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1 Intr oduction
One of the moststriking examplesof a physicalsystemdisplayinga salientgeo-
metrical morphology, and the largest in termsof sheersize, is the Universeas a
whole.Thepastfew decadeshave revealedthaton scalesof a few up to morethan
ahundredMegaparsec,thegalaxiesconglomerateinto intriguingcellularor weblike
patternsthatpervadetheobservablecosmos.

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

� Clusters
� Filaments
� Sheets/Walls
� Voids

arenotmerelyrandomlyandindependentlyscatteredfeatures.On thecontrary, they
havearrangedthemselvesin aseeminglyhighlyorganizedandstructuredfashion,the
CosmicFoamor CosmicWeb. They arewoveninto an intriguing foamlike tapestry
thatpermeatesthewholeof theexploredUniverse.Thevastunder-populatedvoidre-
gionsin thegalaxydistributionrepresentbothcontrastingaswell ascomplementary
spatialcomponentsto thesurroundingplanarand�lamentarydensityenhancements.
At the intersectionsof the latterwe often�nd themostprominentdensityenhance-
mentsin our universe,therich clusters of galaxies(see�g. 1).

In thesenoteswe will delve into the observationalandmorphologicalaspects
of the CosmicWeb. In the accompanying manuscript(van de Weygaert& Bond,
2005)we have presentedthetheorybehindtheemergenceof theCosmicWebfrom
the pristinenear-uniform Universe.The theoreticalframework of CosmicWeb has
to be confrontedwith the informationobtainedfrom a variety of sources.On the
observationalsidethecosmicwebhas�rst beenseenin redshiftmapsof thespatial
galaxydistribution. The recentsuccessin mappingthe spatialweblike darkmatter
distribution by meansof weak lensingobservationsforms a breakthroughfor our
understandingof thelarge-scaledynamics.Equallyimportantsourcesof information
concerntheLy� forestandtheWHIM, the imprint of thegaseousmaterialthat fell
into theweblikestructuresde�nedby thedarkmatterdistribution.Two aspectsof the
largescaleuniversedo play a specialrole in our study. Clustersof galaxiesarethe
primeobjectsin de�ning thepatternandstructureof theCosmicWeb. On theother
handwe have the large voids as importantstructuraland dynamicalcomponents.
They areof primesigni�cancefor themorphologyof thelargescaleUniverse.

2 The Emergenceof the CosmicWeb

Towardsthe endof the seventiesa setof new observationsdid start to unveil the
existenceof coherentstructureslarger than that of clustersof galaxies.With the
review of Oort (1983)thesuperclusterparadigmestablisheditself asthenew view
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Fig. 1. The CosmicWeb. The imageshows the weblike patternstracedby the Dark Matter
distribution, at the presentepoch,in a Universebasedon a � CDM scenario.It concernsan
N-body simulationin a box of 200h� 1 Mpc size.The threeboxes indicateexamplesof the
mainstructurecomponentsof theCosmicWeb. Amongstothers,the imageclari�es themu-
tual spatialrelationshipbetweentheseelements.Low-densityandlow contrastwalls areless
prominentthantheoutstanding�lamentary channelswhich de�ne the textureof theCosmic
Web. Nearthe intersectionpointsof �laments andsheetswe �nd high-densityclusternodes.
The �gures demonstratesthe signi�canceof the concept“Cosmic Web”. Imagecourtesyof
Miguel Aragón-Calvo, seeAragón-Calvo 2007.

of thelargescaledistributionof matterandgalaxiesin theUniverse.It hadgradually
emergedas a result of variousearly galaxy redshift surveys of nearbyregions in
theUniverse(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 survey (Davis et al., 1982).Along
with thesee� ortscametheunexpected�nding of the �rst exampleof largecosmic
voids,theBootesvoid (Kirshneret al., 1981).

2.1 Galaxiesand the CosmicWeb

It was the celebratedmap of the �rst CfA redshift slice (de Lapparent,Geller &
Huchra,1986)thatshowedtheconnectionbetweenthebasicelementsof theCosmic
Webthatwasgoingto emergein themorecompletepicture.While it providedanini-
tial hint of theexistenceof theCosmicWebit wassothin thatit wasnot immediately
clearwhatits truenaturewas,whetherit werebubbles,pancakes,or somethingelse.
In recentyearsthis view hasbeenexpandeddramaticallyto thepresentgrandvistas
o� eredby the100,000sof galaxiesin the2dF– two-degree�eld – GalaxyRedshift
Survey, the 2dFGRS(e.g.Collesset al., 2003),andSDSS(Tegmarket al., 2004)
galaxyredshiftsurveys.3. Theseandmany otherredshiftsurveyshaveunequivocally
establishedthat galaxiesare locatedin dense,compactclusters,in lessdense�la-
ments,andin sheetlike walls surroundingvast,almostemptyregionscalledvoids,
thestructuralcomponentsof theCosmicWeb.

The�rst impressionsof a weblike galaxydistribution seenin theshallow CfA2
redshiftslicesgot �rmly establishedasa universalcosmicphenomenonthroughthe
publicationof the resultsof theLasCampanasredshiftsurvey (LCRSShectmanet
al., 1996).Its chartof 26,000galaxylocationsin six thin stripson thesky, extend-
ing out to a redshift of z � 0:1, did provide the �rst impressionof structurein a
truely cosmologicallyrepresentative volumeof space.The Las Campanasredshift
survey con�rmed the ubiquity andreality of weblike patternsover vast reachesof
our Universe.Also importantwasthat it did not show any strongevidenceof inho-
mogeneitiessurpassingsizesof 100� 200h� 1Mpc.

This is mostdramaticallyillustratedby themap2dFGRSandSDSSmaps.The
publishedmapsof thedistribution of nearly250,000galaxiesin two narrow “slice”

3 Seehttp://www.mso.anu.edu.au/2dFGR S/ andhttp://www.sdss.org/
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Fig. 2. SDSSis thelargestandmostsystematicsky survey in thehistoryof astronomy. It is a
combinationof asky survey in 5 opticalbandsof 25%of thecelestial(northern)sphere.Each
imageis recordedon CCDs in these5 bands.On the basisof the images/coloursand their
brightnessa million galaxiesaresubsequentlyselectedfor spectroscopicfollow-up.Thetotal
sky areacoveredby SDSSis 8452squaredegrees.Objectswill berecordedto mlim = 23:1. In
total theresultingatlaswill contain108 stars,108 galaxiesand105 quasars.Spectraaretaken
of around106 galaxies,105 quasarsand105 unusualstars(in ourGalaxy).Of the5 publicdata
releases4 have beenaccomplished,ie. 6670squaredegreesof imagesis publicly available,
alongwith 806,400spectra.In total, thesky survey is now completelydone(107%),thespec-
troscopicsurvey for 68%.This imageis takenfrom a movie madeby Subbarao,Surendran&
Landsberg (seewebsite:http://astro.uchicago.edu/cosmus/projects/sloangalaxies/). It depicts
the resultingredshift distribution after the 3rd public datarelease.It concerns5282square
degreesandcontained528,640spectra,of which374,767galaxies.

Fig. 3. Equatorialview of the2MASSgalaxycatalog(6h RA at centre).Thegrey-scalerep-
resentsthe total integrated�ux alongthe line of sight– thenearest(andthereforebrightest)
galaxiesproducea vivid contrastbetweenthe Local Supercluster(centre-left)andthe more
distantcosmicweb. Thedarkbandof theMilk y Way clearlydemonstrateswherethegalaxy
catalogbecomesincompletedueto sourceconfusion.Somewell known large-scalestructures
areindicated:P-P=Perseus-Piscessupercluster;H-R=Horologium-Reticulumsupercluster;P-
I=Pavo-Indussupercluster;GA=`GreatAttractor'; GC=GalacticCentre;S-C=Shapley Con-
centration;O-C=OphiuchusCluster;Virgo, Coma,andHercules=Virgo,ComaandHercules
superclusters.The Galactic`anti-centre'is front andcentre,with the Orion andTaurusGi-
antMolecularCloudsforming thedarkcircularbandnearthecentre.Imagecourtesyof J.H.
Jarrett.Reproducedwith permissionfrom the Publicationsof the AstronomicalSocietyof
Australia21(4): 396-403(T.H. Jarrett).Copyright AstronomicalSocietyof Australia2004.
Publishedby CSIRO PUBLISHING,MelbourneAustralia.
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Fig. 4. TheCfA GreatWall (bottomslice,Geller & Huchra1989)comparedwith theSloan
GreatWall (top slice).Both structuresrepresentthe largestcoherentstructuralin thegalaxy
redshiftsurveys in which they weredetected,theCfA redshiftsurvey andtheSDSSredshift
survey. The (CfA) GreatWall is a hugeplanarconcentrationof galaxieswith dimensions
thatareestimatedto beof theorderof 60h� 1 � 170h� 1 � 5h� 1 Mpc. Truely mindbogglingis
theSloanGreatWall, a hugeconglomerateof clustersandgalaxies.With a sizein theorder
of 400h� 1Mpc it is at leastthreetimeslarger thantheCfA GreatWall. It remainsto beseen
whetherit isagenuinephysicalstructureormainlyastochasticarrangementandenhancement,
at a distancecoincidingwith the survey's maximumin the radial selectionfunction. Image
courtesyof M. Juríc, seealsoGott et al. 2005.Reproducedby permissionof theAAS.

regionson thesky yieldedby the2dFGRSsurveys reveala far from homogeneous
distribution. Instead,we recognizea sponge-like arrangement,with galaxiesag-
gregating in striking geometricpatternssuchas prominent�laments, vaguelyde-
tectablewallsanddensecompactclustersontheperipheryof giantvoids4. Thethree-
dimensionalview emerging from the SDSSredshiftsurvey providesan even more

4 It is importantto realizethat the interpretationof the Megaparsecgalaxydistribution is
baseduponthetacit yetcommonassumptionthatit formsaa fair re�ection of theunderly-
ing matterdistribution.While therearevariousindicationsthatthis is indeeda reasonable
approximation,aslong asthe intricateandcomplex processof the formationof galaxies
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Fig. 5. The cosmicweb at high redshifts:a prominentweblike featuresat a redshift z �
3:1 found in a deepview obtainedby the Subarutelescope.Large scalesky distribution of
283 strongLy� emitters(black �lled circles),the Ly� absorbers(red �lled circles)andthe
extendedLy� emitters(blueopensquares).Thedashedlinesindicatethehigh-densityregion
of the strongLy� emitters.From Hayashinoet al. 2004.Reproducedby permissionof the
AAS.

convincingimageof theintricatepatternsde�nedby thecosmicweb(�g. 1).A care-
ful assessmentof thegalaxydistributionin our immediatevicintiy revealsushow we
ourselvesareembeddedandsurroundedby beautifully delineatedandsurprisingly
sharplyde�ned weblike structures.In particulartheall-sky nearbyinfrared2MASS
survey (see�g. 3) providesuswith ameticulouslyclearview of thewebsurrounding
us.

hasnot beenproperly understoodthis shouldbe consideredas a plausibleyet heuristic
working hypothesis.
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Thecosmicwebis outlinedbygalaxiespopulatinghuge�lamentaryandwall-like
structures,thesizesof themostconspicuousonefrequentlyexceeding100h� 1 Mpc.
Theclosestandbeststudiedof thesemassive anisotropicmatterconcentrationscan
be identi�ed with known superclustercomplexes,enormousstructurescomprising
oneor morerich clustersof galaxiesanda plethoraof moremodestlysizedclumps
of galaxies.A prominentandrepresentative nearbyspecimenis the Perseus-Pisces
supercluster, a 5h� 1 wide ridgeof at least50h� 1 Mpc length,possiblyextendingout
to a total lengthof 140h� 1 Mpc. While suchgiantelongatedstructuresareamongst
the most conspicuousfeaturesof the Megaparsecmatterdistribution, �lamentary
featuresareencounteredover a rangeof scalesandseemto representa ubiquitous
anduniversalstateof concentrationof matter. In additionto thepresenceof such�l-
amentsthegalaxydistribution alsocontainsvastplanarassemblies.A striking local
exampleis theGreatWall, a hugeplanarconcentrationof galaxieswith dimensions
thatareestimatedto beof theorderof 60h� 1 � 170h� 1 � 5h� 1 Mpc (Geller& Huchra,
1989).In both the SDSSand2dF surveys even moreimpressive planarcomplexes
wererecognized,with dimensionssubstantiallyin excessof thoseof thelocal Great
Wall. At themoment,thesocalledSDSSGreatWall appearsto bethelargestknown
structurein theUniverse(see�g. 4).

2.2 CosmicNodes:Clusters

Within andaroundtheseanisotropicfeatureswe �nd a varietyof densitycondensa-
tions,rangingfrom modestgroupsof a few galaxiesup to massive compactgalaxy
clusters. Thelatterstandout asthemostmassive,andmostrecently, fully collapsed
andvirializedobjectsin theUniverse.Approximately4%of themassin theUniverse
is assembledin rich clusters.They mayberegardedasaparticularpopulationof cos-
mic structurebeaconsasthey typically concentrateneartheintersticesof thecosmic
web,nodesforminga recognizabletracerof thecosmicmatterdistribution (Borgani
& Guzzo,2001).Clustersnot only function aswonderful tracersof structureover
scalesof dozensupto hundredof Megaparsecbut alsoasusefulprobesfor precision
cosmologyon thebasisof their uniquephysicalproperties.

