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ABSTRACT

MeerKAT’s large number (64) of 13.5 m diameter antennas, spanning 8 km with a densely packed 1 km core, create a powerful instrument for wide-
area surveys, with high sensitivity over a wide range of angular scales. The MeerKAT Galaxy Cluster Legacy Survey (MGCLS) is a programme
of long-track MeerKAT L-band (900—1670 MHz) observations of 115 galaxy clusters, observed for ~6—10h each in full polarisation. The first
legacy product data release (DR1), made available with this paper, includes the MeerKAT visibilities, basic image cubes at ~8" resolution, and
enhanced spectral and polarisation image cubes at ~8” and 15" resolutions. Typical sensitivities for the full-resolution MGCLS image products
range from ~3-5uJybeam™!. The basic cubes are full-field and span 2° x 2°. The enhanced products consist of the inner 1.2° x 1.2° field of
view, corrected for the primary beam. The survey is fully sensitive to structures up to ~10" scales, and the wide bandwidth allows spectral and
Faraday rotation mapping. Relatively narrow frequency channels (209 kHz) are also used to provide HI mapping in windows of 0 < z < 0.09
and 0.19 < z < 0.48. In this paper, we provide an overview of the survey and the DR1 products, including caveats for usage. We present some
initial results from the survey, both for their intrinsic scientific value and to highlight the capabilities for further exploration with these data. These
include a primary-beam-corrected compact source catalogue of ~626 000 sources for the full survey and an optical and infrared cross-matched
catalogue for compact sources in the primary-beam-corrected areas of Abell 209 and Abell S295. We examine dust unbiased star-formation rates
as a function of cluster-centric radius in Abell 209, extending out to 3.5 Ry. We find no dependence of the star-formation rate on distance from
the cluster centre, and we observe a small excess of the radio-to-100 um flux ratio towards the centre of Abell 209 that may reflect a ram pressure
enhancement in the denser environment. We detect diffuse cluster radio emission in 62 of the surveyed systems and present a catalogue of the 99
diffuse cluster emission structures, of which 56 are new. These include mini-halos, halos, relics, and other diffuse structures for which no suitable
characterisation currently exists. We highlight some of the radio galaxies that challenge current paradigms, such as trident-shaped structures, jets
that remain well collimated far beyond their bending radius, and filamentary features linked to radio galaxies that likely illuminate magnetic flux
tubes in the intracluster medium. We also present early results from the HT analysis of four clusters, which show a wide variety of HI mass
distributions that reflect both sensitivity and intrinsic cluster effects, and the serendipitous discovery of a group in the foreground of Abell 3365.

Key words. surveys — galaxies: clusters: general — radio continuum: general — catalogs — radio lines: general — galaxies: general

* Data are available at https://doi.org/10.48479/7epd-w356.
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1. Introduction

Galaxy clusters are the largest gravitationally bound structures
in the Universe and, as such, are powerful tools for a variety
of research areas in both astrophysics and cosmology. Their
composition is dominated by dark matter, with ~13% of their
mass coming from the ionised plasma of the intracluster medium
(ICM) and only ~2% from the stars of their constituent galaxies
and cold gas. Some of these galaxies radiate at radio frequen-
cies, either through star-formation processes or from nuclear
activity in the galaxy’s core (Condon 1992; Simpson et al.
2006; Luchsinger et al. 2015; Mancuso et al. 2017). Some radio
galaxies with active galactic nuclei (AGN) exhibit large-scale
radio jets or lobes (Fanaroff & Riley 1974), which can be dis-
rupted by interaction with the ICM through merger-related or
other processes (see e.g. Gunn & Gott 1972; Miley et al. 1972;
Cowie & McKee 1975; Blanton et al. 2003).

Radio observations of clusters have also revealed steep-
spectrum, diffuse radio emission (see reviews by Feretti et al.
2012; van Weeren et al. 2019), which can be used to study the
distributed populations of cosmic ray particles and magnetic
fields in the ICM, outside of individual radio or star-forming
galaxies. These diffuse structures are closely linked to cluster
mergers (Cassano et al. 2010; van Weeren et al. 2011a) and as
such can also be used to study shock physics, merger-related tur-
bulence, and other particle re-acceleration processes within the
ICM (see reviews by Brunetti & Jones 2014; van Weeren et al.
2019, and references therein). Cluster observations carried out
by wide-field instruments also contain many field sources, both
along the cluster line of sight and in the surrounding area.
These provide important information on the clusters them-
selves (e.g. by using background sources as Faraday rotation
probes) and on radio galaxy physics outside of the dense cluster
environments. Wide-field imaging enables both statistical stud-
ies, such as environment-sensitive properties of galaxy popula-
tions, and serendipitous studies of individual field sources (e.g.
Briiggen et al. 2021).

MeerKAT! is a 64-dish radio interferometer that can observe
the sky below a declination (Dec) of +45° (with an eleva-
tion limit of 15°), operating in the UHF (580-1015MHz), L
(900-1670 MHz), and S bands (1.75-3.5 GHz). Its specifica-
tions are described in detail in Jonas & MeerKAT Team (2016)
and Camilo et al. (2018). MeerKAT’s L-band system, with a
primary beam full width at half maximum (FWHM) of 1.2°
at 1.28 GHz, was the first to be commissioned, and in 2018
MeerKAT began a programme of long-track observations of
galaxy clusters. This programme became the MeerKAT Galaxy
Cluster Legacy Survey (MGCLS), using ~1000h in the L band
to observe 115 galaxy clusters in full polarisation between —80°
and 0° Dec, spread out over the full range of right ascension
(RA).

In addition to continuum and polarimetric studies, the deep,
broadband, wide-field, sub-10" resolution MGCLS observations
provide a rich resource for studying neutral hydrogen in galaxies.
Studies of HI morphologies in dense cluster environments and in
the field, distributions of HI masses in different types of clusters,
and the cosmic evolution of cluster HI out to redshifts of z =
0.48 are all enabled with these data, with a velocity resolution of
~44kms " atz = 0.

Here we present an overview of the MGCLS and the var-
ious legacy products being made available to the astronomical
community. These data are a rich resource for many scientific

! Operated by the South African Radio Astronomy Observatory
(SARAO).

AS56, page 2 of 41

studies, both cluster-specific studies and those involving field
sources. We provide some initial science findings in the areas of
cluster diffuse emission, radio galaxy physics, star-forming sys-
tems, and neutral hydrogen mapping. In addition to their intrin-
sic value, these examples also demonstrate the potential of the
legacy products for a wide range of astrophysical investigations.

The paper is organised as follows. In Sect. 2 we describe
the target sample, with the observations and initial data process-
ing described in Sect. 3. A discussion of the legacy data prod-
ucts, including caveats for use and some primary use cases, is
provided in Sect. 4. Source catalogues are presented in Sect. 5.
The next four sections present highlights of various science
investigations that have been or can be carried out using the
legacy products and visibilities: Sect. 6 focuses on cluster diffuse
emission; Sect. 7 highlights some interesting individual radio
sources; Sect. 8 presents results based on star-forming galax-
ies; and Sect. 9 highlights some HT science capabilities. A sum-
mary and concluding remarks are presented in Sect. 10. In this
paper we assume a flat A cold dark matter cosmology with
Hy = 70kms™'Mpc™!, Q, = 0.3, and Q4 = 0.7. We define
the radio spectral index, a, such that S, o v*, where S, is the
flux density at frequency v. In this paper Ry denotes the radius
within which the average density is 200 times the critical density
of the Universe. Unless otherwise noted, we give all synthesised
beams in terms of FWHM values, and redshifts are taken from
the NASA/IPAC right ascension (NED)? (Helou et al. 1991) or
VizieR (Ochsenbein et al. 2000).

2. Cluster sample

The MGCLS sample consists of 115 galaxy clusters spanning
a Dec range of —85 to 0°. The targeted clusters form a het-
erogeneous sample, with no mass or redshift selection criteria
applied, and consist of two groups: ‘radio-selected’ and ‘X-ray-
selected’. The full list of MGCLS clusters is given in Table 1
where the listed RA and Dec are that of the MeerKAT pointing.
The median redshift of the sample is 0.14, with only four clusters
atz > 0.4.

2.1. Radio-selected sub-sample

The radio-selected sub-sample consists of 41 southern tar-
gets that have been previously searched for diffuse cluster
radio emission by other studies. Targets were selected from
published radio studies or reviews, namely Giovannini et al.
(1999), Feretti et al. (2012), Lindner et al. (2014), Kale et al.
(2015, 2017), Shakouri et al. (2016), Bonafede et al. (2017),
George et al. (2017), Giacintucci etal. (2017), Parekh et al.
(2017), and Golovichetal. (2019), and include both sys-
tems with and without previous diffuse emission detections.
These previous radio studies were restricted to high-mass sys-
tems, Mspy 2 6 x 10" Mg, derived from X-ray or Sunyaev-
Zel’dovich effect (Sunyaev & Zeldovich 1972) data. Thus, the
radio-selected sub-sample contains only high mass clusters. It
covers a redshift range of 0.018 < z < 0.87, with median
z=0.22.

Targeting systems of this nature ensured a high scientific
return in terms of diffuse emission studies. However, due to
the selection, this sub-sample is strongly biased towards clusters
with radio halos and relics. The radio-selected clusters are listed

2 The NASA/IPAC Extragalactic Database is operated by the Jet
Propulsion Laboratory, California Institute of Technology, under con-
tract with the National Aeronautics and Space Administration.
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Table 1. Observed cluster sample.

(D 2 G @ o6& ©o O (3) 9 10 an
Cluster name RAj000 Decyon z Astrometry  Pol. rms DQF D.E. Alternate name
(deg) (deg) Fix Posn (uWJy beam™)

Radio-selected sample

Abell 13 33842 -19.5010 0.094 - v - 35 1 v MCXC J0013.6—-1930
Abell 22 5.1608 -25.7220 0.142 v v 29 0 v MCXC J0020.7-2542
Abell 33 6.7792 -19.5067 0.280 - v - 5.7 1 -

Abell 85 10.4529 -9.3180 0.055 V v v 33 1 v MCXC J0041.8—-0918
Abell 133 15.6879 -21.8800 0.057 v v 6.7 1 - MCXC J0102.7-2152
Abell 168 18.7908 0.2475 0.045 v v 3.6 2 v MCXC JO115.2+0019
Abell 194 21.4458 -1.3731 0.018 V v v 5.7 1 - MCXC J0125.6-0124
Abell 209 229896 -13.5764 0.206 v v 3.6 1 v MCXC J0131.8-1336
Abell 370 39.9604 -1.5856 0375 v - 6.9 2 v ZwCl10237.2-0146
Abell 521 73.5358 -10.2442 0.253 - v - 34 0 v MCXC J0454.1-1014
Abell 545 83.1017 -11.5431 0.154 v - 3.1 1 v MCXC J0532.3-1131
Abell 548 86.7571 -25.6164 0.042 V v v 2.8 1 -

Abell 2485 342.1371 -16.1064 0.247 - v - 2.8 0 - MCXC J2248.5-1606
Abell 2597 351.3321 -12.1244 0.085 - v - 6.0 2 - MCXC J2325.3-1207
Abell 2645 355.3200 -9.0275 0.251 - v - 43 2 v MCXC J2341.2-0901
Abell 2667 3579196 -26.0836 0.230 - v - 2.7 0 v MCXC J2351.6-2605
Abell 2744 3.5671 -30.3830 0.308 Vv v v 2.9 0 v MCXC J0014.3-3023
Abell 2751 4.0580 -31.3885 0.107 V v v 2.6 0 v MCXC J0016.3-3121
Abell 2811 10.5368 -28.5358 0.108 - v - 2.6 0 v MCXC J0042.1-2832
Abell 2813 10.8517 -20.6214 0.292 - v - 34 2 v MCXC J0043.4-2037
Abell 2895 19.5463 -26.9731 0.227 - v - 3.0 1 v MCXC JO118.1-2658
Abell 3365 87.0500 -21.9350 0.093 - v - 2.8 0 v

Abell 3376 90.4256  -39.9851 0.046 v v 3.1 1 v MCXC J0601.7-3959
Abell 3558 201.9783 —-31.4922 0.048 v - 2.9 1 v MCXC J1327.9-3130
Abell 3562 202.7833 -31.6731 0.049 v v 33 0 v MCXC J1333.6-3139
Abell 3667 303.1403 -56.8406 0.056 v v 4.2 1 v MCXC J2012.5-5649
Abell 4038 356.8796 —28.2028 0.028 vV v v 3.0 0 v MCXC J2347.7-2808
Abell S295 414000 -53.0380 0.300 VvV v v 23 0 v PSZ1 G271.48-56.57
Abell S1063 342.1813 —-44.5289 0.348 - v - 2.6 0 v MCXC J2248.7-4431
Abell S1121 351.2844 —41.2118 0.190 - v - 54 2 v PSZ2 G348.90-67.37
Bullet 104.6579 -55.9500 0.296 V v - 2.8 0 v MCXC J0658.5-5556
El Gordo 157188 —-49.2495 0.870 v - 1.5 0 v ACT-CL J0102-4915
MACS J0025.4—-1222 6.3724 -12.3770 0.584 v - 37 1 - MCXC J0025.4—1222
MACS J0257.6-2209 444179 -22.1628 0.322 - v - 32 1 v MCXC J0257.6-2209
MACS J0417.5-1155 64.3942  -11.9089 0440 v - 2.9 0 v MCXC J0417.5-1154
PLCK G200.9-28.2 72.5871 -2.9493 0220 V v v 44 1 v

RXC J0225.1-2928 36.3750 -29.5000 0.060 v - 5.1 2 - MCXC J0225.1-2928
RXC J0510.7-0801 77.6846 -8.0200 0220 Vv v - 5.2 1 v MCXC J0510.7-0801
RXC J0520.7-1328 80.1967 -13.5022 0336 V v - 7.7 2 v PSZ1 G215.29-26.09
RXC J1314.4-2515 198.5988 -25.2558 0.249 V/ v - 4.2 1 v MCXC J1314.4-2515
RXC J2351.0-1954 3577704 —-19.9133 0.248 - v - 3.1 1 v

X-ray-selected sample

J0014.3-6604 3.5767 -66.0775 0.155 v - 2.5 0 - Abell 2746
J0027.3-5015 6.8388 -50.2511 0.145 v - 2.6 0 v Abell 2777
JO051.1-4833 12.7967 —-485597 0.187 v - 2.6 0 - Abell 2830
J0108.5-4020 17.1383  —-40.3500 0.143 v - 2.6 0 - Abell 2874
JO117.8-5455 19.4604 -54.9239 0251 V/ v - 2.4 0 - RXC J0117.8-5455
J0145.0-5300 26.2596 -53.0139 0.118 v - 2.6 1 v Abell 2941

Notes. Columns: (1) Cluster name, listed alphabetically: Radio-selected targets are indicated by their common name (top panel), X-ray-selected
targets are indicated by their MCXC catalogue designation (bottom panel). See Sect. 2 for details; (2) and (3) MeerKAT pointing coordinates:
J2000 RA and Dec; (4) Cluster redshift; (5)—(7) Product status: Astrometry (see Sect. 4.4.4) — corrected mapping (Fix) and positional offsets
(Posn); Polarisation mapped (Pol.); (8) Image sigma-clipped standard deviation; (9) Data quality flag: 0 — Good dynamic range, 1 — Moderate
dynamic range with some artefacts around bright sources, 2 — Poor dynamic range with high contamination by bright source artefacts, 3 — Poor
dynamic range with ripples across image; (10) Presence of diffuse cluster emission; see Table 4 for more details; (11) Alternate cluster name.
Observed as part of the X-ray-selected sample; data products can be found under the MCXC designation, J0658.5-5556.
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(H 2) @ @ 6 ©O O (3) © 10 an
Cluster name RAj000 Decy00 z Astrometry  Pol. rms DQF D.E. Alternate name

(deg) (deg) Fix  Posn (wWJy beam™")
J0145.2-6033 26.3196  -60.5650 0.184 v - 2.3 0 v PSZ1 G291.34-55.32
J0212.8-4707 33.2246  —47.1328 0.115 v - 3.1 1 - Abell 2988
J0216.3-4816 34.0796 -48.2731 0.163 V/ v v 3.1 3 v Abell 2998
J0217.2-5244 343025 -52.7469 0343 v - 2.8 1 v ACT-CL J0217-5245
J0225.9-4154 36.4775 —41.9097 0.220 V v - 2.7 1 v Abell 3017
J0232.2-4420 38.0700 —-44.3475 0.284 / v v 2.6 0 v PSZ2 G259.98—-63.43
J0303.7-7752 459433  -77.8692 0274 v - 2.9 0 v PSZ1 G294.68-37.01
J0314.3-4525 48.5825 —-45.4242 0073 V v v 2.5 0 v Abell 3104
J0317.9-4414 49.4938 —-44.2389 0.075 V v - 3.0 2 - Abell 3112
J0328.6—-5542 52.1563 -55.7128 0.086 v v 2.9 1 - Abell 3126
J0336.3-4037 54.0779 —-40.6222 0.062 v - 3.5 1 - Abell 3140
J0342.8-5338 55.7246  -53.6353 0.060 v - 34 0 v Abell 3158
JO351.1-8212 57.7871  -82.2167 0.061 v v v 2.8 0 v Abell S405
J0352.4-7401 58.1229 -74.0308 0.127 v v 2.6 0 v Abell 3186
J0406.7-7116 61.6908 -71.2750 0.229 V/ v - 3.0 1 -
J0416.7-5525 64.1871 -55.4189 0.365 v v - 2.7 0 -
J0431.4-6126 67.8504 —-61.4439 0.059 V v v 4.5 1 v Abell 3266
J0449.9-4440 72.4800 -44.6781 0.172 v - 2.6 0 - Abell 3292
J0510.2—-4519 77.5575 -45.3211 0.200 v - 3.0 0 v Abell 3322
J0516.6-5430 79.1583 -54.5142 0297 v v 3.1 1 v Abell S520
J0525.8—-4715 81.4650 —47.2506 0.191 v v - 3.0 1 - Abell 3343
J0528.9-3927 82.2346 -39.4628 0.284 v 2.6 0 PSZ2 G244.37-32.15
J0540.1-4050 85.0263 —-40.8422 0.036 Vv v - 4.1 1 - Abell S540
J0540.1-4322 85.0417 -43.3822 0.085 V v v 34 1 - Abell 3360
J0542.8-4100 85.7117 -41.0014 0.640 v - 2.4 0 - CL J0542.8-4100
J0543.4-4430 85.8517 —44.5053 0.164 v - 3.6 1 -
J0545.5-4756 86.3775 —47.9406 0.130 v 2.9 1 - Abell 3363
J0600.8—-5835 90.2013 -58.5872 0.037 v - 2.5 0 - Abell S560
J0607.0-4928 91.7558 —49.4833 0.056 v v 2.8 1 - Abell 3380
J0610.5-4848 92.6333 -48.8072 0.243 V/ v - 2.8 0 -
J0616.8—4748 942233 —47.8050 0.116 v - 3.0 0 - PSZ1 G255.64-25.30
J0625.2-5521 96.3179 -55.3517 0.121 v v - 5.3 1 -
J0626.3-5341 96.5950 -53.6956  0.051 v v - 4.4 2 - Abell 3391
J0627.2-5428 96.8100 -54.4700 0.051 v v v 7.8 2 v Abell 3395
J0631.3-5610 97.8363 —-56.1722 0.054 v - 2.7 0 v
J0637.3-4828 99.3288 -48.4783 0.203 V/ v v 3.0 0 v Abell 3399
J0638.7-5358 99.6938 -53.9717 0.233 V/ v v 3.4 1 v Abell S592
J0645.4-5413 101.3721 -54.2189 0.167 v - 34 1 v Abell 3404
J0658.5-5556 " 104.6296 —55.9469 0296 v - 3.2 0 v Bullet
J0712.0-6030 108.0225 -60.5017 0.032 v - 2.7 1
J0738.1-7506 114.5375 =75.1067 0.111 v v - 2.6 0 - PSZ1 G287.05-23.21
J0745.1-5404 116.2900 -54.0789 0.074 v v 3.1 0 CIZA J0745.1-5404
JO757.7-5315 119.4438 -53.2636 0.043 v - 3.2 0 - Abell S606
J0812.5-5714 123.1263 -57.2350 0.062 v v 2.9 0 - PSZ2 G271.60—12.50
J0820.9-5704 125.2483  -57.0797 0.061 v v v 2.9 2 v PSZ1 G272.08-11.51
J0943.4-7619 145.8542 -76.3325 0.199 v - 4.4 2 - CIZA J0943.4-7619
J0948.6-8327 147.1642 -83.4656 0.198 v v 3.1 0 -
J1040.7-7047 160.1867 —=70.7969  0.061 v v v 43 1 - CIZA J1040.7-7047
J1130.0-4213 172.5233  —42.2297 0.155 v v - 2.9 1 v PSZ1 G287.22+18.13
J1145.6-5420 176.4108 —-54.3414 0.155 v - 3.1 1 - PSZ1 G293.32+07.33
J1201.0-4623 180.2642 —-46.3906 0.118 v - 3.2 0 - CIZA J1201.0-4623
J1240.2-4825 190.0571 -48.4328 0.152 v - 3.3 1 -
J1248.7-4118 192.1996 -41.3078 0.011 v v - 7.1 2 - Abell 3526
J1358.9-4750 209.7371 -47.8386 0.074 v v 3.6 1 - CIZA J1358.9-4750
J1410.4-4246 212.6188 —-42.7769 0.049 v - 3.6 1 - CIZA J1410.4-4246
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Table 1. continued.

(D 2) G @ 6 ©o O ®) © a0 an
Cluster name RAj000 Decyo00 z Astrometry  Pol. rms DQF D.E. Alternate name

(deg) (deg) Fix Posn (WJy beam™")
J1423.7-5412 2159304 -54.2033 0.300 v - 3.5 1 v CIZA J1423.7-5412
J1518.3-4632  229.5950 —-46.5403 0.056 v N 5.5 1 - CIZA J1518.3-4632
J1535.1-4658 2337879 —-46.9792 0.036 V v - 4.4 3 - CIZA J1535.1-4658
J1539.5-8335 234.8913 -83.5922 0.073 v v 2.7 0 v
J1601.7-7544  240.4446 -75.7461 0.153 v v v 3.7 1 v PSZ2 G313.88-17.11
J1645.4-7334  251.3592 -73.5817 0.0609 V v v 4.8 2 - PSZ2 G317.58-17.82
J1653.0-5943 2532533 -59.7331 0.048 v v 3.6 3 - PSZ1 G329.36—-09.88
J1705.1-8210  256.2929 -82.1739 0.074 v v 2.8 0 - Abell S792
J1840.6-7709  280.1550 -77.1556 0.019 v - 19.0 1 v
J2023.4-5535 305.8500 -55.5917 0.232 v v 2.7 1 v PSZ1 G342.33-34.92
J2104.9-8243 316.2446 -82.7228 0.097 v v 2.6 0 - Abell 3728
J2222.2-5235 3355579 -52.5869 0.174 v - 4.0 1 - Abell 3870
J2319.2-6750 349.8000 -67.8400 0.029 V v v 3.5 1 - Abell 3990
J2340.1-8510  355.0429 -85.1783 0.193 v v v 3.0 1 - Abell 4023

in the first panel of Table 1, using their common names. Where
available, an alternate name is provided in the final column of the
table. In cases where multiple alternate names exist, the Meta-
Catalogue of X-ray-detected Clusters (MCXC; Piffaretti et al.
2011) designation, if available, is given.

