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The size of the 
largest structure 
increases as the 
survey volume 
increases. 



Is the largest structure of the universe found in the observations         
consistent with the standard cosmological model ?  (structures growing 
according to GR from initially homogeneous, isotropic & Gaussian distribution) 

CfA Great Wall  
(de Lapparent et al. 1986) 

Sloan Great Wall  
(Gott et al. 2005) 
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Sheth and Diaferio (2011) 
 

How unusual are the Shapley Supercluster and Sloan Great Wall? 
: 335 groups containing 2180 galaxies with Mr <-19.9 from percolation analysis 
Total mass of the SGW ~ 1.2x1017 h-1M⊙ 
  

Extreme value statistics tells that 
existence of SGW is difficult (4 sigma!) to reconcile with a model with Gaussian 
initial conditions and  σ8 =0.8. 
 
 

SGW for dc = 8h-1Mpc (filled) & 12h-1Mpc (open)  Prob. that a spherical cell of size V 
having N clusters, contain mass M 
: estimated vs expected masses 

Mass of SGW 

Expected mass in 
LCDM 



Quantitative comparison between the observed LSSs & the ΛCDM model 
 
1. Catalog of LSSs 
    Identification of LSSs from SDSS DR7 
 

2.  Mock SDSS survey samples 
    Horizon Run 2 simulation of the ΛCDM universe 
    Galaxy assignment scheme 
    Mock SDSS DR7 surveys 
    Identification of LSSs in the mock samples 
 

3. Statistical comparison between observations and mock surveys    
    Properties of LSSs 
 

 
 

LSS in the SDSS survey (Park et al. 2012, ApJ, 759, L7)  



SDSS DR7: KIAS-VAGC Northern Galactic Cap (Choi et al. 2010, JKAS) 
A SDSS galaxy catalog with 597.1K(10<r<17.6) + 114.3K(17.6<r<17.77) redshifts 

(bright galaxies added, extinction & K-corrections, L-evolution corrected) 
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1. Observational sample for LSS Identification 
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LSS tracer galaxies in the x-y plane 

A volume-limited sample of SDSS Main galaxies  
    with Mr < -20.92+5log h, d=9h-1Mpc, r < 496h-1Mpc 



LSS finding method  
 
1. FoG contraction :  Find FoF groups with dc=3h-1Mpc. Make σ∥ = σ⊥ if σ∥>  σ⊥ .     
 

2. High-density LSS identification 
    FoF grouping using the linking length dc resulting in the max. # of groups  
          (for a given min. # of group members –  dc is insensitive to this) 
    Effectively only one free parameter. 
  

dc,max = 0.62 dbar=5.6 h-1Mpc  
 
or  δth = nth/nbar-1 =3.2 

dc,max   
maximizing the #  

of LSS  
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 Horizon Run 
Simulations 



Horizon Runs 

Simulation HR1 (2008) HR2 (2011) HR3 (2011) 

# of particles 41203 60003 72103 

Ωm , Ωb , ΩΛ 0.26, 0.044, 0.74 0.26, 0.044, 0.74 0.26, 0.044, 0.74 

ns, h, σ8 0.96, 72, 0.794 0.96, 72, 0.794 0.96, 72, 0.794 

Box size (h-1Mpc) 6592 7200 10815 

Starting redshift 23 32 27 

particle d (h-1Mpc) 1.6 1.2 1.5 

# of halos at z=0 140 Millions 500 Millions 700 Millions 

Minimum halo ma
ss (M⊙/h) 

8.87x1012 3.74x1012 7.31x1012 

 

halo d (h-1Mpc) 13.08 9.01 11.97 

T H E   H O R I Z O N   R U N  1, 2 & 3 (Kim et al. 2009; Kim et al. 2011)  http://astro.kias.re.kr/Horizon-Run23/ 



The Horizo 

Horizon Run 2 (Kim et al. 2011) 
 

WMAP 5yr (Ωm , Ωb , ΩΛ=0.26, 0.044, 0.74 

60003 particles. L=7200h-1Mpc, zi=32 
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Total # of (sub)halos=0.5 billions (at z=0),  dhalo= 9h-1Mpc 

, ns, h, σ8=0.96, 72, 0.794) 

Dark matter subhalo finding 



Galaxy Assignment : Halo-Galaxy Correspondence (HGC) model  
[Kim & Park 2006; Kim et al. 2008;   Gott et al. 2009; Kim et al. 2009; Park et al. 2010; 
Choi et al. 2010; Jee et al. 2011; Choi et al. 2012] 

Each subhalo above a mass cut contains one galaxy. 

