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ABSTRACT

Radio continuum observations offer a new window on compact objects in globular clusters compared to typical X-ray or optical
studies. As part of the MAVERIC survey, we have used the Australia Telescope Compact Array to carry out a deep (median
central noise level ~4 uJy beam™") radio continuum survey of 26 southern globular clusters at central frequencies of 5.5 and
9.0 GHz. This paper presents a catalogue of 1285 radio continuum sources in the fields of these 26 clusters. Considering the
surface density of background sources, we find significant evidence for a population of radio sources in seven of the 26 clusters,
and also identify at least 11 previously known compact objects (six pulsars and five X-ray binaries). While the overall density
of radio continuum sources with 7.25-GHz flux densities 2 20 wJy in typical globular clusters is relatively low, the survey
has already led to the discovery of several exciting compact binaries, including a candidate ultracompact black hole X-ray
binary in 47 Tuc. Many of the unclassified radio sources near the centres of the clusters are likely to be true cluster sources,
and multiwavelength follow-up will be necessary to classify these objects and better understand the demographics of accreting

compact binaries in globular clusters.

Key words: globular clusters: general —pulsars: general —radio continuum: general —surveys — X-rays: binaries.

1 INTRODUCTION

Globular clusters are abundant in X-ray sources, as a result of
dynamical encounters between stars and compact objects in high-
density environments (Clark, Markert & Li 1975). In the Galactic
field a substantial fraction of X-ray transients host stellar-mass black
holes (e.g. Knevitt et al. 2014). However, virtually all X-ray transients
in Galactic globular clusters have so far been found to be neutron stars
based on the detection of X-ray thermonuclear bursts or pulsations
(see e.g. Bahramian et al. 2014), raising the question of whether
the black hole populations residing in globular clusters are different
than those in the Galactic field. Initially, it was proposed that few
black holes would reside in present-day clusters, as most of them
would have been ejected due to mutual interactions (Kulkarni, Hut &
McMillan 1993; Sigurdsson & Hernquist 1993). This hypothesis
was questioned with the discovery of variable ultraluminous X-
ray sources (ULXs) associated with extragalactic globular clusters,
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many of which are likely associated with stellar-mass black holes
(Maccarone et al. 2007; Brassington et al. 2010; Irwin et al. 2010;
Shih et al. 2010; Maccarone et al. 2011), unlike the case for ULXs
in the field of star-forming galaxies, which may largely be neutron
stars (e.g. Bachetti et al. 2014).

Seven black hole candidates have also been discovered in quies-
cence in Galactic globular clusters through deep radio observations
(Strader et al. 2012; Chomiuk et al. 2013; Miller-Jones et al. 2015;
Shishkovsky et al. 2018; Urquhart et al. 2020; Zhao et al. 2020),
although they remain to be dynamically confirmed.

A rich collection of recent theoretical work now suggests that a
significant fraction of black holes may be retained in clusters to the
present day (Sippel & Hurley 2013; Morscher et al. 2015; Peuten
et al. 2016; Rodriguez et al. 2016; Kremer et al. 2020; Weatherford
et al. 2020). In addition, the first dynamically confirmed stellar-
mass black holes in globular clusters have recently been found in
NGC 3201 (although they are not transferring mass, Giesers et al.
2018, 2019; Paduano et al. 2022), demonstrating that black holes
can indeed be retained in globular clusters.
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All of the recent stellar-mass black hole candidates with quiescent
accretion were selected via their radio continuum emission, thought
to come from compact, partially self-absorbed jets. If the radio-
selected black hole candidates are indeed black holes, the lack of
discoveries of black hole transients in globular clusters suggests they
may have different properties than field black holes. One reason for
this may lie in their formation history. Black holes in dynamically
formed binaries may have short orbital periods, translating to faint
quiescent and peak outburst luminosities, and short duty cycles
(Kalogera, King & Rasio 2004; Knevitt et al. 2014). Transient
outbursts from black holes may therefore be too rare and too faint
to be picked up by all-sky X-ray monitors, which is the source
of discovery of most dynamically confirmed Galactic black holes
(~20-25, Corral-Santana et al. 2016; Tetarenko et al. 2016a). Hence,
the current sample is biased towards those sources which have
bright (detectable by all-sky X-ray monitors, with peak luminosities
exceeding 10% erg s~!) and frequent (every ~50 yr or less) outbursts.

Other observing strategies aimed at discovering different popula-
tions of black holes have been developed. These include multi-epoch
optical spectroscopic surveys like the Apache Point Observatory
Galactic Evolution Experiment (Majewski et al. 2017), which has
been used to discover a non-accreting black hole via orbitally-
induced variations in the radial velocity (Thompson et al. 2019; see
also Jayasinghe et al. 2021); emission-line surveys of the Galactic
field (e.g. Casares 2018); the Galactic Bulge Survey, an X-ray and
optical survey of the Galactic Centre (Jonker et al. 2011); and the
Gaia mission, an all-sky astrometric survey (Perryman et al. 2001;
Barstow et al. 2014; Breivik, Chatterjee & Larson 2017; Mashian &
Loeb 2017). A radio survey is another approach to finding black
holes, as originally proposed by Maccarone (2005). As these surveys
use different search strategies, they suffer from different biases, and
are thus complementary to each other.

Identifying black holes in globular clusters from radio surveys
requires us to understand the populations of other compact radio
sources. Within globular clusters, well-known radio emitters are
pulsars and X-ray binaries. In deep surveys, fainter sources such as
cataclysmic variables or magnetically active stars could also become
detectable. Furthermore, we need to account for the populations
of background sources (primarily active galactic nuclei; AGNs), as
well as the unrelated Galactic radio sources that could be present,
especially at low Galactic latitude.

Over 230 pulsars (most of which are millisecond pulsars; MSPs,
with spin periods below 10 ms) have so far been discovered in Milky
Way globular clusters using radio timing searches (Camilo & Rasio
2005; Ransom 2008).! The two globular clusters richest in MSPs
are Terzan 5 (with 39 known MSPs; Prager et al. 2017) and 47 Tuc
(with 27 known MSPs; Freire et al. 2017). It is estimated that a few
hundred to a few thousand potentially detectable MSPs are present
in the Galactic globular cluster system (Heinke et al. 2005; Abdo
et al. 2010).

In the case of X-ray binaries, neutron star radio jets are typically a
factor of ~20 fainter than black holes at a similar X-ray luminosity
above 10% ergs~! (Migliari & Fender 2006; Gallo, Degenaar &
van den Eijnden 2018). However, it is clear that neutron stars show
a broader range of radio properties than do black holes (e.g. Tudor
etal. 2017; Russell et al. 2018; Gusinskaia et al. 2020; Panurach et al.
2021; van den Eijnden et al. 2021). In addition, the unusual subset
of accreting neutron stars known as transitional MSPs (with Lx ~
10°>—10% erg s~!) show higher radio luminosities in their accreting
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states than expected based on the mean relation for other accreting
neutron stars, and some are as radio-luminous as black holes (Hill
et al. 2011; Deller et al. 2015; Bogdanov et al. 2018; Jaodand 2019;
Li et al. 2020; Coti Zelati et al. 2021). Overall, the distinction in
radio luminosity between accreting black holes and neutron stars has
been blurred.

