
Astronomy
&Astrophysics

A&A, 696, A220 (2025)
https://doi.org/10.1051/0004-6361/202452786
© The Authors 2025

Exploring the formation environment and dynamics of multiple
stellar populations in globular clusters through binary systems
E. Bortolan1,⋆ , J. Bruce2 , A. P. Milone1,3 , E. Vesperini2, E. Dondoglio3, M. V. Legnardi1 , F. Muratore1 ,

T. Ziliotto1 , G. Cordoni4, E. P. Lagioia5 , A. F. Marino3, and M. Tailo3

1 Dipartimento di Fisica e Astronomia “Galileo Galilei”, Univ. di Padova, Vicolo dell’Osservatorio 3, Padova 35122, Italy
2 Department of Astronomy, Indiana University, Swain West, 727 E. 3rd Street, Bloomington, IN 47405, USA
3 Istituto Nazionale di Astrofisica – Osservatorio Astronomico di Padova, Vicolo dell’Osservatorio 5, Padova 35122. Italy
4 Research School of Astronomy and Astrophysics, Australian National University, Canberra, ACT 2611, Australia
5 South-Western Institute for Astronomy Research, Yunnan University, Kunming 650500, PR China

Received 28 October 2024 / Accepted 9 March 2025

ABSTRACT

Aims. Globular clusters (GCs) are known to host distinct stellar populations, characterized by different chemical compositions. Despite
extensive research, the origin of these populations remains elusive. According to many formation scenarios, the second population
(2P) originated within a compact and denser region embedded in a more extended first population (1P) system. As a result, 2P binaries
should be disrupted at a larger rate than 1P binaries. For this reason, binary systems offer valuable insight into the environments in
which these stellar populations formed and evolved.
Methods. We analyzed the fraction of binaries among 1P and 2P M dwarfs in the outer region of NGC 288 using Hubble Space
Telescope data. We combined our results with those from a previous work, where we inferred the fraction of 1P and 2P binaries in the
cluster center.
Results. In the outer region, we find a predominance of 1P binaries (97+1

−3%) compared to 2P binaries (3 ± 1%) corresponding to an
incidence of binaries with a mass ratio (i.e., the ratio between the masses of the primary and secondary star) greater than 0.5 equal to
6.4 ± 1.7% for the 1P and 0.3 ± 0.2% for the 2P. These binary fractions and incidences differ from those found in the cluster’s central
region, where the 1P and 2P exhibit similar binary incidences and fractions. These results are in general agreement with the predictions
of simulations following the evolution of binary stars in multiple-population GCs, starting with a dense 2P subsystem concentrated in
the central regions of a 1P system.

Key words. techniques: photometric – Hertzsprung-Russell and C-M diagrams – stars: Population II – globular clusters: general

1. Introduction

Globular clusters (GCs) were once considered the best approxi-
mations of simple stellar populations (e.g., Renzini & Buzzoni
1986). However, various studies have revealed groups of GC
stars with different chemical compositions. It is now widely
accepted that most GCs exhibit multiple stellar sequences and
complex horizontal-branch morphology in color-magnitude dia-
grams (CMDs) built with appropriate photometric bands. All
these features are nothing but different facets of the same phe-
nomenon, known as the multiple stellar population phenomenon,
according to which GCs host two main stellar populations: a
first population (1P) with a Galactic-field-like chemical compo-
sition and a second population (2P) enhanced in He, N, Na, and
depleted in C and O (see reviews by Kraft 1994; Gratton et al.
2012; Bastian & Lardo 2018; Milone & Marino 2022).

The formation of multiple stellar populations is a topic of
intense debate. According to most scenarios, 2P stars formed
in the central regions of the primordial GCs, whereas 1P stars
had a sparser initial spatial distribution (see, e.g., D’Ercole et al.
2008; Bekki 2010, 2011; Renzini et al. 2015; Calura et al. 2019;
McKenzie & Bekki 2021; Lacchin et al. 2022). In this con-
text, binary stars can be valuable tools for constraining the
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spatial properties of 1P and 2P stars at the time of their for-
mation and during their subsequent dynamical evolution. For
instance, in high-density environments, frequent stellar encoun-
ters lead to a high disruption rate of binary systems. Conversely,
in low-density environments, the binary fraction is expected to
be higher. Therefore, the incidence of binaries among 1P and
2P stars can provide insight into the properties of the environ-
ments where these stellar populations formed (e.g., Vesperini
et al. 2011; Hong et al. 2015, 2016; Sollima et al. 2022; Hypki
et al. 2022).

