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ABSTRACT

All multiple population (MP) formation models in globular clusters (GCs) predict that second population (SP) stars form more
centrally concentrated than the first population (FP). As dynamical evolution proceeds, spatial differences are progressively erased
and only dynamically young clusters are expected to retain a partial memory of the initial structural differences. In recent years, this
picture has been supported by observations of the MP radial distributions of both Galactic and extragalactic GCs. However, more
recent observations have suggested that in some systems, FPs might actually form more centrally segregated, with NGC 3201 being
one significant example of such a possibility. Here, we present a detailed morphological and kinematic characterization of the MPs in
NGC 3201, based on a combination of photometric and astrometric data. We show that the distribution of the SP is clearly bimodal.
Specifically, the SP is significantly more centrally concentrated than the FP within ~1.3 cluster’s half-mass radius. Beyond this point,
the SP fraction increases again, likely due to asymmetries in the spatial distributions of the two populations. The central concentration
of the SP observed in the central regions implies that it formed more centrally concentrated than the FP, even more so than what is
observed in the present-day. This interpretation is supported by the key information provided by the MP kinematic properties. Indeed,
we find that the FP is isotropic across all the sampled cluster extension, while the velocity distribution of the SP becomes radially
anisotropic in the cluster’s outer regions, as expected for the dynamical evolution of SP stars formed more centrally concentrated than
the FP. The combination of spatial and kinematic observations provide key insights into the dynamical properties of this cluster and

lend further support to scenarios in which the SP forms more centrally concentrated than the FP.
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1. Introduction

The presence of multiple populations (MPs) differing in terms
of light-element abundances (e.g., He, C, N, O, Na, Mg, and
Al), while having the same iron-peak abundance is a key prop-
erty of globular clusters (GCs; see e.g., Bastian & Lardo 2018;
Gratton et al. 2019). In fact, MPs are observed in nearly all
relatively massive (M > 10* My; Carretta et al. 2010) stellar
clusters, both in the Milky Way and in external galaxies (e.g.,
Mucciarelli et al. 2008; Dalessandro et al. 2016; Larsen et al.
2014; Sills et al. 2019; Cadelano et al. 2023) and in clusters
of all ages at least down to ~2Gyr (Martocchia et al. 2018;
Cadelano et al. 2022). Stars sharing the same light-element
chemistry as field stars (i.e., Na-poor/O-rich, CN-weak) are
classified as first-population (FP) objects, while Na-rich/O-
poor, CN-strong stars are referred to as second-population
(SP) objects. MPs are believed to form during the very early
epochs of GC life (<100 Myr). A number of theoretical stud-
ies have been put forward over the years, but no consensus
has been reached yet on their origin. The most popular sce-
narios invoke formation of SP stars out of a mix of pristine
gas and processed gas ejected by AGB stars, massive binary
stars, or super massive stars forming through runaway col-
lisions during the cluster early lifetime (e.g., Decressin et al.
2007; D’Ercole et al. 2008; de Mink et al. 2009; Bastian et al.

