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ABSTRACT

We present a far-ultraviolet (FUV) study of the globular cluster M30 (NGC 7099). The images were obtained using the Advanced
Camera for Surveys (ACS/SBC, F150LP, FUV) and the Wide Field Planetary Camera 2 (WFPC2, F300W, UV) which were
both on board the Hubble Space Telescope (HST). The FUV — UV colour-magnitude diagram (CMD) shows a main sequence
(MS) turnoff at FUV ~ 22 mag and FUV — UV = 3 mag. The MS extends 4 mag below the turnoff, and a prominent horizontal
branch (HB) and blue straggler (BS) sequence can be seen. A total of 1218 MS stars, 185 red giant branch stars, 47 BS stars
and 41 HB stars are identified, along with 78 sources blueward of the MS which consist of white dwarfs (WDs) and objects in
the gap between the WDs and the MS that include potential cataclysmic variable (CV) candidates. The radial distribution of
the BS population is concentrated towards the cluster centre, indicating that mass segregation has occurred. The blue and red
sub-populations of the double BS sequence appear mixed in the ultraviolet CMD, and no significant central concentration of CV
candidates is seen in this cluster.
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1 INTRODUCTION

Globular clusters (GCs) in our Milky Way are tightly bound groups
of very old (> 10 Gyr) and metal-poor stars. They formed in the
early Galaxy and can contain hundreds of thousands of stars, with
extremely high stellar densities in the cores. At optical wavelengths,
the luminosity of a GC is dominated by the large number of main
sequence (MS) stars and evolved stars including red giant branch
(RGB) stars and horizontal branch (HB) stars, as well as blue strag-
glers (BSs). Stellar exotica such as white dwarfs (WDs), binaries
such as cataclysmic variables (CVs, consisting of a WD accreting
mass from a companion) and low-mass X-ray binaries (LMXBs,
containing a neutron star or a black hole accreting material from a
low-mass companion) are optically faint and are therefore not easily
detected in the cores of GCs in the visual wavebands. The spectral
energy distribution of these hot exotic objects usually peaks at far-
ultraviolet (FUV) wavelengths, where MS stars and RGBs are faint.
As a result, the core of a GC appears less crowded in the FUV and
the exotic sources can be more easily detected and examined. Several
cores of Galactic GCs have been studied in the far-ultraviolet, includ-
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ing M2 (Dalessandro et al. 2009), M15 (Dieball et al. 2007), M80
(Dieball et al. 2010; Thomson et al. 2010), NGC 1851 (Parise et al.
1994; Zurek et al. 2009; Maccarone et al. 2010; Zurek et al. 2016;
Subramaniam et al. 2017), NGC 2808 (Brown et al. 2001; Dieball
et al. 2005), NGC 5466 (Sahu et al. 2019), NGC 6397 (Dieball et al.
2017), NGC 6752 (Thomson et al. 2012), 47 Tuc (Knigge et al.
2000). Also M3, M13 and M79 (Dalessandro et al. 2013a), and the
outskirts of GCs have been observed with the Galaxy Evolution Ex-
plorer (GALEX) survey of GCs (Dalessandro et al. 2012; Schiavon
et al. 2012), and the Swift Gamma-Ray Burst Mission UVOT survey
(Siegel et al. 2014, 2015).

We are able to probe deeper into GCs by detecting stellar popu-
lations that shine brightly in specific wavelengths, particularly those
populations which formed by dynamical interactions. For example,
blue stragglers (BS) appear to be on the MS above the turnoff point,
although the cluster’s age indicates that they should have evolved
away from the MS to become red giants. These sources likely have
mass added by either mass transfer from a companion (McCrea
1964), or resulting from a direct collision (Hills & Day 1976), which
adds hydrogen fuel to the core allowing these stars to remain on the
MS for longer than they would have otherwise. The high density
of stars in the cluster core allows frequent interactions resulting in
various exotic sources such as BS stars, CVs, X-ray binaries and mil-
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lisecond pulsars (MSPs, Shara & Hurley 2006; Hurley et al. 2007;
Ivanova et al. 2006; Hong et al. 2016; Kremer et al. 2020). De-
tailed stellar-dynamical analyses can be found in Leigh et al. (2007,
2011, 2013, 2015); Chatterjee et al. (2010, 2013); Hypki & Giersz
(2012); Wang et al. (2016); Belloni et al. (2017, 2018a,b); Belloni
et al. (2020) and Rui et al. (2021). Binary systems are important
for the dynamical evolution of the cluster (Heggie 1975; Hut et al.
1992), as the binding energy in the binary can be transferred to other
stars in dense stellar systems, stabilising the cluster against deep core
collapse (Hills 1975; Hurley & Shara 2012; Breen & Heggie 2013;
Rodriguez et al. 2016), such that the initial binary population consti-
tutes an essential aspect (Belloni et al. 2017). Thus the detection of
binary systems is important for our understanding of the dynamical
state of the cluster.

