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ABSTRACT
We report the results of a deep search for faint Chandra X-ray sources, radio sources, and optical counterparts in the nearby,
core-collapsed globular cluster, NGC 6752. We combined new and archival Chandra imaging to detect 51 X-ray sources (12
of which are new) within the 1.9 arcmin half-light radius. Three radio sources in deep ATCA 5 and 9 GHz radio images match
with Chandra sources. We have searched for optical identifications for the expanded Chandra source list using deep Hubble
Space Telescope photometry in B435, R625, H α, UV275, and U336. Among the entire sample of 51 Chandra sources, we identify
18 cataclysmic variables (CVs), 9 chromospherically active binaries (ABs), 3 red giants (RGs), 3 galaxies (GLXs), and 6 active
galactic nuclei (AGNs). Three of the sources are associated with millisecond pulsars (MSPs). As in our previous study of NGC
6752, we find that the brightest CVs appear to be more centrally concentrated than the faintest CVs, although the effect is no
longer statistically significant as a consequence of the inclusion in the faint group of two intermediate brightness CVs. This
possible difference in the radial distributions of the bright and faint CV groups appears to indicate that mass segregation has
separated them. We note that photometric incompleteness in the crowded central region of the cluster may also play a role. Both
groups of CVs have an inferred mass above that of the main-sequence turnoff stars. We discuss the implications for the masses
of the CV components.
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1 IN T RO D U C T I O N

Globular clusters are of particular dynamical interest because of the
phenomena of core collapse and binary burning. Stellar interactions
in dense globular clusters tend to drive the central core towards
a collapse to a state of extremely small radius and high density.
Primordial binary populations may delay the onset of this core
collapse by serving as dynamical energy sources, but eventually
become depleted by various destruction mechanisms (e.g. Verbunt
& Freire 2014), allowing core collapse to proceed (e.g. Fregeau
et al. 2003, and references therein). Several studies suggest that
black hole binaries, rather than main-sequence (MS) binaries, are
critical for delaying core collapse (e.g. Breen & Heggie 2013; Wang
et al. 2016; Kremer et al. 2019). In addition, an intermediate-mass
black hole (IMBH) in a cluster core will act as a strong central
energy source able to delay, or even prevent, core collapse (e.g.
Baumgardt, Makino & Ebisuzaki 2004; Gill et al. 2008; Lützgendorf,
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Baumgardt & Kruijssen 2013). In any case, after an initial collapse,
the cluster core will undergo gravothermal oscillations of expansion
and contraction, as first demonstrated by Sugimoto & Bettwieser
(1983), during which the core radius remains quite small. About 20–
25 globular clusters, including NGC 6397 and NGC 6752, have very
compact (rc � 10 arcsec), high-density cores that appear to be post-
collapse. The post-collapse oscillations of these cores should produce
episodic bursts of strongly enhanced dynamical binary formation
and ejection during the densest phases, as noted by Lugger et al.
(2007). Their reasoning is based on the scaling of the encounter rate
�, which is given by the integral of ρ2/v over the cluster volume,
where ρ is spatial mass density and v is the velocity dispersion
(Verbunt & Hut 1987; Bahramian et al. 2013). The encounter rate can
be approximated by the simplified expression � ∝ ρ2

0r
3
c /v0 (Pooley

et al. 2003), where ρ0 is central density, rc is the core radius, and
v0 is the central velocity dispersion. This results in � ∝ r−1.4

c for a
simple homologous model for core collapse, in which ρ0 ∝ r−2.2

c and
v0 ∝ r−0.05

c (Cohn 1980).
Simulations of clusters undergoing core collapse oscillations

indicate oscillation time-scales of 107–109 yr, and that most produced
binaries are ultimately ejected from the cluster. Beccari et al. (2019)
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have recently reported evidence that the core-collapsed cluster M15
has undergone two discrete core-collapse events, dating to 2 and
5.5 Gyr ago, which each produced a coeval blue straggler star (BSS)
sequence. It is important to note that there is a delay of a few
hundred Myr to a few Gyr between the formation of a detached binary
consisting of a white dwarf (WD) and an MS star and the evolution
of this cataclysmic variable (CV) progenitor into a semi-detached
binary, i.e. a CV. Thus, the observation of an apparently young group
of CVs does not necessarily indicate a recent core-collapse event.

CVs and strong candidates have been identified in a number of
globular clusters (e.g. Cool et al. 1995; Pooley et al. 2002; Edmonds
et al. 2003; Cohn et al. 2010; Cool et al. 2013; Lugger et al. 2017;
Rivera Sandoval et al. 2018). Identification of an X-ray source’s
optical counterpart as a likely CV generally has been claimed using
one or more of blue colours, H α excess, optical variability, proper
motion consistent with the cluster, and/or spectroscopy, though some
objects with several of these features have been discovered to be
something else (e.g. X9 in 47 Tuc, Miller-Jones et al. 2015). The
production of CVs in globular clusters is complex, as some CVs are
dynamically produced through exchange interactions with primordial
binaries and possibly tidal captures, while others are of primordial
origin (Statler, Ostriker & Cohn 1987; Davies 1997; Ivanova et al.
2006; Pooley & Hut 2006; Shara & Hurley 2006; Hong et al. 2017;
Belloni et al. 2019). Dynamical production of CVs in dense clusters
(and quiescent low-mass X-ray binaries, qLMXBs, in all clusters)
is supported by the correlation between the stellar encounter rates
and numbers of CVs (Johnston & Verbunt 1996; Heinke et al.
2003; Pooley et al. 2003; Pooley & Hut 2006; Bahramian et al.
2013). However, lower density clusters are theoretically expected
to have more primordially formed CVs than dynamically formed
CVs (Davies 1997; Belloni et al. 2019), and indeed there is strong
observational support for this (Kong et al. 2006; Haggard, Cool &
Davies 2009; Cheng et al. 2018; Belloni et al. 2019). The strength
of the correlation between stellar encounter rate and X-ray sources
(which varies depending on the sample) has been recently discussed
by Cheng et al. (2018) and Heinke et al. (2020).

The numbers of CVs in a cluster are often large enough that
their spatial distribution and luminosity function can be studied (in
contrast to qLMXBs), giving information on their ages (through
their luminosities), and their dynamical state (through their spatial
distribution). Bright CVs should be younger on average, as CVs often
start with (relatively) massive companions, and the companion’s
optical luminosity and Ṁ both decay with time as the companion
is whittled away. As the mass of the secondary is reduced and the
system luminosity decreases, the orbit tightens and the orbital period
shortens. A fascinating recent discovery is a significant paucity of
X-ray luminous magnetic CVs in globular clusters (Bahramian et al.
2020), which Belloni et al. (2021) argue is due to the large age of the
WDs when the systems begin mass transfer.

Our previous studies of NGC 6397 (Cohn et al. 2010), ω Cen
(Cool et al. 2013), NGC 6752 (Lugger et al. 2017, hereafter L17),
and 47 Tuc (Rivera Sandoval et al. 2018) have revealed significant
populations of X-ray and optically faint CVs, which we expect to
have periods generally below 2 h, comparing to predictions from
binary evolution by Ivanova et al. (2006) or Belloni et al. (2019).
These simulations predict twice (or more) as many detectable CVs
below the 2–3 h period gap as above it. Observations of local CVs
summarized by Pala et al. (2020) find 3–8 times more CVs below the
period gap, and suggest that MR ∼ 9 roughly divides CVs at the period
gap (3 of 37 CVs below the gap are brighter, none above the gap are
fainter), with 10 CVs brighter than MR = 9 and 29 CVs in 9 < MR <

12 (18 CVs in 9 < MR < 11). Rivera Sandoval et al. (2018) identified

9 CVs above MB ∼ 9 versus 30 candidate CVs between 9 < MB < 12
in a U300 − B390 CMD of 47 Tuc, though their B − R CMD of 47 Tuc
only found 9 CVs below MR ∼ 9 (the latter CMD was only complete
to MR ∼ 10). Cool et al. (2013) identified 8 CVs above MR = 9, and
11 between 9 < MR < 12, in ω Cen, but using shallower Chandra
observations reaching only LX = 1.0 × 1030 erg s–1 which would
have missed most of the faint 47 Tuc or NGC 6397 CVs (new deeper
Chandra observations of Henleywillis et al. 2018 should allow the
identification of additional faint CVs). By contrast, NGC 6397 (with
the deepest HST and Chandra data, reaching LX = 1 × 1029 erg s–1

and MR ∼ 13) has almost the same number of CVs between MR =
9 and 12 as at brighter MV values (6 likely above the period gap,
versus 7 likely below). We think this may be due to the dynamical
evolution of NGC 6397; either by the destruction or ejection of
old binaries through dynamical encounters, or by a recent burst of
dynamical CV formation through an extreme-density phase of core
collapse, inducing interactions. However, these comparisons depend
on the security of the CV identifications, and on the observational
sensitivity limits.

NGC 6752 is a nearby (d = 4 kpc), low-extinction, high-
interaction-rate cluster. It is the only core-collapsed cluster, besides
NGC 6397, that is both nearby and low extinction, and thus a
good comparison for testing models of how core collapse affects
interacting binaries. Bailyn et al. (1996) used HST WFPC2 imaging
of the core of NGC 6752 to identify two candidate CVs there from
strong H α emission, periodic variability, and in one case, a UV
excess. Pooley et al. (2002) used the 30 ks of Cycle 1 Chandra
data to find 19 X-ray sources, suggest optical counterparts for 12,
and perform spectral analyses for relatively bright sources (CX1-9).
Thomson et al. (2012) suggested two new optical and ultraviolet
counterparts to these X-ray sources. Forestell et al. (2014) used
67 ks of Chandra data to construct a deeper X-ray catalogue of
39 sources, and analyse the spectra of the 5 X-ray faint MSPs
(discovered by D’Amico et al. 2001, 2002). In our previous study
of NGC 6752 (L17), we searched for counterparts to the 39 X-ray
sources detected by Forestell et al. (2014). In the present study, we
obtained an additional 277 ks of Chandra ACIS-S exposure, giving
an expanded list of 51 sources when combined with the previous
exposure. Since the Cycle 18 observation provides a deeper view
and thus more counts, we can extend the analyses to include more
faint sources. In this work, we performed detailed spectral analyses
for all 51 sources within the half-light radius (including three MSPs)
and two other MSPs that are outside. In the following sections, we
present the X-ray analysis, the radio analysis, and the optical/UV
analysis, followed by our conclusions.

2 X - R AY O B S E RVAT I O N S A N D A NA LY S E S

2.1 Chandra observations and reprocessing

In addition to a total of 67 ks of previous ACIS-S observations
(Obs. IDs 948 and 6612; PI: Lewin and Heinke, respectively), we
incorporated our Cycle 18 ACIS-S observations (Obs. IDs: 19013,
19014, 20121, 20122, 20123; PI: Cohn), totalling 277 ks, into the
analyses. The ACIS very faint mode (VFAINT) was used to optimize
background cleaning. See Table 1.

The Chandra data were reduced using the CHANDRA INTERACTIVE

ANALYSIS OF OBSERVATIONS software suite (CIAO; version 4.11 and
CALDB 4.8.2). All data were first reprocessed by the CIAO chan-
dra repro script to align with the most up-to-date calibration,
which generates new level-2 event files for further analyses.
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Table 1. Chandra observations used in this work.

Obs. ID Time of observation Exposure time (ks) Instrument Cycle

948 2000-05-15 04:36:02 29.47 ACIS-S 1
6612 2006-02-10 22:48:48 37.97 ACIS-S 7
19014 2017-07-02 03:27:25 98.81 ACIS-S 18
19013 2017-07-24 09:33:12 43.20 ACIS-S 18
20121 2017-07-25 17:04:15 18.26 ACIS-S 18
20122 2017-07-29 09:00:43 67.22 ACIS-S 18
20123 2017-07-30 23:53:18 49.46 ACIS-S 18

We chose the longest observation (Obs. ID 19014) as the reference
frame, to which we calculated relative offsets of other observations
based on the centroid locations of CX1, the brightest source. These
offsets were then used to update the aspect solutions for each
observation using the CIAOwcs update tool. The shifted event files
were then re-projected and combined using the CIAO merge obs
script, producing a merged event file, a combined exposure map,
and X-ray images in a soft (0.5–2 keV), a hard (2–7 keV), and
a broad (0.5–7 keV) band. The X-ray images were re-binned to
0.25 arcsec (i.e. 0.5 ACIS pixels) to reduce crowding and facilitate
source detection.

2.2 Source detection

We then ran the CIAO wavdetect tool (Freeman et al. 2002)1 on
the combined X-ray images to find and localize possible sources.
The wavdetect algorithm applies and correlates a ‘Mexican
Hat’ function with image pixels and identifies potential sources
at different scale sizes based on the positive correlation values,
while calculating source positions, detection significance, and other
relevant information. To find sources at all possible size scales, we
applied scale parameters of 1.0, 1.4, 2.0, 2.8, and 4.0. We set the
detection threshold in all our runs to be 1.1 × 10−6, the reciprocal
of the area of the region, to limit the numbers of false detections to
one in each run. Due to crowding in the core, some sources might
be blended. While underbinning the images somewhat de-blends
these sources, we also ran wavdetect on different energy-filtered
images, generating source lists for the above-defined soft, hard, and
broad bands. This approach can be useful to decompose blended
sources comprised of, for example, a soft and a hard source. The
wavdetect source positions are then used as input to the ACIS-
EXCTRACT software (Broos et al. 2010)2 to obtain refined source
positions. Finally, we combined the energy-specific source lists.

With the additional 277 ks of observations, we detected 12 new
sources within the 1.91 arcmin half-light radius (2010 edition Harris
1996), of which CX14 was found to be blended with a relatively
harder source, CX41 (Fig. 1). Positional information for these new
sources and the previously detected sources is summarized in Table 7.
We note that CX18, CX29, CX30, CX33, CX34, and CX40 were not
detected by ourwavdetect runs, so we kept their original positions
from previous work (Forestell et al. 2014). In Fig. 1, we show an X-
ray image of the cluster half-light radius region overplotted with the
51 sources in our extended catalogue. Our combined observations
reach to an average detection limit of LX = 3 × 1029 erg s–1 (this
corresponds to 5 counts in 0.5–7 keV using our best faint-source
spectral fit in the next section), though confusion in the core could
hide a couple sources above that.

1http://cxc.harvard.edu/ciao/ahelp/wavdetect.html
2http://personal.psu.edu/psb6/TARA/AE.html

2.3 X-ray spectral analyses

We first extracted X-ray spectra from each Cycle 18 observation
using the CIAOspecextract3 script, and combined the spectra and
response files for each source using the HEASOFT/FTOOLS addspec
task.4 We binned spectra with more than 1000 counts to 20 counts per
bin, and spectra with less than 1000 but more than 100 counts to 10
counts per bin. These spectra were further analysed using χ2 statistics
in HEASOFT/XSPEC (version 12.10.1),5 where the reduced χ2 (χ2

ν ) is a
measure of fit quality. Spectra with less than 100 counts were binned
to at least one count per bin, and used C-statistics (Cash 1979). To
measure the fitting quality of the C-statistic, we used the goodness
command in XSPEC to generate 1000 realizations of simulated spectra
for each model, and determine the fraction of realizations that have
a lower fit statistic than that of the data. High values of this fraction
(e.g. 95 per cent) should be rare, unless the model is not a reasonable
description of the data. We use channels between 0.5 and 10 keV for
all spectral fits.