While cataclysmic variables are known to be radio emitters in
outburst or persistent states (Mason & Gray 2007; Kording et al.
2008, 2011; Coppejans et al. 2015, 2016; Barrett et al. 2017), they
reach typical peak radio luminosities of Ly ~ 10?° ergs™'. A few
unusual systems have been observed at higher luminosities, up to Lg
~ 107 ergs~!: the white dwarf propeller systems AE Agr (Abada-
Simon et al. 1993) and LAMOST J024048.51+195226.9 (Pretorius
et al. 2021), the white dwarf pulsar AR Sco (Marsh et al. 2016), and
perhaps two intermediate polars (Barrett et al. 2017).

Magnetically active stars can also reach radio luminosities of up
to Lg ~ 10 ergs™! in quiescence, in the case of RS CVn stars
(Benz & Guedel 1994). These objects are a class of close binaries
consisting of at least one cool giant or subgiant star (Berdyugina
2005) which may be common in globular clusters (Cool, Haggard &
Carlin 2002). However, above fluxes corresponding to Ly ~ 107
ergs~!, we expect the detectable radio sources to be dominated by
pulsars and X-ray binaries associated with the cluster, as well as
background AGNs. We must also be attuned to the possibility of
yet-undiscovered populations of radio sources.

Different classes of radio sources can be roughly classified based
on their spectral indices o (S, o v*, where S, is the flux density
at frequency v). In the GHz range, pulsars have steep spectra (o =
—1.4 £ 1.0, Maron et al. 2000; Bates, Lorimer & Verbiest 2013).
Therefore, in radio continuum images, pulsars can most easily be
identified as point sources at lower frequencies (1.4 GHz or lower,
Kulkarni etal. 1990; Kaplan et al. 1998; Han & Tian 1999; Fruchter &
Goss 2000; McConnell & Ables 2000), but in some cases can also be
observed in sufficiently sensitive higher frequency images (5 GHz;
Kijak et al. 1997). These steep radio spectra can be exploited to find
pulsars missed in timing searches due to high or variable scattering
along the line of sight (De Breuck et al. 2000; de Gasperin, Intema &
Frail 2018), due to eclipses (e.g. Frail et al. 2018; Urquhart et al. 2020)
or in close binary systems that have high accelerations. In the hard
and quiescent states, X-ray binary jets have flat or slightly inverted
radio spectra (¢ ~ 0, Blandford & Konigl 1979; Fender 2001).
Extragalactic sources that will contaminate radio surveys of globular
clusters have a median spectral index « ~ —0.4 to —0.6 at 5 GHz
but with a broad distribution (—1.5 2 « 2 +1.0) that substantially
overlaps that expected for the low-mass X-ray binaries and pulsars
in globular clusters (Fomalont et al. 1991; Huynh et al. 2012).

Within globular clusters, black holes, neutron stars, and heavy
white dwarfs sink towards cluster centres owing to mass segregation,
and exotic binaries preferentially form in the densest parts of their
cores (Hong et al. 2017; Rivera Sandoval et al. 2018). Pulsars are
known to be more centrally concentrated than the surrounding stars;
most are found well within the half-light radius (Camilo & Rasio
2005; Moody & Sigurdsson 2009), but some may also be found out
to several half-light radii (e.g. D’Amico et al. 2002), likely due to
past interactions. Similarly, black holes are expected to sink towards
cluster centres. However, depending on their population within a
cluster, black hole heating can sustain large cluster cores, and they
can mix with cluster stars out to large radii (Mackey et al. 2008;
Morscher et al. 2015; Rodriguez et al. 2016; Chatterjee, Rodriguez &
Rasio 2017; Giesler, Clausen & Ott 2018). These papers point to an
overall theoretical expectation that massive clusters with large cores
might be more likely to contain the largest populations of black holes.

MNRAS 513, 3818-3835 (2022)
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In this paper, we catalogue radio continuum sources in deep
observations of 26 southern Galactic globular clusters, taken with
the Australia Telescope Compact Array (ATCA). We describe the
observations in Section 2. We detail our finding methodology and
the source catalogues in Section 3. In Section 4, we analyse which
of these sources are likely to truly be associated with our globular
clusters, and present a discussion of these results in Section 5.

2 OBSERVATIONS

2.1 Sample selection

The MAVERIC (Milky-way ATCA/VLA Exploration of Radio-
sources in Clusters) survey was designed as a volume limited (D <
9 kpc) sample of massive clusters (M > 103 Mg,), with those limits
chosen for sensitivity to quiescent radio emission from accreting
black holes, and a restriction to the more massive clusters most likely
to host them. We also included a few other more distant, massive
globular clusters which may contain intermediate-mass black holes,
and others with high interaction rates or bright quiescent X-ray
sources.

The more northerly clusters were observed with the Karl G. Jansky
Very Large Array (VLA), with the results presented in Shishkovsky
et al. (2020). The ATCA sample — presented in this paper — focused
on southern Galactic globular clusters (§ < —25°). We retrieved most
cluster properties (distances and radii) from the 2010 version of the
Harris catalogue of Milky Way globular clusters® (Harris 1996). The
properties of Liller 1, Terzan 1, and NGC 6522 as listed in the Harris
catalogue were inconsistent with their 2MASS images, so we updated
their positions or sizes. For Liller 1, we adopted the values of Saracino
etal. (2015). Based on the 2MASS data, for Terzan 1 we recalculated
the position, core and half-light radii, and of NGC 6522 just the
position. We use the cluster masses reported by Baumgardt & Hilker
(2018). One cluster (NGC 6652) in our sample was not covered
by this study, so we used a mass-to-light ratio T =2 M Lal to
estimate the cluster mass based on its absolute visual magnitude
(My; McLaughlin & van der Marel 2005). In Fig. 1, we show the
masses and distances to our globular cluster sample, relative to the
Galactic clusters in the Harris (1996) catalogue. In Fig. 2, we show
the target distribution in Galactic coordinates — most of our sample is
contained within 10° from the Galactic Centre. The cluster equatorial
coordinates can be found in Tremou et al. (2018).

In Table 1, we list some basic properties for our sample which may
correlate with the number of radio sources they contain. The stellar
encounter rates have been estimated by Bahramian et al. (2013) using
the integrated velocity dispersion and surface brightness profiles for
most clusters. Where unavailable, we used their simpler estimates
for NGC 4833 (based on the core radius, surface brightness, and
velocity dispersion), and Liller 1 and Djorg 2 (based on the core
radius and surface brightness). The number of known pulsars within
each cluster is taken from the ATNF pulsar catalogue(Manchester et
al. 2005),> but we caution that not all clusters have been surveyed
for pulsars to the same depth.

2.2 Set-up

The ATCA radio observations were carried out from 2013-2015
when the array was in any extended configuration (6 km maxi-

Zhttps://www.physics.mcmaster.ca/harris/mwgc.dat
3http://www.atnf.csiro.au/people/pulsar/psrcat/
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Figure 1. Our globular cluster sample was selected based on mass (M 2
10° Mp) and distance (D < 9 kpc). We also include a few more distant
clusters with masses M > 10° Mg, which may contain intermediate-mass
black holes, and a few lower mass clusters with bright X-ray sources. These
selection criteria are displayed as a blue region (included sample) and red-
hashed region (excluded sample). All globular clusters from the Harris (1996)
catalogue are shown in small black circles, and the 26 clusters surveyed with
ATCA are shown in large red circles. Those in the blue region that were not
imaged with ATCA were located further north (§ > —25°) and were instead
observed with the VLA (Shishkovsky et al. 2020).

