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Abstract

We use new Hubble Space Telescope observations coupled with archival data spanning a total temporal baseline
of 17 yr to study the internal kinematics of the multiple populations in the globular cluster NGC 2808 from its
center out to ~8 half-light radii (r,). We detect different kinematical behaviors between the first- and second-
generation populations. This is especially evident towards the external regions of the cluster, where second-
generation stars are increasingly more radially anisotropic. Our results are in agreement with theoretical
simulations that predict that second-generation stars, initially more concentrated in the inner regions, gradually
diffuse outward and develop a stronger radially anisotropic velocity distribution with respect to the first-
generation stars. We find the central regions of the cluster to exhibit a higher degree of energy equipartition than
the outskirts: Our analysis reveals similar levels of energy equipartition in the radial and tangential components of
the motion within about 4 r,, while outside 4 r, the data suggest that the equipartition level of the radial
component of the velocity dispersion is slightly higher than that of the tangential component. Finally, we
measured the dispersion of the angular momentum L, for the three main subpopulations along the main sequence,
which provides further evidence of the differences in the velocity anisotropy of first-generation and second-
generation stars and shows marginal evidence for the most extreme second-generation subpopulation being
slightly more radially anisotropic than the other second-generation subpopulation.
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Russell diagram (725); Proper motions (1295)

1. Introduction

The presence of multiple populations (MPs) in globular
clusters (GCs) is one of the most astonishing discoveries of the
last few decades in the field of stellar populations. Once
believed to be simple stellar populations—i.e., composed by
stars born in a single burst and with homogeneous chemical
composition—GCs have served as ideal laboratories to test the
predictions of stellar evolution models for over half a century
(see, e.g., M. Salaris & S. Cassisi 2006). The detection of MPs
in virtually all GCs (e.g., G. Piotto et al. 2015) has revealed a
much more complex picture, raising numerous new questions
concerning star formation and dynamical processes governing
the formation and evolution of MPs (R. Gratton et al. 2004,
R. G. Gratton et al. 2012a; N. Bastian & C. Lardo 2018). The
presence of MPs within GCs has been confirmed by several
spectroscopic studies, which detected variations of light
elements such as Na, O, Al, Mg, and He (see, e.g., G. Piotto
et al. 2005; E. Carretta et al. 2009a, 2009b; C. 1. Johnson &
C. A. Pilachowski 2010; L. Pasquini et al. 2011; R. G. Gratton
et al. 2012b; S. Villanova et al. 2012; A. F. Marino et al. 2019,
and references therein). Thanks to the exquisite capabilities of
the Hubble Space Telescope (HST), it is also possible to
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characterize the MPs over a wide range of masses, both
photometrically, using color-magnitude diagrams where MPs
appear as distinct multiple sequences if observed with the
appropriate filters (see, e.g., A. P. Milone & A. F. Marino
2022, for a review), and kinematically, by measuring their
motion (see, e.g., J. Anderson & R. P. van der Marel 2010;
A. Bellini et al. 2015, 2018b; M. Libralato et al. 2018, 2023).
This observational evidence poses several challenges to
theoretical models of GCs formation and evolution.

While extensive photometric and spectroscopic studies of MPs
have been carried out, there remains a notable lack of astrometric
analyses of GC internal kinematics. Clusters with different
formation and dynamical histories are expected to imprint
different kinematic behaviors on their MPs (see, e.g., K. Bekki
2010; E. Vesperini et al. 2013; V. Hénault-Brunet et al. 2015;
A. Mastrobuono-Battisti & H. B. Perets 2016; M. A. Tiongco
et al. 2019; A. Sollima 2021; E. Vesperini et al. 2021; E. Lacchin
et al. 2022; A. R. Livernois et al. 2024; E. Dalessandro et al.
2024; F. 1. Aros et al. 2025). Populations tend to dynamically
mix more rapidly in the core, so these kinematic imprints may
have faded away there, but stars in the outer regions of GCs can
still show some signatures of their formation histories.

