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• Can we use radio observations 
to detect clusters ?


• Can we get hints of their 
dynamical state & merging 
scenario ?

• Can we detect the 
magnetised cosmic web ?
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• What is the origin of 
relativistic particles ?


• What is the intensity & 
structure of magnetic 
fields ?
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• How is the non-thermal 
component affecting heating 
transport & energy feedback 
in cluster cores ?
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Figure 6. Same as Fig. 2, but for the Phoenix cluster.

53 52 51 10:23:50 49 48

-2
7:

15
:0

0
20

40
16

:0
0

Right ascension

D
ec

lin
at

io
n

100 kpc

a

39 38 37 4:29:36 35 34 33

52
:2

0
40

-2
:5

3:
00

20
40

Right ascension

D
ec

lin
at

io
n

b

100 kpc

8:43:00.0 58.0 56.0 54.0 42:52.0

28
:0

0.
0

30
.0

29
:2

7:
00

.0

Right ascension

D
ec

lin
at

io
n

c

100 kpc

Figure 7. (a): Radio minihalo in the cool core of A 3444, overlaid on the Chandra 0.5-4 keV image. The radio contours are from
a VLA BnA–configuration image at 1.4 GHz (from G17). The restoring beam is 5′′ and rms noise is 35 µJy beam−1. Contours
are 0.09, 0.18, 0.36, 0.72, 1.44 mJy beam−1. (b,c): examples of two cool-core clusters, MACSJ0429.6-0253 and MS 0839.8+2938,
without a minihalo. For both clusters, the VLA B–configuration images at 1.4 GHz are overlaid as contours on the Chandra
0.5-4 keV image. For MACS J0429.6-0253, the restoring beam is 5′′ × 4′′ and rms noise is 40 µJy beam−1. Contours are 0.1,
0.4, 1.6, 6.4, 25.6, 104.4 mJy beam−1. For MS 0839.8+2938, the restoring beam is 6′′ × 4′′ and rms noise is 40 µJy beam−1.
Contours start at +3σ and then scale by a factor of 2.

extended emission on a largest scale of ∼ 2′. This cor-
responds to a physical scale of ∼ 470 kpc for A 3444,
∼ 640 kpc for MACSJ0429.6-0253 and ∼ 390 kpc for
MS 0839.8+2938, thus well beyond the region occupied
by the central radio galaxy. While a minihalo is clearly
well detected in A3444, no indication of diffuse radio
emission is visible in the cores of the other clusters at a
similar sensitivity level.

6. DISCUSSION

The purpose of this study is to quantify how frequent
are radio minihalos in clusters. Top panels in Fig. 8 plot

the clusters in our mass-limited sample in the M500−K0

and TX, ce −K0 planes (in the latter panel, the approxi-
mate temperature from the M500−TX relation that cor-
responds to our mass cut is shown by a dashed line). As
noted by C09, Rossetti et al. (2013) and others, the clus-
ter sample clearly separates into two populations, cool
cores with K0 ! 30 keV cm2 and non-cool cores (most
of which obvious mergers) with K0 " 50 keV cm2. The
fraction of cool cores in our Planck-selected sample is
26% (15 out of 58), similar to the fraction found in a
much larger Planck-selected sample (Andrade-Santos et

Giacintucci et al. 17
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Figure 2. Left panel: distribution of clusters in the P1.4 − L500 plane. Right panel: distribution of clusters in P1.4 − L500,cor plane. In both panels, different symbols
indicate halos belonging to the EGRHS (blue filled dots); halos from the literature (black open dots); halos with very steep spectra (USSRH, green asterisks); A1995
and Bullet cluster (blue stars); cool core clusters belonging to the EGRHS (magenta arrows). Best-fit relations to giant RHs only (black lines) and to all RHs (including
USSRH, green dashed lines) are reported. The 95% confidence regions of the best-fit relations obtained for giant RHs only are also reported (shadowed regions).
(A color version of this figure is available in the online journal.)

5. RADIO–X-RAY LUMINOSITY CORRELATION
AND THE BIMODALITY

It is well known that the radio luminosity of halos at 1.4 GHz
scales with the X-ray luminosity of the hosting clusters (e.g.,
Liang et al. 2000; Feretti 2002, 2003; Enßlin & Röttgering
2002; Cassano et al. 2006; Brunetti et al. 2009; Giovannini
et al. 2009). This correlation has been used to claim that a
correlation should also exist between the radio power and the
virial mass of the host cluster (e.g., Cassano et al. 2006). Deep
upper limits to the radio flux density of clusters with no RH
emission at 610 MHz, which were a factor of ∼3–20 below the
correlation, were obtained from the GRHS and its extension19

allowing to validate the correlation itself and to discover the
radio bimodality (e.g., Brunetti et al. 2007).

In previous papers, the distribution of galaxy clusters in the
radio–X-ray luminosity diagram, and the scaling relation be-
tween the two quantities, were based on non-homogeneous radio
and X-ray measurements. In particular, the radio luminosities of
halos were collected from the literature and X-ray luminosities
were taken from RASS-based cluster catalogs. Here we recom-
puted the radio flux densities of well known RHs by reanalyzing
observations from the archives (as outlined in Section 3.1). For
all clusters, we computed the 0.1–2.4 keV X-ray luminosities
within R500 from pointed ROSAT and Chandra observations (see
Section 3.2).

In Figure 2, (left panel) we show the distribution of clusters
in the P1.4 − L500 diagram. We report with different colors
clusters belonging to the EGRHS (blue points and blue and
magenta arrows) and halos from the literature (black points).
This is necessary, since the comparison between RH powers
and upper limits makes sense only for those clusters observed

19 Previous attempts to compare upper limits and the correlation can be found
in Dolag (2006).

within the same redshift range, and this is possible only for
clusters belonging to the EGRHS. Halos from the literature
follow the same distribution of halos from the EGRHS, and thus
we use them to draw the correlation. RH clusters appear to follow
a well-defined correlation between the halo radio power and
L500. Being steeper than other halos, ultra-steep spectrum RH
(green asterisks) are, in general, under-luminous with respect
to this correlation. Remember that the position of USSRH in
the P1.4 − L500 diagram cannot be compared with that of the
upper limits as the latter were scaled at 1.4 GHz using α = 1.3.
We find a bimodal distribution of clusters with the presence of
two distinct populations, that of radio-halo clusters and that of
radio-quiet clusters. For values of L500 ! 5 × 1044 erg s−1,
clusters with upper limits to the radio power (blue and magenta
arrows) are all located below the 95% confidence region of the
correlation.

As the EGRHS is based on X-ray-selected clusters, one may
suspect that the bimodality could be caused by the presence
of cool-core clusters, which are brighter in X-ray and do not
host giant radio-halos. With the idea to test the bimodality
against the presence of cool-core clusters in the EGRHS,
we derive the distribution of clusters in the P1.4 − L500,cor
diagram (Figure 2, right panel). We highlight the position of
cool-core clusters (identified as outlined in Section 3.3, magenta
arrows in Figures 2). As expected, the X-ray luminosity of
cool-core clusters is significantly reduced going from L500
to L500,cor.

