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Abstract

Wide-field photometry of Galactic globular clusters (GCs) has been investigated to overcome limitations from the
small field of view of the Hubble Space Telescope in the study of multiple populations. In particular, “chromosome
maps” (ChMs) built with ground-based photometry were constructed to identify the first- and second-generation
(1G and 2G) stars over the wide field of view. The ChMs allow us to derive the fraction of distinct populations in
an analyzed field of view. We present here the radial distribution of the 2G fraction in 29 GCs. The distributions
show that all the GCs have either a flat distribution or more centrally concentrated 2G stars. Notably, we find that
the fraction of 1G stars outside the half-light radius is clearly bifurcated across all mass range. It implies that a
group of GCs with lower 1G fractions (hereafter Group II) have efficiently lost their 1G stars in the outermost
cluster regions. In fact, in connection with the trends of the radial distribution, most GCs of Group II have spatially
mixed populations, while only less massive GCs in Group I (a group with higher 1G fraction) show that feature.
Lastly, we investigate links between these two groups and host cluster parameters. We find that most GCs of Group
II are distributed along a broader range of galactocentric distances with smaller perigalactic distances < 3.5 kpc.
Besides, by using the Gaia data, it is observed that Group II GCs have higher energy on the integrals of motion
diagrams than Group I GCs.

Unified Astronomy Thesaurus concepts: Globular star clusters (656); Population II stars (1284); Photometry (1234)

, T. Ziliotto”

1. Introduction

Observational evidence demonstrated that nearly all Galactic
globular clusters (GCs) contain two main groups of stellar
populations: a first population (hereafter 1G) with chemical
composition similar to halo field stars, and a second population
(2G) enriched in helium, nitrogen, and sodium and depleted in
carbon and oxygen (see Y. W. Lee et al. 1999; R. Gratton et al.
2004; Y.-W. Lee et al. 2005; A. F. Marino et al. 2008;
E. Carretta et al. 2009; A. Renzini et al. 2015; A. P. Milone
et al. 2017, 2020, and references therein). In the past two
decades, the multiple populations in GCs have been widely
investigated, but the formation history to explain the observed
abundance anomalies is a matter of ongoing debate (see
N. Bastian et al. 2018; R. Gratton et al. 2019; A. P. Milone &
A. F. Marino 2022, for recent reviews).

Some scenarios on the formation of multiple stellar populations
assume that multiple populations are attributed to distinct bursts of
star formation at different epochs, with 2G stars born from
materials processed and ejected by 1G stars (e.g., T. Decressin
et al. 2007; S. E. de Mink et al. 2009; P. A. Denissenkov &
F. D. A. Hartwick 2014; S. Jang et al. 2014; S. Jang &
Y.-W. Lee 2015; Y.-W. Lee et al. 2015; F. D’ Antona et al. 2016;
Y.-W. Lee & S. Jang 2016; J. J. Kim & Y.-W. Lee 2018;
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A. Renzini et al. 2022). One problem of these scenarios is that the
enriched stars are predicted to only constitute a very small fraction
of the total initial mass of clusters. Observations, however, have
shown that the number fractions of 1G and 2G stars are quite
similar in most GCs (e.g., E. Carretta et al. 2009; A. P. Milone
et al. 2017), which is referred to as the “mass budget problem.” To
address the problem, it is necessary for 1G stars to have been
considerably more massive at their formation and subsequently
lost a large fraction of 1G stars (>90%), thereby making a
significant contribution to the assembly of the Galactic halo
(A. D'Ercole et al. 2008; C. Conroy 2012; A. Renzini et al. 2015).
Alternative scenarios propose that all GC stars are coeval and that
chemical enrichment of 2G stars is attributed to accretion of
materials processed by massive or supermassive stars onto pre-
main-sequence stars (e.g., N. Bastian et al. 2013; M. Gieles et al.
2018). It is also suggested that stellar mergers might be
responsible for multiple populations in GCs (L. Wang et al. 2020).

Most of the multigeneration scenarios predict that 2G stars
would form a more centrally segregated stellar subsystem than
spatially extended 1G stars (e.g., A. D'Ercole et al. 2008;
P. A. Denissenkov & F. D. A. Hartwick 2014; A. Renzini et al.
2015; F. D’Antona et al. 2016; M. Gieles et al. 2018, and
references therein). Over time, long-term dynamic evolution
gradually diminishes the initial structural differences between
1G and 2G stars, although the strength and the progress of the
evolution vary from one cluster to another. Indeed, some
GCs are expected to retain memory of their initial distribution,
while some can host spatially fully mixed 1G and 2G stars
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(e.g., E. Vesperini et al. 2013; E. Dalessandro et al. 2019;
E. Leitinger et al. 2023). E. Dalessandro et al. (2019) used
Hubble Space Telescope (HST) photometry to investigate the
radial distribution of 1G and 2G stars as a function of the age/
relaxation time referred to as ‘“dynamical age.” They
discovered that clusters with young dynamical ages preferen-
tially have more centrally concentrated 2G stars, lending more
support to the multigeneration scenarios.

