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ABSTRACT

We investigate potential correlations between radio source counts (after background corrections) of 22
Galactic globular clusters (GCs) from the MAVERIC survey, and stellar encounter rates (I') and masses
(M) of the GCs. Applying a radio luminosity limit of Ly, = 5.0x 10?7 erg s~1, we take a census of radio
sources in the core and those within the half-light radius, of each cluster. By following a maximum
likelihood method and adopting a simplified linear model, we find an unambiguous dependence of
core radio source counts on I' and/or M at 90% confidence, but no clear dependence of source counts
within the half-light radius on either I' or M. Five of the identified radio sources in GC cores above our
adopted limit are millisecond pulsars or neutron star X-ray binaries (XRBs), the dependence of which
on I is well-known, but another is a published black hole (BH) XRB candidate, and ten others are not
identified; Accounting for these verified cluster members increases the significance of correlation with
M and/or I" (to 99% confidence), for fits to core and half-light region source counts, while excluding a
dependence on I" alone at 90% (core) and 68% (half-light) confidence. This is consistent with published
dynamical simulations of GC BH interactions that argue I'" will be a poor predictor of the distribution
of accreting BHs in GCs. Future multiwavelength follow-up to verify cluster membership will enable
stronger constraints on the dependence of radio source classes on cluster properties, promising a new
view on the dynamics of BHs in GCs.

Keywords: Globular star clusters (656) — Low-mass X-ray binary stars (939) — Compact objects
(288) — Neutron stars (1108) — Black holes (162) — Stellar dynamics (1596)

1. INTRODUCTION

Since the launch of early X-ray missions like Uhuru
and OSO-7, it has been known that Galactic globular
clusters (GCs) host an overabundance of X-ray sources
(Katz 1975). These X-ray sources are ascribed to close
binaries of various kinds, whose origin is closely re-
lated to the dynamically active cores of GCs. Specif-
ically, the very dense cores of GCs facilitate many
close dynamical encounters, producing close binaries

through multiple possible channels (Clark 1975; Fabian
et al. 1975; Sutantyo 1975; Hills 1976). The most well-
studied population is comprised of low-mass X-ray bi-
naries (LMXBs), where neutron stars (NSs) or black
holes (BHs) accrete matter from (usually) a (near) main-
sequence donor star (Lewin & Joss 1983; Grindlay et al.
1984). LMXBs were discovered to dominate the bright
X-ray source population, with typical X-ray luminosities
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Lx ~ 1036738 erg 571 (Giacconi et al. 1974; Clark et al.
1975; Canizares & Neighbours 1975).

With the advent of the Chandra X-ray Observatory’s
superior sensitivity and angular resolution, a plethora
of faint (Lx < 1033 erg s™!) sources were detected in
many GCs (e.g., Grindlay et al. 2001a,b; Pooley et al.
2002a,b; Bassa et al. 2004; Heinke et al. 2005, 2006;
Bassa et al. 2008; Lu et al. 2009; Zhao et al. 2019).
Some of these faint sources are thought to be quiescent
LMXBs (qLMXBs), which are generally < 10* times
fainter than actively accreting LMXBs (e.g., Campana
et al. 1998; Rutledge et al. 2002; Heinke et al. 2003).
Closely related to LMXBs are the millisecond pulsars
(MSPs); these are fast-spinning radio pulsars spun up by
accreted matter from donor stars during a prior LMXB
phase (Bhattacharya & van den Heuvel 1991). MSPs
emit thermal or non-thermal X-rays, and also contribute
to the faint source population, especially below 103! erg
s~! (Saito et al. 1997; Bogdanov et al. 2006). A majority
of the faint X-ray population between 103! < Lyx < 1032
erg s~1 is comprised of cataclysmic variables (CVs),
which are accreting white dwarfs in close orbit with
normal stars (Hertz & Grindlay 1983; Cool et al. 1995;
Pooley et al. 2002a; Cohn et al. 2010; Rivera Sandoval
et al. 2018). Finally, chromospherically active binaries
(ABs), which are tidally-locked close binaries of normal
or evolved stars, are very common in GCs below 103! erg
s! (Bailyn et al. 1990; Dempsey et al. 1993; Grindlay
et al. 2001a; Bassa et al. 2004; Heinke et al. 2005). The
LMXB and MSP populations, along with the brighter
CVs, are closely correlated with the frequency of dy-
namical encounters, quantified by the stellar encounter
rate (Verbunt & Hut 1987; Johnston et al. 1992; Ver-
bunt 2003; Pooley et al. 2003; Heinke et al. 2003; Poo-
ley & Hut 2006; Hui et al. 2010; Bahramian et al. 2013;
Heinke et al. 2020). However, other X-ray sources are
not of dynamical origin; most ABs descend from primor-
dial binaries (Bassa et al. 2004, 2008; Huang et al. 2010;
Cheng et al. 2018), as do many CVs (Davies 1997; Kong
et al. 2006; Ivanova et al. 2006; Belloni et al. 2019).

