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ABSTRACT. A review of observational work on dark matter in USSR is giv-

en. Dynamically the dark matter can be located (i) in the galactic disk 

and/or in dwarf galaxies, (ii) in coronas of galaxies and in clusters of 

galaxies, and (iii) distributed smoothly in voids. The possible amount 

of matter in all three forms is discussed. Physically dark matter can be 

baryonic or non-baryonic, in the latter case either hot, warm or cold. 

Available information on the nature of dark matter is indirect, coming 

from theories of the formation of structure in the Universe. Two con-

straints to the formation scenarios are discussed, the galaxian correla-

tion function and their morphology. 

1. INTRODUCTION 

There are two kinds of matter, the visible or luminous matter, and the 

dark matter. If one believes in recent inflationary models of the Uni-

verse, the total density of matter equals the closure density of the 

Universe. From dynamical considerations dark matter can be divided into 

the local one in galactic disks and/or in dwarf galaxies, the halo (or 

coronal) dark matter around giant galaxies and in clusters of galaxies, 

and the smoothly distributed background in voids. 

Direct dynamical data give us little information on the physical 

nature of the dark matter. However, indirect data on the distribution 

of galaxies in space, characterized by the galaxian correlation function 

and other statistics, as well as data on the microwave background, chem-

ical composition of matter etc. can be used to draw conclusions on the 

nature of the dark matter. These conclusions are indirect and enter into 

the calculations through various scenarios of the formation of structure 

in the Universe. The scenarios depend on the nature of the dark matter, 

whether it is baryonic, hot (neutrinos), or cold (axions) or is it sim-

ulated by the λ-term. Observational data mentioned can be used to test 

the formation scenarios and respective dark matter models. The situation 

is illustrated in Fig. 1. 

In the following we give a review of recent observational work in 

the USSR on both the dynamical and physical aspects of the problem. 
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F i g u r e 1 . T h e b a r r e l d i a g r a m - p r i n c i p a l m o d e l s o f t h e f o r m a t i o n o f t h e 

s t r u c t u r e i n t h e U n i v e r s e u s i n g d i f f e r e n t c a n d i d a t e s o f d a r k m a t t e r a r e 

s h o w n a s b a r r e l s . T h e r e a r e t h r e e m a i n c a n d i d a t e s o f t h e d a r k m a t t e r : 

n e u t r i n o , a x i o n s ( a n d o t h e r c o l d p a r t i c l e s ) , a n d t h e c o s m o l o g i c a l c o n -

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

Ω = 1 , a n d a f l a t s p e c t r u m o f i n i t i a l p e r t u r b a t i o n s . I f t h e s e a s s u m p -

t i o n s d o n o t w o r k , t h e r e a r e s o m e h o o p s i n r e s e r v e : a n o n f l a t s p e c t r u m 

a n d s e c o n d a r y i o n i z a t i o n . V a r i o u s o b s e r v a t i o n a l t e s t s a r e e x p r e s s e d a s 

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

m o d e l w i t h t h i s p a r t i c u l a r t e s t . O n e t e s t i s t h e b e a u t y o r i n t e r n a l h a r -

m o n y o f t h e m o d e l . T h e l e v e l o f t h e l i q u i d i n t h e b a r r e l i s e q u a l t o 

t h e h e i g h t o f t h e s h o r t e s t s t a v e , w h i c h d e t e r m i n e s t h e d e g r e e o f a c -

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

b e m a d e , o r s o m e f e r m e n t a s n e u t r i n o d e c a y a d d e d . 

I d e a a n d a r t w o r k b y L . K o f m a n . 

2 . LOCAL DARK MATTER I N G A L A C T I C D I S K 

T h e l o c a l m a s s d e n s i t y p r o b l e m w a s i n t r o d u c e d b y O o r t ( 1 9 6 0 ) . He d e -

m o n s t r a t e d t h a t d y n a m i c a l m a s s d e n s i t y i n t h e s o l a r n e i g h b o r h o o d , P d y n » 

e x c e e d s t h e m a s s d e n s i t y o f k n o w n o b j e c t s , Ρ v i s » a n c * e x p l a i n e d t h i s 

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

o f i n v i s i b l e o b j e c t s . 

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

w h i c h i n c y l i n d r i c a l c o o r d i n a t e s h a s t h e f o r m 
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4 i r G p d y n = - d K g / d z - d K R / d R - K R / R , ( 1 ) 

w h e r e G i s t h e g r a v i t a t i o n a l c o n s t a n t , a n d KR a n d Kg a r e t h e c o m p o n e n t s 

o f t h e g r a v i t a t i o n a l a c c e l e r a t i o n i n t h e r a d i a l a n d v e r t i c a l d i r e c t i o n , 

r e s p e c t i v e l y . F o r t h e s o l a r v i c i n i t y t h e r a d i a l g r a v i t a t i o n a l a c c e l e r a -

t i o n c a n b e e x p r e s s e d t h r o u g h t h e O o r t d y n a m i c a l c o n s t a n t s , A a n d B . 

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

( K u z m i n 1 9 5 2 ) : 

- d i ^ / d z = C 2 . ( 2 ) 

U s i n g t h e O o r t - K u z m i n c o n s t a n t s o n e h a s i n s t e a d o f ( 1 ) 

4 * G P d y n = c 2 " 2 < a 2 * β 2 > · < 3 > 

I n t h i s e x p r e s s i o n t h e v e r t i c a l a c c e l e r a t i o n t e r m C 2 i s d o m i n a t i n g , t h u s 

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

v e r t i c a l a c c e l e r a t i o n . 

O o r t ( 1 9 6 0 ) d e r i v e d t h e d y n a m i c a l d e n s i t y b y c a l c u l a t i n g t h e v e r t -

i c a l g r a v i t a t i o n a l a c c e l e r a t i o n f o r a f a i r l y l a r g e ζ i n t e r v a l a n d b y 

d e t e r m i n i n g i t s v e r t i c a l g r a d i e n t n e a r t h e g a l a c t i c p l a n e . T h e d y n a m i c a l 

d e n s i t y w a s a l s o d e t e r m i n e d b y K u z m i n ( 1 9 5 2 , 1 9 5 5 ) . I n s t e a d o f c a l c u l a t -

i n g t h e a c c e l e r a t i o n i n a l a r g e ζ i n t e r v a l K u z m i n c o n c e n t r a t e d f r o m t h e 

v e r y b e g i n n i n g o n i t s g r a d i e n t . N e a r t h e g a l a c t i c p l a n e i s p r o -

p o r t i o n a l t o z . F o r p o p u l a t i o n s l o c a t e d e n t i r e l y i n t h i s s m a l l ζ i n t e r -

v a l , t h e v e r t i c a l v e l o c i t y d i s p e r s i o n σ ζ i s i n d e p e n d e n t o f z , a n d t h e 

c o n s t a n t C c a n b e e x p r e s s e d t h r o u g h σ ζ a n d t h e d i s p e r s i o n o f z -

c o o r d i n a t e s o f s t a r s o f t h e s a m e p o p u l a t i o n , σ ζ ( K u z m i n 1 9 5 2 ) : 

C = σ . £ / σ ζ . ( 4 ) 

T h i s e x p r e s s i o n i s v a l i d f o r r e l a t i v e l y y o u n g s t a r s . O l d e r p o p u l a -

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

K z r e g i m e . T o d e t e r m i n e C s t a r s a r e t o b e c h o s e n f r o m a n a r r o w b e l t a -

r o u n d t h e g a l a c t i c e q u a t o r . I n h i s p i o n e e r i n g s t u d y K u z m i n u s e d A a n d gK 

s t a r s . T h e z - c o o r d i n a t e s w e r e c a l c u l a t e d f r o m t h e g a l a c t i c l a t i t u d e s , t h e 

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

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

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

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

o u t . A s i m i l a r m e t h o d w a s u s e d l a t e r b y a n u m b e r o f a u t h o r s f r o m T a r t u 

w h o s e r e s u l t s a r e s u m m a r i z e d i n T a b l e 1 . F o r c e p h e i d s i n s t e a d o f p r o p e r 

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

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

t h e d i s p e r s i o n s O R , σ @ , a n d σ ζ . 

