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ABSTRACT

Context. Many galaxy clusters show diffuse cluster-scale emission in the form of radio halos, showing that magnetic fields and
relativistic electrons are mixed in with the intracluster medium. There is in general agreement with the idea that the origin of radio
halos is connected to turbulence generated during cluster mergers. Statistical studies of large samples of galaxy clusters in the radio
band have the potential to unveil the connection between the properties of radio halos and the mass and dynamics of the host clusters.
Aims. Previous studies were limited to massive clusters and were based on a small number of radio halos. The aim of this paper is to
investigate the scaling relation between the radio power of radio halos and the mass of the host clusters at low frequencies and down
to lower cluster masses.
Methods. We analysed the clusters from the second catalogue of Planck Sunyaev–Zel’dovich sources that lie within the 5634 deg2

covered by the second Data Release of the LOFAR Two-meter Sky Survey. We derived the correlation between radio power and
host cluster mass, and investigated the distribution of clusters without radio halos with respect to this correlation. We used X-ray
observations to classify the dynamical state of clusters and investigated its effect on the power of radio halos.
Results. Using different fitting methods, we found a correlation between the power of a radio halo at 150 MHz and the mass of its host
cluster down to 3 × 1014 M�. For comparison with previous works, with the Bivariate Correlated Errors and intrinsic Scatter (BCES)
Y |X method, we obtained the slope of the correlation B = 3.55± 0.60 and the normalisation A = 1.1± 0.1. This correlation has a large
scatter, part of which can be attributed to the different dynamical states of host clusters. We used two statistical tests to show that the
distribution of clusters with and without (upper limits) radio halos in the mass–radio power diagram is not compatible with a single
correlation and that it is also not compatible with clusters being uniformly distributed below the correlation.

Key words. radiation mechanisms: non-thermal – galaxies: clusters: intracluster medium – galaxies: clusters: general –
radio continuum: general – X-rays: galaxies: clusters – acceleration of particles

1. Introduction

Mergers between galaxy clusters are the final stages of cosmic
structure formation and are the most energetic events in the cur-
rent Universe, releasing up to ∼1063 ergs on gigayear timescales.
During these events, shocks and turbulence are released into
the intracluster medium (ICM), which amplify cluster mag-
netic fields and accelerate particles to relativistic speeds. Radi-
ation from these non-thermal phenomena in galaxy clusters is
observable in the radio band in the form of radio halos and
radio relics (e.g. van Weeren et al. 2019, for an observational
review). Radio halos are found at the centres of clusters and
their emission roughly follows the X-ray emission from the
thermal ICM. Radio relics, on the other hand, are located at

the periphery of clusters and have elongated morphologies. The
currently accepted theoretical picture is that radio halos are
powered by turbulence, whereas radio relics trace shock waves
propagating through the ICM (Brunetti & Jones 2014, for a the-
oretical review). Both radio halos and relics are therefore probes
of the dissipation of the gravitational energy from large to
smaller scales.

In this paper, we focus on radio halos. Studying the statis-
tical properties of radio halos in galaxy clusters has become
increasingly important in the last decade as it is a power-
ful tool to unveil the connection and evolution of the non-
thermal cluster-scale emission with both cluster dynamics
and cluster mass. Such studies can test theoretical models
for the origin of radio halos. Previous studies, such as the
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Giant Metrewave Radio Telescope (GMRT) radio halos sur-
vey (Venturi et al. 2007, 2008) and its extension (Kale et al.
2013, 2015), have revealed a statistical connection between the
presence of radio halos and the merging status of the host
clusters (Cassano et al. 2010a; Cuciti et al. 2015, 2021a), sup-
porting the idea that mergers play a key role in the formation
of radio halos. Moreover, a correlation exists between the radio
power of halos and the mass of the host clusters (Basu 2012;
Cassano et al. 2013; Cuciti et al. 2021a; Duchesne et al. 2021;
van Weeren et al. 2021; George et al. 2021). The upper limits on
the radio power of clusters with no diffuse emission populate
a different region in the mass–radio power diagram, typically
being about a factor of four below the correlation (Cassano et al.
2013; Cuciti et al. 2021a).

According to turbulent reacceleration models, the radio
spectra of radio halos should show a cutoff at a frequency
that is proportional to the energy available in the merger
(Cassano & Brunetti 2005). In particular, the mass of clusters
is one of the parameters that sets the energy budget for parti-
cle acceleration. Therefore, massive systems undergoing major
mergers are expected to form radio halos with a typical spectral
index of α ∼ −1.3 (with Fν ∝ ν

α) visible up to ∼GHz frequencies
before rapidly steepening, while less massive systems and minor
mergers are expected to generate ultrasteep spectrum radio halos
(USSRHs; α < −1.5), which are only detectable at ∼100 MHz
(Cassano et al. 2012). However, historically, these studies were
performed at frequencies of ∼1 GHz and this limited the num-
ber of detections of radio halos and the mass range that could be
explored to M500 > 5−6 × 1014 M� (Cuciti et al. 2021a).

In this respect, the LOw Frequency ARray (LOFAR)
has enabled observations of galaxy clusters at frequencies
of <200 MHz with unprecedented sensitivity and resolution.
LOFAR is carrying out sensitive wide-area surveys of the entire
Northern Sky at 120−168 MHz and 42−66 MHz in the context
of the LOFAR Two-meter Sky Survey (LoTSS; Shimwell et al.
2017) and LOFAR LBA Sky Survey (LoLSS; de Gasperin et al.
2021), respectively. One of the main goals of these surveys
is the discovery of diffuse megaparsec-scale radio sources in
galaxy clusters, providing large samples suitable for perform-
ing statistical studies. Based on turbulent acceleration mod-
els, Cassano et al. (2010b) predicted that the LOFAR survey at
150 MHz should detect ∼350 radio halos in the Northern Sky.
A first step in this direction was made by van Weeren et al.
(2021), who analysed the diffuse emission in 26 galaxy clus-
ters selected from the second Planck catalogue of Sunyaev–
Zel’dovich (SZ) sources (PSZ2; Planck Collaboration XXVII
2016) that lie within the 424 deg2 of the first LoTSS Data
Release (LoTSS-DR1; Shimwell et al. 2019). van Weeren et al.
(2021) found eight radio halos, and therefore needed to comple-
ment their measurements with literature information in order to
study the mass–radio power correlation.