2.2. X-ray-selected sub-sample

The X-ray-selected sub-sample, making up 64% of the MGCLS,
was selected from the MCXC catalogue, in order to create a sam-
ple with no direct prior biases towards or against cluster radio
properties. From the list of clusters in the MCXC catalogue that
were south of —39°, we selected MGCLS targets as needed to fill
gaps in MeerKAT’s observing schedule.

The X-ray-selected clusters, which cover a redshift range
of 0.011 < z < 0.640 with a median of z = 0.13, are listed
in the second panel of Table 1 using their MCXC catalogue
designations. Where relevant, common alternate names are also
listed. The X-ray-selected sample covers a luminosity range of
Lx ~ (0.1-30) x 10" erg s™!, with ~60% of clusters in the range
10 -10% ergs™.

3. Observations and data reduction
3.1. Observations

The MGCLS observations were carried out between June 24,
2018, and June 16, 2019, using the full MeerKAT array, with
a minimum of 59 antennas per observation. The MGCLS clus-
ters were observed using MeerKAT’s L-band receiver (with
nominal radio frequency band of 900-1670 MHz) in the 4k
correlator mode (4096 channels across the digitised band of
856—1712 MHz) with 8 s integrations.

Data consists of all combinations of the two orthogonal lin-
early polarised feeds. Each dataset contains observations of the
flux density, delay, and bandpass calibrators PKS B1934—-638
and/or PMN J0408—-6545. These were observed for 10 min every
hour with the remaining time cycling between the target cluster
(10 min) and a nearby astrometric and phase calibrator (1 min).
These observations spanned 8—12h, cycling between the target
cluster and the various calibrator sources, and typically con-
sisted of ~5.5-9.5h on source integration, sometimes divided

into multiple sessions. These were scheduled as ‘fillers’ during
observing schedule gaps.

3.2. Initial processing

All datasets were calibrated and imaged with a simple proce-
dure, described in Mauch et al. (2020), which also verified the
data quality. All calibration and imaging used the OBIT package®
(Cotton 2008).

3.2.1. Calibration and editing

Various processes as described in Mauch et al. (2020) were used
to identify data affected by interference and/or equipment fail-
ures, which were then edited out, typically resulting in ~50% of
the frequency and/or time samples being removed. The remain-
ing data were calibrated in group delay, bandpass, and amplitude
and phase. The reference antenna was picked on the basis of the
best signal-to-noise ratio (S/N) in the bandpass solutions. Our
flux density scale is based on the spectrum of PKS B1934—-638
(Reynolds 1994):

log(S) = — 30.7667 + 26.4908 log(v) — 7.0977 log(v)?

+0.6053 log(v)*, (D

where S is the flux density in Jy and v is the frequency in
MHz. The uncertainty in the flux-density scale is estimated to
be ~5%.

Small errors in both time and frequency tagging were dis-
covered after the observations had started and were subsequently
corrected. These errors have a small effect on the images, and are
more fully described in Sect. 4.4.4. The majority of images were
made after the errors were fixed.

3.2.2. Stokes-I imaging

We created the maps using the OBIT wide-band, wide-field
imager MFImage. MFImage uses facets to correct for the curva-
ture of the sky, and multiple frequency bins, which are imaged
independently and deconvolved jointly, to allow for the antenna

3 http://www.cv.nrao.edu/~bcotton/Obit.html

AS56, page 5 of 41


http://www.cv.nrao.edu/~bcotton/Obit.html

A&A 657, A56 (2022)

gains and a sky brightness distribution that vary with frequency.
A frequency-dependent taper was used to obtain a resolution
that remained approximately constant over our ~2:1 range in
frequency. MFImage is described in more detail in Cotton et al.
(2018).

The sky within a radius of 0.8° to 1° of the pointing
centre was fully imaged, with outlying facets added to cover
sources from the Sydney University Molonglo Sky Survey
(SUMSS; Bock et al. 1999) 843 MHz catalogue (Mauch et al.
2003) brighter than 5 mJy within 1.5°. Two iterations of phase-
only self-calibration, with a 30s solution interval, were used.
Amplitude and phase self-calibration were added if the image
contained a pixel with a brightness in excess of 0.3 Jy beam™'.
For Stokes-/ imaging we used a maximum of 30000 compo-
nents, a loop gain of 0.1, and fields were typically CLEANed
to a depth of ~50uJybeam™!. No direction-dependent correc-
tions were applied; such corrections may be useful for followup
studies of individual fields, but do not affect the science results
presented here.

Robust weighting (—1.5 in AIPS/OBIT usage) was used to
down-weight the very densely sampled inner portion of the
uv-plane. The resulting FWHM resolution was in the range
7.5-8.0”. We made images consisting of 14 frequency bins,
each with a 5% fractional (Av/v) bandpass. When the imaging
was complete, a spectrum was fitted in each pixel of the result-
ing cube. Off-source noise levels (rms) in images that were not
dynamic range limited ranged over ~3-5uJybeam™'. This is
close to the expected thermal noise, with rms confusion expected
to be of the order of 1 uJy beam™! (Mauch et al. 2020). The local
rms noise varies over the field of view due to contributions from
(multiple) strong sources and is a strong function of the tar-
get pointing. Primary beam corrections were only applied to the
‘enhanced products’ (see Sect. 4.2).

3.2.3. Reprocessing with polarimetry

Changes from the standard procedure described in Sect. 3.2.1
were needed for polarisation calibration. The MGCLS observa-
tions did not contain observations of a polarised calibrator to
calibrate the polarisation response of the array. However, each
MeerKAT observing session is begun with a calibration using
noise signals injected into each antenna that can be used to cal-
ibrate the bulk of the phase and delay difference between the
two recorded orthogonal linear polarisations. The remainder of
the signal path is stable enough that, after this initial calibration,
appropriate polarisation calibration is possible using calibration
parameters derived from other, properly polarisation-calibrated,
data. This procedure is discussed in detail in Plavin et al. (2020);
however, we outline the basic steps here for clarity.

Prior to any calibration derived from the data, the initial cal-
ibration of the ‘X’ and ‘Y’ linear feeds from the injected noise
signals was performed; this removes most of the phase and delay
difference between the X and Y systems. The remainder is suffi-
ciently stable that a ‘standard’ calibration using the same refer-
ence antenna corrects it. In the parallel hand calibration the two
bandpass calibrators, PKS B1934-638 and PMN J0408-6545,
are sufficiently weakly polarised that they can be considered
unpolarised. After bandpass calibration subsequent gain calibra-
tion solved only for Stokes-/ terms to avoid disturbing the rela-
tive X/Y gain ratio.

Following the parallel-hand calibration, our polarisation cal-
ibration procedure was as follows. We required the selected cal-
ibration reference antenna to have a set of averaged polarisation
calibrations derived from other MeerKAT datasets that had ade-
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quate polarisation calibration (including a polarised calibrator).
This ‘standard’ set of calibration tables was used to complete the
X-Y phase calibration and to correct for on-axis instrumental
polarisation via the feed ellipticity and orientation*. Since the
antennas are equipped with linear feeds, the fundamental refer-
ence for the polarisation angle is the nominal orientation of the
feeds.

The standard polarisation calibration source 3C286 was used
to verify and make final corrections to the polarisation calibra-
tion. This source has a polarisation angle of —33° and a rotation
measure (RM) equal to zero (Perley & Butler 2013). A correc-
tion of several degrees in polarisation angle and about 1 rad m~2
in RM is needed to reproduce the assumed polarisation. These
corrections are stable over several years and have been applied
to all polarisation corrected data.

A selected subset of the clusters were re-calibrated and
imaged in MFImage to produce Stokes I, Q, U, and V images;
these clusters are indicated in the ‘Poln’ column in Table 1.
Due to the lack of internal polarisation calibration, the Stokes
V images are not sufficient to detect weakly circular polarised
sources, but can work as an overall check of the quality of
the calibration. Strongly circularly or linearly polarised sources
(>1%) should be easily detectable.

3.2.4. Polarisation imaging

The imaging in full polarisation was similar to the initial imag-
ing in Stokes 7 (Sect. 3.2.2), but wider and deeper. We used
the same 5% frequency bins and the total bandwidth used by
the Stokes-/ imaging, which allows the recovery of RMs up
to +100rad m~2 at full sensitivity, with decreasing sensitivity
beyond this range. The field of view fully imaged has a radius of
1.2°. In Stokes I, we cleaned to a depth of ~80 uwJy beam ™', using
up to 500 000 components. Stokes Q and U were CLEANed to
a depth of ~30 Wy beam™! with up to 50 000 components. Off-
source noise values in images that were not dynamic range lim-
ited were ~3 uJy beam™".

4. MGCLS data products

The first MGCLS data release (DR1) is made public with this
paperS, which consists of the MGCLS visibilities, the basic data
products (described in Sect. 4.1), and a set of enhanced products
(described in Sect. 4.2). All DR1 legacy products are available
through a DOI®, and the raw visibilities are accessible through
the South African Radio Astronomy Observatory (SARAO)
Archive Server’ with project ID ‘SSV-20180624—FC-01". We
highlight the primary capabilities of the MGCLS data products
in Sect. 4.3. (For issues relating to the scientific usability of the
various products, see Sect. 4.4).

4.1. Basic products

The basic MGCLS product consists of the standard MFImage
output, the structure and description of which are given in Cotton
(2019). The basic image product is a cube consisting of 16

* These standard sets of calibration tables are not part of the MGCLS
but can be provided upon reasonable request.

> When using DR1 products, this paper should be cited, and the
MeerKAT telescope acknowledgement included. See https://doi.
org/10.48479/7epd-w356 for details.

® https://doi.org/10.48479/7epd-w356

7 https://archive.sarao.ac.za/
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planes: (1) the brightness at the reference frequency (typically
1.28 GHz, although there are slight variations depending on the
observation), from a pixel-by-pixel least-squares fit to the bright-
ness, /, in each frequency channel; (2) the spectral index, a 52,
from the above fit, or a default value of —0.6, as described
below; and (3)-(16) images in frequency channels centred at
908, 952, 996, 1044, 1093, 1145, 1200, 1258, 1318, 1382, 1448,
1482, 1594, and 1656 MHz; the 1200 and 1258 MHz channels
are totally blanked for radio frequency interference (RFI).

It should be noted that none of these have primary beam
corrections, thus the brightness values and spectral index esti-
mates are biased by the frequency-variable primary beam shape,
and are not suitable for quantitative scientific use. These basic
products are useful, however, for full-field visual searches and
source-finding. Images in Stokes Q, U, and V are provided
where available.

4.2. Enhanced products

4.2.1. Primary-beam-corrected image and spectral index
cubes

The basic images were corrected for the primary beam at each
frequency, as described in Mauch et al. (2020), both at the full
resolution of the image, typically 7.5—-8”, and at a convolved
15" resolution to help recover low-surface-brightness features.
The primary-beam-corrected images show the inner 1.2° x 1.2°
portion of the MGCLS pointing, as primary beam corrections
are unreliable beyond this region. Stokes Q, U, and V cubes are
provided where available.

The final enhanced image data products are five-plane cubes
(referred to as the 5pin cubes in the following) in which the first
plane is the brightness at the reference frequency, and the second is
the spectral index, aéggﬁ, both determined by a least-squares fit to
log(1) versus log(v) at each pixel. The third plane is the brightness
uncertainty estimate, fourth is the spectral index uncertainty, and
fifth is the y? of the least-squares fit. Uncertainty estimates are
only the statistical noise component and do not include calibration
or other systematic effects. As described in more detail below (see
Sect. 4.4.2), a default value of —0.6 is given for the spectral index
when the S/N is too low for an accurate fit.

4.2.2. Primary-beam-corrected frequency cubes

We also provide primary-beam-corrected frequency cubes at full
and 15” resolutions. These cubes consist of the 12 non-blanked
frequency planes with centre frequencies as listed in Sect. 4.1.
To account for the unreliability of primary beam corrections far
from the pointing centre, pixels are blanked as for the 5pin cubes
discussed above. Stokes Q, U, and V cubes are provided when
available.

4.3. Primary use cases

The MGCLS legacy products described in Sect. 4 provide pow-
erful datasets for a range of scientific inquiry. Here we highlight
the main use cases for the MGCLS data.

4.3.1. Sensitivity to a range of scales

The configuration of the MeerKAT array, with its dense 1km
diameter core of antennas and maximum 7.7 km baseline, allows
for exceptional instantaneous sensitivity to a wide range of angu-
lar scales. The full-resolution maps have synthesised beam sizes

of ~7.5—8" and rms image noise levels of ~3—5 uJy beam™', and

are sensitive to extended structures up to tens of arcminutes in
extent. An example of the central region of one of the MGCLS
fields, MCXC J0027.3-5015, is shown in panel A of Fig. 1.
The left figure of panel A shows the full-resolution (7.4 x 7.0”")
image, dominated by compact sources with faint extended struc-
ture at the centre. To increase the sensitivity to the larger scale
structure, the typical procedure is to convolve to a lower reso-
lution. The middle figure shows the convolved 25" resolution
map of the same patch of sky, which is badly ‘confused’ due to
blending of the compact sources, masking the underlying diffuse
emission.

To exploit MeerKAT’s sensitivity to large-scale structures,
without the problem of source confusion, we filter out all small-
scale structure with the technique of Rudnick (2002) using a
box size of 19 pixels (23.75”), and convolve the resulting ‘dif-
fuse emission’ image to 25”. Using Fig. 3 in that paper, we can
roughly quantify what percentage of the flux will be in the dif-
fuse emission image as a function of the characteristic size of
any structure. For a 60” structure, ~82% of the flux will be
included, with higher percentages for structures of increasing
sizes. Smaller scale features will be heavily suppressed, with
only 5-10% of the flux remaining at 15”, and ~0% at 8”. The
result of this process is shown in the right figure of panel A in
Fig. 1, where the structure of the diffuse emission is readily visi-
ble. The filtered 25" resolution or diffuse emission maps referred
to in the following sections are made using the above filtering
technique. We note that these filtered maps are not included in
the legacy products.

4.3.2. In-band spectral index maps

MeerKAT’s wide 0.8 GHz bandwidth in the L band allows for in-
band spectral index studies, with primary-beam-corrected spec-
tral index and associated uncertainty maps being part of the
legacy products. Panel B of Fig. 1 shows an example spectral
index map for a MGCLS radio galaxy with diffuse lobes. As per
the caveats discussed in Sect. 4.4.2, a reliable spectral index can
only be fit for pixels with S/N > 10. Spectral index uncertainty
maps contain only the statistical uncertainty from the fit, with
constrained spectral indices typically having per-pixel statistical
uncertainties between 0.05 and 0.2.

4.3.3. Polarisation studies

All of the MGCLS targets were observed in full polarisation,
with 44 of the clusters being mapped in polarisation for DR1 (see
Table 1 at the end of the paper for the full list). Allowing for the
caveats mentioned in Sect. 4.4.5, the sensitivity of the MGCLS
polarisation maps will allow for the detection and determination
of RMs for a large population of radio sources. Such detections
will allow statistical studies of cluster magnetic fields. The deter-
mination of RMs of extended sources at high spatial sensitivity
will also allow a detailed study of magnetic field strengths and
structure across various source morphologies (e.g. radio galax-
ies and relics). Panel C of Fig. 1 shows an RM map for one such
extended source in the Abell 3667 field. This map is discussed
in more detail in Sect. 6.1.3.

4.3.4. Hi capabilities

In addition to the continuum and polarimetric use cases, the
MGCLS visibilities can also be used for HI studies. The
MGCLS frequency resolution of 209 kHz corresponds to an H1
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Fig. 1. Capabilities of the MGCLS data. Panel A: brightness cutouts from the MCXC J0027.3-5015 field, showing MeerKAT’s instantaneous sen-
sitivity to a range of angular scales. From left to right: full-resolution (7.4” X 7.0”), convolved 25” resolution, and filtered ‘diffuse emission’ at 25"
resolution. The synthesised beam is shown in grey in the lower left corner of each image. The colour scale is in square root scaling in each case, with
a minimum and maximum brightness of —10 and 600 uJy beam™! (left), 6 and 400 wJy beam™' (middle), and 25 and 150 uJy beam™" (right), respec-
tively. See Sect. 4.3.1 for further details. Panel B: example of an in-band spectral index map of a bent tailed source in the MCXC J0431.4-6126
field, with total intensity coloured by spectral index. The host galaxy, 2MASX J04302197—-6132001, is coincident with the radio core (seen in
cyan). The colour scale indicates the spectral index, and the brightness gradient of the colour bar indicates intensity, with a burned-out maximum
of 10mJy beam™'. Regions where the S/N was too low to determine a spectral index have been left white. The synthesised beam (7.1” X 6.7") is
shown by the grey ellipse in the lower left corner. Panel C: example of an RM map of a complex MGCLS source in the Abell 3667 field. Contours
are Stokes-/ intensity with levels of (5, 10, 20, 40, 60, 80, 100) x o, where o = 6.7 uJy beam™!. To avoid including spurious RM values, pixels
with Stokes-/ intensity below 8o~ have been masked. Panel D: HT velocity map of Minkowski’s object in Abell 194, at a resolution of 19" x 15”
(beam shown at the top left). Contours show the integrated H1 flux density at levels of (0.35, 0.7, 1.4, 2.5) mJy beam™'. Colours indicate the relative
velocity from —22km s~ (blue) to +22kms~' (red) from the central velocity of 5553kms™".
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Fig. 2. HI mass sensitivity for the MGCLS. Top: logarithm of the
total HI mass sensitivity as a function of redshift for integration times
between 3 h and 12 h (not all MGCLS datasets have the same usable on-
source time for H1 analysis). The shaded areas indicate the HI mass lim-
its of the MGCLS data assuming a 5o detection for a galaxy with line
width ranging from 44kms™! to 300 kms~!. Bottom: column-density
sensitivity versus angular resolution at z = 0.03 for different integration
times present in the MGCLS. The horizontal axis scale is proportional
to HPBW 2.

30.0

velocity resolution of 44.1kms™! (at z = 0). The survey is there-
fore suitable to approximately resolve the velocity structure of
galaxies with a rotational amplitude of >100kms~! (depending
on their inclination), which can be seen as a rough threshold
dividing dwarf galaxies from more massive objects (Lelli et al.
2014).

The top panel of Fig. 2 shows the HI mass sensitivity as
a function of redshift for an integration time of 3 and 12h
(the range of usable on-source time for HI analysis in the
MGCLS, with most clusters having 6—-10h on-source), demon-
strating that the MGCLS observations are able to detect galaxies
below the ‘knee’ of the HI mass function (log(My;,/Mo) = 9.94,
Jones et al. 2018) out to z < 0.1. Moreover, the angular resolu-
tion provided by the survey, shown in the bottom panel of Fig. 2,
enables one to resolve the structure of the HI in galaxies with a
resolution between 10" and 30”, corresponding to a spatial res-
olution of ~4-20 kpc at redshifts of 0.02 < z < 0.1. This means
that for clusters in this range, larger galaxies will be spatially
resolved and we can conduct studies of resolved H1 galaxies
while simultaneously probing extended extragalactic structures
in the wide field of view — a key discriminating feature with
respect to single-dish HI surveys of rich environments. Panel D
in Fig. 1 shows an example of a resolved HI detection, covering

two consecutive channels, in the Abell 194 field. Examples of
H1 science from the MGCLS datasets are given in Sect. 9.

4.4. Data quality issues

There are a number of issues with data quality in the DR1
release that affect the visibilities and images. The images have
been corrected for a number of these effects, as described below.
However, they still affect the visibilities, and impose limita-
tions on the accuracy of the images. Users of the data products
should take these into consideration when scientific analyses are
performed.

4.4.1. Dynamic range

Fields with very strong sources (I >few 100s mJy beam™!) are
typically limited by residual artefacts from the brighter sources.
This is especially true if there are several widely separated
bright sources, as the self-calibration cannot correct direction-
dependent effects (DDEs). The DDEs that are thought to domi-
nate are asymmetries in the antenna pattern, pointing errors, and
ionospheric refraction.

4.4.2. Flux density and spectral index

Uncertainties in the primary beam pattern affect both the derived
brightnesses and spectral indices. Near the centre of each field,
the total array pattern is very close to that of the individual anten-
nas (Mauch et al. 2020). However, application of this individual
antenna pattern to spectra of sources in the outer parts of cluster
fields produces non-physical results. This is expected because
the array power pattern is broadened by pointing errors in the
individual antennas. Derived brightnesses, and especially spec-
tral indices, are therefore not reliable beyond a radius of 36’.

We compared the flux densities of the MGCLS compact
sources with those from other radio surveys, as discussed in
Sect. 5.2.1, and found them to agree to within about 6%, with
the MeerKAT flux densities being, on average, 6% =+ 4% lower
than those of the other two catalogues. No corrections to the flux
densities have been made in either the catalogues or the maps.

While MeerKAT’s very wide fractional bandwidth improves
the sensitivity and gives us the ability to derive in-band spec-
tral indices, it also creates uncertainties regarding the effective
central frequency at each pixel. Simple averaging in frequency
space would result in effective reference frequencies that depend
on the spectra of the sources in question and their position in the
field. When we can adequately fit the spectrum, typically requir-
ing a §/N > 10, the brightness is calculated correctly at the well-
defined reference frequency of 1.28 GHz. The spectral fit was
accepted if the y? per degree of freedom was less than 1.5 times
the y? per degree of freedom based on assuming the default value
of —0.6; otherwise the default value is reported and the central
frequency brightness is calculated with that spectral assumption.
This results in an underestimate of the brightness by ~6% (10%)
for a true spectral index of —1 (-2). Typically, these are less than
the random errors in these low brightness cases.

Since the flux density threshold for switching to the default
spectral index depends on the local noise properties of each clus-
ter image, no global value can be specified. However, inspection
of the spectral indices as a function of flux density for a selected
region reveals the appropriate local threshold below which the
default spectral index has been assigned. Caution is still advised
when examining regions of maps where spectral indices very
close to the default value are encountered.
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4.4.3. Largest angular size

MeerKAT has very good short baseline coverage, allowing
recovery of extended emission. However, the minimum baseline
length of 29 m does restrict the maximum size of a structure that
is properly imaged. This maximum size scales inversely with
frequency. Angular scales of less than 10" should be fully recov-
ered. Larger scales are less well imaged, especially at the higher
frequencies. This effect leads to negative holes around bright
extended structures and an artificial apparent steepening of the
spectrum. Very steep fitted spectra of extended emission should
be treated with caution.

4.4 .4. Astrometry

A number of instrumental issues can affect the accuracy of the
astrometry. As detailed in this section, we correct the image
astrometry in each field by matching the positions with those of
the respective optical hosts. This results in a final accuracy better
than 0.3” in the high S/N limit. However, the astrometric errors
are still present in the visibility data, and users that reprocess raw
data need to take these into consideration.

