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ABSTRACT

Context. The origin of w Centauri remains one of the key open questions in stellar dynamics and chemical evolution. Its large abun-
dance spreads and multiple populations suggest a formation history more complex than that of a typical globular cluster.

Aims. We investigate whether the chemical sub-populations identified in APOGEE DR17 also exhibit distinct spatial and kinematic
signatures and the constraints these provide on the formation pathways of w Cen.

Methods. We analysed a sample of APOGEE DR17 red giant stars using a Gaussian mixture model in an 8D chemical-abundance
space. The resulting chemical components were combined with Gaia proper motions and APOGEE line-of-sight velocities to derive
intrinsic mean velocities and velocity dispersions in all three observable directions. We measured both global kinematic quantities and
radial profiles for each chemically defined group, extending from the inner regions to ~4 half-light radii.

Results. The Gaussian mixture model identifies five chemical components, which, when examined through their radial cumulative
distributions, naturally group into two broader families characterised by lower and higher aluminium enrichment. The two families
differ significantly in their spatial and kinematic properties: the Al-rich stars are more centrally concentrated and exhibit stronger
radial anisotropy than the Al-poor stars, which remain closer to isotropy over the radial range probed. Despite these significant dif-
ferences (>20), the two populations share a common rotation pattern, with comparable intrinsic rotation amplitudes and rotation-axis
inclinations within the uncertainties (~0.5 kms™'). Both families span a wide range in metallicity, indicating that they do not simply
correspond to a first- and second-generation dichotomy but rather trace chemically and dynamically complex substructures within
w Cen.

Conclusions. This work represents the first chemo-dynamical study of w Cen linking detailed chemical tagging to internal kinematics
from the inner regions to the cluster outskirts and provides a key benchmark for models of its formation. A formation path involving
both hierarchical assembly within a dwarf-galaxy potential and centrally concentrated, chemically enriched star formation offers a nat-
ural explanation for the observed chemo-dynamical complexity. Extending this approach to larger fields of view and to more numerous,

fainter stars will be essential to robustly uncover the origin of this uniquely complex system.
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1. Introduction

Omega Centauri (w Cen, NGC 5139) is the most massive — and
arguably the most puzzling — globular cluster (GC) in the Milky
Way, with a present-day mass of M =~ 3.55 x 10° M, (Baumgardt
& Hilker 2018). Long before the modern view of the ubiqui-
tous phenomena of multiple stellar populations (MPs) in GCs,
w Cen was known for star-to-star abundance variations (e.g.
Norris & Bessell 1975; Butler et al. 1978; Persson et al. 1980)
and for photometric splits along the red giant branch (RGB),
main sequence (MS), and subgiant branch (SGB; e.g. Lloyd
Evans 1977; Bedin et al. 2004; Lee et al. 1999). Spectroscopy
later revealed a wide internal metallicity range — from [Fe/H] ~
-2 to [Fe/H] =z —0.7 — together with increasing s-process
elements and increasing total C+N+O at higher [Fe/H] (e.g.

* Corresponding author: pagnini@astro.unistra. fr

Norris & Da Costa 1995; Johnson & Pilachowski 2010; Marino
etal. 2011, 2012; Nitschai et al. 2023). At fixed metallicity, w Cen
shows the familiar GC light-element (anti-)correlations (C—N,
Na-O, Mg—Al) and helium variations; the strongest effects often
occur at intermediate [Fe/H] (Johnson & Pilachowski 2010;
Marino et al. 2011, 2012; Clontz et al. 2025). The reported age
spreads range from ~2 Gyr to 0.5 Gyr, with C+N+O variations
complicating SGB-based estimates (Hilker et al. 2004; Villanova
et al. 2007, 2014; Tailo et al. 2016; Clontz et al. 2024; Wang et al.
2026). All of these chemical and age peculiarities point to an ori-
gin in a substantially more massive parent system, with w Cen
most naturally interpreted as the bound nuclear remnant of a
disrupted dwarf galaxy rather than a typical Galactic GC (Lee
et al. 1999; Majewski et al. 2000; Carraro & Lia 2000; Bekki &
Freeman 2003; Tsuchiya et al. 2003, 2004; Souza et al. 2026).
Colour-magnitude diagrams (CMDs) of w Cen reveal a
remarkably rich set of sequences at all evolutionary stages (e.g.
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Pancino et al. 2000; Bedin et al. 2004; Ferraro et al. 2004; Bellini
et al. 2010, 2017; Milone et al. 2017a; Clontz et al. 2025). To dis-
entangle these features at a fixed luminosity, Milone et al. (2015)
introduced the ‘chromosome map’ (ChM), a pseudo two-colour
diagram built from HST F275W, F336W, F438W, and F814W
photometry. After ‘verticalising’ the underlying CMDs, stars are
placed in the plane (ACF275W,F336W,F438W3 A(F275W—F814W)),
where the first coordinate is primarily sensitive to N and other
light-element anomalies, and the second traces He and overall
metallicity. In this space, metal-poor RGB stars define a compact
first-population (1P) clump and an extended second-population
(2P) sequence towards higher ACpa7sw p3zew pazsw. At higher
[Fe/H], both 1P and 2P split into a ‘lower stream’ (LS) and an
‘upper stream’ (US) that extend to large A(F275W-F814W); LS
stars retain 1P-like light elements at fixed metallicity, whereas
US stars display 2P-like patterns (Milone et al. 2017b; Marino
et al. 2019; Clontz et al. 2025).

While the ChM is sensitive to light-element and He varia-
tions, it is not a direct abundance measurement; spectroscopy
is therefore essential to anchor the photometric tags to element-
by-element trends. High-resolution spectroscopic surveys have
mapped element-by-element trends across w Cen’s [Fe/H] range,
refining the light- and heavy-element patterns and highlight-
ing sub-populations (e.g. Johnson & Pilachowski 2010; Marino
et al. 2011, 2012). Large spectroscopic surveys such as APOGEE
have further expanded this view by providing homogeneous
abundance measurements for large stellar samples. For exam-
ple, Mészaros et al. (2021) analysed APOGEE DR16 spectra of
w Cen using the BACCHUS pipeline and confirm the presence of
multiple chemically distinct stellar populations spanning a wide
metallicity range. More recently, Mason et al. (2026) combined
APOGEE DR17 abundances with Gaia, MUSE, and HST data
to chemically tag w Cen stars. They identify three chemically
distinct groups — (i) a population resembling metal-poor halo
stars, (ii) an intermediate group with narrow [Fe/H] and classic
GC light-element anti-correlations, and (iii) an extreme second-
generation population. They show that these alone reproduce
the observed ChM distribution. This result links discrete ChM
features to chemically defined groups, showing that a small set
of abundance patterns can reproduce the observed photometric
substructure.

Using high-resolution optical spectroscopy, Alvarez Garay
et al. (2024) further investigated the Mg—Al abundance patterns
of w Cen giants and show that Al-enhanced populations are
preferentially concentrated towards the cluster centre. Similarly,
by combining complementary photometric and spectroscopic
datasets, Dondoglio et al. (2026) identify chemically distinct
stellar groups across w Cen from the centre out to ~30’ (= 5ry),
showing that these populations are not fully spatially mixed but
instead display clear radial gradients. In particular, stars enriched
in light elements are found to be more centrally concentrated
than their chemical counterparts. If these chemical and spatial
differences are the results of w Cen’s complex formation history,
one might also expect differences in the stellar kinematics and
more generally in chemo-dynamical space.

The kinematic picture of w Cen has progressed from small
bright-giant samples to panoramic phase-space maps. Early work
used line-of-sight velocities for a few hundred giants (Suntzeff
& Kraft 1996; Mayor et al. 1997; Reijns et al. 2006) and ground-
based proper motions for bright stars (van Leeuwen et al. 2000).
Multi-epoch HST data then provided proper motions for hun-
dreds of thousands of stars down to faint MS levels (Anderson
& van der Marel 2010; Bellini et al. 2014, 2018; Hiberle et al.
2025), and MUSE added spectra for comparably large samples
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(Bacon et al. 2010; Kamann et al. 2018; Nitschai et al. 2023;
Pechetti et al. 2024). Beyond the half-light radius, US stars show
more radial anisotropy than LS stars (Cordoni et al. 2020). At
~3.5ry,, 2P stars are more radially anisotropic than 1P (Bellini
et al. 2018). These contrasts weaken when stars are sorted only
by [Fe/H] (Cordoni et al. 2020), and inside the half-light radius
stars with different iron abundance can share similar kinematics
(Vernekar et al. 2025; Haberle et al. 2025). Collectively, these
results indicate that kinematic differences are more tightly cou-
pled to light-element population identity than to iron abundance
alone, at least over the radii probed so far.