Therichestclusterscontainmany thousandsof galaxieswithin a relatively small
volumeof only a few Megaparsecsize.For instance,in thenearbyVirgo andComa
clustersmore than a thousandgalaxieshave beenidenti�ed within a radiusof a
mere1.5h� 1 Mpc aroundtheir core (see�g. 2.2). Clustersare �rst and foremost
denseconcentrationsof darkmatter, representingoverdensities� � 1000.In asense
galaxiesandstarsonly form aminorconstituentof clusters.Theclustergalaxiesare
trappedandembeddedin thedeepgravitationalwells of thedarkmatter. Theseare
identi�ed asamajorsourceof X-ray emission,emerging from thedi� useextremely
hotgastrappedin them.While it fell into thepotentialwell, thegasgotshock-heated
to temperaturesin excessof T > 107 K, which resultsin intenseX-ray emissiondue
to thebremsstrahlungradiatedby theelectronsin thehighly ionizedintraclustergas.
In a senseclustersmay be seenas hot balls of X-ray radiatinggas.The amount
of intraclustergasin theclusteris comparableto that locked into stars,andstands
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Fig. 6. Comparisonof optical andX-ray imagesof the Comacluster, A1656.The clusteris
at a distanceof � 70h� 1 Mpc. Left: optical imageof the galaxiesin the centreof the Coma
cluster. TheComaclustercontainsmorethan1000galaxieswithin acentralregionof � 1:5h� 1

Mpc, mostly elliptical andSOgalaxies.Clearly visible arethe two dominantgiantelliptical
galaxies,NGC4878andNGC4889.Thecolour imagewascreatedfrom 3 separateexposures
takenin blue,redandnear-infrared,with theKPNO0.9mtelescope(courtesyof OmarLópez-
Cruz). Right: ROSAT X-ray imageat 0.5-2.0keV.of the centralregion of the Comacluster
(courtesy:S.L. Snowden,NASA/GSFC).The imageis � 1� � 1� , correspondingto a sizeof
1:2h� 1 Mpc at thecluster's redshiftz = 0:0232.

for 
 ICM � 0:0018(Fukugita& Peebles,2004).The X-ray emissionrepresentsa
particularlyuseful signature,an objective andcleanmeasureof the potentialwell
depth,directly relatedto thetotalmassof thecluster(seee.g.Reiprich& Böhringer,
1999).Throughtheir X-ray brightnessthey canbeseenout to largecosmicdepths.
The deepgravitational dark matterwells also strongly a� ectsthe path of passing
photons.While the resultingstronglensingarcsform a spectacularmanifestation,
it hasbeenthemoremoderatedistortionof backgroundgalaxyimagesin theweak
lensingregime(Kaiser,1992;Kaiser& Squires,1993)which hasopenedup a new
window ontotheUniverse.Thelatterhasprovideda directprobeof thedarkmatter
contentof clustersandthe largescaleuniverse(for a review seee.g.Mellier, 1999;
Refregier,2003)(alsoseesect.2.4).

Cluster Catalogs

TheAbell catalogueof optically identi�ed galaxyclusters(Abell, 1958;Abell etal.,
1989)hasful�lled a centralrole for thestudyof clustersandtheir largescalematter
distribution on scalesof several tensof Megaparsec(seeBahcall,1988).With the
arrival of large new galaxyredshiftsurveys deepandobjectively identi�ed cluster
sampleshave openeda plethoraof elaborate,detailedandsystematicstudiesof the
clusterpopulation.Clustersamplesextractedfrom the SDSSsurvey (Miller et al.,
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Fig. 7. Thespatialclusterdistribution.Thefull volumeof theX-ray REFLEX clustersurvey
within a distanceof 600h� 1Mpc. The REFLEX galaxy clustercatalogue(Böhringeret al.
2001),containsall clustersbrighterthananX-ray �ux of 3� 10� 12ergs� 1cm� 2 overa largepart
of thesouthernsky. Themissingpartof thehemispheredelineatestheregionhighly obscured
by theGalaxy. Courtesy:Borgani& Guzzo(2001).Reproducedby permissionof Nature.

2005;Berlindet al., 2006;Rozoet al., 2007)will continueto play a largerole.New
andobjective clusterdetectiontechniqueshave improved the rangeandcomplete-
nessof the clustersampleswhile minimizing projectione� ects(Gladders& Yee,
2000;Miller et al., 2005;Kim et al., 2002).Projectione� ectsmay evoke falsede-
tectionsandcontaminatestudiesof theclusterlargescaledistribution.Amongstthe
mostpromisingmethodsfor opticalor NIR clusterdetectionis thatof red-sequence
detection(Gladders& Yee,2000),in which clustersaresimultaneouslydetectedas
overdensitiesin projectedangularposition,colourandmagnitude.It usestheobser-
vationalfact that thebulk of theearly-typegalaxiesin rich clusterslie alonga lin-
earandnarrow colour-magnituderelation(López-Cruz,1997;Yee& López-Cruz,
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1999).TheRed-SequenceClusterSurvey (RCS)seeksto exploit this observationto
composea largecatalogof clusters.ExtrapolatingclusterdetectiontowardstheNIR,
Kochaneketal. (2003)assembledaclustercatalogfrom the2MASSgalaxysample.
OtherclustersamplesareselectedthroughtheirX-rayemission,believedto represent
a more robust mannerfor selectingmass-limitedsamples.Particularly noteworthy
is the ROSAT-ESOFlux Limited X-ray catalog(REFLEX Böhringeret al., 2001),
which containsall clustersbrighterthananX-ray �ux of 3 � 10� 12ergs� 1cm� 2 over
a largepartof thesouthernsky. In additionthereis theRASSX-ray selectedSDSS
clustersample(Popessuet al., 2004),combiningboth optical andX-ray selection
criteria.Recently, within thecontext of theDeepLensSurvey, Wittmanetal. (2006)
presentedthe �rst clustersampleon the basisof their weak gravitational lensing
signature.Perhapspotentiallymostpromisingis theuseof theSunyaev-Zel'dovich
e� ect,thesmallCMB spectraldistortioncausedby thescatteringof theCMB pho-
tonso� thehigh-energy intraclusterelectrons(Sunyaev & Zel'dovich, 1970,1972).
Carlstromet al. (2002)andVale& White (2006)proposedtheconstructionof clus-
ter catalogsusing the SZ e� ect. While the Plancksatellitemissionwill certainly
bea majorstepforwardin thedetectionof SZ clusters,optimismhasbeenslightly
temperedby therecentresultof Lieu et al. (2006).Within theWMAP observations
centeredon 31 clustersthey founda CDM decrementwhich wasat leasta factor4
smallerthanexpected.

Cluster Clustering

Throughtheir high visibility clusterscanbetracedout to vastdistancesin theUni-
verse.Following the basicassumptionthat they area fair anddirect, be it sparse,
tracerof the underlyingmatterdistribution clustersare ideally suitedfor probing
thespatialmatterdistribution over largeregionsof space.Mapsof their distribution
containinformationonspatialclusteringonscalesof up to hundredsof Megaparsec.
A largerangeof observationalstudies,mostlybasedon optically or X-ray selected
samples,displaya substantiallevel of clumpingof clusterson scaleswhereclus-
tering in the galaxydistribution hasdiminishedbelow detectabilitylevels.A wide
rangeof observationalstudieson thebasisof suchoptically selectedsampleshave
shown that the clusteringof clustersis signi�cantly morepronouncedthanthat of
galaxies.Their two-pointcorrelationfunctionhasashapesimilar to thatof galaxies,
but with a substantiallyhigheramplitudeanddetectableout to distancesof at least
� 50h� 1Mpc.

A good impressionof the spatialdistribution of rich clustersmay be obtained
from �g. 2.2 (from Borgani& Guzzo,2001).It shows thespatialdistribution of the
clustersin theREFLEXgalaxyclustercatalogue(Böhringeretal.,2001).Mapssuch
asthesecon�rm thatclustersarehighly clustered(Bahcall,1988;Borgani& Guzzo,
2001).They aggregateto form hugesuperclustercomplexes,coinciding with the
�laments, walls andrelatedfeaturesin the galaxydistribution. Thesesuperclusters
aremoderatedensityenhancementson scaleof tensof Megaparsec,typically in the
order of a few times the averagedensity. Either they are still co-expandingwith
theHubble�o w, be it at a slightly deceleratedrate,or they just startedcontracting.
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Fig. 8. SchematicX-ray clusterdipole pro�le. Clustersassociationsaregroupedby symbol
shadingto highlight their impacton the overall dipole amplitude.Abell andCIZA clusters
begin with letters “A” and “C”. Acronyms are: GA/GreatAttractor, Hor-Ret/Horologium-
Reticulum,Per-Peg/Perseus-Pegasus.Imagecourtesy:Kocevski & Ebeling,2006.Reproduced
by permissionof AAS.

Within thesestructuresclustersresideat thedenseintersectionsof �laments, along
whichmassdrainsinto themassiveclusters(vanHaarlem& vandeWeygaert,1993).

Cluster Dipole

Clustersmayalsoprovide a betterandmoreextensive view of thecontributionsto
the local gravitational force�eld by comparingthe inferredLocal Groupmotionto
theCMB dipole.Scaramellaet al. (1991)andPlionis& Valdarnini(1991)soughtto
establishby meansof the clusterdistribution within a distanceof r � 300h� 1Mpc
whetherthe origin of our cosmicmotion shouldbe locatedwithin this volume,or
whetherthereareindicationsfor evenlargercosmicstructures.Interestingly, there-
cent resultby (Kocevski & Ebeling,2006)appearsto suggestthat X-ray selected
clustersin the nearbyUniverseindicatea signi�cantly larger dynamicalin�uence
of structuresover scalesof 150h� 1Mpc thanpreviously indicatedby similar dipole
studieson the basisof the IRAS Point SourceCatalogRedshiftsurvey (PSCz,see
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e.g.Branchiniet al., 2001)andthe dipole anisotropy of the 2MASS Redshiftsur-
vey (Erdo�gdu et al., 2006).The latter �nd that massstructuresbeyond a distance
of 140h� 1Mpc only inducea negligible accelerationon theLocal Group.Usingthe
combinedX-rayREFLEX,eBCS(Ebelingetal.,2000)andCIZA samples,Kocevski
& Ebeling(2006)cameto theconclusionthatonly 44%of the local motion is due
to infall into theGreatAttractorregion while 56%is inducedby moredistantmass
concentrationsbetween130h� 1Mpc and180h� 1Mpc away. The Shapley superclus-
ter, oneof the largestconcentrationsof clustersout to z = 0:12, is responsiblefor
at least30% of the accelerationinducedby structuresbeyond 130h� 1Mpc. Also
the Horologium-Reticulumsuperclusteris found to have a substantialimpact.The
schematicdipolepro�le (�g. 2.2)indeedprovidesanenticinginsightinto theimplied
localcosmicdynamics.Also interestingis thepresenceof asigni�cant underdensity
in theclusterdistributionon thenotherhemisphere,ata distance� 150h� 1Mpc.

Cluster Bias

The resultson thestrongclusteringof clustersmotivatedtheoreticalargumentsfor
the idea of themforming a biasedtracerof the matterdistribution. The �rst sim-
ple linear biasingprescriptionswere justi�ed by the idea that clustersform from
high-densitypeaksin theprimordialdensity�eld, �ltered overanappropriatelylarge
scale(Kaiser,1984;Bardeenet al., 1986).Biasingprescriptionsmayincorporateor
quantifyanarrayof complex andusuallyununderstood“gastrophysical” processes
(Dekel & Rees,1987).However, to understandthe in�uence on clusteringit may
su� ce to derive a heuristicbias factorof function. The valueof a simple(linear)
bias factor would be a function of clustermass,structureformation scenarioand
cosmicepoch.Following upontheoriginalpeakbiasidea(Kaiser,1984;Bardeenet
al.,1986),anarrayof moresophisticatedtheoreticalbiasmodelhavebeenproposed.
Seekingto describeandanalyzethebiasof di� erentspeciesof galaxiesaswell asof
clusters,thesemodi�cations elaborateduponthis ideaandincreasedtherealismof
theapproximation(Mo & White,1996;Matarreseet al., 1997;Tegmark& Peebles,
1998;Dekel & Lahav, 1999;Basilakos& Plionis,2001).

2.3 CosmicDepressions:the Voids

Complementingthiscosmicinventoryleadsto theexistenceof largevoids, enormous
regionswith sizesin therangeof 20� 50h� 1 Mpc thatarepracticallydevoid of any
galaxy, usually roundishin shapeand occupying the major shareof spacein the
Universe.Forming an essentialingredientof the CosmicWeb, they aresurrounded
by elongated�laments, sheetlikewallsanddensecompactclusters.

Voidshavebeenknown asafeatureof galaxysurveyssincethe�rst surveyswere
compiled(Chincarini& Rood,1975;Gregory & Thompson,1978;Einasto,Joeveer
& Saar,1980).Following thediscovery by Kirshneret al. (1981,1987)of themost
dramaticspecimen,theBoötesvoid, a hint of their centralpositionwithin a weblike
arrangementcamewith the�rst CfA redshiftslice(deLapparent,Geller& Huchra,
1986).Thisview hasbeendramaticallyendorsedandexpandedby theredshiftmaps
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of the2dFGRSandSDSSsurveys(Collessetal.,2003;Abazajianetal.,2003).They
have establishedvoids asan integral componentof the CosmicWeb. The 2dFGRS
mapsandSDSSmaps(seee.g.�g. 12),andthevoidmapof the6dFsurvey in �g. 2.3,
aretelling illustrationsof theubiquityandprominenceof voidsin thecosmicgalaxy
distribution.

For the most systematicand completeimpressionof the cosmicvoid popula-
tion the Local Universeprovides the most accessibleregion. Recently, the deep
view of the 2dFGRSandSDSSprobes(see�g. 12) hasbeensupplementedwith
high-resolutionstudiesof voids in thenearbyUniverse.Baseduponthe6dFsurvey
(HeathJones,2004),Fairall (person.commun.)identi�ed nearlyall voidswithin the
surveyedregionoutto 35; 000km s� 1. It is the2MASSredshiftsurvey (Huchraetal.,
2005)– thedensestall-sky redshiftsurvey available– whichhasprovidedauniquely
detailedcensusof largescalestructuresin ourLocalUniverse(Erdo�gduetal.,2006).
Partially including6dFredshifts,the2MASSredshiftsurvey entailsa completeand
systematicsurvey of structurein thenearbyUniverseupto 14; 000� 16; 000km s� 1.
This includesa completesampleof voids,directly identi�able from thedensityand
velocity �eld reconstructionby Erdo�gduet al. (2006)doescontaina nicecomplete
sampleof voids in our Local Universe,althoughthoughsomemeasureof biasand
upper-limit to thesizeof identi�able voids is introducedvia thesubstantiallevel of
spatialsmoothinggoingalongwith theWiener�lter processing.A nice impression
of thetypical structure,geometryandsizeof voidsis givenby shellsectionthrough
thelocalCosmicWebseenin theAito� sky projectionin �g. 11.

