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• Extend the work done in Faltenbacher et al. 2007
(MARENOSTRUM adiabatic simulation)

• Entropy profiles in MUSIC clusters with radiative physics
• Redshift evolution

Objective
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ABSTRACT

On the basis of a large-scale ‘adiabatic’, namely non-radiative and non-dissipative, cosmolog-

ical smooth particle hydrodynamic simulation we compare the entropy profiles of the gas and

the dark matter (DM) in galaxy clusters. We employ the quantity Kg = 3kBTgρ
−2/3
g /(µmp) =

σ 2
gρ

−2/3
g as measure for the entropy of the intracluster gas. By analogy the DM entropy is

defined as KDM = σ 2
DMρ

−2/3
DM (σ 2

DM is the 3D velocity dispersion of the DM). The DM entropy

is related to the DM phase-space density by KDM ∝ Q
−2/3
DM . In accord with other studies, the

radial DM phase-space density profile follows a power-law behaviour, QDM ∝ r−1.82, which

corresponds to KDM ∝ r1.21. The simulated intracluster gas has a flat entropy core within

(0.8 ± 0.4)Rs, where Rs is the Navarro–Frenk–White scale radius. The outer profile follows

the DM behaviour, Kg ∝ r1.21, in close agreement with X-ray observations. Upon scaling the

DM and gas densities by their mean cosmological values, we find that outside the entropy

core a constant ratio of Kg/KDM = 0.71 ± 0.18 prevails. By extending the definition of the

gas temperature to include also the bulk kinetic energy the ratio of the DM and gas extended

entropy is found to be unity for r ! 0.8Rs. The constant ratio of the gas thermal entropy to that

of the DM implies that observations of the intracluster gas can provide an almost direct probe

of the DM.

Key words: methods: numerical – galaxies: clusters: general.

1 I N T RO D U C T I O N

Clusters of galaxies represent a composite of baryonic and dark

matter (DM). The gas is commonly described by its thermodynamic

variables, such as density, temperature, pressure and also entropy.

The entropy provides a unique gauge for monitoring the thermal

history of the gas. In the standard model of structure formation, the

primordial gas is isentropic. Ignoring radiative and dissipative pro-

cesses and other non-gravitational sources or sinks of energy, the

only mechanism by which the gas entropy can change is via shock

waves. According to the paradigm of hierarchical structure forma-

tion, clusters form by merging and accretion of smaller building

blocks, which usually contain baryons and DM. The collapse and

merging of substructures lead to emergence of shock waves in the

forming intracluster medium (ICM) gas and it ceases to be isen-

tropic. These shocks can be seen close to the virial radius when the

gas is accreted on to the cluster (see e.g. Borgani et al. 2005; Voit

2005; Voit, Kay & Bryan 2005). However, the study of Pfrommer

!E-mail: fal@shao.ac.cn

et al. (2006) shows that a non-negligible amount of energy is dis-

sipated by shocks further inside the cluster potential well. In any

case, the resulting entropy structure reflects the contribution of ir-

reversible processes in the formation of clusters. The main prob-

lem addressed here is to what extent the gas entropy resembles the

structure of the DM halo and whether the classical thermodynamic

description of the gas can be extended and applied to the DM.

The entropy of the ICM can be deduced from X-ray observations.

As has become customary in this field, we refer to K ∝ Tgρ
−2/3
g as

the ‘entropy’, where Tg is the temperature and ρg is the density

of the gas. More precisely, we define Kg ≡ 3kBTgρ
−2/3
g /(µmp) =

σ 2
gρ

−2/3
g , where kB is the Boltzmann constant and σ g is the internal

3D velocity dispersion of the gas. It is the latter expression upon

which the direct comparison between the gas and the DM is based.

Using XMM–Newton observations of 10 relaxed clusters, Pratt,

Arnaud & Pointecouteau (2006) find the radial profile of K follows

a power law of rβ with β ≈ 1.1 (see also Donahue et al. 2006). Apart

from the central regions, the slope obtained in adiabatic simulations

agrees with the observed values (e.g. Voit 2005). The observations,

however, show an excess in entropy which is thought to origi-

nate from non-gravitational processes (e.g. Finoguenov et al. 2003;
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1. Introduction
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• Entropy profiles of the ICM gas and the DM in galaxy clusters

• Velocity dispersion of the gas

   kinetic energy = proper velocity + thermal dispersion

• Phase-space density:

Convention: S → K
μ = 0.588

3D velocity
dispersion

→
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2. MUSIC clusters
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• Multidark simulation: ART dark matter only simulation
(Anatoly Klypin @ NAS Ames)

- WMAP7 (ΩΛ = 0.73, Ωm = 0.27, Ωm = 0.0469, σ8 = 0.82, h = 0.7)
- 8.6 billion particles
- 1 (Gpc/h)3 volume

• MUSIC (Multidark resimulated clusters)

- 8 times more resolution in 6 Mpc region
- over 800 clusters with M > 1014 h-1M⊙ up to z = 1

- SPH gas particles:

- mdm = 9.01 x 108 h-1M⊙ ; mgas = 1.09 x 108 h-1M⊙

Adiabatic

Radiative

cooling
UV photoionization
star formation
galactic winds
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2. MUSIC clusters

M [1014h!1M!]