Early determinations of the incidence of binaries among
multiple populations were based on spectroscopy. Lucatello et al.
(2015) analyzed 21 binaries located in 10 GCs around the half-
light radius (Rhl) and determined that the fraction of 1P binaries
is 4.1± 1.7 times higher than that of 2P binaries. Based on
12 binaries in NGC 6362 located beyond 0.5 Rhl, Dalessandro
et al. (2018) found their fraction among 1P and 2P stars to be
4.7± 1.4 and 0.7± 0.7%, respectively. Similar conclusions were
obtained by D’Orazi et al. (2010), who found that four out of
the five studied barium stars of NGC 6121 are sodium-poor and
oxygen-rich.

Conversely, Milone et al. (2020) investigated the innermost
regions of five GCs, namely NGC 288, NGC 6121, NGC 6352,
NGC 6362, and NGC 6838 from 0.3 Rhl to about 0.8 Rhl.
Except for NGC 6121, the inner regions were found to be
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Table 1. Observational data used in this study.

Filter Instrument N × Exp. time Radial distance [arcmin] Program ID

F606W ACS/WFC 15 s + 3 × 200 s 5.99 12193
F814W ACS/WFC 10 s + 3 × 150 s 5.99 12193
F110W WFC3/IR 3 × 142 s + 5 × 1202 s 5.45 16289
F160W WFC3/IR 4 × 142 s + 2 × 1202 s + 7 × 1302 s 5.45 16289

characterized by similar 1P and 2P binary fractions. Observa-
tions also provided the first evidence of the existence of mixed
binaries composed of one 1P star and one 2P star, a popula-
tion of binaries predicted by Hong et al. (2015, 2016) to form
during exchange encounters in binary-single and binary-binary
interactions.

In this paper we analyze the binary systems among the mul-
tiple populations of NGC 288, a GC that has been extensively
studied in the context of multiple stellar populations. Previous
studies based on both spectroscopy and photometry have identi-
fied two groups of stars with different abundances of certain light
elements, including helium, carbon, nitrogen, oxygen, sodium,
and aluminum (e.g., Shetrone & Keane 2000; Kayser et al. 2008;
Smith & Langland-Shula 2009; Carretta et al. 2009; Milone et al.
2018; Marino et al. 2019). Additionally, photometric studies have
revealed two distinct sequences in the CMD that can be traced
continuously across various evolutionary stages, including the
red-giant branch, subgiant branch, and main sequence (MS) (Lee
et al. 2009; Piotto et al. 2013; Monelli et al. 2013; Milone et al.
2017a; Lagioia et al. 2021; Jang et al. 2022; Dondoglio et al.
2022).

All previous studies on binaries analyzed multiple systems
within 1 Rhl and with a primary star mass (M1

bin) higher than
∼0.6 M⊙. We investigated, for the first time, binaries in the lower
part of the MS, with M1

bin ≤ 0.5 M⊙, located in the outer regions
of NGC 288, one of the five GCs examined by Milone et al.
(2020). The outer regions of a GC are particularly interesting
because this is where simulations of the dynamical evolution
of binaries in multiple-population GCs predict larger differences
between the local 1P and 2P binary incidences.

2. Observations and data reduction

We analyzed data collected using the F606W and F814W filters
of the Wide Field Channel of the Advanced Camera for Surveys
(ACS/WFC), and F110W and F160W filters of the IR channel of
the Wide Field Camera 3 (WFC3/IR) on board the Hubble Space
Telescope (HST). The ACS/WFC images are part of the program
GO 12193 (PI Lee), while the WFC3/IR images are from the pro-
gram GO 16289 (PI: Milone). Details about these observations
are summarized in Table 1.

For data reduction, we performed effective point spread
function photometry following the procedure developed by Jay
Anderson (Anderson et al. 2008) using the KS2 program. In
summary, the process begins by detecting the brightest and most
isolated stars in the image. Their fluxes and positions are then
determined, after which they are subtracted from the image. Sub-
sequent iterations continue to identify, measure, and subtract
progressively fainter stars closer to their neighbors. Three meth-
ods are available to achieve optimal photometry and astrometry
for different stellar luminosity ranges: method I for relatively
bright stars, method II for faint stars, and method III for crowded

regions. We adopted method I, which provides flux and posi-
tion for all stars producing distinct peaks within a 5 × 5 pixel
region, using the best Point Spread Function model correspond-
ing to that position. This procedure is repeated for each exposure,
and in the end stellar fluxes and positions are properly aver-
aged together. Stellar magnitudes are calibrated to the Vega
mag system by computing the aperture correction to the instru-
mental magnitudes and applying the photometric zero-points
available at the space telescope science institute web page (for
more details, see Milone et al. 2023). Stellar coordinates are cor-
rected for geometric distortion by using the solutions provided
by Anderson et al. (2008) and Anderson (2022). We compared
the positions of stars collected at different epochs to derive
the proper motions, which we used to identify the probable
cluster members and field stars (see, e.g., Anderson & King
2003; Milone et al. 2023, for details). The CMDs mF814W versus
mF606W − mF814W and mF160W versus mF110W − mF160W, derived
with this procedure, are shown in the left and right panels in
Fig. 1, respectively.

