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A B S T R A C T . T h e impl ica t ions for ga laxy fo rma t ion o f inflat ionary c o s m o l o g y 

are r ev iewed . In par t icular , I exp lore s o m e impl ica t ions o f the hypo thes i s that 

galaxies f o r m f r o m adiaba t ic , gaussian densi ty fluctuations in a c o l d dark m a t t e r -

d o m i n a t e d universe . T o p i c s discussed inc lude p ro toga lax ies and the e p o c h of 

g a l a x y fo rma t ion , L y m a n a lpha c louds , dark halos and dwar f galaxies . Finally 

I desc r ibe h o w envi ronmenta l biasing m a y arise as a c o n s e q u e n c e o f t idally in-

d u c e d star fo rma t ion in pro toc lus te rs . 

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

A no t ab l e deve lopmen t in c o s m o l o g y , and in par t icular , in ga laxy format ion 

theory , over the paust few years has b e e n the gradual emergence o f a s tandard 

m o d e l . T h i s is due in large part t o the con t r ibu t ion f r o m par t ic le phys ics , which 

has p r o v i d e d a theoret ical f ramework for descr ib ing the evo lu t ion o f the very early 

universe . W i t h o u t this input , the initial value p r o b l e m , n a m e l y the u n k n o w n initial 

cond i t i ons that charac ter ized the densi ty fluctuations at early e p o c h s , presented 

an insuperable obs tac le . I a m go ing t o tell y o u a m o d e r n m y t h . It has one 

advantage over the my ths o f ancient t imes - it is falsifiable. T h i s br ings it into 

the r ea lm o f sc ience . T h e m y t h begins a long , long t ime ago wi th the creat ion of 

the universe . O n c e u p o n a t ime there was no th ing , no th ing at all. N o t space , nor 

even t ime . T h i s was the rea lm o f q u a n t u m gravity. O u r unders tand ing o f quan tum 

gravi ty is inadequate , at present , t o descr ibe the initial s ingulari ty p red ic ted by the 

classical r eg ime o f the Big B a n g theory, a l though recent deve lopmen t s in the theory 

o f h igher d imens iona l s p a c e - t i m e descr ip t ions o f phys ics , such as superstr ings, 

have pe r suaded m a n y physicis ts a round the w o r l d that d e v e l o p m e n t o f a unified 

t heo ry o f q u a n t u m gravi ty is imminen t . F r o m the P lanck t ime , tpi ~ 1 0 ~ 4 3 s, 

o n w a r d , howeve r , classical gravi ty suffices, and the very early universe provides 
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a natura l l abo ra to ry for s tudy ing the g rand unif icat ion o f the e l e c t r o - w e a k and 

s t rong nuclear in teract ions . 

A s the universe expands and adiabat ica l ly c o o l s , f r o m an energy o r t em-

pera tu re o f a b o u t 1 0 1 9 G e V at the P lanck t ime t o a b o u t 1 0 1 5 G e V , the s y m m e -

t ry is spon t aneous ly b roken , and the m o r e familiar in teract ion s t rengths o f the 

present universe emerge . T h e s y m m e t r y breaking is charac ter ized b y a first-order 

phase t ransi t ion w h i c h tr iggers a br ief p e r i o d o f exponen t ia l expans ion o r infla-

t ion (see e.g. Turner 1985 for a rev iew o f inf la t ion) . Preexis t ing inhomogene i t i e s 

and an i so t rop ics , o f m o r e or less gener ic t ype , are erased, whi le q u a n t u m fluctu-

a t ions are ampli f ied u p t o the ho r i zon scale. Because o f the na ture o f the free 

q u a n t u m fields, the fluctuations are gaussian: this is effectively guaran teed b y the 

central l imit t h e o r e m . Since the ho r i zon inflates t o a scale far larger than our 

present ho r i zon , this means that w e are left w i th a densi ty fluctuation s p e c t r u m 

that c a n eventual ly p o w e r g r o w t h o f la rge-scale s t ructure o n all observab le scales. 

N o preferred scale is se lected for these fluctuations: o n e character izes t h e m b y 

saying that the assoc ia ted curvature fluctuations are o f cons tan t ampl i t ude o n all 

scales . Curva ture is measured b y the densi ty fluctuation ampl i t ude at ho r i zon 

c ross ing , and o n e has the scale- invariant Z e l ' d o v i c h - H a r r i s o n fluctuation s p e c -

t r u m (δρ/ρ)π « cons tan t . A t the s ame t ime , the erasure o f any preexis t ing g loba l 

curva ture b y inflation means that the universe mus t b e flat t o a h igh degree o f 

prec i s ion : specif ical ly 

il = l±0(\6p/p\). (2) 

T h e densi ty pa ramete r Ω is defined t o b e the densi ty expressed relat ive t o the 

cr i t ical value for c losure , 3H%/8nG. Inflation thereby accoun t s for a p a r a d o x 

impl ic i t in the F r i edmann equa t ion , w h i c h c a n b e expressed in the f o r m 

Ω « 1 + Kt, (3) 

w h e r e i f is a cons tan t o f o rde r uni ty that d e p e n d s o n the curvature o f the universe. 

If t oday , at t « 6 χ 1 0 1 7 s, Ω were equal , for e x a m p l e t o 0 .1 , o n e w o u l d then have 

great difficulty is unders tand ing why , at tpi,Q mus t have b e e n equa l t o uni ty t o 

w i th in a b o u t 60 dec ima l p laces . Inflation natural ly accoun ts for this c o i n c i d e n c e . 

W h i l e inflation was b y n o means inevi table , nor d id it necessar i ly lead t o an 

accep t ab l e ampl i t ude for the densi ty fluctuations, it has reso lved e n o u g h p r o b l e m s 

in o u r unders tand ing o f the very early universe for us t o regard it as a yards t ick 

b y w h i c h any rival theory has t o b e c o m p a r e d . I shall therefore a d o p t it as the 

s t anda rd m o d e l in the ensuing d iscuss ion. 

T h i s s t andard m o d e l also incorpora tes t w o o ther successes that result f r o m 

the app l i ca t ion o f par t ic le phys ics t o c o s m o l o g y . T h e s e are b a r y o n genesis and light 

e lement nuc leosynthes is . T h e universe t o d a y consis ts p r e d o m i n a n t l y o f b a r y o n s , 

n o t an t iba ryons , and the b a r y o n n u m b e r , a conse rved quant i ty , c a n b e expressed 
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as ΠΒ/ΠΊ = 1 0 _ 8 Ω / ι 2 , whe re h = i J o / l O O k m " 1 s - 1 M p c - 1 . T h i s manifests itself 

at ear ly e p o c h s as a slight b a r y o n assymmet ry , and can b e u n d e r s t o o d as arising 

f r o m weak ly C P and b a r y o n n u m b e r v io la t ing processes that o c c u r r e d fol lowing 

the s y m m e t r y breaking phase w h e n inflation e n d e d and the universe reheated 

t o ve ry h igh t empera tu re , in the range 1 0 1 0 G e V — 1 0 1 6 G e V . Since a universal 

b a r y o n n u m b e r results, this also means that o n e is unlikely t o have h a d any ent ropy 

fluctuations: apar t f r o m o n e poss ib le excep t i on (in an a x i o n - d o m i n a t e d universe) , 

the surv iv ing densi ty fluctuations are ad iaba t ic . 

P r i m o r d i a l nucleosynthesis o c c u r r e d m u c h later, w h e n weak interact ions froze 

o u t at Γ ~ 1 M e V , leaving a residual neu t ron a b u n d a n c e o f a b o u t 10 percent . 

M o s t o f these neu t rons were subsequent ly synthes ized in to 4He at Τ ~ 0.1 M e V , 

a n d t races o f o ther light e lements , m o s t n o t a b l y 2 i f , 3 He, and 7 Li, were also 

p r o d u c e d . Remarked ly , these abundances agree w i t h the o b s e r v e d abundances , 

t o w i th in uncertaint ies o f cor rec t ions for galact ic evo lu t ion con t r ibu t ions to light 

e lement synthesis (Yang et al. 1984 ) . O n e cri t ical pa ramete r has t o b e adjusted, 

n a m e l y the b a r y o n density, and 

nbh
2 « 0.03 (4) 

is requi red for cons is tency. T h e r e are n o o ther p laus ib le sources for 4He and 2H, 

b o t h o f w h i c h mus t b e o f pregalac t ic or ig in , and expla in ing their abundances to 

w i th in o n e or t w o percent (in the case o f 4He) o r t o wi th in a fac tor o f 2 (in the 

case o f 2H) b y adjus tment o f o n e plausible pa ramete r is a powerfu l a rgument for 

a b i g b a n g or ig in . 

O n e m a y n o w summar i ze the s tandard m o d e l o f the early universe: Ω = 

Ι ,Ωί , « 0 .1 , and ad iaba t ic , gaussian densi ty fluctuations w i th a scale- invariant 

s p e c t r u m . I a d d o n e m o r e ingredient , n a m e l y c o l d dark mat te r . Da rk mat ter is 

n e e d e d in o rde r for Ω > > Ω&, and c o l d dark mat te r , b y w h i c h is mean t any species 

o f weak ly interact ing mass ive par t ic le , p rov ides a gener ic desc r ip t ion . Such parti-

cles are p laus ib le s table relics f r o m s u p e r s y m m e t r y : cand ida tes inc lude pho t inos , 

h iggs inos , o r scalar neut r inos . T h e s e heavy part icles general ly have mass o f order 

1 G e V , and so have negl igible ve loc i ty d ispers ion w h e n the universe first b e c o m e s 

ma t t e r d o m i n a t e d at Τ ~ 10 e V and effective fluctuation g r o w t h c o m m e n c e s . A x -

ions , whi le l ight, are non-re la t iv i s t ic w h e n first p r o d u c e d at Γ ^ 1 0 1 0 G e V , and 

so are also a f o r m o f c o l d dark mat te r . 