Data in the earliest observations suffered from a 2-second
time offset in the labelling of the data, and a half-channel fre-
quency error, which propagate into errors in the u, v, w coordi-
nates. The column ‘Fix’ in Table 1 indicates cluster fields where
this issue was corrected in the visibilities. Fields that were not
fixed will contain rotation and scaling errors in the positions of
sources that depend on position in the field. These can be as large
as 2" at the edge of the fields.

Calibrator position errors were present in the initial
MeerKAT calibrator list, affecting several calibrators up to a
level of several arcseconds. This results in an approximately
constant position offset of sources in the affected cluster fields.
Corrections were made in the images when incorrect calibrator
positions were discovered, but the final corrections were made at
the end, in any case, through optical cross-matching.

A low-accuracy delay model in the correlator in use dur-
ing the observations can cause a similar, albeit subtler, problem
when the calibrator and target are widely separated. An addi-
tional bias is possible when the calibrator does not sufficiently
dominate the visibility intensities in the field. The model had
insufficient accuracy to reliably transfer phases measured on the
calibrator to those of the target, especially since many of the
astrometric calibrators were 10° or more from the target. This
resulted in approximately constant position offsets of up to sev-
eral arcseconds in individual fields, which had to be corrected.

Astrometric corrections were made for each field centre,
removing or reducing the effects noted above. We matched com-
pact radio components to a large number of background quasars,
radio galaxies, and star-forming galaxies in each field, using
the optical and infrared catalogues from the Dark Energy Cam-
era Legacy Survey (DECaLS; Dey et al. 2019). A flux density-
weighted average correction was determined for every cluster
field, as indicated in column ‘Posn’ in Table 1, and appropriate
corrections made to each corresponding image. Residual system-
atic errors should be under 0.1” for clusters as a whole, although
errors may be larger for individual sources.

Additional astrometric checks were carried out after the
above correction by cross-matching with sources from the
International Celestial Reference Frame (ICRF) catalogue
(Charlot et al. 2020). Since the ICRF constitutes the most accu-
rately known set of astronomical positions, they are an ideal
check of the astrometry in the MGCLS catalogue described
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in Sect. 5.2. There are eight ICRF sources in our cluster
fields. They are bright (0.3 to 1.8Jy), and the statistical uncer-
tainty in their MeerKAT position determinations are therefore
small. They were chosen for the ICRF for being compact
on milliarcsecond scales, and they generally do not have
structure on the MeerKAT’s ~8" scale, which might affect
the position determination. We therefore compared our cata-
logue positions with the ICRF3® ones for the eight sources
that were included in our fields: ICRF J010645.1-403419,
J025612.8-213729, J031757.6—441417, J033413.6—400825,
J060031.4-393702, J062552.2—-543850, J124557.6—412845,
and J133019.0-312259.

We found that most of the MGCLS catalogue positions dif-
fered from the ICRF3 ones by less than 1” in either coor-
dinate. The single exception was ICRF J025612.8-213729
(QSO B0253-218) for which the MGCLS catalogue position
was ~2.3” north of the ICRF3 position. This source is an excep-
tion to the above generalisation about lack of structure, in that
Reid et al. (1999) show it to be somewhat extended in a N-S
direction at 5 GHz, with several components spread out over
~10”. This field, MACS J0257.6—2209, is also one of the few
for which there were uncorrected timing and frequency errors
(Col. 5 in Table 1, discussed earlier in this section) that will
cause position errors far from the field centre. In addition, since
the source is resolved, the MGCLS position at 1.28 GHz and ~8"”
resolution could differ from the ICRF3 position, which is that of
the milliarcsecond core only at 5 GHz.

Ignoring this source, we find that for the remaining seven
sources the difference between the MGCLS catalogue positions
and the ICRF3 ones were —0.04 + 0.34” in RA and -0.02 +
0.15” in Dec. This check gives us confidence that the positions
in the MGCLS catalogue are accurate, and adopt the uncertainty
of 0.36” based on the ICRF3 comparisons.

4.4.5. Polarisation

The first plane of the Stokes Q and U 5pln cubes (see Sect. 4.2.1)
provide a good indication of where significant polarisation is
present, but should not be used quantitatively on their own. Each
image was created by a noise-weighted sum of the frequency
planes in the full cube, which is strictly correct only when both
the RM and the spectral index are zero, and when no depolarisa-
tion is present. At any RM # 0, the amplitude of Q and U will be
reduced, reaching a factor of 2 reduction at |RM| ~ 25rad m~2,
depending on the source spectral index and the noise in the dif-
ferent frequency channels. The first plane of the Stokes Q and U
Spln cubes should therefore be used quantitatively with caution.

We note that polarisation leakage affects the upper half of
the band, with the residual polarisation leakage increasing with
distance from the field centre within the half-power region of the
beam (de Villiers & Cotton, priv. comm.; de Villiers et al. 2021).
The instrumental polarisation may reach up to 10% in the upper
part of the band, while it is typically less than 2% at the lower
frequencies. Users should evaluate how the leakage affects their
particular science case.

5. MGCLS source catalogues

We produced source catalogues for all fields in the MGCLS,
based on the intensity plane of the full-resolution enhanced prod-
ucts described in Sect. 4.2. Here we detail our source finding

8 http://hpiers.obspm.fr/icrs-pc/newwww/icrf/index.
php
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method, as well as the various catalogues being provided with
the legacy data products. Limitations to the accuracy of the
results are discussed in Sect. 4.4. It is very important to note
that these catalogues are not complete, and any statistical anal-
yses must consider their limitations. In particular, the sensitivity
depends on the distance from the respective field centres, and
regions around bright sources are excluded, as discussed below.

5.1. Source detection

We used the Python Blob Detection and Source Finder (PYBDSF;
Mohan & Rafferty 2015) software to create individual source
catalogues for all MGCLS fields, using the full-resolution,
primary-beam-corrected data products. PYBDSF searches for
islands of emission and attempts to fit models consisting of one
or more elliptical Gaussians to them. Gaussians are then grouped
into sources, and there may be more than one source per island.
Each source is given a code: ‘S’ for single-Gaussian sources that
are the only source on its island, ‘C’ for single-Gaussian sources
that share an island with other sources, and ‘M’ for sources com-
posed of two or more Gaussian fits. We used the default 307y,
island boundary threshold and 5oy, source detection threshold,
where oj is the local image rms. As many images have variable
image noise levels across the field, we allow PYBDSF to calculate
the 2D rms map during the source finding.

For sources in regions of high image noise, for example those
near bright sources with strong sidelobes, the typical statistical
uncertainty in peak source brightness is a factor of ~2 larger
than for sources elsewhere in the same field. Spurious source
detections are common around very bright sources, with PYBDSF
sometimes cataloguing sidelobes as sources. To mitigate spuri-
ous detections in our DRI catalogues, we excised all catalogue
entries around bright sources. A source was considered bright
if its peak brightness was higher than the bright source limit
for that field, Iﬁfn This limit is connected to the image dynamic
range, such that
, I,
[ =107 x —=—

VO global
where I, is the maximum source brightness in the image, and
O global 18 the median image rms, both in units of Jy beam™!. The
region around a bright source within which catalogue entries
were excised, ey, scales with the source brightness:

Jybeam™!, 2

lim

Ibs
Feut = 0.005 X (1 +log, I"bi"‘] deg, 3)

where both IEIS“ and I° .- the peak brightness of the bright source,
peal

are in Jybeam™!. A median of 2.6% of nominally detected
sources were removed per field through this process.

5.2. Compact source catalogue

From our PYBDSF results, we compiled a single MGCLS com-
pact source catalogue from all fields, only including sources
that could be fit with a single Gaussian component (source
codes ‘S’ or ‘C’), after the spurious source excision. The
full DR1 catalogue’ contains ~626 000 sources from the 115
cluster fields, with an excerpt shown in Table 2. The cata-
logue columns, described in the Table caption, contain stan-
dard radio source information including the integrated flux den-
sity, peak brightness, and source size, with catalogue source

9 Available at https://doi.org/10.48479/7epd-w356

positions provided in decimal degrees. The source identi-
fier (first column of the catalogue) uses an International
Astronomical Union (IAU) classification, with the designation
MKTCS JHHMMSS.ss+DDMMSS.s, where the decimal posi-
tional information is truncated, rather than rounded.

5.2.1. Comparison with previous radio catalogues

To verify the MGCLS compact source flux densities, we
compare them to those from other radio surveys. To cover
all MGCLS pointings, we use catalogues from both the
1.4 GHz NRAO VLA Sky Survey (NVSS; north of —40° Dec;
Condon et al. 1998) and the 843 MHz SUMSS survey (south of
—30° Dec; Bock et al. 1999). To scale the NVSS and SUMSS
flux densities to the MGCLS reference frequency of 1.28 GHz,
we assume a power law S, oc v* with a fiducial spectral index of
a = —0.7 (Smolci¢ et al. 2017).

To avoid incompleteness effects due to differences in sensi-
tivity between the three surveys, we consider only sources with
S/N =50 in all three surveys. This high limit also minimises
effects from additional faint MGCLS sources within the larger
NVSS and SUMSS beams, as noted below. To cross-match
MGCLS compact sources with their NVSS and SUMSS counter-
parts, we use a 5" radius. This radius is a compromise between
maximising the number of real counterparts and minimising the
number of spurious matches. By shifting the MGCLS sources
by 1’ and repeating the cross-matching, we determine that the
expected percentage of spurious matches is 4.1% and 3.8% for
NVSS and SUMSS, respectively. These have a negligible effect
on the flux density comparisons.

Our cross-matching yields a total of 398 and 565 compact
MGCLS sources with NVSS and SUMSS counterparts, respec-
tively. Figure 3 shows the flux density scale comparison between
the MGCLS compact sources and the scaled NVSS (top panel)
and scaled SUMSS (bottom panel) sources. The MGCLS flux
densities are in good agreement with those of both NVSS and
SUMSS. We fit a power law of the form

_ Y
S scaled_cat = K X SMGCLS (4)

to the MGCLS and scaled NVSS and SUMSS flux densities. Val-
ues of 1 for both x and y would indicate an exact one-to-one
correspondence. We obtain fit values of knyyss = 1.06 £ 0.02,
YNVSS = 1.00 = 0.01, and ksymss = 1.06 + 0.04, YSUMSS =
1.00+0.01 for the NVSS and SUMSS comparisons, respectively.
This is consistent with a linear relation between the MGCLS
and scaled fluxes, with the scaled NVSS and SUMSS fluxes
being marginally higher than those from MGCLS. The MGCLS
sources were not chosen to be isolated, so the poorer resolu-
tion of the sky surveys (~45”) may lead to a single NVSS
or SUMSS source having contributions from additional faint
MGCLS sources; at the lowest fluxes, this could result in a small
bias in opposite spectral index directions for the two surveys.
However, the equality of the fitted flux densities show that any
such effects are negligible.

We also examine the spectral index distribution of the radio
cross-matched MGCLS compact sources. For this purpose, we
include 148 MHz data from the TIFR GMRT Sky Survey (TGSS;
north of —53° Dec; Intema et al. 2017) in addition to the NVSS
and SUMSS surveys. Given the different sky coverages, some
MGCLS sources have flux densities at only one additional
frequency, whereas others have three. We fit a single S, «
v* power-law and inspected each fit to discard both spurious
matches and sources showing spectral curvature. Figure 4 shows
the resulting spectral index distributions. The distributions of
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Table 2. Excerpt of the MGCLS compact source catalogue at 1.28 GHz.

Y] 2 3) ) 5) (6) @) (8) © 10) an 12 (13)
Src. name RA2000 Decy000 ARA ADec S [1(;%8 GHz AS ot 1 ;éiGH‘ Alpeax Smax Smin Sp.a. Field
MKTCS (deg) (deg) (deg) (deg) (mJy) (mly)  (mlyb™) (mlyb™) () () )
J001059.77-190940.3 2.7491 —19.1612  0.0000  0.0000 0.695 0.020 0.669 0.011 7.6 7.5 6 Abell_13
J001059.94-190654.9 2.7498 —19.1153  0.0001  0.0002 0.113 0.028 0.081 0.013 9.8 7.8 21 Abell_13
J001059.14-195204.2 2.7464 -19.8679  0.0002  0.0003 0.106 0.027 0.056 0.010 14.2 7.3 143 Abell_13
J001059.23-194540.7 2.7468 -19.7613  0.0002  0.0003 0.077 0.024 0.045 0.010 11.1 8.4 153 Abell_13
J001059.50-192405.3 2.7479 -19.4015 0.0001  0.0001 0.050 0.012 0.060 0.007 8.0 5.8 179 Abell_13
J002318.34-254121.6 5.8264 —25.6894  0.0001  0.0002 0.053 0.016 0.061 0.010 74 6.5 10 Abell_22
J002317.08-253627.2 5.8212 -25.6076  0.0000  0.0000 0.939 0.021 0.827 0.011 8.3 7.6 36 Abell_22
J002318.08-253621.5 5.8253 —25.6060  0.0002  0.0001 0.073 0.021 0.067 0.011 8.5 7.1 62 Abell_22
J002317.47-252111.6 5.8228 —25.3532  0.0001  0.0001 0.242 0.030 0.198 0.015 8.6 7.8 143 Abell_22
J002317.15-261532.9 5.8215 —26.2592  0.0003  0.0001 0.573 0.095 0.156 0.021 19.6  10.3 80 Abell_22

Notes. The full catalogue, which includes all cluster fields, is available online at https://doi.org/10.48479/7epd-w356. Columns: (1)
MGCLS source ID using the IAU designation of the form MKTCS JHHMMSS.sstDDMMSS.s, where the decimals are truncated; (2)—(5) J2000
RA and Dec, and associated 1o~ uncertainty, respectively; (6) and (7) Total integrated Stokes-/ flux density and associated 1o uncertainty at the
reference frequency, respectively; (8) and (9) Peak Stokes-/ brightness and associated 10~ uncertainty, respectively; (10) and (12) Source size:
FWHM of the major and minor axes of the source, and source p.a.; (13) Cluster field of the source. All uncertainties are statistical only and are

determined from the images as per Condon (1997).

spectral indices for sources with two, three, and four frequency
points are similar, although the N, = 4 distribution has a lower
median spectral index. Subtle differences may reflect differ-
ences in the spectral populations of the different surveys, but are
beyond the scope of the current work.

5.2.2. Optical cross-matching

We created optical cross-match catalogues for the compact
sources in the Abell 209 and Abell S295 fields using data
from DECaLS (Dey et al. 2019). These fields were selected due
to their existing DECaLS coverage and their decent MGCLS
dynamic range. Cross-match catalogues for other MGCLS fields
will be compiled in follow-up works.

To identify DECaLS counterparts for the MGCLS com-
pact sources, we used the likelihood ratio (LR) method
(Sutherland & Saunders 1992; Laird et al. 2009; Smith et al.
2011). The LR here is defined as the ratio of the probability that
an optical source (at a given distance from the radio position
and with a given optical magnitude) is the true counterpart, to
the probability that the same source is a spurious alignment, that
is, LR =(q(m) x f(r))/n(m), where g(m) is the expected num-
ber of true optical counterparts with magnitude m, f(r) is the
probability distribution function of the positional uncertainties
in both the radio and the optical source catalogues, and n(m) is
the background density of optical galaxies of magnitude m in
the DECaLS r band (or g or z band). The magnitudes are AB
magnitudes from DECaLS DRS.

The a priori probability g(m) is determined as follows.
First, the radio and optical source catalogues are matched by
finding the closest counterpart within a fixed search radius of
4”. We chose this radius based on our distributions of cross-
matches, as shown in Fig. 5, where the distributions (LR > 0.5)
of the RA and Dec angular separations between the positions
of radio sources can be approximated by Gaussians. The search
radius of 4” is the optimal radius where we detect the most
true sources. Radii greater than 4” will sharply increase the
number of spurious matches. The number of spurious matches
(of magnitude m) is estimated by scaling n(m) to the area of
4” radius within which we search for counterparts. This is
then subtracted from the number of counterparts (as a func-
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tion of magnitude) to determine the number of true associations,
q(m).

In our case, the probability distribution f(r) is a two-
dimensional Gaussian distribution:

1 r
f@r) = WGXP(—@)‘

Here, r is the angular distance (in arcsec) from the radio
source position, and ¢ is the combined positional error given by
(%ecals + 62mgcls’
the DECaLS catalogue, and Omgcis is the positional uncertainty
from the MGCLS compact source catalogue. For each source
in the MGCLS DR1 compact source catalogue, we adopted an
elliptical Gaussian distribution for the positional errors, with the
uncertainties in RA and Dec on the radio position reported in the
radio catalogue. We assume a systematic optical position uncer-
tainty of 0.2” in both RA and Dec for the DECaLS catalogue
(Dey et al. 2019).

The optical cross-match catalogue includes all matches
within 4" of a compact MGCLS source detection, along with
their LR probabilities and flags (no LR cutoff imposed). Table 3
shows an excerpt from the optical cross-match catalogue for the
Abell 209 field, with the full catalogues for it and the Abell S295
fields available online!?. The presence of more than one counter-
part for a particular radio source provides additional information
to that contained in the LR itself, which can then be used to esti-
mate the reliability of the counterpart source, or the probability
that a particular source is the correct counterpart. The reliability
for radio source i, as defined by Sutherland & Saunders (1992),
is calculated as

(&)

where dgecas 1S the positional uncertainty from

LR;
Z LRsearChradius + (1 - Q),

where Y, LRearch radius 1S the sum of LR for all possible DECaL.S
counterparts to the radio source within our search radius of 4",
and Q is the fraction of MGCLS compact radio sources with
optical counterparts above the DECalLS magnitude limit. Com-
parison of ) REL; with the total number of counterparts with

REL,; = (6)

10 https://doi.org/10.48479/7epd-w356
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Fig. 3. Comparison between the integrated flux density of MGCLS
compact sources with their counterparts in the NVSS (top) and SUMSS
(bottom) catalogues, with the latter two being scaled to the MGCLS
frequency of 1.28 GHz. The best-fit relation in each case is shown by
the solid red line and is consistent with a linear relationship, with the
number of sources in the fit shown in the upper left corner. The dashed
grey line shows the exact one-to-one relationship. The scaled sky survey
flux densities are typically 6% higher than their MGCLS counterparts,
so this represents a possible small bias in the MGCLS flux scale. His-
tograms show the relevant flux density distributions, with the dashed
black lines indicating the respective median values, S'.

LR > LRyt provides an estimate of the spurious identification
rate, or error rate (ER). The choice of the cutoff in LR is a trade-
off between maximum completeness and maximum purity. Com-
pleteness is defined as the fraction of radio catalogue sources that
have an optical counterpart, and purity (given by 1 — ER) is the
fraction of radio-optical source matches that are real.

Figure 6 shows the completeness and purity for both
Abell 209 and Abell S295, with no LR cutoff imposed. Our cho-
sen LR ot Of 0.5 is indicated by the vertical dotted line. A value
of LRy = 0.5 corresponds to an estimated spurious identifi-
cation rate of 4.5% in Abell 209, with 59% (2723 of 4581) of

Count

Fig. 4. Spectral index distributions for the cross-matched MGCLS
compact sources, using data from the MGCLS (1.28 GHz), NVSS
(1.4 GHz), SUMSS (843 MHz), and TGSS (148 MHz) catalogues. Left
to right: distributions for MGCLS sources with flux density measure-
ments at two, three, and four frequencies, respectively. The number of
compact sources, Ny, and the median spectral index, &, are indicated in
the upper right corner of each panel, and the respective median spectral
indices are indicated by vertical dashed lines.
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Fig. 5. Histograms of the RA and Dec angular separations between the
positions of radio sources in the Abell 209 compact source catalogue
and their optical counterparts, for LR > 0.5. In each panel, the red line
shows the normalised Gaussian distribution.

radio sources in the Abell 209 compact source catalogue having
optical counterparts.

5.83. Extended sources

We do not provide catalogues for the extended sources, that is,
those for which the PYBDSEF fit required multiple Gaussians, indi-
cated in the PYBDSF output with code ‘M’. These need to be
verified visually, a process that is extremely time consuming.
However, to provide an indication of the number of extended
sources in the MGCLS, we performed this verification for
sources in the Abell 209 and Abell S295 fields.

Extended sources can be separated into two categories:
blended sources (i.e. those with overlapping Gaussian com-
ponents) and multi-component sources with multiple, non-
overlapping, and often visually separable components. There are
158 and 347 blended sources in the Abell 209 and Abell S295
fields, respectively, roughly 3—5% of the number of compact
sources in the respective fields. Their integrated flux densities
range from 85 Wy to 105 mJy, with the largest blended sources
being just over 30” across. Extrapolating these numbers to the
full MGCLS sample, there are of the order of 29 000 blended
sources in the full survey.

We defined the multi-component sources as those with dis-
tinct structures such as jets, cores, or lobes. Identifying the dif-
ferent components that comprise a single source can be difficult,
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Table 3. Excerpt of the compact source catalogue for Abell 209 with optical cross-match information from DECaLS.