To estimate the fraction of 1P and 2P binaries, we compared
the observed CMD with simulated CMD constructed using arti-
ficial stars (ASs). The ASs test follows the method developed by
Anderson et al. (2008). In summary, we generated a sample of
ASs equal to ten times the number of observed stars within the
instrumental magnitude range of −13.4 to −4.4 in the F814W fil-
ter. The F606W, F110W, and F160W magnitudes were calculated
using the colors of the fiducial lines of 1P and 2P MS stars. We
reduced these ASs using exactly the same procedure as the one
adopted for real stars.

3. Binaries along the main sequence

Due to the considerable distance of GCs (e.g., ∼9 kpc for
NGC 288, Baumgardt & Vasiliev 2021), the HST is unable to
resolve individual components of the binary systems in these
stellar clusters. Consequently, binaries appear as single-point
sources. The magnitude of an unresolved binary system, mbin,
is determined from the combined fluxes of its components

mbin = m1 − 2.5 log
(
1 +

F2

F1

)
with m1 the magnitude of the primary star (i.e., the most massive
one), and F1 and F2 the fluxes of the primary and secondary
component, respectively.

The procedure used to measure the fraction of binaries with
a large mass ratio in NGC 288 is illustrated in the left panel of
Fig. 2 and is based on the method by Milone et al. (2012). This
method relies on the fact that in the mF814W versus mF606W −

mF814W CMD of a GC, binary systems composed of two MS stars
are located on the red and bright side of the MS, well separated
from the bulk of single MS stars. The exact location of the bina-
ries depends on the mass of the primary star and the mass ratio,
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Fig. 1. mF814W vs. mF606W − mF814W (left) and mF160W vs. mF110W − mF160W CMD (right) of NGC 288 stars. The error bars to the left of each CMD
indicate the typical uncertainties for stars with different magnitudes.

Fig. 2. Procedure for estimating the fraction of binaries among upper MS stars with masses of 0.36−0.75 M⊙. This figure reproduces the mF814W
vs. mF606W − mF814W CMD of Fig. 1. The candidate binaries are represented with yellow stars and the remaining stars with small gray circles. The
solid green line represents the MS fiducial line, while solid and dashed red lines are the fiducial lines of binaries with mass ratios q = 0.5 and
q = 1, respectively. The dashed-dotted green and red lines are the MS fiducial line and the fiducial line of binaries with q = 1 shifted by three
times the color error. The blue lines mark the locus of binaries where the mass of the primary component corresponds to 0.36 (upper line) and
0.75 M⊙ (bottom line) and the mass ratio ranges from 0 to 1. In the simulated CMD (right panel), stars located within region B are displayed as
gray triangles.

q = M2/M1, with M1 and M2 being the mass of the primary and
secondary star, respectively (see Milone et al. 2012; Mohandasan
et al. 2024, and references therein).

As illustrated in the left panel of Fig. 2, we identified two
regions in the CMD. Region A (gray shaded area in Fig. 2) con-
tains all single MS stars with 19.0 < mF814W < 23.1 mag, as well
as binary systems where the primary star lies within the same
luminosity interval. We defined the left boundary (dash-dotted
green line) by shifting the MS fiducial line (solid green line) by
four times the average color error to the left. The right bound-
ary (dash-dotted red line) corresponds to the equal-mass binaries
fiducial (solid red line) shifted by four times the color error to the
right. The faint and bright boundaries of the region A (blue lines)
correspond to the loci of binary systems with mF814W = 19.0
and 23.0 mag and q ranging from zero to one. Region B (yellow

dashed area in left panel of Fig. 2) is the portion of the region A
that includes the binaries with q > 0.5. It is limited on the left
side of the CMD by the fiducial of binary systems with q = 0.5
(red dashed line).

The observed stars are shown in the central panel of Fig. 2,
where we overlap the lines defined in the left panel onto the
mF814W versus mF606W − mF814W CMD. We used yellow starred
symbols to mark the probable binaries in the region B of the
CMD. The simulated CMD for single MS stars, obtained from
ASs, is illustrated in the right panel of Fig. 2.

The fraction of binaries along the MS with q > 0.5 is
calculated as

f q>0.5
bin =

NB
obs

NA
obs

−
NB

sim

NA
sim

(1)
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Fig. 3. mF160W vs. mF110W − mF160W CMD (left) and mF606W vs. (mF606W − mF160W) − 0.35 (mF110W − mF160W) pseudo-CMD of NGC 288 stars. The
probable 1G and 2G M dwarfs, selected from the CMD in the left panel, and the corresponding fiducial lines are colored red and blue, respectively.
Dotted lines represent the fiducials of equal-mass binaries (i.e. the MS shifted upward by 0.752 mag). The remaining stars are colored gray, and
the fiducial lines of the upper MS are represented by black lines. Typical error bars are shown in red on the left.