Recently, we started a large project1 with the aim of studying
the statistical properties of the diffuse sources in galaxy clusters
at 150 MHz. To this purpose, we selected all the clusters from
the second PSZ2 catalogue that have been covered by the sec-
ond LoTSS Data Release (LoTSS-DR2; Shimwell et al. 2022).
In Botteon et al. (2022, Paper I), we present the sample, describe
the data analysis, classify the cluster radio sources, and provide
the measurements of different quantities. In Bruno et al. (2023,
Paper II), we present the procedure and derive the upper lim-

1 Images, tables, and further information of all targets can be found
on the project website https://lofar-surveys.org/planck_dr2.
html

its to the radio power of clusters with undetected diffuse emis-
sion. In Zhang et al. (2023, Paper III), we analysed the available
X-ray, Chandra and/or XMM-Newton, archival data to derive the
morphological properties and the ICM density perturbations of
clusters. In Cassano et al. (2023, Paper IV), we study the occur-
rence of radio halos as a function of mass and redshift, and the
connection between radio halos and the dynamics of clusters,
and compare the results with expectations from theoretical mod-
els. In Jones et al. (2023, Paper VI), we focus on radio relics
and discuss their occurrence and their scaling relations. Here,
we present the correlation between the radio power of halos and
the masses of the host clusters (Sect. 3), and discuss the scatter
of this correlation and the distribution of clusters with and with-
out radio halos (Sects. 4 and 5). Finally, we compare our results
to previous work at higher frequencies (Sect. 6).

2. The sample

The PSZ2 catalogue (Planck Collaboration XXVII 2016) con-
tains 1653 SZ-sources detected over the entire sky, of which 309
lie in the LoTSS-DR2 footprint, and 281 out of 309 have been
confirmed as clusters and their mass and redshift have been mea-
sured. In Paper I, we classified the diffuse radio emission in those
clusters by visually inspecting a set of LOFAR images at differ-
ent resolutions (with and without source subtraction) together
with the optical/X-ray overlay images. In order to make this
classification objective and reproducible, we used a decision tree
that we followed during the inspection of the images to classify
the diffuse emission. The radio sources are classified as follows:
radio halos (RH) are extended sources that occupy the region
where the bulk of the X-ray emission from the ICM is detected;
radio relics (RR) are elongated sources whose position is off-
set from the bulk of the X-ray emission from the ICM; candi-
date radio halos and candidate radio relics (cRH/cRR) are cases
where the diffuse emission has the appearance of a RH or RR,
respectively, but the absence of Chandra or XMM-Newton X-ray
observations prevents unequivocal classification; uncertain (U)
are sources for which the emission is either significantly affected
by calibration and/or subtraction artefacts or sources that do not
fall in the categories of RH or RR; no diffuse emission (NDE)
sources are those that do not show the presence of diffuse emis-
sion that is not associated with AGN; and not applicable (N/A)
sources are those for which the image quality is not adequate to
properly classify the emission.

The procedure to measure the radio power of radio halos is
described in Paper I. Here, we summarise the main steps and
refer the reader to Table A.3 of Paper I for the values of P150 MHz.
We used the Halo-Flux Density CAlculator2 (Halo-FDCA;
Boxelaar et al. 2021) to measure the integrated flux density of
radio halos. We adopted an exponential profile to fit the surface
brightness of radio halos. This model depends on two param-
eters: the central surface brightness I0 and the e-folding radius
(re). As suggested by Murgia et al. (2009), when calculating the
Halo-FDCA derived integrated flux densities, we integrated the
best-fit models up to a radius of three times the e-folding radius.
This choice leads to a flux density that is ∼80% of that that
would be obtained by integrating the model up to infinity and
is motivated by the fact that halos do not extend indefinitely. The
k-corrected radio power of the sources at 150 MHz is derived
according to the usual formula and assuming a power-law radio
spectrum with a spectral index of α = −1.3 (see Eq. (5) in
Paper I), which is typical of radio halos (e.g. Feretti et al. 2012;

2 https://github.com/JortBox/Halo-FDCA
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Fig. 1. Mass–redshift distribution of the clusters of the sample. Clus-
ters above the 50% Planck completeness line (dotted line) are marked
depending on their classification. Grey points represent clusters below
the 50% completeness line and are not considered in this paper.

van Weeren et al. 2019). We note that some radio halos may
have steeper spectra. The reader should therefore take the val-
ues of P150 MHz with caution, especially for high-redshift clus-
ters, where the k-correction makes the value of P150 MHz more
dependent on the adopted α. In a few cases, the fitting could
not be performed reliably owing to the low signal to noise of
the diffuse emission. These sources are marked RH* and their
integrated flux densities cannot be determined accurately with
current data.

For 75 of the 114 NDE with available redshift, we derived
the upper limit on the radio power of a possible halo by sim-
ulating radio halos through the injection of mock visibilities in
the LOFAR uv-data and assuming negligible flux absorption due
to calibration. The injection technique and the resulting upper
limits are reported in Paper II.

Here we focus on a subsample of 221 clusters that lie
above the 50% Planck completeness line (Fig. 1). This means
that we may have missed up to 50% of clusters above the
completeness line. We do not expect this choice to introduce
biases in our results because there are no significant differences
between the completeness functions for relaxed and disturbed
clusters, as shown by Planck Collaboration XXVII (2016). This
choice represents a reasonable compromise between the size
and the completeness of the sample. Among these 221 clus-
ters, three are excluded because they lie within the Coma clus-
ter region (which requires a special data reduction scheme given
its large angular extent, Bonafede et al. 2021, 2022) and one
is PSZ2 G060.10+15.59 for which the ionospheric conditions
at the time of the observation did not allow proper direction-
dependent calibration, hence it is excluded. Moreover, we do
not consider the radio halo in PSZ2 G166.62+42.13 because
its emission is contaminated by the emission of multiple radio
relics and the radio halo power was not computed for this reason
(Botteon et al. 2022). Considering these exclusions, the number
of clusters analysed in this paper is 216, we list the number of
clusters per category in Table 1.

