PRAMANA © IndianAcademyof Sciences Vol. 53,No. 6
— journalof Decemberl999

physics pp. 995-1000

Pancakesand filamentsin cosmologicalgravitational
clustering

VARUN SAHNI
Inter-University Centrefor Astronomyand Astrophysics PostBag 4, GaneshkhindPune411 007,
India

Abstract. We considerthe geometricabropertiesof a distribution of matterevolving undergrav-
itational clustering. Sucha distribution can be studiedusing standardstatisticalindicatorssuchas
the correlationfunctionaswell asgeometricaldescriptorssensitve to ‘connectednesssuchasper
colationanalysisand Minkowski functionals. Applying thesemethodsto N-body simulationsand
galaxy cataloguesve find that the filling factorat the percolationthresholdis usually very small
reflectingthe factthatthe Universeconsistof a network of filamentsandpancales,thelatter being
statisticallymoreprominent.
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1. Intr oduction

The clusteringof galaxieswaswell establishealreadyby the early 1970s mainly dueto
the pioneeringwork of Totsuji andKihara[1] and Peebleq2] who shoved that the two-
point correlationfunction for galaxieshada distinctive power law form £(r) oc »=1-8 on
scaledessthan10h~! Mpc. However, thetwo pointfunctiondoesnot provide acomplete
descriptionof clustering. This is dueto the factthat£(r) and P(k) = (|6 |?) form a
fourier transformpair. In the linear regime, assumingthat density perturbationsevolve
from Gaussiannitial conditions,P(k) (andhencet(r)) providesa completedescription
of clusteringsincethe phase®, in thefourier expansiomip/p « [ 8y exp (ikz)d3k, oy, =
|0k | exp (i6y) areuniformly randomon {0, 27 }. However, asclusteringadvancesnto the
nonlinearregime, the phased,, becomecorrelatedeadingultimatelyto the formation of
filaments pancalesandvoids—which arethe hallmarksof theevolvedlargescalestructure
of the Universewe seetoday Sincethe phased);, arethemselesnot representedh the
statisticg, thelatterprovidesuswith anincompletethoughrobustmeasuref clustering.
It thereforebecomesmportantto complementraditionalmeasure®f clustering,such
as¢ with statisticaimeasures/hich aremoresensitie to thegeometryof adistributionand
the‘connectednessf matteroverlargescalesHistorically thefirst measurattemptingo
guantifythe morphologyof large scalestructurewaspercolationanalysisadaptedo cos-
mologyin theearly1980'sby Zeldovich [3] andShandarirj4]. Thiswassoonfollowedby
the genuscharacteristi@andminimal spanningrees(seeSahniand Coles[5] for areview
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andreferences)More recentlya powerful meansof studyingthe geometricalproperties
of large scalestructurehasemegedin the form of Minkowski functionals(MF) which
includeboth percolatiorandgenuscurvesasa subclass.

2. Percolation analysis

Percolatioranalysisattemptgo quantifythe connectednessf a distribution by examining
its filling factorat differentdensitythresholds.For instancewhenappliedto a smoothed
densitydistribution (constructedrom N-body simulationsor galaxysuneys) a goodindi-
cationof percolationis providedby examiningthe volumefractionin thelargestcluster—
equivalentlyits filling factor F'F, — asa function of the total filling factor (Thefilling
factorof a distribution at a given thresholdis the volume fraction in regions above that
threshold, F'F = f5°° P(§)dd). In the caseof the largestcluster F'Fy, is definedasthe
ratio of the volumein thelargestclusterto the total volumeoccupiedby all clusterslying
above a specifiedthreshold. At very high valuesof the threshold' §’ both FF and F F,
aresmall, sinceonly a smallnumberof very denseclusterdie above a high thresholdand
thescatteiin theirsizesis usuallysmall. Howeverasé is reducedhetotal F'F' increasess
doesF'F, indicatingthat mary moreclusterslie above the new thresholdandthatsome
of themhave memedleadingto anincreasean the sizeof the largestcluster On reducing
thevalueof ¢ furtherwe find thatacritical value F F, is reachedat which F F, increases
dramatically indicatingthe onsetof percolationin the largestclusterwhich at this point,
spansthe entire surwey region. The valueof F'F, aswell asthe full percolationcurve
shawvn in [6] provide uswith very usefulinformationaboutthe geometricapropertiesof
thedistribution suchasits large scale‘connectednesstc.