Fig. 4. Procedure for selecting and characterizing the binaries used to infer the incidence of 1P and 2P binaries. Left: zoomed-in view of the mF606W
vs. (mF606W − mF160W )-0.35(mF110W − mF160W ) diagram at the bottom of the MS. Middle: mF160W vs. mF110W − mF160W CMD. Right: verticalized
mF160W vs.∆F110W,F160W diagram (top) and the ∆F110W,F160W cumulative distribution (bottom) for the probable binaries. The probable binaries, which
are represented with stars, are selected from the left-panel diagram, where they lie within the yellow-shaded area of the CMD. The solid red and
blue lines are the fiducials of 1P and 2P stars, and the dotted lines mark the corresponding loci of equal-mass binaries. See the text for details.

where Nobs and Nsim represent the number of observed cluster
members and simulated stars, respectively. The resulting binary
fraction is f MS

bin = 4.51 ± 0.99%. The uncertainty is derived
by means of standard error propagation by associating Poisson
errors with the star counts.

4. Binaries among multiple populations

To estimate the binary fraction among multiple populations, we
used the method from Milone et al. (2020), which relies on two
photometric diagrams. The first enables the identification of 1P
and 2P stars. In the second, the 1P and 2P sequences are nearly
superimposed on each other in order to select binaries.

As first photometric diagram, we used the mF160W versus
mF110W − mF160W CMD, which has proven effective in distin-
guishing the multiple populations among M dwarfs (Milone et al.
2014; Dondoglio et al. 2022). This is because the F160W lumi-
nosity of M dwarfs is significantly affected by flux absorption
due to molecules containing oxygen atoms, whereas the F110W
flux is minimally dependent on the stellar oxygen abundance.

As a consequence, the 1P stars, which have higher O abun-
dance than 2P stars, exhibit fainter F160W magnitudes and bluer
F110W−F160W colors than 2P stars with the same luminosity
(e.g., Milone et al. 2012; Dotter et al. 2015).

The presence of multiple populations in NGC 288 is visible
in the CMD on the right panel of Fig. 1. Indeed, the color broad-
ening of stars fainter than the MS knee (mF160W ≳ 20.1 mag)
exceeds what can be explained by photometric errors alone, sug-
gesting the presence of stars with different O abundances (see
also Dondoglio et al. 2022). We highlighted the probable 1P and
2P stars in red and blue, respectively, in the left panel of Fig. 3,
finding that 1P and 2P stars are 59.5 ± 3.8% and 40.5 ± 2.9% of
the total M-dwarf population, respectively.

As second photometric diagram, used to select the bina-
ries among multiple populations, we used the mF606W versus
(mF606W − mF160W) − 0.35 (mF110W − mF160W) pseudo-CMD, in
which the fiducial lines of 1P and 2P stars overlap (right panel
in Fig. 3). In this diagram, we selected a sample of 12 candi-
date binaries that we used to determine the incidence of 1P and
2P binaries. These stars are located within the dashed yellow
area shown in the left panel of Fig. 4 and are represented with
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Best-fit model:
f 1P = 0.97
f 2P = 0.03
f mix = 0.00

Fig. 5. Left: simulated diagrams assuming the best-fit values for the fractions of 1P, 2P, and mixed binaries (same layout as Fig. 4). Gray triangles
represent artificial binaries within the yellow region, as defined in Section 4. Middle: mF160W vs. mF110W − mF160W CMD, showing the artificial
binaries selected in the left-panel diagram. Right: artificial binaries compared with the selected observed binaries, displayed as in Fig. 4.

starred symbols. The left boundary of this region is defined by
the fiducial line of 2P single MS stars, shifted by four times the
photometric error to exclude single MS stars with large errors.
The right boundary is defined by the fiducial of 2P equal-mass
binaries, shifted by four times the color error to account for bina-
ries appearing redder due to photometric errors. We set the upper
limit to mF606W = 22.1 mag because it is not possible to distin-
guish 1P and 2P stars at brighter magnitudes. The lower limit
is set to mF606W = 23.75 mag because, at fainter magnitudes, it
is challenging to disentangle binaries and single stars due to the
large observational errors.