3. Fitting procedure

The resulting distribution of radio halos in the radio mass–
power diagram is shown in Fig. 2 (left). The uncertainties take
into account the statistical, systematic, and subtraction error.

Table 1. Number of clusters per category.

RH RR cRH cRR RH* N/A NDE (b) U

Number 48 20 (a) 13 5 4 23 85 30

Notes. (a)Twelve of these also host RHs and are counted among the
48 clusters in the RH category. (b)We have upper limits for 53 of these
clusters (see Paper II).

We refer the reader to Paper I for the estimation of these
uncertainties. To derive the parameters of the correlation, we
follow the fitting procedure outlined in Cassano et al. (2013)
and Cuciti et al. (2021a). Specifically, we adopt the Bivariate
Correlated Errors and intrinsic Scatter (BCES) linear regres-
sion algorithms (Akritas & Bershady 1996) to fit the observed
M500−P150 MHz data points with a power law in the form:

log
( P150 MHz

1024.5 W Hz−1

)
= B log

(
M500

1014.9 M�

)
+ A, (1)

where A and B are the intercept and the slope of the correlation,
respectively.

Considering Y = log(P150 MHz) − 24.5 and X = log(M500) −
14.9, and having N data points (Xi,Yi) with errors (σXi , σYi ), we
estimate the raw scatter as:

σ2
raw =

1
N − 2

N∑
i=0

wi(Yi − BXi − A)2, (2)

where

wi =
1/σ2

i

(1/N)
∑N

i=0 1/σ2
i

and σ2
i = σ2

Yi
+ B2σ2

Xi
. (3)

To evaluate the 95% confidence region of the correlation, that
is, the area that has a 95% probability of containing the “true”
regression line, we calculated the 95% confidence interval of the
mean value of Y , 〈Y〉. For a given X, this is 〈Y〉 ± ∆Y , where

∆Y = ±1.96

√√√[ N∑
i=0

(Yi − Ym)2

N − 2

][ 1
N

+
(X − Xm)2∑N

i=0(Xi − Xm)2

]
, (4)

where Ym = BXi + A and Xm =
∑N

i=0 Xi/N for each observed Xi.
The parameters of the correlation were derived considering

only clusters with radio halos, and are shown in the top panel of
Table 2, together with the results from a 5000 bootstrap resam-
pling analysis. The parameters that we inferred considering also
candidate radio halos are listed in the second panel of Table 2.
We also report the raw scatter of the correlation, σraw, and the
Spearman correlation coefficient, rs, which is a measure of the
monotonicity of the relationship between two variables. In both
cases, we obtained a value of rs ∼ 0.8, which means that the
correlation is monotonically increasing and the probability that
such a correlation is due to chance (p-value) is <10−11.

In addition, we derived the parameters of the correlation
considering only radio halos with the Bayesian LInear Regres-
sion in Astronomy method (LIRA; Sereno 2016). We used a
mass distribution that depends on the redshift. The mass dis-
tribution of the Planck clusters we considered is limited at
large masses by the steepness of the halo mass function and at
small masses by the adopted 50% mass completeness threshold.
These two factors make the distribution approximately lognor-
mal (Lima & Hu 2005). We were then able to model the mass

A30, page 3 of 12



Cuciti, V., et al.: A&A 680, A30 (2023)

10152× 1014 3× 1014 4× 1014 6× 1014

M500 [M�]

1023

1024

1025

1026

P
15

0M
H

z
[W

/H
z]

Y |X
Y |X RH+cRH

LIRA

RH

cRH

10152× 1014 3× 1014 4× 1014 6× 1014

M500 [M�]

1023

1024

1025

1026

P
15

0M
H

z
[W

/H
z]

Y |X
LIRA

RH

UL

UL with X-ray data

Fig. 2. Mass–radio power diagram. Left: mass–radio power diagram for radio halos (black points) and candidate radio halos (blue squares) above
the 50% Planck completeness. The solid line and the shadowed region represent the correlation to radio halos only obtained with the BCES Y |X
method and the 95% confidence region. The dashed line is the correlation obtained considering also candidate radio halos. The black dotted line is
obtained fitting only radio halos with LIRA. Right: mass–radio power diagram for clusters with radio halos and upper limits with 0.06 < z < 0.4
and 100 kpc < re < 400 kpc. The solid line and the shadowed region represent the correlation obtained with the BCES Y |X method and the 95%
confidence region, while the dotted black line is obtained with LIRA.

Table 2. Fitting parameters.

Method B Err B A Err A σraw rs

Radio halos only
BCES Y |X 3.59 0.48 1.1 0.09 0.39 0.79
Bootstrap 3.63 0.50 1.1 0.09
BCES bisector 4.30 0.10 1.2 0.06
Bootstrap 4.35 0.50 1.2 0.09
BCES orthogonal 5.24 0.50 1.4 0.1
Bootstrap 5.37 0.50 1.4 0.1
LIRA 4.30 0.68 1.2 0.1

Radio halos and candidate radio halos
BCES Y |X 3.45 0.44 1.1 0.09 0.39 0.78
Bootstrap 3.55 0.49 1.1 0.09
BCES bisector 4.19 0.16 1.3 0.05
Bootstrap 4.28 0.50 1.3 0.09
BCES orthogonal 5.19 0.69 1.4 0.1
Bootstrap 5.32 0.71 1.4 0.1

0.06 < z < 0.4 and 100 kpc < re < 400 kpc
BCES Y |X 3.55 0.60 1.1 0.1 0.35 0.86
Bootstrap 3.59 0.60 1.1 0.1
BCES bisector 4.11 0.10 1.2 0.07
Bootstrap 4.12 0.50 1.2 0.1
BCES orthogonal 4.79 0.50 1.3 0.1
Bootstrap 4.81 0.60 1.3 0.1
LIRA 4.13 0.70 1.2 0.14

distribution of the observed sample as a lognormal function with
redshift-dependent mean and dispersion, which was shown to
be a reliable approximation for the Planck sample (see Fig. 12

in Sereno & Ettori 2015). Moreover, we considered that both
the radio power and the mass have a scatter with respect to a
“true” mass, which is unknown. With this approach, we are tak-
ing into account the fact that the Planck masses derived from
the SZ signal are proxies of the “true” mass. In general, we find
good agreement between the results of LIRA and BCES. With
the assumption that Y and X are both linear proxies of a third
variable, the fit is symmetric with respect to Y and X; indeed
the LIRA results are very similar to those found with the BCES
bisector method.

