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The Big Picture

CMB (t = 0.38 Myr)

Cosmic structure today
(t=13.7 Gyr)
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The cosmic web today:(= 0) is mainly accessible through
simulations (warm, thin). Model predictions férare important
for propagation of ultra high energetic cosmic rays (UH )310 S
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The Big Picture

g = 0.38 Myr "Zoomed" Simulation of a galaxy cluster
SRR T3 = 13.7 Gyr
Density Temperature

.
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Dolag, Borgahi, Mﬁran;e & Springel 2008. . : :
- e

_ 40 Mpc
Clusters form at the nodes of the cosmic web and can be used

as a tool to understand the physical state of diffuse baryons

15/12/2010 = p. 2



Problem 1: Origin

Origin
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+ further amplification bystructure formation
- dissipation ?
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Problem 2: Turbulence
: | - 0 e
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Problem 2: Turbulence
Observed B In clusters:(Bonafede et al. 2010, ...)

B(r) = By (14 (r/re)?) ™", |Bil? < B, (Kumin, Fmax)

02:00.0 13:00:00.0 58:00.0 12:56:00.0

Rightascension poo-fade et al. 2010 =~ = 112/2010
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Problem 2: Turbulence

B(r) = By (14 (r/re)?) ™", |Bil? o< k™, (Kmins Fmax)

o S(dx,dy) = <[RM($, y) — RM (x + dx,y + dy)]2>
o A(dx,dy) = (RM(x,y) x RM(x + dx,y + dy))

<| MDscale ? <O-RM>scale

= constrains on magnetic field strength !
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Problem 3: Low B

Please

(numbers are from private communication)

Cluster

P, thermal

B? /8w

Coma
A2255
A400
Al119
A2382

) 9,9,9,9,9,9,9,9,
), 9,9,9,9,9,9,9,9,4
), 9,9,9,9,9,9,9,0,4
), 9,9,9,9,9,9,9,0,4
), 9,9,9,9,9,9,9,0,4

) 9,9,9,9,9,0,0,9,
), 9,9,9,9,9,9,9,9,4
), 9,9,9,9,9,9,9,9,4
XKXXXXXXXX
) 9,9,9,9,9,9,9,0,4

XXX
XXX
XXX
XXX
XXX

Note on |

"urbulence:

10% (Observed, Coma)
10-20% (Simulations)
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Note on low magnetic fields

Always be careful, as things can be much more complicated as
you think, even if magnetic fields are low !

Example:Magnetic Cows

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

» Cows: align with Earth’s field when grazing

(8002) '|e 1o |jebeg

or resting (Begall et al. 2008)

» Humans! Bones in sinus contain ferric iron;

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

2 182040

taken from Bryan Gaensler’s Kiama 2010 talk

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

ICs (Cosmology) plileli=rrrr o immp< Sced Magnetic Field
l 2 |

Structure Formation < Magnetic Field Evolution

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

Magnetic Pressure

Compression

Magnetic Fielg
Turbulence Atk
Viscosity ? ' Be.
Numerics ?
Sub-Grid Model

Observables

Nuza, Dolag & Saro 2010
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Dolag, Grasso, Springel & Tkachev 2004/2005
R =~

Galaxies

Propagatio — UHEC
15/12/2010 =p. 7



Cosmological MHD Simulations

Dolag et al. 1999)2002
First cluster MHD simulationsifolag et al. 1999/2002
* Simulations reproduce the radial shape of the RM signal
= Magnetic power spectrum of clusters ¢ 2.3 — 3.1)

* Magnetic field configuration driven by cluster dynamics
= Initial magnetic fieldstructure not important

e Initial fields of ~ (0.2 — 1) x 10~ G are sufficient
= values reached byany modeldor magnetic seed fields

15/12/2010 = p. 8



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 shapeonfirmed by more recent works
— Genericfeature from structure formation fds;,,, of 10~'?G
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Cosmological MHD Simulations

Problemswith formation of dwarfgalaxiesif Biac > 107°uG

:) - 6
Bigm = 2.10 Bigm = 2.10™ jog({L.cm ™)

t =3Gyr - -

uh{ nG)

(RAMSES,Teyssier 200))
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Cosmological MHD Simulations

_.. I Pakmor & Dolag 2006

— .. DoubleRes

Simulation 0

Simulation
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Dolag et al. 2002
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Kuchar & Ensslin 2009

Magnetic fieldpower spectra predictions vs. observations.
See also Brliggen et al. 2005, Xu et al. 2009 o010 b B



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.

3
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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
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Em
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(Chyzy & Beck 2005 Kortarba et al. 2010)

15/12/2010 =p. 9



Magnetic Field buildup
Final magnetic fieldclose toequipartition with turbulent
velocity component, largelyndependent of initial field

values.= Hierarchical buildup of magnetic field

B.=107% G first 2
B,=107 ¢ encounter fit

B,=10"° G

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

1078

107°

10710 e
0 200 400 600 800 1000 1200

t [Myr]

(Kortarba et al. 2010)
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Magnetic Field buildup
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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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* Merging drives shocksturbulence andstar-formation
* Star-formation drivesvinds
* Windstransport outmagnetic fields
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Magnetic Field buildup

- galactic outflows

o SR 7 awmrvitl AR IR SRR

Seedingfrom galactic outflows (ponnert et al. 2009)
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Magnetic Field buildup
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Different wind parameters ponnert et al. 2009)
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Magnetic Field buildup

0.1 Dipole
——
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— Galactic seedingmodels alsaeproduce observedRM
profile within galaxy clustergonnert et al. 2009)




Note on magnetic field details

Details in magnetic field structure can reveal interestiifigces !

