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ABSTRACT

We present LOFAR observations at 120—168 MHz of 42 systems with possible X-ray cavities
in their hot atmosphere, of which 17 are groups or ellipticals, 19 are nearby clusters (z < 0.3),
and six are higher redshift clusters (z > 0.3). The X-ray cavities, formed by the radio lobes of
the central active galactic nucleus (AGN), are evidence of radio-mode AGN feedback. In the
groups and ellipticals sample, half of the systems have X-ray cavities for which no associated
lobe emission was detected. Conversely, we report the discovery of large radio lobes in NGC
6338, extending far beyond the emission reported previously in the literature. In the case of
the nearby clusters, our observations show that there is little low-frequency radio emission that
extends beyond the cavities (e.g. MS 0735.6+7421, A2052). For the first time, we report secure
cavity-radio associations in 2A 03354096, ZwCl 2701, and ZwCl 8276 that strengthens their
interpretation as AGN-created cavities. However, in some known cavity systems (e.g. A1795
and ZwCl 3146) we report the lack of detectable low-frequency radio emission associated with
the cavities. Our sample of higher redshifts systems is small, and unfortunately the present
LOFAR observations are not able to resolve the lobes in many of them. Nevertheless, our
sample represents one of the best available for investigating the connection between radio and
jet power in radio-mode AGN feedback.
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(SF) activity; Gaibler et al. 2012; Wagner, Bicknell & Umemura

1 INTRODUCTION 2012; Silk 2013; Wagner et al. 2016; Valentini et al. 2020), have

The AGN feedback paradigm in galaxy clusters posits that the
central active galactic nucleus (AGN) is connected in a feedback
loop to the cooling intracluster medium (ICM) in which the AGN
resides (see the reviews, McNamara & Nulsen 2007; Fabian 2012).
This feedback is generally negative, such that when the cooling
increases the AGN heating increases to compensate, reducing the
cooling. AGN feedback has been observed in systems ranging from
massive clusters to isolated ellipticals (e.g. Cavagnolo et al. 2008;
Rafferty, McNamara & Nulsen 2008; Voit et al. 2008; Hogan et al.
2015; Babyk et al. 2019; Lakhchaura et al. 2018; Pulido et al. 2018).
Sophisticated AGN feedback simulations, when they account for
both negative AGN feedback (e.g. Gaspari, Ruszkowski & Oh 2013;
Li & Bryan 2014a; Prasad, Sharma & Babul 2015, 2017; Yang &
Reynolds 2016; Gaspari & Sadowski 2017; Meece, Voit & O’Shea
2017; Martizzi et al. 2019; Wang et al. 2019) and positive AGN
feedback (e.g. feedback that enhances the cooling and star formation
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demonstrated its importance to galaxy formation and evolution. For
example, AGN feedback provides a mechanism to truncate cooling
in massive galaxies (Croton et al. 2006; Alexander & Hickox 2012;
Sijacki etal. 2015; Croton et al. 2016; Wylezalek & Zakamska 2016;
Dekel, Lapiner & Dubois 2019), to reconcile the SF history of the
largest elliptical galaxies with those predicted from hierarchical
clustering through dry mergers (Faber et al. 2007), and to prevent
overcooling of the ICM in the cooling-flow clusters (the cooling
flow problem, Fabian 1994).

Direct observational evidence for AGN feedback comes from
high-angular resolution Chandra X-ray observations of giant el-
liptical galaxies, groups, and clusters that contain large amounts
of hot plasma. These observations show X-ray cavities in the hot
atmospheres, filled with radio emission from the lobes of the central
radio source associated with the brightest cluster galaxy (BCG).
To date, Chandra has discovered ~100 such systems (see cavity
samples, Birzan et al. 2004, 2012; Dunn & Fabian 2004; Dunn,
Fabian & Sanders 2006; Rafferty et al. 2006; Nulsen et al. 2009;
Cavagnolo et al. 2010; Dong, Rasmussen & Mulchaey 2010; Dunn
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et al. 2010; O’Sullivan et al. 2011; Hlavacek-Larrondo et al. 2012;
Hlavacek-Larrondo et al. 2015; Shin, Woo & Mulchaey 2016;
Birzan et al. 2017). The X-ray cavities are direct evidence of a
strong coupling between the AGN jets and the hot atmospheres
(see the reviews of McNamara & Nulsen 2007; Cattanco et al.
2009; Fabian 2012; McNamara & Nulsen 2012; Voit et al. 2015).
This feedback mode is known in the literature as the maintenance-
mode or radio-mode feedback, to distinguish it from the radiatively
dominated quasar-mode feedback.

In radio-mode AGN feedback, the heating is thought to be mainly
done by the buoyantly rising cavities created by the AGN, along
with the weak shocks (Nulsen et al. 2005; Randall et al. 2015;
Forman et al. 2017), sound waves (Fabian et al. 2003; Fabian et al.
2017; Tang & Churazov 2017), subsonic turbulence through gravity
waves, g modes (Reynolds, Balbus & Schekochihin 2015; Bambic,
Morsony & Reynolds 2018), mixing of the inflated cavity’s contents
with the ICM (Briiggen & Kaiser 2002; Hillel & Soker 2017), shocks
and turbulent mixing (Yang & Reynolds 2016), internal waves, and
turbulence mixing (Kim & Narayan (Kim & Narayan 2003; Gaspari
et al. 2014; Zhuravleva et al. 2014, 2018; Gaspari, Brighenti &
Temi 2015; Zhang, Churazov & Schekochihin 2018), cosmic rays
(CR; Guo & Oh 2008; Pfrommer 2013; Jacob & Pfrommer 2017;
Ruszkowski, Yang & Reynolds 2017), and uplifting of the cool,
central gas by the expanding jets and rising cavities (Peterson &
Fabian (Peterson & Fabian 2006; Revaz, Combes & Salomé 2008;
Pope et al. 2010; Li & Bryan 2014a; Brighenti, Mathews & Temi
2015; Kirkpatrick & McNamara 2015; McNamara et al. 2016;
Gendron-Marsolais et al. 2017; Voit et al. 2017). It is not yet
established which of these processes is the dominant source of
heat, but there is a consensus that the heating is self-regulated in
a gentle process, as the entropy increases continuously from the
centre to the cluster outskirts (e.g. Voit et al. 2017). Furthermore, it
is also important to connect all these processes responsible for AGN
feedback and feeding from the smallest scales (micro scales) to the
largest (meso and macro scales, Gaspari, Tombesi & Cappi 2020).
However, proper modelling of the multiphase nature of the cooling
gas that occurs on small scales is computationally challenging,
and next generation simulations are likely needed to detangle this
problem (Jiang & Oh 2018; Ogiya et al. 2018; Martizzi et al. 2019).

The X-ray cavities seen in groups and clusters are not only
direct evidence of the interplay between the radio source and the
ICM, they also allow one to systematically quantify the bulk of
the energy injected by the AGN into the cluster atmosphere by
measuring the work done by the buoyantly rising cavities (Birzan
et al. 2004; Dunn et al. 2006; Rafferty et al. 2006; Birzan et al.
2012; Hlavacek-Larrondo et al. 2012). Until recently, cavities were
detected at redshifts up to z = 0.544 (e.g. MACS J1423.9+2404,
Rafferty et al. 2006; Hlavacek-Larrondo et al. 2012), but with the
advent of the Sunyaev—Zel’dovich selected samples of clusters (e.g.
SPT, ACT, Planck; Reichardt et al. 2013; Marriage et al. 2011;
Planck Collaboration XXIX 2014), there are now cavity candidates
up to z = 1.132 (e.g. SPT-CL J2106-5845; Birzan et al. 2017).
However, at these high redshifts the details of the AGN feedback
process are even less well understood, with some evidence that
the primary mode of feedback transitions from a mechanically
dominated mode to a radiatively dominated one, e.g. from low-
excitation radio galaxies (LERGs) to high-excitation radio galaxies
(HERGsS),' or radio mode to quasar mode feedback (Churazov et al.

'LERG versus HERG dichotomy is based on the presence of weak, narrow
low-ionization lines (Hine & Longair 1979; Hardcastle, Evans & Croston
2006, 2007).
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2005; Russell et al. 2013; Hlavacek-Larrondo et al. 2013b; Birzan
et al. 2017; McDonald et al. 2018; Pinto et al. 2018).