2013; Denissenkov & Hartwick 2014; D’Antona et al. 2016;
Gieles et al. 2018; Renzini et al. 2022; Winter & Clarke 2023).
The morphological and kinematical properties of MPs are
powerful tools to constrain their formation and evolution scenar-
ios. The majority of the formation models predicts that the SP
forms more centrally segregated and possibly more rapidly rotat-
ing than a more spatially extended FP (see e.g., D’Ercole et al.
2008; Calura et al. 2019; Bekki 2011; Lacchin et al. 2022). Dif-
ferences among the morphological and kinematical properties of
MPs are progressively erased during GC long-term dynamical
evolution (see e.g., Vesperini et al. 2013; Hénault-Brunet et al.
2015; Miholics et al. 2015; Dalessandro et al. 2018a, 2021;
Bellini et al. 2015), however, dynamically younger clusters are
expected to retain some memory of their primordial differences.
In Dalessandro et al. (2019), we studied the radial distribu-
tions of MPs in a sample of 20 GCs spanning a broad range of
dynamical ages. The relative degree of segregation between FP
and SP stars was quantitatively measured by means of the A*
parameter, defined as the area enclosed between their cumula-
tive radial distributions within twice the cluster half-light radii
(rn). Our study has revealed a clear trend between A* and GC
degree of internal dynamical evolution, as constrained by the ratio
of the cluster’s age to its half-mass relaxation timescale (¢/#4).
Less dynamically evolved clusters (¢/#, < 8—10) have SP stars
more centrally concentrated than FPs (i.e., negative values of A™);
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whereas in dynamically evolved systems, the relative differences
between FP and SP stars decrease and eventually disappear (A*
tends to zero). Such a behavior is broadly consistent with predic-
tions by N-body and Monte Carlo simulations following the long-
term dynamical evolution of MPs (Vesperini et al. 2013, 2018,
2021; Dalessandro et al. 2018b; Sollima 2021) in clusters form-
ing with an initially more centrally concentrated SP sub-system.
In a recent study, Leitinger et al. (2023) analyzed a sample of 28
GCs using a combination of HST and ground-based observations
and measuring the A" parameter within ~4 ry. In that study, the
authors found that (as expected) dynamically old clusters show
mixed populations, while clusters with #/¢; < 4! can attain any
A" value (i.e., both positive and negative values along with val-
ues close to zero) and they suggested this is evidence that MPs
in GCs can form with any initial relative concentration. As noted
above, dynamically young clusters are indeed expected to retain
some memory of the initial differences, however, it is important
to emphasize that clusters undergo a rapid phase of mixing dur-
ing the very early phases of their formation and evolution, fol-
lowed by a more gradual mixing during their long-term evolution
(see Dalessandro et al. 2019; Vesperini et al. 2021; Sollima 2021;
Onorato et al. 2023). This implies that in no case the present-day
structural differences between FP and SP stars observed in Galac-
tic GCs may reflect the actual extent of the differences emerging at
the end of the formation process. Even in clusters with small #/z,,
values, both early mixing and two-body relaxation have already
significantly diluted (and in some cases possibly erased) the ini-
tial differences between the FP and the SP sub-populations. There-
fore, observations of small values of A* in dynamically young GCs
cannot be directly interpreted as evidence that FP and SP might
form already mixed.

On the other hand, cases of GCs with positive values of A* sug-
gesting that FP stars are more concentrated than SP stars definitely
deserves further investigation. First, we note that significantly pos-
itive values of A* have only been observed in two dynamically
young clusters, namely, NGC 3201 (¢/t, = 3.5) and NGC 6101
(t/tmy = 1.15). The radial distributions shown by Leitinger et al.
(2023) for these two clusters reveals that they are both charac-
terized by a complex radial variation of the SP/(FP+SP) number
ratio; specifically, their distributions are clearly bimodal and show
arelative maximum in the cluster center (i.e., amore centrally con-
centrated SP), a minimum at intermediate distances and a strong
increase in the cluster outer regions. This behavior is particularly
evident in the case of NGC 3201.

In this paper, we present a detailed morphological and kine-
matical analysis of the MPs in NGC 3201 that is aimed at further
exploring their differences and their possible origins. NGC 3201
is better suited for this study than NGC 6101, as it is more massive
and thus guarantees a larger sample of stars. It is also more metal-
rich ([Fe/H] = —1.6), making the photometric selection of MPs
more solid, and it is significantly closer to the Sun (d = 4.9 kpc),
enabling a more robust kinematic analysis. The outline of the
paper is as follows. In Sect. 2, we present the adopted photometric
and astrometric dataset and data analysis procedures. In Sect. 3,
we show how MP tagging in the different datasets was performed.
The morphological and kinematical analyses of MPs are presented
in Sects. 4 and 5, respectively. Finally, a summary and discussion
of the main results is reported in Sect. 6.

