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Abstract

Binary stars play a vital role in astrophysical research, as a good fraction of stars are in binaries. Binary fraction
(BF) is known to change with stellar mass in the Galactic field, but such studies in clusters require binary
identification and membership information. Here, we estimate the total and spectral-type high-mass-ratio (HMR)
BF (%) in 23 open clusters using unresolved binaries in color—-magnitude diagrams using Gaia DR2 data. We
introduce the segregation index (SZ) parameter to trace mass segregation of HMR (total and mass) binaries and the
reference population. This study finds that in open clusters, (1) HMR BF for the mass range 0.4-3.6 M, (early M
to late B-type stars) has a range of 0.12-0.38 with a peak at 0.12-0.20; (2) older clusters have a relativelgl higher
HMR BF; (3) the mass-ratio distribution is unlikely to be a flat distribution and BF (total) ~(1.5-2.5) x f -6, @) a
decreasing BF (total) from late B to K-type stars, in agreement with the Galactic field stars; (5) older clusters show
radial segregation of HMR binaries; (6) B-type and A-F type HMR binaries show radial segregation in some
young clusters suggesting a primordial origin. This study will constrain the initial conditions and identify the major
mechanisms that regulate binary formation in clusters. Primordial segregation of HMR binaries could result from
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massive clumps spatially segregated in the collapse phase of the molecular cloud.

Unified Astronomy Thesaurus concepts: Binary stars (154); Open star clusters (1160)

1. Introduction

Stars form as singles, binaries, and multiples as a result of
star formation. Binary stars play a vital role in star clusters, and
they are of importance in a wide variety of astrophysical
research. The evolution of binary systems leads to the
formation of exotic systems such as supernovae (SN),
cataclysmic variables (CVs), blue straggler stars (BSSs), sub-
subgiants, chemically peculiar stars, etc. As a result of star
formation, it is found that most of the stars are formed
as part of a binary/multicomponent system (Duquennoy &
Mayor 1991a; Raghavan et al. 2010; Moe & Di Stefano 2017).
Star clusters are found to be home to binary systems. As they
undergo dynamical effects, the binary fraction (BF) found in
them is likely to be different from the primordial binaries
(Fregeau et al. 2009). The presence of binaries also modifies
the dynamic evolution of star clusters (Bailyn 1995), resulting
in the evaporation of single/low-mass systems and the central
segregation of massive stellar systems.

Binary systems with white dwarfs close to the Chandrasekhar
mass limit are potential progenitors of various SN of type Ia.
There is an increase in the variety of potential SN Ia progenitor
binaries and the swelling number of different kinds of thermo-
nuclear SN (Jha et al. 2019). These systems imply that a detailed
understanding of binaries with WDs and a greater understanding
of binaries in the low-mass range (1.0-3.0 M), which are the
starting point of such systems, is necessary.

There are several studies estimating the BF in the Galactic
field, along with simulations to recreate these fractions. De
Rosa et al. (2014) estimated a BF between 1.5 and 3.0 M, as
32% (up to 44% for nonsingle systems), and Raghavan et al.
(2010) found 33% binaries between 0.8 and 1.2 M, (and up to
46% for nonsingle systems). Bergfors et al. (2010) estimated a

multiplicity fraction of 34% between 0.08 and 0.45 M.,
suggesting a decreasing fraction of binary stars with mass. A
recent review by Lee et al. (2020) presents our current
understanding of binary and multiple systems in the Galactic
field, along with a comprehensive review of estimations of BF
across a range of mass. Parker & Meyer (2014) suggested that
the binary population in the field is indicative of the primordial
binary population in star-forming regions, at least for systems
with primary masses in the range 0.02-3.0 M.

In order to study the BF in open clusters (OCs) and their radial
segregation, binaries need to be identified first. Binaries can be
identified spectroscopically or photometrically. A few relatively
old star clusters are studied using spectroscopic monitoring of
bright stars to study binarity. For example, Mathieu & Latham
(1986) and Geller et al. (2021) studied M67 and found the
spectroscopic binaries and BSS to be segregated with respect to
stars near the turnoff. Geller & Mathieu (2012) studied NGC 188
and the dynamical status of the spectroscopic binaries. Both the
studies are based on magnitude-limited stars, consisting of upper
main-sequence (MS) stars and brighter stars. Milone et al. (2012)
studied globular clusters using photometric binaries. Recently,
Thompson et al. (2021) used photometric data to estimate BF in
eight OCs. Such studies of BF in more OCs using photometric
data are needed to cover a range of cluster ages and stellar mass.
Such a study was not feasible earlier, as membership information
was lacking for numerous OCs. The situation has changed with
the Gaia data releases (Gaia Collaboration et al. 2016, 2018a),
and the membership information for a large number of star
clusters is now available.

On average, binaries have a higher total mass than their
single-star counterparts. Therefore, the energy exchange between
these two groups tends to cause binaries to sink toward the
cluster’s core. Locally, at different radii within a cluster, the
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Table 1
Parameters for the 23 OCs

Name log(age) DM Metallicity E(B-V) Core Radius Nrelax Total Members fo'6 ST
['] [pc]

IC 4651 9.3 9.77 0.1 0.12 2.5 0.66 8.89 960 0.16 + 0.02 0.34+0.1
IC 4756 8.95 8.4 0 0.2 6 0.83 7.48 543 0.31 £0.03 —0.24 £0.08
NGC 0188 9.78 11.3 0.11 0.08 2.1 1.12 10.29 1181 0.25 +0.02 0.11 +0.08
NGC 0752 9.15 8.26 0.12 0.05 6.2 0.81 11.23 433 0.19 £ 0.03 —0.05 £0.16
NGC 1039 8.4 8.53 0.1 0.08 5.6 0.83 1.04 764 0.17 £ 0.02 0.24 +0.13
NGC 2168 8.13 9.6 -0.2 0.3 43 1.04 0.49 1794 0.23 £ 0.01 0.13 +0.06
NGC 2360 9 10.23 0.1 0.1 24 0.79 8.6 1037 0.19 +0.02 0.46 +0.1
NGC 2422 8.16 8.44 0.14 0.11 49 0.7 2.05 907 0.14 £+ 0.02 0.03 +0.1
NGC 2423 9 9.8 0.15 0.1 3.1 0.82 6.49 694 0.17 £ 0.02 0.11 +0.12
NGC 2437 8.4 11.1 0.05 0.18 5.7 2.74 0.68 3032 0.3 +0.01 0.02 +0.04
NGC 2447 8.78 10 —0.05 0.04 32 0.94 3.83 926 0.19 +0.02 024 +0.1
NGC 2516 8.25 8.08 0.07 0.13 10.2 1.22 1.97 2518 0.16 £ 0.01 —0.05 £ 0.06
NGC 2547 7.7 7.68 -0.14 0.05 8.1 0.81 1.1 644 0.22 +0.04 —0.23 £0.21
NGC 2548 8.74 9.43 0.13 0.02 13.8 3.09 1.98 509 0.17 £ 0.02 0.19 +0.09
NGC 2682 9.6 9.62 0 0.05 3.8 0.92 48.68 1520 0.22 +0.02 0.25 +0.08
NGC 3532 8.6 8.35 0.1 0.02 9.4 1.28 1.49 1879 0.13 £ 0.01 0.08 +0.08
NGC 6025 8.18 9.51 0.2 0.17 2.5 0.57 0.94 452 0.21 +£0.02 —0.03 £ 0.09
NGC 6281 8.54 8.62 0.15 0.15 33 0.52 7.83 573 0.27 £ 0.02 0.06 +£0.11
NGC 6405 7.96 8.1 0.07 0.14 4.5 0.54 0.64 967 0.17 + 0.02 —0.06 £0.11
NGC 6774 9.3 7.46 0.16 0.08 9 0.82 40.67 234 0.38 + 0.06 0.24 £0.21
NGC 6793 8.78 8.65 0.1 0.27 4 0.63 6.05 465 0.17 £ 0.03 —0.42 £0.17
Pleiades 8.04 5.67 0.09 0.04 25 0.99 1.12 1326 0.14 +0.02 0.14 £0.13
Trumpler 10 7.74 7.82 -0.12 0.04 24.7 2.64 0.14 947 0.12 +0.02 0.28 +0.18

Note. log(age), distance modulus (DM), metallicity, and E(B—V) are derived from isochrone fitting. Core radii, f° 0'6, and S7 are estimated in this work. Total members

are taken from Gaia Collaboration et al. (2018b).

binary frequency also could evolve due to two-body relaxation
and dynamical friction. This dynamical mass segregation could
result in the binary frequency rising in the cluster core and
falling in the halo. Indeed, many old open and globular clusters
show a rising binary frequency toward the cluster core, which is
interpreted as the result of mass segregation (e.g., Mathieu &
Latham 1986; Geller & Mathieu 2012; Milone et al. 2012).

To quantitatively estimate the central segregation of the
binary population in these OCs, we decided to use an approach
similar to that of Alessandrini et al. (2016) by constructing
radial profiles of the binary population and comparing it with a
reference population. We introduced a new parameter to
quantitatively measure the extent of this segregation, the S7
parameter (as in Segregation Index), which can be calculated
from the radial profiles. We also divided stars by magnitude
and analyzed their radial profiles to see how binary segregation
changes with stellar mass.

In this work, we calculated BF in 23 OCs. Qualitative
measurements of binary segregation are done using a newly
introduced SZ parameter. The details of the calculations are
given in Sections 2.3 and A.l. Results for individual clusters
are discussed in Section 3. The overall discussion and
conclusions are presented in Sections 4 and 5.

2. Data and Method
2.1. Gaia Data of OCs and Isochrone Fitting

The study of the binary population across various OCs
requires a homogeneous catalog of clusters. We used the OC
catalog given by Gaia Collaboration et al. (2018b) in this study.
We selected OCs within 130-1600 pc of various ages with well-
defined MS, minimal differential reddening, and a fairly good
number of stars. The list of selected clusters is given in Table 1.