Animportant result from X-ray cavity studies is the determination
of scaling relations between the cavity power and the radio power
(Birzan et al. 2004; Merloni & Heinz 2007; Birzan et al. 2008;
Cavagnolo et al. 2010; O’Sullivan et al. 2011; Heckman & Best
2014). There is a large range of (logarithmic) slopes found in
these scaling relations (e.g. from 0.35 to 0.75 in the case of
monochromatic relations at 1.4 GHz; Birzan et al. 2008; Cavagnolo
etal. 2010; O’Sullivan et al. 2011), with the latter relation spanning
over seven orders of magnitude in radio and jet power. At 325 MHz,
the best-fitting relation has a slope of ~0.5 (Birzan et al. 2008;
Kokotanekov et al. 2017). There is also a difference in the above
scaling relation slopes if with some information on the spectral
age of the lobe emission, through the break frequency of the
synchrotron spectrum (e.g. for the scaling relations of the cavity
power versus the bolometric radio luminosity a slope of 0.5 or
0.6 was found for the total source or lobes only versus 0.7 when
the break frequency information is included; Birzan et al. 2008).
With the break frequency included, the scatter about the best-fitting
relation is reduced by ~ 50 per cent (Birzan et al. 2008).

These scaling relations have been used for a variety of purposes
by a number of authors, e.g. for studies of how jet-mode heating
balances cooling for large samples of galaxies (e.g. Best et al. 2006,
2007; Magliocchetti & Briiggen 2007; Hart, Stocke & Hallman
2009; Ma, McNamara & Nulsen 2013; Best et al. 2014), for studies
of the cosmic evolution of AGN feedback to higher redshifts (e.g.
Cattaneo & Best 2009; Smolci¢ et al. 2009; Danielson et al. 2012;
Simpson et al. 2013; Best et al. 2014; Smolcic et al. 2015; Pracy
et al. 2016; Smolci¢ et al. 2017; Hardcastle et al. 2019), and for
studies of the accretion mechanism and accretion rates (Sun 2009;
Sabater et al. 2019). While fairly uncertain, for a sample with a wide
range in luminosities a slope of ~0.7 is widely used (see discussion
in Best et al. 2006; Cattaneo et al. 2009; Heckman & Best 2014;
Smolcic et al. 2017; Hardcastle et al. 2019).

Additionally, there are also theoretical models for the scalings
derived from FanaroffRiley type II (FRII; Fanaroff & Riley 1974)
expansion models (Willott et al. 1999; Daly et al. 2012; Ineson
et al. 2017). From theoretical considerations, the slope is expected
to range from 0.5 according to buoyancy arguments (Godfrey &
Shabala 2016) to 0.8 according to FRII modelling (Willott et al.
1999; Daly et al. 2012). As aresult, it is important to better constrain
and understand the observed slopes and to understand whether they
are in conflict with the theoretical ones. This point is especially true
for FanaroffRiley type I (FRI) sources that constitute the majority
of radio sources observed in cluster centres (see also the FRI source
model, Luo & Sadler 2010). It is also important to understand
whether there are variations in the slope that depend on environment
and redshift; for example, for radio sources in groups/elliptical
category, in order to explain the lower average kinetic power of
the jets, deceleration of the jets by mass entrainment was invoked
(Bicknell 1984; Laing & Bridle 2014; Perucho et al. 2014). This
deceleration may have an effect on the spectral age of the source,
which could in turn affect the slope of the radio to jet-power scaling.
Our goal is to use LOFAR observations to better constrain the
scaling relations at lower frequencies, adding information regarding
the spectral shape, and to increase the sample at lower luminosities
and higher redshifts.

In this paper, we present LOFAR observations at 120-168 MHz
for 42 systems with likely cavities, ranging from ellipticals to
massive clusters. Our goal is to supplement our previous sample
(Birzan et al. 2008) with additional systems, and we particularly
focus on groups and ellipticals and higher redshift clusters (z >
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0.3), which had very little representation in Birzan et al. (2008)
sample. We also expand the lower redshift clusters sample (z <
0.3), since we want to ensure that we have a wide distribution of
halo masses. We will present an analysis of the low-frequency jet
power to radio power scaling relations in a subsequent paper. The
paper is organized as follows: the sample is presented in Section 2,
details of the X-ray (Chandra) and radio (LOFAR) data analysis are
presented in Section 3, our results and discussion in Sections 4 and
5, respectively, and our conclusions in Section 6.

2 THE SAMPLE

Our sample consists of 42 systems with possible X-ray cavities
observed with LOFAR (see Tables 1-3), based on the cavity
sample of Birzan et al. (2008) (called the BO8 sample henceforth)
of systems with multifrequency Very Large Array (VLA) radio data
at four frequencies (327 MHz, 1.4 GHz, 4.5 GHz, and 8.5 GHz) and
athigh-angular resolution (e.g. 1.0 arcsec x 1.0 arcsec at 1.4 GHz,
A array). These systems are highlighted in bold in Tables 1-3. The
BO08 sample consists of 5 groups and ellipticals, two high-redshift
clusters, and 17 nearby clusters. In the BO8 sample we were able
to separate the lobe versus core radio emission for a subsample
of 12 systems (4 groups and 8 nearby clusters). For the remaining
systems, the lobe break frequency could not be well constrained,
either because the data did not sample the emission at low enough
frequencies or because the lobes could only be detected and resolved
at one frequency (e.g. A1835).

From the original BO8 sample, we imaged the majority of the
systems that could be observed with LOFAR (those situated at §2000
> +0°).2 More recently, Kokotanekov et al. (2017) imaged many of
these systems with LOFAR at 140 MHz, but at a resolution of only
~23 arcsec x 23 arcsec. The main goal of this paper is to expand
the low-frequency imaging of Kokotanekov et al. (2017) to higher
resolutions and to systems at higher redshifts and with lower X-ray
luminosities (i.e. groups and ellipticals).

In order to expand the BO8 sample to lower luminosity systems,
we identified known groups and ellipticals with X-ray cavities in the
literature (e.g. Rafferty et al. 2006; Cavagnolo etal. 2010; Dong et al.
2010; Dunn et al. 2010; O’Sullivan et al. 2011) that are accessible
to LOFAR. To this end, we limited our sample to systems that
lie at 82000 > +0°, but in principle even lower declinations are
accessible, although LOFAR’s sensitivity declines as the projected
area of the stations decreases. Also, we added a number of ellipticals
which likely harbour cavities and where significant H o emission is
present (e.g. NGC 499, NGC 410; Lakhchaura et al. 2018).

Additionally, we also expanded the lower redshift (z < 0.3)
cluster sample. This was done by adding a number of clusters found
recently to have cavities that are not present in the BOS8 sample, e.g.
4C+55.16 (Rafferty et al. 2006), ZwCl 8276 (Ettori et al. 2013),
A2390 (Savini et al. 2019), RX J0820.9+0752 (Vantyghem et al.
2019), A1361, ZwCl 0235, RX J0352.9+1941, MS 0839.94-2938
(Shin et al. 2016). We also included some cooling flow clusters
that might harbor cavities and where significant Ha emission is
present (e.g. A1668, ZwCl 0808; Crawford et al. 1999). To expand

2From the BO8 sample, two groups (Centaurus and HCG 62) and five nearby
clusters (A133, Hydra A, Sersic 159/03, A2597, and A4059) lie at 52000 <
+0°. The BO8 systems missing from our sample that are situated at 62000
> +0° are Perseus, M84, and M87, for which the LOFAR reduction is
non-trivial due to the presence of very bright sources, RBS 797, MACS
J0423.84-2402, and A1835 (all works in progress), and Cygnus A, the
LOFAR observations of which were already published by McKean et al.
(2016).
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the sample to higher redshifts (z > 0.3), we used the sample of
Hlavacek-Larrondo et al. (2012) supplemented with some putative
cavity systems from Shin et al. (2016), e.g. MACS J1621.34-3810.

In the Table (1- 3), systems are grouped into three categories:
groups and ellipticals, nearby clusters (z < 0.3), and higher redshift
clusters (z > 0.3), all of them ordered from lower to higher
redshift. However, it is important to mention that there is an overlap
between these categories, due to the range of mass, radio power,
and redshift. Furthermore, at the end of each category, we list the
systems for which LOFAR observations from this paper failed to
find radio emission filing the reported X-ray cavities (e.g. A1795,
MACS J1359.84-6231, NGC 3608, and NGC 777). Throughout this
paper we use the term radio-filled cavities; the radio association is
interpreted as clear evidence for radio-mode AGN feedback (see
the summary table, Table 3).

