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● Galaxy clusters as cosmological tools 

● Calibrating mass and mass proxies
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Galaxy clusters as cosmological tools
● Evolution of the mass function 
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Galaxy cluster as cosmological tools
● Self-similarity & mass proxies (more references in the next page)
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Zhang et al. 06
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Galaxy clusters as cosmological tools
● References calibrating their self-similarity and mass proxies  

– Before X-ray satellites: Mitchen et al. 77; Mushotzky et al. 78; Henry & 
Tucker 79; etc. 

– EXOSAT, Einstein, & Ginga X-ray data: Edge & Stewart 91; Henry & 
Arnaud 91; David et al. 93; etc. 

– ROSAT X-ray data: White et al. 97; Markevitch 98; Markevitch et al. 98; 
Arnaud & Evrard 99; Mohr et al. 99; Vikhlinin et al. 99, 02; Xue & Wu 
00; Finoguenov et al. 01; Horner 01; Xu et al. 01; Ikebe et al. 02; 
Reiprich & Böhringer 02; Sanderson et al. 03; Ettori et al. 04; Ota & 
Mitsuda 05; O'Hara et al. 06; Chen et al. 07; etc.

– Chandra & XMM-Newton data: Ettori et al. 04; Arnaud et al. 05, 07; Kotov 
& Vikhlinin 05; Pratt & Arnaud 05; Maughan et al. 06, 07, 08; Zhang et 
al. 04, 06, 07, 08, 09; Vikhlinin et al. 06, 09a, 09b; Pacaud et al. 07; 
Pratt et al. 09, 10; Sun et al. 09; etc.

– Lensing + X-ray: Miralda-Escude et al. 95; Squires et al. 96; Wu & Fang 
96, 97, Wu et al. 98; Allen 98; Smith et al. 05; Zhang et al. 05, 07, 08, 
10; Bardeau et al. 07; Mahdavi et al. 08; Vikhlinin et al. 09; Leauthaud 
et al. 10; Richard et al. 10; Okabe et al. 10; etc.

– X-ray + optical: Girardi et al. 96; Wu et al. 99; Popesso et al. 2005; 
Zhang et al. 11; etc.   
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Galaxy cluster as cosmological tools
● Scaling relation uncertainty is the dominant source of systematic 

error in dark energy studies 

– High-precision cosmology with the mass function and baryon-mass fraction of 
galaxy clusters requires the knowledge of the normalization, slope, intrinsic 
scatter and evolution of the mass vs. mass proxy relations (e.g., Smith et al. 
2003; Zhang & Wu 2003; Stanek et al. 2009, 2010; Cunha & Evrard 2009) 
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Zhang & Wu 2003



7

Galaxy cluster as cosmological tools
● The eROSITA Surveys (4 yrs)

           Predehl et al. 2009

– Survey                                          All-Sky    Deep

– Solid Angle (sq.deg)                      42000 200

– Exposure time (average)                2-3 ks 20-30 ks

– 0.5-2 keV fux limit (AGN)              ~1.e-14   ~4.e-15

– 2-10 keV fux limit (AGN)               ~1.e-13  ~3.e-14

– 0.5-2 keV fux limit (Clusters)      ~3.e-14  ~8.e-15

– Expected AGN (0.5-2 keV)           1.76Mi  60,000

– Expected AGN (2-10 keV)           130,000  15,000

– Expected Clusters (0.5-2 keV) 72,000  6,500  
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Calibrating mass and mass proxies
● WL-to-X-ray mass ratio of 

1.09+/-0.08 (Zhang et al. 08)

● An X-ray selected, volume-limited (via the 
L-M relation in Zhang et al. 08) sample of 
67 massive clusters @z~0.2

– XMM-Newton X-ray data (PI: Zhang)

– Subaru weak lensing data (PI: Smith)
-------------------------------------------------------------------

– HST (PI Smith)

– SZA (PI: Marrone)

-------------------------------------------------------------------

– Chandra

– GALEX

– Hectospec

– Spizter

– Herschel
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For ~30 clusters within ~160 

clusters in the Local Cluster 

Substructure Survey

For a pioneer sample of 

~30 clusters in the Local 

Cluster Substructure Survey



9

Calibrating mass and mass proxies
● X-ray to weak lensing mass ratios

 ■ All 7 disturbed clusters
   1.06±0.12
□ 6 disturbed ones (A1914)
   0.97±0.08
■ All 5 undisturbed ones  
   0.91±0.06 
   MX/MWL=(0.908±0.004)+
             (0.187±0.010)*log10(△/500)
 ■ All 12 
    0.99±0.07
□ 11 clusters (A1914)
   0.94±0.05

Zhang et al. 10
Disturbed
Undisturbed
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Calibrating mass and mass proxies
● Weak lensing mass vs. T / Y

X
 / M

gas
  

– Intrinsic scatter σ
lnM

, M-T>M-Y
X
>M-M

gas
 (8.3+6.3

-4.6
%)

– Anti-correlation (also found in simulations in Stanek et al. 
10)

Okabe, Zhang et al. 10, red – undisturbed, blue – disturbed;
                                      solid – WL mass vs. X-ray mass proxies;
                                      dashed – X-ray mass vs. X-ray mass proxies

Disturbed
Undisturbed
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Calibrating mass and mass proxies
● Fitting the slopes: M vs. L / M

gas
 / Y    

– M-T,     σ
int

=?, slopes: ?, ?  

– M-Y,     σ
int

=?, slopes: ?, ?

– M-M
gas

, σ
int

=?, slopes: ?, ? 

Disturbed
Undisturbed
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(Zhang et al. in prep.)
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Calibrating mass and mass proxies
● Probing biases in the mass proxies: AGN feedback & substructures
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Slope 4.02+/-0.33, self-similar
Int. scatter (27+/-3)%
Norm (CC:▲)=2*norm(NCC:□)
Norm(relaxed)=1.6*norm(disturbed)
✰/✰: w/o AGN feedback (Puchwein+10)                       

– AGN feedback biases X-ray 
luminosity toward low values at 
diferent levels

– Substructure biases velocity 
dispersion toward higher values

Zhang et al. 2011
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Calibrating mass and mass proxies
● Probing biases in the mass proxies: SF & SN / radio-galaxy feedback

– heating from merging quenches the star-formation activity of galaxies 
in massive systems or feedback from SN and radio galaxies drives a 
signifcant amount of gas (gas mass) beyond r

500
 

Zhang et al. submitted

Intrinsic scatter (46+/-6)%                
                         (26+/-4)%                
                         (20+/-4)%

See poster H08-Laganá
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Summary
● For relaxed clusters 

– WL-to-X-ray mass ratio of 0.91+/-0.06 at r500

– Mass bias increasing with the radius, MX/MWL=(0.908±0.004)+(0.187±0.010)*log10(△/500)

● Fixing the slope, gas mass has the lowest intrinsic scatter as the 
mass proxy

– σ
lnM(T)

 >σ
lnM(Yx)

 > σ
lnM(Mgas)

 =8.3+6.3
-4.6

% @r
500

– Correlation between the temperature vs. gas mass deviations as mass 
proxies, r=TMg/TMg=0.575±0.224, in agreement with Stanek+09's Millennium 
gas simulations 

● Slopes of the WL mass vs. X-ray observable relations may be less 
dependent on the cluster dynamics then predicted

● Mass bias can be probed regarding cluster dynamics and physics

– Substructures 

– Star formation

– AGN, SN & radio-galaxy feedback

Toward understanding mass proxies of  galaxy clusters for modern cosmology                   Yu-Ying Zhang



15

Thank you    


