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ABSTRACT

Context. Stellar rotation is a fundamental ingredient in shaping the evolution of stars, and it can also be used to trace past stellar
interactions. Yet, systematic studies of stellar rotation in large samples of stars belonging to different populations have only recently
been made possible, thanks to spectroscopic surveys.

Aims. We used the catalogue of rotational broadening and rotation periods released with Gaia Data Release 3 (DR3). We focused on
open clusters to study the rotational behavior of several interesting populations including, among others, blue stragglers and extended
main-sequence turnoffs (eMSTOs).

Methods. We used literature lists of almost a million member stars in several thousand open clusters in the Milky Way. We collect
properties of stars and clusters from large surveys, including Gaia, and from various literature sources. We included a comprehensive
collection of known variables and binary stars from various databases. We manually selected (exotic) stellar populations from the
color-magnitude diagrams of individual clusters and studied their rotational properties.

Results. Our catalog contains more than 44 000 rotationally characterized stars, almost 57 000 variables (excluding binaries), and
more than 22 000 binary stars. We find several interesting results, including a few hundred new blue stragglers and several fast-
rotating red giants, and we increased the number of clusters with an eMSTO to 96. We discovered that most clusters more massive
than 103 Mg, display an eMSTO. We present a new parametrization of the number of blue stragglers as a function of cluster mass and
age. We find that the percentage of binary stars in the equal-mass binary sequence and in the main sequence are similar.
Conclusions. We present the first large-scale statistical exploration of stellar rotation in open clusters, which already yielded new

interesting results and can be used as the basis for several detailed follow-up studies.

Key words. surveys — binaries: general — stars: rotation — stars: variables: general — open clusters and associations: general

1. Introduction

Stellar rotation rates are a necessary ingredient for understanding
how stars form, their evolutionary pathways, and their surface
chemistry, among others. Stellar rotation significantly affects
internal processes, such as mixing and angular-momentum trans-
port. For instance, fast-rotating stars may exhibit enhanced
chemical mixing, influencing isotopic ratios such as [C/O]
and [N/O], which provide insights into stellar evolution stages
(Zahn 1992; Maeder & Meynet 2000). Fast-rotating massive
stars were in fact key to explaining the primary nitrogen
production observed in Milky Way stellar abundance ratios
(Meynet & Maeder 2002). Stellar rotation is also important in
the context of the evolution of binary star systems. Interaction
in close binaries can result in tidal locking and synchroniza-
tion, while mass-transfer episodes can also transfer consid-

* Corresponding author.

erable angular momentum (Hut 1981; Soberman et al. 1997,
Hurley et al. 2002). Such interactions can lead to significant
changes in the rotation rates and in the subsequent evolution
of the stars involved. Stellar rotation rates can also influence
the mass loss and wind properties in massive stars (Smith
2014). Finally, stellar rotation evolves naturally during the life of
stars, particularly low-mass stars, because of magnetic braking,
opening up the possibility of stellar dating techniques such as
gyrochronology (Kraft 1967; Skumanich 1972; Soberman et al.
1997). Systematic measurements of stellar rotation rates across
the whole parameter space of stellar properties and environments
require exceptional observational efforts. In particular, photo-
metric monitoring and asteroseismic surveys (see Appendix D.1
for references) have provided large samples of rotational-period
measurements, while large spectroscopic surveys (see Sect. 2.3
for references) have provided spectral line-broadening measure-
ments for even larger samples.
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Fig. 1. Studied clusters in Galactic cartesian coordinates. All clusters
are plotted in gray in the background. Clusters are colored based on
the number of stars with rotation information. The color scale saturates
at about 400 for clarity, but several clusters have up to a few thousand
members with rotation information. The spiral arms of the Milky Way,
as modeled by Castro-Ginard et al. (2021) and Reid et al. (2014), are
plotted as solid and dashed orange lines, respectively.

Here, we focus on open clusters, which offer the unique
opportunity to obtain accurate age and distance estimates for
hundreds of thousands of member stars. More specifically,
the Gaia mission (Gaia Collaboration 2016) has drastically
improved our samples of open clusters and member stars, among
many other results. In particular, the third Gaia data release
(hereafter DR3, Gaia Collaboration 2023c), provides parameters
related to the rotational characterization of stars for the first time
(see Sect. 2.3 for more details and references). Although these
measurements are expected to improve in future releases and are
subject to some limitations, the sheer amount of characterized
stars opens the possibility to carry out an exploratory study, a sta-
tistical overview of open cluster stars across the color—-magnitude
diagram (CMD), which can provide a useful starting point for
more detailed investigations.

The paper is organized as follows: our sample is presented
in Sect. 2; we explore the rotational properties of different stel-
lar populations, including exotic ones, in Sect. 3; we summarize
our main results and present our conclusions in Sect. 4. Further
details on the characterization of member stars and clusters, as
well as additional figures, are presented in the appendices.

2. Sample selection and characterization
2.1. Open-cluster list

Since the advent of the Gaia space mission (Gaia Collaboration
2016), the census of existing open clusters has undergone a rev-
olution (see Fig. 1 and Table 1 by Perren et al. 2023), with sig-
nificant increases in sample size and data quality compared to
previous efforts (Kharchenko et al. 2013; Dias et al. 2002). In
this panorama, the most comprehensive effort was conducted by
Hunt & Reffert (2021, 2023, 2024), based on Gaia DR3 astrom-
etry and photometry (Gaia Collaboration 2023c). We based our
work mostly on their catalog, integrated with literature data
as described in the appendices. There are 5647 open clus-
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Table 1. Catalogue of clusters for which at least one member star has a
Gaia DR3 vbroad, vsini, or prot estimate, with selected properties.

Quantity Units  Description

Cluster Adopted cluster name

AltNames Other cluster names

RAy deg Central Right Ascension

Decy deg Central Declination

pmRA* mas/yr Mean proper motion in RA
pmDec mas/yr Mean proper motion in Dec

w mas Mean parallax

X pc X in Galactic cartesian coordinates
Y pc Y in Galactic cartesian coordinates
zZ pc Z in Galactic cartesian coordinates
Dist pc Distance from the cluster

Rge pc Galactocentric distance

Rs deg Radius enclosing half members

Ry deg Jacobi radius

Nmem Number of cluster members
sourceAstro Literature source of astrometry

RV kms~™'  Mean RV for the cluster

NRy Stars used for RV

SourceRV Literature source for RV

[Fe/H] dex Mean iron metallicity of the cluster
D[Fe/H] Stars used for [Fe/H]

SourceFeH Literature source of [Fe/H]
log(age) yr Logarithmic age of the cluster
SourceAge Literature source of log(age)

Ay mag Absorption in the V band

mass Mg Cluster mass

has_rot >1 star with rotation information

Notes. See Section C.3 for more details. The table is available electron-
ically at the CDS, where reported quantities are accompanied by their
uncertainties.

ters (kind = “0”) listed by Hunt & Reffert (2024). However, the
authors note that ~10-20% of the well-known clusters in the
literature were not found with their method. For this reason,
we identified 51 missing clusters possessing good Gaia data,
which were added to our cluster master list (see Appendix A
for details).

Figure 1 shows the spatial distribution of our sample clusters.
We also critically compiled cluster properties from the literature
and redetermined some of them using information from Gaia
DR3 and from spectroscopic surveys, as described in full detail
in Appendix A. The final list of clusters with their selected prop-
erties can be found in Table 1, which is available electronically.

2.2. Member-star list

The list of member stars published by Hunt & Reffert (2024)
contains more than 700 000 stars belonging to open clusters, out
of a total of almost 1.3 million stars. After a series of extensive
comparisons with other member lists in the literature, we found
several advantages to using the Hunt & Reffert (2024) list: their
work is based on Gaia DR3, while several other lists are based on
DR2; the CMDs appear cleaner and better defined; stars belong-
ing to the tidal tails of clusters are included; and the magnitude
limit is deeper than several previous searches, reaching G ~20
instead of 18 mag. To integrate the Hunt & Reffert (2024) mem-
ber list with the 51 missing clusters mentioned in Sect. 2.1 and
to characterize their properties, we relied on our own critically
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Fig. 2. Comparison of Gaia DR3 vbroad (top panels) and vsini (bottom panels) estimates with those of five spectroscopic surveys. The one-to-
one agreement is reported in each panel as a solid orange line, while a linear fit to the data is reported as a dashed line. Annotated in each panel
are the median difference (A), the median absolute deviation (MAD, o), the number of stars (N), the angular coefficient (m), and the intercept (q)

of the linear fit. Points are colored according to Teg.
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Fig. 3. Relation between prot and vbroad/vsini for the 65 dwarf
stars that have both measurements. The region where vbroad starts to
be overestimated is shaded in light blue, the filtering at 5 km s~! is repre-
sented by a dashed red line, and the expected relationship for a 1 Ry, star
with sini =1 is plotted in orange. The typical (median) error bar of the
65 stars is plotted in the upper right corner. Stars are colored according
to their radius (empty symbols indicate stars without a radius estimate).

compiled collection of literature sources, as discussed in details
in Appendix C. We also performed a comprehensive literature
search to identify known variable and binary stars, as described
in detail in Appendix D.

2.3. Information on stellar rotation from Gaia DR3

The Gaia DR3 catalog provides three means of character-
izing stellar rotation. The first is the rotational broadening
measured on the Radial Velocity Spectrometer (RVS) spec-
tra (Gaia Collaboration 2016; Cropper et al. 2018; Katz et al.
2023); we refer to this measurement as vbroad. More

details about its strengths and limitations can be found in
Appendix B.1 and in Frémat et al. (2023). We complemented
the vbroad measurements with the vsini_esphs ones (here-
after vsini) obtained for hot stars from a combination of
RVS spectra and spectrophotometry and described in more
detail in Appendix B.2. These measurements are more scat-
tered than the vbroad ones, so we mostly rely on vbroad
in the following. Additionally, we used the rotational periods
(best_rotation_period) obtained from the characterization
of spotted rotating stars (hereafter prot), which are described
in more detail in Appendix B.3 and in Lanzafame et al. (2018)
and Distefano et al. (2023).

A comparison of vbroad and vsini with the values pro-
vided in the main spectroscopic surveys is presented in Fig. 2.
In particular, we compare with the line broadening mea-
sured by APOGEE DR17 (Abdurro’uf et al. 2022), LAMOST
DR10', GALAH DR4 (Buder et al. 2025), Gaia-ESO DR5.1
(Gilmore et al. 2012; Randich et al. 2022), and RAVE DR6
(Steinmetz et al. 2020). As can be seen, the overall agreement
is satisfactory, considering the large uncertainties of this type of
measurement and the validity limits of each survey. The compar-
ison confirms the tendency of Gaia measurements to be under-
estimated for stars hotter than about 7500 K (see especially the
two rightmost panels of Fig. 2). We also stress here that there
appear to be residual biases of up to ~50kms~! for stars hotter
than ~7000K as the G magnitude becomes fainter (see Fig. 14
by Frémat et al. 2023). As an overall sanity check, we compared
prot with vbroad (complemented by vsini) for the 65 stars in
our sample that have both measurements. As can be seen from
Fig. 3, the two estimates roughly follow the expected trend and
are broadly consistent with each other, which is more than sat-
isfactory, especially when considering the uncertainties of the
vbroad and vsini determination process.

