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1 Intr oduction

One of the moststriking examplesof a physicalsystemdisplayinga salientgeo-
metrical morphology and the largestin termsof sheersize,is the Universeas a
whole. The pastfew decade$ave revealedthaton scalesof a few up to morethan
ahundredViegaparseche galaxiesconglomeraténto intriguing cellularor weblike
patternghatpenadethe obsenablecosmos.

The key structuralcomponentof the galaxy and cosmic massdistribution (see
g. 1),

Clusters
Filaments
SheetANalls
Voids

arenot merelyrandomlyandindependentlygcatteredeaturesOn the contrary they
havearrangedhemselesin aseeminglyhighly organizedandstructuredashionthe
CosmicFoamor Cosmic\Web. They arewoveninto anintriguing foamlike tapestry
thatpermeatethewholeof theexploredUniverse Thevastunderpopulatedsoidre-
gionsin the galaxydistribution represenboth contrastingaswell ascomplementary
spatialcomponents$o thesurroundingplanarand lamentary densityenhancements.
At theintersection®f the latterwe often nd the mostprominentdensityenhance-
mentsin our universe therich clustes of galaxiegsee g. 1).

In thesenoteswe will delve into the obsenationaland morphologicalaspects
of the CosmicWeh In the accompaying manuscript(van de Weygaert& Bond,
2005)we have presentedhe theorybehindthe emegenceof the CosmicWeb from
the pristine nearuniform Universe.The theoreticalframeavork of Cosmic\Web has
to be confrontedwith the information obtainedfrom a variety of sourcesOn the
obsenationalsidethe cosmicwebhas rst beenseenin redshiftmapsof the spatial
galaxydistribution. The recentsuccessn mappingthe spatialweblike dark matter
distribution by meansof weak lensingobsenationsforms a breakthrougtfor our
understandinof thelarge-scalelynamics Equallyimportantsourcef information
concerntheLy forestandthe WHIM, the imprint of the gaseousnaterialthatfell
into theweblike structuresle ned by thedarkmatterdistribution. Two aspect®f the
large scaleuniversedo play a specialrole in our study Clustersof galaxiesarethe
prime objectsin de ning the patternandstructureof the CosmicWeh On the other
handwe have the large voids asimportantstructuraland dynamicalcomponents.
They areof primesigni cancefor themorphologyof thelargescaleUniverse.

2 The Emergenceof the CosmicWeb
Towardsthe end of the seventiesa setof new obsenationsdid startto unveil the

existenceof coherentstructuresarger than that of clustersof galaxies.With the
review of Oort (1983)the superclusteparadigmestablishedtself asthe new view
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Fig. 1. The CosmicWeh The imageshaws the weblike patternstracedby the Dark Matter
distribution, at the presentepoch,in a Universebasedona CDM scenariolt concernsan
N-body simulationin a box of 200h * Mpc size. The threeboxes indicateexamplesof the
main structurecomponent®f the CosmicWeh Amongstothers theimageclari es the mu-

tual spatialrelationshipbetweerntheseelementsLow-densityandlow contrastwalls areless
prominentthanthe outstandinglamentary channelsvhich de ne the texture of the Cosmic
Weh Neartheintersectiorpointsof laments andsheetave nd high-densityclusternodes.
The gures demonstrateshe signi cance of the concept‘Cosmic Web”. Imagecourtesyof

Miguel Aragbn-Calo, seeAragbn-Calw 2007.

of thelargescaledistribution of matterandgalaxiesin the Universelt hadgradually
emeged as a result of variousearly galaxy redshift suneys of nearbyregionsin

the Universe(e.g.Chincarini& Rood,1975;Gregory & Thompson,1978;Einasto,
Joeveer & Saar,1980) and put on a rm fotting with the completionof the rst

systematicand large redshift survye,the CfA1 surwy (Davis et al., 1982). Along
with thesee orts camethe unexpected nding of the rst exampleof large cosmic
voids,the Bootesvoid (Kirshneretal., 1981).

2.1 Galaxiesand the CosmicWeb

It wasthe celebratedmap of the rst CfA redshiftslice (de Lapparent,Geller &
Huchra,1986)thatshavedtheconnectiorbetweerthe basicelementof the Cosmic
Webthatwasgoingto emegein themorecompletepicture.While it providedanini-
tial hint of theexistenceof the CosmicWebit wassothin thatit wasnotimmediately
clearwhatits true naturewas,whetherit werebubbles pancales,or somethingelse.
In recentyearsthis view hasbeenexpandeddramaticallyto the presengrandvistas
o eredby the 100,000f galaxiesn the 2dF- two-degree eld — GalaxyRedshift
Sunwey, the 2dFGRS(e.g. Collesset al., 2003),and SDSS(Tegmarket al., 2004)
galaxyredshiftsureys 3. Theseandmary otherredshiftsurveys have unequvocally
establishedhat galaxiesare locatedin dense compactclusters,in lessdensela-
ments,andin sheetlile walls surroundingvast,almostempty regionscalledvoids,
thestructuralcomponent®f the CosmicWeh

The rst impressionf a weblike galaxydistribution seenin the shallav CfA2
redshiftslicesgot rmly establishedsa universalcosmicphenomenotthroughthe
publicationof the resultsof the Las Campanasedshiftsurney (LCRS Shectmaret
al., 1996).Its chartof 26,000galaxylocationsin six thin stripson the sky, extend-
ing out to aredshiftof z  0:1, did provide the rst impressionof structurein a
truely cosmologicallyrepresentatie volume of space.The Las Campanasedshift
suney con rmed the ubiquity andreality of weblike patternsover vastreachesof
our Universe. Also importantwasthatit did not shav any strongevidenceof inho-
mogeneitiesurpassingizesof 100 200h Mpc.

This is mostdramaticallyillustratedby the map2dFGRSandSDSSmaps.The
publishedmapsof the distribution of nearly250,000galaxiesin two narrav “slice”

3 Seehttp://www.mso.anu.edu.au/2dFGR S/ andhttp://www.sdss.org/
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Fig. 2. SDSSis the largestandmostsystematicsky suney in the history of astronomyilt is a
combinatiornof asky surey in 5 opticalbandsof 25% of thecelestial(northern)sphereEach
imageis recordedon CCDsin these5 bands.On the basisof the imagegcoloursand their
brightnessa million galaxiesaresubsequentlgelectedor spectroscopifollow-up. Thetotal
sky areacaoveredby SDSSis 8452squaredegrees Objectswill berecordedo my, = 23.1.1In
total the resultingatlaswill contain10® stars,10° galaxiesand10° quasarsSpectraaretaken
of around1(f galaxies10° quasarsind10® unusuabtars(in our Galaxy).Of the5 publicdata
releasegl have beenaccomplishedie. 6670squaredegreesof imagesis publicly available,
alongwith 806,400spectraln total, thesky suney is nonv completelydone(107%),the spec-
troscopicsuney for 68%. Thisimageis takenfrom a movie madeby SubbaraoSurendrar&
Landsheg (seewebsite:http//astro.uchicago.edtosmugprojectésloargalaxied). It depicts
the resultingredshift distribution after the 3rd public datareleaselt concerns5282 square
degreesandcontainedb28,640spectrapf which 374,767galaxies.

Fig. 3. Equatorialview of the 2MASS galaxycatalog(6h RA at centre).The grey-scalerep-
resentghe total integrated ux alongthe line of sight— the neares{andthereforebrightest)
galaxiesproducea vivid contrastbetweenthe Local Superclustefcentre-left)andthe more
distantcosmicweh The dark bandof the Milky Way clearly demonstrates/herethe galaxy
catalogbecomesncompletedueto sourceconfusion.Somewell knowvn large-scalestructures
areindicated:P-P=Perseus-Piscesiperclustetd-R=Horologium-ReticulunsuperclusterP-
I=Pavo-IndussuperclusterGA="GreatAttractor'; GC=GalacticCentre;S-C=Shaplg Con-
centration;0-C=OphiuchusCluster;Virgo, Coma,andHerculesVirgo,ComaandHercules
superclustersThe Galactic "anti-centre'is front and centre,with the Orion and TaurusGi-
antMolecularCloudsforming the dark circularbandnearthe centre.Imagecourtesyof J.H.
Jarrett.Reproducedvith permissionfrom the Publicationsof the AstronomicalSociety of
Australia21(4): 396-403(T.H. Jarrett).Copyright AstronomicalSocietyof Australia2004.
Publishedoy CSIRO PUBLISHING, MelbourneAustralia.
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Fig. 4. The CfA GreatWall (bottomslice, Geller & Huchral989)comparedwith the Sloan
GreatWall (top slice). Both structuregepresenthe largestcoherentstructuralin the galaxy
redshiftsurveys in which they weredetectedthe CfA redshiftsurvey andthe SDSSredshift
suney. The (CfA) GreatWall is a huge planarconcentratiorof galaxieswith dimensions
thatareestimatedo be of theorderof 60h *  17th ' 5h * Mpc. Truely mindbogglingis
the SloanGreatWall, a hugeconglomeratef clustersandgalaxies With a sizein the order
of 400h *Mpc it is at leastthreetimeslargerthanthe CfA GreatWall. It remainsto be seen
whetheiit is agenuinephysicalstructureor mainly astochasti@rrangemerdandenhancement,
at a distancecoincidingwith the suney's maximumin the radial selectionfunction. Image
courtesyof M. Juri€, seealsoGottetal. 2005.Reproducedby permissiorof the AAS.

regionson the sky yieldedby the 2dFGRSsurneys reveal a far from homogeneous
distribution. Instead,we recognizea sponge-lile arrangementwith galaxiesag-
gregatingin striking geometricpatternssuchas prominent laments, vaguelyde-
tectablewalls anddensecompactlustersontheperipheryof giantvoids®. Thethree-
dimensionaliew emeging from the SDSSredshiftsuney providesan even more

4 It is importantto realizethat the interpretationof the Megaparsegalaxy distribution is
baseduponthetacityetcommonassumptiorhatit formsaafair re ection of theunderly-
ing matterdistribution. While therearevariousindicationsthatthis is indeeda reasonable
approximationaslong asthe intricate and complex procesf the formationof galaxies



8 RienvandeWeygaert& J.RichardBond

Fig. 5. The cosmicweb at high redshifts:a prominentweblike featuresat a redshift z

3:1 foundin a deepview obtainedby the Subarutelescopelarge scalesky distribution of
283 strongLy emitters(black lled circles),theLy absorbergred lled circles)andthe
extendedLy emitters(blue opensquares)The dashedinesindicatethe high-densityregion

of the strongLy emitters.From Hayashinoet al. 2004. Reproducedy permissionof the
AAS.

convincingimageof theintricatepatternsle ned by thecosmicweb( g. 1). A care-
ful assessmeimtf thegalaxydistributionin ourimmediatevicintiy revealsushow we
oursehesareembeddedind surroundedyy beautifully delineatedand surprisingly
sharplyde ned weblike structuresin particularthe all-sky nearbyinfrared2MASS

suney (seeg. 3) providesuswith ameticulouslyclearview of thewebsurrounding
us.

hasnot beenproperly understoodhis shouldbe consideredas a plausibleyet heuristic
working hypothesis.
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Thecosmicwebis outlinedby galaxiegpopulatinghuge lamentary andwall-like
structuresthe sizesof the mostconspicuousnefrequentlyexceedingl00h * Mpc.
The closestandbeststudiedof thesemassve anisotropicmatterconcentrationgan
be identi ed with known superclustecomplexes,enormousstructurescomprising
oneor morerich clustersof galaxiesanda plethoraof moremodestlysizedclumps
of galaxies A prominentandrepresentatie nearbyspecimeris the Perseus-Pisces
superclustera 5h * wide ridge of atleast50h * Mpc length,possiblyextendingout
to atotal lengthof 140h * Mpc. While suchgiantelongatedstructuresareamongst
the most conspicuoudeaturesof the Megaparseanatter distribution, lamentary
featuresareencounteredver a rangeof scalesandseemto represent ubiquitous
anduniversalstateof concentratiorof matter In additionto the presencef such I-
amentghe galaxydistribution alsocontainsvastplanarassembliesA striking local
exampleis the Great\Wall, a hugeplanarconcentratiorof galaxieswith dimensions
thatareestimatedo beof theorderof 60h * 170h 1 5h * Mpc (Geller& Huchra,
1989).In boththe SDSSand2dF sureys even moreimpressie planarcomplexes
wererecognizedwith dimensionsubstantiallyin excessof thoseof thelocal Great
Wall. At themomentthesocalledSDSSGreat\Wall appeardo bethelargestknown
structurein theUniverse(see g. 4).