Binaries containing BHs may not be distributed in the
same way as those containing NSs, as the numbers of
BHs remaining in different GCs, and their level of mix-
ture with other stars, may vary in complicated ways.
Early theoretical calculations suggested that dynamical
interactions involving BHs would quickly expel all, or
nearly all, BHs from GCs (Sigurdsson & Hernquist 1993;
Kulkarni et al. 1993). However, observations of can-
didate BH X-ray binaries in extragalactic (Maccarone
et al. 2007) and Galactic GCs (Strader et al. 2012), along
with GC simulations that left numerous BHs in clusters
(Morscher et al. 2013; Sippel & Hurley 2013; Heggie &

Giersz 2014; Morscher et al. 2015), changed the pre-
vailing wisdom. There is now solid dynamical evidence
of three (noninteracting) BH binaries in the GC NGC
3201 (Giesers et al. 2018, 2019). Current GC simulations
predict large numbers of BHs in clusters with relatively
little mass segregation (Peuten et al. 2016; Askar et al.
2018; Weatherford et al. 2018, 2020), though the number
of detectable BHs in binary systems with other stars is
not predicted to correlate with the total number of BHs
in the clusters (Kremer et al. 2018; Arca Sedda et al.
2018; Askar et al. 2018).

The MAVERIC (Milky way ATCA and VLA Ezplo-
ration of Radio sources In Clusters) survey involves deep
radio imaging of 50 Galactic GCs (see Tremou et al.
2018, Shishkovsky et al. 2020, Sh20 hereafter, and Tu-
dor et al. in prep.), dedicated to discovery of poten-
tial BH LMXBs and other exotic radio sources. The
key motivation is that accreting BHs are more radio-
luminous for a given X-ray luminosity than other sys-
tems (Maccarone 2005; Migliari & Fender 2006), making
deep radio surveys an excellent method to find candi-
date BHs. Thanks to the superior sensitivity and sub-
arcsecond resolving power of the Karl G. Jansky Very
Large Array (VLA) and the Australia Telescope Com-
pact Array (ATCA), it has led to fruitful revelations of
faint radio sources that are strong candidate BH LMXBs
(Strader et al. 2012; Chomiuk et al. 2013; Miller-Jones
et al. 2015; Bahramian et al. 2017; Shishkovsky et al.
2018; Bahramian et al. 2020), and strong candidates for
MSPs not yet detected via radio pulsations (Bahramian
et al. 2018; Zhao et al. 2020; Urquhart et al. 2020). The
5 o detection limit of the observations reaches as low as
S, ~ 10 pJy beam™! (S, is the flux density), covering
different kinds of radio emitting objects in the fields of
the GCs.

Of the detected radio sources, we expect a consid-
erable fraction to be background sources (e.g., active
galactic nuclei), while the sources that are actually as-
sociated with the clusters are mostly BH or NS LMXBs
and MSPs. Radio emission has been observed in both
NS (Migliari & Fender 2006) and BH (Gallo et al. 2014,
2018) LMXBs, characterized by flat (—0.5 < a < 0) !
to inverted (a > 0) radio spectra, while MSPs are gen-
erally steep-spectrum radio sources (Bates et al. 2013,
a ~ —1.4 with unit standard deviation). CVs and ABs
may also be active radio emitters. For example, ra-
dio emission has been observed from both non-magnetic
(e.g., Coppejans et al. 2015, 2016) and magnetic CVs
(e.g., Barrett et al. 2017), generally fainter than from

I« is the radio spectral index () defined by S, o v®
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LMXBs, but visible at GC distances (typically a few
kpc’s) during the peaks of outbursts (e.g., Mooley et al.
2017). ABs have also been observed in the radio; typ-
ically only visible at kpc distances during flares (e.g.,
Osten et al. 2000). One abnormal radio-emitting binary
observed in the GC M10 with a low measured mass func-
tion is possibly a RS CVn type of AB, or an unusual CV,
or a face-on BH LMXB (Shishkovsky et al. 2018).