I regard the pr incipal al ternative, ho t dark mat te r , charac ter ized either b y 

a universe d o m i n a t e d b y a l ight, ~ 30 e V , neu t r ino o r b y ad iaba t ic fluctuations 

in a b a r y o n - d o m i n a t e d universe , as be ing less likely, b o t h b e c a u s e o f the recent 

expe r imen ta l l imits ( m „ e < 18 e V ) (Fritschi et al. 1986) o n neu t r ino mass and 

b e c a u s e o f theore t ica l ob jec t ions t o a h o t dark m a t t e r - d o m i n a t e d universe that 
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arise in s imula t ions o f the la rge-sca le ga laxy d is t r ibut ion (Frenk et al. 1983) . Free 

s t reaming o f h o t dark mat te r suppresses fluctuation g r o w t h o n mass scales b e l o w 

l.SmlJml ~ 1 0 1 5 ( 3 0 e V r / m l / )
2 A f © 

and requires a t o p - d o w n scenar io for fo rming s t ructure in the universe t o d a y in 

w h i c h c lus te r -mass s tructures anisot ropica l ly co l l apsed , pancaked , and f ragmented 

in to galaxies . T h e la rge-sca le s t ructure constra ints f r o m ga laxy corre la t ions mean 

that such theories fail t o accoun t for ga laxy fo rma t ion at the e p o c h w h e n quasars 

are seen ( to a redshift that n o w exceeds 4 ) , unless s o m e addi t iona l ingredient is 

a d d e d that a l lows galaxies t o f o r m pr ior t o pancak ing . 

C o l d dark mat te r p rov ides a hierarchical o r b o t t o m - u p scenar io for the de-

v e l o p m e n t o f s t ructure . F luc tua t ions g r o w first o n smal l scales , and eventual ly 

d e v e l o p o n very large scales. T h e on ly free pa ramete r is the initial ampl i tude o f 

the Z e l ' d o v i c h Harr ison scale- invar iant spec t rum; the value required in o rder t o 

fabr ica te la rge-sca le s t ructure b y t o d a y is 

{6pIp)h ~ l O " 4 . (5) 

A n y smaller value w o u l d no t generate sufficient s t ructure; any larger value w o u l d 

generate excess ive s t ructure . For the m o m e n t , there is n o natural exp lana t ion for 

the or ig in o f the ampl i t ude ( 5 ) , a l though an throp ic a rguments have b e e n g iven in 

the con t ex t o f inflat ionary scenar ios . T h e const ra int (5) can b e re interpreted as a 

cons t ra in t o n the potent ia l that drives inflation, and p r e s u m a b l y an exp lana t ion 

wil l eventual ly emerge f r o m par t ic le phys ics (Ste inhardt and Turner 1984) . 

A un ique fluctuation s p e c t r u m therefore arises in the s tandard m o d e l , and 

its ampl i t ude is adjus ted t o y ie ld the o b s e r v e d cor re la t ion length in the ga laxy 

d is t r ibut ion . T h i s in itself is a non- t r iv i a l ad jus tment , s ince there is a natural 

scale that is impr in ted o n the residual , p o s t - r e c o m b i n a t i o n , fluctuation s p e c t r u m , 

n a m e l y the c o m o v i n g ho r i zon scale at equal i ty o f mat te r and rad ia t ion densi t ies , 

Leq « 10 (n / i 2 ) _ 1 Mpc. (6) 

Smal l scales enter the ho r i zon dur ing radia t ion d o m i n a t i o n a n d u n d e r g o o n l y loga-

r i thmic g r o w t h (Mészâ ros 1974) ; consequen t ly the residual fluctuation s p e c t r u m is 

near ly flat at L « Leq, as e x p e c t e d for s u b - h o r i z o n g r o w t h o f δρ/ρ p r o p o r t i o n a l 

t o t 2 l z dur ing the m a t t e r - d o m i n a t e d era. 

Numer i ca l s imula t ions have p r o v i d e d a quant i ta t ive test o f this theory . T h e 

s lope o f the s imula ted cor re la t ion funct ion s teepens w i t h t ime : it o n l y agrees w i th 

the o b s e r v e d func t ion 

t[y) = ( Γ Ο / Γ ) " 1 · 8 , r 0 = 5fc-1Mpc (7) 
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at a un ique e p o c h (or equivalent ly b y today , for a specif ied H u b b l e cons t an t ) . 

T h e s t andard m o d e l is f ound t o give a g o o d fit t o the s lope and ampl i tude o f 

the o b s e r v e d ga laxy corre la t ions if ga laxy fo rma t ion o c c u r r e d recent ly and H0 « 

50 k m s _ 1 M p c - 1 , p r o v i d e d that an addi t ional pa ramete r is a d d e d in o rder to al low 

mass t o b e m o r e uni formly dis t r ibuted than the luminous galaxies (Davis et al. 

1 9 8 5 ) . 

T h i s addi t iona l parameter is specified as fo l lows . In add i t ion t o ga laxy corre-

la t ions , o n e also has dynamica l informat ion o n ga laxy pecul iar m o t i o n s . Rega rd ing 

galaxies as test part icles , these a l low a de te rmina t ion o f Ω < ^ η , w h i c h is measured 

o n scales o f u p t o ~ 10 M p c t o b e 

ttdyn « 0 . 2 ( ± 0 . 1 ) . (7) 

T o reconc i l e this wi th ou r s tandard m o d e l (Ω = 1 ) , the d o m i n a n t mass con t r ibu t ion 

m u s t b e s m o o t h l y d is t r ibuted o n scales u p t o ~ 10h~x M p c . O n e can quanti ty 

this : the cor re la t ion length for the mass d is t r ibut ion mus t b e b e t w e e n o n e - h a l f 

a n d o n e - t h i r d o f that obse rved for the galaxies . T h e n the measu red Ω ^ η , wh ich 

for a g iven ve loc i ty measurement is inversely p r o p o r t i o n a l t o f ( r ) rd r , o r the 

po ten t i a l energy, can b e r educed relative t o Ω = 1 b y a b o u t a fac tor o f 3 - 1 0 . 

T h i s renormal iza t ion o f the under ly ing mass d i s t r ibu t ion relat ive t o that o f 

the galaxies is pa ramet r ized b y the in t roduc t ion o f a b ias ing threshold (Bardeen 

et al. 1 9 8 6 ) . For initially gaussian fluctuations, the rare peaks are m o r e clustered 

than the c o m m o n peaks . Deno t ing a peak b y νσ, whe re σ is the rms density 

fluctuation ampl i tude , then impos i t ion o f a threshold for ga laxy fo rma t ion o f ζ/σ, 

such that galaxies on ly f o r m in peaks greater than or equal t o ι/σ, biases the 

co r re l a t ion func t ion : it is enhanced (Kaiser 1984; Pol i tzer and W i s e 1984) b y 

a f ac to r ~ { e x p [ f 2 f ( r ) ] — « G a l a x y fo rmat ion at 2.5 σ peaks , wi th 

galaxies defined t o b e fluctuations filtered over a c o m o v i n g scale o f 0.5 h~x M p c , 

is cons is ten t w i th the obse rved corre la t ions and the n u m b e r densi ty o f galaxies for 

the s t anda rd m o d e l . Fi l ter ing is necessary in o rder t o s m o o t h over the smaller 

peaks w h i c h , whi le con ta in ing less mass , w o u l d d o m i n a t e n u m b e r coun t s . O n e o f 

the t op i c s t o b e discussed b e l o w will b e the phys ica l or ig in o f this b ias ing towards 

rare peaks . 

T h e r e are addi t ional hurdles in the rea lm o f la rge-sca le s t ructure that the 

s t anda rd m o d e l o f b iased c o l d dark mat te r sat isfactori ly o v e r c o m e s . T h e pred ic ted 

c o s m i c m i c r o w a v e b a c k g r o u n d fluctuations are l o w , w i th δΤ/Τ ~ (3 — 5) X 1 0 ~ 6 , 

and b e l o w current u p p e r l imits o f a b o u t 3 χ 1 0 ~ 5 ( o n a w i d e r ange o f angular 

scales , f r o m 1' u p t o 9 0 ° ) (Kaiser and Silk 1986 ) . Large v o i d s are p r o d u c e d in 

the s imula ted ga laxy dis t r ibut ion as a consequence o f the b ias ing threshold , and 

filaments and sheets o f galaxies are present that resemble those o b s e r v e d ( W h i t e 
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et al. 1987 ) . T h e f requency o f rich clusters is c o m p a r a b l e t o that o f the A b e l l 

c lusters , w h e n s u m m e d over richness class. 

T h e s e are the pr inc ipa l successes arising f r o m conf ron ta t ion w i t h observa t ion 

o n large scales . T h e r e are also difficulties, o r po tent ia l difficulties, lurking ahead. 