We used the Tuebingen-Boulder ISM absorption model (TBabs
in XSPEC) to account for interstellar extinction, and adopted the
wilm abundances (Wilms, Allen & McCray 2000) in XSPEC. The
hydrogen column density (NH) was set as a free parameter for
sources with more than 100 counts, while for fainter sources (<100
counts), we did not get proper constraints on the absorption due
to low counting statistics, so we froze NH to the cluster value
(≈ 3.48 × 1020 cm−2) calculated using the reddening E(B − V) =
0.04 from Harris (1996, 2010 edition) and a conversion factor of
2.81 ± 0.13 × 1021 cm−2 from Bahramian et al. (2015). For the only
foreground chromospherically active binary (AB), CX8, we fixed
NH to zero. For all sources, we adopt the cluster distance, 4 kpc, so
luminosities calculated for background active galactic nuclei (AGNs)
and galaxies (GLXs) should be regarded as lower limits, while the
luminosity for CX8, the foreground AB, should be regarded as an
upper limit. We report spectral parameter constraints at the 90 per cent
confidence level.

For sources with >100 counts, we tried spectral fits with either
an empirical power-law model (pow) or a thermal plasma model
(mekal), adopting mekal fits for CVs, ABs, and AB/CV can-
didates and power-law fits for GLXs and AGNs (this is based
on source classification in Section 5). For unidentified sources
(>10 counts), we include results from both pow and mekal fits
as complementary information for further identification. In cases
of sources with less than 10 counts between 0.5 and 10 keV,
including CX18-19, CX29-34, CX38, CX40, and CX50-52, we
cannot get proper constraints on either the power-law indices (�)
or the plasma temperatures (kT) due to a dearth of counts. We
therefore combined all faint source spectra and fit the combined
spectrum to a mekal model, obtaining an averaged plasma tem-
perature kTavg = 2.0+2.0

−0.7 keV. This kTavg is then applied to each
faint source as a fixed parameter so only the normalization of the
mekal model was fitted. CX33 was not detected in the Cycle 18
observations. We therefore adopt the result from fitting its Cycle
7 spectrum, applying the same method: use a kTavg = 4.0+3.3

−1.3 keV
obtained from fitting a mekal model to the combined faint source
spectrum from Cycle 7. The Cycle 18 observations also cover all
five known MSPs, which allows us to extract and analyse their
spectra. As a point of comparison with results from Forestell et al.
(2014), we fit the MSP spectra with both a blackbody model

3http://cxc.harvard.edu/ciao/ahelp/specextract.html
4https://heasarc.gsfc.nasa.gov/ftools/
5https://heasarc.gsfc.nasa.gov/xanadu/xspec/
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Figure 1. Combined 0.5–7 keV X-ray image showing a 3.9 × 3.9 arcmin2 region centred on NGC 6752. The blue solid circle indicates the 1.91 arcmin half-light
radius, and the red dashed circle represents the 0.17 arcmin core. All sources within the half-light radius (rh) are marked by their extraction regions (black
circles) and are annotated by their CX IDs, including 39 sources from Forestell et al. (2014) and 12 new sources (CX41-52) from this work. We also included
the position of MSP C, which lies at a distance of 1.3rh from the cluster centre. The right-hand panel is a 23 × 23 arcsec2 image showing a zoomed-in view of
sources in the the core, where sources are indicated with their extraction regions.

(bbodyrad) and a neutron star (NS) hydrogen atmosphere model
(nsatmos; Heinke et al. 2006), constraining surface temperatures
and effective sizes of emission regions. In all cases, we used
the cflux multiplicative component in XSPEC to calculate fluxes
in a soft (0.5–2 keV), a hard (2–7 keV) and a broad (0.5–7 keV)
band.

We found acceptable fits for most sources, though some sources
(CX5 and CX8) require more in depth spectral analyses (discussed
in Section 5). In Table 2, we summarize all best-fitting parameters,
and in Fig. 2, we show an X-ray colour–magnitude diagram (CMD)
of these sources, defining an X-ray hardness ratio

XC ≡ 2.5 log(F0.5−2/F2−7), (1)

where F0.5–2 and F2–7 are unabsorbed model fluxes (Table 2) in 0.5–2
and 2–7 keV, respectively.

2.4 Inter-observational X-ray variability

We checked for possible variability between different cycles for only
the bright sources, CX1-CX10, which have sufficient counts (>90) in
Cycles 1 and 7 for spectral fitting (following the methods described
in Section 2.3). For each of these sources, we fit Cycle 1 and 7
spectra to the corresponding model presented in Table 2, obtaining a
0.5–7 keV luminosity and an XC for each cycle. We then searched for
sources that significantly changed luminosity and/or XC. We expect
that CVs and ABs may often (though not always) show strong
X-ray variability (from accretion flickering and coronal flaring,

respectively), while MSPs and quiescent LMXBs without accretion
show little or no variability on these time-scales (Heinke et al.
2005).

At 90-per cent confidence, we found clear variability in CX1 (CV),
CX3 (AGN), CX4 (CV), CX7 (CV), and CX8 (AB). CX1 is brightest
in Cycle 1, dimmed by a factor of 5 in Cycle 7, then stayed at
intermediate brightness in Cycle 18. CX3 is brighter in Cycle 7 than in
Cycles 1 and 18 (by factors of 1.8 ± 0.3 and 1.8 ± 0.2, respectively),
with the XC being consistent. CX4 is brightest in Cycle 18 (by a factor
of 1.6+0.3

−0.2 brighter versus Cycle 7, and 1.3 ± 0.2 brighter than Cycle
1), but the XCs are consistent. Similarly, CX7 shows consistent XC

but is brightest in Cycle 7. Finally, CX8 is a factor of 1.9+0.7
−0.5 brighter

in Cycle 1 than in Cycle 18, but the fit quality of the Cycle 18 data is
not great (Table 2).

We also compared our spectral fitting results for the five known
MSPs with that of Forestell et al. (2014). MSP A appears variable,
where the fit to the Cycle 18 spectrum yields a somewhat higher
kT than for Cycle 7. MSP A, with a WD companion (Bassa
et al. 2003; Ferraro et al. 2003), is not expected to show X-ray
variability. However, MSP A is far off-axis in both the Cycles
7 and 18 observations (about 6 arcmin off the aimpoint), which
stretches the point spread function (PSF) and increases the relative
background. Although MSP A’s Cycle 18 spectrum contains ∼20
counts, versus ∼10 counts in Cycle 7, we cannot obtain clearer
constraints.

In Fig. 3, we show source spectra from different cycles plotted
with the corresponding best-fitting models. In Fig. 4, we show
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Table 2. Results of spectral analyses using the Cycle 18 observation.

Source Model NH Parameter 1a Parameter 2b F0.5–2 F2–7 χ2
ν (dof) or Goodness c

(1022 cm−2) (10−15 erg s−1 cm−2)

CX1 mekal <0.03 17.6+8.1
−4.7 – 36.2+1.2

−1.2 76.6+2.5
−2.5 0.90 (100)

CX2 mekal <0.1 9.1+3.2
−2.2 – 27.6+1.1

−1.0 51.2+2.0
−1.9 1.09 (77)

CX3 pow <0.1 – 1.9+0.2
−0.1 25.5+1.2

−1.2 28.1+1.3
−1.3 0.86 (56)

CX4 mekal 0.2+0.1
−0.1 5.8+1.7

−1.1 – 27.1+1.2
−1.2 40.1+1.8

−1.8 1.17 (60)

CX5 mekal 0.4+0.2
−0.1 7.2+3.7

−2.0 – 23.8+1.2
−1.2 38.3+1.8

−1.8 1.99 (53)

pow 0.6+0.2
−0.2 – 1.8+0.2

−0.2 32.2+1.6
−1.6 36.5+1.8

−1.8 1.91 (53)

cutoffpl <0.1 1.5+0.4
−0.3 −0.5+0.4

−0.2 13.6+0.7
−0.7 36.0+1.7

−1.7 1.26 (52)

gabs∗mekal 0.3+0.1
−0.1 >21.5 7.2+8.8

−0.7 19.7+0.9
−0.9 34.9+1.7

−1.7 1.21 (50)

CX6 mekal <0.1 6.3+2.1
−1.2 – 8.8+0.6

−0.6 13.7+1.0
−1.0 1.14 (53)

CX7 mekal <0.1 9.8+7.1
−2.9 – 9.1+0.6

−0.6 16.6+1.1
−1.1 1.27 (58)

CX8 mekal 0d 0.9e – 3.1e 0.3e 2.42 (13)

pow 0d – 3.9+0.5
−0.5 6.5+1.0

−0.9 0.4+0.1
−0.1 1.88 (13)

mekal+mekal 0d 1.2+0.5
−0.2 0.2+0.3

−0.1 4.4+0.6
−0.6 0.4+0.1

−0.1 1.86 (11)

CX9 mekal <0.1 5.7+3.5
−1.5 – 6.1+0.6

−0.5 7.4+0.7
−0.7 1.33 (32)

CX10 pow <0.4 – 1.7+0.4
−0.3 5.4+0.5

−0.5 7.0+0.7
−0.7 1.31 (28)

CX11 nsatmos 0.03d 0.13+0.04
−0.03 <1.7 2.2+0.4

−0.4 0.13+0.03
−0.03 21.5 per cent

CX13 mekal 0.03d >11.9 – 1.0+0.2
−0.2 2.3+0.5

−0.5 40.3 per cent

CX14 pow 0.03d – 2.2+0.6
−0.5 0.9+0.3

−0.2 0.7+0.2
−0.2 16.8 per cent

mekal 0.03d 4.1+8.4
−1.7 – 0.7+0.2

−0.2 0.9+0.3
−0.2 67.9 per cent

CX15 pow <0.4 – 2.0+0.6
−0.4 2.0+0.4

−0.3 1.8+0.3
−0.3 9.5 per cent

CX16 mekal 0.03d 2.9+10.3
−1.2 – 0.6+0.2

−0.2 0.5+0.2
−0.2 50.3 per cent

CX17 pow <0.4 – 1.9+0.9
−0.7 0.5+0.2

−0.2 0.5+0.2
−0.2 16.9 per cent

CX18 mekal 0.03d 2.0d – 0.06+0.07
−0.04 0.1+0.2

−0.1 27.1per cent

CX19 mekal 0.03d 2.0d – 0.1+0.1
−0.1 0.05+0.05

−0.03 81.2 per cent

CX20 mekal 0.03d 1.3+1.0
−0.5 – 0.6+0.2

−0.2 0.12+0.05
−0.04 55.6 per cent

CX21 mekal 0.03d 3.5+7.9
−1.5 – 0.5+0.2

−0.1 0.5+0.2
−0.2 82.1 per cent

CX22 pow 0.03d – 0.7+0.5
−0.6 0.4+0.1

−0.1 1.8+0.6
−0.5 69.4 per cent

mekal 0.03d >11.9 – 0.5+0.2
−0.1 1.3+0.4

−0.4 98.3 per cent

CX23 mekal 0.03d 1.9+1.2
−0.5 – 0.5+0.2

−0.2 0.2+0.1
−0.1 22.2 per cent

CX24 mekal 0.03d 2.5+2.9
−1.0 – 0.7+0.2

−0.2 0.5+0.2
−0.1 69.6 per cent

CX25 mekal 0.03d 1.7+2.7
−0.6 – 0.4+0.2

−0.1 0.2+0.1
−0.1 68.4 per cent

CX26 pow 0.6+0.6
−0.6 – 2.1+0.7

−0.7 3.1+0.6
−0.5 2.5+0.5

−0.4 6.5 per cent

CX27 nsatmos 0.03d 0.2+0.2
−0.1 <0.5 0.5+0.2

−0.2 0.13+0.05
−0.04 10.9 per cent

CX28 pow 0.03d – 4.9+2.5
−1.9 0.6+0.5

−0.3 0.01+0.01
−0.01 45.7 per cent

mekal 0.03d 0.6+0.3
−0.4 – 0.3+0.2

−0.2 0.004+0.003
−0.002 66.1 per cent

CX29 mekal 0.03d 2.0d – 0.1+0.1
−0.1 0.06+0.06

−0.04 52.6 per cent

CX30 mekal 0.03d 2.0d – 0.1+0.2
−0.1 0.1+0.1

−0.1 8.3 per cent

CX31 mekal 0.03d 2.0d – 0.1+0.2
−0.1 0.03+0.07

−0.03 15.9 per cent

CX32 mekal 0.03d 2.0d – 0.2+0.2
−0.1 0.1+0.1

−0.1 17.2 per cent

CX33 mekal 0.03d 2.0d – 0.3+0.4
−0.2 0.3+0.4

−0.2 49.8 per cent

CX34 mekal 0.03d 2.0d – 0.4+0.5
−0.3 0.2+0.3

−0.1 37.0 per cent

CX35 mekal 0.03d >2.3 – 0.3+0.2
−0.1 0.6+0.3

−0.2 37.4 per cent

CX36 mekal 0.03d >1.7 – 0.3+0.2
−0.1 0.4+0.2

−0.2 38.0 per cent

CX37 mekal 0.03d >1.8 – 0.3+0.1
−0.1 0.3+0.2

−0.1 22.3 per cent

CX38 mekal 0.03d 2.0d – 0.1+0.2
−0.1 0.1+0.1

−0.1 43.5 per cent

CX39 pow 0.03d – 5.1+1.8
−1.5 0.8+0.5

−0.3 0.01+0.01
−0.00 18.1 per cent
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Table 2 – continued

Source Model NH Parameter 1a Parameter 2b F0.5–2 F2–7 χ2
ν (dof) or Goodness c

(1022 cm−2) (10−15 erg s−1 cm−2)

CX40 mekal 0.03d 2.0d – 0.2+0.3
−0.1 0.1+0.1

−0.1 96.0 per cent

CX41 mekal 0.03d >5.4 – 0.7+0.2
−0.2 1.5+0.4

−0.3 33.3 per cent

CX42 pow 0.03d – −0.4+0.9
−1.0 0.10+0.05

−0.04 1.9+0.8
−0.7 42.1 per cent

mekal 0.03d >18.2 – 0.3+0.1
−0.1 0.8+0.4

−0.3 99.3 per cent

CX43 pow 0.03d – 1.4+1.1
−0.9 0.2+0.1

−0.1 0.4+0.3
−0.2 29.4 per cent

mekal 0.03d >2.1 – 0.2+0.1
−0.1 0.4+0.3

−0.2 21.2 per cent

CX44 pow 0.03d – −0.01+0.98
−1.10 0.09+0.05

−0.04 1.1+0.1
−0.5 4.9 per cent

CX45 pow 0.03d – 0.1+1.1
−1.3 0.09+0.05

−0.04 1.0+0.5
−0.4 30.4 per cent

CX46 pow 0.03d – 1.5+1.0
−0.9 0.3+0.1

−0.1 0.4+0.2
−0.2 32.8 per cent

mekal 0.03d >2.7 – 0.2+0.1
−0.1 0.5+0.2

−0.2 29.1 per cent

CX47 pow 0.03d – 0.2+1.0
−1.2 0.09+0.06

−0.04 0.9+0.6
−0.4 1.8 per cent

mekal 0.03d >7.2 – 0.2+0.1
−0.1 0.5+0.3

−0.2 99.5 per cent

CX48 mekal 0.03d >1.6 – 0.1+0.1
−0.1 0.2+0.2

−0.2 63.9 per cent

CX49 mekal 0.03d >0.7 – 0.1+0.1
−0.1 0.2+0.3

−0.2 15.2 per cent

CX50 mekal 0.03d 2.0d – 0.1+0.2
−0.1 0.1+0.1

−0.1 82.3 per cent

CX51 mekal 0.03d 2.0d – 0.04+0.15
−0.04 0.02+0.08

−0.02 40.8 per cent

CX52 mekal 0.03d 2.0d – 0.1+0.3
−0.1 0.1+0.1

−0.1 2.0 per cent

MSP A nsatmos 0.03d 0.3+0.2
−0.1 <0.2 0.5+0.2

−0.2 0.3+0.1
−0.1 55.2 per cent

MSP C nsatmos 0.03d 0.2+0.1
−0.1 <0.6 0.8+0.3

−0.2 0.2+0.1
−0.1 11.7 per cent

MSP E nsatmos 0.03d 0.2+0.5
−0.1 <0.4 0.2+0.2

−0.1 0.04+0.04
−0.02 4.6 per cent

Notes.aParameter 1 can be the temperature (kT), in keV, for nsatmos or mekal model, or cutoff energy (Ecut; in keV) of the cutoffpl model used
for CX5.
bParameter 2 can be � for pow models, effective emission radii in km for nsatmos models, line energy in keV of the gabs component used for CX5,
or temperature in keV for the second mekal component for CX8.
cWe report the reduced χ2 (χ2

ν ) and the corresponding degrees of freedom (dof) for fits using χ2-statistics. For fits using C-statistics, we report the
goodness fractions described in Section 2.3.
d superscripts indicate fixed parameters during the fits.
e superscripts indicate parameters with no valid constraints due to χ2

ν > 2.
Parameters reported with > or < signs exceed the pre-defined upper or lower limit in XSPEC.