Figure 2. Galactic coordinate map in the Mollweide projection showing the
distribution of clusters across the celestial sphere. The symbols are the same
as in Fig. 1. The southern clusters are mostly visible in the Western Galactic
hemisphere, and are concentrated towards the Galactic Centre.

mum baseline), primarily under project code C2877. We observed
simultaneously in two bands, centred at 5.5 and 9.0 GHz, each
with a 2-GHz bandwidth subdivided in 2048 x 1-MHz channels.
We observed the source PKS 1934—638 as a primary and bandpass
calibrator for an integration time of 10 m in each observing run.
Secondary calibrators were observed for 1.5- or 2-m intervals each
cycle depending on their flux density, and alternated with target
observations of 5- to 20-m duration, with the cycle time depending
on the atmospheric stability. Because ATCA is a six-element linear
array of 22-m dishes, long exposure times are necessary both for
good uv coverage and for sensitivity. The on-source integration time
per cluster varied between 8.7 and 35.7 h (median 16.8 h), with a
total of 499 h of on-source time, which also includes the archival data
of Lu & Kong (2011) for 47 Tuc and w Cen (project code C2158). A
summary of the radio observations is provided in Table 2.
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Table 1. Properties of the globular clusters in the sample: the heliocentric distance (D), mass (M; from Baumgardt &
Hilker 2018), half-light radius (Ry,), core radius (R.), flag indicating whether the cluster is core-collapsed (cc), number
of known pulsars (PSRs), and stellar encounter rate (I"). Except where specified in Section 2.1, distances and radii are
taken from the 2010 version of the Harris catalogue (Harris 1996), masses are taken from Baumgardt & Hilker (2018),

encounter rates from Bahramian et al. (2013), and pulsar numbers from the ATNF pulsar catalogue.

Cluster D M Ry R, cc Known r
(kpc) (10° Mp) (arcsec) (arcsec) PSRs

47 Tuc 4.6 7.8 190.2 21.6 - 27 1000
Djorg 2 7.0 5.0 63.0 19.8 - 0 46
Liller 1 8.1 6.7 30.5 54 - 0 391
M54 23.9 14.1 49.2 54 - 0 2500
NGC 2808 9.4 7.4 48.0 15.0 - 0 923
NGC 3201 4.9 1.5 186.0 78.0 - 0 7
NGC4372 6.3 2.5 234.6 105.0 - 0 0.2
NGC 4833 6.7 2.5 144.6 60.0 - 0 23
NGC 5927 7.9 3.5 66.0 25.2 - 0 68
NGC 6139 10.4 3.6 51.0 9.0 - 0 307
NGC 6304 5.9 2.8 85.2 12.6 - 0 123
NGC 6352 5.6 0.9 123.0 49.8 - 0 6.7
NGC 6362 7.6 1.5 123.0 67.8 0 4.6
NGC 6388 10.9 10.6 31.2 7.2 - 0 899
NGC 6397 2.3 0.9 174.0 3.0 v 2 84
NGC 6441 13.4 12.3 34.2 7.8 - 7 2300
NGC 6522 7.7 3.9 60.0 3.0 v 4 360
NGC 6541 7.5 2.8 63.6 10.8 v 0 390
NGC 6553 6.0 2.4 61.8 31.8 - 0 69
NGC 6624 8.4 0.7 49.2 3.6 v 10 1100
NGC 6652 10.0 0.8 28.8 6.0 - 2 700
NGC 6752 4.0 2.4 114.6 10.2 v 9 400
 Cen 4.9 35.5 300.0 142.2 - 5 90
Terzan 1 5.2 2.2 23.8 2.0 v 7 0.3
Terzan 5 5.9 5.7 43.2 9.6 - 39 6800
Terzan 6 6.8 1.2 26.4 3.0 v 0 2500

In the part of the beam relevant for our study, the primary beam
of ATCA is well described by a Gaussian profile with full width at
half-maximum (FWHM) of 9.2 and 5.4 arcmin at 5.5 and 9.0 GHz,
respectively (Wieringa & Kesteven 1992). Excepting w Cen, the half-
light diameters of all our sample globular clusters fit within the
FWHM of ATCA at 5.5 GHz (Fig. 3), and the core radii are within the
FWHM at both frequencies. Given the likelihood of mass segregation
for compact objects, we expect that most radio continuum sources
associated with the globular clusters should be within our ATCA
fields of view.

2.3 Data reduction

Data reduction and calibration were performed using the MIRIAD
v1.5 (Sault, Teuben & Wright 1995) software package using standard
procedures. We calibrated the 5.5- and 9.0-GHz data, separately. A
stack of visibilities between the two frequencies was also performed
to increase our sensitivity to flat-spectrum point sources. As such,
the stacked data has a lower root-mean-square (rms) noise than
either of the individual bands, at the cost of being less sensitive
to steep-spectrum sources such as pulsars. We used pixel sizes of
0.33, 0.24, and 0.24 arcsec for the 5.5-, 9.0-, and 7.25-GHz images,
respectively. We imaged and deconvolved the Stokes I data in CASA
v5.1.0 (McMullin et al. 2007) using the multifrequency, multiscale
CLEAN (Clark 1980; Sault & Wieringa 1994; Rau & Cornwell 2011)
algorithm with 2 Taylor coefficients, which takes into account source
spectral indices; and Briggs weighting of robustness 1 (Briggs 1995),
which gives a good compromise between sensitivity and spatial
resolution. We imaged the 5.5- and 9.0-GHz data and their stack

(7.25 GHz) separately. To improve dynamic range, self-calibration
can be employed to better solve for time-variable atmospheric phases
in the direction of the target. Due to signal-to-noise considerations,
self-calibration was only possible for fields containing a total flux
density greater than ~3 mly. We performed this step for five
fields: Djorg2, M 54, NGC 6441, NGC 6624, and NGC 6752. We
cropped all images within the 20 per cent primary beam response,
and corrected for frequency-dependent primary beam attenuation
using the task widebandpbcor. For cropping the stacked image,
we used the 20 per cent response of the 9-GHz primary beam. This
resulted in image radii of 6.6, 4.2, and 4.2 arcmin at 5.5, 9.0, and
7.25 GHz, respectively. The achieved resolutions and sensitivities
are listed in Table 3.

3 METHODS

3.1 Source finding

We use the source extraction software PYBDSF v1.8.13 (Mohan &
Rafferty 2015) to find radio sources in the 5.5-, 9.0-, and the
(stacked) 7.25-GHz images. This tool estimates the local background
by measuring the mean and rms using a sliding box algorithm. We
set the size of the sliding box to 150 x 150 pixels, measured in steps
of 30 pixels. For bright sources of signal-to-noise ratio (SNR) >50,
around which imaging artefacts are more likely, we use a smaller
box of 50 x 50 pixels in steps of 10 pixels.

Sources are then found by identifying pixels with values larger than
three times the rms above the mean background; these are the seeds
of islands of emission. Island boundaries are expanded to include

MNRAS 513, 3818-3835 (2022)
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Table 2. Table of ATCA radio observations.