Numerous photometric studies on multiple populations have
demonstrated that this phenomenon is most efficiently
identified with appropriate combinations of ultraviolet, optical,
and near-infrared bands of HST and the James Webb Space
Telescope JWST; e.g., A. P. Milone et al. 2012a, 2020, 2023a,
2023b; G. Piotto et al. 2015; F. Niederhofer et al. 2017;
E. P. Lagioia et al. 2019, 2025; E. Dondoglio et al. 2021, 2023;
S. Jang et al. 2021; G. Cordoni et al. 2022, 2023; M. V. Legn-
ardi et al. 2022, 2023; A. F. Marino et al. 2024; A. Mohandasan
et al. 2024). In particular, the pseudo—two-color diagram
dubbed the “chromosome map” (ChM) of red giant branch
(RGB) stars based on the HST photometry is well-known as
one of the most effective photometric tools to disentangle
multiple stellar populations in GCs. The ChMs of 57 GCs
constructed by A. P. Milone et al. (2017), which were built
with a combination of stellar magnitudes in the F275W,
F336W, F438W, and F814W filters of HST, allowed for a
homogeneous and extensive analysis of the multiple-population
phenomenon with unprecedented detail.

One of the main limitations of the HST camera is its small
field of view, which restricts studies on GCs and their stellar
populations to the innermost cluster region. To extend the
investigation to the entire cluster, it is mandatory to use wide-
field photometry by means of photometric diagrams sensitive to
the chemical composition of distinct stellar populations, such as
photometry from suitable narrowband filters (J.-W. Lee 2017),
color-magnitude diagrams (CMDs), and pseudo-CMDs built
with Stroemgren photometry (e.g., F. Grundahl et al. 1998;
D. Yong & F. Grundahl 2008) or appropriate combinations of
the U, B, V and I Johnson—Cousins bands (e.g., A. F. Marino
et al. 2008; A. P. Milone et al. 2010, 2012b; M. Monelli et al.
2013; E. Dondoglio et al. 2021; E. Leitinger et al. 2023).
S. Jang et al. (2022) exploited photometric diagrams of
Cyps = (U — B) — (B — 1) pseudocolor and B — I color,
which are sensitive to stellar populations with different light-
element and helium abundances along RGB stars (M. Monelli
et al. 2013; G. Cordoni et al. 2020), to introduce ChMs from
the wide-field ground-based photometry. They showed poten-
tials of these ChMs by deriving the radial distribution of stellar
populations in NGC 288 and the fraction of 1G stars in the field
of view of the ground-based photometry for NGC 1904,
NGC 4147, NGC 6712, NGC 7006, and NGC 7492.

In this paper, we extend the analysis of S. Jang et al. (2022)
to the ChMs of 29 GCs to extensively investigate the multiple-
population phenomenon over a wide field of view. The paper is
organized as follows: The data and data analysis are described
in Section 2, while Section 3 presents the radial distribution of
the fraction of 2G stars in 29 GCs. In Section 4, we derive the
fraction of 1G stars in the analyzed field of view and in the
region inside and outside the half-light radius from the ChMs
of 29 GCs. Furthermore, we examine possible links between
the properties we found and the GC global parameters to
investigate the dependence of the multiple-population phenom-
enon on the galactic environment. To do this, we use kinematic
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data and the probable merging events for Galactic GCs
provided by Gaia Collaboration et al. (2018) and D. Massari
et al. (2019). Summary and conclusions are provided in
Section 5.

2. Data Analysis

To investigate the multiple-population phenomenon over a
wide field of view, we have exploited the Acy 5, versus Ag;
pseudo—two-color diagrams of RGB stars for 29 GCs from
S. Jang et al. (2022). In their work, they analyzed the state-of-
art photometry and astrometry of 43 GCs provided by
P. B. Stetson et al. (2019) for 43 Galactic GCs. For each
cluster, they identified probable cluster members by combining
photometry with stellar proper motions and parallax measure-
ments from Gaia eDR3 (Gaia Collaboration et al. 2021).
Additionally, they derived high-resolution reddening maps and
corrected the photometry for differential reddening if neces-
sary. The Acy g versus Ag; ChMs were derived from the /
versus Cy g pseudo-CMD and the I versus B—1 CMD, which
maximize the separation between distinct stellar populations.
For more information about the ChMs of 29 Galactic GCs, the
reader may refer to S. Jang et al. (2022).

Although the ground-based catalogs cover almost the whole
area of each cluster, higher stellar density in the central region
causes blending to affect the photometry of stars. Thus, a
number of stars located in the central region are removed in the
step taken to select a sample of well-measured stars before
separating stellar populations. Indeed, 96% and 81% of the
analyzed stars in 29 GCs are located outside their core and half-
light radii, respectively, which implies that the results from this
study are more representative of the region outside of the
central region of clusters. In this context, we found a strong
correlation between the median radius of the analyzed stars,
Rinedian, and the tidal radius of clusters taken from the 2010
version of the W. E. Harris (1996) catalog, rqa, as shown in
the left panel of Figure 1. This is confirmed by the Spearman’s
rank correlation coefficient, Rs = 0.86, which is significant at
p-value < 0.00001. Thus, the cluster mass correlates with
log(Ruedian/ Teore) as shown in the right panel, which is expected
from the well-known relation between the cluster mass and the
King-model central concentration defined as 10g(%iga/%eore)-
The uncertainty associated with Ryeqian 1S calculated by
bootstrapping with replacement over the sample of RGB stars
and then repeated 1000 times. We adopted this method owing
to its suitability for data with small sample sizes or unknown
distributions. We considered one standard deviation of the
bootstrapped measurements as an error estimate.

