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Point Sample w—s (_ontinuous ["ield

]mccrring information on

(_ontinuous and \/olume-covcring Fiel&s,
samplc& — unixcormlg or irregularly =

at a finite set of discrete locations




Examples:

(_osmic [oam & (Cosmic [Tlow







How to determine,
throughout the survey volume,

the corresponding

continuous Density Field

2dT (GRS, com]:)]ete, south slice
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Motivation:

(_osmic

Structure [Tormation




(_osmic Structure [Formation

Structure [Tormation Proceeds through Gravitational ]nstability:

o Small Primor&ial ((Gaussian) dcnsit9 and velocitg Perturbations

amplhcg through their combined gravitational interaction.

° Fo"owing carly linear evolution, genuine structures start to emerge in
the subsequent Pi‘lase of nonlinear evolution

e | wo of the most salient characteristics of this evolution:

® hierarchical structure formation

O anisotro]:)ic co”aPsc




Hierarchical Structure [T ormation

T T Frr.n.T T

(Haussian Dcnsitg Fcrturbations:

° Fowcr spcctrum F(‘()

h-! Mpc

dlog P(k)

dlog k

-3 <n<l

h-! Mpe

(radual Hierarchical Asscmblg:

e small objccts emerge & couapsc first

* merge with other clumps while
Forming largcr ol’zjcct in Bicrarchy

h! Mpe
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Ani’sotropic Co"apse

o co”apsc a]ong sma”cst AXIS  — P]anargeometrg — wa”

® co”apsc medium axis — clongatcd < f{ilament

o full 3.1 co”apse — clump — clump/halo




Sampli’ng
the Megaparsec (_Iniverse

® Megaparscc large scale structure in the (niverse:
O maps spatial structure:
Galaxg R edshift Survcgs
e (Gravitational Structure formation in the ( Jniverse:
0 nonlinear c]ustcring processes studied 53 means of
N~bocig computer simulations
0 kinematics & dgnamics:

Pcculiar velocities of galaxi’cs




Sampli’ng
the Megaparsec (_Iniverse

In Non-linear Clusteri’ng Kegi'mcz

o Statistics unknown and/or highlg contrived,
i.e. “non-( aussian® Il

o A Pﬁori ignorance of
level & complexitg internal structure

® Complcx features, geometries & patterns




Samp]ing &

KR econstruction




Discrete (Fomt) Sample
Continuous Faeld

Conventional astronomical “way of thi’ngs”:

® Smoothing Proccdure, tl’urougln “user-defined” Filter Process,

o) Frcqucntlg rgic filter kernel,

occasi'ona"3 aa
e Definition of [Filter implicit

apti’ve

Yy includes

O intentions or Pre{:crcnccs dcsi’gncr

o highlighting the desired information

O usuallg (unintcntionallg) supprcssing

PossiE[Ij relevant information




Discrete (Fomt) Sample
Continuous Faeld

ln search of Faramctcrization and lntcrpolation method:

® to[ stimate [Field Values,

throughout D-dimensional samplc volume
® Local,

on|3 dcpcndent on field values direct ncighbourhood
® Fu“g Sclﬂadaptivc and cntirclg Olpjcctivc
o Defined onlg, and nothing else but, 53 the

FPoint Process itself




Natura] Neighbour

|nterpolation




Discrete (Point) Sample
Contmuous Faeld

A variety of multi-dimensional methods were developed:

e Multidimensional Spline lnterpolation

) Krigi'ng (Matheron 1973)

Here we dcvclop and elaborate on a linear version of a class of

methods cmcrging from the field of computati’onal geometry:

e [Natural Ncighbourlntcrpolation
(Sibson 1980, 1981; \Watson 1992)
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\oronoi Tcsse”ations




\/oronm Tessc”ations

for all j # i}
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Dual T essellations

Delaunag

Voronoi Vertices: Centers Circumscribing Spheres 4 nuclei

1 = Delaunay Tetrahedron




Delaunay | essellation

Delaunay Tetrahedron:

Set of 4 nuclei,
circumscribing sphere
not containing

any other nuclei

Space-Covering Complete Set
Delaunay Tetrahedra

1 =

Delaunay Tessellation
-

Voronoi Tessellation &

Delaunay Tetrahedra:

Delaunay Tessellation:
Natural Multidimensional Interpolation Volume

Duals




Dascrete (Fomt) Sample
Contmuous Field

Natural Nci’ghbour]ntcl?olation

(Sibson 1980, 1981; \Watson 1992)

e Natural multidimensional intcrpolation intervalk

Dclaunag Tetrahedra




Dascr@t@ (Fomt) Sample

Contmuous Faeld
Natural N@ighbour Inthgolation

(Sibson 1980, 1981; \Watson 1992)

e Arrange interpolation kernel such that it is locally determined:
2 P Y

Natural Neighbours

® Natural Neiglﬂbour: point sharing Voronoi wall

® Intcrpolation kernel set 53 Voronoi cells around each point:

f(x)=z o(X, X




Natural Neighbour
8
]nterpolation

Definition: Sibson 1980, 1981; \Watson 1992

P(X, %) =P (X)N P (X)

