A MEERKAT VIEW ON GALAXY CLUSTERS
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Almost two decades of observations of radio emission in galaxy clusters have proven the existence
of relativistic particles and magnetic fields that generate extended synchrotron emission in the
form of radio halos. In the current scenario, radio halos are generated through reacceleration
of relativistic electrons by turbulence generated by cluster mergers. Although this theoretical
framework has received increasingly supporting observational evidence over the last ten years,
observations of statistically complete samples are needed in order to fundamentally test model
predictions. In this paper we briefly review our 7–element Karoo Radio Telescope observations
of a sample of nearby clusters aimed to test the predictions of the turbulent reacceleration model
in small systems (M500 > 4 × 1014 M⊙ ). We conclude by presenting two galaxy cluster surveys
to be carried out with MeerKAT in order to provide crucial test of models of radio halo formation
in nearby (z < 0.1) and high redshift (z > 0.4) systems respectively.
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1. Background and open questions

• discrete radio sources associated with cluster galaxies;
• radio halos (RHs): Mpc–scale diffuse radio sources with steep spectrum and low surface
brightness that are found in the central regions of a number of merging clusters;
• mini halos: central, diffuse radio sources extending over ∼ 100 kpc scales, typical of dynamically relaxed systems;
• radio relics: diffuse radio sources with elongated morphology, significantly polarized, mostly
located at the outskirts of a small number of merging clusters.
In this paper we will mainly focus on the study of RHs and what they can tell us about the formation
and evolution of galaxy clusters.
The particle life time due to radiative losses is much shorter than the RH crossing time (e.g.
[2]), therefore a re–acceleration mechanism is required to explain the presence of Mpc–size structures in galaxy clusters. Theoretical efforts over the last two decades have provided a scenario for
the formation of RHs based on the in–situ re–acceleration of relativistic particles due to merger–
driven turbulence (e.g., [3] for a review). Radio observations of large samples of clusters carried
out over the last ten years in the Extended GMRT Radio Halo Survey (EGRHS, [4], [5], [6] and
[7]) have established two key properties:
• RHs are not ubiquitous, but are found only in the 20 − 30% of clusters that are X–ray luminous (e.g., [8], [9]);
• RHs are connected to the cluster dynamical state, being found only in merging clusters but
not in relaxed systems ([10]). This behaviour appears as a bimodal distribution between the
1.4 GHz RH power P1.4 and the X–ray luminosity LX , where clusters with a RH follow the
P1.4 − LX correlation and clusters without a RH are significantly below such correlation (e.g.
[11]);
With the advent of SZ cluster surveys (e.g., [12], [13], [14]), RHs could be directly linked to the
cluster mass and their bimodality has been confirmed in the P1.4 −M500 1 plane too, with RH clusters
following the correlation, whereas clusters without RHs appear well below the correlation ([15],
1 where

M500 is the total cluster mass within the radius R500 , defined as the radius corresponding to a total density
contrast 500ρc (z), where ρc (z) is the critical density of the Universe at the cluster redshift.
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Galaxy clusters are the largest gravitationally bound systems and are believed to be formed via
mergers of smaller systems. They have masses of the order of 1014 −1015 M⊙ , with 15−20% in the
form of a hot (108 K) gas that pervades the cluster volume, emitting X–rays via the Bremsstrahlung
mechanism and mm-wave radiation via the Sunyaev–Zeldovich (SZ) effect. The presence of a non–
thermal (i.e. relativistic particles and magnetic fields) component emitting synchrotron radiation
has been revealed by a variety of radio observations over the last few decades. In particular, there
are four different sources of radio emission found in galaxy clusters (see [1] for a recent observational review):
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1. what is the fraction of giant radio halos in less massive clusters?
2. how does the fraction of clusters with giant radio halos evolve with cosmic epoch?

2. KAT–7 observations of galaxy clusters
We recently began to address the first open question by selecting a mass-limited (M500 >
4 × 1014 M⊙ ) sample of nearby (z < 0.1) clusters from the Planck SZ cluster catalogue ([14]) and
observed it with the 7–element Karoo Array Telescope (KAT–7, [18]) at 1.86 GHz. The sample,
consisting of 15 clusters observed with a 2.3 − 2.9 arcmin angular resolution (depending upon
declination), is described in [19], to which we refer the reader for details. We will summarize
here the main results presented in the light of the future opportunities offered by the upcoming
MeerKAT telescope described in Section 3.
The results of KAT–7 observations can be divided in three groups:
• six clusters which host radio emission. For these systems, the limited angular resolution
prevented us from reliably disentangling compact sources blended in a possible diffuse halo,
therefore those targets were conservatively discarded from the final statistical analysis;
• three candidate RHs, i.e. clusters hosting diffuse radio emission that spatially correlates with
a highly disturbed X–ray morphology. The two most interesting cases are shown in Figure 1:
residual, ∼ 800 kpc–wide radio emission is still visible in the PSZ1G 018.75+23.57 cluster
after removing two point sources identified in the Northern VLA Sky Survey (NVSS, [20]).
As no spectral index information is available for these sources, they were subtracted by
assuming a fiducial spectral index α = 0.7. The errors introduced by the subtraction are
∼ 20% of the thermal noise error estimates, as the proximity between the two observing
frequencies makes spectral index uncertainties negligible. Including uncertainties in source
subtraction, the flux density of the residual diffuse emission at 1.86 GHz is S1.86 = 48.3 ±
3.1 mJy.
The second case in Figure 1 referes to the Triangulum Australis cluster ([21]), which shows
∼Mpc scale diffuse radio emission offset, but clearly spatially correlated, with the X–ray
brightness distribution. The comparison between higher angular resolution observations
from the 843 MHz Sydney University Molonglo Sky Survey (SUMSS, [22]) and the ESO
Digitized Sky Survey optical image of the field reveals a spatial correspondence between
some of the patchy 843 MHz radio emission and bright optical galaxies (see Figure 6 in [19]).
2
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[16]). In addition, it has been proven that the fraction of clusters with RH is larger in surveys of
mass–selected clusters, being ∼ 50% for clusters with M500 > 6 × 1014 M⊙ ([17]).
These observational results support the current scenario for the formation of giant RHs whose
formation history depends on the interplay between the galaxy cluster merging rate throughout the
cosmic epochs and the process of particle acceleration.
Despite the success of the turbulent re–acceleration model in explaining current RH observations, several questions related to the formation and evolution of diffuse radio emission in galaxy
clusters are still open, in particular:
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Although the point source contamination to the RH flux density measured at 1.86 GHz may
not be negligible, its accurate estimate is not straightforward because of the uncertainty in
the frequency extrapolation from 843 MHz and the still somewhat limited angular resolution
of SUMSS, requiring further, dedicated observations;
• seven clusters for which no radio emission is detected down to the 0.3 − 0.8 mJy beam−1
sensitivity limit and for which P1.4 < 1024.4 Watt Hz−1 upper limits to the RH power could
be set.

