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ABSTRACT

Context. While large samples of nearby M dwarfs are becoming available, it is usually difficult to estimate some intrinsic physical
parameters for isolated field M dwarfs, especially their ages, radii, and masses. These parameters can be estimated through a comparison
with model stellar isochrones and/or by studying eclipsing binary systems.
Aims. Our goal is to gather and analyze a large sample of variable M dwarfs that are members of nearby young open clusters and have
known reddenings, distances, ages, and metallicities. This distilled sample would be useful for the comparison with theoretical models
and also for the identification of eclipsing binaries with substellar companions (brown dwarfs or giant planets) for future follow-up.
Methods. We selected two dozen benchmark young and nearby open clusters (mostly with 40 < age < 132 Myr and 400 < D <
700 pc, respectively). We then combined the optical data from Gaia Data Release 3 (DR3) with near-IR JHKs-band photometry from
the VISTA Variables in the Vía Láctea eXtended survey (VVVX) for these target clusters using the proper motions in order to select
members within the cluster radii. Gaia and VVVX both provide a wide areal coverage that is ideally suited for mapping these nearby
clusters, which are extended on the sky. We then produced optical and near-IR color–magnitude and color–color diagrams and applied
appropriate color cuts to choose the M-type dwarfs at the end of the main sequence. The reddening and extinction for all clusters were
estimated using the J −Ks color distributions of the cluster M dwarfs. We also compared them with the PARSEC theoretical isochrones
adjusted to the respective cluster metallicities, ages, extinctions, and distances.
Results. Finally, we selected variable M stars according to Gaia DR3 (using phot_variable_flag=VARIABLE) and present a catalog
of 318 variable M-dwarf star members of two dozen young nearby Galactic open clusters. The cross-validation with the Gaia DR3
parallaxes supports the cluster membership for all these sources. We also present a few examples to validate the sample of variable
cluster M dwarfs.
Conclusions. This well-characterized catalog of M-dwarf members of benchmark open clusters not only constitutes a prime sample
to search for transiting substellar companions, but also offers a training dataset for machine-learning applications aimed at selecting
future similar targets.

Key words. stars: low-mass – stars: variables: general – open clusters and associations: individual: NGC6405 – open clusters and
associations: individual: Trumpler10 – open clusters and associations: individual: NGC2422 – infrared: stars
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1. Introduction

M dwarfs are the most numerous stars in our Galaxy. They rep-
resent almost 75% of all stars in the Milky Way (Henry et al.
2006), although they are also the faintest stars on the main
sequence because their radii are small and their surface temper-
atures are low. While the photometric surveys can readily select
M-dwarf candidates and give temperatures, and astrometric sur-
veys yield the distances (e.g., as in Cruz et al. 2023), it is usually
very difficult to estimate some other intrinsic physical parame-
ters for isolated field M dwarfs, especially their ages, radii, and
masses. These parameters can be obtained by a comparison with
theoretical models for different metallicities,and with follow-up
spectroscopy of single and binary stars (Skinner et al. 2018), but
large samples of suitable coeval M dwarfs to guide the models
are still lacking (e.g.,Wanderley et al. 2025).

Star clusters are very useful because their member stars share
similar compositions, distances, and ages. The advantageous
nature of the near-IR color–magnitude diagrams (CMDs) for M-
type dwarfs in star clusters was recognized by Sarajedini et al.
(2009, see also Majaess et al. 2011), who reported that the lower
main sequence (between 0.1 < M < 0.6 M⊙) is essentially verti-
cal because the J − Ks color becomes insensitive to the effective
temperature at these wavelengths. Variable M-dwarf stars, and in
particular, eclipsing binaries that are cluster members, provide us
with a golden opportunity to potentially measure their masses.
These objects are difficult to select, however, because they are
very faint. Nevertheless, the Gaia Data Release 3 (DR3) optical
database in combination with the VISTA Variables in the Vía
Láctea eXtended survey (VVVX) near-IR database represents a
new opportunity to do this.

Our basic goal is to select a clean sample of variable M-
dwarf star candidates that are members of nearby young open
clusters. This will allow us to create a list of benchmark clus-
ters, to provide a distilled sample for comparison with theoretical
models, and to identify targets for spectroscopic follow-up that
extends previous samples (e.g., Terrien et al. 2015; Donor et al.
2020; Myers et al. 2022; López-Valdivia et al. 2024). This sam-
ple is useful for several purposes. First, it helps us to identify
binaries with substellar companions (brown dwarfs or giant plan-
ets) for future follow-up and to identify M dwarfs that are X-ray
emitters. This allows us to study the mass dependence of the
rotation-activity relation (e.g., Magaudda et al. 2022). Addition-
ally, it enables us to extend the list of open clusters that are
suitable as calibrators for gyrochronology, which is the relation
of rotation rates and ages for young stars (e.g., Angus et al. 2019;
Messina et al. 2022; Kounkel et al. 2022; Engle & Guinan 2023);
and seismic parameters in general (Pamos Ortega et al. 2023).
We can also explore the inflated radii associated with magnetic
activity in young M dwarfs (e.g., Jackson et al. (2018, 2019),
Wanderley et al. (2024)) and compare our findings with theo-
retical evolutionary models. Finally, this sample will help us to
improve the design of future surveys beyond the Kepler mission
and the Transiting Exoplanet Survey Satellite (TESS) mission
for the Vera C. Rubin Observatory Legacy Survey of Space and
Time (LSST) (LSST Science Collaboration 2009), Ivezić et al.
(2019) and the Nancy Grace Roman Space Telescope (Paladini
et al. 2023). It also establishes suitable selection criteria for
guiding deeper and more comprehensive future studies with the
Roman Space Telescope.