(1) @-(11n 12 (13) 14 a5 ade A1 A8 19 20 @) (22) ((23) (24 (25 (26) (27) (28)
Src. name RAp Decopt g r z w2 Zp Ag Ar Az AW1 AW2 d  Fyn Phasxm Pihisxm
MKTCS (deg) (deg) (@]

J231022.80-140627.7 23.17312 —14.10746 19.469 19.01 18.772 19.115 19.448 0.22 0.003 0.003 0.008 0.03 0.095 1.1 1 1 1
J231014.16—135358.5 23.17047 —13.89944 21.503 20.748 20.244 - 0.25 0.008 0.005 0.01 - - 0.8 1 1 1
J231001.56—133249.2 23.16717 -13.54746 19.678 18.752 18.128 18.221 185 0.06 0.004 0.002 0.003 0.013 0.039 1.6 1 0.94 1
J230946.80—-133547.0 23.16301 —13.59645 19.76 18.499 17.597 17.12 1734 0.3 0.005 0.002 0.003 0.006 0.017 0.1 1 1 1
J230944.28—-132944.5 23.16238 —13.49577 20.445 19.572 18.854 18.374 18.521 0.17 0.01 0.005 0.008 0.016 0.042 03 1 1 1
J230939.60—135751.1 23.16135 —-13.96480 21.981 20.995 20.313 19.654 19.611 0.21 0.015 0.007 0.012 0.045 0.099 2.5 1 0.8 1
J230919.08—-132915.3 23.15536 —13.48751 20.279 19.534 18.984 18.898 19.151 0.51 0.006 0.003 0.005 0.024 0.067 0.5 1 1 1
J230919.08—-132354.9 23.15526 —13.39845 22.113 21.104 20.535 20.349 - 0.27 0.019 0.01 0.016 0.087 - 07 1 0.99 1
J230916.20-132101.0 23.15449 -13.35043 19.775 18915 18.294 18.285 18.601 0.23 0.003 0.002 0.003 0.013 0.04 04 1 1 1

Notes. The full catalogues of cross-matched sources for Abell 209 and Abell S295 are available online. Columns (1)—(11) list the radio source
properties and are the same as Cols. (1)—(11) in the DR1 compact source catalogue presented in Table 2. Additional columns: (12) and (13) RA and
Dec of DECaLS cross-match; (14) g-band magnitude; (15) r-band magnitude; (16) z-band magnitude; (17) WISE W1-band magnitude; (18) WISE
W2-band magnitude; (19) Photometric redshift (see Sect. 8.2 for description; typical uncertainty 6z/(1 + z) = 0.03); (20)—(24) 1o uncertainty on
g, 1, z, W1, and W2 magnitudes, respectively; (25) Angular separation between MGCLS source and optical match; (26) Match flag: 0 — no optical
counterpart, 1 — the best optical counterpart according to the probabilities in Col. (28), 2 — the second-best optical counterpart according to the
probabilities in Col. (28), etc.; (27) Probability that the MeerKAT source has a matched counterpart; (28) Probability that the MeerKAT source
has the listed matched counterpart. In cases where there are more than one optical counterpart detected within 4", this column lists the probability
of each of the objects being the optical counterpart. See Sect. 5.2.2 for details.
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Fig. 6. Completeness (left axis, solid lines) and purity (right axis,
dashed lines) versus the LR for Abell 209 (black) and Abell S295 (red).
Imposing a LR cutoff at 0.5 (vertical dotted line) for Abell 209, the esti-
mated spurious identification rate (error rate, or 1 — purity) is 4.5%, with
a completeness of 59%.

and is still typically done through visual inspection. Automated
methods, such as those discussed in Appendix C, will be needed
as our datasets become larger and larger. We visually inspected
the Abell 209 and Abell S295 fields, finding 33 and 26 multi-
component sources in each field, respectively. The largest of
these multiple-component sources spans an angular size of 9.8’.
For each source we measured the integrated flux density, includ-
ing all components, using pixels above 30, where o is the local
rms. Catalogues of these sources are presented in Tables A.1
and A.2, which include the likely optical or infrared counterpart
from either the DECaLS or Wide-field Infrared Survey Explorer
(WISE, Wright et al. 2010) catalogues. The catalogue position
for each extended radio source is fixed to that of its likely optical
or infrared counterpart, if available, or otherwise given by the
flux-weighted centroid.

Due to the combination of high sensitivity and resolu-
tion, many well-resolved and multi-component radio galax-
ies have contaminating foreground or background sources that
can currently only be separated visually, if at all. Figure 7
shows one example of a giant radio galaxy (Colafrancesco et al.
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Fig. 7. Full-resolution (7.6” X 7.4"”") MGCLS Stokes-/ intensity image
of a multi-host structure in the field of Abell 209. We indicate the
two possible intersecting multi-component radio galaxies (giant radio
galaxy and a distorted tailed galaxy). The compact radio components
circled in green indicate the positions of the likely optical hosts, while
the magenta circles indicate other superposed or nearby compact radio
emission with optical counterparts. The brightness scale is logarithmic
and saturates at 1 mJy beam™'. The synthesised beam is indicated in the
lower right corner.

2016; KuzZmicz et al. 2018) in the Abell 209 field. This ~7.7
structure appears to have several possible optical or infrared
counterparts, all of which are associated with compact radio
features. The left-most green circle in Fig. 7 indicates the posi-
tion of WISE J013313.50—-130330.5, a candidate quasar (Flesch
2019) at a redshift of z = 0.289 and the likely counterpart
for the giant radio galaxy. At that redshift, the radio galaxy
extent would be >1.5 Mpc. The right-most green circle is associ-
ated with WISE J013259.20-130002.0, which has no available
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redshift. It appears to be a distorted bent-tail source whose fea-
tures merge (in projection) with those of the western lobe of
the assumed giant radio galaxy. Spectral index studies and red-
shift measurements will likely to be needed to disentangle such
structures (Mhlahlo & Jamrozy 2021), which appear frequently
in the MGCLS images, due to the high sensitivity to extended
structures.

6. MGCLS diffuse cluster emission

A key aspect of radio observations of galaxy clusters is the
detection of diffuse cluster-scale synchrotron emission, which
carries information about the cluster formation history (see
van Weeren et al. 2019; Brunetti & Jones 2014, for observa-
tional and theoretical reviews, respectively). There are several
different categories of diffuse cluster radio emission, historically
separated into three main classes: radio halos, mini-halos, and
radio relics. All classes are characterised by low surface bright-
ness and, typically, steep radio spectra (¢ < —1.1).

Radio halos are diffuse sources that cover scales greater than
500 kpc, with many spanning megaparsec scales. They are typ-
ically seen to have morphologies closely linked to those of the
X-ray emitting ICM. Both individual studies (e.g. Brunetti et al.
2001; Lindner et al. 2014) and statistical studies of large sam-
ples (Cassano et al. 2013; Kale et al. 2015; Cuciti et al. 2021a)
have shown a strong link between radio halos and particle re-
acceleration following major cluster mergers, as well as correla-
tions between source radio power and cluster mass and thermal
properties.

Radio mini-halos are found in the central region of dynam-
ically relaxed, cool-core clusters (see Giacintucci et al. 2017,
for a recent update). They are defined to be smaller than radio
halos, with projected sizes ranging from a few tens of to a few
hundred kiloparsecs, usually confined within cold fronts at the
cluster centre (Mazzotta & Giacintucci 2008). Mini-halo clus-
ters always have a radio active brightest cluster galaxy (BCG),
which is thought to provide at least a fraction of the seed
electrons necessary to produce the diffuse emission (see e.g.
Richard-Laferriere et al. 2020). Particle re-acceleration induced
by gas sloshing is possibly the driving mechanism for mini-halos
(e.g. ZuHone et al. 2011, 2013).

Radio relics are elongated megaparsec-scale structures
located at the periphery of merging galaxy clusters. Their
observed properties, which include a high degree of polar-
isation (see for instance the case of the Sausage cluster,
van Weeren et al. 2010) are consistent with the idea that they are
related to the presence of merger-induced shocks in the ICM.
Double radio relics are found in a number of clusters, the proto-
type case being Abell 3667 (Rottgering et al. 1997), and in some
cases a radio halo is detected as well (see e.g. Bonafede et al.
2012; Lindner et al. 2014). Radio phoenix sources are a sub-
class of relics thought to be related to revived fossil emission
from radio AGN in the cluster region (van Weeren et al. 2019).

Radio halos and relics have been detected in an increas-
ing number of merging clusters, over a broad range of clus-
ter masses (see van Weeren et al. 2019; Cuciti et al. 2021b, for
recent updates) and over a wide range of redshifts (Lindner et al.
2014; Di Gennaro et al. 2021). The detection of mini-halos, by
contrast, remains limited, mainly due to observational con-
straints. In addition to the three main classes, more clusters
with very steep-spectrum filaments have been detected recently
(e.g. Abell 2034, Shimwell et al. 2016), requiring further inves-
tigation of the connection between the structures and parti-
cle reservoirs radio galaxies deposit into the ICM, and the

effects of cluster merger events (see e.g. van Weeren et al. 2017;
de Gasperin et al. 2017).

Of the 115 clusters observed in this Legacy Survey, 62 have
some form of diffuse cluster emission, with several clusters host-
ing more than one diffuse source. Table 4 presents the list of
all 99 diffuse cluster structures or candidates detected in the
survey. Fifty-six of these are new. For each diffuse source we
list the emission classification, as well as angular and physical
projected sizes, and position relative to cluster centre (where
relevant). Classifications are based on a combined interroga-
tion of the full- and 15” resolution MeerKAT data products, a
25" resolution filtered image (see Sect. 4.3.1 for details), and
any available optical and X-ray imaging. Candidate structures
are those with either marginal detections or where the classi-
fication is uncertain. Where a diffuse source does not fit into
any of the current classes, but is not clearly associated with
an individual radio galaxy, we classify it as ‘unknown’. Our
diffuse cluster emission detections can be summarised as fol-
lows: three new mini-halos and seven new mini-halo candi-
dates, 27 halo detections and six candidates (of which 13 are
new), 28 relics and 18 candidates (of which 26 are new), one
known phoenix source and two new candidates, and nine dif-
fuse sources, six of which are new, with ambiguous or unknown
classifications.

The galaxy clusters observed in the MGCLS provide just a
glimpse of the many diffuse cluster emission discoveries likely to
be made in the Square Kilometre Array era. In the following, we
present a few examples to show the much improved images com-
pared to previous observations, opening up new areas of inves-
tigation, as well as discoveries highlighting specific interesting
science issues. Flux densities for the diffuse emission in these
systems have been measured by integrating the surface bright-
ness within the 30~ contour in the 15” resolution image and then
subtracting the compact source contributions, which are deter-
mined from the full-resolution image. In some cases the 25”
resolution filtered image shows a greater extent to the diffuse
structures than the 15” resolution products; the flux densities
quoted here may be considered as lower limits to the total
amount of diffuse emission.

6.1. New insights into known sources

Twenty-eight of the MGCLS targets are hosts of previously
known diffuse cluster emission. In many cases the MGCLS data
provide an additional frequency or deeper detections of low-
surface-brightness emission, yielding new insights into well-
known sources (e.g. El Gordo, Abell 3376). Here we provide
three examples.

6.1.1. Abell 85: A new type of halo?

The MGCLS multi-resolution view of the Abell 85 system, a
cool-core cluster at z = 0.0556 and part of the Pisces-Cetus
supercluster, is shown in the top panel of Fig. 8. We detect
two diffuse sources: a complex phoenix or revived fossil plasma
source south-west of the cluster centre (previously known) and
a newly discovered elongated radio mini-halo that may be an
example of a new class of sources that represents an evolution-
ary bridge between mini-halos and halos.

The newly detected diffuse source in Abell 85 surrounds
the BCG, with contours shown in panel A of Fig. 8, and has a
1.28 GHz flux density of ~5.5 mJy measured from the 15" reso-
lution image. The 25" resolution image, also shown in Fig. 8,
reveals a much greater extent to this source, with a largest
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Table 4. Catalogue of the 99 diffuse cluster radio sources detected in the MGCLS.

1 2 3 @ %) (6) @) (8) )
Cluster name RApooo  Decyoono z Class New? LAS LLS Notes [Refs.]

(deg) (deg) ()  (Mpo)
Abell 13 3384 -19.501 0.094 cR 30 032  Wofcentre; [8, 13,17, 37]
Abell 22 5.161 -25722 0.142 cH 27 041  [8]
Abell 85 10.453 -9318 0.056 MH® v 40 026

Ph @ 56 036  SW of centre; [8, 18]

Abell 168 18.791 0.248 0.045 R 124 0.66 N of centre; [10]
Abell 209 22990 -13.576 0209 H 79 162  Embedded HT; [17, 19, 20, 41, 42]
Abell 370 39.960 -1.586 0375 cH v 3.1 096  [44]
Abell 521 73.536 —10.244  0.248 6.0 140  SEof centre; [11, 15, 28, 41]

R

H 53 1.23 [4, 6, 20, 28, 42]
R v 4.0 0.93 NW of centre
H

Abell 545 @ 83.102 -11.543 0.154 47 075  [1,17]
Abell 2645 355.320 -9.028 0.251 cH v 2.7 0.64 Irregular shape; [5]
Abell 2667 357.920 -26.084 0232 H® 46 102 [l6]
Abell 2744 3,567 -30.383 0307 H 7.5 2.04 [8, 13,17, 21, 32, 42]
R 5.8 1.57 NE of centre; [8, 13, 21, 30, 32, 42]
R 4.6 1.25 SE of centre; [32]
Abell 2751 4.058 -31.389 0.081 cPh v 0.9 0.08 NW of centre; [8] (says relic)
Abell 2811 10.537 -28.536 0.108 H 5.2 0.62 [8]
Abell 2813 10.852  -20.621 0.292 cH v 3.1 0.81
Abell 2895 19.546  -26.973 0.228 cPh v 0.8 0.18 E of centre
Abell 3365 87.050 -21.935 0.093 R v 6.8 0.70 NE of centre; [45]
R v 3.4 0.35 W of centre; [45]
Abell 3376 90.426  -39.985 0.047 R 28.1 1.55 E of centre; [2, 12, 23]
R 18.8 1.04 W of centre; [2, 12, 23]
Abell 3558 201.978 -31.492 0.048 H 4.5 0.25 [7,39]
Abell 3562 202.783  -31.673 0.050 H 11.5 0.67 [7, 14, 40]
R 8.6 0.50 SW of centre; [40]
Abell 3667 303.140 -56.841 0.056 R 25.8 1.67 SE of centre; [22, 33]
R 35.2 2.28 NW of centre; [22, 33]
Abell 4038 356.880 —28.203 0.030 cMH v 4.5 0.16 Embedded HT
Abell S295 41.400 -53.038 0300 H 4.0 1.07 [46]
Abell S1063 342.181 -44.529 0348 H 5.5 1.62 [44]
Abell S1121 351.284 —41.212 0.190 U 2.2 0.42 SE of centre
Bullet 104.658 -55.950 0297 H 8.5 2.26 [26, 35]
R 3.8 1.01 E of centre; [36]
El Gordo 15719 -49.250 0870 H 33 1.53 [3,27]
R 2.0 0.93 NW of centre; [3, 27]
R 1.0 0.46 SE of centre; [3, 27]
R 0.9 0.42 E of centre; [27]
PLCK G200.9-28.2 72.587 -2.949 0220 R v 5.6 1.19 E of centre
R v 2.7 0.58 SW of centre; [24]
cR v 1.0 0.21 NW of centre

Notes. Several of the 62 MGCLS clusters in this catalogue are host to more than one diffuse cluster source. Columns: (1) Cluster name; (2) and
(3) NED cluster position: J2000 RA and Dec; (4) Cluster redshift; (5) Diffuse source classification — mini-halo (MH), halo (H), relic (R), phoenix
(Ph), candidate (c), unknown/unclear (U); see Sect. 6 for further details. Elongated halos/halo candidates with embedded bright AGN sources are
indicated by (7); (6) Indicates whether or not the diffuse source is a new detection; (7) Largest angular size in arcminutes; (8) Largest physical
linear size at the cluster redshift in Mpc; (9) Notes on the detection with references, in square brackets, to previous studies. HT — head-tail galaxy;
WAT — wide-angle tail galaxy. “Mixed classification in the literature (see Sect. 6.1.1). ®Diffuse emission from the Ha region in the Orion Nebula
is also detected in this field. ©“MACS J0257.6—2209 has a published detection of a giant radio halo (Giacintucci et al. 2017) but in the higher-
quality MGCLS data, the reported giant halo looks like the blending of other sources. Diffuse emission in RXC J0520.7—1328 is complex and
difficult to classify (see Sect. 6.1.2).

References. [1] Bacchi et al. (2003); [2] Bagchi et al. (2006); [3] Botteon et al. (2016); [4] Brunetti et al. (2008); [5] Cassano et al. (2013);
[6] Dallacasa et al. (2009); [7] Di Gennaro et al. (2018b); [8] Duchesne et al. (2021a); [9] Dwarakanath et al. (2011); [10] Dwarakanath et al.
(2018); [11] Ferrari et al. (2006); [12] George et al. (2015); [13] George et al. (2017); [14] Giacintucci et al. (2005); [15] Giacintucci et al. (2008);
[16] Giacintucci et al. (2017); [17] Giovannini et al. (1999); [18] Giovannini & Feretti (2000); [19] Giovannini et al. (2006); [20] Giovannini et al.
(2009); [21] Govonietal. (2001); [22] Hindson et al. (2014); [23] Kaleetal. (2012); [24] Kaleetal. (2017); [25] Kaleetal. (2019);
[26] Liang et al. (2000); [27] Lindner et al. (2014); [28] Macario et al. (2013); [29] Macario et al. (2014); [30] Orru et al. (2007); [31] Parekh et al.
(2017); [32] Pearce et al. (2017); [33] Rottgering et al. (1997); [34] Sandhu et al. (2018); [35] Shimwell et al. (2014); [36] Shimwell et al. (2015);
[37] Slee et al. (2001); [38] Stuardi et al. (2019); [39] Venturi et al. (2000); [40] Venturi et al. (2003); [41] Venturi et al. (2007); [42] Venturi et al.
(2013); [43] Wilber et al. (2020); [44] Xie et al. (2020); [45] van Weeren et al. (2011b); [46] Knowles et al. (2021); [47] HyeongHan et al. (2020);
[48] Feretti et al. (2005). We note that after our review of the literature, detections of diffuse emission in some of the clusters above are published
by Duchesne et al. (2021b), Briiggen et al. (2021) and Duchesne et al. (2021c).
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Table 4. continued.

() 2 (3) (€] (5) (6) (7 (3) ©
Cluster name RAp000  Decyaono z Class New? LAS LLS Notes [Refs.]
(deg) (deg) ()  (Mpe)

MACS J0257.6-2209 © 44412 -22.163 0322 U 1.6 0.45 [16]

cR v 14 0.39 SW of centre
MACS J0417.5-1154 64.394  —11.909 0443 HO 49  1.68 [9,31,34]

cR v 1.0 0.34 N of centre

cR v 1.0 0.34 NW of centre
RXC J0510.7-0801 77.685  -8.020 0220 cH® v 49  1.04

cR v 3.0 0.64 N of centre; possible WAT
RXC J0520.7-1328 @ 80.200 —13.502 0.336 cR 4.2 1.21 SE of centre; [29]

U 7.1 2.05 SE of centre; bubble?; [29]
RXC J1314.4-2525 198.599 -25256 0244 H 4.7 1.08 [38, 48]

R 4.7 1.08 W of centre; [38, 48]

R 2.7 0.62 E of centre; [38, 48]
RXC J2351.0-1954 357770  —-19.913 0.248 cR 9.8 2.28 W of centre; [8]

cR 5.5 1.28 E of centre; [8]

cH v 4.0 0.93 [8]
J0027.3-5015 6.839 -50.251 0.145 cMH v 2.5 0.38
J0145.0-5300 26.260 -53.014 0.117 H v 4.9 0.62
J0145.2—-6033 26.320 -60.565 0.181 cMH v 1.9 0.35
J0216.3-4816 34,080 —-48.273 0.163 cMH v 1.4 0.24
J0217.2-5244 34303 -52.747 0343 ¢R v 1.5 0.44 N of centre
J0225.9-4154 36.478 -41910 0220 H v 2.4 0.51
J0232.2—-4420 38.070 —44.348 0284 H 5.8 1.49 [25]

cR v 3.3 0.85 S of centre

cR v 1.8 0.46 E of centre
J0303.7-7752 45943  -77.869 0274 H v 3.8 0.95
J0314.3-4525 48.583  —45424 0.072 cMH v 24 0.20
J0342.8—-5338 55725 -53.635 0.060 MH ® v 52 0.36
J0351.1-8212 57.787 -82.217 0.061 U v See Sect. 6.2.2
J0352.4-7401 58.123  -74.031 0.127 R v 15.6 2.13 SE of centre

H v 10.7 1.46

cR v 6.8 0.93 NW of centre

R v 3.9 0.53 NNW of centre

R v 5.0 0.68 N of centre
J0431.4-6126 67.850 -61.444 0.059 R v 9.7 0.66 SE of centre

8] v Confused tail
J0510.2—-4519 77.558 —-45.321 0.200 cMH v 1.3 0.26
J0516.6—5430 79.158 -54.514 0295 H v 5.7 1.51

R v 5.7 1.51 N of centre

cR v 2.3 0.61 S of centre
J0528.9-3927 82.235 39463 0284 H 4.0 1.06 [46]
J0627.2-5428 96.810 -54.470 0.051 R v 54 0.32 W of centre
J0631.3-5610 97.836  -56.172 0.054 cR v 7.7 0.49 W of centre
J0637.3-4828 99.329 48478 0203 U v 7.6 1.52

cR v 2.0 0.40 NW of centre
J0638.7-5358 99.694 -53.972 0227 H® 64 140  [43]
J0645.4-5413 101.372  -54.219 0.164 H v 7.7 1.30

R v 3.5 0.59 SW of centre
J0745.1-5404 116.290 -54.079 0.074 U v 4.2 0.35 S of centre
J0820.9-5704 125248  -57.080 0.061 U v S of centre
J1130.0-4213 172.523  -42.230 0.155 cR v 2.1 0.34 NE of centre
J1423.7-5412 215930 -54.203 0300 U v N of centre
J1539.5-8335 234891 -83.592 0.073 MH v 2.8 0.23

cR v 2.2 0.18 W of centre
J1601.7-7544 240445 -75.746 0.153 H v 5.9 0.94
J1840.6—7709 280.155 -77.156 0.019 cMH v 2.5 0.06
J2023.4-5535 305.852 -55.592 0232 H 4.7 1.04 [47]

R 2.9 0.64 [47]

angular size of 5.6° (~370kpc). This structure has not been
detected in any of the low resolution radio data available in the
literature at other frequencies (see Duchesne et al. 2021a, and
references therein), possibly due to its low surface brightness

(~1.1 uJy arcsec™? in the diffuse emission filtered 25" resolution
image) and its proximity to the 27 mJy BCG and 13 mJy tailed
source. Given its size and location in a cool-core system, we clas-
sify this new detection as a mini-halo. We note, however, that
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Fig. 8. Multi-resolution MGCLS view of Abell 85. Top: full-resolution
(7.7 x7.1”; yellow, log scale between 0.006 and 2mJ]ybeam™')
and filtered 25” resolution (blue, log scale between 0.06 and
3mJybeam™') Stokes-I intensity image of Abell 85, with the bright
BCG and tailed radio galaxy emission filtered out. Smoothed archival
Chandra 0.5-7keV X-ray contours (levels: 1.0, 1.7, 3.4, 6.8,
13.6x 1077 countscm™2 s™') are overlaid in white. The respective syn-
thesised MGCLS beams are shown on the lower left. The physical scale
at the cluster redshift is indicated on the upper left, and the red X marks
the NED cluster position. A newly detected elongated mini-halo (largest
linear size ~370 kpc) is seen around the cluster BCG. Filamentary struc-
tures are seen in the known phoenix/revived fossil plasma source SW of
the cluster. Bottom: Pan-STARRS r-band images of the boxed regions
from the top panel, with MGCLS 15" resolution contours overlaid. Con-
tour levels start at 30 = 30 WJy beam™! and increase by factors of 3.

the MGCLS contains discoveries of several other examples of
elongated diffuse halos with embedded central radio-loud BCGs
(indicated by (T) in Table 4 at the end of the paper), some of
which are on megaparsec scales. We may be observing a new
type of diffuse structure, bridging both halo and mini-halo classi-
fications. A handful of cool-core clusters have been found to host
larger scale radio halos (Bonafede et al. 2014; Sommer et al.
2017), and in each case the cluster shows signs of merger activ-
ity in addition to the cool X-ray core, as is the case for Abell 85
(Yu et al. 2016).

The phoenix source has been studied at multiple fre-
quencies (Slee & Reynolds 1984; Sleeetal. 1994, 2001;
Giovannini & Feretti 2000; Duchesne et al. 2021a), variously
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classified as a revived fossil plasma source, a phoenix, and a
relic. At full resolution (yellow in Fig. 8), MeerKAT images
this source in unprecedented detail, resolving a large number of
filamentary structures extending from a brighter complex core
region. At the filtered 25" resolution (blue in Fig. 8) we recover
the full angular extent of the source as seen at lower frequen-
cies (Duchesne et al. 2021a). The diffuse emission extends far
from the filaments, suggesting that some form of distributed re-
acceleration is necessary.

