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ABSTRACT

Using the Hubble Ultraviolet Globular Cluster Survey (HUGS) and additional HST archival 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 Vgps—I314 colour—-magnitude diagram
and generally showing an H« 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.

Key words: stars: activity —binaries: close — Hertzsprung—Russell and colour-magnitude diagrams —novae, cataclysmic
variables — globular clusters: individual: NGC 6121 — X-rays: binaries.

1 INTRODUCTION

The nearest globular cluster, M4 (NGC 6121), has long been known
to host a substantial population of low-luminosity X-ray sources
(Lx < 103 erg s~!; Verbunt 2001; Bassa et al. 2004). M4 has
a moderate central density, thus providing an important basis of
comparison with the well-studied nearby clusters @ Cen (Cool et al.
2013; Henleywillis et al. 2018), which has a low central density,
47 Tuc (Heinke et al. 2005; Rivera Sandoval et al. 2018), which
has a moderate central density, and NGC 6397 (Cohn et al. 2010)
and NGC 6752 (Lugger et al. 2017; Cohn et al. 2021), which are
core collapsed and thus have extremely high central densities. The
Bahramian et al. (2020) catalogue of Chandra sources in 38 globular
clusters, which is based on deep ACIS (Advanced CCD Imaging
Spectrometer) imaging, lists 161 sources in the entire ACIS field of
M4. Of these, 52 sources are within the central 1.7 arcmin radius
region, which corresponds to the half-width of the HST ACS/WFC'
field of view. The class of low-luminosity X-ray sources includes
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cataclysmic variables (CVs), magnetically active binaries (ABs),
millisecond pulsars (MSPs), and (potentially) black hole (BH) and/or
neutron star X-ray binaries (van den Berg 2020).

In order to build on previous efforts to identify and characterize
the X-ray source population of M4, we employed photometry from
the Hubble Ultraviolet Globular Cluster Survey (HUGS; Piotto
et al. 2015; Nardiello et al. 2018) and additional archival HST
data. The Bahramian et al. (2020) Chandra source catalogue and
the HUGS photometry data base both supersede those used in the
previous comprehensive study of Chandra sources and their optical
counterparts in M4 by Bassa et al. (2004, 2005).

1.1 Background

Hard binaries play a critical role in cluster dynamical evolution,
since they initially support cluster cores against collapse (Kremer
et al. 2020) and later halt deep collapse, leading to core bounce
and subsequent oscillations (Hut et al. 1992; Vesperini 2010). The
central question addressed by this study is how compact binary
X-ray source populations are shaped by primordial formation and
dynamical evolutionary processes. This issue has been the subject of
considerable research, as recently reviewed by Cheng et al. (2018),
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Table 1. Comparison of the properties of M4 with a sample of nearby well-studied clusters. Values for solar
distance (dg), central density (po), and mass (M) are from Baumgardt et al. (2021), interaction rates (I") are
from Bahramian et al. (2013), X-ray emissivities (§ x = Lx/M) are from Heinke et al. (2020). Limiting Lx 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 w Cen, and from Cohn et al. (2021) for NGC 6752. The value for @ Cen applies to the centre of this

large cluster; the sensitivity falls off with radial offset.

Cluster do log po logM r Ex Exposure log Lx, 1im
kpc]  [Mope™]  [Mo] (107 ergs™' Mo '] [ks] ergs™']

47 Tuc 4.5 4.4 6.0 1000 5.8 540 29.9

w Cen 54 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 54 401 4.4 346 29.5

Belloni et al. (2019), and Heinke et al. (2020). Globular clusters
have long been known to be ~100 times overabundant in low-
mass X-ray binaries (LMXBs, with Ly > 10°° erg s~!) relative to the
field, pointing to a dynamical origin of these neutron-star-containing
binaries in dense clusters (Clark 1975). Subsequent studies showed
that the total number of X-ray sources in a globular cluster scales with
the density-dependent interaction rate I' & [ (p?/v)dV o pgr? /vy,
where pg is central density, r. is the core radius, and vg is the
central velocity dispersion (the second expression approximates
the interactions as all occurring in a constant-density cluster core;
Johnston & Verbunt 1996; Heinke et al. 2003; Pooley et al. 2003;
Pooley & Hut 2006; Bahramian et al. 2013). However, it has been
observed that the low-density populations of open clusters have X-
ray emissivities (X-ray luminosity per unit mass) that are higher than
those of all but the highest density globular clusters (Verbunt 2000;
Ge et al. 2015; van den Berg 2020). For the open clusters NGC
6791 and M67, the number of CVs per unit mass is higher than in
the field, which is consistent with the emissivity result. The origin
of this is not certain, but the high evaporative mass-loss of open
clusters, combined with mass segregation, is a plausible explanation
— the remaining mass in the clusters is concentrated toward high-mass
objects, especially binaries (Verbunt 2000). It appears that a complex
interaction between binary formation and destruction determines the
relative numbers of CVs and ABs in a globular cluster, and the
luminosity functions of each of these groups (Ivanova et al. 2006;
Belloni et al. 2019; Heinke et al. 2020).

Previous Chandra and HST studies of the X-ray emitting binary
populations in other nearby globular clusters include those of NGC
6397 (Taylor et al. 2001; Grindlay et al. 2001b; Bogdanov et al. 2010;
Cohn et al. 2010), NGC 6752 (Pooley et al. 2002; Thomson et al.
2012; Lugger et al. 2017; Cohn et al. 2021), 47 Tuc (Grindlay et al.
2001a; Edmonds et al. 2003a, b; Heinke et al. 2005; Bhattacharya
et al. 2017; Cheng et al. 2018; Rivera Sandoval et al. 2018), and
w Cen (Haggard, Cool & Davies 2009; Cool et al. 2013; Henleywillis
et al. 2018). A compilation of the properties of these clusters and a
summary of the Chandra observations are given in Table 1.

1.2 CVs in globular clusters

Cataclysmic variables are semidetached binary systems in which
a white dwarf primary accretes material from a main-sequence
secondary that overflows its Roche lobe. The term ‘cataclysmic’
refers to the very large amplitude luminosity variations that may
be observed in these systems. CVs are the most numerous type of
accreting X-ray source, and have been clearly identified in a number
of globular clusters (e.g. Cool et al. 1995, 2013; Pooley et al. 2002;

Knigge et al. 2003; Edmonds et al. 2003b; Cohn et al. 2010, 2021;
Thomson etal. 2012; Lugger et al. 2017; Rivera Sandoval et al. 2018).
Identification of an X-ray source’s optical counterpart as a likely CV
generally has been claimed using one or more of: blue colours,
photometric Ho excess, optical variability, or a CV-type emission-
line spectrum (Knigge 2012), along with a proper motion consistent
with the cluster. A majority of the strong candidate CVs in clusters
have been identified using the trio of Chandra X-ray emission, blue
colours, and Ho excess. LMXBs, and MSPs with non-degenerate
companions (redbacks), can appear similar to CVs, but both classes
are significantly rarer than CVs (e.g. in 47 Tuc, there are 43 CVs, 6
quiescent LMXBs, and 3 redbacks; Heinke et al. 2005; Miller-Jones
et al. 2015; Rivera Sandoval et al. 2018; Ridolfi et al. 2021).

The production of CVs in globular clusters is complex, as some
CVs are produced through dynamical channels, such as exchange
interactions with primordial binaries, and possibly tidal captures,
while others are of primordial origin (e.g. Davies 1997; Ivanova
et al. 2006; Shara & Hurley 2006; Belloni et al. 2019). Dynamical
production of CVs in dense clusters is supported by the correlation
between the stellar encounter rates I" and numbers of cluster sources
(Heinke et al. 2006; Pooley & Hut 2006; Bahramian et al. 2013). For
a sufficiently large CV population in a cluster, the spatial distribution
and luminosity function of the CVs provide information on their ages
and dynamical state.

Theoretically, lower-density clusters are expected to have more
primordially formed CVs than dynamically formed CVs (Davies
1997; Belloni et al. 2019), and there is observational support for
this prediction (Kong et al. 2006; Haggard et al. 2009; Cheng
et al. 2018; Belloni et al. 2019). It has also been suggested that
many primordial soft binaries in clusters have been destroyed by
dynamical interactions, thus preventing them from becoming X-ray-
emitting close binaries (Ivanova et al. 2005; Fregeau, Ivanova &
Rasio 2009; Belloni et al. 2019). In high-density clusters, formation
of new CVs by dynamical processes may dominate over primordial
CV destruction, leading to an excess number of CVs relative to the
observed X-ray emissivity of the field CV population.

Two recent studies have investigated the dependence of X-ray
emissivity on cluster properties such as central density, mass, and
interaction rate (Cheng et al. 2018; Heinke et al. 2020). The latter
study found that for globular clusters with central densities above
10* Mg pc—3, X-ray emissivity and central density correlate. This
supports the prediction that dynamical formation of CVs is dominant
over primordial formation in these denser clusters.

Table 2 provides a comparison of the number of CV candidates
in a cluster to the number predicted for its mass (Table 1), based
on the number of CVs per unit stellar mass in the solar vicinity. The
identification of CVs depends on both X-ray and optical sensitivity in
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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 o emission.

Cluster Ncv

Predicted Candidate Confirmed Refs
47 Tuc 36 44 29 1,2
w Cen 144 27 6 34
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)

a complex way (a full analysis is outside the scope of this paper), so
the numbers of confirmed CVs should be taken as a lower limit on the
true CV numbers. The local density of CVs with Ly > 10% erg s~!
is ~2 x 107 pc=3 (Pretorius & Knigge 2012). Taken with the local
mass density of 0.05 Mg pc~3 (Chabrier 2001), this gives a field CV
number per unit mass of ~4 x 10~ My ~!. Table 2 shows there is an
excess of CV candidates in the high-density globular clusters NGC
6397 and NGC 6752, relative to the number predicted from the field
density (or observed in the moderate-density cluster M4), especially
for NGC 6397. This may be a result of dynamical interactions in the
collapsed cores. As M4 is nearby, with (now) rather deep X-ray and
moderately deep optical observations, we plan to use it as a baseline
for future comparisons among clusters.

