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Abstract

Recent studies have increasingly identified extended main sequence turn-off (eMSTO) phenomena in Galactic
open clusters, yet the number of such clusters with sufficient spectroscopic information for member stars remains
limited. Unlike most studies that rely on fitting isochrones based on color—magnitude diagram (CMD)
morphology to account for varying rotational velocities, our approach leverages LAMOST spectral data to
compute actual rotational velocity distributions for confirmed cluster members, along with parameters such as
metallicity, differential extinction, and rotational inclination, to utilize PARSEC isochrones for fitting the cluster
CMDs. We systematically surveyed all known Galactic open clusters and selected 12 clusters where rotational
velocity distributions could be reliably calculated for detailed fitting. Our results successfully reproduced the
eMSTO phenomenon observed in these clusters. For the majority of clusters, considering only differential
extinction and variations in rotational velocity adequately explains the position and morphology of the MSTO.
For some intermediate-age clusters, incorporating rotational inclination additionally accounts for the broadening
of the MSTO. This study underscores the importance of spectroscopic data in understanding eMSTO phenomena
and provides a probable explanation for interpreting the combined effects of differential extinction, rotation, and

inclination on the CMDs of Galactic open clusters.
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1. Introduction

For a long time, it was believed that star clusters formed
from a single burst of star formation during the pre-main-
sequence stage. All cluster members thought to be gravita-
tionally bound within a specific region were assumed to have
the same age and chemical composition. However, several
studies have challenged this notion by revealing that many old
globular clusters host multiple stellar populations with
differing chemical compositions (Gratton et al. 2012, Milone
& Marino 2022). Spectroscopic features, such as the Na—-O
anti-correlation observed in massive globular cluster stars,
suggest that these variations in light element chemical
abundances occurred over a specific timescale, possibly
originating during the early evolutionary stages through
processes like stellar winds (Carretta et al. 2009, Milone &
Marino 2022).

Thanks to high-quality observations from the Hubble Space
Telescope and Gaia (Brown et al. 2018; Gaia Collaboration
et al. 2021; Gaia Collaboration et al. 2023), it has become
evident that young (<600Myr) and intermediate-age
(1-2 Gyr) open clusters (Milone et al. 2009, 2017, 2018;

Goudfrooij et al. 2017; Li et al. 2017; Bastian et al. 2018) have
been proven to exhibit multiple discrete components in their
color-magnitude diagrams (CMDs). Recent studies of some
Large Magellanic Cloud (LMC)/Small Magellanic Cloud
(SMC) open clusters, such as NGC 1866 (Milone et al. 2017),
NGC 1856 (Milone et al. 2018), and NGC 1755 (Milone et al.
2016), have shown that it is a common property that young
open clusters” CMDs harbor split main sequences (MSs) or
extended main sequence turn-offs (eMSTOs). However, while
multiple stellar populations in old clusters involve differing
chemical abundances, eMSTOs in young clusters do not imply
multiple populations with different chemical compositions
(Milone et al. 2018). Both the presence of multiple stellar
populations in old clusters and the multiple components
phenomenon in young clusters’ CMDs challenge the single
stellar population paradigm. These phenomena challenge the
view that young and intermediate-age star clusters are best
described by a single isochrone. These findings provide new
insights into the evolution of young and intermediate-age
clusters.

Concerning the origin of the split MS, gradually more
certain (Milone et al. 2018), the nature of the eMSTO has long
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been considered complex and is still highly debated. Early
studies interpreted that the extension of cluster CMDs in the
MSTO stage originated from a prolonged star formation
history (SFH) or a second burst of star formation (Mackey &
Broby Nielsen 2007; Milone et al. 2009). However, this
interpretation gradually proved to be inconsistent with much
research. They argue that SFH theory or a second burst of star
formation cannot explain the width and location of the
subgiant branches of the cluster and red clump area (Li
et al. 2014; Bastian & Niederhofer 2015) in the CMD. It is also
contradicted by the fact that the bottom of the cluster’s CMD,
which consists of unevolved stars with the lowest mass in the
cluster, already somewhat exhibits a persisting color difference
(Wang et al. 2022). This argument points out that a single age-
spread scenario cannot well explain the presence of eMSTO.
Instead of age spread, it is suggested that the dichotomy of
rotation velocity of cluster members is more significant in
shaping the eMSTO.

The improvement of cluster spectroscopic observations has
greatly advanced the study of how stellar rotation rates shape
the morphology and extension of the MSTO (Kamann et al.
2023; Cordoni et al. 2024). The main sequence is divided into
blue MS (bMS), which is consistent with a population of non-
rotating or slow-rotating stars, and red MS (tMS), which is
consistent with rapidly and critically rotating stars. More
studies focus on the measurement of the average rotation
velocity of bMS and rMS. Marino et al. (2018) represent the
first spectroscopic exploration of rotation velocities in young
clusters with split MS, confirming that split MS of young GCs
is connected with different rotational regimes. Sun et al.
(2019) also use spectral observations to measure vsini of stars
in NGC 5822, finding that faster rotators are located on the red
side of the eMSTO and slower rotators on the blue side in the
CMD. Sun et al. (2019) also focus on revealing a dichotomy in
stellar rotation rates that correlate with the bifurcated main
sequence via spectroscopic observations. They additionally
suggest that tidal locking by low-mass-ratio companions in
binary systems slows down initially rapid rotators. Further-
more, the model by Wang et al. (2023a) specifically points out
that the w/w,. of bMS stars is approximately 0.35, while that of
rMS stars is approximately 0.65. Further studies, such as
Kamann et al. (2023) based on actual observations, indicate
that these values evolve with stellar evolution, and the w/w, of
bMS and rMS stars in the young LMC cluster NGC 1850 are
found to be in the ranges of 35%—40% and 67%—79%. These
studies suggest that the effect of stellar rotation on the
morphology of the cluster’s CMD is becoming increasingly
quantified.

