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D a v i d C . K o o 

S p a c e T e l e s c o p e S c i e n c e I n s t i t u t e 

a n d 

R i c h a r d G . K r o n 

Y e r k e s O b s e r v a t o r y , U n i v e r s i t y o f C h i c a g o 

T h i s p a p e r r e p o r t s p r e l i m i n a r y r e s u l t s o f t w o l o n g - t e r m r e d s h i f t 

s u r v e y s t h a t a r e n e a r c o m p l e t i o n . O n e c o n s i s t s o f n e a r l y 4 0 0 

r e d s h i f t s o f f i e l d g a l a x i e s ; t h e s a m p l e i s f a i n t e n o u g h ( B 22) t o 

t e s t m o d e l s o f g a l a x y l u m i n o s i t y a n d c o l o r e v o l u t i o n ( a n d p o s s i b l y 

c o s m o l o g y ) a n d t o s e a r c h f o r t h e p r e s e n c e o f v e r y l a r g e - s c a l e 

s t r u c t u r e s a m o n g d i s t a n t f i e l d g a l a x i e s . T h e o t h e r c o n s i s t s o f o v e r 

6 0 s p e c t r a o f q u a s a r c a n d i d a t e s o f s i m i l a r f a i n t n e s s ; t h e 

i d e n t i f i c a t i o n s a n d r e d s h i f t s o f b o n a - f i d e q u a s a r s p r o v i d e s t r o n g 

c o n s t r a i n t s o n t h e e v o l u t i o n a n d s h a p e o f t h e l u m i n o s i t y f u n c t i o n o f 

d i s t a n t q u a s a r s . A l m o s t a l l o f t h e o b s e r v a t i o n s h a v e b e e n made w i t h 

t h e 4m t e l e s c o p e a t K i t t P e a k N a t i o n a l O b s e r v a t o r y w i t h t h e C r y o g e n i c 

C a m e r a i n m u l t i a p e r t u r e m o d e . T h e s p e c t r a l r a n g e c o v e r e d 4 5 0 0 Â t o 

7 5 0 0 Ä w i t h 1 5 Â FWHM r e s o l u t i o n a n d 4Â p e r p i x e l ; s i m u l t a n e o u s 

e x p o s u r e s o f a n h o u r o r t w o w e r e m a d e f o r a b o u t 1 0 o b j e c t s w i t h i n t h e 

5 a r c m i n f i e l d o f v i e w . 

T h e q u a s a r c a n d i d a t e s a m p l e i s c o n c e n t r a t e d o v e r a n a r e a o f 0 . 3 

d e g 2 i n S e l e c t e d A r e a 5 7 a t t h e N o r t h G a l a c t i c P o l e a n d c o n s i s t s o f 

a l l s t e l l a r - l i k e o b j e c t s w h i c h l i e a w a y f r o m t h e p o s i t i o n s o f e x p e c t e d 

G a l a c t i c s t a r s i n t h e UBV t w o - c o l o r d i a g r a m ( K o o , K r o n , a n d C u d w o r t h 

1 9 8 6 ) . We e m p h a s i z e t h a t o u r s e l e c t i o n d o e s NOT e x c l u d e q u a s a r s o f 

h i g h r e d s h i f t ( z > 2 . 2 ) a s i n o t h e r p h o t o m e t r i c U V - e x c e s s s u r v e y s . 

A m o n g t h e 7 7 c a n d i d a t e s c o m p l e t e t o B à 2 2 . 5 , we now h a v e s p e c t r a f o r 

6 4 . T h e 3 2 g e n u i n e q u a s a r s h a v e r e d s h i f t s r a n g i n g f r o m 0 . 9 t o 3 . 1 , 

w i t h a m e d i a n o f 1 . 5 . We a l s o f o u n d 11 s t a r s , g e n e r a l l y a t Β < 2 1 , a s 

w e l l a s 1 6 n a r r o w e m i s s i o n - l i n e g a l a x i e s w i t h r e d s h i f t s b e t w e e n 0 . 2 

a n d 0 . 8 . F i v e r e m a i n u n i d e n t i f i e d . 

D e t a i l s o f o u r s p e c t r o s c o p i c w o r k w i l l b e p u b l i s h e d e l s e w h e r e . 

