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ABSTRACT

We combine F115W and F277W images collected with the Near Infrared Camera of the James Webb Space Telescope with multiband,
multi-epoch Hubble Space Telescope observations of ωCentauri to investigate its multiple stellar populations and internal kinematics.
Our study focuses on a region spanning ∼0.9 to ∼2.3 half-light radii from the cluster center, which is largely unexplored by these
telescopes. Using chromosome maps, we identified the principal populations along the upper main sequence and among M dwarfs,
distinguishing lower-stream stars chemically akin to first-generation globular cluster stars with similar metallicities from upper-stream
stars enriched in helium and nitrogen but that are oxygen poor. Both streams also host subpopulations with varying metallicities. We
found radially anisotropic motions, with upper-stream stars exhibiting significantly stronger anisotropy than lower-stream stars. Subdi-
viding the upper stream into extreme and intermediate light-element populations revealed a gradient in anisotropy, with intermediate
stars lying between the lower-stream stars and extreme upper-stream populations. However, metal-rich and metal-poor stars within
each stream show moderate kinematic differences. The lower-stream stars show a higher angular momentum dispersion compared to
upper-stream stars, and they also exhibit stronger systemic rotation and proper motion skewness, further highlighting their kinematic
divergence. Finally, leveraging a mass range of ∼0.15–0.7 M⊙, we detected a low degree of energy equipartition for all cluster stars,
which decreases with radial distance from the cluster center.
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1. Introduction

As the most massive and enigmatic globular cluster (GC) in the
Milky Way, ωCentauri is one of the most extensively studied
stellar systems in the context of multiple stellar populations. In
particular, star-to-star variations in metallicity and light-element
abundances have been known for decades (e.g. Norris & Bessell
1975; Butler et al. 1978; Persson et al. 1980). ωCentauri was also
the first GC in which multiple populations were photometrically
detected along the red giant branch (RGB; e.g., Woolley 1966;
Lloyd Evans 1977), main sequence (MS; Anderson 1997; Bedin
et al. 2004), and the sub-giant branch (Lee et al. 1999).

The multiple stellar populations in ωCentauri display dis-
tinctive chemical abundance patterns as well as features com-
monly observed in most GCs. Its stars span a wide metallicity
range, from [Fe/H] ≲ −2 dex to [Fe/H] ≳ −0.7 dex (Norris & Da
Costa 1995; Johnson et al. 2008; Marino et al. 2011; Nitschai
et al. 2023), with metallicity correlating with the abundance
of s-process elements and the total C+N+O content (Norris
& Da Costa 1995; Johnson & Pilachowski 2010; Marino et al.
2012, 2019). Although such star-to-star variations in heavy ele-
ments are rare among GCs, stars in ωCentauri with similar
metallicities show classic GC signatures, including light-element
abundance variations such as the C–N, Na–O, and Mg–Al anti-
correlations, along with helium enrichment. Among these pop-
ulations, stars with intermediate metallicities exhibit the most

⋆ Corresponding author: tuila.ziliotto@unipd.it

extreme chemical variations across most elements (Marino et al.
2011, 2012; Johnson & Pilachowski 2010; Clontz et al. 2025).

The bizarre chemical composition observed in ωCentauri is
not unique to this GC, as such chemical composition has also
been detected in other massive Galactic GCs, including M 22,
M 2, and NGC 5286, among others, which exhibit variations in
metallicity, s-process element abundances, and total C+N+O
content (e.g., Marino et al. 2009, 2015, 2019; Da Costa et al.
2009; Yong et al. 2014; McKenzie et al. 2022; Dondoglio et al.
2025). This group of GCs with intrinsic metallicity spreads,
known as Type II GCs, also includes M 54, which is located in
the nucleus of the Sagittarius dwarf galaxy (Carretta et al. 2010).

Due to its large mass, broad metallicity spread, and retro-
grade orbit, ωCentauri is often considered not to be a genuine
GC but rather the remnant nuclear star cluster of a dwarf
galaxy that was accreted by the Milky Way or possibly an ultra-
compact dwarf galaxy. These scenarios are supported by the fact
that ωCentauri shares structural properties – such as half-mass
radius and total mass – with some known nuclear star clusters
and compact dwarf galaxies (e.g., Marino et al. 2015). Further-
more, recent evidence based on HST proper motion data has
revealed fast-moving stars near the cluster center, supporting
the presence of an intermediate-mass black hole (Häberle et al.
2024), as black holes are often found in galaxy nuclei. For these
reasons, the investigation of multiple populations in ωCentauri
may provide valuable insights into not only its star formation
history but also into the origin and evolution of Type II GCs and,
potentially, nuclear star clusters.
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Studies based on multiband photometry have highlighted the
complexity of multiple stellar populations in ωCentauri (e.g.,
Bellini et al. 2010, 2017). The distribution of giant stars in
the pseudo two-color diagram, known as the chromosome map
(ChM), is significantly more complex than what is observed in
other GCs, revealing at least 15 distinct groups of stars with dif-
ferent chemical compositions (Milone et al. 2017b, 2020; Bellini
et al. 2017; Lagioia et al. 2021; Nitschai et al. 2024).

Similar to most Galactic GCs, the ∆CF275W,F336W,F438W ver-
sus ∆F275W,F814W ChM of metal-poor RGB stars in ωCentauri
displays a group of first-population (1P) stars near the origin of
the reference frame along with a sequence of second-population
(2P) stars extending toward higher values of ∆CF275W,F336W,F438W.
In addition, both 1P and 2P stars form lower and upper streams
(hereafter LS and US) of more metal-rich stars, with similar
∆CF275W,F336W,F438W values that extend to large ∆F275W,F814W val-
ues. Similar to 1P stars, the lower-stream stars are characterized
by low abundances of He, N, Al, and Na and high abundances
of C and O, in contrast to 2P and upper-stream stars of the same
metallicity (Milone et al. 2017b; Marino et al. 2019; Clontz et al.
2025). We note that throughout this work, we use “streams” to
refer to these photometric sequences in color-color space, and
they are unrelated to spatially coherent stellar streams in the
Galactic halo.