The main reason why differential rotation can shape the
eMSTO is the synergistic effect of gravitational darkening and
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mixing caused by rotation. The previous one is due to the
hydrodynamic equilibrium of the cluster star with geometric
distortions caused by maintaining high-speed rotation (Bastian
& De Mink 2009; Milone & Marino 2022). The surface
temperature will be redistributed and adjusted, causing the star
to appear darker and redder in most of the observation
orientations. The latter one will bring materials from the outer
layers to the star’s core as fuel to expand the core’s burning
life, making the stars appear younger (Yang et al. 2013). Also,
projected inclination plays an unignorable role in shaping the
morphology of eMSTO. This is not only because the precision
of rotation velocity measurement will be affected due to the
unknown projected inclination angle (Costa et al. 2019), but
also because the gravitational darkening will induce fluctuation
of the star’s color. However, the high-precision quantitative
measurement and analysis of projection inclination is still in
great demand.

The physical mechanisms creating the bimodal rotation rates
are complex and still under debate and development. One
scenario proposed before, considering the spin-down effect of
tidal braking produced by extremely tight binary systems
(D’Antona et al. 2017), can only explain part of the
phenomenon but is not sufficient, as tidal braking is a
continuous process, not a bimodal one. It would require
extremely short tidal-locking timescales for a significant
fraction of binary systems and thus a high amount of radial
velocity (RV) variables in a 150 million years age cluster is
required, which is not supported by observations (He et al.
2023). Another scenario suggests that pre-main-sequence stars
with different rotational speeds may interact with their
protoplanetary disks in ways that either slow down or prevent
the retention of the disk, leading to a bimodal distribution of
rotation rates that could persist into the main-sequence phase
(Bastian et al. 2020). However, this scenario has not been
thoroughly tested or confirmed. The scenario validated by the
analysis of mass distribution and isochrone fitting by Wang
et al. (2022) provides an another explanation. It suggests that
the origin of rMS is the inheritance of angular momentum by
star clusters in their giant molecular cloud stage. In contrast,
the primary origin of bMS is the magnetic stellar wind torque
effect during stellar mergers that lead to blue-straggler stars.
Still, they only account for a small part of the whole cluster as
the number of blue-straggler stars formed through dynamical
binary interactions is insufficient to explain the observed
population of bMS stars (Li et al. 2024). This series of
explanations sheds light on the research of MSTO and calls for
a large number of observations to further promote the
verification of these scenarios.

Most studies of eMSTO have focused on massive LMC and
SMC, clusters with Hubble Space Telescope observations
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Table 1
The Basic Parameters of all 14 Selected Open Clusters, Where N* Indicates the Total Cluster Members, While N*(visni) Represents Those for Which vsini can be

Measured
ID R.A. Decl. pmRA pmDEC Distance [Fe/H] N* N*(vsini)

(deg) (deg) (mas yr ") (mas yr ") ()

NGC_2168 92.264 + 0.353 24.338 +0.370 2.295 £ 0.254 —2.908 4+ 0.243 844.069 + 44.554 —0.522 +0.388 1240 296
NGC_1647 71.481 +£0.513 19.056 + 0.446 —1.046 + 0.268 —1.524 +0.262 573.855 +23.675 —0.472 +0.361 553 148
NGC_1817 78.132 £ 0.179 16.703 £+ 0.162 0.505 £ 0.147 —0.878 +0.103 1638.504 + 134.591 —0.395 +0.537 447 144
NGC_1750 75.930 + 0.534 23.706 £ 0.457 —0.946 + 0.262 —2.387 £0.222 699.169 + 41.853 —0.491 +0.385 386 129
NGC_2099 88.072 + 0.230 32.545 £ 0.197 1.936 + 0.228 —5.637 £0.192 1400.934 + 121.923 —0.399 £+ 0.501 1577 128
NGC_2548 123.391 £ 0.391 —5.722 +0.388 —1.320 £ 0.217 1.042 £ 0.219 747.402 + 35.396 —0.257 £0.332 439 110
NGC_1245 48.686 + 0.327 47.238 £0.218 0.512 £0.124 —1.568 +0.104 2994.282 + 414.810 —0.395 +0.655 572 104
Stock_8 81.958 +0.132 34.492 + 0.163 0.101 £+ 0.148 —2.248 + 0.230 1978.114 + 187.961 —0.791 £ 0.709 305 84
NGC_1912 82.172 £ 0.177 35.832 £ 0.156 1.589 + 0.197 —4.431 +0.162 1086.669 + 70.881 —0.486 + 0.446 438 80
NGC_219%4 93.452 + 0.094 12.812 £ 0.078 0.524 + 0.183 —1.461 +0.194 3161.791 + 482.419 —0.867 + 1.041 790 58
NGC_1039 40.503 £+ 0.752 42.734 £+ 0.480 0.736 £ 0.340 —5.712 +0.349 494,028 + 24.574 —0.166 + 0.364 528 158
NGC_1528 63.856 + 0.360 51.228 £ 0.201 2.191 £0.177 —2.251 +0.151 999.843 + 53.550 —0.238 £ 0.354 297 44
NGC_2281 102.071 4+ 0.544 41.036 £+ 0.552 —2.960 4+ 0.280 —8.317 £ 0.290 509.361 £+ 18.930 —0.177 £ 0.351 351 172
NGC_6811 294.354 4+ 0.305 46.371 £ 0.209 —3.394 +0.149 —8.803 +0.148 1117.701 4+ 42.690 —0.295 +0.290 282 103