Here we present a study of the internal kinematics of the GC
NGC 2808. This cluster, located at a distance of 10.06 kpc from
the Sun (H. Baumgardt & E. Vasiliev 2021), is one of the most
massive Galactic GCs (M =7.91 x 10° M_; H. Baumgardt &
M. Hilker 2018), and previous studies (see, e.g., G. Piotto et al.
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Table 1
Summary of the HST Data Used in This Paper
P1 GO Instr. Field Filter Nimages X Exposure Time Date
(s)
Piotto 9899 ACS/WFC F1 F475W 6 x 340 2004
Ford 10335 ACS/HRC FO F435W 24 x 135 2004-2006
FO F555W 4 x50 2004-2006
Ferraro 10524 ACS/WEFC F2 F555W 4 % 250 2005
Sarajedini 10775 ACS/WFC FO F606W 5x360+ 1 x23 2006
ACS/WFC FO F814W 5x370+1x23 2006
Piotto 10922 ACS/WFC F1 F475W 1 x 2042 x 350+ 2 x 360 2006
ACS/WFC Fl1 F814W 1 x 10+ 3 x 350 + 3 x 360 2006
Brown 11665 WEFC3/UVIS Fl, F2 F390W 12 X 5046 x 62046 x 655+ 1 x 1020 + 2 x 1030 + 3 x 1150 2010-2011
WEFC3/UVIS Fl, F2 F555W 6 x 170 + 3 x 665 + 3 x 895 2010-2011
WFC3/UVIS F1, F2 F814W 6 x 5043 x 1195 + 3 x 1210 2010-2011
Piotto 12605 ACS/WFC F2 F475W 6 x 890 + 6 x 982 2013
ACS/WFC F2 F814W 6 x 508 2013
WEFC3/UVIS FO F275W 12 x 985 2013
WEFC3/UVIS FO F336W 6 x 650 2013
WEFC3/UVIS FO F438W 6 x 97 2013
Bellini 15857 ACS/WFC FO, F2 F475W 6 x 819 + 6 x 878 2020-2021
ACS/WFC FO, F2 F606W 5 x 440 + 4 x 428 2020-2021
ACS/WFC FO, F2 F814W 4 x400+ 1 x429+ 1 x 438 44 x 439 + 2 x 450 2020-2021
WEFC3/UV F1 F275W 12 x 905 2020-2021
WEFC3/UV F1 F336W 4 x 542 +2 x 592 2020-2021
WEFC3/UV F1 F438W 2 x 213 +4 x 217 2020-2021

Note. The data are available at doi:10.17909/68zd-jx71.

2007) have shown that it hosts at least three subpopulations
along the main sequence (MS), a first-generation (1G)
population (hereafter referred to as rMS), and two second-
generation (2G) populations with enhanced helium content,
labeled mMS and bMS. Later, A. P. Milone et al. (2015)
showed that the red giant branch (RGB) can be split into five
different populations, and tentatively identified five populations
along the cluster MS as well, dividing the rMS into three
subpopulations.

From a kinematic standpoint, A. Bellini et al. (2015) have
shown that in intermediate regions of the cluster (between 1.5
and 2 r, where r, is the half-light radius), the velocity
distribution of the 2G populations is radially anisotropic, with
a smaller tangential velocity dispersion than the 1G popula-
tions. N-body simulations indicate that the observed differ-
ences in the velocity dispersions align well with the expected
kinematic signature of the diffusion process, where 2G stars
move outward from their initial concentration in the inner
regions of the cluster to the outer areas.

To fully understand the possible evolutionary paths of 1G
and 2G kinematic properties and how they depend on initial
conditions, it is critical to include more distant regions of the
cluster. This is the focus of the present paper. In fact, the
outermost areas are crucial for a complete characterization of a
cluster’s kinematic properties and for gaining insights into the
potential effects of the external Galactic tidal field. These
effects are expected to influence the development of radial
anisotropy in the outermost regions, by preferentially remov-
ing from the system stars with highly eccentric orbits and
potentially making the velocity dispersion more isotropic or
even slightly tangentially anisotropic.

The paper is organized as follows. In Section 2, we describe
the observations and the data-reduction process used to extract

photometry and proper motions. Section 3 presents the data
analysis, selection of MPs on the color-magnitude diagrams,
and the observed velocity-dispersion profiles. In Section 4, we
discuss our results, and we conclude the paper and give our
final remarks in Section 5.

2. Observations and Data Reduction

Our analysis is based on multiepoch HST observations of
NGC 2808 that cover the cluster from its core out to ~10 r,
(~8", taking r, = 48"; W. E. Harris 1996, 2010 edition). The data
used in this paper were collected with the Advanced Camera for
Surveys (ACS) and the Wield Field Camera 3 (WFC3) on board
HST. As part of a large survey on GCs, we collected new
observations of NGC 2808 in ACS Wide Field Channel (WFC)
filters F475W, F606W, and F814W and WFC3 UV /Visible
channel (UVIS) filters F275W, F336W, and F438W (GO-15857,
PI: Bellini, see Table 1). This new data set, coupled with archival
data, yields a total temporal baseline of 17 yr. A summary of the
archival observations used in this study is given in Table 1.

In Figure 1 we show the area covered by the observations
used in this paper. The dark green regions represent the areas
covered by at least two epochs (separated by more than 1 yr)
where we can compute precise proper motions. The fields that
are relevant for the present discussion, i.e., those for which we
derived proper motions, are labeled FO, F1, and F2. Field FO
covers the core of NGC 2808, and it is the field that was used
in the previous kinematic study of A. Bellini et al. (2015). F1
and F2 cover two external regions at different radial distances
from the cluster center.

The ACS High Resolution Channel (HRC) archival data
(GO-10335, PI: Ford) cover the very center of the cluster in the
middle of field FO, and are only used to compute proper
motions in the highly crowded core, where the other
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Figure 1. View of NGC 2808 from the Digitized Sky Survey with the area
covered by the HST observations used in this work highlighted in different
shades of green. The regions colored in a darker green shade (named FO, F1,
and F2) are those covered by at least two epochs.

instruments are limited by source confusion. Unfortunately,
the HRC archival data were taken through filters that do not
allow us to separate the MPs in the color-magnitude diagram.