We first chose nearby young open clusters within the foot-
print of the VVVX survey, which provides deep near-IR pho-
tometry. M dwarfs are well within reach of our photometry for
clusters closer than about 1 kpc. Decades of searches for Galactic

star clusters can now be used fruitfully, and a number of new
clusters were recently identified in the solar neighborhood and
beyond. The sample of clusters with well-determined distances
and ages is still limited, however (Barbá et al. 2015; Kharchenko
et al. 2016; Borissova et al. 2014; Borissova et al. 2018; Borissova
et al. 2020; Cantat-Gaudin et al. 2019; Cantat-Gaudin et al. 2020;
Viscasillas Vázquez et al. 2024). For this first study, we therefore
chose two dozen young open clusters (including a few recently
discovered clusters) with known parameters. We present these
parameters in Sect. 2. The optical and near-IR data and the selec-
tion of cluster members are discussed in Sect. 3. In Sect. 4
we select the candidate cluster M-dwarf stars that are variable
according to Gaia DR3 and discuss some variability examples.
Finally, Sect. 5 presents the conclusions and future work.

2. Cluster selection

We decided to study young nearby open clusters within the
VVVX areal footprint, which provides near-IR photometry in
the JHKs passbands that cover the southern Galactic plane and
bulge (Minniti 2018; Minniti et al. 2010; Saito et al. 2024). The
availability of Gaia DR3 data was an essential additional crite-
rion. It provides proper motions (PMs), parallaxes, and optical
photometry. Initially, we aimed to use the (Bica et al. 2019) com-
pilation of Milky Way star clusters to select a dozen benchmark
young (mostly with 40 < age < 132 yr) and nearby (d < 700 pc)
open clusters with well-determined parameters from the recent
literature.

Motivated mostly by the discovery of new clusters reported
by different optical and IR surveys (Cantat-Gaudin et al. 2019;
Hunt & Reffert 2023; He et al. 2023; Qin et al. 2023;, Gupta
et al. 2024; Obasi et al. in prep.), and also by the success of our
initial exploration, we then decided to add more clusters from
the recent literature. The addition of these recent surveys dou-
bled the original sample. Furthermore, in order to avoid highly
active stars, we chose to exclude clusters from the sample that
are younger than about 15 Myr. We also included a few more
distant and/or older clusters for comparison, however: NGC3532
with an age of t = 400 Myr, Ruprecht98 with an age of t =
500 Myr, and NGC2437 with a distance of D = 1500 pc. These
clusters extend our initial selection, served to confirm the wider
applicability of this work, and can also guide future explorations.

The final sample of nearby young open clusters is listed in
Table 1. One cluster was discarded from our sample (NGC 3228;
not listed in Table 1) because it did not contain any variable M-
type star candidate. Table 1 includes the cluster IDs, the positions
in Galactic coordinates, the PMs in RA and Dec in mas yr−1, the
distances in parsecs, the mean parallaxes measured from Gaia
DR3 in mas, the ages in Myr, and the apparent cluster sizes in
arcmin. Gaia and VVVX are both well suited for this research
because a wide areal coverage is required as nearby clusters are
distributed over a wide area of the sky, up to a few degrees. The
cluster sizes in Table 1 were obtained from the literature sources
listed in the table, as compiled through SIMBAD/CDS1. For
[KPR2005] 49 and the OCSN clusters, we list our own search
sizes. Figure 1 shows the ages (in Myr) and distances (in par-
secs) covered by the sample clusters. Most clusters are young
(30 < t < 300 Myr) and nearby (400 < D < 700 pc), and their
metallicity is nearly solar (−0.1 < [Fe/H] < 0.2).

Figure 2 shows the position map for the sample clusters
in Galactic coordinates. The different clusters are color-coded

1 https://simbad.cds.unistra.fr/simbad/
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Table 1. Young nearby open clusters.

Name Gal. Long. Gal. Lat. PMRA PMDEC Distance Parallax Age (Myr) Size [Fe/H] References
(mas yr−1) (mas yr−1) (pc) (mas) (Myr) (′)

