VOID HIERARCHY AND COSMIC STRUCTURE
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Abstract Within the context of hierarchicalscenario®f gravitational structureformation
we describehow an evolving hierarchyof voids evolves on the basisof two
processesthe void-in-void processand the void-in-cloudprocess.The related
analyticalformulationin termsof a two-barrier excursionproblemleadsto a
self-similarly evolving pealed void sizedistribution.

1. I ntroduction: Excursions

Hierarchicalscenario®f structureformationhave beenvery succesfulin un-
derstandinghe formationhistoriesof gravitationally boundvirialized haloes.
Particularly compellinghasbeenthe formulationof aformalismin which the
collapseandyvirialization of overdensalark matterhaloswithin the context of
hierarchicaklusteringcanbetreatedon afully analyticalbasis.Thisapproach
wasoriginally proposediy Press& Schechtef1974),which founda particu-
larly usefulandversatileformulationandmodificationin thethe excursion set
formalism(Bondetal. 1991).

It is basedntheassumptiorthatfor a structureto reacha particularnonlin-
earevolutionarystage suchascompletegravitational collapsethe solecondi-
tion is thatits linearly extrapolatedprimordial densityshouldattaina certain
value.Thecanonicexampleis thatof a sphericatophatoverdensitycollapsing
onceit reachegdhe collapsebarrierd. =~ 1.69. The successie contritutions
to the local densityby perturbationson a (mass)resolutionscaleS,, may be
representeth termsof a densityperturbatiorrandomwalk, the cumulatve of
all densityfluctuationsat a resolutionscalesmallerthan .S,,. By identifying
thelargestscaleatwhich thedensitypasseshroughthebarrierd, it is possible
(1) to infer at ary cosmicepochthe massspectrumof collapsedhalosand(2)
to reconstructhe memging history of eachhalo (seeFig. 2, top right).

In this studywe demonstratéhatalsothe formationandevolution of foam-
like patternsasaresultof thegravitationalgrowth of primordialdensitypertur
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Figure 1.  lllustration of the two essential'void hierarchymodes”: (top) the void-in-void

process(top), with a void growing throughthe memging of two or more subvoids; (bottom)
the void-in-cloudprocess:a void demolishedhroughthe gravitational collapseof embedding
region.

bationsis liable to a succesfulldescriptionby the excursionsetanalysis.This

is accomplishedby resortingto a complementaryiew of clusteringevolution

in which we focuson the evolution of thevoidsin the Megaparsegalaxyand
matterdistribution, spatiallythe dominantcomponent.An extensve descrip-
tion of this work canbe foundin Sheth& Vande Weygaert(2003, MNRAS,

submitted).

2. Void Evolution: the two processes

Primordialunderdensitiesre the progenitorsof voids. Becausainderdensi-
tiesareregionsof suppressedravitationalattraction representingneffective
repulsve gravity, matterflows out of their interior and movesoutward to the
edgeof theseexpandingvoids Voidsexpand becomeancreasinglyemptyand
develop anincreasinglysphericalshape(lcke 1984). Matter from the void’s
interior pilesup neartheedge:usuallyaridgeformsaroundthevoid’s rim and
at a characteristianomentthe void’s interior shellstake over the outerones.
At thisshell-cossingepochthevoid reachesnaturityandbecomes nonlinear
objectexpandingself-similarly the implication beingthatthe majority of ob-
senedvoidsis ator nearthis stage(Blumenthaletal. 1992).As voidsdevelop
from underdensities the primordialcosmicdensityfield, theinteractionwith
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internalsubstructur@ndexternalsurroundingstructuredranslatesnto a con-
tinuing processof hierarchicalvoid evolution (Dubinskietal. 1993,Vande
Weygaert& VanKampen1993).

