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!  Halo counts and clustering.  

!  Determination of the baryon (gas) fraction and the physical density of matter in clusters of galaxies. 
Clusters are fair samples of the Universe.  

!  Determination of the Hubble constant (H0) or distances (dA(z)) from measurements of clusters of 
galaxies. Combining the SZ measurements (∆TSZ α ∫neTedl) ,  and X-ray measurements (LX α ∫ ne

2Te
1/2dV). 

!  Angular thermal Sunyaev-Zeldovich power spectrum (e.g. Komatsu & Seljak 2002) 

!  Bispectrum and 1-pdf of the thermal Sunyaev-Zeldovich maps.  

!  Determination of peculiar velocities. Large-scale velocity fields in the Universe (e.g. bulk flows).  

Main key methods (see Carlstrom et al. 2002; Allen et al. 2011):   

Cosmology with galaxy clusters 



Cosmological constraints from galaxy clusters 
Status of the field in 2011 (from Allen et al. 2011). 

References: 



Cluster mass function vs. 
cosmological model  

Chandra Cluster Cosmology Project 
Vikhlinin et al., 2009 



Growth of a statistically complete sample of 238 X-ray luminous ROSAT clusters 
(Mantz et al. 2010). Simultaneous fitting for cosmological parameters and 
scaling relations.  

Constraints from cluster growth and fgas 



!  Inverse Compton scattering of CMB photons off hot electrons.  

!  Net gain of energy  of the photons, so the blackbody spectrum 
of the CMB is distorted (y-distortion).  

A2319 seen by PLANCK 

The Sunyaev-Zeldovich effect 



Some notes: 
!  Differential brightness of the effect is independent 
of the redshift. 

!  The effect measures electron pressure along the 
line of sight: 

!  We will be interested in total SZ flux:                           
which is proportional to Mgas/dA

2(z).  

!  There is also a kinetic effect (peculiar velocities wrt 
the CMB rest frame).  
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Galaxy clusters from the ACT survey  

•  Hasselfield et al. (2013): catalog 
selected from 504deg2 survey.  
•  ACT maps at 148GHz.  
•  68 candidates, 19 new discoveries 

WMAP7 

UPP 

B12 

Nonthermal20 

Scalings relations: 
UPP – Arnaud et al (2010) 
B12 –   Recalibration using Bode et 
al. (2012) simulations.  
Nonthermal20 –  Recalibration using 
one model from Trac et al. (2011).   



Galaxy clusters from the SPT survey  

•  Reichard et al. (2013): catalog selected 
from 720 deg2 SPT survey.  
•  SPT maps at 150GHz and 95GHz.  
•  224 candidates, 158 confirmed (117 new 
discoveries).  
•  Scaling laws from Vikhlinin et al.  (2009). 



Falsifying ΛCDM with Cluster Counts 
o  High-mass, high-redshift 
clusters tests extreme tail of the 
matter power spectrum. 
o  Even a single massive cluster 
could indicate tension with ΛCDM 
(Mortonson, Hu, Huterer 2010). 
o  Large non-Gaussianity in the 
initial conditions can influence the 
large scale structure (Dalal et al. 
2008). See Hoyle, Jimenez & 
Verde (2011) 

fNL(k) 



The 26 most significant (most 
massive) clusters over the full 
2500 deg2 SPT survey 
(Williamson et al. 2011). 

They find: 
•  7% chance of finding SPT-CL 
J2106-5844 (z=1.133) 
•  Consistency with ΛCDM. 
•  Consistency with initial 
Gaussian density fluctuations.  

Falsifying ΛCDM with Cluster Counts 



Galaxy cluster physics and cosmology with 
PLANCK 

I.  The Sunyaev-Zeldovich effect and the Planck survey 
I.  The ESZ and PSZ1 samples 
II. Validation of the catalogues 
III. XMM-Newton and optical follow-up efforts. 
IV.  Cosmology with Planck SZ cluster counts  

II.  Baryons in clusters and Cluster masses. Scaling laws. 
III.  Cosmology with the y-map.  
IV.  Kinetic SZ effect.  
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•  First all-sky SZ survey. (Last all-sky survey for clusters was ROSAT in 1992) 
•  Frequency range from 30GHz to 857GHz, with a channel at 217GHz. 
•  Blind detection of the positive effect. 

"PLANCK, designed from start to measure SZ. 