X-ray luminosities and XCs in different cycles for the above
sources.

2.5 Intra-observational X-ray variability

We used the CIAO glvary tool6 to search for variation of sources
within observations. The glvary tool utilizes the Gregory–Loredo
algorithm (Gregory 1992) to look for significant differences between
events in separate time bins, and assigns variability indices. Indices ≥
6 indicate high-confidence (P > 90 per cent confidence) variability.

We found strong variability in one or more observations for CX5
(CV), CX6 (CV), CX7 (CV), CX8 (AB), CX13 (CV), and CX21
(CV) (Table 3). CX5 shows the strongest variability with indices ≥
6 in all but one (20121) observation. Variability in the faint sources
may not be detectable in the light curves, so we only extracted light
curves (binned to 2000 s) for the relatively bright sources using the
CIAO dmextract tool, which are shown in Fig. 5. The red dashed
lines are the best constant fits to the light curve, from which we
calculate the reduced χ2 to measure variability.

6http://cxc.harvard.edu/ciao/ahelp/glvary.html

3 RADI O O BSERVATI ON AND ANALYSES

We use radio data from the MAVERIC (Milky Way ATCA and VLA
Exploration of Radio sources In Clusters) survey (Project Code:
C2877; see e.g. Tremou et al. 2018). NGC 6752 was observed
by the Australia Telescope Compact Array (ATCA) in three sep-
arate observing blocks spanning 2014-02-06 to 2014-02-09 (MJD
56694.88-56697.13) for a total on-source integration time of 20.1 h.
The observation was performed in the extended 6D configuration,
with two 2 GHz-wide bands centred on 5.5 and 9.0 GHz.

We use the MIRIAD software (Sault, Teuben & Wright 1995) for
preliminary calibration, via standard procedures, and CASA (version
4.2.0; McMullin et al. 2007) for imaging, making radio images
with noise levels of 3.8 and 4.3μJy beam–1, with synthesized beam
sizes of 2.8 × 1.5 and 1.8 × 1.0 arcsec2 at 5.5 and 9.0 GHz,
respectively.

We then generate 5 σ source catalogues from the 5.5- and 9.0-GHz
images, using the source detection software PYBDSF (version 1.8.13;
Mohan & Rafferty 2015). Details will be presented in Tudor et al.
(in preparation). For sources detected in both bands, we compute
spectral indices, α, defined by Sν ∝ να , where Sν is the spectral flux
density in units of erg s−1 cm−2 Hz−1. Radio positional uncertainties

MNRAS 508, 2823–2847 (2021)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/508/2/2823/6375799 by guest on 19 April 2024

http://cxc.harvard.edu/ciao/ahelp/glvary.html


Faint Chandra sources in NGC 6752 2829

−4 −2 0 2 4 6

XC = 2.5 log10(F0.5−2/F2−7)

1029

1030

1031

1032

L
X

(0
.5
−

7
ke

V
)

er
g

s−
1

PL
0 1 2 3 4 5

MEKAL
0.5 keV

1

2351030

H-Atm

150

120

100

75 eV

10−16

10−15

10−14

10−13

F
X

(0
.5
−

7
ke

V
)

er
g

s−
1

cm
−2

CV

CV?

AB

AB?

AGN

AGN?

GLX

MSP

Unknown

CX1
CX2

CX3
CX4

CX5

CX7
CX6

CX9
CX10

CX22

CX16

CX25
CX20

MSP D

CX39
CX28

CX34
MSP B

CX26

CX15
CX13

CX41CX42
MSP F

CX23

CX48

CX49

CX18

CX50

CX19
CX31

CX51

CX29

CX32
CX52 CX40

CX38

CX33
CX37

CX47

CX44
CX45 CX21

CX24

CX17CX35

CX36
CX43

CX46

CX30
MSP E

MSP A

MSP C

CX8

Figure 2. X-ray CMD plotting 0.5–7 keV X-ray luminosities versus hardness
ratios (XCs), as defined in equation (1), for all 51 sources within the half-
light radius and 2 MSPs outside (MSP A and MSP C). Source classes are
distinguished by different markers (Table 7). X-ray luminosities of AGNs
and GLXs are lower limits (upward triangles), while the luminosity of CX8
(the foreground AB) is an upper limit (indicated with a downward arrow).
For better readability, we only included error bars for sources brighter than
LX = 1.5 × 1030 erg s−1, and plotted the average uncertainties of fainter
sources with black bars. We also plotted tracks of nsatmos models at
different surface temperatures (assuming a 1.4 M	, 12 km NS), the XCs of
mekalmodels at different plasma temperatures, and power-law models with
different photon indices (�s).

from our detection workflow are typically underestimated, so we
inflate the errors to ≥1/10 the size of the beam.

Cross-matching the 5 σ source catalogue with our Chandra cata-
logue reveals five matches: CX17, CX27, CX42, CX45, and MSP C.
There is also a 3 σ catalogue source coincident with CX10 in the 5.5-
GHz image. This is a less confident match, so should be interpreted
with caution. We summarize the radio fluxes and spectral indices of
these sources in Table 4, and in Fig. 6, we present the corresponding
H α finding charts radio and X-ray positions.

4 O PTICAL/UV O BSERVATIONS

We use the HST ACS/WFC photometric data set described by L17
(Table 5), from imaging obtained in programme GO-12254 (PI:
Cool). This data set provides F435W (B435), F625W (R625), and
F656N (H α) magnitudes for 68 439 stars within a mosaic that
covers slightly more than the half-light region of NGC 6752. We
used the KS2 update of the photometric software developed for the
ACS Globular Cluster Treasury project, described in Anderson et al.
(2008). We constructed CMDs and a colour–colour diagram from
the GO-12254 photometry, employing the colours B435 − R625 and
H α − R625.

As discussed in L17, the drizzle-combined ACS/WFC optical
mosaics were rectified to the ICRS using approximately 600 as-
trometric standards from the USNO UCAC3 catalogue. The rms
residual of the plate solution was 0.09 arcsec in each coordinate. We
determined a boresight correction for the Chandra source coordinates
by computing the mean offsets between the HST and Chandra
coordinates for sources CX2, CX3, and CX4.

To extend the analysis of L17, we employed the Hubble UV
Globular Cluster Survey7 (HUGS; Piotto et al. 2015; Nardiello et al.
2018). This provides imaging and photometry of NGC 6752 in
F275W (UV275), F336W (U336), and F435W (B435). The imaging was
obtained with the WFC3/UVIS (UV275 and U336) and the ACS/WFC
(B435). This latter ACS/WFC imaging is from programme GO-12254,
i.e. the same data set as used for the optical analysis. However, one
of the six visits was omitted in the HUGS analysis. The HUGS
observations are also listed in Table 5. The HUGS photometry
was performed with the same KS2 software that was used for the
optical analysis. We constructed CMDs from the HUGS photometry,
employing the colours UV275 − U336 and U336 − B435. Inclusion of
the HUGS photometry provides several benefits in the search for
counterparts to Chandra sources. First, the HUGS UV colours allow
a further check on the blue objects detected in the (B435 − R625,
R625) CMD of L17. In some cases, objects that are only marginally
blue in B435 − R625 have strong UV excesses. Secondly, the HUGS
UV275 and U336 photometry allows the detection of very blue objects
that cannot be detected at redder wavelengths. Thirdly, the HUGS
photometry allows the detection of faint blue objects that are situated
in close proximity with much brighter red objects. In imaging at UV
wavelengths, the contribution from these red objects is minimized.

We note that some programmes have used far-UV (FUV; λ �
2000 Å) observations in the search for counterparts to globular cluster
X-ray sources. FUV imaging further reduces the contribution of
red objects and emphasizes hot objects, particularly CVs. These
studies have investigated 47 Tuc (Knigge et al. 2002, 2003), M70
(Connelly et al. 2006), M15 (Dieball et al. 2007, 2010a; Haurberg
et al. 2010), M80 (Dieball et al. 2010b; Thomson et al. 2010), NGC
6752 (Thomson et al. 2012), and NGC 6397 (Dieball et al. 2017).
They have detected a number of CV candidates and dwarf novae,
as well as other stellar exotica, such as BSSs, extreme horizontal
branch (EHB) stars, ‘blue hook’ stars, and helium-core WDs. In the
CMDs that include FUV imaging, the CV candidates typically lie in
the ‘gap’ between the MS and the EHB.

In order to find new optical identifications for the expanded X-
ray source list, we examined the error circle of each X-ray source
using the techniques described in L17. We determined 95-per cent
confidence X-ray error circle radii using the prescription of Hong
et al. (2005), given in Table 7. For strong, on-axis sources, the error
circle radii approach a minimum of about 0.3 arcsec, and are larger
for weaker and/or off-axis sources. In a few cases where the error
circle contained no clearly convincing counterparts, we extended our
search area somewhat beyond the formal 95-per cent error circle (see
Table 7, column labelled ‘Offset’).

5 C LASSI FI CATI ONS

Figs A1–A9, which are included in the supplementary online mate-
rial, provide optical and UV finding charts of the error circle regions
of all 51 sources. The B435, R625, and H α images are from the GO-
12254 data set, and the UV275 and U336 images are from the HUGS
data base. For all objects that fell within the error circles of the
Chandra sources, we determined their location in the CMDs and the
colour–colour diagram. Objects that fell on the MS were considered
to be unlikely counterparts, given the frequency with which MS stars
will land in X-ray error circles by chance. L17 found that the number
of expected chance alignments of MS stars with error circles is within
a factor of two of the observed number within error circles (see their

7https://archive.stsci.edu/prepds/hugs/
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CX1 CX3

CX7 CX8

CX4

MSP A

Figure 3. X-ray spectra from Cycle 1 (blue), Cycle 7 (red), and Cycle 18 (green), plotted with the corresponding best-fitting model (solid line with colour
matching that of the spectrum) for sources with inter-observational spectral variability (CX1, CX3, CX4, CX7, CX8, and MSP A). The lower panel in each plot
shows residuals defined as (data-model)/error. The best-fitting models from Table 2 are used in each case. For CX8, we plot the cool (dashed) and hot (dotted)
mekal components of the mekal+mekal fit separately. Note that Cycle 18 spectra have specific count rates below the other two cycles at low (�1 keV)
energies, due to loss of ACIS-S effective area over time.
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Figure 4. X-ray luminosities (top) and XCs (equation 1; bottom) of sources
with inter-observational variability plotted for different Cycles.

Section 4.3). We have revisited this issue with a similar approach
to that of Zhao et al. (2020b). We first used the GLUE software
package (Beaumont, Goodman & Greenfield 2015; Robitaille et al.
2017) to define regions in the (R625, B435 − R625) CMD, as shown in
Fig. 7, including WDs, ‘gap’ stars, MS stars, subgiants, and red giants

Table 3. Variability indices of sources that show strong variability in one or
more Obs. IDs.

Obs. ID 948 6612 19014 19013 20121 20122 20123
Source

CX5 8 8 10 6 0 8 8

CX6 0 6 0 0 0 0 0

CX7 1 6 0 0 0 0 0

CX8 0 0 0 7 0 6 2

CX13 0 6 0 1 0 1 0

CX21 1 1 6 1 0 0 0

(RGs). We then determined how many of each type of star fell within
all of the error circles combined and compared this to the expected
total number of chance coincidences based on the local density of
such objects. The local densities for each group were computed by
binning the counts for each group in logarithmically spaced radial
bins. The results of this analysis are given in Table 6, where the
observed and predicted numbers of each population are given, along
with the excess (or deficit) and the statistical significance of this
excess (or deficit). The significance levels are computed following
the precepts of Gehrels (1986), who determined Poisson-statistics-
based confidence limits for small numbers of events in astrophysical
data. We start with equations (9) and (12) from Gehrels (1986), which
give the single-sided upper and lower limits, λu and λl, respectively,
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Figure 5. 0.5–7 keV X-ray light curves of sources with variability indices greater or equal to 6 in one or more Obs. IDs (Table 3). Each time bin is 2000 s long.

Table 4. Radio positions and fluxes of radio counterparts.

Sourcea Radio position Sν (μJy)b α

αR δR 5.5 GHz 9 GHz Sν∝να

CX10∗ 19:10:54.73(4) −59:59:13.8(3) 15.3 ± 4.1 <13.2 –
CX17 19:11:05.29(1) −59:59:04.3(3) 187.0 ± 10.5 131.0 ± 19.1 − 0.7 ± 0.3
CX27 (MSP B) 19:10:52.10(1) −59:59:01.0(3) 20.5 ± 3.6 <13.0 –
CX42 19:10:48.11(1) −60:00:07.2(3) 41.7 ± 4.2 33.4 ± 4.5 − 0.5 ± 0.3
CX45 19:10:38.92(2) −59:59:23.0(3) 23.5 ± 4.3 23.4 ± 5.0 0.0 ± 0.6
MSP C 19:11:05.52(5) −60:00:59.4(7) 27.8 ± 6.3 <20.9 –

Notes. aA ∗ indicates the radio counterpart is detected at the 3σ level.
bThe upper limits are at the 3σ level.

for a sample size of n and an equivalent Gaussian σ level of S

λu ≈ (n + 1)

[
1 − 1

9(n + 1)
+ S

3
√

n + 1

]3

(2)

and

λl ≈ n

[
1 − 1

9n
− S

3
√

n

]3

. (3)

In the case that observed number of the members of a population
that fall in the error circles, Nobs, exceeds the predicted number, Npred,
equation (2) can be solved for S by setting λu = Nobs and n = Npred,
with the result

Sexcess = 3Nobs
1
3 (Npred + 1)

1
6 − 3(Npred + 1)

1
2 + (Npred + 1)−

1
2

3
.