2.2 CosmicNodes:Clusters

Within andaroundtheseanisotropicfeaturesve nd avariety of densitycondensa-
tions, rangingfrom modestgroupsof a few galaxiesup to massve compactgalaxy
clustes. Thelatterstandout asthe mostmassve, andmostrecently fully collapsed
andvirialized objectsin theUniverse Approximately4% of themassn theUniverse
is assembleth rich clustersThey mayberegardedasa particularpopulationof cos-
mic structurebeaconssthey typically concentrat@meartheintersticeof the cosmic
web,nodesforming arecognizabléracerof the cosmicmatterdistribution (Borgani
& Guzzo,2001).Clustersnot only function aswonderfultracersof structureover
scalesf dozenaup to hundredof Megaparsebut alsoasusefulprobedor precision
cosmologyon the basisof their uniquephysicalproperties.
Therichestclusterscontainmary thousandef galaxieswithin arelatively small
volumeof only a few Megaparseeize.For instancejn the nearbyVirgoandComa
clustersmore than a thousandgalaxieshave beenidenti ed within a radiusof a
mere 1.5h 1 Mpc aroundtheir core (see g. 2.2). Clustersare rst and foremost
denseconcentrationsf darkmatter representingverdensities  1000.In asense
galaxiesandstarsonly form a minor constituenbf clustersTheclustergalaxiesare
trappedandembeddedn the deepgravitational wells of the dark matter Theseare
identi ed asamajorsourceof X-ray emissionemenging from thedi useextremely
hotgastrappedn them.While it fell into thepotentialwell, thegasgot shock-heated
to temperatured excessof T > 10’ K, which resultsin intenseX-ray emissiondue
to thebremsstrahlungadiatedby the electronsn the highly ionizedintraclustergas.
In a senseclustersmay be seenas hot balls of X-ray radiatinggas. The amount
of intraclustergasin the clusteris comparableo thatlockedinto stars,andstands
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Fig. 6. Comparisorof optical and X-ray imagesof the Comacluster A1656. The clusteris
atadistanceof 70h ' Mpc. Left: opticalimageof the galaxiesin the centreof the Coma
cluster The Comaclustercontaingmorethan1000galaxieswithin acentralregionof ~ 1:5h !
Mpc, mostly elliptical and SO galaxies.Clearly visible arethe two dominantgiant elliptical
galaxiesNGC4878andNGC4889.The colourimagewascreatedrom 3 separatexposures
takenin blue,redandnearinfrared,with the KPNO 0.9mtelescopédcourtesyof OmarlL 6pez-
Cruz). Right: ROSAT X-ray imageat 0.5-2.0keV.of the centralregion of the Comacluster
(courtesy:S.L. Snavden,NASA/GSFC).Theimageis 1 1, correspondingo a sizeof
1:2h * Mpc attheclusters redshiftz = 0:0232.

for 1cm  0:0018(Fukugita& Peebles2004).The X-ray emissionrepresenta
particularly useful signature an objectve and cleanmeasureof the potentialwell
depth directly relatedto thetotal massof thecluster(seee.g.Reiprich& Bohringer,
1999).Throughtheir X-ray brightnesghey canbe seenoutto large cosmicdepths.
The deepgravitational dark matterwells also strongly a ectsthe path of passing
photons.While the resultingstronglensingarcsform a spectaculamanifestation,
it hasbeenthe more moderatedistortionof backgroundyalaxyimagesin the weak
lensingregime (Kaiser,1992;Kaiser& Squires,1993)which hasopenedup a new
window ontothe Universe.Thelatterhasprovideda direct probeof the dark matter
contentof clustersandthe large scaleuniverse(for a review seee.g.Mellier, 1999;
Refragier,2003)(alsoseesect.2.4).

Cluster Catalogs

TheAbell cataloguenf opticallyidenti ed galaxyclusters(Abell, 1958;Abell etal.,
1989)hasful lled acentralrole for the studyof clustersandtheir large scalematter
distribution on scalesof several tensof Megaparse¢seeBahcall, 1988). With the
arrival of large new galaxyredshiftsurveys deepand objectively identi ed cluster
sampleshave openeda plethoraof elaboratedetailedandsystematicstudiesof the
clusterpopulation.Clustersamplesextractedfrom the SDSSsurwey (Miller et al.,



ObsenationsandMorphologyof the CosmicWeb 11

Fig. 7. The spatialclusterdistribution. The full volumeof the X-ray REFLEX clustersuney
within a distanceof 600h *Mpc. The REFLEX galaxy cluster catalogue(Bohringeret al.
2001),containsall clustersbrighterthananX-ray ux of 3 10 '?ergs cm 2 overalargepart
of the southerrsky. The missingpartof the hemispherelelineatesheregion highly obscured
by the Galaxy CourtesyBorgani& Guzzo(2001).Reproducedby permissiorof Nature.

2005;Berlind etal., 2006;Rozoetal., 2007)will continueto play alargerole. New
and objective clusterdetectiontechniqueshave improved the rangeand complete-
nessof the clustersampleswhile minimizing projectione ects(Gladders& Yee,
2000; Miller etal., 2005;Kim etal., 2002).Projectione ectsmay evoke falsede-
tectionsandcontaminatestudiesof the clusterlarge scaledistribution. Amongstthe
mostpromisingmethodsfor opticalor NIR clusterdetectionis thatof red-sequence
detection(Gladders& Yee,2000),in which clustersaresimultaneouslydetectechs
overdensitiesn projectedangularposition,colourandmagnitudelt usesthe obser
vationalfactthatthe bulk of the early-typegalaxiesin rich clusterslie alonga lin-
earandnarrav colourmagnituderelation (L6pez-Cruz,1997; Yee & Lopez-Cruz,
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1999).The Red-Sequenc€lusterSuney (RCS)seekgo exploit this obsenationto
compose largecatalogof clusters Extrapolatingclusterdetectiortowardsthe NIR,
Kochaneletal. (2003)assemble@ clustercatalogirom the 2MASS galaxysample.
Otherclustersamplesreselectedhroughtheir X-ray emissionpelievedto represent
a more robustmannerfor selectingmass-limitedsamplesParticularly notevorthy
is the ROSAT-ESO Flux Limited X-ray catalog(REFLEX Bohringeret al., 2001),
which containsall clustersbrighterthananX-ray ux of 3 10 *?ergs cm 2 over
alarge partof the southerrsky. In additionthereis the RASS X-ray selectedSDSS
clustersample(Popesstet al., 2004), combiningboth optical and X-ray selection
criteria.Recentlywithin the context of the DeepLensSuney, Wittmanetal. (2006)
presentedhe rst clustersampleon the basisof their weak gravitational lensing
signature Perhapgotentiallymostpromisingis the useof the Suryaer-Zel'dovich
e ect,thesmallCMB spectraldistortioncauseddy the scatteringof the CMB pho-
tonso thehigh-enegy intraclusterelectrongSuryaer & Zel'dovich, 1970,1972).
Carlstrometal. (2002)andVale & White (2006) proposedhe constructiorof clus-
ter catalogsusingthe SZ e ect. While the Plancksatellite missionwill certainly
be a major stepforwardin the detectionof SZ clusters,optimismhasbeenslightly
temperedy the recentresultof Lieu etal. (2006).Within the WMAP obsenations
centeredn 31 clustersthey founda CDM decrementvhich wasat leasta factor4
smallerthanexpected.

Cluster Clustering

Throughtheir high visibility clusterscanbe tracedout to vastdistancesn the Uni-
verse.Following the basicassumptiorthat they are a fair and direct, be it sparse,
tracerof the underlyingmatterdistribution clustersare ideally suitedfor probing
the spatialmatterdistribution over largeregionsof space Mapsof their distribution
containinformationon spatialclusteringon scalesof up to hundredsof Megaparsec.
A largerangeof obsenationalstudies mostly basedon optically or X-ray selected
samplesdisplay a substantialevel of clumpingof clusterson scaleswhereclus-
teringin the galaxydistribution hasdiminishedbelon detectabilitylevels. A wide
rangeof obsenationalstudieson the basisof suchoptically selectecdsampleshave
shavn that the clusteringof clustersis signi cantly more pronouncedhanthat of
galaxiesTheirtwo-pointcorrelationfunctionhasa shapesimilar to thatof galaxies,
but with a substantiallyhigheramplitudeand detectableout to distancef atleast
50h *Mpc.

A goodimpressionof the spatialdistribution of rich clustersmay be obtained
from g. 2.2 (from Borgani& Guzzo,2001).1t shows the spatialdistribution of the
clustersn theREFLEX galaxyclustercatalogugBohringeretal.,2001).Mapssuch
asthesecon rm thatclustersarehighly clusteredBahcall,1988;Borgani& Guzzo,
2001). They aggregateto form huge superclustecompleces, coinciding with the
laments, walls andrelatedfeaturesin the galaxydistribution. Thesesuperclusters
aremoderatadensityenhancementsn scaleof tensof Megaparsectypically in the
order of a few times the averagedensity Either they are still co-expandingwith
the Hubble o w, beit ata slightly deceleratedate,or they just startedcontracting.
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Fig. 8. SchematicX-ray clusterdipole pro le. Clustersassociationsire groupedby symbol

shadingto highlight their impacton the overall dipole amplitude.Abell and CIZA clusters
begin with letters“A” and “C”. Acronyms are: GA/GreatAttractor, Hor-RetHorologium-

Reticulum PerPegy/Perseus-RmsusimagecourtesyKocerski & Ebeling,2006.Reproduced
by permissiorof AAS.

Within thesestructureslustersresideat the densentersectionof laments, along
whichmasdrainsinto themassie clustergvanHaarlem& vandeWeygaert,1993).

Cluster Dipole

Clustersmay alsoprovide a betterand more extensie view of the contributionsto
thelocal gravitationalforce eld by comparingthe inferredLocal Groupmotionto
the CMB dipole.Scaramellatal. (1991)andPlionis& Valdarnini(1991)soughtto
establishby meansof the clusterdistribution within a distanceof r ~ 300h *Mpc
whetherthe origin of our cosmicmotion shouldbe locatedwithin this volume, or
whetherthereareindicationsfor evenlargercosmicstructuresinterestinglythere-
centresultby (Kocevski & Ebeling,2006) appeardo suggesthat X-ray selected
clustersin the nearbyUniverseindicatea signi cantly larger dynamicalin uence
of structuresover scalesof 150h *Mpc than previously indicatedby similar dipole
studieson the basisof the IRAS Point SourceCatalogRedshiftsurvey (PSCz,see
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e.g.Branchiniet al., 2001) andthe dipole anisotroy of the 2MASS Redshiftsur
vey (Erdogdu et al., 2006). The latter nd that massstructuresbeyond a distance
of 140h Mpc only inducea negligible acceleratioron the Local Group.Usingthe
combinedX-ray REFLEX,eBCS(Ebelingetal.,2000)andCIZA samplesKocevski
& Ebeling(2006) cameto the conclusionthat only 44% of thelocal motionis due
to infall into the GreatAttractor region while 56%is inducedby moredistantmass
concentrationdetween13th Mpc and180h *Mpc away. The Shaplg superclus-
ter, oneof the largestconcentration®f clustersoutto z = 0:12, is responsibldor
at least30% of the accelerationinducedby structuresbeyond 13th *Mpc. Also
the Horologium-Reticulumsuperclusters found to have a substantiaimpact. The
schematidipolepro le (g. 2.2)indeedprovidesanenticinginsightinto theimplied
local cosmicdynamics Also interestings the presencef a signi cant underdensity
in the clusterdistribution onthe notherhemisphereat a distance 15ch *Mpc.

Cluster Bias

The resultson the strongclusteringof clustersmotivatedtheoreticalargumentsfor
the idea of themforming a biasedtracerof the matterdistribution. The rst sim-
ple linear biasing prescriptionswere justi ed by the ideathat clustersform from
high-densitypeaksn the primordialdensity eld, Iltered overanappropriatelftarge
scale(Kaiser,1984;Bardeeret al., 1986).Biasingprescriptionsnayincorporateor
quantifyanarrayof complex andusuallyununderstootgastrophysical” processes
(Dekel & Rees,1987).However, to understandhe in uence on clusteringit may
su ceto derive a heuristichiasfactor of function. The value of a simple (linear)
bias factor would be a function of clustermass,structureformation scenarioand
cosmicepochFollowing up ontheoriginal peakbiasidea(Kaiser,1984;Bardeeret
al., 1986),anarrayof moresophisticatedheoreticabiasmodelhave beenproposed.
Seekingo describeandanalyzethebiasof di erentspecieof galaxiesaswell asof
clustersthesemodi cations elaborateduponthis ideaandincreasedhe realismof
theapproximationNMo & White, 1996;Matarreseet al., 1997; Tegmark& Peebles,
1998;Dekel & Lahav, 1999;Basilalos & Plionis,2001).

2.3 CosmicDepressionsthe Voids

Complementinghis cosmicinventoryleadsto theexistenceof largevoids enormous
regionswith sizesin therangeof 20 50h * Mpc thatarepracticallydevoid of ary
galaxy usually roundishin shapeand occupying the major shareof spacein the
Universe.Forming an essentiaingredientof the Cosmic\Web, they are surrounded
by elongatedlaments, sheetlile walls anddensecompactclusters.

Voidshave beenknown asafeatureof galaxysurweyssincethe rst suneyswere
compiled(Chincarini& Rood,1975;Gregory & Thompson,1978;Einasto,Joeseer
& Saar,1980).Following the discovery by Kirshneret al. (1981,1987)of the most
dramaticspecimenthe Bottesvoid, a hint of their centralpositionwithin aweblike
arrangementamewith the rst CfA redshiftslice (de LapparentGeller& Huchra,
1986).This view hasbeendramaticallyendorsedndexpandeddy theredshiftmaps
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of the2dFGRSandSDSSsuneys (Collessetal., 2003;Abazajianetal., 2003).They

have established/oids asanintegral componenbf the CosmicWeh The 2dFGRS
mapsandSDSSmaps(seee.g. g. 12),andthevoid mapof the6dFsuneyin g. 2.3,

aretelling illustrationsof the ubiquity andprominenceof voidsin the cosmicgalaxy
distribution.

For the most systematicand completeimpressionof the cosmicvoid popula-
tion the Local Universeprovides the most accessibleregion. Recently the deep
view of the 2dFGRSand SDSSprobes(see g. 12) hasbeensupplementedvith
high-resolutiorstudiesof voidsin the nearbyUniverse Baseduponthe 6dF suney
(HeathJones2004),Fairall (personcommun.)identi ed nearlyall voidswithin the
surveyedregionoutto 35;000km s . It isthe2MASSredshiftsurvey (Huchraetal.,
2005)—thedensesall-sky redshiftsuney available—which hasprovidedauniquely
detailedcensu®f largescalestructuresn our Local Universe(Erdogduetal., 2006).
Partially including 6dF redshifts the 2MASS redshiftsurey entailsa completeand
systematisurvey of structuren thenearbyUniverseupto 14;000 16;000kms 1.
This includesa completesampleof voids, directly identi able from the densityand
velocity eld reconstructiorby Erdogdu et al. (2006)doescontaina nice complete
sampleof voidsin our Local Universe,althoughthoughsomemeasureof biasand
upperlimit to the sizeof identi able voidsis introducedvia the substantialevel of
spatialsmoothinggoing alongwith the Wiener Iter processingA niceimpression
of thetypical structure geometryandsizeof voidsis givenby shellsectionthrough
thelocal CosmicWebseenin the Aito  sky projectionin g. 11.