T h e m o s t serious o f these conce rns the c lus ter -c lus ter cor re la t ions . Clusters are 

themselves c lus tered, and the s t rength o f this c luster ing is such that the correla-

t ion length is a b o u t five t imes larger than the ga laxy cor re la t ion length (Bahca l l 

and Sonei ra 1983 ) . T h e s tandard m o d e l s imulat ions p r o d u c e s o m e enhancemen t s 

o f c luster cor re la t ions , b u t the cluster cor re la t ion length is o n l y enhanced b y a 

fac tor o f t w o relative t o the ga laxy corre la t ion length (Barnes et al. 1985) . H o w -

ever sys temat ic errors in the c lus ter -c lus ter cor re la t ion funct ion are very large, 

especia l ly o n large scales (Ling et al. 1986 ) , and it is p r o b a b l y p rematu re t o reject 

the s t andard m o d e l o n this accoun t . A potent ia l ly even m o r e serious p r o b l e m for 

b iased c o l d dark mat te r is the recent repor t o f c o s m i c drift ve loci t ies o f ga laxy 

clusters over scales o f u p t o ~ 6 0 / i _ 1 M p c that a m o u n t t o ~ 600 k m s - 1 (Dressier 

et al. 1 9 8 7 ) . T h e m o d e l predic ts veloci t ies o f ~ 100 k m s - 1 o n such large scales: 

howeve r , the reality o f the c o s m i c drift ve loci t ies have yet t o b e defini t ively c o n -

firmed. 

M y p h i l o s o p h y is the fo l lowing: the s t andard m o d e l o f b iased c o l d dark 

mat te r is aesthet ical ly appea l ing , it has fewer free parameters than any o ther 

m o d e l o f la rge-sca le s t ructure , and its p red ic t ions have b e e n quantif ied in m o r e 

detail than for any o ther m o d e l s . T h e theory is a falsifiable theory. A t present , the 

poss ib l e p r o b l e m s are m i n o r c o m p a r e d t o the advantages . I will take the a t t i tude 

that the c lus ter -c lus ter corre la t ions , for e x a m p l e , are a poss ib ly m a j o r hurd le 

l o o m i n g ahead for the s tandard m o d e l , b u t d o no t ye t p r o v i d e sufficient m o t i v a t i o n 

t o a b a n d o n c o l d dark mat te r . O f course , there is the l ike l ihood that an i m p r o v e d 

m o d e l o f la rge-sca le s t ructure w o u l d represent a variant o n the s t anda rd m o d e l 

rather than be ing some th ing radical ly different. In the absence o f any al ternat ive, 

w e are surely just if ied in be l ieving that the g e r m o f the u l t imate t ru th is a l ready 

present in a m o d e l that is so we l l -mo t iva t ed and has a l ready me t m a n y chal lenges . 

T h i s rev iew therefore considers ga laxy fo rma t ion in the c o n t e x t o f the stan-

da rd m o d e l , a l though m a n y o f the conc lus ions can readi ly b e genera l ized t o o the r 

m o d e l s . I wil l emphas ize observable impl ica t ions o f the s tandard m o d e l , inc lud ing 

the e p o c h o f p r o t o g a l a x y fo rmat ion and the role o f L y m a n a lpha c l o u d s and dark 

ha los . In a final sec t ion , I will descr ibe a bias ing s c h e m e and h o w env i ronmen t 

p lays an impor t an t role in de termining ga laxy m o r p h o l o g y . 

I I . P R O T O G A L A X I E S 

Normal i za t ion o f the large-scale s t ructure t o y ie ld the obse rved ga laxy cor re -

la t ion funct ion fixes the r m s mass densi ty fluctuations t o d a y o n a luminous ga laxy 
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filtering scale o f 0.5 h~l M p c such that co l lapse has o c c u r r e d for νσ densi ty fluc-

tua t ions , represented b y a spherical " t op -ha t " m o d e l w i th densi ty contras t 1.69 

at co l l apse , at a redshift zg = 2 .5 ί / /1 .69 — 1 = 2.7 for ν = 2 .5 . T h e n u m b e r density 

o f 2 . 5 σ fluctuations then agrees wi th the obse rved f requency o f luminous galaxies. 

T h i s no rma l i za t ion yields rms mass fluctuations ( < 5 Λ ί / Λ ί ) Γ ΐ η 3 Ä$ 1 at 3 h - 1 M p c 

a n d c o r r e s p o n d s t o a corre la t ion scale for the 2.5<7 fluctuations t o d a y o f abou t 

8 h _ 1 w h e r e the correla t ions have unit ampl i tude (Ba rdeen et al. 1986) . 

T h e o b v i o u s difficulty wi th this s cheme is that p r imeval galaxies are few and 

far b e t w e e n . Searches in r a n d o m fields have no t found any ou t t o a redshift o f 

a b o u t 5, w i th L y m a n a lpha emiss ion as the pr inc ipa l search cr i ter ion ( K o o 1986) . 

T o c o m p a r e p rope r ly theory wi th this observa t ional cons t ra in t , o n e has t o examine 

careful ly the e p o c h o f fo rmat ion o f the luminous cores o f galaxies , rather than of 

their ha los . In fact , in a hierarchical s cheme such as that o f c o l d dark mat ter , the 

co res o f galaxies can f o r m long before the assoc ia ted halos (Silk and W y s e 1986) . 

T o evaluate this quanti tat ively, o n e m a y evaluate the p robab i l i t y that within 

a specif ied filter scale Rg co r r e spond ing t o a l uminous galaxy, a co r e o f filter-

ing scale Rc o r equivalently, mass M c , has u n d e r g o n e nonl inear co l lapse b y s o m e 

redshift z c . T h e result (Silk and Szalay 1987) is that , p r o v i d e d Mc « Mg, 

O n scale Rg « 1 h~l M p c , the redshift o f co l lapse is zg « 2 . F r o m equa t ion ( 8 ) , one 

infers that co re co l lapse o f ~ 1O 9 M0 o f c o l d dark mat te r w o u l d have occu r r ed very 

early, b y ζ ~ 20 . T h u s it shou ld b e poss ib le , in pr inc ip le , b y b a r y o n i c dissipat ion 

a n d con t inued con t r ac t ion t o very h igh densi ty t o f o r m the ~ 1O 8 M0 black holes 

that are be l i eved t o b e the central engines in quasistellar ob jec t s and act ive galaxies 

long be fore these sys tems b e c o m e vis ible at ζ 4 . Inf ailing gas c louds and stars 

t r a p p e d b y encounters wi th a dense gaseous disk fuel the accre t ion disk, wh ich is 

be l i eved t o ex t end for ~ 1 0 1 3 — 1 0 1 4 c m a round the hypo thes i zed supermassive 

b l ack h o l e . T h i s fueling is likely t o b e assoc ia ted wi th the con t inu ing col lapse and 

g r o w t h o f the c o r e . 

O n e c a n n o t dist inguish wi th in the l imits o f the statistics o f gaussian fluctua-

t ions be tween the al ternative possibil i t ies that the co re consis ts o f mul t ip le c lumps , 

o r that the subs t ruc ture is des t royed as the co re g r o w s . Howeve r this does no t 

really ma t t e r for the p red ic t ion o f p ro toga lac t i c luminosi ty . O n e m a y s imply as-

s u m e that a substant ial fract ion o f the b a r y o n i c c o m p o n e n t o f the non-l inear mass 

at any g iven e p o c h is used in star fo rma t ion . Galaxies in effect f o r m f r o m inside 

o u t . T h e p ro toga lac t i c luminos i ty then g rows a c c o r d i n g t o equa t ion (8) 

(8) 

dMc 

oc t. (9) 
dt 
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T h e initial c o r e , conta in ing 1 0 7 — 1 O 8 M 0 o f b a r y o n s , wil l efficiently recycle 

mat te r and eventual ly f o r m stars o f a b u n d a n c e approach ing the nucleosynthe t ic 

y ie ld , a b o u t o n e - t h i r d solar a b u n d a n c e for a solar n e i g h b o r h o o d - t ype initial 

mass funct ion ( I M F ) . If the I M F is enhanced in mass ive stars relative t o the local 

I M F , as seems necessary t o accoun t for the obse rved metal l ic i ty towards the centre 

o f ou r galaxy, the y ie ld will increase, bu t o n the o ther hand , the increased energy 

input into the gas wil l t end t o redis t r ibute wide ly the enr iched stellar éjecta. A s 

the co re g r o w s , s o m e ba ryon ic infall into the central regions wil l o c c u r because 

o f gas diss ipat ion after each generat ion o f mass ive star fo rma t ion , and the m e a n 

a b u n d a n c e o f the surviving low mass stars wil l decrease w i th galac t ic radius . It 

does n o t s eem poss ib le , g iven the uncertaint ies in y ie ld and in gaseous diss ipat ion 

m o d e l l i n g , t o p r o v i d e any precise es t imate o f the result ing meta l l ic i ty gradient in 

the o l d stellar p o p u l a t i o n . T h e co re bui lds u p an enhanced metal l ic i ty, approach ing 

and poss ib ly surpassing the nucleosynthe t ic y ie ld due t o infall o f debr is f r o m éjecta 

o f mass ive stars. 

Th i s m o d e o f ins ide -ou t fo rmat ion neat ly c i rcumvents o n e o f the pr incipal 

ob jec t ions t o fo rming stars pr ior t o the e p o c h zg o f co l lapse o f a galact ic mass . 