(4)

Similarly, when Nobs is less than Npred, the significance level of
this deficit can be solved for from equation (3), with the result

Sdeficit = −3Nobs
1
3 Npred

1
6 + 3Npred

1
2 − Npred

− 1
2

3
. (5)

Table 6 indicates that the number of MS stars observed within the
error circles closely agrees with the expected number – 43 observed
versus 45 expected – i.e. agreement to much better than a factor of
two. This justifies our rejection of MS stars that fall within error
circles as potential source counterparts. There is an excess number
of WD-like objects within the error circles, but the difference is
not statistically significant, given the small numbers. There is a
significant excess of gap stars in error circles, at the 2.5σ level. As
can be seen from Fig. 8, WD-like and gap objects comprise the likely
and possible CVs. We note that if a WD-like object also shows other
evidence for a CV identification, such as an H α excess or variability,
then the probability that it is a CV is significantly enhanced relative
to the result of the analysis just presented.

We did note cases of RGs that fell within the error circles. While
single giants are expected to have low X-ray to optical flux ratios,
a giant with an unseen either MS or compact companion could be
a plausible counterpart. Blue objects with significant H α excesses
were considered to be likely CVs, while red objects with modest H α

excesses were considered to be likely ABs. More ambiguous cases
were classified as possible CVs and possible ABs. Fig. 8 shows the
optical CMDs for the CVs, Fig. 9 shows the optical CMDs for the
ABs, and Fig. 10 shows the optical CMDs for the giants. As in L17,
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Figure 6. 2.5 × 2.5 arcsec2 H α finding charts for the radio-X-ray cross-matched sources including CX10 (AGN), CX17 (interacting GLX), CX27 (MSP B),
CX42 (AGN), CX45 (AGN), and MSP C; north is up and east is to the left-hand side. Note that MSP C is outside the ACS FOV. The nominal X-ray and radio
positions are indicated with red x’s and blue crosses. The red circles represent the 95-per cent X-ray confidence error regions according to Hong et al. (2005);
the blue ellipses shows 1/10 of the 5.5-GHz radio beam as mentioned in Section 3.

Table 5. HST observations used in this work.

Programme Observation date range Instrument Filter Exposure
Time (s)

GO-12254 2011-05-19 to 2011-11-14 ACS/WFC F435W 4560
GO-12254 2011-05-19 to 2011-11-14 ACS/WFC F625W 4380
GO-12254 2011-05-19 to 2011-11-14 ACS/WFC F658N 18,528
GO-12311 2011-03-23 to 2011-04-03 WFC3/UVIS F275W 4428
GO-12311 2010-05-05 to 2010-05-05 WFC3/UVIS F336W 1000
GO-12254a 2011-05-19 to 2011-11-14 ACS/WFC F435W 3800

Note. aThe F435W frames used by the HUGS programme include all of the GO-12254
visits, except for 2011-09-07.

the H α status for the CVs and ABs is clarified by examination of
the colour–colour diagram, Figs 11 and 12. Figs 13 and 14 show
the HUGS CMDs for the CVs, and Figs 15 and 16 show the HUGS
CMDs for the ABs and giants. The optical CMDs and the colour–
colour diagram were proper-motion cleaned by rejecting stars that
have total proper motions that exceed the central two-dimensional
velocity dispersion by a factor of 3.5. The proper motions were
computed as described in L17, using ACS/WFC imaging from two
epochs spaced by 5.3 yr.

5.1 Classifications and refinements among sources 1–40

In the following paragraphs, we discuss the classifications of the
sources that result from the combination of the optical photometry
with the HUGS photometry. In some cases, we refer to the X-ray
and/or radio results to aid in the classification process. The results of

Figure 7. Stellar population selection using GLUE software. Colour key:
blue–WD; orange–‘gap’ star; green–MS; gold–subgiant; red–RG; grey–all
other stars.
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Faint Chandra sources in NGC 6752 2833

Table 6. Chance coincidence analysis.

Population Nobs
a Npred

b Excessc Significance (σ )d

MS 43 45.0 − 2.0 0.3
WD 4 1.0 3.0 1.3
Gap 15 5.8 9.2 2.5
RGB 4 2.5 1.5 0.4
SGB 1 3.9 − 2.9 2.0

Notes. aObserved number of population members in all error circles.
bPredicted number of population members in all error circles.
cExcess (deficit if negative) of observed versus predicted number in all error
circles.
dSignificance of excess or deficit expressed as Gaussian-equivalent σ level,
based on Gehrels (1986) statistics.

Figure 8. Proper-motion cleaned CMDs for stars within the half-light radius
of NGC 6752 and CV (red symbols) or AGN (green symbols) identifications.
The candidates have been selected based on their blue colour and/or H α

excess. Open symbols indicate less certain CV identifications, either due to
a weak or absent H α excess and/or uncertain photometry. Note that in the
right-hand panel, the bright CVs mostly lie to the H α-excess side of the MS,
while the faint CVs mostly lie to the H α-excess side of the WD clump, which
itself lies to the H α-deficit side of the MS. All candidate counterparts are
shown, independent of their proper-motion status. The counterparts to CX3,
CX10, CX15, CX44, and CX45 have proper motions that are consistent with
the extragalactic frame, leading to their identification as AGNs.

this analysis are summarized in Table 7 and the photometry of the
proposed counterparts is listed in Table 8. In cases where alternative
counterparts are present, the properties of the primary counterpart are
listed in Table 7 in the columns labelled ‘Offset’, ‘Type’, and ‘PM’.
These three properties are given for the alternative counterparts in
the column labelled ‘Notes’.

5.1.1 CX1–CX4

It can be seen in Fig. 8 that the CX1 counterpart is quite blue in
the (B435 − R625, R625) CMD, while the CX2 counterpart is on the
MS. L17 classified both of these as likely CVs, based on their H α

excesses and high X-ray to optical flux ratios. Interestingly, both

Figure 9. Proper-motion cleaned CMDs for stars within the half-mass radius
of NGC 6752 and AB identifications. The candidates have been selected based
on their red colour and generally small H α excess. All candidate counterparts
are shown, independent of their proper motion status. The two counterparts
to CX8 have an apparent proper motion that is inconsistent with the cluster
mean, leading to their identification as foreground objects.

Figure 10. Proper-motion cleaned CMDs for stars within the half-light radius
of NGC 6752 and RG identifications. The counterpart to CX31 has an apparent
proper motion that is inconsistent with the cluster mean, suggesting that it
might be a foreground object. The counterpart to CX48 is saturated in H α.

of these counterparts lie to the red side of the MS in the (UV275 −
U336, UV275) CMD (Fig. 13), but well to the blue of the MS in the
(U336 − B435, U336) CMD (Fig. 14). The large discrepancies in these
colours are likely due to variability, as the UV275 and U336 imaging
were done approximately 1 yr apart. As noted in L17, the CX1 and
CX2 counterparts both show substantial variability on a time-scale
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2834 H. N. Cohn et al.

Figure 11. Proper-motion cleaned colour–colour diagram for stars within
the half-light radius of NGC 6752 and CV identifications. The candidates are
the same as in Fig. 8. Open symbols indicate less certain CV identifications.
The red line is a linear regression of H α − R625 on B435 − R625 over the
range −0.5 ≤ B435−R625 ≤ 2.2. All stars brighter than R625 = 15.5 have
been excluded, since saturation effects set in at the bright end. The blue
end of the colour–colour relation is populated by stars on the extreme blue
horizontal branch. Note that all of the candidates except the counterpart to
CX24 lie below (i.e. to the H α-excess side of) the colour–colour relation.

Figure 12. Proper-motion cleaned colour–colour diagram for stars within
the half-light radius of NGC 6752 and AB identifications. The candidates are
the same as in Fig. 9. Note that all of the candidates lie below (i.e. to the
H α-excess side of) the colour–colour relation.

Figure 13. (UV275 − U336, UV275) CMD for stars within the half-light radius
of NGC 6752 and CV identifications.

Figure 14. (U336 − B435, U336) CMD for stars within the half-light radius
of NGC 6752 and CV identifications.

of months, with a peak-to-trough amplitude of over one magnitude
for CX1. Such variations in the NUV are common among CVs (e.g.
Dieball et al. 2017; Rivera Sandoval et al. 2018), while we are not
aware of plausible alternative explanations for such unusual near-
UV spectra. We note that Thomson et al. (2012) found that CX1 is
a likely dwarf nova. We also note that Göttgens et al. (2019) have
used MUSE integral-field spectrograph observations to confirm the
CV identification of the optical counterpart to CX2, by the detection
of strong H α, H β, and He I emission lines.

The CX3 counterpart, which L17 classified as an active galactic
nucleus (AGN), on the basis of its blue colour and proper motion
consistency with the external GLX frame, is outside of the UV275

and U336 fields in the HUGS imaging, and thus the HUGS UV
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Faint Chandra sources in NGC 6752 2835

Figure 15. (UV275 − U336, UV275) CMD for stars within the half-light radius
of NGC 6752 and AB or RG identifications.

Figure 16. (U336 − B435, U336) CMD for stars within the half-light radius
of NGC 6752 and AB or RG identifications.

photometry does not provide any additional information. Its HUGS
B435 magnitude is 0.25 mag fainter than its GO-12254 B435 magni-
tude. Comparison of the HUGS B435 magnitudes to ours indicates
that the former are 0.09 ± 0.20 mag (standard deviation) fainter.
The median magnitude offset is 0.08 mag and the semi-interquartile
range is 0.07 mag. A magnitude difference as large as 0.25 mag
might indicate some photometric variability, rather than simply
measurement uncertainty, since the HUGS data set does not include
all of the GO-12254 data (see footnote to Table 5). The lack of a
radio detection of a relatively X-ray bright AGN is mildly unusual,
but the radio/X-ray flux ratio is not outside the range observed for
AGN by Maccarone et al. (2012).

L17 classified the CX4 counterpart as a likely CV, based on its
blue B435 − R625 colour and its H α excess. This classification is
supported by the UV excesses of this object in both HUGS colour
indices, UV275 − U336 and U336 − B435 (Figs 13 and 14). As noted
by L17, Kaluzny & Thompson (2009) showed that the B-band light
curve of this source resembles those of ordinary dwarf novae, which
implies that this system is likely a dwarf nova.

5.1.2 CX5

L17 noted that the CX5 counterpart falls slightly to the red side of
the MS in the (B435 − R625, R625) CMD, rather than falling to the blue
side, as expected for a CV. Nevertheless, L17 classified it as a likely
CV, based on a small H α excess seen in the optical CMD (Fig. 8)
and in the optical colour–colour diagram (Fig. 11), and a moderately
high X-ray to optical flux ratio (see their Fig. 10). The HUGS CMDs
(Figs 13 and 14) indicate that the CX5 counterpart falls on the blue
edge of the MS in the (UV275 − U336, UV275) CMD and on the red
edge of the MS in the (U336 − B435, U336) CMD.

The Cycle 18 X-ray spectrum of CX5 is poorly fit by a single
mekal model (χ2/dof = 105.42/53 = 1.99). The X-ray spectrum
declines above ∼ 5 keV, suggesting fitting the continuum with a
cut-off power-law model (cutoffpl in XSPEC). With one less
degree of freedom, this gives a slightly better fit with χ2/dof =
65.36/52 = 1.26, with a cutoff energy at 1.5+0.4

−0.3 keV. The high-
energy cutoff can also be fit by convolving the mekal model with a
Gaussian absorption line component (gabs), which yields a better
fit (χ2/dof = 60.69/50 = 1.21), with a higher plasma temperature
(kT > 21.5 keV) and an absorption line at 7.2+8.8

−0.7 keV. In Fig. 17, we
show the Cycle 18 spectrum of CX5 fitted with the gabs-modified
mekalmodel. CX5 shows marked X-ray variability (Section 2.5) on
time-scales of order 0.2 d (Fig. 5). We used the pdm function from
the PWKIT PYTHON package (Williams et al. 2017) to perform the
phase dispersion minimization algorithm (PDM; Stellingwerf 1978)
on the Cycle 18 light curves, but found no periodic features.

CX5’s collection of strange features – a complete lack of blue
colours even in ultraviolet CMDs, a small H α excess, an unusual
X-ray spectrum, and rapid X-ray variability – are difficult to explain
as a CV. The high X-ray/optical flux ratio argues for emission from
a compact object, while the lack of a UV excess (and only weak H α

emission) argues against a substantial accretion disc. A magnetic
CV, without an accretion disc, might seem plausible, but in such
systems the hot WD produces a bright UV flux; see the known polar
X10/W27 in 47 Tuc, which shows a 1-mag blue excess in B435 −
R625, a 0.5-mag excess in H α − R625, and a 4-mag excess in a
U300 versus B390 CMD (Rivera Sandoval et al. 2018). The high X-
ray luminosity and low mass transfer rate (indicated by the lack of
a UV excess) argues for a very deep gravitational potential well,
and thus a NS or BH accretor. Alternatively, ‘redback’ millisecond
pulsars (MSP) (with non-degenerate, mass-losing companions of
>0.1 M	) can also match all the data; several candidate redbacks
have recently been identified in other globular clusters without the
detection of radio pulsations (Urquhart et al. 2020; Zhao et al.
2020a). Our ATCA radio observations allow a (3σ ) 5-GHz radio
luminosity limit of 1.1 × 1027 erg s−1, which along with the 1–
10 keV LX of 8.7 × 1031 erg s−1, are not deep enough to rule out
a BH (e.g. Rodriguez et al. 2020), a transitional MSP (Bogdanov
et al. 2018), or a redback MSP (such as NGC 6397 A, Zhao et al.
2020a). A spectroscopic radial velocity campaign, which would
require adaptive optics (due to crowding), e.g. MUSE in narrow-
field mode, could shed light on this bizarre system.
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Table 7. Optical counterpart summary.