It is then intriguing to investigate if there exists a
dependence, similar to that revealed by X-ray observa-
tions, of radio source populations on GC dynamical pa-
rameters. In this work, we compare radio source counts
of different GCs at the same luminosity cutoff, search-
ing for correlations between the number of radio sources
vs. stellar encounter rate (I') and/or GC mass (M).
The paper is organized as follows: in §2, we describe the
MAVERIC observations involved in this work, present-
ing the method we used to fit the data; in §3 we present
results and discussions based on the results, and in §4,
we draw conclusions.

2. OBSERVATIONS AND METHOD

We use the VLA catalog of 5 ¢ radio point sources
from the MAVERIC survey (Sh20). The catalog com-
piles radio point sources for 25 GCs, reporting source
coordinates and radio flux densities in low and high fre-
quency bands at 5 GHz (Siow) and 7.2 GHz (Shign)?,
respectively. For each GC, we count the numbers of
radio sources within the core radius (r.) and the half-
light radius (7). A radio source is selected if its
5 GHz radio luminosity (Liow) at the host cluster dis-
tance is higher than a limiting luminosity (Ljm,). We
set Lijm = 5.0 x 10?7 erg s~! to include most relatively
bright radio sources, excluding only the distant GCs M2,
M3, and M54, as Ly, converts to a limiting flux (Sym)
below the < 50 detection limit of the catalog for those
clusters. The source counts and relevant GC parameters
are summarized in Table 1.

To fit the data, we follow the maximum likelihood
method described in Verbunt et al. (2008, V08 here-
after). We briefly outline the method here.

The number of radio sources observed within the core
or half-light radius of a GC follows a Poisson distribu-
tion:

o
P (N7 :LL) = ﬁe ) (1)
where g is the expected number of sources, and N is
the observed number of sources. This formula applies to
both the number of actual cluster members (N.) and the

number of background sources (NN,), with p. members
or ju, background sources expected®. i is calculated for
each cluster using the normalized source counts from
Sh20 (see table 4 of Sh20), given in differential form
S§'5dN /dS,, while applying the Sy, of each cluster as
the lower bound of our integration. We assume that the
expected number of cluster members, p., is determined
by T' and cluster mass (M). Given the low numbers
of sources (Table 1) at our designated luminosity cutoff
(Liim ), we follow a simplified linear model as in V08, viz.

e = al’ + bM, (2)

where a and b are positive coefficients, while for conve-
nience, we re-normalized I" and M, taken from Table 1,
to fractions of the I' of M62 and the M of M14. The
form of the model is based on the assumption that one
expects more LMXBs and MSPs in GCs with higher T"
and/or M. The positive correlation with I" has been
tested by using census of X-ray sources from archival
observations (e.g., Pooley & Hut 2006) and radio timing
surveys (Hui et al. 2010).

The likelihood function is then the multiplication of
the joint probability, P (N, pic) P (N, i), over all GCs
in our sample, i.e.,

L=11P Neirpei) P(Noi, pini) 3)

where ¢ indexes the GCs. The best-fitting model is given
by a combination of a and b that maximizes L.

We set up a grid of a and b values ranging from 0 to
4, with a spacing of 0.02 in both a and b, and for each
pair of a and b, we generate 1000 random Poisson re-
alizations. Each realization draws a random integer as
per a Poisson distribution given u., which is assigned
to N.; N is then calculated by subtracting N, from
the observed number of radio sources as listed in the
6th and the 7th column of Table 1. To use the Poisson
probabilities, we keep N, below the observed number
of sources (Neore O Npait), avoiding negative N, values;
this is done by setting probability P(Ny, up) = 0 when
N, is negative, while keeping the total number of real-
izations (1000) for each pair of a and b unchanged. Zero
probability leads to zero likelihood, so equivalently these
realizations are excluded from the maximization of the
combined likelihood (£).

We also perform a somewhat more constrained fit by
keeping N, to be at least the number of confirmed mem-

2 Note that these frequencies are average central frequencies; the
actual values may be slightly different between clusters.