Lastly, in Table 3, we also added available information from the
literature regarding the presence of H« filaments or molecular gas
and evidence for sloshing. The He filaments and the molecular
gas imaged in nearby groups and clusters are interpreted as the
end product of the cooling of the X-ray gas (e.g. the chaotic cold
accretion mechanism; Gaspari et al. 2013), and they have a diverse
range of morphologies (e.g. discs, filaments, etc. Hamer et al. 2016).
Sloshing, in which the BCG oscillates around the cluster centre, is
thought to be due to a perturbation of the gravitational potential of
the cluster that follows an off-axis minor merger (Markevitch et al.
2000; Markevitch & Vikhlinin 2007). It has been postulated that
such sloshing might produce enough heating to balance the cooling
of the inner regions (» < 30 kpc; ZuHone, Markevitch & Johnson
2010). Information on the presence of sloshing, H « filaments, and
molecular gas can be used to understand whether heating by sloshing
and the presence of molecular gas and H « filaments are common
in systems with X-ray cavities.

3 DATA ANALYSIS

3.1 LOFAR data

All systems were observed with the high-band array (HBA) of
LOFAR at frequencies of 120-168 MHz (for observational details
see Table 2). Most systems were observed as part of LoTSS, the
LOFAR Two-meter Sky Survey (Shimwell et al. 2019), and for 8 h
of total integration time, except for the lower declination systems
that were observed for 4h (see Table 2).> The PREFACTOR* and
FACTOR pipelines® were used to calibrate and image the data using
the facet-calibration scheme described in van Weeren et al. (2016),
following the process detailed in Birzan et al. (2019). Version 2.0.2
of PREFACTOR and version 1.3 of FACTOR were used. A conservative
systematic uncertainty of 15 percent was adopted on all LOFAR
flux densities throughout our analysis, as done in previous LOFAR-
HBA work (see Table 2 for the total flux density, the rms noise, and
the resolution of the final image).

3.2 X-ray data

Table 1 lists information on the Chandra X-ray observations used in
this work, such as the observation IDs, the total integration time on

3In the case of not target on source observations, such as the pointings of
the LoTSS, there will be a lower effective integration time because of the
primary beam attenuation (*4-8 h effective integration time).

4 Available at https://github.com/lofar-astron/prefactor

5 Available at https:/github.com/lofar-astron/factor
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Table 1. Chandra observations.

X-ray core (J2000) Int.® Cavities
System” z RA Dec. Obs. ID(ks) (Ref.)
Groups and ellipticals sample
NGC 5846 0.00571 1506 29.25 +01 36 21.26 788, 7923 89.0 (8,13,23,29)
NGC 5813 0.00653 1501 11.27 +01 42 07.06 5907,9517, 12951, 12952, 12953, 588 (8,29,37)

13246, 13247, 13253, 13255
NGC 193 0.01472 0039 18.57 403 19 52.03 4053, 11389 95.8 (7,8,29)
A262% 0.016 01 52 46.20 +36 09 11.80 2215, 7921 138.4 (5,9)
NGC 6338« 0.027 17 1522.90 +57 24 38.70 4194, 18892, 18893, 19934, 19935, 19937, 295 (8,31,33,48)
20089, 20104, 20112, 20113, 20117
1C1262x% 0.03265 1733 03.44 +43 45 34.59 2018, 6949, 7321, 7322 134.7 (10,34)
NGC 6269 0.03480 1657 58.08 +275115.85 4972 37.3 (1,8,29)
NGC 5098 0.03789 1320 14.73 +33 08 36.05 6941 36.5 (10,36)
NGC 741 0.01855 01562097 +05 37 44.26 2223, 17198, 18718 170 (10,19,20,40)
NGC 3608 0.00409  111659.34 +18 08 51.90 2073 32.8 (8)
NGC 2300 0.00635 07 32 18.86 +854232.26 4968, 15648 51.1 (10)
NGC 499 0.01467 0123 11.51 +332736.33 10523, 10865, 10866, 10867 38.5
NGC 777 0.01673 0200 14.90 +31 25 44.95 5001 9.0 (8)
NGC 410 0.01766 01 1058.92 +33 09 06.76 5897 2.6
UGC 5088 0.02693 09 33 25.69 +34 02 53.46 3227 28.4 (10)
NGC 4104 0.0282 12 06 38.88 +281024.76 6339 36.0 (41)
RX J1159.845531 0.081 115952.23 +55 32 06.68 4964 64.8 (10)
Nearby clusters sample (z<0.3)
A2199 0.030 16 28 38.20 +393304.94 10748, 10803, 10804, 10805 118.8 (2,11,21,28,32)
2A0335+096 0.035 03 38 40.90 +09 58 04.62 919, 7939, 9792 100 (2,25,38)
A2052 0.035 1516 44.46 +07 01 17.88 5807, 10477, 10478, 10479, 10480 612 (2,3,4,6,11)
10879, 10914, 10915, 10916,10917
MKW3S 0.045 152151.80 +07 42 31.0 900 (2,11,24)
A1668 0.0643 13 03 46.60 +19 16 12.20 12877 9.7
ZwCl 8276 0.0757 17 44 14.45 +325929.31 8267, 11708 52.1 (14)
A478 0.081 04 13 25.35 +10 27 54.70 1669, 6102 524 (2,12,43)
A1361 0.117 1143 39.76 +46 21 21.21 3369 1.0 (41,49)
ZwCl1 0808 0.169 0301 38.19 +01 55 14.98 12253 16.6
ZwCl 2701 0.214 09 52 49.25 +515305.32 3195, 12903 117.5 (35.,44)
MS 0735.6+7421 0.216 07 41 44.66 +74 14 36.85 4197, 10468, 10469, 10470, 10471, 465.7 (15,26,27.45)
10822, 10918, 10922
A2390 0.234 2153 36.85 +174142.35 500, 4193 89.5 (39,41,42)
4C+55.16 0.241 08 34 54.90 455 34 20.90 1645, 4940 75.8 (16,35)
A1795 0.063 13 48 52.30 +263536.78 493, 3666, 5286, 5287, 5288, 5289, 5290, 292 (2,12,22,47)
6160, 6163, 10900, 12026, 12027, 13108,
13109, 13110, 13111, 13113, 14270, 14271

ZwCl 0235x% 0.083 00 43 52.20 42424 22.0 11735 19.6 (41)
RX J0352.9+1941 0.109 03 52 59.02 +19 40 59.44 10466 27.2 41)
RX J0820.94+0752 0.11087 0821 02.30 +07 51 46.39 17194, 17563 64.4 (46)
MS 0839.9+-2938x 0.194 08 42 55.90 429 27 26.90 2224 26.7 41)
ZwCl 3146+ 0.291 1023 39.57 +04 11 12.92 909, 9371 74.1 (35)
High-redshift clusters sample (z>0.3)
MACS J1532.943021 0.363 153253.74 +30 20 58.50 1649, 1665, 14009 104.6 (17,18)
IRAS 0910444109 0.442 09 13 45.49 +40 56 27.92 10445 68.9 (17,30)
MACS J1621.34-3810 0.465 16 21 24.75 +381007.58 3254, 6109, 6172, 9379, 10785 123 (41,49)
MACS J2245.04-2637 0.301 22 45 04.54 42638 04.45 3287 11.8 a7
MACS J1359.84-6231 0.330 1359 50.51 +623105.58 516,7714 29.3 17)
MACS J1720.24-3536 0.3913 17 20 16.90 +353628.85 3280, 6107, 7718 53.1 a7

Notes. References: (1) Baldi et al. (2009); (2) Birzan et al. (2004); (3) Blanton et al. (2001); (4) Blanton, Sarazin & McNamara (2003); (5) Blanton et al. (2004); (6) Blanton et al.
(2011); (7) Bogdan et al. (2014); (8) Cavagnolo et al. (2010); (9) Clarke et al. (2009); (10) Dong et al. (2010); (11) Dunn & Fabian (2004); (12) Dunn, Fabian & Taylor (2005);
(13) Dunn et al. (2010); (14) Ettori et al. (2013); (15) Gitti et al. (2007); (16) Hlavacek-Larrondo et al. (2011); (17) Hlavacek-Larrondo et al. (2012); (18) Hlavacek-Larrondo et al.
(2013a); (19) Jetha et al. (2007); (20) Jetha et al. (2008); (21) Johnstone et al. (2002); (22) Kokotanekov et al. (2018); (23) Machacek et al. (2011); (24) Mazzotta et al. (2002);
(25) Mazzotta et al. (2003); (26) McNamara et al. (2005); (27) McNamara et al. (2009); (28) Nulsen et al. (2013); (29) O’Sullivan et al. (2011); (30) O’Sullivan et al. (2012); (31)
O’Sullivan et al. (2019); (32) Owen & Eilek (1998); (33) Pandge et al. (2012); (34) Pandge et al. (2019); (35) Rafferty et al. (2006); (36) Randall et al. (2009); (37) Randall et al.
(2015); (38) Sanders, Fabian & Taylor (2009); (39) Savini et al. (2019); (40) Schellenberger et al. (2017); (41) Shin et al. (2016); (42) (Sonkamble et al. 2015); (43) Sun et al. (2003);
(44) Vagshette et al. (2016); (45) Vantyghem et al. (2014); (46) Vantyghem et al. (2019); (47) Walker et al. (2014); (48) Wang et al. (2019); (49) this work.

