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ABSTRACT

Context. This research presents unsupervised machine learning and statistical methods to identify and analyze tidal tails in open star
clusters using data from the Gaia DR3 catalog.

Aims. We aim to identify member stars and to detect and analyze tidal tails in five open clusters, BH 164, Alessi 2, NGC 228],
NGC 2354, and M 67, of ages between 60 Myr and 4 Gyr. These clusters were selected based on the previous evidence of extended
tidal structures.

Methods. We utilized machine learning algorithms such as Density-based Spatial Clustering of Applications with Noise (DBSCAN)
and principal component analysis (PCA), along with statistical methods to analyze the kinematic, photometric, and astrometric prop-
erties of stars. Key characteristics of tidal tails, including radial velocity, the color-magnitude diagram, and spatial projections in the
tangent plane beyond the cluster’s Jacobi radius (r;), were used to detect them. We used N-body simulations to visualize and compare
the observables with real data. Further analysis was done on the detected cluster and tail stars to study their internal dynamics and
populations, including the binary fraction. We also applied the residual velocity method to detect rotational patterns in the clusters and
their tails.

Results. We identified tidal tails in all five clusters, with detected tails extending farther in some clusters and containing significantly
more stars than previously reported (tails ranging from 40 to 100 pc, one to four times their r,;, with 100-200 tail stars). The luminosity
functions of the tails and their parent clusters were generally consistent, and tails lacked massive stars. In general, the binary fraction
was found to be higher in the tidal tails. Significant rotation was detected in M 67 and NGC 2281 for the first time.

Key words. methods: data analysis — methods: observational — methods: statistical — astrometry — Galaxy: kinematics and dynamics

— open clusters and associations: general

1. Introduction

The Milky Way, our home galaxy, is a barred spiral galaxy with
a central bulge, spiral arms, and a thin and thick disk (Hou
& Han 2014; Shen & Zheng 2020). This complicated structure
also contains a dark matter halo, which affects the motions of
stars and stellar clusters (Posti & Helmi 2019; Deason et al.
2019). The Milky Way’s stellar population is diversified, with
old, metal-poor stars in the halo and new, metal-rich stars in the
thin disk. This complex stellar environment contains a variety
of stellar groups, including open clusters, globular clusters, and
tidal streams, with each of which serving as a natural laboratory
for studying Galactic dynamics, star formation, and stellar evo-
lution (Kharchenko et al. 2012, 2013; Vasiliev 2019; Helmi 2020;
Cantat-Gaudin 2022).

Tidal tails are extended streams of stars stretching from clus-
ters due to the Milky Way’s gravitational effects, bearing the
signatures of Galactic dynamics on clusters. For example, tidal
tails can reveal a cluster’s degree of relaxation and dynamical
condition, revealing whether it is still bound or disintegrating.
The tidal tails provide important information on the cluster’s
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previous trajectory, dynamics, and mass loss history. The length,
shape, and orientation of the tidal tails are determined by the
cluster’s initial mass, age, and orbit within the Galactic poten-
tial. By examining these characteristics, we can piece together
the cluster’s path across the Milky Way, revealing details on the
structure of the Galactic gravitational potential, the distribution
of dark matter, Galactic tides (Combes et al. 1999; Ibata et al.
2002; Montuori et al. 2007), etc.

The high stellar density, strong gravitational binding, and
reduced field star contamination make the tidal tails of glob-
ular clusters easier to detect (Leon et al. 2000; Odenkirchen
et al. 2001; Odenkirchen et al. 2003). The low stellar densities
of open clusters and substantial field star contamination from
the dense stellar background of the Galactic disk pose signif-
icant challenges for detecting the tidal tails of open clusters
(Bergond et al. 2001; Chumak et al. 2010; Roser et al. 2011).
Also, because of internal relaxation, interactions with molecu-
lar clouds, and the disruptive effects of the Galactic tidal field,
open clusters frequently dissolve over time, leaving their tidal
tails poorly populated and difficult to identify.

However, the study of these clusters has been transformed
by the advances in astrometric data from the Gaia mission, par-
ticularly Data Release 2 (Gaia Collaboration 2018) and Gaia
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EDR3 (Gaia Collaboration 2021). The unprecedented accuracy
in proper motion, parallax, and radial velocity measurements
allow for the precise separation of field stars from cluster mem-
bers, greatly increasing the detection of extended features such as
tidal tails. These observations have revealed many open clusters
with extended star envelopes and tidal tails.

In particular, Meingast et al. (2019) discovered the
Pisces-Eridanus stream using wavelet decomposition and
Density-Based Spatial Clustering of Applications with Noise
(DBSCAN), identifying 256 stars in a 400 pc structure. Subse-
quent work by Ratzenbock et al. (2020) and Roser & Schilbach
(2020) expanded membership using support vector machines
and convergent point methods. Kounkel & Covey (2019) and
Kounkel et al. (2020) applied hierarchical density-based clus-
tering (HDBSCAN) to Gaia DR2 and identified 1312 stellar
groups and 328 stellar strings. Meingast et al. (2021) used Gaia
DR2 to identify the tidal tails and coronae in ten open clusters
and developed a velocity-based member identification method,
starting with the Cantat-Gaudin et al. (2018) membership tables.
Gao (2020a,b) applied principal component analysis (PCA) and
Gaussian mixture model (GMM) to identify extra-tidal stars in
M 67 and NGC 2506, respectively, using Gaia DR2.

Bhattacharya et al. (2022) employed ML-MOC, a member-
ship algorithm based on k-nearest neighbors (kNN) and GMM
for precise identification from Gaia EDR3 data, and identified
46 open clusters with a stellar corona, while Tarricq et al. (2022)
used HDBSCAN to find members up to 50 pc from cluster
centers, fitted King profiles, used GMMs to analyze spatial dis-
tributions, and reported the detection of 71 open clusters with
tidal tails. Zucker et al. (2022) used a combination of Gaia
DR2 and Gaia DR3 to investigate the stellar strings identified
in Kounkel & Covey (2019) by manually linking stellar groups,
while Andrews et al. (2022) analyzed Theia 456 using Gaia
EDR3 and produced a more robust membership catalog of 362
stars using DBSCAN. Jerabkova et al. (2021) used the compact
convergent point method to recover 800 pc long tidal tails of the
Hyades star cluster using Gaia DR2 and EDR3.

Using Gaia DR3, Hunt & Reffert (2023) applied the HDB-
SCAN algorithm to recover 7167 clusters, also including tidal
tails for some clusters. However, Hunt & Reffert (2024) derived
completeness-corrected photometric masses for 6956 clusters
from the earlier work and used these masses to compute their
Jacobi radius (r;). Kos (2024) simulated cluster dissolution to
estimate the likelihood of star positions, comparing these with
Gaia DR3 data to refine membership probabilities. Recently,
Risbud et al. (2025) used the convergent point method to identify
tidal tails in 19 open clusters within 400 pc.

