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ABSTRACT

In this paper we present the analysis of Hubble Space Telescope (HST) observations of the globular cluster Omega Centauri. Our
analysis combines data obtained in this work with previously published HST data from an earlier article of this series and encompasses
a broad portion of the cluster’s radial extension. Our findings reveal a significant radial variation in the fraction of stars within the
two largest stellar populations, showing that one of the main second-population groups (referred to as the blue main sequence (bMS)
group) is more centrally concentrated than the first-population group (referred to as the red main sequence (rMS) group). Additionally,
we explore the spatial variations of the other, smaller stellar populations (referred to as MSa and MSd) and find a qualitatively similar,
but weaker, radial decrease in the fraction of stars in these populations at larger distances from the cluster centre. Only one of the
populations identified (MSe) does not show any significant radial variation.

Key words. techniques: photometric – Hertzsprung-Russell and C-M diagrams – globular clusters: individual: NGC5139

1. Introduction

Photometric and spectroscopic studies over the last 20 years have
revealed that stars within globular clusters (GCs) exhibit dis-
tinct chemical compositions, and can be categorised into two
main populations, each potentially containing subpopulations.
The stars of the first population (1P) closely resemble the stars of
the halo field in terms of chemical composition, whereas the stars
of the second population (2P) display depletions in certain light
elements, such as carbon, oxygen, and magnesium, along with
enrichment in elements such as helium, nitrogen, aluminium,
and sodium compared to 1P stars (see e.g. the reviews by Smith
1987; Gratton et al. 2019).

Several scenarios have been proposed to explain the forma-
tion of multiple stellar populations (mPOPs) in GCs; however,
all of them face significant challenges (see Renzini et al. 2015;
Bastian & Lardo 2018). The spatial distributions of the different
populations provide crucial information necessary to construct a
comprehensive understanding of the formation and evolutionary
history of GCs, as well as to constrain possible paths for theo-
retical investigations. According to various formation scenarios
(see e.g. D’Ercole et al. 2008; Bekki 2010; Calura et al. 2019),
2P stars are expected to form in more central concentrations in
the inner regions of a GC and gradually mix with 1P stars during
the cluster’s evolution driven by two-body relaxation.

Omega Centauri (or NGC 5139, hereafter ωCen), the most
massive GC in the Milky Way, presents an intriguing case of
mPOPs (Bedin et al. 2004). Characterised by low reddening

? The supplementary data are available at the CDS via anonymous
ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/688/A180

(E(B − V) ∼ 0.12; Harris 1996, 2010) and located relatively
close to the Sun (∼5 kpc), ωCen is an ideal target for various
photometric and spectroscopic investigations. It hosts a complex
system of mPOPs, rendering it one of the most enigmatic stel-
lar systems within the Galaxy. It is populated by at least two
primary groups of stars, namely the blue main sequence (bMS)
group and the red main sequence (rMS) group (see Bedin et al.
2004; Bellini et al. 2009), which exhibit significant differences
in their helium content (Y ∼ 0.40 for the helium-rich com-
ponent; see Norris 2004; King et al. 2012). In a more recent
paper, Bellini et al. (2017c) showed that in the core of ωCen,
both bMS and rMS stars are split into three subcomponents,
and identified at least 15 subpopulations. The story of the ori-
gin of the intricate properties of the stellar populations in ωCen
remains unclear. Several scenarios have been proposed, with dif-
ferent explanations. For example, ωCen could be the nucleus of
a dwarf galaxy absorbed by the Milky Way, or the outcome of the
merger of two or more clusters (Norris et al. 1997; Jurcsik 1998;
Bekki & Freeman 2003; Pancino et al. 2000; Bekki & Norris
2006; Ibata et al. 2019; van de Ven et al. 2006). ωCen repre-
sents an exceptional laboratory for unravelling many fundamen-
tal aspects of the origin of mPOPs. Its long relaxation time
(1.1 Gyr in the core and 10 Gyr at the half-mass radius; Harris
1996, 2010) suggests that its present-day spatial and kinematic
properties may retain some ‘memory’ of the same properties
emerging at the end of the formation and early evolutionary
phases. Studies of ωCen have shown that the bMS is more cen-
trally concentrated than the rMS, residing within ∼2 rc (where
rc = 2.37 arcmin is the core radius of the cluster; from Harris
1996, 2010), and that the fraction of bMS stars is similar to
that of rMS stars but as the distance from the cluster centre
increases, the relative abundance of bMS stars compared to rMS
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stars declines significantly. Beyond ∼8 arcmin, the relative pro-
portions of bMS and rMS stars remain constant (Sollima et al.
2007; Bellini et al. 2009), although recent investigations suggest
an increase in the bMS/rMS ratio at radii larger than ∼20 arcmin
(Calamida et al. 2020).

The Hubble Space Telescope (HST) GO-16247 programme
(P.I.; Scalco) is designed to expand upon the work conducted
by Sollima et al. (2007) and Bellini et al. (2009), who focused
solely on the bMS and rMS groups, to include all 15 subpopula-
tions identified in the core of the cluster by Bellini et al. (2017c).
This program seeks to investigate, for the first time, the com-
plete radial distribution of all identified mPOPs across the entire
extension of the GC ωCen.

Schematically, the existing HST radial coverage of the clus-
ter, with filter coverage sufficient to effectively separate and iden-
tify the mPOPs, can be divided into three parts. Figure 1 shows
the locations of the three parts superimposed on an image from
the Digital Sky Survey (DSS)1. Part (i) of the radial coverage
maps the cluster from the centre out to ∼1 rc and is represented
in yellow in Fig. 1. The entire photometric catalogue for this field
has been published and analysed by Bellini et al. (2017a,b,c).

Part (ii) of the radial coverage maps the outskirts of the
cluster and consists of three HST fields, mapping between
∼10 arcmin and ∼20 arcmin from the centre of ωCen, and col-
lected under the multi-cycle programme GO-14118+14662 (P.I.:
Bedin). Those fields are represented in pink in Fig. 1 (fields F1,
F2, and F3), where we also show the primary field of the GO-
14118+14662 programme (field F0) in blue.