However, the bimodal behavior in the halo radio power also
remains in the P1.4 − L500,cor diagram. Also, in this case, if we
restrict to clusters with L500,cor ! 5 × 1044 erg s−1, upper limits
are all below the 95% confidence region of the correlation. We
may thus conclude that the observed radio bimodality is not
driven by the presence of cool-core clusters without diffuse
radio emission in the EGRHS. We fit the observed P1.4 − L500
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Figure 7. Distribution of clusters in the plane c −w. Clusters with Y500 ! 6 × 10−5 Mpc2 (left panel) and clusters with Y500 " 6 × 10−5 Mpc2 (right panel) are
reported. The black open points are clusters with radio upper limits, while clusters with giant RH and with USSRH are shown as the red points and green asterisks,
respectively. The vertical and horizontal dashed lines: c = 0.2 and w = 0.012.
(A color version of this figure is available in the online journal.)

that mergers have a crucial role in the formation of these cluster-
wide diffuse radio sources.

Another interesting observation is that all clusters with Y500 >
1.3×10−4 Mpc2 are merging clusters and host a giant RH. These
clusters are very massive systems with M500 ! 8 × 1014 M⊙.
In particular, if we consider only clusters belonging to the
EGRHS (plus the “Bullet” cluster lying within the same redshift
range), we have six clusters with Y500 > 1.3 × 10−4 Mpc2:
four giant RHs and two USSRH. Why do we not find massive
relaxed clusters in the EGRHS? The EGRHS is an X-ray
selected sample, thus there are no reasons why we should miss
a population of massive relaxed clusters, which are generally
X-ray luminous. A possibility is that the Y500 estimates for
merging clusters are biased high with respect to M500. Numerical
simulations show that merging clusters fall below the M−Y
scaling relation, such that their inferred masses could be biased
low (e.g., Krause et al. 2012). However, recent observations
based on SZ and weak-lensing cluster mass measurements show
that merging clusters have weak-lensing masses 40% lower than
relaxed clusters at fixed Y500, so that their inferred SZ masses
are biased high (e.g., Marrone et al. 2012). The latter authors
suggested that the possible cause of these discrepancies could
be found in the over-simplicity of the adopted models to fit the
weak-lensing data.

A more promising hypothesis is that the lack of massive
relaxed systems in the EGRHS is due to the redshift range of this
sample, z ≃ 0.2–0.4, which is not far from the formation epoch
of these massive systems, M500 ! 8 × 1014 M⊙ (e.g., Giocoli
et al. 2007, 2012). In this case, the probability to observe massive
relaxed clusters is smaller; we will investigate these points in
more detail in a separate paper (R. Cassano et al., in preparation).

7. SUMMARY AND CONCLUSIONS

A number of correlations between thermal and non-thermal
cluster properties, i.e., P1.4 − LX, P1.4 − M , and P1.4 − TX,

have been reported for clusters hosting giant RHs since the last
decade. However, due to the small statistics and to the lack of
statistical samples of clusters observed at radio wavelengths, the
reliability of these correlations and the effects of observational
biases were not clear (e.g., Rudnick et al. 2006). Only recently,
thanks to the GRHS (Venturi et al. 2007, 2008), it has been pos-
sible to rely upon a solid sample of clusters with homogeneous
and deep radio observations. For the first time, it was possible
to place firm upper limits to the diffuse radio flux of clusters
without extended diffuse radio emission at the detection level
of the survey. These upper limits allowed for the study of the
distribution of clusters in the P1.4 − LX and to discover a bi-
modal behavior in the population of clusters: RH clusters lying
on the P1.4 − LX correlation and radio-quiet clusters (Brunetti
et al. 2007, 2009). Most important, the separation between RH
and radio-quiet clusters has a correspondence in the dynamical
state of clusters, with merging systems that harbor RHs and
radio-quiet clusters that are statistically more relaxed (Cassano
et al. 2010). The bimodality has been questioned in the light of
the cross-correlation of the GRHS with the Planck ESZ cluster
catalog. It was shown that while almost all RHs have been de-
tected in SZ, only 4 out of 20 upper limits were detected (Basu
2012). This was interpreted as a weaker or absent bimodality
in the radio–SZ plane. The proposed explanation for this was
that SZ measurements allow an unbiased estimate of the cluster
mass, whereas X-ray based cluster samples are biased towards
the detection of bright cool core clusters, which may induce
an apparent bimodal distribution of clusters in the radio–X-ray
plane (Basu 2012).

In this paper, we revise the radio–X-ray and radio–SZ
correlations. Our analysis is based on the EGRHS (Kale et al.
2013). We searched and found information in the ROSAT and
Chandra archive for a subsample of 40 clusters: 29 with upper
limits to the radio powers and 11 with giant RHs. In addition
to this sample, we also found information for a sample of 14
clusters hosting well-known RHs from the literature. These are
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we determined that RH models with a total flux density of 3-5
mJy are the lowest values that can be injected in our images to be
considered as upper limits of detection. The radio powers for the
detection limits calculated at 1.4 GHz with whole injected flux
densities, assuming a spectral index of 1.3, are shown in Table 4.

5. X-ray dynamical state of the ATCA clusters

All the clusters of the ATCA sample benefit from X-ray ob-
servations from the XMM-Newton space telescope as part of
the validation programme of Planck cluster candidates. The X-
ray data processing is detailed in Planck Collaboration et al.
(2011b). The cluster mass, M500, and corresponding R500 are
derived iteratively using the low scatter M500–YX scaling rela-
tion from Planck Collaboration et al. (2011b), where YX is the
product of the gas mass within R500 and the X-ray temperature
in the [0.15 � 0.75] R500 aperture. The density profiles were de-
rived from the surface brightness profile centred on the X–ray
emission peak, using the PSF-deconvolution and deprojection
method of Croston et al. (2008). From this analysis, we compute
two morphological parameters:

a) The surface brightness concentration parameter C,

C =
S X(< Rin)
S X(< Rout)

, (1)

the ratio of the surface brightnesses S X within an inner aperture
Rin and a global aperture Rout. The value S X is the PSF-corrected
surface brightness, which is derived from the emission measure
profile. Introduced in Santos et al. (2008) using Rin = 40 kpc and
Rout = 400 kpc, this parameter has been widely used to probe the
core properties of clusters up to high redshift (e.g. Santos et al.
2010; Hudson et al. 2010; Pascut & Ponman 2015). Here we
choose to use scaled apertures since the clusters of our sample
cover a wide redshift range, with Rin = 0.1⇥R500, corresponding
to the typical size of the cool core, and Rout = 0.5 ⇥ R500, which
is a characteristic size for the total flux.

b) The X-ray centroid-shift w, as defined in, for example,
Böhringer et al. (2010) within 10 circular apertures from 0.1 to
1 R500 excising the first central aperture,

w =

"
1

N + 1

X
(�i � h�i)2

#1/2
⇥ 1

R500
, (2)

where �i is the distance between the emission weighted centroid
within the ith aperture and the X-ray peak and N is the number
of apertures.

The centroid shift is computed on the background-
subtracted, exposure-corrected co-added X-ray count images in
the 0.3-2 keV energy band after removal and refilling of the point
sources as in Böhringer et al. (2010).

The results are shown in Fig. 2, where we overplot for com-
parison the positions of objects from the REXCESS (open grey
circles; see Böhringer et al. 2010, for the centroid-shift values).
Fig. 2 also includes the systems in common between the samples
of Cassano et al. (2013) and Planck Collaboration et al. (2011a)
(blue points), for which we computed the concentration parame-
ter and the centroid-shift values as described above for the ATCA
sample.

