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t=0.38 Myr "Zoomed" Simulation of a galaxy cluster
- t=13.7 Gyr
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Galaxy Clusters in Numbers

Galaxy clusters are the largest, gravitational bound dbjec
In the Universe and represent an almost fair sample of the
cosmological composition.

* Up to thousands of galaxies wit),; up to1000km /s
* Size (R.uster) Of Several Mpc
e Total mass {/;.:) up to several 0> M, (= dark matter)
* Nearly cosmic baryon fractiony{ 95%)
* |CM temperaturesi(cy;) larger thanl0°K
Observed to be virialized:
2 -~ GMtot -~ 3kTICM

galaxies ™
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Rcluster Qﬂmp

Stars (within galaxies)
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73% Ordinary Matter /__(within clusters)
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Historic Milestones
-100 Years:.

Ein merkwiirdiger Haufen von Nebelflecken,

Aunf zwei mit dem Bruce-Teleskop genommenen Auf- | Ich habe die Anzahl der Nebel in einem Kreis von 3o’
nahmen vom z4. Mirz dieses Jahres, welche die Umgebung | Durchmesser um die angegebene Stelle bestimmt und finde,
von 31 Comae Berenices darstellen, findet sich eine sehr | dass mindestens 108 Nebelflecken auf dieser Fliche bei-
interessante Gegend des Himmels. Um die Stelle sammen stehen, also auf einer Fliche etwa von der Grisse

@ = 12%52M6 'd = +28° 42° (1855.0) des Vollmondes, Darupter sind vier oder flin{ grdssere aus-
stehen nimlich zahlreiche kleine Nebelfecken so dicht bei. | Bedehnte und centralverdichtete Nebel, sowie mehrere lang.
sammen, dass man beim Anblick der Gegend ftiemlich (iber gestreckte. Die weitaus meisten haben aber rundliche Form

; :
das merkwiirdige Aussehen dieses »Nebelhaufens« erschrickt. und sind klemer. *)
Heidelberg, 1go1 Miirz z4. Max Wolf.

Max Wolf, 1901
“Die Nebelflecken am Pol der Milchstrasse”

Es ist sofort zu sehen, wenn man die Tabelle oder die Tafel betrachtet, dass das Zusammendringen der Nebel
immer stiirker wird, je weiter man in’s Innere der Hauptinsel eindringt. Je mlher man dem Puncte grosster Dichtigkeit
kommt, umso dichter treten auch die Nebel an einander, so dass auf dem inmersten Quadratgrad mehr als 320 einzelne
Nebelflecken beisammen stehen. An der dichtesten Stelle dieses sWeltpoles¢ finden sich mehr als 70 Nebel auf der
Fliche von !/ Quadratgrad,

Wir finden also hier ein villig gesetzmissiges Verhalten in der Anordnung dieser fernen Welten; und dieser
ungeheure Reichthum fohrt uns so eine Ordnung im Weltsystem vor Augen, die sicher fitr die Erkenntniss des
Universums von allergrbsster Bedeutung ist, von der wir uns aber auch zugestehen miissen, dass wir noch lange keme
erschopfende Erkldrung fiir sie werden finden kdnnen. ¥)

Max Wolf, 1902

-/0 Years:

Unvisible matter needed to explain cluster dynami
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 extendaffe 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

20 kpc

-+

Taylor & Perley 1993

11111111111111111111111111111111111111111111111111

00000

High guality Rotation Measure maps across the lobes of the
central radio source in 3C449 (left) and Hydra (right).