The exposures from the parallel fields F1, F2, and F3
were reduced and presented in the five previous publications
of this series: the mPOPs at very faint magnitudes in field
F1 were analysed by Milone et al. (2017, hereafter Paper I).
Bellini et al. (2018, hereafter Paper II) analysed the internal
kinematics of the mPOPs in field F1, complementing the GO-
14118+14662 data with archival images collected more than
10 years earlier under HST programmes GO-9444 and GO-
10101 (King is the P.I. on both). The astrometric catalogue
for the F1 field together with the photometry of some fil-
ters (F606W, F814W, F110W, and F160W) were released in
Paper II. Libralato et al. (2018, hereafter Paper III) presented
the absolute proper motion (PM) estimate for ωCen in the
F1 field. Scalco et al. (2021, hereafter Paper IV) released the
astro-photometric catalogue for the fields F2 and F3. Finally,
Gerasimov et al. (2022, hereafter Paper V) presented a set of
stellar models designed to investigate low-mass stars and brown
dwarfs in ωCen.

Part (iii) maps the radial distance between ∼3 arcmin and
∼10 arcmin from the cluster centre. Those fields are repre-
sented in green in Fig. 1 (fields F4 and F5) and were observed
under programmes GO-12580 (P.I.: Renzini) and GO-14759
(P.I.: Brown) and, more recently, under the GO-16247 pro-
gramme (P.I.: Scalco). This part of the cluster covers a crucial
radial range, because this is where Bellini et al. (2009) found the
strongest gradient in the ratio between bMS and rMS stars.

In this paper, we present the reduction of the two inter-
mediate fields F4 and F5 observed under the GO-16247 pro-
gramme (P.I.: Scalco) and the outer field F1 observed under
the GO-14118+14662 programme (P.I.: Bedin), for which the
photometry of some filters has not yet been released. Together
with the analysis, we also release the catalogue and atlases of
the analysed fields. We then combine the photometry obtained
from fields F4, F5, and F1 with that from fields F2 and F3 (see

1 https://archive.eso.org/dss/dss

Fig. 1. Outlines of the fields observed in HST programs GO-
14118+14662 (P.I.: Bedin) and GO-16427 (P.I.: Scalco), superimposed
on a DSS image of ωCen. The primary GO-14118+14662 field (F0) is
shown in blue, while the three GO-14118+14662 parallel WFC3 fields
are shown in pink. The two GO-16427 fields are shown in green. The
data discussed in this paper come from fields F2, F3, F4, and F5. We
also show the central field from Bellini et al. (2017a,b,c) in yellow.
Units are in arcminutes measured from the cluster centre. The white
dashed circle marks the rc while the red dashed circles mark the half-
light radius (rh = 5.00 arcmin; from Harris 1996, 2010), and 2 rh and
3 rh from the centre.

Paper IV) and examine the presence of the 15 stellar populations
identified by Bellini et al. (2017c) within these fields.

The paper is organised as follows: Section 2 presents the
data set and data reduction for fields F4, F5, and F1. Section 3
describes the quality selection and differential-reddening correc-
tion applied to the analysed fields F1, F2, F3, F4, and F5, while
Section 4 outlines the process used to identify and separate the
mPOPs in these fields. Section 5 discusses the radial variations
observed among the identified populations. Finally, Section 6
presents a brief summary of the results.

2. Data set and reduction

Fields F4 and F5 were observed in 2012, 2016, 2017, and 2022
using the ultraviolet and visible (UVIS) channel of the Wide
Field Camera 3 (WFC3). In each field, data were collected
with five filters (F275W, F336W, F438W, F606W and F814W).
Table 1 reports the complete list of HST observations of fields
F4 and F5.

Field F1 was observed under the GO-14118+
14662 programme in 2015 and 2017 using the F275W, F336W,
F438W, F606W, and F814W filters of the WFC3/UVIS channel
and the F110W and F160W filters of the WFC3 near-infrared
(NIR) channel. While the astrometry and photometry of some
filters were published in Paper II, the catalogue contains only
data for which reliable PM measurements were possible. To
recover the photometry and astrometry for all other stars, we
reprocessed the entire F1 dataset from the GO-14118+14662
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Table 1. List of HST observations of fields F4 and F5.

Field F4
Filter Exposures Epoch

Epoch 1 (GO-12580; P.I.: Renzini)

WFC3/UVIS
F275W 2×909 s + 2×914 s 2012/03/09-04/29

+ 2×1028 s + 2×1030 s + 2×1267 s
F336W 2×562 s + 2×565 s 2012/03/09-04/29

+ 1×945 s + 1×953
F438W 2×200 s + 2×210 s 2012/03/09-04/29

Epoch 2 (GO-14759; P.I.: Brown)
WFC3/UVIS

F275W 1×765 s + 1×850 s 2017/04/13
F336W 1×630 s + 1×765 s 2017/04/13
F438W 1×630 s + 1×1025 s 2017/04/13

Epoch 3 (GO-16247; P.I.: Scalco)
WFC3/UVIS

F606W 1×325 s + 1×348 s 2022/03/12
F814W 1×13 s + 4×348 s 2022/03/12

Field F5
Filter Exposures Epoch

Epoch 1 (GO-14759; P.I.: Brown)
WFC3/UVIS

F275W 2×765 s + 2×850 s 2016/12/10-14
F336W 2×630 s + 2×765 s 2016/12/10-14
F438W 2×630 s + 2×1025 s 2016/12/10-14

Epoch 2 (GO-16247; P.I.: Scalco)
WFC3/UVIS

F606W 1×325 s + 1×348 s 2022/04/27
F814W 1×13 s + 4×348 s 2022/04/27

programme. We refer to Paper II (see Table 1) for a complete
description of the field F1 GO-14118+14662 data set.

The data were reduced following the procedure outlined in
Paper IV. In summary, this procedure involves two main steps:
the ‘first-pass’ and ‘second-pass’ photometry. During the first-
pass photometry, we perturbed a set of ‘library’ WFC3/UVIS
and WFC3/NIR effective point spread functions (ePSFs, see
Anderson & King 2000, 2006) to determine the optimal spa-
tially variable PSF for each image. Then, using these PSFs,
we extracted the positions and fluxes of the stars within each
image. This extraction was carried out using the FORTRAN code
hst1pass (see Anderson 2022). To account for geometric dis-
tortion, the stellar positions in each individual exposure cata-
logue were corrected using the publicly available WFC3/UVIS
and WFC3/NIR correction (Bellini et al. 2011; Anderson 2016).
For each filter, the positions and magnitudes were transformed
to a common reference frame using six-parameter linear trans-
formations and photometric zero points.