Void Sizes

Voidsin thegalaxydistributionaccountfor about95%of thetotalvolume(seeKau� -
mann& Fairall, 1991;El-Ad, Piran& daCosta,1996;El-Ad & Piran,1997;Hoyle
& Vogeley, 2002;Plionis& Basilakos,2002;Rojasetal., 2005;Platen,vandeWey-
gaert& Jones,2007).

The typical sizesof voids in thegalaxydistribution dependon the galaxypop-
ulation usedto de�ne the voids. Voids de�ned by galaxiesbrighter thana typical
L� galaxy tend to have diametersof order 10 � 20h� 1Mpc, but voids associated
with rare luminousgalaxiescanbe considerablylarger; diametersin the rangeof
20h� 1 � 50h� 1Mpc arenot uncommon(e.gHoyle & Vogeley, 2002;Plionis& Basi-
lakos, 2002).Theselarge sizesmeanthat only now we are beginning to probea
su� ciently large cosmologicalvolumeto allow meaningfulstatisticswith voids to
be done.Firm upperlimits on the maximumvoid sizehave not yet beenset.Re-
cently therehave beenclaimsof the existenceof a supersizedvoid, in the counts
of theNVVS catalogueof radiosourcs,andof its possibleimprint on theCMB via
the ISW e� ect in theform of a `cold spot'. If this will becon�rmed it will posean
interestingchallengeto any cosmologicalscenario(seeRudnicket al., 2007).

At the low endside of the void sizedistribution a very detailedsurvey of the
Local Volume,thevery nearbyUniversein andimmediatelyaroundour Local Su-
percluster, doesprovidesometentativeinformation.At thiscloserangeafew 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 redshiftsurvey marked by the presenceof variousmajor voids.
Theimageconcernsa3D renderingof thegalaxydistributionin a1000km/s thick slicealong
thesupergalacticSGXdirection,at SGX=-2500km/s. Imagecourtesyof A. Fairall.
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CatalogandAtlas of NearbyGalaxiesTully (1988)notedthe presenceof the Lo-
cal Void in theLocal Supercluster. TheLocal Void beginsdirectly from thebound-
ariesof theLocal Groupandextendsin the directionof the north pole of theLSC
by � 14h� 1Mpc. Similar andeven smallerminivoids have recentlybeenfound by
the analysisof Tikhonov & Karachentsev (2006)of the galaxydistribution in the
Catalogof NeighbouringGalaxies(Karachentsev et al., 2004).Becausethe latter
entailsa meticulouslydetailedview of the true spatialdistribution of galaxiesout
to 5h� 1Mpc, it allowed the identi�cation and mappingof minivoids in the Local
Volume.Tikhonov & Karachentsev (2006)andTikhonov & Klypin (2007)claim to
have founda total of some30 minivoids,completelyfreeof galaxies,with sizesof
0:7 � 3:5h� 1Mpc.

The Meaning of Voids

Therearea variety of reasonswhy the studyof voids is interestingfor our under-
standingof thecosmos.

� Firstly, becausethey areaprominentaspectof theMegaparsecUniverseit is nec-
essaryto understandthestructureof evolution of voids in orderto geta proper
andfull understandingof theformationanddynamicsof theCosmicWeb.

� Secondly, voids may containa considerableamountof informationon the un-
derlyingcosmologicalscenarioandonglobalcosmologicalparameters.

� Thirdly, their pristine low-densityenvironmentimplies them to be interesting
regionsfor studyingthe in�uence of cosmicenvironmenton the formationof
galaxies.

We will addressthelasttwo aspectsin moredetailbelow, alongwith adiscussionof
theavailableobservationalinformationon thedynamicsof voids.A morefocussed
discussionof void evolution anddynamicswithin thecontext of theCosmicWebis
thesubjectof section4.

Void Dynamics

Theessentialrole of voidsin theorganizationof thecosmicmatterdistribution was
recognizedsoonaftertheirdiscovery(Icke,1984).Thisalsoincludestheirdynamical
in�uence.Asaresultof theirunderdensityvoidsrepresentaregionof weakergravity,
resultingin an e� ective repulsive peculiargravitational in�uence. Variousstudies
haveindeedfoundstrongindicatationsfor their imprint in thepeculiarvelocity �o ws
of galaxiesin theLocalUniverse.

(Bothunet al., 1992)madethe �rst claim of seeingpushingin�uence of voids
whenassessingthe strongervelocity �o ws of galaxiesalonga �lament in the �rst
CfA slice.Strongerevidencecamefrom theextensiveandsystematicPOTENT anal-
ysisof Mark III peculiargalaxyvelocities(Willick etal.,1997)in theLocalUniverse
(Dekel et al., 1990;Bertschingeret al., 1990).POTENT foundthat for a fully self-
consistentreconstructionof thedynamicsin theLocal Universe,it wasinescapable
to includethedynamicalin�uence of voids(seee.g.Dekel, 1994).TheDTFE maps
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Fig. 10. Gravitational impactof the SculptorVoid. The righthandframeshows the inferred
velocity �eld in andaroundthe Sculptorvoid nearthe Local Supercluster. The colour map
representsthedensityvalues,with darkblueat � � � 0:75 andcyannear� � 0:0. Thevectors
show the implied velocity �o w aroundthevoid, with a distinctnearlysphericallysymmetric
out�ow. It is a zoom-inontotheindicatedregion in thedensityandvelocitymapin theLocal
Universe(lefthand)determinedon thebasisof thePSCzgalaxyredshiftsurvey. Thepeculiar
velocitiesof thegalaxiesin thePSCzgalaxyredshiftcatalogueweredeterminedby meansof
a linearizationprocedure(Branchiniet al. 1999),theresultinggalaxypositionsandvelocities
have beentranslatedby DTFE into the depicteddensityandvelocity �o w maps.The Local
Group is at the centreof the mapof our Local Universe(lefthand).To the left we seethe
GreatAttractor region extendingout towardstheShapley supercluster. To therighthandside
we can�nd thePisces-Perseussupercluster. Thedensityvaluesrangefrom � 4:9 (red)down
to � � 0:75 (darkblue),with cyan colouredregionshaving a densitynearthe global cosmic
average(� � 0).Thevelocityvectorsarescaledsuchthatavectorwith alengthof � 1=33rd of
theregion'sdiametercorrespondsto 650km/s.Thedensityandvelocity �eld haveane� ective
Gaussiansmoothingradiusof RG �

p
5h� 1Mpc. The top righthandinsertzoomsin on the

Local Superclusterand GreatAttractor complex. From: Romano-D́�az & van de Weygaert
2007.

by Romano-D́�az& vandeWeygaert(2007)of thedensityandvelocity �eld in the
Local Universeobtainedfrom thePSCzredshiftsample(Branchiniet al., 1999)do
provide a very clearvisual imageof the in�uence of suchvoids in the Local Uni-
verse,with the pushingin�uence of the Sculptorvoid at the Local Superclusteras
mostoutstandingexample(see�g. 10).

With the arrival of new and considerablyimproved datasamplesthe dynami-
cal in�uence of voids in the Local Universehasbeeninvestigatedandunderstood
in greaterdetail. The reconstructionof the densityand velocity �eld in our local
cosmoson the basisof the 2MASS redshift survey hasindeedresultedin a very
interestingandcompleteview of the dynamicson Megaparsecscales.As onemay
infer from �g. 11therepulsivein�uenceof theLocalVoid is impressively strongand
outstanding.Thisconclusiongoesalongwith theconclusionsreachedonthebasisof
anextensiveandcarefulanalysisof thepeculiarvelocityof theLocalGroupby Tully
et al. (2007).They areleadto theconclusionthattheLocalVoid is responsiblefor a
considerablerepulsive in�uence, accountingfor � 259km s� 1 of the � 631km s� 1

LocalGroupmotionwith respectto theCMB. While partlydependenton thedetails
of theanalysis,it seemshardto avoid theconclusionthatwedonot feel thepresence
of voidsin our universe.

Voidsand the Cosmos

Voidsmayfunctionasprobesof globalcosmologicalparametersandon theunder-
lying cosmology. Their intrinsic structureandshape,theout�ow velocitiesandthe
correspondingredshift distortionsare relatedto variousaspectsof the underlying
cosmology. Theout�ow from thevoidsdependsonthematterdensityparameter
 m,
the Hubble parameterH(t) andpossiblyon the cosmologicalconstant� (seee.g.
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Fig. 11.2MASSview of theLocalVoid out�ow. Thereconstructeddensity(topframe)andve-
locity �eld (bottomframe)of the2MASSredshiftsurvey, evaluatedona thin shellof 2000km
s� 1, shown in Aito� projection.From Erdo�gdu et al. 2006.Top: the reconstructeddensity
�eld in the thin shell, providing a telling sectionthroughthe Local CosmicWeb. Dashed
lines show � < 0, solid lines � � 0, with contourspacingof �� = 0:1. Easily identi�able
overdensitiesareUra Major, the Virgo cluster, the Centauruscluster, Hydra clusterandthe
Fornax-Doradus-Eridanus(F-D-E) superclustercomplex. Most interestinglyarethelocations
of local voids:Gemini(Gem),Taurus(Tau),Andromeda(And), Delphinus(Del), Virgo(Vir),
Eridanus(Erid), Orion (Ori), andtheLocal Void (LV). Bottom:Dashedlinesshow infall ve-
locities, solid lines out�ow. First solid line is for vrad = 0 km s� 1, andcontourspacingis
j� vradj = 50 km s� 1. Clearlyvisible is thestrongout�ow from theLocalVoid, re�ected in the
strongcentralpatch.From:Erdo�gduet al. 2006.

vandeWeygaert& vanKampen,1993;Martel& Wassermann,1990;Dekel & Rees,
1994;Bernardeauet al., 1997;Fliche& Triay, 2006).Theseparametersalsodictate
their redshiftspacedistortions(Ryden& Melott, 1996;Schmidtetal., 2001).

Anotherinterestinglink betweenvoid structureandcosmologyhasrecentlybeen
emphasizedby Park & Lee (2007) and Lee & Park (2007). They found that the
intrinsic structureandshapeof voids aresensitive to variousaspectsof the power
spectrumof density�uctuations,includingtheimprint of darkenergy.

The cosmologicalrami�cations of the reality of a supersizedvoid akin to the
identi�ed by Rudnicketal. (2007)in theNVVS radiosourcecountswouldobviously
befar-reaching.

Fig. 12.Void region in de2dFGRSsurvey. From:Schaap2007
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Void Galaxies

A major point of interestconcernsthegalaxieswithin thevoids, thevoid galaxies.
Voidsprovidea uniqueandstill largelypristineenvironmentfor studyingtheevolu-
tion of galaxies(Ho� manet al., 1992;Little & Weinberg, 1994;Peebles,2001)and
may representa major challengefor currentscenariosof structureformation.Pee-
bles(2001)pointedout thattheobservedsalientandtotal absenceof dwarf galaxies
in nearbyvoids – for examplethe absenceof dwarfs in the Local Void noticedby
Karachentsevaetal. (1999)- couldpossiblyinvolvestrongrami�cationsfor thevia-
bility of the� CDM cosmologyonsmallscales.

A clearpictureof the relationbetweenvoid galaxiesandtheir surroundingsis
justbecomingavailable,beit thereis still a lot of uncertaintyconcerningthephysics
whichdrivestheobservedcorrelations.Thesimplestmodelsof biasedgalaxyforma-
tion (e.gLittle & Weinberg, 1994)predictthatvoidswouldbe�lled with galaxiesof
low luminosity, or galaxiesof someotheruncommonnature(Ho� manet al., 1992).
More sophisticatedmodelshave recentlybeendeveloped(Mathis & White, 2002;
Bensonet al., 2003;Hoeft et al., 2006;Furlanetto& Piran,2006); in thesemod-
els the propertiesof galaxiesaredeterminedby the halosthey inhabit. The recent
interestin environmentalin�uencesongalaxyformationhasproddedsubstantialac-
tivity in thisdirection(Szomoruetal., 1996;Kuhnetal., 1997;Popescuetal.,1997;
Karachentseva et al., 1999;Grogin & Geller,1999,2000;Hoyle & Vogeley, 2002;
Rojasetal.,2005;Tikhonov & Karachentsev, 2006;Patiri etal.,2006a;Ceccarelliet
al., 2006).

2.4 CosmicShearand the CosmicWeb

Thecosmicwebis �rst andforemostde�ned andoutlinedby thedarkmatterdistri-
bution, thegravitationallydominantcomponentwhichsetsthecorrespondinggravi-
tationalpotential.Galaxiesareassumedto tracetheunderlyingdarkmatterdistribu-
tion. Eventhoughthegalaxiesdo indeedseemto provideareasonableimpressionof
thematterdistribution,a directmapof thedarkmatteritself would obviously allow
a realandunbiasedview of thedynamicsof thecosmicweb.

A recentstudyhasindeedmanagedto revealthespatialdarkmatterdistribution
throughits e� ect on the pathsof the photonsas they move throughthe Universe,
meanwhilecon�rming thatgalaxiesandstarlightarein factgoodtracers.Massey et
al. (2007)succeededin producingthe�rst truely three-dimensionalmapof thedark
matterdistribution.Theirstudyis basedon(weak)gravitationallensingdatafrom the
CosmicEvolution Survey (COSMOS),andconcernsa total region of 1637square
degreesmeticulouslyobserved by the ACS cameraonboardthe HST. An accurate
anddetailedtwo-dimensionalmapof theprojectedmassdistribution clearlyreveals
the�lamentary featuresconnectingthehigh-densityclusters(�g. 2.3).Until recently,
suchweaklensingmassreconstructionswerecon�ned to thehigh-densityregionsin
andaroundclustersbecauseof theoutstandingstrengthof their lensingsignal.With
the COSMOSmapprobingthe moremoderatelydenseregionsof the cosmicweb
it turnsout thatstellarmassandgalaxynumberdensitydo indeedaccuratelyfollow
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Fig. 13. Thetotal projectedmatterdensityinferredfrom the largeweaklensingstudyof the
COSMOSdata,shown in contours.The projectedmassis dominatedby dark matter. For
comparisonthemattersurfacedensitycontoursaresuperimposedon tracersof thebaryonic
matterdistribution: (1) blue,thestellarmass(within � z � 0:1 (2) yellow: thegalaxynumber
density(within � z � 0:1) and(3) red: hot densegas,seenby deepX-ray observationswith
theXMM satellite.TheX-ray emissionby point sourceshasbeenremoved.Thedarkmatter
reveals�lamentaryoverdenseregionsthataretopologicallyconnectedbut insu� cientlydense
to generateX-ray emission:a loosenetwork of �laments tracingtheCosmicWeb. Within the
�lamentary network werecognizethedensecompactclusternodes.Themostprominentpeak
in all four tracersis a singleclusterof galaxiesat z=0.73(�; � =149h,55min,2� 31'). Courtesy
of RichardMassey, alsoseeMassey etal. 2007.Reproducedby permissionof Nature.

thedarkmatterdistributionwhile thecorrelationwith theX-ray emission– con�ned
to theinnerregionsof clusters– is signi�cantly lesspronounced.

