
2354-24

Summer School on Cosmology 

J. Mohr

16 - 27 July 2012

LMU, Munich

 
 

 

Clusters of Galaxies - Lecture 3



Cosmological Constraints from 
Cluster Surveys 

Over the past several years cluster surveys have begun 
yielding samples that provide significant cosmological 
constraints that are in general in good agreement with other 
independent cosmological probes.  Interesting cluster specific 
applications have emerged, too. 
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Outline 
  Halo abundance as cosmological constraints 
  Galaxy clusters and galaxy cluster surveys 
  Cosmological constraints from cluster surveys 
  Future Prospects 
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Overview: Cosmological Constraints from 
Cluster Surveys   
  Examination of two ROSAT selected cluster surveys 

  Using low scatter mass proxies 

  A cluster cosmology primer- a closer look at the SPT analyses 
  A closer look at mass-observable calibration 

  Non-gaussianity and rare clusters 
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Sample Selection for Vikhlinin Sample 
  Vikhlinin et al 2009: 

  Sample: 
  49 �local� clusters discovered pre-

ROSAT- �Edge sample� 
  37 clusters from 400d ROSAT pointed 

survey at z>0.35 
  Characteristic X-ray image quality 

~0.5 arcmin FWHM 
  This sample targeted by Chandra to 

get better X-ray data 

  Samples reflect selection by Lx (or fx) 
as mass proxy 
  Note redshift dependent flux limit- 

keeps sample small for Chandra 
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Mass Information for Vikhlinin Sample 
  Targeted 37 ROSAT clusters with 

Chandra to get improved gas masses 
and temperatures  

  Used hydrostatic masses of 17 relaxed 
clusters to calibrate the Yx-mass 
scaling relation 
  Demonstrate consistency with weak 

lensing masses using analyses from 
Hoeksta 2007 

  Bootstrapped using Yx to calibrate Lx-
mass (including scatter) relation 
  Allows for clean model of Lx selection 
  Power law:  Amplitude, Slope, z-

evolution, log-Normal scatter (48%) 
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Why Bother with Yx? 
  The SZE observable Compton Y is 

proportional to the total thermal 
energy in the cluster electron 
population 
  This quantity YSZ is well correlated to 

cluster virial mass and proportional 
to Mg * Tm, the gas mass X the mass 
weighted electron temperature 

  X-ray observables offer a similar 
quantity- it also seems to correlate 
well with cluster mass 
  Tx is the (core excluded) X-ray 

emission weighted mean 
temperature 
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YSZ =
σT
mec

2 dV ne∫ kBTe ∝MgTm YX =MgTX

Kravtsov et al 2006 

400d ROSAT Sample Interpretation 
  Analysis: 

  49 �local� + 37 z>0.35 clusters 
  Mass functions using Yx masses 
  Cycle through cosmological 

parameters, refitting mass-obs 
relations and comparing consistency 
of cluster mass and redshift 
distributions to theoretical expectation 

  Results: 
  12 clusters at z>0.55 require Lambda 
  Independent constraints in good 

agreement with WMAP+ cosmology 
  w constrained to 0.2(clus)/0.05(all) 
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Vikhlinin et al 2009 
: Interesting constraints from small sample using low scatter mass proxy Yx 
: Underlying mass calibration comes from hydrostatic equilibrium – validated with WL 

Mantz et al Sample Selection and Masses 
  Sample:   

  238 clusters from the ROSAT All Sky Survey at 
z<0.5 for mass function 

  Characteristic X-ray image quality ~2 arcmin FWHM 
  Use MICM as mass proxy (assume constant fICM) 

for 94 with followup observations 
  +42 �relaxed� clusters with direct fICM 

measurements used 
  Sample reflects selection by Lx (or fx) 
  Results 

  Independent: σ8 = 0.82 (0.05) and w=-1.01 (0.20) 
  WMAP+SNe+BAO+Clusters+fICM:  

  σ8 = 0.79 (0.03) 
  w=-0.96 (0.06) 

  DETF FOM =15.5 (~2x improvement) 
  wo=-0.93 (0.16), wa=-0.16 (+0.47,-0.73) 
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: The mass proxy is Micm (Mg), which behaves similarly to Yx 
  Underlying mass calibration uses hydrostatic equilibrium masses 

