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ABSTRACT

Our understanding of how active galactic nucleus feedback operates in galaxy clusters has improved in recent years owing to
large efforts in multiwavelength observations and hydrodynamical simulations. However, it is much less clear how feedback
operates in galaxy groups, which have shallower gravitational potentials. In this work, using very deep Very Large Array and
new MeerKAT observations from the MIGHTEE survey, we compiled a sample of 247 X-ray selected galaxy groups detected
in the COSMOS field. We have studied the relation between the X-ray emission of the intra-group medium and the 1.4 GHz
radio emission of the central radio galaxy. For comparison, we have also built a control sample of 142 galaxy clusters using
ROSAT and NVSS data. We find that clusters and groups follow the same correlation between X-ray and radio emission. Large
radio galaxies hosted in the centres of groups and merging clusters increase the scatter of the distribution. Using statistical tests
and Monte Carlo simulations, we show that the correlation is not dominated by biases or selection effects. We also find that
galaxy groups are more likely than clusters to host large radio galaxies, perhaps owing to the lower ambient gas density or a
more efficient accretion mode. In these groups, radiative cooling of the intra-cluster medium could be less suppressed by active
galactic nucleus heating. We conclude that the feedback processes that operate in galaxy clusters are also effective in groups.

Key words: galaxies: clusters: general —galaxies: clusters: intracluster medium — galaxies: groups: general —radio continuum:
galaxies — X-rays: galaxies: clusters.

2012; McNamara & Nulsen 2012). In this scenario, AGN jets and

1 INTRODUCTION outflows produce shock waves and cold fronts (McNamara et al.

Over the past years, deep observations performed by both Chandra
and XMM-Newton have led the way for a better understanding of
the X-ray emission produced by the intra-cluster medium (ICM),
its consequent cooling and how this links to structure formation.
Particularly, multiwavelength studies based on the combination of
X-ray and radio observations have shown that the ICM and the active
galactic nucleus (AGN) usually hosted in the brightest cluster galaxy
(BCG) are part of a tight cycle in which the cooling of the hot
(~107 K) ICM is regulated by the mechanical feedback provided by
the AGN itself (see e.g. reviews by Gitti, Brighenti & McNamara
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2000; Fabian et al. 2006) and inflate bubbles in the ICM, known
as X-ray cavities, that can be used to assess the AGN mechanical
power (Birzan et al. 2004; Rafferty et al. 2006), establishing a tight
feedback cycle with the diffuse gas. The impact of the AGN could be
even stronger in galaxy groups, where the gravitational potential is
shallower. Here, even a relatively small energy injection could eject
gas from the group itself (Giodini et al. 2010). It has been suggested
that AGN feedback could thus set apart galaxy clusters from groups,
especially in terms of their baryonic properties (Jetha et al. 2007),
albeit there is still no universal agreement in the distinction between
these objects.

Therefore galaxy groups, that are the repositories of the majority
of baryons and host more than half of all galaxies (Eke et al. 2006),
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are key in order to reach a complete understanding of the AGN
feedback cycle and of how it is able to influence the evolution
of galaxies and their environments (e.g. Giacintucci et al. 2011).
However, X-ray observations of galaxy groups are relatively difficult
since most of them lie at the lower sensitivity limit of the current
generation of instruments. This normally prevents us from reaching
the combination of signal-to-noise ratio and resolution required
to perform the same type of analysis that is usually applied to
galaxy clusters (see e.g. Willis et al. 2005). None the less, there
are numerous studies of galaxy groups that make use of either deep
observations, and/or low-redshift samples. O’Sullivan et al. (2017)
presented an optically selected, statistically complete sample of 53
low-redshift galaxy groups (complete local volume groups sample,
CLoGS), for which they were able to perform a detailed X-ray
analysis. They classified groups into cool cores and non-cool cores
and studied the central radio galaxy (Kolokythas et al. 2018), finding
that ~92 percent of their groups’ dominant galaxies host radio
sources. Other studies are based on estimating the scaling relations
between observables such as temperature, luminosity, entropy, and
mass (e.g. Lovisari, Reiprich & Schellenberger 2015). Bharadwaj
etal. (2014) estimated the central cooling time (CCT; see Section 4.2
for a definition) in a sample of galaxy groups and found that the
fractions of strong (CCT < 1 Gyr), weak (1 Gyr < CCT < 7.7 Gyr),
and non-cool cores (CCT > 7.7 Gyr) were similar to those in galaxy
clusters. They also found that BGGs (brightest group galaxies) in
their galaxy groups may have a higher stellar mass than BCGs in
clusters.

Simulations by Gaspari et al. (2011) showed that AGN feedback
may be more persistent and delicate in galaxy groups than in galaxy
clusters. A small number of deep observations of single, local objects
also detected cavities and shocks (e.g. Nulsen et al. 2005; Gitti
et al. 2010; Randall et al. 2015; Forman et al. 2017), allowing
investigations of the balance between the AGN energy injection and
the gas cooling. X-ray cavities were also recently observed by Birzan
et al. (2020) in a sample of 42 systems, of which 17 are groups or
ellipticals.

Ineson et al. (2013, 2015) performed a study of the interactions
between AGNs and their environment in a sample of radio-loud
AGN:s in clusters and groups. They found a correlation between the
X-ray emission from the intra-group medium and the 151 MHz power
of the central radio source. They also argued that such a correlation
could arise from AGNs in a phase of radiatively inefficient accretion
(low excitation radio galaxies or LERGs), while high excitation radio
galaxies (HERGs) stand out of the distribution and show higher radio
powers. The origin of such a relation is not obvious. In fact, X-ray
emission in clusters and groups is mostly due to line emission and
bremsstrahlung, that consequently allow the ICM to cool from high
(~107 K) temperatures. The time-scale of such radiative losses is
thus strongly dependent on the distance of the diffuse gas from the
cluster (or group) core, varying from less than 1 Gyr in the centre of
the strongest cool cores to ~ few Gyrs moving towards the outskirts.
On the other hand, Nipoti & Binney (2005) suggested that the AGN
power output could act in cycles of ~10® yr. Hence, the time-scales
of these two processes are usually significantly different. However,
O’Sullivan et al. (2017) found that groups typically show shorter
cooling time at a given radius when compared to clusters, due to the
high cooling efficiency of line emission at kT < 2 keV.

Here, we study the relationship between the X-ray emission from
the intra-group medium and the radio emission from the radio galaxy
hosted in the centre of a large (N = 247) sample of X-ray detected
galaxy groups in the 2 deg” of the COSMOS field (RA = 10"00™2836,
Dec. = 4 02°12™2150, J2000). This field was chosen as it offers a
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unique combination of deep and multiwavelength data. In order to
account for the faintness of groups, we make use of the deepest
observations and catalogues.

This paper is organized as follows: in Section 2, we explain how we
built the catalogue and we describe its main properties. In Section 3,
we compare the groups with a sample of galaxy clusters and explore
the correlation between the X-ray and the radio emission exploiting
statistical tests and a Monte Carlo simulation. In Section 4, we
discuss the physical implications of our results and put them into
context. In Section 5, we draw the conclusions. Throughout this
paper, we adopt a fiducial A cold dark matter cosmological model
with Hy = 71 km s~ Mpc™!, Q4= 0.7, and Qy = 0.3.