Sourcea RA, Dec. (J2000)b rerr (′)c r (
′
)d Offsete Typef PMg Notes

CX1 19:10:51.136 −59:59:11.91 0.29 0.18 0.02 CV c, c
CX2 19:10:56.005 −59:59:37.34 0.29 0.73 0.02 CV c, c
CX3 19:10:40.375 −59:58:41.45 0.30 1.52 0.10 AGN f, f
CX4 19:10:51.586 −59:59:01.75 0.29 0.08 0.03 CV c, c
CX5 19:10:51.413 −59:59:05.21 0.29 0.09 0.02 CV? c, c slightly red, small H α excess
CX6 19:10:51.502 −59:59:27.09 0.30 0.39 0.03 CV? n, n very blue, small H α excess
CX7 19:10:51.513 −59:58:56.88 0.30 0.15 0.15 CV c, c
CX8 19:11:02.964 −59:59:42.15 0.32 1.49 0.29, 0.39 AB? n, n resolved binary of nearly identical red,

H α-excess objects
CX9 19:10:51.772 −59:58:59.33 0.31 0.10 0.06 CV? c, c alternative CV?? counterpart (offset:

0.37, PM: n) not detected by HUGS
CX10 19:10:54.760 −59:59:13.88 0.31 0.37 0.09 AGN f, f
CX11 19:10:52.411 −59:59:05.54 0.33 0.04 – MSP – MSP D
CX13 19:10:40.624 −60:00:06.02 0.37 1.77 0.02 CV c, c
CX14 19:10:52.074 −59:59:09.41 0.35 0.08 – MSP – MSP F
CX15 19:10:55.840 −59:57:45.70 0.34 1.39 0.04 AGN f, n
CX16 19:10:42.542 −59:58:43.06 0.41 1.25 0.50 AB c, c
CX17 19:11:05.273 −59:59:04.63 0.43 1.64 – GLX – asymmetric, extended object
CX18 19:10:52.043 −59:59:04.11 0.41 0.01 0.70 RG c, c RG with apparent H α excess;

alternative CV?? counterpart (offset:
0.32, PM: n) only detected by HUGS
has apparent UV275 excess

CX19 19:10:55.595 −59:59:17.45 0.43 0.49 0.58 AB? c, c normal B435 − R625, small H α excess
CX20 19:10:52.852 −59:59:02.75 0.37 0.10 1.24 AB c, c
CX21 19:10:49.528 −59:59:43.14 0.37 0.72 0.31 CV? c, c blue, very slight H α excess in

colour–colour diagram
CX22 19:11:02.966 −59:57:58.71 0.37 1.74 – – – only MS stars present
CX23 19:10:52.540 −59:59:04.36 0.37 0.05 0.17 CV? c, c uncertain photometry
CX24 19:10:52.691 −59:59:03.42 0.37 0.07 1.57 CV? n, n weakly detected in R625 and H α

CX25 19:10:51.969 −59:58:40.60 0.38 0.40 1.62 CV? n, ··· weakly detected in R625 and H α; not
detected by HUGS

CX26 19:10:39.201 −59:59:45.46 0.37 1.75 0.02 GLX f, n extended elliptical image
CX27 19:10:52.066 −59:59:00.92 0.43 0.06 – MSP – MSP B; alternative AB? counterpart

(offset: 1.13, PM: c, c) has normal B435

− R625, small H α excess
CX28 19:10:42.513 −59:59:44.52 0.50 1.38 – – – only MS stars present
CX29 19:10:52.290 −59:59:01.76 0.45 0.05 0.21 CV? f, n alternative CV? counterpart (offset:

1.27, PM: c, c)
CX30 19:10:40.670 −59:58:39.56 0.55 1.49 – – – undetected faint object
CX31 19:10:50.503 −59:57:37.36 0.48 1.47 0.31 RG f, n
CX32 19:10:54.121 −59:59:11.10 0.44 0.27 0.33 CV? n, n slightly blue, slight H α excess, small

UV275 − U336 excess
CX33 19:11:03.311 −59:58:01.88 0.76 1.74 0.79 AB? c, ··· not detected by HUGS
CX34 19:10:45.690 −59:58:20.06 0.53 1.09 0.52 AB c, c
CX35 19:10:52.171 −59:59:16.88 0.39 0.21 0.65 CV n, n
CX36 19:10:49.559 −59:58:26.50 0.41 0.71 0.74 CV n, n
CX37 19:10:50.535 −59:59:09.11 0.43 0.21 1.13 AB? c, c alternative AB? counterpart (offset:

0.49, PM: c, c)
CX38 19:11:02.136 −59:58:11.67 0.50 1.53 0.31 AB? c, c slightly red, slight H α excess
CX39 19:10:46.404 −59:57:49.84 0.52 1.43 0.91 GLX f, n extended elliptical image
CX40 19:10:50.374 −59:59:14.10 0.64 0.27 1.29 AB c, c alternative CV? counterpart (offset:

0.94, PM: n) only detected by HUGS
CX41 19:10:51.960 −59:59:08.49 0.34 0.07 0.85 CV? c, ··· uncertain photometry; not detected by

HUGS
CX42 19:10:48.124 −60:00:07.25 0.42 1.16 – AGN? – radio detection
CX43 19:10:59.323 −59:59:00.82 0.41 0.90 – – – only one MS star present
CX44 19:11:04.964 −59:59:30.82 0.46 1.66 0.43 AGN f, ··· not detected by HUGS
CX45 19:10:38.940 −59:59:22.22 0.49 1.68 0.23 AGN f, ··· not detected by HUGS
CX46 19:10:52.755 −59:57:39.00 0.42 1.43 – – – only one MS star present
CX47 19:10:54.075 −59:59:42.37 0.43 0.68 0.69 – n, n faint star with hint of UV275 excess
CX48 19:10:52.788 −59:58:58.39 0.48 0.13 0.28 RG c, c uncertain photometry of bright RG; two

alternative CV? counterparts (offset:
0.30, PM: n) and (offset:1.54, PM: n)
only detected by HUGS
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Table 7 – continued

Sourcea RA, Dec. (J2000)b rerr (′)c r (
′
)d Offsete Typef PMg Notes

CX49 19:10:43.493 −59:59:24.64 0.54 1.13 0.42 CV? n, ··· uncertain photometry in H α; not
detected by HUGS

CX50 19:10:58.360 −59:57:46.58 0.50 1.51 – – – only one MS star present
CX51 19:10:38.235 −59:58:57.50 0.96 1.74 – – – empty search area
CX52 19:10:45.677 −59:59:12.67 0.64 0.82 – – – only one MS star present

Notes. aExtension of Forestell et al. (2014) numbering system. Sources CX41–CX52 are newly reported in this study.
b Chandra source positions have been boresight corrected to align with the drizzled image coordinate system, which is tied to the ICRS via UCAC3 astrometric
standards.
c95-per cent confidence X-ray error circle radius, rerr, based on the prescription of Hong et al. (2005).
dProjected distance from cluster centre in arcmin.
eOffset of primary counterpart from X-ray position in units of rerr.
fType of primary counterpart (types of alternative counterparts are given in Notes column): CV = cataclysmic variable; AB = active binary; RG = red giant;
GLX = galaxy; AGN = active galactic nucleus;? indicates less certain classification.
gProper-motion membership determinations from the optical study and the HUGS study: c = consistent with cluster; f = consistent with field; n = no
proper-motion measurement.

5.1.3 CX6–CX7

The CX6 counterpart shows a strong UV excess in the HUGS CMDs,
putting it on the WD cooling sequence. L17 had previously classified
it as a candidate CV, based on its blue colours and relative H α excess
compared to other WDs, which exhibit broad H α absorption lines
(Fig. 11). The lack of H α emission or absorption could also signal
an AM CVn system, which might be verified through narrow-band
He line photometry, or spectroscopy.

The CX7 counterpart shows a strong UV excess in the HUGS
CMDs, which, along with its previously noted blue B435 − R625

colour and large H α excess, make it a likely CV. Bailyn et al.
(1996) suggested this to be a CV (and found a likely 3.7-h period),
and Thomson et al. (2012) observed a 6-mag near-UV outburst,
confirming it to be a dwarf nova.

5.1.4 CX8

The striking pair of CX8 counterparts (see Fig. A2), which L17
interpreted as a resolved pair of ABs at a distance of 500–800 pc,
shows unusual behaviour in the HUGS photometry. While the two
objects fall far to the blue of the MS in the (UV275 − U336, UV275)
CMD, they nevertheless fall far to the red of the MS in the (U336 −
B435, U336) CMD. The CX8 counterparts show some variability, but
only at the level of a few hundredths of a magnitude over time-scales
of months (L17). The UV emission from M dwarfs such as these
is entirely chromospheric in nature, for which such colours are not
unusual (Stelzer et al. 2013; Heinke et al. 2020).

Neither single mekal (χ2/dof = 31.45/13 = 2.42) nor power-law
model (χ2/dof = 35.05/13 = 2.70) fits to CX8 give good fits. The
mekal fit shows an apparent excess � 1 keV, requiring a second
component. We, thus, added another mekal component and found
that with two fewer degrees of freedom, the fit improves to χ2/dof
= 19.27/11 = 1.75, suggesting low-temperature (0.2+0.3

−0.1 keV)
and high-temperature (1.2+0.5

−0.2 keV) components (Table 2). The
two-component mekal model also fits the Cycles 1 and 7 spectra
(Section 2.4, Fig. 4), as found by L17, and is consistent, in
temperatures and luminosity, with typical X-ray spectra of nearby
ABs (Dempsey et al. 1997).

5.1.5 CX9–CX13

We find two alternative counterparts to CX9, both within the error
circle. L17’s suggested counterpart, 9a, is a faint star that shows

a small B435 − R625 excess and a small H α − R625 excess in the
colour–colour diagram. It shows a very strong UV excess in UV275

− U336 and a small excess in U336 − B435. Counterpart 9b is a faint
extension of the image of counterpart 9a, with measured magnitudes
in R625 and H α that yield a small H α − R625 excess. (See Fig. A2.)
KS2 did not report a B435 magnitude for counterpart 9b and we did not
attempt to determine one using PSF-fitting photometry, due to the
complexity of the image. The HUGS photometry data base does not
detect the 9b counterpart. Given the strong UV excess of counterpart
9a, we suggest that this is the more likely identification of CX9, and
that it is a possible CV.

The CX10 counterpart, which L17 classified as an AGN, on the
basis of its blue B435 − R625 colour and its proper motion consistency
with the external GLX frame (see fig. 5 of L17), is in the UV275 field
of the HUGS imaging but outside of the U336 field. It shows a strong
UV275 − B435 excess. Its HUGS B435 magnitude is 0.21 mag fainter
than the GO-12254 B435 magnitude. As for the case of CX3, this
difference may either indicate some photometric variability or else
photometric uncertainty. If the 3 σ radio detection here is genuine
(Section 3), the AGN nature could be further corroborated.

As L17 noted, only MS stars lie in the error circle of CX11. As
noted by Forestell et al. (2014), source CX11 is coincident with the
isolated MSP D, and thus is not expected to have an optical/UV
counterpart. There is a faint, blue star with a H α − R625 deficit
located 0.71 arcsec from the centre of the error circle, or 2.1 times
the error circle radius. Based on this large offset and its location in
the CMDs and the colour–colour diagram, we suggest that this object
is a He-core WD that is coincidentally near the error circle.

As noted by L17, source CX12 from Pooley et al. (2002) has been
replaced by sources CX20, CX23, and CX24.

The counterpart to CX13 that L17 proposed lies near the WD
cooling sequence in the (B435 − R625, R625) CMD and shows a large
H α − R625 excess, relative to both the MS and the WD sequence,
making it a strong candidate as a CV. This object is outside of the
HUGS UV275 and U336 frames.

5.1.6 CX14

A recent MeerKAT survey of globular clusters discovered a new
isolated MSP, PSR J1910–5959F (MSP F), in the core (Ridolfi
et al. 2021), and the timing solution identify MSP F with CX14.
Because MSP F is isolated, the MS stars found in the error circle
of CX14 (L17) and a blue star seen in the HUGS images are not the
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Table 8. Optical counterpart photometry.

Source B435 R625 H α UV275 U336 B435

CX1 19.46 19.38 19.01 19.61 18.15 19.58
CX2 20.36 19.22 18.60 20.65 18.95 20.38
CX3 21.76 20.97 20.72 – – 22.01
CX4 21.09 20.10 19.35 20.40 20.24 21.14
CX5 19.65 18.57 18.33 20.53 19.55 19.71
CX6 24.07 23.87 23.78 22.51 23.00 24.01
CX7 22.01 20.94 19.91 20.56 20.52 21.91
CX8a 20.91 18.34 17.54 23.34 23.62 21.07
CX8b 21.06 18.48 17.67 23.65 23.05 21.18
CX9a 24.40 22.42 22.01 24.50 25.32 24.56
CX9b – 24.53 23.73 – – –
CX10 20.16 19.70 19.47 20.02 – 20.37
CX11 – – – – – –
CX13 24.60 24.32 23.38 – – –
CX14 – – – – – –
CX15 23.05 22.66 22.41 22.91 22.94 23.29
CX16 19.39 18.33 18.09 – 19.31 19.46
CX17 – – – – – –
CX18a 16.49 15.42 14.94 17.60 16.48 16.52
CX18b – – – 24.30 22.43 22.23
CX19 18.35 17.58 17.37 18.74 17.99 18.45
CX20 21.99 20.20 19.87 25.00 22.70 22.06
CX21 19.06 18.53 18.40 19.15 18.75 19.10
CX22 – – – – – –
CX23 21.44 20.47 19.75 25.78 21.83 21.53
CX24 22.97 22.66 22.61 22.54 22.47 23.27
CX25 25.73 25.51 24.81 – – –
CX26 25.16 23.00 22.55 – – 25.44
CX27 21.65 20.13 19.83 23.53 21.95 21.50
CX28 – – – – – –
CX29a 22.49 20.83 20.50 23.67 22.20 21.85
CX29b 19.87 19.02 18.63 20.78 19.56 19.88
CX30 – – – – – –
CX31 16.76 15.66 15.44 19.03 – 17.18
CX32 22.10 20.54 20.23 24.85 23.29 22.50
CX33 – – – – – –
CX34 22.04 20.23 19.88 – 23.00 22.13
CX35 24.89 24.11 23.35 23.33 24.00 25.28
CX36 24.93 24.85 23.81 23.15 23.70 25.00
CX37a 22.35 20.42 20.12 25.67 23.28 22.33
CX37b 18.85 17.94 17.73 19.39 18.72 18.90
CX38 20.34 19.15 18.93 21.78 20.37 20.40
CX39 24.86 22.26 21.89 – – 25.36
CX40a 21.18 19.72 19.45 24.02 21.66 21.27
CX40b – – – 22.11 22.31 23.51
CX41 19.36 18.56 17.91 – – –
CX42 25.82 23.38 22.96 – 25.80 25.91
CX43 – – – – – –
CX44 26.98 24.91 24.89 – – –
CX45 24.72 22.82 22.71 – – –
CX46 – – – – – –
CX47 25.69 23.19 22.69 25.94 26.28 25.61
CX48a 13.27 11.97 11.78 16.44 14.13 12.99
CX48b – – – 23.12 22.68 20.86
CX48c – – – 23.18 22.59 23.00
CX49 25.62 25.63 25.38 – – –
CX50 – – – – – –
CX51 – – – – – –
CX52 – – – – – –

Figure 17. Cycle 18 Chandra spectrum of CX5, fit with an absorbed mekal
model (blue), and with the same mekal model but modified by a Gaussian
absorption line (gabs) at 7.2+8.8

−0.7 keV (red), as described in Section 5. The
lower panel shows the corresponding residuals colour-coded according to the
models in the top panel. Without the gabs component, the mekal model
overpredicts spectra values above ≈5 keV.

actual counterparts. We tried both power-law and blackbody-like
fits to CX14’s X-ray spectrum, and noted that the power-law model
fits better to the X-ray spectrum, which gives a photon index
� = 2.2+0.6

−0.5. The hardness is consistent (at 90-per cent confidence)
with three other isolated MSPs (B, C, E) in NGC 6752, despite the
relatively large uncertainties.

