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Introd uctionto Ty

There are BIG structures in the universe !
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Definition of LSS

Clustering of astronomical objects is a rule!
star+planets+etc. = planetary system (~10-°Mpc; bound)

stars(+gas) - star clusters (~10°Mpc; bound or unbound)
stars+gas+dark matter - The Milky Way Galaxy (~10-2Mpc)
Galaxies - galaxy groups (a few bright galaxies; ~10°Mpc; not relaxed),

galaxy clusters (100-10s bright galaxies; ~10°Mpc; ~relaxed)
Clusters+groups - superclusters (a few clusters; ~10**Mpc)

Large-scale structure of the universe (no exact definition)
= Any structure in the distribution of galaxies larger than clusters.
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Properties of large-scale structures of the universe

Size: > about 10Mpc.
Shape: amorphous (superclusters, filaments, walls, voids..)
Dynamics: Participating in cosmic expansion, but gravitationally evolving.

Examples: CfA Great Wall
(~100h-*Mpc; CfA-2 survey; de Lapparent et al. 1986)
Sloan Great Wall (~300h-*Mpc; SDSS survey; Gott et al. 2005)
Bootes void (~60h-tMpc; Kirshner et al. )




L_arge-scale Structuyes of the Universe
Overall shape - Sponge, Network, Web

Over-density Under-density

Large-scale Structures Large-scale Structures

- Wall, Pancake, Sheet - Tunnel
- Filament, Chain - Void, Cell, Bubble
--Supercluster
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2. History of LSS observation

First large galaxy catalogs (till the 1970s)

Shapley & Ames (1932)

Zwicky et al. (1961-1968)

Lick catalog of galaxies (Shane & Wirtanen 1967)

5

Large-scale structure in the distribution of galaxies noticed
Angular CF as a measure of galaxy clustering developed
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Lick catalog of galaxies
- G_élax_y_counts_ in_t_'he northern-galactic hemisbhere (Seldner )




2MASS IR sky

A: Milky Way

B: Perseus-Pisces Supercluster o _900

C: Coma Cluster

D: Virgo Cluster/Local Supercluster
E: Hercules Supercluster

F: Shapley Concentration/Abell 3558

G: Hydra-Centaurus Supercluster

H: "Great Attractor"/Abell 3627

I: Pavo-Indus Supercluster

J: Horologium-Reticulum
Supercluster




Joeveer & Einasto (1978) — Has the universe the cell structure?
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Haynes & Giovanelli 12000 —
(1986)
2700 galaxies in the region of -
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The CfA2 Redshift Survey

(de Lapparent et al. 1986)
1100 galaxieswithm g <15.5
in a slice going through

the Coma cluster
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Morphology : a key physical property of galaxies

of cr¥st 238 HEH? : Initial morphology + evolution (4%}, H3}, HE
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Park et al. 1994
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SOIHEN7F L= 2HA0]| O|= ! -sDSS Survey [Park et al. 2007]
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Kim & Park (2004)
ACDM 204832 IBM p690+
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Formation and clustering of dark matter halos
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White noise CDM HDM

N Weinberg & Gunn (1990)
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Evolution of PS

. Growth
of density fluctuations

P(k) (h/Mpc)-3
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Horizon Run 2 (Kim et al. 2011)
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A [h-t Mpc]
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First galaxy PS measured

: Shape of galaxy PS on very large scales and very small scales



—— CFA GREAT WALL

SLOAN GREAT WALL

114

How large is the largest structure of the universe?
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Super-scale structures of LSSs / LSS across redshifts
— How to define ‘cosmic structures’ at different epochs?
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x (h~'Mpc) [Park et al. 2015]



Cosmic sponge conserved [Park & YR Kim 2010]
LSS in linear regime maintains the primordial sponge topology at all redshifts!

[Initial density field] [Final density field at z=0]

2000

y (h™! Mpc)

10600
1000 20001000 1500
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x (h~! Mpc)

Flat LCDM, R;=25h"Mpc



Connectivity of over-density and low-density regions
Voids (blue - 7% low), filaments/clusters (red - 7% high) SDSS DR4+ (Gott et al. 2008)



Cosmic Ripples — A phase-correlation feature associated with the Sloan Great Wall?

[Park et al. 2015]




Data analysis

L
(otO| 2 o7t 2 R A

7|7]
Instrumentation

O] =
Theory

HA0Zen

[ Ry |



St ZEH| 9| Y: ohEH, HA(F 50, ZFTHKIAS), 234 (CfA)

HFXHH Introduction

Z 32t Simulating Cosmic Structure Evolution
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2’4 Observations for Cosmology and Structure Formation

OiO| 2 O}7} 2 Al Data Analysis in Cosmology









"ot NSRRIt =

survey & LSS data

Internal Physical

Properties of Galaxies

Color, Luminosity
Morphology, Size
Surface brightness
Concentration
Velocity dispersion
Spectral type, SFR..

Collective Physical Properties

of Galaxies

Clustering Amplitude :

Correlation Function
Power Spectrum, ...

Topology of LSS :
Genus, MFs, ...

Peculiar Velocity Field

Distribution Functions:
Luminosity, Color, Size, Con. indx,
Velocity Dispersion ...

CMB Anisotrophy

Environment:

Local Density (scales) &
Cosmic Epoch

|

Initial density fluctuation
Galaxy biasing,
Qm, Os, etc.

|

Galaxy Formation &

Evolution
(Origin of morphology,
L-C-M biases ...)

I

Cosmological
Parameters

DifferentTracers:galaxy subclasses, cluster, Ly-a cl, quasar..



Expansion of
LSS surveys
(large 3d)
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