In the context of nuclear star cluster (NSC) formation (e.g.
Neumayer et al. 2020), the main mechanisms commonly invoked
include hierarchical assembly through the inspiral and merging
of stellar systems, centrally concentrated star formation sus-
tained by gas retention and chemical enrichment, and hybrid
‘wet merger’ scenarios in which cluster merging is accompanied
by gas inflow and subsequent star formation (e.g. Guillard et al.
2016).

Recent advances in large spectroscopic and astrometric sur-
veys now offer a new opportunity to investigate the formation
of w Cen through a fully multi-dimensional approach. High-
resolution chemical abundances from APOGEE, combined with
precise Gaia proper motions and line-of-sight velocities from
APOGEE, make it possible to jointly characterise stellar popu-
lations in chemical-abundance space and in 3D kinematics over
a wide field of view. This combination provides the complete-
ness and precision required to explore how chemical enrichment,
spatial structure, and orbital properties are coupled within the
cluster from the inner regions to the outskirts. In this work, we
exploit these new data to perform a chemo-dynamical analy-
sis of w Cen, with the aim of constraining its formation path
and discriminating between scenarios dominated by mergers of
GCs, centrally concentrated in situ chemical enrichment, or a
combination of both.

This paper is structured as follows. In Sect. 2, we discuss
the observational sample analysed in this work. In Sect. 3, we
explain the chemo-dynamical analysis, and in Sect. 4 we present
the results. In Sect. 5, we discuss the novelties of our results also
in the context of other recent studies on the subject. Finally, in
Sect. 6 we derive our conclusions.

2. Observational data

For this study, we made use of data from the APOGEE Value

Added Catalogue (VAC) of Galactic GC stars (Schiavon et al.

2024). From this catalogue, we selected stars associated with

w Centauri by applying the following criteria:

1. a high membership probability according to Vasiliev &
Baumgardt (2021) (VB_PROB > 0.9);

2. asignal-to-noise ratio SNREV > 70;

3. effective temperatures in the range 3500K < T < 5500 K
and surface gravities logg < 3.6;

4. APOGEE quality cuts requiring APOGEE_STARFLAG = 0 and
APOGEE_STARBAD = 0.

This defines a parent sample of 1201 stars. For each of them,

the APOGEE VAC provides detailed chemical abundances,

line-of-sight velocities, and Gaia EDR3 proper motions (Gaia

Collaboration 2021). We subsequently retained only stars with

valid abundance measurements for all eight elements simultane-

ously, namely Fe, Mg, Si, Ca, C, Al, K, and Mn, which were

used in the Gaussian mixture analysis described below. The final

sample used in this work therefore consists of 588 red giant stars,
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Fig. 1. Chemical clustering and spatial distribution of APOGEE stars in w Cen. Left panel: [Al/Fe] vs [Mg/Fe] distribution of stars belonging to w
Cen, colour-coded according to the different components retrieved when minimising the BIC criterion in the GMM. Right panel: sCDF of stars in
the different components. For reference, the global w Cen’s CDF is shown in grey.

spanning projected clustercentric distances out to ~40 arcmin,
thus covering a large fraction of the cluster field of view and
extending well up to ~8 7;,.

3. Analysis
3.1. From chemical to spatial differences

This work builds on the analysis of Pagnini et al. (2025), where
we applied a Gaussian mixture model (GMM) approach’! to an
8D chemical-abundance space defined by [Fe/H], the a-elements
[Mg/Fe], [Si/Fe], and [Ca/Fe], the light and odd-Z elements
[C/Fe], [Al/Fe], and [K/Fe], and the iron-peak element [Mn/Fe]
(see Sect. 3 of Pagnini et al. 2025). The choice of eight elements
reflects a compromise between the ability to capture chemi-
cal differences between populations and retaining a sufficiently
large sample with reliable abundance measurements. The dis-
tribution of w Cen in this 8D abundance space was fitted by
using an increasing number of Gaussian components and the
optimal number of components for our dataset was then deter-
mined by minimising the Bayesian information criterion (BIC).
With this procedure, we find that the number of components
that best reproduces the 8D distribution of w Cen is five (see
Sect. 3 in Pagnini et al. 2025, for discussion on how this number
can vary). To assess the impact of abundance uncertainties on
this decomposition, we performed 200 Monte Carlo realisations
in which the chemical abundances were perturbed according to
their quoted uncertainties and the GMM analysis was repeated.
In these tests, a five-component solution remains the most
frequently selected one, being recovered in 129 out of 200 real-
isations, whereas a four-component solution is preferred in the
remaining 71 cases. As already discussed in Pagnini et al. (2025),
however, we caution against attributing a direct physical mean-
ing to this exact number of components. For simplicity, we label
these five GMM components as populations 0—4. Figure 1 (left
panel) shows these components in the [Al/Fe] versus [Mg/Fe]
space (see Fig. A.2 for the other chemical abundance spaces

I 'We used the GaussianMixture class available in scikit-learn
(https://scikit-learn.org/stable/modules/generated/
sklearn.mixture.GaussianMixture.html).

analysed in the GMM). The five GMM components occupy dis-
tinct regions of chemical-abundance space and are most clearly
separated in the [Al/Fe]-[Fe/H] plane, where aluminium defines
the primary axis of separation. Two components (Populations 2
and 4) are Al-poor across a broad metallicity range, consistent
with first-generation-like chemistry. The remaining three com-
ponents (Populations 0, 1, and 3) are Al-enhanced relative to
these Al-poor groups. Population O traces the most chemically
extreme, Al-rich sequence, while Population 1 occupies an inter-
mediate Al-enhanced regime. Population 3 is characterised by
higher metallicity combined with enhanced aluminium, form-
ing a chemically distinct metal-rich, Al-rich component. In this
sense, our division is broadly consistent with recent independent
work, such as Mason et al. (2026): their intermediate (IM) popu-
lation maps broadly onto our component 1, their P1 stars onto
our components 2 and 4, and their P2 stars onto our compo-
nents 0 and 3. Thus, although the exact number of groups differs,
both analyses support the presence of genuine and astrophysi-
cally meaningful chemical substructure in w Cen. We therefore
used the five-component decomposition as a useful represen-
tation of the chemical-abundance space and proceeded to test
whether the resulting structures also show distinct spatial and
kinematic signatures.

To better understand the physical meaning behind this data
driven sub-population division, we started by focusing on the
spatial distribution of these five different components within w
Cen. In this regard, Fig. 1 features the spatial cumulative distri-
bution function (sCDF) of the five sub-populations compared to
the global sCDF across the entire radial range. From this plot,
we can see that these chemically identified populations con-
verge into two distinct ones: components 0, 1, and 3 appear
more spatially concentrated with respect to components 2 and
4. Interestingly, the former two also differ from the latter from a
chemical point of view, as they are richer in aluminium (see left
panel of Fig. 1).

Motivated by these chemical and spatial differences, we
decided to combine the five sub-populations into two main
groups: the spatially concentrated Al-rich one with a total of 363
stars (i.e. 0+1+3 components), and the more spatially extended
Al-poor one with a total of 225 stars (i.e. 2 plus 4 components).
Although we refer to these two families simply as Al-poor and
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Al-rich, this division can be viewed, to first order, as analogous
to the distinction between less chemically processed, 1P-like
stars and more enriched, 2P-like stars commonly discussed in
the multiple-population literature. We stress, however, that in w
Cen this correspondence is only approximate, since both fami-
lies span a wide metallicity range and do not map uniquely onto
the standard 1P/2P classification.

3.2. Internal kinematics

We analysed population kinematics by converting Gaia proper
motions into radial and tangential components around the cluster
centre, after removing the bulk motion and correcting for projec-
tion effects and perspective motions across the field of view. The
procedure is the following:

— We transformed equatorial coordinates (a,¢) into Carte-
sian coordinates (x,y) following Eq. (1) of van de Ven
et al. (2006), adopting ry = 10800/x and the cluster cen-
tre (g, do) = (201.697°,-47.480°) (Vasiliev & Baumgardt
2021). By convention, the positive x-axis points west:

X = —rgcosd sin(a — ay), )
y = ro[sindcos §y — cos § sin &g cos(a — ayp)].