[KPR2005] 49 259.3124 3.4796 –8.5 3.7 629 1.590 79 60 – (1), (2), (3)
[KPR2005] 58 281.6710 1.2630 –13.2 2.8 477 2.091 70 240 0.057 (4), (5), (6), (7), (8)
Alessi 5 288.0579 –1.9661 –15.4 2.5 398 2.516 52 65 0.064 (4), (5), (8), (9)
Alessi 8 326.5006 4.2587 –5.8 –5.7 668 1.479 140 27 0.070 (6), (8), (9), (10)
Collinder 299 329.8842 –3.3654 –1.9 –10.5 687 1.419 80 43 –0.004 (4), (8), (10)
Haffner 13 245.0356 –3.6563 –6.1 5.8 589 1.749 33 39 0.086 (8), (10), (11)
Ruprecht 98 297.3258 –2.2831 –4.1 –8.6 506 2.103 501 100 –0.049 (4), (8), (10)
Trumpler 10 262.8660 0.5827 –12.3 6.5 427 2.287 55 107 0.043 (8), (9), (10), (12)
VDBH 23 253.9685 –1.0306 –7.1 7.3 436 2.239 18 64 –0.054 (4), (8), (10), (16)
VDBH 99 286.5852 0.5916 –14.4 0.9 447 2.241 81 20 0.068 (5), (8), (9), (10), (17)
IC 2395 266.5794 –3.6272 –4.4 3.3 702 1.379 15 25 –0.007 (6), (8), (9), (10)
IC 4725 13.7009 –4.4250 –1.7 –6.1 663 1.504 96 31 0.169 (4), (8), (10), (13), (14)
NGC 2422 230.9636 3.1285 –7.0 0.9 476 2.106 127 31 0.132 (5), (6), (8), (10), (14), (15)
NGC 2437 231.8889 4.0505 –3.8 0.4 1521 0.609 302 25 0.011 (6), (8), (10)
NGC 2925 275.9568 –1.2544 –8.5 5.3 738 1.322 230 17 0.042 (6), (9), (8), (10), (16)
NGC 3532 289.5546 1.3903 –10.3 5.2 476 2.096 398 64 0.050 (6), (8), (10), (14), (15), (17), (18)
NGC 6281 347.7640 1.9897 –1.8 –3.9 540 1.884 314 31 0.042 (6), (8), (10), (16), (19)
NGC 6405 356.5835 –0.7604 –1.3 –5.8 458 2.176 130 45 0.142 (5), (8), (9), (20), (21)
OCSN 114 240.3900 –2.6100 –7.8 5.9 500 2.140 28 180 – (22)
OCSN 151 282.9200 0.9700 –14.5 2.4 568 2.280 32 120 – (22)
OCSN 175 265.2300 –2.6900 –10.6 1.9 451 2.430 35 180 – (22)
OCSN 83 247.8800 –0.2000 –8.9 5.5 573 2.030 28 120 – (22)
OCSN 95 345.2300 2.7100 –3.4 –7.8 496 2.570 45 180 – (22)
PISMIS 4 262.9154 –2.3529 –8.2 5.3 695 1.442 80 35 –0.089 (6), (8), (9), (10)

Notes. (1) Kharchenko et al. (2005); (2) Dib et al. (2018); (3) Kharchenko et al. (2016); (4) Cantat-Gaudin et al. (2020); (5) Pang et al. (2022);
(6) Tarricq et al. (2022); (7) Mendigutía et al. (2022); (8) Dias et al. (2021); (9) Poggio et al. (2021); (10) Cantat-Gaudin & Anders (2020); (11)
Monteiro & Dias (2019); (12) Bossini et al. (2019); (13) Spina et al. (2021); (14) Gaia Collaboration (2018); (15) Gaia Collaboration (2017); (16)
He et al. (2022); (17) Bossini et al. (2019); (18) Tsantaki et al. (2023); (19) Netopil et al. (2022); (20) Strobel et al. (1992); (21) Morales et al. (2013);
(22) Qin et al. (2023).

Fig. 1. Ages (in Myr) vs. distances (in pc) for the sample clusters. While
most clusters are young (within 30 < t < 300 Myr) and nearby (within
400 < D < 700 pc), we have added a couple of other clusters in order
to explore the future applicability to more distant and/or older clusters.
Our sample includes also NGC3532 with age t = 400 Myr, Ruprecht98
with age t = 500 Myr, and NGC2437 with distance d = 1521 pc.

according to their distances in parsecs using the color scale
shown on the right. The sample clusters are well distributed
across the Southern Galactic plane. Therefore, their projected
background densities along the line of sight differ from cluster
to cluster. The most strongly contaminated clusters are located
toward the region of the Galactic bulge, where field stars vastly
outnumber cluster members. Nonetheless, the exquisite Gaia

DR3 astrometry allowed us to select cluster members reliably.
In the following sections, we describe the process of member
selection using PMs and parallax cuts, and we explore the pho-
tometric properties of the clusters through color–color diagrams
(CCDs) and color–magnitude diagrams (CMDs).

3. The Gaia and VVVX data

We used the optical data from Gaia DR3 (Gaia Collaboration;
Brown et al. 2021), in combination with the latest VVVX near-
IR data (Saito et al. 2024). Gaia provides accurate positions,
parallaxes, PMs, and optical photometry. The latter consists
of magnitudes in the G, BP, and RP bands down to G =
21.0 mag and different flags, including a flag for confirmed vari-
able sources (phot_variable_flag=VARIABLE) from Eyer et al.
(2023) that we adopted to select the variable stars. Unfortunately,
no light curves are available, but they will be released with DR4
in some years. The near-IR photometry for the VVVX survey
images was obtained with DoPHOT in the JHKs passbands and
reaches Ks = 18.0 mag (Terrien et al. 2015). This limit is very
important because it means that the bottom of the main sequence
for nearby young clusters can be reached.

After downloading the Gaia DR3 and VVVX data within the
radius for each cluster, we combined the Gaia DR3 optical pho-
tometry with the VVVX near-IR photometry using a 0.7′′ match
radius. We started with a generous matching radius in order to
account for possible large or streaming PMs, but the Gaia and
VVVX positions were so good that all source separations were
closer than 0.2′′. Based on the full set of optical and near-IR
data, we proceeded to select the members for the clusters listed in
Table 1. We then created vector PM diagrams for each cluster (in
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Fig. 2. Cluster positions projected using Galactic coordinates. The clusters are color-coded according to their distances in parsecs using the color
scale shown on the right, and their IDs are labeled. Note that IC4725 is located outside of this map to the left, on the other side of the Galactic
bulge. The sample clusters are distributed across the Southern Galactic plane, covering a wide range in longitudes. This means that they are different
projected background densities along the line of sight, and are subject to different contamination, with the most complicated clusters located in the
bulge, to the left of this map.

equatorial coordinates) and selected members within typically
1 mas yr−1 from the cluster mean PM. This PM selection was
critical because foreground and background stars largely out-
number the cluster members by typically >3 orders of magnitude
at these low Galactic latitudes. A specific example for the cluster
Trumpler10 is shown in the top left panel of Figure 3, and the
remaining PM diagrams are included in the appendix (the top
left panels in Figure A.1). We did not use the parallaxes for this
member selection in order to be inclusive. The parallaxes of the
variable M dwarfs in the final list are consistent, however. This
criterion was therefore not essential for the member selection,
but helped us to perform a sanity check on the final sample. We
do not claim to perform a complete census of all the variable M
dwarfs in all the clusters. This is not possible because of the dif-
ferent types of clusters, variables, and background populations.
We therefore prioritized quality over completeness.