The isochrones used to fit the cluster data were obtained
from PARSEC? stellar tracks (Bressan et al. 2012). In order to
select binary stars, a good isochrone fit to the MS is a must.
Hence, we refitted the isochrones to the Gaia CMDs using
literature parameters as starting points (Dias et al. 2002;
Netopil et al. 2016; Gaia Collaboration et al. 2018b). Some
isochrone fits were modified to achieve a better match to the
MS, MS turnoff (MSTO), and red giants (RGs) present in the
CMDs visually. The x* values of our fits were compared with
the literature (Gaia Collaboration et al. 2018b; Bossini et al.
2019) and were found to be similar or better. The parameters
derived are tabulated in Table 1.

2.2. Isochrones with Various Mass Ratios

The unresolved binaries are redder and brighter than the
primary star, but the shifts in magnitude and colors depend on the
magnitude of the primary star. We used interpolated PARSEC
isochrones to calculate the magnitudes of the primary star,
secondary star, and the combined unresolved binary for various g
values. The insets in Figure 1(a) show examples of binaries with
different g values for the same primary magnitude. Figure 1(a)
also shows the binary sequences for ¢ =0 to 1. The gap between
these binary isochrones with the original isochrone depends on the
shape of the isochrone and the mass—luminosity relation. For
example, the ¢ = 0.6 sequence goes close to g =1 at Mz ~ 0 and
at ~10 mag, while it comes near g =0 at Ms~ 6. In general,
there is not much separation between the ¢g=0 and ¢=0.5
sequences resulting in the low mass-ratio binaries creating an over-
density near ¢ =0 sequence. The unresolved binaries congregate
near either ¢ = 0 or ¢ = 1 isochrones due to the uneven gaps in the

5 http:/ /stev.oapd.inaf.it/cgi-bin/cmd


http://stev.oapd.inaf.it/cgi-bin/cmd

THE ASTRONOMICAL JOURNAL, 162:264 (23pp), 2021 December

Binary sequences for various mass-ratios

Jadhav et al.

Classification as binaries and reference
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Figure 1. (a) Binary sequences forg =0, ¢ = 0.5, ¢ = 0.6, ¢ = 0.7, and g = 1. The colored filled circles show sequences with the same primary mass (or magnitude).
The two insets near M 4 and 10 illustrate the different shapes of binary sequences. (b) Schematic for selecting the HMR binary stars in OC NGC 1039. Isochrones for
q =0 and g = 1 are shown as solid and dashed back curves. The A (light blue) and B (light red) regions show the reference and HMR binary regions, respectively.

The panel also shows the division of stars into magnitude bins.

sequences (see Figure 2 of Li et al. 2020). Based on the above
factors, we chose g = 0.6 as the cutoff to select HMR binaries: the
q=0.6 isochrone stays away from both ¢g=0 and g=1 for
1-10 mag range, which is the range of MS stars in our sample, and
the ¢ =0.6 cutoff also ensures that the single MS stars are 3o
away from the binary sequence, even at the faint limit.

2.3. Estimating Cluster Parameters

Figure 1(b) shows the schematic for selecting binary stars.
We classified the stars redwards of g=0.6 isochrone as
binaries (region B) and bluewards as reference stars (region A).
More details on classifying binary stars are given in
Section A.1. Section A.2 gives the details of error calculation
using the bootstrap method. Section A.3 gives details of the
statistical tests used in the analysis: (i) the Kolmogorov—
Smirnov (KS) test is used to compare differences between two
populations, and (ii) the Spearman rank-order correlation test is
used to test the monotonic nature of any trends. We have
mainly used a p-value of <0.003 (~30 significance) to judge
the similarity in KS tests and monotonicity in Spearman tests.
The trends with |Spearman coefficient| > 0.7 are considered
monotonic for this study. Section A.4 contains possible biases
due to field contamination (which is typically <5% and
increases with apparent magnitude) and Gaia data limitations
(which can increase BF).

Table 2 shows the definitions of all the derived parameters
using the HMR binary and reference stars. We also divided the
stars into magnitude bins and calculated the same parameters
for each magnitude bin for further analysis. The notable
parameters are discussed below:

1. HMR Binary Fraction (f*°): The fraction of HMR
binaries is calculated as the ratio of HMR binary and total
stars within the same magnitude range. Since the OC
catalog consists of cluster members only, a separate
correction for field stars is not applied.

2. Core radius (7..r.): For comparing radial stellar distribu-
tions between clusters of various sizes, we calculated the
core radius by fitting King’s surface density profile
(King 1962) to the cluster radial profile.

3. Segregation index (ST ): Similar to the A™ parameter used
by Alessandrini et al. (2016), we formulated SZ to
measure the level of HMR binary segregation. SZ is
defined as the area between the normalized cumulative
radial frequency of sample population such as HMR
binaries (¢smpie) and the reference population (@t
consisting of stars in region A) in the ¢(r) — log(r/Feore)
plane. A positive value for SZ indicates relative
segregation and vice versa.

4. Normalized effective radius (R): Another way to study
radial segregation of stars is by estimating the effective
radius of their radial distribution. The effective radius of a
sample is defined as the average of the radii of all stars in
the sample. We use the normalized effective radius for
easy comparison of effective radii across clusters and
their subsets. R < 1 for a population indicates segrega-
tion and vice versa.

5. Dynamical relaxation time (Ty1ax): To study the effect of
the dynamical evolution of the cluster on the binary
segregation, we estimated the Ty.,x using the number of
stars in the cluster (Ncjuser), the radius containing half
cluster members (r), and the average mass of the cluster
members ((m); Spitzer & Hart 1971; Jadhav &
Subramaniam 2021).

2.3.1. Magnitude-binned Analysis

To study the population of HMR binary stars across various
masses, we divided the cluster MS according to the absolute
magnitudes of the sources. The MS was divided into bins of
absolute magnitudes as mention in Table 3. In many clusters,
the bin limits were adhered to. In some cases, the bins do not
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Table 2
Definitions of the Derived Parameters from the HMR Binary and Reference Stars

Term Formula Remark
Ny, Np Number of stars in region A (reference) and region B (HMR binaries)
Npa_¢ Number of stars in region B within 4-6 mag

0.6 —_M
f =i HMR BF of the whole cluster

06, —_ Mpas HMR BF within 4-6 mag

T Naa-6+NBa—6

7, Teore Radius of a star and King’s core radius of the cluster
X =log(r/reore) Radius of stars normalized to King’s radius
xmin, xmax Normalized radius of the innermost and outermost star
SI(sample, ref) = fx ::jx (Psample () — Prep(X))dx Segregation index
ST =5I(B, A) Segregation index for HMR binaries
SZy ¢ =8I(By_¢, A) Segregation index for HMR binaries within 4-6 mag
ST =SZ(As_¢, A) Segregation index for reference stars within 4-6 mag
regr(sample) :ZNL"‘T'C Effective radius of a sample
sample
R(sample) :"z““(:;z‘:i:)) Normalized effective radius of a sample
R =R(B) Normalized effective radius of HMR binaries
Ra_¢ =R(Bs_¢) Normalized effective radius of HMR binaries within 4—6 mag
Rref =R(A) Normalized effective radius of reference stars
Rffﬁ =R(As-6) Normalized effective radius of reference stars within 4-6 mag
Trelax _ 89 % 103Netuster %3 Dynamical relaxation time
<”1>0'510E(0-4Nc]usler)
Nrelax = age/Trerax Number of relaxation times passed
3.1. IC 4651
Table 3 . . .
The Mass Range and Spectral Types of Magnitude Bins Rangwal et al. (2019) estimate IC 4651 as an intermediate-
age OC of 1.59 Gyr, whereas we estimate an age of ~2 Gyr.

Mg range Mass range Spectral type The CMD (Figure 2) shows the presence of a red clump, a few
0-2 mag 3.6-1.9 M, late B-type BSS, and two sub-subgiants. The cluster has an average f0‘6
2-4 mag 1.9-12 M, A and F-type value of 0.16 £0.02, and it shows a statistically significant
4-6 mag 1.2-0.85 M, G-type monotonic increase with increasing magnitude.
6-8 mag 0.85-0.6 M, K-type From the bin analysis, we see that the Ryjnneq iS increasing as
8-10 mag 0.6-0.38 M, early M-type

cover the full bin width, either due to the presence of a large
scatter near the MS turnoff or a large scatter near the limiting
magnitude. In general, this study explores HMR binaries in the
mass range 0.38-3.6 M, (early M to late B-type), though the
exact range studied varies from cluster to cluster. The mass
range studied in most clusters is 0.5-2.0 M, (K to A-type).

3. Comments on Individual Clusters

In this section, we discuss the individual clusters. The
analysis for 23 clusters is presented in Figures 2-9. In these
figures, the CMD is shown in the first panel, with the fitted
isochrone, HMR binaries, and reference population. The cluster
members that are outside the faint and bright limit mentioned in
Section A.1 are shown as gray dots. The second panel shows
the HMR BF for various bins (£ ). The third panel shows

binned

the SZ for various bins (SZ inneq and ST ' .), along with the
mean value as a vertical line. The fourth panel shows the
normalized effective radii for reference and HMR binaries of
various bins, along with the mean values. The cumulative
radial profiles of reference and HMR binaries are shown in the
last panel. The results obtained, and the information conveyed
by the plots for each cluster are discussed below.

we go fainter. Overall the cluster shows HMR binary
segregation, with an average value of SZ =0.3 £0.1. The
reference population is also found to be radially segregated,
similar to the HMR binaries, with more segregation for the
more massive population.