— We converted the Gaia proper motions (i, [s) into the
same Cartesian frame using Eq. (2) of Gaia Collaboration
(2018):

Uy = —lgx COS(a — @) + s sind sin(a — ay),
Hy = Mo SN 6o sin(a — ap) 2
+ us[ cos 8 cos &g + sin & sin § cos(a — ap)].

where we adopted the sign convention that proper motions
are positive to the west, hence the use of —u, for consistency
with the positional x axis.

— Before converting (i, i) into radial and tangential com-
ponents (u,, i), we subtracted the systemic proper motion
of the cluster adopting values from Vasiliev & Baumgardt
(2021) and corrected the proper motions for perspective
effects arising from the bulk space motion of the cluster,
following Eq. (6) of van de Ven et al. (2006). Given the
large angular extent and non-negligible systemic velocity
of w Cen, this correction removes the apparent solid-body
rotation and velocity gradients induced purely by projection
effects.

— We then obtained centre-referenced radial and tangential
proper motions using Eq. (3) from van Leeuwen et al. (2000).

Let R = +/x% + y? denote the projected distance from the
cluster centre. The projections are

Xhx + Yy
/’l}’ = —9
R
_ 3)
_ Thuxt Xy
/Jl - R B

where positive i, denotes motion away from the cluster cen-
tre and positive y, corresponds to counter-clockwise rotation.
The proper motions are then expressed in kilometres per
second, assuming a distance of the cluster of d = 5.426 +
0.047 kpc (Baumgardt & Vasiliev 2021).
For the APOGEE DRI17 line-of-sight velocities (Abdurro’uf
et al. 2022), we first subtracted the cluster’s systemic velocity
to place the measurements in the cluster rest frame, adopting the
value from Vasiliev & Baumgardt (2021). We then corrected for
perspective motions following Eq. (6) of van de Ven et al. (2006).
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3.2.1. Radial profiles

Using the kinematic measurements described above, we com-
puted both spatially resolved radial profiles and global kinematic
quantities, with the goal of identifying chemo-dynamical differ-
ences between the Al-poor and Al-rich populations. We mea-
sured the internal kinematics of w Cen by deriving the mean
velocities v and velocity dispersions ¢ in the tangential, radial,
and line-of-sight directions for each chemically defined subpop-
ulation. To sample the kinematics as a function of radius, stars
in each subpopulation were divided into the same radial bins
for all populations. The bin edges were defined based on the
projected-radius distribution of the full sample using quantiles,
so that the global sample is divided into bins containing com-
parable numbers of stars. The same fixed bin edges were then
applied to each sub-population. The radial coordinate assigned
to each bin corresponds to the midpoint of the lower and upper
projected-radius boundaries of that bin. We adopted four radial
bins for each profile as a compromise between spatial resolu-
tion and minimising low-number statistics; each bin typically
contains ~57-91 stars depending on the population. Although
the parent APOGEE sample extends from ~0.9 to ~40 arcmin,
the equal-number binning adopted here results in effective radial
coverage between ~4 and ~20 arcmin (~4 ry,).

For the proper-motion components, we modelled the velocity
distribution in each radial bin as a bivariate Gaussian convolved
with the individual measurement uncertainties, following the
standard formalism adopted in Gaia-based dynamical analyses
(e.g. Vasiliev & Baumgardt 2021). Posterior distributions of
UPM.rad> UPM.tan> O PM.rad> aNd O'pM tan Were sampled using a Markov
chain Monte Carlo (MCMC) approach with the emcee sam-
pler (Foreman-Mackey et al. 2013), employing 32 walkers, 3000
steps, and a burn-in phase of 500 steps. The line-of-sight velocity
component (vjos, 0los) Was treated separately using a univari-
ate Gaussian likelihood and the same inference procedure. The
resulting radial profiles of the mean velocities and dispersions
of the three velocity components for the Al-poor and Al-rich
populations are shown in Fig. 2.

3.2.2. Global kinematics

In addition to the radial profiles, we also computed global
(radius-integrated) mean velocities and velocity dispersions for
each subpopulation using the same modelling framework by con-
sidering all stars within a single radial bin. These global values
provide an integrated characterisation of the internal kinematics
of each population and enable a direct comparison between the
Al-poor and Al-rich groups.

To assess differences in orbital structure, we quantified the
velocity anisotropy of each subpopulation by computing ratios of
the velocity dispersions in the tangential, radial, and line-of-sight
directions. Specifically, we evaluated the ratios opm tan/0PM.rad
and opm tan/ 0105, Which serve as proxies for the intrinsic orbital
anisotropy in the available kinematic data. These ratios were
measured both globally, using all stars in a single bin (see the
bottom-left and central panels of Fig. 3), and as a function of
radius by combining the dispersion profiles in multiple bins to
construct anisotropy profiles (see Fig. 4, and Table 2). While
the global values provide a summary measurement of the inter-
nal kinematic structure, the radial profiles allow us to trace how
orbital anisotropy varies with clustercentric distance.

3.2.3. Reconstruction of the intrinsic rotation

An alternative method to measure internal rotation, commonly
used in the literature, is based on modelling the velocity field as
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Fig. 2. Kinematic profiles of the three velocity components. Top row: mean tangential, radial proper motions, and line-of-sight velocity as a function
of radius for Al-poor (purple), Al-rich (green), and all stars (black). Bottom row: corresponding velocity dispersions. The shaded bands indicate
the global values.

a function of position angle on the sky. Following the approach 4. Results

of Leitinger et al. (2025), we modelled the line-of-sight velocity
field with a sinusoidal function,

Vios(#) = Aros sin(6 — 6p), “4)

where Aj os is the rotation amplitude projected along the line of
sight and 6 is the position angle of the rotation axis.

The tangential and radial proper-motion components were
modelled as Gaussian distributions characterised by constant
mean velocities and intrinsic dispersions. All three velocity
components (radial PM, tangential PM, and LOS) were fitted
simultaneously within a common MCMC framework imple-
mented with the emcee sampler (Foreman-Mackey et al. 2013),
using 32 walkers and 10000 steps, with the first 2000 steps dis-
carded as burn-in. Posterior medians and standard deviations
were adopted as best-fit values and uncertainties.

This procedure allows us to reconstruct the intrinsic 3D rota-
tion by combining the LOS rotation amplitude A; s with the
mean tangential velocity p,, interpreted as orthogonal projec-
tions of the same rotation vector. The inclination of the rotation
axis and the total intrinsic rotation amplitude were subsequently

derived as
. Aros
tani = , Ao = \/Aios + Mg )
Htan

The resulting intrinsic rotation amplitudes for each chemically
defined subpopulation are shown in the bottom-right panel of
Fig. 3.

The results presented in this work reveal a tight connection
between chemical tagging and internal kinematics in w Cen.
Our APOGEE-based GMM identifies five components in multi-
dimensional abundance space. When we examine their [Al/Fe]
and [Mg/Fe] distributions together with their radial cumu-
lative profiles, these five components naturally group into
two broader families, here labelled Al-poor and Al-rich (see
Sect. 3.1 and Fig. 1). The top-left panel of Fig. 3 shows that the
two groups occupy distinct regions of the [Al/Fe]-[Mg/Fe] plane,
while the top-right panel illustrates that the Al-rich stars are
more centrally concentrated than the Al-poor ones, which dom-
inate at larger radii. A two-sample Kolmogorov-Smirnov (KS)
test comparing each family to the global sCDF yields p = 0.002
for the Al-poor population and p = 0.05 for the Al-rich pop-
ulation, indicating statistically significant deviations from the
global radial distribution. To quantify the statistical significance
of the difference between the radial distributions of the Al-poor
and Al-rich populations, we apply a two-sample Kolmogorov-
Smirnov test to their cumulative radial distributions. The KS
statistic measures the maximum vertical separation between the
two cumulative distribution functions. The associated p-value
quantifies the probability of obtaining a separation at least as
large as the observed one under the null hypothesis that both pop-
ulations are drawn from the same underlying radial distribution.
For the two populations considered here, we obtain a p-value of
p =4.23x 1077, indicating that the observed difference between
the cumulative radial distributions is very unlikely to arise from
random sampling of a common parent distribution.

Using APOGEE line-of-sight velocities combined with Gaia
proper motions, we derived global kinematic quantities for
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Fig. 3. Spatial and global kinematic properties of the Al-poor and Al-rich populations. Top panel: spatial cumulative distribution functions of the
two families compared to the global sample. The p-values from a Kolmogorov-Smirnov test, which compares each family to the global sCDF, are
also shown. Bottom panel: global anisotropy ratios 0pm.tan /0 pM.rad» OPM.an/Tlos and total intrinsic rotation amplitude Ay for the Al-poor, Al-rich,
and combined samples. The figure shows that the Al-rich family is more centrally concentrated and more radially anisotropic than the Al-poor
family, while both share a comparable intrinsic rotation amplitude.