2.1. First- and Second-pass Photometry

The data reduction follows the detailed procedure outlined in,
e.g., A. Bellini et al. (2014, 2017) and M. Libralato et al. (2018,
2022). We used the FORTRAN code hstlpass (J. Anderson
2022) to find and measure the bright, unsaturated sources in each
individual image. We used pipeline-calibrated, unresampled
_flc frames, which include corrections for detector charge
transfer efficiency. The code uses focus-diverse (only for ACS/
WEFC and WFC3/UVIS), library effective point-spread functions
(ePSFs; J. Anderson & I. R. King 2004; J. Anderson 2018;
A. Bellini et al. 2018a) and perturbs them to account for spatial
and temporal variations. Positions and fluxes measured in each
image were corrected for the effects of geometric distortion of the
detectors using the distortion solutions provided by J. Anderson &
I. R. King (2004) and J. Anderson (2006) for ACS and A. Bellini
& L. R. Bedin (2009) and A. Bellini et al. (2011) for UVIS.

The data set was divided into five groups, combining
observations taken within ~1 yr. Images in each group will be
processed together in the next step, allowing us to measure
fainter sources. The interval of 1 yr was chosen such that we
have several observations in each group and the stellar offsets
due to proper motions are mostly negligible within that time
span (of the order of one-hundredth of a UVIS pixel). By
leveraging the Gaia (Gaia Collaboration et al. 2016) Data
Release 3 (Gaia Collaboration et al. 2021) absolute reference
system (see, e.g., M. Griggio et al. 2023, 2024), we defined a
common reference frame (the “master frame”) for each group
by propagating the Gaia positions to the group’s mean epoch.
We then derived six-parameter linear transformations (shifts
along two directions, change of scale, and rotation and skew
terms) to transform the individual-exposure coordinates into
the corresponding master frame.

Using the fine-tuned ePSFs and the transformations derived in
the previous step, we performed the “second-pass” photometry
with the FORTRAN code KS2 (developed by coauthor Jay
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Anderson; see A. Bellini et al. 2017), considering each group
separately. The KS2 code does a series of iterations in which it
finds, measures and subtracts sources, addressing progressively
fainter objects at each iteration. The master catalogs created in
the previous step are taken as input from the code, and are used
to mask bright stars. The software outputs the positions and
fluxes of the stars in the master frame, together with some
diagnostic parameters such as the quality of fit (g£it), which
represents the goodness of the ePSF fit to the stars, where
gfit =1 represents a perfect fit of the PSF to the star image,
and the RADXS parameter (introduced in L. R. Bedin et al. 2009),
which is indicative of how similar the source flux distribution is
to that of a point source. These parameters can be used to remove
bad detections, extended objects, and to reject poorly measured
sources. A detailed description of the KS2 code can be found in,
e.g., A. Bellini et al. (2017). In addition to average positions and
magnitudes in the master frame, KS2 also provides positions and
magnitudes as measured in each individual exposure, which we
will use to compute proper motions.

The photometry was zero-pointed to the Vega-mag system
following the prescriptions given in A. Bellini et al. (2017) and
using the official aperture corrections and zero-points available
from the Space Telescope Science Institute (see R. C. Bohlin
et al. 2020 for ACS; A. Calamida et al. 2021 for UVIS).

2.2. Proper Motions

Proper motions were measured with the technique intro-
duced by A. Bellini et al. (2014), and also adopted in, e.g.,
A. Bellini et al. (2018b) and M. Libralato et al. (2022, 2023).
The process consists of a series of iterations in which we
consider each individual image as a standalone epoch, and
transform the distortion-corrected positions of each source into
the master frame (which is a function of exposure date) by
means of a linear relation. R.A. and decl. positions are fitted
independently. The resulting intercept and slope give the
position and motion of the source at the reference time
(arbitrarily chosen as the mean epoch), respectively. Propagat-
ing these new positions to the average epoch of each group by
means of the fitted proper motions allows us to build a new,
improved master frame. We then rederive the transformations
from individual exposures into the master frame, using only a
local net of cluster members as reference sources. As a
consequence, our measured proper motions are relative to the
bulk motion of the cluster. We iterate this process multiple
times by refining the master frame and the list of reference
sources until the residuals between the new positions and those
at the previous iteration are smaller than ~0.01 pixels.