Assignment of L using halo mass function φ[Mh(z),z] and luminosity function 
φ[L(z),z] (abundance matching ) 

               matter – dark halos -- galaxies 

(FoF with l=0.2)  



Top 4 high-density and top 3 low-density LSSs 
from  DR7 Main galaxies (dbar=9h-1Mpc)  

Top 4 high-density and top 3 low-density LSSs 
from mock DR7 surveys (dbar=9h-1Mpc) in HR2 

dc = 0.62 dbar =5.6 h-1Mpc  
δth = nth/nbar-1 =3.2 rball = 1.45 dbar = 13.1h-1Mpc 

dc,max = 0.616 ±0.014 dbar 
for 200 mock surveys  
 
 

rball = 1.45 dbar = 13.1h-1Mpc 



(h-1Mpc ) 

Observation vs ΛCDM    
mock survey samples 
: High-density LSS case 
 
- Impressive agreement !                          
both dc = 5.6 & 1.1x5.6 h-1Mpc cases 
(i.e. δth = nth/nbar-1 =3.2 or 2.1) 
 
- Nmock(Ng>=844) = 137/200 
  Nmock(Lmax>=149h-1Mpc ) =155/200  
 
 
 
 

# of LSSs with member galaxies               
more than Ng 

# of LSSs with size larger than L  

IV. Results 



 
Observation vs ΛCDM 
mock survey samples 
: Low-density LSS case 
 
- Quite consistent ! 
200 mocks with                              
rball = 1.45 dbar = 13.1h-1Mpc 
 
 
 

# of low-density LSSs with 
volume larger than V 

# of low-density LSSs 
with size larger than L  

IV. Results 



LSS in the HectoMAP survey and ΛCDM universe 

C 



HectoMAP survey 
 
Margaret Geller+(2014)  
MMT. 1.5 x 50 □.  
r < 20.5. g-r>1.0. r-i>0.5  
~60k galaxies 





Galaxies in HectoMAP Halos in HR2 





Mock HectoMAP galaxies from HR2 with 
n=1.36x10-3 (h-1Mpc)-3 & dmean= 9h-1Mpc 



Mock HectoMAP LSS’s with 
dc = 0.90 dmean = 8.1 h-1Mpc 





Large Quasar Groups 
 
Clowes et al. (2013) : a large quasar group (U1.27) of 73 quasars  
   at z=1.27 from DR7 QSO catalog.  Max. extent of 870h-1Mpc. 
 Exceeds the scale of homogeneity for the concordance cosmology 
   & challenges the cosmological principle.  

our 
mask 

uniform 
sample 

DR7 
QSO 



DR7 quasar catalog of Schneider et al. (2010) 
: 105,783 spectroscopic quasars with M_i<-22 in 9380 deg2 
 Uniform Sample of Shen et al. (2011) 
: 59,679 quasars uniformly selected & Galactic extinction-correct i<19.1 
 Volume-limited sample 
: 32,276 quasars with 0.1<z<1.8 and in a contiguous region of 5758 deg2 

with mean density of 1.3x10-6 (Mpc/h) -3 (d_bar=91.5h-1Mpc) 
(Clowes et al. used the whole sample that should not be used for statistical analyses.) 

uniform sample 

Volume-limited 
sample 



Structures found  
using linking length 
of 70h-1Mpc 



Mock DR7 quasar catalog of random points (blue) 
with mean density of 1.3x10-6 (Mpc/h) -3 (d_bar=91.5h-1Mpc) 



Observation vs Random Distribution 
Richness & Max. Extent 

The groups found with l=100Mpc are likely to be the structures with 
no physical clustering. 

l = 100 Mpc 



Summary 
 

1. The size and richness of all the largest structures of the univ. discovered 
so far are consistent with the ΛCDM cosmological model,  
which adopts a homogeneous and isotropic universe with Gaussian primordial 
fluctuations growing according to GR. 
 
2. High- & low-density LSSs from SDSS DR7 & HectoMAP. 
- Astonishing agreements in richness and maximum extent of LSSs  with LCDM! 
- The SGW is indeed the largest structure in the local universe when the 
threshold density is reasonably high. The SGW is consistent with the LCDM 
model (LCDM model predicts that within a SDSS-like survey  there is on 
average 1 SGW-like object with the same mass and size.) 
 
3. A useful method to identify statistically significant LSSs from galaxy 
distributions is to use the linking length maximizing the # of groups. This 
corresponds to the primordial regions with ν>sqrt(3). 
 
4. LSS as a tool constraining the galaxy formation and cosmological models           
- A Hubble-Depth Survey (z~1, r<~21) will reveal a ~2 larger largest structure. 