Source Date Time on-source (h) Phase calibrator

47 Tuc 2010 Jan 242 7.8 2353—-686
2010 Jan 25% 10.5
2013 Nov 12 8.7
2015 Feb 02 8.7

Djorg 2 2015 Apr 26 8.1 1748—-253
2015 Apr 27 8.0

Liller 1 2015 Jan 06 8.7 1714-336

M54 2014 Dec 05 6.3 1921-293
2014 Dec 06 5.0

NGC 2808 2014 Dec 26 7.9 J0845—-6527
2014 Dec 27 7.6
2014 Dec 28 7.8

NGC 3201 2014 Feb 05 9.3 1012—44
2014 Feb 06 8.8

NGC 4372 2015 Jan 04 8.4 1251-713
2015 Jan 05 8.9

NGC 4833 2015 Jan 07 8.5 1251-713
2015 Jan 08 8.4

NGC 5927 2015 Jan 10 8.8 1511—-47
2015 Jan 11 9.3

NGC 6139 2014 Dec 30 8.7 1606—39
2014 Dec 31 4.9
2015 Jan 01 3.0

NGC 6304 2015 Jan 02 8.1 1710—269
2015 Jan 03 8.3

NGC 6352 2013 Nov 07 10.4 1740—-517
2013 Nov 08 10.0

NGC 6362 2014 Dec 02 9.9 1718—649
2014 Dec 05 5.1
2015 Apr 23 10.1

NGC 6388 2014 Dec 12 8.8 1714-397
2014 Dec 13 9.2
2014 Dec 14 9.1

NGC 6397 2013 Nov 09 8.8 1740—-517
2013 Nov 10 6.9

NGC 6441 2015 Apr 14 6.2 1729-37
2015 Apr 15 8.2
2015 May 02 8.1

NGC 6522 2015 Jan 16 8.5 1817—-254
2015 Jan 17 8.2

NGC 6541 2015 Jan 14 8.1 1759-39
2015 Jan 15 8.3

NGC 6553 2015 Apr 30 7.9 1817254
2015 May 01 8.4

NGC 6624 2015 Apr 24 7.8 1817—-254
2015 Apr 25 8.5

NGC 6652 2015 Apr 19 8.5 1849—-36
2015 June 21 9.7
2015 June 22 7.9

NGC 6752 2014 Feb 06 2.6 1925—-610
2014 Feb 07 8.7
2014 Feb 07 9.1

w Cen 2010 Jan 222 10.1 1320—446
2010 Jan 23 7.6
2014 Dec 04 2.8
2014 Dec 06 1.9
2015 Jan 09 7.0

Terzan 1 2015 Apr 20 8.2 1741-312
2015 Apr 29 8.1

Terzan 5 2015 Apr 16 8.0 1748—-253
2015 June 23 8.0

Terzan 6 2015 Apr 17 8.0 1741-312
2015 Apr 18 7.9

Notes.

¢ Archival data used by Lu & Kong (2011).
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Figure 3. The distribution of core and half-light radii for the sample of 26
globular clusters, in relation to the primary beam responses at the observed
frequencies of 5.5 and 9.0 GHz. The primary beam response at a given radius
and central frequency covers a band of values due to the large observing
bandwidth (2 GHz). Most clusters fit well within the primary beam, with the
exception of w Cen, the largest cluster plotted.

adjacent pixels with values larger than 3o, and are then fit with one
or more Gaussians fixed to the shape of the synthesized beam. We
assume each contiguous island of emission is a single source, with
a flux density equal to the modelled total flux density (for point
sources, this is equal to the peak flux density of the Gaussian). We
note that this approach may improperly carve up extended sources
with patchy islands of bright emission into multiple sources, but in
practice this seldom appears to occur in our catalogue. In any case,
we expect true globular cluster sources to mostly be point sources,
with perhaps rare exceptions such as known planetary nebulae.

Because the response of the primary beam decreases quickly
towards its edge, we estimated the rms and background maps from
the non-primary-beam-corrected images, and then corrected them
for the primary beam response. Source finding was run on the
primary-beam-corrected images. Since we cropped all images at the
20 per cent primary beam response, the uncertainty in the primary
beam model only minimally affects the flux density measurements.
Primary beam effects are even less important for sources within
globular clusters, as these are typically found close to the phase
centre. At these frequencies, systematic errors in the absolute flux
density scale are expected to be at the level of ~2 per cent (Reynolds
1994). Hence, for most sources, we expect flux density errors to
be dominated by signal-to-noise constraints. We therefore report the
flux density errors as statistical errors from the fit.

After source finding, we cross-match the catalogues at the three
different frequencies. We consider a match any two sources (at dif-
ferent frequencies) whose 3¢ positional uncertainty ellipses overlap.
A source may not have a counterpart at two frequencies because:
(1) it lies outside of the 20 percent primary beam response at the
higher frequency, (ii) any signal is buried by the noise, or (iii) the
morphology of an extended source is significantly different between
each image. In case (i), we do not report the flux density of any source
missing from the 9- or 7.25-GHz catalogue (the primary beams at
these frequencies are smaller than at 5.5 GHz). In case (ii), we take
the non-detection as an upper limit at 3 x rms. In case (iii), we take
the value of the upper limit as the value of the pixel at the position
of the source, plus 3 x rms.

In total, six cross-matching steps are performed. For each source in
the 5.5-GHz catalogue, a match (or upper limit) is searched for in the
7.25- and in the 9-GHz catalogue. After these two steps, each source
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Table 3. The time on source (Zops) for each cluster, together with the FWHM of the synthesized beam — major axis (Bpaj), minor axis (Bmin), and position angle
(Bpa; measured from north toward east), and the central rms, for each of the three frequencies — 5.5 GHz, 9 GHz, and their stack (7.25 GHz). Approximately
half of the data on 47 Tuc and @ Cen were taken by Lu & Kong (2011), prior to the 4-cm receiver upgrade, and are therefore less sensitive.