Fig. 2. Concentration parameter C vs. centroid shift w for the galaxy
clusters of the RHCP sample analysed in this paper (red filled circles).
For comparison, we also show the clusters in the sample of Cassano
et al. (2013) that appear in the sub-sample of Planck clusters studied by
Planck Collaboration et al. (2011a) (PEPXI-C13, blue filled circles) for
which we applied our algorithm to compute the w values within R500.
The size of the circles is proportional to the log(M500), in the range
[14.67–15.3], and clusters with detected radio haloes are indicated with
a cross. The characteristic thresholds indicating cool cores and mor-
phologically disturbed systems (dashed lines) are from the REXCESS
study (Böhringer et al. 2007). The REXCESS clusters are shown as
open circles.

The horizontal and vertical dashed lines of Fig. 2 indicate
characteristic threshold values of each parameter that are typ-
ically used to separate out cool-core and morphologically dis-
turbed systems, respectively. Following Pratt et al. (2009), we
use a value of w > 0.01 as indicative of a morphologically dis-
turbed system. Similarly, we define targets with C > 0.35, which
is equivalent to the central density criterion used by Pratt et al.
(2009), as centrally peaked and thus cool-core systems.

We stress here that the limits indicated with dashed lines in
Fig.2 were obtained for the local REXCESS sample. Also the
sample analysed by (Cassano et al. 2013) is mostly comprised
of lower redshift clusters compared to our targets. In addition,
instead of using scaled apertures, Cassano et al. (2013) adopted
fixed physical sizes for computing the two parameters w (500
kpc) and C (S x(<100 kpc)/S x(500 kpc)). Their choice was based
on the theoretical consideration that, for a typical ⇠1 Mpc-size
RH, 500 kpc is expected to delimitate the region in which the
energy of the merger is dissipated in particle acceleration. These
factors are however not expected to make our analysis signifi-
cantly di↵erent from the approach of Cassano et al. (2013), since
recent works have proven that the adopted morphological param-
eters neither depend significantly on the size of the central region
selected to estimate them (e.g. good agreement between w mea-
sured within R500 and 0.5 R500) nor are limited by resolution is-
sues up to z ⇠1 clusters (e.g. Bartalucci et al. 2017, Lovisari et
al., private communication). Our new estimates of the C and w
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Fig. 1. XMM-Newton smoothed images in the [0.3-2] keV band of the ATCA cluster sample overlaid with the 3� ⇥ (1,
p

2, 2) contours of the
high resolution wide band radio maps (see Table 3 and Figs. A.1 and A.2) in red and the same contour levels for the Block 3 low resolution
compact source subtracted maps for the two clusters with di↵use radio emission (see Sect. 6) in blue. The background of the X-ray images has
been subtracted. The X-ray images are corrected from surface brightness dimming with redshift, divided by emissivity in the energy band, taking
in account absorption from the Galaxy and the response of the instrument. Finally the images are scaled to a self-similar model. The colours are
selected so that the images would look identical when scaled by their mass if they were at the same distance; this gives us a visual hint of the
dynamical state of the clusters.

sources were used to set detection limits for possible di↵use ra-
dio emission, as described below.

4.3. Upper limit determination

To set the detection upper limits for possible di↵use radio emis-
sion in our ATCA observations, we took a similar approach to
that used in, for example, Venturi et al. (2008). Specifically, our
procedure consists of the following steps:

1) We simulated a di↵use source with the MIRIAD task IM-
GEN. The model consist of five low surface brightness concen-
tric disks, of which the biggest has a diameter of 1 Mpc in the
corresponding redshift of the respective galaxy cluster image. To
reproduce the typical profile of a RH, these disks area percent-
ages are from largest to smallest:100%, 60%, 33%, 25%, and
12%. These disks contribute, respectively, the following percent-
age of the total flux of the simulated source: 72%, 20%, 5%, 2%,
and 1%.

2) The simulated source was added into the compact source
subtracted uv data of the corresponding observation on the sub-
set coined Block 3 (⇠500 MHz wide, see Sect. 3) for each

galaxy cluster. This step was performed with the MIRIAD task
UVMODEL, which generates a new uv data set of the real data
plus the simulated source. To perform the injection of the spheric
models we picked the 1 Mpc diameter circle centred on the clus-
ter coordinates and five 1 Mpc areas inside the primary beam,
without any trace of point sources and where there is no appear-
ance of 3� contours due to artefacts on the original image plane.

3) The model injected uv data were imaged at low resolution
applying a taper with the following parameters on the MIRIAD
task invert: FWHM=20, robust=0.5, and cell=4; this allowed us
to achieve more sensitivity to the kind of emission of the simu-
lated halos, as in Sect. 4.2.

4) The injected fluxes of the di↵erent modelled disks were
increased until we noticed that 3� contours appeared uniformly
on the injection areas with a size large enough (⇠500 kpc diam-
eter) to allow us to recognize it as a candidate RH.

We were able to recover from ⇠50% to ⇠70% of the original
injected flux by measuring the total flux density in the areas of
the image plane where the injections were carried out. In the
range of rms noises and resolutions of our images (see Table 3),
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3.2 CIZAJ1938.3+5409

The cluster CIZAJ1938.3+5409 is located in the so-called
“zone of avoidance”, and was discovered by Ebeling et al.
(2002) by inspecting X-ray data from the RASS Bright
Source Catalog (Ebeling et al. 2000). The authors report
an X-ray luminosity of L[0.1−2.4keV ] ∼ 10.89 × 1044

erg s−1 (corrected for the cosmological model adopted
in this work). The cluster mass, as reported by Planck
(Planck Collaboration et al. 2013) is M500 = 7.5+0.4

−0.3 ×
1014M⊙. Therefore, it is quite a massive cluster, but un-
fortunately nothing is known in the literature about its dy-
namical state.

Chandra observations are available for this target (Jones
et al., 2015, in preparation). The X-ray and radio emission
of the cluster are shown in Fig. 4.

After the source subtraction, we discover extended ra-
dio emission, located at the cluster centre and having a
size of ∼ 720 kpc (Fig. 4, left panel). The flux density of
the emission is 11 mJy, which translates into a power of
2.4 ± 0.3 × 1024 W Hz−1 at 323 MHz. The size and the
position of the emission would classify it as a radio halo.
We note that the corresponding power at 1.4 GHz would
be P1.4GHz ∼ 4 × 1023 W Hz−1, which is unusually low for
such a massive cluster3. Indeed, the halo is at least 8-10
times under-luminous in radio for its SZ signal and X-ray
power, respectively (see Fig. 12). The radio power at 1.4
GHz would place the halo in the “upper-limit” region of the
P1.4GHz −M500 plane.

To verify that the diffuse emission is not due to the
the incomplete subtraction of the sources detected at high-
resolution (A-H in Fig. 4) we have convolved the residual of
the high-resolution image with a Gaussian having the ma-
jor and minor axis as the restoring beam of the LR image
(Fig. 5). In this image, the HR contours are plotted over the
LR ones, and over the contours of the residuals of the HR
image convolved at low resolution. From this image we con-
clude that the sources A,B,C,D,F,G and H are properly sub-
tracted, as no residual emission is detected neither in the LR
image nor in the residual image. Some residual emission is
detected corresponding to source E. This emission accounts
for 0.2 mJy and it is only confined to the source position,
hence it cannot explain the 11 mJy emission on larger scale,
detected in the LR image.