In the middle panel of Fig. 4, we display the selected bina-
ries in the mF160W versus mF110W − mF160W CMD, which is used
to derive the verticalized diagram mF160W versus ∆F110W,F160W.
The abscissa of this diagram is calculated in such a way that the
two fiducials of equal-mass binaries translate into vertical lines.
Specifically, we used the relation

∆F110W,F160W = (X − X1P−1P)/(X2P−2P − X1P−1P) (2)

where X is the F110W−F160W color of the selected binary,
and X1P−1P and X2P−2P are the colors of the fiducial of equal-
mass 1P and 2P binaries, respectively, at the same magnitude as
the selected binary. The resulting verticalized diagram is shown
in the upper right panel of Fig. 4 and is used to derive the
cumulative distribution function (CDF) of the selected binaries
(lower-right panel of Fig. 4).

To determine the incidence of binaries among 1P and 2P
stars, we compared the observations with simulated diagrams
that include binaries generated from ASs. The latter exhibit var-
ious combinations for the incidence of 1P binaries, 2P binaries,
and mixed binary systems, with the fraction of each group of
binaries ranging from 0 to 100% in steps of 1%.

We analyzed the simulated diagrams by using the same pro-
cedure adopted for the real stars. We derived the CDF of the
binaries for each combination of the fraction of the total num-
ber of binaries in 1P-1P ( f 1P), 2P-2P ( f 2P), and 1P-2P ( f mix)
mixed binaries and compared it with the corresponding distri-
bution derived for real stars by means of χ2. The simulation
that provides the best match with the observation corresponds to
f 1P = 97+1

−3%, f 2P = 3±1%, and no mixed binaries f mix = 0+1
−0%.

The uncertainties are derived through a Monte Carlo analysis
using 1000 simulated binary samples, each containing the same

Table 2. Fraction of binaries with q > 0.5.

0.36−0.75 M⊙ 0.39−0.75 M⊙

f q>0.5
bin 4.51 ± 0.99% 3.93 ± 0.95%

Notes. The mass range 0.36−0.75 M⊙ and 0.39−0.75 M⊙ correspond to
the magnitude range 19.0 ≤ mF814W ≤ 23.1 and 19.5 ≤ mF606W ≤ 24.5,
respectively.

number of binaries as the observed sample and using the best-fit
fractions for 1P, 2P, and mixed binaries. For each simulation, we
calculated the values of f 1P, f 2P, and f mix as we did for the real
stars. The upper and lower uncertainties are represented by the
25th and 75th percentiles of the resulting values.

The left and middle panels of Fig. 5 show the mF606W
versus (mF606W − mF160W )-0.35(mF110W − mF160W ) and mF160W
versus mF110W − mF160W simulated diagrams, respectively, that
provide the best match with the observations. In the right pan-
els we compare the corresponding verticalized mF160W versus
∆F110W,F160W diagram (top) and the ∆F110W,F160W CDF (bottom)
for simulated and observed binaries. The 1P and 2P binary
fractions found in our analysis correspond to binary incidences
within the 1P ( f1P,bin) and 2P ( f2P,bin) populations equal to,
respectively, f1P,bin = 6.41 ± 1.74% and f2P,bin = 0.29 ± 0.22%.

5. Radial and mass distribution of the binaries
in NGC 288

The fact that the fiducial lines of 1P and 2P binaries are
nearly coincident in the mF606W versus (mF606W − mF160W)
–0.35(mF110W − mF160W) plane makes this pseudo-CMD and
ideal tool for inferring the overall binary fraction. To do this,
we used the method described in Section 2, which is illustrated
in Fig. 6, where we compared the observed pseudo-CMD with
the simulated pseudo-CMD for single stars. The results are sum-
marized in Table 2 and show that the fraction of binaries with
q>0.5 in the studied field of view is 3.93 ± 0.95%. This value is
consistent, within one sigma, with that inferred from the mF814W
versus mF606W − mF814W CMD.

Milone et al. (2012) studied the binaries within the half-
light radius of NGC 288 and derived a fraction of binaries with
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Fig. 6. Procedure for estimating the fraction of binaries among lower MS stars with masses of 0.39−0.75 M⊙, following the methodology explained
in Section 2. The colors and symbols are consistent with those in Fig. 2.

Fig. 7. Fraction of binaries with q > 0.5 as function of the radial
distance from the center of NGC 288 (the radial distance, R, is nor-
malized by the half-light radius, Rhl). Gray circles are measurements
from Milone et al. (2012), and black diamond and triangle refer to the
binary fraction measured in the magnitude range 19.0 ≤ mF814W ≤ 23
and 19.5 ≤ mF606W ≤ 24, respectively. The dotted blue line marks the
core radius (1.35 arcmin). Horizontal and vertical black lines represent
the radial coverage of each data point and the uncertainty associated
with the measured fraction of binaries, respectively.

q > 0.5 of 5.6± 0.4%, which is slightly larger than that observed
in our work, at a distance from the center of the cluster of about
three half-light radii. The radial behavior of the binary fraction is
illustrated in Fig. 7 and is consistent with a flat distribution with
some hints of a larger binary fractions in the center.