The previous methods often struggled with limitations such
as poor astrometric precision, model dependencies, or applica-
bility limited to nearby clusters. These constraints significantly
reduce the number of clusters that can be studied in detail. To
address this, we designed a method that uses optimized cluster-
ing and kinematic analysis to identify tidal tails even in distant
systems. In this work, we have used the Gaia DR3 dataset to
identify and investigate tidal tails in five open clusters: BH 164,
NGC 2354, Alessi 2, NGC 2281, and M 67. We tuned the algo-
rithms to increase the detected extent of tidal tails, incorporating
radial velocity (RV) filtering (where available), color-magnitude
diagram (CMD) matching for age and composition consistency,
and an unsupervised approach using PCA to determine the prin-
cipal axis of elongation, followed by DBSCAN for tail detection.
The identified tails were validated using the Jacobi limit to con-
firm their tidal origin. Projection effects were taken into account
in the tangential plane, providing a clearer spatial distribution
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of the tails. We detected a greater number of stars in the four
clusters and identified longer tidal tails in three of them com-
pared to previous studies. Additionally, we obtained a more
accurate estimate of the projected tail extent for M 67, whose
orientation aligns well with the expected orbit, consistent with
N-body simulations. Furthermore, rotation was studied in the
M 67 and NGC 2281 clusters and tails. The residual velocity
method, adopted from Hao et al. (2022, 2024), was previously
used exclusively for member stars to confirm internal rotation in
clusters such as Praesepe, Pleiades, Alpha Persei, and Hyades.
In this study, we applied it to the cluster and its tails to analyze
their rotational patterns.

Section 2 outlines the data preparation, identification of the
core cluster, and also explains the N-body simulations used for
reference. Section 3 presents the methods used to detect tidal
tails. In Sect. 4, we present a detailed analysis utilizing proper
motion vector analysis, orbit integration, luminosity functions,
and the binary fractions to explore the cluster and tail dynam-
ics. Section 5 presents our tidal tail findings and discusses the
results. In Sect. 6, the rotational aspect of M 67 and NGC 2281 is
explored using the residual motion of stars to study the presence
of three-dimensional rotation. Finally, we discuss and summarize
our research in Sects. 7 and 8, respectively.

2. Data and cluster identification

This section outlines the methods for identifying clusters using
Gaia data, including data preparation and clustering techniques
to accurately separate cluster members from field stars.

2.1. Cluster selection

To maximize computing efficiency, we restricted ourselves to
open clusters with manageable dataset sizes spanning up to 10°
in radius (i.e., 20° diameter) around each cluster center. We
chose five open clusters: BH 164, Alessi 2, NGC 2281, NGC
2354, and M 67, as shown in Table 1. Bhattacharya et al. (2022)
detected tidal structures in BH 164 and Alessi 2, while Tarricq
et al. (2022) and Hunt & Reffert (2023, 2024) found evidence
of tidal tails in NGC 2281 and NGC 2354. Given their reported
tidal structures, these clusters provided good test cases for val-
idating our detection method and confirming the presence of
their tidal tails. The inclusion of M 67, which previously lacked
recognized tidal tails, was justified by the observations of Gao
(2020a), indicating a potential for such features.

The age spectrum of the selected clusters ranges from 60 mil-
lion to 1.5 billion years, with M 67 of around 4 billion years of
age. The distances vary between 400 and 1300 parsecs, allowing
us to investigate how tidal features appear in various Galactic
contexts.

2.2. Gaia DR3

The latest Gaia Data Release 3 (DR3; Gaia Collaboration
2023) provides a substantial update over Gaia DR2, contains
a total of 34 months of observational data, and features major
advancements in data processing techniques. Gaia DR3 cat-
alogs 1.47 billion sources with 5- or 6-parameter astrometric
solutions, achieving a 30% improvement in parallax precision
and nearly doubling the accuracy of proper motion measure-
ments. These enhancements significantly improve the visibility
of open clusters within the Gaia dataset, particularly in proper
motion diagrams. The signal-to-noise ratio (S/N) for identifying
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Table 1. Core cluster parameters of the selected open clusters.

Name ra dec l b Age pmra pmdec w Dist RV Nimemb
(deg) (deg) (deg) (deg) logio(yr) (masyr™') (masyr™') (mas)  (pc) (kms™')

BH 164 22220 -66.45 31430 -6.19 781 -7.41 -10.69 240+0.10 419 -34+33 289

Alessi 2 71.61 5516 15238 6.36 8.76 -0.92 —1.08 1.63+0.05 616 -103+42 130

NGC 2281 102.09 41.05 174.94 16.88 8.78 -2.96 -8.27 1.94+£0.07 517 19.6+4.6 438

NGC 2354 108.49 -25.73 238.38 -6.87 9.15 -2.86 1.86 0.78+0.03 1284 31.8+5.5 244

M 67 132.85 11.82 215.68 31.92 9.56 -10.97 -2.92 1.16+0.04 867 339+34 1037

Notes. Col. 1: cluster name; Cols. 2-3: equatorial coordinates; Cols. 4-5: galactic lon-lat; Col. 6: age from Bossini et al. (2019) and Cantat-Gaudin
et al. (2020); Cols. 7-10: proper motions, mean parallax, and mean distance of identified members; Col. 11: mean radial velocity of identified core

cluster members; Col. 12: number of identified core cluster members.
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Fig. 1. Spatial distribution, proper motion, and parallax of the filtered sample (light coral) after filtering and the cluster members (blue) after

applying DBSCAN for M 67.

distant open clusters has increased by approximately four (Hunt
& Reffert 2023), benefiting from a more compact Gaussian dis-
tribution of cluster stars for those with proper motion dispersions
now within the reduced Gaia error margins.

For reference, the frequently used Gaia DR3 quantities in
this work are:

— ra, dec (@ and ¢ in deg): celestial coordinates in the ICRS
frame. Typical errors: ~0.01-0.1 mas.

— pmra, pmdec (i, cos § and s in mas yr~!): proper motions in
ra and dec, respectively. Typical errors: ~0.02-0.2 mas yr~".

— parallax (@ in mas): used for distance estimation. Typical
errors: ~(0.02 mas for bright stars, ~0.5 mas at G = 20.

— distance (in pc): calculated as 1000 / @.

— G magnitude (in mag): Gaia broad-band photometry. Errors:
<0.001 mag for bright stars, ~0.02 mag at G ~ 20.

— BP-RP (in mag): color index from Gaia blue and red pho-
tometers. Typical errors: <0.01 mag (bright), ~0.05 mag
(faint).

— M, (in mag): absolute G magnitude, derived from G and @.

— RV (in km s7!): line-of-sight velocity, available for bright
stars (G < 15). Typical errors: ~0.2-5 km s~!.

2.3. Data filtering and preparation

The dataset was refined using the following steps to ensure high-
quality, accurate data suited to star cluster analysis.
— Proper motion filtering: pmra_min < pmra < pmra_max and
pmdec_min < pmdec < pmdec_max.

For example, for M 67, the ranges used were:
—-12.5mas yr'! <pmra<-9.5 masyr!, —4masyr!<
pmdec < —1 mas yr~!. These bounds were chosen based on
the literature values (Gao 2020a) and by visually inspecting
the star distribution in proper motion space.

— Error filtering: stars with proper motion errors < 0.5 mas
yr~! were retained. We limited the parallax using @ > 0 and
0w/@ < 0.1. Stars passing these filters were labeled as the
filtered sample. We used relative parallax error to maintain
consistent distance precision across clusters, although this
imposes stricter absolute error thresholds on distant clusters,
potentially biasing against the inclusion of faint members.
Additionally, unresolved binaries may introduce astrometric
errors not explicitly accounted for in this analysis. The spa-
tial, proper motion, and parallax distributions for M 67 are
highlighted in light coral in Fig. 1.