2 THE SAMPLES

2.1 Construction of the group sample

Gozaliasl et al. (2019) presented a catalogue of 247 X-ray-selected
galaxy groups in the COSMOS field, obtained combining all avail-
able Chandra and XMM-Newton observations, in the redshift range
(spectroscopic for 183 groups, photometric for the remaining 64)
0.08 < z < 1.75 and with luminosities in the 0.1-2.4 keV band
ranging from ~10*' to ~10* erg s~!. The flux limit of the sample is
~3 x 107" erg s~! cm™2. Setting a search radius of 30 arcsec from
the groups’ centre (assumed as coincident with the X-ray peak) and a
redshift threshold of Az = 0.02, we cross-matched this sample with
the VLA-COSMOS Deep Survey at 1.4 GHz (rms ~ 12 uJy beam™!,
beam = 2.5 arcsec x 2.5 arcsec; Schinnerer et al. 2010), to look for
the radio galaxy hosted in the centre of every group. We chose to use
VLA-COSMOS to get the highest resolution available. At the mean
redshift of our sample (z ~ 0.7), the largest visible angular scale
at this frequency corresponds to ~450 kpc. The results were then
inspected visually, exploiting COSMOS optical catalogues, to check
the bounty of the cross-match. We found that, out of the 136 groups
for which BGG properties are available, only in 41 (~30 per cent)
the detected radio source is hosted in the BGG. This is consistent
with recent works that observed offsets between the optical dominant
galaxy and the X-ray peak. Gozaliasl et al. (2019) found that only
30 per cent of BGGs in COSMOS are closer to the X-ray peak than
0.1Ry0, and that the peak is often not located at the bottom of the
potential well, where the dominant galaxy usually lie. We will return
on this in Section 2.3.

Groups showing no central radio emission were then further
inspected exploiting new, deep MeerKAT observations of COSMOS
that are part of the MIGHTEE survey (The MeerKAT International
GHz Tiered Extragalactic Exploration; Jarvis et al. 2016; Heywood
et al., in preparation). For these MIGHTEE COSMOS Early Science
images, the thermal noise component, measured from the circular
polarization images (Stokes V), is 2.2 uJy per beam in the image
with 9 arcsec x 7.4 arcsec resolution, and 7.5 ulJy per beam in
the 4.7 arcsec x 4.2 arcsec resolution image. However, in the map
centre the ‘noise’ will appear to be higher due to the contribution
from confusion (faint background sources below the formal noise
limit). We obtain an estimate of this thermal-plus-confusion noise
by subtracting the model of the sky obtained by the PyBDSF source
finder (Mohan & Rafferty 2015)! and generating an RMS map of
the image from this residual product using the same software. The
mean RMS value over the inner 20 arcsec x 20 arcsec region (where
the primary beam attenuation is approximately negligible) is then

Uhttps://github.com/darafferty/PyBDSF
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Table 1. Properties of the 1.4 GHz images exploited for the detection
of central radio sources in the group sample (see Section 2.1) and in
the cluster sample (see Section 2.3).

Image Beam Sensitivity
(arcsec) (uJy per beam)
VLA-COSMOS Deep 25 %25 12
MIGHTEE high-resolution 4.7 x 4.2 8.6
MIGHTEE low-resolution 9x74 4.1
NVSS 45 x 45 450

Diffuse X-ray luminosity and radio power in groups — 2165
30 I COSMOS unresolved groups
I COSMOS radio upper limits
[ COSMOS resolved groups
25
0 20
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Table 2. Composition of the group sample. In a sample of 247 galaxy
groups, we observed a central radio source in 174 of them. One hun-
dred fifty-five are detected by both VLA-COSMOS and MIGHTEE,
while 19 only by MIGHTEE. Among the 155 VLA + MIGHTEE
detections, 55 are resolved, while 119 remain unresolved. Among
the 19 MIGHTEE-only detections, 5 are resolved and 14 remain
unresolved.

Total VLA + MIGHTEE MIGHTEE
Detections 174 155 19
Upper limits 73 > 30
Resolved 55 50 5
Unresolved 119 119 14

measured. For the MIGHTEE COSMOS Early Science map this
measurement is 4.1 pJy per beam in the 9 arcsec x 7.4 arcsec image,
and 8.6 uJy per beam in the 4.7 arcsec x 4.2 arcsec resolution image.
The properties of all the radio images are summarized in Table 1.

Our final sample (hereafter referred to as group sample) consists
of 174 (155 detected by both VLA and MIGHTEE and 19 only by
MIGHTEE) objects for which we have redshifts and both the X-ray
emission (flux, luminosity, Ryn) and the radio emission (flux density,
luminosity, largest linear size) from the central radio galaxy, plus 73
groups for which the central source was undetected in the radio band.
These are thus treated as 30" upper limits, with o being the rms noise
of the MIGHTEE low-resolution observation. The largest linear size
is defined as the linear size of the major axis of a source, and we
will hereafter refer to it as largest linear size (LLS). The 1.4 GHz
luminosity was estimated as

Liacu, = S144nDE(1 +2)7°, 1

where S; 4 is the flux at 1.4 GHz, Dy is the luminosity distance at
redshift z, and « is the spectral index, that was assumed ~0.6, since
this is the mean synchrotron index usually observed in radio galaxies.
The group sample was further divided into groups with resolved
and unresolved radio galaxies, following the same criteria presented
in Schinnerer et al. (2007, 2010). This classification is based on the
assumption that the ratio between integrated and peak flux density
gives a measure of the spatial extent of a source in comparison to
the size of the synthesized beam (see section 6.2 and appendix of
Schinnerer et al. 2010 for more details). We find that ~32 per cent (55
objects) of the sample show well-resolved radio sources, while for
the remaining ~68 per cent (119 objects) we only have upper limits
on the LLS. Exploiting MIGHTEE images, we found that no sources
are spatially unextended due to Very Large Array (VLA) lacking
surface brightness sensitivity. Table 2 summarizes the composition
of the sample; all the properties of the objects are listed in Table A1,
described in Appendix A and available as online material.
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Figure 1. Top Panel: Histogram showing the redshift distribution of the
group sample, classified into objects with resolved (red) and unresolved
(blue) radio galaxies and radio upper limits (green). Bottom panel: Mass
(M>0p) distribution of the group sample. The mass was estimated through the
Lx—M> correlation by Leauthaud et al. (2010).

2.2 Characteristics of the group sample

Fig. 1 shows the redshift and mass (M,y, the mass within the
radius corresponding to 200 times the critical density) distributions
of the group sample. The redshift distribution of resolved and
unresolved radio sources show a similar behaviour: we detect both
resolved, high-redshift and unresolved, low-redshift radio galaxies.
The masses of most groups, estimated via the Lx—M»qo correlation
(Leauthaud et al. 2010), lie within ~10'3 and ~10'* M.

