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Giant Radio Halos (RH) are diffuse Mpc-scale synchrotron sources detected in a fraction of mas-
sive and merging galaxy clusters. The currently prevailing picture is that RHs trace turbulent
regions in the ICM where particles are trapped and accelerated. This scenario predicts a tight
connection between the RH properties and the mass and dynamics of the hosting cluster. Large
mass-selected samples of galaxy clusters are necessary to explore this connection. We used the
Planck SZ cluster catalogue to build up an almost mass-selected sample of galaxy clusters with
M > 6 x 10"*M_, and z=0.08-0.33. We looked for the presence of RHs in these clusters in the
NVSS at z<0.2 and in the Extended GMRT Radio Halo Survey at z>0.2. We found evidence of
a drop of the fraction of clusters with RHs at lower masses and we confirmed that RHs are gen-
erated in merging systems, supporting the idea that mergers play a key role in the formation of
RHs. In this respect the next years will be crucial for the understanding of the origin and evolution
of RHs, since the new generation of radio telescopes (e.g. LOFAR, MWA, ASKAP) will survey
the sky with an unprecedented sensitivity and resolution allowing to test the models in a totally
unexplored range of frequencies, RH luminosities, redshift and cluster masses.
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1. Introduction

Mergers between clusters of galaxies are among the most energetic events in the Universe as
they release energies of ~ 109 — 10 erg in a few Gyrs. Part of this energy is channelled into the
acceleration of relativistic particles and amplification of magnetic fields in the ICM (see, e.g. [1],
for a review). The most spectacular evidence of this activity comes from diffuse Mpc scale syn-
chrotron radio sources, the so-called radio halos (RH). In the current theoretical picture RHs trace
turbulent regions in clusters where particles are trapped and re-accelerated during mergers (e.g.
[1]). According to this scenario, the formation history of RHs depends on the cluster merging rate
throughout cosmic epochs and on the mass of the hosting clusters, which ultimately sets the energy
budget available for particle acceleration. In their simplest form, models predict a steepening in
the spectra of RHs at a frequency v, that is connected to the energetics of the merger (i.e. on the
cluster mass). Therefore, the main expectation is that typical RHs should preferentially be found in
massive objects undergoing energetic merging events, whereas they should be rarer in less massive
merging-systems and absent in relaxed clusters (e.g. [2] ).

A first statistical measurement of the occurrence of giant RHs in galaxy clusters has been
obtained through the “GMRT RH Survey” [3, 4] (hereafter GRHS) and its extension, the EGRHS
[5, 6]. This survey confirmed that RHs are hosted in only ~ 20 — 30% of X-ray luminous (Lx (0.1 —
2.4keV) > 5 x 10™ erg/s) clusters and found that clusters branch into two populations: RHs trace
a correlation between Py 4 and Ly, whereas radio-undetected clusters (upper limits) lie about 1
order of magnitude below the correlation (e.g. [7]). Importantly, this bimodal split can be traced
to cluster dynamics: RHs are always associated with merging systems, while clusters without RHs
are typically relaxed (e.g. [8]).

The recent advent of the Planck cluster surveys, based on the Sunyaev-Zel’dovich (SZ) effect,
has enabled the construction of unbiased cluster samples that are almost mass-selected [9, 10]. The
fraction of clusters with RHs appears larger in SZ-selected cluster samples with respect to that
derived from X-ray samples [11]. [12] has also demonstrated the presence of a bimodal split in
the radio-SZ diagram, for Y509 > 6 x 107> Mpc?. However, the relatively low-mass completeness
(~ 50%) of the [12] sample did not allow the occurrence of RHs to be measured.

Here we give a summary of the statistical radio-X-ray analysis of a large mass-selected sample
of galaxy clusters reported in [13].

