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A Histor ic Example (Coma)

Max Wolf, 1901/1902

19/05/2014 –p. 2



A Histor ic Example (Coma)

Max Wolf, 1901/1902

numerous small nebulae are standing such close
together, that once literally frightens in sight of the
remarkable appearance of this cluster of nebulae.
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A Histor ic Example (Coma)

Max Wolf, 1901/1902

Among them there are 4 or 5 with large extend and
with central enhanced densities, as well as several 
strongly stretched ones. However most of them are
round and smaller (compared to other observations). 
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A Histor ic Example (Coma)

Max Wolf, 1902

of greatest significance for
understanding the universe

the regular behavior within the
arrangement of these distant worlds
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A Histor ic Example (Coma)

Max Wolf, 1902

I can not even speculate on the implications but
but want to bring it to the general attention.

The directions of elongated nebulae
align on the same angle on the sky.
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Measur ing Cosmology

Credit: NASA, WMAP

Interplay between backgroundcosmologyandstructure formation.
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Measur ing Cosmology
Measuring the angular size corresponding to the first acoustic
peak in theCMB power spectrum, one can establish the
measured angular diameter distance.

Credit: NASA, WMAP

Story et al. 2012

Foreground

ΩΛ = 0.750 ± 0.02 (e.g. ΩK = 0), σ8 = 0.750.
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Measur ing Cosmology
Using observed luminositiesof aspecial, well calibrated
subclassof supernova (type1a) as standard candles, one can
establish themeasured luminosity distance.

Leibundgut & Sollerman 2007
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Measur ing Cosmology
Using observed luminositiesof aspecial, well calibrated
subclassof supernova (type1a) as standard candles, one can
establish themeasured luminosity distance.

Gobar & Leibundgut 2011

ΩM = 0.279 ± 0.017 (w = −0.997 ± 0.13), (Amanullah et al. 2010).
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Measur ing Cosmology

Springel 2006

Largescalestructures traced by galaxies
Dark Matter simulations (gravity only) ⇒ halos⇒ Galaxies
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Measur ing Cosmology
Comparison of density perturbationsmeasured at different scales
with linear growth (dashed line) and nonlinear growth measured
from n-bodysimulations (solid line).

Tegmark et al. 2004

⇒ Bias from comparing puredark matter with luminousmatter !
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Measur ing Cosmology

Number of Massivegalaxy clusters (Borgani & Guzzo 2001)
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Measur ing Cosmology
WMAP3 SUGRA RP

EQn_w120 EQp_w120

z = 0

300 Mpc/h

Detailsbetween different DE modelsdifficult to catch !
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Measur ing Cosmology
SUGRAΛ   CDM Ratra−Peebles ω

z

    = −0.6 OCDM

z=0.5

z=1.0

z=2.0
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Dolag et al. 2004

Evolutionary sequenceof cluster in variousDE scenarios. 19/05/2014 –p. 3



Measur ing Cosmology
Universal density profile (NFW, 1997):

ρ(r) =
ρ0

(r/rs)(1 + r/rs)2
, c = r200/rs

Pratt & Arnaud 2004

ΩΩ M =0.3, Λ =0.7

Ω M =0.3, Ω Λ =0

Inner structure remembers formation history !
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Measur ing Cosmology

Nature 2008
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Measur ing Cosmology

provided by G. Guzzo

2008

2012

preictions for EUCLID

Measuring thegrowth of structure
from largegalaxy surveys.
⇒ It confirmsΩM ≈ 0.3, ΩΛ ≈ 0.7
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Galaxy Clusters in Numbers
Galaxy clustersare the largest, gravitational bound objects
in theUniverse and represent an almost fair sampleof the
cosmological composition.