A s s e e n f r o m T a b l e 1 , a l l d e t e r m i n a t i o n s m a d e i n t h e T a r t u O b s e r v a -

t o r y y i e l d d y n a m i c a l d e n s i t i e s a b o u t 0 . 1 0 M 0 p c " ^ i n g o o d a g r e e m e n t w i t h 

d i r e c t d e t e r m i n a t i o n s o f t h e m a s s d e n s i t y , p v i s = 0 . 0 9 2 M Q p c ~ 3 ( J o e v e e r , 

E i n a s t o 1 9 7 6 ) . E e l s a l u ( 1 9 6 1 ) a n d J o e v e e r a n d E i n a s t o ( 1 9 7 6 ) h a v e s t u d -

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

s t u d i e s a n d i n t h e L e i d e n s t u d i e s ( O o r t 1 9 6 0 ) . T h e m a i n r e a s o n l i e s i n 
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t h e i n h o m o g e n e i t y o f s t a t i s t i c a l s a m p l e s s e l e c t e d o n t h e b a s i s o f t h e HD 

s p e c t r a l c l a s s i f i c a t i o n . T h i s c l a s s i f i c a t i o n d o e s n o t s e p a r a t e t h e m e t -

a l d e f i c i e n t o l d d i s k a n d h a l o s t a r s . T h e i n c l u s i o n o f a s m a l l n u m b e r 

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

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

TABLE 1 . KUZMIN CONSTANT C AND LOCAL DYNAMICAL D E N S I T Y 

S t a r s Ν M e t h o d C 

k m / s / k p c 
P d y n . 

M 0 / p c 3 

R e f e r e n c e 

B r i g h t s t a r s z ) 6 8 0 . 0 8 1 Kuzmin-^ 1 9 5 5 

B r i g h t s t a r s ζ , Φ ( Μ ) 6 6 0 . 0 7 6 E e l s a l u 1 9 5 8 

B 8 - B 9 1 7 τ , ζ , ζ 7 0 0 . 0 8 6 J o e v e e r 1 9 7 2 

C e p h e i d s 1 7 9 τ , ζ 6 5 0 . 0 7 4 J o e v e e r 1 9 7 4 a 

C e p h e i d s 1 0 0 ν , D ( z ) 8 0 0 . 1 1 4 J o e v e e r 1 9 7 4 b 

g K 7 5 0 . 1 0 B a l a k i r e v 1 9 7 6 

B 8 - A 5 2 7 8 8 9 0 . 1 4 2 J o e v e e r 1 9 8 5 a 

gK 2 5 3 6 6 0 . 0 7 6 J o e v e e r 1 9 8 5 a 

) A r e d i s c u s s i o n o f e a r l i e r d e t e r m i n a t i o n s o f C b y O o r t 1 9 3 2 , 

K u z m i n 1 9 5 2 , S a f r o n o v 1 9 5 2 , a n d P a r e n a g o 1 9 5 4 

I n s u c h a c o n f u s e d c a s e i t i s r e a s o n a b l e t o u s e i n d e p e n d e n t o b s e r -

v a t i o n a l i n f o r m a t i o n t o g e t a m o r e r e l i a b l e a n s w e r . J o e v e e r ( 1 9 6 8 , 1 9 7 2 , 

1 9 7 4 a ) n o t i c e d t h a t v e r y y o u n g p o p u l a t i o n s a r e n o t i n a s t a t i o n a r y 

s t a t e , b u t o s c i l l a t e i n t h e z - d i r e c t i o n : 

ζ = z 0 c o s C t , ( 5 ) 

V z = - C z 0 s i n C t . ( 6 ) 

H e r e z Q i s t h e m a x i m u m d i s t a n c e f r o m t h e g a l a c t i c p l a n e f o r a n i n d i v i d -

u a l s t a r . T h e o s c i l l a t i o n o f a p o p u l a t i o n a s a w h o l e c a n b e e a s i l y e x -

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

" f a l l " t o g e t h e r t o w a r d t h e p l a n e ( D i x o n 1 9 6 7 a , b ) . F o r m u l a ( 5 ) w a s u s e d 

b y J o e v e e r ( 1 9 7 4 a ) f o r a s a m p l e o f c e p h e i d s , f o r w h i c h i n d i v i d u a l a g e s 

c a n b e d e t e r m i n e d . S t a r s w e r e g r o u p e d a c c o r d i n g t o t h e a g e , t , a n d d i s -

p e r s i o n s o f t h e z - c o o r d i n a t e s , σ ζ w e r e c a l c u l a t e d . T h e σ ζ v e r s u s t p l o t 

( F i g . 2 ) d e m o n s t r a t e s t h e p r e s e n c e o f a s i n u s o i d a s e x p e c t e d . T h e v a l u e 

o f C c a n b e e s t i m a t e d f r o m t w o m i n i m a a n d o n e m a x i m u m . 

I f f o r a g r o u p o f s t a r s a g e s a n d t h e z - c o o r d i n a t e s a s w e l l a s t h e 

z - v e l o c i t i e s a r e a v a i l a b l e , t h e n e a c h i n d i v i d u a l s t a r y i e l d s a n e q u a t i o n 

t o d e t e r m i n e C . C c a n b e d e t e r m i n e d b y m i n i m i z i n g t h e s u m s ( J o e v e e r 

1 9 7 2 ) 

f ( C ) =yj[(z i)obs2 - ( z i ) c a l c 2 ] ( 7 ) 

a n d 

g ( C ) = yt(Vzi)obs2 - ( V z ) c a l c 2 , i ( 8 ) 

A c c u r a t e d a t a a r e a v a i l a b l e f o r 1 7 B 8 - B 9 s t a r s . T h e p l o t o f f a n d g v e r -

s u s C i s g i v e n i n F i g . 3 . We s e e a p r o n o u n c e d m i n i m u m a t C = 7 0 k m / s / k p c . 
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20 40 60 80 τΜΟ^α) 
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F i g u r e 2 . ( l e f t ) . R e l a t i o n b e t w e e n t h e c o o r d i n a t e d i s p e r s i o n i n 

t h e z - d i r e c t i o n σ ζ a n d t h e a g e p a r a m e t e r τ = [ ρ ( R ) / o ( 1 0 ) ] " l / ^ t i n c a s e 

o f c l a s s i c a l c e p h e i d s ( J o e v e e r 1 9 7 4 ) . 