“The systems in bold are from BO8 sample. The asterisk marks systems with alternative names, as in Table 2.

b Total integration time on source, after reprocessing.
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Table 2. 143 MHz LOFAR observations.

Total flux density Rms noise Resolution Radio
System® z Obs. date? y) (uJy beam™") (arcsec x arcsec) (Ref.)
Groups and ellipticals sample
NGC 5846 0.00571 01-09-2018x% 0.091 +0.017 780 14.07 x 5.93 (10,21)
NGC 5813 0.00653 01-09-2018x 0.066 &+ 0.013 430 14.06 x 5.9 (10)
NGC 193 0.01472 06-06-2019x 6.16 £ 0.93 360 13.42 x 5.76 (10,20)
A262+ 0.016 23-05-2014 0.576 + 0.090 585 14.41 x 10.76 (2,5,7,16,29)
NGC 6338+ 0.027 21-12-2017 0.160 £ 0.025 138 13.66 x 8.68 (16,25,38)
IC 1262 0.03265 13-06-2018 5.61 £0.85 180 7.86 x 4.52 (16,28,32)
NGC 6269 0.03480 25-01-2017 0.272 4+ 0.042 250 8.48 x 6.21 (1,9,10,16)
NGC 5098 0.03789 10-05-2018 0.186 4 0.033 733 7.87 x 5.17 (16,31)
NGC 741 0.01855 09-06-2019x 3.90 £ 0.60 513 13.33 x 5.73 (10,17,36)
NGC 3608 0.00409 11-01-2018 . 636 9.32 x 5.49
NGC 2300 0.00635 26-07-2017 0.006 + 0.002 198 8.16 x 5.09
NGC 499 0.01467 28-10-2016 0.046 & 0.009 585 8.75 x 5.76
NGC 777 0.01673 24-10-2016 0.032 + 0.006 246 8.42 x 5.13
NGC 410 0.01766 08-08-2016 0.039 + 0.007 520 11.05 x 491
UGC 5088 0.02693 01-09-2018 0.003 4 0.001 140 5.59 x 3.27
NGC 4104x 0.0282 04-04.2017 0.018 + 0.004 184 9.09 x 5.84 (16)
RX J1159.845531 0.081 15-02-2015 0.004 + 0.001 83 8.6 x 5.18
Nearby clusters sample (z<0.3)
A2199 0.030 24-03-2016 53.97 £ 8.10 850 7.47 x 4.69 (2,4,13,27)
2A0335+096 0.035 04-01-2018 0.852 +0.135 1100 9.79 x 591 (2,30,33,34)
A2052 0.035 14-08-2014 58.53 +8.82 4925 8.80 x 6.51 (2,3,40)
MKW3S 0.045 14-08-2014 21.24 +£3.20 726 8.80 x 6.51 (2,9,23)
A1668 0.0643 05-04-2019 1.83 £0.44 286 10.21 x 6.52 (16)
ZwCl 8276 0.0757 30-05-2018 0.90 £0.14 468 8.29 x 5.20 (11,16)
A478 0.081 (2,11,16,35)
A1361 0.117 15-06-2014 522408 1030 12.46 x 5.41 (16,26)
ZwCl 0808 0.169 17-07-2018x 11.64 +1.78 4070 13.0 x 5.75 (16)
ZwCl 2701 0.214 20-02-2018 1.34 +£0.20 204 7.75 x 443 (2,37)
MS 0735.6+7421 0.216 18-05-2013 4.33 £0.65 404 9.65 x 8.23 (1,22)
A2390 0.234 (16,35)
4C+55.16 0.241 15-06-2019 11.74 £ 1.77 1350 8.92 x 291 (6,39)
A1795 0.063 03-05-2014 6.45 +0.98 1610 10.14 x 5.93 (2,8,11)
ZwCl10235% 0.083 28-09-2018 0.151 +0.024 387 9.34 x 6.15 (16)
RXJ0352.9+1941 0.109 03-07-2018 0.068 + 0.011 157 891 x 5.53 (16)
RX J0820.94+0752 0.11087 08-29-2018 0.021 £ 0.004 590 13.29 x 5.38 (16)
MS 0839.9+2938 0.194 18-02-2016 0.221 +0.035 331 10.51 x 5.40 (12)
ZwCl 3146+ 0.291 08-06-2018x% 0.055 + 0.009 765 14.20 x 5.23 (2,11,19)
High-redshift clusters sample (z>0.3)
MACS J1532.94-3021 0.363 17-08-2018 0.097 +0.017 496 11.59 x 5.53 (6,11,15,16,18)
IRAS 09104+4109% 0.442 01-02-2018 0.205 4 0.033 582 8.76 x 5.35 (6,14,24)
MACS J1621.34-3810 0.465 20-08-2015 0.082 + 0.015 707 8.68 x 5.47 6)
MACS J2245.04-2637 0.301 14-07-2016 0.026 + 0.006 594 9.15 x 6.19
MACS J1359.84-6231 0.330 29-09-2018 0.003 + 0.002 310 8.23 x 5.6
MACS J1720.24-3536 0.3913 04-08-2018 0.172 £ 0.030 1004 7.54 x 4.9

Notes. References: (1) Baldi et al. (2009); (2) Birzan et al. (2008); (3) Blanton et al. (2011); (4) Burns, Schwendeman & White (1983); (5) Clarke et al. (2009); (6) Edge et al.
(2003); (7) Fanti et al. (1987); (8) Ge & Owen (1993); (9) Giacintucci et al. (2007); (10) Giacintucci et al. (2011); (11) Giacintucci et al. (2014); (12) Giacintucci et al. (2017); (13)
Giovannini et al. (1998); (14) Hines & Wills (1993); (15) Hlavacek-Larrondo et al. (2013a); (16) Hogan et al. (2015); (17) Jetha et al. (2008); (18) Kale et al. (2013); (19) Kale et al.
(2015); (20) Laing et al. (2011); (21) Machacek et al. (2011); (22) McNamara et al. (2005); (23) Mazzotta et al. (2002); (24) O’Sullivan et al. (2012); (25) O’Sullivan et al. (2019);
(26) Owen & Ledlow (1997); (27) Owen & Eilek (1998); (28) Pandge et al. (2019); (29) Parma et al. (1986); (30) Patnaik & Singh (1988); (31) Randall et al. (2009); (32) Rudnick &
Lemmerman (2009); (33) Sanders et al. (2009); (34) Sarazin, Baum & O’Dea (1995); (35) Savini et al. (2019); (36) Schellenberger et al. (2017); (37) Vagshette et al. (2016); (38)
Wang et al. (2019); (39) Xu et al. (1995); and (40) Zhao et al. (1993).

“For A478 and A2390, see Savini et al. (2019) for details of the LOFAR observations. The asterisk marks systems with alternative names: ZwCl 8276 (ZwCl 1742.14-3306); ZwCl
0808 (ZwCl 0258.94-0142); ZwCl 2701 (ZwCl 0949.64-5207); ZwCl 0235 (ZwCl 0040.84-2404); ZwCl 3146 (ZwCl 1021.04-0426); IRAS 0910444109 (RX J0913.74-4056);
MACS J1359.846231 (ZwCl 1358.1+6245, MS 1358.44-6245); NGC 193 (UGC408); A262 (NGC 708); NGC 6338 (RX J1715.3+5725); IC 1262 (RX J1733.0+4345); NGC 5098
(RXC J1320.2+3308); NGC 6269 (AWM 5, RX J1657.8+2751); NGC 499 (RX J0123.2+43327); NGC 4104 (RX J1206.6+2810).

P The integration time is 8 h, except for those with an asterisk for which it is 4 h.

source after reprocessing and the presence of cavities as reported in CALDB 4.7.37 and used to make exposure-corrected X-ray images
the literature. The X-ray data were reprocessed with C140 4.9° using and residual maps, following the steps detailed in Rafferty et al.
6See cxc.harvard.edu/ciao/index.html. 7See cxc.harvard.edu/caldb/index.html.
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Table 3. Summary.