— Data preparation: for core cluster identification, we used the
astrometric features: ra, dec, pmra, pmdec, and distance. We
used distance instead of parallax to linearize spatial sep-
arations, enabling meaningful Euclidean distances in the
clustering feature space. Since we filtered stars to have a
relative parallax error < 0.1, these distances are consid-
ered reliable. Stars with missing (NaN) values in any of
these features were excluded. These core features were then
normalized to zero mean and unit variance to ensure each
contributed equally to the clustering process.

2.4. DBSCAN clustering for core cluster identification

Density-Based Spatial Clustering of Applications with Noise
(Ester et al. 1996; Pedregosa et al. 2011) is a density-based clus-
tering algorithm that identifies groups of closely packed points
while treating outliers as noise. Unlike methods such as k-means,
DBSCAN does not require specifying the number of clusters in
advance and can discover clusters of arbitrary shape, making
it well-suited for astrophysical data where the boundaries of a
star cluster may not be sharply defined. It gives clear-cut clusters
without soft membership boundaries.
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For a data point to be considered as a part of a cluster, it
must have a minimum number of neighboring data points within
a specified distance, €. Key Parameters of DBSCAN:

— e: maximum distance for two points to be considered neigh-
bors.
— min_neighbors: minimum number of neighboring data
points required to form a cluster.
The DBSCAN algorithm identifies core points, border points,
and noise points. Core points have sufficient neighbors within
€; border points are neighbors of core points but are not core
themselves; noise points are neither. In this work, DBSCAN was
applied to the scaled 5D feature (ra, dec, pmra, pmdec, distance)
space of the filtered sample to identify a dense overdensity cor-
responding to the core cluster population. For each cluster, the
parameters (€, min_neighbors) were tuned to find the combi-
nation that resulted in the most spatially complete and centrally
concentrated core in ra—dec space, while minimizing contam-
ination. In M 67, this method isolated 1037 cluster members
(Nynemp), whose spatial, proper motion, and parallax distributions
are also shown in blue in Fig. 1.

2.5. N-body simulations for reference

We used N-body simulations to visualize and compare the
observables with real data. We used MCLUSTER (Kiipper et al.
2011) to initialize a clusters with 200-3200 My with Plummer
profile, no initial mass segregation, half mass radii according to
the M,.-R;, relation (Ry, = 0.1(M,e/ M) "3 pc; Marks & Kroupa
2012), inclusion of Milky Way potential (MWPotential2014;
Bovy 2015), position/velocity similar to the Sun, particle masses
according to Kroupa initial mass function (Kroupa 2001), no pri-
mordial binaries, and solar metallicity. The dynamical evolution
was performed using PETAR (Wang et al. 2020) and the stellar
evolution using the BSE code (Hurley et al. 2013). See Jadhav
et al. (2025) for more details.

We used a snapshot with the age and mass comparable to
the cluster sample. Rotation around the Galactic center was per-
formed to orient the tidal tails along the cluster orbit correctly.
As the simulated clusters have circular orbits and slightly differ-
ent Galactocentric radii than the clusters, minor translations were
done to match the 6D position of the simulated cluster with the
real cluster. Synthetic observations of these clusters were done
using ASTROPY (Astropy Collaboration 2013, 2018, 2022) to
visualize the theoretically expected observables of real clusters
(e.g., sky distribution and proper motions).

3. Tidal tail detection

Once core members were identified, we searched for tidal tail
stars among noncluster filtered sample stars within 500 pc of
the cluster’s mean distance. The approach combined RV filter-
ing, CMD matching, and machine learning with scikit-learn
(Pedregosa et al. 2011), including k-d tree (k-dimensional tree),
PCA, and DBSCAN. Tidal stars are expected to share RVs
and CMD features with the cluster, align along the cluster’s
elongation axis, and lie beyond their Jacobi limit.

3.1. Radial velocity filtering

After defining the core cluster, we applied an RV filter to further
refine the potential tail candidates. Specifically, we selected stars
within the 500 pc distance range whose RVs fall within a range
of +10 km s~! of the core cluster’s mean RV:

vaail = RVcore + 10km S_l. (1)
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This +10 km s~ threshold serves as a loose filtering criterion to
remove clear RV outliers that are inconsistent with the cluster’s
dynamics. It is broad enough to account for small projection-
induced velocity gradients', which arise from geometric effects
over large angular separations. This window was chosen to pre-
serve plausible tail candidates while excluding clear outliers.
Since Gaia DR3 provides RVs only for a subset of stars, this fil-
tering step is applied only where RV data is available. For stars
lacking RV data, we rely on CMD-based filtering to evaluate
their consistency with the cluster’s stellar population.

3.2. Color-magnitude diagram matching

In addition to RV, we used the color (BP-RP) versus apparent
G magnitude CMD to refine our identification of tidal tail stars.
In the CMD space, tidal tail stars are expected to closely resem-
ble the core cluster members, sharing similar age, metallicity,
and evolutionary history. The CMD provides a visual representa-
tion of these properties and allows us to distinguish between stars
that formed together and those that are unrelated to background
or foreground stars.

To efficiently process large datasets such as Gaia DR3, we
employed a k-d tree structure for performing the CMD cut.
This algorithm enables fast nearest-neighbor searches in high-
dimensional space and was used to identify stars whose CMD
values closely match those of the core cluster members. The tree
partitions the data recursively by splitting on dimensions such as
color and magnitude. A distance threshold of 0.05 in the CMD
space was applied to select potential tidal tail members, ensuring
photometric similarity with the cluster core. The CMD distance
is defined as

demp = \/(G - Gcore)2 + [(BP — RP) — (BPcore — RPcore)]z' (2)

Stars lying within dcyp < 0.05 mag of each cluster CMD point
(including unresolved binaries and post-main sequence stars)
were considered as tail candidates.

3.3. Principal component analysis and DBSCAN clustering

Principal component analysis is a dimensionality reduction tech-
nique that identifies the principal axes of variance in a dataset. In
the context of tidal tail detection, PCA helped to determine the
primary direction of elongation for the core cluster, aiding in the
analysis of the spatial distribution of stars.

— Principal axis determination: the positions of the core cluster
stars were used to perform PCA, identifying the principal
axis along which the cluster is elongated. This axis is crucial
for transforming the positions of surrounding stars to align
with the cluster’s spatial orientation.

— Transformation: stars in the surrounding field were trans-
formed based on the principal axis to create a new coordinate
system that emphasized the elongated structure of the tidal
tails.

The DBSCAN algorithm was then applied to the transformed
spatial data to identify clusters corresponding to the tidal tail.
In this application, DBSCAN differentiated between stars in the
tidal tails and noise (field stars).

! Projection effects are corrected after the tidal tail detection for further
analysis; see Sect. 4.1.
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Fig. 2. Spatial distribution of the identified core members (blue dots) for the five clusters with their detected tidal tails (red and coral dots), N-body
simulated cluster (empty dots), Jacobi limit (dotted black circle), and expected orbit (gray arrow) pointing toward the direction of motion (refer to

Subsect. 4.2). Crosses indicate manually removed stars for NGC 228]1.

3.4. Tangential projection of the celestial coordinates

We employed a tangential projection of celestial coordinates onto
a 2D Cartesian plane to analyze the spatial distribution of tidal
tails in star clusters. This approach simplified visualization and
enabled accurate spatial analyzes by mitigating the effects of
spherical geometry.