Examiningpercolationin gravitationalN-bodysimulationswve find that F' F, usuallyde-
creasesvith time, asthedistribution evolvesundergravitationalinstability. For CDM-type
modelsevolving from Gausianinitial conditions,the valueof F'F, todaycanbeassmall
as0.05,whichis muchsmallerthanthe value F'Fz ~ 0.16 for the original Gaussianman-
domfield. Thisresultindicatesthatthe evolveddistribution is significantlynon-Gaussian
andthat at the thresholdof percolation,its mostdensefeaturesoccupy a relatively small
volume,suggestinghatthelargestelementsn thedistributionaremorelikely to be oblate
or prolate. A distribution whoseoverdenseegions percolatemore easily than random
(.,e. FF. < FFg) is called network like, in orderto emphasiséts ‘stringy’ features.
(Occasionallyonefindsthat F'F, > FFg, in which caseoverdenseegionspercolateat
significantlylower densitythresholdghangaussianThis difficulty in percolationis asso-
ciatedwith aclumpy masdistributiongastronomicallyeferredto asa‘meatball’ topology
or perhapanoreappropriatelya ‘vada-sambartopology, in which anisolatedoverdense
regionis a‘vada’submegedin a percolatingunderdenseegion— ‘sambar’.)

Distributionsevolving undergravitationalinstability alsoshav anotheiinterestingprop-
erty: whena similar analysisis carriedout for underdenseegions (voids) onefinds that
insteadof beingsmall,thecritical filling factoris now largesothat F'F,, > F F for voids.
Voidsthereforepossessa ‘bubble-like’ topologyin whichisolatedvoids (bubbles because
they areunderdensearesurroundedy a percolatingoverdensghase For moderateden-
sity thresholds$oth overdenseandunderdenseegionspercolateandthis phaseis referred
to asbeing‘sponge-like’. In figure 1 we shav the evolution of the percolationcurve for
N-body simulationswith power law initial spectra.We find that percolationtransitionis

996 Pramana—J. Phys.,Vol. 53,No. 6, December1999



Pancalesandfilamentsn cosmolgical gravitationalclustering

n=-—3 n=—xg n=0

7\ ‘ T T T ‘ T T T ‘ \77 ‘ T T T ‘ T T T ‘ \77 T ‘ \77\ ‘ L ‘ L ‘ \7

o5 T T T ]

O:J\_l"f’\‘} i ey \L}’*’FN\ e \7: f } 1: —— } 1:

05 [ T\ -\ -+ *

- Doy TN I ~,y1‘ I ]

@ L L - A ] < LT ]
i T g, ) ! LA o

E 0 L %J‘. #T‘“} } } L \77 \l-J‘/ /r } T ‘ T \77 \J“ } } T T ‘ F77 =TT ‘ F7

3 N T T\ T ]

\ \ ]

505 T X T % T 1

r b 1 ! . I .

3 0 nrTeT i iR R IEs MR RS MBS

r T Y T s ]

05 [ T N o y 5

C i YL T

0 k= ' A R

05 - -

0 L L] e .

o
[\S]
N
o
[\S]
N
ota
N
N
o
[\S]
N

Figure 1. Percolatiorcurvesareshavn for an N-body simulationevolving undergrav-

itational instability from Gaussiarinitial conditionswith a scalefree initial spectrum
P(k) = k™, n = -3,—2,—1,0. Thecosmologicakpochincrease$rom topto bottom
andthe primordialspectrunincreaseg$rom left to right. The dottedline correspond$o

M, themasdfractionin thelargestcluster; Mrest correspond$o themassfractionin

all clusterswith the exceptionof thelargest; Mot21 is the massfractionin all clusters
above a given densitythreshold,Mrota1 = Moo + Mrest- The percolationtransition
is characterisetdy a sharpincreasein M. Thevalueof Mgt iS sharplypealedjust

beforetheonsetof percolationindicatingthatthe numberof clusterds maximumatthis

threshold.For moredetailsseeSathyaprakastgahniandShandarirf12].

marked by a sharpincreasdn M, the massfractionin the largestclusterabove a given
threshold. Justbefore percolationthe value of Mres; peaks,indicatingthat mostof the

matterisin clustersotherthanthelargest.Sinceclustersarevery numeroustthisthreshold
thelatterprovidesanaturalchoiceof § atwhichto studyclusterpropertiesapointto which

we shallreturnin alatersectionwhenwe discussshapes.
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3. Genuscurve

The above analysisof the percolationcurve is both supportecand complementedy the
analysisof anothergeometricaindicatorwhich is sensitive to the connectednessf a dis-
tribution — the genuscurve. The genuscurwe is constructeddy studyingthe topology of
isodensitysurfacesabove/belav a givendensitythreshold. Thetopologyof acompactwo
dimensionakurfacecanbe characterisetby its ‘genus’ (equivalently, the Euler character
istic) definedasdnG(v) = fs,, KdAwhereK istheGaussiarturvatureandv = §/o,5 the
threshold7]. At veryhigh densitythresholdslustersaretopologicallysimply connected,
whereasat lower thresholdseighboringclustersbegin to memgeleadingto a complicated
‘sponge-like’ topologywith alarge genus.(Visually, the genusis simply proportionalto
the numberof handleson a surface.) Again at very low thresholdsvoids will be simply
connectedvith alow genus. The symmetrybetweenoverdenseand underdenseegions
characteristiof a Gaussiarrandomfield is reflectedin the remarkablysimple (andsym-
metric) expressiorfor its genus

Gv) = A1 — v?) exp(—12/2). (1)

Distributionsevolving undergravitational clusteringhave a genuscurve which gradually
evolvesaway from the symmetricform (1) [6].

