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Why is topology study useful?Why is topology study useful?

1.  1.  GaussianityGaussianity of the  of the linear (primordial) density fieldlinear (primordial) density field pr pr
edicted by simple inflationary scenariosedicted by simple inflationary scenarios

2. Topology of galaxy distribution at 2. Topology of galaxy distribution at NL scalesNL scales sensitive sensitive
to to cosmological parameterscosmological parameters &                                   t &                                   t
o o galaxy formation mechanismgalaxy formation mechanism

3. Direct Intuitive meaning3. Direct Intuitive meaning

                Large ScalesLarge Scales                                              Small ScalesSmall Scales

Primordial Primordial GaussianityGaussianity       Galaxy Formation       Galaxy Formation

                                               Cosmological Parameters                                               Cosmological Parameters



GenusGenus  –– A Measure of Topology A Measure of Topology

 DefinitionDefinition

     G = # of holes - # of isolated regions     G = # of holes - # of isolated regions
                 in                  in isoiso-density contour surfaces-density contour surfaces

             = 1/4             = 1/4!_!_  ∫∫SS  __  dAdA  (Gauss-Bonnet Theorem)  (Gauss-Bonnet Theorem)

         [ex.          [ex. G(sphereG(sphere)=-1, )=-1, G(torusG(torus)=0,                                  ])=0,                                  ]

: 2 holes – 1 body = +1

 Gaussian FieldGaussian Field
       Genus/unit volume           Genus/unit volume    g(g(__) = A (1-) = A (1-__22) exp) exp(- (- __22/2)/2)
                                                where                                                 where __=(=(__- - __bb)/ )/ __bb__ & &

                                                           A=1/(2                                                           A=1/(2!!))22 <k <k22/3>/3>3/23/2

                                                if                                                 if P(k)~kP(k)~knn,   A ,   A RRGG
33  =[8=[8√√22!!22]]-1  -1  **  [(n+3)/3][(n+3)/3]3/23/2



 Non-Gaussian FieldNon-Gaussian Field (Toy models) (Toy models)

Clusters                        Bubbles                          HDM

(Weinberg, (Weinberg, GottGott &  & MelottMelott 1987) 1987)



HistoryHistory  of LSS Topology Studyof LSS Topology Study

I. Early WorksI. Early Works
 1986: Hamilton, 1986: Hamilton, GottGott, Weinberg; , Weinberg; GottGott, , MelottMelott, Dickinson, Dickinson
            –– smooth small-scale NL clustering to recover initial topology smooth small-scale NL clustering to recover initial topology

 1987-8: GWM, WGM, MWG, 1987-8: GWM, WGM, MWG, GottGott et al. et al.
          –– cosmological & toy models. R cosmological & toy models. RGG>3r>3rcc to recover initial topology to recover initial topology

 1989: 1989: GottGott et al. et al.  –– observed galaxies, dwarfs, clusters observed galaxies, dwarfs, clusters

 1991: Park, 1991: Park, GottGott  –– gravitational & biasing effects gravitational & biasing effects

 1992: Weinberg, Cole1992: Weinberg, Cole  –– PS, initial  PS, initial skewnessskewness, biasing effects, biasing effects

 1994: Matsubara 1994: Matsubara –– 2 2ndnd order perturbation in weakly NL regime order perturbation in weakly NL regime

 1996: Matsubara 1996: Matsubara ––  redshiftredshift space distortion in L regime space distortion in L regime

 1996: Matsubara, 1996: Matsubara, SutoSuto  –– gravitational & z-space distortion gravitational & z-space distortion

 EtcEtc……..