3.2. IC 4756

IC 4756 is an intermediate-age OC with an age of 955 Myr
(Gaia Collaboration et al. 2018b). We fitted the isochrone using
lower MS and red clump/RGs in the CMD. The MSTO of the
cluster is relatively broad, and the cluster is a candidate for
having an extended MSTO (eMSTO). The CMD (Figure 2)
shows a varying number of binaries along the binary sequence.
The cluster CMD shows that stars redder than ¢ = 1 isochrone
are present across all magnitudes. Differential reddening and
differential rotation (Strassmeier et al. 2015) could be the
causes for the observed spread toward redder colors.

IC 4756 has one of the highest fo'6 values (0.31 +0.03)
among the clusters studied here, suggesting that it is very rich
in HMR binaries. However, the cluster shows declining HMR
BF at fainter magnitudes. The cluster has an overall negative
SZ value (—0.24 £ 0.08), and the HMR binaries in the most
massive bin show relative segregation. The effective radii
suggest that the reference population is significantly segregated
with respect to the HMR binaries in the three most massive
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Figure 2. (a) CMDs of IC 4651, IC 4756, and NGC 188. The red dots are the HMR binaries corresponding to those in region B, and the blue dots are reference
populations from region A. (b) fig}?ned variation across different magnitude bins. (¢) SZ pinneq Variation across various magnitude bins. The red error bars are SZ pinned
for HMR binaries and the blue error bars are for ST ¢, (the segregation index of the binned reference population). The green vertical lines in (b) and (c) correspond
to the mean f*° and ST, while their thickness corresponds to the 1o error. (d) Effective radii of reference and binary binned population are shown as blue and red error
bars. The blue and red vertical lines show effective radii of reference and HMR binary population, while their thickness corresponds to the 1o error. (¢) Cumulative

radial profiles of reference and binary populations. Statistically significant monotonic trends in binary or reference populations are noted by red or blue stars,

respectively.

bins. On average, the HMR binaries are located relatively
outward when compared to the reference population.

3.3. NGC 188

NGC 188 is an old OC with an age of about 5.5 Gyr (Gaia
Collaboration et al. 2018b). This cluster has a prominent binary
sequence. Mathieu & Geller (2009) reported a BF of 76% among
BSSs in this cluster. Hard-binary population in MS, giants, and
BSSs in this cluster have been studied by Geller & Mathieu
(2012), who reported a BF of 29% among the MS stars and 76%
among the BSSs. Cohen et al. (2020) reported 1% of 42 4 4%.

The f 0-6.(0.25 + 0.02) of this cluster is consistent throughout
the MS, covered by two bins (Figure 2). The SZ value is
positive (0.11 £ 08), indicating segregation of HMR binaries in
the cluster. Despite NGC 188 being one of the oldest clusters
analyzed, the cluster shows an average ST, with respect to the
rest of the clusters. The higher-mass HMR binaries

(Mprimary > 0.8 M) are tentatively more segregated than the

lower-mass HMR binaries (which are actually not segregated).
We also note that the reference population and the HMR
binaries show similar radial segregation.

3.4. NGC 752

NGC 752 is an intermediate-age OC with an age of 2.0 Gyr
(Dinescu et al. 1995). Twarog (1983) investigated the bimodal
distribution of stars on the MS, hypothesizing it to be a result of
the presence of binaries as well as differing rotational velocities.

This cluster has a f*¢ value of 0.19 + 0.03 (Figure 3). The ST
value for this cluster is close to zero indicating no segregation,
and the ST ;,.q Values are statistically insignificant since each
bin has very few binary members (~10-20). Any trends or
variations cannot be inferred due to poor statistics.

3.5. NGC 1039

NGC 1039 is a young OC with an age of 250 Myr (Rangwal
et al. 2019). The binary sequence is sparsely populated with an
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Figure 3. Plots of NGC 752, NGC 1039, and NGC 2168. All subplots are similar to Figure 2.

increasing number of members at fainter magnitudes (Figure 3).
The HMR BF is found to have an average value of 0.17 4 0.02,
with the brightest and the faintest bins having larger fractions.

l?i':’n is found to be decreasing for fainter bins until 8 mag, with a
ed

slight increase in the faintest bin, fgo'flo. Opverall, the cluster shows
binary segregation with a positive value for SZ (0.24 £ 0.13). The
SZ pinnea parameter is observed to increase with increasing stellar
mass, but the trend is not statistically significant due to large
errors. The brighter bins of the HMR binaries are also radially
segregated with respect to the reference population. It is to be
noted that the data suffer from poor statistics in certain bins and
the results are to be considered with caution.

3.6. NGC 2168

NGC 2168 (Messier 35) is a young rich OC with an age of
180 Myr (Kalirai et al. 2003). Sung & Bessell (1999) predicted
a minimum BF of 35% = 5%. This cluster is rich in stars, and
the CMD (Figure 3) shows the presence of two RGs, which
were used for fitting the isochrone. This cluster has a relatively
high value of f%° (0.23 +0.01), and a decreasing trend of
ft?ifne 4 Was observed with increasing magnitude. On average,
the binaries are segregated (SZ =0.13 £0.06) in this young
OC. Massive HMR binaries are more centrally located

compared to low-mass HMR binaries. We also note that the
reference population in this cluster does not show the presence
of radial segregation.

3.7. NGC 2360

Silva et al. (2014) and Mermilliod et al. (1989) studied the
spectroscopic binaries in NGC 2360. This intermediate-age OC
(1.8 Gyr; Giines et al. 2012) is a known eMSTO cluster
(Cordoni et al. 2018), which makes the age determination and
selection of binary stars near turnoff difficult. This cluster has
an average £ value of (0.19 & 0.02; Figure 4). However, the
higher ¢, value (>1.3M,) could be affected by the MS
spread near the turnoff. The cluster shows a positive SZ value
across all mass ranges (with SZ =0.46 +0.10). The bin
analysis shows the binary segregation peaking in the middle
bin (5Z4_¢ = 0.65 £ 0.16). This is one of the rich clusters with
high segregation of HMR binaries.

3.8. NGC 2422

NGC 2422 is a young OC with an age of about 130 Myr
(Rangwal et al. 2019; Dias et al. 2002). Dworetsky (1975) did a
spectroscopic study of this cluster and predicted the presence of
a large number of spectroscopic binaries in this cluster. We
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Figure 4. Plots of NGC 2360, NGC 2422, and NGC 2423. All subplots are similar to Figure 2.

observed an average f*° value of 0.14+0.02 and a nearly
consistent ft?ifne 4 along the MS (Figure 4). The radial profile
shows that the HMR binary population is not segregated, with
SZ 0.03 £ 0.10. The radial distribution and radial distribution of
the reference and the HMR binaries are found to be very similar.

3.9. NGC 2423

NGC 2423 is an intermediate-age OC with an age of
750 Myr (Lovis & Mayor 2007). The red clump and lower MS
were used for fitting the isochrone. As we detected a spread
near the MSTO, it is a candidate eMSTO cluster (Figure 4).
The f%° value is found to be 0.17 +0.02 and is consistent
throughout the MS. The binary population seems to show
negligible segregation (SZ =0.11 £ 0.12). The effective radii
are found to be similar between the HMR and the reference
population. The reference population shows increasing segre-
gation with stellar mass.

3.10. NGC 2437

NGC 2437 (Messier 46) is a young rich cluster with an age
of about 220 Myr (Davidge 2013). The cluster may be
physically associated with nearby planetary nebula (NGC
2438; Bonatto et al. 2008). The upper MS shows a large spread,

suggesting it to be a candidate eMSTO cluster (Figure 5). We
observed a fairly high f*¢ value of 0.30 + 0.01 for this cluster
and a decreasing trend of boifne 4 along the MS. The brightest
bin has a large HMR BF. The radial profiles indicate no binary
segregation in the cluster (SZ = 0.02 + 0.04). Bin comparison
of SZ pinnea also yields similar values.

The cluster has a high BF and shows a strong correlation
between primary mass and f];)ifned. This cluster is the most
massive cluster in our sample. Despite its large f°, there is no
binary segregation in this young cluster. The reference and the
HMR binary populations are not segregated.

3.11. NGC 2447

NGC 2447 (Messier 93) is an intermediate-age OC with an
age of about 450 Myr (Hamdani et al. 2000). Mermilliod et al.
(1989) found three spectroscopic binaries, with an RG primary
and an MS secondary A-type star (yellow straggler). Eyer et al.
(2010) found 54 variable stars in this cluster, including an
ellipsoidal binary. The cluster has a BSS, red clump, and
prominent binary sequence (Figure 5).

This cluster has an average f*° value of 0.19 + 0.02. From
the radial profiles, the HMR binary population of the cluster
seems to show central segregation (SZ =0.24 4+ 0.10);
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Figure 5. Plots of NGC 2437, NGC 2447, and NGC 2516. All subplots are similar to Figure 2.

however, SZ,_4 in the brightest bin has an anomalously high
value, though it is not due to outliers. We note that both the
reference and the HMR binaries in the brightest bin are
significantly segregated. Both reference and binary populations
show increasing segregation with stellar mass.

3.12. NGC 2516

NGC 2516 is a young OC with an age of 150 Myr (Jeffries
et al. 2001). Jeffries et al. (2001) estimated a BF of 65%-85%
in the cluster, and also observed mass segregation by
comparing the radial distribution of stars above and below
0.8 M. Gonzélez & Lapasset (2000) and Abt & Levy (1972)
studied the spectroscopic binaries in this cluster. The CMD
shows that the binary sequence is unevenly populated, with
large gaps near 1.5, 4.5, and 6.5mag (Figure 5). The
sporadically populated binary sequence is typically found only
in less populated clusters, but is an interesting feature in this
cluster. This cluster has an average f°° value of 0.16 + 0.01.
The ST parameter for this cluster is —0.05 + 0.06, indicating
no segregation of the HMR binaries. There is no mass-
dependent segregation of either HMR binaries or reference
populations. The HMR binaries are found to be distributed
outward when compared to the reference population.

