
Publication Year 2022

Acceptance in OA 2025-03-08T17:58:16Z

Title The MeerKAT Galaxy Cluster Legacy Survey: I. Survey Overview and Highlights

Authors Knowles, K., Cotton, W. D., Rudnick, L., Camilo, F., Goedhart, S., Deane, R., RAMATSOKU, 

MPATI ANALICIA, Bietenholz, M. F., Brüggen, M., Button, C., Chen, H., Chibueze, J. O., Clarke, 

T. E., DE GASPERIN, Francesco, Ianjamasimanana, R., Józsa, G. I.G., Hilton, M., Kesebonye, K. 

C., Kolokythas, K., Kraan-Korteweg, R. C., Lawrie, G., Lochner, M., Loubser, S. I., Marchegiani, 

P., Mhlahlo, N., Moodley, K., Murphy, E., Namumba, B., Oozeer, N., Parekh, V., Pillay, D. S., 

Passmoor, S. S., Ramaila, A. J.T., Ranchod, S., Retana-Montenegro, E., Sebokolodi, L., Sikhosana, 

S. P., Smirnov, O., Thorat, K., VENTURI, Tiziana, Abbott, T. D., Adam, R. M., Adams, G., Aldera, 

M. A., Bauermeister, E. F., Bennett, T. G.H., Bode, W. A., Botha, D. H., Botha, A. G., Brederode, L. 

R.S., Buchner, S., Burger, J. P., Cheetham, T., De Villiers, D. I.L., Dikgale-Mahlakoana, M. A., Du 

Toit, L. J., Esterhuyse, S. W.P., Fadana, G., Fanaroff, B. L., Fataar, S., Foley, A. R., Fourie, D. J., 

Frank, B. S., Gamatham, R. R.G., Gatsi, T. G., Geyer, M., Gouws, M., Gumede, S. C., Heywood, I., 

Hlakola, M. J., Hokwana, A., Hoosen, S. W., Horn, D. M., Horrell, J. M.G., Hugo, B. V., Isaacson, 

A. R., Jonas, J. L., Jordaan, J. D.B., Joubert, A. F., Julie, R. P.M., Kapp, F. B., Kasper, V. A., 

Kenyon, J. S., Kotzé, P. P.A., Kotze, A. G., Kriek, N., Kriel, H., Krishnan, V. K., Kusel, T. W., 

Legodi, L. S., Lehmensiek, R., Liebenberg, D., Lord, R. T., Lunsky, B. M., Madisa, K., Magnus, L. 

G., Main, J. P.L., Makhaba, A., Makhathini, S., Malan, J. A.

Publisher's version (DOI) 10.1051/0004-6361/202141488

Handle http://hdl.handle.net/20.500.12386/36550

Journal ASTRONOMY & ASTROPHYSICS

Volume 657



K. Knowles et al.: The MeerKAT Galaxy Cluster Legacy Survey. I.

– Early results from H i studies of four MGCLS clusters
(Sect. 9), including H i mass distributions in three clusters,
and a new foreground H i 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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Norris, R. P., Intema, H. T., Kapińska, A. D., et al. 2021, PASA, 38, e003
Ochsenbein, F., Bauer, P., & Marcout, J. 2000, A&AS, 143, 23
O’Dea, C. P., & Owen, F. N. 1986, ApJ, 301, 841
O↵ringa, A. R., de Bruyn, A. G., Biehl, M., et al. 2010, MNRAS, 405, 155
O’Neill, B. J., Jones, T. W., Nolting, C., & Mendygral, P. J. 2019, ApJ, 884, 12
Orr, M. J. L., & Browne, I. W. A. 1982, MNRAS, 200, 1067
Orrù, E., Murgia, M., Feretti, L., et al. 2007, A&A, 467, 943
O’Sullivan, E., Combes, F., Salomé, P., et al. 2018a, A&A, 618, A126
O’Sullivan, E., Kolokythas, K., Kantharia, N. G., et al. 2018b, MNRAS, 473,

5248
Ozawa, T., Nakanishi, H., Akahori, T., et al. 2015, PASJ, 67, 110
Parekh, V., Dwarakanath, K. S., Kale, R., & Intema, H. 2017, MNRAS, 464,