A dense , me ta l - r i ch stellar co re forms wi thou t requir ing that the p r o t o g a l a x y b e 

p r edominan t l y gaseous at this e p o c h . Since ga laxy fo rma t ion c o m m e n c e s very 

early, at ζ ~ 10, m o s t o f the p ro toga lac t i c luminos i ty is radia ted pr ior t o zg. T h e 

peak luminos i ty at zg (which is o f o rder uni ty) is r educed relative t o that in a m o d e l 

in w h i c h the p r o t o g a l a x y was w h o l l y gaseous at zg b y a fac tor o f rough ly e x p ^ / i * ) , 

whe re t* is the dura t ion o f the v igo rous star fo rma t ion p e r i o d . Since t* £ 10 9 t / r in 

a single burs t m o d e l o f protoel l ip t ica ls and tg ~ 1 0 1 0 t / r , the effective r educ t ion in 

visibi l i ty o f mul t ip le burs t p ro toga lax ies m a y b e very cons ide rab le indeed . It m a y 

b e necessary t o part ial ly suppress l o n g - l i v e d , l ow mass star fo rma t ion in these 

burs ts in o rder for ellipticals t o b e sufficiently red b y the present e p o c h . 

M o r e o v e r , the synthesis o f heavy elements at large redshift in mass ive stars 

s t rongly suggests that dust grains will b e p r o d u c e d early in the course o f p r o t o -

galact ic evo lu t ion . Th i s means that the emiss ion o f a p r o t o g a l a x y is likely t o b e 

s t rongly m o d u l a t e d b y dust . Certainly, L y m a n a lpha emiss ion wil l b e weak , as 

indeed is the case for the apparent ly y o u n g m e t a l - p o o r dwar f galaxies wi th HII 

reg ion- l ike spec t ra (Har tmann et al. 1984) . M o r e o v e r , there m a y well b e sufficient 

dust p r o d u c e d t o ab so rb and reradiate the bulk o f the luminos i ty in the far in-

frared spectra l region near 100μ. I R A S ex t reme starburst galaxies , w h o s e infrared 

luminos i ty m a y exceed the op t ica l luminos i ty b y a fac tor o f u p t o ~ 100, m a y 

conce ivab ly b e p r o t o t y p e s o f p ro toga lac t i c s tarbursts; indeed this wil l b e argued 

b e l o w for o ther reasons. 
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III. L Y M A N ALPHA CLOUDS 

L u m i n o u s galaxies are fo rmed f rom rare ( 2 . 5 σ ) fluctuations acco rd ing to the 

no rma l i za t ion o f the b iased c o l d dark mat te r fluctuation s p e c t r u m . T h e fate o f 

m a n y o f the recent ly col laps ing run-of-the-mill lower mass fluctuations will b e , I 

shall argue b e l o w , t o f o r m dwarf galaxies. T h e least mass ive fluctuations that 

co l lapse early, at ζ £ 4 , have a different fate, however . It is at a b o u t this e p o c h 

that the intergalact ic m e d i u m must have b e c o m e highly ion ized . Quasars , n o w 

seen ou t t o a redshift o f 4 .01 , show n o absorp t ion t rough b lueward o f the Ly-

m a n a lpha emiss ion , indicat ing that the intergalact ic m e d i u m conta ins very little 

a t o m i c h y d r o g e n . Specifically, the m o s t recent s tudy (Steidel and Sargent 1986) 

o f the G u n n - P e t e r s o n limit sets an uppe r l imit o f 0.05 o n the relative cont in-

u u m depress ion due t o L y m a n alpha absorp t ion , and indicates a neutral density 

ΠΗΙ ~ 3 X 1 0 ~ 1 2 c m ~ 3 at ζ — 3. Col l is ional ioniza t ion requires a t empera ture of 

}t 1 0 6 ° K , and a co r re spond ing ly larger energy input o f ~ 1 k e V per b a r y o n is 

n e e d e d t o coun te r radiat ive energy losses. P h o t o i o n i z a t i o n is far less extravagant 

energet ical ly ; s ince the r ecombina t ion t ime is very long , on ly ~ 20 e V per ba ryon 

is n e e d e d at ζ ~ 4 . However , the pho to ion iza t ion source is u n k n o w n . T h e recent 

real izat ion that quasars u n d e r g o luminosi ty (rather than dens i ty) evo lu t ion limits 

the ion iza t ion efficiency o f the ionizing p h o t o n flux f r o m quasars , t o at m o s t 10 

pe rcen t o f the flux required for I G M ionizat ion if Πι « 0.1 (Shap i ro 1986) . T h e 

m o s t likely source is the ionizing radia t ion p r o d u c e d b y mass ive stars dur ing the 

ear ly phases o f p ro toga lac t i c evo lu t ion . If the heavy elements seen in ex t reme p o p -

u la t ion II stars were p rocessed b y such stars at ζ > 4 , then the result ing p h o t o n 

flux is ~ 100 e V per b a r y o n . T h e typical p h o t o n energy w o u l d b e ~ 10 e V , and 

there w o u l d clearly b e a sufficient n u m b e r of energet ic p h o t o n s t o pho to ion i ze the 

intergalact ic m e d i u m t o the required degree. 

T h i s pho to ion i za t i on flux takes t ime to bu i ld u p , requir ing p ro toga lac t i c ac-

t ivi ty, and also c o u l d no t b e effective at heat ing and mainta in ing the h igh ionizat ion 

f ract ion whi le C o m p t o n c o o l i n g is significant at ζ ^ 10. T h e luminos i ty evolut ion 

o f the quasars m o s t p r o b a b l y mon i to r s and reflects p ro toga lac t i c activi ty. Indeed 

the o n l y poss ib le e x a m p l e o f a pr imeval ga laxy was found b y searching in the vicin-

ity of, and at the same redshift as, o n e o f the m o s t distant quasars (Djorgovski 

et aL 1986) . T h u s a reasonable guess w o u l d b e that the metaga lac t i c pho to ion iz -

ing flux has d e v e l o p e d t o its peak value b y ζ ~ 3. Later phases o f pro togalac t ic 

ac t iv i ty m a y well b e sh rouded b y dust . 

Cons ide r n o w the fate o f an isolated 1σ fluctuation chosen wi th a filtering 

scale o f 50 k p c . Th i s goes non- l inear at ζ « 5. It will b e g i n col laps ing, but 

b e c o m e s p h o t o i o n i z e d as the metaga lac t ic ionizing flux bui lds u p . T h e probabi l i ty 

o f there be ing a nearby luminous p ro toga l axy increases rap id ly wi th redshift since 

these ob jec t s are identified wi th rare fluctuations. Pr io r t o pho to ion iza t ion , the 

gas is ve ry c o l d . Trace Hi c o o l i n g will mainta in the gas t empera tu re at abou t 1000 
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Κ , and the c o m o v i n g Jeans length is a b o u t 10 k p c . O n c e the gas is p h o t o i o n i z e d , 

h o w e v e r , it is hea ted t o a b o u t 30,000 K . T h e Jeans length increases t o a b o u t 70 

k p c , and the gas b e c o m e s u n b o u n d . T h e s e est imates are s o m e w h a t mod i f i ed b y 

a l lowance for the gravi ta t ional effect o f the dark mat te r , the p resence o f w h i c h 

al lows a s table b o u n d state for an isothermal d is t r ibut ion o f gas . A s tabi l ized 

d is t r ibu t ion o f neutral gas m a y still b e c o m e u n b o u n d w h e n p h o t o i o n i z e d . 

For filter scales be tween rough ly 10 k p c and 70 k p c , the p h o t o i o n i z e d gas 

is freely e x p a n d i n g . T h e s e expand ing c louds are f o u n d t o have paramete rs very 

s imilar t o the L y m a n a lpha forest c louds seen in abso rp t ion towards quasars at 

ζ £ 2 ( B o n d , Szalay and Silk 1987) . A gr id o f o n e - d i m e n s i o n a l h y d r o d y n a m i c 

m o d e l s has b e e n run t o ob t a in c l o u d densi ty profiles, w h i c h are f o u n d t o b e ap-

p r o x i m a t e l y gaussian. For ν « 1 — 2 , the c l o u d HI c o l u m n densit ies span the 

range 1 0 1 3 — 1 0 1 6 c m ~ 2 at the onset o f pho to ion iza t ion , and the d is t r ibut ion o f 

c l o u d c o l u m n densit ies at a specif ied redshift is fixed b y the range in ν o n given 

filter scale : it is f ound t o b e approx ima te ly p ropo r t i ona l t o iV j^ j , the h igh NHI 

c l o u d s c o r r e s p o n d i n g t o higher ν c l o u d s . T h e c l o u d f requency is ~ 2 0 ( 3 0 k p c / j ? ) 3 

M p c - 3 , and there is rap id evo lu t ion o f NHI w i t h redshift , this quant i ty decreasing 

as (1 + z)6~7 due t o the free expans ion o f the c louds and the fact that NHI £2> 

w h e r e δ is the c l o u d overdensi ty . Al l o f these proper t ies are in g o o d a c c o r d wi th 

observa t ions o f L y m a n a lpha c l o u d s . T h e s e c l o u d s m a y therefore b e the miss ing 

link b e t w e e n p r imord ia l densi ty fluctuations and galaxies . 

