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Abstract
Blue straggler stars are late bloomers that are bluer and brighter than the main sequence turnoff
stars on a color-magnitude diagram of a cluster. Being a massive population compared to their
other cluster siblings, their sedimentation level has been used to probe the dynamical evolution
of globular clusters. In a series of studies, we explored the dynamical evolution of old open
clusters, for the first time, making use of this same trait of the BSS that they settle quicker
in the cluster core than any other cluster population. In these works, we have compared the
theoretical estimation of dynamical ages, Nrelax, with the observed signatures of blue straggler
stars segregation either by placing open clusters in Family I/II/III classification of dynamical
ages defined in globular clusters or by estimating the area enclosed between the cumulative
radial distributions of BSS and another reference population in 23 open clusters.
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1. Introduction
Blue straggler stars (BSS) are core-hydrogen-burning stars that are brighter and bluer

than the main sequence turnoff (MSTO) on the color-magnitude diagram (CMD) of a clus-
ter (Sandage, 1953). This region of the CMD is forbidden according to the standard single
stellar evolution theory. Therefore, their unusual location on the CMD suggests that they have
a history that has increased their luminosities and temperatures. There are currently three ac-
cepted formation channels, such as stellar collisions (Hills and Day, 1976), mass transfer in a
binary system whose one star is on the main sequence (MS; McCrea, 1964), and triple system
evolution (Perets and Fabrycky, 2009; Naoz and Fabrycky, 2014; Portegies Zwart and Leigh,
2019).
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Being the most massive objects (Shara et al., 1997), BSS residing in clustered environments
are subjected to large dynamical friction and hence segregate faster in the cluster core than
any other cluster population. Ferraro et al. (2012) classified globular clusters (GCs) into three
distinct families of dynamical ages based on the shape of double normalized radial distributions
of BSS against a reference population (REF), (i) Family I GCs – flat BSS radial distribution
and hence dynamically young clusters, (ii) Family II GCs – bimodal radial distributions and
hence intermediate dynamical age, and (iii) Family III – unimodal BSS radial distributions and
hence dynamically old clusters. The idea behind this is to compare the frequency of BSS against
another massive REF at varying radial distances from the center of the cluster to gauge the effect
of dynamical friction on the BSS as opposed to that on the REF. This task demands us to bin
the data of BSS and REF, which becomes particularly challenging in most open clusters (OCs)
due to their smaller number of BSS.

Alessandrini et al. (2016) proposed a new parameter, A+, based on N-body simulations of
GCs with different fractions of dark remnants (neutron stars and black holes) to measure the
sedimentation level of the BSS. A+ is the area confined between the cumulative radial distribu-
tions of the BSS and a REF, given as

A+ =
∫ xmax

xmin

φBSS(x′)−φREF(x′)dx′

where xmax and xmin are the outermost and innermost radii from the cluster center, respectively.
Alessandrini et al. (2016) also demonstrated that A+ always increases with time. Stellar popula-
tions of a cluster differentially experience the strength of the Galactic field, therefore, the inner
region of a cluster is least responsive to the Galactic field and hence most susceptible to mass
segregation due to two-body relaxation. Therefore, we estimated A+ up to the half-mass radius,
rh, for OCs, as was done for GCs (Lanzoni et al., 2016), and hence called it A+

rh.

BSS have been used to estimate dynamical ages of ∼ 33% population of GCs of the Galaxy
(Lanzoni et al., 2016; Ferraro et al., 2018, 2020; Singh and Yadav, 2019; Singh et al., 2021),
however, OCs are still unexplored systems in this domain, therefore, we have undertaken this
study on OCs. In this article, we summarize our work of investigating the dynamical ages
of OCs from a series of three works Vaidya et al. (2020, hereafter Paper I), Rao et al. (2021,
hereafter Paper II), and Rao et al. (in submission, hereafter Paper III).

