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A B S T R A C T 

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 ± 4.6 km s −1 compared to the stars in the 
blue part that have an average v sin i equal to 81.3 ± 5.6 km s −1 . 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 surv e y. 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 ± 1.3 km s −1 ) possibly due to 

the magnetic braking of their rotations. 

Key words: techniques: spectroscopic – Hertzsprung–Russell and colour–magnitude diagrams – stars: rotation – open clusters 
and associations: individual: NGC 2355. 
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 I N T RO D U C T I O N  

he unusual spread near the turn-off of the main sequence (MS) in the
olour–magnitude diagram of the Galactic open clusters has drawn
he attention of astronomers recently (Marino et al. 2018b ). This
pread in the upper MS is called extended main-sequence turn-off i.e.
MSTO. Though recent in detection, the eMSTOs are now commonly
ound in the Galactic open clusters (Cordoni et al. 2018 ; Siegel et al.
019 ; Maurya et al. 2021 ). It has been found that the inferred apparent
ge spread from the eMSTO’s width is correlated to the cluster age
Niederhofer et al. 2015 ; Bastian et al. 2018 ). This indicates that
he presence of the eMSTOs is related to stellar evolution rather
han star formation. Niederhofer et al. ( 2015 ) investigate the origin
f the eMSTO in the clusters and predict that the stellar rotation
an cause broadening of the upper MS of the clusters which was
ound to be true for observed young and intermediate-age clusters
Bastian et al. 2018 ; Sun et al. 2019 ). The fast rotational velocity
auses a decrease in the self-gravity of the star which manifests in
he reduced stellar surface temperature, a phenomenon known as
ravity dark ening. Therefore, the f ast-rotating stars appear redder on
 E-mail: maurya.jayanand@gmail.com 
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Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
he colour–magnitude diagram (CMD) due to the gravity-darkening
ffect (von Zeipel 1924 ). However, gravity darkening affects the
tellar equators more significantly than the poles of the stars so the
bserved colour of fast-rotating stars also depends on the inclination
ngle. Additionally, the rotational mixing in the fast-rotating stars can
nhance their core size and lifetime on MS. These stars will appear
ounger than their non-rotating counterparts (Maeder & Meynet
000 ). 
Although the spread in rotation rates of stars is the widely accepted

eason behind the origin of eMSTO in the open clusters, there are
tudies suggesting other possible mechanisms that could contribute
o the presence of the eMSTOs in the open clusters (Piatti & Bonatto
019 ; Chen et al. 2022 ). The differential reddening was the cause
ehind the presence of eMSTO in cluster Stock 2 instead of the
otational velocity (Alonso-Santiago et al. 2021 ). Ho we ver, the open
lusters hosting eMSTOs explored by Cordoni et al. ( 2018 ) do not
how any significant differential reddening. Similarly, using simple
tellar populations models Chen et al. ( 2022 ) notify the contribution
f the binary stars in the eMSTO morphologies of the open clusters.
ecently, D’Antona et al. ( 2023 ) propounded the idea that dust-like
xtinction from the circumstellar excretion disc of the fast-rotating
tars may lead to the presence of the eMSTO in the star clusters.
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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. 
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hus, the exact reason behind the origin of the presence of eMSTO
n the Galactic open clusters is still a debated topic. 

The possible mechanism causing the spread in rotation rates of the 
tars with similar masses belonging to the eMSTO is still debated. 
’Antona et al. ( 2015 , 2017 ) proposed that all the stars were initially

ast-rotating stars before tidal torque in binary stars, causing them 

o become slow rotators. The finding that a few star clusters have
omparable binary fractions in the fast- and slow-rotating stars 
amples seems not to support this hypothesis (Kamann et al. 2020 ,
021 ). A different explanation for the spread in the rotation rate of
S stars having masses abo v e ∼1.5 M � links this to the bimodal

tellar rotation distribution in the pre-main-sequence (PMS) low- 
ass ( � 2 M �) stars (Bastian et al. 2020 ). This bimodal stellar

otation in the PMS stars depends on the interaction of stars with
heir circumstellar discs during PMS lifetimes. Another interesting 

echanism happening in very young clusters suggests that the fast 
otation is caused by disc accretion and slow rotation is due to the
inary merger in the stars (Wang et al. 2022a ). So, theories providing
ossible physical mechanisms leading to the spread in rotation rates 
f the eMSTO stars are still emerging. Therefore, studying the origin 
f the eMSTOs in open star clusters needs keen attention to develop
 better understanding of this physical phenomenon. 

In this work, we carefully investigate the origin of the eMSTO 

n open cluster NGC 2355. The open cluster NGC 2355 is an
ntermediate-age open cluster having an age of 1 Gyr (Cantat-Gaudin 
t al. 2020 ). This cluster is located at a distance of 1941 pc with
alactic longitude and latitude of 203.370 and 11.813 degrees, 

espectively (Cantat-Gaudin et al. 2020 ). The cluster is situated in the
nticentre direction in the Gemini constellation at the Galactocentric 
istance of 10.1 kpc near the region where the Milky Way metallicity
radient flattens (Cantat-Gaudin et al. 2020 ; Myers et al. 2022 ). The
ean metallicity of the cluster is estimated to be [Fe/H] = −0.09

y Magrini et al. ( 2021 ) using medium resolution Gaia –ESO UVES
 R ∼ 47 000) and GIRAFFE HR15N ( R ∼ 19 000) spectra. This
Fe/H] metallicity translates to Z = 0.0163 in the mass fraction form
f metallicity using the relation provided by Bertelli et al. ( 1994 ).
he broadening near the MS turn-off of NGC 2355 was noticed by
iegel et al. ( 2019 ) using Swift near -ultra violet (1700–3000 Å) data
ithout further spectroscopic study. The open cluster NGC 2355 is 

lso studied for stellar variability by Wang et al. ( 2022b ) using optical
 -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

ource and specifications of the data used in the current analysis. 
e describe member identification, cluster general properties, and 

emograph y and ph ysical properties of the eMSTO stars in Section 3 .
n Section 4 , we explore the different reasons that could explain the
rigin of the eMSTO. Finally, we conclude in Section 5 . 

