
*  what (who?) made the noise? 
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basic ingredients for cluster cosmology from counts + clustering

1. halo space density (aka, mass function), dn(>M, z)/dV
– well calibrated (~5% in dn) by (dark matter only) simulations  

2. two-point spatial clustering of halos (aka, bias function), b(M, z)
– similarly well calibrated 

3. population model for signal, S, used to identify clusters, p(S | M, z)
– power-law with log-normal deviations (typically self-calibrated) 
– projection effects (signal-dependent) Sobserved ≠ Sintrinsic

4. selection model for signal, S
– completeness (missed clusters)
– purity (false positives) 



observable signal choices for surveys: pros and cons

Signal Pros Cons

X-ray 

• spatially compact signal 
(relative to other methods)
• hot thermal ICM is unique to 
clusters
• 40+ year science history

• expensive (space-based)
• flux confusion from AGN
• surface brightness dimming
• most sources will have 
moderate S/N

Optical

• inexpensive (free with any 
galaxy survey!)
• old, `red sequence’ galaxies 
reside in massive halos
• 80+ year science history

• confusion from line-of-
sight projection
• moderate S/N (Poisson 
statistics for N≥10)
• galaxy formation!  

Sunyaev-
Zel’dovich

• inexpensive (free w/ resolved, 
multi-band CMB survey)
• nearly redshift-independent 
signal 

• point source confusion
• l-o-s projected confusion 
with low angular resolution
• moderate S/N for most 
sources 



cluster samples today are sparse relative to massive halos on the sky

Allen, Evrard & Mantz 2011

symbol size scales 
with median redshift

Halo mass scale is 
M200m

(h = 0.7)

zmed=0.83

zmed=0.39

X-ray
Optical

SZ
theory

DES/eRosita+



a prototypical `relaxed’ cluster

Abell 1835 (z=0.25) seen in X-ray, optical and mm bands

Allen, Evrard & Mantz 2011

1.2 Mpc 



an extreme `train wreck’

Abell 520 (z=0.20) seen in X-ray, optical w/ lensing mass contours
Jee et al 2012



consistent cosmology from existing optical and X-ray samples  

Rozo et al 2010

optical: maxBCG
   (shaded)
    ~14,000 clusters
 
X-ray: 400d, BCS
   (lines) 

~100 clusters 

systematics 
limited !



how hard is counting?  Major systematic error sources for cluster cosmology

1.  3D halo mass is not directly observable 
– what is the form of the intrinsic signal likelihood, p(Sint | M, z) ?

2.  Sint is also not directly observable (the universe is a big place!)
– how does ~Gpc sight-line projection distort S ?
– what is the impact on survey selection ?

3.  Baryons (17% of matter) are dynamically complex on Mpc scales
– do mergers lead to strong selection biases?  
– does feedback excite decaying modes on quasi-linear scales? 



surprise from Planck stacking of optically-selected (maxBCG) clusters 

Planck Collaboration arXiv:1101.2027

SZ decrement in 
maxBCG cluster 
sample is smaller than 
model prediction
by factor >2 



Planck model : steps from Ngal to Ysz

Mlens

optical
Ngal         

lensing
mass

thermal
SZ 
amplitude

X-ray 
hydrostatic
mass

=> = MX-ray =>

* masses from stacked weak 
lensing analysis

* optically-selected sample
* based entirely on SDSS data 

} }
* masses assume hydrostatic equil’m   

of hot gas
* X-ray selected samples
* based mainly on XMM data
* assumes Yx = Ysz 

(Yx = Mgas * Tx) 

?

Mtrue? 

=



paper I: 
comparison of published 

cluster properties 
from X-ray observations



comparison of published total mass (M500c) estimates for local galaxy clusters	


y-axis shows 
     ln(MA / MB) 
for samples A–B listed 
in legend

M10: Mantz et al (2010)
V09: Vihklinin et al (2009)
P11-LS: Planck Coll. (2011)

Rozo et al (2012) arXiv:1204.6301

filled: cool core/relaxed
open: non-cool core/unrelaxed 

median published 
statistical error ~5% 



comparison of published gas mass estimates for local galaxy clusters	


similar pattern to total 
mass estimates reflects 
aperture-induced bias
     
M10: Mantz et al (2010)
V09: Vihklinin et al (2009)
P11-LS: Planck Coll. (2011)

Rozo et al (2012) arXiv:1204.6301

filled: cool core/relaxed
open: non-cool core/unrelaxed 



comparison of published gas mass estimates for local galaxy clusters	


good agreement after 
correcting to common 
radial aperture
     
M10: Mantz et al (2010)
V09: Vihklinin et al (2009)
P11-LS: Planck Coll. (2011)

