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A B S T R A C T . A l t h o u g h s o m e theories , such as that o f c o l d dark mat te r , are quite 

successful in explaining certain aspects o f the fo rmat ion o f s t ructure , we seem not 

t o app roach a satisfactory theory wh ich can easily accoun t for all the observat ional 

constra ints o n all scales. M o s t difficult t o expla in are the indica ted clustering of 

clusters and bulk veloci t ies o n very large scales , w h e n cons idered together wi th 

the s t ructure o n galact ic scales and the i so t ropy o f the mic rowave background . 

If these observat ions are cor rec t , the on ly scenarios that can w o r k are hybrids of 

cer ta in sor ts , wh ich involve somewha t ad hoc choices of parameters ; they are not the 

theories that w o u l d have emerged natural ly f r o m first pr inciples , and they d o not 

satisfy the criteria o f s implici ty and elegancy. I wil l discuss the currently popular 

scenarios and the apparent difficulties they face . 

1. I N T R O D U C T I O N 

T h e current s i tuat ion in the two front lines o f physics is cur ious ly very different; in 

par t ic le physics there is o n e ' theory o f every th ing ' - superstr ings - bu t no experi-

menta l constraints in the foreseen future, whi le in c o s m o l o g y , t o the contrary, we 

have a g rowing b o d y o f interesting observa t ions o f the large-scale s t ructure, mos t of 

w h i c h are discussed in this s y m p o s i u m , bu t we also have many theoret ical scenarios 

t o accoun t for t hem. It is no t that there is an observa t ion wh ich w e canno t explain; 

it is that each basic theory seems to expla in a different subset o f the observat ions , 

or it has t o b e modi f ied or pa t ched whenever a n e w observat ional constraint is re-

p o r t e d . A t each step we drift away f r o m the s imple , elegant theory we should wish 

for . T h u s , a l though the field is very fruitful observat ional ly , and despi te the great 

effort and m a n y ingenious ideas f rom the theoret ical s ide, we d o no t seem t o get 

closer t o a ' theory o f every th ing ' for the fo rmat ion o f large-scale s tructure in the 

universe. 

I w o u l d list the m o s t relevant observat ional constraints as fo l lows: 

(a) Sys temat ic proper t ies o f galaxies - relevant t o ga laxy fo rmat ion on scales 

< 1 h~lMpc (for reviews see Silk 1987; Faber 1987; Efs ta th iou and Silk 1983) . 
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(b ) Quant i t ies that measure the clustering o f galaxies o n scales 1 — 10 h~lMpc\ the 

ga laxy-ga laxy corre la t ion funct ion, £gg{r), w i th the associa ted ga laxy pair ve loc i ty 

d ispers ion, vgg(r), and the ga laxy number densi ty contrast wi th in the L o c a l Super-

cluster ( L S C ) , 6g, w i th the associa ted pecul iar infall ve loc i ty , vp (for reviews see 

Dav i s and Peebles 1983; Dekel , Einas to and Rees 1987) . 

( c ) T h e s t ructure o f superclusters o f galaxies on scales 10 — 100 h~lMpc, descr ibed 

in different con tex t s as ' f i lamentary s t ructure ' , ' pancakes ' , ' b u b b l e s ' , e t c . (see a re-

v i e w b y O o r t 1983; Tul ly 1986; de Lapparent , Geller and Huchra 1986; Giovanell i , 

Haynes and Chincarini 1986) . 

(d ) T h e presence o f 'voids' 5 - regions o f very low number densi ty o f galaxies wi th 

typ ica l d imens ions 10 — 50 h~xMpc (perhaps l imited only b y the size o f the available 

samples ) (See Oemle r 1987 for a r e v i e w ) . 

(e) T h e clustering o f rich clusters o n scales u p t o ~ 100 h_1Mpc, expressed in terms 

o f superclusters of clusters or b y the cluster-cluster corre la t ion funct ion , £ C c ( r ) 5 

which , for A b e l l clusters o f richness > 1, b e c o m e s linear only b e y o n d 25 h~1Mpc 

and stays pos i t ive ou t t o 100 h~1Mpc (e .g. Bahcal l and Soneira 1983) and the 

assoc ia ted cluster pair veloci t ies o f ~ 1000 km θ - 1 (Bahcal l 1986 ) . 

( f ) O n a similar scale, the r epo r t ed 'bulk m o t i o n ' o f ~ 600 km s - 1 relative t o the 

mic rowave b a c k g r o u n d o f the w h o l e b o d y o f galaxies , g roups and clusters a round 

us in a sphere o f d iameter ~ 100 h~lMpc ( R u b i n et al. 1976; Burs te in et al. 1986; 

Col l ins , Joseph and R o b e r t s o n 1986) . 

(g) T h e uppe r limits on tempera ture fluctuations in the mic rowave background , 

δΤ/Τ, o n the various angular scales (1° co r responds t o 100 Vl~1h~1Mpc) (e.g. 

U s o n and Wi lk inson 1984; Melchiorr i et al. 1981) . 

(h) T h e indicat ions for evolu t ion o f clustering in the dis t r ibut ion o f high redshift 

ob j ec t s such as quasars (Shaver 1987) , L y m a n - α c louds (Sargent 1987) , and galaxies 

in ve ry deep surveys ( K o o 1987) . 

W h e n cons t ruc t ing a theoret ical scenario t o accoun t for these observat ional 

const ra in ts , there is a large mul t i -dimensional parameter space available. Let m e 

list jus t the op t ions wh ich are conservat ively regarded as plausible: 

(a) T h e values for the cosmolog i ca l parameters : the density paramete r Ω can vary 

rough ly in the range 0.1 — 2 , the c o s m o l o g i c a l constant A m a y b e ze ro or non-zero 

( < 3 i ? o ) , and the H u b b l e cons tant Ho is 'ei ther ' 50 or 100 km s"1 Mpc"1 (which 

is less impor tan t in the present c o n t e x t ) . 

( b ) T h e nature o f the dark mat te r ( D M ) : Is it baryonic? Is it m a d e o f 'hot9 particles 

like 10 — 100 eV neut r inos? Is it ccoW particles like ax ions , o r > keV pho t i nos? Is 

it s o m e sort o f unstable D M which decays on a t ime scale slightly smaller than the 

H u b b l e t ime? Is it s o m e mix tu re o f the a b o v e ? 

( c ) T h e or igin and nature of the initial density fluctuations: Have they or iginated 

in an inflation phase or were they induced by someth ing like c o s m i c strings? Is the 

loca l d is t r ibut ion funct ion, ρ{δ), Gaussian, as w o u l d b e the result o f the former , 

o r non-Gaussian, as p red ic ted b y the latter? Is the initial s p e c t r u m a power- law, 

(\6k\2) oc k n , and if it is, w h a t is the power ra? A r e the fluctuations adiabatic or 
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isothermal ( isentropic fluctuations or iso-curvature fluctuations)? 

(d ) A r e phys ica l processes o ther than gravi ty impor tan t in the fo rmat ion o f struc-

tu re? In par t icular , d o nuclear explosions domina t e the c o s m o g o n i e p rocess? 

(e) W h a t is the relat ionship be tween the spatial d is t r ibut ion of galaxies and the 

under ly ing mass d is t r ibut ion? If ga laxy fo rmat ion is biased - h o w is it b iased? 

If I h a d t o sketch the s implest , m o s t elegant scenar io - a theorist 's d r eam - I 

w o u l d p r o b a b l y c h o o s e the fol lowing: 

(a) A flat Einstein-deSit ter universe, wi th Ω = 1 t o a great accu racy and A = 0, as 

w o u l d natural ly have emerged f rom inflation, w i thou t m u c h fine-tuning. Otherwise, 

in the F r i edmann equa t ion 

1 — Ω — A/{3H2) = -k/{aH)2, ( l ) 

the initial cond i t ions w o u l d have t o b e fine-tuned such that the present curvature 

radius a is ' jus t ' o f the order o f the hor izon radius i f - 1 , o r the cosmolog i ca l con-

stant has a very specif ic non-zero value. 