Sloshing/ Ha filam./ Central-radio source Radio-filled
System z Cold fronts (Ref.)* Mol. gas” (Ref.) with lobes®(yes/no) cavities? (yes/no)
Groups and ellipticals sample
NGC 5846 0.00571 (17,21) (19,21,35,40) Yes Yes
NGC 5813 0.006 53 (19,40) Yes Yes
NGC 193 0.01472 (1) Yes Yes
A262% 0.016 (18) (4,9,34) Yes Yes
NGC 6338 0.027 39) 31 Yes: Yes
IC 1262 0.032 65 (32) 4) Yes Yes
NGC 6269 0.034 80 No (4) Yes ?
NGC 5098 0.03789 (33) 4) Yes Yes
NGC 741 0.018 55 No (20) Yes No
NGC 3608 0.004 09 No (42) No No
NGC 2300 0.006 35 No (20) No No
NGC 499 0.014 67 (20) No No
NGC 777 0.01673 No (20) No No
NGC 410 0.017 66 (20) No No
UGC 5088 0.02693 No No
NGC 4104 0.0282 4) No No
RXJ1159.8+5531 0.081 No No
Nearby clusters sample (z<0.3)
A2199 0.030 (18,28) 27) Yes Yes
2A0335+096 0.035 (18,22) (7,37) Yes: Yes
A2052 0.035 3) (19,24) Yes Yes
MKW3S 0.045 (34.41) Yes Yes
A1668 0.0643 (19) Yes: ?
ZwCl 8276x 0.0757 (12) 4,9) Yesx Yes
A478 0.081 (19,24) Yes Yes
A1361 0.117 4) Yes: Yes
ZwCl 0808 0.169 (@) Yesx ?
ZwCl 2701 0.214 4) Yesx Yes
MS 0735.6+7421 0.216 (26) Yes Yes
A2390 0.234 (19) Yes Yes
4C+55.16 0.241 ) Yes Yes
A1795 0.063 (11,18) (5,23,24,25,27,36) Yes: No
ZwCl 0235x% 0.083 (4,34) Yes: No
RXJ0352.9+1941 0.109 (19N No No
RX J0820.9+0752 0.11087 (2,19,34,38) No No
MS 0839.94-2938 0.194 (6) Yes No
ZwCl 3146 0.291 (14,15) (27,29) Yesx No
High-redshift cluster sample (z>0.3)
MACS J1532.943021 0.363 (16) (8,13) Yes Yes
IRAS 0910444109 0.442 (30) (30) Yes Yes
MACS J1621.34+3810 0.465 (10) Yesx Yes
MACS J2245.04-2637 0.301 Pk No
MACS J1359.8+46231x 0.330 (6) No No
MACS J1720.24-3536 0.3913 (8,13) No No

Notes. References: (1) Babyk et al. (2019); (2) Bayer-Kim et al. (2002); (3) Blanton et al. (2011); (4) Crawford et al. (1999); (5) Crawford et al. (2005); (6) Donahue, Stocke & Gioia
(1992); (7) Donahue et al. (2007); (8) Donahue et al. (2015); (9) Edge et al. (2002); (10) Edge et al. (2003); (11) Ehlert et al. (2015); (12) Ettori et al. (2013); (13) Fogarty et al.
(2015); (14) Forman et al. (2002a); (15) Forman et al. (2002b); (16) Hlavacek-Larrondo et al. (2013a); (17) Gastaldello et al. (2013); (18) Ghizzardi et al. (2010); (19) Hamer et al.
(2016); (20) Lakhchaura et al. (2018); (21) Machacek et al. (2011); (22) Mazzotta et al. (2003); (23) McDonald & Veilleux (2009); (24) McDonald et al. (2010); (25) McDonald
et al. (2014); (26) McNamara et al. (2009); (27) Mittal et al. (2015); (28) Nulsen et al. (2013); (29) O’Dea et al. (2010); (30) O’Sullivan et al. (2012); (31) Pandge et al. (2012); (32)
Pandge et al. (2019); (33) Randall et al. (2009); (34) Salomé & Combes (2003); (35) Temi et al. (2018); (36) Tremblay et al. (2015); (37) Vantyghem et al. (2016); (38) Vantyghem
et al. (2019); (39) Wang et al. (2019); (40) Werner et al. (2014); (41) White, Jones & Forman (1997); (42) Young et al. (2011).

“Indicates the presence of sloshing and/or cold fronts using information available in the literature.

"Indicates the presence of H « filaments, and/or molecular gas using information available in the literature.

“Indicates the presence of a central radio source with resolved lobes (marked with ‘yes’), and point source only emission or unresolved sources (marked with ‘no’), and *?” for the
sources with possible hints of resolved extended emission (radio lobes). The asterisk marks the systems for which the LOFAR data are a significant improvement over the previous
observations and strengthen the evidence for AGN feedback in those systems.

4Systems for which the X-ray cavities are filled with lobe radio emission are marked with ‘yes’ and those without such emission with ‘no’. The uncertain systems are marked with
9

(2013). To make the residual maps, a model of the extended X-ray The X-ray and radio images for the systems in our sample are
emission is subtracted from the corresponding exposure-corrected shown in Fig. 1 through Fig. 6 in three panels (left-hand panels:
image. The model was found using the multi-Gaussian expansion LOFAR images; middle panels: overlays of LOFAR contours
technique of Cappellari et al. (2006). and the X-ray residual maps; right-hand panels: smoothed X-ray
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Figure 1. Chandra and LOFAR images for the groups and ellipticals with evident X-ray cavities, in the same order as in the tables (NGC 5846, NGC 5813,
NGC 193, and A262 are shown above, NGC 6338, IC1262, NGC 6269, and NGC 5098 are shown in figure continued). Left-hand panels: LOFAR images at
143 MHz, the first contour is at 0.0026 (NGC 5846), 0.0018 (NGC 5813), 0.009 (NGC 193), 0.003 (A262), 0.00105 (NGC 6338), 0.00105 (IC1262), 0.0017
(NGC 6269), 0.018 mJy beam —1 (NGC 5098) and each contour increases by a factor of two (the beam size is shown in the lower left-hand corner); middle
panels: overlays of LOFAR contours and the X-ray residual maps; right-hand panels: smoothed X-ray images.
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Figure 1. Continued.

images). The systems in the Figs (1-6) are shown in the same order
as in the tables, starting with the groups and ellipticals with clear
cavities (Fig. 1), groups and ellipticals without clear cavities (Fig. 2),
nearby clusters with clear cavities (Fig. 3), nearby clusters without
clear cavities (Fig. 4), high-redshift clusters with clear cavities
(Fig. 5), and high-redshift clusters without clear cavities (Fig. 6).
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4 RESULTS AND COMPARISON WITH
PREVIOUS OBSERVATIONS

4.1 LOFAR images for B08 sample

The systems from the BO8 sample are highlighted in bold in
Tables 1-3 (see Section 2 for a summary of the BO8 sample).
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Figure 2. Chandra and LOFAR images for the groups and ellipticals with putative X-ray cavities which are not filled by radio emission, in the same order as
in the tables (NGC 741, NGC 2300, NGC 499, and NGC 777 are shown above, NGC 410, UGC 5088, NGC 4104, and RX J1159.84-5531 are shown in figure
continued). However, NGC 3608 is not shown since no central radio source was detected in the LOFAR image. The panel organization is the same as in Fig. 1.
For the LOFAR image, the first contour is at 0.006 (NGC 741), 0.00096 (NGC 2300), 0.0021 (NGC 499), 0.00087 mJy beam™!, (NGC 777) 0.0021 (NGC
410), 0.0012 (UGC 5088), 0.0012 (NGC 4104), 0.0006 mJy beam™! (RX J1159.84-5531), and each contour increases by a factor of two.
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Figure 2. Continued.

The LOFAR and X-ray images for the BO8 systems present in our
sample are displayed in Fig. 1 (A262), Fig. 3 (A2199,2A0335+096,
A2052, MKW3S, A478, ZwCl 2701, and MS 073540721), and
Fig. 4 (A1795 and ZwCl 3146). Below, we describe our new
observations for the BO8 sample:®

8For more references of the presence of the X-ray cavities see Table 1 and
more references for the presence of the central radio source see Table 2.
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(i) The LOFAR observation of A262 (see Fig. 1) detected the
western lobe at higher significance than previous VLA and GMRT
observations (e.g. 327 MHz VLA and 610 MHz GMRT; Birzan et al.
2008; Clarke et al. 2009). The full extent of the eastern lobe, as seen
by LOFAR, is similar to that seen in the previous observations (e.g.
VLA and GMRT).

