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Outline
e Simulating magnetic fields in galaxy clusters

* Observations of cluster magnetic fields
* Hierarchical buildup of magnetic fields

e Applications
* Propagation of UHECRS

* RM-galaxy correlation to measure cosmic
magnetization

* Measuring low magnetic fields
e Constraining ICM properties

* Profile of magnetic field ?
* Minimal length-scale of cluster fields ?

F. Stasyszyn (MPA), J. Donnert (MPA) and A. Bonafede (IRA)
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Observed Magnetic Fields

B(r) = By (14 (r/re)?) ", |Bel> < k7, (Kumin, Fnax)
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Bonafede et al. 2010
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Observed Magnetic Fields

o S(dz,dy) = ([RM(z,y) — RM(z + dx,y + dy)]*)
o A(dx,dy) = (RM(x,y) x RM(x + dx,y + dy))
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Observed Magnetic Fields

o S(dx,dy) = <[RM(:C, y) — RM (x + dx,y + dy)]2>
o A(dx,dy) = (RM(x,y) x RM(x + dx,y + dy))
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Observed Magnetic Fields

B(r) = By (14 (r/re)?) ™™, |Bel2 < k™", (Kumin, Kmax)

e Degeneration of injection scale,;, and spectral index
e Knowing thespectrunconstrains
= Cosmological MHD simulations

19/5/2010 = p. 3



Origin of Magnetic Fields

Origin

Stellar (Biermann) battery Battery + dynamo

~ P rl m O rd I a.l i ﬁrs;“"“ in first AG;S (z=57)
° B atte ry Stellar d+ynamus JT
 Dynamo (Turbulence ia +

Crab-like remnants
I

Extended radio lobes

o 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
21077 G "seed field"
* AGNSs, Jets

° ShOCkS Rees 1994
+ further amplification bystructure formation

- dissipation ?
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Simulation Network

ICs (Cosmology) Seed Magnetic Fielc

Structure Formation Magnetic Field Evolution

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

Magnetic Pressure

Compression

Shock Statistics Turbulence J— Magrfﬁc Field

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

Observables

!

Cosmic Rays

Description ?
Diffusion ?
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Radio SB -

thermal SZ=——




Cosmologlcal MHD simulations
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Observation Simulation

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

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.

(W Artarlha At Al D925°N1 N\ 19/5/2010 = p. 7



movie_hanna.mpg
Media File (video/mpeg)


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)



Magnetic field buildup
Final magnetic field close to equipartition with turbuleetacity
component, quasi independent of initial field values.
= Hierarchical buildup of magnetic field

first
encounter

600 800 1000 1200
t [Myr]

(Kortarba et al. 2010)

19/5/2010 = p. 7



)
S
S
N
2
P
o
l—
<
Z
3
O
L
[a]

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

Soida et al., in prep.
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Magnetic field buildup

- galactic outflows

Seeding from galactic outflowsonnert et al. 2009)
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Magnetic field buildup

?n..—r VN T ‘

: Ny T
dlpole (10x} dipole (1/10)

B

'Fquadrupole (10x)

Different wind parameter®onnert et al. 2009)
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Magnetic field buildup

_. IS Pakmor & Dolag 2006

— .. DoubleRes

Simulation 0
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Kuchar & Ensslin 2009

Magnetic field power spectra: predictions vs. observations
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Propagation of UHECRS

}

0.0 1.0 2.0 3.0 4.0 5.0 [Degrees]

Full sky deflection signal fod x 10'?eV Cosmic Rays without

losses, using a sphere of 110 Mpc radius &yd= 107°uG
(Dolag, Grasso, Springel & Tkachev 2())4
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Propagation of UHECRS

}

0.0 0.2 04 0.6 0.8 1.0 [Degrees]

Full sky deflection signal fod x 10'?eV Cosmic Rays without

losses, using a sphere of 110 Mpc radi?gs= 0.2 x 10~°uG
(Dolag, Grasso, Springel & Tkachev 2(%5
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Propagation of UHECRS

}

0.0 0.1 0.2 0.3 0.4 0.5 [Degrees]