I http://lamost.org/drl0/
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Table 2. Catalog of member stars in the full sample, along with some
fundamental properties obtained from Gaia DR3 and other literature
sources.

Column Units Description

source_id Gaia DR3 identifier

Cluster Adopted cluster name

RA deg Right Ascension

Dec deg Declination

Hga masyr~'  RA proper motion

HDec masyr~!  Dec proper motion

@ mas Parallax

G mag G-band magnitude

Ggp mag BP magnitude

Grp mag RP magnitude

E(Ggp—Ggrp) mag Reddening

Ag mag Absorption

RV kms™! Radial velocity

RV_mem Radial velocity membership
(yes, no, maybe, or empty)

vbroad kms™! Rotational broadening RVS

vsini kms™! Rotational broadening ESP-HS

prot days Rotation period

Amax mag Photospheric activity

Teg K Effective temperature

logg dex Surface gravity

[Fe/H] dex Iron metallicity

M Mg Mass

R Ro Radius

flag_var variability flag (Table D.1)
(VAR, VAR:, or empty)

flag_bin binarity flag (Table D.2)
(BIN, BIN:, or empty)

star_sample See Sect. 3

Notes. See Appendix C for more details. Each property is accompanied
by its uncertainty in the full electronic version of the table at the CDS.

3. Stellar rotation across the CMD

To study the rotational properties of our sample stars, we subdi-
vided them in different samples, indicated in the star_sample
field in Table 2. The selections were done semi-manually, using
strictly the data distribution on the CMD of each individual clus-
ter, as further described below. For this reason, we focused on
clusters with relatively low reddening (and apparent differen-
tial reddening <0.5 mag) and with a sufficient number of stars
(210) in the relevant sequences. We used solar-scaled, solar
metallicity BaSTI? isochrones and the solar metallicity zero-
age MS (ZAMS, Hidalgo et al. 2018), with the appropriate clus-
ter parameters from Table 1, exclusively to guide the eye and
to double-check the cluster parameters. Even if the literature
parameters are mostly obtained with PARSEC isochrones, the
two sets are comparable for the purpose of the present qualitative
study (see Hidalgo et al. 2018; Nguyen et al. 2022; Boin et al.
2026, for comparisons). To provide an overview of the data in
hand, we show in Appendix B a few CMDs and Kiel diagrams
showing the position, properties, and fraction of stars with rota-
tional properties. In the following sections we describe and dis-
cuss our results, separately for each of the selected samples.

2 http://basti-iac.oa-abruzzo.inaf.it/isocs.html
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Fig. 4. Distribution of vbroad of dwarf samples analyzed in Sect. 3.
In each panel, the generalized histograms of the MS and RGB sam-
ples are reported as a gray and a red dashed line, respectively. Lighter
shaded histograms also include less certain sample members. Darker
histograms show only the best members (sample sizes in parentheses).
The gray shaded area (vbroad < 20km s™!) in each panel represents the
region where vbroad starts to be overestimated. The vertical gray line
at 46 km s~! represents twice the RVS resolution. Given the diversity of
sample sizes, the vertical axes have different (linear) scales.
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Fig. 5. Similar to Fig. 4, but for the rotation periods, which are only
available for the MS and binMS samples.

3.1. Main and binary sequence

Main-sequence (MS) stars were selected as being within 3 MAD
(median absolute deviation) from a smooth-spline fit to the
MS ridge line. The binary MS sample (hereafter binMS) was
selected in a similar way, by shifting the spline fit up by
0.75mag?>. In clusters with slightly higher differential redden-
ing (but always <0.5 mag), we used the midpoint between the
two fits to separate MS and binMS. Thus, our binMS sample is
mostly composed of binaries with similar masses (q 2 0.5-0.6),
but this varies depending on how tight the MS of each cluster is.
Examples of sample selections are presented in Appendix E.1.
We further excluded more than 100 abnormally fast rotators,
which we flag as candidate blue lurkers (BL), as discussed in
detail in Appendix E.2.

The vbroad distribution of the MS and binMS samples is
shown in Fig. 4, while the prot distribution is shown in Fig. 5.

3 This corresponds to twice the flux of an MS star.
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The long tail of fast rotators in the MS vbroad sample is domi-
nated by early type stars, where we excluded the stars belonging
to extended MS turnoffs (eMSTOs, see Sect. 3.2), while the flat
peak in the MS prot distribution is mostly caused by cool and
low-mass fast rotators. The MS and binMS distributions have
different vbroad peaks, at about 15 and 20 km !, respectively.
While the MS peak is in the vbroad saturation region, and thus
compatible with no rotation, the binMS peak is slightly outside
of it. We also observe a different shape in the MS and binMS
vbroad samples, resembling a sort of systematic shift of <30-
50kms~! towards higher vbroad. A two-sample KS test — that
the distributions are extracted from the same parent distribution —
returns P-values of 0.0001 and 1.09-107'? in the case of vbroad
and prot, respectively. Unresolved spectroscopic SB2 binaries
could mimic a higher rotation (Simonian et al. 2020), thus we
draw a line in Fig. 4 at 46 km s~!, which is twice the resolution
of Gaia RVS. Stars with vbroad above the line definitely can-
not be unresolved SB2. This is slightly pessimistic, given that in
reality vbroad starts to saturate at 18-20 rather than 23 kms™!
(see Appendix B). Therefore, a more likely explanation is that in
the binMS there are more interacting or post-interaction binaries,
which have been spun-up.

We find comparable proportions of binaries in the MS and
binMS samples, i.e., about 7 and 6%, respectively. We did not
spot any obvious difference in the types of binaries found in the
two samples. If we assume that the two samples suffer from sim-
ilar selection biases, we find that the ratio between binaries with
q =2 0.6 and those with q<0.6 is about 0.8 (see Appendix E.1
for more details). A flat q distribution would have 0.7. Our data
thus support q distributions that include a significant proportion
of low mass ratios (see, e.g. Kdhler 1999). In any case, because
of the reasons described more in details in Appendix E.1, we
refrain from computing cluster binary fractions using photomet-
ric criteria.

3.2. Extended MS turnoffs

Extended MS turnoffs (eMSTOs) were initially identified in
clusters in the Magellanic Clouds as fan-shaped or bimodal
turnoff regions (Bertelli et al. 2003; Mackey & Broby Nielsen
2007). After a long debate about whether the spread was caused
by age differences or stellar rotation (Goudfrooij et al. 2014;
Niederhofer et al. 2015), the general consensus finally settled on

a spread in stellar rotation, supported by direct measurements in
Milky Way open clusters (Bastian et al. 2018; Deng & Li 2024,
Cordoni et al. 2024, and references therein). However, there are
hints that stellar models including rotation do not always fully
account for the observed photometric spreads (Georgy et al.
2013; Correnti et al. 2017; Kamann et al. 2023; Cordoni et al.
2024). Furthermore, there is no established explanation for why
stars should display different rotation. A few possibilities have
been put forth (e.g. D’Antona et al. 2017; Bastian et al. 2020;
Wang et al. 2022), involving non-canonical stellar evolutionary
paths, mediated by binary interactions or early stellar and disk
evolution. Observationally, the eMSTO phenomenon was found
in several clusters, mostly in the range from 100 Myrs to 2 Gyrs,
with some exceptions.

We could identify 96 clusters with a clear eMSTO and 268
with some form of unusual TO regions (labelled as eMSTO: in
Table 2), significantly increasing the number of known clus-
ters with this feature in the literature, which was a few tens
(Cordoni et al. 2024). We manually selected the eMSTO stars
when the spread at the TO was visually larger than on the MS
below. We also required that the spread was accompanied by
some segregation in the vbroad and vsini on the blue and red
sides of the TO region. However, we included about a dozen
clusters without vbroad or vsini information, either because
the photometric signature was sufficiently clear or the case was
already known in the literature (one example is NGC 2818). A
few clusters with a clear eMSTO are presented in Appendix E.3,
sorted by decreasing age. We note that in several clusters there
are a few fast-rotating stars (>150kms~') on the blue side of the
eMSTO (see e.g. NGC 5822 in Appendix E.3). If the eMSTO
morphology was solely driven by stellar rotation, we would
expect some low-vbroad stars on the red side (because of the
sini projection), but not high-vbroad stars on the blue side.
These stars are still within the eMSTO region, so we find it
unlikely that they are BSS or post-transfer binaries. If this is con-
firmed, we can consider these stars as additional evidence that a
more complex explanation must be invoked, involving more pro-
found structural changes in eMSTO stars (Johnston et al. 2019,
see Fig. 3).

One unique advantage of our sample is that we can com-
pare a large number of confirmed eMSTO stars with rotation
information (~6000) with the MS sample, selected to be in
the same range of T.s and logg (~8000 stars with rotation
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information), as shown in Fig. 6. By comparing Figs. 4 and 6,
we observe that the width in the vbroad distribution is roughly
comparable between the two samples, but the shape of the dis-
tribution is different: normal MS stars are more peaked towards
low vbroad than the eMSTO stars. A K-S test returns a p-value
of <2.2- 107!, If we assume that the stellar rotation angles are
randomly distributed, this suggests a larger proportion of fast
rotators in eMSTO stars than in the MS of normal clusters, but
we should keep in mind that the vbroad distribution within indi-
vidual clusters can vary (see Santos et al. 2025).

By inspecting Fig. 6 we note a few more differences. As a
function of Teg, the MS and eMSTO distributions are roughly
similar, in the sense that the upper envelopes are compatible.
This shows that, to first order, the maximum vbroad is driven
by the rotational properties of stars of different masses. How-
ever, if we plot vbroad as a function of cluster age, we see
that above ~100 Myr, the eMSTO stars vbroad spread seems to
globally decrease with increasing age. At older ages the stellar
masses in the TO region are lower and we should expect gen-
erally lower vbroad values. This decreasing spread of vbroad
at old ages seems to contradict the increase of the photomet-
ric spread, which is found both when measured as an apparent
age spread (Niederhofer et al. 2015) or a pseudo-color spread
(Cordoni et al. 2024). Detailed simulations would be useful to
assess whether these two opposite trends are expected on the
basis of gravity darkening or whether other structural changes
in the star are required to reproduce the observations. Finally,
when we plot vbroad as a function of cluster mass, we see that
at masses above ~1000 Mg, there is almost no cluster without an
eMSTO (gray dots in Fig. 6), thus cluster mass seems to play
an important role in the emergence of the eMSTO phenomenon
and indeed eMSTOs were first discovered in massive clusters
in the Magellanic Clouds. We also see very few clusters with
an eMSTO below 1000 Mg, but this could in part be due to the
fact that eMSTOs are more difficult to detect when there are few
stars.