3.3 RXCJ 0949.8+1708

The cluster RXCJ 0949.8+1708, also known as MACS
J0949.8+1708, is an X-ray luminous cluster, discovered
in X-rays by the ROSAT satellite (Ebeling et al. 2000).
The Planck satellite detected the cluster through the
SZ effect (Planck Collaboration et al. 2011), and found
it to be massive, with M500 = 8.2 ± 0.6 × 1014M⊙

(Planck Collaboration et al. 2013).
Ebeling et al. (2010) have analysed the cluster in detail

using the UH 2.2m optical telescope and X-ray Chandra ob-
servations. They derive an X-ray luminosity Lx[0.1−2.4keV ] =
10.6 ± 0.6 × 1044erg s−1 within R500, and a temperature
T = 8.9± 1.8 keV.

3 we assume α = 1.2

Figure 11. The morphological diagrams c− w (top), c− P3/P0

(middle) and w− P − 3/P0, adapted from Cassano et al. (2010).
Red filled symbols refer to radio halos (red filled circles are from
Cassano et al. (2010), red empty circle is CL1821+643 from
Bonafede et al (2014), red filled stars are the radio halos dis-
covered in this paper. Blue filled dots refer to to mini halos, black
circles are clusters with no radio emission (from Cassano et al.
2010). The green star and arrows refer to the low power radio
halo in CIZAJ1938.3+5409. Arrows are upper limits to the P3/P0

value.

c⃝ 2002 RAS, MNRAS 000, 1–14
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Figure 12. Correlation between the radio power of radio halos
at 1.4 GHz and the cluster mass M500 as derived by SZ mea-
surements (Planck Collaboration et al. 2013). Blue points are the
radio halos used to derive the best-fit line (shaded line). Green
points are halos with spectral index α > 1.5. Arrows are upper
limits (points, arrows and bet-fit lines taken by see Cassano et al.
2013). Red filled stars are the radio halos presented in this paper,
for which a spectral index α = 1.2 is assumed. The red arrow
refers to the upper limit on RXCJ1354.6+7715 (halo size ∼ 700
kpc, 3sigmaLR detection threshold, see text for details).

In Fig. 6 the X-ray emission of the cluster is shown.
The MACS clusters in Ebeling et al. (2010) have been clas-
sified with a morphological code from 1 o 4, 1, meaning pro-
nounced cool-core and good optical-X ray alignment, and
4 meaning multiple X-ray peaks and no cD galaxy. RXCJ
0949.8+1708 is given a morphological code 2, meaning that
although no pronounced cool-core is present, the X-ray emis-
sion shows a good optical-X-ray alignment and concentric
X-ray contours.

This cluster has already been observed by Venturi et al.
(2008) at 610 MHz (the author refer to the cluster with the
name Z2261), who found positive residuals after the subtrac-
tion of the sources and indicated the cluster as a candidate
radio halo.

In Fig. 6 the radio image from our new GMRT obser-
vations is shown. We detect diffuse radio emission located
at the cluster centre and with a LLS of ∼1 Mpc, confirming
that the positive residuals detected by Venturi et al. (2008)
are part of more extended radio emission. We classify the
emission as a radio halo. It is elongated in the SW-NE di-
rection, and it does not follow the emission of the gas.

To verify that the diffuse emission is not affected by
the incomplete subtraction of the sources detected at high-
resolution (A-H in Fig. 6) we have convolved the residual
of the high-resolution image with a Gaussian having the
major and minor axis as the restoring beam of the LR image
(Fig. 7). From this image we conclude that the sources are
properly subtracted. Some residual is detected on top of the
brightest region of the halo. Likely, it is the brightest part
of the radio halo, which is on a scale smaller than 1 Mpc

and, as such, is not filtered-out in the HR image. The flux
density corresponding to this emission is ∼ 0.5 mJy, hence,
even if it came from the individual radio sources it would
not affect the estimate of the halo flux density (see Tab. 2).

3.4 RXCJ1354.6+7715

RXCJ1354.6+7715, also known as MACS J1354.6+7715,
is an X-ray luminous galaxy cluster discovered by
Böhringer et al. (2000). They report an X-ray luminosity
in the energy band 0.1-2.4 keV of Lx[0.1−2.4keV ] = 9.4 ×
1044erg s−1 (corrected for the cosmological model used in
this work).

The Planck satellite detected the cluster
through the SZ effect (Planck Collaboration et al.
2011). Planck Collaboration et al. (2013) report
M500 = 6.2± 0.6× 1014M⊙.

Horesh et al. (2010) have analysed the matter sub-
structure in the cluster using strongly lensed arcs detected
through HST observations. Their analysis suggests the exis-
tence of two separate galaxy concentrations. They conclude
that this cluster could be during some stage of a merger,
with a considerable amount of substructure.

Chandra observations are available in the archive. We
have calibrated them in the standard way (see Sec. 4) and
in Fig. 9 the X-ray emission is shown. In agreement with the
optical analysis by Horesh et al. (2010), two gas concentra-
tions are clearly detected.

In Fig. 9 the radio emission from the cluster at 323 MHz
is shown. A bright radio galaxy (C in Fig. 9, left panel) is lo-
cated at the centre of the cluster. Its total flux is ∼159 mJy.
It has a nucleus and a lower surface brightness tail. Residual
calibration errors are present around the radiogalaxy. The
presence of the tail and the residual calibration errors make
the subtraction of the clean components of the radiogalaxy
C difficult.

Some residual emission is present in the low-resolution
radio image, which is likely due to the convolution at lower
resolution of the residual calibration errors of the radio
galaxy C and to residual emission from the tail. In order
to confirm this, we have convolved the residuals, obtained
after the cleaning of the high-resolution image, with a Gaus-
sian having the major and minor axis as the restoring beam
of the low-resolution image. The comparison is shown in Fig.
10. Hence, despite the massive and likely merging cluster, no
radio emission in form of radio halo or relic is present at the
sensitivity level reached by our observations.

It must be noted that RXCJ1354.6+7715 is the least
massive clusters among those analysed in this paper. Putting
an upper limits to the possible radio emission below our
detection threshold is not trivial, because of the presence
residual calibration errors connected with the radio galaxy
C, and more generally because of the non-universal surface
brightness distribution of radio halos. However, considering
a conservative detection threshold of 3σLR over a circle of
350 kpc radius, we can exclude the presence of radio emission
on a scale! 700 kpc with a flux density S ∼ 5 mJy, which
translates into an upper limit of P1.4GHz < 5 × 1023. This
value is a factor ∼5 below the P1.4GHz-SZ correlation.

c⃝ 2002 RAS, MNRAS 000, 1–14
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low-resolution LOFAR image shows the presence of di↵use
emission on a larger scale for a total extension of 1.2 Mpc.
The lowest contour of the low-resolution image suggests the
presence of cluster-scale di↵use emission. However, it is not
possible to disentangle this emission from the that of the fading
lobes of the radio galaxy, neither it is possible to subtract its
core to search for the presence of an underlying radio halo.
Hence, we conclude that the radio emission is dominated by the
contribution of the radio galaxy.