1" In Dalessandro et al. (2019), the values of t,;, are those from the Harris
catalog, while in Leitinger et al. (2023) the value from the Baumgardt’s
catalog are adopted. Besides differences in the values of the masses and
structural parameters and the numerical constant in the Coulomb loga-
rithm, the main difference between the two estimates are that the values
of #;, in the Harris catalog are calculated using the observed 2D half-light
radius, while in Baumgardt’s catalog, the 3D half-mass radius is used.

A158, page 2 of 7

2. Datasets and analysis

This work makes use of a combination of photometric and
astrometric catalogs used to tag the MPs and to perform their
kinematical analysis. We used the publicly available multi-band
catalog from the HST UV Globular Cluster Survey (HUGS;
Piotto et al. 2015; Nardiello et al. 2018) to sample the clus-
ter inner region. This catalog was complemented with the
UBVRI photometry from Stetson et al. (2019) obtained through
wide-field and ground-based observations to sample the cluster
regions beyond the HST field of view. The two catalogs were
cross-correlated with the Gaia DR3 (Gaia Collaboration 2023)
star catalog, which provides the absolute proper motions of stars
along with several photometric and astrometric quality indica-
tors that will be used in the kinematical analysis. The adopted
position of the cluster center is the one quoted in Goldsbury et al.
(2010): (o, d) = (10" 17™ 36382, —46° 24’ 44.9").

As a first step, we used the Gaia proper motions to disentan-
gle the cluster population from that of field interlopers in both the
HST and wide-field datasets. To do so, we used the same method
described in Cadelano et al. (2020a). In summary, we tagged stars
as cluster members those having a proper motion along both the &
and 6 components within no from the cluster systematic motion,
where o comes from the best-fit Gaussian of the proper motion
distributions of red giant branch stars and n = 2. The proper-
motion distributions are plotted in the top left-hand panels of
Figs. 1 and 2 for the HST and wide-field catalog, respectively.
The CMD of all the stars included in the each catalog and the cor-
responding ones decontaminated via proper motions are shown
in the bottom left-hand and middle panel of the two figures. The
comparison between the two clearly demonstrates the excellent
results of the decontamination process. The following analysis
will be exclusively based on the sub-sample of stars tagged as clus-
ter members. We stress that different proper motion selections,
such as the adoption of different values of n, do not have a sig-
nificant impact on either the morphological or kinematical results
presented in the following sections.

The field of view sampled by the adopted catalogs is affected
by significant reddening variations, which can be easily appreci-
ated as a spread of all the evolutionary sequence along the red-
dening vector (see decontaminated CMDs in the bottom middle
panels of Figs. 1 and 2). This effect can heavily hamper a proper
MP tagging and was thus corrected using a technique extensively
used in the past by our group (e.g., Dalessandro et al. 2018c;
Cadelano et al. 2020b; Deras et al. 2023). Briefly, we selected
a sample of cluster stars in the /-band and F814W magnitude
range from 11 to 18. We then created a mean ridge line of
the cluster evolutionary sequence in the mpq3sw — mpgiaw and
B — I color combination for the HST and wide-field catalogs,
respectively. Then, we computed the distance of each one of
these selected stars from the mean ridge line along the redden-
ing vector, defined using the extinction coefficients obtained from
Cardelli et al. (1989), Girardi et al. (2002). This reference sam-
ple is used to assign a distance from the mean ridge line to all the
sources in our photometric catalogs, calculated as the o clipped
median of the distance values measured for the n closest ref-
erence stars. Finally, the resulting values of the distances were
easily converted into variation of the color excess 6E(B — V)
using an adapted version of Eq. (1) in Cadelano et al. (2020a).
This technique was iteratively repeated several times progres-
sively decreasing n from 80 down to 30, in steps of 10. The result-
ing reddening maps in the top right-hand panel of Figs. 1 and 2
show that the sampled field of view is affected by color-excess
variation up to 6E(B — V) ~ 0.2 mag. The differential reddening
corrected CMDs are presented in the bottom right-hand panel of
the two figures and show that the adopted technique effectively
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removes the differential reddening effect across all the evolution-
ary sequences. The following analysis will be exclusively based
on differential reddening corrected magnitudes.

