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A B S T R A C T 

Using the Hubble Ultra violet Glob ular Cluster Surv e y (HUGS) and additional HST archi v al data, we have carried out a search 

for optical counterparts to the low-luminosity Chandra X-ray sources in the globular cluster M4 (NGC 6121). We have also 

searched for optical or X-ray counterparts to radio sources detected by the VLA. We find 24 new confident optical counterparts 
to Chandra sources for a total of 40, including the 16 previously identified. Of the 24 new identifications, 18 are stellar coronal 
X-ray sources (active binaries, ABs), the majority located along the binary sequence in a V 606 –I 814 colour–magnitude diagram 

and generally showing an H α excess. In addition to confirming the previously detected cataclysmic variable (CV, CX4), we 
identify one confident new CV (CX76), and two candidates (CX81 and CX101). One MSP is known in M4 (CX12), and another 
strong candidate has been suggested (CX1); we identify some possible MSP candidates among optical and radio sources, such 

as VLA20, which appears to have a white dwarf counterpart. One X-ray source with a sub-subgiant optical counterpart and 

a flat radio spectrum (CX8, VLA31) is particularly mysterious. The radial distribution of X-ray sources suggests a relaxed 

population of average mass ∼ 1 . 2 –1 . 5 M �. Comparing the numbers of ABs, MSPs, and CVs in M4 with other clusters indicates 
that AB numbers are proportional to cluster mass (primordial population), MSPs to stellar encounter rate (dynamically formed 

population), while CVs seem to be produced both primordially and dynamically. 

K ey words: stars: acti vity – binaries: close – Hertzsprung–Russell and colour–magnitude diagrams – novae, cataclysmic 
variables – globular clusters: individual: NGC 6121 – X-rays: binaries. 
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 I N T RO D U C T I O N  

he nearest globular cluster, M4 (NGC 6121), has long been known
o host a substantial population of low-luminosity X-ray sources
 L X � 10 34 erg s −1 ; Verbunt 2001 ; Bassa et al. 2004 ). M4 has
 moderate central density, thus providing an important basis of
omparison with the well-studied nearby clusters ω Cen (Cool et al.
013 ; Henleywillis et al. 2018 ), which has a low central density,
7 Tuc (Heinke et al. 2005 ; Rivera Sandoval et al. 2018 ), which
as a moderate central density, and NGC 6397 (Cohn et al. 2010 )
nd NGC 6752 (Lugger et al. 2017 ; Cohn et al. 2021 ), which are
ore collapsed and thus have extremely high central densities. The
ahramian et al. ( 2020 ) catalogue of Chandra sources in 38 globular
lusters, which is based on deep ACIS (Advanced CCD Imaging
pectrometer) imaging, lists 161 sources in the entire ACIS field of
4. Of these, 52 sources are within the central 1.7 arcmin radius

egion, which corresponds to the half-width of the HST ACS/WFC 

1 

eld of view. The class of low-luminosity X-ray sources includes
 E-mail: lugger@iu.edu (PML); cohn@iu.edu (HNC); 
einke@ualberta.ca (COH) 
 Advanced Camera for Surv e ys/Wide Field Channel 
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ataclysmic variables (CVs), magnetically active binaries (ABs),
illisecond pulsars (MSPs), and (potentially) black hole (BH) and/or

eutron star X-ray binaries (van den Berg 2020 ). 
In order to build on previous efforts to identify and characterize

he X-ray source population of M4, we employed photometry from
he Hubble Ultraviolet Globular Cluster Surv e y (HUGS; Piotto
t al. 2015 ; Nardiello et al. 2018 ) and additional archi v al HST
ata. The Bahramian et al. ( 2020 ) Chandra source catalogue and
he HUGS photometry data base both supersede those used in the
re vious comprehensi v e study of Chandr a sources and their optical
ounterparts in M4 by Bassa et al. ( 2004 , 2005 ). 

.1 Background 

ard binaries play a critical role in cluster dynamical evolution,
ince they initially support cluster cores against collapse (Kremer
t al. 2020 ) and later halt deep collapse, leading to core bounce
nd subsequent oscillations (Hut et al. 1992 ; Vesperini 2010 ). The
entral question addressed by this study is how compact binary
-ray source populations are shaped by primordial formation and
ynamical evolutionary processes. This issue has been the subject of
onsiderable research, as recently re vie wed by Cheng et al. ( 2018 ),
© 2023 The Author(s) 
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Table 1. Comparison of the properties of M4 with a sample of nearby well-studied clusters. Values for solar 
distance ( d �), central density ( ρ0 ), and mass ( M ) are from Baumgardt et al. ( 2021 ), interaction rates ( �) are 
from Bahramian et al. ( 2013 ), X-ray emissivities ( ξX = L X / M ) are from Heinke et al. ( 2020 ). Limiting L X values 
are from Bahramian et al. ( 2020 ) for M4 and NGC 6397, from Heinke et al. ( 2005 ) for 47 Tuc, from Cool et al. 
( 2013 ) for ω Cen, and from Cohn et al. ( 2021 ) for NGC 6752. The value for ω Cen applies to the centre of this 
large cluster; the sensitivity falls off with radial offset. 

Cluster d � log ρ0 log M � ξX Exposure log L X, lim 

[kpc] [ M � pc −3 ] [M �] [10 27 erg s −1 M �−1 ] [ks] [erg s −1 ] 

47 Tuc 4.5 4.4 6.0 1000 5 .8 540 29.9 
ω Cen 5.4 3.3 6.6 90 0 .9 291 30.1 
M4 1.9 4.2 4.9 27 3 .6 119 29.5 
NGC 6397 2.5 6.4 5.0 84 15 .0 325 29.0 
NGC 6752 4.1 5.9 5.4 401 4 .4 346 29.5 
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elloni et al. ( 2019 ), and Heinke et al. ( 2020 ). Globular clusters
ave long been known to be ∼100 times o v erabundant in low-
ass X-ray binaries (LMXBs, with L X � 10 35 erg s −1 ) relative to the
eld, pointing to a dynamical origin of these neutron-star-containing 
inaries in dense clusters (Clark 1975 ). Subsequent studies showed 
hat the total number of X-ray sources in a globular cluster scales with
he density-dependent interaction rate � ∝ 

∫ 
r 
( ρ2 /v) dV ∝ ρ2 

0 r 
3 
c /v 0 ,

here ρ0 is central density, r c is the core radius, and v 0 is the
entral velocity dispersion (the second expression approximates 
he interactions as all occurring in a constant-density cluster core; 
ohnston & Verbunt 1996 ; Heinke et al. 2003 ; Pooley et al. 2003 ;
ooley & Hut 2006 ; Bahramian et al. 2013 ). Ho we ver, it has been
bserved that the low-density populations of open clusters have X- 
ay emissivities (X-ray luminosity per unit mass) that are higher than 
hose of all but the highest density globular clusters (Verbunt 2000 ;
e et al. 2015 ; van den Berg 2020 ). For the open clusters NGC
791 and M67, the number of CVs per unit mass is higher than in
he field, which is consistent with the emissivity result. The origin 
f this is not certain, but the high e v aporati ve mass-loss of open
lusters, combined with mass se gre gation, is a plausible explanation 
the remaining mass in the clusters is concentrated toward high-mass 
bjects, especially binaries (Verbunt 2000 ). It appears that a complex 
nteraction between binary formation and destruction determines the 
elative numbers of CVs and ABs in a globular cluster, and the
uminosity functions of each of these groups (Iv anov a et al. 2006 ;
elloni et al. 2019 ; Heinke et al. 2020 ). 
Previous Chandra and HST studies of the X-ray emitting binary 

opulations in other nearby globular clusters include those of NGC 

397 (Taylor et al. 2001 ; Grindlay et al. 2001b ; Bogdanov et al. 2010 ;
ohn et al. 2010 ), NGC 6752 (Pooley et al. 2002 ; Thomson et al.
012 ; Lugger et al. 2017 ; Cohn et al. 2021 ), 47 Tuc (Grindlay et al.
001a ; Edmonds et al. 2003a , b ; Heinke et al. 2005 ; Bhattacharya
t al. 2017 ; Cheng et al. 2018 ; Rivera Sandoval et al. 2018 ), and
 Cen (Haggard, Cool & Davies 2009 ; Cool et al. 2013 ; Henleywillis
t al. 2018 ). A compilation of the properties of these clusters and a
ummary of the Chandra observations are given in Table 1 . 

.2 CVs in globular clusters 

ataclysmic variables are semidetached binary systems in which 
 white dwarf primary accretes material from a main-sequence 
econdary that o v erflows its Roche lobe. The term ‘cataclysmic’ 
efers to the very large amplitude luminosity variations that may 
e observed in these systems. CVs are the most numerous type of
ccreting X-ray source, and have been clearly identified in a number 
f globular clusters (e.g. Cool et al. 1995 , 2013 ; Pooley et al. 2002 ;
nigge et al. 2003 ; Edmonds et al. 2003b ; Cohn et al. 2010 , 2021 ;
homson et al. 2012 ; Lugger et al. 2017 ; Riv era Sando val et al. 2018 ).

dentification of an X-ray source’s optical counterpart as a likely CV
enerally has been claimed using one or more of: blue colours,
hotometric H α excess, optical variability, or a CV-type emission- 
ine spectrum (Knigge 2012 ), along with a proper motion consistent
ith the cluster. A majority of the strong candidate CVs in clusters
ave been identified using the trio of Chandra X-ray emission, blue
olours, and H α excess. LMXBs, and MSPs with non-degenerate 
ompanions (redbacks), can appear similar to CVs, but both classes 
re significantly rarer than CVs (e.g. in 47 Tuc, there are 43 CVs, 6
uiescent LMXBs, and 3 redbacks; Heinke et al. 2005 ; Miller-Jones
t al. 2015 ; Rivera Sandoval et al. 2018 ; Ridolfi et al. 2021 ). 

The production of CVs in globular clusters is complex, as some
Vs are produced through dynamical channels, such as exchange 

nteractions with primordial binaries, and possibly tidal captures, 
hile others are of primordial origin (e.g. Davies 1997 ; Iv anov a

t al. 2006 ; Shara & Hurley 2006 ; Belloni et al. 2019 ). Dynamical
roduction of CVs in dense clusters is supported by the correlation
etween the stellar encounter rates � and numbers of cluster sources
Heinke et al. 2006 ; Pooley & Hut 2006 ; Bahramian et al. 2013 ). For
 sufficiently large CV population in a cluster, the spatial distribution
nd luminosity function of the CVs provide information on their ages
nd dynamical state. 

Theoretically, lower-density clusters are expected to have more 
rimordially formed CVs than dynamically formed CVs (Davies 
997 ; Belloni et al. 2019 ), and there is observational support for
his prediction (Kong et al. 2006 ; Haggard et al. 2009 ; Cheng
t al. 2018 ; Belloni et al. 2019 ). It has also been suggested that
any primordial soft binaries in clusters have been destroyed by 

ynamical interactions, thus preventing them from becoming X-ray- 
mitting close binaries (Iv anov a et al. 2005 ; Fregeau, Iv anov a &
asio 2009 ; Belloni et al. 2019 ). In high-density clusters, formation
f new CVs by dynamical processes may dominate o v er primordial
V destruction, leading to an excess number of CVs relative to the
bserved X-ray emissivity of the field CV population. 
Two recent studies have investigated the dependence of X-ray 

missivity on cluster properties such as central density, mass, and 
nteraction rate (Cheng et al. 2018 ; Heinke et al. 2020 ). The latter
tudy found that for globular clusters with central densities abo v e
0 4 M � pc −3 , X-ray emissivity and central density correlate. This 
upports the prediction that dynamical formation of CVs is dominant 
 v er primordial formation in these denser clusters. 
Table 2 provides a comparison of the number of CV candidates

n a cluster to the number predicted for its mass (Table 1 ), based
n the number of CVs per unit stellar mass in the solar vicinity. The
dentification of CVs depends on both X-ray and optical sensitivity in
MNRAS 524, 2088–2113 (2023) 
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M

Table 2. CV numbers in M4 and a sample of nearby well-studied clusters. 
‘Candidate’ includes ‘Confirmed,’ where confirmation is usually by a detec- 
tion of excess H α emission. 

Cluster N CV 

Predicted Candidate Confirmed Refs 

47 Tuc 36 44 29 1,2 
ω Cen 144 27 6 3,4 
M4 4 4 1 5,6 
NGC 6397 4 15 11 7 
NGC 6752 11 18 7 8,9,10 

Note. 1: Edmonds et al. ( 2003b ), 2: Rivera Sandoval et al. ( 2018 ), 3: Cool 
et al. ( 2013 ), 4: Henleywillis et al. ( 2018 ), 5: Bassa et al. ( 2004 , 2005 ), 6: this 
work, 7: Cohn et al. ( 2010 ), 8: Pooley et al. ( 2003 ), 9: Lugger et al. ( 2017 ), 
10: Cohn et al. ( 2021 ) 
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 complex way (a full analysis is outside the scope of this paper), so
he numbers of confirmed CVs should be taken as a lower limit on the
rue CV numbers. The local density of CVs with L X ≥ 10 30 erg s −1 

s ∼2 × 10 −6 pc −3 (Pretorius & Knigge 2012 ). Taken with the local
ass density of 0.05 M � pc −3 (Chabrier 2001 ), this gives a field CV

umber per unit mass of ∼4 × 10 −5 M �−1 . Table 2 shows there is an
xcess of CV candidates in the high-density globular clusters NGC
397 and NGC 6752, relative to the number predicted from the field
ensity (or observed in the moderate-density cluster M4), especially
or NGC 6397. This may be a result of dynamical interactions in the
ollapsed cores. As M4 is nearby, with (now) rather deep X-ray and
oderately deep optical observations, we plan to use it as a baseline

or future comparisons among clusters. 
Bright CVs should be younger on average, as CVs often start

ith (relati vely) massi ve companions, and the companion’s optical
uminosity and mass-loss rate both decay with time due to mass-
oss to the white dwarf (Hellier 2001 ). Studies of NGC 6397 (Cohn
t al. 2010 ), NGC 6752 (Lugger et al. 2017 ; Cohn et al. 2021 ), 47
uc (Rivera Sandoval et al. 2018 ), and ω Cen (Cool et al. 2013 )
av e rev ealed significant populations of X-ray and optically faint
Vs, which are expected to have orbital periods generally below
 h, based on predictions from binary e volution (Iv anov a et al. 2006 ;
elloni et al. 2019 ). These simulations predict two (or more) times
s many detectable CVs below the 2–3 h period gap as above it. 

Observations of local CVs by Pala et al. ( 2020 ) find 3–8 times
ore CVs below the period gap, and suggest that M R ≈ 9 roughly

ivides CVs at the period gap. In 47 Tuc, there are about 3 × more
Vs below the period gap than abo v e it (Rivera Sandoval et al.
018 ). In ω Cen, the numbers of CVs below and abo v e the gap are
omparable (Cool et al. 2013 ), but this result is based on shallower
handra observations (see Table 1 ), which would have missed most
f the faint 47 Tuc CVs. (Deeper Chandra observations of ω Cen
ave been taken, and optical follow up is now in progress.) For the
ore-collapsed clusters NGC 6397 (Cohn et al. 2010 ) and NGC 6752
Lugger et al. 2017 ; Cohn et al. 2021 ), for which the Chandra data
each well below 10 30 erg s −1 , there are comparable numbers of
Vs below and abo v e the period gap. Possible explanations for this

elative lack of faint CVs in dense, core collapsed clusters include
he destruction or ejection of old (faint) CVs through dynamical
ncounters, or by a recent burst of dynamical CV formation (making
ore bright CVs), in an extreme-density phase of core collapse. 

.3 ABs in globular clusters 

he most abundant class of low-luminosity X-ray source in globular
lusters is magnetically active binaries that have enhanced chromo-
NRAS 524, 2088–2113 (2023) 
pheric and coronal activity, usually due to tidal locking in a close
ystem (van den Berg 2020 ). Classes of ABs include RS CVn stars
which contain at least one subgiant or giant), BY Dra stars (which
ontain two main-sequence stars), W UMa stars (where one, or both,
tars fills its Roche lobe), and sub-subgiants (which lie below the
ubgiant branch on the CMD). ABs generally have lower X-ray
uminosities than CVs; for instance in 47 Tuc, Heinke et al. ( 2005 )
ound an average L X ∼ 10 30 erg s −1 for a sample of 60 ABs and
 X ∼ 10 31 erg s −1 for a sample of 22 CVs. In NGC 6397, for which
 limiting L X ≈ 10 29 erg s −1 has been reached, a population of 42
Bs has been detected within the half-light radius (Cohn et al. 2010 ).
our clusters, 47 Tuc (Heinke et al. 2005 ; Bhattacharya et al. 2017 ),
4 (Bassa et al. 2004 ; Pooley 2016 ; Bahramian et al. 2020 ), M22

Bahramian et al. 2020 ), and NGC 6752 (Lugger et al. 2017 ; Cohn
t al. 2021 ) have been observed to a depth of L X < 10 30 erg s −1 ,
llowing the detection of significant AB populations. 

ABs are expected to be an essentially primordial population in
lusters, ha ving ev olved from the short-period end of the binary
eriod distrib ution (Verb unt 2002 ; van den Berg 2020 ). This suggests
hat AB population size should scale with cluster mass, with the
roviso that there is variation in the overall binary fraction among
lusters. This would imply that for clusters with large AB populations
and without large populations of dynamically formed CVs and
MXBs), X-ray emissivity should be independent of such cluster
roperties as central density. Ho we ver, the X-ray emissivities of low
ensity ( ρ � 10 2 M � pc −3 ) open clusters are substantially higher
han those of all but the densest globular clusters (Verbunt 2000 ;
einke et al. 2020 ). Thus, it appears that dynamical interactions
ay be destroying ABs in globular clusters. This study, along with a

omparison to clusters of different masses and densities, will provide
 measure of the dependence of the AB population size on cluster
roperties and thus a measure of the relative importance of primordial
nd dynamical AB formation and destruction channels. 