Frequency
5.5 GHz 9 GHz 7.25 GHz

Tobs Bmaj Brnin Bpa rms Bmaj Bmin Bpa rms Bmyj Bmin Bpa rms

(h) (arcsec) (arcsec) (deg) (Wybm™ ) (arcsec) (arcsec) (deg) (WJybm™ ) (arcsec) (arcsec) (deg) (Wybm™ 1
47 Tuc 35.7 2.2 1.7 32 3.8 1.5 1.1 39 4.7 1.9 1.4 32 3.2
Djorg2 16.1 4.8 1.5 0 4.2 3.1 1.0 —1 4.2 3.8 1.2 0 3.2
Liller 1 8.7 3.6 1.6 1 6.2 2.5 1.1 0 6.1 3.0 1.3 0 4.4
M54 11.3 4.4 1.6 —12 5.3 3.1 1.4 -20 9.7 39 1.5 —14 5.7
NGC 2808 23.3 2.6 1.5 9 3.7 1.7 1.0 9 4.3 2.0 1.3 13 2.9
NGC 3201 18.1 2.9 1.5 4 3.9 22 1.1 4 4.1 22 1.1 4 3.5
NGC4372 17.3 2.2 1.6 0 4.1 1.5 1.1 0 4.6 1.8 1.3 0 3.0
NGC4833 16.9 2.3 1.6 -3 4.1 1.6 1.1 -3 4.5 1.9 1.3 —4 3.0
NGC 5927 18.1 2.6 1.7 0 4.2 1.7 1.2 -1 5.3 2.1 1.4 -1 3.3
NGC 6139 16.6 2.9 1.8 9 4.2 2.0 1.3 6 4.9 2.3 1.5 6 33
NGC 6304 16.4 4.1 1.6 0 3.9 2.8 1.1 0 42 33 1.3 0 2.9
NGC 6352 20.4 2.6 1.7 0 3.6 1.8 1.2 7 4.3 2.1 14 3 2.8
NGC 6362 25.1 2.1 1.7 11 33 1.4 1.2 5 39 1.7 1.4 6 2.5
NGC 6388 27.1 32 1.8 -2 3.5 2.0 1.2 —7 34 2.5 14 —4 2.6
NGC 6397 15.7 2.9 1.5 0 4.6 1.9 1.0 -3 4.8 2.2 1.2 -2 3.3
NGC 6441 22.5 3.8 1.5 2 3.5 24 1.0 4 34 2.8 1.2 4 2.6
NGC 6522 16.7 4.0 1.6 -1 4.1 2.7 1.1 -1 4.3 32 1.3 -1 3.0
NGC 6541 16.4 3.0 1.6 -2 54 2.1 1.1 -2 4.6 2.7 1.5 -2 3.7
NGC 6553 16.3 5.0 1.6 1 4.1 34 1.1 1 4.3 4.0 1.3 1 3.0
NGC 6624 16.3 4.2 1.6 0 4.0 2.8 1.1 0 4.2 33 1.3 0 3.0
NGC 6652 26.1 3.7 1.5 -1 33 2.7 1.1 0 3.5 3.1 1.3 -1 2.5
NGC 6752 20.4 2.8 1.5 —15 3.8 1.8 1.0 —17 4.3 2.3 1.3 —17 2.9
w Cen 29.4 3.0 1.6 —16 3.7 2.0 1.1 —18 4.5 2.4 1.3 —18 2.9
Terzan 1 16.3 4.2 1.5 0 5.6 2.9 1.1 —1 4.1 34 1.3 0 2.9
Terzan 5 16.0 5.1 1.5 1 5.1 3.5 1.0 -1 6.5 4.2 1.3 0 4.9
Terzan 6 15.9 4.2 1.6 3 4.7 2.8 1.1 4 5.1 34 1.3 4 3.6

in the 5.5-GHz catalogue is fully characterized, but there are remain-
ing sources in the 7.25- and 9-GHz catalogues that still need to be
described — those sources that have been detected at higher frequen-
cies, but not at 5.5 GHz. For each of these sources in the 7.25-GHz
catalogue we find matches (or upper limits) at 5.5 and 9 GHz. Sim-
ilarly, the same process is carried out for leftover sources at 9 GHz.

After cross-matching between the three catalogues, we only keep
those sources with SNR >5 in at least one band, to ensure the
catalogue is reliable. We measure the spectral index (S, « v¥) as o =
log (S5.5/S9)/10g (5.5/9). If a radio source is only visible in one band,
we can place a limit on the spectral index by fixing the value of the flux
density in the other band to its upper limit. Errors on the spectral index
are estimated by resampling the flux density measurements assuming
Gaussian errors, and recalculating the spectral index 1000 times for
each source. As the differences between the negative and positive
errors of spectral indices do not typically exceed values of ~0.1,
we report symmetric spectral index errors as the geometric mean of
the two errors. We note that a small number of the spectral indices
have unphysically extreme values: these are predominantly extended
background sources that have different amounts of emission resolved
out at 5.5 and 9 GHz.

3.2 Source injection

We performed a test to assess whether the completeness, reliability,
and flux recovery performance of PYBDSF using the method described
in Section 3.1 are optimal. This consisted of simulating a simple radio
observation by injecting 2000 sources into one of our measurement

sets (of NGC 2808), into a 500 arcsec x 500 arcsec field 1-deg away
from the phase centre, to suppress any real sources. We injected these
sources at positions at least 7-arcsec away from each other, with flux
densities corresponding to a SNR in the range of 3-8. The rms is
4.2 wly beam~!, and the beam size is 1 arcsec x 1.75 arcsec. After
imaging the simulated field, we extracted the sources as described in
the previous section, and cross-matched them with the true source
catalogue. In Fig. 4, we show the statistics associated with source
extraction. We find that across the recovered sources, the standardised
residuals, (Syue — Sobs)/0s,,,» have a mean p = —0.31 and standard
deviation o = 1.01. The measured flux densities are overestimated
(expected . = 0), as a form of Eddington bias (Eddington 1913),
which makes faint sources more likely to be detected if they coincide
with noise peaks. For sources with true SNR >5¢, this bias is
minimal (u = —0.08). Above this significance level, we find the
completeness and reliability to be above the 90 per cent level. For
these reasons, we choose to set the threshold for defining a detection
at 5o.

4 RESULTS

We detected a total of 1285 sources across our 26 globular cluster
fields. 352 of these have counterparts at both 5.5 and 9.0 GHz and
hence for which a spectral index could be calculated. 36 sources are
located within one core radius, and 189 sources within one half-light
radius; these are the sources most likely to be truly associated with
the globular clusters. We detail the characteristics of these sources in
our sources catalogue, which contains the following information:

MNRAS 513, 3818-3835 (2022)
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Figure 4. Source recovery statistics. Top panel: Normalized histogram
of standardized residuals for the matched sources, (Siue — Sobs)/Tsy,» fOr
sources with measured SNR >5. The dashed black line shows the normal
distribution of best fit. Middle panel: Completeness as a function of input
SNR. Sources are virtually complete above 50. Bottom panel: Reliability as
a function of measured SNR. Above 50, sources are reliably identified.

(1) Source ID (Cluster-ATCA##, sorted by distance from cluster
centre),

(ii) Right ascension (RA),

(iii) Declination (DEC),

(iv) lo error in RA (A RA),

(v) lo error in DEC (A DEC),

(vi) Flux density at 5.5 GHz (Ss5),

(vii) lo errorin Ss55 (A Ss5),

(viii) Flux density at 7.25 GHz (S7.s),
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(ix) 1o error in 8725 (A S7.25),

(x) Flux density at 9 GHz (Sy),

(xi) lo error in Sy (A Sy),

(xii) Spectral index «,

(xiii) lo errorin «,

(xiv) Distance from the centre in units of core radii (R.), and
(xv) Distance from the centre in units of half-light radii (Ry).

We show the first 20 lines from the source catalogue in Table 4.
Fig. 5 gives an example image from the survey with the catalogued
sources overlaid. The complete source catalogue is made available
in its entirety as supplementary material, and the final images can be
downloaded from the CSIRO Data Access Portal.*

4.1 Source counts

Radio source counts (log N/log S as a function of log ) have been
used since the early days of radio astronomy as a tool for exploring
the evolution of the Universe (Longair 1966). High flux density
sources are mostly AGNs, but star-forming galaxies dominate at the
faint end (Seymour et al. 2008; Condon et al. 2012). The different
populations of astrophysical sources can be seen as a flattening of the
source counts below 1 mJy (Windhorst, van Heerde & Katgert 1984).
Sample variance (due to the anisotropic distribution of sources across
the sky) can induce deviations in the radio source counts measured in
a given survey, depending on flux density and survey area (Heywood,
Jarvis & Condon 2013).