since the relatively larger numbers of stars that can be
observed, higher precision measurement of stellar parameters
and membership probabilities and less background and
foreground confusion (Milone et al. 2018; Wang et al.
2022). The uniqueness of the galaxy’s chemical environment
and gravitational field intensity emphasizes the importance of
the study of the eMSTO phenomenon in galaxy open clusters
(Bastian et al. 2018). Several models have predicted that
different metallicity leads to stars with even contrary evolution
in rotation velocity (Amard & Matt 2020). The research
indicates that stars with higher metallicity exhibit a more
pronounced slowdown in rotation beyond 1 billion years than
those with lower metallicity, with the discrepancy being
appreciable enough for modern observational tools to
ascertain. Specifically, the models forecast that a star
resembling the Sun in mass and age, but with a metallicity
of [Fe/H] —0.3, will exhibit a rotation period shorter than
20 days. These pieces of evidence all suggest that studying
open clusters within the Milky Way is also of great value,
potentially providing new insights into the origin and nature of
eMSTOs.

Cluster isochrones grids calculated by 1D stellar evolution
models like SYnthetic CLusters Isochrones & Stellar Tracks
(SYCLIST; Bressan et al. 2012; Nguyen et al. 2022) can
indicate a lot of information about the cluster’s eMSTO
property or rotation velocity distribution. The direct calcul-
ation of cluster members’ relative angular rotation velocity
w/w, derived from the combination of direct spectroscopic
observation and photometric observation as supplements can
provide valuable cluster eMSTO knowledge from another
view. The comprehensive adoption of the two methods is of
great significance, and it will bring a new view of this area and

give new evidence of some existing theories. All isochrones
used in this article are generated from the PARSEC.

With these goals in mind, the structure of this paper is as
follows. Section 2 lists the sources of data we use to perform
our analysis. Section 3 presents all our data analysis skills. In
Section 4, we interpret each cluster’s results and discuss the
broader inferences about star formation that our series of
papers affords us. Finally, we offer concluding thoughts and
future outlooks in Section 5.

2. Observations

To accurately identify the cluster member stars for our
study, we utilized the open cluster membership table from
Cantat-Gaudin et al. (2018). This membership table, derived
using the unsupervised method UPMASK (Krone-Martins &
Moitinho 2014), yields more precise results. It leverages both
the astrometric and photometric information from Gaia DR2,
ensuring that all identified cluster members have better
reliability in their origin. We updated this membership table
using the Gaia DR2-to-EDR3 match table to benefit from the
improved astrometry in Gaia DR3.

We obtained the atmospheric parameters of stars using
LAMOST low-resolution spectra to measure a wide range of
projected rotation velocities (Luo et al. 2015). We cross-
referenced LAMOST DRI10 with the galactic open cluster
member catalog, selecting 14 open clusters and 7842 stars
within the LAMOST field as our study targets from above
1400 galactic open clusters (Table 1). We derived the
projected rotational velocities of stars through spectral line
broadening. Additionally, to improve the accuracy of the
absolute magnitude calculations, the posterior distance of each
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Figure 1. The red line represents the actual RUWE distribution of the star
cluster NGC 2168, while the blue line indicates the fitted theoretical RUWE
distribution for NGC 2168. The thick solid line marks the 99% boundary of
the cumulative probability function.

star is determined using its parallax, associated errors,
HEALpixel number, and Gaia G band magnitude and color,
based on a photogeometric model from Bailer-Jones et al.
(2021).

We used the Virtual Observatory SED Analyzer (VOSA) to
build spectral energy distributions (SEDs, Bayo et al. 2008),
opting to assemble for each star the available broadband
photometry from the following large, all-sky catalogs:

—_—

. Gaia: G, BP and RP bands (around 0.32-1.05 pm)

2. TESS: TESS magnitude (around 0.6-1.1 pm)

3. GALEX All-sky Imaging Survey (AIS): FUV and NUV
(around 0.15-0.22 pym) (Bianchi et al. 2017)

4. All WISE: WISE 1 4 bands (around 3.37-22.19 um)
(Wright et al. 2010)

5. Two-Micron All-Sky Survey (2MASS): JHK bands
(around 1.24-2.26 pum) (Skrutskie et al. 2006)

6. Sloan Digital Sky Survey (SDSS): ugriz bands (around
0.2-1 pm) (Alam et al. 2015)

7. Johnson UBYV bands (around 0.35-0.55 pm) (Mermilliod
2006)

8. Tycho-2: Tycho B and Tycho V bands (around

0.42-0.54 um) (Hgg et al. 2000).

To obtain more accurate SEDs, we tried to use a wider range
of wavelengths for band selection as much as possible. Though
relatively few stars have data in the near-ultraviolet bands,
most stars have data with sufficiently small errors in the
selected bands.

Our v sini values in this study were from Zuo et al. (2024).
This method generates synthetic reference spectra from the
PHOENIX grid, convolves them with broadening kernels, and
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compares them to observed spectra using x> minimization to
determine v sini of LRS spectra.

3. Data Analysis
3.1. Star Selection

We refrained from adding more cluster members, as most
newly identified stars are likely faint ones lacking high signal-
to-noise ratio spectroscopic parameters (Healy et al. 2021).
Including these could introduce field stars and potentially
distort the distribution of our open cluster members’ rotation.
We set a cutoff of 50% membership probability to exclude
field stars that exhibit similar R.A. and decl. as cluster stars.
We also checked whether some high membership probability
stars exhibit extremely different parallax or proper motion
compared to other stars that originated from the same cluster.