3. Multiple population tagging
3.1. HST chromosome map selection

We tagged FP and SP stars using an approach similar to that
adopted in Dalessandro et al. (2019, see also Milone et al. 2017;

Fig. 2. Same as in Fig. 1, but for the Stetson et al. (2019)
wide-field catalog.

Onorato et al. 2023; Cadelano et al. 2023). Briefly, MPs were
selected along the RGB in the (AF275W,F814W, AF275W,F336W,F438W)
diagram, the so-called “chromosome map”. We verticalized the
distribution of RGB stars in the (mpgiaw, Crarsw.rszew.razsw)
and  (mpsiaw, Mr27sw mrpg1aw)  diagrams  (where
Crarswrssewrazsw = (Mp27sw — Mr3zew) — (MF33ew — MEa3sw))
with respect to two fiducial lines at the blue and red edges of
the RGB in both CMDs (see the left-hand panel of Fig. 3).
The combination of the two verticalized distributions gives the
chromosome map presented in the right-hand panel of Fig. 3.
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chromosome map. The upper and side panels show the histogram of
(AF275W,F814W and AF275W,F33()W,F438W), respectively. Stars are colored in
blue or red according to their classification as FP or SP stars, resulting
from the Gaussian mixture model fit. Stars are marked with probability
dependent marker sizes: the higher is the probability that a star belong
to the assigned population, the larger the marker size.

The chromosome-map clearly reveals the presence of two
distinct populations: the FP having low Apy7sw 336w ra3sw and
located across a large extension of Apa7swrsiaw values, and
the SP having high Apy7swr3zew razsw values. The results are
qualitatively in agreement with those obtained by Milone et al.
(2017) and Kamann et al. (2020). To refine the selection and
assign to each star a probability of belonging to the FP or SP
sub-populations, we fit the map with a 2D Gaussian mixture
model using the scikit-learn package? (Pedregosa et al.
2011). The best-fit model is composed of two Gaussian func-
tions which provide the separation shown with different colors
in the Fig. 3. For each star, the sum of the probabilities of
belonging to the FP and SP is equal to 1. Stars are tagged as FP
or SP if their probability of belonging to the respective Gaussian
is greater than 0.5. In this way, 75 stars were assigned to the FP,
while 97 were assigned to the SP.

3.2. Wide-field Cyp; selection

To separate the MPs in the wide-field catalog, RGB stars were
verticalized in the (U, Cy ;) CMD (where Cy 5 = (U-B)—(B-
1)) with respect to two fiducial lines on the blue and red edges of

2 https://scikit-learn.org/stable/index.html
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Fig. 4. Photometric selection of MPs in the wide-field dataset. Top
panel: (I, Cyp;) CMD of NGC 3201. Data from Stetson et al. (2019).
The red and blue lines are the two fiducial lines at the edge of the RGB
used to obtain the verticalized Cy g, distribution. Bottom panel: his-
togram of the verticalized Cy g distribution. The red and blue curve are
the two best-fit Gaussian used to select the FP and SP stars, respectively,
while the black one is the sum of the two.

the sequence (see left-hand panel of Fig. 4). The distribution of
the Cy s pseudo-color is clearly bi-modal (see middle panel of
Fig. 4). The two populations are separated around Cy p; = —0.5,
where stars having lower and higher values are FP and SP stars,
respectively. This distribution was fitted with a two-component
1D Gaussian Mixture model to obtain the probability of each
star to belong to the FP or SP. The best-fit Gaussian functions
are shown in Fig. 4. 368 stars are assigned to the FP, while 406
are assigned to the SP. We used common stars between the HST
and wide-field catalog to ensure the consistency of the selection:
the vast majority of FP (SP) stars as selected through the chro-
mosome map are assigned to the corresponding population also
in the Cy s selection.

