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1. Evidence for intracluster magnetic fields

Coma cluster, central part, > 1000 galaXtee ComaBereniceonstellation )



Coma cluster in X-rays (ROSAT): intergalactic gas

T @108 K,
n @32103cm-3,
c, @103 km/s,

mean free path | @b Kpc,
R @500 kpc,

deviations from
symmetry indicate
recent merger




DECLINATION (B1950)

Radio halo: synchrotron emission of Comal&0cm, tracer of
magnetic fields and relativistic electrons
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Cluster radio halos:
X-rays (colour),
| 90-cm synchrotron (contours)
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Declination (1950.0)

Faraday rotation in a cluster gas: radio lobes@ygA
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Dreheret al.,ApJ 316, 611, 1987: magnetic field in the intracluster gas,

B=2-10nG, | =20 30kpc



Faradayrotation: evidence of magnetic fields in many clusters
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RM of background radio
sourcesversus distance from
the cluster centre

for 16 galaxy clusters;

filled symbols: field sources
(Clarke et al. ApJ 547, L111, 2001)

B=2nG, L =500kpc,
n,=103cnr?

Y RM = 1000rad'm?
= 1ORMobserved

Random magnetic fielB, scalel, = 10kpc:
Sgy = 0.81Bn,(LI)Y2=100radm?Y B=2nG



Observational estimates of magnetic fields in galaxy clus

Method Strength G Model parameters
Synchrotron halos 0.4-1 Mimmum energy, k= 5 = L
Vigw = 10 MHZ, vy, = 10 GHz
Faraday rotation (embedded) 340 Cell size = 10 kpe
Faraday rotation (background) 1-10 Cell size = 10 kpe
Inverse Compton 0.2-1 ¢ = —1. Vg0~ 18000,
VY axay ~ 2000
Cold fronts 1-10 Amplification factor ~3
GZK =0.3 AGN = site of origin for EeV CRs

From Carilli & Taylor, Ann. Rev. Astron. Astrophys., 40, 319, 2002



2. The fluctuation(smaltscale}dynamo
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(A) Linear (kinematic) behaviougzlatively)well understood
(Zeldovichet al., The Almighty Chance, World Sci., 199(

C Any random flow can generate random magnetic field if only

R, >R, @30i 100
(no helicity, stratification, turbulent cascade, etc., required).
¢ e-folding time ofB,,.due to motions at scale t(l) @/v(l).

C Forv(l)” 13, Bgrows faster at smaller scales(l) = [2/3.

C Intermittent magnetic field isife, not volumefilling);
magnetic filaments & sheets, thicknégsal, R,-*2.



@:r £(¢£B)+ r °B

Statistically stationary random velocity field, singtale,
d-correlated in time Kazantse\1967)
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W (*) = longitudinal autocorrelation function
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The longitudinal autocorrelation function of magnetic
field in a singlescale flow: two lowest eigenfunctions
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Magnetic ropes and ribbons,

Intermittent, nonGaussian magnetic field:idovicret al., 1990)



Thickness of magnetic structures in a mattale flow

Balance of magnetic field stretching and dissipati®ng 1:
(B-V)T~nV?B = Ilgv(lg) ~n

Turbulent flow:
E(k) k=2 = v2(k) ~k—TE(k) = v(l) = vo(l/1y) s~ 1)/?

—2/(s+1)
I = loRm /1 |

s=5/3 = lg =IloRa""



C Analytical results &
simulations:

Rno @0-100for P, =1

C Simulations:
Rner <200for Re > 6000

(Iskakowet al.,PRL, 2007)

C Analytical results:
Rne- 400 for Re- o,

(Rogachevskii & Kleeorin PRE 1997)

[0

C Must be widespread Iin
astrophysical objects

¢ Fluctuation dynaman
laboratory plasma?
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(B)Non-Linear behaviourcontroversial

1
C Saturation at 8_7TBr2mS ~ 0.1 x 5p03 ,

B2 ~ Zpv§ (or >) within magnetic filaments.