We performed the second-pass photometry using the
FORTRAN software package KS2, which is based on the software
kitchen_sync presented in Anderson et al. (2008). This soft-
ware routine makes use of the results obtained from the first-
pass stage to simultaneously identify and measure stars across
all individual exposures and filters. By relying on multiple expo-
sures, KS2 effectively detects and measures faint stars that would
otherwise be lost in the noise of individual exposures. The star-
finding process is executed through a series of passes, grad-
ually moving from the brightest to the faintest stars. In each
iteration, the routine identifies stars that are fainter than those
found in the previous iteration, subsequently measuring and sub-
tracting them. This iterative approach ensures that progressively

fainter stars are detected and accounted for, enhancing the over-
all accuracy of the photometric measurements. KS2 employs
three distinct methods for measuring stars, with each approach
specifically tailored for different magnitude ranges. We refer to
Bellini et al. (2017a), Nardiello et al. (2018) and Paper IV for a
detailed description of the methods and procedures. To make
the catalogue as similar as possible to that of the F1, F2, and
F3 fields released by Paper II and Scalco et al. (2021), we per-
formed the star-finding using the F606W and F814W filters. Our
final photometric catalogue contains a total of 40 397, 30 929,
and 4 015 sources measured in all five filters for the fields F4,
F5, and F1, respectively.

The photometry has been zero-pointed into the Vega mag-
nitude system by following the recipe of Bedin et al. (2005) and
adopting the photometric zero-points provided by the STScI web
page for WFC3/UVIS and WFC3/NIR2. We cross-referenced the
stars in our catalogue with the stars in the Gaia Data Release 3
(Gaia DR3, Gaia Collaboration 2016, 2023). The sources found
in common were used to anchor our positions (X,Y) to the Gaia
DR3 absolute astrometric system.

PMs were computed using the technique described in
Paper IV (see also Bellini et al. 2014; Paper II; Paper III;
Libralato et al. 2022). This iterative procedure treats each image
as an independent epoch and can be summarised in two main
steps: first, it transforms the stellar positions from each expo-
sure into a common reference frame through a six-parameter
linear transformation. Then, it fits these transformed posi-
tions as a function of the epoch using a least-square straight
line. The slope of this line, determined after multiple outlier-
rejection stages, provides a direct measurement of the PM.
High-frequency-variation systematic effects were corrected as
described in Paper II; that is, according to the median value
of the closest 100 likely cluster members (excluding the tar-
get star itself). Finally, we computed the membership proba-
bility (MP) of each star by following a method based on PMs
described by Balaguer-Núnez et al. (1998) (see also Bellini et al.
2009; Nardiello et al. 2018; Paper IV).

As part of this publication, we are releasing publicly acces-
sible astro-photometric catalogues and atlases derived from this
study for fields F4, F5, and F1. These resources are provided in a
format identical to the catalogues and atlases made available by
Paper IV for fields F2 and F3. For a comprehensive description
of these resources, we refer to Paper IV. When available, we also
include the corresponding Gaia DR3 identification numbers for
sources in our catalogue. For field F1, we also provide the iden-
tification number of the corresponding source in the catalogue
published in Paper II when the source is available. The supple-
mentary electronic material for this journal will also be accessi-
ble through our website3.

3. Sample selection and differential-reddening
correction

In addition to the catalogue obtained for fields F4, F5, and F1,
we retrieved the catalogue for fields F2 and F3 as published
in Paper IV. Our combined catalogue encompasses a substan-
tial number of sources across a wide range of radial distances
from the cluster centre. The intermediate fields F4 and F5 exhibit
higher population densities and a higher number of stars com-

2 https://www.stsci.edu/hst/instrumentation/wfc3/
data-analysis/photometric-calibration
3 https://web.oapd.inaf.it/bedin/files/PAPERs_
eMATERIALs//wCen_HST_LargeProgram/P06/
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pared to the outer fields F1, F2, and F3, offering robust statis-
tical significance. Notably, the photometry in field F4, with its
extensive observations in F438W, F336W, and F275W, exhibits
greater precision and accuracy than that of field F5.

As outlined in the preceding section, the photometric mea-
surements of stars within our catalogue were conducted using
three distinct methods, each designed for specific magni-
tude ranges (refer to Bellini et al. 2017a; Nardiello et al. 2018;
Paper IV for details). For our analysis, we opted to use the pho-
tometry obtained through the first method, as it yields the most
accurate photometry within the magnitude range under consider-
ation. In what follows, we describe the selection process applied
to identify a sample of well-measured stars and the subsequent
differential reddening correction performed on the selected sam-
ple for each field.

3.1. Sample selection

To ensure a well-measured sample of stars, we implemented
a selection process using a set of quality parameters pro-
vided by KS2, following a similar approach as described
in Paper IV; Bellini et al. (2017a,b). The quality parameters
employed include the photometric error (σPHO), the quality-of-
fit (QFIT) parameter, which quantifies the PSF-fitting residu-
als, and the RADXS parameter, a shape parameter that allows
for differentiation between stellar sources, Galactic sources, and
cosmic ray/hot pixels introduced in Bedin et al. (2008). Further
details regarding these parameters can be found in Bellini et al.
(2017a), Nardiello et al. (2018) and Paper IV.

The selection process is described in the following and was
applied to each field separately. For each filter, we divided the
stars into 0.5 magnitude bins and evaluated for each bin the
2.5σ-clipped median value and dispersion (σ) of each photo-
metric parameter. We then defined a series of points by adding
(for σPHO and RADXS parameters) or subtracting (for the QFIT
parameter) 2.5σ from the median values of each magnitude bin
and interpolated the points with a spline. Stars with σPHO or
|RADXS| values above or QFIT values below the interpolat-
ing spline are considered to be poorly measured stars and are
excluded from the analysis. However, we set two hard con-
straints: stars are always considered well measured and included
in the analysis if their QFIT values are above 0.95 and their
|RADXS| values are below 0.1. Finally, we required selected
stars to be cluster members by excluding all the sources with
MP< 90%.

3.2. Differential-reddening correction

We corrected our photometry for the effects of differential red-
dening and spatial zero-point variations following the proce-
dure described by Bellini et al. (2017b) (see also Sarajedini et al.
2007; Milone et al. 2012). The differential-reddening correction
was applied for each field separately. Briefly, for each field, we
started by selecting a sample of reference stars by choosing all
objects likely belonging to the most populated sequence in the
mF814W versus mF275W − mF814W and mF814W versus mF336W −

mF438W colour-magnitude diagrams (CMDs), in close analogy to
what was done in Bellini et al. (2017b). We limited our reference
stars to be within the magnitude range 16.5 < mF814W < 18.8.
We evaluated a separate differential-reddening correction for
each of the CMDs utilised in this article. For each CMD, we
derived the fiducial line of our sample of reference stars in the
CMD and measured the residual in colour between our sample
of reference stars and the fiducial along the reddening directions.

