of the
ROYAL ASTRONOMICAL SOCIETY

MNRAS 532, 1212-1222 (2024)
Advance Access publication 2024 July 2

https://doi.org/10.1093/mnras/stae1611

Origin of extended main-sequence turn-off in open cluster NGC 2355

Jayanand Maurya “,'* M. R. Samal,? Louis Amard *',*> Yu Zhang ', Hubiao Niu “,' Sang

Chul Kim “>° Y. C. Joshi “7 and B. Kumar’

Xinjiang Astronomical Observatory, Chinese Academy of Sciences, No. 150, Science 1 Street, Urumgi, Xinjiang 830011, P. R. China
2Astronomy & Astrophysics Division, Physical Research Laboratory, Ahmedabad 380009, India

3 Université Paris — Saclay, Université Paris Cité, CEA, CNRS, AIM, F-91191 Gif — sur — Yvette, France

4School of Astronomy and Space Science, University of Chinese Academy of Sciences, Beijing 100049, P. R. China

3Korea Astronomy and Space Science Institute, 776, Daedeokdae — ro, Yuseong-gu, Daejeon 34055, Republic of Korea

Korea University of Science and Technology (UST), 217 Gajeong-ro, Yuseong-gu, Daejeon 34113, Republic of Korea

7Aryahhatta Research Institute of Observational Sciences (ARIES), Manora peak, Nainital 263002, India

Accepted 2024 June 24. Received 2024 June 14; in original form 2023 September 27

ABSTRACT

The presence of extended Main-Sequence Turn-Off (eMSTO) in the open clusters has been attributed to various factors, such as
spread in rotation rates, binary stars, and dust-like extinction from stellar excretion discs. We present a comprehensive analysis
of the eMSTO in the open cluster NGC 2355. Using spectra from the Gaia—European Southern Observatory (ESO) archives, we
find that the stars in the red part of the eMSTO have a higher mean v sin i value of 135.3 4= 4.6 km s~! compared to the stars in the
blue part that have an average v sin i equal to 81.3 & 5.6 kms~!. This suggests that the eMSTO in NGC 2355 is possibly caused
by the spread in rotation rates of stars. We do not find any substantial evidence of the dust-like extinction from the eMSTO stars
using ultraviolet data from the Swift survey. The estimated synchronization time for low-mass ratio close binaries in the blue part
of the eMSTO suggests that they would be mostly slow-rotating if present. However, the stars in the blue part of the eMSTO are
preferentially located in the outer region of the cluster indicating that they may lack low-mass ratio close binaries. The spread in
rotation rates of eMSTO stars in NGC 2355 is most likely caused by the star-disc interaction mechanism. The stars in the lower
main sequence beyond the eMSTO region of NGC 2355 are slow rotating (mean v sin i = 26.5 & 1.3kms™!) possibly due to
the magnetic braking of their rotations.
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1 INTRODUCTION

The unusual spread near the turn-off of the main sequence (MS) in the
colour—magnitude diagram of the Galactic open clusters has drawn
the attention of astronomers recently (Marino et al. 2018b). This
spread in the upper MS is called extended main-sequence turn-offi.e.
eMSTO. Though recent in detection, the eMSTOs are now commonly
found in the Galactic open clusters (Cordoni et al. 2018; Siegel et al.
2019; Mauryaetal. 2021). It has been found that the inferred apparent
age spread from the eMSTO’s width is correlated to the cluster age
(Niederhofer et al. 2015; Bastian et al. 2018). This indicates that
the presence of the eMSTOs is related to stellar evolution rather
than star formation. Niederhofer et al. (2015) investigate the origin
of the eMSTO in the clusters and predict that the stellar rotation
can cause broadening of the upper MS of the clusters which was
found to be true for observed young and intermediate-age clusters
(Bastian et al. 2018; Sun et al. 2019). The fast rotational velocity
causes a decrease in the self-gravity of the star which manifests in
the reduced stellar surface temperature, a phenomenon known as
gravity darkening. Therefore, the fast-rotating stars appear redder on
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the colour-magnitude diagram (CMD) due to the gravity-darkening
effect (von Zeipel 1924). However, gravity darkening affects the
stellar equators more significantly than the poles of the stars so the
observed colour of fast-rotating stars also depends on the inclination
angle. Additionally, the rotational mixing in the fast-rotating stars can
enhance their core size and lifetime on MS. These stars will appear
younger than their non-rotating counterparts (Maeder & Meynet
2000).

Although the spread in rotation rates of stars is the widely accepted
reason behind the origin of eMSTO in the open clusters, there are
studies suggesting other possible mechanisms that could contribute
to the presence of the eMSTOs in the open clusters (Piatti & Bonatto
2019; Chen et al. 2022). The differential reddening was the cause
behind the presence of eMSTO in cluster Stock 2 instead of the
rotational velocity (Alonso-Santiago et al. 2021). However, the open
clusters hosting eMSTOs explored by Cordoni et al. (2018) do not
show any significant differential reddening. Similarly, using simple
stellar populations models Chen et al. (2022) notify the contribution
of the binary stars in the eMSTO morphologies of the open clusters.
Recently, D’ Antona et al. (2023) propounded the idea that dust-like
extinction from the circumstellar excretion disc of the fast-rotating
stars may lead to the presence of the eMSTO in the star clusters.
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Thus, the exact reason behind the origin of the presence of eMSTO
in the Galactic open clusters is still a debated topic.

The possible mechanism causing the spread in rotation rates of the
stars with similar masses belonging to the eMSTO is still debated.
D’ Antona et al. (2015, 2017) proposed that all the stars were initially
fast-rotating stars before tidal torque in binary stars, causing them
to become slow rotators. The finding that a few star clusters have
comparable binary fractions in the fast- and slow-rotating stars
samples seems not to support this hypothesis (Kamann et al. 2020,
2021). A different explanation for the spread in the rotation rate of
MS stars having masses above ~1.5 Mg links this to the bimodal
stellar rotation distribution in the pre-main-sequence (PMS) low-
mass (S2Mg) stars (Bastian et al. 2020). This bimodal stellar
rotation in the PMS stars depends on the interaction of stars with
their circumstellar discs during PMS lifetimes. Another interesting
mechanism happening in very young clusters suggests that the fast
rotation is caused by disc accretion and slow rotation is due to the
binary merger in the stars (Wang et al. 2022a). So, theories providing
possible physical mechanisms leading to the spread in rotation rates
of the eMSTO stars are still emerging. Therefore, studying the origin
of the eMSTOs in open star clusters needs keen attention to develop
a better understanding of this physical phenomenon.