F i g u r e 3 . ( r i g h t ) . D e p e n d e n c e o f t h e s u m s 1 0 " 1 5 f ( C j ) [ k m ] a n d 

g ( C j ) [ k m / s ] , ( d o t s a n d c r o s s e s , r e s p e c t i v e l y ) o n t h e K u z m i n c o n s t a n t C , 

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

a r y a g e s ( J o e v e e r 1 9 7 2 ) . 

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

s i c a l m e t h o d d e m o n s t r a t e s t h a t o n e c a n a d o p t a r o u n d v a l u e C = 7 0 

k m / s / k p c w h i c h l e a d s t o t h e d y n a m i c a l d e n s i t y p ^ y n = 0 . 0 9 M Q p c " ^ i n g o o d 

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

f o r t h e l o c a l d a r k m a t t e r . I n a s e r i e s o f p a p e r s B a h c a l l ( 1 9 8 4 a , b ) h a s 

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

i s n o t c l e a r . 

3 . DARK MATTER I N DWARF SPHEROIDAL G A L A X I E S 

A c c o r d i n g t o A a r o n s o n ( 1 9 8 3 ) a n d F a b e r a n d L i n ( 1 9 8 3 ) d w a r f s p h e r o i d a l 

g a l a x i e s m a y c o n t a i n a p p r e c i a b l e a m o u n t s o f n o n l u m i n o u s m a t t e r . T h e p r e -

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

p e r s i o n s i n t h e D r a c o ( A a r o n s o n , 1 9 8 3 ) a n d C a r i n a ( C o o k , S c h e c h t e r , 

A a r o n s o n , 1 9 8 4 ) d w a r f s p h e r o i d a l g a l a x i e s a n d f r o m l a r g e t i d a l m a s s e s 

o f t h e S c u l p t o r , D r a c o , UMi a n d C a r i n a g a l a x i e s ( F a b e r , L i n , 1 9 8 3 ) . 

B o t h t h e v i r i a l a s w e l l a s t i d a l m a s s - t o - l i g h t r a t i o s i n t h e s e g a l a x i e s 

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

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

d y n a m i c a l e q u i l i b r i u m o f g r a v i t a t i o n a l s y s t e m s u n d e r s t u d y . A n a l t e r n a -

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

a n d C a r i n a g a l a x i e s c o u l d b e t h a t t h e s e g a l a x i e s a r e j u s t n o w b e i n g 

t i d a l l y d i s r u p t e d , a s a l r e a d y n o t e d b y A a r o n s o n ( 1 9 8 3 ) . T o d e c i d e b e -

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

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

s p h e r o i d a l g a l a x i e s w a s p e r f o r m e d b y J o e v e e r ( 1 9 8 5 b ) . S e v e r a l a r g u m e n t s 

i n f a v o u r o f t h e t i d a l d i s r u p t i o n s c e n a r i o w e r e f o u n d . 
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A strong evidence for this comes from the tidal radii r t versus 
absolute blue luminosities Lg diagram (Fig. 4). Here and in the follow-
ing the data about the Virgo cluster galaxies are from Binggeli et al. 
(1984) and about dwarf spheroidal satellites of our Galaxy from Hodge 
(1966), and Faber and Lin (1983). As one can see the fit of three dis-
tant satellites of our Galaxy to the regression line determined by the 
Virgo cluster galaxies is excellent, but all nearby satellites are 2-5 
times larger than can be expected on the basis of their luminosities. 
The deviations from the regression line are correlated with the tidal 
mass-to-luminosity relations by Faber and Lin. The simplest interpreta-
tion of this is that the nearest dwarf spheroidal satellites of the Gal-
axy are actually not tidally limited but tidally expanded. If one treats 
the diameters of these expanded galaxies as normal, he gets the ficti-
tious abnormally large tidal masses and mass-to-luminosity ratios. 

The data about the satellite r t / r c ratios and ellipticities e. = 1-
b/a are also in accordance with the tidal disruption scenario. The outer 
regions of satellite galaxies are more strongly influenced by tidal 
forces and must expand more intensively in comparison with inner re-
gions, which define the core radius r c. Indeed, on Fig. 5 such an effect 
is clearly seen. The probable expanded satellites of the Galaxy have 
larger r t / r c ratios in comparison with satellites outside the strong tid-
al field. 

2 .0' 1 1 1 1 ' 0.25' 1 1 1 1 ' 
*4.0 5.0 6 .0 7.0 8 .0 9 .0 ' 4 .0 5.0 6 .0 7.0 8 .0 9 .0 

l o g ( L B / L o ) 1 ° g t L B / L o ) 

Figure 4.(left). Correlation of the tidal radius r t with the ab-
solute blue luminosity Lß. Dots stand for the Virgo cluster dwarf sphe-
roidal galaxies, crosses and open circles represent resolved dwarf sphe-
roidal satellites of the Galaxy. Open circles are nearby (R<100 kpc) 
satellites with high tidal mass-to-luminosity ratios (M/Ly>6.8 M Q / L 0 ) , 
crosses are more distant satellites with M/Ly<1.0 M Q / L 0 from Faber and 
Lin (1983). The straight line is a mean regression for Virgo dwarfs. 

Figure 5. (right). The ratio of the tidal radius r t to the core 

radius r c as a function of the absolute blue luminosity Lg. Coding is 

the same as in Fig. 4. 
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A s t h e t i d a l e x p a n s i o n t a k e s p l a c e m a i n l y a l o n g t h e o r b i t a l p l a n e , 

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

e l l i p t i c i t i e s . S o a n o t h e r s u p p o r t t o t h e t i d a l d i s r u p t i o n s c e n a r i o c o m e s 

f r o m t h e m e a n e l l i p t i c i t i e s , w h i c h a r e < e > = 0 . 2 2 ± 0 . 0 9 i n c a s e o f t h r e e 

d i s t a n t p r o b a b l y u n d i s t u r b e d s a t e l l i t e s a n d 0 . 3 8 1 Ό . 0 5 i n c a s e o f f o u r 

n e a r b y s a t e l l i t e s ( J o e v e e r 1 9 8 5 b ) . 

S u m m a r i z i n g , i t i s h i g h l y p r o b a b l e t h a t t h e f o u r n e a r e s t d w a r f 

s p h e r o i d a l s a t e l l i t e s o f o u r G a l a x y ( S c u l p t o r , D r a c o , UMi a n d C a r i n a ) 

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

t i d a l m a s s e s o f t h e s e g a l a x i e s i s i m p o s s i b l e . I t s e e m s t h a t o n l y o u t e r 

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

m a s s e s o f d w a r f s p h e r o i d a l g a l a x i e s . O f c o u r s e , t h e r e s u l t f o r t h e 

F o r n a x g a l a x y b y C o h e n ( 1 9 8 3 ) l e a v e s l i t t l e h o p e t o f i n d a s i g n i f i c a n t 

a m o u n t o f d a r k m a t t e r i n g a l a x i e s w i t h m a s s e s < 1 0 ^ M Q . 

4 . D E C O M P O S I T I O N OF G A L A X I E S I N T O V I S I B L E AND DARK P O P U L A T I O N S 

I n a s e r i e s o f p a p e r s E i n a s t o ( 1 9 7 4 a n d r e f e r e n c e s t h e r e i n ) d e v e l o p e d a 

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

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

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

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

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

d i s p e r s i o n , r o t a t i o n ) . P h o t o m e t r i c d a t a d e s c r i b e v i s i b l e c o m p o n e n t s , 

w h e r e a s d y n a m i c a l d a t a d e p e n d o n b o t h c o m p o n e n t s ( H a u d 1 9 8 5 ) . 