We note that binary systems originating from bMS would
overlap with normally evolved rMS and be hard to distinguish.
So we fitted the theoretical single-star reduced unit weight
error (RUWE) distribution of each cluster (Belokurov et al.
2020; Healy & McCullough 2020). We first plot the
probability density function of the RUWE value from the
Gaia DR3 measurement. We believe that the portion of the
probability density function (PDF) of which RUWE value <
the value at the peak of the PDF, which in most clusters is
nearly equal to 1, is the natural broadening of the RUWE
parameter. The other part of the PDF represents the super-
position of natural broadening and broadening induced by
binaries. We folded the left portion of the PDF along its peak,
creating the theoretical single-star RUWE distribution for the
cluster, and we chose the threshold to reject stars with
excessive RUWE value to be set to the 99% percentile of the
PDF (Figure 1).

We cross-matched the spectroscopic binary candidates
catalog from the LAMOST MRS survey (SB2 Catalog) (Zhang
et al. 2022) with the member stars catalog of Galactic open
clusters to identify potential binary systems within cluster
environments. During the selection process, we applied
stringent criteria to ensure the reliability of the binary
candidates. Specifically, we required the predicted median
probabilities in both the blue and red arms (P{ . ;¢) to exceed
0.5, ensuring consistency across spectral bands. Additionally,
we constrained the uncertainty range, defined by the 16%—-84%
confidence interval, to be less than 0.3, thereby excluding
candidates with high prediction uncertainty. To minimize the
impact of low signal-to-noise ratios on spectral quality, only
spectra with S/N > 5 were retained. Furthermore, to eliminate
contamination from cool giant stars (e.g., AGB stars), we
restricted the color index (Ggp — Grp)oto less than 2.5. By
applying these criteria, we identified a subset of high-
confidence spectroscopic binaries within open clusters,
providing a robust sample for subsequent investigations of
binary dynamics in cluster environments.



Research in Astronomy and Astrophysics, 25:075021 (14pp), 2025 July

Wen et al.

GalaDR33064565685182557952

le-14 .
L ]
-

< le15 »
~
w
a B
£
v
~N
B le-16
g
>
=
—_

le-17

le-18

Observed

3sigma
# Final SED
$ Excess

LA B I N I | T
led

LA B I |
1eS

Wavelength (A)

Figure 2. The figure shows the spectral energy distribution (SED) of a star generated using VOSA. The faint gray curve shows the theoretical model fitted to the
observed photometric data points, which are shown as red circles. The x-axis corresponds to the wavelength in microns (logarithmic scale), and the y-axis displays
the flux in erg/cmz/s/f\ (logarithmic scale). The plot illustrates the star’s flux distribution across different wavelengths, which is used to derive its physical

parameters, including the radius.

3.2. Extinction

Rather than calculating extinction by combining the
morphology of the cluster CMD and isochrone grids, we
implemented a systematic differential reddening correction
method originating from Milone et al. (2012) to minimize
observational biases caused by spatial variations in extinction,
thereby enhancing the accuracy of binary star identification.
Initially, we defined a reference coordinate system aligned
with the reddening vector to standardize the CMD. Using a
selected sample of main-sequence stars, we established a
fiducial line representing the typical locus of single stars and
computed each star’s displacement from this fiducial along the
reddening direction. For each target star, we identified a local
sample of neighboring reference stars within a defined spatial
region and estimated the differential reddening value by
averaging the displacements of these neighbors. This correc-
tion was iteratively applied to refine the CMD and the fiducial
line until convergence was achieved. The resulting corrected
CMD significantly reduced the impact of differential red-
dening on the main sequence width, allowing for more
accurate identification and characterization.

3.3. Critical Rotation Velocity

There are different definitions of the critical rotational
velocity in different one-dimensional stellar evolution models.
According to PARSEC’s definition (Nguyen et al. 2022), our

critical rotation velocity is derived from

GM GM
Veit = ,|——  and Qi = —3 (D
e e

in which R, represents the radius of the star at the equator. To
obtain the actual critical rotation speed of a star, we need to
know the star’s radius and mass. We utilize the mass—T g
relation, which is derived from the combination of high-
precision empirical measurements of masses and radii of
eclipsing binaries and simulations based on the TRILEGAL
code (Girardi et al. 2005), to estimate stellar mass
(Torres 2010; Stassun et al. 2018). We then compare it with
results obtained from Final Luminosity Age Mass Estimator
(FLAME) models to establish a validation check (Gaia
Collaboration et al. 2023).
For stellar radius, we apply the Stefan—Boltzmann law:

172
R=|—L_ 2)
Ao Ty

to calculate it, which fundamentally relates the total luminosity
of a star to its effective temperature and radius. This equation
allows us to infer the stellar radius by incorporating a
comprehensive SED constructed from multi-band photometric
data. By utilizing the star’s extinction, distance, and the
aforementioned multi-band photometric observations, we
derived the SED for each star using the VOSA. This method
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Table 2
The Shape, Star Count, Different w; Populations’ Composition and Corresponding w; Value

Wen et al.