( b ) T h e D M is m a d e o f the on ly kind o f mass ive part icles w e k n o w - baryons . O b -

v ious as t rophysica l candida tes are ' Jupi ters ' , such as this planet we live o n , or some 

k ind o f d e a d stellar remnants . 

( c ) T h e s t ructure have g rown f r o m inflat ion-generated fluctuations: their local dis-

t r ibu t ion funct ion is Gaussian, ρ(δ) oc exp[—δ2/(2σ2)], ba sed o n the central limit 

t h e o r e m , their power - spec t rum is scale-invariant (Har r i son-Zeldovich) wi th η = 1, 

a n d they are adiabat ic (curvature) fluctuations, preserving the b a r y o n t o p h o t o n 

ra t io as a cons tan t o f nature wh ich is de te rmined b y mic rophys i c s . 

( d ) Gravi ta t iona l processes are dominan t and exp los ions d o no t compl i ca t e mat-

ters . 

(e) Galaxies t race mass w i thou t a bias - this w o u l d a l low a straight-forward c o m -

par i son be tween theory and observa t ion . 

I wil l t ry t o descr ibe in this talk h o w the observa t iona l constra ints force us to 

drift away f r o m this ideal scenar io . 

2 . T H E N A T U R E O F T H E D A R K M A T T E R 

C a n the universe b e pure ly baryonic? T h e o b s e r v e d abundances o f deu te r ium and 

H e 3 imply , in the s tandard b ig -bang nucleosynthesis scenar io , that the contr ibut ion 

o f b a r y o n s t o the mean density is Ω& < 0.2 (e .g . A u d o u z e 1 9 8 7 ) . T h u s , unless we 

are wil l ing t o cons ider non-s tandad nucleosynthesis theories (e .g . Rees 1985; Hogan 

1987) o r s o m e segregat ion mechan i sms for cer ta in e lements (e .g . Braun , Dekel 

and Eli tzur 1987, in p rogress ) , w e have t o assume that ba ryons c a n n o t account for 

Ω = 1. T h e o ther serious p r o b l e m o f a pure ba ryon ic universe is that the required 

densi ty fluctuations, especial ly if ad iabat ic , are inconsis tent w i th the observat ion 

that δΤ/Τ < 1 0 ~ 4 o n scales o f 4 . 5 ' ( U s o n and Wi lk in son 1984) ; the latter indicates 

small ampl i tudes for the densi ty fluctuations at decoup l ing w h i c h canno t make the 

obse rved nonl inear s t ructure b y the present t ime (see Kaiser and Silk 1986 for 
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a r e v i e w ) . T h e small-angle t empera ture fluctuations had t o b e smeared ou t by 

re ionizat ion o f the intergalact ic m e d i u m n o later than ζ ~ 30 ( Ω & / ι / 0 . 1 ) ~ 2 / 3 to 

p rov ide an op t ica l dep th > 1 for C o m p t o n scat ter ing. Th i s w o u l d require early 

fo rmat ion o f stellar ob jec t s that c o u l d have e jec ted the required energy into the 

I G M . T h e s imple adiabat ic fluctuations canno t give rise t o such ob jec t s because 

they d a m p ou t o n the relevant scales due t o p h o t o n diffusion and viscosi ty (Silk 

1968) ; A special k ind o f ( ' i so the rma l ' ? ) fluctuations that c o u l d survive damping on 

small scales is required. So , a m o d e l wh ich is d o m i n a t e d b y the simplest type o f 

D M requires a special o p e n universe, and non-tr ivial initial fluctuations. 

T h e a b o v e difficulties can b e eased if the D M is non-baryonic and on ly weakly 

interact ing. It is then no t subject t o nucleosynthesis constraints so it c an amount 

t o Ω = 1, and because it was never c o u p l e d t o the radia t ion like the baryons , 

the fluctuations c o u l d start g rowing before decoup l ing (ζ ~ 1 0 3 ) , w h e n the universe 

tu rned mat te r d o m i n a t e d at z e q ~ 2.5 χ 1 0 4 Ω / ι 2 , and thus y ie ld non-l inear structure 

t o d a y wi th on ly small t empera tu re fluctuations at the last scat ter ing surface. T h e 

ma jo r types o f non-ba ryon ic part icles are classified as ' h o t ' and ' c o l d ' , co r responding 

t o whe the r they b e c a m e non-relat ivist ic at or m u c h before z e q . T h e fluctuations 

were d a m p e d ou t b y free-streaming o n all scales smaller than a cri t ical coherence 

length, Xfs, wh ich is the hor i zon scale at the t ime w h e n the part icles b e c a m e non-

relat ivist ic . G iven the initial s p e c t r u m o f fluctuations, the resultant s p e c t r u m at 

z e q , after w h i c h gravi ta t ional g r o w t h o c c u r s , c an b e ca lcu la ted for each t ype o f D M . 

T h e shape o f this spec t rum, and in part icular the presence or absence o f a crit ical 

cohe rence length, determines whe ther the subsequent fo rma t ion o f s t ructure w o u l d 

b e ' t o p - d o w n ' o r ' b o t t o m - u p ' respect ively. T h e scenarios p red ic t ed for each t ype o f 

D M c a n then b e conf ron ted wi th the s t ructure as obse rved t o d a y and as evolving 

f r o m ζ ~ 3. Before we p r o c e e d it should b e b o r n in m i n d that whi le par t ic le theories 

can easily predic t numerous candida tes o f either t y p e , there is n o actual de tec t ion 

o f such part icles; the scenarios o f non-ba ryon ic D M are therefore a priori based 

o n a specula t ive assumpt ion . T h e exper imenta l effort d i rec ted at de tec t ing such 

part icles is therefore such a crucial deve lopmen t . 

3. C A N Ω B E 1? D O G A L A X I E S T R A C E M A S S ? 

T h e mass est imates o n scales o f ~ 10 h~lMpc are based o n o n m e t h o d s such as 

m o d e l i n g ou r infall into the L S C , o r apply ing a c o s m i c vir ial analysis t o pairs o f 

galaxies . In a linear, spherical m o d e l for the L S C , for a g iven obse rved infall ve loc i ty 

o f the shell conta in ing the L o c a l G r o u p towards V i r g o , Ω is re lated t o the mean 

densi ty enhancement δ interior t o this shell b y Ω α δ " 1 , 7 . For g iven rms pair 

ve loci t ies the c o s m i c virial t h e o r e m gives Ω oc where f ( r ) is the two-poin t 

cor re la t ion funct ion . T h e obse rved results suggest Ω ~ 0.1 — 0 .3 . H o w c a n w e then 

have Ω = 1? T h e low est imates are ob t a ined using the quanti t ies cor respond ing 

t o galaxies: their n u m b e r overdensi ty 6g or the ga laxy cor re la t ion funct ion Çgg{r). 

If, however , the galaxies cluster m o r e than the mat te r , such that (in the linear 
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a p p r o x i m a t i o n ) 

6g = f6 and Cgg(r) = / 2£(r) (2) 

( the latter is the ob ta ined value o f Ω is larger and c o m p a t i b l e wi th Ω = 1 if / ~ 

2 — 3. Th i s requires biased galaxy formation. 

