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Anatomy of a galaxy cluster

DM 80% of mass

T=1-10 keVdensity contrast 10,000

cluster
outskirts

2 Mpc

Relics: CRs, 
turbulence, B fields



Figure 6: GMRT 610 MHz radio image with a resolution of 4.8 arcsec × 3.9 arcsec.

The sausage: CIZA J2242.8+5301

GMRT 610 MHz, resolution of 4.8 arcsec×3.9 arcsec. 
total on source time 9 hrs, bandwidth of 32 MHz. 

2 Mpc

50 kpc

1.5 Mpc

va
n 

W
ee

re
n,

 R
öt

tg
er

in
g,

 B
rü

gg
en

, H
oe

ft,
 S

ci
en

ce
, 3

30
, 3

47
 (2

01
0)



13Tuesday, March 26, 13



13Tuesday, March 26, 13



particle injection
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particle injection

energy lossesenergy losses

energy losses
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particle injection

energy lossesenergy losses

energy losses

radio spectral index expected to steepen 
towards cluster center
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Steepening 
from -0.5 to 
-2.5 towards 
the centre of 
the cluster

spectral index for at the front of the relic is -0.6 ± 0.05. DSA gives a Mach number of 4.6

van Weeren, Röttgering, Brüggen, Hoeft, Science, 330, 347 (2010)



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

van Weeren, Röttgering, Brüggen, Hoeft, Science, 330, 347 (2010)



So are magnetic fields aligned with merger shocks?
Sam (Skillman et al. 2013) says no.

New set of unigrid ENZO MHD simulations:
probably right.

So maybe only merger shocks with quasi-perp fields produce relics?



Nonrelativistic shocks: shock structure
mi/me=400, v=18,000km/s, Ma=5, quasi-perp 75° inclination

Shock foot, ramp, overshoot, returning ions, electron heating, whistler(?) waves. 

BB

<Density>

x-px ion

Density

x-px e-

Te, Ti

B2

Bz

Te/Ti

Spitkovsky et al., Riquelme et al.



Parameter dependence

Electron injection needs: 
Quasi-perpendicular shocks, 45° < θBn < 90° 
Lower Alfvenic Mach numbers (to create whistlers): MA < (mi/me)1/2

Riquelme & AS, ’11

Spectrum of ions (green) & electrons (red)

Ma=7

mi/me=400

pre-acceleration
for injection

further DSA?

?

ion Larmor scale

IONS
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Magnetic field amplification by cosmic rays

precursor exerts a force on the upstream plasma not proportional to gas density

Density fluctuations       acceleration fluctuations        density fluctuations

FCR

upstream downstream

CR

density fluctuations

shock



Cosmic-ray driven turbulence
Brüggen 2013



Magnetic field amplification

Brüggen 2013
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can be probed with Faraday rotation...
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610 MHz GMRT map

3 Mpc

z=0.25

1RXS J0603.3+4213

largest relic known
to date





Ogrean, Brüggen,van Weeren, 
Röttgering, Hoeft, Croston  2013

XMM unsharp-masked



Ogrean, Brüggen,van Weeren, 
Röttgering, Hoeft, Croston  2013

Surface brightness profile along N



at the Toothbrush, indications that 
• the shock M<2, inconsistent with radio Mach number 
• the ‘’shock front’’ is, offset from the radio emission

radio - X-ray shock inconsistencies? 
Ogrean et al. 2013 

Ogrean+ 2013)

Text

Unsharped XMM (+ radio) image 
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Simulation:
Projection of energy dissipated at 

the shock (at 3.5 Gyrs).

Observations:
X-ray+radio (total intensity plus 

spectral index at shock)

A triple merger might work
Bruggen, van Weeren, HR, 2012

9Tuesday, March 26, 13



Keck-DEIMOS 
spectroscopy of the 

Toothbrush



Stroe, Sobral, Röttgering, van Weeren, MB, Wittman (in prep)

What about the galaxies in the merging clusters?



BUT: no strictly 
controlled sample

de Gasperin, van Weeren, MB, Vazza, Bonafede, Intema (just out)



Abell 2146 puzzle

Mach numbers:
M = 2.1 +/- 0.2
M = 1.6 +/- 0.1

Chandra 0.3-7.0 keV, Russell et al. 2011 GMRT 325 MHz

Why do we not observe radio 
emission from these shocks?
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Vazza &
 B

rüggen (2013)

Where are the protons?

Fermi-upper limits (stacked)
Ackermann et al (2013)

Fermi-upper limits 





LOFAR 

10 hrs GMRT @ 150 MHz 10 hrs LOFAR @150 MHz
- 0.3 % of the data
- 1/4 of the resolution available

Toothbrush cluster
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van Weeren et al. (in prep)

LOFAR observations of the sausage



Take-home messages

1. In some merging clusters, no radio emission at weak shocks is found

2. The shock front is not always co-located with the relic

3. Some relic spectra are too shallow for DSA

4. In some cases X-ray and radio-inferred Mach numbers do not match

5. Relic power scales strongly with cluster mass

6. Just behind clusters, Halpha emission might be boosted

7. No gamma-rays detected



Thank you!