To test the idea that binary interactions may cause eMSTO
(D’ Antona et al. 2015), we study 208 binaries (green star sym-
bols in Fig. 6) and 131 suspected binaries in the eMSTO sample.
Most are eclipsing and SB1, with a couple of G Cas variables,
and a triple system in NGC 2516 (Mermilliod et al. 2008, 2009).
We note that they are mostly cooler than 10000 K and mostly
found in more massive clusters. The median vbroad of the bina-
ries in the eMSTO sample is comparable to that of the whole
sample: 90 versus 110kms~'. We do not observe any obvious
preference for the binaries to lie on the red or blue side of the
eMSTO, nor any obvious difference in the properties of binaries
across the eMSTO, so the present data are inconclusive. We will
have to wait for Gaia DR4 and LSST-Rubin data to be able to
further test this idea.

3.3. Split main sequences

Split MSs were first discovered in clusters belonging to the Mag-
ellanic Clouds (Milone et al. 2013) and only later found in the
Milky Way (Cordoni et al. 2018). Different explanations were
explored, but it is now clear that stars belonging to the two
split sequences have different rotation (D’Antona et al. 2015;
Dupree et al. 2017; Sunetal. 2019), with the slow rotators
on the blue sequence and the fast ones on the red sequence.
We identified the split MS visually in the CMD of clus-
ters in our sample and found six clusters with a clearly split
MS (namely, NGC 2287, NGC2301, NGC 2422, NGC 2516,
NGC 3766, NGC 6716); to this we added NGC 3532, which we
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Fig. 7. Lower MS of NGC2516. Rotation periods from Binks et al.
(2022, gray points) and our work (colored points) are compared to the
Praesepe period—age relation by Angus et al. (2019, gray lines). The
position of confirmed binaries in our catalog is marked by crosses. The
activity index, Ap.x, is described in detail in Appendix B.3.

classify as eMSTO, but in the literature it has also been classified
as a splitMS and an eMSTO (Cordoni et al. 2024). To our knowl-
edge, only NGC 2287 and 2422 were previously reported in the
literature besides NGC 3532. We also found 16 clusters with
more uncertain hints of a double MS, none of which was pre-
viously reported, to our knowledge. In Appendix E.3 we present
three examples, sorted by decreasing age.

We suggest, judging from clusters with a good sample of
vbroad measurements, that the split MS is the natural contin-
uation of an eMSTO in lower mass clusters. The split MS in our
sample always appear above the transition from radiative to con-
vective cores, i.e., the Kraft break (Kraft 1967). The age range
of clusters with a split MS is contained into the one of eMSTOs.
We could thus say that split MSs and eMSTOs are just two man-
ifestations of the same physical phenomenon (see also Sun et al.
2019). The only exception could be NGC 2422, which appears
to have a clear split MS but a very narrow eMSTO (if any).
However, this is also the youngest cluster in our sample, so it is
expected to have a narrower eMSTO, given the relation between
eMSTO photometric spread and age (see previous section). We
note that the masses of clusters hosting split MSs are also mostly
higher than 1000 M, suggesting that cluster mass is an impor-
tant driving factor, similarly to the case of eMSTO. Finally, we
explored the confirmed binary stars in the mentioned clusters:
there were very few in the split MS region (from 1 to 4, depend-
ing on the cluster). We did not notice any preference for bina-
ries to lie on one sequence or the other, nor any preference for a
specific type of binary or binary period (see also Kamann et al.
2021).

3.4. Lower main sequence

Rotation periods in Gaia DR2 and DR3 are mostly measured for
stars on the lower MS, where the confusion with other types of
variable stars is minimized. Stellar rotation changes with clus-
ter age, as low-mass stars slow down because of magnetic brak-
ing (see Angus et al. 2019, and references therein). However,
young clusters with bimodal distributions of rotational periods
were found, especially among T-Tauri stars — for example in the
ONC cluster (Attridge & Herbst 1992), NGC 2264 (Lamm et al.
2005), IC 348, and NGC 2362 (Landin et al. 2021) — but also at
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Fig. 8. The period-activity diagram for the whole sample of stars in the
lower MS (gray points) and the confirmed binaries (colored points).

slightly older ages (Bouvier et al. 2014). While slow rotators are
well described by gyrochronology models, fast rotators are not.
A possible explanation is related to the effect of binary com-
panions or O and B stars’ radiation on the disks. These reduce
or destroy the disk, which may become less able to lock with the
star and to slow it down (Bouvier et al. 1993; Cuello et al. 2025).

A very interesting case is NGC 2516, which shows a clear
bifurcation (or at the very least a spread) between slow and fast
rotators in the pre-MS stars (Fig. 7). We also notice a possible
bifurcation at higher masses in the MS, i.e., bluer than Ggp—
Ggrp = 1.5mag, in the region immediately below the structural
transition between stars with convective and radiative cores on
the MS (~1.1-1.3M;). NGC 2516 is one of the few clusters in
which the whole MS is mapped with both rotation periods and
vbroad, and it also shows a distinct eMSTO and split MS above
the transition region and immediately below the eMSTO (see
also Sects. 3.2 and 3.3). As such, it contains in itself examples
of all the bimodalities and spreads discussed in the literature and
above. This continuity of properties across the entire range of
masses suggests a unifying explanation. One possibility, men-
tioned above, lies in the role of star—disk interactions.

In an attempt to test the idea that binaries are the underlying
cause of the rotation bimodality, for example by disturbing the
protostellar disks, in Fig. 8 we plot the eight confirmed binaries
in NGC 2516, which have both a rotational period and an activ-
ity index measurement. The six redder stars are all classified by
the Gaia classifier as RS CVn types, while the two bluer ones
are SB1 stars with 0.5 and 8.1 day orbital periods (i.e., different
from their rotational periods, which are around 1.7 and 1.9 days).
We note that five of the binaries seem to lie on the fast rotating
sequence. However, if we try to generalize this finding using all
the clusters in our sample, we encounter some difficulty. Cer-
tainly, in clusters above ~300 Myr there is no particular tendency
of binaries to be faster rotators.

In Fig. 8 we show the period-activity diagram for our
sample of members with prot. Thanks to Gaia DR2, it was
possible to identify a population of low-activity fast rotators
(Lanzafame et al. 2018, 2019), which were only found in very
small numbers previously (Messina 2008; Iwanek et al. 2019).
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Fig. 9. Total number of BSSs per cluster as a function of cluster age
(top panel) and mass (bottom panel). In the two panels, data points are
color-coded by cluster mass and age, respectively. Previous literature
efforts to model the behavior as a function of mass by Knigge et al.
(2009), Jadhav & Subramaniam (2021), and Rain et al. (2021) are plot-
ted in shades of green, as annotated. Our own bivariate fit is plotted in
the top panel at fixed log M =2, 3, and 4 and in the bottom panel at fixed
logA =17, 8.3, and 9.5, on the same color-scale as the data points.

It was suggested that this region is populated by binaries, but
Lanzafame et al. (2019) proposed that it is a particular phase of
the normal evolution of fast-rotating stars. Few cluster members
occupy this region, which contains only two binaries, one RS
CVn, and one astrometric binary with a period of 616 days. The
overall prot distribution of binary stars appears very similar to
that of the entire sample. On the contrary, binaries tend to cluster
in the region of higher activity, unlike the rest of the stars (see
also Lanzafame et al. 2018, 2019). With our sample we can add
that binaries belonging to old clusters tend to be more spread out,
especially in terms of activity index, while binaries in younger
clusters tend to be more concentrated toward high activity lev-
els. The binaries in this sample are mostly spectroscopic (SB1
and SB2) and eclipsing. There are also several BY Draconis and
RS CVn variables.

3.5. Blue stragglers

Blue straggler stars (BSSs) were discovered in M 3 by Sandage
(1953) as stars bluer and brighter than the TO (see also Bailyn
1995). Since then, they have been found in most star clusters
and in the field. They are thought to be the result of binary
interactions such as mass transfer, stellar mergers, and stellar
collisions (McCrea 1964; Hills & Day 1976). Such processes
can spin up stars for a certain amount of time, and some BSSs
have indeed been found to rotate fast in open and globular
clusters (e.g., Lovisietal. 2010; Leiner et al. 2018). A study
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based on Gaia DR2 and astrometric quality indicators sensi-
tive to binarity suggested that BSSs have the highest fractions
of unresolved binaries in the CMD, compatible with up to 100%
of them (Belokurov et al. 2020). Indeed, several open clusters
were carefully searched for RV variability in the past (see, e.g.,
Mathieu & Geller 2009; Gosnell et al. 2015; Geller et al. 2015),
with about 75-80% of binaries found in the BSS population
with periods on the order of 1000 days. A few eclipsing bina-
ries with shorter periods (5100 days) were also found among
candidate BSSs (Arentoft et al. 2007; Kaluzny et al. 2014; Luo
2015; Joshi et al. 2020; Rao et al. 2022). Compact companions
to BSSs were found by several authors (e.g., Gosnell et al. 2014,
2015; Subramaniam et al. 2016; Sindhu et al. 2019; Jadhav et al.
2021; Rao et al. 2022), further supporting the idea that binary
interactions are an important formation channel, which is domi-
nant in open clusters (Mathieu & Pols 2025).