4. Shapefinderstatistics

A smallfilling factorat percolationdoesnot differentiatewhetheroverdenseegionsare
likely to be filamentaryor pancale-like. Nor is the answerto this questionprovided by
currentcataloguesf the redshift distribution of galaxiesmostof which are quasi-two-
dimensional.Until recentlythe shape®f overdenseandunderdenseegionswereprobed
by fitting theseregionsby ellipsoidsandthendiagonalisinghe momentof inertiatensor
Although this methoddoesyield someinsightinto the morphologyof structuredorming
undergravitational instability, it cannotbe saidto provide a definitive characteristicof
‘shape’. Considerfor instancethe simple exampleof a thin torus: clearly this objectis
filamentaryin nature,in the sensethatit is quasi-one-dimensionalYet sinceit lies in
two dimensionsablanefitting it by an ellipsoid will make it seem‘oblate’ ratherthan
prolate! Similarly the curvedsurfaceof a cupis locally a curvedpancale which caneasily
be mistalen to be sphericalif one wereto fit the whole objectby an ellipsoid. In all
thesecaseghefilling factorof the objectis small (thin torus,emptycup), yet the statistic
(ellipsoid)artificially fills theemptyregions(transforminghetorusinto adiscandthecup
into a sphere)giving the objectgreatevolumeandtherebyignoringits true morphology
In anattemptto definea ‘shapequantifier’ which did not suffer from thesedrawbacks,
Sahni, Sathyaprakashnd Shandarin8] introducedthe Shapefindestatisticwhich was
constructedrom the Minkowski functionalsandhencedid notrely onfitting by ellipsoids
to determineshape. The four Minkwoski functionalscharacteringa compactobjectare
[9]: (i) its volume (V), (ii) surfaceareas$, (iii) its integratedmeancurvatureC' and(iv)
its genusG. Out of thesefour quantitiesthe Shapefindetrio {L, W, T} is constructed:
L=Cl4nr, W = S/C, T =3V/S. (L,W,T, canbethoughtto characteris¢helength,
width andthicknessof a body) Onecanalsodefinea dimensionlesgair of Shapefinders
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{P,F}whereP=W —-T/W+TandF =L-W/L+W,0< P,F <1.{P,F} =
{0,0} for asphere{0, 1} for afilament,{1,0} for apancale and{1, 1} for aribbon.

In two dimensiongthe two Minkowski functionalsare the areaS of a connectede-
gion, its perimeterL andits genusG (or numberof holes). Whencombinedthesetwo
dimensionfulnumberscangive a singledimensionlesaumbercharacterisinghape

L? —4xS
7= L2 +47S @
where0 < F < 1; F = 0 for adiscandF = 1 for afilament.

Both two andthreedimensionalkhape-statistichave beenappliedto N-body simula-
tionsof structureformationandto galaxycatalogue$10-12]. Theresultsappeato favour
filamentsover pancales, with the latter also being statistically significant. N-body sim-
ulationsof structureformationindicatethat as gravitational instability advancesthe fill-
ing factordecreaseasmore mattergetsconcentratedn filamentsand pancales[13,10].
Analysisof threedimensionatataloguesalthoughvery preliminary appearso suportthis
viewpointasshown in figure2 [14]. Thetwo dimensionakhapefindestatisticcanalsobe
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Figure2. Theshapeof clustersaatthepercolatiorthresholds shavn for thelRAS 1.2 Jy
catalogu€dleft) andtherandomizedRAS catalogudright). S; representfilamentarity
andS, planarity For moredetailsseeSathyaprakasbtal [14].
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usedto studythe shapef hot and cold spotsin the cosmicmicrowave backgroundand
theshape®f gravitationally lensedquasarandgalaxies.

5. Conclusions

We have analysedhe connectednessf large scalestructureusing percolationandgenus
curves, as well as statisticswhich are sensitve to shape. Our resultsunambiguously
demonstrateéhat as gravitational clusteringadvancesthe departurefrom gaussiannitial
conditionsbecomesmore pronounced. This is reflectedin a significantly lower/higher
filling factorat percolationfor overdense/underdensegions so that the former have a
network-like topology whereaghe latter are more ‘bubble-like’. Applying shapestatis-
ticsto probeoverdenseaegionsin N-body simulationswe find thatthey aremoreproneto
beingfilamentaryand planar andthat the extentof filamentarityprogressiely increases
asthe systemevolvesundergravitational clustering.Preliminaryanalysisof threedimen-
sional(IRAS) andquasi-two dimensionabalaxycatalogue$L CRS)confirmsthis analysis
supportingthe hypothesighatthelarge scalestructureof the Universeevolvedfrom grav-
itationalinstability.
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