Mantz et al 2010 



Overview- X-ray Cluster Cosmology 
  Samples of ~102 clusters used to extract competitive cosmological 

constraints – no current evidence of significant disagreement with 
other probes 

  Rely on Lx selection (~45% scatter with mass) 

  Use other lower scatter X-ray observables (Micm, Tx) to build mass 
function when available 

  Both currently rely on masses from hydrostatic equilibrium, which is 
known from simulations to introduce biases at the ~10% level 

  Next step is to increase samples, adopt weak lensing mass calibration 
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10m South Pole Telescope 
SZE Survey 

Focus on SZE Cluster Cosmology – with SPT 

Raising w at fixed ΩE: 
  Decreases volume surveyed 
  Decreases growth rate of density 

perturbations Volume effect Growth effect 

€ 

dN(z)
dzdΩ

=
dV
dzdΩ

n z( )

  We designed SPT in hopes of selecting 
~104 clusters over all redshifts 

  In the end we will have ~500 high mass 
clusters uniformly selected from a 2500 
deg2 survey region 

  Cosmology and mass-calibration 
machinery provide an interesting test 
case 

Redshift Distribution Sensitive to DE 
Equation of State Parameter 

10 

South Pole Telescope (SPT) 
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!  This is a dedicated cluster survey 
and CMB anisotropy mission- 
finds clusters over broad redshift 
range using the SZE  

!  (Sub) millimeter wavelength 
telescope: 
!  10 meter aperture 
!  1’ FWHM beam at 150 GHz 
!  20 micron RMS surface 
!  5 arcsec astrometry 

!  SZ Receiver: 
!  1 sq. deg FOV 
!  Observe in 3 bands between 95-220 GHz 

simultaneously  
!  Sensitivity ~ 15-60 µK-arcmin 

In comparison to Planck: 
 Smaller beam (1’ vs 8’) 
 Fewer bands (3 vs 9) 
 Deeper observations at 150GHz 

South Pole Telescope 
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SPT Survey Sky Coverage 
  Survey 2008-2011 

2491deg2 complete 

  Data used to study CMB 
anisotropy 

  Select clusters through 
Sunyaev-Zel’dovich Effect 
Redshift independent 
Tied closely to cluster mass 

  Cluster candidates found: 
657 at S/N>4.5 
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90GHz – 42 µK-armin     150GHz – 18 µK-armin    220GHz – 85 µK-armin!
!

SZE work by Planck, ACT, and other 
experiments ongoing 

South Celestial Pole 

T. Crawford, Upcoming Results from the South Pole Telescope, KICP, October 2, 2009

90 GHz

1 degree

Galaxy Clusters!

T. Crawford, Upcoming Results from the South Pole Telescope, KICP, October 2, 2009

150 GHz

1 degree

Galaxy Clusters!

T. Crawford, Upcoming Results from the South Pole Telescope, KICP, October 2, 2009

150 GHz

1 degree

Galaxy Clusters!

T. Crawford, Upcoming Results from the South Pole Telescope, KICP, October 2, 2009

150 GHz

1 degree

Galaxy Clusters!

Finding a Cluster in mm-wave Sky Maps 
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  Unique SZE signature helps provide pure sample, use matched filter 
  No redshift information – requires multi-λ followup 

SPT Optical Followup 
  We use multiband photometry to 

get red sequence cluster 
redshifts 

  Began with dedicated survey 
Blanco Cosmology Survey –  
60 nights/ 80 deg2/griz 
Desai et al 2012 
 

  Now go cluster by cluster 
  ~100 nights on the telescope so far 
  Over 500 candidates imaged to date 
  Goal:  finish by end of year 
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Characteristic scatter δz~0.017 for 0<z<1.32 
For 56 clusters with spec-z’s 

Song et al 2012 
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SPT Clusters: Redshift Distribution 

  Statistics of 750 deg2 
sample: 
  224 candidates 
  158 with measured photo-z’s  
  Median redshift is ~0.57 
  18% of sample at z>0.8 
  9 clusters with no photo-z, but 

with significant NIR/IR 
overdensities- high-z systems 
that need more attention 

Song et al 2012!
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SPT Clusters: Contamination 
  Negative noise peaks 

can masquerade as 
clusters 
- Stay at high S/N! 