M o d e l s a r e a v a i l a b l e f o r a n u m b e r o f n e a r b y g a l a x i e s . T a b l e 2 l i s t s 

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

l a t i o n s . We s e e t h a t f o r a l l g a l a x i e s s t u d i e d s o f a r , t h i s r a t i o i s 

r a t h e r s m a l l , b e t w e e n 2 a n d 7 i n b l u e l i g h t . A s a m e a n v a l u e we c a n a -

d o p t ( M / L B ) g a l = 4 . 3 . 

TABLE 2 . V I S I B L E P O P U L A T I O N S I N G A L A X I E S 

Name T y p e M B D i s t a n c e 

( M p c ) 

M / L B R e f e r e n c e 

M 3 2 E 2 - 1 6 . 0 0 . 6 9 1 . 9 5 E i n a s t o , T e n j e s , T r a a t , 1 9 8 0 

M 8 7 E 0 - 1 - 2 2 . 2 2 0 . 5 . 2 T e n j e s , E i n a s t o , O l e a k , 1 9 8 5 

NGC 3 1 1 5 SO - 2 0 . 0 1 0 . 3 . 0 T e n j e s , 1 9 8 5 

M 1 0 4 S a - 2 2 . 3 2 0 . 2 . 0 5 T e n j e s , 1 9 8 5 

M 8 1 S a b - 2 0 . 2 3 . 3 7 . 0 E i n a s t o , T e n j e s , 

B a r a b a n o v , 1 9 8 0 

Z a s o v , 

M 3 1 Sb - 2 0 . 8 0 . 6 9 6 . 2 E i n a s t o , T e n j e s , 

B a r a b a n o v , 1 9 8 0 

Z a s o v , 

NGC 4 5 6 5 Sb - 2 1 . 7 1 0 . 5 . 1 T e n j e s , 1 9 8 5 

NGC 4 3 2 1 S b c - 2 0 . 7 2 0 . 2 . 0 T e n j e s , 1 9 8 5 
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5 . LOCAL GROUP 

T h e L o c a l G r o u p o f g a l a x i e s p r e s e n t s a n u n i q u e c a s e w h e r e t h e t o t a l m a s s 

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

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

o r b i t o f i t s m a i n c o n c e n t r a t i o n c e n t r e s , M 3 1 a n d t h e G a l a x y . 

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

f i r s t a p p l i e d b y Kahn a n d W o l t j e r ( 1 9 5 9 ) , f o l l o w e d b y G u n n ( 1 9 7 4 ) , 

L y n d e n - B e l l a n d L i n ( 1 9 7 7 ) a n d o t h e r s . A b a s i c u n c e r t a i n t y o f t h e m e t h o d 

l i e s i n t h e v a l u e o f t h e c i r c u l a r v e l o c i t y o f t h e G a l a x y a t t h e S u n 

w h i c h m u s t b e u s e d t o c o r r e c t t h e o b s e r v e d m o t i o n o f A n d r o m e d a t o t h e 

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

o f o u r G a l a x y i n r e s p e c t t o t h e b a r y c e n t r e o f t h e L o c a l G r o u p . 

E i n a s t o a n d L y n d e n 1 B e l l ( 1 9 8 2 ) r e d e t e r m i n e d t h e o r b i t o f t h e G a l a x y 

i n t h e L o c a l G r o u p . T h e y u s e d r e c e n t d e t e r m i n a t i o n s o f t h e c i r c u l a r v e -

l o c i t y o f t h e S u n , w h i c h y i e l d V Q = 2 2 0 k m / s . T o c a l c u l a t e t h e m o t i o n o f 

t h e G a l a x y i n t h e G r o u p o n l y i n d e p e n d e n t m e m b e r s o f t h e L o c a l G r o u p w e r e 

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

a r o u n d G a l a x y a n d A n d r o m e d a . T h e t o t a l m a s s o f t h e L o c a l G r o u p d e p e n d s 

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

g l o b u l a r c l u s t e r a g e s a n i n t e r v a l o f 1 3 - 1 8 b i l l i o n y e a r s , t h e y f o u n d 

f o r t h e m a s s M L G = 5 ± l x l 0 1 2 M o . 

T h e m a s s e s o f b o t h s u b g r o u p s i n t h e L o c a l G r o u p c a n b e d e r i v e d i n -

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

c i r c u l a r v e l o c i t y i n t h e G a l a x y a n d A n d r o m e d a i s w e l l d e t e r m i n e d . T h e 

e x t e n t o f t h e d a r k c o r o n a c a n b e e s t i m a t e d f r o m t h e e x t e n t o f t h e r e -

s p e c t i v e s a t e l l i t e s y s t e m . F o r t h e A n d r o m e d a s u b g r o u p E i n a s t o a n d 

L y n d e n - B e l l f o u n d t h e m a s s 2 . 3 x l 0 ^ 2 M o . F o r o u r s u b g r o u p m u c h m o r e d a t a 

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

e n a n d M a g e l l a n i c S t r e a m y i e l d v a l u a b l e i n f o r m a t i o n , a s w e l l a s d i s t a n t 

g l o b u l a r c l u s t e r s . U s i n g a l l t h e s e d a t a E i n a s t o w i t h c o l l a b o r a t o r s 

( E i n a s t o e t a l . 1 9 7 5 , 1 9 7 6 , 1 9 7 8 ) f o u n d v a l u e s b e t w e e n 1 . 2 - 2 . 0 x l 0 1 2 M o . 

We c o m e t o t h e c o n c l u s i o n t h a t b o t h i n t e r n a l a n d e x t e r n a l d a t a 

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

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

t h e m a s s c a l c u l a t i o n s , t h e r a d i u s o f t h e d a r k c o r o n a o f t h e G a l a x y a n d 

A n d r o m e d a , c a n n o t b e c o n s i d e r a b l y i n e r r o r . 

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

( 1 9 8 5 ) o n e h a s f o r t h e t o t a l m a s s - t o - l i g h t r a t i o o f t h e L o c a l G r o u p 

M / L B = 9 0 a n d M t o t / M l u m = 2 0 . 

6 . DOUBLE G A L A X I E S 

K a r a c h e n t s e v ( 1 9 8 0 , 1 9 8 1 a , b , c , d ) h a s o b s e r v e d a n d a n a l y z e d t h e m a j o r -

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

( K a r a c h e n t s e v 1 9 7 2 ) . A t t h e t i m e o f t h e a n a l y s i s r e d s h i f t s w e r e a v a i l -

a b l e f o r 4 4 0 p a i r s . O f t h i s s a m p l e 1 7 g a l a x i e s w e r e s i n g l e s ( a s t a r w a s 

i n c l u d e d a s a g a l a x y i n t h e c a t a l o g ) , a n d 5 9 w e r e c o n s i d e r e d a s o p t i c a l 

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

K a r a c h e n t s e v a d o p t e d a r a t h e r s t r i c t c r i t e r i o n M / L < 1 0 0 i n s o l a r u n i t s 
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f o r p h y s i c a l p a i r s ( p h o t o g r a p h i c m a g n i t u d e s a n d t h e H u b b l e c o n s t a n t 

H = 7 5 k m / s / M p c w e r e u s e d ) . F o r m e a n m a s s - t o - l u m i n o s i t y r a t i o K a r a c h e n -

t s e v o b t a i n e d M / L g = 1 0 . 8 , a n d c o n s i d e r e d t h i s l o w v a l u e a s a n i n d i c a -