For the trigonometric transformation, right ascension (@) and
declination (6) are first converted to radians, as is the reference
point (ay, dp), corresponding to the mean position of the cluster
core. The offsets in the tangent plane are computed as follows:

Aa = cos(0) sin(a — ayp), (3)
A6 = sin(d) cos(dg) — cos(8) sin(dy) cos(a — ag). @

The trigonometric expressions are dimensionless, but when
interpreted under the small-angle approximation, they corre-
spond to angular offsets expressed in radians. For visualization
in Fig. 2, these offsets were explicitly converted to degrees.
Although the projection provides a convenient 2D representa-
tion, it inevitably reduces information from the full 3D structure.

3.5. Beyond the Jacobi radius

The final criterion for checking our detection of the tidal tail was
the spatial location of the stars relative to the best-fit r; val-
ues for each cluster as provided in Table 2 taken from Hunt &
Reffert (2024), in which r; is defined as the distance from the
cluster’s center to its L; Lagrange point, effectively marking the

boundary beyond which stars are no longer bound to the cluster.
Their full formulation accounts for the cluster mass as well as its
orbital parameters around the host galaxy, including the circular
frequency (Q2) and the epicyclic frequency (k).

We note that r, is not used as a strict boundary in Fig. 2
for defining tidal tail stars. Due to projection effects in the sky
plane, some tail stars may still appear within the projected r;.
Our use of this limit is only to show that the detected features
extend beyond the theoretical boundary.

4. Tidal tail analysis

We analyzed the kinematic properties of each cluster and its tidal
tails using proper motion vectors and orbit integration. Proper
motions were used to characterize relative stellar motions and
identify subtle patterns, while orbit integration traced past and
future trajectories within the Milky Way’s potential. We also
determined and analyzed the luminosity functions and the binary
fractions for both clusters and their tails.

4.1. Correction of proper motion vectors for projection effects

Projection effects influence the apparent proper motions and
RVs of individual stars within a star cluster due to the relative
position and motion of the cluster with respect to the Sun (van
Leeuwen 2009; Jadhav et al. 2024). These effects arise because
of the angular separation of stars from the cluster center and the
cluster’s bulk motion. Neglecting these corrections can lead to
artificial signatures, such as false rotation or contraction within
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Table 2. Parameters of the five open clusters and their tidal tails.

A&A, 704, A167 (2025)

Name X Y Z ry Llead Ltrail Nlead Ntrail BF cluster BF lead BF trail
(pc) (po) (pc) (pe)  (pc)  (pe)

BH 164 —7830.95 -298.14 -2532 990 1298 6.74 46 61 026+0.04 0.19+0.07 0.33+0.09

Alessi 2 -8664.69  284.62 90.45 9.55 3597 3513 sl 49  0.22+0.05 0.54+0.13 040=+0.11

NGC 2281 —8615.26 43.48 172.18  13.58 38.50 2534 92 44 024 +0.03 0.24+0.06 0.31=+0.10

NGC 2354 —-8794.02 -1088.29 —-131.38 14.90 25.05 14.18 82 60 0.34+0.06 0.23+0.07 0.31+0.09

M 67 —8718.53 —42890  481.10 20.56 29.45 3136 74 89 0.28=+0.02 0.33+0.09 0.26 +0.08

Notes. Col. 1: cluster name; Cols. 2—4: galactocentric positions of the identified members; Col. 5: best-fitting r; from Hunt & Reffert (2024);
Cols. 6-7: approximate projected extent of the tidal tails beyond r, determined using the angular separation from the cluster center and the cluster
distance, with the orbit direction aiding in identifying the tail components (Sect. 4.2); Cols. 8-9: number of stars in leading and trailing tails; Cols.
10-12: binary fractions (for mass ratio >0.5) in the cluster, leading tail and trailing tail (Sect. 4.4).

the cluster. Correcting these projection-induced deviations is
essential for accurately analyzing the intrinsic motion of stars.

To account for this, we corrected both the proper motions and
RVs of stars by removing the projection-induced components,
which depend on the cluster’s bulk motion, the star’s angular
offset from the cluster center, and the parallax values of both
the star and the cluster. The mathematical formalism for this
correction is detailed in van Leeuwen (2009). The resulting cor-
rected proper motions better reflect the intrinsic kinematics of
the cluster.

4.2. Orbit integration

Using the observed position and velocity data of the cluster, we
computed its Galactic orbit employing the Astropy and Galpy
libraries (Astropy Collaboration 2013; Bovy 2015; Astropy
Collaboration 2018, 2022). The orbit integration was carried
out using the widely adopted MiiPotential2014 model, which
represents the Milky Way’s gravitational potential through a
combination of an exponential disk, a spherical bulge, and a dark
matter halo. We adopted the solar position (—7999.986, 0, 15 pc)
and velocity parameters (10,235,7 kms™') provided in Bovy
(2015).

Initial conditions for the orbit were defined using the cluster’s
ra, dec, distance, proper motions, and RV. The integration pro-
cess involved numerically solving the equations of motion within
the adopted Galactic potential. The resulting orbit was projected
onto the tangent plane (the gray arrow in Figs. 2 and 3) to visu-
alize the cluster’s motion and identify the direction of its tidal
tails. The leading tail points in the direction of orbital motion,
while the trailing tail extends opposite to it.

4.3. Luminosity function

The luminosity functions (LFs) for each cluster and its tidal tails
were constructed to facilitate comparison, which can be seen
in the subplot (h) of plots Figures A.l1 to A.5 in the appendix.
Specifically, LFs were generated for two distinct regions: the
identified core cluster and the detected tidal tails, including the
leading tail and the trailing tail, each using a consistent bin size
Mg of 1 mag. The faintest one or two bins in both regions for
every cluster contained fewer counts, probably due to observa-
tional incompleteness and stellar evaporation. These bins were
excluded from the linear fit, which was performed using the
following relation:

log,y N o a x Mg, )
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where N represents the number of stars in each absolute magni-
tude Mg bin and a denotes the slope of the LF.

4.4. Binary fraction

The binary fractions in the cluster and tails were calculated
by identifying unresolved binaries in the Gaia CMD similar to
Jadhav et al. (2021). The best-fitting parsec isochrones (Bressan
et al. 2012) were obtained based on literature parameters (Bossini
et al. 2019; Cantat-Gaudin et al. 2020). An empirical main
sequence ridge line was estimated from the Gaia CMD and the
isochrone using ROBUSTGP (Li et al. 2020, 2021). Mass ratios
of stars were calculated based on the shift away from the main
sequence. The sources with mass ratios of more than 0.5 were
classified as binary. The ratio of binaries to the total sources is
noted as the binary fraction. A detailed description of the binary
fraction calculations will be presented in Jadhav et al. (2025).

5. Tidal tails and their properties

This section presents results for the five clusters, focusing on
tidal tails, internal dynamics, and orbits. We examined mass seg-
regation, spatial and kinematic distributions, binary populations,
and tail morphology. To compare the tail and core populations,
we applied the Kolmogorov—Smirnov (KS) test, reporting both
the KS statistic and p-value: low p-values (<0.05) indicated
significant differences, while high values suggested the sam-
ples are drawn from the same population. We also compared
the observed properties with theoretical expectations and prior
studies.

