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Outline:

Cluster radio emission
& magnetic turbulence

Faraday rotation
& magnetic spectrum inference

Stokes correlators
& tension forces

Faraday-Stokes correlations
& magnetic helicity



Outline:

Cluster radio emission
& magnetic turbulence
T. Clarke, C. Pfrommer, V. Springel
Faraday rotation
& magnetic spectrum inference

Stokes correlators
& tension forces

Faraday-Stokes correlations
& magnetic helicity









Schekochihin et al.



A2256 @ 1.4 GHz, Clarke & EnRlin






S %ture formation
gock wave
‘ et al. (1998)
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A3667 @ x-ray & radio. Rotfge






giant radio halo & relic

Coma cluster

Coma Cluster

0.5-2.0 keV .

0.5 Degree

1.4 GHz, Deiss et al.



giant radio halo & relic

X-ray + radio



giant radio halo & relic

A 2256 g72a

X-ray + radio



giant radio halo & relic

A 2256 g72a

0o
synthetic observation of a gadget-ZJgCR
simulation by Chfistoph 8frommer

X-ray + radio



giant radio halo & relic

g72a




hadronic particle reactions




gadget-2 code

Cluster observables: Physical processes in clusters:

Sunyaev-
eldovich effect

-

' /N
|~ <o e

X-ray
emission

galaxy
spectra

loss processes
gain processes
observables
populations




giant radio halo

What is the origin of the relativistic particles ?

What maintains the magnetic fields ?

Available energy sources:
» galactic winds
» radio galaxies

» structure formation flows



giant radio halo

What is the origin of the relativistic particles ?

What maintains the magnetic fields ?

Available energy sources:
» galactic winds
» radio galaxies

» structure formation flows



Mach numbers of dissipated energy
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Mach number statistics
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simulated galaxy cluster
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hadronic radio halo
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y[h'Mpc]

radio web: halos & relics
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Christoph Pfrommer

Radio gischt illuminates cosmic magnetic fields

-1 0 1 - - X
x [ Mpe] x[h'Mpe]

Structure formation shocks triggered red/yellow: shock-dissipated energy,

by a recent merger of a large galaxy blue/contours: 150 MHz radio gischt
cluster. emission from shock-accelerated CRe cma-icar




Christoph Pfrommer

Population of faint radio relics in merging clusters

Probing the large scale magnetic fields

Finding radio relics in 3D cluster simulations using a friends-of-friends finder
with an emission threshold — relic luminosity function
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radio map with GMRT emissivity threshold “theoretical” threshold (towards SKA) CITA-ICAT




gadget-2 code

Cluster observables: Physical processes in clusters:

Sunyaev-
eldovich effect

X-ray

emission *

\ /

synchrotron

galaxy

-“"""-
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. -
gamma-ray

emission

EnRlin, Pfrommer, Springel, Jubelgas (2006)
Jubelgas, Springel, En3lin, Pfrommer (2006)
Pfrommer, Springel, Enf3lin, Jubelgas (2006)

loss processes
gain processes
observables
populations



shock dissipation
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energy dissipation & Mach number  Pfrommer in prep.




Outline:

Cluster radio emission
& magnetic turbulence

Faraday rotation
& magnetic spectrum inference
C. Vogt, P. Kuchar
Stokes correlators
& tension forces

Faraday-Stokes correlations
& magnetic helicity
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Galaxy Cluster Fields

Hydra A cluster

Taylor & Perley (1993
VLA/Chandra



load @, and ©, maps

Y

calculate RM quality map
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PACERMAN
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PACERMAN

RM error map RM-PA gradient alignment map
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Galaxy Cluster Fields
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Observational Setup




Observational Setup

w(r) = <B(x) B(x+
C O Gy

\Ssumptions:

R B =0

¢ |

RM( k) ~ w(k)/2




Magnetic power spectrum
iIn Hydra A cool core cluster

Kuchar & EnBlin (2009)
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w(k) = (B(K) - B(K))
wk) = ) swi(k)

[erg cm'z]
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C =C(s) = (did))
C(s) = {((RB+n)(RB+n)")
= R(BB")R" + (nn")

= C(s)+N

O O

1e(X)BL(X)dz f ne(X)B(X')d2 )

z2

C(x.,X)) = <a§f

z1

(B*(X)) = By (nq(x)/n,)*



Fig. 3: Merged data map of Hydra A for 1000 data points. The
RM values range between -1700 rad/m? (dark) and 2800 rad/m”
(light). The map has a size of about 40 kpc.



