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AbBtrac t 

Over thc past t lu"ce dl.'COO C8 l hc cstablishcd view of a oc,vly homogcllcu
OU8, featureless Universe 011 scales hU'ser t han a (ew ~"egaparsec bas b (''C1l 
completdy ol'crhauk·d. In particular through the advent of ever larger 
galaxy redshift surveys we were n:vcalcd a galaxy distribulion dbplaying 
an intriguing cellular paucMl in which fi la mentary a nd wall- like st ruc
tures, as weil ,IJ! hugc regions dCI'oid of galaxics, are il.lll Ollgst thc most 
conspic;uouJj morphological elements. 

[11 th is contribulÎon we will provide an overview of thc prCSC IIL obser

val ionaJ state of affllirs concem ing lhe di" trihution of galaxjes and the 
structun: traO.:d out by the matter distribut ion in our Univcrsc. In (on
jWletioll with thc insight on the dynamics of I,he slruclure fonllillioll pro
cess obtaincd through the mapping of Ihe peculiar vclocitics of galaxics in 
our local Uni verse and the inforlllalioll on thc embryonic circll rllstances 
thai pre\'ailed at the epode of rccombinution yieldcd by the variOUI! ('os
mic Microwave Background expcrimcm s, we seek lo a rrive at IJ. lIla re or 
lcs» eompelling theoretical fra mework of Ijlmcture formation, Thc tI1 (~ 1I 

al;pects of this framcwork of the rise of !;lmelure lhrough gravitational 
ins ta bili ty can probably he most readily apprecialcd through i1lustrative 
examplcs of l'ilfious scenarios, al; for instance prol'idee! by some cUlTent 
Ijlate-of- lhe-ar t N-body si nllllations. 

We wiU subsC<luently wrap up the ob!icrvational and rhcoretical ev
idcllce for the emergellce alld el'olutioll of structure in the UnÎl'crse by 
sketching the stage for the II ll imare Ha ly Grail of late 20tll century as
trophYllio;, understanding lhe saga of the formatioll of what are a rguably 
the most prominent and at t he same t ime intoxicatingly bealltiflll and 
intriguillg denizcll lI of our COSm08, the go /ann. 
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1 Cosmie Millutiae: the origill of cosmie struc
ture 

Wi th t. lle l,wcntÎct,h century d rawÎllg la a close we may be melancho lie a nel $Ce 

t hat hu man Îttationa lit y a lld cvil ran havoc on all un prcccdented seale , exposing 
the worlel t.a al most inCO Jlccivable levels of destructioll , terro r a nel ~uffcrillg . On 
t he other ha nd. we arc eq ua lly j usti fi ed in prid ing ourselves On particil>ating in 
an era o f unpara llclcd t riumph of t he hu man race, a century ruil o f tremendOlIS 
scicntific p rogress a nd en lightement. f orever Dur century .,." jll fi gure as I.he OIlC in 
wh ich the hu man mi1l(1 fi ll atly succeeded in unlocking thc scaJs ho ld ing t hc se<:rct 
to Du r cosmie origi 1l 0 Cosmology finally brokc 3way froll1 Îts mythologica l roots, 
and fOf t he first time sinec 1 he Oa wn of C ivilization t hc ccuturÎes a id qucs t. for 
t he o rigi n of t he world seems la have come across a well-fou nded a nd consistent 
a nswer, insc.ribed in the scicnti fic; epos of t hc ; ll ot Big Ba ng ' I.heory. The SIICCess 

of t hese relativistic, hOlllogeneous a ud isotropie Friedmann-nobersu;on- Walket 
Uni vcrsc models - incllldi ng Lhe repercussions fo t the sll bsequent lInfo ld ing 
of the physica l state of Univcrse - in desct ibi ng I.he struct ure snd evolution 
properties o f tllc lJnive rsc on g lobal sca les of many hund reels o f i\ lcgaparsec a nd 
beyond , is t ruely e ncha nting. 

I-Iowever. the F'riedm a nn- n obertson-\Val ker Uilivetse only reprcscnts t he cos
mos in its most globa l a nd unÎ\'crsa l contex t : it, does no t. eOlltain a ny explanatiolJ 
of its OWII o rigill , no r o f the state or even t he existenee of its cOllstituent,s. It 
does not go la a ny ext.cnt in explain ing why thc Universe is Olle ha rbouring a 
wea lt hy intern al st ruct lire. i\'lo rcover . t he past t hree decades ha ve SêCn a radiea l 
tcv isioll o f OUt view of t he struetural o rga ni zatioll of matler in our Uui\'ersc. 
'I'he ca no ll ie view of a neatly hOlllogenous, fea tureless Uni verse on scales target 
t h8n a few i\ lega pa rsec gat eomplctcly ovcrllauled iuto onc displaying a baf
ning richncss, I>opuialed by an astonishing va riety of object,s. As a matter of 
ill ust ration, whcn Lurn ing to Figu re I , a map of thc distributiotl o f galaxies 
y ielded by the Las Campanas survey (e.g. Landy ct al. 1996), we see that t he 
image of a homogeneous Univer:;e is rar besides truth , and ('annot be 8nytlling 
bul. an a pproxi mation of rcality, val id only fOt t he Universe on g lobal scales. 
Within cosrnology thc is.'me of thc fOflllut ion of structllfe has t hcrcfo re gt adll
ally ma nocu\' roo itself lO the fo refro ll t of seicntifk interest , Not only because 
il. ril! :> in all obv ious hiatlls in t he F'ried m a nn- Ilobcrt son-Walker modcls, but 
also becausc we have come to rcalize t hat a n Ulldersta ndi ng of t hc structure 
format ion ptocess is o f kcy s ignificanee in unravelli llg t he primordial physÎca l 
proeesses dctcrmining Ihc evol utioll alld fate o f I he Ull iverse ilself. Whilc we 
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Figllre L Thc Las Campanas r« lshir,. survey. Thc figure displays thc thrcc
dimensional positioll of 2&1 18 galaxies in 6 thin sl rips 011 t.hc sky, Thc total survey 
COlli prises ncarly 700 square dcgrees, with each strip mca.sUling a 1.5" xSO" rcgioll on 
lhe sky, with lhe survey extcnding out l O all crrecLivc de pth of upproxi matcl,l' 300 
Mcgaparsec. Clcarly visible are lhe spongclike featUl'cs into which thc galilxics hm'c 
organizcd t hcl1I :>elves, with filamctlls alld walls surrounding I'oid regions wil.h charac
teriSlic sizes of lhe order of 50 Mpc. CoUrlC8Y: Sht:ctman, S., Sdwchter , P. , Oem ler, 
G., l{irslmer, B., Tuckcr, D., Landy, S., Hashimoto, Y. &. Liu, H. 

lIlay have t hc impression that objects alld s i,rud.u rcs rangi ng rrom planets, stars 
up lO supercl usters are bu t cosmie minuLiae, we shou ld rea lize t hat it is a ften 
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millllLi ac t. hal, are the punctu3tioll rnarks ellabling us lo systematiz:e thc flood 
of inforrnat ion teaching us from C08ll1ic rcalms Ilito ncw levels of [llsighl.. 