C Thicker filaments:

IB @O Rm,cr_ 1/2’ Rm,cr@ocloo

Anaher opinion:
magnetic foldatlg =1, =1, R, Y% R, w 1012in galaxies



Energy spectrum of a growing magnetic field, o 1

U kinematic dynamoY

Kinetic energy

:

forcing

Magnetic energy grows:
small-scale dynamo

A S 234
ko k,~Re*ky

nonlinear stateY

k,~Pri%k, k

t In[£(k), M(k)]

log E(k), log M(k)
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Isosurface®sf B2




3. Morphologyof magnetic structures

Isosurfaceof B2
In the kinematic

fluctuation dynamo
(Wilkinet al., PRROO7)

Filament®
Sheets?

Ribbons?

Anything else?

Would different people see the sarfe



Minkowski functionals

Morphology of structures in 3D is completely characterised by FO
Minkowski functionals
(I I R & AtHeSrbid) 5957)

Vo= ¥ N C Volume
1 ~ ~
V= Al df C Surface area
V, = 6i N[+ 4,)dS C Integral mean curvature
0

V, = Q) Ak.dS C Euler characteristic

ki, kK, = principal curvatures
V. Sahni et al., ApJ 199¢



Computing Minkowski functionals

Ny = number of grid points within the structure,
N, = number of complete edges,
N, = number of faces within the structure,

N5 = total number of grid cubes,
N = total number of grid points in the domain.

_ 2(”1 B 2”2 +3n3)

VO - n3 VZ 9N2
V1 _ 2(!’]2 - 3”3) V3 — n,-n +3n2 - N,
ON N

(J. Schmalzing et al., ApJ 1997 & 1999)



Shapefinders
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V, = [ Apf,dS

Thickness, Width, Length

T = V_O W = 2\/1 | = %
2\/1 IU\/Z 4\/3

Fanarity and Hlamentarity
W LW

P=ywo7 and F=7

C FilamenttP=0,F = 1;
C PancakeP=1,F =0,
C SphereP=F =0.



(P, B =
(a) (0.096, 0.81);
(b) (0.66, 0.23);
(c) (0.66, 0.12):
(d) (0.25, 0.66);
(€) (0.18, 0.43);
(f) (0.14, 0.23);
(g) (0.087, 0.073);
(h) (0.0036,-0.0047).




li =min(T.W,L), s =med(T.W,L), I3s=max(T,W.L)
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[i =min(T.W.L), l>=med(T ,W,L), I[3=max(T,W,L)
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An integral scale, [; = 27 X R
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Morphology at varying R (the kinematic stage)

Filamentarity, I
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(P, F) = (a) (0.096, 0.81); (b) (0.66, 0.23):
(c) (0.66, 0.12): (d) (0.25, 0.66);

(e) (0.18, 0.43); (f) (0.14, 0.23):

(g) (0.087, 0.073): (h) (0.0038, -0.0047).
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W +T I+ 1, LW Lkl

P 1-2+ 3RO, F o121+ RS

R, > 200 = F> P, filamentary magnetic structures

Current J = V x B: ribbons.
(P,F) = (0.57,0.82) for J = 2J,e, Run = 1500



4. Young/forming clusters: decaying turbulence

Galaxy clusters: merger of smaller structures
Turbulence driven in the merger events
Decaying turbulence after the merger

No direct evidence of turbulence in the intracluster gas (no
line emission/absorption)

Indirect evidence from pressure fluctuations
lo' 100kpc; vg' 250km/ s (Schueckeet al. (2004)

Possibility of Fe XXV line observations in X-rays (Inogamov &
Sunyaev 2003)

Upper limit: heating rate < X-ray luminosity, vo < 200km/ s

(Subramanian et al., MNRAS, 2006)



Coulomb mean free path in the intracluster gas:

A~ 5k & 4 . B
il i W =
. 103 kms™ 10—3 cm—?

Y Collisionlesgas at scales O(Kpo).

However, Larmorradius <<
Y an effectively collisional plasma?
U()ZO U()ZO

Re= —>~3
Y C A0

_ 3M;ZL_05’ b =1leas, d@0.1(?)

Turbulence past a solid sphefige > 400