By complementingthelensingdatawith redshiftsof thegalaxysourcesa tomo-
graphicanalysisof the data,involving the assessmentof the di� erentialgrowth of
thelensingsignalbetweenmany thin slicesseparatedby � z = 0:05,madeit possible
to reconstructthe full three-dimensionalmatterdistribution (�g. 2.4). It did reveal



24 RienvandeWeygaert& J.RichardBond

Fig. 14.Three-dimensionalreconstructionof thedarkmatterdistribution.Thethreeaxescor-
respondto right ascension,declinationandredshift:with distanceincreasingtowardsthebot-
tom. The redshiftscaleis highly compressedandthe survey volume is really an elongated
cone.The isodensitycontourcorrespondsto a level of 1:4 � 1013M� within a circle of ra-
dius700kpcand� z = 0:05,arbitrarilychosento highlight the�lamentary structure.The3-D
map hasbeeninferred from the tomographicanalysisof the COSMOSweak lensingdata,
involving the assessmentof the di� erentialgrowth of the lensingsignalbetweenmany thin
slicesseparatedby � z = 0:05. The3-D maprevealsthat themassive z = 0:73 clusteris in-
deedpartof muchlarger3-D structure,includinga �lament partiallyalignedalongtheline of
sight.Courtesyof RichardMassey, alsoseeMassey etal. 2007.Reproducedby permissionof
Nature.

that themassive clusterat z = 0:73 (�; � =149h,55min,2� 31') is embeddedwithin a
giantthree-dimensionalstructurewhich includesat leastone�lament.

The3-D darkmattermapis truelyhistoricalin thatit uncoveredfor the�rst time
the reality of a weblike patternin the dark matterunderlyingthe onethat we see
in the galaxydistribution. The potentialfor this new light on the dark sideof the



ObservationsandMorphologyof theCosmicWeb 25

Universeis tremendous.Thedetected�lamentary DM network providesadirectand
transparentlink to theoriesof structureformation,directly tying in with collisionless
darkmatterandgravity without thenecessityto involvecomplex andasyetnot fully
understoodhydrodynamic,radiativeandstarformationprocesses.

2.5 the GaseousCosmicWeb

Galaxiesareassumedto tracetheunderlyingdarkmatterdistribution,andtheir spa-
tial distribution(still) representsthemostdetailedandclearestoutlineof its intricate
weblike featureswhichwe haveavailable.Nonetheless,starsandgalaxiesdo in fact
representonly a minor fractionof all thebaryonsin theUniverse.As far asbaryons
areconcernedthe cosmicweb is �rst andforemostan intricatenetwork of di� use
gaseouslanespervadingtheUniverse(see�g. 16).

In otherwords,while in practicegalaxiesareusedastracers,it is thedi� usein-
tergalacticmedium(IGM) which formsthemainbaryonicconstituentof thecosmic
web. At high redshift(z & 2) theoverwhelmingmajority of baryonsarein a di� use,
photoionizedintergalacticmedium,partly enrichedby theproductsof stellarnucle-
osynthesis.This gasis observableas HI absorptionlines in the spectraof distant
backgroundquasars(seeRauch,1998;Cen et al., 1994).The resultingredshifted
Lyman� (Ly� ) absorptionalongtheir line of sightproducestheLy� forest,which
representsa highly sensitive one-dimensionalprobeof the (gaseous)cosmicweb
(seeFig. 15). By thecurrentepoch,hierarchicalstructureformationhasproduced
deeppotentialwells into which the baryonsaccrete,therebymoving a signi�cant
portionof thebaryonsfrom theIGM into stars,galaxies,groupsandclusters.Hydro-
dynamicalsimulationsof cosmicstructureformationhaveindicatedthatasigni�cant
fractionof thebaryonsat z � 0 arefoundin a gaseousform. Thegasaroundemerg-
ing clustersfalls into their potentialwells andturns into hot highly ionizedX-ray
emitting intraclustergas.Most of thegas,with a temperaturebetween105 and107

K, is foundin regionsof moderateoverdensities� � 10� 100.Partof thisgasis asso-
ciatedwith thevirial regionsaroundgalaxies,accountingfor around
 b � 0:024of
thetotal 
 b = 0:045contributedby baryonsto thedensityof theUniverse(Fukugita
& Peebles,2004).The remainingcomponentof this di� useWarm-Hot Intergalac-
tic Medium(WHIM) mostly tracesout the �lamentary featuresin thecosmicweb.
It may accountfor a signi�cant fraction of the missingbaryonsat low redshifts
(Fukugita,Hogan& Peebles,1998;Fukugita& Peebles,2004).Probablythereis
alsoa signi�cant amountof low temperatureWHIM with T < 105 K, distributed
mostlyassheet-likestructures(Kangetal.,2005).TheWHIM mayevenaccountfor
up to 30 � 40% of the baryonicmassin the Universe(Abazajianet al., 2003).Its
evolution is drivenprimarily by shockheatingasthegasfalls into thegravitationally
generatedpotentialwells, mainly thosede�ned by the nonequilibriumlarge-scale
structuressuchas �laments. For the heatingof the gas,processeslike supernova
feedback,radiativecoolingandphotoionizationareonly of secondaryimportance.

Theshock-heatedWHIM gasin �laments andsheetsis manifestedbestthrough
emissionsandabsorptionsin soft X-ray andfar UV. It will make signi�cant contri-
butions to the soft X-ray background,andcanbe detectedthroughabsorptionsof
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Fig. 15.Thespectrumof thequasarQ0453-243obtainedwith theHIRESspectrographonthe
KeckI telescope.Thequasarhasanemissionredshiftof z=2.661.To theleft of theLyman�
emissionline you seethe “forest” of HI absorptionlines producedby intervening,tenuous
intergalacticclouds.Thelower panelzoomsin on theregion between4000and4100A. The
particularlystrongline at4020A is a“dampedLyman� absorptionfeatureproducedin acloud
which is optically thick in HI. Imagecourtesyof MatteoViel.

.

highly ionizedspeciessuchsasOVII andOVIII in AGN spectraandline emissions
from OVII andOVIII ions. Detectionof WHIM absorptionin X-ray observations
werereportedby variousgroups(Kaastraet al., 2003;Nicastroet al., 2003),while
therewasalsoa reportof a possibledetectionof WHIM emissionfrom a �lament
aroundComa(Finoguenov, Briel & Henry,2003).

Thestudyof theIGM representsanimpressively rich sourcefor ourunderstand-
ing of thecosmicweb. Potentiallytheintricatestructurecanbetracedin muchmore
detail thanby meansof thediscretegalaxydistribution. Di� erentchemicalspecies
andionizationstagesprobedi� erentdensityandtemperatureregimeswithin thecos-
mic web,which in turn mayberelatedto di� erentregimesandstagesof galaxyfor-
mation.However, in particularthemostdirectlyaccessiblestudyof theIGM, thatof
absorptionline studies,is con�ned to one-dimensionalprobes.This rendersit di� -
cult to translatetheseto a three-dimensionalimage(yet, a constrainedinversionis
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Fig. 16.Spatialdistributionof thewarm/hot intergalacticgas(WHIM) with temperaturein the
range105 � 107 K, atz=0, in aboxof 85h� 1Mpc. Theimagerevealsthestrikingpatternof the
CosmicWebinto which theWHIM gashassettleditself asit �o wed into thepotentialwells
setby the dark matterdistribution. The greenregionshave densitiesabout10-20timesthe
meanbaryondensityof theuniverseatz=0; theyellow regionshavedensitiesabout100times
themeanbaryondensity, while thesmall isolatedregionswith redandsaturateddarkcolours
have even higherdensitiesreachingabout1000timesthemeanbaryondensityandaresites
for currentgalaxyformation.Imagecourtesyof RenyueCen,alsoseeCen& Ostriker 2006.
Reproducedby permissionof theAAS.

notentirelyunfeasible,seePichonetal. (2001)).Emissionline studiesof theWHIM
would o� er the exciting potentialof mappingthe cosmicweb throughits gaseous
contents.A meticulousdetailedmappingcomparableto that tracedby the galaxy
distribution remainsasyetonly a remotepossibility.
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3 Spatial Structure,Pattern Analysisand Object Identi�cation

Many attemptsto describe,let aloneidentify, the featuresandcomponentsof the
CosmicWeb have beenof a mainly heuristicnature.Therearevariousrelevant is-
sues.The primary issueis that of de�ning a techniquethat sensitively probesthe
propertiesof theCosmicWeb. Anothermajorpointof concerninvolvesthesampling
of thewebpatterns,by default limited in scope.Cosmologicaltheoriesgenerallyde-
scribethedevelopmentof structurein termsof continuous(darkmatter)densityand
velocity �elds. To a largeextent our knowledgestemsfrom a discretesamplingof
these�elds.

In therealworld it is impossibleto getexhaustivevaluesof dataateverydesired
point of space.Theproductof astronomicalobservations,physicalexperimentsand
computersimulationsoftenconcerndatasetsin two, threeor moredimensions.This
may involve thevalueof somephysicalquantity:thegalaxydensity�eld, thedark
matterdensity�eld or thepeculiarvelocity �eld areamongstthebestknown exam-
ples.Often thesearemeasuredor determinedfrom an irregularly distributedsetof
referencepoints.

Theprincipal taskfor any formalismthat seeksto processthesampleddataon
thecosmologicalmatterdistribution is to optimally retainor extracttherequiredin-
formationontheCosmicWeb. Dependentonthepurposeof astudy, variousdi� erent
strategiesmaybefollowed:

� StatisticalAnalysis
One strategy is to distill variousstatisticalmeasures,or other su� ciently de-
scriptivecosmologicalmeasures,whichcharacterizespeci�c aspectsof thelarge
scalematterdistribution. In essencethis involvesthecompressionof theavail-
ableinformationinto a restrictedsetof parametersor functions,with the inten-
tion to compareor relatetheseto theoreticalpredictions.

� Feature Identi�cation
Theidenti�cation andisolationof featuresandobjectsin thecosmicmatterdis-
tribution- clusters,�lamentsandvoids- is essentialfor understandingthenature
of structureswhichform in theUniverseandprovidesanimportantlink between
observationandtheoreticalmodels.On theonehandthis mayinvolvea cosmo-
graphicstudyof individual structuresin our Cosmicneighbourhood.Their de-
tail usuallyformsawelcomecomplementto surveysof largesamplesof similar
objects,while sometimesthey highlight the extremesin the cosmologicalzoo.
Perhapsmost importantis the necessityof well-de�ned featureidenti�ers for
properstatisticalstudiesof cosmicstructureformation.

� StructureReconstruction
For thedeterminationof variousstatisticalcharacterizationsof cosmicstructure
it is imperative to de�ne anoptimalreconstructionof cosmicdensityandveloc-
ity �elds. Demandingin itself, suchareconstructionis oftencomplicatedby the
usuallydiscretenatureof thesamplepointdistributionandthehighly inhomoge-
neousnatureof thesamplepoint distribution.Thetranslationinto a continuous
�eld whichoptimallyre�ects reality is afar from trivial procedureandformsthe
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subjectof anextensive literaturein computerscience,visualizationandapplied
sciences.

3.1 Statisticsof the CosmicWeb

Thereis a varietyof statisticalmeasurescharacterizingspeci�c aspectsof the large
scalematterdistribution(for anextensiveandcompletereview seeMart́�nez& Saar,
2002).Below welist aselectionof methodsfor structurecharacterisationand�nding.
It is perhapsinterestingto notetwo thingsaboutthis list:

a) eachof themethodstendsto bespeci�c to oneparticularstructuralentity
b) therearenoexplicit wall-�nders.

Both issuesemphasizean importantproperty that generictechniquesfor tracing
structuralfeaturesshouldpossess(see3.2).Theskeletonformalism(Novikov,Colombi
& Doré,2006;Sousbieet al., 2007;Sousbie,2006)accomplishedthis by tracingthe
mathematicallywell-de�ned skeletonof the CosmicWeb andarguing its closere-
lationshipto its �lamentary constituents.More genericis theScaleSpaceapproach
adoptedby Aragón-Calvo (2007)(alsoseeAragón-Calvo et al., 2007): it provides
a uniform approachto �nding Blobs,FilamentsandWalls asindividual objectsthat
canbecataloguedandstudied.

Structur e fr om higher moments

Theclusteringof galaxiesandmatteris mostcommonlydescribedin termsof ahier-
archyof correlationfunctions.The two-point correlationfunction (and its Fourier
transform,the power spectrum)remainsthe mainstayof cosmologicalclustering
analysisandhasasolidphysicalbasis.However, thenontrivial andnonlinearpatterns
of the cosmicweb aremostly a resultof the phasecorrelationsin thecosmicmat-
ter distribution (Ryden& Gramann,1991;Chiang& Coles,2000;Coles& Chiang,
2000).While this informationis containedin themomentsof cell counts(Peebles,
1980;de Lapparent,Geller& Huchra,1991;Gaztãnaga,1992)and,moreformally
so,in thefull hierarchyof M-point correlationfunctions� M, their measurementhas
provento beimpracticalfor all but thelowestorders(Peebles,1980;Szapudi,1998;
Joneset al., 2005).

TheVoid probabilityFunction(White,1979;Lachieze-Rey, daCosta& Mauro-
gordato,1992)provideda characterisationthe ”voidness”of theUniversein terms
of a function that combinedinformation from many highermomentsof the point
distribution.But, again,this hasnotprovidedany identi�cation of individualvoids.