T he centra! ullsolved r[ddlc of cosmology !tas thercfore becorne t.hc question 
of how the nea r pcrfect ly homogcncous, featureless, cXLremcly hot and dcnsc 
early Universe gave rise to the wealt,h and variety of structu re whieh make our 
COSnlOS iuto such a fascinat.ing world to live in . Instrumental in solvillg th is 
puzzle is the realization thnt OU t Ulli verse still contt\i ns cosmoJogical fossiJs , 
st.rucLu rcs and physical properties thaI. still contain traccs of thc processcs thaI. 
have been responsiblc fOt thc emergence of all t.he objocts a lld sttuctures pop
ulati ng our cosmos. Thc way in which matter bas arranged jt sclf on sealcs of 
a few up to scveral hundred J\I egaparscc, and has e\'olved suHicientl y far to 
yield observable manifestations of thc growth proccss whilc its maüer content 
and in tern al Illotions have not yeL been blended LO such a n ex lcnt lhat they 
no longer oontain a lly directly aud objcclively ret rievable in formation on thc 
strllcture forrna~ ion processes. 

These fossils reveak-d themselves as cosl11ologicaJ research in thc sccoud half 
of the twent iet h ccn1 Uty çamc across the cxistcnce of a rieh and beforehand un
expected orgal li zaLion of maLLer jnto structurcs over a large ra nge of seales. The 
structurc of these matter arrangements has been unveiled through the mapping 
of the galaxy distribution . over a subs1 an1 ial range of cosmic history. Moreover, 
by virtue of its imprint on passi ng radi atlon from objects in the ba.ckground , 
snatching its Ly Q photons, cuhninating IlItO a forest of ' Ly 0" lineg, we arc 
even obtaining a reasonable iden of the distribution and physical state of dif
fuse matter popu lating tlre regions in betwcen idcntili able 'objects '. Even thc 
embryonic state of the cosmie matter d istributioil has been exposcd to scien
t ilic exploratioo through the detect ioll of temperalu re fluctuat ions in thc cosmic 
background radia tion, following the ground~breaking effort s of the CODE satcl
lile. We have even been able to obtaill iusight into lhe dynamics underlying the 
strllctllre formation process, as meticulous and carcful mcasurements of peculiar 
motions of galaxies yielded in form"tioll 0 0 the forces t h at have been shaping the 
organizatioll of matter. j\'lorcover, the chnnccs are high th at exploitation of the 
gravitational impact on the path of photons, usually phrased as gravitational 
leusing. will cnable us to get an unbiascd view of the gravitational potcntial 
th roughout. t be Un iverse. 

While we are witnessi ng a conti nuously ex panding innow of II CW da ta on 
cosmic st ructure, a sensible interprctat ion of these data cao only be achicved by 
provid ing a genera I I>hysical framework for s t.ructure formation and !'volution. 
Although thcrc have been sc\'eral theorics around , over the past decade one 
has d ca rly obtained the lead , most data at least partiall y oorroboraLing il,s 
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implicatiolls : the theory of G'mmlotionof Instabifil y. 

2 A Cosmological Footnote: Creation throngh 
Gravita tional Instability 

The finding by COBE of very small fluctuatÎons in thc temperatu re of l hc rni
crowave background radi at.Îon , and Îts ÎlItcrprctatioll in terms ofslight variatiotls 
of the grav ilational potcnt ial at the surfacc of last scatteriug , is a remarkablc 
cOHfirmat.ion of the gcneral theoretical framework of 'gravitational instabilit.y' 
for cosmie strucl.urc forrnatÎon. Accordi ng to th is theory t he early ullÎverse was 
almost perfectly smooth ext."cpt for tillY dCllsity variations with respect la the 
gencral background densi t,y of the univcrsc and rclated tiny vclocity perturba
tions wÎth respect to the general Hubble expansioll . Bccause slight dcnsity ell
hanccments exert a slightly stronger grav itational atlraetion 0 11 I he surrounding 
malt.er , thcy start t.o accrete matcrial from t.heir surroundi ngs as long as pres
sllre forces are not sumcient to Coulltcraet th is in fall. In t his way an overdellsity 
becomes even more overdense, and its gravit.ational illflucncc even stronger. Thc 
clcnser it bccomes thc more it wil! accrctc, rcslliting in au inslabi lity whieh cau 
ult imat.cly causc the collapse of a density fluctuation \.0 a gnl\'i tat ionally bou lld 
object . This gelleric process of strud ure formation is illustrated in Figurc 2, 
display ing a density fluctuatioll fi eld , the eorresponding force field and the sub
SC<luent displ aeement of parcels of maLler. The si'l.e and mass of thc objcci 
is of course dependcnt on the scale of thc fllI (." tuation. For examplc, galaxies 
are t hought 10 havc formed out of flu ct.uations on a scale of ::::l O.5h- 1 Mpc, 
while clusters of galaxies have emergcd out of fluctu atiollS 0 11 a Ia.rger scale of 
R:: 4h- 1Mpc. The forlua tion of voids fi ts in Ihe sa me general scheme, having 
grown out of primordial underdcnsitics in thc matter d ist ri bution. 

Although providin g the general rramework , t.he gravitational instabi li ty tht..'
ory nee<:ls 10ts of detai ls to be fillcd in berore it cau be considercd a complete 
theory. There is or course the is.'me or thc amount of matler reprcscntcd by 
a dcnsity flllctliation , as more massi ve fluctuations will coll apse sooner. Givcll 
the ampli t ude of thc fluctuations, thcir tota l mass is detcrrni noo by the averagc 
cosmologi,al density, paramerized by n. Thc very low va.lue of the amplitude 
of the primord ial density flud uations infcrrcd from the CORE MWB measure
ments is a strong argument in favour of a high overall dCllsity of the universe. 
O thcrwisc, density flu tLuations would simply not have had sufficient ti me to 
collapse on all thc scales thaI, Ilowadays are observed to cxhibit sa much struc-
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ture. Also some other observational ind ications support a high value of 0 , which 
has the important implication that most likely thc major share of mal ter in the 
uni verse does not cOnsist of farn il iar baryons a nd leptons but of onc or more as 
yet unidcntified species of 'dark matter', 

T he natu re alld amount of dark matter is a lso of subs tantial influellcc in 
determin ing thc character of thc initial densi ty aud f1u ctuatiOIl field , probably 
the most crueial issue in I,he structure forma t.ion saga . Rather than cOllsisting of 
same isolated , wcll-dcfincd a lld smooth density pcaks and d ips. cach of i,s OWIl 
panicul ar scalc, Lhc dClIsi ty fi eld ea n be thought of as a random superposition 
of flud ual.iolls at various seales. It wi U therefore beat thc characLcr of a noise 
fi eld , 'a random fi eld ', a random superpositioll or waves much like thc su rface 
of the sea ai rough wcather. Evident ly, t.he waves with the largesl. amplit.ude 
will collapse fi rst. The charactcr of the density field evolution wiJl thclI depend 
on tne rclaLivc amplitudes of Lhc di fferent waves. One extreme case is that of 
small scale waves having by far the highes1. amplitude. They wi lJ collapse iuto 
viri alized o bjects weil befote a larger sca le pert.urbation , in which thcy are pos
sibl y embcddcd , starts to collapse. Consequenlly, we will sec a hierarchical or 
' bottom-up ' bui ld-Ilp of structure, whete slI1 all objects that formcd first rllerge 
inw larger structures, which themselves merge la fa rm galax ies, cluster of galax
ies, and sa 0 11. The other ex treme is thaI of the case in wh ich thcre atl' only 
pertu rbatioll:; on large scaJes, wit.h no cont ri butions from smaller scales. In such 
a ' Lol>-down ' scellario the IÎ rst emergin g SI.t llct Utes form through 1.IJe collapse of 
t.hose large scale perturbations. In the most popular versions of ' top-down ' the
ories these object.s would correspond to supercl usters. Subscq uently, smaller 
objects Iike galaxics have to forrn through t hc fragmentation of these collapscd 
large objects into smaller pieces, an as yet most ly not undcrstood process ill 
which non-gravitational gas proccsses play a kc)' role. 