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

T h i s r e s u l t s s e e m s t o c o n t r a d i c t o t h e r e v i d e n c e a n d n e e d s s o m e c o m -

m e n t s . A w e a k p o i n t i n c a l c u l a t i n g t h e m e a n m a s s - t o - l u m i n o s i t y r a t i o 

i s t h e e x c l u s i o n o f a l l p a i r s w i t h M / L > 1 0 0 . T h e v e l o c i t y d i f f e r e n c e d i s -

t r i b u t i o n s h o w n i n F i g . 6 d e m o n s t r a t e s t h a t p a i r s w i t h M / L > 1 0 0 a n d w i t h 

t h e v e l o c i t y d i f f e r e n c e AV < 1 0 0 0 k m / s f o r m a n a t u r a l t a i l o f t h e d i s -

t r i b u t i o n . T h e s t u d y o f s p a t i a l d i s t r i b u t i o n o f g a l a x i e s h a s s h o w n 

( J o e v e e r , E i n a s t o , T a g o 1 9 7 8 , E i n a s t o e t a l . 1 9 8 0 , 1 9 8 4 , T a g o e t a l . 

1 9 8 4 ) t h a t p r a c t i c a l l y a l l g a l a x i e s a r e l o c a t e d i n s y s t e m s w h i c h f o r m 

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

u s u a l l y s e p a r a t e d b y A V > > 1 0 0 0 k m / s . O n l y i n c a s e s w h e n we l o o k a l o n g a 

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

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

s e r v e d , s i n c e g a l a x i e s a r e n o t i s o l a t e d . 

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

m e a n M / L f o r t h e s a m p l e w i t h M / L > 1 0 0 b u t Δ V < 8 0 0 k m / s , t h e r e w e r e 2 4 

p a i r s i n t h i s a d d i t i o n a l s a m p l e . F o r t h e c o m b i n e d s a m p l e we h a v e 

M / L B = 2 3 . 7 f o r Η = 7 5 k m / s / M p c o r M / L B = 1 6 f o r Η = 5 0 k m / s / M p c . T h e 

m e a n s e p a r a t i o n o f p a i r s i s 6 0 k p c ( H = 5 0 ) a n d t h e M / L g q u o t e d r e f e r s 

t o t h i s d i s t a n c e . 

300( 

500 1000 1500 

a b s ( D V / k m / s ) 

2000 

F i g u r e 6 . D i s t r i b u t i o n o f v e l o c i t y d i f f e r e n c e s f o r t h e K a r a c h e n -

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

t s e v , h o r i z o n t a l s h a d i n g - p a i r s a d d e d i n p r e s e n t p a p e r , v e r t i c a l s h a d -

i n g - p a i r s c o n s i d e r e d o p t i c a l b o t h b y u s a n d K a r a c h e n t s e v . 

7 . GROUPS OF G A L A X I E S 

R e c e n t l y V e n n i k ( 1 9 8 4 ) c o m p i l e d a n e w g r o u p c a t a l o g . O n l y g a l a x i e s 

i n t h e N o r t h e r n H e m i s p h e r e f a r f r o m t h e g a l a c t i c b e l t ( b > 3 0 ° ) w e r e c o n -

s i d e r e d f o r g r o u p m e m b e r s h i p , a n d t h e v e l o c i t y l i m i t V < 3 2 0 0 k m / s w a s 

u s e d , w h i c h c o r r e s p o n d s t o t h e l i m i t o f t h e F i s h e r - T u l l y ( 1 9 8 1 ) H I s u r -

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

C f A o p t i c a l s t u d y . G r o u p s w e r e s e l e c t e d u s i n g a h i e r a r c h i c a l c l u s t e r i n g 

a l g o r i t h m ( M a t e r n e 1 9 7 8 , T u l l y 1 9 8 0 ) . T h e d e n s i t y l e v e l a t w h i c h a 

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

o f g a l a x i e s i n a p a r t i c u l a r f i e l d . U s i n g t h i s a d a p t i v e c u t - o f f i t w a s 

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

w h i c h i n e a r l i e r s t u d i e s w e r e c o n s i d e r e d a s s i n g l e g r o u p s . 

T h e c a t a l o g h a s b e e n s t u d i e d f o r d y n a m i c s o f g r o u p s b y V e n n i k 

( 1 9 8 5 ) . G r o u p s w e r e c o m b i n e d o n t h e b a s i s o f s i m i l a r i t y o f m o r p h o l o g i -

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

d a r k c o m p o n e n t , t h u s a l l g a l a x i e s w e r e c o n s i d e r e d a s t e s t p a r t i c l e s a n d 

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

s y n t h e s i z e d g r o u p s h a s b e e n e s t i m a t e d f r o m t h e d i s t r i b u t i o n o f n u m b e r 

d e n s i t y o f a l l m e m b e r g a l a x i e s . 

TABLE 3 . M A S S - T O - L U M I N O S I T Y R A T I O S I N SYSTEMS OF G A L A X I E S 

R 

Mpc 

M / L B M / M l u m R e f e r e n c e 

G a l a x i e s 0 . 0 2 4 1 T a b l e 2 

D o u b l e g a l . 0 . 0 6 1 6 4 K a r a c h e n t s e v 1 9 8 0 , 1 9 8 1 

L o c a l G r o u p 0 . 7 9 0 2 0 E i n a s t o , L y n d e n - B e l l 1 9 8 2 

G r o u p s S c - I r r 1 . 5 3 7 9 V e n n i k 1 9 8 5 

S a - S b c 1 . 5 6 1 1 4 V e n n i k 1 9 8 5 

E - S o / a 1 . 5 9 5 2 0 V e n n i k 1 9 8 5 

C l u s t e r s 3 1 5 0 2 0 : F a b e r , G a l l a g h e r 1 9 7 9 

C l o s u r e 4 6 0 1 0 0 F e i t e n 1 9 8 5 

T h e r e s u l t s o b t a i n e d d e m o n s t r a t e t h a t m a s s - t o - l u m i n o s i t y r a t i o i n 

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

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

H o w e v e r , t h e p r i n c i p a l c o n c l u s i o n i s t h e s a m e : M / L i n g r o u p s e x c e e d s 

r e s p e c t i v e v a l u e s i n v i s i b l e p o p u l a t i o n s o f g a l a x i e s b y a f a c t o r o f 1 0 -

2 0 . I t i s a l s o i m p o r t a n t t o n o t e t h a t t h e m a s s - t o - l u m i n o s i t y r a t i o d e -

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

o f m a i n g a l a x i e s o f g r o u p s . 

8 . L A R G E - S C A L E D I S T R I B U T I O N OF DARK MATTER 

I n F i g . 7 we p l o t m a s s - t o - l u m i n o s i t y r a t i o s o f v a r i o u s s y s t e m s a s a 

f u n c t i o n o f t h e e x t e n t o f t h e s y s t e m . D a t a o n c l u s t e r s o f g a l a x i e s w e r e 

t a k e n f r o m F a b e r a n d G a l l a g h e r ( 1 9 7 9 ) , d a t a c o r r e s p o n d i n g t o t h e c r i t -

i c a l c o s m o l o g i c a l d e n s i t y f r o m F e i t e n ( 1 9 8 5 ) . A l l d a t a a r e g i v e n i n t h e 

Β s y s t e m f o r Η = 5 0 k m / s / M p c . 