Figure 2 illustrates the procedure to derive the fraction of 1G
stars in NGC 2808 from its ChM. We mostly followed the
method by A. P. Milone et al. (2017, see their Figure 8), which
was applied on the Acpa7sw razew rsiaw Versus Apazsw pgiaw
diagram. S. Jang et al. (2022) noticed that the slope of the 1G
stars in the ground-based ChMs of GCs with extended 1G
sequences seems to vary from cluster to cluster, which has not
been observed in the ChMs based on HST photometry. For
obtaining a new coordinate system where 1G and 2G stars
could be easily identified, we defined by eye a gap between 1G
and 2G stars with a line (see the dashed red line in the top left
panel). We then took as 1G stars those below the red line, while
we defined the remaining stars as 2G stars in all the panels,
which are colored blue and black, respectively. The red ellipse
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Figure 2. Top panels: the procedure used to identify 1G and 2G stars in NGC 2808 and derive the number fraction of each population. The top left panel shows the
wide-field ground-based ChM Acy 5 vs. Ag;in NGC 2808, which is adopted from S. Jang et al. (2022). The red dashed line drawn by eye separates the selected 1G
and 2G stars, which are colored blue and black, respectively. The green line has the same angle © as the red dashed line with respect to the horizontal line but goes
through the frame’s origin. The new coordinates A, vs. A in the top middle panel are reproduced by rotating clockwise by the angle © the plot in the top left panel.
The histogram in the top right panel shows the distributions of the A, values. The red ellipse in the top left panel shows the distribution of the observational error.
Bottom panels: same as the top middle and right panels, but at different radial intervals from the cluster center.
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Figure 3. Fraction of 2G stars as a function of radial distance for NGC 5927, NGC 6366, NGC 104, NGC 6838, NGC 6712, NGC 2808, NGC 6121, NGC 1851,
NGC 1261, NGC 5904, NGC 288, NGC 6218, NGC 6981, NGC 6934, NGC 5272, and NGC 7006. The clusters are sorted according to their metallicity, from the
most metal-rich to the most metal-poor. Black circles mark the results derived from ground-based ChMs of GCs, whereas the aqua circle indicates the 2G fraction in
the analyzed entire field of view. The magenta triangle indicates the fraction of 2G stars from A. P. Milone et al. (2017, 2020) based on the HST photometry.
Horizontal lines mark the extension of each radial interval. The vertical dashed and dashed—dotted lines indicate the core and the half-light radius, respectively.

shown in the top left panel indicates the expected distributions
of the observational errors and includes 68.27% of the
simulated stars. The green line has the same angle © as the
dashed red line, with respect to the horizontal line, but it goes
through the origin of the frame. The new coordinate A, versus
A/ in the top middle panel is generated by rotating the top left
panel diagram by the angle © around the origin of the reference
frame. The histogram plotted in the top right panel represents
the A, distribution of stars in the cluster. To estimate the
fraction of 1G stars with respect to the total number of stars, the
Gaussian function is fitted to the histogram distribution of the

selected 1G stars (blue solid line in the top right panel of
Figure 2), and we derive the fraction as the ratio between the
area under the Gaussian and the total number of stars in the
ChM. The bottom panels of Figure?2 illustrate the same
procedure described above, but performed with the groups of
stars at different radial intervals from the cluster center to
derive the radial distribution of the 1G fraction. The radial
intervals indicated in the bottom panels are determined to
include the same number of stars in each interval. The resulting
radial distribution of the fraction of 2G stars in NGC 2808 is
illustrated in one panel of Figure 3.
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Figure 4. Same as Figure 3, but for NGC 6205, NGC 6752, NGC 6252, NGC 3201, NGC 1904, NGC 7089, NGC 7492, NGC 4147, NGC 4833, NGC 2298,

NGC 6809, NGC 4590, and NGC 5053.

As described above, the analyses presented in this paper are
mostly limited to stars in the outermost cluster regions. Numerous
studies have found that there are differences in internal dynamics
and radial distributions between 1G and 2G stars in many clusters
(e.g., M. Libralato et al. 2023; G. Cordoni et al. 2025). Therefore,
the criteria for our selection pose limitations in interpreting the
results and understanding the properties of the entire cluster. In that
regard, using the HST data for the inner cluster region in
combination with the ground-based data provides a significant
advantage in performing a homogeneous analysis of the wide-field
spatial extent of a large sample of GCs (e.g., E. Leitinger et al.
2023). A. P. Milone et al. (2017) documented the fractions of 1G
stars in Galactic GCs, which were derived from the HST-based

ChM:s of RGB stars. In this paper, we used these 1G fractions by
A. P. Milone et al. (2017) for the inner cluster region, together with
our results, to investigate multiple populations over a wide field of
view. We note that stars excluded during our photometric cleaning,
along with cluster regions without observed stars caused by the
limitations of the field of view for some clusters, might introduce
uncertainties in the number density profile as a function of radius,
potentially leading to subtle biases in our results.