The measured motions have been corrected for various
systematic errors as in M. Libralato et al. (2022). To account
for low-frequency effects correlated with the temporal baseline
and the depth of coverage, we divided the data into groups,
according to the available temporal baseline used for
calculating the proper motions. For each group, we calculated
the median motion along R.A. and decl. of bona fide
cluster members, i.e., with total proper motions smaller than
1.25 mas yr~ ', a generous cut since at this point we still have
some systematic errors and we do not want to exclude possible
members, after having removed outliers. This value—that
should in principle be equal to zero by construction—is then
subtracted from each group. High-frequency, spatially and
magnitude-dependent systematic errors arise mainly due to
charge transfer efficiency defects and, to a lower extent,
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Figure 2. Left: color-magnitude diagram in the WFC3/UVIS F275W and ACS/WFC F814W filters (fields FO and F1). Center: similar to the left panel, but with
ACS/WFC F475W instead of F275W (fields F1 and F2). Black dots represent stars with proper motions larger than 1.25 mas yr~! with respect to the bulk motion of
the cluster. MS masses for the 1G population are also quoted as a reference of the mass range under study. Masses are based on a solar-scaled, 11 Gyr (H. Baumgardt
& M. Hilker 2018), [Fe/H] = —1.05 (D. Horta et al. 2020; R. P. Schiavon et al. 2024) BaSTI isochrone (S. L. Hidalgo et al. 2018). Right: proper motions for
different magnitude intervals. A circle with a 1.25 mas yr~" radius is plotted using a dashed black line. We report the standard deviation of the observed proper-
motion distribution along the two axes (for stars inside the circle) in the bottom left and right corners. We also show the average distance from the center, 7, on the

top of each panel.

geometric-distortion residuals. To remove residual systematic
errors we applied a local correction that, for each target star, is
given by the average motion of its surrounding 50 neighbor
cluster members within 750 pixels and £1 mgg4w. To select
only well-measured sources we restricted the sample to stars
that have a rejection rate of less than 25%, and reduced X2 <4
in each coordinate (see, e.g., M. Libralato et al. 2022). We then
iteratively rejected stars with proper-motion errors larger than
50% of the local velocity dispersion, as described in A. Bellini
et al. (2014).

Color-magnitude diagrams in the two-filter combinations
used in our analysis are shown in Figure 2 (left and middle
panels). In this figure, we only show the sources that passed
our quality cuts in the gfit and RADXS parameters, and we
already applied the differential reddening correction (as in

A. P. Milone et al. 2012c). The mgy75w — MEg14w diagram
covers fields FO and F1, and the mp475w —mpgiaw diagram
covers F1 and F2, the latter being deeper as it is not limited by
the F275W filter. In the middle panel, on the right side, we
report the average mass of 1G stars at different values of
mgg1aw- The 1 mag bin average masses were estimated using a
solar-scaled, 11 Gyr (H. Baumgardt & M. Hilker 2018),
[Fe/H] = —1.05 (D. Horta et al. 2020; R. P. Schiavon et al.
2024) BaSTI isochrone (S. L. Hidalgo et al. 2018).

Relative proper motions are shown in the right panels of
Figure 2 for different magnitude intervals. Black dots in the
left and middle panels of Figure 2 represent field stars, i.e.,
those with proper motions larger than 1.25 mas yr ' (about 5
times the observed cluster dispersion). In each panel, we show
the standard deviation along the two axes on the bottom left
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Figure 4. Similar to Figure 3, but for the mpg47s5w — Mpg14w color-magnitude
diagram.

and right corners, calculated using sources inside the black
circle. On top we report the average distance from the cluster
center for these stars. These panels are thus not to be
interpreted as proper-motion dispersion as a function of mass,
since stars fainter than ~21 in F814W were detected only in
the more external regions, where the velocity dispersion is
intrinsically smaller.

3. The Kinematics of the Multiple Populations

The color-magnitude diagrams we have constructed show
that the MS of NGC 2808 splits into at least three distinct
sequences in the left panels of Figures 3 and 4. They are
labeled bMS, mMS, and rMS, from the blue to the red.
G. Piotto et al. (2007) and subsequent papers (see, e.g.,
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A. P. Milone et al. 2012a) show that the bMS and the mMS
sequences are made of 2G stars, enriched in helium and
metals, with Y~0.38 and Y~0.32 respectively. Using
pseudocolor diagrams built by combining HST filters,
A. P. Milone et al. (2015) showed that the rMS can itself be
divided into three subpopulations with similar He content but
with different light element abundances.

However, the separation between the three 1G subpopula-
tions along the MS in the pseudocolor diagram is not so
obvious, and it is hard to identify with high confidence samples
of stars from each sequence and limit excessive cross
contamination. In addition, the separation of the different
populations along the RGB is quite challenging in the outer
fields due to the available filters and the very small number of
evolved stars present (see, e.g., the middle panel of Figure 2).
For these reasons, in the following analysis we only consider
the historical bMS, mMS, and rMS populations.