Bright CVs should be younger on average, as CVs often start
with (relatively) massive companions, and the companion’s optical
luminosity and mass-loss rate both decay with time due to mass-
loss to the white dwarf (Hellier 2001). Studies of NGC 6397 (Cohn
et al. 2010), NGC 6752 (Lugger et al. 2017; Cohn et al. 2021), 47
Tuc (Rivera Sandoval et al. 2018), and @ Cen (Cool et al. 2013)
have revealed significant populations of X-ray and optically faint
CVs, which are expected to have orbital periods generally below
2 h, based on predictions from binary evolution (Ivanova et al. 2006;
Belloni et al. 2019). These simulations predict two (or more) times
as 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
more CVs below the period gap, and suggest that Mk ~ 9 roughly
divides CVs at the period gap. In 47 Tuc, there are about 3 x more
CVs below the period gap than above it (Rivera Sandoval et al.
2018). In w Cen, the numbers of CVs below and above the gap are
comparable (Cool et al. 2013), but this result is based on shallower
Chandra observations (see Table 1), which would have missed most
of the faint 47 Tuc CVs. (Deeper Chandra observations of w Cen
have been taken, and optical follow up is now in progress.) For the
core-collapsed clusters NGC 6397 (Cohn et al. 2010) and NGC 6752
(Lugger et al. 2017; Cohn et al. 2021), for which the Chandra data
reach well below 10°* erg s~!, there are comparable numbers of
CVs below and above the period gap. Possible explanations for this
relative lack of faint CVs in dense, core collapsed clusters include
the destruction or ejection of old (faint) CVs through dynamical
encounters, or by a recent burst of dynamical CV formation (making
more bright CVs), in an extreme-density phase of core collapse.

1.3 ABs in globular clusters
The most abundant class of low-luminosity X-ray source in globular

clusters is magnetically active binaries that have enhanced chromo-
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spheric and coronal activity, usually due to tidal locking in a close
system (van den Berg 2020). Classes of ABs include RS CVn stars
(which contain at least one subgiant or giant), BY Dra stars (which
contain two main-sequence stars), W UMa stars (where one, or both,
stars fills its Roche lobe), and sub-subgiants (which lie below the
subgiant branch on the CMD). ABs generally have lower X-ray
luminosities than CVs; for instance in 47 Tuc, Heinke et al. (2005)
found an average Lx ~ 10°° erg s~! for a sample of 60 ABs and
Lx ~ 103! erg s~! for a sample of 22 CVs. In NGC 6397, for which
a limiting Lx ~ 10% erg s~! has been reached, a population of 42
ABs has been detected within the half-light radius (Cohn et al. 2010).
Four clusters, 47 Tuc (Heinke et al. 2005; Bhattacharya et al. 2017),
M4 (Bassa et al. 2004; Pooley 2016; Bahramian et al. 2020), M22
(Bahramian et al. 2020), and NGC 6752 (Lugger et al. 2017; Cohn
et al. 2021) have been observed to a depth of Ly < 10¥ergs™!,
allowing the detection of significant AB populations.

ABs are expected to be an essentially primordial population in
clusters, having evolved from the short-period end of the binary
period distribution (Verbunt 2002; van den Berg 2020). This suggests
that AB population size should scale with cluster mass, with the
proviso that there is variation in the overall binary fraction among
clusters. This would imply that for clusters with large AB populations
(and without large populations of dynamically formed CVs and
LMXBs), X-ray emissivity should be independent of such cluster
properties as central density. However, the X-ray emissivities of low
density (p < 10> Mg pc™>) open clusters are substantially higher
than those of all but the densest globular clusters (Verbunt 2000;
Heinke et al. 2020). Thus, it appears that dynamical interactions
may be destroying ABs in globular clusters. This study, along with a
comparison to clusters of different masses and densities, will provide
a measure of the dependence of the AB population size on cluster
properties and thus a measure of the relative importance of primordial
and dynamical AB formation and destruction channels.

1.4 The Importance of M4

M4 makes a compelling target for comparison with other nearby
well-studied clusters, given its proximity (both reducing the effect of
image crowding and allowing the imaging to go deeper), the moderate
density of its core (pp ~ 10* Mg pc~3) leading to a moderate stellar
interaction rate I', the presence of an MSP (Lyne et al. 1988), and the
existence of 37 MAVERIC? radio point sources, some of which are
likely to be MSPs and/or quiescent BH X-ray binaries (Shishkovsky
et al. 2020; Zhao et al. 2021). The presence of a confirmed MSP in
M4 indicates that dynamical processes are active in its core, which
has implications for the CV and AB populations, as discussed above.

Previous HST studies to find optical counterparts to Chandra
sources in M4 are Bassa et al. (2004, 2005) and Pooley (2015, 2016).
Using 25ks of Chandra ACIS imaging, and archival HST WFPC2
imaging, Bassa et al. (2004, 2005) detected 31 sources and obtained
optical identifications for 20 of these. These optical counterparts
include two CV candidates, the brighter of which (CX1) now appears
to be a neutron star binary (likely a redback MSP; Kaluzny et al.
2012; Pooley 2016), one confirmed MSP, one AGN (CX2, Bassa
et al. 2005), one foreground star, and 12 AB candidates. Early results
from an analysis of the total of 119 ks of Chandra exposure indicate
a rich population of X-ray sources of various classes (Pooley 2015,
2016). We have made an additional 28 identifications using the
Bahramian et al. (2020) source catalogue and the HUGS photometry

2Milky way ATCA and VLA Exploration of Radio sources In Clusters
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data base, beyond those found by Bassa et al. (2004), as discussed in
Section 5.

2 DATA

2.1 UV and optical data

The broad-band UV and optical data come from the Hubble UV
Globular Cluster Survey (HUGS; Piotto et al. 2015; Nardiello
et al. 2018). This provides 5-band imaging and photometry of M4
in F275W (UVy35), F336W (Usse), FA38W (Busg), FOOOW (Veoe),
and F814W (Ig14). The former three bands were obtained with
the WFC3?, the latter two with the ACS/WEC. Legnardi et al.
(2023) have recently corrected the HUGS magnitudes for differential
reddening. We employed these corrected magnitudes, which were
kindly provided by M. Legnardi (private communication). This
corrected photometry uses the KS2 method 1 approach (Nardiello
et al. 2018). These data were supplemented by relatively shallow
narrow-band F658N (H «) and broad-band F625W (R¢,5) ACS/WFC
imaging from programme GO-10120 (PI: S. Anderson). These H v
and Rgs frames were reduced using DAOPHOT aperture photometry.
Based on these data, (UV275, UV275—U336), (U33(,, U336—B438), and
(Veos> Veos—Is14) CMDs were constructed. In addition an (H a—Rg>s,
Veos—Is14) colour—colour diagram was generated. The UV and optical
data used in this study are summarized in Table 3.

Inclusion of the differential reddening correction makes a sub-
stantial improvement in the tightness of the fiducial sequences in
the (Vso6, Veos—Ig14) CMD. The effect on bluer CMDs is much less
evident, owing to the natural tendency of the UV,75—Us36—Ba3s filter
triplet to produce broad main sequences that provide evidence for
the presence of multiple populations. None the less, we now use the
differential-reddening-corrected magnitudes for all of the CMDs.

2.2 VLA Data

M4 is one of 25 GCs observed by the Karl G. Jansky Very Large
Array (VLA) for the Milky way ATCA and VLA Exploration of Radio
sources In Clusters (MAVERIC) survey (project codes VLA/13B-
014, VLA/15A-100; Shishkovsky et al. 2020) with a total on source
time of 6.9 h. The observations were taken in the most-extended A
configuration, using the C-band receiver. Details of calibration and
data reduction processes are described in Shishkovsky et al. (2020).
The data were imaged in low (5 GHz) and high frequency (7.2 GHz)
sub-bands with beam sizes of 1718 x 0788 and 0784 x 0763,
and RMSs of 2.3 and 2.1 uJy beam™!, respectively. The catalogue
reports positions, low- and high-frequency flux densities (S5 and S7),
and a radio spectral index « defined as S, o v*. In M4, there are 37
radio point sources that are detected at the 5 o level.

2.3 Chandra data

Bahramian et al. (2020) used deep Chandra ACIS imaging to
produce a comprehensive source catalogue of 161 sources in M4,
which we use. They labelled each X-ray source with a ‘CXOU_J’
designation that is based on its celestial coordinates. In order to
provide a convenient source numbering system, we have extended
the ‘CX’ sequence numbering system used by Bassa et al. (2004),
ordering the sources by descending Lx (0.5-10keV), as given
by Bahramian et al. (2020). We break ‘ties’ by numbering the

3Wide Field Camera 3

Exoticain M4 2091

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¢
GO-10120 2004-07-26 ACS F658N 3407

“We chose to use to use the single ‘short’ F625W and ‘long” F658N exposures,
as these are contiguous in time, which minimises Ha — Rgp5 colour offsets
that are due to source variability.

sources in order of increasing RA. Table 4 gives the correspon-
dence between the ‘CX’ and ‘CXOU_J’ numbering. Bahramian
et al. (2020) include marginal sources in their catalogue, clearly
identified; we search these error circles as well, but many of them
are empty, suggesting that most of these marginal sources are not
real.

3 ASTROMETRY

Given the multiwavelength data sets used in this study, which
were collected at different epochs, it is important to establish a
common astrometric reference frame. Since the HUGS positional
catalogue is referred to the astrometric system of the Gaia Data
Release 1 Catalogue (see Nardiello et al. 2018), we adopted the
HUGS object positions as our fundamental reference system. We
next computed a boresight correction of the Bahramian et al.
(2020) Chandra source positions to the HUGS/Gaia frame based
on the offsets of the sources CX1, CX3, CX4, CX10, CXl11,
CX12, and CX15 from our proposed HUGS counterparts.* These
7 sources are among the brightest in M4; we eliminated CX8 and
CX20 from this list, given their larger than typical offsets from
the proposed HUGS counterpart positions. The resulting boresight
correction in angular displacement is Aw cos$§ = —0.099 arcsec
and A§ = —0.131 arcsec. Interestingly, these boresight offsets are
nearly precisely what is expected based on the Gaia-based proper
motion of M4 over the 7.3 yr interval between the 2007.7 Chandra
observations and the 2015.0 HUGS epoch. Vasiliev (2019) gives
proper motion components’ for M4 of g = —12.490 mas yr—!
and 7t; = —19.001 mas yr~!. These produce shifts of A cosd =
—0.091 arcsec and A§ = —0.139 arcsec, agreeing within 0.01 arcsec
with our offset.

As a check on the radio—optical-X-ray astrometric alignment,
we considered the millisecond pulsar PSR B1620-26, which is
detected in the radio, optical, and X-ray. The various measurements
of its position in each of the wavelength bands are compared in
Table 5. The radio position has been measured both by pulsar
timing (Thorsett et al. 1999) and by a direct VLA detection
(Shishkovsky et al. 2020). The former measurement has an epoch
of 1992.28, and thus must be advanced in proper motion for
comparison with the HUGS/Gaia frame. We note that the proper
motion components given by Thorsett et al. (1999) have a fairly
large uncertainty, 8 per cent in RA and 20 per cent in Dec. Vasiliev

4The correspondence between the CX source numbering and the Bahramian
et al. (2020) source designations is given in Table 4.