.4 The Importance of M4 

4 makes a compelling target for comparison with other nearby
ell-studied clusters, given its proximity (both reducing the effect of

mage crowding and allowing the imaging to go deeper), the moderate
ensity of its core ( ρ0 ∼ 10 4 M � pc −3 ) leading to a moderate stellar
nteraction rate �, the presence of an MSP (Lyne et al. 1988 ), and the
xistence of 37 MAVERIC 

2 radio point sources, some of which are
ikely to be MSPs and/or quiescent BH X-ray binaries (Shishko vsk y
t al. 2020 ; Zhao et al. 2021 ). The presence of a confirmed MSP in
4 indicates that dynamical processes are active in its core, which

as implications for the CV and AB populations, as discussed abo v e.
Previous HST studies to find optical counterparts to Chandra

ources in M4 are Bassa et al. ( 2004 , 2005 ) and Pooley ( 2015 , 2016 ).
sing 25 ks of Chandra ACIS imaging, and archi v al HST WFPC2

maging, Bassa et al. ( 2004 , 2005 ) detected 31 sources and obtained
ptical identifications for 20 of these. These optical counterparts
nclude two CV candidates, the brighter of which (CX1) now appears
o be a neutron star binary (likely a redback MSP; Kaluzny et al.
012 ; Pooley 2016 ), one confirmed MSP, one AGN (CX2, Bassa
t al. 2005 ), one foreground star, and 12 AB candidates. Early results
rom an analysis of the total of 119 ks of Chandr a e xposure indicate
 rich population of X-ray sources of various classes (Pooley 2015 ,
016 ). We have made an additional 28 identifications using the
ahramian et al. ( 2020 ) source catalogue and the HUGS photometry
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Table 3. UV and optical data used in this study. 

Programme Observation date range Inst. Filter Exp. 
(s) 

GO-13297 2014-07-05 to 2015-02-17 WFC3 F275W 3086 
GO-13297 2014-07-05 to 2015-02-17 WFC3 F336W 1200 
GO-13297 2014-07-05 to 2015-02-17 WFC3 F438W 131 
GO-10775 2006-03-05 ACS F606W 110 
GO-10775 2006-03-05 ACS F814W 120 
GO-10120 2004-07-26 ACS F625W 15 a 

GO-10120 2004-07-26 ACS F658N 340 a 

a We chose to use to use the single ‘short’ F625W and ‘long’ F658N exposures, 
as these are contiguous in time, which minimises H α − R 625 colour offsets 
that are due to source variability. 
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ata base, beyond those found by Bassa et al. ( 2004 ), as discussed in 
ection 5 . 

 DATA  

.1 UV and optical data 

he broad-band UV and optical data come from the Hubble UV 

lobular Cluster Surv e y (HUGS; Piotto et al. 2015 ; Nardiello
t al. 2018 ). This provides 5-band imaging and photometry of M4
n F275W ( UV 275 ), F336W ( U 336 ), F438W ( B 438 ), F606W ( V 606 ),
nd F814W ( I 814 ). The former three bands were obtained with
he WFC3 3 , the latter two with the ACS/WFC. Legnardi et al.
 2023 ) have recently corrected the HUGS magnitudes for differential 
eddening. We employed these corrected magnitudes, which were 
indly provided by M. Legnardi (pri v ate communication). This 
orrected photometry uses the KS2 method 1 approach (Nardiello 
t al. 2018 ). These data were supplemented by relatively shallow 

arrow-band F658N (H α) and broad-band F625W ( R 625 ) ACS/WFC
maging from programme GO-10120 (PI: S. Anderson). These H α

nd R 625 frames were reduced using D AOPHO T aperture photometry. 
ased on these data, ( UV 275 , UV 275 –U 336 ), ( U 336 , U 336 –B 438 ), and
 V 606 , V 606 –I 814 ) CMDs were constructed. In addition an (H α–R 625 ,
 606 –I 814 ) colour–colour diagram was generated. The UV and optical 
ata used in this study are summarized in Table 3 . 
Inclusion of the differential reddening correction makes a sub- 

tantial impro v ement in the tightness of the fiducial sequences in
he ( V 606 , V 606 –I 814 ) CMD. The effect on bluer CMDs is much less
 vident, o wing to the natural tendency of the UV 275 –U 336 –B 438 filter
riplet to produce broad main sequences that provide evidence for 
he presence of multiple populations. None the less, we now use the
ifferential-reddening-corrected magnitudes for all of the CMDs. 

.2 VLA Data 

4 is one of 25 GCs observed by the Karl G. Jansky Very Large
rray (VLA) for the Milky way ATCA and VLA Exploration of Radio
ources In Clusters (MAVERIC) surv e y (project codes VLA/13B- 
14, VLA/15A-100; Shishko vsk y et al. 2020 ) with a total on source
ime of 6 . 9 h. The observations were taken in the most-extended A
onfiguration, using the C-band receiver. Details of calibration and 
ata reduction processes are described in Shishko vsk y et al. ( 2020 ).
he data were imaged in low (5 GHz) and high frequency (7.2 GHz)
ub-bands with beam sizes of 1 . ′′ 18 × 0 . ′′ 88 and 0 . ′′ 84 × 0 . ′′ 63,
nd RMSs of 2 . 3 and 2 . 1 μJy beam 

−1 , respectively. The catalogue
eports positions, low- and high-frequency flux densities ( S 5 and S 7 ),
nd a radio spectral index α defined as S ν ∝ να . In M4, there are 37
adio point sources that are detected at the 5 σ level. 

.3 Chandra data 

ahramian et al. ( 2020 ) used deep Chandra ACIS imaging to
roduce a comprehensive source catalogue of 161 sources in M4, 
hich we use. They labelled each X-ray source with a ‘CXOU J’
esignation that is based on its celestial coordinates. In order to 
ro vide a conv enient source numbering system, we hav e e xtended
he ‘CX’ sequence numbering system used by Bassa et al. ( 2004 ),
rdering the sources by descending L X (0.5–10 keV), as given 
y Bahramian et al. ( 2020 ). We break ‘ties’ by numbering the
 Wide Field Camera 3 

e
5

μ

ources in order of increasing RA. Table 4 gives the correspon-
ence between the ‘CX’ and ‘CXOU J’ numbering. Bahramian 
t al. ( 2020 ) include marginal sources in their catalogue, clearly
dentified; we search these error circles as well, but many of them
re empty, suggesting that most of these marginal sources are not
eal. 

 ASTROMETRY  

iven the multiwavelength data sets used in this study, which 
ere collected at different epochs, it is important to establish a

ommon astrometric reference frame. Since the HUGS positional 
atalogue is referred to the astrometric system of the Gaia Data
elease 1 Catalogue (see Nardiello et al. 2018 ), we adopted the
UGS object positions as our fundamental reference system. We 
ext computed a boresight correction of the Bahramian et al. 
 2020 ) Chandra source positions to the HUGS/ Gaia frame based
n the offsets of the sources CX1, CX3, CX4, CX10, CX11,
X12, and CX15 from our proposed HUGS counterparts. 4 These 
 sources are among the brightest in M4; we eliminated CX8 and
X20 from this list, given their larger than typical offsets from

he proposed HUGS counterpart positions. The resulting boresight 
orrection in angular displacement is 
α cos δ = −0 . 099 arcsec 
nd 
δ = −0 . 131 arcsec . Interestingly, these boresight offsets are
early precisely what is expected based on the Gaia -based proper
otion of M4 o v er the 7.3 yr interval between the 2007.7 Chandra

bservations and the 2015.0 HUGS epoch. Vasiliev ( 2019 ) gives
roper motion components 5 for M4 of μα = −12 . 490 mas yr −1 

nd μδ = −19 . 001 mas yr −1 . These produce shifts of 
α cos δ =
0 . 091 arcsec and 
δ = −0 . 139 arcsec , agreeing within 0.01 arcsec
ith our offset. 
As a check on the radio–optical–X-ray astrometric alignment, 

e considered the millisecond pulsar PSR B1620-26, which is 
etected in the radio, optical, and X-ray. The various measurements 
f its position in each of the wavelength bands are compared in
able 5 . The radio position has been measured both by pulsar

iming (Thorsett et al. 1999 ) and by a direct VLA detection
Shishko vsk y et al. 2020 ). The former measurement has an epoch
f 1992.28, and thus must be advanced in proper motion for
omparison with the HUGS/ Gaia frame. We note that the proper
otion components given by Thorsett et al. ( 1999 ) have a fairly

arge uncertainty, 8 per cent in RA and 20 per cent in Dec. Vasiliev
MNRAS 524, 2088–2113 (2023) 

t al. ( 2020 ) source designations is given in Table 4 . 
 The proper motion nomenclature convention used by Vasiliev ( 2019 ) is: 

α ≡ [d α/ d t] cos δ, μδ ≡ d δ/ d t . 
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Table 4. Source numbering convention. 

CX CXOU J CX CXOU J CX CXOU J 

1 162334.13–263134.7 61 162344.00–262945.9 115 162335.50–263542.7 
3 162338.08–263138.0 62 162330.06–263205.7 116 162319.83–263315.4 
4 162334.33–263039.2 63 162342.32–263037.9 117 162339.78–262937.1 
6 162338.10–262922.2 64 162340.70–262939.3 118 162351.15–262918.8 
7 162345.89–262854.9 65 162340.16–262925.2 119 162337.22–262840.2 
8 162331.46–263057.9 66 162323.65–263318.7 120 162331.62–263034.5 
10 162335.03–263119.2 67 162323.88–263448.7 121 162349.73–263152.5 
11 162332.38–263045.4 68 162352.28–263159.0 122 162347.45–262858.6 
12 162338.20–263154.1 69 162317.26–263330.1 123 162314.82–263251.7 
13 162334.31–263202.0 70 162329.23–262949.5 124 162328.60–263056.3 
14 162326.00–263354.4 71 162322.17–262714.6 125 162335.99–263124.7 
15 162336.78–263144.3 72 162335.07–263204.2 126 162352.78–262849.8 
16 162333.68–263417.1 73 162340.21–262926.5 127 162334.38–262837.8 
17 162335.98–263101.6 74 162333.18–263109.3 128 162342.00–262925.1 
18 162345.77–263116.8 75 162331.30–263148.6 129 162343.91–262751.7 
19 162328.95–262951.1 76 162341.67–263115.5 130 162335.92–263240.1 
20 162336.89–263139.4 77 162341.58–262937.7 131 162333.58–263151.5 
21 162334.67–263204.4 78 162338.81–263456.3 132 162338.75–263303.9 
22 162333.36–263145.4 79 162348.74–263206.0 133 162330.27–263356.1 
24 162342.09–263136.6 80 162335.81–263132.5 134 162336.34–263245.0 
25 162333.51–263229.9 81 162331.83–263156.6 135 162328.61–262701.6 
26 162338.89–263148.2 82 162334.82–263159.9 136 162345.60–262758.9 
27 162333.28–263157.6 83 162337.00–263133.6 137 162342.06–262921.9 
28 162334.97–263224.3 84 162336.64–263143.5 138 162347.77–263050.1 
30 162328.40–263022.4 85 162336.45–263030.5 139 162332.31–262633.6 
32 162335.21–263525.8 86 162341.47–263205.4 140 162347.89–262817.7 
33 162334.27–262956.0 87 162335.79–263137.4 141 162341.35–263347.6 
34 162349.77–263323.5 88 162339.70–263120.2 142 162350.68–262749.1 
35 162352.35–263229.9 89 162335.37–263450.6 143 162333.77–262630.0 
36 162346.42–263115.8 90 162324.29–263013.8 144 162337.08–263208.6 
37 162346.38–263114.7 91 162333.76–263405.8 145 162345.52–262730.4 
38 162337.79–263518.9 92 162344.21–262645.5 146 162331.80–262647.0 
39 162336.09–262736.9 93 162346.83–262936.0 147 162328.34–263320.6 
40 162334.62–262717.8 94 162328.54–263134.2 148 162340.36–263332.7 
41 162352.09–263214.6 95 162338.48–262952.5 149 162347.48–262803.5 
42 162335.50–262707.6 96 162317.60–262842.1 150 162340.15–262646.3 
43 162326.61–262658.8 97 162339.18–262955.3 151 162344.34–263154.0 
44 162352.12–263217.6 98 162322.79–263155.0 152 162316.75–263256.0 
45 162351.94–262833.1 99 162351.40–263324.8 153 162334.48–262704.2 
46 162338.08–262858.8 100 162330.38–263049.6 154 162332.75–262815.9 
47 162352.19–263306.5 101 162334.54–263110.8 155 162329.97–262919.5 
48 162342.90–262726.8 102 162339.82–263126.6 156 162331.10–263300.5 
49 162352.63–262950.4 103 162319.14–262850.2 157 162325.66–262930.5 
50 162350.04–262901.6 104 162334.77–263143.8 158 162325.72–262817.9 
51 162352.07–262937.7 105 162327.01–263249.5 159 162340.36–263013.3 
52 162322.56–263340.2 106 162323.86–263028.6 160 162328.61–263543.0 
53 162335.67–262709.7 107 162319.20–263206.4 161 162337.21–263522.6 
54 162329.58–262839.7 108 162320.00–262740.8 162 162350.99–262940.4 
55 162333.85–263200.3 109 162320.17–262751.2 163 162346.66–263120.0 
56 162339.82–263557.4 110 162333.28–263113.7 164 162318.25–263116.0 
57 162330.27–263045.1 111 162319.45–262943.6 165 162325.42–263102.8 
58 162345.02–263030.0 112 162328.03–263528.6 166 162336.79–263202.7 
59 162323.37–263211.5 113 162351.74–263316.0 167 162340.44–263205.5 
60 162336.29–263553.8 114 162320.56–263217.6 168 162331.54–263057.6 
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 2019 ) has computed much higher accuracy mean proper motion
omponents for M4, based on Gaia measurements. We note that
he timing position, advanced to epoch 2015.0 using the Gaia
roper motion, agrees within 0.03 arcsec with the VLA, HST , and
handra positions. Thus, we conclude that there is good astrometric
lignment of the radio, optical, and X-ray data with the Gaia
ystem. 
NRAS 524, 2088–2113 (2023) 
 VARI ABI LI TY  

.1 Comparison to M4 Core Project 

s part of the M4 Core Project, Nascimbeni et al. ( 2014 ) detected 38
ariable stars in the core of M4, using deep HST WFC3 imaging with
he filters F467M and F775W. They provide light curves for each of
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Table 5. Measurements of the position of PSR B1620 −26. 

Type RA–Dec. Epoch Notes 

Timing a 16:23:38.199 –26:31:54.34 2015.0 PSR B2629 −26 
Timing b 16:23:38.201 –26:31:54.20 2015.0 PSR B2629 −26 
VLA 

c 16:23:38.201 –26:31:54.24 2014.5 M4-VLA9 
HST 

d 16:23:38.201 –26:31:54.22 2015.0 R0006434 
Chandra e 16:23:38.199 –26:31:54.23 2015.0 CX12 

a PSR position from Thorsett et al. ( 1999 ), advanced to 2015.0 using 
approximate proper motion from Thorsett et al. ( 1999 ). 
b PSR position from Thorsett et al. ( 1999 ), advanced to 2015.0 using Gaia 
mean cluster proper motion from Vasiliev ( 2019 ). 
c Source position from Shishko vsk y et al. ( 2020 ). 
d Source position from Nardiello et al. ( 2018 ). 
e Source position from Bahramian et al. ( 2020 ), boresight corrected to 
HUGS/ Gaia frame. 

Table 6. Cross-IDs with Nascimbeni et al. ( 2014 ). 

CX ID 

a Type b Notes c Present Type H α? d 

3 3236 EB? BSEQ/TO; CX3 AB n 
8 7864 UNK Abo v e BSEQ; CX8 AB/?? y 
11 8081 UNK BSEQ; CX11 AB n 
13 3407 cEB NM; CX13 AB n 
15 3401 cEB TO; CX15 AB y 
20 3627 EB MS/BSEQ; CX20 AB y 
21 3153 EB MS/BSEQ; CX21 AB y 
25 2316 EB BSEQ; CX25 AB n 
28 2108 dEB BSEQ; CX28 AB? n 
72 2992 EB? MS/BSEQ AB? n 
74 6807 cEB BSEQ AB? y 
75 5430 cEB MS AB? n 
84 3487 EB BSEQ AB n 
86 1001 EB? BSEQ AB –
88 3575 EB BSEQ AB n 
94 7202 dEB BSEQ AB n 

a ID # from Nascimbeni et al. ( 2014 ). 
b Binary type from Nascimbeni et al. ( 2014 ). EB = eclipsing binary; c = 

contact; d = detached; UNK = unknown. 
c Notes from Nascimbeni et al. ( 2014 ). BSEQ = binary sequence; NM = non- 
member. 
d H α excess confirmed in the colour-colour diagram (Fig. 5 ). 
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hese variables, demonstrating that 19 of the 38 are eclipsing binaries. 
ascimbeni et al. ( 2014 ) found that 9 of the 38 variables correspond

o Chandra sources from the original Bassa et al. ( 2004 ) list. We find
hat an additional 7 of the variables correspond to Bahramian et al.
 2020 ) sources from the extended CX source list. Table 6 provides
he cross-IDs for the 16 variable star–X-ray source matches. It can 
e seen that the counterpart types – nearly all AB – inferred from the
road-band photometric properties in this study are consistent with 
he binary nature of these objects, as demonstrated by their light 
urves from Nascimbeni et al. ( 2014 ). A number of the objects in
able 6 show strong evidence of H α emission (see Fig. 5 ), consistent
ith an active binary nature. Several of the contact eclipsing binaries 
emonstrate evidence of strange colours in our CMDs (see below), 
ikely due to large variability. 