Used information & assumptions

— The rotation measure map and 1ts error map,

— knowledge of the geomet ' olume,
which depends also OW@nd
the cavity size,

— knowledge of the electron density profile n,,

— assuming that the magneti strength B follows the elec-

tron density profile like B o e.g. Dolag et al. 2001),

— assuming statistical 1sotropy of B,

— assuming solenoidal fields

— assuming that there 1s no polarized radio emission inside of
the Faraday active volume 1n front of the radio bubble,

— assuming a Gaussian probability distribution of the rotation
measure map.
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Fig.10: Power spectrum with and without simplifications used
in Vogt & EnBlin (2005) for @ = 0.5 and 6 = 45°
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B, [uG] Bsy [uG] Ap[kpc]  spectral index
6=30°| 211 93 5010 1.70 +£0.14
6 = 45° 36 + 2 16 52+1.1 1.73 +0.13
6 = 60° 85 +5 37 53+12 1.85+0.14

Table 1: Magnetic field characteristics for most probable o = 1

B, [uG] Bso [uG] Ap[kpc]  spectral index
a = 0.5° 18 +1 12 48 +1.1 1.56 +0.14
a = 1.5° 70 £ 4 21 55+1.2 206 +0.14

Table 2: Magnetic field characteristics for 8 = 45° and maximal
and minimal possible «

a B, 1n uG  spectral index large-scale turnover
Kuchar | 1.0 36 1.73 no
Laing | 0.25 19 0.8 no
Vogt 0.5 7.3 1.67 yes

Table 3: Recent results of Hydra A for § = 45°



Magnetic power spectrum
iIn Hydra A cool core cluster

Kuchar & EnBlin (2009)
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Magnetic turbulence in cool cores of galaxy cluster

Abell 400

X-ray (colours)
radio (contours)

RM map: Eilek & Owen



Impact of tangled magnetic fields on AGN-blown bubbles

M. Ruszkowski,'* T.A. Enfllin', M. Briiggen?. S. Heinz?, & C. Pfrommer?
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synthetic X-ray images
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-

I " || X-ray image of cool core with radio bubbles
& ghost cavities
credit: Fabian et al./Chandra

synthetic X-ray images




Outline:

Cluster radio emission
& magnetic turbulence

Faraday rotation
& magnetic spectrum inference

Stokes correlators
& tension forces
A. Waelkens, A. Scheckochihin
Faraday-Stokes correlations
& magnetic helicity



RM Synthesis

de Bruyn & Brentjens (2005)
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An introduction to the problem
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Waelkens et al. (MPA) MPA 2009 2/33



The fish

What does the fish look like?

The magnetic power spectrum: (B;(k)B:(k)) = (|B(k)[?)

Magnetic power spectrum
1DD Y —_— —T Y — —
{3 ek .
i I
o e T
g L
o 107% .
v I
107°F =
10-°[ .
1 10 100
k=m#+1/L

MPA 2009

Waelkens et al. (MPA)

4/ 33



The fish

What does the fish look like?

Fal
.

The tension-force power spectrum: (F;(k)F:(k)) = (|F(k)[?)

Tension force power spectrum
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TS S Mpac

MPA 2009 4/ 33

Waelkens et al. (MPA)



Tension force

1jxB=VE 1 B.VB
What does the tension force F = (1/4x) [(EV) ﬁ] tell us?

B

Waelkens et al. (MPA) MPA 2009 5/33



The fish

Tension force: F = (1/4r) [(éV)é}

Gaussian

Waelkens et al. (MPA) MPA 2009  6/33



Tension force:

Waelkens et al. (MPA)

MHD

= (1/47) |(B

—;-

MPA 2009

:s«;}, $

'H'PM"

6/33



q—
Tension force: F = (1/4m) [( HV)é}

Magnetic power spectrum

100 : R N—
1072 -
A _4'
Q10 -
g "
@ 107° -
v
1078} MHD simulation .
| eemsmsssssssssssseae Gaussian random fie
10710 e o
1 10 100 _
k=m#1/L iy

MPA 2009 6/33

Waelkens et al. (MPA)




i [
: V)8

Tension force: F = (1/4) [(BV)B

Tension force power spectrum
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MPA 2009 6/33

Waelkens et al. (MPA)



How do we fish?

What are the conditions?

synchrotron: jII jQ rjU

!
:é%?%?i 9'_'_‘51?