4. Morphology of the multiple populations

Figure 5 shows the cumulative radial distribution of MPs.
Results are in good agreement with those reported by
Leitinger et al. (2023) and this figure clearly shows why the
value of A* calculated within ~4 r,, (where r, is the half-mass
radius r, = 186", Ferraro et al. 2018) is positive. While a pos-
itive value of A* would in general correspond to a FP more
centrally concentrated than the SP, the structural configuration
of this cluster is actually more complex. However, the struc-
tural configuration is actually more complex. As shown in the
inset panel, within the half-mass radius we observe the oppo-
site pattern: SP stars are more centrally concentrated than FP
stars in the central region. This result is confirmed also by the
binned radial distribution of the ratio between the number of
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SPs (Nsp) to the total number of stars (Ntor) as a function of
cluster-centric distance as shown in the lower panel of Fig. 5. In
fact, such a distribution shows a puzzling bi-modal behavior, in
agreement with the results previously reported by Leitinger et al.
(2023). We observe a central peak with Ngp/Ntor ~ 0.6, fol-
lowed by a smooth decrease with a minimum at ~250” corre-
sponding to ~1.3r, and an abrupt increase at distances larger
than ~300” (~1.6r,), where Nsp/Ntor ~ 0.7. It is important
to stress here that the central peak in the observed radial dis-
tribution is a prominent and significant feature that cannot be
neglected in the overall analysis of the MP radial distributions.
Indeed, it attains a significant fraction of the cluster extension,
well behind its ry,, and it includes ~55% of all the stars in the
sample. Moreover, according to the Kologorov—Smirov test, the
probability that the two distributions within the half-mass radius
(inset in Fig. 5) are extracted from the same parent distribution
is of only 0.013%.

As discussed in the introduction, dynamical evolution is
expected to have already partially smoothed out the primordial
differences between FP and SP stars. Thus, the evidence that in
the cluster central region SP stars are more centrally concen-
trated than the FP implies that at the time of cluster formation,
the SP must have been necessarily even more centrally segre-
gated than what we observe today.

The results are not significantly affected when a more con-
servative MP tagging procedure, including only stars with a high
probability of belonging to the assigned population, is adopted.

To delve deeper into this peculiar behavior, we analyzed the
2D surface density maps for MPs. To this aim, we transformed
the distribution of selected RGB stars into a smoothed surface
density function using a Gaussian kernel with a width of 75" in
a grid covering the whole field of view and obtained with regu-
lar steps of 50” (see, e.g., Dalessandro et al. 2015; Onorato et al.
2023; Leanza et al. 2023). The 2D density map of the total sam-
ple of RGB stars shows an overall symmetrical/spherical mor-
phology (right-hand panel of Fig. 6). An overall symmetry is

observed in the innermost regions (<250") also for FP and SP
stars (left-hand and middle panels in Fig. 6). Figure 6 also clearly
shows that the SP population attains a more centrally concen-
trated distribution than the FP. FP and SP stars describe pretty
asymmetrical and elongated distributions in the external regions.
Such irregular distributions produce a rather asymmetrical 2D
Nsp/Nror ratio distribution, which turns out to be particularly
evident in in the radial range where Ngp/Ntor starts to increase
again. Such spatial variations can be so strong that the shape of
the Nsp/Ntor 1D radial distribution can vary from being strongly
bimodal to monotonically decreasing when only the N-W quad-
rant is considered. These asymmetries may arise from the intrin-
sic distribution of stars, the small number statistic in the outer
cluster regions and uncorrected effects of differential reddening,
or a combination of these factors. Regardless of their origin, they
cannot be overlooked in the overall analysis of the MP spatial
distribution of this cluster.