We then created the optical and near-IR CCDs and CMDs in
order to check the goodness of the PM member selection. These
diagrams are shown for all clusters in Figure A.1 of Appendix
A. These CMDs and CCDs were already corrected for redden-
ing and extinction. As expected, the M-type dwarfs are located at
the end of the main sequence using the optical and near-IR colors
(mainly Ks versus J−Ks CMD and BP−RP versus J−Ks CCD).
An additional color cut was only necessary (J − Ks < 1.0 mag)
for some strongly contaminated clusters toward the bulge region
to eliminate red background sources. Because so very many
distant faint and red stars are located in these directions, the
background contamination is significantly higher than in other
directions.

The CMDs and CCDs of Figure 3 were then also compared
with the appropriate PARSEC theoretical isochrones (Marigo
et al. 2017) by applying the respective extinctions and distances
from the recent literature. It is important to note that we did not
fit the isochrones, but directly used the literature values, which
were excellent fits in general. We were able to identify a few dis-
crepancies, such as the cluster IC2395, however, for which we
present updated parameters in Table 1. We also point out that
it is difficult to fit the isochrones to the J − H versus H − Ks
diagram, where we found a systematic difference in the J − H
vs H − Ks CCDs of these young open clusters. This difference
is small, but significant (i.e., beyond the photometric errors),
and we were unable to determine suitable fits for the PARSEC
isochrones for this near-IR CCD.

Figure 4 shows the cluster positions projected onto the plane
of the Galaxy, compared with the extinction map distribution
from Zucker et al. (2025). This map shows that because these are
nearby clusters, the extinctions and reddenings are low in gen-
eral. The only exceptions are NGC6405, NGC6281, OCSN95,

Fig. 3. Properties of the variable stars (red crosses) compared with
the whole PM-selected cluster members (black circles) from Trum-
pler10 and with the appropriate PARSEC isochrones (blue sequences) of
55 Myr. Top panels: PM distributions in the RA–Dec plane (left), near-
IR CCD (middle), and optical near-IR CCD (right). Bottom panels:
Optical near-IR CMD (left), near-IR CMD from VVVX (middle), and
optical CMD from Gaia DR3 (right). The sequences of variable stars
closely follow those of the cluster members in all the diagrams, with a
slight tendency to have brighter magnitudes along the main-sequence.

and OSCN151, which appear to be located behind moderately
thick dust clouds.

The M-dwarf stars are very faint in the optical, and their
SEDs peak in the IR. Figure 5 shows the observed near-IR J −Ks
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Fig. 4. Cluster positions projected onto the Galactic plane. The extinction map from Zucker et al. (2025) is overplotted. Interstellar clouds are
shown in yellow, and clear regions are shown in black. The cluster IDs are labeled and color-coded according to their distances using the scale
shown on the right. The Sun is marked with a dotted circle, and the clusters, Galactic center, and bulge are located right of this diagram. All the
distances are in parsecs. Most clusters have clear lines of sight, largely free from extinction. The exceptions are NGC6405, NGC6281, OCSN95
and OSCN151, that lie behind moderately optically thick dust clouds.

Fig. 5. Observed near-IR J−Ks color distributions for Trumpler10. This
distribution includes variable and nonvariable stars. The color concen-
trations are due to the M-type stars, because the isochrones turn vertical
in the near-IR CMDs. These peaks of the distributions for M dwarfs
are useful to determine the mean reddenings, and the scatter reflects the
presence or absence of differential reddening.

color distribution for all PM-selected members of the sample
cluster Trumpler10, including variable and nonvariable stars.
Because the isochrones become vertical in the near-IR CMDs,
the color concentration at about J − Ks = 0.8 mag is due to the
M-type stars. The peak of the color distribution for M dwarfs
is useful for determining the mean reddening, and the scatter
reflects the presence or absence of differential reddening. We
therefore created J − Ks color histograms to estimate the red-
dening and extinction homogeneously for all clusters. To do this,

we applied the appropriate reddening coefficients from Zucker
et al. (2025). The resulting reddening corrections were small
[E(J − Ks) < 0.2 mag], and as a consequence, the choice of
extinction coefficients is not critical for this work. We also made
an external independent comparison between the reddening mea-
sured here using the near-IR J − Ks color and the reddening
listed in the catalog of Kharchenko et al. (2016). They listed the
E(B − V) values for 20 of the target clusters (the others were not
yet discovered). The agreement is excellent in general, except
for cluster Collinder 299, for which they listed E(B−V) = 0.333
mag, but we found a lower extinction (AK = 0.04 mag, equivalent
to AV = 0.36 mag, E(B − V) = 0.12 mag). The difference prob-
ably explains the larger distance they obtained (D = 1441 pc),
compared with the shorter distance adopted here (D = 687 pc).