Thc ronnation or anisotropic struclural patterns in these random dCllsity 
fields is thc COllseq uellce of all additional chatacteristic propcrty or gravitational 
coll apse. Overdcnsities, on any scale and in any scenario, always coll apse such 
I.hal. they become increasi ngly anisottopic. At fi tst they t urn inLo a fiatl.l'uoo 
' pancake', later possibly followcd by oon!raCIÎon into an elongatcd filam €'llt or 
by full collapsc iuto a virialized d ump likc a galaxy or a cl uster. This tl'udency 
lo ooll al>SC a nisatropically is callsed by thc intrinsic primord ial fl a tteniug of the 
overdensity as weil as by thc anisatropy of lhe gravitational force field inducoo 
by the external matter d is tribution, i.e. by tidal farces. In the case of a pu re 
hierarchical scenario the ampl itude of large scalc overdensitics will be sa 10 11' 

lha1. they will nOl. really have sta rted thcir anisot ropic coll apse bcforc the s llIall 
scale overdcusities have turned iuto high-density virializoo cl umps. Instead of 
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Fig ure 2. lIIus t rat iOIl ofstnlcture formation through gr,wital ional instability. A cut 
through a raudom density field realization is displaycd in thc upper lefthand frame. 
Thc çOITt:;;ponding force fidd is shown in the upper righthand frame. T hi" force fiel d 
induces malter displacemcllt, leading up 1.0 a dis tribution of maller shown in tlle lower 
lefth alld çom cr . Compare t his wilh t lle corresponding st rcamillg \'cloçities in d Ie lower 
righlhand frame. 

appca ritlg like a la rge coherent anisotropic st ructure thc rcsulti ng large sea le 
ma tter dist ribut io ll willl,hererore more rcsemble a mere incoherent a lld shapclcss 
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dcnsity ennaucerncllt in t he Ilumbcr of srnall durnps. On thc other hand , ilJ 
less extreme hicrarchical scenarios large tiCale dcnsity fluctuatiolls will have an 
ampli tude high cnough such thaI. by thc time sma ll scale dumps have cOI'npletely 
colJapsed thc large seale structure in which they arc embedded will al ready have 
COIILracted s ubstantially. In those cases we ex peel. lO see morc or less coherent 
walls and fi laments in which I he smalt scalc dumps stand out likc beads 011 

a string. Finall y, in thc luost extreme ' tol>-down ' case wc will ollly sec the 
anisolropic contractio ll of a large sealc object like a superclust.er. T hc resul ti ng 
pattern wi11 be O Il C of a uctwork of filaments and walls without auy intcrnal 
structure. 

3 Cosmie Symbiotics: Large Scale Structure and 
GaIaxies 

Frorn above it is already d ear ~ha l. galaxies play a cent ral role in the efforts 
to map the st ructure of the Uni verse anel to comc 10 an encompassi ng theory 
of 8truc tu re formation in the Universe. ,,'his immcdiately exposes a precarious 
issue withi n thc whole framework of st ructure format ion. What is the role of 
galaxics·! What is t heir nature? 

Although obviously a subjective view, there is same right in considering 
galaxies a re amongst t he most beautiflll alld mesmerizing objccts in the Uni+ 
verse. 1'0 same extent au tarkie en t i ties, cosmie ei ties harbollring a lld organizing 
all t he ingred ieni s necessary for bringi ng forth highly complex states of mal .... 
le r organization. li ke stars, planets, and even somethillg we describe as 'Iife', 
t hcy a rc at 1.lle same time the beru;ons of the Universe. ~ I ain ly l hrough their 
ex istence have we been able to sLudy t he structure of the Universe. 

Obviously, t he hope is th at by mappi llg the galaxy distriblilion we at the 
same time obtain a representative map of the maUer distriblltioll . Ilowever . 
t hi8 is on ly an assumptioll , a crueia l one that theoretically has st ill not been 
justificd. 'l'here are !lome a posteriori ind icatiolls t hat it is indeed truc on seales 
of a few Megnparsec and larger. However, 110 cOlllpelling t lJcory exists of how 
a lld where galaxics would form wi. hi n the large seale organizatioll of matter. In 
order to extract fi tlll concl usions in our search for cosrnic structure formation, 
we therefore Ilced to gel ft bel.ler unders~allding of thc biased vicw that the 
dis tributio ll of gala.x ies represents, and hellce or the process of gA laxy form al.ion. 
While t his obviously is of prime importa nce in relating lhe galaxy and matter 
dist ri but ion, it is evclI t ruc for the more objecti ve, b UL less de~ailed, probe 
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of toe matter dist ri butioll ofrercd by lIleasured peculiar veloeities. Whi le we 
are probably not fa r from reality assuming th at galaxies float along ..... il.h all 
other matter currents in toe Universe and therefore lhat Lheir pcculiar veloeilies 
reprcscn t excellent probes of the underlying velocity field , there still remairrs the 
possibiliLy I.oere is same level of ' veloeity bias'. 

I-I crc nature plays a t rick on us. The forrnation of galaxics is not a pu rely 
gravitational matter, and toerefore not one produeing configuratioJls readi ly 
retraceable lO its cosrnic origin arrd shaping agcll ts. On the contrary, it is a 
oighl y complex and dissipat ive busines.'J consisting of a subtie interplay between 
gravitational , rad iativc aJld hl'drodyn:un ic processcs on a range of seales. Tlr is 
complex inr.cractioll incorporatcs cooling processcs of gas, ultim atcly Icading lO 
the formal.ion of stars, aud feed back proccsses of ex ploding s t.ars, errr iching gas 
by heav ier elements, while radiation emi ttcd by stars and the galactic anel cosmie 
backgrounds will counter the cooting of gas. This makes it impractable lO try 
lo understand galaxy fornlation on lhe basis of I.he structure aud kinematics of 
galaxics t hemselvcs alolle. The hope is that inferences about larger struct urcs 
over a range of seales mal' be extrapolated to galaxy seale, provid ing t lle initial 
setting of protogalaxies. 

Whi le this is arguably one of the tl lost import.ant yields of large seale struC~ 
ture studies, we are at the sallle time caugllt in a web as we have already seeu 
Lh aL a complete alld objeetive assessrneu t makes it neeessary la understand 
the process of gataxl' fo rmalion . Big strides towards the ultimat.e rcsolution 
of the structure formation riddle therefore implies a hand-i n-hand progress in 
theoret ical undcrstanding and observational ind ications. 