(i) The LOFAR observation of 2A0335+4096 (see Fig. 3) is
significantly more sensitive than previous VLA images (Birzan et al.
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Figure 3. Continued.

2008), where the 327 MHz (B array) and 1.4 GHz (C array) detected
only hints of the lobes. In the LOFAR image the lobes are clearly
seen, with the north lobe filling in the X-ray cavity visible in the
Chandra image.’

9The emission seen beyond the western lobe to the north-west is due to a
head-tail radio galaxy seen in previous VLA images.
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(iii) The LOFAR observation of ZwCl 2701 (see Fig. 3) shows
that lobe emission likely fills the X-ray cavities, in contrast to the
previous VLA images (Birzan et al. 2008) where we did not detect
any lobe emission.

(iv) The LOFAR image for ZwCl 3146 (see Fig. 4) shows for
the first time a central radio source with well-resolved lobes. The
X-ray residual image shows spiral structure probably created by gas
sloshing (see the references in Table 3, e.g. Forman et al. 2002a),
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Figure 3. Continued.

which suggests that the cluster may be going through a minor merger
(see ZuHone et al. 2010; Zuhone & Roediger 2016). Additionally,
there is no direct evidence of cavities at the lobe locations. Because
of the complexity of the X-ray morphology we do not include this
system in our follow-up cavity sample.

(v) In the case of A1795 there is no apparent association
between the central radio source and the large NW cavity which
is further out (Walker, Fabian & Kosec 2014): the central radio

source is extended NE-SW, the same orientation as the emission
seen at higher resolution with the VLA at 1.4 GHz (Ge &
Owen 1993; Birzan et al. 2008). Our result is consistent with
previous GMRT observation from Kokotanekov et al. (2018).
Since the central radio source and the X-ray cavity appear to
have no association, we will not consider this system in our
final cavity sample (for more discussion see Kokotanekov et al.
2018).
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Figure 6. Chandra and LOFAR images for the high-redshift clusters (z > 0.3) with putative X-ray cavities that are not filled by radio emission, in the same
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(vi) The LOFAR image of A478 is from Savini et al. (2019) and
does not resolve the small scales of the X-ray cavities as the previous
VLA observation does (e.g. VLA at 1.4 GHz, A array; Birzan et al.
2008).

(vii) The LOFAR observations of A2199, A2052, and MS
0735.6+7421 (Fig. 3) show resolved central radio sources that fill
the X-ray cavities, similar to previous VLA observations (Birzan
et al. 2008).

(viii) The LOFAR observation of MKW3S (see Fig. 3) detects
the emission seen with the VLA and GMRT (Mazzotta et al. 2002;
Giacintucci et al. 2007; Birzan et al. 2008). For the southern lobe
there is a corresponding X-ray cavity in the Chandra image, but no
corresponding X-ray cavity for the northern lobe has been identified
(see Mazzotta et al. 2002; Birzan et al. 2004; Dunn & Fabian 2004;
Rafferty et al. 2006).

4.2 Groups and ellipticals sample

In the groups and ellipticals sample, besides A262 (see Fig. 1) that
is part of the BO8 sample, there are other clear cavity systems (we
list them in the same order as in Table 1-3)

(i) For NGC 5846, X-ray cavities are reported in Dunn et al.
(2010) and Machacek et al. (2011), and radio images at multiple
frequencies have been published for this system (see the refer-
ences in Table 3): from VLA data at 5 and 1.4 GHz (Machacek
et al. 2011) and GMRT data at 610 MHz (Giacintucci et al.
2011). The LOFAR observation of NGC 5846 detects the cen-
tral radio source, but because of the low declination of this
source (82000 ~ +01°), the sensitivity of the observation is quite
low.

(i1) For NGC 5813, X-ray cavities are reported in Randall et al.
(2015). As with NGC 5846, because of the low declination of the
source (82000 ~ +01°), the sensitivity of the LOFAR observation
is quite low. As a result, the LOFAR image detects only emission
associated with the inner lobes, whereas previous 235 MHz GMRT
observations show radio emission associated with both the inner
and outer cavities (Giacintucci et al. 2011).

(iii) NGC 193 has clear X-ray cavities, as presented in Bogdan
et al. (2014). The radio lobes, seen also with LOFAR, were imaged
previously with the VLA (Laing etal. 2011) and GMRT (Giacintucci
et al. 2011). However, the radio-cavity association is complex, and
there might be two generations of AGN outbursts (see Bogdén et al.
2014).
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(iv) NGC 6338 is an interesting system that is undergoing a
merger and has possible cavities (Pandge et al. 2012; O’Sullivan
et al. 2019; Wang et al. 2019). Previous radio observations at
1.4 GHz (O’Sullivan et al. 2019; Wang et al. 2019) did not reveal the
large lobes seen with LOFAR. These lobes are spatially coincident
with the Hao emission (see Pandge et al. 2012), as if the radio
lobes dragged the cold gas further in the cluster atmosphere (see
McNamara et al. 2016). In a reasonably deep Chandra observation
(~300 ks), there is some evidence of an X-ray cavity at the location
of the eastern lobe (O’Sullivan et al. 2019), but not at that of the
western lobe.

(v) Another spectacular elliptical in our sample is IC1262, with
clear X-ray cavities in the Chandra image (Dong et al. 2010;
Pandge et al. 2019) filled by the radio emission. The two large radio
lobes seen in the LOFAR image were reported first in Rudnick &
Lemmerman (2009), in WENSS images at 327 MHz, and more
recently by Pandge et al. (2019), who used GMRT observations at
325 MHz. Additionally, Pandge et al. (2019) used VLA observations
at 1.4 GHz to image the inner lobes of the central radio source,
which appear to fill the inner X-ray cavities. They also reported
that the outer lobes (seen in our LOFAR observations) have a steep
spectral index and that the southern lobe fills a ghost cavity visible
in the Chandra image. However, there is no visible X-ray cavity
associated with the northern lobe (as is also the case in MKW3S).
Lastly, Pandge et al. (2019) reported the presence of a phoenix
radio source embedded in the southern lobe. This phoenix emission
is also visible in the LOFAR image.

(vi) In the case of NGC 6269, the Chandra image does not
show clear X-ray cavities,! but there is a central radio source
with well-resolved lobes in the LOFAR image, with structure on
a similar scale as other radio observations taken previously (VLA
1.4 GHz and GMRT 235 MHz; Baldi et al. 2009; Giacintucci et al.
2011).

(vii)) NGC 5098 has clear X-ray cavities and 1.4 GHz radio
emission associated with them (see Randall et al. 2009). The
LOFAR image resolves the radio lobes on scales similar to the
VLA image.

Among the remaining groups and ellipticals, NGC 741 is a
complicated system, where the radio emission observed with
LOFAR, and previously with the VLA and GMRT (Jetha et al.
2008; Giacintucci et al. 2011), is probably associated with the
nearby galaxy NGC 742, with which NGC 741 is undergoing a
merger. However, for NGC 3608 and NGC 777 from Cavagnolo
et al. (2010), NGC 2300, UGC 5088, and RX J1159.84-5531 from
Dong et al. (2010), NGC 4104 from Shin et al. (2016), and NGC
499 and NGC 410, the LOFAR observations do not detect any
lobe emission that fill the reported X-ray cavities. Additionally,
NGC 2300 might be merging with the nearby galaxy NGC 2276.
The LOFAR image shows that the spiral-shaped radio emission
due to SF activity in NGC 2276 extends towards NGC 2300 (see
left-hand panel of Fig. 7). In the case of NGC 4104 the putative
X-ray cavity reported in Shin et al. (2016) is centred on the X-
ray core (see Fig. 2), which also corresponds to the core of the
BCG, a very unusual location for an AGN cavity, since most AGN
cavities are located at a distance of approximately two cavity radii
from the core. The LOFAR image detects a central radio source,
but does not resolve any lobe emission. Furthermore, NGC 4104

10The putative cavities in NGC 6269 are graded as ‘C’ in Cavagnolo et al.
(2010); but the X-ray data are not sufficiently deep for a detailed analysis
(see also Baldi et al. 2009).
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shows diffuse emission on scale of ~100 kpc (see right-hand panel
of Fig. 7), which could be an old AGN lobe from a previous
AGN outburst. This emission will be investigated in an upcoming

paper.

4.3 Nearby clusters sample (z < 0.3)

In this section, we elaborate on the nearby cluster category (z <
0.3) that are not present in BO8 sample (in the same order as they
are listed in Tables 1- 3):

(i) The LOFAR image of A1668 shows large radio lobes that
extend far into the ICM (see also Hogan et al. 2015), but the X-ray
image is not deep enough to confirm the presence of X-ray cavities
coincident with the lobes.