In summary, to identify possible M-dwarf stars in open clus-
ters, we used data from Gaia DR3 and the VVVX survey. These
datasets offer photometric information in the optical and near-
IR bands, which helped us to build a broader view of the stellar
populations in each region. We first applied a PM selection to
isolate likely cluster members. Because stars in the same clus-
ter tend to move together through space, we used their PMs in
right ascension and declination to find stars with similar values.
For each cluster, we examined the PM distributions and selected
stars within 1 mas yr−1 around the mean cluster concentration.
This allowed us to remove many unrelated field stars and to retain
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only those whose motions were consistent with the cluster. After
selecting members based on the PMs, we built the CMDs and
CCDs. For the CMDs, we needed absolute magnitudes, which
were calculated using the Gaia parallaxes. We also compared
our data with theoretical isochrones to confirm that the stars fell
along the expected main sequence for the cluster.

4. Selection of the variable M-type dwarfs in nearby
young OCs

We photometrically classified Ntot = 318 M-type stars that
are candidate variables members of nearby young open
clusters. The Gaia variability classification (specifically,
phot_variable_flag=VARIABLE from Eyer et al. (2023) was the
only criterion we applied to select this large and statistically sig-
nificant sample of variables. Figure 6 shows the observed optical
and near-IR CMDs and CCDs from Gaia DR3 and VVVX for
the selected sample of variable M-dwarf members of the nearby
young OCs listed in Table 1. This is a rather heterogeneous sam-
ple because it covers a wide range of the optical and near-IR
parameter space. This will help guiding future studies.

The Gaia DR3 lists physical parameters (temperatures,
gravities, and metallicities) for the individual sources (Gaia
Collaboration 2021). These parameters confirm the selection
of the targets as low-mass dwarfs with low temperatures and
high gravities. The bimodal distribution in the stellar temper-
ature Teff measured by Gaia DR3 for the young open cluster
M dwarfs is very clear, however, with peaks at Te f f = 4300 K
and Te f f = 3500 K. For example, field stars with Te f f < 4000 K
and log g > 4 have been classified as bona fide M dwarfs using
a similar selection (Cruz et al. 2023). Therefore, we decided
to determine the effective temperatures independently using the
virtual observatory SED analyzer (VOSA; Bayo et al. 2008) in
order to build and model spectral energy distributions of our
objects, taking advantage of the optical and near-IR photometry.
Following (Cruz et al. 2023), we fit the photometric spectral dis-
tributions with the BT-Settl CIFIST models (Husser et al. 2013;
Baraffe et al. 2015) with solar metallicity.

We obtained stellar parameters from good VOSA model fits
for all 318 sample members, with temperatures ranging from
2700 K to 4500 K. The left panel of Figure 7 shows the temper-
ature distribution from Gaia and VOSA in red and gray, respec-
tively. The VOSA temperatures clearly show less scatter and are
cooler in the mean than those from Gaia. Within the errors, these
VOSA temperatures are consistent with the classification of our
sample of M dwarfs. The systematic difference between Gaia
and VOSA temperatures appears to be problematic, however.
The left panel of Figure 7 shows the comparison of the indi-
vidual temperatures from Gaia and VOSA. It confirms that the
Gaia temperatures are 249 K hotter than the VOSA temperatures
in the mean. The likely explanation is that the Gaia redden-
ings, based on the nearby field stars, are overestimated for the
sources that are members of nearby open clusters and are there-
fore less reddened. This systematic mean difference of 249 K
is significant. It illustrates the usefulness of the VVVX near-
IR photometry and the perils of using optical photometry alone
to estimate temperatures for M dwarfs. We therefore caution
that the parameters estimated from the Gaia optical photometry
might not always be accurate for faint low-mass objects.

In order to test these temperature measurements further,
we also made an external comparison with the Sloan Digital
Sky Survey IV (SDSS-IV; Blanton et al. 2017) high-dispersion
spectra from the Apache Point Observatory Galactic Evolution

Fig. 6. Observed optical and near-IR CMDs and CCDs from Gaia DR3
and VVVX for the selected sample of variable M-dwarf members of
nearby young OCs. The individual stars are color-coded by distance.

Fig. 7. Left panel. Comparison of the individual temperatures from Gaia
and VOSA, showing that the Gaia temperatures are significantly hot-
ter than the VOSA temperatures in the mean. Right panel. Effective
temperature distribution from Gaia and VOSA shown in red and gray,
respectively, illustrating that the VOSA temperatures have less scatter
and are cooler in the mean than the ones from Gaia.

Experiment (APOGEE-2; Majewski et al. 2017), and also with
the Sloan Digital Sky Survey V (SDSS-V; Kollmeier et al. 2025)
Stellar LAbel Machine (SLAM), which presented the stellar
parameters of M dwarfs with low-resolution optical spectra using
the BOSS spectrograph (Qiu et al. 2025). Because our targets are
too faint, no APOGEE-2 spectra were observed, unfortunately,
but we found 6 stars out of 318 in common with the sample of M
dwarfs from SLAM+BOSS:

– Gaia DR3 ID 5254099330813260160 in Alessi 5 (RV =
17.3 km/s, Te f f = 3361 K, log g = 4.79, [Fe/H] = −0.06),

– Gaia DR3 ID 5329123441538705920 in IC 2395 (RV =
27.7 km/s, Te f f = 3940 K, log g = 4.71, [Fe/H] = −0.06),

– Gaia DR3 ID 5329105776319635072 in IC 2395 (RV =
26.9 km/s, Te f f = 3466 K, log g = 4.80, [Fe/H] = 0.23),

– Gaia DR3 ID 5329149658020365184 in IC 2395 (RV =
22.0 km/s, Te f f = 3873 K, log g = 4.71, [Fe/H] = 0.13),

– Gaia DR3 ID 5329203808965896192 in IC 2395 (RV =
22.6 km/s, Te f f = 3969 K, log g = 4.72, [Fe/H] = −0.06), and

– Gaia DR3 ID 5338656860222332800 in NGC 3532 (RV =
11.8 km/s, Te f f = 3964 K, log g = 4.71, [Fe/H] = −0.06).
This comparison reveals that the stars are cooler and more metal
rich in general than the values measured by Gaia. This confirms
our classification of them as M dwarfs. We therefore decided to
keep all the stars in our sample, including those that might be K
dwarfs according to the Gaia estimated temperatures.