.2 Variability from HUGS photometry 

ach of the HUGS magnitudes has an associated RMS ( σ ), which
easures the dispersion o v er the multiple magnitude measurements. 
his value may be used as a measure of variability by plotting

t against magnitude as in Fig. 1 , for U 336 . In this figure, curves
epresenting the median, the 75th percentile, and the 90th percentile 
re plotted. Of the variables in Table 6 , it can be seen that CX13,
X15, CX25, CX74, CX75, and CX94 register as variables in Fig. 1 .
he σ–magnitude plot provides an imperfect measure of variability, 
s it is based on a small number of magnitude measurements ( ≤4).
hus, the light-curve sampling is generally incomplete, particularly 

or the longer period variables. We note that CX1, CX13, CX15,
X74, and CX75, which sho w the strongest v ariability signal in
ig. 1 , have periods of ≤0.3 d. In contrast, CX25 ( P = 1.9 d) and
X94 ( P = 5.9 d) show a weaker variability signal. In any case, this
lot does provide a useful indication of counterparts which display 
ariability, such as CX1, which is known to have a 0.26 d sinusoidal
eriod. 

 CHANDRA S O U R C E  I D E N T I F I C AT I O N  

s in Cohn et al. ( 2010 ), Lugger et al. ( 2017 ), and Cohn et al.
 2021 ), we classified objects found in Chandra error circles based
n their colour–magnitude diagram (CMD) location. In those studies, 
Vs were distinguished by their blue colours, relative to the main

equence (MS), and their significant H α–R 625 excesses. ABs were 
istinguished by their red colours and modest H α excesses. Although 
eep H α and comparison R 625 imaging is not available for this
tudy, we performed aperture photometry on the shallow images 
n these two bands that are available in the HST archive (see
able 3 ). Thus, our classifications here are based on CMDs that
re constructed from the 5-band HUGS photometry, augmented by 
n (H α−R 625 , V 606 −I 814 ) colour–colour diagram. In this study, CVs
re defined as objects with significant UV 275 –U 336 and/or U 336 –B 438 

xcesses (along with evidence of cluster membership, such as a 
onsistent proper motion, H α–R 625 excess, or location on the main
equence in redder filters), while ABs are identified as generally 
ying to the right of the main sequence or red giant branch (RGB)
n V 606 –I 814 colour. H α−R 625 excesses, where measurable, are taken
s additional evidence supporting the CV and AB classifications. 
alculating the H α photometric equi v alent width (EW) follo wing De
archi, Panagia & Romaniello ( 2010 ), we see that all H α-excess

ounterparts except CX4 and CX101 (likely CVs) have H α EW 

 5 Å, as generally observed for chromospherically active binaries 
Beccari et al. 2014 ; Pallanca et al. 2017 ). Identifications of stars
y Nascimbeni et al. ( 2014 ) as eclipsing binaries constitute strong
vidence for active binaries (see Section 4.1 ). 

Finding charts in the V 606 band for the 61 Chandra sources that
ie within the HUGS field of view are shown in Appendix B,
hich is included in the supplementary online material. Given its 

tatus as the nearest globular cluster, M4 has a very dispersed
ppearance on the sky. As a consequence, in many cases there
s a unique object in each Chandra error circle, which makes
t a likely counterpart provided that it deviates from the fiducial
equences in the CMDs. Many of the Bahramian et al. ( 2020 )
ources lie outside of the HUGS field of view (FoV) and cannot
e classified based on their optical properties (except for a few that
re bright enough for detection by Gaia , see Section 5.6 ). In a few
ases, the source lies within the HUGS FoV, but the error circle is
mpty. 

Table 7 summarizes the result of the classification procedure. Only 
hose sources that lie within the HUGS FoV are listed. Classifications
re given for 44 confident sources, which includes 16 X-ray sources
reviously classified by Bassa et al. ( 2004 ). We were able to reco v er
ost of their 31 X-ray sources. CX29 and CX31, the two lowest

uminosity sources in their sample, may represent false positive 
etections, as the total exposure of 119 ks analysed by Bahramian
MNRAS 524, 2088–2113 (2023) 



2094 P. M. Lug g er et al. 

M

Figure 1. RMS of the ≤ four HUGS U 336 magnitude measurements, versus U 336 magnitude. This plot provides a measure of variability, particularly for 
counterparts with a short variability time-scale. The counterparts to CX1, CX13, CX15, CX74, and CX75 show the strongest variability signal. All five of these 
significantly variable counterparts are known to have short binary periods of � 7 h: CX1 (Kaluzny et al. 2012 ), and CX13, CX15, CX74, and CX75 (Nascimbeni 
et al. 2014 ). 
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t al. ( 2020 ) is nearly 5 times longer than the 25 ks subset of this
xposure analysed by Bassa et al. ( 2004 ). Inspection of all three
handra observations does not support the reality of CX29 and
X31, so we remo v ed them from our ‘CX’ list. We also could
ot confirm the reality of CX5 and CX9 as two separate sources.
assa et al. ( 2004 ) identify these as o v erlapping sources, separately

dentified using the wavdetect algorithm, but inspection of all
hree Chandra images suggests the X-ray point-spread function is
onsistent with other sources at this off-axis angle (consistent with
ahramian et al. 2020 ). We retain CX5/CX9 as a single source,
ere labelled CX33. Ho we ver, we identify CX8 as consisting of
wo separate sources, with a fainter X-ray source (here, labelled
X168) located ∼1 arcsec NE of the brighter source; both have

ecure optical counterparts. We estimate the L X of CX168 to be 0.5
hat of the brighter object, CX8, based on the numbers of photons
n the core of each source, and scale the Bahramian et al. ( 2020 ) L X 

alues. 
Additional changes to the CX labelling of the list of 31 sources

rom Bassa et al. ( 2004 ) are given in the footnotes to Table 7 .
ahramian et al. ( 2020 ) provide a quality flag for each source, indicat-

ng whether the detection is ‘poor,’ ‘marginal,’, or ‘confident,’ where
oor detections have a false detection probability of ≥1 per cent. We
ave indicated the marginal and poor detections in the notes column
f Table 7 . Six of these have empty error circles, and 3 have stars
NRAS 524, 2088–2113 (2023) 
ith no unusual properties (likely chance coincidences); most likely,
ew or none of these are real X-ray sources. 

Broad-band CMDs that show the objects listed in Table 7 are
resented in Figs 2 –4 . The (H α–R 625 , V 606 –I 814 ) colour–colour
iagram is presented in Fig. 5 . Table 8 gives the positions and
hotometry for each of the counterparts listed in Table 7 and plotted
n Figs 2 –5 . 

.1 Compact object binary candidates 

everal of the proposed counterparts show evidence of being a binary
ontaining either a white dwarf (WD) or neutron star (NS). 

Bassa et al. ( 2004 ) identified a V = 17.37 star as the counterpart of
X1, which they suggested was a CV. Ho we v er, the y also noted the
oor astrometric match (about 2 σ a way). Kaluzn y et al. ( 2012 ) used
he HST analysis of Anderson et al. ( 2008 ) to instead identify another,
ainter star (V = 20.65) as the likely counterpart to CX1, bolstered by
he clear sinusoidal variation of the fainter star in both ground-based
nd HST observations, as well as variation in the Chandra X-ray
ight curve. The sinusoidal variation suggests a 0.2628 (preferred),
r 0.5256 (for ellipsoidal variation), day orbital period. Kaluzny
t al. ( 2012 ) argued for a neutron star (and likely radio pulsar) nature
f the primary, based on the X-ray/optical flux ratio, and the lack
f a strong UV excess and long-term optical or X-ray variations,
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Figure 2. Left-hand panel: colour–magnitude diagram, based on HUGS photometry in UV 275 and U 336 , illustrating the location of candidate counterparts to 
Chandra X-ray sources and to VLA sources without a Chandra counterpart. Right-hand panel: zoom of CMD to show more detail near the MS. CX1 has been 
interpreted as a neutron star binary (Kaluzny et al. 2012 ; Pooley 2016 ). CX12 is the binary counterpart to the millisecond pulsar B1620-26 (Sigurdsson et al. 
2003 ), which is detected as MAVERIC radio source M4-VLA9. The secondary in this system is a low-mass white dwarf. CX4, CX81, and VLA20 have a similar 
white-dw arf-lik e presentation to that of CX12. CX4 and CX81 are faint CV candidates. VLA20 is an MSP candidate. CX76 is a bright CV candidate. 

Figure 3. Left-hand panel: colour–magnitude diagram, based on HUGS photometry in U 336 and B 438 , showing the same counterparts as in Fig. 2 . Right-hand 
panel: zoom of CMD. The counterparts to CX15 and CX75 are consistent with being W UMa-type contact binaries. 
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Figure 4. Left-hand panel: colour–magnitude diagram, based on HUGS photometry in V 606 and I 814 , showing the same counterparts as in Fig. 2 . Right-hand 
panel: zoom of CMD. There are some counterparts that are only detected in these filters, owing to the larger size of the ACS/WFC field relative to the WFC3/UVIS 
field. Most of the counterparts that lie to the right side of the fiducial sequences are consistent with being ABs. 
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s would be expected from an X-ray bright CV. We find that CX1
ho ws strong e vidence for v ariability in U 336 , based on the RMS of its
UGS magnitude (see Fig. 1 ), consistent with the optical variability 

ound by Kaluzny et al. ( 2012 ). We do not detect CX1 in the radio
Section 5.9 ), but as the RMS of our VLA images only reaches
he mean flux (extrapolated to 5 GHz, assuming a spectral slope of

1.9) of the best-fitting lognormal luminosity distribution for MSPs 
f Bagchi & Lorimer ( 2011 ), we cannot constrain the presence of a
ulsar. The evidence from Kaluzny et al. ( 2012 ) indicates that CX1
s probably an MSP. 

CX4 was classified as a likely CV by Bassa et al. ( 2004 ), based
n its high X-ray/optical flux ratio (as its CMD location on the main
equence in V 606 –I 814 does not point to a definitive classification). 
e find CX4 to be quite blue in both UV CMDs, reaching the WD

equence in UV 275 –U 336 , and to have a proper motion consistent with
he cluster, confirming its classification as a CV. Furthermore, it has 
 strong H α–R 625 excess. Its main sequence position in V 606 –I 814 

llows us to estimate the mass of the companion star (which must
rovide most of the optical light) as ∼0.5 M � (using an isochrone of
otter et al. 2007 , assuming an age of 12.8 Gyr from Hansen et al.
004 , and taking ( m − M ) V = 12.8 from Harris 1996 ), which suggests
n orbital period of roughly 4.5 h (Howell, Nelson & Rappaport 
001 ). 
CX12 is a well studied MSP with a white dwarf companion (and

lso a planet-mass companion in a wide orbit; Thorsett et al. 1999 ;
igurdsson et al. 2003 ). It lies on the WD sequence in all three
MDs. Its radio properties are discussed in Section 5.9 , and its X-

ay properties in Appendix A . 
CX76 is a newly identified X-ray source in Bahramian et al. ( 2020 ).
e here identify it with a moderately bright optical counterpart that 

s marginally blue compared to the main sequence in V 606 –I 814 , and
rogressively bluer in bluer filters. Its CMD locations suggest that 
t is a CV with a low-mass donor star (we may estimate ∼0.65 M �,
sing the Dotter et al. 2007 isochrone as abo v e), with an orbital
eriod of order 5.5 h. 
CX81 lies on the WD sequence in all broad-band CMDs. It is too

aint to be detected in H α–R 625 . The HUGS data do not provide a
roper motion estimate (as it is only barely detected), but comparison
f the 2008 and 2014 images suggests that it mo v es with the cluster
tars, and thus is a cluster member. Given its very blue V 606 –I 814 

olour, we infer that this is likely to be a CV below the period
ap, though an MSP with a WD companion is possible (ho we ver, in
ection 6 below, we show that its X-ray colours and luminosity do
ot match other cluster MSPs). 
CX101 has a very faint candidate counterpart, which lies on the
ain sequence in V 606 –I 814 , but appears to show a very strong
 α excess, ∼ 0.4 mag. Such an excess is larger than typical for

hromospherically active stars (e.g. Beccari et al. 2014 ), making this
tar a candidate CV. Ho we ver, the star is near the detection limit, and
e do not fully trust the photometry here; if the excess is not real,

his star may not be the true counterpart. 

.2 Chromospherically acti v e binary candidates 

Bs often differ from average cluster stars in several ways; lying on
he binary sequence abo v e the MS (this sequence includes objects
hat lie up to 0.75 mag abo v e the MS in the ( V 606 , V 606 –I 814 ) CMDs,
hich represents the equal-mass limit); showing an H α–R 625 excess 

lower quartile in Fig. 5 ); showing optical variability identified by
ascimbeni et al. ( 2014 ); showing variability in the U 336 filter (Fig. 1 ,
pper quartile). ABs may not show any of these, but the likelihood of
 chance coincidence of an X-ray source with an unremarkable star
MNRAS 524, 2088–2113 (2023) 
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M

Figure 5. H α−R 625 inde x v ersus V 606 −I 814 broad-band colour. The solid curv e indicates the median of the H α−R 625 distribution, the dashed curves indicate 
the upper and lower quartiles, and the long-short dashed curves indicate the upper and lower deciles. All curves are second-order polynomial fits. Most of the 
sources fall to the H α-excess side of the median. The sources CX4 and CX101 (large H α excess) and VLA20 (large H α deficit) fall outside the limits of the 
H α−R 625 axis. 
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s significant, while the likelihood of matching stars in one of these
ategories is small (Section 5.4 ), so we identify counterparts with
ny of the above characteristics as ‘AB’ and potential counterparts
ithout these as ‘AB?’. 
The majority of AB counterparts lie on the binary sequence

n the ( V 606 , V 606 –I 814 ) CMD. These objects include CX3, CX11,
X20, CX21, CX25, CX26, CX27, CX28, CX30, CX72, CX83,
X84, CX86, CX88, CX94, CX97, CX102, CX104, CX105, CX110,
X124, CX125, and CX168. Most of these are verified proper
otion members, though CX30, CX97, and CX105 lack UVIS

ata (so have no proper motion measurement). The colour–colour
agnitude diagram comparing H α–R 625 and V 606 –I 814 identifies

igh-confidence ( > 90 per cent) H α emission from CX20, CX21,
X26, CX27, and CX97, and lower-confidence ( > 75 per cent) H α

rom CX11, CX28, CX72, CX82, CX83, CX84, CX102, CX104,
X125, and CX168. 
An additional four objects, CX8, CX10, CX24, and CX75, fall

ignificantly further abo v e the binary sequence re gion. CX8 and
X10 fall in the sub-subgiant region, while CX75 falls below this

egion. These three objects are secure proper-motion members, while
he proper-motion membership status of CX24 is undetermined
likely a foreground star). 

CX15, CX74, and CX75 are identified, via their light curves,
s likely contact eclipsing binaries with orbital periods of 0.3 d by
ascimbeni et al. ( 2014 ). While their HUGS V 606 –I 814 colour offsets

rom the MS appear large – CX15 and CX74 are to the blue of the MS
nd CX75 is to the red of the MS – it appears likely that these offsets
NRAS 524, 2088–2113 (2023) 
re a consequence of unrepresentative sampling of the light curves for
hese short-period binaries. Kaluzny et al. ( 2013 ) and Nascimbeni
t al. ( 2014 ) have presented CMDs for M4, based on high-time-
esolution sampling of the light curves that allows the determination
f appropriate mean colours. In both the B −V CMD (Kaluzny et al.
013 ) and the F467M–F775W CMD (Nascimbeni et al. 2014 ), all
hree counterparts fall very close to the MS. The largest deviation
s that of CX74, which is on the binary sequence just to the red of
he MS in F467M − F775W. We thus classify all three objects as
Bs, of the W UMa type, based on their identification as contact

clipsing binaries with variability amplitudes of o v er 0.3 mag, short
.3 d orbital periods, light-curve morphology, lack of flaring, and
pproximate agreement with the Rucinski ( 1995 ) relation between
bsolute magnitude, period, and colour for W UMa variables. 

CX33 (formerly CX5/CX9), to the red of the giant branch in V 606 –
 814 but a clear proper motion member, has been associated with
ariable V56 by Kaluzny et al. ( 2013 ). They note that it shows clear
vidence of luminosity and velocity variability, which supports its
dentification as a binary, and thus an (RS CVn-type) AB. CX13
s a proper motion non-member, a contact eclipsing binary with
 1-mag variation amplitude (Nascimbeni et al. 2014 ). Although
t is on the MS in the ( V 606 , V 606 –I 814 ) CMD (Fig. 4 ), it is well
o the red of the MS in both B − V (Kaluzny et al. 2013 ) and
467M–F775W (Nascimbeni et al. 2014 ). Since these two studies
rovide high-time-resolution sampling of the 0.3 d period light curve,
he y pro vide a more reliable measure of the mean colour of this
tar than does the HUGS data base for which the V 606 and I 814 
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Table 8. Positions and photometry for HUGS counterparts to Chandra and VLA sources. 