The source’s complex morphology could result from recur-
rent episodes of AGN activity, although determining the host
galaxy(ies) for these structures is not trivial. Several potential
hosts can be seen in the Pan-STARRS r-band image in Fig. 8.
Sub-arcsecond resolution imaging is needed to identify the radio
core(s), if present, in order to cross-match with optical counter-
part(s). The toroidal structure in the western region of the source
may indicate late stage radio-mode feedback in a non-central
cluster galaxy source (such as in M 87, Nakamura & Asada
2013; Walker et al. 2018), possibly caused by an evolved radio
lobe that has been transformed into a ‘smoke-ring’-like fea-
ture (EnBlin & Briiggen 2002). Such vortex structures can travel
much further than amorphous plasma structures can, as shown
by hydrodynamical simulations (Turner & Taylor 1957), and
the radio features here could therefore be at a more advanced
stage than the radio emission in M 87. The buoyancy produced
by this off-centre bubble is sufficiently powerful to uplift the
ICM, visible in the Chandra X-ray contours in Fig. 8. Fil-
amentary wings of radio emission trail the bubble for about
200kpc (at the cluster redshift). The filaments are quite nar-
row (10—20kpc), which constrains transport parameters for the
enclosed cosmic-ray electrons, as well as ambient turbulent
motions that would disrupt such structures (de Gasperin et al.
2017). Such filaments can survive in turbulent motions provided
that there are Reynolds stresses of magnetic fields that thread
the wings (Banda-Barragén et al. 2018). Determining the Alfvén
scale — the physical scale at which the magnetic tension starts to
play a role in turbulent dynamics — may assist in clarifying their
role.

Spectral information can help constrain the history of the
cosmic-ray population in the phoenix source. From the full
source volume, we measure a flux density of S 1283 mp, = 242.4+
12.1 mJy. Comparing to a flux density of S sgmu, = 9.82 =
0.98 mJy within the same solid angle from TGSS (Intema et al.
2017), we obtain a steep integrated spectrum of a}i? =-17=+
0.3 for the full source. This latter value is in agreement with
the 148—-300 MHz spectral index of —1.85 + 0.03 derived by
Duchesne et al. (2021a). The brightest regions of the complex
structure have sufficient S/N across the MeerKAT bandwidth to
determine in-band spectral indices, and we find values'' rang-
ing from —2.9 to —3.5. The steep spectra of the diffuse and fil-
amentary structures indicate old electron populations; however,
the cause of the extreme steep spectrum in the central regions
is unclear. There may be an artificial steepening effect from the
frequency-dependent uv-coverage; although this should not be
important in the brightest fine scale structures, this requires fur-
ther investigation.

6.1.2. RXC J0520.7—-1328: Revealing a diffuse multiplex

The MGCLS reveals complex structures in the previ-
ously studied cluster RXCJ0520.7-1328 (also known as

' Statistical uncertainties on the in-band spectral index are less than
0.05 in these regions.
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Fig. 9. MGCLS full-resolution (8.6”; yellow) and diffuse emission fil-
tered 25" resolution (blue) Stokes-/ intensity image of a portion of the
RXC J0520.7-1328 field, showing complex extended emission within
the region. The corresponding synthesised beams are shown on the
lower left by the filled yellow and blue ellipses, respectively. The colour
scales are in square root scaling between 10—500 puJy beam™! (yellow)
and 20-500 wJy beam™! (blue). The physical scale at the cluster red-
shift is indicated on the lower right, and the cross marks the NED
cluster position. Smoothed archival Chandra 0.5—7 keV X-ray contours
(levels: 3, 6, 12, 24 x 1078 counts cm™2 s7!) are overlaid in white, with
RXC J0520.7-1328 and its companion cluster IWGA J0521.0-1333
labelled. Dashed green ellipses indicate the regions of diffuse emis-
sion, D1 to D4, identified in Macario et al. (2014). The full-resolution
MGCLS image contains artefacts that radiate from the bright compact
source in RXC J0520.7-1328.

MACS J0520.7—-1328, Ebeling et al. 2001) that do not obvi-
ously fit any of the existing paradigms. RXC J0520.7-1328, at
z = 0.336, is part of a possible cluster pair, with its compan-
ion, IWGA J0521.0—-1333, lying to the south-east at a redshift
of z = 0.34 (Macario et al. 2014). Multi-resolution MGCLS
images of this pair, presented in Fig. 9, show a large, com-
plex, diffuse source south-east of RXCJ0520.7-1328, coinci-
dent in part with IWGA J0521.0—1333. The brightest portion
of the radio emission is a bar-like feature seen at both full
(8.6”; yellow) and 25” (blue) resolution, at the south-east edge
of IWGAJ0521.0-1333’s X-ray emission. This feature was
observed with the GMRT at 323 MHz (Macario et al. 2014),
along with three other distinct regions of faint diffuse emission
(labels D2 to D4 in Fig. 9, taken from Macario et al. 2014).
Although characterised as a relic by Macario et al. (2014),
the bar’s south-west end is significantly brighter in the full-
resolution MeerK AT image than the rest of the feature, and could
instead be a head-tail galaxy. Although no MeerKAT polarisa-
tion maps are available for this system, spatial spectral index
studies may be able to disentangle these two possibilities.

The filtered 25” resolution MGCLS image shows that the
bar-like feature is connected to two other low-surface-brightness
structures: a filled circular ‘bubble’ overlapping the south-east
region of IWGAJ0521.0—1333, coincident with the 323 MHz
D4 source, and a partial ring or arc of radio emission lying

between the two clusters (incorporating sources D2 and D3).
MeerKAT reveals much more detail and extent to the complex
emission seen at lower frequency. It also reveals a new faint
structure (~0.8 wJy arcsec™ surface brightness) to the east of
RXCJ0520.7-1328. Despite the improved sensitivity, due to
the location and morphology of the structures, it remains diffi-
cult to classify the majority of the emission in terms of typical
cluster-related nomenclature. A more detailed analysis, includ-
ing deeper X-ray data, polarimetry, and spectral index studies,
will be required to resolve the nature of this emission.

6.1.3. Abell 3667: Polarisation with MGCLS

Radio relics are among the most polarised radio sources
known, reaching 70% polarisation levels in localised regions
(van Weeren et al. 2010; Loi et al. 2017). Here we showcase
the MGCLS dataset’s ability to probe polarisation structure
in diffuse sources on ~10” scales by presenting initial results
from polarised observations of the north-west radio relic
in the Abell 3667 galaxy cluster (z = 0.056). This relic
is one of the most impressive examples of radio emission
generated by a merger shock wave (Rottgering etal. 1997;
Johnston-Hollitt 2003). The shock wave propagates in the ICM
with a speed of 1200kms~!, at roughly two times the sound
speed (Finoguenov et al. 2010). The polarisation is maximal
close to the shock front, as well as in other regions of the radio
relic where the magnetic field is likely compressed and aligned
by the action of the shock wave (Ensslin et al. 1998).

In Fig. 10 we see that the magnetic field appears aligned with
the NW edge of the radio relic at the location of the shock; this is
seen in other radio relics as well (see e.g. van Weeren et al. 2010;
Ozawa et al. 2015). We also observe a patchy, disordered struc-
ture to the magnetic field away from the edge; this is seen in
other relics, and is expected as turbulence develops post-shock
(Kang 2017). In Abell 3667, we can rule out disorder due to
Faraday rotation in the ICM since we removed these effects
using the RMs shown in panel C of Fig. 1. At the same time,
the RM is seen to increase from the north towards the central
regions of the relic; this could be due to the sub-cluster iden-
tified in that region with X-ray observations (Finoguenov et al.
2010), if it is located in front of the radio emitting plasma.

6.2. New clusters with diffuse emission

There are 34 MGCLS clusters in which we detect cluster diffuse
emission for the first time. Here we present three examples that
raise interesting science issues and showcase the capabilities of
the MGCLS.

6.2.1. J0352.4-7401: Multiple relics in a massive merger

The MGCLS has detected several new relics, many with large-
scale filamentary structure. One such example is the newly
detected SE relic in MCXC J0352.4-7401 (Abell 3186, z =
0.1270) shown in Fig. 11. The relic, located approximately
1.2 Mpc SE of the cluster centre, is very large, 2 Mpc long and
340 kpc wide. The brightest region of the SE relic is a straight
bar, aligned N-S and spatially connected to a 3 mJy compact
source (marked by the black cross). No optical counterpart is
visible in the Digitized Sky Survey (DSS). The in-band spectral
index map of the SE relic, also in Fig. 11, shows this compact
source to have a significantly flatter spectrum (@ ~ —0.4) than
that of the bar (@ ~ —1.0 to —1.2). The overall shape of the
relic is curved, with the southern part consisting of two parallel
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Fig. 10. Inferred magnetic field angles for the north-west relic in
Abell 3667, after correction for Faraday rotation (which is shown in
Fig. 1). Blue contours show the full-resolution (7.5” x 7.4”) Stokes-
I MGCLS intensity, with the synthesised beam shown in the boxed
region on the lower left. Contour levels are 10, 20, 40, 60, 80, 100X 1o,
where o = 6.7 uWJy beam™'. Magnetic field vectors (angles only) are
shown where the linearly polarised intensity is >8c. The magnetic field
is highly ordered along the NW edge of the relic.

filaments with complex structure. The filaments have steeper
spectra than the northern bar, with in-band spectral indices of
—1.5 at the centre of the filaments, steepening to —2.5 at the
edges. The trailing edge of the relic is much wider in 25" res-
olution imaging of the field (shown in blue in the top panel of
Fig. 11), with a maximum width of ~580kpc. The SE relic has a
measured 1.28 GHz flux density of ~65 mJy, which corresponds
to a total radio power of P sz ~ 2.8 X 10 WHz .

This system also hosts a smaller 1.1 Mpc relic north of the
cluster, as well as a large radio halo that fills the X-ray emitting
region. The N relic has two components in the full-resolution
image and its morphology is strikingly linear, reminiscent of
revived radio galaxies, although no obvious optical counterpart
is seen in DSS images. Both the SE and N relics lie far beyond
the observed thermal ICM (shown by white Chandra contours in
Fig. 11). The large-scale radio halo, with a 1.28 GHz flux den-
sity of ~20mly, lies at the centre of the cluster, and its SE-NW
elongated morphology closely follows that of the X-ray emis-
sion. This giant radio halo, with a largest linear size of 1.5 Mpc,
has a faint (~0.2 uJy arcsec™2) diffuse arc-like protrusion off its
NW edge, mirroring the SE relic. As the shape and position of
the arc-like structure may hint at the presence of another shock
front, we classify it as a candidate relic.

The presence of the multiple relics, and their location
with respect to the asymmetric X-ray emission, are indica-
tive of a major cluster merger. Recent numerical simulations
of galaxy cluster mergers suggest that a merger shock may
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Fig. 11. MGCLS view of the newly detected multiple-relic and radio
halo system in MCXC J0352.4-7401. Top: MGCLS full-resolution
(7.0” x 6.8”; yellow) and filtered 25" resolution (blue) Stokes-/ inten-
sity images. The colour scales are in square root scaling between
50-500 uJy beam™" (yellow) and 5—300 wJy beam™! (blue). Synthesised
MGCLS beams are shown on the lower right, and the physical scale at
the cluster redshift is shown on the upper left. The red X marks the
NED cluster position, and the black cross indicates the position of a
3 mJ]y compact source coincident with the SE relic. Smoothed archival
Chandra 0.5-7keV contours (levels: 4, 8, 16, 30x 1077 counts
cm~2s7") are overlaid in white. Bottom: in-band spectral index (left)
and spectral index uncertainty (right) maps of the dashed region from
the top panel, with 15” resolution MGCLS intensity contours overlaid.
Contours start at 50 = 40 wJy beam™! and increase in factors of 4. The
synthesised beam is indicated by the filled grey circle on the lower right
of each panel.

gradually detach from the dense merging clumps (Zhang et al.
2020), and propagate to the cluster outskirts. There is observa-
tional radio evidence for the presence of such merger shocks
in the periphery of clusters, for example in the Coma clus-
ter (Giovannini et al. 1991; Brown & Rudnick 2011) and in
Abell 2744 (Pearce et al. 2017; Venturi et al. 2013). Given that
the N and SE relics lie far beyond the detectable X-ray emitting
region, MCXC J0352.4-7401 may be in an advanced merger
state, with the merger-induced shocks having propagated into the
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Fig. 12. MGCLS full-resolution (7.9” x7.5”; yellow) and filtered 25"
resolution (blue) Stokes-/ intensity image of MCXC J0351.1-8212,
showing newly detected candidate mini-halo and relic-like structures
near the cluster centre. The corresponding synthesised beams are
shown on the upper left. The colour scale is in square root scaling
between 10—500 uJy beam™' (yellow) and 50—800 uwJy beam™' (blue).
Smoothed archival Chandra 0.5-7keV X-ray contours (levels: 7, 12,
17,22 x 1078 counts cm™2 s™!) are overlaid in white. The physical scale
at the cluster redshift is indicated on the lower left, and the red X marks
the NED catalogue position. Inset: DSS r-band image of the dashed
region in the main figure, with 15” resolution MGCLS contours over-
laid. Contours start at 300 = 30 uJy beam™' and increase in factors of
3.

53M00%

periphery of the system. We note that simulations also predict
a weaker secondary shock front closer to the centre, now seen
in the Coma cluster (Churazov et al. 2021). The NW candidate
relic seen in MCXC J0352.4-7401 may be evidence for such a
shock.

There are only a handful of double-relic clusters that also
host a radio halo: for example, El Gordo (Lindner et al. 2014),
CIZA J2242.8+5301 (van Weeren et al. 2010; Di Gennaro et al.
2018a), MACS J1752.0+4440 (van Weeren et al. 2012), and
MACS J1149.5+2223 (Bonafede et al. 2012). Double-relic clus-
ters are an important sub-class of merging clusters, as the
merger is observed close to the plane of the sky. Systems
such as MCXC J0352.4-7401 can therefore provide insights
into the dynamical state of the halo emission, along with
morphological and spectral properties of the transition from
diffusive shock acceleration to second order turbulent re-
acceleration. In addition to MCXC J0352.4-7401, there are
six halo+double-relic systems in the MGCLS: known sys-
tems (El Gordo, RXC J1314-2525), and four new ones
(Abell 521, MCXC J0516.6—-5430, MCXC J0232.2-4420, and
RXC J2351.0-1954).

6.2.2. J0351.1-8212: ‘Boomerangs’ and an off-centre
mini-halo?

MCXCJ0351.1-8212, a nearby system at z = 0.0613, is one of
the newly discovered hosts of diffuse cluster emission; however,
the structures seen in this system present a confusing picture. We
detect a new mini-halo-like structure around, but offset from, the

BCG. The source has a 1.28 GHz flux density of only 2 mJy and
our preliminary estimate of the maximum linear extent in the sky
plane is 240 kpc. The multi-resolution MGCLS image in Fig. 12,
with white Chandra contours overlaid, shows the diffuse radio
emission to be primarily SW of the BCG and X-ray peak, instead
of being centred thereon. The size, and therefore flux density, of
this possible mini-halo are difficult to clearly determine due to
the presence of several brighter filamentary ‘boomerang’-shaped
sources less than 100 kpc from the BCG, visible in both the full-
resolution (7.9 x 7.5") Stokes-I intensity map shown in yellow,
and at 15” resolution, indicated by black contours on the DSS
r-band image of the region shown in the figure inset. The fil-
aments do not appear to have obvious optical counterparts in
DSS, and have very steep spectra (@ < —2.5) in our initial spec-
tral maps (not shown). Going out from the X-ray peak, there is
a significant decrease in the brightness from Chandra data at the
position of the filaments. We therefore tentatively classify them
as relics, although the small sizes and physical proximity to the
BCG make the classification unclear.

We note the similarity of the filamentary structures to those
in Abell 133 (Slee et al. 2001; Randall et al. 2010). In that case,
the filaments cap a buoyant blob of AGN material from the BCG,
which has dragged up cool thermal material from the cluster
core. A similar process may be at work in MCXC J0351.1-8212,
although why there would be two such filamentary caps is
unclear. If this is another case of buoyant lifting of the radio
and X-ray plasmas, then the mini-halo-like structure may in fact
be the remnant of the radio lobe(s). Deeper optical imaging and
investigation of the spectral shape of the various diffuse and fil-
amentary components may be able to distinguish between the
mini-halo-relic and AGN-related scenarios.

6.2.3. J0631.3-5610: Distant AGN or faint relic?

One of the strengths of MeerKAT in the L band is its extreme
sensitivity to faint extended emission. Figure 13 shows an exam-
ple of one of the fainter relic-like structures detected in this
survey, with the left inset panel showing the full-resolution
(7.6” x7.5") and filtered 25" resolution MGCLS images in yel-
low and blue, respectively. The source, with a mean surface
brightness of 6 uJybeam™' in the full-resolution map, has a
largest angular size of 5.9, revealed in the filtered 25" res-
olution image. The source appears to be 1.5 Mpc west of the
MCXC J0631.3-5610 (z = 0.054) cluster centre, when compar-
ing to an X-ray image of the region shown in Fig. 13. The total
1.28 GHz flux density of the radio source is 2.8 + 0.2 mJy, mea-
sured from the filtered 25" resolution image. At the cluster red-
shift and assuming a conservative spectral index of —1.0 with a
10% uncertainty, this corresponds to a k-corrected 1.4 GHz radio
power of (1.7 + 0.3) x 102 WHz .

The source has no obvious optical counterpart in the DSS
r-band image of the region, shown in the right inset panel of
Fig. 13, and no redshift information is available for any of the
WISE sources in the region. Although showing no evidence of a
radio core, it is possible that this source is a distant dying radio
galaxy with the available optical imaging too shallow to iden-
tify a counterpart. However, given the morphology and orienta-
tion of the source relative to the X-ray emitting gas, it is possi-
ble that it is a relic or phoenix source related to the cluster. Its
physical size would be ~370kpc at the cluster redshift. If this
is a relic source, its radio power makes it the lowest luminosity
relic known, a factor of 5 below the lowest luminosity relic listed
by de Gasperin et al. (2014). With the low X-ray-derived cluster
mass of Mspy = 1.3 x 10 M, (Lovisari & Reiprich 2019), it
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Fig. 13. Faint relic-like structure in the MCXC J0631.3—-5610 (z = 0.054) cluster field. Left: smoothed archival XMM-Newton 0.2—12keV count
image of the cluster, with white contours at levels of 0.3, 0.5, 0.9, and 1.7 counts per pixel. The position of the relic-like source relative to the
cluster region is indicated, with filtered 25" resolution MGCLS contours of the radio source, to the west, in black; the radio source appears to be
1.5 Mpc from the cluster centre. Middle: multi-resolution MGCLS image of the radio source (yellow — 7.6” x 7.5 resolution; blue — filtered 25”
resolution), with cyan contours from the filtered 25" resolution image (levels: 20, 40, 60, 80 uJy beam™"). The colour scale is in square root scaling
between 8—200 uJy beam™! (yellow) and 5-300 uJy beam™! (blue). The physical scale at the cluster redshift is shown in the upper right corner, and
the synthesised MGCLS beams in the lower left corner. Right: DSS r-band image of the same region as the middle panel. Cyan contours are the

same as in the left inset, and black contours are from the 15” resolution MGCLS image with levels of 3, 6, 10, 20 X 1o, where o = 10 pJy beam™".

1

The synthesised MGCLS beams are shown in the lower left corner. There appears to be no obvious optical counterpart for the radio source.

lies just below the extrapolation of the de Gasperin et al. (2014)
luminosity-mass relation. This reinforces and extends to lower
masses the problem that these radio luminosities are significantly
larger than those seen in simulations (e.g. Briiggen & Vazza
2020). Observational estimates of the efficiency of shock accel-
eration (e.g. Botteon et al. 2020) at relics also indicate improba-
bly high values, given our current understanding.

7. llluminating individual radio galaxies

Among the many thousands of extended radio galaxies in the sur-
vey, we highlight a small group selected for the interesting sci-
ence issues they raise. The science issues include possible missing
pieces of radio galaxy physics as well as complex interactions with
the external medium that go beyond the simple relative motions
that created tailed radio galaxies. For each source below, we indi-
cate if it is a member of its respective target cluster; otherwise it
should be considered as a serendipitous detection.

In this section we use optical overlays from the Dark Energy
Camera (DECam) Legacy Survey (DECaLS), available through
the Dark Energy Legacy Survey site'? and from the NOAO Astro
Data Lab'?, and overlays from Pan-STARRS'“. An investigation
of a machine learning tool to automatically identify interesting
sources is discussed in Appendix C.

7.1. Lateral edge enhancement

The laterally brightened source (LBS) shown in Fig. 14 is
unique in terms of the brightening of its lateral edges, along

12 https://www.legacysurvey.org

13 https://datalab.noirlab.edu/ls/dataAccess.php

4 https://outerspace.stsci.edu/display/PANSTARRS/
Pan-STARRS1+data+archive+home+page
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Fig. 14. Full-resolution (7.6” x 7.4") MGCLS Stokes-/ intensity map
of the LBS source, a unique double-lobed radio galaxy with lateral
edge brightening. The inset is a DECam RGB colour composite (using
the zir bands, respectively), with contours from the full-resolution
MGCLS image showing the radio core centred at RA =21"01m47.7°,
Dec =—-82°09'36" on a faint, irregularly shaped, very red object (which
appears yellow-green in the zir inset). The MGCLS synthesised beam
is indicated in the lower left corner.

with the presence of central jet-like features of similar length
and brightness in each lobe. While some radio galaxies have
bright hot spot regions at their ends (defined as Fanaroff-Riley
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type IIs, Fanaroff & Riley 1974), brightened lateral edges are
not observed. Instead, radio galaxy lateral edges are observed
to either cut off sharply (e.g. when pressure-confined) or
to fade slowly (see e.g. Fig. 34 in Leahy & Perley 1991).
The LBS was found serendipitously in the field of cluster
MCXC J2104.9-8243. Here we describe some aspects of this
unique source and some possibilities (none of them very attrac-
tive) for explaining the edge brightened features.

In most respects, the LBS appears normal. Its host is a
faint, red, irregularly shaped object seen in the DECaLS image
(see the inset in Fig. 14). No redshift is available. The NE
and SW lobes have total MGCLS flux densities of 4.0 + 0.8
and 1.9 + 0.5 mJy, with lengths of 80" and 100", respectively.
The length:width ratio of the lobes is ~2:1. The source’s R
ratio (S core/ (S total—S core)» Orr & Browne 1982) is ~14%, within
the normal range, and the core has a spectral index of ~—0.9
indicating the likely presence of small-scale optically thin
jets. No reliable spectral indices could be determined for the
lobes.

The lobes seem to divide abruptly into three separate length-
wise narrow features (jets and edges) at an angular distance of
~10” from the core. Most of the flux density appears to be in
these narrow features, with little indication of more extended
emission. Where the jets and enhanced edges are bright, they are
each somewhat resolved transversely, with deconvolved widths
of ~5-15". Approximately half-way to the ends, the jets and
bright edges all drop by a factor of ~2 in brightness, and the
structure becomes less clear.