In Fig. 2, we show the X-ray and radio luminosity distribution
functions of the group sample. The X-ray distribution function
suggests that there is no significant difference in the intra-group
medium emission between groups with resolved and unresolved
radio galaxies. However, the 1.4 GHz function shows that resolved
radio sources are able to reach higher powers at these frequencies,
while unresolved radio galaxies exhibit a break between 10! and
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Figure 2. Top panel: X-ray luminosity distribution function for the group
sample in the 0.1-2.4 keV band. The red line denotes groups hosting resolved
VLA radio sources, the blue line unresolved ones, while the black line
represents the full sample. Bottom panel: 1.4 GHz luminosity distribution
function for the group sample. The red line denotes groups hosting resolved
VLA radio sources, the blue line unresolved ones, while the black line
represents the full sample.

1032 erg s~! Hz~'. We also note that the radio distribution function
of our groups’ sources spans the same luminosity range as BCGs in
clusters (e.g. Hogan et al. 2015; Yuan, Han & Wen 2016), despite
the different environments.

Since our sample is flux-limited, it shows the typical Malmquist
bias displayed in Fig. 3. At low redshifts, we have mostly low X-ray
luminosity objects, while groups with high luminosities are rarer. As
we move to higher redshifts, we start to see more powerful groups,
while weak objects disappear due to their faintness. The fact that the
distribution is not perfectly aligned with the curve is likely due to how
the X-ray catalogue was produced. Combining multiple observations,
performed with different instruments and different sky coverage, can
lead to different flux sensitivities. We will return to this issue in
Section 3.1.
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Figure 3. Malmquist bias for the group sample: X-ray luminosity in the 0.1—
2.4 keV band versus redshift. Circles and triangles represent groups hosting
resolved and unresolved radio sources, respectively. Green arrows denote
upper limits in the radio band. The dashed line represents the theoretical
cut-off of the flux-limited sample, produced assuming a surface brightness of
~10~1 erg s~ cm =2 arcmin~? in the 0.5-2 keV band in a circle with a radius
of 32", which corresponds to the construction of the COSMOS catalogue.
Some objects lie under the cut-off, since in some of the COSMOS regions
the X-ray sensitivity was higher due to different sky coverages.

2.3 A control sample of galaxy clusters

We constructed a sample of galaxy clusters in order to compare it
to our main sample of groups. The ROSAT Brightest Cluster Sample
(BCS; Ebeling et al. 1998) is a 90 percent flux-complete sample
of 201 galaxy clusters in the Northern hemisphere with z < 0.3,
that reaches a flux limit of 4.4 x 107'? erg s™! cm™2 in the 0.1-
2.4 keV band. Crawford et al. (1999) presented the optical BCG
position for 165 of the BCS clusters. We cross-matched it with the
NRAO VLA Sky Survey (NVSS; Condon et al. 1998) in order to find
the corresponding radio galaxy, using the same criteria discussed in
Section 2.1. NVSS has a lower resolution when compared to both
VLA-COSMOS and MIGHTEE, but it still provides good estimates
of the properties of the radio sources we are interested in (e.g. flux
density). The survey is produced with VLA in D configuration,
resulting in a largest visible angular scale at 1.4 GHz of 970 arcsec
that, at the mean redshift of the CS, corresponds to ~2500 kpc. The
final catalogue (hereafter referred to as cluster sample) consists of
84 galaxy clusters for which we have the same measurements (ICM
X-ray luminosity, radio power of the central source, redshift, LLS)
as for the group sample, and 58 objects for which we only have upper
limits for the radio emission from the central galaxy.

We then exploited the red sequence members of the CODEX
cluster sample (Finoguenov et al. 2019) to calculate the fraction of
radio galaxies that are BCGs. In clusters, 85 = 6 per cent of the central
radio galaxies coincide with the BCG. This is different in galaxy
groups, where only ~30 percent of the central radio sources are
hosted by the BGG. In most objects, the X-ray peak should represent
a good indicator of the centre. Smolci¢ et al. (2011) found that, in
their sample of groups, radio galaxies are in fact always found next
to the X-ray peak, justifying our approach. However, Gozaliasl et al.
(2019, 2020) showed that BGGs defined within R,y have a broad
distribution of their group-centric radii, and also show kinematics
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Figure 4. Top panel: Histogram showing the redshift distribution of the
cluster sample. Bottom panel: X-ray luminosity versus redshift for the cluster
sample. The dashed line represents the theoretical flux cut.

not well matched to that of simulated central galaxies. It might be
that radio sources provide a better identification for central galaxies.
This possibility needs to be investigated through multiwavelength
observations and by performing a thorough study of the dynamical
properties of central radio galaxies, and will be the subject of a future
work.

The top panel of Fig. 4 shows the redshift distribution for the
cluster sample. The redshift range is much narrower than the group
sample, with most clusters lying at z < 0.15 and only a few objects
reaching z ~ 0.35. On the other hand, the bottom panel shows the
Malmgquist bias. The sensitivity of the X-ray observations of the
cluster sample is uniform for all the objects, leading to a smoother
distribution with respect to the group sample.

Fig. 5 shows the X-ray and radio luminosity distribution for the
cluster sample. While the X-ray luminosity of groups never exceeds
~10* erg s7!, clusters are able to reach ~ 5 x 10% erg s
On the other hand, the 1.4 GHz power of clusters stops at
~10% erg s~! Hz~!, while radio sources hosted in groups can, in
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Figure 5. Top panel: X-ray luminosity distribution function for the cluster
sample in the 0.1-2.4 keV band. Bottom panel: 1.4 GHz luminosity distribu-
tion function for the cluster sample.

some cases, be 10 times more powerful. We will discuss this in more
depth in the following sections.

3 ANALYSIS

In the following, we will focus on the relationship between
log(P146H,) versus log(Lx) for groups and clusters, where Pj4cH;
is the 1.4 GHz power of the central radio source and Ly is the X-ray
luminosity of the intra-group/cluster medium.

3.1 Correlation between X-ray and radio luminosity

In Fig. 6 we show the 1.4 GHz luminosity of the radio galaxy versus
the X-ray luminosity from the intra-group medium for every group,
where the sizes of symbols are proportional to the LLS and colour
denotes redshift. The upper limits in the radio band are represented
by down-sided arrows.
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Figure 6. 1.4 GHz luminosity of the central radio galaxy versus intra-group
medium X-ray luminosity in the 0.1-2.4 keV band for the group sample.
The points are sized by the radio LLS and colourized for the redshift. Down
arrows denote MIGHTEE radio upper limits. The grey area represents the
best fit: log Lg = (1.07 = 0.12) log Lx — (15.90 & 5.13).
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Figure 7. LLS versus radio power at 1.4 GHz of the central radio galaxies for
the group sample. Circles represent groups hosting resolved sources, while
triangles are unresolved ones. For the latter class, the upper limits on the LLS
were estimated as 1.56, with 6 being the resolutions of the VLA (~2.5 arcsec)
and MeerKAT (~9 arcsec) observations.

