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ABSTRACT

We present a detailed analysis of the white dwarf (WD) cooling sequence (CS) in omega Centauri based on combined Hubble Space
Telescope (HST) and JWST observations. Our analysis confirms the previously reported split –based on HST observations in ultravio-
let filters – in the upper part of the WD CS, which is consistent with the presence of two distinct WD populations. We extend its study
to a significantly fainter and cooler limit (down to ∼8000 K), which corresponds to cooling ages of about 1 Gyr. We used artificial
star tests and cooling models to confirm that the split is evidence of two WD populations with different masses and progenitors: one
sequence of ‘canonical’ WDs produced by the He-normal progenitors and one sequence of low-mass WDs that originated from the
cluster He-rich component. We show that the fraction of WDs from the He-rich component in the outer regions is smaller than that
found in the innermost regions. We also studied the kinematics of WDs and show that in the outer regions, the velocity distribution of
WDs from He-rich progenitors is slightly radially anisotropic, while that of canonical WDs is slightly tangentially anisotropic. Both
the radial variation in the fraction of WDs from the He-rich population and the difference between their velocity distribution and that
of canonical WDs are consistent with spatial and kinematic differences previously found for He-rich and He-normal main-sequence
stars and are in general agreement with models that predict that He-rich stars form more centrally concentrated than He-normal stars.
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1. Introduction

White dwarfs (WDs) are the evolutionary endpoints of low- and
intermediate-mass stars, and their cooling sequences (CSs) pro-
vide powerful diagnostics for stellar populations, particularly in
globular clusters (GCs; e.g. Mestel 1952; Winget et al. 1987;
Richer et al. 2000; Fontaine et al. 2001; Salaris et al. 2009). The
WD CS not only serves as an age indicator through its faint end
but also retains signatures of the evolutionary history and chem-
ical composition of the progenitor populations, making it a par-
ticularly valuable tool in the study of massive and dynamically
evolved GCs (Hansen et al. 2007; Bedin et al. 2009, 2019, 2023,
2024b, 2025; Richer et al. 2013).

The massive GC omega Centauri (NGC 5139, hereafter
ωCen) has long been recognised as an exceptionally complex
system (Woolley 1966), hosting multiple distinct stellar pop-
ulations. These populations show up across all evolutionary
phases, from the main sequence (MS) to the red giant branch,
? Corresponding author: mscalco@iu.edu

and into the WD CS (e.g. Lee et al. 1999; Pancino et al. 2000;
Bedin et al. 2004; Scalco et al. 2024c, and reference therein).

The upper part of the WD CS down to Teff ' 15 500 K, which
includes the brightest and least massive recently formed WDs in
ωCen, was first reported to split into two distinct branches by
Bellini et al. (2013), based on ultraviolet observations with the
Hubble Space Telescope (HST) of a central field of the cluster.
These two branches were identified as a blue CS, primarily com-
posed of standard 0.53 − 0.55 M� CO-core WDs, and a red CS,
interpreted as a mixture of lower-mass CO-core WDs and He-
core WDs.

The presence of a significant population of He-core WDs
had already been identified by Monelli et al. (2005) and
Castellani et al. (2007). These differences in WD properties
reflect the varying evolutionary histories of their progenitors:
the red WD (rWD) CS likely descends from He-enriched sub-
populations that produced the extremely blue horizontal branch
(HB) stars observed in the cluster, while the blue WD (bWD) CS
traces canonical He-normal populations.
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Previous studies of ωCen have found differences between
the dynamical properties of He-rich and He-normal MS stars,
providing insight into the formation and evolutionary history of
the multiple populations of this cluster. The study of the spa-
tial distribution and kinematic properties of the two populations
of WDs and the comparison with those of MS stars may offer
additional insight into the cluster’s formation and evolution, and
provide dynamical evidence of the link between the WD popu-
lations and the He-rich and He-normal MS stars.

This work extends previous studies by tracing the WD
sequences in ωCen to fainter magnitudes and cooler temper-
atures than previously explored. Our main focus is to deter-
mine down to which magnitude the split between the two WD
sequences remains clearly detectable, providing insights into the
formation epoch of the extreme-HB progenitors. In addition, we
investigate how the relative fraction of the two WD populations
varies with radial distance from the cluster centre, study their
kinematics, and compare these behaviours with the known radial
distribution of the MS sub-populations.

Previous investigations of the WD CS in ωCen have been
conducted primarily at ultraviolet and optical wavelengths. The
unprecedented sensitivity and spatial resolution of JWST now
allow us to investigate this sequence also in the near-infrared
(NIR), opening a new observational window onto the faintest
WDs in the cluster.

This study is part of a broader series aimed at mapping the
imprint of multiple stellar populations (mPOPs) in ωCen using
JWST. In Scalco et al. (2025b, hereafter Paper I), we investi-
gated the luminosity and mass functions of the cluster’s two main
stellar populations along the MS. Here in Paper II, we focus on
the WD CS, using a combination of JWST and HST data to anal-
yse the split between the two WD populations, their radial distri-
bution and kinematics, and the connection with their progenitor
MS populations.

The paper is organised as follows: Section 2 describes the
data and reduction methods. Section 3 presents the artificial
star (AS) tests used to estimate the photometric uncertainties.
Section 4 analyses the WD CS morphology, intrinsic broaden-
ing, and population decomposition, and includes a comparison
with theoretical isochrones, radial gradients, and kinematics. A
summary of the main results is provided in Sect. 5.

