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Galaxy Clusters in Numbers
Galaxy clusters are the largest, gravitational bound objects
in the Universe and represent an almost fair sample of the
cosmological composition.

• Up to thousands of galaxies withσgal up to1000km/s
• Size (Rcluster) of several Mpc
• Total mass (Mtot) up to several1015M⊙ (⇒ dark matter)
• Nearly cosmic baryon fraction (≈ 95%)
• ICM temperatures (TICM) larger than108K

Observed to be virialized:

3σ2
galaxies ≈

GMtot

Rcluster

≈ 3kTICM

2µmp

Dark Matter
23%

Ordinary Matter
4%

 Dark Energy
73%

Stars

Hot Gas
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(within galaxies)

Dark Baryons
(within the large scale structure)
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Historic Milestones
-100 Years:

Max Wolf, 1901

“Die Nebelflecken am Pol der Milchstrasse”

Max Wolf, 1902

-70 Years:
Unvisible matter needed to explain cluster dynamics
Zwicky 1936
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Historic Milestones
-50 Years:

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

• Confirmed to be diffuse radio emission
Willson 1970⇒ problem of large extendJaffe 1977

• Diffuse X-ray emission detected
Meekins, Fritz, Chubb & Friedman 1971

• Faraday Rotation (RM) of ICM detected
Dennison 1979

• No similar emission found in 72 rich clusters
Hanisch 1982

⇒ What is the origin of the magnetic field ?
⇒ What causes the diffuse radio emission ?
⇒ Magnetic fields on larger scales ?
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Historic Milestones
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High quality Rotation Measure maps across the lobes of the
central radio source in 3C449 (left) and Hydra (right).

RM ∝
∫

ne B‖ dl ≈ B‖

√
l

-20 Years:
< 10 extended RM sources within clusters
< 100 point sources behind various clusters
⇒ very simplified models:∼ (0.1 − 10)µG , l ∼ (4 − 100)kpc.
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Observations
-10 Years:

B(r) = B0

(

1 + (r/rc)
2
)−1.5µ

, |Bk|2 ∝ k−n

A119

2 Mpc

Feretti et al. 1999 / Murgia et al. 2004

⇒ B0 = 5µG n = 2 µ = 0.5
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Observations
-0 Years: (See talk by A. Bonafede)

B(r) = B0

(

1 + (r/rc)
2
)−1.5µ

, |Bk|2 ∝ k−n, (kmin, kmax)
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Observations

Govoni et al. 2010

• Four new RM maps within massive clusters.

• How does~B scale with cluster temperature ?

⇒ Cosmological MHD simulations
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The Big Picture
CMB

Cosmic structure today

TemperatureDensity

275 Mpc

(t = 0.38 Myr)

(t = 13.7 Gyr)

Borgani et al. 2004

The cosmic web today (z = 0) is mainly accessible through
simulations (warm, thin). Model predictions for~B are important
for propagation of ultra high energetic cosmic rays (UHECRs).
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The Big Picture

Temperature

275 Mpc

40 Mpc

Density

"Zoomed" Simulation of a galaxy clustert = 0.38 Myr

t = 13.7 Gyr
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Dolag et al. 2008

Clusters form at the nodes of the cosmic web and can be used
as a tool to understand the physical state of diffuse baryons.
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Simulating the Universe
N-body simulation: Integrate the equation of motion using
tracer particles, within theΛCDM framework.

⇒ formation of typical, cosmic structures like voids,
filaments and collapsed objects (e.g.galaxiesandgalaxy
clusters)
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Simulating the Universe
Eulerian

discretize space

Collapse:

SPH

kernel estimatediscretize mass

Langrangian

hi
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Simulating the Universe
Now we can follow the equation of motion oftwo speciesof
particle, but for thegas additional termsappear.

(

d~v

dt

)

DM

= −~∇Φ,

(

d~v

dt

)

gas

= −
~∇P

ρ
− ρ~∇Πij − ~∇Φ
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Simulating the Universe
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Simulation Network
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Simulation Network
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Turbulent motions in the ICM
An example of turbuent velocity fields from simulations:

Old viscosity scheme New viscosity scheme

Dolag et al. 2005 (see also Iapichino et al. 2008/2009, Vazzaet al. 2006/2009/2010, ...)

⇒ Inset of turbulence (transient phenomena)
⇒ Enlarged energy-fraction in gas velocity (10%)

See talk by F. Vazza ...
⇒ Observed in Coma (Schuecker et al. 2004)
⇒ Will steer magnetic fields ...
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Note on adding magnetic fields
Always be careful, as things can be much more complicated as

you think !