Topologicalmethods

Theshapeof the local matterdistribution maybetracedon thebasisof ananalysis
of the statisticalpropertiesof its inertial moments(Babul & Starkman,1992;Luo
& Vishniac,1995;Basilakos,Plionis& Rowan-Robinson,2001).Theseconceptsare
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closelyrelatedto thefull characterizationof thetopologyof thematterdistributionin
termsof four Minkowski functionals(Mecke,Buchert& Wagner,1994;Schmalzing
et al., 1999).They aresolidly basedon thetheoryof spatialstatisticsandalsohave
the greatadvantageof being known analytically in the caseof Gaussianrandom
�elds. In particular, thegenusof thedensity�eld hasreceivedsubstantialattentionas
astronglydiscriminatingfactorbetweenintrinsicallydi� erentspatialpatterns(Gott,
Dickinson& Melott, 1986;Hoyle & Vogeley, 2002b).

TheMinkowski functionalsprovideglobalcharacterisationsof structure.An at-
temptto extendits scopetowardsproviding locally de�ned topologicalmeasuresof
thedensity�eld hasbeendevelopedin theSURFGENprojectde�ned by Sahniand
Shandarinandtheircoworkers(Sahnietal.,1998;Shandarin,Sheth& Sahni,2004).
The main problemremainsthe user-de�ned, andthuspotentiallybiased,natureof
thecontinuousdensity�eld inferredfrom thesampleof discreteobjects.Theusual
�ltering techniquessuppresssubstructureon a scalesmallerthan the �lter radius,
introducearti�cial topologicalfeaturesin sparselysampledregionsanddiminishthe
�attened or elongatedmorphologyof the spatialpatterns.Quitepossiblythe intro-
ductionof moreadvancedgeometrybasedmethodsto tracethe density�eld may
provea majoradvancetowardssolvingthis problem.

Importantly,Mart́�nezetal. (2005)andSaaretal. (2007)havegeneralizedtheuse
of Minkowski Functionalsby calculatingtheir valuesin a hierarchyof scalesgener-
atedfrom wavelet-smoothedvolumelimited subsamplesof the2dFcatalogue.This
approachis particularlye� ective in dealingwith non-Gaussianpoint distributions
sincethesmoothingis notpredicatedon theuseof Gaussiansmoothingkernels.

3.2 Structur eFinding

In addition to the statisticalcharacterizationof the cosmicmatterdensity�eld, a
majore� ort goesinto identifying andisolatingfeaturesandindividual structuresin
thecosmicmatterdistribution. Thevastmajority of thesestudieshave focussedon
thedetectionof clustersof galaxies.Tracing�lamentary hasgainedrelatively little
attention,andwith theexceptionof a few rareoutstandingconcentrations- theGreat
Wall (Geller & Huchra,1989)and the SDSSGreatWall (Gott et al., 2005) - the
detectionof sheetsis avirtually nonexistentactivity.

Cluster �nding

In thecontext of analyzingdistributionsof galaxieswe canthink of cluster�nding
algorithms.Therewemightde�ne aclusterasanaggregateof neighbouringgalaxies
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. Herewe focuson
de�ning coherentstructuresbasedon particlepositionsalone.The velocity space
datais notusedsincethereis noprior prejudiceasto whatthevelocityspaceshould
look like.
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Filament �nding

The connectednessof elongatedsuperclusterstructuresin thecosmicmatterdistri-
bution was �rst probedby meansof percolationanalysis,introducedand empha-
sizedby Zel'dovich andcoworkers(Zeldovich,Einasto& Shandarin,1982),while a
relatedgraph-theoreticalconstruct,theminimumspanningtreeof thegalaxydistri-
bution,wasextensively probedandanalysedby Bhavsarandcollaborators(Barrow,
Bhavsar& Sonoda,1985;Graham,1995;Colberg,2007)in anattemptto developan
objectivemeasureof �lamentarity.

Finding�laments joining neighbouringclustershasbeentackled,usingquitedif-
ferenttechniques,by Colberg,Krugho� & Connolly(2005)andby Pimbblet(2005).
More general�lament �nders havebeenput forwardby a numberof authors.Stoica
etal. (2005)useageneralizationof theclassicalCandymodelto locateandcatalogue
�laments in galaxysurveys. This approachhastheadvantagethat it worksdirectly
with the original point processand doesnot requirethe creationof a continuous
density�eld. However, it is verycomputationallyintensive.

The mathematicallymostrigorousprogramfor �lament descriptionandanaly-
sis is that of the skeletonanalysisof density�elds by Novikov, Colombi & Doré
(2006)(2-D) andSousbieet al. (2007)(3-D). BasedonMorsetheory(seeColombi,
Pogosyan& Souradeep,2000)theskeletonformalismanalyzescontinuousdensity
�elds anddetectsmorphologicalfeatures- maximaandsaddlepointsin thedensity
�eld - by relatingdensity�eld gradientsto theHessianof thedensity�eld (alsosee
Doré et al., 2003).It resultsin an elegantande� ective tool with a particularfocus
towardstracingthe�lamentary structuresin thecosmicweb. However, it is compu-
tationally intensive andmaybesensitive to thespeci�c methodof reconstructionof
thecontinuousdensity�eld. TheHessianof thedensity�eld alsoformsthebasisof
theMMF analysisdevelopedby (Aragón-Calvo et al., 2007)(see�g. 17), although
MMF embedsthis within a formalismthatexplicitly addressesthemultiscalechar-
acterof the cosmicdensity�eld andincludesthe shapeconservingabilities of the
tessellationbaseddensity�eld reconstruction(Schaap& 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 befar from trivial. Therehavebeenextensivesearchesfor voidsin galaxy
catalogues(Hoyle & Vogeley, 2002;Plionis & Basilakos, 2002)and in numerical
simulations(Arbabi-Bidgoli& Müller, 2002;Aikio & Mähönen,1998).

Several factorscontribute to makingsystematicvoid-�nding di� cult. Onema-
jor obstacleis that thereis not an unequivocal de�nition of what a void is andas
a result thereis considerabledisagreementon the preciseoutline of sucha region
(seee.g.Shandarinet al., 2006).The fact that voids arealmostemptyof galaxies
meansthat thesamplingdensityplaysa key role in determiningwhat is or is not a
void (Schmidtet al., 2001).Moreover, void �nders areoftenpredicatedon building
void structuresoutof cubiccells(Kau� mann& Fairall, 1991)or outof spheres(e.g:
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Fig. 17. The �lamentary network in a GIF � CDM simulation.The �laments wereidenti�ed
by meansof theMMF techniqueof Aragón-Calvo et al. (2007).The�lled (grey) circlescor-
respondto clusterswith a massabove 1014M � . Theinsertscontainthreespeci�c examplesof
�laments.Thegraydotsrepresenttheoriginal (simulation)darkmatterparticles.Thespineof
the�laments (blackparticles)is theresultof the �lament compressionalgorithmof Aragón-
Calvo (2007).ImagecourtesyM. Aragón-Calvo, alsoseeAragón-Calvo 2007.

Patiri et al., 2006a).Becauseof the vagueanddiversede�nitions, andthe diverse
interestsin voids,thereis aplethoraof void identi�cation procedures(Kau� mann&
Fairall, 1991;El-Ad, Piran& daCosta,1996;Aikio & Mähönen,1998;Hoyle & Vo-
geley, 2002;Arbabi-Bidgoli& Müller, 2002;Plionis& Basilakos,2002;Patiri etal.,
2006b;Colbergetal.,2005b;Shandarinetal.,2006;Hahnetal., 2007).For example,
therearemethodsthatattemptto synthesizevoids from the intersectionof cubicor
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sphericalelementsanddosowith varyingdegreesof success.TheAspen-Amsterdam
Void Finder ComparisonProject of Colberg, Pearceet al. (2007)will clarify many
of theseissues.TheWatershed-basedalgorithmof Platen,vandeWeygaert& Jones
(2007)aimsto avoid issuesof bothsamplingdensityandshape.

3.3 Reconstructionof the CosmicWeb

For a meaningfulanalysisandinterpretationof spatialdatait is often necessaryto
obtainestimatesof therelated�eld valuesthroughoutthesamplevolume.Therecon-
structedcontinuous�eld maysubsequentlybeprocessedin orderto yield a variety
of interestingparameters.Ideally, reconstructionproceduresshouldbe basedupon
solid statisticalfoundations.The complex reality of the cosmicweb – marked by
asymmetricandanisotropicfeaturesanda largerangeof densities–rendersit very
di� cult to develop and infer statisticalmethodsfrom �rst principle. The work by
Erdo�gduet al. (2004)andKitaura& Enßlin (2007)representexamplesof possibly
rewardingstrategies.

In theobservationalreality galaxiesarethemain tracersof thecosmicweband
it is mainly throughthemeasurementof theredshiftdistribution of galaxiesthatwe
have beenableto mapits structure.Anotherexampleis thatof the relatedstudyof
cosmic�o ws in the nearbyUniverse,baseduponthe measuredpeculiarvelocities
of a sampleof galaxieslocatedwithin this cosmicvolume.Likewise,simulationsof
the evolving cosmicmatterdistribution arealmostexclusively baseduponN-body
particlecomputercalculation,involving a discreterepresentationof thefeatureswe
seekto study. Both the galaxy distribution as well as the particlesin an N-body
simulationareexamplesof spatialpoint processesin thatthey are

- discretelysampled
- haveanirregular spatialdistribution.

A majorpartof any reconstructionprocedureis the�ltering andinterpolationof the
measureddata.

3.4 Spatial Data: Filtering and Inter polation

Issuesof smoothingandspatial interpolationof themeasureddataover thesample
volumeareof considerableimportanceand interestin many di� erentbranchesof
science.Interpolationis fundamentalto graphing,analysingandunderstandingof
spatialdata.Key referenceson the involved problemsandsolutionsincludethose
by (Ripley, 1981;Sibson,1981;Watson,1992;Cressie,1993).While of consider-
ableimportancefor astronomicalpurposes,many availablemethodsescapedatten-
tion. A systematictreatmentanddiscussionwithin the astronomicalcontext is the
studyby (Rybicki & Press,1992),whofocussedonlinearsystemsasthey developed
variousstatisticalproceduresrelatedto linearpredictionandoptimal �ltering, com-
monlyknown asWiener�ltering. An extensive,systematicandmoregeneralsurvey
of availablemathematicalmethodscanbefoundin asetof publicationsby Lombardi
& Schneider(Lombardi& Schneider, 2001,2002,2003).
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DTFE: DelaunayTessellationField Estimator

A particularclassof spatialpoint distributions is the one in which the point pro-
cessformsa representative re�ection of anunderlyingsmoothandcontinuousden-
sity/intensity�eld. The spatialdistribution of the points itself may thenbe usedto
infer thedensity�eld. This formsthebasisfor theinterpretationandanalysisof the
large scaledistribution of galaxiesin galaxyredshiftsurveys. The numberdensity
of galaxiesin redshiftsurvey mapsandN-bodyparticlesin computersimulationsis
supposedto beproportionalto theunderlyingmatterdensity.

Onenoteworthyexampleof atechniquewhichusesthisfactis theDTFEmethod,
a linearversionof natural neighbourinterpolation.TheDTFE technique(Schaap&
van de Weygaert,2000;van de Weygaert& Schaap,2007)recoversfully volume-
coveringandvolume-weightedcontinuous�elds from adiscretesetof sampled�eld
values.The methodhasbeendevelopedby Schaap& van de Weygaert(2000)and
formsanelaborationof thevelocity interpolationschemeintroducedby Bernardeau
& van de Weygaert(1996).It is baseduponthe useof the Voronoi andDelaunay
tessellationsof a givenspatialpoint distribution to form thebasisof a natural,fully
self-adaptive �lter in which theDelaunaytessellationsareusedasmultidimensional
interpolationintervals.An exampleis thevoid densityandvelocity �eld in �g. 25.

Theprimary ingredientof theDTFE methodis theDelaunaytessellationof the
particledistribution.TheDelaunaytessellationof a point setis theuniquelyde�ned
andvolume-coveringtessellationof mutuallydisjunctDelaunaytetrahedra(triangles
in 2D).Eachisde�nedby thesetof fourpointswhosecircumscribingspheredoesnot
containany of theotherpointsin thegeneratingset(Delaunay,1934).TheDelaunay
tessellationandthe Voronoi tessellationof the point setareeachothersdual. The
Voronoi tessellationis thedivision of spaceinto mutually disjunctpolyhedra,each
polyhedronconsistingof thepartof spacecloserto thede�ning point thanany of the
otherpoints(Voronoi,1908;Okabeetal., 2000)

DTFE exploits threepropertiesof Voronoi andDelaunaytessellations(Schaap,
2007;vandeWeygaert& Schaap,2007).Thetessellationsarevery sensitive to the
local point density. DTFE usesthis to de�ne a local estimateof the densityon the
basisof theinverseof thevolumeof thetessellationcells.Equallyimportantis their
sensitivity to the local geometryof thepoint distribution. This allows themto trace
anisotropicfeaturessuchasencounteredin thecosmicweb. Finally, DTFE exploits
theadaptiveandminimumtriangulationpropertiesof Delaunaytessellationsin using
themasadaptive spatialinterpolationintervals for irregular point distributions.In
this way it is the�rst orderversionof theNatural Neighbourmethod(Sibson,1980,
1981;Watson,1992;Braun& Sambridge,1995;Sukumar,1998)

Within thecosmologicalcontext a major– andcrucial– characteristicof a pro-
cessedDTFEdensity�eld is thatit is capableof delineatingthreefundamentalchar-
acteristicsof the spatialstructureof the megaparseccosmicmatterdistribution. It
outlinesthe full hierarchyof substructurespresentin the samplingpoint distribu-
tion, relatingto thestandardview of structurein theUniversehaving arisenthrough
thegradualhierarchicalbuildupof matterconcentrations.DTFEalsoreproducesany
anisotropicpatternsin the densitydistribution without diluting their intrinsic geo-
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Fig. 18. Schemeof the MultiscaleMorphologyFilter for extractingweblike morphologies.
Seetext for explanation.FromvandeWeygaert& Schaap2007.
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metricalproperties.This is particularlyimportantwhenanalyzingthetheprominent
�lamentary andplanarfeaturesmarkingtheCosmicWeb. A third importantaspect
of DTFE is that it outlinesthe presenceandshapeof voidlike regions.Becauseof
the interpolationde�nition of the DTFE �eld reconstructionvoids arerenderedas
regionsof slowly varyingandmoderatelylow densityvalues.