2752
Parrish, I. J., McCourt, M., Quataert, E., & Sharma, P. 2012, MNRAS, 422, 704
Pearce, C. J. J., van Weeren, R. J., Andrade-Santos, F., et al. 2017, ApJ, 845, 81
Perley, R. A., & Butler, B. J. 2013, ApJS, 206, 16
Pi↵aretti, R., Arnaud, M., Pratt, G. W., Pointecouteau, E., & Melin, J. B. 2011,

A&A, 534, A109
Plavin, A., Cotton, W. D., & Mauch, T. 2020, Obit Development Memo Series,

62, 1, ftp://ftp.cv.nrao.edu/NRAO-staff/bcotton/Obit/MKPoln.
pdf

Puxley, P. J., Hawarden, T. G., & Mountain, C. M. 1988, MNRAS, 231, 465
Ramatsoku, M., Murgia, M., Vacca, V., et al. 2020, A&A, 636, L1
Randall, S. W., Clarke, T. E., Nulsen, P. E. J., et al. 2010, ApJ, 722, 825
Rawes, J., Birkinshaw, M., & Worrall, D. M. 2018, MNRAS, 480, 3644
Raychaudhury, S., Fabian, A. C., Edge, A. C., Jones, C., & Forman, W. 1991,

MNRAS, 248, 101
Reddy, N. A., & Yun, M. S. 2004, ApJ, 600, 695
Reid, R. I., Kronberg, P. P., & Perley, R. A. 1999, ApJS, 124, 285

A56, page 36 of 41



K. Knowles et al.: The MeerKAT Galaxy Cluster Legacy Survey. I.

Reynolds, J. E. 1994, A Revised Flux Scale for the AT Compact Array, ATNF
Memo, AT/39.3/040

Richard-Laferrière, A., Hlavacek-Larrondo, J., Nemmen, R. S., et al. 2020,
MNRAS, 499, 2934

Roeser, H.-J., & Meisenheimer, K. 1987, ApJ, 314, 70
Rottgering, H. J. A., Wieringa, M. H., Hunstead, R. W., & Ekers, R. D. 1997,

MNRAS, 290, 577
Rudnick, L. 2002, PASP, 114, 427
Rudnick, L. 2004, J. Korean Astron. Soc., 37, 329
Rudnick, L., & Burns, J. O. 1981, ApJ, 246, L69
Sakelliou, I., Hardcastle, M. J., & Jetha, N. N. 2008, MNRAS, 384, 87
Sanders, D. B., Mazzarella, J. M., Kim, D. C., Surace, J. A., & Soifer, B. T. 2003,

AJ, 126, 1607
Sandhu, P., Malu, S., Raja, R., & Datta, A. 2018, Ap&SS, 363, 133
Schommer, R. A., & Sullivan, W. T., III 1976, Astrophys. Lett., 17, 191
Serra, P., Oosterloo, T., Morganti, R., et al. 2012, MNRAS, 422, 1835
Serra, P., Westmeier, T., Giese, N., et al. 2015, MNRAS, 448, 1922
Shakouri, S., Johnston-Hollitt, M., & Pratt, G. W. 2016, MNRAS, 459, 2525
Shimwell, T. W., Brown, S., Feain, I. J., et al. 2014, MNRAS, 440, 2901
Shimwell, T. W., Markevitch, M., Brown, S., et al. 2015, MNRAS, 449, 1486
Shimwell, T. W., Luckin, J., Brüggen, M., et al. 2016, MNRAS, 459, 277
Simpson, C., Martínez-Sansigre, A., Rawlings, S., et al. 2006, MNRAS, 372,

741
Slee, O. B., & Reynolds, J. E. 1984, PASA, 5, 516
Slee, O. B., Roy, A. L., & Savage, A. 1994, Aust. J. Phys., 47, 145
Slee, O. B., Roy, A. L., Murgia, M., Andernach, H., & Ehle, M. 2001, AJ, 122,

1172
Smith, D. J. B., Dunne, L., Maddox, S. J., et al. 2011, MNRAS, 416, 857
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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.