2. Cluster sample selection

In order to provide an unbiased measure of the fraction of clusters hosting RHs and of its
dependence on the cluster mass, we used the Planck SZ catalogue (PSZ) [14] to select clusters
with M > 6 x 10! M, in the redshift range z ~ 0.08 — 0.33. In this way we obtained a sample
of 75 clusters with mass completeness > 80%. Here we report on the statistical analysis of 57
clusters in the sample with available radio observations. The analysis of JVLA and GMRT data
of the remaining 18 clusters is in progress. We also report on the analysis of Chandra X-ray data,
available for 50, out of these 57 clusters with the aim to investigate their dynamical status and the
connection with the radio properties.
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Figure 1: Msqo — z distribution of the clusters of the PSZ catalogue. The dotted, dashed, and solid lines show the
Planck mass limit at 80, 50, and 20 % completeness, respectively. The rectangles show the regions where we extracted
our sample: green for the low redshift sample, yellow for the high redshift one. Adapted from [14].

Among the 57 clusters, 36 are at z > 0.2 and belong to the EGRHS, thus have deep radio
observations and reliable information about the possible presence of RHs. For the 21 targets in
the redshift range 0.08 — 0.2 we collected data from the literature (14 clusters) and analysed data
from the NVSS radio survey [15] for the remaining seven clusters (see Sect. 3). In Fig.1 we
show the Ms(y — z distribution of the Planck clusters: the green and yellow boxes represent the
regions where we selected our cluster sample. The low-z sample and the high-z sample are selected
from regions with mass-completeness of ~90% and 80%, respectively. The sample with radio
information consists of 57 clusters (listed in [13], Tab. 1) with a completeness in mass of ~ 63%" .

3. The low-z sample and the NVSS data analysis

The low-z sample includes 21 clusters with 0.08 < z < 0.2 and M5y, > 5.7 x 10 M_,. For
14 of these clusters we found information in the literature on the presence or absence of cluster-
scale radio emission that is based on pointed VLA/WSRT observations. We reprocessed the NVSS
fields of the seven clusters without literature information with the aim of improving the quality of
the radio images, i.e. lowering the rms noise and reducing the contribution of noise pattern. For the
reprocessed clusters we reached an average rms~ 0.25 mJy/beam, which is ~ 2 times better than
the nominal NVSS noise.

In order to investigate the possible presence of residual emission in the central regions of
these clusters we selected on each map a 1 Mpc circle centred on the centroid of the cluster X-
ray emission, then, with the task BLANK, we masked the discrete sources in the cluster and we
measured the residual diffuse flux density (RDF) in the circular region. We compared the RDF with
the flux densities measured in other areas of the same size taken around the cluster (three for each

99 2

cluster), i.e. “control fields” ©. We measured the offset between the RDF and the average value of

21436
(21/0.9)+(54/0.8) ™ 63%

2In order to make a consistent comparison we normalized both the RDF and the control field flux densities (CFF)
to the number of pixels enclosed in a circle of 1 Mpc diameter after masking the discrete sources

IThis is estimated as
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the CFF and we found that four clusters show an excess at > 2¢ level. We consider this to be the
threshold level at which to identify clusters with the possible presence of a RH.

With our procedure, based on the NVSS, we identified four cases with suspect diffuse radio
emission, however, we cannot confirm the presence of RHs in these clusters. Follow up GMRT and
JVLA observations of these clusters are ongoing.

4. Occurrence of radio halos

The aim of this Section is to derive the occurrence of RHs as a function of the mass of the
hosting clusters. Among the sample of 57 clusters with radio information, 24 (7 at 7 < 0.2 and 17
at z > 0.2) host RHs and four low-z clusters show residual emission in a Mpc-scale region that is
a possible indication of the presence of a RH (Sect. 3). We split this sample into two mass bins
and derived the fraction of clusters with RHs, fzy, in the low-mass bin (LM, M < My;,,) and in the
high-mass bin (HM, M > M,;,,) assuming different values of the limiting mass, M;;, (as detailed
below). In general we found that fzy is lower in the LM bins (fry &~ 20 — 30%), while it is higher
(fre =~ 60 —80%) in the HM bins (Fig. 2). This difference is systematic and thus we attempted
to identify the value of My;,, that provides the most significant jump between low- and high-mass
clusters.

