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Clusters of galaxies	


from POSS and ROSAT-All Sky Survey!

Coma Galaxy Cluster!
74 – 83%  =  Dark Matter     
15 – 20%  =  hot ICM               
2 - 6%       =  cold galaxies !

The hot gas is thermalized  
and trapped in the cluster 
potential well !



Observable Properties of Clusters 
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Gal dynamics
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and spectroscopy


Mass distrib./profiles

Nature ??


Thermodynamics/masses���
metallicity


Stellar mass/ stellar pop.���
Galaxy evolutions, SF rates




z=8.55	
 z=5.7	
 z=1.4	
 z=0	


P(k)+ΛCDM	


Structure formation in the Universe 

We know how the gravity forms structures on cluster scales. !
X-rays (SZ) provide a direct probe of the thermalized gas !

in a cluster’s potential.!

cluster	


R2500!
!
(~0.3 R200!
~CXO limit)!

R500!
!
(~0.7 R200!
~few best CXO & 
XMM cases)!
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Structure formation in the Universe 

We know how the gravity forms structures on cluster scales. !
X-rays (SZ) provide a direct probe of the thermalized gas !

in a cluster’s potential.!
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Coma !
Planck+13!



Clusters of galaxies: accretion	


Dark Matter     hot ICM!

Bullet cluster!

 MACSJ0025	


τ=Σσ/m < 1!
σ/m < 0.7 cm2g-1!

(10 GeV / 10-23 cm2)!



Clusters of galaxies: accretion	


Bullet group (~2e14 M¤; Gastaldello+14)!
Similar cases are expected to be 3x more numerous than Bullet Cluster!

Dark Matter     hot ICM!

25”~124 (±20) kpc!



Clusters of galaxies: accretion	


A2142 (~1.3e15 M¤; Eckert+14)!
Direct observation of the accretion of a clump with M~1/100 Mhalo!

Simulations predict ~1 per local clusters !



Ωm=0.25=1- ΩΛ!
h=0.73!
σ8=0.9!
!
L=500/h Mpc!

Large-scale Structure formation!

(Springel et al. 2005) Millennium simulations: !
1010 particles of ~9e8 M¤/h !



(Borgani & Guzzo 2001) Normalized to space density at 
z=0; circles: clusters with T>3 keV & ∝T!

Dark Matter  &  X-ray clusters!

Ωm=0.3	

 =1- ΩΛ 	


EdS	




Chandra image of clusters at z>0.7 (>6 Gyr ago)	




Vikhlinin et al. 09!

Galaxy clusters & cosmology



Cosmology in the Planck era 

15.5-months results of the 
temperature anisotropies in the 
CMB from Planck (Planck 2013 
results. XVI) put alone constraints 
on Ωbh2, Ωmh2 at ~2% level (1σ) 
on ΛCDM!



•  The amplitude of P(k) on cluster scale!

•  There is degeneracy in the 
determination of the cosmological 
parameters… complementarity!
!
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•  The amplitude of P(k) on cluster scale!

•  There is degeneracy in the 
determination of the cosmological 
parameters… complementarity!
•  The equation of state of the Dark 
Energy & its evolution with redshift is 
unknown!
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•  The amplitude of P(k) on cluster scale!

•  There is degeneracy in the 
determination of the cosmological 
parameters… complementarity!
•  The equation of state of the Dark 
Energy & its evolution with redshift is 
unknown!
•  Testing GR on GC scales!

Galaxy clusters & cosmology

Rapetti+10!



Cosmology with GC: note!
X-ray: constraints also on wo(~20% at 1 σ) using 90-240 
well-studied obj (out of X-ray known1743 clusters, Piffaretti+11)!
!

Optical: constraints only on “local” cosmology (σ8, Ωm; no 
on w) using 1e4 SDSS-MaxBCG clusters (Rozo+10)!

Planck SZ + BAO + BBN!