In this paper, we use radio source counts as a tool to identify the
putative excess of radio sources towards globular clusters. Because
differential, rather than cumulative, source counts are less liable to
biases (Crawford, Jauncey & Murdoch 1970), we employ this metric.
The number of sources per unit flux density and unit sky area, known
as differential source counts, n(S;), is given by (Ehlert et al. 2013)

i=m |
wsp= - _Ziw )
dSdQ2 AS;
where j is the flux bin between Sy and S; of mean S; and width AS; =
S1 — So, which contains m sources. 2; is the sky coverage that is
sensitive enough to detect sources of flux density S; with at least 5o
confidence. We take S; to be the geometric mean /Sy S;.

To estimate the errors on the source counts, we first investigate
how dominant the sources of error are: Poisson errors, errors in the
sensitivity map, or flux density errors. The fractional error of the rms
iS 0 /TS = (1/2Npeams) > (Condon et al. 2012), where Nyeams is the
number of resolution elements (synthesized beams) within an area.
For a 100 x 100 pixel boX, Npeams & 60, so the error on the rms is
at the 10 per cent level. For flux density bin widths (we use 0.1 dex,
i.e. a width of 5 pJy for our lowest flux density bin centred at 20
wly) that are almost all much larger than typical flux density errors
for individual sources (=4 ply), the errors in the source counts
associated with measurement errors are negligible. Therefore, for
low number counts (<100 counts bin~!), the errors in the measured
source counts are dominated by Poisson errors.

In Fig. 6, we show the source counts measured from all of our
sampled fields outside of clusters, at three different frequencies, and
compare them with the previous estimates of the radio source counts
of de Zotti et al. (2010) and Wilman et al. (2008). de Zotti et al. (2010)
provide a collation of source counts measured from different surveys
at various frequencies, and with different sensitivities. Wilman et al.

“https://doi.org/10.25919/nzcz-xv90
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Table 4. The first 20 sources in the source catalogue. The full table is available as supplementary material.

ID RA DEC ARA? A DEC* S5A5 A S5,5 S7,25 A S7A25 Sg A Sg o Ao RC Rh

(deg) (deg) (arcsec) (arcsec) (wly) (Wy) Wy Wy  (Wy)  (Wy)

47Tuc-ATCA1 6.0180285  —72.0827214 0.24 0.04 34.7 3.8 32.6 32 29.1 4.7 —037 041 0.39 0.04
47Tuc-ATCA2 6.0579037  —72.0788 108 0.48 0.15 24.1 3.9 16.0 33 <17.6 - <—0.64 - 1.79 0.20
47Tuc-ATCA3 5.9681262  —72.0656876 0.03 0.02 31.0 3.9 26.5 3.6 <29.9 - <—0.07 - 3.85 0.44
47Tuc-ATCA4 6.0556079  —72.0590536  0.28 0.07 87.7 39 61.8 3.7 36.3 5.9 —1.79 034 403 046
47Tuc-ATCAS5 6.0926497  —72.0690308  0.27 0.13 247 4.0 21.5 3.7 <334 - <0.61 - 407 046
47Tuc-ATCAG6 6.0755228  —72.1053 155 0.47 0.09 24.6 4.2 24.7 4.0 <29.6 - <0.38 - 4.82 0.55
47Tuc-ATCA7 59202758 —72.0865673  0.06 0.02 170 4.1 120 4.2 70.7 6.8 —178 020 538 0.61
47Tuc-ATCAS8 6.1166201 —72.1010934 0.49 0.06 29.4 4.3 26.3 4.4 <36 - <0.41 - 5.80 0.66
47Tuc-ATCA9 6.0333406 —72.1180916  0.01 0.06 <l18.1 - 22.2 44 38.8 7.1 >1.55 - 6.17  0.70
47Tuc-ATCA10 5.9922285  —72.1167 805 0.48 0.12 <16.6 - 18.2 4.4 40.6 7.2 >1.82 - 6.15 0.70
47Tuc-ATCA11 6.1460931 —72.0837495 0.06 0.10 30.4 4.4 21.0 4.5 <325 - <0.14 - 6.29 0.71
47Tuc-ATCA12 6.0358483  —72.1190226  0.01 0.09 285 45 22.4 4.5 <252 - <-0.25 - 634 072
47Tuc-ATCA13 6.0138886  —72.0429991 0.30 0.05 24.5 4.4 19.0 4.5 <34.7 - <0.71 - 6.38 0.72
47Tuc-ATCA 14 6.0330011  —72.0433269  0.10 005 <186 - 18.1 4.5 41.6 7.4 >1.64 - 632 072
47Tuc-ATCA15 6.0553603  —72.0403011 0.16 0.09 250 45 24.8 4.7 <41.3 - <1.02 - 7.00 0.80
47Tuc-ATCA16 59422227  —72.1208722  0.32 0.02 252 4.7 25.0 5.2 <45.1 - <1.18 - 783  0.89
47Tuc-ATCA17 6.0430120 —72.1281478 0.11 0.10 71.9 4.7 58.9 53 50.0 9.2 —-0.73 0.39 7.89 0.90
47Tuc-ATCA18 5.8689766  —72.0649243  0.43 0.10 282 5.0 30.6 5.5 <43.6 - <0.89 - 839 095
47Tuc-ATCAI19 6.1488747  —72.1194801 0.18 0.11 29.3 5.3 26.1 6.2 <515 - <l1.15 - 9.05 1.03
47Tuc-ATCA20 6.2038 151 —72.0721 862 0.44 0.36 31.1 5.1 21.5 6.1 <47.8 - <0.87 - 9.35 1.06

Notes.

“The quoted errors in astrometry are statistical only. An additional systematic error of order 1/10th of the beam size might be expected (see discussion in Shishkovsky

et al. 2020).

(2008) performed a semi-empirical simulation of the radio sky
covering 20 x 20 deg? down to 10 nly at four different frequencies.
To convert the observed source counts of de Zotti et al. (2010)
to our observing frequencies, we rescaled their 4.86-GHz source
counts to 5.5 GHz, and their 8.4-GHz source counts to 7.25 and
9.0 GHz, assuming a constant spectral index o« = —0.7 (Condon
1984). We calculated the theoretical source counts from Wilman
et al. (2008) first by measuring the spectral index for each source
in their catalogue using the total flux densities at 4.86 and 18 GHz,
and then interpolating to 5.5, 7.25, and 9.0 GHz. To mitigate the
contamination with globular cluster sources for our sample, we have
excluded the regions within SR, of cluster centres.

4.2 Determining an excess of sources toward globular clusters

Many or most of the radio sources in our catalogue are likely
associated with the background rather than the targeted clusters.
Detailed studies have already identified several such extragalactic
background sources, including N3201-ATCA1 and N3201-ATCAS5
(within the core radius of NGC 3201; Paduano et al. 2022), and likely
all other sources within the half-light radius of that cluster; N6397-
ATCA9, N6397-ATCA13, N6397-ATCA14, and N6397-ATCA18
(X-ray sources U108, W129, W127, and W135 towards NGC 6397,
respectively; Zhao et al. 2020); N6752-ATCA3, N6752-ATCAS, and
N6752-ATCA7 (X-ray sources CX42, CX17, and CX45 towards
NGC 6752, respectively; Cohn et al. 2021), as well as all sources
outside the half-light radius of Terzan 5 (Urquhart et al. 2020).