We performed Monte Carlo simulations considering the four objects in the low-z sample with
suspect diffuse emission as non-RH clusters (case (i)) and (i7) as RH clusters. Considering case (i),
we randomly assigned 24 RHs among the 57 clusters of the sample and obtained the distributions
of RHs in the two mass bins (after 10° trials), the same distributions expected if the RHs had been
distributed independently of the cluster mass. We consider five different values of the transition
mass between the two bins, specifically Mj;, = (6,7,8,9,10) x 10'* M. Fig. 2 shows the observed
fraction of RHs (dots) together with the results of the Monte Carlo simulations (shadowed regions)
in the HM bin (left panel) and in the LM bin (right panel). We show the measured fraction of cluster
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Figure 2: Observed fraction of RHs fzy (dots) compared to the value predicted by the Monte Carlo simulations
(shadowed regions) in the HM bin (left panel) and in the LM bin (right panel) as a function of the limiting mass Mj;,,. In
both panels the green dots and the green shadowed regions show the case in which the four clusters with suspect diffuse
emission are considered as RH clusters.
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with RHs and the results of the Monte Carlo analysis in cases (i) (red and black dots and shadowed
regions) and (ii) (green dots and shadowed regions). For a clearer visualization in Fig. 2, for case
(ii) we only show the results obtained by assuming Mj;,, = (7,8,9) x 10'*M_,. Fig. 2 shows that in
the HM bin the observed fry is always greater than that predicted by the Monte Carlo simulations;
on the contrary, in the LM bin the observed fgy is always lower than that predicted by the Monte
Carlo analysis. This suggests the existence of a systematic drop of fry in low-mass systems.

In both cases (i) and (ii), we found that the value of M;;,, that gives the most significant result and
maximizes the drop of fry between the two mass bins is M;, ~ 8 X 1014M@, for which fry ~ 30%
(40%) in the LM bin and fry ~ 79% (79%) in the HM bin in case (i) (in case (ii)). For My, ~
8 x 10'*M,, the observed fry in the two mass bins differs from that obtained by the Monte Carlo
analysis at ~ 3.20 in case (i) and ~ 2.50 in case (ii). This means that the chance probability of the
observed drop of fry is < 7.4 x 107 (i) and < 5.7 x 1073 (ii).

Based on this analysis we conclude that there is statistical evidence for a drop of the fraction
of RHs in galaxy clusters at smaller masses. This is the first time that such an indication is derived
using a mass-selected sample.

According to current modellings mergers in smaller systems may not have sufficient energy
to generate RHs and a drop of the occurrence of RHs in smaller clusters is expected [2, 16, 1]. In
Fig. 3 we compare our results with the theoretical expectations based on [17, 2]. Despite the crude
approximations adopted in these models, there is an overall agreement between the observed and
predicted behaviour of fry with the cluster mass. The model slightly underestimates fgy in the
high-mass bin. There are two main reasons for this: 1) the use of the Press—Schechter formalism
[18], which is well known to underestimate the merging rate, and hence the number density, of
very massive systems; and 2) the fact that the model predictions do not include RHs with very
steep radio spectra, i.e. those with steepening frequency vy < 600 MHz.
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Figure 3: Expected fraction of clusters with RHs with steepening frequency [8] vy > 600 MHz in the redshift range
0.08 < z < 0.33 (blue line and shadowed region). Calculations have been performed for the following choice of model
parameters: b = 1.5, (B) = 1.9 uG (where B = (B) x (M /{M))?), and 1, = 0.2 (see [19] and referencees therein). The
observed fraction of clusters with RHs in the two mass bins is also shown (black points with horizontal error bars).
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5. Radio halo—cluster merger connection

In this section we investigate the connection between the presence or absence of RHs in clus-
ters and the cluster dynamical status of merger or relaxed. 50 cluster, out of 57 have available
Chandra X-ray data, that we reduced and analysed following [8, 12]. We studied the cluster sub-
structures on the RH scale analysing the surface brightness inside an aperture radius R,, = 500
kpc. We used three main indicators of the level of dynamical disturbance in clusters: the power
ratios (e.g. [20, 21]), the emission centroid shift (e.g. [20, 22, 21]), and the surface brightness
concentration parameter (e.g. [23]).