RM /neBdm Vi

-20 Years:
< 10 extended RM sources within clusters

< 100 point sources behind various clusters
= very simplified models: , [ ~ (4 —100)kpc.
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Observations
-10 Years:

B(r) = By (14 (r/re)®) ", |Bef? o k7"

-
L‘L_ — /J

Feretti et al."T9997 Murgia et al. 200
54 30

00 23 30
RIGHT ASCENSION (B1850)

Q
(RAD/M/M)
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Observations
-0 Years: (See talk by A. Bonafede)

B(r) = By (14 (r/re)?) ™, |Bel> < k7, (Kumin, Finax)

02:00.0 13:00:00.0 58:00.0 12:56:00.0
Right ascension Bonafede et al. 2010 P ——
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Observations

- *T> 7keV
oT> T7keV -
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Govoni et al. 2010

e Four new RM maps within massive clusters.
e How doesB scale with cluster temperature ?
= Cosmological MHD simulations




The Big Picture

CMB (t = 0.38 Myr)
Cosmic structure today

(t = 13.7 Gyr)
R Temperature
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Borgani et al. 2004

275 Mpc
The cosmic web today:(= 0) is mainly accessible through

simulations (warm, thin). Model predictions fér are important
for propagation of ultra high energetic cosmic rays (UHE);.}RE
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The Big Picture

"Zoomed" Simulation of a galaxy cluster

Density Temperature

.
.

Dolag et al.-2008

40 Mpc
Clusters form at the nodes of the cosmic web and can be us
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 particleswithin the ACDM framework.

= formation of typical, cosmic structures like voids,
filaments and collapsed objects (egalaxiesandgalaxy
clusters
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Simulating the Universe
Eulerian Langrangian SPH

discretize space discretize mass kernel estimate

2.5
2.0
1.5
1.0

0.5
0.0 b

-1.0 -0.5 0.0
X

L
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Simulating the Universe

Now we can follow the equation of motion ofo specie®f
particle, but for thegas additional termappear.

— . — _’P B .
dt / Hy dt cas 0
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Simulating the Universe
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Simulation Network

Structure Formation

Star Formation ?
Feedback ?
AGN ?
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Simulation Network

Structure Formation

Star Formation ?
Feedback ?
AGN ?

Nuza, Dolag & Saro 2010~

WX ‘
Centadius #% s 2 Hydra
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e

Galaxies
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Turbulent motions in the ICM

An example of turbuent velocity fields from simulations:

Old viscosity scheme New viscosity scheme

2 _gos  abt snap?E 1.0 Mpe -

q72 gasrv  at shap74 1.0 Mpe  — 2 dimanacnal velo fleld
I T g T g g BT ey T
o ,\“ = ] . =

R

2

oelX

=

0.4 12

0.2 s 0.2

oG it | == — s e

Dolag et al. 2005 (see also lapichino et al. 2008/2009, Varzh 2006/2009/2010, ..)
Inset of turbulence (transient phenomena)
Enlarged energy-fraction in gas velocity (10%)

See talk by F. Vazza ...

Observed in Comashuecker 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

you think !
Example:Magnetic Cows

» Birds: retinal magneto-reception
(Mouritsen et al. 2004; Ritz et al. 2004)

» Cows: align with Earth’s field when grazing
or resting (Begall et al. 2008)

(8002) 1210 eBeg

» Humans! Bones in sinus contain ferric iron;

duration of REM sleep depends on orientation
(Baker et al. 1983; Ruhenstroth-Bauer et al. 1987)

9 182010

taken from Bryan Gaensler’s Kiama 2010 talk

http://www.atnf.csiro.au/research/Astro2010/talkefgsler.pdf

6/10/2010 — r



"W perseus .|
N

Simulation Network

Structure Formation

Star Formation ?
Feedback ?
AGN ?

Nuza, Dolag & Saro 2010~
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Galaxies
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Simulation Network

Seed Magnetic Fielc

1

Magnetic Field Evolution
Dissipation ?

Numerics ?

Resolution ?

f _ Magnetic Fielg

Turbulence
Viscosity ?
Numerics ?
Sub-Grid Model

Density

Structure Formation

Star Formation ?
Feedback ?
AGN ?

Magnetic Pressure

Compression

Nuza, Dolag & Saro 2010~

"W perseus .|
N

Galaxies

thermal SZ=—

6/10/2010 — n.