Perhaps the strongest argument for the need o f bias is p r o v i d e d b y the c o m m o n 

exis tence o f voids (a review b y Oemle r 1987; Geller 1987) . T h e number density of 

galaxies in these vo ids seems t o b e typical ly less than 1 0 % of the mean . (This is 

on ly a c rude est imate; in the B o o t e s v o i d , for e x a m p l e , n o br ight ga laxy was found 

in a v o l u m e which contains o n the average 32 galaxies.) Based o n spherical models 

(e .g . Hoffman, Salpeter and Wasse rman 1982) , a similar underdens i ty in the mass 

c o r r e s p o n d s at decoup l ing t o \6\ > 1 0 ~ 2 if Ω ~ 1, and > 5 χ 1 0 ~ 2 if Ω ~ 0 .1 . This is 

i ncompa t ib l e w i th the mic rowave i so t ropy o n angles 10 ' —1° in any o f the cosmogon ie 

scenar ios , unless re ionizat ion has washed ou t the f luctuat ions. T h e large-scale N-

b o d y s imulat ions demons t ra te the difficulty: even in pancake scenarios (e .g. Whi t e , 

Frenk and Davis 1983; Centrel la and M e l o t t 1983; Dekel and Aarse th 1984) such 

large regions are no t found wi th a densi ty b e l o w 2 5 % o f the mean ; they cannot 

b e substant ial ly evacua ted dynamica l ly by the present e p o c h , w h i c h is defined by 

m a t c h i n g the corre la t ion funct ions o f the s imulated mass and the obse rved galaxies. 

T h e s i tuat ion is worse if Ω < 1, where the vo id s are evacua ted even less efficiently. 

T o es t imate the real mass density in vo ids cons ider a ' t o y ' universe wh ich consists 

o f superclusters (sc) and vo ids o f un i form densities b o t h in the mat te r and in the 

galaxies . T h e relat ion 

results tr ivially f r o m the definition o f the densi ty contras ts . A s s u m i n g that the 

L S C and the B o o t e s ' v o i d ' are typica l , we can a d o p t the co r r e spond ing observed 

values for the galaxies: 6g ~ 2.5 and —0.9 respect ively. If Ω = 1, the real mass 

overdens i ty in the L S C must b e δ ~ 0.85 ( / ~ 3 ) , so w e get for the mass in the 

vo ids δ ~ —0.32. ( T h e fractional v o l u m e in the vo ids is then 7 3 % and the mass 

f ract ion is ~ 50%. ) These mass densities in superclusters and in vo ids are b o t h 

c o m p a t i b l e wi th |5 | ~ 9 x 1 0 ~ 4 at decoup l ing . If m o s t o f the mass is non-baryonic , 

this co r r e sponds t o δΤ/Τ ~ 3.5 χ 1 0 ~ 5 ( Ω / ι 2 ) - 1 , w h i c h is c o m p a t i b l e wi th the 

i so t ropy constraints if Ω/ ι 2 is no t m u c h smaller than unity. A n o p e n universe wi th 

Ω ~ 0.2 w o u l d b e in t rouble : it w o u l d require n o bias in the L S C , and therefore a real 

d e e p mass underdensi ty o f 1 0 % in the v o i d s . T h e co r r e spond ing δΤ/Τ ~ 5 X 1 0 ~ 3 

w o u l d b e hard t o reconci le w i th observa t ions . 

Further suppor t for bias is p rov ided b y the N - b o d y s imulat ions wh ich show that 

nei ther the scenar io o f c o l d D M ( C D M ) nor the neu t r ino scenar io can reproduce 

the o b s e r v e d dis t r ibut ion o f galaxies unless it is biased. In b o t h cases the matter 

cor re la t ion funct ion s teepens in t ime , and the s tage o f the s imula t ion t o b e regarded 

as the present e p o c h is de te rmined b y ma tch ing its logar i thmic s lope t o the observed 

7 — 1.8 o f galaxies . T h e C D M corre la t ion length at this t ime turns ou t t o b e only 

r 0 ^ 1 ( Ω / ι 2 ) - 1 (Davis et al. 1985) . Hence , for the galaxies t o m a t c h the observed 

{6g/6)void = [δ9/δ)3€ = f (3) 
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7*ο ^ 5 h - 1 Mpc, w i th Ω = 1, the galaxies must b e b iased by £gg{r) = (5 — 20) £ ( r ) 

(for h = 0.5 — 1 ) , in agreement w i th the required value o f / . In the case o f ~ 30 eV 

neut r inos , at the t ime w h e n the s lope is 1.8 the s t ructure is still y o u n g (e .g . Dekel 

and Aar se th 1984) ; col lapse t o pancakes must have o c c u r r e d at ζ ~ 1. Th i s poses a 

t iming difficulty for any 'dissipative pancake ' scenario wh ich assumes that galaxies 

are 'daughte rs ' o f pancakes , s ince various lines o f ev idence suggest that galaxies 

b e g a n t o f o r m at ζ > 3 (e .g . based o n high-redshift quasars and ga laxy cand ida tes ) . 

T h e difficulty is also one o f scal ing: the neutr ino corre la t ion length , b y the t ime 

w h e n its s lope is right, has a l ready g r o w n to b e ro ^ 8 ( Ω / ι 2 ) - 1 , w h i c h is t o o large in 

c o m p a r i s o n wi th galaxies unless Wi > 1. If the galaxies f o r m on ly in the col lapsed 

regions the constraints b e c o m e even t ighter. B u t n o t e that the bias required here is 

therefore o f an o p p o s i t e sense: the galaxies shou ld s o m e h o w b e less c lustered than 

the neutr inos . 

4 . M E C H A N I S M S O F B I A S E D G A L A X Y F O R M A T I O N 

Biasing is m o t i v a t e d b y theoret ical considera t ions as well . Based o n the observed 

cor re la t ion be tween ga laxy t y p e and envi ronment (Dressier 1 9 8 0 ) , it w o u l d b e as-

ton ish ing if ga laxy fo rmat ion were n o t significantly affected b y envi ronmenta l effects 

w h i c h c o u l d segregate the galaxies f r o m the under ly ing mass . After cons ider ing the 

phys ica l processes that migh t b e involved in ga laxy format ion , o n e c a n b e easily 

led t o the conc lus ion that a bias o f one sort o r another is e x p e c t e d in a lmost every 

c o s m o g o n y . 

Coun t ing the general possibi l i t ies , the bias c o u l d b e de te rmined in each p ro-

t o g a l a x y autonomously, e.g. by its b a c k g r o u n d density, o r it m a y b e a result o f 

feedback f r o m o ther galaxies . Th i s feedback influence m a y p r o p a g a t e b y gas trans-

p o r t t o l imi ted dis tances , o r b y radia t ion o r fast part icles t o larger dis tances . T h e 

result migh t b e destructive, suppressing ga laxy fo rmat ion locally (causing 'under-

c lus ter ing ' ) o r far away (causing 'over -c lus te r ing ' ) , bu t it c o u l d also b e constructive, 

enhanc ing ga laxy fo rmat ion in the n e i g h b o r h o o d o f o ther galaxies (e .g . exp los ions ) . 

I wil l e labora te o n this using several o f the ' s t andard ' scenarios as e x a m p l e s . 