The internal kinematics of stars in dynamically young GCs
such as ωCentauri can retain information about their initial con-
figuration, thus providing valuable constraints on the formation
of multiple stellar populations. By combining photometry and
proper motions from Gaia Data Release 2 (Gaia Collaboration
2018a), HST, and ground-based facilities, Cordoni et al. (2020a)
investigated the kinematics of multiple stellar populations along
the RGB of ωCentauri, extending out to ∼5.5 half-light radii
from the cluster center. They found that beyond the half-light
radius, US stars exhibit more radially anisotropic motions com-
pared to the LS. These results are consistent with those reported
by Bellini et al. (2018), who used deep HST photometry and
proper motions for stars located at about 3.5 half-light radii from
the center of the cluster to show that 2P stars are more radially
anisotropic than the 1P. Intriguingly, the anisotropy differences
appear less pronounced when comparing stars of different metal-
licities (Cordoni et al. 2020a). A similar conclusion – that stars
with different iron abundances share comparable kinematics – is
supported by Häberle et al. (2025) based on HST data within the
half-light radius.

In this paper, we use multi-epoch and multiband images col-
lected with the James Webb Space Telescope (JWST) and HST to
study multiple stellar populations along the MS and their internal
kinematics. Specifically, in Sect. 2 we describe the dataset and
the methods to derive stellar photometry, astrometry, and proper
motions. The photometric diagrams used to detect the multiple
stellar populations are presented in Sect. 3, whereas their inter-
nal kinematics are investigated in Sect. 4. Finally, a summary of
the results and a discussion are provided in Sect. 5.

2. Data and data reduction

Our primary dataset for studying multiple populations in
ωCentauri comprises NIRCam images taken through the F115W
and F277W filters, targeting a field located between ∼1 and
2.5 half-light radii from the cluster center (GO-6154; PI Anna
de Graaff). This region, situated between the fields analyzed by
Häberle et al. (2025) and Bellini et al. (2018), remains largely

Fig. 1. Footprints of the JWST (green) and HST (orange) observations
used in this work. North is at the top, and east is to the left. Yellow
circles indicate multiples of the half-light radius. The yellow cross indi-
cates the cluster center at coordinates (α, δ) = (201.697◦, −47.480◦).

unexplored in terms of stellar kinematics. To enhance the iden-
tification of multiple stellar populations along the MS and to
derive proper motions, we also included archival HST images
from the WFC/ACS, IR/WFC3, and UVIS/WFC3 instruments.
These data were obtained from multiple programs (PI: Bedin,
GO-14118; PI: Bellini, GO-15857; PI: Renzini, GO-12580; PI:
Seth, GO-16777; PI: Scalco, GO-16247; PI: Brown, GO-14759;
PI: Cool, GO-9442). The footprint of the archival data used
in this work, retrieved from the Mikulski Archive for Space
Telescopes (MAST)1, is shown in Figure 1.

2.1. Astrometry and photometry

We derived stellar positions and fluxes by applying a two-step
photometric and astrometric approach that integrates methodolo-
gies optimized for HST and JWST imaging. Our analysis makes
use of custom-developed software by Jay Anderson, including
the img2xym and KS2 packages (e.g., Anderson & King 2000;
Anderson et al. 2008; Anderson 2022).

First-step measurements of stellar fluxes and positions were
obtained independently for each image using the img2xym
software, which fits stars using spatially variable point-spread-
function (PSF) models. To account for subtle, time-dependent
PSF variations, we adopted perturbation PSFs constructed from
bright, unsaturated, and isolated stars (Anderson & King 2006).
This allowed for more accurate modeling of each exposure, par-
ticularly in the presence of focus variations or temporal changes
in the instrument’s optics.

The magnitudes from individual exposures were brought
onto a common photometric scale by referencing them to the
deepest exposure in each filter. This was achieved by matching
well-measured stars across exposures and computing the average
magnitude offsets, which were then applied to align all photom-
etry to a common zero point. This reference system served as the
master photometric frame.

1 The data is available at dx.doi.org/10.17909/6cjp-2k84
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Refined photometric and astrometric measurements were
carried out using the KS2 software package, an advanced exten-
sion of the original kitchen_sync algorithm (Anderson et al.
2008). KS2 employs three distinct photometric techniques tai-
lored to stars of different brightness and crowding levels.
Method I is optimized for bright stars with prominent peaks.
After subtracting neighboring sources, stars are measured within
a 5×5-pixel region using an effective PSF tailored to their loca-
tion on the detector. The background sky is estimated from an
annulus between 4 and 8 pixels from the stellar center. Method
II is designed for fainter stars that may not be individually
detectable in every image. It combines data from all exposures to
perform weighted aperture photometry within a 5×5 grid, down-
weighting pixels contaminated by neighbors. Sky estimation in
Method II is performed identically to Method I. Method III is
used for the faintest stars in highly crowded fields. It performs
aperture photometry using a 0.75-pixel-radius aperture, with the
sky background measured in a tighter annulus between 2 and
4 pixels.