In an efTort lO painL t lle cosmie environment in which galaxics are asscm
bied , in the hope of clearing up the environmental im pact on the emergence or 
galaxies, we will first provide a descri ptiou of the obscrvecl large scale patterns 
ill the galaxy d istributioll . This will be followed by a short disclission of the 
efrorts towards explai uing the forma t ion of these patterns t hrough gravitational 
Înstability, uI il izing ever morc intricate sim ulatiolls of the evol u\.ioll of reprcscn
\.alive dist ri butions of particles. In this way we hope LO offer a framework fot 
the incorporation and interpreloalion of the role of the extreme reprcscntatives 
of the galaxy population wi t.hin the st rLlcl ure formation saga, sa that we mal' 
have a better understanding of how LO uti lize the subjccts of th is meeting, radio 
galaxie; at higlt redshift, as probes of their la rge seale envi ronment. 
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4 Fomning Delights: pattenlS in the cosmie mat
ter distribution 

During thc pas~ thrcc decades it was in particular major advallCCS in tclescope 
and deteclor technology I.hat, instiga t.cd a cont illuous ly stronger cfrort towards 
survey il lg a nd mapping ~he matter anel gal axy d islri but ioll in t llc Uni verse. Pen· 
et ra t ing prcviously unexplored swathcs of 1 he local Cosmos, syslcm atic gala:.:y 
tooshirt sur veys have uncovered the ex istente of a ll hitberlo 1I 11cxpectcd rkh ly 
pau crncd and fascinating organizaf.ion of matter on stales mngi ng from a few 
to even iieveral hundr<:d Megaparsec. Early hi nts (c.g. de Lapparent cta !. 1986) 
for the existencc of a foamlike textured galaxy distribu tion got st rongly corrob
orated as larger anc! more ambil ious surveys expanded t. llei r reach, establishing 
the image of a vast cosmie foamlike Iletwork ostcnsibly I>crvadi llg nearly a ll of 
the visible Ulli verse (see Figure 1, Landy et al. 1996). 

The frot hy geoJl'let ry is cvidcll l.ly Olle of the mosl. promi nent aspects of t hc 
cosmic fab ric, highlightcd by galaxies populat ing huge filameula,.y alld wall-like 
,. tructures, t hc sizes of the most eonspieuous Olies rcgularly cxeeed ing 1001. - 1 

1\-lpe. T hc d oses!. and best st udicd of these massi\'c anisotropic matter conccu
t rations can be idcntificd wit h knowIl supercl uster complexes, cllormous st ruc
tures t:omprising one or more rieh clusters of galaxies anel a plcthora of more 
modcst ly sized c1 l11ups of galax ies. Bot1101Ir Loca l C roup alld the Virgo cl us
ter are mel'nbers of sueh a sl.rueture, t he 1..0eal Supcrd usler , a huge f\ au cncd 
concelltra tion of aboUl. fi fly groups of galaxies in wbieh I.he Virgo d uster is lhc 
dominant a llel cent ral agglomeratioll . T he Loeal supercl uster is but a modest 
specirncn of ics c\ass, domi nated by only a nc rieh cluster. A far more prominent 
example of a supercluster , a llel arguably more canonic in terrns of Ulorphological 
charilc ter , is the Per5Cus- Pisees supcrcl uster (sec F'igure 3) . Oue lO its rdativc 
closcncss (approximately 55h- 1 Mpe), its charactcristic and sal iCll l fil arTIc/l ta ry 
goometry, and its favourable orictl l,ation perpend icula r to the lillc of s ight , it 
has bccome one of t llc best mapped anel mctieulosly stud ied supercl usters. I ~ 

is a hugc cong lomcra~ion of ga laxies thaL c1ca rly stands oul. on thc sky. The 
boundary of I.he supercl uster on the northern side is formcd by the fi lament 
running southwesl.ward from the Perseus cl uster, a majl.!s t ie chain of gaJaxies 
of t ruly imprcssivc proportions. IL has ti lellglh of aL least 50h- 1 Mpe <t nd a 
width of about 5h - 1 Mpc. Thc ridge possi bly extends even fur l,her out to a 
lotal lengt h of 14011- 1 Mpc, although obscurat ion by the Galactie Disk pre
vents fi rn. cotlcl ilsions 0 11 t his point . Along the major ridgc wc sec a more or 
less eonti nllOllS a rrangement of lligh density cl usters <I ud groups, of whieh thc 
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Figure 3. Tllc Perseus- Pisccs supercluster chain of gala)(iCli, Separate LWO

dimensional views of tile gala )(y distriblltioll in t he nOrthCl'1I region of thc Pisces
Perseus region. Thc uppcr panel shows tllc "kl' distribution of all galaxics in thc 
Q\'crall northcm survcy sample of Wcgncr, lIayncs &. Gio\'anelJj (1993), The regiou 
belicved lo ("Olltain Ihc Pisces-Perscus mai" ridge is olltlined. T hc lowcr panel shows 
the two dimensional redshirt distribution (rigIlt asccllsion- re<:essioll velodty Vo) for 
galaxics in tlLe ridge !'cgion highlighlcd in t.he lIpper panel. From Gio\'auelli & Ha.YIICIi 
(1996) , kindly pro\'ide<1 by M. Haynetl. 

most nOLable alles are the Perseus cl uster itself (Abeli 462) , Abell 34 ï a nd Abell 
262. All exquisit imprcs:oion of its strucl urc ca ll be obtaincd from the 2 1 cm 
line redshirt survey of some 5000 latc- typc ga laxies in t he Pcrseus regiou, by 
G iova llel1i , lI ayncs a lld collaborators (sec e.g . Wegncr , Hayncs and G iovanelli , 
1993, a nd Figure 3) , l,he most dctailcd swdy of the region c urrently available. 
In additioll lo t hc presenee of sueh huge liI arncnl s wc eau " lso disccrn vast pl a
na r assemblics În t he galaxy d istribution. A striking example of its kind is t he 
Grml wldt which was identified through the e rA:.! s urvey (Geile r & Huebra 
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1989). It constiwlcs a hugc planar assembly of galax ies with dimclIsions thai. 
are est imated to be of thc order of 60/, -1 x l i Oh- 1 X 5/1 - 1 Mpe, which !l as 
~hc Coma cluster of galax ics as its most prominent dcnsity enlmllcement . An
ether huge wall of galaxies in our cosmie neighbourhood has been found on the 
souLhern hemisphere (e.g. Da Gasta 1993) , addi ng ta the impressioll of thcm 
bcing ubiqui tous element! of cosmie structure. This impression got even more 
convi nci ng support afl et thc publication of thc results of l.hc deepcr Las Cam
panas rcdshifL survey (Figuee 1) . lts chart of 26,000 galaxy locations ÎIJ six thi n 
stri ps on the sky, extending out to a rooshift of :: ...., 0.1, currently represenLs thc 
best and most representalive imprcssion of oosmic structure av .. ilable. In the 
near future wc ea u look forward lO considcrablc extensiolls of thp, cosmic atlas. 
Tlte 2d F 3nd 510,111 rcdshift su rveys have cmbarked on a majestie enterprisc 
to probe t he galaxy distri bution of the Universe in hit hcrto unexplored regions 
of cosmic tcrritory, out to scales of .... iOOOh -1 Mpc (sec e.g. Lahav 1995, and 
website http://msowww.anu .edu.aurcoliess/ :.!dF/ for further detai ls and even 
same recent results of the 2dF survey, <lnd Gunn & Weinberg 1995, Margon 
1998 and website hu p:/ / ww w-sdss. fnal.gov:8000j for details and updates of the 
Sloan SDSS rcdshi ft survey ). Tbc compilation of morc than a million gal axics 
thcy st rivc af ter will fOt the flrs t time prod uce trucly uniform and representative 
samples of our cosrnic env ironment, a t rue voyage of discovery ... 