Planck: Uniqueness for SZ studies 

A2319 seen by PLANCK 



•  Low significance of detections in individual cleaned 
frequency maps.  
•  Adapted extraction technique: Matched Multi-Filter 
(Herranz et al. 2002; Melin et al. 2006) enhances SZ signal 
over other components: 

•  known spectrum: non-relativistic SZ.  
•  known cluster shape: GNFW pressure profile 
(Arnaud et al. 2010) 

Cluster identification with PLANCK 

Raw maps 

Cleaned maps 
(correcting for 
dust and CMB 
emission) 
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•  Early SZ sample: a high reliability sample 
from the first 10 months of observations. 
•  189 candidates in total (with |b| >14deg and 
MMF type S/N from 6 to 29 => purity > 95%) 
•  169 candidates identified with known X-ray or 
optical clusters. For ~80% of them, Planck 
provides the first SZ measure. 
•  20 candidates new clusters.  

(Planck Collaboration VIII, 2011) 

Planck Early Results: the all-sky ESZ cluster sample 

Courtesy of M. Douspis & N. Aghanim 
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•  Based on nominal mission data. Published in March 2013. 
•  New all-sky catalogue of 1227 SZ sources, the largest to date. 
•  Confirmed galaxy clusters: 861 (of which 178 are new). 
•  Candidate clusters: 366. 
•  Mass and redshift estimates for 813 clusters.   

(Planck Collaboration XXIX 2013) 



PSZ1 clusters previously known in X-rays   PSZ1 sample compared to other SZ samples 

PSZ1 vs other surveys 

Planck´s unique capability to detect rarest and most massive clusters over the whole sky.  

Mass – redshift space 



Validation of the SZ samples 

Planck internal quality assessment 
•  Redundant detection of candidates 
•  Search for and rejection of solar 
system objects, artefacts, galactic 
sources, etc. 

Identification with known clusters 
from ancillary data 

Multi-frequency follow-up programme 
for confirmation of SZ candidates: 

•  Optical (ENO, ESO, Palomar) 
•  SZ (AMI). 
•  X-rays, with XMM-Newton 



XMM-Newton follow-up/validation programme 

‣  Three papers (Early Paper IX 2011, Intermediate Papers I 
and IV, 2012).  
‣  High success rate (>85% are real candidates) 
‣  51 targets confirmed 
‣  70% disturbed morphologies (compared to 30% for X-ray 
selected clusters, see e.g. REXCESS) 
‣  4 double and 2 triple systems (12% multiple systems) 



Multiple systems 

Physics : probably boosted by merger shocks?  
Cosmology: how many ? must we take SC  in the ‘selection’ function? 

Blind SZ detection of super-clusters (SC) 

zopt=0.45 
zX=0.45 

kT∼3.6keV 

zopt=0.46 
zX=0.48 

kT∼4.3keV 

zopt=0.45 
zX=0.46 

kT∼5.3keV 



Physical characterization of Planck clusters 

‣  Large variety of dynamical states with new clusters more disturbed and (X-
ray) under-luminous (at all redshifts) 

Strong synergy between Planck and XMM data  



Optical Follow-up of Planck clusters 
ENO/IAC80 

ENO/NOT+TNG 

z(Fe K) = 0.62 
zspec = 0.66±0.05 
(Gemini) 

z(Fe K) = 0.31 
zphot=0.34±0.03 

Optical follow-up and validation 
programmes (>300 candidates) in: 

•  Canary Islands Observatories 
•  ESO 
•  Palomar 
•  RTT 

ENO/GTC 

z(GTC) = 0.560 

ENO/INT 



Planck SZ follow-up program 
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Planck 
CMB only 

Planck SZ 
Clusters  

189 

(1-b) in  [0.7,1] 

Observations:  N(z) 
Theoretical Ingredients: halo mass 
function, scaling relations to predict M 
and z; completeness and selection 
function of the survey.  



Cosmology	
  with	
  galaxy	
  clusters	
  

30	
  Rubiño-­‐Mar0n	
  	
  	
  »Cosmology	
  with	
  galaxy	
  clusters"	
  

o  Tension between the CMB and the SZ clusters result. 
o  The cluster result depends critically on the value of (1-b). 
o  But there is consistency between Planck and other SZ surveys. 
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Planck CMB 

Planck CMB + SZ, 1-b=0.8 

Planck CMB + SZ, 1-b>0.7 

Planck CMB + SZ + BAO, 1-b>0.7 
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SZ vs X-ray scaling relations 

Agreement between X-ray-based predicted (YX) and measured SZ signals (YSZ),   at 
least within R500. 