N
(>
M
)
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z=0.00
z=0.12
z=0.24
z=0.32
z=0.40
z=0.69
z=1.00

MUSIC
MULTIDARK

z M(1014 h-1M⊙) N (≥M)

0,00 7,85 188

0,11 6,87 171

0,25 6,34 128

0,33 6,39 99

0,43 6,00 81

0,67 3,94 89

1,00 3,25 41
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• Substructure mass fraction (fsub): mass fraction in substructures within 
Rvir (most masive substructure not included)

fsub < 0.1

• Centre of mass displacement (s): normalized offset between the centre 
of mass of the halo and the potential centre

s ( 1 / Rvir ) < 0.07

• Virial ratio:

2T/!U! < 1.35

2.1. Relaxed and unrelaxed clusters
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(Neto et al. 2007)
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2.1. Relaxed and unrelaxed clusters
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ADIABATICADIABATICADIABATIC
z N (≥M) Nrelaxed (≥M)

0,00 189 90

0,11 170 77

0,25 128 55

0,33 97 36

0,43 80 29

RADIATIVERADIATIVERADIATIVE
z N (≥M) Nrelaxed (≥M)

0,00 188 89

0,11 171 76

0,25 128 59

0,33 99 36

0,43 81 29
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3.1. Adiabatic clusters
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Density profiles
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3.1. Adiabatic clusters
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Velocity dispersion profiles
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3.1. Adiabatic clusters
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Entropy profiles
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3.2. Radiative clusters

Entropy profiles of MUSIC clusters                                                                        CLUES Workshop 2012          

Jesús Vega                                                                                           Universidad Autónoma de Madrid

Density profiles
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3.2. Radiative clusters
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Velocity dispersion profiles
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3.2. Radiative clusters
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Entropy profiles
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3.3. Effects of radiative physics
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3.3. Effects of radiative physics
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3.3. Effects of radiative physics
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Velocity dispersion profiles
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3.3. Effects of radiative physics

Entropy profiles of MUSIC clusters                                                                        CLUES Workshop 2012          

Jesús Vega                                                                                           Universidad Autónoma de Madrid

Velocity dispersion profiles
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3.3. Effects of radiative physics
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3.3. Effects of radiative physics
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Gas-to-DM entropy ratio
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3.3. Effects of radiative physics
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Gas-to-DM entropy ratio
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3.3. Effects of radiative physics
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3.4. Redshift evolution
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3.4. Redshift evolution
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Radiative density profiles
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3.4. Redshift evolution
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Adiabatic velocity dispersion profiles
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3.4. Redshift evolution
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Radiative velocity dispersion profiles

R Rs

!

1.0

1.2

1.4

1.6

1.8

2.0

2.2

0.1 1.0

z = 0.000
z = 0.111
z = 0.250
z = 0.333
z = 0.429

R Rs

!

1.0

1.2

1.4

1.6

1.8

2.0

2.2

0.1 1.0

Dark matter
Gas

Relaxed Unrelaxed

miércoles 20 de junio de 2012



3.4. Redshift evolution
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Radiative gas-to-DM entropy ratio
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• Entropy core in adiabatic simulations is a real physical effect
(Voit et al. 2005, Ascasibar et al. 2003)

• Resolution of the SPH simulations: sufficient with MUSIC
(Lin et al. 2006)

• ISM in hydrostatic equilibrium:

gas entropy excess within Rcore ⇒

• Core radius coincides with the radius at which the DM temperature reaches 
its maximal value

gas hotter
and/or

gas density flatter
 than the DM
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Rmax / Rs = 0.8 ± 0.4 

z = 0.000 z = 0.111 z = 0.250

z = 0.333 z = 0.429

Rmax / Rs ∼ 0.8 ± 0.4
(Faltenbacher et al. 2007) 
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• Gas and DM entropies follow one to another very closely
• Constant ratio of the thermal gas entropy to that of the DM at large radii

• Radiative: gas hotter (25%), no DM temperature inversion (15%) towards the 
center. 

• DM entropy profile follows a power law: KDM∝rβ

• No significant redshift evolution (entropy ratio or power law)
• Gas entropy core:  ~ 0.6 Rs (adiabatic) and ~ Rs (radiative)
• Max DM temperature: Rmax / Rs = 0.8 ± 0.4 (adiabatic)
• No entropy cores in radiative  clusters

Kgas/KDM (Rvir) Adiabatic Radiative

Relaxed 0.72 ± 0.16 0.71 ± 0.15

Faltenbacher et al. 2007 Adiabatic Radiative

KDM ∝ r1.21 KDM ∝ r1.20 KDM ∝ r1.10

QDM ∝ r-1.82 QDM ∝ r-1.80 QDM ∝ r-1.65
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Kgas/KDM (Rvir) Adiabatic Radiative

Relaxed 0.72 ± 0.16 0.71 ± 0.15

Faltenbacher et al. 2007 Adiabatic Radiative

KDM ∝ r1.21 KDM ∝ r1.20 KDM ∝ r1.10

QDM ∝ r-1.82 QDM ∝ r-1.80 QDM ∝ r-1.65

Kgas/KDM = 0.71 ± 0.18

Faltenbacher et al. 2007

10 relaxed clusters
observed XMM-

Newton
(Pratt et al. 2006)

β ≈ 1.1

Adiabatic simulations
(Faltenbacher et al. 2007)

β ≈ 1.21

31 REXCESS clusters
(Pratt et al. 2010)

β ≈ 1.1
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Thank you!
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