MSTO Width MSTO FWHM MSTO Star Slow Rotators Fast Rotators Mean Slow Mean Fast Rota-
ID (Acolor) (Acolor) Count Ratio Ratio Cluster Age Rotators’ w; tors” w.
(Myr)

NGC_2168 0.30 0.14 98 0.64 0.36 402 0.19 0.63
NGC_1647 0.23 0.11 34 1.00 0.00 143 0.08
NGC_1817 0.26 0.18 104 0.92 0.08 409 0.24 0.67
NGC_1750 0.18 0.11 26 0.54 0.46 413 0.21 0.57
NGC_2099 0.35 0.26 181 0.67 0.33 346 0.15 0.48
NGC_2548 0.23 0.12 52 0.71 0.29 398 0.20 0.58
NGC_1245 0.26 0.17 75 0.93 0.07 1006 0.27 0.68
NGC_1912 0.19 0.11 22 0.68 0.32 316 0.16 0.53
NGC_219%4 0.37 0.25 125 0.68 0.32 330 0.16 0.51
NGC_1039 0.07 0.04 9 1.00 0.00 125 0.06
NGC_1528 0.24 0.15 30 0.64 0.36 391 0.22 0.67
NGC_2281 0.22 0.12 12 1.00 0.00 660 0.14 0.52
NGC_6811 0.19 0.12 37 0.94 0.06 862 0.23 0.52

enables us to extract accurate stellar parameters, including the
radius, which is crucial for understanding the star’s physical
properties and its position on the Hertzsprung—Russell diagram
(Figure 2).

After obtaining all the parameters described in Section 2, we
have derived the total rotation information for each source.
Specifically, we calculate the ratio of angular velocity to
critical angular velocity, as this dimensionless form effectively
symbolizes the influence of rotation on evolutionary tracks
within stellar evolution models. By plotting the kernel density
estimation (KDE) of this ratio for each star cluster, we can
visually analyze the distribution of rotational velocities.

3.4. eMSTO

For all the clusters we analyzed, we confirmed the
membership of stars in the MSTO region. The range of the
MSTO and the absolute magnitudes of the member stars are
listed in Table 2. Additionally, we further validated these stars
as significant members of their respective clusters by
examining their three-dimensional spatial kinematics. Using
the RV provided by the Gaia-ESO spectroscopic survey for
stars in the MSTO region, we found that the majority of stars
exhibit similar RV values. Stars with significantly larger RVs
were considered potential unresolved binary systems, and as a
result, they were excluded from further analysis. We also
estimated the uncertainty in the magnitudes of stars within this
region, accounting for uncertainties in distance and extinction
measurements. This allowed us to derive the uncertainties in
the absolute magnitudes in the G, GBP, and GRP bands.
Finally, we compared these uncertainties with the color spread
(Acolor) at the MSTO of the entire cluster. The results of this
comparison are also presented in Table 2.

For each cluster’s CMD, we visually identified the eMSTO
region. This region, a prominent feature in intermediate-age
star clusters, is characterized by a spread in the main-sequence
turn-off, likely caused by factors such as differential rotation,
binarity, or stellar age spreads. To quantify this, we carefully
analyzed the shape and extent of the eMSTO. In this study, we
divided the cluster’s CMDs into several luminosity bins based
on stellar brightness. For each bin, we calculated the average
color and magnitude, designating these as the representative
reference points for the bin. A spline interpolation was then
applied to all reference points to construct a smooth baseline,
representing the typical color-magnitude relation of the
cluster. Using this baseline, we measured the color offsets of
all cluster member stars in the MSTO region relative to the
baseline. These offsets were then used to quantify the color
distribution in the MSTO region, providing a robust char-
acterization of the cluster’s photometric properties (Figure 3).

To ensure uniformity across all clusters, we applied
standardization procedures by correcting for distance and
reddening effects in each cluster. This provided a consistent
framework for comparing eMSTO widths. Subsequently, we
constructed a KDE of the distance distribution within each
cluster, offering a robust statistical representation of the
spread. For this KDE, we performed a detailed statistical
analysis on the full width at half maximum (FWHM) and
central width. Furthermore, we aimed to investigate whether
the color distribution could be explained by the presence of
age variation and rotation variation. To test this hypothesis, we
applied a Gaussian Mixture Model (GMM) to the color
distribution of the eMSTO stars. The GMM assumes that the
observed color distribution can be modeled as a combination
of one or two Gaussian components, each representing a
distinct population of stars. We take NGC 2168 as an example,
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stars. The middle panel illustrates the color distribution of all eMSTO member stars in NGC 2168. The cyan bars represent the normalized histogram, while the blue
curve shows the KDE fitting of the color distribution. The gray dashed line indicates the FWHM of the KDE curve. The right panel shows the KDE fit of the eMSTO
member stars’ color distribution in NGC 2168 using a GMM with n =2 components. The red curve represents the KDE fit, while the green and blue curves
correspond to the two Gaussian components in the GMM. The gray dashed lines indicate the means of the two Gaussian distributions.
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Figure 4. The left panel presents the distribution of projected rotational velocities for stars in the cluster NGC 2168 and the right panel is the distribution of the ratio

of rotational velocity to critical rotational velocity.

and the analysis is plotted in Figure 3. The fit parameters and
results of this GMM analysis are also summarized in Table 2.

3.5. Projected Rotation Speed Distribution

Variations in stellar rotational velocities are a key factor
contributing to eMSTO in open clusters. To investigate the
contributions of age and rotation to eMSTO formation, we
constrained the isochrone fitting parameters using the v sini
data from cluster members. This approach allowed us to more
accurately assess the contributions of rotation and age to the
spread observed in the eMSTO region.