3 Note that here p. and p; are shorthands for the expected num-
bers of members and background sources; in our application, they
can represent the numbers in the core (indicated by a “core”
subscript) or within the half-light region (indicated by a “half’
subscript) as listed in Table 1.
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Table 1. Radio source counts in different GCs

GC Name Distance 7. Th Stim  Necore Nhaif  Nm,core Nm halt Hb,core b, half r M

(kpc) OO (wy) (x10°Mo)
M62* 6.7 022 0.92 186 1 3 1 2 0.07 116 16707710 6.90 +£0.05
NGC 6440* 8.5 0.14 048 116 1 2 1 1 0.07  0.78 1400153 5.3340.65
M28* 5.5 0.24 197 27.6 1 4 1 1 0.05 348 64875 2.8440.15
M30 8.6 0.06 1.03 11.3 0 1 0 0 0.01  3.58  324712* 1.3940.06
M92 8.9 026 1.02 10.6 0 3 0 0 0.23  3.51 270735 3.1240.04
M19 8.2 043 1.32 124 1 3 0 0 0.40  3.74 200755 6.5740.33
M5 7.7 0.44 1.77 14.1 0 2 0 0 042  6.73 164755  3.6840.06
M9 7.8 045 0.96 13.7 1 1 0 0 043 198 13175 3.21+£0.25
M14 9.3 0.79 1.30 9.7 4 14 0 0 211 571 124732 7.3940.37
NGC 6304 5.9 021 1.42 24.0 0 1 0 0 0.04 1.81 12375 2.1140.18
NGC 6325 6.5 0.03 0.63 19.8 0 0 0 0 0.001 054 1183  0.76 £0.13
NGC 6544 3.0 0.05 121 929 0 0 0 0 0.00 033 11175 1.15+0.11
M22 3.1 1.33 3.36 86.9 0 1 0 0 040  2.54 7813L 4.09+0.04
M13 7.6 0.62 1.69 145 1 5 1 1 0.83  6.13 69712 4.6940.20
NGC 6760 7.4 0.34 1.27 153 0 1 0 0 0.25 346 57t 2.55+0.30
NGC 6539* 7.8 0.38 170 13.7 2 5 1 1 0.04  6.20 42722 2.6140.31
M10 4.4 0.77 1.95 43.1 0 3 0 0 0.25  1.59 3175 1.89+0.04
NGC 6712 8.0 0.76 1.33 13.1 2 2 1 1 1.24  3.80 3175 1.19+0.08
M4 1.8 1.16 4.33 2580 0 2 0 0 0.11  1.49 2772 0.9340.02
M12 5.2 0.79 1.77 30.9 0 1 0 0 0.38  1.93 137 0.87+0.03
M107 6.1 0.56 1.73 22.5 0 1 0 0 028 269 68772 0.81+0.05
M55 5.7 1.80 2.83 25.7 2 5 0 0 291 719  3.2%1%  1.8840.07

NOTE—The distances are from Tremou et al. (2018); core radii (r.), half-light radii (r5) are from Harris (1996) (2010 edition);
the I'’s are from Bahramian et al. (2013); the GC masses (M) are from Baumgardt & Hilker (2018) (2nd version)®. Ncore and

Nupaie are the observed numbers of radio sources within the core and the half-light region, with L > 5 x 10?7 erg s~!

. NII\,COI‘G

and Ny hair are numbers of confirmed members within the core radius and the half-light radius. GCs indicated with * have a
significant radio source excess in the core over the expected background.

a

https://people.smp.uq.edu.au/HolgerBaumgardt /globular/

bers in the cores (N core, the 8th column in Table 1) or
half-light regions (N naif, the 9th column of Table 1).
The members include confirmed core MSPs and LMXBs
listed in Table 2, and PSR J1701—3006A in M62, which
is outside the core (Lynch et al. 2012). Similarly, real-
izations with N. < Ny, core OF N haif are excluded from
the fit by setting P(N,, u.) = 0. For simplicity, this fit
is referred to as the “constrained fit”—to differentiate it
from the “unconstrained fit” where we only apply upper
bounds on N, (N, less than or equal to the observed
number of sources).

To plot the result and compute confidence contours,
we follow the definition of Z in V08 that

Z = =2[log (£) —10g (£) ] - (4)

Confidence contours are calculated assuming that Z fol-
lows a x? distribution with one degree of freedom, so
the best fit (£ = Lpax) corresponds to Z = 0, while
the 68%, 90%, and 99% confidence intervals are where
AZ =1.00, 2.71, and 6.63, respectively.