T MPAC

Waelkens et al. (MPA)

MPA 2009 7/33
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What we measure:

Stokes parameters:

(X)) o /DC dz ji(X) o /DC dz (6 B2(X) +OB§(f))

UR,) o / " dzjy(R) / " 4z 2(6By(%)0B, (X))

%;pf~_

r*
T MPAC

Waelkens et al. (MPA)

MPA 2009 9/33




g [N
|sotropic case

The tension force power spectrum o;i(k) = (E-’*‘(E )Fi(k,)) for the
Isotropic case:

Ve en e e
dji(k) = i [kf, (ZIQ + X0+ 2+ Xaog + ZUU)

+2Kx Ky [ifu + i}*‘u)
(& oy Ao A
+ky (— Gk E;o) + 2+ Xao + Zuu)

o 2Kkeky o
uu K2 K2 QU

e -'"ﬁ;.h_ -,'-:'?
5-‘_‘%@_’5«?171% i

S MpAC

Waelkens et al. (MPA)

MPA 2009 21/33




. rsnino [N
Let’s try it out!

MHD Gaussian
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Waelkens et al. (MPA) MPA 2009 22133
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Let’s try it out!

MHD Gaussian
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Outline:

Cluster radio emission
& magnetic turbulence

Faraday rotation
& magnetic spectrum inference

Stokes correlators
& tension forces

Faraday-Stokes correlations
& magnetic helicity
H. Junklewitz, N. Oppermann

- (R. Stepanov) .



Magnetic helicity

H:/A-Bd:r3
174




Observational situation

background source Faraday rotating and synchrotron emitting medium

-

synchrotron: j]r jq 'j[__

Faraday rotated backgound emission

-> intrinsic Faraday rotatlon can be ignored

using only short waveknghts radiation from the medium,



Total intensity = /dz(Bi + B?)
Polarised intensity £ = /dz(B§ — B + 2iB,B,)

Faraday depth O = /dsz
Helicity!

/
Aim: (P). (1), (60).. <1¢¢>,<p@

Spangler (1982,1983), Ensslin,Vogt (2003)
Eilek (1989a,b) , Waelkens et al. (2009)




Statistics |

All calculations in Fourier space

Gaussian magnetic field statistics

Statistical homogeneity

Constant electron density n

Spectral index for the cosmic ray electron density p=3

No intrinsic Faraday rotation, thus restriction to small
wavelengths A



Statistics I

(X (k.. K,,..))g = /DB X(k,.K,,...) G(B,M)

co X (ki K\ K!) = Pk )oK, )o(k))
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Statistics |l
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Results |

Ik.))s = 2(2m)?8(k ) L. Mny(0)
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The Acidtest

* First numerical test of our method
» Easily applicable to real data to test for helicity

!

G = |G |exp|2ia] with o = tan

l

P = | P|exp|2ix|

Gradient of RMA2

—1

gi‘@l

(io)

Hel

> (0 and <((}P"“)>I\mh81 — 0




Intensity without helicity
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Based on a

12873 simulation

of magnetic fields
using GarFields
(Waelkens et al. 0
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Faraday Rotation without helicity
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Absolute value of polarised intensity without helicity
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Acid-test: Real part without helicity
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Faraday Rotation with helicity
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Real part with  helicity
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Real part with  helicity
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Results of the Acidtest with
simulated data

In total 18 samples to improve the statistics

All samples show the same trend in accordance
with our predictions

otal mean with helicity: m= 0.078

otal mean without helicity: m=-0.003




Conclusions:

cluster radio emission & magnetic turbulence

- structure formation drives turbulence & shocks

- radio halos & relics trace magnetic fields & CR within
cluster volume & slices, respectively

Faraday rotation & magnetic inference
- Kolmogorov-like magnetic spectrum in cool cores
- similar spectra found in non-cool core clusters

E(k) [erg cniz]
N

Stokes correlators & turbulent magnetic forces
- synchrotron emission reveals magnetic forces
- tension force power spectrum should be measurable

Faraday-Stokes correlations & magnetic helicity
- magnetic helicity imprints on radio observables

- helicity spectrum is observable

- simple acid-test for helicity presented
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The Acidtest with real data

37,534 RM extragalactic RM-sources in the northern sky



The Acidtest with real data

Taylor,Stil,Sunstrum 2009
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Image of the median value of RM



The Acidtest with real data
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The Acidtest with real data
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The Acidtest with real data

Mollweide view
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Wiener filtered RM-map with infered power spectrum



The Acidtest with real data
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The Acidtest with real data

Mollweide view

—100 100

imaginary part calculated with the Wiener filtered map



The Acidtest with real data
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