The mF606W versus (mF606W − mF160W)-0.35(mF110W −

mF160W) diagram allows us to analyze the binaries with
19.5 < mF606W < 24 mag, which corresponds to a mass range
between 0.39 and 0.75 M⊙. This mass range is slightly smaller
than that studied with the mF814W versus mF606W − mF814W CMD
(0.36 − 0.75 M⊙). To investigate the relation between the binary
fraction and the mass of the primary star, we divided the studied
F606W magnitude interval into three bins of 1.5 mag each
and calculated the fraction of binaries with q>0.5 in each bin.
As indicated in Table 3, the fractions of binaries in the three

Table 3. Binary fraction derived from the pseudo-CMD for three mass
intervals.

0.39−0.52 M⊙ 0.52−0.63 M⊙ 0.63−0.75 M⊙

f q>0.5
bin 4.18 ± 1.43% 3.31 ± 1.37% 4.71 ± 2.13%

Notes. The intervals correspond to the three F606W magnitude bins
used to derive the overall binary fraction (see Section 5 for the details).

luminosity intervals are consistent with each other at one-sigma
level. We conclude that there is no evidence of a dependence of
the binary fraction on the stellar mass.

6. Simulations

To further investigate the dynamical processes influencing the
observed profiles of NGC 288, we conducted a Monte Carlo
simulation following the dynamical evolution of a multiple-
population GC and its binary population. We would like to
emphasize that this simulation is not intended to precisely model
NGC 288, but rather to provide insights into the dynamics of
multiple-population GCs and their binary stars.

The simulation was performed using the MOCCA code on the
Quartz supercomputer at Indiana University. The MOCCA code
accounts for the effects of two-body relaxation, binary-single
star and single-single star close encounters, stellar evolution, and
tidal truncation (see, e.g., Hypki & Giersz 2013; Hypki et al.
2025 for further details about the code). The model begins with
106 stars with stellar masses following a Kroupa (2001) initial
mass function between 0.1 M⊙ and 100 M⊙ and a 10% binary
fraction. The spatial distribution of the 2P and 1P follows King
models (King 1966) with central dimensionless potential val-
ues, W0, equal to 7 and 5, respectively. Following the general
results of a number of simulations modeling the formation of
the 2P (see, e.g., D’Ercole et al. 2008; Bekki 2010; Calura et al.
2019), we start our simulation with the 2P initially centrally
concentrated in the inner regions of the 1P system. For the sim-
ulation presented here, we adopted an initial ratio of the 2P to
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Fig. 8. Top: radial profile of the fraction of binaries (solid line) and
single stars (dashed line) belonging to the 2P (the projected distance
from the cluster’s center, R, is normalized by the half-light radius, Rhl).
Bottom: radial profile of the ratio of the fraction of binaries to the frac-
tion of single stars belonging to the 2P. The shaded regions represent
the 25th and 75th percentiles of the 100 realizations of the 2D random
projection.

the 1P half-mass radius equal to 0.05 (see Vesperini et al. 2021;
Livernois et al. 2024 for other simulations starting with this and
other values of the 2P concentration; see also Hypki et al. 2022,
2025 for a survey of models exploring various initial conditions).
The initial configuration placed 15% of the total initial mass of
the cluster in the 2P population (the final fraction of the total
mass in 2P stars at 12 Gyr is equal to about 0.51 and similar
to the 2P fraction, ∼0.46 ± 0.03, found for NGC288 in Milone
et al. 2017b). To align the simulation with the observational con-
straints, for the results shown in Figures 8 and 9 we restricted the
analysis to single stars on the MS with masses between 0.36 and
0.75 M⊙, and binary stars to MS-MS binaries with mass ratios
q >0.5, where the primary star has a mass between 0.36 and
0.75 M⊙.

The simulation was evaluated at an evolutionary age of
12 Gyr, consistent with the typical age of old GCs. At 12 Gyr,
the fraction of the total mass in 2P stars in our model is about
50%, a value well within the range of those found in Galactic
GCs (see, e.g., Milone et al. 2017b).

Each radial profile presented in Figures 8, 9 and 10 was
derived from 100 different random realizations of the 2D pro-
jection of the 3D data generated by the simulation. For each
plot, we display the median profile along with shaded regions
representing the 25th and 75th percentiles of the 100 realizations.

One of the results emerging from the observational analysis
in the previous sections is the differing degrees of 1P/2P spatial
mixing between single stars and binary stars. As shown by Jang
et al. (2022) and discussed later in Section 7, the fraction of 2P
single stars does not vary with the distance from the cluster’s
center, while the fraction of 2P binaries decreases with cluster-
centric distance. In the top panel of Fig. 8 we present the radial
profiles of the fraction of binaries (solid line) and single stars
(dashed line) in the 2P. This figure highlights a more signifi-
cant degree of spatial mixing among single stars, reflected in

Fig. 9. Top: radial profile of the binary incidence in the 1P (red line) and
the 2P (blue line). The global binary fractions for each population are
indicated by the horizontal lines. Bottom: ratio of the binary incidence
in the 1P to that in the 2P. The shaded regions represent the 25th and
75th percentiles of the 100 realizations of the 2D random projection.