II. Recent WorksII. Recent Works

 2000: Colley et al.2000: Colley et al.  –– Simulation of SDSS Simulation of SDSS

 2001, 2003: 2001, 2003: HikageHikage, , TaruyaTaruya &  & SutoSuto  –– dark halos (analytic & numerical) dark halos (analytic & numerical)

 2003: Matsubara2003: Matsubara  –– 2 2ndnd  orberorber perturbation theory perturbation theory
 [ [ MinkowskiMinkowski  functionalsfunctionals ( (MeckeMecke, , BuchertBuchert & Wagner 1994;  & Wagner 1994; SchmalzingSchmalzing

& & BuchertBuchert 1997 etc.)] 1997 etc.)]

III. 3D genus analysis of observational dataIII. 3D genus analysis of observational data
1989: 1989: GottGott et al.                         -  et al.                         - CfACfA 1 etc. 1 etc.
1992: Park, 1992: Park, GottGott, & , & dada Costa    - SSRS 1 Costa    - SSRS 1
1992: Moore et al.                      - IRAS QDOT1992: Moore et al.                      - IRAS QDOT
1994: Rhoads et al.                    - 1994: Rhoads et al.                    - AbellAbell Clusters Clusters
1994: 1994: VogeleyVogeley et al.                   -  et al.                   - CfACfA 1+2 1+2
1997: 1997: ProtogerosProtogeros &  & WeinbergsWeinbergs - IRAS 1.2Jy - IRAS 1.2Jy
1998: 1998: SpringelSpringel et al.                   - IRAS 1.2Jy et al.                   - IRAS 1.2Jy
1998: 1998: CanavezesCanavezes et al.               - IRAS  et al.               - IRAS PSCzPSCz
2002: 2002: HikageHikage et al.                      - SDSS EDR et al.                      - SDSS EDR
2003: 2003: HikageHikage et al.                      - SDSS LSS Sample 12 et al.                      - SDSS LSS Sample 12
2004: 2004: CanavezesCanavezes &  & EfstathiousEfstathious - 2dFRGS - 2dFRGS



IV. 2D Genus (LSS)IV. 2D Genus (LSS)

 2D genus before SDSS2D genus before SDSS
 Suggested by Suggested by MelottMelott (1987) (1987)
 Coles & Coles & PlionisPlionis (1991): Lick Galaxy Catalogue (1991): Lick Galaxy Catalogue
 PlioninsPlionins, , ValdarniniValdarnini, & Coles (1992): , & Coles (1992): AbellAbell and ACO cluster catalogue and ACO cluster catalogue
 Park et al. (1992): Park et al. (1992): CfACfA Slice Slice
 Colley (2000): Simulated SDSSColley (2000): Simulated SDSS
 Park, Park, GottGott, & , & ChoiChoi (2001): HDF (2001): HDF
 Hoyle, Hoyle, VogeleyVogeley &  & GottGott (2002): 2dFGRS (2002): 2dFGRS

 2D genus with SDSS2D genus with SDSS
 Hoyle, Hoyle, VogeleyVogeley &  & GottGott (2002): weak evidence for variation in the genus with (2002): weak evidence for variation in the genus with

galaxy typegalaxy type



Current status of LSS topology studyCurrent status of LSS topology study

1.  Large scales 1.  Large scales (>> 10 h(>> 10 h-1-1Mpc)Mpc)

      Small survey size       Small survey size  No strong constraints on primordial  No strong constraints on primordial GaussianityGaussianity

2. Small scales 2. Small scales (< 10 h(< 10 h-1-1Mpc)Mpc)

            Little study so farLittle study so far

      Effects of       Effects of gravitational evolution,gravitational evolution,

                       galaxy biasing                        galaxy biasing && internal physical properties of galaxies, internal physical properties of galaxies,

                                              redshiftredshift-space distortion-space distortion  ……



Effects of Effects of Gravitational Evolution, Biasing, & Gravitational Evolution, Biasing, & ReRe
dshiftdshift Space Distortion Space Distortion on Topology on Topology

•À•ÀCDM SimulationsCDM Simulations                    (Ki
m & Park 2004. 7)

TreePMTreePM code code GOTPM (Dubinski, Kim, Park 2003)