In Cuciti et al. (2021a), we showed that the regression anal-
ysis applied to a sample with a large scatter in radio power can
lead to steeper slopes with respect to the “true” underlying slope.
This effect is more pronounced for the bisector and orthogo-
nal methods. The scatter in radio power of the sample analysed
here is even larger. Hence, among the fitting methods offered
by BCES, the Y |X is the most accurate one. On the other hand,
LIRA is the only method that allows us to take into account the
distribution of clusters in the mass–redshift space. Therefore, in
Fig. 2 we show both the BCES Y |X and LIRA methods.

4. Scatter of the correlation

The correlation between the radio power of radio halos at
150 MHz and the mass of the host clusters shows a relatively
large scatter (Fig. 2). While measurement errors play a role,
there is likely some inherent variation due to the complex mix-
ture of clusters in different dynamical stages and radio halos
with different spectra and different sizes (Cuciti et al. 2021a).
To ascertain the effect of dynamical status on the scatter of the
correlation, similar to Cuciti et al. (2021a), we used the X-ray
morphological disturbance as a proxy. This is a single param-
eter, and is derived from the combination of the concentration
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Fig. 3. X-ray morphological disturbance. Left: normalised concentration parameter–centroid shift diagram for all the clusters of the sample with
available X-ray observations. The black dashed line is the regression line. The green cross marks the projection on the regression line of the cluster
with disturbance = 0. Right: distance of radio halos (black points) and upper limits (red arrows) from the mass–radio power correlation (BCES Y |X
method) versus X-ray morphological disturbance.

(c, Santos et al. 2008) and centroid shift (w, Böhringer et al.
2010) parameters.

Among the 309 objects of the total sample of Planck clusters
in LoTSS-DR2 (see Sect. 2), 143 (46%) have X-ray (Chandra
or XMM-Newton) data. We used these archival data to derive the
morphological parameters c and w (Paper III). Here, we adopt
a slightly different approach to measure the X-ray morphologi-
cal disturbance with respect to Cuciti et al. (2021a). We start by
normalising the values of each morphological parameter,P, such
that

Pnorm =
log(Pi) −min(log(P))

max(log(P)) −min(log(P))
· (5)

This allows us to take into account the different ranges of values
covered by c and w. We then fit the distribution of cnorm versus
wnorm (Fig. 3, left) with a power law in the form

cnorm = m × wnorm + q, (6)

using the same methods described in Sect. 3. With the BCES
bisector method, we obtain m = −1.07±0.07 and q = 1.1±0.04.
We derived the projected position of each cluster along the fitting
line and we assumed that the cluster with X-ray disturbance = 0
is the first along the line starting from the top left corner of the
plot (i.e. high c and low w; see Fig. 3, left). The disturbance
of the other clusters is calculated as the distance along the fit-
ting line from the cluster with disturbance = 0. The choice of
the zero point is arbitrary, and hence the values of the distur-
bance do not have a direct physical meaning if not in comparison
with the other clusters. With this definition, higher values of the
X-ray morphological disturbance indicate clusters that are more
dynamically active. We note that with this definition, a cluster
with a pronounced core (high c) that is very disturbed on the
large scale (high w) would have similar disturbance to a cluster
that appears less morphologically disturbed (lower w) but has a
disrupted core (lower c).

Figure 3 (right) shows the distance (on the P150 MHz axis) of
radio halos from the mass–radio power correlation versus their
X-ray morphological disturbance. We confirm the trend between

these two quantities, with radio halos that lie above the cor-
relation being located in more dynamically disturbed clusters.
Figure 3 (right) suggests that the merger activity has a key role
in determining the position of radio halos with respect to the
correlation, inducing at least part of the large scatter. This can
be explained by two aspects, or most likely by the combination
of them: the different timescales of the mergers and the differ-
ent types of merger. This is supported by numerical simulations
showing that the emission of radio halos increases in the early
stages of the merger when turbulence accelerates electrons, and
then decreases along with the dissipation of turbulence at later
merger stages (Donnert et al. 2013). In particular, in one simu-
lated cluster with M200 = 1015 M�, Donnert et al. (2013) showed
that, in the initial stage of the merger, the radio power increases
by a factor of about 30 on a timescale of ∼1.5 Gyr and then
decreases by the same factor in less than 1 Gyr. In the mass–radio
power plane, this translates into a migration of clusters from the
region of the upper limits to the correlation (or above) and a
gradual movement back again. On the other hand, the most pow-
erful mergers (high mass ratio and/or small impact parameter)
dissipate a larger amount of energy in the ICM and therefore the
free energy available for particle acceleration and magnetic field
amplification is higher (e.g. Cassano et al. 2016).

In general, it is expected that the clusters for which we
derived upper limits on the radio power are less disturbed.
Unfortunately, while we have X-ray observations for all the
radio halos in the sample analysed in this paper, we only have
X-ray data for 11 clusters with radio upper limits. We plot
these upper limits in Fig. 3 (right) as red arrows. Although
the incompleteness of the X-ray information does not allow
us to derive meaningful statistical conclusions (see Paper IV
for a deeper discussion on this), it is interesting to note that
∼70% of the upper limits have low X-ray morphological dis-
turbance. We did not find evidence of a relation between the
disturbance of the clusters with upper limits and their mass
and/or redshift. However, we stress again that larger numbers
are necessary to make this kind of consideration. We note
that there are three highly disturbed clusters with upper limits
(from right to left: PSZ2 G071.63+29.78, PSZ2 G137.74−27.08,
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PSZ2 G127.50−30.52). According to turbulent reacceleration
models, radio halos should have a typical lifetime of ∼1 Gyr
(Brunetti et al. 2009), which is similar to the merger timescale.
As turbulence takes some time to cascade from large to small
scales, this implies that radio halos evolve from the off to the
on state and vice versa, and these phases can span a non-
negligible fraction of 1 Gyr. This produces a difference in the
timescale of the X-rays and radio properties as an effect of
the merger event. Indeed, during these phases, radio halos
would appear underluminous or absent, whereas the hosting
cluster would appear disturbed in the X-rays. Another pos-
sibility is that these clusters host radio halos with extremely
steep spectra, which are difficult to detect even at LOFAR HBA
frequencies.