Table 1. Global anisotropy measurements, rotation amplitude, position angle of the rotation axis 6y, and inclination angle i for the chemically
defined populations in w Cen.

POPUIation 0-PM,tzm/ O PM,rad O-PM,lan/ Olos Ao (km/s) 0o (°) i(°)

Al-poor 0.94 +0.06 096006 7.17+086 18413 41«7
Al-rich 0.76 £ 0.04 092+0.05 7.18+0.62 162+9 43+5
All sample 0.82 +0.03 094+004 7.16+050 1718 42+4

Table 2. Proper-motion anisotropy profiles (pman/0pM.rad)> @8 shown  the Al-poor and Al-rich populations covering a radial range

in Fig 4. from ~0.9 to ~40 arcmin (~87r;). The bottom panels of
Fig. 3 report the resulting anisotropy ratios Opm.tan/0PM.rad>
r (arcmin) Al-poor Al-rich All sample OpM.tan/Ol0s, and the total intrinsic rotation amplitude Ay (see
also Table 1). Both populations exhibit significant internal rota-
3.45 083+0.14  071+007 074006 tion and comparable total intrinsic rotation amplitudes within
742 1.01£0.16  0.83+0.08 0.90+0.08 the uncertainties, implying that they are embedded in the same
10.82 0.75£0.11 075 +0.08 074+ 0.06 global angular-momentum structure. In contrast, their velocity
25.84 1.07+0.12 0.77+0.10 0.96 £0.08 ’
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anisotropy differs. The Al-rich population shows a systemati-
cally lower opm an/0PMrad ratio than the Al-poor population,
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indicating a signature of radial anisotropy. The difference of
anisotropy between the two populations corresponds to a signifi-
cance of 2.43 o, confirming a statistically meaningful separation
between the two populations. This result is further supported
by a permutation-based test, described in Appendix B, which
shows that the observed anisotropy contrast is unlikely to arise
from a random partitioning of the data. When using the line-
of-sight-based anisotropy proxy opm.an/0l0s, the difference
between the two populations is much weaker, with a signifi-
cance of only 0.51 o, indicating that the anisotropy contrast is
not detected in the line-of-sight component?.

Figure 4 presents the radial behaviour of the anisotropy
ratio opm tan/0pMrad fOr the two chemically defined populations.
Across the full radial range probed, the Al-rich population con-
sistently exhibits lower opm an/0PMrad Values than the Al-poor
population, indicating a more radially biased orbital distribu-
tion. In contrast, the Al-poor population remains consistent with
an approximately isotropic velocity distribution at all radii. The
shaded bands indicate the corresponding global anisotropy val-
ues, showing that the population-level separation seen in the
global quantities is preserved when the kinematics are examined
as a function of radius.

The kinematic profiles in Fig. 2 complement this population-
resolved analysis. The mean tangential proper motion, radial
proper motion, and line-of-sight velocity profiles of the Al-poor
and Al-rich populations are consistent within the quoted uncer-
tainties across the full radial range. Although individual radial
bins show small deviations, we find no evidence for a coherent
systematic offset between the population means in any of the
three components, indicating that both families follow the same
global rotation pattern. The dispersion profiles reveal clearer
population-dependent differences. The Al-rich stars exhibit sys-
tematically lower tangential velocity dispersion profiles and
comparable, or slightly higher, radial dispersion profiles rela-
tive to the Al-poor population. This combination results in a
stronger radial anisotropy for the Al-rich stars, while the Al-poor
population maintains more similar dispersions in the radial and
tangential components and therefore remains closer to isotropy.
The line-of-sight dispersion profile follows a behaviour similar

2 We also verified that the ratio 0745/ pyrag Shows the same qualita-
tive population-dependent behaviour as o py tan/ O pM rad, With the Al-rich
population exhibiting systematically lower values. This confirms that
the anisotropy contrast does not depend on the specific projection
used but reflects a robust difference in the orbital structure of the two
populations.

for comparison. Right panel: combined sam-
ple, compared to the oMEGACat profile from
Haberle et al. (2025).

15 20 25

to that of the tangential component, with the Al-rich popula-
tion tending to show slightly lower values, although globally the
differences are smaller than in the proper-motion components.

We note that our kinematic analysis is based on projected
quantities, which may limit the sensitivity to subtle kinematic
differences. As a result, the observed differences should be
regarded as lower limits. A full 3D analysis, including depro-
jection, is required to better characterise these effects.

As an additional structural consistency check, we estimated
the projected ellipticity of each population from the eigen-
values of the second-moment tensor of the stellar positions,
with uncertainties derived via bootstrap resampling. We obtain
€ = 0.10 = 0.05 for the Al-poor stars and € = 0.11 + 0.04 for
the Al-rich stars, with consistent major-axis position angles of
~4°. Within the uncertainties, the two populations therefore
exhibit the same degree of flattening and the same projected
orientation.

The kinematic analysis yields rotation-axis position angles of
0y = 184° + 13° (Al-poor) and 162° + 9° (Al-rich; see Table 1).
The difference corresponds to ~1.40" and is not statistically sig-
nificant. The combined sample gives 6, = 171° + 8°, consistent
with both subpopulations. The inferred inclination angles are
likewise similar (i ~ 41°-43°; see Table 1).

Taken together, the structural and kinematic measurements
indicate that the Al-poor and Al-rich populations share the same
projected geometry and 3D angular-momentum vector. We find
no evidence for kinematically decoupled or misaligned compo-
nents. Recent work based on data from MUSE has suggested
the presence of a counter-rotating core in w Cen (Pechetti et al.
2024). The APOGEE sample analysed here does not probe the
very central arcminutes of the cluster with sufficient spatial reso-
lution to test this claim, and therefore our results neither confirm
nor exclude the presence of such a feature.

5. Discussion

The spatial segregation between the two chemically defined
families identified in this work is qualitatively consistent with
previous studies based on HST ChMs and ground-based pho-
tometry, which show that chemically enriched or US populations
are more centrally concentrated, while less enriched compo-
nents become increasingly prominent at larger radii (e.g. Bellini
et al. 2018; Cordoni et al. 2020; Dondoglio et al. 2026). Our
APOGEE-based analysis extends this picture by demonstrating
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that a similar radial segregation is recovered using spectroscop-
ically defined populations and traced over a much wider field
of view. We note that the APOGEE DR16 sample analysed by
Meészaros et al. (2021) and discussed by Alvarez Garay et al.
(2024) shows limited spectroscopic coverage in the innermost
region of w Cen. In particular, the comparison presented in their
Fig. 10 reveals a deficit of APOGEE targets within the central
arcminutes of the cluster. The APOGEE DR17 catalogue used
in this work provides improved spatial sampling and includes
stars down to projected radii of ~0.9 arcmin from the cluster
centre. Therefore, the enhanced central concentration of the Al-
rich population observed in our analysis cannot be attributed to
the observational bias discussed by Alvarez Garay et al. (2024),
but instead reflects an intrinsic spatial segregation between the
chemically defined populations.

Beyond this structural segregation, the anisotropy measure-
ments provide a direct dynamical counterpart to the spatial dif-
ferences. The comparison with the HST-based analysis of Bellini
et al. (2018) is particularly instructive. Although their study is
based on ChM selected MS stars and our analysis uses APOGEE
red giants, the anisotropy levels are consistent within the uncer-
tainties over the radial range where the datasets overlap (i.e. at
r ~ 3.5 ry). In particular, in the left and central panels of Fig. 4,
we show that the anisotropy of our Al-poor population closely
matches that of their MS-I component, which is identified as the
less enriched, 1P-like population and is less centrally concen-
trated within the HST field. Conversely, the Al-rich population
exhibits anisotropy values similar to those of their MS-II com-
ponent, corresponding to a more chemically enriched (2P-like)
population that is both more centrally concentrated and more
radially biased. This trend is also consistent with Cordoni et al.
(2020), who find that light-element-senriched (N-rich) stars are
more radially anisotropic than the less enriched (N-poor) popula-
tion. The recovery of the same population-dependent anisotropy
pattern across different stellar evolutionary stages and indepen-
dent datasets strengthens the connection between the Al-poor
and Al-rich division adopted here and the multiple populations
traced by the ChM in w Cen.

