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1. Evidence for intracluster magnetic fields

Coma cluster, central part, > 1000 galaxies (the Coma BerenicesConstellation )



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

T@108 K,

n@3³10-3 cm-3 , 

cs@103 km/s, 

mean free path l@5 kpc,

R@500 kpc,

deviations from 

symmetry indicate 

recent merger



Radio halo: synchrotron emission of Coma at l90 cm, tracer of 
magnetic fields and relativistic electrons

Feretti & Giovannini (1998), 

resolution 25³50 kpc (RA³DEC) .

Radio halos are 
observed in some 
(5-10%) clusters 
(lack of relativistic 

electrons?).

The occurrence of radio 
halos seems to correlate 

with existence of 
substructure in X-rays 
indicative of a recent 

merger.



Cluster radio halos:
X-rays (colour),
l90-cm synchrotron (contours)

Coma

A2163

Feretti & Giovannini(1998), 
resolution 25³50 kpc(RA³DEC) .



Faraday rotation in a cluster gas: radio lobes of CygA

Dreheret al., ApJ, 316, 611, 1987: magnetic field in the intracluster gas, 

B = 2-10 mG,   l = 20-30 kpc



Faraday rotation: evidence of magnetic fields in many  clusters

RM of background radio 
sources versus distance from 
the cluster centre
for 16 galaxy clusters; 

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

B = 2 mG,     L = 500 kpc,   

ne = 10-3 cm-3

Ý RM = 1000 rad/m2

= 10 RMobserved

Random magnetic fieldB, scalel0 = 10 kpc: 

sRM = 0.81 Bne(Ll0)
1/2 = 100 rad/m2Ý B = 2 mG



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

Observational estimates of magnetic fields in galaxy clusters



2. The fluctuation (small-scale) dynamo

½ŜƭŘƻǾƛŎƘΩǎrope dynamo



(A)   Linear (kinematic) behaviour: (relatively) well understood
(Zeldovichet al., The Almighty Chance, World Sci., 1990)

Ç Any random flow can generate random magnetic field if only 
Rm > Rm,cr@30ï100

(no helicity, stratification, turbulent cascade, etc., required). 

Ç e-folding time of Brmsdue to motions at scale l: t(l)@l/v(l).

Ç For v(l) ́ l1/3, Bgrows faster at smaller scales,  t(l) ́ l2/3.

Ç Intermittent magnetic field is (i.e, not volume-filling); 
magnetic filaments & sheets, thickness lB@l0 Rm

-1/2 .
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Statistically stationary random velocity field,  single-scale,
d-correlated in time (Kazantsev1967)



The longitudinal autocorrelation function of magnetic 
field in a single-scale flow: two lowest eigenfunctions

Magnetic ropes and ribbons, 
intermittent, non-Gaussian  magnetic field (Zeldovichet al., 1990)



Thickness of magnetic structures in a multi-scale flow

Balance of magnetic field stretching and dissipation, Pm < 1:

Turbulent flow:



ÇAnalytical results & 
simulations: 

Rm,cr@30-100for Pm = 1

ÇSimulations:

Rm,cr <200for Re > 6000
(Iskakovet al., PRL, 2007)

ÇAnalytical results:

Rm,cr­ 400 for Re ­¤, 
(Rogachevskii & Kleeorin PRE 1997)

ÇMust be widespread in 
astrophysical objects

ÇFluctuation dynamo in 
laboratory plasma?



(B) Non-Linear behaviour: controversial

Ç

ÇThicker filaments: 

lB@l0 Rm,cr
-1/2, Rm,cr@30ς100 (Subramanian, PRL1999)

Another opinion:  

magnetic foldsat lB = lh= l0 Rm
-1/2,       Rm w  1012 in galaxies

(Schekochihin et al. 2004)



Energy spectrum of a growing magnetic field, Pm o 1

Û kinematic dynamo Ý

nonlinear state Ý

Schekochihin et al, NJP, 2002



B2 colour coded + B-vectors
(Schekochihin et al., ApJ2004)

Isosurfacesof B2

(Haugen et al., PRE 2004)



3. Morphology of magnetic structures

Isosurfacesof B2

in the kinematic 
fluctuation dynamo

(Wilkinet al., PRL 2007)

Filaments?

Sheets?

Ribbons?

Anything else?

Would different people see the same?



Minkowski functionals
Morphology of structures in 3D is completely characterised by FOUR 
Minkowski functionals:

(IŀŘǿƛƎŜǊΩǎtheorem, 1957)
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k1, k2 = principal curvatures

V. Sahni et al., ApJ 1998

Č Volume

Č Surface area

Č Integral mean curvature

Č Euler characteristic



Computing Minkowski functionals
n0 = number of grid points within the structure,

n1 = number of complete edges,

n2 = number of faces within the structure,

n3 = total number of grid cubes,
N = total number of grid points in the domain.

(J. Schmalzing et al., ApJ 1997 & 1999)
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Shapefinders
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Thickness, Width,      Length

ÇFilament: P = 0, F = 1;
ÇPancake: P = 1, F = 0;
ÇSphere: P = F = 0.

Planarity  and     Filamentarity



(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) (0.0036,  -0.0047).













4. Young/forming clusters: decaying turbulence

ÇGalaxy clusters: merger of smaller structures

ÇTurbulence driven in the merger events

ÇDecaying turbulence after the merger

ÇNo direct evidence of turbulence in the intracluster gas (no             

line emission/absorption)

Ç Indirect evidence from pressure fluctuations

Ç (Schueckeret al. (2004)

ÇPossibility of Fe XXV line observations in X-rays  (Inogamov & 

Sunyaev 2003)

ÇUpper limit: heating rate < X-ray luminosity,

(Subramanian et al., MNRAS, 2006)  

l0 ' 100 kpc; v0 ' 250 km/ s

v0 < 200 km/ s



Coulomb mean free path in the intracluster gas:

ÝCollisionlessgas at scales O(10 kpc).

However,  Larmorradius << l
Ý an effectively collisional plasma?

,   d@0.1 (?)

Turbulence past a solid sphere: Re > 400