2048204833 mesh mesh (initial condition)

2048204833  CDM particles  CDM particles

1024 & 5632 h1024 & 5632 h-1-1MpcMpc size boxes (>30 maxRG)

50 & 275 h50 & 275 h-1-1kpckpc force resolutions

FOR PRECISION COMPARISONFOR PRECISION COMPARISON
between cosmological models with the real universebetween cosmological models with the real universe





[Kim & Park 2004 : 5632 & 1024 h[Kim & Park 2004 : 5632 & 1024 h-1-1Mpc]Mpc]

Dark Halo IdenDark Halo Iden
tificationtification
(Kim& Park 2004:

•À•ÀCDMCDM  1024 h1024 h-1-1MpcMpc)

Physically Self-Bound

Halo centersHalo centers
- local density peaks- local density peaks

Binding E Binding E wrtwrt local ha local ha
lo centerslo centers

Tidal radii of Tidal radii of subhalosubhalo
ss  wrtwrt bigger halos bigger halos

Halos with >=53 partiHalos with >=53 parti
cles cles (5x1011 M_)



N-body simulation parametersN-body simulation parameters

a)
b)

c)

a)  IBM SP3 at KISTI, 128 CPUs, 900 Gbytes,
b)  IBM SP3 at SNU,   16 CPUs,
c)  QUEST   at KIAS, 128 CPUs, 256 Gbytes,

   Gravitational Evolution   Gravitational Evolution

    Initial conditions    Initial conditions

Growth by gravitational instabilityGrowth by gravitational instability

 weakly interacting & cold matter weakly interacting & cold matter

 Present epoch at  Present epoch at __8m8m=0.9=0.9



Dependence of Genus on Dependence of Genus on ……

1. Smoothing Scales1. Smoothing Scales
     R     RGG =  1.5 ~ 150 h =  1.5 ~ 150 h-1-1  MpcMpc

2. Tracers2. Tracers
            Matter, Peaks in initial density field,Matter, Peaks in initial density field,

      Dark halos, HOD       Dark halos, HOD ‘‘galaxiesgalaxies’’

3. 3. RedshiftRedshift space distortion space distortion

4. Cosmogony : 4. Cosmogony : LCDM LCDM vsvs SCDM SCDM

(Park, Kim & (Park, Kim & GottGott 2005) 2005)



Genus-Related StatisticsGenus-Related Statistics

 Amplitude dropAmplitude drop  RRAA

     R     RAA =  = AAobsobs / A / APSPS

 Shift parameterShift parameter  ____
     By fitting G     By fitting Gobsobs((__) ) over over ––1<1<__<1<1

 Asymmetry parametersAsymmetry parameters
        AAVV &  & AACC
     A =      A = ∫∫ G Gobsobs((__) d ) d __//∫∫  GGfitfit((__) d ) d __

          where intervals arewhere intervals are

      -1.2~-2.2 (      -1.2~-2.2 (AAVV), 1.2~2.2 (), 1.2~2.2 (AACC))

ACAv

Δν

RA



Dependence of genusDependence of genus on smoothing scale on smoothing scale

Merger Merger  Halo formation Halo formation PercolationPercolation

‘‘sub-voidssub-voids’’

LCDM1024LCDM1024 LCDM5632LCDM5632



Perturbation theoryPerturbation theory (Matsubara 2003)(Matsubara 2003)



Dependence of genus onDependence of genus on cosmogony cosmogony



Dependence of genus onDependence of genus on LSS tracers LSS tracers

Direction ofDirection of
evolutionevolution

~1 & Little evoluti~1 & Little evoluti
on at low zon at low z

Direction ofDirection of
evolution: Mevolution: M
ergersergers

AV < 1 !