3The proper motion nomenclature convention used by Vasiliev (2019) is:
e = [da/dt]cosé, s = dé/dt.

MNRAS 524, 2088-2113 (2023)

€20z Jaquieldag g| uo Jesn uoidweyinos 1o Ausiaaiun Aq /1.55022/8802/2/12S/e1onie/seiuw/woo dnooiwapese//:sdiy woll papeojumod



2092 P M. Lugger et al.

Table 4. Source numbering convention.

CcX CXOoul CcX CXOUJJ CX CXOUu.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

(2019) has computed much higher accuracy mean proper motion 4 VARIABILITY

components for M4, based on Gaia measurements. We note that

the timing position, advanced to epoch 2015.0 using the Gaia 4.1 Comparison to M4 Core Project
proper motion, agrees within 0.03 arcsec with the VLA, HST, and
Chandra positions. Thus, we conclude that there is good astrometric
alignment of the radio, optical, and X-ray data with the Gaia
system.

As part of the M4 Core Project, Nascimbeni et al. (2014) detected 38
variable stars in the core of M4, using deep HST WFC3 imaging with
the 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® 16:23:38.199 -26:31:54.34 2015.0 PSR B2629-26
Timing? 16:23:38.201 —26:31:54.20 2015.0 PSR B2629-26
VLA® 16:23:38.201 —26:31:54.24 2014.5 M4-VLA9
HST? 16:23:38.201 —26:31:54.22 2015.0 R0006434
Chandra® 16:23:38.199 —26:31:54.23 2015.0 CXI12

PSR position from Thorsett et al. (1999), advanced to 2015.0 using
approximate proper motion from Thorsett et al. (1999).

bPSR position from Thorsett et al. (1999), advanced to 2015.0 using Gaia
mean cluster proper motion from Vasiliev (2019).

“Source position from Shishkovsky et al. (2020).

4Source position from Nardiello et al. (2018).

“Source position from Bahramian et al. (2020), boresight corrected to
HUGS/Gaia frame.

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

CX D¢ Type” Notes® Present Type ~ Ho?¢
3 3236 EB? BSEQ/TO; CX3 AB n
8 7864 UNK Above BSEQ; CX8 AB/?? y
11 8081 UNK  BSEQ; CXl1 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

“ID # from Nascimbeni et al. (2014).

bBinary type from Nascimbeni et al. (2014). EB = eclipsing binary; ¢ =
contact; d = detached; UNK = unknown.

“Notes from Nascimbeni et al. (2014). BSEQ = binary sequence; NM = non-
member.

4Ha excess confirmed in the colour-colour diagram (Fig. 5).

these variables, demonstrating that 19 of the 38 are eclipsing binaries.
Nascimbeni et al. (2014) found that 9 of the 38 variables correspond
to Chandra sources from the original Bassa et al. (2004) list. We find
that an additional 7 of the variables correspond to Bahramian et al.
(2020) sources from the extended CX source list. Table 6 provides
the cross-IDs for the 16 variable star—X-ray source matches. It can
be seen that the counterpart types — nearly all AB —inferred from the
broad-band photometric properties in this study are consistent with
the binary nature of these objects, as demonstrated by their light
curves from Nascimbeni et al. (2014). A number of the objects in
Table 6 show strong evidence of H « emission (see Fig. 5), consistent
with an active binary nature. Several of the contact eclipsing binaries
demonstrate evidence of strange colours in our CMDs (see below),
likely due to large variability.

4.2 Variability from HUGS photometry

Each of the HUGS magnitudes has an associated RMS (o), which
measures the dispersion over the multiple magnitude measurements.
This value may be used as a measure of variability by plotting
it against magnitude as in Fig. 1, for Usse. In this figure, curves

Exotica in M4 2093

representing the median, the 75th percentile, and the 90th percentile
are plotted. Of the variables in Table 6, it can be seen that CX13,
CX15, CX25, CX74, CX75, and CX94 register as variables in Fig. 1.
The o—magnitude plot provides an imperfect measure of variability,
as it is based on a small number of magnitude measurements (<4).
Thus, the light-curve sampling is generally incomplete, particularly
for the longer period variables. We note that CX1, CX13, CX15,
CX74, and CX75, which show the strongest variability signal in
Fig. 1, have periods of <0.3d. In contrast, CX25 (P = 1.9d) and
CX94 (P = 5.9d) show a weaker variability signal. In any case, this
plot does provide a useful indication of counterparts which display
variability, such as CX1, which is known to have a 0.26 d sinusoidal
period.

5 CHANDRA SOURCE IDENTIFICATION

As in Cohn et al. (2010), Lugger et al. (2017), and Cohn et al.
(2021), we classified objects found in Chandra error circles based
on their colour—-magnitude diagram (CMD) location. In those studies,
CVs were distinguished by their blue colours, relative to the main
sequence (MS), and their significant H a—Rg¢,s excesses. ABs were
distinguished by their red colours and modest H « excesses. Although
deep Ho and comparison Rgps imaging is not available for this
study, we performed aperture photometry on the shallow images
in these two bands that are available in the HST archive (see
Table 3). Thus, our classifications here are based on CMDs that
are constructed from the 5-band HUGS photometry, augmented by
an (Ho—Reps, Vs —Is14) colour—colour diagram. In this study, CVs
are defined as objects with significant UV,75—Us3 and/or Uz3s—Bass
excesses (along with evidence of cluster membership, such as a
consistent proper motion, H «—Rgys excess, or location on the main
sequence in redder filters), while ABs are identified as generally
lying to the right of the main sequence or red giant branch (RGB)
in Vgos—Ig14 colour. H @ —Rgp5 excesses, where measurable, are taken
as additional evidence supporting the CV and AB classifications.
Calculating the H o photometric equivalent width (EW) following De
Marchi, Panagia & Romaniello (2010), we see that all H a-excess
counterparts except CX4 and CX101 (likely CVs) have Ho EW
< 5 A, as generally observed for chromospherically active binaries
(Beccari et al. 2014; Pallanca et al. 2017). Identifications of stars
by Nascimbeni et al. (2014) as eclipsing binaries constitute strong
evidence for active binaries (see Section 4.1).

Finding charts in the Vgps band for the 61 Chandra sources that
lie within the HUGS field of view are shown in Appendix B,
which is included in the supplementary online material. Given its
status as the nearest globular cluster, M4 has a very dispersed
appearance on the sky. As a consequence, in many cases there
is a unique object in each Chandra error circle, which makes
it a likely counterpart provided that it deviates from the fiducial
sequences in the CMDs. Many of the Bahramian et al. (2020)
sources lie outside of the HUGS field of view (FoV) and cannot
be classified based on their optical properties (except for a few that
are bright enough for detection by Gaia, see Section 5.6). In a few
cases, the source lies within the HUGS FoV, but the error circle is
empty.

Table 7 summarizes the result of the classification procedure. Only
those sources that lie within the HUGS FoV are listed. Classifications
are given for 44 confident sources, which includes 16 X-ray sources
previously classified by Bassa et al. (2004). We were able to recover
most of their 31 X-ray sources. CX29 and CX31, the two lowest
luminosity sources in their sample, may represent false positive
detections, as the total exposure of 119ks analysed by Bahramian
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Figure 1. RMS of the < four HUGS Us36 magnitude measurements, versus Uzss 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).

et al. (2020) is nearly 5 times longer than the 25ks subset of this
exposure analysed by Bassa et al. (2004). Inspection of all three
Chandra observations does not support the reality of CX29 and
CX31, so we removed them from our ‘CX’ list. We also could
not confirm the reality of CX5 and CX9 as two separate sources.
Bassa et al. (2004) identify these as overlapping sources, separately
identified using the wavdetect algorithm, but inspection of all
three Chandra images suggests the X-ray point-spread function is
consistent with other sources at this off-axis angle (consistent with
Bahramian et al. 2020). We retain CX5/CX9 as a single source,
here labelled CX33. However, we identify CX8 as consisting of
two separate sources, with a fainter X-ray source (here, labelled
CX168) located ~1 arcsec NE of the brighter source; both have
secure optical counterparts. We estimate the Lx of CX168 to be 0.5
that of the brighter object, CX8, based on the numbers of photons
in the core of each source, and scale the Bahramian et al. (2020) Ly
values.

Additional changes to the CX labelling of the list of 31 sources
from Bassa et al. (2004) are given in the footnotes to Table 7.
Bahramian et al. (2020) provide a quality flag for each source, indicat-
ing whether the detection is ‘poor,” ‘marginal,’, or ‘confident,” where
poor detections have a false detection probability of >1 per cent. We
have indicated the marginal and poor detections in the notes column
of Table 7. Six of these have empty error circles, and 3 have stars

MNRAS 524, 2088-2113 (2023)

with no unusual properties (likely chance coincidences); most likely,
few or none of these are real X-ray sources.

Broad-band CMDs that show the objects listed in Table 7 are
presented in Figs 2—4. The (Hoa—Res, Veos—Is14) colour—colour
diagram is presented in Fig. 5. Table 8 gives the positions and
photometry for each of the counterparts listed in Table 7 and plotted
in Figs 2-5.

5.1 Compact object binary candidates

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

Bassa et al. (2004) identified a V = 17.37 star as the counterpart of
CX1, which they suggested was a CV. However, they also noted the
poor astrometric match (about 2 ¢ away). Kaluzny et al. (2012) used
the HST analysis of Anderson et al. (2008) to instead identify another,
fainter star (V = 20.65) as the likely counterpart to CX1, bolstered by
the clear sinusoidal variation of the fainter star in both ground-based
and HST observations, as well as variation in the Chandra X-ray
light curve. The sinusoidal variation suggests a 0.2628 (preferred),
or 0.5256 (for ellipsoidal variation), day orbital period. Kaluzny
et al. (2012) argued for a neutron star (and likely radio pulsar) nature
of the primary, based on the X-ray/optical flux ratio, and the lack
of 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,75 and Us3e, 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
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Figure 3. Left-hand panel: colour-magnitude diagram, based on HUGS photometry in U3z and B43g, showing the same counterparts as in Fig. 2. Right-hand
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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 Vo6 and I314, 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.

as would be expected from an X-ray bright CV. We find that CX1
shows strong evidence for variability in Us36, based on the RMS of its
HUGS magnitude (see Fig. 1), consistent with the optical variability
found 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
the mean flux (extrapolated to 5 GHz, assuming a spectral slope of
—1.9) of the best-fitting lognormal luminosity distribution for MSPs
of Bagchi & Lorimer (2011), we cannot constrain the presence of a
pulsar. The evidence from Kaluzny et al. (2012) indicates that CX1
is probably an MSP.