3.1. Sample Selection

The selection of the three samples of stars from each
sequence was done separately on two relevant color—
magnitude diagrams. The mp,75w — mpgiaw diagram is relative
to fields FO and F1, while the mps75w — mpgiaw refers to Fl
and F2. The color-magnitude diagrams shown in the left
panels of Figures 3 and 4 were rectified using the blue and red
lines defined as the 3rd and 97th percentiles of the color
distribution, respectively, calculated in steps of 0.2mggiaw,
after a sigma-clipping procedure was applied to remove
outliers. The rectified diagrams are shown in the top right
panels of each figure. We then fitted a triple-Gaussian model
on the rectified color distributions (Apy7swrsiaw, AFa7sw,
Fs14w), as shown in the bottom right panels. The shaded blue,
green, and red regions represent our selection for the bMS,
mMS, and rMS, respectively, and are defined within the +10
intervals, with o being the standard deviation of each
Gaussian.

Note that priority in the population tagging is first given to
stars for which we can use the Ags7s5w rs14w pseudocolor,
since the F475W and F814W filters fully cover the analyzed
cluster region beyond 2.5 ry,. In addition, images taken with
these two filters are deep and allow us to separate the
populations along the MS over a wider range of masses than
with any other filter combination at disposal. Since stars in
field FO do not have F475W observations, and the available
F438W images are too shallow, for them we rely on the
Agy75w 14w pseudocolor. Due to these considerations, the
tagging of stars for which both selections can be used is based
only on the Ags7s5w rs1aw pseudocolor. Also note that some
residual population cross contamination is unavoidably
present in our selections; in particular the mMS selection is
likely partially contaminated by both rMS and bMS stars,
which leads to a lower signal for that group in our kinematic
analysis.

A further selection based on the combined proper-motion
error has been applied as shown in Figure 5. The errors
display different trends depending on the depth of coverage
and the total temporal baseline available for the proper-
motion fit. The three panels show the three different
selections (in blue, orange, and green) corresponding to the
fields FO, F1, and F2, respectively. The thick black lines
represent our cuts and separate well-measured sources
(colored) from those that are rejected (black). We also
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Figure 5. Combined proper-motion errors as a function of mgg 4w. The three
panels show the three different selections (blue, orange, and green) relative to
the fields FO, F1, and F2, respectively. The thick black lines represent our cuts.
We also excluded stars with errors larger than 0.15 mas yr~' (black, horizontal
dashed line). The average temporal baseline of sources in each field is reported
on the top right corner of each panel. The majority of the sources in F1 have
been reobserved in GO-15587, extending the baseline to ~17 yr, which allows
for a more precise estimate of the proper motions. See text for details.
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Figure 6. mpy7sw — mpgiaw (left) and mpy7sw — mpgiqw (right) color—
magnitude diagrams of the MS of NGC 2808 with the three samples of stars
from each population highlighted in blue, green, and red for the bMS, mMS,
and rMS, respectively.

excluded stars with errors larger than 0.15 mas yr~ ' (black,
horizontal dashed line) from all the fields, which is about half
of the velocity dispersion in the cluster center. The fields are
sorted by distance from the center of the cluster, hence the
lower source density in field F2. On the top of each panel, we
report the average temporal baseline Ar for each field. The
smaller errors seen in field F1 are due to the larger temporal
baseline enabled by the GO-15587 observations. Despite the
same temporal baseline of about 8 yr, the field FO and F2
proper-motion error distributions are slightly different, with
F2 having smaller errors at a given magnitude. This is mostly
due to the extreme crowding conditions in field FO that result
in higher background noise.

Figure 6 shows the two color—magnitude diagrams with the
sample of stars from each populations colored in blue, green,
and red for bMS, mMS, and rMS, respectively.
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Figure 7. Combined velocity-dispersion profiles for the three populations,
color-coded according to Figure 6. Black points represent HRC data for which
the MPs cannot be distinguished. See text for details.

3.2. Velocity-dispersion Profiles and Energy Equipartition

Using only sources that are well measured both in terms of
photometry and astrometry, we computed the intrinsic
velocity-dispersion profiles for the three populations as in
M. Libralato et al. (2022), i.e., maximizing the following
likelihood:

1 (Vradn — Vrad )2 2 2
lnﬁz——z ’7+ln(0’rad+€rad, )
2 n J%ad + E%ad,n '

(Viann — Vean)”
H + ln(atzan + G%an,n) ’ (l)

+
O%an + ftan,n

where (Viadgn Vians) and (€adns €any) are, respectively, the
radial and tangential components and relative errors of the
proper motion of the nth star, and (V;aq, Vian) and (Gyad, Otan) are,
respectively, the radial and tangential mean motions and
velocity dispersions of the population that we want to estimate.
In addition to the radial and tangential components, we also
estimated the combined velocity dispersion o,, by imposing in
Equation (1) 0a¢ = 0tan = Oy

We computed the velocity dispersions for different radial
distances, dividing the data into radial bins such that the
number of stars in the less populated sequence (bMS) is
always in the range 150-250. The ACS/HRC data were not
divided by populations, since the available filters do not allow
us to separate the three MSs in the color-magnitude diagram.