2. Dataset and reduction

The data used in this study are presented in Paper I, to which
we refer for a detailed description of the dataset and reduc-
tion process. Briefly, the dataset combines observations from
HST and JWST. The HST images come from the primary field
of the GO-14118+14662 multi-epoch programme (Bedin et al.
2016a,b) and were acquired with the Wide Field Channel (WFC)
of the Advanced Camera for Surveys (ACS) using the F606W
and F814W filters, spanning a period from ∼2015.6 to ∼2018.5.
We adopted for these HST data the high-quality catalogue pre-
sented in Scalco et al. (2024c), which provided a dedicated study
of the WD CS in ωCen. This catalogue, specifically optimised
for the analysis of the WD CS, provided the first complete cover-
age of the sequence inωCen, down to the peak at its termination.
A detailed description of the dataset and the reduction process is
available in Scalco et al. (2024c).

The JWST data originate from the GO-5110 programme
(Bedin et al. 2024a) and were obtained with the Near Infrared
Camera (NIRCam). Observations were performed simultane-
ously with the F150W2 filter of the short wavelength chan-
nel and the F322W2 filter of the long wavelength channel

at epoch ∼2024.6. Data reduction of the images involved a
combination of first- and second-pass photometry for both
HST (see also Bellini et al. 2017a, 2018; Nardiello et al. 2018;
Libralato et al. 2018, 2022; Scalco et al. 2021, for details) and
JWST data (see also Bedin et al. 2024b, 2025; Scalco et al.
2024b, 2025a; Nardiello et al. 2022, 2023a,b; Griggio et al.
2023; Libralato et al. 2023, 2024,for details). The astrometry
was anchored to the absolute reference frame provided by Gaia
Data Release 3 (Gaia Collaboration 2016, 2023), and photom-
etry was calibrated to the Vega-magnitude photometric system
following the prescription of Bedin et al. (2005) for HST and
Nardiello et al. (2023a) for JWST.

We selected a sample of well-measured stars by apply-
ing quality-based selection criteria using parameters such as
the quality of the point spread function (PSF) fit (QFIT; see
Anderson et al. 2008), the excess or deficiency in the source’s
flux with respect to the PSF model (RADXS; see Bedin et al.
2008), and the local sky noise (rmsSKY; see Bedin et al. 2009).
These selection criteria were applied exclusively to the HST
data, where the WD CS is more clearly defined. The selec-
tion criteria adopted in this work are the same as those defined
in Scalco et al. (2024c), which were specifically optimised for
the study of the WD CS, resulting in the first comprehensive
coverage of the sequence down to its peak. In particular, we
retained sources with QFIT > 0, while for RADXS and rmsSKY
we manually defined fiducial thresholds as a function of magni-
tude, following the trend of each parameter with magnitude, and
excluded all sources lying above or below these thresholds. Fur-
thermore, we restricted the sample to stars measured in all four
filters.

Proper motions (PMs) were computed using the method
described in Scalco et al. (2021) and introduced in Bellini et al.
(2014, see also Bellini et al. 2018; Libralato et al. 2018, 2022).
In this iterative approach, each exposure is treated as an inde-
pendent epoch. The procedure consists of two main steps: first,
stellar positions from individual images are transformed into a
common reference frame via a six-parameter linear transforma-
tion; second, these transformed positions are fitted as a func-
tion of time with a least-squares straight line. The slope of the
fit, obtained after multiple rounds of outlier rejection, provides
the PM measurement. To correct for high-frequency systematic
variations, we adopted the method described by Scalco et al.
(2021), subtracting the median PM of the 100 nearest likely clus-
ter members (excluding the target star itself).

Figure 1 presents the obtained PMs for stars that passed
the quality photometric selections and have a measurable PM.
Panel (a) shows the vector-point diagram (VPD), while pan-
els (d) and (h) display the colour-magnitude diagrams (CMDs)
based on HST and JWST filters, respectively.

In panel (d), and in all panels featuring HST filters, the light
grey and dark grey shaded areas denote the 5σ and 3σ detection
limits, respectively, for the sources of interest (see Scalco et al.
2024c, for details). As shown in the CMD of panel (d), the WD
CS appears to extend down to mF606W ∼ 30.5, where Scalco et al.
(2024c) identified the termination of the sequence, confirming
its actual endpoint. In this CMD, we define two fiducial lines
(shown in green), previously introduced in Scalco et al. (2024c),
to delineate the WD CS. These fiducial lines were defined by
visually inspecting the distribution of real and ASs along the WD
CS. They were hand-drawn to strike a balance between encom-
passing observed WDs with significant photometric scatter and
excluding the majority of field objects.

Panels (e) and (i) display the one-dimensional PM (µR),
obtained by combining the PM components in quadrature,
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Fig. 1. PM analysis of the sources in the field. Only stars that passed the photometric quality selections and have measurable PMs are included.
(a): VPD for all selected sources. (b): VPD for sources that satisfy the PM selection criterion (µR < 3 mas yr−1; see panels e and i). (c): VPD for
sources that do not meet the PM selection. (d): HST-based CMD for all selected sources. The WD CS is highlighted in blue within the green
fiducial lines. The 5σ and 3σ detection limits are marked in light and dark grey, respectively. (e): One-dimensional PM (µR) as a function of the
HST magnitude (mF606W). The PM selection threshold (vertical red line) separates cluster members from field stars. (f): Same CMD as in panel (d)
but only for stars that pass the PM selection. (g): Same CMD as in panel (d) but only for stars that fail the PM selection. (h): JWST-based CMD
for all selected sources. (i): One-dimensional PM (µR) as a function of the JWST magnitude (mF150W2). (j): Same CMD as in panel (h) but only for
stars that pass the PM selection. (k): Same CMD as in panel (h) but only for stars that fail the PM selection. In all panels except (a), (d), and (h),
cluster members (i.e. stars with µR < 3 mas yr−1) are shown as dots, and non-members are marked with crosses.

plotted against mF606W and mF150W2, respectively. These plots
show a significant improvement in PM precision compared to
Scalco et al. (2024c, see Fig. 3), thanks to the longer temporal
baseline in this study. This improvement allows for a more robust
characterisation of membership along the WD CS. We defined as
cluster members all sources with µR < 3.