Triangulum Australis

PSZ1G 018.75+23.57

Figure 1: 1.86 GHz KAT–7 radio contours (white) overlaid on the XMM–Newton images for the
PSZ1G 018.75+23.57 (left) and Triangulum Australis (right) clusters as examples of candidate RHs (from
[19]). For PSZ1G 018.75+23.57, contours are drawn at ± 2.5, 5, 10, 20 mJy beam−1 (with a 2.8 × 2.4 arcmin synthesized beam) after subtracting the two NVSS compact sources (black contours, drawn at ± 1.5,
6, 24 mJy beam−1 ). For Triangulum Australis, contours are drawn at ± 2.5, 5, 10 mJy beam−1 (with a
2.9 × 2.7 arcmin synthesized beam) and SUMSS contours (black) are drawn at ± 2, 4, 8 mJy beam−1 . The
vertical white bar indicates a 800 kpc size.

3. MeerKAT’s unique contribution
We are now in the position to show that the upcoming MeerKAT radio telescope is optimally
placed to perfom crucial tests of current models of radio emission in clusters. With its 64, pseudo–
randomly distributed antennas with a very dense 1 km core, MeerKAT offers a unique combination
of excellent uv–coverage that is crucial in order to sample all the spatial scales spanned by RHs and
the ∼ 5 arcsec angular resolution necessary to identify and subtract discrete radio sources that may
3
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Upper limits to the RH power provide the most stringent test of the P1.4 − M500 correlation and are
plotted in Figure 2 together with literature measurements and the best estimates of the RH power
for the PSZ1G 018.75+23.57 and Triangulum Australis cases. Although the KAT–7 upper limits are
compatible with the current correlation at the 95% confidence level and, therefore, do not provide
evidence for the presence of bimodality at low masses, they still show that bright RHs are rare in
small clusters.
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contaminate the RH emission. Moreover, with a 22 K system temperature2 at 1.4 GHz, MeerKAT’s
pointed sensitivity is unmatched in the Southern Hemisphere.
MeerKAT is likely to be the only instrument in the Southern Hemisphere able to perform two
critical tests:

• observations of high redshift systems. Very little is known about RHs in high redshift clusters, as statistically complete samples are observed only up to z ∼ 0.3 ([5], [7]). Due to its
very good angular resolution and uv coverage, MeerKAT is again very well suited to observe higher redshift clusters whose RHs are naturally expected to be smaller. We selected
55 clusters from the South Pole Telescope SZ catalogue ([13]) with M500 > 5 × 1014 M⊙
(80% complete at z > 0.4). Assuming that the current P1.4 − M500 correlation holds at higher
redshift, Figure 2 shows the parameter space that this possible MeerKAT survey would constrain. Assuming a 5 hour observation per individual target, the survey would detect all the
clusters at z > 1 with P1.4 & 6 × 1023 Watt Hz−1 , z > 0.8 with P1.4 & 4 × 1023 Watt Hz−1
and z > 0.5 with P1.4 & 2 × 1023 Watt Hz−1 respectively. Such a survey will complement the
EGRHS (which provides the deepest and largest sample available to date) up to z ∼ 0.8 at
the same sensitivity level. Such a survey which will not only provide a critical test of current
models, but also provide an independent probe of the merging history of clusters ([23]).
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• follow up observations of the KAT–7 sample. Given the current MeerKAT specifications,
a 10 fold improvement in brightness sensitivity over the KAT–7 survey can be achieved in
10 hours per target, while avoiding the confusion limit. Such a survey will be able to either detect RHs or place upper limits that will be one order of magnitude below the current
ones, i.e. well below the 95% confidence level of the correlation. Given its angular resolution, it will also be able to identify, model and subtract point–like emission in the seven
clusters where our current observations were not conclusive. Such a survey will provide
the first statistically complete test of the current RH model in small systems, assessing the
presence/absence of a bimodal distribution;
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