CX HUGS ID X 

a Y a RA, Dec. (J2000) b UV 275 U 336 B 438 V 606 I 814 R 625 H α

1 R0007667 5366.41 4952.09 16:23:34.128 –26:31:34.92 24.31 22.40 22.23 20.18 18.69 – –
3 R0001235 4025.24 4869.56 16:23:38.076 –26:31:38.19 19.03 17.87 17.80 16.62 15.67 16.34 16.05 
4 R0010636 5301.51 6360.67 16:23:34.319 –26:30:39.30 24.72 23.80 23.30 21.11 19.53 20.51 19.68 
8 R0001877 6273.97 5882.37 16:23:31.456 –26:30:58.18 19.38 18.06 17.94 16.65 15.61 16.33 15.98 
10 R0001536 5059.89 5345.77 16:23:35.030 –26:31:19.38 19.98 18.10 17.78 16.12 14.97 15.88 15.53 
11 R0002030 5956.44 6195.56 16:23:32.391 –26:30:45.81 20.04 18.75 18.66 17.35 16.32 17.14 16.81 
12 R0006434 3982.89 4463.69 16:23:38.201 –26:31:54.22 24.28 23.88 24.18 23.57 23.30 – –
13 R0000806 5303.18 4261.53 16:23:34.314 –26:32:02.20 21.92 19.58 18.62 16.80 15.89 16.62 16.40 
15 R0001106 4465.71 4711.67 16:23:36.779 –26:31:44.43 18.79 17.77 17.86 16.57 15.78 16.27 15.97 
20 R0007345 4428.86 4835.50 16:23:36.888 –26:31:39.53 20.74 19.34 19.20 17.80 16.79 17.51 17.16 
21 R0005745 5186.22 4200.54 16:23:34.658 –26:32:04.61 21.97 20.31 20.05 18.66 17.56 18.30 17.93 
22 R0001090 5626.65 4680.86 16:23:33.362 –26:31:45.63 18.35 17.30 17.29 16.20 15.30 15.94 15.65 
24 R0007270 2657.62 4892.17 16:23:42.101 –26:31:37.29 27.28 – – 22.48 19.67 – –
25 R0004510 5579.87 3553.87 16:23:33.499 –26:32:30.15 22.63 20.78 20.36 18.76 17.51 18.35 17.98 
26 R0006718 3753.62 4611.80 16:23:38.875 –26:31:48.37 21.77 20.10 19.90 18.52 17.44 18.30 17.93 
27 R0000883 5659.32 4367.21 16:23:33.265 –26:31:58.02 20.46 18.98 18.84 17.51 16.48 17.17 16.83 
28 R0004784 5077.11 3695.88 16:23:34.980 –26:32:24.54 22.40 20.53 20.23 18.60 17.46 18.34 17.96 
30 R0002281 7320.34 6791.21 16:23:28.377 –26:30:22.28 – – – 16.73 15.78 16.52 16.22 
33 R0002524 5319.11 7450.74 16:23:34.267 –26:29:56.25 18.40 16.56 16.07 14.54 13.35 – –
63 R0002125 2579.41 6382.86 16:23:42.330 –26:30:38.42 – – – 15.08 13.75 – –
70 R0012571 7041.22 7619.21 16:23:29.199 –26:29:49.58 – – – 20.71 19.25 20.41 19.98 
72 R0000770 5047.56 4206.41 16:23:35.066 –26:32:04.38 20.13 18.86 18.80 17.44 16.48 17.16 16.86 
74 R0001710 5687.16 5598.71 16:23:33.184 –26:31:09.39 19.38 18.02 18.06 16.84 16.05 16.55 16.25 
75 R0001028 6325.24 4598.88 16:23:31.305 –26:31:48.87 19.59 18.49 18.68 17.30 16.16 16.79 16.45 
76 R0008632 2806.13 5429.89 16:23:41.664 –26:31:16.06 21.27 20.30 20.22 18.77 17.71 – –
80 R0001322 4796.12 5008.74 16:23:35.806 –26:31:32.69 17.94 17.00 16.98 16.00 15.17 15.77 15.52 
81 R0006301 6172.05 4405.76 16:23:31.756 –26:31:56.50 24.40 23.94 25.29 23.92 23.16 – –
82 R0000841 5132.58 4314.08 16:23:34.816 –26:32:00.12 19.22 17.47 17.19 15.79 14.71 15.42 15.08 
83 R0007525 4388.66 4979.83 16:23:37.006 –26:31:33.83 22.61 20.79 20.42 18.81 17.66 18.53 18.16 
84 R0006962 4513.97 4730.06 16:23:36.637 –26:31:43.70 23.54 21.39 20.75 18.94 17.68 18.63 18.23 
85 R0002209 4580.37 6585.40 16:23:36.441 –26:30:30.42 18.61 17.41 17.40 16.21 15.26 15.92 15.62 
86 R0005592 2873.37 4175.75 16:23:41.467 –26:32:05.59 23.36 21.24 20.76 18.91 17.65 – –
87 R0007423 4808.10 4889.28 16:23:35.771 –26:31:37.41 22.27 20.54 20.27 18.78 17.71 18.50 18.16 
88 R0008392 3475.57 5321.43 16:23:39.693 –26:31:20.34 26.38 22.47 21.57 19.51 18.15 19.14 18.72 
94 R0001298 7272.47 4966.17 16:23:28.517 –26:31:34.35 19.44 18.22 18.19 16.93 16.00 16.74 16.44 
97 R0012464 3659.59 7476.91 16:23:39.150 –26:29:55.22 – – – 19.85 18.49 19.46 19.01 
101 R0008999 5235.59 5552.54 16:23:34.513 –26:31:11.21 26.05 26.76 – 22.19 20.47 22.12 21.19 
102 R0007856 3424.26 5156.22 16:23:39.845 –26:31:26.87 24.77 22.62 21.74 19.82 18.48 19.42 18.99 
104 R0007155 5153.58 4722.83 16:23:34.754 –26:31:43.98 20.75 19.38 19.31 17.97 16.95 17.72 17.39 
105 R0000215 7787.65 3058.40 16:23:26.999 –26:32:49.69 – – – 16.58 15.66 – –
110 R0008707 5642.62 5492.74 16:23:33.315 –26:31:13.57 23.74 21.63 20.98 19.23 18.02 18.98 18.63 
124 R0001915 7247.12 5939.41 16:23:28.592 –26:30:55.92 19.16 17.88 17.86 16.62 15.68 16.43 16.13 
125 R0001440 4736.47 5204.31 16:23:35.982 –26:31:24.97 20.35 18.88 18.79 17.42 16.41 17.18 16.86 
131 R0006557 5551.92 4531.87 16:23:33.582 –26:31:51.52 20.52 19.13 19.14 17.92 16.95 17.62 17.32 
144 R0000720 4369.60 4097.26 16:23:37.062 –26:32:08.69 18.74 17.56 17.52 16.37 15.45 16.10 15.81 
159 R0011785 3257.97 7016.21 16:23:40.333 –26:30:13.41 – – – 22.77 20.92 22.45 21.74 
166 R0005945 4457.42 4239.40 16:23:36.804 –26:32:03.08 27.91 25.56 24.38 22.09 20.36 21.72 21.19 
168 R0009481 6249.93 5893.21 16:23:31.527 –26:30:57.75 20.72 19.30 19.20 17.80 16.75 17.52 17.18 
VLA4 R0009986 7293.82 6044.15 16:23:28.455 –26:30:51.78 22.64 20.73 20.30 18.77 17.71 18.52 18.22 
VLA5 R0004648 4339.81 3718.55 16:23:37.150 –26:32:23.64 26.04 22.70 21.65 19.76 18.48 19.44 19.04 
VLA20 R0005914 3728.37 4316.65 16:23:38.950 –26:32:00.02 23.49 23.28 23.66 22.89 21.98 22.43 22.42 

a HUGS star position in frame coordinate system defined by Nardiello et al. ( 2018 ). 
b Celestial coordinates are for an observation epoch of 2015.0 (see Nardiello et al. 2018 ). 
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agnitudes are measured at different orbital phases. While this star 
s clearly quite red, the HUGS measurements of its UV 275 , U 336 ,
nd B 438 magnitudes appear to be too f aint, lik ely as a result of its
arge proper motion. Therefore, we performed aperture photometry 
or this star, in the UVIS filters, choosing several surrounding stars
o serve as photometric standards. The determined aperture UVIS 

agnitudes for CX13 are given in Table 8 and plotted in Figs 2

nd 3 . t  
In the bluer broad-band colours, UV 275 –U 336 and U 336 –B 438 ,
B candidates may fall either to the right or left of the MS,
resumably indicating the degree of UV emission, which increases 
ith chromospheric activity. The UV 275 –U 336 colour is most sensitive 

o chromospheric UV emission. Examination of Fig. 3 indicates that 
n U 336 –B 438 , most of the AB candidates fall near the MS, with the
ainter ones lying to the blue side of the MS. In Fig. 2 , a number of
he AB candidates lie distinctly to the blue of the MS in UV 275 –U 336 ,
MNRAS 524, 2088–2113 (2023) 
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Figure 6. Stellar population selection using GLUE software. Colour key: 
green–MS; red–BSEQ; grey–all other stars. BSEQ stars within Chandra 
error circles are shown as blue dots. 

Table 9. Chance coincidence analysis. 

Population N obs 
a N pred 

b Excess c Significance ( σ ) d 

MS 17 10.0 7.0 1.7 
BSEQ 28 0.8 27.2 6.3 

a Observed number of population members in all error circles. 
b Predicted number of population members in all error circles. 
c Excess of observed versus predicted number in all error circles. 
d Significance of excess expressed as a Gaussian-equi v alent σ le vel, based on 
Gehrels ( 1986 ) statistics. 
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ncluding CX21, CX25, CX83, CX84, CX87, CX102, CX104, and
X110. We take this as an indication of enhanced chromospheric
ctivity. Examples of AB candidates that fall on the V 606 –I 814 binary
equence or in the sub-subgiant region and do not show significant
V excesses are CX3, CX8, CX10, CX11, CX20, CX26, CX27,
X28, CX86, CX94, and CX168. 

.3 Summary of source identifications 

or clarity, we summarize our 24 new confident optical identifications
ith Chandra X-ray sources from the current study. We identify
9 new confident ABs (CX11, CX21, CX30, CX72, CX74, CX75,
X83, CX84, CX86, CX88, CX94, CX97, CX102, CX104, CX105,
X110, CX124, CX125, and CX168). We identify one new confident
V (CX76), one new confident blue straggler (CX80), two new
onfident subgiants (CX82 and CX85), and one new confident
oreground or background star (CX63). We also suggest one new
andidate AB (CX87) and two new candidate CVs (CX81 and
X101). We also note two main sequence stars that are the only

tars that fall in the X-ray error circles (CX70 and CX166); these are
ikely chance superpositions. CX70 has a radio counterpart (VLA1)
nd is therefore likely an AGN that is unrelated to the main-sequence
tar in the X-ray error circle. 

We also summarize the previous 16 confident optical identifica-
ions from Bassa et al. ( 2004 , 2005 ). These include 10 ABs (CX3,
X8, CX10, CX15, CX20, CX25, CX26, CX27, CX28, and CX33),
ne CV (CX4), one MSP (CX12), one possible MSP (CX1), two
oreground or background stars (CX13 and CX24), and one AGN
CX2). While Bassa et al. ( 2004 ) classified CX22 as an AB, we
ow consider it to be a candidate AB, given its location in the blue
traggler region of all CMDs. CX8 is also a VLA source (VLA31),
nd is discussed further in §5.9 . 

.4 Evaluating the probability of chance superpositions 

iven the substantial number of apparent ABs in Chandra error
ircles, we have investigated the expected number of chance super-
ositions of such stars with error circles. We followed the approach of
ohn et al. ( 2021 ), who used the GLUE software package (Beaumont,
oodman & Greenfield 2015 ; Robitaille et al. 2019 ) to define regions

n the V 606 –I 814 CMD. This is illustrated in Fig. 6 , where MS and
inary sequence (BSEQ) groups are selected. The BSEQ region has
een extended to include sub-subgiant stars. We then determined
he number of stars in these groups inside X-ray error circles, and
he radial density profiles of these groups. The latter were used to
ompute the local densities of group members at the locations of each
ource and thus to predict the number of chance superpositions in
ach error circle. The total numbers of observed and predicted objects
n the error circles were calculated along with the significance of the
xcesses, based on Gehrels ( 1986 ), using the formulae presented by
ohn et al. ( 2021 ). The results of this analysis are summarized in
able 9 . There is an insignificant 1.7 σ excess of 7.0 MS stars in

he error circles. Of these excess ‘MS’ stars, three are actually other
ypes. These stars, and their types from Table 7 , are CX4 (CV),
X13 (AB), and CX87 (AB?). Reducing the number of MS stars in
rror circles to 14 results in an excess of 4.0 stars o v er the e xpected
ackground of 10.0 stars, which has a significance level of 0.9 σ .
n contrast, the excess of 27.2 BSEQ stars in the Chandra error
ircles registers at a 6.3 σ level, strongly indicating that the majority
f the AB and AB? identifications are the likely counterparts to the
handra sources. 
NRAS 524, 2088–2113 (2023) 
.5 X-ray/optical flux ratio 

nother piece of evidence that can help classify the nature of X-ray
ources is comparison of X-ray luminosity versus absolute magni-
ude. As discussed by Verbunt, Pooley & Bassa ( 2008 ), quiescent
MXBs can reach the highest X-ray/optical ratios, followed by CVs,
ith ABs producing relatively little X-ray flux compared to their
ptical flux. The dividing line between CVs and ABs (or , rather , the
eiling for ABs, since CVs can be X-ray dim in quiescence) is not
rmly settled; while the line log L X (0 . 5 −2 . 5 keV ) = 34 . 0 − 0 . 4 M V

eems to bound ABs empirically in globular clusters, the line
og L X (0 . 5 −2 . 5 keV ) = 32 . 3 − 0 . 27 M V seems to bound ABs in the
olar neighbourhood (Verbunt et al. 2008 ). 

We create a plot of 0.5–2.5 keV X-ray luminosity vs. M V , for our
4 sources. We use the F606W HUGS magnitudes and an extinction-

orrected distance modulus of 12.82 (Harris 1996 , 2010 edition) to
erive M V . The small shift from using F606W is not important for
ur purpose. Similarly, small variations due to differential reddening
re not important to the total extinction correction. We extrapolate
he 0.5–2.0 keV L X values of Bahramian et al. ( 2020 ) to the 0.5–
.5 keV band (note that reddening, in the form of N H , is included in
heir X-ray spectral fitting). We find (Fig. 7 ) that all but four X-ray
ources with HUGS F606W magnitudes lie below both empirical
B upper limit lines. The exceptions were identified above as a
V (CX4), a CV candidate (CX81), an MSP (CX12 = pulsar M4
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Figure 7. 0.5–2.5 keV X-ray luminosity plotted against M V , estimated from HUGS F606W magnitudes. The lines suggested by Verbunt et al. ( 2008 ) are 
plotted; the highest separates X-ray bright quiescent LMXBs from CVs, while the others are different suggested separating lines between (X-ray brighter) CVs, 
and ABs. Most of our counterparts lie below all these lines, consistent with ABs, matching our classifications. 
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), and a candidate MSP or qLMXB (CX1). All other objects are
onsistent with an AB nature. Ho we ver, we do not take this as
vidence that, e.g. the CV candidate CX76 is actually an AB, as CVs
an have moderately bright optical counterparts without being X-ray 
right. The X-ray/optical luminosity ratio plot generally supports our 
lassifications of Chandra sources presented in Table 7 , as these are
rimarily found to be ABs. 

.6 Gaia–Chandra matches 

ince the HUGS F oV only co v ers the central ∼1.7 arcmin radius
egion of M4, whereas the half-light radius of M4 is ∼4.3 arcmin
Harris 1996 , 2010 edition), many X-ray sources in Bahramian et al.
 2020 ) are not co v ered by HUGS. Therefore, we used Gaia Data
elease 3 (DR3; Gaia Collaboration 2016 , 2023 ) to seek potential
ptical counterparts in the outer regions of the cluster. 
We first selected X-ray sources with distances from the cluster 

entre > 1.5 arcmin, and then cross-matched those X-ray sources 
ith DR3 sources (positions at 2016.0 epoch) in TOPCAT (Taylor 
005 ). Given that the typical centroiding uncertainties of those X- 
ay sources are less than 0.5 arcsec (see Bahramian et al. 2020 ),
e thus limited the matching offsets to less than 0.5 arcsec, and

ound 17 Gaia–Chandra matches (Table 10 , Fig. 8 ). The small
roper motion components for M4 of μα = −12 . 490 mas yr −1 and 
δ = −19 . 001 mas yr −1 (Vasiliev 2019 ) produce only small shifts
 
αcos δ = −0.012 arcsec and 
δ = −0.019 arcsec) o v er the one-
ear interval between the epochs of X-ray positions (advanced to 
015.0 epoch; see Table 7 ) and Gaia DR3 positions. Boresight
orrections between these epochs are not needed for finding Gaia 
ounterparts. To check for chance coincidences, we shifted the X- 
ay sources by 5 arcsec in different directions and redid the cross-
atching process correspondingly. We find 3 matches on average 

er shift, indicating of order three of our matches are likely spurious,
hile roughly 14 of them are real. Ten of these matches have
roper motions (see Table 10 ) within 2 sigma of the proper motion
f M4 (22.7 mas yr −1 , with a central proper motion dispersion of
0.5 mas yr −1 ), and we therefore suggest these stars (CX 18, 33, 65,

0, 90, 91, 97, 98, 105, and 124) are members of M4. In addition,
e checked parallaxes in Gaia Collaboration ( 2023 ) and distances

n Bailer-Jones et al. ( 2021 ) for those counterparts, and found that
ll of these likely matches hav e parallax es that are consistent within
 sigma of the distance to M4 (1.85 ± 0.02 kpc; Baumgardt et al.
021 ; but cf. Harris 1996 , 2010 revision which gives 2.2 kpc, which
ould not change this result), except for the counterpart to CX105,
hich has a parallax of 0.90 ± 0.08 mas. Considering both the total
roper motion, and proper motions in RA and Dec., of the CX105
ounterpart are consistent with M4, we suggest that it is probably an
4 member. The relatively high parallax might be a consequence of

ntrinsic motion of the binary stars, as suggested by its moderately
igh Gaia EDR3 RUWE value of 1.225 (Stassun & Torres 2021 ).
n the other hand, the proper motions and (large) parallaxes of CX7,
X63, and CX69 suggest that they are foreground stars. CX32 is

ikely a background AGN (its proper motion is consistent with zero).
X42 appears to be a field star; its parallax distance is 2.2 + 0 . 3 

−0 . 2 kpc,
ut its proper motion is completely inconsistent with M4. We note
hat CXs 30, 33, 63, 70, 97, 105, and 124 also have HST magnitudes
see column 5 in Table 10 ). 