For each star, we considered the median of the residual values
from the 75 or 50 (depending on the CMD) neighbouring refer-
ence stars as the best estimate of the differential reddening.

4. The main sequence multiple stellar populations

We employed the methodology outlined in Bellini et al. (2017c)
to discern and characterise the distinct stellar populations within
our selected star sample. The procedure involves several steps
and can be summarised as follows: we initiate the process with
a preliminary selection of a specific population on the CMD
where its features are most prominent. We then plot these pre-
liminarily selected stars on various CMDs, in which outliers are
easily discernible and can be excluded. We employ ‘two-pseudo-
colour diagrams’ (TpCDs; for details, see Milone et al. 2015a,b)
to highlight finer population structures. Once stars belonging
to a particular population are identified and isolated, they are
removed from the sample, and the process is reiterated for other
populations. We refer to Bellini et al. (2017c) for a complete
description of the procedure.

For consistency and comparability with the findings pre-
sented in Bellini et al. (2017c), we meticulously followed the
same procedures, used identical CMDs, and employed the same
fiducial lines (provided to us by Bellini via private communica-
tion), making minor zero-point adjustments in colour and mag-
nitude to ensure alignment with our photometry. This approach
ensured that our selections on the CMDs and the verticalisation
process remained consistent (we refer to Bellini et al. 2017c, for
a comprehensive description of the CMDs and fiducials used).
However, the envelopes used to define the subpopulations in
TpCDs are not identical to those used in Bellini et al. (2017c);
instead, they are defined manually for each field separately in
this paper because of the potentially significant differences in
TpCDs at various radial distances. The entire procedure was
repeated independently for each field and is briefly presented
below for field F4. The corresponding figures for the other fields
can be found in the Appendix of this paper4.

All CMDs feature mF438W on the y-axis, with varying
colours. Following the convention in Bellini et al. (2017c), we
henceforth identify a CMD solely by its colour.

4.1. MSa

One of the most distinguishable populations is the MSa (where
the ‘a’ stands for anomalous; see Bellini et al. 2010), which
is characterised by a narrow sequence that is notably redder
and more curved than the majority of MS stars. This popula-
tion corresponds to a group of stars rich in helium and with
the largest Fe enrichment compared to the reference population
(rMS, see below) of ωCen (see Table 1 of Bellini et al. 2017c,
see also Latour et al. 2021). Panel (a) of Fig. 2 illustrates the
mF336W − mF438W CMD of stars within our selected sample for
field F4. In this CMD, stars attributed to the MSa are distinctly
separated from the remaining MS population, with the colour
boundaries delineated by red lines. The magnitude range for
selection is 19.26 < mF438W < 22.36, as indicated by two hori-
zontal red lines in panel (a) (we note that the bright limit is set
to a fainter level for the analysis of the other populations). The
initially selected MSa stars are plotted on the mF438W − mF606W
CMD (black dots in panel (b)), while the remaining unidentified
MS stars are shown in grey. Our MSa selection is restricted to

4 The Appendix of the paper can be found on Zenodo https://
zenodo.org/doi/10.5281/zenodo.11490583
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stars within the two red lines (hereafter, red lines always indi-
cate our selection boundaries, black points denote selected stars
from the previous panel, and all other stars are in grey). Panel (c)
shows the mF275W−mF438W CMD of the surviving MSa stars that
passed both selections in panels (a) and (b). A few additional out-
liers from our MSa candidates (black points outside the two red
lines) were subsequently removed. Finally, the mF336W −mF438W
and mF275W − mF336W CMDs of the stars that passed all selec-
tions are shown in black in panels (d) and (f), respectively, while
the excluded stars are shown in grey. In each panel, we used
two fiducial lines (represented in green) enclosing the MSa pop-
ulation to rectify and parallelise the population sequence (here-
after, the fiducial used to verticalise the CMDs is represented in
green to differentiate it from the fiducials used for making selec-
tions). The verticalised ∆N

F336W−F438W and ∆N
F275W−F336W CMDs

of only the selected stars are represented in panels (e) and (g)
(for clarity, in the verticalised diagram, only the selected stars
are shown). The TpCD obtained from the combination of the
two verticalised diagrams is shown in panel (h), while the Hess
diagram of the TpCD is shown in panel (i). The colour map-
ping of this and the following Hess diagrams goes from blue
(lowest density) to green (average density), yellow, and then
red (highest density). The shape of the TpCDs shown in pan-
els (h) and (i) closely resembles that reported in Bellini et al.
(2017c, see Fig. 1), where a similar distribution was observed.
Bellini et al. (2017c) identified a primary clump at the TpCD
centre, extending into a tail towards the lower-left region, along-
side a secondary, less populated clump in the upper-right area.
This closely resembles what we observe here: there is a promi-
nent main clump centred around coordinates (0.5, 0.5) with a
tail extending towards (0.1, 0.1). A secondary, less populated
clump positioned approximately at (0.75, 0.9) seems to emerge,
although the statistical significance of this second clump is very
low due to the limited number of sources available. Following
Bellini et al. (2017c), two subpopulations of MSa are defined
in panel (l): the MSa1 (dark yellow) and the MSa2 (light yel-
low), within the black envelopes. All the sources outside these
envelopes are rejected.

The corresponding procedures for fields F5, F3, and F2 are
shown in Figs. A.1, A.2 and A.3 of the Appendix, respectively.
Because of the limited number of stars in field F1, the MSa
sequence was not identifiable, and therefore we omitted the MSa
analysis for this field. The TpCD obtained for field F5 closely
resembles that of field F4, albeit with a slightly more blurred
appearance due to the lower photometric quality of field F5. Sim-
ilarly, the TpCDs obtained for fields F2 and F3 exhibit a similar
pattern, but the limited number of stars in these fields, particu-
larly belonging to the MSa populations, results in low statistical
significance. As a result, a reliable separation of the two stellar
populations is not feasible in these fields, and therefore only the
total number of MSa stars in these two fields was considered.
The final sample of MSa stars in fields F2 and F3 consists of
those falling inside the black envelope in panel (l) of Figs. A.3
and A.2, respectively, which are represented by black dots.

