
C O N T R I B U T I O N S T O T H E L O C A L G R A V I T A T I O N A L F I E L D 

F R O M B E Y O N D T H E V I R G O S U P E R C L U S T E R 

A m o s Yah i l 
State Universi ty o f N e w Y o r k 
S tony B r o o k , N Y 11794-2100, U S A 

In the last d e c a d e , the inter-relation be tween the density s t ruc ture and ve loc i t y 
p e r t u r b a t i o n s in the l o c a l V i r g o S u p e r c l u s t e r ( V S C ) has p r o v i d e d a m a j o r 
m e a n s o f de t e rmin ing the c o s m o l o g i c a l dens i ty pa rame te r Ω . T h e under ly ing 
d y n a m i c s , the s o - c a l l e d V i r g o c e n t r i c F l o w M o d e l ( V F M ) , a s s u m e s tha t the 
re levant pecul iar gravi ta t ional f ield in the V S C is d o m i n a t e d b y the m o n o p o l e 
t e r m , d u e t o m a t e r i a l i n s ide the V S C . O v e r the pas t y e a r , h o w e v e r , th i s 
p r e m i s e has b e e n ca l led in to q u e s t i o n , o n b o t h o b s e r v a t i o n a l a n d t h e o r e t i c a l 
g r o u n d s . It has b e c o m e clear tha t the c o n t r i b u t i o n s to the loca l g rav i ta t iona l 
field f rom b e y o n d the V S C cannot be neglec ted . T h e ma jo r new d e v e l o p m e n t s 
are summar i zed here. A more detai led review is given elsewhere (Yahi l 1987) . 

In o r d e r t o m a k e t h e d i s t i n c t i o n b e t w e e n t h e i n t e r n a l a n d e x t e r n a l 
c o n t r i b u t i o n s m o r e c o n c r e t e , i m a g i n e the d e m a r c a t i o n o f t he V S C t o b e a 
spher ical surface. T h e pecul ia r g rav i t a t iona l po ten t ia l inside this v o l u m e , due 
to mater ia l outs ide it, can be wri t ten as a mul t ipo le expans ion: 

' = Σ a . m

Y l n / ' - i 1 ) 

wi th a co r respond ing gravitat ional field 

g - d + Q r + ... (2) 

T h e first t e r m in the expans ion is a h o m o g e n e o u s d ipo le field. ( B y N e w t o n ' s 
t heo rem there is n o m o n o p o l e t e rm inside the cavi ty due to material outside it.) 
T h e s e c o n d t e r m is the q u a d r u p o l a r t i d a l f i e l d , w i t h Q a s y m m e t r i c a n d 
traceless tensor. 

In linear per turbat ion theory the peculiar ve loc i ty u is p ropor t iona l to g: 

U = Χ " V " 8 = + + ». (3) 

T h e first (d ipole) te rm is the cons tant bulk v e l o c i t y o f the V S C relat ive to the 
R o b e r t s o n - W a l k e r f r a m e . It c a n n o t b e m e a s u r e d w i t h i n the V S C s ince it 
cance ls for all relative veloci t ies , and therefore needs to be m e a s u r e d relat ive t o 
the m i c r o w a v e background rad ia t ion ( M B R ) , o r a sufficiently d is tant frame o f 
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galaxies . T h e quadrupo la r tidal ve loc i ty field is m e a s u r a b l e in p r i n c i p l e , and a 

de tec t ion has, in fact , been c la imed (Lilje, Yah i l , and Jones 1 9 ^ 6 ) . R e c e n t l y , a 

s tudy o f a large sample o f elliptical galaxies with v<6000 k m s" (Dress ie r et al. 