In the left panel of Fig. 12, we show the image of the VLA
dataset that was calibrated in Sommer et al. (2017), and that we
re-imaged to match7 the LOFAR imaging parameters, such as
cell size and resolution, and obtain a spectral index map shown
in the right panel of Fig. 12. The core appears to have a flat spec-
trum with ↵1400

144 ⇠ �0.5 which is typical for cores of active radio
galaxies, whilst the lobes are much steeper with ↵1400

144 ranging
between ⇠ �1.3 and ⇠ �2. We can speculate on the type and the
evolutionary phase of the radio galaxy. It could be an FR-II ra-
dio galaxy that has recently restarted (hence the flat core) and old
lobes from a previous activity cycle (e.g. Shulevski et al. 2015,
Brienza et al. 2016). Interestingly, Augusto et al. (2006) classify
the radio galaxy of A2390 as an FR-II with a flat-spectrum core
and a compact twin-jet structure in a north–south direction on a
sub-arcsec scale, as seen in the 1.7 - 43 GHz frequency range.
They also note that the orientation of the jets is misaligned with
respect to the ionization cones and dust disc of the host galaxy on
larger scales. They suggest that the misalignment might be due
to a precession of the central supermassive black hole, and that
the radio source might be an example of a bubble being blown
into the intracluster medium at its early stage (103 � 104 yr du-
ration). This is in line with our interpretation of the east-west
jets being originated by a previous AGN active phase. The AGN
might then be experiencing a second episode of activity with the
jets growing in the north-south direction, after a precession. This
scenario would also explain the lack of giant cavities and bubbles
in the X-rays.

4. Discussion

On the basis of the X-ray morphology, the nine clusters pre-
sented in this work are not currently undergoing a major merger.
As shown in the top panels of Fig. 14, five of them host a cool
core, whilst the remaining host a warm core, according to the
classification based on the central gas entropy value (Giacin-
tucci et al. 2017). The overall picture as seen in the low radio
frequency band by LOFAR is quite diverse, with the presence
of radio di↵use emission in the form of two radio halos, three
mini halos, and two uncertain cases, while two clusters do not
host di↵use emission at all. Even though the sample we studied
is not large enough to derive statistical results, we note that
this the largest sample of galaxy clusters studied at LOFAR
frequencies, and we can draw a number of conclusions that can
be indicative also for future low radio frequency observations.
In our sample, the di↵use radio emission appears to be uncor-
related with the dynamical state as indicated by the centroid
shifts, w, of the X-ray emission computed at 500 kpc. Even

7 In this case we did not apply a uv-cut and the uniform weighting
parameter (as we did for the spectral analysis of A2261), because this
would prevent us from recovering the morphology of the di↵use lobes.
However, we note that the shortest baselines of, both, the VLA and LO-
FAR observations are able to detect large-scale emission up to few ar-
cminutes, larger than the emission in A2390.

Fig. 13. Radio power at 1.4 GHz vs. cluster mass M500 for a sample of
clusters with radio halo. The plot is reproduced from Martinez Aviles
et al. (2016). Halos with flux measured at 1.4 GHz are marked by black
circles and their derived fit is shown as a black line. Halos with flux
measured at frequencies other than 1.4 GHz are marked by cyan circles,
ultra-steep halos by blue circles, and ultra-steep halos with flux mea-
sured at frequencies other than 1.4 GHz by blue stars. The upper limit
of radio halo power at 1.4 GHz in A1423 and A1576 are indicated by the
triangles, as derived by Cassano et al. (2013) in grey and the new lim-
its obtained with LOFAR in red. The limit derived for A1576 is almost
coincident with the value in literature, while that for A1423 is almost a
factor of 2 smaller. We also indicate the power of the halos in A2261 and
RXCJ0142.0+2131 with yellow circles, and the steep-spectrum sources
in PSZ1G139.6+24 and RXJ1720.1+2638 with magenta squares.

looking at w on smaller scales, from 200 to 500 kpc, as shown
in the bottom left panel of Fig. 14), no correlation between the
radio emission and w is found. Clusters that possess similar
dynamical properties do not show the same radio properties,
e.g. the non-cool-core clusters RXCJ0142 and A1576, that have
similar X-ray properties (relaxed morphology, comparable c

and K0) and also comparable cluster masses, host a radio halo
and no di↵use emission, respectively. Also plotting the power
at 144 MHz versus the ratio between the X-ray concentration
parameter, c, and w (see bottom right panel of Fig. 14) does not
reveal a clear connection between the radio emission and the
dynamical state of the cluster. Halos are not necessary found in
clusters with low c and high w, e.g. A2261.

We find cluster-scale radio emission in clusters with higher
c and low central entropy, K0, that are known to host mini
halos. The presence of a dense, compact, cool core appears to
be indicative, hence c and K0, are more reliable predictors for
di↵use radio emission. In the top right panel of Fig. 14, we
plot c versus K0 for each cluster. Two-component radio halos
(MH+USSH) are found in clusters with high c and low K0,
while giant halos are detected in clusters with low c and higher
K0. However, a mini halo is found in a cluster with low c and
high K0 as well, and clusters where no radio emission is found
at the sensitivity level of these observations are found in both
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Figure 2. Left Panel. Distribution of clusters in the P1.4 � L500 plane. Right Panel. Distribution of clusters in P1.4 � L500,cor plane.
In both panels di�erent symbols indicate: halos belonging to the EGRHS (blue filled dots); halos from the literature (black open dots);
halos with very steep spectra (USSRH, green asterisks); A1995 and Bullet cluster (blue stars); cool core clusters belonging to the EGRHS
(magenta arrows). Best-fit relations to giant RHs only (black lines) and to all RHs (including USSRH, green dashed lines) are reported.
The 95% confidence regions of the best-fit relations obtained for giant RHs only are also reported (shadowed regions).

It is well known that the radio luminosity of halos at
1.4 GHz scales with the X-ray luminosity of the host-
ing clusters (e.g., Liang et al. 2000; Feretti 2000, 2003;
Enßlin & Röttgering 2002; Cassano et al. 2006; Brunetti
et al. 2009; Giovannini et al. 2009). This correlation has
been used to claim that a correlation should exist also
between the radio power and the virial mass of the host
cluster (e.g., Cassano et al. 2006). Deep upper limits to
the radio flux density of clusters with no RH emission at
610 MHz, which were a factor of ⇤ 3÷20 below the corre-
lation, were obtained from the GRHS and its extensions

allowing to validate the correlation itself and to discover
the radio bimodality (e.g., Brunetti et al. 2007).
In previous papers, the distribution of galaxy clusters

in the radio-X-ray luminosity diagram, and the scaling
relation between the two quantities, were based on non-
homogeneous radio and X-ray measurements. In particu-
lar, the radio luminosities of halos were collected from the
literature and X-ray luminosities were taken from RASS-
based cluster catalogues. Here we recomputed the radio
flux densities of well known RHs by reanalyzing observa-
tions from the archives (as outlined in Sect.3.1). For all
clusters we computed the 0.1-2.4 keV X-ray luminosities
within R500 from pointed ROSAT and Chandra observa-
tions (see Sect.3.2).
In Fig. 2, (left panel) we show the distribution of clus-

ters in the P1.4 � L500 diagram. We report with di�er-
ent colors clusters belonging to the EGRHS (blue points
and blue and magenta arrows) and halos from the litera-
ture (black points). This is necessary, since the compar-
ison between RH powers and upper limits makes sense
only for those clusters observed within the same redshift
range, and this is possible only for clusters belonging to

s Previous attempts to compare upper limits and the correlation
can be found in Dolag (2006).