In this work, we carefully investigate the origin of the eMSTO
in open cluster NGC 2355. The open cluster NGC 2355 is an
intermediate-age open cluster having an age of 1 Gyr (Cantat-Gaudin
et al. 2020). This cluster is located at a distance of 1941 pc with
Galactic longitude and latitude of 203.370 and 11.813 degrees,
respectively (Cantat-Gaudin et al. 2020). The cluster is situated in the
anticentre direction in the Gemini constellation at the Galactocentric
distance of 10.1 kpc near the region where the Milky Way metallicity
gradient flattens (Cantat-Gaudin et al. 2020; Myers et al. 2022). The
mean metallicity of the cluster is estimated to be [Fe/H] = —0.09
by Magrini et al. (2021) using medium resolution Gaia—ESO UVES
(R ~ 47000) and GIRAFFE HRI5N (R ~ 19000) spectra. This
[Fe/H] metallicity translates to Z = 0.0163 in the mass fraction form
of metallicity using the relation provided by Bertelli et al. (1994).
The broadening near the MS turn-off of NGC 2355 was noticed by
Siegel et al. (2019) using Swift near-ultraviolet (1700-3000 A) data
without further spectroscopic study. The open cluster NGC 2355 is
also studied for stellar variability by Wang et al. (2022b) using optical
V-band data. A total of 15 members are variable stars in the study.

This study is organized as follows: In Section 2, we present the
source and specifications of the data used in the current analysis.
We describe member identification, cluster general properties, and
demography and physical properties of the eMSTO stars in Section 3.
In Section 4, we explore the different reasons that could explain the
origin of the eMSTO. Finally, we conclude in Section 5.

2 DATA

We utilized photometric and astrometric data provided by Gaia Data
Release 3 (DR3) (Gaia Collaboration 2016, 2022) for this study. The
Gaia DR3 archive provides data with photometric uncertainty of
0.0003, 0.001, and 0.006 mag for the G-band data up to G < 13, G
= 17, and G = 20 mag, respectively. The photometric uncertainties
for the Ggp band are ~0.0009, 0.012, and 0.108 mag up to G <
13, G = 17, and G = 20 mag, respectively. The Ggrp-band data
have 0.0006, 0.006, and 0.052 mag photometric uncertainty for G
< 13, G =17, and G = 20 mag, respectively. The proper motions
provided by Gaia DR3 have median uncertainty of ~0.03, 0.07, and
0.5 masyr~'for G < 15, G = 17, and G = 20 mag, respectively.
The median uncertainties in parallax are ~0.03 mas for G < 15,
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Figure 1. Plot of vector-point diagram for the cluster NGC 2355. The points
enclosed by a red circle represent probable cluster members.

0.07 mas for G = 17, and 0.5 mas for G = 20 mag. We used Gaia
DR3 astrometric data to identify member stars and calculate the
distance of the cluster NGC 2355.

The ultraviolet (UV) data for NGC 2355 in the uvw2 (1928 A),
uvm2 (2246 A), and uvwl (2600A) bands of the Swift survey
provided by Siegel et al. (2019) is used in this study. This data
set is part of the Swift/Ultraviolet-Optical Telescope Stars Survey
and includes near-ultraviolet photometric data of 103 Galactic open
clusters. We used this data to create the ultraviolet CMD for NGC
2355.

We used medium and high-resolution spectra available at the ESO
archive.! The medium-resolution and high-resolution spectra were
observed using the multi-object GIRAFFE and UVES spectrographs
installed on the ESO Very Large Telescope. The archived spectra
were observed under programme 197.B-1074 (PI: GILMORE, GER-
ARD). The resolution for medium-resolution GIRAFFE spectra was
R = ﬁ ~ 19200 for the wavelength range ~644 to ~680nm.
The high-resolution spectra from the UVES spectrograph have a
resolution of R ~ 51000 in the wavelength range ~582-683 nm.
These Gaia—ESO spectra were used to estimate the projected
rotational velocity of the stars in this paper.

3 MEMBERSHIP AND PHYSICAL PROPERTIES

3.1 Identification of the member stars

The identification of member stars is necessary to derive conclusions
about the origin of the eMSTO stars. For this purpose, we used very
precise astrometric data from Gaia DR3 archives. We downloaded all
the sources from Gaia DR3 data within a radius of 0.261°around the
cluster centre with right ascension (RA) = 07:16:59.3 and declination
(Dec.) = +13:46:19.2 of epoch = J2000 given by Cantat-Gaudin
et al. (2020). This radius is equal to the tidal radius of the cluster
estimated by Zhong et al. (2022). We present a vector-point diagram
(VPD) of the NGC 2355 region showing the proper motion plane
in Fig. 1. We noticed a conspicuous overensity in the VPD of NGC

Thttp://archive.eso.org/scienceportal/home
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Figure 2. Plot of fitted Marigo et al. (2017) isochrones on G/(Ggp — Grp)
colour-magnitude diagram of NGC 2355. The best-fitting isochrone shown
by the red continuous curve corresponds to the age of 1.0 Gyr. The extended
main-sequence turn-off region is enclosed within the black rectangle drawn
in the upper main sequence part of the CMD.