5. Kinematics of the multiple populations

The study of the kinematic properties of FP and SP stars can
provide key insights into the formation and dynamical history
of MPs. Indeed, as shown in a number of studies there is a
close link between spatial and kinematic properties of FP and
SP stars. Differences between the FP and the SP kinematics can
be imprinted at the time of SP formation (see e.g., Bekki 2010,
2011; Lacchin et al. 2022) or they may emerge during a cluster’s
evolution as a consequence of the initial differences between the
FP and SP spatial distributions (see e.g., Tiongco et al. 2019;
Vesperini et al. 2021; Sollima 2021).

Here, we analyze the kinematic of MPs by using the proper
motions extracted from the Gaia DR3 catalog. We selected
stars with reliable proper motion measurements by following the
selection criteria applied for the same cluster by Bianchini et al.
(2019). In such a way, we have obtained proper motions for 297
FP and 325 SP stars, which were converted to the tangential and
radial components of the motion.

To derive the velocity dispersion profiles of the populations
along both the tangential and radial components, we adopted the
method fully described in Dalessandro et al. (2018a, 2021, see
also Raso et al. 2020). In brief, the method consists in the mea-
surement of the velocity dispersion for sample of stars within
concentric radial bins and it is based on the maximum-likelihood
estimator described by Pryor & Meylan (1993). It assumes that
the probability of finding a star with a tangential/radial velocity
v; € at a projected distance from the cluster centre r; is described
by a normal distribution:

l (; - Usys)2

1
21 \Jo2 + € P[ 2 O—2+Ei2

where vy and o are the systemic velocity and the intrinsic
dispersion profile of the cluster, respectively. Following this
approach, we measured the velocity dispersion in six concentric
radial bins centered on the cluster centre and approximately con-
taining the same number of stars.

The resulting velocity dispersion profiles are shown in the
left-hand panel of Fig. 7). We then combined, the radial and tan-
gential dispersion velocity measurements of each population to
produce the anisotropy profile. The anisotropy was parameter-
ized using B = 1 — 0%, /0&ap- Positive (negative) B values
indicate the occurrence of radial (tangential) anisotropy, while
B = 0 is consistent with an isotropic velocity distribution. The
anisotropy profiles for FP and SP stars are presented in the

ey

pvi, €, 1) =
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top and bottom right-hand panel of Fig. 7, respectively. Inter-
estingly, the two populations have quite a different S8 profile.
In fact, the FP profile shows an isotropic behavior, having
values compatible with zero across the whole sampled field of
view. On the contrary, SP stars are isotropic within the inner-
most ~200” from the center and then develop a clear radial
anisotropy, reaching an average value of 8 = 0.46 + 0.07 in
the outer region. Such a behavior is exactly that expected from
the diffusion of stars born more centrally concentrated that are
progressively expanding on more radial orbits during the cluster
dynamical evolution (Bellini et al. 2015; Hénault-Brunet et al.
2015; Vesperini et al. 2021; Sollima 2021). Therefore, the kine-
matics of SP stars in NGC 3201 provides further evidence that
it was born more centrally concentrated than the FP of stars and
would exclude that the opposite configuration was originally in
place.

6. Discussion and summary

All the proposed scenarios for MP formation consistently pre-
dict the centrally concentrated formation of SP stars in the
inner regions of a more spatially extended system of FP stars
(see, e.g., Decressin etal. 2007; D’Ercole et al. 2008; Bekki
2010, 2011; Bastian et al. 2013; Gieles et al. 2018; Lacchin et al.
2022; Yaghoobi et al. 2022a,b). While the various dynamical
processes acting during evolutionary phases following the for-
mation epoch are expected to erase the initial dynamical dis-

A158, page 6 of 7

dist [arcsec]

profiles for the FP and SP stars in the top and bot-
tom panel, respectively.