Multiscale Mor phologyFilter

Recentlya varietyof methodshavebeendevelopedtowardsa completemorpholog-
ical analysisof thecosmicweb in thecosmicmatterdistribution. Perhapsthemost
rigorousprogram,with a particularemphasison thedescriptionandanalysisof �l-
aments,is thatof theskeletonanalysisof density�elds by by Novikov, Colombi&
Doré (2006)(2-D) andSousbieet al. (2007)(3-D) (seesect.3.2).Anotherstrategy
hasbeenfollowedby Hahnetal. (2007).They identify clusters,�laments,wallsand
voids in thematterdistribution on thebasisof the tidal �eld tensor@2�=@xi@x j, de-
terminedfrom the densitydistribution �ltered on a scaleof � 5h� 1Mpc. Herewe
shortly focuson the MultiscaleMorphologyFilter (MMF), introducedby Aragón-
Calvo etal. (2007).TheMMF dissectsthecosmicwebonthebasisof themultiscale
analysisof theHessianof thedensity�eld.

Fig. 18 containsa schematicoverview of the Multiscale Morphology Filter
(MMF) to isolateandextractelongated�laments (darkgrey), sheetlike walls (light
grey) andclusters(blackdots)in theweblikepatternof acosmologicalN-bodysim-
ulation Aragón-Calvo et al. (2007).The �rst stageis the translationof a discrete
particledistribution(top lefthandframe)into aDTFEdensity�eld (topcentre).This
guaranteesamorphologicallyunbiasedandoptimizeddensity�eld retainingall fea-
turesvisible in a discretegalaxyor particledistribution. TheDTFE �eld is �ltered
over a rangeof scales(top righthandstackof �ltered �elds). By meansof mor-
phology�lter operationsde�ned on the basisof theHessianof the �ltered density
�elds theMMF successively selectstheregionswhichhaveabloblike(cluster)mor-
phology, a �lamentary morphologyanda planarmorphology, at thescaleat which
themorphologicalsignalis optimal.This producesa featuremap(bottomlefthand).
By meansof a percolationcriterionthephysicallysigni�cant �laments areselected
(bottom centre).Following a sequenceof blob, �lament and wall �ltering �nally
producesa mapof the di� erentmorphologicalfeaturesin the particledistribution
(bottomlefthand).The3-D isodensitycontoursin thebottomlefthandframedepict
themostpronouncedfeatures(alsosee�g. 17).

MMF and the CosmicWeb

Two noteworthy recentresultsobtainedby MMF concernsthe inventoryof mass
and volume contentof the CosmicWeb (Aragón-Calvo, 2007),shown in �g. 19.
Theresultsrelateto thepresent-dayepochin a � CDM N-bodysimulation.Clusters
occupy thesmallestvolumefraction in thecosmicweb,accountingfor only 0:4%.
They do,however, representamajorshareof themass(28%),makingthemby farthe
densestcomponentsof theCosmicWeb. Most mass(39%) in theUniverseresides
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Fig. 19. Piediagramshowing an inventoryof theCosmicWebin termsof volume(left) and
mass(right). ImagecourtesyM. Aragón-Calvo, alsoseeAragón-Calvo 2007.

in �laments, tracingout almost10%of thetotal volume.Sheetcontainonly a small
fractionof themass,� 5:5% andoccupy a relatively smallvolume(4.9%),making
themthemosttenuousstructuresin theCosmicWeb.

Fig. 20.Meannumberof �laments asa functionof themassof theclustersto which they are
connected(solid line). Dottedline: 1� dispersion.ImagecourtesyM. Aragón-Calvo, alsosee
Aragón-Calvo 2007.
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Alsohighly relevantis theissueof theconnectionbetween�lamentsandclusters.
Thenumberof �laments emanatingfrom a clusterturnsout to bea strongfunction
of theclustermass(see�g. 20).Moremassiveclustersareconnectedto considerably
more�laments: MMF analysisindicatesthatclusterswith amassM � 1014M � have
on average2 �laments connectedto them,clusterswith a massM � 1015M� more
than� ve �laments. Otherstudieshave founda similar relationbasedon intracluster
�laments found in N-body simulations(Colberg, Krugho� & Connolly,2005)and
visually identi�ed �lament-clusterconnectionsfrom the2dFgalaxyredshiftsurvey
(Pimbblet,2005).

4 Voids

A manifestand prominentmorphologicalaspectof the Megaparsecmatter and
galaxy distribution is the marked and dominantpresenceof large underdensere-
gions,theVoids. A properandfull understandingof theformationanddynamicsof
theCosmicWebis notpossiblewithoutunderstandingthestructureandevolutionof
voids.With respectto their role in thestructureandbuildup of theCosmicWebwe
needto addressthreecrucialaspectsof void evolution:

� FormationandEvolutionof Voids
Voids form in andarounddensitytroughsin the primordial density�eld. As a
resultof thecorrespondingweaker internalgravity mattermatterstreamsoutof
the interior of voids while the void asa whole will expandwith respectto the
backgroundUniverse.

� Void DynamicsandVoid Out�ow
As aresultof theirunderdensityvoidsrepresentaregionof weakergravity. This
resultsin an e� ective repulsive gravitational in�uence. Variousgalaxyredshift
surveysandstudiesof galaxypeculiarvelocitieshave indeeduncoveredthis im-
print in thecosmicvelocity �o w in theLocalUniverse(seesect.2.3).

� Void HierarchyandSubstructure
Not only galaxies,galaxyhalosandclustersof galaxiesgetassembledin ahier-
archicalfashion.Also thebuildupof voidsproceedsvia a complex andintricate
processof hierarchicalevolution. Insight into this evolution is essentialfor un-
derstandingtheoverallgeometryandstructureof theCosmicWeb. Theremnants
of thehierarchicalvoid evolution canstill beseenwhenstudyingtheobserved
spatialgalaxydistribution or whenanalyzingN-body simulationsof structure
formation.It shouldalsoform thebasisfor the studyof propertiesof the void
galaxypopulationandthedependenceonenvironment.

In thesubsequentsectionswe will addresseachof theseissuesin somedetail.

4.1 Formation and Evolution of Voids

Voidsemergeout of thedensitytroughsin theprimordialGaussian�eld of density
�uctuations.Early theoreticalmodelsof void formationconcentratedon theevolu-
tion of isolatedvoids (Ho� man& Shaham,1982;Icke, 1984;Bertschinger,1985;
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Fig. 21.Simulationof evolving void (LCDM scenario).Imagecourtesyof Erwin Platen
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Blumenthalet al., 1992). Initially underdenseregionsexpandfasterthantheHub-
ble �o w, andthusexpandwith respectto the backgroundUniverse.If they arenot
embeddedwithin overdenseregions,suchregionseventuallyform voids which are
surroundedby densevoid walls. At any cosmicepochthe voids that dominatethe
spatialmatterdistributionarea manifestationof thecosmicstructureformationpro-
cessreachinganon-linearstageof evolution.

In a void-baseddescriptionof the evolution of the cosmicmatterdistribution,
voidsmark thetransitionscaleat which densityperturbationshave decoupledfrom
theHubble�o w andcontractedinto recognizablestructuralfeatures.On thebasisof
theoreticalmodelsof void formationonemight infer that voids mayactasthekey
organizingelementfor arrangingmatterconcentrationsinto anall-pervasivecosmic
network (Icke,1984;Reg�os& Geller,1991;vandeWeygaert,1991;Sheth& vande
Weygaert,2004).As voidsexpand,matteris squeezedin betweenthem,andsheets
and�laments form thevoid boundaries.Thisview is supportedby numericalstudies
andcomputersimulationsof the gravitational evolution of voids in morecomplex
and realisticcon�gurations(Martel & Wassermann,1990;Reg�os & Geller, 1991;
Dubinskiet al., 1993;vandeWeygaert& vanKampen,1993;Goldberg & Vogeley,
2004;Colberg etal.,2005b;Padillaetal., 2005).A markedexampleof theevolution
of a typical largeanddeepvoid in a � CDM scenariosis givenby thetime sequence
of six framesin �g. 4.

Void Characteristics: an Inventory

The formationandevolution of voids involvesa rangeof interestingand intricate
processesandaspects.A listing of a dozencharacteristicpropertiesmay elucidate
this.

� VoidsExpand.
Theunderdensityof a void correspondsto a weaker interior gravitational �eld.
With respectto the global universethis leadsto an e� ective (peculiar)gravity
inducingageneral�o w outof thevoid region.

� VoidsEmpty.
As matterstreamsoutof thevoid, thedensitywithin thevoid decreases.Isolated
voids will asymptoticallyevolve towardsan underdensity� = � 1, pureempti-
ness.

� VoidsformRidges.
As thedensitywithin voidsgraduallyincreasesoutward,thecorrespondingpe-
culiar (outward)gravitationalaccelerationdecreasesoutward:void matterin the
centremovesoutwardfasterthanvoid mattertowardstheboundary. As a result
matteraccumulatesin ridgessurroundingthe void (see�g. 22). The steepness
of the resultingdensitypro�le dependson theprotovoid depression(Palmer&
Voglis,1983).
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Fig. 22.Sphericalmodelfor theevolution of voids.Left: a pure(uncompensated)tophatvoid
evolving up to the epochof shell-crossing.Initial (linearly extrapolated)densityde�cit was
� lin;0 = � 10:0, initial (comoving) radiuseRi;0 = 5:0h� 1Mpc. Right: a void with an angular
averagedSCDM pro�le. Initial densityde�cit andcharacteristicradiusaresameas for the
tophatvoid (left). Thetendency of this void to evolve into a tophatcon�gurationby thetime
of shell crossingis clear. Shell-crossing,and the formationof a ridge, happensonly if the
initial pro�le is su� ciently steep.

� “Bucket” DensityPro�le
Voidsassumea ”bucket” shape– markedby a uniform interior densitydepres-
sionanda steepouterboundary– asa resultof the fastout�ow from the”�at”
centrein aprimordialunderdensity. While theirmattercontentaccumulatesnear
andaroundsteepdensityridges,theinterior involvesinto a region resemblinga
low-densityhomogeneousFRW Universe(see�g. 22).

� SuperhubbleVoid Expansion
Relatedto the uniform densityinterior of maturevoids the correspondingpe-
culiar velocity �eld is that of a “Superhubble”�o w (Icke, 1984): the interior
�o w�eld of voids is markedby a uniform velocity divergence(Schaap,2007).
For a sphericallysymmetricvoid model it is ratherstraightforward to analyti-
cally infer that this is theexpectednaturaltendency for voids(see�g. 22). It is
a manifestationof Birkho� 's theorem,accordingto which a void region canbe
describedasanisolatedlower 
 FRW universe(vandeWeygaert& vanKam-
pen,1993;Goldberg & Vogeley, 2004).An analysisof N-body simulationsby
meansof the DTFE techniquehasshown this alsoto be the casefor the more
complex situationof hierarchicalstructureformation(seesect.4.3).

� CharacteristicVoid & Shellcrossing
Overdensesphericalpeakshaveacharacteristicandtimeof collapse,coincident
with alinearlyextrapolateddensity� c = 1:69.Voidshaveasimilargloballyvalid
characteristicepochof evolution, thatof shellcrossing. Thishappenswheninte-



42 RienvandeWeygaert& J.RichardBond

rior shellsof mattertakeoverinitially exteriorshells.It happenswhenaprimor-
dial densitydepressionattainsa linearly extrapolatedunderdensity� v = � 2:81
(for EdSuniverse).A perfectlyspherical”bucket” void will haveexpandedby a
factorof 1.72at shellcrossing,andthereforehave evolvedinto anunderdensity
of � 20%of theglobalcosmologicaldensity, ie. � = � 0:8.

� Identityobservedvoids
Bertschinger'sthesiswork demonstratedthatoncevoidshavepassedthestageof
shellcrossingthey entera phaseof self-similarexpansion(Bertschinger,1985).
Subsequently, their expansionwill slow down with respectto the earlier lin-
earexpansion.This impelledBlumenthalet al. (1992)to identify voids in the
present-daygalaxydistribution with voids that have just reachedthe stageof
shell-crossing.

� Void Shapes:sphericaltendencies
Icke (1984)pointedout thatany (isolated)asphericalunderdensitywill become
moresphericalasit expands.Thee� ectivegravitationalaccelerationis stronger
alongtheshortaxis thanalongthe longeraxes.For overdensitiesthis resultsin
a strongerinward accelerationandinfall, producingincreasingly�attened and
elongatedfeatures.By contrast,for voids this translatesinto a larger outward
accelerationalongthe shortestaxis so that asphericitieswill tendto diminish.
For the interior of voids this tendency hasbeencon�rmed by N-body simula-
tions(vandeWeygaert& vanKampen,1993).In reality, voidswill never reach
sphericityasaresultof largescaledynamicalandenvironmentalfactors(Platen,
vandeWeygaert& Jones,2007b)

� Nonlinearityof Voids
While by de�nition voids correspondto densityperturbationsof at mostunity,
j� vj � 1, maturevoids in the nonlinearmatterdistribution do representhighly
nonlinear features.This may be best understoodwithin the context of La-
grangianperturbationtheory(Sahni& Shandarin,1996).Overdense�uctuations
maybedescribedasaconvergingseriesof higherorderperturbations,theequiv-
alentperturbationseriesis lesswell behaved for voids. The successive higher
ordertermsof bothdensityde�cit andcorrespondingvelocity divergencealter-
natebetweennegativeandpositive (see�g. 23).

� Dilution of Void Substructure
In hierarchicalscenariosof structureformationvoid regionscontainsubstantial
amountsof infrastructure(seesect.4.4).Thelow-densityenvironmentof voids
slows the growth of structure(for a thoroughanalytical treatmentseeGold-
berg & Vogeley, 2004)).The net result is a diluted anddiminishedinfrastruc-
turewhich remainsvisible,at everdecreasingdensitycontrast,ascindersof the
earlierphasesof the void hierarchy in which the substructurestoodout more
prominent(seesect.4.8).
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Fig. 23. Void nonlinearityin Lagrangianperturbationtheory, from Sahni& Shandarin1996.
LefthandFrame:densitycontrast� APP in LagrangianperturbationseriesL(n) plottedagainst
theexact tophatsolution� EX for underdenseregions(lower left) andoverdenseregions(up-
per right). Whereasthe accuracy of L(n) increaseswith n whendescribingthe behaviour of
overdenseregions,L(n) wiht N > 1 do not fareaswell whenappliedto underdenseregions.
Although for voids L(n) with n = 2; 3 areinitially moreaccuratethanL(1) (Zel'dovich ap-
proximation),their accuracy becomespoorerwith time. Moreover, L(2) shows pathological
behaviour at late timeswhen� EX < � 0:7. Righthandframe:The dimensionlessvelocity di-
vergence�eld � APP in LagrangianperturbationseriesL(n) is shown plottedagainsttheexact
solution� EX, for overdenseregions(lower left) andunderdenseregions(upperright). l(n) with
n = 2; 3 givebetterresultsthanl(a) for overdensebut not for underdenseregions.FromSahni
& Shandarin1996.Imagecourtesyof SergeiShandarin.