CX33 lies on the red giant branch of the Gaia CMD, consistent
ith its HST identification as an RS CVn type AB (Section 5.2 ).
X90 and CX105 have interestingly red colours for M4 members. 

.7 VLA–Chandra matches 

e match the Shishko vsk y et al. ( 2020 , S20) VLA catalogue to the
ahramian et al. ( 2020 , B20) Chandra catalogue to find positional
atches (Table 11 ). We only consider sources that have confident or
MNRAS 524, 2088–2113 (2023) 



2104 P. M. Lug g er et al. 

MNRAS 524, 2088–2113 (2023) 

Ta
bl

e 
10

. 
G

ai
a 

co
un

te
rp

ar
ts
 
to
 
17

 
X

-r
ay

 
so

ur
ce

s.
 

ID
 a 

R
A

, D
ec

. (
J2

00
0)
 b 

D
is

t c 
L
 X
 

d 
Ty

pe
 e 

G
ai

a 
ID

 f 
Pa

ra
lla

x 
PM

 g 
B

Pm
ag

 h 
R

Pm
ag

 h 
O

ff
se

t i 
N

ot
e j 

(h
hm

m
ss

.s
ss

, d
dm

m
ss

.s
s)
 

(a
rc

m
in

) 
(0

.5
–1

0 
ke

V
) 

(m
as

) 
(m

as
 
yr
 −1

 

) 
(m

ag
) 

(m
ag

) 
(a

rc
se

c)
 

7 
16

:2
3:

45
.8

54
 
–2

6:
28

:5
5.

04
 

3.
55

 
4.

71
E
 
+ 

30
 

–
60

45
46

64
68

30
73

66
65

6 
3.

42
 
±

0.
01

 
60

.7
4 

±
0.

02
 

12
.8

92
 
±

0.
00

3 
11

.6
72

 
±

0.
00

4 
0.

47
 

Fg
 

18
 

16
:2

3:
45

.7
58

 
–2

6:
31

:1
6.

89
 

2.
38

 
1.

13
E
 
+ 

30
 

–
60

45
46

55
06

23
45

26
59

2 
0.

62
 
±

0.
06

 
23

.2
8 

±
0.

10
 

16
.9

87
 
±

0.
02

3 
15

.8
01

 
±

0.
02

1 
0.

11
 

M
em

be
r 

30
 

16
:2

3:
28

.3
78

 
–2

6:
30

:2
2.

33
 

1.
92

 
2.

11
E
 
+ 

30
 

A
B
 

60
45

46
61

59
06

98
06

46
4 

–
–

16
.5

34
 
±

0.
00

9 
15

.1
97

 
±

0.
00

7 
0.

07
 

–
32

 
16

:2
3:

35
.2

02
 
–2

6:
35

:2
6.

08
 

3.
89

 
4.

86
E
 
+ 

31
 

–
60

45
46

31
69

76
12

96
00

0 
0.

09
 
±

0.
65

 
0.

47
 
±

1.
11

 
20

.3
35

 
±

0.
06

2 
19

.2
69

 
±

0.
04

4 
0.

22
 

B
kg

? 
33

 
16

:2
3:

34
.2

68
 
–2

6:
29

:5
6.

22
 

1.
62

 
2.

24
E
 
+ 

31
 

A
B
 

60
45

46
65

02
66

73
00

09
6 

0.
48

 
±

0.
02

 
22

.0
1 

±
0.

05
 

14
.9

67
 
±

0.
00

5 
13

.3
74

 
±

0.
00

5 
0.

04
 

M
em

be
r 

38
 

16
:2

3:
37

.7
68

 
–2

6:
35

:1
9.

13
 

3.
81

 
9.

11
E
 
+ 

30
 

–
60

45
46

46
47

23
29

84
96

0 
–

–
–

–
0.

22
 

–
42

 
16

:2
3:

35
.5

33
 
–2

6:
27

:0
8.

41
 

4.
42

 
7.

95
E
 
+ 

30
 

–
60

45
47

84
59

85
67

19
10

4 
0.

41
 
±

0.
05

 
5.

11
 
±

0.
08

 
17

.0
89

 
±

0.
00

4 
15

.4
21

 
±

0.
00

5 
0.

46
 

Fi
el

d 
63

 
16

:2
3:

42
.3

32
 
–2

6:
30

:3
8.

47
 

1.
83

 
2.

00
E
 
+ 

30
 

Fg
? 

60
45

46
62

62
14

88
47

23
2 

2.
83

 
±

0.
03

 
7.

78
 
±

0.
05

 
15

.6
31

 
±

0.
00

4 
13

.8
10

 
±

0.
00

4 
0.

16
 

Fg
 

65
 

16
:2

3:
40

.1
65

 
–2

6:
29

:2
5.

61
 

2.
40

 
1.

70
E
 
+ 

30
 

–
60

45
46

63
30

85
88

26
75

2 
0.

37
 
±

0.
15

 
23

.0
1 

±
0.

23
 

18
.0

14
 
±

0.
14

9 
16

.7
89

 
±

0.
09

6 
0.

46
 

M
em

be
r 

69
 

16
:2

3:
17

.2
64

 
–2

6:
33

:3
0.

33
 

4.
47

 
1.

41
E
 
+ 

30
 

–
60

45
46

44
36

77
75

42
78

4 
1.

23
 
±

0.
19

 
6.

51
 
±

0.
30

 
19

.7
84

 
±

0.
13

6 
17

.1
87

 
±

0.
01

0 
0.

15
 

Fg
 

70
 

16
:2

3:
29

.2
14

 
–2

6:
29

:4
9.

45
 

2.
18

 
1.

40
E
 
+ 

30
 

M
S?

 
60

45
46

61
93

42
02

08
25

6 
1.

80
 
±

1.
47

 
23

.6
6 

±
2.

40
 

–
–

0.
26

 
M

em
be

r 
90

 
16

:2
3:

24
.2

77
 
–2

6:
30

:1
3.

79
 

2.
77

 
7.

26
E
 
+ 

29
 

–
60

45
47

79
10

09
28

76
80

0 
0.

75
 
±

0.
19

 
22

.6
9 

±
0.

30
 

17
.9

72
 
±

0.
43

3 
16

.1
17

 
±

0.
07

4 
0.

32
 

M
em

be
r 

91
 

16
:2

3:
33

.7
77

 
–2

6:
34

:0
5.

89
 

2.
57

 
7.

23
E
 
+ 

29
 

–
60

45
46

49
22

11
89

10
72

0 
0.

57
 
±

0.
07

 
23

.1
8 

±
0.

12
 

17
.4

65
 
±

0.
01

1 
16

.0
75

 
±

0.
00

6 
0.

05
 

M
em

be
r 

97
 

16
:2

3:
39

.1
57

 
–2

6:
29

:5
5.

42
 

1.
85

 
5.

64
E
 
+ 

29
 

A
B
 

60
45

46
63

30
85

97
25

18
4 

0.
46

 
±

0.
48

 
23

.2
7 

±
0.

70
 

–
–

0.
22

 
M

em
be

r 
98

 
16

:2
3:

22
.8

10
 
–2

6:
31

:5
5.

58
 

2.
80

 
4.

91
E
 
+ 

29
 

–
60

45
46

60
21

63
09

61
40

8 
0.

60
 
±

0.
07

 
22

.3
8 

±
0.

12
 

17
.3

03
 
±

0.
00

9 
15

.9
59

 
±

0.
00

8 
0.

09
 

M
em

be
r 

10
5 

16
:2

3:
26

.9
86

 
–2

6:
32

:4
9.

43
 

2.
24

 
3.

72
E
 
+ 

29
 

A
B
 

60
45

46
57

46
74

27
63

26
4 

0.
90

 
±

0.
08

 
22

.7
8 

±
0.

12
 

16
.8

56
 
±

0.
05

0 
15

.1
87

 
±

0.
13

4 
0.

32
 

M
em

be
r?
 

12
4 

16
:2

3:
28

.5
88

 
–2

6:
30

:5
6.

40
 

1.
60

 
1.

47
E
 
+ 

29
 

A
B
 

60
45

46
60

90
35

02
94

78
4 

0.
40

 
±

0.
07

 
22

.4
7 

±
0.

10
 

16
.8

50
 
±

0.
01

8 
15

.5
97

 
±

0.
01

2 
0.

47
 

M
em

be
r 

a 
So

ur
ce

 
nu

m
be

ri
ng

 
in
 
th

is
 
w

or
k.
 
Se

e 
Ta

bl
e 

7 .
 

b 
So

ur
ce

 
po

si
tio

n 
fr

om
 
B

ah
ra

m
ia

n 
et
 
al

. (
 20

20
 ),
 
ad

va
nc

ed
 
to
 
20

15
.0
 
us

in
g 

G
ai

a 
m

ea
n 

cl
us

te
r 

pr
op

er
 
m

ot
io

n 
fr

om
 
V

as
ili

ev
 
( 2

01
9 )

. 
c S

ou
rc

e 
di

st
an

ce
 
fr

om
 
th

e 
cl

us
te

r 
ce

nt
re
 
in
 
ar

cm
in

, f
ro

m
 
B

ah
ra

m
ia

n 
et
 
al

. (
 20

20
 ).
 

d 
X

-r
ay

 
lu

m
in

os
ity

 
in
 
er

g 
s −

1 
, b

as
ed

 
on

 
a 

B
X

A
 
po

w
er

-l
aw

 
fit
 
fr

om
 
B

ah
ra

m
ia

n 
et
 
al

. (
 20

20
 ).
 

e O
pt

ic
al
 
co

un
te

rp
ar

t t
yp

e 
id

en
tifi

ed
 
by

 
H

U
G

S 
ph

ot
om

et
ry

. S
ee

 
Ta

bl
e 

7 .
 

f G
ai

a 
un

iq
ue

 
so

ur
ce

 
id

en
tifi

er
 
in
 
D

R
3.
 

g 
To

ta
l p

ro
pe

r 
m

ot
io

n,
 
fr

om
 
G

ai
a 

D
R

3.
 

h 
M

ea
n 

m
ag

ni
tu

de
s 

fr
om

 
G

ai
a 

D
R

3.
 

i O
ff

se
t o

f 
G

ai
a–

C
ha

nd
ra

 
m

at
ch

 
in
 
ar

cs
ec

. 
j A

ss
oc

ia
tio

n 
w

ith
 
M

4,
 
ba

se
d 

on
 
pa

ra
lla

x 
an

d 
pr

op
er
 
m

ot
io

n.
 
M

em
be

r:
 
co

ns
id

er
ed

 
tr

ue
 
m

em
be

r 
of
 
M

4;
 
Fg

: f
or

eg
ro

un
d 

so
ur

ce
; B

kg
: b

ac
kg

ro
un

d 
so

ur
ce

; F
ie

ld
: F

ie
ld
 
st

ar
.?
 
in

di
ca

te
s 

le
ss
 
ce

rt
ai

n 
cl

as
si

fic
at

io
n.
 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/524/2/2088/7205517 by U
niversity of Southam

pton user on 18 Septem
ber 2023



Exotica in M4 2105 

Figure 8. Colour–magnitude diagram of M4, based on Gaia DR3 photom- 
etry. The counterparts to 10 X-ray sources in the outer region of M4 are 
highlighted as red dots with CX IDs labelled, while labels in boldface indicate 
true M4 members. 
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arginal detections in B20 ( detection quality flag = 0 
r 1 ), excluding poor detections. To determine search radii, we 
rst calculate source-specific composite positional errors ( σ r, x ; r , 
 stands for ‘radio-X-ray’) by combining Chandra and VLA posi- 
ional uncertainties in quadrature; this includes Chandra positional 
ncertainty characterised by the 95 per cent error radius (Hong et al.
005 ), Chandra boresight offsets, and VLA positional error. The 
LA positional errors in RA and Dec. are set to the larger of the
ositional uncertainties reported in S20, and 0.1 of the projected beam 

izes; the VLA error radius (denoted by σ VLA ) is set to the maximum
f VLA positional errors in RA and Dec., of which the median is
0.10 arcsec for sources in M4. With search radii of 2.0 σ r, x , we

ound 6 Chandra counterparts to VLA sources, one of which is a
nown MSP (CX12 = VLA9). Considering the low spatial densities 
f Chandra and VLA sources, it is very unlikely that these matches
re coincidental (all are within 1.0 σ r, x ). 

What are radio sources likely to be? We summarize possibilities. 
or the radio spectral index α, ‘steeper’ sources have more ne gativ e

values, α = 0 corresponds to a ‘flat’ source, and α > 0 is
ermed ‘inverted.’ MSPs generally have very ‘steep’ radio spectra 
 α = −1.6 ± 0.2; Kramer et al. 1998 ), while background AGN
nd starbursts typically have moderately steep spectra ( α = −0.7; 
Table 11. Six VLA counterparts to Chandra sources. 

M4-VLA CX Offset S 5 
( ′ ′ ) ( σ r , x ) ( μJy) 

1 70 0.6 0.7 1289.40 ± 2.9

9 12 0.2 0.3 40.50 ± 2.4
13 77 0.4 0.2 26.10 ± 2.8

19 14 0.3 0.6 19.10 ± 3.7
30 57 0.4 0.6 11.10 ± 2.1

31 8 0.4 0.8 9.70 ± 2.7
ordon et al. 2021 ), and X-ray binaries typically have ‘flat’ spectra
 α ∼ 0; Espinasse & Fender 2018 ). Only two MSPs with X-ray
tudies have L X < 3 × 10 29 erg s −1 (Pichardo Marcano et al. 2023 ),
ur X-ray limit, indicating that MSPs should be X-ray detected in
4. Redback MSPs (with main-sequence companions) are X-ray 

righter, L X > 7 × 10 30 erg s −1 (e.g. Zhao & Heinke 2022 ). Coronal
ctivity in close binaries can produce radio emission, following 
 X / L R = 10 15 ± 1 (Guedel & Benz 1993 ), with typically flat spectra
G ̈udel 2002 ). This is potentially detectable for X-ray active binaries
n M4, given the deep VLA radio limits of 10 μJy, which would imply
 X = 4 × 10 31 ± 1 erg s −1 following the G ̈udel-Benz relation. G ̈udel
 2002 ) refer to BY Dra stars up to 10 15 erg s −1 Hz −1 (0.2 μJy at M4),
nd RS CVn stars (coronally active binaries including giants) up to
0 18 erg s −1 Hz −1 (200 μJy at M4), so evolved stars with coronal L X 

10 31 erg s −1 may plausibly be radio detected in M4. 

.8 VLA–HUGS matches 

e also search VLA error circles for positional matches with HUGS
ources. Since HUGS astrometry is matched to Gaia (within a few
as), we only use the VLA positional uncertainty. We use search

adii of 3 times the VLA positional uncertainties (Section 5.7 ) and
ound a total of 7 matches including the known MSP (VLA9 or
X12); three of the matches have separations more than 2 σ VLA .
hese matches are summarized in Table 12 . 
A more complete VLA–HUGS cross-match using the full VLA 

atalogue estimates ≈0.6 chance coincidences with MS sources per 
LA source per arcsec 2 (Zhao et al., in preparation); if a HUGS

ource marginally matches a VLA source, i.e. it has an offset of
 σ VLA ≈ 0.3 arcsec, the false alarm rate is around 0.2. 

.9 Individual matches with VLA sources 

e assume a core radius of 1.16 arcmin (Harris 1996 ; 2010 online
ersion), and a distance of 1.85 kpc (Baumgardt et al. 2021 ). 

VLA1/CX70 is the brightest among the 37 VLA sources in 
4; its radio spectral index has an intermediate steepness ( α =
0.71 ± 0.01). Its position coincides with CX70, the X-ray spectrum 

f which can be modelled by a power law with a (relatively hard)
hoton index of 1 . 2 + 1 . 6 

−1 . 1 (B20). We found no HUGS counterparts
ithin the search region, but there is a faint red object barely visible

n V and I (the area is not co v ered by the WFC3 UV filters). VLA1’s
adio and X-ray properties allow for the possibility of it being an

SP, though the optical non-detection would imply a very low-mass 
ompanion, likely a black widow system. However, these features 
ould also be explained by a background AGN. Indeed, VLA1’s 
adial offset (2.2 arcmin) from the cluster centre is about two core
adii; using the normalized radio source counts in S20, we estimate
10 AGN with S 5 > 10 μJy within a radius of 2.2 arcmin, so an
GN is likely. 
MNRAS 524, 2088–2113 (2023) 

S 7 α Notes 
( μJy) ( S ν ∝ να) 

0 995.50 ± 3.50 −0 . 71 + 0 . 01 
−0 . 01 no PM info 

0 < 6.50 < −2.60 Known MSP 
0 16.90 ± 2.90 −1 . 24 + 0 . 55 

−0 . 61 no PM info 

0 < 14.70 < 1.30 no PM info 
0 10.60 ± 2.20 −0 . 20 + 0 . 75 

−0 . 82 no PM info 

0 12.20 ± 2.20 0 . 37 + 0 . 59 
−0 . 77 PM member 

ber 2023
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M

Table 12. UV/Optical counterparts to VLA sources. 