3. RESULTS AND DISCUSSION

The resulting distributions of Z for unconstrained and
constrained fits are presented in Figure 1 and 2, over-
plotted with confidence contours. The unconstrained
fit to source counts in the core gives the best-fitting
a = 052 and b = 0.58, excluding non-correlation
(a = b = 0) at the 90% confidence level; whereas the
best fit to source counts within the half-light region sug-
gests no correlation: a =b = 0.

The constrained fit to source counts in the core con-
sistently favors a correlation (best fit: ¢ = 0.10 and
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b = 1.09), now at the 99% confidence level. Further-
more, the entire a-axis lies outside the 90% confidence
contour, indicating a dependence of source counts on
GC mass (b # 0) at 90% confidence. We note that
the constrained fit to source counts within the half-light
region (best fit: @ = 0.86, and b = 0.56) also excludes
non-correlation at 99% confidence, in contrast to the un-
constrained fit; while it rules out the I'-only dependence
(b=0) at a lower (68%) confidence level.

For both the constrained and unconstrained fits, we
generate 1000 random data sets based on the best-
fitting @ and b and calculate the corresponding com-
bined likelihood L for each data set. We note that the
maximum likelihoods corresponding to the best fits are
greater than those for all random data sets; the best fits
are therefore appropriate for modelling the radio source
counts.

Looking at Table 1, we note that a few GCs (indicated
with an *) show significant core source excesses over the
predicted numbers of background sources (6th column
vs. 10th column). Statistically, the probability of ob-
serving 1 while expecting 0.04—0.07 background sources
(Table 1) is around 4% — 7% (eq. 1), so the excess is
not very likely given by background sources. In Figure
3, we plot the model predicted counts using the best-
fitting parameters vs. the observed counts in the core
for each GC. We also overplot error bars that indicate
uncertainties propagated from the fitting parameters (a
and/or b) and from the corresponding GC parameters
(T and/or M).

Source counts within the half-light region have no
clear dependence on either I" or M (with the best-fitting
a and b = 0), when N, is only limited by Nyar. How-
ever, when confirmed members are specified, the result
excludes non-dependence (a = b = 0) at 99% confidence.
Of the 6 GCs that have confirmed members, three (M62,
NGC 6440, and M28) are large in both " and M (Table
1); specifying confirmed members for these GCs favors
a positive correlation between p. and I' and/or M, al-
though the observed source counts (Npait) are generally
consistent with the predicted numbers of background
sources (ip haif), within the 90% confidence level derived
for Poisson statistics (Gehrels upper and lower limits;
see Gehrels 1986).

One exception is M14—the observed half-light region
source count (14) is consistent with the background esti-
mate (5.71) at a higher, 98%, confidence level, consider-
ing the Gehrels upper limit. We note that M14 has the
lowest Sy of ~ 9.2 uJy, and for all GCs but M14, Sy,
is above the very first flux bin of Sh20’s radio source
counts (between 7.90 uJy and 10.61 uJy; see table 4 of
Sh20). For M14, part of this bin goes below the 5 o

flux limit of the observation (=~ 9 pJy). Including this
flux bin in the integration will incorporate faint sources,
between 9 and 10.61 uJy, so gives a somewhat higher
background estimate (7.82) for M14. However, the first
flux bin also misses faint sources between 7.9 uJy and
9 pJy. It is hence clear that the expected number of
background sources (fp hair) might have been underesti-
mated for M14 even when the first flux bin is considered.
We run our constrained fits without M14 and note that
the best fit to core radio source counts consistently ex-
cludes a = b = 0 at 99% confidence, with the maximum
likelihood at a = 0.08 and b = 1.03; and the best fit to
the half-light region counts also excludes a = b = 0 at
99% confidence, giving a = 0.93 and b = 0.46.

The 22 GCs listed in Table 1 host a total of 16 sources
in their cores. We further investigate all these sources
by matching their radio positions to those measured by
timing observations (Table 2, and references therein).
We find 4 known MSPs, three of which are in M28, NGC
6440, and NGC 6539, GCs that have core source excesses
over the background (Table 1), and one in M13, which
is marginally above Ly, (Table 2). Two more sources
are known cluster members; a BH candidate in M62
(Chomiuk et al. 2013) and a NS LMXB in NGC 6712
(Swank et al. 1976).

These sources are all confirmed cluster members, with
4 hosted by GCs that have a core radio source excess,
namely M28, M62, NGC 6440, and NGC 6539. Three
of these are GCs with high mass and I" (Table 1), in
agreement with the positive correlation shown by the
fit.