CX4 was classified as a likely CV by Bassa et al. (2004), based
on its high X-ray/optical flux ratio (as its CMD location on the main
sequence in Vgoe—Ig14 does not point to a definitive classification).
We find CX4 to be quite blue in both UV CMDs, reaching the WD
sequence in UV,75—Ujs6, and to have a proper motion consistent with
the cluster, confirming its classification as a CV. Furthermore, it has
a strong Ha—Rgps excess. Its main sequence position in Veos—I314
allows us to estimate the mass of the companion star (which must
provide most of the optical light) as ~0.5 Mg (using an isochrone of
Dotter et al. 2007, assuming an age of 12.8 Gyr from Hansen et al.
2004, and taking (m — M)y = 12.8 from Harris 1996), which suggests
an orbital period of roughly 4.5h (Howell, Nelson & Rappaport
2001).

CX12 is a well studied MSP with a white dwarf companion (and
also a planet-mass companion in a wide orbit; Thorsett et al. 1999;
Sigurdsson et al. 2003). It lies on the WD sequence in all three
CMDs. Its radio properties are discussed in Section 5.9, and its X-
ray properties in Appendix A.

CX761s anewly identified X-ray source in Bahramian et al. (2020).
We here identify it with a moderately bright optical counterpart that
is marginally blue compared to the main sequence in Veos—I314, and

progressively bluer in bluer filters. Its CMD locations suggest that
it is a CV with a low-mass donor star (we may estimate ~0.65 Mg,
using the Dotter et al. 2007 isochrone as above), with an orbital
period of order 5.5 h.

CX8]1 lies on the WD sequence in all broad-band CMDs. It is too
faint to be detected in H o—Rgs. The HUGS data do not provide a
proper motion estimate (as it is only barely detected), but comparison
of the 2008 and 2014 images suggests that it moves with the cluster
stars, and thus is a cluster member. Given its very blue Veps—I314
colour, we infer that this is likely to be a CV below the period
gap, though an MSP with a WD companion is possible (however, in
Section 6 below, we show that its X-ray colours and luminosity do
not match other cluster MSPs).

CX101 has a very faint candidate counterpart, which lies on the
main sequence in Vgoe—Ig14, but appears to show a very strong
Ha excess, ~0.4mag. Such an excess is larger than typical for
chromospherically active stars (e.g. Beccari et al. 2014), making this
star a candidate CV. Howeyver, the star is near the detection limit, and
we do not fully trust the photometry here; if the excess is not real,
this star may not be the true counterpart.

5.2 Chromospherically active binary candidates

ABs often differ from average cluster stars in several ways; lying on
the binary sequence above the MS (this sequence includes objects
that lie up to 0.75 mag above the MS in the (Vios, Veos—Is14) CMDs,
which represents the equal-mass limit); showing an H o—Rg,5 excess
(lower quartile in Fig. 5); showing optical variability identified by
Nascimbeni et al. (2014); showing variability in the Ui filter (Fig. 1,
upper quartile). ABs may not show any of these, but the likelihood of
a chance coincidence of an X-ray source with an unremarkable star

MNRAS 524, 2088-2113 (2023)
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Figure 5. Ha—Rgs index versus Veoe—I314 broad-band colour. The solid curve indicates the median of the H o —Rg,5 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 a-excess side of the median. The sources CX4 and CX101 (large H o excess) and VLA20 (large H o deficit) fall outside the limits of the

Ha—Rgps5 axis.

is significant, while the likelihood of matching stars in one of these
categories is small (Section 5.4), so we identify counterparts with
any of the above characteristics as ‘AB’ and potential counterparts
without these as ‘AB?’.

The majority of AB counterparts lie on the binary sequence
in the (Veos, Veos—Is14) CMD. These objects include CX3, CX11,
CX20, CX21, CX25, CX26, CX27, CX28, CX30, CX72, CX83,
CX84,CX86,CX88,CX9%4,CX97,CX102,CX104,CX105,CX110,
CX124, CX125, and CX168. Most of these are verified proper
motion members, though CX30, CX97, and CX105 lack UVIS
data (so have no proper motion measurement). The colour—colour
magnitude diagram comparing Ha—Rgs and Veos—Ig14 identifies
high-confidence (>90 percent) Ho emission from CX20, CX21,
CX26, CX27, and CX97, and lower-confidence (>75 percent) Ho
from CX11, CX28, CX72, CX82, CX83, CX84, CX102, CX104,
CX125, and CX168.

An additional four objects, CX8, CX10, CX24, and CX75, fall
significantly further above the binary sequence region. CX8 and
CX10 fall in the sub-subgiant region, while CX75 falls below this
region. These three objects are secure proper-motion members, while
the proper-motion membership status of CX24 is undetermined
(likely a foreground star).

CX15, CX74, and CX75 are identified, via their light curves,
as likely contact eclipsing binaries with orbital periods of 0.3d by
Nascimbeni et al. (2014). While their HUGS Vgp6—I34 colour offsets
from the MS appear large — CX15 and CX74 are to the blue of the MS
and CX75 is to the red of the MS — it appears likely that these offsets

MNRAS 524, 2088-2113 (2023)

are a consequence of unrepresentative sampling of the light curves for
these short-period binaries. Kaluzny et al. (2013) and Nascimbeni
et al. (2014) have presented CMDs for M4, based on high-time-
resolution sampling of the light curves that allows the determination
of appropriate mean colours. In both the B—V CMD (Kaluzny et al.
2013) and the F467M-F775W CMD (Nascimbeni et al. 2014), all
three counterparts fall very close to the MS. The largest deviation
is that of CX74, which is on the binary sequence just to the red of
the MS in F467M — F775W. We thus classify all three objects as
ABs, of the W UMa type, based on their identification as contact
eclipsing binaries with variability amplitudes of over 0.3 mag, short
0.3d orbital periods, light-curve morphology, lack of flaring, and
approximate agreement with the Rucinski (1995) relation between
absolute magnitude, period, and colour for W UMa variables.
CX33 (formerly CX5/CX9), to the red of the giant branch in Vgps—
I314 but a clear proper motion member, has been associated with
variable V56 by Kaluzny et al. (2013). They note that it shows clear
evidence of luminosity and velocity variability, which supports its
identification as a binary, and thus an (RS CVn-type) AB. CX13
is a proper motion non-member, a contact eclipsing binary with
a l-mag variation amplitude (Nascimbeni et al. 2014). Although
it is on the MS in the (Veps, Veos—Is14) CMD (Fig. 4), it is well
to the red of the MS in both B — V (Kaluzny et al. 2013) and
F467M-F775W (Nascimbeni et al. 2014). Since these two studies
provide high-time-resolution sampling of the 0.3 d period light curve,
they provide a more reliable measure of the mean colour of this
star than does the HUGS data base for which the Vg and Igi4
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Table 8. Positions and photometry for HUGS counterparts to Chandra and VLA sources.
CX HUGS ID X4 ¢ RA, Dec. (JZOOO)b UV275 U336 B433 V()O() 1314 R625 Ha
1 R0O007667  5366.41 4952.09 16:23:34.128 —26:31:34.92 24.31 22.40 2223 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 RO001536  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 R0O000806  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 R0O007345  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 RO006718  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 R0O000883  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 R0O012571  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 R0O001710  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 287337  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 747691 16:23:39.150 —26:29:55.22 - 19.85 18.49 19.46 19.01

101 R0008999 523559  5552.54 16:23:34.513 -26:31:11.21
102 R0O007856 342426  5156.22 16:23:39.845 —26:31:26.87
104 R0007155  5153.58  4722.83 16:23:34.754 —26:31:43.98
105 R0000215  7787.65  3058.40 16:23:26.999 —26:32:49.69
110 R0008707  5642.62  5492.74 16:23:33.315 -26:31:13.57
124 R0O001915  7247.12  5939.41 16:23:28.592 —26:30:55.92
125 R0001440  4736.47  5204.31 16:23:35.982 —26:31:24.97
131 R0006557  5551.92  4531.87 16:23:33.582 —26:31:51.52
144 R0000720  4369.60  4097.26 16:23:37.062 —26:32:08.69
159 RO011785 325797  7016.21 16:23:40.333 —26:30:13.41
166 R0005945  4457.42  4239.40 16:23:36.804 —26:32:03.08
168 R0O009481 624993  5893.21 16:23:31.527 -26:30:57.75
VLA4 R0009986  7293.82  6044.15 16:23:28.455 —26:30:51.78
VLA5 R0004648  4339.81 3718.55 16:23:37.150 —26:32:23.64
VLA20 RO0005914  3728.37  4316.65 16:23:38.950 —26:32:00.02

26.05 26.76 - 22.19 20.47 22.12 21.19
24.77 22.62 21.74 19.82 18.48 19.42 18.99
20.75 19.38 19.31 17.97 16.95 17.72 17.39
- - - 16.58 15.66 - -
23.74 21.63 20.98 19.23 18.02 18.98 18.63
19.16 17.88 17.86 16.62 15.68 16.43 16.13
20.35 18.88 18.79 17.42 16.41 17.18 16.86
20.52 19.13 19.14 17.92 16.95 17.62 17.32
18.74 17.56 17.52 16.37 15.45 16.10 15.81
- - - 22.717 20.92 22.45 21.74
2791 25.56 24.38 22.09 20.36 21.72 21.19
20.72 19.30 19.20 17.80 16.75 17.52 17.18

22.64 20.73 20.30 18.77 17.71 18.52 18.22
26.04 22.70 21.65 19.76 18.48 19.44 19.04
23.49 23.28 23.66 22.89 21.98 2243 2242

“HUGS star position in frame coordinate system defined by Nardiello et al. (2018).
bCelestial coordinates are for an observation epoch of 2015.0 (see Nardiello et al. 2018).

magnitudes are measured at different orbital phases. While this star
is clearly quite red, the HUGS measurements of its UV,7s5, Usse,
and B43g magnitudes appear to be too faint, likely as a result of its
large proper motion. Therefore, we performed aperture photometry
for this star, in the UVIS filters, choosing several surrounding stars
to serve as photometric standards. The determined aperture UVIS
magnitudes for CX13 are given in Table 8 and plotted in Figs 2
and 3.