In the analysis, we studied the distribution of v sini values
and w; values for all the clusters under study (Figure 4). Our
results show that most clusters exhibit a clear bimodal
distribution in rotational velocities. The first peak is located
around 50-100 km s_l, while the second, broader peak is
centered around 200-250kms~'. The distributions of v sini
and w; are largely consistent, reflecting uniformity in the
physical parameters of stars within each cluster. The detailed
bimodal distribution parameters are all listed in Table 2. This
bimodal distribution aligns with stellar evolution models,
which predict that slower-rotating stars populate the lower left
region of the cluster’s CMD, forming the bMS. Conversely,
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Figure 5. Top left: the upper left panel presents the Ggp — Grp vs. Ggp CMD of NGC 2168, where stars are color-coded based on their measured projected rotation
velocities. The stars with known vsini values are highlighted with a different symbol, providing information about their projected rotation rates. Top right: the upper
right panel shows the same CMD, but now stars are color-coded according to the ratio of their vsini to their critical velocity. Bottom left: the bottom left panel
displays the color distribution of stars in the fast rotators and slow rotators of NGC 2168. The blue histogram represents the slow rotators, while the red histogram
represents the fast rotators. The division between the two populations is set at a rotational velocity of 200 km s~ '. Bottom right: the bottom right panel mirrors the
bottom left panel, but here the separation between the slow rotators and fast rotators is based on the w;, rather than absolute rotational velocity. The threshold value is
set at 0.5, meaning that stars with ratios greater than 0.5 are considered part of the slow rotators, while those below 0.5 belong to the fast rotators.

stars with higher rotational velocities are predominantly found
in the upper right region of the CMD, making up the rMS.
We analyzed the rotational velocity distribution of slow and
fast rotators in each cluster, marking individual stars on the
CMD based on their vsini and w; values. An example from
NGC 2168 is shown in Figure 5. By annotating the CMD with
different markers to distinguish slow rotators from fast
rotators, we visually demonstrated the bimodal nature of the
rotational velocity distribution and its effect on the positioning
of stars within the CMD. Histogram analysis highlights that
bMS stars, with lower rotational velocities, are separated from
rMS stars, which rotate more rapidly. Analysis across clusters
reveals a significant trend: populations with higher v sini
values tend to occupy redder positions within the MSTO
region, while stars with lower v sini are predominantly found

in bluer positions. This distribution pattern of vsini aligns
closely with that of W,, indicating a coherent relationship
between rotational speed and stellar color. This bimodal
distribution supports the hypothesis that the spread in the
eMSTO region is strongly influenced by variations in rotation
velocities, with slow rotators and fast rotators following
distinct evolutionary paths that manifest as separate popula-
tions in the CMD.

We employed a GMM to fit the KDE of the rotational
velocity distribution for each star cluster. The centers of the
two Gaussian distributions in the KDE represent the rotational
velocity parameters for two isochrones, capturing the rota-
tional speed differences that shape the CMD morphology in
the MSTO region. With consistent metallicity across cluster
members and applied extinction corrections, we used
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Figure 6. KDE plots of the rotational velocity parameter w; distribution for various star clusters. Each subplot represents the rotational distribution in a specific star
cluster. The red curve indicates the overall KDE of the rotational velocity parameter, while the blue and green curves show the KDEs for slow rotators and fast
rotators, respectively. The dashed vertical lines mark reference positions for the distribution peaks, helping to illustrate the distinct separation between slow and fast
rotators. Notably, most clusters display a bimodal distribution, with the slow rotators concentrated in the lower w; range (around 0.2-0.3) and the fast rotators
peaking in the higher range (around 0.5-0.7). Some clusters, such as NGC 1647 and NGC 1039, lack a bimodal distribution and contain only slow rotators,
suggesting a potential absence of accelerated stars within these clusters.



Research in Astronomy and Astrophysics, 25:075021 (14pp), 2025 July

4 1 .
NGC_1817 — Age=0.95Gyr Wi=0.12 NGC_2099 NGC_1912
— Age=0.95Gyr Wi=0.82
o o
1 1
& 2 & 2
3 -5
4 4
5 5
0.4 0.4 0.6 0.8 1.0 2 14 1.6 18 0.0 0.2 0.4 0.6 0.8 10 12 14 16 18
BP_RP BP_RP
NGC_1528 —— Age=0.4Gyr Wi NGC_1647 —— Age=0.25Gyr NGC_1750 —— Age=0.45Gyr Wi=0.11
— Age=0.4Gyr Wi=0.38 — Age=0.25Gyr — Age=0.45Gyr Wi=0.91
-1 -1
] o
& 1
o o
& &
2 2
3 3
4 4
5 5
0.2 0.2 04 0.6 0.8 10 12 14 16 18
BP_RP
NGC_2168 —— Age=0.3Gyr Wi=0.1 NGC_1245 NGC_1039 —— Age=0.35Gyr Wi=0.04
—— Age=0.3Gyr Wi=0.89 —— Age=0.35Gyr Wi=0.48
. \_/ -
1
o -1
o ]
&
& 1 & & 1
3
2 !
3 3
4
4 4
5 -]
0.0 0.2 04 0.6 0.8 1.0 12 14 16 18 04 0.6 0.8 10 12 14 1.6 18 -0.25 0.00 0.25 0.50 075 1.00 125 1.50 175
BP_RP BP_RP BP_RP
o I e
NGC_6811 NGC_2281 —— Age=0.55GyrWi=0.1 NGC_2548 —— Age=0.45Gyr Wi=0.06
—— Age=0.55Gyr Wi=0.38 —— Age=0.45Gyr Wi=0.77
o o
1 1
o o
& &
2 . 2
3 3
4 4
00 02 04 06 08 10 12 14 16 18 000 025 050 075 100 125 150 175 000 025 050 075 100 125 150 175

BP_RP BP_RP

BP_RP

Wen et al.