4.2. bMS

The bMS stands out distinctly on the blue side of the MS, ren-
dering it easily distinguishable. This is evident in panel (a) of
Fig. 3, which illustrates the mF438W − mF814W CMD. This is
the most populous of the chemically anomalous 2P groups (see
Table 1 of Bellini et al. 2017c) and corresponds to a population
with significant enrichment in light elements such as helium and
nitrogen. In this and the following panels of the figure, all previ-

ously identified stars (in this case, MSa1 and MSa2 stars) have
been removed. The two red lines delineate the colour boundaries
of our preliminarily selected bMS stars. The selection is con-
fined to the magnitude range 20.16 < mF438W < 22.36, as indi-
cated by the two horizontal red lines. In panel (b), we show the
mF336W −mF438W CMD of preliminarily selected bMS stars from
panel (a). Stars rejected in panel (a) are in grey. We removed a
few outliers using the two red lines. A further selection refine-
ment is applied on the mF275W − mF438W CMD (panel (c)). The
mF336W − mF438W and mF275W − mF336W CMDs of the stars sur-
viving all the selections are represented in black in panels (d)
and (f), respectively, while the excluded stars are shown in grey.
The green fiducial lines are used to verticalise the sequences of
bMS stars following the same procedure as that used above for
the MSa. The two verticalised ∆N

F336W−F438W and ∆N
F275W−F814W

CMDs are shown in panels (e) and (g). Panel (h) shows the
∆N

F336W−F438W versus ∆N
F275W−F814W TpCD of the bMS stars,

while the Hess diagram of the TpCD is presented in panel (i).
The TpCDs presented in panels (h) and (i) closely resemble
those illustrated in Bellini et al. (2017c, see Fig. 2) in terms of
its shape. Consistent with the findings in Bellini et al. (2017c),
we can distinctly identify three stellar populations, each char-
acterised by clumps located at coordinates (0.3, 0.3), (0.5, 0.6),
and (0.8, 0.8). It is worth noting that the clump situated at (0.5,
0.6) appears to be more prominent and visually discernible com-
pared to the findings reported in Bellini et al. (2017c), suggest-
ing a possible radial gradient within the bMS subpopulations.
However, it is evident that all clumps display varying degrees
of overlap and contamination with each other, and their struc-
ture appears highly fragmented. Following the same approach
as Bellini et al. (2017c), we defined three subpopulations of the
bMS in panel (l): the bMS1 (blue), the bMS2 (azure), and the
bMS3 (cyan), each defined as all stars within the respective black
envelope.

The procedures for identifying the bMS population in fields
F5, F3, F2, and F1 are outlined in Figs. A.4, A.5, A.6 and A.7
of the Appendix, respectively. Despite variations in photomet-
ric accuracy and statistical limitations, the general shape of the
TpCDs remains consistent across all fields. In field F5, the TpCD
resembles that of field F4, albeit slightly more blurred due to
lower photometric accuracy. Given this limitation, we opted not
to separate the three subpopulations but to consider only the total
number of bMS stars for this field.

In fields F1, F2, and F3, the visibility of the three clumps on
the TpCD is reduced due to limited statistics. Nevertheless, in the
TpCD in field F2, we recognize a pattern similar to the TpCD in
field F4, with three distinct clumps located around coordinates
(0.3, 0.3), (0.55, 0.55), and (0.85, 0.85). Notably, the central
clump appears even more prominent compared to field F4, which
aligns with the earlier anticipation of a potential radial gradient
within the bMS subpopulations.

Similar to field F2, in field F1, we can also barely discern
three clumps, which might correspond to the three clumps iden-
tified in field F4. These clumps have coordinates (0.15, 0.25),
(0.55, 0.45), and (0.95, 0.95), with the central clump appearing
more prominent once again.

The field F3 presents a challenging scenario in the TpCD
analysis. The bMS1 populations appear to be absent, while there
is a possible indication of an increase in the populations of bMS2
and bMS3. However, the positions of the three subpopulations
in the TpCD are not clearly defined and a reliable separation is
not feasible. In spite of these considerations, we attempted to
identify the three bMS subpopulations in fields F1 and F2 (see
panel (l) of Figs. A.6 and A.7, respectively), while we only con-
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Fig. 2. Illustration of the selection procedures we applied to isolate MSa stars. (a) Preliminary selection of MSa candidates on the mF336W −mF438W
CMD (within the red lines). (b)-(c) Selection refinements using two CMDs of different colours. We show MSa stars selected from the previous
panel in black and, the rest of the MS in grey. Rejected stars are those outside the two red lines. (d) Fiducial lines (in green) used to verticalise the
MSa in the mF336W −mF438W CMD. Stars that survived the selections from panels (a)+(b)+(c) are represented in black, while other stars are in grey.
(e) Verticalised ∆N

mF336W−mF438W
CMD. (f)-(g) Same as panels (d) and (e) but for the mF275W −mF336W CMD. (h) ∆N

mF275W−mF336W
versus ∆N

mF336W−mF438W
TpCD of MSa stars. (e) Hess diagram of the TpCD. (f) The two defined MSa subpopulations: MSa1 (in dark yellow) and MSa2 (in light yellow).

sidered the total number of bMS stars for field F3. The final sam-
ple of bMS stars in fields F5 and F3 consists of those falling
inside the black envelope in panel (l) of Figs. A.4 and A.5,
respectively, which are represented by black dots.

4.3. rMS

Another straightforward population to isolate is the rMS. Fol-
lowing Bellini et al. (2017c), we consider this our reference 1P

group (although it might include two subgroups of stars with a
mild nitrogen enhancement; see Table 1 of Bellini et al. 2017c).
This population becomes apparent in the mF275W − mF814W
CMD shown in panel (a) of Fig. 4, after the removal of MSa
and bMS stars. We kept the same magnitude limits as for the
bMS, and preliminarily selected rMS stars on this panel by
means of the two red lines. Selected stars are then plotted in
black in the mF606W − mF814W CMD of panel (b), where we
remove a few outliers. An additional rejection of likely outliers is
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Fig. 3. Similar to Fig. 2 but for the bMS stars. (a) Preliminary selection of bMS stars on the mF438W − mF814W CMD (within the red lines).
Already identified MSa1 and MSa2 stars have been removed from the CMD. (b)-(c) Preliminarily selected bMS stars are further refined using the
mF336W − mF438W and mF275W − mF438W CMDs. As for Fig. 2, stars surviving from the previous panel are in black, while rejected stars are in grey.
(d)-(f) Fiducial lines (in green) used to verticalise the MSa in the mF336W −mF438W and mF275W −mF336W CMDs. (e)-(g) Verticalised ∆N

mF336W−mF438W

and ∆N
mF336W−mF438W

CMDs. (h) ∆N
mF336W−mF438W

versus ∆N
mF275W−mF814W

. (i) Hess diagram of the TpCD. (l) Three main subcomponents of the bMS,
namely bMS1 (dark blue), bMS2 (azure), and bMS3 (light blue).