NGC 6539 possesses a clear core source excess (2 ob-
served vs. 0.04 expected), while having a low T' of 42
and an intermediate M (= 2.6 x 10° Mg vs. median
mass of 2.8 x 10° My). There are two core sources,
VLA11l and VLA12. VLA11 is positionally consis-
tent with the known MSP, PSR B1745—20 (D’Amico
et al. 1993), while VLA12 has an inverted-to-steep in-
dex (aw = —0.4 £ 0.7, Table. 2), which can overlap with
multiple scenarios. The probability of finding a back-
ground source in the core is ~ 8%, not very likely but
not ruled out. Considering the low I, it is possible that
VLA12 is a primordial cluster member. For example,
short (~ hours) flares observed in some short-period RS
CVn ABs can be detected in the radio at kpc distances
(e.g., Osten et al. 2000).

MSPs in cluster cores are expected to scale directly
with T', as they are produced by LMXBs that scale with
stellar encounter rate (e.g. Heinke et al. 2003; Pooley
& Hut 2006; Hui et al. 2010; Bahramian et al. 2013).
The presence of four confirmed MSPs among the clus-
ter radio sources indicates that at least some cluster
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Figure 1. 68% (solid red), 90% (dashed green), and 99% (dashed-dotted grey) contours in the ab plane for fits to radio source
counts in cluster cores (left) and half-light regions (right). The best-fitting values of a and b are indicated with a black cross in
each panel. The colorbar presents intensity of Z. For source counts in the core, a 7# 0 or b # 0 at the 90% level, while a = b =0
is consistent with the data for sources within the half-light regions.
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Figure 2. The marker and the contours are the same as those of Figure 1, but this fit required N. to be equal to or greater
than the number of confirmed members in the core (left) or within the half-light region (right).

radio sources must be dynamically formed. However,
our analysis including known cluster members requires
a contribution from cluster mass, not just stellar en-
counter rate. It is therefore of great interest that the
relative numbers of radio-emitting BH LMXBs are not
predicted to scale directly with relative stellar encounter
rates I' (which are calculated for visible stars, not the
BH subsystems). The numbers of these BH binaries

are instead predicted to depend in complicated ways on
the total number of BHs in each cluster, and on the
interactions of these BH populations with other clus-
ter stars (Weatherford et al. 2018; Arca Sedda et al.
2018). Thus, our work gives tentative support to the
idea that a portion of the cluster radio sources are BH
LMXBEs, distributed in a complicated way among clus-
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Figure 3. Observed core source counts (black empty squares) and observed half-light region source counts (red empty diamonds)
vs. predicted source counts in the core (black filled squares) and in the half-light region (red filled diamonds) based on the
constrained fits plotted for all 22 GCs. The error bars on the observed numbers indicate 84% confidence upper and lower limits
(Gehrels 1986); for GCs with zero counts, we only plot the upper bar. The uncertainties in predicted numbers are propagated
from uncertainties in I' and M, and the 68% confidence ranges of a and b. The black dashed and red dotted lines in each panel
marks the number of expected background sources in the core ({p core) and in the half-light region (us, nair), respectively.

ters, although we cannot rule out a contribution by other
kinds of sources.

Another interesting test involves comparing the radio
spectral indices of our sample with the known distribu-
tion of spectral indices of MSPs. In Figure 4, we present
normalized histograms of spectral indices («) for pulsars
from the ATNF catalog (Manchester et al. 2005, and
references therein); sources from the MAVERIC cata-
log that are outside of the half-light radii and thus are
mostly background active galactic nuclei (AGNs); and
for radio sources in Table 2 (excluding sources with un-
constrained « values). We first compare equal-size sam-
ples of MSPs (P < 20 ms) and normal pulsars from
the ATNF catalog, and note that there is no significant
difference between the distribution of their spectral in-
dices (p-value of 0.25 for a two-sample Anderson-Darling
test). We can therefore randomly draw pulsars from the
whole ATNF catalog to form a sample the same size
as that of the AGNs. The core sources seem to fol-
low a bimodal distribution, containing a group of steep
(=2.5 < a £ —1.2) sources, and a group of relatively
flatter (—0.8 < a < 0.2) sources. The latter significantly
deviates from the observed pulsar distribution, and ex-
ceeds the AGN distribution around —0.5 < o < —0.2,
which could be partially contributed by LMXBs. We
performed a 2-sample Anderson-Darling test (Scholz &
Stephens 1987) comparing the core source distribution
with that of the ATNF pulsars and that of AGNs. A test
comparing the core sources with ATNF pulsars rejects
the null hypothesis that the core sources and ATNF pul-
sars are drawn from the same population at a level more
significant than 0.1%. A test comparing core sources
with the AGN sample rejects the null hypothesis at 3%
significance. Finally, a test comparing the core sources