P r a c t i c a l l y a l l g a l a x i e s a r e l o c a t e d i n s y s t e m s : g r o u p s , c l o u d s , 

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

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

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

g a l a x i e s a r e l o c a t e d i n s y s t e m s w h i c h c o m p r i s e a b o u t 2 0 p e r c e n t o f t h e 

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

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

v o i d o f v i s i b l e g a l a x i e s ( E i n a s t o e t a l . 1 9 8 0 ) . -

3.0 ι 1 1 1 

closure 

2 . 0 

GQ 
—I 
\ 

S l . B 

ο Ο 

ο LG 

ο6Ε 

0.0 1 1 1 1 

1.0 2.0 3.0 4.0 

log(R/kpc) 

F i g u r e 7 . M a s s - t o - l u m i n o s i t y r a t i o s f o r s y s t e m s o f d i f f e r e n t s c a l e 

R . F o r d o u b l e g a l a x i e s a r a n g e f r o m t h e K a r a c h e n t s e v o r i g i n a l d e t e r m i -

n a t i o n t o o u r p r e s e n t e s t i m a t e i s s h o w n . G v ^ s d e n o t e s t h e n o r m a l m a s s -

t o - l u m i n o s i t y r a t i o o f s t a r s , D - d o u b l e g a l a x i e s , LG - t h e L o c a l G r o u p , 

Gjr, Gg a n d G j - g r o u p s w i t h t h e m a i n g a l a x y o f e l l i p t i c a l , s p i r a l o r 

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

g a l a x i e s . 

V o i d s c a n n o t b e e n t i r e l y e m p t y . T h e s m o o t h n e s s o f t h e m i c r o w a v e 

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

m a t t e r f r o m r a d i a t i o n t h e d e n s i t y d i s t r i b u t i o n w a s r a t h e r u n i f o r m . T h e 

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

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

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

p r i m o r d i a l g a s a n d t h e d a r k m a t t e r ( Z e l d o v i c h , E i n a s t o , S h a n d a r i n 1 9 8 2 ) . 

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

U n i v e r s e a r e r a t h e r u n c e r t a i n . B u t i f o n e a c c e p t s t h e i n f l a t i o n a r y s c e -

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

b e e q u a l t o t h e c r i t i c a l d e n s i t y . I n t h i s c a s e a b o u t 8 0 p e r c e n t o f m a t -

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

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

O z e r n o y a n d h i s c o w o r k e r s ( O z e r n o y a n d C h e r n o m o r d i k 1 9 8 5 , C h e r n o m o r d i k 

a n d O z e r n o y 1 9 8 3 a n d r e f e r e n c e s t h e r e i n ) , u s i n g UV s p e c t r a l d a t a b y 

B r o s h a n d G o n d h a l e k a r ( 1 9 8 4 ) . 
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9 . STRUCTURE OF THE U N I V E R S E : C O R R E L A T I O N F U N C T I O N 

I n o r d e r t o t e s t v a r i o u s s c e n a r i o s o f t h e f o r m a t i o n o f t h e s t r u c t u r e 

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

a s t h e c o r r e l a t i o n a n a l y s i s , c l u s t e r a n a l y s i s , e t c . By f a r t h e m o s t p o p -

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

T h e c o r r e l a t i o n f u n c t i o n , ξ ( τ ) , i s d e f i n e d a s t h e e x c e s s o f t h e 

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

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

1 + ξ ( Γ ) = N 0 ( r ) / N p ( r ) . ( 9 ) 

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

a t s m a l l d i s t a n c e s c a n b e r e p r e s e n t e d b y a p o w e r l a w 

ξ.<Γ) = ( r / r 0 ) "
Y , (10) 

w h e r e r Q i s t h e c o r r e l a t i o n l e n g t h . F o r g a l a x i e s r Q = 5 h ' -^Mpc ( P e e b l e s 

1 9 8 0 a n d r e f e r e n c e s t h e r e i n ) , w h e r e a s f o r c l u s t e r s i t i s 2 5 h '^ -Mpc 

( K l y p i n a n d K o p y l o v 1 9 8 3 , B a h c a l l a n d S o n e i r a 1 9 8 3 ) . 

T o c l a r i f y t h e r e a s o n o f t h i s d i s c r e p a n c y E i n a s t o , K l y p i n a n d S a a r 

( 1 9 8 5 ) d e t e r m i n e d t h e c o r r e l a t i o n f u n c t i o n f o r a n u m b e r o f o b s e r v a t i o n a l 

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

H u c h r a ' s ( 1 9 8 3 ) c o m p i l a t i o n o f r e d s h i f t s w h i c h i n c l u d e s t h e C f A s u r v e y . 

T o a v o i d i n c o m p l e t e n e s s o f d a t a , c o n i c a l s a m p l e s w e r e t a k e n w i t h b o u n d -

a r i e s u s e d i n t h e C f A r e d s h i f t s u r v e y . S a m p l e s w e r e c u t o f f a t c e r t a i n 

V 0 a n d a n a b s o l u t e m a g n i t u d e M Q c o r r e s p o n d i n g t o t h e a p p a r e n t m a g n i t u d e 

l i m i t o f t h e C f A s u r v e y , 1 4 . 5 , a t t h e l i m i t i n g r e d s h i f t V Q . R e d s h i f t 

l i m i t s f r o m 1 0 0 0 t o 1 0 0 0 0 k m / s w e r e u s e d . T h e u s e o f t h e s a m e a b s o l u t e 

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

o u s , a n d n o m a g n i t u d e d e p e n d e n t w e i g h t i n g i s n e c e s s a r y . 

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

s p h e r e a r e p l o t t e d i n F i g . 8 . O n e c a n s e e t h a t w i t h i n c r e a s i n g s a m p l e 

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

l e n g t h a l s o g r o w s w i t h t h e s a m p l e d e p t h ( F i g . 9 ) . F o r s a m p l e s c o n t a i n i n g 

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

c o n v e n t i o n a l v a l u e , 5 h ' ^ - M p c ; f o r s a m p l e s c o n t a i n i n g a w h o l e s u p e r c l u s -

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

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

a b o u t t w i c e t h e c o n v e n t i o n a l v a l u e . T h i s r e s u l t i s n o t d u e t o d i f f e r -

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

a s s u g g e s t e d b y S z a l a y a n d S c h r a m m ( 1 9 8 5 ) . S a m p l e s p i c k e d u p f r o m t h e 

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

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

E i n a s t o , K l y p i n a n d S a a r d e t e r m i n e d a l s o t h e c o r r e l a t i o n f u n c t i o n 

f o r t h e o r e t i c a l s a m p l e s , c a l c u l a t e d f r o m N - b o d y e x p e r i m e n t s . A d i a b a t i c 

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

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

( b i a s e d g a l a x y f o r m a t i o n ) . I n o n e c a s e , t h e a d i a b a t i c s c e n a r i o w i t h b i -

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

t h e c o r r e l a t i o n l e n g t h i n c r e a s e s w i t h s a m p l e v o l u m e ( F i g . 1 0 ) . T h i s 
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m o d e l s h a r e s o n e i m p o r t a n t f e a t u r e w i t h o b s e r v a t i o n s - i t c o n t a i n s l a r g e 

e m p t y r e g i o n s b e t w e e n s y s t e m s o f t e s t p a r t i c l e s . I n a l l o t h e r c a s e s e i -

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

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

g i o n s a r e r a t h e r s m a l l , o f s i z e o f s y s t e m s o f p a r t i c l e s ( i - s c e n a r i o w i t h 

b i a s e d g a l a x y f o r m a t i o n ) . 