Not oli ly do we come across Iïl amclltary alld plan ar mass conccntratious. In 
faet, perhaps oue of t he most intriguing discoveries cln an3tiug from ex tcusi ve 
redshi fL surveys has been t he exis1.ence of large voids in t he galax)' d istribu t ion, 
enormous rcgions, sornet imes up to tens of r-.'Icgaparsec in extent , wherein few or 
no galaxies arc fOllml. The l30ötes void in lhe KOSS rcdshift surveys (Ki rshner 
et al. 198 1, 1987) was the fi rst of its ki nd to attract Lhc attell tion. It is an 
almost complcl.ely cmpty spherical regiou (however, sec Szomoru (995) with a 
d iameter of arou nd 60h- 1 Mpc and is sti ll rcgarded as the canonical example. 
\larious redshift surveys coveri ng large parts of the loeal Uni\"erse have shown 
that voids with sizes ty pically in thc mnge of 20 - 50/1 -1 Mpe arc a tommon 
feature in the galaxy distributio!! , at least up to a redshift of: ..... 0.5 (e.g. sec 
\logcley, Geiler & Huchra 1991 and Bcl langer &. De Lappareut 1995). 

We may thererorc cond ude that, filaments, walls and "oids are eminent struc
t UTal clelllell ts of Lhe galax)' distributiOIl . Moreover , a careful assessmellt of thei r 
distribu l. ion throughout space also shows thcm not lo bc merely independently 
and randomly scattcred Obje<:lS. On tbe cont rary, the galaxy maps clearly reveal 
the voids lo be gcnerically a.ssociated wi th surrounding density cnhallccments. 
In other words, the voids, filaments and walls arc not onl y outstand ing compo
nents of the galaxy distribu t ion. T hey also cOllspire by weav ing themselves il1to 

http://msowww.anu.edu.au/~colless/2dF/
http://www-sdss.fnal.gov:8000/for
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the beautiful foamli/.:e tapestry thaI. permcatcs our un iverse wherever wc turn 
Ollr gate (e.g. Figure I ). Within the frarnework traced out by the galaxy dis
tribut.ion they are both contrasl.ing as weil as eomplementaty illgredients , with 
the "ast under-populated regiolIs, (the voids) , being surrounded by /IJ(1f1.~ and 
jilam en/s. AL the intersections of the Jatt.er we of ten find the most prominent 
densi ty enhancemcnts in OUt uni verse, the dus/.ers of galaxies. 

Within the schell1e of galaxy clus tering and st ructurc formation these densc 
and ,ich clusters stand out as I,he apogee of objects thaL ean stilt be eOllsidered 
individually d istingu ishable cnti ties. Bei ng tile d ..... eJling sites of sometirnes up 10 

thousands of galax ies, they constitule the Inost rnassive coltapsed and virialized 
matter condensa. tions in I.he Universe. They appear 10 populai.e the high-mass 
lai l of a wide spectrum of galaxy ussclublies, from Slllall groups of a rew galax
ies, via solllewh at more substantial groups like our own Loea l Group li p to the 
true giants like the Virgo Clustcr or the even more maj estie Coma CllIster. The 
lJIajority of these groups and cl usters are strewil over tbc foamlike lIeLwork of 
fi laments and walis , constituti ng the oceasional dcnsity enh ancements rendering 
these structures lheir aften irregular appearance. Gcnerically, these groups arc 
t herefore SCCI! lo ooncentrate along t!te high density ridges of the cosmie net.
work , leadi ng up to Ihe sites where several filalnents and wa lls intersect, aften 
highlighted by t he prcsence of olie or more Illa.ssi ve cl usters. Morcover , the fact 
t hat the groups and cl usters seem la display a more pronounce.:1 cOllcent ral,ion 
towards the walls and fil aments of I he cosrnic foam t han thc galax ies thclllselvcs 
do is rct1ect.OO q U3ntilativcJy in l.he higher ampli tude of their two-point corre
lalion fUllction . In ot her words, t.hey seem 1.0 represent a more bi asc<1 tracer of 
the IInderlying dist rillU tiO I1 of mass. 

The ubiquity of I,he characteristic frothy cosltlic strUCtUfC over vast ex panses 
of the visi ble Universe has al ready been confirmed by the rcsult s of redshift 
surveys in very small regiolIs of the sky out to huge depths, the "pencil beam 
redshift sur veys" in sorne cases probing lo redshifts in t.he order of z ..... 0.5. Most 
famed amongsL il,s peers is the peneil beam redshi ft survey by Broadhurst, ct al. 
(t990) , whose conspicllOUS spiky rooshifI. distribution along a di rection towards 
thc Nonh Ca laetic and South Galactic pale at t he time got an ambivalent rece~ 
I,ion of surprise mixed with scepsis. NOlLctheles. .. , later work only strenghtened 
t!te imprcssion of huge peaks in thc onc-dimensioual redshift probes. Com
parison with shaJlowcr wide-angle surveys made dear I.hat the identificatiol1 of 
these redshirt spikes with Great Walls such as the one revea lcd by the CfA2 
survey was full }' warranted , the spi kes coilu:id ing with tbc loeaLions where the 
narrow redshift probes ",ere piercing throllgh the cosl"nic walk ~ I oreover , such 
decp peneil bca.m probcs make d ear tlla l pronouilced struct.u res 0 11 scalcs in 
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the order of 100 l\'l pc al ready cxistcd at surprisi llgly carly COSIllÎC epochs and 
thcrcfore argue fot a surprisingly earl y development of st ructure organization in 
the Universe. The most astonishing rcccnt corroboratioll fot such early act ion 
is Lhc recent statistical cvidence (Sleidel et aL 1998) fot a subslantiaJ level of 
clustering in the populatioll of thc so-callcd t yman break gaJaxies, at redshifts 
or even .: -3. 

5 The Cosmic Abacus: qua ntifying st r ucture 

Il ence, a substantial amoullt of observationa l cvidcnce seems lo illdicate thaI 
alrcady at a remarkably yOllug age the Universc sbed its primordial fcat ureless 
and pristinc cOlllplexioll , a lld set out lo forge thc scaffolds for thc construction 
of thc patterns thaI pe rvade OUt Un ivcrse on Megaparscc scales. In order to 
turn lh is q ualitaLÎve concl usion to furLher usc, and deeide willeh t heoretically 
propO$C(I scenario lay at t he basis of t hc obscrved patterns, we evident ly T1ecd .0 find and /or quantify t hose aspects of t he matter and gaJaxy distribution t hat 
tlrc as strongly d iscrirni nat ive as possible. Leaving aside t he highly complex 
anisotropic patterns, most work has cOllcemrated on t he fi rst orders of t be clus
tering proecss, cffcctively describing t he li kelihood and frcq ueney of over- and 
underdellsi.ies over a ra nge of sca les, as weil as LllcÎ t mu tual spati a l cor relatioll. 