M30 (NGC 7099) is a metal-poor globular cluster with a metal-
licity of [Fe/H] = -2.12 (Harris 1996). It is located 8.3 + 0.2 kpc
away from us in the Galactic halo and has an estimated age of
13.0 £ 0.1 Gyr (Kains, N. et al. 2013). M30 has aretrograde orbit with
an average orbital eccentricity of (¢) =0.316, average perigalactic and
apogalactic distances of (ryin) = 3.94 kpc and (rpqx) =7.58 kpc
respectively, and an average maximum distance from the Galactic
plane of (|z|max) = 4.95 kpc (Allen et al. 2006, based on a non-
axisymmetric (barred) Galactic potential). M30 has a cluster mass
of ~ 1.6 X 109 Mg and is core-collapsed: it has dynamically evolved
so that the most massive stars have fallen inward and are concentrated
towards the cluster core within a radius of only 1.9”” (0.08 pc, Sosin
1997). M30 has a very high central density (= 10° Mg pc™3, Lugger
et al. 2007), indicating a high rate of stellar interactions and activity
in the core region. This has resulted in a large bluer inward colour
gradient, where the B—V colour profile has a strong inclination to-
wards bluer magnitudes in the centre, resulting from the infall of
BS stars and a depletion of RGs from the core (Howell et al. 2000).
Optical studies on M30 have yet to find a significant CV or WD
population.

Based on the optical Hubble Space Telescope (HST) Wide Field
Planetary Camera 2 (WFPC2) data, a significant BS population is
observed in M30 (Guhathakurta et al. 1998), and Ferraro et al. (2009)
suggest that these stars can be divided into two distinct blue strag-
gler sequences in the V-1 colour-magnitude diagram (CMD). The
blue BS sequence aligns with the zero-age main sequence (ZAMS)
and the red sequence lies at a brighter magnitude of AV = 0.75 mag.
Isochrones from stellar evolution models representing collisions are
found to lie along the blue BS sequence (Ferraro et al. 2009; Sills
et al. 2009), and the red BSs populate a region that can be repro-
duced with models which undergo mass transfer (Xin et al. 2015).
Portegies Zwart (2019) also produced stellar simulations and show
that red BSs form by mass transfer at a constant rate over the cluster
lifetime, whereas the blue BSs may have formed by mergers during a
short burst of activity when the core of the cluster collapsed roughly
3.2 Gyr ago. The burst of activity would have resulted from the in-
creased likelihood for interactions between stars due to the collapsing
cluster core. It remains unknown however why the two sequences are
parallel and why the red sequence is ~ 0.75 mag brighter than the
blue one. Double BS sequences have also been detected in NGC 362
(Dalessandro et al. 2013b) and NGC 1261(Simunovic et al. 2014).

This first work in our study of M30 aims at analysing HST FUV
and UV data using photometry and providing an ultraviolet CMD
and an analysis of the radial distributions of the different stellar
populations. The observations and data reduction are described for
each filter in Sect. 2 and the FUV — UV CMD is presented in Sect.
3. The optical counterpart matching is given in Sect. 4, and radial
distribution analysis in Sect. 5, followed by a summary in Sect. 6. A
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Figure 1. Master image of the FUV ACS/F150LP exposures of the core of
M30, which spans 34.6” x 30.8” (1.40 pc x 1.24 pc). North is up and east is
to the left.

following publication in this study will include potential counterparts
to known X-ray sources and an investigation into the variable sources
in M30.

2 OBSERVATIONS AND IMAGE PROCESSING
2.1 The ACS FUYV data

The far-ultraviolet (FUV) data was obtained with the Advanced Cam-
era for Surveys (ACS) on board the HST, using the Solar Blind Chan-
nel (SBC) and F150LP filter (program GO-10561; PI: Dieball), in
15 orbits distributed over three visits, from the 29th May to the 9th
June 2007. The SBC has a field of view of 34.6”” x 30.8”” and a pixel
scale of 0.034” x 0.030” pixel™!. Sixty-four images were taken,
each with an exposure time of 315 s, resulting in a total exposure
time of 20160 s, and are described in Table 1. Thermal breathing
during the 96 minute day-night cycle of the HST for each visit, as
well as guide star re-acquisition, can create small shifts between the
individual images taken at the same pointing position. As a first step,
a master image is created which realigns all individual images using
the TWEAKREG task from the DRIZZLEPAC package running under PYRAF
(Greenfield & White 2000). This task compares the world coordinate
system (WCS) data in the header of each image to a reference image
(the first in our list) and calculates the small residual shifts made by
the pointing differences. The threshold is adjusted to ensure the rms
of the shifts is small and there is no correlation in the residual plots.
The images are then combined into a geometrically-corrected master
image using the ASTRODRIZZLE task from the DRIZZLEPAC package.
This task incorporates the processes of performing sky subtraction,
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Table 1. Log of the observation dates, the camera and filters used, and the total exposure times.