3. Radial Distribution of the Fraction of 2G Stars in 29 GCs

Figures3 and 4 illustrate a collection of the radial
distribution of the number fraction of 2G stars in 29 GCs as
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Table 1
The Fraction of 1G Stars Measured in Different Regions of the Cluster
ID NyG/Ntor Nitars Ruedian/Thi Nig/Nror (>m)* Nstars (511 Nig/Nror (<rm)® Group
NGC 104 0.40 + 0.01 2095 2.31 0.40 £ 0.01 1923 0.18 £ 0.01 1
NGC 288 0.56 + 0.02 430 1.24 0.55 + 0.03 266 0.54 + 0.03 1
NGC 1261 0.39 + 0.03 264 247 0.38 £ 0.03 251 0.35 £ 0.03 2
NGC 1851 0.33 + 0.03 353 4.88 0.33 + 0.03 353 0.26 + 0.03 2
NGC 1904 0.33 £ 0.03 319 2.97 0.33 £ 0.03 313 2
NGC 2298 0.48 + 0.04 164 1.46 0.44 £ 0.04 116 0.41 £ 0.07 2
NGC 2808 0.50 £+ 0.02 942 4.16 0.50 £ 0.02 942 0.22 £ 0.02 1
NGC 3201 0.56 + 0.04 143 1.04 0.50 + 0.05 75 0.44 + 0.04 1
NGC 4147 0.36 + 0.04 92 2.08 0.36 £+ 0.05 78 2
NGC 4590 0.33 £ 0.04 143 1.22 0.26 £ 0.05 87 0.39 £ 0.04 2
NGC 4833 0.53 £ 0.04 194 1.05 0.45 £ 0.05 102 0.36 £+ 0.03 1
NGC 5053 0.42 £+ 0.03 236 0.82 0.40 £ 0.05 95 0.54 £ 0.06 2
NGC 5272 0.46 + 0.03 292 1.42 0.46 £+ 0.03 202 0.31 £ 0.01 1
NGC 5904 0.29 + 0.03 396 2.08 0.26 + 0.03 345 0.24 + 0.02 2
NGC 5927 0.43 £+ 0.02 662 2.30 0.43 £ 0.02 625 0.38 £ 0.04 1
NGC 6121 0.31 £ 0.03 289 0.68 0.30 £ 0.05 81 0.29 £ 0.04 2
NGC 6205 0.21 £ 0.02 526 2.25 0.21 £ 0.02 494 0.19 £ 0.01 2
NGC 6218 0.38 + 0.03 343 1.48 0.35 + 0.03 240 0.40 + 0.03 2
NGC 6254 0.51 £ 0.02 624 1.64 0.53 £ 0.02 474 0.36 £+ 0.03 1
NGC 6366 0.56 + 0.05 105 0.93 0.49 £ 0.06 47 0.43 £ 0.05 1
NGC 6712 0.61 + 0.03 304 1.28 0.57 £ 0.04 194 1
NGC 6752 0.33 £ 0.02 543 1.96 0.31 £ 0.02 452 0.29 £ 0.03 2
NGC 6809 0.24 £+ 0.02 347 1.06 0.27 £ 0.03 187 0.31 £ 0.03 2
NGC 6838 0.66 + 0.03 224 0.98 0.64 £ 0.05 106 0.62 £+ 0.09 1
NGC 6934 0.26 + 0.02 284 2.06 0.25 £ 0.03 264 0.30 £+ 0.03 2
NGC 6981 0.49 + 0.04 194 1.58 0.52 £ 0.04 144 0.56 £ 0.05 1
NGC 7006 0.52 £+ 0.07 55 1.57 0.46 £+ 0.09 46 1
NGC 7089 0.28 £+ 0.02 451 2.52 0.25 £ 0.02 433 0.22 £+ 0.02 2
NGC 7492 0.36 £+ 0.04 117 0.99 0.36 £ 0.07 55 2

Notes. Values of the fraction of 1G stars with respect to the total number of analyzed stars and the number of analyzed stars outside the half-light radius are reported in
the second, third, fifth, and sixth columns, which are obtained from the ground-based ChMs of the 29 GCs. The fourth column provides the ratio between the median
radial distance of all the analyzed stars from the cluster center (Rpeqian) and the cluster half-light radius (r,)). The second-to-last column provides the fraction of 1G

stars within the half-light radius, which is measured from the HST-based ChM. We indicate Group I and II in the last column.

 The fraction of 1G stars in the region outside the half-light radius.
® The fraction of 1G stars in the region inside the half-light radius.

a function of the median radius of the stars within each radial
interval. We sorted these clusters according to metallicity, from
the most metal-rich (NGC 5927, [Fe/H] = —0.49) to the most
metal-poor (NGC 5053, [Fe/H] = —2.27). The relevant results
are indicated with black circles, and the gray horizontal lines
mark the extension of each radial interval determined to include
the same number of stars. The 2G fraction of the entire sample
of analyzed stars is marked with the aqua circle at their median
radius. In Table 1, we provide this median radius of our entire
sample for each cluster in units of half-light radius, Rmedian/"his
together with the corresponding fraction, to show in which
region of the cluster the median radius of our entire samples is
located. The magenta triangle indicates the literature results
from A. P. Milone et al. (2017) based on the HST photometry,
which is not indicated when the photometry is not available.
The error associated with the 2G fraction has been determined
by bootstrapping statistics. We generated random numbers as
an equal size sample of the analyzed stars, then measured a
ratio of the numbers smaller than the 2G fraction, and then this
procedure was repeated 1000 times. The derived errors refer to
one standard deviation of the bootstrapped measurement.
Corresponding to what is expected in most formation
scenarios, in the majority of GCs the 2G fraction in the HST
field of view is generally higher than that in the analyzed field