Nonetheless, several of our sources are known to be associated
with the target clusters. Here we present a preliminary analysis of
how many catalogue sources are indeed cluster members.

4.2.1 Known sources

The first and most definitive check is whether a source is already a
known member of a globular cluster.

Six radio sources in our catalogue are associated with previ-
ously known pulsars with published positions: in 47 Tuc (pulsar D,

Robinson et al. 1995; associated with 47Tuc-ATCA2), in NGC 6397
(pulsar A, D’Amico et al. 2001; associated with N6397-ATCA4),
in NGC 6522 (pulsar A, Zhang et al. 2020; associated with N6522-
ATCALl), and in Terzan5 (pulsars P, A, and C, Lyne et al. 1990;
Ransom et al. 2005; associated with Ter5-ATCA2, Ter5-ATCAA4,
and Ter5-ATCAS, respectively; see also Urquhart et al. 2020). These
sources generally have strongly negative spectral indices. It is nearly
certain that other pulsars are present in our catalogue: for example,
Zhao et al. (2020) showed that a steep-spectrum radio source near the
centre of NGC 6397 (here called N6397-ATCA1) is associated with
the X-ray/optical source U 18 and is very likely to be a ‘spider’ binary
pulsar where the pulsations are frequently eclipsed by material lost
from the redback companion.

Apart from pulsars, we have also detected some well-known X-ray
binaries — in Terzan 5, EXO 1745-248, which was in outburst at the
time of the observations (Tetarenko et al. 2016b), here catalogued
as Ter5-ATCA3; in NGC 6624, 4U 1820-30, here catalogued as
N6624-ATCAL1 (see Russell et al. 2021 and Panurach et al. 2021);
and in Terzan 6, GRS 1747-312, here catalogued as Ter6-ATCAl
(see Panurach et al. 2021). We have previously published two X-
ray binaries discovered as part of this ATCA survey: in 47 Tuc, the
candidate black hole X9 (Miller-Jones et al. 2015), here catalogued
as 47Tuc-ATCA1; and in NGC 6652, the candidate transitional MSP
NGC 6652B (Heinke, Edmonds & Grindlay 2001; Paduano et al.
2021), here catalogued as N6652-ATCA3.

We emphasize that while a few detailed studies of individual
clusters have been published (see e.g. Urquhart et al. 2020; Zhao
et al. 2020; Cohn et al. 2021; Paduano et al. 2022), we have not
comprehensively matched our catalogue with all previous X-ray or
optical studies of our sample. This will be the subject of future papers.

4.2.2 Statistical excess

Here, we show that there is evidence for a statistical excess of radio
continuum sources associated with a subset of the clusters in our
sample, although it will turn out that this is largely due to the
individual sources already identified above. We make this statistical

MNRAS 513, 3818-3835 (2022)
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Figure 5. 5.5-GHz image of the NGC 6652 field. The core and half-light radius of the cluster are shown in red dotted circles, and the detected sources are

highlighted with green circles.

calculation for two different regions of interest in the cluster: the
core radius (within which dynamically segregated compact objects
are preferentially found; Verbunt & Hut 1987), and the half-light
radius (relevant for an unsegregated cluster radio source population).

First, we count the number of independent sources detected at
7.25 GHz within the core and half-light radius for each cluster, lim-
iting the count to those sources bright enough to have been detected
out to the edge of the core or half-light radius, respectively. We then
use our mean background source counts (as calculated in Section 4.1)
to estimate the expected number of background sources down to the
relevant flux density limit. We chose this approach rather than a
local background calculation, since the lower sensitivity in the outer
region of the primary beam means that the per-cluster background is
very noisy. One potential concern for this approach is that the surface
density of Galactic sources is expected to depend on Galactic latitude,
but the analysis of the MAVERIC VLA sample (Shishkovsky et al.
2020) implies that Galactic foreground/background sources have a
negligible effect on these calculations.

The results of this analysis for the core radii are shown in Table 5,
which for each cluster lists the number of sources above the flux
density limit within each core, the expected number of background

MNRAS 513, 3818-3835 (2022)

sources, and the Poissonian probability that the observed population
of sources within the core radius is due entirely to the background.

There are seven clusters for which the core population of radio
sources is significantly (~20-30) above that expected from the
background: Terzan5, Terzan 1, Terzan 6, NGC 6624, NGC 6352,
NGC 6652, and NGC 6388. For Terzan5, Terzan 6, NGC 6624,
and NGC 6652, the detected sources are already known and were
discussed above. Terzan 1 is an obscured bulge cluster with several
X-ray sources, including the historical X-ray burster XB 1732-304
(Makishima et al. 1981; Cackett et al. 2006), and the radio source
could be the counterpart to this source or to a different one. NGC 6388
also has a high predicted collision rate, and contains a substantial
population of X-ray sources (Maxwell et al. 2012) and likely pulsars,
though the latter have not yet been detected. NGC 6352 is an outlier,
with a larger core than these other clusters and a relatively low
collision rate; it may be that it simply is a statistical outlier in the
number of background sources, which would not be too surprising
given the ~2¢ significance of its excess and our sample size (26
clusters).

As discussed above, there are confirmed cluster sources even in
clusters that do not formally show a statistically significant excess,
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Figure 6. Differential source counts outside clusters (>5R.) at three different
frequencies, compared to the collated measurements of de Zotti et al. (2010),
and the theoretical estimates of Wilman et al. (2008). The error bars represent
lo uncertainties, and the triangles represent 1o upper limits. The source
counts derived from our work are consistent with previous estimates within a
factor of 2. Disparities are due to observational and processing biases rather
than cosmic variance.
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Table 5. Counts of sources within the cluster core radii at 7.25 GHz.
We report the number of detected sources (N), the expected number of
background sources (Npkg ), and the probability that a core source population
is consistent with the expected background (no value is listed for clusters
without core sources). The table is sorted from most significant detection to
least significant.

GC Neore kag P
Terzan 5 2 0.03 0.001
Terzan 1 1 0.00 0.004
Terzan 6 1 0.01 0.006
NGC 6624 1 0.01 0.012
NGC 6352 6 22 0.017
NGC 6652 1 0.04 0.040
NGC 6388 1 0.06 0.054
47 Tuc 1 0.35 0.24
NGC4372 5 6.9 0.34
NGC 6362 3 4.6 0.40
w Cen 4 10.3 0.48
NGC4833 1 2.8 0.52
NGC 3201 1 34 0.54
Djorg2 0 0.30 -
Liller 1 0 0.01 -
M54 0 0.01 -
NGC 2808 0 0.20 -
NGC 5927 0 0.45 -
NGC6139 0 0.06 -
NGC 6304 0 0.14 -
NGC 6397 0 0.01 -
NGC 6441 0 0.06 -
NGC 6522 0 0.01 -
NGC 6541 0 0.07 -
NGC 6553 0 0.83 -
NGC 6752 0 0.09 -

such as 47 Tuc and NGC 6397 (albeit outside the small core radius for
this core-collapsed cluster). Hence other clusters without evidence
for such an excess may still contain true cluster member sources
in our catalogue. It is clear that due to the relatively high density
of background sources, an excess is more readily detected in those
clusters with very small core radii.

Unlike the case for the core radii calculation, we do not tabulate
the results for the half-light radii, since only two clusters show a
statistically significant excess: NGC 6652 (N,;, =5, Npg,n,, = 0.9,
p = 0.002) and Terzan5 (N, =3, Ny, = 0.6, p = 0.02). It
seems likely that the majority of the 7.25-GHz radio continuum
sources within the half-light radii of our sample clusters are indeed
background sources.