Fig. 10. Radial profile of the fraction of binaries in mixed binaries. The
shaded regions represent the 25th and 75th percentiles of the 100 real-
izations of the 2D random projection. The global fraction of binaries in
mixed binaries is indicated by the horizontal dashed line.

a flatter radial profile, whereas the binary population exhibits a
steeper radial gradient starting from smaller radii. This pattern
is consistent with binary stars undergoing a slower mixing pro-
cess compared to single stars. This behavior is consistent with
the findings of Hong et al. (2019), who showed that binary stars
experience additional dynamical interactions (such as ionization
and ejection) that can delay their mixing compared to single
stars.

In the lower panel of Fig. 8, we present the radial variation
of the ratio between the fraction of binaries and the fraction of
single stars in the 2P. A steep radial gradient is observed, further
emphasizing that binaries are less mixed than single stars. This
result confirms that a GC can exhibit varying degrees of spatial
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mixing for single and binary stars, consistent with the observa-
tional findings for NGC 288. The top panel of Fig. 9 shows the
radial profile of binary incidences in each population, while the
bottom panel displays the ratio of 1P to 2P binary incidences.
In the outer regions, the binary incidence in the 1P popula-
tion is notably higher than that in the 2P. However, as we move
toward the inner regions, the ratio of the incidences tends to 1
(see also the discussion in Milone et al. 2020). The radial varia-
tion observed in our simulation aligns with the trend seen in the
observational data for NGC 288: Milone et al. (2020) reported
similar binary incidences for the 1P and 2P in the cluster’s inner
regions, while the results presented in this paper show that the
outer regions are characterized by a higher binary incidence in
the 1P population compared to the 2P population.

In the top panel of Fig. 9, we also present the global binary
incidences for both populations, demonstrating that the 2P global
binary incidence is smaller than that of the 1P. This difference
arises from the more centrally concentrated spatial distribution
and the higher binary ionization rate in the 2P (see Vesperini
et al. 2011; Hong et al. 2015, 2016 for the first studies of the
dynamics of binaries in multiple-population clusters based on
more idealized N-body simulations and Sollima et al. 2022;
Hypki et al. 2022, 2025 for more recent and realistic Monte Carlo
simulations).

As 1P and 2P single and binary stars mix and interact,
binary-binary and single-binary encounters can result in the for-
mation of “mixed binaries”, consisting of one 1P star and one
2P star. The encounter rate, which increases toward the cluster
center, plays a key role in the formation of these mixed binaries.
Fig. 10 shows that the fraction of the total binary population in
mixed binaries in our model is highest near the cluster center and
declines steeply in the outer regions (given the small total num-
ber of mixed binaries, to better illustrate the radial variation of
the mixed binary fraction in this figure we used all the binaries
in the model at 12 Gyr and not just those following the obser-
vational selection criteria). The radial variation observed in our
simulation aligns with the observational trend found in NGC 288
with the data analyzed in this paper and in Milone et al. (2020).

7. Summary and discussion

Binary systems provide valuable insight into the formation and
dynamical history of multiple stellar populations in GCs. Several
formation scenarios suggest that 2P stars form in a high-density
subsystem embedded in a less dense 1P cluster; the differences in
the 1P and 2P environment set at the time of the cluster formation
can affect the survival and evolution of 1P and 2P binary stars.
Therefore, the present-day binary fractions of 1P and 2P stars are
valuable indicators of the distinct environments in which these
stellar populations formed and their subsequent evolution.

Previous photometric studies mainly concentrated on bina-
ries within the innermost regions of GCs, within ∼1 Rhl (Milone
et al. 2020), while spectroscopic studies tend to focus on more
external regions (D’Orazi et al. 2010; Lucatello et al. 2015;
Dalessandro et al. 2018). To fully capture the possible differences
in the incidence of 1P and 2P binaries predicted by theoreti-
cal studies (see Vesperini et al. 2011; Hong et al. 2015; Sollima
et al. 2022; Hypki et al. 2022, 2025), along with the occurrence
of mixed binaries (comprising one 1P and one 2P star) formed
through interactions with other binaries and single stars, a com-
prehensive and consistent analysis of the radial variation in 1P
and 2P binary frequencies from the cluster center to its outer
regions is essential.