• Up to thousandsof galaxieswith σgal up to 1000km/s
• Size(Rcluster) of several Mpc
• Total mass(Mtot) up to several 1015M⊙ (⇒ dark matter)
• Nearly cosmic baryon fraction (≈ 95%)
• ICM temperatures (TICM) larger than 108K

Observed to bevirialized:

3σ2
galaxies ≈

GMtot

Rcluster

≈
3kTICM

2µmp

Dark Matter
23%

Ordinary Matter
4%

 Dark Energy
73%

Stars

Hot Gas
(within clusters)

(within galaxies)

Dark Baryons
(within the large scale structure)
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Galaxy Clusters in Numbers
-70 Years:
Unvisiblematter needed to explain cluster dynamics
Zwicky 1936

-50 Years:

• Abell ’s Catalogof Rich Clusters
Abell 1958

• ComaC detected as extended radio source
Large, Masthewson& Haslam 1959

• Confirmed to bediffuseradio emission
Will son 1970⇒ problem of large extendJaffe1977

• No similar emission foundin 72rich clusters
Hanisch 1982

• DiffuseX-ray emissiondetected
Meekins, Fritz, Chubb& Friedman 1971

• Faraday Rotation (RM) of ICM detected
Dennison 1979

19/05/2014 –p. 4



Galaxy Clusters in Numbers
Observations (⇒), Processes (⇐) and the roleof ~B:

Snowden, ROSAT

ICM (X-ray, T ≈ 108K, Bremsstrahlung):
⇒ Dynamical stateof ICM

⇐ Non thermal pressure support

⇐ Turbulence, Viscosity, Shocks

DSS
VLA

Galaxies (optical, radio, Ngal > 1000):
⇒ Interactionwith the ICM

⇐ Galaxies in dense environment
(str ipping, distribution of metals)

⇐ Magnetic field seeding (outflows)

Deiss, Effelsberg

ICM (radio, synchrotron radiation, RM):
⇒ Distribution of ~B, CRs (diffuse+ RM)

⇐ Evolution andbuildup of ~B

⇐ Acceleration andpropagation of CRs
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Galaxy Clusters in Numbers
Characteristic TimeScales:

• Crossing time: tcross ≈
R
σ
≈ 109yrs R[Mpc]

σ[1000km/s]

• Relaxation time (two bodyrelaxation): trelax ≈ 0.1Ntcross
f2ln(Λ)

,

f = Nm

Mtot

≈ 0.1 (90% dark matter), ln(Λ) ≈ 3, see: Binney/Tremain

• Relaxation of Galaxies:

N ≈ 300...3000 ⇒ trelax ≈ 1012...1013yrs

• Relaxation of sub-clumps:

N ≈ 3...30 ⇒ trelax ≈ 1010...1011yrs

• Violent Relaxation (major merger):

tviolent ≈ 5tcross ≈ 5 × 109yrs R[Mpc]
σ[1000km/s]

• Dynamical friction: dv
dl

≈ 2GM
r2

tfriction ≈ 5 × 1013yrsv[km/s](R[Mpc])2

M [1010M⊙]

(Massiveobject moving between numerous lessmassivebodies)
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Galaxy Clusters in Numbers

Cl 0024+17 (ZwCl 0024+1652) as seen by Hubble’s Advanced Camera for Surveys

NASA, ESA, M.J. Jee and H. Ford (Johns Hopkins University)

Distorsion

Mass distributiom

Lensing

Gravitational Lensing of background galaxiesallows to
infer the total massof agalaxy cluster !
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Galaxy Clusters in Numbers

MACS J1206.2-0847 Keiichi Umetsu et al. 2012
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Galaxy Bimodali ty

Max Wolf, 1901/1902

Among them there are 4 or 5 with large extend and
with central enhanced densities, as well as several 
strongly stretched ones. However most of them are
round and smaller (compared to other observations). 
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Galaxy Bimodali ty

Baldry et al 2006

Galaxiesoccupy two distinct regions, the red sequence and the

blue cloud. Also mass seems to be important.
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Galaxy Bimodali ty

Baldry et al 2006

Environment playsa role !
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Galaxy Bimodali ty
Four classes of tranformation processes
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Galaxy Bimodali ty

Mergerging

Four classes of tranformation processes
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Galaxy Bimodali ty

Kenney
2004

Mergerging Stripping

Four classes of tranformation processes
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Galaxy Bimodali ty

Kenney
2004

Mergerging Stripping

Four classes of tranformation processes

Strangulation
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Galaxy Bimodali ty

Kenney
2004

Mergerging Stripping

Four classes of tranformation processes

Strangulation
Tidal effects
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Structure Formation
CMB