Void Sizes

Voidsin thegalaxydistributionaccounfor about95%of thetotalvolume(seeKau -
mann& Fairall, 1991;EIl-Ad, Piran& daCosta,1996;El-Ad & Piran,1997;Hoyle
& Vogelgy, 2002;Plionis& Basilalos,2002;Rojasetal., 2005;Platen vande Wey-
gaert& Jones2007).

Thetypical sizesof voids in the galaxy distribution dependon the galaxypop-
ulation usedto de ne the voids. Voids de ned by galaxiesbrighterthana typical
L galaxytendto have diametersof order 10 20h *Mpc, but voids associated
with rare luminousgalaxiescan be considerablylarger; diametersn the rangeof
20h 1 50h Mpc arenotuncommon(e.gHoyle & Vogeley, 2002;Plionis& Basi-
lakos, 2002). Theselarge sizesmeanthat only now we are beginning to probea
su ciently large cosmologicalolumeto allow meaningfulstatisticswith voids to
be done.Firm upperlimits on the maximumvoid size have not yet beenset. Re-
cently therehave beenclaims of the existenceof a supersizedioid, in the counts
of the NVVS catalogueof radio sourcs,andof its possibleimprint onthe CMB via
theISW e ectin theform of a “cold spot'. If thiswill be con rmed it will posean
interestingchallengeo any cosmologicakcenarigseeRudnicketal., 2007).

At the low endside of the void size distribution a very detailedsuney of the
Local Volume, the very nearbyUniversein andimmediatelyaroundour Local Su-
perclusterdoesprovide sometentative information.At this closerangeafew studies
claim to have found what may be the smallestgenuinevoids in existence.In his
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Fig. 9. A region of the 6dF redshiftsurney marked by the presencef variousmajor voids.
Theimageconcernsa 3D renderingof the galaxydistributionin a 1000km/s thick slicealong
the supegalacticSGX direction,at SGX=-2500knV/s. Imagecourtesyof A. Fairall.
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Catalogand Atlas of NearbyGalaxiesTully (1988) notedthe presenceof the Lo-
cal Void in the Local SuperclustefThe Local Void begins directly from the bound-
ariesof the Local Groupandextendsin the directionof the north pole of the LSC
by 14h Mpc. Similar and even smallerminivoids have recentlybeenfound by
the analysisof Tikhonov & Karachentse (2006) of the galaxy distribution in the
Catalogof NeighbouringGalaxies(Karachentse et al., 2004). Becausethe latter
entailsa meticulouslydetailedview of the true spatialdistribution of galaxiesout
to 5h *Mpc, it allowed the identi cation and mappingof minivoids in the Local
Volume.Tikhonov & Karachentse (2006)andTikhonov & Klypin (2007)claimto
have found a total of some30 minivoids, completelyfree of galaxieswith sizesof
0:7 3:5h Mpc.

The Meaning of Voids

Thereare a variety of reasonsvhy the study of voidsis interestingfor our under
standingof thecosmos.

Firstly, becauséhey areaprominentaspecof theMegaparsetiniverseit is nec-
essaryto understandhe structureof evolution of voidsin orderto geta proper
andfull understandingf the formationanddynamicsof the CosmicWeh
Secondly voids may containa considerablemountof informationon the un-
derlyingcosmologicakcenaricandon globalcosmologicaparameters.
Thirdly, their pristine low-densityervironmentimplies themto be interesting
regionsfor studyingthe in uence of cosmicervironmenton the formation of
galaxies.

We will addresghelasttwo aspectsn moredetailbelow, alongwith a discussiorof
the available obsenationalinformationon the dynamicsof voids. A morefocussed
discussiorof void evolution anddynamicswithin the context of the CosmicWebis
thesubjectof sectiond.

Void Dynamics

The essentiatole of voidsin the organizationof the cosmicmatterdistribution was
recognizegoonaftertheirdiscovery(Icke,1984).Thisalsoincludestheirdynamical
in uence. As aresultof theirunderdensityoidsrepresenaregionof wealer gravity,
resultingin an e ective repulsive peculiargravitational in uence. Variousstudies
have indeedfoundstrongindicatationdor theirimprintin the peculiarvelocity o ws
of galaxiesin the Local Universe.

(Bothunet al., 1992) madethe rst claim of seeingpushingin uence of voids
whenassessinghe strongervelocity o ws of galaxiesalonga lament in the rst
CfA slice.Strongervidencecamefrom theextensive andsystematid®®OTENT anal-
ysisof Mark 1l peculiargalaxyvelocities(Willick etal.,1997)in theLocalUniverse
(Dekel etal., 1990;Bertschingeet al., 1990).POTENT foundthatfor a fully self-
consistenteconstructiorof the dynamicsin the Local Universe,it wasinescapable
to includethedynamicalin uence of voids (seee.g.Dekel, 1994). The DTFE maps
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Fig. 10. Gravitational impactof the SculptorVoid. The righthandframe shawvs the inferred
velocity eld in andaroundthe Sculptorvoid nearthe Local SuperclusterThe colour map
representthe densityvalueswith darkblue at 0:75andcyannear  0:0. Thevectors
shav theimplied velocity o w aroundthe void, with a distinct nearlysphericallysymmetric
out ow. It is azoom-inontotheindicatedregion in the densityandvelocity mapin the Local
Universe(lefthand)determinedn the basisof the PSCzgalaxyredshiftsuney. The peculiar
velocitiesof thegalaxiesn the PSCzgalaxyredshiftcatalogueveredeterminedy meanof
alinearizationprocedurgBranchinietal. 1999),theresultinggalaxypositionsandvelocities
have beentranslatedoy DTFE into the depicteddensityandvelocity o w maps.The Local
Groupis at the centreof the map of our Local Universe(lefthand).To the left we seethe
GreatAttractorregion extendingout towardsthe Shaplg superclusterTo therighthandside
we can nd the Pisces-PersewsiperclustefThe densityvaluesrangefrom  4:9 (red)down
to 0:75 (darkblue),with cyan colouredregions having a densitynearthe global cosmic
averagg  0). Thevelocity vectorsarescaledsuchthatavectorwith alengthof 1=33rd of
theregion'sdiametercorrespond$o 65&)_km/s.Thedensityandvelocity eld haveane ectve
Gaussiarsmoothingradiusof Rg 5h *Mpc. The top righthandinsertzoomsin on the
Local Superclusterand GreatAttractor complex. From: Romano-Daz & van de Weygaert
2007.

by Romano-Daz & vande Weygaert(2007)of the densityandvelocity eld in the
Local Universeobtainedfrom the PSCzredshiftsample(Branchiniet al., 1999)do
provide a very clearvisual imageof the in uence of suchvoidsin the Local Uni-
verse,with the pushingin uence of the Sculptorvoid at the Local Superclusteas
mostoutstandingexample(see g. 10).

With the arrival of new and considerablyimproved datasamplesthe dynami-
cal in uence of voidsin the Local Universehasbeeninvestigatedand understood
in greaterdetail. The reconstructiorof the densityandvelocity eld in our local
cosmoson the basisof the 2MASS redshift survey hasindeedresultedin a very
interestingand completeview of the dynamicson Megaparsescales As onemay
inferfrom g. 11therepulsvein uence of theLocalVoid is impressvely strongand
outstandingThis conclusiorngoesalongwith theconclusionseachedn thebasisof
anextensive andcarefulanalysisof thepeculiarvelocity of theLocal Groupby Tully
etal. (2007).They areleadto the conclusionthatthe Local Void is responsibldor a
considerablgepulsie in uence, accountingor 259kms ! ofthe 631kms?
Local Groupmotionwith respecto the CMB. While partly dependenbnthe details
of theanalysisjt seemsardto avoid the conclusiorthatwe do notfeelthe presence
of voidsin our universe.

Voids and the Cosmos

Voids may function asprobesof global cosmologicaparametersindon the under
lying cosmology Their intrinsic structureandshapethe out ow velocitiesandthe
correspondingedshiftdistortionsare relatedto variousaspectsof the underlying
cosmologyTheout ow from thevoidsdepend®nthematterdensityparameter p,
the Hubble parameteH(t) and possiblyon the cosmologicalconstant (seee.g.
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Fig. 11.2MASSview of theLocal Void out ow. Thereconstructedensity(top frame)andve-

locity eld (bottomframe)of the2MASSredshiftsuney, evaluatedon athin shellof 2000km
s 1, shovn in Aito  projection.From Erdaydu et al. 2006. Top: the reconstructedlensity
eld in the thin shell, providing a telling sectionthroughthe Local Cosmic Weh Dashed
linesshav < 0, solid lines 0, with contourspacingof = 0:1. Easilyidenti able

overdensitiesare Ura Major, the Virgo cluster the Centaurusluster Hydra clusterandthe
Fornax-Doradus-Eridany&-D-E) superclustecomplex. Mostinterestinglyarethe locations
of local voids: Gemini(Gem), Taurus(Tau),AndromedgAnd), Delphinus(Del), Virgo (Vir),

Eridanus(Erid), Orion (Ori), andthe Local Void (LV). Bottom: Dashedines shaw infall ve-

locities, solid lines out ow. First solid line is for v,ag = 0 km s %, and contourspacingis

i Viadi = 50kms 1. Clearlyvisible is the strongout ow from the Local Void, re ectedin the
strongcentralpatch.From: Erdogduetal. 2006.

vandeWeygaert& vanKampen 1993;Martel & Wassermanri,990;Dekel & Rees,
1994;Bernardeawtal., 1997;Fliche & Triay, 2006). Theseparameteralsodictate
their redshiftspacedistortions(Ryden& Melott, 1996;Schmidtetal., 2001).

Anotherinterestindink betweenvoid structureandcosmologyhasrecentlybeen
emphasizedy Park & Lee (2007)and Lee & Park (2007). They found that the
intrinsic structureand shapeof voids are sensitve to variousaspectof the power
spectrunof density uctuations, includingtheimprint of darkenenpy.

The cosmologicalrami cations of the reality of a supersizedroid akin to the
identi ed by Rudnicketal. (2007)in theNVVS radiosourcecountswould obviously
befarreaching.

Fig. 12.Void regionin de2dFGRSsurney. From: Schaa2007
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Void Galaxies

A major point of interestconcernghe galaxieswithin the voids, the void galaxies.
Voids provide a uniqueandstill largely pristineervironmentfor studyingthe evolu-
tion of galaxiest(Ho manetal., 1992;Little & Weinbeg, 1994;Peebles2001)and
may represent major challengefor currentscenarioof structureformation. Pee-
bles(2001)pointedout thatthe obsenedsalientandtotal absencef dwarf galaxies
in nearbyvoids — for examplethe absencef dwarfsin the Local Void noticedby
Karachentseaetal. (1999)- could possiblyinvolve strongrami cationsfor thevia-
bility of the CDM cosmologyon smallscales.

A clearpicture of the relationbetweenvoid galaxiesandtheir surroundingss
justbecomingavailable,beit thereis still alot of uncertaintyconcerninghe physics
whichdrivestheobsenedcorrelationsThesimplestmodelsof biasedgalaxyforma-
tion (e.gLittle & Weinbeg, 1994)predictthatvoidswould be lled with galaxiesof
low luminosity, or galaxiesof someotheruncommomature(Ho manetal., 1992).
More sophisticatednodelshave recentlybeendeveloped(Mathis & White, 2002;
Bensonet al., 2003; Hoeft et al., 2006; Furlanetto& Piran,2006);in thesemod-
elsthe propertiesof galaxiesare determinecby the halosthey inhabit. The recent
interestin ervironmentalin uenceson galaxyformationhasproddedsubstantiahc-
tivity in thisdirection(Szomoruwetal., 1996;Kuhnetal., 1997;Popescietal., 1997;
Karachentsea et al., 1999;Grogin & Geller,1999,2000;Hoyle & Vogeley, 2002;
Rojasetal.,2005;Tikhonov & Karachentse 2006;Patiri etal., 2006a;Ceccarelliet
al., 2006).

2.4 CosmicShearand the CosmicWeb

Thecosmicwebis rst andforemostde ned andoutlinedby the dark matterdistri-
bution, the gravitationally dominantcomponentvhich setsthe correspondingyravi-
tationalpotential.Galaxiesareassumedo tracethe underlyingdark matterdistribu-
tion. Eventhoughthe galaxiesdoindeedseento provide areasonablémpressiorof
the matterdistribution, a directmapof the dark matteritself would obviously allow
arealandunbiasedriew of the dynamicsof the cosmicweh

A recentstudyhasindeedmanagedo revealthe spatialdark matterdistribution
throughits e ecton the pathsof the photonsasthey move throughthe Universe,
meanwhilecon rming thatgalaxiesandstarlightarein factgoodtracersMassg et
al. (2007)succeedeth producingthe rst truely three-dimensionahapof thedark
matterdistribution. Their studyis basedn (weak)gravitationallensingdatafrom the
CosmicEvolution Suney (COSMOS),and concernsa total region of 1637 square
degreesmeticulouslyobsened by the ACS cameraonboardthe HST. An accurate
anddetailedtwo-dimensionamapof the projectedmassdistribution clearly reveals
the lamentary featuresonnectinghehigh-densityclustery g. 2.3).Until recently
suchweaklensingmassreconstructiongverecon ned to the high-densityregionsin
andaroundclustersbecausef the outstandingstrengthof their lensingsignal.With
the COSMOSmap probingthe more moderatelydenseregions of the cosmicweb
it turnsout thatstellarmassandgalaxynumberdensitydo indeedaccuratelyfollow
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Fig. 13. Thetotal projectedmatterdensityinferredfrom the large weaklensingstudy of the
COSMOSdata,shavn in contours.The projectedmassis dominatedby dark matter For
comparisorthe mattersurfacedensitycontoursare superimposen tracersof the baryonic
matterdistribution: (1) blue, the stellarmass(within z  0:1 (2) yellow: the galaxynumber
density(within z  0:1) and(3) red: hot densegas,seenby deepX-ray obsenrationswith

the XMM satellite.The X-ray emissionby point sourceshasbeenremoved. The dark matter
reveals lamentary overdenseegionsthataretopologicallyconnectedutinsu cientlydense
to generateX-ray emissionaloosenetwork of laments tracingthe CosmicWeh Within the

lamentary network we recognizehe densecompactlusternodes The mostprominentpeak
in all four tracersis a singleclusterof galaxiesatz=0.73(; =149h,55min,2 31"). Courtesy
of RichardMassg, alsoseeMassg etal. 2007.Reproducedby permissiorof Nature.

thedarkmatterdistribution while the correlationwith the X-ray emission-con ned
to theinnerregionsof clusters-is signi cantly lesspronounced.