We relied on the BSS catalogs by Jadhav & Subramaniam
(2021), Rainetal. (2021), Lietal. (2023)*, and Qinetal.
(2026), but we manually identified 449 additional BSSs or can-
didate BSSs (129 with rotation information) with no literature
counterpart. Our final sample contains 1932 BSSs (361 with
rotation information). As shown in Fig. 9, the total number of
BSSs per cluster increases with age (as previously noted by
Ahumada & Lapasset 2007; Rain et al. 2021; Leiner & Geller
2021; Li et al. 2023; Cui et al. 2025). Our youngest clusters with
BSSs are about 30 Myr old, i.e., younger than the 100Myr
reported in the cited studies®. We also observe that the num-
ber of BSSs increases with cluster mass, as noted previ-
ously for both open and globular clusters (Knigge et al. 2009;
Jadhav & Subramaniam 2021; Rain et al. 2021). With our simul-
taneous mass and age determinations, we note that both need to
be high —i.e., M > 1000 M, and age > 500 Myr, respectively — to
have more than ~5-10 BSSs in a given cluster. We computed a
weighted bivariate fit that appears to capture the observed behav-
ior more closely compared to previous univariate fits (Rain et al.
2021; Jadhav & Subramaniam 2021),

10~362(0.26)+0.48(0.03) Logh+0.33(0.03) LogA
b

Npss =

where M and A are mass and age, respectively, and Npgs is the
number of BSSs in each cluster. The fits are reported in Fig. 9.
In Fig. 4 we examine the overall vbroad distribution of 77
BSSs. We observe that among the studied populations, BSSs
differ the most from the MS sample. Their distribution has an
irregular shape, which could be an indication of an underlying
multimodality or just the result of the relatively smaller sample.
We suspect that the main peak at ~50kms~! could be at least
in part caused by unresolved SB2, but the excess of fast rota-
tors at ~150kms~! is certainly not made by unresolved bina-
ries. We find a larger median ruwe® of 1.14 in the BSS rotating
slower than 100kms~! than in the faster ones, where we find
only 0.98. This could be taken as supporting evidence that the
~50 kms~! peak is dominated by astrometric binaries, but needs
confirmation. To compare with globular clusters, we note that
Ferraro et al. (2023) found 40% of the BSS rotating faster than
>40km s~ in loose clusters, while only 4% were found in high-
density globular clusters. Our fraction of BSSs in open clusters

4 We were not able to use the new BSS identified by Cui et al. (2025)
because the authors did not provide the full list.

> Negueruela et al. (2023) found that blue supergiants in young clus-
ters are more massive than predicted from single star evolution, and thus
there could be BSSs in even younger clusters.

6 The renormalized unit weight error in the Gaia catalog indicates
extra noise in the astrometric solution for a given source, which can
also be caused by binary companion, among other things.
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rotating faster than 40kms~' is 76%. This makes sense if we

consider that all open clusters are certainly loose compared to
globular clusters. In the case of globular clusters, this was inter-
preted as evidence that BSSs are still forming in loose clusters.
This could also be the case in open clusters; i.e., fast-rotating
BSSs would be recently formed, but with the caveat that we also
have some more massive BSSs in our sample, which could spin
down more slowly than low-mass ones (see Leiner et al. 2018,
for FGK type BSS) and thus should not be interpreted as having
formed more recently.

Finally, we report that 97 BSSs are found to be binaries
or suspected binaries in our sample (i.e., about 6%). They are
mostly classified as eclipsing binaries, but there are also some
SB1 and SB2 types, and some might have hot companions, judg-
ing from their UV excess (Jackim et al. 2024). A few are classi-
fied in Gaia with acceleration solutions, which means that the
period must be comparable to or longer than the 34 months cov-
ered in DR3. The few that have period determinations are always
below 4 days; only one is 233 days. Four stars are contact bina-
ries, and one may be in a common envelope phase. These short
period binaries are not common among BSSs, which is com-
patible with the small fraction found here. They may be indica-
tive of case A mass transfer’, with low-mass MS companions
expected (Rao et al. 2022; Sandquist et al. 2003). Longer period
BSS binaries — i.e., about 75-80% in open clusters in the liter-
ature (Mathieu & Pols 2025) — often have WD-like companions
and would more likely be the result of case B or C mass transfer,
but for the moment they are out of reach for Gaia.

3.6. Red giants and subgiants

Fast-rotating (>10kms~!) red giant branch stars (RGBs) are
rare and are thought to be byproducts of binary interactions
(Carlberg et al. 2011; Gaulme et al. 2020; Patton et al. 2024),
because the expanded envelopes of giant stars lead to low pro-
jected rotational speed, generally <5Skms~'. Among the inter-
actions with (sub)stellar companions that can transfer angular
momentum are tidal synchronization, mass transfer, and merg-
ers. Thus, in some cases we may be able to observe a compan-
ion, while in the case of mergers the star will be single (see, e.g.,
Carlberg et al. 2011, and references therein).

We selected a sample of rotationally characterized red giants
and subgiant branch stars (SGBs) by visually inspecting the
CMD of each cluster with at least one vbroad or vsini mea-
surement. We used BaSTI isochrones (Hidalgo et al. 2018) to
guide the eye in the case of less populated clusters, but the can-
didates were selected only when the RGB and SGB sequences
were clearly visible in the CMD, and we did not use the
isochrones in the actual selection (see, e.g., Ramos et al. 2024).
Our final sample of rotationally characterized red giants and
subgiants contains 2369 and 85 stars, respectively, which are
displayed in the top panel of Fig. 10. Even considering the
limitations of the Gaia vbroad measurements (cyan region
in Fig. 10), our sample overlaps the one of field giants by
Carlberg et al. (2011). The difference in spectral resolution
between the two samples can be appreciated, because the
Carlberg et al. (2011) sample reaches down to a broadening of
almost Okms~! while the Gaia one barely reaches 5kms™'.
We also observe that the RGB distribution is different from the
dwarfs samples in Figs. 4 and 5. The vbroad distribution of
RGB and SGB stars is shown in Fig. 11 and is very strongly

7 Case A mass transfer happens when the donor is on the MS, while
case B happens on the RGB, and case C on the asymptotic giant branch.



Pancino, E., et al.: A&A, 711, A67 (2026)

3 © Red giants sample
2 2 M¢®
o Subgiants sample
Field giants (Carlberg et al. 2011)

~ o
2 2 7
£
<
o
s
5
> o |

rs!

o 4

3 @ Red straggler candidates

2] 2 Mo

o Sub-sugiant candidates
Field giants (Carlberg et al. 2011)

- o Field SSG and RSS (Leiner et al. 2022)
» S
g -
=
o
s
5
> o |

rs!

o -

5000 7000

Terr (K)

Fig. 10. Top panel. RGB (red points) and SGB (yellow points) samples
are compared with the sample of field giants by Carlberg et al. (2011)
in the T.s vbroad plane. Bottom panel. Same as the top panel but for
the RSS (dark red points) and SSG (orange points) candidates. Here, we
also plot the Gaia measurements for the sample of field SSGs and RSSs
(thistle points) by Leiner et al. (2022). In both panels, the cyan line and
shaded area represent the region where Gaia vbroad starts to be over-
estimated, with its uncertainty range (Frémat et al. 2023, Table 2). The
MIST rotational models (Choi et al. 2016) with Qzams/Qerie = 0.4 are
also plotted in blue for reference.

peaked at 9.6 +2.6kms~!. This is determined by the RVS res-
olution limits (Frémat et al. 2023) and does not represent the
intrinsic rotation of the stars; thus, we focused our analysis on
the long tail of fast-rotating stars, reaching 98.3kms~!.

We selected fast-rotating giants as those being more than 3o
faster than the average, i.e., vbroad > 17.4. We obtained a sam-
ple of 79 stars (4%), which is comparable with previous findings
in the literature (Carlberg et al. 2011). Of these, 26 (33%) are
flagged as variable or suspect variable stars (see Appendix D.1)
and nine (11%) are flagged as binary or suspect binaries (see
Appendix D.2). For reference, the whole giant sample has a
variable star fraction of 14% and binary fraction of 11%. Most
classifications are uncertain or generic (long period, rotational).
Notably, there are three fast-rotating giants classified by Gaia as
RS CVn, but not parameterized; five are classified by Gaia or
spectroscopic surveys as SB1; and two are classified as eclips-
ing binaries. The available periods range from 8 to >10*d, with
a median of about 100d. Because our binary characterization
may be biased and incomplete, we also tried another approach.
An analysis by Patton et al. (2024) employed indirect criteria
such as velocity spreads of APOGEE data and ruwe in Gaia
to estimate the number of binaries among fast-rotating giants in
APOGEE, finding striking fractions of 75% or higher. Our giant
sample has a median ruwe = 1.01 £0.12. Therefore, an appro-
priate threshold would be 1.37, which is different from the value
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Relative Frequency

Sub-Subgiants
(72 stars)
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Fig. 11. Similar to Fig. 4 but for the samples of giants, as annotated.

of 1.2 used by Patton et al. (2024). In any case, using the two
thresholds, we find 6% and 11% of suspect binaries, respectively,
which is compatible with the fraction computed over the entire
giant sample; i.e., 5% and 12%, respectively.

We note that the saturation threshold of Gaia DR3 vbroad
prevents us from separating the intermediate rotators (or anoma-
lous rotators, with 5-10km s~!, Tayar et al. 2015) from the slow-
rotating giants. This could be one of the causes of the ten-
sion between our results on the binary fractions and those by
Patton et al. (2024). Thus, a possible interpretation is that our
sample of fast rotators is dominated by mergers and that binaries
may dominate in the intermediate sample that we cannot dis-
cern with our data. Another possibility is that, considering that
mergers should be more common in the cluster environment than
in the field, our cluster sample of giants is intrinsically differ-
ent from the field samples in the literature, containing relatively
more mergers and therefore fewer binaries.

3.7. Red stragglers and sub-subgiants

Red stragglers (RSSs) and sub-subgiants (SSGs) occupy a region
of the CMD that is, respectively, redder than the red giant branch
or fainter than the sub-giant branch. The first two SSGs were
discovered in M 67 by Mathieu et al. (2003). Several years later
a census of the 65 known SSGs and RSSs in open and glob-
ular clusters was published by Geller et al. (2017), and a sam-
ple of 448 RSSs and SSGs in the field population was pre-
sented by Leiner et al. (2022). Several of these stars are X-ray
emitters, binaries, variables, or spotted, and/or they display H,
emission. Moreover, RS CVn variables are found in the known
samples (Dixon et al. 2025). According to Leiner et al. (2022),
prot peaks at about five days in the field sample, with a long
tail reaching tens of days. The distributions of prot for field
and cluster SSGs appear compatible with each other. Two differ-
ent explanations were put forward in the above cited studies for
their noncanonical position in the CMD. The favored one is that
SSGs and RSSs are spun-up by binary interactions and develop
magnetic fields, and so they appear fainter and redder because
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of spots and possible radius inflation. The second is that they are
undergoing important mass-transfer episodes which bring them
temporarily out of equilibrium.

We selected 158 (rotationally characterized) candidate SSGs
and RSSs from individual-cluster CMDs. When the RGB and
SGB were sufficiently populated, we selected our candidates as
30 outliers. When the RGB and SGB were scarcely populated,
we relied on BaSTI isochrones (Hidalgo et al. 2018), and thus
on cluster parameters, to guide our selections. Unfortunately, we
have no candidates in common with Geller et al. (2017), because
their sources are too faint to be rotationally characterized in Gaia
DR3. The sample is presented in Fig. 10 (bottom panel), where it
is compared with the distribution of field giants by Carlberg et al.
(2011) and the Gaia parameters of field SSGs and RSSs by
Leiner et al. (2022). The fraction of fast-rotating stars in our
sample agrees well with the field sample by Leiner et al. (2022).
If we cross-match the field sample with Gaia, we find 5% of the
stars have vbroad > 17.4kms~!, while if we do the same with
our sample, we find 8%. Moreover, it was found that prot tends
to increase from a SSG to a RSS (Leiner et al. 2022), which is
compatible with stellar evolution expectations. Our sample con-
firms this finding, as can be seen from Fig. 10 but also from
Fig. 11; the RSS vbroad distribution is more peaked and has
virtually no tail toward higher values, unlike the SSG sample.