5.1. BH 164 (Alessi 7, MWSC 2255, vdBergh-Hagen 164)

Bhattacharya et al. (2022) identified 286 stars in BH 164, while
our analysis found 396 stars within the cluster and its two tidal
tails, which exhibit an S-shaped structure. The shape and orien-
tation of the leading and trailing tails align with the theoretical
N-body simulations (Fig. 2), and the extent is consistent with
Bhattacharya et al. (2022). Our study incorporated projection
effects, identifying 289 cluster members and 107 tail stars, with
the projected span of approximately 40 pc. In Fig. 3, the proper
motion vectors for cluster stars (blue) and tail stars (black and
red) reveal a bifurcation pattern around the expected orbit, with
opposing motions in the tails indicating outbound velocities.
Figure A.lh compares the LFs of the cluster (blue) and
its tidal tails (red). The KS statistic of 0.10 and a p-value of
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Fig. 3. First-order corrected proper motion vectors for the five open clusters.

0.50 indicate no significant difference between the two dis-
tributions, implying that the tails contain a stellar population
similar to the cluster. However, the cluster’s LF shows a steeper
rise at the bright end, suggesting it retains a larger number
of massive stars, while the tails are more populated by lower-
mass stars. The binary fraction of the cluster was found to be
0.26 +£0.04, and the same average fraction of 0.26 is found for the
tails. However, the binary fractions in the leading (0.19 = 0.07)
and trailing (0.33 + 0.09) tails suggest an asymmetric ejection
of binaries.

5.2. Alessi 2 (LeDrew 4, MWSC 419)

Bhattacharya et al. (2022) identified 201 stars in Alessi 2,
whereas our analysis found 230 stars spanning the cluster and
its two tidal tails, forming a subtle 2-shaped structure along
the expected orbit. The morphology and orientation are consis-
tent with the theoretical predictions, but the N-body simulations
suggested subtle S-shaped tails (Fig. 2). After accounting for
projection effects, we identified 130 core members and 100 tail
stars, with a tip-to-tip extent of approximately 90 pc, signif-
icantly longer than the 47 pc reported by Bhattacharya et al.
(2022). Figure 3 shows that the tail stars exhibit no directional
motion, with vectors pointing in various directions. The velocity
vectors within the core appear to indicate motion predominantly
in one direction, almost perpendicular to the expected orbit.
However, upon closer examination, many of these vectors actu-
ally represent small motions in various directions, which are not
readily visible in the projected plane plot of Fig. 3.

Figure A.2h compares the LFs of the cluster and its tidal
tails, with a KS statistic of 0.29 and p-value of 0.12. While

the p-value suggests the distributions are not significantly dif-
ferent, the relatively high statistic points to a noticeable shift: the
cluster retains higher-mass stars, while lower-mass stars domi-
nate the tails. The binary fraction in the cluster was found to be
0.22 + 0.05, while the tidal tails exhibited a higher average frac-
tion of 0.47, with the leading and trailing tails having the binary
fractions of 0.54 + 0.13 and 0.40 + 0.11, respectively.

5.3. NGC 2281 (Collinder 116, MWSC 989, Melotte 51,
OCL 446, Theia 635)

Tarricq et al. (2022) identified 443 stars in NGC 2281 with a
tidal tail semi-major axis of 21 pc. Hunt & Reffert (2023, 2024)
reported extended features as a byproduct of their analysis with
projected extents based on our criteria of =34 pc and =19 pc
for the leading and trailing tails, respectively, with a total tip-
to-tip span of ~80 pc. The observed tail orientation is similar
to the previous findings of Hunt & Reffert (2023, 2024), but we
additionally identified a fragmented clump in the trailing tail.
This clump at (-2, —4) deg in NGC 2281 appeared to be sep-
arated from the rest of the tail candidates in both 2D and 3D
space. The location is also different from what is expected from
the simulations, and these stars are likely contaminants due to
their comoving nature. Hence, we have manually removed these
stars (crossed out in Fig. 2). Our analysis after removing the
clump detected 574 stars, including 438 cluster members and
136 tail stars. The leading and trailing tails span ~39 pc and
=25 pc, respectively, forming an Z-shaped structure along the
orbit, whose morphology and orientation aligned with the simu-
lations (Fig. 2). The total tip-to-tip extent came to ~91 pc. Proper
analysis of motion vectors (as shown in Fig. 3) indicates that the
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leading and trailing tail vectors show similar motion with arrows
pointing in opposite directions, leading to the elongation of tails.
The motion of the cluster and the tail vectors are slightly angled
relative to the direction of the orbital path.

Figure A.3h presents a KS statistic of 0.11 and a high p-value
of 0.46, indicating that the cluster and tail populations are sta-
tistically similar. Nonetheless, the tails exhibit a slight excess
of low-mass stars, while the core retains more high-mass mem-
bers, consistent with the expected effects of dynamical stripping
and mild mass segregation. The binary fraction was found to be
0.24 +0.03 in the cluster and an average of 0.28 in the tails, with
the leading and trailing tails having 0.24 + 0.06 and 0.31 + 0.10,
respectively.

5.4. NGC 2354 (Collinder 131, ESO 492-6, FSR 1291,
MWSC 1148, OCL 639, Theia 5939)

Tarricq et al. (2022) detected 337 stars in NGC 2354 with tidal
tails having a semi-major axis of ~24 pc. The extended features
reported by Hunt & Reffert (2023, 2024) based on our projected
extent criteria span ~22 pc (leading) and ~9 pc (trailing), with a
total tip-to-tip span of ~61 pc. Our analysis identified 386 stars,
including 244 cluster members and 142 tail stars. The leading
and trailing tails span =25 pc and =14 pc, respectively, with
an overall tip-to-tip extent of =69 pc. The observed leading tail
showed a local deviation, making it look @ shaped. The orienta-
tion and morphology of the tidal tails in NGC 2354 (Fig. 2) are
consistent with the features reported by Hunt & Reffert (2023,
2024). The leading tail near (0, 1.5) deg extended farther than
predicted by the simulations, but in the absence of a clear dis-
continuity or any distinct break in the stellar distribution, we
could not rule out these stars as we did for NGC 2281. There is
a possibility these tail candidates are false positives, and caution
is advised before using the tails in NGC 2354. Proper motion
vectors (Fig. 3) reveal noncoherent and minimal motion in the
cluster core as compared to the tails, which show large motion.
The leading tail shows motion in the expected orbit’s direction,
while the trailing tail moves in the reverse direction.

Figure A.4h shows the LFs of the cluster and its tidal tails,
with a KS statistic of 0.21 and a p-value of 0.13. Although the
p-value indicates that the difference is not statistically signifi-
cant, the KS statistic suggests a moderate divergence. The cluster
retains a higher number of massive stars, whereas the tails are
dominated by lower-mass stars. The binary fraction in the clus-
ter was found to be 0.34 + 0.06, compared to a lower average of
0.27 in the tails. The leading and trailing tails show the binary
fractions of 0.23 + 0.07 and 0.31 + 0.09, respectively.

5.5. M 67 (Collinder 204, MWSC 1585, Melotte 94,
NGC 2682, OCL 549)

Tarricq et al. (2022) reported halo stars but no tidal tails for M 67,
while Gao (2020a) identified 1618 likely members, including 85
extra-tidal stars beyond their tidal radius of 16.3 pc, and observed
two tidal tails of =39 pc. In our analysis, we detected 1200 stars:
1037 cluster members, 163 tail stars, 110 extra-tidal stars (beyond
the tidal radius of 16.3 pc), and 73 extra-tidal stars (beyond r; =
20.6 pc). The leading and trailing tails span =29 pc and =31 pc,
respectively, with a total tip-to-tip extent of ~102 pc. This extent
is slightly shorter than in some earlier reports, likely because pre-
vious estimates relied only on 2D sky projections. We account
for the cluster’s 3D orientation and proper motions to more con-
servatively identify tail members. This reduces contamination
from foreground or background stars that may align by chance in
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projection, and avoids overestimating tail lengths based on stars
not dynamically connected to the cluster. The orientation of the
observed tails along the orbit, with tail stars at an angle, matches
the theoretical expectations (Fig. 2). Figure 3 reveals that in the
cluster core (blue vectors), motion is predominantly oriented per-
pendicular to the orbit, lacking a clear rotational pattern. Tail
vectors (black and red) show a slight counterclockwise motion,
indicating weak rotation, with tail stars moving away from the
expected orbital path.