In the literature, there are other parameters that com-
bine two morphological estimators, such as c and w (e.g.
Rasia et al. 2013; Lovisari et al. 2017; Campitiello et al. 2022;
Ghirardini et al. 2022). One of these is the parameter M, first
introduced by Rasia et al. (2013) and then used in other works
(e.g. Lovisari et al. 2017; Campitiello et al. 2022). To validate
our results, in Appendix A we derive M for the clusters of the
sample by combining the parameters c and w and compare it
with the value of the disturbance. As expected, we find that the
two values are very well correlated. This indicates that there is
agreement in the classification of the dynamical state of clusters
using these two methods. In fact, we show that even consider-
ing M to classify the dynamics of clusters, we find evidence that
the most disturbed clusters are scattered up with respect to the
correlation.

5. Distribution of clusters in the M500−P150 MHz
diagram

It is known that massive galaxy clusters (M500 > 5−6×1014 M�)
show a bimodal behaviour in the M500−P1.4 GHz diagram, with
disturbed clusters populating the correlation and relaxed sys-
tems appearing as a separated population with upper limits
to their radio power (Cassano et al. 2013; Cuciti et al. 2021a).
Here, we investigate whether a similar behaviour is found also
at 150 MHz. To this end, we focus on clusters at 0.06 < z < 0.4
and on radio halos with 100 kpc< re < 400 kpc (Fig. 2, right). In
these ranges, we have 32 radio halos and 46 upper limits. In this
redshift range, current observations are able to provide stringent
upper limits (Paper II). The range of re is chosen because upper
limits are all placed using re = 200 kpc (which is consistent with
the mean re of radio halos in the sample; see Paper II), and there-
fore the radio power of radio halos that are more than a factor of
two larger or smaller than this value would not be easily com-
parable with these upper limits. Figure 2 shows that we can now
reliably constrain the correlation down to masses of the order of
∼3×1014 M�, whereas below we do not have sufficient statistics.
To study the distribution of clusters with and without radio halos
in the M500−P150 MHz diagram, we adopt two approaches, which
we outline below.

5.1. Akaike information criterion

In this section, we use the Akaike information criterion (AIC;
Akaike 1974) to determine if the distribution of clusters in the
M500−P150 MHz plane is better described with a model composed
of two separate populations, one for the radio halos and one for
the upper limits, or if it is better described by a single population.

The AIC value of each model is calculated as

AIC = 2k − 2ln(L̂), (7)

where k is the number of free parameters of the model and L̂
is the maximum value of the likelihood function as a function
of the model parameters; see Eq. (8). In general, given a set of
models, the preferred model is the one with the minimum AIC
value. As opposed to the full LIRA regression analysis adopted
in Sect. 3, here we did not consider the scatter of the Planck mass
with respect to the true mass, and the modelling of the mass dis-
tribution. For each scaling relation, there are three fitting param-
eters, namely the normalisation A, the slope B, and the scatter σ.
We assumed that the value for a measurement for which only an
upper limit is provided follows a uniform distribution spanning
the range from PUL − 1 to PUL, where PUL is the logarithm of
the value of the upper limit reported in Paper II. After marginal-
isation over the unobserved true values Y , the likelihood can be
written as

L =

Ndet∏
i

1√
2π(σ2

det + δ2
i )

exp
 (Adet + Bdetxi − yi)2

σ2
det + δ2

i


×

Nul∏
i

erf
(

Aul+Bul xi−Ymin√
2σul

)
− erf

(
Aul+BulXi−Ymax√

2σul

)
2(Ymax − Ymin)

, (8)

where xi and yi are the measured values of the ith cluster, δi
is the measurement uncertainty on yi, erf is the error function,
Ymax = PUL, and Ymin = PUL−1 (see Appendix B). Uncertainties
on the x value are not considered in Eq. (8).

In the first model, we fitted both radio halos and upper limits
with a single scaling relation, that is, Adet = Aul, Bdet = Bul, and
σdet = σul. In this case, k = 3. In the second model, we fitted
radio halos and upper limits with two separate scaling relations.
In this case, k = 6.

We obtained AIC = 150.9 for the first model and AIC = 46.2
for the second. According to the AIC, the model with two sep-
arate correlations, that is, one for the radio halos and one for
the upper limits, is the one that minimises the information loss
and best describes the distribution of clusters in the mass–radio
power diagram. On the other hand, the model with just one corre-
lation is ∼2×10−23 times less likely to minimise the information
loss than the model with two relations.

To check for agreement between the maximum likelihood
analysis based on Eq. (8) and the Bayesian analysis based on
LIRA in the case of RHs and ULs following two different rela-
tions, we resampled the data 1000 times and fitted each mock
data set with LIRA under the same assumptions detailed in
Sect. 3. Detected radio halos were extracted from Gaussian dis-
tributions centred around the measured value of the radio power
and with dispersion equal to the associated uncertainty. The
value of each upper limit was extracted from a uniform distri-
bution spanning the range from PUL − 1 to PUL. Each sampled
population was fitted with LIRA under the regression scheme
detailed in Sect. 3. Posterior distributions were obtained by
putting together the mean estimated values of the marginalised
distributions of each fitted sample. The best-fit values from the
maximum likelihood analysis are in full agreement with the
Bayesian analysis exploiting LIRA (Sect. 3).