ExampleDisturbed Magnetic Cows “Extremely low-frequency
electromagnetic fields disrupt magnetic alignment of rianis”

Burda et al. 2009 15/12/2010 — 0. 10



Simulation RM maps

20 kpc

Feretti et al. 1999 Taylor & Perley 1993

I I I I I I I I I
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High quality Rotation Measure mapsacross the lobes of the
central radio source IBC449(left) and Hydra (right).




Simulation RM maps

684 Mpc 1 |
»
d

Observation Simulation

Feretti et al. 1999 RM

B T

“*Zoomed” cluster simulationoiag & stasyszyn 200 Movie: u,v
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Simulation RM maps

Structure of simulated magnetic fieldin galaxy cluster
Embeded Movie

Movie & Simulation by P. Mendygral
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Simulation RM maps

| Doliag 20|OS b Dolag 204

Observedandsimulated RM mapsup to the highest resolution

simulation; 20 Million particles within®,;,,
Mpy = 1O7M@/h, €EGrav — 1kpC/h (Stasyszyn & Dolag, work in progre)ss
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Simulation RM maps

N

[ Sim (10x)

- Sim (3000x)
Sim (3000x,E
Obs (3C449)
1 1 1 1 1.1 II 1 1

10
d [kpc]

S(dx,dy) = <[RM(£C, y) — RM(x + dx,y + dy)]2>
A(dz,dy) = (RM(xz,y) x RM(x + dx,y + dy))




Simulation RM maps

Sim (10x)

Sim (3000x) ||
Sim (3000x,EP) |[f

Obs (3C449) |1

10 100
d [kpc]
Structure functions derived fromobservedandsimulatedRM

maps up to the highest resolution simulation: Indicatiamieed
of magnetlc dISSIpatIO@tasyszyn & Dolag, work in progress)
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Beyond ideal MHD
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Beyond ideal MHD

X

IIIIII

90016649
91212639
91483463
91680241
91987669
92980844
93327821
93346905

91657050
94606589
06802296

I

1

Bonafede et al., work in progress

1 1

llllll

100

R [kpc]




m

Beyond ideal MHD

lllllll

COMA: best fit
Dianoga set

T

T

Bonafede et al., work in progress

R [kpc]

= Magneticdissipation neededo explain profiles
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Discussion

halo caores

Sheets & |

Filomenls !

Predictions frondifferent models fororigin of
cosmic magnetism.




Discussion

Faraday Rotatron (RM) of poIarrzed radio emrssron Propagatron of uItra hrgh energy cosmic rays (UHECR)
X A g7 , WA v ~

primary

primary

secondary W 5 :

' secondary \:
e A

Dolag et al. 2010
Tavecchio et al. 2010
Neronov & Vovk 2010

Dolag et al. 2009
Neronov & Semikoz 20
Aharonian et al. 1994
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Discussion

Faraday Rotatlon (RM) of polarlzed radlo emission Propagatlon of uItra high energy cosmic rays (UHECR)

4

Lee et al. 2009
(NVSS + SDSS)

MHD Gal

Model 1

Model 3

MHD

.

= = =

Neronov et al. 2010
Dolag et al. 2009 o1

Neronov & Semikoz 209%™ - R e —— . .

Aharonian et al. 1994 e URR it - Neronov & Vovk 2010
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Discussion

Faraday Rotatlon (RM) of polarlzed radlo emission Propagatlon of uItra high energy cosmic rays (UHECR)

- mhd_gal3

= mhd_z
mhd0

— mhd1
mhd2

run21-mhd2 |
11926 events|

Neron 5 10

Ml \Work in progress ...

Aharonian et al. 1994 w -
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Discussion

Faraday Rotatlon (RM) of polarlzed radia amiccion

Drnnanatinn nf 1iltra hinh anarny r\osmic rays (UHECR)

MHD (x)
Model 3x
MHD Gal3

MHD Gal5

9 10 11 12 13 14 [
log,,(E/eV) 1scade of TeV photons

primary

Neronov et al. 2010
Dolag et al. 2009 Dolag et.al. 2010
Tavecchio et al. 2010

Neronov & Semikoz 2097 s i R v il i '
Aharonian et al. 1994 3 P, o il e il Neronov & Vovk 2010
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Conclusions

Observation Simulation

COMA: best fit
Dianoga set

Magnetic field in galaxyclustersreflects structure formation
and plasma properties, bdib not tell anything onorigin of
cosmic magnetism
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Conclusions
ObservationsRM & Radio probes 1G, maybe nG

* Measurement of magnetic field power spectra
* Clear indication of magnetic field shape
* Indications for minimum/maximum length scale

ObservationsHECR & ~-rays probes10~1% — 1077G)

* High Enery Astronomy helps probing their origin
Simulations (hydro):

* Motions within the ICM are unavoidable-(100 km/s)

* Overall good agreement with (rare) observations
* Overall good agreement between different simulations

Simulations (MHD):

* QOverall good agreement with observed magnetic fields
* Detailed comparison reveal dissipative processes
Clusters: Epqy(1 — 3%) < Erus(10 — 20%) < Erperm =~ E

ot
. A
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