4.1. Variability of the M-dwarf sample

M-dwarf stars exhibit three types of behaviors in their vari-
ability in general: They can have high- or low-amplitude flares
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(e.g., Hilton et al. 2010; Balona 2015; Jackman et al. 2021;
Kumar et al. 2023; Voloshina et al. 2024), they can have low-
amplitude rotational modulations due to spots (e.g., Somers et al.
2017; Lanzafame et al. 2018), or they can be eclipsing bina-
ries (including low-amplitude planetary transits). The first two
types are usually related because the stellar activity of young M
dwarfs can be related to magnetic fields, coronal ejections, and
spots. We are mostly interested in identifying eclipsing binaries,
which might be followed-up photometrically to obtain radii, peri-
ods, and amplitudes, and followed-up spectroscopically to obtain
orbital parameters that might yield accurate masses. In general,
nearly equal-mass binaries lie on a sequence that is located above
the main sequence and is brighter by up to 0.7 mag. This allowed
us to select likely eclipsing binaries among all the variable stars.
Eclipsing binaries with magnitudes that remain on the main
sequence would be more interesting because this might indicate
a high mass ratio, as expected for eclipses caused by substellar
companions, such as brown dwarfs or giant planets.

As an external comparison, we searched for the matches
that are included in the Gaia DR3 catalog of eclipsing binaries
of Mowlavi et al. (2023). Four stars have previously published
orbital solutions in common with that catalog:

– Gaia DR3 ID 3029149659736330496 in the open cluster
NGC2437, with P = 0.593835 d, Amp1 = 0.162 mag, Amp2 =
0.118 mag, G = 19.092 mag, BP − RP = 1.625 mag, J =
16.617 ± 0.021 mag, H = 15.939 ± 0.022 mag, Ks = 15.716 ±
0.041 mag;

– Gaia DR3 ID 3029201298131373440 in the open cluster
NGC2437, with P = 1.389468 d, Amp1 = 0.195 mag, Amp2 =
0.166 mag, G = 19.363 mag, BP − RP = 2.000 mag, J =
16.959 ± 0.009 mag, H = 16.279 ± 0.016 mag, Ks = 16.054 ±
0.045 mag;

– Gaia DR3 ID 5355632357656878464 in the open clus-
ter ASCC58, with P = 0.247796 d, G = 15.124 mag, Amp1 =
0.451 mag, Amp2 = 0.053 mag, G = 15.131 mag, BP − RP =
1.655 mag, J = 13.110 ± 0.004 mag, H = 12.485 ± 0.008 mag,
Ks = 12.313 ± 0.014 mag.

– Gaia DR3 ID 5889342448592492928 in the open cluster
Alessi 8, with P = 0.328053 d, Amp1 = 0.424 mag, Amp2 =
0.385 mag, G = 20.010 mag, BP − RP = 1.888 mag, J =
17.356 ± 0.033 mag, H = 16.773 ± 0.070 mag, Ks = 16.512 ±
0.086 mag.
The observed secondary amplitudes for the last two stars would
imply low-mass companions with M ∼ 0.15–0.20 M⊙ (assum-
ing that they are not grazing eclipses). These four binaries in
common with the catalog of Mowlavi et al. (2023) serve as an
independent confirmation of the robust nature of our selection
and validate the results. They are also prime candidates for refin-
ing the orbital solutions, in order to constrain the masses of the
binary components.

Cruz et al. (2023) analyzed the near-IR light curves for a
sample of nearby (D < 500 pc) field M dwarfs located in the
direction of the central Galactic bulge (VVVX tile b294) and
obtained reliable periods for 82 objects within 0.14 < P (days)
<34. Of these, 27 are thought to be good binary-system candi-
dates. In an effort to also explore the current VVVX data for
the variable open cluster M dwarfs, we present in Figure 8 some
examples of variable M-dwarf star members of the open cluster
NGC6405: a likely flare star (top panel), and a likely low-mass
eclipsing binary (bottom panel). These PSF photometric mea-
surements were taken from the VIRAC2 project (Smith et al.
2018; Smith et al. 2025), including the latest VVVX observation
epochs.

Fig. 8. Observed VVVX Ks-band light curves for two candidate variable
M-type stars in the young open cluster NGC6405. Top panel: Gaia DR3
ID 4054211053152294016 (Stetson index = 0.539), a flare star candidate
located at at RA = 264.94271054 deg, Dec= –32.40465797 deg. Bot-
tom panel: Gaia DR3 4054313509551765120 (Stetson index = 0.693),
an eclipsing binary star candidate located at RA= 265.33106750 deg,
Dec = −32.17876225 deg. Visual inspection of the light curves and
their Stetson indices indicate that both stars are indeed variable
(Stetson 1996). The solid blue line represents the median magnitude
value for each case and was calculated from all points in the light curve.