Each star’s final position and flux were computed by aver-
aging independent measurements across all available exposures.
Quality parameters generated by KS2 (e.g., sharpness, crowd-
ing, and fit quality) were used to select stars with reliable PSF
fits following the procedures described in Milone et al. (2023a,
Section 2.4). Geometric distortion corrections were applied to all
images using the most recent solutions for HST and JWST instru-
ments (Anderson & King 2006; Bellini & Bedin 2009; Bellini
et al. 2011; Anderson 2022; Milone et al. 2023b). All stellar posi-
tions were registered onto a common astrometric frame aligned
with Gaia data release 3 (DR3, Gaia Collaboration 2021), ensur-
ing consistency with celestial coordinates (North up, East left).
Photometric calibration was performed in the Vega magnitude
system using the latest zero points from STScI for HST and JWST
filters2 (Milone et al. 2023b). Extensive artificial-star experi-
ments, executed with the KS2 framework, were used to assess
completeness, crowding effects, and photometric uncertainties
(Anderson et al. 2008; Milone et al. 2023a). We corrected the
photometry for the effects of differential reddening by using the
procedure and the computer programs widely used in previous
work from our group (Milone et al. 2012b; Jang et al. 2022;
Legnardi et al. 2023).

2.2. Proper motions

To measure relative proper motions, we adopted a method com-
monly used in prior studies (e.g., Anderson & King 2003; Piotto
et al. 2012; Libralato et al. 2022; Milone et al. 2023a; Ziliotto
et al. 2025) based on comparing stellar positions across multi-
epoch images. We began with independent photometric and
astrometric catalogs from various filters and epochs. Our refer-
ence frame was defined by NIRCam F115W images, oriented
using Gaia DR3 data, with the X-axis pointing west and the
Y-axis pointing north.

Stellar positions from each catalog were transformed into this
master frame using six-parameter linear fits. To correct for resid-
ual distortions, we applied local transformations based on the
100 nearest reference stars with similar luminosities, excluding
the target star itself. Proper motions were derived by fitting a
weighted least-squares line to each star’s position as a function of

2 https://www.stsci.edu/hst/instrumentation/wfc3/data-
analysis/photometric-calibration; https://jwst-docs.
stsci.edu/jwst-near-infrared-camera/nircam-performance/
nircam-absolute-flux-calibration-and-zeropoints

Fig. 2. Distribution of proper motions measured in the cluster reference
frame. The inset panel displays the projected proper motions in tan-
gential and radial directions. Pink contours indicate probability density
distributions derived from Gaussian mixture model fitting.

time. The slope and its uncertainty represent the proper motion
and its error.

Bright, unsaturated cluster stars, selected following the cri-
teria in the previous subsection and Milone et al. (2023a), were
used for transformations. An initial selection was based on CMD
position, followed by refinement using both CMD and proper
motion diagrams. These members were used to compute final
motions.

To enhance accuracy, we corrected each star’s position at
every epoch for its proper motion, recalculated the transfor-
mations, and derived improved proper motions. Finally, we
converted positions and proper motion components from equa-
torial to Cartesian coordinates following Equation (2) from Gaia
Collaboration (2018b). Then, we projected these proper motions
into radial (µR) and tangential (µT) components. The resulting
proper motions relative to the mean motion of ωCentauri in the
µδ versus µαcosδ plane are illustrated in Figure 2, whereas the
inset shows the same proper motions in the tangential versus
radial direction with respect to the cluster center located at (α,
δ) = (201.697◦, −47.480◦), as in Vasiliev & Baumgardt (2021).

Following photometric and astrometric quality cuts, our sam-
ple contains 29 676 stars in the innermost intersection of JWST
and HST pointings and 10 686 stars in the outermost inter-
section, with median proper motion uncertainties of 0.04 and
0.06 mas yr−1, respectively. The corresponding observation time
baselines span up to ∼23 yr and ∼13 yr, respectively.

3. Multiple populations along the main sequence

Figure 3 shows the Hess diagram of all stars with high-quality
photometry, selected according to the criteria described in
Section 2, in the mF277W versus mF115W − mF277W plane. The
right panel presents the corresponding CMD for proper-motion-
selected cluster members located at radial distances larger than
approximately 1.5 half-light radii from the cluster center.
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Fig. 3. mF277W vs. mF115W −mF277W Hess diagram for stars at rh > 1.5 that according to the criteria of Section 2 have high-quality photometry (left).
The right panel shows the corresponding CMD for proper-motion selected cluster members.

In the context of multiple stellar populations, this CMD
resembles the mF160W versus mF110W − mF160W CMD based on
IR/WFC3 photometry (Milone et al. 2017a). One of the most
striking features in the upper part of the CMD is the split MS,
first identified by Anderson (1997). The blue MS consists of stars
with extreme helium enhancement (Y≳0.38), while the red MS
is populated by stars with more canonical helium abundances
(Y∼0.25; e.g., Norris 2004; King et al. 2012; Tailo et al. 2015).
These two sequences merge near the MS knee but diverge again
at fainter magnitudes. Notably, below mF277W ∼ 19.5 mag, most
red-MS stars form the bluest sequence in the CMD (see Section
4.2 of Milone et al. 2017a, for a discussion of these features in an
analogous CMD).

The MS splitting below the knee primarily reflects differ-
ences in oxygen abundance among the populations. The spec-
tra of oxygen-rich M dwarfs exhibit strong absorption beyond
∼13 000 Å, primarily due to oxygen-bearing molecules such as
water vapor. These molecular features significantly affect the
flux in the F277W band, while their impact on the F115W band
is less pronounced. As a result, oxygen-poor M dwarfs appear
bluer in mF115W −mF277W than oxygen-rich stars of similar lumi-
nosity (Milone et al. 2012a, 2017a, 2019; Gerasimov et al. 2022;
Ziliotto et al. 2023; Cadelano et al. 2023; Marino et al. 2024a,b).

The synergy of photometry from UV, optical, and NIR bands
can provide further details on the multiple MSs of ωCentauri.
Figure 4 presents four CMDs based on both HST and JWST
photometry, each revealing clear evidence of multiple stel-
lar populations along the MS. The top-left panel shows the
pseudo-CMD constructed from mF115W−mF475W+mF277W versus
mF814W − mF277W, which highlights the separation between the
red and blue MS components above the MS knee. This behav-
ior is analogous to that observed in CMDs built from similar
pseudo-magnitudes (e.g., Milone et al. 2019). Notably, the dia-
gram exhibits an abrupt change in the slope of the MS near the
knee, making it a particularly effective diagnostic for accurately
identifying this key evolutionary feature.