4 . 1 . A Un i fo rm C o m p o n e n t 

T h e universe m a y b e d o m i n a t e d b y 'u l t rahot ' weakly interact ing part ic les wh ich d o 

n o t c luster because they have veloci t ies > 1 0 3 km s~x. B u t if the 'u l t raho t ' particles 

are relics o f an early e p o c h , their mass w o u l d have always b e e n dynamica l ly d o m i -

nant over the ba ryons , and w o u l d have inhibi ted gravi ta t ional cluster ing al together 

(e .g . Hoffman and B l u d m a n 1984) . Th i s w o u l d also y ie ld an u n a c c e p t a b l y fast 

expans ion t imescale dur ing nucleosynthesis . A w a y a round this difficulty involves 

suppos ing that these part icles arise f rom nonradia t ive decay of heavy particles w i th 

lifetimes on ly sl ightly shorter than the age o f the universe (Turner , S te igman and 

Krauss 1984; Flores 1987 for a r e v i e w ) . A s s u m i n g that these decay p r o d u c t s are 

substant ia l ly lighter than their uns table parents , they w o u l d b e ve ry ' h o t ' . Galaxies 

(ha los) and clusters w o u l d have f o r m e d dur ing the era o f ma t te r d o m i n a t i o n b y the 
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uns tab le part ic les , bu t they then e x p a n d e d or even b e c a m e u n b o u n d as a result o f 

the decay. A n e labora t ion o f this idea suggests that the universe finally b e c o m e s 

d o m i n a t e d b y a s table pr imordia l C D M species (Ol ive , Seckel and Vishn iac 1985) 

w h i c h helps explain the survival o f s t ructure o n b o t h smal l and large scales; bu t 

this requires cer ta in ad-hoc fine-tuning a m o n g var ious D M c o m p o n e n t s . Several 

as t rophys ica l cons idera t ions constra in the a l lowable parameters in this scheme , and 

they m a y already el iminate it all together . For e x a m p l e , the decay e p o c h is b o u n d 

t o b e 1 + z D < 0.5 based o n the isot ropy o f the m i c r o w a v e b a c k g r o u n d (Silk and 

V i t t o r i o 1986) and the requirement that galaxies and the cores o f rich clusters re-

ma in b o u n d after the decay (Efstathiou 1 9 8 5 ) . T h e obse rved gravi tat ional lenses, 

if due t o typ ica l galaxies , require 1 + z& < 3 (Dekel and Piran 1986 ) . A lower limit 

o f 1 + ZD > 5 can b e ob ta ined f rom the dynamics o f the L o c a l Supercluster (Efs-

t a th iou 1985; Hoffman 1986) bu t this limit is very m o d e l dependen t . O n the other 

h a n d , assuming a qui te general scenario for ga laxy fo rma t ion , w e find that galactic 

ro t a t ion curves w o u l d no t have remained flat if the universe were domina t ed b y 

relat ivist ic decay p roduc t s (Flores et al. 1986 ) . 

T h e universe cou ld b e flat (k = 0) w i th Ω < 1 if a non-ze ro cosmological 

constant con t r ibu ted t o the curvature such that Ω + A / ( S H 2 ) = 1. In s o m e respects 

this idea resembles the alternative discussed a b o v e , bu t cont ra r iwise , the Α-term is 

u n i m p o r t a n t at early e p o c h s and so it w o u l d no t have h a d such a serious inhibiting 

effect o n ga laxy format ion . It is found in N - b o d y s imulat ions (Dav i s et al. 1985) 

tha t the large-scale s tructure in a flat C D M scenar io w i th Α φ 0 is qui te successful in 

r e p r o d u c i n g the t w o and three po in t ga laxy corre la t ion funct ions and their peculiar 

ve loc i t i es (wi th n o further biasing in the ga laxy f o r m a t i o n ) . It is also compa t ib le 

w i t h the i so t ropy o f the mic rowave backg round ( V i t t o r i o and Silk 1986) . However , 

for the A con t r ibu t ion t o d a y t o b e c o m p a r a b l e t o the ord inary mat te r , the required 

fine-tuning is as ad-hoc as the one we in tended t o avo id b y adop t ing Ω = 1 (Peebles 

1 9 8 4 ) . 

4 . 2 . Bias ing In Hierarchical Clustering (e .g . C o l d Dark M a t t e r ) 

A n enhanced clustering o f galaxies over the b a c k g r o u n d mat te r can arise in a 

' b o t t o m - u p ' scenar io if galaxies fo rmed on ly f r o m excep t iona l ly high peaks o f the 

densi ty dis t r ibut ion s m o o t h e d o n galact ic scales; peaks w i th an overdensi ty δ above 

a threshold νσ, where σ2 = (δ2). If the loca l d is t r ibut ion func t ion o f δ has a steeply 

decreas ing tail, like a Gaussian, and the p o w e r s p e c t r u m is n o t a whi te-noise , high 

peaks o c c u r w i th enhanced probabi l i ty in the crests ra ther than the t roughs o f a 

large-scale fluctuation m o d e , so they display e n h a n c e d cluster ing (Kaiser 1984) . In 

a Gauss ian p rocess , in the region where £ ( r ) <C 1, the enhanced corre la t ion func-

t ion o f h igh ν peaks is app rox ima ted b y (Pol i tzer and W i s e 1984; Jensen and Szalay 

1986) 

tpeaks(r) * exp{(is2/a2) e(r)] - 1, (4) 

w h i c h b e c o m e s £ p e a*:e ( r ) ^ ( z / / a ) 2 £ ( r ) where £ p e a f c e < 1- T h e crucial quest ion 

is w h a t as t rophysical mechan i sm prevents lower-ampl i tude peaks f r o m also turning 
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into galaxies , thereby neutral izing the effect. O n e has t o c o m e up wi th a mechan i sm 

that w o u l d p r o d u c e a fairly sharp cutoff in the efficiency o f (br ight) ga laxy format ion 

at ν ~ 2.5; the n u m b e r densi ty o f such peaks in the case o f C D M be ing comparab le 

t o that o f br ight galaxies. 

N - b o d y s imulat ions ( W h i t e 1987) suggest that the dissipâtionless dark ha-

los wh ich are the 'parents ' of br ight galaxies - those w i th ve loc i ty dispersions 

> 200 km s - 1 - are themselves m o r e clustered than the overall mass distr ibution. 

Th i s is essentially because the linear g rowth rate o f galact ic-scale per turbat ions is 

significantly affected b y whether they are e m b e d d e d in a peak o r a t rough o f larger 

fluctuations. T h e g rowth rate is b o o s t e d up or suppressed if the b a c k g r o u n d mimics 

an Ω > 1 or an Ω < 1 m o d e l respect ively. A weak poin t o f this scheme is that the 

resultant bias w o u l d show up in the dis t r ibut ion o f br ight galaxies m o r e than in the 

d is t r ibut ion o f galaxies o f lower luminosi t ies - an effect w h i c h is no t suppo r t ed by 

observa t ions (e .g . Eder , Schomber t , Oemle r and Dekel , in p repara t ion) . 

T h e dissipat ive gas con t rac t ion t o the centers o f the dark halos and the sub-

sequent star fo rmat ion w o u l d have an impor tan t role in the final b ias . A s a s im-

ple e x a m p l e , the high-*/ peaks w o u l d col lapse earlier, and have higher density at 

tu rna round , than m o r e typica l fluctuations o n a g iven mass scale. T h i s c o u l d , in 

pr inciple , in itself accoun t for the bias if star fo rmat ion were h ighly sensitive t o (for 

instance) C o m p t o n c o o l i n g o n the mic rowave b a c k g r o u n d (Rees 1985) - an effect 

that depends on t ime like t - 8 / 3 . 

T h e bias m a y result f r o m processes intrinsic t o the p ro toga lax ies , wh ich depend 

on ly o n the loca l b a c k g r o u n d density. For e x a m p l e , Dekel and Silk (1986) have 

argued that in a b o t t o m - u p scenar io the ' no rma l ' br ight galaxies must or iginate 

f r o m high density peaks ( 2 σ — 3 σ ) in the initial fluctuation field, whi le typica l ( ~ 1 σ ) 

peaks either canno t make a luminous ga laxy at all because the gas is t o o hot and 

t o o dilute t o c o o l in t ime , o r , if their virial ve loc i ty is less than ~ 100 km s - 1 , 

t hey make diffuse dwarf galaxies b y losing a substantial fract ion o f their mass in 

supernova-dr iven winds ou t of the first burst o f star fo rmat ion . Th i s w o u l d lead 

t o a selective bias, in wh ich the normal br ight galaxies are b iased towards the 

clusters and superclusters , whi le the dwarf galaxies d o t race the mass , and should 

p r o v i d e an observat ional c lue for the real dis t r ibut ion o f the D M . T h e ev idence for 

such a segregat ion be tween the high and very low surface-brightness galaxies is still 

inconclus ive (see Haynes 1986) . 