Cosmic structure today

TemperatureDensity

275 Mpc

(t = 0.38 Myr)

(t = 13.7 Gyr)

Borgani, Murante, Springel, Diaferio, Dolag et al. 2004

The cosmic web today (z = 0) ismainly accessible through
simulations (warm, thin). Simulations important to predict the
nonlinear formation of cosmological structures.
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Structure Formation

Temperature

275 Mpc

40 Mpc

Density

"Zoomed" Simulation of a galaxy clustert = 0.38 Myr

t = 13.7 Gyr

Dolag, Borgani, Murante & Springel 2008

10   cm−2 −3

10  K8

10   cm−3

10  K5

−7

~   G

< nG

µ

Clusters form at thenodesof the cosmic web and tracethe
high density environments. Thegas falls into thepotential,
coolsand form stars.
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Structure Formation

40 Mpc

Dolag, Borgani, Murante & Springel 2008

Temperature

275 Mpc

Density

"Zoomed" Simulation of a galaxy clustert = 0.38 Myr

t = 13.7 Gyr

10   cm−2 −3

10  K8

10   cm−3

10  K5

−7

~   G

< nG

µ

Dobbs et al. 2010Kotarba et al. 2011

Ntormousi et al. 2011

Need to captureprocesseshappening far below the resolution !
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ProcessNetwork

δ(M) ???
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Description ?
Diffusion ?

Shock Statistics
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Numerics ?
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Temperature
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Structure Formation

ICs (Cosmology)

Turbulence

−ray SBγ Radio SB

AGN ?

Observables

X−ray SB

thermal SZ

Dolag, Hansen, Roncarelli & Moscardini 2005

Seed Magnetic Field

Magnetic Field Evolution

Feedback ?
Star Formation ? Dissipation ?

Numerics ?
Resolution ?

Magnetic Pressure

Compression

Viscosity ?
Numerics ?
Sub−Grid Model ?

Donnert, Dolag, Cassano & Brunetti 2009

Propagation UHECM

Magnetic Field

Rotation Measure
Dolag, Grasso, Springel & Tkachev 2004/2005

Coupling to Star Formation
Primordial

Nuza, Dolag & Saro 2010

Galaxies
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ProcessNetwork

δ(M) ???

−4.5 −4.0 −3.5 −3.0 −2.5 −2.0 −1.5

Virgo

Hydra

Perseus

Coma

Centaurus

2log(   )ρ /cm   ][g

 1.0−1.0−3.0−5.0−7.0−9.0−11

log(|B|) µ[   G]

−11.0−13.0−15.0−17.0−19.0−21.0−23.0

λ γlog(      )γ 2[  /cm  /s/arcmin  ]2

Virgo

Hydra

Perseus

Coma

Centaurus

−11.0−13.0−15.0−17.0−19.0−21.0−23.0
2log(Lx) [erg/cm   /s/arcmin  ]2

−11.0  1.0−2.0−5.0−8.0−17.0 −15.0

log(P  )ν [mJy/arcmin  ]2

CR−eCR−p

Efficiency Mechanism
???

Cosmic Rays
Description ?
Diffusion ?

Shock Statistics
Detection ?
Numerics ?

−3.0−4.0−5.0 −2.0 −1.0  0.0  1.0

log(   )T [keV]

−9.5 −8.5 −7.5 −6.5 −5.5 −4.5
log(Y)

−10.5

Temperature

Density

Structure Formation

ICs (Cosmology)

Turbulence

−ray SBγ Radio SB

AGN ?

Observables

X−ray SB

thermal SZ

Dolag, Hansen, Roncarelli & Moscardini 2005

Seed Magnetic Field

Magnetic Field Evolution

Feedback ?
Star Formation ? Dissipation ?

Numerics ?
Resolution ?

Magnetic Pressure

Compression

Viscosity ?
Numerics ?
Sub−Grid Model ?

Donnert, Dolag, Cassano & Brunetti 2009

Propagation UHECM

Magnetic Field

Rotation Measure
Dolag, Grasso, Springel & Tkachev 2004/2005

Coupling to Star Formation
Primordial

Nuza, Dolag & Saro 2010

Galaxies
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Cosmological Simulations
• Gravity (N-Bodysystem)

Direct sum, Tree, Particle-Mesh, ...