Groups hosting unresolved radio galaxies follow a narrow distri-
bution (see squares in Fig. 6) that suggests a possible connection
between radio and X-ray luminosities, with higher intra-group
medium emission corresponding to higher power coming from the
central radio source. However, groups hosting big radio galaxies (up
to ~600 kpc, see also Fig. 7) with higher radio luminosities broaden
the distribution. This is consistent with what we have previously
argued from the radio distribution function (Fig. 2), in which the
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Table 3. Results of the partial correlation Kendall’s 7 test in the
presence of a correlation with a third factor. N is the sample size, T
is the partial correlation statistic, o is the standard deviation, while p
represents the probability under the null hypothesis that the correlation
is produced by the dependence on redshift.

Sample N tlo P

Galaxy groups 247 5.04 <0.0001
Galaxy groups, no res. groups 197 3.94 <0.0001
Galaxy groups, uniform flux cut 175 4.16 <0.0001
Galaxy clusters 142 2.99 0.0028
Full sample 389 6.66 <0.0001
Full sample, no res. groups 339 8.84 <0.0001

function for resolved objects is able to reach ~10* erg s~! Hz ™!,
while unresolved radio sources never go above ~103! erg s~! Hz ™!

As discussed above, the Malmquist bias is able to produce spurious
correlations when two luminosities in different bands are compared.
In order to test for Malmquist bias, we used the partial correlation
Kendall 7 test (Akritas & Siebert 1996), as in Ineson et al. (2015).
This allows us to look for correlations between radio and X-ray
luminosities in the presence of upper limits and a dependence
on redshift. The results, with the null hypothesis being that the
correlation is produced by the dependence on redshift, are presented
in Table 3.

We found a strong correlation for the group sample, estimating
p < 0.0001, with p being the null hypothesis probability. However,
as discussed in Section 3.1, the X-ray minimum sensitivity used to
build the catalogue is not constant across the entire COSMOS field.
Especially at low fluxes, there is the chance that this could lead
to ambiguous results. To address this issue, we applied a further,
uniform flux cut at 5 x 107" erg s™! cm™2, and repeated the
test for this subsample. We still find p < 0.0001, supporting the
hypothesis that there is an intrinsic correlation between X-ray and
radio luminosities. We also performed the test excluding groups
hosting resolved radio sources. In fact, as discussed in more detail
in Section 4.1, such objects could be characterized by a different
balance between the X-ray and the radio emission, thus widening the
correlation. We estimated, even for this subsample, p < 0.0001.

However, Bianchi et al. (2009) argued that the partial correlation
Kendall’s t test may underestimate the redshift contribution to the
relation, particularly when it comes to determining the functional
correlation. On the other hand, they also showed that random
scrambling of their radio luminosities is not able to produce the
observed slope of the correlation with the X-ray luminosity, thus
suggesting that a physical correlation may be present. We will return
to this issue in Section 3.3.

3.2 Comparison with the cluster sample

In Fig. 8, we show the 0.1-2.4 keV ICM luminosity versus the
1.4 GHz power of the central radio galaxy for the cluster sample.
As in Fig. 6, the sizes of symbols are proportional to the LLS, and
colour denotes redshift. It appears that a correlation also exists in
galaxy clusters, albeit with more scatter compared to groups hosting
unresolved radio sources. However, unlike for groups, the LLS seems
to be less correlated with the central radio power, and there is only
one radio source with LLS > 200 kpc. Since the cluster sample is
restricted to lower redshifts, one could argue that large and powerful
radio galaxies could be only found at z > 0.3. However, large radio
sources in the group sample are already found at z < 0.3, where
sources in the cluster sample are instead small (see Section 4 for a
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Figure 8. 1.4 GHz luminosity of the central radio galaxy versus ICM X-ray
luminosity in the 0.1-2.4 keV band for the cluster sample. The points are sized
by the radio LLS and colourized for the redshift. Down arrows denote NVSS
radio upper limits. The grey area represents the best fit: log Lg = (1.26 +
0.20) log Lx — (25.80 £ 9.04).

further discussion). Moreover, Gupta et al. (2020) have shown that
there is little redshift evolution in the radio luminosity at fixed host
stellar mass out to z ~ 1 for sources hosted in clusters. However,
their results do show strong mass evolution in the number of radio-
powerful AGNs.

Again we applied the Kendall 7 test in order to check whether
the X-ray/radio correlation is significant, with the results listed in
Table 3. We found a null-hypothesis probability of p = 0.0028. This
suggests that clusters also show a correlation, even though it is weaker
than for groups. Finally, combining the two samples (group sample
and cluster sample), we obtain p < 0.0001.

3.3 The correlation for clusters and groups: comparison with
simulated datasets

In Fig. 9, we show the X-ray luminosities versus the 1.4 GHz powers
for both the group sample and the cluster sample. Obvious is the
dearth of dataat Ly <5 x 10% erg s™! — Ly agu, ~ 10?2 erg sT'Hz !,
set by the flux cuts of our samples. Since we are dealing with left-
censored data (i.e. upper limits), any correlation that depends on data
where the lowest values are upper limits are hard to assess. This is a
long-standing problem in astronomy (see e.g. Feigelson 1992).

In order to investigate the effects of this left-censoring we per-
formed a ‘scrambling test’, that was applied to similar problems by,
e.g. Bregman (2005) and Merloni et al. (2006). In this test, we keep
each pair of X-ray luminosity and redshift of the group sample and
‘shuffle’ the associated radio fluxes, assigning each one to a random
(Lx/z) pair. Applying the newly assigned redshift, we then calculate
the radio luminosity from the flux. We produced 1000 scrambled
data sets in this manner and calculated for each of them the null-
hypothesis probability through the Kendall 7 test. The distribution
of such values is presented in Fig. 10.

Out of 1000 ‘shuffling’, the null-hypothesis probability was never
found to be lower than the real data set. The distribution is similar to a
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Figure 9. 1.4 GHz luminosity of the central radio galaxy versus ICM X-ray
luminosity in the 0.1-2.4 keV band for both the group sample (circles) and
the cluster sample (diamonds). The points are sized by the radio LLS and
colourized for the redshift.
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Figure 10. Null-hypothesis probability distribution of N = 1000 scrambled
datasets. The red dashed line represents the null-hypothesis probability of the
real data.

lognormal, with the peak lying between ~2 per cent and 20 per cent.
The mean sets around ~12.5 percent, with a standard deviation
of ~3.5 percent. The null-hypothesis probability of the real data
set lies more than 30 away from it, suggesting that the correlation
holds.

Alternatively, we can also simulate our population of radio and
X-ray sources by randomly drawing them from luminosity functions
and redshift distributions, then applying the respective flux cuts
in the X-ray and radio and measuring the correlation. This Monte
Carlo simulation can be performed with and without an underlying
correlation between X-ray and radio powers.
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The simulation was performed along the following steps:

(1) We first draw a random redshift within the ranges z = 0.01—-2
for the group sample and z = 0.01-0.4 for the cluster sample,
assuming a constant comoving source density, i.e.

dN 47 e DL (2)
dz ~ (1+2)HyE(z)’

with N being the number of objects, ¢ the speed of light,
E@z) = /Qu(1+ 23+ Q, and Dy the luminosity distance at
redshift z.