2355 at (flgx = —3.802mas yr~!; s = —1.086 mas yr—') as shown
Fig. 1. The stars lying within a circle of radius 0.6 mas yr~! centred
at this point were chosen as potential member stars. This radius is
estimated through the radial density profile of stars in the proper
motion plane as described in our previous studies (Joshi et al. 2020;
Maurya, Joshi & Gour 2020). The radius is the radial distance from
the centre where the number density of potential members starts
merging into the number density of the field stars in the proper
motion plane. To quantify the membership of stars, we assigned
membership probability to the stars calculated through a statistical
method utilizing proper motions as described in Maurya & Joshi
(2020). The stars with membership probabilities above 60 per cent
and parallaxes, @, within 30 standard deviation of the mean @ of
the potential member stars were chosen as cluster members. Through
this process, we obtained 411 member stars in cluster NGC 2355.

3.2 Extended main-sequence turn-off in the cluster

We notice an unusual broadening of the upper MS, i.e. the eMSTO,
in the CMD of NGC 2355, as visible in Fig. 2. We defined the
extended main-sequence turn-off region in the colour—magnitude
diagram of the cluster NGC 2355 as the rectangular region with
Ggp — Grp colour values between 0.35 and 0.70 mag and G-band
magnitude less than 14.16 mag. We analysed the 3D kinematics of
the stars belonging to the eMSTO region which is illustrated in
Fig. 3. The radial velocity (RV) of 39 out of 54 eMSTO stars were
available in Randich et al. (2022) derived from the spectroscopic
data from the Gaia—ESO survey. We found all these 39 eMSTO stars
except one share approximately similar RV with a mean RV value
of 35.4 £ 0.4kms™' and a standard deviation of 2.1kms~'. The
remaining eMSTO star with ID 38 is reported to have an RV value of
50.2 £ 0.3km s, which may be a binary star. The proper motions,
parallaxes, and RV of 53 out of 54 eMSTO stars suggest that these
stars are profound members of the cluster NGC 2355.
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Figure 3. Plot for 3D kinematics of stars belonging to extended main-
sequence turn-off of the cluster NGC 2355. The points representing proper
motions and parallax of stars are colour-coded with their radial velocities.

The stars in the eMSTO region have magnitudes G < 14.16,
Gpp < 14.34, and Ggrp < 13.80, respectively. The uncertainties for
these magnitude ranges are estimated to be 0.0002, 0.0012, and
0.0010 mag, respectively, using the tool provided by Gaia Data
Processing and Analysis Consortium (DPAC; Riello et al. 2021).
The uncertainty in the (Ggp — Ggrp) colour would be 0.002 mag
compared to the observed spread of 0.222 mag in the (Ggp — Ggrp)
colour for the eMSTO stars. For further investigation, we divided
the population of eMSTO stars into two groups. The eMSTO stars
below the fiducial line were grouped as bMS stars, whereas those
above the fiducial line were called rMS stars. We divided the MS into
magnitude bins of 0.5 mag to derive the fiducial line. The fiducial line
is the interpolation of the median of magnitude and colour of these
magnitude bins. The bMS and rMS stars within the eMSTO regions
are shown in Fig. 4. There were 23 bMS stars and 31 rMS stars in the
eMSTO region. We grouped MS stars beyond the eMSTO region as
lower main-sequence (IMS) stars. The red giant branch (RGB) stars
of the CMD are grouped as RGB stars. We divided the IMS stars into
two groups: the IMS stars with colour bluer than the fiducial line as
b-IMS stars and stars redder than the fiducial line as r-IMS stars. We
have used these subsamples of bMS, rMS, IMS, b-IMS, and r-IMS
in the subsequent analysis in the paper.

3.3 Physical properties

3.3.1 Cluster properties through photometric analysis

We used extinction, Ay, values for the cluster members given
by Anders et al. (2022) to calculate the reddening, E(B — V),
values using relation E(B — V) = Ay/Ry where Ry is the total-
to-selective extinction, taken to be 3.1, for the diffused interstellar
medium (Cardelli, Clayton & Mathis 1989). We calculated the mean
extinction, Ay, value to be 0.346 + 0.123 mag which corresponds to
E(B —V)=0.112 £ 0.040 for NGC 2355. Anders et al. (2022) used
the broad-band photometric data from Gaia EDR3, Pan-STARRSI,
SkyMapper, AIIWISE, and 2MASS surveys to calculate the Ay
values of stars with a typical precision of 0.13 mag up to G = 14 mag.
The calculated mean Ay value agrees with the mean Ay value of 0.323
4 0.018 estimated by Dias et al. (2021) using Gaia DR2 optical Ggp
and Ggp bands data. We also calculated the mean reddening values
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Figure 4. The colour—magnitude diagram with a green continuous line
representing the fiducial line of main-sequence stars. The bMS and rMS stars
belonging to the extended Main-Sequence Turn-Off region of NGC 2355 are
shown by blue and red points, respectively. Blue and red open circles denote
the b-IMS and the r-IMS stars of the lower main-sequence population.

for bMS and rMS stars to be 0.099 + 0.027 and 0.098 + 0.043 mag,
respectively. These values are in excellent agreement which indicates
the absence of differential reddening for the eMSTO stars in NGC
2355.

The distance of cluster NGC 2355 was determined through the
parallax inversion method. We calculated the mean @ from the
member stars to be 0.522 4 0.046 mas, translating into a distance
of 1853 % 84 pc for NGC 2355. This distance was calculated after
compensating the mean @ of NGC 2355 for a systematic global
parallax offset of —0.017 mas for Gaia DR3 parallaxes estimated by
Lindegren et al. (2021). The distance modulus calculated from the
distance of this cluster was found to be 11.34 £ 0.10 mag. The age of
this cluster was estimated by fitting extinction corrected Marigo et al.
(2017) isochrones? of the metallicity Z = 0.0163 on the CMD for the
obtained distance modulus and extinction. The age of the best-fitting
isochrone was found to be 1 Gyr. We determined the mass of the
individual member stars through the isochrone fitting on the CMD of
the cluster. The CMD of NCG 2355 with the best-fitting isochrone
is shown in Fig. 2 and the masses of the individual member stars are
given in Table 1.

