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Abstract 

T his rcview discuSSC1I •. hrce ways in which radio gahllties and ether high­
rooshift, objl..'t:ts cao gin~ us informatioll 011 the nal.ure and s latistic8 of 
cosmological inholllogcndties, a lld how lhey have evolvcd between high 
redshirt and thc pre!;cnt: (i) Thc pl"CSClll.-dl'ly sp.-.t ial distribution a lld 
clus tering of radio galaxies; (2) Th!'.: evolution of radio-galaxy clustering 
aud biascd clustering at. high redshift j (3) Measuring dClisity perturbation 
spectra from lhe abundanees of high-redshift galaxies. 

1 Present-day clustering of r adio galaxies 

Radio galax ies are Îlllcrl!St in g probes of large-scalc structu re in l hc universc, 
and give a view of the galaxy d istributiOIl ..... IJ ich diffcrs significantly from thaI. 
obtaincd in other I\'ilvebands. Radio selectioll is uni form over t.he sky and ill­
dependen!. of galaet.ie exti nction. sa that reli ably complet.e eatalogues ean be 
obtainoo over large areas. As aresuit, the apparent uniformi!.y of thc distri­
bution of rad io sourees in early su rveys sueh as 4C and Parkes gave thc fi rs! 
eonvineing evidence fOf thc large-sca le homogeneity of the Universc (Webster 
19(7). This un iformity arises because even relat.ivcly bright sam ples of rad io 
galaxies are a t redshifts : :::::: I . sa that projection errcets give a huge di lu t ion 
of ally intrinsie spatial clustering. The 3D cl ustering of radio ga.laxies was fiTst 
detected by Peaeoek & Nieholson (1991 ; hereafter PN91) , usi ng a redshifI sur­
vey of 329 galax ics with : < 0.1 and S(I,4 G Hz) ~ 500 I1l.l y. The rcsult was a 
correlat ion funetion mcasurcd in rooshi f! space of 

!rg(S) = [sfll 11 - 1 Mpctl.8 (I) 

(11 == Hof 100 km s-I Mpc- I). Th is corresponds 10 a cl usteri ng amplitude intcr­
medi ate between normal galax ics and rieh clusters of galaxies, as seems appro-
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Fi g nrc 1. Onc of thc 6 slices of t hc Las Ca mpana5 RcdshifL Survey, r.olllaining '1706 
gaiaxielI brighter than auou t R = 17.5, togcthcr with thc 138 galaxies <leu ,cted in thc 
NVSS la a flux limit of 2.5 IIIJy al. IA G Hz. It is clear t.lla!. t he radio galaxies trar.c 
out \'cry mud! the same largc-scale network of fila mcnts and void5, albeÎt in a more 
dilute fashian. 

pria te given thaI. rad io galaxies a re Ilormall y found in moderately rieh groups 
(e.g. Allington-Smith et al. 1993) . 

Howcyer, redshift surveys /IIove 0 11 rapidly: in thc region of lOr. gaJaxy rcd ­
shifts a re now knowIl , a. lld it should bc possible Lo do very much beller Lhan 
PN9 1 today. Pa rt icularly. the PN9 1 survey li as a vcry low dcnsity Dwing lo Îts 
relati vcly brigll t flu x limit; in order to see how rad io gala.xics follow the paHcrn 
of LSS in detail , deeper surveys are needcd. n at her than attcrnpt to construct a 
completcly ncw rad io-selccted redshi(t survey, it is most efficient 1.0 match large 
optieally-selected redshift surveys wil,h the new deep a ll-sky radio databases 
such as thc NVSS and "~IH.ST . T he largest complete rooshift sur vey (or which 
th is exercise is possible is the Las Campanas Rcdshift Survey (LCnS; Shect man 
et a l. 1996) , which contains 26,41 8 galaxies to a::: 17.5. The LC RS contains 
six slices of approx imatc1y 1.50 x 60° , o( which (our M e at sufficient ly high dedi­
nat.ion lo overl ap with the NVSS survey (Condon et al. 1997), whieh has a flu x 
limit of abouL 2.5 tn Jy at 1.4 GHz. ~'iatching these two catalogucs with a posi­
tional tolcrancc of 20 a rcscc yields a total of 451 radio-sc.lccted galaxics. This 
signifi cantly excccds the PNOI sample in sÎze, although t he rclatively modest 
delectiolJ rate shows that much larger parent redshift surveys sueh as Slaan nnd 
2dF will he needcd to push radio-selected re<lshifi surveys ilU o the N = 10" -
105 regime. In ti Ie rneantime, it is interesting to comparc thc clusterin g in this 
ncw sample with th3t of PN9 1. 
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IL is commaIl la IIse the hornogelloous di stancc- redshift relation t.o dcd uce 
radii , aud hence 3D coordillates for galaxies in rcdshi ft surveys. From these , it is 
natural La eval ualc t llc spatial t\\'o--point correlation rnnction {(r) as a measure 
of clustering in the uni verse. However, in practicc the ra.dii are afrccted by 
large-sca lc coherent velocities, snlall-scale virializcd motions and rcdshift errors. 
A better s latist.ie, which is independent of all lhese effccts, is the projccted 
correla.tion fU lletiou: 

(2) 

Figure 2 shows the resul t for :=: (r) measurcd frorn t he sample of 451 NVSSj Le n S 
galaxies. The plot shows both I.he raw data, together with power-Iaw rnodels: 

(3) 

T he cauonicalllumbers for bluc-sclected radio-quiet ga laxies arc ro = 5 h - I ~ I pc 
aud 'Y = 1.8. T he radio- lolJ(l result in Ib is sam ple is approximately 6.5 1,-1 Mpe: 
thc rad io- loud subset of I.he LC HS is cl ustered oll ly slightly more sttongly than 
thc whole LCn.S - in apparent couflict with PN9 1. T he larger P N9 1 result 
of 11/, - 1 l\ lpe was based on i.he redshift-space { (s ), which wiU tend to give a 
boosIe<l valuc of ro. In the linear analysis of I\aiser ( 1987), th is increases { by 
a factor 