(i1) We then sampled N X-ray luminosities, assuming two different
luminosity functions as probability density functions (pdf). For
clusters, we assumed the 0.1-2.4 keV luminosity function (LF) of
BCS (Ebeling et al. 1997), since the cluster sample was built starting
from this catalogue. On the other hand, for groups we used the LF
presented in Koens et al. (2013) that goes down to lower luminosities
and out to z ~ 1.1. Multiple studies have shown hints of negative
redshift evolution of the LF, with a reduction in the number density
of massive, luminous clusters at high redshifts (e.g. Moretti et al.
2004; Koens et al. 2013). As usual, they use a Schechter function in
the form:

(@3

(L) = ®*exp(—L/L*) L™, 3)

where L is the X-ray luminosity in units of 10* erg s~!, ®* is
the normalization, L* is the luminosity at the function cut-off, and
o determines the steepness of the function at L < L*. Following
the same approach described in Koens et al. (2013) and Bohringer,
Chon & Collins (2014), the redshift evolution is taken into account
by parametrizing density and luminosity evolution through a power
law:

D¥(z) = (1 4 2)4, )

L*(z) = Ly(1 + 2", (&)

where ®; and Lj are the values at the current epoch, A ~ —1.2 and
B ~ —2 (Moretti et al. 2004). As we first draw a redshift, we can
then sample the X-ray luminosity. The number of mock objects, N,
was chosen to match the numbers in our samples.

(iii) We estimated the flux and applied an X-ray flux cut of 2 x
107" erg s=' cm™? for groups and 4.4 x 107! erg s~' cm™2 for
clusters, as for our samples.

(iv) We associated every X-ray luminosity-redshift pair with a
radio luminosity assuming (i) no correlation between X-ray and radio
power, (ii) log Lg = (1.07 £ 0.12) log Lx — (15.90 % 5.13) for both
clusters and groups, and (iii) the above correlation for groups, and
log Lg = (1.26 &+ 0.20) log Lx — (25.80 £ 9.04) for clusters. The
correlations were estimated exploiting the parametric EM algorithm
coded in the AStronomical SURVival statistics package (ASURYV,
Feigelson et al. 2014), that takes into account different contributions
by detections and left-censored data.

The results for groups assuming no correlation between X-ray and
radio power are presented in the top panel of Fig. 11. The empty
bottom-right area of the plot is produced by the Malmquist bias.
Apart from this, the distribution of simulated data looks significantly
different from both the group sample and the cluster sample. In fact,
Fig. 6 shows no groups with Ly < 10* erg s~! hosting a radio galaxy
with Ly > 10% erg s™! Hz~'. However, we can see such objects in
the top panel of Fig. 11, despite the simulation having the same flux
cuts of the real observation. This means that groups are prevented by
physical limitations from being found at these luminosities: the lack
of them in this region is not produced by biases.
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Figure 11. 1.4 GHz power of the central radio source versus X-ray luminos-
ity of the ICM in the 0.1-2.4 keV band for the simulated data. Top panel: No
correlation. Middle panel: Same correlation (see text) for both galaxy clusters
(diamonds) and groups (circles). Bottom panel: Two different correlations for
galaxy clusters (diamonds) and groups (circles).
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The middle panel of Fig. 11 shows simulated data assuming the
same correlation for clusters and groups. The plot still looks different
from Fig. 9, in which low X-ray luminosity clusters are offset from
groups, producing a tail that stands out from the distribution. In order
to properly measure the differences between the simulated and the
real distributions, we used the two sample Kolmogorov—Smirnov
test. The test estimates the null-hypothesis probability that two
samples belong to the same distribution. The X-ray luminosities of
the simulated clusters are drawn from the BCS luminosity function,
that is the same catalogue used for building the cluster sample. Since
the KS test is not accurate when performed on two samples if one
of them is drawn from the other one, we chose to perform it only on
radio luminosities. Comparing the simulated data of the middle panel
of Fig. 11 with the real data set, the KS test gives a null-hypothesis
probability of ~2.7 per cent, confirming that the two distributions are
intrinsically different. This suggests that X-ray and radio luminosities
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of clusters and groups could follow different correlations.

Finally, the bottom panel of Fig. 11 shows the results of the
simulation assuming two different correlations for clusters and
groups. The distribution of the simulated data is now similar to
the real correlation, suggesting that this is the assumption that better
fits our data. This is also confirmed by the KS test, that gives a
null-hypothesis probability of ~39.1 per cent, indicating that the two
samples likely belong to the same distribution. We also argue that,
without providing any relation between radio and X-ray luminosity,
the simulation is not able to reproduce the correlation, indicating that
the redshift is not the only factor contributing the correlation. This
supports the picture of a physical connection between ICM and AGN
emission.

4 DISCUSSION

4.1 Large radio galaxies in galaxy groups

Figs 6 and 7 show that AGNss in the centre of groups typically reach
only tens of kpc in linear size and up to ~1032 erg s~! Hz~! in power.
However, a few of them (~10) are able to grow to hundreds of kpc,
reaching radio powers comparable to massive clusters’ BCGs (Fig. 8)
and surpassing such sources in terms of size. We then argue that the
biggest radio galaxies are found in the centre of galaxy groups. This
was already hinted by multiple works on giant radio galaxies (e.g.
Mack et al. 1998; Machalski, Chyzy & Jamrozy 2004; Subrahmanyan
et al. 2008; Chen et al. 2012; Grossova et al. 2019; Cantwell et al.
2020, and references therein). However, this is the first time that
they are included as sources in a large sample of groups, and their
link to the environment is studied with respect to ‘classical’ radio
sources. Large radio galaxies have been found in galaxy clusters,
too. An example is the giant radio fossil recently observed in the
Ophiucus clusters (Giacintucci et al. 2020) that reaches a size of
~ 1 Mpc. However, they look more like outliers produced by
unusually energetic AGN outburst, rather than widespread cases.
This is also supported by Fig. 9, which shows that the LLS of
radio galaxies hosted in clusters is usually significantly smaller with
respect to sources found in groups. The cluster sample only shows one
cluster with a central radio source bigger than 200 kpc (~0.7 per cent
of the sample), while the group sample has 10 of them (~4 per cent
of the sample), ranging from 200 to 600 kpc.

We suggest that the lower gas density in groups when compared to
clusters and a different, more efficient accretion mechanism could be
responsible for this effect. This is supported by Ineson et al. (2013,
2015), who found a very similar relationship between intra-group
medium and AGN luminosities and showed that large radio galaxies,

1028 1020 1030 103! 1032 1033 1034
P1.4cHz (€rgs s~ Hz™1)

Figure 12. Ratio of LLS of the radio galaxy and Ry of corresponding group
(in kpc) versus radio power of the radio galaxy. Circles represent groups
hosting resolved radio sources, while triangles denote unresolved ones.

lying in the top region of Fig. 6, are mostly HERGs, powered by a
radiatively efficient accretion mode (e.g. Best & Heckman 2012),
while groups lying within the narrower radio power distribution
mostly contain LERGs. Similarly, we tried to classify the radio
galaxies of the group sample into HERGs and LERGs, by retrieving
optical spectra from the zZCOSMOS survey (Lilly & Zcosmos Team
2005) and measuring the equivalent width (EW) of the [O111] line.
Objects showing EW[gy; < 5 A were classified as LERGs, while
radio galaxies with EWgu; > 5 A are HERGs. However, we were
able to properly perform such analysis only on nine radio galaxies,
four of which were classified as HERGs, and five as LERGs. This
was due to most objects not having a zCOSMOS detection, while
for others the fit of the spectrum was inconclusive. Therefore, since
this sample is too small to draw any conclusion from it, we will not
discuss it and leave it for future follow-up works.