The right panel of Fig. 4 provides an additional consistency
check by comparing our results with the oMEGACat kinemat-
ics of Hiberle et al. (2025). Their combined MUSE and HST
measurements show that w Cen is approximately isotropic in
the core and becomes increasingly radially anisotropic towards
the half-light radius. Our combined APOGEE and Gaia profile
follows the same behaviour where the datasets overlap, but the
population-resolved view reveals that this global trend is not uni-
form: the Al-rich group carries most of the increasing radial
anisotropy, while the Al-poor stars remain close to isotropic.
Because the oMEGACat data primarily probe the inner few
central arcminutes, whereas our combined APOGEE and Gaia
sample extends from the crowding-limited core to ~4r,, we
obtain a nearly continuous view of the radial behaviour of the
two populations.

One of the most striking chemical properties of w Cen is
its large internal iron spread, spanning more than one dex in
[Fe/H]. Previous studies have investigated the relation between
rotation and metallicity in w Cen, finding no strong systematic
dependence of the rotation amplitude on [Fe/H] (Pancino et al.
2007). Consistent with this picture, we do not detect signifi-
cant differences in the rotation properties when subdividing the
sample either by iron abundance or by aluminium enrichment.
Instead, the population-dependent kinematic differences identi-
fied in this work are primarily seen in the velocity anisotropy.
When dividing the sample by metallicity alone, we did not detect
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statistically significant differences in anisotropy. In contrast, a
clear anisotropy difference emerges when the populations are
separated according to aluminium enrichment, with the Al-rich
stars exhibiting more radially biased orbits than the Al-poor
population (see also Cordoni et al. 2020; Héberle et al. 2025).
This behaviour contrasts with that observed in systems such
as M54, where kinematic differences are more closely linked
to metallicity (e.g. Alfaro-Cuello et al. 2019), suggesting that
similar present-day nuclear clusters may arise from different
chemo-dynamical formation pathways.

Furthermore, the fact that population-dependent kinematic
signatures are still observed today suggests that these structures
are long-lived. In particular, the systematic difference in velocity
anisotropy between Al-poor and Al-rich populations, recovered
over a wide radial range, indicates that the internal dynami-
cal evolution of w Cen has not completely erased the imprint
of population-specific orbital properties. This behaviour is also
qualitatively consistent with theoretical models of the long-term
dynamical evolution of MPs in GCs. Numerical simulations (see
e.g. Mastrobuono-Battisti & Perets 2013; Tiongco et al. 2019;
Mastrobuono-Battisti & Perets 2021; Vesperini et al. 2021) show
that when one population is initially more centrally concentrated
than another, the two components naturally evolve towards dif-
ferent velocity-anisotropy profiles: the concentrated population
develops a radially anisotropic velocity distribution, while the
more extended population remains closer to isotropic or mildly
tangentially biased. Importantly, these anisotropy differences are
predicted to be among the most long-lived kinematic signatures
of incomplete dynamical mixing and can persist over several
relaxation times (Aros et al. 2025). The spatial and anisotropy
ordering observed here between the Al-rich and Al-poor pop-
ulations therefore follows the qualitative expectations of such
dynamical evolution models.

The coupled chemical, spatial, and kinematic properties
revealed by our analysis provide important constraints on the
formation history of w Cen. In particular, the APOGEE-defined
Al-poor and Al-rich populations differ in their spatial distribu-
tions and orbital anisotropies, while simultaneously sharing a
common large-scale rotation pattern. This combination of simi-
larities and differences offers insight into the physical processes
that shaped the system.

One possibility is that w Cen formed through the hierarchical
assembly of multiple stellar systems inside a larger host galaxy
(e.g. Bekki & Freeman 2003; Bekki & Tsujimoto 2016; Calamida
et al. 2020). In this picture, inspiral and merging can generate
spatial segregation and incomplete dynamical mixing, leaving
residual differences in orbital structure. The stronger central con-
centration and radial anisotropy of the Al-rich population are
qualitatively consistent with such a process. However, if mergers
were the dominant driver, one might expect the clearest chemo-
dynamical differences to correlate with metallicity, whereas in
our data they are more strongly linked to aluminium enrich-
ment. This suggests that hierarchical assembly, if contributed,
is unlikely to explain the observed chemo-dynamical structure
on its own.

More generally, mergers alone do not straightforwardly
account for the large metallicity spread and the extreme light-
element enrichment observed in w Cen, both of which point
to efficient gas retention and prolonged chemical evolution.
In particular, the large Al spread is closely connected to the
multiple-population phenomenon in GCs and is generally inter-
preted as the result of internal self-enrichment. We also note that
other massive GCs not suspected to be the nuclei of stripped
dwarf galaxies exhibit comparable Al variations (e.g. NGC 2808,
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NGC 6752, and NGC 6205). A more detailed chemo-dynamical
characterisation of such systems may therefore help place the
properties of w Cen in a broader context.

A complementary, and not mutually exclusive, interpretation
is that w Cen retained gas over an extended period and experi-
enced multiple episodes of centrally concentrated star formation
(e.g. Romano et al. 2007; Marcolini et al. 2007; Gratton et al.
2012). In this view, the Al-poor stars would correspond to an
earlier generation with weaker light-element anomalies, while
the Al-rich stars would have formed later from enriched gas.
This scenario naturally explains the stronger central concentra-
tion of the Al-rich population and is also consistent with its
distinct orbital anisotropy, while the shared large-scale rotation
pattern suggests that both populations evolved within the same
global potential. The chemical-evolution models of Dondoglio
et al. (2026) provide a quantitative framework consistent with
this interpretation.

Taken together, the observational constraints presented here
could be consistent with a hybrid formation pathway in which
both hierarchical assembly and prolonged internal star forma-
tion contributed to the build-up of w Cen. The shared rotation
pattern strongly suggests that the chemically distinct populations
evolved within a common gravitational potential, while their dif-
fering spatial distributions and orbital anisotropies indicate that
their dynamical histories were not identical.

The correspondence between our APOGEE-defined pop-
ulations and the chemical groups identified by Mason et al.
(2026) provides additional insight into the formation sequence
of w Cen. In their framework, the P1 population represents
the least chemically processed component, while the IM and
P2 populations correspond to progressively more enriched stel-
lar generations. Our Al-poor stars broadly map onto their P1
population, whereas our Al-rich sample appears to encompass
both their IM and P2 components. Within this interpretation, the
observed chemo-dynamical structure may be naturally explained
by a multi-phase formation history. A first major episode of
star formation could have produced the P1 or Al-poor popula-
tion, which today appears more spatially extended and closer to
isotropic. Subsequent evolution may then have involved either
(i) the accretion of relatively pristine gas that triggered fur-
ther centrally concentrated star formation, producing chemically
enriched stars with higher aluminium abundances, or (ii) the
inward migration and merging of additional stellar clusters with
IM-like chemistry, which could both deepen the central potential
and contribute gas reservoirs that fuel the formation of the most
chemically extreme P2 population.

In either case, the IM and P2 components — correspond-
ing to our Al-rich population — would be expected to form or
settle preferentially in the central regions and to develop par-
tially distinct orbital properties with respect to the P1 or Al-poor
population. The persistence of their stronger radial anisotropy
may therefore reflect either their later formation within a deeper
central potential or their dynamical deposition through inspiral
processes.

The origin of the most metal-rich and Al-enhanced popu-
lations remains an open question. A merger origin for these
components would require the accreted system to share a very
similar angular-momentum structure with the pre-existing clus-
ter, in order to reproduce the observed common rotation axis and
inclination. Such a configuration is not impossible, but it would
imply a degree of dynamical alignment that may require fine tun-
ing. Conversely, a scenario in which metal-rich and Al-enhanced
stars formed in situ from centrally retained and progressively
enriched gas provides a more straightforward explanation for

their shared rotation geometry and enhanced central concentra-
tion.

6. Conclusions

This work provides the first wide-field, fully spectroscopic view
of population-dependent 3D internal kinematics of w Cen. We
combined APOGEE DR17 abundances with Gaia kinematics to
study the chemo-dynamical structure of w Cen. A GMM applied
to 8D abundance space identifies five components, which, after
examining their radial cumulative distributions, we grouped into
two broader families that we refer to as Al-poor and Al-rich.
These chemically defined families also differ in their spatial and
kinematic properties.