~ --+ ~ [I + 2p/3 + p' /5] , (4) 

where fJ = n O.6j b and b is the bias parameter. Thc relativc bias bctwecn PN9 1 
and blue-selected galaxies gives {Jopl jfJrnd == 1.9 (sec Peacock & Dodds 1994). 
Since {Jopt is currently thoughL to lic close to 0.5 (I-I amilton 199ï), th is suggests 
a boost factor of 1.2, élnd a rcal-space ro == IOh- 1 Mpc for the PN91 sam ple. 
T his is larger than the NVSSj LCnS rcsult , but it is not clear thaI t.llere is 
any iuconsistc.ncy: although the lypical redshifts of the two samples are similar, 
their rad io flu x-density li mits differ by about. a factor of 200 . 'rhe PN91 radio 
galaxics are luminous AGN , whereas many of the NVSSj LCRS galaxies will be 
starburst galaxics similar to those foulld in the TRAS surveys. SLarbu rsts obey 
t.he approxi malc rule S60" m = 90S1.4 G U", sa that the NVSS galaxies should 
be comparable in fl ux to the IRAS FSS limi t of 0.25 Jy (Rowan-Robillson et 
al. 1994) . Since IRAS galaxies arc weil knowIl to d uster even less slrongl)' 
than oPlical galaxics, the modest vahle of ro is lIot a surprise. Independent 
confirrnation of the PN9 1 result for ' proper' radio galax ies wi ll rcqu irc a ncw 
radio-sclcct.cd re<lshifl. survcy at brighter flu x densit.ies. 



380 Peacock 

ó 

Figure 2. Thc reru-spacc proje<:t ed correlatioll fUlH:lioll , ~(r), for thc NVSS galaxies 
in thc f OUT LeRS slices fOT which lhe l wo surveys over lap. T hc error bars indicatc 
Poissonian errors ba.sed on thc observed pair COllnt.S, and evidently these are an un­
dcrestimatc of thc tnlC error in thc intermooiate I'egi me, r ~ 3 11 - 1 Mpc. Thc d 'LShed 
Ijnc shows the normal fit ta optica! galiIx}' clus tering: {= lr/Tor"'. with ., = 1.8 anel 
ro = 5h - 1 Mpc. Thc soljd liJlc shows lhc fill.O tllc NVSS/LCRS sample, indieat.ins a. 
slightly larger scale-Iength of 6.51, -1 Mpc. 

2 Evolution of clustering 

It would be inten~L i llg La extend these st udies la higher redshirts. 1'lIis call 
be done without using a cOlllplcte raint reclshirt survey, by using thc alIglIlar 
clusterin g of a ttu x-limited su rvey. Ir the form of the redsh ift dist ri bution is 
kllown , lhe projcction etrecls can be disem angled j ll order to esti matc the 3D 
cl ustering aL Lhe average redshifl of the sam ple. For slll aU a l1 glcs, a nel where 
[,he reclshift sheB bcing studied is thicker Lilan the seale of any c1usl.erillg , I.he 
spatial and angular corrcl atiOIl functions a re related l>y Limbcr 's C<lu ation (e.g. 
Pt.'c l>lcs 1980): 

w(O) = {OO "q,' P'(y) dy 100 
((Vz'+y'O')d.. (5) Jo -00 

whcre y is di mCllsionlcss cornov ing distance (transverse part of the FRW mctric 
is [R(I.)ydOJ2 ), and F(y) = [I - ky", ]-L/2; the selectioll fUll ction fO f radius y is 
lIonnali zed sa that I y2q,{y ) F(y) dy = I. 
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Until recently, t his eq uation was of somew hat academie interesl for radio 
astronomers, si nce there werc na rcliable dctections of angular cl ustcring. T his 
has changcd with the FIR.'5T survey, which ha:; mea;mrcd w(O) to high precision 
fot a limit of I rn Jyat 1.4 GHz (Cress et "I. 1996). Theit result detects 
clustering at separatiolls bet.ween 0.02 and 2 dcgrees, and is fiucd by a power 
lall': 

w(o) ~ O.00310/deg,,,,,j-L>. (6) 

Thete had been earl ier claims of detectiolls of angu lar cl ustering, notably tbe 
87G 13 survey (Loan, Lallav & WaIl1 996) , bUl. t hese were of only bare s ignificance 
(a lthollgh, in ret rospect, the level of clusteri ng in 87GB is consistent with the 
PIRST Illeasureinent) . 

Limber 's eq uation rC<lu ires the rcdsh ift-depcndent correlation function , alld 
th is is commonly parameterized as follows: 

(7) 

where { = 0 is slabie clustering; ( = "I - 3 is constant comoving cl ustering; 
( = "'I - I is {) = 1 linear-theory evolution. Peacock ( 1997) showe<l that the 
expccted evolutioll in the quasili nea r tegime (! "-' 1 - 100) is significantly more 
rapid : up to ( ::: 3. 

Discussion of the 87GB and pmS'l' tesu1ts in terms of Limbcr 's equat ion has 
tended to focus on valucs of ( in the regioll of O. Ctess ct al. (1 996) condudcd 
tl lat the w(O) results were consistent with the P N91 \'alue of ro ::: 10 h- I Mpc 
(although thcy wcre not \'cry specific about (). Laan el al. (1996) measured 
w(IO) == 0.005 for a 5-G Hz limit of 50 mJ y, and inferred ro == 12h- 1 Mpe for 
(= 0, falli ng to ro::: 911 - 1 i\'l pc for (= -1. I f we take the NVSS/ LC RS value 
of the local clustering for radio SOl/rees, "0 ::: 6.511- 1 Mpc, thcn the observcd 
angular cl ustering iu fact re<luires ( in t he rcgion of - 1.5 or smaller: in o~her 
words, liule or no evolution of! with redshift . 

fndee<l , this conclusion cau he reached in a ralher les:; model-dependcnt 
fasilion. The reason therc is a st rong degeneracy bctween ro a nd ( is th at ro 
parameterizes the :: = 0 cl ustering, whereas the observations refer t.o a typical 
redshift of around unity. This mcans t hat !(:: = I) cal! be infe rted quite ro­
bustly, without much depelldcnce on the rate of evolutia ll . Since the st rcllg th 
of clusteri ng for opt ieal ga laxies at :: = 1 is known to corrcspond la the much 
smaller nutn ber of ro == 2h- 1 Mpc (e.g. Le Fèvre et al. 1996), we see that 
radio galaxics at thi s redshift have a rclati ve bias parameter of close to 3. This 
tendency for the relative bias 10 increa.se with redshift probably arises partly 
because the high-redshift sAmple members wi ll be more powerfu l radio galaxies, 
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but also is likely to be rela l.ed LO ~he rarCIle8S of sueh massive host ga la xies at 
earl y ~irll es. 