Fig. 4 shows that RH clusters (red dots) can be separated from clusters without RH (black dots)
in the morphological diagrams: RHs are associated with dynamically disturbed clusters, while the
vast majority of clusters without Mpc-scale diffuse radio emission are relaxed objects.

About 80% of the clusters in the HM bin of our sample are mergers, and this explains why
RHs are fairly common in this bin (Sect. 4). At least ten merging clusters of our sample do not
host RHs. In fact, the generation of turbulence in the ICM as a consequence of merger events
takes some time, corresponding to a “switch on”, “switch off”” phase of RHs. During these phases
X-ray and radio properties of clusters can be unconnected, since RHs would be underluminous or
absent, whereas the hosting cluster would appear disturbed in the X-rays (e.g. [24]). An additional
possibility is that some of the dynamically disturbed systems host RHs with very steep spectra that
are not easily seen at our observing frequencies ([25, 16]). Indeed the great majority of merging
clusters without RHs belong to the LM bin, which might support the idea that in these cases (or
some of them) the energy provided by the merger is not sufficient to generate RHs emitting at the
observing frequencies.
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Figure 4: (a) c—w, (b) c— P;/Py, (c) w— P3 /P, diagrams. Vertical and horizontal dashed lines: ¢ = 0.2, w = 0.012,
and P3/Py = 1.2 % 1077 [8]. Red, black, and blue dots represent clusters with RH, clusters without RH, and clusters
hosting relics (without RHs), respectively. Black open dots are clusters with suspect diffuse emission from the NVSS.

6. Summary

We have presented a step toward an unbiased analysis of the occurrence of RHs as a function
of the cluster mass in a mass-selected sample of galaxy clusters. We built a sample of 75 clusters
with M > 6 x 10'*M_, in the redshift range 0.08 < z < 0.33 selected from the Planck SZ catalogue.
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Here we have analysed a subsample of 57 clusters that have available radio information. The
completeness in mass of this sample is ~ 63%.

We split our sample into two mass bins, the low-mass bin (LM, M < M;;,,) and the high-mass
bin (HM, M > Mjy;,,,), and derived the fraction of clusters with RHs in the two mass bins for different
values of My;,, finding that fry is =~ 60 — 80% in the HM bin and ~ 20 — 30% in the LM bin. By
means of Monte Carlo simulations we obtained the distributions of RHs in the two mass bins (after
10° trials), expected in the case that RHs were distributed independently of the cluster mass. We
found that for M;;,, =~ 8 % 1014M@ the observed fry in the two mass bins differs from that obtained
by the Monte Carlo analysis with a significance that ranges between 2.5 ¢ and 3.20, which means
that the probability of obtaining the observed drop of fzy by chance is < 5.7 x 1073 or even lower
(see Sect 4). This suggests that the increase of the occurrence of RHs with the cluster mass is likely
to be real, rather than by chance.

The drop of the fraction of clusters hosting RH for less massive systems is naturally and
uniquely expected in the framework of turbulent re-acceleration models (e.g. [17]) that provide
a popular picture for the formation of giant RHs in galaxy clusters. A solid comparison between
models and our observations is still premature owing to the incompleteness of the observed sample.
Still, with this caveat in mind, in Fig. 3 we have shown that there is a quite good agreement between
models and observations.

We analysed the Chandra X-ray data, available for 50 clusters, and we derived the morpho-
logical parameters (the centroid shift, w; the power ratio, P;/Py; and the concentration parameter,
¢), which are powerful diagnostics of the cluster dynamical status. We confirmed that RHs are
hosted by merging clusters, while the majority of non-RH clusters are relaxed, thus highlighting
the crucial role that merger events play in the origin of RHs.

We are currently analysing GMRT and the JVLA proprietary data of the remaining 18 clusters
in the sample in order to achieve a conclusive measure of the occurrence of RHs in a mass-selected
sample of galaxy clusters.
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