Figure A.5h presents the LFs for the cluster and its tidal tails,
with a KS statistic of 0.10 and a p-value of 0.14, indicating no
significant difference. A slight excess of low-mass stars in the
tails suggests mild mass segregation, but overall, the stellar dis-
tributions remain comparable. The binary fraction in the cluster
is found to be 0.28 + 0.02, while the tails show a slightly higher
average value of 0.30. The leading and trailing tails exhibit the
binary fractions of 0.33 + 0.09 and 0.26 + 0.08, respectively.

6. Cluster rotation

Our analysis draws inspiration from the residual velocity method
outlined in the study by Hao et al. (2022, 2024), and the
methodology proceeds as follows:

1. We first confirm the presence of rotation within the clus-
ter and its tail stars by analyzing the velocity distribution of
stars.

2. Next, we determine the angles («,(,y) that represent the
rotation axis in the Galactic Cartesian coordinate system.

3. Finally, we compute the rotational velocity using the derived
angles.

To validate our method, we applied it to the Praesepe cluster
using data from Hao et al. (2022) and compared the results
with their reported values. Our derived mean azimuthal veloc-
ity (vy) is 0.1 £ 0.07 km s~! within the tidal radius of 10 pc and
0.2 +0.07 km s~! for the full sample, in close agreement with
Hao et al. (2022, 2024). The v,, and root mean squared (RMS) v,
profiles as a function of radius also showed consistency. Using
their core radius estimates (1., = 1.6, 2.0, 2.6 pc), we computed
tidal masses of M, = (476 = 120), (521 +132), (581 + 150) Mo,
respectively. These are also similar to the previously reported
values of M; = (537 + 146), (609 + 135), (=510) M, respec-
tively, supporting the validity of our mass estimation method.

6.1. Sample of the stars

We identified cluster and tail stars with reliable RV values, which
in our case are provided primarily for brighter stars with appar-
ent magnitudes of G < 15 and stars with RV errors smaller
than 5 km s~'. In the case of M 67, we obtained a sample of
458 stars with reliable RV measurements. The dataset for NGC
2281 was significantly smaller, containing only 123 stars with
reliable RVs. Meanwhile, NGC 2354, Alessi 2, and BH 164 were
excluded from the analysis, as their reliable RV data had very few
stars. Such a small sample size was inadequate for establishing
reliable statistical trends or drawing meaningful astrophysical
conclusions about the clusters’ kinematics.

6.2. Coordinate systems and rotational analysis

The analysis of cluster kinematics begins in the Galactic Carte-
sian coordinate system (O4-X,Y,Z,), where the origin O, is
at the Galactic center. We establish a cluster-centered coordi-
nate system (O.-X.Y.Z.) to analyze internal cluster dynamics
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by translating the origin to the cluster center. The transforma-
tion involves subtracting the cluster’s central coordinates (xg,s,
Yg.5» Z9,5) and systemic velocities (v, , vy, , Uz, ) from the coordi-
nates and velocities of all the stars. This transformation yields the
residual spatial coordinates (X,,Y.,Z. ) and the residual velocities
(vy,, Uy, , V) of individual stars relative to the cluster’s systemic
motion.

Following Hao et al. (2022, 2024), we determined the clus-

—
ter’s rotation axis [ through three position angles (a, 3, y). The
determination process involves these key steps:

1. The projection of the rotation axis 7 onto the Y,-Z. plane
(l,;) divides the cluster into two subsamples. For a rotat-
ing cluster, these subsamples should exhibit opposite signs
in their mean residual velocities v, .

2. Starting from @ = 0° (aligned with the Y,-axis), we incre-
mentally rotate /,, counterclockwise, computing the mean
residual velocities v,, for both subsamples at each angle.

3. The optimal angle « is identified where the difference in
mean residual velocities between the subsamples reaches its

extremum, indicating the true projection of _l) onto the Y,.-Z,
plane.

4. The process is repeated to determine S and 7y, with these
angles satisfying the relationship: tan @ tany = tang.

Upon determining the rotation axis, we established a rota-

tional Cartesian coordinate system (O,-X,Y,Z,) aligned with

7. The transformation between the cluster-centered and rota-
tional coordinate systems is achieved through a direction cosine
matrix, where the elements are defined by the included angles
between the respective coordinate axes. The transformation
equations incorporate these direction cosines to convert both
spatial coordinates and velocity components. Finally, we convert
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Fig. 5. Rotational velocity component as a function of the distance r
from the cluster center for the cluster + tail stars within 120 pc of M 67.
Similar plot for NGC 2281 in Fig. A.6.

to the cylindrical coordinate system (r, ¢, z). This transforma-
tion provides a natural framework for studying rotation, where
stellar positions and velocities are expressed in terms of radial
(v,), azimuthal (v,), and vertical (v;) components relative to the
rotation axis.

6.3. M 67 rotation

The mean residual velocities of the subsamples divided by the
rotation axis for all the populations (cluster + tail, cluster-alone,
and tails-alone) exhibited consistent opposite signs, indicating
coherent rotation not only in the cluster core but also in the tidal
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tails, visible across all projection planes. Analysis of the RMS v,
within the r; of M 67 followed the expected trend from classical
Newtonian dynamics, consistent with Hao et al. (2022, 2024).
Beyond 17, v, showed increasing dispersion (Fig. 5) and a linear
rise is seen in RMS v, beyond ~15 pc (Fig. 6), suggesting that
tidal effects might be enhancing rotational motion in the outer
regions of the cluster.

To determine the orientation of the rotation axis, we exam-
ined the residual velocities in the three planes within 5r;. The
opposite signs in v, and v, in the Y.Z. and X.Y. planes,
respectively, confirmed a rotation signature, although low val-
ues of v, in the X.Z. plane limited the reliability of .
Sinusoidal fitting of mean residual velocity versus position
angles (Fig. 4) yielded position angles: @ = 43.3 +3.6°, 8 =
65.6 + 10.0°, and y = 126.1 + 2.0°. Using the trigonometric
constraint: tanatany = tanf, we refined g to 127.7°. Using
(a,B,y) = (43.3°,127.7°,126.1°), the mean v, was found to be
-0.84 + 0.07 kms™! for the entire cluster + tail system, —0.81 +
0.06km s~! for the cluster-alone, and —0.89 + 0.43 km s~! for the
tails-alone.