_i 0i2 ι ι ι ι r ι 
- 1 . 0 - 0 . 5 0 .0 0 .5 1.0 1.5 2 .0 

1og(r/Mpc) 
F i g u r e 8 . C o r r e l a t i o n f u n c t i o n s f o r s a m p l e s i n t h e N o r t h e r n G a l a c -

t i c H e m i s p h e r e i n t h e d i r e c t i o n o f t h e Coma s u p e r c l u s t e r . S a m p l e s C 2 » 
c 3 1 > c 4 1 > c 5 1 a n d c 6 h a v e l i m i t i n g r e d s h i f t s 1 2 0 0 , 2 0 0 0 , 4 0 0 0 , 8 0 0 0 a n d 

1 0 0 0 0 k m / s , r e s p e c t i v e l y . 

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

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

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

t o r , N p ( r ) , o f f o r m u l a ( 9 ) . F o r s m a l l r a d i i t h i s f a c t o r i s p r o p o r t i o n a l 

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

N P ( r ) = 2 7 r r 2 d r N 2 / V , ( 1 1 ) 

w h e r e Ν i s t h e t o t a l n u m b e r o f p a r t i c l e s i n t h e P o i s s o n s a m p l e a n d V i s 

t h e v o l u m e o f t h e s a m p l e . L e t u s c o m p a r e t w o i d e n t i c a l s a m p l e s o f g a l a x -

i e s , s u r r o u n d e d b y e m p t y r e g i o n s o f d i f f e r e n t v o l u m e , a n d V 2 . N Q ( T ) 

i n ( 9 ) i s i d e n t i c a l f o r b o t h s a m p l e s , b u t N p ( r ) i s n o t , d u e t o d i f f e r -

e n c e s i n v o l u m e V ^ . L e t V Q b e t h e v o l u m e f i l l e d w i t h s y s t e m s o f g a l a x -

i e s , C ^ = V 0 / V ^ - t h e f i l l i n g f a c t o r o f t h e s a m p l e , a n d we g e t f o r c o r -

r e l a t i o n f u n c t i o n s o f o u r t w o s a m p l e s 

l + i l < r ) = C 2/C 1(l+C 2(r)). ( 1 2 ) 

W i t h i n s u p e r c l u s t e r s t h e f i l l i n g f a c t o r i s a b o u t 0 . 1 ( E i n a s t o e t a l . 

1 9 8 4 ) , b u t i n l a r g e v o l u m e s i t i s o n l y a b o u t 0 . 0 1 , t h u s t h e d i f f e r e n c e 
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i n f i l l i n g f a c t o r s e x p l a i n s t h e d i f f e r e n c e i n c o r r e l a t i o n f u n c t i o n s . 

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

w h i c h ξ ( τ ) = 1 , i t a l s o i n c r e a s e s w i t h d e c r e a s i n g f i l l i n g f a c t o r . 

F i g u r e 9 . ( l e f t ) . P l o t o f t h e c o r r e l a t i o n l e n g t h , r Q , v e r s u s l i m i t -

i n g r e d s h i f t , V Q , i n M e g a p a r s e c s ( H = 5 0 k m / s / M p c ) . O p e n c i r c l e s a n d 

c r o s s e s d e s i g n a t e s a m p l e s i n t h e N o r t h e r n a n d S o u t h e r n G a l a c t i c H e m i -

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

F i g u r e 1 0 . ( r i g h t ) . T h e c o r r e l a t i o n l e n g t h v e r s u s c u b e s i z e p l o t 

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

f r o m l o w d e n s i t y r e g i o n s r e m o v e d ) . F o r c o m p a r i s o n w i t h F i g . 9 r Q a n d 

L a r e g i v e n i n M e g a p a r s e c s . 

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

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

t i o n l e n g t h r e a c h e s i t s g l o b a l v a l u e ( s e e F i g . 1 0 ) . On t h e o t h e r h a n d , 

o b s e r v e d s a m p l e s s h o w n o t r e n d t o c o n v e r g e a t l a r g e s a m p l e s i z e s t o a 

c o n s t a n t c o r r e l a t i o n l e n g t h ( s e e F i g . 9 ) . E v e n c l u s t e r s o f g a l a x i e s s a m -

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

V Q t r e n d . T h u s we c o m e t o t h e c o n c l u s i o n t h a t p r e s e n t l y a v a i l a b l e s a m -

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

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

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

r Q = 1 0 trl-Mpc. 

1 0 . STRUCTURE OF THE U N I V E R S E : MORPHOLOGY OF G A L A X I E S 

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

m a t i o n a n d e v o l u t i o n o f g a l a x i e s . I n e a r l i e r s t u d i e s D r e s s i e r ( 1 9 8 0 ) 

a n d P o s t m a n a n d G e l l e r ( 1 9 8 4 ) , a m o n g o t h e r s , s t u d i e d t h e m o r p h o l o g y o f 

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

m o s t p r o b a b l y d u e t o e v o l u t i o n a r y e f f e c t s . G a l a x i e s i n l o w - d e n s i t y r e -

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

F o r t h i s r e a s o n t h e s t u d y o f i s o l a t e d g a l a x i e s i s o f g r e a t i n t e r e s t f o r 

t h e o r i e s o f g a l a x y f o r m a t i o n . 

E i n a s t o a n d E i n a s t o ( 1 9 8 5 ) u s e d C f A r e d s h i f t s u r v e y , s u p p l e m e n t e d 

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

t e m s o f g a l a x i e s a s w e l l a s f o r i s o l a t e d g a l a x i e s . G a l a x i e s w e r e a t t r i b -

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

l a r g e s y s t e m s ) u s i n g c l u s t e r a n a l y s i s . T h e n e i g h b o r h o o d r a d i u s a t w h i c h 

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

t e n , w h i c h c o r r e s p o n d s t o a v a r i a t i o n o f t h r e e o r d e r s o f m a g n i t u d e i n 

d e n s i t y e n h a n c e m e n t . T h r e e a r e a s o n t h e s k y w e r e s t u d i e d w h i c h c o r r e p o n d 

t o t h e L o c a l S u p e r c l u s t e r , a n d t o t h e C o m a a n d P e r s e u s s u p e r c l u s t e r s . 

F i g . 1 1 p l o t s t h e n u m b e r o f g a l a x i e s i n s y s t e m s o f d i f f e r e n t r i c h n e s s a s 

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

F i g . 1 2 g i v e s t h e r e l a t i v e d i s t r i b u t i o n o f m o r p h o l o g i c a l t y p e s . O t h e r 

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

100 
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R(km/s) 
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F i g u r e 1 1 . ( l e f t ) . P l o t o f r e l a t i v e n u m b e r o f m e m b e r s o f s y s t e m s 

o f g a l a x i e s o f d i f f e r e n t r i c h n e s s a s a f u n c t i o n o f n e i g h b o r h o o d r a d i u s 

R i n t h e V i r g o s u p e r c l u s t e r . I s o l a t e d g a l a x i e s a n d s m a l l s y s t e m s ( n u m b e r 

o f g a l a x i e s i n t h e s y s t e m n ^ 3 ) a r e d e s i g n a t e d a s f i e l d I , i n t e r m e d i a t e 

s y s t e m s ( 4 ^ n < 3 1 ) a s I I , a n d l a r g e s y s t e m s ( n ^ 3 2 ) a s I I I . N e i g h b o r h o o d 

r a d i u s i s e x p r e s s e d i n H u b b l e e x p a n s i o n v e l o c i t y u n i t s . 