ESZ+XMM archive New Planck clusters 

YX = Mgas,500TX 



SZ mass proxy: YSZ - M 

‣  SZ fluxes and HE X-ray masses agree 

ESZ+XMM archive 
LoCuSS 



HE X-ray masses larger than WL masses by 22 ± 8 % on average 
Sample of 19 objects with WL measurements from Subaru 
‣  not solved by appealing to HE bias 
‣  WL concentration larger than X-ray 
‣  Mis-centering introduces secondary mass normalisation effect 
‣  Other effects from WL modelling, dilution...? 

SZ signal and cluster masses 

(Planck Collaboration Int III, 2013) 



Missing hot baryons? 

(Lieu et al. 06 
Komatsu et al. 11) 



o  Statistical analysis of SZ - X-ray scaling relation  
o  Agreement between X-ray-based predicted (L500-M500 and Y500-M500)  and 
measured SZ signals.  
o  Planck shows that there are no missing hot baryons (a 5 years debate, closed 
because Planck error bars are about 10 times smaller than WMAP ones). 

Use Multi-frequency 
Matched Filter 
(MMF) at positions of 
the Meta-Catalogue 
of X-ray detected 
Clusters (~1600 
MCXC clusters) 

Missing hot baryons? 



Planck sees about ¼ of all cosmic baryons in the form of hot gas. The new 
measurements multiply by a factor of 4 the amount of baryons detected by X-
rays in clusters above 1014 Msun.  

SZ – optical scaling relations: central galaxies 
o  Locally brightest galaxies selected from DR7.  
o  Semianalytic galaxy formation simulation (Guo et al. 2011) used to calibrate 
the purity and M★-Mh (stellar-to-halo mass) relation.  

(Planck Collaboration Int XI, 2014) 
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�8(⌦m/0.28)3.2/8.1 = 0.784± 0.016

•  Angular Power spectrum of SZ map fully compatible with number counts. 
•  Planck probes the whole range of angular scales in the SZ power spectrum. 
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•  Angular Power spectrum of SZ map fully compatible with number counts. 
•  Planck probes the whole range of angular scales in the SZ power spectrum. 
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N: N-body simulations plus 
semi-analytical dust gas 
models 
H: Hydro simulation 
A: Analytical  

N 
N 
A 

A 
H 
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•  Methodology proposed in Rubiño-Martin & Sunyaev (2003). 
•  Bispectrum of SZ map: σ8=0.74±0.04 (68% CL).  
•  Un-normalized skewness: σ8=0.779±0.015 (68% CL).  
•  Also applied to ACT (Wilson et al. 2013), giving σ8=0.78±0.04.   

Clusters 
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•  The kSZ effect expresses the Doppler kick 
experienced by CMB photons when scattering off 
rapidly moving electrons 

•  The kSZ temperature anisotropies is 
independent of frequency, and it is sensitive to 
peculiar velocities.  

•  NO statistically significant 
kSZ monopole at any redshift 
bin (72 +/- 60 km s-1), which 
rules out giant void models as 
alternative explanations to 
LCDM (see  Goodman 1995; 
García-Bellido & Haugbolle 
2008).  

•  No detection of kSZ dipole 
(=bulk flow).   



Conclusions 
!  Clusters are a powerful tool for cosmological studies. They can constrain the 

cosmological model in multiple ways,  providing complementary information 
to other LSS probes. 

!  Recent SZ catalogues provide excellent reference samples, but intensive 
follow-up programs are needed.  

!  PLANCK: all-sky SZ detection up to high redshifts (0.2<z<1.0) 
o  PSZ1 clusters, largest sample of SZ for cosmological studies.  
o  Ambitious follow-up program: X-rays, SZ and optical. 
o  Unveiling a population of dynamically perturbed clusters @ z>0.3, 

possibly under-represented in X-ray surveys. Detection of new distant 
massive clusters. 

o  New sample (PSZ2) to appear in Oct 2014. 
!  Overall view of ICM properties and mass content of galaxy clusters is a 

critical research area. 
o  High precision calibration of the YSZ – YX  and  YSZ – LX  and  YSZ – M 
o  Understanding the biases of the different mass proxies.  

!  The future is very promising in this area (eROSITA, EUCLID, …).  



The scientific results that we present today are a product of 
the Planck Collaboration, including individuals from more 
than 100 scientific institutes in Europe, the USA and Canada   
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