2. Data Used and Membership Identification
This work has been done in three consecutive stages with the available Gaia data to identify

members of OCs. For seven target OCs of Paper I, we identified members using the determin-
istic approach on Gaia DR2 data (Gaia Collaboration et al., 2018) that is based on the proper
motions and parallaxes of Gaia data. For 11 target OCs of Paper II, we used cluster members
and BSS of eight OCs from the literature (Paper I; Bhattacharya et al., 2019) and identified
members of four OCs using the deterministic approach on Gaia DR2 data developed in Paper I
while their BSS are taken from literature (Geller et al., 2015; Rain et al., 2020, 2021; Nine et al.,
2020). To identify members of 23 target OCs of Paper III, we used the machine-learning based
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Figure 1: (Left) The ratio NBSS/NRGB plotted against the radial distance
in the units of core radius, rc, for the NGC 6791 OC (Paper I). The error
bars represent Poisson errors. The dip statistic, D, and the p-value from
the dip test for bimodality are mentioned on the plots. Reproduced from
Fig. 8 of Paper I (Vaidya et al., 2020). (Right) The correlation between
rmin/rc and Nrelax for five OCs (in blue) and 21 GCs (in orange) of
Ferraro et al. (2012). Adapted from Fig. 9 of Paper I (Vaidya et al.,
2020).

membership determination algorithm for open clusters, called ML-MOC (Agarwal et al., 2021),
on Gaia EDR3 data (Gaia Collaboration et al., 2021).

3. Results and Discussions
3.1. Determination of dynamical ages of seven OCs using BSS radial distribution

For this analysis (Paper I), we used seven OCs that have BSS ≥15. We selected BSS as the
sources which are brighter and bluer than the MSTO point and red giant branch stars (RGBs)
as the sources brighter than the end of the sub giant branch (SGB). Details of this method can
be found in Paper I. We then plotted normalized BSS radial distribution (NBSS/NRGB) as shown
in the left panel of Fig. 1 for a representative OC NGC 6791.

In order to avoid the effect of incompleteness in radial distributions, we used BSS and
RGBs within the same magnitude range. The normalized BSS radial distribution shows a central
peak that is decreasing until a certain radius, rmin, and rises again beyond this radius. Of the
seven OCs, five are found to have a bimodal radial distribution like the left panel of Fig. 1, with
minima located at different distances from the center, and the remaining two OCs show flat BSS
radial distributions. The Hartigan dip statistic test (Hartigan and Hartigan, 1985) performed to
assess the bimodality confirms it in five OCs but fails in two OCs.

We plotted the values of rmin against Nrelax for the five OCs having bimodal BSS radial
distributions as shown in the right panel of Fig. 1, where Nrelax is defined as the number of
current central relaxations occurred since cluster formation (CAge/trc). The best-fit relation for
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Figure 2: (Left) Cumulative radial distributions of the BSS (blue curve)
and the reference population (red dashed-dotted curve) – plotted against
the logarithm of the radial distance from the cluster center in the units of
rh – for NGC 6791 OC. The value of A+

rh shown on the plot corresponds
to the grey-shaded portion. (Middle) A comparison of correlations be-
tween the values of A+

rh and Nrelax for 11 OCs (Paper II) (blue color)
and for 48 GCs (orange color). The blue dashed and orange dashed
lines represent the best-fitted correlations for OCs and GCs, respec-
tively. This figure is reproduced from Fig. 4 of Paper II (Rao et al.,
2021, originally published in MNRAS, ©The authors, used with per-
mission). (Right) Same as the middle panel with a bigger sample size
(Paper III). The grey filled square shows Melotte 66 OC which is ex-
cluded from the fit. A detailed explanation of different markers is given
in Section 3.3.

OCs data points, shown as a blue dashed line, is given as:

log(Nrelax) = 1.31(±0.35) log(rmin/rc)+1.05(±0.15) (1)

whereas the best-fit relation for GCs data points, shown as a orange dashed line, is given as:

log(Nrelax) = 1.09(±0.16) log(rmin/rc)+0.7(±0.17). (2)

From Eqs. (1) and (2), we see that OCs exhibit a higher intercept compared to GCs, whereas
the slope is the same within the errors. With this investigation, we demonstrated that BSS radial
distribution can also be used as a dynamical clock for OCs.