3.13. NGC 2547

NGC 2547 is a very young OC with an age of about 40 Myr
(Rangwal et al. 2019). This is the youngest cluster in our
sample. Jeffries et al. (2004) found out that f* is 20%-35%
for M dwarfs. This cluster has an average f°° value of
0.22 + 0.04 and we see a nearly consistent trend along the MS,
though with large error bars due to fewer stars (Figure 6). The
small number of stars and young age leads to a negative value
for ST (=—0.23 £0.21). The massive reference population is
slightly centrally concentrated.

3.14. NGC 2548

NGC 2548 is an intermediate-age OC with an age of
420 Myr (Sun et al. 2020). Sun et al. (2020) used spectroscopic
data along with Gaia data to determine a minimum BF of 11%-
21%. The CMD shows a few RGs and a gap in binary sequence
near 5-7 mag. Fitting the isochrone to giants and turnoff
simultaneously was challenging, hence the estimated age of the
cluster is an upper limit (Figure 6). The average f* value of
the cluster is (0.17 +0.02) and shows a nearly consistent

06 o The ST value for this cluster (0.19 +0.09) indicates
binary segregation. However, the low number of binary
candidates (56) and uneven binary sequence means that the
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Figure 6. Plots of NGC 2547, NGC 2548, and NGC 2682. All subplots are similar to Figure 2.

bin analysis could be unreliable. Overall, there is an indication
that the HMR binaries are segregated in this cluster, but there is
no segregation in the binned reference population.

3.15. NGC 2682

NGC 2682 (Messier 67) is an old OC with an age of 4 Gyr
and solar metallicity (Montgomery et al. 1993). The cluster has
been studied in all wavelengths (Mathieu & Latham 1986;
Belloni et al. 1998; Sindhu et al. 2018) due to its closeness
(900 pc; Stello et al. 2016) and richness. The cluster contains
MS stars, RGs, BSSs and has a well-defined binary sequence.
Geller et al. (2015) studied the cluster and found 23% of stars
are spectroscopic binaries (in their magnitude-limited sample).
Geller et al. (2021) analyzed the sample of 0.7-0.13 M, stars
and found an overall BF of 34% +3% which increases to
70% + 17% in the central region. They found the mass-ratio
distribution to be uniform.

The OC has a prominent binary sequence and HMR BF is
consistent ( f0'6:0.22 +0.02) across the MS (Figure 6). We
found above-average segregation of binaries for NGC 2682, with
SZ =0.25+0.08. The SZ value increases sharply with an
increase in stellar mass. Due to the large number of stars in each
bin, this is a statistically significant trend. The higher-mass binary

systems (Mpimary > 1.2 M) are more centrally segregated than
the lower-mass systems. The HMR binaries are significantly
segregated when compared to the reference population. Also, the
high-mass reference population is centrally concentrated.

3.16. NGC 3532

NGC 3532 is a young age OC with an age of about 300 Myr
(Dobbie et al. 2009). Clem et al. (2011) used deep wide-field
CCD photometry to obtain various cluster parameters, estimating
a lower limit on the BF (27% + 5%). Gonzélez & Lapasset (2002)
studied the spectroscopic binaries in this cluster. The cluster has
an eMSTO (Cordoni et al. 2018), which affects the isochrone
fitting and estimation of binary stars in the brightest bin. Li et al.
(2020) recently modeled the unresolved binary population and
obtained a f* = 0.27. It has one of the lowest f*° (0.13 £ 0.01)
out of all clusters, consistent with the previous study. Minimal
binary segregation can be observed from the radial profile of this
cluster (Figure 7), with a SZ value of 0.08 £ 0.08. The reference
population shows an increasing SZ It . with mass.

3.17. NGC 6025

NGC 6025 is a young OC with an age of 151 Myr (Rangwal
et al. 2019). Gonzilez & Levato (2006) calculated a BF of
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Figure 7. Plots of NGC 3532, NGC 6025, and NGC 6281. All subplots are similar to Figure 2.

40%-50% for spectroscopic binaries. The average value of f%°
is 0.21 + 0.02. The binaries are distributed unevenly with gaps
(Figure 7). The value of SZ for this cluster is near zero
(—0.03 £ 0.09), though S7,_4 has a positive value. The radial
profile analysis suggests an absence of radial binary segrega-
tion due to the younger age of the cluster.

3.18. NGC 6281

NGC 6281 is a young OC with an age of 302 Myr (Rangwal
et al. 2019). The cluster has two giant stars and a significant
number of binary stars with an average f*° value of 0.27 4 0.02
(Figure 7). The SZ is slightly positive (0.06 £ 0.11). The high
f20f4 in the brightest bin is likely due to the narrow binary
sequence in the bin. This 300 Myr old cluster shows segregation
in the high-mass reference population.

3.19. NGC 6405

NGC 6405 (Messier 6) is a young OC with an age of 71 Myr
(Paunzen & Netopil 2006). We find the average £ value to be
0.17+0.02 and nearly consistent between 2 and 8 mag
(Figure 8). lgfne 4 increases for brightest and faintest bins, but
the mean value stays within errors. The cluster shows no HMR
binary segregation with SZ = —0.6 & 0.11. Low stellar counts

10

cause the larger error bars in the top and bottom bins. This lack
of binary segregation is supported by the young age of the
cluster. Both binary and reference segregation increase with
stellar mass, though the trends are only monotonous with p-
value of 0.03 (more than the cutoff of 0.003 elsewhere).

3.20. NGC 6774

NGC 6774 (Ruprecht 147) is an intermediate-age OC with
an age of 2 Gyr (Rangwal et al. 2019). Torres et al. (2018)
studied eclipsing binaries in this cluster. Yeh et al. (2019)
demonstrated that NGC 6774 is losing stars at a fast pace and
dissolving into the general Galactic disk. NGC 6774 has one of
the highest /™ values of 0.3840.06 among our sample
(Figure 8). Due to the small number of stars, flgfne 4 and ST
binned Values are not significant (Figure 8). However, the large
BF and binary segregation (SZ =0.24 +0.21) indicate that
single stars have been preferentially removed. The cluster
therefore contains a majority of binaries and a very interesting
target for dynamical studies.

3.21. NGC 6793

NGC 6793 is an intermediate-age OC with an age of
~600 Myr (Rangwal et al. 2019). It has an average £ value of
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Figure 8. Plots of NGC 6405, NGC 6774, and NGC 6793.

0.17 £ 0.03 and is consistent throughout the MS. The cluster
has the lowest value of SZ (=—0.42 4+ 0.17) among the set of
clusters. This is a poor cluster with fewer members, and this
leads to large errors in f*® (Figure 8). The reference population
shows increasing segregation with stellar mass, whereas the
HMR binary population appears to have a radially outward
distribution.

3.22. Pleiades

Pleiades (Messier 45) is a young OC with an age of
136-150 Myr (Abramson 2018; Mazzei & Pigatto 1989).
Mermilliod et al. (1992) studied the spectroscopic binaries in
the cluster. The Gaia CMD of this cluster shows the presence of
a large population of low luminosity stars (Figure 9). The
average value of ¢ is 0.14 & 0.02, with ft?ifne 4 Showing an
increasing trend with stellar mass. The cluster radial profiles
indicate average binary segregation (SZ = 0.14 £ 0.13). Look-
ing at the bin analysis, the value of the SZy;y,.q parameter
remains roughly constant across the magnitude bins. The
reference population becomes more segregated with increasing
stellar mass, although with a p-value of only 0.04 in the
Spearman test.

11

All subplots are similar to Figure 2.

3.23. Trumpler 10

Trumpler 10 is a young OC with an age of 60 Myr (Rangwal
etal. 2019). The value of f*° (0.12 £ 0.02) is one of the lowest
values in our sample. The average ft?ifne 4 1s consistent with the
magnitude bins (Figure 9). The SZ value for this cluster is
above the average (=0.28 £ 0.18). This small and very young
cluster shows one of the highest binary segregations. One has
to be careful while interpreting the results, as this is a poor
cluster with fewer stars.

4. Discussion

Table 1 lists the isochrone fitting parameters (log(age),
distance modulus (DM), metallicity, E(B—V), core radii,
number of relaxation periods passed, the total number of
members, f°'6, and ST for all 23 OCs. Figure 10 shows the
comparison of parameters derived from our isochrone fits with
the literature. It is to be noted that fitting the isochrones to
clusters with extended MSTO (eMSTO) may not be accurate
due to undefined MSTO, leading to uncertainties in log(age)
and metallicity. In such cases, we focused on fitting the MS,
which was useful for selecting the binary stars. The bin
estimations of fO'(’, S7, and the effective radii are tabulated in
Table 5. The cumulative distributions of the average and bin
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Figure 9. Plots of Pleiades and Trumpler 10. All subplots are similar to Figure 2.
100 1 Dias et al. (2002), Gaia Collaboration et al. (2018b), and
g Bossini et al. (2019; see Figure 10). Age and distance estimates
951 L 11 : are quite similar to the literature, while the metallicity and E(B
10 : —V) estimates of Dias et al. (2002) show a larger deviation.
£ 909 5 N . Inspection of the individual CMDs overlaid with isochrones
g x <" g suggests that the fits are satisfactory, providing confidence in
3 83 R = 8 our estimation of these parameters.
6.0 o, x + D02 74 D02 The isochrone fits were used to calculate the absolute
‘ N Sig o N (;113 magnitudes of the stars. The DM correction does not affect the
7.5 . . . . . . . overall f%° and ST values. However, some stars can change
L o e S 12 their respective magnitude bin. It will induce small errors in the
actual spectral class of the stars. Nevertheless, the general
0-21 0.31 results for the magnitude bins remain valid.
0-11 L x 4.2. HMR Binary Fraction
g . 8 go2q | { .
g 00l x  x <l . | B - Distribution of f°: The distribution of the mean value of f*°
£ am £ x ® across clusters is shown in Figure 11(a) as a dark-gray histogram.
—0.14 . . boa | O Y Tom The distribution has a prominent peak in the 0.12-0.20 bins, with
- oG8 : >'<: o Gls a median value of 0.19 4 0.06. The typical values of f*° are
021 x BI19 oo L x BI19 between 0.10 and 0.30, with one cluster at 0.38 4= 0.06. 56% of
02 -01 00 01 02 00 01 02 03 the clusters studied have <20% HMR binaries.
Metallicity E(B - V) Figure 11(a) also shows the cumulative distribution function

Figure 10. The panels show the comparison of isochrone fitting parameters
with the literature. D02: Dias et al. (2002); G18: Gaia Collaboration et al.
(2018b); B19: Bossini et al. (2019)

estimations of f*¢ and SZ for the sample studied are shown in
Figure 11. Figure 12 shows the average as well as bin
estimations of f*® and SZ along with the cluster names.

