
Magnetic fields in the 
IGM/ICM

Marcus Brüggen 
Franco Vazza              

Annalisa Bonafede     
Reinout van Weeren 

Huub Röttgering
Matthias Hoeft





What does the magnetic field do and where does it come 
from?



Origin of cluster magnetic fields
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galactic winds AGN
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Origin of cluster magnetic fields

shocks + CR

primordialbattery dynamo

turbulence AGN
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ICM Dynamics: A 3-Scale Problem
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THEORY PARADISE

(but measurable in SW!)

MICROPHYSICS SETS ICM VISCOSITY

AND CONDUCTIVITY, AFFECTS EVERYTHING

(NOT A SMALL CORRECTION!)
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Romain TeyssierCMF2009

Initial uniform magnetic field with

strength

Adiabatic SPH simulation

Dolag et al 2005

Collapse of a gas sphere

with

Magnetic flux is

conserved

Unigrid: Miniati et al. 2001

SPH: Dolag et al. 2005

AMR: Brüggen et al. 2005

Adiabatic MHD simulations of galaxy clusters

Magnetic field amplified by

gravity and turbulence
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Galaxy clusters: three evolutionary stages

Stage 1.  Cluster formation, 0 0 0 0 !!!! t !!!! 4 Gyr

! Volume-filling random flow, v0 ! 300 km/s,   !0 ! 150 kpc,

! produced in the major merger event

(e.g., wakes of merging subclusters).

! Re " 100 ! turbulence

! Fluctuation dynamo: B amplified by a factor A > 3000,

! B !""2 µG,   !
B  
!""20–30 kpc (if B0 > 10-9 G),

! !RM " 200 rad/m2

Slide from Anvar Shukurov

See work by Dongsu Ryu



Stage 2.  Decay after major mergers, 4 !!!! t !!!! 9 Gyr

v0 ! t
-3/5

, !0 ! t
2/5

! v0 " 150 km/s, !0 " 300 kpc at t = 9 Gyr

Dynamo action, A > 2#104,   B "$1 µG,   !
B 
"$40 kpc

R
m
, Re ! t

-1/5
,    !RM! t

-2/5
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Stage 3.  Mature cluster: turbulence in the wakes of 

galaxies and galaxy groups

! Clumps m = 3!1013M
"

falling into cluster M = 1015M
"

every

!t # m -1/2 $ 0.3 Gyr (Lacey & Cole 1993), 

! gas stripping radius R0 $ 100 kpc,

! wake length

! v0 $ 250 km/s,   !0 $ 200 km/s,   B $ 2 µG,   !
B
$ 30 kpc

! Volume filling factor: 

! Area covering factor: 

Slide from Anvar Shukurov



AGN injection in IGM

Xu et al. 2011

ENZO simulations: magnetic AGN @z=3

RM maps



• magnetic field is primarily driven by small-scale dynamo

• it scales as mass of cluster squared

• magnetic fields fill cluster

• additional fields from AGN do NOT have a great impact

• B field in relaxed clusters self-similar - in non-relaxed clusters not

• RM distribution is good prove for magnetism history

Xu et al. 2011



Magnetic field generation at shocks

Slide from Franco

Vazza, Brüggen, Brunetti et al. 2011



Figure 4: Polarisation E-vector map at
2.2 GHz from the WSRT with a resolution
of 12.8 arcsec× 10.5 arcsec. The length of the vec-
tor is proportional the the fractional polarisation.
A reference vector for 100% polarisation is drawn
in the top left corner. Most of the relic is highly
polarized with a polarisation fraction of ∼ 50%.

The overall spectral index, α1382, 610 MHz = −1.25 ±
0.1, indicates a Mach number of M = 3.0 ± ... for the
shock (Hoeft & Brüggen 2007). Using the LX − T -scaling
relation (Markevitch 1998) we estimate the temperature
of the ICM to be ∼ 9 keV. The total radio power for the
bright relic, P1.4 = 1.4×1025 W Hz−1, agrees well with the
radio power−temperature relation (e.g., Feretti, Burigana
& Ensslin 2004). The downstream velocity depends on the
downstream plasma temperature and on the Mach num-
ber. For northern relic in CIZA J2242.8+5301 we obtain
a shock speed, vs, of 815 km s−1 (how? ref?).

For a relic seen edge-on the downstream luminosity
and spectral index profiles reflect the ageing of the rel-
ativistic electrons by synchrotron and inverse Compton
emission. The amount of spectral ageing is determined by
the magnetic field strength, B, and the equivalent mag-
netic field strength of the CMB, BCMB, which is 4.6 µG
at z = 0.1921. To a first approximation, the width of the
relic ( lrelic) is determined by a characteristic timescale,
tsync, due to spectral ageing, and the speed at which the
shock moves outwards: lrelic ≈ tsync × vs. The charac-

teristic timescale is proportional to
√

B/ν

B2+B2
CMB

, with ν the

frequency. From our radio observations we can directly
determine the downstream luminosity profiles at differ-
ent frequencies. As can be seen from the spectral index
map, the luminosity profiles depend on the observed fre-
quency. The higher the frequency the lower the width of
the relic. Assuming a value for vs, we can compute the
downstream luminosity profiles for different values of B
and ν, and compare them to the observed profiles, see
Fig .5. We conclude that a magnetic field of ??±?? µG or
?.?±?? µG provides the best fit to the data [to be updated
by Matthias, what are the implications of this B?].