 DATA  

e utilized photometric and astrometric data provided by Gaia Data 
elease 3 (DR3) (Gaia Collaboration 2016 , 2022 ) for this study. The
aia DR3 archive provides data with photometric uncertainty of 
.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 

or the G BP band are ∼0.0009, 0.012, and 0.108 mag up to G <

3, G = 17, and G = 20 mag, respectively. The G RP -band data
ave 0.0006, 0.006, and 0.052 mag photometric uncertainty for G 

 13, G = 17, and G = 20 mag, respectively. The proper motions
rovided by Gaia DR3 have median uncertainty of ∼0.03, 0.07, and 
.5 mas yr −1 for G < 15, G = 17, and G = 20 mag, respectively.
he median uncertainties in parallax are ∼0.03 mas for G < 15,
.07 mas for G = 17, and 0.5 mas for G = 20 mag. We used Gaia
R3 astrometric data to identify member stars and calculate the 
istance of the cluster NGC 2355. 
The ultraviolet (UV) data for NGC 2355 in the uvw2 (1928 Å),

vm2 (2246 Å), and uvw1 (2600 Å) bands of the Swift surv e y
rovided by Siegel et al. ( 2019 ) is used in this study. This data
et is part of the Swift /Ultraviolet-Optical Telescope Stars Surv e y
nd includes near -ultra violet photometric data of 103 Galactic open
lusters. We used this data to create the ultraviolet CMD for NGC
355. 
We used medium and high-resolution spectra available at the ESO 

rchive. 1 The medium-resolution and high-resolution spectra were 
bserved using the multi-object GIRAFFE and UVES spectrographs 
nstalled on the ESO Very Large Telescope. The archived spectra 
ere observed under programme 197.B-1074 (PI: GILMORE, GER- 
RD). The resolution for medium-resolution GIRAFFE spectra was 
 = 

λ
�λ

∼ 19 200 for the wavelength range ∼644 to ∼680 nm.
he high-resolution spectra from the UVES spectrograph have a 

esolution of R ∼ 51 000 in the wavelength range ∼582–683 nm.
hese Gaia –ESO spectra were used to estimate the projected 

otational velocity of the stars in this paper. 

 MEMBERSHI P  A N D  PHYSI CAL  PROPERTIES  

.1 Identification of the member stars 

he identification of member stars is necessary to derive conclusions 
bout the origin of the eMSTO stars. For this purpose, we used very
recise astrometric data from Gaia DR3 archi ves. We do wnloaded all
he sources from Gaia DR3 data within a radius of 0.261 ◦around the
luster centre with right ascension (RA) = 07:16:59.3 and declination 
Dec.) = + 13:46:19.2 of epoch = J2000 given by Cantat-Gaudin
t al. ( 2020 ). This radius is equal to the tidal radius of the cluster
stimated by Zhong et al. ( 2022 ). We present a vector-point diagram
VPD) of the NGC 2355 region showing the proper motion plane
n Fig. 1 . We noticed a conspicuous o v erensity in the VPD of NGC
MNRAS 532, 1212–1222 (2024) 
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Figure 2. Plot of fitted Marigo et al. ( 2017 ) isochrones on G /( G BP − G RP ) 
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. 
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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. 
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355 at ( μα∗ = −3.802 mas yr −1 ; μδ = −1.086 mas yr −1 ) as shown
ig. 1 . The stars lying within a circle of radius 0.6 mas yr −1 centred
t this point were chosen as potential member stars. This radius is
stimated through the radial density profile of stars in the proper
otion plane as described in our previous studies (Joshi et al. 2020 ;
aurya, Joshi & Gour 2020 ). The radius is the radial distance from

he centre where the number density of potential members starts
erging into the number density of the field stars in the proper
otion plane. To quantify the membership of stars, we assigned
embership probability to the stars calculated through a statistical
ethod utilizing proper motions as described in Maurya & Joshi

 2020 ). The stars with membership probabilities abo v e 60 per cent
nd parallaxes, � , within 3 σ standard deviation of the mean � of
he potential member stars were chosen as cluster members. Through
his process, we obtained 411 member stars in cluster NGC 2355. 

.2 Extended main-sequence turn-off in the cluster 

e notice an unusual broadening of the upper MS, i.e. the eMSTO,
n the CMD of NGC 2355, as visible in Fig. 2 . We defined the
xtended main-sequence turn-off region in the colour–magnitude
iagram of the cluster NGC 2355 as the rectangular region with
 BP − G RP colour values between 0.35 and 0.70 mag and G -band
agnitude less than 14.16 mag. We analysed the 3D kinematics of

he stars belonging to the eMSTO region which is illustrated in
ig. 3 . The radial velocity (RV) of 39 out of 54 eMSTO stars were
vailable in Randich et al. ( 2022 ) derived from the spectroscopic
ata from the Gaia –ESO surv e y. We found all these 39 eMSTO stars
xcept one share approximately similar RV with a mean RV value
f 35.4 ± 0.4 km s −1 and a standard deviation of 2.1 km s −1 . The
emaining eMSTO star with ID 38 is reported to have an RV value of
0.2 ± 0.3 km s −1 , which may be a binary star. The proper motions,
arallaxes, and RV of 53 out of 54 eMSTO stars suggest that these
tars are profound members of the cluster NGC 2355. 
NRAS 532, 1212–1222 (2024) 
The stars in the eMSTO region have magnitudes G ≤ 14.16,
 BP ≤ 14.34, and G RP ≤ 13.80, respectively. The uncertainties for