Figure 7. The CMDs display the distribution of stars in terms of their BP — RP color index and BP magnitude. Isochrone curves, representing evolutionary models,
are overlaid on the data points: blue curves indicate slower rotators stellar populations with slower rotation velocities, and red curves represent populations with
higher rotation velocities and extinction. The age (in Gyr) and initial rotation velocity are specified for each isochrone model in the legend within each plot. Black
scatter points denote the observed stars in each cluster, showing the spread in the eMSTO and upper main sequence regions. These diagrams illustrate the role of

stellar rotation in shaping the morphology of the CMD for each cluster.
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isochrone fitting to examine how stellar rotation contributes to
MSTO broadening. For each cluster analyzed, we generated
KDE plots of the W; distribution and overlaid the two-
component Gaussian fit results (Figure 6). Most clusters
exhibit a bimodal distribution, with the slower rotational
velocity peak around 0.2-0.3 and the faster peak around
0.5-0.7. Slow rotators generally outnumber fast rotators, with
their distribution more tightly clustered. In NGC 1647 and
NGC 1039, however, the rotational velocity does not exhibit a
bimodal pattern; all MSTO stars belong to the slow-rotating
population. In these cases, the double Gaussian fit may not
represent the underlying distribution accurately, so we adopt
W;=0.5 as a representative value for fitting the redder
isochrone in the MSTO region. This approach enables us to
incorporate rotational variations when fitting isochrones and to
assess their impact on MSTO morphology across clusters.

4. Result and Discussion

To delineate the upper and lower bounds in our CMDs
(Figure 7), we utilized two isochrones-one rendered in blue,
corresponding to the velocity distribution of slower rotators,
and the other in red, indicative of faster rotators-both derived
from previously fitted normal distributions. The average
metallicity was adopted for each cluster, and the overall
extinction was determined based on the position of the main
sequence.

For most analyzed clusters, we successfully simulated the
position of the main sequence. However, for some of the
clusters such as NGC 1245 and NGC 1817, the lower portion
of the main sequence was not accurately matched. For
example, in NGC 1817, the isochrones in the lower main
sequence deviate from the observed stars, appearing redder
than expected. This discrepancy may be attributed to errors in
differential extinction estimates. In older open clusters, where
dispersion is more pronounced and differential extinction is
greater (Krause et al. 2020), the lower part of the main
sequence exhibits increased broadening. During the correction
for differential extinction, accurate positioning information of
the cluster’s main sequence may be submerged, leading to
systematic deviations among member stars. While fitting the
MSTO accurately, this process might cause distortions in the
fit for cluster members below the MSTO. However, we note
that the MSTO region itself is less affected by differential
extinction and thus requires less correction, preserving its
positional accuracy. Therefore, the parameters derived from
fitting the isochrones at the MSTO can be considered reliable.
We also consider the probability of the MS evolution track
being wide enough to overlap with the binary star evolution
tracks in the CMDs, leading to additional broadening. The
inability to completely fit certain aspects of the main sequence
broadening in these clusters may result in an underestimation
of the overall differential extinction. The overlap between
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single-star and binary-star evolution tracks means that the
main sequence appears redder and wider overall when
correcting for differential extinction, further affecting the fit
of the MS broadening. Given that there is no significant
additional broadening at the MSTO compared to the main
sequence in some clusters, such as NGC 2168, we conclude
that invoking age differences to explain the eMSTO is not
necessary. We additionally found that near the MSTO region
in clusters NGC 1528 and NGC 1647, there is a small clump of
stars that cannot be fitted by the two isochrones at the MSTO.
These stars do not exhibit the characteristic features of typical
eMSTO region members since they form an independent
clump adjacent to the main sequence without any apparent
evolutionary connection. Therefore, we believe this phenom-
enon may be due to binary stars or photometric errors. This
does not affect the fitting of the isochrones to the main
sequence and the MSTO.

Even after accounting for photometric errors and the effects
of binaries and large differential extinction, the MSTO regions
of two intermediate-age clusters, NGC 1245 and NGC 1817,
remained poorly fitted. The two clusters exhibit significant
spread in the MSTO region and substantial differential
extinction, with a considerable number of member stars
having reached the MSTO phase. In the two clusters, some
members approaching the horizontal branch could not be
adequately modeled, which we believe is related to variations
in rotational inclination. We found that among the members of
these two clusters, slow rotators and fast rotators have different
effective temperatures. According to von Zeipel’s Law
(Maeder 1999), fast-rotating stars produce varying effective
temperature distributions at different inclinations due to their
ellipsoidal deformation (Equation 3). We argue that T.p{(0)
represents fast rotators’ effective temperature, and T
represents slow rotators’ effective temperature. € is equal to
WTZ in the case of no extremely fast rotations. Under the above
assumptions, we estimate the average inclination angles for
NGC 1245 and NGC 1817 to be 78°and 79°. By adopting
PARSEC isochrones for rapid rotators with an inclination
angle of 75°, we successfully reproduced the additional
broadening observed in the MSTO regions of the two clusters
(Figure 8).

Tei(0) = Ter(1 — € sin®(6)). (3)

Therefore, our conclusion aligns with previous discussions:
age differences are not a critical factor in shaping the MSTO
morphology in Milky Way open clusters. Considering
parameter uncertainties, we can reproduce the observed
CMD shapes of the clusters through differential extinction
corrections and variations in rotational inclination. In the
following section, we will present a preliminary analysis and
discussion of the possible mechanisms underlying the
differences in rotational speeds among cluster stars.
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One possible origin of slow rotators in star clusters is the
presence of low-mass-ratio tidally locked binary systems.
Unresolved low-mass-ratio binaries may evade detection using
the methods described in Section 3. In such systems, tidal
forces between the primary star and its companion lead to
deformations, forming tidal bulges. These tidal forces
gradually dissipate angular momentum from the system,
causing the star’s rotational speed to synchronize with the
orbital motion. During this process, if the star’s rotational
velocity exceeds the orbital angular velocity, tidal friction
transfers angular momentum from the star’s rotation to the
orbit, resulting in a gradual decrease in the star’s rotation until
it matches the orbital angular velocity (de Mink et al. 2013).
Due to the effects of mass segregation in star clusters, if a
substantial number of tidally locked binaries have evolved into
slow rotators, they are expected to be concentrated in the inner
regions of the cluster.