The wide color baseline of the mF277W versus mF475W −

mF814W CMD, shown in the upper-right panel of Figure 4, serves
as an effective diagnostic for distinguishing multiple stellar pop-
ulations with varying helium abundances (e.g. D’Antona et al.
2005; Piotto et al. 2007; D’Antona et al. 2022). While the red and
blue MSs appear as distinct stellar populations along the upper
MS, their separation becomes less evident below the MS knee –
consistent with the trend observed in the top-left CMD. Interest-
ingly, this diagram also reveals a sparsely populated sequence of
M dwarfs with redder colors than the main MS locus at similar
luminosities. These stars are believed to be highly metal-rich, as
previously reported by Milone et al. (2017a).

The mF277W versus mF275W − mF277W diagram shown in the
bottom-right panel of Figure 4 reveals an even greater separation
between stellar populations with different helium abundances.
This enhanced separation arises because, at fixed luminosity,
helium-rich stars are significantly hotter than their helium-
normal counterparts. Additionally, the mF275W − mF277W color is
highly sensitive to differences in effective temperature, making
it an excellent diagnostic for distinguishing between populations
with similar colors but varying temperatures (e.g., D’Antona
et al. 2002; Milone et al. 2023a; Ziliotto et al. 2023).

Finally, we show in the bottom-left panel of
Figure 4 the mF277W versus CF275W,F336W,F438W pseudo-CMD
for bright MS stars, where the CF275W,F336W,F438W = (mF275W −

mF336W)−(mF336W − mF438W) pseudo color maximizes the
separation among sequences of stars with different nitrogen
abundances (Milone et al. 2013).

To better identify stellar populations along the bright and
faint MS segments, we used the CMDs shown in the bottom pan-
els of Figure 4, which were employed to derive the ChM for the
bright MS, and those in Figure 3 and in the upper-right panel
of Figure 4, used to derive the ChM for the faint MS. The ChM
is a photometric diagram analogous to a two-color diagram, but
it employs pseudo-colors obtained by verticalising the MS rel-
ative to its boundaries (see Milone et al. 2017b, for details).
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Fig. 4. Collection of photometric diagrams corrected for differential reddening that highlight the multiple MSs ofωCentauri proper-motion selected
members.

The results are illustrated in Figure 5. The upper panel shows
the ∆C F275W,F336W,F438W versus ∆F275W,F277W ChM for bright MS
stars (17.6 < mF277W < 18.6). The stellar distribution is qualita-
tively similar to that observed in the ∆C F275W,F336W,F438W versus
∆F275W,F814W ChM of RGB stars. Indeed, in both ChMs, the stel-
lar positions are primarily governed by their relative abundances
of nitrogen, helium, and metals, as illustrated by the arrows that
show the effect on pseudo-colors of individually varying the
helium mass fraction Y, [N/Fe], [O/Fe], and [Fe/H] by 0.05, 1.2,
−0.5, and 0.3 dex, respectively, relative to a reference population
with [Fe/H] = −1.7, [α/Fe] = 0.4, and solar carbon and nitro-
gen abundances (Milone et al. 2012a, 2017b, 2020; Marino et al.
2019, 2024a,b; Ziliotto et al. 2023). The majority of metal-poor
stars, characterized by helium abundances of Y ∼ 0.25 and nearly
solar nitrogen content, are clustered near the origin of the dia-
gram. In contrast, the bulk of stars with enhanced helium and
nitrogen abundances form a distinct sequence extending toward
higher values of both ∆C F275W,F336W,F438W and ∆F275W,F277W. In
this ChM, metal-rich stars delineate stellar streams that extend
toward the lower-right region of the diagram.

The ∆F115W,F277W versus ∆F475W,F814W ChM shown in the bot-
tom panel of Figure 5 highlights M dwarfs (19.8 < mF277W <
21.7) with different chemical compositions. Helium-poor,

metal-poor stars cluster near the origin of the diagram, while
metal-poor stars with extreme light-element abundances are
located around (∆F115W,F277W, ∆F475W,F814W)∼(0.3, 0.25). Metal-
rich stars are distributed toward the lower-right region of the
ChM.

We used these ChMs to select the bulk of LS and US stars,
as shown in Figure 6 (e.g., Marino et al. 2019). To derive the
boundaries between the LS and US populations in the upper
panel of Figure 6, we adapted to the ChM of ω Centauri the
method introduced by Milone et al. (2017a, see their Figure 2).
This approach compares the pseudo-color distribution of a sim-
ulated simple stellar population (gray points in Figure 6) with
that of the observed stars. Specifically, we divided the x-axis into
bins 0.25 mag wide. For each bin, we shifted the ChM of the
simulated population so that the lower tails of the observed and
simulated ∆C F275W,F336W,F438W distributions overlap. We then
identified the ∆C F275W,F336W,F438W value that encloses 99% of the
simulated points and associated it with the corresponding mean
∆F275W,F277W value in the ChM. The points obtained for the dif-
ferent bins were linearly interpolated to define the black dashed
line. A similar procedure was applied to derive the boundary
between the upper and middle streams, and to identify the main
loci of LS and US stars in the bottom-panel ChM. Finally, the
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Fig. 5. ∆CF275W,F336W,F438W vs. ∆F275W,F277W ChM for bright MS stars
(top) and ∆F115W,F277W vs.∆F475W,F814W for M dwarfs (bottom). The insets
show the corresponding Hess diagrams. The arrows show the effect
of changing, one at time, the abundances of helium mass fraction Y,
[N/Fe], [O/Fe], and [Fe/H] by 0.05, 1.2, −0.5, and 0.3 dex with respect
to a reference stellar population with [Fe/H]=−1.7, [α/Fe]=0.4 and solar
carbon and nitrogen contents (see Milone et al. 2018b; Marino et al.
2019, for details).