5.1.7 CX15–CX16

As in the cases of CX3 and CX10, L17 classified CX15 as an AGN,
on the basis of its blue colour and proper motion consistency with the
extragalactic frame. Unlike CX3 and CX10, CX15 is present in all
three HUGS fields of view. It has a large UV excess in both HUGS
CMDs (Figs 13 and 14).

L17 classified the CX16 counterpart as an AB, based on its red
B435 − R625 colour and its H α excess. It is outside of the HUGS
UV275 field of view. Its U336 − B435 colour puts it a small distance
redward of the MS in the (U336 − B435, U336) CMD, consistent with
the optical results.

5.1.8 CX17

As L17 noted, we do not find a starlike object in the error circle
for CX17. Instead, there is an amorphous object, suggesting an
interacting GLX as seen in Fig. A3. As Pooley et al. (2002) have
noted, this object is coincident with a radio source, detected by an
ATCA observation (Frater, Brooks & Whiteoak 1992). Our ATCA
observation also reveals a radio source that lies 0.3 arcsec from the
nominal X-ray position of CX17 (Fig. 6) with a moderately steep
spectral index (α = −0.7 ± 0.3; Table 4) typical of AGNs.

5.1.9 CX18–CX21

L17 noted that the error circle of CX18 contains only MS stars. With
a shift in the centre of the error circle, it now contains an RG with an
apparent H α excess. While the sequences in the (H α − R625, R625)
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CMD are less well defined at R625 ∼ 15.5 than at somewhat fainter
magnitudes, the apparent H α excess of this giant does stand out (see
Fig. 10). A possible interpretation is that CX18 is an RS CVn binary
with an active chromosphere. Examination of the HUGS CMDs
indicates that this object lies on the RG sequence in both diagrams,
(see Figs 15 and 16). In addition, the HUGS photometry detects an
additional faint object with an apparent UV275 excess, that is not
detected in the optical photometry. We include this object in the
HUGS CMDs for CVs, although its classification as a possible CV
is quite tenuous, given its rather weak detection.

As L17 noted, the CX19 counterpart shows a small H α − R625

excess, but falls on the MS in the (B435 − R625, R625) CMD. It falls on
the red edge of the MS in the (UV275 − U336, UV275) CMD (Fig. 15)
and on the blue edge of the MS in in the (U336 − B435, U336) CMD
(Fig. 16). Thus, the HUGS CMDs provide mixed evidence and we
continue to classify the CX19 counterpart as a possible AB rather
than as a likely AB. We note that Göttgens et al. (2019) have used
MUSE integral-field spectrograph observations to detect the optical
counterpart to CX19 as an object with filled H α absorption, which is
consistent with our photometric finding of a small H α − R625 excess.
Thus, their study supports its classification as a possible AB.

L17 classified the counterpart to CX20 as a likely AB, based on
its red B435 − R625 colour and its H α − R625 excess. In the HUGS
CMDs (Figs 15 and 16), it lies on the fairly broad lower part of the
MS. Thus, it is not possible to discern a possible small deviation
from the MS in these cases, using the HUGS photometry.

L17 classified the counterpart to CX21 as a possible CV, based on
its blue B435 − R625 colour and its very slight H α − R625 excess in
the colour–colour diagram (see Fig. 11). While it falls on the MS in
the (U336 − B435, U336) CMD, it falls to the blue side of the MS in
the (UV275 − U336, UV275) CMD. Its proper motion also marks it as
a cluster member. Thus, the HUGS data support the classification of
this object as a possible CV.

5.1.10 CX22

The optical photometry for the CX22 error circle indicates the
presence of one MS star. The circle is outside the UV275 and U336

fields of view. The HUGS data base indicates the detection in B435

of a second, faint star in the error circle. However, in the absence
of other optical or UV photometry for this second star, there is no
information on its colour, and thus no reason to believe it is the
counterpart.

The X-ray spectrum of CX22 can be reproduced by a hard (� =
0.7+0.5

−0.6) power-law model when NH is fixed to the cluster value;
a mekal fit to CX22 with the same fixed NH gives a worse fit
(goodness fraction of 98.3 per cent); however, if we apply a free
NH, the fit will be more acceptable (goodness= 25.4 per cent), yet
it suggests an NH = 4.8+3.6

−3.2 × 1022 cm−2, which is above the cluster
value. Either the power law or the free-NH mekal fit points to a hard
X-ray spectrum, which is unlikely from an AB. It is possible that
CX22 is an AGN, but in the absence of more compelling evidence,
we leave this source unclassified.

5.1.11 CX23–CX27

While the optical photometry for the CX23 counterpart indicates
clear excesses in B435 − R625 and H α − R625, L17 classified this
star only as a possible CV due to photometric uncertainty owing to
its location near several much brighter stars (see Fig. A4), which
necessitated aperture photometry in place of KS2 photometry. The

HUGS photometry places the CX23 counterpart to the red of the MS
in the (UV275 − U336, UV275) CMD, while it is slightly to the blue
of the MS in the (U336 − B435, U336) CMD. Evidently, photometry
of this object is also challenging at UV wavelengths, and we leave it
classified as a possible CV.

Our candidate counterpart to CX24 is a very blue object in B435

− R625 that lies at 1.6 rerr from the centre of the error circle. It
shows a small H α deficit in the colour–colour diagram (Fig. 11).
L17 classified it as a possible CV given its location between the WD
sequence and the MS in the (B435 − R625, R625) CMD. The HUGS
CMDs show it consistently slightly redward of the CO WD sequence
(Figs 13 and 14). We suggest four possible interpretations: this may
be a normal He-core WD coincidentally located near the CX24 error
circle in the crowded core (see Fig. A4); it could be a CV composed
of a hot WD and a faint, undetected M star, with little accretion; it
could be an AM CVn double-degenerate, explaining the lack of H α

emission; or it could be another MSP (with radio pulsations not yet
detected) with a He-core WD companion.

Our candidate counterpart to CX25 lies at 1.6 rerr from the centre
of the error circle. As in the case of CX24, it is weakly detected in
R625 and H α. None the less, it lies on the WD sequence in the (B435

− R625, R625) CMD and registers as having a large H α − R625 excess
for its blue colour (see Fig. 11). L17 thus classified it as a possible
CV. This object does not appear in the HUGS data base. Examination
of the stacked UV275 image suggests that the object is detected there
and is, thus, quite blue in UV colours, consistent with its location on
the WD sequence in the (B435 − R625, R625) CMD.

The CX26 counterpart has an extended, galaxian appearance in
the optical imaging, and L17 identified it as a GLX based on its
morphology and proper motion, which is discordant from the cluster
motion. It lies outside of the UV275 and U336 fields of view.

CX27 is positionally coincident with the isolated MSP
NGC 6752 B and has a location in the X-ray CMD (Fig. 2) that is
consistent with this association. L17 identified a possible counterpart
to CX27 that lies on the MS in the (B435 − R625, R625) CMD and has
a small H α − R625 excess. L17 classified it as a possible AB, based
on the latter. This star falls just outside of the error circle at 1.1 rerr. In
the HUGS photometry, the candidate AB falls on the MS in the (U336

− B435, U336) CMD and modestly blueward of the MS in the (UV275

− U336, UV275) CMD. The ATCA radio counterpart is detected at
5.5 GHz but not at 9.9 GHz, consistent with a steep radio spectrum
as observed in other MSPs (Bates, Lorimer & Verbiest 2013). The
candidate optical counterpart is outside the radio error ellipse (Fig. 6),
confirming it is not associated with the MSP. CX27 could be a mixture
of X-rays from this possible AB and MSP NGC 6752 B, but given
the superior agreement of the X-ray position with the radio position,
most or all the X-rays are likely due to MSP B.

5.1.12 CX28

The error circle of CX28 is empty; there are four MS stars in a
region extending out to 2.5 rerr. Thus, there is no hint of a plausible
optical/UV ID for CX28.

CX28 is a soft source (Fig. 2), which can be reproduced by either a
power law (� = 4.9+2.5

−1.9) or amekalmodel (kT = 0.6+0.3
−0.4 keV). The

Cycle 18 X-ray spectrum shows some evidence of an emission feature
at ∼0.8 keV (Fig. 18), reminiscent of the Fe L-shell line observed
in some faint CVs or ABs (Heinke et al. 2005). We also find some
very mild evidence of an emission feature at ∼1.3 keV, of almost the
same strength as the one at 0.8 keV. The line energy overlaps the Kα

emission of Mg but cannot be reproduced by the model at the best-
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Figure 18. Combined ACIS-S spectrum (from all three cycles) of CX28.
The black solid line represents the best-fitting mekal model. The spectrum
is rebinned only for plotting purpose.

fitting plasma temperature and solar abundances. This line is a bit
more prominent if we combine ACIS-S spectra from all three Cycles
(Fig. 18); a mekal fit to this combined spectrum is still acceptable
(goodness= 46.5 per cent) with a similar kT = 0.5+0.4

−0.2 keV.
Considering the position of CX28 being far off the cluster centre

(=1.37 arcmin = 0.72rh) and the empty error circle, CX28 is a
candidate for a distant AGN, in which case, the likely line at 1.3 keV
could then be a red-shifted feature. Given its very soft X-ray spectrum
and the emission feature at 0.8 keV, it is also possible that CX28 is
a very faint BY Draconis system (ABs composed of two MS stars)
with optical counterparts fainter than the limiting magnitude of the
given observations. We, thus, consider CX28 to be unclassified.

5.1.13 CX29–CX40

L17 identified CX29 with a slight extension of the image of a
much brighter neighbour. The photometry of this extension indicated
that it was a possible CV. There is an alternative counterpart that
registers as a CV in the optical photometry, which is more cleanly
detected. It is located at 1.3 rerr, i.e. somewhat outside of the new
error circle. While this new possible counterpart, 29b, also has a
brighter neighbour, it is much better separated from its neighbour
than the original counterpart, 29a (see Fig. A5). L17 noted that 29a
had a discordant proper motion, relative to the cluster distribution,
possibly due to measurement errors. In the HUGS data base, the
membership probability of 29a, based on proper motion, is reported
as not available. The proper motion of 29b is consistent with that of
the cluster. In the HUGS photometry, 29a has a small blue excess
in both CMDs (Figs 13 and 14). In contrast, 29b lies on the MS in
these HUGS CMDs. Thus, it remains unclear which of these two
alternative counterparts, if either, is the more likely identification of
CX29.

CX30 lies outside of the UV275 and U336 fields of view. The only
object within the error circle for CX30 is a faint star that is in the
wings of a far brighter MS turnoff star that lies just outside of the
error circle. KS2 did not detect the faint star in either the optical
photometry or the HUGS reductions. We did not attempt to extract
magnitudes for this barely visible faint star with PSF fitting.

L17 noted that there is an apparent RG in the search area for
CX31. This object, which remains within the error circle, is slightly
red relative to the giant branch in B435 − R625, but does not show an
H α excess. As noted in Table 7, it has a proper motion that is not
consistent with the cluster mean, indicating that it is a foreground
object that is projected on the cluster. CX31 lies outside of the U336

field of view. While the HUGS photometry resolves the apparent
single optical object image into two separate objects, this is evidently
an artefact of observing a large-proper-motion object at multiple
epochs (see Fig. A5). We have plotted the photometry for only one
of these apparent objects. Gaia gives a parallax distance estimate for
this star of 1.6+1.3

−0.6 kpc (Bailer-Jones et al. 2018).
L17’s counterpart to CX32 is slightly blue in B435 − R625 and has

a small H α − R625 excess. In the HUGS CMDs, it shows a larger
blue excess in UV275 − U336. In contrast, it falls on the MS in the
(U336 − B435, U336) CMD. The UV275 excess tends to support the
identification of CX32 as a CV.

L17 reported an empty search area for CX33. With the slightly
larger error circle used in this study, one star is present within the
error circle in the optical imaging. While the star appears in the
HUGS data base, it is outside of the UV275 and U336 fields. The star
is on the red edge of the MS in the (B435 − R625, R625) CMD and
the H α excess side of the MS in the (H α − R625, R625) CMD. Thus,
there is a slight indication that this star may be an AB.

L17 classified the counterpart to CX34 as a likely AB, based on
its optical photometry. It is just outside of the HUGS UV275 field of
view, but inside the U336 field of view. In the (U336 − B435, U336)
CMD, it falls slightly redward of the MS, consistent with its AB
identification.

The counterpart to CX35 that L17 identified was not detected by
KS2 in the optical imaging. We visually selected it as a faint shadow
and performed aperture photometry. We classified it as a possible
CV, based on its apparent extremely blue B435 − R625 colour and
large H α − R625 excess relative to the WD sequence, but added the
cautionary note that the photometry was uncertain. This counterpart
is well-detected in both the UV275 and U336 images and has extremely
blue colours in both of the HUGS CMDs (Figs 13 and 14). Thus, we
now consider it to be a likely CV.

L17 identified a faint object with an extremely blue B435 − R625

colour and a large H α − R625 excess as the counterpart to CX36. We,
thus, classified it as a likely CV. It is strongly detected in both the
UV275 and U336 images and has extremely blue colours in all of the
HUGS CMDs. Thus, the HUGS photometry corroborates our optical
classification on this object.

L17’s identification of CX37 was with a possible AB that fell
significantly to the red of the MS in the (B435 − R625, R625) CMD and
thus fell to the H α-deficit side of the mean colour–colour relation,
notwithstanding its small apparent H α excess in the (H α − R625,
R625) CMD. We now add, as an alternative counterpart, another
apparent AB that lies closer to the centre of the new error circle
and that falls to the H α-excess side of the mean colour–colour
relation. The 37a and 37b counterparts are visible in both the UV275

and U336 frames (see Fig. A6). Both objects are slightly blue in
UV275 − U336. In U336 − B435, 37a is slightly red, while 37b is
significantly red. The deviation of both counterparts from the MS,
in the latter HUGS CMD, generally supports their classification as
possible ABs.

L17 classified the counterpart to CX38 as a possible AB, based
on its slightly red B435 − R625 optical colour and slight H α excess.
This object falls on the MS in both of the HUGS CMDs (Figs 15 and
16). Thus, the HUGS photometry does not provide any additional
information on the nature of this object. Given the absence of any
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other objects, in or near the error circle, it appears that this star is the
likely counterpart of CX38.

The CX39 counterpart has an extended, galaxian appearance in
the optical imaging (see Fig. A7), and L17 identified it as a GLX
based on its morphology and proper motion. It is outside of the field
of view in the UV275 and U336 imaging.

L17’s identification of CX40 was with a likely AB, with a red B435

− R625 colour and an H α excess, that falls at 1.3 rerr from the X-ray
position. The HUGS photometry for this object places it to the red
side of the MS in both CMDs (Figs 13 and 14). The HUGS UV275

and U336 imaging reveals an extremely blue object that falls on the
error circle, somewhat closer to the X-ray position. (See Fig. A7.)
This new object, 40b, falls on or near the WD sequence in both of the
HUGS CMDs. Since 40b is not visible in the optical, its H α status
is unknown. It is unclear which of the two counterparts is the more
likely identification. We list 40a as the primary counterpart, given
its likely AB status, based on the CMD and colour–colour diagram,
versus the uncertain CV status of 40b.