Camera Filter Data Set Start Date Exposure Time (s)
ACS/SBC  F150LP JOHCO02011 29 May 2007 16:45:50 5040
ACS/SBC  FI50LP JOHC04011 03 June 2007 11:51:14 5040
ACS/SBC  F150LP J9HC04021 03 June 2007 15:01:42 2520
ACS/SBC  FI50LP JOHC06011 09 June 2007 02:10:34 7560

WFPC2 F300W  U9HC0301M-U9HCO0308M 29 May 2007 19:58:16 4000

WFPC2 F300W  U9HC0501M-U9HCO0508M 03 June 2007 16:39:16 4000

WFPC2 F300W  U9HC0701M-U9HCO0708M 09 June 2007 07:00:16 4000

drizzling, creating a median image, cosmic ray removal and final
combination into the master image. In this instance, cosmic ray re-
moval is not needed as the SBC is not sensitive to cosmic rays. The
FUV master image is shown in Fig. 1. Although this shows the ex-
tremely dense core region of the cluster, the FUV image does not
suffer from much crowding since the numerous MS stars are faint at
these wavelengths.

2.1.1 Object identification

Most of the potential sources are automatically detected using the
DAOFIND task in the DAOPHOT package (Stetson 1987), running under
PYRAF. This task determines if there is a source in a given pixel by
applying a Gaussian profile on the surrounding pixels. A detection is
recorded if there is a good fit with a large positive central height of the
Gaussian, whereas a negative or minimal height resembles the edge
of a star or an empty region of sky (Stetson 1987). A FWHM of 3
and zero readnoise is used for the ACS/SBC. The coordinates of
found sources are over-plotted onto the master image to be checked
by eye. The threshold for DAOFIND needs to be chosen such that it
detects as many faint sources as possible without making too many
false detections in the vicinity of the brightest stars. These false
detections are then removed from the list by hand (along with some
false detections at the edge of the image), and any of the faint sources
missed by the DAOFIND task are added. The resulting number of
objects found in the FUV is 1934.

2.1.2 Stellar photometry

Aperture photometry was performed using the task DAOPHOT (Stetson
1987) running under PYRAF. An aperture of 4 pixels was used with a
sky annulus of 8-12 pixels. A small aperture is needed for dense stellar
systems, however in order to account for the limited percentage of
flux contained in the small aperture, an aperture correction, ApCorr,
is applied, which is the inverse of the encircled energy. The small
sky annulus also contains light from the star itself, and thus a sky
correction, SkyCorr, is needed. Assuming that a larger sky annulus of
60-70 pixels contains only background flux, SkyCorr is determined
by taking the magnitude ratio of the large sky annulus and the small
sky annulus for several chosen isolated stars (see e.g. Dieball et al.
2007). The fluxes are then converted into STMAGs using the formula:

STMAG = - 2.5 x log (flux x SkyCorr x ApCorr / ExpTime)

+ZPT,

where ZPT = -21.1 mag is the zero point for the STMAG system,
and flux = counts x PHOTFLAM, where PHOTFLAM is the inverse

Figure 2. F300W master image of the WFPC2/PC exposures of M30, with a
field of view of 34” x 34” (1.37 pc x 1.37 pc). North is up and east is to the
left.

sensitivity of the instrument used to convert count rates into fluxes,
and can be found in the image header. For the ACS filter F150LP,
this is:

PHOTFLAMACS,FISOLP = 3.246305 x 10717erg cm™2 Ail count™!

For an annulus of 4 pixels, the corrections are ApCorr =1.7636
(Avila & Chiaberge 2016) and SkyCorr = 1.011.

2.2 The WFPC2 F300W data

The UV data was obtained using the WFPC2 which was on board
the HST (program GO-10561; PI: Dieball) with the F300W filter in
15 orbits distributed over three visits, from the 29th May to the 9th
June 2007. The WFPC2 consists of four cameras, the three Wide
Field Cameras (WFCs) each with a field of view of 50”” x 50"/, and
the Planetary Camera (PC) with a field of view of 34" x 34", and
a pixel scale of 0.046” pixel™!. The PC was centred on the cluster
core. The exposures from these four chips are placed together into
a mosaic image. Twenty-four mosaic images were taken with a total
exposure time of 12000 s (Table 1).