Panels (b), (f), and (j) display the same data as panels (a), (d),
and (h) but only for stars that pass the PM selection, whereas
panels (c), (g), and (k) show the same information for stars that
do not meet the PM selection criteria. It is worth noting that in
panel (c), the non-members appear clustered in a distinct region
of the VPD. These sources are most likely faint, blue point-like,
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very distant galaxies in the background ofωCen. In panel (f), we
observe a small group of WDs located below the 5σ detection
limit. These stars are expected and correspond to the peak of the
WD CS luminosity function identified in Scalco et al. (2024c).
Because in this study we restricted the analysis to the sources
detected in both the HST and JWST datasets, the number of stars
in this faintest region of the sequence is lower than in the pre-
vious HST-only work. A few additional sources slightly to the
left of the bluer fiducial line can also be seen in panel (f). These
objects are likely either poorly measured cluster WDs or field
stars that happened to pass the PM selection.

In what follows, we only consider the sources shown in pan-
els (f) and (j), i.e. those that satisfy both the photometric quality
criteria and the PM-based membership selection (panels e and i).

3. Artificial stars

We performed AS tests to estimate the photometric errors in our
sample. A total of 105 ASs were generated, uniformly distributed
across the overlapping field of view between the JWST and HST
datasets. The F150W2 magnitudes of these ASs were uniformly
sampled within the range 23 < mF150W2 < 30. The correspond-
ing magnitudes in the F322W2, F606W, and F814W filters were
assigned based on fiducial lines manually defined on the mF150W2
versus mF150W2 −mF322W2, mF150W2 versus mF606W −mF150W2 and
mF150W2 versus mF814W−mF150W2 CMD, respectively. These fidu-
cial lines trace the WD CS, extending to the apparent faint end
of the sources, and extrapolated to even fainter magnitudes.

The ASs were generated, detected, and measured following
the same procedures applied to the real stars. Artificial PMs were
generated by following the same procedure adopted for the real
stars1.

We followed the methodology described in Bedin et al.
(2009, Sect. 2.3) to correct for systematic errors between input
and output magnitudes in both the real and artificial sources.
We find these corrections to be negligible (<0.1 mag) for the
JWST data down to the faintest magnitudes studied; therefore,
we applied them only to the HST photometry.

An AS is considered successfully recovered if the difference
between its input and output positions is less than 1 pixel, the
difference in magnitudes is within 0.75 (equivalent to ∼2.5log2)
in all filters, and if it passes the same photometric quality and
PM-based membership selection criteria applied to real stars.
These criteria are consistent with the standard selections com-
monly adopted in AS tests in the literature (e.g. Anderson et al.
2008; Bedin et al. 2008, 2009), ensuring a reliable and homoge-
neous comparison between simulated and observed samples.

We used ASs to estimate the photometric uncertainties as a
function of the magnitude in each of the four filters. The recov-
ered ASs were grouped into 0.5-magnitude bins, and within
each bin, we computed the 2.5σ-clipped median of the differ-
ences between the injected and recovered magnitudes. The final
σ from this clipping procedure was adopted as our estimate of
the photometric error. The results of this procedure are shown
in Figs. 4 and 5, which illustrate the photometric uncertainties
derived from ASs for each filter. The uncertainties were esti-

1 Spurious positional offsets caused by noise – such as uncertainties in
PSF modelling, coordinate transformations, cosmic ray hits, and detec-
tor imperfections – can affect PM measurements and membership selec-
tion, particularly for faint stars. Since ASs are injected with identical
positions in both epochs, any measured displacement can be entirely
attributed to such noise. This approach allows us to quantify this effect,
and include it in the photometric errors evaluation.

Fig. 2. mF275W versus mF275W−mF438W CMD of the central field ofωCen,
based on the catalogue from Bellini et al. (2014). These data correspond
to the HST observations that enabled the discovery by Bellini et al.
(2013) of the split in the upper part of the WD CS, down to an effective
temperature of approximately Teff ∼ 15 500 K.

mated down to the faintest magnitudes where ASs are still suc-
cessfully recovered, and interpolated for fainter magnitudes.

4. The white dwarf cooling sequence of ωCen

As discussed in Sect. 1, the study by Bellini et al. (2013)
revealed that the upper portion of the WD CS in ωCen splits into
two distinct sequences. These were interpreted as a bWD CS,
mainly composed of standard-mass CO core WDs with masses
around 0.53–0.55 M�, and a rWD CS, consisting of lower-mass
WDs, possibly a combination of objects with CO and He cores.
This discovery was made possible through the use of ultraviolet
photometry, obtained with the ultraviolet and visible channel of
the WFC3 on board HST. In particular, their analysis was based
on observations in the F275W, F336W, and F438W filters, cov-
ering a central field in the cluster.

This result is shown in Fig. 2, which displays the mF275W
versus mF275W − mF438W CMD for the central region of ωCen,
using the publicly available catalogue presented and released
by Bellini et al. (2014). From this dataset, we selected a sample
of well-measured stars by applying photometric quality selec-
tions based on the RADXS parameter, retaining only sources with
|RADXS| < 0.05 in all three bands.