the EGRHS. Halos from the literature follow the same
distribution of halos from the EGRHS, and thus we use
them to draw the correlation. RH clusters appear to
follow a well-defined correlation between the halo radio
power and L500. Being steeper than other halos, ultra-
steep spectrum RH (green asterisks) are in general under-
luminous with respect to this correlation. We remind
that the position of USSRH in the P1.4 � L500 diagram
cannot be compared with that of the upper limits as the
latter were scaled at 1.4 GHz using � = 1.3. We find a
bimodal distribution of clusters with the presence of two
distinct populations, that of radio-halo clusters and that
of radio-quiet clusters. For values of L500 >⇤ 5⇥1044erg/s,
clusters with upper limits to the radio power (blue and
magenta arrows) are all located below the 95% confidence
region of the correlation.
As the EGRHS is based on X-ray-selected clusters, one

may suspect that the bimodality could be caused by the
presence of cool-core clusters, which are brighter in X-ray
and do not host giant radio-halos. With the idea to test
the bimodality against the presence of cool-core clusters
in the EGRHS, we derive the distribution of clusters in
the P1.4 � L500,cor diagram (Fig. 2, right panel).
We highlight the position of cool-core clusters (identified
as outlined in Sect.3.3, magenta arrows in Figs. 2). As
expected, the X-ray luminosity of cool-core clusters is
significantly reduced going from L500 to L500,cor.
However, the bimodal behavior in the halo radio power

remains also in the P1.4 � L500,cor diagram. Also in this
case, if we restrict to clusters with L500,cor >⇤ 5 ⇥ 1044

erg/sec, upper limits are all below the 95% confidence
region of the correlation. We may thus conclude that
the observed radio bimodality is not driven by the pres-
ence of cool-core clusters without di�use radio emission
in the EGRHS. We fit the observed P1.4 � L500 and
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Fig. 5 Distribution of known
clusters with radio halos as a
function of redshift

4.1 Spectra of radio halos

4.1.1 Integrated spectrum

The integrated radio spectra of halo sources are still poorly known. The difficulty of
spectral studies are that (i) only in a few cases the spectrum is obtained with more
than three flux density measurements at different frequencies, (ii) for most sources
the highest available frequency is 1.4 GHz, therefore it is difficult to determine the
presence of a spectral steepening, crucial to discriminate between different reaccel-
eration models.

Spectral data available on the objects of the September2011-Halo collection are
reported in Table 2, where we arrange the information according to the number of
available frequency measurements. Halos always show a steep spectrum (α ! 1).1

The best studied integrated spectrum is that of the Coma cluster where clear evidence
of a high frequency steepening is present (see Thierbach et al. 2003 for a detailed
discussion). Indications of high frequency spectral steepening are reported in 4 more
cases. A very steep spectrum is shown by the radio halo in A1914 (Bacchi et al.
2003) where nine different points show a straight spectrum with α = 1.88, although
a possible high frequency curvature has been suggested (Komissarov and Gubanov
1994).

Halo spectra are typical of aged radio sources (see Sect. 2). In general, it is es-
timated that the radiative lifetime of relativistic electrons from synchrotron and in-
verse Compton energy losses is of the order of ∼108 yr (Sarazin 1999). Since the
expected diffusion velocity of the electron population is of the order of the Alfvén
speed (∼100 km s−1), the radiative electron lifetime is too short to allow the particle

1S(ν) ∝ ν−α is assumed throughout the paper.

Feretti+ 12
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The non-thermal ICM

4 A. Bonafede et al.

Table 2. Images.

Image Weighting scheme UV-Taper Restoring beam rms noise Fig of merit
mJy/beam

LOFAR HBA HR Briggs, robust=-1 - 5.800⇥4.600 0.13 3
LOFAR HBA LR Briggs, robust= -0.25 10 00 1900⇥1800 0.16 3
GMRT 608 HR Briggs, robust =0.25 � 6.300⇥5.600 0.03 4
GMRT 608 LR Briggs, robust= -0.25 2000 18.300⇥17.400 0.10 4

For spectral index image � UV-range> 500�

Image Weighting scheme UV-Taper Restoring beam rms noise Fig of merit
mJy/beam

LOFAR HBA Uniform 10 1000⇥1000 0.25 5, top panel
GMRT 608 Uniform 10 1000⇥1000 0.07 5, top panel

LOFAR HBA Uniform 30 3000⇥3000 0.50 5, bottom panel
GMRT 608 Uniform 30 3000⇥3000 0.17 5, bottom panel

Figure 1. Colours: X-ray emission from Chandra in the band 0.2 � 5 keV. Contours: radio emission from LOFAR at 147 MHz. The
beam is 19”⇥18”. The rms noise (�) is 0.16 mJy/beam. Contours start at 4� and are spaced by a factor 2. The contour at �4� is dashed.
The main components of the cluster emission in the X-rays and radio are labelled in yellow and white, respectively.

are shown in Fig. 4. Imaging parameters are listed in Table
2. We assume a 10% error on the absolute flux scale.

3 RESULTS

Both LOFAR and GMRT observations detect new emis-
sion that was not detected by previous, shallower radio
observations. Because of the di↵erent sensitivities of the two
instruments towards large-scale emission, we first analyse the

observations separately, and then perform a spectral index
study.

3.1 Radio emission at 147 MHz

The main result of the LOFAR observations is the discovery
of additional emission W of the halo (radio arc), around the
X-ray bar, and SE of the halo in the direction of the accreting
sub-group along the intergalactic filament (bridge). The halo

c� 2002 RAS, MNRAS 000, 1–13
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Synchrotron vs. SZ signal from galaxy clusters

PoS(AASKA14)170

Clusters with the SZ Effect Keith Grainge

Figure 3: Simulated 1-hour observation with SKA1-MID of a cluster with M200 = 4⇥1014
MO at z = 1.83

mapped with a 5 kl uv-taper. The cluster SZ effect is detected here at 14 s c.l.

and will detect approximately 1000 clusters at z>1 and 10 at z>1.83 (Merloni et al. 2012). Figure 3
demonstrates the capability of SKA1-MID to follow-up these clusters in SZ; it shows a mock
observation of a M200 = 4⇥ 1014

M� cluster observed for one hour by SKA-MID in band 5 (8.8–
13.8 GHz) and is able to detect the SZ effect at 14 s . Since the SZ effect is an extended feature,
we apply a 5 kl uv-taper as a crude matched filter. The data from the long SKA1-MID baselines
are therefore effectively discarded, but as discussed further in Section 5 these data are used for the
removal of contamination from radio point sources. This simulation demonstrates that a 1000-hour
SKA1-MID programme can therefore follow up all of the high redshift sample that eROSITA will
discover. In addition these additional observations of mass proxies will allow a better estimate of
the scatter in the mass-observable relation for clusters detected with Euclid (Rozo et al. 2009).

3. Detailed investigations of the intra-cluster medium

Deep X-ray observations of galaxy clusters have revealed different kind of structures in the
density and temperature distribution of the ICM, from central X-ray cavities filled with the radio
emitting relativistic plasma ejected by active galaxies (e.g. Fabian et al. (2000)), to high surface
brightness regions, such as shock and cold fronts related to cluster mergers (e.g. Markevitch (2008)
and references therein). Detailed studies of the ICM pressure distribution are necessary to charac-
terise the complex dynamical and feedback processes acting within galaxy clusters.

The SZ effect surface brightness provides a direct measure of the integrated pressure along the
line of sight and is well suited to identifying ICM discontinuities (such as cold fronts or shocks) in
the absence of resolved X-ray spectroscopy. High-sensitivity and high-resolution SZ observations
are therefore an extremely valuable tool to study the evolutionary physics of the ICM.