Origin of Magnetic Fields

Origin
- - Stellar (Biermann) battery Battery + dynamo
¢ Pr I mOr dl a,l in firs;tars in first AG;S (z=57

° B atte ry Stellar d+ynamus JT
o Dyn am O (Tu rbu I e n C e SN+ high-B pulsars Extended radio lobes
 Stars ;

10° remnants in - Formation of disc

o S u p e r n Ovae ayoung grﬁar_\-* Sfrom infalling matter
"contaminated" by
. . radio lobe
Galactic Winds Vs
210" G "seed field"
 AGNSs, Jets

° ShOCkS Rees 1994
+ further amplification bystructure formation

- dissipation ?

Crab-like remnants
I
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Simulation Network

Seed Magnetic Fielc

1

Magnetic Field Evolution
Dissipation ?

Numerics ?

Resolution ?

f _ Magnetic Fielg

Turbulence
Viscosity ?
Numerics ?
Sub-Grid Model

Density

Structure Formation

Star Formation ?
Feedback ?
AGN ?

Magnetic Pressure

Compression

Nuza, Dolag & Saro 2010~
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thermal SZ=—
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Simulation Network

ICs (Cosmology) pllalia=trey~Ealalad Sced Magnetic Field

Magnetic Field Evolution
Dissipation ?

Numerics ?

Resolution ?

f _ Magnetic Fielg

Turbulence
Viscosity ?
Numerics ?
Sub-Grid Model

Density

Structure Formation

Star Formation ?
Feedback ?
AGN ?

Magnetic Pressure

Compression

Nuza, Dolag & Saro 2010~
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Cosmologlcal MHD Slmulatlons
C—

Observation Simulation

“*Zoomed” cluster simulationoiag & stasyszyn 200 Movie: u,v
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Cosmological MHD Simulations

ENZO (Collins 2009), 3x
RAMSES (Dubois 2008), 90x
FLASH (Brueggen 2005), 20x

P—Gadget2—MHD (Dolag 2006), 130x
P—Gadget2—MHD (Dolag 2005), 10x
. Grape—MHDSPH (Dolag 1999), 1x

1
0.1

r [Rvir]

= Radial shape confirmed by more recent works
= Generic feature from structure formation




Cosmological MHD Simulations

100.0000 [
10.0000 -
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— .. DoubleRes s Pakmor & Dolag 2006
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Magnetic field power spectra: predictions vs. observations
See also Brliggen et al. 2005, Xu et al. 2009 0010




Simulation Network

ICs (Cosmology) pllalia=trey~Ealalad Sced Magnetic Field

Magnetic Field Evolution
Dissipation ?

Numerics ?

Resolution ?

f _ Magnetic Fielg

Turbulence
Viscosity ?
Numerics ?
Sub-Grid Model

Density

Structure Formation

Star Formation ?
Feedback ?
AGN ?

Magnetic Pressure

Compression

Nuza, Dolag & Saro 2010~

"W perseus .|
N

Galaxies

thermal SZ=—

6/10/2010 — n.



Simulation Network

Seed Magnetic Fielc

Structure Formation _ Magnetic Field Evolution

Star Formation ? Dissipation ?
Feedback ? Numerics ?
AGN ? Resolution ?

Magnetic Pressure

Compression

Magnetic Fiel
Turbulence
Viscosity ?
Numerics ?
Sub-Grid Model

Nuza, Dolag & Saro 2010~

"W perseus .|
N

Galaxies

thermal SZ=—
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Magnetic Field buildup

Simulations on galaxy scales ...

t = 943 Myr

9000 Lj
N 1

M51 (Fletcher & Beck 200 and a simulation using the MHD
Implementation in Gadgekdtarba et al. 200).
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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.

[1=100%

6.011

4.524

3.038

1.501

S p i s i e S, S T

: 0.0835

log
Em
[1078g pe 7]

(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.

[1=100%

6.011

4.524

3.038

1.661

s 0065




Magnetic Field buildup
Final magnetic field close to equipartition with turbuleetacity
component, largely independent of initial field values.