Our main findings are as follows:

1. The Al-rich stars are significantly more centrally concen-
trated than the Al-poor stars, which dominate at larger
radii;

2. The Al-rich population exhibits stronger radial anisotropy
and largely drives the global anisotropy trend of w Cen,
whereas the Al-poor stars remain closer to isotropic across
the radial range probed;

3. The chemo-dynamical differences correlate primarily with
light-element enrichment rather than with iron abundance.
Despite the well-known internal [Fe/H] spread in w Cen, the
spatial segregation and anisotropy differences identified here
are more associated with aluminium enrichment than with
metallicity itself, indicating that light-element chemistry is
the dominant tracer of the dynamical substructure;

4. Despite their different anisotropies, the two populations
share a common rotation pattern, suggesting that they are
embedded in the same global angular-momentum structure.
Their total rotation amplitudes are comparable within the
uncertainties, and we find no evidence for kinematically
decoupled or counter-rotating components in our large field
of view.

Taken together, these chemo-dynamical constraints are diffi-
cult to reconcile with a simple, monolithic globular-cluster
origin. Instead, they support a formation pathway in which
w Cen evolved within a deep potential well capable of sus-
taining prolonged chemical enrichment and internal dynami-
cal differentiation. In this context, our results are compatible
with self-enrichment models proposed for w Cen (Dondoglio
et al. 2026), in which extended star formation within a dwarf-
galaxy environment gives rise to multiple chemically distinct
but dynamically coupled populations. A sufficiently deep pro-
genitor potential could retain a fraction of supernova ejecta,
enabling progressive enrichment and naturally accounting for
the observed internal [Fe/H] spread. Within such a framework,
the Al-poor stars likely trace an earlier, more spatially extended
component, whereas the Al-rich population formed later from
centrally concentrated, chemically processed gas. The shared
rotation geometry and consistent angular-momentum orientation
indicate that both populations evolved within the same global
gravitational potential, while their distinct orbital anisotropies
reflect incomplete dynamical mixing rather than independent
dynamical origins.

Future work should combine extended spectroscopic sam-
ples, especially in the outermost regions of the cluster, with
orbit-based or N-body models that explicitly treat multiple tracer
populations. Such chemo-dynamical modelling will be essential
to quantify the relative roles of mergers and internal chemical
evolution in assembling w Cen, and to place this system in the
broader context of NSC formation in dwarf galaxies.
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Finally, we note that our work provides a fully spectroscopic
way to characterise the chemo-dynamical properties of GCs,
independent on the widely used photometric detections of MPs.
An application of our method to a wider samples of MW GCs
could further shed light onto the puzzling formation of these
dense stellar systems.

Data availability

The full Table A.1 is available at the CDS via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/712/A6

Acknowledgements. G.P. acknowledges the support from the Centre national
d’études spatiales (CNES) through a postdoctoral fellowship. G.P., P.B., and
PD.M. are grateful to the “Action Thématique de Cosmologie et Galaxies”
(ATCG), Programme National ASTRO of the INSU (Institut National des
Sciences de 1’Univers) for supporting this research, in the framework of the
project “Coevolution of globular clusters and dwarf galaxies, in the context of
hierarchical galaxy formation: from the Milky Way to the nearby Universe”,
PI: A. Lancon (2025), G. Pagnini (2026). P.B. and G.P. acknowledge financial
support by the IdEx framework of the University of Strasbourg. Funding for
the Sloan Digital Sky Survey IV has been provided by the Alfred P. Sloan
Foundation, the U.S. Department of Energy Office of Science, and the Partic-
ipating Institutions. SDSS-IV acknowledges support and resources from the
Center for High Performance Computing at the University of Utah. The SDSS
website is www . sdss.org. SDSS-IV is managed by the Astrophysical Research
Consortium for the Participating Institutions of the SDSS Collaboration includ-
ing the Brazilian Participation Group, the Carnegie Institution for Science,
Carnegie Mellon University, Center for Astrophysics | Harvard & Smithsonian,
the Chilean Participation Group, the French Participation Group, Instituto de
Astrofisica de Canarias, The Johns Hopkins University, Kavli Institute for the
Physics and Mathematics of the Universe (IPMU) / University of Tokyo, the
Korean Participation Group, Lawrence Berkeley National Laboratory, Leibniz
Institut fur Astrophysik Potsdam (AIP), Max-Planck-Institut f'ur Astronomie
(MPIA Heidelberg), Max-Planck-Institut fur Astrophysik (MPA Garching),
Max-Planck-Institut f'ur Extraterrestrische Physik (MPE), National Astronomi-
cal Observatories of China, New Mexico State University, New York University,
University of Notre Dame, Observatirio Nacional / MCTI, The Ohio State
University, Pennsylvania State University, Shanghai Astronomical Observatory,
United Kingdom Participation Group, Universidad Nacional Auténoma de
Meéxico, University of Arizona, University of Colorado Boulder, University of
Oxford, University of Portsmouth, University of Utah, University of Virginia,
University of Washington, University of Wisconsin, Vanderbilt University,
and Yale University. This work has made use of data from the European
Space Agency (ESA) mission Gaia (https://www.cosmos.esa.int/gaia),
processed by the Gaia Data Processing and Analysis Consortium (DPAC,
https://www.cosmos.esa.int/web/gaia/dpac/consortium). Funding
for the DPAC has been provided by national institutions, in particular the
institutions participating in the Gaia Multilateral Agreement.

References

Abdurro’uf, Accetta, K., Aerts, C., et al. 2022, ApJS, 259, 35

Alfaro-Cuello, M., Kacharov, N., Neumayer, N., et al. 2019, ApJ, 886, 57

Alvarez Garay, D. A., Mucciarelli, A., Bellazzini, M., Lardo, C., & Ventura, P.
2024, A&A, 681, A54

Anderson, J., & van der Marel, R. P. 2010, ApJ, 710, 1032

Aros, F. 1., Vesperini, E., & Dalessandro, E. 2025, A&A, 699, A44

Bacon, R., Accardo, M., Adjali, L., et al. 2010, SPIE Conf. Ser., 7735, 773508

Baumgardt, H., & Hilker, M. 2018, MNRAS, 478, 1520

Baumgardt, H., & Vasiliev, E. 2021, MNRAS, 505, 5957

Bedin, L. R., Piotto, G., Anderson, J., et al. 2004, ApJ, 605, L125

Bekki, K., & Freeman, K. C. 2003, MNRAS, 346, L11

Bekki, K., & Tsujimoto, T. 2016, ApJ, 831, 70

Bellini, A., Bedin, L. R., Piotto, G, et al. 2010, AJ, 140, 631

Bellini, A., Anderson, J., van der Marel, R. P,, et al. 2014, ApJ, 797, 115

Bellini, A., Milone, A. P., Anderson, J., et al. 2017, ApJ, 844, 164

A6, page 10 of 13

Bellini, A., Libralato, M., Bedin, L. R., et al. 2018, ApJ, 853, 86

Butler, D., Dickens, R. J., & Epps, E. 1978, ApJ, 225, 148

Calamida, A., Zocchi, A., Bono, G, et al. 2020, ApJ, 891, 167

Carraro, G., & Lia, C. 2000, A&A, 357,977

Clontz, C., Seth, A. C., Dotter, A., et al. 2024, ApJ, 977, 14

Clontz, C., Seth, A. C., Wang, Z., et al. 2025, ApJ, 984, 162

Cordoni, G., Milone, A. P,, Marino, A. F., et al. 2020, ApJ, 898, 147

Dondoglio, E., Milone, A. P., Marino, A. F., et al. 2026, A&A, 705, A2

Ferraro, F. R., Sollima, A., Pancino, E., et al. 2004, ApJ, 603, L81

Foreman-Mackey, D., Hogg, D. W., Lang, D., & Goodman, J. 2013, PASP, 125,
306

Gaia Collaboration (Brown, A. G. A, et al.) 2018, A&A, 616, Al

Gaia Collaboration (Brown, A. G. A, et al.) 2021, A&A, 649, Al

Gratton, R. G., Carretta, E., & Bragaglia, A. 2012, A&A Rev., 20, 50

Guillard, N., Emsellem, E., & Renaud, F. 2016, MNRAS, 461, 3620

Hiberle, M., Neumayer, N., Clontz, C., et al. 2025, ApJ, 983, 95

Hilker, M., Kayser, A., Richtler, T., & Willemsen, P. 2004, A&A, 422, 1.9

Johnson, C. I., & Pilachowski, C. A. 2010, ApJ, 722, 1373

Kamann, S., Husser, T.-O., Dreizler, S., et al. 2018, MNRAS, 473, 5591

Lee, Y. W., Joo, J. M., Sohn, Y. J., et al. 1999, Nature, 402, 55

Leitinger, E. 1., Baumgardt, H., Cabrera-Ziri, 1., et al. 2025, A&A, 694, A184

Lloyd Evans, T. 1977, MNRAS, 181, 591

Majewski, S. R., Patterson, R. J., Dinescu, D. L., et al. 2000, in Liege International
Astrophysical Colloquia, 35, eds. A. Noels, P. Magain, D. Caro, E. Jehin,
G. Parmentier, & A. A. Thoul, 619

