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What are radio relics?
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Diffuse radio sources

• have a low surface brightness
• have a steep spectrum
• are extended (1 Mpc) objects
• are not associated with any particular radio source
• halos lie in clusters and are not polarised
• relics lie at periphery of cluster and are polarised

The radio emission is indicative of a non-thermal population of electrons.

Diffusive particle acceleration at cosmological shocks
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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

2 Mpc

2 Mpc



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

2 Mpc

2 Mpc

2 Mpc

50 kpc

1.5 Mpc



Giant radio structures around a merg-

ing galaxy cluster: shock accelera-

tion on megaparsec scales

The hierarchal model of structure formation ex-
plains how galaxy clusters form through a sequence
of mergers of smaller clusters and galaxy groups,
as well as through the continuous accretion of gas
from the intergalactic medium (IGM). Both of these
processes shock the intracluster medium (ICM).
Models (Miniati et al. 2001, Hoeft & Brüggen
2007, Hoeft et al. 2008) combining structure for-
mation with diffusive shock acceleration (DSA:
Drury 1983, Blandford & Eichler 1987; Jones &
Ellison 1991; Malkov & OC Drury 2001), suggest
that at these shocks particles are accelerated to
highly relativistic energies. In the presence of a
magnetic field the particles emit synchrotron radi-
ation at radio wavelengths and may form so-called
radio relics - diffuse, steep spectrum, radio sources.
These models make clear predictions about the lo-
cation, radio spectral index, and polarization of
the radio relics. Here were report on the discov-
ery of a spectacular Mpc-scale radio relic. Owing
to its unique geometry, it provides conclusive and
unprecedented evidence for DSA in galaxy clusters
and yields unique insight into the physical prop-
erties of extremely dilute cosmic plasmas. Our
discovery presents the best evidence to date that
relics are the tracers of shocks waves created by
cluster mergers.

CIZA J2242.8+5301 (z = 0.1921, Kocevski et al. 2007)
is an X-ray luminous cluster (LX = 6.8 × 1044 erg s−1

0.1 − 2.4 keV ) which shows a disturbed elongated mor-
phology in ROSAT images, indicative of the cluster un-
dergoing a major merger event. Shallow radio maps taken
with the Very Large Array (VLA) and Westerbork Syn-
thesis Radio Telescope (WSRT) of the cluster showed a
peculiar elongated radio source located to the north of the
cluster center. Subsequent deep WSRT and Giant Me-
trewave Radio Telescope (GMRT) observations (see Sup-
plementary Information) revealed an extraordinarily long
and narrow curved radio emitting filament with a size of
2 Mpc × 50 kpc, located at distance of 1.5 Mpc from the
cluster center, Fig. 1 and 2. The enormous length of the
source compared to its width is unlike that of any known
radio source.

To the south of the cluster center a second fainter
broader structure is found. The southern filament is lo-
cated symmetrically with respect to the cluster center and
the northern filament. The elongated radio filaments are
roughly located along the major axis of the cluster’ elon-
gated ICM. The cluster also hosts various radio AGNs and
other intriguing smaller filamentary radio sources. Fur-
thermore, faint diffuse radio emission is seen extending
all the way towards the cluster center connection the two
radio filaments.

Even more remarkable are the radio spectral index
(F ∝ να, with α the spectral index) and polarisation prop-

Figure 1: WSRT radio image at 1382 MHz with a
resolution of 16.5 arcsec × 12.9 arcsec. The noise
in this image is 18 µJy per beam. Red contours are
X-ray emission from ROSAT shwoing the hot ICM.
The two radio relics trace shock waves that are
produced in a cluster merger along the north-south
axis. This also explains the elongated morphology
of the ICM seen the ROSAT image.

erties of the northern filament, see Fig. 3 and 4. The spec-
tral index, measured between 2272 and 325 MHz, steep-
ens from −0.5 to −1.5 across the full width of the narrow
filament inwards to the cluster center. Polarisation obser-
vations at 2.2 GHz show a very high polarisation fraction
of 50%, the polarisation electric field vectors are mostly
perpendicular to the long axis indicating a magnetic field
parallel to the filament. The radio spectral curvature also
increases towards the cluster center.

We can exclude the possibility that the source is a grav-
itational lens as it too large and located too far from the
cluster center. The morphology, spectral index, and asso-
ciation with a cluster (also seen in optical images) exclude
the possibility of the source being a supernova remnant.
The source is also not related to the radio AGN located at
the eastern end of the filament. High-resolution observa-
tions show this source to be detached from the filament.
The spectral index and polarisation properties are also un-
like that of any known tailed radio sources (Miley 1973;
Sijbring & de Bruyn 1998). Based on the morphology, lo-
cation with respect to the cluster center, and the 2 Mpc
size, the source can be classified as a giant radio relic. Us-
ing the observed properties of the relic we show this can be
used to derive important information about shocks waves
in the ICM.

Radio relics are elongated, filamentary, radio sources
located mostly in the outskirts of clusters (Bonafede et al.
2009; van Weeren et al. 2009; Brentjens 2008; Bachi et al.
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• binary merger

• T=9 keV

• z=0.19

• two relics edge-on

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



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 %

E-vectors

and why is it so smooth?



Simulations of the “Sausage”

van Weeren & Brüggen (in prep.)



Size vs distance



Size vs spectral index

square: phoenices
diamonds: DSA relics

smaller relics have steeper spectra:  i) radio phoenices populate steep/small region
                     ii) larger shock waves occur in less dense environment, 
                         higher Mach number
                         shallower spectra



van Weeren, Brüggen, Röttgering, Hoeft, Nuza, Intema (2011)



van Weeren, Brüggen, Röttgering, Hoeft, Nuza, Intema (2011)



Blue histograms shows the NORAS/REFLEX sample, red the relic cluster sample. The solid blue line 
displays the predicted luminosity distributions from Nuza et al., while the solid red line is the prediction for cluster 
hosting relics in the simulation. 
The fraction of cluster with relics is given by the black solid line (ratio of the blue and red lines). 

X-ray luminosity distribution redshift distribution

van Weeren, Brüggen, Röttgering, Hoeft, Nuza, Intema (2011)
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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

slide by L. Rudnick

work in progressI

freq
1 2 3



Vazza in prep.

Gaussian noise, no secondary lobes from other sources in the beam

morphology, statistics and spectral properties can be reproduced well

power is 1-2 magnitudes too low

Also see talk by Burns/Skillman
               poster by O’Shea

work in progress
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Pre-acceleration...



What about turbulence?

Vazza et al. (2010)















Conclusions
• We have significantly enlarged the sample of known radio 
relics and halos

• Some newly detected sources show best evidence to date for 
diffusive shock acceleration

• Standard shock acceleration has problems (pre-acceleration?)

• These objects probe plasma physics in unchartered territory of 
universe

• New questions: What produces magnetic fields so far out in the 
cluster?

• LOFAR is expected to find 100s of new diffuse radio sources