Rozo et al (2012) arXiv:1204.6301

filled: cool core/relaxed
open: non-cool core/unrelaxed 



comparison of published gas temperature estimates for local galaxy clusters	


fewer independent 
estimates of Tx (need 
long exposures) 
=> no M10-V09 
comparison
     
M10: Mantz et al (2010)
V09: Vihklinin et al (2009)
P11-LS: Planck Coll. (2011)

Rozo et al (2012) arXiv:1204.6301

filled: cool core/relaxed
open: non-cool core/unrelaxed 



comparison of published gas thermal energy estimates (Yx = Mgas * Tx)	


comparison is shown 
after correcting Mgas 
to common aperture
     
M10: Mantz et al (2010)
V09: Vihklinin et al (2009)
P11-LS: Planck Coll. (2011)

Rozo et al (2012) arXiv:1204.6301

filled: cool core/relaxed
open: non-cool core/unrelaxed 



comparison of published properties for local galaxy clusters : summary table

Rozo et al (2012) arXiv:1204.6301

M10: Mantz et al (2010)
V09: Vihklinin et al (2009)
P11-LS: Planck Coll. (2011)

Note:  post-publication, M10 masses were subsequently adjusted 
downward by 11% due to Chandra recalibration



comparison of published gas thermal energy estimates (Yx = Mgas * Tx)	


comparison is shown 
after correcting Mgas 
to common aperture
     
M10: Mantz et al (2010)
V09: Vihklinin et al (2009)
P11-LS: Planck Coll. (2011)

Rozo et al (2012) arXiv:1204.6301

filled: cool core/relaxed
open: non-cool core/unrelaxed 



paper I summary

• X-ray projects derived 3D halo mass implicitly from scaling relations
         Mgas-Mtot (M10)  ;  YX-Mtot (V09) ;   YX-Mtot (P11)  
– calibrated by Mhydrostatic small number (~10’s) of relaxed clusters
   with assumption Mhydrostatic = Mtot 

– systematic variations ~few 10’s of percent exist in Mtot estimates 

• observed cluster properties (<R500) from 3 groups vary

– mainly due to aperture bias (different R500 estimates)
– Mgas shows best agreement after aperture correction
– YX is worst (TX estimates vary in mean) 
– largest tensions between P11-LS and M10 at z>0.13



paper II: 
comparison of published 
X-ray scaling relations

+ 
a log-normal 

multivariate model 
for consistency checks



published relations of Lx-M, Yx-M and Ysz-Yx



published LX-M500 relations from 3 independent groups

evaluated at z=0.23 
assuming self-similar 
redshift evolution

bands show 68% conf. 
regions from MC of 
fits params (slope, 
intercept, scatter) of 
power-law mean + 
log-normal scatter
     
M10: Mantz et al (2010)
V09: Vihklinin et al (2009)
P11-LS: Planck Coll. (2011)

Rozo et al (2012) arXiv:1204.6292



published LX-M500 relations from 3 independent groups

difference view 

reference is relation 
defined by mean slopes 
and mean intercept at 
M=4e14 

     
M10: Mantz et al (2010)
V09: Vihklinin et al (2009)
P11-LS: Planck Coll. (2011)

Rozo et al (2012) arXiv:1204.6292



adjusted LX-M500 relations from 3 independent groups

adjusted difference 
view (same reference)

adjustments: 
1) alignment to P11-LS :  
offsets in Lx, M estimates
(paper I) applied to V09 
and M10*

2) gas fraction in M10 : 
fgas = const model 
changed to fgas~M0.15

     

* M10 total masses also adjusted by –11% due to Chandra recalibration

Rozo et al (2012) arXiv:1204.6292



adjusted M500-YX  relations from 3 independent groups

adjusted difference 
view

adjustments: 
1) alignment to P11-LS :  
offsets in Lx, M estimates
(paper I) applied to V09 
and M10*

2) gas fraction in M10 : 
fgas = const model 
changed to fgas~M0.15

     

* M10 total masses also adjusted by –11% due to Chandra recalibration

Rozo et al (2012) arXiv:1204.6292



toward a unified model for cluster properties

– scaling relations can be aligned by accounting for aperture (mass) bias 
and other systematics 

– simple “plug-n-play” predictions for multi-property scalings are too 
simplistic if covariance is appreciable and/or selection effects and/or 
systematic biases are important