hese magnitude ranges are estimated to be 0.0002, 0.0012, and
.0010 mag, respectively, using the tool provided by Gaia Data
rocessing and Analysis Consortium (DPAC; Riello et al. 2021 ).
he uncertainty in the ( G BP − G RP ) colour would be 0.002 mag
ompared to the observed spread of 0.222 mag in the ( G BP − G RP )
olour for the eMSTO stars. For further investigation, we divided
he population of eMSTO stars into two groups. The eMSTO stars
elow the fiducial line were grouped as bMS stars, whereas those
bo v e the fiducial line were called rMS stars. We divided the MS into
agnitude bins of 0.5 mag to derive the fiducial line. The fiducial line

s the interpolation of the median of magnitude and colour of these
agnitude bins. The bMS and rMS stars within the eMSTO regions

re shown in Fig. 4 . There were 23 bMS stars and 31 rMS stars in the
MSTO region. We grouped MS stars beyond the eMSTO region as
ower main-sequence (lMS) stars. The red giant branch (RGB) stars
f the CMD are grouped as RGB stars. We divided the lMS stars into
wo groups: the lMS stars with colour bluer than the fiducial line as
-lMS stars and stars redder than the fiducial line as r-lMS stars. We
ave used these subsamples of bMS, rMS, lMS, b-lMS, and r-lMS
n the subsequent analysis in the paper. 

.3 Physical properties 

.3.1 Cluster properties through photometric analysis 

e used extinction, A V , values for the cluster members given
y Anders et al. ( 2022 ) to calculate the reddening, E ( B − V ),
alues using relation E ( B − V ) = A V / R V where R V is the total-
o-selectiv e e xtinction, taken to be 3.1, for the diffused interstellar

edium (Cardelli, Clayton & Mathis 1989 ). We calculated the mean
xtinction, A V , value to be 0.346 ± 0.123 mag which corresponds to
 ( B − V ) = 0.112 ± 0.040 for NGC 2355. Anders et al. ( 2022 ) used

he broad-band photometric data from Gaia EDR3, Pan-STARRS1,
k yMapper, AllWISE, and 2MASS surv e ys to calculate the A V 

alues of stars with a typical precision of 0.13 mag up to G = 14 mag.
he calculated mean A V value agrees with the mean A V value of 0.323
0.018 estimated by Dias et al. ( 2021 ) using Gaia DR2 optical G BP 

nd G BP 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-lMS and the r-lMS stars of the lower main-sequence population. 
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or bMS and rMS stars to be 0.099 ± 0.027 and 0.098 ± 0.043 mag,
especti vely. These v alues are in excellent agreement which indicates 
he absence of differential reddening for the eMSTO stars in NGC 

355. 
The distance of cluster NGC 2355 was determined through the 

arallax inversion method. We calculated the mean � from the 
ember stars to be 0.522 ± 0.046 mas, translating into a distance 

f 1853 ± 84 pc for NGC 2355. This distance was calculated after
ompensating the mean � of NGC 2355 for a systematic global 
arallax offset of −0.017 mas for Gaia DR3 parallaxes estimated by 
indegren et al. ( 2021 ). The distance modulus calculated from the
istance of this cluster was found to be 11.34 ± 0.10 mag. The age of
his cluster was estimated by fitting extinction corrected Marigo et al. 
 2017 ) isochrones 2 of the metallicity Z = 0.0163 on the CMD for the
btained distance modulus and extinction. The age of the best-fitting 
sochrone was found to be 1 Gyr. We determined the mass of the
ndividual member stars through the isochrone fitting on the CMD of
he cluster. The CMD of NCG 2355 with the best-fitting isochrone 
s shown in Fig. 2 and the masses of the individual member stars are
iven in Table 1 . 
We used the multiple-part power-law form of mass function 

rovided by Kroupa ( 2001 ) to calculate the total mass of NGC 2355.
e estimated the total mass of NGC 2355 as described by Snider

t al. ( 2009 ). In this method, the total mass, M tot is calculated from the
elation M tot = A × ∫ m 2 

m 1 
M 

1 −αd M . The normalization constant, A , in

his equation was estimated from the relation N = A × ∫ m 2 
m 1 

M 

−αd M 

or m 1 = 1.0 M �, m 2 = 2.0 M �, and N = 218. A brief description
f this method can be found in our previous study Maurya et al.
 2023 ). Using this method, we obtained the total mass of the cluster
o be 1.3 ± 0.5 × 10 3 M � including members having masses abo v e
.08 M �. 
 http:// stev.oapd.inaf.it/ cgi-bin/ cmd 

h  

i
t  
.3.2 Properties of individual stars through spectroscopic analysis 

e used the ISPEC software solution package to estimate ef fecti ve
emperature ( T eff ) and projected rotational velocity ( v sin i ) of
he stars (Blanco-Cuaresma et al. 2014 ; Blanco-Cuaresma 2019 ). 
he ISPEC package provides various options for synthetic spectrum 

eneration codes, line lists, and model atmospheres. We used the 
adiative transfer code SPECTRUM (Gray & Corbally 1994 ) and 
ARCS (Gustafsson et al. 2008 ) atmosphere models available in the