Fig. 12 shows the radio power of the radio galaxy on the x-axis,
and the LLS and corresponding group’s Ry ratio on the y-axis. The
largest radio galaxies have dimensions comparable to the group’s
virial radius.

The power output supplied by such AGNs could potentially have
strong consequences for the intra-group medium. However, the
energy is transferred to the diffuse gas at large distances from the
centre (~ hundreds of kpc), due to the dimensions of the radio
galaxy, while the cores of groups are typically only ~ tens of kpc.
This means that, when heating mainly occurs through radio mode
feedback (i.e. by generating cold fronts and X-ray cavities), the
centres of groups are less affected by such process, and thus cooling
could be less suppressed than in galaxy clusters. On the other hand,
when shocks are the dominant source of heating, it could still be
enough to adequately quench radiative losses. This scenario looks
very similar to some galaxy clusters, that are shown to host giant
cavities, with lobes extending over the cooling region (e.g. Gitti et al.
2007). Some analyses of singular groups already suggested that jets
extending well over the core could violate the standard AGN feeding-
feedback model (e.g. O’Sullivan et al. 2011; Grossova et al. 2019).
However, this is the first work to prove that a significant fraction of
the galaxy groups population effectively shows hints that support this
scenario.
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This hypothesis needs to be tested by performing a thorough study
of the jets and structure of these large radio sources, and possibly
by comparing the results with an accurate analysis of the diffuse gas
within the cooling radius of the host group. Such a radius is usually
defined as the radius within which the cooling time of the ICM falls
under the lookback time at z = 1, corresponding to 7.7 Gyr. While
meticolous estimates of the cooling radius are usually feasible for
galaxy clusters, there are only a few, closeby groups (e.g. O’Sullivan
et al. 2017) that have been observed with the required depth and
resolution to accurately measure it. Therefore, we are currently
unable to perform this comparison for our sample.

4.2 Do clusters and groups show the same X-ray-radio
correlation?

In the previous sections, we showed how, according to our analysis,
the relation between the X-ray luminosity and the power of the
central radio source is not produced by biases or selection effects.
Clusters and groups seem to follow two different correlations, albeit
with a similar slope. Furthermore, central radio galaxies in some
groups show enhanced emission up to ~3 orders of magnitude. The
hypothesis of two, distinct correlations is supported by the analysis
previously performed on our simulated datasets.

However, we suggest that clusters and groups could follow the
same correlation, in which the latter populate the low X-ray and low
radio luminosity regions, while the former are usually stronger. The
correlation is mainly produced by groups and clusters that have not
recently experienced a significant interaction with the surrounding
environment, while those which have undergone recent mergers
or accretion from other objects tend to broaden the distribution.
Specifically, we would expect these clusters to show a lower AGN
power at a given X-ray luminosity, since the lack of cooling ICM
prevents the AGN from accreting gas. This could also explain the
low-radio luminosity tail of clusters. The result of this scenario is
a distribution that is narrower for galaxy groups, and then broadens
because of the difference between cool cores and merging clusters.

Recent results by Gupta et al. (2020) (hereafter G20) already
suggested the existence of a link between the large-scale properties of
clusters and AGN feedback. Using SUMSS data (843 MHz) for two
different cluster samples (~1000 X-ray selected, ~12 000 optically
selected), they have shown that the probability of a cluster hosting
radio-loud AGN scales with its mass. This could suggest a connection
between AGN feedback and cluster mass. A similar link was already
explored by Hogan et al. (2015). G20 also found no evidence that
the AGN radio power scales with the cluster halo mass (see fig. 10 of
G20). However, their sample is built taking into account every radio
AGN within clusters, even those not hosted in BCGs. Therefore, it
is not straightforward to compare it to the properties of central radio
sources.

In Fig. 13, we show the AGN radio power at 1.4 GHz versus the
mass of the group sample (Mg0). We find no hints of groups under
Mg ~ 6 x 103 Mg, hosting radio sources with log P (erg s~! Hz™')
> 32. This suggest that, even in the group regime, low-mass objects
usually host weaker radio sources, while radio-loud AGNs are usually
found at higher masses.

One could argue that our sample is simply missing low-mass
groups that host powerful AGNs. These objects could therefore be
rare. Since we do not detect them with a ~250 objects sample, the
probability of observing one has to be lower than 0.4 per cent. This
suggests that, even if they do exist, they can be considered outliers.
In the group sample, the only process we found that could bring to
these consequences is the combination of low-density medium and
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Figure 13. AGN power at 1.4 GHz for the group sample versus mass (M2q).
Colours denote redshift, and the points are sized for the LLS of the radio
source. Down arrows represent radio upper limits.

1034
¢ CC
v NCC
Unknown ’
1033 e Groups
[ ;
T 10% " M
E ! ¢ ¢ '
. N . X ] '
[} . 8o o
31 ]
210 dte Y
0 ry XK}
- Py o
! Y
I [) [) ‘..0 [
9 ° %0 g0 '
<4030 v, [t
~10 Sep Y0y v
& © ety
00 @ o v
o‘o. ee °*°
10%° (YT
[
.
10% . . . "
1041 1042 1043 1044 1045 1046
Ly (ergs™)

Figure 14. 1.4 GHz power of the central radio source versus X-ray lumi-
nosity in the 0.1-2.4 keV band for 71 of the cluster sample objects, classified
into cool cores (blue diamonds), non-cool cores (red triangles), and clusters
with unknown dynamical state (cyan crosses). Grey circles represent groups
hosting unresolved radio sources, for comparison. The grey area is the best-
fitting relation for galaxy groups: log Lr = (1.07 £ 0.12) log Lx — (15.90 £+
5.13).

the more efficient accretion mechanism that produces large radio
galaxies. (see Section 4.1). However, all these sources are found at
higher masses. Either low-mass groups hosting radio-loud AGNs do
not exist or, if they do, they are extremely rare (p < 0.4 per cent).

In order to support the hypothesis that clusters and groups follow
the same correlation, we were able to classify 38 clusters of the
cluster sample (~30 per cent) into cool core and non-cool core. The
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classification, based on the presence of optical line emission and
showed in Fig. 14, is presented by Hogan et al. (2015).

There are 33 clusters for which we have no information about their
dynamical state. Not surprisingly, most cool cores populate the high-
luminosity area of the plot. Furthermore, four out of five non-cool
cores are found at low radio power. We thus argue that cool cores
produce the high-power tail of the correlation shown in Fig. 9, while
more dynamically disturbed clusters tend to broaden it.