In this dense central field, the bright and hot end of
the sequence is well populated by WDs with Teff exceeding
∼15 500 K. The WD CS exhibits a distinct bifurcation in its
upper portion, consistent with the results by Bellini et al. (2013).
The split is visible starting from mF275W ∼ 19.5 and continues
down to mF275W ∼ 23.5.

The two branches are separated by ≈0.1–0.2 magnitudes in
colour along this interval. To quantify the populations along the
two branches, we manually defined a fiducial line separating
them. Based on this selection, we identified 508 WDs in the
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Fig. 3. mF606W versus mF606W−mF814W CMD of the stars shown in Fig. 2,
with the same colour-coding. Photometry is from Bellini et al. (2014).
Note how the two separate groups identified in Fig. 2 appear here as a
tangled mixture. Crowding and incompleteness hinder the photometric
precision required to resolve the two sequences in this optical CMD.

red sequence and 292 in the blue, yielding a relative fraction in
agreement with the values reported by Bellini et al. (2013).

It is important to emphasise that the separation between
the two WD sequences is visible only when using ultraviolet
filters in the dataset employed by Bellini et al. (2013, 2014).
The precision of the optical photometry in this central field,
for these datasets, is not sufficient to disentangle the two pop-
ulations. To demonstrate this, Fig. 3 shows the mF606W versus
mF606W −mF814W CMD of the stars displayed in Fig. 2, using the
same colour-coding for the two WD sequences. This photome-
try, also from the Bellini et al. (2014) catalogue, clearly shows
that the two groups of WDs – which appeared separated in the
ultraviolet CMD – are completely blended in the optical CMD.
No trace of the previously observed split can be discerned in this
diagram, suggesting that ultraviolet data are essential to reveal
this feature. This is mainly due to the contamination from bright
neighbouring stars, particularly red giant branch and MS stars,
the latter being significantly brighter than even the brightest
WDs in the optical. Such contamination, which severely affects
the optical bands, is largely negligible in the ultraviolet, where
crowding effects are substantially reduced.

More recently, Scalco et al. (2024c) carried out a detailed
analysis of the WD CS of ωCen in a much more external region
of the cluster. This study, which took advantage of an extensive
HST dataset comprising 132 orbits, was able to identify the clus-
ter’s faintest members, down to the luminosity-function drop at
the bottom of the WD CS. In this paper, we revisit this external
field, combining the HST dataset from Scalco et al. (2024c) with
new JWST NIR observations. The dataset used in Scalco et al.
(2024c) included just optical imaging in the F606W and F814W
filters, with no ultraviolet photometry. In these bands, the WD
CS appears as a single, continuous sequence with no obvi-
ous evidence of a bifurcation, as shown in the mF606W versus
mF606W − mF814W CMD presented in Figs. 1d, 1f, and 1g.

Fig. 4. Photometric uncertainties estimated from ASs: results for the
F150W2 filter (a) and the F322W2 filter (b). In each panel, the black
points represent the difference between the recovered and input mag-
nitudes of the ASs, plotted as a function of input magnitude. The red
points mark the median values in 0.5-magnitude bins, and the error
bars indicate the corresponding dispersions (σ) obtained from the 2.5σ-
clipped distributions. The dashed blue line marks zero.

Fig. 5. Same as Fig. 4 but for the F606W (a) and F814W (b) filters.

Note that in the external field studied here, essentially all
cluster WDs are fainter than mF606W ' 25 (see Figs. 1d, 1f, and
1g). In contrast, the split in the WD CS reported by Bellini et al.
(2013) and reproduced in Fig. 2 involves WDs brighter than this
limit (see Fig. 3). Although incompleteness reduces the num-
ber of faint WDs in Fig. 3, the central field hosts a much larger
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Fig. 6. mF606W versus mF606W − mF150W2 (panel a) and mF606W versus
mF814W − mF150W2 (panel b) CMDs of our selected sample of sources,
focusing on the WD CS. The orange error bars on the left side of each
panel indicate the photometric uncertainties in colour, derived from
ASs, as a function of the mF606W magnitude.

population of bright WDs (mF606W < 25) compared to Fig. 1,
simply because it is ∼1000 times more populous than the exter-
nal field. Despite the significantly lower crowding and longer
exposure times in the dataset from Scalco et al. (2024c), these
improvements alone were not sufficient to reveal the split in
the same upper portion of the WD CSs, as seen in the more
crowded central-field observations of Bellini et al. (2013, 2014),
simply because the insufficient statistic of WDs brighter than
mF606W ' 25.

The JWST data first reported in Paper I, obtained for the
same field analysed in Scalco et al. (2024c), now offer a valu-
able opportunity to revisit this issue, and potentially extend the
investigation to fainter magnitudes along the WD CS. Thanks
to these NIR observations, we can explore alternative photomet-
ric colour combinations to assess whether the split can also be
detected in this external field and at significantly lower Teff .

Figure 6 shows the CMDs of sources that pass both the pho-
tometric quality and PM selection presented in Sect. 2. In both
diagrams, the WD CS exhibits an unusual broadening in the
magnitude range 25 < mF606W < 26.7. This broadening may
potentially trace the presence of the same double sequence origi-
nally identified in the ultraviolet within the central field analysed
by Bellini et al. (2013).

We used ASs to demonstrate that the observed dispersion
along the WD CS is significantly larger than the effect of our
estimated uncertainties. The analysis is presented in Fig. 7 for
real sources and ASs. For this analysis, we considered only the
sources located between the two green fiducial lines shown in
Fig. 1f, for both the real stars and the ASs.

Panels (a) and (d) show the mF606W versus mF606W − mF150W2
CMDs for our selected sample of real stars and the correspond-
ing diagram for ASs. The red fiducial line represents the refer-
ence sequence used to inject ASs. We used this fiducial to verti-
calise the CMDs, shown in panels (b) and (e).