SPEC to generate the synthetic spectra. Solar abundances for the 
ynthetic spectra were taken from Kurucz ( 2005 ) models. We used
riginal line lists provided in the SPECTRUM package covering 300 to
100 nm. We fixed microturbulent velocity and the limb darkening 
o 2 km s −1 and 0.6 for all the spectra, respectively. We obtained
he best-fitting synthetic spectra to the observed spectra through the 
lobal χ2 minimization of the parameters T eff , surface gravity log (g),
nd v sin i simultaneously. The value of a parameter corresponding
o the best-fitting synthetic spectra was considered as the estimated 
alue of the parameter for the star. We have presented the illustrative
lots of best-fitting synthetic spectra on the observed spectra for 
low and fast-rotating stars in Fig. 5 . The derived T eff and v sin
 values together with membership probabilities and other physical 
arameters of eMSTO stars in Table 1 . The v sin i values we estimated
or the eMSTO stars mostly agree with those reported by Randich
t al. ( 2022 ). 

The high-resolution UVES spectra were available for RGB stars 
nly. The v sin i and T eff values for RGB stars were determined
sing these high-resolution spectra. The estimated v sin i values 
or RGB stars range from 1.23 ± 0.45 to 7.98 ± 0.21 km s −1 . We
stimated v sin i and T eff of eMSTO stars and lower MS stars from the
edium-resolution GIRAFFE spectra. We found v sin i values for 

he eMSTO stars in the range 15.59 ± 8.71 to 225.70 ± 35.72 km s −1 .
hese spectroscopically estimated values of v sin i and T eff are used

n the following analysis of this study. 

.4 Unresolved binaries 

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

m binary = m p − 2.5 log 

(
1 + 

F s 

F p 

)
, 

where m binary and m p are the magnitudes of the whole binary
ystem and the primary star, respectively. F p and F s denote the flux of
he primary and the secondary stars of the binary system, respectively. 
he shift will be largest for the equal mass binaries as these binaries
ill be −2.5 × log(2) ∼ 0.752 mag brighter than the single star on the
S. Therefore, we investigated the CMD of the cluster NGC 2355

y o v er-plotting Marigo et al. ( 2017 ) isochrone of the metallicity
 = 0.0163 corresponding to the equal mass binaries as shown in
ig. 6 . The stars lying below G = 16.0 mag on the MS, especially
etween the G = 16.0 and G = 17.5 mag, form a narrow MS separated
rom the binary sequence. The gap between the single stars sequence
nd equal mass binaries sequence becomes narrower towards the 
pper MS, especially near the turn-off region. The two sequences 
ostly contain the distribution of the stars on MS of the CMD,

o we ver, the majority of the rMS stars in the upper eMSTO region are
ntriguingly beyond the equal mass binary sequence. This indicates 
hat the apparent colour shift due to unresolved companion will not
MNRAS 532, 1212–1222 (2024) 
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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, ( G BP − G RP ) colour, 
membership probability, ef fecti v e temperature, radial v elocity, 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 ( G BP − G RP ) Prob. T eff RV v sin i Mass Group 
(deg) (deg) (mag) (mag) (K) (km s −1 ) (km s −1 ) (M �) 

