i e s of d i s t a n t f i e l d g a l a x i e s . 

I thank R. S. E l l i s f o r h e l p f u l d i s c u s s i o n s . F igure 2 shows 
unpublished data from a j o i n t p r o j e c t with R. Kron and A. S z a l a y . 
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