Jets typically fade with distance from the core, as seen here,
due to expansion or other energy losses. However, the fact that
the transverse edges fade at the same distance from the core as
the jets do is difficult to explain in current models. We briefly
considered several possible explanations for this behaviour. One
possibility could be that the bright edges are due to backflow
from the terminus of the jet. However, this does not appear
attractive because (a) no hotspots are seen, which are expected
if there is strong backflow, and (b) any edge brightening due to
backflows would be brighter near the end away from the host,
while we observe the opposite. Another possibility is that the
bright edges are regions of strong magnetic fields, perhaps gen-
erated by shear with the external medium. However, once again,
there is no reason for them to drop in brightness at the same
distance from the host as the jets. A hollow cylinder could per-
haps be invoked for the bright edges, similar to what is seen
in some bipolar nebulae (Allen & Swings 1972), but again, the
correspondence with the jet profile appears fortuitous. In short,
we can provide no adequate explanation for this source’s unique
morphology.

7.2. Exceptionally stable bent jets

The narrow bent-tail source (NBT) shown in the top panel of
Fig. 15 is unique among bent-jet sources in showing very little
lateral expansion of the jets far beyond where they have bent
by ~90° from their original direction. There are many examples
where no expansion may be apparent (Chibueze et al. 2021), but
the resolution is insufficient to measure the widths before and
after the bend. By contrast to the bent sources, straight jets can be
very well-collimated, terminating in small radio and sometimes
even optical hot spots subtending < 1° as seen from the core (e.g.
Roeser & Meisenheimer 1987). But bent jets such as narrow-
or wide-angle tails always develop broad cocoon-like structures
after the jets bend (e.g. O’Dea & Owen 1986; Rudnick & Burns
1981). As those jets bend due to their motion with respect to

the surrounding medium, they tend to become unstable and are
enveloped in much broader structures (O’Neill et al. 2019).

The host of the NBT is WISE 073923.89-753711.3; at
a photometric redshift of z = 0.108 (Ddlyaetal. 2018)
it is ~930kpc long, placing it in the ‘giant’ class. It was
found serendipitously at the very large projected distance of
~3.7Mpc from the nearest known cluster at a similar redshift
(MCXC J0738.1-7506 at z = 0.111). The NBT’s monochro-
matic luminosity at 1.28 GHz is 6.4 x 10> W Hz!, typical for
bent-tail sources. Profiles across the eastern tail (top tail in
Fig. 15) show that it broadens and fades until it disappears at
~400 kpc from the host, while the western tail extends more than
twice that.

In the bottom panel of Fig. 15 we compare the transverse
expansion of the jets in NBT to those of NGC 1265, the proto-
typical head-tail/narrow-angle-tail galaxy (Miley 1973). We also
include the results from a simulation of synchrotron radiation
from a tailed radio galaxy with jets of internal Mach number
M = 2.5 bent by a transverse M = 0.9 wind (O’Neill et al.
2019). The distances in each case are plotted as the straight line
separation from the core, in units of the bending radius () of
the jets. For NBT we set r, = 35", half the distance between the
parallel tails; the apparent bending radius appears smaller near
the host, but since the jets do not emerge exactly perpendicular
to the direction of relative motion, they do not follow a sim-
ple circular path (see the appendix of O’Neill et al. 2019). The
jet widths are measured as the FWHM for Gaussian fits to the
jet/tail. In NGC 1265, the jets expand by a factor of 3 at 1.0 7y,
while for the simulated jet, this occurs at ~1.5r,. By contrast,
NBT reaches a factor of 3 expansion only at ~10 ry.

It is not clear how to maintain this extraordinary collimation.
In simulated jets, strong eddies form in the uniform surrounding
medium, causing the jets to wobble and be partially disrupted
(O’Neill et al. 2019). Pieces of jet thus transfer their momentum
through the surrounding medium to the other tail, causing dis-
ruption events there. By this time, the extent of the synchrotron
emitting region of each tail, mixed with the external medium,
can be many times the initial jet width. The situation is even
more complex if there are flow inhomogeneities in the surround-
ing medium.

It might appear attractive to invoke projection effects to make
the bending radius appear smaller than it is in the true plane of
the jets. However, to mimic the behaviour of the jets shown in
Fig. 15, we need to assume foreshortening by a factor of ~7, or
an angle of ~82° between the plane of the sky and the plane of
the jets. At this angle, by the time the jets in NBT are moving
parallel to one another, they would be separated by ~1 Mpc. In
comparison, the separation between the tails in narrow-angle tail
sources (where the tails are parallel to each other), is typically of
order 10skpc (e.g. Gendron-Marsolais et al. 2020). Therefore,
projected or not, NBT is unique in maintaining its collimation,
and whether we are looking at a very special environment, or a
new type of jet physics, remains a puzzle for the future.

7.3. A 300 kpc ring around interacting spirals

We discovered a ~300kpc diameter ring around two pairs of
interacting spiral galaxies. To our knowledge, this structure is
unique and not easily explained by currently known processes
in such galaxies. In the full-resolution Stokes-/ intensity image
of the MACS J0417.5-1155 field, faint emission is seen in a
ring-like structure around two compact radio sources ~0.4° NW
of and unrelated to the cluster. The ring becomes much more
distinct in the filtered 25" resolution intensity map, shown in
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Fig. 15. Depiction of the NBT, showing that it remains well colli-
mated long after it bends, a unique behaviour. Top: MGCLS Stokes-I
full-resolution (7.5” X 7.4"”") intensity image in orange, overlaid on the
WISE W1 image in blue. The radio brightness scale is logarithmic, sat-
urating at 0.2 mJy beam™!. The host, centred at the south end of the twin
tails, is located at RA = 07"39™23.89°, Dec = —75°37'11.3”. The phys-
ical scale at the host redshift is indicated, and the MGCLS synthesised
beam is shown in lower left corner. Botfom: increase in jet widths, in
units of the jet radius near the core, as a function of distance from the
core. They show the dramatic difference between the NBT and a pro-
totypical narrow-angle tail (NGC 1265, using the 3.7” resolution map
from Gendron-Marsolais et al. 2020) and a numerically simulated tail,
from O’Neill et al. (2019).

Fig. 16. No other such rings are seen around stronger sources in
this field or any other field in the MGCLS, so it is unlikely that
the ring is an artefact.

Each of the bright compact radio sources near the
centre overlaps a pair of interacting spiral galaxies, as
shown in the Pan-STARRS gri-composite image inset in
Fig. 16. The eastern radio source is centred on the
brighter galaxy of its pair, WISEA J041630.96—113728.0 (also
6dFGS gJ041631.0—-113728) at a redshift of 0.086 (Jones et al.
2009). The radio source is unresolved, has a flux den-
sity of 14mly, a spectral index of —0.76 + 0.02, and a
marginally detected ROSAT counterpart. The other galaxy
in the pair, 2MASX J04163041-1137306, has a redshift of
0.087. These objects are in the foreground of the target clus-
ter, MACS J0417.5-1155 (z = 0.44). The western radio
source is also associated with the brighter member of its pair,
WISEA J041628.16—113729.1, at a redshift of 0.0846, with
its companion 2MASX J04162816—1137236 at a redshift of
0.083. It has a total flux density of 1.3 mlJy, and a spectral index
of —0.9 + 0.05. Encircling and connecting with these compact
components, the extended emission (seen in the low resolution
imaging) has a total flux density of 5 = 1 mJy and a maximum
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Fig. 16. Filtered 25" resolution MGCLS Stokes-/ intensity image of
a large diffuse radio ring surrounding and connecting to an interacting
pair of galaxies in the MACS J0417.5-1155 field. The brightness scale
is linear and saturates at 0.2 mJy beam™!. The interacting pairs are seen
in the Pan-STARRS false colour gri-composite inset. White contours
show the full-resolution (7.9” X 7.8"") MGCLS Stokes-I intensity, with
a lo local rms noise of 6 uJy beam™'. The first two contours are at levels
of 3.5 and 50, thereafter increasing by a factor of 3. The same contours,
starting from 5o, are shown in the inset. The synthesised beams are
shown in the upper left corner (grey — filtered 25" resolution, white —
full resolution).

diameter of ~300 kpc, assuming it is associated with the compact
sources. The luminosity of the diffuse emission and the west-
ern compact emission are each ~10%° W Hz!, while the east-
ern source’s luminosity is an order of magnitude higher. All of
these are orders of magnitude higher than expected from star-
burst activity (Condon 1992).

With several more galaxies, these pairs are part of the Hick-
son Compact Group 27 (Hickson 1982), with a diameter of 3.8’
(365 kpc), on the same scale as the radio ring. We consider first
whether tidal tails could be responsible for the large ring. The
tidal tails visible in the Pan-STARRS image span a smaller dis-
tance of ~73” (115 kpc), and the lack of distortion in the galaxies
suggest that the tidal interactions are still at an early stage. Tidal
tails have been observed, however, to span large distances, for
example 200 kpc for the HI tails of the antennas (Hibbard et al.
2001), although synchrotron emission has only been detected out
to 20kpc (Basu et al. 2017). Whether or not tidal effects could
result in star formation and subsequent cosmic-ray production,
along with magnetic field amplification on the scale of the ring,
is an open question.

Galaxy groups, themselves, have been found to contain
both extended thermal gas and relativistic plasmas, as well
as large-scale HT and cold gas (e.g. O’Sullivan et al. 2018a).
In some cases, thermal gas that is too diffuse to be detected
in X-rays may exist on scales all the way up to 700kpc
(Freeland & Wilcots 2011), based on the distortion of radio
galaxies. Nikiel-Wroczynski et al. (2019) found diffuse emission
in 17 of 20 compact groups, and Nikiel-Wroczynski et al. (2013)
detected diffuse radio emission extending over about 75kpc
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Fig. 17. Two radio galaxies in Abell 194, 3C40A, and 3C40B,
with unusual filamentary appendages. Top: full-resolution (7.7 X 7.5")
MGCLS Stokes-/ intensity image (orange), overlaid on an Sloan Digi-
tal Sky Survey (SDSS) gri colour composite of the region (Alam et al.
2015). The radio brightness is logarithmic, saturating at 2 mJy beam™".
The physical scale at the cluster redshift of z = 0.018 is indicated in
the lower left corner. Botfom: zoomed-in view of the boxed region from
the top panel, with the full-resolution MGCLS image in orange on a
non-monotonic scale and the SDSS r-band image in blue. The optical
galaxies near the radio cores are labelled.

in Stephan’s Quintet. Group-related emission has not yet been
found on the physical scale or with the luminosity, or structure,
shown here. The elliptical ring of emission here is brightest on
its outer edges, similar to what is seen from shocks on much
larger (megaparsec) scales generated when clusters of galaxies
collide (peripheral radio relics). As an alternative to a shock
origin, flybys of other group galaxies could light up the rem-
nants of previous AGN activity (e.g. O’Sullivan et al. 2018b).
Determining whether shocks, AGN emission, tidal tails, or some
other mechanism is responsible for this curious ring-structure in
J0416—1137 will depend on deeper X-ray observations and radio
spectral information.
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Fig. 18. Log intensity-coded MGCLS spectral index map of the 3C40A
and 3C40B radio sources in Abell 194, at full resolution (7.7 x 7.5").
Colours indicate the spectral index, and the brightness indicates the
Stokes-I intensity. The colour bar indicates the spectral indices, with
the upper (lower) part of the colour bar corresponding to the brighter
(fainter) regions. The brightness is on a linear scale and saturates at

8 mJy beam™'.

7.4. The interaction of ICM magnetic filaments and radio tails

With MeerKAT’s exceptional combination of sensitivity
and resolution, filamentary synchrotron structures are now
being discovered in the neighbourhood of radio galaxies
(Ramatsoku et al. 2020; Condon et al. 2021a). Here, we present
the first example where a direct interaction between a filament
and the jet flow from a radio galaxy may been seen. The full-
resolution MGCLS image of the Abell 194 z = 0.018 clus-
ter field is shown in Fig. 17. The newly revealed filamentary
structures associated with the cluster radio galaxies 3C40A and
3C40B at the centre of Abell 194 cannot be explained with
any current radio galaxy models. Such very large-scale fea-
tures are not seen in numerical simulations of radio galaxies,
nor were such features predicted. These sources were studied
at lower resolution at multiple frequencies by Sakelliou et al.
(2008) who first noted unusual extensions around the radio
galaxies.

The most spectacular filaments are the parallel curved pair,
each ~100” (37 kpc) wide and extending 8.9” (~200 kpc) to the
east from the northern lobe of NGC 547 (3C40B). The spec-
tral index map in Fig. 18 shows that the filamentary structures
have steep spectra, similar to the faintest portions of the radio
galaxy lobes. Where they appear to emerge from the north-
ern jet, the filaments curve due SE, counter to the northern jet
flow.

The second radio galaxy, 3C40A, is associated with
NGC541. At the higher MGCLS resolution, we can clearly see
that the 165 kpc plumes observed by Sakelliou et al. (2008) are
dominated by twin ~15” (5.5 kpc) wide filamentary structures.
In addition, there is a rich network of filaments connecting to and
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Fig. 19. Tailed radio source, 73266, NW of the centre of MCXC J0431.4—-6126 (Abell 3266), which may be an extremely unusual composite of
two independent sources. Top left: full-resolution (7.1” x 6.7") MGCLS Stokes-/ intensity of the source (orange) overlaid on a DECam g-band
image (blue). The radio brightness is on a non-monotonic scale, with the faintest regions of the tethers at ~0.15 mJy beam™' and the brightest
regions at 2.2 mJy beam™. Circles, labelled A and B, indicate the positions of the two likely host galaxies (see the right panels). The physical
scale at the cluster redshift is shown in the lower left corner. Bottom left: in-band spectral index map, with a strong steepening with distance from
host B. Right: DECam gri composite images of the two proposed hosts labelled A and B in the top left panel. Host A is at RA =04"31™18.48°,
Dec=-61°19'18.54". Host B is at RA = 04"30™45.56°, Dec = —61°23'35.8".

between these two bright radio galaxies, some at lower bright-
ness than visible in the images here. The origin of these struc-
tures is unknown.

Extensive networks of filamentary structure associated with
a tailed radio galaxy are also seen in the LOw Frequency
ARray maps of Abell 1314 (Fig. 25 in van Weeren et al. 2021).
Ramatsoku et al. (2020) showed another spectacular example
from MeerKAT observations of ESO 137-006, with ‘collimated
synchrotron’ threads connecting the two radio lobes. The ori-
gin of all these features is still unknown. One speculative possi-
bility mentioned by Parrish et al. (2012), Birkinshaw & Worrall
(2015), and Donnert et al. (2018) is that there are pre-existing
magnetic flux tubes in the ICM. Such features would become
visible only when there was a sufficient population of relativistic
electrons. Further spectral and polarisation work, and detailed
comparisons with X-ray emission from the ICM will be needed
to explain these novel phenomena.

7.5. A tail with ribs and tethers

At a distance of 350kpc from the X-ray peak of Abell 3266
we identify a tailed radio galaxy (hereinafter 73266) with fea-
tures not yet seen elsewhere, and whose physical origins are
unclear. The structure appears in earlier maps by Bernardi et al.
(2016) where it is shown to be elongated parallel to the clus-
ter X-ray emission, positioned between the identified opti-
cal sub-clusters. The Abell 3266 galaxy cluster (listed in the
MGCLS catalogue as J0431.4—-6126) is likely in the midst of
a complicated cluster merger, with an elongated X-ray distri-
bution (Henriksen & Tittley 2002), two velocity-separated sub-
clusters of optical galaxies in its core, and six sub-clusters on
its peripheries (Dehghan et al. 2017). The cluster core has a
mean redshift of 0.0594 +0.0005 and a velocity dispersion of
1460 + 100kms~'.
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The full-resolution MGCLS image of 73266, overlaid on the
g-band DECam image, is shown in Fig. 19. 73266 has a faint,
65 wJy beam™! radio core (not visible in this image) associated
with WISEA J043045.39-612335.6 (galaxy denoted by B in
Fig. 19), at a redshift of 0.0626. The radio tail extends to the NE
(from right to left in the figure), and the entire structure has a pro-
jected length of ~6.7" (~480kpc at the redshift of the presumed
host). The region of the tail closest to galaxy B (the ‘ribbed tail’
in Fig. 19) shows distinct quasi-periodic changes in brightness
and width. The tail is ~20” (23 kpc) wide at its half-intensity
in this region, but its transverse profile is flat-topped and shows
no signs of bifurcation. No other such features are seen in the
MGCLS Abell 3266 field of view, and they are unlikely to be
instrumental in origin. The four bright regions nearest the head
of T3266 are separated by ~19” (22 kpc), essentially the same as
the jet width. This suggests that some instability in the flow may
be regulating this behaviour. Some faint extensions transverse to
the jet are also seen.

Farther back along the ribbed tail, three ‘ribs’ are clearly
seen to extend perpendicular to the tail axis, with a full extent
of up to 75” (88 kpc). We speculate that they reflect some type
of interaction with the external medium, or are related to the
transverse structures seen in early numerical simulations of inter-
mittently restarting jets (Clarke & Burns 1991). These unusual
bright patches and ribs, with their periodicity and transverse
extent, stand as a challenge for the current generation of mag-
netohydrodynamic numerical simulations of jets in a complex
ICM.

It is also possible that the full structure of 73266 may be
a serendipitous projection of two separate sources, with the
last 2’ of the tail (left-most in Fig. 19) potentially a sepa-
rate triple source. The possible host of this source, indicated
as galaxy A in Fig. 19, is a faint optical and infrared galaxy
(DES J043118.45-611917.9 or WISEA J043118.50-611918.2)
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Fig. 20. Dying radio galaxy example, associated with

WISEA J072832.45-752740.0, without detectable jets or hotspots in
its diffuse lobes. The full-resolution (7.5””) MGCLS Stokes-/ intensity
image is shown in orange, overlaid with contours showing the filtered
25" resolution intensity. It is outside of the primary-beam-corrected
field of view of MCXC J0738.1-7506. The brightness (non-primary-

beam-corrected) is on a logarithmic scale saturating at 0.1 mJy beam™",
and contours are shown at 18, 24, 34, 54, 64 uJy/(25” beam). The inset
shows a zoomed-in view of a DECaLS image of the optical host, with

full-resolution radio contours, that shows recent nuclear activity.

with a photometric redshift of 0.78 (Zou et al. 2019). If that iden-
tification is correct, the triple is a background giant radio galaxy,
900kpc in length. The region between the ribbed tail and the
triple, indicated by the dashed line in Fig. 19, and the three
or more filamentary ‘tethers’, might belong to either source.
They are each ~50” in projection, corresponding to 375 kpc and
58 kpc at the two redshifts.

It is not yet clear whether there are one or two individual
radio galaxies in 73266, or even how to decisively answer that
question. Either way, the tethers represent a new physical phe-
nomenon, perhaps related to the collimated synchrotron threads
of Ramatsoku et al. (2020) mentioned earlier. Unfortunately, the
spectral index behaviour, seen in the bottom left panel of Fig. 19,
does not provide a clear signature. In the region of the ribbed
tail, 73266 shows a monotonic spectral steepening with spectral
indices ranging from —0.75 at the head to —1.4 in the region of
the ribs. The spectra of the tethers appear very steep (@ < -2,
though the spectral index is uncertain due to the low brightness
of the region), and the triple source has spectral indices similar
to the end of the tail, which is not expected if these are simply
seen in projection.

7.6. Dying radio galaxies

One of the strengths of the MGCLS is in the detection of radio
galaxies in their ‘dying phase’ (i.e. after the powering jets have
been turned off). Studying such galaxies is important for under-
standing radio galaxy physics, the duty cycle of AGN activity,
interactions with the surrounding environment, and for the use-
fulness of radio galaxies as cosmological probes. However, one
needs a combination of high resolution (to ensure, within obser-
vational limits, that there are no significant hot spot regions or
jets, and to identify the host galaxy), as well as good surface
brightness sensitivity to detect the fading, dying lobes. Here we
highlight two radio galaxies that might be in a dying phase of
their lives, as examples of what is visible in the MGCLS data.

7.6.1. WISEA J072832.45-752740.0

The first example is shown in Fig. 20, and is associated with
WISEA J072832.45-752740.0. At z = 0.0138 (Jones et al.
2009), this radio source is found serendipitously in the field of
the z = 0.111 cluster MCXC J0738.1-7506. It has a total extent
of ~100kpc, and the appearance of a wide-angle tail. Its lumi-
nosity of ~10?! WHz™! is orders of magnitude below those of
typical extended radio galaxies, although compact AGN emis-
sion at such low luminosities is more common (Lofthouse et al.
2018; Miller et al. 2009). The radio core, shown overlaid with a
DECaLS image in the inset of Fig. 20, shows extended emis-
sion from likely interacting galaxies in a common envelope.
We calculate minimum energy magnetic field strengths for each
lobe, as 0.8 uG and 2 uG for the west and east lobes, respec-
tively, assuming a spectral index of —1 and a proton/electron
ratio of unity'>. These imply radiative lifetimes of ~70 Myr and
~87 Myr, respectively, against a combination of synchrotron and
Inverse Compton cooling. If the spectra were as steep as —2.5,
the field strengths would increase by approximately a factor of
5, although the lifetimes would be similar, but now dominated
by synchrotron losses. When the magnetic fields of dying radio
galaxies drop below uG levels, the radio galaxies become very
faint and the lifetimes become very short due to Inverse Comp-
ton losses (Rudnick 2004). The oldest, faintest sources will thus
be rare and likely only be found in sensitive large area surveys.

7.6.2. Abell 548B

In our second example, the MGCLS provides a fresh look at
Abell 548B'6. The MGCLS images suggest that we are dealing
with a large dying radio galaxy ~14.2" (650kpc) in extent. The
left panel of Fig. 21 shows the diffuse emission from this source
at a resolution of 25", overlaid on a false colour gri-composite
Pan-STARRS image. The radio galaxy (B) is associated with a
6dFGS source, g0545049-254740, at a redshift of 0.036, almost
2000kms~! from the central cluster velocity. The radio core is
itself double, as seen in the top right panel where red contours
are from the Very Large Array Sky Survey (VLASS) 3 GHz
map at 2.5” resolution. This structure is similar to the classes
of compact symmetric objects and medium symmetric objects
(Conway 2002; Augusto et al. 2006), which are thought to be
young objects. This similarity may be an indication of restarting
activity for the large-scale radio galaxy, but the double structure
is misaligned with respect to the large lobes, so the connection
is unclear.

Embedded in the eastern lobe is a compact radio source (A)
associated with the spiral galaxy 6dFGS g0545221-254730 at
z = 0.038. It appears to have radio structures similar to those of
a wide-angle-tail, swept towards the west by ~80kpc; it is not
clear whether there is a physical connection to the dying radio
galaxy as there is no obvious interaction with the diffuse lobe. At
the western extremity, another spiral galaxy (C), likely unrelated,
is seen in the radio. It is 6dFGS g0544374—-255335 at z = 0.039.
Finally, to the south, nearer the cluster centre, is a 220 kpc long
narrow-angle tail, associated with 6dFGS g0545275-255510
(D) at z = 0.042. With their lower resolution and lower sensi-

15 The source is at the edge of where we can make reliable primary
beam corrections, and the S/N is low enough that the fluxes could be
uncertain by up to ~50%. This leads to an uncertainty of ~12% in the
derived fields, which is much lower than the uncertainties from the other
assumptions.