We used the multiple-part power-law form of mass function
provided by Kroupa (2001) to calculate the total mass of NGC 2355.
We estimated the total mass of NGC 2355 as described by Snider
etal. (2009). In this method, the total mass, M,,, is calculated from the
relation Mo, = A X fn'l"f M'=*d M. The normalization constant, A, in

this equation was estimated from the relation N = A x [ ;"]2 M~dM
for m; = 1.0Mg, my = 2.0Mg, and N = 218. A brief description
of this method can be found in our previous study Maurya et al.
(2023). Using this method, we obtained the total mass of the cluster
to be 1.3 & 0.5 x 103 Mg, including members having masses above

0.08 M.

Zhttp://stev.oapd.inaf.it/cgi-bin/cmd
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3.3.2 Properties of individual stars through spectroscopic analysis

We used the ISPEC software solution package to estimate effective
temperature (7.¢) and projected rotational velocity (v sin i) of
the stars (Blanco-Cuaresma et al. 2014; Blanco-Cuaresma 2019).
The ISPEC package provides various options for synthetic spectrum
generation codes, line lists, and model atmospheres. We used the
radiative transfer code SPECTRUM (Gray & Corbally 1994) and
MARCS (Gustafsson et al. 2008) atmosphere models available in the
ISPEC to generate the synthetic spectra. Solar abundances for the
synthetic spectra were taken from Kurucz (2005) models. We used
original line lists provided in the SPECTRUM package covering 300 to
1100 nm. We fixed microturbulent velocity and the limb darkening
to 2kms™! and 0.6 for all the spectra, respectively. We obtained
the best-fitting synthetic spectra to the observed spectra through the
global x 2 minimization of the parameters T, surface gravity log (g),
and v sin 7 simultaneously. The value of a parameter corresponding
to the best-fitting synthetic spectra was considered as the estimated
value of the parameter for the star. We have presented the illustrative
plots of best-fitting synthetic spectra on the observed spectra for
slow and fast-rotating stars in Fig. 5. The derived T and v sin
i values together with membership probabilities and other physical
parameters of eMSTO stars in Table 1. The v sin i values we estimated
for the eMSTO stars mostly agree with those reported by Randich
et al. (2022).

The high-resolution UVES spectra were available for RGB stars
only. The v sin i and T values for RGB stars were determined
using these high-resolution spectra. The estimated v sin i values
for RGB stars range from 1.23 & 0.45 to 7.98 & 0.21 kms~'. We
estimated v sin i and T.¢ of eMSTO stars and lower MS stars from the
medium-resolution GIRAFFE spectra. We found v sin i values for
the eMSTO stars in the range 15.59 4 8.71 t0 225.70 +35.72kms .
These spectroscopically estimated values of v sin i and Teg are used
in the following analysis of this study.

3.4 Unresolved binaries

The presence of the binary stars can also influence the morphology
of the CMD of the clusters as an unresolved binary would appear
redder and brighter than the single star of a mass similar to the mass
of the primary component on the MS. This redder and brighter shift
of binaries may resemble the eMSTO in the upper MS of the clusters.
The magnitude of the binary system can be expressed as follows:

F,
Mpinary = Mp — 2.5 10g 1+ F .

where Mpinary and m, are the II’nagnitudes of the whole binary
system and the primary star, respectively. F;, and F; denote the flux of
the primary and the secondary stars of the binary system, respectively.
The shift will be largest for the equal mass binaries as these binaries
will be —2.5 x log(2) ~ 0.752 mag brighter than the single star on the
MS. Therefore, we investigated the CMD of the cluster NGC 2355
by over-plotting Marigo et al. (2017) isochrone of the metallicity
Z = 0.0163 corresponding to the equal mass binaries as shown in
Fig. 6. The stars lying below G = 16.0 mag on the MS, especially
between the G = 16.0 and G = 17.5 mag, form a narrow MS separated
from the binary sequence. The gap between the single stars sequence
and equal mass binaries sequence becomes narrower towards the
upper MS, especially near the turn-off region. The two sequences
mostly contain the distribution of the stars on MS of the CMD,
however, the majority of the rMS stars in the upper eMSTO region are
intriguingly beyond the equal mass binary sequence. This indicates
that the apparent colour shift due to unresolved companion will not
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Table 1. Physical parameters of the eMSTO stars in the cluster NGC 2355. The ID, right ascension, declination, G-band magnitude, (Ggp — Ggrp) colour,
membership probability, effective temperature, radial velocity, projected rotational velocity, mass, and the group of the eMSTO stars are given in columns 1, 2,
3,4,5,6,7,8,9, 10, and 11, respectively. The radial velocity of eMSTO stars given here is taken from Randich et al. (2022).