One possible scenario is that the feedback cycle in galaxy groups
is much tighter and the central AGN can affect the entropy of the gas
more efficiently, as seen in our group sample. Over their lifetime,
central radio galaxies can undergo phases of higher power, allowing
them to grow to hundreds of kpc. Once central radio galaxies have
grown to a certain size, the energy from the AGN is injected at greater
radii with respect to the cooling radius (see Section 4.1), weakening
the efficiency of feedback and broadening the correlation between
X-ray luminosity and radio power. Via mergers and accretion, groups
can grow to become clusters (White & Frenk 1991). Events occurring
during their lifetime, such as mergers, accretion, or any interaction
with other objects, that significantly affect both the cooling of the
ICM and the central radio galaxy, can widen the distribution.

5 CONCLUSIONS

We have studied the correlation between the X-ray emission of the
intra-group medium and the radio power of the central AGN for a
sample of 247 X-ray selected galaxy groups detected in the COSMOS
field. We compared the properties of these groups with a control
sample of galaxy clusters and with simulated datasets of X-ray and
radio luminosities. Our conclusions can be summarized as follows:

(i) Groups show a correlation between the intra-group medium
emission and the radio galaxy power, with more X-ray luminous
objects hosting more powerful radio sources. Using Kendall’s partial
correlation 7 test, combined with data ‘scrambling’ and Monte Carlo
simulations, we showed that this correlation is not produced by the
flux cut. Groups hosting large radio sources (>150-200 kpc) stand
out of the correlation.

(ii) Galaxy clusters are usually more luminous but show a similar
correlation to groups, albeit with more scatter.

(iii) Despite the observational evidence of two distinct correla-
tions, we argue that clusters and groups could follow the same
correlation once the dynamical state is taken into account. Groups
populate the low-luminosity region, while cool-core clusters are
found at high luminosities.

(iv) Mergers between galaxy clusters and the resulting changes to
central cooling times, as well as changes in the accretion mechanism,
can increase the scatter in the observed correlation.

(v) Galaxy groups host a significantly higher fraction of large
(LLS > 200 kpc) radio galaxies (~4 percent) than clusters
(~0.7 percent), albeit the redshift range of our cluster sample is
narrower. The growth of these radio sources, that in this work reach
up to ~600 kpc, is probably favoured by the low ambient densities
and aided by an efficient accretion mode (HERGs). Radiative cooling
of the diffuse thermal gas could be less suppressed in these objects,
since the AGN energy injection happens at larger radii compared to
the cooling region of the corresponding group.

More detailed studies are needed to address these results. Volume-
limited catalogues are essential in order to reduce biases that can
be introduced by redshift-dependent luminosity functions and other
effects. Deep, high angular resolution observations of single groups
and optical spectra could also be helpful for a better understanding
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of the physical link between the intra-group medium and the central
AGN.

ACKNOWLEDGEMENTS

The authors thank the anonymous referee for useful comments
and suggestions. TP is supported by the BMBF Verbundforschung
under grant number S00R1906. We acknowledge discussions with
J. Liske and J. Mohr. The spectral analysis on zCOSMOS data
was performed by M. Owers. The MeerKAT telescope is operated
by the South African Radio Astronomy Observatory, which is a
facility of the National Research Foundation, an agency of the
Department of Science and Innovation. We acknowledge use of the
Inter-University Institute for Data Intensive Astronomy (IDIA) data
intensive research cloud for data processing. IDIA is a South African
university partnership involving the University of Cape Town, the
University of Pretoria, and the University of the Western Cape.

DATA AVAILABILITY

The data underlying this article are available in the article and in its
online supplementary material.

REFERENCES

Akritas M. G., Siebert J., 1996, MNRAS, 278, 919

Best P. N., Heckman T. M., 2012, MNRAS, 421, 1569

Bharadwaj V., Reiprich T. H., Schellenberger G., Eckmiller H.J., Mittal R.,
Israel H., 2014, A&A, 572, A46

Bianchi S., Bonilla N. F., Guainazzi M., Matt G., Ponti G., 2009, A&A, 501,
915

Birzan L., Rafferty D. A., McNamara B. R., Wise M. W., Nulsen P. E. J.,
2004, Apl, 607, 800

Birzan L. et al., 2020, MNRAS, 496, 2613

Bohringer H., Chon G., Collins C. A., 2014, A&A, 570, A31

Bregman J. N., 2005, preprint (arXiv:astro-ph/0511368)

Cantwell T. M. et al., 2020, MNRAS, 495, 143

Chen R., Peng B., Strom R. G., Wei J., 2012, MNRAS, 420, 2715

Condon J. J., Cotton W. D., Greisen E. W., Yin Q. F,, Perley R. A., Taylor G.
B., Broderick J. J., 1998, AJ, 115, 1693

Crawford C. S., Allen S. W., Ebeling H., Edge A. C., Fabian A. C., 1999,
MNRAS, 306, 857

Ebeling H., Edge A. C., Fabian A. C., Allen S. W., Crawford C. S., Bohringer
H., 1997, Apl, 479, L101

Ebeling H., Edge A. C., Bohringer H., Allen S. W., Crawford C. S., Fabian
A. C., Voges W., Huchra J. P, 1998, MNRAS, 301, 881

Eke V. R., Baugh C. M, Cole S., Frenk C. S., Navarro J. F,, 2006, MNRAS,
370, 1147

Fabian A. C., Sanders J. S., Taylor G. B., Allen S. W., Crawford C. S.,
Johnstone R. M., Iwasawa K., 2006, MNRAS, 366, 417

Feigelson E. D., 1992, Statistical Challenges in Modern Astronomy. Springer,
New York, p. 221

Feigelson E. D., Nelson P. 1., Isobe T., LaValley M., 2014, ASURV:
Astronomical SURVival Statistics, 1406.001

Finoguenov A. et al., 2020, A&A, 638, A114

Forman W., Churazov E., Jones C., Heinz S., Kraft R., Vikhlinin A., 2017,
ApJ, 844,122

Gaspari M., Brighenti F., D’Ercole A., Melioli C., 2011, MNRAS, 415, 1549

Giacintucci S. et al., 2011, ApJ, 732, 95

Giacintucci S., Markevitch M., Johnston-Hollitt M., Wik D. R., Wang Q. H.
S., Clarke T. E., 2020, ApJ, 891, 1

Giodini S. et al., 2010, ApJ, 714, 218

Gitti M., McNamara B. R., Nulsen P. E. J., Wise M. W., 2007, ApJ, 660, 1118

Gitti M., O’Sullivan E., Giacintucci S., David L. P., Vrtilek J., Raychaudhury
S., Nulsen P. E. J., 2010, ApJ, 714, 758

MNRAS 497, 2163-2174 (2020)