T h e r e are several ways whereby the first galaxies ( > v) c o u l d have influenced 

their env i ronment so as t o m o d i f y the fo rmat ion o f later galaxies ( < bu t m a n y o f 

the physica l processes that have been cons idered w o u l d no t s e e m t o d o the j o b very 

conv inc ing ly (e .g . Bardeen 1985; Peebles 1986 ) . In order t o unb ind a p ro toga l axy 

o n e has t o heat the intergalactic gas t o tempera tures a b o v e ~ 100 eV, co r respond ing 

t o the potent ia l well o f a typical galaxy. Unfor tunately , pho to ion i za t i on b y available 

sources (like quasars) is capab le o f heat ing the gas on ly t o a few e V , the b inding 

energy o f hyd rogen . Fur thermore , in order t o b e relevant, any feedback influence 

must p ropaga t e sufficiently fast over large dis tances , f r o m proto-c lus ters t o p ro to -
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v o i d s , and maintain a cont inuous suppression o f ga laxy fo rmat ion for a long t ime. It 

w o u l d b e hard t o e x p e c t that any mechanica l heat source , such as explos ive winds , 

w o u l d b e capab le o f do ing the j o b . 

U V radia t ion is capab le o f carrying the influence and perhaps affecting the 

I M F in pro toga lax ies after the redshift ζ ~ 3 co r re spond ing t o the (apparent) peak 

o f ac t iv i ty o f quasars (Silk 1985) . T h e first genera t ion o f p ro toga lax ies might have 

f ragmented efficiently v ia i f 2 coo l i ng into a ' no rma l ' stellar popu la t ion , bu t the 

radia t ion then pho tod i s soc i a t ed the H% molecu les , mak ing the fragmentat ion less 

efficient and thus leading t o massive stars. T h e latter w o u l d b e highly disruptive via 

supernova-dr iven winds , el iminating bright galaxies and leaving beh ind only diffuse 

'failed galaxies ' . However , an anti-bias might arise instead, if the fragmentat ion 

v i a H2 were so efficient that it led t o a p o p u l a t i o n d o m i n a t e d b y unseen 'Jupiters ' , 

whi le the later inefficient f ragmentat ion ended up wi th a ' n o r m a l ' vis ible popula t ion . 

A l s o , a similar suppression o f H\ m a y result f r o m shock heat ing in the vicini ty of 

luminous ob jec t s , so perhaps m o r e likely is a loca l negat ive feedback effect, which 

w o u l d p r o d u c e 'under-cluster ing ' . 

Al ternat ively, ' cosmic - ray ' part icles f r o m first genera t ion galaxies m a y raise 

the Jeans mass b y heat ing the gas (if < 0 .1c) or raising its pressure (if relat ivist ic) , 

p r o v i d e d that they can diffuse appropr ia te ly (Rees 1985) . A cons tant pressure 

gradient m a y p r o d u c e a cons tant drift o f the ba ryons w h i c h , if larger than the 

e scape ve loc i ty f rom the D M potent ia l wells , w o u l d b e sufficient t o prevent further 

ga laxy fo rmat ion (see m o r e in Dekel and Rees 1987 ) . 

T o summar ize , the ' s tandard ' C D M scenar io must b e b iased , and the origin 

o f the bias can b e u n d e r s t o o d . T h e biased C D M scenar io is ve ry successful in 

expla in ing obse rved proper t ies o f galaxies such as the L σ t y p e relation for 

' n o r m a l ' galaxies (Blumentha l et al. 1984 ) , the galact ic angular m o m e n t u m ( W h i t e 

et al. 1 9 8 6 ) , and the proper t ies o f dwarf galaxies (Dekel and Silk 1986) . It can even 

margina l ly accoun t for the obse rved filamentary s t ructure and vo ids in the galaxy 

dis t r ibut ion o n scales up t o a few tens o f megaparsecs (Frenk et al. 1986; but see a 

reservat ion in Dekel 1984a based o n a l ignmemnt o f c lus ters ) . 

4 .3 . Biasing in Pancake Scenarios (e .g . Neut r inos) 

A bias is genera ted au tomat ica l ly in any ' t o p - d o w n ' scenar io where the perturba-

t ions b e l o w a cri t ical length o f a few tens o f megaparsecs have all d a m p e d out , 

as in the neutr ino scenario or in the case o f adiabat ic per turba t ions in a baryonic 

universe. First , there are m o t i o n s f rom ' p r o t o - v o i d s ' t o ' p ro to -pancakes ' associ-

a ted wi th the large coherence length; col lapse into fiat pancakes a c c o m p a n i e d b y 

s t reaming toward their lines o f intersections ( ' f i laments ' ) , and toward the 'kno ts ' 

where rich clusters fo rm. T h e gas then cont rac t s dissipat ively in to the h igh density 

regions , wi th in wh ich the cond i t ions b e c o m e r ipe for c o o l i n g and ga laxy format ion; 

galaxies are thus l imited t o very specific regions . 

However , if the efficiency o f ga laxy fo rmat ion were similar in all the col lapsed 

regions , this natural bias w o u l d make the t iming-scal ing difficulties descr ibed in §3 

https://doi.org/10.1017/S0074180900159376 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900159376


424 A . D E K E L 

m o r e severe; h o w can 'pancakes ' col lapse s o o n enough to f o r m galaxies at ζ > 3 

w i thou t p r o d u c i n g large-scale clustering o f excessive ampl i tudes? G a l a x y format ion 

mus t b e suppressed in the high density regions (or , less likely, enhanced in the low 

densi ty r eg ions ) , for instance, galaxies might have fo rmed preferentially in the 

sheet-like pancakes and no t in the denser filaments and clusters , m a y b e because 

c o o l i n g was m o r e efficient beh ind shocks o f planar geomet ry , or because galaxy 

fo rma t ion was , for s o m e reason, m o r e efficient at later t imes w h e n m o s t o f the 

pancake galaxies fo rm. N - b o d y s imulat ions in wh ich the fo rma t ion o f a ga laxy at 

a g iven pos i t ion and t ime is de te rmined taking into accoun t suppressing feedback 

effects f r o m nearby quasars (Braun , Dekel and Shapi ro 1987) demons t ra te that the 

required anti-bias cou ld -be easily ob ta ined wi th a reasonable cho ice o f values for the 

phys ica l parameters such as the quasar ou tpu t energy and lifetime and the coo l ing 

ra te o f the hea ted gas. 

A c o m p l i c a t i o n arises because while an anti-bias can el iminate the t iming p r o b -

lem, it has t o b e reconc i led wi th the indicat ions for a pos i t ive bias summar ized in 

§1 . T h e so lu t ion m a y b e a c o m p l i c a t e d combina t i on o f anti-bias o n scales o f clusters 

and bias o n scales o f superclusters and vo ids . A n o t h e r difficulty is the b ig clusters 

f o r m e d b y the neutr inos; the gas must b e prevented f r o m concent ra t ing in their 

cores t o avoid p r o d u c i n g excessive x-ray sources ( W h i t e et al. 1984) 

In Summary , the ' s tandard ' neutr ino scenario must b e 'ant i -biased ' . Its great 

appea l is in expla in ing the dis tr ibut ion o f galaxies in 'pancakes ' , ' f i laments ' and 

the ' v o i d s ' be tween them. Th i s scenario is less specific as far as ga laxy format ion 

is conce rned ; a l though the t iming p r o b l e m might b e solved b y anti-bias, it may 

still b e ha rd t o expla in certain facts such as the exis tence o f galaxies away f rom 

pancakes , the failure t o de tec t any al ignment be tween the or ientat ion (and angular 

m o m e n t u m ) o f a ga laxy and its parent pancake (Dekel 1985) , and the poss ible 

presence o f dark halos in dwarf galaxies (Tremeine and G u n n 1979) . 