In the bluer broad-band colours, UV,75—Uszzs and Uszzg—Bass,
AB candidates may fall either to the right or left of the MS,
presumably indicating the degree of UV emission, which increases
with chromospheric activity. The UV,75—Ujs36 colour is most sensitive
to chromospheric UV emission. Examination of Fig. 3 indicates that
in Usz36—Bysg, most of the AB candidates fall near the MS, with the
fainter ones lying to the blue side of the MS. In Fig. 2, a number of
the AB candidates lie distinctly to the blue of the MS in UVy75—Us3e,
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including CX21, CX25, CX83, CX84, CX87, CX102, CX104, and
CX110. We take this as an indication of enhanced chromospheric
activity. Examples of AB candidates that fall on the Vgos—I314 binary
sequence or in the sub-subgiant region and do not show significant
UV excesses are CX3, CX8, CX10, CX11, CX20, CX26, CX27,
CX28, CX86, CX94, and CX168.

5.3 Summary of source identifications

For clarity, we summarize our 24 new confident optical identifications
with Chandra X-ray sources from the current study. We identify
19 new confident ABs (CX11, CX21, CX30, CX72, CX74, CX75,
CX83, CX84, CX86, CX88, CX94, CX97, CX102, CX104, CX105,
CX110,CX124,CX125, and CX168). We identify one new confident
CV (CX76), one new confident blue straggler (CX80), two new
confident subgiants (CX82 and CX85), and one new confident
foreground or background star (CX63). We also suggest one new
candidate AB (CX87) and two new candidate CVs (CX81 and
CX101). We also note two main sequence stars that are the only
stars that fall in the X-ray error circles (CX70 and CX166); these are
likely chance superpositions. CX70 has a radio counterpart (VLA1L)
and is therefore likely an AGN that is unrelated to the main-sequence
star in the X-ray error circle.

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

5.4 Evaluating the probability of chance superpositions

Given the substantial number of apparent ABs in Chandra error
circles, we have investigated the expected number of chance super-
positions of such stars with error circles. We followed the approach of
Cohn et al. (2021), who used the GLUE software package (Beaumont,
Goodman & Greenfield 2015; Robitaille et al. 2019) to define regions
in the Vgoe—1I314 CMD. This is illustrated in Fig. 6, where MS and
binary sequence (BSEQ) groups are selected. The BSEQ region has
been extended to include sub-subgiant stars. We then determined
the number of stars in these groups inside X-ray error circles, and
the radial density profiles of these groups. The latter were used to
compute the local densities of group members at the locations of each
source and thus to predict the number of chance superpositions in
each error circle. The total numbers of observed and predicted objects
in the error circles were calculated along with the significance of the
excesses, based on Gehrels (1986), using the formulae presented by
Cohn et al. (2021). The results of this analysis are summarized in
Table 9. There is an insignificant 1.7 o excess of 7.0 MS stars in
the error circles. Of these excess ‘MS’ stars, three are actually other
types. These stars, and their types from Table 7, are CX4 (CV),
CX13 (AB), and CX87 (AB?). Reducing the number of MS stars in
error circles to 14 results in an excess of 4.0 stars over the expected
background of 10.0 stars, which has a significance level of 0.9¢.
In contrast, the excess of 27.2 BSEQ stars in the Chandra error
circles registers at a 6.30 level, strongly indicating that the majority
of the AB and AB? identifications are the likely counterparts to the
Chandra sources.

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 Nobs ¢ Npred b Excess® Significance (o )4
MS 17 10.0 7.0 1.7
BSEQ 28 0.8 27.2 6.3

“Observed number of population members in all error circles.

bPredicted number of population members in all error circles.

“Excess of observed versus predicted number in all error circles.
4Significance of excess expressed as a Gaussian-equivalent o level, based on
Gehrels (1986) statistics.

5.5 X-ray/optical flux ratio

Another piece of evidence that can help classify the nature of X-ray
sources is comparison of X-ray luminosity versus absolute magni-
tude. As discussed by Verbunt, Pooley & Bassa (2008), quiescent
LMXBs can reach the highest X-ray/optical ratios, followed by CVs,
with ABs producing relatively little X-ray flux compared to their
optical flux. The dividing line between CVs and ABs (or, rather, the
ceiling for ABs, since CVs can be X-ray dim in quiescence) is not
firmly settled; while the line log Lx(0.5—2.5keV) = 34.0 — 0.4 My
seems to bound ABs empirically in globular clusters, the line
log Lx(0.5—2.5keV) = 32.3 — 0.27 My seems to bound ABs in the
solar neighbourhood (Verbunt et al. 2008).

We create a plot of 0.5-2.5 keV X-ray luminosity vs. My, for our
M4 sources. We use the F6O6W HUGS magnitudes and an extinction-
corrected distance modulus of 12.82 (Harris 1996, 2010 edition) to
derive My. The small shift from using F606W is not important for
our purpose. Similarly, small variations due to differential reddening
are not important to the total extinction correction. We extrapolate
the 0.5-2.0 keV Lyx values of Bahramian et al. (2020) to the 0.5—
2.5keV band (note that reddening, in the form of Ny, is included in
their X-ray spectral fitting). We find (Fig. 7) that all but four X-ray
sources with HUGS F606W magnitudes lie below both empirical
AB upper limit lines. The exceptions were identified above as a
CV (CX4), a CV candidate (CX81), an MSP (CX12 = pulsar M4
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Figure 7. 0.5-2.5keV X-ray luminosity plotted against My, 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.

A), and a candidate MSP or qLMXB (CX1). All other objects are
consistent with an AB nature. However, we do not take this as
evidence that, e.g. the CV candidate CX76 is actually an AB, as CVs
can have moderately bright optical counterparts without being X-ray
bright. The X-ray/optical luminosity ratio plot generally supports our
classifications of Chandra sources presented in Table 7, as these are
primarily found to be ABs.

5.6 Gaia—Chandra matches

Since the HUGS FoV only covers the central ~1.7 arcmin radius
region 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 covered by HUGS. Therefore, we used Gaia Data
Release 3 (DR3; Gaia Collaboration 2016, 2023) to seek potential
optical counterparts in the outer regions of the cluster.

We first selected X-ray sources with distances from the cluster
centre >1.5arcmin, and then cross-matched those X-ray sources
with DR3 sources (positions at 2016.0 epoch) in TOPCAT (Taylor
2005). Given that the typical centroiding uncertainties of those X-
ray sources are less than 0.5 arcsec (see Bahramian et al. 2020),
we thus limited the matching offsets to less than 0.5 arcsec, and
found 17 Gaia—Chandra matches (Table 10, Fig. 8). The small
proper motion components for M4 of i, = —12.490 mas yr~! and
s = —19.001 masyr~! (Vasiliev 2019) produce only small shifts
(Aacos§ = —0.012 arcsec and A§ = —0.019 arcsec) over the one-
year interval between the epochs of X-ray positions (advanced to
2015.0 epoch; see Table 7) and Gaia DR3 positions. Boresight
corrections between these epochs are not needed for finding Gaia
counterparts. To check for chance coincidences, we shifted the X-
ray sources by 5 arcsec in different directions and redid the cross-
matching process correspondingly. We find 3 matches on average
per shift, indicating of order three of our matches are likely spurious,

while roughly 14 of them are real. Ten of these matches have
proper motions (see Table 10) within 2 sigma of the proper motion
of M4 (22.7 mas yr~!, with a central proper motion dispersion of
~0.5 mas yr~!), and we therefore suggest these stars (CX 18, 33, 65,
70, 90, 91, 97, 98, 105, and 124) are members of M4. In addition,
we checked parallaxes in Gaia Collaboration (2023) and distances
in Bailer-Jones et al. (2021) for those counterparts, and found that
all of these likely matches have parallaxes that are consistent within
2 sigma of the distance to M4 (1.85 £ 0.02 kpc; Baumgardt et al.
2021; but cf. Harris 1996, 2010 revision which gives 2.2 kpc, which
would not change this result), except for the counterpart to CX105,
which has a parallax of 0.90 £ 0.08 mas. Considering both the total
proper motion, and proper motions in RA and Dec., of the CX105
counterpart are consistent with M4, we suggest that it is probably an
M4 member. The relatively high parallax might be a consequence of
intrinsic motion of the binary stars, as suggested by its moderately
high Gaia EDR3 RUWE value of 1.225 (Stassun & Torres 2021).
On the other hand, the proper motions and (large) parallaxes of CX7,
CX63, and CX69 suggest that they are foreground stars. CX32 is
likely a background AGN (its proper motion is consistent with zero).
CX42 appears to be a field star; its parallax distance is 2.21’8;2 kpc,
but its proper motion is completely inconsistent with M4. We note
that 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
with its HST identification as an RS CVn type AB (Section 5.2).
CX90 and CX105 have interestingly red colours for M4 members.

5.7 VLA-Chandra matches

We match the Shishkovsky et al. (2020, S20) VLA catalogue to the
Bahramian et al. (2020, B20) Chandra catalogue to find positional
matches (Table 11). We only consider sources that have confident or
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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.

marginal detections in B20 (detection_quality_flag = 0
or 1), excluding poor detections. To determine search radii, we
first calculate source-specific composite positional errors (o .; 7,
x stands for ‘radio-X-ray’) by combining Chandra and VLA posi-
tional uncertainties in quadrature; this includes Chandra positional
uncertainty characterised by the 95 per cent error radius (Hong et al.
2005), Chandra boresight offsets, and VLA positional error. The
VLA positional errors in RA and Dec. are set to the larger of the
positional uncertainties reported in S20, and 0.1 of the projected beam
sizes; the VLA error radius (denoted by oy ) is set to the maximum
of VLA positional errors in RA and Dec., of which the median is
~(.10 arcsec for sources in M4. With search radii of 2.0 o, ,, we
found 6 Chandra counterparts to VLA sources, one of which is a
known MSP (CX12 = VLA9). Considering the low spatial densities
of Chandra and VLA sources, it is very unlikely that these matches
are coincidental (all are within 1.0 o, ;).

What are radio sources likely to be? We summarize possibilities.
For the radio spectral index «, ‘steeper’ sources have more negative
a values, « = 0 corresponds to a ‘flat’ source, and o« > 0 is
termed ‘inverted.” MSPs generally have very ‘steep’ radio spectra
(¢ = —1.6 £ 0.2; Kramer et al. 1998), while background AGN
and starbursts typically have moderately steep spectra (¢ = —0.7;

Table 11. Six VLA counterparts to Chandra sources.