ID RA (J2000) Dec. (J2000) G (Ggp — GRrp) Prob. Tefr RV v sin i Mass  Group
(deg) (deg) (mag) (mag) (K) (kms™") (kms™") Mo)
1 109.080 23 13.95845 13.976 0.501 0.99 — - - 1.602  bMS
2 109.300 89 13.560 54 13.438 0.458 0.99 - - — 1.77 bMS
3 109.27791 13.55978 13.138 0.415 0.99 — - - 1.864  bMS
4 109.183 57 13.68092 13.396 0.508 0.99 7237.24+ 241.08 377+ 14 88.52 £ 14.33 1.784 ™S
5 109.268 94 13.613 88 13.042 0.574 0.72 7051.75+ 321.58 344+ 0.5 109.58+ 18.45 1.893 ™S
6 109.39146 13.67027 13.273 0.437 0.99 7623.46+ 103.45 355+22 103.19+ 23.86 1.822  bMS
7 109.260 85 13.65129 13.845 0.467 0.96 7325.04+ 105.44 35.6£04 29.32 £ 10.96 1.643  bMS
8 109.268 66 13.680 81 13.932 0.541 0.99 714259+ 9796 369 +£ 0.4 29.94 +5.28 1.615  bMS
9 109.2684 13.697 11 13.536 0.443 0.99 7686.74+ 76.27 362+ 1.0 66.24 £+ 14.29 1.739  bMS
10 109.301 53 13.73161 14.023 0.512 0.99 7433.93+ 113.02 351+ 2.8 119.19 £ 22.51 1.59 bMS
11 109.2077 13.73256 13.928 0.606 0.99 7314.85 £+ 144.88 36.0+3.5 120.65 £ 23.27 1.616 ™S
12 109.25139 13.73758 13.861 0.535 0.99 7380.10 + 132.05  34.2+2.0 119.53+ 21.14 1.637  bMS
13 109.2431 13.7338 13.803 0.612 0.95 7131.14£ 77.65 35.7£0.6 37.64 £7.95 1.657 ™S
14 109.27174 13.74128 14.105 0.565 0.94 7335.02 £93.85 30.8 £4.7 151.17 £ 33.15 1.562  bMS
15 109.2752 13.74267 12.742 0.511 0.99 7308.84+ 86.71 348+ 1.2 103.25 £+ 16.23 1.986 ™S
16 109.234 03 13.74478 12.819 0.54 0.99 7481.92 +126.05 37.8+£0.3 15.59 £8.71 1.963 ™MS
17 109.25578 13.75799 13.474 0.548 0.99 7413.67+ 117.7 341+ 1.6 103.43+ 17.67 1.759 ™S
18 109.247 37 13.75092 12.823 0.589 0.98 - - - 1.962 ™MS
19 109.2418 13.768 73 12.676 0.574 0.99 7223.79 £ 11539 304 +£0.8 74.18 £11.70  2.007 ™S
20 109.253 06 13.77097 14.058 0.677 0.96 - - - 1.576 ™MS
21 109.2206 13.73247 13.083 0.587 0.99 7375.54+ 82.17 37.5£25 140.25+ 19.02 1.882 ™S
22 109.286 13 13.75878 12.84 0.502 0.95 7237.07+ 103.48 358+ 2.1 162.36+ 22.91 1.956 ™MS
23 109.294 43 13.78722 12.735 0.482 0.99 7399.87 £ 80.74 355+ 1.2 104.16+ 19.14 1.988 ™S
24 109.266 73 13.776 24 13.137 0.559 0.99 7199.52 £+ 127.5 31.3£33 183.79 £ 27.57 1.864  1MS
25 109.264 27 13.79233 13.073 0.525 0.99 - - — 1.885 ™S
26 109.288 22 13.793 36 13.614 0.611 0.98 6976.67 + 86.18 349+ 1.7 140.87 £ 26.19 1.716 ™MS
27 109.290 32 13.8116 13.563 0.504 0.99 - - — 1.73 bMS
28 109.338 93 13.81507 13.726 0.505 0.99 7230.92 £ 158.99  36.7+3.1 175.83 £27.13 1.678  bMS
29 109.361 26 13.81018 13.147 0.427 0.99 753143 £ 2413 3504 0.6 49.86 £+ 10.07 1.861 bMS
30 109.317 74 13.808 59 13.887 0.559 0.99 7022.35 £ 175.82 337£5.6 216.26+ 32.93 1.629 ™MS
31 109.307 71 13.81213 12.896 0.617 0.72 6763.24+ 149.88 359+238 171.41+ 21.65 1.938 ™S
32 109.5021 13.73835 13.644 0.486 0.99 - - — 1.706  bMS
33 109.444 18 13.796 75 13.033 0.55 0.99 6956.8 + 102.86 40.8+ 4.5 218.78+ 29.29 1.896 ™S
34 109.4982 13.808 84 14.123 0.519 0.99 - - — 1.556  bMS
35 109.202 54 13.760 32 13.678 0.637 0.90 7073.72+ 359.0 33.0£ 3.7 159.66+ 28.71 1.695 ™S
36 109.218 66 13.760 36 13.168 0.579 0.65 7324.16£ 104.82 34.0+ 3.1 178.06+ 25.46 1.854  tMS
37 109.2233 13.77248 12.861 0.602 0.99 7471.63 £ 117.22 353£26 142.33+ 25.53 1.949 ™S
38 109.23429 13.78643 13.734 0.577 0.99 7770.8 £ 148.63  50.2+0.3 18.63 £ 5.87 1.676 ™MS
39 109.218 33 13.809 52 13.843 0.535 0.99 - - — 1.643  bMS
40 109.15049 13.81682 13.873 0.559 0.99 7213.64 £ 15831  369+09 48.66 £+ 10.38 1.633 ™MS
41 109.139 63 13.838 15 13.796 0.483 0.99 7289.45+ 16345  36.0£ 1.0 58.83 £ 15.20 1.659  bMS
42 109.247 41 13.814 11 13.644 0.568 0.99 - - — 1.706 ™S
43 109.264 02 13.822 66 14.053 0.57 0.99 7425.65 +88.5 35540.6 39.43 £ 14.58 1.58 bMS
44 109.226 06 13.82122 13.78 0.533 0.99 7410.05 £72.32 348+ 1.3 76.87 £ 17.36 1.662  bMS
45 109.232 84 13.83363 14.105 0.619 0.98 7112.6 £ 115.56  33.0+5.6 187.02+ 31.85 1.562 ™S
46 109.317 58 13.854 34 13.539 0.451 0.99 7662.58+ 71.91 36.7£ 0.9 50.60 £ 15.25 1.738  bMS
47 109.319 89 13.860 67 13.733 0.63 0.99 - - — 1.676 ™S
48 109.174 29 13.85847 13.63 0.471 0.99 — - - 1.711 bMS
49 109.284 37 13.906 64 14.09 0.628 0.99 7282.1 +189.4 35.1£22 96.13 £ 20.56 1.567 ™S
50 109.21547 13.906 12.937 0.551 0.99 7018.4 £ 119.73 33.0£25 163.17+ 23.53 1.927 ™S
51 109.111 16 13.85945 13.954 0.516 0.99 - - - 1.608  bMS
52 109.034 48 13.89163 13.759 0.493 0.99 - - — 1.668  bMS
53 109.200 19 13.92274 13.534 0.562 0.98 7120.89+ 166.06 40.6+ 6.0 225.70+ 35.72 1.739 ™S
54 109.23248 13.94563 13.254 0.579 0.99 7041.03 £ 133.55 375+ 1.1 180.024+ 24.30 1.828 ™S