1 109 .080 23 13 .958 45 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 .277 91 13 .559 78 13 .138 0 .415 0 .99 − − − 1 .864 bMS 
4 109 .183 57 13 .680 92 13 .396 0 .508 0 .99 7237.24 ± 241.08 37.7 ± 1.4 88.52 ± 14.33 1 .784 rMS 
5 109 .268 94 13 .613 88 13 .042 0 .574 0 .72 7051.75 ± 321.58 34.4 ± 0.5 109.58 ± 18.45 1 .893 rMS 
6 109 .391 46 13 .670 27 13 .273 0 .437 0 .99 7623.46 ± 103.45 35.5 ± 2.2 103.19 ± 23.86 1 .822 bMS 
7 109 .260 85 13 .651 29 13 .845 0 .467 0 .96 7325.04 ± 105.44 35.6 ± 0.4 29.32 ± 10.96 1 .643 bMS 
8 109 .268 66 13 .680 81 13 .932 0 .541 0 .99 7142.59 ± 97.96 36.9 ± 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 36.2 ± 1.0 66.24 ± 14.29 1 .739 bMS 
10 109 .301 53 13 .731 61 14 .023 0 .512 0 .99 7433.93 ± 113.02 35.1 ± 2.8 119.19 ± 22.51 1 .59 bMS 
11 109 .2077 13 .732 56 13 .928 0 .606 0 .99 7314.85 ± 144.88 36.0 ±3.5 120.65 ± 23.27 1 .616 rMS 
12 109 .251 39 13 .737 58 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 rMS 
14 109 .271 74 13 .741 28 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 .742 67 12 .742 0 .511 0 .99 7308.84 ± 86.71 34.8 ± 1.2 103.25 ± 16.23 1 .986 rMS 
16 109 .234 03 13 .744 78 12 .819 0 .54 0 .99 7481.92 ± 126.05 37.8 ± 0.3 15.59 ± 8.71 1 .963 rMS 
17 109 .255 78 13 .757 99 13 .474 0 .548 0 .99 7413.67 ± 117.7 34.1 ± 1.6 103.43 ± 17.67 1 .759 rMS 
18 109 .247 37 13 .750 92 12 .823 0 .589 0 .98 − − − 1 .962 rMS 
19 109 .2418 13 .768 73 12 .676 0 .574 0 .99 7223.79 ± 115.39 30.4 ± 0.8 74.18 ± 11.70 2 .007 rMS 
20 109 .253 06 13 .770 97 14 .058 0 .677 0 .96 − − − 1 .576 rMS 
21 109 .2206 13 .732 47 13 .083 0 .587 0 .99 7375.54 ± 82.17 37.5 ± 2.5 140.25 ± 19.02 1 .882 rMS 
22 109 .286 13 13 .758 78 12 .84 0 .502 0 .95 7237.07 ± 103.48 35.8 ± 2.1 162.36 ± 22.91 1 .956 rMS 
23 109 .294 43 13 .787 22 12 .735 0 .482 0 .99 7399.87 ± 80.74 35.5 ± 1.2 104.16 ± 19.14 1 .988 rMS 
24 109 .266 73 13 .776 24 13 .137 0 .559 0 .99 7199.52 ± 127.5 31.3 ± 3.3 183.79 ± 27.57 1 .864 rMS 
25 109 .264 27 13 .792 33 13 .073 0 .525 0 .99 − − − 1 .885 rMS 
26 109 .288 22 13 .793 36 13 .614 0 .611 0 .98 6976.67 ± 86.18 34.9 ± 1.7 140.87 ± 26.19 1 .716 rMS 
27 109 .290 32 13 .8116 13 .563 0 .504 0 .99 − − − 1 .73 bMS 
28 109 .338 93 13 .815 07 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 .810 18 13 .147 0 .427 0 .99 7531.43 ± 241.3 35.0 ± 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 33.7 ± 5.6 216.26 ± 32.93 1 .629 rMS 
31 109 .307 71 13 .812 13 12 .896 0 .617 0 .72 6763.24 ± 149.88 35.9 ± 2.8 171.41 ± 21.65 1 .938 rMS 
32 109 .5021 13 .738 35 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 rMS 
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 rMS 
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 rMS 
37 109 .2233 13 .772 48 12 .861 0 .602 0 .99 7471.63 ± 117.22 35.3 ± 2.6 142.33 ± 25.53 1 .949 rMS 
38 109 .234 29 13 .786 43 13 .734 0 .577 0 .99 7770.8 ± 148.63 50.2 ± 0.3 18.63 ± 5.87 1 .676 rMS 
39 109 .218 33 13 .809 52 13 .843 0 .535 0 .99 − − − 1 .643 bMS 
40 109 .150 49 13 .816 82 13 .873 0 .559 0 .99 7213.64 ± 158.31 36.9 ± 0.9 48.66 ± 10.38 1 .633 rMS 
41 109 .139 63 13 .838 15 13 .796 0 .483 0 .99 7289.45 ± 163.45 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 rMS 
43 109 .264 02 13 .822 66 14 .053 0 .57 0 .99 7425.65 ± 88.5 35.5 ± 0.6 39.43 ± 14.58 1 .58 bMS 
44 109 .226 06 13 .821 22 13 .78 0 .533 0 .99 7410.05 ± 72.32 34.8 ± 1.3 76.87 ± 17.36 1 .662 bMS 
45 109 .232 84 13 .833 63 14 .105 0 .619 0 .98 7112.6 ± 115.56 33.0 ± 5.6 187.02 ± 31.85 1 .562 rMS 
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 rMS 
48 109 .174 29 13 .858 47 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 ± 2.2 96.13 ± 20.56 1 .567 rMS 
50 109 .21547 13 .906 12 .937 0 .551 0 .99 7018.4 ± 119.73 33.0 ± 2.5 163.17 ± 23.53 1 .927 rMS 
51 109 .111 16 13 .859 45 13 .954 0 .516 0 .99 − − − 1 .608 bMS 
52 109 .034 48 13 .891 63 13 .759 0 .493 0 .99 − − − 1 .668 bMS 
53 109 .200 19 13 .922 74 13 .534 0 .562 0 .98 7120.89 ± 166.06 40.6 ± 6.0 225.70 ± 35.72 1 .739 rMS 
54 109 .232 48 13 .945 63 13 .254 0 .579 0 .99 7041.03 ± 133.55 37.5 ± 1.1 180.02 ± 24.30 1 .828 rMS 
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e able to produce most of the spread in the red part of the eMSTO
n the CMD of NGC 2355. Ho we ver, the lo w-mass ratio binaries can
till 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
ithin the single star sequence and binary sequence corresponding
NRAS 532, 1212–1222 (2024) 
o mass ratio q = 0.8 as shown in Fig. 6 . The magnitude shift for the
inary sequence of mass ratio q = 0.8 was calculated to be 0.350 mag
y using the luminosity–mass relation provided by Eker et al. ( 2018 )
n the abo v e equation for the magnitude of the binary system. We
ave 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 ± 15.2 km s −1 ) star with ID 41. The lower panel represents the 
best-fitting plot for the fast-rotating ( v sin i = 175.83 ± 27.13 km s −1 ) star 
with ID 28. 

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. 
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o tidal-locking in the low-mass ratio binaries present in the bMS
opulation in Section 4.3.1 . 
 O R I G I N  O F  T H E  EMSTO  IN  T H E  CLUSTER  

.1 Spread in the rotation rates 

he spread in the rotation rates of stars has also been suggested to be
 possible reason behind the origin of eMSTO in the Galactic open
lusters (Bastian et al. 2018 ; Lim et al. 2019 ). We have shown the v 
in i distribution of the stars on the CMD of the cluster NGC 2355
n Fig. 7 . We found no clear-cut distinction between the fast and
low-rotating stars on the lower MS of NGC 2355 as these stars are
ostly slow rotators. However, there is a conspicuous preferential 

istribution of fast-rotating stars on the red part and slow-rotating 
tars on the blue part of the CMD in the eMSTO region of the
luster. We found the mean v sin i values for the bMS and rMS stars
f the eMSTO to be 81.3 ± 5.6 and 135.3 ± 4.6 km s −1 , respectively.
e have shown the histogram of the v sin i values for the bMS and