  Optical confirmation 
allows us to measure 
the contamination 

SPT-only selection produces >95% pure sample at S/N>5!
SPT+optical followup produces ~100% pure sample at S/N>4.5!
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So How Do We Do Cosmology? 
  Sample selection is with ξ, the 

matched filter signal to noise of the 
detected cluster 
  We model the ξ-mass relation as 

power law:  Amplitude, slope, redshift 
evolution  

  Scatter: log-normal intrinsic plus 
normal measurement scatter 

  Mass calibration currently comes 
from Yx calibration (Vikhlinin 2007 
hydrostatic equilibrium masses) 
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Vanderlinde et al 2010 

SPT Mass-Observable Relation 
  Observed S/N ξ is pulled from the filtered maps 

for each cluster 
  Filters built to suppress power on scales 

dominated by noise (shot noise + CMB anisotropy) 
compared to modes of cluster signal (β=1 model) 

(see Melin et al 2006) 
 

  Observed S/N ξ is different from unbiased 
underlying ζ-mass relation, because of 
maximization bias 

  We search position (two dimensions) plus scale 
(12 core radii) to assign maximum observed S/N x 

  Selection in log(mass) is like error function 
due to log-normal scatter around ζ-mass 
relation 
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ζ = ξ
2
−3

Scatter:  log-normal in ζ-mass 
 normal in ξ-ζ (σ=1) 

Extracting Constraints 
  Define inputs: 

  Choose ξ>5, z>0.3 (100 systems) 
  Adopt priors on nuisance params 
  Adopt external constraints (or not) 

  Cycle through Markov Chain: 
  Select cosmological and nuisance 

parameters 
  Calculate cluster abundance as function 

of mass+redshift 
  Use ξ-M relation (with scatter) and Yx-M 

relation to transform mass function dn/
dMdz(M,z) to ξ�Yx function dn/
dξdYxdz(ξ,Yx,z) 

  Evaluate likelihood of sample 
  Iterate until chain converges 
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Direct Mass Calibration of the SPT Galaxy Cluster Sample 15

Figure 13. Combined constraints for all SZ parameters using both velocity dispersion and X-ray YX as external calibrators. Contours
are the 1, 2 and 3σ confidence levels. The V10 priors are shown with grey dashed lines. We adopted a flat prior on ASZ and the V10 prior
on DSZ .

redshift (0.35 < z < 1.15), and we present the disper-
sions and galaxy spectroscopic redshifts for our sample.
We develop a method to fit the SZ scaling relation

through comparison of the SZ observable ξ to the exter-
nal calibrators σv and YX . Our method explicitly ac-
counts for selection effects in the SPT cluster survey and
for uncertainties in the scaling relation parameters of the
external mass calibrators. This mass calibration method
does not use the information from the cluster counts, and
therefore allows one to characterize the accuracy of the
underlying mass calibration due only to external mass
calibration measurements.
This method could be coupled with a likelihood for

the observed cluster counts and then be used to extract

cosmological parameters (Benson et al. 2011; Reichardt
et al. 2012). One difference of the method presented here
is that the external mass constraints from the followup
need not be complete above some simple selection thresh-
old, because we use these external calibrators to directly
calibrate the ξ-mass relation and do not attempt to fit
the cluster counts distribution in YX or σv. Thus, this
method places fewer constraints on the mass calibration
followup program, and the computational cost scales lin-
early with the number of mass measurements available.
We find a degeneracy between the SZ ξ-mass relation

normalization ASZ and scatter DSZ that is mainly due
to the scatter related selection effects in the SPT galaxy
cluster sample (the Eddington bias). The degeneracy

Bazin et al 2012 



Mass-Obs Calibration in Given Selection 

  Selection effects must be 
correctly accounted for in 
calibrating scaling relations 
  Malmquist bias with scatter 
  Eddington bias with scatter 
  Both with scatter 

 (see Mantz et al 2010!) 