5.2. Monte Carlo test

In this section, we explore the distribution of clusters around the
mass–radio power correlation. In Fig. 4 we show the distribution
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Fig. 4. Distribution of distances of radio halos (black) and upper limits
(red) from the correlation shown in Fig. 2 (right). The sum of upper
limits and radio halos in each bin is given by the blue histogram.

of the distance along the P150 MHz axis of radio halos and upper
limits from the correlation shown in Fig. 2 (right). We note that
radio halos and upper limits exhibit a bimodal distribution, albeit
with some overlapping distances. Here, we test whether the dis-
tances shown in Fig. 4 are compatible with clusters being nor-
mally distributed above the correlation and uniformly distributed
below the correlation. We note that we cannot exclude that the
peak of the distribution of the upper limits is driven by the sen-
sitivity limit of our observations. The distribution of the radio
power of clusters that currently have an upper limit may be
broader and may extend to much larger distances from the cor-
relation. The peak of the distribution of the radio halos is instead
attributed to the fact that clusters with radio halos follow the
correlation and are distributed around it with a certain scatter. In
this view, the correlation represents a region of the diagram that
is more densely populated than the rest.

Another possibility, which we test and exclude in the follow-
ing, is that the mass–radio power diagram is uniformly populated
and the correlation is merely a result of sensitivity limitations. In
that case, the apparent correlation would only follow the upper
envelope of the powers of radio halos, while the less powerful
halos would fall below the sensitivity limit of our observations.
This data censoring would decrease the number of radio halos
below the correlation (the left hand side of the black distribution
in Fig. 4). We point out that this scenario does not hold for clus-
ters with M500 > 5.5×1014 M�, because at those masses we have
only clearly detected radio halos and no upper limits3. This does
not mean that 100% of the high-mass clusters of the total sample
(Paper I) have a radio halo, because here we are not considering
clusters with RR only, U cases, or NDE clusters without an avail-
able upper limit. We refer the reader to Paper IV for a discussion
on the fraction of clusters with radio halos as a function of mass.

3 The clusters for which we were not able to derive a meaningful upper
limit are uniformly distributed in mass (Paper II), and so this incapabil-
ity cannot be due to the missing upper limits.

To perform this test, we used a Monte Carlo approach. Upper
limits seem to have a trend in radio power versus mass. This
trend is mainly driven by the fact that the clusters at the highest
redshifts are also among the most massive ones, and even if the
upper limits are similar in terms of flux density to the lower red-
shift ones, their radio power is higher. As a first step, we evaluate
this correlation in the form log(PUL) = m × log(MUL) + q. We
obtained m = 2.66 and q = −14.9, with a scatter σraw = 0.2 dex
estimated as in Eq. (2). In our sample, we have 78 clusters with
0.06 < z < 0.4 that have either a radio halo with 100 kpc < re <
400 kpc (32) or an available upper limit (46). We started gen-
erating 78 clusters with random masses, with the requirement
that the distribution of masses resembles the one we have in the
sample. To do so, we divided the mass range into three bins,
and in each bin we placed the same number of clusters that we
have in the sample. We assign a radio power to these clusters so
that they are distributed according to the radio halo correlation
in the M500−P150 MHz diagram. We then added a random value –
extracted from one of the probability density functions (PDFs)
shown in Fig. 5 – to each radio power. The zero point on the
X-axis of Fig. 5 (left) represents the correlation. If a negative
value of X (on the left of the zero point) is randomly extracted,
the cluster gets shifted below the correlation, and if a positive
value of X is randomly extracted then the cluster gets shifted
above the correlation. Around the correlation, clusters are nor-
mally distributed with σ = σraw = 0.35 dex. Below the cor-
relation, clusters are uniformly distributed. The different PDFs
shown in Fig. 5 (left) correspond to different “cuts”; that is, dif-
ferent distances from the correlation where the uniform distribu-
tion starts. In this formalism, cut =−0.0 means that clusters are
uniformly distributed from the correlation down, and cut =−0.1
means that clusters are normally distributed until 0.1 dex below
the correlation and then they are uniformly distributed further
below.

Given this initial random distribution on the M500−P150 MHz
diagram, we decide whether a cluster is classified as radio halo
or upper limit based on its position: if it is above the upper limits
correlation, then it is a radio halo; otherwise, it is an upper limit.
We define how far below the correlation clusters can be dis-
tributed by imposing that the numbers of radio halos and upper
limits in the simulation are similar to those in the sample (32
radio halos and 46 upper limits). This sets the lower limit to the
left of the PDFs in Fig. 5 (left). As the upper limits distribution
represents our observational limit, when a cluster is classified
as an upper limit, we assign a random value to its radio power
within the scatter of the upper limits correlation. This is to take
into account the fact that there is some scatter in the values of
upper limits related to the quality of the images, the presence of
bright sources in the field, and the cluster redshift, and therefore
some upper limits lie above and some below the upper limits
correlation.

We repeated this procedure 10 000 times and computed the
radio halo correlation each time. The mass–radio power diagram
resulting from one of the runs with cut = 0.0 is shown in Fig. 5
(right) as an example. We evaluated the probability that, over
the 10 000 Monte Carlo runs, the fraction of radio halos falling
within the scatter of the upper limits correlation is smaller than
the one we measure in the sample (0.03); or, in other words, the
probability that radio halos and upper limits are more separated
than in the sample. We list the obtained probabilities for each cut
in Table 3.

These results suggest that the probability that the observed
distribution of radio halos and upper limits in the mass–radio
power diagram is due to our sensitivity limit applied to a
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Table 3. Results of Monte Carlo test.

Cut Probability

−0.0 0.30%
−0.1 0.33%
−0.2 0.57%
−0.3 1.02%
−0.4 2.30%
−0.5 4.65%

uniform distribution of clusters starting below an upper enve-
lope (cut = 0.0) is <0.3%. This probability is still <5% when
the uniform distribution starts three times below the correla-
tion (cut =−0.5). This means that the correlation we observe
in our sample is indeed a more densely populated region of
the M500−P150 MHz diagram and that the decrease in the num-
ber of radio halos below the correlation in Fig. 4 is not sim-
ply due to the sensitivity limit of our observations. In addition
to this, we stress again that the distribution of massive clus-
ters in the test (e.g. Fig. 5, right) is significantly different from
what we see in the sample (Fig. 2, right), where all clusters with
M500 > 5.5 × 1014 M� host radio halos.