We initially considered the comparison between the time-
scales of binary tidal-locking and mass segregation with the
age of the cluster, in order to explore the possibility that tidal-
locking could lead to the formation of slow rotators. We
estimated tidal-locking timescale by following Hurley et al.
(2002) and the formula is as follows:
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Here, M,,, R,,, and I, represent the mass, radius, and moment of
inertia of the primary star, respectively, while G is the

gravitational constant. The term ¢ refers to the mass ratio of
the binary system, and a indicates the separation between the
two components. The parameter E,, known as the second-
order tidal coefficient, which originates from Zahn (1975):

E; =1.592 x 107°M;% (5)

We adopted the empirical relationship between Rp and Mp
mentioned in Demircan & Kahraman (1991), and the final
synchronization time only depends on Mp, ¢, and a. Using the
average mass of the cluster as a probe, we attempted a grid
search and concluded that for M, of 1.5M, binaries with
q > 0.5 with a < 6M, correspond to tidal-locking timescales
shorter than the ages of all the clusters analyzed. We believe
that a significant number of member stars in our cluster have
completed tidal locking.

However, contradicting our previous analysis, there is no
evidence that the bMS occupies a more central position within
the clusters. Moreover, for the vast majority of clusters, with
the exception of the two intermediate-age clusters NGC 1817
and NGC 1245, there is also no evidence that slow rotators are
more centrally located. We believe that the reason is as
follows: in young clusters, such as 300 Myr open clusters,
tidally locked binaries are predominantly high-mass-ratio
systems, which occupy the redder side of the MS on the
CMD (Wang et al. 2023b). In Wang et al. (2023b)’s
simulations, low-mass-ratio binaries appear very early in the
cluster’s lifetime (such as 40 Myr), and their Mp masses are all
greater than 5M. Such samples are lacking in our observa-
tions. Therefore, we argue that tidal locking cannot serve as
the origin of the bMS in our observed clusters. On the other
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hand, the low-mass-ratio binaries may still be the reason for
the spin-down of bMS stars of the eMSTO (Maurya et al.
2024). For our clusters, except for NGC 1245 and NGC 1817,
most are young clusters. In these clusters, binaries with low-
mass-ratios and primary star masses in the range of 1-2M, are
insufficient to complete tidal locking (Equation 4). As for
NGC 1245 and NGC 1817, even though smaller values of a
could allow cluster members with ¢ < 0.2 to complete tidal
locking at their current age, the initial proportion of low-mass-
ratio binaries in the cluster is relatively low (Wang et al.
2023b). Additionally, there is also a lack of sufficient fast
rotators for comparison in our observations. Therefore, we
were unable to reach the theoretically predicted conclusion that
slow rotators would be closer to the cluster center due to mass
segregation. Further follow-up observations of individual
clusters are urgently needed to verify the spatial distribution
of slow and fast rotators.

We are still unclear about the origin of the bimodal rotation
velocity distribution of Galactic open cluster members. This is
partly due to the lack of sufficiently high-quality observational
data, especially for fast-rotating stars. The number of Galactic
open clusters covered by the LAMOST field of view is
relatively small and needs to be further increased. Sufficient
observational data might provide a clearer understanding of the
eMSTO phenomenon and its origin in the Galactic open
cluster CMD.

5. Conclusion

In this study, we investigated the main sequence and
eMSTO phenomena across a sample of Galactic open clusters,
analyzing the contributions of stellar rotation, age spread, and
differential extinction. By incorporating precise measurements
of projected rotational velocities and CMD morphology, we
aimed to understand the underlying mechanisms driving the
eMSTO broadening. Our results further confirm that rotation,
rather than age, plays a significant role in shaping the CMD
morphology across clusters. We observed that fast rotators
generally populate the red side of the eMSTO, while slow
rotators occupy the blue side. The projected rotation velocity
distribution supports this finding, revealing a bimodal structure
in rotational speeds, with fast-rotating stars often exhibiting
signatures of gravity darkening. We provide a fit for all
clusters. We conclude that the main sequence broadening in
clusters is primarily due to differential extinction. After
eliminating differential extinction by rotating the coordinate
system and fitting the reference line, we were able to roughly
match the main sequence position and broaden the clusters.
Based on this, we find that for younger clusters (below
600 Myr), broadening due to stellar rotation is sufficient to
allow synthetic isochrones to fit the position and morphology
of the MSTO. However, for some older clusters (above
600 Myr), it is necessary to consider the clusters’ average

Wen et al.

rotation inclination for a successful fit. Age differences are not
a critical factor in shaping the MSTO morphology in Milky
Way open clusters. We attempted to use the photometric data
from Swift and GALEX to construct the CMD morphology in
the ultraviolet band, in order to investigate whether the rMS
exhibits additional circumstellar extinction. However, we
found that the clusters in our observations lack sufficient data,
particularly for fast rotators, to draw any conclusions.
Furthermore, our radial distribution analysis provides insights
into the spatial arrangement of stars within clusters, but we did
not observe any distinct patterns in the spatial distribution of
slow rotators and fast rotators or bMS and rMS within the
clusters. Finally, our findings suggest that eMSTO features in
Galactic open clusters are shaped predominantly by a
combination of rotational effects, including rotation velocities
and rotation inclination. Further observational data are needed
to study the specific origins of the eMSTO and the
differentiated distribution of rotational velocities in each
cluster. This will help clarify the individual contributions of
age spread and rotation to the eMSTO phenomenon and
provide a deeper understanding of rotational effects within
each star cluster.
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