  The scaling relation calibration 
is carried out simultaneously 
with cosmology 
  Distances, E(z), mass function 
  14 clusters with Yx 
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SPT Constraints on Dark Energy 
  100 Clusters from 750 deg2 

  Mass calibration from X-ray 

  Cosmology limited by mass 
uncertainties 

  Cosmological constraints: 
  WMAP+SNe+BAO+H0:  

  σ8 = 0.84 (0.04) 
  w=-1.054 (0.073) 

  Above + SPT Clusters 
  σ8 = 0.81 (0.03) 
  w=-1.010 (0.058) 
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Non-Gaussianity and Halo Abundance 
  In some models of inflation the 

resulting density perturbations have 
significant non-Gaussianity 

  For local non-Gaussianity parameter fNL the 
perturbed gravitational potential takes the form 

  Positive fNL leads to an enhanced overdensity 
relative to the corresponding Gaussian case  

 
 
 

  Studies have revealed how this non-
Gaussianity affects the mass function 

  Positive fNL enhances the number of haloes in the 
rare tails of the probability distribution at high 
mass and/or at high redshift 
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Dalal et al 2008 
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FIG. 6: Ratios of the NG to Gaussian mass functions as a function of mass and at redshifts z = 0 (black), z = 0.5 (blue) and
z = 1 (red). Points with error bars denote results from our simulations. Solid lines represent our fitting formula. Dashed and
dotted lines denote the EPS and MVJ fitting functions respectively. Note that the EPS and MVJ agree mutually, but both
significantly overestimate the effects of nongaussianity. (The discontinuity of EPS and MVJ fitting functions at M ∼ 2·1014 M!

is due to transition from a smaller simulation box to the larger one.)

effects of nongaussianity as found by our simulations, at
a level typically <∼ 100% although dependent upon mass
and redshift.

This result appears to disagree with the work of
Kang et al. [60], who find a large discrepancy between
EPS/MVJ and their simulations’ mass function, in the
sense that their simulations show a much larger effect of
nongaussianity than predicted by the EPS type formal-
ism. However, as noted by these authors, their simula-
tions used a rather small number of particles (∼ 1283) in
a volume nearly 20× smaller than ours, so it is unclear
how well they probe the statistics of the rare objects of
interest to us. In contrast, Grossi et al. [61] have found
very good agreement between the MVJ formula and their
simulations’ results. While our fitting function is in mild
disagreement with the MVJ fitting formula, it is unclear
whether our simulations are in disagreement with the
simulations of Grossi et al. [61]. Their simulations used a
somewhat different cosmological model (higher σ8) than
ours, they have plotted cumulative rather than differen-
tial mass functions, and of course the error bars in both
their plots and ours are considerable.

In summary, we conclude that our simple fitting func-
tion appears consistent with the measured mass function
from our simulations to within ∼ 10% over the entire
range of masses and redshifts that we consider. Since
this is the level of precision that various N-body codes
agree with each other in the mass function [71], we have

out Grossi et al. [61]; see their Eq. (4). We have not used this
correction in our Fig. 6.

not attempted to achieve better agreement. EPS-like fit-
ting formulae, such as the model of MVJ [58], appear to
overestimate the effects of nongaussianity. The level of
discrepancy increases with increasing mass and redshift.

V. HALO CLUSTERING

Beyond one-point statistics like the halo mass function,
N-body simulations also allow us to compute higher or-
der statistics like the correlation function or its Fourier
transform, the power spectrum. As shown in Sec. 2,
we expect nongaussianity to produce pronounced effects
on the halo power spectrum, specifically in the form of
scale-dependent halo bias on large scales. This may seem
somewhat surprising, due to very general arguments pre-
viously given in the literature that galaxy bias is ex-
pected to be independent of scale in the linear regime
[75, 76, 77]. We can summarize the argument as follows.
Suppose that the halo overdensity is some deterministic
function of the local matter overdensity, δh = F (δ). On
large scales, where |δ| # 1, we can Taylor expand this
function, δh = a + b δ + . . .. Keeping only the lowest or-
der terms and requiring that 〈δh〉 = 0 then gives δh = b δ,
which is linear deterministic bias. The key assumption in
this argument was locality; i.e. that the halo abundance
is determined entirely by the local matter density. N-
body simulations with Gaussian initial conditions have
confirmed that halo bias tends to a constant on large
scales well in the linear regime.