By complementinghelensingdatawith redshiftsof the galaxysourcesatomo-
graphicanalysisof the data,involving the assessmerndf the di erentialgrowth of
thelensingsignalbetweermary thin slicesseparatetty z = 0:05, madeit possible
to reconstructhe full three-dimensionainatterdistribution (g. 2.4). It did reveal
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Fig. 14. Three-dimensionakconstructiorof the dark matterdistribution. Thethreeaxescor
respondo right ascensiongeclinationandredshift:with distancancreasingowardsthe bot-
tom. The redshiftscaleis highly compressedind the surney volumeis really an elongated
cone.The isodensitycontourcorrespondgo a level of 1:4  10*M within a circle of ra-
dius700kpcand z= 0:05, arbitrarily choserto highlightthe lamentary structure The3-D
map hasbeeninferred from the tomographicanalysisof the COSMOSweak lensingdata,
involving the assessmerdf thedi erentialgrownth of the lensingsignal betweenmary thin
slicesseparatedyy z = 0:05. The 3-D maprevealsthatthe massie z = 0:73 clusteris in-
deedpartof muchlarger3-D structurejncludinga lament partially alignedalongtheline of
sight. Courtesyof RichardMassg, alsoseeMassg etal. 2007.Reproducedy permissiorof
Nature.

thatthemassve clusteratz = 0:73(; =149h,55min,2 31') is embeddedvithin a
giantthree-dimensionadtructurewhich includesatleastone lament.

The3-D darkmattermapis truely historicalin thatit uncoveredfor the rst time
the reality of a weblike patternin the dark matterunderlyingthe onethat we see
in the galaxy distribution. The potentialfor this new light on the dark side of the
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Universeis tremendousThedetectedlamentary DM network providesadirectand
transpareniink to theoriesof structureformation,directly tying in with collisionless
darkmatterandgravity withoutthe necessityto involve comple< andasyet not fully
understoodydrodynamicradiative andstarformatiorprocesses.

2.5 the GaseousCosmicWeb

Galaxiesareassumedo tracethe underlyingdark matterdistribution, andtheir spa-
tial distribution (still) representthe mostdetailedandclearesbutlineof its intricate
weblike featureswvhich we have available.Nonethelessstarsandgalaxiesdoin fact
represenbnly a minor fractionof all thebaryonsin the Universe As far asbaryons
are concernedhe cosmicwebis rst andforemostan intricate network of di use
gaseousanespenadingthe Universe(see g. 16).

In otherwords,while in practicegalaxiesareusedastracersijt is thedi usein-
tergalacticmedium(IGM) which formsthe main baryonicconstituenof the cosmic
weh At highredshift(z & 2) the overwhelmingmajority of baryonsarein adi use,
photoionizedntergalacticmedium,partly enrichedby the productsof stellarnucle-
osynthesisThis gasis obsenable asHI absorptionlines in the spectraof distant
backgroundquasargseeRauch,1998; Cenet al., 1994). The resultingredshifted
Lyman (Ly ) absorptioralongtheir line of sightproduceghely forest,which
representa highly sensitve one-dimensionaprobe of the (gaseoustosmicweb
(seeFig. 15). By thecurrentepochhierarchicalstructureformationhasproduced
deeppotentialwells into which the baryonsaccrete therebymoving a signi cant
portionof thebaryondrom the IGM into stars galaxiesgroupsandclustersHydro-
dynamicakimulationof cosmicstructurformationhaveindicatedthata signi cant
fractionof thebaryonsatz 0 arefoundin agaseougorm. The gasaroundemeng-
ing clustersfalls into their potentialwells andturnsinto hot highly ionized X-ray
emitting intraclustergas.Most of the gas,with a temperaturdetweenl0® and 10’
K, isfoundin regionsof moderateverdensities 10 100.Partof thisgasis asso-
ciatedwith thevirial regionsaroundgalaxiesaccountingor around ,,  0:024of
thetotal p, = 0:045contributedby baryongo the densityof the Universe(Fukugita
& Peebles2004). The remainingcomponenbf this di useWarm-HotIntergalac-
tic Medium (WHIM) mostlytracesout the lamentary featuresin the cosmicweh
It may accountfor a signi cant fraction of the missing baryonsat low redshifts
(Fukugita,Hogan& Peebles]1998; Fukugita& Peebles2004).Probablythereis
alsoa signi cant amountof low temperatureVHIM with T < 10° K, distributed
mostlyassheet-lile structuregKangetal., 2005). The WHIM mayevenaccounfor
upto 30 40% of the baryonicmassin the Universe(Abazajianet al., 2003). Its
evolutionis drivenprimarily by shockheatingasthegasfallsinto the gravitationally
generatecpotentialwells, mainly thosede ned by the nonequilibriumlarge-scale
structuressuchas laments. For the heatingof the gas,processedike supernea
feedbackradiative coolingandphotoionizatiorareonly of secondarymportance.

Theshock-heatedVHIM gasin laments andsheetds manifestedestthrough
emissionsandabsorptionsn soft X-ray andfar UV. It will make signi cant contri-
butionsto the soft X-ray backgroundand can be detectecthroughabsorptionof
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Fig. 15. The spectrumof the quasaiQ0453-24btainedwith the HIRES spectrograplonthe
Keckl telescopeThe quasathasanemissionredshiftof z=2.661.To theleft of the Lyman
emissionline you seethe “forest” of HI absorptionlines producedby intervening, tenuous
intergalacticclouds.The lower panelzoomsin on theregion betweerd000and4100A. The
particularlystrongline at4020A is a“dampedLyman absorptiorfeatureproducedn acloud
whichis optically thick in HI. Imagecourtesyof MatteoViel.

highly ionizedspeciesuchsasOVIl andOVIII in AGN spectraandline emissions
from OVIlI and OVIII ions. Detectionof WHIM absorptionin X-ray obsenations
werereportedby variousgroups(Kaastraet al., 2003; Nicastroet al., 2003),while
therewasalsoa reportof a possibledetectionof WHIM emissionfrom a lament
aroundComa(Finoguene, Briel & Henry,2003).

Thestudyof theIGM representsnimpressiely rich sourcefor our understand-
ing of thecosmicweh Potentiallytheintricatestructurecanbetracedin muchmore
detail thanby meansof the discretegalaxydistribution. Di erentchemicalspecies
andionizationstagegrobedi erentdensityandtemperatureegimeswithin thecos-
mic web,whichin turn mayberelatedto di erentregimesandstagef galaxyfor-
mation.However, in particularthe mostdirectly accessiblstudyof the IGM, thatof
absorptiorline studiesjs con ned to one-dimensiongbrobesThis renderst di -
cult to translatetheseto a three-dimensionaimage(yet, a constrainednversionis
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Fig. 16. Spatialdistribution of thewarm’hotintergalacticgas(WHIM) with temperaturén the
rangel® 10’ K, atz=0,in aboxof 85h 'Mpc. Theimagerevealsthestriking patternof the
CosmicWebinto which the WHIM gashassettleditself asit o wedinto the potentialwells
setby the dark matterdistribution. The greenregions have densitiesabout10-20timesthe
meanbaryondensityof theuniverseat z=0; theyellow regionshave densitiesabout100times
themeanbaryondensity while the smallisolatedregionswith redandsaturatediark colours
have even higherdensitiesreachingabout1000timesthe meanbaryondensityand are sites
for currentgalaxyformation.Imagecourtesyof Reryue Cen,alsoseeCené& Ostriker 2006.
Reproducedby permissiorof the AAS.

notentirelyunfeasibleseePichonetal. (2001)).Emissionline studiesof the WHIM
would o er the exciting potentialof mappingthe cosmicweb throughits gaseous
contents A meticulousdetailedmappingcomparableo that tracedby the galaxy
distribution remainsasyet only aremotepossibility.
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3 Spatial Structur e, Pattern Analysis and Object Identi cation

Many attemptsto describe et aloneidentify, the featuresand componentf the
CosmicWeb have beenof a mainly heuristicnature.Therearevariousrelevantis-
sues.The primary issueis that of de ning a techniquethat sensitvely probesthe
propertieof the CosmicWeh Anothermajorpointof concerninvolvesthesampling
of thewebpatternspy defaultlimited in scope Cosmologicatheorieggenerallyde-
scribethedevelopmenf structurein termsof continuougdarkmatter)densityand
velocity elds. To a large extent our knowledgestemsfrom a discretesamplingof
theseelds.

In therealworld it is impossibleto getexhaustve valuesof dataat every desired
point of spaceThe productof astronomicabbsenations,physicalexperimentsand
computersimulationsoftenconcerrdatasetsin two, threeor moredimensionsThis
may involve the value of somephysicalquantity:the galaxydensity eld, the dark
matterdensity eld or the peculiarvelocity eld areamongsthe bestknown exam-
ples.Oftentheseare measuredr determinedrom anirregularly distributed setof
referencepoints.

The principal taskfor ary formalismthatseeksto procesghe sampleddataon
the cosmologicamatterdistribution is to optimally retainor extracttherequiredin-
formationonthe CosmicWeh Dependenbnthepurposeof astudy variousdi erent
stratggiesmaybefollowed:

StatisticalAnalysis

One stratgy is to distill variousstatisticalmeasuresor othersu ciently de-
scriptive cosmologicameasuresyhich characterizepeci c aspect®f thelarge
scalematterdistribution. In essencghis involvesthe compressiorof the avail-
ableinformationinto arestrictedsetof parametersr functions,with theinten-
tion to compareor relatetheseto theoreticalpredictions.

Feature Identi cation

Theidenti cation andisolationof featuresandobjectsin the cosmicmatterdis-
tribution - clusters,laments andvoids- is essentiafor understandinghenature
of structuresvhichform in theUniverseandprovidesanimportantlink between
obsenationandtheoreticaimodels.On the onehandthis mayinvolve a cosmo-
graphicstudyof individual structuresn our CosmicneighbourhoodTheir de-
tail usuallyformsawelcomecomplemento surweys of large sampleof similar
objects,while sometimeghey highlight the extremesin the cosmologicakzoo.
Perhapamostimportantis the necessityof well-de ned featureidenti ers for
properstatisticalstudiesof cosmicstructureformation.

Structue Reconstruction

For thedeterminatiorof variousstatisticalcharacterizationsf cosmicstructure
it is imperative to de ne anoptimalreconstructiorof cosmicdensityandveloc-
ity elds. Demandingn itself, suchareconstructions oftencomplicatecby the
usuallydiscretenatureof thesamplepointdistributionandthehighly inhomoge-
neousnatureof the samplepoint distribution. The translationinto a continuous
eld whichoptimallyre ectsrealityis afarfrom trivial procedureandformsthe
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subjectof anextensie literaturein computerscienceyisualizationandapplied
sciences.

3.1 Statisticsof the CosmicWeb

Thereis a variety of statisticalmeasuresharacterizingpeci c aspectof thelarge
scalematterdistribution (for anextensve andcompletereview seeMartnez& Saar,
2002).Below welist aselectiorof methoddgor structurecharacterisatioand nding.
It is perhapsnterestingto notetwo thingsaboutthis list:

a) eachof themethodgendsto bespeci ¢ to oneparticularstructuralentity
b) thereareno explicit wall- nders.

Both issuesemphasizean important property that generictechniquesfor tracing
structurafeatureshouldpossesésee3.2). Theskeletonformalism(Novikov, Colombi
& Doré,2006;Sousbieetal., 2007;Sousbie2006)accomplishedhis by tracingthe
mathematicallywell-de ned skeletonof the CosmicWeb andarguing its closere-
lationshipto its lamentary constituentsMore genericis the ScaleSpaceapproach
adoptedby Aragbn-Calw (2007) (also seeAragon-Caho et al., 2007):it provides
auniform approactto nding Blobs, FilamentsandWalls asindividual objectsthat
canbecataloguedndstudied.

Structur e from higher moments

Theclusteringof galaxiesandmatteris mostcommonlydescribedn termsof ahier
archy of correlationfunctions. The two-point correlationfunction (and its Fourier
transform,the power spectrum)remainsthe mainstayof cosmologicalclustering
analysisandhasasolid physicalbasis However, thenontrivial andnonlinearpatterns
of the cosmicweb are mostly a resultof the phasecorrelationsn the cosmicmat-
ter distribution (Ryden& Gramann1991;Chiang& Coles,2000;Coles& Chiang,
2000).While this informationis containedn the momentsof cell counts(Peebles,
1980;de LapparentGeller & Huchra,1991;Gaztdiaga,1992)and, moreformally
s0,in thefull hierarchyof M-point correlationfunctions y, their measuremertias
provento beimpracticalfor all but the lowestorders(Peebles1980;Szapudi1998;
Jonesetal., 2005).

The Void probability Function(White, 1979;Lachieze-Rg, da Costa& Mauro-
gordato,1992) provided a characterisatiothe "voidness”of the Universein terms
of a function that combinedinformation from mary highermomentsof the point
distribution. But, again,this hasnot providedary identi cation of individual voids.