I V . D A R K H A L O S 

T h e c o l d dark mat te r scenar io predic ts that dark halos shou ld b e a universal 

p h e n o m e n o n . D e t e c t i o n o f a single isolated ga laxy wi th a symmet r i ca l , Kep le r ian 

fa l l -of f in its ro ta t ion cu rve w o u l d b e a serious b l o w against c o l d dark mat te r . 

In fac t , all spiral galaxies s tud ied t o da te have either flat ro ta t ion curves , char-

acteris t ic o f a dark ha lo , o r else a symmet r i c ro ta t ion curves , suggest ing o f t idal 

in terac t ion w i th a ne ighbor o r warp ing (van A l b a d a and Sancisi 1 9 8 6 ) . D w a r f 

irregular galaxies often have rising ro ta t ion curves . A s y m m e t r i e s in the gas dis-

t r ibu t ion c a n mask the effect o f a dark ha lo . 

Obse rva t ions o f el l iptical galaxies are consis tent w i th their possess ing dark 

ha los . E v i d e n c e for dark halos a round ellipticals c o m e s f r o m the p resence o f ex-

tensive h o t gas b o u n d t o ell ipticals ( F o r m a n et al. 1 9 8 5 ) , and the m o d e l l i n g o f the 

mul t ip le shells o b s e r v e d at very faint i sopho te levels (Hernquis t a n d Q u i n n 1986 ) . 

T h e dark ha los that are inevi table in the presence o f c o l d dark ma t t e r accoun t 

in a natura l w a y for the angular m o m e n t u m o f ga lac t ic disks, and the ampl i tudes 

a n d the shapes o f ga laxy ro ta t ion curves . In the absence o f a dark ha lo , the 

specif ic angular m o m e n t u m is a b o u t an o rder o f m a g n i t u d e t o o smal l t o accoun t 

for tha t o b s e r v e d in disk galaxies . However diss ipat ive infailing gas torques u p 
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against the relat ively inert c o l d dark mat te r as an isolated p r o t o g a l a x y fo rms , and 

after a reasonable co l lapse factor o f a b o u t 5 - 1 0 in radius results in fo rmat ion o f a 

ro ta t iona l ly s u p p o r t e d disk (Efs ta thiou and Jones 1980; Fall and Efs ta th iou 1980) . 

T h e specific angular m o m e n t u m measures the p r o d u c t o f character is t ic size 

a n d m a x i m u m ro ta t ion veloci ty . T h e size o f the luminous ga laxy is de te rmined 

b y b a r y o n i c d iss ipat ion, t o b e discussed in the fo l lowing sec t ion . T h e m a x i m u m 

ro ta t ion ve loc i ty v m is de te rmined solely b y the dep th o f the dark mat te r potent ia l 

wel l that cons t i tu tes the ha lo . Biased c o l d dark mat te r results in the observed 

range ( 1 0 0 - 3 0 0 k m s _ 1 ) for v m in disk galaxies (Frenk et al. 1985) . T h e biasing 

is crucia l for this t o w o r k ou t correct ly , for it is the weakened correla t ions o f the 

dark ma t t e r (relative t o the luminous mat te r ) o n M p c scales that are cri t ical . T h e 

dark ma t t e r cor re la t ion scale, appropr ia te t o 1σ f luctuat ions is a b o u t 3 / i - 1 M p c , 

equivalent t o a ve loc i ty o f 300 k m s " 1 . It is precise ly this ve loc i ty wh ich is a 

measure o f the potent ia l energy o f the dark ha lo at t u r n - a r o u n d , and manifests 

itself as the ve loc i ty d ispers ion o f the dark ha lo after co l lapse and virial ization 

have o c c u r r e d . 

T h e m o s t recent success in the cont inu ing saga o f c o l d dark mat te r concerns 

the shape o f galact ic ro ta t ion curves . T h e ro ta t ion curves are flat because sec-

o n d a r y infall o f c o l d dark mat te r accumula tes in a quasi-spherical ha lo wi th a 

dens i ty profile ρ Ζ r~2. However the ro ta t ion curve p red ic t ed for a sys t em c o n -

ta ining o n l y c o l d dark mat te r w o u l d decl ine gradua l ly t o ze ro at the center o f the 

ga laxy . T h i s is qui te different f r o m wha t is obse rved in disk galaxies where the 

ro t a t ion cu rve remains flat well wi th in the p r e s u m a b l y b a r y o n - d o m i n a t e d half-

light radius ( typica l ly several k p c ) , and then decl ines s teeply o n l y wi th in a k p c or 

so o f the cent re . In ou r o w n galaxy, for e x a m p l e , the dark ha lo o n l y dominates 

the b a r y o n i c disk and bu lge c o m p o n e n t s ou t s ide the solar c i rc le , ye t the rota t ion 

cu rve is flat in to a ga lac tocent r ic d is tance o f a b o u t 2 k p c . 

T h i s apparent ly pa radox ica l s i tuat ion for a n o n - b a r y o n i c ha lo (Bahcal l and 

Case r t ano 1985) has n o w received a s imple exp lana t ion in the c o l d dark mat ter 

m o d e l (B lumen tha l et al. 1986) . Cons ide r a p r o t o g a l a x y con ta in ing c o l d dark 

ma t t e r toge ther w i th a ba ryon ic c o m p o n e n t a m o u n t i n g t o a b o u t ten percent o f 

the mass o f the sys t em, as e x p e c t e d if Ω& « 0 .1 . T h e gas dissipates and contrac ts 

t o f o r m a dense bu lge and disk. In do ing s o , it pulls in s o m e o f the dissipationless 

c o l d dark mat te r , w h i c h b e c o m e s t r apped b y the loca l ly s t rong gravi ty field o f the 

disk. A s m u c h as ten percen t o f the dark mat te r c a n b e d ragged in, and abou t 

fifty pe rcen t o f the spher ical ly averaged densi ty m a y cons is t o f c o l d dark mat ter 

at o n e b a r y o n i c scale length f r o m the galact ic centre . T h e result ing ro ta t ion curve 

a c c o r d i n g l y remains flat well wi th in a ba ryon ic scale length . 
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V . D W A R F G A L A X I E S 

E v e n dwar f galaxies con ta in substant ial amoun t s o f dark mat te r . M a s s mea-

surements have been pe r fo rmed using HI observa t ions for gas - r i ch dwarfs and f rom 

radial veloci t ies o f the br ightest stars for nearby dwarf sphero ida ls . It is found that 

the ra t io o f mass t o b lue luminos i ty appears to rise sys temat ica l ly w i th decreasing 

luminosi ty , w i th ( A a r o n s o n 1987) 

M/LB«L~1/3. (10) 

T h i s is consis tent wi th the obse rved surface br ightness o f dwarfs , for wh ich 

LB Ζ J ? 4 , p r o v i d e d that the halos all f o rmed at nearly the s ame e p o c h , w h e n c e 

M Z, RS. O n e migh t expec t this t o arise for l ow mass galaxies w i th the c o l d dark 

mat te r fluctuation spec t rum. 

A s imple m o d e l w h i c h accoun ts for the decreas ing surface br ightness and in-

creasing d o m i n a n c e o f dark mat te r towards lower luminosi t ies appeals to ba ryon ic 

mass loss (Dekel and Silk 1986 ) . Gas out f low is dr iven b y supernovae w h e n the 

dwar f ga laxy is p r edominan t ly gaseous , and sys temat ica l ly strips the shal lowest 

po ten t ia l wel ls . T h e s t r ipping o c c u r s because o f a galact ic w i n d that arises w h e n 

supe rnova remnants over lap before hav ing b e e n decelera ted b y ambien t gas b e l o w 

the e scape ve loc i ty f r o m the dwarf ga laxy potent ia l wel l . A s a consequence o f 

the w i n d , w h i c h arises if the ve loc i ty d ispers ion ( o n e - d i m e n s i o n a l ) o f the dwarf 

ga laxy is b e l o w ~ 60 k m s _ 1 , the remaining ba ryons that have a l ready fo rmed 

stars remain b o u n d bu t adiabat ica l ly e x p a n d . T h e c o l d dark mat te r ha lo helps 

t rap these stars, sys temat ica l ly domina t ing the shal lowest po ten t ia l wells or least 

mass ive sys tems , w h i c h lose p ropor t iona l ly m o r e gas and e x p a n d the m o s t . A p a r t 

f r o m p rov id ing a p laus ible exp lana t ion for the t rends in surface br ightness and 

in m a s s - t o - l i g h t ra t io , this m o d e l also accoun ts for the l o w metal l ic i t ies obse rved 

for dwar f galaxies . M a s s loss means that the p rocess o f recyc l ing and progress ive 

enr ichment o f the gas e jec ted b y mass ive stars is in ter rupted, and a sys temat ic de-

crease o f metal l ic i ty w i th decreas ing dwarf ga laxy ve loc i ty d ispers ion is p red ic ted . 

D w a r f p r o t o g a l a x y s t r ipping also lends t o a natural b ias ing m e c h a n i s m . A 

poten t ia l ly luminous ga laxy mus t satisfy t w o cond i t i ons . O n e is that its m e a n 

d ispers ion σ mus t exceed ~ 60 k m s _ 1 , in o rde r t o avo id p ro toga l ac t i c s t r ipping. 