� Collapseof Voids
Insteadof expanding,voidsembeddedin alargerscaleenvironmentof su� cient
overdensity, or surroundedby structurese� ectinga strongenoughtidal force
�eld, may tendto collapse.This processof void collapseis especiallyrelevant
for small(sub)voidsneartheboundariesof largedominatingvoids.Theprocess
is of crucialimportancein thehierarchicalevolutionof voids(seesect.4.8).

4.2 Void Identity and Maturity

Onequestionof relevanceis thatof theidentityof theobservedvoids.In otherwords,
whatde�nesa maturevoid ? A reasonableanswermaybefoundon thebasisof the
sphericalmodel.This teachesusthatvoidsmaybeassignedacharacteristicdynami-
cal time,correspondingto athresholdof thelinearlyextrapolatedprimordialdensity
�eld. A reasonablesuggestionis thatof a void reachingmaturityat themomentof
shell-crossing, ie. thestageat which theinnershellsof a void do overtake theouter
shellsasa resultof their larger peculiaracceleration.Bertschinger(1985)pointed
out thatavoid wouldassumeaself-similarexpansionandpropagateataslower rate
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throughthe surroundingmediumBertschinger(1985).On the basisof this obser-
vation, Blumenthalet al. (1992) suggestedthat the voids observed in galaxy red-
shift surveys,or in N-bodysimulations,shouldbeidenti�ed with suchshell-crossing
voids.

Thevoid thresholdthatcorrespondsto shell-crossingof a sphericaltophatvoid,
� v = � 2:81 (for a 
 m = 1 Einstein-deSitter Universe,and for a growing-mode
perturbation).Oncethe(�ctitious) lineargrowth of adensitytroughin theprimordial
density�eld hasreachedthe void barrier the depressionwill 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-crossingphaseandemergedasmaturevoids,

� (x) < � ssc(z; 
 m; 
 � ) �
� v

D(z)
; (1)

wheretheindex sscrefersto “sphericalshellcrossing”.

4.3 A void in LCDM

Soonafter their discovery, variousstudiespointedout their essentialrole in theor-
ganizationof thecosmicmatterdistribution(e.g.Icke,1984;Reg�os& Geller,1991).
Their e� ective repulsive in�uence over their surroundingshasbeenrecognizedin
variousgalaxysurveys in theLocalUniverse(seesec.2.3).

Herewe addressthevoid'sdynamicalin�uence by meansof a casestudyof the
structureandout�ow from a void selectedfrom a � CDM GIF N-body simulation
Kau� mannetal. (1999).Figure24showsatypicalvoid-likeregionin a � CDM Uni-
verse.It concernsa 2563 particlesGIF N-bodysimulation,encompassinga � CDM
(
 m = 0:3; 
 � = 0:7; H0 = 70km=s=Mpc) density�eld within a(periodic)cubicbox
with length141h� 1Mpc andproducedby meansof anadaptiveP3M N-bodycode.

Thetop left frameshows theparticledistribution in andaroundthevoid within
this 42:5h� 1Mpc wide and1h� 1Mpc thick slice throughthe simulationbox. In the
same�gure weincludepanelsof thedensityandvelocity�eld in thevoid,determined
by meansof a DTFE reconstruction(Schaap,2007; van de Weygaert& Schaap,
2007).Both form a nice illustrationof thecapacityof the tessellation-basedDTFE
interpolationandreconstructiontechniqueto translatethe inhomogeneousparticle
distributioninto highly resolvedcontinuousandvolume-�lling �elds andevenfollow
thedensity�eld aswell asvelocity �o w throughoutdilutedvoid regions.

Void Infrastructur e

The void region appearsasa slowly varying region of low density(top righthand
frame).Notice thecleardistinctionbetweentheempty(dark)interior regionsof the
void andits edges.In theinterior of thevoid severalsmallersubvoidscanbedistin-
guished,with boundariesconsistingof low density�lamentary or planarstructures.

The generalcharacteristicsof the expandingvoid are most evident when fol-
lowing thedensityandvelocitypro�le alonga one-dimensionalsectionthroughthe
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Fig. 24. Thedensityandvelocity �eld arounda void in theGIF LCDM simulation.The top
righthandpanelshows theN-bodysimulationparticledistribution within a slice throughthe
simulationbox,centeredon thevoid. Thetop righthandpanelshows thegrayscalemapof the
DTFE density�eld reconstructionin andaroundthevoid, thecorrespondingvelocity vector
plot is shown in the bottom lefthandpanel.Notice the detailedview of the velocity �eld:
within thealmostsphericalglobalout�ow of thevoid featurescanberecognizedthatcanbe
identi�ed with the diluted substructurewithin the void. Along the solid line in thesepanels
wedeterminedthelinearDTFEdensityandvelocitypro�le (bottomrighthandframe).Wecan
recognizetheglobal “bucket” shapeddensitypro�le of thevoid, be it markedby substantial
densityenhancements.Thevelocity �eld re�ects thedensitypro�le in detail,dominatedby a
globalsuper-Hubbleout�ow. FromSchaap2007.
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void. The bottom-left frame of �g. 25 shows thesepro�les for the linear section
alongthesolid line indicatedin theotherthreeframes.The�rst impressionis thatof
thebucket-like shapeof thevoid, be it interspersedby a ratherpronounceddensity
enhancementnearits centre.This pro�le shapedoescon�rm to thegeneraltrendof
low-densityregionsto developanearuniforminteriordensitysurroundedby sharply
de�ned boundaries.Becauseinitially emptierinner regionsexpandfasterthan the
denserouter layersthe matterdistribution getsevenedout while the inner layers
catchupwith theouterones.

Void Velocity Field

The �o w in and aroundthe void is dominatedby the out�ow of matter from the
void,culminatinginto thevoid'sown expansionneartheouteredge.Thecomparison
with thetop two framesdemonstratesthestrongrelationwith featuresin theparticle
distributionandthedensity�eld. Not only is it slightly elongatedalongthedirection
of thevoid's shape,but it is alsosensitive to someprominentinternalfeaturesof the
void. Towardsthe “SE” directionthe �o w appearsto slow down neara ridge,near
thecentretheDTFEreconstructionidenti�es two expansioncentres.

Thevoid velocity�eld pro�le is intimatelycoupledto thatof its density�eld. The
linearvelocityincreaseis amanifestationof its generalexpansion.Thenearconstant
velocitydivergencewithin thevoid conformsto thesuper-Hubble�ow expectedfor
thenearuniforminteriordensitydistribution.Becausevoidsareemptierthantherest
of theuniversethey will expandfasterthantherestof theuniversewith anetvelocity
divergenceequalto

� =
r � v
H

= 3(� � 1) ; � = Hvoid=H ; (2)

(3)

where� is de�ned to betheratioof thesuper-Hubbleexpansionrateof thevoid and
theHubbleexpansionof theuniverse.

Expanding Voids and the Cosmos

Evidently, thehighestexpansionratio is that for voidswhich arecompletelyempty,
ie. � void = � 1. Theexpansionratio � for suchvoidsmaybeinferredfrom Birkho� 's
theorem,treatingthesevoidsasemptyFRW universeswhoseexpansiontimeis equal
to the cosmictime. For a matter-dominatedUniversewith zerocosmologicalcon-
stant,themaximumexpansionratethatavoid mayachieve is givenby

� max = 1:5
 0:6
m ; (4)

with 
 m the cosmologicalmassdensityparameter. For emptyvoids in a Universe
with acosmologicalconstantasimilarexpressionholds,beit thatthevalueof � will
have to be numericallycalculatedfrom the correspondingequation.In generalthe
dependenceon� is onlyweak.Genericvoidswill notbeentirelyempty, theirdensity
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Fig. 25. The imprint of voidson thecosmicvelocity �eld. Thevelocity divergencepdf for a
matter-dominated
 = 0:4 anda 
 = 1:0 universe,determinedfrom a CDM N-body sim-
ulation by meansof the DTFE technique.The pdf hasa sharphigh-valueedge,de�ned by
theout�ow from voids.Lefthandframe:
 = 0:4, with superimposed(dashed)thepdf for a

 = 1:0 Universe.Righthandframe:
 = 1:0. FromBernardeauetal. 1997.

de�cit j� voidj � 0:8 � 0:9 (cf. eg. thelineardensitypro�le in �g. 25).Theexpansion
rate� void for suchavoid follows from numericalevaluationof theexpression

� void =
3
2


 0:6
m � 
 0:6

m;void

1 + 1
2 
 0:6

m;void

; 
 m;void =

 m(� void + 1)

(1 + 1
3 � )2

(5)

in which 
 m;void is thee� ectivecosmicdensityparameterinsidethevoid.
Whenassessingthestatisticsof thevelocity �eld divergence,usingappropriate

tools,onemayindeed�nd a sharppositivedivergencecuto� markingthemaximum
expansionrateof void regions.On the basisof their tessellationbasedtechnique,
an early velocity �eld orientedversionof DTFE, Bernardeau& van de Weygaert
(1996)andBernardeauet al. (1997)demonstratedthat potentiallyonemay indeed
infer informationon 
 m;0 from theexpansionof voids.

4.4 Void Sociology

Computersimulationsof thegravitationalevolution of voidsin realisticcosmologi-
calenvironmentsdoshow aconsiderablymorecomplex situationthanthatdescribed
by idealizedsphericalor ellipsoidalmodels(seeMartel& Wassermann,1990;Reg�os
& Geller,1991;Dubinskietal., 1993;vandeWeygaert& vanKampen,1993;Gold-
berg & Vogeley, 2004;Colberg et al., 2005b;Padilla et al., 2005).In recentyears
thehugeincreasein computationalresourceshasenabledN-bodysimulationsto re-
solve in detail the intricatesubstructureof voids within the context of hierarchical
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cosmologicalstructureformationscenarios(Mathis& White,2002;Gottlöberetal.,
2003;Hoeftetal., 2006;Arbabi-Bidgoli& Müller,2002;Goldberg& Vogeley, 2004;
Colberg et al., 2005b;Padilla et al., 2005).They con�rm thetheoreticalexpectation
of voidshaving a rich substructureasa resultof their hierarchicalbuildup (seee.g.
�g. 4).

Sheth& van de Weygaert(2004)treatedthe emergenceandevolution of voids
within thecontext of hierarchical gravitationalscenarios.It leadsto a considerably
modi�ed view of theevolutionof voids.Theroleof substructurewithin their interior
andtheinteractionwith their surroundingsturn out to beessentialaspectsof thehi-
erarchical evolution of thevoid populationin theUniverse.An importantguideline
aretheheuristicvoid modelsimulationsby Dubinskiet al. (1993),andthetheoret-
ical void studyby Sahniet al. (1994)within the context of a Lagrangianadhesion
modelapproachby Sahniet al. (1994).Sheth& van de Weygaert(2004)showed
thatthehierarchicaldevelopmentof voids,akin to theevolution of overdensehalos,
maybedescribedby anexcursionsetformulation(Press& Schechter,1974;Bondet
al.,1991;Sheth,1998).In somesensevoidshaveaconsiderablymorecomplex evo-
lutionarypaththanoverdensehalos.This proddedthedevelopmentof a two-barrier
excursionsetformalism(seesect.3.7in accompanying lecturenotesonthetheoryof
theCosmicWeb).Thetwo barriersreferto two processesthatdictatetheevolutionof
voids:their merging into ever largervoidsaswell asthecollapseanddisappearance
of smallonesembeddedin overdenseregions(see�g. 26).

Void Merging

First, considera small region which was lessdensethanthe critical � v. It may be
thatthis region is embeddedin asigni�cantly largerunderdenseregionwhich is also
lessdensethanthecritical density. Many smallprimordialdensitytroughsmayexist
within thelargervoid region.Oncesmallvoidslocatedwithin thelargerembedding
underdensityhaveemergedastruevoidsatsomeearlierepoch,theirexpansiontends
to slow down.Subsequently, they mergeandgetabsorbedinto thelargervoid emerg-
ing from theembeddingunderdensityasit reachesits shell-crossingphase.There-
fore, we shouldidentify the larger region asa large void today, while the smaller
subvoidsshouldnotanymorebecountedassuch(see�g. 26, top row).

Void Collapse

A secondvoid processis responsiblefor the radicaldissimilaritybetweenvoid and
halopopulations.If a smallscaleminimumis embeddedin a su� ciently high large
scaledensitymaximum,thenthecollapseof thelargersurroundingregionwill even-
tually squeezetheunderdenseregion it surrounds:thesmall-scalevoid will vanish
whenthe region aroundit hascollapsedcompletely. Alternatively, thoughusually
coupled,they may collapseas a result of the tidal force �eld in which they �nd
themselves.If thevoid within thecontractingoverdensityhasbeensqueezedto van-
ishinglysmallsizeit shouldno longerbecountedasavoid (see�g. 26,bottomrow).
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Fig. 26.Thetwo modesof void evolution: void merging (top row) andvoid collapse(bottom
row). Top: threetimestepsof evolving void structurein a 1283 particleN-bodysimulationof
structureformationin anSCDMmodel(aexp = 0:1;0:3; 0:5). Thesequenceshows thegradual
developmentof a largevoid of diameter� 25h� 1Mpc asthecomplex patternof smallervoids
and structureswhich had emerged within it at an earlier time, merge with one another. It
illustratesthevoid-in-voidprocessof theevolving void hierarchy. Bottom: a choiceof three
collapsingvoids in a constrainedN-bodysimulation,eachembeddedwithin anenvironment
of di� erenttidal shearstrength.Thearrows indicatethe velocity vectors,showing the infall
of outerregionsontothevoid region.As a resultthevoidswill becrushedasthesurrounding
matterrainsdown on them.