MS stars in Fig. 8 . It can be noticed from the histogram that the bMS
tars have projected rotational velocities up to ∼176 km s −1 whereas
he rMS stars possess v sin i values up to ∼226 km s −1 . Thus, the rMS
tars exhibit a much wider range of rotational velocities, as reported
n the previous study on the other clusters hosting eMSTOs (Marino
t al. 2018a ). Ho we ver, the mean v sin i value for the stars belonging
o the lower MS stars was found to be 26.5 ± 1.3 km s −1 . The effects
f stellar rotation, such as gravity darkening and dust-like extinction 
rom the circumstellar excretion disc in the fast-rotating stars, may 
ead to a spread in the colour of the eMSTO stars on the CMD.
he gravity-darkening effect can cause a decrease in the T eff values

or the fast-rotating stars. We studied the distribution of ef fecti ve
emperature, T eff , as a function of the G BP − G RP colour for eMSTO
tars in NGC 2355. We found average T eff values of 7421.3 ± 34.8
nd 7190.1 ± 32.0 K for the bMS and rMS stars, respectively. We
lso investigated the relation between stellar rotation and the ef fecti ve 
emperature of the eMSTO stars in the cluster. We have shown the
rojected rotational velocity in a T eff -colour diagram in Fig. 9 . We
ound that the fast-rotating rMS stars generally tend to have lower T eff 

alues than their slow-rotating counterparts. The gravity-darkening 
lso includes the inclination effect which causes the fast-rotating 
tars to appear bluer and brighter for the pole-on view compared to
he equator-on view (von Zeipel 1924 ; Kamann et al. 2020 ). Thus,
he combined effect of the viewing angle and gravity darkening 

ight contribute to the emergence of the eMSTO in cluster NGC
355. 

.2 Dust-like extinction from the circumstellar excretion disc 

he material ejected from the fast-rotating stars forms the circum- 
tellar excretion disc. The dust-like extinction from the excretion disc 
f the stars can cause fast-rotating stars to appear redder (D’Antona
t al. 2023 ). The absorption from the disc combined with the viewing
ngle may also produce a broadening of the upper MS, resulting in
he eMSTO. This dust-like extinction is expected to be wavelength- 
ependent and can be detected in the ultraviolet CMD (D’Antona 
t al. 2023 ; Milone et al. 2023 ). We used the uvw2 (1928 Å), uvm2
2246 Å), and uvw1 (2600 Å) bands ultraviolet data to investigate the
ust-like extinction properties of the eMSTO stars in the cluster 
GC 2355. The ultraviolet CMDs for NGC 2355 are shown in
ig. 10 . We have shown the stars in the blue and the red parts
f the eMSTO and the lower main sequence, lMS, by different
roups in the figure to compare the UV extinction from them. The
roadened upper MS is conspicuous in the UV CMDs except for
vm2 versus ( uvw2 –uvm2 ) CMD. We noticed an interesting case
here stars belonging to the red part of the MS, including both
MNRAS 532, 1212–1222 (2024) 
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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. 

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. 
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Figure 9. Plot of the ef fecti ve temperature distribution as a function of the 
( G BP − G RP ) colour for the eMSTO stars colour-coded by their projected 
rotational velocities. 
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he rMS and the r-lMS stars, of the optical CMD are bluer than
heir counterparts in the uvm2 versus ( uvw2 –uvm2 ) UV CMD. We
id not find substantial evidence of an y e xcess UV e xtinction from
MS stars in the eMSTO sample compared to the r-lMS stars in
ower MS in NGC 2355 to support the hypothesis of dust-like
xtinction from the fast-rotating stars suggested by D’Antona et al.
 2023 ). 
NRAS 532, 1212–1222 (2024) 
.3 Possible mechanisms for spread in rotation rates 

.3.1 Tidally locked binaries 

he low-mass ratio unresolved binaries may be present in the bMS
opulation of the eMSTO which may have slowed down due to
idal locking. The tidal locking synchronizes the rotation rates of the
rimary and secondary stars in a binary system with their orbital
otion (de Mink et al. 2013 ). The synchronization may slow down

he stellar rotation by ef fecti vely transferring the angular momentum
rom the rotational motion to the orbital motion of the system.
he effect of the synchronization of the rotation of the stars can
e investigated by calculating the required synchronization time.



eMSTO in the open cluster NGC 2355 1219 

Figure 10. The colour–magnitude diagrams of NGC 2355 using near ultraviolet uvw2 , uvm2 , and uvw1 bands magnitudes from the Swift surv e y archiv e. The left 
panel is the uvm2 versus ( uvw2 –uvm2 ) diagram; the middle panel is the uvw1 versus ( uvm2 –uvw1 ) diagram; and the right panel is the uvw1 versus ( uvw2 –uvw1 ) 
diagram for stars in NGC 2355. 
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e estimated the synchronization time, τsync , by following Hurley, 
out & Pols ( 2002 ) formulae for MS binary stars with radiative
nvelopes having primary star with mass ≥1.25 M �. The formula 
an be expressed as follows: 

1 

τsync 
= 5 × 2 5 / 3 

( 

GM p 

R 

3 
p 

) 1 / 2 
M p R 

2 
p 

I p 
q 2 ( 1 + q ) 5 / 6 E 2 

(
R p 

a 

)17 / 2 

, 

where M p , R p , and I p are the mass, radius, and moment of inertia
f the primary stars, respectively. The G in the equation denotes the
ravitational constant. q represents the mass ratio of binary systems, 
hile a denotes the separation between binary components. The 
hysical quantities in the abo v e equation are in the CGS units system.
 2 is the second-order tidal coefficient. The value of E 2 can be

alculated using the following relation provided by Sun et al. ( 2019 )
erived through fitting the values of E 2 and mass of stars given in
he original study by Zahn ( 1975 ): 