We restricted our quantitative analysis to the magnitude
interval 25 < mF606W < 26.7, where the broadening is most
clearly visible. At brighter magnitudes, the limited number of
stars in the external field prevents a robust statistical analysis,
while at fainter magnitudes, the increasing photometric errors
reduce the contrast. Panels (c) and (f) display the histograms
of the verticalised CMDs — for the stars within the magni-
tude interval 25 < mF606W < 26.7 — where the Gaussian fits
are based on the dispersion measured as the 68.27th percentile
of the distributions. The corresponding dispersion values (σ)

Fig. 7. Comparison of the observed and AS distributions for real
stars (top panels) and ASs (bottom panels). Black points indicate
the sources located between the two green fiducial lines in Fig. 1f,
whereas grey points mark the remaining stars. (a)-(d): mF606W versus
mF606W − mF150W2 CMDs. The red line represents the fiducial sequence
used to inject ASs. (b)-(e): Verticalised CMDs based on the fiducial
sequence. ∆F606W−F150W2 represents the verticalised colour. (c)-(f): His-
tograms of the colour distribution for sources within the cyan-shaded
regions of the verticalised CMDs. The red curves show Gaussian fits,
with the dispersion (σ) computed from the 68.27th percentile of the
distributions. The corresponding σ values are indicated in each panel.

are given in each panel. The observed dispersion for real stars
(σ = 0.122 ± 0.015) is much larger than that estimated for ASs
(σ = 0.021± 0.001), and the histogram of real stars suggests the
presence of two groups of WDs separated by a gap. This result
points to an intrinsic broadening of this portion of the WD CS in
ωCen, which cannot be solely attributed to photometric uncer-
tainties.

In Fig. 8 we attempt to separate the two WD populations
hinted at in the previous figure, and to estimate the number
of WDs in each group. The figure shows the same verticalised
CMD and histogram shown in Figs. 7b and 7c.

From the verticalised CMD in panel (a), we selected WDs
within the magnitude interval 25 < mF606W < 26.7 and divided
them into two groups: stars with ∆F606W−F150W2 & 0.05 are clas-
sified as rWDs, while those with ∆F606W−F150W2 . 0.05 are clas-
sified as bWDs. Based on this selection, we identified 19 bWDs
and 15 rWDs.

As an alternative approach, in panel (b), we fitted the his-
togram using a double-Gaussian model. From the area under
each Gaussian component, we estimate that bWDs constitute
approximately (53±9)% of the sample, while rWDs account for
the remaining (47±9)%. The uncertainties are Poisson errors
propagated through standard error propagation.

Figure 9 shows a test to verify whether the two sequences
become indistinguishable at fainter magnitudes due to increas-
ing photometric errors, or whether the red sequence actually dis-
appears because low-mass WDs are no longer present beyond
a certain magnitude (as expected if the red sequence originates
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Fig. 8. Estimate of the number of WDs in each population. (a): Ver-
ticalised mF606W versus ∆F606W−F150W2 CMD. The magnitude interval
25 < mF606W < 26.7 adopted is highlighted in cyan. The two WD groups
are shown in blue (bWD) and red (rWD), with their respective numbers
of stars indicated. The uncertainties correspond to Poisson errors. (b):
Histogram of the ∆F606W−F150W2 distribution for stars within the cyan-
shaded region of panel (a). The best-fit double-Gaussian model is plot-
ted in grey, with the individual components in blue and red. The frac-
tions of stars in each component are derived from the Gaussian areas,
and the corresponding σ values are reported.

from low-mass WDs descending from the extreme HB, which
was absent at earlier epochs in the cluster’s history).

The figure displays the mF606W versus mF606W − mF150W2
CMD of our selected WD sample. Two fiducial lines trace the
two sequences. These fiducials were derived from the one shown
in panel (a) of Fig. 7, with small offsets applied to match the loci
of the two sequences. The two fiducials differ in colour by ∼0.15
mag in the region where the sequences are most clearly separated
(25 < mF606W < 26.7).

Dashed lines around each fiducial denote the ±1σ photomet-
ric uncertainties in colour, as a function of mF606W, estimated
from the ASs tests. The colour separation between the fiducials
remains above the 1σ uncertainty down to mF606W ∼ 27.75,
where the distance between the sequences becomes compara-
ble to the photometric errors. Below this magnitude, the two
sequences begin to merge and become fully indistinguishable.
This confirms that, if still present, the two sequences can no
longer be disentangled below mF606W ∼ 27.75 due to photomet-
ric limitations. In other words, the current data do not allow us
to determine whether the WD CS split continues at fainter mag-
nitudes or fully merges, as we simply lack the colour resolution
to explore below mF606W ∼ 27.75.

Figure A.1 displays a collection of CMDs of the WD CS in
ωCen, constructed using various combinations of the HST and
JWST filters available for this study. The two WD populations
identified in Fig. 8a trace recognisably distinct sequences across
most of the CMDs, including the mF606W versus mF606W−mF814W
diagram. However, it is important to emphasise that this separa-
tion would not have been readily apparent without the prior iden-
tification of the two populations based on their mF606W−mF150W2
colour, as presented in Fig. 8. In other words, while the two
sequences appear in multiple filter combinations, their distinc-
tion only becomes evident once the classification has been car-
ried out using a combination of optical+NIR colour baseline,
which enhances the separation between the populations. This
enhanced visibility primarily arises because, at these magni-
tudes, the photometric errors in this particular colour combina-
tion (mF606W − mF150W2) are smaller than in others.