T h e s e c o n d c o n d i t i o n is that the m e a n surface densi ty Σ (or equivalently, densi ty) 

o f the o l d stellar c o m p o n e n t mus t exceed a cr i t ical value E c r ( a ) at any specif ied 

value o f σ. T h i s arises because a necessary c o n d i t i o n for efficient star fo rma t ion 

in a gaseous p r o t o g a l a x y is that the character is t ic energy d iss ipa t ion t ime- sca l e , 

de t e rmined b y a t o m i c c o o l i n g p rocesses , b e shor ter than the character is t ic d y n a m -

ical t i m e - s c a l e , typ ica l ly a cross ing t ime (or a free-fall t ime) (Silk 1977a; Rees and 

Ostr iker 1977 ) . W h e t h e r o n e cons iders a un i fo rmly con t rac t ing gaseous sphere o r , 
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m o r e realistically, an ensemble o f c louds orb i t ing and co l l id ing in the p ro toga lac -

t ic po ten t ia l wel l , o n e ob ta ins a s imple funct ional f o r m for Σ 0 Γ ( σ " ) that direct ly 

reflects the a d o p t e d c o o l i n g curve (Silk 1983, 1 9 8 5 ) . T h e s imples t w a y t o derive 

this result is t o no t e that in order for a shock t o b e radia t ive , necessary for s t rong 

dens i ty enhancemen t , o n e has t o satisfy the c o n d i t i o n 

Vßtcool ~ Relouai ( H ) 

w h e r e v8(oc σ) is the shock ve loc i ty and the p o s t s h o c k c o o l i n g t ime scale t c o o i « 

3 f c T e ( A ( T e ) n ) - 1 w i th the p o s t s h o c k t empera tu re equal t o T8 ( p ropo r t i ona l t o v 2 ) 

a n d p o s t - s h o c k densi ty equal t o n. Equa t ion (11) then reduces t o a c o n d i t i o n o f 

the f o r m E c / 0 u d ~ Σ 0 Γ ( σ ) = v83kT8/A(T8). N o w a necessary c o n d i t i o n for effective 

d i ss ipa t ion t r iggered b y c l o u d - c l o u d col l is ions and ensuing shocks t o have o c c u r r e d 

dur ing the e p o c h o f fo rmat ion o f the o l d stars is that the surface densi ty o f the o ld 

stellar c o m p o n e n t Έ9 averaged over the ga laxy exceeds Σ 0 / ο η ( ί ( σ ) . T h i s guarantees 

tha t a typ ica l c l o u d col l ides wi th another c l o u d wi th in o n e m e a n d y n a m i c a l t i m e -

scale for the p ro toga laxy . Finally, w e have Σ ^ > Σ 0 Γ ( σ ) as a necessary cond i t i on 

for effective p ro toga lac t i c energy diss ipat ion. 

It is s t ra ightforward t o c o m p a r e Σ 0 Γ ( σ ) for a gas o f p r imord i a l c o m p o s i t i o n 

w i t h es t imates o f Σ ^ as a funct ion o f σ for var ious ga laxy types as wel l as for 

g a l a x y g r o u p s and clusters . D a t a o n ro ta t ion curves , o n the F a b e r - J a c k s o n re-

la t ion (L oc σ 4 ) , and o n the surface br ightness-effect ive radius re la t ion can b e 

u sed for the galaxies , and luminos i ty is conve r t ed t o mass us ing values appropr i -

ate for the o b s e r v e d stellar p o p u l a t i o n . O n e immed ia t e ly no tes that galaxies lie 

in the diss ipat ive reg ime ( Σ ^ > Σ 0 Γ ) , whereas ga laxy g r o u p s and clusters d o not 

(Faber 1982; G u n n 1982; Silk 1983) . T h i s lends s o m e c r edence t o the under ly-

ing a s s u m p t i o n a b o u t the i m p o r t a n c e o f efficient d iss ipat ion in p ro toga l ac t i c star 

f o r m a t i o n . 

N o w Σ ρ represents a fossil m e m o r y o f the galac t ic po ten t ia l wel l at the ter-

m i n a t i o n o f the p ro toga lac t i c phase s o m e 1 0 1 0 y r a g o . A p a r t f r o m rare mergers , 

little d y n a m i c a l evo lu t ion has subsequent ly o c c u r r e d . O n e w o u l d ideally like to 

c o m p a r e Σ ^ w i th the p red ic t ed evo lu t ion tracks o f densi ty fluctuations. Th i s is 

n o t present ly feasible, b u t o n e at least can s imp ly c o m p u t e the locus o f non- l inea r 

c o l d dark mat te r fluctuations, defined b y set t ing | Sp/p \k= 1 and mul t ip ly ing 

the resul t ing densi ty b y a fac tor appropr ia te t o the co l lapse and vir ia l izat ion o f 

a spher ica l shell o f c o l d dark mat ter . T h e der ived densi ty (or surface densi ty) 

represents the initial cond i t ions for either 1σ o r 3 σ fluctuations that have dissipa-

t ionless ly co l l apsed t o f o r m a ha lo o f c o l d dark mat te r . W i t h i n this s t ructure , the 

b a r y o n s c a n dissipate and con t rac t further t o f o r m the dense stellar sys tems that 

are the galaxies . C o l d dark mat te r fluctuations are inferred t o p r o v i d e a natural , 

even if n o t a un ique , f ramework for the initial cond i t i ons that have g iven rise t o 

galaxies and ga laxy clusters (B lumentha l et al. 1 9 8 4 ) . 
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Natural b ias ing is n o w seen t o arise as a consequence o f the j o i n t c o n d i t i o n 

for l uminous ga laxy fo rma t ion , name ly that p r o t o - g a l a x i e s no t b e s t r i pped and 

u n d e r g o efficient star fo rmat ion . T h e 1σ fluctuations o f ga lac t ic mass fail this 

c o n d i t i o n , b u t a w i n d o w in the density, ve loc i ty d ispers ion p lane o p e n s u p for 3σ 

fluctuations that al lows luminous galaxies t o f o r m . T h i s c o u l d expla in w h y the 

l uminous galaxies are m o r e cor re la ted than the under ly ing mat te r , the d is t r ibut ion 

o f w h i c h is represented b y the 1σ fluctuations. D w a r f galaxies shou ld therefore b e 

the t rue representat ive o f the under ly ing dark mat te r cor re la t ions , and measure-

m e n t o f their cor re la t ion length and pecul iar veloci t ies w o u l d y ie ld an unbiased 

measure o f Ω . 

Some th ing is miss ing f r o m this m o d e l , however , for it is well k n o w n that 

different m o r p h o l o g i c a l types are sys temat ica l ly corre la ted wi th m e a n densi ty and 

ve loc i ty d ispers ion . T o a c c o u n t for this, o n has t o examine a further aspec t o f the 

ga laxy d is t r ibut ion , name ly the env i ronment . 

V I . E N V I R O N M E N T A L I M P A C T 

T h e o b v i o u s exp lana t ion for m o r p h o l o g i c a l differences appea ls t o differences 

in d iss ipat ion rate. T o achieve the higher densi ty and b ind ing energy o f early t y p e 

galaxies requires m o r e diss ipat ion. A t the s a m e t ime , there is a seeming ly c o n -

t r ad ic to ry requi rement , name ly that the early t y p e sys tems apparen t ly underwent 

m o r e efficient star fo rma t ion than l a t e - type sys tems . Stars mus t f o r m early and 

rap id ly t o f o r m a sphe ro id w h o s e s t ructure is largely due t o an i so t rop ic b u t r a n d o m 

stellar m o t i o n s , whereas fo rma t ion o f a thin disk, w h i c h is ro ta t iona l ly s u p p o r t e d , 

requires s t rong gaseous diss ipat ion. O n e w a y ou t o f this d i l e m m a is p r o v i d e d b y 

diss ipat ive co l lapse m o d e l s (Larson 1975; Car lbe rg 1984 a , b ) , w h i c h successfully 

r e p r o d u c e the luminos i ty profiles o f el l ipt icals , and a l low the poss ib i l i ty v ia c o n -

t inued infall and diss ipat ion, o f accoun t ing for the h igh co re densi t ies . In the c o l d 

dark mat te r scenar io o f hierarchical fo rmat ion , similar cond i t i ons arise be tween 

mergers o f gaseous p ro toga lax ies o f c o m p a r a b l e mass . T h e s e mergers largely de-

s t roy any preexis t ing disks, a ccoun t for the l o w ro ta t ion o f ell ipticals ( N e g r o p o n t e 

a n d W h i t e 1 9 8 3 ) , and preferentially o c c u r in denser regions w h e r e the early t y p e 

galaxies consequen t ly p r e d o m i n a t e . However mergers are on ly an effective so lu t ion 

if the galaxies invo lved are initially gas - r i ch p ro toga lax ies . Merge r s o f ma tu re disk 

galaxies c a n n o t p r o d u c e the obse rved f requency o f early t y p e galaxies w i th large 

b u l g e - t o - d i s k rat ios (Ostr iker 1 9 8 0 ) . M o r e o v e r , the star f o rma t ion rate mus t b e 

e n h a n c e d b y the mergers and b e efficient, o therwise residual gas wil l dissipate and 

con t r ac t in to a disk that eventual ly forms stars. 