The first example shows the light curve comprising N=349
observations of star Gaia DR3 ID 4054211053152294016,
located at RA = 264.94271054 deg, Dec = –32.40465797 deg,
with a mean Ks = 13.602 ± 0.069 mag and J − Ks = 0.957 ±
0.07 mag. The baseline of this light curve is mostly flat, with
sudden brightness increases with an amplitude of 0.1–0.5 mag
in nonperiodic fashion. The observed Ks-band distribution is
skewed to brighter magnitudes. The second example shows the
light curve with N=400 observations of star Gaia DR3 ID
4054313509551765120, located at RA = 265.33106750 deg and
Dec = –32.17876225 deg, with a mean Ks = 14.359 ± 0.048 mag
and J−Ks = 0.893±0.05 mag. The baseline of this light curve is
mostly flat, with small decreases in brightness, as expected for an
eclipsing object. The observed Ks-band distribution is skewed to
fainter magnitudes, as expected for an eclipsing object. We were
unable to secure a period for this light curve, but we note that
the amplitude is small, AK = 0.15 mag. If this is an eclipsing
object with full transits (i.e., not a grazing binary), the size of
the secondary is therefore much smaller than that of the parent
star, which has MK = 6.1 mag and MG = 9.5 mag (equivalent
to Ms = 0.43 M⊙ and Rs = 0.43 R⊙ using the calibrations of
Mann et al. 2019 and Cifuentes et al. 2025) and is valid for field
M dwarfs. Similarly, using the PARSEC isochrones, these are
equivalent to Ms = 0.45 M⊙ and Rs = 0.45 R⊙.

We conclude that this is very promising because the variabil-
ity suggested by the Gaia DR3 phot_variable_flag=VARIABLE
from Eyer et al. (2023) is indeed confirmed by the VVVX
light curves for these two objects. In addition to the visual
inspection of the VVVX light curves, we used a Stetson index
algorithm to quantify the variability. Both objects showed sig-
nificant values of 0.539166 and 0.693172 for Gaia DR3 ID
4054211053152294016 and Gaia DR3 4054313509551765120,
respectively. The Stetson indices (Stetson 1996) for all other
selected variables range from 0.467 to 0.782. This certainly moti-
vates a detailed examination of our selected variable M dwarfs in
open clusters using the VVVX data following Cruz et al. (2023),
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and complementing this examination with the Gaia DR4 light
curves when they become available.

We also assessed the spread of the full sample using the
computed absolute magnitudes in G and Ks bands in com-
parison with the M-dwarf calibrations of Mann et al. (2019)
and Cifuentes et al. (2025). The M dwarfs of our final sam-
ple are expected to cover a range in radii of 0.25 < R/R⊙ <
0.65 and a range in masses within 0.25 < M/M⊙ < 0.65.
In particular, the smallest M-type stars detected here reach
R ∼ 0.25 R⊙. These objects lie just above the hydrogen-
burning limit and represent the lower end of the stellar main
sequence in radius and mass. The comparison with the PAR-
SEC isochrones that give theoretical masses and radii yielded
similar results. We identified half a dozen such stars in the
sample, including star Gaia DR3 ID 5329089627248989312 in
OCSN175, Gaia DR3 ID 5524109454905471104 and Gaia DR3
ID 5524227755487457664 in Trumpler10, and Gaia DR3 ID
5340165012172974848 in NGC3532.

These are interesting because they are small stars, and the
depth expected for the eclipses caused by brown dwarfs or giant
planets would therefore be significant and make them more eas-
ily detectable in the optical light curves from Gaia or in the
near-IR light curves from the VVVX survey. For these stellar
sizes, the depths of exoplanet transits from a Jupiter-sized planet
would indeed be detectable.

Therefore, we surmise that this is a prime sample for a search
for giant planets around low-mass stars in nearby young OCs.
In principle, the Gaia and VVVX photometry are both good
enough to detect planets as small as Uranus or Neptune that tran-
sit these stars, while super-Earth and smaller-size planets would
remain beyond reach. Thus, our future work includes the anal-
ysis of these light curves when they become available in order
to select the most promising candidates that are suitable for a
spectroscopic follow-up. The spectroscopy would be useful first
and foremost to confirm the stellar spectral type, and then, if
accurate radial velocities are measurable, to estimate the com-
panion masses (Skinner et al. 2018). For example, our recently
approved large spectroscopic public survey with the Very large
Telescope (VLT) at the European Southern Observatory (ESO)
entitled “VVVXS-GalCen Survey” can observe stars down to
Ks ∼ 12.5 mag, and some dozen targets are located above this
limit in our sample.

5. Conclusions and future steps

Binaries that contain two M dwarfs or an M dwarf with a lower-
mass companion can give unique constraints on the lower main
sequence and BD and giant planet transition. The M-dwarf bina-
ries provide masses and radii, while the open clusters provide
distances and ages from the fitting to theoretical isochrones. The
VVVX near-IR coverage of extended nearby open clusters was
combined with Gaia DR3 astrometry to select bona fide cluster
members. With these data, we used the Gaia variability classifi-
cation (specifically, phot_variable_flag=VARIABLE from Eyer
et al. 2023) to search for potential M-dwarf eclipsing binary can-
didates. The final catalog contains 318 variable M-dwarf star
members of two dozen young nearby Galactic open clusters.
The cross-validation with the Gaia DR3 parallaxes supports the
cluster membership for all these sources, and 6 sources are spec-
troscopically confirmed. This is a prime sample for spectroscopic
follow-up to constrain the masses for a statistically interesting
sample of M dwarfs with known ages and to identify substellar
companions (BDs and planets).