Concerning the possible binary nature of our candidates, we
note that the entire sample of RSSs and SSGs has a fraction of
variable stars of 7% and of binary stars of 17%. These figures
are higher than, but comparable to those of the combined RGB
and SGB sample, i.e., 14% and 11%. The types of binaries found
among RSS and SSG candidates are typically SB1 spectroscopic
binaries. The only fast rotating RSS is reported by Gaia DR3 as
an RS CVn type, but is not parameterized. Previous reports by
the ATLAS survey (Heinze et al. 2018) also classify it as a pos-
sible eclipsing binary with a sinusoidal light curve. The ruwe of
these RSS and SSG candidates is indistinguishable from that of
normal giants. If ruwe > 1.37 was taken as an indirect indication
of binarity, it would suggest a binary fraction of 14%. In conclu-
sion, with the data in hand, we can only report a slight increase
(17% versus 11%) in the binary discovery fraction of RSSs and
SSGs with respect to the normal red giants.

3.8. Yellow-straggler candidates

Evolved BSSs should appear brighter than the sub-giant branch
and redder than BSSs. In the literature they are thus called either
red or yellow straggler stars (Sales Silva et al. 2014). To avoid
any confusion with the RSS (Sect. 3.7), we adopted the term
yellow straggler star (YSS). Unfortunately, the region where
evolved BSSs are expected to lie also hosts evolved binaries
of various kinds, and the continuation of the equal-mass binary
sequence (Sect. 3.1). Indeed, several of the known YSSs have
shown A-type companions, identified by the presence of Balmer
lines and veiling in the blue spectral regions (Sales Silva et al.
2014; da Silveira et al. 2018; Martinez et al. 2020; Rani et al.
2023). In these cases, it is believed that the yellow color is driven
by the contamination of the blue companion, making YSSs bluer
than RGB stars, but still redder than the typical BSS. For all these
reasons, we refer to our YSS sample as YSS candidates in the
following.

We relied on the YSSs selected by Rain et al. (2021) and
Lietal. (2023). We further selected new YSS candidates as
stars redder than the TO, bluer than the RGB, and brighter
than the SGB. We only used clusters with sufficiently populated
sequences and we did not use isochrones to compensate for the
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lack of data. Our YSS-candidate sample counts 134 stars, dou-
bling the literature samples. In Fig. 11 we compare their vbroad
distribution with that of other samples of giants and subgiants,
which are discussed above. The YSS candidates rotating faster
than 17.4kms~! (see Sect. 3.6) are ~38%, compared to 4% for
normal giants. We found 23 potential or confirmed binaries in
the YSS sample (17%). Almost all are classified as type SB1
(Pourbaix et al. 2004; Gavras et al. 2023), and a few are classi-
fied as eclipsing binaries or RS CVn in Gaia DR3, but they are
not parameterized. One has UV excess in GALEX (Jackim et al.
2024). When available, periods range from one to more than
1000 days. Only one of the binaries is also rotating faster than
17.4kms~!. If all the rotating YSS candidates are assumed to
be binaries, this would bring the (still uncorrected) binary frac-
tion of YSS candidates to ~46%. This result supports the idea
that this portion of the CMD is dominated by binaries and their
byproducts. Unfortunately, as mentioned, we cannot cleanly sep-
arate YSSs from other types of binaries that are known to popu-
late this region.

4. Summary and conclusions

In this work, we selected and characterized a sample of more
than 700000 members of almost 6000 open clusters. We
employed Gaia DR3 information of stellar rotation — both from
the width of RVS spectra and from the light curves of spotted
rotating stars — to study the behavior of various stellar samples
across the CMD.

Our main results can be summarized as follows:

— We classified a large number of stars in the MS and binMS
and found a statistically significant excess of rotation in the
binMS sample. The binMS sample contains a similar propor-
tion of binaries to the MS (~6% compared to 7%). To clean
the samples from abnormally fast rotating stars, we produced
a sample of about 100 new candidate BLs, which we make
available for further study.

— We significantly increased the number of clusters with an
eMSTO or a split the MS compared to the previous litera-
ture, bringing it to about 100, plus a few hundred clusters
with suspected complex TO regions. We support the idea
that the photometric spread is not entirely explained by the
vbroad spread, as previously suggested in the literature. We
further observe that most clusters with a mass higher than
about 1000 Mg, display an eMSTO. We also notice that the
spread in vbroad seems to decrease with age for older clus-
ters, in apparent contradiction with the photometric spread,
which increases with age. This may not be a true inconsis-
tency, but it needs to be explored with the help of models.

— In the lower main sequence, we observe that the confirmed
binaries can be slow or fast rotators, but most of them have
high activity levels, as measured from the amplitude of the
light curve and previously noted in the literature. We further
note that binaries in older clusters extend to lower activity
levels compared to younger clusters.

— We discovered several hundred new stars belonging to var-
ious exotic populations. In the case of BSSs, we obtained
a combined sample of new discoveries and literature detec-
tions to almost 2000 BSSs. We observe that the clusters
with more than 5-10 BSSs generally have both high masses
(21000 My,) and old ages (=1 Gyr), and we provide a bivari-
ate fit that reproduces the behavior better than previous
univariate fits. The vbroad distribution significantly differs
from the one of MS stars and presents an irregular shape.
The fraction of stars rotating more than 40kms~! is about
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75%. We found several binaries with relatively short periods
among BSSs (about 6%), which is compatible with previous
literature studies. Longer period binaries are for the moment
out of reach of Gaia.

— Among red giants and subgiants we found a small group of
abnormally fast rotators (about 4%), compatible with pre-
vious findings for field stars, while the rest of the sample
displays the expected rotational behavior. These fast rotat-
ing stars can only be the result of recent binary interactions,
and indeed they display higher proportions of known bina-
ries than the slowly rotating giants.

— The samples of YSS candidates, RSSs, and SSGs display
more prominent tails of fast rotating stars compared to the
RGB sample. The percentage of binaries in these popula-
tions is slightly higher than in the RGB sample. About 33%
of fast-rotating YSS candidates are binaries.

Our bird’s-eye exploration of the properties of rotating stars in
open clusters revealed a few interesting new facts that are worth
following up with dedicated studies. We hope that this new and
increased sample will help solve some of the long-standing prob-
lems in the field. The future is bright. On one hand, the spectro-
scopic surveys already contain a treasure trove of vbroad mea-
surements that only awaits to be explored in a synergic way,
similarly to what has been done in projects such as the Survey of
Surveys (Tsantaki et al. 2022; Turchi et al. 2025). On the other
hand, the upcoming Gaia DR4 data are expected to significantly
improve the quantity and quality of the measurements, and espe-
cially the inventory of binary stars, which are expected to be
closely linked with stellar rotation. LSST-Rubin will addition-
ally soon provide an overwhelming amount of high-quality light
curves (Ivezi¢ et al. 2019).

Data availability

The catalogs described in Tables 1 and 2 are available at
the CDS via https://cdsarc.cds.unistra. fr/viz-bin/
cat/J/A+A/711/A67
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Appendix A: More details on sample selection

To integrate the missing clusters in the Hunt & Reffert (2024)
catalogue (see Sect. 2.1), we created our own collection of mem-
ber lists, using the following large literature studies:

— Cantat-Gaudin & Anders (2020) and Cantat-Gaudin et al.
(2020), which contain more than 480000 stars belong-
ing to 2017 clusters; they also homogeneously re-
analised clusters previously published by various authors
(e.g. Sampedro et al. 2017; Cantat-Gaudin et al. 2018b,a;
Castro-Ginard et al. 2018, 2019, and others).

— Sim et al. (2019) did not provide any members lists, so we
could not use their work, but we note that of their 207 clus-
ters, 137 are included in Cantat-Gaudin & Anders (2020)
and (Cantat-Gaudin et al. 2020).

— Castro-Ginard et al. (2022) provided 25466 members for 628
clusters (615 new), using Gaia EDR3.

— Among the clusters by Ferreira et al. (2019, 2020, 2021), we
found 26 not included above, with 4539 new member stars.

— He et al. (2021) found 74 new clusters with 3754 members.

— Haoetal. (2022) provided 704 (378 new) clusters with
19425 member stars, using Gaia EDR3.

Because some of the above studies were based on Gaia DR2
(Gaia Collaboration 2018), we computed a DR2-DR3 cross-
match using the software by Marrese et al. (2017, 2019) and
used the best matches as our bona fide identifications. We identi-
fied more than 200 000 member stars in our literature collection
that were missing from the Hunt & Reffert (2024) list.

As mentioned in Sect. 2.2, in most cases the CMDs obtained
with the Hunt & Reffert (2024) list appear cleaner and better
defined, therefore we did not want to blindly merge the two lists.
We thus adopted the following approach: we visually inspected
the CMDs and vector-point diagrams of all the relevant clusters
to identify the ones, like NGC 7789, for which we considered
the Hunt & Reffert (2024) selection to be too restrictive in the
coordinates or proper motion-parallax planes, compared to the
distribution of stars in the region. Only for these clusters, we
added back to our masterlist all the stars that were in our liter-
ature collection, but were missing from Hunt & Reffert (2024).
These extra stars were later retained only if they had rotational
information in Gaia DR3 (Gaia Collaboration 2023c, see also
Sect. 2.3), after checking that the Gaia DR3 positions, motions,
colors, and magnitudes of the missing stars were still compati-
ble with being cluster members. We also retained all the member
stars of the 51 missing clusters in Hunt & Reffert (2024) dis-
cussed in Sect. 2.1 above, regardless of their rotational charac-
terization. In this way, we added more than 10000 stars to our
masterlist.

Notably, the list contains some repeated stars, which were
assigned as members to different nearby clusters, with different
membership probabilities. We decided to keep these duplicates
as separate entries in our masterlist.

A.1. Gaia quality selections and additional information

Using the Gaia DR3 source_id for our stars, we extracted rel-
evant data from the following Gaia Tables:

— gaia_source,

— astrophysical_parameters,

— vari_summary,

— vari_rotation_modulation,

— nss_two_body_orbit,

— nss_acceleration_astro,

— nss_non_linear_spectro.
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Fig. B.1. Apparent G magnitude distribution of stars with rotation infor-
mation. In all panels, the full star masterlist is plotted in grey in the
background. Stars with a valid vbroad parameter are plotted in cyan in
the top panel, stars with a valid vsini in orange in the middle panel,
and stars with a valid prot parameter in magenta in the bottom panel
(see Secs. B.1, B.2, and B.3 for more details). Sample sizes are listed in
parenthesis in each panel.