I n s u m m a r y , we f i n d : 

1 ) T o Β ~ 2 2 . 5 , we h a v e s p e c t r o s c o p i c a l l y c o n f i r m e d a q u a s a r s u r f a c e 

d e n s i t y o f o v e r 1 0 0 d e g 2 , t h e h i g h e s t a m o n g a n y e x i s t i n g s u r v e y . 

2 ) T h e r e d s h i f t d i s t r i b u t i o n a m o n g o u r q u a s a r s w i t h Β < 21 i s a l m o s t 

i d e n t i c a l t o t h e f a i n t e r o n e s . A s a l r e a d y h i n t e d b y t h e 

p r e d o m i n a n c e o f U V - e x c e s s c a n d i d a t e s , r e l a t i v e l y f e w ( 7 ) q u a s a r s 

w i t h ζ > 2 . 2 w e r e f o u n d , s u p p o r t i n g t h e v i e w t h a t h i g h r e d s h i f t 

q u a s a r s a r e r a r e o v e r a l a r g e r a n g e i n l u m i n o s i t i e s . 
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3) T h e t u r n o v e r i n t h e n u m b e r c o u n t s o f f a i n t q u a s a r s i s a l s o s e e n i n 

t h e s h a p e o f t h e l u m i n o s i t y f u n c t i o n o f q u a s a r s a t r e d s h i f t s 

ζ < 3 , d e r i v e d b y c o m b i n i n g o u r d a t a w i t h t h o s e o f o t h e r s f r o m 

b r i g h t e r s u r v e y s . 

4 ) U s i n g t h e b r e a k f r o m t h e s t e e p l y r i s i n g b r i g h t p o r t i o n o f t h e 

l u m i n o s i t y f u n c t i o n a s a f i d u c i a l p o i n t , we f i n d o n e 

i n t e r p r e t a t i o n t o b e t h a t l u m i n o s i t y e v o l u t i o n i n t h e f o r m ( 1 + z ) 4 

i s d o m i n a n t o v e r d e n s i t y e v o l u t i o n , a t l e a s t u p t o ζ ~ 2 . 5 . I n 

f a c t , t h e d a t a s u g g e s t t h a t t h e o v e r a l l n u m b e r o f q u a s a r s may e v e n 

h a v e b e e n f e w e r i n t h e p a s t . I f s o , q u a s a r s o f ζ < 4 may NOT 

h a v e i o n i z e d t h e i n t e r g a l a c t i c m e d i u m . I f c o n s t a n t , t h e m o r e 

r a p i d d r o p b e y o n d ζ ~ 2 . 5 may s i g n a l t h e m a j o r e p o c h o f q u a s a r 

f o r m a t i o n . 

T h e g a l a x i e s o f t h e f i e l d s u r v e y w e r e s e l e c t e d r a n d o m l y w i t h i n 

s e v e r a l 5 a r c m i n a r e a s , w i t h b r i g h t e r ( i n t h e r e d b a n d ) o b j e c t s g i v e n 

h i g h e r w e i g h t s . T h e s e a r e a s w e r e l o c a t e d i n t h r e e f i e l d s o f h i g h 

g a l a c t i c l a t i t u d e ( S A 5 7 a t 1 3 0 5 + 3 0 ; SA 6 8 a t 0 0 1 5 + 1 5 ; a n d H e r c u l e s 

N o . 1 a t 1 7 2 0 + 5 0 ) f o r w h i c h we h a v e U B V I p h o t o m e t r y f r o m 4m p r i m e f o c u s 

p l a t e s t h a t g o d e e p e r t h a n o u r s a m p l e f o r s p e c t r o s c o p y . O u r f i e l d 

g a l a x y s u r v e y r e p r e s e n t s a s i x y e a r e f f o r t , l a r g e l y b e c a u s e o f o u r 

a t t e m p t t o d e f i n e a n d a c h i e v e a s a m p l e t h a t i s " c o m p l e t e " , n o t 

n e c e s s a r i l y i n t h e s e n s e o f f i n i s h i n g a l l o b j e c t s t o a s i n g l e 