Marcolini, A., Sollima, A., D’Ercole, A., Gibson, B. K., & Ferraro, F. R. 2007,
MNRAS, 382, 443

Marino, A. F.,, Milone, A. P., Piotto, G., et al. 2011, ApJ, 731, 64

Marino, A. F., Milone, A. P., Piotto, G., et al. 2012, ApJ, 746, 14

Marino, A. F., Milone, A. P., Renzini, A., et al. 2019, MNRAS, 487, 3815

Mason, A. C., Schiavon, R. P., Kamann, S., et al. 2026, MNRAS, 547,
stag433

Mastrobuono-Battisti, A., & Perets, H. B. 2013, ApJ, 779, 85

Mastrobuono-Battisti, A., & Perets, H. B. 2021, MNRAS, 505, 2548

Mayor, M., Meylan, G., Udry, S., et al. 1997, AJ, 114, 1087

Mésziéros, S., Masseron, T., Fernandez-Trincado, J. G, et al. 2021, MNRAS, 505,
1645

Milone, A. P., Marino, A. E,, Piotto, G., et al. 2015, ApJ, 808, 51

Milone, A. P., Marino, A. F., Bedin, L. R, et al. 2017a, MNRAS, 469, 800

Milone, A. P., Piotto, G., Renzini, A., et al. 2017b, MNRAS, 464, 3636

Neumayer, N., Seth, A., & Boker, T. 2020, A&A Rev., 28, 4

Nitschai, M. S., Neumayer, N., Clontz, C., et al. 2023, ApJ, 958, 8

Norris, J., & Bessell, M. S. 1975, ApJ, 201, L75

Norris, J. E., & Da Costa, G. S. 1995, ApJ, 447, 680

Pagnini, G., Di Matteo, P., Haywood, M., et al. 2025, A&A, 693, A155

Pancino, E., Ferraro, F. R., Bellazzini, M., Piotto, G., & Zoccali, M. 2000, ApJ,
534,1.83

Pancino, E., Galfo, A., Ferraro, F. R., & Bellazzini, M. 2007, ApJ, 661, L155

Pechetti, R., Kamann, S., Krajnovi¢, D., et al. 2024, MNRAS, 528, 4941

Persson, S. E., Frogel, J. A., Cohen, J. G., Aaronson, M., & Matthews, K. 1980,
ApJ, 235,452

Reijns, R. A., Seitzer, P., Arnold, R., et al. 2006, A&A, 445, 503

Romano, D., Matteucci, F., Tosi, M., et al. 2007, MNRAS, 376, 405

Schiavon, R. P,, Phillips, S. G., Myers, N., et al. 2024, MNRAS, 528, 1393

Souza, S., Neumayer, N., Seth, A. C., et al. 2026, arXiv e-prints
[arXiv:2603.23589]

Suntzeff, N. B., & Kraft, R. P. 1996, AJ, 111, 1913

Tailo, M., Di Criscienzo, M., D’Antona, F., Caloi, V., & Ventura, P. 2016,
MNRAS, 457, 4525

Tiongco, M. A., Vesperini, E., & Varri, A. L. 2019, MNRAS, 487, 5535

Tsuchiya, T., Dinescu, D. I., & Korchagin, V. 1. 2003, ApJ, 589, L29

Tsuchiya, T., Korchagin, V. I., & Dinescu, D. I. 2004, MNRAS, 350, 1141

van de Ven, G., van den Bosch, R. C. E., Verolme, E. K., & de Zeeuw, P. T. 2006,
A&A, 445, 513

van Leeuwen, F., Le Poole, R. S., Reijns, R. A., Freeman, K. C., & de Zeeuw,
P. T. 2000, A&A, 360, 472

Vasiliev, E., & Baumgardt, H. 2021, MNRAS, 505, 5978

Vernekar, N., Lucatello, S., Kuzma, P., & Spina, L. 2025, A&A, 696, A168

Vesperini, E., Hong, J., Giersz, M., & Hypki, A. 2021, MNRAS, 502, 4290

Villanova, S., Piotto, G., King, I. R., et al. 2007, ApJ, 663, 296

Villanova, S., Geisler, D., Gratton, R. G., & Cassisi, S. 2014, ApJ, 791, 107

Wang, Z., Seth, A. C., Clontz, C., et al. 2026, arXiv e-prints [arXiv:2603.01041]


https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/712/A6
https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/712/A6
http://www.sdss.org
https://www.cosmos.esa.int/gaia
https://www.cosmos.esa.int/web/gaia/dpac/consortium
http://linker.aanda.org/10.1051/0004-6361/202660795/1
http://linker.aanda.org/10.1051/0004-6361/202660795/2
http://linker.aanda.org/10.1051/0004-6361/202660795/3
http://linker.aanda.org/10.1051/0004-6361/202660795/4
http://linker.aanda.org/10.1051/0004-6361/202660795/5
http://linker.aanda.org/10.1051/0004-6361/202660795/6
http://linker.aanda.org/10.1051/0004-6361/202660795/7
http://linker.aanda.org/10.1051/0004-6361/202660795/8
http://linker.aanda.org/10.1051/0004-6361/202660795/9
http://linker.aanda.org/10.1051/0004-6361/202660795/10
http://linker.aanda.org/10.1051/0004-6361/202660795/11
http://linker.aanda.org/10.1051/0004-6361/202660795/12
http://linker.aanda.org/10.1051/0004-6361/202660795/13
http://linker.aanda.org/10.1051/0004-6361/202660795/14
http://linker.aanda.org/10.1051/0004-6361/202660795/15
http://linker.aanda.org/10.1051/0004-6361/202660795/16
http://linker.aanda.org/10.1051/0004-6361/202660795/17
http://linker.aanda.org/10.1051/0004-6361/202660795/18
http://linker.aanda.org/10.1051/0004-6361/202660795/19
http://linker.aanda.org/10.1051/0004-6361/202660795/20
http://linker.aanda.org/10.1051/0004-6361/202660795/21
http://linker.aanda.org/10.1051/0004-6361/202660795/22
http://linker.aanda.org/10.1051/0004-6361/202660795/23
http://linker.aanda.org/10.1051/0004-6361/202660795/24
http://linker.aanda.org/10.1051/0004-6361/202660795/24
http://linker.aanda.org/10.1051/0004-6361/202660795/25
http://linker.aanda.org/10.1051/0004-6361/202660795/26
http://linker.aanda.org/10.1051/0004-6361/202660795/27
http://linker.aanda.org/10.1051/0004-6361/202660795/28
http://linker.aanda.org/10.1051/0004-6361/202660795/29
http://linker.aanda.org/10.1051/0004-6361/202660795/30
http://linker.aanda.org/10.1051/0004-6361/202660795/31
http://linker.aanda.org/10.1051/0004-6361/202660795/32
http://linker.aanda.org/10.1051/0004-6361/202660795/33
http://linker.aanda.org/10.1051/0004-6361/202660795/34
http://linker.aanda.org/10.1051/0004-6361/202660795/35
http://linker.aanda.org/10.1051/0004-6361/202660795/36
http://linker.aanda.org/10.1051/0004-6361/202660795/36
http://linker.aanda.org/10.1051/0004-6361/202660795/37
http://linker.aanda.org/10.1051/0004-6361/202660795/38
http://linker.aanda.org/10.1051/0004-6361/202660795/39
http://linker.aanda.org/10.1051/0004-6361/202660795/40
http://linker.aanda.org/10.1051/0004-6361/202660795/41
http://linker.aanda.org/10.1051/0004-6361/202660795/41
http://linker.aanda.org/10.1051/0004-6361/202660795/42
http://linker.aanda.org/10.1051/0004-6361/202660795/43
http://linker.aanda.org/10.1051/0004-6361/202660795/44
http://linker.aanda.org/10.1051/0004-6361/202660795/45
http://linker.aanda.org/10.1051/0004-6361/202660795/45
http://linker.aanda.org/10.1051/0004-6361/202660795/46
http://linker.aanda.org/10.1051/0004-6361/202660795/47
http://linker.aanda.org/10.1051/0004-6361/202660795/48
http://linker.aanda.org/10.1051/0004-6361/202660795/49
http://linker.aanda.org/10.1051/0004-6361/202660795/50
http://linker.aanda.org/10.1051/0004-6361/202660795/51
http://linker.aanda.org/10.1051/0004-6361/202660795/52
http://linker.aanda.org/10.1051/0004-6361/202660795/53
http://linker.aanda.org/10.1051/0004-6361/202660795/54
http://linker.aanda.org/10.1051/0004-6361/202660795/54
http://linker.aanda.org/10.1051/0004-6361/202660795/55
http://linker.aanda.org/10.1051/0004-6361/202660795/56
http://linker.aanda.org/10.1051/0004-6361/202660795/57
http://linker.aanda.org/10.1051/0004-6361/202660795/58
http://linker.aanda.org/10.1051/0004-6361/202660795/59
http://linker.aanda.org/10.1051/0004-6361/202660795/60
https://arxiv.org/abs/2603.23589
http://linker.aanda.org/10.1051/0004-6361/202660795/62
http://linker.aanda.org/10.1051/0004-6361/202660795/63
http://linker.aanda.org/10.1051/0004-6361/202660795/64
http://linker.aanda.org/10.1051/0004-6361/202660795/65
http://linker.aanda.org/10.1051/0004-6361/202660795/66
http://linker.aanda.org/10.1051/0004-6361/202660795/67
http://linker.aanda.org/10.1051/0004-6361/202660795/68
http://linker.aanda.org/10.1051/0004-6361/202660795/69
http://linker.aanda.org/10.1051/0004-6361/202660795/70
http://linker.aanda.org/10.1051/0004-6361/202660795/71
http://linker.aanda.org/10.1051/0004-6361/202660795/72
http://linker.aanda.org/10.1051/0004-6361/202660795/73
https://arxiv.org/abs/2603.01041