As a final note, we point out that the magnitude interval
explored in this work (25 < mF606W < 26.7) differs from that

Fig. 9. mF606W versus mF606W −mF150W2 CMD for the selected sample of
WDs, with stars colour-coded as in panel (a) of Fig. 8. The solid red and
blue lines represent fiducials for the two sequences. Dashed lines denote
the ±1σ colour uncertainty (from ASs tests) around each fiducial. The
horizontal dashed grey line marks the magnitude below which the two
sequences can no longer be separated, as the colour difference between
the fiducials becomes comparable to the photometric errors.

analysed by Bellini et al. (2013), who focused on a brighter por-
tion of the WD CS (22 < mF606W < 25; see Fig 3). Our study
extends to fainter luminosities (and older cooling ages), where
the split manifests as a broadening in the optical+NIR CMDs
and where photometric quality and the low crowding are still suf-
ficient to investigate the presence of multiple WD populations.

4.1. Theoretical interpretation of the WD sequence
broadening

The analysis presented above demonstrates that the observed
broadening in the WD CS of ωCen, particularly between 25 <
mF606W < 26.7 (see Fig. 6), is statistically significant and cannot
be attributed solely to photometric uncertainties. This feature,
detected here in CMDs combining HST optical and JWST NIR
photometry, suggests it may be the same phenomenon observed
in the even brighter portion of the WD CS using HST ultraviolet
filters in a central field of ωCen by Bellini et al. (2013), namely
a split caused by two distinct WD populations originating from
the cluster’s known chemically distinct stellar populations. To
test this hypothesis, we compared our new optical and NIR data
with the theoretical WD CSs that represent these two popula-
tions.

Following Bellini et al. (2013), we associated the two
sequences with canonical CO-core WDs descending from the
cluster’s He-normal population and lower-mass WDs (a mix of
He-core and CO-core) originating from the He-rich population.
We employed the BaSTI cooling models (Salaris et al. 2022) and
Montreal hydrogen model atmospheres (Bergeron et al. 1995;
Tremblay et al. 2011; Blouin et al. 2018) for two representa-
tive populations: a sequence of 0.54 M� CO-core WDs and a
sequence of 0.46 M� He-core WDs (dominant component from
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Fig. 10. Comparison of the observed WD CS and theoretical cooling tracks. (a): mF814W versus mF814W − mF150W2 CMD. (b): mF606W versus
mF606W − mF814W CMD. (c): mF150W2 versus mF150W2 − mF322W2 CMD. In all panels, red and blue points represent the bWD and rWD populations
identified in Fig. 8a, respectively. The solid and dotted red lines show the cooling tracks of 0.46 M� He-core and CO-core WDs, respectively.
The solid blue line shows the cooling track of a 0.54 M� CO-core WD. In panel (a), selected effective temperatures are indicated along the tracks.
In each panel, the horizontal dashed grey line marks the magnitude below which the two sequences can no longer be separated, as their colour
difference becomes comparable to the photometric errors.

He-rich progenitors, Bellini et al. 2013). We adopted the cluster
parameters of Scalco et al. (2024c), specifically a distance mod-
ulus (m − M)0 = 13.67 and a mean reddening E(B − V) = 0.12.
Filter-specific extinctions were calculated using AV = 3.1 ×
E(B − V) and the extinction ratios for JWST/NIRCam from
Wang & Chen (2019, AF150W2 = 0.15AV , AF322W2 = 0.04AV ) and
appropriate coefficients for HST/ACS WFC F606W and F814W
(Bedin et al. 2005).

As shown in Fig. 10, the models provide a good match to
the observed WD CS features. The predicted separation between
the 0.54 M� and 0.46 M� sequences is approximately 0.1 mag-
nitudes. This theoretically predicted separation quantitatively
matches the observed broadening and split in our data across the
relevant magnitude range, supporting the hypothesis. Note that
this would imply the split to continue down to temperatures even
cooler than 5000 K. The comparison with single-mass cooling
tracks is intended only to show the expected colour separation
between CO-core and He-core WDs in the magnitude range rel-
evant to our analysis. At fainter magnitudes, increasingly more
massive WDs are predicted to populate the CS, and the single-
mass approximation is no longer valid.

In addition, we note that, while the split in the CS of field
WDs has been attributed mainly to different atmospheric compo-
sitions (H- versus He-dominated; Blouin et al. 2023), this expla-
nation cannot account for the case of ωCen. As already shown
by Bellini et al. (2013), and confirmed by our results, the split
observed here is best understood as arising from two populations
of different WD masses associated with the cluster’s mPOPs.

The physical origin of this magnitude difference lies primar-
ily in the different radii of the two WD populations. At a given
effective temperature, the lower-mass (0.46 M�) WDs have sig-
nificantly larger radii than the higher-mass (0.54 M�) WDs (15%
larger at 8000 K). Since luminosity scales as L = 4πR2σT 4

eff
, the

larger radius translates directly into a higher luminosity (32%
brighter at 8000 K). The net effect in colour is that at a fixed
luminosity, the He-core WD CS is about 0.1 magnitudes redder
than the canonical CO-core WD CS.

In Fig. 10a selected effective temperatures are marked along
the theoretical cooling tracks. The WDs identified as belonging
to the two sequences span a temperature range 8000 < Teff <
12 000 K in the case of the rWDs, and 9000 < Teff < 14 000 K

in the case of the bWDs, according to their respective models.
While Bellini et al. (2013) were able to disentangle two WD
groups down to Teff ' 15 500 K, the optical-NIR combination
used here allows us to trace the split between the two sequences
down to Teff ' 8000 K, i.e. to stars evolved to the WD stage sig-
nificantly earlier in time. In terms of WD ages, with Bellini et al.
(2013) data, the two sequences can be disentangled until cooling
ages of about 100–200 Myr, while with our new data, the split
can be traced until cooling ages of about 1 Gyr. This implies that
the earliest epoch of formation of this low-mass WD component
is pushed back to more than 1 Gyr ago.

