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Evolution of the dark matter 
profiles of the most massive 

galaxy clusters since redshift 1



Galaxy clusters and structure formation
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• Galaxy clusters: 85% Dark Matter, 12 % hot gas, 3% galaxies 
• Form and evolve through merger/accretion along filaments 
➡ test of the physics of hierarchical Dark Matter driven structure 

formation (Dark Matter and baryons) 
➡ cosmological parameters via N(M,z) or fgas
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) z=100 z=1.75 z=1 z=0

100 Mpc/h50 Mpc/h36.3 Mpc/h1 Mpc/h

Time since 
Big Bang 16.4 Myr 3.61 Gyr 5.85 Gyr Today= 

13.8 Gyr



Evolution of dark matter profiles
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• Powerful test of ΛCDM. 

• So far mainly been tested in the local Universe and 
using mostly non-representative samples. 

• Detection of large and representative samples of the 
most massive clusters up to redshift z~1 recently 
enabled by large surveys using the Sunyaev-
Zel’dovich (SZ) effect. 

• Requires a systematic comparison between 
observations and cosmological simulations.



X-ray and SZ observations
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Bremsstrahlung

LX α ne
2Λ T( )

V
∫ dV

XMM Chandra

ROSAT

Coma

YSZ α P = neT( )
V
∫ dV

Inverse Compton scattering

Planck

Bremsstrahlung 
SB dimming with z

Inverse Compton scattering 
No SB dimming with z

➡Complementarity of information
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The M2C project

• ~30 SZ selected clusters with M500>5x1014 M⦿ in 3 Δz=0.2 
redshift bins at z>0.5  

• Confirmation and stellar content using NIR  
• Follow-up with XMM and Chandra  
• Mass profiles obtained using hydrostatic equilibrium 

assumption
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Impact of baryonic physics?
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Le Brun et al. 2014

See also e.g. Allen et al. 2004, Kravtsov et al. 2006 

Data: REXCESS, Vikhlinin06, 
Lin12, Maughan08 and Sun09 

Data: Vikhlinin06, Planck 
Intermediate Results IV, Sun09
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Le Brun et al. 
2016a submitted

Self-similar 
expectation for 
the evolution

Impact of baryonic physics?



Evolution of HSE bias
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Le Brun et al. 
2016a submitted



Evolution of HSE bias
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Le Brun et al. 
2016a submitted



Pilot study of mass profiles at z~1
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• Suggest less concentrated than average local cluster 
• Higher dispersion? consistent with theory? 
• Need larger sample and new numerical simulations 

Arnaud, Bartalucci et al. in prep.



Evolution of the dark 
matter profiles of the most 
massive galaxy clusters 
since redshift 1

Prelim
inary



Simulations

No existing hydrodynamical cosmological 
simulations combines a large enough volume and a 
high enough resolution to simulate the most massive 
galaxy clusters as:  

- they are rare and appear in large volumes (need to 
simulate volumes of Gpc3)  

- high resolution (~kpc) is required to resolve their 
internal structure. 
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Le Brun et al. 
in preparation



Simulations
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Le Brun et al. 
in preparation
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Dark Matter

Gas 20 M
pc/h

100 M
pc/h

• In practice:  (i) doing three large (1 
Gpc/h on a side with 20483 DM 
particles) DM only simulations and (ii) 
zooming at high resolution (a few kpc) 
on 50-100 galaxy clusters in each of 
the redshift bins which will 
progressively include the relevant galaxy 
formation physics. 

• All the simulations are done with the 
AMR code RAMSES (Teyssier 2002) on 
the OCCIGEN supercomputer at CINES 
in Montpellier using a large GENCI 
computing time-allocation (>11 million 
CPU hours already allocated over 
2015-2016; PI Le Brun).

Simulations



Most galaxy clusters at z=1 are disturbed
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Evolution of relaxation state Le Brun et al. 
in preparation
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Most galaxy clusters at z=1 are disturbed

z=1
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Evolution of circular velocity profiles



19

Evolution of circular velocity profiles



Level 11 Level 12

Level 13 Level 14

Impact of resolution
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Impact of resolution Le Brun et al. 
in preparation



Impact of the slope limiter on NR runs
Pressure maps

slope_type=2 i.e. a less 
conservative choice

slope_type=1 i.e. standard in 
cosmological simulations



Impact of the slope limiter on NR runs
Density maps

slope_type=2 i.e. a less 
conservative choice

slope_type=1 i.e. standard in 
cosmological simulations



Conclusions
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• The most massive galaxy clusters could be powerful 
cosmological probes as: 

1. They should be less affected by non-gravitational physics 

2. They are supposed to be the most sensitive to the paradigm of 
structure formation 

• BUT: 

1. They are still forming and therefore more of them are far from 
being relaxed 

2. Nevertheless, there is some regularity in shape 

3. Evolution of e.g. the HSE bias needs to be constrained further

Prelim
inary