of view of the ground-based photometry (see magenta and aqua
circles in Figures 3 and 4). At the same time, we detected a large
degree of variety in the 2G fraction as a function of the radial
distance from the cluster center. Based on our results shown in
Figures 3 and 4, we classified them into two groups according to
the radial variation with its uncertainty. For metal-rich clusters
([Fe/H] < -1.6, more metal-rich than NGC 7089) for which
color separation between 1G and 2G in the ChM tends to be
relatively clear, the classification also exploited the literature results
by A. P. Milone et al. (2017). We identified the centrally
concentrated 2G stars in NGC 5927, NGC 104, NGC 2808,
NGC 1851, NGC 6981, NGC 5272, NGC 6254, NGC 3201, and
NGC 6809, whereas stellar populations are spatially mixed in
NGC 6366, NGC 6838, NGC 6712, NGC6121, NGC 1261,
NGC 5904, NGC288, NGC6218, NGC 6934, NGC 6205,
NGC 6752, NGC 1904, NGC7089, NGC 7492, NGC4147,
NGC 4833, NGC 2298, NGC 4590, and NGC 5053. NGC 7006,
where we observe a larger fraction of 2G stars in the external
region, is a possible exception. However, the smallest sample size
restricts us from making a firm conclusion for this cluster.

E. Dondoglio et al. (2021) investigated stellar populations
along the horizontal branch (HB) by means of the ground-based
photometric diagram, V versus Cy g, of four metal-rich Galactic
GCs, NGC 104, NGC 5927, NGC 6366, and NGC 6838. They
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Figure 5. Fraction of 1G stars against the present-day cluster mass for Galactic GCs. Gray circles indicate literature results, which were derived from the HST-based
ChMs (A. P. Milone et al. 2017; E. Dondoglio et al. 2021), whereas the fraction calculated from the ground-based ChMs are marked with black circles. Cluster masses

are from H. Baumgardt & M. Hilker (2018).

derived the radial distribution of the 2G fraction from distinct
sequences of 1G and 2G stars on the red HB, which can be
detected in metal-rich GCs with [Fe/H] 2> -1.0 with
appropriate photometric diagrams. Our finding is consistent
with their conclusion that 2G stars in NGC 104 and NGC 5927
are more centrally concentrated than 1G stars, while the
distribution is quite flat in NGC 6366 and NGC 6838.

E. Leitinger et al. (2023) performed wide-view analysis of
multiple populations in 28 Galactic GCs by combining HST
photometry with the wide-field ground-based photometry. For
the 10 dynamically young GCs (age/relaxation time < 4.5),
for which they provided radial distributions of the fraction of
2G stars, we were able to compare their results with ours. We
noticed that similar radial distributions to ours are found in
NGC 288, NGC 2808, NGC 4590, NGC 5272, NGC 5904,
NGC 6205, NGC 7089, NGC 6809, and NGC 5053. In con-
trast, they found that 1G stars in NGC 3201 are more centrally
concentrated than 2G stars, at odds with our result of centrally
concentrated 2G stars in this cluster.

Most previous studies qualitatively corroborated a 2G
concentration in NGC 3201 (E. Carretta et al. 2010; V. Kravtsov
et al. 2010; S. Lucatello et al. 2015; S. Kamann et al. 2020;
V. Kravtsov & F. A. Calder6n 2021), but recent studies on the
radial configuration of stellar populations in NGC 3201 have
presented somewhat-conflicting results. E. A. Hartmann et al.
(2022) discovered a 1G central concentration by combining HST
photometry with photometry from the S-PLUS survey, while
V. J. Mehta et al. (2025) found more centrally concentrated 2G
stars by introducing new photometric bands sensitive to the

different chemical compositions of multiple populations from
Gaia DR3 low-resolution XP spectra. Fuzzy separation of stellar
populations in the photometric diagrams, along with potential
incompleteness in the correction for severe differential red-
dening, could be one of the reasons for this discrepancy
observed in NGC3201. Improved photometric and spectro-
scopic data would be required to reach a consistent result on the
radial distribution of stellar populations in NGC 3201.

4. The Fraction of 1G Stars and Global Cluster Parameters

In the following, we investigate the fraction of 1G stars in
the analyzed field of view. As described in Section?2, the
procedure to estimate the fraction with respect to the total
number of stars (Ntor) is illustrated in the top panels of
Figure 2 for NGC 2808. The resulting fractions of 1G stars are
listed in Table 1, where we also provide the total number of
RGB stars and the median radial distance of stars included in
the Acy s versus Ap; ChMs in units of half-light radius, as
mentioned in Section 3. The fractions of 1G stars against the
present-day cluster mass for Galactic GCs are plotted in
Figure 5. It is immediately clear that the 1G fraction generally
anticorrelates with cluster mass as already reported in the
literature, but, at the same time, it is clearly bifurcated across all
mass ranges.