with the AGN and pulsar samples combined rejects the
null hypothesis at a level more significant than 0.1%.
In fact, the flatter group contains 6 sources, of which
one is a NS LMXB, one is the known BH candidate in
M62, and one is the known MSP in NGC 6539; the other
3 sources could be either background AGNs or cluster
members.

Our analyses have shown that additional membership
information results in tighter constraints on the param-
eters for both source counts in the core and those in the
half-light region. In this regard, future careful multi-
wavelength follow-up will therefore be necessary to sepa-
rate background sources from cluster members, allowing
investigation of radial trends in the radio source prop-
erties. For example, proper motion analysis of poten-
tial optical counterparts, or with radio VLBI (Tetarenko
et al. 2016), can be effective in excluding background
sources. Detailed investigation at other wavelengths is
beyond the scope of this paper, but will be addressed in
future work.

There are several potential factors that could affect
our final results; uncertainties in I' or mass of clusters,
differences in sensitivity to radio sources across the clus-
ter cores, and unusual cluster histories. Uncertainties in
I’ can be up to 70% of the central values (Bahramian
et al. 2013), but are not included in our aforementioned
fits. To address this, we fit ¢ and b simultaneously to
the same observed counts but with I' and M randomly
drawn from the error ranges for each cluster, and ob-
serve the distribution of the best-fitting values and the
corresponding confidence contours. We ran a total of 50
random constrained fits and find the point a = b =0 is
outside of the 99% confidence contour in all of the fits;
running 50 random constrained fits for source counts in
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Figure 4. Top: A histogram showing distribution of spectral
index («) for core radio sources with constrained « values as
listed in Table 2 (orange). Bottom: Histograms of « for pul-
sars from the ATNF catalog (hatched green), AGNs (hatched
red), pulsar and AGN combined (solid black contour). The
counts in each bin is normalized by dividing the total counts
of each sample and the bin width. The core sources divide
into steep-index and flatter-index groups; the flatter group
is more numerous than expected from a pulsar-only distribu-
tion. Despite that the AGNs can partly account for the flat-
ter group, there is an overabundance of core sources around
—05Sa S —0.2

the half-light regions also excludes a = b = 0 at 99%
confidence, so the correlation holds for both core and
half-light region source counts, regardless of uncertain-
ties in I' and M.

Another factor to consider is the increase in noise in
the radio images with increasing off-axis distance. To
first order, the RMS noise scales as the reciprocal of the
primary beam sensitivity. As a result, sources at the
edges of the beam might have a flux above the aver-
age 5 o level, but might have been missed because they
are below the local 5 ¢ level. This effect is expected to
be minor on our analyses of the core sources, as most
of the clusters have core sizes much smaller than the
half-power primary beam size (= 8.2" at 5.5 GHz). The
largest core, in the cluster M55, is 1.8’ in radius. If we
made the assumption that all of our core sources (Table
2) are located 1.8 from the beam center, we would ex-
pect the sensitivity to drop to & 88% of the center value
(assuming the primary beam follows a Gaussian sensi-
tivity curve); this corresponds to an increase in noise by
a factor of ~ 1.1, so the detection procedure might miss
sources between 5 and 5.5 sigma. Only one (of 16) of
our core sources, M19-VLLA34, falls in this flux range; we
thus estimate that < 6% of the core sources above our
stated flux limit might have been missed by our obser-
vations. Each GC has 1-3 core sources, corresponding
to 0.1-0.2 missing sources. Therefore, the effect of noise
variation is minor on our analyses.