(ii) In the case of ZwCl 8276, the LOFAR image shows a well-
resolved central radio source that fills in the cavities reported by
Ettori et al. (2013). On the other hand, previous VLA 1.4 GHz
DnA-array radio observations from Giacintucci et al. (2014) did not
resolve the lobes (e.g. beam size 10.7 arcsec x 9.7 arcsec), and as a
result the nature of the extended emission was unclear at that time.

(iii) For A1361, the Chandra data were severely affected by flares
and only 1.0 ks out of the initial 8.33 ks were used to make the image
in Fig. 3. The X-ray residual map image shows some evidence of
depressions at the location of the radio lobes, but deeper Chandra
data would be needed to confirm them. This source was previously
imaged with VLA, A array at 1.4 GHz (Owen & Ledlow 1997),
and 4.5 GHz (Hogan et al. 2015), which show a two-sided lobe
morphology.

(iv) For ZwCl 0808 there is no clear evidence for X-ray cavities
at the location of the extended radio emission (see also Hogan et al.
2015), but this has to be further confirmed with deeper Chandra
data.

(v) For A2390, the presence of X-ray cavities was reported by
Sonkamble et al. (2015) and Shin et al. (2016). However, it was
not until the LOFAR observations of Savini et al. (2019) that a
central radio source with large lobes was detected.!' A2390 is a
good example of the lobes of the central radio source filling the
X-ray cavities.

(vi) For 4C+55.16, LOFAR confirms the presence of radio
emission filling the X-ray cavities (e.g. Xu et al. 1995; Rafferty
et al. 2006; Hlavacek-Larrondo et al. 2011).

Next, based on our LOFAR observations, we discuss the systems
where the X-ray cavities reported in the literature are not filled with
radio emission (the systems are presented in the same order as in
Tables 1-3):

(i) LOFAR observation of ZwCl1 0235 (see Fig. 4) shows a central
radio source with small lobes associated with the BCG. However,
there are no evident X-ray cavities at the lobe location.!? This source
might be similar to ZwCl 3146, since shows clear evidence for a
spiral residual pattern in the ICM, often found to be associated with
sloshing (see ZuHone et al. 2010).

(i) LOFAR image of RX J0352.9+1941 shows a point-like
central radio source, associated with the BCG. As in the case of
ZwCl 0235 (see footnote) putative X-ray cavities were reported in
the literature by Shin et al. (2016). However, there does not seem

"The LOFAR image of A2390 used in this paper is from Savini et al. (2019).
12For ZwCl1 0235 there were putative cavities reported in the literature (Shin
etal. 2016). However, we do not know the size and location of these reported
cavities.
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to be any clear X-ray depression in this system and no central radio
source with lobes either.

(iii) For RX J0820.9+40752, the LOFAR image does not show
radio lobes filling the putative X-ray cavity (Vantyghem et al.
2019). The reported cavity is larger and further out in the ICM
than the location of the central radio source imaged with LOFAR
(Vantyghem et al. 2019).

(iv) The LOFAR image of MS 0839.94-2938 confirms the pres-
ence of a central radio source with small lobes, previously reported
by Giacintucci et al. (2017) using VLA B and C arrays at 1.4 GHz.
However, there are no clear corresponding X-ray cavities at the
location of the lobes. Low-significance cavities were reported by
Shin et al. (2016), but we do not know their size and location relative
to the radio lobes seen in the LOFAR image.

4.4 High-redshift clusters sample (z > 0.3)

In the high-redshift sample, there are two clear cavity systems and
one possible cavity system:

(1) For MACS J1532.943021, where the X-ray cavities are
reported in Hlavacek-Larrondo et al. (2012, 2013a), LOFAR did not
resolve the lobes. The interpretation in the literature is that the radio
emission is a mini-halo (see Kale et al. 2013; Hlavacek-Larrondo
et al. 2013a; Giacintucci et al. 2014).

(ii) For IRAS 0910444109, X-ray cavities were reported in
O’Sullivan et al. (2012) and Hlavacek-Larrondo et al. (2012). The
morphology of the radio emission in the LOFAR image is similar
to the GMRT and VLA images presented in O’Sullivan et al.
(2012).

(iii) MACS J1621.3+3810 was previously imaged at 365 MHz
as part of WENSS, the Westerbork Northern Sky Survey (see
Edge et al. 2003). The LOFAR image shows an extended central
radio source, but better resolution is required to resolve any
lobes.

For the remaining higher redshift systems, MACS
J2245.04-2637, MACS J1359.84-6231, and MACS J1720.2+3536,
there is no detected LOFAR radio emission in the X-ray cavities
reported in Hlavacek-Larrondo et al. (2012). In these systems,
the reported cavities are far beyond the extent of the central radio
sources imaged with LOFAR. On a much smaller scale than the
cavities reported in Hlavacek-Larrondo et al. (2012), there might
be hints of lobe emission for the central radio source in MACS
J2245.04-263; however, the source is not well resolved in the
present LOFAR images.'?

5 DISCUSSION

This work presents LOFAR HBA observations at 143 MHz for a
sample of clusters, groups, and ellipticals with previously reported
X-ray cavities. We separated the sample into three subsamples:
groups and ellipticals, nearby (z < 0.3) clusters, and higher redshift
(z > 0.3) clusters.

13In many of the higher redshift systems, use of the LOFAR international
stations will be required to achieve the arcsecond resolution needed to
resolve any emission in the cavities identified in the X-ray images, as the
size of the cavities is below the LOFAR resolution limit when international
stations are not used. The development of techniques to use the international
stations is a work in progress (e.g. Varenius et al. 2015, 2016; Morabito
2016).
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5.1 Group and ellipticals subsample

For the group and elliptical subsample, in addition to A262 that
was present in BO8, we observed candidate cavity systems from
Cavagnolo et al. (2010), O’Sullivan et al. (2011), and Dong et al.
(2010). We found that only 6 out of 17 systems are good AGN
feedback candidates (see Table 3), and the two best cavity systems,
NGC 5813 and NGC 5846, unfortunately have relatively low-
radio flux densities and are located at 8000 &~ +0°. Therefore,
the sensitivity of the LOFAR observations of these systems is not
sufficient to image the full extent of the radio lobes. For NGC
6338, the LOFAR observations reveal previously unknown extended
emission, with the eastern lobe being coincident with a putative X-
ray cavity (O’Sullivan et al. 2019).

In 9 of the 17 group and elliptical cavity system candidates we
did not detect lobes (e.g. NGC 777, NGC 3608, and NGC 2300),
so the construction of a sample of radio-filled cavities systems
in the groups and ellipticals category has been so far a difficult
problem. Additionally, in X-rays the study of AGN feedback in
group and ellipticals is limited by Chandra’s capability to image
the diffuse gas in such systems. Nevertheless, although we do
not have a large sample from which to draw firm conclusions,
the established picture is expected to hold, in which mechanical
AGN feedback in elliptical galaxies is less powerful and efficient
than in clusters (Gaspari, Brighenti & Temi 2012), with an average
duty cycle of ~ 1/3 (O’Sullivan et al. 2017). The duty cycle may
increase with the size of the system (Nulsen et al. 2009), and
generally the reservoir of cold gas has a major influence in the
AGN feedback process (Gaspari et al. 2012; Li & Bryan 2014b;
Valentini & Brighenti 2015). Additionally, another complication
with the lower X-ray luminosity systems is that one cannot assume
that any undetected X-ray cavities are well traced by the radio lobes,
since such systems often host high-power radio sources whose lobes
extend far beyond the dense atmospheres (e.g. NGC 4261, 1C4296,
IC1459, NGC 1600, NGC 5090, UGC11294, ARP308; Diehl &
Statler 2008; Sun 2009; Cavagnolo et al. 2010; Dutan & Caramete
2015; Kolokythas et al. 2018; Ruffa et al. 2019; Grossova et al.
2019).

Table 3 shows that H « filaments are mostly found in groups and
ellipticals where the radio emission is filling the X-ray cavities (the
exceptions are NGC 499, NGC 410, and NGC 4104, see Table 3).
This result is broadly consistent with the study of Lakhchaura et al.
(2018), where in a sample of 49 nearby elliptical galaxies they found
a hint of a trend between the presence of H o emission and the AGN
jet power (see also Babyk et al. 2019).