M4-VLA HUGS # Offset S 5 S 7 α PM Notes 
( ′ ′ ) ( σVLA ) ( μJy) ( μJy) ( S ν ∝ να) (%) 

4 R0009986 0.04 0.36 106.20 ± 2.50 90.50 ± 2.50 −0 . 44 + 0 . 10 
−0 . 10 96.9 slight UV excess 

5 R0004648 0.25 2.42 82.70 ± 2.20 49.20 ± 2.10 −1 . 43 + 0 . 14 
−0 . 14 92.3 

9 R0006434 0.02 0.23 40.50 ± 2.40 < 6.50 < −2.60 – Known MSP 
20 R0005914 0.22 2.10 18.80 ± 2.60 < 7.30 < −0.40 96.4 WD 

31 R0001877 0.30 2.89 9.70 ± 2.70 12.20 ± 2.20 0 . 37 + 0 . 59 
−0 . 77 97.5 H α excess; SSG 
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VLA4 has a HUGS counterpart (R0009986) with a slight UV 275 –
 336 excess in the ( UV 275 , UV 275 –U 336 ) CMD, but is consistent with

he MS in the other broad-band CMDs. In the colour–colour diagram
Fig. 5 ) the counterpart shows a significant H α deficit. R0009986
s a cluster member (PM member probability = 96.9 per cent).
he optical position is only 0.04 arcsec from the VLA position,

ranslating to 0.003 chance coincidences within a search circle at a
adius of this offset. The radio spectrum is marginally steep enough
o be consistent with a typical MSP ( α = −0.4 ± 0.1), though

SPs, and especially redback MSPs (given the main-sequence star
dentification), should be detected in X-rays (see abo v e). Other
nterpretations also seem unlikely – an AGN is inconsistent with the
igh-confidence optical counterpart, an X-ray binary should show
 α emission and L X � 10 30 erg s −1 , while the (relatively) bright

adio emission, with strong limits on X-rays, makes a coronally
ctiv e binary v ery unlikely. This leav es the nature of this system
nclear. 
VLA5 is positionally consistent (with a chance coincidence

umber of 0.2) with HUGS R0004648, which is a cluster member
n the main sequence. The projected radial offset from the cluster
entre is less than 1 arcmin, within which we expect ≈1 AGN.
he steep radio spectrum ( α = −1.4 ± 0.1) may suggest an MSP

dentification, though some AGN have such steep radio spectra. The
S photometry, V 606 = 19.8 and V 606 −I 814 = 1 . 3, correspond to a
3–K4 dwarf of 0.3 M �, suggesting a redback MSP; ho we ver, the X-

ay non-detection pushes the X-ray luminosity to < 3 × 10 29 erg s −1 

again, unusually low for a redback MSP. An AGN appears the
ost likely scenario, in which case the HUGS counterpart would be

purious. 
VLA9/CX12 is the known MSP (Lyne et al. 1988 ; McKenna &

yne 1988 ) PSR B1620 − 26 (or PSR M4 A, hereafter, M4A). It is
etected in the X-rays (CX12) and radio (M4-VLA9), with a quite
teep radio spectrum ( α < −2.60). Its X-ray emission is consistent
ith thermal, blackbody-like radiation (see Appendix A ), as seen in
ost MSPs in other clusters (Bogdanov et al. 2006 ). 
VLA13/CX77 is another steep-spectrum source ( α = −1.2 ± 0.6)

ocated at a relatively large projected distance (2.4 arcmin) from the
luster centre, which makes it more likely to be a background AGN.
he absence of HUGS counterparts, if an MSP, would suggest a
ighly ablated low-mass companion (a black widow), though an
GN is more likely. 
VLA19/CX14 has an upper limit on α ( < 1.3). The Chandra ID

X14 is within 1 σr, x , so the match is relatively confident. B20 found
hat a power-law model fits the X-ray spectrum best, giving a photon
ndex of 2 . 5 + 1 . 0 

−1 . 2 and L X (0.5–10 keV) = 2 . 7 + 8 . 5 
−1 . 5 × 10 30 erg s −1 .

LA19’s large projected distance from the cluster centre (3.1 arcmin)
ndicates it is a background AGN. 

VLA20 has a poorly determined radio spectral index ( α < −0.4).
 HUGS ID (R0005914) consistent with the WD sequence is found

t 2.1 σ VLA from the radio position. Despite this relatively large offset,
his match is very unlikely to be a chance coincidence, due to the
NRAS 524, 2088–2113 (2023) 
altry number of WDs compared to MS stars. While R0005914 does
ot have a HUGS membership probability, its proximity to the cluster
entre ≈1 arcmin argues against a background nature. The lack of
-rays argues against an MSP nature, but as the likely companion

tar is a white dwarf (rather than a main-sequence star, which would
equire a redback nature), this is more plausible than for VLA4 or
LA5 abo v e. 
VLA30/CX57 is a 5 σ detection in both the low and high-

requency sub-bands, producing a spectral index of α = −0.2 ± 0.8.
ts Chandra ID, CX57, is 0.6 σ r, x away from the radio position, so
he match is relatively confident. CX57’s X-ray spectrum can be fit
y a power law with a best-fitting photon index of 1 . 0 + 1 . 7 

−1 . 0 . Similar
o VLA1 and VLA13, a black widow scenario is possible, where the
ptical companion is very low mass and faint. A distant AGN also
ts the data, and seems most likely. 
VLA31/CX8 is a flat-to-inverted ( α = 0 . 4 + 0 . 6 

−0 . 8 ) radio source that
as both a HUGS (R0001877) and a Chandra ID (CX8). R0001877
s at a relatively large offset (2.9 σ VLA ) from the radio position;
o we ver, it is a confident cluster member (PM = 97.5 per cent)
hat belongs to a rare population with unusual photometry – in all
UGS CMDs, it is located below the sub-giant branch and redder

han the main sequence. In the (H α–R 625 , V 606 –I 814 ) colour–colour
iagram, R0001877 shows strong signs of H α emission. Objects
n this region of CMDs are referred to as ‘sub-subgiants’ (SSGs;
einer et al. 2022 ). SSGs in GCs are typically binary stars and
-ray sources, suggesting an evolutionary path distinct from that

or single stars (Geller et al. 2017 ). So far, there are three cases
f SSG-radio associations in GCs: two MSPs, PSR J1740 −5340A
nd B, in NGC 6397 (Zhao et al. 2020 ; Zhang et al. 2022 ) match
ith steep radio sources, and an SSG matches a flat-to-inverted

ource in M10 (M10–VLA1) (Shishko vsk y et al. 2018 ) that is likely
 BH binary or an unusual RS CVn-type AB. The Chandra ID
an be best modelled by a power law, with a photon index of
.5 ± 0.4, consistent with typical accreting stellar-mass BHs in
uiescence (e.g. Reynolds et al. 2014 ). VLA31’s X-ray and radio
uminosities make VLA31 consistent with the black hole L X –L R 

orrelation (Fig. 9 ). The flat spectrum argues against an MSP nature,
ut does not completely rule it out. The radio and X-ray fluxes
re consistent with the G ̈udel–Benz relation, within the (order of
agnitude) scatter, and the sub-subgiant star appears large enough

o sustain substantial coronal activity, so this object may be an RS
Vn. 

 MSP  POPULATI ON  IN  M4  

4A (CX12/VLA9) is the only confirmed MSP in M4 (Section 5.9 ).
aluzny et al. ( 2012 ) provided strong evidence that CX1 is likely

o be an MSP, and likely a redback, as well. Using the correlation
etween stellar encounter rate and the number of MSPs in a GC,
hao & Heinke ( 2022 ) predicted ∼10 MSPs in M4, suggesting a

ew MSPs may remain undisco v ered. In this section, we attempt
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Figure 9. 5 GHz radio and 1–10 keV X-ray luminosity of quiescent/hard-state BHs (filled orange circles) and BH candidates found in GCs (filled blue diamonds) 
from the data base compiled by Bahramian & Rushton ( 2022 ). The two radio sources in M4 which could possibly be black hole X-ray binaries, M4-VLA4 and 
M4-VLA31, are in pink, both of which are consistent with or abo v e the quiescent/hard-state BH correlation (dashed line; Gallo et al. 2014 ). 
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o constrain the number of MSPs that might be hidden among the
ncategorized X-ray sources. 
Using the X-ray luminosities and fluxes in the 0.5–2 and 2–8 keV

anges from Bahramian et al. ( 2020 ), and optical identifications in
able 7 , we plotted the X-ray CMD of M4 (Fig. 10 ), comparing
-ray hardness with X-ray luminosity. Note that, the X-ray flux 

atios are calculated from the fitted power-law models in Bahramian 
t al. ( 2020 ), which gives a flux ratio limit at the assumed parameter
oundaries. Most of the sources of unknown nature are outside 
he core region, with distances to the centre > 1.5 arcmin, which
ST observations do not co v er. These objects are likely to be
ominated by background AGN, and indeed we find that most 
av e relativ ely hard X-ray colours, typical of background AGN 

which often have substantial intrinsic absorption). We plotted the 
ositions of 25 known cluster MSPs with 7 × 10 29 < L X <

 × 10 32 erg s −1 [18 in 47 Tuc (Heinke et al. 2005 ; Bhattacharya
t al. 2017 ), 2 in ω Cen (Zhao & Heinke 2022 ), 2 in NGC 6397
Bogdanov et al. 2010 ), 2 in Terzan 5 (Bogdanov et al. 2021 ), and
ne in M92 (Zhao & Heinke 2022 )], on the same X-ray CMD
navy-blue plus signs in Fig. 10 ). We used the spectral fits in the
isted sources, and their luminosities, to plot their positions, as the 
pectral response of Chandra changes with time. By comparing the 
olours and luminosities of those known MSPs with the positions 
f unknown sources in M4, we identify a region in the X-ray CMD
shaded area in Fig. 10 ) where unidentified MSPs are likely. While
ost MSPs’ X-ray emission is dominated by thermal radiation 

rom the surface, redback MSPs are dominated by harder shock 
mission, so we include a significant redback MSP sample from 

everal clusters. These produce two overlapping loci on the X-ray 
MD. 
Within this region are 45 X-ray sources in M4, including 15 

onfident ABs (including 2 eclipsing AB candidates, CX25 and 
X28), 2 likely ABs, 1 sub-subgiant/red giant, 1 blue straggler, 2 
onfident and 1 likely CV, 1 certain MSP (M4A/VLA9) and one 
ood candidate (CX1), 1 likely foreground source (with a Gaia 
ounterpart), and three unknown sources with Gaia counterparts. 
hese objects we consider to have relatively confident identifications 
hat are unlikely to be additional MSPs. We also note three objects
iscussed in Section 5.9 which could possibly be candidate MSPs; 
X8/VLA31 (a sub-subgiant), CX77/VLA13 and CX57/VLA30 (no 
UGS counterparts). We also see another 16 unknown sources with- 
ut Gaia counterparts. Ho we ver, only three (CXs 17, 19, and 62) of
hose 16 unknown sources are co v ered by HST observations, showing
mpty error circles. As MSPs in a GC tend to be concentrated in the
ore, the 12 unknown sources located at distances > 2 core radii
2.2 arcmin) from the centre, without additional information, are 
nlikely to be MSPs. We thus identify seven objects without optical
ounterparts, or with uncertain optical counterparts, in Table 13 , 
hich we consider as possible candidate MSPs. We estimate that � 10
SPs remain undetected in M4, consistent with the estimate made 

rom the correlation between stellar encounter rates and numbers of 
SPs in GCs (Zhao & Heinke 2022 ). 

 R A D I A L  DI STRI BU TI ONS  

he radial distribution of a population of objects in a cluster depends
n the characteristic mass of the objects. Populations of interest 
nclude all Chandra sources, bright CVs, faint CVs, ABs, and blue
tragglers. Analysis of population radial distributions to determine 
bject masses relative to the main-sequence turnoff (MSTO) mass 
ave been performed for a number of clusters. These include 47
uc (Grindlay et al. 2002 ; Heinke et al. 2005 ; Cheng et al. 2019a ),
30 (Lugger et al. 2007 ; Mansfield et al. 2022 ), M71 (Elsner et al.

008 ), NGC 6397 (Cohn et al. 2010 ), NGC 6752 (Lugger et al. 2017 ;
ohn et al. 2021 ), Terzan 5 (Cheng et al. 2019b ), M28 (Cheng et al.
020a ), and ω Cen (Cheng et al. 2020b ). Estimated object masses
rovide an important information on their nature. For CV candidates 
n particular, binary system mass estimates provide a measure of the
asses of the white dwarf primaries, which provides an important 

onstraint on CV evolution (Pala et al. 2022 ). 
MNRAS 524, 2088–2113 (2023) 
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M

Figure 10. X-ray colour–magnitude diagram of M4, plotting X-ray luminosities in the band 0.5–10 keV versus X-ray colours from source fluxes in 0.5–2 and 
2–8 keV (Bahramian et al. 2020 ). Optical identifications are from Table 7 . We circle 12 sources with Gaia counterparts (olive circles; see Table 10 ), and six 
sources with VLA counterparts (magenta circles; see Table 11 ). Navy pluses represent 25 MSPs from other clusters (see the text), while the shaded area indicates 
the region where we find these MSPs in the X-ray CMD. The X-ray colours of power-law models of different indices are also indicated. 

Table 13. Candidate MSPs in M4. 

Source a RA, Dec (J2000) b L X c Xcolour d Dist e Identification f VLA ID 

g 

(erg s −1 ) (arcmin) from optical 

1 16:23:34.125–26:31:34.90 1.54E + 32 − 1 .68 0.25 MSP?/qLMXB? –
8 16:23:31.478–26:30:57.91 7.62E + 30 0 .85 1.02 SSG/?? 31 
17 16:23:35.984–26:31:01.71 2.24E + 30 0 .68 0.54 empty error –
19 16:23:28.923–26:29:50.95 2.48E + 30 0 .90 2.20 empty error –
57 16:23:30.245–26:30:45.12 2.79E + 30 0 .41 1.36 empty error 30 
62 16:23:30.055–26:32:05.40 2.11E + 30 1 .96 1.23 empty error –
77 16:23:41.592–26:29:37.81 1.16E + 30 1 .54 2.39 outside HUGS 13 

a Source numbering in this work (Table 7 ). b Source position (Bahramian et al. 2020 ). c X-ray luminosity in erg s −1 , based on a BXA 

power-law fit (Bahramian et al. 2020 ). d X-ray colours from source fluxes in 0.5–2 keV and 2–8 keV. e Source distance from cluster 
centre in arcmin (Bahramian et al. 2020 ). f Optical identifications by HST observations (Table 7 ). g VLA counterparts to the X-ray 
sources listed (Table 11 ). 
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The method of characteristic mass determination in these studies
s based on the assumption that the populations with members

ore massive than the MSTO mass are in thermal equilibrium. In
his case, the greater the characteristic mass of a population, the
igher its degree of central concentration. Our analysis algorithm has
ost recently been described by Cohn et al. ( 2021 ). The essential

omponent is a maximum-likelihood fitting of a generalized King
odel to the radial distribution of each population, including a
STO group. The surface density profile of the generalized King
odel takes the form, 

( r) = S 0 

[ 

1 + 

(
r 

r 0 

)2 
] α/ 2 

. (1) 

he core radius r c , defined as the radius where the surface density
rops to half of its central value, is related to the scale parameter r 0 
NRAS 524, 2088–2113 (2023) 
y, 

 c = 

(
2 −2 /α − 1 

)1 / 2 
r 0 . (2) 

For the MSTO sample, α ≈ −2 and r c ≈ r 0 . These parameter
alues may either be determined from a fit of equation ( 1 ) to the
STO sample or by the adoption of a King-model profile and the

etermination of the optical core radius. While we attempted to
etermine both α and r c for the MSTO sample directly from the
UGS V 606 -band star counts, this approach is complicated by the

arge core of M4, which fills much of the HST ACS/WFC field.
e also explored adopting a value of α = −2 and determining r c ,
hich results in a value of r c = 65.4 ± 3.3 arcsec. Two studies
ave determined the core radius of M4 by fitting King models to the
round-based surface brightness profile presented by Trager, King &
jorgovski ( 1995 ), producing different results. These are 50.1 arcsec
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Figure 11. Cumulative radial distribution of excess Chandra source counts 
o v er the background predicted from the Giacconi et al. ( 2001 ) extragalac- 
tic source counts. Error bars represent the statistical uncertainty of the 
background correction. The dashed curve is the cumulative background 
distribution for the expected background density of 0.62 arcmin −2 . 
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6 A caveat is that our HST data (3.4 × 3.4 arcmin FoV) do not fully co v er 
the 4.3 arcmin half-light radius, only 20 per cent of it. Ho we ver, since the 
HST/ACS data co v er 53 of the 88 high-quality Chandr a detections within the 
half-light radius, and we anticipate ∼30 background sources in the remaining 
area (see Section 7 , and cf. Heinke et al. 2005 ), this is not a strong caveat. 
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Trager et al. 1995 ) and 69.7 arcsec (McLaughlin & van der Marel
005 ). Additionally, Baumgardt et al. ( 2021 ) obtained a value of
3.5 arcsec by fitting an N -body model to a set of ground and space-
ased data. We conclude that the determination of r c for M4 is
omewhat uncertain. 