The collapseof small voids is an importantaspectof the symmetrybreaking
betweenunderdensitiesandoverdensities.In the primorial Universe,Gaussianpri-
mordialconditionsinvolve a perfectsymmetrybetweenunder- andoverdense.Any
inspectionof a galaxyredshiftmapor an N-body simulationshows that thereis a
marked di� erencebetweenmatterclumpsandvoids.While the numberdensityof
halosis dominatedby smallobjects,void collapseis responsiblefor thelackof small
voids.

4.5 Void Excursions

The excursionset formalism allows an elegant formulation and evaluationof the
complex evolution of voids outlinedabove in termsof a two-barrier excursionset
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formalism.Themergingandcollapsebarriershavebeenindicatedby horizontalbars
in the Brownian randomwalk diagramof �g. 27. In the formalism developedby
(Sheth& van de Weygaert,2004)the maturing/merging thresholdis set to a �x ed
thresholdvalue,independentof scale:theshell-crossingvalue� v = � 2:81of spheri-
calvoids.Thevoidcollapseof anunderdensityembeddedwithin acontractingover-
densityis setby thecollapsebarrier� c (for halos).

Void-in-Void & Void-in-Cloud

Sincemany smallvoidsmaycoexist within onelargervoid, wemustnotcountall of
thesmallervoidsasdistinctobjects,lestwe overestimatethenumberof smallvoids
andthetotalvolumefractionin voids.This is calledthevoid-in-voidproblem.In this
casesmallvoidsfrom anearlyepochmergewith oneanotherto form alargervoid at
a laterepoch.It is analogousto thewell-known cloud-in-cloudproblemassociated
with thenumberdensityof initially overdensepeaks.To accountfor the impactof
voidsdisappearingwhenembeddedin collapsingregions,wemustalsodealwith the
void-in-cloudproblem.Also see�g. 9 in vandeWeygaert& Bond(2005).

By contrast,theevolutionof overdensitiesis governedonly by thecloud-in-cloud
process;the cloud-in-voidprocessis much less important,becausecloudswhich
condensein a largescalevoid arenot torn apartastheir parentvoid expandsaround
them.This asymmetrybetweenhow the surroundingenvironmenta� ectshalo and
void formationis incorporatedinto theexcursionsetapproach by usingonebarrier
to modelhaloformationandasecondbarrierto modelvoid formation(Fig. 9 in van
de Weygaert& Bond(2005)).Only the �rst barriermattersfor halo formation,but
bothbarriersplaya role in determiningtheexpectedabundanceof voids.

Brownian Void Walks

Figure27depictstwo di� erentrandomwalks,eachillustrativeexamplesof thevoid
evolution processes.TheredBrownianrandomwalk relatesto thevoid-in-voidtra-
jectoryof void formationthroughthemergingof 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-cloudprocessassociatedwith halo mergers.The associatedrandomwalk
shows that thepresent-dayvoid V1 containsmoremass(S � 1:6) thanthesmaller
void V2 (S � 3:2) which mergedinto V1. Theredrandomwalk concernsa location
which at early timeswasfoundwithin a smallvoid V2. This void, however, is em-
beddedon a masslargermassscalewithin an overdensehalo H1. Oncethis entity
collapsesinto a massivevirializedhalo,V2 will havedisappeared.

If a walk �rst crosses� c andthencrosses� v on a smallerscale,thenthesmaller
void is containedwithin a larger collapsedregion. Sincethe larger region hascol-
lapsed,thesmallervoid within it no longerexists,so it shouldnot becounted.The
only bona-�de voids are thoseassociatedwith walks which cross� v without �rst
crossing� c. Theproblemof estimatingthefractionof massin voidsreducesto esti-
matingthefractionof randomwalkswhich �rst crossed� v at S, andwhich did not
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Fig. 27. Two-barrierexcursionsetformalismfor the two void processes:void merging (red)
andvoid collapse(green).Randomwalk exhibited by the averageoverdensity� centredon
a randomlychosenposition in a Gaussianrandom�eld, as a function of smoothingscale,
parametrizedby SM (largevolumeareon the left, small volumeson theright). Dashedhori-
zontallinesindicatethecollapsebarrier� c andthevoid shell-crossingbarrier� v.

cross� c at any S0 < S: thedescriptionof thevoid hierarchyrequiressolutionof a
two-barrierproblem.

4.6 Void Spectrum

Theanalyticalevaluationof the two-barrierrandomwalk problemleadsdirectly to
a predictionof the distribution function nv(M) for voids on a massscaleM. With
respectto the linear extrapolateddensity�eld the maturedvoid on a massscalem
correspondsto a fractionalrelativeunderdensity

p
� v(M),

� v(M) �
j� vj

� (M)
; (6)
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with thedependenceonthemassscaleM enteringvia thermsdensity�uctuation on
that scale,� (M). Accordingto the (Sheth& van de Weygaert,2004)the resulting
void massspectrummaybeapproximatedby

nv(M) dM �

(7)
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ThequantityD is the“void-and-cloudparameter”,

D �
j� vj

(� c + j� vj)
: (9)

It parameterizesthe impactof halo evolution on the evolving populationof voids:
the likelihoodof smallervoidsbeingcrushedthroughthevoid-in-cloudprocessde-
creasesastherelativevalueof thecollapsebarrier� c with respectto thevoid barrier
� v becomeslarger.

Along with thederivedvoid distribution a varietyof relatedinterestingobserva-
tionsmaybemade.Oneaspectconcernsthefractionof masscontainedin voidson
massscaleM,

f (M) =
M nv(M)

� u
: (10)

Theresultingdistributionis alsopeaked.Thetoplefthandframeof �g. 28showsthat
mostof thevoid massis indeedto befoundin voidsof characteristicmassMv;� . At
any giventimethemassfractionin voidsis approximatelythirty percentof themass
in theUniverse.

Characteristic Void Size

Expression9 showsclearlythatn(M) cuts-o� sharplyatbothsmallandlargevalues
of � v. This becomesclearwhen inspectingThe numberdensitynv(R) of voids of
radiusR5 in �g. 28 (bottomlefthandframe).It shows that the distribution of void

5 Theconversionof thevoid massscaleto equivalentvoid radiusR is doneby assumingthe
simplestapproximation,thatof thesphericaltophatmodel.Accordingto thismodelavoid
hasexpandedby a factorof 1.7by thetime it hasmature,sothatVv = (M=� u) � 1:73.
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Fig. 28. Distribution of void radii predictedon the basisof equation(9), in an Einsteinde-
Sittermodelwith P(k) / k� 1:5, normalizedto � 8 = 0:9 atz = 0. Top left panelshows themass
fraction in voidsof radiusr. Bottom left panelshows thenumberdensityof voids of radius
r. Note that thevoid-sizedistribution is well peakedabouta characteristicsizeprovidedone
accountsfor thevoid-in-cloudprocess.Top right panelshows the cumulative distribution of
the void volumefraction. Dashedandsolid curves in the top panelsandbottom left panel
show the two naturalchoicesfor the importanceof the void-in-cloud processdiscussedin
the text: � c = 1:06 and1.686,with � v = � 2:81. Dottedcurve shows the resultof ignoring
the void-in-cloudprocessentirely. Clearly, the numberof small voids decreasesasthe ratio
of � c=j� vj decreases.Bottom right panelshows the evolution of the cumulative void volume
fraction distribution. The threecurves in this panelare for � c = 1:686(1+ z), wherez = 0
(solid),0.5 (dotted)and1 (dashed).
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massesis reasonablywell peaked about� � 1, correspondingto a characteristic
massscaleof order� 0(M) � j� vj.

Theaboveimpliesthatatany onecosmicepochthereis acharacteristicvoidsize
which increaseswith time: thelargervoidspresentat latetime formedfrom mergers
of smallervoids which formedat earlier times.For purepower-law power spectra
this meansthat this self-similarevolution of thevoid populationcentersaroundthe
evolving void massMv;� :

Mv;� (t) / D(t)6=(3+n) Mv;� ;o ; (11)

in which thepresent-daycharacteristicvoid mass,inverselyproportionalto j� vj, is

Mv;� ;o =
 
2A

� 2
v

!3=(3+n)

: (12)

Self-similar Void Evolution

In an Einsteinde-Sitteruniverse,� c, � v and � (m) all have the sametime depen-
dence,so equation(9) evolves self-similarly, parameterizedby the characteristic
“void mass” Mv;� . Also for moregeneralworld-modelsthe approximationof self-
similar void evolution shouldbe quite accurateas the time dependencesare only
slightly di� erent.

4.7 Void Evolution

The populationof largevoids is insensitive to the void-in-cloudprocess.The large
masscuto� of the void spectrumis similar to the onesfor clustersandre�ects the
Gaussiannatureof the�uctuation �eld from which theobjectshavecondensed.The
gradualmerging of voids into ever largeronesis embodiedin theself-similarshift
of thepeakof thevoid spectrum,ie. of Mv;� . The abundanceof voidswhich larger
thanthe typical initial comoving sizesof clustersis thereforereasonablydescribed
by peakstheory(Bardeenetal., 1986;Sheth& vandeWeygaert,2004).

While thetwo-barrierexcursionsetformalismo� ersanattractive theoreticalex-
planationfor thedistinctasymmetrybetweenclumpsandvoids andfor thepeaked
void sizedistribution,we needto identify wherethedisappearingsmall-scalevoids
areto befoundin a genuineevolving cosmicmatterdistribution. UsingtheGIF N-
body simulationsof variousCDM scenarios,Platen(2005) hasmanagedto 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) andsubsequentlyfollowedtheir evolution.Fig. 29
showsthevoid distributionin andarounda largecentralunderdensityat four cosmic
epochs,z = 3:0; 2:0; 1:5and0:5.Thefateof thesubvoidswithin thelargepresent-day
void is clearlyvisible: the interior onestendto mergewith surroundingpeerswhile
the onesnearthe boundaryget squeezedout of existence.Closeinspectionshows
thatthesmallvoidsarenot collapsingisotropically. Insteadthey 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 watershedWVF void�nder (Platenet al. 2007a)hasbeen
appliedto tracethe outline of voids in the matterdistribution. Particlesat the surrounding
ridges(boundaries)aresubsequentlyfollowed.The four framesdepictthe resultingparticle
distribution in a 5h� 1Mpc thick and� 60h� 1Mpc wide slice, at 4 successive time intervals:
z = 3:0; 2:0;1:5 and0:5. Clearly visible is the fateof subvoids within the large present-day
void: either they merge into the backgroundor they get squeezedout of existencenearthe
boundary. FromPlatenetal. 2008.CourtesyGIF simulation:J.Colberg & Virgoconsortium.

This imageof void formationin thedarkmatterdistributionhasbeenelaborated
by Furlanetto& Piran (2006) to describethe implicationsfor voids in the galaxy
distributionwhile it formsthestartingpoint for variousongoinginvestigations.

Thedemiseof smallvoidsneartheboundariesof largevoids,touchingthesur-
rounding�laments andsheets,is a clearindicationfor theimportanceof tidal in�u-
enceson the developingsubvoid. Tidal stressesinducedby the large scalevicinity
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will beof major importancefor their �nal fate.Onemayarguethat tidal in�uences
aremoreimportantfor voids thanthey arefor halos.Becausetheir underdensityis
naturallylimited (� � � 1) andbecausetheir sizeis expandingtheenvironmentre-
tainsadominantdynamicalin�uence, in particularovertheouterregionof thevoids.
Theaccompanying force�eld will in generalbeanisotropicandif strongenoughen-
forcea shearingcollapse.It is entirelyin line with therecentobservationby Park &
Lee(2007)andPlaten,vandeWeygaert& Jones(2007b),that theshapeof voidsis
signi�cantly a� ectedby thetidal in�uence of thesurroundingmatterdistribution.

4.8 Soapsudof Voids

An importantaspectof theimpliedvoid populationis thatit is approximatelyspace-
�lling . It underlinesthe adagiothat the large scaledistribution of mattermay be
comparedto a soapsudof expandingbubbles. This follows from evaluationof the
cumulative integral

fV(M) �
Z 1

M
(1:7)3

M0nv(M0)
� u

dM0 : (13)

wherethefactor1.7is anestimateof theexcessexpansionof thevoid baseduponthe
sphericalmodelfor void evolution(seefootnote).Theresulting(current)cumulative
void volumedistribution is shown in the top righthandpanelof �g. 28. For a �nite
valueof void radiusR thewhole of spaceindeedappearsto be occupiedby voids.
Evenmoreimpressive is thecorrespondingself-similarevolution of theculumative
void volumedistribution fV(M; t). Thebottomrighthandframeof �g. 28 shows the
gradualshift of the cumulative volumedistribution towardslarger voids. The cor-
rect imageappearsto bethatof a graduallyunfoldingbubbly universein which the
averagesizeof thevoidsgrowsassmallvoidsmergeinto ever largerones.

5 Conclusion: Mor phologyof the CosmicWeb

TheMegaparsecscalegalaxydistribution de�nesoneof themostintriguing spatial
patternsin nature,the CosmicWeb. In thesenoteswe have looked into the many
diverseaspectsof theavailableobservationalinformation.For aconsiderableperiod
thespatialanalysisof weblikestructureshasbeenbasedonratherill-de�ned heuris-
tic concepts,di� cult to interpretwithin the context of existing theories.We have
provideda review of the recentactivity towardsthis direction.A setof techniques
hasopenedthepathtowardsameaningfulquantitativeanalysis.Morphologically, the
mostdistinctelementsof theCosmicWeb are�laments andvoids.Filamentshave
�gured prominentlyin the accompanying theoreticaltreatise(van de Weygaert&
Bond,2005)on theformationof theweb. In theselecturenoteswe have put special
emphasison thevoidsin cosmicmatterandgalaxydistribution.
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PopessuP., BöhringerH., BrinkmannJ., VogesW., York D.G.: Astron.Astrophys.

423, 449(2004)
PressW.H., SchechterP.: Astrophys.J.187, 425
RauchM.: Ann. Rev. Astron.Astrophys.36, 267(1998)
RefregierY.: Ann. Rev. Astron.Astrophys.41, 645(2003)
Reg�osE.,GellerM.J.: Astrophys.J.373, 14 (1991)
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