boundary separating the two main metallicity groups was drawn
by eye, to isolate the bulk of metal-poor stars – clearly clus-
tered on the left side of the ChM – from the metal-poor tail. We
cross-matched our catalog with the publicly available Nitschai
et al. (2023) MUSE catalog, confirming that stars on the blue
sequence have an average [M/H] = −1.50, while those on the red
sequence have an average [M/H] = −1.24, consistent with the
two sequences tracing distinct metallicity populations. Our final
sample comprises 3252 LS stars and 4712 US stars. To evaluate
the spatial distribution of these populations, we examined the
US-to-LS ratio in two regions: one at ∼1Rh and another at ∼2Rh.
The inner region shows a ratio of 1.98, while the outer region
has a ratio of 0.75, suggesting that US stars are concentrated
toward the cluster center, whereas LS stars become more preva-
lent in the outer regions. In addition, we manually defined the
dashed gray line, which separates stellar streams with interme-
diate and extreme light-element abundances (hereafter referred
to as the intermediate and extreme streams), and the solid gray
line, which distinguishes the majority of metal-rich from metal-
poor stars. This classification yields 2282 extreme stream stars
and 1576 intermediate stream stars in our final sample. Based on
metallicity classification, our sample comprises 1638 LS metal-
poor stars, 460 LS metal-rich stars, 3337 US metal-poor stars,
and 522 US metal-rich stars.

Fig. 6. Reproduction of the ChMs from Figure 5, with bright MS stars
(17.6 < mF277W < 18.6) in the top panel and M dwarfs (19.8 < mF277W <
21.7) in the bottom panel. LS and US stars are shown in red and blue,
respectively. The black dashed line separates the selected US and LS
populations. The dashed-dotted and solid gray lines mark the bound-
aries between the upper and middle streams, and between metal-rich
and metal-poor stars, respectively. The gray dots represent the simu-
lated ChMs for a simple stellar population, and are shifted to the left for
clarity.

4. Internal kinematics of the multiple populations

4.1. Velocity dispersion and anisotropy profiles

In order to derive the velocity dispersion profiles, we followed
the methodology described in Ziliotto et al. (2025). We first
divided the field of view into a series of concentric annu-
lar regions, each including approximately the same number of
stars. For each annulus we determined the velocity dispersion
in the radial and tangential components by maximizing the log-
likelihood function described in Equation (1) of Libralato et al.
(2022). We determined the uncertainties in the velocity disper-
sions using the Markov chain Monte Carlo (MCMC) algorithm
emcee (Foreman-Mackey et al. 2013).

Moreover, we fit the velocity dispersion and anisotropy pro-
files following the procedure described in, for example, Aros
et al. (2025); Ziliotto et al. (2025). Based on the results of simu-
lations of multiple population evolution, we modeled the velocity
anisotropy as

β(R) = 1 −
σ2

T

σ2
R

=
β∞R2

R2
a + R2

(
1 −

R
Rt

)
, (1)

where σT and σR are tangential and radial velocity dispersions,
Ra is the anisotropy radius, β∞ is the anisotropy at R ≫ Ra, and
Rt is the truncation radius where velocities return to isotropy (see
Dalessandro et al. 2024; Aros et al. 2025; Ziliotto et al. 2025, for
more details).

We modeled the radial velocity dispersion using a cubic
polynomial, σR(R) = c0 + c1R + c2R2 + c3R3 (Watkins et al.
2022). The coefficients must satisfy two physical constraints:
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Fig. 7. Radial profiles of the velocity dispersion in the radial (a) and
tangential (b) components. Panel (c) shows the anisotropy profiles, with
β = 1 − (σT /σR)2. Blue squared markers represent the US popula-
tion, red dots the LS population, and gray points all stars. The best-fit
models for US and LS stars are indicated by dark blue and red lines,
respectively. The radial coordinate is normalized to the half-light radius,
Rh = 5.0 arcmin.

c0 + c1R + c2R2 + c3R3 ≥ 0 and c1 + 2c2R + 3c3R2 < 0. The tan-
gential velocity dispersion follows from the anisotropy relation:
σ2

T = (1 − β(R|Ra, β∞,Rt))σ2
R. We determine the best-fit model

parameters through MCMC analysis of the observed individual
radial and tangential proper motions.

Figure 7 presents the velocity dispersion and anisotropy pro-
files for stars in ωCentauri. The top and middle panels show
radial and tangential velocity dispersions, respectively, while the
bottom panel displays the anisotropy profile. Red circles repre-
sent LS stars, blue squares represent US stars, and gray points
show the data for all stars. We used bins containing the same
number of stars, which are displayed for visual comparison only
and not used for fitting. Solid lines indicate the best-fit models
for each population (red for LS, blue for US), and non-bolded
lines represent additional model realizations based on sampled
parameter sets. Radial distances are normalized to the half-light
radius (5.0 arcminutes; Harris 1996, 2010 version).

The two populations exhibit similar radial velocity disper-
sions but differ markedly in their tangential components. LS stars
show consistently higher tangential velocity dispersion than US

Fig. 8. Similar to Figure 7, but comparing the chemically intermediate
and extreme streams (pink and gray triangles with their corresponding
colored lines, respectively). The fit for LS stars (red line) is displayed
for comparison.

stars across the analyzed radial range (∼1–2Rh). This tangential
difference drives distinct anisotropy behaviors: while both pop-
ulations are radially anisotropic, US stars display significantly
stronger radial anisotropy than LS stars, which remain nearly
isotropic in the inner regions.