m a g n i t u d e l i m i t o v e r a g i v e n a r e a o f s k y , b u t r a t h e r i n t h e s e n s e o f 

h a v i n g r e p r e s e n t a t i v e ( i . e . u n b i a s e d b y c o l o r , s u r f a c e b r i g h t n e s s , o r 

s t r e n g t h o f s p e c t r a l f e a t u r e s ) s u b s a m p l e s u s e a b l e f o r s t a t i s t i c a l 

a n a l y s i s . T o d a t e , we h a v e s e c u r e d o v e r 4 0 0 r e d s h i f t s , w i t h o v e r 3 0 0 

now c o n s t i t u t i n g a s t a t i s t i c a l l y c o m p l e t e s a m p l e . 

A l t h o u g h t h e r e d u c t i o n o f t h e r e d s h i f t s u r v e y i s s t i l l u n d e r w a y 

b e c a u s e o f o u r d e s i r e t o i m p r o v e t h e a c c u r a c y , r e l i a b i l i t y , a n d 

c o m p l e t e n e s s , we a r e a l r e a d y a b l e t o r e p o r t s o m e i n t e r e s t i n g , t h o u g h 

p r e l i m i n a r y , r e s u l t s . One o f t h e m o s t s t r i k i n g i s t h e o b s e r v e d 

d u m p i n e s s o f t h e 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 i n SA 5 7 ( s e e 

F i g u r e 1 a ) . T h i s f i e l d s h o w s b o t h v e r y s t r o n g o v e r d e n s i t i e s 

( c l u s t e r i n g ) a n d u n d e r d e n s i t i e s ( " v o i d s " ) o n s c a l e s o f ~ 1 0 0 M p c . O u r 

s u r v e y d e p t h i s n o t e a s i l y d e f i n e d , b u t t h e f a i n t e s t g a l a x i e s h a v e 

Β > 2 2 a n d t h e m e d i a n r e d s h i f t i s 0 . 2 4 . A d e t a i l e d a n a l y s i s o f t h e 

c l u s t e r i n g ( a n d i t s e v o l u t i o n ) o f f i e l d g a l a x i e s a n d o f i t s 

c o n s i s t e n c y w i t h v a r i o u s c o s m o l o g i c a l s c e n a r i o s i s u n d e r w a y i n a 

c o l l a b o r a t i v e p r o j e c t w i t h A . S z a l a y . I n t h e m e a n t i m e , o u r d a t a c a n 

b e c o m p a r e d t o c o l d d a r k m a t t e r N - b o d y s i m u l a t i o n s ( W h i t e e t a l . 

1 9 8 6 ) , w h i c h a l s o s h o w l a r g e f l u c t u a t i o n s i n t h e r e d s h i f t 

d i s t r i b u t i o n . 

A n o t h e r r e s u l t c o m e s f r o m c o m p a r i n g t h e c o l o r s a n d r e d s h i f t s o f 

o u r d a t a f o r t h r e e f i e l d s t o t h a t p r e d i c t e d f r o m g a l a x y s p e c t r a l 

e v o l u t i o n m o d e l s , s i m i l a r t o ( b u t n o t e x a c t l y t h e s a m e a s ) t h a t o f 

B r u z u a l a n d K r o n ( 1 9 8 0 ) . O u r d a t a ( F i g . 2 ) c o n t a i n f a r f e w e r l o w 

l u m i n o s i t y g a l a x i e s t h a n p r e d i c t e d b y o u r i m p r o v e d m o d e l s a n d s u g g e s t 

a t m o s t m i l d l u m i n o s i t y e v o l u t i o n o f g a l a x i e s a t r e d s h i f t s ζ > 0 . 4 . 
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T h e s e d i s t a n t g a l a x i e s d o , h o w e v e r , a p p e a r t o b e r e l a t i v e l y b r i g h t e r 

i n t h e r e s t f r a m e u l t r a v i o l e t ( i . e . b l u e r ) t h a n t h e c u r r e n t m o d e l 

p r e d i c t i o n s , a n e x a m p l e o f w h i c h i s s h o w n i n T a b l e I . T h e i r s p e c t r a 

o f t e n p o s s e s s s t r o n g e m i s s i o n l i n e s i n d i c a t i v e o f s u b s t a n t i a l s t a r 