W h a t m a y help alternatively is the non-diss ipat ive pancake scenar io , such as 

w o u l d arise f r o m a hybrid p ic ture (Dekel 1981; 1983; 1984a; Dekel and Aarseth 

1984) : If galaxies f o r m independent ly o f pancakes , f rom another c o m p o n e n t of 

densi ty fluctuations, the t iming constraint b e c o m e s irrelevant: galaxies c o u l d have 

f o r m e d at ζ > 3 and large-scale pancakes at ζ ~ 1. Galaxies w o u l d n o t b e l imited to 

pancakes bu t rather b e present everywhere , subject t o the bias ing mechan i sms that 

are relevant in general ' b o t t o m - u p ' scenarios . Such hybr ids c o u l d involve t w o types 

o f D M , ba ryon ic a n d / o r non-ba ryon ic , o r t w o types o f initial fluctuations, adiabatic 

a n d isothermal . T h e hybr id scenarios can b e successful where the s i ng l e -DM models 

fail, e.g., in r ep roduc ing s imultaneously the obse rved s t ructure o n galac t ic scales 

and o n supergalac t ic scales, and in smearing the anisotropies in the microwave 

b a c k g r o u n d (see also §5 .1 ) . 

4 .4 . Useful Observa t ions and Conc lus ions Rgard ing Biasing 

A few key observa t ions m a y b e helpful in dist inguishing be tween the poss ib le biasing 

mechan i sms . In relat ion wi th the vo ids o n e w o u l d like t o answer quest ions like: 
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(a) H o w big are the vo ids and h o w e m p t y are they? W e need t o quantify the data 

using a meaningful statist ic, t o conf i rm (or d isprove) ou r suspic ion that no theory 

can accoun t for the vo ids w i thou t biasing. 

( b ) A r e vo ids e m p t y o f galaxies of all types , o r on ly those types that are most 

c o n s p i c u o u s ? A n y ev idence that galaxies o f different types display unequal degrees 

o f large-scale clustering w o u l d b e relevant here, and m o s t interesting w o u l d b e the 

spatial d is t r ibut ion o f very low surface brightness dwarfs . 

( c ) H o w m u c h gas is there in the vo ids? A b s o r p t i o n sys tems along the lines o f sight 

t o quasars passing th rough vo ids m a y b e de tec tab le . If the gas is at 1 0 5 ί Γ , t o o hot 

for 2 1 - c m and t o o c o l d for x-ray, perhaps s o m e features characteris t ic o f neutral He 

m a y reveal its presence. 

T h e relat ionship be tween 'parent ' halos and 'daughter ' galaxies c o u l d also have 

interesting impl ica t ions on the biasing scheme (Rees 1985) : 

(d ) A r e there any 'barren ' galact ic-mass dark halos wi th n o luminous ga laxy within 

t h e m ? Such ob jec t s m a y b e associa ted wi th either small halos o f a shal low potential 

wells o r wi th halos t o o b ig t o let the gas c o o l in a H u b b l e t ime . ( T h e y may, perhaps, 

b e cand ida tes for invisible gravi tat ional lenses.) 

(e) A r e there any galaxies wh ich lack dark ha los? Such galaxies m a y fo rm from 

regions where the ba ryons had been compres sed t o ~ 10 t imes the D M density, 

indica t ing a cer tain t y p e o f biasing mechan i sm. 

I have tr ied t o argue here that the idea o f biasing is no t jus t an ad-hoc idea 

in t roduced b y theorists t o save the a t t ract ive Ω = 1 m o d e l w h e n confronted with 

apparent ly confl ic t ing ev idence . A bias is essential in order t o unders tand the large-

scale s t ructure , in part icular the big vo ids and the supercluster ing o f galaxies, and to 

reconc i le any o f the a b o v e c o s m o g o n i e scenarios wi th the obse rved universe. W h a t 

migh t have looked at first as a frustrating idea for as t ronomers b e c a m e an interesting 

observa t iona l search which requires non-tr ivial interpretat ion. O n the theoretical 

s ide, the biasing mechan i sm is int imately related t o the c o s m o g o n i e scenario and the 

nature o f the D M . A l t h o u g h s o m e o f the p r o p o s e d biasing mechan i sms may seem 

ad-hoc, o thers are very plausible . In s o m e cases the bias improves the consis tency 

o f the c o s m o g o n i e scenario and the observa t ions , and in others it in t roduces new 

p r o b l e m s . T h e mora l is, in any case , that the default a s sumpt ion t o b e m a d e is not 

necessari ly that galaxies t race the mass . Instead, a physical 'b ias ing ' scheme should 

b e cons ide red and the poss ib le scenarios are numerous (Dekel 1986; Dekel and Rees 

1987 for m o r e deta i ls ) . 

5. D I F F I C U L T I E S O N V E R Y L A R G E S C A L E S 

In contras t to the successes on galact ic scales and u p t o ~ 10 h~lMpc, the recent 

indica t ions for significant s t ructure on scales ~ 100 h~1Mpc in t roduce a non-trivial 

difficulty for any o f the ' s tandard ' scenarios discussed so far. In the case o f C D M , 

the cluster-cluster corre la t ion funct ion is e x p e c t e d t o b e p ropor t iona l , in the linear 

reg ime, t o the mat te r two-po in t corre la t ion funct ion , £ (see eq . 4 ) . Bu t , with a 

Ze ldov ich spec t rum, f b e c o m e s negat ive at ~ 20 h~1Mpc, whi le £ c c is observed to 
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b e pos i t ive ou t t o ~ 100 h~lMpc. In the case o f neutr inos £ c c was found numerical ly 

(Barnes et al. 1985) no t t o b e m u c h larger than £, and t o b e independent o f the 

cluster r ichness - in disagreement wi th the observa t ions . 

T h e obse rved large scale bulk ve loc i ty , if real, in t roduces a similar difficulty. 

T h e mean-square mass fluctuation and bulk ve loc i ty in a spheres of radius R are 

b o t h related t o the p o w e r s p e c t r u m v ia 

(̂ )1α S o d k k 2 w ) w r ^ ( 5 ) 

and 
poo 

VR oc (a0H0)
2 Ω 1 - 2 / dk (\6k\

2) WR(k), (6 ) 
Jo 

where the w i n d o w funct ion WR(IC) can b e a p p r o x i m a t e d b y the s tep function: 

Wii(k) ~ 1 for 0 < k < 1/R and it vanishes elsewhere. T h e rms fluctuation o f 

the n u m b e r o f galaxies is obse rved t o b e 6N/N = 1 in spheres o f radius 8 h~lMpc. 

So for a g iven s p e c t r u m , assuming SM/M < 6N/N as is appropr ia te for C D M , one 

c a n pred ic t an u p p e r limit for the rms bulk ve loc i ty o n any given large scale . For 

spheres o f 100 h~lMpc in d iameter in the ' s t andard ' C D M the p red ic ted ve loc i ty 

is < 150 km s~l - way b e l o w the obse rved value o f ~ 600 km s"1. 

T h e s e observa t ions indicate that w e need m o r e p o w e r o n ve ry large scales. Bu t 

o n the o the r hand , the obse rved uppe r limits o n δΤ/Τ cons t ra in the ampl i tude o f 

the s p e c t r u m f r o m a b o v e o n var ious scales. F ind ing a scenar io that w o u l d satisfy 

s imul taneous ly the o p p o s i t e constraints is a non-tr ivial task. I cons ider b e l o w two 

poss ib le so lu t ions . 