Example:Magnetic Cows

taken from Bryan Gaensler’s Kiama 2010 talk

http://www.atnf.csiro.au/research/Astro2010/talks/gaensler.pdf
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Simulation Network
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Simulation Network
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Origin of Magnetic Fields

Origin
• Primordial
• Battery
• Dynamo (Turbulence)
• Stars
• Supernovae
• Galactic Winds
• AGNs, Jets
• Shocks Rees 1994

+ further amplification bystructure formation

- dissipation ?
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Simulation Network
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Simulation Network
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Cosmological MHD Simulations

  (counts)
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DEC

  (RAD/M/M)
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RM

SimulationObservation

Feretti et al. 1999

3C449

“Zoomed” cluster simulation (Dolag & Stasyszyn 2009). Movie: u,v
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Cosmological MHD Simulations

⇒ Radial shape confirmed by more recent works
⇒ Generic feature from structure formation
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Cosmological MHD Simulations

 1e-15

 1e-14

 1e-13

 1e-12

 1e-11

 1e-10

 0.1  1  10

ε(
k)

  [
er

g 
cm

-2
]

k [kpc-1]

REALMAF
Vogt

Kuchar & Ensslin 2009

Observation

Simulation

Pakmor & Dolag 2006
Simulation

Dolag et al. 2002

Magnetic field power spectra: predictions vs. observations.
See also Brüggen et al. 2005, Xu et al. 2009
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Simulation Network
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Simulation Network
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Magnetic Field buildup
Simulations on galaxy scales ...

M51 (Fletcher & Beck 2006) and a simulation using the MHD
implementation in Gadget (Kotarba et al. 2009).
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Magnetic Field buildup
Simulating the magnetic field amplification during galaxy
mergers like in the Antennae system. Final magnetic field
strength and field configuration in broad agreement with
observations.

(Chyzy & Beck 2005 Kortarba et al. 2010)
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Magnetic Field buildup
Simulating the magnetic field amplification during galaxy
mergers like in the Antennae system. Final magnetic field
strength and field configuration in broad agreement with
observations.
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Magnetic Field buildup
Final magnetic field close to equipartition with turbulent velocity
component, largely independent of initial field values.
⇒ Hierarchical buildup of magnetic field

(Kortarba et al. 2010)
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Magnetic Field buildup
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Magnetic Field buildup

Kortarba et al., in prep

• Merging drives shocks, turbulence and star-formation
• Star-formation drives winds
• Winds transport out magnetic fields
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Magnetic Field buildup

z=4

z=0

galactic outflowsprimordial

Seeding from galactic outflows(Donnert et al. 2009)
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Magnetic Field buildup
dipole

primordialquadrupole (10x) continuously seeding

dipole (1/10)dipole (10x)

z=0

Different wind parameters(Donnert et al. 2009)
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Simulation Network
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Simulation Network

δ(M) ???
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Measure cosmic magnetization

E

E(  )λ

Faraday Rotation (RM) of polarized radio emission

B.ρ
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Measure cosmic magnetization
RMs sensitive to(.1− 1)× 10−6G, statistical methods10−9G (?)

Observed, full sky RM signal (Taylor et al. 2009)
⇒ Bcosmic ≈ 30 × 10−9G (Lee et al. 2009) ???.
But Galactic foreground critical !!! (See talk by F. Stasyszyn)
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Measure cosmic magnetization
Propagation of ultra high energy cosmic rays (UHECR)

p+

B
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Measure cosmic magnetization
Propagation of CRp, sensitive to(10−9 − 10−12)G

Pierre Auger Observatory provides evidence for anisotropyin the
arrival directions of the Cosmic Rays with the highest energies,
which are correlated with the positions of relatively nearby active
galactic nuclei (AGNs).But still under discussion !
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Measure cosmic magnetization
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Full sky deflection signal for4 × 1019eV Cosmic Rays without
losses, using a sphere of 110 Mpc radius fordifferent magnetic
seed models (Dolag, Grasso, Springel & Tkachev 2004/2005).

6/10/2010 – p. 17



Measure cosmic magnetization

Work in progress ... Erdmann and students

Full tracking of UHECRs in cosmological MHD simulation.
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Measure cosmic magnetization

γ

Deflection of electromagnetic cascade of TeV photons

γ

secondary

primary

Aharonian et al. 1994
Neronov & Semikoz 2007
Dolag et al. 2009
Neronov et al. 2010

γ ’
e−

B
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Measure cosmic magnetization
Propagation ofγ-rays, sensitive to(10−12 − 10−16)G
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Ando & Kusenko 2010

Halo found stacking 170 AGNs with FERMI:B ≈ 10−15G.
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Measure cosmic magnetization

MHDy

MHDz

r (Mpc)

B
 (

µG
)

10-8

10-7

10-6

10-5

10-4

0 20 40 60 80 100 120 140

Ando & Kusenko 2010

Dolag et al. 2009

E0= 0.3 TeV

E0= 1 TeV
E0= 3 TeV

θ (deg)

I(
E

>E
0,

θ)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
10-7

10-6

10-5

10-4

10-3

10-2

10-1

1

5e−15 G

1e−15 G

But maybe inperfect beam ? (Neronov et al. 2010)
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Measure cosmic magnetization
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Measure cosmic magnetization
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Combing FERMI and HESS give lower limit ofB > 5× 10−15G

(Neronov & Vovk 2010, Tavecchio et al. 2010)
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Measure cosmic magnetization
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⇒ B > 3 × 10−15 G in at least 40% of space !
⇒ Strong constrains on the origin of EGMFs
(Dolag, Kachelriess, Ostapchenko & Tomàs 2010)
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Beyond ideal MHD
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Bonafede et al., work in progress
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Beyond ideal MHD
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Beyond ideal MHD
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⇒ Magnetic dissipation needed to explain profiles
6/10/2010 – p. 18



What is next ?

taken from Bryan Gaensler’s Kiama 2010 talk

... just climb the astronomical~B scale !
6/10/2010 – p. 19
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