3 Formation of high-redshift galru<Ïes 

The challenge 1I0 W is to ask how t.hese results cau he understood in eurrellL 
models for eoslUologiea l st rtlcturc format ioll . It is widely believed thaL the 
SC<lueucc of cosmological sl.ruct ure formation W ,-IS hierarchical, origin ating in a 
density power spectrum with increasing fluctuat ions on small scales. T he large­
wa\'clcllgth port ion of Ihis spect.rum is acccs .. iibic to observatioll today through 
stud ies of galaxy cl ustering in t.hc lincat and quasi lillear regimes. Ilowcver, 
nonl inear c\'olutioll has cffectively crased auy information on t.he initial spectrum 
for wavelengths belo\\' about. I Mpe. The most sensi ti ve way of IIIcasut ing the 
speel.rum on sin aller scales is via t.he abu ndanees of high~rcdsh i fi. objeets; thc 
amplitude of fluctuat.ions on scalcs of inel iviel ual galaxies governs the tooshift 
aL which t.hese objects first lllldergo gravitational collapse. The small-sca lc 
ampli tude al$O influcl1ces cl ustering , si nee ra re early-form ing objects arc strongly 
corrclated , as fi rst tealizoo by I\ aiser (1984) . 

It will be espccially În lercsling to apply t.hese argumcnts about the small­
scale Spect rulll lO a das.., of vcry early- forming galaxies discusscd a t. t his meeting 
by Du nlop. These a re the red optica l ielentificat.iolls of l-mJy radio galax ies , for 
whieh dcep a bsorption- tillc spcct roscopy has prove<! th at thc red colou rs resul t 
from a well-evolved SI.c.llar population , wi t.h a minimum stell ar age of 3.5 Gyt 
for 53W091 at.:; = 1.55 (Du nlop et al . 1996; Spinrad et. al. 1997), a.nel 4.0 Gyr 
for 53\V069 aL:; = 1.4:1 (Dey et al. WU8) . Such ages push t. he rortnation era fot 
these galax ics back to ex tremcly high redshift.s, and it is of interest la ask wllat. 
level of smalt-seale power is n('e<led in order to altow this ea rly format.ioll . 

3.1 Press-Schechte r apparatus 

Thc. standa rd fralnework for interprcting thc abu ndauces ofh igh-redshift. objects 
in tcrms of str uc1ure-formation modeis, waS oULlilled by Efstathiou & Ik oes 
(1988). T he formal islIl of Press & Schechter (1974 ) gives a way of calcul ating 
lhe fraction Jo"'e of lhe rn ass in t.he unÎverse which has collapsccl into objects morc 
m ll$. .. ive than $Ome li mit M : 

(8) 
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Uere, 0' ( M) is thc rms fract iona l dCllsil.y contras t Ob1ui ll00 by filtering ti IC linea r­
Iheory densit.y field 0 11 the rC<llIired scale . 111 practice . th is flIterilig is usuaUy 
pcrformoo willt a spherica l ' top hat ' fih er of rad ius R, \\'il h a correspondin g 
1ll 8SS of 'l r.pb f?3j3 , ..... herc PI> is the background densit.y. The number óe is t he 
!inear-Ihcory critica! ovcrdl'nsity, whieh for 11 ' LOI)- hat ' overdcnsity undergoing 
spherica l coll apse is 1.686 - virtuall y indcpendent of n. This form describes 
IIl1rnerical sÎ llltilatiolis very weil (see e.g. Ma &! Bertschingcr 1994). The main 
assumpl ion is th at thc dcnsity fi eld obeys Caussian statistics, whielt is tr ue in 
lIlost infl ationary modeIs. C iven somc csti mate of Fe , t.hc IIl1mber 0'(11) cau 
then bc lnferred . NOlc t.hal. for mrc objecls l ll i8 is a pleMi ngly robust process: 
a lurge error in Fe wjIJ givc only 11 small error in 0'( 1l ), because t lle abu nd ance 
is cXlxmentially sensitive to (T . 

Total tUasse5 are of course ill-defined , and a ben er quantity lO use is the 
velocit.y dispersion. Vi rial eq uilibriu m for a halo of mass /11 and proper radius 
r demands a eircular orbilal velocity of 

(9) 

For a spherically collapsed objt.'Ct. i.l JÎs velocity eall be cOll vertccl directly into a 
Lagra ngian cottto\'ing radi u:> which contai ns the m iL'>.'; of t.lte object wi thin the 
vi ri alizatiou radius (e.g. Wllite, Efstathiou &. Frenk 1993): 

( 10) 

Ucre. ':e is the rcdshift of virialization; Om is the Jlt'escn/. val ueofthc matter den­
si Ly parameter; Ie is t hc dClIsily contrast at. virializatioll of the IIcwly-coli apsed 
object relat ivc lo the background , which is adequately approximat.cd by 

(11 ) 

wlth ouly a slight sensiti vity lO whet.her lI. is non-zero (Eke, Cole & Frenk 1996). 
Por isothcrmal-sphere halocs. I.he velocit.y dispersion is 

(12) 

C iven a formation redshin of illtf'tcst , and a velocity dispcrsion, there is then a 
direct route lo tlle Lagra ngiall radius from which t hc prol()-objecL collapsed . 
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3. 2 Abundances and masses of high-red shift objects 

In addition la the red mJy galaxics. LwO classes of high-redshift object have 
been used recently to sel constrain l.s ou t he small-scale power spectrum at high 
redshi ft: 
(1 ) Dampe d Lyma n-a systems Damped Lyman-o' absorbers are systcms 
with Hl colu mn densities greater thall _ 2 x 1024 m- 2 (Lanzeua et al. 199 1) . 
If the fraction of baryons in the virializoo dark mat ter halocs equals thc global 
value 0 1'1 . thcn data on these systems eau be usecl lo in fer the tolal fractioll 
of matter that has collapscd irHo bound structu res at high rooshifts (Mi'! & 
Bertschinger 1994 , ~'I o & Miralda-Escudé 1994 ; Kauffrnann & Charlot 1994: 
Kl ypill et aL 1995). The highest lueasu,remenL at (.:) :: 3.2 im plics OHI :::::: 

0.002511- ] (Lanzena et al. 1991 ; Storrie-J.ombardi , ~kMahon & Irwin 1996). 
If 0,,11 2 = 0.02 is adopted , as a eompromise betwecn the lower Walker et al. 
(1991) nucleosy nthcsis cs!.Ïmatc and the more recent cstimate of 0.025 from 
Tytler et al. (1 996) , thcn 

rI., 
Pc = Oa :::::: 0.12h (13) 

for these systellls. lu this case ala lie, an ex plicit val lIe of h is requi red in order 
to obtain thc eollapsed fraet ion; 11 = 0.65 is assu moo . 