Applications:

O gcopl’ngsics: 5ambridgc, Braun & McQuccn 1999
® finite element: Braun & 5ambri’dgc 1995

® solid state Phgsics: Sukumar 1999




New Voronoi cell about x Contribution to node 3 from triangle 123







NNmeighbour







VITE. e DTTT

oth order intcrpolation corrcsponds to

value intcrpolation on the basis of constant

field value inside: \oronoi Cc"s

it order intcrpolation corrcsponds to
linear intcholation inside natural

multi-D intcrpolation intervals:

Delaunay Cells




Delaunag T essellation
Field [ stimator

Definition: Bernardeau & van de Weggaert 1996

_ = | if  XxeW(x)
gp(X, Xi) ' =0 if xe(x)

Applicationsz
°® vcloci’cg fAow: chardcau & van de chgacrt 1996
o N~bod3: Ncgrinc‘c et al. 2004

° X—-rag image: Ebcling & Wicdcmcgcr 1992




Delaunag T essellation
Field [ stimator

Definition: Schaap & van de chgaert 2000
Bernardeau & van de chgacrl: 1996

| inear ]nterPolant within

@(X, X| ) : Contiguous Voronoi (ell

Applications:
® N~bod3: Sckaap & van de chgacrt 2000, 2005
Schaap, van de chgacrt, Araga 2005
Flatcn, van de chgacrt, Araga 2005
® Pl’\asc space: Arad, Dckcl & Klgpin 2004
® vclocitg flow: Romano-Diaz, Scl'naap & van de chgacrt 2004
o redshift survey: Schaap & van de chgacrt 2004, 2005




Delaunag T essellation
Field [ stimator

Additional Virtues use of T essellations:

® Optima"3 Adaptive to
dcnsi’t3 Point process
® Optimal|3 Adaptivc to
local geometry Point process

® Weig‘wting 53 Voronoi tessellation

i’mplies volume-vweighted estimates




Delaunag T essellation
Field [ stimator

T essellations:

Sensitivit3 to Point Process
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Delaunag T essellation
Field [ stimator

Mass- vs. \/olume~Wei’ghted

[Ciltering




\/olume~ vs. Mass- Weighting

- /dyf(y)W(X—y)
/dyW(X—y)

fmiume (X) =

T wo different ways to filter a
field F(x) with a filter W(x~g):
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DTFE Frocccjure



DTFE Procedure

DTEFE reconstruction procedure: 5 umma ry
“ .
e
- ‘.O:.'.: :; . 1 . i
, o A . Fomt Samplmg
* 3 - L] L} ] . *
. . ":ﬁ:"-' (_onstruction
4 P .
Dclaunag Tcssc”atlon

lll. Determination [Field Values

l 2 V. Calculation [Field (Gradient
in Delaunag cell

V. - ]nterpolation to locations x

- lmage construction through

intcholation to ordcred

locations

VI Froccssing field




DTFE Procedure

° Densitilj Field Reconstruction: f—-‘h
i

,_'"j"-ﬁi' strict rcc]uirement of discrete sample to be a fair sample

undcrlging continuous cjensitg field. i

'Hl
e e
.

2]

I.-J-

]n}womogeneous Foisson [rocess s
s

':I" oA
L

o [Tield ]nterpolation:

gl
=ty

=

A

T Interpolation well-defined and sensible i
s P k # 3
ST, g B
i .-.-;T‘;: not on scales over which “orbit-crossing” occurred ﬁ
o T R T TSR e R R SR T TR TR SRR A T et SR



DTFE Procedure

. De]aunag Tesse”ation:

® construct Delaunag tessellation Point distribution

Set of 4 nuclei, circumscn'bing sPhch not

containing any of the other nuclei



DTFE Prcedre

1. Field values at Point locations:

e “measured” field: field values {:i at Point locations i

® densit9 field: inverse volume

contiguous \Voronoi cell
QAN g
; ,.--"\ * .
L

‘ =
T

Y )

low density: large volume high density: small volume



d ¥

DTFE Procedure

(:onﬁguous
\/oronoi Ce“

= For nucleus i:

. -~ = the union of all Delauna
___-"- "lh j-"" tetrahedra Tij of which the

nucleus i is one of the 4

— T vertices.

~ =" - i = UjTi ]




DTFE Procedure

I\V: Com]:)utation Field (Gradients

® inecach Delaunag cell compute field gradient from (1+D)

field values at its (1+]D)) vertices.