Theevolution of voidsresembleshatof darkhalosin thatlarge voidsform
from megersof smallervoids that have maturedat an earlier cosmictime
(Fig. 1, toprow). However, in contrastto dark halos,the fateof voidsis ruled
by two processesCrucialiis the realizationthat the evolving void hierarchy
doesnot only involve the void-in-void processbut also an additionalaspect,
the void-in-cloud process. Small voids may not only meige into larger en-
compassingunderdensitiesthey may also disappearthrough collapsewhen
embeddedvithin a larger scaleoverdensity(Fig. 1, bottomrow). In termsof
the excursion setappmoad, it meanghatthe one-barrierproblemfor the halo
populationhasto be extendedto a morecomplex two-barrier problem Voids
not only shouldascertainthemselesof having decreasetheir densitybelav
thevoid barrier §,, of theshell-ciossingtransition.For their survival andsheer
existencelt is crucialthatthey take into accountwhetherthey arenot situated
within a collapsingoverdensityon a larger scalewhich crossedhe collapse
barrieré.. They shouldfollow arandomwalk pathlike type“3” in Fig. 2 (bot-
tom right), ratherthanthe void-in-cloudpath“4”. The repercussionsf this
arefarreachingandit leadsto a majormodificationof thevoid propertiesand
distribution. 2(x)
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Figure 2.  Left: Void Size Probability Functionfor variousvaluesof the void-and-cloud
parameted. /d,: 1/2 (shortdashed)]l (dashed)? (dot-dashed)andoo (solid). For reference,
the dotted curves are predictionsby the “adaptve peaksmodel” of Appel & Jones(1990).
Right: ExcursionSetRandomWalks, local densityd(x) asfunction of massresolutionS,, .
Clearly, thefluctuationsarelargerasresolutionS,, increases(Top) Haloformation.Horizontal
dashedaris thecollapsebarrierd.. (Bottom)Fateof void V2, illustratedby 2 possiblerandom
walks: curve “4” is avoid-in-cloudprocesscurve “3” avoid-in-voidprocess.
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3. Void Distribution: Universal, Peaked and Self-Similar

Analytically, the resulting expressionfollows by evaluating the fraction of
walkswhich first crossd, at.S, andwhichdo notcrossé,. until afterthey have
crossed, (Sheth& Vande Weygaert2003). An insightful approximationof
this distribution, in termsof the“self-similar” void densityr = 62/ is

v v dy| D? D*
l/f(l/)z,/% exp <—§> exp <_|(5—|E_2F> , Q)

in whichthe D = (|éy|/(é. — 0v) parameterizethetherelatve impactof void
andhaloevolution on the hierarchicallyevolving populationof voids.

Theresultingdistributions, for variousvaluesof D, areshavn in Figure2
(left). Thevoid sizedistribution is clearly pealked abouta characteristicsize
thevoid-in-cloudmechanisnis responsibldor the demiseof a sizeablegpopu-
lation of smallvoids. The halo massdistribution divergestowardssmallscale
massessothatin termsof numberghehalopopulationis dominatedoy small
massobjects.Thevoid population,on theotherhand,is “void” of smallvoids
andhasa sharpsmall-scalecut-of.

Four additionalmajor obserationsreadily follow from this analysis: (e)
At ary one cosmicepochwe may identify a characteristic void sizewhich
alsoexplainswhy in the present-dayoamlike spatialgalaxydistribution voids
of ~ 20 — 30~ 'Mpc arethe predominanfeature;(s) The void distribution
evolvesself-similarlyandthe characteristicvoid sizeincreaseswith time the
largervoids presentt late timesformedfrom mewgersof smallervoidswhich
constitutedthe dominatingfeaturesat earlierepochs(Fig. 1, top panels);(s)
Volumeintegration shaws that at ary given time the populationof voids ap-
proximatelyfill space apparentlysqueezindghe migratinghigh-densitymatter
in betweenthem; (e) As the size of the major shareof voids will bein the
order of that of the characteristio/oid size this obseration implies that the
cosmicmatterdistribution resembles foamlike pading of sphericalvoidsof
approximatelysimilar sizeand excessexpansionrate

In all, aslightextensionandelaboratiorontheoriginal extensionformulism
enablesthe framing of an analyticaltheory explaining how the characteris-
tic obsened weblike Megaparsecscalegalaxy distribution, and the equva-
lent frothy spatialmatterdistribution seento form in computersimulationsof
cosmicstructureformation, are naturalproductsof a hierarchicalprocessof
gravitational clustering.A continuouslyevolving hierarchyof voids produces
a dynamicalfoamlike patternwhosecharacteristiadimensiongrows continu-
ously alongwith the evolution of cosmicstructure,a Universewhich at ary
one cosmicepochis filled with bubbleswhosesize correspondso the scale
justreachingmaturity.