T he standard cOlltent ion is t hM structure grcw from a random elÎ!i tri but ion 
of dens it)' nuct.ua tions 6( x) whose stal,istical properties a re dcscribcd by a Gaus
sÎaH distribu l.ion functÎon. In other worels, all its FoUtier cornponents 6(k ) are 
Jllutually independent and have a Gaussian d ist ri bu tion, wit.h its average ampli
tude det.ermined by the u(k) , usually denot.cd by thc name of ' power spectru m' 
P(k) . Physiea lly, .. he power spectrum expresses t he rel ative average magnitude 
of t he Fourier waves at every rele\'ant scale in J,he constit uent spatial dellsity 
field realiza tlon. The rclative clou! of j,he \'arious waves is of crucial importance 
fO f de.enninillg the outCOI1lC anel eharacter of the fi na l maLte r organizat ion. A 
prilllordiat fi eld with a blue s pectru In wiLh high amplitudes of slnaU sca lc waves 
wil! lead lo a scenario in which SIllUI) sca le cJumps will spring up as the fi rst 
discernable objects, while on t.he other hand a red spect rum wi ll yicld an cva
lutionary scenario more resem blillg thc ' top-dowu ' ullfoldi ng describcd earl ier . 
In fact , theoreticaJ work has come up with a hoard of aua lyticaJ power spectra 
whosc shapc and amplitude are delcrmined , global C08mologica l pa rameters like 
n anel the Uubble parameter Ho, anel a lso by thc nature of thc matter, Cll r\'ature 
of space, and several o ther factors. lts eletennillation from t.he obscrvatiolls has 
s uch a high priority in cosmological research, hellce the strong inccll t ive towa rds 
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recovering the power spectru m frorn observal.iotls rdal.ing to t he matter distri
bution over sca les ranging from those of the large Giga pa rsec scalcs discerned 
in the microwave background temperature ftuctualions, t hrough the hundred 
Megaparsec sca les whose fluc~uatiOIi S imprints ean be meilSured from 1 he large-
scale vclocity fi elds and cl uster cl ustering, down 1.0 nonlincar scales of a couplc 
of Mcgapa rsec, whcre it is hoped the galaxy distriblltion st ill oontai ns sumcicnl. 
informa tion . 

Detennin atiolls of t he power spectrum have been prcccded by <l. nd still go 
hand-iu-hand with a hu ge lunount of effort in describing the tluctuation fi eld in 
tcrms of the spati al F'otnicr transform of the power spectrum , thc oorrclation 
function é"(r ). 111 principa l, { contains exaclly lhe same alllolint of informatiol! 
as P(k) , aJtbough obscrvationaJ errors make it more pra(' tÎca l to determi ne ~ 
on small sca les, while its drowning in noise al. larger sealcs make the powcr 
spectrum the Cj uanLity of prcference on scales excC(.'(li ng $Ome 10 Megapa rsec. 

However, a llee gravitational instabilit y gets hold of lhe primord ial field and 
sta.rLs mou lding it Înto density fie ld realizal ions in which higher aud higher dell
sity peaks collapse to smaller and smaller part:> of space a lld low density regions 
ernpty themselves while seizing larger a ll el larger chun ks of the Uni verse, 11 0 11 -

linear gravitational processes start to cvoke larger a nd larger deviations from 
the initial Gaussian d istributioll fUllction. It therefore becomes more and more 
elabo ratc to characterize the clustering of matter. Fluctua t ions over a range 
of scales start to inOuence each ot her, with for instauce sma1J-scale density Cll
hancements in large seale overdem,c regions coll apsing ea rl ier than lhose in more 
barren regioJls of space. Hence, the various wavt'..8 start. to interad, alld t rans
fer power betwCCIl the different sca lcs. Anothcr proccss cont ri buti ng to power 
t ransfer bclween different seales is the tcndency of dCllsity enhancemcllts alld 
deprcssions to change shape: high dellsity regions will collapse to more and more 
anisotropic oonfigu ra1.ions, in the generic situation of them 1I0t being spherical , 
while low densil.y regions ex pand to a more spherica l shape. Thc ultimale out
come of the gravi1.ational evolu Lion is thercfore a field th at bceollles increasi ngly 
non-Caussian, in the sense of developing a larger and larger ampli tude of higher 
order correlation functions besides thc second order correlaiion functÎons. A lot 
of work was thercfore devo1.ed to dctcrmin ing $Ome higher orders of tbe corre
lation function hicrarchy, but at $Ome point t.his becomes all <l. lmost impossi ble 
task, the signal bei lig drowned in (he noise of the obscrvalions. Only in the early 
quasi-li near stages of gravitaiional evolution, when dClIsity flll cl.uat.ions are still 
in the order of ó - 1 it is still reasonable 10 ex pect t he lower order corrcJation 
functiolls will more or Icss fllil y quanti fy st rllcture. 

I-Iowever, ollce gravitational cl ustering sta rts la trallsform ti Ie density fie ld 
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Figure 4. A dens;' y field wi lh a characterisl ic (:cllular geomel ry (Ieft ), alld its 
counterp<:U't Wilh lhe same power sIH.'Ctnu n P(k ), yet scraUlblcd phases. T hc contour 
levels of t he righthand frame are chosen su<;h that ani)' posit ive J Ic\'cls are inclicalcd . 
At the lefthand side l ile dens;t y contours mllgc from Ó = 0.7510 Ó = 10. in 20 s t.eps. 
I~inear conlours in hOI.h lef, a lld right frame. Af ter a suggestion of Alcx Szalay. 

ill l0 one exhibiting a variety of Înlcresti ng paUerns over a vast rauge of scales, 
o llee collapsed and viri alized density du mps start 10 po p up, a lly hope of a (uil 
sta List ical qualltifica tion gets lost . Th ai. the power spect rum and correlation 
fU lict io llS arc not rully equipcd in quantifyi ng the ll108t coospicuolls aspects ef 
the emergi ng la rge scale stru cture can be d iscerncd frem Figure ti . Even only i\ 
superficia l look at Figu re I shows how much of s n esscm ial aspect of the matter 
distributien is t llen swcpt under thc carpeL In fact , t he power spect.rum does 
not contai n any infOfillat ion on t he fei\m1ike morphology of tlle matter d iSlr i bu
tion. Figure 4 d isplays t.wo density fie lds with cxactly thc same power spect.ru rn . 
Uowcver, while thc lcfthand one exhibi ts a beautiful foaml ikc morphology, thc 
righthalld ooe is but a feaLureless Gaussian fi eld . A lot of d fert has thcrcfore 
bccn devotcd to developing and dellniug stat istical qualltÎtics th at char;u;tcrize 
vario tls aspects of the matter distribution, in thc hope of lhem bei ng strongly 
discriminatory. However, a lot of t hese al1 empts producc merely heurist ic mea
sures, wh iclt have a poorly understood relationsh il> to the underlyillg scenario 
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of clustering. For iostance, mlnimulll spalllll lig trees and peroola.tion measures 
have gone same way int.o quantifyi ng filamentary struct ures, but as yet their re-
latioll Lo the initial power speclrum of fluctations is unclcar. Topology measures 
do have same quanti fi ed rclal.ion la the power spectrum, but its discriminatory 
virlues anel visual d arity are s till contentious, while the same ean proba bly be 
slated aboul. Minkowski fuoctiollals. Atlempls in qu antifying strud ure through 
a hiera rchy of fractal dimellsions are interesti ng, but useful olll y over a lirnil.cd 
range of sca lc:; where the various moments of t he density field exhibit sealing 
behav iour. Perhaps one of the most interesling and promisi llg approaches, bul 
as yet not rully understood , is the dcscri ption of struetu rc in terrns of wavelcts. 
Although at first rcc('iv~l in the cosmological community wÎth a huge grain of 
scepticism, there are strong indiea tions from other !leids of physics that they 
are indeed vcry suitable characterizations of non-trivial paUerus in nature (sce 
e.g. Bowman & Newell 1998). In addition though, we should cont iuue La study 
in ma rc detail the structure of the dcnsity fj elds withilI the well-kuown realms 
of Fo urier spacc, and as.scss in a marc systematic way the evolutioll of phases, 
ph3:!C distributions aud phasc correlations t hrough the action of gravit.y, and 
fl ll in lhe meanings behi lld the buzz-words so often employcd . In other words, 
wc should start th in king about a holographic analysis of the obscrved as weil as 
sim ulated matter dist ri butiOlls. 