4.1. Improved Cluster Parameters

Although the aim of this work is not to improve the cluster
parameters, refitting of the isochrones was necessary to identify
the binary stars, resulting in the estimations tabulated in
Table 1. We have compared the fitting parameters with

12

(CDF) of f*¢ values for all clusters as the filled gray region.
We compared the CDFs of three age groups (log(age) < 8.4,
8.4 to 9, and >9). In general, there is a tendency to have
relatively more HMR binaries in older clusters compared to the
younger clusters. However, KS test results show that these
differences are not statistically significant. Increasing the
cluster sample can confirm if the trend is significant.
Variation of fﬁfn o4 With magnitude/mass: Table 5 lists the bin
values for the cluster sample. The 0-2 mag, 24 mag, 4-6 mag,
6—-8 mag, and 8—10 mag ranges sample 21%, 87%, 100%, 100%,
and 61% clusters respectively. Figure 11(b) shows the CDFs of
the BF in five bins. Overall, brighter bins seem to have larger BFs
compared to fainter bins. But only the 0-2mag bin is
significantly different (30) while the 8—10 mag bin differs from
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Figure 12. (a) Distribution of f0 6 and l?ifncd for all clusters. (b) Distribution of SZ and SZ ;neq for all clusters. The clusters are arranged in increasing order of f0'6

and S7 in (a) and (b) respectively.

the overall distribution with a 20 difference. We note that the
HMR BF over the three most sampled bins shows a progressive
reduction between 1.9 and 0.6 M. IC 4756, NGC 2168, NGC
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2360, NGC 2437, NGC 3532, and NGC 6281 show a statistically
significant increase in BF with stellar mass. On the other hand, IC
4651 (and to some extent NGC 188) shows a reverse trend. This
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Table 4
The Average BF from all Clusters for Different Magnitude Bins

Mag Blnary Ref. f l?i‘:ned 6 f lg-nGHEd f :ﬁ:‘lﬂe‘]
bin stars stars

0-2 18 47 0.28 0.07 0.41-0.88
2-4 677 1668 0.29 0.01 0.55-0.75
4-6 940 3664 0.20 0.01 0.39-0.53
6-8 828 3984 0.17 0.01 0.33-0.45
8-10 297 1301 0.19 0.01 0.26-0.49
Total 2760 10664 0.206 0.004 0.30-0.53

Note. The errors in the fifth column are Poisson errors. The last column shows
the expected range of total BF assuming a multiplicative factor of 1.5 to 2.5
(i.e., 1.5(x — éx) to 2.5(x + éx)).

result can also be seen from Figure 12(a), where the blue triangles
are found to be higher than the average.

Based on the reference and binary stars in all clusters, we
calculated the average f*° for different magnitude bins, and the
same are shown in Table 4. As mentioned above, not all
magnitude bins are sampled for all clusters, but all bins (except
the 0-2 mag bin) have a significant number of stars. Due to the
selection criteria, the 8—10 mag bin values are not complete.
More precise and deeper data is required to get accurate BFs in
the faintest bin.

4.3. Total Binary Fraction and Comparison with Literature

We estimated the mean £%° value as 0.20 = 0.06. The total
BF (f°“) can be estimated provided one knows the g
distribution (f(g)). If we assume a flat distribution, then the
total BF becomes 2.5 x f*°. If this is the case in all clusters,
then the f*°“' range becomes 0.3 to 0.96. The total BF is
unlikely to be 96%, therefore it is likely that the f(g) is not a flat
distribution, at least in some clusters. Fisher et al. (2005)
estimated an f(g) of solar neighborhood binaries with a peak
near ¢ = 0.9-1.0. In Table 4, the total binaries are 369, while
binaries with ¢ > 0.6 are 190. Hence, total BF can be calculated
as % ~ 2 x %6, However, such total BF strongly depends on
the empirical f(g). Moreover, f (g) may not be the same for all
clusters. Hence, we only used ¢ in this work for analysis.

Thompson et al. (2021) used SED fitting techniques to identify
the binary stars in eight OCs, and three clusters are common
between our sample. The BF obtained by Thompson et al. is
approximately 1.7-2.6 x f*°, which is close to those obtained
from Fisher et al. (2005) and a possible flat distribution.
Comparison of Li et al. (2020) and our results for NGC 3532
shows that 2 ~ 2.1 x f*°. Recently, Sun et al. (2021) derived
4 of IC 4756 to be 0.48 using stars in the absolute magnitude
range of 2.8-4.8mag. The value is similar to f20f4 (=
0.45 4+ 0.07) or 1.5 x f*°. As we see that this cluster has a
very strange distribution of binary stars, the factor estimated here
may not be similar to that found in other clusters. If we assume a
multiplicative factor of 1.5-2.5 to obtain the total BF, then the
mean BF (f“) will be 30%—50%, which is not very different
from the BF known from the literature.

We compared the BF values of past literature to our study:

1. Cohen et al. (2020) found f%° to be 42% + 4% using
multiband CMDs of NGC 188, whereas £%° is 25% =+ 2%.
Contrary to Fisher et al. (2005), Cohen et al. found that the
f(g) distribution decreases from g =0.5 to 1.0.
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2. Sung & Bessell (1999) and Leiner et al. (2015) found a
minimum BF of 35% + 5% and 24% + 3% respectively
in NGC 2168, whereas we estimate f%° of 0.23 £ 0.01
and total BF of 34%-57%.

3. Jeffries et al. (2001) suggested a BF of 65%-85% for
NGC 2516, and we estimate a total BF of 24-39%, which
is on the lower side.

4. Jeffries et al. (2004) found f 05 of 20%—35% for M dwarfs
in NGC 2547. On the other hand, we estimate an HMR
BF for M stars in this cluster as 0.20 +0.09, which
amounts to a total BF of 30%—-50%.

5. Sun et al. (2020) used spectroscopic data along with Gaia
data to determine a minimum BF of 11%-21% in NGC
2548, and we estimate an HMR BF of 0.17 £ 0.02.

6. Geller et al. (2015) and Geller et al. (2021) found 23-34%
of the stars are spectroscopic binaries in NGC 2682,
whereas we find a comparable HMR BF to be 0.22 £ 0.02,
considering the fact that HMR binaries are potential
candidates to be detected as spectroscopic binaries.

The values of total BF depend on the exact f(g) distribution for
photometric studies and on the orbits and timeline of follow-
ups in the case of spectroscopic studies. Most of the above
literature studies have accounted for these biases, and we have
quoted the total BF values wherever possible. Overall, our
estimations are found to be more or less matching with the
estimations in the literature, wherever they are available.

Based on average BF across all clusters, there is a reduction
in the BF from B (0.28 4+ 0.07) to K-type (0.17 = 0.01) and a
slight increase in the early M-type (0.19 +0.01). It is known
that BF in the Galactic field decreases as a function of mass.
Over 70% of massive B and A-type stars are observed in binary
or multiple systems (Kouwenhoven et al. 2007; Peter et al.
2012). The BF decreases to 50%—60% for Solar-type stars
(Duquennoy & Mayor 1991b; Raghavan et al. 2010) and
around 30%-40% of the less massive M-type stars are in
multiple systems (Fischer & Marcy 1992; Delfosse et al. 2004;
Janson et al. 2012). A similar trend is observed among the
young systems (Lee et al. 2020, and references therein). The
reducing trend seen in the Galactic field is replicated in the
clusters. Unlike the field, we do not see the BF reducing from K
to M-type stars. A possible reason could be reducing reference
population due to the evaporation of low-mass stars, but a
bigger sample size and deeper data are needed to confirm
whether the effect is universal and its cause.

4.4. Binary Formation Mechanisms

The binary formation mechanism must be able to explain the
range of observed separations and the observed mass-ratio
distribution among binary systems. Lee et al. (2020) present a
discussion of theoretical models. Suggested mechanisms are
turbulent fragmentation of a core, the gravitational fragmenta-
tion of an unstable accretion disk, or gravitational capture
during dynamical interactions. Hydrodynamical simulations
suggest that all three mechanisms operate during the formation
of star clusters (Lee et al. 2020). The dominant mode will
depend on the parent cloud’s physical processes (such as
feedback mechanisms from forming stars, turbulence, and
magnetic field). Studies show that increased radiative feedback
reduces disk fragmentation (Bate 2009, 2012), while magne-
tized clouds could produce more binaries (Cunningham et al.
2018; Lee et al. 2019).
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In principle, observed estimates of BFs could be used to
constrain numerical calculations by introducing limits on initial
conditions (Kroupa 1995). However, due to insufficient statistics
and significant errors in observations, such realistic comparisons
have not been possible. Our BF estimates for a reasonably large
number of clusters can be a valuable input to the numerical
simulations. Several clusters have a statistically good number of
members and, therefore, will help in constraining the initial
conditions of their formation and identifying the major
mechanisms responsible for regulating binary formation.