Finally, in each panel, the dashed grey line indicates the mag-
nitude below which the two sequences can no longer be clearly
disentangled due to the increasing photometric uncertainties (as
evaluated in the previous section; see Fig. 9). This threshold
corresponds to Teff ∼ 6000 K. In principle, the photometric
precision of our catalogue would allow us to follow the split
between the two populations down to this temperature; how-
ever, in practice, their separation becomes increasingly uncertain
below Teff ' 8000 K, and we therefore restricted our analysis to
the region where the split is most clearly visible.

4.2. The radial gradient and kinematics

The two WD populations identified in ωCen are thought to be
the descendants of the cluster’s two main MS components, as
defined by Bedin et al. (2004): the blue main sequence (bMS;
helium-rich) and the red main sequence (rMS; helium-normal).
In this framework, the bMS stars are expected to evolve into the
rWDs, while the rMS stars give rise to the bWDs.

Previous studies have shown that the bMS and rMS pop-
ulations exhibit both a radial gradient and distinct kine-
matic properties. Sollima et al. (2007) found that bMS stars
are significantly more centrally concentrated than rMS stars.
A study by Bellini et al. (2009), which combined HST and
wide-field ground-based imaging to trace the cluster out to
∼20 arcmin, showed that within the inner ∼2 core radii, bMS
stars slightly outnumber rMS stars. Beyond this region, the rel-
ative fraction of bMS stars steadily declines with increasing
radius, flattening at ∼8 arcmin and remaining constant at larger
distances.
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More recently, Scalco et al. (2024a) expanded on this work
by combining multiple HST datasets covering a wide range of
radial distances and filter combinations. Their analysis traced
the radial distribution of the 15 distinct stellar populations pre-
viously identified in the core of ωCen by Bellini et al. (2017b),
effectively extending the study across nearly the entire cluster. In
particular, Scalco et al. (2024a) confirmed earlier results, show-
ing that bMS stars remain more centrally concentrated than their
rMS counterparts throughout the cluster.

Comparing the radial and kinematic properties of the two
WD populations with those of their MS progenitors offers a
direct and compelling way to confirm their evolutionary link,
while also shedding light on the origin and dynamical evolution
of mPOPs in GCs. Bellini et al. (2013) analysed the radial distri-
bution of the two WD sequences in the central region of ωCen.
They found that the fraction of rWDs – associated with the more
centrally concentrated bMS – decreases with increasing radial
distance. This radial trend was interpreted as the evolutionary
imprint of the structural differences observed at the MS level,
suggesting that at least part of the spatial segregation among the
cluster’s populations is preserved throughout the WD CS.

However, the spatial coverage of these earlier analyses was
limited to the inner ∼150 arcsec (∼1 core radii), preventing any
investigation of whether such a gradient persists at larger dis-
tances. The new field analysed in this study, where we also
identify the two WD populations, is located much farther from
the cluster centre – at a radial distance comparable to the outer
regions studied in Bellini et al. (2009), Scalco et al. (2024a) for
the MS populations – and therefore offers a unique opportunity
to extend the radial analysis of the WD populations into the
outer cluster regions. This allows us to test whether the structural
differences among ωCen’s populations, observed at MS level,
remain detectable also in their WD progeny over larger spatial
scales.

Figure 11 shows the radial distribution of p̂rWD, the ratio of
the number of rWDs to the total number of WD population in
a given magnitude range. This distribution combines the results
from Bellini et al. (2013, black points) with our own measure-
ment (red point). As shown in the figure, our result qualitatively
follows the trend identified by Bellini et al. (2013), although in
the three innermost bins the decline appears steeper, with p̂rWD
decreasing as a function of distance from the cluster centre and
reaching ∼0.47 in our outermost field.

The presence of a qualitatively similar radial gradient among
the MS populations – with bMS stars (the progenitors of rWDs)
being more centrally concentrated than rMS stars – provides fur-
ther observational support for a direct connection between the
double WD sequence and the well-known MS split observed
in the optical (see Bedin et al. 2004). This links the present-day
properties of WDs to those of their progenitor populations.

We used PMs to investigate the dynamical properties of the
two identified WD populations. For each population, we esti-
mated the intrinsic velocity dispersions along the radial and tan-
gential directions by maximising the following likelihood func-
tion:

lnL = −
1
2

∑
n

[
(vrad,n − vrad)2

σ2
rad + ε2

rad,n

+ ln(σ2
rad + ε2

rad,n)

+
(vtan,n − vtan)2

σ2
tan + ε2

tan,n
+ ln(σ2

tan + ε2
tan,n)
]
, (1)

where (vrad,n, vtan,n) and (εrad,n, εtan,n) are the radial and tangential
PM components of the n-th star and their associated uncertain-
ties, while (vrad, vtan) and (σrad, σtan) represent the mean motions

Fig. 11. Radial distribution of the ratio of rWDs to the total WD popu-
lation (p̂rWD). Black points are from Bellini et al. (2013), while the red
point represents the results from this work. The vertical dotted grey line
marks the core radius (rc = 2′·37; Harris 1996, 2010), and the vertical
dashed grey lines indicate the half-light radius (rh = 5′·00; Harris 1996,
2010) as well as 2 rh and 3 rh.

and intrinsic velocity dispersions of each population. Uncertain-
ties on (vrad, vtan) and (σrad, σtan) were estimated via bootstrap
resampling with 1000 iterations.