We used the Markov Chain Monte Carlo (MCMC) method
emcee to sample the parameter space and obtain the posterior
probability distribution functions (PDFs) for .4, Otan, and o,.
The MCMC was run with 20 walkers for 5000 steps, and we
rejected the first 200 steps. The medians of the PDFs give the
best-fit values, and the errors are given by the average of the
16th and 84th percentiles of the residuals around the median.
The velocity dispersions were corrected as in L. L. Watkins
et al. (2015) to account for the bias in the maximum-likelihood
estimators.

Figure 7 shows the combined velocity-dispersion profile
from about 0.1 r, out to ~8 ry, for the three populations, using
the same color scheme as in the previous plots. Black points
represent HRC data that include the contribution of all
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Figure 8. Top and middle panels: similar to Figure 7, but for the radial (top)
and tangential (middle) components. Bottom: radial profile of the velocity
anisotropy (defined as oyy/0rg — 1). See text for details.

populations. Vertical dashed lines show multiples of the half-
light radius of the cluster (r, = 48”). The radial and tangential
components of the velocity dispersion, together with their
ratio, are shown in Figure 8. The black points are based on
HRC data.

In Figure 9, we further explore the differences between the
anisotropy of 1G and 2G stars by using the radial variation of a
new parameter introduced by F. I. Aros et al. (2025), oy,
defined as the dispersion of the angular momentum
L,=vyxr, where vy is the tangential component of the
velocity calculated from the proper-motion measurements and
r is the projected distance from the center of the cluster. The
or, parameter traces in a more direct way the distribution of
tangential velocities in the cluster and enhances differences at
large radii that might not be apparent with differences in
velocity anisotropy. In particular, we observe small differences
in radial velocity dispersion between the populations. The
tangential component drives the differences in velocity
anisotropy, the o;_ parameter traces these differences without
considering the radial velocity dispersion as in the case of the
velocity anisotropy. As shown in F. I. Aros et al. (2025), a
larger radial anisotropy is associated with smaller values of
or.. The radial profiles of o;_ for the 1G and the 2G populations
show that the two population kinematics differ in the outer
regions, with the 2G populations characterized by smaller
values of o;_, providing additional evidence of a larger radial
anisotropy of the 2G compared to the 1G.

The observational data presented in this paper allow us to
study the degree of energy equipartition in NGC 2808.
Evolution toward energy equipartition is one of the funda-
mental dynamical effects of two-body relaxation in star
clusters: as a consequence of energy exchange during stellar
encounters, clusters gradually evolve from an initial state of no
velocity equipartition (where stars with different masses have
all the same velocity dispersion) toward a dynamical
configuration where, at a given distance from the cluster’s
center, low-mass stars are characterized by a larger velocity
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Figure 9. Radial variation of the angular-momentum dispersion for the three
populations, with blue, green, and red representing the bMS, mMS, and rMS,
respectively.

dispersion than high-mass stars (see, e.g., L. Spitzer
1969, 1987).

A number of numerical investigations have been devoted to
the study of energy equipartition in GCs (see, e.g., M. Trenti &
R. van der Marel 2013), how the evolution toward energy
equipartition is affected by various cluster properties such as
the initial kinematic properties (see, e.g., V. Pavlik &
E. Vesperini 2021, 2022; A. R. Livernois et al. 2022;
V. Pavlik et al. 2024) and the fraction of stellar remnants
(F. I. Aros & E. Vesperini 2023), and the link between the
degree of energy equipartition and a cluster’s core collapse
(P. Bianchini et al. 2018). More recently. a couple studies
(E. Vesperini et al. 2021; A. R. Livernois et al. 2024) have
extended the investigation of energy equipartition to multiple
stellar populations and shown that 2G stars in the inter-
mediate /outer cluster’s regions may be characterized by a
stronger degree of equipartition than 1G stars.

The observational investigation of the state of energy
equipartition has become possible mainly thanks to HST
proper-motion measurements of stars spanning a mass range
broad enough to allow the study of the dependence of the
velocity dispersion on stellar mass (see, e.g., M. Libralato et al.
2018, 2019; L. L. Watkins et al. 2022; see also A. Bellini et al.
2018b for observations consistent with the predictions of
numerical simulations).

For our analysis of the degree of energy equipartition in
NGC 2808, we have calculated the stellar masses as follows.
To account for the different masses of bMS, mMS, and rMS
stars at a given magnitude, we interpolated the average mass
values in Table 3 of A. P. Milone et al. (2012b) for the three
populations with a quadratic spline within their available
range. We also extrapolated the values to cover the full range
explored in our analysis that is outside their table. We verified
that the derived masses for 1G rMS stars closely match those
from the BaSTI isochrone throughout our mass range. Next,
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Figure 10. The radial variation of the degree of energy equipartition as measured by the parameter 7 (left panel) and by the equipartition mass parameter, m.q (right
panel). Square and triangle markers represent the radial variation of the degree of energy equipartition calculated separately for the radial and the tangential
components of the velocity dispersion, respectively. For bins where the mass range does not provide enough coverage, we can only estimate upper limits for m1.q
(lower limits in z), which are marked with an arrow. The red star marker in the left panel represents the previous measurement of 7 by L. L. Watkins et al. (2022).

we used the relations in Table 6 of M. Simioni et al. (2016) to
compute the population ratios as a function of distance from
the center of the cluster. For each star, we compute the bMS,
mMS, and rMS masses at the star’s corresponding magnitude
as predicted by the spline fits. Finally, the mass assigned to a
star is obtained as the weighted mean of these three masses,
where the weights are given by the population ratios at the
distance of the star. The available mass range varies with
radius, with the minimum and maximum average masses being
0.23 M, and 0.78 M, respectively.