We further analyzed US bright MS stars by dividing them
into two subpopulations, a more chemically extreme one, which
is located in the uppermost region of the ChM, and an inter-
mediate stream, corresponding to the region located above the
LS sequence in the ChM (see Figure 6). Similarly to our anal-
ysis of US and LS stars, we compare the velocity dispersion
and anisotropy profiles of these subpopulations in Figure 8. Pink
triangles represent the intermediate stream, while gray triangles
represent the extreme stream. The dark solid lines show the best
fit for each subpopulation, and the red line shows the best fit for
the LS population, which exhibits the most isotropic behavior.
The results show that the extreme stream exhibits the high-
est radial anisotropy values, while the intermediate stream falls
between the two extremes, displaying higher anisotropy than
LS stars but lower than the extreme stream. The LS population
remains the most isotropic of the three groups.

We extended our analysis to investigate metallicity effects
by subdividing both LS and US stars into metal-rich and metal-
poor subgroups. Figure 9 presents the velocity dispersion and
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Fig. 9. Same as Figure 7, but showing separate profiles for metal-rich (blue) and metal-poor (green) stars within each population. Left columns
show LS stars, right columns show US stars.

anisotropy radial profiles for these metallicity-based subpopu-
lations. The left panels display results for LS stars, showing
radial velocity dispersion (top), tangential velocity dispersion
(middle), and anisotropy (bottom). The right panels present the
corresponding profiles for US stars. Filled blue crosses with dot-
ted blue lines represent metal-rich stars and their best-fit models,
while green crosses with solid green lines represent metal-poor
stars and their fits. The metallicity subpopulations of LS stars
behave similarly, showing no significant differences in their
velocity dispersion and anisotropy profiles. For US stars, the
velocity dispersion profiles of metal-rich and metal-poor stars
are also similar, though subtle differences result in the metal-rich
population being marginally more isotropic than the metal-poor
population.

4.2. Angular momentum

We investigated the dispersion of the angular momentum (σLz ) as
a function of radius. This parameter, recently introduced by Aros
et al. (2025), is defined as Lz = vT × r, where vt is the tangential
velocity and r is the projected distance from the cluster center.

As discussed in Aros et al. (2025), σLz is connected with
velocity anisotropy, since differences in the radial and tangen-
tial components of the velocity dispersion become apparent in
the angular momentum distribution. In particular, at equiva-
lent distances, stars on radial orbits display diminished angular
momentum compared to those on more circular paths.

Figure 10 shows the dispersion of angular momentum as
a function of radial distance for the multiple populations. The
LS population consistently exhibits larger σLz values compared

Fig. 10. Radial profiles of the projected angular momentum dispersion
σLz for all stars (gray), LS population (red), and US population (blue).

to the U.S. population across the analyzed radial range, with
these differences becoming more pronounced in the outermost
regions. This behavior aligns with the increased radial anisotropy
observed for US stars, as described in Section 4.1. Radially
anisotropic velocity distributions correspond to a reduced frac-
tion of high-angular-momentum orbits, resulting in a narrower
Lz distribution for populations with greater anisotropy.

Since the proper motions used in this work are relative and
do not retain the overall bulk rotation of the cluster (as the distor-
tion correction process removes large-scale systematic motions),
we performed a test to assess the impact of this effect on our
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Fig. 11. Tangential versus radial proper motions of LS (left panel) and
US (right panel) stars. Contours indicate the probability density esti-
mated by a Gaussian mixture model, highlighting the differences in
statistical distributions and asymmetries between the two populations.
The crosses indicate the centers of the distributions.

results. We used Gaia absolute proper motions, which include the
rotation signal, and measured the velocity dispersion, anisotropy,
and angular momentum of stars in Omega Centauri over the
same radial range considered in this study. We then removed the
rotation component from these proper motions by fitting sinu-
soidal trends to the equatorial motion components as a function
of position angle, following the method described in Ziliotto
et al. (2025), and repeated the measurements using the de-
rotated motions. We found that the dispersion-related quantities
– such as velocity dispersion, anisotropy, and angular momen-
tum dispersion – were unaffected by the presence or absence of
rotation.

4.3. High-order moments of proper motions

We further analyzed the distribution of radial and tangential
proper motions by measuring the high-order moments h3 (skew-
ness) and h4 (kurtosis). Skewness quantifies the asymmetry of
the distribution, while kurtosis measures deviations from the
Gaussian shape, with higher values indicating sharper peaks and
more frequent extreme values.

Skewness and kurtosis were measured using bootstrap
resampling to account for single star velocity errors. For each
radial bin, we performed 1000 bootstrap iterations where stars
were resampled with replacement, and for each resampled star,
a random value was drawn from a Gaussian distribution cen-
tered on the observed proper motion with a 1-σ width equal to
the measurement uncertainty. The skewness and kurtosis were
computed for each bootstrap sample using scipy.stats functions
with bias correction, which adjusts the estimators to account
for finite sample size effects, and the final values represent the
mean across all bootstrap samples, with uncertainties given by
the standard deviation of the bootstrap distribution.

Figure 11 shows the tangential and radial proper motion dis-
tributions for LS stars (left panel) and US stars (right panel).
The distributions reveal notable differences between the two
populations: LS stars exhibit more pronounced asymmetries in
their proper motion patterns compared to the more symmetric
distribution of US stars. The centers of the distributions are high-
lighted by the red (LS) and blue (US) crosses, which correspond
to the peak of the probability grids. While US stars are consistent
with being centered at around zero (µR = −0.004 ± 0.007, µT =
+0.008 ± 0.006), LS stars are centered in µR = 0.068 ± 0.009

Fig. 12. Radial variation of the skewness of the tangential (top) and
radial (bottom) proper motion components. Gray points represent mea-
surements for all stars, red circles for LS stars, and blue squares for US
stars.

and µT = −0.180 ± 0.008, suggesting that LS stars have stronger
systemic rotation with respect to US stars.