Exotica in M4 2105

Gordon et al. 2021), and X-ray binaries typically have ‘flat’ spectra
(¢ ~ 0; Espinasse & Fender 2018). Only two MSPs with X-ray
studies have Lx < 3 x 10?° ergs~! (Pichardo Marcano et al. 2023),
our X-ray limit, indicating that MSPs should be X-ray detected in
M4. Redback MSPs (with main-sequence companions) are X-ray
brighter, Lx > 7 x 10*° ergs~! (e.g. Zhao & Heinke 2022). Coronal
activity in close binaries can produce radio emission, following
Lx/Lg = 10 %! (Guedel & Benz 1993), with typically flat spectra
(Giidel 2002). This is potentially detectable for X-ray active binaries
in M4, given the deep VLA radio limits of 10 xJy, which would imply
Ly =4 x 103! ergs~! following the Giidel-Benz relation. Giidel
(2002) refer to BY Dra stars up to 10 erg s~ Hz™! (0.2 uJy at M4),
and RS CVn stars (coronally active binaries including giants) up to
108 ergs~! Hz™! (200 uJy at M4), so evolved stars with coronal Ly
~ 10*" erg s~! may plausibly be radio detected in M4.

5.8 VLA-HUGS matches

We also search VLA error circles for positional matches with HUGS
sources. Since HUGS astrometry is matched to Gaia (within a few
mas), we only use the VLA positional uncertainty. We use search
radii of 3 times the VLA positional uncertainties (Section 5.7) and
found a total of 7 matches including the known MSP (VLA9 or
CX12); three of the matches have separations more than 2oypa.
These matches are summarized in Table 12.

A more complete VLA-HUGS cross-match using the full VLA
catalogue estimates ~0.6 chance coincidences with MS sources per
VLA source per arcsec? (Zhao et al., in preparation); if a HUGS
source marginally matches a VLA source, i.e. it has an offset of
3ovLa ~ 0.3 arcsec, the false alarm rate is around 0.2.

5.9 Individual matches with VLA sources

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

VLA1/CX70 is the brightest among the 37 VLA sources in
M4; its radio spectral index has an intermediate steepness (¢ =
—0.71 £0.01). Its position coincides with CX70, the X-ray spectrum
of which can be modelled by a power law with a (relatively hard)
photon index of 1.2%]$ (B20). We found no HUGS counterparts
within the search region, but there is a faint red object barely visible
in V and [ (the area is not covered by the WFC3 UV filters). VLA1’s
radio and X-ray properties allow for the possibility of it being an
MSP, though the optical non-detection would imply a very low-mass
companion, likely a black widow system. However, these features
could also be explained by a background AGN. Indeed, VLAI’s
radial offset (2.2 arcmin) from the cluster centre is about two core
radii; using the normalized radio source counts in S20, we estimate
~10 AGN with S5 > 10 uJy within a radius of 2.2 arcmin, so an
AGN is likely.

M4-VLA CX Offset S5 S7 o Notes
@) (0r,x) (nJy) (uJy) (8y ocv)

70 0.6 0.7 1289.40 £ 290  995.50 £3.50  —0.71%)0  no PMinfo
9 12 0.2 0.3 40.50 + 2.40 <6.50 <—2.60  Known MSP
13 77 0.4 0.2 26.10 £2.80  1690£290  —1.24%033  no PMinfo
19 14 03 0.6 19.10 + 3.70 <14.70 <130  noPMinfo
30 57 04 0.6 11.10 £ 210 1060 £220  —0.20707  noPM info
31 8 0.4 0.8 9.70 £ 2.70 12204220 0.371032  PM member
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Table 12. UV/Optical counterparts to VLA sources.

M4-VLA HUGS # Offset Ss S7 o PM Notes
() (ovia) (1Jy) (1Jy) (Sy o v®) (%)
R0009986  0.04 0.36 10620 £ 2.50 9050 £250  —0.441010 96.9  slight UV excess
5 RO004648 025 2.42 8270 £ 220 49204210  —1.437014 92.3
R0006434  0.02 0.23 40.50 + 2.40 <6.50 <—2.60 - KnownMSP
20 R0005914 022 2.10 18.80 £ 2.60 <7.30 <—0.40 964 WD
31 R0001877  0.30 2.89 9.70 £ 2,70 12.20 +2.20 0.371033 97.5  Ha excess; SSG

VLA4 has a HUGS counterpart (R0009986) with a slight UVy75—
Uss6 excess in the (UV,75, UV,75—Uszze) CMD, but is consistent with
the MS in the other broad-band CMDs. In the colour—colour diagram
(Fig. 5) the counterpart shows a significant Ha deficit. RO009986
is a cluster member (PM member probability = 96.9 percent).
The optical position is only 0.04 arcsec from the VLA position,
translating to 0.003 chance coincidences within a search circle at a
radius of this offset. The radio spectrum is marginally steep enough
to be consistent with a typical MSP (¢ = —0.4 £ 0.1), though
MSPs, and especially redback MSPs (given the main-sequence star
identification), should be detected in X-rays (see above). Other
interpretations also seem unlikely — an AGN is inconsistent with the
high-confidence optical counterpart, an X-ray binary should show
Ha emission and Ly > 10°ergs™!, while the (relatively) bright
radio emission, with strong limits on X-rays, makes a coronally
active binary very unlikely. This leaves the nature of this system
unclear.

VLAS is positionally consistent (with a chance coincidence
number of 0.2) with HUGS R0004648, which is a cluster member
on the main sequence. The projected radial offset from the cluster
centre is less than 1arcmin, within which we expect ~1 AGN.
The steep radio spectrum (¢ = —1.4 £ 0.1) may suggest an MSP
identification, though some AGN have such steep radio spectra. The
MS photometry, Vgoe = 19.8 and Vo — Is14 = 1.3, correspond to a
K3-K4 dwarf of 0.3 Mg, suggesting a redback MSP; however, the X-
ray non-detection pushes the X-ray luminosity to < 3 x 10?° erg s~
— again, unusually low for a redback MSP. An AGN appears the
most likely scenario, in which case the HUGS counterpart would be
spurious.

VLA9/CX12 is the known MSP (Lyne et al. 1988; McKenna &
Lyne 1988) PSR B1620 — 26 (or PSR M4 A, hereafter, M4A). It is
detected in the X-rays (CX12) and radio (M4-VLA9), with a quite
steep radio spectrum (o < —2.60). Its X-ray emission is consistent
with thermal, blackbody-like radiation (see Appendix A), as seen in
most MSPs in other clusters (Bogdanov et al. 2006).

VLA13/CX77 is another steep-spectrum source (¢ = —1.2 +0.6)
located at a relatively large projected distance (2.4 arcmin) from the
cluster centre, which makes it more likely to be a background AGN.
The absence of HUGS counterparts, if an MSP, would suggest a
highly ablated low-mass companion (a black widow), though an
AGN is more likely.

VLA19/CX14 has an upper limit on « (<1.3). The Chandra 1D
CX14 is within 1 o; «, so the match is relatively confident. B20 found
that a power-law model fits the X-ray spectrum best, giving a photon
index of 2.57]9 and Lx (0.5-10keV) =2.77%3 x 10% ergs~'.
VLA19’s large projected distance from the cluster centre (3.1 arcmin)
indicates it is a background AGN.

VLA20 has a poorly determined radio spectral index (o« < —0.4).
A HUGS ID (R0005914) consistent with the WD sequence is found
at2.1ovypa from the radio position. Despite this relatively large offset,
this match is very unlikely to be a chance coincidence, due to the
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paltry number of WDs compared to MS stars. While R0005914 does
not have a HUGS membership probability, its proximity to the cluster
centre ~1 arcmin argues against a background nature. The lack of
X-rays argues against an MSP nature, but as the likely companion
star is a white dwarf (rather than a main-sequence star, which would
require a redback nature), this is more plausible than for VLA4 or
VLAS above.

VLA30/CX57 is a 50 detection in both the low and high-
frequency sub-bands, producing a spectral index of o = —0.2 + 0.8.
Its Chandra 1D, CX57, is 0.60, , away from the radio position, so
the match is relatively confident. CX57’s X-ray spectrum can be fit
by a power law with a best-fitting photon index of l.Of}:Z). Similar
to VLA1 and VLA13, a black widow scenario is possible, where the
optical companion is very low mass and faint. A distant AGN also
fits the data, and seems most likely.

VLA31/CXS8 is a flat-to-inverted (a = 0.47)%) radio source that
has both a HUGS (R0001877) and a Chandra ID (CX8). R0001877
is at a relatively large offset (2.9 ovypa) from the radio position;
however, it is a confident cluster member (PM = 97.5 per cent)
that belongs to a rare population with unusual photometry — in all
HUGS CMDs, it is located below the sub-giant branch and redder
than the main sequence. In the (H @—Rg25, Vsos—I514) colour—colour
diagram, R0O001877 shows strong signs of Ho emission. Objects
in this region of CMDs are referred to as ‘sub-subgiants’ (SSGs;
Leiner et al. 2022). SSGs in GCs are typically binary stars and
X-ray sources, suggesting an evolutionary path distinct from that
for single stars (Geller et al. 2017). So far, there are three cases
of SSG-radio associations in GCs: two MSPs, PSR J1740—5340A
and B, in NGC 6397 (Zhao et al. 2020; Zhang et al. 2022) match
with steep radio sources, and an SSG matches a flat-to-inverted
source in M10 (M10-VLA1) (Shishkovsky et al. 2018) that is likely
a BH binary or an unusual RS CVn-type AB. The Chandra 1D
can be best modelled by a power law, with a photon index of
2.5 £ 0.4, consistent with typical accreting stellar-mass BHs in
quiescence (e.g. Reynolds et al. 2014). VLA31’s X-ray and radio
luminosities make VLA31 consistent with the black hole Lx—Lgr
correlation (Fig. 9). The flat spectrum argues against an MSP nature,
but does not completely rule it out. The radio and X-ray fluxes
are consistent with the Giidel-Benz relation, within the (order of
magnitude) scatter, and the sub-subgiant star appears large enough
to sustain substantial coronal activity, so this object may be an RS
CVn.

6 MSP POPULATION IN M4

M4A (CX12/VLAY9) is the only confirmed MSP in M4 (Section 5.9).
Kaluzny et al. (2012) provided strong evidence that CX1 is likely
to be an MSP, and likely a redback, as well. Using the correlation
between stellar encounter rate and the number of MSPs in a GC,
Zhao & Heinke (2022) predicted ~10 MSPs in M4, suggesting a
few MSPs may remain undiscovered. In this section, we attempt
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Figure 9. 5 GHzradio and 1-10keV X-ray luminosity of quiescent/hard-state BHs (filled orange circles) and BH candidates found in GCs (filled blue diamonds)
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M4-VLA31, are in pink, both of which are consistent with or above the quiescent/hard-state BH correlation (dashed line; Gallo et al. 2014).

to constrain the number of MSPs that might be hidden among the
uncategorized X-ray sources.