Mlens

optical
Ngal         

lensing
mass

thermal
SZ 
amplitude

X-ray 
hydrostatic
mass

=> = MX-ray =>



a multivariate log-normal model for massive halo properties

piecewise
power-law 
mass function;  
alpha is local 
slope
d(logn)/d(logM)

assumed form of 
property-mass
relation



explicit form for local counts as a function of multiple properties

exact form 
for multi-property
space density

mean mass 
selected by 
signals is biased 
low (Malmquist 
bias)



simple case of one property

cosmology

astrophysics



two properties

anti-correlated
signals best for 
mass selection



mass scatter for two-property joint selection



mean of 2nd 
property for 
sample selected 
on 1st property

variance in 2nd 
property

effects of selection 

future program: 
combine large 
samples to 
extract signal 
covariance



RASS X-ray stacking analysis of maxBCG sample

variance in Lx at fixed Ngal 

! 

"
ln LX |  Ngal

= 0.83± 0.03

Rykoff et al 2008 



model exercise to derive Ysz-M scaling

Use model to combine 
published relations for
  <M | Yx> and
  <Ysz | Yx> 
to derive 
  <Ysz | M>

difference view using
reference w/ self-similar 
slope (5/3) and mean 
amplitude of 3 works 

P11-LS (z=0.23) uses 
Ysz-Yx for 0.13<z<0.3 
only (maxBCG z-range)
magenta line gives full 
sample result

Rozo et al (2012) arXiv:1204.6292



additional constraint from number counts (`abundance matching’)

Use WMAP7 halo mass 
function convolved with  
published Lx-M relations 
  
Compare to X-ray 
luminosity function 
published for the local 
REFLEX sample 
(median z = 0.08)

Rozo et al (2012) arXiv:1204.6292



paper II summary

• published X-ray scalings have moderate tension that improves after 
aperture + other bias adjustments          

• we introduce a power-law plus log-normal covariance model for 
multiple cluster properties (including true mass) as an improvement to 
direct substitution of mean relations 

– corrections for means may depend on local slope of mass function
– scatter in property B includes covariance with selection property A

• abundance constraint adds additional constraining power
– largest tension with P11-LS Lx-M scaling



paper III: 
closing the loop - 
a return to the 

Planck maxBCG result



mis-centering of optical clusters is a 10-30% effect

maxBCG lensing analysis 
includes estimate of mis-
centering derived from 
ADDGALS-based mock 
catalogs  
  
Biesiadzinski et al use 
this model to simulate 
effect of mis-centering 
on SZ measurements

Rozo et al (2012) arXiv:1204.6305

Biesiadzinski, T. et al (2012) arXiv:1201.1282B



Ysz-N200 scalings using scaling results from paper II

Rozo et al (2012) arXiv:1204.6305

– Planck measurements corrected for mis-centering 
– reference used in RHS is published Planck observed relation
– all models are in tension with the observations



Ysz-N200 scalings : potential resolution

Rozo et al (2012) arXiv:1204.6305

Proposed resolution: 
   mass estimate biases

– 15% (21% at R500) bias in 
hydrostatic masses (estimates 
are biased low) 

– 10% reduction in maxBCG 
lensing masses measurements 
published in Rozo et al (2009) 
(~1sigma systematic error)



recent hydrostatic mass bias from gas dynamic simulations 

Sembolini et al (2012) arXiv:1207.4438

Marenostrum-MultiDark 
SImulations (MUSIC)
  
histogram of fractional 
error
  (MHS - Mtrue) / Mtrue

using 3D information

ALL simulations studies 
have shown this effect 
(since Evrard 1990 with 
~500 particles/halo !) 



proposed `compromise’ scaling relations

Rozo et al (2012) arXiv:1204.6305



abundance test of preferred scalings

Rozo et al (2012) arXiv:1204.6305

consistency check: 

– maxBCG number counts 
convolved with Lx-N200 
relation

– halo mass function 
convolved with V09 
(adjusted) Lx-M relation  



comparison to other observed Lx-M scaling relations

Rozo et al (2012) arXiv:1204.6305



paper III summary

• the Planck Ysz-N200 stacked scaling discrepancy can be resolved by a 
combination of 

– biases in hydrostatic (~20%) and lensing (~10%) mass estimates
– mis-centering of optically selected clusters from halo/gas centers          

• a set of compromise scaling relations (power-law plus log-normal 
scatter) are proposed for several relations involving {M, Lx, N200, Ysz} 

• abundance constraint demonstrates internal consistency of these 
relations 

• tensions with some published Lx-M relations are identified