1986) has c o n c l u d e d that the veloci ty o f the L o c a l G r o u p ( L G ) re la t ive t o that 

f r a m e is d i f f e ren t f r o m the o n e r e l a t ive t o the M B R ( L u b i n , E p s t e i n , a n d 

S m o o t 1983; F ixsen , C h e n g , and Wilk inson 1 9 8 3 ) . T h e n e w da ta h a v e n o t ye t 

b e e n ava i l ab l e for i n d e p e n d e n t eva lua t ion , bu t the p l o ^ s p resen ted s h o w tha t 

the ve loc i t y field is turbulent . In fact, for v<3000 k m s" , it r e sembles the t idal 

one found b y Lilje et al. 

A c o m p l e t e d y n a m i c a l p ic ture , and a means o f de te rmin ing Ω , is poss ib le 

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

coefficients o f the mu l t i po l e expans ion , eq. ( l ) , are given by 

a l m = m i ί / W r - ' X J Q ) d 3 r (4) 
-2 

T h e d ipole t e rm is s imp ly the vec to r s u m of the g rav i t a t iona l r" attractions o f 
all the s t ructure ou t s ide the V S C . T h e quadrupole t e rm measures the r" t idal 
force . 

C o m p l e t e surveys are needed in order to measu re the dens i ty o f ga lax ies . 
T h e i n i t i a l R S A c a t a l o g w a s u s e d f o r t h e v o l u m e i n s i d e | b | > 3 0 ° a n d 
v < 4 0 0 0 k m s ( Y a h i l , S a n d a g e , and T a m m a n n 19^0; Y a h i l 1 9 8 1 ) . T h e C f A 
ca ta log extends to the grea ter dep th o f 8000 k m s" , bu t is con f ined t o b > 4 0 ° , 
and on ly l imited c o v e r a g e in the South Galact ic Hemisphere (Dav i s et al. 1980; 
Dav i s and H u c h r a 1 9 8 2 ) . T h e s e s tudies were unab le to f ind a d i p o l e t e rm in 
t h e d i r e c t i o n o f t he M B R . It w a s t he re fo re c o n c l u d e d t h a t t h e s t r u c t u r e 
r e s p o n s i b l e for the bu lk v e l o c i t y o f the V S C e i ther lay b e y o n d the o b s e r v e d 
d is tances , or in the zone o f avo idance , or bo th . 

T h e advent o f the I R A S catalog has made it possible to search further for 
the illusive density per turba t ions . T h e catalog is ideal for this pu rpose , because 
it is ca l ibra ted h o m o g e n e o u s l y over a lmost the entire sky, ranges in d i s tance far 
b e y o n d the l imits o f p resen t redshift su rveys , and is unaffected b y e x t i n c t i o n . 
T w o i n d e p e n d e n t t e a m s q u i c k l y d i s c o v e r e d a d i p o l e a n i s o t r o p y in t he s k y 
d is t r ibut ion o f the I R A S galaxies, aligned within the errors wi th the v e l o c i t y o f 
t h e L G r e l a t i v e t o t h e M B R ( Y a h i l , W a l k e r , a n d R o w a n - R o b i n s o n 1 9 8 6 ; 
M e i k s i n a n d D a v i s 1 9 8 6 ) . T h e i n t e r p r e t a t i o n has b e e n t h a t t h e d e n s i t y 
s t ructure responsible for the bulk m o t i o n o f the V S C has been identified. 

M o s t o f the I R A S galaxies d o no t ye t have redshif ts , bu t init ial surveys 
h a v e p r o v i d e d the infrared l u m i n o s i t y f u n c t i o n ( e . g . , L a w r e n c e et al. 1 9 8 6 ) . 
T h i s c a n b e u s e d t o w o r k o u t the d i p o l e m o m e n t o f g ( Y a h i l et al. 1 9 8 6 ) . 
W h e n coup l ed v ia eq . (3 ) t o the pecul ia r v e l o c i t y , a s sumed to b e equal to the 
v e l o c i t y o f the L G re la t ive t o the M B R , the es t imate Ω « 1 is o b t a i n e d . T h i s 
c o n t r a d i c t s the p r e v i o u s o b s e r v a t i o n a l " c o n s e n s u s " , b a s e d on t h e \ ^ F M , t he 
c o s m i c v i r i a l t h e o r e m , a n d N - b o d y c a l c u l a t i o n s , tha t Ω = 0 . 1 - 0 . 2 ( e . g . , t h e 
review b y Yah i l 1984) . 