A refinement of our determination of the characteristic Chandra 
ource mass in the present study is that we now incorporate an X-ray
xposure map, which allows us to select those pixels in the Chandra
mage that satisfy a minimum exposure criterion. This allows the 
emoval from consideration of those regions that received either no or
nadequate exposure. A second refinement concerns the application 
f the background source correction for the Chandra source sample. 
e now generate 1000 bootstrap resamplings of the original source 

ample and for each of these we generate 1000 Monte Carlo removals
f N bkgd uniformly distributed objects, where N bkgd is chosen as 
 random Poisson deviate with an expectation value equal to the 
redicted extragalactic source number calculated from Giacconi et al. 
 2001 ). 

This procedure results in a determination of the value of the mass
atio q X = m X / m MSTO . We note that in our recent analyses of the
ntire Chandra source distributions for NGC 6752 in Lugger et al. 
 2017 ) and Cohn et al. ( 2021 ), we neglected to apply a background
orrection. This resulted in a moderate underestimate of the mass of
he typical Chandra source in these studies. For comparison, Cohn 
t al. ( 2021 ) obtained a value of q X = 1.25 ± 0.10 for NGC 6752,
hile Heinke et al. ( 2005 ) obtained q X = 1.63 ± 0.11 for 47 Tuc;

hese values differ at the 2 . 6 σ level. 
Fig. 11 shows the cumulative excess number of sources (for a 10-

ount detection threshold) o v er the e xpected background number, 
alculated for a background density of 0.62 arcmin −2 , based on 
iacconi et al. ( 2001 ). The red dashed line shows a linear regression
t to this profile for r > 3 arcmin. The expectation is that the
rofile should be asymptotically flat at large r , as the incremental
ontribution of the cluster to the total source counts dwindles. The
ontinuous rise of the red line suggests the presence of an excess
umber of about 11 cluster sources in the halo, between 2 and
 arcmin from the cluster centre. Such an extended-halo X-ray source
opulation has been observed in 47 Tuc by Cheng et al. ( 2019a ), who
nterpret it as having descended from a primordial binary population 
n the cluster halo. 

For the adopted background density of 0.62 arcmin −2 and a core
adius value of 50.1 arcsec (Trager et al. 1995 ), the maximum-
ikelihood fit to a limiting radius of 5 arcmin of a generalized King
odel produces a mass ratio value of q X = 1 . 53 + 0 . 25 

−0 . 22 . The greater
ncertainty limits relative to 47 Tuc are likely due to the larger
ackground correction for M4 as a result of its greater proximity
nd thus larger angular size on the sk y. F or the 74 10-count
ources within 5 arcmin of the cluster centre that meet the minimum
xposure criterion, 35 are likely background objects. For the same 
ackground density of 0.62 arcmin −2 and a core radius of 69.7 arcsec
McLaughlin & van der Marel 2005 ), q X = 1 . 84 + 0 . 38 

−0 . 31 . These two
alues for q X are consistent to within the large uncertainty range. The
orresponding range in typical source mass is m x ∼ 1 . 2 –1 . 5 M �. 

We next determine the q value for the AB group. In this case, no
ackground correction is necessary, since all of the AB candidates 
re likely cluster members, as indicated by their proper motions. 
he result depends somewhat sensitively on the value adopted for 

he core radius. For r c = 50.1 arcsec, q AB = 1 . 79 + 0 . 32 
−0 . 27 , while for

 c = 69.7 arcsec, q AB = 2 . 49 + 0 . 49 
−0 . 43 . Although these two values are

ormally consistent with each other, given the large uncertainty, the 
 AB value for the smaller core radius is much more similar to the
ange of q X values for all of the X-ray sources. Since the ABs are
y far the largest subgroup of X-ray sources, this suggests that the
maller core radius value is the more appropriate one for this analysis.
or a MSTO mass of 0.80 M � and a core radius of 50.1 arcsec,

he inferred characteristic mass of the ABs is 1 . 43 + 0 . 26 
−0 . 22 M �. For

omparison, Cohn et al. ( 2010 ) obtained a smaller characteristic mass
f 1 . 06 ± 0 . 08 M � for a sample of 36 ABs in NGC 6397. These two
alues do not differ significantly, given the large uncertainty of the
4 AB characteristic mass estimate. 

 C O N C L U S I O N S  

revious Chandra and HST data of M4 revealed 20 optical counter-
arts to 31 X-ray sources (Bassa et al. 2004 , 2005 ; Kaluzny et al.
012 ). Here, we have used an X-ray source list (Bahramian et al.
020 ) from significantly deeper Chandra observations (119 ks versus 
6 ks used by Bassa et al. 2004 ), and analysed HST broad-band
ptical and ultraviolet data using the ACS and WFC3 filters, largely
rom the HUGS surv e y. 6 We also discuss MAVERIC radio imaging
ata using the Jansky VLA, which finds 37 radio point sources within
4 (Shishko vsk y et al. 2020 ). 
We consider 88 high-quality Chandra sources within the 

.3 arcmin half-light radius of M4, of which 53 are co v ered by some
ST data, and 16 were previously identified. We add 24 new HST
ptical/UV confident counterparts. In total, we find 28 confident ABs, 
nd 6 other likely coronal sources (2 AB candidates, 1 blue straggler,
 subgiants, 1 red giant), for 34 likely coronally emitting sources in
MNRAS 524, 2088–2113 (2023) 
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he HST /ACS field. We also find two confident CVs (CX4 and CX76,
hich is new) and two CV candidates (CX81 and CX101), along with
 known MSP (CX12) and a previously suggested candidate MSP
CX1). We find one new foreground source (CX63), and 8 empty
rror circles, likely dominated by distant AGN (as ∼7 background
GN are expected in this region, and 1 empty error circle also shows
 radio source). Using Gaia data, we identify seven brighter likely
ptical counterparts outside the HST co v erage. 
We also identify 9 potential matches between VLA radio sources

nd X-ray or optical sources (6 X-ray, 5 optical). Some are almost
ertainly AGN (e.g. VLA1/CX70), but some appear highly likely to
e cluster sources (VLA9/CX12 is a known MSP; VLA31/CX8, a
ub-subgiant, and VLA20, a WD, appear to be cluster members).
ur knowledge of the nature of faint cluster radio sources is quite

imited so far. 
We attempt to identify potential candidate MSPs in M4 without

etected radio pulsations so far. Among X-ray sources, we agree
ith Kaluzny et al. ( 2012 ) that CX1 is a likely MSP (probably a

edback); its lack of detected radio emission may be due to radio
clipses, faintness, or a misaligned beam geometry. CX8/VLA31
as a sub-subgiant optical counterpart. While its X-ray properties
re consistent with MSPs, its flat radio spectrum would be unusual;
edicated spectroscopy of this object will be reported elsewhere.
e identify another five objects with X-ray properties similar to
SPs but without optical counterparts, two of which have radio

ounterparts. A few other VLA-detected radio sources (VLA5
nd VLA20) with possible optical counterparts have steep spectra,
uggestive of MSPs, but their X-ray upper limits make an MSP nature
nlikely. Assuming that MSPs in M4 resemble those in other globular
lusters, we conserv ati vely constrain the number of MSPs in M4 to
 10. 
The background-corrected radial distribution of 10-count Chandra

ources suggests a relaxed population of 27 sources within the central
 arcmin, with average mass ∼ 1 . 2 –1 . 5 M �, as well as a cluster halo
opulation of ∼10 sources. The majority of these cluster sources,
ithin both the region covered by the HUGS field and the cluster
alo, are likely to be ABs. 
We can compare the numbers of different object types in M4 to

ther well-studied clusters, at similar L X limits (T ables 1 , 2 ). W e
ow have two confirmed, plus two candidate CVs, in M4, down to
og L X = 29.5; this agrees with the predicted number of four CVs
roduced per unit stellar mass in the field. NGC 6397, with a similar
ass as M4, has almost four times as many CVs as M4 (this is also

rue for L X > 10 30 erg s −1 , or for L X > 10 31 erg s −1 ), suggesting
ynamical production of NGC 6397’s CVs. Although the number
f CVs in M4 is small, their optical and X-ray luminosity functions
eem to be consistent with those in other clusters (Cohn et al. 2010 ;
ugger et al. 2017 ; Rivera Sandoval et al. 2018 ; Belloni et al. 2019 ).

nterestingly, which CVs are ‘bright’ or ‘faint’ differs depending
n whether one is referring to X-rays or M V ; CX4 has L X = 2 ×
0 31 erg s −1 but M V ∼ 8, while CX76 has L X = 1 . 2 × 10 30 erg s −1 

ut M V ∼ 6. 
MSP progenitors are dynamically produced in clusters (Clark

975 ), and indeed the numbers of MSPs known 7 in the nearby
lobular clusters NGC 6397 (2), NGC 6752 (9), 47 Tucanae (29),
nd M22 (4) are similar to their predicted stellar encounter rates
ompared to M4 (3, 15, 37, 3, respectively; Bahramian et al. 2013 ),
NRAS 524, 2088–2113 (2023) 
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T  

b  
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o  
lthough ω Cen has significantly more MSPs (18) than predicted (3,
hen et al. 2023 ). 
Finally, M4 and NGC 6397 have similar numbers of ABs with
 X > 3 × 10 29 erg s −1 (a limit to which both clusters are fairly
omplete in identifications), 28 versus 26. This is consistent with
he similarity in their masses. Ho we ver, it is some what surprising
hen compared to the dramatically different binary fractions in the

wo clusters (10 per cent at the half-mass radius for M4, 2.4 per cent
or NGC 6397; Milone et al. 2012 ). We resolve this apparent
ontradiction by noting that X-ray detectable ABs are generally in
uch tighter orbits than average binaries in clusters (e.g. Heinke

t al. 2005 detect X-rays from most short-period binaries found by
lbrow et al. 2001 in 47 Tuc). Thus, this indicates that although the

otal binary fractions differ significantly, the short-orbit (or ‘hard’)
inary fraction is similar between M4 and NGC 6397. This seems
o be in agreement with simulations that indicate that hard binaries
re not substantially destroyed by cluster dynamics (e.g. Hurley,
arseth & Shara 2007 ), but that the binary fraction differences may
e explained by destruction of ‘soft’ (wide-orbit) binaries in denser
lusters, perhaps especially during a higher-density initial cluster
ormation phase (Fregeau et al. 2009 ; Leigh et al. 2015 ). 

We note promising future directions regarding this cluster. First,
he radio sources associated with cluster members, apart from the
nown millisecond pulsar, are mysterious; optical spectroscopic
tudies are in progress. A second epoch of HST B data would permit
roper motion membership to be ascertained for the faintest objects.
n particular, the faintest CV candidate, CX101, has very limited
hotometry, with its apparent strong H α excess being very low signal
o noise. 
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t tps://www.cosmos.esa.int /gaia ), processed by the Gaia Data Pro- 
essing and Analysis Consortium (DPAC, https://www.cosmos.e 
a.int /web/gaia/dpac/consort ium ), and available at the Gaia ESA 

rchi ve ( https://archi ves.esac.esa.int/gaia ). 

EFERENCES  

lbrow M. D. , Gilliland R. L., Brown T. M., Edmonds P. D., Guhathakurta
P., Sarajedini A., 2001, ApJ , 559, 1060 

nderson J. et al., 2008, AJ , 135, 2055 
agchi M. , Lorimer D. R., 2011, in Burgay M., D’Amico N., Esposito P.,

Pellizzoni A., Possenti A., eds, AIP Conf. Proc. 1357, Radio Pulsars: An
Astrophysical Key to Unlock the Secrets of the Universe. Am. Inst. Phys.,
New York, p. 173 

ahramian A. , Rushton A., 2022, bersa v osh/XRB-LrLx pub: update 220808 ,
Zenodo, available at: https://zenodo.org/r ecor d/7059313 

ahramian A. , Heinke C. O., Si v akof f G. R., Gladstone J. C., 2013, ApJ , 766,
136 

ahramian A. , Heinke C. O., Degenaar N., Chomiuk L., Wijnands R., Strader
J., Ho W. C. G., Pooley D., 2015, MNRAS , 452, 3475 

ahramian A. et al., 2020, ApJ , 901, 57 
ailer-Jones C. A. L. , Rybizki J., Fouesneau M., Demleitner M., Andrae R.,

2021, AJ , 161, 147 
assa C. et al., 2004, ApJ , 609, 755 
assa C. et al., 2005, ApJ , 619, 1189 
aumgardt H. , Sollima A., Hilker M., Bellini A., Vasiliev E., Henault-Brunet

V., Dickson N., 2023, Fundamental parameters of Galactic globular 
clusters 4th version (Mar. 2023), available at: https://people.smp.uq.ed 
u.au/HolgerBaumgardt/globular/

eaumont C. , Goodman A., Greenfield P., 2015, in Taylor A. R., Rosolowsky
E., eds, ASP Conf. Ser. Vol.495, Astronomical Data Analysis Software 
and Systems XXIV (ADASS XXIV). Astron. Soc. Pac., San Francisco, 
p. 101 

eccari G. , De Marchi G., Panagia N., Pasquini L., 2014, MNRAS , 437, 2621
elloni D. , Giersz M., Riv era Sando val L. E., Askar A., Cieciel ̊ag P., 2019,

MNRAS , 483, 315 
hattacharya S. , Heinke C. O., Chugunov A. I., Freire P. C. C., Ridolfi A.,

Bogdanov S., 2017, MNRAS , 472, 3706 
ogdanov S. , Grindlay J. E., Heinke C. O., Camilo F., Freire P. C. C., Becker

W., 2006, ApJ , 646, 1104 
ogdanov S. , van den Berg M., Heinke C. O., Cohn H. N., Lugger P. M.,

Grindlay J. E., 2010, ApJ , 709, 241 
ogdanov S. , Bahramian A., Heinke C. O., Freire P. C. C., Hessels J. W. T.,

Ransom S. M., Stairs I. H., 2021, ApJ , 912, 124 
habrier G. , 2001, ApJ , 554, 1274 
hen W. et al., 2023, MNRAS 
heng Z. , Li Z., Xu X., Li X., 2018, ApJ , 858, 33 
heng Z. , Li Z., Li X., Xu X., Fang T., 2019a, ApJ , 876, 59 
heng Z. , Li Z., Fang T., Li X., Xu X., 2019b, ApJ , 883, 90 
heng Z. , Mu H., Li Z., Xu X., Wang W., Li X., 2020a, ApJ , 892, 16 
heng Z. , Li Z., Wang W., Li X., Xu X., 2020b, ApJ , 904, 198 
lark G. W. , 1975, ApJ , 199, L143 
ohn H. N. et al., 2010, ApJ , 722, 20 
ohn H. N. et al., 2021, MNRAS , 508, 2823 
ool A. M. , Grindlay J. E., Cohn H. N., Lugger P. M., Slavin S. D., 1995,

ApJ , 439, 695 
ool A. M. , Haggard D., Arias T., Brochmann M., Dorfman J., Gafford A.,

White V., Anderson J., 2013, ApJ , 763, 126 
avies M. B. , 1997, MNRAS , 288, 117 
e Marchi G. , Panagia N., Romaniello M., 2010, ApJ , 715, 1 
otter A. , Chaboyer B., Jevremovi ́c D., Baron E., Ferguson J. W., Sarajedini

A., Anderson J., 2007, AJ , 134, 376 
dmonds P. D. , Gilliland R. L., Heinke C. O., Grindlay J. E., 2003a, ApJ ,

596, 1197 
dmonds P. D. , Gilliland R. L., Heinke C. O., Grindlay J. E., 2003b, ApJ ,

596, 1177 
lsner R. F. et al., 2008, ApJ , 687, 1019 
spinasse M. , Fender R., 2018, MNRAS , 473, 4122 
regeau J. M. , Iv anov a N., Rasio F. A., 2009, ApJ , 707, 1533 
ruscione A. et al., 2006, in Silva D. R., Doxsey R. E., eds, Proc. SPIE

Conf. Ser. Vol.6270, Observatory Operations: Strategies, Processes, and 
System. SPIE, Bellingham, p. 62701V 

aia Collaboration , 2016, A&A , 595, A1 
aia Collaboration , 2023, A&A , 674, A1 
allo E. et al., 2014, MNRAS , 445, 290 
e C. et al., 2015, ApJ , 812, 130 
ehrels N. , 1986, ApJ , 303, 336 
eller A. M. et al., 2017, ApJ , 840, 66 
iacconi R. et al., 2001, ApJ , 551, 624 
ordon Y. A. et al., 2021, ApJS , 255, 30 
rindlay J. E. , Heinke C., Edmonds P. D., Murray S. S., 2001a, Sci. , 292,

2290 
rindlay J. E. , Heinke C. O., Edmonds P. D., Murray S. S., Cool A. M.,

2001b, ApJ , 563, L53 
rindlay J. E. , Camilo F., Heinke C. O., Edmonds P. D., Cohn H., Lugger P.,

2002, ApJ , 581, 470 
 ̈udel M. , 2002, ARA&A , 40, 217 
uedel M. , Benz A. O., 1993, ApJ , 405, L63 
aggard D. , Cool A. M., Davies M. B., 2009, ApJ , 697, 224 
ansen B. M. S. et al., 2004, ApJS , 155, 551 
arding A. K. , Muslimov A. G., 2002, ApJ , 568, 862 
arris W. E. , 1996, AJ , 112, 1487 
einke C. O. , Grindlay J. E., Lugger P. M., Cohn H. N., Edmonds P. D.,

Lloyd D. A., Cool A. M., 2003, ApJ , 598, 501 
einke C. O. , Grindlay J. E., Edmonds P. D., Cohn H. N., Lugger P. M.,

Camilo F., Bogdanov S., Freire P. C., 2005, ApJ , 625, 796 
einke C. O. , Rybicki G. B., Narayan R., Grindlay J. E., 2006, ApJ , 644,

1090 
einke C. O. et al., 2020, MNRAS , 492, 5684 
ellier C. , 2001, Cataclysmic Variable Stars: How and Why They Vary.