1Z0Z Jequiaidag g uo Jasn pioIxQ 10 AlsiaAlun a8yl Jo selelqi] uels|pog Aq 8690/8S/912/2/ .61 /2 10Ie/seiuw/woo dno olwapese//:sdiy Woll papeojumoc]


http://dx.doi.org/10.1093/mnras/278.4.919
http://dx.doi.org/10.1111/j.1365-2966.2012.20414.x
http://dx.doi.org/10.1051/0004-6361/201322684
http://dx.doi.org/10.1051/0004-6361/200911905
http://dx.doi.org/10.1086/383519
http://dx.doi.org/10.1093/mnras/staa1594
http://dx.doi.org/10.1051/0004-6361/201323155
http://arxiv.org/abs/astro-ph/0511368
http://dx.doi.org/10.1093/mnras/staa1160
http://dx.doi.org/10.1111/j.1365-2966.2011.20245.x
http://dx.doi.org/10.1086/300337
http://dx.doi.org/10.1046/j.1365-8711.1999.02583.x
http://dx.doi.org/10.1086/310589
http://dx.doi.org/10.1046/j.1365-8711.1998.01949.x
http://dx.doi.org/10.1111/j.1365-2966.2006.10568.x
http://dx.doi.org/10.1111/j.1365-2966.2005.09896.x
http://dx.doi.org/10.1051/0004-6361/201937283
http://dx.doi.org/10.3847/1538-4357/aa70e4
http://dx.doi.org/10.1111/j.1365-2966.2011.18806.x
http://dx.doi.org/10.1088/0004-637X/732/2/95
http://dx.doi.org/10.3847/1538-4357/ab6a9d
http://dx.doi.org/10.1088/0004-637X/714/1/218
http://dx.doi.org/10.1086/512800
http://dx.doi.org/10.1088/0004-637X/714/1/758

2174  T. Pasini et al.

Gitti M., Brighenti F., McNamara B. R., 2012, Adv. Astron., 2012, 950641

Gozaliasl G. et al., 2019, MNRAS, 483, 3545

Gozaliasl G. et al., 2020, A&A, 635, A36

Grossova R. et al., 2019, MNRAS, 488, 1917

Gupta N. et al., 2020, MNRAS, 494, 1705 (G20)

Hogan M. T. et al., 2015, MNRAS, 453, 1201

Ineson J., Croston J. H., Hardcastle M. J., Kraft R. P., Evans D. A., Jarvis M.,
2013, Apl, 770, 136

Ineson J., Croston J. H., Hardcastle M. J., Kraft R. P., Evans D. A., Jarvis M.,
2015, MNRAS, 453, 2682

Jarvis M. et al., 2016, Proc. Sci., MeerKAT Science: On the Pathway to the
SKA. SISSA, Trieste, PoS#006

Jetha N. N., Ponman T. J., Hardcastle M. J., Croston J. H., 2007, MNRAS,
376, 193

Koens L. A., Maughan B. J., Jones L. R., Ebeling H., Horner D. J., Perlman
E. S., Phillipps S., Scharf C. A., 2013, MNRAS, 435, 3231

Kolokythas K., O’Sullivan E., Raychaudhury S., Giacintucci S., Gitti M.,
Babul A., 2018, MNRAS, 481, 1550

Leauthaud A. et al., 2010, ApJ, 709, 97

Lilly S., Zcosmos Team, 2005, The Messenger, 121, 42

Lovisari L., Reiprich T. H., Schellenberger G., 2015, A&A, 573, A118

Machalski J., Chyzy K. T., Jamrozy M., 2004, Acta Astron., 54, 249

Mack K. H., Klein U., O’Dea C. P., Willis A. G., Saripalli L., 1998, A&A,
329, 431

McNamara B. R., Nulsen P. E. J., 2012, New J. Phys., 14, 055023

McNamara B. R. et al., 2000, ApJ, 534, L135

Merloni A., Kording E., Heinz S., Markoff S., Di Matteo T., Falcke H., 2006,
New Astron., 11, 567

Mohan N., Rafferty D., 2015, PyBDSF: Python Blob Detection and Source
Finder, 1502.007

Moretti A. et al., 2004, A&A, 428, 21

Nipoti C., Binney J., 2005, MNRAS, 361, 428

Nulsen P. E. J., McNamara B. R., David L. P., Wise M. W., 2005, Highlights
Astron., 13, 307

O’Sullivan E., Worrall D. M., Birkinshaw M., Trinchieri G., Wolter A., Zezas
A., Giacintucci S., 2011, MNRAS, 416, 2916

O’Sullivan E. et al., 2017, MNRAS, 472, 1482

Rafferty D. A., McNamara B. R., Nulsen P. E. J., Wise M. W., 2006, ApJ,
652,216

Randall S. W. et al., 2015, in Massaro F., Cheung C. C., Lopez E.,
Siemiginowska A., eds, Proc. IAU Symp. 313, Extragalactic Jets from
Every Angle. p. 277

Schinnerer E. et al., 2007, ApJS, 172, 46

Schinnerer E. et al., 2010, ApJS, 188, 384

Smolci¢ V., Finoguenov A., Zamorani G., Schinnerer E., Tanaka M., Giodini
S., Scoville N., 2011, MNRAS, 416, L31

Subrahmanyan R., Saripalli L., Safouris V., Hunstead R. W., 2008, ApJ, 677,
63

White S. D. M., Frenk C. S., 1991, ApJ, 379, 52

Willis J. P. et al., 2005, MNRAS, 363, 675

Yuan Z. S., Han J. L., Wen Z. L., 2016, MNRAS, 460, 3669

SUPPORTING INFORMATION
Supplementary data are available at MNRAS online.

Column_description.txt
table.txt

Please note: Oxford University Press is not responsible for the content
or functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.

APPENDIX A: PROPERTIES OF THE GROUP
SAMPLE

The properties of the group sample are listed in Table Al. The
full table is available as online material, while a part of it is
shown here; the listed properties include X-ray coordinates of the
group, redshift, Moo, Ry00, X-ray luminosity, radio coordinates, flux
density at 1.4 GHz, radio luminosity at 1.4 GHz, and LLS (when
resolved). The last column reports 1 if the radio source was detected
with both VLA and MeerKAT, and 2 if it was detected only by
MeerKAT.

Table Al. The table lists all the properties of the group sample and of their central radio sources, when detected. The first five lines of it are shown here;
the columns of the table are: X-ray RA (1) and Dec. (2) of the group, redshift (3), M2 (4) with error in 1013 Mo, Raoo (5) in kpc, X-ray luminosity (6) and
error in 10%2 erg s~ in the 0.1-2.4 keV band, radio RA (7) and Dec. (8), flux density at 1.4 GHz in mJy (9) with error, radio luminosity at 1.4 GHz (10)
in 103 erg s=! Hz~! with error, and LLS in kpc (when resolved) (11). The last column (12) reports 1 if the radio source was detected with both VLA and

MeerKAT, and 2 if it was detected only by MeerKAT.

RAJ2000) Dec.J2000¢ @ M, RO LY RAJ20007  Dec.J2000% 5O Ly LLS!D  Detection(?
(deg) (deg) (10° Mg)  (kpe) (102 ergs™) (mJy) (10% ergs™ Hz™')  (kpe)

150.5111 202699 0899 3.86+ 110 51345 8.624+£4.052 10:02:02549 +02:01:4536 0441 +0.040 1431+ 1.56 15.06 1
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150.17097 252363 0697 275+0.59 49576 3.826+ 1359 10:00:41.418 +02:31:24.17 0.716+0.028 1271 +0.58 957 1
149.83842 267517 026 2.56+0.54 569.03 1901+ 0665 09:59:21.341 +02:40:30.45 0.546+£0.082  0.995+0.16 21.96 1
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