T h e t h e o r e t i c a l d i s p o s i t i o n in f a v o r o f Ω = 1 , n o w a u g m e n t e d b y t h e 

o b s e r v a t i o n a l c o n t r a d i c t i o n , has led t o the p r o p o s a l that ga l axy f o r m a t i o n is 
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m o r e efficient in regions that have higher densit ies, even though at the e p o c h o f 
ga laxy format ion their overdens i ty m a y still have been ve ry smal l (Ka i se r 1984; 
S c h a e f f e r a n d Silk 1 9 8 5 ; B a r d e e n et al. 1 9 8 6 ) . A s a r e s u l t o f t h i s b i a s e d 
fo rma t ion p r o c e s s , ga lax ies are n o longer fair t racers o f the to ta l mass - ene rgy 
dens i ty . Details o f the biasing physics are still sketchy (e .g . , Rees 1987) . 

Biasing is difficult to establish o b s e r v a t i o n a l l y , b e c a u s e m a s s c a n on ly b e 
t r a c e d d y n a m i c a l l y . It is p o s s i b l e , h o w e v e r , t o c h e c k w h e t h e r o n e t y p e o f 
g a l a x y has the s a m e dens i ty s t ruc tu re as ano the r o n e . It is wel l k n o w n tha t 
the frequencies o f early and late type galaxies are functions o f dens i ty (Dress ier 
1 9 8 0 ) , b u t th i s ha s n o t s e e m e d t o b ias the d e t e r m i n a t i o n o f t h e l a r g e s c a l e 
d e n s i t y s t r u c t u r e in the V S C ( Y a h i l et al. 1 9 8 0 ) . It is i m p o r t a n t t o s e e 
whe the r a similar effect might result in different de terminat ions o f dens i ty f r o m 
I R ( s p i r a l ) a n d o p t i c a l ( sp i ra l a n d e l l i p t i c a l ) g a l a x i e s . A c o m p r e h e n s i v e 
c o m p a r i s o n o f the t w o is no t ye t p o s s i b l e , b e c a u s e o f the lack o f redshif ts for 
t h e I R A S g a l a x i e s . H o w e v e r , in t h e s m a l l a r e a o f t h e s k y s u r v e y e d b y 
L a w r e n c e e t ^ l . ( 1 9 8 6 ) , 9 0 % o f t h e I R A S g a l a x i e s w i t h S 6 Q > 0 . 8 5 a n d 
v < 3 0 0 0 k m s" are a l ready i n c l u d e d in the C f A c a t a l o g . ( O f c o u r s e the C f A 
ca t a log also conta ins m a n y galaxies w h i c h are no t I R A S galaxies , e .g . , e l l ip t ical 
galaxies . ) If this is t rue in all t he o v e r l a p r eg ion b e t w e e n the I R A S and C f A 
s u r v e y s , t h e n the i r d e n s i t y s t r u c t u r e s c a n b e c o m p a r e d d i r e c t l y w i t h i n the 
l imi ted redshift range v<3000 k m s" . Such a c o m p a r i s o n clearly s h o w s the t w o 
d e n s i t y s t ruc tures t o b e s im i l a r ( Y a h i l 1 9 8 6 ) . It a l so s h o w s tha t the m e a n 
c o s m o l o g i c a l densi ty baseline def ined b y the I R A S ga lax ies is h igher than that 
de te rmined in the opt ica l s tudies . A p o s s i b l e in te rp re ta t ion m i g h t b e that the 
exis t ing opt ica l surveys d o not ex tend deep e n o u g h , and the v o l u m e c o v e r e d is 
n o t a fair s a m p l e o f t he u n i v e r s e . T h i s p o s s i b i l i t y n e e d s t o b e e x a m i n e d 
care fu l ly , b o t h b y re -eva lua t ing the e x i s t i n g d e n s i t y d e t e r m i n a t i o n s , and b y 
ex tend ing b o t h the opt ica l and IR redshift surveys . 