• Hydrodynamics (includingshocks)
Mesh, Adaptive-Mesh, Shock capturingschemes, SPH, ....

• Cooling (radiative losses)
primordial mixture, metals, ...

WMAP
CMB,

T = 0.38 Myr

13.7 Gyr

Frenk et al. 1999
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Cosmological Simulations
• Star-formation (not resolved)

simpli fied description, sub-grid models, ...

• Feedback (poorly understood)
energetics, kinetics, ....

• AGN, Radiolopes,Bubbles
• Cosmic Rays

from shocks, Feedback (SN), AGN, ...

• Magnetic Fields
• Thermal Conduction
• ...

Movie: stars,gas
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Simulating theuniverse
Assuming that thematter filli ng theuniverse iscolli sion-lessand
non-relativistic (e.g. cold dark matter, CDM), the evolution of its
phase-spacedistribution functionf(~x, ~p, t) can bedescribed by

the colli sion-lessBoltzmann (e.g. Vlasov) equation.

∂f

∂t
+

~p

ma(t)2
~∇f − m~∇Φ

∂f

∂~p
= 0

coupled with the Poisson equation

~∇2Φ(~x, t) = 4πGa(t)2 [ρ(~x, t) − ρ̄(t)]

Φ: gravitational potential; ρ̄(t): background density.

ρ(~x, t) =

∫

f(~x, ~p, t)d3p

⇒ high-dimensional problem !
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Simulating theuniverse
Onemethodto solve these equations is to sample thephase
spacedensity using tracing particles and to solve their equation
of motion (e.g. n-bodysimulation).

d~v

dt
+ ~vH(a) = −

~∇Φ

a(t)
.
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Simulating theuniverse
Assuming initial Gaussian density perturbationcorresponding to
agiven density power spectrum, P (|~k|), one can compute the
potential Φ(~q) on thegrid ~q. Using Zel’dovich approximation),
oneobtains theperturbed particlepositionsas initial conditions.

~x(aini) = ~q − D+(aini)Φ(~q), ~v(aini) = Ḋ+(aini)~∇Φ(~q)
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Simulating theuniverse
Integrate the equation of motion, within the framework of the
expanding universe.

⇒ formation of typical, cosmic structures likevoids,
filamentsandcollapsed objects (e.g. galaxiesandgalaxy
clusters)
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Gravity
Tree-PM

Φ(~r) = −G
∑

j

mj

(|~r − ~rj|2 + ǫ2)
1

2

.
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Gravity
Tree-PM

• density on thegrid

ρm =
1

h3

∑

i

miW (~xi − ~xm).

• solve for Φ usingFFT methodsFFTW

Φ(~x) =

∫

g(~x − ~x′)ρ(~x′)d~x′

• calculate forceusingfinitedifferences

f
(x)
i,j,k = −

Φi+1,j,k − Φi−1,j,k

2h
.

• interpolate forceback to particles
~f(~xi) =

∑

m

W (~xi − ~xm)~fm,

0 1 2 3 4
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Gravity
Tree-PM: Φ~k = Φlong

~k
+ Φshort

~k

0.0001 0.0010 0.0100 0.1000
r / L

101

102

103

104

105

106

107

108

f

0.0001 0.0010 0.0100 0.1000
r / L

-0.04

-0.02

0.00

0.02

0.04

∆
f 

/ 
f

Φlong
~k

= Φ~k exp(−~k2r2
s)

Φshort(~x) = −G
∑

i

mi

~ri

erfc

(

~ri

2rs

)
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From dark to light (SPH)
Eulerian

Collapse:

SPH

kernel estimate

Lagrangian

hi

discretized space discretized mass
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From dark to light (SPH)
Addabaryonic component into n-bodysimulations (e.g.
additional tracing particles) which has also hydrodynamic
interactions (e.g. fluid equations) where continuousfluid
quantitiesarebased onkernel estimates

〈A(~x)〉 =

∫

W (~x − ~x′, h)A(~x′)d~x′ =
∑

j

mj

ρj

AjW (~xi − ~xj, h)

Lagrangian for the fluid (represented by the tracer particles)

L(~q, ~̇q) =
1

2

∑

i

mi~̇x
2
i −

∑

i

miui,
d

dt

∂L

∂~̇qi

−
∂L

∂~qi

= 0

⇒ equation of motion (e.g. Euler equation)

d~vi

dt
= −

∑

j

mj

(

Pj

ρ2
j

~∇iW (~xi − ~xj, hj) +
Pi

ρ2
i

~∇iW (~xi − ~xj, hi)

)

with Pi = (γ − 1)ρui (EoS) andartificial viscosity (shocks).
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From dark to light (SPH)
Now we can follow the equation of motion of two speciesof
particle, but for thegas additional terms appear.