F i g u r e 1 2 . ( r i g h t ) . P l o t o f r e l a t i v e n u m b e r s o f g a l a x i e s o f v a r i o u s 

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

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

a n d I I I . I n a l l p a n e l s s i x a r e a s a r e g i v e n , r e p r e s e n t i n g ( f r o m b o t t o m t o 

t o p ) t h e f o l l o w i n g m o r p h o l o g i c a l t y p e s : E , S O , S a - S d , I r r , P e c , u n -

c l a s s i f i e d . 
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A s e x p e c t e d ( D r e s s l e r 1 9 8 0 , P o s t m a n a n d G e l l e r 1 9 8 4 ) i n s y s t e m s o f 

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

r a d i u s ( i . e . d e n s i t y ) . H o w e v e r f o r i s o l a t e d g a l a x i e s t h e m o r p h o l o g i c a l 

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

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

c o n d i t i o n s o f g a l a x i e s . 

1 1 . CONCLUSIONS 

T h e p r i n c i p a l r e s u l t s o f t h e s t u d i e s r e v i e w e d c a n b e s u m m a r i z e d a s f o l -

l o w s : 

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

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

i e s . 

2 ) T h e t o t a l a m o u n t o f m a t t e r i n v i s i b l e g a l a x i e s , a r o u n d g a l a x i e s 

a n d c l u s t e r s , a n d s m o o t h l y d i s t r i b u t e d i n v o i d s r e l a t e s a s 1 : 2 0 : 8 0 . 

3 ) T h e c o r r e l a t i o n f u n c t i o n o f g a l a x i e s s t r o n g l y d e p e n d s o n t h e 

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

c o r r e l a t i o n l e n g t h i s 1 0 h ' ^ M p c , a b o u t t w i c e t h e c o n v e n t i o n a l v a l u e . 

A c k n o w l e d g e m e n t s . We t h a n k D r . J . H u c h r a f o r s u p p l y i n g u s w i t h a 

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

s c a l e p r o p e r t i e s o f t h e U n i v e r s e p o s s i b l e , a n d D r s . A . D e k e l , P . J . E . 

P e e b l e s a n d S . F . S h a n d a r i n f o r u s e f u l d i s c u s s i o n . 
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DISCUSSION 

PEEBLES: The deep galaxy surveys in narrow fields, the Durham and 
Edinburgh deep angular distributions, the Jagellonian field and Lick 
sample, and the redshift sample of Kirshner, Oemler, Schechter and 
Shectman all indicate r 0 ~ 5h"

1 Mpc, consistent with the shallow CfA 
result. How are these results to be reconciled with your proposal that 
the effective value of r 0 increases with increasing depth? Are you 
proposing that the galaxy distribution is not a stationary random 
process? 

EINASTO: The correlation length determined from a particular sample is 
inversely proportional to the filling factor of this sample. The deep 
samples you mentioned cover small areas on the sky; thus voids in these 
samples are essentially one-dimensional, and the filling factor is 
relatively large. It is possible that this effect is responsible for 
the disagreement quoted. We have used large areas on the sky; thus 
voids enter as three-dimensional objects and suppress the filling 
factor. In two-dimensional distributions (the Lick sample and 
Jagellonian field counts), information on the presence of voids is 
incomplete. To transform two-dimensional correlation functions into 
three-dimensional ones, additional information on voids must be used. 

Our data indeed indicate that on scales smaller than the 
characteristic diameter of voids, the galaxy distribution is not a 
stationary random process. Available galaxy samples have depth smaller 
than this characteristic diameter. 

DEKEL: Like Peebles, I am worried about the growth of ξ(τ) with the 
depth of the sample. This contradicts all previous results. In 
particular, I believe that the sample you use is incomplete beyond 
10,000 km s~*, which may be the reason for the effect you find. Could 
you elaborate on how you weight the galaxies at different redshifts, and 
how you deal with the boundaries of the volume sampled? 

EINASTO: The growth of ζ(τ) with sample depth is clearly seen in the 
whole interval of depths of subsamples. Thus the result is not 
dependent on the deepest samples. The absolute magnitude cutoff for 
each subsample of different depth is taken equal to the absolute 
magnitude corresponding to the CfA apparent magnitude limit at the 
cutoff redshift of the subsample. Thus the absolute magnitude cutoff 
within all subsamples is redshift independent and no weighting of 
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galaxies at different redshifts is needed. Sample volume boundaries 
have been taken into account in generating the Monte-Carlo catalogue of 
test particles used in the calculation of the respective number of 
pairs. 

DRESSLER: Although my study of galaxy morphology vs. environmental 
density did not extend to regions as sparse as you discussed, Postman 
and Geller used the CfA redshift survey to show that a correlation 
persisted down to very weak enhancements. The work you described showed 
no such effect, although the parameterization seemed somewhat different. 
Is there a contradiction between these two studies and, if so, have you 
any explanations? 

CHINCARINI: In support of Dressier1s question, I refer to work on 
Perseus-Pisces by Giovanelli, Haynes and Chincarini (preprint). We 
find, in agreement with Postman and Geller, that the autocorrelation 
function depends on morphological type. We also find a strong 
dependence between type percentage and density. The same density 
dependence is detected in a catalogue complete to 14.5 mag by DeSouza, 
Vettolani and Chincarini (preprint). We find that the relation between 
type and density depends also on the luminosity function of each type. 

EINASTO: Our results are consistant with the other studies mentioned 
for high-density systems (clusters and groups). In low-density regions 
our results seems to be in contradiction with others. One possible 
reason may be the method of analysis used. The correlation technique 
used in some of the quoted studies is volume dependent whereas the 
clustering method is not. A more detailed comparison of both sets of 
results is needed to clarify the situation. 

J. BAHCALL: You have raised the interesting question of why the Soviet 
studies of the local missing mass have given a different answer than 
those made in the West. I believe that the primary reason for this 
discrepency is the incorrect assumption by Kuzmin that the gravitational 
potential in the ζ direction is quadratic. If one wants to limit the 
error in the potential caused by this approximation to less than 10%, 
then one must use stars at no more than 18 pc (σ/4 km s"1) above the 
plane. No population that I know about satisfies this condition. In 
addition, some of the samples you mentioned are not sufficiently pure or 
homogeneous to use in this context (e.g., bright stars or Β stars). 

EINASTO: The population used in Kuzmin1s study and in later work has a 
V z dispersion of about 7 km s""* and a ζ coordinate dispersion of ~ 100 
pc. In this ζ interval the inaccuracy of the quadratic assumption can 
hardly explain the factor of two difference in results. I agree that 
Kuzmin1s original sample was inhomogeneous, but in recent work modern 
data have been used, so the inhomogeneity, if present, is small. 
Finally, a completely independent method which uses the ages of stars 
also supports Kuzmin's original results. Presently it is difficult to 
see where the weak points of density determinations are. So I come to 
the conclusion that further detailed work is needed to find a better 
value of the local density. 
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