Topologicalmethods

The shapeof the local matterdistribution may be tracedon the basisof ananalysis
of the statisticalpropertiesof its inertial moments(Balul & Starkman,1992;Luo
& Vishniac,1995;Basilalos,Plionis& Rawan-Robinson2001).Theseconceptare
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closelyrelatedto thefull characterizatioof thetopologyof thematterdistributionin

termsof four Minkowski functionals(Mecke, Buchert& Wagner,1994;Schmalzing
etal., 1999).They aresolidly basedon the theoryof spatialstatisticsandalsohave
the greatadwantageof being known analytically in the caseof Gaussiarrandom
elds. In particular thegenusof thedensity eld hasrecevedsubstantiahttentionas
astronglydiscriminatingfactorbetweerintrinsically di erentspatialpatterngGott,

Dickinson& Melott, 1986;Hoyle & Vogeley, 2002b).

The Minkowski functionalsprovide global characterisationsf structure An at-
temptto extendits scopetowardsproviding locally de ned topologicalmeasuresf
thedensity eld hasbeendevelopedin the SURFGENprojectde ned by Sahniand
Shandarirandtheir covorkers(Sahnietal., 1998;ShandarinSheth& Sahni,2004).
The main problemremainsthe userde ned, andthus potentially biased,natureof
the continuousdensity eld inferredfrom the sampleof discreteobjects.The usual

Itering techniquessuppresssubstructureon a scalesmallerthanthe lter radius,

introducearti cial topologicalfeaturesn sparselysampledegionsanddiminishthe
attened or elongatedmorphologyof the spatialpatterns Quite possiblythe intro-
ductionof more advancedgeometrybasedmethodsto tracethe density eld may
prove amajoradvancetowardssolvingthis problem.

Importantly Mart nezetal. (2005)andSaaretal. (2007)have generalizedheuse
of Minkowski Functionalsby calculatingtheir valuesin a hierarchyof scaleggener
atedfrom wavelet-smoothedolumelimited subsamplesf the 2dF catalogueThis
approachis particularlye ective in dealingwith non-Gaussiamoint distributions
sincethe smoothings not predicatedn the useof Gaussiarsmoothingkernels.

3.2 Structur e Finding

In additionto the statisticalcharacterizatiorof the cosmic matterdensity eld, a
majore ort goesinto identifying andisolatingfeaturesandindividual structuresn

the cosmicmatterdistribution. The vastmajority of thesestudieshave focussedn
the detectionof clustersof galaxies.Tracing lamentary hasgainedrelatively little

attention,andwith theexceptionof afew rareoutstandingoncentrationsthe Great
Wall (Geller & Huchra,1989) andthe SDSSGreatWall (Gott et al., 2005) - the
detectionof sheetss avirtually noneistentactivity.

Cluster nding

In the context of analyzingdistributionsof galaxieswe canthink of cluster nding
algorithms.Therewe mightde ne aclusterasanaggreateof neighbouringyalaxies
sharingsomelocalisedpart of velocity space Algorithms like HOP attemptto do
this. However, therearealwaysissuesarisingsuchashow to dealwith substructure:
that perhapscomesdown to the de nition of what a clusteris. Here we focuson
de ning coherentstructuresbasedon particle positionsalone. The velocity space
datais not usedsincethereis no prior prejudiceasto whatthe velocity spaceshould
look like.
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Filament nding

The connectednessf elongatedsuperclustestructuresn the cosmicmatterdistri-
bution was rst probedby meansof percolationanalysis,introducedand empha-
sizedby Zel'dovich andcoworkers(Zeldovich, Einasto& Shandarin1982),while a
relatedgraph-theoreticatonstructthe minimum spanningreeof the galaxydistri-
bution, wasextensvely probedandanalysedy BhavsarandcollaboratorgBarrow,
Bhavsar& Sonodal985;Graham,1995;Colbeg, 2007)in anattemptto developan
objectve measuref lamentarity.

Finding lamentsjoining neighbouringlustershasbeentackled,usingquitedif-
ferenttechniqueshy Colbeg, Krugho & Connolly(2005)andby Pimbblet(2005).
More generallament nders have beenput forwardby a numberof authors Stoica
etal. (2005)useageneralizatiomf theclassicalCandymodelto locateandcatalogue

laments in galaxysuneys. This approacthasthe advantagethatit works directly
with the original point processand doesnot requirethe creationof a continuous
density eld. However, it is very computationallyintensie.

The mathematicallymostrigorousprogramfor lament descriptionandanaly-
sisis that of the skeletonanalysisof density elds by Novikov, Colombi & Doré
(2006)(2-D) andSousbiectal. (2007)(3-D). Basedon Morsetheory(seeColombi,
Pogosyar& Souradeep?000)the skeletonformalismanalyzescontinuousdensity

elds anddetectamorphologicalfeatures maximaandsaddlepointsin the density
eld - by relatingdensity eld gradientdo the Hessiarof thedensity eld (alsosee
Doré etal., 2003).1t resultsin anelegantande ective tool with a particularfocus
towardstracingthe lamentary structuresn the cosmicweh However, it is compu-
tationally intensive andmay be sensitve to the speci ¢ methodof reconstructiorof
the continuouddensity eld. TheHessiarof thedensity eld alsoformsthe basisof
the MMF analysisdevelopedby (Aragbn-Calo etal., 2007)(see g. 17), although
MMF embedshis within a formalismthatexplicitly addressethe multiscalechar
acterof the cosmicdensity eld andincludesthe shapeconservingabilities of the
tessellatiorbaseddensity eld reconstructior{Schaam vandeWeygaert,2000).

Void Finding

Voids are distinctive and striking featuresof the cosmicweb, yet identifying and
tracing their outline within the complex spatialgeometryof the CosmicWeb has
provento befarfrom trivial. Therehave beenextensie searchesor voidsin galaxy
cataloguegHoyle & Vogelg/, 2002; Plionis & Basilalos, 2002) andin numerical
simulations(Arbabi-Bidgoli & Miiller,2002;Aikio & Mahbnen,1998).
Severalfactorscontribute to makingsystematiovoid- nding di  cult. Onema-
jor obstacleis that thereis not an unequvocal de nition of what a void is andas
aresultthereis considerablalisagreemenbn the preciseoutline of sucha region
(seee.g. Shandariret al., 2006). The fact that voids are almostempty of galaxies
meansghatthe samplingdensityplaysa key role in determiningwhatis or is nota
void (Schmidtetal., 2001).Moreover, void nders areoftenpredicatecbn building
void structureut of cubiccells(Kau manné& Fairall, 1991)or out of spherege.qg:
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Fig. 17. The lamentary network in a GIF CDM simulation.The laments wereidenti ed
by meansof the MMF techniqueof Aragbn-Calw etal. (2007).The lled (grey) circlescor
respondo clusterswith amassabose 10'*M . Theinsertscontainthreespeci ¢ examplesof
laments. Thegraydotsrepresenthe original (simulation)darkmatterparticles .The spineof
the laments (black particles)is the resultof the lament compressioralgorithmof Aragon-
Calwo (2007).ImagecourtesyM. Aragon-Calho, alsoseeAragon-Caho 2007.

Patiri et al., 2006a).Becauseof the vagueand diversede nitions, andthe diverse
interestdn voids,thereis a plethoraof void identi cation proceduregkau mann&
Fairall, 1991;EI-Ad, Piran& daCosta,1996;Aikio & Mahbnen,1998;Hoyle & Vo-
gelgy, 2002;Arbabi-Bidgoli& Miller, 2002;Plionis& Basilakos,2002;Patiri etal.,
2006b;Colbegetal.,2005b;Shandariretal.,2006;Hahnetal., 2007).For example,
therearemethodghat attemptto synthesizesoids from the intersectionof cubicor
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sphericaklementanddo sowith varyingdegreesof successThe Aspen-Amstelam
\oid Finder ComparisornProject of Colbeig, Pearceet al. (2007)will clarify mary

of theseissuesThe Watershed-basealgorithmof Platen vande Weygaert& Jones
(2007)aimsto avoid issuesf bothsamplingdensityandshape.

3.3 Reconstructionof the CosmicWeb

For a meaningfulanalysisandinterpretationof spatialdatait is often necessaryo
obtainestimate®f therelated eld valueshroughouthesamplevolume.Therecon-
structedcontinuouseld may subsequentlype processedh orderto yield a variety
of interestingparametersldeally, reconstructiorprocedureshouldbe basedupon
solid statisticalfoundations.The comple reality of the cosmicweb — marked by
asymmetricandanisotropicfeaturesanda large rangeof densities—+endersit very
di cult to develop andinfer statisticalmethodsfrom rst principle. The work by
Erdagduetal. (2004)andKitaura & Enflin (2007)representxamplesof possibly
rewardingstratgies.

In the obsenationalreality galaxiesarethe maintracersof the cosmicweband
it is mainly throughthe measuremendf the redshiftdistribution of galaxiesthatwe
have beenableto mapits structure Anotherexampleis that of the relatedstudy of
cosmic o ws in the nearbyUniverse,baseduponthe measuregeculiarvelocities
of asampleof galaxiedocatedwithin this cosmicvolume.Lik ewise,simulationsof
the evolving cosmicmatterdistribution are almostexclusively basedupon N-body
particlecomputercalculation,involving a discreterepresentationf the featuresve
seekto study Both the galaxy distribution as well as the particlesin an N-body
simulationareexamplesof spatialpoint processe thatthey are

- discretelysampled
- haveanirregular spatialdistribution.

A major partof any reconstructiorproceduras the ltering andinterpolationof the
measurediata.

3.4 Spatial Data: Filtering and Inter polation

Issuesof smoothingandspatialinterpolationof the measurediataover the sample
volume are of considerablémportanceandinterestin mary di erentbranchesof
science.nterpolationis fundamentako graphing,analysingand understandingf
spatialdata.Key referencesn the involved problemsand solutionsinclude those
by (Ripley, 1981;Sibson,1981; Watson,1992; Cressie, 1993). While of consider
ableimportancefor astronomicapurposesmary available methodsescapedtten-
tion. A systematidreatmentand discussiorwithin the astronomicakontext is the
studyby (Rybicki & Press1992),whofocussedn linearsystemsasthey developed
variousstatisticalprocedureselatedto linear predictionandoptimal Itering, com-
monly known asWiener ltering. An extensie, systemati@andmoregenerakuney
of availablemathematicamethodsanbefoundin asetof publicationsby Lombardi
& SchneidefLombardi& Schneider2001,2002,2003).
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DTFE: DelaunayTessellationField Estimator

A particularclassof spatialpoint distributionsis the one in which the point pro-
cessforms arepresentatie re ection of an underlyingsmoothandcontinuousden-
sity/intensity eld. The spatialdistribution of the pointsitself may thenbe usedto
infer thedensity eld. This formsthe basisfor theinterpretatiorandanalysisof the
large scaledistribution of galaxiesin galaxyredshiftsurneys. The numberdensity
of galaxiesin redshiftsurvey mapsandN-body particlesin computersimulationsis
supposedo be proportionalto the underlyingmatterdensity

Onenotenorthyexampleof atechniquenhichuseghisfactis the DTFE method,
alinearversionof natural neighbourinterpolation.The DTFE techniqueSchaap
van de Weygaert,2000; van de Weygaert& Schaap2007)recoversfully volume-
coveringandvolume-weightedontinuouselds from adiscretesetof sampledeld
values.The methodhasbeendevelopedby Schaap% vande Weygaert(2000)and
formsanelaboratiorof thevelocity interpolationschemeantroducedby Bernardeau
& vande Weygaert(1996). It is baseduponthe useof the Voronoi and Delaunay
tessellation®f a givenspatialpoint distribution to form the basisof a natural,fully
self-adaptie Iter in whichtheDelaunaytessellationsireusedasmultidimensional
interpolationintervals. An exampleis thevoid densityandvelocity eld in g. 25.

The primaryingredientof the DTFE methodis the Delaunaytessellatiorof the
particledistribution. The Delaunaytessellatiorof a point setis the uniquelyde ned
andvolume-cweringtessellatiorof mutuallydisjunctDelaunaytetrahedrdtriangles
in 2D). Eachis de ned by thesetof four pointswhosecircumscribingspheredoesnot
containary of theotherpointsin thegeneratinget(Delaunay,1934). The Delaunay
tessellatiorand the Voronoi tessellationof the point setare eachothersdual. The
Voronoitessellatioris the division of spaceinto mutually disjunctpolyhedraeach
polyhedrorconsistingof the partof spacecloserto thede ning pointthanary of the
otherpoints(Voronoi,1908;Okabeetal., 2000)

DTFE exploits threepropertiesof Voronoi and DelaunaytessellationgSchaap,
2007;vande Weygaert& Schaap2007).Thetessellationsrevery sensitve to the
local point density DTFE usesthis to de ne a local estimateof the densityon the
basisof theinverseof thevolumeof thetessellatiorcells. Equallyimportantis their
sensitvity to thelocal geometryof the point distribution. This allows themto trace
anisotropicfeaturessuchasencounteredh the cosmicweh Finally, DTFE exploits
theadaptve andminimumtriangulationpropertiesof Delaunaytessellationgn using
them as adaptve spatialinterpolationintervals for irregular point distributions. In
thisway it is the rst orderversionof the Natural Neighbourmethod(Sibson,1980,
1981;Watson,1992;Braun& Sambridge1995;Sukumar,1998)

Within the cosmologicakontext a major— andcrucial— characteristiof a pro-
cessedTFEdensity eld is thatit is capableof delineatinghreefundamentathar
acteristicsof the spatialstructureof the megaparsecosmicmatterdistribution. It
outlinesthe full hierarchyof substructurepresentin the samplingpoint distribu-
tion, relatingto the standardview of structurein the Universehaving arisenthrough
thegraduahierarchicabuildup of matterconcentrationd TFE alsoreproducesry
anisotropicpatternsin the densitydistribution without diluting their intrinsic geo-
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Fig. 18. Schemeof the Multiscale Morphology Filter for extractingweblike morphologies.
Seetext for explanation.FromvandeWeygaert& SchaaR007.
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metricalpropertiesThisis particularlyimportantwhenanalyzingthe the prominent
lamentary and planarfeaturesmarkingthe CosmicWeh A third importantaspect
of DTFE is thatit outlinesthe presenceand shapeof voidlike regions.Becauseof

the interpolationde nition of the DTFE eld reconstructionvoids arerenderedas
regionsof slowly varyingandmoderatelyjlow densityvalues.