(

d~v

dt

)

DM

= −~∇Φ,

(

d~v

dt

)

gas

= −
~∇P

ρ
− ρ~∇Πij − ~∇Φ
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From dark to light (SPH)
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TheBullet Cluster
Example: Bullet Cluster
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TheBullet Cluster
a

b

Markevich 2005

Electron-Ionequiblibrationmuch faster than Spitzer timescale
⇒ Hydro/MHD 19/05/2014 –p. 12



Distr ibuting theWork
Example
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Distr ibuting theWork
Simple
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Distr ibuting theWork
Space-filli ngcurve (PeanoHilbert)

19/05/2014 –p. 13



Distr ibuting theWork
Multiplespace-filli ngcurve
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Time Integration
Time
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Time Integration
Time
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Time Integration
Time
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Summary
• Tree like

Short rangegravity, Hydrodynamics, Transport,
Star-formation/AGN feedback

• Grid like
0 1 2 3 4

Longrangegravity (includingFFTW)
• Work load

• Post processing
Various different algorithms, all distributed.
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Summary

Schuecker et al 2004

Coma

2.7 Mpc

Fornax

Scharf et al. 2004

360 kpc 

X-ray temperaturemap of Coma(left) andFornax cluster (right).
• How much turbulenceispresent in galaxy clusters?
• How effectivedoesgas strippingwork ?
• Details still unexplored, again viscosity and instabiliti es

depend onmagnetic field
19/05/2014 –p. 15



Cooling & Star-formation
Thisdiffuse, optically thin gaswith primordial composition
(e.g. H,He) can cool becauseof variousphysical processes
(e.g assuming ionizationequili brium). But pollution from
metals (e.g. Fe,O,Si,C) will i ncrease the cooling function.

principle
detailed balance

SiII
CII

OI
FeII

Katz et al. 1996 Maio et al. 2007

H
2

+ HD

ionization equilibrium

But cooling∝ n2 thereforecoolingcatastrophe in collapsed
objects !
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Cooling & Star-formation
In nature cooled gas will form stars (onscales much below
resolution). Therefore “suitable” recipes have to bebuild in.
Simplest form (Katz et al 1996):

• convergent flow, e.g. ~∇~v < 0.
• high density region, e.g. ρ > 0.1 Atoms/cm3.
• Jeans instabilit y h

c
> tdyn with tdyn = (4πGρ)−0.5.

⇒ Conversionof cold gas into stars: dρ∗
dt

= −dρ
dt

= c∗ρ
t∗

.
c∗: Star-formationeff iciency (e.g. ≈ 10%).
t∗: Star-formation time (e.g. max of tdyn and tcool = u/u̇).

⇒ Heatingof thegasby type-II supernovae(e.g. 1051 erg/SN).
Livetimeof m∗ > 8M⊙ typically < than ∆tsim (e.g. IRA).
Number of SNII fr om initial massfunction (e.g. Salpeter).

⇒ When significant fraction of gas isconverted to stars,
spawn new star particles (e.g. 2-3).
Such star particles further interact in a colli sionlessway.
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Cooling & Star-formation

Cold gas

Stars

:

supernova mass fraction

star formation timescale

Multi phase model (sub−scale)

Star formation

Cloud evaporation

Springel & Hernquist 2002

cloud evaporation parameter

Growth of clouds cooling function

Hot gas

Feedback

Sub-scalemodel for star-formation:
gasparticle (m = 109Mo) = star formation region
start particle (m = 108Mo) = star cluster
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Cooling & Star-formation

Extendingstar-formationmodel for amoredetailed description
of theevolutionof thestellar population.
(Tornatore, Borgani, Dolag & Matteucci 2007):

• Model rateof SN Ia ( e.g. binary systems0.8 − 8M⊙).
• Adopt li fetime function τ(m)

(Padovani & Matteucci 1993, Maeder & Maynet 1989, ...).
• Adopt yieldspZi

(m,Z)
(Hoek & Groenewegen 1997, Thielemannet al. 2003, Woosley & Weaver 1995, ...).