= Hierarchical buildup of magnetic field

B.=107% G first >
B,=107 ¢ encounter fit

B,=10"° G

-4
10" - B,=107 G
5 isol. By=10"° G
107° isol. B,=107° G /v[

107°

10710 .
0 200 400 600 800 1000 1200

t [Myr]

(Kortarba et al. 2010)
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Magnetic Field buildup

34 00 00

3359 30

00

PLot file version 2 created 11-SEP-2009 16:13:17
ICONT:SQ IPOL 4860.100 MHZ SQ 6.1.3

2236 10 05 00 3555
RIGHT ASCENSION (J2000)

Cont peak flux = 9.4028E-03 JY/BEAM

Levs = 9.000E-06 * (3, 5, 8, 12, 20, 30, 50, 80,

120, 200, 300, 500, 800)

Pol line 1 arcsec = 4.1667E-06 JY/BEAM

Soida et al., in prep.
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Kortarba et al., in prep.
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Magnetic Fleld bulldup

tl.m.e = 400000 Myr
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? — — — MG no IGM
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g
3
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-8 & |
i
[
N
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500 1000 1500 2000 2500

L I—10 t [Myr}
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

galactic outflows

Seeding from galactic outflowsonnert et al. 2009)
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I\/Iagnetic Field bulldup

?n..—r VN T

: Ny T
dipole (1/10)

Different wind parameter®onnert et al. 2009)
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Simulation Network

Seed Magnetic Fielc

Structure Formation _ Magnetic Field Evolution

Star Formation ? Dissipation ?
Feedback ? Numerics ?
AGN ? Resolution ?

Magnetic Pressure

Compression

Magnetic Fiel
Turbulence
Viscosity ?
Numerics ?
Sub-Grid Model

Nuza, Dolag & Saro 2010~
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Galaxies

thermal SZ=—
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Simulation Network
_ ~ Tprmordial ~ ~

Density

Seed Magnetic Fielc

Structure Formation _ Magnetic Field Evolution

Star Formation ? Dissipation ?
Feedback ? Numerics ?
AGN ? Resolution ?

Magnetic Pressure

Compression

. .. Magnetic Field
Shock Statistics Turbulence

Detection ? Viscosity ?
Numerics ? Numerics ?
Sub-Grid Model

Mechanism
2?7

Cosmic Rays

Description ?
Diffusion ?

Observables

Nuza, Dolag & Saro 2010~ \

wa '
Centadius #% s 2 Hydra
.7 T

"W perseus .| -
) . . o~

Galaxies = = s Rotation Measure

Donnert, Dolag, Cassano & Brunetti 2009 Dolag, Grasso, Springel & Thev 2004/2005
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Measure cosmic magnetization
Faraday Rotation (RM) of polarized radio emission

N : = = -
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Measure cosmic magnetization
RMs sensitive td.1 — 1) x 107°G, statistical method8)—°G (?)

Observed, full sky RM signair{
= Brosmic =~ 30 x 107G ( ) ??27?.
But Galactic foreground critical !!! (See talk by F. Stasyisy
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Measure cosmic magnetization
Propagatlon of ultra hlgh energy cosmic rays (UHECR)
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Measure cosmic magnetization
Propagation of Citive to0— — 10712

e ¥ l+

Pierre Auger Observatory provides evidence for anisotmplye
arrival directions of the Cosmic Rays with the highest eresg

which are correlated with the Fositions_of relatively neeabtive
galactic nuclei (AGNs)But still under discussion !
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Measure cosmic magnetization

Primordial [10™° uG]
Primordial [2x107° uG]
Galactic outflows

1.0

00 0.1 02 03 0.4 05 [Degrees] Deflection [degree]

Full sky deflection signal for4 x 10”eV Cosmic Rays without

losses, using a sphere of 110 Mpc radiusddfer ent magnetic
seed mOde|S)()Iag, Grasso, Springel & Tkachev 2004/2905
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Measure cosmic magnetization

run2l-mhdl
11755 events

run21l-mhd2 = 4 ot run21l-mhd3
11926 events 11120 events

5 160 300 500
Erdmann and students E[EeV]