16 Abell 548B is the western component of what was originally classi-
fied as Abell 548, as described in Dressler & Shectman (1988).
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Fig. 21. A possible dying radio galaxy in Abell 548B. Left: diffuse emission filtered 25” resolution MGCLS Stokes-/ intensity image of Abell 548B
(orange) overlaid on the false-colour gri-composite Pan-STARRS image. Previously misidentified structures (see Sect. 7.6.2 for details) are
revealed to be a diffuse or dying radio galaxy to the north and a tailed radio galaxy to the south. The brightness scale is logarithmic, saturat-
ing at 1 mJy beam™!. Radio sources A—D have clear optical counterparts, with B the likely host of the diffuse lobes and A a spiral galaxy embedded
in the eastern lobe. Top right: zoomed-in view of the boxed region around sources A and B. White contours, showing the 15” resolution MGCLS
Stokes-/ intensity at levels of (0.3, 0.35, 0.5) mJy beam™! and edited for clarity, indicate tailed emission associated with the spiral galaxy, A. Red
compact structures are from VLASS (Lacy et al. 2020) at 3 GHz with a resolution of 2.9” x 1.8” (p.a. 50°). The single VLASS component asso-
ciated with A has a peak flux of 30 mJy beam™!. There is a small double VLASS source associated with B, with a peak flux of 3.3 mJy beam™,
indicating possible recent radio activity. Botfom right: zoomed-in view at full resolution (7.4” x 7.4”") of the boxed region around the tailed source,
D. The brightness scale is non-monotonic, and the peak brightness in the frame is 7mJy beam™'. 100" corresponds to 84 kpc at the cluster redshift

of 0.042.

tivity observations, Feretti et al. (2006) suggested that the radio
galaxy lobes in the north and the diffuse emission to the south
were instead merger-related relic structures outside of the bright
X-ray region of the cluster. Now that MGCLS has elucidated
the full structure of these sources, we recognise them as a com-
bination of diffuse-lobed and tailed radio galaxies, as described
above. We expect a closer examination of the MGCLS to unveil
more, and fainter, examples of dying radio galaxies.

7.7. Bulk gas motions far outside clusters

The pair of radio galaxies shown in Fig. 22 provide an unusual,
and perhaps unique, case of complex radio galaxy/medium inter-
actions far beyond the cluster environment. Early on, tailed radio
galaxies provided evidence of the relative motion of their host
galaxies through the ICM (Miley 1980). More recently, modest
excess radio galaxy bending has also shown the influence of such
motions in local overdensities at >5 Mpc from the nearest cluster
(Garon et al. 2019).

The two radio galaxies shown in Fig. 22 were found > 42’
from the centre of the z = 0.0194 cluster MCXC J1840.6—7709
(ESO 45-11). The northern source is associated with
WISEA J184720.77-774444.2, at z = 0.138, and is therefore
not associated with the cluster. The southern source is associated
with WISEA J184722.38—774756.1, which has no available red-
shift; for the purposes of this discussion, we make the plausible
assumption that the two radio sources belong to the same sys-
tem. There are no other catalogued clusters in the vicinity, and
no X-ray emission is visible in the ROSAT All-Sky Survey.

Multiple-bend sources such as these are important for under-
standing the dynamics of the diffuse, lower density thermal
plasmas both in- and out-side of rich clusters. Simple relative
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Fig. 22. Pair of radio galaxies with multiple bends found serendipi-
tously in the MCXC J1840.6—7709 field, illustrating the likely effects
of large-scale motions in the local external medium. The full-resolution
(8.1” x7.6”) MGCLS Stokes-/ intensity image is shown in orange, with
a non-monotonic brightness scale and a peak flux of 13 mJy beam™'.
A false colour zir-composite DECam image of each host is shown in
the insets. The MGCLS synthesised beam is shown in the lower right
corner.

motions though an external medium would produce a C-shaped
structure, but the bends in these sources require other external
forces. The scale sizes are of the order of several hundred kilo-
parsecs. In order to see bends such as these, two factors are
important. First, the irregularities in the external medium flows
must be on scales comparable to the size of the radio galaxy;
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irregularities on much smaller scales would cause small-scale
structural variations that are indistinguishable from other insta-
bilities in the jet flows, while flows on much larger scales would
simply appear as relative motion, producing C-shapes. Second,
the momentum flux in the external medium must be compa-
rable to those in the jets, or they would not be perturbed. In
clusters of galaxies, where similarly distorted sources are seen,
thermal particle densities are of order 1031072 cm™3, with
velocities of order 100~1000km s™!. It is hard to see how com-
parable momentum fluxes could be found in the surrounding
medium in such an apparently sparse environment. A more thor-
ough examination of the environment of these galaxies would
certainly be useful, as would modelling that examined the poten-
tial role of mutual orbital motions of the pair of galaxies.

8. Star-forming galaxies

Star-forming galaxies are fainter at radio frequencies than the
AGN or radio galaxies presented in Sect. 7. With the depth of the
MGCLS data, MeerKAT has imaged thousands of star-forming
galaxies that are typically not detected in shallower all-sky sur-
veys. Here we present some of the science possible with star-
forming galaxies in the MGCLS.

8.1. Nearby spirals with MeerKAT

Radio observations of spiral galaxies provide a dust-free view
of their star-forming regions, and have imaged HI beyond the
optical emission boundary. Most star-forming galaxies are unre-
solved in the MGCLS images. However, several are resolved spi-
rals, and here we present three examples.

8.1.1. NGC 0685 and NGC 1566

The left panel of Fig. 23 shows the 15" resolution MGCLS view
of the face-on barred spiral galaxy NGC 0685, which lies in the
field of view and foreground of the MCXC J0145.0-5300 clus-
ter. NGC 0685 (z = 0.0045) has a corrected recession velocity
of 1297kms™' (Mould et al. 2000) and is part of the HIPASS
H1 (Hong et al. 2013) and Gaia DR2 (Gaia Collaboration 2018)
catalogues. As expected, radio peaks are picked up in the regions
of high star formation, indicated by the bluest regions in the com-
posite DES colour image in the right panel of Fig. 23.

Another spectacular example of a nearby face-on spiral in
the MGCLS is NGC 1566 (z = 0.0050) in the foreground of the
MCXC J0416.7-5525 cluster field. This spiral galaxy is part of
the IRAS Revised Bright Galaxy Sample (Sanders et al. 2003;
Condon et al. 2021b) and has a Tully—Fisher-derived distance
of 5.5 Mpc (Sorce et al. 2014). The full-resolution MGCLS and
gri-composite DES images of this source are shown in the left
and right panels of Fig. 24, respectively. This face-on Seyfert
galaxy has high levels of star formation occurring in the inner-
most regions of the spiral arms.

8.1.2. An atypical star-formation ring?

A ring-like radio source, shown in the top panel of Fig. 25,
is detected in the central region of the Abell 548 field. The
ring, whose centre is at RA = 05"46™50.0%, Dec = —25°38730.4",
has a mean brightness of 45uJybeam™" in the full-resolution
(7.5”") image, with a 130 uJy hotspot in the eastern section
that has a typical AGN spectral index of —0.7. Rings in the
radio sky can have several origins, including supernova remnants
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Fig. 23. NGC 0685, a face-on barred spiral galaxy at z = 0.0045. The
physical scale is shown in the lower right corner. Left: MGCLS 15" res-
olution Stokes-/ intensity image, with the synthesised beam shown by
the filled grey ellipse in the lower left corner. Right: DES composite gri
image, with star-forming regions shown in blue. The cyan cross indi-
cates the position of the radio peak (470 wJy beam™'), aligned with the
south-west edge of the galactic bar.
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Fig. 24. NGC 1566, a face-on Seyfert galaxy at z = 0.0050. The
physical scale is shown in the upper right corner. Left: MGCLS full-
resolution (7.2” x7.0”) Stokes-/ intensity image, with the synthe-
sised beam shown by the filled grey ellipse in the lower left corner.
Right: DES composite gri image, with star-forming regions shown in
bright blue. The cyan cross indicates the position of the radio peak
(31 mJy beam™"), aligned with the galactic core.
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(Dubner & Giacani 2015), planetary nebulae (Bryce et al. 1997),
star formation (Hummel et al. 1984), extreme AGN jet bend-
ing (Rawes et al. 2018), and gravitational galaxy-galaxy lensing
(Hewitt et al. 1988). Ring sources with no optical counterpart,
dubbed ‘odd radio circles’ (Norris et al. 2021) have also been
found. They may also be attributed to Lindblad resonances (as
in NGC4736, Schommer & Sullivan 1976) or a past burst of
star formation triggered by an interaction, as in the case of M 31
(Hammer et al. 2010).

The ring in Abell 548 does have an optical counterpart, as
seen in the Pan-STARRS image of the region shown in the
inset of Fig. 25. The counterpart is a nearby Sab-type galaxy
(Thomas & Katgert 2006), WISEA J054650.08—-253830.8, at
z = 0.04653, which has brighter arc regions on the northern and
southern edges of the spiral disc. At this redshift, the ring spans
~33 kpc. The radio hotspot is coincident with a red background
galaxy, indicated by the yellow arrow in the Pan-STARRS image
in Fig. 25, and therefore unlikely to be linked to the ring itself.

The radio ring emission has a steep spectrum, with the
brightest regions (for which we can obtain a reliable fit)
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Fig. 25. A ring-like source in Abell 548. Top: 7.5” resolution MGCLS
Stokes-/ intensity image of the ring-like source in the Abell 548 field,
centred at RA = 05"46™50.0°, Dec = —25°38’30.4". The inset shows the
Pan-STARRS gri-composite image. The ring hotspot is coincident with
a background galaxy, indicated by the yellow arrow. Bottom: profile
through the centre of the radio ring (green region in the top panel, with
the profile starting from the northern end), showing that the structure is
filled.

having a spectral index of approximately —1. Such steep, non-
thermal spectra are more typical of Sb and later type galaxies
(Puxley et al. 1988). A slice through the centre of the ring, shown
in the bottom panel of Fig. 25, indicates that there is also emis-
sion in the interior of the ring, although there is no central peak
typically associated with star-forming spiral galaxies. If the ring
is due to star formation, it may have been triggered by interac-
tion with the companion galaxy (z = 0.04648) that lies 75.5” to
the north-east, outside of the region shown in Fig. 25.

8.2. Population studies in Abell 209

Galaxy clusters are populated by two broad classes of galax-
ies: red elliptical galaxies in which star formation has been
quenched, and blue spiral galaxies with ongoing star formation
(e.g. Baldry et al. 2004; Taylor et al. 2015; Haines et al. 2017).
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Fig. 26. Fraction of star-forming cluster members in Abell 209 detected
in the radio (black diamonds) as a function of projected radial distance
from the cluster centre, in units of R,y (bottom) and in angular units
(top). We only plot MGCLS sources with SFRs greater than the 5o
detection limit of SFRs, =2 M, yr~! (see Appendix B for details). Grey
circles show the fraction of star-forming galaxies using infrared-derived
data from Haines et al. (2015) for 30 clusters. Error bars show 1o~ uncer-
tainties. A similar trend is seen out to 2 Ry, for both the radio- and
infrared-derived fractions.

The latter types are more often found in the cluster outskirts.
This leads to a relation between the fraction of star-forming
galaxies and the projected distance from the cluster centre (e.g.
Lewis et al. 2002; Gomez et al. 2003; Haines et al. 2015).

Here we present analyses of star-formation rates (SFRs) and
the radio—far-infrared (FIR) correlation for the Abell 209 clus-
ter field as an example of the types of population studies pos-
sible with the MGCLS. We use the optically cross-matched
MGCLS compact source catalogue (see Sect. 5.2.2). Abell 209,
at a redshift of z = 0.206 and with Rypo = 2.15Mpc (10.2" on
the sky), is selected due to the availability of extensive spec-
troscopic catalogues from the Cluster Lensing And Supernova
survey with Hubble (CLASH-VLT; Annunziatella et al. 2016)
and the Arizona Cluster Redshift Survey'” (ACReS; described
in Haines et al. 2015) for the identification of cluster galaxies.
Given MeerKAT’s large primary beam, these studies can there-
fore be performed out to 3.5 Ry in this cluster, unprecedented
in the radio regime.

After assigning cluster membership and excising AGN
(see Appendix B for details), we obtain a final catalogue
of 459 MGCLS-detected star-forming cluster members within
the primary-beam-corrected field of view (80 within Rooo)'S.
Figure 26 shows the fraction of star-forming cluster members
that are detected by MeerKAT, flgio = NmccLs/Nopar (With
SFR > SFRs,,), as a function of angular distance and projected
distance (in units of Rypp = 2.15Mpc) from the cluster centre.
Here Nopar is the number of cluster member galaxies determined
from the optical and infrared catalogues after removing AGN
contamination (2476 within the field of view). We see that the

7 http://herschel.as.arizona.edu/acres/acres.html

'8 This catalogue forms the basis of a value-added catalogue for
Abell 209 being provided with the MGCLS DR1, which includes radio-
derived SFRs for each galaxy and the ratio of radio-to-FIR flux densities
(where available). See Appendix B for details of these additional mea-
surements and Table B.1 for an excerpt of the catalogue.
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Fig. 27. SFR versus projected radial distance from the Abell 209 cluster
centre, in units of Ry, for the 429 star-forming cluster galaxies in the
full primary-beam-corrected MGCLS field of view. The red triangles
indicate the median SFR plotted in radial bins and show no evolution
with radial distance. The dashed grey line is the SFR at the MGCLS 50
sensitivity limit. All error bars show the 1o uncertainty.

fraction is lower in the cluster centre (f.gio < 0.1), and rises to
~0.2 by 2 Rypp. The fall in the last three radial bins is at least
in part due to decreased sensitivity in the MGCLS observations
due to the MeerKAT primary beam. For comparison, we show
results from Haines et al. (2015) of the fraction of star-forming
galaxies in a sample of 30 0.15 < z < 0.30 clusters, as measured
using Herschel observations. These probe down to the same SFR
limit as the MGCLS data, assume the same Chabrier (2003) ini-
tial mass function (IMF) as this work, and are not affected by
dust extinction. In the region of overlap, we see a similar trend in
the infrared-derived results. Haines et al. (2015) interpreted their
result as evidence for relatively slow quenching of star formation
in cluster galaxies over a =2 Gyr timescale.

8.2.1. Star-formation rates

In the last few decades there have been many efforts to measure
the for galaxies in a range of environments using various trac-
ers (e.g. James et al. 2004; Elbaz et al. 2007; Karim et al. 2011,
for He, infrared, and radio measurements, respectively). Here
we use the MGCLS radio continuum luminosities to estimate
SFRs for the star-forming galaxies in Abell 209 (details of the
SFR determination are provided in Appendix B). The radio sig-
nal is a combination of thermal free-free (bremsstrahlung) and
non-thermal synchrotron (e.g. Condon 1992). The non-thermal
emission typically dominates at frequencies below 5 GHz. The
1.28 GHz MGCLS luminosities therefore provide us with dust-
unbiased measurements over a ~1 deg? field centred on the clus-
ter, probing radio-derived SFRs out to well beyond Ry for the
first time.

Figure 27 shows the SFR of the MGCLS-detected Abell 209
star-forming member galaxies as a function of the projected
distance from the cluster centre, under the assumption that the
observed radio emission is due to star formation. We find no
dependence of the SFR on distance from the cluster centre, based
on the median SFR of the member galaxies. This is consis-
tent with the star-formation quenching process taking place over
an extended time period that is longer than the infall time (i.e.
galaxies that are forming stars are not immediately quenched
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Fig. 28. Log ratio of radio-to-FIR flux densities for 49 star-forming
cluster galaxies in Abell 209 as a function of projected radius from the
cluster centre in units of Ryy. Black circles indicate the star-forming
galaxies in the Abell 209 cluster that have MGCLS radio and Herschel
FIR flux densities. All error bars are 10 uncertainties. The red line is the
weighted least-squares fit given in Eq. (7), with the grey region showing
the 1o uncertainty of the fit.

upon encountering the cluster environment). A similar result
was found for the highest-mass star-forming galaxies in nearby
clusters from the SDSS (von der Linden et al. 2010); however,
the lower-mass galaxies showed more significant star-formation
quenching within 0.2 Ryg.

8.2.2. Radio—FIR ratio

The 1.4 GHz luminosities of star-forming galaxies are tightly
correlated with their luminosities (Condon 1992), with both indi-
cating the rate of star formation. Looking at nearby galaxy clus-
ters (z < 0.025), a small but statistically significant enhance-
ment of the radio—FIR ratio has been found for cluster galax-
ies as compared to the field galaxies (Reddy & Yun 2004;
Murphy et al. 2009). Gavazzi et al. (1991) suggest this enhance-
ment could be due to the ram pressure from the interaction with
the ICM, which compresses the star-forming gas and amplifies
the embedded magnetic fields. Using cross-matched Herschel
100 um flux densities for 49 Abell 209 star-forming galaxies (see
Appendix B), we examined the radio—FIR correlation, looking
for evidence of evolution with distance from the cluster centre.

Figure 28 shows the ratio of radio-to-FIR flux density for
Abell 209 as a function of projected distance from the cluster
centre in units of Ryg. We perform a non-linear weighted'® least-
squares fit to a straight line using the log ratio versus r/Ry. We
obtain a best-fit relation of

log (S”ﬂ) = (=032 £ 0.03) —— — 2.02 + 0.02. %
S 100 um Ra00
We see a statistically significant trend for the radio-FIR ratio
to increase with decreasing projected distance from the cluster
centre. Our results are in line with findings from Murphy et al.
(2009), who argued that this primarily arises from ram pres-
sure stripping. The amount of ram pressure is expected to be
proportional to the ICM density, but should also be dependent
on cluster richness and mass. The MGCLS provides a range of
clusters with which to study this further, and potentially disen-
tangle the various effects, as well as a large enough sample of

19 Weights are the 10~ uncertainties in the log ratio.
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Fig. 29. Two demonstration examples of complementary HI and radio continuum science in the MGCLS from the Abell 3365 field. Both rows
show HI discs at z ~ 0.04 with radio continuum counterparts. Left: integrated HI spectrum with the per-channel standard deviation indicated
by grey vertical bars. Centre left: total intensity HI map with the synthesised beam indicated in the lower left corner. The contour outlines the
lowest level emission deemed real by the SOFIA source finding software (see Sect. 9.1.2 for details). The colour scale (from yellow to blue) shows
the HI flux density from the left panel. Centre right: H1 velocity map, with the colour scale (blue to red) set to the velocities for which there is
non-zero flux density in the left panel. The contour is the same as in the centre left panel. Right: radio continuum intensity map, with the continuum

synthesised beam indicated in the lower left corner. The colour range is between —20 and 200 uJy beam

centre left panel.

galaxies in individual clusters to look for dependences on galaxy
properties.

9. Hl science highlights

In conjunction with the continuum science discussed in previous
sections, one of the great strengths of the MGCLS dataset is in
its usefulness for mapping large volumes in HI (see Sect. 4.3.4).
The sensitivity of the observations makes the MGCLS a rich
resource for galaxy evolution studies that employ the HT line,
especially in cases where there is ancillary data at other wave-
lengths available. Commensal HI science is possible not only
within the clusters themselves, but also in the foreground and
background as a result of the large HI volume probed by the
long-track MGCLS observations. The HT data products them-
selves are not included in the current DR1.

H1 MGCLS studies can make effective use of two low-RFI
windows, between 1300—1420 MHz (0 < z < 0.09) and between
960-1190MHz (0.19 < z < 0.48). While the first enables
sampling of the HI mass function at lower redshifts, the sec-
ond provides a glance into the most massive systems at higher
redshift through statistical means and potentially by strong lens-
ing of the clusters themselves. For cases where radio continuum
and HT sources are spatially resolved, HT outflows (e.g. in star-
burst or AGN systems) can be studied, and comparisons can be
made between the star formation and H I mass properties on both
an individual and statistical basis. To demonstrate this, Fig. 29
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-1, and the contour is the same as in the

shows two examples of HI discs in the MGCLS data, with very
different radio continuum properties.

To illustrate the HI science possible with this survey we
present early results from an examination of four representa-
tive galaxy clusters, selected primarily to demonstrate data qual-
ity and potential science. The clusters, Abell 194, Abell 4038,
Abell 3562, and Abell 3365, lie in the redshift range 0.01 <
z < 0.1 and were selected from a heterogeneous catalogue of
clusters detected in the 0.1-2.4keV X-ray band (Piffaretti et al.
2011). They cover a reasonable range of X-ray luminosity (Lx =
(0.07-1.3)x10* erg s~!) and cluster virial mass (M, ~ 0.4—2.4x
10" Mo).

9.1. Hi data processing

In the following two sections we describe the methodology fol-
lowed to extract HT cubes for the four cluster datasets from the
MGCLS visibilities, and the procedure used to carry out HI
source finding.

9.1.1. Hicubes

We created HI data cubes within the frequency interval of
1305-1430MHz (z < 0.088). The data reduction was con-
ducted with the CARACAL?® (J6zsa et al. 2020) and OXKAT?!

20 https://caracal.readthedocs.io/en/latest/
2 https://github.com/IanHeywood/oxkat
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(Heywood 2020) pipelines. The former makes use of STIMELA??,
which is a radio interferometry scripting framework based on
container technologies and Python (Offringa et al. 2010). Within
this framework, various open-source radio interferometry soft-
ware packages were used to perform all necessary procedures
from cross calibration to imaging.

The final H1 cubes of the four clusters cover a field of view of
1.0 deg2 each, have a median rms noise level of ~0.1 mJy beam™!
per 44.1 km s~! channel, and a median FWHM Gaussian restor-
ing beam of ~18” (imaged with natural weighting). This noise
level results in a typical 5o HI column density sensitivity of
9 x 10" cm™2 (0.72 M, pc~?) over a line width of 44.1kms™!.

9.1.2. Hi source finding

We used the H1 Source Finding Application (SOFIA, Serra et al.
2015) to search for line emission from each of the cubes. For
this purpose, various tests were conducted with SOFIA noise
threshold filters, smoothing kernels, and reliability parameters to
ensure optimal source finding that reduced the number of false
positives and ensured that the low HI surface brightness is also
properly detected. We used the smooth and clip (S+C) method
(Serra et al. 2012), with a noise threshold of 4 times the rms
noise and spatial smoothing kernels corresponding to 1.0, 1.5,
and 2.0 times the synthesised beam. Given the coarse 44.1 km s™!
velocity resolution of the MGCLS data, no smoothing was done
in velocity. The catalogue of detections was compiled retaining
only the positive voxels with an integrated S/N > 3.5 and relia-
bility parameter >0.99. This high SOFIA reliability was chosen
to limit the rate of potential false detections. All detections were
additionally validated by eye.