DTFE Procedure

V: | inear Field ]nterPolati

e determination field values at each location bg linear interpolation

f(x) = f(Xo + Vf]; - (x = xp)

i
i

A
R i~

P
o L

e

L - T 1.
=1y
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S i
e

'Fx

-
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- __"_ e
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DTFE Procedure

\/]a Frocessmg

o ]mages, MaPs




DTFE Procedure

\/] b. Frocessin g

o filterin g,

° (auto)correlations

® gcometric &

toPological measures

(e.g SURTFGEN)




.......

DTFE Prcedre

e

I>n3cess]

v&od@;

:xampk

field

From discrete vclocitg

measurement to

continuous velocitg field.




De]aunag Tessc”ation
IField I~ stimator






















Southern slice 2d[F(GRS:

]soc]ensitg surfaces reveal

|ntricate 3-]D tOP01059




Northern slice ZCIFGRS

lsoclensitg surface




Northern slice ZCIFGR5

lsoclensitg surface

....




Structure |dentification




Structure |dentification

cluster:

filaments:




cNh .r__m(
















Delaunag | essellation
Field I~ stimator

DIFLC Characteﬁstics
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DIFLC Characteri’stics
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Y (h™' Mpc)

Y (h™' Mpc)

Dynamic Range and Resolution of T essellation

techm’ques has been recognize& In various
studies. | his involves mainly the Voronoi
tessellations generate }33 ga]axg or Par’ciclc

distribution.

Cluster finding; [" beling & Wiedemann 1992
Kimetal. 2001

[Halo finding/structure:  Neyrinck et al. 2004

Halo phase-space: Arad, Klypin & Dekel 2004




T esti ng DTFE




TSC 256 TSC 512 TSC 1024




Superhubble Void [Flow

\/orasina ACIPM cosmologg N~boc]3 Simulation

DVIFE W. Schaap

courtesy: Virgo CONGON LI




Superhubbl@ Void [low

\/orasina ACIPM cosmologg N~boc]3 Simulation

DIFE W. Schaap

courtesy: Virgo CONSON LI




Superhubble Void Flow

\/ordsin a

. :
: - .
ACDM ooooo logg ﬁ.

N~bocly simulation

E
o .
D W, Sehaap o - .

| -
courtesg: Vlrgo CORSOILIL \
.
-
-

-~




Superhubbl@ Void [Flow

i ‘Superhubble Bubble”

) ‘5upcr~Hubb]e How?”
\oralima
ACIDM

COSITIOlOgg
N-body

simulation

DTTE.
W. Sc[':aap
cour‘tesg:

Virgo CORSOILIM ‘
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DITE &
Anisotropg

Ani’sotropi’c Patterns

Heuristic Model:
\oronoi Templatc Model

® Filamcntarg




DITE &
Anisotropg

Ani’sotropi’c Patterns

Heuristic Model:
\oronoi Templatc Model

® Filamcntarg




DITC &
Anisotrop3

Ani’sotropi’c Patterns

r_

Voronoi |

euristic Models:

—‘emplaix: Modcl

U Wall-like
® Filamcntargj

U C]ump3




DIFLC Characteri’stics
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SuEstructurcs

Heuristic Model:
Soncira-f?cc})lcs
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DTFE Hierarch3 & Scaling

Hicrarchica“g I mbedded
SuEstructurcs

Heuristic Model:

Soneira-Feebles
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DTFE Hierarchg & Scaling




4
4
3
E
4
4
E
4
4
F
4
4
 F
4
4
 F
4
4
a1

Table 4.2 — Slopes of the power-law region of the PDF of a Soneira-Peebles density field as reconstructed by
the TSC, SPH and DTFE procedures. The theoretical value (Eqn. 4.13) is also listed. Values are listed for three

e I R R I Rk b R Ik R R Ik R Rl R B e B

different Soneira-Peebles realizations, each with a different fractal dimension 7.

D

a(theory)

a(TSC)

a(SPH)

«(DTFE)

0.63
0.806
1.23

—-1.69
—1.57
-1.39

—-0.81
-0.82
-0.79

-1.32
-1.24
-1.13

-1.70
—-1.60
-1.38




T esti ng DTFE




\/orasina ACIPM cosmologg N~boc]3 Simulation

PDVIFE W, Schaap

courtesy: Virgo CONGON LI




Densit3 Structure & \/elocity Flows

GIF

GIF simulation Simulation

W.Scl-naap,
S. Whitc,

&1 van de
cg_gacrt

dIEHSil’[y
velocity
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velocity compenent aleng cut (km/s)

Position along cut (h™' Mpc)




Densi’t3 Structure & \/eloci’t3 Flows

—
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Densi’t3 Structure & \/eloci’ty Flows

The rcsulting DTTFE

densitg-vclocitg divcrgencc
field relation

adheres closclg to the

Prcdictions of analgtical
Perl:urbation thcorg:

1V-wv f{[lu) 2/3
= = 1 — (1+06)Y
3 H, > {1 - o)

(Bernardeau 1992)
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