(1) (2) (3) (4) (5) (6) (7) (8)
R.A. Dec. S int �S int Ipeak LAS Optical ID z

(deg) (deg) (mJy) (mJy) (mJy beam�1) (00)

22.9860 �13.5807 6.049 0.053 2.411 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 -
22.9890 �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 0.271 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 0.441 54 1353 0.34
22.6263 �13.4913 26.158 0.029 16.544 76 4158 0.3
23.4957 �13.2933 3.019 0.027 0.767 89 WISEA J013358.96�131736.1 0.1
22.5028 �13.5075 1.689 0.033 0.430 115 - -
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 -
22.9494 �13.9215 6.061 0.019 2.928 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 -
22.4480 �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 -
22.9680 �13.6162 20.589 0.049 12.144 83 164 0.18
23.4633 �13.6041 2.668 0.018 0.857 40 - -
22.6359 �13.8971 4.942 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 0.497 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.

(1) (2) (3) (4) (5) (6) (7) (8)
R.A. Dec. S int �S int Ipeak LAS Optical ID z

(deg) (deg) (mJy) (mJy) (mJy beam�1) (00)

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 2.298 0.035 0.314 94 - -
41.4154 �52.9641 123.317 0.137 16.971 587 ESO 154�IG 011 NED01 0.096704
42.2267 �52.9842 3.624 0.098 0.590 330 2686 0.46
42.2926 �53.0489 3.934 0.063 0.380 257 - -
41.3352 �53.1849 33.371 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 96 - -
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 3.227 0.056 2.377 174 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 0.411 57 WISEA J024224.31�524305.4 -
41.2443 �52.6912 4.972 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 1.414 0.030 0.284 79 - -
41.5898 �53.3468 0.884 0.020 0.182 44 2MASS J02462155�5320505 0.052199
41.9143 �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
41.3927 �52.7395 75.244 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, zp, redshifts, with the
latter determined using the zCluster photometric redshift
code (Hilton et al. 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�v of the cluster redshift,

where �v = 1320 km s�1 is the line of sight velocity dispersion
(Annunziatella et al. 2016). Photometry-based cluster member-
ship is defined as those galaxies with |zp � zc| < 3�bw(1 + zc),
where zc is the cluster redshift of 0.206 and �bw = 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 �z/(1 + zs), where �z = zs � zp.

We obtained a final catalogue of 523 MGCLS-detected clus-
ter members within the primary-beam-corrected field of view,
with 98 members within R200. We determine the amount of con-
tamination in the photometric redshift sample using the 91 mem-
ber galaxies with both spectroscopic and photometric redshifts25.
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�W2 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 R200). 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:

SFR (M� yr�1) =

8>>><
>>>:

3.18 ⇥ 10�22
L, L > Lc

3.18 ⇥ 10�22
L

0.1 + 0.9(L/Lc)0.3 , L  Lc.
(B.1)

Here, L = L1.4 GHz is the radio luminosity in W Hz�1 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). Lc = 6.4⇥1021 W Hz�1 is taken to be the typical
radio luminosity of an L⇤ galaxy. Bell (2003) argued that galax-

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 Lc, we do notpg separate according to luminosity. We
measure SFRs ranging between 1.2 and 432 M� yr�1, within the
range of knownpg values. Under the assumption that the radio
emission is due to star formation, the median 5� sensitivity limit
corresponds topg SFR5� > 2 M� yr�1, 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
first need to determine FIR flux densities for the cluster star-
formingpg galaxies. We cross-match the catalogue of 459 star-
forming members with the Herschel 100 µm catalogue26. This
yielded 49 star-forming cluster galaxies with both 1.28 GHzpg
and 100 µm 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 µm 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 �SFR relR S 100 µm �S 100 µm log
✓

S 1.28 GHz
S 100 µm

◆
�log

✓
S 1.28 GHz
S 100 µm

◆

ID (M� yr �1) (M� yr �1) (mJy) (mJy)

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 22.711 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 R200; (34–35) 100 µm 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 e�cacy 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⇥ 128 px (16000 ⇥ 16000) 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 sources27 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 e�ciently.

Fig. C.1. Ten top-ranked cutouts based on their Astronomaly score. The cutouts are each 16000 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, I) 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

A56, page 41 of 41