MNRAS 000, 1-11 (2022)
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Figure 3. FUV — UV CMD of M30. A theoretical ZAMS (solid orange line), ZAHB (dotted pink line), and a CO WD cooling sequence (dashed green line)
have been added for orientation. The surface temperatures of WDs are also indicated. Additionally shown are sources measured in the FUV but with no UV
counterpart (grey circles), using the detection limit of the UV to estimate their position on the CMD, which also represents the location of the detection limit.

2.2.1 Object identification and stellar photometry

A master image is created using the same method that was used
for the FUV data, with the TWEAKREG and ASTRODRIZZLE tasks from
the DRIZZLEPAC package running under PYRAF (Greenfield & White
2000), and is shown in Fig. 2. Photometry was performed using the
package DOLPHOT (Dolphin 2000), running under IRAF (Tody 1986;
Tody 1993). This program carries out the image alignment with
respect to a reference image (our master image), source detection
and photometry directly on the 24 flat-fielded exposures. DOLPHOT
contains a specific module for the WFPC2 which performs PSF-
fitting using a pre-calculated PSF model for the F300W filter!, and the
output magnitudes are already flux corrected. As the ACS/FUYV field
of view is contained within the field of view of the Planetary Camera,
only the data from this chip is needed here. For the photometry, the
recommended parameters for the WFPC2 module are first used, then
optimised so that as many faint sources were measured as possiblez,
The number of objects found in the PC/F300W data is 10451, with
8836 of these within the FUV field of view.

2.3 Catalogue matching

In order to find objects that appear in both the FUV and UV data, the
coordinates of the sources found in the FUV image are transferred

! http://americano.dolphinsim.com/dolphot
2 The optimised parameters are: imgRPSF = 10, RCentroid = 1
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into the UV frame. In order to make the conversion, the x and y
positions of 30 reference stars easily identified in both images are
used as input for the task GEOMAP running under PYRAF. This computes
the spatial transformation which is used by the GEOXYTRAN task to
transform the coordinates of the FUV objects into the UV frame. This
is checked by over-plotting the transformed FUV coordinates onto
the UV image. The two catalogues are then compared for matching
stars using the task TMATCH which correlates the two lists for sources
matching in coordinates within a radius of a given number of pixels.
The average matching radius for sources in both frames is 0.35 pixels,
and this procedure results in 1569 matching objects. The first 30
entries of the final list of sources are given in Table 2.

A number of chance matches are expected, and can be estimated
using the numbers of objects in the two wavelengths and the match-
ing radius (Knigge et al. 2003). The estimated number of spurious
matches is 74 pairs (4.6% of all matches).

3 THE FUV -UV CMD

The FUV — UV CMD is given in Fig. 3. A theoretical zero-age main
sequence (ZAMS), zero-age horizontal branch (ZAHB), and WD
cooling sequence with marked surface temperatures are included for
orientation purposes. These are calculated using the fitting formulae
of Tout et al. (1996), the theoretical ZAHB models from Dorman
(1992a) and the Wood (1995) grid of WD cooling curves with a grid
of synthetic WD spectra by Génsicke et al. (1995). Kurucz models of
stellar atmospheres are used for interpolation and the resulting spectra
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Figure 4. The BS sources that are found to be in a double BS sequence in the
infrared by Ferraro et al. (2009), marked according to whether they belonged
to the blue (squares) or red (circles) BS sequence, onthe FUV — UV CMD
(top) and their position verticalized along with respect to the ZAMS (bottom)

are then folded with the appropriate filter and detector combinations
using PYSYNPHOT running under PYRAF. The cluster parameters used
are a distance of 8.3 kpc, a metallicity of [Fe/H]= —-2.12 and a
reddening of E(B — V) = 0.03 mag.

There is a well-defined main sequence, with turnoff at FUV =~
22 mag and FUV — UV = 3 mag. Many BS sources are seen along
the ZAMS at brighter magnitudes than the turnoff. The RGB lies
from the turnoff towards fainter and redder magnitudes. The HB
reaches from the RGB up to FUV = 15 mag. The sources between
the MS and WD cooling sequence are called gap objects and are
likely to include CV candidates (Dieball et al. 2007). Also included
are 126 sources present in both FUV and UV fields of view with
FUV measurements but no UV counterparts. The detection limit of
UV =23.6 mag was used to estimate the position of these sources in
the CMD, and as such they lie on the line representing this limit.