Once we allow for primordial nongaussianity, however,
the above argument need not hold. For example, in this
paper we have considered NG of the form fNLΦ2, and

ΦNG
x( ) = φ

x( )+ fNL φ 2
x( )− φ 2( )

δNG ≈ δ + 2 fNLφp

SPT Constraints on Non-Gaussianity 
  SPT constraints on non-Gaussianity 

  fnl=-192+/-310, 20+/-450 
(from full likelihood analysis including selection 
function of SPT sample) 

  For comparison, -10<fNL<74 (95%) 
from CMB 

Komatsu et al 2011 
But this is on much larger scales 
 

  Interesting thread- combination of 
cluster counts and power spectrum 
greatly enhances constraints on fnl  

(i.e. see Sartoris et al 2010 for discussion) 
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Williamson et al 2011 
Benson et al 2011 



SZE Signature is Good Mass Indicator 
  We have leveraged X-ray mass 

indicators to calibrate our sample 
  Direct mass calibration underway 

weak lensing and velocity dispersions 

 
  High-z massive SPT clusters are 

unique population 
  M200>4x1014 Mo even at highest z 
  Large solid angle survey (2500 deg2) 

allows us to find very rare objects 
  ~100 of these clusters over full survey 
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Andersson et al 2011 

Tests of ΛCMD and wCDM Paradigm 
  The combination of CMB, SNe, BAO and Ho 

constraints are already quite restrictive even without 
the additional of galaxy cluster survey constraints  

  Mortonson and collaborators explored this available 
parameter space in the standard, ΛCMD and 
wCDM models 

  Flat geometry 
  Gaussian density perturbations 
  General relativity 
  Dark energy with equation of state param w 

  They determined regions in mass and redshift 
where the existence of even a single galaxy cluster 
would rule out the paradigm 

July 2012 ICTP - Galaxy Clusters 3/4 - Mohr 26 

Mortonson et al 2011!

z = 1.39 with an X-ray (TX) mass of 7.7+4.4
�3.1 ⇥ 1014 M�.

These X-ray mass estimates are consistent with masses
obtained by other means such as weak lensing, and our
most conservative conclusions requiring 95% joint CL sig-
nificance in the full sky would not be greatly changed by
using alternate mass proxies.

For a more aggressive interpretation of the data, one
can estimate the e↵ective f

sky

values for these measure-
ments. They are somewhat subjective in that the clusters
are the most massive ones found in all high z Sunyaev-
Zel’dovich (SZ) and X-ray surveys respectively. The first
release of the South Pole Telescope (SPT) SZ cluster
survey covered 178 deg2, whereas the Atacama Cosmol-
ogy Telescope SZ survey covered 455 deg2 [43] of which
⇠ 50 deg2 overlap with the first-release SPT fields. On
the other hand X-ray surveys have covered some 283 deg2

for 1.0 < z < 2.2 [12]. We therefore plot these clusters
in Fig. 4 (lower panel) against an exclusion curve for
95% joint CL at 300 deg2, using h = 0.70 as assumed in
Refs. [41, 42] to convert the masses to units of h�1 M�.2

Note that the M(z) level is only weakly dependent on
f
sky

for order unity rescalings (see Fig. 2).
Even under this more aggressive interpretation of the

exclusion limit, these two clusters do not convincingly
rule out ⇤CDM or quintessence. Although their redshifts
and mean masses are somewhat atypical in that they ex-
ceed the 50% joint CL exclusion curve, neither cluster
is more significant than the 95% joint CL. For example,
taking the mean reported masses and fixing the parame-
ter variance confidence level at 95%, SPT-CL J0546-5345
is only at 44% sample CL (using the fitting formula of
Appendix A), i.e. it is a typical result for flat ⇤CDM. The
mean for XMMU J2235.3-2557 yields a higher 89% sam-
ple CL, but taking the 1 � lower limit on the mass brings
the confidence all the way down to 8%. Even combining
the two using Eq. (12) and a joint sky area of 600 deg2

does not improve the confidence. In fact in this conser-
vative test where thresholds are set to the lowest mass
and redshift of the pair, the joint sample confidence level
using the mean masses actually decreases to 30%.

C. Systematic Shifts

Systematic shifts in the observational mass determina-
tion, the theoretical mass function, and SN data analysis
techniques can strongly a↵ect the confidence with which
⇤CDM and quintessence can be excluded. Here we quan-
tify the impact of each of these systematic e↵ects on the
predicted abundance of high mass, high redshift clusters.