• The IMF fixes thenumber of starsat given mass
(Salpeter 1955, Arimoto & Yoshii 1987, Kroupa2001, ...).

⇒ Explicitly follow theevolution of rates for SN Ia, SN II and
AGB starsalongwith their respectivemetal production.

⇒ “Stars” evolve andgiveback H, He, Fe, O, C, Mg, S to the
surroundingmedium.

19/05/2014 –p. 16



Cooling & Star-formation
Exampleof theenrichment (e.g. Fe) of the ICM in agalaxy
cluster simulationobtained using different IMFs.
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Iron maps

Tornatore, Borgani, Dolag & Matteucci 2007
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Cooling & Star-formation

Exampleof the resultingSi andFe content of the ICM in
cluster simulationsusing different IMFs.

Fabjan et al. 2008

⇒ Salpeter IMF better for group data ?
⇒ Arimoto & Yoshii IMF better for Si in clusters?
⇒ But uncertainties in observational data and biases in
theobservational process(seeRasia et al. 2007) !
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Cooling & Star-formation

Exampleof theobtained Iron distributionandevolution in
cluster simulationsusing different IMFs.

Fabjan et al. 2008

⇒ General trends reproduceobservations.
⇒ Simulated metal gradients toosteep.
⇒ No needs for non-Salpeter IMF.
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The ICL component

Virgo (Mihos et al. 2009)

A3888 (Krick et al. 2008)

Zibetti et al. 2005

IntraCluster Ligth can make10-40%

of thestars in a cluster
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The ICL component

• Massivegalaxiesseem not to evolvesignificantly at z < 1.
(e.g. Fontana et al. 2006)

• But all simulationspredict many merger eventsat z < 1.

⇒ Stellar massfunctionwill evolve !

SAMs@z=0

SAMs@z=1

Obs@z=0

Fontana et al. 2006 (@z=1)

Monaco et al. 2006
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The ICL component
Assuming that agiven fractionf of starsgetsscattered
into ICL component when merging:
⇒ Lessevolutionof stellar massfunction !

Monaco et al. 2006

Murante et al. 2004

Murante et al. 2007

⇒ ICL needed to avoid evolution !
⇒ Similar to ICL predictions from simulations?!

19/05/2014 –p. 17



Cool-cores and AGN feedback

Wise et al. 2006

630 kpc

ChandraX-ray imageof theHydra cluster (cool core)
Simulations: Only cool-core clusters, to massivegalaxies.
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Cool-cores and AGN feedback

cold front

hot bubble

possible bow shock

galaxy A

500 kpc
Vikhlinin et al. 2000

A3667

X-ray imageof theA3667cluster, ill ustrating thesloshing of gas
on largescales. Sharp fronts indicatesuppression of thermal
conduction. ⇒ magnetic field
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Cool-cores and AGN feedback

Taylor & Perley 1993

Wise et al. 2006

20 kpc

Composite image to ill ustrate the connection between the X-ray
cavity (blue) and 330Mhz radio emission (green).
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Cool-cores and AGN feedback
Perseus 2A 0335+096

150 kpc

20 kpcMazzotta et al. 2003Fabian et al. 2000

X-ray cavity in the cool core center of Perseuscluster (left) and

2A 0335+096cluster (right). Seework by E. Churazov.
• Does energy injected by theAGN heats the cool core ?
• Does themotion of cores inducemixing?
• Details remain jet unclear (viscosity, turbulence,

instabiliti es (RT,KH) ...) ⇒ magnetic field
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Cool-cores and AGN feedback
Jets in realistic galaxy clustersenvironment

Mendygral, Jones & Dolag, ApJ, 2012
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Cool-cores and AGN feedback

Seeding

Seeding on m−sigma
Constant seeding

Feedback
Thermal (Springel & Di Matteo 06)
Bubbles (Sijacki et al. 07)
....