5.1.14 MSP C

MSP C is outside the ACS and WFC FOVs, so we cannot identify
an optical counterpart. Our radio observation reveals a faint (Sν ≈
28μJy) radio source in the 5.5-GHz image consistent with the X-
ray error circle (Fig. 6); whereas no detection was found in 9 GHz.
Similar to CX27, this source is consistent with a steep radio spectrum,
so is likely to be the actual radio counterpart.

5.2 Classifications among the new sources 41–52

In the optical imaging, the probable counterpart to CX41 appears as
a slight extension to the image of a neighbouring star that is 2 mag
brighter. Its position in the optical CMDs is consistent with a bright
CV, falling to the blue side of the MS in B435 − R625 and well to the
H α-excess side of the H α − R625 sequence. The CV interpretation
is further supported by the colour–colour diagram location of this
object, in which it registers as having a clear H α − R625 excess.
While this object is visible in the UV275 and U336 frames, indicative
of a UV excess that further supports the CV interpretation, it was not
detected by KS2 in those frames and does not appear in the HUGS
data base. We list it as a possible CV due to uncertain photometry
associated with crowding.

There is only one object within the error circle of CX42 and it
lies on the MS in both optical CMDs. Although this object appears
in the HUGS data base and has a listed U336 magnitude that gives
it a pronounced blue colour in U336 − B435, visual inspection of the
stacked U336 image (see Fig. A7) indicates that its apparent detection
there may be an artefact of the sky noise fluctuations, so it is unclear
whether this object is actually UV-bright.

The X-ray spectrum of CX42 can be fit by a hard power law
(� = −0.4+0.9

−1.0; Table 2) when NH is fixed to the cluster value. This
is typical of sources with high NH, where the fixed NH is too low to
account for the lack of soft X-rays. A high NH could be from a torus
around an AGN, or from an accretion disc in a CV (when viewed
edge-on).

We find a radio source 0.1 arcsec from the X-ray position of CX42
(Fig. 6), with a spectral index of −0.5 ± 0.3 (Table 4). The possibly
UV-bright object, however, lies marginally outside the radio error
ellipse (Fig. 6). This optical object has a proper motion consistent
with cluster membership, and thus is not an AGN. We still include it
in the CMDs for CVs, but consider the Chandra source CX42 to be a

likely AGN, given its radio detection which would be unlikely for a
CV at the distance of NGC 6752. The potential optical counterpart,
in that case, is not associated with CX42.

Only one object falls in the error circle of CX43, which lies on the
MS in both optical CMDs. It is detected in the UV275 image, but is
outside the U336 field of view. It falls on the red edge of the MS in
the (UV275 − B435, UV275) CMD, making it a likely MS star with no
obvious association with the X-ray source.

There are two objects within the CX44 error circle. The brighter
object lies on the MS in both optical CMDs. It is in the HUGS data
base and falls on the blue edge of the lowermost part of the MS in
both HUGS CMDs. We interpret this as indicating that this object is
most likely an MS star. The fainter object is somewhat blue in B435

− R625 but shows an H α − R625 deficit in both the CMD and the
colour–colour diagram. We measure a proper motion for this object
that is discordant from the cluster distribution, and is similar to the
external GLX frame. It appears that this object is an AGN. It is not
detected by the HUGS photometry.

There are two objects within the CX45 error circle. The brighter
object lies on the MS in both optical CMDs. The fainter object is
somewhat blue in B435 − R625 but shows an H α − R625 deficit in
both the CMD and the colour–colour diagram. We measure a proper
motion for this object that is discordant from the cluster distribution,
and agrees well with the external GLX frame. CX45 lies outside of
the field of view of the UV275 and U336 frames, so the HUGS data
base does not provide additional information. Like the fainter object
in the CX44 error circle, this fainter object also appears to be an
AGN.

Indeed, our ATCA observation found a flat-spectrum (α =
0.0 ± 0.6) radio source 0.′′8 south of the nominal X-ray position
of CX45 (Fig. 6). The radio error ellipse marginally matches the
X-ray error circle, but is not consistent with the optical counterpart.
The ATCA source could then be a radio lobe produced by the AGN.
Moreover, the X-ray spectrum of CX45 can be fit by a hard power-
law (� = 0.1+1.1

−1.3; Table 2). Similar to CX22 and CX42, this could
indicate enhanced absorption from an AGN torus. We thus classify
CX45 as an AGN.

There is one star at the edge of the CX46 error circle, lying on the
MS in both optical CMDs. It falls outside the U336 field of view, but
is visible in the UV275 frame. It also lies on the MS in the (UV275

− B435, UV275) CMD and thus appears to be an MS star with no
apparent association with the X-ray source.

There are two bright objects and one faint object in the CX47
error circle. The bright objects lie on the MS in the optical and
HUGS CMDs. The faint object lies on the MS in the optical CMD
and the HUGS (U336 − B435, U336) CMD. However, in the (UV275 −
U336, UV275) CMD, it lies to the blue of the WD sequence. Visual
inspection of the stacked UV275 image indicates that this apparent
pronounced UV275 excess may likely be an artefact of sky noise
fluctuation (see Fig. A8). Indeed, the faint object falls in the broad
distribution of questionably measured faint objects located across
the bottom of the HUGS CMDs. Thus, while we plot the faint star
in the CV CMDs (Figs 8, 13, and 14), we do not consider it to have
a high likelihood of being a CV. The X-ray spectrum of CX47 can
also be fit by a hard power law (� = 0.2+1.0

−1.2). Following the same
logic as for CX22, CX47 is also likely an AGN; this is, however, not
as robust a conclusion as that for CX42 (hard X-ray spectrum and
radio detection), so we keep this source unclassified.

The error circle for CX48 contains a very bright RG. Since
the optical photometry is saturated, it is not possible to determine
precisely how far this star might fall from the RG branch in B435 −
R625 or H α − R625. This star falls near the tip of the giant branch
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in both HUGS CMDs (Figs 15 and 16), and Gaia gives a proper
motion and distance consistent with cluster membership (Bailer-
Jones et al. 2018; Gaia Collaboration 2018). Examination of the
HUGS photometry reveals two additional potential counterparts, one
inside the error circle and one outside of it (see Fig. A8). The inside
object, 48b, is very blue in UV275 − U336, while it is very red in
U336 − B435. Visual inspection of the HUGS frames suggests that
48b is only definitely detected in UV275. The outside object, 48c, at
1.5 rerr is quite blue in both of the HUGS CMDs, falling between the
MS and the WD sequence. Given the lack of optical photometry for
48b and 48c, it is difficult to assess the likelihood of these possible
counterparts. We consider it more likely than not that one of the
faint, UV-bright objects is the optical counterpart, but this is clearly
uncertain. Such bright RGB stars are rare enough that the fact that one
lands in an X-ray error circle is suggestive of a possible association.

There are three objects inside the CX49 error circle, two MS stars
and a faint WD like object with a substantial apparent H α excess in
the colour–colour diagram. This latter object, which lies closest to
the centre of the error circle, appears to be the counterpart. However,
due to uncertainty in its H α magnitude, we classify it as a possible
rather than likely CV. It is outside of the U336 field of view, but is well
detected visually in the UV275 frame (see Fig A8). None the less, it
does not appear in the HUGS data base, so no additional information
is provided.

We find no compelling counterparts for CX50-52. The CX50 error
circle contains one MS star that lies outside of the UV275 field of
view, but is detected in the U336 frame and has a U336 − B435 colour
consistent with the MS.

The large error circle of CX51 does not contain any objects in the
optical imaging and does not appear in the UV275 and U336 fields of
view. The objects in the immediate vicinity of the error circle fall on
the MS.

The CX52 error circle contains one object that falls on the MS in
both optical CMDs. It is detected in UV275 and U336, and falls on the
blue edge of the MS in the (UV275 − U336, UV275) CMD and on the
red edge of the MS in (U336 − B435, U336) CMD. We conclude that
this object is an MS star.

6 SPAT I A L D I S T R I BU T I O N A N D O B J E C T
MASSES

The relative spatial distributions for different classes of objects in
the cluster can be used to estimate object masses following a Jeans
equations type of approach, as reviewed by Cohn et al. (2010). It is
useful to outline the theory here. For a spherical stellar system with
an isotropic velocity dispersion tensor, the first-order Jeans equation
can be written as

d(nσ 2)

dr
= −n

d

dr
, (6)

where n is the spatial density of a particular mass component, σ

is the corresponding one-dimensional velocity dispersion of that
component, and  is the gravitational potential (Binney & Tremaine
2008, see their equation 4.221). For a multicomponent system, it
follows for components i and j that

d
(
njσ

2
j

)
d
(
niσ

2
i

) = nj

ni

. (7)

We now make the approximations, based on the Fokker–Planck
simulations of post-core-collapse clusters by Murphy, Cohn & Hut
(1990), that the velocity dispersion profile of each component is

relatively flat, so that we may neglect its radial gradient, and that
the mass components above the MS turnoff (MSTO) mass are in
approximate thermal equilibrium, so that miσ

2
i = mjσ

2
j . This is

consistent with the short half-mass relaxation time of NGC 6752,
trh < 0.7 Gyr (Belloni et al. 2019), which provides sufficient time for
mass segregation to be established. It follows from these approxima-
tions that

d ln nj

d ln ni

= mj

mi

. (8)

Integrating equation (8), we find that

nj ∝ ni
q, (9)

where q = mj/mi is the mass ratio. As in our previous studies (Cohn
et al. 2010; Lugger et al. 2017), we consider density profiles of the
‘generalized King model’ form, which we have also called a ‘cored
power law’. This takes the form

n(r) = n0

[
1 +

(
r

r0

)2
]β/2

. (10)

The corresponding surface density profile is given by

S(r) = S0

[
1 +

(
r

r0

)2
]α/2

, (11)

where α = β − 1. The core radius rc is related to the scale parameter
r0 by

rc = (
2−2/α − 1

)1/2
r0 . (12)

By fitting eqation (11) to the profiles of various components, their
characteristic masses may be estimated relative to the MSTO mass.
We perform the fits using a maximum-likelihood approach to fit the
cumulative radial surface density distribution. The fitting software
was originally developed by Slavin (2003). We chose the half-light
radius rh = 115 arcsec as the limiting radius of the maximum-
likelihood fits. The fitting results are given in Table 9.

We first examined the radial profiles of a number of different stellar
groups by comparing the cumulative radial distributions shown in
Fig. 19. As in L17, we define a MSTO sample by selecting stars with
magnitudes in the range 16 ≤ R625 < 18.5, which extends to 2 mag
below the MSTO. We took the MSTO mass to be 0.80 ± 0.05 M	,
based on the study of Gruyters, Nordlander & Korn (2014) who
find a MSTO mass of 0.79 M	. In addition to the MSTO group, we
consider all of the 51 Chandra sources within rh, the 10 brightest
CVs, the 8 faintest CVs, the ABs, and two BSS groups – a blue
sequence and a red sequence – selected from the (R625, B435 −
R625) CMD as illustrated in Fig. 20. The selection of the BSSs is
described below. As can be seen in Fig. 19, the Chandra sources, the
bright CVs, and both BSS groups show strong central concentration
relative to the MSTO group. In order to quantify the significance
of the differences in the distributions, we performed Kolmogorov–
Smirnov (K–S) comparisons of each sample with the MSTO group.
The results are given in Table 9, where the probability, p, of the two
samples being drawn from the same parent distribution is listed in
the last column. The distributions of the Chandra sources, the bright
CVs, and the red BSSs differ very significantly (p  1 per cent)
from that of the MSTO group. The distribution of the blue BSSs
differs significantly (p < 5 per cent) from that of the MSTO group.
The faint CV and AB distributions do not differ from the MSTO
group at a significant level (p = 8.5 and 79 per cent, respectively),
although the p value for the faint CVs approaches the 5-per cent
cutoff for significance. A direct comparison of the bright and faint
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Table 9. Cored-power-law model fit results.

Sample Na q rc (arcsec) α m (M	) σ b K–S probc

MSTO 10016 1.0 12.2 ± 1.2 −1.27 ± 0.03 0.80 ± 0.05 – –
Chandra sources 51 1.25 ± 0.10 9.2 ± 0.9 −1.83 ± 0.24 1.00 ± 0.08 2.5 0.34 per cent
Bright CV 10 2.10 ± 0.33 5.8 ± 0.7 −3.77 ± 0.76 1.68 ± 0.26 3.3 0.0091 per cent
Faint CV 8 1.44 ± 0.23 7.9 ± 1.3 −2.28 ± 0.53 1.15 ± 0.18 1.9 8.5 per cent
AB 9 1.09 ± 0.25 10.8 ± 4.4 −1.48 ± 0.57 0.87 ± 0.20 0.3 79 per cent
BSS (blue) 25 1.37 ± 0.12 8.4 ± 0.8 −2.10 ± 0.28 1.10 ± 0.10 2.7 2.7 per cent
BSS (red) 17 1.53 ± 0.15 7.5 ± 0.7 −2.48 ± 0.33 1.22 ± 0.12 3.2 0.0047 per cent

Notes. aSize of sample within 115 arcsec of cluster centre.
bSignificance of mass excess above MSTO mass in sigmas.
cK–S probability of consistency with MSTO group.

Figure 19. Cumulative radial distributions for selected stellar groups. Note
that the Chandra sources, the bright CVs, and the BSSs show significant
central concentration (p � 1 per cent) relative to the MSTO group. Fitting
information and K–S sample comparisons for these stellar groups are given
in Table 9.

CVs indicates that these two groups do not differ at a significant level
(p = 24 per cent), although Fig. 19 suggests that the bright CVs are
somewhat more centrally concentrated than are the faint CVs. The
blue and red BSS sequences similarly do not differ at a significant
level (p = 33 per cent), although the red sequence appears more
centrally concentrated than the blue sequence (see Fig. 19).

We note that L17 excluded two CV candidates from the faint
CV group, CX9a and CX24. These objects are intermediate in
R625 magnitude between the bright group and the faintest six CV
candidates, as can be seen Fig. 8. The exclusion of these two
objects produced a more significant difference between the radial
distributions of the bright and faint CV groups than that found in this
study. We now choose to include these two objects with the other
faint CV candidates for consistency with the results of Pala et al.
(2020). Based on a large-scale Gaia survey of CVs within 150 pc,
they find that those that lie below the period gap have 9 � MR � 12,
while those above the period gap have 4 � MR � 8. Since the CX9a
and CX24 candidate counterparts have MR ∼ 9.5, this places them
within the magnitude range below the period gap.

Figure 20. BSS selection from the (R625, B435 − R625) CMD. The blue and
red BSS sequences (colour coded) were selected by visual appearance, using
the GLUE software package (Beaumont et al. 2015; Robitaille et al. 2017). We
closely emulated the approach of Ferraro et al. (2009), who discovered the
double BSS sequence in the core-collapsed cluster M30.

We define the blue and red BSS sequences following the work of
Ferraro et al. (2009) for M30, Dalessandro et al. (2013) for NGC 362,
and Beccari et al. (2019) for M15. As can be seen in Fig. 20, the blue
sequence is a narrow extension of the MS beginning at the turnoff
point. The red sequence is somewhat broader and begins above the
subgiant branch. Ferraro et al. (2009) interpret the blue sequence
BSSs as the products of direct stellar collisions and the red sequence
BSSs as the result of close binary evolution with mass transfer. They
find that the red sequence is more centrally concentrated than is
the blue sequence, as we find here (see Fig. 19), although, as we
note above, the difference between the two radial distributions is not
statistically significant in the present case of NGC 6752. Xin et al.
(2015) have investigated the formation of the red BSS sequence by
modelling the evolution of an initial 0.9 M	 MS star + 0.5 M	 WD
close binary system and find that they are able to well reproduce the
red BSS sequence observed in M30.