5 DISCUSSION AND CONCLUSIONS

Out of the 1285 radio continuum sources in our catalogue, a minority
appear to be associated with the globular clusters in the target field.
Seven of the 26 clusters show a statistically significant excess of
sources within their core radii, while only two of 26 show such
an excess within their half-light radii. Overall, the implication is
that globular clusters with radio continuum sources persistent at S,
2 20 wly at 7 GHz are the exception rather than the rule. There is
strong evidence that this conclusion is sensitivity-limited: deeper data
from the VLA have revealed fainter X-ray binaries in some globular
clusters, such as the black hole candidate in M62 (Chomiuk et al.
2013). Hence, deeper studies with next-generation radio facilities
are required to sample this population to higher completeness. The
Square Kilometre Array (SKA) precursor facility MeerKAT (Jonas &
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MeerKAT Team 2016) can provide complementary coverage of
Southern globular clusters at lower frequencies than presented here,
with consequently higher sensitivity to steep-spectrum objects such
as pulsars. However, its angular resolution (currently ~6 arcsec at
0.9-1.6 GHz) makes it less well suited to detailed imaging studies
of the most compact or crowded globular clusters, and implies that
source confusion limits the currently achievable noise levels’ to ~3
wJy bm~!. Both resolution and imaging depth will improve when the
new S-band (1.6-3.5 GHz) receivers are fully installed on MeerKAT,
enabling somewhat deeper images than presented in the current
work. Towards the end of the decade, the longer baselines, higher
frequencies, and higher sensitivity of SKA1-Mid will enable a new
generation of southern-hemisphere globular cluster imaging studies.

Despite the limited statistical signal in many of the sample clusters,
our ATCA survey has already been successful in identifying new
compact binaries in globular clusters, such as the ultracompact
black hole X-ray binary candidate X9 in 47 Tuc (Miller-Jones et al.
2015; Bahramian et al. 2017) and the transitional MSP candidate
NGC 6652B (Paduano et al. 2021). This highlights the need and
opportunity for detailed follow-up of each central radio source in
our catalogue — many are likely to be true cluster sources, even if
the individual cluster does not formally show a statistical excess of
sources.

Weatherford et al. (2020) identify a number of clusters that, on
the basis of their low degree of mass segregation, are theoretically
consistent with having a large population of stellar-mass black holes.
Of these clusters, two are in the present sample: NGC 2808 and
NGC 5927. None of these has evidence for an excess of radio sources,
though there is not necessarily a correlation between a substantial
population of black holes and the presence of ones in close enough
binaries to undergo mass transfer (Kremer et al. 2018), and both of
these clusters are distant (2 8 kpc). We also note that NGC 6388,
for which we found a core radio source excess, is one of the clusters
that has been singled out by Moody & Sigurdsson (2009), based
on its high mass and metallicity, as potentially retaining a large
population of black holes. NGC 6441 has similar properties. None
of these clusters was included in the Weatherford et al. (2020) study,
but these are promising clusters deserving of follow-up efforts.

Although our survey was designed to be sensitive to any
intermediate-mass black holes located close to the cluster centres,
our data show no evidence for any radio emission associated with
such objects, which would arise from the jets associated with low-
level accretion from the cluster gas. Subject to a plausible set of
assumptions, Tremou et al. (2018) placed stringent upper limits of
610-2270 M, on the masses of any intermediate-mass black holes at
the centres of our clusters. Should they exist, deeper radio and X-ray
observations would be needed to detect their accretion signatures.

This work shows that modern radio continuum surveys are deep
enough to find at least some radio sources associated with Galactic
globular clusters, especially in the nearer clusters. However, the
nature of most of these sources is difficult to ascertain from radio
observations alone. To reach scientific goals such as identifying
candidate stellar-mass black holes, multiwavelength observations are
needed, as evidenced by the discovery and classification of the black
hole candidates 47 Tuc X9 (Miller-Jones et al. 2015) and M62-VLA1
(Chomiuk et al. 2013).

Current radio surveys are not yet deep enough to access typical
quiescent black hole X-ray binary radio flux densities. At a few
kpc, sensitivities reach Ly ~ 10?® ergs™! in radio luminosity,

Shttps://apps.sarao.ac.za/calculators/continuum
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corresponding to Ly &~ 10* ergs™! on the main Lg—Lx correlation
(e.g. Gallo et al. 2014). This X-ray luminosity is at the top end
of typical quiescent luminosities (Gallo et al. 2008), appropriate
either for systems with long orbital periods (~10 h), or systems
with short orbital periods (< 1 h) such as ultracompacts, but which
excludes the fainter Ly expected from more typical main-sequence
secondaries. There are suggestive clues that some black holes may
appear more radio-loud than others at a similar X-ray luminosity,
such as the two candidates in M22 (Strader et al. 2012) and in
the foreground of M15 (Tetarenko et al. 2016¢c), but ultimately
dynamical mass measurements at optical or infrared wavelengths
are still necessary to answer the most pressing questions about the
occurrence and properties of compact objects in globular clusters.
This work is an initial step in this exciting long-term effort that
shows radio continuum observations are an important part of the
overall multiwavelength picture.
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APPENDIX A: CLUSTER IMAGES

In Fig. A1, we provide 5.5-GHz images of all 26 clusters covered in
this study. We indicate the detected sources, as well as the core and
half-light radius of each cluster.
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Figure Al. 5.5-GHz ATCA images of the fields of 47 Tuc, Djorg 2, Liller 1, M 54, NGC 2808, and NGC 3201. The core and half-light radii for each cluster
are shown by the inner and outer dashed red lines, respectively. Detected sources are highlighted with small green circles. Image brightness is indicated by the
colour bar, scaled appropriately for each figure.
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Figure Al. (Continued). 5.5-GHz ATCA images of the fields of NGC 4372, NGC 4833, NGC 5927, NGC 6139, NGC 6304, and NGC 6352. The core and
half-light radii for each cluster are shown by the inner and outer dashed red lines, respectively. Detected sources are highlighted with small green circles. Image
brightness is indicated by the colour bar, scaled appropriately for each figure.
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Figure Al. (Continued). 5.5-GHz ATCA images of the fields of NGC 6362, NGC 6388, NGC 6397, NGC 6441, NGC 6522, and NGC 6541. The core and
half-light radii for each cluster are shown by the inner and outer dashed red lines, respectively. Detected sources are highlighted with small green circles. Image
brightness is indicated by the colour bar, scaled appropriately for each figure.
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Figure Al. (Continued). 5.5-GHz ATCA images of the fields of NGC 6553, NGC 6624, NGC 6652, NGC 6752, w Cen, and Terzan 1. The core and half-light
radii for each cluster are shown by the inner and outer dashed red lines, respectively. Detected sources are highlighted with small green circles. Image brightness
is indicated by the colour bar, scaled appropriately for each figure.
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Figure Al. (Continued). 5.5-GHz ATCA images of the fields of Terzan 5 and Terzan 6. The core and half-light radii for each cluster are shown by the inner
and outer dashed red lines, respectively. Detected sources are highlighted with small green circles. Image brightness is indicated by the colour bar, scaled
appropriately for each figure.
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