performed on the mF336W − mF438W CMD of panel (c). We verti-
calised the sequences of rMS stars on the mF336W − mF438W and
mF275W − mF336W CMDs by means of the green fiducials shown
in panels (d) and (f). The two verticalised ∆N

F336W−F438W and
∆N

F275W−F814W CMDs are shown in panels (e) and (g). Panel (h)
shows the ∆N

F275W−F336W versus ∆N
F336W−F438W TpCD of selected

rMS stars (in black). The corresponding Hess diagram is in
panel (i). The shape of the TpCDs presented in panels (h) and

(i) resembles those reported by Bellini et al. (2017c, see Fig. 3).
Similar to the findings in Bellini et al. (2017c), we can distin-
guish three distinct stellar populations, characterised by clumps
located at coordinates (0.35, 0.65), (0.65, 0.45), and (0.8, 0.3).
However, it is important to note that all clumps exhibit a higher
degree of overlap and contamination compared to the results
reported by Bellini et al. (2017c). The shape of these clumps and
the relative abundance of their populations appear slightly differ-
ent from the findings of Bellini et al. (2017c). Specifically, the
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Fig. 4. Similar to Figs. 2 and 3 but for the rMs stars. The Hess diagram in panel (i) reveals three main subcomponents, labelled rMS1 (brown),
rMS2 (red), and rMS3 (orange) in panel (l).

leftmost clumps appear more prominent than those observed in
this latter study. This variation could be attributed to contami-
nation by other populations, such as the populations MSe (dis-
cussed in Section 4.5), or it could indicate intrinsic variations in
the number of stars within the rMS subpopulations as a function
of radial distance from the cluster centre. Following the approach
of Bellini et al. (2017c) we defined three rMS subpopulations in
panel (l): rMS1 (brown), rMS2 (red), and rMS3 (orange).

Corresponding figures for the other fields are presented in
Figs. A.8, A.9, A.10 and A.11 of the Appendix. Across all fields,
the general shape of the TpCDs remains consistent. In field
F5, the TpCD resembles that of field F4, yet it is significantly
blurred, hindering accurate identification of the three subpop-

ulations. In fields F1, F2, and F3, only the leftmost clump is
clearly visible, appearing more prominent compared to fields F4
and F5, particularly in field F3. The other two clumps are barely
discernible, posing challenges for identification. Similar to fields
F4 and F5, the dominance of the leftmost clump in fields F1, F2,
and F3 might stem from contamination by other populations or
intrinsic radial variations in the number of stars within the three
rMS subpopulations. As a result, we opted not to estimate any
subpopulations for these fields, and only consider the total num-
ber of rMS stars. The final sample of rMS stars in these fields
consists of those falling inside the black envelope in panel (l) of
Figs. A.8, A.9, A.10 and A.11, which are represented by black
dots.
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Fig. 5. (a) mF336W − mF814W CMD of the MS stars not belonging to MSa, bMs, or rMS. We selected all stars falling between the two red diagonal
lines. (b) mF606W − mF814W CMD of the stars selected in (a), where they clearly split into two components. The MSd stars, situated in the blue
component, are preliminarily selected. (c)-(d) Selection refinements for MSd stars. (e)-(g) Fiducials (in green) used to verticalise the MSd sequence
in the mF336W − mF438W and mF275W − mF336W CMDs. (f)-(h) Verticalised ∆N

F336W−F438W and ∆N
F275W−F814W CMDs. The TpCD (i) and Hess diagram

(l) of MSd stars reveal three main subpopulations, which we define in panel (m) as MSd1 (pink), MSd2 (magenta), and MSd3 (purple).

4.4. MSd

Here, we turn our focus to the MSd population (see Bellini et al.
2017c). According to the study of Bellini et al. (2017c), the
chemical properties of this 2P subgroup would be characterised
by Fe and helium enhancement (less extreme than the MSa pop-
ulation discussed in Section 4.1) and a modest nitrogen enhance-
ment compared to the reference rMS population. In panel (a) of
Fig. 5, we present the mF336W − mF814W CMD for stars not cat-
egorised under populations MSa, bMS, and rMS. We selected
all stars falling between the two red diagonal lines and kept the
same magnitude limits used for the bMS and rMS stars (red

horizontal lines). Panel (b) shows the mF606W − mF814W CMD
of these selected stars in black, where two distinct sequences
are evident. The MSd stars, situated in the blue component,
are preliminarily selected (red lines) in panel (b). Further refine-
ment of the MSd sample involved removing a few outliers using
the mF275W − mF814W and mF336W − mF438W CMDs (panels (c)
and (d), respectively). The fiducials used to verticalise the MSd
sequence in the mF336W − mF438W and mF275W − mF336W CMDs
are shown in green in panels (e) and (g), while the verticalised
∆N

F336W−F438W and ∆N
F275W−F814W CMDs are shown in panels (f)

and (h). The TpCD and Hess diagrams of selected MSd stars are
shown in panels (i) and (l), respectively. The TpCD shape resem-
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bles that presented in Bellini et al.(2017c, see Fig. 5), where
three clumps were identified: two primary clumps situated in
the lower-left and centre sections of the plot, and a less popu-
lated clump positioned in the upper-right section. Similarly, we
observe two main clumps at coordinates (0.25, 0.3) and (0.6,
0.65), along with a less populated clump at (0.8, 0.85). However,
the two main clumps exhibit significant overlap and contamina-
tion, posing a challenge for clear subpopulation separation. The
border between these clumps appears higher and more towards
the right than what was presented in Bellini et al. (2017c), with
the (0.25, 0.3) clump appearing more prominent compared to
the findings reported by these latter authors. The three subpop-
ulations are defined in panel (m), labelled MSd1 (pink), MSd2
(magenta), and MSd3 (purple).

The TpCD for field F5 (see Fig. A.12) presents a challenging
scenario for the identification of the three subpopulations, dis-
playing a different structure compared to what was obtained for
field F4. Additionally, the TpCDs for fields F3, F2, and F1 (see
Figs. A.13, A.14 and A.15, respectively) are characterised by a
low number of stars and poor statistics, making it very difficult
to identify the three clumps. Due to these limitations, we decided
not to apply any subpopulation selection for these fields, but to
only consider the total number of MSd stars. The final sample
of MSd stars in these fields consists of those falling inside the
black envelope in panel (m) of Figs. A.12, A.13, A.14 and A.15,
which are represented by black dots.