All stars matching the following criteria, based on informa-

tion in the above Tables, were rejected from our masterslist:

— sources missing G, BP, or RP magnitudes
sources with in_qso_candidates=TRUE
sources with in_galaxy_candidates=TRUE
sources with classprob_dsc_combmod_quasar>0.5
sources with classprob_dsc_combmod_galaxy>0.5
Apart from these very basic selection criteria, which
removed a few hundred stars from the masterlist, we preferred
to flag stars rather than to filter them out. This is because we
focus on rotating stars, which can have altered colors and magni-
tudes, whose RV determination could be less precise, and which
might be variable or binary and have less precise astrometry as
well.

Appendix B: Details on rotational characterization
B.1. Rotational broadening from Gaia RVS spectra

In Gaia DR3 the rotational broadening was measured for the first
time (Frémat et al. 2023) and is stored in the parameter vbroad
in the gaia_source Table. While there are still some limitations
in these measurements, the large sample size and full sky cover-
age render the catalogue unique and improvements are expected
in the next Gaia data releases. Briefly, vbroad was estimated
by cross-correlation of the RVS spectra with broadened syn-
thetic spectra, without correcting for macro-turbulence broad-
ening®, and filtering rules were applied to the results: (i) sources
with at least 6 transits were considered; (ii) measurements out-

8 Macroturbulence broadening is expected to be about a few kms™',

depending on the type of star (Doyle et al. 2014; Jonsson et al. 2020).
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Fig. B.2. Stars with rotation information in Gaia DR3, on the absolute
and dereddened CMD. Stars with a vbroad or vsini determination are
shown on the top panel, while stars with a prot determination in the
bottom panel. A selection of well-measured stars from the full sample
is plotted in grey in the background, for reference.

side the range 5 < Viproaa <500 km s~ were filtered out; (iii) only
spectra with valid RV measurements were considered, i.e. with
3500 < Ter <14 500 K; and (iv) only stars with Grys < 12 mag
were analyzed, corresponding to G =~ 14.5 mag (Figure B.1).

A very careful assessment of the reliability of the DR3
vbroad measurements was performed with dedicated simula-
tions by Frémat et al. (2023) as a function of T.g, spectral mis-
matches, Grys, and the like, as well as extensive comparisons
with literature samples, including large spectroscopic surveys.
As a result, it appears that vbroad tends to be overestimated
when it is lower than 820 km s~!, depending on T, (see Table 2
by Frémat et al. 2023). At the same time, there is a bias with
apparent Grys magnitude (see Fig. 14 by Frémat et al. 2023), in
the sense that stars with Teg = 7500 K have a more and more
underestimated vbroad as they become fainter, where the exact
magnitude at which this becomes important changes as a func-
tion of Teg (see also Fig. 2 and Babusiaux et al. 2023).

B.2. Rotational broadening for stars hotter than 7500 K

The Gaia extended stellar parametrisers (ESP) are data analysis
modules used in Gaia data processing to derive stellar param-
eters for specific stellar types (see Fouesneau et al. 2023, and

logg (dex)
log1o(vbroad) average (km/s,dex)

10000 9000 8000 7000 6000 5000 4000

Teff (K)

Fig. B.3. The average of vbroad or, when missing, vsini, in a 2D set
of bins in the Kiel diagram. The colorscale is logarithmic to make any
subtle variations more visible. In the background, the entire sample is
plotted in grey. We left out stars hotter than 10000 K, we limited the
colorscale between 5 and 400 kms™!, and we only plotted bins with at
least three stars, for clarity.

the Gaia online documentation, Sect. 11.3.8%). In particular, the
ESP dedicated to hot O, B, and A stars (ESP-HS) uses simulta-
neously the BP/RP and RVS spectra, when available, to derive
stellar parameters by comparison with synthetic spectra, specif-
ically suited for these stars. Among them, ESP-HS also derives
the projected rotation (vsini_esphs, hereafter vsini), in case
the star has RVS spectra. The results are much more scattered
than for vbroad, as can be appreciated in Fig. 2 (bottom panels),
and as expected in the case of hot stars. However, when we com-
pare the typical uncertainties reported in the Gaia DR3 catalogue
for vbroad and vsini, we find the latter to be about a factor of
two smaller. We thus multiplied the vsini uncertainties by a
factor of four before using them in the following analysis. The G
magnitude distribution of stars with a vsini estimate is shown in
Fig. B.1 (middle panel). We observed that vsini shows the same
trend of vbroad in being underestimated for fainter and hotter
stars (see also Frémat 2024). Thus, in this work, we mostly focus
on vbroad rather than vsini, unless specifically indicated.

B.3. Rotational periods from Gaia epoch photometry

The Gaia multi-epoch photometric data allow for the detailed
study of several types of variable stars (Eyer et al. 2023). The
determination of rotational periods (best_rotation_period,
hereafter prot) in Gaia DR2 and DR3 is based on the flux vari-
ability induced by asymmetrically distributed spots on the stellar
surface and is only computed for stars of relatively late spec-
tral types in the main sequence (Tex<6 500 K, Lanzafame et al.
2018; Distefano et al. 2023). This choice has the additional
advantage of minimizing contamination by stellar pulsators.
The information is stored in the vari_rotation_modulation
Table in the Gaia archive. An estimate of the chromospheric
activity was also obtained as the flux variation amplitude, Ap,x
(max_activity_index_g). Interestingly, the DR2 sample is
not fully included in the DR3 one, thus we downloaded both
catalogues. We used our cross-match between DR2 and DR3,
described above, to assign a DR3 source ID to sources in the
DR2 rotation modulation catalogue. We then merged the two cat-

% https://gea.esac.esa.int/archive/documentation/
GDR3/Data_analysis/chap_cu8par/sec_cu8par_apsis/ssec_
cu8par_apsis_esphs.html
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Fig. B.4. Similar to Fig. B.3, but here we plot the fraction of stars with
vbroad >20kms™'. In the background, the entire sample is plotted in
grey. We left out stars hotter than 10000 K and fainter than G = 14 mag
(which could not possibly have a vbroad estimate in Gaia DR3). We
only plotted bins with at least five stars, for clarity.

alogues. When a source was present in both DR2 and DR3, we
selected the DR3 information. The G magnitude distribution of
stars with a prot estimate is shown in Fig. B.1 (bottom panel).
As can be seen, these stars are generally much fainter than the
ones having vbroad or vsini, providing an entirely different
window on stellar rotation.

A careful validation of the prot estimates was performed by
Lanzafame et al. (2018, for DR2) and Distefano et al. (2023, for
DR3), which results in the cleaning of stars with non-optimal
time sampling or coverage, in the cleaning of spurious peri-
ods, and in a generally favorable comparison with literature
samples such as the Zwicky Transient Facility survey (ZTF,
Chen et al. 2020), the ASAS-SN survey (Jayasinghe et al. 2021),
and several other high-quality literature studies. We note that the
particular time sampling of Gaia does not allow for a reliable
determination of periods larger than a few tens of days. As in the
case of vbroad and vsini, the major strength of the prot cata-
logue lies in its unprecedented size and full-sky coverage, which
for example allowed for the definition of a new class of stellar
rotators (Lanzafame et al. 2018, 2019, see also Section 3.4).

Appendix C: Sample characterization details
C.1. Stellar radial velocities

We compared the Gaia DR3 RVs with the ones in the Sur-
vey of Surveys (SoS, Tsantaki et al. 2022), which are obtained
by homogenizing, merging, and recalibrating with high-quality
samples all the RV measurements by the major spectro-
scopic surveys. In particular: Gaia DR2 (Gaia Collaboration
2018); APOGEE DR16 (Ahumada et al. 2020)'°; RAVE DR6
(Steinmetz et al. 2020)'!'; GALAH DR2 (Buder et al. 2018)'?;
LAMOST DR5 (Zhaoetal. 2012)"%; and Gaia-ESO DR3
(Gilmore et al. 2012)'*. No trends are apparent in the DR3 RVs
with any of the parameters considered by Tsantaki et al. (2022),
while the G magnitude trend previously reported for the DR2
RVs by Katzetal. (2019) and Tsantaki et al. (2022) is more

10 https://www.sdss.org/dri6/

I https://www.rave-survey.org/
12 https://www.galah-survey.org/
3 http://www.lamost.org/public/
4 https://www.gaia-eso.eu/
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than halved in DR3, reaching a maximum overestimate of about
0.4kms™! at Ggys =~ 14 mag. We corrected the trend using Equa-
tion 5 by Katz et al. (2023). A different trend was observed for
stars hotter than 8500 K, which we corrected using Equation 1
by Blomme et al. (2023).

After these corrections, the median difference of the Gaia
RVs from the SoS ones is —=0.06 + 2.03 km ~! for the full sample.
As expected, the agreement worsens when considering only stars
with vbroad > 50 km s—!, where it becomes —1.56 + 6.67 km s .
In any case, the comparison is compatible with the typical preci-
sion and accuracy quoted in the respective papers, therefore we
adopt the SoS value for ~6700 faint stars without a Gaia RV
estimate in DR3. Finally, we added RVs from the latest versions
of the surveys, after correcting for the median zero-point with
respect to Gaia DR3. This way, we could assign a radial velocity
estimate to ~14% of our sample stars. Because our collection of
individual RV estimates is larger than the one by Hunt & Reffert
(2024), we used it to determine new cluster mean velocities
(Sect. C.3). For clusters with at least 10 stars, we also estimated
an RV membership, listed in the RV_mem parameter in Table 2.