E 2 = 1 . 592 × 10 −9 M 

2 . 84 
p , 

where M p is in the solar unit M �. We estimated the radius of the
rimary star by using the empirical relations R p ≈ 1.06 M 

0 . 945 for M p 

 1.66 M � and R p ≈ 1.33 M 

0 . 555 in case of M p > 1.66 M � provided
y Demircan & Kahraman ( 1991 ). We have shown the impact of
he mass ratio and separation between binary components on the 
ynchronization time of the binary systems in Fig. 11 . From the
bo v e relations, we can deduce that the binary system with a higher
rimary star mass would have a shorter synchronization time than 
he binary system with a relatively lower primary star mass. Since the
MSTO stars in our sample have masses from ∼1.6 to 2.0 M � so, we
ave shown plots of the synchronization time distribution only for the 
wo bounding masses, i.e. 1.6 and 2.0 M � in the figure. We noticed
hat the τsync sharply increases with the separation between the binary 
omponents for any particular mass ratio. The binary system with a 
arger separation between the components would have weaker tidal 
orque and hence, longer synchronization time. We also found that 
p

he τsync values for low-mass ratio binaries were greater than the τsync 

or the relatively high- mass ratio binaries of the same mass and
eparation. The synchronization time for the close binary systems ( a
 7 R �) with q ≥ 0.2 is less than the age of the cluster NGC 2355.
or binaries with q < 0.2 also, the τsync is generally less compared

o the age of the cluster up to a separation of ∼6 R �. We expect
hat most of the close binary systems in the bMS population of the
MSTO stars may have synchronized rotational and orbital motions 
ue to tidal locking and thus become slow rotating as suggested by
’Antona et al. ( 2017 ). 
The radial distribution of the eMSTO stars in NGC 2355 is

rucial for assessing the possibility of populating blue eMSTO stars 
rom tidally braked slow-rotating stars. The tidally braked slow- 
otating low-mass ratio binaries of the bMS population are expected 
o be preferentially concentrated in the central region due to the

ass se gre gation of the binary systems. To inv estigate the radial
istribution of the bMS and rMS stars, we divided the stars of NGC
355 into two groups: inner region and outer region stars. The circular 
egion around the cluster centre with a radius equal to the half-
ass radius of 0.104 ◦ provided by Zhong et al. ( 2022 ) was taken

s the inner region. The remaining annular region was considered 
he outer region of the cluster. The inner and outer regions had 224
nd 187 stars, respectively. We have shown the locations of these
wo different populations in the CMD of NGC 2355 in Fig. 12 . We
ound that the bMS stars of the eMSTO were preferentially located
n the outer region of the cluster. This contradicts our expectation 
hat bMS stars should be preferentially se gre gated in the inner region
f they were tidally locked binary systems. Therefore, bMS stars 
eem less likely to be the tidally braked low-mass ratio binaries.
imilarly, a few previous studies also found that the stars belonging

o the red part of the eMSTO were preferentially inner region stars
Maurya et al. 2021 ; Kamann et al. 2023 ). As discussed in the
revious section, only the low-mass ratio binaries with massive 
MNRAS 532, 1212–1222 (2024) 
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Figure 11. The plot showing synchronization time ( τsync ) distribution among bMS stars if they were binaries of different mass ratios and separations. The plot 
exhibiting τsync distribution for a typical binary with the primary star mass of 1.6 M � is shown in the left panel while the right panel plot illustrates τsync values 
for a 2.0 M � primary star binary system. The points are colour-coded for their corresponding synchronization time values. The red continuous curve, in the left 
panel, marks the binary components separation boundary for τsync = 1000 Myr, same as the cluster NGC 2355 age. 

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. 

p  

fi  

t
f  

1  

a  

2  

r

4

B  

c  

p  

t  

m  

H  

t  

e  

s  

s  

t  

o  

o  

e  

a  

o  

m
 

d  

h  

o  

f  

r  

o  

1  

r  

c  

e  

m  

t

4

W  

i  

m  

m  

d  

e  

m  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/532/1/1212/7704447 by guest on 14 M
arch 2025
rimary stars can undergo a rapid tidal locking process. Based on
ndings from simulated populations, Wang et al. ( 2023 ) suggested

hat low-mass ratio binaries will have primary stars heavier than 5 M �
or a population of 100 Myr age. In the case of clusters older than
00 Myr, the primary star in the low-mass ratio binary would have
lready e volved of f the MS (Wang et al. 2023 ). Thus, the cluster NGC
355 (age ∼ 1000 Myr) may not possess a tidally locked low-mass
atio binary in its bMS population. 

.3.2 Star–disc interaction 

astian et al. ( 2020 ) suggested that the spread in rotation may be
aused by differences in the star–disc interaction during the PMS
NRAS 532, 1212–1222 (2024) 
hase. The coupling between the star and the protoplanetary disc is
hought to be responsible for extracting a large amount of angular

omentum from the star (Edwards et al. 1993 ; Amard & Matt 2023 ).
o we ver, as soon as the disc is dissipated or decoupled from the star,

he latter is free to spin-up as it contracts to the MS. Therefore, an
arly spin-up leads to a faster rotation on the MS since the star can
pin-up for a longer time. Many factors can affect the duration of the
tar-disc coupling. The disc can be dispersed by its accretion on to
he star, dynamical encounter, photo-e v aporation from the star itself,
r surrounding massive stars (Roquette et al. 2021 ). The distribution
f the rotation rates of these stars thus strongly depends on the
nvironment during the formation stage. If the stars in a cluster face
 higher rate of disc destruction, the cluster will host a larger number
f fast-rotating stars leading to a change in its main-sequence turn-off
orphology. 
The stars in the central part of the cluster may face higher

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

he eMSTO stars. 