I shall a rgue that it is the env i ronmen t thfct con t ro l s the efficiency o f star 

fo rma t ion . T h e key t o efficiency is the initial mass func t ion . L o w mass stars 

( ;$ 3 Μ Θ ) m o s t l y lock u p mass in l o n g - l i v e d remnants whereas mass ive stars lose 

mass a n d r ecyc le enr iched mat te r . High efficiency is ach ieved if o n e c a n have 
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m a n y cyc les o f star fo rmat ion for a g iven initial mass o f gas , and this requires an 

I M F enr iched in mass ive stars. T h e star fo rma t ion rate can then b e h igh , w i thou t 

p rema tu re ly exhaus t ing the gas supply . Prec ise ly this s i tuat ion is be l ieved t o 

o c c u r in s tarburst galaxies , where the star fo rma t ion rate, measu red b y the far 

infrared luminosi ty , is enhanced b y u p t o a fac tor o f 100 relat ive t o the t i m e -

averaged fo rma t ion rate o f the o l d star c o m p o n e n t , measu red b y the b lue or visual 

luminos i ty (Rieke et al. 1985) . T h e I M F appears t o b e b i m o d a l even in our o w n 

galaxy, w h e r e mass ive star fo rma t ion seems t o b e enhanced relative t o low mass 

star f o r m a t i o n in the spiral a rms (Güs ten and M e z g e r 1983 ) . A b i m o d a l I M F leads 

t o r easonab le est imates o f the gas dep le t ion t ime - sca l e in spiral disks (Sandage 

1 9 8 6 ) , a n d t o a s imple exp lana t ion o f the pauc i ty o f m e t a l - p o o r dwarfs in the solar 

n e i g h b o r h o o d (Larson 1986) . 

A further c lue c o m e s f r o m the observa t ion that s tarbursts are apparent ly 

t r iggered b y t idal interact ions be tween ne ighbor ing galaxies ( Joseph and Wright 

1 9 8 5 ) . O n a mi lder level o f enhancement o f star fo rma t ion rate , spiral arms are 

o f cou r se assoc ia ted wi th densi ty waves that enhance the rate o f c l o u d - c l o u d co l -

l is ions. It is likely that t idal stirring and enhancemen t o f c l o u d pecul iar veloci t ies 

leads t o c l o u d g r o w t h and that mass ive molecu la r c l o u d s are especia l ly favorable 

sites for mass ive star fo rmat ion . O n e reason m a y b e that such c louds b e c o m e 

gravi ta t ional ly uns table , and c rude a rguments a b o u t f ragmenta t ion favor a larger 

cr i t ical mass for the m i n i m u m or character is t ic f ragmenta t ion scale in the w a r m , 

relat ively mass ive molecu la r c louds (Silk 1977b ; La r son 1 9 8 5 ) . A n o t h e r possibi l i ty 

is tha t non - l i nea r interact ions be tween HII regions and supernova remnants either 

i nduce further mass ive star fo rmat ion (Kle in et al. 1986) or suppress low mass 

star fo rma t ion : such act ivi ty is on ly likely t o o c c u r in the m o r e mass ive c louds 

w h e r e the mass reservoir favors the s imul taneous fo rma t ion o f several O B stars. 

O n e c a n t ry t o relate all o f this t o p ro toga lax ies b y the fo l lowing speculat ive 

reasoning . Star fo rma t ion rates in p ro toga lax ies c a n b e inferred f r o m popu la t ion 

synthesis m o d e l l i n g o f the obse rved spectra l energy d is t r ibu t ion in elliptical and 

spiral galaxies (Bruzual 1983) . T h i s const ra ins the l o w mass star fo rmat ion rate, 

tha t is t o say, the stars w h i c h con t r ibu te t o the o b s e r v e d light over t ime-sca les 

o f 1 0 8 — 1 0 1 0 y r . O n e finds that in a pro toe l l ip t ica l , the star fo rma t ion rate was 

a b o u t 300 M 0 y r _ 1 over ~ 1 0 9 y r for an L* ga laxy ( L * « l O l o / i ~ 2 L 0 ) , decl ining 

ab rup t ly thereafter, c o m p a r e d t o a rate that is a few percen t o f this , and relatively 

cons tan t o r even s lowly increasing wi th t ime , for a spiral o r irregular-galaxy where 

there is con t inu ing star fo rma t ion over ~ 1 0 1 0 y r (Gal lagher , Hunter and Tu tukov 

1 9 8 4 ) . It is t emp t ing t o identify protoel l ip t ica ls w i th the s tarburs t p h e n o m e n o n : 

s ince w i t h b i m o d a l star fo rmat ion , the integrated b i r th rates o f mass ive and low 

mass star fo rma t ion are c o m p a r a b l e , o n e finds a c o m p a r a b l e enhancemen t o f the 

specif ic star fo rma t ion rate in protoel l ip t ica ls t o that seen in s tarbursts (Silk 1 9 8 ? ) . 

If this ana logy ho ld s , then pro toe l l ip t ica l star f o rma t ion w o u l d also b e b i m o d a l , 
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and co r r e spond ing ly efficient at recycl ing gas and rapid ly fo rming the enr iched 

stellar p o p u l a t i o n o f the sphero id before diss ipat ion c o u l d lead t o disk fo rmat ion . 

T o f o r m a disk apparent ly requires a cont inu ing gas reservoir over ~ 1 0 1 0 y r , as 

c a n o c c u r for isolated galaxies . In ga laxy pro toc lus te r s , however , the gas supp ly is 

likely t o b e s t rongly regula ted b y t idal interact ions and col l is ions be tween galaxies , 

as wel l as b y s t r ipping due t o ho t , intergalact ic gas . 

However it is no t so m u c h the gas supp ly as the star fo rma t ion rate that is 

the p r imary driver o f galact ic m o r p h o l o g y . R a p i d , efficient star fo rma t ion exhausts 

the gas supp ly before a disk can f o r m . P ro toga l ac t i c mergers m a y also p lay a role , 

b u t again, the result o f a merger wil l b e t o t empora r i ly b o o s t the star fo rmat ion 

rate. M o r e p r o l o n g e d s t imula t ion o f star fo rma t ion m a y arise f r o m t idal heat ing 

be tween pro toga lax ies in a p ro toc lus te r , and this c o u l d he lp a c c o u n t for the striking 

cor re la t ion be tween m o r p h o l o g y and loca l densi ty o f galaxies . T h i s effect can b e 

significant o n l y for p ro toga lax ies , w h i c h were m u c h larger in c ro s s - s ec t i on than 

galaxies are today . 

For e x a m p l e , the rate o f t idal heat ing be tween a ga laxy and its ne ighbors in 

a cluster can b e wr i t ten 

È/E = n g a E v g (12) 

whe re ng and vg are the ga laxy n u m b e r densi ty and rms ve loc i ty d ispers ion in 

the cluster and σ « 3 0 r 2 [ v * / v g ) 2 is the c ro s s - s ec t i on for energy exchange in 

a t idal encoun te r be tween identical p ro toga lax ies w i th de Vaucou leu r s profiles, 

effective radii r e , and ve loc i ty dispers ions υ* (Agui la r and W h i t e 1 9 8 5 ) . Th i s 

express ion is appropr ia te if the p r o t o g a l a x y consis ts o f an ensemble o f m a n y 

smal l gas c l o u d s . T h e t idal heat ing enhances their mutua l col l i s ion rate and 

the reby p r e s u m a b l y s t imulates star fo rma t ion , as apparent ly h a p p e n s in envi-

ronmen t s as diverse as spiral a rms and in s tarbursts . A c t i v e st irr ing is guar-

anteed if the character is t ic heat ing t ime- sca l e E/È is c o m p a r a b l e t o the p r o -

toga l axy d y n a m i c a l t ime- sca l e . A d o p t i n g values character is t ic o f a p ro toc lu s -

ter (vioo = V o / 1 0 0 k m s _ 1 , n i o o = ng / l O O M p c - 3 ) , o n e finds tha t the p r o t o -

ga laxy (mass M n = M/1011M<T>) b ind ing energy scales w i th ga l axy densi ty as 

υ* = 7 6 M f { 5 ( n i o o / v i o o ) 1 / ^ 5 k m s - 1 . S o m e further d iss ipat ion is required t o en-

hance t o the value appropr ia te for a luminous galaxy. T h i s suggests that if 

t idal heat ing indeed governs star fo rmat ion efficiency in a p r o t o g a l a x y o f specified 

mass , the parameters o f the result ing stellar d is t r ibut ion wil l b e such that ve loc i ty 

d ispers ion increases w i th increasing densi ty o f galaxies , p r o d u c i n g higher surface 

br ightness sphero ids in denser regions . 

Cons ide ra t ion o f the obse rved range o f ng = 1 0 ~ 2 — 1 0 4 M p c - 3 suggests that 

relat ively c o l d , and consequen t ly ve ry ex t ended , p ro toga lax ies f o r m s lowly in the 

field, a l lowing disks t o deve lop and the star fo rma t ion rate t o b e l o w , whereas in 

dense regions , p ro toga lax ies w o u l d b e c o m p a c t , f o r m stars rapidly, and no t have 
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sufficient t ime for s low dissipat ive fo rmat ion o f a stellar disk. D y n a m i c a l relaxat ion 

s h o u l d ensure that there is a large dispers ion in ga laxy parameters a b o u t the mean 

defined b y this p red ic ted corre la t ion . B y c o m p a r i s o n , the obse rved dependence 

o f m o r p h o l o g i c a l t y p e o n loca l densi ty (Dressier 1980) is reasonably consis tent 

w i t h theoret ica l expec ta t ion in the very s imple m o d e l that I have presented. S O 

galaxies f o r m an intermediate class, and it m a y b e that mergers in pro toc lus te r 

co res are respons ib le for conver t ing p r o t o - S O ' s t o pro toe l l ip t ica ls . T i d a l heat ing 

therefore c o u l d lead t o a natural biasing scheme w h e n galaxies are s tudied in a 

v o l u m e - l i m i t e d sample . Th i s m e c h a n i s m accounts for the d e p e n d e n c e o f ga laxy 

m o r p h o l o g y o n luminous ga laxy density, because sphero id fo rma t ion is enhanced in 

reg ions where t idal heat ing s t imulated m o r e efficient and v i g o r o u s star fo rmat ion . 