Figure 12a shows the velocity anisotropy, defined as
(σtan/σrad) − 1, for the two WD populations, with bWDs in blue
and rWDs in red. Errors were propagated from the velocity-
dispersion uncertainties. The figure reveals that while the bWD
stars are characterised by a tangentially anisotropic velocity dis-
tribution, the rWD population has a slightly radially anisotropic
velocity distribution.

To further investigate the dynamical differences between the
two populations, we also measured the dispersion of the angular
momentum σLz (see e.g. Aros et al. 2025; Griggio et al. 2025),
where Lz,n = vtan,n× rn and rn is the projected distance of the n-th
star from the cluster centre. As shown in Aros et al. (2025), at
a given distance from the cluster’s centre, smaller values of σLz

indicate a more radially anisotropic velocity distribution. In our
analysis, we derived the values of σLz for each population using
a likelihood function analogous to Eq. (1). The results are shown
in Fig. 12b.

A slightly smaller value of σLz is measured for the rWD
stars, although the difference with respect to the bWDs is not
statistically significant given the error bars. This is nevertheless
consistent with the differences between the anisotropies in the
velocity distribution suggested by Fig. 12a. As discussed in var-
ious studies (see e.g. Bellini et al. 2015; Vesperini et al. 2021;
Aros et al. 2025), the kinematic difference revealed by our analy-
sis is consistent with that predicted by simulations of the dynam-
ical evolution of multiple-population clusters in which the He-
rich population is initially more centrally concentrated than the
He-normal stars. This trend is also generally consistent with that
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Fig. 12. Dynamical properties of the two groups of WDs. (a): Velocity
anisotropy for the two identified groups of WDs. The dashed grey line
marks the 0. (b): Angular momentum of the two identified groups of
WDs.

found in the kinematic properties for multiple populations on the
MS by Bellini et al. (2018). However, we emphasise that the rel-
atively small number of WDs in the two samples introduces sig-
nificant statistical uncertainties, and these results should there-
fore be interpreted with caution and further investigated in future
studies.

5. Conclusions

In this work we have presented a detailed analysis of the WD CS
in an outer field of the GC ωCen, combining optical data from
HST with NIR imaging from JWST. Our study extends previ-
ous investigations of the signatures of mPOPs on the WD CS by
probing both fainter magnitudes and larger radial distances.

Our main findings are as follows:
– We identified a significant broadening in the WD CS

between mF606W ∼ 25 and 26.7 in CMDs that combine
HST and JWST filters. This broadening cannot be explained
by photometric uncertainties alone, as demonstrated through
ASs.

– We interpret this broadening as the continuation to lower Teff

of the WD CS bifurcation first identified in the ultraviolet by
Bellini et al. (2013), and now detected for the first time in a
low-crowding, outer field using optical+NIR photometry.

– By verticalising the CMD and modelling the colour distri-
bution with a double-Gaussian fit, we identified two distinct
WD populations, comprising (53±9)% bWDs and (47±9)%
rWDs.

– Theoretical comparisons with cooling models confirm that
the observed separation is consistent with two distinct WD
populations: (i) canonical CO-core WDs with masses of
∼0.54 M� (bWDs) (ii) and lower-mass He-core WDs (with
a possible small fraction of low-mass CO-core objects; see
Bellini et al. 2013) with masses of around 0.46 M� (rWDs).
The latter likely descend from He-rich progenitor popula-
tions (see the discussion in Bellini et al. 2013).

– The two sequences merge (because of the increasing photo-
metric errors) at a magnitude corresponding to a cooling age
of about 1 Gyr. This pushes back the epoch of formation of
the low-mass rWDs sequence to over 1 Gyr ago, compared
to the 100-200 Myr derived from the Bellini et al. (2013)
results.

– We find that the relative fraction of rWDs decreases with
increasing radial distance from the cluster centre, extend-
ing the radial gradient first detected in the central regions by
Bellini et al. (2013) to the outer field analysed here. This mir-
rors the behaviour observed among the progenitor MS popu-
lations, strengthening the evolutionary connection between
the MS and WD populations in ωCen. In addition, our
dynamical analysis indicates differences between the veloc-
ity distributions of bWDs and rWDs: the velocity distribution
of the bWDs is slightly tangential anisotropic, while that of
the rWD population is slightly radially anisotropic. Although
we emphasise that further investigation of the WDs’ kine-
matics is necessary to reduce the statistical uncertainties, the
trend hinted at by our analysis is consistent with that pre-
viously found by Bellini et al. (2018) for MS stars and pro-
vides further dynamical evidence of the link between MS and
WD stars in the two populations.

This study demonstrates the power of combining HST and JWST
observations to study the faintest WD populations in GCs. The
detection of multiple WD sequences at large radial distances pro-
vides support for the proposed scenario in which ωCen hosts
chemically and structurally distinct stellar populations, whose
signatures persist from the MS through the end stages of stellar
evolution. Future JWST observations will be crucial to enhance
this picture. In particular, our GO-5110 will provide a second
epoch in 2026 with the filters F090W and F444W. These data
will allow us to improve PM membership identification using
the F090W filter, verify possible infrared excesses in F444W,
and extend the analysis of the WD populations to even fainter
magnitudes.
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Appendix A: Colour-magnitude diagrams of the white dwarf cooling sequence of ωCen

In this appendix we provide a set of CMDs of the WD CS in ωCen, obtained by combining the four HST and JWST filters used in
this work. These diagrams are shown in Fig. A.1, where the two identified WD sequences are highlighted in blue (bWD) and red
(rWD).

Fig. A.1. Nine CMDs of ωCen WD CS, based on data obtained with the four HST and JWST filters employed in this study. The two identified
sequences in this study are represented in blue and red.
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