6. Comparison with high-frequency samples

In Fig. 6, we show a comparison between the sample that we
analysed here and previous studies. On the left panel, we high-
light the radio halos of the LOFAR DR2 Planck sample that were
already reported in the literature (black points). The number of
radio halos is now almost two times larger than in previous stud-
ies and almost three times larger if we also consider candidate
radio halos. Specifically, among the 48 confirmed radio halos
analysed in this paper, 20 are new discoveries. The majority of
the new detections are located at masses below 5 × 1014 M�. At
these masses, turbulent reacceleration models predict that a large
fraction of clusters should host USSRHs (Paper IV). However,
the available observations at higher frequencies do not allow

us to test this expectation. In fact, for most of the low-mass
clusters of the sample, the expected flux density at 610 MHz
with α = −1.3 would be comparable to the typical upper limits
found with the GMRT at those frequencies (Venturi et al. 2008;
Kale et al. 2015; Cuciti et al. 2021b). In this respect, we have
recently been allotted uGMRT observations (PI: R. Cassano) of
the radio halos discovered with LOFAR, which will be 5−10
times more sensitive than those used in Cuciti et al. (2021b)
and will allow us to detect radio halos with spectra as steep as
α ∼ −1.5−2.

In the right panel of Fig. 6, we show both radio halos and
upper limits from the LOFAR DR2 Planck sample together with
those from the sample analysed in Cuciti et al. (2021b), which,
until now, was the largest complete sample of clusters with deep
radio observations at frequencies larger than 600 MHz. We plot
both radio halos and USSRH (and candidate USSRHs) from
the GMRT sample. For consistency, we also plot the correlation
derived for radio halos plus USSRHs for the statistical sample
(see Table 1 in Cuciti et al. 2021b). We note that the correlation
in Cuciti et al. (2021a) was derived at 1.4 GHz. We assumed a
spectral index of α = −1.3. The right panel of Fig. 6 shows
that we can now investigate the correlation and the position of
the upper limits with respect to the correlation in a much larger
mass range that was previously inaccessible. In spite of the low
statistics and relatively small mass range of the high-frequency
sample, we note that the correlation found at 150 MHz is well in
line with the extrapolation of the correlation derived at 1.4 GHz,
also in the low-mass regime. From a theoretical point of view, the
scatter of the correlation is expected to increase at low frequen-
cies because of the intervening population of USSRHs, which
are less luminous than classical radio halos (Cassano 2010).
Compared to the correlation derived in Cuciti et al. (2021a) at
1.4 GHz, which has a scatter of ∼0.3 dex, at 150 MHz we find a
larger scatter (∼0.4).

Not only has the number of radio halos dramatically
increased, but so has the number of available upper limits. Most
importantly, the upper limits derived with LOFAR are deeper
than those derived at higher frequencies (see Fig. 13 in Paper II
for a comparison). For clusters with similar masses (M500 ∼
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Fig. 6. Comparison with previous studies. Left: black points represent radio halo clusters from the literature, red points are newly discovered radio
halos, and blue squares are new candidate radio halos. Right: comparison with Cuciti et al. (2021a) rescaled at 150 MHz assuming α = −1.3.
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in Cuciti et al. (2021a). The black solid line is the same as in Fig. 2 (right). The dashed blue line is the correlation obtained for the Cuciti et al.
(2021a) sample including radio halos and USSRH.

6 × 1014 M�), the upper limits at 150 MHz are typically a factor
of 2−5 lower than those at 1.4 GHz (again assuming α = −1.3).
While at 1.4 GHz, some upper limits below M500 ∼ 6.5×1014 M�
were close to or consistent with the correlation, at 150 MHz this
takes place only for M500 < 3 × 1014 M�. This suggests the exis-
tence of a correlation extending down to masses of at least the
order of M500 = 3 × 1014 M�.

7. Summary and conclusions

Radio halos are predominantly found in merging systems and
their radio power correlates with the mass of their host (e.g.
Cassano et al. 2013; Cuciti et al. 2021b). Clusters with unde-
tected radio halos are typically found in non-merging systems
and upper limits to the radio power of a possible halo are
located below the mass–radio power correlation. Previous sta-
tistical studies have mainly been carried out at ∼GHz frequen-
cies, thus limiting our knowledge to the brightest (and massive)
objects with intermediate steep spectra (α ∼ −1.3) only.

In this paper, we analysed the PSZ2 clusters covered by the
LoTSS-DR2 (Botteon et al. 2022) with the aim of characteris-
ing the distribution of clusters in the M500−P150 MHz diagram.
We focused on the 221 clusters lying above the 50% Planck
mass completeness line (Fig. 1). These clusters span wide mass
(3−10 × 1014 M�) and redshift (0.02−0.6) ranges. Among them,
we detected 48 radio halos and 13 candidate radio halos. In addi-
tion, we derived upper limits to the radio power of 53 clusters
(Paper II).

We confirm the existence of a correlation between the radio
power of radio halos and the mass of clusters also at 150 MHz
(Fig. 2). We derived the parameters of the correlation with
the BCES linear regression algorithms and with the Bayesian
method LIRA. We applied these methods to radio halos only,
radio halos plus candidate radio halos, and to a subsample

of radio halos with 0.06 < z < 0.4 and 100 kpc < re <
400 kpc (Table 2). The parameters of the correlation agree,
within the uncertainties, with those found in van Weeren et al.
(2021). However, van Weeren et al. (2021) needed to comple-
ment the sample with data from the literature in order to reach a
sample of 26 confirmed radio halos. Meanwhile, the number of
radio halos in this paper is higher by a factor of almost two and
the sample selection is much more homogeneous.