For each of the stellar groups shown in Fig. 19, we carried out
maximum likelihood fits of equation (11) to the surface-density
distribution. In the thermal equilibrium approximation introduced
above, the space density slope of a component is given by β = qβ to,
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where β to is the slope value for the MSTO group and q = m/mto. It
follows that the surface density slope of the component is given by

α = q (αto − 1) + 1. (13)

Table 9 gives the results of maximum-likelihood fits of equa-
tion (11) to the turnoff-mass stars, Chandra sources, CVs, ABs, and
BSSs. By definition, the q value for the MSTO sample is unity. For
all of the other groups, the q value is determined by maximizing
the likelihood with respect to q, for fixed r0 and αto determined by
the MSTO sample fit. As can be seen from the table, the q values
for all other groups exceed unity, indicating that the characteristic
masses exceed the turnoff mass (assumed to be 0.80 M	). For the
Chandra sources, bright CVs, and BSSs, the excesses are significant
at the 2.5 − 3.3 σ level. We note that the results of this analysis are
supported by the K–S comparison results given in the last column of
the table.

The bright candidate CV sample size only increased by one object
from that in L17 (CX41) while the faint candidate CV sample
increased by three objects, one newly detected candidate CV (CX49)
plus two intermediate brightness candidate CV counterparts that were
previously excluded (CX9a and CX24). Our inferred characteristic
masses for these groups did not change significantly, staying within
the range of uncertainty of the previous estimates. The 1.7 M	
average mass of the bright CVs suggest that they typically contain
relatively massive WDs. The R625 magnitudes of these systems
imply MS component masses on the order of 0.6 ± 0.2 M	 at most
(based on evolutionary models for metal-poor low-mass stars by
Baraffe et al. 1997), leaving �1.0 M	 to be accounted for by the
WD. This is substantially higher than that of WDs currently being
produced in the cluster, the masses of which are on the order of
0.53 ± 0.03 M	 (Moehler et al. 2004). The faint CVs have combined
MS+WD masses of ∼1.2 M	. Since the luminosity of the faintest
CV candidates is dominated by that of WD, as indicated by the CMD
locations of these objects, the inferred masses of the companion stars
is exceedingly low, �0.1M	. Thus, the implied WD masses in the
faint CV candidates is also �1.0 M	.

It is useful to compare our estimates for the CV component masses
to those made for the CV population in the Milky Way disc. As
reviewed by Zorotovic, Schreiber & Gänsicke (2011), the average
WD mass in CVs in the Galactic disc has long been known to lie in
the range 0.8–1.2 M	, which is substantially higher than the value
of ∼ 0.6 M	 for single WDs. Zorotovic et al. (2011) and Schreiber,
Zorotovic & Wijnen (2016) give updated values of 0.83 ± 0.23 M	
for the mean WD mass in CVs and 0.67 ± 0.21 M	 for single WDs,
where the uncertainties are the sample standard deviations rather than
the smaller errors of the mean. McAllister et al. (2019) similarly find
a mean CV WD mass of 0.81 ± 0.02 M	 (σ = 0.13 M	), where the
uncertainty is the error of the mean and σ is the sample standard
deviation. This mean CV WD mass is somewhat smaller than the
value of �1.0 M	 that we estimate for the NGC 6752 CVs. This
may reflect differences in CV evolution between the cluster and
field environments. In dense clusters, such as NGC 6752, stellar
interactions may play a role in promoting mass transfer in CVs,
leading to a somewhat faster WD mass increase.

To further investigate the possible correlation between candidate
CV optical brightness and radial distribution, we generated a plot
of absolute magnitude MR (where R denotes R625) versus projected
radial offset r from the cluster centre (Fig. 21). Visual inspection of
this plot supports the impression from the cumulative distribution
plot (Fig. 19) that optically bright CV candidates cluster at small
r while the distribution of faint CV candidates extends to much
larger r. However, the plot also suggests that incompleteness may

Figure 21. Absolute R625 magnitude versus projected radial distance from
the cluster centre for candidate CV counterparts (red symbols) and the entire
stellar distribution (black symbols). The CX number is indicated for each
source. The horizontal dashed line at MR = 9 separates the bright and faint
CV populations. The vertical dashed line represents the core radius, rc =
4.6 arcsec, determined by L17. Note the general lack of stars below a diagonal
boundary defined by CX24, CX35, and CX25.

play a role in the apparent correlation, inasmuch as the small-r
region of the plot appears to be progressively underpopulated at
faint MR. Some of this apparent depletion may be the result of
mass segregation, as MR is correlated with mass along the MS,
but some may also be due to incomplete detection of faint stars
at small r. In this case, some optically faint objects that are the actual
counterparts of Chandra sources may have been undetected in favour
of brighter apparent counterparts. We note that all of the unclassified
sources listed in Table 7 lie at large offsets from the cluster centre
(r > 41 arcsec = 9 rc) and thus do not represent undetected faint
sources at small r. A robust approach to investigating the degree
of photometric incompleteness would be by use of artificial star
experiments. However, this is beyond the scope of the current
investigation and we defer it for further study.

7 C O N C L U S I O N S

Our deep Chandra observation revealed 12 new sources within the
half-light radius, extending the original catalogue to a total of 51
sources. We performed spectral analyses for all these sources using
the Cycle 18 data, finding that most sources can be fitted either
with a thermal plasma (mekal) or a power-law model. CX5 is a
particularly unusual object, which shows a high-energy cutoff to its
X-ray spectrum, strong X-ray variability on time-scales of ∼0.2 d,
and an optical counterpart showing only weak H α emission and
colours of an MS star, even in UV filters. The lack of UV evidence
for an accretion disc, with an LX ∼ 1032 erg s−1, suggests the accretor
may be a NS or BH; the lack of a radio detection does not exclude
these possibilities. CX8 is best-fitting by a double thermal plasma
model, typical of chromospheric emission from ABs, matching the
photometric evidence that this is a (pair of) foreground binaries. We
found inter-observational X-ray variability in CX1, CX3, CX4, CX7
and CX8, and perhaps MSP A, though the latter may be spurious.
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We used both the optical HST photometry reported in L17 and the
HUGS photometry (Piotto et al. 2015; Nardiello et al. 2018) to search
for counterparts to the 51 Chandra sources within the half-light radius
of NGC 6752. This led to several refinements of the identifications
for the previous sources CX1–CX40 and identifications for some of
the new sources CX41–CX52. The HUGS photometry proved useful
for detecting UV-excess objects that are too faint to be detected in
the optical, and revealed a few such objects that are potential CVs.
However, it is not possible to assess the H α status of objects, such
as CX40b, that are not detected in H α and R625. Not including the
potential CVs from the HUGS photometry, the total numbers of
identifications are 18 CVs, 9 ABs, 3 RGs, 3 GLXs, and 5 AGNs.
In addition, three of the sources are associated with MSPs. Cross-
matching our X-ray catalogue with our ATCA 5-GHz radio catalogue
revealed three matches, CX17, CX42, and CX45, all of which we
interpret as extragalactic sources.

We note that the significant increase in Chandra exposure time
in this study, relative to L17 (though with reduced effective area at
low energies), did not result in the detection of a significant number
of new CVs; one additional bright CV (CX41) and one additional
faint CV (CX49) were detected. Thus, the numbers of bright and
faint CVs remained roughly comparable, similar to the situation in
NGC 6397 (Cohn et al. 2010). This is contrary to the prediction of a
factor of two or more larger number of faint CVs than bright CVs by
the simulations of Ivanova et al. (2006) or Belloni et al. (2019), and
observed in the globular cluster 47 Tuc (Rivera Sandoval et al. 2018),
although we have reached the necessary depths of MV = 11.6 (R ∼
24.5) and LX = 3 × 1029 erg s−1. This suggests that as core-collapsed
clusters, NGC 6397 and NGC 6752 both have experienced either
a recent burst of bright CV formation or else have undergone faint
binary destruction/ejection. Belloni et al. (2019) argue that strong
interactions forming new, bright CVs will eject them from the cluster
cores, so that the present radial distributions are governed entirely
by mass segregation.

There are interesting arguments for and against the possibility
of significant dynamical destruction of CVs after they are formed.
This is distinct from the destruction of CV progenitors, which is
well-established, (e.g. Haggard et al. 2009; Belloni et al. 2019). On
the one hand, Leigh, Geller & Toonen (2016) argue that dynamical
destruction of binaries in relatively massive globular clusters should
be rather rare (less than 1 per cent of binaries in clusters with masses
above 105 M	). However, they consider a very limited range of
cluster densities. The argument in favour of dynamical destruction of
existing CVs flows from consideration of MSPs in globular clusters,
which show strong evidence for dynamical destruction during or
after formation in the densest clusters (Verbunt & Freire 2014).
This evidence comes in multiple forms: the substantial eccentricities
of all MSPs with orbital periods > 1 d; the strong cluster density
dependence of the single versus binary fractions of MSPs – with
singles predominating in the densest clusters – implying that single
MSPs have been separated from their companions there; and the
strong density dependence of apparently ‘young’, high-magnetic-
field-strength pulsars, which Verbunt & Freire (2014) argue convinc-
ingly have been disrupted during the process of mass transfer, leaving
them only partly recycled and thus with magnetic fields that have not
undergone ‘burial’.

The question is whether this evidence in favour of dynamical
destruction of MSPs in the densest clusters (which we can associate
with core-collapsed clusters) also translates to a significant proba-
bility of dynamical destruction of CVs in dense clusters. Against
this possibility, one could point to the higher masses of NSs in
MSP systems, which would make them more mass segregated into

the highest-density cores than are the lower mass CV binaries; and
the longer (few days) orbital periods of a fraction of MSPs with
He WD companions as allowing easier disruption, compared to
CVs. In favour of the possibility, we note that many core-collapsed
clusters have all single MSPs, or MSPs showing evidence of major
interactions during or after mass transfer. The prototypical core-
collapsed cluster M15 has seven single pulsars and one binary pulsar,
PSR 2127+11C, which presently has a degenerate companion – a
NS or WD (see, Anderson et al. 1990; Prince et al. 1991; Anderson
1993). PSR 2127+11C lies well outside of the central region of
M15, providing evidence for an interaction that ejected it from there.
Prince et al. (1991) find that this MSP has a short characteristic age
of 108 yr and argue that this indicates that it likely underwent at
least two collisional interactions during this time. In their scenario,
the present degenerate companion was likely captured during an
exchange encounter, which interrupted the recycling phase of the
MSP, given the short amount of time that the original mass-donating
companion would have had to evolve to a degenerate state. Similarly,
the core-collapsed cluster NGC 6752 has four single pulsars and
one binary pulsar that was ejected nearly out of the cluster (Colpi,
Possenti & Gualandris 2002). In the least dense clusters (presumably
those where destruction is the least common), we see a range of
orbital periods of the MSPs, but still most Porb values are less
than 0.5 day, which is also the case for most CVs. Thus, we infer
that most MSPs in globular clusters were formed in short-period
binaries. Yet in the core-collapsed clusters, we find that most MSPs
are single, implying that these short-period binaries were disrupted.
This therefore suggests that core-collapsed clusters are capable of
disrupting CVs, which have similar orbital periods. We also have
some suggestive evidence for dynamical disruption of CVs in core-
collapsed clusters: Bahramian et al. (2013) finds smaller numbers of
X-ray sources (in a LX range dominated by CVs) in core-collapsed
clusters, compared to non-core-collapsed clusters with similar stellar
encounter rates. Finally, there is evidence of a relative lack of faint
CVs (compared to bright CVs) in core-collapsed globular clusters
(Cohn et al. 2010, this work), relative to non-core-collapsed clusters
with similar depth of data. In our opinion, the question of whether
dynamical destruction of CVs post-formation is a significant effect
is not completely settled, but the evidence tilts towards suggesting
that it plays a role.

A caveat is that the extreme crowding in the Chandra image of
NGC 6752’s core is likely to combine real X-ray sources. Core
sources CX18, CX27, CX29, and CX48 all have multiple possible
optical counterparts, and the X-ray emission of each may arise from
multiple sources. Several objects also have uncertain classification
(notably CX5, and several CV candidates seen only in the UV). New
high-resolution, higher sensitivity X-ray instruments (e.g. Lynx; The
Lynx Team 2018; or AXIS; Mushotzky 2018) could dramatically
improve our view. Further evidence confirming candidates as CVs,
such as spectroscopy, or identification of dwarf-nova outbursts (e.g.
Thomson et al. 2012; Modiano, Parikh & Wijnands 2020) would
also be of great value. Existing MUSE observations have provided
insight into CX2 and CX19 (Göttgens et al. 2019), and the existing
spectra may be useful for up to six more of the brightest objects,
while narrow-field mode and longer observations would be needed
for others.

NGC 6397 also has many more known ABs (42; Cohn et al. 2010)
than does NGC 6752 (9). Part of the difference is certainly due to the
steep luminosity function of ABs; half the ABs identified in NGC
6397 have LX < 3 × 1029 erg s−1 (Bogdanov et al. 2010), our LX

limit in this study. The other factor of two in the different AB numbers
may be due to the differing binary content; Milone et al. (2012)
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show that the binary fraction in NGC 6752 is 1.0 ± 0.6 per cent,
while that in NGC 6397 is 2.4 ± 0.6 per cent. As ABs are thought
to be produced primordially (e.g. Bassa & Stappers 2004), their
numbers should roughly scale with the binary fraction, though ABs
have shorter orbital periods than average binaries (e.g. Albrow et al.
2001).

We examined the radial distributions of several different popula-
tions of objects in NGC 6752 in order to determine the masses of these
objects relative to the MSTO mass of 0.8 M	, which we adopted from
an isochrone fitting analysis by Gruyters et al. (2014). Our analysis is
based on the assumption that the populations more massive than the
MSTO mass are in thermal equilibrium. In this case, the higher
the characteristic mass of a population, the higher its degree of
central concentration. This analysis resulted in characteristic mass
estimates that significantly exceed the MSTO mass for the entire set
of Chandra sources (1.0 ± 0.1 M	), the bright CVs (1.7 ± 0.3 M	),
the blue BSSs (1.1 ± 0.1 M	), and the red BSSs (1.2 ± 0.1 M	). The
characteristic masses of the faint CVs (1.2 ± 0.2 M	) and the ABs
(0.9 ± 0.2 M	) do not differ from the MSTO mass at a significant
level, although the mass excess for the faint CVs approaches the
2σ level. The bright CVs appear to be somewhat more centrally
concentrated and thus more massive than the faint CVs, as found
by L17, although the effect is no longer statistically significant as a
consequence of the inclusion of two intermediate-brightness CVs in
the faint group. We note that photometric incompleteness may play a
role in the observed depletion of optically faint CVs in the crowded
central region of the cluster. None the less, the apparent difference
between the radial distributions of the bright and faint CVs likely
indicates the action of mass segregation, as discussed by Belloni
et al. (2019).
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