4.5. MSe

Here, we focus our attention on the red component, constitut-
ing the MSe population (see Bellini et al. 2017c), which was
excluded in panel (b) of Fig. 5. This population is composed
of various subpopulations with chemical abundances slightly
enhanced in Fe and/or nitrogen relative to the rMS population
(see Bellini et al. 2017c). Panel (a) of Fig. 6 is similar to panel (b)
of Fig. 5, but without MSd stars. Within this panel, we initially
selected MSe stars as those enclosed by the two red lines. We
refined the MSe sample as shown in panels (b) and (c). Pan-
els (d) and (f) of Fig. 6 show the fiducials used to verticalise the
MSe sequence, while panels (e) and (g) exhibit the verticalised
CMDs. Panels (h) and (i) show the TpCD of the selected MSe
stars and the corresponding Hess diagram. The TpCD presented
here closely resembles that illustrated in Bellini et al. (2017c, see
Fig. 6): two prominent clumps are clearly discernible, situated
at approximately (0.45, 0.3) and (0.25, 0.75). However, due to
lower statistics, the identification of the additional two less pop-
ulated clumps introduced by Bellini et al. (2017c) is not feasi-
ble. Therefore, we focus our attention on the two main clumps.
In panel (l), we consequently delineate the following two MSe
subpopulations: MSe1 (lime) and MSe2 (green).

The corresponding figures for fields F5, F3, F2, and F1 are
presented in Figs. A.16, A.17, A.18 and A.19, respectively. For
field F5, the obtained TpCD closely resembles that of field F4,
albeit more blurred. In fields F2 and F3, despite lower statistics,
we are still able to identify the two subpopulations. However, in
field F1, the two subpopulations are not discernible, and so we
only consider the total number of MSe stars in this field.

5. Radial variation among stellar populations

Table A.1 presents the count and relative percentage of stars in
the magnitude range 20.16 < mF438W < 22.36, across the five
identified mPOPs and their subpopulations, alongside the esti-

mated number of unidentified stars5 in fields F1, F2, F3, F4, and
F5. Errors are estimated using Poisson errors and by propagat-
ing the uncertainties. For convenience, the corresponding values
from the central field reported by Bellini et al. (2017c) are also
included in Table A.1. The distance interval from the cluster cen-
tre is provided for each field, with the fields listed in order from
the closest to the farthest. The fractions of stars in each main
population for each field are also illustrated in Fig. 7 as a func-
tion of radial distance from the cluster centre.

The separation and identification of mPOPs, particularly
their subpopulations, have proven to be more challenging than
outlined in Bellini et al. (2017c). This difficulty stems from
lower photometric accuracy and precision, which is attributed to
fewer exposures (especially in field F5) and limited star counts
and statistics; this is particularly evident in the three outer fields,
F1, F2, and F3. Notably, the proportion of unidentified stars in
our fields exceeds that reported for the central field (10.34%
± 0.17%), with the highest proportion observed in field F5
(27.84% ± 0.59%). This discrepancy is primarily due to the
reduced photometric accuracy in this field. To account for the
different photometric quality among the analysed fields and the
varying numbers of unidentified stars in each, we also provide
in Table A.1, within parentheses, ratios obtained solely from the
counts of classified stars.

In all the fields analysed, the two most populous stellar pop-
ulations observed are the rMS and the bMS populations, except
for fields F1 and F3, where the MSe populations outnumber the
bMS population. The fraction of MSa stars is approximately
constant over the range of radial distances from the cluster centre
we have explored, although there is a possible subtle indication
of a slight decrease in the outermost regions: the fraction of MSa
stars varies from 3.53%± 0.10% to ∼2.4% in the intermediate
(F4 and F5) and ∼1.7% in the outer (F2 and F3) fields. A similar
trend is observed when considering only classified stars. The two
MSa subpopulations (MSa1 and MSa2) can be separated only in
the central and the two intermediate fields. In that radial range,
the two populations follow a trend similar to that found for the
entire MSa population with no strong indication of a variation in
the relative number of stars in each of the two groups.

A clear trend is observed in the bMS population with radial
distance from the cluster centre, with bMS populations decreas-
ing from the centre to the outskirts. Specifically, there is a cen-
tral value of 32.32% ± 0.33%, dropping to ∼23–24% in the two
intermediate fields (F4 and F5), and further to ∼14–16% in the
three outer fields (F1, F2 and F3). Similar considerations are also
valid when considering only classified stars, although the radial
variation appears less steep. A reliable division of the three bMS
subpopulations was feasible only in the central field and fields
F4, F2, and F1. The results obtained from the analysis of these
fields show that the fraction of stars in each of these subpopula-
tions follows a radial gradient similar to that found in the total
bMS population and decreases at larger distances from the clus-
ter centre. Such a trend, however, appears milder in the bMS2
subpopulation.

The fraction of the total number of stars in the rMS group
follows a variation with the distance from the cluster centre that
is characterised by an approximately constant fraction in the
inner regions and an increasing fraction in the outer regions, a
5 The count of unidentified stars in our analysis also includes binaries.
In contrast to Bellini et al. (2017c), this study does not provide an esti-
mate of the number of binaries. The decision to neglect the presence of
binaries stems from uncertainties and their relatively low abundance in
this cluster, as noted in previous studies (see Marks et al. 2022; Wragg
2023).
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Fig. 6. (a) Same as panel (b) of Fig. 5, but MSd stars are also removed. The remaining stars, constituting the MSe population, form a well-defined
sequence on this plane, which we select and further refine in panels (b) and (c). (d)-(f) Fiducials (in green) used to verticalise the MSe sequences.
(e)-(g) Verticalised CMDs. (h)-(i) TpCD and the Hess diagram of MSe stars. (l) We identified the two MSe populations as MSe1 (lime) and MSe2
(green).

behaviour complementary to that of the other dominant popu-
lation (the bMS population). This increase becomes more pro-
nounced when considering only classified stars. We note that, as
anticipated in Section 4.3, the leftmost clump in the TpCDs for
the fields F5, F4, F3, F2, and F1 presents a prominence more
evident with respect to what was found in the central field (see
Fig. 3 of Bellini et al. 2017c). This can be due to contamination
from other populations, especially the MSe populations, which
partially overlap the rMS population in most CMDs, or can indi-
cate a radial gradient within the rMS subpopulations. The only
field in which we are able to separate the rMS subpopulations

with sufficient accuracy is the F4 field. The identification of the
three rMS subgroups is possible only in the central field and in
the F4 field, making the study of the radial variation of the frac-
tion of stars in the three groups difficult. The data available sug-
gest that the fraction of the total number of rMS belonging to
the rMS1 (rMS3) group increases (decreases) with the distance
from the cluster centre, while it is approximately constant for the
rMS2 group.