Using the X-ray luminosities and fluxes in the 0.5-2 and 2-8 keV
ranges from Bahramian et al. (2020), and optical identifications in
Table 7, we plotted the X-ray CMD of M4 (Fig. 10), comparing
X-ray hardness with X-ray luminosity. Note that, the X-ray flux
ratios are calculated from the fitted power-law models in Bahramian
et al. (2020), which gives a flux ratio limit at the assumed parameter
boundaries. Most of the sources of unknown nature are outside
the core region, with distances to the centre >1.5 arcmin, which
HST observations do not cover. These objects are likely to be
dominated by background AGN, and indeed we find that most
have relatively hard X-ray colours, typical of background AGN
(which often have substantial intrinsic absorption). We plotted the
positions of 25 known cluster MSPs with 7 x 10%® < Lx <
4x 102 ergs™! [18 in 47 Tuc (Heinke et al. 2005; Bhattacharya
et al. 2017), 2 in wCen (Zhao & Heinke 2022), 2 in NGC 6397
(Bogdanov et al. 2010), 2 in Terzan 5 (Bogdanov et al. 2021), and
one 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
listed sources, and their luminosities, to plot their positions, as the
spectral response of Chandra changes with time. By comparing the
colours and luminosities of those known MSPs with the positions
of unknown sources in M4, we identify a region in the X-ray CMD
(shaded area in Fig. 10) where unidentified MSPs are likely. While
most MSPs’ X-ray emission is dominated by thermal radiation
from the surface, redback MSPs are dominated by harder shock
emission, so we include a significant redback MSP sample from
several clusters. These produce two overlapping loci on the X-ray
CMD.

Within this region are 45 X-ray sources in M4, including 15
confident ABs (including 2 eclipsing AB candidates, CX25 and
CX28), 2 likely ABs, 1 sub-subgiant/red giant, 1 blue straggler, 2
confident and 1 likely CV, 1 certain MSP (M4A/VLA9) and one
good candidate (CX1), 1 likely foreground source (with a Gaia
counterpart), and three unknown sources with Gaia counterparts.

These objects we consider to have relatively confident identifications
that are unlikely to be additional MSPs. We also note three objects
discussed in Section 5.9 which could possibly be candidate MSPs;
CX8/VLA31 (a sub-subgiant), CX77/VLA13 and CX57/VLA30 (no
HUGS counterparts). We also see another 16 unknown sources with-
out Gaia counterparts. However, only three (CXs 17, 19, and 62) of
those 16 unknown sources are covered by HST observations, showing
empty error circles. As MSPs in a GC tend to be concentrated in the
core, the 12 unknown sources located at distances >2 core radii
(2.2 arcmin) from the centre, without additional information, are
unlikely to be MSPs. We thus identify seven objects without optical
counterparts, or with uncertain optical counterparts, in Table 13,
which we consider as possible candidate MSPs. We estimate that <10
MSPs remain undetected in M4, consistent with the estimate made
from the correlation between stellar encounter rates and numbers of
MSPs in GCs (Zhao & Heinke 2022).

7 RADIAL DISTRIBUTIONS

The radial distribution of a population of objects in a cluster depends
on the characteristic mass of the objects. Populations of interest
include all Chandra sources, bright CVs, faint CVs, ABs, and blue
stragglers. Analysis of population radial distributions to determine
object masses relative to the main-sequence turnoff (MSTO) mass
have been performed for a number of clusters. These include 47
Tuc (Grindlay et al. 2002; Heinke et al. 2005; Cheng et al. 2019a),
M30 (Lugger et al. 2007; Mansfield et al. 2022), M71 (Elsner et al.
2008), NGC 6397 (Cohn et al. 2010), NGC 6752 (Lugger et al. 2017;
Cohn et al. 2021), Terzan 5 (Cheng et al. 2019b), M28 (Cheng et al.
2020a), and w Cen (Cheng et al. 2020b). Estimated object masses
provide an important information on their nature. For CV candidates
in particular, binary system mass estimates provide a measure of the
masses of the white dwarf primaries, which provides an important
constraint on CV evolution (Pala et al. 2022).
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Figure 10. X-ray colour—magnitude diagram of M4, plotting X-ray luminosities in the band 0.5-10keV versus X-ray colours from source fluxes in 0.5-2 and
2-8keV (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? RA, Dec (J2000)? Lx¢ Xcolour? Dist® Identification/ VLA ID#
(erg s7h (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/7? 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

“Source numbering in this work (Table 7). bSource position (Bahramian et al. 2020). “X-ray luminosity in erg s~!, based on a BXA
power-law fit (Bahramian et al. 2020). *X-ray colours from source fluxes in 0.5-2keV and 2-8 keV. ¢Source distance from cluster
centre in arcmin (Bahramian et al. 2020). /Optical identifications by HST observations (Table 7). $VLA counterparts to the X-ray

sources listed (Table 11).

The method of characteristic mass determination in these studies
is based on the assumption that the populations with members
more massive than the MSTO mass are in thermal equilibrium. In
this case, the greater the characteristic mass of a population, the
higher its degree of central concentration. Our analysis algorithm has
most recently been described by Cohn et al. (2021). The essential
component is a maximum-likelihood fitting of a generalized King
model to the radial distribution of each population, including a
MSTO group. The surface density profile of the generalized King
model takes the form,

- > /2
14 <7> ] . )
ro

The core radius r., defined as the radius where the surface density
drops to half of its central value, is related to the scale parameter ry

S(r)=So

MNRAS 524, 2088-2113 (2023)

by,

re= (27 —1)"r,. )

For the MSTO sample, « & —2 and r. & ry. These parameter
values may either be determined from a fit of equation (1) to the
MSTO sample or by the adoption of a King-model profile and the
determination of the optical core radius. While we attempted to
determine both « and r. for the MSTO sample directly from the
HUGS Vigpe-band star counts, this approach is complicated by the
large core of M4, which fills much of the HST ACS/WEC field.
We also explored adopting a value of « = —2 and determining r,
which results in a value of r. = 65.4 + 3.3 arcsec. Two studies
have determined the core radius of M4 by fitting King models to the
ground-based surface brightness profile presented by Trager, King &
Djorgovski (1995), producing different results. These are 50.1 arcsec
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Figure 11. Cumulative radial distribution of excess Chandra source counts
over 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.

(Trager et al. 1995) and 69.7 arcsec (McLaughlin & van der Marel
2005). Additionally, Baumgardt et al. (2021) obtained a value of
43.5 arcsec by fitting an N-body model to a set of ground and space-
based data. We conclude that the determination of r. for M4 is
somewhat uncertain.

A refinement of our determination of the characteristic Chandra
source mass in the present study is that we now incorporate an X-ray
exposure map, which allows us to select those pixels in the Chandra
image that satisfy a minimum exposure criterion. This allows the
removal from consideration of those regions that received either no or
inadequate exposure. A second refinement concerns the application
of the background source correction for the Chandra source sample.
We now generate 1000 bootstrap resamplings of the original source
sample and for each of these we generate 1000 Monte Carlo removals
of Npkea uniformly distributed objects, where Nygq is chosen as
a random Poisson deviate with an expectation value equal to the
predicted extragalactic source number calculated from Giacconi et al.
(2001).

This procedure results in a determination of the value of the mass
ratio gy = mx/mysto. We note that in our recent analyses of the
entire Chandra source distributions for NGC 6752 in Lugger et al.
(2017) and Cohn et al. (2021), we neglected to apply a background
correction. This resulted in a moderate underestimate of the mass of
the typical Chandra source in these studies. For comparison, Cohn
et al. (2021) obtained a value of gx = 1.25 4 0.10 for NGC 6752,
while Heinke et al. (2005) obtained gx = 1.63 % 0.11 for 47 Tuc;
these values differ at the 2.6 o level.

Fig. 11 shows the cumulative excess number of sources (for a 10-
count detection threshold) over the expected background number,
calculated for a background density of 0.62arcmin~2, based on
Giacconi et al. (2001). The red dashed line shows a linear regression
fit to this profile for » > 3arcmin. The expectation is that the
profile should be asymptotically flat at large r, as the incremental
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contribution of the cluster to the total source counts dwindles. The
continuous rise of the red line suggests the presence of an excess
number of about 11 cluster sources in the halo, between 2 and
5 arcmin from the cluster centre. Such an extended-halo X-ray source
population has been observed in 47 Tuc by Cheng et al. (2019a), who
interpret it as having descended from a primordial binary population
in the cluster halo.

For the adopted background density of 0.62 arcmin~ and a core
radius value of 50.1arcsec (Trager et al. 1995), the maximum-
likelihood fit to a limiting radius of 5 arcmin of a generalized King
model produces a mass ratio value of gx = 1.531’8:2. The greater
uncertainty limits relative to 47 Tuc are likely due to the larger
background correction for M4 as a result of its greater proximity
and thus larger angular size on the sky. For the 74 10-count
sources within 5 arcmin of the cluster centre that meet the minimum
exposure criterion, 35 are likely background objects. For the same
background density of 0.62 arcmin~2 and a core radius of 69.7 arcsec
(McLaughlin & van der Marel 2005), gx = 1.84703}. These two
values for gx are consistent to within the large uncertainty range. The
corresponding range in typical source mass is m, ~ 1.2-1.5Mg.

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

the core radius. For r, = 50.1arcsec, gagp = 1.79f8;§§, while for

r. = 69.7 arcsec, gap = 2.491’8;12. Although these two values are
formally consistent with each other, given the large uncertainty, the
gap value for the smaller core radius is much more similar to the
range of gx values for all of the X-ray sources. Since the ABs are
by far the largest subgroup of X-ray sources, this suggests that the
smaller core radius value is the more appropriate one for this analysis.
For a MSTO mass of 0.80 Mg and a core radius of 50.1 arcsec,
the inferred characteristic mass of the ABs is 1.437035 M. For
comparison, Cohn et al. (2010) obtained a smaller characteristic mass
of 1.06 = 0.08 Mg, for a sample of 36 ABs in NGC 6397. These two
values do not differ significantly, given the large uncertainty of the

M4 AB characteristic mass estimate.