Planck CMB only!SZ: present surveys provide 
~1000 detections all-sky; 1st 
cosmological constraints with a 
sample of ~190 obj (Planck 2013 
XX) still to be refined (tension 
with CMB: bias in X-ray based M 
by ~40% or Σmν=0.20±0.09 eV?).!
NB: they rely on YSZ – MX scaling laws!



X-ray total mass is a fundamental tool to 
use Galaxy clusters as cosmological probes!

Total mass from X-rays 

•  low counts statistic: scaling relations !
(for galaxy clusters mass function: Mtot vs L/T/Mgas/YX or  a combination of these…)!
Ettori et al. 2012; Ettori 2013 & 2014 
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Mtot ∝ ΔRΔ
3 ⇒∝ L3 / 4 ∝ Mg ∝ T 3 / 2 ∝YSZ

3 / 5



X-ray total mass is a fundamental tool to 
use Galaxy clusters as cosmological probes!

Total mass from X-rays 

•  low counts statistic: scaling relations !
(for galaxy clusters mass function: Mtot vs L/T/Mgas/YX or  a combination of these…)!
Ettori et al. 2012; Ettori 2013 & 2014 

€ 

Mtot ∝ Lα Mg
β T γ ; 4α + 3β+ 2γ = 3

The self-similar prediction on normalization & slope can fully 
explain the observed X-SZ SL once {fg(M), βP(M), C} are considered  
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•  high counts statistic: mass profiles !
(calibration & hydrostatic bias; ~200 out of 1743 obj known, Piffaretti et al. 11)!
Ettori et al., 2013, SSRv, 177, 119 (arXiv:1303.3530)!

€ 

Mtot ∝ Lα Mg
β T γ ; 4α + 3β+ 2γ = 3



Mass profiles: c-M relation 



Results on {c, M, fgas}	


c=R200/rs!

fgas=Mgas/Mtot!

M200=200ρc(z) V!
V = 4/3πR200

3!



Gas mass fraction!

Mantz et al. (2014): !
40 obj with T>5 keV observed with Chandra @z=0.08-1.06!
!
è   εΩm~14%,    εw~27% ,     ΩΛ>0 @99.99% l.c. !

fgas(<R500) = Mgas/ Mtot  ∝ ngasR3/R ∝ dang (Ωm, ΩΛ, w) 3/2 !



c-M relation: σ8-Ωm	


σ8 = 0.82±0.10!
Ωm=0.26±0.02!
(2 σ c.l.)!

(Eke et al. 01)!



Why does  the  observab le  un iverse   
look  the  way i t  does?   

Dark Matter structure of the Universe 

Springel et al. 2005  



Key ques t ions  fo r  observat iona l   
as t rophys ics  in  2028  

1. How does ordinary matter assemble into the large scale structures we see today? 

 

Athena+ Deep Field 

Extended X-ray sources 

Oppenheimer et al. 2009 

Pointecouteau, Reiprich et al., 2013 arXiv1306.2319 



Pure gravitation 

With AGN and 
supernova 

heating 

Entropy profile 

Radius (kpc) 
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The  fo rmat ion  and evo lu t ion  o f  c lus te r s   
and g roups  o f  ga lax ies   

How and when was the energy contained in the hot intra-cluster medium generated? 

How does ordinary matter assemble into the large-scale structures that we see today? 
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Athena+ Simulation 

Pointecouteau, Reiprich et al., 2013 arXiv1306.2319 



The  fo rmat ion  and evo lu t ion  o f  c lus te r s   
and g roups  o f  ga lax ies   

How and when was the energy contained in the hot intra-cluster medium generated? 

 

How does ordinary matter assemble into the large-scale structures that we see today? 

Simulated Velocity map 

 

100                km/s                500 

 

Ettori, Pratt, et al., 2013 arXiv1306.2322 



Athena+ sc ience in  contex t  

Athena+ is a crucial part of the suite of large observatories needed to 
reach the science objectives of astronomy in the coming decades  