Traditionally, the strength of the magnetic field is esti-
mated by assuming minimum energy densities in the radio
relic (Beck & Krause 2005). Applying this method gives
values in the range 1.5 − 6 µG. The advantage of our

method is that we do no reply on on the fact that the
source is in minimum energy density. Furthermore, we do
not have to make guesses about the ratio of the energy in
relativistic protons to that in electrons, volume filling fac-
tors, the extent of the source along the line-of-sight, and
low and high energy cutoffs for the particle distribution.

The width of the relic can also be partly caused by pro-
jection effects making the actual cooling e-folding width
smaller. For instance, if the extent along the line of sight is
500 kpc, and the deviation from a perfect alignment with
the line-of-sight is 5 degrees, this would already cause a
broadening of 25 kpc. However, we do see clear spectral
ageing across the profile, so only a part of the width can
be caused by projection effects. This conclusion is cor-
roborated by the polarisation of the relic: A polarisation
fraction larger than 50% can be explained by an angle
of less than 30 degrees between the line-of-sight and the
shock surface (Ensslin 1998). We can constrain the angle
between the line-of-sight and the shock surface more ac-
curately by making use of the radio profile at the front of
the relic. If the relic is not seen exactly edge-on, the lu-
minosity will not directly drop to zero at the front of the
relic. Using the high-resolution 610 MHz image, we de-
rive a maximum possible broadening of 10 kpc in front of
the relic. Hence, projection can increase the width of the
downstream profile also only by a maximum of 10 kpc.
This is less than 20% of the observed width of 55 kpc.
The angle under which we see the relic is then smaller
than 10 kpc/llos, with llos the extent along the line-of-sight.
This value must be at least a few hundred kpc given the
2 Mpc east-west extent. A value of 300 kpc already gives
an angle smaller than 2 degrees so based on the observed
profile at the front of the relic we conclude the relic is in-
deed seen almost perfectly edge-on. Assuming that 20%
of the width of the relic is caused by projection roughly
translates to a 20% decrease in the product tsync×vs. Con-
sequently, the derived values for B cannot be affected by
projection by more than 10%.

The diffuse emission located between the northern and
southern radio relics, see Fig. 1., extends over 3.1 Mpc
making it by far the largest known diffuse radio source
in a cluster to date. The source could be another large
radio relic seen in projection against the cluster center.
However, given that the merger axis is orientated north-
south, as indicated by, both, the double-relic system and
the extended X-ray emission, we do not consider this to
be a likely scenario. Instead, it is likely that the diffuse
emission is a radio halo.

This emission is not the remnant radiation from the
reservoir of fossil relativistic electrons produced by the
shock waves because these electrons have lost most of
their energy through spectral ageing, especially at high
frequencies. However, it is possible that these particles
are re-accelerated in situ by turbulence generated by the
merger event, in which case they again emit synchrotron
radiation (Brunetti et al. 2008; Brunetti et al. 2001; Pet-
rosian 2001). This turbulence would be greatest in the
wake of the shock fronts which is where the diffuse emis-

polarisation @ 2.2 GHz: 50 %
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Explain this.

Why is magnetic field parallel to the shock/relic plane?

Compression of ambient field or magnetic field generation in shock?

Why so strong?



Simulations of the CIZA cluster

van Weeren & Brüggen (2011)



The toothbrush: 1RXS J0603.3+4213
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610 MHz GMRT map

3 Mpc

z=0.25

1RXS J0603.3+4213

largest relic known
to date



74 MHz - 4.9 GHz spectrum is a perfect power-law (alpha = -1.1 +/- 0.03)ROSAT

Some more puzzles







What does the relic really consist of?

‐ in reality things are more complicated
- not pure ageing 
‐ mixture of populations  
‐ PLUS extra steep spectrum component only visible at 50cm, 200cm

work in progress
I

freq
1 2 3

mix of spectral ages



Weibel

A B

Medvedev et al.  JKAS, 37, 533 (2004)  

!
B = Bx cos(ky)x̂



• Weibel instability can produce magnetic fields in cosmological shocks

• The correlation length in the shock plane is very small

• The magnetic field generation works very fast

• Even small M number shocks can produce magnetic fields

• magnetic fields remain sub-equipartition

λB ∼ 2πc/ωp ∼ 1010n−1/2
IGM,−4 cm

τB ∼ (c/vsh)ω−1
p ∼ 2× 102v−1

sh,7n
−1/2
IGM,−4 s

Medvedev et al. 2004 

Other mechanisms:

Magnetic bootstrap (Blandford & Funk)
Cosmic rays (Miniati & Bell)



The properties of the magnetic field are important for 
particle acceleration?



Riquelme & Spitkovski 2010

MA=7

B perp to shock

B parallel to shock

The injection problem

PIC: Electrons
accelerated
by Whistler waves



• Clusters host microGauss fields that are driven by fluctuation dynamo

• Low-Mach number shocks in clusters have strong, coherent magnetic 

fields and are efficient at accelerating particles: challenge for theory

• Radio relics are unique probes for microphysics of shock acceleration and 

magnetic field generation

• LOFAR will revolutionise this field by enlarging the sample from 30 relics 

to 100s.

Take-home messages