Fig. 11. Top: fraction of 2P stars as a function of the radial distance
from the cluster center. Gray circles are measurements from Jang et al.
(2022), and black diamond from this research. Horizontal and verti-
cal black lines represent the radial coverage of each data point and the
corresponding error bars, respectively. Bottom: fraction of 1P and 2P
binaries with respect to the total number of binaries, fbin, as a func-
tion of the radial distance from the cluster center. Circle markers are
measurements from Milone et al. (2020), and diamond markers from
the present work. Red and blue refer to 1P and 2P binary fractions,
respectively.

The central regions are highly influenced by the cluster’s
dynamic evolution; frequent interactions in these dense environ-
ments often erase traces of primordial binaries. Conversely, the
outer, less dense regions are more effective at preserving this
information.

In this study, we examined binaries in the outer region of
NGC 288 at ∼5.4 arcmin from the cluster center (∼2.5 Rhl) and
combined our findings with results obtained by Milone et al.
(2020) in the cluster center. To do this, we used HST images
collected in the F606W and F814W bands with ACS/WFC, as
well as in the F110W and F160W bands with WFC3/IR. To mea-
sure the binary fraction among 1P and 2P stars, we adopted the
method developed by Milone et al. (2020), thus providing homo-
geneous investigation of binaries in both the cluster center and in
the external field.

First, we disentangled the two stellar populations using the
mF160W versus mF110W − mF160W CMD, which effectively disen-
tangles stellar populations with different O abundances below
the MS knee. Next, we identified a new photometric diagram
where the sequences of the two stellar populations overlap,
the mF606W versus (mF606W − mF160W) − 0.35 (mF110W − mF160W)
pseudo-CMD, and we selected a sample of 12 binaries. To infer
the incidence of 1P and 2P binaries, we compared the CDF of the
selected binaries on the verticalized mF160W versus ∆F110W,F160W
diagram with those derived from a grid of simulated diagrams
with different fractions of 1P, 2P, and mixed binaries.

Our analysis reveales a predominance of 1P binaries com-
pared to 2P binaries in the outer regions of NGC 288 where
97+1
−3% of the binaries are 1P-1P binaries, 3± 1% 2P-2P binaries,

and none are mixed binaries. Assuming that 2P stars represent
40.5% of the total stellar population (Fig. 11), we find that the
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fraction of 1P binaries relative to the total number of 1P stars
is approximately 20 times larger than that of 2P stars. Consider-
ing a fraction of binaries with q>0.5 of 3.93 ± 0.95%, we infer
that the incidence of binaries is 6.4 ± 1.7% within the 1P and
0.3 ± 0.2% for the 2P.

In the cluster’s center, on the other hand, Milone et al. (2020)
measured a similar fraction of 1P and 2P binaries, respectively
46 ± 8% and 40 ± 8% (Fig. 11), and similar binary incidences
within each population (with a ratio of the 1P to the 2P binary
incidences equal to 1.0 ± 0.3). The radial variation in the 1P and
2P binary incidences is in general agreement with the predictions
of models of multiple-population clusters starting with a denser
2P system embedded in the central regions of a less concentrated
1P cluster: the initial differences between the 2P and 1P lead to
a more rapid binary disruption for the 2P during the cluster’s
dynamical evolution (see Section 6; see also Hong et al. 2015,
2016). Our study also reveals a difference between the degree of
spatial mixing of single 1P and 2P stars and that of 1P and 2P
binaries; as shown in the upper panel of Fig. 11, the fraction of
2P stars (as measured by Jang et al. 2022) does not vary with
the radial distance from the cluster’s center, indicating that the
two populations are mixed and lost memory of the initial dif-
ferences between their spatial distribution. The fraction of the
total number of binary stars in 2P binaries, on the other hand, is
characterized by a significant radial variation and, as discussed
above, decreases in the cluster’s outer regions (bottom panel of
Fig. 11). The differences between the degree of mixing of single
and binary stars are also in general agreement with the results
of the models presented in Section 6, where we have shown
that spatial mixing of the two populations occurs on a longer
timescale for binaries than for single stars (see Hong et al. 2019
for the first discussion of the various dynamical aspects behind
the delayed mixing of 1P and 2P binaries, and Dalessandro et al.
2018 for the possible manifestation of this difference in the kine-
matics of 1P and 2P stars in NGC 6362). Finally, we point out
that our analysis did not find evidence of mixed (1P-2P) binaries
in the cluster’s outer regions, while Milone et al. (2020) found a
fraction of mixed binaries equal to 14±7% in the central regions.
Mixed binaries have been predicted (Hong et al. 2015, 2016)
to form in binary-binary and binary-single interactions during
which one of the binary components is replaced by a star from
a different population. As shown in the simulations presented in
Section 6, these binaries are expected to form mainly in the clus-
ter’s inner regions where binary interactions are more frequent
and the difference between the inner and outer fraction of mixed
binaries is consistent with the predictions of our simulations.
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