4.5. Segregation of HMR Binaries

Distribution of ST: Figure 11(c) shows the distribution of
the mean value of SZ across clusters in dark gray. It shows a
peak between 0.0 and 0.2, though the estimated range is from
—0.42 to 0.46. A positive ST value suggests a moderate
amount of mass segregation of the HMR binaries with respect
to the reference population. Seven OCs show negative values
of the SZ parameter, however, four of the values are within 1o
of 0 (Figure 13(a)) indicating statistically insignificant
differences in radial profiles.

The age binned CDFs in Figure 11(c) show that older
clusters typically have positive values with peaks higher than
the average value. The intermediate and the younger clusters
show a CDF similar to the average. In the case of intermediate-
age clusters, there are more clusters with a positive value when
compared to those with a negative value. Nevertheless, there is
no statistically significant monotonous correlation between age
and mass of the cluster and SZ. Figure 12(b) shows that there
are slightly more clusters with positive values of SZ. Among
clusters with a significant number of members, NGC 2360 has
the highest SZ value, followed by IC 4651 and NGC 2682,
suggesting that the HMR binaries in these clusters show radial
segregation, with respect to the reference population. Our
estimates show that all clusters older than 300 Myr are relaxed,
and therefore expect segregation of more massive binaries/
stars. On the other hand, IC 4756 shows a negative index, even
though it is expected to be relaxed (Nye1ax = 7.48). We note that
the lower-mass bins show similar segregation for both the
HMR and the reference population, whereas the more massive
bins show preferential segregation of single stars. This is an
unexpected result. We suggest a couple of possibilities. It may
be that a good fraction of stars falling in the HMR binary
region for the massive bins are peculiar single stars (such as
fast rotators, chemically peculiar stars) and not binaries.
Another possibility is that a good fraction of the radially
segregated massive single stars are the products of mergers in
binaries that are already segregated. A detailed study is
required to understand this reverse segregation.

Variation of ST with magnitude: Figure 11(d) shows the bin
CDFs of SZ. The CDFs of brighter stars are rightwards,
indicating more segregation for the massive stars. While CDFs
of 6-8 and 8-10mag bins are leftwards of the mean SZ,
indicating less segregation for the lower-mass stars, overall 0-2
(30) and 8-10 mag (20) bins show significant differences from
the total SZ distribution according to the KS test.

The second columns in Figures 14 and 15 show the variation
of 87 pinnea — SZ with mass and magnitude. From these panels, it
becomes clear that, overall, the massive HMR binaries are more
segregated compared to the less massive ones. However, the
monotonous trend is absent in the most relaxed/oldest clusters.
However, the reference population (third columns in Figures 14
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and 15) shows the monotonous trends in older/relaxed clusters,
but not in young/unrelaxed clusters. This suggests that in
unrelaxed clusters, HMR binary segregation depends on primary
mass. In relaxed clusters, the reference population segregation
increases with stellar mass, but the HMR binary segregation is
not impacted by the primary mass. We note that older clusters
have comparatively larger segregation (Figure 11(c)), just that
there is no internal stellar mass dependence.

In summary, the more massive HMR binaries (>1.0 M., are
segregated in general, across clusters of all ages, though there
are a few exceptions. The HMR binaries (B and A-F types) in
some clusters are radially segregated even when the clusters are
not relaxed. However, in relaxed clusters, the segregation of
HMR binaries does not depend on the primary mass.

Normalized effective radii: The normalized effective radii (R)
for all the clusters are tabulated in Table 5. We see that four
clusters show a statistically significant deviation between the
HMR binaries’ values and the reference population. These are IC
4756, NGC 2360, NGC 2548, and NGC 2682. Among these
four, we find that the HMR binaries in NGC 2360, NGC 2548,
and NGC 2682 have smaller radii than the reference population,
suggesting that they are preferentially located well inside the
cluster. On the other hand, the HMR binaries in IC 4756 have
larger radii with respect to the reference population, suggesting
that they are located relatively outward in the cluster.

The bin distribution of the R suggests that the massive HMR
binaries have a relatively smaller R, with respect to the less
massive ones, similar to that observed for SZ values. This is
shown in the fourth columns of Figure 14 and Figure 15. The
intermediate-age clusters shown in the third row suggests a
scatter for the high-mass end of the HMR binaries and an
outward distribution in the low-mass end. This trend continues
to the older clusters. Therefore, it is interesting to note that in
general, the low-mass HMR binaries have a relatively extended
distribution for older clusters.

Segregation of reference population: The segregation index
for reference population (ST & ) is a valuable tool to detect
the segregation within different magnitude bins of the reference
population. Furthermore, nine out of 23 clusters showed a
significant monotonous increase in ST {ﬁfmd with stellar mass.
The third column of Figure 15 shows that relaxed clusters have
a monotonous increase in segregation with primary mass. The
effective radii of the reference population also decrease with
increasing mass for these clusters (fifth column of Figure 14).
Therefore, we find evidence for an increase in segregation with
stellar mass for the reference population for relaxed clusters
and clusters older than 250 Myr.

We find an interesting trend for the intermediately relaxed
clusters (third row in Figure 15). Here, when the HMR binaries
(>1M;) do not show clear segregation, the reference
population in the same mass range shows clear segregation.
We note that this group has several suspected eMSTO clusters
and hence the binary selection in brighter bins can be affected
due to the degeneracy in unresolved binaries, rotational
velocities, and differential metallicity /extinction.

Nature versus nurture: The mass segregation found in star
clusters could be either dynamical or primordial. We detect
radial segregation of bright HMR binaries in unrelaxed clusters
but not for bright reference populations (second row of
Figure 15). These clusters are not relaxed, and therefore the
mass segregation is likely to be primordial.
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Many studies find mass segregation in young clusters
that are not relaxed (Meylan 2000). The primordial mass
segregation would demand a preferential central formation of
massive stars (Murray & Lin 1996). Recently, studies of cloud
fragments found evidence of mass segregation (Plunkett et al.
2018; Dib & Henning 2019). A recent study by Nony et al.
(2021) finds that the most massive clumps (M =9.3-53 M..)
are located in the central protoclusters. They proposed that the
observed mass segregation could be inherited from that of
clumps, originating from the mass assembly phase of molecular
clouds, in agreement with the scenario of the global
hierarchical collapse of molecular clouds (Vazquez-Semadeni
et al. 2019). Konyves et al. (2020) found that the most massive
protostellar cores of their sample (2-10 M) in Orion B were
found to be spatially segregated. They also suggested that
intermediate-mass and high-mass protostars may form prefer-
entially in the dense inner parts of clouds, leading to primordial
mass segregation. Not many studies have been carried out to
trace the segregation of binaries in very young star clusters.
The mass range of clumps reported for the cases mentioned
above is massive enough to produce the mass range of the early
type HMR binaries studied here. We suggest that primordial
segregation of HMR binaries in young clusters can arise in the
massive clumps that are spatially segregated in the collapse
phase of the molecular cloud (for which there is observational
evidence) as HMR binaries require massive clumps for their
formation.

5. Summary

1. We have improved the estimates of cluster parameters for
23 clusters. We identified high mass-ratio (g > 0.6)
binaries and studied their fraction (%) in clusters across
a range of age and stellar mass. We also defined a new
parameter (SZ) to quantitatively trace radial segregation
of HMR binaries with respect to the rest of the
population.

2. The estimates of HMR BF range between 0.12 and 0.38,
with the peak between 0.12 and 0.20 (56% of clusters).
NGC 6774 (0.38 £ 0.06) and IC 4756 (0.31 = 0.03) have
the highest BF, while Trumpler 10 (0.12 £0.02) and
NGC 3532 (0.13 £ 0.01) have the lowest.

3. We find that clusters older than 1 Gyr have relatively
higher f%°, whereas the younger clusters have relatively
lower f%°.

4. Magnitude bin analysis of HMR BF shows a decreasing
BF from late B to K-type. The average %% in the 0-2
mag bin (late B-type stars) is 28% =+ 7%, 2—4 bin (A-F
type) is 29% =+ 1%, 4-6 bin (G-type) is 20% + 1%, 6-8
bin (K-type) is 17% =+ 1%, and 8-10 bin (early M-type)
is 19% =+ 1%.

5. Comparison to the literature and field binary population
suggests a multiplicative factor of 1.5-2.5 to 6get total BF
from HMR binaries (/' ~1.5t02.5 x ). We esti-
mate the total BF as late B-type 41%—-88%, A-F type
55%-75%, G-type 39%-53%, K-type 33%-45%, and
early M-type 26%—49%. The observed decrease in BF for
B-K type stars is in agreement with Galactic field stars.

6. In unrelaxed clusters, the brighter HMR binaries are more
segregated with respect to low-mass HMR binaries,
whereas the reference population does not show mass-
dependent segregation. This segregation of B and A-F
type HMR binaries could be of primordial origin. B-type
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and A-F type reference populations show mass-depen-
dent segregation for clusters older than 250 Myr,
consistent with their relaxation time. Furthermore, the
HMR binaries and reference stars are similarly segregated
with respect to their mass in relaxed clusters.

7. The effective radii of the HMR binaries show a more or
less similar trend as SZ. NGC 2360 and NGC 6774 have
the smallest effective radii, whereas IC 4756, NGC 2547,
and NGC 6793 have the highest effective radii for HMR
binaries when compared to the reference population.
While the massive HMR binaries have smaller effective
radii, the lower-mass HMR binaries show a relatively
extended distribution.