Note that we repeated the same energy-equipartition
analysis by only using 1G masses for all stars, instead of
assigning a population-weighted mean mass to them, and
found the results in agreement between each other to better
than lo.

In Figure 10, we show the radial variation of the degree of
energy equipartition as measured by the parameter n (left
panel), defined from a power-law fit of the dependence of the
velocity dispersion, o, on the stellar mass, m, ococm™ " (see,
e.g., M. Trenti & R. van der Marel 2013), and the equipartition
mass parameter m.q (introduced by P. Bianchini et al. 2016)
and its reciprocal = 1/meq, which allow for continuous
estimation of the degree of equipartition, from positive to
negative slopes in the mass—velocity-dispersion relation (right
panel; see F. I. Aros & E. Vesperini 2023).'"° These were
estimated with proper-motion data of the full sample of MS
stars, including those without population classification.

In each radial bin, we follow a discrete fitting approach
using the likelihood function from L. L. Watkins et al. (2022;
see also F. I. Aros & E. Vesperini 2023) and uniform priors of
—0.5<n<0.5and —10 < ¢ < 10 (for 1 > 10, we expect that
all stars in a radial bin are in full energy equipartition, i.e.,
meq=0.1). We compare our measured radial variation of n
with the estimated value from L. L. Watkins et al. (2022, red

10 Examples of energy-equipartition estimates using these two parameters for
other GCs can be found in Figures 7 and 11 of L. L. Watkins et al. (2022).

star). This value comes from all stars within their sample, and
it is consistent with our measurements. For the three innermost
radial bins, the lower mass limit is ~0.57 M. The resulting
mass range limits our constraints in the p parameter, as
indicated with lower limits in the right panel of Figure 10. For
radial bins beyond 1.5 ry,, our sample has a wide enough mass
range to constrain the values of .

Both panels also show the radial variation of the degree of
energy equipartition calculated separately for the radial and the
tangential component of the velocity dispersion. A similar
study of the radial variation of the level of equipartition for
individual stellar generations is not possible with our data
because different generations can be identified along a very
narrow range of stellar masses.

4. Discussion

The velocity-dispersion and anisotropy radial profiles shown
in Figures 7, 8, and 9 show clear evidence of different
kinematical behaviors among the three populations. In
particular, in the outer regions of the cluster, the two 2G
populations (bMS and mMS) are characterized by a higher
velocity anisotropy than the 1G (rMS) population. The
differences in the velocity anisotropy are due to the smaller
tangential velocity dispersion of the 2G populations. Both of
these differences are consistent with the predictions of
numerical simulations that follow the dynamical evolution of
MP GCs. Specifically, simulations starting with 2G stars being
initially more centrally concentrated in the inner regions of a
1G system (see, e.g., A. Bellini et al. 2015; E. Vesperini et al.
2021; F. 1. Aros et al. 2025) show that, as the 2G stars diffuse
outwards, they acquire a radially anisotropic velocity distribu-
tion, while the 1G population is characterized by an isotropic
or slightly anisotropic velocity distribution. Simulations also
predict that these differences are due to the smaller tangential
velocity dispersion of 2G stars while no significant differences
are found in the radial velocity dispersions of 1G and 2G stars.
Kinematic differences consistent with these theoretical
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predictions have also been found in a few other observational
studies on the subject (see, e.g., A. Bellini et al. 2015;
M. Libralato et al. 2023; M. Cadelano et al. 2024;
E. Dalessandro et al. 2024; G. Cordoni et al. 2025).

As for energy equipartition, both panels of Figure 10 show a
similar radial variation in the degree of energy equipartition,
indicating a dynamical state closer to full energy equipartition in
the inner regions and less energy equipartition at increasing
distances from the center of the cluster. The observed radial
profile is consistent with the expected variation due to the
relaxation timescale increasing with the distance from the center
(see also L. L. Watkins et al. 2022; M. Libralato et al. 2018).

A recent study by F. I. Aros & E. Vesperini (2023) explored
the connection between the degree of equipartition in the
clusters’ inner regions and the fraction of the clusters’ mass in
stellar-mass black holes (BHs). In this case, the relatively
strong degree of energy equipartition in the inner regions of
NGC 2808 would suggest a small fraction of BHs, consistent
with the findings of N. Dickson et al. (2024) who estimated the
mass fraction of BHs in NGC 2808 to be about 0.08%.