Figure 12 shows the radial variation of skewness in the tan-
gential and radial proper motion components for LS (red points),
US (blue points) and all stars. The US stars exhibit skewness
values consistent with zero for both proper motion compo-
nents. In contrast, LS stars show skewness with mean values of
0.212 ± 0.028 for the tangential component and −0.127 ± 0.025
for the radial component. This pattern is consistent with findings
in the outer regions of ωCentauri (Bellini et al. 2018), where
MS-I stars (analogous to LS stars) showed skewness in their tan-
gential proper motion distributions, while MS-II stars (analogous
to US stars) exhibited no significant skewness.

The tangential kurtosis is nearly zero for both stellar popu-
lations. However, the radial component shows negative kurtosis
for both populations, with LS stars exhibiting −0.273±0.042 and
US stars showing −0.295±0.034, suggesting flatter-than-normal
velocity distributions.

While the differences in skewness between LS and US
stars provide additional evidence of the kinematic differences
between these populations, its interpretation is not straightfor-
ward. When analyzing galaxy kinematics through line-of-sight
velocity measurements, asymmetric velocity profiles are typ-
ically linked to internal rotation (see, e.g., van der Marel &
Franx 1993; van de Sande et al. 2017). Nevertheless, when work-
ing with proper motion data, understanding the implications
of skewness differences (or their absence) between tangential
and radial velocity components becomes more challenging. This
complexity is illustrated by Ziliotto et al. (2025), who found that
despite measurable differences in tangential velocity skewness
between stellar generations in 47 Tucanae, no corresponding sig-
nificant rotational velocity differences are detected. Additional
dynamical mechanisms may contribute to the observed veloc-
ity distribution characteristics. The interplay between intrinsic

A86, page 9 of 12



Ziliotto, T., et al.: A&A, 707, A86 (2026)

Fig. 13. Velocity dispersion versus stellar mass for the total (left), radial (middle), and tangential (right) components. Circles and triangles corre-
spond to the inner (R̄ = 1Rh) and outer (R̄ = 2Rh) regions, respectively. Filled symbols show the masses derived from the baseline isochrone, while
open symbols show the masses obtained from the alternative model that includes the metallicity distribution from Marino et al. (2011) and a higher
mean helium abundance (Y = 0.30).

cluster dynamics and external Galactic tidal forces, combined
with stellar escape processes, can modify the skewness prop-
erties of velocity distributions. To properly disentangle these
effects, detailed N-body modeling will be required to trace
how the initial kinematic properties of both populations evolve
under various dynamical influences, ultimately determining their
impact on the observed skewness patterns.

4.4. Energy equipartition

We examined the evolution toward energy equipartition of the
complete stellar sample in ωCentauri within a mass range of
∼0.15–0.7 M⊙. While we could distinguish multiple popula-
tions among lower and upper main-sequence stars, our sample
is not continuous in mass, and thus differences in the degree of
energy equipartition could not be measured with enough sig-
nificance for US and LS stars. We derived stellar masses by
interpolating an isochrone with [α/Fe]= +0.4, [Fe/H] = –1.55,
Y = 0.25, and an age of 13.25 Gyr from the BaSTI database
(Pietrinferni et al. 2021) to analyze the mass dependence of the
velocity dispersion. Although ωCentauri hosts a complex stellar
population, a full treatment of the joint metallicity, helium, and
light-element variations is not currently feasible due to the lack
of detailed abundance distributions in this region and the limited
coverage of existing stellar-evolution models. Following previ-
ous practice (e.g., Watkins et al. 2022), we therefore adopted
a representative single-metallicity, single-helium isochrone as
our baseline model. To estimate the impact of population com-
plexity on the inferred masses, we additionally computed a
second set of masses using a more realistic approximation of
the population mix, combining the metallicity distribution from
Marino et al. (2011) with a higher mean helium abundance
(Y = 0.30) to mimic the coexistence of helium-normal and
helium-enhanced populations. The resulting masses (open sym-
bols in Figure 13) are slightly lower, but the derived equipartition
parameters remain consistent with those from the baseline model
(see Figure 14).

We measured the degree of energy equipartition by fitting
two models, following the same procedure as Ziliotto et al.
(2025). The classical model assumes velocity dispersion scales
with mass according to

σ(m) = σ0

(
m
m0

)−η
, (2)

where σ0 is the velocity dispersion at the reference mass m =
m0, and m0 is a scale mass, defined here as m0 = 1 M⊙. The
parameter η quantifies energy equipartition: η = 0 indicates no
equipartition, while η = 0.5 represents full equipartition.

The second model incorporates an equipartition mass, meq,
originally defined by Bianchini et al. (2016) as follows:

σ(m) =
{
σ0 exp (−0.5m/meq) for m ≤ meq,

σeq(m/meq)−0.5 for m > meq,
(3)

where the parameter σeq corresponds to the velocity dispersion
at m = meq and is defined as σeq = σ0 exp (−0.5). This formu-
lation assumes complete equipartition for stars exceeding meq
and partial equipartition below this threshold. Lower meq values
indicate systems nearer to global equipartition.

As in Aros & Vesperini (2023), we defined µ = 1/meq.
This parametrization enables continuous parameter space explo-
ration during fitting, including negative regimes. Systems with
µ = 0 exhibit no equipartition, while µ = 10 approximates full
equipartition.

Figure 13 shows velocity dispersion versus stellar mass for
the total, radial, and tangential components for all stars. We
divided our sample into two radial bins, since the degree of
energy equipartition can vary with radius, typically exhibiting
higher values in the center of the cluster. The mean radii for each
bin are labeled in the left panel. A trend consistent with energy
equipartition is visible in all velocity components: lower-mass
stars show smaller velocity dispersions than higher-mass stars.