Thc photoiollizing background prevents vi rialized gaseous systems with cir­
cular veloci ties of Icss .. han about 50 km s- ] from cooli ng efficiclltly, sa tbat t hey 
canrlot contract to the high density contrasts characlcristic of ga laxies (e.g. Efl'r 
tat hiou 1992). Mo & Miralda-Escudé (1994) used t i re ci rcular vclocity range 50 
- 100 km s-I (q~ = 35 - iO km s-I) tomodel thedamped Lyman alphasystems. 
Reinforci ng the photoioniz31.ion argument , detaited hydrodynam ic siruulations 
imply that tlre absorbers arc not cxpccted to be associa ted wit h very mi\.~ .. ive 
dark-maUer haloes (Haehnelt. SI.eÎnrnctz & Rauch 1997) . Th is assull1ption is 
consistent with the rather low luminosity galaxies detccted in association with 
the absorbers in a numbet of cases (Le Brun ct al. 1996). 
(2) Lyman-Iimit galaxies Steidel ct al. (1996) identified star-form inggalax­
ies between .: = 3 and 3.5 by !ooking for object!! wilh a spectra! break roowards 
of the U band . The treatment of these Lyman- limit galaxies in lhis paper is silll­
ilar la th at. of Mo & F'ukugita (1996), who comparoo the abundances of these 
objects to predictions from various modeis. Steidcl et al. give the cOnlov ing 
density of their galaxics as 

( 14) 

T his is a high number dCllsil.y, cOlllpara ble to th at of I~ · galaxics in "he present 
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Universe. The mass of L' galaxÎes corrcsponds to collapse of a Lagra ngian 
Tcgion of volume .... I l\'lp2. sa thc collapsed fractiou wou ld be a few tent.hs of a 
per cent if Lhe Lyman-limit galaxies had sim ilar masscs. 

Direct dynamical dcterminations of these masscs are st ill lI~cking in most 
Ca5CS. Stelde! ct al. aUcmp! to in fer a vclocity width by looking ;:IL the equivalent. 
width of the C and Si absorpüon liues. These arc saturalOO lines, aud sa the 
equivalent wid th is sclisitivc to the vclocity d ispersiollj valuC$ in thc range 

C7~:= 180 -320 km ç l (15) 

arc impJied. These nu mbers may Illeasu re velocities which are not due to boulld 
material , in which case they would give all upper limit lO \leI../2 for t lle dark 
halo. A more recent measurement of thc vclocity widt h of thc J-IO' emission 
Ji ne in one of these objects gives a dispersioll of closer 10 100 km ç1 (Petti ni , 
private communication). consistent with the medi,!!l velocity wid th for Lyo of 
140 km rc 1 lIleasured in sim il ar galaxies in tlle HDF (Lowenthal et al. 1997). 
Of course, these fig ll res cOlild underestimate t hc total velocity dispcrsion , since 
t hey are dominated byemission frorn thc centraJ regions only. Fot I.he present , 
t he range of values (1~ = 100 to 320 km S-1 wil! he adopted , and the sensitivity 
10 the assumed velocity will be ind icatl..>C:1. In practice, th is uncen aillty in the 
velocity does IIOt. produce an important ullcertaint.y in the conclusiolls. 
(3) R ed radio galaxies T woextremely red galax ies were fou nd at:: = 1.43 
alld 1»5, over an area 1.68 x 10-3 sr, so a min imal comoving dellsity is from 
one galaxy in this redshift. range: 

( 16) 

This figure is comparable to the density of the richest Abel! cl usters, and is 
thus in reaSDll able agreement with the discovery Lhat rich high- redsll ift clus­
ters appea r to contain rad io-qu iet examples of si.ui larly red gaJaxics (Dickinsan 
1995) . 

Since the vcloci t.y dispcrsions of these gaJaxics are IIOt observed , t hey must 
bc inferred indirectly. This is possible beca use of t he known prcscnt-day Fabcr­
Jackson relatioll for ellipticals. For 53W091 , the large-aperture absolute mag­
nitude (mcasured direct in the rest frame) is 

Mv (z = 1.55 ( n = 1):= -2 1.62-5 10glo h (17) 

Accord ing to SoJar-metall icity spcctral synthcsis modeis. th is ",ould be expcctcd 
to fade by about 0.9 mag. betwccn :; = 1.55 and t hc present , for an n = 1 model 
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of prcscnt age 14 Gy r ( no~e that Bender et a l. 1996 have observcd a shift in t,he 
zero-point of the M - 17" rclal.ioll out lo .: = 0.37 of a consistent size). Ir wc 
compare lhese num bcrs with I.he <1" - Ml' relation for Coma (m - AI = 34.3 
for h = I) taken frorn Drcsslcr (1984) , th is prcd icls ti vclocity d ispers ion in the 
range 

u" = 222 t0292 kllI S- I. (1 8) 

T his is a very reasonablc range fOf a g Ï1Ul t elli ptical, and it is adoptcd in tJle 
following analysis. 

Having csta bl ishcd an abu ndauce é\lld an eq ui valent circul ar velocity for 
these galax ics, thc trea t ment of I.hem will diffcT in one critica! way from thc 
Lyma n·o and Lyman-limit galaxies. FOf these, thc Ilc rm al Press-Schcçhter ap­
proach as,.<iu mes thc sysl,euls uIlder study Lo be ne ..... ly born . FOf thc L yman-a 

anel Lyman-limit galax ies, this may not be a bad approximation , since they 
are evolvi ng rapidly and/or display high levels of sta r-formation activit,y. For 
the radio ga laxies, conversely, thcir inactivity suggests th at they may have cx­
isted as discrete systems a t redshi fts lUuch higher Lhan :: ~ 1.5. The strategy 
wi11 t herefore be to apply lhe Press-Schechter machi uery at some unknown for­
rnation redshift, a lld sec what range of redshift gives a consistent degrce of 
inhomogeneity. 

4 The small-scale fluctuation spectrum 

4.1 The e mpirical sp ectrum 

Figure 3 shows the u( Hl da ta which resu lt from the Press-Schechtcr a llalysis, for 
three cosmologies. The u(R) nu mbers measured at various high redshifts have 
been t ransla led La :: = 0 usi ng the appropriate linea r growth law for dcnsiLy 
pcrLurbal,ions. 