In the 2030 horizon, SKA2 will be ideally complemented by the Athena X–ray satellite4 for
the study of high-redshift clusters. Thanks to its large collecting area and spectroscopic capabil-
ity, Athena will open the possibility of studying the thermal and dynamical status of the ICM at

4http://www.the-athena-x-ray-observatory.eu
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Simulated SZ observations:
1-hour with SKA1-MID 

M200 = 4 × 1014 MSun @ z = 1.83
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Clusters with the SZ Effect Keith Grainge
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Figure 4: Left: XMM-Newton X-ray temperature map of the galaxy cluster RXJ1347 in keV. X-ray iso-
contours from the Chandra [0.5, 2.5] keV band image are superimposed in black. Total intensity radio
contours are overlaid in white. They start at 3 s level and are spaced by a factor of

p
2. Right: total intensity

614 MHz map and contours (white) of RXJ1347. Contours of the MUSTANG SZE image of the cluster
are overlaid in green (levels as in Fig. 6 in Mason et al. (2010)). The shock region correspond to the inner
contour on the SZ map and to the hottest (red) structure in the X-ray temperature map. Extracted from
Ferrari et al. (2011).

Figure 5: Left: Model of cluster RXJ1347 (z = 0.451) based on observations at 90 GHz with the MUSTANG
camera on GBT (Mason et al. 2010). Right: Simulated 1 hour SKA1-MID observation with a 20 kl uv-
taper; the southern shock heated gas region is detected at 20 s . The detection of the bulk SZ effect from the
cluster is at a significance of over 100 s if mapped with a 5 kl taper.

8
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A2255 

First detected polarised radio halo +                                       
several embedded radio galaxies 

Govoni et al. 2005,2006 

|Bk|2 ∝ k-n with: 

• n=2 in the centre 
• n=4 in the periphery 

• B0 ~ 2.5 µG

Abell 2255

Govoni et al. 05, 06
F. Govoni et al.: A2255: The first detection of filamentary polarized emission in a radio halo L7
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Fig. 2. Total intensity radio contours of A2255 at 1.4 GHz with a FWHM of 25′′ × 25′′ (natural weighting). The sensitivity (1σ) is ≃24 µJy/beam
and the dynamic range is ≃6000. Contour levels are: 0.07, 0.14, 0.28, 0.56, 4.48 mJy/beam. No primary beam correction has been applied.
Left: the contours of the total intensity are overlaid on the linearly polarized intensity (grey-scale). The sensitivity (1σ) of the U and Q images
is ≃11 µJy/beam. The grey-scale shows the polarized flux from 50–150 µJy/beam. Right: the contours of the total intensity are overlaid on the
polarization vectors. The vector orientation represents the projected E-field (not corrected for the contribution of the galactic rotation) while
their length is proportional to the fractional polarization (1′ = 50%). All pixels with a fractional polarization less than 2σ, or with an error in
the polarization angle greater than 10◦, have been blanked.

higher signal to noise ratio, the low brightness regions of the
diffuse sources are easily visible. On the left, the contours of
the total intensity are overlaid on the linear polarized in-
tensity (grey-scale). On the right, the contours of the total
intensity are overlaid on the polarization vectors. The vector
orientation shows the projected E-field and their length is pro-
portional to the fractional polarization (1′ = 50%). In the fig-
ure, all pixels with a fractional polarization less than 2σ or
with an error in the polarization angle greater than 10◦ were
blanked. The polarized emission at 15′′ resolution (not shown
here) displays similar results. The most important result is that
the bright filaments of the halo appear strongly polarized at
levels of ≃20–40% (≃4σ–8σ detections). Regions of ordered
magnetic field of ∼400 kpc in size can be observed. In the rest
of the cluster we don’t detect significant polarized emission ex-
cept in the brighter regions of the relic where the fractional po-
larization is in the range ≃15–30% (≃3σ–7σ detections). The
upper limit (2σ) to the fractional polarization in the fainter re-
gions of the halo (i.e. where the average total intensity emis-
sion is about 0.15 mJy/beam), is ≃15%. The galactic RM in
the direction of A2255 is expected to be about −6 rad m−2,
based on the average of the RM galactic contribution published
by Simard-Normandin et al. (1981) for sources near the clus-
ter. Therefore, even if no Faraday rotation occurs within the

cluster, the position angle of the E-field observed at 1.4 GHz
is rotated by ∼15◦ clockwise with respect to the intrinsic (at
λ = 0) orientation. The electric polarization vectors of the relic
tend to be roughly perpendicular to the relic elongation indicat-
ing aligned magnetic field structures within it, while the elec-
tric polarization vectors of the halo seems roughly parallel to
the filaments.

Figure 3 shows the total intensity image at 25′′ resolution,
with the discrete sources subtracted. The discrete sources were
identified by making an image using long spacings, then their
components were subtracted directly in the uv-plane (AIPS task
UVSUB). To estimate the flux density of the cluster diffuse
emission the primary beam correction was applied to the image
in Fig. 3 (AIPS task PBCOR). The halo has a total flux density
of ≃56 ± 3 mJy, the relic ≃23 ± 1 mJy, and their connecting
bridge ≃6 ± 0.5 mJy. The three filaments F1, F2, F3 have flux
densities of 9 ± 0.5, 3± 0.5, and 5± 0.5 mJy respectively, indi-
cating a total flux ≃30% of the flux of the entire halo.

4. Discussion

The absence of a significant polarization in halos has been
interpreted as the result of two concurrent effects: internal
Faraday rotation and beam depolarization. The thermal
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R. F. Pizzo et al.: Deep RM tomography of the galaxy cluster A2255

Fig. 7. Top panel: polarized intensity (in units of mJy beam−1 RMSF−1) in the field of A2255 from the high-frequency RM cube (18 cm + 21 cm
+ 25 cm) at φ = +30 rad m−2. Bottom panel: zoom into the region where the radio filaments are located.

Fig. 8. Faraday spectrum of the off-axis source 4C +66.19 extracted
from the 85 cm RM cube. The flux in in units of mJy beam−1 RMSF−1.
The resonances at the value | φ | ∼42 rad m−2 come from to the
17 MHz periodicity of the Q and U signals for off-axis sources (see
text). RM-cleaning has been applied.

owing to the difficulty of modelling their flux density and mor-
phology. In the 2 m RM cube, there is no evidence of any polar-
ized signal associated with A2255 or with our Galaxy.

4. The radio galaxies and the filaments

In the following subsections, we review the properties of the
six radio galaxies to which we limited our analysis and of
the filaments, while reporting their polarization percentages.
The Sidekick radio galaxy was left out of the analysis because
of its small linear size. The polarization properties of the radio
sources at 18, 21, and 25 cm are summarized in Table 6. The
data at 85 cm and 2 m were excluded because of strong Galactic
foreground emission (85 cm) or not detecting of the sources of
interest in polarization (2 m).

The polarized surface brightness of the sources was esti-
mated by integration over all the Faraday depths in which they
are detected in the RM cube. The result was then corrected for
the RM cube noise level. The analytical expression of this pro-
cedure is given by

|| P ||= B−1
n!

i=1

"
|| F(φi) || −σ

#
π

2

$
, (11)

where B is the area under the restoring beam of the RM-
CLEAN divided by ∆φ =| φi+1 − φi |, and σ

%
π
2 the aver-

age value of the ricean noise distribution of || F(φ) || (Brentjens
2007).

Since we do not correct for the off-axis instrumental polar-
ization, we expect that the measured polarization percentages
are more affected by instrumental polarization for those sources
farther away from the field center.
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Using Rotation Measures to Reveal the Mysteries of the Magnetised Universe Melanie Johnston-Hollitt

?