To study the rotational properties of the cluster in depth,
we used the Plummer model (Plummer 1915) to fit the RMS v,
versus distance r curve, which is as follows:

3M; P\
p(r) = prcy ll +(a) ] . (6)

Here, Mj is the total mass enclosed within the r; of the clus-
ter, and r, is the core radius. The corresponding enclosed mass
M(r) and circular speed v.(7) as functions of radius are expressed
as

73

M(r)=M;—— 5, (N
2+ rgo)\/
R
GM; r
ve(r) = —tm = w(r)=u 7 ®
(r2 + rg()) 2+ rczo)
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where we defined the constant vy = VGM,. We fit the Plummer
model to the observed rotation curve of M 67 (Fig. 6), using liter-
ature values for the core radius. Hunt & Reffert (2024) reported
feo = 2.6pc, while Tarricq et al. (2022) reported r., = 1.9 pc.
For r,, = 2.6pc, we found a best-fit mass within the r; of
M; = (876 + 144) M, whereas for ., = 1.9 pc, the best-fit mass
within the r; was M; = (832 + 137) M. Integrated mass of
M 67 reported by Almeida et al. (2023) is (1843 + 368) M,
and mass within the r; reported by Hunt & Reffert (2024) is
(2779 £ 399) M.

6.4. NGC 2281 rotation

The mean residual velocities of the subsamples divided by the
rotation axis showed consistent opposite signs in the cluster +
tail and cluster-alone populations, clearly visible only in the Y,.Z,
and X .Z, planes (Fig. A.6). The X .Y, plane showed minimal
indication of rotation, so the angle y was unreliable in this case.
The tails-alone population lacked a clear rotational signature and
appeared to be dominated by noise. Within 17, of NGC 2281, the
RMS v, followed Newtonian expectations but showed significant
dispersion (Fig. A.6), which decreased beyond that Jacobi limit.

Sinusoidal fits to the differential mean residual velocities
(vy,, Uy, Uz, ) versus the position angles (PAs) within 3r; yielded
characteristic rotation angles: @ = 124.9 £ 9.1°, 8 = 65.6 £ 5.1°,
and y = 109.8 + 14.0°. Using the tangent relation, we adopted
(a,B8,y) = (124.9°, 65.6°, 123.0°), and computed the mean v,
of 0.50 + 0.13kms™! and 0.53 + 0.13kms™! for cluster + tail
and cluster-alone populations, respectively, suggesting minimal
rotational contribution from the tails.

We estimated the mass within the r; using the Plummer
model fit to the RMS v, vs. distance r curve (Fig. A.6), con-
sidering two core radii: r,, = 2.6 pc (Hunt & Reffert 2024)
and r,, = 1.5pc (Tarricq et al. 2022). The best-fit masses were
M; = (803 + 296) M, for r,, = 2.6 pc and (741 + 268) M, for
feo = 1.5 pc. Integrated mass of NGC 2281 reported by Almeida
et al. (2023) is (681 + 136) M and mass within the r; reported
by Hunt & Reffert (2024) is (885 + 112) M.

7. Discussion

We selected five open clusters with elongated morphology, as
suggested by (Bhattacharya et al. 2022; Tarricq et al. 2022;
Hunt & Reffert 2023, 2024; Gao 2020a), and used DBSCAN to
identify their member stars. To detect tidal tails, we first exam-
ined specific properties indicative of tail structures, including
RV and the CMD. We then applied an unsupervised machine
learning approach, incorporating PCA to determine the elonga-
tion axis, followed by DBSCAN to identify the tails using Gaia
DR3 data. Our analysis revealed that all five clusters exhibit tail
stars extending beyond their Jacobi limit (Fig. 2). We corrected
the proper motion vectors for projection effects (Sect. 4.1) and
refined the spatial distribution of the tails by accounting for the
spherical geometry of the sky (Sect. 3.4). Figures A.1-A.5 show
detailed plots for each cluster, including their spatial distribu-
tions, CMDs, vector point diagrams, and LFs for both cluster
members and tidal tails.

There is a notable increase in the number of stars identified
in tidal tails across the clusters compared to what is documented
in literature (Bhattacharya et al. 2022; Tarricq et al. 2022; Hunt
& Reffert 2023, 2024; Gao 2020a) with higher star count in
four clusters (BH 164, Alessi 2, NGC 2281, and NGC 2354) and
longer tidal tails in three (Alessi 2, NGC 2281, and NGC 2354).



Sharma, L., et al.: A&A, 704, A167 (2025)

The improvements vary from case to case: star counts increased
in our study by as few as 29 stars (Alessi 2) to as many as 131
(NGC 2281), as compared to the literature, while the tip-to-tip
extent in our study increased by 8 pc (NGC 2354) up to 43
pc (Alessi 2) as compared to the literature. In M 67, although
we identified 1200 stars in total, the observed span of 102 pc
was slightly shorter than that reported by Gao (2020a). This dif-
ference may be due to our consideration of projection effects,
which refines the estimation of tail lengths in the observed plane.
Among the clusters studied, M 67 exhibited the longest tidal
tail span, followed by NGC 2281, Alessi 2, NGC 2354, and
BH 164. The youngest cluster (BH 164, 65 Myr) showed the
shortest tidal tail span, while the oldest (M 67, 4 Gyr) exhibited
the longest. According to N-body simulations (Jerabkova et al.
2021), older clusters have longer tails; however, we did not detect
complete tails (<40 pc). Hence, the detected trend is a combi-
nation of the actual tail span, the different populations, and the
incompleteness of the detection.

In addition, clustering algorithms and statistical methods
were used in this work to select stars with similar CMD loca-
tions and motions as tail candidates. However, such criteria can
also be satisfied by field stars, leading to contamination of the
sample, as seen in the clump we removed in NGC 2281 and in
the unusually extended leading tail of NGC 2354 compared to
simulations. Similar unexpected structures are also seen in other
tail catalogs, for example, in the Pleiades (Risbud et al. 2025),
which correspond to comoving stars but might not be real tails.
More analysis is required to understand the completeness and
purity of the tail candidates.

Proper motion vectors provided information about the
motion of both the cluster and tail stars (Sect. 5), shedding
light on the overall dynamical state. These patterns indicated
uniform alignment toward a specific direction, random disor-
dered motion, or potential rotation. The LFs for all the clusters
revealed that their tails notably lacked high-mass stars, which
is expected behavior. When comparing the average binary frac-
tion of tidal tails to that of cluster cores, we found that in three
out of five clusters, the tails contained a higher proportion of
binaries. Alessi 2 showed the most pronounced difference, with
the tails averaging a binary fraction of 0.47 compared to 0.22
in the cluster core. NGC 2281 (tails: 0.28 vs. cluster: 0.24) and
M 67 (tails: 0.30 vs. cluster: 0.28) also followed this trend.
BH 164 showed equal binary fractions (0.26) in both the tails
and the cluster, while NGC 2354 was the only case where the
tails had a lower average binary fraction (0.27) than the cluster
(0.34). This generally higher binary fraction in tidal tails may
result from dynamical interactions preferentially ejecting binary
systems from cluster cores. All tidal tails demonstrated a clear
deficiency of high-mass stars compared to their respective clus-
ter centers. This deficiency aligns with theoretical predictions of
mass segregation, where higher-mass stars sink toward cluster
centers during dynamical evolution, while lower-mass stars and
binaries are more susceptible to populating the outer regions and
tidal tails.

Pang et al. (2023) observed that the binary fraction increases
with radius in their study. Wirth et al. (2024) used NBODY6
(Aarseth 1999, 2003) simulations to examine the binary popula-
tion in clusters and tidal tails. They found that the binary fraction
in the tidal tails fluctuates around the cluster’s binary fraction
with a steady decline in the binary fraction of the tails, which
might lead to a lower binary fraction in the tail for very old clus-
ters. However, more simulations and a better understanding of
the incompleteness of the tidal tails are required to characterize
the binary population in the tidal tails fully.