T he open symbols give the rcsu lts fOf thc Lyman-limit (largcst Rl a nd 
Lyman-o (smallcsl. Rl systcms. Thc approximately horizontal error bars show 
the effect of the qlloted range of velocity dispersions for a fixed abundance; 
the verLical errors show the effect of dlangi ng t.he abundance by a factor 2 aL 
fi xcd velocity dispersion. 'I'he locus impl ied by the red radio gal axies sits in 
belween. T he diffcrcnt points show the effecl,s of varying the collapsc redshi ft : 
Ze = 2, 4, ... , 12 [lowest rooshift givcs lowcst. u(Fl)] , Clearly, collapse redshifl,s of 
6 - 8 are favo ured for consistency with the othcr data on high-rcdshift galaxiCll, 
independent of t heoretical preconccpt ions and independent of the age of these 
galaxie:;. This level of power (u[R] ::: 2 for fl ~ 111 - 1 ~'I pc) is a lso in very close 
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F igurc 3. The present-day !incar fract ional rm", fluctui'lt ioll in dcnsity averagcd in 
~phcrC5 of radius R. The data points are Lyman-o galaxics (open cross) and Lyman­
lim it galalCies (opcn cirdcs) The diagonal band wi th solid poinl~ shows red radio 
galaxics ..... itl, assumcd colla l>SC rcdshifLs 2, 4, . .. 12. T he ver t ical error bal'$ show 
thc cffect of a change in abundance by a factor 2. The horizontal er rors cOlTcspond 
to diUcrcnt choices ror the circular velocities of tbe clark-lIlatlcr haloC!! Lhat host the 
galax.ics. T ile shadc<! regioll at large Il givcs tbc resul ts inferred from galaxy clustering. 
The lines show COM and MDM prcdictions, ..... ith a largc-scale lIormalization of 17~ = 
0.55 for n = 1 or 178 = 1 for tbc lo ..... -density modcls. 

agreement with tbc level of power req uired to produce Lhc observed structu rc in 
t he Lylll an alpha fo rcst (Craft ei. a l. 1997) , so the rc is a good case to be made 
t hat the f1u ctuation spectrum has 1I0 W been mCi\Sured in " consistent fashion 
dow n to belo\\' ll.:::: J /, -1 M pc. 
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Thc s ha(1c<1 Tegion at la rget n shows Lhe results ded uced from clust.ering 
dala (Peacock 199i ). IL is clcar an n = 1 universc tC<lu ires t he power spectrum 
at small scales te be higher t ha n would bc cxpected all the basis of an cxtrap-
013tiol1 from the large-scale spectru rn . Dcpcnding Dil assumptions about the 
scale-depcndencc of bias , sueh a ' feature' jll thc li near spectrum ma)' also be re­
quired in order to satisfy thc smaJl-scalc present-d ay nonl inear galaxy cl usteri ng 
(PcaA,'Ock W97) . Converse]y. fOt low-dcIH;ity modeis, t he empirica l small-scale 
spectrum appears lo mat.ch reasonably smoothly onto t ilc large-scale data. 

Figurc 3 also compares the empirica l data wi t.h various physical power spec­
t ra , A CDM model (using the transfer function of Bardeen ct a l. 1986) wit h 
shape parameter r = Oh = 0.25 is shown as a reference for all luodds. T his 
halO approx imately the correct level of sJlIa ll-scale power, but signi ficant Iy over­
prediets internlediate-scalc cl usteri ng, as discusse<l in Pcacock (1 997). The em­
pi rical LSS shape is better described by MOM with Ol! ~ 0.'1 and Ou ~ 0.3. 
Th is is lhe lowcst curve in F' igu re 3c, reproduced from the fi tting formula of 
Pogosyan & Slarobinsky ( 1995 j sec al80 Ma 1996). I-Iowever, this curve fails 
lo supply the required small-scale power, by about 11 factor 3 in O" j lowcring 
Ou to 0.2 s t ill leavcs a very large d iscrepancy. Th is concl usion is in agreement 
with e.g. Mo & i\ l irald a- Escudé ( 1994) , Ma & Bertschinger (1994) , but conf1 iCl8 
slightly with Kl ypin ct al. (1995) , who claime<1 I llat the 0 " = 0.2 model was 
acceptable. l'his difference arises partly bccause I\ lypin et al. adopt a lower 
value for Óe (1 .33 as agaiust 1.686 here) , aod also beca use they adopt the high 
normalization of (18 = O.i ; 1.he net effl..'C t of t hese changes is tO boost thc model 
relative to l he sma ll-scale data by a factor of 1.6, which would allow marginal 
consistcncy for the 0" = 0.2 model. ]\'1 DM Jllodels do a llawahigher lIormaliza­
tion lha n the conventional figure of Us = 0.55 , part.ly beca use of the very fi a t 
small-scalr spect ru m, aud also becausc or the effccts of random neutrino veloc­
ilies. However, lOuch shifts are at thc 10 pcr cent level (Borgani et al. 1997a, 
1997b) , and Us = 0.7 would probably still give a cluster abundance in exccss 
or obse rvation. The conscnsus or more rccellt 1I10deJt ing is that even 0 " = 0.2 
MDM i!:l defi cient in small-scale power (Ma et al. 1997; Card ner et al. 199i) . 

All the lUodds in F'igure 1 assulIle 11 = 1; in fact , consistency with I.he 
CO BE results for this choice or 0"8 and Oh requires a significant t ill. for Aat 
C DM Illodels, IJ ~ 0.9 (whereas open C OM models rcquirc 11 substalJtially 
above uni ty) . Over the range or scales probcd by LSS, changes in Tl are largely 
degenerate with changes in Oh . but the small-scalc power is more sensiti ve to 
I.ilt than to Oh. T ilting t he ° = 1 models is lIot at.tractive, since it increa.sl..'S t he 
tendency ror model preclictions to !ie below lhe d ala. However, a t ilted low-n 
nat COM model would agrcc moderately weil wi l.11 lhe data on a ll scalcs, wlt l1 
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thc exception of I.he ' bump' a found ft ::::::: 30 h-! Mpc. Testing the reali ty of lhis 
feature will therefore be a n important task for fu turc generations of redshifI. 
survey. 