9.2. Hi science examples

Here we highlight a select few of the results from this initial set
of cluster analysis. As previously emphasised, these include H1
detections within the clusters themselves, as well in their fore-
grounds and backgrounds.

9.2.1. The distribution of HI masses

Figure 30 shows the H I mass distribution of all galaxies detected
in HI in clusters Abell 194 (z = 0.018), Abell 4038 (z = 0.028),
and Abell 3562 (z = 0.049). The HI detection cluster member-
ship was defined within the velocity dispersion of the clusters
and the entire 1deg” field of view and may therefore contain
interlopers. Abell 3365 (z = 0.093) is not included here as the
frequencies corresponding to its redshift were heavily contami-
nated by RFI — a demonstration of the upper redshift limit of the
0 < z £ 0.09 RFI-free window.

The mass distributions in these three clusters point towards
different HI populations in different clusters. The HI (redshift-
dependent) mass detection limit lies below the low-mass drop in
the detection rate for Abell 3562, and the lack of low-mass detec-
tions in this system is therefore not sensitivity related. By com-
parison, Abell 4038 shows a deficiency in high-mass HT detec-
tions. These two systems are of comparable mass (2.4 x 10'4 M,
versus 2.0 x 10'* M); however, Abell 3562 is part of the rich
Shapley supercluster (Raychaudhury et al. 1991), and this envi-
ronment may impact the HI mass in the system. Abell 194 is
almost an order of magnitude less massive (4.0x10'3 M), which

22 https://github.com/ratt-ru/Stimela
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Fig. 30. HI mass distribution of detected galaxies in Abell 194,
Abell 3562, and Abell 4038. Dashed vertical lines indicate the HI mass
detection limits at the distances of each cluster, assuming a galaxy line
width of 150kms~! detected above 4.

may account for the comparatively low number of HI galaxies
detected in the system.

9.2.2. Cluster Hi: Abell 194

In Fig. 31 we show the HI total intensity map of Abell 194
overlaid on an optical image. This shows the extent, richness,
and some of the presumably environment-driven morphological
transformation processes that influence the growth and evolution
of these cluster members. By studying the full sample of appro-
priate clusters in the MGCLS sample, we will be able to investi-
gate these effects on a statistical basis with a relatively uniform
set of observations, as well as find rare extreme examples, given
the large sample size.

9.2.3. Foreground H1: Discovery of a new Hi group

The H1 imaging of Abell 3365 was compromised by severe RFI
at the frequency corresponding to z = 0.0926. However, this
dataset showed the value of our strategy of imaging the full
0 < z < 0.1 range through the serendipitous discovery of a mas-
sive HI group in the foreground of Abell 3365 at z = 0.040.
This group, with a dynamical mass of Mgy, ~ 10'3 My, has at
least 26 members, some of which have disturbed and asymmet-
ric HI morphologies as seen towards the centre of the group’s
H1 moment-0 map shown in Fig. 32.

10. Summary and conclusions

We have presented a technical description and initial science
results from the MGCLS DR1, which consists of 1.28 GHz
observations of 115 radio- and X-ray-selected galaxy clusters.
The full list of MGCLS targets and associated legacy product
status is available in Table 1. We note that the clusters were not
selected to be a homogeneous or complete sample, so care must
be taken in any statistical investigation of our cluster sample as
a whole.

The available DR1 products are composed of: visibilities;
full field of view basic cubes without primary beam correction;
primary-beam-corrected full-resolution (7—-8) and convolved
(15”) Stokes-I intensity and spectral index cubes; and full-
resolution primary-beam-corrected 12-frequency spectral cubes.
For 40% of the clusters, full Stokes cubes suitable for Faraday
rotation analysis, and limited-purpose single-plane Q and U
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Fig. 31. H1 detections in the Abell 194 field, with contours showing the
H1 column density (0.25, 1, 4 M, pc’2 levels), overlaid on DSS1 opti-
cal images. The HT resolution is 19” x 14”7, p.a. 147°. Top: full cluster
region showing more than 25 H1 detections. Bottom: zoomed-in view of
the boxed region from the top panel, showing the richness of resolved
structures. Both bound HTI and that in the process of being stripped
from galaxies are evident. The compact H1 source at RA = 01"25m47¢,
Dec =-01°22"18" is Minkowski’s object, shown also in Fig. 1D.

maps, are also provided. The data products are available via the
DR1 web page®® and the MGCLS website?*. The website will be
updated when additional data products become available.

To facilitate community usage of the MGCLS DRI prod-
ucts, we produced a compact source catalogue with more than
626 000 radio sources over the 115 cluster fields (Sect. 5.2),
as well as optical and infrared DECaLS cross-match catalogues
for the compact sources in the Abell 209 and Abell S295 fields
(Sect. 5.2.2). We have also provided a list of 59 multi-component
extended radio sources in these two cluster fields (Sect. 5.3).
Finally, in Table 4 we have provided a catalogue of diffuse clus-

2 https://doi.org/10.48479/7epd-w356
2 http://mgcls.sarao.ac.za
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Fig. 32. HI moment-0 map of the newly discovered HI group at z =
0.040, which is in the foreground of the Abell 3365 cluster at z = 0.093.
The colour scale has a linear stretch and is clipped outside of the range
of 0 to 150 Jy beam™! Hz. A conservative estimate is that this group has
a total of 26 members within a radius of ~2 Mpc and a velocity range
of AV ~ 1500 kms~', with a mass range 8 < log(Mu/Mo) < 10. The
tapered beam is shown in the lower right corner and has a dimension of
30" x 26”. The physical scale at the group redshift is indicated.

ter radio emission, containing 99 distinct sources detected in 62
of the MGCLS fields, 56 of which are new.

We have also presented some early science results using the
DR1 data, with some significant science findings, and have high-
lighted the potential for future community study. In particular,
we reported:

— The lowest luminosity radio relic candidate detected to date
(Sect. 6.2.3) by exploiting the excellent surface brightness
sensitivity of the MGCLS.

— Diffuse structures in several clusters that do not fall cleanly
into the typical classes of mini-halo, halo, or relic, indicating
the need for new dynamical, particle acceleration, or field
amplification processes in the ICM (Sect. 6 and Table 4).

— Radio galaxy structures that cannot be explained using cur-
rent models (Sect. 7), including trident-like structures, jets
that stay well collimated far past their bending radius, and
filamentary features connecting, at least in projection, with
otherwise normal radio galaxy structures.

— The detection of 459 star-forming galaxies out to ~3.5 Rygo
in Abell 209 (Sect. 8.2). We find no SFR evolution with dis-
tance from the cluster centre, and a reduction in the ratio of
radio to 100 um flux densities with increased cluster-centric
distance.
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— Early results from H1 studies of four MGCLS clusters
(Sect. 9), including HT mass distributions in three clusters,
and a new foreground H1 group in the Abell 3365 field.

The results presented here represent only a small fraction of
what can be achieved with the DR1 legacy dataset. Follow-
up projects by the MGCLS team and the broader community
are likely to make significant contributions to many areas of
astrophysics.
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Appendix A: Extended source catalogues

Here we present the extended, multi-component source catalogues for the Abell 209 (Table A.1) and Abell S295 (Table A.2) cluster
fields. (See the discussion in Sect. 5.3).

Table A.1. Extended sources in the Abell 209 MGCLS field.

&) 2 3) “ & © O ®)
R.A. Dec. Sine ASint Ipeak  LAS  Optical ID Z
(deg) (deg) (mlJy) (mJy) (mJybeam™) (")

22.9860 —13.5807  6.049 0.053 2411 70 - -
23.0179 -13.6651  3.549 0.031 0.530 76 7190 0.2
22.8985 -—13.4712 13.067 0.063 7.516 136 4968 0.27
23.1898 —13.3511 38.210 0.044 11.053 73 - -
23.1666 —13.1819  3.503 0.040 1.367 56 6205 0.17
23.2199 -13.1328  2.074 0.066 0.807 54 8068 0.08
23.3709 —-13.5798 1.993  0.029 0.716 54 1596 0.46
23.5330 -13.5719  2.742  0.030 1.061 82 WISEA J013407.92—-133418.8 -
229890 -13.7451  3.618 0.056 1.742 107 4559 0.2
22.5779 —13.8580  0.855 0.016 0.563 37 591 0.36
22.5694 —-13.8677 1.383  0.024 0271 43 - -
22.7784 —13.0524 26.687 0.125 4.139 94 WISEA J013106.83-130308.7 -
22.7566 —13.3371 1.705 0.023 0441 54 1353 0.34
22,6263 -13.4913 26.158 0.029 16.544 76 4158 0.3
234957 -13.2933  3.019 0.027 0.767 89 WISEA J013358.96-131736.1 0.1
22.5028 —13.5075 1.689 0.033 0430 115 - -
23.3231 -13.6783 1.387 0.032 0.356 72 - -
23.0368 -—13.3279  8.527 0.026 4.004 68 WISEA J013208.83-131940.4 -
22.9934 -14.1088  4.678 0.027 0.286 74 WISEA J013158.40-140631.7 -
229494 -139215 6.061 0.019 2928 33 WISEA J013147.85-135517.5 -
23.3539 -13.3721 1.959 0.019 0.838 94 - -
22.6013 —13.1741 1.300 0.021 0.889 44 WISEA J013024.30-131026.7 -
23.3064 —13.0585 79.000 0.083 18.792 468  WISE J013313.50-130330.5 -
22.5031 -13.4747 13.570 0.016 7.594 58 WISEA J013000.74-132828.9 -
23.5757 —13.9423  6.193 0.028 1.196 93 WISEA J013418.18—-135632.2 -
23.5998 -13.5860  1.831 0.012 0.827 41 WISEA J013423.94-133509.6 -
224480 —13.2866 28.055 0.026 8.629 65 - -
23.5316 —13.8162 25.822 0.019 10.615 47 WISEA J013407.58—134858.4 -
229680 -13.6162 20.589 0.049 12.144 83 164 0.18
234633 -13.6041  2.668 0.018 0.857 40 - -
22.6359 —13.8971 4942 0.013 3.103 35 WISEA J013032.61-135349.6 -
22,6052 -14.0115 1.900 0.029 0.327 182  WISEA J013025.31-140042.5 -
22.9408 -13.6772 0497 0.013 0.127 46 6812 0.19

Notes. Cols: (1-2) Source J2000 R.A. and Dec. — the position is that of the optical host, or the flux-weighted centroid if no optical host is identified;
(3—4) MeerKAT 1.28 GHz integrated flux density and its uncertainty; (5) MeerKAT 1.28 GHz peak brightness; (6) Largest angular size; (7) optical
host identifier where known — number-only IDs are from DECaLS; (8) Optical host redshift.
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Table A.2. Extended sources in the Abell S295 MGCLS field.

(D ) 3) @ ) © (D ®)
R.A. Dec. St ASine  Ipeak LAS Optical ID Z
(deg) (deg) (mJy) (mJy) (mJybeam™) (")

41.0580 —53.0237 8.243 0.021 3.486 71 - -
41.7923 —-52.8463 1.945 0.068 0.865 315 WISEA J024710.13-525046.6  0.088
41.2710  -52.8090 2298 0.035 0.314 94 - -
41.4154 -529641 123317 0.137 16971 587 ESO 154-1G 011 NEDO1 0.096704
42.2267 —52.9842 3.624 0.098 0.590 330 2686 0.46
422926  —-53.0489 3.934 0.063 0.380 257 - -
413352 -53.1849 33371 0.057 10.234 117 3827 0.04
41.3259 -53.2520 104.090 0.038 21.642 117 WISEA J024518.34-531505.3 -
41.6932  -53.2965 3.580 0.041 0.826 144 1325 0.32
40.9512 —-53.5577 7.315 0.048 1.761 9% - -
42.0530 —-53.4280 6.453 0.103 0.936 179 - -
41.1320 -53.2208  56.355 0.031 31.709 49 - -
41.4107 -53.6220 9.437 0.035 2.679 91 - -
42.0002 -52.9116 3227 0.056 2377 174 3545 0.01
40.5346  —-53.1455 3.978 0.029 1.060 53 3924 0.44
40.6013 —52.7182 1.878 0.028 0411 57 WISEA J024224.31-524305.4 -
41.2443  -52.6912 4972 0.054 2.696 117 3616 0.16
41.6280 —52.4638 16.509 0.061 3.417 140 - -
41.4335 —52.8585 2.895 0.020 0.989 39 WISEA J024543.99-525130.3 -
41.5287 —-53.2896 1414 0.030 0.284 79 - -
41.5898 —53.3468 0.884 0.020 0.182 44 2MASS J02462155-5320505  0.052199
419143 -53.5935 33.835 0.092 9.708 160 WISEA J024739.42-533536.5 -
41.3321 -53.0510 3.002 0.023 1.725 36 1286 0.26
41.3598 -53.0172 1.030  0.007 0.125 28 - -
40.4822 -53.3950  79.906 0.033 1.045 180 3502 0.51
413927 -52.7395 75244 0.054 17.551 80 WISEA J024534.30-524422.1 -

Notes. Cols: (1-2) source J2000 R.A. and Dec. — the position is that of the optical host, or the flux-weighted centroid if no optical host is identified;
(3—4) MeerKAT 1.28 GHz integrated flux density and its uncertainty; (5) MeerKAT 1.28 GHz peak brightness; (6) largest angular size; (7) optical
host identifier where known — number-only IDs are from DECaLS; (8) optical host redshift.

Appendix B: Star-forming galaxy catalogue for
Abell 209: SFR and radio—FIR

To carry out the environment-dependent studies discussed in
Sect. 8.2, namely galaxy SFRs and the radio-FIR correlation in
Abell 209, we needed to identify which of the MGCLS-detected
sources belong to the cluster, remove AGN-dominated sources
from that group, and calculate the SFR and the radio-FIR ratio.
Here we discuss the details of these procedures and the creation
of the Abell 209 star-forming galaxies catalogue being released
as part of the DR1 products. This catalogue includes the SFRs
and radio—FIR ratios for the cluster’s star-forming galaxies used
in the scientific analyses presented in Sect. 8.2. An excerpt of
this catalogue is shown in Table B.1.

B.1. Cluster galaxy membership

We assigned cluster membership using a combination of
spectroscopic, zs, and photometric, z,, redshifts, with the
latter determined using the zCluster photometric redshift
code (Hiltonetal. 2021) and photometry from DECaLS
(Dey et al. 2019). The CLASH-VLT (Annunziatella et al. 2016)
and ACReS (Haines et al. 2015) spectroscopic datasets contain
secure redshifts for 1256 and 345 galaxies in the Abell 209 field,
respectively, with a combined total of 1425 unique galaxies.
We define spectroscopic cluster member galaxies as those with
peculiar radial velocities within +3 o, of the cluster redshift,

where oy = 1320km s~ is the line of sight velocity dispersion
(Annunziatella et al. 2016). Photometry-based cluster member-
ship is defined as those galaxies with |z, — z¢| < 3opw(1 + 2¢),
where z. is the cluster redshift of 0.206 and o, = 0.03 is the
scatter in our photometric redshift residuals. This scatter is deter-
mined using a bi-weight scale estimate (Beers et al. 1990), and
the residuals are calculated as Az/(1 + z,), where Az = z; — z,,.
We obtained a final catalogue of 523 MGCLS-detected clus-
ter members within the primary-beam-corrected field of view,
with 98 members within R,py. We determine the amount of con-
tamination in the photometric redshift sample using the 91 mem-
ber galaxies with both spectroscopic and photometric redshifts?.
We find that 16% of the members selected using photometric
redshifts have spectroscopic redshifts outside the photometric
redshift cut range, while 23% of the spectroscopically identified
cluster galaxies are missed by the photometric redshift selection.

B.2. AGN contamination

To separate star-forming galaxies from AGN-dominated galax-
ies, we used the ‘R90’ WISE infrared-selection criteria by
Assef et al. (2018) (see also Stern et al. 2012; Assef et al. 2013).
These utilise only the WISE W1-W?2 colour to identify AGN
without a threshold that depends on the W2 band magnitude

25 For galaxies that have both a spectroscopic and photometric redshift,
inclusion as a cluster member is defined by the spectroscopic redshift.
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(see Eq. (4) of Assef et al. 2018, which identifies AGN with 90%
reliability). With this selection method, we classify 64 radio-
detected cluster galaxies as AGN and remove them from the
cluster member sample. This leaves a total of 459 MGCLS-
detected star-forming cluster members within the primary-beam-
corrected field of view (80 within Ryyy). Table B.1 presents
an excerpt of the catalogue of star-forming cluster galaxies in
Abell 209.

B.3. Radio-derived star-formation rates

To estimate the SFR from the radio luminosities we used the Bell
(2003) relation (see also Karim et al. 2011) scaled to a Chabrier
(2003) IMF:

ies with low luminosities could have their non-thermal emission
significantly suppressed and therefore need to be separated from
the population with higherpg luminosities. However, as only a
small percentage (39/459) of the final sample have luminosities
lower than L., we do notpg separate according to luminosity. We
measure SFRs ranging between 1.2 and 432 My, yr~!, within the
range of knownpg values. Under the assumption that the radio
emission is due to star formation, the median 5o sensitivity limit
corresponds topg SFRs, >2 Mg yr~!, with 429/459 star-forming
members with SFRs above this limit.

B.4. FIR cross-matching for radio—FIR correlation

In order to study the radio—FIR correlation in Abell 209, we

3.18 x 10722, L> L. first need to determine FIR flux densities for the cluster star-
SFR (Mp yr ') = 3.18 x 10~22L, (B.1) formingpg galaxies. We cross-match the catalogue of 459 star-
01+ 09(L/L)03" L<L. forming members with the Herschel 100 um catalogue®. This

Here, L = Lj4gu, is the radio luminosity in WHz™! derived
from the MGCLS 1.28 GHz total flux density, using a power
law scaling and assuming a non-thermal spectral index of —0.8
(Condon 1992). L. = 6.4x10?! W Hz™! is taken to be the typical
radio luminosity of an L, galaxy. Bell (2003) argued that galax-

yielded 49 star-forming cluster galaxies with both 1.28 GHzpg
and 100 um flux densities. We use the log of the ratio of these
two quantities to investigate evolution in the radio-FIR rela-
tion.pg The Herschel 100 um flux densities for the 49 galaxies
and associated radio—FIR ratio are provided in the Abell 209pg
star-forming galaxies catalogue shown in Table B.1.

Table B.1. Excerpt of the SFR and infrared catalogue of star-forming cluster galaxies in Abell 209, used in the SFR and radio—FIR studies in this
paper (Sects. 8.2.1 and 8.2.2, respectively). The full catalogue is available online.

(1) (2)-(28) 29 (30) (31 (32) (33) (34) (35) (36) (37
Source . Zs z Source SFR ASFR relR  Sio0pm  ASiooum  log (%‘f;ﬁ) Alog (Ssllzoxﬁ )

D Moyr™)  Moyr™) (mly)  (mly)
1649 ... - none 4.925 0.932 3.030 - - - -
1660 . - none 1.945 0.599 1.975 - - - -
1665 0.21111 ACReS 1.541 0.442 1.136 11.217 3.709 -2.515 0.268
1687 0.1963 CLASH 6.434 0.512 1.059 30.443 4.890 —2.284 0.104
1691 0.2071 CLASH 4.395 0.493 1.234 22711 6.400 -2.322 0.171
1706 .. - none 3.301 0.953 2.263 - - - -
1728 ... 0.21197 ACReS 2.654 0.500 1.227 27.888 5.172 -2.630 0.162
1731 .. - none 1.646 0.562 1.566 - - - -
1732 0.17697 ACReS 4.664 0.510 1.781 - - - -

Notes. The first column is an assigned source ID for the radio source. Column descriptions for columns (2)—(28) (not shown here) are the same
as in the optical cross-match catalogue, described in Table 3. The additional columns are: (29) spectroscopic redshift; (30) catalogue from which
the redshift was obtained; (31-32) SFR and uncertainty; (33) radius from the centre in units of R,g; (34-35) 100 um flux density and uncertainty;
(36-37) log of the ratio between the radio and FIR flux densities, and associated uncertainty.

26 The PACS Point Source Catalogue from the NASA/IPAC Infrared
Science Archive: https://irsa.ipac.caltech.edu/cgi-bin/
Gator/nph-scan?submit=Select&projshort=HERSCHEL
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Appendix C: Automated searches for interesting
objects

The definition of an ‘unusual’ radio object is subjective and
dependent on the science case of interest. In the search for radio
galaxies of interest, several of which are presented in Sect. 7,
the MGCLS dataset was small enough for human inspection.
However, it took a significant amount of time, with all images
inspected by several people and the final set of radio galaxies of
interest determined after cross-checking the various choices. For
future surveys, exhaustive human searches for unusual objects
may be impossible. We therefore used the MGCLS to exam-
ine the efficacy of machine learning techniques to find atypical,
interesting objects.

ASTRONOMALY (Lochner & Bassett 2021) is a machine
learning framework designed to automatically detect anoma-
lous (rare or unusual) objects in very large datasets. We
ran ASTRONOMALY on 128 px X 128 px (160" x 160”") cutouts
around components from the PYBDSF source finding (see
Sect. 5), using the same framework as Lochner & Bassett
(2021). To compare our results with those from human

inspection, we restricted our search to the cluster fields where
we had visually identified at least one extended radio galaxy
with complex and/or unusual morphology (approximately 40%
of the full sample). For those fields, we centred cutouts
on components that were classified as having two or more
Gaussian components by PYBDSF, which resulted in 21,449
cutouts.

We used ASTRONOMALY’s anomaly score to order the data
from most to least anomalous, comparing this list with a selected
set of 43 sources that were previously identified as ‘interesting’
by one or more team members. Cutouts of the top 10 scoring
objects are presented in Fig. C.1. Of the 43 interesting objects,
ASTRONOMALY detected 22 in the top 1% (210 objects) of the
rankings. Forty out of 43 sources are found in the first 10% of the
list, while the remaining three could not be distinguished from
‘normal’ sources. We note that the vast majority of the 210 most
highly ranked sources”’ are actually visually quite similar to the

selected 43. We conclude that ASTRONOMALY can be a useful
tool for rapid searches of morphologically interesting objects
in large catalogues of radio sources, from which more targeted
manual searches can be made efficiently.

Fig. C.1. Ten top-ranked cutouts based on their ASTRONOMALY score. The cutouts are each 160" per side, and their respective cluster fields (and
cutout centres, in degrees of R.A., Dec.) are as follows: A: J0216.3-4816 (34.190, —47.836); B: J1423.7-5412 (214.984, —54.102); C: Abell 22
(5.055, —24.925); D: Abell 194 (21.502, —1.345); E: Abell S295 (41.422, —52.962); F: J0607.0—4928 (92.267, —48.900); G: Pandora (4.279,
—29.934); H: J0216.3—4816 (33.252, —47.690); I. Abell 194 (21.522, —1.446); and J: J0738.1-7506 (114.851, —75.618). We note that sources
D (and its extension to the south, identified as a separate source, /) and J are among the individual sources identified manually (independent of

ASTRONOMALY) and selected for discussion in Sect. 7.

27 Available at https://michellelochner.github.io/mgcls.astronomaly
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