Based on simulations, the escaping stars from the tidal tails
have preferred velocities where the leading tail stars move toward
the Galactic center and the trailing tail stars move away from the
Galactic center. This can be observed as an apparent rotation in
the sky and the Galactic plane. We examined the clusters and
their tidal tails using the residual velocity method to investigate
their motion dynamics and 3D rotational behavior. We detected
clear signatures of rotation in M 67 and NGC 2281. However, BH
164, Alessi 2, and NGC 2354 were excluded from the rotation
analysis due to insufficient reliable RV data. M 67 demonstrated
rotation not only in its central cluster but also extending into its
tidal tails, with a mean v, of —0.84 £ 0.07 km s~! for the cluster
and tail system. This rotational signature of M 67, along with
the expected sky positions, confirms that the extended struc-
ture around M 67 is indeed its tidal tail. In contrast, NGC
2281 showed rotation primarily in its cluster region with v, =
0.53+0.13 km s~!, while its tails exhibited minimal contribution
to the overall rotation.

Both the clusters demonstrated rotation within 1r; that fol-
lows classical Newtonian dynamics, consistent with observations
of other clusters such as Praesepe, Pleiades, Alpha Persei, and
Hyades reported by Hao et al. (2022, 2024). This suggested a
fundamental similarity in the physical processes governing their
core dynamics despite the differences in their extended struc-
tures. The mass estimations within the r; using Plummer model
fits yielded the following results for the two clusters: M 67’s
ranges from 832-876 M and NGC 2281’s from 741-803 M,
depending on the assumed core radius values from literature.

8. Summary

— We used machine learning algorithms to identify core mem-
bers and specific properties to detect the tidal tails in five
clusters (BH 164, Alessi 2, NGC 2281, NGC 2354, and M 67)
using Gaia DR3 data. The clusters have ages of 60 Myr to
4 Gyr and are at distances of 400-1300 pc.

— The clusters showed tidal tails extending beyond their Jacobi
limit, ranging from one to four times their ;.

— In BH 164, we identified 396 stars with two tidal tails form-
ing an S-shaped structure, spanning approximately 40 pc.
Alessi 2 contained 230 stars with a subtle 2-like shape
extending 90 pc. NGC 2281 hosted 574 stars, featuring a
clear 2-structure; its leading and trailing tails measured 39
pc and 25 pc, respectively, resulting in a total extent of
about 91 pc. NGC 2354 contained 386 stars, with tails of
25 pc (leading) and 14 pc (trailing), extending 69 pc in
total. Finally, M 67 hosted 1200 stars, with a leading tail
of 29 pc and a trailing tail of 31 pc, extending to a total of
approximately 102 pc.

— The M 67 cluster and its tidal tails displayed a sign of rota-
tion in the sky plane, aligning with predictions from N-body
simulations and confirmed through rotational analysis, indi-
cating that the extended structure is indeed a tidal tail. While
NGC 2281 also revealed rotational features after the rota-
tional analysis, these were confined primarily to its central
cluster regions. For the remaining clusters, the available RV
data were insufficient to confidently assess the presence of
rotation.

— In this study, the binary fraction and the LF of the tails
and the main cluster are compared. In general, the binary
fraction in the tidal tails is greater than in the cluster. Con-
cerning the mass function, we observed that the overall slope
remained consistent between clusters and tidal tails across all
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five clusters, but all tails showed a deficiency of high-mass

stars.
Our results showed that carefully optimized clustering meth-
ods can identify extended structures around star clusters up to
a kiloparsec. This broadens the range of clusters that can be
studied compared to methods relying solely on projected on-
sky parameters (e.g., Bhattacharya et al. 2022; Tarricq et al.
2022), probabilistic approaches (Kos 2024), or techniques con-
strained by astrometric precision, such as the convergent point
method, which is typically limited to within =400 pc (Risbud
et al. 2025). Detecting rotational patterns in outer regions also
serves as an important tool for validating the presence of tidal
tails. Extending this analysis to a larger sample of clusters could
reveal hidden tidal structures in the Galactic field and provide
important observational constraints for theoretical analysis.

Data availability

Table members.dat is available at the CDS via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/704/A167.
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Appendix A: Supplementary query and figures
Appendix A.1: ADQL query for selecting the Gaia DR3 data

SELECT *
FROM gaiadr3.gaia_source
WHERE
1 = CONTAINS(
POINT(’ICRS’, gaiadr3.gaia_source.ra, gaiadr3
.gaia_source.dec),
CIRCLE(’ICRS’, {ra}, {dec}, {radius})

AND gaiadr3.gaia_source.parallax > 0

AND ABS(gaiadr3.gaia_source.pmra_error) < 0.5

AND ABS(gaiadr3.gaia_source.pmdec_error) < 0.5

AND ABS(gaiadr3.gaia_source.parallax_error /
gaiadr3.gaia_source.parallax) < 0.1

AND gaiadr3.gaia_source.pmra BETWEEN {pmra_min}
AND {pmra_max}

AND gaiadr3.gaia_source.pmdec BETWEEN {pmdec_min}
AND {pmdec_max}

Table A.1: Values for each cluster used in the ADQL query

Name ra dec  pmra(min) pmra(max) pmdec (min) pmdec (max)
(deg) (deg) (masyr™')  (masyr!) (mas yr!) (mas yr)
BH 164 2234  -66.5 -9.0 -6.0 -12.0 9.5
Alessi 2 71.1 54.7 -2.0 -0.3 -1.4 -0.5
NGC 2281 101.9  40.3 -4.0 -2.0 -9.5 -7.0
NGC 2354 108.7 -25.6 -3.3 -2.3 1.4 2.4
M67 132.8 11.8 -12.2 -9.8 -3.7 -2.0

Appendix A.2: Appendix figures of individual clusters and
their description

The caption to the Appendix Figs. below A.1 to A.5 is as follows:
(a) Spatial distribution in X-Y coordinates (b) Spatial distribution
in Y-Z coordinates. (c) Spatial distribution in X-Z coordinates.
(d) Spatial distribution in equatorial coordinates. (¢) Apparent
CMD. (f) Absolute CMD. (g) Vector point diagram. (h) LF (see
Subsect. 4.3) for the cluster members (blue dots) and tails (coral
dots).
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(a) XY Projection
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BH 164 (logio (age/yr) = 7.81, Distance = 419 pc)
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Fig. A.1: Results from our analysis for BH 164: Image description can be found in the Appendix A.2.
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Alessi 2 (logig (age/yr) = 8.76, Distance = 616 pc)

(a) XY Projection
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Fig. A.2: Same as the Fig. A.1 for Alessi 2.
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NGC 2281 (logig (age/yr) = 8.78, Distance = 517 pc)

(a) XY Projection
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Fig. A.3: Same as the Fig. A.1 for NGC 228]1.
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NGC 2354 (logig (age/yr) = 9.15, Distance = 1284 pc)
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Fig. A.4: Same as the Fig. A.1 for NGC 2354.
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M67 (log1o (age/yr) = 9.56, Distance = 867 pc)
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Fig. A.5: Same as the Fig. A.1 for M67.
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Fig. A.6: NGC 2281 rotation detailed in Subsect. 6.4. Red dotted line is the best-fitting Plummer model profile, obtained using a
core radius of 1.5 pc, fitted to the observed RMS rotational velocities.
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