A full unde r s t and ing o f the dens i ty s t ruc tu re o f t he I R A S g a l a x i e s c a n 
c o m e only f r o m a c o m p l e t e redshif t c a t a l o g , w h i c h wil l enable analyses w h i c h 
are no t poss ib le w i th on ly f luxes and a l u m i n o s i t y func t ion . F i rs t , the d ipo le 
gravi tat ional field can be de termined using individual distances for each ga laxy . 
T h i s wil l grea t ly inc rease the r e l i ab i l i t y o f t he resu l t , a n d m i n i m i z e b i a ses . 
S e c o n d l y , one c a n e v a l u a t e h i g h e r m o m e n t s o f t he g r a v i t a t i o n a l f ie ld . T h e 
q u a d r u p o l e m o m e n t , in pa r t i cu la r , shou ld b e c o m p a r e d wi th the q u a d r u p o l a r 
t idal ve loc i ty field (Lilje et al. 1986) . Th i rd ly , o ther quanti tat ive descript ions o f 
the dens i ty s t ruc ture a r o u n d us can be s o u g h t , s u c h as co r r e l a t i on f u n c t i o n s , 
hole d is t r ibut ion , and c o n t i n u o u s largescale s t ruc tu re s . F o u r t h l y , the dens i ty 
s t ruc tu re o f IR se lec ted ga lax ies m a y b e c o m p a r e d w i t h o p t i c a l g a l a x i e s , t o 
ob ta in some unders tanding o f poss ible biased ga laxy fo rmat ion . F ina l ly , b i a sed 
g a l a x y f o r m a t i o n c a n b e t e s t e d u s i n g t h e p r i n c i p l e o f s u p e r p o s i t i o n , b y 
d e t e r m i n i n g the e f fec t o f i n t r o d u c i n g d e n s i t y - d e p e n d e n t w e i g h t i n g o n t h e 
resultant gravi tat ional field ( G u n n 198$) . 

A c o l l a b o r a t i o n ( D a v i s , H u c h r a , S t r a u s s , T o n r y , Y a h i l ) is a l r e a d y 
u n d e r w a y to o b t a i n a redshift c a t a l o g c o m p l e t e t o S 6 Q > 2 Jy for |b |> 10° . T h e 
f lux limit was chosen in order t o make the pro jec t manageable , w i t h the a im o f 
comple t i ng it wi thin t w o years. T h e b road luminosi ty function guaran tees tha t 
the sample will ex tend to large distances. T h e e igh ty percent i le o f the redshift 
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distr ibut ion wil l b e at 10,000 k m s" , bu t there wi l l b e a d e q u a t e s a m p l i n g even 
b e y o n d tha t r ange . A Br i t i sh t e a m (Ef s t a th iou , El l i s , F r e n k , H e w i t t , Ka i se r , 
R o w a n - R o b i n s o n ) is u n d e r t a k i n g t h e c o m p l i m e n t a r y a p p r o a c h o f s p a r s e 
s a m p l i n g the c a t a l o g d o w n t o S 6 Q > 0 . 5 . M a n y o f t h e p r o b l e m s p o s e d a b o v e 
shou ld be answered shor t ly 

T h i s r e s e a r c h w a s s u p p o r t e d in p a r t b y U S D O E g r a n t D E - A C 0 2 -
8 0 E R 1 0 7 1 9 at the S t a t e U n i v e r s i t y o f N e w Y o r k . T h e h o s p i t a l i t y o f t h e 
Research Institute for Fundamen ta l Phys ics , K y o t o Univers i ty , w h e r e this w o r k 
was c o m p l e t e d , is gratefully acknowledged . 
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