4.2 Collapse red shifts a nd ages 

Are Lhe oollapse redshi fts infet red above consistem with the age data on the 
red radio galaxies? Fits t bear in mind that in a hierarchy same of the sLars in 
a galaxy will inevitably fonl'! in sub-u uits before thc epoch of collapsc. AL the 
t ime of fin al collapse, thc typical stellar age wil! be same fraetion cr of the age 
of the universe at that t ime: 

( 19) 

Wc ean ru Ie out 0 = I (i.e. all stars forming in sma l I subunits j ust after 
the big bang). For present-day elli pticals, I.he light eolour-magnÎI,lIde rd ation 
only allows all approximate doubling of t he mass through mergers sillce t he 
tcrmination of star forrnatioll (Bower at al. 1992). This corrcsponds to 0::::::: 0.3 
(Pe!\("ock 1991) . A non-zero {} j llsl corrcsponds to sealing thc collapse redshift 

(20) 

sillce I ex (I + z)-3/'l a.l high redshifts fot aH cosmologies. Fot example, a galaxy 
wh ich collapsed at z = 6 would have an apparent age oorrcspOliding 1.0 a eollapsc 
redshift of 7.9 for 0 = 0.3. 

Converting the ages fot the galax ics lo an apparent eollapse redshift depends 
on the eosl1lologieal model, buL particu larly Ol! Ilo. Some of th is uneertai nty 
may be circumvented by fixing the age of t.he un iversc. Aft.er all , it is of no 
interes t. lo ask about fotrnal ion redshin.s in a model with e.g. Q = I, h = 0.7 
when thc whole uni verse then has an age of onl y 9.5 Gyr. If Q = I is lo be 
tenable then either h < 0.5 against all thc evidence or there rnust he aH error 
in the stellar evolution t. imcsea le. If thc stell ar ti rncscales are wrong by 11 fixed 
factor, I,hen these two possibilities are dl..'gcnerate. lt thereforc ma kes sensc to 
Illcasure galaxy agcs onl)' in units of the agc or the uni versc - or, C<juivalent ly, 
lO choosc frcely all apparent lIu bble constant wh ich gives the uni verse all age 
comparabJe to th at in ferred for globular clusters. In this spiri t , Figure 4 givC$ 
apparent ages as a fultd ion of effecti ve collapse redshift ror models in which the 
age of the un ivetse is forced 1.0 be 14 Gy r (e.g. J imencz el al. 1996). 

Th is plot shows thaI. t i Ie ages of the red radio galaxics are nol, permitted 
very mueh freedom. Forrnatioll redshifts in the range 6 1.0 8 prcdict an age of 
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F igUl"e 4. T be agc of a galaxy al. z = 1.5, as a fUllctioll of iu collapse rcdshift 
(assumillg all inSLanl.anoous bliMi t of star fOflllatioll). Thc \'arious lillCIiI s how n = 1 
lsolid]; open n = 0.3 [dottcd]i fiat n = 0.3 [dashed]. In all cases, I.he p I"C!;CIlL ase of 
t he uni l'crse i!! forcoo la he 14 eyr. 

close ta 3.0 Gyt fOt n = 1, or 3.7 C:yr fOt IOIl'-density modcls, irrespecti ve of 
whcther A is non-zero. 'I'he nge-zc: re latio ll is rat her fl at" and this givcs a tobus!. 
cst imate of age Dnce we have same idea of ':e t [,rough the abundance a rguments. 
Conversely, it is almost impossibIe to delcrmine thc coll apse redshi ft reli ably 
(rom thc spect ral data, since a very high prccision wDuld be required bot h in 
t hc age of 1 he ga laxy and in t he age of t he un iverse. 

Wh at. concl usions can tben be reache<:1 about, allowed cosmological modeis? 
If we take a n apparent =c =- 8 from the I>ower-spectrum argu lnents, then t.hc 
apparent min imu m age of > 4 Gy r for 53W069 can very nearly be ~ati sfied in 
bot h 10w-dclIsity mod{'ls (a current age for t he un ive rse of 14.5 GYT would be 
required ), but. is unattai nablc for n = l. In thc high-density case , a current 
age of 17.6 Gyr ..... ould be req uircd to aUain t hc re<luired age for =c = 8; t his 
rcquircs a Uubble constant. of h = 0.38. As a rgued above, th is concl usion is 
highly insensiti vc 1.0 t hc assumed valuc of =C' If t hc t ruc val uc of h does turn 
out to be close to 0.5, thcn it might be a rgue<1 t hat n = 1 is cons istent with t he 
data, givclI reatistic ullcertailltics. Thc agcs fo r the low-density models would in 
th is CilSf' be large by compa risoll wit.h thc obscrvcd radio-galaxy ages. However, 
thc agcs obtai ne<1 by modell ing spect.ra wÎt h a si ngle bUTst call on ly be lower 
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limits 1.0 the I.rue age for thc bulk of the stars; wc could easi ly be obscrving all 

even older bUTSt whieh is made bluer by a linie recent star fo rmation. A low h 
rneasurement. would therefore not rule out low-densit.y modcls. 

5 Biased clustering at high redshifts 

5.1 Predictions from t he power spectrum 

An intercsti ng aspect of these results is Ihat.lhe level of power on l - ~"\ pc scalefoi 
is only moderate: 0"(1 h- l Mpe) == 2. At :: == 3, the (."orrespondi ng figute would 
have been rllllch lower, making systems like the Lymall-limit galaxies ral her 
rare. Por Gaussian tluct.uations, as assumed in Ihe Press-Schechler analysis, 
stleh systems will be expccted to displ ay spatial correlal.ions whidl are strongly 
bi a.sed wit h respect. la I,he underlying rna.iS. The linear bias parameter depellds 
on the rareness of the fill ct.uat. ion and the rms of thc underlying field as 

(2 1 ) 

( I{aiser 1984 ; Cole & I\ aiser 1989; Mo & White 1996), whcre v = óc!O", alld (1" 2 

is the fractioual mas:; variance al the redshift of interes t. . 
In Ih is analysis, óe = 1.686 is assumed . Variations in th is numbl"r of order 

10 per cenl have been suggested by a ut,hors who have stud ied t.he fit, of the 
Press-Schccht.er Illodel la uumerical data. These changes would mercly sca le 
b - I by a smalt amotInt : thc key paramet.er is v , wh ich is set ent ircly by thc 
coJlapsed fract ion . FOT lhe Lyman- lirnit,ga laxies, typical val ues of th is paramet.er 
are v == 3, and it is d car t.h a.t. very subst.antial va lues of bias are ex pect.ed , as 
illustrated in Figure 5. 