Multiscale Mor phology Filter

Recentlya variety of methodshave beendevelopedtowardsa completemorpholog-
ical analysisof the cosmicweb in the cosmicmatterdistribution. Perhapghe most
rigorousprogram,with a particularemphasison the descriptionandanalysisof |-
amentsjs thatof the skeletonanalysisof density elds by by Novikov, Colombi&
Doré (2006)(2-D) and Sousbieet al. (2007)(3-D) (seesect.3.2). Anotherstratgy
hasbeenfollowedby Hahnetal. (2007).They identify clusters,laments, walls and
voidsin the matterdistribution on the basisof thetidal eld tensor@ =@x; @;, de-
terminedfrom the densitydistribution Itered on a scaleof  5h Mpc. Herewe
shortly focuson the Multiscale Morphology Filter (MMF), introducedby Aragon-
Calw etal. (2007).The MMF dissectghecosmicwebonthebasisof the multiscale
analysisof the Hessiarof thedensity eld.

Fig. 18 containsa schematicoverview of the Multiscale Morphology Filter
(MMF) to isolateandextractelongatedlaments (dark grey), sheetlile walls (light
grey) andclustergblackdots)in theweblike patternof a cosmologicaN-bodysim-
ulation Aragbn-Calo et al. (2007). The rst stageis the translationof a discrete
particledistribution (top lefthandframe)into aDTFE density eld (top centre).This
guaranteea morphologicallyunbiasecandoptimizeddensity eld retainingall fea-
turesvisible in a discretegalaxyor particledistribution. The DTFE eld is Itered
over a rangeof scales(top righthandstackof Itered elds). By meansof mor-
phology Iter operationgde ned on the basisof the Hessianof the Itered density

elds theMMF successiely selectgheregionswhich have a bloblike (cluster)mor-
phology a lamentary morphologyanda planarmorphology at the scaleat which
themorphologicakignalis optimal. This producesa featuremap (bottomlefthand).
By meansof a percolationcriterionthe physicallysigni cant laments areselected
(bottom centre).Following a sequencef blob, lament andwall Itering nally
producesa mapof thedi erentmorphologicalfeaturesin the particle distribution
(bottomlefthand).The 3-D isodensitycontoursin the bottomlefthandframedepict
themostpronouncedeatureqalsoseeg. 17).

MMF and the CosmicWeb

Two notewnorthy recentresultsobtainedby MMF concerngthe inventory of mass
and volume contentof the CosmicWeb (Aragon-Calw, 2007),shavn in g. 19.
Theresultsrelateto the present-dagpochin a CDM N-bodysimulation.Clusters
occupy the smallestvolumefractionin the cosmicweb, accountingfor only 0:4%.
They do, however, represenamajorshareof themasg28%),makingthemby farthe
densestomponent®f the CosmicWeh Most mass(39%) in the Universeresides
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Fig. 19. Piediagramshawving aninventoryof the CosmicWebin termsof volume (left) and
masg(right). ImagecourtesyM. Aragon-Cal\o, alsoseeAragon-Calo 2007.

in laments, tracingout almost10% of the total volume.Sheetcontainonly a small
fraction of themass, 5:5% andoccupy arelatively smallvolume (4.9%), making
themthe mosttenuousstructuresn the CosmicWeh

Fig. 20. Meannumberof laments asafunctionof the massof the clustersto whichthey are
connectedsolidline). Dottedline: 1 dispersionlmagecourtesyM. Aragbn-Calo, alsosee
Aragbn-Calho 2007.
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Also highly relevantis theissueof theconnectiorbetweenlaments andclusters.
Thenumberof laments emanatingrom a clusterturnsout to be a strongfunction
of theclustermasgsee g. 20). More massve clustersareconnectedo considerably
more laments: MMF analysisindicateshatclusterswith amassM  10**M have
onaverage2 laments connectedo them,clusterswith amassM  10**M more
than ve laments. Otherstudieshave founda similar relationbasedon intracluster

laments foundin N-body simulations(Colbeg, Krugho & Connolly,2005)and
visually identi ed lament-clusterconnectiongrom the 2dF galaxyredshiftsurvey
(Pimbblet,2005).

4 Voids

A manifestand prominentmorphologicalaspectof the Megaparseanatter and
galaxy distribution is the marked and dominantpresenceof large underdensee-
gions,the \oids A properandfull understandingf the formationanddynamicsof
the CosmicWebis not possiblewithout understandinghe structureandevolution of
voids. With respecto theirrole in the structureandbuildup of the CosmicWebwe
needto addresshreecrucialaspect®f void evolution:

Formationand Evolutionof Voids

Voids form in andarounddensitytroughsin the primordial density eld. As a
resultof the correspondingvealer internalgravity mattermatterstreamsut of
the interior of voids while the void asa whole will expandwith respecto the
backgroundJniverse.

\oid Dynamicsand \oid Out ow

As aresultof theirunderdensityoidsrepresenaregion of wealer gravity. This
resultsin ane ective repulsie gravitational in uence. Variousgalaxy redshift
suneys andstudiesof galaxypeculiarvelocitieshave indeeduncoveredthisim-
printin thecosmicvelocity o w in the Local Universe(seesect.2.3).

\oid Hierarchy and Substructue

Not only galaxiesgalaxyhalosandclustersof galaxiesgetassembleéh ahier-
archicalfashion.Also the buildup of voidsproceedwia acomple< andintricate
procesof hierarchicalevolution. Insightinto this evolution is essentiafor un-
derstandingheoverallgeometryandstructureof theCosmicWeh Theremnants
of the hierarchicalvoid evolution canstill be seenwhenstudyingthe obsenred
spatialgalaxy distribution or when analyzingN-body simulationsof structure
formation. It shouldalsoform the basisfor the studyof propertiesof the void
galaxypopulationandthe dependencen ervironment.

In the subsequerdgectionsve will addresgachof theseissuesn somedetail.

4.1 Formation and Evolution of Voids

Voids emege out of the densitytroughsin the primordial Gaussianeld of density
uctuations. Early theoreticalmodelsof void formationconcentratean the evolu-
tion of isolatedvoids (Ho man& Shaham1982;Icke, 1984;Bertschinger1985;
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Fig. 21. Simulationof evolving void (LCDM scenario)lmagecourtesyof Erwin Platen
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Blumenthaletal., 1992). Initially underdenseegionsexpandfasterthanthe Hub-
ble ow, andthusexpandwith respecto the backgroundUniverse.If they arenot
embeddedvithin overdenseaegions,suchregionseventuallyform voids which are
surroundedby densevoid walls. At any cosmicepochthe voids that dominatethe
spatialmatterdistribution area manifestatiorof the cosmicstructureformationpro-
cessreachinga non-linearstageof evolution.

In a void-baseddescriptionof the evolution of the cosmic matterdistribution,
voids mark the transitionscaleat which densityperturbationsave decoupledrom
theHubble o w andcontractednto recognizablestructuralfeaturesOn the basisof
theoreticalmodelsof void formationone might infer that voids may actasthe key
organizingelementfor arrangingmatterconcentrationito anall-penasive cosmic
network (Icke, 1984;Regos& Geller,1991;vandeWeygaert,1991;Sheth& vande
Weygaert,2004).As voids expand,matteris squeezedh betweerthem,andsheets
and laments form thevoid boundariesThis view is supportedy numericalstudies
and computersimulationsof the gravitational evolution of voidsin more complex
andrealistic con gurations (Martel & Wassermannl990; Regos & Geller, 1991;
Dubinskietal., 1993;vande Weygaert& vanKampen,1993;Goldbeg & Vogeley,
2004;Colbeg etal.,2005b;Padillaetal., 2005).A markedexampleof theevolution
of atypical largeanddeepvoid in a CDM scenarioss givenby thetime sequence
of six framesin g. 4.

Void Characteristics: an Inventory

The formation and evolution of voids involvesa rangeof interestingandintricate
processesandaspectsA listing of a dozencharacteristigropertiesmay elucidate
this.

\WoidsExpand

The underdensityof a void corresponds$o a wealer interior gravitational eld.
With respecto the global universethis leadsto an e ective (peculiar)gravity
inducingageneralo w outof thevoid region.

\oids Empty

As matterstreamsut of thevoid, thedensitywithin thevoid decreasedsolated
voidswill asymptoticallyevolve towardsanunderdensity = 1, pureempti-
ness.

\oidsform Ridges

As thedensitywithin voids graduallyincreasesutward, the correspondinge-
culiar (outward)gravitationalacceleratiorecreasesutward: void matterin the
centremovesoutwardfasterthanvoid mattertowardsthe boundaryAs aresult
matteraccumulatesn ridgessurroundingthe void (see g. 22). The steepness
of the resultingdensitypro le dependsn the protovoid depressior{Palmer&
Voglis, 1983).
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Fig. 22. Sphericaimodelfor the evolution of voids. Left: a pure(uncompensatedpphatvoid
evolving up to the epochof shell-crossinglnitial (linearly extrapolated)densityde cit was

ino = 100, initial (comaving) radiusRy = 5:0h *Mpc. Right: a void with an angular
averagedSCDM pro le. Initial densityde cit and characteristicadiusare sameas for the
tophatvoid (left). Thetendeng of this void to evolve into a tophatcon guration by thetime
of shell crossingis clear Shell-crossingand the formation of a ridge, happenonly if the
initial pro le issu ciently steep.

“Bucket” DensityPro le

Voids assumea "bucket” shape- marked by a uniform interior densitydepres-
sionanda steepouterboundary- asa resultof the fastout ow from the ” at”
centrein aprimordialunderdensityWhile theirmattercontentaccumulatesear
andaroundsteepdensityridges,theinterior involvesinto a region resemblinga
low-densityhomogeneouBRW Universe(seeg. 22).

Superhubbl&/bid Expansion

Relatedto the uniform densityinterior of maturevoids the correspondingpe-
culiar velocity eld is that of a “Superhubble” o w (Icke, 1984): the interior
ow eld of voidsis marked by a uniform velocity divergence(Schaap2007).
For a sphericallysymmetricvoid modelit is ratherstraightforward to analyti-
cally infer thatthis is the expectednaturaltendeng for voids (see g. 22).It is
a manifestatiorof Birkho 'stheoremaccordingto which avoid region canbe
describechsanisolatedlower FRW universe(van de Weygaert& van Kam-
pen,1993; Goldbeg & Vogelg, 2004).An analysisof N-body simulationsby
meansof the DTFE techniquehasshawn this alsoto be the casefor the more
comple situationof hierarchicaktructureformation(seesect.4.3).

CharacteristicVoid & Shellcossing

Overdensesphericapeakshave a characteristi@ndtime of collapse coincident
with alinearly extrapolatedlensity . = 1:69.Voidshave asimilargloballyvalid
characteristi@pochof evolution, thatof shellciossing This happensvheninte-
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rior shellsof mattertake overinitially exteriorshells.lt happensvhena primor-
dial densitydepressiorattainsa linearly extrapolatedunderdensity , = 2:81
(for EdSuniverse) A perfectlyspherical’bucket” void will have expandediy a
factorof 1.72at shellcrossingandthereforehave evolvedinto anunderdensity
of 20%of theglobalcosmologicabensityie. = 0:8.

Identity observed/oids

Bertschingesthesiswork demonstratethatoncevoidshave passedhe stageof
shellcrossinghey entera phaseof self-similarexpansion(Bertschinger1985).
Subsequentlytheir expansionwill slow down with respectto the earlier lin-
ear expansion.This impelled Blumenthalet al. (1992)to identify voids in the
present-daygalaxy distribution with voids that have just reachedhe stageof
shell-crossing.

\oid Shapessphericaltendencies

Icke (1984)pointedoutthatary (isolated)asphericalinderdensityill become
moresphericalasit expandsThee ective gravitationalaccelerations stronger
alongthe shortaxisthanalongthelongeraxes.For overdensitieshis resultsin
a strongerinward acceleratiorandinfall, producingincreasingly attened and
elongatedfeatures By contrast,for voids this translatesnto a larger outward
acceleratioralong the shortestaxis so that asphericitiewill tendto diminish.
For the interior of voids this tendeng hasbeencon rmed by N-body simula-
tions (vande Weygaert& vanKampen,1993).1n reality, voidswill neverreach
sphericityasaresultof largescaledynamicalandervironmentafactors(Platen,
vandeWeygaert& Jones2007b)

Nonlinearityof Voids

While by de nition voids correspondo densityperturbationsf at mostunity,
ivi 1, maturevoidsin the nonlinearmatterdistribution do representighly
nonlinear features.This may be bestunderstoodwithin the contet of La-
grangiamperturbatiortheory(Sahni& Shandarin1996).Overdenseuctuations
maybedescribedasacorvergingseriesof higherorderperturbationstheequi-
alentperturbationseriesis lesswell behaed for voids. The successie higher
ordertermsof both densityde cit andcorrespondingelocity divergencealter
natebetweemegative andpositive (see g. 23).

Dilution of Void Substructue

In hierarchicakcenario®f structureformationvoid regionscontainsubstantial
amountsof infrastructure(seesect.4.4). The low-densityervironmentof voids

slows the growth of structure(for a thoroughanalyticaltreatmentsee Gold-

berg & Vogelgy, 2004)). The netresultis a diluted and diminishedinfrastruc-
turewhichremainsvisible, at ever decreasinglensitycontrastascindersof the

earlier phaseof the void hierarchy in which the substructurestood out more
prominent(seesect.4.8).
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Fig. 23. Void nonlinearityin Lagrangianperturbatiortheory from Sahni& ShandarirL996.
LefthandFrame:densitycontrast spp in LagrangianperturbatiorseriesL(n) plottedagainst
the exacttophatsolution gx for underdenseegions (lower left) and overdenseegions (up-

perright). Whereaghe accurag of L(n) increasesith n whendescribingthe behaiour of

overdensaegions,L(n) wiht N > 1 do not fareaswell whenappliedto underdenseegions.
Although for voids L(n) with n = 2; 3 areinitially moreaccuratehanL(1) (Zel'dovich ap-
proximation),their accurag becomegpoorerwith time. Moreover, L(2) shavs pathological
behaiour at latetimeswhen gx < 0:7. Righthandframe: The dimensionlesselocity di-

vergenceeld app in LagrangiarmperturbationseriesL(n) is shavn plottedagainstthe exact
solution gy, for overdenseegions(lower left) andunderdenseegions(upperright). I(n) with

n = 2; 3 give betterresultsthanl(a) for overdensebut not for underdenseegions.From Sahni
& Shandarirl996.Imagecourtesyof Seigei Shandarin.