Future work includes obtaining spectroscopy and light
curves to measure periods, amplitudes, radii, and masses with
the aim to enable a detailed comparison with theoretical mod-
els. The cluster sample can be expanded to include older and
more distant systems, which is feasible with current data out to
approximately 2 kpc, as suggested by our analysis of NGC2437
(D = 1500 pc). Additionally, a classification of variable stars will
be pursued with a focus on the most likely scenarios, in partic-
ular, on identifying eclipsing binary candidates located above or
along the cluster main sequence.

The optical light curves from Gaia, containing hundreds of
epochs, are not available now because they will be released with
DR4. On the other hand, the light curves of the VISTA Variables
in the Via Lactea survey (VVV – Minniti et al. 2010) contain
between 112 and 400 epochs, but only 25–50 epochs are available
for light curves of the VVVX data. Therefore, we need comple-
mentary data and better light curves in order to search for planets
in the extended VVVX area. These data would be acquired by the
LSST/Rubin telescope in the near future, where Galactic plane
observations are expected to yield between 160 and 900 epochs,
depending on the field (Sajadian & Poleski 2019).

In consequence, this work is also a pathfinder to search for
planets orbiting M-dwarf members of nearby open clusters with
the LSST/Rubin telescope. This telescope will map the Galac-
tic plane (Street et al. 2023) and provide stellar light curves in
the optical passbands ugryz down to r ∼ 25 mag (single epoch).
This limit is a few magnitudes fainter than the Gaia DR3 optical
photometry upon which our work is based now. The Gaia light
curves will be released in DR4 in some years and will contain
about 66 months of data, which is enough to find candidate tran-
sits in combination with our near-IR data. Importantly, because
the planets are essentially dark, the planetary transits are a geo-
metric effect, and the transits should be independent of color.
This means the same depth at all wavelengths, which is an impor-
tant fact for distinguishing them from the eclipsing binary stars,
for example, where the eclipses exhibit a strong color depen-
dence. Because many of these candidates will be of high quality,
it will be possible to identify those that fulfill the requirement
of transit depths that are similar in the optical and near-IR pass-
bands. Our near-IR photometry is complementary to the LSST
dataset in this respect, and allows the user to select M-dwarf
members down to the bottom of the main sequence of nearby
open clusters such as those studied here. It also supports the
identification of true planetary transits while filtering out binary
systems.

The catalog of candidate eclipsing M dwarfs we generated
can also serve as a valuable input for machine-learning classifi-
cation pipelines, variability studies, and future surveys seeking
to optimize target selection in dense stellar regions. This work
therefore not only contributes new targets, but is also a curated
training set for upcoming time-domain missions.

Data availability

The catalog is available at the CDS via https://cdsarc.cds.
unistra.fr/viz-bin/cat/J/A+A/706/A251.
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Appendix A: PM and Diagrams

(1) [KPR2005-49] with 30 Myr PARSEC isochrone. (2) [KPR2005-58] with 70 Myr PARSEC isochrone.

(3) Alessi5 with 52 Myr PARSEC isochrone. (4) Alessi8 with 140 Myr PARSEC isochrone.

(5) VDBH 23 with 18 Myr PARSEC isochrone. (6) VDBH 99 with 81 Myr PARSEC isochrone.

(7) Collinder 299 with 80 Myr PARSEC isochrone. (8) Haffner 13 with 33 Myr PARSEC isochrone.
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(9) IC 2395 with a 70 Myr PARSEC Isochrone. (10) IC 2395 with a 10 Myr PARSEC Isochrone.

(11) IC 4725 with 96 Myr PARSEC isochrone. (12) NGC2422 with 127 Myr PARSEC isochrone.

(13) NGC2437 with 302 Myr PARSEC isochrone. (14) NGC2925 with 230 Myr PARSEC isochrone.

(15) NGC3532 with 398 Myr PARSEC isochrone. (16) NGC6281 with 314 Myr PARSEC isochrone.
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(17) NGC6281 with VVV data and 314 Myr PARSEC
isochrone. (18) NGC6405 with 130 Myr PARSEC isochrone.

(19) OCSN83 with 28 Myr PARSEC isochrone. (20) OCSN95 with 45 Myr PARSEC isochrone.

(21) OCSN114 with 28 Myr PARSEC isochrone. (22) OCSN151 using PM 1, with 32 Myr PARSEC isochrone.

(23) OCSN151 using PM 2, with 32 Myr PARSEC isochrone. (24) OCSN175 with 35 Myr PARSEC isochrone.
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(25) PISMIS4 with 80 Myr PARSEC isochrone. (26) RUPRECHT98 with 501 Myr PARSEC isochrone.

Fig. A.1: Properties of the variable stars (red crosses) are compared with the entire proper motion (PM) selected cluster members (black circles)
from all the open clusters listed in Table 1, along with the corresponding PARSEC isochrones (blue lines). For each figure: Top panels show the PM
distributions in the RA–Dec plane (left), the near-IR color–color diagram (middle), and the optical–near-IR color–color diagram (right). Bottom
panels display the optical–near-IR color–magnitude diagram (CMD) (left), the near-IR CMD from VVVX survey (middle), and the optical CMD
from Gaia DR3 (right). Figures (9) and (10) present the same dataset for IC 2395, but use different isochrones for comparison. Figures (16) and (17)
correspond to the same cluster with data from the Gaia survey and VVV, respectively. Figures (22) and (23) compare two datasets of OSCN151,
each adopting different proper motions (PM), resulting in variations in the derived data.
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