3.2. Determination of dynamical ages of 11 OCs using the A+ parameter

In this work (Paper II), we used an alternative approach of using the A+
rh parameter to

estimate the sedimentation level of BSS of 11 OCs having BSS ≥ 10. To estimate A+
rh, we use

MSTO, SGBs, RGBs, and red clump stars (RCs) as REF. For a detailed description of selecting
BSS and REF, readers are referred to Paper II. Figure 2 (left panel) shows cumulative radial
distributions of BSS and REF for a representative cluster, NGC 6791 OC. To investigate how
A+

rh correlate with Nrelax, we show the plot of A+
rh against Nrelax in the middle panel of Fig. 2 for
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these 11 OCs (blue filled circle). In order to compare OCs correlation, we have also shown GCs
data points (orange filled circles). The best-fit relation for 11 OCs is given as

log(Nrelax) = 4.0(±2.1)×A+
rh +1.42(±0.30) (3)

whereas the best-fit relation for 48 GCs is given as

log(Nrelax) = 5.1(±0.5)×A+
rh +0.79(±0.12). (4)

OCs are found to exhibit a broad positive correlation and fall among the less evolved GCs.
OCs and GCs are two vastly different systems in terms of age (OCs – 105–109 years, GCs –
12–13 Gyr), stellar density, member stars (OCs – up to a few thousand, GCs – up to a few
hundred thousands). Because of the high density, GCs have enough gravitational force to resist
the tidal force and remain in a spherical shape (Freeman and Norris, 1981) while sparser OCs
are more easily stretched by the external forces and spread out over time (Chen et al., 2004). We
calculate Pearson and Spearman rank correlations to compare OCs with less evolved GCs using
the COCOR tool (see Paper II) as the direct comparison is insignificant due to a big difference
in the sample sizes. From this, we find that the sample size of OCs needs to be increased to
strengthen this correlation for OCs.

3.3. Determination of dynamical ages of 23 OCs using the A+ parameter

In Paper III, we increase the sample size to 23 OCs, twice the sample size used in Paper II.
In this work, we used MS stars of G≥18.5 mag, MSTOs, SGBs, RGBs, and RCs as REF. We
then plotted values A+

rh against Nrelax in the right panel of Fig. 2 for 23 OCs (blue) considered in
this analysis. The structural and dynamical parameters for these 23 OCs are estimated following
Paper II. We also showed GCs data points (orange) on this plot. We exclude Melotte 66 (grey)
from the fit fit. It has the highest A+

rh, but too small Nrelax. We speculate about possible reasons
for such an anomaly in our Paper III. The best-fit relation for the remaining 22 OCs is given as

log(Nrelax) = 5.2(±1.8)×A+
rh +1.01(±0.28). (5)

From Eqs. (4) and (5), we observe that the slope of the best-fit relation between A+
rh and Nrelax

for OCs is similar to GCs, however, errors in the slope and intercept values are still large.
Compared to Eq. (3), we have marginally smaller errors, as well as slope and intercept values
are closer to those found in the GCs correlation.

We can classify OCs into three different classes of dynamical ages by comparing their A+
rh

and Nrelax values to those of previously classified GCs into different dynamical ages by Ferraro
et al. (2012) and Ferraro et al. (2018): (i) Class I – least evolved OCs (filled pentagons) – that
populate the same space in the A+

rh vs. Nrelax diagram as the Family I GCs (dynamically young),
(ii) Class II – intermediate dynamical age I OCs (filled circles) – are intermixed with the Fam-
ily II GCs (intermediate dynamical age), and (iii) Class III – intermediate dynamical age II OCs
(filled squares) – that are in advanced stages of their evolution and intermixed with the Family
III GCs (evolved). The Family II GCs (M92 and NGC 6752) that coincide with Family III GCs
are in advanced stages of intermediate-age dynamical evolution, with the majority of the BSS
segregated in the cluster center (Ferraro et al., 2012).

277



4. Summary
We have demonstrated that the sedimentation level of BSS can be used to determine dy-

namical ages of OCs (having BSS ≥ 10).

1. The locations of minima in bimodal BSS distributions, rmin, correlate well with Nrelax in
OCs too.

2. The correlation between the observed segregation of BSS with respect to reference pop-
ulation up to the half-mass radius, A+

rh, and Nrelax for OCs is consistent with the known
correlation between the same quantities for GCs, but with larger errors.

3. Using the estimated A+
rh and Nrelax values, the OCs are classified into three classes of

dynamical evolution.
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