(HOD)(HOD)

AV < 1 !!! but  AC ~ AV

<<NNsatsat> = (M/M> = (M/M11))__ for M> for M>MMminmin where  where logMlogMmimi

nn=11.76, log M=11.76, log M11=13.15, =13.15, __=1.13=1.13



Findings Findings ……

1. Strong dependences on scale, time & tracers1. Strong dependences on scale, time & tracers

2. R2. RAA freezes at z ~< 3  freezes at z ~< 3 (insensitivity of amplitude of G to time)(insensitivity of amplitude of G to time)

3. Gravitation evolution makes A3. Gravitation evolution makes AVV increase & increase &

    Observed A    Observed AVV< 1< 1

          proper   proper biasing mechanismbiasing mechanism needed needed

(4. Problem with HOD: A(4. Problem with HOD: ACC ~ A ~ AVV?)?)

(Park, Kim & (Park, Kim & GottGott 2005) 2005)

Voids are not the places where there is nothing,Voids are not the places where there is nothing,   but pl but pl
aces where history of the universe is better kept.aces where history of the universe is better kept.



Sloan Digital Sky SurveySloan Digital Sky Survey

1. Imaging of North Galactic Cap1. Imaging of North Galactic Cap
2.5m APO telescope with a mosaic CCD camera2.5m APO telescope with a mosaic CCD camera
u, g, r, i, z photometric u, g, r, i, z photometric bandpassesbandpasses   objects for spectroscopy objects for spectroscopy

2. Spectroscopy2. Spectroscopy
~~ 10 1066 galaxies & 10 galaxies & 1055 quasars with  quasars with rmsrms z-error  z-error ~ 30 & 300 km/s~ 30 & 300 km/s

3. Samples3. Samples
Main Galaxies: Main Galaxies: rrPetPet < 17.77    < 17.77     Recent Samples 14 & 15Recent Samples 14 & 15 (~DR3 & DR4) (~DR3 & DR4)
QuasarsQuasars
Luminous Red Galaxies (LRG): z<0.4 & >0.4 samplesLuminous Red Galaxies (LRG): z<0.4 & >0.4 samples



Survey characteristicsSurvey characteristics
Stoughton et al. (2002)



Sky CoverageSky Coverage

 Minimize Galactic foreground extinctionMinimize Galactic foreground extinction

Projection on the sky (Galactic coordinates) of the North
ern and Southern SDSS surveys. The lines show the indi
vidual stripes to be scanned by the imaging camera. The
se are overlaid on the extinction contours of Schlegel, Fi
nkbeiner and Davis (1998). The Survey pole is marked b
y the `X‘ (Fig 2. York et al. 2000)

Celestial equator

Both equatorial and galactic coordinates are plotted. 



SDSS Sky Coverage





SDSS LSS Sample 15 in
survey coor. (410K galaxies)



Horizon of human knowledge is expandingHorizon of human knowledge is expanding
SDSS V~ 10SDSS V~ 1022  CfACfA V ~ 1/5000 Horizon V V ~ 1/5000 Horizon V
Italy A ~ 1/1700 Earth SurfaceItaly A ~ 1/1700 Earth Surface

1986 1986 CfACfA

2005 SDSS2005 SDSS





BEST Sample
-20.15 < Mr <-21.53
162.9 < r < 319.0 h-1Mpc
0.0550 < z < 0.1091
36,000 galaxies
d = 6.14 h-1Mpc

Sample Definition for Genus Analysis

For scale dependence

For luminosity dependence



3D Vie3D Vie
w of Sw of S
DSSDSS



HOD galaxy forHOD galaxy for
mation prescriptmation prescript

ionion

3D Vie3D Vie
w of aw of a
mockmock
SDSSSDSS



GalaxyGalaxy
DensityDensity

FieldField

DenseDense

under-denseunder-dense



(Park, (Park, ChoiChoi, , VogeleyVogeley, , GottGott, Kim, , Kim, SutoSuto, et al.  2005), et al.  2005)SDSS Sample 14: Genus AnalysisSDSS Sample 14: Genus Analysis