be able to produce most of the spread in the red part of the eMSTO
in the CMD of NGC 2355. However, the low-mass ratio binaries can
still be responsible for the spin-down of bMS stars of the eMSTO
(D’ Antona et al. 2015). The bMS stars in the CMD are well contained
within the single star sequence and binary sequence corresponding
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to mass ratio ¢ = 0.8 as shown in Fig. 6. The magnitude shift for the
binary sequence of mass ratio ¢ = 0.8 was calculated to be 0.350 mag
by using the luminosity—mass relation provided by Eker et al. (2018)
in the above equation for the magnitude of the binary system. We
have discussed the spin-down scenario of the fast-rotating stars due
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Figure 5. Plots showing synthetic spectra fitting on observed spectra. Blue
curves denote the observed spectra, while the red curves exhibit the best-
fitting synthetic spectra. The upper panel corresponds to the slow-rotating (v
sin i = 58.83 & 15.2km s~ !) star with ID 41. The lower panel represents the
best-fitting plot for the fast-rotating (v sin i = 175.83 £ 27.13kms™!) star
with ID 28.
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Figure 6. Colour—magnitude diagram of NGC 2355 fitted with Marigo et al.
(2017) single stars isochrone corresponding to 1 Gyr age shown by the blue
continuous curve. The dashed red curve represents the same isochrone shifted
by 0.752 mag in G bands to fit the equal mass binary sequence of the cluster
NGC 2355. The green continuous curve represents the binary sequence for
the 0.8 mass ratio binaries.

to tidal-locking in the low-mass ratio binaries present in the bMS
population in Section 4.3.1.

eMSTO in the open cluster NGC 2355 1217

4 ORIGIN OF THE EMSTO IN THE CLUSTER

4.1 Spread in the rotation rates

The spread in the rotation rates of stars has also been suggested to be
a possible reason behind the origin of eMSTO in the Galactic open
clusters (Bastian et al. 2018; Lim et al. 2019). We have shown the v
sin i distribution of the stars on the CMD of the cluster NGC 2355
in Fig. 7. We found no clear-cut distinction between the fast and
slow-rotating stars on the lower MS of NGC 2355 as these stars are
mostly slow rotators. However, there is a conspicuous preferential
distribution of fast-rotating stars on the red part and slow-rotating
stars on the blue part of the CMD in the eMSTO region of the
cluster. We found the mean v sin i values for the bMS and rMS stars
of the eMSTO to be 81.3 & 5.6 and 135.3 £ 4.6km s™!, respectively.
We have shown the histogram of the v sin i values for the bMS and
rMS stars in Fig. 8. It can be noticed from the histogram that the bMS
stars have projected rotational velocities up to ~176 kms~! whereas
the rMS stars possess v sin i values up to ~226 km s~!. Thus, the tMS
stars exhibit a much wider range of rotational velocities, as reported
in the previous study on the other clusters hosting eMSTOs (Marino
et al. 2018a). However, the mean v sin i value for the stars belonging
to the lower MS stars was found to be 26.5 & 1.3kms~!. The effects
of stellar rotation, such as gravity darkening and dust-like extinction
from the circumstellar excretion disc in the fast-rotating stars, may
lead to a spread in the colour of the eMSTO stars on the CMD.
The gravity-darkening effect can cause a decrease in the T.g values
for the fast-rotating stars. We studied the distribution of effective
temperature, T, as a function of the Ggp — Ggp colour for eMSTO
stars in NGC 2355. We found average T values of 7421.3 & 34.8
and 7190.1 &+ 32.0K for the bMS and rMS stars, respectively. We
also investigated the relation between stellar rotation and the effective
temperature of the eMSTO stars in the cluster. We have shown the
projected rotational velocity in a Teg-colour diagram in Fig. 9. We
found that the fast-rotating rMS stars generally tend to have lower T
values than their slow-rotating counterparts. The gravity-darkening
also includes the inclination effect which causes the fast-rotating
stars to appear bluer and brighter for the pole-on view compared to
the equator-on view (von Zeipel 1924; Kamann et al. 2020). Thus,
the combined effect of the viewing angle and gravity darkening
might contribute to the emergence of the eMSTO in cluster NGC
2355.

4.2 Dust-like extinction from the circumstellar excretion disc

The material ejected from the fast-rotating stars forms the circum-
stellar excretion disc. The dust-like extinction from the excretion disc
of the stars can cause fast-rotating stars to appear redder (D’ Antona
etal. 2023). The absorption from the disc combined with the viewing
angle may also produce a broadening of the upper MS, resulting in
the eMSTO. This dust-like extinction is expected to be wavelength-
dependent and can be detected in the ultraviolet CMD (D’ Antona
et al. 2023; Milone et al. 2023). We used the wvw2 (1928 A), uvm2
(2246 A), and uvwl (2600 A) bands ultraviolet data to investigate the
dust-like extinction properties of the eMSTO stars in the cluster
NGC 2355. The ultraviolet CMDs for NGC 2355 are shown in
Fig. 10. We have shown the stars in the blue and the red parts
of the eMSTO and the lower main sequence, IMS, by different
groups in the figure to compare the UV extinction from them. The
broadened upper MS is conspicuous in the UV CMDs except for
uvm?2 versus (uvw2-uvm2) CMD. We noticed an interesting case
where stars belonging to the red part of the MS, including both
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Figure 7. Plot of the colour—-magnitude diagram colour-coded by projected rotational velocities v sin i of stars in NGC 2355. The green continuous line
represents the fiducial line for main-sequence stars. The rMS star with significantly high-radial velocity (ID 38) is marked by a red square.
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Figure 8. Histogram of projected rotational velocity, v sin i, distribution for
bMS and rMS stars of the eMSTO in NGC 2355 by the blue and the red bars,
respectively.

the tMS and the r-IMS stars, of the optical CMD are bluer than
their counterparts in the uvm2 versus (uvw2—-uvm2) UV CMD. We
did not find substantial evidence of any excess UV extinction from
rMS stars in the eMSTO sample compared to the r-IMS stars in
lower MS in NGC 2355 to support the hypothesis of dust-like
extinction from the fast-rotating stars suggested by D’ Antona et al.
(2023).
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Figure 9. Plot of the effective temperature distribution as a function of the
(Gpp — Grp) colour for the eMSTO stars colour-coded by their projected
rotational velocities.