A final concern is whether unusual histories of these
GCs could mean that the current mass and stellar inter-
action rate do not represent their values during the pe-
riod in which X-ray binaries or MSPs were formed. The
prototype for this argument is the GC NGC 6712, which
was shown to have lost > 99% of its mass, leaving pref-
erentially high-mass stars and binaries in the core (de
Marchi et al. 1999; Andreuzzi et al. 2001). This cluster
was probably much more massive and dense when the
two detected radio sources (one a known NS LMXB)
were formed, explaining their presence in an apparently
low-mass, low-density cluster (see Ferraro et al. 2000).
However, running our fits excluding NGC 6712 gives
best-fitting @ = 0.32 and b = 0.78 for the core source
counts, and a = 0.97, b = 0.42 for the half-light region
counts, while both fits consistently exclude a = b =0 at
99% confidence (when lower limits on N, are included).
Although similar cluster mass loss is likely to have af-
fected other clusters (see e.g. Moreno et al. 2014), this
effect has not removed the detectable correlation of stel-
lar interactions on X-ray sources (Pooley & Hut 2006;
Bahramian et al. 2013), and therefore we suspect its ef-
fects on radio sources are likely also modest.

4. CONCLUSION

We investigate linear correlations of radio source
counts with the encounter rate (I') and mass (M) for
a total of 22 GCs from the MAVERIC survey. Includ-
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Table 2. Radio sources in the core with Liow > 5 x 10?7 erg s~}
Source ID Liow Slow/RMS Notes References
(x10%*7 erg s71) (o) (Sy o v%)
M9-VLA24 5.4+ 0.6 8.6 —0.919% - -
M13-VLA21 5.0+0.7 7.3 —~1.373% PSR B1639+36A K91, W20
M14-VLAS 24.2+1.0 26.1 -1.9%5% - -
M14-VLA11 20.0 + 1.0 21.4 —1.218% - -
M14-VLA15 18.6 £ 1.0 20.0 -0.2793 - -
M14-VLA45 6.3+1.0 6.8 <00 - -
M19-VLA34 51409 5.5 <06 - -
M28-VLA3 24.340.5 53.7 —2.2701 PSR B1821—-24A 187, F88, C04, R04, B11, J13
M55-VLA6 87404 19.6 —1.2%8% . -
M55-VLA15 51405 11.3 -2.3007 - -
M62-VLA1 6.0+1.0 7.0 —0.470% A BH candidate C13
NGC 6440-VLA6 33.2+1.3 28.4 —2.0702 PSR B1745-20  L96, F08
NGC 6539-VLA11 9.44+0.7 9.4 —0.773% PSR B1802—07 D93, T93, T99
NGC 6539-VLA12 5240.6 8.5 —04107 - -
NGC 6712-VLA7 33.8+0.9 38.4 0.1705  4U 1850—087 S76, A93, H96, S06
NGC 6712-VLA9 25.0 4 0.9 28.3 —0.6107 - -

NOTE—RMS noises are adapted from Sh20. « is the spectral index from Sh20. References: A93: Anderson et al. (1993), B11:
Bogdanov et al. (2011), C04: Cognard & Backer (2004), C13: Chomiuk et al. (2013), D93: D’Amico et al. (1993), F88: Foster
et al. (1988), F08: Freire et al. (2008), H96: Homer et al. (1996), J13: Johnson et al. (2013), K91: Kulkarni et al. (1991), L8T7:
Lyne et al. (1987), L96: Lyne et al. (1996), R04: Rutledge et al. (2004), S76: Swank et al. (1976), S06: Sidoli et al. (2006),
T93: Thorsett et al. (1993), T99: Thorsett & Chakrabarty (1999), W20: Wang et al. (2020).

ing information about confirmed cluster members in our
analysis, the fit to source counts in the core rules out no
correlation with M or " at 99% confidence, and excludes
a dependence on I" alone at 90% confidence. The fit to
to source counts in the half-light region also rules out
no correlation at 99% confidence, but just excludes a
I-only dependence at 68% confidence.

The histogram of spectral indices of our radio sources
are inconsistent with that of pulsars and/or AGN alone,
indicating another component with flatter spectra is
present. Our findings are intriguingly consistent with
the expectations that of detectable radio sources, some
will be MSPs (produced dynamically, and thus corre-
lated with I'), and some may be BH LMXBs, the num-
bers of which are unlikely to be directly correlated with
I' (Kremer et al. 2018; Arca Sedda et al. 2018).

Our analyses also suggest that membership informa-
tion can lead to significantly tighter constraints on the
parameters. Future secure determinations of the nature
of individual systems, obtained with careful follow-up,
will therefore allow us to test predictions of the distribu-
tion of BH binaries in globular clusters in more detail.
More detailed analyses will also use the full luminos-

ity range of detected radio sources in each cluster, and
(with sufficient follow-up efforts) will study their radial
distributions.
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