\Vhile cosmologists are pursuing the search for transparent 'mcasurcs of re
al ity' (Crosby 1997), a host of informalion about t he sl.ruclure formation sce
nario casti ng our Uni verse ean atsa be obtaincd by a complementary approach, 
producing theoret ical realizations of nonlinear matter distributiolls for a host or 
scenarios and cOlllpllring t.hem both by their visual impressioll as weil as through 
t he various statistkal measurcs th at we can find in our tooIbox. 

6 Cosmie Pretensions: simula ting structure for
matioll 

As it appears lo be a forbidding ta"k to infer di rect in fercnecs from the ObsCfved' 
1l0nlillear galaxy distri butiOIl about t he va!id scena rio of structure fo rma t.ion , 
olie ean also pursue allot her approach. This approach eompriscs the simula t iOIl 
of 1I01l linear mass dist ributiolls in one or more structure rormation scenarios. 
An adcl itional advantage is that it. not only allows a qualltitative comparison 
with tea li ty, through a cOlnparisan of similar statistical quantificatiolls, but also 
a still very usefu ! qua li tat.ive assesment by coml>a ring the visua! impression of 



358 van de Weygaert 

the obscrved Uni versc 1I'11,h t hat in thc simulal.ed por tioll of the Ulli vcrse. In 
fact , whilc we have seen that. we are st ill faiUug 10 charactcrize stri king patterns 
and properties of for illstance cellu lar matter configuratiolls , this is an cssential 
tooi in thf' st,lIdy of large sca le structure. 

Progress lu the;c structure evolution sirnulatÎolIs have been lremcndous by 
"i rtue of a con tinous and au accelerating increase in avail able computer power 
and avaiJabJe memory space. Several decades ago thc carly modest partide 
si rnulations CDunted at. best a rew hund red part icles, a lld thc first in fluential 
struct.lI rc form:nion simulations of thc Cold Dark Matter scenario compriscd 
32,000 particIcs (EfstaLh iou ct a l. 1985), whllst the st.a ndard simulation ai 
ptCliCnt al ready (;on~ains at least several million particles, with sta!e-or-the-art 
simtdations excced ing even a billioll particles. 

The basics of sttuct,ute rormation simulations can be shortly su mmarized. 
A realization of a ptimordial deusi!.y and veloei!.y fluct llation fi eld fot a spe
d fi c scenario is gCllera ted . lts st ructure is subseq ucntl y d isctet ized by a fini l.e, 
yet very la rge, IHlI nber or particl~, usua lly or cqua l mass . Evolving this dis
tributioll slight ly through a ll analytical approximation or matter displacements 
in the early quasi-linear stage or clustcring, the Zel'dov ieh apptoximation, the 
stage is set ror an ela bora te SC<luel through an N-body code lh at is capable 
or rollowing the ruJl nonlinea r evolutioll by solving fot each ind ivid ual particIe 
thc eq uations or motioll at a sequcllce or ti mesteps. Oversimplifyi ng variOlIs 
di nerent ways or pc tforlil ing these N- body si mulations, the ustlal st rategy is to 
ill tc rpolat.e the particIe disi-ribution lo yield a density fi eld which in t urn yields 
!,he tlllderlyillg gravilatiollal potential field t htough solving the Pe isson C<lua
t ien . After hav illg done so, we ca n intcrpolate back lO the part.id es to yield 
their gravitational acceleration, and subscqucntly I.heir velocity. By deing this 
at a myriad of timcsteps, ror a huge ntlm bcr or pari iclcs, we hope to obtai n a ll 
idea of the iutricacies or nonlinear gra\' itatioual clustering. Au illustratioll or 
sueh a sequcnce or 12 t imesteps is givell in Figu re r.. showing the e\'olut ion or a 
dump of matter wit.h a mass in the range of that of groups or ga.laxies like our 
own Local Group . 'J'hc contin uous accretion and concentration of ever larger 
arnounts or matter is clca rly born out , as is the rather anisotropic nature or t,he 
whole proccss. 

A lot or cfrort is devote<! te sÎmulate the Universe to greM deta il over a 
range as large as possible, in all aUempt la ad here to !he pu rest dcfin ition or 
'simu lation', t rying to reproduce reality in all ils aspects (sce e.g. the work or 
the Virgo cousorl,ium , e.g. Pcarcc & COllchman 199ï) . While t h is e bviollsly is 
necessary if ever we wish lo have confidence in our model Univcrscs describing 
tlle rea! Uni vetse, it aUlomatically biases scientific efforts towards t tying LO ce n-
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Figurc 5. An itJus t rat ion of gra\'itational clustering and collapse. The dc \'c1opmenl 
of a smal! region in a 100/1- 1 ~, .. Ipc bo)(, wîthin thc 1I1andard CDM scenario, is followed 
in a scquence or 12 t imc steps , goillg from left to right, LOp 1.0 hottom. Tlrc final 
t imestep, bot tom right , shon!d t'o rrespond lO the present epod l, (I = 1 (F'rom Van dc 
Weygaert & \'iUl Albada 1996). 

centrale hugc amounts of manpower and fin ancial resourCCl> towards th at olie 
goal. However, there is sti ll amplc spacc for a cornplcmentary approach, ar-
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guably as lIeccssary towards obtaining an undcrstanding of tbe act ion of gravity 
in shaping OUt cosmie environment. 

Wh ile t he lIla5sive slat.e-of-t he-art sim ulat ions t ry to reproduce t.hc real Uni
ve rse, and , herefore comprise all t hc different detaHed pro<:e5SeS whosc interae
~ ions conspire 10 produce the I1l1al mass dis t ri but. ion, a ru il lIndersl.andi ng ca n
not be rcael.cd without tryÎng 10 isolate and ullderst.and t hc various relevant 
proccsses alld physica! factors. In a iher wa rds, is it possiblc to pu rsue a. morc 
Jabo ralory orientcd approach, 1I0t t rying to reproduce t he Ulliverse in a ll ijs 
cha rrns, but. tather conccntratillg of one or a few supposcdly relev1lnt factors. 
Thc in sight providcd t.hrough SUdl all approach wiU reveal more clearly the rel
ative importance of physical processes, quantities and matter conligurations in 
the ru ll-blown la rge simulations. 