4.3 Possible mechanisms for spread in rotation rates

4.3.1 Tidally locked binaries

The low-mass ratio unresolved binaries may be present in the bMS
population of the eMSTO which may have slowed down due to
tidal locking. The tidal locking synchronizes the rotation rates of the
primary and secondary stars in a binary system with their orbital
motion (de Mink et al. 2013). The synchronization may slow down
the stellar rotation by effectively transferring the angular momentum
from the rotational motion to the orbital motion of the system.
The effect of the synchronization of the rotation of the stars can
be investigated by calculating the required synchronization time.
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diagram for stars in NGC 2355.

We estimated the synchronization time, 7y, by following Hurley,
Tout & Pols (2002) formulae for MS binary stars with radiative
envelopes having primary star with mass >1.25Mg. The formula
can be expressed as follows:

172 2 17/2
GM, MyR R
—=5x% 25/3 3P P Pq2(1 +q)5/6 E, p ,
Tsyne Rp I, a

where M, R,,, and I, are the mass, radius, and moment of inertia
of the primary stars, respectively. The G in the equation denotes the
gravitational constant. g represents the mass ratio of binary systems,
while a denotes the separation between binary components. The
physical quantities in the above equation are in the CGS units system.
E, is the second-order tidal coefficient. The value of E, can be
calculated using the following relation provided by Sun et al. (2019)
derived through fitting the values of E, and mass of stars given in
the original study by Zahn (1975):

E, =1.592 x 10‘9M§'84,

where M, is in the solar unit M. We estimated the radius of the
primary star by using the empirical relations R, ~ 1.06 M** for M,
< 1.66 Mg and R, ~ 1.33M%3% in case of M, > 1.66 M, provided
by Demircan & Kahraman (1991). We have shown the impact of
the mass ratio and separation between binary components on the
synchronization time of the binary systems in Fig. 11. From the
above relations, we can deduce that the binary system with a higher
primary star mass would have a shorter synchronization time than
the binary system with a relatively lower primary star mass. Since the
eMSTO stars in our sample have masses from ~1.6 to 2.0 Mg so, we
have shown plots of the synchronization time distribution only for the
two bounding masses, i.e. 1.6 and 2.0 Mg, in the figure. We noticed
that the 74y, sharply increases with the separation between the binary
components for any particular mass ratio. The binary system with a
larger separation between the components would have weaker tidal
torque and hence, longer synchronization time. We also found that

the Ty values for low-mass ratio binaries were greater than the gy,
for the relatively high- mass ratio binaries of the same mass and
separation. The synchronization time for the close binary systems (a
< TRg) with ¢ > 0.2 is less than the age of the cluster NGC 2355.
For binaries with ¢ < 0.2 also, the Ty, is generally less compared
to the age of the cluster up to a separation of ~6Rg. We expect
that most of the close binary systems in the bMS population of the
eMSTO stars may have synchronized rotational and orbital motions
due to tidal locking and thus become slow rotating as suggested by
D’ Antona et al. (2017).

The radial distribution of the eMSTO stars in NGC 2355 is
crucial for assessing the possibility of populating blue eMSTO stars
from tidally braked slow-rotating stars. The tidally braked slow-
rotating low-mass ratio binaries of the bMS population are expected
to be preferentially concentrated in the central region due to the
mass segregation of the binary systems. To investigate the radial
distribution of the bMS and rMS stars, we divided the stars of NGC
2355 into two groups: inner region and outer region stars. The circular
region around the cluster centre with a radius equal to the half-
mass radius of 0.104° provided by Zhong et al. (2022) was taken
as the inner region. The remaining annular region was considered
the outer region of the cluster. The inner and outer regions had 224
and 187 stars, respectively. We have shown the locations of these
two different populations in the CMD of NGC 2355 in Fig. 12. We
found that the bMS stars of the eMSTO were preferentially located
in the outer region of the cluster. This contradicts our expectation
that bMS stars should be preferentially segregated in the inner region
if they were tidally locked binary systems. Therefore, bMS stars
seem less likely to be the tidally braked low-mass ratio binaries.
Similarly, a few previous studies also found that the stars belonging
to the red part of the eMSTO were preferentially inner region stars
(Maurya et al. 2021; Kamann et al. 2023). As discussed in the
previous section, only the low-mass ratio binaries with massive

MNRAS 532, 1212-1222 (2024)
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Figure 12. The colour—magnitude diagram of stars in the NGC 2355 cluster
represents inner and outer region stars with red open circles and blue filled
circles, respectively.

primary stars can undergo a rapid tidal locking process. Based on
findings from simulated populations, Wang et al. (2023) suggested
that low-mass ratio binaries will have primary stars heavier than 5 Mg
for a population of 100 Myr age. In the case of clusters older than
100 Myr, the primary star in the low-mass ratio binary would have
already evolved off the MS (Wang et al. 2023). Thus, the cluster NGC
2355 (age ~ 1000 Myr) may not possess a tidally locked low-mass
ratio binary in its bMS population.

4.3.2 Star—disc interaction

Bastian et al. (2020) suggested that the spread in rotation may be
caused by differences in the star—disc interaction during the PMS

MNRAS 532, 1212-1222 (2024)

phase. The coupling between the star and the protoplanetary disc is
thought to be responsible for extracting a large amount of angular
momentum from the star (Edwards et al. 1993; Amard & Matt 2023).
However, as soon as the disc is dissipated or decoupled from the star,
the latter is free to spin-up as it contracts to the MS. Therefore, an
early spin-up leads to a faster rotation on the MS since the star can
spin-up for a longer time. Many factors can affect the duration of the
star-disc coupling. The disc can be dispersed by its accretion on to
the star, dynamical encounter, photo-evaporation from the star itself,
or surrounding massive stars (Roquette et al. 2021). The distribution
of the rotation rates of these stars thus strongly depends on the
environment during the formation stage. If the stars in a cluster face
a higher rate of disc destruction, the cluster will host a larger number
of fast-rotating stars leading to a change in its main-sequence turn-off
morphology.