5.2 Nearby and higher redshift cluster subsamples

For the nearby cluster sample, our LOFAR observations have
sufficient sensitivity and spatial resolution to detect the radio lobes
present at the centre of most nearby cooling flow clusters (for 17
out of 19 systems we detected radio lobes, the exceptions being
RX J0352.9+1941 and RX J0820.94-0752). In some such systems
with known X-ray cavities, e.g. 2A03354-096 (Mazzotta, Edge &
Markevitch 2003), ZwC1 2701 (Rafterty et al. 2006), and ZwCl 8276
(Ettori et al. 2013), the cavity-radio association was not clear from
previous radio images. The LOFAR observations of these systems
show us that the X-ray cavities are indeed filled with low-frequency
radio emission.

MNRAS 496, 2613-2635 (2020)
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On the other hand, the LOFAR images of A1795, ZwCl 3146,
and ZwCl 235 do not show diffuse radio emission'* associated with
the cavities (Rafferty et al. 2006; Shin et al. 2016; Kokotanekov
et al. 2018), and as a result the nature of the cavities is still unclear.
In particular, A1795, besides showing evidence for sloshing activity
(see Table 3 for references, Ghizzardi, Rossetti & Molendi 2010),
may be going through a merging process, with the Ha filaments
(Crawford, Sanders & Fabian 2005; McDonald & Veilleux 2009;
Mittal, Whelan & Combes 2015; Tremblay et al. 2015) being
dragged along by the ‘flying’ cluster core (Ehlert et al. 2015).
Furthermore, RX J0352.9+1941 and RX J0820.94+0752 do not
have lobe-like central radio emission, and as a result we cannot
confirm a X-ray/radio association (Shin et al. 2016; Vantyghem
et al. 2019), but they do show Ho filaments and molecular gas
(Bayer-Kim et al. 2002; Hamer et al. 2016; Vantyghem et al. 2019).

In addition to the AGN heating trough X-ray cavities, the ICM
heating can occur through other means, e.g. uplifting of the cold gas
from the centre of the cluster through sloshing motions (e.g. Fornax
cluster, A1068; Su et al. 2017; McNamara, Wise & Murray 2004),
by the central radio source and/or radio bubbles (Peterson & Fabian
2006; Revaz et al. 2008; Kirkpatrick & McNamara 2015; Hamer
et al. 2016; McNamara et al. 2016), by the flying cluster core (e.g.
A1795, Crawford et al. 2005; Ehlert et al. 2015) or even by major
merger with another cluster or subcluster (e.g. A2146; Canning
et al. 2012)." Also, all nearby cooling flow systems, regardless of
whether or not they have X-ray cavities, show evidence of sloshing
activity and possess Ha filaments (see Table 3), as if the heating
done by cavities and sloshing goes together in some cases (e.g.
Fornax Cluster, Perseus; Su et al. 2017; Walker, Sanders & Fabian
2018). It would be important to understand if such heating is more
critical for the cooling flow clusters without cavities and without a
central radio source with lobes (e.g. A1068).

Additionally, some systems in our sample are likely in a cooling
stage. We know from studying complete samples that the duty
cycle of radio-mode feedback is & 70 per cent (Birzan et al. 2012)
and that the cooling stage is not always clearly separated from
the heating stage. Also, the detectability of a cavity depends on
its location, orientation, angular size, and the depth of the X-ray
observations (EnBlin & Heinz 2002; Diehl et al. 2008; Briiggen,
Scannapieco & Heinz 2009). Also, it is important to note that there
is an evolution to any X-ray cavity and we will tend to observe
X-ray cavities in only a fraction of clusters where the system is in
the middle stage of the cycle with well inflated cavities that are well
filled with the energetic electrons (the lobes seen in radio). As a
result, some systems might be in the early stages of their current
activity, and what we see in LOFAR images might be from previous
radio activity (e.g. A2390).

Our LOFAR observations generally show that the low-frequency
radio-emitting plasma does not appear to extend much beyond the
cavity edges, e.g. in MS 0735.6+7421 and A2052 (see also M87,
de Gasperin et al. 2012). This finding has important implications
for simulations of the X-ray cavities, such as the interaction of
radio lobes with the ICM and the magnetic field configuration
inside the cavities (see Pfrommer 2013). Observationally, it was

4Lower frequency LOFAR LBA observations might provide further con-
straints on the presence of even older electron populations.

15Tn some of the nearby and high-redshift clusters there is additional evi-
dence for sloshing motion or minor merging activity, such as a displacement
between the X-ray peak, the Ho peak, and the BCG (e.g. Crawford et al.
2005; Ehlert et al. 2015; Hamer et al. 2016; McDonald et al. 2016).
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found that the energy content of the cavities is not dominated by
the radio-emitting electrons (e.g. Morganti et al. 1988; Dunn &
Fabian 2004; Birzan et al. 2008; Croston et al. 2008; Croston,
Ineson & Hardcastle 2018), and there are observational constraints
on the amount of hot gas filling the cavities (Abdulla et al. 2019).
As a result, the most promising candidate for pressure support
of the cavities is CR protons. There are some constraints on the
confinement time of CR protons from the non-detection with y-ray
telescopes (Prokhorov & Churazov 2017). There are also a large
number of simulations that investigate the heating of the ICM with
CRs (Guo & Oh 2008; Sharma, Parrish & Quataert 2010; Pfrommer
2013; Wiener, Oh & Guo 2013; Ruszkowski et al. 2017; Weinberger
et al. 2017; Ehlert et al. 2018; Thomas & Pfrommer 2019; Yang,
Gaspari & Marlow 2019), or by the mixing of the bubble contents,
which can be either hot gas and/or CR protons, with the ICM. The
latter process is thought to happen at the bubble surface through
vortices (Briiggen & Kaiser 2002; Briiggen et al. 2009; Yang &
Reynolds 2016; Hillel & Soker 2017). Also, the cavities could have
pressure support from very hot thermal plasma, for example in the
case of Perseus, half of the cavity volume could be filled with 50 keV
thermal gas (Sanders & Fabian 2007).

However, not all the X-ray cavities are as well defined as in A2052
or MS 0735.64-7421. But, the LOFAR observations show that, in the
case of nearby clusters, the radio lobes generally appear to be well
confined. Thus, we can postulate that the radio lobes generally fill
the X-ray cavities with no major evidence of CR electrons leaking.
However, it is important to remember that the interaction of the
radio source with these rich and dynamic clusters environments is
complicated, since sloshing and other cluster weather is also often
present (e.g. in A2199 the western lobe is curved and appears to
be moving back in the direction of cluster motion). As a result, the
FRI sources that tend to exist in rich cluster environments might
be different than the FRI sources that are more common in poor
cluster and group environments (see also Croston et al. 2018), since
sloshing motions can provide some re-acceleration of the existing
electron population (e.g. de Gasperin et al. 2017). Additionally, in
the case of nearby and higher redshift clusters, Table 3 shows that,
even if the Ha emission is present in systems with and without
a good correlation between the X-ray cavities and the lobe radio
emission, the systems with cavities filled by the radio lobe emission
tend to host more powerful radio sources than those without (see
also Hogan et al. 2015).

6 CONCLUSIONS

The goal of this paper is to search for diffuse radio emission at low
frequencies in a sample of systems that have possible cavities in X-
ray images. To this end, we have imaged a total of 42 such systems
with LOFAR, of which 17 are nearby groups and ellipticals, 19 are
nearby massive clusters (z < 0.3), and 6 are higher redshift clusters
(z>0.3).

Based on the presence of low-frequency radio emission that
fills the X-ray cavities, we conclude that only 11/19 of the nearby
massive clusters show clear evidence for radio mode AGN feedback,
where the cavities and the central radio source are well correlated
(the associations for A1668 and ZwCl 0808 need to be further
confirmed). Additionally, 3/6 high redshift clusters and 7/17 nearby
groups and ellipticals show such evidence (NGC 6269 need to be
further confirmed; see Table 3). As a result, building a large,
statistically significant sample of low-frequency observations of
systems with cavities in each of the three categories will require the
use of other telescopes (e.g. the VLA and GMRT) to add systems
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situated at 8,900 < 0° and the use of the LOFAR international
stations since, generally, the LOFAR observations of systems at
higher redshift are limited due to the lack of resolution. In particular,
the typical resolution achievable without the international stations
(~5-10arcsec) implies a limiting physical scale of ~20—40 kpc at
redshifts of ~0.3, whereas typical cavities observed in such systems
have sizes of ~10-20 kpc, (e.g. RBS 797, MACS J1423.8+2404,
and MACS J1532.9+3021, Rafferty et al. 2006; Hlavacek-Larrondo
et al. 2013a).
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