8. IC 4756 stands out as a cluster with a large HMR BF.
However, it shows a relatively extended distribution of
the HMR binaries with respect to the reference popula-
tion, even though the cluster is expected to be
dynamically relaxed.
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Appendix A
Appendix Information

A.l. Selection of Binary Stars

We selected the sample of high mass-ratio (HMR) binaries
as follows:

1. Fitted an isochrone to the single stellar population of the
MS. Created additional isochrone for ¢ =1 and verified
that most of the stars lie within ¢g=0 and g=1
isochrones.

2. Identified the usable region of the MS by removing
fainter stars and stars near and above the MSTO. The
magnitude cutoffs were limited to multiples of 0.25 mag.
The faint limit was chosen as the magnitude at which the
width of the MS becomes 6 X bp_rpewor- This ensures
that the single and binary sequences are at least 30 apart
in the color axis. The faint limit was increased for NGC
2422, NGC 2682, and NGC 3532 due to unsatisfactory
isochrone fitting the lower MS. The upper cutoff was
selected by checking the goodness of the isochrone fit
and that the g =1 and ¢ = 0 isochrones do not overlap.
For all further analytical purposes, we use only this
portion of the stars.

3. We selected stars bluer than g =0.6 isochrone (up to
0.2 mag bluer than the g = 0 isochrone) as reference stars.
Stars redder than g = 0.6 isochrone (and up to 0.2 mag
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redder than the ¢ =1 isochrone) are classified as HMR
binaries.

The magnitude binned parameters for all clusters
along with uncertainties are given in Table 5.

A.2. Error Estimation

To estimate the errors in f0‘6, S7Z, and R, we utilized the
bootstrap method. This entails taking random samples of the
data and estimating parameters of the subpopulation. Here, we
measured £*¢ and SZ for 1000 random samples of each cluster.
The mean and standard deviations of the 1000 measurements
are quoted in Table 1. £0°  STiinea ST X1 R, Roinneds

binned’ binned»
R, and R{f,—ﬁned were also calculated in each subpopulation,
whose mean values and standard deviations are quoted in
Table 5 for the 23 clusters studied here.

A.3. Statistical Significance

We used the Kolmogorov—Smirnov (KS) test to compare
whether any two populations are statistically significantly
different. For example, we compared the binned BF values
with the total f*° distribution in Figure 11. The solid lines in
the plot indicate the distributions that are different with 99.7%
confidence (p-value <0.003; ~ 30 significance), dashed lines
have 95% confidence (p-value <0.05; ~2¢ significance), and
dotted lines have less than 95% confidence. Similarly, we
compared the SZ values with p-values of the KS test run on the
radial distributions of the reference and HMR binary stars.
The p-values are small for clusters with |SZ| > SZeyor
(Figure 13(a)). This reflects the fact that the two populations
are significantly different if SZ is roughly 30 away from 0.

For analyzing increasing and decreasing parameters, we used
the Spearman rank-order correlation coefficient. As our
parameters have uncertainties, we used the Monte Carlo
approach by adding Gaussian noise to the data and calculating
Spearman coefficient distribution for 100 iterations. For
example, the red circles in Figure 13(b) indicate that ST
ref ., for clusters older than Gyr, is decreasing with magnitude.

Jadhav et al.

The gray dots show the values of parameters after adding the
Gaussian noise. Figure 13(c) shows the distribution of
Spearman coefficients and p-values for the 100 iterations. If
the median p-value is less than 0.003, and the Spearman
correlation coefficient is more than 0.7 (or less than —0.7), then
we deemed the trend to be significantly monotonous. In
Figure 13(c), the distribution peaks in the bottom left corner,
illustrating a strong monotonous trend.

A.4. Data Limitations

Field contamination: We have assumed the membership
catalog contains no field stars; however, this is not completely
accurate. We used a method similar to Milone et al. (2012,
Section 4.1.1) for estimating field star contamination from
vector point diagrams of up to 5%. As this method does not
account for parallax, we can consider the 5% as the upper
bound on the field contamination, which will affect both the
single and binary populations. The field contamination
increases with the apparent magnitude and depending on the
closeness of members and field in the proper motion space.
However, this should impact the binary and reference
population uniformly. Fortunately, the effect is most prominent
below 18 G-mag, and this section was typically removed due to
selection criteria mentioned in Section A.l point 2. The exact
field contamination analysis needs to be done during the
membership determination process and is beyond the scope of
this paper.

Selection biases in Gaia data: The quality checks applied in
Gaia Collaboration et al. (2018b) may lead to the removal of
around 12% of member stars from both the main-sequence and
binary regions (Jadhav et al. 2021, Section 5.3). It has been
seen that binary stars have higher statistical errors in Gaia data
(Gaia Collaboration et al. 2018b; Riello et al. 2021), which can
lead to a slight increase in the BF values. Additionally,
approximately 1% of stars do not have proper motions in Gaia
data due to various reasons, which does not affect the overall
results presented here.
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Figure 13. (a) Comparison of SZ and p-values of the KS test for radial distribution of HMR binary stars. The blue and gray error bars represent 1o and 3o errors. (b)

ref

Variation of S7

binned With magnitudes for old clusters. The red circles are actual values and the gray dots are values after adding Gaussian noise. (c) Distribution of the

Spearman correlation coefficient and p-values for 100 noisy distributions in panel B. The red dashed lines show median values of the correlation coefficient and p-value.
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Figure 14. The trends of different binned parameters are shown here. The columns show the trends in fl?ifne 0> ST vinned» ST el ed> Robinned> and R, with magnitude
and mass. The different rows show the different sets of clusters based on age (first: all clusters; second: young clusters; third: medium age clusters; fourth: old
clusters). The clusters with more than 400 stars (N4 + Np) are shown with darker colors in each subplot. The rightmost subplots show the approximate mass of the
primary stars. Orange error bars on the right side of the panels indicate the mean errors in the parameters. A filled green star in the top left corner indicates a monotonic
trend with p-value <0.003, and a hollow green star represents a monotonic trend with p-value € (0.003, 0.05).
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Figure 15. The trends of different binned parameters are shown here. The columns show the trends in fl?ifne 0> ST vinned» ST el ed> Robinned> and R, with magnitude
and mass. The different rows show the different sets of clusters based on age (first: all clusters; second: unrelaxed clusters; third: moderately relaxed clusters; fourth:
relaxed clusters). The clusters with more than 400 stars (N4 + Np) are shown with darker colors in each subplot. The rightmost subplots show the approximate mass of
the primary stars. Orange error bars on the right side of the panels indicate the mean errors in the parameters. A filled green star in the top left corner indicates a
monotonic trend with p-value <0.003, and a hollow green star represents a monotonic trend with p-value € (0.003, 0.05).
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Table 5
Parameters of Reference and HMR Binary Populations

Namel Na Ny (?',62 20,64 4?,66 60',63 fgo;él() SIO-Z 812»4 SI4-6 SIG-S SIS»IO ST {]efz ST £e£4 ST ff(,

IC 4651 598 117 0.12 0.16 0.18 0.32 0.52 0.1 0.39 0.01
+0.05 +0.02 £0.02 +0.32 +0.16 £0.11 +0.12 +0.03

IC 4756 313 142 0.45 0.33 0.29 0.23 -0.09 -029 -026 —-0.28 0.45 0.07
+0.07 +0.05 £0.05 =£0.05 +0.16  +0.12  £0.13  £0.17 +0.17 +0.07

NGC 0188 440 148 0.22 0.28 0.15 0.08 0.06
+0.03  +0.03 +0.13 +0.1 +0.03

NGC 0752 139 33 0.17 0.12 0.23 0.26 0.2 —0.51 0.02 0.01 0.06 —0.15
+0.07 +0.05 +£0.07 =£0.08 +0.33 +034 £0.27 +£0.31 +0.12 +0.1

NGC 1039 320 65 0.22 0.17 0.13 0.19 0.53 0.37 0.08 0.06 0.02 0.05
+0.06 +0.04 +0.03 £0.05 +0.21  +027 +£0.19 +£0.26 +0.12 +0.07

NGC 2168 895 274 0.39 0.23 0.16 0.24 0.14 —0.03 —0.01 0.02
+0.03  +0.02 £0.02 +0.09 +0.11 =£0.11 +0.06 +0.04

NGC 2360 534 124 0.34 0.16 0.16 0.26 0.65 0.45 0.18 0.01
+0.05 +0.02 +£0.02 +0.14  +0.15  £0.17 +0.09 +0.04

NGC 2422 367 60 0.17 0.09 0.13 0.19 0.12 —0.05 0.06 —0.02 0.22 —0.11
+0.05 +0.03 £0.03 £0.05 +0.21 +034 £0.15 +£0.17 £0.1 +0.07

NGC 2423 293 62 0.21 0.13 0.19 0.21 0.02 0.09 0.13 0.04
+0.05 +0.03  £0.04 +0.25 +0.15 £0.17 +0.08 +0.06

NGC 2437 1241 544 0.44 0.27 0.2 0.14 —-0.09 —0.07 0.08 —0.02
+0.02  +0.02  £0.02 +0.06  +0.06 £0.08 +0.04 +0.03

NGC 2447 508 119 0.24 0.17 0.16 0.22 1 0.22 -0.02  —-0.09 0.38 0.09
+0.05 +0.03 +£0.03 £0.04 +0.25 +0.16 £0.15 +£0.17 +0.09 +0.06

NGC 2516 1312 244 0.18 0.17 0.1 0.17 0.24 —-0.06 —-0.05 —0.12 0.06 0.07
+0.03 +0.03 +£0.02 £0.02 +0.21  +0.13  +£0.13  +£0.07 +0.07 +0.05

NGC 2547 123 35 0.24 0.28 0.18 0.2 -0.24 -042 —-0.09 —-0.07 0.19 0.15
+0.08 +0.08 £0.06 +0.1 +0.37  +042 +0.3 +0.4 +0.17 +0.16