Johnston-Hollitt et al. (2004)
~ 1000 extragalactic RMs

Oppermann et al. (2012)
~ 40,000 extragalactic RMs

SKA 1 
~ 7 – 14 million extragalactic RMs

Figure 3: Top projection: The RM sky in Galactic coordinates as interpolated from ⇠1000 extragalactic
RMs over a decade ago (Johnston-Hollitt 2003; Johnston-Hollitt et al. 2004). Middle projection: The RM
Sky as determined from more sophisticated signal processing methods for ⇠40,000 extragalactic RMs (Op-
permann et al. 2012, 2015). Note that the large-scale features of the field are largely unchanged between
the top and middle panel, but the small scale information regarding the magnetic field of the Milky Way is
greatly improved with a higher density of RMs. The bottom panel denotes that an all sky RM survey on
SKA phase 1 with a sensitivity of 4 µJy/beam at 2" resolution should provide 7-14 million extragalactic
RMs with which to probe the RM sky. Red colour scales denote positive RMs and magnetic fields coming
out of the plane of the sky, whilst blue colours denote negative RMs and fields going into the plane of the
sky.

For further information see the following chapters in the 2015 SKA Science Case: Bonafede
et al. (2015); Cassano et al. (2015); Gaensler et al. (2015); Giovannini et al. (2015); Govoni et al.
(2015); Johnston-Hollitt et al. (2015a); Macquart et al. (2015); Taylor et al. (2015); Vacca et al.
(2015); Vazza et al. (2015).

2.2 Magnetic Field of the Milky Way

Mapping the magnetic field of the Milky Way has been steadily improving over the last decade.
The use of extragalactic background sources, embedded pulsars and observations of the diffuse
synchrotron emission in polarisation surveys (Reich et al. 2004; Haverkorn et al. 2006; Stutz et al.
2014) have all played important roles in examining the large-scale magnetic field of our Galaxy
(Stil et al. 2011; Oppermann et al. 2012). Such work continues to reveal surprising and previously
unknown features such as giant magnetised outflows (Carretti et al. 2013), and has permitted map-
ping of the magnetic field in a range of discrete Galactic objects (McClure-Griffiths et al. 2010;

7

Johnston-Hollitt et al. 15

PoS(AASKA14)105

Cluster magnetic fields through the study of polarized radio halos in the SKA era Federica Govoni

Figure 4: Polarized intensity surface brightness at 1.4GHz as a function of the beam size (300-10000) for three
mock radio halos of different luminosities (Govoni et al. 2013), obtained by using cosmological magneto-
hydrodynamical simulations by Xu et al. (2012). The solid red line shows the average brightness, while the
shaded region shows the maximum and minimum brightness fluctuations. The simulated surface brightness
is compared with a typical sensitivity expected for SKA1 (s ' 1µJy/beam) and SKA2 (s ' 0.1µJy/beam).
The sensitivity refers to the 3-s limit.

Simulations of major mergers (e.g. Iapichino 2014, Miniati 2014), suggest that, in this early phase,
the flow in the core is dominated by the shock propagation, rather than by turbulent stirring. Tar-
geted studies are needed to determine the duration of this transition in comparison with the radio
halo lifetime, and the resulting level of polarization.

3. Magneto-hydrodynamical simulations

In preparation for SKA, several next-generation radio telescopes and upgrades are being con-
structed around the world. Among them, APERTIF, ASKAP, LOFAR, Meerkat, and the Jansky
VLA all offer the chance to explore the polarization properties of cluster diffuse emission. Deep
polarization sky surveys are being planned for many of these telescopes. The WODAN survey
(Westerbork Observations of the Deep APERTIF Northern-Sky; Röttgering et al., 2011) will use
APERTIF to explore at 1.4 GHz the northern sky. This survey will provide a spatial resolution
of '1500 and a sensitivity of about 10µJy/beam. A similar performance will be reached in the
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Using Rotation Measures to Reveal the Mysteries of the Magnetised Universe Melanie Johnston-Hollitt

Figure 2: Schematic of a nearby galaxy cluster showing X-ray emission in purple, an extended radio source
in pink, and unresolved radio sources in white if unpolarised and gold if polarised. Different path lengths
to polarised sources are marked including unresolved background radio galaxies (dashed lines), unresolved
embedded sources (dot-dashed lines) and extended embedded sources such as large tailed radio galaxies, the
lobes of which are polarised and can be used as screen to examine the cluster magnetic field (solid lines).
The wealth of sources located at different locations within the ICM will allow the first Faraday tomography
of the magnetic field in galaxy clusters.

cluster out to a redshift of 0.5, this is important to understand the way magnetic fields grow in the
intracluster medium (ICM). The vast increase in the number of RMs available in the outskirts of
clusters will also allow measurements through magnetic fields in the cluster relics that are thought
to be generated by shocks. Observations have shown relics to have highly aligned magnetic fields
running perpendicular to the direction of shock propagation. To date only observations through the
NW relic in A3667 have shown an increase in RM (Johnston-Hollitt 2004), but simulations pre-
dict such enhancements will be readily detectable, particularly with SKA2 (Bonafede et al. 2015).
Observations of relic RMs combined with RMs of sources seen in projection through relics will
greatly assist in disentangling the shock geometry and allow the first statistical samples of the mag-
netic fields in shocks to be constructed. Figure 1 provides a schematic to illustrate the improvement
in background RMs seen through cluster magnetic fields commencing in 2000 and going through
to the expected SKA levels in 2020. By allowing detailed measurements of the magnetic field
strength and distribution of individual galaxy clusters, the door is opened to examine changes in
the magnetic field as a function of other cluster properties such as X-ray luminosity/mass, dynami-
cal state and importantly will allow us to determine the radial profile of the field and its connection
to the gas density.
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Figure 1: SKA1-SUR predictions for the RM for Coma-like clusters. Left panel: Average profile of the RM
(continuous line) and 5s dispersion (dotted lines) obtained for the BM15_4.7 model. Diamonds represent
the sources that the SKA1-SUR will detect in the background of the cluster. Red asterisks mark the sources
whose RM is in the range to be detected by the SKA1-SUR. Blue points refer to the observations presented
in Bonafede et al. (2010). Right Panel: lines and symbols are like in the left panel, shown in different colours
for three different models as indicated in the inset.
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Figure 2: SKA1-SUR predictions for clusters with M = 1013M� (left panel), and M = 1014M� (right panel).
Lines and symbols are like in Figure 1.

by Vazza et al. (2010).

3.1 b -model profiles

Our b -model clusters are meant to illustrate the big step forward allowed by the SKA in
studying the magnetic field properties of galaxy clusters, compared to what has been achieved
today with pointed observations of individual radiogalaxies.
The magnetic field in the Coma cluster is among the best constrained, and as such, it is a good
starting point to investigate the capabilities of the SKA compared to the present facilities.
We have considered a cluster gas density profile that follows the b -model (Cavaliere & Fusco-
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for three different models as indicated in the inset.
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3.1 b -model profiles

Our b -model clusters are meant to illustrate the big step forward allowed by the SKA in
studying the magnetic field properties of galaxy clusters, compared to what has been achieved
today with pointed observations of individual radiogalaxies.
The magnetic field in the Coma cluster is among the best constrained, and as such, it is a good
starting point to investigate the capabilities of the SKA compared to the present facilities.
We have considered a cluster gas density profile that follows the b -model (Cavaliere & Fusco-
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Conclusions

• The SKA will change dramatically our view of the radio sky, including galaxy 
clusters


• We will be able to assess the presence of a non-thermal component in 
thousands of clusters, up to z > 1


• Major signal processing developments are particularly crucial for the 
detection of cluster diffuse radio sources


• A wide scientific community is expected to collaborate in the development 
of the SKA project