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

C o l d dark mat te r provides a remarkably detai led prescr ip t ion for ga laxy for-

m a t i o n and for the large-scale s t ructure of the universe. W h e t h e r it p rovides a 

successful exp lana t ion for all o f the da ta is no t yet clear . Certainly, there are 

n u m e r o u s successes , inc luding o n large scales, the uni formi ty o f the mic rowave 

b a c k g r o u n d , the corre la t ion funct ion o f galaxies, the fo rma t ion o f ga laxy groups 

a n d clusters , the pecul iar veloci t ies o f galaxies, and the concen t ra t ion o f luminous 

ma t t e r relative t o dark mat ter . O n smaller scales, highl ights inc lude explanat ion 

o f the range of ga laxy masses , the density profiles o f dark halos and o f luminous 

co re s , the shapes o f ga laxy ro ta t ion curves , and s o m e o f the characterist ics of 

dwar f galaxies. W e d o no t yet have a g o o d unders tand ing o f the or igin of the 

ga laxy luminosi ty funct ion or o f the t ight correla t ions f o u n d be tween characteris-

t ic parameters o f luminous galaxies such as surface br ightness , effective radius, and 

central ve loc i ty d ispers ion . However , refinements in m o d e l l i n g o f ga laxy format ion 

are likely t o s o o n improve this s i tuat ion. 

O f greater c o n c e r n is the lack o f any exp lana t ion in a c o l d dark m a t t e r -

d o m i n a t e d universe o f the c luster-c luster corre la t ions or o f the la rge-sca le drift 

ve loc i t ies o f ga laxy clusters. W h i l e definitive conf i rmat ion o f these , still uncertain, 

observa t iona l results w o u l d b e fatal for the s tandard m o d e l o f b iased c o l d dark 

ma t t e r w i th scale invariant gaussian density fluctuations, there s e e m to b e several 

poss ib le var iat ions o n this t heme that m a y then arise, p h o e n i x - l i k e , in a resurrected 

theory o f la rge-sca le s t ructure. A s far as ga laxy fo rma t ion is c o n c e r n e d , however , 

the current theory appears t o b e o n a m o r e secure foo t ing , in par t because many 

o f the observa t ional characterist ics o f galaxies have b e e n t h o r o u g h l y s tudied , and 

the theore t ica l goals are well defined. O n e has the advantage o f be ing able t o treat 

galaxies as fossils, and deve lop c o s m o g o n i c a l theories t o expla in the vast array of 

r ich p h e n o m e n a that w e obse rve in nearby sys tems. T h e nex t ma jo r s tep will b e to 

test these theories b y direct ly searching for y o u n g galaxies and for protogalaxies in 

r e m o t e regions o f the universe. For the present , however , o n e m a y specula te that 
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ga laxy fo rma t ion theory wil l u n d e r g o few radical changes despi te the uncer ta inty 

o f o u r unders tand ing o f large scale s t ructure. 

T h i s research has b e e n s u p p o r t e d in par t b y grants f r o m N A S A and N S F . 
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BURNS: Your model would seem to predict that dwarf galaxies in voids 
are gas-poor. Is this inconsistent with recent reports by Moody and 
Kirshner of emission-line galaxies, that would suggest a gas-rich 
environment in the heart of the Bootes void? 

SILK: I TOuld expect the incidence of gas-rich dwarfs to be much less 
in voids than elsewhere. Also the emission line galaxies found in 
the Bootes void are relatively luminous compared to the dwarfs that 
are unable to retain their gas. 

TURNER: You must identify a fluctuation of a particular number of σ 
with an L* galaxy. This must give you three independent quantities: 
the correct galaxy number density, the appropriate fraction of the 
Universe's total mass associated with galaxies, and the appropriate 
mass per galaxy (i.e., internal velocities). How well does this three 
constraints and one parameter game work? 

SILK: Amazingly, it all works out! The procedure is the following. 
Fix the correlation length to normalize the fluctuation spectrum and 
the galaxy number density to specify the number of σ. Then cosmic 
coincidence number one is that the cosmic virial theorem yields Ω 
(luminous) equal to about 0.1. 

Cosmic coincidence number two is that the biased cold dark matter 
spectrum of fluctuations simultaneously specifies the correct maximum 
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rotational or internal velocities for the dark halos. Specifically, 
the mass correlation length is unity at a Hubble velocity today of 
300 km s-1, and this is precisely what is needed to give the binding 
energy of dark halos that are forming recently. 

WEBB: Could you give any further details on the confining mechanism 
for your Lya cloud model. Also, are there observational predictions 
such as a correlation between F^'and b for example? Can any quanti-
tative statements be made concerning the amplitude and scale of any 
clustering. 

SILK: In the Lya cloud model I described, the absorbing clouds are 
freely expanding and unconfined. They are more weakly clustered than 
galaxies 0 

The correlation length predicted is about one-half of that expected 
for luminous galaxies at the same redshift. For the low column density 
clouds (s 1 0 ^ cm" ) the internal velocity dispersion of the cloud 
is determined mostly by the sound speed (-20 km s~l), and should be 
nearly independent of HI column density. At higher colunn densities, 
the differential Hubble expansion velocity across the cloud is 
progressively more important and ν should increase by a small factor. 

RœAN-ROBINSON: You are predicting that dwarf ellipticals, formed 
frmi l-σ fluctuations, are more uniformly distributed than the 2,5-σ 
giant ellipticals. What are you predicting about spirals? If they 
form from the rare 2.5-σ fluctuations, would they not show the same 
decree of clustering as ellipticals? 

SILK: Spirals arid ellipticals alike form from 2.5 σ fluctuations. 
The cluster environment helps convert spirals to elliptical by 
tidally induced Star formation or mergers. Fence the spirals avoid 
dense regions and are more weakly clustered than ellipticals. 

ELLIS; Searches for spectacularly luminous primeval galaxies 
have so far failed and already suggest the formation redshift of such 
objects would be > 5. What is the advantage of invoking a more 
gradual onset of luninosity in young galaxies? 

SILK: If most of the heavy elements seen in the old star canpohents 
are formed early in the protogalaxy1 s history when it was still 
largely gaseous and just an agglomeration of interacting clouds,- then 
its peak luminosity will be substantially reduced. This means that 
protogalaxies could be present at low redshift and not be easily 
detectable for two reasons: first, the predicted fluxes are perhaps 
an order of magnitude less than expected in standard models, and 
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second, the prior phase of heavy element synthesis makes it very 
likely that they are dusty objects. Perhaps UV or optical wavelengths 
are not the optimum spectral regions to search for primeval galaxies. 

CHEF: (1) What is the life time of the free expansion model of Lya 
clouds? (2) T'Jhat is the behavior of the Lya clouds before the birth 
of the 0S0 which provides the energy for the re-ionization? 

SILK: The radius doubling time for a Lya cloud in our model is about 
~2 χ lcA yr. Prior to the ionization flash, the potential Lya clouds 
are density fluctuations that are just entering the non-linear regime. 
Smaller scales (< 10' MQ) may already have collapsed. 

GIPAID: What do vou do with those SO galaxies which are not in 
dense environments? 

SILK: I presume that protogalaxies are still predominantly gaseous 
at the onset of galaxy clustering. Hence much of the early star 
formation can be enhanced or induced by tidal interactions and by 
mergers ο This means that the spheroidal components of galaxies will 
be largest where star formation is most efficient and most rapid. If 
this is correct, one can then understand why ellipticals form in the 
densest regions. The star formation enhancement criterion, however, 
depends in a systemat5_c way on local density and galaxy peculiar 
velocity, so that bulge sizes should systematically decrease as one 
goes from rich clusters to poor clusters and to the field. SO galaxies 
are therefore an intermediate population that dominate the intermediate 
range of environment between rich clusters and the field. This 
distinction is not so rigid however that one would not expect to find 
some SO 1 s in the extreme environments as well, simply because the 
local star forming history is presumed to be dominated by stochastic 
events. 

HARWICK: What are the observational parameters of a primeval galaxy 
in the cold dark matter scenario? 

SILK: The final collapse of the halo of a typical primeval galaxy is 
very recent (redshift ζ - 1), but pieces of the primeval galaxy form 
much earlier. For example, the core collapses as early aà ζ ~ 10. 
This means that the peak luminosity is considerably less (by perhaps 
a factor of 10) than if the onset of formation was instantaneous. 
Moreover, the early star formation should produce a considerable amount 
of dust. A primeval galaxy should be dusty, have a luminosity perhaps 
100 times larger than a mature galaxy, and be visible at ζ > 1-2. 
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