T his diagram shows how thc predicted bias paramet.er vMies with the as­
sumed cÎrcular velocity, for a number densit.y of galaxies fix ccl al the level ob ... 
served by St.eide! et al. (1996). T he sensiti vity to cosmological parameter is 
only mod erate; at \f .. = 200 km S-I, the predicloo bias is b == 4.6, 5.1). 1).8 fot thc 
open, flat and critica I modeJs respectively. These numbcrs scale approximately 
as v~-o ... , and 6 is wit.hin 20 pcr cent of 6 for most, plausible parameter COl ll­

binations. St.rictly, the bias val lICS determÎned herc are lIpper lim its, since lhe 
llumbers of coll apsed haloes of this cirClilar velocity could in principle greatly 
exceed lhe nu mbers of observcd Lyman-limit. galaxies. 11 0wever, tlle under­
counting would have 1.0 be substantial : increasitlg the coltapscd fract.ion by a 
factor 10 redllCes t.he implicd bi as by a factor of about 2. A substant ial bias 
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Figurc 5. The biillj paraJlleter a t z = 3.2 prcdicted fOT lhc Lyman-limil. galaxies, as 
a fu nction of thcir assumcd circular velocity. Oot.ted line t;hows n = 0.3 open; dashed 
li nc is {} = 0.3 flat ; solid Hoe is n = 1. A 5ubstanl ial bias in thc regiou of b ~ 6 is 
prcdictcd rather robmtly. 

seems difIicult to avaid , as has been poi ntcd out. in 1 he context of C DM models 
by Baugh, Cole & Frenk ( 1997). 

5.2 C1ustering of Ly m an-limit galaxies 

These calculations arc rclCYilnL ta the recent detect ion by Steide! et. a l. (1997) 
of st rong cl ustering in thc population of Lyma n-lirnit galaxies at. z z 3. 'rhe 
cvidcncc takes thc fa rm of a rcdsh ifl histogram bi nned at 6. .: = 0.04 resolution 
over a field 8.7' x 17 .W in extcnt. FOT n -=- land z = 3, th is probes the dcnsity 
fi eld IIsing a eell lI'il.h dimensions 

(22) 

ConvenienlJy. ~bis IHiS 1.1 volume equ ivalent lo a sphere of radius 7.5 11 - 1 Mpc, 
so it is easy lO measure the bias di rccLly by refe rence to the known value of 
178 . Sillce the degree of bi as is large, redshifl.-space distortiolls from coherCJl I 
infa ll are smalJ ; tI Ie eell is a lso large enollgh Lhat Ihe distortiolls of smalt-scale 
random velocities al. the few hU lldrcd krn s- I level are ;l lso small. Usiug thc 
model of equai ion (11) of Peaeoek ( 1997) for the anisotropic redshift-spacc power 
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spectrum al1d integrating over the exact an isotropic window function, thc above 
simple vol lllue argument is found la be accurate 10 a fe\\' per cent fot rcasonable 
power spectra: 

lTeel! ::::: b(.: = 3) ITH(': = 3), (23) 

defining the bias factor at t his scale. T he rcsults of 1\'10 & Wh ite (1996) suggest 
that the scale-depcndence of bias should be weak , 

In order 10 cstimat.e ITc~ll, sim ul ations of sy nlhetic ted shift hislograms were 
made, usi ng t.he Illethod of Poissoll-sampled lognormal realizatiolls descri bed by 
Broad hurst, Taylor & Pcacock (l995): using a X2 statis t ic lo quantify t he nOI1-
un iform it.y of the tedshift histogram , it appears t llat lTee lt :::: 0.9 is required in 
order for the fi eld of Steidel et a l. (1997) 10 be typieal. It is then st raightforward 
to obtain the bias parameter since, for a prcscnt.-day correl atioll function €(r) ex 
-" , , 

1T"s(: = 3) = lTs X (8/7.5jl 8/2 x 1/ 4:::'.0 .146, (24) 

implying 
(25) 

Steidel et al. (1997) use a rathet different analysis which CO rlcentratcs 011 the 
highe!:! t peak alone, anel obt,ain a minimum bias of 6, wil h a preferred value of 
8. They use t.he Eke et a l. (1996) value of lTs = 0.52, whieh is on the low side of 
the publishcd range of estill1atcs. Using lTs = 0.55 wou ld lower t heir preferred b 
lo 7.6. Note t llat. \\'ith bath these methods, it is mllch easier to mi e out a 1011' 
value of b tl"UI a high one; givell a si ngle fi eld , it is possible that a rclal.ively 
' qu ieL' region of space has been sampled. aod that Illuch larger spikes remain 10 
be foul1d el.sew here. 

l'lav ing arrived aL a figu re for bias if 0 = J, it. is easy to Lranslate to other 
modeis, sioce O"eell is observed, independent of l'osmology. For low 0 lIlodeis, 
the ecU voltune wiJl increase by a factor (Sf(r) d/"l![S~ (rd d/" tl ; comparillg lVith 
prcscnt.-day fluctll atiolJs on th is larger scale wi ll tend 1.0 increase the bias. How­
ever, for 1011' 0 , tll'O other cfrects increase t he pred icted density flucl.llation at 
.: = 3: the cluster const rai nt illcreases thc present-day IIlIctu<l.Lion by a factor 
0 - 0 $6, a lld the growth betwecn red shift 3 and the present. wiU be less I hall a 
facto r of 4. Applyillg these corrections gives 

b( , = 3 111 = 0.3) = {0.42 (open) 
b(, _ 3 111- I) 0.60 (ft at) 

(26) 

II'h ich suggests an approxi mate sea ling as b ex: 0 ° n (open) or 0°..41 (fl at.). The 
significance of th is observatioll is th liS to provide the first convillci ng proof for 

file:///0.60
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the reality of galaxy bias: for n :=: 0.3, bias is not required in t he presen t 
universe, but we now SI!C th aI, b > [ is needcd at : = 3 fOf all reasollable valucs 
ofn. 

Cornpa ring these bias vaJucs wi th Figurc 5, we sec thaI, thc observed va lue 
of b Îs qu ite close to thc prcdiction in the case of n = I - suggcsting thaI, 
the simplcsl. interpreta tiol1 of t hese syslcllls as coll apsed rare peaks may weil 
be roughly correcT. Indeed, for high ei reu lar velocitics t here is a danger of 
exceeding thc predictions, aud it wou ld create something of a diHiculty for high­
dcusi ty modcls ir a velocity as high as V" :::: 300 km S- 1 wcrc 1.0 be cstablished 
as ty pica! of thc Lyrnan. limit. galaxics. Fo t low 0 , t hc 'observed' bias falls 
rasler than tht' pred ictions, go t herc is [css danger of conflict. Fot a circular 
veJocity of :WO kmçl , wc would need to say t haI the collapsed fracLioll was 
undert.'Stilllated by roughly a factor 10 (i.e. according la equation (8) LIJe \'aluC8 
of q ill Figure 3 wou ld have to be iucreased by a factor of about 1.5) in order la 
lower the prcdicLed bias suflicieut ly, either by postulating Ihat Lhe conversion 
from vclocity to n is systematically in error, or by suggesting that there ma)' 
be many haloes which a re not detected by the LYlllan-lil1lit searcn technique. 
[t is hard la a rguc that eit hcr of these possibilities are complelcl y ru led out. 
Ncvertheless, we have rend led I.he paradoxiea] conclusion that t he observed 
large-amplitudc clusteri ng at. .: = 3 is more naturally underslood in an n = ] 
mod el, whercas a lle might have ex pected the opposite conclusion. 