C.2. Stellar parameters

We used several literature source catalogues, prioritised by their
precision, which were estimated with the three-cornered hat
method, using the stars in common between pairs of cata-
logues. We noted that the median differences (i.e. zeropoints)
among the quoted catalogues are typically below 100K in
Teg, 0.2dex in logg, and 0.3 dex in [Fe/H] and they get con-
siderably better (about halved) when considering stars with
4000 < T < 7500 K. We also noted that the spreads in the pair-
wise comparisons among catalogues are in some cases larger
than the sum in quadrature of the quoted uncertainties. This is
not a problem for the purpose of the present work, but we stress
that the reported uncertainties may be underestimated and should
be used with caution. The catalogues we used, in priority order,
to assign Teg, log g, and [Fe/H] estimates, are:

— SoS spectroscopic parameters (Turchi et al. 2025);

— spectroscopic surveys parameters from the latest available
releases (see Sect. 2.3);

— Gaia DR3 spectroscopic parameters from gspspec, after
applying the recommended corrections to metallicity and
logg (Recio-Blanco et al. 2023), and excluding stars with
metallicity lower than —1 dex;

— SoS machine-learning parameters (Turchi et al. 2025);

— machine learning [Fe/H] from Andrae et al. (2023), where
we only considered stars with T <4000 K and we did not
use their Teg and log g parameters;

— Gaia DR3 photometric parameters from gspphot, excluding
stars with metallicity lower than —1 dex;

— Gaia DR3 ESPHS parameters for stars hotter than 7 500 K.
This way, we could assign at least a rough estimate of Teg and of
log g to ~49% of our sample stars, and an estimate of [Fe/H] to
~45% of the sample stars. We note that the typical uncertainties
of this collection of parameters are of the order of about 200—
500K in Teg, 0.2-0.5 dex in logg, and 0.2-0.5 dex in [Fe/H],
with large variations within the sample across the parameter
space. In Fig. B.5 we compare our collected parameters with the
latest versions of the main spectroscopic surveys (see Sect. 2.3).
As can be seen, there is a good overall agreement, except for
stars hotter than about 8000 K or with large vbroad.

For stellar masses and radii, we used the Gaia DR3 FLAME
results (Final Luminosity Age and Mass Estimator), which
were extensively tested (Babusiaux et al. 2023), showing some
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Fig. C.1. Similar to Figure B.5, but for the case of mass (top panels)
and radius (bottom panels) estimates. The left panels show the compar-
ison with the PLATO Input Catalogue (PIC, Montalto et al. 2021), and
the right ones with the Gaia-Kepler catalogue (Berger et al. 2020). The
symbols, annotations, and color-scale are the same as in Figure B.5.

problems only in the high mass range. This is confirmed by
our comparison with the PLATO input catalogue (Montalto et al.
2021) and the Gaia-Kepler catalogue (Berger et al. 2020), as
illustrated in Fig. C.1. However, for masses lower than about
2.5 Mg, the different datasets agree with each other more than
satisfactorily, as well as for radii. We found only mild indica-

tions that the Gaia FLAME parameters are worse for stars with
larger vbroad (Fig. C.1, top-right panel).

C.3. Cluster properties

We compared the distance estimates by Hunt & Reffert (2024)
against the median of the Bailer-Jones et al. (2021) distances
and against the values in our literature collection (Sect. 2.2).
We noticed that after about 5kpc the agreement among these
catalogues breaks down and the spread rises to 10-15%, respec-
tively. We attribute this to a parallax bias between Gaia DR2 and
DR3 of about 0.015 mas (estimated from the two member lists).
Indeed the Bailer-Jones et al. (2021) median cluster distances
agree better with the Hunt & Reffert (2024) ones than with our
literature collection, which is dominated by DR2 estimates. We
thus decided to rely on the Hunt & Reffert (2024) estimates and
we used the Bailer-Jones et al. (2021) ones for the 51 clusters
not included in their catalogue. Cluster masses are taken from
Hunt & Reffert (2024).

For mean RVs, we profited from the values collected in our
member stars list (Sect. C.2 and Table 2), which come mostly
from Gaia DR3 (Katz et al. 2023; Blomme et al. 2023) and the
SoS (Tsantaki et al. 2022), but also from spectroscopic surveys.
This way, we can count on more stars with RV estimated than the
ones considered by Hunt & Reffert (2024). We computed cluster
median RVs and their spread using the median and the MAD of
the members stars in each cluster, after removing all the confirmed
binary and variable stars. Our results agree extremely well with
the ones by Hunt & Reffert (2024), with a median difference of
-0.001 +3.249kms™!, but we could add RV to almost 500 more
clusters and more stars per cluster are generally used to obtain
each estimate. We included the RV estimates by Dias et al. (2021)
for four clusters lacking it. In summary, we obtained a systemic
RV estimate for 4980 clusters (=~ 87%), but we note that 2064 clus-
ters have <3 stars with a valid RV estimate.
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Cluster metallicities are not present in the Hunt & Reffert
(2021, 2023, 2024) catalogue. We thus collected literature
results by Dias et al. (2021), Netopil et al. (2016, 2022), Fu et al.
(2022), Zhang et al. (2024) for 1571 clusters. We also computed
new cluster metallicities from our collection of [Fe/H] estimates,
by selecting stars with —1 < [Fe/H] < 0.5 dex, T.g <8000 K, and
with metallicity errors below 1dex. When comparing the lit-
erature estimates with each other we obtained values within
less than 0.05-0.10dex from each other. When comparing our
newly computed mean cluster metallicities with the literature
collection, however, we found offsets of 0.2 dex or more and a
very poor correlation. Only once the Gaia DR3 individual star
estimates were removed from the collection, we could obtain
estimates comparable to the ones in the literature, with a differ-
ence of A[Fe/H]=0.03 +£0.13 dex for 980 clusters in common.
Merging the two sets, the literature one and our newly computed
metallicites, we could assign an average [Fe/H] estimate to 2336
clusters in our sample (about 41%).

Finally, for cluster ages, we noticed that for relatively old
clusters (2500 Myr) with many BSS, the ages by Hunt & Reffert
(2023) are severely underestimated, because the isochrone is
wrongly adjusted to include the BSS sequence. This is particular
evident in their Fig. 6 for the case of Ruprecht 147. For this rea-
son, we preferred the ages by Cavallo et al. (2024) when avail-
able. Otherwise, we used Cantat-Gaudin et al. (2020) because of
the good agreeement with Cavallo et al. (2024), and in case those
were missing, we used Hunt & Reffert (2023).

Appendix D: Variable and binary stars
D.1. Variable stars

Variability information was obtained mainly from the Gaia
DR3 vari_summary and vari_classifier_result tables.
The enormous amount of work done to classify and characterise
the Gaia DR3 variables is summarised by Eyer et al. (2023)
and more details are provided in a series of papers divided
by variable type (Clementinietal. 2023; Gaia Collaboration
2023b; Distefano et al. 2023; Gomel et al. 2023; Lebzelter et al.
2023; Marton et al. 2023; Ripepi et al. 2023). We also profited
from the critically compiled catalogue of literature variables
by Gavras et al. (2023), which contains an exhaustive selec-
tion of publications before 2021. We complemented it with the
most updated versions of the ZTF survey (Chen et al. 2020),
the ASAS-SN catalogue of variable stars (Jayasinghe et al.
2021), the latest TESS variables classification by Gao et al.
(2025). We also checked the updated versions of the main
OGLE catalogues'® (Pawlak et al. 2016; Soszynski et al. 2016;
Pietrukowicz et al. 2021; Soszynski et al. 2021; Iwanek et al.
2022, and updates). We finally explored the lists of variable
objects found in the Gaia science alerts (Hodgkin et al. 2021;
Mistry et al. 2022), but we only found stars already included in
the above catalogues.

The cross-match of large catalogues with Gaia DR3 was
performed with the software described by (Marrese et al. 2017,
2019), while the small ones were cross-matched with TopCat!'®
(Taylor 2005). Some literature catalogues were already cross-
matched with Gaia DR3 and in those cases we trusted the pro-
vided identifications. We did not attempt any homogenization
of the literature information, but we reported some of the basic

5 https://ogledb.astrouw.edu.pl/~ogle/0CVS/
16 https://www.star.bristol.ac.uk/mbt/topcat/
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Fig. D.1. Density of variable stars (top panel, excluding binaries) and
binary stars (bottom panel) in the absolute and dereddened CMD. Both
confirmed and candidate variables and binaries are included. The full
sample (Table 2) is plotted in the background as small grey points in
both panels.

literature information in Table D.1. Based on the available litera-
ture information, we set a specific flag in the catalogue of cluster
members (Table 2), named flag_var, which can take the value
VAR for confirmed and characterised variable stars, or the value
VAR: for less secure identifications. To this aim, we employed
the available indicators such as figures of merit, classification
probability, class identifiers, or conflicting information in the lit-
erature. The variable stars sample is presented in Fig. D.1 (upper
panel).

D.2. Binary stars

Gaia DR3 presents for the first time the results of the
non-single stars pipelines (hereafter NSS, Gaia Collaboration
2023a), which use astrometric (Halbwachs et al. 2023), pho-
tometric (Eyer et al. 2023), and spectroscopic time series to
detect and to model binary stars (see also Holl et al. 2023;
Andrew et al. 2022; Rimoldini et al. 2023; Mowlavi et al. 2023).
We use here Gaia DR3 data for binaries which were observed
for at least one entire orbit and modelled as a two body sys-
tem (table nss_two_body_orbit), as well as those for which
the orbit was not closed, but a clear variation in the astro-
metric solution or in the radial velocities was found (tables
nss_acceleration_astro and nss_non_linear_spectro).

We complemented the Gaia binary data with various litera-
ture sources, cross-matching them with our sample as described
in the previous section. We included binaries from CoRoT
(Deleuil et al. 2018) and Kepler (Kirk et al. 2016), as well as


https://ogledb.astrouw.edu.pl/~ogle/OCVS/
https://www.star.bristol.ac.uk/mbt/topcat/
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Table D.1. Literature information on variable stars. See Sects. D.1, D.2,
and D for more details and references.

Quantity Units  Description

source_id Gaia DR3 source ID
GAIA_PER (d) Gaia DR3 period
GAIA_AMP (mag) Gaia DR3 amplitude
GAIA_NUM Gaia DR3 epochs
GAIA_TYP Gaia DR3 type
GAIA_CLASS Gaia DR3 class
GAIA_SCORE Gaia DR3 score
GAV_PER (d) Gavras et al. (2023) period
GAV_TYP Gavras et al. (2023) superclass
GAV_SRC Gavras et al. (2023) source
ZTF_ID ZTF identifier

ZTF_PER (d) ZTF period

ZTF_AMP (mag) ZTF amplitude
ZTF_NUM ZTF epochs

ZTF _TYP ZTF classification
ASA_ID ASAS-SN identifier
ASA_PER (d) ASAS-SN period
ASA_AMP (mag) ASAS-SN amplitude
ASA_PROB ASAS-SN class probability
ASA_TYP ASAS-SN classification
TES_ID TESS identifier

TES_PER (d) TESS period

TES_AMP (mag) TESS amplitude
TES_PROB TESS class probability
TES_TYP TESS classification
OGL_ID OGLE identifier
OGL_PER (d) OGLE period

OGL_AMP (mag) OGLE amplitude
OGL_TYP OGLE classification

the latest version of the SB9 catalogue (Pourbaix et al. 2004,
March 2021 update). We also included binaries from large spec-
troscopic surveys and other survey data from a variety of cata-
logues (e.g. Merle et al. 2017; El-Badry et al. 2018; Birko et al.
2019; Qian et al. 2019; Merle et al. 2020; Mazzola et al. 2020;
Price-Whelan et al. 2020; Tian et al. 2020; Traven et al. 2020;
Kovalev et al. 2024; Grondin et al. 2024; Jackim et al. 2024).