2 Specifying M values in units of M� instead of h�1 M� has little
e↵ect on the widths of the P (log N̄) distributions even in the
quintessence class, suggesting that the impact of uncertainties in
the Hubble constant due to variations in the equation of state
near z ⇡ 0 is small [37].

FIG. 4. M(z) exclusion curves. Even a single cluster with (M, z)
lying above the relevant curve would rule out both ⇤CDM and
quintessence. Upper panel: flat ⇤CDM 95% joint CL for both
sample variance and parameter variance for various choices of sky
fraction fsky from the MCMC analysis (thin solid curves) and using
the fitting formula from Appendix A (thick dashed curves; accu-
rate to <

⇠

5% in mass). Lower panel: Two of the most anomalous
clusters detected to date, compared with the 95% joint CL exclu-
sion curve for 300 deg2 which approximates the total survey area
for each cluster. We show the X-ray determined masses with and
without Eddington bias correction (black solid points with thick
error bars and red open points with thin error bars, respectively,
o↵set in redshift by ±0.01 for clarity).

Despite numerous recent advances in mass estimation
methods, the determination of cluster masses is still quite
uncertain. Di↵erent methods do not always yield consis-
tent results, and in some cases the mass may be sys-
tematically over- or underestimated. Since cluster abun-
dances fall o↵ exponentially with mass at high masses,
even small errors in the estimated masses correspond to
large shifts in the expected number of clusters.

In the upper panel of Fig. 5, we show the impact on N̄
of changing cluster masses by ±10% or ±30%; these o↵-
sets are representative of the range in systematic uncer-
tainty in current determinations of cluster masses. Sys-
tematic errors in mass are most important for the rarest
clusters due to the increasing steepness of the mass func-
tion. For M = 1014 h�1 M� and z = 0, a 30% o↵set in
mass shifts N̄ by a factor of ⇠ 2, but for the 1015 h�1 M�,
z = 1.5 case shown in Fig. 5 systematic shifts in mass can
change the expected abundance by orders of magnitude,
making an ordinary cluster appear to be exceedingly un-
likely in the context of a given cosmology or vice versa.
In the M(z) exclusion plane of Fig. 4, these systematic
o↵sets can be incorporated as simple shifts in the data
points.

Estimation of the rarest cluster masses is also subject

7

The Rarest, Most Massive Clusters 
  In late 2010 SPT finished shallow 

“preview” scans of the full 2500deg2 

  Adequate to select the 26 most massive clusters, 
independent of redshift 

  Mortonson analysis suggests no single 
cluster in tension with ΛCMD 

  Explore the full range of models consistent 
with current cosmological constraints from 
CMB, BAO, SNe 

  Define a region beyond which even a single 
cluster would cause problems for the a 
Dark Energy model, requiring either 
modified gravity of non-Gaussianity 

 
  More precise statements require improved 

mass measurements 
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Williamson et al 2011!

Tests of Growth Rate of Structure 

  One can carry out a consistency 
test of General Relativity by 
allowing the growth rate of 
structure to deviate from the GR 
expectation  
(e.g. Wang & Steinhardt 1999) 

  Current results are not very 
constraining, and certainly 
observed cluster samples provide 
no evidence of problems for GR 

(see recent combined cluster, CMB galaxy 
clustering analysis- Rapetti 2012) 
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Remaining Challenges 
  Cluster mass measurements: 

  Need methods that don’t require equilibrium assumption 
  Weak lensing and galaxy kinematics 

  Clean selection techniques 
  X-ray and SZE well understood 
  Optical understood, but there are challenges to be met 

  Large surveys like eROSITA will push the limits 
  It’s not clear yet where the systematics floor will be, so it’s difficult to 

project accurate cosmological constraints from this mission. 
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Summary 
  X-ray and SZE cluster survey cosmology results encouraging 

  Small samples, low scatter mass proxies, high purity, completeness well 
understood 

  Samples used to examine non-Gaussianity, test wCDM paradigm, carry 
out consistency test of GR  

  Mass calibration is the current weak point 
  All analyses currently relying on hydrostatic equilibrium mass calibration 

(at z~0.3 and below) 
  The uncertainties (~10%-15%) on the calibrating relations are too large to 

enable the full use of the datasets 

  Next steps include improved weak lensing and dispersion calibration 
together with acquiring more low scatter X-ray mass proxies (Yx or 
Micm) to understand scatter 
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