The stars in the central part of the cluster may face higher
destruction of their disc due to dynamical interactions caused by
higher stellar density and the photoionization from the larger fraction
of massive stars towards the centre (Venuti et al. 2024). The greater
fraction of the destruction of the protoplanetary disc of stars may
result in a larger fraction of the fast-rotating stars in the inner region
of the cluster (Bastian et al. 2020). It can also be inferred from Fig.
12 that the rMS stars of the eMSTO, which comprise mostly fast-
rotating stars, are preferentially located in the inner region of the
cluster NGC 2355. Thus, our findings of the radial distribution of
eMSTO stars in NGC 2355 indicate that the star—disc interaction is
most likely responsible for the observed spread in rotation rates of
the eMSTO stars.

4.4 The lower mass limit for fast rotation

We found that fast-rotating stars were brighter than G ~ 14.16 mag
in NGC 2355 which corresponds to a mass of ~1.56 M for the
metallicity Z= 0.0163 (see Fig. 7). This mass limit coincides with the
mass range of ~1.5-1.6 My where magnetic braking starts slowing
down the stars (Goudfrooij et al. 2018; Georgy et al. 2019; Bastian
et al. 2020; Kamann et al. 2020). The stars with masses above this
mass limit on the MS are expected not to be efficiently spun-down
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as they possess very thin convective envelopes. This mass limit
increases with the increase in the metallicity of clusters (Georgy
etal. 2019). The stars in the lower main sequence (below ~1.56 M)
of NGC 2355 were found to be rotating slowly with a mean projected
rotational velocity of the 26.5+£1.3km s™!. The lower MS is marked
by a complete absence of fast-rotating stars indicating the magnetic
braking of stellar rotation for the IMS stars in NGC 2355.

The magnetic braking in low-mass stars is related to the presence
of a thick convective envelope, which allows for the generation of a
large-scale magnetic field through a dynamo process. The coupling of
this large-scale field with the mass-loss causes the stars to efficiently
lose angular momentum and their spin rate to brake as they evolve.
This likely explains both the absence of fast-rotating stars in the
lower part of the CMD and the lesser spread of the MS as the
structural effects of rotation become negligible at low-rotation rates.
The dynamo becomes inefficient above ~1.5 M, and the stars keep
the fast rotation throughout their MS lifetime. The transition between
the two regimes is known as the Kraft break (Kraft 1967).

5 SUMMARY

We study the origin of the extended main-sequence turn-off present
in the Galactic open cluster NGC 2355. It is a low-mass (1.3 £ 0.5 x
10° M) cluster with age of ~1 Gyr. The MS stars, except rMS stars
in NGC 2355, are contained between the single star and the equal-
mass binary sequences. The majority of the rMS stars in the eMSTO
region are distributed well beyond the equal mass binary sequence,
which discards the possibility that the unresolved binaries could
resemble eMSTO in NGC 2355 (see Fig. 6). We further investigate
the projected rotational velocity distribution of the stars in the cluster,
which reveals that fast-rotating stars preferentially populate the red
part of the eMSTO. The v sin i values for bMS, rMS, and IMS stars
are found to be 81.3 £ 5.6, 135.3 £ 4.6, and 26.5 + 1.3kms™!,
respectively. The spread in rotation rates of stars may lead to the
origin of eMSTO due to various effects related to stellar rotation, such
as dust-like extinction from excretion disc and gravity-darkening. We
examine the dust-like extinction scenario through ultraviolet CMD
created from the Swift near-ultraviolet data. We do not find any
substantial evidence of the excess ultraviolet absorption in the fast-
rotating rMS population of NGC 2355 to support the hypothesis that
dust-like extinction from the circumstellar disc makes them appear
redder on the MS compared to their slow-rotating counterparts.
However, a careful inspection of the effective temperature of the
stars hints toward the contribution of gravity darkening in the colour
spread of the upper MS of NGC 2355. The spread in rotation rates
of the eMSTO stars can be explained by mechanisms such as tidal
interaction in the binary stars and star—disc interaction in the PMS
phase of stars. The synchronization time for the likely low-mass ratio
close binaries belonging to bMS stars of NGC 2355 is mostly shorter
enough for them to become slow-rotating stars through the tidal-
locking process. To further inspect the tidal locking scenario, we
analyse the radial distribution of the stars in NGC 2355. Against the
general expectation that bMS stars should be preferentially located
in the inner region if they were close binaries, we find that the bMS
stars are mostly located in the outer region of the cluster. The possible
cause for this discrepancy could be the absence of the low-mass ratio
close binaries in the bMS population. So, the tidal locking in the close
binaries appears to be the less likely reason for the spread in rotation
rates of the eMSTO stars in the NGC 2355 open cluster. The different
star—disc interaction time in the PMS phase of the stars may also lead
to the spread in rotation rates of the eMSTO stars. The longer the
star—disc interaction time, the slower the rotation rate of the star
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would be. The early destruction of the protoplanetary disc of stars in
the central region would be higher due to dynamical interactions and
photoionization, which may lead to a higher concentration of the fast-
rotating stars towards the centre of a cluster. We also find that the tM'S
stars, mostly fast-rotating, are preferentially concentrated in the inner
region of the cluster NGC 2355. Therefore, the star—disc interaction
during the PMS phase seems to be the most likely mechanism for
the spread in the rotation rates of the upper MS stars and, thus, the
origin of the eMSTO in the open cluster NGC 2355. We also notice
an absence of fast-rotating stars in the lower main sequence beyond
~1.56 Mg possibly because of the magnetic braking that effectively
spins-down their rotations. Further radial velocity analysis of the
eMSTO stars involving high-resolution multi-epoch data will help
us better understand the role of binary stars in the origin of the
eMSTO in NGC 2355 and open clusters in general.
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