Similarly to the case of variable stars, we used the available
information in the literature catalogues to evaluate the robustness
of the binary identification (i.e. number of epochs and various
figures of merit). We labelled binaries with BIN and candidate or
suspected binaries with BIN: in a dedicated field (flag_bin, see
Table 2). All the variable stars of binary nature, such as eclipsing
or ellipsoidal variables, and many others, were flagged both as
variables and as binaries. As in the case of variable stars, we
did not attempt to homogenise the literature classification and
parametrization of binaries, but we reported relevant literature
information in Table D.2. Our binary star sample is presented in
Fig. D.1 (lower panel).

Appendix E: Additional figures and considerations
E.1. Binary fraction

We decided not to use our MS and binMS samples to derive
an accurate binary fraction for the sampled clusters. In fact,
for clusters with a larger MS spread, we identify binMS with

Table D.2. Literature information on binaries or suspected binary stars.
See Sects. D.1, D.2, and D for more details and references.

Quantity Units Description

source_id Gaia DR3 source ID

NSS_PER (d)  Gaia NSS orbital period
NSS_ECC Gaia NSS orbital eccentricity
NSS_TYP Gaia NSS solution type

SB9_ID SB9 identifier

SB9_PER (d)  SBY orbital period

SB9_ECC SB9 orbital eccentricity

SBO_TYP SBO binary type

SB9_BIB SBO reference

KIR_ID Kirk et al. (2016) identifier
KIR_TYP Kirk et al. (2016) binary type
DEL_ID Deleuil et al. (2018) identifier
DEL_PER (d) Deleuil et al. (2018) orbital period
DEL_TYP Deleuil et al. (2018) binary type
ELB_ID El-Badry et al. (2018) identifier
ELB_TYP El-Badry et al. (2018) binary type
BIR_ID Birko et al. (2019) identifier
BIR_TYP Birko et al. (2019) binary type
QIA_ID Qian et al. (2019) identifier
QIA_TYP Qian et al. (2019) binary type
MAZ_ID Mazzola et al. (2020) identifier
MAZ_TYP Mazzola et al. (2020) binary type
PRI_ID Price-Whelan et al. (2020) identifier
PRI_NUM Price-Whelan et al. (2020) epochs
PRI_PER (d)  Price-Whelan et al. (2020) period
PRI_ECC Price-Whelan et al. (2020) eccentricity
PRI_TYP Price-Whelan et al. (2020) binary type
TIA_ID Tian et al. (2020) identifier
TIA_PROB Tian et al. (2020) epochs
TIA_TYP Tian et al. (2020) binary type
TRA_ID Traven et al. (2020) identifier
TRA_TYP Traven et al. (2020) binary type
KOU_ID Kounkel et al. (2021) identifier
KOU_NUM Kounkel et al. (2021) epochs
KOU_PER (d) Kounkel et al. (2021) period
KOU_ECC Kounkel et al. (2021) eccentricity
KOU_TYP Kounkel et al. (2021) binary type
MER_ID Merle et al. (2017, 2020) identifier
MER_TYP Merle et al. (2017, 2020) binary type
KOV_ID Kovalev et al. (2024) identifier
KOV_PER (d) Kovalev et al. (2024) period
KOV_ECC Kovalev et al. (2024) eccentricity
KOV_TYP Kovalev et al. (2024) binary type
GRO_ID Grondin et al. (2024) identifier
GRO_TYP Grondin et al. (2024) binary type
JAC_ID Jackim et al. (2024) identifier
JAC_TYP Jackim et al. (2024) binary type

mass ratio 0.6, while for those with a much smaller spread,
we could also be including 0.4 or even lower. A much more
accurate assessment, complemented by a differential redden-
ing correction (Pancino et al. 2024), would be required to esti-
mate accurately the fraction of MS binaries with different mass
ratios, or to provide a homogeneous sample with q above a fixed
value. Moreover, an accurate study of stellar crowding would
be required to estimate the number of chance superpositions or
blends (Milone et al. 2012), which is beyond the scope of the
present paper.
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Fig. E.1. Examples of MS and binMS selections. The clusters are plotted in order of increasing interstellar absorption.

Additionally, the method of determining the binary frac-
tion from photometric sequences (first proposed by Kihler
1999) presents two problems. The first is that, below a cer-
tain g, binaries land on the MS itself and it is difficult
to disentangle them from normal MS stars. For this rea-
son, it is necessary to make assumptions on the q distribu-
tion to obtain a binary fraction. Across different field and
cluster samples, the q distribution has been found to be
flat (Raghavan et al. 2010; Alexander & Albrow 2025), peak-
ing at q=~0.23 (Duquennoy & Mayor 1991), peaking at q~1
(Fisher et al. 2005), and multi-peak (Moe & Di Stefano 2017).
The second problem is that many types of binaries and binary
byproducts, including stars out of equilibrium or in particular
configurations, also hide within the MS (such as BL). At the
same time, many binaries and their byproducts lie outside of the
canonical sequences (BSS, subdwarfs, and so on) and are com-
pletely excluded if only the MS and binMS are considered.

Thanks to our large compilation of known or suspected bina-
ries from the literature, we are in a position to provide at least
some clues on what might be a reasonable q distribution in open
clusters. For the MS sample, we find 7% of confirmed binaries,
regardless on whether we include or not less certain ones as well
(flag_bin=BIN:). For the binMS sample, the corresponding
figure is 6%. One important factor to consider is that, while it
is impossible to correct such a compilation of different methods
for detection bias, at the same time the MS and binMS sam-
ples should suffer from very similar detection biases. In other
words, the discovery fractions reported above should in princi-
ple relate to each other in the same way as the actual binary
fractions. Our values can thus be used to provide a rough esti-
mate of the ratio between binaries with q>0.6 and those with
q<0.6, which is about 0.8. This could be a useful indication for
future studies of binaries in open clusters. For example, if the q
distribution was flat, we would obtain about 0.7.

E.2. Candidate blue lurkers

Lower mass BSS, hidden in the normal MS of M 67 and of
other clusters, were discovered by means of their fast rotation
(Leiner et al. 2019), which is interpreted as a sign of recent
close binary interaction. Similarly to the case of BSS, evi-
dence of close compact companions was found for a few BL
so far (Jadhav et al. 2019; Nine et al. 2023; Saketh et al. 2024).
According to Leiner et al. (2025), at least one BL was originated
in a triple system. Consequently, the operational definition of
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a BL has shifted in the literature, considering also the UV flux
excess, as indicative of a compact companion, as a defining prop-
erty. The lower masses of BL, compared to BSS, are thought to
be caused by a less efficient mass transfer during the interaction
(Sun et al. 2024) or by a lower starting mass of the accretor.

In this work, we define BL candidates as stars belonging to
the MS or binMS sample of each cluster, with rotation higher
than 3 MAD with respect to other stars at a similar magnitude.
Our main goal is in fact to decontaminate the MS sample from
abnormally fast rotating stars, even if they could be other kinds
of interacting binaries. We generally did not consider stars above
the point in the MS where the internal structure of the star
changes, i.e. the Kraft break (Kraft 1967), especially in clus-
ters with an eMSTO or a split MS. These stars have a large
spread in the rotational distribution, which makes it difficult to
clearly identify outliers. Therefore, our sample of BL candidates
is dominated by low-mass stars, not all of which will be true
BL. To this, we add the BL found in the literature (Nine et al.
2023; Jadhav et al. 2019, 2023, 2024, 2026, and Reggiani et al.,
in preparation). However in the case of NGC 6940 and NGC 752
the literature BL fall onto the eMSTO region and thus we did not
consider them here. More in general, we did not flag as BL any
star that was already flagged as eMSTO or splitMS. One notable
property of our compilation of literature and new BL candidates
is that they reach lower ages compared to most literature sources
(6.8 s log(age) < 9.8 dex).

The vbroad distribution of our BL candidates peaks at about
50kms~!, with a tail reaching 250kms~! and above (Fig. 4).
About 20% (23 over 113) of the candidate BL are flagged as
binaries or suspected binaries, which is about twice the percent-
age of the MS sample (or the binMS one). They are mostly
classified as SB1, with one SB2 and a few astrometric binaries.
When the periods are available, they are mostly above 200 days.
Eight candidates are classified as RS CVn in Gaia DR3 (but not
parametrised) and one is an eclipsing binary with a period of
0.9 days in ASAS-SN and Gavras et al. (2023). Many of the can-
didates were flagged as rotational variables in the literature.

E.3. Additional figures

We place here additional figures with examples of sample selec-
tions and specific clusters, relevant to Sect. 3. In particular,
Fig. E.1 shows some examples of the separation between the
MS and binMS samples, while Fig. E.2 presents a selection of
clusters with clean eMSTO and split MS.



NGC 5822 (Age 912 Myr)

Pancino, E., et al.: A&A, 711, A67 (2026)

NGC 2447 (Age 575 Myr)

NGC 2548 (Age 390 Myr)

7 . ® 300
L]
o o o 250
° o... g
9 £
— o5’ ..:, .:’ '. =
gT RN < RS oo 200 g
£ L *., c’ % o *3o2 z
= - SO Z
o ) "-g A 150
o 4 R 34 ! g
L ) >
100
° Members ® %,
e vbroad “q;“ % % 50
< x  vsini = %
T A 0 ‘ b
T T T T T T T T T T T T T T T T T T T T
0.2 04 0.6 0.8 1.0 1.2 14 0.2 0.4 0.6 0.8 1.0 1.2 14 0.2 04 0.6 0.8 1.0 1.2 1.4
BP-RP (mag) BP-RP (mag) BP-RP (mag)
NGC 3532 (Age 398 Myr) NGC 2287 (Age 155 Myr) NGC 2422 (Age 110 Myr)
L]
L .
R 300
L
0 — L ]
. 250
- =S
o - $ g £
5 % s 200 =
o] ®e %
£ o "., e ‘\.. S Z
° o Sex 150 T
B e Pt 3
= ‘%‘. o .Vﬂ ‘_E
.. . ‘v, . 100
~ Members o .."‘5,-\ »® L
x - £
2 o Y (¥
T T T T T T T T
0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0
BP-RP (mag) BP-RP (mag) BP-RP (mag)

Fig. E.2. Examples of clusters with an eMSTO (top panels) or with a split MS (bottom panels), sorted by decreasing age. The whole cluster sample
is plotted in grey in the background, while stars having a vbroad estimate are plotted as colored circles and those having a vsini estimate are
plotted as colored crosses.
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