8 CONCLUSIONS

Previous Chandra and HST data of M4 revealed 20 optical counter-
parts to 31 X-ray sources (Bassa et al. 2004, 2005; Kaluzny et al.
2012). Here, we have used an X-ray source list (Bahramian et al.
2020) from significantly deeper Chandra observations (119 ks versus
26 ks used by Bassa et al. 2004), and analysed HST broad-band
optical and ultraviolet data using the ACS and WFC3 filters, largely
from the HUGS survey.® We also discuss MAVERIC radio imaging
data using the Jansky VLA, which finds 37 radio point sources within
M4 (Shishkovsky et al. 2020).

We consider 88 high-quality Chandra sources within the
4.3 arcmin half-light radius of M4, of which 53 are covered by some
HST data, and 16 were previously identified. We add 24 new HST
optical/UV confident counterparts. In total, we find 28 confident ABs,
and 6 other likely coronal sources (2 AB candidates, 1 blue straggler,
2 subgiants, 1 red giant), for 34 likely coronally emitting sources in

A caveat is that our HST data (3.4 x 3.4arcmin FoV) do not fully cover
the 4.3 arcmin half-light radius, only 20 percent of it. However, since the
HST/ACS data cover 53 of the 88 high-quality Chandra 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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the HST/ACS field. We also find two confident CVs (CX4 and CX76,
which is new) and two CV candidates (CX81 and CX101), along with
a known MSP (CX12) and a previously suggested candidate MSP
(CX1). We find one new foreground source (CX63), and 8 empty
error circles, likely dominated by distant AGN (as ~7 background
AGN are expected in this region, and 1 empty error circle also shows
a radio source). Using Gaia data, we identify seven brighter likely
optical counterparts outside the HST coverage.

We also identify 9 potential matches between VLA radio sources
and X-ray or optical sources (6 X-ray, 5 optical). Some are almost
certainly AGN (e.g. VLA1/CX70), but some appear highly likely to
be cluster sources (VLA9/CX12 is a known MSP; VLA31/CX8, a
sub-subgiant, and VLA20, a WD, appear to be cluster members).
Our knowledge of the nature of faint cluster radio sources is quite
limited so far.

We attempt to identify potential candidate MSPs in M4 without
detected radio pulsations so far. Among X-ray sources, we agree
with Kaluzny et al. (2012) that CX1 is a likely MSP (probably a
redback); its lack of detected radio emission may be due to radio
eclipses, faintness, or a misaligned beam geometry. CX8/VLA31
has a sub-subgiant optical counterpart. While its X-ray properties
are consistent with MSPs, its flat radio spectrum would be unusual;
dedicated spectroscopy of this object will be reported elsewhere.
We identify another five objects with X-ray properties similar to
MSPs but without optical counterparts, two of which have radio
counterparts. A few other VLA-detected radio sources (VLAS
and VLA20) with possible optical counterparts have steep spectra,
suggestive of MSPs, but their X-ray upper limits make an MSP nature
unlikely. Assuming that MSPs in M4 resemble those in other globular
clusters, we conservatively constrain the number of MSPs in M4 to
<10.

The background-corrected radial distribution of 10-count Chandra
sources suggests a relaxed population of 27 sources within the central
2 arcmin, with average mass ~ 1.2-1.5 Mg, as well as a cluster halo
population of ~10 sources. The majority of these cluster sources,
within both the region covered by the HUGS field and the cluster
halo, are likely to be ABs.

We can compare the numbers of different object types in M4 to
other well-studied clusters, at similar Ly limits (Tables 1, 2). We
now have two confirmed, plus two candidate CVs, in M4, down to
log Lx = 29.5; this agrees with the predicted number of four CVs
produced per unit stellar mass in the field. NGC 6397, with a similar
mass as M4, has almost four times as many CVs as M4 (this is also
true for Lx > 10 ergs™!, or for Lx > 10°! ergs™!), suggesting
dynamical production of NGC 6397’s CVs. Although the number
of CVs in M4 is small, their optical and X-ray luminosity functions
seem to be consistent with those in other clusters (Cohn et al. 2010;
Lugger et al. 2017; Rivera Sandoval et al. 2018; Belloni et al. 2019).
Interestingly, which CVs are ‘bright’ or ‘faint’ differs depending
on whether one is referring to X-rays or My; CX4 has Ly =2 x
10°! erg s~! but My ~ 8, while CX76 has Lx = 1.2 x 10% erg s~!
but My ~ 6.

MSP progenitors are dynamically produced in clusters (Clark
1975), and indeed the numbers of MSPs known’ in the nearby
globular clusters NGC 6397 (2), NGC 6752 (9), 47 Tucanae (29),
and M22 (4) are similar to their predicted stellar encounter rates
compared to M4 (3, 15, 37, 3, respectively; Bahramian et al. 2013),

https://www3.mpifr-bonn.mpg.de/staff/pfreire/GCpsr.html, Pulsars in glob-
ular clusters, P. Freire, as of July 2023
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although w Cen has significantly more MSPs (18) than predicted (3,
Chen et al. 2023).

Finally, M4 and NGC 6397 have similar numbers of ABs with
Lx >3 x 10% ergs™!' (a limit to which both clusters are fairly
complete in identifications), 28 versus 26. This is consistent with
the similarity in their masses. However, it is somewhat surprising
when compared to the dramatically different binary fractions in the
two clusters (10 per cent at the half-mass radius for M4, 2.4 per cent
for NGC 6397; Milone et al. 2012). We resolve this apparent
contradiction by noting that X-ray detectable ABs are generally in
much tighter orbits than average binaries in clusters (e.g. Heinke
et al. 2005 detect X-rays from most short-period binaries found by
Albrow et al. 2001 in 47 Tuc). Thus, this indicates that although the
total binary fractions differ significantly, the short-orbit (or ‘hard’)
binary fraction is similar between M4 and NGC 6397. This seems
to be in agreement with simulations that indicate that hard binaries
are not substantially destroyed by cluster dynamics (e.g. Hurley,
Aarseth & Shara 2007), but that the binary fraction differences may
be explained by destruction of ‘soft’ (wide-orbit) binaries in denser
clusters, perhaps especially during a higher-density initial cluster
formation phase (Fregeau et al. 2009; Leigh et al. 2015).

‘We note promising future directions regarding this cluster. First,
the radio sources associated with cluster members, apart from the
known millisecond pulsar, are mysterious; optical spectroscopic
studies are in progress. A second epoch of HST B data would permit
proper motion membership to be ascertained for the faintest objects.
In particular, the faintest CV candidate, CX101, has very limited
photometry, with its apparent strong H o excess being very low signal
to noise.
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APPENDIX A: X-RAY ANALYSIS OF THE MSP
M4A

We used archived CXO ACIS-S X-ray observations of M4 (obser-
vation IDs 946, 7446, and 7447) to analyse the X-ray properties
of M4A, with a total exposure time of 119.2ks. We reduced and
extracted data using CIA0® (Fruscione et al. 2006), version 4.13,
CALDB 4.9.4. All the Chandra data were first reprocessed to generate
new level 2 files for further analysis through the chandra_repro
script. No background flares were found for those observations.

We searched for an X-ray counterpart to M4A using its radio
timing position. We applied wavdetect, a Mexican-Hat Wavelet
source detection script, to identify sources and generate regions for
spectral extraction using specextract. The X-ray spectra of M4A
were combined for spectral fitting using the combine_spectra
script. The corresponding background spectra were extracted from
source-free regions around M4A.

We performed X-ray spectral fitting in SHERPA, the modelling,
and fitting package of CIA0. We first filtered the energy range to
0.5-6keV. (The full spectrum suggests hard-to-model flux above
6 keV; but a merged image of the region does not show evidence of
a source above 6 keV. We chose to ignore data above 6 keV for this
work.) Data were grouped to five counts per bin. We applied wstat
statistics in SHERPA to estimate fitting uncertainties and goodness.
The X-ray absorption by the interstellar medium towards M4 was
modelled by xstbabs with wilm abundances (Wilms, Allen &
McCray 2000). The hydrogen column number density (Ny) was
fixed to 3.05 x 10*' cm™2, which was obtained by converting the
interstellar reddening to the cluster, E(B—V) = 0.35 (Harris 1996,
2010 edition), to Ny using the conversion of Bahramian et al. (2015).

We considered three spectral models to fit the X-ray emission from
M4A: a blackbody (BB; xsbbodyrad), a neutron star hydrogen
atmosphere model (NSA; xsnsatmos; see Heinke et al. 2006),
and a power-law model (PL; xspegpwrlw). For the NSA model,
we fixed the NS mass and radius parameters to 1.4 Mg and 10 km,
respectively, and the distance to M4 was set to 1.85 kpc (Baumgardt
et 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
described by a single BB or NSA model, consistent with thermal
emission from this source. For a single PL. model, the best-fit photon
index is 2.8 & 0.3. Typically, nonthermal emission from MSPs (e.g.
synchrotron) can be represented by a power-law of photon index
1-2, while thermal blackbody-like surface emission can be fit by a
blackbody, or (for relatively low-count spectra) by a power-law of
index >2. The fit parameters for M4A suggest that its emission

8https://cxc.cfa.harvard.edu/ciao/
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Table Al. Spectral fits for PSR B1620 — 26 in M4.

Spectral Model
BB NSA PL
kTgp/log Tef/T * 0.30 £ 0.03 6.34 £ 0.08 28+0.3
Reduced Stat. 1.06 0.99 1.36
Q-value 0.39 0.44 0.21
Fx(0.5-6 keV)” 44798 4.6713 9.5%29

Ny was fixed for all fits at 3.05 x 102! cm—2.

“kTgg: blackbody temperature in units of keV; log Tes: unredshifted effective
temperature of the NS surface in units of log Kelvin; I": photon index.
bUnabsorbed flux in units of 101 ergem=2 s~
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Figure A1. The X-ray spectrum and best fit of M4A. Data are filtered into the
energy band of 0.5-6keV and grouped to five counts per bin. The spectrum
is well fitted by a single NSA model, using wstat statistics.
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Exoticain M4 2113
is largely thermal surface emission. We also tested spectral fitting
with combinations of PL and BB/NSA models, but the additional
component does not improve the fit. The spectral fitting results of
M4A indicate that the X-ray emission is principally thermal and
hence likely originates from hotspots near the magnetic poles on the
NS surface, heated by returning particles from the magnetosphere
(Harding & Muslimov 2002). The 0.5-6 keV X-ray luminosity
inferred from the NSA model is Lx = 1.9%)2 x 10*ergs~!, for
a distance of 1.85 & 0.02kpc (Baumgardt et al. 2021). The X-ray
spectrum and best-fit NSA model are shown in Fig. Al.

APPENDIX B: FINDING CHARTS
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