5 .1 . A H y b r i d O p e n Universe 

Lower ing Ω m a y b e helpful; the s p e c t r u m shifts t o larger scales roughly in p r o p o r t i o n 

t o ( Ω / ι 2 ) - 1 , like the scale co r re spond ing t o the hor i zon at z e q . In par t icular , there 

are t w o poss ib le character is t ic scales o f re levance. Ba ryon ic fluctuations, if Ω/ ι 2 > 

0 .05 , d e v e l o p a s econda ry peak o n a ve ry large scale co r r e spond ing t o the baryon-

p h o t o n Jeans scale jus t pr ior t o r ecombina t ion , 

Xj ~ 25 {Uh2)-lMpc. (7) 

Neut r inos deve lop a cri t ical cohe rence length due t o free s t reaming wi th in the hori-

z o n until z e q , at a c o m o v i n g length 

\ u ~ U { ü h 2 ) - l M p c . (8) 

If Ω Λ 2 ~ 0 .1 , the resultant ' feature ' is o n a very large scale; w i th the normal iza t ion 

SM/M < 1 at 8 h~1Mpc there is m o r e p o w e r o n large scales , as required. 

Cons ide r , for e x a m p l e , an open C D M m o d e l whe re Clcdm ~ 0-1- B a r y o n s , based 

o n nucleosynthes is a rguments , are likely t o con t r ibu te a c o m p a r a b l e density, Ω& 
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0 .1 . Th i s is, therefore, a natural hybrid, where C D M fluctuations are responsible for 

the fo rma t ion o f galaxies whi le ba ryon ic fluctuations, because o f Xj, give rise t o the 

s t ructure o n very large scales (Dekel 1984a; 1 9 8 4 b ) . T h e proper t ies o f galaxies and 

their d is t r ibut ion o n scales ~ 10 h~~1Mpc are r e p r o d u c e d very well in such a m o d e l 

(B lumentha l et al. 1984; Davis et al. 1985) . N o bias in the fo rmat ion of galaxies 

is required, wh ich w o u l d b e consis tent w i th the fo rmat ion o f b ig vo ids only if we 

have overes t imated the empt iness o f the vo ids in §2 . W e have recent ly looked at the 

fo rma t ion of large scale s t ructure in this m o d e l in s o m e detail (Dekel , Blumenthal 

and P r i m a c k 1987) . T h e cluster corre la t ion funct ion c o m e s ou t right (confirming 

Dekel 1984) ; the clusters are ' super-biased ' into fo rming in ' superpancakes ' . T h e 

p red i c t ed rms bulk ve loc i ty is ~ 600 km s - 1 (ca lcu la ted independent ly by B o n d 

1 9 8 7 ) . T h e r e is n o difficulty wi th the δΤ/Τ i so t ropy o n large angular scales (also Silk 

a n d V i t t o r i o 1987) , bu t there is a marginal difficulty o n small angles. Th i s difficulty 

can b e r e m o v e d b y re ionizat ion, wh ich c o u l d natural ly o c c u r in this hybr id m o d e l 

due t o the early fo rmat ion o f subgalac t ic ob jec t s f r o m the C D M c o m p o n e n t of the 

fluctuations. A n o t h e r way ou t w o u l d b e invoking a non-ze ro c o s m o l o g i c a l constant 

( V i t t o r i o and Silk 1986) . 

O the r op t ions for hybr ids that m a y work in a similar way are a mix ture o f C D M 

and ~ 10 eV neutr inos each cont r ibu t ing Π ^ 0 .1 , o r an o p e n ba ryon ic universe 

w i th a mix tu re o f adiabat ic and isothermal fluctuations. 

T h u s , here are scenarios wh ich seem t o w o r k , bu t they were pa tched up t o d o 

s o . T h e cho ice o f parameters is s o m e w h a t ad hoc\ it is no t the cho ice which arise 

natural ly f r o m first pr inciples , o r based o n s impl ic i ty and aesthet ics arguments . 

5.2. N o n - R a n d o m Phases - C o s m i c Strings 

A n al ternative way t o p r o d u c e large scale densi ty fluctuations w i thou t p roduc ing 

large thermal fluctuations involves non-Gauss ian statist ics. If the densi ty fluctua-

t ions b e g a n as q u a n t u m fluctuations o f a free scalar field dur ing the era o f inflation 

they are indeed e x p e c t e d t o b e Gauss ian (Bardeen et al. 1 9 8 5 ) , bu t it is also possible 

that the fluctuations arose f rom a different m e c h a n i s m , in w h i c h they w o u l d not 

in general b e Gaussian, and have n o n - r a n d o m phases . A specific m o d e l that incor-

pora te s this feature is the scenar io in wh ich the densi ty fluctuations were induced 

b y cosmic strings (see a review b y Vi lenkin 1985 ) . T h e strings are generic objects 

w h i c h f o r m in a phase transi t ion in m a n y potent ia l ly plausible theories o f the micro-

phys ics o f the early universe. T h e y are curvature singularities wh ich are b o r n with 

a t o p o l o g y o f r andom-walks . T h e y turn into c losed s m o o t h e r 'parent ' l oops o n en-

ter ing the hor i zon and then c h o p themselves into (poss ib ly ) s table 'daughter ' loops , 

all in a scale-free self-similar fashion. T h e s p e c t r u m o f fluctuations represented b y 

the l o o p s is scale-invariant ( n = 1 ) , w h i c h is qui te appea l ing . It was argued, based 

o n p ioneer ing low-resolut ion string s imulat ions (Alb rech t and Turok 1985) , that the 

l o o p - l o o p corre la t ion funct ion has a general shape c lose t o that o f galaxies or clusters 

(Tu rok 1 9 8 6 ) , f ( r ) oc r ~ 2 , as e x p e c t e d f r o m ' b e a d s ' a long locally-l inear 'strings' . 

Dens i ty fluctuations (whose s p e c t r u m is de te rmined b y the nature o f the D M ) are 
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i nduced in the D M by accre t ion o n t o the l o o p s , so the galaxies and clusters that 

f o r m are e x p e c t e d t o b e al igned in space a long the same 'parent ' linear s tructures. 

S tudy ing a ' t o y ' string m o d e l that incorpora tes D M gravity (P r imack , Blumentha l 

and Dekel 1986) , w e found the phase-correlations t o have a very p r o n o u n c e d effect 

o n the corre la t ion funct ions o f galaxies and clusters that are defined as peaks above 

a densi ty threshold , whi le the mat te r corre la t ion funct ion (and the fluctuation spec-

t r u m ) , and therefore the t empera tu re fluctuations, are o f low ampl i tude . It seemed 

t o p rov ide a natural ga laxy biasing mechan i sm, as well as an appropr ia te excess of 

c luster clustering o n very large scales. 

I d o no t think, though , that the clustering o f l o o p s is well u n d e r s t o o d ye t . First, 

con t ra ry t o previous c la ims , the corre la t ions on scales larger than the hor izon are 

f o u n d t o b e negl igible because the s t r ings ' r a n d o m walk is self-avoiding ( E . Vishniac , 

pr ivate c o m m . ; Blumentha l , Dekel and P r imack 1987, in p repara t ion) . Second , it 

is no t o b v i o u s that the no t ion o f ' beads a long s tr ings ' is at all relevant; newer 

s imulat ions (Alb rech t 1987) show n o such effect. A l s o , h igh l o o p veloci t ies tend to 

smear o u t their correla t ions o n scales slightly smaller than the original parent loops 

( ~ the h o r i z o n ) . It is therefore crucial t o s tudy this f ragmenta t ion p rocess and the 

assoc ia ted veloci t ies in m o r e detail before a serious a t t empt is m a d e t o unders tand 

the fo rma t ion o f large scale s t ructure f rom c o s m i c strings. W e are current ly running 

h igh resolut ion string s imulat ions for this pu rpose . 