tinctions between the populations, certain clusters might pre-
serve some memory of these initial differences. Indeed, differ-
ences in the spatial and kinematic properties of FP and SP stars
have been identified in several clusters (see, e.g., Cordero et al.
2017; Simioni et al. 2016; Dalessandro et al. 2016, 2018a, 2021;
Libralato et al. 2023; Onorato et al. 2023). A comprehensive
observational overview tracing the evolutionary path follow-
ing the mixing of FP and SP stars was presented in the
analysis by Dalessandro et al. (2019). Their findings revealed
that dynamically younger systems exhibit larger spatial differ-
ences between the populations, with the SP being more cen-
trally concentrated than the FP, whereas dynamically evolved
systems show spatially mixed MPs. Recently, Leitinger et al.
(2023) expanded this study to a broader cluster sample. They
discovered that MPs in dynamically young systems can dis-
play any relative concentration and, notably, in at least two
GCs (NGC3201 and NGC6101), the FP appears to be more
centrally concentrated than the SP. Hence, it has been sug-
gested that MPs can form with any possible initial relative
concentration.

As reported in several previous studies, it is worth stress-
ing that (see, e.g., Dalessandro et al. 2019; Vesperini et al. 2021;
Sollima 2021) even for dynamically young clusters, the present-
day differences (or lack thereof) do not reflect the properties
emerging at the end of the formation process. The mixing pro-
cess is expected to start in the very early stages of a cluster’s
evolution and the subsequent evolution over even just a few
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half-mass relaxation times further contributes to the mixing of
MPs. Thus, while the present-day properties of a number of clus-
ters may retain some memory of the primordial differences, there
is no case where the extent of these differences exactly match
those emerging at the end of the SP formation. As pointed out
in the introduction, even small differences between the FP and
SP spatial distributions are still consistent with scenarios pre-
dicting the SP to have been formed more centrally concentrated
than the FP.

In this paper, we directed our focus to NGC 3201, one of the
two dynamically young clusters in the study of Leitinger et al.
(2023). In this cluster, the SP appears to be less concentrated
than the FP, posing a potential conflict with the predictions of
all the MP formation scenarios proposed thus far. However, the
results of our analysis suggest a more complex picture where the
overall spatial and kinematic properties of MPs align with the
SP forming more centrally concentrated than the FP. The con-
clusions drawn from our analysis are as follows.

— The distribution of the SP is bimodal, as shown by the num-
ber ratio distribution over the global population (see Fig. 5).
Within the cluster’s central region and up to approximately
1.3y, the SP is notably more centrally concentrated than
the FP, with the SP fraction decreasing as distances from the
cluster’s center increase. This trend is in agreement with the
predictions of multiple formation models, suggesting that SP
stars initially formed in the inner regions of a more extended
and less centrally concentrated FP system. Considering that
dynamical processes have already started the mixing of the
two populations, the present-day spatial differences are the
remnants of stronger primordial ones. In the outer regions
of the cluster (r > 2r,), the SP fraction increases again
(see Fig. 5). Importantly, our analysis reveals that this outer
increase of the SP fraction does not arise from a symmetric
spatial distribution of FP and SP stars. Instead, it is likely
due to a complex and irregular 2D distribution of the two
populations.

— We analyzed the cluster kinematics, focusing specifically on
the velocity anisotropy profile of the two populations. The FP
turns out to be isotropic across all the sampled cluster exten-
sion. On the other hand, the SP is isotropic in the center and
then develops radial anisotropy beyond the half-mass radius.
This radial anisotropy is the expected kinematic signature of
the SP’s outward diffusion from an initially more centrally
concentrated spatial distribution. This additional kinematic
feature provides further key evidence that the SP in the clus-
ter was formed more centrally concentrated than FP.

The results derived in this study clearly show how a detailed
analysis combining structural and kinematic observations allow
key insights into the dynamical properties of MPs, which are
essential for constraining their possible formation and evolution-
ary paths. They also lend further support to scenarios in which
the SP forms more centrally concentrated than the FP.
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