The radial profiles of η, µ, and meq are presented in Figure 14.
Our derived values of η are compared with those from Watkins
et al. (2022) and Häberle et al. (2025) for the central regions of
ωCentauri and from Bellini et al. (2018) at approximately 3.5Rh.
Together, these measurements reveal a consistent radial decline
in the degree of energy equipartition: Watkins et al. (2022) find
the highest values in the center, our results show intermediate
values decreasing from η = 0.07 ± 0.01 in the innermost bin to
η = 0.04 ± 0.01 in the outermost bin, and Bellini et al. (2018)
report similarly low values at large radii. This declining trend
is also evident in the radial and tangential components of the
velocity dispersion (second and third columns of Figure 14).

5. Summary and discussion

We have conducted a comprehensive investigation of the internal
kinematics of multiple stellar populations in ωCentauri using
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Fig. 14. Best-fit parameters describing the degree of energy equipartition as a function of radial distance for the complete stellar sample. Top row:
equipartition parameter η. Bottom row: mass parameters µ and meq. Left to right panels: total, radial, and tangential velocity components. Points
derived using the alternative, helium-enriched mass model (open markers) are slightly offset horizontally to improve the visibility of overlapping
error bars.

a combination of JWST NIRCam and HST observations. By
analyzing stars in the previously unexplored intermediate radial
region between ∼0.9 and 2.3 half-light radii from the cluster
center, we characterized the kinematic properties of chemically
distinct populations along the upper main sequence and among
M dwarfs. Our photometric analysis identified multiple stellar
populations using ChMs constructed from multiband HST and
JWST photometry. We analyzed data from two main streams: LS
stars, which exhibit light-element abundances similar to 1P GC
stars, and US stars, which show the characteristic signatures of
helium and nitrogen enhancement coupled with oxygen deple-
tion typical of 2P populations. Both streams contain subpop-
ulations with varying metallicities. This classification captures
the complex subpopulation structure revealed in previous stud-
ies such as Bellini et al. (2017), where the authors identified over
a dozen distinct sequences in the core of ωCentauri.

Our kinematic analysis revealed significant differences in
velocity anisotropy between the LS and US populations. The US
stars display substantially stronger radial anisotropy compared to
the LS stars, which remain nearly isotropic throughout the ana-
lyzed radial range. This anisotropy difference is primarily driven
by variations in the tangential velocity dispersion component,
with LS stars showing consistently higher tangential dispersions
than US stars.

Cordoni et al. (2020a) investigated the internal kinematics of
US and LS RGB stars within radial distances of ∼5.5 half-light
radii by combining HST and Gaia proper motions and photome-
try. They found that US stars exhibit significantly stronger radial
anisotropy than N-poor stars beyond ∼1.5 half-light radii. The
results presented in this work support the conclusions of Cordoni
et al. (2020a) while being based on a substantially larger dataset
covering radial distances between ∼1 and 2 half-light radii.
Notably, the kinematic behaviors of US and LS stars resem-
ble those typically observed in dynamically young GCs, such

as 47 Tucanae, where 2P stars exhibit stronger radial anisotropy
than 1P stars (Richer et al. 2013; Milone et al. 2018a; Cordoni
et al. 2020b, 2025; Dalessandro et al. 2024; Ziliotto et al. 2025).
This similarity supports formation scenarios in which LS stars
formed first, while the US stars originated from material polluted
by more massive 1P stars (e.g., Marino et al. 2012).

When we further subdivided the US population based on
their degree of chemical enrichment, we found a clear gradient
in anisotropy behavior: The most chemically extreme US stars
exhibit the highest radial anisotropy, intermediate streams fall
between the extremes, and LS stars remain the most isotropic.
Importantly, when comparing metal-rich and metal-poor stars
within the same stream, we found moderate kinematic differ-
ences, suggesting that light-element abundance patterns rather
than iron abundances are the primary drivers of the observed
kinematic differences (see also Cordoni et al. 2020a; Häberle
et al. 2025).

Our analysis of angular momentum properties revealed addi-
tional evidence of distinct dynamical behavior between the
populations. The LS stars consistently exhibit higher angu-
lar momentum dispersion compared to US stars across the
analyzed radial range. This pattern aligns with the increased
radial anisotropy observed for US stars, as radially anisotropic
velocity distributions correspond to a reduced fraction of high-
angular-momentum orbits. The examination of higher-order
moments of the proper motion distributions provides further evi-
dence of kinematic differences: LS stars show significant skew-
ness in both tangential and radial proper motion components,
while US stars exhibit symmetric distributions consistent with
zero skewness. Both populations display negative kurtosis in
their radial components, indicating flatter-than-normal velocity
distributions.

Cordoni et al. (2020a) also found evidence of rotation among
ωCentauri stars, with the rotation amplitude decreasing from the
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center toward the outer regions (see also Bellini et al. 2018). They
concluded that N-rich stars exhibit different rotation patterns
compared to N-poor stars, with a maximum tangential proper
motion difference of ∼0.15 mas yr−1 at radial distances of ∼1.5
half-light radii from the cluster center (see, e.g., their Figure
13). This conclusion is supported by our finding that the stud-
ied LS stars have higher average tangential proper motions than
US stars, with ∆µT = 0.19 ± 0.01 mas yr−1.

By analyzing all stars with available proper motions, we
detected a low degree of energy equipartition (η = 0.04–
0.07) across the analyzed mass range (∼0.15–0.7 M⊙), which
decreases with increasing radial distance from the cluster cen-
ter. This behavior is consistent with the general trend observed
in GCs, where energy equipartition is most pronounced in the
central regions and decreases toward the cluster periphery.

Data availability

Tables of the photometry, positions, and proper motions are
available at the CDS via https://cdsarc.cds.unistra.fr/
viz-bin/cat/J/A+A/707/A86.
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