Figure 4 shows 16 of the BSs that are situated in the red BS
sequence in Ferraro et al. (2009), and 13 from the blue BS sequence.
As the separations in colour are small, they are also plotted in Fig. 4 in
a verticalized CMD with respect to the theoretical ZAMS curve used
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in Fig. 3. The highest uncertainty in the FUV - UV position for these
sources was 0.024 mag, and 0.004 mag for the FUV. Of the two BS
sources without counterparts from Ferraro et al. (2009), the source at
FUV—-UV =~ 0mag (ID27) was just outside of their field of view, and
the one at FUV —UV ~ — 0.65 mag (ID283) matched within 2 pixels
to the position of a source that was between the double BS sequence
and the RGB (Ferraro et al. 2009, their source #11002543), and as
such was not included. The field of view in our study only included
the cluster centre, thus further observations using a larger field of
view of this cluster in FUV wavelengths is needed to fully explore
the BS population, however we find that there is no clear distinction
between the two BS sequences in our dataset. The sources that were
attributed to the distinct sequences in Ferraro et al. (2009) appear to
be well mixed in the ultraviolet, particularly as two of the red BS
sources have a large blue excess compared to the other BSs (Fig. 4).
As the sources on the red BS sequence are thought to be the result of
mass transfer (Xin et al. 2015), the reason the two sub-populations
appear mixed may be due to the sources on the red sequence being
in an active state of mass transfer. Xin et al. (2015) detail a binary
model which begins mass transfer at 7.54 Gyr, becomes brighter
than the MS turnoff at around 10 Gyr, remains in the BS region for
another 3-4 Gyr with mass transfer ceasing at 12.78 Gyr. Systems
with active mass transfer emit F UV radiation due to the hot material
in the accretion disk which would give these sources a blue excess
in the FUV — UV CMD. These active systems would then be shifted
bluewards towards (and even beyond) the blue BS sequence in the
ultraviolet.

There are around 78 WD/Gap objects blueward of the main se-
quence. We can make an estimate of the expected number of WDs in
M30 by assuming that the number of stars in both of the HB and WD
phases is proportional to the lifetime of these phases (Richer et al.
1997):

Nwp _twbp )
Nup  THB

If we assume that gy g ~ 108 yr (Dorman 1992b), the temperature of
the WD cooling curve at the detection limit is 20,000 K ~ 5 x 107yr
(Althaus & Benvenuto 1998), and using the number of HB sources
found in our sample Ny g = 41, we find that the estimated expected
number of WDs is Ny p =~ 20. This rough estimate is in agreement
with the sources on or near the WD cooling curve (Fig. 3) which
have UV counterparts, and there may also be a few WDs in the 23
sources with FUV < 22 but were not detected in the UV.

The other sources in the gap between the WD cooling curve and
the MS are expected to include a number of CVs. A GC such as
M30 should produce ~ 200 CVs by 13 Gyr (Ivanova et al. 2006),
through various formation channels such as primordial CVs in which
the binary components are the original two stars, and also dynamical
binary exchange encounters and tidal capture. However, in the dense
core, interactions with other cluster members mean that the rate of
destruction of CVs is greater than the formation rate (?), and CVs
are expected to have shorter lifetimes than their field counterparts by
a factor of three (Shara & Hurley 2006). ? find that around 45% of
detectable CVs are within the half-light radius of a GC, which for
M30 is 1.03’ (Harris 1996). After scaling down to our field of view,
and taking the destruction rate into account, we have a predicted
number of detectable CVs in our images of ~ 8. The remaining
sources in this region of the CMD that are not CVs or individual WDs
are likely to be detached WD-MS binaries, where the hot emission
from the WD surface and the cooler radiation from the MS surface
places the combined flux of the binary in the region between these two

MNRAS 000, 1-11 (2022)
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populations. There is also the possibility of chance superpositions,
and following the same prescription that was used for the whole
dataset in Sect. 2.3, the expected number of spurious matches in the
WD/Gap population is ~ 1. Additionally, some sources which lie
close to the MS and BS sequence may indeed be MS or BS stars. We
stress that the predicted number of CVs is a rough estimate, and a
closer investigation into the particular sources that are CV candidates
is given in the following publication in this study.

We note that for the remainder of this study, most of the sources
discussed have been determined as belonging to certain populations
by their location in the FUV — UV CMD. Yet there may be some
sources which truly belong to a different group, as mentioned in
the preceding paragraph of the gap sources close to the MS and BS
sequence. This is especially true for the sources near the MS turnoft
that have been included in the BS group for example, but may really
be MS stars or gap objects, and vice versa. These initial distinctions
allow us to make useful preliminary investigations into the cluster
population, however supplementary tools such as spectroscopy and
additional multi-wavelength observations would enable us to more
accurately determine a star’s true nature.