.4 The lower mass limit for fast rotation 

e found that fast-rotating stars were brighter than G ∼ 14.16 mag
n NGC 2355 which corresponds to a mass of ∼1.56 M � for the
etallicity Z = 0.0163 (see Fig. 7 ). This mass limit coincides with the
ass range of ∼1.5–1.6 M � where magnetic braking starts slowing

own the stars (Goudfrooij et al. 2018 ; Georgy et al. 2019 ; Bastian
t al. 2020 ; Kamann et al. 2020 ). The stars with masses abo v e this
ass limit on the MS are expected not to be efficiently spun-down
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s they possess very thin con vective en velopes. This mass limit
ncreases with the increase in the metallicity of clusters (Georgy 
t al. 2019 ). The stars in the lower main sequence (below ∼1.56 M �)
f NGC 2355 were found to be rotating slowly with a mean projected
otational velocity of the 26.5 ±1.3 km s −1 . The lower MS is marked
y a complete absence of fast-rotating stars indicating the magnetic 
raking of stellar rotation for the lMS stars in NGC 2355. 
The magnetic braking in low-mass stars is related to the presence 

f a thick conv ectiv e env elope, which allows for the generation of a
arge-scale magnetic field through a dynamo process. The coupling of 
his large-scale field with the mass-loss causes the stars to efficiently 
ose angular momentum and their spin rate to brake as they evolve.
his likely explains both the absence of fast-rotating stars in the 

ower part of the CMD and the lesser spread of the MS as the
tructural effects of rotation become negligible at low-rotation rates. 
he dynamo becomes inefficient abo v e ∼1.5 M � and the stars keep

he fast rotation throughout their MS lifetime. The transition between 
he two regimes is known as the Kraft break (Kraft 1967 ). 

 SU M M A RY  

e study the origin of the extended main-sequence turn-off present 
n the Galactic open cluster NGC 2355. It is a low-mass (1.3 ± 0.5 ×
0 3 M �) cluster with age of ∼1 Gyr. The MS stars, except rMS stars
n NGC 2355, are contained between the single star and the equal-

ass binary sequences. The majority of the rMS stars in the eMSTO
egion are distributed well beyond the equal mass binary sequence, 
hich discards the possibility that the unresolved binaries could 

esemble eMSTO in NGC 2355 (see Fig. 6 ). We further investigate
he projected rotational velocity distribution of the stars in the cluster, 
hich reveals that fast-rotating stars preferentially populate the red 
art of the eMSTO. The v sin i values for bMS, rMS, and lMS stars
re found to be 81.3 ± 5.6, 135.3 ± 4.6, and 26.5 ± 1.3 km s −1 ,
espectively. The spread in rotation rates of stars may lead to the
rigin of eMSTO due to various effects related to stellar rotation, such
s dust-like extinction from excretion disc and gravity-darkening. We 
xamine the dust-like extinction scenario through ultraviolet CMD 

reated from the Swift near -ultra violet data. We do not find any
ubstantial evidence of the excess ultraviolet absorption in the fast- 
otating rMS population of NGC 2355 to support the hypothesis that 
ust-like extinction from the circumstellar disc makes them appear 
edder on the MS compared to their slow-rotating counterparts. 
o we ver, a careful inspection of the ef fecti ve temperature of the

tars hints toward the contribution of gravity darkening in the colour 
pread of the upper MS of NGC 2355. The spread in rotation rates
f the eMSTO stars can be explained by mechanisms such as tidal
nteraction in the binary stars and star–disc interaction in the PMS
hase of stars. The synchronization time for the likely low-mass ratio 
lose binaries belonging to bMS stars of NGC 2355 is mostly shorter
nough for them to become slow-rotating stars through the tidal- 
ocking process. To further inspect the tidal locking scenario, we 
nalyse the radial distribution of the stars in NGC 2355. Against the
eneral expectation that bMS stars should be preferentially located 
n the inner region if they were close binaries, we find that the bMS
tars are mostly located in the outer region of the cluster. The possible
ause for this discrepancy could be the absence of the low-mass ratio
lose binaries in the bMS population. So, the tidal locking in the close
inaries appears to be the less likely reason for the spread in rotation
ates of the eMSTO stars in the NGC 2355 open cluster. The different
tar–disc interaction time in the PMS phase of the stars may also lead
o the spread in rotation rates of the eMSTO stars. The longer the
tar–disc interaction time, the slower the rotation rate of the star
ould be. The early destruction of the protoplanetary disc of stars in
he central region would be higher due to dynamical interactions and
hotoionization, which may lead to a higher concentration of the fast-
otating stars towards the centre of a cluster. We also find that the rMS
tars, mostly fast-rotating, are preferentially concentrated in the inner 
egion of the cluster NGC 2355. Therefore, the star–disc interaction 
uring the PMS phase seems to be the most likely mechanism for
he spread in the rotation rates of the upper MS stars and, thus, the
rigin of the eMSTO in the open cluster NGC 2355. We also notice
n absence of fast-rotating stars in the lower main sequence beyond
1.56 M � possibly because of the magnetic braking that ef fecti vely

pins-down their rotations. Further radial velocity analysis of the 
MSTO stars involving high-resolution multi-epoch data will help 
s better understand the role of binary stars in the origin of the
MSTO in NGC 2355 and open clusters in general. 
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