As shown in the top left panel of Figure 6, we divided them
into two groups of GCs based on the visually identifiable
separation, Group I with higher 1G fraction and Group II with
lower 1G fraction at a given mass. The Spearman’s rank
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Figure 6. The top left panel is the same as Figure 5, but we divided the investigated targets into two groups, namely Group I (blue circles) and Group II (red circles).
The top middle panel shows the 1G fraction in the region outside the half-light radius as a function of cluster mass. The top right panel illustrates the fraction of 1G
stars inside the half-light radius, which is derived from the HST-based ChMs. The difference in the fractions of 1G stars inside and outside the half-light radius is

plotted as a function of the cluster mass in the bottom panel.

correlation coefficient Rg for the relation between Nig/Ntor
and the cluster mass is —0.32, —0.79, and —0.67 for the whole
sample of GCs, Group I, and Group II, which are significant at
p-value = 0.047, 0.001, and 0.002, respectively. Although we
showed in Figure 1 that our sample of stars represents the
region outside of the central region of clusters, in order to be
more consistent in comparative studies among GCs, we also
derived the fraction of 1G stars in the region outside the half-
light radius, which is measured by excluding stars within the
half-light radius. This fraction is also listed in Table 1 and is
shown in the top middle panel of Figure 6. As expected, despite
a larger uncertainty due to a smaller number of analyzed stars,
the dichotomy still exists when removing stars within the half-
light radius. For comparison, we also derived the fraction of 1G
stars inside the half-light radius, as shown in the top right
panel. This is measured by removing stars outside the half-light
radius from the HST-based ChM (A. P. Milone et al. 2017). A
small difference in the fractions between Group I and II clusters
across cluster mass ranges is also detected, but the two groups
are not separated on the diagram.

Results from the fractions of 1G stars inside and outside the
half-light radii imply that clusters in Group II may have more
efficiently lost their 1G stars in the outermost cluster regions,
while Group I GCs have relatively retained the memory of the
initial distribution of 1G and 2G stars. This is further supported
by the fact that in Group I massive clusters have a significantly

higher fraction of 1G stars outside the half-light radius
compared to the fraction of 1G stars inside the half-light
radius. The bottom panel illustrates the difference in the 1G
fractions between the regions outside and inside the half-light
radius, AN,g/Nrot, which is obtained by subtracting the 1G
fraction in the region inside the half-light radius from the
fraction in the region outside the half-light radius. This
difference implies the extent of central concentration of stellar
populations, showing the correlation with cluster mass.
However, clusters of Group II, which are expected to be
relaxed and have their populations relatively mixed, have lower
AN, /Nror than those of Group L

4.1. Relation with the Radial Distribution of the Fraction of 2G
Stars in GCs

Figure 7 is the same as the middle panel of Figure 6, but
color-coded according to the trends of radial distribution
classified in Section 3. We found that nearly all clusters of
Group II have spatially mixed stellar populations. Two possible
exceptions are NGC 1851 and NGC 6809 with centrally
concentrated 2G stars. NGC 1851 is one of the peculiar GCs
having additional stellar populations with enhancement in Fe
and heavy elements. This population forms the additional
sequence on the ChM, which is considered as 2G stars for
simplicity when deriving the fraction of stellar populations
(S. Jang et al. 2022). It therefore would become somewhat
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Figure 7. Same as the middle panel of Figure 6, but color-coded by
classification by the trend of radial distribution. Black circles mark the clusters
with spatially mixed stellar populations, while clusters with centrally
concentrated 2G stars are colored in orange. Gray circles indicate NGC 7006
with centrally concentrated 1G stars.

difficult to directly compare the fraction of this cluster with
those of other clusters. In spite of 2G stars being more centrally
concentrated in NGC 6809, it is known for this cluster to have
undergone a significant amount of mass 10ss of Mcywrent/Minitial
= 0.261 (H. Baumgardt et al. 2019; E. Leitinger et al. 2023), as
predicted for Group II GCs. Thus, we could not clearly
conclude that the centrally concentrated 2G stars in NGC 6809
reflect its initial spatial distribution of populations. Conversely,
the radial distributions of 2G stars in Group I GCs are more
complex. Massive GCs of Group I have more centrally
concentrated 2G stars, while the radial distributions in less
massive Group I GCs appear to be flat. This is hardly
surprising, as less massive clusters tend to have shorter
relaxation timescales (L. Spitzer 1987). It is expected that
Group II GCs have undergone much dynamical mixing, all
having spatially blended stellar populations, while relatively
mild dynamic evolution has proceeded in Group I GCs,
retaining their initial spatial condition, at least, in massive GCs.

As described above, E. Leitinger et al. (2023) combined HST
photometry with the wide-field ground-based photometry to
investigate the multiple-population phenomenon over a wide
field of view. The sample of GCs investigated by E. Leitinger
et al. (2023) comprises 21 clusters, which are also studied in
this paper. While the radial distribution of each population
intuitively illustrates the changes in the number fraction of each
population as a function of radius, quantifying the difference in
the radial distribution between 1G and 2G stars is rather
challenging. In contrast, the cumulative radial distribution of
the stars in each population, which E. Leitinger et al. (2023)
primarily used, schematically displays the differences in the
distribution of 1G and 2G stars within the cluster, and the
difference can be quantified by the parameter A™ introduced
by E. Alessandrini et al. (2016). They quantified different
radial profiles of 1G and 2G stars by using the area enclosed
between their cumulative radial distributions, A™, across the

Jang et al.

full extent of each cluster. This parameter indicates whether a
cluster has centrally concentrated 2G stars (A" < 0), centrally
concentrated 1G stars (A" > 0), or spatially mixed stellar
populations (A" ~ 0). They investigated the resulting A" as a
function of dynamical age, which is defined as the ratio of a
cluster’s age to its half-mass relaxation time, age/t;. They
found that dynamically old GCs (age/ty, > 4.5) all have AT~
0, while a wide range of A™ is observed in dynamically young
GCs (age/ty, < 4.5).