Springer-Praxis, p. 45 
enleywillis S. , Cool A. M., Haggard D., Heinke C., Callanan P., Zhao Y.,

2018, MNRAS , 479, 2834 
ong J. , van den Berg M., Schlegel E. M., Grindlay J. E., Koenig X., Laycock

S., Zhao P., 2005, ApJ , 635, 907 
owell S. B. , Nelson L. A., Rappaport S., 2001, ApJ , 550, 897 
urley J. R. , Aarseth S. J., Shara M. M., 2007, ApJ , 665, 707 
ut P. et al., 1992, PASP , 104, 981 

v anov a N. , Belczynski K., Fregeau J. M., Rasio F. A., 2005, MNRAS , 358,
572 

v anov a N. , Heinke C. O., Rasio F . A., T aam R. E., Belczynski K., Fregeau
J., 2006, MNRAS , 372, 1043 

ohnston H. M. , Verbunt F., 1996, A&A, 312, 80 
aluzny J. , Thompson I. B., Krzeminski W., 1997, AJ , 113, 2219 
aluzny J. , Rozanska A., Rozyczka M., Krzeminski W., Thompson I. B.,

2012, ApJ , 750, L3 
aluzny J. , Thompson I. B., Rozyczka M., Krzeminski W., 2013, AcA, 63,

181 
nigge C. , 2012, Mem. Soc. Astron. Italiana, 83, 549 
nigge C. , Zurek D. R., Shara M. M., Long K. S., Gilliland R. L., 2003, ApJ ,

599, 1320 
ong A. K. H. , Bassa C., Pooley D., Lewin W. H. G., Homer L., Verbunt F.,

Anderson S. F., Margon B., 2006, ApJ , 647, 1065 
ramer M. , Xilouris K. M., Lorimer D. R., Doroshenko O., Jessner A.,

Wielebinski R., Wolszczan A., Camilo F., 1998, ApJ , 501, 270 
remer K. , Ye C. S., Chatterjee S., Rodriguez C. L., Rasio F. A., 2020,

in Bragaglia A., Davies M., Sills A., Vesperini E., eds, Proc. IAU Symp.
351, Star Clusters: From the Milky Way to the Early Universe. Cambridge
Univ. Press, Cambridge, p. 357 

egnardi M. V. et al., 2023, MNRAS , 522, 367 
eigh N. W. C. , Giersz M., Marks M., Webb J. J., Hypki A., Heinke C. O.,

Kroupa P., Sills A., 2015, MNRAS , 446, 226 
einer E. M. , Geller A. M., Gully-Santiago M. A., Gosnell N. M., Tofflemire

B. M., 2022, ApJ , 927, 222 
MNRAS 524, 2088–2113 (2023) 

https://www.cosmos.esa.int/gaia
https://www.cosmos.esa.int/web/gaia/dpac/consortium
https://archives.esac.esa.int/gaia
http://dx.doi.org/10.1086/322353
http://dx.doi.org/10.1088/0004-6256/135/6/2055
http://dx.doi.org/10.5281/zenodo.6972578
https://zenodo.org/record/7059313
http://dx.doi.org/10.1088/0004-637X/766/2/136
http://dx.doi.org/10.1093/mnras/stv1585
http://dx.doi.org/10.3847/1538-4357/aba51d
http://dx.doi.org/10.3847/1538-3881/abd806
http://dx.doi.org/10.1086/421259
http://dx.doi.org/10.1086/426683
https://people.smp.uq.edu.au/HolgerBaumgardt/globular/
http://dx.doi.org/10.1093/mnras/stt2074
http://dx.doi.org/10.1093/mnras/sty3097
http://dx.doi.org/10.1093/mnras/stx2241
http://dx.doi.org/10.1086/505133
http://dx.doi.org/10.1088/0004-637X/709/1/241
http://dx.doi.org/10.3847/1538-4357/abee78
http://dx.doi.org/10.1086/321401
http://dx.doi.org/10.1093/mnras/stad029
http://dx.doi.org/10.3847/1538-4357/aaba16
http://dx.doi.org/10.3847/1538-4357/ab1593
http://dx.doi.org/10.3847/1538-4357/ab3c6d
http://dx.doi.org/10.3847/1538-4357/ab7933
http://dx.doi.org/10.3847/1538-4357/abbdfc
http://dx.doi.org/10.1086/181869
http://dx.doi.org/10.1088/0004-637X/722/1/20
http://dx.doi.org/10.1093/mnras/stab2636
http://dx.doi.org/10.1086/175209
http://dx.doi.org/10.1088/0004-637X/763/2/126
http://dx.doi.org/10.1093/mnras/288.1.117
http://dx.doi.org/10.1088/0004-637X/715/1/1
http://dx.doi.org/10.1086/517915
http://dx.doi.org/10.1086/378194
http://dx.doi.org/10.1086/378193
http://dx.doi.org/10.1086/591899
http://dx.doi.org/10.1093/mnras/stx2467
http://dx.doi.org/10.1088/0004-637X/707/2/1533
http://dx.doi.org/10.1051/0004-6361/201629272
http://dx.doi.org/10.1051/0004-6361/202243940
http://dx.doi.org/10.1093/mnras/stu1599
http://dx.doi.org/10.1088/0004-637X/812/2/130
http://dx.doi.org/10.1086/164079
http://dx.doi.org/10.3847/1538-4357/aa6af3
http://dx.doi.org/10.1086/320222
http://dx.doi.org/10.3847/1538-4365/ac05c0
http://dx.doi.org/10.1126/science.1061135
http://dx.doi.org/10.1086/338499
http://dx.doi.org/10.1086/344150
http://dx.doi.org/10.1146/annurev.astro.40.060401.093806
http://dx.doi.org/10.1086/186766
http://dx.doi.org/10.1088/0004-637X/697/1/224
http://dx.doi.org/10.1086/424832
http://dx.doi.org/10.1086/338985
http://dx.doi.org/10.1086/118116
http://dx.doi.org/10.1086/378885
http://dx.doi.org/10.1086/429899
http://dx.doi.org/10.1086/503701
http://dx.doi.org/10.1093/mnras/staa194
http://dx.doi.org/10.1093/mnras/sty675
http://dx.doi.org/10.1086/496966
http://dx.doi.org/10.1086/319776
http://dx.doi.org/10.1086/517879
http://dx.doi.org/10.1086/133085
http://dx.doi.org/10.1111/j.1365-2966.2005.08804.x
http://dx.doi.org/10.1111/j.1365-2966.2006.10876.x
http://dx.doi.org/10.1086/118432
http://dx.doi.org/10.1088/2041-8205/750/1/L3
http://dx.doi.org/10.1086/379609
http://dx.doi.org/10.1086/505485
http://dx.doi.org/10.1086/305790
http://dx.doi.org/10.1093/mnras/stad1056
http://dx.doi.org/10.1093/mnras/stu2110
http://dx.doi.org/10.3847/1538-4357/ac53b1


2112 P. M. Lug g er et al. 

M

L  

L  

L  

M  

M
M
M
M
M
N
N
P
P
P  

P  

 

P
P
P
P
P
P
P
R  

R
R
R  

 

R
S
S
S
S  

S
T  

 

T  

T
T  

T
v  

 

V
V  

 

V
V  

 

V  

 

V
W
Z

Z
Z
Z

S

S

M

P  

o  

A  

c

A
M

W  

v  

o  

e  

C  

n  

s
 

t  

s  

s  

w  

s  

s
 

a  

0  

6  

a  

w  

s  

T  

m  

M  

fi  

i  

2  

 

M  

a  

a  

w  

r  

e
 

d  

e  

i  

s  

1  

b  

i  

8 https:// cxc.cfa.harvard.edu/ ciao/ 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/524/2/2088/7205517 by U
niversity of Southam

pton user on 18 Septem
ber 2023
ugger P. M. , Cohn H. N., Heinke C. O., Grindlay J. E., Edmonds P. D., 2007,
ApJ , 657, 286 

ugger P. M. , Cohn H. N., Cool A. M., Heinke C. O., Anderson J., 2017,
ApJ , 841, 53 

yne A. G. , Biggs J. D., Brinklow A., Ashworth M., McKenna J., 1988,
Nature , 332, 45 

ansfield S. , Dieball A., Kroupa P., Knigge C., Zurek D. R., Shara M., Long
K. S., 2022, MNRAS , 511, 3785 

cKenna J. , Lyne A. G., 1988, Nature , 336, 226 
cLaughlin D. E. , van der Marel R. P., 2005, ApJS , 161, 304 
iller-Jones J. C. A. et al., 2015, MNRAS , 453, 3918 
ilone A. P. et al., 2012, A&A , 540, A16 
ochejska B. J. , Kaluzny J., Thompson I., Pych W., 2002, AJ , 124, 1486 
ardiello D. et al., 2018, MNRAS , 481, 3382 
ascimbeni V. et al., 2014, MNRAS , 442, 2381 
ala A. F. et al., 2020, MNRAS , 494, 3799 
ala A. F. et al., 2022, MNRAS , 510, 6110 
allanca C. , Beccari G., Ferraro F. R., Pasquini L., Lanzoni B., Mucciarelli

A., 2017, ApJ , 845, 4 
ichardo Marcano M. , Rivera Sandoval L. E., Maccarone T. J., Rohrmann

R. D., Heinke C. O., Belloni D., Althaus L. G., Bahramian A., 2023,
MNRAS , 521, 5026 

iotto G. et al., 2015, AJ , 149, 91 
ooley D. , 2015, in IAU General Assembly, Meeting #29, p. 2257028 
ooley D. , 2016, Mem. Soc. Astron. Italiana, 87, 547 
ooley D. , Hut P., 2006, ApJ , 646, L143 
ooley D. et al., 2002, ApJ , 569, 405 
ooley D. et al., 2003, ApJ , 591, L131 
retorius M. L. , Knigge C., 2012, MNRAS , 419, 1442 
eynolds M. T. , Reis R. C., Miller J. M., Cackett E. M., Degenaar N., 2014,

MNRAS , 441, 3656 
idolfi A. et al., 2021, MNRAS , 504, 1407 
iv era Sando val L. E. et al., 2018, MNRAS , 475, 4841 
obitaille T. , Beaumont C., Qian P., Borkin M., Goodman A., 2019, glueviz

v0.15.2: multidimensional data exploration , https://zenodo.org/r ecor d/33
85920 

ucinski S. , 1995, PASP , 107, 648 
hara M. M. , Hurley J. R., 2006, ApJ , 646, 464 
hishko vsk y L. et al., 2018, ApJ , 855, 55 
hishko vsk y L. et al., 2020, ApJ , 903, 73 
igurdsson S. , Richer H. B., Hansen B. M., Stairs I. H., Thorsett S. E., 2003,

Science , 301, 193 
tassun K. G. , Torres G., 2021, ApJ , 907, L33 
aylor M. B. , 2005, in Shopbell P., Britton M., Ebert R., eds, ASP Conf.

Ser. Vol.347, Astronomical Data Analysis Software and Systems XIV.
Astron. Soc. Pac., San Francisco , p. 29 

aylor J. M. , Grindlay J. E., Edmonds P. D., Cool A. M., 2001, ApJ , 553,
L169 

homson G. S. et al., 2012, MNRAS , 423, 2901 
horsett S. E. , Arzoumanian Z., Camilo F., Lyne A. G., 1999, ApJ , 523, 763
rager S. C. , King I. R., Djorgovski S., 1995, AJ , 109, 218 
an den Berg M. , 2020, in Bragaglia A., Davies M., Sills A., Vesperini E.eds,

Proc. IAU Symp 351, Star Clusters: From the Milky Way to the Early
Universe. Cambridge Univ. Press, Cambridge, p. 367 

asiliev E. , 2019, MNRAS , 484, 2832 
erbunt F. , 2000, in Pallavicini R., Micela G., Sciortino S., eds, ASP Conf.

Ser. Vol.198, Stellar Clusters and Associations: Convection, Rotation, and
Dynamos. Astron. Soc. Pac., San Francisco, p. 421 

erbunt F. , 2001, A&A , 368, 137 
erbunt F. , 2002, in van Leeuwen F., Hughes J. D., Piotto G., eds, ASP Conf.

Ser. Vol.265, Omega Centauri, A Unique Window into Astrophysics.
Astron. Soc. Pac., San Francisco, p. 289 

erbunt F. , Pooley D., Bassa C., 2008, in Vesperini E., Giersz M., Sills A.eds,
Proc. IAU Symp 246, Dynamical Evolution of Dense Stellar Systems.
Cambridge Univ. Press, Cambridge, p. 301 

esperini E. , 2010, Phil. Trans. R. Soc. A , 368, 829 
ilms J. , Allen A., McCray R., 2000, ApJ , 542, 914 

hang L. et al., 2022, ApJ , 934, L21 
NRAS 524, 2088–2113 (2023) 
hao J. , Heinke C. O., 2022, MNRAS , 511, 5964 
hao Y. et al., 2020, MNRAS , 493, 6033 
hao Y. et al., 2021, ApJ , 914, 77 

UPPORTING  I N F O R M AT I O N  

upplementary data are available at MNRAS online. 

4 Appendix B.pdf 

lease note: Oxford University Press is not responsible for the content
r functionality of any supporting materials supplied by the authors.
ny queries (other than missing material) should be directed to the

orresponding author for the article. 

PPENDI X  A :  X - R AY  ANALYSI S  O F  T H E  MSP  

4 A  

e used archived CXO ACIS-S X-ray observations of M4 (obser-
ation IDs 946, 7446, and 7447) to analyse the X-ray properties
f M4A, with a total exposure time of 119.2 ks. We reduced and
xtracted data using CIAO 

8 (Fruscione et al. 2006 ), version 4.13,
ALDB 4.9.4. All the Chandra data were first reprocessed to generate
e w le vel 2 files for further analysis through the chandra repro
cript. No background flares were found for those observations. 

We searched for an X-ray counterpart to M4A using its radio
iming position. We applied wavdetect , a Mexican-Hat Wavelet
ource detection script, to identify sources and generate regions for
pectral extraction using specextract . The X-ray spectra of M4A
ere combined for spectral fitting using the combine spectra

cript. The corresponding background spectra were extracted from
ource-free regions around M4A. 

We performed X-ray spectral fitting in SHERPA , the modelling,
nd fitting package of CIAO . We first filtered the energy range to
.5–6 keV. (The full spectrum suggests hard-to-model flux abo v e
 keV; but a merged image of the region does not sho w e vidence of
 source abo v e 6 keV. We chose to ignore data abo v e 6 keV for this
ork.) Data were grouped to five counts per bin. We applied wstat

tatistics in SHERPA to estimate fitting uncertainties and goodness.
he X-ray absorption by the interstellar medium towards M4 was
odelled by xstbabs with wilm abundances (Wilms, Allen &
cCray 2000 ). The hydrogen column number density ( N H ) was

xed to 3.05 × 10 21 cm 

−2 , which was obtained by converting the
nterstellar reddening to the cluster, E ( B −V ) = 0.35 (Harris 1996 ,
010 edition), to N H using the conversion of Bahramian et al. ( 2015 ).
We considered three spectral models to fit the X-ray emission from
4A: a blackbody (BB; xsbbodyrad ), a neutron star hydrogen

tmosphere model (NSA; xsnsatmos ; see Heinke et al. 2006 ),
nd a power-law model (PL; xspegpwrlw ). For the NSA model,
e fixed the NS mass and radius parameters to 1.4 M � and 10 km,

espectively, and the distance to M4 was set to 1.85 kpc (Baumgardt
t al. 2021 ). The fitting results are given in Table A1 . 

The X-ray spectrum of M4A in the band 0.5–6 keV is well
escribed by a single BB or NSA model, consistent with thermal
mission from this source. For a single PL model, the best-fit photon
ndex is 2.8 ± 0.3. Typically, nonthermal emission from MSPs (e.g.
ynchrotron) can be represented by a power-law of photon index
-2, while thermal blackbody-like surface emission can be fit by a
lackbody, or (for relatively low-count spectra) by a power-law of
ndex 
2. The fit parameters for M4A suggest that its emission
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Table A1. Spectral fits for PSR B1620 − 26 in M4. 

Spectral Model 
BB NSA PL 

kT BB /log T eff / � 

a 0.30 ± 0.03 6.34 ± 0.08 2.8 ± 0.3 
Reduced Stat. 1.06 0.99 1.36 
Q-value 0.39 0.44 0.21 
F X (0.5–6 keV) b 4 . 4 + 0 . 8 −1 . 0 4 . 6 + 2 . 5 −1 . 3 9 . 5 + 2 . 0 −2 . 0 

N H was fixed for all fits at 3.05 × 10 21 cm 

−2 . 
a kT BB : blackbody temperature in units of keV; log T eff : unredshifted ef fecti ve 
temperature of the NS surface in units of log Kelvin; �: photon index. 
b Unabsorbed flux in units of 10 −15 erg cm 

−2 s −1 . 

Figure A1. The X-ray spectrum and best fit of M4A. Data are filtered into the 
energy band of 0.5–6 keV and grouped to five counts per bin. The spectrum 

is well fitted by a single NSA model, using wstat statistics. 
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s largely thermal surface emission. We also tested spectral fitting 
ith combinations of PL and BB/NSA models, but the additional 

omponent does not impro v e the fit. The spectral fitting results of
4A indicate that the X-ray emission is principally thermal and 

ence likely originates from hotspots near the magnetic poles on the
S surface, heated by returning particles from the magnetosphere 

Harding & Muslimov 2002 ). The 0.5–6 keV X-ray luminosity 
nferred from the NSA model is L X = 1.9 + 1 . 0 

−0 . 5 × 10 30 erg s −1 , for
 distance of 1.85 ± 0.02 kpc (Baumgardt et al. 2021 ). The X-ray
pectrum and best-fit NSA model are shown in Fig. A1 . 
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