Accretion on BH

....
−Bondi (Booth & Schaye 09)
−Bondi (Springl & Di Matteo 06)α

β

Merging
Instant merging
Based on velocity
....

Feedback by BH

efficiency

BH model (sub−scale)
Springel & Di Matteo 2006

Growth of BH

sound speed

gas density

Sub-scalemodel for BH growth:
Resolution dependence ?
Various subtle extensions ...
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Cool-cores and AGN feedback

Bolometric LF

BH Mass −− Stellar Mass

Hirschmann et al 2013

Hirschmannet al. 2013
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Cool-cores and AGN feedback

LERG: fedd < 0.01, HERG: fedd > 0.01
(Lrad + Lmech)/Ledd = -1.6 , -3 (Best & Heckman 2012)

Lmech = 1036 × (L1.4GHz/1024WHz−1)0.7W (Cavagnolo et al. 2010)
19/05/2014 –p. 18



Radio Clusters

Cluster wide diffuse synchrotron emission (radio halos) of
relativistic electrons in cluster magnetic fields. Origin of
relativistic electrons (secondary, shocks, turbulence, ...) ?
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Radio Clusters

Bagchi et al. 2006

A3376

Roettgering et al. 1997

A3667

1 Mpc

Peripheral synchrotron emission (radio relics) of A3667(left)

andA3376(right).
• Related to merger or accretion shock ?
• Acceleration of electrons in shock ?
• Revival of (old) relativistic plasma ?
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Further Complications

Pavo

+

+

+

Centaurus

Virgo

10 2 3 4 5

+Coma

+
+

+ Perseus
A3627

Hydra

0 [Degrees]

2 4 6 8 10 12 14
  (counts)

                      T [keV]

2 4 6 8 10 12 14
  (counts)

                      T [keV]

B

Dolag et al. 2005

Conduction

Turbulence

Dolag et al. 2004

Dolag et al. 2005

• Turbulence(e.g. distributingmetalswithin ICM)
• Thermal conduction (e.g. thermal structureof ICM)
• ~B (e.g. nonthermal pressure, turbulence, conduction)
• Cosmic Rays (e.g. nonthermal pressuresupport, heating)
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Process Network

δ(M) ???

−4.5 −4.0 −3.5 −3.0 −2.5 −2.0 −1.5

Virgo

Hydra

Perseus

Coma

Centaurus

2log(   )ρ /cm   ][g

Virgo

Hydra

Perseus

Coma

Centaurus

−11.0−13.0−15.0−17.0−19.0−21.0−23.0
2log(Lx) [erg/cm   /s/arcmin  ]2

 1.0−1.0−3.0−5.0−7.0−9.0−11

log(|B|) µ[   G]

−11.0−13.0−15.0−17.0−19.0−21.0−23.0

λ γlog(      )γ 2[  /cm  /s/arcmin  ]2
−11.0  1.0−2.0−5.0−8.0−17.0 −15.0

log(P  )ν [mJy/arcmin  ]2

CR−eCR−p

Efficiency Mechanism
???

Cosmic Rays
Description ?
Diffusion ?

Shock Statistics
Detection ?
Numerics ?

−3.0−4.0−5.0 −2.0 −1.0  0.0  1.0

log(   )T [keV]

−9.5 −8.5 −7.5 −6.5 −5.5 −4.5
log(Y)

−10.5

Temperature

Density

Structure Formation

ICs (Cosmology)

Turbulence

−ray SBγ Radio SB

AGN ?

Observables

X−ray SB

thermal SZ

Dolag, Hansen, Roncarelli & Moscardini 2005

Seed Magnetic Field

Magnetic Field Evolution

Feedback ?
Star Formation ? Dissipation ?

Numerics ?
Resolution ?

Magnetic Pressure

Compression

Viscosity ?
Numerics ?
Sub−Grid Model ?

Donnert, Dolag, Cassano & Brunetti 2009

Propagation UHECM

Magnetic Field

Rotation Measure
Dolag, Grasso, Springel & Tkachev 2004/2005

Coupling to Star Formation
Primordial

Nuza, Dolag & Saro 2010

Galaxies
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