Scale dependenceScale dependence

gRG3 – genus density per smoothing volume

•ƒ•Ì - Shift

AC & AV – clusters & voids multiplicity

Shaded area - 1σ limits from 100 Mock surveys

• Strong evidence for biased gala
xy formation in low density envir
onments (Av <1)

• Effects of the Sloan Great Wall



Luminosity dependenceLuminosity dependence

gRG3 – genus density / smoothing volume

•ƒ•Ì - Shift

AC & AV – clusters & voids multiplicity S
haded area - 1σ from 100 Mock surveys

L-L-dependncedependnce of topology !!! of topology !!!

        Faint  galaxiesFaint  galaxies
    - more positive shift    - more positive shift
    - lower void multiplicity    - lower void multiplicity

Mr*=-20.44



Biased ForBiased For
mation ofmation of
GalaxiesGalaxies

1 & 2 point dist1 & 2 point dist
ribution, but alsribution, but als

o topology !o topology !



On going worksOn going works

1. Color & Morphology Dependence1. Color & Morphology Dependence

2. R2. RAA parameter parameter

3. LRG, quasars, clusters3. LRG, quasars, clusters

4. Comparison with 4. Comparison with Cosmological Cosmological && galaxy form galaxy form
ation modelsation models

5. 5. MinkowskiMinkowski  functionalsfunctionals

((ChoiChoi, , GottGott, Kim, Park, , Kim, Park, SutoSuto, , VogeleyVogeley, Yahata  2005), Yahata  2005)



Dependence oDependence o
nn color color

((VogeleyVogeley, , ChoiChoi, Park, et al. 2005), Park, et al. 2005)



Dependence oDependence o
nn Morphology Morphology

of Galaxiesof Galaxies

Automated Morphology ClassifierAutomated Morphology Classifier
Three Parameter ClassificationThree Parameter Classification

   1. Star formation history :    1. Star formation history : u-ru-r color color

   2. Structure +Star formation :    2. Structure +Star formation : color gradient color gradient °‘°‘((g-ig-i))

      3. Structure Parameter : 3. Structure Parameter : SersicSersic index n index n

Existing Morphology ClassifierExisting Morphology Classifier
   1. Structure Parameter :    1. Structure Parameter : SersicSersic index n, index n,

       concentration index C, profile likelihoods       concentration index C, profile likelihoods

   2. Star formation  :    2. Star formation  : u-ru-r color, color,

       emission/absorption lines, PCA of spectra       emission/absorption lines, PCA of spectra



MorphologyMorphology C C
lassification olassification o

f Galaxiesf Galaxies

(Park, (Park, ChoiChoi, , VogeleyVogeley 2005) 2005)





33

44
55

66

200 RC3 galaxies wi200 RC3 galaxies wi
th mth mpgpg<13.2<13.2

(Park, (Park, ChoiChoi, , VogeleyVogeley 2005) 2005)

II

ASAS

AEAE

SS

S0/SaS0/Sa

E/S0E/S0





Internal Physical
Parameters of Galax

ies

Collective Physical Prop
erties of Galaxy Subsets

Morphology, Surfac
e Brightness, Lumin
osity,  Velocity Disp

ersion, Color,
Spectral Type, SFR,

etc

Galaxy Clustering Prope
rties (z): Correlation Fun
ction, Power Spectrum,
Count in Cell, Topology,

etc

Velocity Field

Halo Mass Distribution,
Luminosity Function (z),
Color-Magnitude Relatio

n, etc.

Environment:            L
ocal Density &   Cosmic

Epoch

Galaxy Biasing, Gaussia
nity of Initial Density Fluc

tuation,    •ÿm, •Ú8, etc.

_m, _8, b, etc.

Galaxy Formation
& Evolution

Different Tracers of Structure Formation: Galaxy, Cluster, Group, Void, Quasar, etc.