Figure 8 illustrates the fraction of 1G stars as a function of
dynamical age. The fractions of 1G stars in Group I and Group
II GCs appear to weakly to moderately correlate with
dynamical age. The Spearman’s rank correlation coefficients
are Ry = 042 with a p-value = 0.074 for Group I and
Rs = 0.38 with a p-value = 0.074 for Group II, showing slight
but ultimately inconclusive correlations. In addition, we
noticed that the 1G fractions, including the literature result
represented by gray circles, of dynamically old GCs appear to
exhibit relatively similar values. In contrast, dynamically
young GCs display a wide range of 1G fractions. Considering
the result of E. Leitinger et al. (2023) that dynamically old
clusters all have fully mixed populations, this implies that such
clusters have undergone significant dynamical mixing during
their lifetime and lost their 1G stars preferentially in their outer
regions, leading to similar 1G fractions. The right panel is the
same as the left panel, but color-coded according to the
categorized trend of radial distributions of the 2G fraction.
We noticed that most dynamically old clusters (age/ty, = 10)
have spatially fully mixed stellar populations, whereas clusters
with lower dynamical age (age/t;, < 10) have various spatial
configurations of stellar populations, including not only
centrally concentrated 2G but also spatially blended stellar
populations. This result is qualitatively in agreement with
previous findings by E. Leitinger et al. (2023).

4.2. Relation with Global Dynamical Properties

Here we investigate relations between the two groups of GCs
and kinematic properties of the host GCs. Figure 9 shows the
1G fraction as a function of galactic radius, Rgc, and
perigalactic distance, Rpgr (from H. Baumgardt & M. Hilker
2018), which reveals that the Group II GCs in red tend to have
a wide range of Rgc and smaller perigalactic radii Rpgr <
3.5kpc, except for most metal-poor GCs, NGC 4590, and
NGC 5053 with the largest perigalactic radii. This is consistent
with previous findings by M. Zennaro et al. (2019) and
A. P. Milone et al. (2020) that GCs with large perigalactic
distances (Rpgr > 3.5 kpc) tend to have a larger fraction of 1G
stars than GCs with Rpgr < 3.5 kpc.

Recently, D. Massari et al. (2019) identified GCs with a
common origin by analyzing the kinematic properties provided
by Gaia data in the space of integral of motion (IOM),
including the energy E and the angular momentum in the
z-direction, L., which is perpendicular to the Galactic plane.
We explored the link between our groups of GCs and the space
of the IOM with probable progenitor galaxies of GCs provided
by Massari and collaborators, together with the age—metallicity
relation (AMR). Absolute ages and metallicity are from
J. M. D. Kruijssen et al. (2019) and W. E. Harris (1996),
respectively. The top and bottom panels of Figure 10 show the
IOM and AMR for the clusters in our sample, respectively,
color-coded according to the two groups of GCs and shape-
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Figure 8. Fraction of 1G stars as a function of dynamical age, which is defined as the ratio of the cluster’s age to its half-mass relaxation timescale. Gray circles plotted
in the left panel represent literature results derived from the HST-based ChMs (A. P. Milone et al. 2017; E. Dondoglio et al. 2021). Ages and half-mass relaxation time,
th, are taken from J. M. D. Kruijssen et al. (2019) and H. Baumgardt (2017), respectively. Clusters are color-coded according to the group of GCs (left panel) and the
categorized trend of radial distributions of the 2G fraction (right panel).
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Figure 9. The fraction of 1G stars as a function of galactic and perigalactic radius. The Group I and Group II GCs defined in the Nyg/Nror and cluster mass plane are
represented with blue and red circles, respectively.

coded by associations with different progenitors. The following and H99 in the IOM, we find that the probability that 10
is immediately clear: or 11 out of 11 randomly extracted GCs have energy
more than —1.41 x 10° is 0.013. In addition, the AMR of

1. Clusters associated with Gaia—Enceladus (G-E) and Group II appears to be slightly shifted by = ~0.2dex

Helmi stream (H99). Among these GCs, clusters of toward the metal-poor side from the AMR of Group I
Group II mostly have higher energy than those of Group GCs, but we could not confidently conclude this owing to
I. The only exception is NGC 6205 with E = —1.73 x large errors of cluster age.

10° and L. = -251. In 100,000 Monte Carlo simulations 2. Clusters associated with main progenitor (MP). Due to
where we assumed that the simulated GCs have the same the small sample of GCs associated with the MP, it would
distribution as the observed clusters associated with G-E be difficult to argue that there is a clear difference in

10
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Figure 10. Top panel: E vs. L, projections of the IOM space for 151 GCs (from
D. Massari et al. 2019). Group I and Group II GCs are colored in blue and red,
respectively, shape-coded according to their associations with different
progenitors (open circles mark the MP, filled squares are for G-E, filled
triangles are for H99, stars are for Sequoia, open triangles are for the low-
energy group, and open squares are for the high-energy group). Bottom panel:
AMR for Galactic GCs. Ages and metallicity are taken from J. M. D. Kruijssen
et al. (2019) and the 2010 version of the W. E. Harris (1996) catalog. Clusters
are color- and shape-coded in the same way as in the top panel.

energy and L, between the two groups of GCs. We
noticed, however, that Group II GCs, NGC 6218, and
NGC 6752 are definitely more metal-poor than Group I
GCs as shown in the AMR.