5.3 C lust ering of high- red shift AGN 

The st.rength of cl usteri ng for Lyman-timit galaxies rits in rcasouably weil whh 
what is knowIt aboul clust.ering of AG i\'. The eaclier scelions have a rgucd for 
TU::::: 6.511 - 1 f\.·l pc fo r radio galaxies a t ;; == 1. All almosl idcntical correlat ioll 
Jength IH\S been mcasured for radio-quict QSOs at (;;) ::::: 1.5 (Shanks & Boyle 
1994 ; C room & Shanks 1996). These val ues a re Itlilch la rger than \.he cl ustering 
of opt ically-selectcd galaxies at ;; == I , but this is not ullfca.sonabte, si nce imag­
ing of QSO hosts reveals them to be scvcral-L· objects, comparable in stcllar 
rnass la radio galaxies (e.g. Ounlop ct al. 1993 ; Tay lor et al. 1996). IL is 
plausiblc t haL the clustering of t hese massive galaxies al Z ::::= 1 will be cnhanced 
through exactly the same mcchanisms !hal enh ances (.he cl ustering of Lyma ll­
limit ga laxies at z::::=:1. Of COUfsc, t his does not Tule out more complex pictlltcs 
based 0 11 ideas such as close imeractions in rich envi ronments being necessary 
to t rigger ACN . However, as emphasised above, t he Inass and rareness of these 
objects sets a FIImimu lII Ic"el of bias. It is LO he expected t.hat this bias wiJl 
illcrease at higher rcdshifts, a lld sa anc would not cx pcci. quasar cl ustering lO 
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docline at higher redshifts. Indecd , it has heen claillled lh a t { either stays CO II ­

stan t at the highcst redshifts (And rean i & C risl.iani 1992; C room & Shanks 
1996), or even inereilS($ (Stephens et a l. 1997). 

6 The global picture of galaxy format ion 

'!'his paper has advancf'd the view th at there is a good degree of consisLcney 
bet.wccn t he emcrging data on balh t.hc abundanccs and the clusl e ring of a 
varicty of high-rcdshift gaJaxies. It is especia lly interesting to note t hal it has 
been p06Sible to construct a consistent picture which illcorporates bot.h the large 
numbers of star-formin g galaxîcs at :; S 3 and the existence of old systelus which 
nmst. have formeel at w'ry muc.h la rger redshifts. A recent conclusion from lhe 
nurn bers of Lyman-limi t ga laxies aud the star-formation rate; secn al. .:: ::.- I has 
been l hat the global history of s tar format ion peaked at .:: ::.- 2 (l\-fadau ct al. 
1996). Th is leavcs open t\\"o possibilities for thc very old systems: ei l her t hey 
a re l he rare precursors of lhis proccss, and fa rm unusually early, or t hey a re a 
relie of a sccond pea k in activity a t higher redshift , sueh as is cornmonly invokcd 
for the origin of a ll spheroidaJ com ponents. While suda a bimodal history of sta r 
formation cannot he rcjected , the ra rCIlCSS of thc red radio galax ics indicates 
t ha t t laerc is 110 diffieul ty wit h the former picture. Tbis can be demollstrated 
quan Li tatively by intcgrating the tota l amount of star formation aL high redshift. 
According la 1\·ladau et al. , the s lar-formation rale at :: =" is 

. - IO"'h '/ G -, '1 -, p. _ . I' · 0 yr I> pc , (27) 

decli ning roughly as (I + z)- " . T his is probably a underestimate by a ractor 
of at least. 3, as indicated by suggcstions of d ust in t he Lyman- limit galaxies 
(Pettini et al. 1997), and by the pred iction of Pei & Fall ( HI95), bascd on high-2" 
clement abunda nces. If we scalc: by a factor 3, and integrate 10 find t.he to tal 
dCJlsity iJl s tars prod ueed at z > 6, t h is yields 

(28) 

Si nce the mJy rad io galaxies have a density of 1O- 5.8' 113 I\.1pc- 3 and stellar 
masses of order 101\ M0, t here is d eady no conflict with the idca that these 
gllla.xics a re the !lrst stellar systems of L' size wh ich fa rm en route to t he generaJ 
era of slar and galaxy form ation. 

The data on thc abundanccs and clustering of bath rad io-loud alld rad io­
qu iet galaxics at high redshift thus appear to be in good quall tit.at ive agreement 
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with the cX pe<:tation of Inodels 111 whieh st rucLu re fo rmatio ll proceeds Lhrough 
hierarchical meeging of haloes of dark matter. Purtherlllorc, the existing data 
yield all empirica] rneasu rement of the fluctua t ion spect rum which is fc<[u ired 
0 11 su b-~Ipc scales. In general , this small-sca lc spe<: lrum is close La what wou ld 
he expectcd from an ex. rapolation of LSS measuremenLs, hUL thete are devi­
atians in detail : ft = I places the srna ll-scale data sarnewhat "bove the LSS 
ext,rapolation, whcreas open low-rl modc.ls suffer from the opposite probiclIl ; 
low-O A-clomin ated model ... fare soll1cwhat bet ter. These last modeIs also do 
reasonably weil ir the dark matler is assume<1 1.0 be pure C OM , notmalized LO 

COBE (whercas opel1 models do not) . T hc main di !l1culties fOt j\ C DM lic in 
thc shllpe of the large-scale power spectru m mcasured from Lhe APM sur vey, 
and in geornetrical diagnostics such as the supernova Hubble diagram. '['he fact 
th at ~he AC DM model provides the best ma tch wit ll the empirical small-scalc 
spectru m lihould encourage furiher criücal examination of these objectiolls. Thc 
subject of struct urc format iOIl s tands at 11 critical poi nt: eithcr we are close 1,0 

hav ing a 'standard model' for ga laxy form ation and cl ustering, or wc llI ay have 
to accept that rad ical new ideas are needcd . At the current rate of obscrvational 
progress, t he verdicl. should not he verl' far away. 
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