f o r m a t i o n ( u n f o r t u n a t e l y , b o t h t h e s p e c t r a l e n e r g y d i s t r i b u t i o n s i n 

t h e UV a n d t h e i n t e g r a t e d s t r e n g t h s o f e m i s s i o n l i n e s r e m a i n u n c e r t a i n 

f o r l o c a l g a l a x i e s ) . N o t a l l g a l a x i e s h a v e u n d e r g o n e s i m i l a r c o l o r 

c h a n g e s , h o w e v e r ; o u r r e d d e s t g a l a x i e s u p t o r e d s h i f t s o f ~ 0 . 5 5 

p o s s e s s i n t r i n s i c c o l o r s t h a t d o n o t d i f f e r f r o m t h o s e o f r e d g a l a x i e s 

t o d a y ( s e e r e v i e w b y S p i n r a d 1 9 8 6 ) . F i n a l l y , we n o t e t h a t n e i t h e r 

t h e d e e p Q S 0 n o r t h e d e e p f i e l d g a l a x y r e d s h i f t s u r v e y h a s y i e l d e d a n y 

g o o d c a n d i d a t e s f o r p r i m e v a l g a l a x i e s . 

We a c k n o w l e d g e t h e s u p p o r t o f K i t t P e a k N a t i o n a l O b s e r v a t o r y , 

D e p a r t m e n t o f T e r r e s t r i a l M a g n e t i s m ( C a r n e g i e I n s t i t u t i o n o f 

W a s h i n g t o n ) , a n d NSF G r a n t s A S T 8 1 - 2 1 6 5 3 a n d A S T 8 3 - 1 4 2 3 2 . 
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TOM)HORST: For what fraction of the field galaxies are the spectra 
featureless, meaning, that no redshifts have been measured. Is this 
a serious problem for the determination of the redshift distribution? 
Do you have any clue from your multicolor analysis what their redshift 
range might be? (Question directed to both D. Koo and R. Ellis.) 

KOO: Our ability to secure redshifts depends on both S/N and the 
strength of emission and/or absorption features - "featureless" is 
difficult to define but we do have spectra without strong features. 
Our redshift distribution is meaningful only for the statistically 
complete sample. For galaxies without redshifts, multicolors can 
provide estimates of distances, but these may be unreliable, especially 
for redshifts greater than about 0.6. 

ELLIS: We are statistically complete but only to a brighter limiting 
magnitude than that adopted in our survey (see previous paper). The 
most successful redshift feature in our wavelength range is [0II]3727 
which we could detect to ζ - 0.6 yet our redshift distributions fall 
well before this limit is reached. Thus I think it unlikely that 
incompleteness will affect significantly the high ζ region of the 
distribution, though we are continually striving to finish off the 
remaining faint galaxies without redshifts both with the fibre system 
and our new multislit spectrograph. 

FILIPPENKO: Have you checked whether or not known QSOs with 3 < z s 4 
have colors which could be confused with stars in your color-color 
diagrams? If they do, then you may have missed a substantial number 
of high-z objects. 

KOO: Yes, we have looked at all the QSO fs with ζ > 2.5 with 11BV 
colors in the Veron and Veron catalog, and estimate an incompleteness 
of ~20%-30% for ζ ^ 3. iiarano et al. have checked their multicolor 
sample against a slitless survey in the same field and conclude that 
the incompleteness is at this level. Compared to model predictions 
we have probably not missed substantial numbers, though independent 
checks are needed to confirm this. An astrometric and variability 
survey is already underway for this purpose. 

SILK: There are many uncertainties in primeval galaxy models which 
must be evaluated before they can be ruled out even at moderately low 
redshift by means of optical searches. One of the most serious 
problems may be that IRAS observations of extreme starbursts suggest 
that primeval galaxies may be extremely dusty objects. 

DISCUSSION 
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KOO: I agree totally. Our faint galaxy and quasar survey places a 
strong constraint on, for example, Meier's model (1976, Ap. J. 207, 
343) of primeval galaxies, but it certainly does not rule out others 
(see my review in 1986 Spectral Evolution of Galaxies, ed. C. Chiosi 
and A. Renzini, p. 419). 
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