Pagnini, G., et al.: A&A, 712, A6 (2026)

1.254
--0.8
1.001 o
F-1.0
0.75
--1.2
o 0.50+ —
i z
= i
= 0.25- --14
0.00 16
Components *
| © Component 0
0.25 O Component 1
¢ Component 2 -1.8
—0.504 A Component 3
& Component 4 ®

-0.4

02 00 02 04 06 08
[Mg/Fe]

Fig. A.l: Alternative representation of the left panel of Fig. 1
in the [Mg/Fe]-[Al/Fe] plane. Stars are shown with different
marker symbols according to their GMM chemical component,
while the colour scale encodes metallicity, [Fe/H].

Appendix A: 8D chemical distribution of » Cen and
its subpopulations

Appendix A summarises the multi-dimensional chemical distri-
bution of the APOGEE w Cen sample analysed in this work.
Figure A.l1 shows an alternative representation of the [Mg/Fe]—
[Al/Fe] plane, in which different marker symbols identify the
GMM chemical components and the colour scale traces [Fe/H],
thereby highlighting the internal metallicity spread within each
population. Figure A.2 shows the projections of the 8D abun-
dance space onto the individual [X/Fe]-[Fe/H] planes for all
analysed elements, colour-coded according to the Gaussian-
mixture components, and illustrates how the five chemically
tagged populations occupy distinct regions of abundance space.
Table A.1 lists the APOGEE identifiers together with the corre-
sponding GMM component labels for the full sample.

Table A.l: APOGEE IDs and GMM labels for w Centauri
sample. This table is available in its entirety at the CDS.

APOGEE ID

2M13233428-4734432
2M13240738-4724118

2M13242041-4719352
2M13243074-4724264
2M13243893-4731381

2M13244170-4728147

2M13244375-4721582
2M13244413-4719252
2M13244491-4725264
2M13244695-4724580

component

N i

Appendix B: Statistical significance of
population-dependent spatial and kinematic
differences

To assess the statistical significance of the difference in veloc-
ity anisotropy between the Al-poor and Al-rich populations, we
adopt a permutation-based approach.

We define a proxy anisotropy parameter as

ﬁ’ = O-PM,tan/o-PM,rad’

where o, and o,q represent the tangential and radial PM
component, respectively. We quantify the anisotropy contrast
between the two populations as

AB = (ﬁ/)Al-poor - (ﬁ,)Al—rich :

To construct a null distribution for AB’, stars are randomly
reassigned between two populations 100 times while keeping
the population sizes fixed. For each random realisation, we
recompute AS’, thereby building the distribution of anisotropy
contrasts expected under the null hypothesis that population
membership is unrelated to orbital anisotropy.

Figure B.1 shows the resulting null distribution of AB’. The
observed anisotropy contrast, A3’ =~ 0.19, is indicated by a verti-
cal dashed line and lies well outside the bulk of the distribution
obtained from random reshuffling. The corresponding p-value is
defined as the fraction of random realisations that yield a value
of |[AB’| at least as large as the observed one.

This result indicates that the measured difference in veloc-
ity anisotropy between the Al-poor and Al-rich populations
is unlikely to arise from a random partitioning of the data,
supporting the interpretation that the two populations occupy
systematically different regions of orbital phase space.

Appendix C: Kinematic profiles

Appendix C provides the numerical values underlying the kine-
matic profiles shown in Fig. 2. Tables C.l1 and C.2 report the
mean velocities and velocity dispersions, respectively, for the
tangential proper-motion, radial proper-motion, and line-of-sight
components, both globally and in each radial bin for the Al-poor,
Al-rich, and combined samples.
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Fig. A.2: Projections of the 8D chemical-abundance space used for the GMM analysis of w Cen APOGEE stars. Each panel shows
[X/Fe] as a function of [Fe/H] for one of the elements included in the clustering (Mg, Si, Ca, C, Al, K, and Mn). The points are
colour-coded according to the five GMM components.

Table C.1: Mean velocity profiles and global values for the three velocity components, as shown in the first row of Fig. 2.

All sample [km/s]

Al-poor [km/s]

Al-rich [km/s]

r [arcmin] UPM,tan UPM, rad Vlos UPM, tan UPM, rad Ulos UPM tan UPM,rad Ulos

global 533+039 033+048 527+0.63 545+0.70 -0.58+0.72 541+1.07 529+0.50 0.85=+0.65 5.20=+0.78
3.45 556+092 031+124 476+1.61 448+1.87 -2.02+2.38 7.01+£3.34 6.02+1.08 1.20+1.56 3.35+1.90
7.42 729+0.89 121+098 8.07+1.23 11.10+1.67 -0.23+£1.64 797+293 5.61+1.02 182+122 791+142
10.82 5.62+0.70 0.44+094 557+1.11 576+125 124+1.74 6.52+193 559+0.84 —-0.08 +£1.13 5.04 +1.36
25.84 2.81£0.66 —0.64 £0.68 3.02+1.12 2.66+098 -1.33+0.93 2.32+1.52 297+0.78 0.19+1.03 3.70 +1.53
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Table C.2: Dispersion profiles and global values for the three components as shown in the second row of Fig. 2.

All sample [km/s] Al-poor [km/s] Al-rich [km/s]
r [arcmin] O PM,tan O PM,rad Tlos O PM,tan O PM,rad Tlos O PM,tan O PM,rad Tlos
global 9.78£0.29 11.93+0.35 1047 +0.30 1046 +0.50 11.14+0.54 10.88+0.52 9.37+0.34 12.43+0.46 10.19 +0.38
3.45 11.34 £ 0.68 1544 +0.89 13.40+0.80 12.23 +1.47 14.65+1.75 1455+1.76 11.21+£0.79 1592 +1.11 13.20+0.93
742 10.76 £ 0.65 11.94+0.71 9.72+0.57 1133 +1.22 11.34+1.26 11.86+1.31 10.26 +0.77 12.36 £+ 0.90 8.82 +0.64
10.82 849+£0.52 1140+£0.66 9.50+0.55 947+095 12.53+1.21 1021 +1.03 8.11+£0.61 10.92+0.82 9.21 +0.70
25.84 786046 821+049 8.67+0.52 9.06+0.72 843+0.66 9.19+0.73 6.10+£0.56 8.07+0.75 8.00+0.74

mm AR
10{ --- observed AB’ = 0.185

counts

0_
-0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20
AB'= (BI)AI—poor = (B")ai = rich

Fig. B.1: Distribution of anisotropy contrasts. The AS’ values
are obtained from the random reshuffling of stars between the
Al-poor and Al-rich populations while keeping population sizes
fixed. The vertical dashed line marks the observed anisotropy
contrast.
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