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

Deflectlon of electromagnetlc cascade of TeV photons

primary

* secondary

Dolag et al. 2009
Neronov & Semikoz 208
Aharonian et al. 1994
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Measure cosmic magnetization
Propagation ofy-rays, sensitive t910~'% — 107'9)G

Counts Map (10-100 GeV)
Rel. DEC (deg)

0.2 0.1 0 359.9 359.8
Rel. RA (deg)

Model Map (10-100 GeV)

el DEC (deg) #j::h

2 4 6 8 10 12

0.2 0.1 0 359.9 359.8
Rel. RA (deg)

02
0 0.05 0.1 0.15 0.2 0.25 0 0.1 02 03 04 05 0.6
2 2
02 [degz] 0 [deg ]

Halo found stacking 170 AGNs with FERMB ~ 10~ '°G.
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Measure cosmic magnetization

Dolag et al. 2009

E,= 0.3 TeV
——— E=1Tev
——— E=3TeV

Ando & Kusenko 2010

10-100 GeV

0 20,40 60 80 100
5e-15G

dN/d6? [deg—2]

0 |
0 0.10.20.30.4050.60.7 =

But maybe inperfect beam ? (Neronov et al. 2019
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Measure cosmic magnetization
Attenuatiqn from electromagnetic cascade of TeV photons

* = -
a1 3 N 3
' 'l A i :
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* | “* :
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\ et : )
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primary

Dolag et al. 2010
Tavecchio et al. 2010
Neronov & Vovk 2010
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Measure cosmic magnetization

T Fermi
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Combing FERMI and HESS give lower limitd > 5 x 107G

(Neronov & Vovk 2010, Tavecchio et al. 20)0
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Measure cosmic magnetization

F—— MHD (x) —— MHD Gal3
—— Model 3x —— MHD Gal5

S Fermi

—— MHD (x)
—— Model 3x
—— MHD Gal3

—— MHD Gal5
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log,,(E/eV)
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= B > 3 x 1071° G in at least 40% of space !
= Strong constrains on the origin of EGMFs
(Dolag, Kachelriess, Ostapchenko & Tomas 2))10




Beyond ideal MHD

90016649 Joo272807 *

01657050 01680241

93346905

g4606589 -~

g6287Z94 . 06802296




eal MHD

91657050

94606589

R [kpc]

g0272097

90016649

=IQUQ‘A\9H s

91212639 %

95503149

)

96348555 96802296
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g0016649 3346905
91212639 93888703

91483463 94425770
91680241 94915399
91987669 95265133

92980844
93327821

| | | ‘ | |
100 R [kpc]
Bonafede et al., work in progress

= Magnetic dissipation needed to explain profiles
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What Is next ?

High-z seed fields B ~1030-102 G
(Widrow 2002 Subramanian 2007)

Intergalactic Medium B~1-10nG?

Intracluster Medium B~0.1-1puG

Interstellar medium B~1uG-10mG

Galactic Centre B~50uG-1mG
(Crocker et al. 2010; Fernere 2010)

Main sequence star: HD 215441
(Babcock 1960)

White dwarf. PG 1031+234
(Schmidt et al. 1986)

Pulsar: PSR J1847-0130
(McLaughlin et al. 2003)

Magnetar: SGR 1806-20
(Kouveliotou et al. 1998, Israel et al. 2005) £ = 10°

{2002 12 12 ueged)
W snesied U siuswe|y opaubey

{re&L 1219 UspezZ-lesna)
el Joe e

Cosmic strings (Ostriker et al. 1986)

{(¥SYN)
asey web 020081 HOS

Planck-mass monopoles
(Duncan et al. 2000)

taken from Bryan Gaensler’s Kiama 2010 talk

... just climb the astronomicd scale !
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