4 COMPARISON TO OPTICAL

Guhathakurta et al. (1998) presented an optical catalogue of 9507
sources for M30, the exposures of which were also taken with the
WFPC2 on board the HST (program GO-5324, PI: Yanny). Eight
exposures were taken on 31st March 1994, two using the F336W
filter with an 100 s exposure time, two using the F439W filter and
40 s exposure time and four using the F555W filter with 4 s exposure
times. The data was accessed from VizeiR3, and by taking the well-
defined group of HB stars in the optical CMD (Fig. 5), and over-
plotting their coordinates onto the FUV image, it is easily seen that
they corresponded to the brightest sources in the FUV image, albeit
with a slight shift. After correcting for the shift, these are then used
as reference stars to convert the coordinates of the optical catalogue
into our FUV frame. The coordinates of the HB stars are given as
input for the task GEOMAP which computes the transformation. The
GEOXYTRAN task carries out the transformation of the optical catalogue
into the FUV frame, and then also into the UV frame using the same
transformation used in Sect. 2.3. The optical coordinates are first
converted into the FUV frame rather than directly into the UV frame,
because it was easy to identify stars to use for the transformation, as
the HB stars are the brightest objects in the FUV and as such are an
efficient choice for the reference stars.

The resulting comparison is given in Fig. 5. Groups of sources
belonging to both catalogues are plotted in colour. There are 1201
matching MS stars (yellow), 178 RGB stars (red), 44 BS sources
(blue), all 41 HB stars (purple), and 42 WD/Gap objects (green)
which include CV candidates. The comparison illustrates the im-
portance of far-ultraviolet observations in detecting and identifying
stellar exotica such as WDs and CVs, as in the optical they are in-
distinguishable in position from the MS, but their hot emission in
the FUV shifts their location in the FUV — UV CMD blueward and
brighter than the MS. This is also true for a few FUV-bright BS can-
didates that are in the MS region in the optical CMD. These sources
appear brighter than the MS turnoff in the FUV suggesting that they
could have a hot WD companion (?). Additionally, two of our BS
sources, ID7 and ID66, do not have an optical counterpart. Source

3 https://cdsarc.cds.unistra. fr/viz-bin/cat/1/AJ/116/1757
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Figure 5. Comparison of the various stellar populations in the FUV — UV
CMD (top) and the optical CMD (bottom, based on the Guhathakurta et al.
1998 catalogue). Only the sources present in both catalogues are marked
in colour. Included are MS stars (yellow down triangles), red giants (red
squares), HB stars (purple up triangles), BS stars (blue diamonds), and gap
objects (which include CV candidates, green circles).

ID7 was just out of the field of view in the optical exposures, and
ID66 is close to the MS turnoff in the FUV —UV CMD, and as such it
may be a binary system with a hot WD that is bright in the ultraviolet
but with an optically faint MS star companion (Knigge et al. 2000).
If this is the case, it would really be a Gap object rather than a BS
star, as discussed at the end of Sect. 3.

Several sources at the top of the optical RGB do not have FUV
counterparts as they are located outside the FUYV field of view. Addi-
tionally there were 76 sources in the FUV that are undetected in the
optical, including nearly half of the WD/Gap objects. This is expected
for the sources in the WD cooling region as WDs are optically very
faint. The reason for the Gap objects not having optical counterparts
may be due to them being CVs with very low-mass MS companions,

MNRAS 000, 1-11 (2022)


https://cdsarc.cds.unistra.fr/viz-bin/cat/J/AJ/116/1757

8 8. Mansfield et al.

as their radial distributions suggest, and as such were too faint to be
detected in the optical. The MS stars given in the optical catalogue
fainter than V =~ 20.5 mag are too faint to be detected in the FUV.
The matched optical counterparts are identified in Table 2.

5 RADIAL DISTRIBUTION

Figure 6 shows the cumulative radial distributions of the stellar pop-
ulations found in both the FUV and UV images within a radius of
15.5” from the cluster centre. The centre of the cluster used was
a = 21740M22813, 6 = —23°10747"40 (Ferraro et al. 2009) which
corresponds to pixel coordinates x = 443.9, y = 362.8 in the UV
frame and x = 612.1, y = 800.1 in the FUV. The numbers for each
stellar population in the FUV — UV catalogue and those within 15.5”
radius of the cluster centre are given in Table 3. Included in the group
WD/Gap sources are all sources blueward of the MS/BS sequence
and FUV > 19 mag.