Collapseof Voids

Insteadof expandingyvoidsembeddedh alargerscaleervironmentof su cient

overdensity or surroundedby structurese ectinga strongenoughtidal force

eld, maytendto collapse.This processof void collapseis especiallyrelevant

for small (sub)widsnearthe boundarie®f large dominatingvoids. The process
is of crucialimportancein the hierarchicakvolution of voids (seesect.4.8).

4.2 Void ldentity and Maturity

Onequestiorof relevanceis thatof theidentity of theobsenedvoids.In otherwords,
whatde nesamaturevoid ? A reasonablanswemay be found on the basisof the
sphericaimodel.Thisteachesisthatvoids maybeassignea characteristiclynami-
caltime, correspondingo athresholdof thelinearly extrapolatedorimordialdensity
eld. A reasonablsuggestions thatof a void reachingmaturity at the momentof
shell-ciossing ie. the stageat which theinner shellsof avoid do overtale the outer
shellsasa resultof their larger peculiaraccelerationBertschingei(1985) pointed
outthatavoid would assume self-similarexpansiorandpropagatet a slower rate
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throughthe surroundingmediumBertschinge(1985). On the basisof this obser
vation, Blumenthalet al. (1992) suggestedhat the voids obsened in galaxy red-
shift suneys, orin N-bodysimulationsshouldbeidenti ed with suchshell-crossing
voids.
Thevoid thresholdthatcorrespondso shell-crossingf a sphericattophatvoid,

v = 281 (fora mn = 1 Einstein-deSitter Universe,andfor a growing-mode
perturbation)Oncethe( ctitious) lineargrowth of adensitytroughin theprimordial
density eld hasreachedhe void barrier the depressiorwill have evolved into a
genuinevoid. Given the primordial density eld (x), linearly interpolatedto the
presentepoch,at any one cosmicredshift z one can identify the voids that have
evolvedbeyondtheshell-crossingphaseandemegedasmaturevoids,

X) < sz m ) WVZ); 1)

wheretheindex sscrefersto “sphericalshellcrossing”.

4.3 A void in LCDM

Soonaftertheir discovery, variousstudiespointedout their essentiatole in the or-
ganizatiorof thecosmicmatterdistribution (e.g.Icke, 1984;Regos & Geller,1991).
Their e ective repulsie in uence over their surroundingshasbeenrecognizedn
variousgalaxysuneysin the Local Universe(seesec.2.3).

Herewe addresshe void's dynamicalin uence by meansof a casestudyof the
structureand out ow from a void selectedrom a CDM GIF N-body simulation
Kau mannetal. (1999).Figure24 shavs atypical void-likeregionina CDM Uni-
verse.lt concernsa 256° particlesGIF N-body simulation,encompassing CDM
( m=03; =0:7;Hy = 70km=s=Mpc) density eld within a(periodic)cubichox
with length141h *Mpc andproducedy meansof anadaptve PPM N-bodycode.

Thetop left frame shows the particledistribution in andaroundthe void within
this 425h Mpc wide and1h *Mpc thick slice throughthe simulationbox. In the
samegure weincludepanelf thedensityandvelocity eld in thevoid, determined
by meansof a DTFE reconstruction(Schaap,2007; van de Weygaert& Schaap,
2007).Both form a niceillustration of the capacityof the tessellation-baseB TFE
interpolationand reconstructiortechniqueto translatethe inhomogeneousarticle
distributioninto highly resohedcontinuousandvolume- lling elds andevenfollow
thedensity eld aswell asvelocity o w throughoutilutedvoid regions.

Void Infrastructur e

The void region appearsasa slowly varying region of low density(top righthand
frame).Notice the cleardistinctionbetweenthe empty(dark)interior regionsof the
void andits edgeslIn theinterior of the void severalsmallersubvoidscanbedistin-
guishedwith boundariegonsistingof low density lamentary or planarstructures.
The generalcharacteristicof the expandingvoid are most evident when fol-
lowing the densityandvelocity pro le alonga one-dimensionasectionthroughthe
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Fig. 24. Thedensityandvelocity eld arounda void in the GIF LCDM simulation.The top
righthandpanelshavs the N-body simulationparticledistribution within a slice throughthe
simulationbox, centeredn thevoid. Thetop righthandpanelshavs the grayscalenapof the
DTFE density eld reconstructiorin andaroundthe void, the correspondingelocity vector
plot is shawn in the bottom lefthand panel. Notice the detailedview of the velocity eld:
within the almostsphericalglobal out ow of the void featurescanberecognizedhatcanbe
identi ed with the diluted substructurewithin the void. Along the solid line in thesepanels
we determinedhelinearDTFE densityandvelocity pro le (bottomrighthandframe).We can
recognizethe global “bucket” shapediensitypro le of the void, be it marked by substantial
densityenhancementhevelocity eld re ects thedensitypro le in detail,dominatecby a
globalsuperHubbleout ow. From Schaaf2007.
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void. The bottom-leftframe of g. 25 shows thesepro les for the linear section
alongthesolidline indicatedin the otherthreeframes.The rst impressioris thatof
the budket-like shapeof the void, beit interspersedby a ratherpronouncediensity
enhancementearits centre.This pro le shapedoescon rm to thegenerakrendof
low-densityregionsto developanearuniforminterior densitysurroundedby sharply
de ned boundariesBecausadnitially emptierinner regions expandfasterthanthe
denserouter layersthe matter distribution getsevenedout while the inner layers
catchup with the outerones.

Void Velocity Field

The ow in andaroundthe void is dominatedby the out ow of matterfrom the
void, culminatinginto thevoid's own expansiomearthe outeredge. Thecomparison
with thetop two framesdemonstratethe strongrelationwith featuresn the particle
distribution andthedensity eld. Notonly s it slightly elongatedilongthedirection
of thevoid's shapehutit is alsosensitie to someprominentinternalfeaturesof the
void. Towardsthe “SE” directionthe o w appeargo slow down neararidge, near
thecentrethe DTFE reconstructiondenti es two expansioncentres.

Thevoid velocity eld pro le isintimatelycoupledto thatof its density eld. The
linearvelocityincreasds a manifestatiorof its generakxpansionThenearconstant
velocity divergencewithin the void conformsto the superHubble ow expectedfor
thenearuniforminterior densitydistribution. Becauseroidsareemptierthantherest
of theuniversethey will expandfasterthantherestof theuniversewith anetvelocity
divergenceequalto

=L Vo3 = Hyoig=H ; @)

H
3)

where is de nedto betheratio of the superHubbleexpansiorrateof thevoid and
the Hubbleexpansionof the universe.

Expanding Voids and the Cosmos

Evidently, the highestexpansiorratio is thatfor voidswhich arecompletelyempty
ie. wid = 1.Theexpansiorratio for suchvoidsmaybeinferredfrom Birkho 's
theoremtreatingthesevoidsasemptyFRW universesvhoseexpansiortimeis equal
to the cosmictime. For a matterdominatedUniversewith zero cosmologicalcon-
stant,the maximumexpansionratethata void mayachieseis givenby

max = 15 %6; (4)

with 1, the cosmologicalmassdensityparameterFor emptyvoids in a Universe
with acosmologicatonstana similar expressiorholds,beit thatthevalueof  will

have to be numericallycalculatedfrom the correspondingequation.In generalthe
dependencen is only weak.Genericvoidswill notbeentirelyempty their density
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Fig. 25. Theimprint of voids on the cosmicvelocity eld. The velocity divergencepdf for a

matterdominated = 0:4 anda = 1.0 universe,determinedrom a CDM N-body sim-

ulation by meansof the DTFE technique.The pdf hasa sharphigh-value edge,de ned by

the out ow from voids. Lefthandframe: = 0:4, with superimposeddashed}he pdf for a
= 1.0 Universe Righthandrame: = 1.0. FromBernardeawtal. 1997.

decitj vwig 0:8 0:9(cf. eg.thelineardensitypro le in g. 25). Theexpansion
rate yoig for suchavoid follows from numericalevaluationof the expression

= 3 M o, = m( void + 1) (5)
void = 5 - 1 of mvoild — T 7 1 5,
21+ a a5y

in which myoig IS thee ective cosmicdensityparametemsidethevoid.

Whenassessinghe statisticsof the velocity eld divergenceusingappropriate
tools,onemayindeed nd asharppositive divergencecuto markingthe maximum
expansionrate of void regions. On the basisof their tessellationbasedtechnique,
an early velocity eld orientedversionof DTFE, Bernardeaw& van de Weygaert
(1996)andBernardeatet al. (1997)demonstratedhat potentiallyone may indeed
infer informationon o from the expansiornof voids.

4.4 Void Sociology

Computersimulationsof the gravitational evolution of voidsin realisticcosmologi-
calenvironmentsdo shav aconsiderablynorecomple situationthanthatdescribed
by idealizedsphericabr ellipsoidalmodels(seeMartel & Wassermanrl,990;Regos
& Geller,1991;Dubinskietal., 1993;vandeWeygaert& vanKampen,1993;Gold-
berg & Vogelgy, 2004; Colbeg et al., 2005b;Padilla et al., 2005).In recentyears
thehugeincreasen computationatesourcefasenabledN-body simulationsto re-
solve in detail the intricate substructuref voids within the context of hierarchical
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cosmologicaktructureformationscenario§Mathis& White,2002;Gottloberetal.,

2003;Hoeftetal., 2006;Arbabi-Bidgoli& Muller,2002;Goldbeg & Vogeley, 2004;
Colbeg etal., 2005b;Padillaet al., 2005).They con rm thetheoreticalexpectation
of voids having arich substructure@sa resultof their hierarchicabuildup (seee.g.
g. 4).

Sheth& van de Weygaert(2004)treatedthe emegenceand evolution of voids
within the context of hierarchical gravitational scenarioslt leadsto a considerably
modi ed view of theevolution of voids. Therole of substructurevithin theirinterior
andtheinteractionwith their surroundinggurn out to be essentiabspect®f the hi-
erarchical evolution of the void populationin the Universe An importantguideline
arethe heuristicvoid modelsimulationsby Dubinskiet al. (1993),andthe theoret-
ical void studyby Sahniet al. (1994)within the contet of a Lagrangianadhesion
modelapproachby Sahniet al. (1994). Sheth& van de Weygaert(2004) shoved
thatthe hierarchicaldevelopmeniof voids, akin to the evolution of overdenséalos,
maybedescribedy anexcursionsetformulation(Press& Schechter1974;Bondet
al., 1991;Sheth,1998).In somesensevoidshave aconsiderablynorecomplex evo-
lutionary paththanoverdenséialos.This proddedthe developmentof a two-barrier
excursionsetformalism(seesect.3.7in accompaying lecturenoteson thetheoryof
theCosmicWeb).Thetwo barriersreferto two processethatdictatetheevolution of
voids:their meginginto everlargervoidsaswell asthe collapseanddisappearance
of smallonesembeddedh overdenseegions(see g. 26).

Void Merging

First, considera small region which was lessdensethanthe critical . It may be

thatthisregionis embeddedh a signi cantly largerunderdensesgion whichis also
lessdensehanthecritical density Many smallprimordialdensitytroughsmay exist

within thelargervoid region. Oncesmallvoidslocatedwithin thelargerembedding
underdensithave emegedastruevoidsatsomeearlierepoch theirexpansiortends
to slow down. Subsequentlythey mergeandgetabsorbednto thelargervoid emeg-

ing from the embeddingunderdensityasit reachests shell-crossingphase There-
fore, we shouldidentify the larger region as a large void today while the smaller
subvoidsshouldnot anymorebe countedassuch(see g. 26,top row).

Void Collapse

A secondvoid processs responsibldor the radicaldissimilarity betweervoid and
halo populationsIf a smallscaleminimumis embeddedn asu ciently high large
scaledensitymaximum thenthecollapseof thelargersurroundingegionwill even-
tually squeezehe underdenseegion it surroundsthe small-scalevoid will vanish
whenthe region aroundit hascollapsedcompletely Alternatively, thoughusually
coupled,they may collapseas a result of the tidal force eld in which they nd

themseles.If thevoid within the contractingoverdensityhasbeensqueezedo van-
ishingly smallsizeit shouldnolongerbecountedasavoid (seeg. 26,bottomrow).
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Fig. 26. Thetwo modesof void evolution: void meging (top row) andvoid collapse(bottom
row). Top: threetimestepsof evolving void structurein a 128° particleN-body simulationof
structureformationin an SCDM model(ae, = 0:1;0:3; 0:5). The sequencehavs thegradual
developmentof alargevoid of diameter 25h *Mpc asthe comple patternof smallervoids
and structureswhich had emepged within it at an earlier time, memge with one another It
illustratesthe void-in-void processof the evolving void hierarchy Bottom: a choiceof three
collapsingvoidsin a constrainedN-body simulation,eachembeddedvithin an environment
of di erenttidal shearstrength.The arrows indicatethe velocity vectors,shaving the infall
of outerregionsontothevoid region. As aresultthevoidswill be crushedasthe surrounding
matterrainsdown on them.

The collapseof small voids is an importantaspectof the symmetrybreaking
betweenunderdensitieand overdensitiesin the primorial Universe ,Gaussiarpri-
mordial conditionsinvolve a perfectsymmetrybetweerunder andoverdenseAny
inspectionof a galaxyredshiftmapor an N-body simulationshows thatthereis a
markeddi erencebetweenmatterclumpsandvoids. While the numberdensityof
halosis dominatedy smallobjectsyvoid collapseis responsibldor thelack of small
voids.