3. Clusters associated with Sequoia (Seq). Two clusters
associated with Sequoia in our sample of GCs,
NGC 3201 and NGC 7006, have retrograde orbits and
very high energies. Unlike other GCs with high energy,
these two GCs belong to Group 1.

For GCs associated with low energy (L-E), no relations
between the two groups of GCs and the IOM space are found,
but Group II GCs seem to be older than Group I GCs. In fact,
D. Massari et al. (2019) labeled some GCs, which were not
able to be associated with known merger events, L-E or H-E
according to their energy level. Hence, they cannot have a
common origin.
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Figure 11. N,g/Nror vs. L. for Galactic GCs. Nyg/Nror in the top and bottom
panels mark the results derived from ground-based and HST photometry,
respectively. Group I and Group II GCs are colored in blue and red in the top
panel, respectively. Clusters are shape-coded as shown in Figure 10 according
to associations with different progenitors.

The top and bottom panels of Figure 11 show L, versus
Nig/Ntor from this study and A. P. Milone et al. (2017),
respectively. We found that the fraction of 1G stars appears to
mildly anticorrelate with L, in both groups. This is indicated by
the Spearman’s rank correlation coefficients, which are Ry =
—0.10 for Group I and —0.23 for Group II. On the contrary, no
correlation is found between L, and the 1G fractions in the HST
field of view.

5. Summary and Conclusions

In this work, we have analyzed the Acyp; versus Ag;
pseudo—two-color diagrams of RGB stars for 29 GCs from
S. Jang et al. (2022; see their Figures 12 and 13) to investigate
multiple stellar populations over a wide field of view. The
ChMs allowed us to derive the fractions of stellar populations
in the wide-field spatial extent of a large sample of GCs, which
have various implications for interplay between the multiple
populations and the galactic environment. In particular, we
explored whether the fraction of stellar populations in the
analyzed field of view has been influenced by GC global
parameters and the dynamic evolution of GCs in our Galaxy.
The main results can be summarized as follows:
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1. We classified the analyzed GCs into two groups based
on the radial distribution of 2G stars: GCs with centrally
concentrated 2G stars and GCs with spatially mixed
populations. The former include NGC 5927, NGC 104,
NGC 2808, NGC 1851, NGC 6981, NGC 5272, NGC 6254,
NGC 3201, and NGC 6809. The latter include NGC 6366,
NGC 6838, NGC 6712, NGC 6121, NGC 1261, NGC 5904,
NGC 288, NGC 6218, NGC 6934, NGC 6205, NGC 6752,
NGC 1904, NGC 7089, NGC 7492, NGC 4147, NGC 4833,
NGC 2298, NGC 4590, and NGC 5053. NGC 7006 with a
larger fraction of 2G stars in the external region is a possible
exception. However, small statistics prevent us from a firm
conclusion for this cluster. Thus, we conclude that all the
GCs either have a flat distribution or exhibit more centrally
concentrated 2G stars.

2. The resulting fractions of 1G stars in the analyzed field of
view generally anticorrelate with cluster mass as already
discovered in the literature, but, at the same time, they are
clearly bifurcated across all mass ranges, allowing us to
divide them into two groups of GCs. We referred to
groups of clusters with higher and lower fractions as
Group I and Group 11, respectively.

3. The dichotomy still exists when removing stars within the
half-light radius, implying that a group of GCs with lower
1G fractions at given masses of clusters might have more
efficiently lost their 1G stars in the outermost cluster
regions.

4. We studied the link between the two groups of GCs and
the categorized radial distributions of the 2G fraction. We
find that almost all GCs in Group II exhibit flat radial
distributions of 2G stars, while the distributions tend to be
flat in only less massive GCs among Group I GCs.
Massive GCs in Group I have more centrally concen-
trated 2G stars.

5. Group II GCs span a wider range of Rgc and have smaller
perigalactic radii Rpgr < 3.5 kpc, except for the most
metal-poor GCs, NGC 4590, and NGC 5053 with the
largest perigalactic radii.

6. We used the IOM space and probable progenitor galaxies
of GCs provided by D. Massari et al. (2019), including
AMR, to explore the link between those and the two
groups of GCs defined in this work. We find that Group II
GCs tend to have higher energy and to be relatively
metal-poor, especially in the case of clusters associated
with G-E and H99. Among clusters formed in situ
referred to as the MP, Group I GCs are more metal-poor
than Group I GCs.

7. The fraction of 1G stars inferred from wide-field
photometry appears to mildly anticorrelate with the z-
angular momentum L, of GCs toward the Galactic north
pole in both groups of GCs. No correlation is found with
the 1G fractions in the central region derived from the
HST photometry.

The analysis of wide-field ground-based ChMs of RGB stars
in 29 GCs provides observational evidence of the dynamic path
that GCs and stellar populations in them have stepped on. Our
study is the first to have shown a clear dichotomy of GCs in the
number ratio of the first population to the total number of stars
analyzed at given masses of GCs. A link between the kinematic
information of GCs and the two groups of GCs identified in
this study implies that Group II GCs have experienced more
drastic dynamic evolution, losing more stars in the outermost
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cluster region. Although additional work is needed to constrain
the initial physical properties of clusters and the kinematic
paths they have followed in the context of different assembly
history, our result provides a global view of the dynamical
evolution of Galactic GCs.
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