Full sky deflection signal fod x 10'?eV Cosmic Rays without
losses, using a sphere of 110 Mpc radius from galactic owsflow
(Just for you )
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Propagation of UHECRS

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

1.0
Deflection [degree]

Sky coverage of deflection signal farx 10'°eV Cosmic Rays

without losses, using a sphere of 110 Mpc radius for all medel
(Also just for you )
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Pierre Auger Observatory provides evidence for anisotmplye
arrival directions of the Cosmic Rays with the highest eresg
which are correlated with the positions of relatively ngaalbtive

galactic nuclei (AGNS).
(Pierre Auger Collaboration 20@)8




RMs In large scale structures

Model 3

Model 1 Halo Cores |
MHD Gal Halos | |z

MHD ,
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Stasyszyn et al. 2010
Mean magnetic field as a function of density for various medel
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RMs In large scale structures

Galaxies

B outflow
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Stasyszyn et al. 2010

Full sky maps for the local universe showmg the magnetidfiel
and galaxy distribution.
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Model foreground based on HAMMURAB/elkens et al. 2008
cosmic signal and observational noise compared to obsangat

Same but smoothed by 8 degrees.

Stasyszyn et al. 2010
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200 rad m™*

Reduced noise (1 rdeh?) and zoom on several clusters

Stasyszyn et al. 2010




RMs In large scale structures

Correlation functions (based on 3072 RMs):

n|RM|
(normalized)
() = (L2

(unnormalized).
Stasyszyn et al. 2010
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RMs In large scale structures

cs o i cs o

CS with removal in 3° @ CS with removal in 3° @

CS+N(0=1.0 rad m™3) with removal in 3° ® - CS+N(0=1.0 rad m™%) with removal in 3° ®
CS+N(0=1.0 rad m™%)+GF with removal in 3° CS+N(¢=1.0 rad m™%)+GF with removal in 3°

Influence of the different components onto the correlatignad:
* Cosmological signal (CS)
* Including galactic foreground and applying removal
* Adding only noise (1 ragn?) to the signal (CS+N)
* All effects together

Stasyszyn et al. 2010
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RMs In large scale structures
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RMs In large scale structures
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Correlation signal predicted by simulations, but the atadk is
driven by the foreground and observational noise !




Measuring low magnetic fields

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

0 359.9 359.8
Rel. RA (deg)

|

6 8 10 12 14
(counts)

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

0 359.9 359.8
Rel. RA (deg)

e —

Shinichiro & Kusenko 2010
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Halo found stacking 170 AGNs with FERMB ~ 10~ °G.
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Measuring low magnetic fields

E,= 0.3 TeV
——— E=1Tev

——— E=3TeV

10—-100 GeV
Total

O 20 40 60 80 100

Dolag et al. 2009 | =

0 0.10.20.30.4050.60.7 T

Perfectly in line with predictions by simulations.
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Constraining ICM properties

dB
dt

— (B-V)i— B(V-9) +nV°’B
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Constraining ICM properties

reretfi 1999 Dolag 200% Dolag 2006 Dolag 200
l l l

Observed and simulated RM maps up to the highest resolution

simulation; 20 Million particles withink,;,.,
Mpy = 1O7M@/h, €EGrav — 1kpC/h (Stasyszyn & Dolag, work in progress)
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Constraining ICM properties

N

[ Sim (10x)

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

10
d [kpc]

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




Constraining ICM properties

Sim (10x)

Sim (3000x) 1
Sim (3000x,EP) I
IC)bs (3C449) '
10 100

d [kpc]

Structure functions derived from observed and simulated RM

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

Cosmological MHD simulations

* Reproduce overall picture well
* Low density regions encode origin if magnetic field
* Detalils need better understanding of dissipative prosesse
* Important to test observational strategies
Applications:

* UHECR propagation consistent with observations

* RM-Galaxy correlation consistent (foreground / noise !)

* Observed Blazar halos consistent with predictions
Questions on magnetic fields:

* Minimal length-scale of cluster fields ?
* Detailed magnetic field profile shape ?
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