4.5 Void Excursions

The excursionset formalism allows an elegant formulation and evaluationof the
comple evolution of voids outlinedabove in termsof a two-barrier excursionset
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formalism.Themewging andcollapsebarriershave beenindicatedby horizontalbars
in the Brownian randomwalk diagramof g. 27.In the formalism developedby
(Shethé& van de Weygaert,2004) the maturingmeging thresholdis setto a x ed
thresholdvalue,independentf scaleitheshell-cossingvalue , = 2:81 of spheri-
calvoids.Thevoid collapseof anunderdensitgmbeddedvithin a contractingover
densityis setby thecollapsebarrier . (for halos).

Void-in-Void & Void-in-Cloud

Sincemary smallvoidsmaycoexist within onelargervoid, we mustnot countall of
thesmallervoids asdistinctobjects lestwe overestimatehe numberof smallvoids
andthetotal volumefractionin voids. Thisis calledthevoid-in-voidproblem.In this
casesmallvoidsfrom anearlyepochmergewith oneanotherto form alargervoid at
alaterepoch.lt is analogoudo the well-known cloud-in-cloudproblemassociated
with the numberdensityof initially overdensepeaks.To accountfor the impactof
voidsdisappearingvhenembeddedh collapsingregions,we mustalsodealwith the
void-in-cloudproblem.Also see g. 9in vandeWeygaert& Bond(2005).

By contrasttheevolution of overdensitiess governedonly by thecloud-in-cloud
process;the cloud-in-void processis much lessimportant, becauseclouds which
condensén alarge scalevoid arenottorn apartastheir parentvoid expandsaround
them. This asymmetnbetweenhow the surroundingervironmenta ectshaloand
void formationis incorporatednto the excursion setappmach by usingonebarrier
to modelhaloformationanda secondbarrierto modelvoid formation(Fig. 9 in van
de Weygaert& Bond (2005)).0nly the rst barriermattersfor halo formation,but
bothbarriersplay arolein determininghe expectedabtundanceof voids.

Brownian Void Walks

Figure27 depictstwo di erentrandomwalks,eachillustrative examplesof the void
evolution processesThered Brownian randomwalk relatesto the void-in-voidtra-
jectoryof void formationthroughthe merging of voids. ThegreenBrownianrandom
walk depictsthe fateful eventsunfolding for a collapsingvoid, a void-in-halotra-
jectory. The void-in-voidrandomwalk looks very muchthe inverseof that for the
cloud-in-cloudprocessassociatedvith halo memers.The associatedandomwalk
shows thatthe present-dayoid V1 containsmoremass(S  1:6) thanthe smaller
void V2 (S 3:2) which memgedinto V1. Theredrandomwalk concernsalocation
which at early timeswasfound within a smallvoid V2. This void, however, is em-
beddedon a masslarger massscalewithin an overdenséhalo H1. Oncethis entity
collapsesnto a massve virialized halo, V2 will have disappeared.

If awalk rst crosses . andthencrosses, onasmallerscale thenthe smaller
void is containedwithin a larger collapsedregion. Sincethe larger region hascol-
lapsedthe smallervoid within it no longerexists, soit shouldnot be counted.The
only bona- de voids are thoseassociatedvith walks which cross  without rst
crossing .. The problemof estimatingthe fractionof massin voidsreducedo esti-
matingthe fraction of randomwalks which rst crossed , at S, andwhich did not
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Fig. 27. Two-barrierexcursionsetformalismfor the two void processesroid meging (red)
andvoid collapse(green).Randomwalk exhibited by the averageoverdensity centredon
a randomlychosenpositionin a Gaussiarrandom eld, asa function of smoothingscale,
parametrizedy Sy (large volumeareon theleft, small volumeson the right). Dashedhori-
zontallinesindicatethe collapsebarrier . andthevoid shell-crossindarrier .

cross . atary S° < S: the descriptionof the void hierarchyrequiressolutionof a
two-barrier problem.

4.6 Void Spectrum

The analyticalevaluationof the two-barrierrandomwalk problemleadsdirectly to
a predictionof the distribution function n,(M) for voids on a massscaleM. With
respecto the linear extrapolateddensity eld the maturedvoid on a massscalem
correspondso afractionalrelative underdensity (M),
i .
(M)’

v(M) (6)
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with thedependencenthemassscaleM enteringvia thermsdensity uctuation on
thatscale, (M). Accordingto the (Sheth& van de Weygaert,2004)the resulting
void massspectrummaybe approximatedy

nv(M) dM

r |
2 v(M)2" din (M) jviD? D4
“wz M e S gm0 T2z %3

whichfor a purepower-law power spectrunyields
r =R M !a+n)=s g M !(3+n)=3§
> M. eXP_B M. B (8)

M2 M, ,

8 I ae [ 9
exp% D_2 éﬂ . D2 M 3 n)ﬂé M 3 n)=3§ .

2o 8 M M B -

ThequantityD is the“void-and-cloudparametet,

u

nv(M) dM 1+

iv

(c*iv)

It parameterizethe impactof halo evolution on the evolving populationof voids:

thelikelihoodof smallervoids beingcrushedhroughthe void-in-cloudprocesgle-

creasesstherelative valueof the collapsebarrier . with respecto thevoid barrier

v becomedarger.

Along with thederivedvoid distribution a variety of relatedinterestingobsena-

tionsmay be made.Oneaspectoncernghe fraction of masscontainedn voidson
massscaleM,

(9)

M ny(M)

Theresultingdistributionis alsopealed. Thetop lefthandframeof g. 28shawvsthat
mostof thevoid massis indeedto be foundin voids of characteristienassM,. . At

ary giventime themassfractionin voidsis approximatelythirty percenbof themass
in the Universe.

f(M) =

: (10)

Characteristic Void Size

Expressior9 shaws clearlythatn(M) cuts-o sharplyatbothsmallandlargevalues
of . This becomeslearwheninspectingThe humberdensityn,(R) of voids of
radiusR® in g. 28 (bottomlefthandframe).It shavs that the distribution of void

5 The corversionof the void massscaleto equivalentvoid radiusR is doneby assuminghe
simplestapproximationthatof the sphericakophatmodel.Accordingto this modelavoid
hasexpandedoy afactorof 1.7 by thetimeit hasmature sothatV, = (M=) 1.7°.
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Fig. 28. Distribution of void radii predictedon the basisof equation(9), in an Einsteinde-
Sittermodelwith P(k) / k %5, normalizedo g = 0:9 atz = 0. Top left panelshovs themass
fractionin voids of radiusr. Bottom left panelshavs the numberdensityof voids of radius
r. Notethatthe void-sizedistribution is well pealed abouta characteristisize provided one
accountdor the void-in-cloud processTop right panelshavs the cumulatie distribution of

the void volume fraction. Dashedand solid curvesin the top panelsand bottom left panel
shav the two naturalchoicesfor the importanceof the void-in-cloud processdiscussedn

thetext: . = 1:.06 and1.686,with , = 2:81. Dotted curve shavs the resultof ignoring
the void-in-cloudprocessentirely. Clearly, the numberof small voids decreaseasthe ratio

of 5 \j decreaseBottomright panelshawvs the evolution of the cumulatize void volume
fraction distribution. The threecurvesin this panelarefor . = 1:686(1+ 2), wherez = 0

(solid), 0.5 (dotted)and1 (dashed).
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massesds reasonablywell pealed about 1, correspondingo a characteristic
massscaleof order o(M) j yj.

Theaboveimpliesthatatarny onecosmicepochthereis acharacteristicvoid size
whichincreasesvith time: thelargervoidspresenttlatetime formedfrom memgers
of smallervoids which formedat earliertimes. For pure power-law power spectra
this meanghatthis self-similarevolution of the void populationcentersaroundthe
evolving void massM,;. :

MV; (t) / D(t)6:(3+n) I\/lv; ;0; (11)
in which thepresent-dagharacteristizoid massjnverselyproportionaltoj j, is
2A! 3=3+n)

2
v

My, o = (12)

Self-similar Void Evolution

In an Einsteinde-Sitteruniverse, ., y and (m) all have the sametime depen-
dence,so equation(9) evolves self-similarly, parameterizedy the characteristic
“void mass”M,. . Also for more generalworld-modelsthe approximationof self-

similar void evolution shouldbe quite accurateas the time dependenceare only

slightly di erent.

4.7 Void Evolution

The populationof large voids is insensitve to the void-in-cloudprocessThe large
masscuto of the void spectrumis similar to the onesfor clustersandre ects the
Gaussiamatureof the uctuation eld from whichtheobjectshave condensedlhe
gradualmeming of voidsinto ever largeronesis embodiedn the self-similarshift
of the peakof the void spectrumje. of M,. . The alundanceof voids which larger
thanthe typical initial comoving sizesof clustersis thereforereasonablydescribed
by peakstheory(Bardeeretal., 1986;Sheth& vande Weygaert,2004).

While thetwo-barrierexcursionsetformalismo ersanattractve theoreticalex-
planationfor the distinctasymmetrybetweenclumpsandvoids andfor the pealed
void sizedistribution, we needto identify wherethe disappearingmall-scalevoids
areto befoundin a genuineevolving cosmicmatterdistribution. Usingthe GIF N-
body simulationsof variousCDM scenariosPlaten(2005) hasmanagedo trace
various specimenof this unfortunatevoid population.Using the new Watershed
\Void Finder techniquePlaten,van de Weygaert& Jones(2007) identi ed small-
scalevoidsat high redshift(z=3) andsubsequentljollowedtheir evolution. Fig. 29
shawvsthevoid distributionin andaroundalarge centralunderdensitytfour cosmic
epochsz = 3:0; 2:0; 1:5and0:5. Thefateof thesubvoidswithin thelargepresent-day
void is clearlyvisible: the interior onestendto memgewith surroundingpeerswhile
the onesnearthe boundaryget squeezedaut of existence.Closeinspectionshovs
thatthe smallvoidsarenot collapsingisotropically Insteacthey tendto getsheared
by their surroundings.
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Fig. 29. Evolving Void Hierarchy:the structurein andarounda large centralvoid in a GIF
CDM simulation.At z = 3 the watershedNVVF void nder (Platenet al. 2007a)hasbeen
appliedto tracethe outline of voids in the matterdistribution. Particlesat the surrounding
ridges(boundariespre subsequentlyollowed. The four framesdepictthe resultingparticle
distribution in a 5h *Mpc thick and  60h *Mpc wide slice, at 4 successie time intenvals:
z = 3:0;2:0; 1:5 and 0:5. Clearly visible is the fate of subvoids within the large present-day
void: eitherthey meige into the backgroundor they get squeezeaut of existencenearthe
boundaryFromPlatenetal. 2008.CourtesyGIF simulation:J. Colbeg & Virgo consortium.

Thisimageof void formationin the darkmatterdistribution hasbeenelaborated
by Furlanetto& Piran(2006)to describethe implicationsfor voidsin the galaxy
distribution while it formsthestartingpoint for variousongoinginvestigations.

The demiseof smallvoids nearthe boundarie®f large voids, touchingthe sur
rounding laments andsheetsis a clearindicationfor theimportanceof tidal in u-
enceson the developingsubvoid. Tidal stressesnducedby the large scalevicinity
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will be of majorimportancefor their nal fate.Onemay arguethattidal in uences
aremoreimportantfor voids thanthey arefor halos.Becauseheir underdensitys
naturallylimited ( 1) andbecauseéheir sizeis expandingthe ervironmentre-
tainsadominantdynamicaln uence, in particularovertheouterregionof thevoids.
Theaccompaying force eld will in generabeanisotropiandif strongenoughen-
forceashearingcollapselt is entirelyin line with therecentobsenrationby Park &
Lee(2007)andPlatenvande Weygaert& Joneg2007b),thatthe shapeof voidsis
signi cantly a ectedby thetidal in uence of the surroundingmatterdistribution.

4.8 Soapsudof Voids

An importantaspecbf theimplied void populationis thatit is approximatelyspace-
lling . It underlinesthe adagiothat the large scaledistribution of mattermay be
comparedo a soapsudf expandingbubbles This follows from evaluationof the
cumulative integral

Z 1

fv(M) (1:7) dMmO: (13)
M

3 M®n,(M°)
u

wherethefactorl.7is anestimateof theexcessexpansiorof thevoid basediponthe
sphericamodelfor void evolution (seefootnote).Theresulting(current)cumulative
void volumedistribution is shaovn in the top righthandpanelof g. 28.For a nite
value of void radiusR the whole of spaceindeedappeargo be occupiedby voids.
Evenmoreimpressie is the correspondingelf-similarevolution of the culumatie
void volumedistribution fy(M;t). The bottomrighthandframeof g. 28 showvsthe
gradualshift of the cumulative volume distribution towardslarger voids. The cor-
rectimageappeardo bethatof a graduallyunfolding bubbly universein which the
averagesizeof thevoidsgrows assmallvoidsmemgeinto everlargerones.

5 Conclusion: Mor phology of the CosmicWeb

The Megaparsescalegalaxydistribution de nes oneof the mostintriguing spatial
patternsin nature,the CosmicWeh In thesenoteswe have looked into the mary
diverseaspect®f theavailableobsenationalinformation.For a considerablg@eriod
the spatialanalysisof weblike structureasbeenbasedn ratherill-de ned heuris-
tic conceptsdi cult to interpretwithin the context of existing theories.We have
provided a review of the recentactivity towardsthis direction.A setof techniques
hasopeneadhepathtowardsameaningfulquantitatve analysisMorphologically the
mostdistinct elementsf the CosmicWeb are laments andvoids. Filamentshave
gured prominentlyin the accompaying theoreticaltreatise(van de Weygaert&
Bond, 2005)on the formationof theweh In theselecturenoteswe have put special
emphasi®on thevoidsin cosmicmatterandgalaxydistribution.
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