The laboratory approach hintc<1 at above is what we st.rive for through sim
ulations ba.sed on constrailled field realizations (see Bcrtschinger 1987, Hoffrn an 
& Il.ibak 1991 , Van de Weygaert & Bcrtsch inger 1996) . Figure 6 ill ustrates lbe 
basic ideas behind sueh const raÎned field realizations. lts top lcfth and panel 
iII ustrates thc imposed sel of consl rainLs by means of the mcan field J, wh ieh 
is set by t his part icular set of constraints and constraint values (see Van de 
Weygaert & Bertschinger 1996). Tbe constraint set illvolves tbe peculiar ve
loci ty allel tidal fi eld at thc cent ral location of the simula tion box. 1'0 yield 
genu ille realizations of a random field obcying the cOllstrai nt set , a residual field 
is added to thc mean field . This rcsidual fleld contaÎ lIs I.he fluctuations int rinsic 
to a field with the relevant power spectru m. Thc four cent ral and right hand 
panels display fout d ifferent random realizatiolls adhering lo these constraints. 
Wh ile the overall paHern of t he mean field ean c1early be rccognizcd in all fO llr 
randQll1 realizations, thcy also sho .......... here and on what scale 1 he reali 'latiolls 
call diffet from one lo the other. Clearly, around thc locatioll at whieh the con
st raints have been specifi ed , the variation amongsL thc realizations is lIegl igible. 
Furlhcr out it approaches the gencric varÎaLion expected for unconstrai ucd ran
dom fields. Also, smaller scales are far less affccted than 1 he scalc at whicb the 
constraints is set . in lhis case a Gaussian scale of R, ;:: 5h- 1 Mpc. To quantify 
aud summurizc the variations betwccn t he different, realizations, the bottom 
lefthand panel is the contourmap of the vallIe of thc variancc of the fi eld rea l
izatiolls inside the slicc, ru nni ng from 0.0 at thc centre to 0"0 Rl 0.95 at thc edge 
of the box. Notc th at in th is partieular case, with t hc constraint concctlling the 
value and configuration of thc tidal field at thc centre of thc box, the presence 
of astrong strai ning tidal componenl, along t he z-axis, in combi llation with 
compensating comprcssillg componenis aloug the 1r and z-axÎs aUlomatically 
Împlies a pronoullced quad rupol ar mass disl.ribui.iou, ul timately evolving iuto a 



t argc Sca/c Structure: tllC stage for gaJaxy formatiolJ 361 

• 
F ig ure 6. T he varianee of const rained random fi eld reali1.ations illuSlratoo by means 
of çontour density maps in a 5h- 1 Mpç thick centra! slice in a l00h - 1 Mp<:: box . Sec 
tcxt (from Van de Weygael1. & Bertsdlinger 1996). 

configu ratio!! of two massive c1u mps conllcctecl by an elongated thinner bridge 
jn betwcen them. l'lellce, th is explains the freq uent ly melltioncd and observed 
con ncction betwcen clusters of galaxics and filaments (sec e.g. Bond , Kofma n 
& Pogosyan 1996) ! 

A part icular insightful I:I I)plical.ion of t his idca is by t.a killg the constraints 
from observcd reali ty. For cxample, the densit y field in the local Universe as 
impl icated by the local cosrn ic flow fi eld. ' I' his local flow fi eld can fo r inslance be 
obtai ned 1 hrough interpolation of the measured galaxy peculiar velocit ics listed 
ill the Mark 111 calalogue (e.g. Willick et al. 1997). Arguably the best cst imale 
of the corrcspondi ng linea r density fi eld in t he local Uni verse, the anc with the 
highcst signal-to-noise level , is obtained through the application of the Wiener 
fil ter technique developed by I-I offman, Zaroubi and collaborators (see Zaroubi 
et al. 1995). Thc latter is the de facto mean fi eld of all resulting realizatiolls ilTl
plied by the measured cosrn ic flow field and corrcspondil1g measurement errors. 
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Figure 7. Four constrained realizatiolls of thc lIonlincar evoilltion of our lo(;aJ Uni
verse (see text , Van de Weygaert & Hoffman 1998). Ba...-ed on a Wicllcr recollstrocLÎOI1 
of thc loeal density fjeld 011 I he basis of the i\I l\1'k 11] catalogu e of ga laxy peçuliru' 
\'clocities (Willick cL al. 1997). T hc extended COllcenlralÎons of mMS disccm ablc 
towards riJ{: upper lcJthand quarter of a ll four rcalizatiolls may be resarded as the 
kins of thc Great Attractor, while 10 rhe lower righthand side somethins akin 10 thc 
Perseu".. Pisce8 superclusl,cr eall be seen. 

Subsequently, on t he prelllÎse of a C OM Universe ..... i1h n :;:::: 1. , fo ut d ifferent 
rcalizations wetc generated by add ing appropriatcly constrained noise !leids to 
the Wicncr fil ter reconst ructed fi eld . l b th is end we invoked the Horrman-Ilibak 
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constra incd random fi eld rccipy (Uoffman & Ribak 199 1, van de Weyga.ert & 
Berlscbillger 1996) . The resulting lincarly exn apola tcd density fjelds are uscd 
as init ial dcusity field rca lizations, and tbcit furtber nonlinear evolut.ion is fol
lowed by means of a p3 M N-body code. Tbc ou!.come aL an cxpansion factor 
a = 0.8 for the fOUT different realiililtions a rc d isplayed in .. he four panels, ea.ch 
panel reprt:scnting t lle particIe dist t ibution in a lOh- 1 Mpc th ick slice th rough 
thc ccnt re of thc box , wh ich corresponds to our position in thc cosmos . The 
extended mass concentration to the left. band side shou ld correspond to possible 
realizat. ions of the Grent Attraet.or region , wh ile towatds the lower right hand 
side one ean recogllize a matter conecll t ra tion thilt in the case of our real Uni
verse is ea llcd Perseus- Pisccs supercluster (sec Van de Wcygaert & Uoffman 
1998). 

Clcarly, in t his way we will be able \.0 sylltcUia t.ically cxplotc various physi
cal effects at work in our local neighbourhood. 1\ lIowledge obtai lloo from these 
assessments ca u thell bc illcorporated in all allal ysis of a flill -blown super-duper 
sim ulalion. In this way we hope lo craw l fu rther and furthet towarcls a configu
ration resembli ng as closely as possible the la rge-scale environment in which we 
li ve, setting the scene for sol ving maybe the most mesmerizillg ridd le of them 
a ll , t he 1I 0ly Grail of 20tlt century cosmogony, the creation, t he rise, evolutioll 
and growth of those jewels in the 'crowil of creation' (J cfrf' tson Ai rplane 1968) , 
the golo:n es. 

Acku o wled gclnen ts I would likc lO t haII k Gernard Jone8 for llscful suggcs
tions aud fri end ly commellLs, t he editor Hu ub Röttgering fot his almost infinite 
pa tience, and in particular Vincent, k ke for the !\'1casurc of Reality. 
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