The most prominent result in the radial distributions is the strong
concentration of BS stars towards the centre, compared to the other
populations. M30 is a core-collapsed cluster, meaning that over time
the more massive stars have concentrated inward towards the centre
(mass segregation). BS stars are the most massive stars out of these
stellar populations, having gained mass by either mass transfer from
a companion or by the merger of two stars (McCrea 1964; Hills &
Day 1976), and as they are still hydrogen burning they have not yet
undergone the mass loss observed in the later stages of evolution.
They are also likely to form in the cluster centre due to the high
number of stellar interactions in this dense region. Thus the BS con-
centration towards the centre is expected evidence of the dynamical
history of the core, and is also representative of the bluer inward
colour gradient observed in M30 (Howell et al. 2000).

The colour gradient also results from the central deficiency of
RGB stars (Howell et al. 2000), which corresponds to the lack of
central concentration of this population shown in Fig. 6. This may be
due to the mass that stars typically lose during the RGB phase which
could allow these stars to drift outwards. This may also be the case
for the least centrally concentrated population, the HB stars, which
evolve from the RGB stage. The HB stars are even absent within the
inner core region of 1.9”” (0.08 pc), so whilst the high concentration
of BS stars in the centre may add to the bluer inward colour gradient
of M30, it seems that the numerous HB stars, which are similar to
BS in colour magnitude, do not contribute to this gradient.

The group WD/Gap sources includes ~ 20 sources that are likely
isolated WD stars that are located near the WD cooling curve (Fig.
3), an estimated number of ~ 8 CVs, and detached WD-MS binaries.
Overall, the sources in this group are only slightly more centrally lo-
cated than MS stars in M30, which is unexpected at first glance, since
a central concentration was seen in other GCs such as NGC 2808
(Dieball et al. 2005) and M15 (Dieball et al. 2007), and as CVs
can form from two-body interactions that are frequent in the high
density centre of the cluster. CVs are binary systems, which along
with the non-interacting WD-MS binaries, means a higher combined
mass than the individual stars alone. Similarly to BS stars, these
higher mass sources should concentrate towards the cluster centre
over time. However, the segregation of WD/Gap sources towards the
centre is not observed, and a possible explanation for this might be
that the combined mass of these binary systems is actually relatively
low. This is true for old (= 10 Gyr) CVs where the WD has devoured
almost all of the mass from their companion, leaving behind as little
as = 0.1 Mg, a negligible mass relative to the WD (Hillman et al.
2020), and also mass is lost from the system over time due to wind
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Figure 6. Cumulative radial distributions of the various stellar populations
(top) with mass estimate models ranging from 0.4 My — 2.0 My (middle),
and the sources on the red and blue BS sequences (bottom) found by Ferraro
et al. (2009), within a radius of 15.5” from the centre of M30.

and outbursts from the accretion disc (Tout & Hall 1991). Addition-
ally, as the destruction rate of CVs is higher than the formation rate
in the dense cores of GCs (Belloni et al. 2018b), a number of the
detached WD-MS binaries may also have undergone mass transfer in
the past. Even if we also detect younger systems, it is likely that the
MS companion has a low mass as otherwise the flux from the MS
star would be high at the UV wavelength which is not the case for
our Gap sources. As there is no central concentration seen in M30,
this suggests that a large proportion of the Gap sources are binary
systems with low combined masses.

The average masses of the various stellar populations can be esti-
mated from the radial distributions by assuming the spatial distribu-
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Figure 7. Discrete radial distribution of the red and blue BS sources. The
radius is splitinto 1 arcsec-sized bins, where any red (blue) BS sources appear
on the left (right) side of each bin.

Table 3. Numbers of sources for the stellar populations in the FUV — UV
catalogue and within a radius of 15.5” of the cluster centre of gravity, along
with their estimated masses.

Population  Catalogue  15.5” radius Mass
MS 1218 1030 0.5-0.6 My
BS 47 42 1.0-1.2 Mg
RG 185 169 0.6-0.7 Mo
HB 41 34 0.6-0.8 Mo

WD/Gap 78 70 0.5-0.6 My

tion of a typical star is described by King (1966) models. Following
the method by Heinke et al. (2003), we compare our radial distribu-
tions using a maximum-likelihood fitting to generalised theoretical
King models, with the radial profile of the source surface density:

2\ 5L
sm:/(n(%)) dr )

where ¢ = Mx /My, with Mx being the mass of the source popula-
tion we wish to find and My is the mass of the population within the
core radius rc« = 1.9”” (Sosin 1997). After applying a correction to
the distribution to cover the non-circular field of view of the images
as a function of radius, models with masses 0.4 — 2.0 M, in steps of
0.2 M are calculated and shown in Fig. 6. The estimated masses for
each stellar population are given in Table 3. The average mass of the
BS stars is estimated to be 1.0 — 1.2 M5 and the mass of the WD/Gap
sources is 0.5 — 0.6 M. Whilst only a slight overall concentration
of WD/Gap sources towards the centre was seen, the sources near to
the core are estimated to be more massive than those further out.
The radial distribution of the red and blue BS sources identified
as two distinct sequences in Ferraro et al. (2009) is also shown in
Fig. 6 which reveals no significant distinction in radial spread for
the two BS sequences; both populations are centrally concentrated.
Ferraro et al. (2009) show a slightly higher central concentration of
red BS in M30, although they use a different cumulative radial range,
therefore we also give the discrete red and blue BS radial distribu-
tions in Fig. 7, again displaying no significant difference between the
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Table 4. Probabilities that two populations of stars are from the same parent
population.

Population Probabilities
Comparison %o
MS-BS 0.001
MS-HB 47.996
MS-RG 40.998
MS-WD/Gap 62.156
BS-HB 0.5416
BS-RG 0.0452
BS-WD/Gap 0.0201
HB-RG 78.936
HB-WD/Gap 36.181
RG-WD/Gap 53.490

two sub-populations. From the other two clusters known to have a
double BS sequence, Dalessandro et al. (2013b) find a higher central
concentration of red BSs in NGC 362 and contrastingly, Simunovic
et al. (2014) find a higher central concentration of blue BS stars in
NGC 1261.

The similarity of the radial distributions of the various stellar
populations is investigated using a Kolmogorov—Smirnov (KS) test.
The KS test compares two populations and returns a probability that
the two distributions are drawn from the same parent population.
The higher the returned probability, the more likely the distributions
are from the same population. The BS sources are comparable to the
other stellar populations with KS probabilities of 0.54% (BS to HB),
0.05% (BS to RG), and 0.02% (BS to WD/Gap sources), suggesting
that the BS sources formed through a different process to the HB
and RG stars, i.e. from mergers or mass transfer rather than single
star evolution. The results for all population comparisons are given
in Table 4.

6 SUMMARY

Far-ultraviolet (FUV, ACS/SBC/F150LP) and mid-ultraviolet (UV,
WEFPC2/F300W) exposures of the globular cluster M30 were pho-
tometrically analysed. A total of 1934 sources are detected in the
FUV image and 10451 sources in the UV image. Out of these, 1569
matching sources were found. Different stellar populations are well
distinguished in the resulting FUV — UV CMD. The MS turnoff lies
at FUV =~ 22 mag and FUV — UV = 3 mag. The horizontal branch
consists of 41 sources, all of which have an optical counterpart from
the catalogue by Guhathakurta et al. (1998). The red giant branch ex-
tends towards fainter and redder magnitudes, with 185 RGB sources,
178 of which are also found in the optical. A sequence of 47 BS
stars is observed, 44 of these having optical counterparts. Seventy-
eight WD/Gap objects are identified, 42 of which were in the optical
catalogue. The FUV — UV CMD allows us to easily distinguish the
WD/Gap sources from MS stars.

The double BS sequence suggested by Ferraro et al. (2009) in the
V — I CMD is not seen in the FUV — UV CMD. The two sets of
BS sources are mixed in the ultraviolet which may be a result of the
sources on the red BS sequence experiencing active mass transfer
and emitting FUYV radiation, shifting these sources blueward in the
ultraviolet CMD.

The radial distributions of the stellar populations show a strong
concentration of BS sources towards the centre of the cluster, imply-
ing that mass segregation has taken place. There is a deficiency of HB
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stars in the very centre of the cluster and no central concentration of
CV candidates is found which may be due to these being old systems
with low-mass MS companions.

The HST data for this project is sensitive enough to detect a previ-
ously unseen, significant population of WD/Gap objects, providing
new insight into M30 in the ultraviolet. Investigations in the FUV
continue to provide detailed detections and identifications of their
stellar populations.

DATA AVAILABILITY

The data underlying this article are available in the Mikul-
ski Archive for Space Telescopes (MAST): https://archive.
stsci.edu. The datasets are derived from images in the pub-
lic domain: https://archive.stsci.edu/proposal_search.php?
mission=hst&id=10561. The catalogue of sources is available at
CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or
via https://cdsarc.unistra.fr/viz-bin/cat/J/MNRAS. This re-
search also made use of the optical data available at CDS: https:
//cdsarc.cds.unistra.fr/viz-bin/cat/J/A]/116/1757.
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