It turns ou t that the string theory yet suffers f rom further difficulties. Peebles 

(unpubl i shed ' sc reed ' ) have listed a number o f p rob lems conce rn ing the proper t ies o f 

galaxies such as the or igin o f their angular m o m e n t u m and their luminos i ty funct ion. 

T h e r e are ideas o f h o w t o o v e r c o m e these difficulties (e .g . T u r o k 1 9 8 7 ) , bu t they 

involve ad hoc ' pa t ch ing ' o f the theory. A n o t h e r p r o b l e m is that the m o s t appeal ing 

string m o d e l where the D M is ' c o l d ' c anno t r ep roduce the large bulk veloci ty . O n l y 

if the D M is ' h o t ' can s t r ing- induced fluctuations b e associa ted w i th h igh v e l o c -

ities o n the order o f 500 km s - 1 ( R . Brandenberger , pr ivate c o m m . ) . T h u s , the 

cosmic-s t r ings p ic ture seems t o fo l low the familiar route : after it emerged as a very 

appea l ing elegant theory wh ich can 'natural ly ' expla in a cer tain set o f observa t ions 

that are in confl ict w i th the o ther scenarios (e .g . the cluster co r re la t ions ) , it has 

reached a s tage whe re a quant i ta t ive conf ron ta t ion wi th the var ious aspec t s o f the 

o b s e r v e d s t ructure forces ad hoc ' pa tch ing ' , wh ich is no t very sat isfactory. 

6. T H E E X P L O S I O N S S C E N A R I O 

T h e theories discussed a b o v e all assume that the present s t ructure arose f r o m small 

ampl i tude densi ty fluctuations wh ich or ig inated in the early universe , and that it 

is de te rmined b y the s p e c t r u m and statistics o f these fluctuations. A n alternative 

app roach , ba sed o n the c o n c e p t that the present s t ructure is de te rmined b y phys-

ical processes in late c o s m o l o g i c a l e p o c h s and is n o t sensit ive t o the exac t initial 

c o n d i t i o n s , is represented b y the p ic ture o f exp los ions (Ostr iker and C o w i e 1981; 

Ikeuchi 1981 ) . Here, nuclear energy f r o m first genera t ion ob j ec t s helps gravi ty in 

fo rming further galaxies and enhanc ing their cluster ing. T h e e x p l o d i n g galaxies 
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p r o d u c e spherical blast waves that push the gets ou t o f their interiors. T h e shells 

e x p a n d , c o o l and fragment into a new generat ion o f galaxies , the last generation 

fo rming at ζ ~ 7, after w h i c h the shells canno t c o o l efficiently anymore . Based on 

several as t rophysical constraints it has been argued that the individual ' bubb les ' 

o f galaxies c a n n o t b e b igger than ~ 10 h~lMpc in radius (e .g . Carr and Ikeuchi 

1 9 8 5 ) . B u t , the subsequent interact ion o f the bubb l e s w i th each other generates 

clusters and superclusters and makes the e m p t y interiors o f the shells g r o w signif-

icantly. Con t r a ry t o previous worr ies , it turns ou t that the resultant structure on 

scales 1 — 30 h~1Mpc resembles the obse rved s t ructure quite well (Saarinen, Dekel 

and Car r 1986; Weinbe rg , Dekel and Ostriker 1987) ; it c a n r ep roduce the galaxy 

cor re la t ion funct ion, the appearance o f sharp edges in the dis t r ibut ion o f galaxies 

and the o c c u r r e n c e o f b ig vo id s . It can even account for the required 'b ias ' o f the 

ga laxy dis t r ibut ion (which arise f r o m gas that was swept ou t in to shell surfaces) 

relat ive t o the D M (which par t ly still fills the shell inter iors) . 

However , it is no t clear h o w the explos ions can b e respons ib le for the clustering 

o f clusters and the high veloci t ies o n scales as large as ~ 100 h~lMpc. T h e only 

plausible w a y ou t is again ' pa tch ing ' the theory w i th a c o m p o n e n t o f pr imordial 

fluctuations o n large-scales - a hybr id . For e x a m p l e , 'wakes ' b e h i n d c o s m i c strings 

c a n give rise t o the ' seeds ' required for t r iggering the exp los ion scenar io , which would 

b e cor re la ted appropr ia te ly o n very large scales (Rees 1986 ) . A l s o , superconduct ing 

strings c o m b i n e d wi th pr imordia l magne t i c fields can give rise t o explosion-like 

p h e n o m e n o n (Ostriker, T h o m p s o n and W i t t e n 1986 ) . 

7. C O N C L U S I O N 

T h e field o f the fo rma t ion o f large scale s t ructure is, t o m y m i n d , in a dissatisfactory 

phase . Our ' s tandard ' scenar ios , wh ich are some t imes ve ry successful in explaining 

s o m e o f the observa t ions , need 'pa tch ing ' and ad hoc fine-tuning w h e n confronted 

w i th the w h o l e set o f observat ions o n all scales. T h i s , b y n o means , indicates a break-

d o w n o f convent iona l physics ; jus t that w e shou ld l o o k for be t t e r ways o f applying 

it. Q u o t i n g t w o o f the part ic ipants in this s y m p o s i u m , D r . N o r m a n ' s conjecture is 

that : " S o m e observa t ions must b e w r o n g ! " , whi le D r . Yahi l says: "Theoret ic ians 

shou ld th ink harder!". M y feeling is that ei ther, o r b o t h , are cor rec t ! Th i s situation 

is no t necessari ly frustrating, cons ider ing the fact that the observa t ional constraints 

accumula t e rapidly and cont inuous ly improve quali tat ively. It implies that , on the 

contrary , there is m u c h m o r e (and be t te r ) w o r k t o b e d o n e in this field, b y all o f us, 

and that there is a h o p e for significant improvemen t in ou r unders tanding o f the 

large scale s t ructure in the near future. 
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DISCUSSION 

BAHCALL: In the hybrid model of cold dark matter plus baryons, are 
there problems with the observed isotropy of the microwave background 
radiation? 

DEKEL: There are no difficulties on scales of a few degrees and up -
those which should directly reflect initial density fluctuations. 
There is a marginal discrepancy on the scale of a few arc-minutes, which 
can be avoided if either 1) reionization by the first objects that 
emerged from the CDM fluctuations has smeared out temperature 
fluctuations on scales of a few degrees and less, or 2) there is a 
non-zero cosmological constant. 

SILK: You used an upper limit of 10 percent on the void density 
contrast in reaching an important conclusion about justifying the need 
for biasing. However the observed 2σ limit on luminous galaxies in 
one of the largest voids in Bootes is 25 percent; moreover the void 
contains at least six emission line galaxies. 

DEKEL: The statistics certainly need to be done better, with better 
data. Nevertheless, in the Bootes void, 32 galaxies wpre expected and 
none found! The situation is similar in the other voids that are 
found very frequently in every redshift survey. Ten percent mean 
number density is, I believe, a reasonable estimate for what we observe 
in voids. But this will become clearer in the future. 

NORMAN: For biasing and anti-biasing theories, to make these truly 
scientific they need to be falsifiable! What are the best tests for 
these concepts that observers here should go out and measure? 

DEKEL: I agree that this is crucial, and have listed suggestive tests 
in my paper. But the point is that, based on the numerous possibilities 
for biasing processes, it would be astonishing if they did not affect 
the distribution of galaxies relative to the matter. I refer you to a 
Nature review by Rees and myself for a more comprehensive discussion. 
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