The correlation shows a relatively large scatter (Table 2). In
the context of turbulent reacceleration models, the scatter of the
correlation is expected to increase at low frequency (Cassano
2010), owing to the larger probability of forming radio halos and
to the larger fraction of USSRHs. In line with this prediction, we
find a hint of increase in the scatter of the correlation at low fre-
quencies (Sect. 6). Similar to the work by Cuciti et al. (2021a) at
higher frequencies, we investigated the relation between the scat-
ter of the correlation and the dynamical state of clusters hosting
radio halos. To this end, we used the X-ray morphological dis-
turbance, which is a parameter that combines the concentration
parameter and the centroid shift, and is commonly used to infer
the dynamics of galaxy clusters. We find a clear trend between
the distance of radio halos from the correlation and the X-ray
morphological disturbance (Fig. 3, right). This indicates that the
scatter of the correlation can, at least in part, be attributed to the
different merging histories of clusters. This could be due to an
increase of either the magnetic field strength or the acceleration
efficiency in the most disturbed clusters. The future study of the
distribution of radio halo spectra on the mass–radio power dia-
gram will allow us to discriminate between these possibilities. In
this respect, the ongoing uGMRT follow up (PI: R. Cassano) of
the radio halos belonging to this sample will be crucial to mea-
suring their spectral properties. Although the X-ray information
on clusters without radio halos is incomplete, the vast majority
of the upper limits are among the less disturbed clusters of the
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sample. In order to confirm this, new X-ray observations of clus-
ters without radio halos are required. In this respect, we have
obtained (C-priority) XMM-Newton observations of the clusters
without diffuse emission.

In Sect. 5, we used two approaches to compare the dis-
tribution of clusters with and without radio halos in the
M500−P150 MHz diagram. We used the AIC test to compare two
models to fit the radio power. In the first model, both radio halos
and upper limits were fitted with the same scaling relation, while
in the second one radio halos and upper limits were fitted sep-
arately. We find that the latter is the one that best describes the
distribution of clusters in the mass–radio power diagram. As a
further test, we focused on the distance of clusters from the cor-
relation and implemented a Monte Carlo test to exclude the pos-
sibility that the observed bimodal distribution of radio halos and
upper limits shown in Fig. 4 is compatible with clusters being
uniformly distributed below the correlation. Our test suggests a
very low probability that the observed distributions are simply
the result of sensitivity limitations applied to a uniform distribu-
tion of clusters in the mass–radio power diagram. This needs to
be added to evidence that this hypothesis can be firmly excluded
for high-mass clusters because all the clusters host radio halos
(Fig. 1, right). Our data support the idea of a clear difference
in the density of objects from the correlation to the radio-quiet
(upper limits) region of the mass–radio power plane. These den-
sities are connected to the amount of time that clusters spend
in the different regions of the diagram during their lifetime (see
Donnert et al. 2013). Our findings therefore represent an impor-
tant input for future simulations of particle acceleration in galaxy
clusters, which will have to reproduce the journey of clusters
through the M500−P150 MHz diagram – matching the existence of
a correlation – densely populated with radio halo clusters and a
much less dense region below the correlation populated by clus-
ters without diffuse emission.

In Fig. 6 (left) we highlight the radio halos, from the
clusters used in this paper, that were discovered by LOFAR
(Botteon et al. 2022). Of 48 radio halos, 20 are new discov-
eries, and 10 of these are in low-mass clusters (M500 < 5 ×
1014 M�), which substantially increases the mass range that can
be explored with respect to previous works. In this respect, in
Sect. 6, we discussed our statistical findings in comparison with
our previous study at higher frequencies (Cuciti et al. 2021a). In
spite of the lower statistics available at 1.4 GHz, we show that the
correlation found at 150 MHz is in agreement with that derived
at 1.4 GHz extrapolated to low frequencies assuming a spectral
index of α = −1.3 (Fig. 6, right). The number of upper limits and
their mass range have also substantially increased with respect to
the past (Fig. 6, right). The upper limits obtained with LOFAR
are generally deeper than those obtained with the GMRT and this
allowed us for the first time to go below M500 ∼ 6× 1014 M� and
infer the presence of the correlation down to masses of the order
of M500 ∼ 3 × 1014 M�.

With the completion of LoTSS, we will perform a similar
analysis on a sample of clusters that is two to three times larger
than the present one, increasing the statistics of radio halos espe-
cially at low mass. This will allow us to better constrain the
correlation, especially at the low mass end, and the separation
between radio halos and upper limits. Indeed, just by extending
the Monte Carlo test presented in Sect. 5.2 to the expected num-
ber of clusters with radio halos (178) and upper limits (277) in
the complete LoTSS (obtained by rescaling the number of radio
halos and upper limits in the current sample by the sky cover-
age), we find that the probability of the clusters being drawn
from a uniform distribution below the correlation is <0.1% even

with cut =−0.5. This number should only be taken as an indi-
cation of the effect of the sample statistics, because its proper
assessment requires that the correlation and its scatter be re-
evaluated once the survey is completed.
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Appendix A: Morphological parameter M versus
disturbance

Here, we derive the morphological parameter MC from the com-
bination of c and w using the definition by Campitiello et al.
(2022):

MC =
〈logc〉 − logc

σlog10c
+

logw − 〈logw〉
σlog10w

· (A.1)

With this definition, relaxed systems should have low values of
MC , while disturbed systems should have high values of MC .

In Fig. A.1 (left), we show the values of the parameter MC
versus the disturbance, as derived in Section 4. We find a well-
defined correlation, which indicates that there is good agreement
between the two approaches in classifying the dynamical state of
clusters. For completeness, we show in Fig. A.1 (right) the dis-
tance of radio halos and upper limits (those with available X-ray
information) versus the MC parameter. We confirm the presence
of the trend discussed in Section 4 whilst also using this addi-
tional parameter.
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Fig. A.1. Morphological parameter M versus disturbance. Left: Disturbance as derived in Section 4 vs. M. Right: Distance of radio halos from the
mass–radio power correlation (BCES Y|X method) vs. M parameter.

Appendix B: Upper limits

Let us consider a variable Y in the domain Ymin < Y < Ymax. We
assume that Y is a scattered proxy of the variable X, the scatter
σY being approximately normal. We can write the probability as

p(X,Y) =
1

√
2πσY

1
Ymax − Ymin

exp

−1
2

(
Y − X
σY

)2 . (B.1)

If X is detected whereas Y is not, we can marginalise over Y ,

p(X) =
1

2(Ymax − Ymin)

[
erf

(
X − Ymin
√

2σY

)
− erf

(
X − Ymax
√

2σY

)]
.

(B.2)

The above expression was used in Eq. (8) for the likelihood of
the upper limits.
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