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Galaxy clusters and structure formation

simulations (Le Brun et

RAMSES (Teyssier 2002)
al. in prep.)
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Today=
13.8 Gyr

Time since
Big Bang

16.4 Myr 3.61 Gyr 5.85 Gyr
» 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




Evolution of dark matter profiles

Powerful test of ACDM.

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.



The M2C project

Simulations

Large boxes
Completed zooms
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Figure courtesy of Monique Arnaud

e ~30 S/ selected clusters with Msgo>5x1014 Me in 3 Az=0.2

redshift bins at z>0.5

» Confirmation and stellar content using NIR

e Follow-up with XMM and Chandra

* Mass profiles obtained using hydrostatic equilibrium
assumption
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lmpact of baryonic physics?
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Data: REXCESS, Vikhlinin06, Data: Vikhlinin06, Planck
Lin12, Maughan08 and Sun09 Intermediate Results IV, Sun09

See also e.g. Allen et al. 2004, Kravtsov et al. 2006
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Pilot study of mass profiles at z~1

o SPT-CLJ2146-46
A PLCKG266.6-27.3.2
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Arnaud, Bartalucci et al. in prep.
e Suggest less concentrated than average local cluster
* Higher dispersion”? consistent with theory?
* Need larger sample and new numerical simulations
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WORK IN PROGRESS

Evolution of the dark
matter protiles(ot the most
massivergalaxy clusters
sincevedshift 1
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S|m U \a’[iOﬂS In preparation

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 Gpcs3)

- high resolution (~kpc) is required to resolve their
internal structure.
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S|m U \a’[iOﬂS In preparation

Simulation Box Particles i 3 2 25 Qa o3

0.270 0.047 0.730 0.820
0.289 0.047 0.711 0.820
0.309 0.047 0.691 0.820
0.307 0.048 0.693 0.829
0.307 0.048 0.693 0.829
0.307 0.048 0.693 0.829
0.307 0.048 0.693 0.829

BigMD27 2.5 3840
BigMD29 2.5 3840
BigMD31 2.8 3840°
BigMDPL 2. 3840°
BigMDPLnw 2.4 3840°

HMDPL 4096°
HMDPLaw 4096°

VoI S S N N
X X X X X X X

O

B I S IS

Klypin16

MDPL 3840° 1.5 x 107 S 0.307 0.048 0.693 0.829
MultiDark 2048 8.7 x 107 7. 0.270 0.047 0.730 0.820
SMDPL 3840° 9.6 x 107 L 0.307 0.048 0.693 0.829
BolshoiP 2048° 1.5 x 10® . 0.307 0.048 0.693 0.823
Bolshoi 2048° 1.3 x 10% . 0.270 0.047 0.730 0.820

ANl Simulation Ny . 1“--;__1 N (h“ NP Name  Boxsize,L @ N  Part. mass,m, Force soft., €
E (Mpch™") (kpc ) (Mg ) (h 1 Mpc) (h 1 MG)) (h 1 kpc)
MS-XXL 67208 3000 10 6.17x10° - -
Q MS-1 2160° ? - MIFALG P-20.1 20 300° 2.611 x 10’ 1.67
JORN MS-1I 2160° 100 1 6.89% 10° P-20.2 20 300° 2.611 x 107 1.67
DR Aq-A-2 5.3x 108 0.050 1.00x 107 P-20.3 20 300° 2.611 x 107 1.67
—1 Ag-A-1 4.3x10° 0.015 1.25x10° P-20.4 20 3003 2611 x 107 1.67 D
P-30.1 30 300° 8.811 x 107 2.50 (-
- 3 7 —t
Box  L(h~'Mpc) N my(h~'My) e(h~'kpe) e/(L/N) [§ P02 - GBS XA &) o
: P-60 60 600~ 8.811 x 10’ 2.50
L1000 1024° 7.0 x 1077 1/30 W p4s.i 45 300° 2,974 x 10° 3.75 -
L0500 500 1024- 8.7 x 10° 14.0 1,"35 P-45.2 3003 2.974 % 10.’5 3.75 -h
L0125 125 1024° 1.4 x 10° 2.4 1/51 P-80 3507  1.052 x 10° 571
- - 3 7 - ‘ ( '
L0063 62.5 1024 1.7 x 10 1.0 1/60 P-130 4507 2124 x 107 799
P-180 450° 5.639 x 107 10.0
; P-270 450° 1.903 x 10' 15.0
Diemer14

P-400 6.188 x 10' 22.2
P-600 - 8.811 x 10"

_arge enough size P-1000 079 107

00 low mass and spatial resolution and sometimes size
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Simulations

Dark Matter * |n practice: (i_) doing three large (1

T TR A Gpc/h on a side with 20483 DM
8 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.

U/odIN 001

e All the simulations are done with the
AMR code RAMSES (Teyssier 2002) on
the OCCIGEN supercomputer at CINES
In Montpellier using a large French
computing time-allocation (>13 million
CPU hours already allocated over
2015-2016; Pl Le Brun).

U/odIN 02
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Most galaxy clusters at z=1 are disturbead

65 0,066 0,067

12



Le Brun et al.

Evolution of relaxation state in preparation

Ar cumulative histogram of the low-resolution haloes
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Evolution of relaxation state in preparation

Ar cumulative h|stogram for the 25 most masswe low- resolutlon haloes
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Evolution of relaxation state in preparation

Ar cumulative histogram of the 25 most massive zooms
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Evolution of density profileéS  in preparation

Spherical density profiles of the 25 most
massive low-resolution haloes

z=1.0 median z=0.6 median

z=1.0 median DM14 NFW z=0.6 median DM14 NFW
z=0.8 median z=0.0 median _
z=0.8 median DM14 NFW z=0.0 median DM14 NFW
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Density profiles in preparation

Spherical density profiles of the 25 most
massive z=0.0 low-resolution haloes

\

z=0.0 median z=0.0 (25 systems) |4
z=0.0 median DM14 NFW ]
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Evolution of density profileéS  in preparation

Spherical density profiles of the 25
most massive zooms

z=1.0 median z=0.6 median

z=1.0 median DM14 NFW z=0.6 median DM14 NFW
z=0.8 median z=0.0 median _
z=0.8 median DM14 NFW z=0.0 median DM14 NFW
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Density profiles in preparation

Spherical density profiles of the 25
most massive z=0.0 zooms

mmm 7=0.0 median
mem 7=0.0 median DM14 NFW []
mmm 7=0.0 (25 systems)

10°
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Impact of resolution in preparation

Spherical density profile




Conclusions

 The most massive galaxy clusters could be powertful
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 they are still forming and therefore tar from being relaxed

* |[nner structure of the 25 most massive clusters shows no signs
of converging to an.asymptotic slope. Gets much shallower
than the asymptotic NFW slope.

 Seems to get shallower as redshift decreases (at least since
z=1).
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