For the MSd population, the number of MSd stars in the two
intermediate fields (4.68% ± 0.24% and 5.80% ± 0.29% for F5
and F4, respectively) aligns closely with the central field value
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Fig. 7. Fractions of stars in each main population for each field as a
function of radial distance from the cluster centre, with each population
colour coded as indicated in the top-left corner of the plot.

(5.10% ± 0.12%) but slightly decreases in the two outer fields
(3.50% ± 0.54%, 3.23% ± 0.50% and 2.67% ± 0.82% for F2, F3
and F1, respectively). However, when considering only classified
stars, we observe a slight increase in the two intermediate fields
(6.49% ± 0.33% and 7.31% ± 0.37% for F5 and F4, respec-
tively) with respect to the central value (5.69% ± 0.13%), fol-
lowed by a decrease in the outer fields (4.38% ± 0.68%, 3.85%
± 0.60% and 3.35% ± 1.03% for F2, F3, and F1, respectively).
Among these fields, only field F4 allowed the separation of the
MSd subpopulations, although with considerable uncertainties
due to the envelope positions in the TpCD. Nonetheless, the
number counts suggest a potential trend among the MSd sub-
populations. While the fraction of the total number of MSd stars
in the MSd3 group remains relatively constant in the central field
and field F4 (∼0.20–0.22), the fraction of MSd stars in the MSd1
and MSd2 subpopulations exhibits a radial gradient. Specifically,
from the central field to field F4, the MSd1/MSd ratio increases
from MSd1/MSd∼0.38± 0.02 to MSd1/MSd∼0.56± 0.05 (an
increase of ∼68%), while the MSd2/MSd ratio decreases from
MSd2/MSd∼0.41± 0.02 to MSd2/MSd∼0.24± 0.03 (a decrease
of ∼60%). However, it is important to note that these numbers
are affected by uncertainties stemming from the envelope posi-
tions on the TpCD, as mentioned above.

For the MSe population, the number of stars remains rela-
tively stable across varying radial distances from the cluster cen-
tre, ranging between ∼13.8% and 17.2%. When considering only
classified stars, we observe a consistent ratio in the central field
and fields F5, F4, and F2 (∼16–17%) and then a slight increase
in the outermost fields, F3 and F1 (∼20%). Although we were
unable to separate the smallest MSe subpopulations (MSe3 and
MSe4) due to low statistics, we achieved accurate separation of
the two main MSe subpopulations (MSe1 and MSe2) in fields
F2, F3, F4, and F5. The relative number of the two subpopula-
tions, MSe1 and MSe2, maintains a constant ratio in the central
field and in the intermediate fields (F4 and F5), with MSe2/MSe1
∼1, while it shows a notable increase in the two outer fields (F2
and F3), with a value of MSe2/MSe1 ∼2.2.

As outlined in Section 1, Bellini et al. (2009) conducted an
extensive examination of the radial distribution of the two pri-
mary stellar populations in ωCen (rMs and bMS), identifying
a radial gradient in their number-count fraction (bMS/rMS).
In Fig. 8, we show a comparison with the radial profile pre-
sented in Bellini et al. (2009, black points) alongside the ratios

Fig. 8. bMS/rMS as a function of radial distance. Black points repre-
sent data from Bellini et al. (2009), the blue point is from Bellini et al.
(2017c), and the red points are from the present study.

derived from the data presented in this study (red points) and in
Bellini et al. (blue point 2017c), revealing a notable agreement
between the datasets.

6. Summary

In this paper, we present the reduction process of HST
data acquired through the GO-16247 (P.I.: Scalco) and
GO-14118+14662 (P.I.: Bedin) programmes. We provide an
overview of the dataset and the process of data reduction.
We combined the newly obtained data with previously pro-
cessed data (see Scalco et al. 2021) to extend the analysis of
Bellini et al. (2017c), thus presenting, for the first time, a com-
prehensive investigation of the radial gradient of the mPOPs
within ωCen spanning a significant portion of the cluster.

Our analysis reveals significant radial variations in the frac-
tion of stars in the stellar populations of ωCen and their sub-
populations. For the two dominant populations, the bMS and the
rMS, our results show that the fraction of bMS (rMS) decreases
(increases) with the distance from the cluster centre. Our find-
ings are consistent with those reported by Bellini et al. (2009).

As discussed in Section 1, according to various forma-
tion scenarios (see e.g. D’Ercole et al. 2008; Bekki 2010, 2011;
Calura et al. 2019), the formation of 2P stars is expected to be
more centrally concentrated in the cluster’s inner regions, with
2P stars gradually mixing with 1P stars during the cluster’s evo-
lution.ωCen has a long relaxation time (∼1.1 Gyr in the core and
∼10 Gyr at the half-mass radius, Harris 1996, 2010), suggest-
ing that the effects of two-body relaxation should not have com-
pletely erased the spatial differences imprinted by the formation
processes and some ‘memory’ of those differences should still
be present in the current properties. This is consistent with our
observations: we find that the main 2P population (represented
by the bMS population) is more centrally concentrated compared
to the 1P population (represented by the rMS population).

It is important to emphasise that the variety of stellar pop-
ulations and subpopulations hosted by ωCen is a clear indica-
tion of a complex formation history. Interpretation of the differ-
ences in the spatial variations requires particular attention and
caution. Spectroscopic follow-up studies – of the already char-
acterised stars in this work – are essential for an accurate clas-
sification of the chemical properties of these stellar populations
in order to gain a deeper understanding of their characteristics.
Additionally, the complex formation history and intricate system

A180, page 12 of 14



Scalco, M., et al.: A&A, 688, A180 (2024)

of stellar populations in ωCen further underscore the need for
future theoretical simulations involving mPOPs – beyond just 1P
and 2P – to enhance our understanding of the presented results.
Some initial theoretical studies in this direction have been pre-
sented by Bekki & Tsujimoto (2019), Lacchin et al. (2021) and
Lacchin et al. (2022) and have shown that more extreme 2P
stars (i.e. those with higher helium content) may form in an
initially more concentrated way than the 2P stars with lower
helium content (see also Simioni et al. 2016, for a similar trend
in NGC 2808). The much weaker radial variation of the MSd
and MSe populations might be consistent with those predictions,
but we reiterate the importance of caution in this comparison
and recognise the necessity for further observational efforts – to
characterise the chemical properties of all the populations – and
further theoretical studies before drawing more definitive con-
clusions.

Finally, we point out that ongoing (such as Euclid) and
recently approved – by NASA (e.g. UVEX) – wide-field missions
will contribute to the statistical analysis of these stellar popula-
tions and to the elucidation of their spatial distribution.
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