No differences between the degree of equipartition in the
radial and tangential components are found within /r, < 4; in
the outermost regions (r/r, >4) the data hint at a possible
difference between the two measures of equipartition, with the
radial component possibly being characterized by a slightly
stronger degree of equipartition than the tangential component.

We find no systematic difference between the anisotropy of
the two 2G populations within ~3 ry,; outside 3 r,, the data hint
at a possible trend for the 2G bMS radial anisotropy to be
slightly greater than that of the 2G mMS, but the differences
do not appear statistically significant.

5. Conclusions

This paper presents a study of the internal kinematics of the
GC NGC 2808 based on multiepoch HST observations spanning
a total temporal baseline of 17 yr. The data used in this analysis
cover a region from the cluster core out to about 8 r,—about 5
times the spatial coverage of previous studies. Thanks to state-
of-the-art techniques, we were able to measure high-precision
photometry and astrometry for stars down to 0.25 M. The broad
range of stellar masses for which proper-motion measurements
are possible allowed us to measure the degree of energy
equipartition and its variation with distance from the cluster’s
center. We find that the degree of energy equipartition decreases
at larger distances from the cluster’s center, in agreement with
theoretical expectations, due to the local relaxation time
increasing with cluster-centric distance. In the cluster’s outer
regions, we find hints of a difference in the degree of
equipartition between the radial and tangential components of
the velocity dispersion (see V. Pavlik & E. Vesperini 2021,
2022, for numerical studies predicting differences between the
tangential and radial equipartitions in the outer regions of the
cluster; see also A. Bellini et al. 2015, 2018b; M. Libralato et al.
2018 for the first observational studies).

Color—magnitude diagrams in the mpgy75w — MEgiaw and
Mpa75w — MEgiaw colors show that the MS can be split into
three components, a 1G population and two 2G populations
with different He content. We measured the velocity dispersion
of these three subpopulations as a function of the distance from
the cluster center, and we found that the 2G populations are
radially anisotropic due to a smaller tangential velocity
component, confirming the previous findings of A. Bellini
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et al. (2015) at r<2 r,. We traced the velocity-dispersion
profiles out to ~8 r,, showing that the anisotropy is larger in the
external regions (r > 2 rp,). Differences between the anisotropy
of 1G and 2G stars were also revealed by measurements of the
dispersion in the angular momentum in the plane of the sky, o,
a new parameter recently introduced by F. I. Aros et al. (2025).

Our findings are in agreement with the predictions of
numerical simulations (see, e.g., A. Bellini et al. 2015;
E. Vesperini et al. 2021) of the dynamical evolution of MPs in
GCs, which suggest that 2G stars, initially more concentrated in
the inner regions, gradually diffuse outward and develop a
radially anisotropic velocity distribution. In contrast, the 1G
population maintains an isotropic or weakly anisotropic
distribution. Simulations also predict that these kinematical
differences arise from a smaller tangential velocity dispersion of
the 2G populations (see, e.g., A. Bellini et al. 2015; E. Vesperini
et al. 2021; A. R. Livernois et al. 2024), while no significant
discrepancies are predicted in the radial component of the
velocity dispersions between 1G and 2G stars, which is in
agreement with our observations. These differences are expected
to be present in particular in relatively dynamically young
clusters like NGC 2808, in which observational studies (see, e.g.,
M. Simioni et al. 2016; E. Dalessandro et al. 2019; E. Leitinger
et al. 2023; E. Dalessandro et al. 2024) have found the 2G to be
still spatially more centrally concentrated than the 1G.

The extension of the study of energy equipartition to the
individual stellar generations would provide new insights into
the dynamics of MPs (see E. Vesperini et al. 2021;
A. R. Livernois et al. 2024); however, this is not feasible
with the data used in this paper, since the identification of the
three stellar generations is only possible for stars in a narrow
mass range, thus preventing a reliable estimate of the degree of
energy equipartition.

While our analysis shows differences between the 1G and the
2G kinematics, the current observational data do not provide
enough evidence to draw definitive conclusions regarding
potential differences between the kinematics of the two 2G
subgroups (the mMS and the bMS). An HST study of the spatial
distribution of the mMS and the bMS by M. Simioni et al. (2016)
has shown that the bMS is more centrally concentrated than the
mMS (and both the 2G bMS and the mMS are more concentrated
than the 1G rMS); a stronger radial anisotropy of the bMS with
respect to the mMS, if confirmed, could be linked to initial
differences in the spatial concentration of the bMS and the mMS
subpopulations, consistent with the trend observed by M. Simioni
et al. (2016; see also F. Calura et al. 2019 for hydro/N-body
simulations of multiple stellar population formation finding a
similar trend). Evidence of dynamical differences between the 2G
subgroups could thus provide a new constraint for models of the
formation and evolution of MP GCs. Further observational
investigations of this aspect are necessary before drawing any
conclusions about possible differences between the 2G popula-
tions and the implications for models of the formation of MPs.

We make our astro-photometric catalogs publicly available
to the community on VizieR."'
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