NGC 2548 271 56 0.2 0.19 0.11 0.19 0.17 0.21 0.23 0.17 —0.01 —0.05
+0.06 +0.04 £0.03 £0.05 +0.16  +0.13  £0.28 +£0.14 +0.08 +0.06

NGC 2682 571 162 0.2 0.23 0.22 0.34 0.22 0.12 0.12
+0.02  +0.03  £0.05 +0.12  +0.11  +0.17 +0.04

NGC 3532 1030 157 0.17 0.14 0.11 0.09 0.16 0 0.2 0.02
+0.02  +0.02 £0.01 +0.14  +0.13  £0.12 +0.04 +0.04

NGC 6025 319 84 0.3 0.23 0.22 0.18 0.46 0.11 —-0.16 —0.07 —0.05 0.12 0.11
+0.12 +0.06 +0.04 +£0.03 +0.24  +021 £0.15 £0.11 +0.16 £0.1 +0.07

NGC 6281 322 119 0.51 0.36 0.27 0.22 —-0.02 0 0.12 0.06 0.49 0.36 —0.05
+0.17 +0.06 +0.04 £0.03 +043  +0.17 +0.2 +0.18 +0.66 +0.11 +0.07
NGC 6405 301 60 0.29 0.13 0.17 0.15 0.24 0.25 0.26 —0.09 0.01 —0.58 0.94 0.2 —0.04
+0.14 +0.04 +0.04 £0.04 +0.08 +042 +£0.32 +0.2 +0.17  £0.18 +0.27 +0.09 +0.07

NGC 6774 67 42 0.4 0.56 0.26 0.34 0.23 0.06 0.13
+0.09 +£0.13 £0.09 +0.25 +036  +0.36 +0.17

NGC 6793 163 33 0.11 0.25 0.16 0.11 0.68 -0.71 —0.48 0.44 0.59 0.11
+0.05 +0.06 £0.04 =£0.06 +0.12 +0.19 +£0.28 £0.48 +0.17 +0.12

Pleiades 331 54 0.23 0.31 0.15 0.1 0.06 0.52 0.17 0.21 0.06 —0.16 0.27 0.1 0.01
+0.11  +0.07 +0.04 £0.03 +0.03 +0.85 +0.26 £0.27 +0.19 +0.41 +0.27 +0.13 +0.06

Trumpler 10 194 26 0.17 0.1 0.17 0.07 0.13 1.52 0.01 0.28 0.02 0.43 0.14 —0.04 —0.07
+0.08 +0.05 +£0.05 +0.03 +£0.06 £0.05 +0.33 £0.27 +0.4 +0.49 +0.26 +0.08 +0.07

Note.

! See Table 2 for definitions.
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Table 6
Parameters of the Binned Reference and HMR Binary Populations
Name ST ¢y ST ¥l 1 of(cluster) [deg] R Rref Ro-2 Ra-s Ra-s Re-s Rs-10 R&L, Rit4 Ryl ReTs Rt
IC 4651 —0.08 0.118 1.02 0.89 0.55 0.73 1.07 0.06 0.12 0.14
£0.03 0.006 +0.07 +0.14 +0.31 +0.18 +0.22 +0.01 +0.01 +0.01
IC 4756 —0.1 —0.16 0.85 0.89 1.24 0.92 1.28 1.36 1.35 0.42 0.54 0.82 1.08
+0.07 +0.09 0.057 +0.1 +0.15 +0.24 +0.24 +0.29 +0.34 +0.14 +0.09 +0.11 +0.16
NGC 0188 —0.06 0.042 0.98 1.07 1.18 0.98 0.04 0.04
+0.04 0.003 +0.09 +0.17 +0.29 +0.19 +0.0 +0.0
NGC 0752 0.17 —0.07 0.912 0.98 1.1 0.62 2.02 0.98 0.98 0.58 1.05 0.74 1.21
+0.13 +0.17 0.132 +0.21 +0.38 +0.63 +1.14 +0.53 +0.76 +0.23 +0.26 +0.26 +0.42
NGC 1039 —0.07 0.04 0.395 1.04 0.8 0.26 0.64 0.87 1.33 0.41 0.32 04 0.55
+0.06 +0.11 0.037 +0.14 +0.23 +0.17 +0.3 +0.47 +0.65 +0.11 +0.06 +0.06 +0.12
NGC 2168 —0.01 0.253 1 1 0.65 1.04 1.4 0.26 0.23 0.27
£0.03 0.011 +0.07 +0.11 +0.11 +0.17 +0.22 +0.03 +0.02 +0.02
NGC 2360 —0.07 0.084 1.09 0.63 0.54 0.49 0.85 0.07 0.08 0.11
+0.04 0.005 +0.09 +0.11 +0.12 +0.14 +0.26 +0.01 +0.01 +0.01
NGC 2422 0.03 —0.11 0.223 1 0.99 0.72 2.18 0.8 0.81 0.16 0.27 0.19 0.29
£0.05 +0.08 0.016 +0.11 +0.23 +0.3 +1.15 +0.34 +0.24 +0.03 +0.04 +0.02 +0.04
NGC 2423 —0.15 0.17 1.01 0.93 1.02 0.83 0.92 0.13 0.15 0.23
+0.06 0.013 +0.11 +0.2 +0.37 +0.32 +0.28 +0.02 +0.02 +0.03
NGC 2437 —0.03 0.094 1.02 0.95 0.77 1.15 0.99 0.08 0.1 0.11
+0.04 0.003 +0.05 +0.06 +0.08 +0.11 +0.13 +0.01 +0.01 +0.01
NGC 2447 —0.04 —0.35 0.147 1.01 0.96 0.31 0.99 1.16 1.24 0.08 0.11 0.14 0.26
£0.05 +0.06 0.009 +0.09 +0.15 +0.15 +0.37 +0.3 +0.31 +0.02 £0.01 +0.02 +0.03
NGC 2516 0.01 —0.04 0.882 0.99 1.07 0.84 1.13 1.07 1.1 0.83 0.78 0.8 0.95
+0.04 +0.03 0.033 +0.05 +0.1 +0.22 +0.22 +0.27 +0.14 +0.1 +0.07 +0.07 +0.06
NGC 2547 —0.16 —0.16 0.978 0.91 1.32 0.99 2.31 0.86 0.37 0.52 0.73 1.2 0.94
£0.13 +0.22 0.157 +0.22 +0.44 +0.53 +0.95 +0.68 +0.26 +0.25 +0.28 +0.32 +0.48
NGC 2548 0.06 —0.02 0.105 1.05 0.73 0.71 0.63 1.06 0.61 0.11 0.12 0.11 0.1
+0.06 +0.07 0.005 +0.07 +0.12 +0.23 +0.17 +0.37 +0.14 +0.01 +0.01 +0.01 +0.01
NGC 2682 —0.09 —0.12 0.157 1.07 0.75 0.72 0.74 0.83 0.15 0.18 0.18
+0.04 +0.08 0.008 +0.08 +0.1 +0.15 +0.15 +0.24 +0.01 +0.02 +0.03
NGC 3532 —0.11 0.535 1 1.01 1.12 0.87 1.06 0.34 0.56 0.61
+0.03 0.025 +0.07 +0.15 +0.3 +0.2 +0.24 +0.04 £0.05 +0.04
NGC 6025 —0.12 0.189 1.01 0.97 0.25 0.9 1.26 0.88 0.17 0.17 0.18 0.21
+0.05 0.012 +0.1 +0.15 +0.15 +0.32 +0.26 +0.21 +0.06 +0.03 +0.02 +0.02
NGC 6281 —0.11 0.216 0.98 1.07 0.84 0.83 1.13 1.22 0.12 0.09 0.24 0.24
+0.06 0.017 +0.12 +0.19 +0.61 +0.21 +0.31 +0.34 +0.12 +0.02 +0.03 +0.03
NGC 6405 —0.1 —0.17 0.228 0.98 1.11 0.39 0.7 1.25 0.98 1.83 0.03 0.11 0.22 0.28 0.33
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Table 6
(Continued)
Name ST ¢y YA 1 err(cluster) [deg] R Rref Ro-2 Ro-s Ri-6 Re-s Rs-10 R&L, RE, Rits Re's R4
+0.06 +0.16 0.021 +0.13 +0.28 +0.3 +0.51 +0.56 +0.48 +0.66 +0.02 +0.02 +0.03 +0.05 +0.1
NGC 6774 0.05 —0.14 1.371 1.18 0.71 0.44 0.9 0.97 1.11 0.88 2.37
+0.24 +0.16 0.249 +0.34 +0.26 +0.17 +0.54 +0.66 +0.34 +0.44 +0.73
NGC 6793 —0.18 —0.46 0.172 0.91 1.45 0.05 1.81 1.56 0.16 0.03 0.08 0.23 0.26
+0.09 +0.16 0.025 +0.2 +0.39 +0.01 +0.59 +0.58 +0.11 +0.01 +0.02 +0.05 +0.09
Pleiades —0.01 —0.1 4.424 0.97 1.15 1.63 1.54 1.08 0.6 1.24 2.6 3.62 3.81 4.5 5.34
+0.06 +0.08 0.376 +0.12 +0.29 +1.58 +0.67 +0.52 +0.15 +0.83 +0.93 +0.83 +0.73 +0.63 +0.96
Trumpler 10 0.01 0.11 0.661 1.02 0.87 0.02 1.19 0.83 1.16 0.63 0.6 0.64 0.73 0.71 0.57
+0.08 +0.11 0.047 +0.1 +0.23 +0.0 +0.99 +0.32 +0.64 +0.32 +0.21 +0.11 +0.09 +0.1 +0.11

Note. Effective radii of the clusters (req{cluster)), normalized effective radii for HMR binaries (R) and reference stars (R'"), bin normalized effective radii of HMR binaries (Rpieq), and reference stars (Rffifmcd).
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